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Abstract

Hybrid compounds may play a critical role in thetsxt of the malaria eradication
agenda, which will benefit from therapeutic toatsivse against the symptomatic
erythrocytic stage dPlasmodium infection, and also capable of eliminating liveage
parasites. To address the need for efficient mages antiplasmodial compounds, a
small library of 1,2,4,5-tetraoxane-8- aminoquinelhybrids, with the metabolically
labile C-5 position of the 8-aminoquinoline moiétpcked with aryl groups, was
synthesized and screened for antiplasmodial agt@it metabolic stability. The hybrid
compounds inhibited development of intra-erythracidarms of the multidrug-resistant
Plasmodium falciparum W2 strain, with EGp values in the nM range, and with low
cytotoxicity against mammalian cells. The compaial$o inhibited the development
of P. berghei liver stage parasites, with the most potent comgsuisplaying E¢;
values in the lowuM range. SAR analysis revealed that unbranche@tmketween the

endoperoxide and 8-aminoquinoline pharmacophoemast beneficial for dual



antiplasmodial activity. Importantly, hybrids wesignificantly more potent than a 1:1
mixture of 8-aminoquinoline-tetraoxane, highliglatithe superiority of the hybrid
approach over the combination therapyrthermore, aryl substituents at C-5 of the 8-
aminoquinoline moiety improve the compounds’ meliatsiability when compared

with their primaquine (i.e. C-5 unsubstituted) ctauparts. Overall, this study reveals
that blocking the quinoline C-5 position does restult in loss of dual-stage antimalarial
activity, and that tetraoxane-8- aminoquinoline g are an attractive approach to
achieve elimination of exo- and intraerythrocytargsites, thus with the potential to be

used in malaria eradication campaigns.
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1. Introduction

Malaria is a major global public health problemthw214 million new clinical cases and
440,000 deaths estimated in 2015.[1] The diseasauised bylasmodium parasites,
with P. falciparum andP. vivax causing the heaviest burdéh falciparum is

responsible for most malaria-associated mortaktyile P. vivax can generate cryptic
parasite forms called hypnozoites that persishénliver for long periods of time,
causing relapsing malaria.[2-4] The life cyclesabiPlasmodium spp. also include a
liver stage that precedes erythrocytic infectiod arsexual blood form, the gametocyte,
that is responsible for transmission from the matandiost to the mosquito vector.[5]
There is an urgent need for efficacious and safls tor malaria prophylaxis and to
effectively prevent the relapse Bf vivax malaria, as well as to treat and block the
transmission of the disease.[6-8] Despite increpsiforts worldwide, available
compounds active against non-erythrocytic stagesadfria parasites remain very
limited.[3]

Primaquinel (Fig. 1), is the only licensed drug active agaistivax hypnozoites, and
is thus used for radical cure of infections by fhasasite.[3, 9] In addition, primaquine
is the only available antimalarial agent that caigglmarked activity against
gametocytes from all species of parasites causinggh malaria, and is therefore
capable of interrupting disease transmission frieenhiost to the mosquito vector.[9]



However, primaquine’s clinical value is compromigsdts toxic side effects, namely
methaemoglobinaemia and hemolytic anemia in paterih deficiency in glucose-6-
phosphate dehydrogenase (G6PD) activity.[9] Thénaerhoglobinaemia associated
with primaquine is thought to be a consequenceg/miohrome P450-mediated

oxidation of the corresponding 5-hydroxylated metdés to quinoneimine.[9, 10]

Currently, WHO recommends the use of artemisiniseldecombination therapies
(ACTSs) as first line treatment for uncomplicatedlania.[11] However, increasing
resistance to ACTs, due to decreased activity tf bBdemisinins and partner drugs, has
been reported in Southeast Asia, and spread staese to other regions may have

devastating consequences.[12-16]

Hybrid compounds capable of hitting more than oméecular target are an attractive
alternative to ACTs.[17-23] Such compounds may déiqularly relevant in the

context of the malaria eradication agenda, whialebts from therapeutic tools not
only active against the symptomatic erythrocytagstof infection, but also capable of
eliminating liver-stages and/or gametocytes.[8,1B4his context, we recently reported
new peroxide-based hybrid compounds comprisingragguine moiety combined with
an endoperoxide pharmacophore, &.artemisin-based) ari(1,2,4,5-tetraoxane-
based), that showed high potency against both &iadrblood stages of malaria
parasites.[25, 26] In addition, hybi@dalso blocked transmission to the mosquito in an
animal model. However, the most potent compounsislayed high metabolic
susceptibility in rat liver microsomes, dependamtie nature of the linker between the

tetraoxane and primaquine moieties.[26]

Here, we report the design, synthesis and antigdshactivity of tetraoxane-8-
aminoquinoline hybrids} (Fig. 1), with an aryl or heteroaryl group installat the
metabolically labile C-5 position of the 8-aminogoline moiety. 5-Hydroxy-8-
aminoquinolines are thought to be the metabolgspansible for the hemolytic toxicity
associated with primaquine and other 8-aminoqunesli and thus blocking C-5 offers
the potential to resolve the toxicity liability.[27] 5-Aryl-8-aminoquinolines, designed
to probe the possibility of separating antimalaaietivity from hemolytic toxicity in 8-
aminoquinolines, have been reported to be metadiylistable, but inactive against the
exoerythrocytic mouse model, with moderate actiagpinst intraerythrocytic
parasites.[28] We now report that tetraoxane-8-agqumoline hybrids4, are



metabolically more stable than their primaquinenterparts3, while retaining activity

against liver stage parasites.

X = Alkyl, Y = CO, CH,

Figure 1. Chemical structures of primaquitigartemisinin-based hybrids 1,2,4,5-
tetraoxane-primaquine hybri@sand 1,2,4,5-tetraoxane-8-aminoquinoline hybrids
reported in this studw.

2. Results and Discussion
2.1. Chemistry

The library of tetraoxane-8-aminoquinoline hybnwss prepared based on a synthetic
procedure involving the following steps: (i) synsigeof a C-5 substituted 8-
aminoquinoline key intermediate, (ii) incorporatioha diamine spacer, and (iii)

coupling to the appropriately functionalized tettane 4, Fig. 1).

The preparative route for the C-5 substituted 8raapuinoline intermediat& (Scheme
1), was an adaptation from that described by CHdrd@d Shiraki et al.[28] First,
bromination of the commercially available 6-methd@«wpitroquinoline 6, was achieved
using bromine and Fe (Scheme 1). The resultingo®br6-methoxy-8-nitroquinoline 7
was then converted to the appropriate 5-aryl-6-matf8-nitroquinolinesg, in
satisfactory yields by Suzuki coupling reactiontiwé series of arylboronic acids using
Pd(OAc)» PPhand NaCO;s in dimethoxyethane. Finally, reduction®ftising Sn/SnGl
[30] gave the intermediatésin 76% overall yield.



Scheme 2 outlines the general route to incorpdheteliamine spacer into intermediate
5, which was adapted from Elderfield et al.[31] Eireaction of phthalimide potassium
salt,10, with the appropriate dibromoalkane afforded theesponding
bromoalkylphthalimide intermediat@4da-d. Reaction of intermediaté&s-h with 11a-d
gave moderate to excellent yields of the desli2all, which were then converted to the

corresponding aminels3al by hydrazinolysis.

