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ABSTRACT: Many people are affected by Malaria around théldy@nd the parasite is developing resistance
against available drugs. Currently, isoquine awdert-butyl isoquine are some of the most promising
antimalarial candidates that have already reacHeasd® | and Il clinical trials, respectively. Nevetess,
pharmacodynamic studies have demonstrated thatiredés highly sensitive to for@-glucuronide metabolite,
which may affect its accumulation in tissu&s. avoid theD-glucuronide formation and its negative influenge i
the accumulation process, a series of novel fiveydexy isoquine derivatives were designed and amexb
herein as potential antimalarial agents. By a sémiiree-step procedure, five dehydroxy isoquinesewe
prepared and subsequently examined on the inhibitio haemozoin formation, the main target of the 4-
aminoquinolines. Four derivatives displayed sigaifit inhibitory activities at low &g values from 1.66 to 1.86
uM comparable to CQ. On the basis of the resultssghfour compounds were subsequently tested against
Plasmodium bergheANKA model in mice, showing to be as active as Cifhwignificant curative responses
and parasitemia suppresion in mice infected. Onother hand, these four compounds showed an attepta
non specific cytotoxicity on murine peritoneal mgmiague and human erythrocyte cells. Thus, theepted
data indicate that the dehydroxy isoquirds 4c and 4e constitute promising cost-effective leads for the
development of new antiplasmodial targeted at bistage malaria parasites.

Keywords: Malaria, Isoquine, 4-aminoquinoline, antimalariefiety, Plasmodium bergheLipinski rule.

1. Introduction

Malaria is one of the largest tropical diseasesseduby parasites of the genus
Plasmodiumspp., which are transmitted to humans via the lofean infected female

Anophelesmosquito. Plasmodium falciparums the most virulent species in human
malaria parasite, responsible for about 1 milli@attis every year [1-2]. According to
the World Health Organization (WHO) 2015 reportp@a#3.2 billion people are at risk

of malaria, particularly in poor or developing ctrigs, registering 250 million clinical
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cases of malaria and more than 400,000 deaths nnespecially among children

and pregnant women [3].
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Figure 1. Structure of most important 4-aminoquinolines madarial derivatived-6.

Classically, chloroquine (CQ) has been used widely as a standard antimalaxgl dr
for more than 60 years due to many advantage sachxeellent availability, low
toxicity, effectiveness and facile preparation [1-Blowever, its efficacy has been
compromised by the increasing resistdnit falciparum in worldwide [5]. As a
consequence of the emergence of chloroquine rasistaalternative 4-aminoquinoline
such as amodiaquine (AQ) isoquine (IQ)3 and tebuquine (TBQ® were subsequently
designed and prepared (see structures in Figufgal6]. In particular, AQ is effective
against many chloroquine resistant strairPofalciparum although its clinical use has
been restricted by the hepatotoxic effect and agoagtosis found in the treated patients
[7]. The AQ toxicities are mainly associated to th@mation “in vivo” of a
quinoneimine reactive intermediate from oxidatiénhe phenolic ring. The oxidation of
AQ is facilitated by thepara position of hydroxyl group on the aniline ring. Attugh
structure activity relationship (SAR) studies haemonstrated that the phenolic group
plays an important role in the antimalarial activaf AQ [8-14]. To prevent oxidation to
toxic metabolites inn vivo models, isoquine (IQ), that posses the hydroxylgrplaced
at metaposition of aniline ring, was designed and evadatas an alternative
antimalarial agent [6a,15]. IQ and derivatives haxaibited excellenin vitro andin
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vivo antimalarial results, with good bioavailabilitigls. contrast to AQ, IQ can be

excreted primarily by the formation of i@-glucuronide derivative (metabolism Phase
II), which has been found in bile and urine samplegeated host. This last may affect
the accumulation of drug in tissues. Currentlygigsoe andN-tert-butyl isoquine4 are

in phase | and Il clinical trials [16a-c].

Other group of novel 4-aminoquinolines have rbedemonstrated excellent
antimalarial activity against resistdpt falciparumstrains [16d-i]. Recently, as part of a
preliminary investigation to the present report, designed and synthesized a series of
new dehydroxy isotebuquine derivativésto prevent Phase Il-glucuronidation and
clarify the relevance of the hydroxy group on tiiraalarial response of isotebuquine
derivatives. These dehydroxy isotebuquines showemkllent in vitro and in vivo
antimalarial results comparable to standard CQ.[IFgn, in order to complement the
mentioned investigation [17], we propused hereadbsign, synthesis and antimalarial
evaluation of new low-cost dehydroxy isoquinés-e (see Scheme 1) as potential
antimalarial targeted at blood-stage malarie pegasunable to produce thé-
glucuronide, these new dehydroxy isoquines mayhbaxkimilar or better antimalarial

activity than isoquine derivatives.

2. Results and discussion

A series of novel dehydroxy isoquines were desilgherein as an alternative isoquine
analogue incapable of producif@rglucuronide metabolites. This type of metabolite
derived of hydroxylated compounds can affect threuamlation of the drug inside host.
It is important to mention that the absence of bygit substitution in isoquine
derivatives may have profound effect on physicodhamproperties such as lipid
solubility, water solubility, pKa and hydrogen bamgs. The hydroxyl substitution has
demonstrated to play an important role on the aalénal efficacy of AQ, where the
replacement of hydroxyl group by either fluorinecbtorine in AQ led a decrease in the
antimalarial response agairBlasmodium falciparunstrains [8,15].The relevance of
the hydroxyl substitution in the antimalarial adginof isoquine derivatives has not been
investigated previously, which motivated the desigynthesis and antimalarial

