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ABSTRACT. The topoisomerase | enzymatic inhibition of hybrid quinolino[4,3-
b][1,5]naphthyridines and quinolino[4,3-b][1,5]naphthyridin-6(5H)-ones was investigated. First,
the synthesis of these fused compounds was performed by intramolecular [4+2]-cycloaddition
reaction of functionalized aldimines obtained by the condensation of 3-aminopyridine and
unsaturated aldehydes affording corresponding hybrid 5-tosylhexahydroquinolino[4,3-
b][1,5]naphthyridine and tetrahydroquinolino[4,3-b][1,5]naphthyridin-6(5H)-one compounds
with good to high general yields. Subsequent dehydrogenation led to the corresponding more
unsaturated  dihydro[1,5]naphthyridine and [1,5]naphthyridin-6(5H)-one derivatives in
quantitative yields. The new polycyclic products show excellent-good activity as topoisomerase |
(Topl) inhibitors that lead to Topl induced nicking of plasmids. This is consistent with the
compounds acting as Topl poisons resulting in the accumulation of trapped cleavage complexes
in the DNA. The cytotoxic effect on cell lines A549, SKOV3 and on non-cancerous MRC5 was
also screened. Tetrahydroquinolino[4,3-b][1,5]naphthyridin-6(5H)-one 9 resulted the most
cytotoxic compound with ICsg values of 3.25+0.91 uM and 2.08+1.89 uM against the A549 cell
line and the SKOV3 cell line, respectively. Also, hexahydroquinolino[4,3-b][1,5]naphthyridine 8a
and dihydroquinolino[4,3-b][1,5]naphthyridine 10a showed good cytotoxicity against these cell
lines. None of the compounds presented cytotoxic effects against non-malignant pulmonary

fibroblasts (MRC-5).



1. Introduction

Cancer is one of the diseases that causes more deaths annually in the world, and because of this,
the development of new anti-cancer drugs has been studied for many years [1]. It is known that
topoisomerase I (Topl), an enzyme overexpressed in cancerous cells, reduces superhelical stress
as well as other topological consequences generated in the separation of DNA strands in metabolic
processes such as replication, transcription and recombination [2]. Due to this, Topl could

represent an effective target for cancer therapy.

In this sense, many Topl inhibitors are the basis of some chemotherapeutical combinations widely
used in a broad spectrum of tumors [3]. Among inhibitors, camptothecin I (CPT, Figure 1) and its
derivatives are some of the most studied drugs as inhibitors of Topl, commonly used in the
treatment of colon, ovarian and small-cell lung cancers [4]. However, these heterocycles present
some disadvantages, such as, for example, serious side effects and structural instability due to the

opening of the lactone ring at physiological pH [5].
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Figure 1. Structures of camptothecin I, chromeno[4,3-b][1,5]naphthyridine derivatives II (A, B,
C and D)'° and novel quinolino[4,3-b][1,5]naphthyridine derivatives III.



From a chemical structural point of view, camptothecin and its derivatives present an angularly
fused pentacyclic structure which, according to the proposed Topl inhibition mechanism as poison,
seems to be relevant in improving the m-m stacking interactions with the DNA base pairs and
consequently in avoiding the completion of the enzymatic reaction of Topl [2]. Taking into account
the structural features of camptothecin, our group developed the synthesis and the biological
studies of quinolinic derivatives,[6] which demonstrated to be good Topl inhibitors,
antiproliferative and antileishamanial agents [7]. Likewise, 1,5-naphthyiridines, with an additional
nitrogen atom in the quinolinic core of the CPTs, showed good inhibitory activity against
Leishmanial Topl (LTopl) enzyme [8] and 1,5-naphthyridines fused with a carbocycle structure
(indene) showed good Topl inhibition with antileishmanial and antiproliferative activity [9]. More
recently we developed the synthesis of chromeno[4,3-b][1,5]naphthyridine derivatives II (Figure
1) which showed a moderate inhibitory activity of Topl as well as moderate cytotoxicity against

cancerous cells [10].

Bearing all this in mind, we hypothesized that hybrid quinolino[4,3-b][1,5]naphthyridine
derivatives III (Figure 1) would present improved Topl inhibitory and antiproliferative cytotoxic
properties compared to other biologically active structures II. We suspected that the isosteric
replacement of the oxygen atom present in the structure of chromeno[4,3-b][1,5]naphthyridine
derivatives II (Figure 1) by a nitrogen atom, as appears in the structure core of compounds ITI
(Figure 1), would afford heterocycles with increased biological activity as Topl inhibitors. In
addition, this structural change from an oxygen atom to a nitrogen atom would give rise to

condensed heterocycles not described until today.

The most suitable strategy for the synthesis of nitrogenated chemical compounds, such as

naphthyridines, would be the hetero-Diels-Alder reaction (HDAr),[11] a highly atom-economic



tool that presents interesting applications [12]. In fact, among them, the Povarov reaction may
represent a direct route to naphthyridine derivatives [13]. Furthermore, in the search of a
methodology for the preparation of molecules with higher molecular diversity, intramolecular
Povarov reaction could be considered as an important strategy for the synthesis of several ring-

fused derivatives by a single operation [14].

In this work we report the straightforward synthesis of quinolino[4,3-b][1,5]naphthyridine
derivatives III (Figure 1) by intramolecular Povarov reaction. The preparation of these new families
of compounds represents an interesting challenge in organic chemistry, due to the potential interest

of these molecules not only in synthetic but also in medicinal chemistry.

2. Chemistry

The hybrid substituted quinolino[4,3-b][1,5]naphthyridine derivatives III (Figure 1) were
synthesized by an intramolecular Povarov [4+2]-cycloaddition reaction. First, we started with the
preparation of 5-tosyl functionalized aldehydes 1 and 2 (Scheme 1, X = CHz, CO) which tailored

a double bound in their structure as indicated.
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Scheme 1. Syntheses of quinolino[4,3-b][1,5]naphthyridine derivatives 8/10 and quinolino[4,3-
b][1,5]naphthyridin-6(5H)-one derivatives 9/11.



Afterwards, we carried out the preparation in situ of functionalized aldimines 4 and 5, by
condensation between 3-aminopyridine 3 and corresponding functionalized aldehydes 1 or 2,
followed with their intramolecular cyclization in refluxing chloroform in the presence of Lewis

acid as BF3-Et;O (Scheme 1).

For the formation of compounds 8 and 9 the addition of two equivalents of BF3-Et;O was
necessary. In this sense, the corresponding tetracyclic endo-5-tosyl-5,6,6a,7,12,12a-
hexahydroquinolino[4,3-b][1,5]naphthyridines 8 (X = CHz) or endo-5-tosyl-6a,7,12,12a-
tetrahydroquinolino[4,3-b][1,5]naphthyridin-6(5H)-one 9 (X = CO) were selectively obtained with
good yields (70-95%, Scheme 1, Chart 1) in a regio- and stereospecific way. Unfortunately, with
the exception of compound 9 (R! = H), the endo-5-tosyl-6a,7,12,12a-tetrahydroquinolino[4,3-
b][1,5]naphthyridin-6(5H)-ones were unstable maybe by the instability of the lactam group under

the purification conditions.

8a 8b 8c 8d 9
(88%) (85%) (85%) (70%) (95%)
Chart 1. Structures of endo-5-tosyl-5,6,6a,7,12,12a-hexahydroquinolino[4,3-
b][1,5]naphthyridines 8 and endo-5-tosyl-6a,7,12,12a-tetrahydroquinolino[4,3-

b][1,5]naphthyridin-6(5H)-one 9 obtained by intramolecular Povarov reaction.

Formation of endo-5-tosyl-5,6,6a,7,12,12a-hexahydroquinolino[4,3-b][1,5]naphthyridine

derivatives 8 and endo-5-tosyl-6a,7,12,12a-tetrahydroquinolino[4,3-b][ 1,5 naphthyridin-6(5H)-



one derivatives 9 may be explained by a regio- and stereospecific intramolecular [4+2]-
cycloaddition reaction of aldimines 4/5 to give intermediates 6/7 followed by prototropic

tautomerization.

The methodology tolerates a wide range of electron-releasing and electron-withdrawing
substituents in the starting 3-aminopyridine 3. It is noteworthy that this methodology allowed the
preparation of adducts with methoxy groups (R! = OMe), since in previous studies of our group it
has been suggested that this substituent may improve the biological activity of heterocyclic
compounds.”® As far as we know, this strategy represents the first example for the preparation of
5,6,6a,7,12,12a-hexahydroquinolino[4,3-b][ 1,5]naphthyridines 8 and 6a,7,12,12a-

tetrahydroquinolino[4,3-b][ 1,5]naphthyridin-6(5H)-one 9.

Subsequent dehydrogenation of 5-tosylhexahydroquinolino[4,3-b][1,5]naphthyridines 8 (X =
CH») and 5-tosyltetrahydroquinolino[4,3-b][ 1,5 naphthyridin-6(5H)-one 9 (X = CO) under the
reaction conditions would afford 5-tosyldihydroquinolino[4,3-b][1,5]naphthyridines 10 (X = CH»)
and 5-tosylquinolino[4,3-b][1,5]naphthyridin-6(5H)-one 11 (X = CO), respectively, in quantitative
yields (Scheme 1, Chart 2). This dehydrogenation reaction was performed with 4 equivalents of

MnO:; in toluene at 111°C for 48h as previously reported [15].

The preparation of 5-tosyldihydroquinolino[4,3-b][1,5]naphthyridines 10 in a single step may
be also performed. When aldehyde 12, with a triple bond in their structure, were used for the
preparation of corresponding aldimines 13, after a subsequent intramolecular cycloaddition in the
presence of BF3-Et;O the 5-tosyldihydroquinolino[4,3-b][1,5]naphthyridines 10 were isolated

with good yields (Scheme 2, Chart 2).
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Chart 2. Structures of dihydroquinolino[4,3-b][1,5]naphthyridines 10 and quinolino[4,3-

b][1,5]naphthyridin-6(5H)-one 11. *Obtained by the dehydrogenation of compounds 8 and 9.
®Obtained by Povarov reaction of aldimines 13.

In a similar way to that reported in Scheme 1, formation of 5-tosylquinolino[4,3-
b][1,5]naphthyridine derivatives 10 may be explained by a regiospecific intramolecular [4+2]-
cycloaddition reaction of aldimines 13 to give intermediates 14 followed by protodehydrogenation
under the reaction conditions. It should be noted that the compounds 10 were obtained in the
presence of BF3-Et,0. As far as we know, this strategy represents the first example for the direct

synthesis of 5-tosyl-5,6-dihydroquinolino[4,3-5][1,5]naphthyridines 10.
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Scheme 2. Synthesis of quinolino[4,3-b][1,5]naphthyridine derivatives 10 by Povarov reaction.