In the development of hybrids we explored the nature of the chemical group betwe
the tetraoxane moiety and the linker. Amide deives, 4a-1, were prepared by reacting
tetraoxanel4 [22] with intermediated3al, using TBTU as coupling agent, while their
amine counterpartdm-s, were synthesized by reductive amination of tetaae15

[26] with 13ah and NaBH(AcO3 (Scheme 3). Finally, hybrid compountiad,

which do not contain any linker between the teteaxand 8-aminoquinoline moieties,
were prepared by reacting the appropriate 8-aminotjoe 16 with intermediatel 4

previously activated with ethyl chloroformate.

T D

7,X=NO, 8a, Ar= 6H5 5a, Ar = 6H5

8b Ar = CGH4 -4-F 5b Ar = C6H4 -4-F
c 8¢, Ar = CgH;-4-Cl 5¢, Ar = CgHy-4-Cl

8d, Ar = CgH,-4-Br 5d, Ar = CgH4-4-Br

9, X=NH, 8e, Ar = CgH;-4-CF3 5e, Ar = CgH;-4-CF3
8f, Ar = CgH4-4-Me 5f, Ar = CgH;-4-Me
89, Ar = furan-3-yl 59, Ar = furan-3-yl
8h, Ar = thiophen-3-yl 5h, Ar = thiophen-3-yl

Scheme 1. Synthesis of compounds 5 and -9

#Reagents and conditions: (a),BFe, CaC@ DCM, H,0, reflux 15h, then rt 6h; (b)
Pd(OAc), PPh, Na,CGOs, TBAB, ArB(OH),, dimethoxyethane, reflux; (c) Sn, SaCl
HCI, 0°C.
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12a, R = CgH5, X = CH(Me) 13a, R = CgH5, X = CH(Me)
12b, R = CgH4-4-F, X = CH(Me) 13b, R = CgH4-4-F, X = CH(Me)
12¢, R = CgH4-4-Cl, X = CH(Me) 13¢, R = CgHy-4-Cl, X = CH(Me)
12d, R = CgH,4-4-Br, X = CH(Me) 13d, R = CgH;-4-Br, X = CH(Me)
12e, R= CgH4-4-CF3, X = CH(Me) 13e, R = CgH4-4-CF3, X = CH(Me)
12f, R = CgH,4-4-Me, X = CH(Me) 13f, R = CgH4-4-Me, X = CH(Me)
129, R = furan-3-yl, X = CH(Me) 13g, R = furan-3-yl, X = CH(Me)
12h, R = thiophen-3-yl, X = CH(Me) 13h, R = thiophen-3-yl, X = CH(Me)
12i, R = Br, X = CH(Me) 13i, R = Br, X = CH(Me)
12j, Ar = CgHy-4-F, X = -- 13j Ar = CgHs-4-F, X = -
12k, R = CgH4-4-F, X = CH, 13k Ar = CgHy-4-F, X = CH,
12', R= CGH4-4-F, X= CHQCHQ 13', Ar= CGH4-4-F, X= CHQCHQ

Scheme 2. Synthesis of intermediates 11913

#Reagents and conditions: (a) 1) KOH, EtOH, refRixdibromoalkane, acetone, reflux
24h; (b)5a-h or9, TEA, reflux, 19h; (c) NENH,, EtOH, reflux 7h.



0-0 a 0-0 H
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14, from ref. 22 N _

4a, R = CgHs, X = CH(Me)
4b, R = CgH,4-F, X = CH(Me)
4c¢, R = CgHy-4-Cl, X = CH(Me)
4d, R = CgH,4-Br, X = CH(Me)
4e, R = CgHy-4-CF3, X = CH(Me)
4f, R = C¢H,-4-Me, X = CH(Me)
449, R = furan-3-yl, X = CH(Me)
4h, R = thiophen-3-yl, X = CH(Me)
4i, R = Br, X = CH(Me)

4j Ar = CgH4-F, X = --

4k Ar = CGH4-4-F, X= CH2

4|, Ar= C6H4-4-F, X= CHchz

0-0 b 0-0 H
oo e OLH O
0-0 0-0

15, from ref. 22 N _

4m, R = CgHs, X = CH(Me)

4n, R = CgH4-4-F, X = CH(Me)
40, R = C4H;-4-Cl, X = CH(Me)
4p, R = CgH4-4-CF3, X = CH(Me)
4q, R = CgH,-4-Me, X = CH(Me)
4r, R = furan-3-yl, X = CH(Me)
4s, R = thiophen-3-yl, X = CH(Me)

0-0 a 0-0
Orean o <O,

0-0 0-0
(o]

14, from ref. 22

ZT

16a, R = CgHs,
16b, R = CgH,4-F

16¢, R = CgHy-4-Cl
16d, R = CgH,-4-Br

Scheme 3. Synthesis of hybrids 4 and 46

#Reagents and conditions: (a) 1) TBTU, DCM, TEA, 028, 2)13al for 4a-| or5a-d
for 16a-d DCM, TEA, rt.; (b) DCM,13ac and13eh for 4m-s, AcOH, STAB, rt.



Table 1 Invitro antimalarial activities (E£g) against intraerythrocytie. falciparum W2 strain and liver-stage. berghei, and toxicity (CGg) of hybrid
compoundgl and16 against CaCo-2 cells.

Compd Y X EGy/ UM CGy/ Compd Y X EGy/ UM CGy/
P. P. UM P. P. UM
falciparum berghei falciparum berghei
W2 (blood (liver W2 (blood (liver
stage) stage) stage) stage)
4a CO  CH(Me) S 0.204+0.013 1.69+0.33  >50 4m CH, CH(Me) ) 0.092+0.007  Tox. ND
ab CO  CH(Me) L 0.057+0.012 2.38+0.56  >50 an CH, CHMe) T 0.099+0.004 ND ND
4c CO  CHMe) T I 0.075+0.002 2.81+0.56  >50 40 CH, CHMe) T L ND Tox. 13.2
Cl Cl
4d CO  CHMe) T 1 0.061+0.020 4.44+0.66  >50 4p CH, CH(Me) W@LCF 0.019+0.003  62%* 10.3
4e CO  CH(Me) (01 0060+0.009 4.12+0.49  >50 4q CH,  CH(Me) (I 0.176+0.009 Tox. 11.7
4f CO  CH(Me) T 0.141+0.021 1.65+0.53  >50 4r CH, CH(Me) v 0.120+0.005 ND ND
Cl
4q CO  CH(Me) Js; 0.076+0.010 2.35+0.19  >50 4s CH, CH(Me) )@/ 0.081+0.003  Tox. ND
4h CO  CH(Me) D 0.045+0.002 2.11+0.13  >50 16a coO - @ 0.287+0.015  52%* ND
4i CO  CH(Me) Br 0.016+0.004  Tox. ND 16b co - 0.916+0.047 ND ND
4 Cco - W@F 0.015+0.003 2.61+0.08 ND 16¢ co - \@Lm 4.19+0.20  37%* ND
4k CO  CH, L. 0015+0.005 111#040  10.2 16d co - L 567+043  35%*  ND
4 CO CHCH, [  0017+0.003 1.64+0.15 ND 13f - CH(Me) T L 2.35+0.07 5.43+1.17 ND
F CHs
ART 0.010+0.001  ND ND 3a CO  CH(Me) H 0.021[26] 0.538[26] ND
PQ ND 7.50 [26] ND PQ+ART ND 9.71[26] ND
14 ethyl ester 128.2[26] 17.3+3.9 ND 13f+14 ND 3.71+0.32 ND

* Percentage of inhibition at 10 uM; ND: Not deténed; Tox: toxic to the host cells;



2.2. Blood schizontocidal activity and cytotoxicity

Compoundgl and16 were first screened for activity against intrakrgtytic parasites,
using cultured chloroquine-resistant W2 stridirfial ciparum; the corresponding &g
values are presented in Table 1sE@lues foda-s ranged from 15 to 200 nM, in line
with the values previously reported for their prqnane counterparts (e.8a, EGsp 21
nM, Table 1).[26] This result contrasted sharplyhvihat for derivatived 6a-d, which
lack a linker between the endoperoxide and 8-amimmdjne moieties. These
compounds were ca. 10 to 50 times less potentthi@ncounterpartd (e.g.4b or 4j
versusl6b or 4d versusl6d), suggesting that the presence of a linker is @ma

requirement for activity against intraerythrocypiarasites.

