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Abstract

Building a single molecular framework containing quinoline and triazoles rings of promising biological activity through molecular
hybridization strategy offers the viewpoint of better drugs for the treatment of a number of diseases including cancer, malaria, tuberculosis and
other illnesses. Presenting modified selectivity profile, different and/or dual modes of action and reduced undesired side effects, these molecular
hybrids are gaining momentum worldwide showing their promise in drug discovery. Such hybrid molecules are usually made efficiently through
click chemistry technique using multicomponent reactions. In this paper, we discuss chemistry and biology of some quinoline-substituted
1,2,3-triazole hybrids aiming at a better understanding of physicochemical properties of quinoline-triazole hybrids for designing novel bioactive
chemical entities. So, principal Lipinski’ parameters and in silico study (lipophilicity and molecular polar surface area) are also briefly mentioned
and applied to selected quinoline-1,2,3-triazole hybrids. The mini-review is divided in two general parts: synthetic aspects of the preparation
of these hybrids and their pharmacological aspects paying attention to the widespread dangerous diseases such as malaria, cancer, and human
fungal infections, especially systemic mycoses.

Keywords: Molecular Hybridization; Quinoline-1,2,3-triazole Hybrids; Lipinski’ Parameters and in silico Study; Azide-Alkyne Cycloaddition
Reactions; Cancer; Malaria; Candidiasis
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Introduction

such combination of two structurally different heterocycles in a
single molecule to form molecular hybrids, e.g. heterobifuctional
molecules, with improved biological profile could be the suitable
and practical solution to stop or slow down the spread of drug
resistance [7]. As result, so-called molecules with “two heads”
have become very popular [8]. Generally, these molecules are
classified in three types: merged, fused and conjugated molecular
hybrids. Merged hybrids are those contain underlying two
pharmacophores. When these pharmacophores exist as unique
parts without superposition, molecules are called fused hybrids.
Finally, conjugated hybrids (molecular conjugates) are usually
separated by a discrete linker (or space) group that is not found
in either of the selective sub-unit [9,10] (Figure 1). These latter
hybrids are in the center of our mini-review.

The molecular hybridization of biologically active molecules is
apowerful strategy for rational design of new ligands or prototypes
based on the recognition of pharmacophoric sub-unities in the
molecular structure of two or more known bioactive derivatives
which, through the adequate fusion of these sub-unities, lead to the
drawing of new hybrid architectures that maintain pre-selected
characteristics of the original templates [1,2]. Nowadays, it is well
recognized that the main goals for exploiting the hybridization
techniques for drug design are; 1) to achieve improved activity,
2) to gain higher selectivity, 3) to lower toxicity of drugs. Some
of the pharmacological properties exerted by molecular hybrids
of N-heterocycles comprise remarkable applications for drug
treatment of serious life-threatening conditions such as cancer [3],
bacterial or protozoan infections [4-6] and others. Additionally,
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Figure 1: General aspects of molecular hybrids.
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Among N-heterocycles, and
1,2,3-triazoles are two important classes of small heterocyclic
molecules, which have a wide range of chemotherapeutic uses.
Remarkably, while quinoline molecules are present commonly
in living organisms as important secondary metabolites [11],
the 1,2,3-triazoles, chemically inert compounds, have not been
detected in naturally occurring products [12]. Nevertheless, both
quinoline and 1,2,3-triazole skeletons form part in diverse and
numerous conjugated hybrids, valuable biomolecules for drug

