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ABSTRACT. Visceral leishmaniasis is a neglected parasitic disease that affects humans
in low-income countries with no effective prophylactic vaccine available at present.
With the exception of miltefosine, antimony derivatives and amphotericin B — the first-
line drugs in use — need parenteral administration, are unsafe and can be the origin of
resistant strains. For these reasons, there are numerous initiatives dedicated to the search
for new antileishmanial compounds that are more effective and that are designed to
inhibit recognized targets in the parasite. Eukaryotic type | DNA topoisomerase is an
essential enzyme for the viability of Leishmania, and due to its structural differences
with the human enzyme, represents a promising druggable target for the development of
new compounds against this disease. In this search, heterocyclic compounds, such as
hybrid tetrahydroquinoline and quinoline derivatives with phosphorated groups, have
been prepared by multicomponent cycloaddition reaction between phosphorus-
substituted anilines, aldehydes and styrenes. The antileishmanial activity of these
compounds has been evaluated on both promastigotes and intramacrophagic
amastigotes of Leishmania infantum. In addition, the cytotoxic effects of newly
synthesized compounds were assessed on host murine splenocytes in order to calculate
the corresponding selective indexes. Good antileishmanial activity of functionalized
tetrahydroquinolines 4a, 5a, 6b and quinoline 8b has been observed with similar
activity than the standard drug amphotericin B and close selective index (SI between 43
and 57) towards L. infantum amastigotes to amphotericin B. Special interest shows
tetrahydroquinolylphosphine sulfide 5a with an ECs value (0.61 + 0.18 uM) similar to
the standard drug amphotericin B (0.32 + 0.05 uM) and selective index (SI = 56.87). In
addition, compound 4c shows remarkable inhibition on Leishmania topoisomerase IB.
However, despite these interesting results, further studies are needed to disclose other

potential targets involved in the antileishmanial effect of these novel compounds.
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1. Introduction

Visceral leishmaniasis (VL) is a parasitic-borne disease that affects more than 300.000
people in four of the five Continents and causes 30.000 deaths every year most of them
in East Africa [1,2]. For decades, the standard treatment against human VL was based
on the administration of systemic drugs derived from pentavalent antimony (SbY) [3].
However, the use of these drugs is associated with nephrotoxic and cardiotoxic side
effects [4] and what is even worse, their continued administration as first-choice
medicines along with the contamination of drinking water with arsenic salts has driven
to a further increase of resistant strains, especially in the north of Indian subcontinent
[5,6]. The emergence of all these issues has produced an alarming increase in treatment
failures and relapses [7]. Among the second-line drugs amphotericin B (AmB),
deoxycholate or liposomal, is the most currently used [8]. Liposomal AmB (AmBisome,
Gilead) is an effective antileishmanial medicine but has some drawbacks; it requires
slow intravenous administration, is costly and chemically unstable under extreme field
conditions [9]. Finally, miltefosine (Figure 1), the first oral drug approved against VL,
has been related to teratogenic issues and cannot be administered to pregnant women
and newborns [10,11]. Combinations of all these compounds — to which the antibiotic
paromomycin must be included — has been recommended by Drugs for Neglected
Diseases initiative (DNDi) with good results in endemic countries of Asia and Africa

[12].

Although many efforts have been done to identify new druggable targets against VL,
the overall output of new antileishmanial compounds is poor, owing in part to the
specific interactions of the parasite with the host. Therefore, the demand for new drugs
and new targets is nowadays an urgent need more than ever. Eukaryotic DNA

topoisomerase | (ToplB) is a nuclear enzyme involved in controlling DNA topology in



77  many essential metabolic processes of eukaryotic cells. To perform these functions,
78  ToplB introduces single cuts in DNA skeleton by nucleophilic attack of the catalytic
79  tyrosine on the phosphodiester bonds of DNA double helix, forming transient single-
80  strain covalent cleavage complexes with DNA [13,14]. These transient intermediates are
81 rapidly reversed in physiological circumstances through the 5'-OH attack of the nicked
82  chain in the TopIB-DNA phosphotyrosyl complex, thus restoring the intact DNA and
83  releasing the free enzyme [15,16]. This circumstance has been used to specifically target
84  ToplIB with small molecules that ultimately can prevent cell growth. In this regard,
85 many ToplB inhibitors called poisons, such as the plant alkaloid camptothecin (CPT,
86  Figure 1), establishes hydrogen bonds between TopIB and DNA resulting in the
87  stabilization of covalent cleavage complex, resulting in an increased genomic fragility
88  during replication, transcription or recombination processes [17]. Other compounds are
89  mere catalytic inhibitors of ToplB preventing the binding of TopIB with DNA [18]. The
90 value of TopIB as target in proliferative processes was validated with four CPT
91 analogues that have been approved by different agencies for the clinical treatment of
92  cancers, including irinotecan and topotecan (in USA and Europe), belotecan (in South

93  Korea) and 10-hydroxycamptothecin (in China) [19-21].
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95
96 Figure 1. Structure of miltefosine (left), camptothecin (middle) and newly
97  phosphorated tetrahydroquinolines and quinolines (right).
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Previous studies of our group have shown that TopIB from trypanosomatids — including
Leishmania (LToplB) — is structurally different from the human enzyme (hTopIB) and
it is selectively induced during the growth of the parasites inside the host [22,23]. In this
regard, several families of compounds either poisons and inhibitors, have been
successfully screened against LToplB, thus pointing this enzyme as an interesting

druggable target against leishmaniasis [24-26].

The development of hydrid molecules is an innovative approach for the discovery of
new drugs [27], since the presence of two pharmacophores in a single molecule may
synergize their biological effects [28]. The new compounds synthesized in this report
are based on the molecular hybridization [29] of the flat or quasi-planar heterocyclic
structure of tetrahydroquinoline (THQ) [30] or quinoline (QUIN) [31] present in a wide
number of natural products and active pharmaceutical ingredients with therapeutic
effects with various phosphorus substituents such as phosphine, phosphine sulfide and
phosphine oxide (Figure 1, right). Organophosphorus derivatives are interesting
compounds since phosphorus substituents may affect the reactivity of heterocycles and
regulate important biological functions [32]. The development of new strategies for the
preparation of aminophosphonates [33], phosphinated [34], or phosphorylated
azaheterocycles [35] implies the incorporation of organophosphorus functionalities in
simple synthons. For example, the diphosphonylation of quinolines leads to
tetrahydroquinolines [36] and phosphorated derivatives of quinolines (ciprofloxacin,
norfloxacin, sparfloxacin) are characterized by a greater biological activity than the
original drugs [37]. Thus, from cyclophosphamide [38] used to treat leukemia and
different cancers to brigatinib [39], which contains a phosphine oxide group approved in

the USA for the treatment of metastatic non-small cell lung cancer (NSCLC) [40], a
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large  number of compounds containing phosphorus such as antibiotics

phosphinothricin, fosfomycin, fosfidomycin or dehydrophos [41] have been described.

A wide range of six-membered nitrogen-containing heterocyclic compounds play a
major role in organic chemistry through their widespread presence in nature and in their
consequent biological activity with applications in biochemistry, pharmacology and
material science [42,43]. Many strategies are described in the literature for the synthesis
of nitrogenated heterocycles, among which one of the most straightforward is the
hetero-Diels-Alder reaction (HDAr). This reaction type is an atom-economic alternative
for the carbon-carbon and carbon-heteroatom bond construction [44] and represents an
excellent tool for the generation of six-membered rings with a high molecular
complexity [45], which may have industrial applications [46]. Among those strategies,
the Povarov reaction [47,48] allows the preparation of nitrogen-containing heterocyclic
compounds in an excellent way [49,50]. This methodology also represents a direct route
to the tetrahydroquinoline (THQ) and quinoline (QUIN) core structure of interesting
biologically active compounds [51] as ToplB inhibitors and with antiproliferative
activity against several cancer cell lines as reported in our research group [52], so we
thought that it could work against experimental infections of Leishmania parasites. It is
well known that a wide range of lead compounds with fused nitrogen-containing
heterocycles — camptothecins, indenoisoquinolines, naphthyridines, and others — are

inhibitors of TopIB and display strong antileishmanial activity [53].