With 5-tosyl-5,6-dihydroquinolino[4,3-b][1,5]naphthyridine derivatives 10 in hand, we

wondered if the presence of the tosyl group in the structure of these adducts was essential for their



biological activity or if those derivatives without tosyl groups may present a different biological
behavior. For these reasons, afterwards we performed the deprotection of the tosyl group in
compounds 8a and 8b. The deprotection attempts were carried out under different reaction
conditions such as the acid treatment with TFA or H>SOs, the treatment with naphthalene/Na
mixture or the treatment with SiMe>Cl and only decomposition products were obtained. However,
the corresponding derivatives 15 could be isolated when the 5-tosylhexahydroquinolino[4,3-

b][1,5]naphthyridines 8 were treated with Mg under acidic conditions (Scheme 3).
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Scheme 3. Synthesis of derivatives 15 by deprotection of tosyl group with magnesium.

To sum up, in the described methodology hybrid quinolino[4,3-b][1,5]naphthyridine
derivatives 8-11 and 15 are obtained in an efficient and straightforward way for the first time. In
next steps, the biological behavior of these novel compounds as Topl inhibitors and as

antiproliferative agents was studied.

3. Biological results and discussion

3.1. Inhibition of Topoisomerase 1. The inhibitory effect of the synthesized derivatives on human
topoisomerase 1 (Topl) was investigated. A conventional supercoiled plasmid relaxation assay

(Figure 2) was used to determine if the newly synthesized tetracyclic endo-5,6,6a,7,12,12a-



hexahydroquinolino[4,3-b][1,5]naphthyridines 8 and 15, endo-6a,7,12,12a-
tetrahydroquinolino[4,3-b][1,5]naphthyridin-6(5H)-one 9, 5,6-dihydroquinolino[4,3-
b][1,5]naphthyridines 10 and quinolino[4,3-b][1,5]naphthyridin-6(5H)-one 11 inhibit human Topl
relaxation activity that converts supercoiled plasmid DNA to relaxed DNA (Table 1). In these
experiments, compound samples were mixed with supercoiled plasmid DNA substrate followed
by addition of enzyme and continued incubation for increasing time intervals (15 seconds, 1 minute
and 3 minutes). The reaction was terminated by the addition of SDS. DNA relaxation products
were then resolved by gel electrophoresis in a 1% agarose gel and visualized by gel red staining.

CPT was used as a positive control (Figure 2).
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Figure 2. Inhibition of ToplI activity along the time (15, 1’ and 3”) by compounds 8a, 10a, 9 and
CPT at 100 uM: lanes 1-3, DNA+Topl+DMSO; lanes 4-6, DNA+Topl+CPT 100uM; lanes 7-9,
DNA+Topl+8a 100uM; lanes 10-12, DNA+Topl+10a 100uM; lanes 13-15, DNA+Topl+9
100uM; lane 16, control DNA. Reaction samples were mixed with the supercoiled DNA substrate
before adding enzyme at 37 °C and separated by electrophoresis on a 1% agarose gel, and then
stained with gel red, and photographed under UV light as described in the Topl mediated DNA
relaxation assay. Sc, supercoiled DNA.

The Topl inhibitory activity of new compounds was tested by detecting the conversion of

supercoiled DNA (Sc, Figure 2) to its relaxed form in the presence of the purified enzyme with or

10



without added compound. The results are shown in a qualitative fashion relative to the Topl

inhibitory activity of CPT (Table 1).

Table 1. Topl inhibitory activity of compounds 8, 9, 10, 11 and 15.
% Inhibition?

Entry  Compound X it NTS/NH 15 seconds 1 minute 3 minutes
1 Camptothecin (CPT) ++ ++ -
2 8a CH: H NTs +++ +++ +++
3 8b CH: 4-Br NTs ++ +++ +++
4 8c CH> 4-MeO NTs ++ ++ +++
5 8d CH; 6-Br NTs +++ +++ +++
6 9 CO H NTs +++ +++ -+
7 10a CH: H NTs +++ +++ +++

10b CH2 4-MeO NTs ++ ++ +++
9 10c CH>,  4-Br NTs +++ 4+ e
10 10d CH: 6-Br NTs +++ +++ +++
11 11 CO H NTs +++ -+ o
12 15a CH: H NH ++ +++ +++
13 15b CH; 4-Br NH +++ +++ +++

@ The activity of the compounds to inhibit Topl relaxation was expressed semiquantitatively as follows: ©,
no activity; ++ similar activity to camptothecin; +++ strong activity.

The effects of CPT and DMSO (the solvent of CPT and the new compounds) were tested as a
positive and a negative control, respectively, in the experiment. As expected CPT inhibited
relaxation as more plasmid was left unrelaxed at shorter time points when 100 uM CPT was added
compared to the DMSO control (compare lanes 4 and 5 with lanes 1 and 2 in Figure 2). Note, that
consistent with reversible binding of CPT to the Topl cleavage complex relaxation of the plasmid

was observed upon prolonged incubation (lane 6). All of the tested new compounds inhibited

11



relaxation considerably stronger than CPT when added to the same concentration (100 uM) and
under similar experimental conditions as no (or extremely little) conversion of supercoiled plasmid
to relaxed forms could be observed in the presence of any of the new compounds in the duration

of the experiment (compare lanes 7-15 with the plasmid control in lane 16).

Based on the results of the relaxation assays, all synthesized compounds present high inhibitory
activity of Topl at low reaction times (15 seconds and 1 minute). Surprisingly, after 3 minutes of
enzymatic reaction, all compounds, 5-tosylhexahydroquinolino[4,3-b][1,5]naphthyridines 8 and
hexahydroquinolino[4,3-b][1,5]naphthyridines 15, 5-tosyltetrahydroquinolino[4,3-
b][1,5]naphthyridin-6(5H)-one 9, 5-tosyldihydroquinolino[4,3-b][1,5]naphthyridines 10 and 5-
tosylquinolino[4,3-b][1,5]naphthyridin-6(5H)-one 11 maintain their high Topl inhibitory activity,
in all cases over 75% (Table 1 and Table S1 of Supplementary Material). Considering these results,
the novel families of naphthyridines fused with quinolines and quinolinones are as effective as
CPT inhibiting Topl at short enzymatic reaction time and have a more pronounced inhibitory effect
than the natural inhibitor, CPT, at longer reaction times. Even so, CPT still presents better results
in the theoretical study of molecular docking (vide infra). Therefore, the isosteric substitution of
an oxygen atom present in compounds A, B, C and D (Figure 1, vide supra) by a NTs group or a
nitrogen atom lead to an increase in the ToplI inhibition for the corresponding compounds 8, 9, 10,

11 and 15.

3.2. The new compounds act as Topl poisons. In order to investigate whether quinolino[4,3-
b][1,5]naphthyridines 8, 10 and 15 and quinolino[4,3-b][1,5]naphthyridin-6(5H)-ones 9 and 11
could behave as Topl poisons and generate stabilized cleavage complexes in vitro a nicking assay
was performed. Figure 3 reports the results from the nicking assay performed with Top I in the

presence of 8a, 10a and 9, using CPT as a reference. This assay was performed essentially as a

12



standard relaxation assay. However, the reaction products was analyzed in a 1% agarose gel
containing EtBr. When EtBr intercalates intact double stranded plasmid DNA it introduces positive
supercoils. However, if the plasmid is nicked the supercoils are rapidly relaxed and, hence, nicked
plasmid run with a mobility of relaxed plasmid in the gel while supercoiled and intact relaxed
plasmid run with a mobility of supercoiled plasmid in the gel. As expected, CPT stabilized the
cleavage complexes generated by Topl leading to an increase in the amount of nicked plasmid

DNA (Figure 3, lanes 4-6).
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Figure 3. DNA nicking assay of Topl activity in absence (only DMSO) and presence of CPT and
compounds 8a, 10a, 9 and CPT at 100 uM: lanes 1-3, DNA+Topl+DMSO; lanes 4-6,
DNA+TopI+CPT 100uM; lanes 7-9, DNA+Topl+8a 100uM; lanes 10-12, DNA+Topl+10a
100uM; lanes 13-15, DNA+Topl+9 100uM; lane 16, control DNA. Reaction samples were mixed
with the supercoiled DNA substrate before adding enzyme at 37 °C and separated by
electrophoresis on a 1% agarose gel with ethidium bromide, and then stained with gel red, and
photographed under UV light. Sc, supercoiled DNA.

Notably, it can be observed that in the presence of 8a, 10a and 9 derivatives (Figure 3, lanes 7-
15) nicked plasmid DNA was also generated in vitro. This is consistent with the drugs leading to
accumulation of cleavage complexes in the plasmid. With these results in hand, then we can

assume that new prepared quinolino[4,3-b][1,5]naphthyridines 8, 10 and 15 and quinolino[4,3-

13



b][1,5]naphthyridin-6(5H)-ones 9 and 11 may be considered as Topl poison (Figure S1 of

Supplementary Material).

To address the mechanism of inhibitions of the compounds 8a, 10a and 9 a classical cleavage-
ligation equilibrium experiment was carried out essentially as described in literature [16]. Topl
was incubated with a double stranded Cy3-labelled DNA substrate of 32bp in the presence of CPT
(as a positive control) or each of the compounds or DMSO that was used a solvent of the drugs.
As evident from figure 4, incubation of Topl with the DNA fragment in the presence of either CPT
or the compounds resulted in the appearance of low molecular weight products (relative to the
DNA substrate) corresponding to the accumulation of cleavage complexes on the DNA (the most
pronounced cleavage product is marked by an asterisk). Such products were not observed in the
presence of DMSO only. This is in agreement with a poison mode of action of the compounds 8a,
10a and 9. The accumulation of cleavage complexes was concentration dependent (see figure 4,
lanes 5-7, lanes 8-10 and lanes 11-13). Note that the new compounds were more soluble than CPT
and, hence, higher concentrations of these drugs could be added. This is also confirmed by the
inability of CPT to induce cleavage complexes when used at high concentration, which can most
probably be ascribed to precipitation of the drug at these conditions (see figure 4 lane 4). Of the
three tested drugs, compounds 8a and 9 appeared considerably more potent in generating the major
cleavage product compared to compound 10a. However, compound 10a appeared equally or even
slightly more potent in generating the minor cleavage products with different gel-electrophoretic
mobilities, which in turn may explain the induction of plasmid nicking of this compound observed

in Figure 4.
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Figure 4. Gel electrophoresis of the products coming from the incubation of the wild-type
topoisomerase I with the Cy3-labelled duplex DNA, in the absence (DMSO, lane 1) or presence
of increasing concentrations of CPT (lanes 2-4), compound 8a (lanes 5-7), compound 10a (lanes
8-10) or compound 9 (lanes 11-13). C (Lane 14) shows the mobility of the DNA substrate in

absence of Topl. The asterisk indicates the mobility of the major DNA cleavage product generated
upon addition of drugs.