Structure-activity relationship studies indicatkdttthe blood-schizontocidal activity of
hybrids4a-s was affected by the nature of the linker betwdenendoperoxide and 8-
aminoquinoline moieties as well as by the substitoe the C-5 position of the
quinoline moiety. For example, compounds contaitimegar linkers 4j-1) generally
presented better antiplasmodial activity than theisle branched linkers (e.gb). In
contrast, the basicity of the linker nitrogen atclose to the endoperoxide moiety had
limited impact on blood-stage activity, as showrtly EGo values for the amide
seriesda-h, when compared to those of their amine countespém-s. The electronic
effects of the substituent at the C-5 positionhef quinoline moiety also influenced
inhibitory activity against erythrocytic parasit€sr the amide serieda-i, compounds
containing electron withdrawing groups (e.g. 4-8r0, = 0.22,[32] or 4-fluorophenyl,
4b, 0, = 0.06[32]) showed better activity than thosewatectron donating substituents
(e.g. 4-methylpheny#f, o, = -0.05[32]). The exception was compoutd containing
the electron-rich 3-thienyl substituent at Caj € -0.02[32]), which also displayed

excellent blood-stage activity.

Thein vitro cytotoxicity of compoundd was evaluated using mammalian CaCo-2 cells
(Table 1). The selectivity index (Sl) as expressgthe ratio Cg-*“°71Cs,"?, ranged
from ca. 60 to >1000, with compoundls-e and4g,h displaying the highest Ggand

Sl values (>50 and >600, respectively).



2.3. Liver schizontocidal activity

Hybrid derivativest and16 were further evaluated for their ability to intiibhe
development of liver-stage malaria parasites. Camgs were initially assayed at two
different concentrations (2 and 10 uM), usingrawitro infection model that employs a
human hepatoma cell line (Huh7) infected with firdficiferase-expressing. berghei.
Results were compared to those obtained for primadirig. 2). Strikingly, hybrids
with an amide linker between the two pharmacophdi@s, were highly active, with
>50% inhibition of infection at 2 pM, and almosigplete suppression at 1/,
without significantly affecting Huh7 cell prolifetian. The exception was the 5-bromo
derivative4i, which was toxic to Huh7 cells at d1. In contrast, derivatives with an
amine linker, i.edm-s, inhibited infection at both concentrations, bubwed toxicity
towards host Huh7 cells at /1. Finally, hybrids lacking a linker between theotw
pharmacophored,6ad, did not demonstrate significant liver stage atstjundicating

that the presence of a linker is required to corp@gncy against liver stage parasites.

Based on these observations, we then determinggialies for the amide derivatives,
4a-h and4j-1, againsP. berghei infection of Huh7 cells. These compounds presented
ECsp values ranging from 1.1 to 48/ for inhibition of hepatic infection, compared to
0.6 uM for their primaquine hybrid counterpaBa (Table 1). In contrast, the parent
tetraoxane (ethyl ester @ff) revealed poor activity (Eg17 uM), suggesting that this
scaffold is not very effective against the liveages of the parasite. Furthermore,
compoundsgla-h and4j-l were significantly more potent than primaquine #rel1:1
combinations ofL3f-14 (ethyl ester) and primaquine-artemisinin. Thisagsistent with
what has been previously reported for hybBd26]

Results presented in Table 1 indicate that blockiegC-5 position of the quinoline
moiety with an aryl substituent did not result myaignificant loss oin vitro
antimalarial potency of the hybrid compound. Funtih@re, activity against liver stage
parasites is not significantly affected by the #t@mac or lipophilicity properties of the
substituent at C-5. Overall, the results contrhat@y with what was observed for 5-
substituted 8-aminoquinolines, which were poorljvaceven at the highest
concentration tested. For example, the 5-methylghagrivative 4f, is ca. three times
more potent than its 5-methylphenyl-8-aminoquin®immecursorl 3f (Table 1).

Interestingly, these results are in line with thosgorted for 5-aryl-8-aminoquinolines,



which have been reported to be inactive in the gtbecytic mouse model.[28] Of
note, primaquine is only moderately active in #ssay, as the drug requires metabolic
activation to display potent activity.[33] Also,geoma cells are metabolically less

competent, compared to hepatocytes, in activatimyguuine.[34]
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Figure 2: Hybrid compoundsg!l and 16 inhibit the development dPlasmodium hepatic stagemn vitro to different extentsHuh7 cells were
infected with luciferase-expressiigberghei sporozoites and treated with 1 and 10 uM of eadithgompound or with equivalent amounts of
dimethyl sulfoxide (DMSO; control). Primaquine (P®as used as a positive control. Total parasitdddqaioluminescence) and cell viability
(AlamarBlue fluorescence) were assessed at 48 hipfestion. Bars represent infection and dots represent Hulcaefluency. Error bars
represent standard deviation.



2.4. Metabolic Sability

Hybrid compoundgl and16 underwent NADPH-dependent degradation upon
incubation with rat liver microsomes, with halfdis ranging from 14 min to 2.2 h
(Table 2). Most compounds displayed intermediat&-Q07) or low (<0.3) predicteith
vivo hepatic extraction ratio&g, representing a significant improvement in metabol
stability when compared to the primaquine counteér@a(Eq = 0.81).[26] No obvious
metabolites were detected using the analytical itiond employed for the parent

compounds.

The metabolic susceptibility of compountland16 towards microsomes was
significantly affected by the lipophilicity of sutitsients at C-5, as indicated by the
excellent correlations between the rate of metabylas expressed by log, and the
corresponding Hanscdn values for the C-5 substituent (Fig. 3). Howewer clear
correlation emerged between liver schizontocidaldies and rates of metabolism. For
example, hybrid compounds with low (e4g), intermediate (e.gtf), and high (e.g4i)
susceptibility towards rat liver microsomes weraipqgtent in inhibiting the growth of
liver stage parasites. These results strongly sidhat liver schizontocidal activity is
not dependent on metabolic activation.

Table 2 Invitro metabolism of selected hybrid compouddmnd16in rat liver

microsomes, and the corresponding prediatedvo metabolism data.

CLintinvitro
Compd. ty, (Min) (uL/min/mg Predictedey
protein)
4a 42 33.0 0.52
4b 40 34.6 0.53
4c 129 10.7 0.26
4e 100 13.9 0.31
4f 87 15.9 0.34
4h 37 37.4 0.55
4 14 99.0 0.76
4 35 39.6 0.56

4k 15 92.4 0.75



4 25 55.4 0.64

16a 42 33.0 0.52
16b 60 23.1 0.43
16¢ 125 11.1 0.26
16d 124 11.2 0.27
33[26] 10 132.8 0.81

The 5-bromo derivativeli, presented the highest susceptibility towardsrieeosomes
(En = 0.76). This result is not entirely surprising,%fluoroprimaquine was also shown
to undergo bioactivation with hepatic microsomesrfrseveral species, including rat
liver microsomes. According to O’Ne#t al., metabolic activation of 5-
fluoroprimaquine may involve epoxidation and delalwation,[10] a pathway also
most likely available to the 5-bromo derivatie Further studies are required to

identify the metabolites and to confirm their meukens of action.