This manuscript describes the synthesis of hybrid THQ and QUIN containing
phosphorus substituents such as phosphine, phosphine sulfide and phosphine oxide
groups by multicomponent cycloaddition reaction between phosphorus substituted
anilines, aldehydes and styrenes as well as the antileishmanial effect of a new series of

hybrid substituted QUIN compounds on L. infantum, the eukaryotic pathogen
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responsible for VL at both shores of the Mediterranean basin. In this regard, we carried
out a full screening of these compounds on the two forms of the parasite, free-living
promastigotes and amastigotes infecting primary mouse splenocytes, which were
isolated from BALB/c mice that had been previously inoculated with L. infantum-iRFP,
a transfected strain that emits fluorescence in the near infrared spectrum. In addition, the
inhibitory effect of these compounds, both in silico and on recombinant hTopIB and
LTopIB enzymes in vitro, was evaluated in order to identify their potential mechanism
of action. Finally, a predictive study was also carried out to select those compounds

with better therapeutic profile for further in vivo studies.
2. Chemistry

We started with the synthesis of functionalized THQ and QUIN containing
phosphorated groups by multicomponent Povarov type [4+2]-cycloaddition reaction. In
this sense, the endo-1,2,3,4-tetrahydroquinolinylphosphines 4 were regioselectively
obtained by reaction between aldehydes 1a (R = C¢Hs), 1b (R = 4-FCgH,) or 1c (R = 4-
MeOCgH,), 2-(diphenylphosphino)aniline 2a and p-fluorostyrene 3a (R' = F) or p-
methylstyrene 3b (R* = CHj) in the presence of 2 equivalents of BFs-Et,0 in refluxing

chloroform (Scheme 1, Chart 1).

R 3 MW, 40°C, 1 h
P * O BFaEG0 s
MS, CHCl,
1 2a Y=+ R
2b Y=S
2c Y=0

Scheme 1. Syntheses of 1,2,3,4-tetrahydroquinolinyl-phosphines 4, -phosphine sulfides
5, -phosphine oxides 6, quinolinyl-phosphine sulfides 7 and -phosphine oxides 8.
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The formation of 1,2,3,4-tetrahydroquinolinylphosphines 4 may be explained through a
regio- and stereoselective [4+2]-cycloaddition reaction between aldimine, obtained from
aldehyde 1 and amine 2a, and the corresponding olefin 3, followed by a prototropic

tautomerization as previously reported [54].
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6b (57%) 6c (71%)
Chart 1. Structures of 1,2,3,4-tetrahydroquinolinylphosphines 4, -phosphine sulfides 5,

and -phosphine oxides 6 obtained by multicomponent Povarov reaction. *Reference [54].
bReference [52].

Along with phosphine the tetrahydroquinoline-phosphine sulfides as well as -phosphine
oxides constitute an important class of organophosphorus compounds with potential
biological activity [32]. For this reason, next we explored the preparation of THQ and
QUIN derivatives with the other phosphorus substituents. The three components,
aldehydes 1, 2-(diphenylphosphine sulfide)aniline 2b (Y = S) or 2-(diphenylphosphine
oxide)aniline 2c (Y = O) and olefins 3 (Scheme 1) were mixed in the presence of the
Lewis acid (BF;-Et,0), and corresponding endo-1,2,3,4-tetrahydroquinolinylphosphine
sulfides 5 (Y = S) or endo-1,2,3,4-tetrahydroquinolinylphosphine oxides 6 (Y = O) were

respectively obtained in refluxing chloroform after 24-48 hours (Chart 1) in a
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regioselective way. As before, the formation of 8-phosphine sulfide- 5 or 8-phosphine
oxide-1,2,3,4-tetrahydroquinolines 6 may be explained through a regio- and
stereoselective [4+2]-cycloaddition reaction between aldimines, initially generated by
condensation reaction of aldehydes 1 and functionalized anilines 2, and olefins 3

followed by a prototropic tautomerization.

Subsequent dehydrogenation of THQ 5 (Y = S) and 6 (Y = O) with 2 equivalents of
DDQ in toluene under microwave irradiation produced the corresponding quinolinyl-
phosphine sulfides 7 (Y = S) and -phosphine oxides 8 (Y = O; Scheme 1, Chart 2). The
formation of compounds 7 and 8 was determined by 'H NMR spectroscopy where
upfield signals corresponding to the protons of tetrahydroquinoline ring of starting
compounds 5 and 6 disappeared and only aromatic signals were observed. On the other
hand, quinolines 8a and 8b may be also obtained directly by means of the
multicomponent reaction of aldehyde 1, aniline 2c and styrenes 3 (see Experimental

Section).

g!;

8a (82%) 8b (85%) 8¢ (99%)
Chart 2. Structures of quinolinyl-phosphine sulfides 7 and -phosphine oxides 8
obtained by dehydrogenation. ® Reference [54]. "Reference [52].

oy

The methodology represents an easy and efficient strategy for the preparation of
functionalized THQ 4-6 and QUIN 7,8 derivatives containing phosphorus substituents

and tolerates a wide range of electron-releasing and electron-withdrawing aromatic
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aldehydes, even fluorinated ones which allow the preparation of fluoro containing
compounds [55] interesting substrates from a biological point of view. And regarding
phosphorus substitution, a diversity of phosphorus derivatives can be prepared, such as
phosphine, phosphine oxide and phosphine sulfide derivatives. The biological behavior
of prepared new hybrid molecules as ToplB inhibitors and as antileishmanial agents

was studied.
3. Biological results and discussion

Antileishmanial activity of a new series of phosphorus substituted THQ and QUIN
derivatives. To assess the effect of the newly phosphorus substituted THQ and QUIN
derivatives on L. infantum parasites, we performed both in vitro and ex vivo assays on
free-living promastigotes and intramacrophage amastigotes, respectively. In this regard,
the transgenic L. infantum strain L. infantum-iRFP, which constitutively express the
heterologous irfp encoding gene that produces the infrared fluorescent protein iRFP
from Rhodopseudomonas palustris bacteriophytochrome, allows a rapid and
reproducible readout (Aexc. 600 nm, Aem. 708 nm) of the viable parasites. To resemble
closer the physiological environment where the infection takes place, the infected
macrophages harboring amastigotes were isolated from BALB/c mice, which had been
inoculated with 10® L. infantum-iRFP metacyclic promastigotes 5 to 6 weeks earlier.
After this period, spleens were dissected and the primary culture of splenocytes, which
contains naturally infected macrophages, was exposed to the testing compounds [56].
This method has shown series of advantages over classical axenic amastigotes or in
vitro infections on a standard strain of macrophages: i) it mimics closer the conditions
of natural in vivo infections; ii) the ex vivo conditions where the drug is placed, include
the immunological microenvironment that can help to destroy the invading cells within

spleen macrophages [57]. Finally, in order to assess the tolerability of testing drugs, a

10
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cytotoxicity assay was performed in free-parasite macrophages obtained under the same

conditions but from uninfected BALB/c mice.

The antileishmanial effect of the new series of compounds with the new phosphorus
substituted THQ and QUIN derivatives was obtained from dose-response curves by
plotting the infrared fluorescence emitted by the viable parasites vs different
concentrations of the testing compounds (Table 1). Plots were fitted by nonlinear
analysis using the Sigma-Plot 10.0 statistical package. For both L. infantum-iRFP
promastigotes and amastigotes, the drug effect was expressed as the 50%-reduction of
infrared emission (ECsp) with respect to negative control (that contains the same

percentage of DMSO, used as drug solvent).

Table 1. Bioactivity of phosphorylated compounds on both forms of Leishmania

parasites.
ECso (uM) L. infantum CCsp (uM)

entry type promastigotes amastigotes splenocytes Sl
1 4a 3.14+£0.04 1.75+051 90.62+8.11 51.78
2 4b 20.91+£7.00 1.79+133 46.97+5.25 26.24
3 4c 27.72£2.36 5.96 +0.91 >50 > 8.4
4 5a 10.66 + 0.53 061+0.18 34.69%154 56.87
5 5b 36.38 £1.89 273+057 57.03+2.39 20.89
6 6a 9.39 + 2.55 098+0.73 34.23+1.78 34.93
7 6b 6.15+1.24 146+0.16  63.70+1.88 43.63
8 6c 7.10+0.81 1.85+1.09 13.82+0.39 7.47
9 Ta 8.83+1.20 >10 89.71+3.21 n.d.
10 7b 11.02 +3.49 >10 92.06 £0.98 n.d.
11 8a 491 +0.38 414 +1.64 57.11 £ 4.60 13.79
12 8b 6.01+0.80 139+1.08 71.03+211 51.10
13 8c 2.33+0.25 215+123 23.95+1.36 11.14
14 AMB 0.77 £90.15 0.32+0.05 >20 62.5

Antileishmanial effects (ECso + SD) on promastigotes and amastigotes of L. infantum. Cytotoxicity

effects (CCsg = SD) on murine splenocytes. *Sl: Selective Index.