evaluation of the new dehydroxy isoquine derivaia-e



2.1. Chemistry

New dehydroxy isoquine derivativeda-e were synthesized employing a
straightforward and efficient protocol reported eneity by our group [17], which is
depicted in Scheme 1. The synthetic sequence iasod facile three-step procedure
from low cost starting materials. Initially, 4-rotsenzyl chloridel was reacted with
different secondary amines by a nucleophilic sutstin (SN) to lead the corresponding
benzylamines2a-e These resulting derivativeza-e were subjected to a subsequent
reduction reaction using tin in hydrochloric acdfording the desired aniline€a-ein
good yields. Stage 3 of the sequence involves taerdaromatic nucleophilic
substitution (SNAr) reaction of 4,7-dichloroquinms at position 4 with the synthesized
anilines 3a-e under refluxing ethanol. The reaction requiresasalgtic amount of
hydrochloric acid (HCI) to give the correspondingstituted 4-aminoquinoline$a-e
in good 70-80% yields (see Table 1). Particulat, synthesis akrt-butyl quinoline4
required at least 0.4 eq. of HCI to complete tlatien. In this synthetic sequence, only
the anilines derivativeSa-e and dehydroxy isoquineda-e were well purified and
characterized.

X

é o B 5%

4a-e
2a-e 3a -e

Scheme 1. Synthesis of novel dehydroxy isoquine derivativs-e Conditions: (a)
dialkylamine- or alkylamine (5 eq.), toluene, 90, ®h; (b) Sn, HCI, 70°C, 2 h. (c) 4,7-
dichloroquinoline (1.2 eq.), ethanol, HCI (catéflux, 6 h.

Table 1.Yields for the last step of the synthesis of debyg isoquine derivative4a-e
Compounds X® Yield (%)

3a N 79
3b O 80
3c _N:\ 81
3d N 83
3¢ \Va 79

—NH

#The molecular structure dh-eare shown in Scheme 1 and Supplementary material.

"Thetert-butyl substituted quinolinée was obtained as the monohydrochloride salt.



2.2. Biological evaluations

In vitro studies on the haem polymerization. Initially, the ability of the five
synthesized dehydroxy isoquid@-e to inhibit f-hematin formation was assessed by
previously reported methods [17-18]. The percentagfe inhibition of haem
polymerization (% IHP) and Kg values for each compound are listed in Table 2Fh
hematin was formedn vitro from hemin under acidic and low oxygen conditions,
simulating the natural conditions found in the foatuole of the parasite. It is well
known that the inhibition of thg-hematin formation is the main mode of action of
diverse 4-amino-7-chloroquinolines such as CQ, AQ, and TBQ [18-23]. The
formation of thes-hematin is aPlasmodiurrspecific defense mechanism in which the
toxic ferriprotoporphyrin IX (FPIX) is convertedtman insoluble non-toxic crystalline
polymer [24-25]. It is not completely clear how diao-7-chloroquinoline agents
inhibit the f-hematin formationn vivg however, several evidences have demonstrated
that CQ and other 4-aminoquinolines interfere witd haem polymerization through a
m-m Stacking interaction between the porphyrin ringtted hematin and the quinoline
ring, which facilitate an effective accumulation tble heme/drug complex within the
erythrocyte leading the parasite death by oxidasivess [26-30]. On these basis, the
inhibition of the p-hematin represents the main mode of action of designed
dehydroxy isoquinda-eas antimalarial compounds.

In general, four of the five synthesized quines showed an excellent capability to
block the haem polymerization (IHP), exhibitingaterely low IG5, values from 1.66 to
1.86uM (see Table 2). It should be noted that these terivatives presented 4
values against the IHP comparable to that obtaioedtandard chloroquine (1.484).
Only derivative4d bearing a morpholine group showed a marginal itibib of the
haem polymerization with a minimum percentage @7% at 50uM. In addition, it is
important to mention that the capacity of the @stehydroxy isoquine derivatives to
inhibit the haem polymerization is comparable toosdéh obtained for diverse
hydroxylated 4-amino-7-chloroquinolines such as AQ, or TBQ [18-20], which
reflects that this inhibition process is not aféettby the absence of the hydroxyl
substitution on the aniline ring of the 4-amino7ecbquinolines. On the other hand, the
inhibitory activity found for the dehydroxy isoq@is are completely expected because

these derivatives keep some important pharmacopBaoh as 7-chloroquinoline



scaffold, the terminal amine moiety and nonpolakdr between these two mentioned

fragments.

Table 2 Results of inhibition of haem polymerization ([H&hd toxicity evaluations for

compoundsgla-e

Entries % IHP*" (+ SD) ICs¢(uM) £ SD  LDs¢” (uM) + SB LyticCsc® (uM) + SD

4a 98.21 £1.52 1.78 £0.13 424 +2.3 2924.13.3
4b 97.98 +1.79 1.86 +0.22 52.3+2.8 1405.23.4
4c 98.11+2.14 1.81+£0.23 63.2+3.4 959.24.8
4d 5.17+1.05 >50.0 36.2+3.1 S9K33.7
4é 98.56 +2.13 1.66 £0.11 471+25 1485.4.8
CcQ® 98.57 +2.01 1.48 +0.14 1345+ 1.7 > 1500.0

3SD; Standard desviatioR;%IHP : Percentage of inhibition of haem polymerizatiors@uM; © Inhibitory doses for the inhibition
of haem polymerizatiofL.ethal dose of the tested compounds against mymémitoneal macrophague cellsyticCs,, half-lytic

concentration on red blood cells of the tested aamgs!Monohydrochloride quinolinépPositive control: CQ (chloroquine).

In vitro toxicity on murine peritoneal macrophage and human red blood cells
(RBCs). Initially, toxicity of the synthesized derivativewas determined using
peritoneal macrophages derived from murine modeicigphages are resident cells
found in almost all tissues of the mammal bodietiene they assume specific
phenotypes and develop distinct functions. Tissuecrophages are considered as
immune sentinels because of their strategic logatin and their ability to initiate and
modulate immune responses during pathogenic iofectr tissue injury and to
contribute to the maintenance of tissue homeosfas]sLDs, was used as parameter to
evaluate the toxicity against murine peritoneal mopliages. In general, four of the five
tested dehydroxy isoquine derivatives showed ame@able toxicity toward murine
peritoneal macrophages with kPvalues ranging from 40 to 8V [32]. In particular,
the derivativesAb (52.3 uM) and 4c (63.2 uM) exhibited the lowest toxicity ranges
against peritoneal macrophagues, while the compddn@6.2uM) was relatively the
most toxic among the tested quinolines. All synittess compounds were relatively
more toxic than CQ against murine peritoneal matagpes.

