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ABSTRACT

Lapachol is an abundant prenyl naphthoquinone oogum Brazilian Bignoniaceae that was
clinically used, in former times, as an antimalladaug, despite its moderate effect. Aiming to
search for potentially better antimalarials, aesnfl,2,3triazole derivatives was synthesized
by chemical modification of lapachol. Alkylation tfe hydroxyl group gave its propargyl ether
which, via copper-catalyzed cycloaddition (CuAAQ)ck chemistry with different organic
azides, afforded 17 naphthoquinonolyl triazole \g#ives. All the synthetic compounds were
evaluated for theim vitro activity against chloroquine resistaPtasmodium falciparunfW2)

and for cytotoxicity to HepG2 cells. Compounds eamnhg the naphthoquinolyl triazole



moieties showed higher antimalarial activity thapdchol (IGy 123.5uM) and selectivity index
(SI) values in the range of 4.5 to 197.7. Moleculacking simulations of lapachol, atovaquone
and all the newly synthesized compounds were choig for interactions witipf DHODH, a
mitochondrial enzyme of the parasite respiratorgirctihat is essential fate novopyrimidine
biosynthesis. Docking of the naphthoquinonolylzake derivatives t@fDHODH yielded scores
between -9.14 and -14.55 units, compared to -9fdBlapachol and -12.95 for atovaquone and
disclosed the derivativdd7 as a lead compound. Therefore, the study restitsv sthe
enhancement of DHODH binding affinity correlatedhwimprovement of SI values amd vitro
activities of the lapachol derivatives.

1. Introduction

Malaria remains a serious parasitic disease inidabpreas due to its high morbidity and
mortality rates. It is estimated that 212 millioamses occurred globally in 2015, leading to 429,
000 deaths, most of which were in children agedeudyears in Africa [1, 2]. The protozoans
Plasmodium falciparumand P. vivax are the main parasites responsible for this disethe
former, the most virulent, is responsible for 99¢%4he deaths. Resistance to antimalarial drugs
has been observed as a consequence of geneticansitand is a serious setback to antimalarial
programs, since it limits the use of effective drdidke chloroquine [3] and artemisinin [4].

Therefore, discovery of new categories of antimaldead compounds is an important priority

[5].
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Figure 1. Chemical structures of lapachol (1), atovaquoneai@) ubiquinone (3).

Quinones represent a large and important clasarbbayl-conjugated cyclic compounds with a
great number of therapeutic applications. Naturadlgurring naphthoquinones are commonly
found throughout different plant families, fungidaertain animals [6]. In this project, we
started with lapachollj because it is a well-known antimalarial compouhdpachol is a

hydroxy-prenyl naphthoquinone occurring in woodsess of South American Bignoniaceae [5].
Lapachol has been studied as an interacting maewaith various protein targets such as
plasmodial HSP70, [7] though in many studies ittaitkesd mechanism of action is unknown
and/or unreported [8]. It has been shown to intergih DHODH, but much more strongly with

human DHODH (1 nM) than with PIfDHODH (16M) [9]. Other modified lapachols, such as 3-
(3-methylbut-1-en-1-yl)-1,4-dioxo-1,4-dihydronapakn-2-yl acetate, have shown better
antimalarial activity than lapachol itself, [10-1&jowing the potential to improve upon lapachol

in the search for new antimalarials.

Atovaquone 2) is a synthetic hydroxy-naphthoquinone, structynadlated to lapachol, which is
very active againd®. falciparumin both erythrocytic and liver stages of the proi@ life cycle
and was introduced in malaria therapeutics in 26@fWwever, resistance was observed and it is
presently used in association with other antimalaidrugs [13, 14]. Atovaquone is also active

against other protozoa parasites includifmxoplasmaand Pneumocystislt has been shown to



be an inhibitor of coenzyme Q and ubiquinoBg (vhich play important roles in the parasitic
respiratory chain, an effect that has been relétetheir structural similarities. Atovaquone
blocks the mitochondrial electron transport chapecifically targeting the cytochromec;
complex in thePlasmodiumrespirational system and further interfering in mgrocesses
including protein synthesis and heme biogenesisateimportant for its survival [15, 16]. A
similar mechanism of action could be produced Ipathol and analogues, since they also have

a naphthoquinone core [17].