For antimicrobial drugs, more important than the killing effect in absolute terms, is the
selectivity index (SI) that is a relative measure of the effect of the compound on the
target microbe with respect the toxicity in host cells. The SI of each compound was

calculated from the ratio between their cytotoxicity on uninfected explants (CCsp) vs the

11
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ECso values obtained on infected ex vivo splenic explants. The leishmanicidal effect of
AMB (drug in clinical use) was included as positive control just for comparison

purposes (Table 1, entry 14).

Two types of phosphorus substituted THQ and QUIN derivatives have been tested on
Leishmania parasites: i) substituted 1,2,3,4-tetrahydroquinolines (THQ, Chart 1, Table
1, entries 1 to 8) and ii) substituted derivatives of quinolines (QUIN, Chart 2, Table 1,
entries 9 to 13). In the case of 1,2,3,4-tetrahydroquinolinyl-phosphines 4 (Table 1,
entries 1 to 3) high antileishmanial activity on both intracellular amastigote form (ECso
= 1.75 uM) and the free-living promastigotes (ECso = 3.14 uM) was observed,
specifically in compound 4a (Chart 1) that displays a fluorine atom at position 4 of the
aryl ring. Furthermore, this compound has low cytotoxic effect on non-infected
splenocytes, which confers it a good SI > 50. Similarly, it occurs with the
diphenylphosphines 4b (Chart 1, Table 1, entry 2) and 4c (Chart 1, Table 1, entry 3), but
in these cases the killing effect on promastigotes is much lower (ECso = 20.91 uM for
entry 2, and ECsy = 27.72 uM for entry 3). In addition, the cytotoxic effect on
splenocytes for compounds 4b and 4c was higher and in consequence their SI lower (Sl
= 26.2 and 8.6, respectively). It is noteworthy that these substituted phosphine
derivatives 4 consistently inhibited both LTopIB and hToplB, this particular issue will

be discussed later.

A second group of phosphorus substituted THQ and QUIN compounds corresponds to
1,2,3,4-tetrahydroquinolinylphosphine sulfides 5 (Chart 1, Table 1, entries 4 and 5) and
quinolinylphosphine sulphides 7 (Chart 2, Table 1, entries 9 and 10). These compounds
were also tested on the transgenic cell strain of L. infantum-iRFP parasites. It is
remarkable that 1,2,3,4-tetrahydroquinoline compounds 5 containing the phosphine

sulfide group was very active killing intracellular amastigotes (ECsp = 0.61 uM and

12
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ECso = 2.73 uM for entries 4 and 5, respectively) unlike those derived from the
quinoline ring 7 (ECso > 10 uM in both cases). THQ 5a was the most interesting
compound of the series with a Sl value of 56.87. The aromatic polycyclic compounds 7
did not show high cytotoxic values for splenocytes, all of them over 50 uM. However,
since the effect on amastigote could not be accurately measured beyond 10 uM, the

actual Sl value for these compounds was not determined.

Finally, excellent results were observed for the phosphine oxides derived either from
1,2,3,4-tetrahydroquinolines 6 or quinolines 8 core rings. All of them were deadly for
intracellular amastigotes at < 5 uM final concentration. Very interesting were the
outcomes obtained with compounds 6b (Chart 1, Table 1, entry 7) and 8b (Chart 2,
Table 1, entry 12), which are among the safest compounds used in the current study in
terms of Sl (43.6 and 51.1, respectively), and both displayed at least one fluorine atom
in its structure. However, the presence of a naphthyl substituent in the quinoline ring did

not improve the antileishmanial characteristic of compound 8a.

Inhibition of leishmanial and human ToplIB. With the aim of explaining the
mechanism of action of the current series of compounds and based on the results
reported previously, we have performed a series of experiments driven to inhibit
recombinant LTopIB and hToplIB activities in vitro. In this regard, a conventional
supercoiled plasmid relaxation assay was carried out based on the ability of these

compounds to prevent the relaxation of supercoiled circular DNA mediated by TopIB.

A TopIB-deficient Saccharomyces cerevisiae platform was used to express recombinant
LToplIB and hToplB genes, which were purified as described elsewhere [58]. The effect
of these compounds was compared with the inhibitory effect of CPT that was used as

positive control in these experiments. Compounds were preincubated with the enzyme
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at 37°C during 15 min before the addition of supercoiled plasmid DNA and incubated

for increasing time periods (2 min, 4 min, 8 min and 16 min).

Equal concentrations of DMSO were added to each reaction in order to assess the
potential negative effect of the solvent. DNA relaxation products were then resolved by
electrophoresis in 1% agarose gels, stained with ethidium bromide and visualized under
UV lamp using a digital gel documentation system. Given that CPT does not bind the
enzyme in the absence of DNA, the preincubation step with CPT was unnecessary

[59,60].

From the results summarized in Table 2, it is noteworthy that the only compounds that
were consistently inhibitors of TopIB from both sources in time and concentration were
the 1,2,3,4-tetrahydroquinolinylphosphines 4 (entries 1 to 3). When LTopIB and
hToplB were incubated at different concentrations of these compounds for a period of 5
min, dose/response curves were yielded that permitted us to calculate ICso values
comprised between 23.6 to 84.5 uM, being 4c the most active compound with 1Csy =

23.64 £ 0.86 uM.

With the exception of compound 7a (ICso = 34.28 + 0.91 on LTopIB and ICsy = 27.39 +
0.47 uM on hTopIB, Chart 2, Table 2, entry 9), the second set of tetrahydroquinolinyl- 5
and quinolinyl-phosphine sulfides 7 did not show the capacity to inhibit TopIB. Other
series distinct that present were recently tested on hTopIB with variable results. In such
a way, compound 7b (Chart 2, Table 2, entry 10) that was tested previously, showed
weak inhibition on hTopIB at short time periods (< 3 min) [52]. We could not find any

inhibitory effect on both hToplB and LToplB for this compound for a period of 5 min.

Finally, from the series of tetrahydroquinolinyl- 6 and quinolinyl-phosphine oxides 8,

only the compound 8c (Chart 2, Table 2, entry 13), showed apparent inhibition of
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TopIB (ICsp = 48.11 + 0.33 uM on LTopIB and ICsp = 69.65 + 1.29 uM on hTopIB),
assayed at 5 min. In previous reports we showed the strong time-dependence of these
compounds, assayed at a maximum of 3 min over hToplIB [52]. In our case, we did
similar experiments and with exception of compound 8c no inhibition at all was found

for the phosphine oxides assayed [61].

Table 2. Inhibition of relaxation activity of LTopIB and hTopIB by phosphorus
containing quinoline derivatives.

Time (min) Inhibition LTopIB Inhibition hToplB

entry type 2 4 8 16 ICs50 (ULM) ICs (UM)

1 4a  +++ +++ +++  +++ 54.21 +2.39 42.18+1.76

2 4b  +++ +++ +++  +++ 47.85+0.38 4479 +1.02

3 4c 44+ +++ +++  +++ 23.64 +0.86 84.56 +2.07

4 5a +++ +++ - - 93.73 + 3.47 n.i.

5 5b - - - - n.i. n.i.

6 6a - - - - n.i. n.i.

7 6b - - - - n.i. n.i.

8 6¢ - - - - n.i. n.i.

9 7a  +++ ++ - - 34.28+£0.91 27.39 £ 0.47

10 7b - - - - n.i. n.i.

11 8a - - - - n.i. n.i.

12 8b - - - - n.i. n.i.

13 8c  +++ +++ +++ - 48.11+0.33 69.65 +1.29
CPT - + - - - n.i. n.i.

®Compounds were preincubated with the enzyme for 15 min and then 0.5 pg supercoiled
DNA was added. For time/course experiments and for dose/response experiments ICx, values
are expressed as mean = sd of three different experiments by triplicate

4. Computational analysis

Taking into account that theoretical calculations allowed the estimation of Molecular
Electrostatic Potential Surface (MEPS), Highest Occupied — Lowest Unoccupied
Molecular Orbital (HOMO-LUMO) energy gap and related parameters, which depicted
the potential kinetic stability and reactivity of the target compounds [62], theoretical

studies using Density Functional Theory (DFT) [63] involving the well-known Becke
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three-parameter Lee-Yang-Parr function (B3LYP) [64] and 6-31G (d, p) level of theory

for the synthesized compound were carried out.

4.1. Stereoelectronic properties. The molecular DFT-based parameters such as,
electronic chemical potential (n), chemical hardness (n), global electrophilicity
(), maximum number of accepted electrons (ANmax) and Free energy in gas and in
aqueous medium for compounds 4-8 are reported in Table 3. A large HOMO-LUMO
gap represents a hard molecule while a small gap indicates a soft or more reactive/less
stable molecule. Similarly, the global electrophilicity index (w), a global reactivity
index that is related to chemical hardness and chemical potential, represents the measure
of the stabilization in energy achieved when the system acquires an additional electronic
charge from the environment. Thus, tetrahydroquinolinyl phosphine derivatives 4, are
the most stable (Table 3), with the highest gap value, higher hardness and greater
chemical potential than the rest of compounds and they are the least electrophilic, with
the lowest dipolar moment. Among those 3 compounds, the compound 4c (Chart 1), the
one that best inhibits LToplIB (Table 2), presents the smallest hardness (which would

imply a greater reactivity) and it is slightly less electrophilic.