numerous quinolines

development. This molecular diversity comes from the multiple
possibilities of the combination between quinoline (Qu) and
1,2,3-triazole (TA) nucleus. First, there are three possibilities to
connect TA ring with Qu skeleton: 1-(quinolinyl)-1,2,3-triazoles,
4-(quinolinyl)-1,2,3-triazoles and 5-(quinolinyl)-1,2,3-triazoles.
Moreover, 1,2,3-TA can act as pharmacophores (Figure 2A) and
linkers between quinoline and other pharmacophoric molecules
(PhM) (Figure 2B) of interest in molecular hybridization
approaches [13,14] (Figure 2).
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Figure 2: Types of conjugated quinoline-1,2,3-triazole hybrids.
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In this work, we discuss chemistry and biology of some
quinoline-substituted 1,2,3-triazole hybrids reported as potent
biological agents. Principal Lipinski’ parameters and in silico study
are also briefly mentioned and applied to selected quinoline-
1,2,3-triazole hybrids. Therefore, this mini-review aims at a better
understanding of physicochemical properties of quinoline-triazole
hybrids for designing novel bioactive chemical entities. The mini-
review is divided in two general parts: synthetic aspects of the
synthesis of these hybrids and their pharmacological aspects
paying attention to the widespread dangerous diseases such as
malaria, cancer, and human fungal infections, especially systemic
mycoses.

Synthetic Aspects

One of the most important and practical approaches to the
4-(quinolinyl)-1,2,3-triazoles 3 is the modified Huisgen reaction
between quinoline 1 with terminal alkyne moiety and an

organoazide 2 through a catalytic 1,3-dipolar cycloaddition process
[15] (Figure 3A). Noteworthy, that the Huisgen reaction, which
occurs without any catalysts, gives poorly only a regioisomeric
mixture of products that reduced its practical application [16],
while Meldal and Fokin-Sharpless modified protocols [17,18] that
use copper catalysts (Cul, CuBr, CuSO,, Cu,0), allow obtaining
exclusively 1,4-disubstituted 1,2,3-triazoles, e.g. 4-(quinolinyl)-
1,2,3-triazoles 3 in very high yields. Another approach to obtain
similar 1,4-disubstituted 1,2,3-triazoles, e.g. 1-(quinolinyl)-
1,2,3-triazoles 7 consists in cycloaddition reactions between
terminal alkynes such as alkynes 5 and quinoline-azides 6
under the same condition reactions (Figure 3B). In general,
sub-product, 1,5-disubstituted 1,2,3-triazoles 4 and 8 could be
regioselectively obtained using ruthenium cyclopentadienyl
complex (Cp*RuCl(PPh,),) as catalyst [19]. However, this version
of Huisgen cycloaddition reaction has not yet been applied widely
and these Qu-TA hybrids were not obtained (Figure 3).
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Figure 3: Direct synthesis ofquinoline-substituted 1,2,3-triazoles via CuAAC reaction.
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So-called “click” copper-catalyzed azide-alkyne cycloaddition
reactions (CuAAC) have become the focus of many chemists and
were found wide application in drug synthesis, chemical biology,
among others.

Some synthetic aspects of this reaction should be taken
into consideration before the preparation of desired quinoline-
substituted 1,2,3-triazole hybrids 3 and 7 [15]:

i.  The standard protocol, which consists in using the cost-
efficient salt CuSO,5H,0 (or Cu(OAc),H,0) and ascorbic acid
(sodium ascorbate, NaAsc), is usually realized in a mixture of
water and alcohol as solvent (“Sharpless-Fokin conditions”).
Water, in combination with other alcohols (MeOH, t-BuOH),
THE, DMF, and DMSO, could all be employed as co-solvents
for this cycloaddition reaction, enabling a wide range of
substrates to be adapted;

ii. Alkynyl quinolines 1, common key intermediates in this
transformation, are not available and must be prepared from
hydroxy-quinoline derivatives and others;

ili. To improve the utility and manipulability of this process
for generation of desired products 3, a microwave-assisted

three-component reaction of alkyl halides, sodium azide, and
alkynyl quinolines is developed.