Recent studies suggest a “cross-relation” betwden respiratory chain and pyrimidine
biosynthesis [15]. Following the availability ofeltomplete parasite genome, it was realized that
P. falciparumis dependent ode novopyrimidine biosynthesis [18]. Thus, the parasgialso
susceptible to the inhibition of dihydroorotate gaétogenase (DHODH), a flavin-dependent
mitochondrial enzyme that catalyzes the fourth eatd-limiting step in thele novopyrimidine
biosynthetic pathway [19, 20]. Meanwhile, as den@ted by reported X-ray co-crystal
structures of human and plasmodial DHODHs boundsétective inhibitors, significant
differences exist between the DHODHs from differgpécies, in the whole sequence as well as

among the amino acids forming the inhibitor bindsig [18, 21, 22].

Therefore, P. falciparum DHODH (PfDHODH) represents a target for the discovery and
development of parasite-specific inhibitors thatuldolead to promising antimalarial lead
compounds [18, 23]. Different chemical scaffoldvéndoeen identified as potent inhibitors of
PfDHODH that show strong selectivity for the plasnadddHODH over that of the human host
[23, 24]. A number of co-crystal structures of theman andPfDHODH with bound inhibitors
are available in the RCSB Protein Data Bank (wwshrarg), and these have provided structural

insights into key protein-ligand interactions gaviag the selective inhibition d*fDHODH [18,



21, 22]. Several computational studies have be@&e dsing various approaches with a goal of
finding optimized PFDHODH inhibitors [25, 26]. Imis work, we applied molecular docking to
explore binding modes as well as to provide impdrtemformation about the quantitative
structure-activity relationship (QSAR) for the nesmpounds’ interaction with this enzyme.
Additionally, the present results might support piheposal of more potefDHODH inhibitors

[20, 27] based on the lapachol pharmacophore.
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Scheme 1. Naphthoquinonolyl-1,2,3-triazole hybrids from threkfferent routes via click

reactions.

Recently, naphthoquinone derivatives have showmmgsiag results as antiparasitic lead
compounds [28]. Conjugated hybrid compounds coeléib effective path to discovery of new
drugs by associating two different pharmacophoogigs with different mechanisms of action in
a single molecule, [29, 30] which could yield a gitnat kills the plasmodial parasites in two

different ways. The chloroquine pharmacophoric graesponsible to inhibit the polymerization



of the harmful heme group into the hemozoin nonictggment, was also planned to be
introduced in a final hybrid compound to have twasgible mechanisms of action, as shown in
Scheme 1 [29]. A synthetic approach to produce laridlymolecule is via click chemistry,
introduced by Sharpless, and currently widely ugedl] including for natural product activity
enhancement [32-39]. Hybrid molecules can be easdguced by combining a terminal alkyne
of a naphthoquinone intermedia®) (ith different organic azides. Our strategy wasnodify a
known active natural product lapachd),(first by alkylating at the hydroxyl position. iBhether
naphthoquinolyl intermediate was then reacted wdifferent organic azides supporting
sulfonamide or 7-chloroquinoline moieties besidescellaneous aryl groups using a copper

cycloaddition click reaction and to evaluate the@asmodial activity of the new compounds.

2. Results and discussion

Lapachol is an alkyl naphthoquinone natural procamturring inHandronthusspecies (Syn.
Tabebuia disclosing a large spectrum of biological aciest During the Second World War,
lapachol analogues including hydrolapachol anddiapé were studied in a search for alternative
antimalarial compounds. Later, a lapachol modifiducture led to development of the
antimalarial atovaquone, a synthetic chloride napéinone [40]. Structural modification of
lapachol, which is abundant in Braziliddandroanthusspp. (Bignoniaceae), was the strategy
aimed to prepare potentially more potent antimalanaphthoquinones. The possibility of
linking different moieties to the lapachol hydroxytoup was the inspiration for the present
work, once its easy alkylation by a Williamson rgat would afford the alkynyl moiety
necessary for the click reactions to be carried Brdm the propargyl eth&; a total of 17 new
naphthoquinonolylt,2,34riazole hybrid compounds were synthesized and tspopically

characterized.