Regarding tetrahydroquinolinyl- 5 and quinolinylphosphine sulfides 7 are more reactive
than the compounds 4 of the former group, presenting gap values from 3.32 to 4.37
(Table 3). This last value corresponds to compound 5a (Chart 1), which presents similar
biological properties to those of compounds 4. However, compounds 5b (Chart 1), 7a
and 7b (Chart 2) present globally smaller hardness with lower chemical potential and
higher electrophilicity than compounds 4. It is noteworthy that compound 5b containing
a nitro (NO,) group, which presents the lowest biological activity, has a very high

dipole moment (7.573 D) and is the most electrophilic.
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Table 3. Calculated energies and molecular proprieties computed at B3LYP/6-31G** basis set level of theory for compounds 4 to 8.

AG (g) AG (aq) Enomo ELumo Gap . n . H © .ANmax D|p0|e moment
Compound 3 0) (inau.) V) @)  (ev) (nau)  (inau) (ev) (inau) (debye)
4a -1769.32634 -1769.33622 -0.19113 -0.02013 4.65 0.17100 -0.10563 0.032625 0.617719 1.455
4b -1808.62328 -1808.63309 -0.19055 -0.01929 4.66 0.17126 -0.10492 0.032139 0.612636 1.599
4c -1823.87801 -1823.88939 -0.1864 -0.01732 4.60 0.16908 -0.10186 0.030682 0.602437 1.570
5a -2182.79925 -2182.81549 -0.19318 -0.0326 4.37 0.16058 -0.11289 0.039682 0.703014 4.690
5b -2272.80606 -2272.82402 -0.20561 -0.08354 3.32 0.12207 -0.14458 0.085615 1.184361 7.573
6a -1859.83221 -1859.84674 -0.18004 -0.02563 4.20 0.15441 -0.10284 0.034243 0.665987 1.889
6b -2043.05448 -2043.06812 -0.19116 -0.03103 4.36 0.16013 -0.11110 0.038538 0.693780 4.636
6C -1883.87588 -1883.88917 -0.18571 -0.02844 4.28 0.15727 -0.10708 0.036450 0.680836 3.777
7a -2502.21758 -2502.23482 -0.20724 -0.07865 3.50 0.12859 -0.14295 0.079451 1.111634 7.081
7b -2264.42140 -2264.43846 -0.20455 -0.07245 3.59 0.13210 -0.13850 0.072605 1.048448 5.691
8a -1896.57537 -1896.59397 -0.20852 -0.06779 3.83 0.14073 -0.13816 0.067814 0.981703 4,769
8b -1842.21196 -1842.229769 -0.22375 -0.06855 4.22 0.15520 -0.14615 0.068814 0.941688 3.819
8c -2040.68809 -2040.705667 -0.22747 -0.07367 4.19 0.15380 -0.15057 0.073704 0.978999 5.941

Abbreviations: AG (g): Free energy in gas phasel®: AG (aq): Free

energy in aqueous medium™:Gap: Epomo. ELumo: n: Hardnesses!' p:Chemical Potentials'™; w:Global
Electrophilicities™ and ANmax: Maximun Number of Accepted Electrons!
@ Computed a B3LYP(PCM)/6-31G**+AZPVE level; ! Computed a B3LYP(PCM)/6-31G**+AZPVE level using water as solvent; /Computed at the B3LYP/6-31G** level
of theory according to the approach and equations described previously.
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Finally, the phosphine oxide derivatives 6 and 8, except compound 8a (Chart 2), are less
stable than phosphine compounds 4, but more stable than phosphine sulfide derivatives
5 and 7. In general, they have lower hardness than phosphines 4, but higher than
phosphine sulfides 5 and 7. Within this group, the tetrahydroquinolines 6 can be
distinguished from the quinolines 8. Compounds 6 present a lower dipole moment and
are harder and less electrophilic than 8. Among the aromatic compounds 8, compound
8c (Chart 2) stands out (greater inhibition of ToplB, in this group) that presents a high
dipolar moment (5.941 D), is the most electrophilic of this group, and has the lowest

chemical potential.

4.2. Molecular Electrostatic Potential Surface (MEPS) analysis. MEPS is a plot of
electrostatic potential mapped on to constant potential electron density surface. These
surfaces help in predicting reactivity sites towards positively and negatively charged
reactants. MEP surfaces reveal the size shape and variation of electron density,
electronegativity, partial charges and the sites of chemical reactivity within the molecule
[62]. Figure 2 shows the MEPS of compounds 4-8, that were calculated using DFT [63]
with the standard basis set B3LYP/ 6-31G (d, p) level of theory. From these calculations
it can be seen that tetrahydroquinolinyl phosphines 4 have a local negative electrostatic
potential on the benzene ring of the bicyclic tetrahydroquinoline ring system.
Furthermore, in the case of compound 4c (Chart 1, Figure 2) due to the methoxy
(OCHg) group, a negative electrostatic potential appears on oxygen, greater than in the
rest of the compounds of the tetrahydroquinolinyl phosphine group, even superior than
that which appears on the fluorine (F) substituents of the compounds 4a and 4b.
However, in the most biologically active compound 4a local positive electrostatic
potential appears over the hydrogens of the phenyl group in the 2 position of the

quinoline ring. The potential values for these molecules, lower than for the rest, may
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suggest that electrostatic interactions with the target may not be the most important
factor in their biological activity. For the rest of the compounds the most negative
electrostatic potential is located on the S atom (phosphine sulfides 5 and 7, Scheme 1,
vide supra) or on the O atom (phosphine oxides 6 and 8, Scheme 1). In addition, the
limits of electrostatic potential (Figure 2) for phosphine oxides are higher than in the
case of phosphine sulfides. Regarding phosphine sulfides, compounds 5 and 7 (Figure
2) have negative electrostatic potential located on the sulfur atom. However, differences
can be observed in other areas of the molecules. An excessively negative electrostatic
potential appears on the nitro (NO3) group of compound 5b (Chart 1, Figure 2), while
on the biologically active compound 5a a positive electrostatic potential appears in the
same area, in this case on the hydrogen atoms of the methoxy (OCH3) group. As regards
of quinolines 7, in addition to the negative electrostatic potentials located on the sulfur
atom, there are areas of negative values on the fluorine atoms of the trifluoromethyl
(CF3) group and fluorine of compound 7a (Chart 2, Figure 2) and negative values on the

F atoms of compound 7b (Figure 2).

19



409
410
411
412

-0.02577 0 0.02577 -0.02686 to 0.02686
4a 4b

-0.06261 to 0.06261 -0.05931 to 0.05931

-0.04778 to 0.04778
Ta

-0.07518 to 0.07518 -0.07419 t0 0.07419

%

|

-0.05132 to 0.05132

rd

L

-0.06031 to 0.06031

-0.07230 to 0.07230
8c

Figure 2. MEP surfaces mapped from total electron density for compounds 4 to 8. Electrostatic
potentials are displayed on a 0.002 a.u. isodensity surface. The limits of electrostatic potentials for
each molecule are under surfaces. Potential increases in the following order: red (most

negative)/orange/yellow/green/blue (most positive).
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Finally, phosphine oxide compounds 6 and 8 (Figure 2) present the largest range of
electrostatic potential. With the exception of compound 8a (Chart 2), in addition to
negative electrostatic potential located on oxygen atom of phosphine oxide group, they
present other local negative electrostatic potentials mainly in the fluorine atoms, but the
most biologically active compounds 6a, 6b and 8c show local positive electrostatic
potential areas. In the case of 6a (Chart 1) on the hydrogen atoms of the methoxy group
(Figure 2) and for 6b (Chart 1) and 8b (Chart 2) on the hydrogen atoms of the phenyl
group located in the position 2 of the quinoline ring next to the two fluorine toms
(Figure 2). It is noteworthy that the values of the potentials for these compounds higher
than the other ones indicate that the electrostatic interactions would be more efficient

than in the other molecules.