3.3. In Vitro Cytotoxicity. The cytotoxicity of the new quinolino[4,3-b][1,5]naphthyridines 8, 10
and 15 and quinolino[4,3-b][1,5]naphthyridin-6(5H)-ones 9 and 11 was investigated in vitro by
testing the antiproliferative activities against two human cancer cell lines: A549 (carcinomic
human alveolar basal epithelial cell) and SKOV3 (human ovarian carcinoma). The cell counting
kit (CCKS8) assay was employed to assess growth inhibition and, the cell proliferation inhibitory

activities of the compounds are listed in Table 2 as ICso values.

Some saturated derivatives, such as compounds 8a, 8d and 9 (Chart 1), demonstrated cytotoxic
when evaluated in both cancerous cell lines. For instance, derivative 8a showed ICso values of
7.25+0.81 uM and 8.08+1.39 uM against the A549 cell line and the SKOV3 cell line, respectively
(Table 2, entry 2). 5-Tosyltetrahydroquinolino[4,3-b][ 1,5]naphthyridin-6(5H)-one 9 was the most
cytotoxic drug with ICso values of 3.25+0.91 uM and 2.08+1.89 uM against the A549 cell line and
the SKOV3 cell line, respectively (Table 2, entry 6). The most aromatized compounds 10 and 11,

the 5-tosyldihydroquinolino[4,3-b][1,5]naphthyridine 10a (Chart 2), demonstrated ICso values of

15



7.34+0.17 uM and 8.65+0.57 uM against the A549 cell line and the SKOV3 cell line, respectively

(Table 2, entry 7).

Table 2. Antiproliferative activity of compounds 8, 9, 10, 11 and 15.

Cytotoxicity ICso (uM)“
Entry Comp. X R! R? lung ovarian lung
A549 SKOV3 MRC-5
1 Camptothecin  (CPT) (1.0£0.06)-107  (5.5+0.01)-10° (1.7+0.96)-10°°
2 8a  CH H Ts 7.25+0.81 8.08+1.39 >50
3 8 CH, 3Br Ts >50 >50 >50
4 8¢ CH, 3-MeO T8 >50 >50 >50
5 8d CH, 5Br Ts  2831£1.53 33.53+3.31 >50)
6 9 CO H Ts 3.25+0.91 2.08+1.89 >5(0)
7 10a CH, H Ts 7.34+0.17 8.65+0.57 >50)
8 10b CH, 3-Br Ts >50 >50) >50
9 10c CH» 3-MeO Ts  28.99+1.35 11.03+1.47 >50)
10 10d CH, 5Br Ts >50 >50) >50
11 11 CO H Ts >50 >5(0) >5(0)
12 152 CH H H >50 >50 >50
13 15b CH, 3-Br H >50 >5(0) >5(0)

aThe cytotoxicity ICso values listed are the concentrations corresponding to 50% growth inhibition.
y p g g

Moreover, the effects of the new drugs on the non-malignant lung fibroblasts, MRC-5, were
tested in order to study potential selective toxicity of the new compounds. Of high interest none of
the synthesized 1,5-naphthyridine compounds exhibited any toxicity toward MRC-5 cells (Table

2). CPT, on the other hand, exhibited cytotoxic activity against this non-cancerous cell line.
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4. Computational analysis

As experimental observations indicated, the tetracyclic core of these novel compounds may be
the determinant for the high Topl inhibition. Next, we performed theoretical calculations of
Molecular Electrostatic Potential Surface (MEPS), HOMO-LUMO energy gap and related
parameters. Therefore, we used theoretical studies using Density Functional Theory (DFT) [17]
with Becke three-parameter Lee-Yang-Parr function (B3LYP) [18] and 6-31G (d, p) level of
theory for the synthesized compounds to depict the potential kinetic stability and reactivity of the

target compounds. [19]

4.1. Stereoelectronic properties. First, the molecular DFT-based parameters such as electronic
chemical potential (1), chemical hardness (), global electrophilicity (®), maximum number of

accepted electrons (ANmax) and free energy in gas and in aqueous medium for compounds 8, 9,

10, 11 and 15 were calculated (Table 3).

In such a way, 5-tosyl-5,6,6a,7,12,12a-hexahydroquinolino[4,3-b][1,5]naphthyridine
derivatives 8 and S5-tosyl-6a,7,12,12a-tetrahydroquinolino[4,3-b][1,5]naphthyridin-6(5H)-one
derivative 9, which present a tosyl (Ts) group in position 5, are more stable with gap values of 4.22
to 4.65 (Table 3, entries 2-6) than the corresponding more aromatic compounds with Ts group
10a-d and 11 with gap values from 3.84 to 4.26 (Table 3, entries 7-11). Compound 11 is the most
reactive, with a gap value of 3.84 close to the CPT (Table 3, entry 11). Moreover, compounds 8a-
d and 9 have higher chemical potential and are less electrophilic than the more aromatic derivatives
10a-d and 11. In fact, compound 11 is the most electrophilic compound showing a similar

electrophilicity than CPT. In addition, the dipole moment of 8a-d and 9 is greater than that of the
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corresponding more aromatic compounds 10a-d and 11 and, on the other hand, 8a-d and 9 are less

polarizable than 10a-d and 11.

Although all the compounds present an excellent inhibition of Topl, it is observed
experimentally that the compounds 8c and 10b, with a methoxy group in the position 9, present
the lowest values of inhibition (Table 1, entries 4 and 8). Precisely these compounds are the least
electrophilic and have the highest values of chemical potential of compounds 8 and 10 respectively

(Table 3).

With respect to 5,6,6a,7,12,12a-hexahydroquinolino[4,3-b][ 1,5 ]naphthyridines 15a,b, without
tosyl substituent at 5 position, we could say that these would be less reactive than compounds 8,
9, 10 and 11 of the former group. These compounds 15a,b present the highest gap values, 4.78 and
4.55, respectively, with higher chemical potential, lower electrophilicity, lower dipole moment and

polarizability than compounds of the former group with Ts substituents (Table 3, entries 12 and

13).

In general, all compounds presented in this work show values of gap, electrophilicity, chemical
potential among those observed for tetrahydrochromeno[4,3-b][1,5]naphthyridines and
chromeno[4,3-b][1,5]naphthyridines previously described [10]. In addition, in general, these
compounds present dipolar moments much higher than tetrahydrochromeno[4,3-
b][1,5]naphthyridines A and B (Figure 1) and chromeno[4,3-b][1,5]naphthyridines C and D
(Figure 1) previously described [10]. These factors could indicate a different behaviour of the two

types of compounds with respect to their interaction with the target.
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Table 3. Calculated energies and molecular properties computed at B3LYP/6-311G** basis set level of theory for CPT and compounds 8, 9, 10,
11 and 15.

EQUDERCEIPoRE (iAnGafﬂ?) ﬁr? a(.a:'; (ing?n;.) (iﬁL:T.).) (G:‘\?) (nau) (naw)  (eV) (Alr';l 2"3") ';I':‘i%z')t Polarizability
1 CPT 11822 11822 022711 -0.0929  3.65 013426 -0.15998 0.095314 1191569  6.419 265418
2 8a 117948 [17948 021287 -0.04820 448 016467 -0.13054 0051738 079271 5314 346.125
3 8h 119093 119094 -020320  -0.04817 422 015503 -0.12569 0050947 081071 4911 363.456
4 8c 4368.4 43684 021786 -005097 454  0.16689 -0.13442 0054130 080541  7.563 368.273
5 8d 4368.4 43684 021552 -0.04961 451 016591 -0.13257 0052962 079902  5.709 365.721
6 9 [1868.9 L8689 -022815  -0.05736 465 017079 -0.14276 0059661 083585  5.333 343.447
7 10a 117925 (17925 023383 -007733 426 0.15650 -0.15558 0077333 099412 4802 367.601
8 10b -1907.0 19070 022183 -0.07215 407  0.14968 -0.14699 0.072174 098203  3.570 393.386
9 10¢ 4366.0 43660 023682 -0.08429 415  0.15253 -0.16056 0.084501 1.05261  6.944 394.390
10 10d 4366.0 43660 -023671  -008451 414 01522  -0.16061 0084742 105526 5267 387.671
1 11 [1866.5 (18665 -023631  -0.09507 384 0.14124 -0.16569 0097186 117311  4.505 375.001
12 15a 975.9 975.9 020211 00263 478 017581 -0.11421 0037093 0.64959 1721 244486
13 15b 13549.4 35494 020658  -0.03944 455 016714 -0.12301 0045266 073597  4.023 265.885

Abbreviations: AG (g): Free energy in gas phasel®l; AG (aq): Free energy in aqueous medium™;Gap: Enomo - ELumo; : Hardness!®¥ p:Chemical Potentials'®l; w:Global
Electrophilicities®! and ANmax: Maximun Number of Accepted Electrons!®!
(] Computed a B3LYP/6-311G**+AZPVE level; ) Computed a BILYP(PCM)/6-311G**+AZPVE level using water as solvent; [c]Computed at the B3LYP/6-311G** level
of theory according to the approach and equations described previously [14].
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4.2 Molecular Electrostatic Potential Surface (MEPS) analysis. The MEPS of CPT, 5-tosyl-
5,6,6a,7,12,12a-hexahydroquinolino[4,3-b][1,5]naphthyridine  derivatives 8 and 5-tosyl-
6a,7,12,12a-tetrahydroquinolino[4,3-b][ 1,5 |naphthyridin-6(5H)-one 9 (Figure S2 in Supporting
Material) and the MEPS of 5-tosyl-5,6-dihydroquinolino[4,3-b][1,5]naphthyridines 10, 5-
tosylquinolino[4,3-b][1,5]naphthyridin-6(5H)-one 11 and hexahydroquinolino[4,3-
b][1,5]naphthyridines 15 (Figure S3 in Supporting Material) were calculated using DFT [17] with

the standard basis set B3LYP / 6-31G (d, p) level of theory.

From these calculations, it can be seen in Figures S2 and S3 that compounds 8 and 10 have the
most negative local electrostatic potential over the oxygen atoms of the tosyl group and a local
negative electrostatic potential over the nitrogen atom at position 8 of the tetracyclic ring system.
Moreover, the most positive local electrostatic potential is located over the hydrogens of the methyl
group of tosyl substituent. In the case of compound 9, which present a carbonyl group in position

6, an additional negative potential also appears over the oxygen atom of this carbonyl group.

In contrast, for the previously reported chromenonaphthyridine derivatives A, B, C and D [10]
(Figure 1) the most negative potential was located over the nitrogen atom of position 8, and the
most positive potential was located over the hydrogen in the NH group at 12 position and over the
hydrogens of positions 9, 10 and 11 of the tetracyclic ring system. This suggests that the
interactions with the target are different in the case of quinolinonaphthyridine derivatives and
probably the replacement of an oxygen by the N-Tosyl group is more favourable for the formation

of the ligand—Topl-DNA ternary complex.

On the other hand, for compounds 15a,b, without a tosyl group, a particular electrostatic

potential map is observed (Scheme 3, Figure S3 in Supporting Material). In this case, the
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positioning of local positive electrostatic potential has varied from place, being situated on the

hydrogen atom of the NH group located at position 5 of the tetracyclic ring system.