Natural product lapacholl) was isolated by basic/acid work up and furthenifigd by silica
column chromatography and the synthesized compowete evaluated for thein vitro
antimalarial activity againg®. falciparumW2 that is a chloroquine resistant and mefloquine-
sensitive strain. Table 1 shows the yields of ek geactions, the I6 values for than vitro
antimalarial assayp(DH method), the C¢& values for the cytotoxicity to HepG2 cells (MTT
method) and the SI for each compound. In geneoal, dytotoxicity (CGo > 100 uM) was
observed except for the hybrid lapachol-AZT dernat(18) (CCso < 100 puM). All the
compounds disclosed #g< 100 uM and were thus more active than lapacl@ & 123.5 +
11.5 uM), except possibly fdtl, for which the exact 1§ was not determined (k> 104.6
UM). Eleven compounds showeds§& 10 puM, with the most active beirig, 14 and25 with
ICs00f4.0+£1.6,4.6£1.9, and 4.1 £1.0 uM, respety. The most promising compounds are
17 and25 that disclosed the highest Sl values (197.7 arid0] fespectively). Compourtialso
has a favorable Sl (128.8). Its effect might beabse of a second mechanism of action, that is,
the inhibition of heme polymerization, similarly tchloroquine, due to the presence of a

chloroquinolyl pharmacophore group.

Table 1 Yields of click reactions affording lapachol dexiwes 1, 7, 11, 13-28, in vitro
antimalarial activity (1Go uM) againsP. falciparum(W2 strain), cytotoxicity (Cé uM, HepG2

cells) and selectivity index (SI).

R IC50° (UM) CCso” (UM) SI° R ICs0 (UM) CCso (ULM) Sl
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13.6+3.4
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100.3+
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393.0£27.2

>33.4 20
128.8 21
112.7 22
340 23
1240 24
25

75.6
75.6 26
197.7 27
4.5 28

5.2
9825 2

YAtovaquone

8.4+41

>104.6

9.8 +£3.2

84+13

11.7+0.6

41+1.0

8.2 +55

142+1.4

18.8+3.3

1.22 x 1O+
0.0009

264.6 £40.3

482.8 £42.7

1154.0+ 37.8

707.2+£30.1

539.8 + 106.6

701.1 £55.9

531.5£79.9

200.1+ 29.3

256.0 £33.1

>40.0

315

<4.6

117.7

84.2

46.1

171.0

64.8

14.1

13.6

>327.9

®Cs0: concentration that inhibits 50% of the parasitewgh in relation to control cultures with

no drugs.

PCCsq: concentration that kills 50% of HepG2 cells, 24fter incubation with the compounds
determined by the MTT method.



“Sl: Selectivity Index = Cg&/ ICso

Molecular modeling can provide important informatiabout the interaction of the obtained
compounds and potential parasite targets, such MOOMH. The inhibitor-binding site of
PfDHODH, located in proximity to the cofactor-bindisge, is characterized by the presence of
two regions: the H-bond pocket, comprising H18528and R265, and the hydrophobic pocket.
It has been crystallographically proven that therigphthoquinone substructure of atovaguone
binds into the H-bond pocket, while its large hymhobic substituent resides in the hydrophobic
pocket. Interestingly, the compounds reported ia ffaper also possess a 1,4-naphthoquinone
moiety, similarly to atovaquone, as well as a ldrgdrophobic substituent attached at position 3.
On the basis of this information, molecular modglstudies were designed aiming to explore
the putative binding modes of these new compouhdseainhibitor-binding site oPfDHODH.