Secondly, cytotoxicity effect of these five @datives was evaluated on human red
blood cells (RBCs). RBCs are crucially importantdgse of these compounds act on
the blood-stage malaria parasites. To evaluatarthatro toxicological effect of the
most active dehydroxyl isoquine derivative, we usedodel based on the lysis of
RBCs, measuring the haemoglobin released in thersafant fraction [33]. The release

of haemoglobin by an equal number of RBCs by hypiatdysis in 0.05 volumes of



water was used as a 100% positive control, whil&cCRBreated with saline solution
served as negative controls. Their toxicity reswise expressed as the concentration at
which half of the RBCs lysed (LyticGg). Generally speaking, all tested derivatides

e showed a significant cytotoxicity against human@Bvith high LyticGo values from
591 to 2924.M, indicating that the action of these compoundsdaegligible effect on
the viability of the RBCs inn vivo models. This result is very promising because our
dehydroxy isoquines act on the blood stage of garaSimilarly to toxicity against
macrophages, the compourfti exhibited the highest toxicity among the tested
quinolines on RBCs. On the basis of inhibition @em polymerization and toxicity
results presented in table 2, the compoutals4b, 4cand4e were selected for further

studies in the mouse model of malaria.

In vivo antimalarial effect of the dehydroxy isoqunes In order to know the
therapeutic efficacy of the synthesized dehydr@oguines the best compountls 4b,
4c and4e were evaluated in a standard “4-day test” in nméected intravenously with
murine pathogerPlasmodium bergheANKA, a chloroquine-susceptible strain. Mice
were treated with the compound (CQ4a-¢ ip once daily) for four consecutive days
(days 0-4 post-infection). Then, parasitemias inpberal blood were measured at day
fourth post-infection and the survival days werenitared for the treated mice. These
results on treated mice were compared with contrige receiving saline (untreated
mice) (see Table 3). In general, dehydroxy isocgitee 4b, 4dand4e have the ability
to increase significantly the survival time in mdahan 20 days post-infection, results
comparable to those obtained for CQ drug. It isdrgnt to emphasize that the
untreated mice died between days 6 and 7 posttiofeademonstrating the significant
in vivo efficacy of the four tested compounds. On othedh&he treated mice presented
a remarkable suppression of parasitemia with péages from 2 to 4 % post-infection,
which are lower than those found for untreated noic€3% post-infection. Thus, the
significant survival time of infected mice is assted to a curative response of the
compounds on the parasitemia (see Table 3). Fin#ilg satisfactory correlation
between the antimalariat vivo and inhibition off-hematin formation results indicates
that the significant antimalarial efficacy of ouesigned dihydroxy isoquines may be

associated mainly to the inhibition of haem polyiregion within the erythrocytes.



Table 3. The effect of dehydroxy isoquine derivativesRabergheiinfected mice.

Entries Post-inf. days of survival (+ SD) %P (+ SD)°
4a 24.90 (2.95) 3.80(1.20)
4b 27.70 (1.80) 2.50 (0.75)
4c 28.20 (1.50) 2.20 (0.86)
4e 25.80 (2.05) 4.00 (0.25)
cQUe 29.40 (0.40) 0.60 (0.08)
Untreated control 6.80 (0.70) 65.20 (2.58)

*Results are expressed as the media+standard desieat (SD). n=6 (number of treated mice); Standard desviatioeP:
Percentage of parasitemf#®<0,05 comparing to control treated grofipsitive control treated with cholorquine (25 mg*kg
°P<’0,01 comparing to control treated group.

In general, the nature of the alkylamine moietyns&é& have an important influence
on the effectiveness of these classes of derivatiParticularly, the pyrrolidine and
piperidine derivatives exhibited the best valuesnbibition of haem polymerization,
parasitemia and survival days for infected micehwit bergheiamong the compounds
tested, while the morpholine substituted quinoline was dised as potential
antimalarial agent due to its poor inhibitory aityivon the haem polymerization. The
effect of the alkylamine group on the antimalaaelivity of the dehydroxy isoquines is
in good agreement with those reported for amodrag@and isoquine derivatives [6].
The particular negative effect of morpholine moieigs also found for the dehydroxy
isotebuquine reported recently by our group [Criously, the less toxic compounds
4b, 4c andCQ against macrophague cells exhibited the besivo antimalarial effect
(compared Tables 2 and 3). Therefore, the new dekydisoquines4b and 4c
represent promising antimalarial candidates forthiem studies with a significant
curative antimalarial response and low toxicolobeféect.

The significant antimalarial activity found fahe dehydroxy isoquine herein and
those previously reported for the dehydroxy isotglie derivatives [17], make us to
conclude that the hydroxyl group is not essentialledad a significant antimalarial
activity for the studied isoquine and isotebuquoeipounds. In addition, the inclusion
of hydroxyl group in isoquine derivatives contribsitto its fast elimination in an vivo
model by excretion as glucuronide, which affectatfective concentration in animal
tissues. This fast elimination mechanism is notsfide in our designed structures;
although additional pharmacodynamics, pharmacokirestd metabolism assays are
necessary for our derivative to know the real pasieffect of the absence of the
hydroxyl group. On the other hand, no apprecialfferénces in antimalarial activities

between the dehydroxy isoquirka-e and reported dehydroxy isotebuqdihevere
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observed, by which the inclusion of additional pfiering on the aniline ring of

dehydroxy isoquine seem to have a negligible effethe biological response of these

interesting promising 4-aminoquinolines.