To  obtain  O-alkynyloxyquinolines 11,  respective
hydroxyquinolines (mainly, 4(8)-hydroxyquinoline derivatives 9
and 10) are O-alkylated using propargyl bromide 8 or its analogs.
Subsequently, solutions of the O-alkynyl- oxyquinolines obtained
are usually treated with respective pre-formed azides 12 [20] or in
situ forming organoazides from alkyl bromides 13 and NaN, under
reaction condition described above or in an alternative solvents,
e.g. PEG-400 [21] that give hybrid products 14,15 in good yields
(Figure 4). Noteworthy, that while some 8-hydroxyquinoline
derivatives are commercially available, 4-hydroxyquinolines
(quinolin-4-ones) must be prepared using common Gould-
Jacobs or Conrad-Limpach protocols. In contrast, synthesis of
Qu-TA-based on aminoquinolines 20 (mostly, 4-aminoquinoline
derivatives) starts with the reaction between 4-chloro (bromo)
quinolines 16 and propargyl amine or its derivatives 17 to give
N-alkynylaminoquinolines 18. This reaction needs prolonged
heating (until 63 h) in a sealed tube at 110 °C. Moreover, applying
a CuACC reaction (CuSO,-5H,0/NaAsc, tert-BuOH-water 1:1, 40
°C) between alkynes 18 and aryl azides 19, final hybrids products
20 are formed in poor to moderate yields [22] (Figure 5).
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Figure 4: General synthesis of Qu-TA-based on hydroxyquinoline scaffolds. )
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Regarding the synthesis of 1-(quinolinyl)-1,2,3-triazoles 7,
among azidoquinolines type 6 (Figure 3), 4-azido-7-chloroquin-
oline 22, easily obtained from cost-effective and commercially
available 2,7-dichloroquinoline 21, is more exploited in synthesis
of new Qu-TA hybrid molecules type 24 until now [23] (Figure 6).
Although application of CuAAC reaction with non-conventional
reaction systems (microwave, ultrasound or flow chemistry, etc.)
has given rise to various varieties of triazoles with interesting bi-
ological properties, synthesis of conjugated quinoline-1,2,3-tri-
azole hybrids such as 14,15 and 20 is still performed using
Sharpless-Fokin catalytic system in solution. Even though some

these reactions are efficiently, there is a persistent incentive to
find greener alternatives, which would reduce time and energy
requirements as well as waste generated by these reactions. Re-
cently, preparation of 4-(quinolinyl)-1,2,3-triazole hybrids 30 via
mechanochemical CuAAC reaction of O-alkynyloxyquinolines 28
and aryl azides 29 has been described implementing ball milling
technique (Teflon vessel with two stainless-steel milling balls of
7 mm) [24]. The O-alkynyloxyquinolines 28 are prepared in two
step common protocol using Conrad-Limpach reaction of anilines
25 with ketoesters 26 to give quinolone derivatives 27, which are
treated with propargyl bromide 8 (Figure 7).
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Figure 6: General synthesis of Qu-TA-based on azidoquinoline scaffolds. )
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Figure 7: Mechanochemical Cu AAC reaction for Qu-TA-based on hydroxyl quinoline scaffolds. )

Compared to traditional solvent-based procedures, these
mechanochemical reactions proved to be more efficient under
solvent-free ball-milling conditions, with ca. 15-fold increase

in yields of products. Showing efficacy and environmental
importance, ball milling process is becoming clear that this once
obscure discipline is converting increasingly mainstream [25].
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Another green aspect of CuAAC reaction is the application
of glycerol as solvent in the synthesis of 1,2,3-triazoles using a
three-component reaction of organic halides, terminal acetylenes,
and sodium azide. Like water, glycerol is also naturally available,
highly hydrophilic, environmentally friendly, and inexpensive.
Thus, a variety of 1,2,3-triazoles were prepared in good to
excellent yields (37-99%) with this green solvent. The published
procedure involves the use of Cul and diethylamine, which are
two easily available reagents as the new catalytic system at
room temperature. This simple and low-cost protocol exhibits
wide substrate scope and ambient reaction condition and can be
easily used for large-scale preparation [26]. Both environmental
implementations in this reaction could serve in the synthesis of
new Qu-1,2,3-TA hybrids. These multicomponent reactions and/
or click chemistry are important synthetic tools to synthesize such
hybrids.

Pharmacological Aspects

Recently obtained 1,2,3-triazole-appended quinolines,
including 4-(quinolinyl)-1,2,3-triazole and 1-(quinolinyl)-1,2,3-
triazole hybrids as promising lead compounds with large spectra
of pharmacological effects, stimulate their further biological
investigation. The triazole functionality are usually introduced
into privileged N-heterocycles like quinolines because of its

favorable properties, including bridge moderate dipole character,

hydrogen bonding capability, rigidity and stability under in vivo
conditions, which are evidently responsible for their diverse
biological activities. Such molecular hybrids could be very suitable
in the solution of multiple drugs resistance in malaria, especially
cloroquinine (CQ)-resistant P, falciparum which emergence and
spread are the major obstacles in the control of this disease.