2.5 -+
y =0.5498x + 1.6629
R?=0.9598 -
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2 1.0 -
y =0.376x + 0.9549
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2

Fig 3. Correlation between log,, values for metabolic activation of compourddd)

andl16 (@), and the corresponding Hanstinvalues for the C-5 substituents.



3. Conclusions

We report that tetraoxane-8- aminoquinoline hybwith an aryl or heteroaryl group
installed at the metabolically labile C-5 positigithe 8-aminoquinoline moietyre
efficient dual-stage antiplasmodial agents endowigld good metabolic stability. These
hybrid compounds inhibited the development of w&rgthrocytic forms of.

falciparum, with EGs values ranging from the low nanomolar to low mmodar range,
while displaying low cytotoxicity against mammalieells. Compounds were also
screened for activity againBt berghei liver stages, with the most potent compounds
displaying EGo values ranging from 1.1 to 4. Analysis of SAR revealed that a
linker between the endoperoxide and 8-aminoquieghinarmacophores is crucial for
dual antiplasmodial activity. In contrast to 5-a8yaminoquinolines, their
endoperoxide-based hybrid derivatives retain lsehizontocidal activity. In general,
hybrids with aryl substituents at C-5 of the 8-aogjuinoline moiety had increased
metabolic stability in microsomes when compareth&r primaquine (i.e. C-5
unsubstituted) counterpart, without loss of duagstantimalarial activity. These results
also suggest that liver schizontocidal activitnad dependent on metabolic activation.
Overall, this study reveals that tetraoxane-8- aqpmnoline hybrids are an attractive
approach to achieve elimination of exo- and intreocytic parasites, thus providing a
new entry in the toolkit of multistage agents wptbtential utility in malaria eradication

campaigns.

4. Experimental Section
4.1. Chemistry

All chemicals and solvents were of analytical redaggade and were purchased from
Alfa Aesar or Sigma—Aldrich. Tetrahydrofuran wagdrbefore use. Thin layer
chromatography was performed using Merck silica6§#1254 aluminum plates with
visualization by UV light, iodine, potassium perrganate dip, and/gr-anisaldehyde
dip. Flash column chromatography was performedgusiarck silica gel 60 (230—400
mesh ASTM), eluting with various solvent mixturgslaising an air aquarium pump to
apply pressure. NMR spectra were collected usiBguiier 400 Ultra-Shield (400

MHz) or a Bruker 300 Avance (300 MHz) in CRR@F MeOD; chemical shifts), are

expressed in ppm, and coupling constants, J, amessed in Hz. Mass spectra were



determined using a Micromass Quattro Micro API speceter equipped with a Waters
2695 HPLC module and a Waters 2996 photodiode aetactor. All target
compounds were determined to be >95% pure by el@n@malysis (for C, H, and N),
determined using a FLASH 2000 analyzer. High rasmiumass spectrometry (HRMS)
was performed on a Bruker MicrOTOF equipped with 88 source from the Mass
Spectrometry and Proteomics Unity of the Universitpantiago de Compostela, Spain
and a Bruker Daltonics QqTOF Impact Il equippedwvisI ion source from the
Laboratoério de Espectrometria de Massa, InstitwjeeBor Técnico.

Melting points were determined using a Kofler Bédgnoscop M and are uncorrected.
The HPLC system consisted of a LichroCART 125-418R5 mm) analytical column
on a LabChrom L7400 Merck Hitachi instrument. Seg@rting Information for

experimental information and data on all intermexfia

4.1.1. General procedure for the synthesis of hybrids 4a—i

To a solution of compount4 (0.16 mmol) in dry dichloromethane (3 mL) was atlde
triethylamine (0.24 mmol) and TBTU (0.16 mmol). Tieaction mixture was stirred for
60 minutes at 0 °C, underBtmosphere. Then a solution of compodBd-i (0.16
mmol) in dry dichloromethane (2mL) was added affigrd5 minutes, the mixture was
allowed to warm to room temperature and react ogbtnAfter completion of the
reaction, the mixture was diluted with water anttaoted with ethyl acetate. The
organic phase was washed with brine, dried oveydnolus NaSQ;, filtered and,
concentrated. Purification by flash column chrorgeaphy using ethyl acetate-hexane
(4:6) as eluent gave the pure compound.

4.1.1.1. Compound 4a. Yellow solid (66% yield): mp: 75-7€; *H NMR (400 MHz,
CDCl), 6= 8.53-8.52 (m, 1H), 7.84-7.83 (m, 1H), 7.48-7.44 RH), 7.38-7.32 (m,
3H), 7.23-7.22 (m, 1H), 6.51 (s, 1H), 6.22 (brs)1%165 (brs, 1H), 3.83 (s, 3H), 3.76-
3.74 (m, 1H), 3.39-3.22 (m, 2H), 3.20-3.01 (m, 2MP0-2.09 (m, 1H), 2.03-1.53 (m,
24H), 1.36 (d, J=6.3 Hz, 3H)*C NMR (101 MHz, MeODY 176.4, 155.4, 144.8,
143.9, 136.0, 133.0, 131.5, 128.9, 127.7, 126.2,41209.9, 106.8, 93.1, 67.7, 55.6,
43.5, 38.7, 36.6, 33.4, 32.7, 27.1, 25.6, 19.5. MRESI]: m/z[M+H] " calcd for
CagHasN30g: 642.3543, found: 642.3523.



4.1.1.2. Compound 4b. Yellow solid (79% vyield): mp: 81-8Z; *H NMR (400 MHz,
CDCl), 6= 8.56 (dd, J=4.1, 1.6 Hz, 1H), 7.79 (dd, J=8.6,Hz, 1H), 7.33-7.29 (m,
2H), 7.25 (dd, J=8.6, 4.1 Hz, 1H), 7.19-7.14 (m),B451 (s, 1H), 6.29-6.19 (m, 1H),
5.61-5.53 (m, 1H), 3.85 (s, 3H), 3.82-3.72 (M, 1BI46-3.23 (m, 2H), 2.21-1.65 (m,
27H), 1.38 (d, J=6.3 Hz, 3HY*C NMR (101 MHz, CDGJ) § 175.2, 156.0, 145.5,
144.9, 134.4, 133.9, 133.8, 132.3, 129.7, 122.5,9115.6, 111.1, 107.7, 93.2, 57.2,
48.3, 44.8, 39.9, 37.5, 34.6, 33.7, 27.6, 26.%.2MS [ESI]: m/zZIM+H] " calcd for
CsgH47FN3Og: 660.34, found: 660.25. Anal. calcd foggH46FN3Os: C 69.18, H 7.03, N
6.37, found: C 69.26, H 7.18, N 6.56.