2.3. Molecular Docking studies

In order to know if the action of dehydroxy isogesnmay affect other stages of the
erythrocytic cycle of the parasite, a molecular ldlog study was performed on a
protease involved in hemoglobin degradation sucthasplasmepsins d?lasmodium
falciparum In general, there are several proteases involvedhe hemoglobin
degradation pathway such as plasmepsins (PIm)ahdi IV and HAP (a histo-aspartic
protease). These proteases are located in the ot vacuole of the parasite and are
essential for the survival and reproduction of thest virulent malaria parasite,
Plasmodium falciparurf34a]. In particular, the plasmepsins are aspartic pseavith
the catalytic aspartic residues situated in arvadite cleft formed by two domains.
The catalytic mechanism of peptide bond cleavagasipartic proteases is generally
considered to involve the activation of a water ecale by one of the aspartates
accompanied by nucleophilic attack of the waterfbyile on the carbonyl carbon of
the substrate [34bJThus, taken into account the well known good acatnuh of 4-
aminoquinolines in the acidic vacuole of the pdeaghese type of proteases emerge as
highly promising drug targets for theraphies adaimmlaria [35]. In this sense,
molecular docking of our five derivatives were @dlr out on PIm | and Plm I
enzymes, deposited in the Protein Data Bank wehsitker codes 1LEE and 1LF2,
respectively. Molecular docking calculations weegfprmed using the AMBER force
field, applied to the complete structure of botzyanes. The molecular docking results
of the tested compoundsi-¢ CQ and references drugs (R36 and Ri33)are shown in
Table 4 and Figure 2.

The molecular docking results showed clearly tha dehydroxy isoquines exhibited
weaker affinity towards both PIm | and PIm Il enagnthan the reference drugs, by
which seem, at least theoretically, that our debygisoquines are should not be good
inhibitors of these enzymes. On the other handetaildd analysis of ligand-enzyme
complex showed that reference drugs R36 and R3mare extended along active site
than our dehydroxy isoquines (see Figure 2), wpigtmits to facilitate the stabilization
of the ligand-enzyme complex and explain the remialk binding affinity found for
R36 and R37 compared to our derivatives. Despieetttlusive theoretical nature of

this study, it is possible to conclude that a gaaibitor of the Plm | and PIm Ii
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enzymes is represented by a molecule containing, Ilexible and coordinative

chains (see structure of R36 and R37). Then, basedolecular features, this mode of
action is practically discared for our synthesizemmpounds, and the significant
antimalarial response of our synthesized compousdsissociated mainly to the
inhibition of haem polymerization. Ligand-enzymeeiractions into active site of the
PIm | and PImIl enzymes are shown clearly in Sumpgletary material.

Table 4 shows the hydrogen bonding interactiextsbited by the five derivatives
with essential residues of active sites. In addjtiall derivatives exhibited twa-n
interactions between quinoline ring 4d-ewith the phenyl ring of Tyr-77 and Phe-111
residues in the PIm | enzyme.

Figure 2. Representation of ligand-enzyme complex for thieydeoxy isoquinegta-e

in the active site of the PIm | enzyme.
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Table 4. Docking statistics on the PIm | and PIm Il enzyrfeshe derivativeda-e

Molecules Pim | Plm 11
E (kcal/mol)| Hinteraction$ E(kcal/mol)| H-interaction
da -10.751 No interactions -10.342 Asp-214 (3.00A°d amhr-
217 (2.75A°)
4b -11.855 Ser-79 (2.94 A°) -11.485 Asp-34 (2.88A°), Gly-36
(2.78A0), Tyr-192 (3.00 A°)
4c -11.287 Ser-79 (2.81 A°) -10.674 Ser-79 (2.53A°)
4d -11.034 Try-192 (2.53 A°) -10.163 Ser-218 (2.34 ,AThr-217
(2.62 A°)
4e -10.888 Asp-214 (3.00 A°) -10.996 Ser-79 (2.98 A%ly-36
(3.00 A°)
CQ -10.125 Ser-79 (2.98 A°) -9.781 Ser-79 (2.52 A°)
R36 -14.137 Ser-79 (2.67 A°), Ser-----------  memeeeees
218 (2.64 A9, Ala-219
(2.88 A°).
R377 m -13.452 Ser-79 (2.23 A °)Gly-216

(2.31 A°), Thr-217 (2.03 A°)

*Reference drug for the PIm | enzyme (PDB code: B)LBName: 4-amindN-{4-[2-(2,6-dimethyl-phenoxy)-acetylamino]- 3-

hydroxy-1-isobutyl-5-phenyl-pentyl}-benzamide.

PReference drug for the PIm Il enzyme (PDB code: 2)LAName: 3-aminoN-{4-[2-(2,6-dimethyl-phenoxy)-acetylamino]- 3-
hydroxy-1-isobutyl-5-phenyl-pentyl}-benzamide.

‘H-interactions (in A°) in PIm I is through the NH anfiline ring.4d interact through oxygen of morpholine ring.

“H-interactions (in A°) in PIm Il is through the NHianiline ring and the nitrogen of the dialkylamimeiety.

As last topic, in order to identify quinolinesally active, the five Lipinski's
parameters such as partition coefficient (LogP)lacudar weight (MW), number df-
donors H-D) and H-acceptors H-A), were calculated for the tested dehydroxy
isoquines4a-e (see Table 5). The rule of five is an importartecia for the design of
new orally active drug candidate. By applying thkerof five (RO5) and its variant§,
all our derivatives showed good drug-like propeitiexcept to their Lod® whose
values are near to the upper limit of lipophilicifyhis fact is very important due to that
the absence of hydroxy moiety could compromise litoavailability of these new
derivatives; however still it is required to makdddional studies of bioavailability on

the most promising compounds.