Malaria remains one of the most serious infectious diseases; it
threatens nearly half of the world’s population and led to hundreds
of thousands of deaths in 2015, predominantly among children in
Africa. Thus, based on general accepted resistance mechanism,
which involves two integral membrane proteins, localized
in the parasite’s digestive vacuole membrane; - plasmodial
P-glycoprotein homologl (Pgh1) and CQ resistance transporter
(CRT) [10,27], conjugated molecules derived from CQ may be less
efficiently extruded by CQ-resistant P. falciparum, having some
enzyme effect that prevents them from fitting into the substrate
binding site of P. falciparum chloroquine resistance transporter
(PfCRT).

Some of such conjugated molecules are 1H-1,2,3-triazole-
tethered 7-chloroquinoline-isatin hybrids. The compound 31 with
an optimum combination of longer alkyl chain length and chloro
substituent at C-5 position of isatin ring displayed the best activity
with IC,; value of 1.21 uM against the CQ-resistant P. falciparum
W2 strain [28] (Figure 8).
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Figure 8: 1,2,3-Triazole-tethered 7-chloroquinoline-isatin hybrids as potential anti malarial agents.
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It is well-known that the pharmacological activity of some
compounds is strictly related to its hydrophilic/lipophilic nature
because to display therapeutic properties they must pass through

a series of biological barriers, from the administration site to the
site of action.
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Therefore, from the physicochemical properties of biologically
active compounds, lipophilicity (expressed in LogP, where P is the
octanol/water partition coefficient) and molecular polar surface
area (TPSA) are major descriptors of great importance and
should be determined from the early stages of drug development
because they affect basic steps of a drug’s pharmacokinetics and
pharmacodynamics, such as absorption, including intestinal
absorption, bioavailability, Caco-2 permeability and blood-brain
barrier penetration (Lipinski’s Rule of 5 and Veber’s criteria),
as well as compound-receptor interactions score for the most
important drug targets.

These properties could be easily calculated by diverse software
available online. Paying attention to the importance of knowing
these physicochemical properties, we used Molinspiration
software [29] for the 1,2,3-triazole-tethered 7-chloroquinoline-
isatin 31 and chloroquine, historical antimalarial drug. Analyzing
the results obtained, it can be noted that hybridization of CQ
with 5-chloro-isatin linked by 1,2,3-triazole ring produced a
drastic change in the calculated lipophilicity, cLogP (miLogP from
Molinspiration software) and TPSA parameter (Figure 8).

According to the cLogP values, both quinoline compounds
show high bioavailability properties. However, hybrid 31 is a
molecule less lipophilic (cLogP = 3.29) than chloroquine (cLogP
=5.00). On the other hand, while TPSA values predict a very good
bioavailability for chloroquine (TPSA = 28.16), TPSA parameter
of hybrid 31 are higher (TPSA = 94.71) that suggests that this
chloroquinoline-isatin hybrid could have some problems of the
absorption and barrier penetration. Additionally, according to
the predicted bioactivity score, hybridization of CQ with 5-chloro-
isatin linked by 1,2,3-triazole ring makes to switch biological
targets: while chloroquine would affect G protein-coupled
receptor (GPCR), ion channels and kinases, hybrid 31 would work
as an enzyme and/or kinase inhibitor. These theoretical results
evince that Qu-TA hybrid formation is a valuable approach in the
development of novel antimalarial (lead) compounds [30,31].

