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Fluorescent annulated imidazo[4,5-clisoquinolines
via a GBB-3CR/imidoylation sequence —
DNA-interactions in pUC-19 gel electrophoresis
mobility shift assay+t
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Herein we report the development of a sequential synthesis route towards annulated imidazo[4,5-cliso-
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quinolines comprising a GBB-3CR, followed by an intramolecular imidoylative cyclisation. X-Ray crystallo-
graphy revealed a flat 3D structure of the obtained polyheterocycles. Thus, we evaluated their interactions
with double-stranded DNA by establishing a pUC-19 plasmid-based gel electrophoresis mobility shift
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Introduction

The class of multicomponent reactions (MCRs) stands out due
to the high degree of diversification accessible through the
variation of the individual starting materials." Thus, MCRs
have emerged as a valuable tool in combinatorial and diver-
sity-oriented synthesis, medicinal chemistry and recently also
in polymer chemistry* and material science.® Particularly
regarding the development of new bioactive structures, MCRs
excel due to their unmatched potential in establishing large
and diverse compound libraries. However, especially medicinal
chemistry demands an even higher level of variability, e.g. for
high throughput screenings and lead structure optimisation.
To achieve an even higher degree of diversification, post-modi-
fication strategies have been developed to convert MCR pro-
ducts into various kinds of heterocyclic scaffolds.” These trans-
formations are quite elegant since they offer short synthetic
pathways to complex structural motifs and help enlarge the
accessible chemical space. Due to its widespread applications
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assay, revealing a stabilising effect on ds-DNA against strand-break inducing conditions.

and high functional group tolerance, most post-MCR strategies
have emerged around the Ugi-4CR.>® Among these, ring
closure via palladium-catalysed cross-coupling reactions are
quite prominent.® Ring expansion can be achieved by inserting
C;-synthons like carbon monoxide or isocyanides into the
newly coupled bond.” Chauhan et al. applied this methodology
to post-modify Ugi scaffolds and converted these into isoqui-
nolin-1(2H)-ones.® However, post-cyclisation strategies of the
imidazo[1,2-a]pyridine scaffolds accessible via the Groebke-
Blackburn-Bienaymé reaction (GBB-3CR)’ remain scarce,
despite their tremendous biological relevance.’® Post-modifi-
cations of GBB-scaffolds include N-arylations (e.g. Ullman
coupling),""'? Pictet-Spengler reactions,'? Strecker-type cycli-
sations,"® oxidative ring closures'* or simple intramolecular
condensation reactions.’® In most reports, no further studies
of these compound classes were conducted to investigate poss-
ible bio-applications. Polyheterocycles are promising scaffolds
showing various bioactive properties such as anticancer or
DNA-intercalation activity.'"® Due to their flat structure,
extended n-systems, and highly polar nature, interactions with
double-strand DNA (ds) are likely. For instance, DNA-intercalat-
ing agents can insert between two adjacent base pairs."”” As
this induces a structural change of the double-strand, pro-
cesses involving the unwinding of the DNA like transcription
and replication are hindered.'® While this effect is responsible
for the cytotoxicity and potential mutagenicity of DNA-interca-
lators,'® certain chemotherapeutics, the so-called tumour anti-
biotics like doxorubicin or daunorubicin, also rely on this anti-
proliferative effect. Aside from this, fluorescent intercalators
like ethidium bromide or SYBR Green exhibit enhanced fluo-
rescence upon intercalation into ds-DNA and are therefore
commonly employed stains for nucleic acids in biochemical

This journal is © The Royal Society of Chemistry 2022
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assays, e.g. gel electrophoresis. Thus, we envisioned a
modular, sequential synthetic route towards these intriguing
scaffolds to access diverse compound libraries and investigate
their luminescence properties and interactions with DNA
(Scheme 1).

Results and discussion

The precursors were synthesised in a GBB-3CR using perchlo-
ric acid as the catalyst. In total, a set of five GBB-(4-8) precur-
sors was obtained (Scheme 2). Overall, the 3-(o-bromophenyl)
imidazo[1,2-alheterocycle precursors were obtained in moder-
ate to excellent yields, ranging from 20% to 84%. Considering
the mechanism of the GBB-3CR, the yields of the aminopyri-
dine reactions are significantly lower as the electron-withdraw-
ing nature of the additional nitrogen atom decreases the
nucleophilicity of the amine, thus hampering the imine for-
mation. Similarly, electron-donating substituents on the alde-
hyde component also decrease the yields due to the reduced
electrophilicity of the carbonyl carbon atom. On the other
hand, electron-donating substituents on the amidine com-
ponent increase the nucleophilicity of the amine, leading to
higher yields.