Table 5.Calculation of Lipinski’s parameters for the detoyy isoquinesta-eand CQ"
Compounds LogP;: LogP;s MW nON NOHNH nViol

<5 <5 <500 <10 <5
1 4a 4.77 476 339.86 3 1 0
2 4b 4.82 487 35187 3 1 0
3 4c 4.40 442 33785 3 1 0
4 4d 3.68 342 35385 4 1 0
5 4 4.77 466 37513 3 2 0
6 CQ 3.73 368 319.18 3 1 0

*nViol, number of violations; MW, molecular weightON, number of hydrogen bond acceptors; nOHNH, remaf hydrogen

bond donors® Monohydrochloride quinoline.
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3. Conclusion

In summary, novel dehydroxyl-isoquineth, 4c and 4e emerged as excellent
candidates for further studies with significantiates on the inhibition of the haem
polymerization, satisfactoryin vivo results and acceptable toxicity ranges. The
dehydroxy isoquinegla-e were prepared in good yields using a simple tlstep
synthetic sequence from low-cost starting materibfe good correlation between the
antimalarial data and inhibition of the haem polyegion suggests that the inhibition
of the f-hematin is the main mechanism of action of theseehdehydroxyl isoquines.
A structure-activity relationship indicates thate ti8-hydroxyl substitution on the
isoquine compound is not necessary to lead a paietninalarial effect such as was
observed in our dehydroxyl isotebuquines. Howeftgtherin vitro andin vivo assays
on resistant strain d?lasmodium falciparunare required to evaluate the real potential

of the most active derivativeld, 4c and4e

4. Experimental section

4.1. Chemistry

All reagents and starting materials were pureidsom commercial sources and used
without further purification; solvents were anhydsoHPLC grade. Melting points are
recorded with a micro melting point apparatus undourected*H NMR and**C NMR
spectra are recorded at JEOL Eclipse Plus 400 Ot Eclipse Plus 270. Multiplicity is
indicated as follows: s (singlet), d (doublet)triple), m (multiplet), dd (doublet of
doublets), br s (broad singlet); chemical shiftgavmeasured in parts per milliod) (
and coupling constangd) are given in Hz. Proton chemical shifts were giue relative
to tetramethylsilane3(0.00 ppm) in CDGlor CD;0D solvents. Carbon chemical shifts
are internally referenced to the deuterated solgegals in CDG (6 77.00 ppm) or
CD3OD (6 48.67 ppm). IR spectra were recorded on NICOLETgiMalR 760 using
KBr tablets. Elemental analyses of the synthescadpounds were performed using a
Perkin Elmer 2400 CHN analyser: results fell in ta@ge of 0.4% of the required

theoretical values.

4.1.1. General procedure for the preparation of 4N,N-dialkylamine-1-
methyl)aniline 3a-e: These derivatives were prepared following a simpeocedure
reported in literature [17]To a solution of 1-(chloromethyl)-4-nitrobenzeh& mmol, 1

equiv.) in toluene was added slowly the correspaogdiialkylamine ortert-butylamine
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(10 mmol, 5 equiv.). The mixture was stirred undeflux for 4-5 hours and

monitored by TLC using solvent mixture Hex/AcOEt3)/ The reaction mixture was
then cooled to room temperature, the solvent aadutireacted alkyl(dialkyl)amine was
evaporated wunder reduced pressure to give a yellone solid of 1-
(alkyl(dialkyl)amine-methyl)-4-nitrobenzen&a-e (see’H-NMR and **C-NMR data in
supplementary data from page 8 to page 23), whash pure enough to proceed with the
oxidation step. These 1-(dialkylaminemethyl)-4-olitenzene2a-e (2 mmol, 1 equiv.)
were treated with a solution of hydrochloric aci (nmol) and tin powder (6 mmol, 3
equiv.) under reflux for 2 hours. The reaction miet was then cooled to room
temperature and neutralized carefully with sodiuydrbxide solution (ag. 10%) and
extracted with dichloromethane (3x20 mL). The orgalawyer was washed with
distilled water, dried using anh. Mg&Cfiltered and the solvent evaporated under
reduced pressure to give the aniline product, whiah purified by flash chromatography
column using as eluent dichloromethane: methandl) (%o give a yellow-orange

compound3a-e

4.1.1.1. 4-(diethylamino)methyl-aniline 3aOrange oil, yield 72%. FT-IR (KB&; cm
1): 3354 (st. N-H), 3158 (st. N-H), 2934-2890 (stHJ; 1608-1522 (st. C=C, Ar}H-
NMR (400 MHz, CDCJ): 6 7.09 (dd, 2H,J=8.40; J=2.52); 6.62 (dd, 2H,=8.20;
J=1.80); 3.61 (s, 2H, N§); 3.46 (s, 2H, ChHN); 2.49 (q, 4H, CHN); 1.03 (t, 6H,
CHs). *C-NMR (100 MHz, CDGJ): § 145.2; 130.3 (2C); 129.2; 115.0 (2C); 56.8 (CH
N); 46.4 (2C, CHN); 11.6 (2C, CH). DEPT-135 (100 MHz, CDG): 130.3 (2C);
115.0 (2C); 56.8 (1C, CiN); 46.4 (2C, CHN); 11.6 (2C, CH). Anal. Calc. for
CiiHigN2: C, 74.11; H, 10.18; N, 15.71. Found: C, 74.0316112; N, 15.58.

4.1.1.2. 4-(piperidino-1-ylmethyl)-aniline 3b.Orange oil, yield 78%. FT-IR (KBw
cm): 3332 (st. N-H), 3142 (st. N-H), 2934-2890 (stH{; 1601-1526 (st. C=C, Ar).
'H-NMR (400 MHz, CDC}): & 7.07 (dd, 2H,J=8.44; J=2.56); 6.62 (dd, 2HJ=8.30;
J=1.84); 3.60 (s, 2H, NB; 3.39 (s, 2H, CHN); 2.37 (s, 4H, CpN); 1.56 (m, 4H,
CH,); 1.40 (m, 2H, CH). *C-NMR (100 MHz, CDCJ): § 145.8; 130.8 (2C); 128.2;
114.9 (2C); 63.2 (CHIN); 54.1 (2C, N-CH); 25.7 (2C, CH); 24.3 (1C, CH). DEPT-
135 (100 MHz, CDG)): 130.8 (2C); 114.9 (2C); 63.2 (GHN); 54.1 (2C, N-CH); 25.7
(2C, CH); 24.3 (2C, CH). Anal. Calc. for GHigNo: C, 75.74; H, 9.53; N, 14.72.
Found: C, 75.68; H, 9.48; N. 14.63.