Derivatization of the hydroxyl group from 8-hydroxyquino-
line by attaching a 1,2,3-triazole ring presents a good strategy for
searching novel molecules against cancer cell lines, because both
8-hydroxyquinoline (or its derivatives) and 1,2,3-triazoles showed
interesting cytotoxic properties [32-34]. For example, Clioqui-
nol (5-chloro-7-iodo-8-hydroxyquinoline, CIHQ) and Nitroxoline
(8-hydroxy-5-nitroquinoline) have been shown to have anticancer
activity both in vitro and in vivo [35,36]. The latter hydroxyquino-
line is more potent than the CIHQ suggesting that it may be useful
in treating cancer [37]. Moreover, the simple 8-hydroxy-2-quino-
linecarbaldehyde showed also potent in vitro cytotoxicity against
the human cancer cell lines [38].

That is why, it is not surprising that new hybrids are available,
but it is shocking that so far examples are rare. In 2014, evaluating
in vitro for the antiproliferative activity on various cancer cell
types: U251 (glioma, CNS), MCF-7 (breast), NCI-ADR/RES (ovarian

expressing phenotype multiple drugs resistance), 786-0 (kidney),
NCI-H460 (lung, non-small cells), PC-3 (prostate) and OVCAR-03
(ovarian), Alves and co-workers reported at the first time that
4-(quinolinyl)-1,2,3-triazole hybrids based on 8-hydroxyquinoline
skeleton and 1,2,3-TA ring containing aromatic or protected sugar
moieties should be explored as anticancer agents [39]. Two of
hybrids, trichlorobenzyl-1H-1,2,3-triazol-4-yl-quinoline
32 and a-D-galactopyranosyl-1H-1,2,3-triazol-4-yl-quinoline 33
disclosed potent and selective antiproliferative activity, expressed
in 50% cell growth inhibition or a cytostatic effect (Gl ) (Figure
9).

these

The first, “more simple” hybrid 32 showed potent activity
against prostate cell lines (PC-3, Gl = 2.8 mg/mL) compared with
activity of Doxorubicin (Adriamycin) (GI,, = 3.8 mg/mL), used
in oncologic practice since the late 1960s. However, this hybrid
possesses poor selectivity index (SI) value of 1.9 regarding normal
cells, human keratinocytes (HaCat). Second hybrid 33 exhibited
remarkable GI value (GI,, < 0.25 mg/mL) against ovarian cancer
(OVCAR-03) cells, indicating that it was even more active than
Doxorubicin (GI,, = 0.43 mg/mL). This hybrid presented the high
selectivity with SI value of >117.6 for ovarian cancer cell that
suggests the potential use of this compound for future in vivo tests.
However, it showed weak antiproliferative activity against other
cancer cell lines.

The physicochemical parameters of the selected hybrids
32,33, Doxorubicin as reference anticancer drug and probable
enzyme activity scores for the most important drug targets
obtained through Molinspiration software [29], gave an interesting
information that should be commented:

a) Doxorubicin, natural antitumor antibiotic, is a tetracyclic
molecule with much less lipophilic property (cLogP = 0.57),
e.g. with good H,0 solubility, while hybrid compounds 32,33
are more lipophilic molecules (cLogP = 3.42-5.82);

b) Between these hybrid molecules there is only a structural
difference (trichlorobenzyl fragment versus protected sugar
moiety), which is responsible for their molecular properties;

c) Although both hybrids showed a potent in vitro
antiproliferative activity overcoming activity of Doxorubicin,
their TPSA values specify some problems of the absorption
and barrier penetration;

d) Chemical nature of second pharmacophores in these
hybrids makes to change biological targets predicting GPCR
ligand capacity for compound 32 and kinase inhibitor
property for hybrid 33 indicating that these compounds would
possess diverse mode of antitumor action. Interestingly,
predicted drug-receptor interactions for Doxorubicin are
more pronounced and very different to those of hybrids
32,33 (Figure 9).

e) Thissimple and brief analysis could help to design better
new Qu-1,2,3-TA hybrids with antitumor properties.
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Figure 9: 4-(Quinolinyl)-1,2,3-triazole hybridsas potential anticancer agents. )

The frequency of human fungal infections has increased
drastically worldwide, in particular, systemic mycoses that are
very difficult to diagnose and treat [40]. Cancer patients with
metastasis, AIDS patients infected by HIV and organ transplant
patients, all these immunocompromised patients have a high
probability of invasive fungal infections, especially opportunistic
invasive mycoses like candidiasis [41]. It is well-known that within
the limited antifungal drug collection, the azole antifungals are the
most frequent class used to treat Candida infections and one of
the most commonly prescribed antifungal drugs used for most C.
albicans infections is Fluconazole, a small molecule based on two
1H-1,2,4-triazole rings (Figure 10).