In general, several available structures of the DHCenzyme with bound inhibitors of various
sizes show that there is an overlap of the portadrike structures that fit into the H-bond pocket
and exhibit polar interactions with H185, Y528 aR@65. On the other hand, the size of the
hydrophobic pocket is variable, depending on th&@wnations of the side chains of F171 and
F188. In addition, we observed that M536 and Y168 tao additional residues with a high
degree of conformational flexibility in the samednyphobic pocket. Therefore, in order to study
the binding mode of the new ligands of variablee siwe used the Induced Fit docking protocol
(Schidinger package), in which the ligand-binding siexibility was taken into account to
explain the binding modes of ligands varying iresi& summary of docking scores predicted for
the interaction of the obtained compounds VAIBHODH (PDB-Id: 1TV5) is given in Table 2,

together with their Iggvalues.
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Table 2. In vitro antimalarial activity (IG in uM) and predicted docking scores (kcal/mol) of
lapachol and the synthetic naphthoquinonolyl commgisuwith PIDHODH by the Induced Fit

docking protocol.

Compound 1Go Docking score Compound e Docking score
1 Lapachol 1235+ 11. -9.137 19 19.1 £ 1.4 -10.99:
2 Atovaquone 1.22x 1%+ -12.94¢ 20 8.4+4. -12.91¢
0.0009
7 15.1 £ 3.( -11.49¢ 21 > 104.¢ -10.1¢
11 8.2+0.! -9.37¢ 22 9.8+3.. -12.70¢
13 4.0+ 1 -12.50¢ 23 84+1.: -12.60¢
14 461 -12.58% 24 11.7 £ 0.¢ -12.01
15 7.8+1. -13.44¢ 25 4.1+1( -12.9¢
16 8.7x3.« -13.44¢ 26 82 5! -12.29¢
17 52+1.¢ -14.5¢ 27 142 +1. -12.0¢
18 13.6 + 3. * 28 19.4 £ 3. -13.62:

*Failed to dock into the inhibitor-binding site

The molecular docking data supported the potemigraction of lapachol and the synthetic
naphthoquinonolyl compounds with tREDHODH enzyme as the putative mechanism of action
and the inhibition of parasite growth vitro. In general, compounds fit well into the binding
pocket of PIDHODH, the tightness of binding varying with theesiof the ligand, which is
expressed by the docking scores. In order to expla binding of the studied compounds, the
ligand-binding site is labeled as three pocketedam the binding of atovaquone: pocket 1 (P1)
occupied by the 1,4-naphthoquinone moiety, pockéP2 accommodating cyclohexane, and

pocket 3 (P3) occupied by the 4-chlorobenzene (Figure 2). The 1,4-naphthoquinone, a

11



common substructure, displayed direct interactiith R265 and Y528 in pocket P1, and its
binding pose was stabilized by hydrophobic intecast with 1172, 1263 and V532 amino acids.
The unsaturated isoprenyl moiety at position 2haf 1,4-napthoquinone moiety occupied the
proximal hydrophobic pocket P2 comprising interas with the amino acids F188, V223, F227
and Y528. It has been shown experimentally thasitie chain of F188 attains various rotameric
states in P2 in order to allow the protein to accmudate ligands of variable sizes as well as to
provide access to P3. Interestingly, since the ibmaite was kept flexible during docking
studies, F188 attained a down-pointing conformaitiomost of the inhibitor-dockeBRfDHODH
structures, so as to accommodate the large sudsStupresent at position 3 of 1,4-
naphthoquinone. Additionally, F188 exhibited aramanteractions with thel,2,3triazole
moiety in an edge-to-face manner. In addition, Xt#3triazole moiety was oriented parallel to
the disulfide bridge between C175 and C184, whichnects the two helicesl anda2 of
PIDHODH, and exhibited hydrophobic interactions w@h75, L176, C184, and other proximal
amino acids. Among the studied novel molecules7( 11, 13-28), major differences were
observed in the relative binding of the variousssiibents linked to the nitrogen N1 of th@,3
triazole moiety into P3 dPfDHODH. To accommodate these substituents, F17han helix
attained distinct conformations and was found toilak aromatict—r stacking or other types of
hydrophobic interactions. The better activity oleer for compound atovaquon)(over
lapachol 1) is apparently due to the presence of the hydraphptopargyl group which fit
better into the hydrophobic pocket. The piperidiid moiety of 14 formed H-bonds with the
OH of Y168 and the backbone C=0 of F171. The pijpee ring in13 (docking score = -12.504)
exhibited bidentate H-bonding with the backbone @f®171 and with Y168 in pocket P3. The

substitution of the acetyl group for the piperidytrogen (compound9, docking score = -