4.1.1.3. 4-(pyrrolidino-1-yImethyl)-aniline 3c.Orange oil, yield 81%. FT-IR (KBw
cm™): 3351 (st. N-H), 3167 (st. N-H), 2934-2890 (stH, 1599-1529 (st. C=C, Ar).
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IH-NMR (400 MHz, CDCY): § 7.10 (d, 2H,J=8.08); 6.63 (dd, 2HJ=8.20; J=2.60);

3.57 (s, 2H, NH); 3.51 (s, 2H, CHKN); 2.50 (s, 4H, N-CH); 1.75 (m, 4H, CH).
DEPT-135 (100 MHz, CDGJ: 129.8 (2C); 115.4 (2C); 68.2 (GHN); 46.6 (2C, N-
CHy); 20.5 (2C, CH). Anal. Calc. for GiHi6N2: C, 74.96; H, 9.15; N, 15.89. Found: C,
74.83; H, 9.06; N, 15.80.

4.1.1.4. 4-(morpholinomethyl)-aniline 3d.Yellow solid, 84%, m.p.: 82-84°C. FT-IR
(KBr, v cm®): 3359 (st. N-H), 3175 (siN-H), 2934-2890 (st. C-H), 1603-1524 (st.
C=C, Ar). ).’H-NMR (400 MHz, CDC}): § 7.07 (dd, 2HJ=8.44;J=2.56); 6.61 (dd,
2H, J=8.44;J=2.54); 3.70 (t, 4H, CHO); 3.62 (s, 2H, Nb); 3.37 (s, 2H, CKN); 2.40
(s, 4H, CH-N). **C-NMR (100 MHz, CDGJ): & 145.6; 130.5 (2C); 127.5; 115.0 (2C);
67.1 (CH-N); 63.1 (2C, N-CH); 53.6 (2C, CH). Anal. Calc. for GiH1gN,O: C, 68.72;
H, 8.39; N, 14.57. Found: C, 68.61; H, 8.28; NA4H4.

4.1.1.5. 44ert-butylamino)methyl-aniline 3e. Yellow olil, yield, 87%. FT-IR (KBr,v
cm?): 3354 (st. N-H), 3150 (st. N-H), 2934-2890 (stH{; 1602-1524 (st. C=C, Ar).
'H-NMR (400 MHz, CDC}): 6 7.10 (d, 2H,J=8.04); 6.63 (dd, 2HJ=8.20; J=1.84);
3.60 (s, 2H, Ch); 1.11 (s, 9H, Ch). *C-NMR (100 MHz, CDGJ): 145.2; 131.4 (2C);
129.5; 115.3 (2C); 50.7 (GHN); 46.8; 29.2 (3C, Ck). Anal. Calc. for GHigN2: C,
74.11; H, 10.18; N, 15.71. Found: C, 74.07; H, 20N, 15.59.

4.1.2. General procedure for the preparation of 44aino-quinolines 4a-e These
derivatives were prepared following a similar prhoes reported by our group [17]. To
a solution of 4,7-dichloroquinoline (1 mmol, 1.2ueq) in ethanol (20 mL) was added
concentrated hydrochloric acid (catalytic amouotrfrone to two drops) and stirred by
4 minutes. To this mixture was added the corresipgndniline 3a-e (1 equiv.) and
stirred under reflux for 4 hours. During the reawta yellow precipitate was observed,
the mixture was then cooled to room temperature taedprecipitated solid filtered,
washed with ethanol and dried under reduced pregsuyield the desired quinolines
4a-e

4.1.2.1. 7-chloroN-(4-((diethylamino)methyl)phenyl)quinolin-4-amine 4. Yellow
solid, yield 79%, m.p.: 198-200°C. FT-IR (KBr,cm'): 3165-3090 (st. N-H), 2967-
2933 (st. C-H), 1614-1590-1534-1511 (st. C=C, A-NMR (400 MHz, CROD): &
8.28 (d, 1H,J=5.48); 8.24 (d, 1HJ=9.0); 7.82 (d, 1HJ=1.64); 7.46 (d, 1HJ)=8.96,
J=1.72); 7.37 (d, 2HJ=8.2); 7.30 (d, 2H,J=8.2); 6.88 (d, 1H,J=5.48); 4.89 (s, 1H,
NH); 3.30 (s, 2H); 2.54 (q, 4H, G} 1.08 (t, 6H, CH). *C-NMR (100 MHz, CRQOD):
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0 152.4; 151.1; 150.2; 140.2; 136.7; 136.1; 131@)(2A27.8; 126.7; 124.6; 124.4

(2C); 119.5; 102.6; 58.8 (GHN); 47.8 (2C,N-CH); 11.4 (2C, CH). Anal. Calc. for
CaoH2:CIN3: C,70.68; H, 6.52; N, 12.36. Found: C, 70.71; 876N, 12.14.