As Fluconazole (FLC) is fungistatic rather than fungicidal, the
treatment provides the opportunity for acquired resistance to
develop in the presence of this antifungal [42]. Therefore, there is

a need for developing antifungal agents with novel structure and
mode ofaction. In this context, quinoline-substituted 1,2,3-triazole-
based molecules are suitable models. Abid and co-workers at the
first time designed and synthesized 8-hydroxyquinolines bearing
1,2,3-triazole ring as potent inhibitors of Candida species [43,44].
Their research showed that two hybrids of this type, 34 and 35
(Figure 10) have potent IC, values for C. albicans ATCC 90028
(standard) and C. albicans D15.9 (fluconazole resistant) strains and
significant inhibitory effect on the growth of FLC-sensitive as well
as FLC-resistant C. albicans strains (Table 1). Interestingly, growth
curve and time Kkill curve studies indicated that hybrid 34 has
fungicidal nature while compound 35 was fungistatic. Curiously,
Fluconazole is fungistatic and may be fungicidal, depending on
the concentration. Moreover, both hybrid compounds showed
significant inhibition biosynthesis like does
Fluconazole.

in ergosterol

Table 1: Anti-Candida activity and antifungal susceptibility using disk diffusion assay for hybrids 33,34 and Fluconazole.

Anti-Candida Activity, IC,, 1 g/mL Antifungal Susceptibility (Zone of Inhibition, mm)
, C. albicans ATCC 90028 C. albicans D15.9 C. albicans D27
(GO RIS (Standard) (FLC-Resistant) (FLC-Susceptible)
34 0.044 35 26 19
35 25.4 18 15 16
FLC 15.62 26 24 27
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Figure 10: 4-(Quinolinyl)-1,2,3-triazole hybridsas potential antifungal agents. )

Noteworthy, that both compounds 34 and 35 were significantly
less cytotoxic than Fluconazole. Analyzing their physicochemical
properties obtained in silico study, we could note that calculations
predict negative partition coefficient values (cLogP = -0.12) of
Fluconazole indicating that its very high solubility, while both
hybrid compounds 34,35 possess appropriate cLogP values
(cLogP < 5) according to the Lipinski’s rule. Interestingly, in
practice, Fluconazole, white crystalline solid is slightly soluble in
water, but has high oral efficacy caused by high solubility in gastric
juice [45]. When cLogP and TPSA parameters for these hybrids
are compared, the role of chlorine atom, present in quinoline ring
(comp. 35), can be seen: the presence of Cl enhances lipophilicity,
but does not change polar surface area of the molecule although
chlorine atom is highly electronegative atom.

Another interesting detail is that these hybrids would affect
various receptor interactions, whereas the predicted FLC-receptor
interaction scores are minimal. However, it should be commented
that there are plenty of examples available for such prediction
violation amongst the existing drugs. Precisely, majority of
violations come from antifungals and others like antibiotics,
vitamins, and cardiac glycoside [46].
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Conclusion

The molecular hybridization strategy offers the possibility of
building a single molecular framework containing quinoline and
triazoles rings with modified selectivity profile, different and/or
dual modes of action and reduced undesired side effects. These
molecular hybrids are especially interesting for the development
of new prototypes in the treatment of cancer and parasitic
diseases including malaria, protozoan and fungal infections. Due
to synthetic versatility of catalyzed azide-alkyne cycloaddition
reactions, it can be expected that these efficient reactions and
rational design based on in silico study could provide diverse novel
quinoline-triazole prototypes for innovating drugs in the near
future. It is evident that the future is optimistic and that this type
of design will lead to important anticancer and antiparasitic drugs
with higher activity, better selectivity and lower toxicity than the
traditional combination therapies.
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