4.1.1.3. Compound 4c. Yellow solid (54% vield): mp: 104-108; *H NMR (400 MHz,
MeOD), &= 8.56-8.46 (m, 1H), 7.80-7.71 (m, 1H), 7.43 (d8.J=Hz, 2H), 7.31-7.20 (m,
3H), 6.62 (s, 1H), 4.66 (brs, 1H), 3.93-3.75 (m)48128-2.99 (m, 4H), 2.27-2.16 (m,
2H), 1.87-1.58 (m, 24H), 1.36 (d, J=6.3 Hz, 3% NMR (101 MHz, MeOD} 176.4,
155.5, 145.2, 144.0, 134.8, 133.7, 133.1, 132.8,001328.7, 127.8, 121.7, 109.9,
109.5, 106.8, 92.6, 60.2, 55.4, 43.9, 41.5, 38%%,383.4, 32.7, 27.1, 25.5, 19.5, 13.1.
Anal. calcd for GgH46CIN3Og: C 67.49, H 6.86, N 6.21, found: C 67.44, H 61963.18.

4.1.1.4. Compound 4d. Yellow solid (68% vyield): mp: 105-16T; *H NMR (400 MHz,
CDCl), 6= 8.53-8.54 (m, 1H), 7.79 (brs, 1H), 7.58 (d, J&Hz, 2H), 7.27-7.25 (m,
1H), 7.20 (d, J= 8.0 Hz, 2H), 6.49 (s, 1H), 6.2k5(l H), 5.56 (brs, 1H), 3.84 (s, 3H),
3.78-3.70 (m, 1H), 3.40-3.22 (m, 2H), 3.20-2.98 @), 2.22-2.09 (m, 1H), 2.00-1.52
(m, 24H), 1.35 (d, J=6.2 Hz, 3HYC NMR (101 MHz, MeOD) 176.4, 155.4, 145.1,
144.0, 135.2, 133.4, 132.7, 130.9, 128.6, 121.3,11210.0, 106.8, 92.6, 55.6, 43.6,
38.7, 36.6, 33.4, 32.8, 27.1, 25.6, 19.6. HRMS [&8Iz [M+H] " calcd for
CsgH47BrN3Os: 720.2648, found: 720.2619.

4.1.1.5. Compound 4e Yellow solid (84% vyield): mp: 93-9€; 'H NMR (400 MHz,
MeOD), 6= 8.69-8.68 (m, 1H), 7.95-7.93 (m, 1H), 7.86 (d,7J&Hz, 2H), 7.63 (d, J=
7.9 Hz, 2H), 7.44 (dd, J= 8.5, 4.0 Hz, 1H), 6.7213), 4.01 (s, 3H), 3.97-3.96 (m, 1H),
3.42-3.30 (m, 4H), 2.43-2.33 (m, 1H), 2.18-1.69 p4H), 1.54 (d, J= 6.2 Hz, 3H)’C
NMR (101 MHz, MeOD) 176.2, 155.5, 145.3, 144.2, 140.1, 133.6, 13239,11,

128.6, 124.8, 124.8, 122.0, 110.3, 109.4, 107.(6,®D.5, 56.1, 43.7, 41.3, 39.0, 36.7,
33.8, 32.9, 27.0, 25.8, 20.1, 13.7. HRMS [ESI]: fiMzH] " calcd for GgH47F3N3Os:
710.3417, found: 710.3394.



4.1.1.6. Compound 4f. Yellow solid (78% vyield): mp: 93-9€; 'H NMR (400 MHz,
MeOD), 5= 8.46-8.45 (m, 1H), 7.76-7.74 (m, 1H), 7.23-7.80 8H), 7.11 (d, J= 8.0
Hz, 2H), 6.58 (s, 1H), 5.46 (s, 1H), 3.82-3.77 4H), 3.20-3.08 (m, 4H), 2.38 (s, 3H),
2.25-2.11 (m, 1H), 2.00-1.40 (m, 24H), 1.32 (d, 3548z, 3H).**C NMR (101 MHz,
MeOD)6 176.4, 155.4, 144.7, 143.9, 135.8, 133.8, 13382,9, 131.3, 129.0, 128.3,
121.3,111.3,109.9, 106.8, 93.3, 55.6, 43.5, 3 A, 33.4, 32.7, 27.1, 25.5, 19.9,
19.4. HRMS [ESI]: m/ZM+H] " calcd for GgHsoN306: 656.3700, found: 656.3685.

4.1.1.7. Compound 4g. Yellow solid (54% yield): mp: 70-7C; *H NMR (400 MHz,
CDCl), 3= 8.54-8.53 (m, 1H), 8.07-7.96 (m, 1H), 7.43-7.41, {H), 7.31-7.23 (m,
2H), 7.14-7.13 (m, 1H), 6.49 (s, 1H), 6.23 (brs) 1562 (brs, 1H), 3.86 (s, 3H), 3.78-
3.74 (m, 1H), 3.34-3.25 (m, 2H), 3.18-3.03 (m, 2MP0-2.08 (m, 1H), 1.95-1.61 (m,
24H), 1.35 (d, J=6.4 Hz, 3HY*C NMR (101 MHz, CDGJ) § 174.5, 141.7, 133.2,
121.9, 115.3, 115.1, 113.5, 110.5, 107.1, 60.4,55.9, 44.1, 39.3, 36.9, 34.0, 33.1,
27.0, 26.3, 21.1, 20.7, 14.2. Anal. calcd f@gHGisNsO+: C 68.44, H 7.18, N 6.65,
found: C 68.35, H 7.28, N 6.63.

4.1.1.8. Compound 4h. Orange solid (49% yield): mp: 66-88; 'H NMR (400 MHz,
CDCly), 6= 8.54-8.53 (m, 1H), 8.01-7.99 (m, 1H), 7.42 (ddAJ7, 3.1 Hz, 1H), 7.26-
7.23 (m, 2H), 7.14-7.13 (m, 1H), 6.49 (s, 1H), 6(B&s, 1H), 5.59 (brs, 1H), 3.86 (s,
3H), 3.75-3.74 (m, 1H), 3.33-3.26 (m, 2H), 3.1543(M, 2H), 2.17-2.08 (m, 1H), 2.03-
1.51 (m, 24H), 1.35 (d, J= 6.4 Hz, 3H)C NMR (101 MHz, MeODY 176.4, 156.0,
144.9, 143.9, 135.4, 133.8, 133.0, 130.6, 129.2,9221.5, 109.9, 106.8, 93.1, 55.5,
43.5, 38.7, 37.5, 36.6, 33.3, 32.7, 27.2, 25.5}.18nal. calcd for GgH4sN306S: C
66.74, H 7.00, N 6.49, found: C 66.52, H 6.84, B36.

4.1.1.9. Compound 4i. Brown oil (63% yield)*H NMR (300 MHz, CDC}J), 5= 8.47

(dd, J=4.1, 1.6 Hz, 1H), 8.32 (dd, J=8.6, 1.5Hz), THB5 (dd, J= 8.6, 4.2 Hz, 1H), 6.37
(s, 1H), 6.19-6.07 (m, 1H), 5.51-5.34 (m, 1H), 3(843H), 3.85-3.79 (m, 1H), 3.32-
3.12 (m, 2H), 1.93-1.53 (m, 27H), 1.25 (d, J= 6 BH).**C NMR (75 MHz, CDGJ)
0171.4,147.6,144.9, 144.7, 134.4, 128.7, 12200,5, 107.1, 92.9, 56.9, 47.8, 44.1,
36.9, 34.3, 33.9, 33.1, 27.0, 25.5, 21.8, 19.1. MRESI]: m/z[M+H]" calcd for
Cs2H43BrN3Os: 644.2335, found: 644.2313.