4.1.2.2. 7-chloroN-(4-(piperidino-1-ylmethyl)phenyl)quinolin-4-amine 4b. Yellow
solid, yield 80%, m.p.:229-231°C. FT-IR (KBv,cm™): 3156-3093 (st. N-H), 2967-
2925 (st. C-H), 1611-1590-1530 (st. C=C, Aj-NMR (400 MHz, CROD): § 8.36 (d,
1H, J=4.56); 8.27 (d, 1HJ=8.8); 7.85 (s, 1H); 7.48 (d, 1H+=8.8); 7.41 (d, 2HJ=7.0);
7.33 (d, 2HJ=7.3); 6.93 (d, 1HJ=4.6); 4.61 (s, 1H, NH); 3.58 (s, 2H, &iN); 2.52 (q,
4H, N-CH); 1.64 (s, 4H, Ch); 1.49 (m, 2H, CH). **C-NMR (100 MHz, CROD): &
152.4; 151.1; 150.2; 140.7; 136.8; 135.1; 132.4)(2R7.8; 126.7; 124.7; 124.3 (2C);
119.6; 102.8; 63.8 (CiN); 55.0 (2C, N-CH); 26.2 (2C, CH); 24.9 (1C, CH). Anal.
Calc. for GoH2.CIN3: C,70.68; H, 6.52; N, 12.36. Found: C, 70.71; EB76 N, 12.14.
Anal. Calc. for GiH22CIN3: C, 71.68; H, 6.30; N, 11.94. Found: C, 71.59,6H)9; N,
11.42.

4.1.2.3. 7-chloroN-(4-(pyrrolidino-1-ylmethyl)phenyl)quinolin-4-amine 4c. Yellow
solid, yield 81%, m.p.: 196-198°C. FT-IR (KBr,cm'): 3160-3096 (st. N-H), 2964-
2930 (st. C-H), 1612-1575-1532-1512 (st. C=C, A#yNMR (400 MHz, CROD): &
8.33 (d, 1HJ=4.56); 8.25 (d, 1HJ=8.8); 7.83 (s, 1H); 7.45 (d, 1K=8.8); 7.39 (d, 2H,
J=7.0); 7.31 (d, 2HJ=7.3); 6.89 (d, 1HJ=4.6); 4.61 (s, 1H, NH); 3.63 (s, 2H, GN);
2.56 (g, 4H, N-Ch); 1.81 (m, 2H, Ch). **C-NMR (100 MHz, CROD): § 152.4;
151.1; 150.2; 140.4; 136.8; 136.0; 131.7 (2C); 927126.7; 124.7; 124.4 (2C); 119.6;
102.7; 60.9 (CHN); 54.9 (2C, N-CH); 24.1 (2C, CH). Anal. Calc. for GoH2oCIN3: C,
71.10; H, 5.97; N, 12.44. Found: C, 71.25; H, 619211.77.

4.1.2.4. T7-chloroN-(4-(morpholinomethyl)phenyl)quinolin-4-amine 4d. Yellow
solid, yield 83%, m.p.: 219-221°C. FT-IR (KBr,cm'): 3160-3080 (st. N-H), 2953-
2926 (st. C-H), 1613-1593-1535-1511 (st. C=C, Ad-NMR (400 MHz, CQOD): &
8.36 (d, 1H,J=5.6); 8.29 (d, 1HJ=9.1); 7.87 (d, 1HJ=2.1); 7.52 (dd, 1H,]=9.0;
J=2.1); 7.42 (d, 2HJ=8.5); 7.33 (d, 2HJ=8.5); 6.91 (d, 1HJ=5.6); 4.6 (s, 1H); 3.71 (t,
4H, CH-0); 3.57 (s, 2H, ChN); 2.52 (t, 4H, N-CH). *C-NMR (100 MHz, CROD):

6 151.9; 151.6; 149.6; 140.3; 137.1; 134.9; 132(0)(A27.3; 126.9; 124.8; 124.6 (2C);
119.4; 102.6; 67.6 (2C, GFD); 63.7 (1C, N-CH); 52.4 (2C, CH-N). Anal. Calc. for
C20H20CIN30.(0,06.CHOH): C, 66.06; H, 6.11; N, 11.17. Found: C, 66.855.39; N,
10.81.
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4.1.2.5. N-(4-((tert-butylamino)methyl)phenyl)-7-chloroquinolin-4-amine

hydrochloride 4e. In this case, the resulting compound was not tdeatiéh alcaline
solution, and the product was recrystalizated tlyeo give the monohidrochloride salt.
Yellow solid, yield 79%, m.p.: 220-222 °C. FT-IRBK v cnmi‘): 3284 (st. N-H), 2960
(st. C-H), 1613-1575-1528-1514 (st. C=C, AB-NMR (400 MHz, CQOD): § 9.06 (s,
1H, N-H); 8.43 (s, 1H); 8.42 (d, 1H72.92); 7.88 (d, 1HJ=2.20); 7.55 (d, 1HJ=8.80;
J=2.20); 7.39 (d, 2HJ)=8.44); 7.27 (d, 2HJ=8.44); 6.83 (d, 1HJ=5.52 ); 3.66 (s, 2H,
CH>-N); 1.11 (s, 9H, Ch). **C-NMR (100 MHz, CROD): & 152.4; 151.3; 150.2;
140.1; 138.0; 136.7; 131.0 (2C); 127.8; 126.7; 82424.7 (2C); 119.6; 102.5; 52.5
(CH2-N); 48.2; 28.6 (3C, Ck). Anal. Calc. for GoH23CloN3: C, 63.83; H, 6.16; N,
11.17. Found: C, 64.35; H, 6.28; N, 10.73.

4.2. Biological assays

4.2.1. Inhibition of haemozoin formation

The haemozoin formation assay was performed acuptdi the literature [31]. Briefly,

a solution of hemin chloride (50L, 4 mM), dissolved in DMSO (5.2 mg.mt), was
distributed in 96-well micro plates. Different camtrations (50-mM) of the quinoline
compounds4a-e dissolved in DMSO, were added in triplicate inttells (50 uL).
Controls contained either water (5Q) or DMSO (50uL). f-Hematin formation was
initiated by the addition Acetate buffer (100 0.2 M, pH 4.4). Plates were incubated at
37 °C for 48 h to allow completion of the reactenmd centrifuged (4000 rpm x 15 min,
IEC-CENTRA, MP4R). After discarding the supernatahe pellet was washed twice
with DMSO (200uL) and finally, dissolved in NaOH (2Q6L, 0.2 N). The solubilized
aggregates were further diluted 1:2 with NaOH (@) Jand absorbances recorded at 405
nm (Microplate Reader, BIORAD-550). The results evekpressed as a percentage of

inhibition of haemozin formation (% IHF). CQ wasedsas positive control.