Subsequently, these precursors should be intramolecularly
cyclised in an imidoylative Hartwig-Buchwald amination reac-
tion to form pyrido[2’,1":2,3]imidazo[4,5-clisoquinoline ring
systems. Another isocyanide component is inserted between
the bromide and the secondary amine in this process. The
resulting imine could not be isolated. Presumably, it immedi-
ately undergoes an imine-enamine tautomerisation and aro-
matisation accompanied by the elimination of gaseous iso-
butene. Thereby, the n-system is extended to span over the four
rings. Hence, tert-butyl isocyanide employed in the initial
GBB-3CR can be considered a convertible isocyanide. A
mechanistic rationale is depicted in Scheme 3. The consti-
tution of the insertion products could also be verified through
X-ray single-crystal analysis for two substances, also confirm-
ing their flat 3D structure (9d and 10a, Fig. 1).

The reaction conditions were optimised for the insertion of
cyclohexyl isocyanide into 4 (Table 1). The desired insertion
product was obtained in 83% under imidoylation conditions
first reported by Orru et al. to synthesise 4-amino quinazo-
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Scheme 1 GBB-3CR/Imidoylation sequence.
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Scheme 2 Synthesis of o-bromophenyl imidazol[1,2-a]pyridines and
-pyrazines via GBB-3CR.

lines.”® Using Pd-Peppsi-iPr as the pre-catalyst, the yield could
even be increased to 94%. Under ligand-free conditions, the
yield was significantly decreased. In most reactions, potassium
acetate was used as a base. Stronger bases were not employed
as these would accelerate the amine addition to the inter-
mediate palladium complex, which would compete with the
isocyanide insertion into the carbon-palladium bond, leading
to a non-imidoylative Hartwig-Buchwald amination process
affording the respective five-membered ring.

Using the optimised reaction conditions, the p-bromophe-
nyl imidazo[1,2-a]pyridines and -pyrazines were subjected to
imidoylation with various aliphatic isocyanides. The results
are depicted in Scheme 4.

The insertion products were obtained in moderate to excel-
lent yields from 20% to 94%. The best results were obtained
with precursor 4. The more electron-poor pyrazine analogue 5
was less reactive, resulting in lower yields for 10a and 10b.
This trend was also observed for the methoxy-substituted pre-
cursors 6 and 7. Among the aliphatic isocyanides evaluated
with 4, cyclohexyl isocyanide performed best, followed by
pentyl and 1-adamantyl isocyanide, while tert-butyl isocyanide
afforded the respective insertion product 9b in only 24% yield.
Presumably, this could be due to the increased steric demand
of the tert-butyl residue, whereas the 1-adamantyl residue is
more rigid. Attempts to incorporate aromatic isocyanides were
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Scheme 3 Mechanistic rationale for the formation of pyrido[2’,1":2,3]imidazo[4,5-clisoquinolines.

Fig. 1 Molecular structure of 9d (left) and 10a (right) (displacement
parameters are drawn at 30% (9d) or 50% (10a) probability level).

Table 1 Optimisation of the imidoylative Hartwig—Buchwald amination

NS

catalyst, ligand, base

HN\% solvent, 80 — 120°C, 24 h
Br

4

Nr. Catalyst Ligand Base T (°C) Yield (%)
1 Pd(OAc), None Cs,CO; 80 0
2 Pd,(dba); PPh, KOAc 120 0
3 Pd(dba), XPhos KOAc 120 83
4 Pd-Peppsi-iPr XPhos KOAc 120 94
5 Pd-Peppsi-iPr None KOAc 120 38

unsuccessful. A plausible reason for the reduced reactivity of
aromatic isocyanides is the formation of more stable palla-
dium complexes. Due to the stronger donating character of
aromatic isocyanides, they have a stronger affinity to palla-
dium, leading to the formation of cationic species with mul-
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Scheme 4 Synthesis of annulated imidazo[4,5-clisoquinolines via an
imidoylative intramolecular Hartwig-Buchwald amination. *Pd(dba),
(5 mol%) was used as the Pd-source.
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tiple isocyanide ligands.*' Additionally, their n-stacking ability
adds to this effect. This leads to the deactivation of the catalyti-
cally active species, reducing the overall reactivity. On the
other side, these multiply coordinated complexes can engage
in insertion reactions affording multiple insertion products or
isocyanide polymers.** Another trend in isocyanide reactivity is
polarity, resulting in a more difficult purification due to tailing
effects during column chromatography. Especially using
2-morpholinoethyl isocyanide, a significant amount of the
product could only be obtained in mixed fractions, thus redu-
cing the overall yield of 9e.