4.3 Docking studies. In order to explore if our hypothesis about the isosteric substitution of the
oxygen atom of chromenonaphthyridines II (Figure 1) by a nitrogen atom in
quinolinonaphthyridines 8, 11 and 15 may improve the enzymatic inhibiton of Topl, a molecular
docking study was carried out to investigate its plausible binding pattern and its interaction with
the key amino acids and DNA nucleobases in the active site of the Topl. The model was derived
by docking of 5-tosyl-5,6,6a,7,12,12a-hexahydroquinolino[4,3-b][ 1,5 naphthyridine derivatives 8,
5-tosyl-6a,7,12,12a-tetrahydroquinolino[4,3-b][ 1,5 ]naphthyridin-6(5H)-one derivative 9, 5-tosyl-
5,6-dihydroquinolino[4,3-b][1,5]naphthyridines 10 and 5-tosylquinolino[4,3-b][ 1,5 ]naphthyridin-
6(5H)-one 11 in the camptothecin binding site of the camptothecin—Topl-DNA ternary complex

(PDB ID: 1T8I) [20].

The most important evaluation criterion was the observation of whether the ligands were located
between C112-TGP11 and A113-T10 nucleobases, where the DNA rupture site is located,
avoiding the re-ligation of such bases, according to the concept of interfacial inhibition proposed
by Pommier [2]. The formation of hydrogen bonds with important residues [21] and the existence

of hydrophobic interactions with Topl residues and DNA were also taken into account.

Likewise, based on the above interactions, the obtained values from the gscore parameters
indicate the virtual affinity of the ligands to the complex, and gemodel, which is the theoretical
value of the interaction energy of the ligand with the Topl/DNA complex, were considered (see

Table 4).
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Table 4. gscore and gemodel values for compounds 8, 9, 10 and 11
Topl inhibitors and camptothecin.

gscore gemodel

Entry Compound
(kcal/mol) (kcal/mol)

1 8a -6.0 -81.4
2 8b -6.2 -78.6
3 8d -6.0 - 80.7
4 9 -7.5 -78.0
5 10a -5.7 -81.3
6 10d -6.2 -50.4
7 11 -5.7 -89.4
8 camptothecin -8.1 -91.2

In the case of 5-tosyl-hexahydroquinolino[4,3-b][ 1,5 ]naphthyridine derivatives 8 and 5-tosyl-
tetrahydroquinolino[4,3-b][ 1,5]naphthyridin-6(5H)-one derivative 9 (Chart 1) two different
orientations could be observed (Figures S4 and S5 in the Supporting Material). Compounds 8a,b
(Table 4, entries 1 and 2) are stacked between nucleobases in the rupture zone, where n-n stacking
interactions of the phenyl ring of tetracyclic ring system with DA113 are observed. Moreover, a
hydrogen bond was stablished between one oxygen atom of the Ts group and Asn 352 residue,
which plays a key role in the modulation of drug binding [22]. The tosyl substituent at position 5
and phenyl substituent at position 7 of the tetracyclic ring system are oriented towards the major
groove presenting hydrophobic interactions with Ile 355, Trp 416, Ile 427, Tyr 426 and Ile 424

among other amino acids.

However, another orientation pattern is observed for 8d (Figure S4 in Supporting Material),

since in this case m-7 stacking interactions of the phenyl substituent at 7 position with DA113 and
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the phenyl ring of Ts group with TGP11 are observed, while the hydrogen bond of one oxygen
atom of the Ts group with Asn 352 was maintained. In this case, the substituents of positions 5
and 7 are oriented towards the minor groove of the ADN and the tetracyclic system towards the

major groove presenting hydrophobic interactions with several of the residues that limit that area.

Compound 9, which has the best score value and a similar energy to compounds 8a,b, is also
located between nucleobases in the rupture zone establishing more n-r stacking interactions than
the above compounds. On one side, between the aromatic ring of tetrahydroquinolone system and
TGP11 and on the other between the pyridine ring, at the other end of the tetracyclic ring system,
with DA113. In this way, the tetracyclic system is oriented towards the minor groove near to Arg
364 and the substituents of positions 5 and 7 towards the major groove, where they give

hydrophobic interactions with Asn 352 and Pro 431.

For more aromatized compounds 10a-d and 11 (Figures S6 and S7 in the Supporting Material)
the orientation modes are very different. Compound 10a, which has the worst score value (Table
4, entry 5), although good energy value, directs the tetracyclic system towards the major groove
and ©-7 stacking interactions are observed between the aromatic ring of the Ts group with TGP11
and DA113. In compound 10d the pyridine ring of the tetracyclic system is oriented towards the
minor groove and the benzene ring at the opposite end towards the major groove. This orientation
allows mt-m stacking interactions to be established between the naphthyridine zone with TGP11 and
between the benzene ring at position 7 with DA113. In the case of compound 11, which has the
best energy value, the aromatic ring of tetrahydroquinoline system presents m-m stacking

interactions with DA113 and the carbon-nitrogen double bond of Arg 364.

23



Isosteric substitution of the oxygen atom (O), present in the chromenonaphthyridines II (Figure
1), by a tosylamino group, present in the quinolinonaphthyridine derivatives III (Figure 1),
increases the interaction with the topoisomerase I target. In this sense, the corresponding gscore
(gemodel) values result more favourable and may explain the increment of the inhibition of these
derivatives 8, 9, 10 and 11 towards Topl.

4.4. In silico ADME/T analysis. The synthetized compounds were submitted to in silico
pharmacokinetic properties prediction by using the graphical interface Maestro [23] and QikProp
module of Schrodinger software. The results are included in Table S2 of Supporting Material.
Thus, estimated number of hydrogen bonds that would be donated and accepted by the solute to
the water molecules in an aqueous solution are in the range of 0.0-2.0 and the 6.5-7.0 respectively.
Number of metabolic reactions of compounds 8 and 9 and 15 is high (in the range of 8 to 10),
while for more aromatized compounds 10 and 11 is in the range of 2 to 3. All compounds have %
Human Oral Absortion of 100%. Prediction of binding to human serum albumin for the compounds
are in the range 0.56-1.15 and predicted brain/blood partition coefficient are in the range of -0.44
to 0.043. Number of violations of Lipinsky’s rule of five is 0-2. Thus, it was observed that most

of the compounds were found to be within the limit of approved drug parameter range.

5. Conclusions

To sum up, the preparation of hybrid 1,5-naphthyridines fused with heterocycles such as quinolines
and quinolinones is reported by a regio- and stereospecific intramolecular [4+2]-cycloaddition
reaction followed by prototropic tautomerization. Consequent dehydrogenation of hexahydro- and
tetrahydro-1,5-naphthyridine core of compounds 8 and 9 gave rise to the corresponding more

unsaturated derivatives 10 and 11, respectively. In a nicking assay is observed that these new
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compounds behave as Topl poisons leading to the generation of Topl dependent nicks most
probably resulting from accumulated cleavage complexes in plasmid DNA. Moreover, these novel
compounds were demonstrated to be potent inhibitors of Topl relaxation activity. Regarding their
cytotoxicity, 5-tosyltetrahydroquinolino[4,3-b][1,5]naphthyridin-6(5H)-one 9 resulted the most
cytotoxic compound with ICsg values of 3.25+0.91 uM and 2.08+1.89 uM against the A549 cell
line and the SKOV3 cell line, respectively. Moreover, 5-tosylhexahydroquinolino[4,3-
b][1,5]naphthyridine 8a and 5-tosyldihydroquinolino[4,3-b][1,5]naphthyridine 10a demonstrated
to be cytotoxic with ICso values of 7.25+0.81 uM and 7.34+0.17 uM against the A549 cell line,
respectively, and with ICso values of 8.08+1.39 uM and 8.65+0.57 uM against the SKOV3 cell
line, respectively. None of the compounds had cytotoxic effects against non-malignant pulmonary
fibroblasts (MRC-5).

The physicochemical properties of these hybrid compounds have been calculated,
pharmacotherapeutic profiles being evaluated. Docking experiments showed us how they interact
with the protein active site and the possible mode of binding of these compounds. The interesting
biochemical and biological features found for these derivatives provide a promising basis for

further development of biologically active naphthyridines.

6. Experimental protocols

6.1 Chemistry

6.1.1. General experimental information

All reagents from commercial suppliers were used without further purification. All solvents were

freshly distilled before use from appropriate drying agents. All other reagents were recrystallized
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or distilled when necessary. Reactions were performed under a dry nitrogen atmosphere.
Analytical TLCs were performed with silica gel 60 F2s4 plates. Visualization was accomplished by
UV light. Column chromatography was carried out using silica gel 60 (230-400 mesh ASTM).
Melting points were determined with an Electrothermal IA9100 Digital Melting Point Apparatus
without correction. NMR spectra were obtained on a Bruker Avance 400 MHz and a Varian VXR
300 MHz spectrometers and recorded at 25 °C. Chemical shifts for '"H NMR spectra are reported
in ppm downfield from TMS, chemical shifts for *C NMR spectra are recorded in ppm relative to
internal deuterated chloroform (5 = 77.2 ppm for '3C), chemical shifts for !°F NMR are reported
in ppm downfield from fluorotrichloromethane (CFCls). Coupling constants (J) are reported in
Hertz. The terms m, s, d, t, q refer to multiplet, singlet, doublet, triplet, quartet. '>’C NMR, and "°F
NMR were broadband decoupled from hydrogen nuclei. High resolution mass spectra (HRMS)
was measured by EI method with a Agilent LC-Q-TOF-MS 6520 spectrometer.

6.1.2. Compounds Purity Analysis

All synthesized compounds were analyzed by HPLC to determine their purity. The analyses were
performed on Agilent 1260 infinity HPLC system (C-18 column, Hypersil, BDS, Sum, 0.4 mmx25
mm). All the tested compounds were dissolved in dichloromethane, and 1uL of the sample was
loaded onto the column. Ethanol and heptane were used as mobile phase, and the flow rate was set
at 1.0 mL/min. The maximal absorbance at the range of 190—625 nm was used as the detection
wavelength. The purity of all the tested compounds is >95%, which meets the purity requirement

by the Journal.
6.1.3. Synthesis of aldehydes 1, 2 and 12

6.1.3.1.1. General procedure for the synthesis of aldehydes 1 and 2. To a solution of 2-
(aminophenyl)methanol (10 mmol, 1.23 g) in THF (30 mL) was added EtzN (11 mmol, 1.40 mL)
and tosyl chloride (11 mmol, 2.097 g) and was stirred at room temperature for 3 h. The reaction
mixture was washed with 0.5 M aqueous solution of HCI (50 mL) and water (50 mL), extracted
with dichloromethane (2 x 25 mL), dried over anhydrous MgSO4 and the solvent was removed
under vacuum. The crude was dissolved in THF, and the corresponding halide (12 mmol) in
presence of K>CO3 (20 mmol, 2.76) was added and the mixture was heated 16 h. The reaction

mixture was washed with 2M aqueous solution of NaOH (50 mL) and water (50 mL), extracted
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with dichloromethane (2 x 25 mL), dried over anhydrous MgSO4 and the solvent was removed
under vacuum., The reaction crude was dissolved in toluene, MnO> (40mmol, 3.47g) was added
and was heated to reflux for 24 h. The reaction mixture was filtered on celite and the removal of
the solvent under vacuum afforded an oil that was purified by silica gel flash column

chromatography using an elution of 05-95% ethyl acetate - hexane to afford products 1 and 2.