4.2.2. Parasite, experimental host and strain neiance

Male Balb-C mice, weighing 18-22 g were maintailn&da commercial pellet diet and
housed under conditions approved by Ethics ComeiRe berghei(ANKA strain), a

rodent malaria parasite, was used for infectiorceMvere infected by i.p. injection with
1x1@ infected erythrocytes diluted in phosphate buffesaline solution (PBS, 10 mM,
pH 7.4, 0.1 mL). Parasitemia was monitored by nsicopic examination of Giemsa

stained smears [37].
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4.2.3. Four-days suppressive test

Balb-C mice (18-22 g) were infected i.v. (using @aluvein) with 16 infected RBC
with P. berghei (n=6). Two hours after infection, treatment begaithwthe best
compounds tested in thiea vitro assays. These quinolinds, 4b, 4cand 4e were
dissolved in DMSO (0.1 M), diluted with Saline-Twe&0 solution (2%). Each
compound (20 mg.kg) was administered once by i.p. for 4 days. At daythe
parasitemia was counted by examination of Giemaemexd smears. Chloroquine (25
mg.kg™) was used as a positive control. The survival timegond the control group
(saline treated) was recorded. The results wereesgpd as percentage of parasitemia
(% of parasitemia) and survival days of each compaweated-group over the control

(saline treated group) [38].

4.2.4. Murine peritonial macrophages growth inhidit assay.

Murine peritoneal macrophages were were platedéiwéll plates at 5x10cell per
well in 150 mL culture medium composed of DMEM slgopented with 5 mM L-
glutamine, 10% (v/v) fetal bovine serum and antib® (penicillin/streptopmycin/
amphotericin B). After an overnight incubation in5& CQ humidified incubator,
different concentrations of the tested dehydrowygisnesda, 4b, 4cand4e were added
to the cultures (duplicate wells; 200 mL final cué volume) and incubation continued
for an additional 48 h. Cell viability in individuavells was assessed by using the
colorimetric MTT reduction assay and expressed a@xgntage of MTT reduction
relative to control wells containing untreated @eid used to derive L values from
dose response plots of % cell viability vs. lognigmund concentration) using the non-

linear regression function of GraphPad Prism v.5332.

4.2.5. In vitro toxicity on human red blood celRBCs)

To evaluate thén vitro toxicological effect of the dehydroxyl isoquine detive 4a-¢

we used a model based on the lysis of red bloots ¢®BCs), measuring the
haemoglobin released in the supernatant fracti@). [Bhe haemoglobin released is
measured using spectrophotometer at 550 nm. RBGO% Alsever’s solution were
centrifuged at 80§ for 10 min and then washed three times with sadiakition to
obtain RBCs in 100%. The synthesized compound (®50/) was incubated with a
2% final suspension of RBCs at 37°C for 45 min. Tékease of haemoglobin by an
equal number of RBCs by hypotonic lysis in 0.05uvoés of water was used as a 100%
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positive control, while RBCs treated with salindusion served as negative controls.

Results were expressed as the concentration ahwhi€ of the RBCs lysed (Lyticf).

4.2.6. Molecular docking studies

Five dehydroxylisoquineda-e were taken from our previous investi-gations as
potential inhibitors of the Plasmepsin | and Il ymes. Each quinoline structures were
built using ArgusLab v4.0.1 [4@nd their respectives geometry was optimized using
semiempiricalmethods: PM3 [41a] and AM1 [41b]. Imetoptimization geometry
calculations of4a-e the requested convergence on density matrix V&S and the
maximum gradient component was 0.000084. Each gmanquinoline was exported
to Protein document for the corresponding molecutdmcking. The X-ray
crystallographic structure of tHe falciparumenzymes: PIm | (PDB Code: 1LEE) and
PIm Il (PDB Code: 1LF2) (see Tables 4 and FigureAg@dition of hydrogens atoms to
the tested proteins was performed. Energy mininanatf the proteins was performed
with the AMBER force field by using conjugate grawli method with a RMA gradient
of 0.01 kcal/Amol on Swiss-PdbViewer v4.0.1 [42] software. Birglisite definition
was determined by comparison with reported intévast for the respective co-
crystallized ligand. The prepared protein was etqubto ArgusLab v.4.0.1 program
package and save as Agl document.4.2. Moleculakinigof the 102 diastereomers
over the three selected proteins was performedgusirgusLab (v4.0.1) package
program under Windows 7.0 enviroment, using AMBERcé field. The protein and
ligand molecules were prepared as described abidwe.docking experiment on the
tested enzymes was carried out between the optimigand into the binding site
through their respective grid map dimensions antl wigrid point spacing of 0.375A
Flexible ligand model was used in the docking amasequent optimization scheme. As
a test of docking accuracy and for docking enemymarison, co-crystallized ligands
were re-docked into the protein structures (seelebad and Figure 2). Different
orientations of the ligands were scanned and ranketh their energy scores.
Reproducibility of the calculated affinity energpcathe minimum energy pose were
evaluated through 10 replicates for each ligandl [ABinity energy is reported as mean
of the 10 replicates. The lowest energy (strondesking) poses for each ligand in each

protein target are summarized in Tables 4.
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4.2.6. Data analysis

Data were statistically analyzed using one-way AMO&Nd t-tests for specific group

comparisons; assuming 95% of confidence accorairigraphPad Prism 3.02 [44].
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Highlights

* Nove dehydroxy isoquines were synthesized and evaluated as antimalaria agents.
» Derivatives 4b and 4c exhibited high potent activity against Plasmodium berghei.
* 4a, 4b, 4c and 4e inhibited the p-hematin formation at low sub-micromolar ranges.

» The prepared dehydroxy isoquines exhibited acceptable in vitro cytotoxicities.