4.1.2. General procedure for the synthesis of hybrids 4j—



To a solution of compount¥4 (0.31 mmol) in dry dichloromethane (7 mL) was atlde
triethylamine (0.5 mmol) and TBTU (0.31 mmol). Tie&action mixture was stirred for
60 minutes at 0 °C, underBtmosphere. Then a solution of compodB¢! (0.31
mmol) and triethylamine (0.33 mmol) in dry dichlarethane (2 mL) was added and,
after 30 minutes, the mixture was allowed to wasmobm temperature and react
overnight. After completion of the reaction, thextare was diluted with ethyl acetate
and washed with NaHGOThe combined organic phase was washed with tulimeq
over anhydrous N&Q,, filtered and, concentrated. Purification by flastumn

chromatography using ethyl acetate-hexane (4:8)ussnt gave the pure compound.

4.1.2.1. Compound 4j. Yellow solid (88% yield); mp: 110-112°¢4 RMN (300 MHz,
CDCly) 5 8.47 (dd, J= 4.1, 1.6Hz, 1H), 7.70 (dd, J=8.6H%,6LH), 7.25- 7.19 (m, 2H),
7.18-7.13 (m, 1H), 7.12-7.03 (m, 2H), 6.43 (s, 16432 (brs, 1H), 5-86-5.76 (m, 1H),
3.77 (s, 3H), 3.50-3.32 (m, 4H), 2.13-1.48 (m, 25¥@) NMR (75 MHz, CDCY) &
174.6, 163.4, 160.2, 155.4, 145.5, 144.5, 133.8,21333.1, 131.7, 131.6, 128.9,
122.0, 115.3, 115.0, 110.6, 110.5, 107.1, 92.63,%84.1, 41.5, 38.0, 36.9, 33.1, 29.0,
27.0. HRMS [ESI]: m/ZM+H]" calcd for GeHasFNzOs: 632.3136, found: 632.3107.

4.1.2.2. Compound 4k. Yellow solid (71% vyield); mp: 108-110°¢4 RMN (300 MHz,
CDCls) 6 8.54 (dd, J=4.1, 1.5Hz, 1H), 7.77 (dd, J=8.6, Z,5tH), 7.32-7.27 (m, 2H),
7.25-7.20 (m, 1H), 7.19-7.10 (m, 2H), 6.48 (s, 16431 (brs, 1H), 5.69-5.52 (m, 1H),
3.84 (s, 3H), 3.47-3.30 (m, 4H), 2.23-1.53 (m, 27£% NMR (75 MHz, CDC}) 5
174.5, 163.4, 160.2, 155.5, 145.8, 144.4, 133.9,31333.2, 133.1, 131.8, 131.7,
128.9, 121.9, 115.2, 115.0, 111.0, 110.4, 107.10,%8.6, 44.2, 42.9, 39.1, 36.9, 33.1,
27.5, 27.1, 26.6. HRMS [ESI]: m[®+H] " calcd for G7HsFNzOs: 646.3292, found:
646.3263.

4.1.2.3. Compound 4l. Yellow solid (77% yield); mp: 100-102°¢&4 RMN (300 MHz,
CDCl;) 8 8.46 (dd, J=4.1, 1.6Hz, 1H), 7.69 (dd, J= 8.6H%.6LH), 7.26-7.18 (m, 2H),
7.17-7.12 (m, 1H),7.11-7.01 (m, 2H), 6.40 (s, 16423 (brs, 1H), 5.56-5.41 (m, 1H),
3.77 (s, 3H), 3.34-3.15 (m, 4H), 2.22-1.34 (m, 29£% NMR (75 MHz, CDC}) &
174.4, 163.4, 160.2, 155.5, 145.9, 144.4, 133.9,31333.2, 133.1, 131.8, 131.8,
128.9, 121.9, 115.2, 115.0, 110.5, 110.2, 107.4,%5.6, 44.2, 43.2, 39.2, 36.9, 33.1,
29.5, 28.8, 27.1, 24.5. HRMS [ESI]: njM+H] " calcd for GgH47FN3Os: 660.3449,
found: 660.3417.



4.1.3. General procedure for the synthesis of hybrids 4m-s

To a solution of compountb (0.052 mmol) in dry dichloromethane (1 mL) was edid
the primaquine derivativé3a-cand13e-h (0.057 mmol). After stirring for 1h at room
temperature under Naitmosphere, AcOH (0.078 mmol) and STAB (0.078 mmeire
added. After 16 h, AcOH (0.052 mmol) and STAB (@ ®mol) were added to allow
the reaction to go to completion. The mixture wihisteld and basified to pH 10 with
saturated aqueous NaHg@énd the aqueous phase was then extracted with
dichloromethane and ethyl acetate. The organicgoivas washed with brine, dried
over anhydrous N&Qy, filtered and concentrated. Purification by flasthumn

chromatography using ethyl acetate-hexane (4:8)uest gave the pure compound.

4.1.3.1. Compound 4m. Yellow solid (42% yield): mp: 52-5€: 'H NMR (400 MHz,
MeOD), 5= 8.52-8.47 (m, 1H), 7.82 (brs, 1H), 7.80-7.74 {iH), 7.46-7.38 (m, 2H),
7.37-7.29 (m, 2H), 7.28-7.21 (m, 3H), 6.61 (s, 1390-3.82 (m, 1H), 3.80 (s, 3H),
3.16-2.93 (m, 2H), 2.79-2.67 (m, 2H), 2.57-2.49 @), 2.04-1.49 (m, 25H), 1.36 (d,
J=6.2 Hz, 3H,)**C NMR (101 MHz, MeODY 144.0, 136.2, 136.0, 133.2, 131.5,
127.8,126.3, 121.5, 107.4, 93.3, 55.8, 54.0, 486@®, 35.6, 33.8, 32.8, 27.1, 19.8.
HRMS [ESI]: m/z[M+H]" calcd for GgHsoN2Os: 628.3750, found: 628.3727.

4.1.3.2. Compound 4n. Yellow solid (62% vyield): mp: 75-7C; *H NMR (400 MHz,
MeOD), &= 8.50-8.44 (m, 1H), 7.75-7.69 (m, 1H), 7.29-7.68 6H), 6.60 (s, 1H),
3.89-3.70 (m, 4H), 3.14-2.88 (m, 2H), 2.75-2.60 2id), 2.54-2.41 (m, 2H), 2.05-1.39
(m, 25H), 1.33 (d, J=6.2 Hz, 3#)C NMR (101 MHz, MeODY 155.6, 145.0, 144.0,
133.2,133.1, 132.8, 132.0, 129.0, 121.6, 114.5,31109.8, 107.4, 92.8, 55.5, 53.9,
36.6, 35.6, 33.8, 32.7, 27.1, 24.7, 19.6. HRMS [&8Iz [M+H] " calcd for
CagHaoFN3Og: 646.3656, found: 646.3627.