6.1.3.1.2. N-Cinnamyl-N-(2-formylphenyl)-4-methylbenzenesulfonamide (1). The general
procedure was followed using 1-(3-bromoprop-1-enyl)benzene (12 mmol, 2.365 g) affording
3.367g (84 %) of a white solid identified as 1, mp 110-111 °C (ethyl acetate/hexane). '"H NMR
(400 MHz, CDCI;) &: 2.46 (s, 3H, CH3), 4.09 (s, 1H, CH>), 4.70 (s, 1H, CH>), 6.09 (dt, 1H, *Jun =
16.0 Hz, *Juu = 6.6 Hz, *Jun = 16 Hz, 1H, =CH>), 6.34 (d, *Jun = 16.0 Hz, 1H, Harom), 6.79 (dd,
3Jun = 7.8 Hz, “Jun = 1.2 Hz, 1H, Harom), 7.16-7.53 (m, 11H, Harom), 7.52 (d, *Jun = 8.0 Hz, 1H,
Harom), 10.43 (s, 1H, CHO) ppm. 3C {'H} NMR (75 MHz, CDCl;) &: 21.7 (CH3), 54.3 (CH>),
122.6 (CH), 126.6 (2CH), 128.0 (2CH), 128.3 (2CH.), 128.6 (CH), 128.7 (2CH), 128.8 (CH), 129.8
(2CH), 134.2 (CH), 134.7 (C), 135.4 (CH), 135.9 (C), 136.1 (C), 141.5 (C), 144.3 (C), 190.2
(CHO.) ppm. HRMS (EI) calculated for C23H21NO3S [M]" 391.1242; found 391.1239.

6.1.3.1.3. N-(2-Formylphenyl)-N-tosylcinnamamide (2). The general procedure was followed
using 4-phenylbut-3-enoyl chloride (12 mmol, 2.16 g) affording 3.771g (90 %) of a white solid
identified as 2, mp 146-147 °C (ethyl acetate/hexane). '"H NMR (400 MHz, CDCl;) &: 2.38 (s, 3H,
CH3), 5.96 (d, *Juu = 16.0 Hz, 1H, Harom), 7.13-7.30 (m, 9H, Harom), 7.61-7.66 (m, 3H, Harom), 7.85
(d, 3Jun = 8.5 Hz, 1H, Harom), 8.03 (dd, *Jun = 7.5 Hz, *Jun = 2.5 Hz, 1H, Harom), 10.05 (s, 1H,
CHO) ppm."*C {'H} NMR (75 MHz, CDCl3) &: 21.9 (CH3), 117.1 (CH), 128.5 (2CH), 129.0
(2CH), 129.7 (4CH), 130.0 (CH), 130.8 (CH), 131.1 (CH), 131.7 (CH), 133.9 (C), 135.1 (C), 135.2
(CH and C), 137.8 (C), 145.7 (C), 147.2 (CH), 165.3 (CNO), 188.8 (CHO) ppm. HRMS (EI)
calculated for C23H21NO3S [M]"405.1035; found 405.1094.

6.1.3.1.4. N-(2-Formylphenyl)-4-methyl-N-(3-phenylprop-2-yn-1-yl)benzenesulfonamide (12).
To a solution of 2-(aminophenyl)methanol (10 mmol, 1.23 g) in THF (30 mL) was added Et;N (11
mmol, 1.40 mL) and tosyl chloride (11 mmol, 2.097 g) and was stirred at room temperature for 3
h. The reaction mixture was washed with 0.5 M aqueous solution of HCI (50 mL) and water (50
mL), extracted with dichloromethane (2 x 25 mL), dried over anhydrous MgSO4 and the solvent

was removed under vacuum. The reaction crude was dissolved in THF the corresponding halure
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3-bromoprop-1-yne (11 mmol, 1.300 g) was added in presence of KoCO3 (20 mmol, 2.76 g) and
was heated to reflux for 16 h. The reaction mixture was washed with 2M aqueous solution of
NaOH (50 mL) and water (50 mL), extracted with dichloromethane (2 x 25 mL), dried over
anhydrous MgSOQys, the solvent was removed under vacuum. The reaction crude was dissolved in
toluene and MnO» (40mmol, 3.47g) was added and the solution was heated to reflux for 24 h. The
reaction mixture was filtered on celite and the solvent was removed under vacuum affording an
oil that was dissolved in dichloromethane and TEA (10 mmol, 1.391 mL), Cul (0.02 mmol,
0.004g), the corresponding iodide (10 mmol) and Pd(PPh2)ClL; (0.01 mmol, 0.004g) were added.
The mixture was stirred under nitrogen at room temperature during 8 h, then reaction mixture was
filtered on celite and the solvent was removed under vacuum affording an oil that was purified by
silica gel flash column chromatography using an elution of 10-90% ethyl acetate - hexane to afford
2.061 g (71 %) of a white solid identified as 12, mp 113-114 °C (ethyl acetate/hexane). '"H NMR
(400 MHz, CDCls) 6: 2.32 (s, 3H, CH3), 4.61 (s, 2H, Harom), 6.95-7.50 (m, 12H, Harom), 7.93 (dd,
3Jun = 7.0 Hz, *Jun = 1.8 Hz, 1H, Haom), 10.36 (s, 1H, CHO) ppm."*C {'H} NMR (75 MHz,
CDCl) 6: 21.7 (CH3), 42.9 (CH2), 82.4 (C), 86.6 (C), 121.9 (C), 128.3 (2CH), 128.4 (2CH), 128.6
(CH), 128.8 (CH), 128.9 (CH) 129.3 (CH), 129.8 (2CH), 131.6 (“CH), 134.3 (CH), 135.1 (C),
136.1 (C), 141.5 (C), 144.5 (C), 190.3 (CHO) ppm. HRMS (EI) calculated for C23H21NOs3S [M]*
389.1086; found 389.1068.

6.1.4. Synthesis of aldimines 4, 5 and 13

6.1.4.1 General procedure. To a solution of the corresponding aldehyde (1 mmol) in CHCI3 (20
mL) the corresponding 3-aminopyridine (1 mmol) was added in presence of molecular sieves (4A)
and one drop of BF3-Et,0. The mixture was refluxed for 16h and checked by 'H NMR and/or '°F
NMR spectroscopy. Due to the instability of the aldimines, they were used without purification for

the following reactions.

6.1.4.1.1  N-Cinnamyl-4-methyl-N-(2-(pyridin-3-ylimino)methyl)phenyl)benzenesulfonamide
(4a). The general procedure was followed using aldehyde 1a (1 mmol, 0.389 g) and 3-
aminopyridine (1 mmol, 0.094 g). '"H NMR (400 MHz, CDCl3) §: 2.34 (s, 3H, CH3), 3.99 (dd, *Jun
= 14.0 Hz, *Jun = 8.5 Hz, 1H, CH>), 4.57 (dd, *Jun = 14.0 Hz, *Jun = 6.2 Hz, 1H, CH), 6.01 (dt,
3Jun = 16.0 Hz, *Jun = 7.0 Hz, 1H, =CH), 6.25 (d, *Jun =16.0 Hz, 1H, Harom), 6.69 (dd, *Jun = 8.0
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Hz,Jus = 1.2 Hz, 1H, =CH), 7.08-7.37 (m, 13H, Harom), 7.48 (d, *Jius =8.0 Hz, 1H, Hurom), 8.21
(dd, *Jun = 8.0 Hz, “Jun = 1.8 Hz, 1H, Harom), 8.34 (dd, 3Jun = 2.5 Hz, “Jus = 0.7 Hz, 1H, Harom),
8.39 (dd, *Jun = 4.8 Hz, “Jus = 1.5 Hz, 1H, Harom), 8.73 (s, 1H, C=N) ppm.

6.1.4.1.2 N-(2-(((4-Bromopyridin-3-yl)imino)methyl)phenyl)-N-cinnamyl-4-methylbenzene
sulfonamide (4d). The general procedure was followed using aldehyde 1 (1 mmol, 0.391 g) and
4-bromopyridin-3-amine (1 mmol, 0.171 g). 'H NMR (400 MHz, CDCls) &: 2.43 (s, 3H, CH3),
4.04 (dd, *Jun = 14.0 Hz, *Jun = 8.2 Hz, 1H, CH,), 4.70 (dd, *Jun = 14.0 Hz, *Juu = 6.0 Hz, 1H,
CHa), 6.88 (dt, *Jun = 16.0 Hz, *Jun = 7.2 Hz, 1H, =CH), 6.36 (d, *Jun =16.0 Hz, 1H, Harom), 6.71
(d, 3Juu = 8.0 Hz, 1H, =CH), 7.18-7.55 (m, 13H, Harom), 8.20 (dd, *Jun = 4.4 Hz, *Jun = 1.8 Hz,
1H, Harom), 8.40 (d, *Jun = 7.5 Hz, 1H, Harom), 8.79 (s, 1H, C=N) ppm.

6.1.4.1.3 N-(2-((Pyridin-3-ylimino)methyl)phenyl)-N-tosylcinnamamide (5). The general
procedure was followed using using aldehyde 2 (1 mmol, 0.405 g) and 3-aminopyridine (1 mmol,
0.096 g). 'H NMR (400 MHz, CDCI3) §: 2.29 (s, 3H, CH3), 5.96 (d, *Jun =16.0 Hz, 1H, Harom),
7.12-7.70 (m, 16H, Harom), 7.88 (d, *Jun = 8.4 Hz, 1H, Harom), 8.46 (s, 1H, C=N) ppm.

6.1.4.1.4 4-Methyl-N-(3-phenylprop-2-yn-1-yl)-N-(2-((pyridin-3-ylimino)methyl)phenyl)
benzenesulfonamide (13). The general procedure was followed using aldehyde 12 (1 mmol, 0.389
g) and 3-aminopyridine (1 mmol, 0.096 g). "H NMR (400 MHz, CDCl3) &: 2.39(s, 3H, CH3), 4.60-
4.79 (m, 1H, Harom), 7.00-7.63 (m, 16H, Harom), 8.36 (dd, *Jun = 7.8 Hz, *Jun = 1.6 Hz, 1H, Harom),
8.89 (s, 1H, C=N) ppm.