4.3. Docking studies. Among all the compounds synthesized in this work, a molecular
docking study of those who showed inhibition of ToplB 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 enzyme. Since a complete crystallographic model of
LToplB with CPT is not available, our docking studies of compounds 4a-c, 7b and 8c,
in the CPT binding site were done using the CPT-hTopIB—DNA ternary complex (PDB
ID: 1T8lI) [65], as template using the graphical interface Maestro [66] and Glide 6.9 [67]
in XP (extra-precision) mode [68]. The pose/position with the highest score was
retained in the workspace for detailed evaluation of the ligand binding. A comparative
analysis of the mode of union of different types of inhibitors of Top IB indicates [62,69]
that all of them are located in the catalytic center of hToplB, intercalated between the
DNA nucleobases, near Arg 364. This residue is located, together with Asp 533 and Phe
361, in the cavity of the minor groove of the DNA, in the zone of rupture. In addition,

the major groove cavity in the excision zone is limited by residues Glu 356, Asn 352,
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Pro 431, Lys 751 and Asn 722, this latter neighboring to catalytic Tyr 723. Some of the
inhibitors direct their substituents towards the side chain of Asn 352, which has a high
mobility (according to molecular dynamics simulations), which makes this residue to

play a key role in the modulation of drug binding [70].

In our case, 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 [71].

The formation of hydrogen bonds with important residues and the existence of
hydrophobic interactions with hToplIB residues and DNA, were also taken into account.
Likewise, based on the above interactions, the obtained values from the gscore
parameters (score, punctuation) 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 hTopIB/DNA complex, were considered (Table 4).

Table 4. gscore and gemodel values for best hTopIB inhibitors.

gscore gemodel
Entry  Compound o jimony (kcalimol)
1 4a -6.581 -85.955
2 4b -6.238 -84.305
3 4c -8.699 -78.582
4 7a -8.385 -116.768
5 8c -9.297 -105.950

In the case of tetrahydroquinolinylphosphines 4a-c (Chart 1) two different orientations
could be observed (Figures 3A, 3B and 4A, 4B). Compounds 4a and 4b, with a low
value of gscore (Table 4, entries 1 and 2), are stacked between nucleobases in the
rupture zone, where m-w stacking interactions of one of the phenyl rings bounded to the
phosphorus atom and the aromatic ring of the tetrahydroquinoline skeleton can be

observed. In addition, the substituent at position 4 of tetrahydroquinoline skeleton is
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oriented towards the minor groove presenting hydrophobic interactions with Phe 361
and lle 420, while the substituent at position 2 is oriented towards the major groove,
showing hydrophobic interactions with lle 355, Trp 416 and lle 427 (Figures 3A, 3B
and 4A, 4B).

However, another orientation pattern is observed for tetrahydroquinolinylphosphine 4c
(which presents the highest gscore of the phosphines 4, see Table 4 entry 3). Only the
substituent at position 4 is oriented towards the minor groove, establishing n-n stacking
interactions with the bases TGP11 and DA113 (Figures 3C and 4C). Moreover, the
aromatic substituent at position 2, with a methoxyl group, is located close to Glu 356,
presenting n-nt stacking interactions with DA113. While the two phenyl substituents of
the phosphine group are oriented towards the major groove presenting hydrophobic

interactions with lle 424, Tyr 426, lle 427, Ala 351, Met 426 and Leu 429.

With respect to quinolinylphosphine sulfide 7a (Chart 2), which presents the highest
interaction energy gemodel (Table 4), it is placed parallel to the DNA nucleobases,
being established =-r stacking interactions between the quinoline ring and TGP11 and
the phenyl substituent at position 2 with TGP11 and DA113 (Figure 3D). The
substituent at position 4 is oriented towards the minor groove, while that one in position
2 is oriented towards the major groove. One of the phenyl substituents of phosphine

sulfide interacts hydrophobically with Pro 431 (Figures 3D and 4D).
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Figure 3. The 2D interaction of compounds 4a (A), 4b (B), 4c(C), 7a (D) and 8c (E) in the binding site of hTop1B. (For interpretation of the
479  references to colour in this figure legend, the reader is referred to the web version of this article).
480
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Figure.4. The potential binding modes of compounds 4a (A, in blue), 4b (B in yellow), 4c (C in lime green), 7a (D in purple) and 8c (E in red)
with hToplB (PDB code: 1T8I). The key residues of the protein were colored in dark green, and DNA bases by the atom type. The hydrogen
bond for 8c (in E) was shown with yellow dashed line. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article).
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Finally, quinolinylphosphine oxide 8c (Chart 2), the compound with the highest value
of gscore (Table 4, entry 5), is located at the cleavage site parallel to the DNA
nucleobases with the substituent at position 4 oriented towards the minor groove (Figure
3E). Alternatively, the diphenylphosphine oxide group is directed towards the major
groove, establishing m-rt stacking interactions between the quinoline ring and TGP11
and the difluorinated ring of position 2 with DA113. The two aromatic substituents of
the phosphine oxide group are oriented towards the major groove giving hydrophobic
interactions with Pro 431, Leu 429, Met 428, Ala 351 and Tyr 426. Furthermore, in this
case, the oxygen of the phosphine oxide group forms a hydrogen bond with one of the

hydrogens of the amide group of Asn 352 (Figures 3E and 4E).

4.4. Predictive druggability analysis. Compounds with best leishmanicidal activity and
weak cytotoxic effect on mouse macrophages (SI > 30) were submitted to in silico
pharmacokinetic properties prediction. To predict the druggability of the selected hits,
we analysed the parameters included in Table 1 of Supporting Material, provided by
http://www.swissadme.ch/index.php and admetSAR  (http://www.admetexp.org/)
servers, both freely accessible web-based applications. Despite the good Sl of the
chosen compounds their druggability was compromised because, with exception of
compounds 4a and 8b (MW 487.55 and 499.51), the rest of the compounds violated two
statements of Lipinski’s rule — size (< 500 Da) and cLogP (< 4.15) — but showed
acceptable number of Rotatable Bonds (n-ROTB) values (<10). However, despite of
that, the predicted HIA (human intestinal absorption) and Caco2 absorbability were
positive for all compounds. In the case of metabolism, the compounds selected in Table
1 (Supporting Material) showed different predicted patterns of interaction with CYP450
but all of them had high enzyme promiscuity. Since CYP-mediated metabolism

represents a major route of elimination of many drugs those compounds that are
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substrate of CYP450 can be more readily removed that those that are not. From the
results of Table 1 (Supporting Material), just compound 5a, 6a and 6b are substrate of
CYP450 subfamily 3A4, whereas most of them acted as inhibitors. In terms of predicted
toxicity, the subtituted phosphine 4a (Table 1, entry 1) was detected as potential
mutagenic toxic with respect to the AMES test but none of them had predicted

carcinogenic effects.

5. Conclusions

In conclusion, a wide range of hybrid phosphorated THQ and QUIN has been prepared
by using the multicomponent Povarov reaction. The synthesis of these functionalized
THQ containing phosphorus substituents, such as phosphines 4, phosphine sulfides 5
and phosphine oxides 6, involves the multicomponent aza-Diels-Alder reaction of
aldehydes 1 with functionalized anilines 2, and styrenes 3. Subsequent dehydrogenation
of 1,2,3,4-tetrahydroquinoline-phosphine sulfides 5 and - phosphine oxides 6 produced

the corresponding quinolinyl-phosphine sulfides 7 and -phosphine oxides 8.

After the preparation, their antileishmanial activity on promastigotes and amastigote-
infected splenocytes of L. infantum has been evaluated. In general, not only
functionalized THQ 4-6, but also phosphorated QUIN 7 and 8 have shown higher
antiparasitic activity on intracellular amastigotes than on free-living promastigotes.
Good antileishmanial activity of functionalized THQ 4a, 5a, 6b and QUIN 8b has been
observed with similar activity than the standard drug amphotericin B (AMB) and close
selective index (SI between 43 and 57) towards L. infantum amastigotes to amphotericin
B. Remarkably, the tetrahydroquinolylphosphine sulfide 5a with electron-donating

substituent (methoxy group) in para position of aromatic ring at position 2 of quinoline
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system shows an ECsg value (0.61 + 0.18 uM) similar to the standard drug amphotericin

B (0.32 £ 0.05 uM) and similar selective index (SI = 56.87).

Regarding inhibition of LToplB and hToplB enzymatic activity, 1,2,3,4-
tetrahydroquinolinylphosphines 4 were consistently inhibitors of TopIB from both
sources in time and concentration, being 4c the most active compound with ICs = 23.64
+ 0.86 uM on leishmanial ToplB. And among QUIN derivatives 7 and 8, only
quinolinylphosphine sulphide 7a (with a CF3 group and a fluorine atom as substituents)

inhibited LTopIB activity, but without selectivity on this enzyme respect to hTopIB.