4.1.3.3. Compound 40. Yellow solid (78% yield): mp: 79-8C; *H NMR (400 MHz,
MeOD), 5= 8.52-8.44 (m, 1H), 7.77-7.68 (m, 1H), 7.38 (d,7J& Hz, 2H), 7.29-7.16
(m, 3H), 6.60 (s, 1H), 3.88-3.80 (m, 1H), 3.7834), 3.12-2.90 (m, 2H), 2.83-2.72 (m,
2H), 2.60-2.50 (m, 2H), 2.26-2.17 (m, 1H), 2.0181(%h, 24H), 1.32 (d, J=6.2 Hz, 3H).
13C NMR (101 MHz, MeODp 155.5, 145.2, 144.1, 134.7, 133.7, 133.0, 1338,11,
128.7,127.8,121.7, 109.9, 107.2, 92.7, 55.5,,5%6%, 35.2, 33.6, 32.7, 27.1, 24.1,



19.6. Anal. calcd for €gH4sCIN3Os: C 68.92, H 7.31, N 6.34, found: C 68.63, H 7181,
6.21.

4.1.3.4. Compound 4p. Yellow solid (74% vyield): mp: 73-7€; *H NMR (400 MHz,
CDCl), 6= 8.60-8.52 (m, 1H), 7.83-7.76 (m, 1H), 7.75-7.69 RH), 7.53-7.43 (m,

2H), 7.33-7.24 (m, 1H), 7.22-7.15 (m, 1H), 6.521(d), 6.40-6.26 (m, 1H), 3.87 (s,
3H), 3.82-3.71 (m, 1H), 3.27-2.99 (m, 2H), 2.8072(f, 2H), 2.58-2.47 (m, 2H), 2.13-
1.48 (m, 25H), 1.39 (dl = 6.2 Hz, 3H)>*C NMR (101 MHz, CDGJ) 5 155.4, 148.9,
145.4, 144.4, 140.1, 133.9, 132.7, 132.1, 129.8,61228.2, 125.3, 125.1, 125.0,
122.1,110.4, 108.0, 92.3, 56.5, 55.0, 49.9, 48011, 36.9, 36.7, 34.6, 33.1, 29.7, 27.0,
26.2, 20.7. Anal. calcd for4gHsgFsN3Os: C 67.32, H 6.95, N 6.04, found: C 67.10, H
6.85, N 6.13.

4.1.3.5. Compound 4q. Yellow solid (68% vyield): mp: 75-7€; *H NMR (400 MHz,
MeOD), 5= 8.49-8.42 (m, 1H), 7.79-7.70 (m, 1H), 7.28-7.4% 8H), 7.14-7.06 (m,
2H), 6.59 (s, 1H), 3.87-3.78 (m, 1H), 3.76 (s, 3B11,3-2.91 (m, 2H), 2.74-2.57 (m,
2H), 2.50-2.41 (m, 2H), 2.37 (s, 3H), 2.02-1.47 @%H), 1.32 (d, J=6.3 Hz, 3H)’C
NMR (101 MHz, MeOD) 155.4, 144.7, 143.9, 135.9, 133.2, 132.9, 1328,11
128.4,121.4,111.4, 109.8, 107.4, 93.3, 55.6,,5®11, 36.6, 35.8, 33.9, 32.7, 27.1,
24.8,19.9, 19.7. Anal. calcd forgEs;N3Os: C 72.98, H 8.01, N 6.55, found: C 73.07,
H 7.98, N 6.62.

4.1.3.6. Compound 4r. Yellow solid (57% vyield): mp: 62-6€; *H NMR (400 MHz,
MeOD)§ 8.57-8.50 (m, 1H), 8.21-8.11 (m, 1H), 7.68-7.59 {id), 7.58-7.50 (m, 1H),
7.41-7.29 (m, 1H), 7.27-7.03 (m, 1H), 6.64 (s, 16453 (s, 1H), 3.94-3.77 (m, 4H),
3.20-2.95 (m, 2H), 2.82-2.71 (m, 2H), 2.59-2.50 2id), 2.09-1.48 (m, 25H), 1.38 (d,

= 6.3 Hz, 3H)*C NMR (101 MHz, MeOD} 156.2, 144.8, 144.0, 142.1, 141.6, 133.1,
129.1, 121.6, 113.2, 109.8, 107.3, 93.1, 55.6,,5%68, 35.5, 33.7, 32.7, 29.4, 27.1,
24.5, 19.6. Anal. calcd forggH47N3O6: C 69.99, H 7.67, N 6.80, found: C 69.79, H
7.74, N6.77.

4.1.3.7. Compound 4s Yellow solid (76% yield): mp: 66-6T; *H NMR (400 MHz,
MeOD) &= 8.55-8.45 (m, 1H), 7.99-7.90 (m, 1H), 7.51-7.40 {H), 7.34-7.25 (m, 1H),
7.24-7.19 (m, 1H), 7.12-7.03 (m, 1H), 6.59 (s, 1382 (s, 3H), 3.17-2.92 (m, 2H),
2.79-2.62 (m, 2H), 2.57-2.42 (m, 2H), 2.34-2.10 (i), 2.07-1.41 (m, 25H), 1.36 (d,

= 6.3 Hz, 3H)*C NMR (101 MHz, MeOD} 156.0, 144.8, 144.0, 135.4, 133.8, 133.2,



130.6, 129.3, 123.9, 121.6, 109.9, 107.4, 93.7,%81.0, 49.0, 36.6, 35.7, 33.8, 32.8,
32.7,27.1, 24.8, 19.8. HRMS [ESI]: njM+H] " calcd for GeH4sN3OsS: 634.3315,
found: 634.3291.

4.1.4. General procedure for the synthesis of hybrids 16a—d

To a solution of compount¥4 (0.25 mmol) in dry dichloromethane (5.62 mL) stig at
room temperature underldtmosphere, was added ethyl chloroformate (0.28ljnm
and dry triethylamine (0.38 mmol). Product formatiwas monitored by thin layer
chromatography and after 1 h, compouBdsd (0.25 mmol) were added to the reaction
mixture which was then stirred at 60°C. After abdut, a saturated solution of sodium
hidrogenocarbonate was added to the reaction awhitkture was then extracted with
dichloromethane. The organic phases were combdret] over anhydrous NaO;,
filtered and, concentrated. Purification by flasina@natography using ethyl acetate-

hexane (4:6) as eluent gave the pure compound.

4.1.4.1. Compound 16a Yellow solid (58% yield); mp: 184-186; *H NMR (400

MHz, CDCE) 8 10.10 (s, 1H), 8.85 (s, 1H), 8.64 (b= 2.8 Hz, 1H), 7.89 (d] = 8.6 Hz,
1H), 7.49 (tJ = 7.3 Hz, 2H), 7.41 () = 7.3 Hz, 1H), 7.33 (d] = 8.0 Hz, 2H), 7.31-
7.28 (m, 1H), 3.91 (s, 3H), 3.20 (s, 2H), 2.641(, 10.7 Hz, 1H), 2.25-1.55 (m,
25H)1*C NMR (101 MHz, CDGJ) 5 173.9, 154.7, 146.0, 135.5, 131.7, 128.7, 127.7,
122.4,119.1, 111.0, 107.6, 57.0, 45.8, 37.4, 3W&H. HRMS [ESI]: m/{M+H] " calcd
for Ca3H37N206: 557.2652, found: 557.2653.

4.1.4.2. Compound 16b. Yellow solid (52% yield); mp: 204-206; *H NMR (400

MHz, CDCE) & 10.09 (s, 1H), 8.84 (s, 1H), 8.64 (= 3.6 Hz, 1H), 7.85 (d] = 8.4 Hz,
1H), 7.34-7.27 (m, 3H), 7.17 d,= 8.6 Hz, 2H), 3.91 (s, 3H), 3.21 (s, 2H), 2.63 &

7.1 Hz, 1H), 2.20-1.61 (m, 24HYC NMR (101 MHz, CDGJ) 8 173.7, 163.6, 161.2,
154.9, 145.8, 135.5, 133.7, 133.0, 130.9, 128.8,514117.7, 115.6, 110.7, 107.3, 56.8,
45.7,37.1, 33.4, 30.2, 27.3. HRMS [ESI]: rite+H] * calcd for GaHasFN:Os:

575.2557, found: 575.2552.