6.1.5. Synthesis of  hexahydroquinolino-6H-[4,3-b][1,5|naphthyridines 8 and
dihydroquinolino-6H-[4,3-b][1,5|naphthyridin-6(5H)-ones 9

6.1.5.1 General procedure. To a solution of the corresponding aldimine (1 mmol) generated in
situ in CHCI3 (20 mL), BF3.Et,O was added and the reaction was refluxed for 16 h. The reaction
mixture was washed with 2M aqueous solution of NaOH (50 mL) and water (50 mL), extracted
with dichloromethane (2 x 25 mL), and dried over anhydrous MgSO4. The solvent was removed
under vacuum affording an oil that was purified by silica gel flash column chromatography using

an elution of 20-80% ethyl acetate - hexane to afford products 8 or 10.
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6.1.5.1.1 7-Phenyl-5-tosyl-5,6,6a,7,12,12a-hexahydroquinolino[4,3-b][1,5]naphthyridine (8a).
The general procedure was followed using aldimine 4a and BF3.Et,O (2 mmol, 0.25 mL) affording
0.284 (88 %) of a white solid identified as 8a, mp 190-191 °C (ethyl acetate/hexane). 'H NMR
(400 MHz, CDCl3) &: 1.90 (dddd, *Jun = 11.3 Hz, *Jun = 11.3 Hz, *Juu = 10.7 Hz, *Jun = 4.2 Hz,
1H, CH), 2.34 (s, 3H, CH3), 3.36 (dd, *Jun = 14.0 Hz, *Jun = 11.3 Hz, 1H, CH>), 3.85 (d, *Jun =
11.0 Hz, 1H, CH>), 3.98 (d, *Juu = 10.7 Hz, 1H, CH), 4.05 (dd, *Jun =14.0 Hz, *Jun =4.2 Hz, 1H,
Harom), 4.22 (s, 1H, NH), 6.94-7.38 (m, 14H, Harom), 7.95 (dd, *Juu = 4.2 Hz, “Jun = 1.8 Hz, 1H,
Harom), 7.99 (dd, *Jun = 8.6 Hz, “Jun = 2.0 Hz, 1H, Harom) ppm. *C {'H} NMR (75 MHz, CDCl;)
0:21.7 (CH3), 41.5 (CH), 48.6 (CH2), 51.6 (CH), 53.3 (CH), 122.2 (CH), 122.8 (CH), 124.5 (CH),
125.1 (CH), 125.4 (CH), 127.2 (3 CH), 128.2 (C), 128.9 (2 CH), 129.2 (2 CH), 129.6 ( C), 129.8
(2 CH), 136.0 (C), 136.3 (C), 140.7 (CH), 140.8 (C), 142.0 (C), 143.8 (C), 145.1 (C) ppm. HRMS
(EX) calculated for C2sH25sN302S [M]" 467.1667; found 467.1666. Purity 96.00 % (EtOH/Heptane
=10/90, Rt = 7.30 min).

6.1.5.1.2 9-Methoxy-7-phenyl-5-tosyl-5,6,6a,7,12,12a-hexahydroquinolinof1,2-
b][1,5|naphthyridine (8b). The general procedure was followed using aldimine 4b and BF3.Et,O
(2 mmol, 0.25 mL) affording, 0.422 g (85 %) of a white solid identified as 8b, mp 235-236 °C
(ethyl acetate/hexane). 'TH NMR (400 MHz, CDCl3) §: 1.75 (dddd, *Jun = 11.0 Hz, *Jun = 11.0 Hz,
3Jun = 11.0 Hz, *Jun = 4.0 Hz, 1H, CH), 2.25 (s, 3H, CH3), 3.26 (dd, *Jun = 14.0 Hz, *Jun = 11.0
Hz, 1H, CH>), 3.38 (s, 3H, OCH3), 3.65 (d, *Jun = 11.0 Hz, 1H, CH>), 3.85 (d, *Jun = 11.0 Hz, 1H,
CH), 4.08 (dd, 3Jun =14.0 Hz, 3Jun =4.0 Hz, 1H, Harom), 6.37 (d, >Jun = 7.8 Hz, 1H, CHarom), 6.86-
7.26 (m, 14H, Harom), 7.90 (d, *Jun = 9.10 Hz, 1H, CHarom) ppm. °C {'H} NMR (75 MHz, CDCl;)
d: 21.7 (CH3), 40.9 (CH), 48.7 (CH2), 51.2 (CH), 53.1 (OCH3), 54.1 (CH), 109.4 (CH), 124.8
(CH), 125.1 (CH), 125.4 (CH), 126.8 (CH), 127.2 (2 CH), 128.2 (CH), 128.3 (2 CH), 129.1 (2
CH), 129.4 (2 CH), 129.8 (CH and C), 134.5 (C), 136.0 (C), 136.4 (C), 141.4 (C), 142.0 (C), 143.7
(©), 157.3 (C) ppm. HRMS (EI) calculated for C29H27N303S [M]" 497.1773; found 497.1769.
Purity 98.60 % (EtOH/Heptane = 10/90, Rt = 6.90 min).

6.1.5.1.3 9-Bromo-7-phenyl-5-tosyl-5,6,6a,7,12,12a-hexahydroquinolino[4,3-b][1,5]
naphthyridine (8c). The general procedure was followed using aldimine 4¢ and BF3.Et2O (2 mmol,
0.25 mL) affording 0.465 g (85 %) of a white solid identified as 8c, mp 238-239 °C (ethyl
acetate/hexane). '"H NMR (400 MHz, CDCls) &: 1.85 (dddd, 3Juu = 11.0 Hz, *Jun = 11.0 Hz, *Juu
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=10.0 Hz, *Jun = 4.7 Hz, 1H, CH), 2.37 (s, 3H, CH3), 3.35 (dd, *Jun = 14.0 Hz, *Juu = 11.0 Hz,
1H, CHy), 3.81 (d, *Jun = 11.0 Hz, 1H, CH>), 3.98 (d, *Jun = 10.0 Hz, 1H, CH), 4.10 (dd, *Jun
=14.0 Hz, *Jun = 4.7 Hz, 1H, Harom), 4.25 (s, 1H, NH), 6.86 (d, *Jun = 9.0 Hz, 1H, CHarom), 6.94-
7.39 (m, 14H, Harom), 8.00 (d, *Jun = 8.4 Hz, 1H, CHarom) ppm. *C {'H} NMR (75 MHz, CDCl;)
8:21.7 (CH3), 41.2 (CH), 48.4 (CH»), 51.2 (CH), 53.4 (CH), 124.5 (CH), 125.1 (CH), 125.4 (CH),
125.9 (CH), 126.5 (CH), 127.2 (3 CH), 128.4 (CH), 128.7 (2 CH), 129.0 (C), 129.3 (2 CH), 129.8
(2 CH), 129.9 (C), 135.9 (C), 136.3 (C), 140.3 (C), 141.2 (C), 143.8 (C), 145.7 (C) ppm. HRMS
(EI) calculated for CasHxBrN3O0.S [M]" 545.0773; found 545.0742. Purity 96.60 %
(EtOH/Heptane = 10/90, Rt = 6.80 min).

6.1.5.1.4 11-Bromo-7-phenyl-5-tosyl-5,6,6a,7,12,12a-hexahydroquinolino[4,3-b][1,5]
naphthyridine (8d). The general procedure was followed using aldimine 4b and BF3.Et,O (2
mmol, 0.25 mL) affording 0.386 g (70 %) of a white solid identified as 8d, mp 201-202 °C (ethyl
acetate/hexane). '"H NMR (400 MHz, CDCls) &: 1.84 (dddd, 3Juu = 11.2 Hz, *Jun = 11.5 Hz, *Juu
= 10.5 Hz, *Jun = 5.0 Hz, 1H, CH), 2.29 (s, 3H, CH3), 3.23 (dd, *Jun = 13.8 Hz, *Jun = 11.2 Hz,
1H, CH>), 3.60 (d, *Jun = 11.2 Hz, 1H, CH>), 3.84 (dd, *Jun =13.5 Hz, *Jun = 5.0 Hz, 1H, Harom),
3.83 (d, *Jun = 10.5 Hz, 1H, CH), 4.83 (s, 1H, NH), 6.33 (d, *Jun = 4.8 Hz, 1H, CHarom), 6.82-7.47
(m, 14H, Harom), 7.85-7.89 (m, 1H, CHarom) ppm. *C {'H} NMR (75 MHz, CDCl3) §: 21.7 (CH3),
40.0 (CH), 48.6 (CH>), 48.7 (CH), 53.2 (CH), 123.9 (CH), 124.1 (CH), 125.2 (CH), 125.7 (CH),
127.1 (2 CH), 128.1 (CH), 128.4 (CH), 128.5 (C), 128.9 (C), 129.3 (2 CH), 129.6 (C), 129.9 (CH),
129.9 (CH), 133.8 (C), 135.8 (C), 136.0 (C), 137.8 (CH), 138.4 (CH), 138.8 (C), 139.9 (C), 144.1
(C) ppm. HRMS (EI) calculated for C2sH24N3BrO,S [M]" 545.0773; found 545.0742. Purity 95.10
% (EtOH/Heptane = 10/90, Rt = 7.20 min).

6.1.5.1.5 7-Phenyl-5-tosyl-6a,7,12,12a-tetrahydroquinolino[4,3-b][1,5]naphthyridin-6(5H)-one
(9). The general procedure was followed using aldimine 5 and BF3.Et2O (2 mmol, 0.25 mL)
affording 0.456 g (95 %) of a white solid identified as 9, mp 270-271 °C (ethyl acetate/hexane).
'H NMR (400 MHz, CDCl3) §: 2.39 (s, 3H, CH3), 3.06 (dd, *Jun = 12.0 Hz, *Jun = 9.0 Hz, 1H,
CH>), 4.32 (d, *Jun = 9.0 Hz, 1H, CH>), 4.36 (d, *Jun = 12.0 Hz, 1H, CH), 6.71 (s, 1H, NH), 6.97-
7.89 (m, 16H, Harom) ppm. *C {'H} NMR (75 MHz, CDCl5) &: 21.1 (CH3), 45.4 (CH), 48.7 (CH),
51.75 (CH), 121.9 (CH), 122.2 (CH), 123.6 (CH), 123.9 (CH), 125.7 (CH), 126.4 (CH), 127.4
(CH), 127.9 (2 CH), 128.0 (2 CH), 129.1 (2 CH), 129.8 (2 CH), 132.0 (C), 132.8 (C), 136.1 (C),
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139.4 (C), 140.0 (CH), 144.6 (C), 145.1 (C), 145.3 (C), 170.5 (CO) ppm. HRMS (EI) calculated
for C2sH33N303S [M]" 467.1667; found 481.1461. Purity 98.40 % (EtOH/Heptane = 10/90, Rt =
8.05 min).