The insertion products exhibit a strong blue fluorescence
under irradiation with UV light. Thus, the fluorescent pro-
perties of the insertion products were investigated. UV/Vis
absorption and fluorescence emission spectra were recorded.
The normalised spectra are shown in Fig. 2. The selected com-
pounds show similar absorption profiles with two bands at
around 250-280 nm and 375-430 nm, consisting of several
overlapping bands. The emission spectra all show a maximum
emission of around 475 nm. Both absorption and emission
profiles are slightly bathochromically shifted for the methoxy
substituted substrates.

pUC19-DNA electrophoretic mobility shift assay

A selection of the synthesised compounds was evaluated in an
electrophoretic mobility shift assay (EMSA) to assess their
effect on the properties of plasmid DNA. Previously, this assay
has been established to investigate the strand-break induction
capacity of DNA-damaging substances like transition metal
compounds.”® In principle, plasmids of supercoiled DNA are
subjected to the substance of interest. Induction of single-
strand breaks converts the supercoiled (sc) plasmid DNA into
open circular (oc) DNA; double-strand breaks lead to the for-
mation of linear DNA, which can both be separated from sc-
DNA by gel electrophoresis.>* Commonly, this assay utilises

N
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Fig. 2 Normalised absorption and emission spectra of selected inser-

tion products (1 mM solution in DMSO, g, = 390 nm).
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PM2-DNA, a 10 kb plasmid isolated from the PM2-bacterio-
phage.”® However, as the isolation of PM2-DNA is a rather chal-
lenging process, using different, more easily accessible plas-
mids would simplify this assay. For example, pUC19 DNA, a
small E. coli plasmid of only 2686 bp in length, could provide
a more inexpensive and easily obtainable alternative to PM2-
DNA. The pUC DNA EMSA was established as an in vitro test
system to investigate whether selected annulated imidazo[4,5-
clisoquinolines have the potential to intercalate into DNA.
This is shown in Fig. 3 for treatment of pUC19 DNA with
NiCl,/H,0, as DNA strand break inducing agent®® (Fig. 3, lane
2). Ethidium bromide was used as a positive control for a DNA
intercalating agent. Ethidium bromide on its own did not
affect the migration of pUC19 DNA (Fig. 3, lane 3). However, in
combination with NiCl,/H,0,, ethidium bromide affected the
formation of oc-DNA. Pre-incubation of pUC19 DNA with ethi-
dium bromide for 1 h followed by treatment with NiCl,/H,0,
for 1 h reduced the amount of oc-DNA dose-dependently
(Fig. 3, lanes 7-9), while post-incubation with ethidium
bromide had only a small effect on the formation of oc-DNA
induced by NiCl,/H,0, (Fig. 3, lanes 4-6). These data suggest
that DNA intercalation prevented the generation of DNA strand
breaks, indicating that the pUC assay is a suitable system to
assess whether chemicals have the potential to intercalate into
DNA.

To assess the potential of selected compounds, pUC19 DNA
was treated with 2 mM of 4 and 12a, respectively. As observed
for treatment with ethidium bromide, pre-incubation with the
compounds prevented the generation of NiCl,/H,0,-induced
strand breaks and hence resulted in reduced amounts of oc-
DNA (Fig. 4, lanes 5, 7), while post-incubation with the com-
pounds showed only a slight effect on the generation of oc-
DNA (Fig. 4, lanes 6 and 8).

Applying the annulated imidazo[4,5-c]isoquinolines at a low
concentration also strongly reduced the amount of oc-DNA.

ocC
Rt — ——
PR _ — SC
post-incubation pre-incubation
-+ - + o+ + o+ + + NiCl,/H,0,
1 1 2 3 1 2 3 EtBr (2 mM)