Evaluation of the designed hybrid compounds based on their physicochemical
properties has indicated that they are promising drug candidates with drug-like
pharmacotherapeutic profiles. In addition, the stereoelectronic properties such as
HOMO (highest occupied molecular orbital), LUMO (lowest unoccupied molecular
orbital), and MEP (molecular electrostatic potential) surfaces calculated by quantum
chemical methods provided insight on the possible binding mode of the most active

compounds within an allosteric site.

Some of the compounds that we presented for the first time in this manuscript were
inhibitors of the relaxation of the supercoiled DNA mediated by TopIB with an effect
both dependent on concentration and time, and showed an estimable efficacy against the
intracellular forms of L. infantum at micromolar concentrations, as well as a SI > 50.
This was the case of the compounds derived from 1,2,34-
tetrahydroquinolinylphosphine 4a with a value of ECs of 1.75 + 0.51 uM as well as for
1,2,3,4-tetrahydroquinolinylphosphine sulfide 5a with an ECs, value of 0.61 + 0.18 uM
and the sulfide of quinolinylphosphine 8b with an ECs value of 1.39 £ 1.08 uM. In

addition, the antileishmanial activity of some of them could be explained partly by the
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inhibition of the TopIB, although it could only be explained as a secondary role in their

biological efficacy.

Nevertheless, the strong antileishmanial activity and the relative safety of many of the
present compounds provide a promising basis for further development of biologically

active phosphorus quinoline derivatives.
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 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 a digital melting point apparatus without correction. NMR spectra were obtained
on a 300 MHz and on a 400 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 chloroform (6 = 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, g 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 positive-ion electrospray ionization (EI) method using a

mass spectrometer Q-TOF. Compounds 2a, 2b, 4a-c, 5a, 5b and 7a were prepared as
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previously described [54]. Compounds 6a and 7b were prepared as previously described

[52].

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 (Chiracel-1C column,
3um, 0.46 cmx25 mm) at room temperature. All the tested compounds were dissolved
in dichloromethane, and 5SuL 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—400 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. 1,2,3,4-tetrahydroquinolinylphosphines 4 and 1,2,3,4-
tetrahydroquinolinylphosphine sulfides 5

6.1.3.1. 8-(Diphenylphosphanyl)-2-phenyl-4-(4-fluorophenyl)-1,2,3,4-
tetrahydroquinoline (4a). The compound was prepared and characterized as previously

described [54]. Purity 99.19 % (EtOH/Heptane = 10/90, Rt = 6.627 min).

6.1.3.2. 8-(Diphenylphosphanyl)-2-phenyl-4-(4-methylphenyl)-1,2,3,4-
tetrahydroquinoline (4b). The compound was prepared and characterized as previously

described [54]. Purity 99.14 % (EtOH/Heptane = 10/90, Rt = 6.160 min).

6.1.3.3. 8-(Diphenylphosphanyl)-2-(4-methoxyphenyl)-4-(4-methylphenyl)-1,2,3,4-
tetrahydroquinoline (4c). The compound was prepared and characterized as previously

described [54]. Purity 97.39 % (EtOH/Heptane = 10/90, Rt = 4.422 min).

30



603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

6.1.3.4. 8-(Diphenylphosphinosulfide)-2-(4-methoxyphenyl)-4-phenyl)-1,2,3,4
tetrahydroquinoline (5a). The compound was prepared and characterized as previously

described [54]. Purity 98.47 % (EtOH/Heptane = 10/90, Rt = 6.823 min).

6.1.3.5. 8-(Diphenylphosphinosulfide)-2-(4-nitrophenyl)-4-phenyl)-1,2,3,4-tetrahydro-
quinoline (5b). The compound was prepared and characterized as previously described

[54]. Purity 96.00 % (EtOH/Heptane = 10/90, Rt = 5.043 min).

6.1.3.6. 8-(Diphenylphosphinosulfide)-2-(4-trifluorophenyl)-4-(4-fluorophenyl)-
quinoline (7a). The compound was prepared and characterized as previously described

[54]. Purity 96.08 % (EtOH/Heptane = 10/90, Rt = 5.871 min).

6.1.3.7. (2,4-Bis(4-fluorophenyl)quinolin-8-yl)diphenylphosphine sulfide (7b). The
compound was prepared and characterized as previously described [52]. Purity 97.58 %

(EtOH/Heptane = 10/90, Rt = 3.42 min).

6.1.4. Synthesis of 1,2,34-tetrahydroquinolinylphosphine oxides 6 or
quinolinylphosphine oxides 8 by Povarov reaction.

6.1.4.1. General procedure. A mixture of (2-Aminophenyl)diphenylphosphanoxide 2¢
(10 mmol, 2.933 g), freshly distilled aldehyde 1 (10 mmol), styrene 3 (12 mmol) and 1
equivalent of BF3-Et;,0 (10 mmol, 1.230 mL) in CHCI3; (25 mL) and in the presence of
molecular sieves (4A), was stirred and heated at reflux until TLC, *!P NMR and 'H
NMR analysis indicated the consumption of starting materials. The molecular sieves
were removed by filtration and the resulting solution was diluted with methylene
chloride (50 mL), washed with a solution of NaOH 2M (50 mL) and water (50 mL),
extracted with methylene chloride (2 x 20 mL), and dried over anhydrous MgSO,.

Removal of solvent under vacuum led to a solid that was purified by flash column
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chromatography on silica gel using a gradient of elution of 5-70% ethyl acetate in

hexane to afford products 6 or 8.

6.1.4.1.1. (2-(2-Methoxyphenyl)-4-phenyl-1,2,3,4-tetrahydroquinolin-8-
yh)diphenylphosphine oxide (6a). The compound was prepared and characterized as

previously described [52]. Purity 98.19 % (EtOH/Heptane = 10/90, Rt = 4.636 min).

6.1.4.1.2. 2-(3,4-Difluorophenyl)-4-(4-fluorophenyl-1,2,3,4-tetrahydroquinolin-8-
yl)diphenylphosphine oxide (6b). The general procedure was followed using 3,4-
difluorobenzaldehyde (10 mmol, 1.072 mL) and 4-fluorostyrene 3b (12 mmol, 1.437
mL), heated to reflux for 48 h affording compound 6b (3.073 g, 57 %) as a white solid,
mp 167-169 °C (ethyl acetate/hexane). *H NMR (400 MHz, CDCls) 8: 1.72 (s, 1H, NH),
1.88 (ddd, 2Juy = 11.7 Hz, 3Juy = 11.7 Hz, *Juy = 11.4 Hz, 1 H, CH,), 2.15-2.20 (m, 1
H, CH,), 4.21 (dd, %34y = 11.7 Hz, 3Jun = 4.6 Hz, 1 H, HC), 4.67 (dd, Jun = 11.7 Hz ,
3Jun = 3.4 Hz ,1 H, HC), 6.40 (ddd, J = 10.4 Hz, J = 7.5 Hz, J = 3.0 Hz, 1 H), 6.64-7.14
(m, (m, 9 H), 746-7.77(m, 10 H) ppm; *C NMR {H} (75 MHz, CDCls) 8:41.1 (CHy),
43.9 (CH), 55.9 (CH), 111.8 (d, Jcp = 103.7 Hz, C), 114.9 (d, 2Jcr = 17.7 Hz, HC),
115.4 (d, *Jcp = 13.6 Hz, HC), 115.7 (d, %Jcp = 20.2 Hz, 2 HC), 117.3 (d, “Jce = 17.7 Hz,
HC), 121.1 (HC), 125.7 (C), 128.6-133.3 (m, 14 HC and 2 C), 139.6 (C), 141.0 (C),
149.4 (dd, Jcr = 246.5 Hz, 2Jcr = 12.7 Hz, C-F) 149.7 (C), 150.5 (dd, “Jcr = 247.6 Hz,
2Jcr = 12.8 Hz, C-F), 161.8 (d, *Jcr = 243.4 Hz, C-F) ppm; *'P NMR (120 MHz, CDCl3)
§: 36.38 ppm; *F NMR (282 MHz, CDCls) 8: -116.3 to -116.4 (m), -137.6 to -137.8
(m), -140.2 to -140.3 (m) ppm. HRMS (EIl): calculated for Cs3HysFsNPO [M]+

539.1626; found 539.1639. Purity 96.40 % (EtOH/Heptane = 10/90, Rt = 6.023 min).