6.1.6. Synthesis of quinolino[4,3-b][1,5|naphthyridines 10 and quinolino[4,3-
b][1,5|naphthyridin-6(5H)-one 11

6.1.6.1 General procedure A. To a solution of the corresponding naphthyridine derivative (1
mmol) in toluene (20 mL) MnO, (4 mmol, 0.347 g) was added and the reaction was refluxed for
24 h. The reaction mixture was filtered on celite, washed with dichloromethane (2 x 10 mL), and
dried over anhydrous MgSOs. The solvent was removed under vacuum afforing an oil that was
purified by silica gel flash column chromatography using an elution of 20-80% ethyl acetate -

hexane to afford products 10 and 11.

General procedure B. To a solution of the corresponding aldehyde 12 (1 mmol, 0.389 g) in CHCl3
(20 mL), the corresponding 3-aminopyridine (1 mmol) was added in presence of molecular sieves
(4A). Then, BF3.Et20 was added and the reaction was refluxed for 12 h. The reaction mixture was
washed with 2M aqueous solution of NaOH (50 mL) and water (50 mL), extracted with
dichloromethane (2 x 25 mL), and dried over anhydrous MgSO4. The solvent was removed under
vacuum afforing an oil that was purified by silica gel flash column chromatography using an

elution of 20-80% ethyl acetate - hexane to afford products 10.

6.1.6.1.1 7-Phenyl-5-tosyl-5,6-dihydroquinolino[4,3-b][1,5]naphthyridine (10a). The general
procedure A was followed using naphthyridine 8a 0.463g (99%) of a white solid identified as 10a,
mp 193-194 °C (ethyl acetate/hexane). When the procedure B was followed using aldimine 13a
and BF3.Et,O (2 mmol, 0.25 mL), 0.393 g (85 %) of compound 10a were obtained. 'H NMR (400
MHz, CDCls) &: 1.90 (s, 3H, CH3), 4.93 (s, 2H, CH>), 6.66 (d, *Jun = 7.8 Hz, 1H, CH), 6.97 (d,
3Jun = 8.5 Hz, 1H, CH), 7.36-7.65 (m, 8H, CH), 7.81 (dd, *Jun = 14.0 Hz, *Jun = 8.0 Hz, 1H, CH),
7.81 (dd, *Jun = 8.2 Hz, “Jun = 1.6 Hz, 1H, CH), 8.30 (dd, *Juu = 8.2 Hz, *Jun = 2.0 Hz, 1H, CH),
8.30 (dd, *Jun = 4.2 Hz, “Jun = 1.8 Hz, 1H, CH) ppm. *C {'H} NMR (75 MHz, CDCls) &: 21.1
(CH3), 48.1 (CH»), 124.0 (CH), 126.4 (CH), 126.5 (C), 121.1 (2 CH), 128.0 (2 CH), 128.7 (2 CH),
128.8 (2 CH), 129.2 (CH), 130.2 (2 CH), 130.8 (C), 131.1 (CH), 133.7 (C), 134.5 (C), 137.0 (CH),
138.4 (C), 141.6 (C), 143.2 (C), 143.7 (C), 145.2 (C), 150.3 (C), 150.8 (CH) ppm. HRMS (EI)
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calculated for C2sH21N302S [M]" 463.1354; found 463.1363. Purity 97.00 % (EtOH/Heptane =
10/90, Rt = 6.35 min).

6.1.6.1.2 9-Methoxy-7-phenyl-5-tosyl-5,6-dihydroquinolino[4,3-b][1,5]|naphthyridine (10b).

The general procedure A was followed using naphthyridine 9b 0.493g (99%) of a white solid
identified as 10a, mp 218-219 °C (ethyl acetate/hexane). When the procedure B was followed
using aldimine 13b and BF;.Et;O (2 mmol, 0.25 mL), 0.468 g (95 %) of compound 10b were
obtained. T. '"H NMR (400 MHz, CDCls) &: 1.95 (s, 3H, CH3), 3.82 (s, 3H, OCH3), 4.96 (s, 2H,
CHa), 6.68 (d, *Jun = 8.0 Hz, 2H, CH), 6.95 (d, *Jun = 8.0 Hz, 2H, CH), 7.04 (d, *Juu = 9.0 Hz,
1H, CH), 7.38-7.80 (m, 7H, CH), 7.79 (dd, *Juu = 8.0 Hz, *Jun = 1.2 Hz, 1H, CH), 8.10 (d, *Jun
= 8.8 Hz, 1H, CH), 8.30 (dd, *Jun = 7.5 Hz, *Jun = 2.0 Hz, 1H, CH) ppm. '*C {'H} NMR (75 MHz,
CDCl) 6: 21.2 (CH3), 48.1 (CH2), 53.7 (CH3), 116.0 (CH), 125.9 (C), 125.9 (CH), 127.1 (2 CH),
127.9 (2 CH), 128.2 (2 CH), 128.7 (2 CH and C), 130.4 (CH), 130.5 (2 CH), 131.2 (C), 133.9
(CH), 134.6 (C), 137.7 (C), 139.2 (C), 139.9 (CH), 141.1(C), 143.2 (C), 143.6 (C), 147.4 (C),
161.8 (C) ppm. HRMS (EI) calculated for C290H23N30,S [M]" 493.1460; found 493.1442. Purity
95.31 % (EtOH/Heptane = 10/90, Rt = 6.15 min).

6.1.6.1.3 9-Bromo-7-phenyl-5-tosyl-5,6-dihydroquinolino[4,3-b][1,5]naphthyridine (10c). The
general procedure A was followed using naphthyridine 9¢ 0.541 g (99%) of a white solid identified
as 10¢, mp 235-236 °C (ethyl acetate/hexane). When the procedure B was followed using aldimine
13¢ and BF3.Et;0 (2 mmol, 0.25 mL), 0.476 g (88 %) of compound 10¢ were obtained. 'H NMR
(400 MHz, CDCls) &: 1.94 (s, 3H, CH3), 4.95 (s, 2H, CHz), 6.69 (d, *Jun = 8.0 Hz, 2H, CH), 6.94
(d, *Jun = 9.0 Hz, 2H, CH), 7.35-7.66 (m, 8H, CH), 7.80 (dd, *Jun = 8.0 Hz, “Jun = 2.0 Hz, 1H,
CH), 8.09 (d, *Juu = 8.8 Hz1H, CH), 8.33 (dd, *Jun = 8.0 Hz, *Jun = 2.0 Hz, 1H, CH) ppm. 1*C
{'H} NMR (75 MHz, CDCl;) §: 21.2 (CH3), 48.0 (CH>), 126.4 (CH), 127.1 (2 CH), 128.0 (2 CH),
128.2 (2 CH), 128.5 (CH), 128.9 (2 CH), 129.2 (CH), 129.3 (CH), 130.5 (2 CH), 131.4 (CH),
132.0 (CH), 132.7 (C), 134.2 (C), 138.3 (C), 139.3 (CH), 141.6 (C), 141.8 (C), 142.3 (C), 143.7
(0), 144.5 (C), 150.6 (C) ppm. HRMS (EI) calculated for C2sH20BrN302S [M]" 541.0460; found
541.0435. Purity 95.02 % (EtOH/Heptane = 10/90, Rt = 6.55 min).

6.1.6.1.4 11-Bromo-7-phenyl-5-tosyl-5,6-dihydroquinolino[4,3-b][1,5]naphthyridine (10d). The
general procedure A was followed using naphthyridine 9d 0.541 g (99%) of a white solid identified

33



as 10d, mp 205-206 °C (ethyl acetate/hexane). When the procedure B was followed using aldimine
13d and BF3.Et,0 (2 mmol, 0.25 mL), 0.362 g (67 %) of compound 10d were obtained. 'H NMR
(400 MHz, CDCls) &: 2.01 (s, 3H, CH3), 4.86 (s, 2H, CH>), 6.70 (d, *Jun = 8.0 Hz, 1H, CH), 6.93
(d, *Jun = 9.0 Hz, 1H, CH), 7.25-7.28 (m, 3H, CH), 7.52-7.68 (m, 5H, CH), 7.78 (d, *Jun = 8.8
Hz1H, CH), 8.18 (d, *Jun = 8.0 Hz, 1H, CH) ppm. °C {'H} NMR (75 MHz, CDCI3) §: 21.3 (CH3),
47.8 (CH»), 118.7 (CH), 127.1 (2 CH), 127.2 (CH), 127.7 (C), 127.8 (CH), 128.3 (CH), 128.9 (2
CH), 129.2 (2 CH), 129.5 (2 CH), 129.8 (CH), 130.5 (C), 131.3 (C), 131.8 (CH), 133.0 (C), 133.9
(C), 138.4(C), 140.8 (C), 142.6 (CH), 144.1 (C), 144.4 (C), 148.3 (C), 151.6 (C) ppm. HRMS (EI)
calculated for C2sH20BrN302S [M]" 541.0460; found 541.0435. Purity 96.45 % (EtOH/Heptane =
10/90, Rt = 6.70 min).

6.1.6.1.5 7-Phenyl-5-tosylquinolino[4,3-b][1,5]naphthyridin-6(5H)-one (11). The general
procedure A was followed using 9 0.477 g (99%) of a white solid identified as 11, mp >300 °C
(ethyl acetate/hexane)."H NMR (400 MHz, DMSO-d6) &: 2.46 6.95 (d, *Jun = 9.3 Hz, 2H, CH),
7.26-7.73 (m, 11H, CH), 8.61 (dd, *Jun = 8.7 Hz, “Jun = 1.6 Hz, 1H, CH), 8.90 (dd, *Jun = 8.7 Hz,
“Jun = 1.6 Hz, 1H, CH), 8.99 (dd, *Jun = 4.0 Hz, “Jun = 2.0 Hz, 1H, CH) ppm. *C {!H} NMR (75
MHz, DMSO-d6) &: 21.2 (CHs), 101.6 (2 CH), 113.7 (2 CH), 119.5 (C), 121.9 (C), 125.1 (C),
126.3 (C), 127.0 (C), 128.3 (CH), 128.7 (CH), 129.2 (2 CH), 129.9 (CH), 131.3 (CH), 135.3 (CH),
135.5 (CH), 135.7 (CH), 136.8 (CH), 137.1 (C), 141.0 (C), 145.4 (C), 150.8 (2 CH), 152.2 (C)
152.7 (C), 161.1 (CO) ppm. HRMS (EI) calculated for C2sHi19N3O3S [M]" 477.1147; found
477.1138. Purity 98.00 % (EtOH/Heptane = 10/90, Rt = 7.20 min).

6.1.7. Synthesis of hexahydroquinolino[4,3-b][1,5|naphthyridines 15 derivatives

6.1.7.1 General procedure A. To a solution of the corresponding naphthyridine 8 (1 mmol) in
MeOH (10 mL) Mg (2 mmol, 0.049) was added and the reaction was sonicated for 8 h. The reaction
mixture was washed with 6M aqueous solution of HCI until pH 7 and water (50 mL), extracted
with dichloromethane (2 x 25 mL), and dried over anhydrous MgSO4. The solvent was removed
under vacuum afforing an oil that was purified by silica gel flash column chromatography using

an elution of 30-70% ethyl acetate - hexane to afford products 15.