Fig. 3 Treatment of pUC19 DNA with NiCl,/H,O, and ethidium
bromide. sc and oc pUC plasmid DNA was detected by agarose gel elec-
trophoresis. Lane 1: untreated pUC19 DNA; lane 2: pUC19 DNA treated
with 50 uM NiCl, and 0.5 mM H,O, for 1 h; lane 3: pUC19 DNA treated
with 1 mM ethidium bromide for 1 h; lanes 4-6: pUC19 DNA treated
with 50 pM NiCl, and 0.5 mM H,0, for 1 h, followed by 1 h treatment
with the indicated concentrations of ethidium bromide; lanes 7-9:
pUC19 DNA treated with the indicated concentrations of ethidium
bromide for 1 h, followed by 1 h treatment with 50 uM NiCl, and 0.5 mM
H202.
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Fig. 4 Intercalation of substrates in DNA. pUC19 DNA was treated with
2 mM of selected substrates combined with NiCl,/H,0,. sc and oc pUC
DNA were detected by agarose gel electrophoresis. (I): 1 h pre-treatment
of pUC19 DNA with the substrate, followed by incubation with NiCly/
H,0; for 1 h (lanes 5 and 7). (I): 1 h post-treatment of pUC19 DNA with
the substrate, following incubation with NiCl,/H,O, for 1 h (lanes 6 and
8). Ethidium bromide was used as a positive control for DNA
intercalation.

Pre-treatment of pUC19 DNA with 0.5 mM of the selected com-
pounds for 1 h, followed by post-incubation with NiCl,/H,0,
for 1 h, prevented the generation of strand breaks and, hence,
oc DNA formation (Fig. 5, lanes 6-8). In contrast, pre-treatment
of pUC19 DNA with cisplatin,> which was used as a negative
control as it has no intercalating potential but damages the
DNA by binding to guanine or adenine, showed only a small
effect on the formation of oc-DNA and treatment with cisplatin
alone did not affect the migration of pUC19 DNA (Fig. 5, lanes
4 and 5).

The formation of oc-DNA by treatment with NiCl,/H,0, and
its inhibition by the selected annulated imidazo[4,5-c]isoqui-
nolines was evaluated by quantification of the sc and oc
agarose gel DNA bands (Fig. 6 and 7). Ethidium bromide as

1 2 3 4 5 6 7 8
b _ JEO T
— —-— e — ocC
— — — — —— — S C
- 4+ 4+ - 4+ + + +  Nily/H,0,
I EtBr (0.5 mM)
+ Cisplatin (0.5 mM)
1 11a (0.5 mM)
I 12a (0.5 mM)
| 9a (0.5 mM)

Fig. 5 Intercalation of MSB complexes into DNA. pUC19 DNA was pre-
treated with 0.5 mM of selected compounds, followed by incubation
with NiCl/H,0,. Supercoiled (sc) and open circular (oc) pUC19 DNA
was detected by agarose gel electrophoresis. |: pre-treatment with inter-
calating agents. Ethidium bromide was used as a positive control for
DNA intercalation. Cisplatin was used as a negative control.
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- supercoiled DNA
open circular DNA

Relative intensity of gel agarose DNA band

NiCl,/H,0,

EtBr (0.5mM) +
Cisplatin (0.5 mM)
Cisplatin (0.5 mM) +

11a(0.5mM) +
12a(0.5mM) +
9a (0.5 mM) +

Fig. 6 Semi-quantification of the agarose gel bands. All compounds
were analysed in three independent experiments; the results are shown
as mean values + standard deviation.

Inhibition of Strand Break Induction
100

71,4

71,9

Norminated (%]

EtBr (0.5 mM)
Cisplatin (0.5 mM)
12a (0.5 mM)

9a (0.5 mM)

Fig. 7 Quantification of the inhibition of strand break induction of the
tested compounds. All compounds were analysed in three independent
experiments; the results are shown as mean values + standard deviation.

positive intercalating control prevented the formation of oc-
DNA by 50% while treatment with the negative control cispla-
tin resulted in only a small reduction of the amount of oc-
DNA. Annulated imidazo[4,5-clisoquinoline mediated inhi-
bition of oc DNA formation was up to 80% for 11a, suggesting
that the compounds under investigation are strong DNA inter-
calating agents.

Conclusions

A library of twelve annulated imidazo[4,5-c]isoquinolines was
synthesised via a novel GBB-3CR/imidoylative Hartwig-

This journal is © The Royal Society of Chemistry 2022
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Buchwald amination sequence. The absorption and emission
spectra of these compounds were recorded. The pUC-19 DNA
electrophoresis mobility shift assay was established to investi-
gate the DNA-intercalate properties of the synthesised com-
pounds. We observed a strong inhibitory effect against oxi-
dative strand break induction of the tested compounds, even
surpassing ethidium bromide. This stabilising effect indicates
DNA-intercalating properties. Due to this DNA-interaction, we
further plan to investigate possible antiproliferative and cyto-
static activities.
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