6.1.4.1.3. 2-(4-Fluorophenyl)-4-(4-methylphenyl-1,2,3,4-tetrahydroquinolin-8-

yDdiphenylphosphine oxide (6¢). The general procedure was followed using 4-
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fluorobenzaldehyde (10 mmol, 1.079 mL) and 1-methyl-4-vinylbenzene 3c (12 mmol,
1.575 mL), heated to reflux for 36 h affording compound 6¢ (3.675 g, 71 %) as a white
solid, mp 207-209 °C (ethyl acetate/hexane). *H NMR (400 MHz, CDCls) &: 1.93 (ddd,
2Jun = 12.7 Hz, 33un = 12.7 Hz, 3Jun = 11.5 Hz, 1 H, CH,), 2.18 (ddd, 2Juy = 12.7 Hz,
3Jun = 4.7 Hz, 33y = 3.4 Hz, 1 H, CH,), 2.34 (s, 3 H, CH3), 4.18 (dd, 334y = 12.7 Hz,
3Jun = 4.7 Hz, 1 H, HC), 4.69 (dd, 34y = 11.5 Hz , *Juy = 3.4 Hz ,1 H, HC), 6.36 (ddd,
J=10.4 Hz,J=7.6 Hz, J = 3.0 Hz, 1H), 6.81-7.15. (m, 11 H, NH and H), 7.44-7.78 (m,
10 H) ppm; *C NMR {H} (75 MHz, CDCls) &: 21.22 (CH3), 41.2 (CH,), 44.3 (CH),
56.3 (CH), 111.0 (d, YJcp = 105.0 Hz, C), 114.9 (d, *Jcp = 13.1 Hz, HC), 115.3 (d, Jcr =
21.3 Hz, 2 HC), 126.3 (d, %Jcp = 7.5 Hz, C), 127.6-129.5 (m, 12 HC), 131.8-133.5 (m, 6
HCand 2 C), 136.5 (C), 139.8 (C), 141.1 (C), 149.9 (C), 162.0 (d, “Jcr = 243.8 Hz, 2Jcr
= 12.7 Hz, C) ppm; *'P NMR (120 MHz, CDCls) &: 35.47 ppm; *°F NMR (282 MHz,
CDCls) 6: -116.1 to -116.3 (m), ppm. HRMS (EI): calculated for C34HxgFNPO [M]+

517.1971; found 517.1982. Purity 97.18 % (EtOH/Heptane = 10/90, Rt = 5.582 min).

6.1.4.1.4. Diphenyl(2-(naphthalen-2-yl)-4-phenyl quinolin-8-yl)phosphine oxide (8a).
The general procedure was followed using 2-naphthaldehyde (10 mmol, 1.072 mL) and
styrene 3a (12 mmol, 1.374 mL), heated to reflux for 48 h affording compound 8a
(4.359 g, 82 %) as a white solid, mp 236-238 °C (ethyl acetate/hexane). *H NMR (400
MHz, CDCls) 8: 7.18 (bs, 5 H), 7.24-7.49 (m, 10 H), 7.52-7.68 (m, 3 H), 7.76 (dd, *Juw
= 8.4 Hz, “Jyn= 1.4 Hz, 1 H), 7.87-7.91 (m, 5 H), 8.07 (d, 33y = 8.4, ), 8.60 (bs, 1 H),
ppm; *C NMR {H} (75 MHz, CDCl5) &: 119.8 (HC), 125.3-135.1 (m, 6 C and 24 HC),
136.2 (C), 138.2 (d, *Jcp = 9.0 Hz, HC), 144.8 (C) 148.4 (d, 2Jcp=5.2 Hz, C), 149.8 (C),

155.9 (C) ppm; 3P NMR (120 MHz, CDCls) &: 29.13 ppm. HRMS (EI): calculated for
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CarHasNPO [M]+ 531.1752; found 531.1754. Purity 95.73% (EtOH/Heptane = 10/90,

Rt =9.909 min).

6.1.4.1.5. (4-(4-Fluorophenyl)-2-phenylquinolin-8-yl)diphenylphosphine oxide (8b).
The general procedure was followed using benzaldehyde (10 mmol, 1.016 mL) and 4-
fluorostyrene 3b (12 mmol, 1.437 mL), heated to reflux for 48 h affording compound
8b (4.246 g, 85 %) as a white solid, mp 193-195 °C (ethyl acetate/hexane). *H NMR
(400 MHz, CDCl3) &: 7.17-7.52 (m, 16 H), 7.64 (ddd, *Jun = 9.3 Hz, *Juy = 7.1 Hz, “Jpp
=13 Hz, 1 H), 7.76 (s, 1 H), 7.93 (dd, 3Jun = 7.1 Hz, “Jup = 1.3 Hz, 4 H), 8.07 (dd, 33
= 8.4 Hz, “Jqu= 1.4 Hz, 1 H), 8.64 (ddd, 3Jpn = 13.6 Hz, Iy = 7.2 Hz, “Juy= 1.3 Hz, 1
H) ppm; *C NMR {H} (75 MHz, CDCls) &: 115.9 (d, 2Jcr = 21.5 Hz, 2 HC), 119.4
(HC), 126.0 (d, 2Jep = 7.7 Hz, C), 126.2 (d, 2Jcp = 12.8 Hz, HC), 127.7-134.8 (m, 18 HC
and C), 134.0 (d, *Jcr = 3.2 Hz, C), 134.1 (d, *Jcp = 108.4 Hz, 2 C), 138.1 (d, 3Jcp = 7.2
Hz, HC), 138.6 (C), 148.2 (d, 2Jcp = 5.6 Hz, C), 148.6 (C), 155.9 (C), 163.2 (d, *Jcr =
247.8 Hz, C-F), ppm; *P NMR (120 MHz, CDCls) &: 28.8 ppm; *°F NMR (282 MHz,
CDClj3) 6: -113.1 to -113.2 (m), ppm. HRMS (EI): calculated for C33H23FNPO [M]+

499.1501; found 499.1503. Purity 98.68 % (EtOH/Heptane = 10/90, Rt = 9.698 min).

6.1.5. Dehydrogenation of 2-(3,4-difluorophenyl)-4-(4-fluorophenyl-1,2,3,4-
tetrahydroquinolin-8-yl)diphenylphosphine oxide (6b) to 2-(3,4-difluorophenyl)-4-(4-
fluorophenyl)quinolin-8-yl)diphenylphosphine oxide (8c). To a solution of the
tetrahydroquinoline 6b (1 mmol, 0.539 g) in CHCI3 (7 mL) was added DDQ (0.545 g, 2
mmol), and the mixture was heated to reflux for 2 h. The removal of the solvent under
vacuum afforded and oil, diethyl ether was added, and the resulting solid was removed
by filtration. The filtrate was removed under vacuum and the crude solid was purified

by recrystallization on ether to afford 8c (0.530 g, 99 % yield) as a white solid m.p. 273-
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275 °C (ethyl acetate/hexane). *H NMR (400 MHz, CDCl3) 8: 7.04-7.14 (m, 3 H), 7.39-
7.52 (m, 10 H), 7.63 (ddd, *Juy = 8.4 Hz, *Jyn = 7.1 Hz, *J4p = 1.3 Hz, 1 H), 7.68 (5, 1
H), 7.86-7.92 (m, 4 H), 8.06 (ddd, *Jpy = 2.6 Hz, *Jun = 8.4 Hz, “Jun = 1.2 Hz, 1 H),
8.49 (ddd, *Jpn = 14.1 Hz, *Jun = 7.1 Hz, “Jun = 1.4 Hz, 1 H) ppm; *C NMR {H} (75
MHz, CDCls) &: 116.1 (d, 2Jcr = 21.6 Hz, 2 HC), 116.9 (d, 2Jcr = 18.3 Hz, HC), 117.4
(d, 2Jcr = 18.3 Hz, HC), 118.9 (HC), 123.6 (HC), 126.2-135.7 (m, 6 C and 15 HC),
138.3 (HC), 148.3 (C), 149.1 (C), 150.6 (dd, “Jcr = 248.4 Hz, 2Jcr = 12.9 Hz, C-F),
151.4 (dd, “Jcr = 251.3 Hz, “Jce = 13.5 Hz, C-F), 153,7 (C), 163.2 (d, *Jcr = 248.9 Hz,
C-F) ppm; *'P NMR (120 MHz, CDCls) &: 28.6 ppm; °*F NMR (282 MHz, CDCls) &: -
112.7 to -112.8 (m), -136.4 to -136.6 (m), -137.3 to -137.6 (m) ppm. HRMS (EI):
calculated for Cs3Hy;FsNPO [M]+ 535.1313; found 535.1395. Purity 99.60 %

(EtOH/Heptane = 10/90, Rt = 9.603 min).