4.1.4.3. Compound 16¢ Yellow solid (51% yield); mp: 208-22C; 'H NMR (400
MHz, CDCk) & 10.09 (s, 1H), 8.84 (s, 1H), 8.64 (& 3.0 Hz, 1H), 7.86 (d] = 8.5 Hz,
1H), 7.46 (dJ = 8.2 Hz, 2H), 7.32 (dd} = 8.6, 4.1 Hz, 1H), 7.27 (d,= 7.6 Hz, 3H),
3.91 (s, 3H), 3.20 (s, 1H), 2.63 Jt= 10.9 Hz, 1H), 2.23-1.54 (m, 26HJC NMR (101



MHz, CDCk) 6 173.6, 154.6, 145.8, 135.6, 133.6, 133.4, 1328,71, 128.0, 122.2,
117.3, 110.7, 107.2, 104.5, 56.7, 45.5, 37.1, 3, 27.2. HRMS [ESI]: mM+H] "
calcd for GaHz6CIN2Og: 591,2262, found: 591.2260.

4.1.4.4. Compound 16d. Yellow solid (52% yield); mp: 212-22€; *H NMR (400
MHz, CDCE) & 10.09 (s, 1H), 8.83 (s, 1H), 8.64 (b= 2.8 Hz, 1H), 7.86 (d] = 8.5 Hz,
1H), 7.61 (dJ = 8.2 Hz, 2H), 7.32 (ddl = 8.6, 4.1 Hz, 1H), 7.21 (d,= 8.3 Hz, 2H),
3.90 (s, 3H), 3.20 (s, 1H), 2.63 Jt= 10.9 Hz, 1H), 2.17-1.56 (m, 28HfC NMR (101
MHz, CDCk) 6 173.6, 154.4, 145.8, 135.5, 134.1, 133.1, 1328,0, 122.3, 121.6,
117.2,110.7,107.2, 104.4, 56.7, 45.5, 37.1, 283, 27.2, 19.0. HRMS [ESI]: m/z
[M+H] " calcd for GsHzeBrN,Og: 635,1757, found: 635.1747.

4.2. Biology
4.2.1. Activity against erythrocytic-stage P. falciparum

Human erythrocytes infected with about 1% parasdesfhring-stage W2 strail.
falciparum synchronized with 5% sorbitol were incubated wést compounds in 96-
well plates at 37C for 48 h in RPMI-1640 medium, supplemented wimav 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPRH 7.4, 10% heat inactivated
human serum(or 0.5% Albumax, 2% human serum), 80duM hypoxanthine under
an atmosphere of 3%,(6% CQ, and 91% M After 48 h, the cells were fixed in 2%
formaldehyde in phosphate-buffered saline (PBS)teartsferred into PBS with 100
mM NH,4CI, 0.1% Triton X-100, 1 nM YOYO-1, and infected/drocytes were
counted in a flow cytometer (FACSort, Beckton Didon; EX 488 nm, EM 520 nm).
Values of 1Go based on comparisons with untreated control esturere calculated by
using GraphPad PRISM software. Two independentrerpats were performed, each

with four replicates for each of the experimentahditions.

4.2.2. Activity against P. berghei liver stages

Inhibition of hepatic infection by test compoundasadetermined by measuring the
luminescence intensity in Huh-7 cells infected vétfirefly luciferase-expressirtg
berghel line as previously described.[35] Briefly, Huh-@lls, a human hepatoma cell
line, were cultured in RPMI-1640 medium supplemént&h 10 % (v/v) fetal bovine



serum, 1 % (v/v) nonessential amino acids, 1 %) (énicillin/streptomycin, 1 % (v/v)
glutamine, and 10 mM HEPES, pH 7, and maintain&@¥a€ with 5 % CQ For
infection assays, Huh-7 cells (1.0 ¥*}@&r well) were seeded in 96-well plates the day
before drug treatment and infection. The medium repkaced by medium containing
the appropriate concentration of each compoundoxppately 1 h prior to infection
with sporozoites freshly obtained through disruptod salivary glands of infected
femaleAnophel es stephensi mosquitoes. In control wells, the compounds’ vighic
(DMSO) was added in an amount equivalent to theggmt in the highest drug
concentration employed. Sporozoite addition wale¥atd by centrifugation at 1700 g
for 5 min. Parasite infection load was measuretl 48er infection by a
bioluminescence assay (Biotium, Hayward, CA). Ttect of the compounds on the
viability of Huh-7 cells was assessed by the Alddhae assay (Life) using the
manufacturer’s protocol. All compounds were inltiacreened at 1 and 10 uM and
compounds selected for Ef2letermination were additionally assessed at variou
concentrations determined on the basis of thalrattivity screen. Nonlinear
regression analysis was employed to fit the noedlresults of the dose-response

curves, and E& values were determined using GraphPad Prism V 5.0.

4.2.3. Metabolism studies

Compoundgl and16 were incubated with a reaction mixture consistihgat liver
microsomal protein (20 pL of a 20 mg théolution) in 50 mM PBS (160 pL), water
(570 pL), NADPH regenerating system solution A (40 containing 31 mM NADP,

66 mM glucose 6-phosphatase, and 0.67 mM M)g@hd NADPH regenerating system
solution B (8 pL, containing 40 U miLglucose-6-phosphate dehydrogenase in 5 mM
sodium citrate). After pre-incubation at°87for 5 min, enzyme reactions were initiated
by adding the parent solution of the drug (2 pmM) in DMSO. Samples were
aliquoted (80 pL) at various time points and stabipg protein precipitation through
addition of an equal volume of ice-cold acetoretriThe mixtures were centrifuged at
10,000 g for 10 min at room temperature. The swggans were immediately analyzed,
and the remaining parent drug versus time was ieahby HPLC. The HPLC system
consisted of a LichroCART 125-4 RP-18 (5 um) anedytcolumn on a LabChrom
L7400 Merck Hitachi instrument, with a mixture oethanol/water (85:15) as eluent at
a flow rate of 1 mLmift. HPLC detection was at the maximum of absorbafice o



compoundgl and16 (A=266 nm). The corresponding half-life values wegtednined

in triplicate.

4.2.4. Cytotoxicity Assays

Colorectal adenocarcinoma CaCo-2 cells (ATCC) vgeosvn in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS)artiiotic antimycotic solution
(A5955, Sigma) at 37 °C in a humidified 5% £&mosphere.

CaCo-2 cells were seeded on 96-well-plates andredtuntil reaching confluence.
Stock solutions of the compounds were diluted whtncell culture medium and added
to the confluent cells for 72 h (percentage of argaolvent<1%). After this period,
medium was removed from the plates and cells washed with PBS. Viability was
determined using neutral red as described elsevjB&f&ach experimental condition

was done in triplicate. Gigvalues were determined using GraphPad Prism sadtwa
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Highlights

C-5 substituted tetraoxane-8- aminoquinoline hybrids inhibit intra-erythrocytic parasites
Hybrids inhibit the development of P. berghei liver stage parasites

Hybrids more potent than a 1:1 mixture of 8-aminoquinoline-tetraoxane

Aryl substituents at C-5 of the 8-aminoquinoline moiety improve metabolic stability

Blocking the quinoline C-5 position does not result in loss of dual-stage activity