6.1.7.1.1 7-Phenyl-5,6,6a,7,12,12a-hexahydroquinolino[4,3-b][1,5]naphthyridine (15a). The
general procedure was followed using 8a affording 0.463 g (99%) of a white solid identified as
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15a, mp 201-202 °C (ethyl acetate/hexane). 'H NMR (400 MHz, CDCls) &: 3.10 (d, *Jun = 1.9 Hz,
1H, CH), 3.03 (s, 1H, CH>), 3.83 (s, IH, NH), 3.86 (d, *Jun = 12.0 Hz, 1H, CH), 4.33 (s, 1H, NH),
4.37 (d, *Jun = 10.5 Hz, 1H, CH), 6.40 (dd, *Jun = 8.0 Hz, “Jun = 1.0 Hz, 1H, CH), 6.27-2.35 (m,
1H, CH), 6.66 (dt, *Jun = 8.0 Hz, *Jun = 1.0 Hz, 1H, CH), 6.86-7.03 (m, SH, Harom), 7.12-7.25 (m,
4H, Harom), 7.86 (dd, *Jun = 4.6 Hz, *Juu = 1.5 Hz, 1H, CH), ppm. C {'"H} NMR (75 MHz,
CDCl3) 8: 42.1 (CH), 44.2 (CH>), 51.6 (CH), 53.1 (CH), 114.6 (CH), 117.4 (CH), 120.4 (C), 122.2
(CH), 122.7 (CH), 124.7 (CH), 126.8 (CH), 128.4 (CH), 128.7 (2 CH), 129.2 (2 CH), 140.2 (CH),
141.2 (C), 143.1 (C), 139.3 (CH), 144.1 (C), 145.6 (C) ppm. HRMS (EI) calculated for C21Hi9N3
[M]" 467.1167; 467.1115. Purity 98.02 % (EtOH/Heptane = 10/90, Rt = 8.00 min).

6.1.7.1.2 9-Bromo-7-phenyl-5,6,6a,7,12,12a-hexahydroquinolino[4,3-b][1,5]naphthyridine
(15b). The general procedure was followed using 8d affording 0.226 g (58%) of a white solid
identified as 15b, mp 211-212 °C (ethyl acetate/hexane). 'H NMR (400 MHz, CDCl5) §: 2.22-2.31
(m, 2H, CH and NH), 3.01-3.04 (m, 2H,CH>), 3.81 (d, *Jun = 12 Hz, 1H, CH), 4.28 (s, 1H, NH),
4.35 (d, *Jun = 11 Hz, 1H, CH), 6.41 (d, 3Jun = 8.0 Hz, 1H, CH), 6.66 (t, *Jun = 7.6 Hz, 1H, CH),
6.81 (d, *Jun = 8.8 Hz, 1H, CH), 6.97-7.08 (m, 4H, Harom), 7.10-7.27 (m, 7H, Harom) ppm. °C {'H}
NMR (75 MHz, CDCL) 8: 41.9 (CH), 44.1 (CH»), 51.3 (CH), 53.1 (CH), 114.7 (CH), 117.5 (CH),
120.0 (C), 124.6 (CH), 125.7 (CH), 126.4 (2 CH), 126.8 (CH), 128.5 (2 CH), 129.3 (2 CH), 129.4
(0), 140.7 (C), 142.3 (C), 144.1 (C), 146.4 (C) ppm. HRMS (EI) calculated for C21HisBrN3 [M]"
391.0684; 391.0684. Purity 95.30 % (EtOH/Heptane = 10/90, Rt = 7.90 min).

6.2 Biology

6.2.1. Materials

Reagents and solvents were used as purchased without further purification. Camptothecin was
purchased from Sigma-Aldrich. All stock solutions of the investigated compounds were prepared
by dissolving the powered materials in appropriate amounts of DMSO. The final concentration of

DMSO never exceeded 5% (v/v) in reactions. Under these conditions, DMSO was also used in the
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controls and was not seen to affect Topl activity. The stock solution was stored at 5°C until it was

used.

6.2.2. Expression and purification of Human Topoisomerase IB.

The yeast Saccaromyces cerevisiae Topl null strain RS190, which was used for expression of
recombinant human Topl was a kind gift from R. Sternglanz (State University of New York, Stony
Brook, NY). Plasmid pHT 143, for expression of recombinant Topl under the control of an inducible
GAL promoter was described [24]. The plasmids pHT 143 were transformed into the yeast S.cerevisiae
strain RS190. The proteins were expressed and purified by affinity chromatography essentially as
described [25]. The protein concentrations were estimated from Coomassie blue-stained

SDS/polyacrylamide gels by comparison to serial dilutions of bovine serum albumin (BSA).

6.2.3. DNA relaxation assays.

Topl activity was assayed using a DNA relaxation assay by incubating 110 ng/uL of Topl with
0.5 pg of negatively supercoiled pUCI18 in 20 ul of reaction buffer (20 mM Tris—HCI, 0.1 mM
Na;EDTA, 10 mM MgCl,, 50 ng/ml acetylated BSA and 150 mM KCI, pH 7.5). The effect of the
synthesized tetracyclic 8, 9, 10, 11 and 15 derivatives on topoisomerase activity was measured by
adding the compounds, at different time points as indicated in the text. The reactions were
performed at 37°C, stopped by the addition of 0.5% SDS after indicated time intervals. The
samples were protease digested, electrophoresed in a horizontal 1% agarose gel in IXTBE (50 mM
Tris, 45 mM boric acid, | mM EDTA) at 26V during 20 hours. The gel was stained with gel red

(BIOTIUM, 5 pg/ml), destained with water and photographed under UV illumination.
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Since all drugs were dissolved in dimethyl sulfoxide (DMSO), a positive control sample containing
the same DMSO concentration as the samples incubated with the drugs was included in all
experiments. As a control for drug inhibition the well know Topl specific drug camptothecin was

included.

6.2.4. DNA nicking assays.

Topl activity was assayed using a DNA relaxation assay by incubating 330 ng/uL of Topl with
0.5 pg of negatively supercoiled pUC18 in 20 ul of reaction buffer (20 mM Tris—HCI, 0.1 mM
Na;EDTA, 10 mM MgCl,, 50 png/ml acetylated BSA and 150 mM KCI, pH 7.5). The effect of the
synthesized tetracyclic 8, 9, 10, 11 and 15 derivatives on topoisomerase activity was measured by
adding the compounds, at different time points as indicated in the text. The reactions were
performed at 37°C, stopped by the addition of 0.5% SDS after indicated time intervals. The
samples were protease digested, electrophoresed in a horizontal 1% agarose gel in IXTBE (50 mM

Tris, 45 mM boric acid, | mM EDTA) containing 0.5ug/ml EtBr at 26V during 20 hours.

Since all drugs were dissolved in dimethyl sulfoxide (DMSO), a positive control sample
containing the same DMSO concentration as the samples incubated with the drugs was included

in all experiments. As a control the well known Topl poison drug camptothecin was included.

The cleavage-ligation equilibrium was investigated by incubating 200 nM of Cy3-labelled
DNA substrate (5’-Cy3-ATTTGACCTCGAGAATTATACGAAGTTATTAC-3°/5’-
GTAATAACTTCGTATAATTCTCGAGGTCAAAT-3’) with 44 nM of Topl, and DMSO, CPT
or either compounds 8a, 10a or 9 as indicated in figure 4 in a reaction buffer containing 5 mM of

MgCl, 5 mM of CaClo, 10 mM of Tris-HCI pH 7.8 and 100 mM of NaCl for 10 minutes at 37°C.
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The reactions were stopped by the addition of SDS to a final concentration of 0.2%, EtOH
precipitated and  trypsinized following standard protocols as  described in
(https://doi.org/10.1039/C6NR06848K). The reaction products were analyzed in a 20% denaturing
polyacrylamide gel (https://doi.org/10.1039/C6NR06848K) and the product visualized by a

Typhoon Scannner FLA 9500.

6.2.5. Cytotoxicity assays.

Cells were cultured according to the supplier’s instructions. Cells were seeded in 96-well plates
at a density of 2-2.5 x 10 cells per well and incubated overnight in 0.1 mL of media supplied with
10% Fetal Bovine Serum (Lonza) in 5% COz incubator at 37 °C. On day 2, drugs were added and
samples were incubated for 48 hours. After treatment, 10 pL of cell counting kit-8 was added into
each well for additional 2 hours incubation at 37 °C. The absorbance of each well was determined
by an Automatic Elisa Reader System at 450 nm wavelength. Camptothecin was purchased from

Sigma-Aldrich and used as positive control.

6.3 Computational methodology

6.3.1. Molecular modeling

All calculations included in this paper were carried out with Gaussian 16 program [26] within the
density functional theory (DFT) framework [17] using the B3LYP,[18] along with the standard 6-
31G** basis set. All minima were fully characterized by harmonic frequency analysis [27]. The
solvent effect in DFT calculations was evaluated by means of the Polarizable Continuum Model
(PCM) [28] using water as solvent. The pKa values were studied to determine the dominant species

(ionization states) at physiological pH (pH = 7.4) using Epik [29] and these were the species used
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in each case. After a conformational search with MacroModel [30] the most stable conformations
were chosen and optimized at the B3LYP/6-31G** + AZPVE level of theory and also were
computed at the BALYP(PCM)/6-31G** + ZPVE level using water as solvent. Among them, the
most stable of each compound was chosen to calculate the molecular DFT-based parameters,
molecular electrostatic potential energetics and docking studies. The obtained results for the

molecular electrostatic potential surfaces were generated using GaussView Rev 5.0.9 [31].

6.3.2. Docking studies

First, we proceeded with the choice of the most suitable TopIB/DNA complex for the docking in
the Protein Data Bank (PDB). The X-ray structure code 1T8I [20] (3.00 A resolution) was chosen,
a TopIB of human origin covalently bounded to DNA and containing the anti-cancer agent CPT
as a ligand. Maestro [23] graphic interface was used, and the Glide 6.9 application [32] in XP mode
(extra-precision) [33] was chosen for the docking. The grid was set up in a box of 20 x 20 x 20 A,
centered in the geometric center of CPT. The DNA-binding region in the active site was selected
as the target for the screening. The TopIB/DNA complex was prepared by reconstructing the
phosphoester bond to nucleobase C12 in the 1T8I structure, and the 5'-SH of nucleobase G11 of
the cleaved strand was converted to a 5'-OH by changing the sulfur atom by an oxygen. The
hydrogen atoms were added. The binding orders and the protonation states of waste and DNA
were corrected. The complex was optimized and minimized using the Protein Preparation Wizard
panel of Schrodinger Suites 2015.1 [34]. Likewise, the structures of the different ligands to be
interacted with protein and the ligand initially present in the complex, CPT, were prepared as

previously indicated and used for the different docking processes.
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