6.2. Biology

All protocols described in this work were approved by the Animal Care Committee of
University of Leon, project license P112/00104. It complies with European Union

Legislation (2010/63/UE) and Spanish Act (RD 53/2013).
6.2.1. In vitro L. infantum promastigotes assays

The antiparasitic activity of the newly synthesized compounds against was assessed
against a transgenic strain of L infantum BCN 150 that constitutively express the irfp
gene encoding the infrared iRFP protein. The resulting iRFP-L. infantum strain, allows
the detection of viable parasites in both promastigote and amastigote forms by
measuring the emission of near infrared fluorescence [56]. The free-living
promastigotes were cultured using M199 medium (Gibco), supplemented with 25 mM

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 6.9, 7.6 mM hemin,
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10 mM glutamine, 0.1 mM adenosine, 0.01 mM folic acid, 1XRPMI 1640 vitamin mix
(Sigma), 10% (v/v) heat inactivated foetal bovine serum (Gibco), 50 U/mL penicillin
and 50 pg/mL streptomycin. The antiproliferative effect of the compounds on
promastigotes were assessed in 96-well optical bottom black plates (Thermo Scientific)
seeded at a cell density of 1 x 10° cells/mL in the presence and absence of different
concentrations of compounds incubated for 72 h. Both controls and treated groups were
tested with DMSO concentrations below 0.1 %. The viability of promastigotes was
assessed by measuring their fluorescence at 708 nm in an Odyssey (Li-Cor) infrared
imaging system. Cell viability was used to determine the 50% effective concentration of

promastigotes (ECsp). All compounds and controls were assayed by triplicate.
6.2.2. Ex vivo murine splenic explant cultures

BALB/c mice infected 5 weeks earlier with metacyclic promastigotes from iRFP L.
infantum were sacrificed to extract the spleens, which were processed to obtain a
suspension of primary splenocytes. Briefly, freshly dissected spleens were washed with
cold phosphate-buffered saline (PBS), cut in small pieces and incubated with 5 mL of 2
mg/mL collagenase D (Sigma) prepared in buffer (10 mM HEPES, pH 7.4, 150 mM
NaCl, 5 mM KCI, 1 mM MgCl, and 1.8 mM CaCl,) for 20 min. Then, the cell
suspension was passed through a 100 pm cell strainer, harvested by centrifugation (500
x g for 7 min at 4°C), washed twice with PBS and resuspended in RPMI medium
(Gibco) supplemented with 10 mM HEPES, 1 mM sodium pyruvate, 1XxRPMI 1640
vitamin mix, 10% (v/v) FBS, 50 U/mL penicillin and 50 pg/mL streptomycin, at 37 °C
under 5% CO, atmosphere. To test the antileishmanial activity of the different
compounds against intramacrophagic amastigotes, the testing compounds were added to
the explant seeded to confluence into 384-well black optical bottom plates (Thermo

Scientific). The viability of amastigotes was calculated by recording their fluorescence
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at 708 nm in an Odyssey (Li-Cor) infrared imaging system. Cell viability was used to
determine the 50% effective concentration of the parasites in the amastigote form

(ECxso).
6.2.3. Cytotoxicity and selectivity index (SI) determination

The cytotoxicity of the phosphorylated compounds was assessed on freshly isolated
mouse splenocytes obtained from uninfected BALB/c mice, according to the previously
described protocol. Viability of uninfected splenocytes was used to determine the 50%
cytotoxic concentration (CCsp) using the Alamar Blue staining method, according to
manufacturer’s recommendations (Invitrogen). Selectivity index (SI) for each
compound was calculated as the ratio between the CCsy value obtained for splenic cells

and the ECsg value for amastigotes.
6.2.4. Purification of leishmanial and human TopIB

Expression and purification of leishmanial and human ToplIB was performed according
to a previously standardized protocol [72]. Briefly, both LTopIB and hToplB were
purified from the yeast strain EKY3 [MAT o ura3-52 his3A200 leu2Al trp1A63 toplA:
TRP1] which is deficient in TopIB activity and which had been transformed with the
plasmids generated by joining the vector of bicistronic expression pESC-URA to both
subunits of LToplB or to the ORF of hToplB. Yeasts were grown in yeast synthetic
drop-out medium without uracil (Sigma) supplemented with 2% raffinose (w/v) to
ODggo: 0.8-1 and induced for 10 h with 2% galactose (w/v). Cells were harvested,
washed with cold TEEG buffer (50 mM Tris—HCI pH 7.4, 1 mM EDTA, 1 mM EGTA,
10% glycerol) and resuspended in 15 mL of 1 x TEEG buffer supplemented with 0.2 M
KCI and a protease inhibitors cocktail (Thermo Scientific). Protein extract obtained after
lysing yeast cells was loaded on a 5 mL Heparin Sepharose column (GEHealthcare).

LTopIB enzyme was eluted at 4 °C with a discontinuous gradient of KCI (0.2, 0.4, 0.6
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M) in TEEG buffer and hTopIB was eluted with a discontinuous gradient of KCI (0.2,

0.4, 0.6, 0,8 M).
6.2.5. ToplB relaxation activity assay

The activity of both recombinant LToplIB and hTopIB enzymes was measured by the
relaxation of supercoiled plasmid DNA at 37° C. In a final volume of 20 uL, one unit of
purified LTopIB or hTopIB was incubated in the presence of 0.5 ug of supercoiled pSK
DNA, 10 mM Tris-HCI buffer pH 7.5, 5 mM MgCl,, 0.1 mM EDTA, 15 pug/mL bovine
serum albumin and 180 mM KClI at different time points and stopped by the addition of
4 uL loading buffer (5% sarkosyl, 0,12% bromophenol blue, 25% glycerol). The DNA
topoisomers were resolved in 1% agarose gels by electrophoresis in 0.1 M Tris borate
EDTA buffer (pH 8.0) at 2 VV/cm for 16 h and visualized with UV illumination after
ethidium bromide (0.5 pg/mL) staining. One unit of purified LTopIB or hTopIB enzyme

was incubated with different concentrations of each compound for 15 min at 37 °C.
6.3. Computational methodology
6.3.1. Molecular modeling

All calculations included in this paper were carried out with Gaussian 16 program [73]
within the density functional theory (DFT) framework [63] using the B3LYP [64],
along with the standard 6-31G** basis set. All minima were fully characterized by
harmonic frequency analysis [74]. The solvent effect in DFT calculations was evaluated
by means of the Polarizable Continuum Model (PCM) [75] using water as solvent. The
pKa values were studied to determine the dominant species (ionization states) at
physiological pH (pH = 7.4) using Epik [76] and these were the species used in each
case. After a conformational search with MacroModel [77] the most stable

conformations were chosen and optimized at the B3LYP/6-31G** + AZPVE level of
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theory and also were computed at the B3LYP(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 [78].
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 [65] (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 [66] graphic interface was
used, and the Glide 6.9 application [67] in XP mode (extra-precision) [68] 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 [79]. 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.
6.3.3. Predictive druggability

The predictive druggability of the phosphorus substituted quinoline derivatives were

assessed using the physicochemical properties of lipophilic, electronic and structural
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profiles in order to support the understanding of their antileishmanial-mechanism of

action and the potential toxicity effects.

The compounds were also studied by applying the Rule of Five Lipinski, through the
use of online free web cheminformatics software SwissAdme, where the following
values were obtained: number of rotatable bonds (nRotB), molecular weight, empirical
molecular structure and number of hydrogen acceptor groups (HBA) and hydrogen

bond donors (HBD).
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Figure 1. Structure of miltefosine (left), camptothecin (middle) and newly
phosphorated tetrahydroquinolines and quinolines (right).

Figure 2. MEP surfaces mapped from total electron density for compounds 4 to 8.
Electrostatic potentials are displayed on a 0.002 a.u. isodensity surface. The limits of
electrostatic potentials for each molecule are under surfaces. Potential increases in the
following order: red (most negative)/orange/yellow/green/blue (most positive).

Figure 3. The 2D interaction of compounds 4a (A), 4b (B), 4c(C), 7a (D) and 8c (E) in
the binding site of hTop1B. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).

Figure.4. The potential binding modes of compounds 4a (A, in blue), 4b (B in yellow),
4c¢ (Cin lime green), 7a (D in purple) and 8c (E in red) with hTopl1B (PDB code: 1T8I).
The key residues of the protein were colored in dark green, and DNA bases by the atom
type. The hydrogen bond for 8c (in E) was shown with yellow dashed line. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article).

Scheme 1. Syntheses of 1,2,3,4-tetrahydroquinolinyl-phosphines 4, -phosphine sulfides
5, -phosphine oxides 6, quinolinyl-phosphine sulfides 7 and -phosphine oxides 8 2

Chart 1. Structures of 1,2,3,4-tetrahydroquinolinylphosphines 4, -phosphine sulfides 5,
and -phosphine oxides 6 obtained by multicomponent Povarov reaction.

Chart 2. Structures of quinolinyl-phosphine sulfides 7 and -phosphine oxides 8
obtained by dehydrogenation.
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