12



10.994) reduced the binding score, due to loss-bbitling with F171 and Y168, which could
be one of the reason behind its lesser potencynstg@i falciparum In comparison ta24
(docking score = -12.014), compou®8 which contains an-methoxy group in addition to &
nitro, showed better binding (docking score = -80)9 due to the hydrophobic contribution in
pocket P3. The sulfonamide analog2edisplayed poorer binding affinity (docking score =
10.120), which agreed with its experimentally-destoated lower activity (16z). The docking
study suggested7 as the compound with the highest affinity 8fDHODH. As shown in
Figure 2, the 3-pyridyl substituently) exhibited aromatie—r stacking interactions with F171
(in theal-helix) as well as H-bonding with the backbone biHM536 along with hydrophobic
interactions. In addition, it favored the CHr-interaction between the2,3triazole and F188
(Figure 2). Attempts of docking withl8 failed, probably because of its overall large size
Possibly the pocket P3 failed to accommodate thkysubstituent on N1 of it§,2,3triazole
core. Therefore, compountl8 is predicted not to act through the inhibition BIDHODH
enzyme for its antimalarial activity (k¢ = 13.6 + 3.4 pM). The quinoline analogiealso
displayed comparatively poorer binding affinity thveas apparently due to the bulkiness of its
qguinoline ring, leading to impaired interactionpocket P3. Overall, the docking study suggested
compoundl? as the lead againBfDHODH (score =14.550Q (IC50 =5.2 + 1.8uM; Sl = 197.7).
The structure-activity relationships could be fertkexplored by incorporating small substitutions
on the 3-pyridyl ring. Such structural modificat®oare expected to enhance enzyme binding

affinity and thus lead to compounds with highergnaty against the parasite.

13
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Figure 2. (a) Superposed view of the X-ray structure ofD&ODH with bound atovaquone
(cyan carbon) (PDB-ID: 1UUM) and two structuresRIDHODH with bound DSM267 (dark
green carbon) (PDB-ID: 3SFK) and A26 (orange cayld&®bB-ID: 1TV5). The inhibitor and
proximal co-factor binding sites are encircled wilack dashed lines. The inhibitor binding site

is categorized into three sub-pockets as PockBtl), Pocket 2 (P2) and Pocket 3 (P3) (roughly
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separated by gray long-dashed lin€k)i) Depiction of predicted binding modes of (h)(c) 11,

d) 14, (e)13, (f) 24, (9) 21, (h) 17, and (i)7, all with PDHODH (1TV5). The protein is shown as
gray-colored cartoon, while ligands are shown disaval-stick form. The inhibitor binding sites
in images b-i are depicted as surface view, cola@mbrding to the electrostatic potential (blue:
electropositive, red: electronegative). Some interactions are shown with blue dashed lines

and some hydrogen bonds or other electrostaticaictiens are shown with black dotted lines.

3. Conclusion

The present work describes the synthesis of 18 thaghbinonolyld,2,3triazole compounds
based on natural product modification with antipladial activity. Lapachol derivatives
disclosed higher activity than the natural prod®&K of these final modified lapachdl2,3
triazole compounds showed SI > 100. The most piagisompounds such as compoudds

22 and25 have some structural similarities such as a dulsti aryl side chain in the triazole
ring. The triazole naphthoquinolyl compounds witityopphenyl (compound9 with SI = 5.3) or
benzyl (compound5with SI = 53.0) moieties had moderate activity. Howeviee, presence of
heteroatoms such as a chlorine substituent orageit on the aromatic ring played an important
role SI = 51.0, 75.6, 128.8 and 197.7 for compou@8s16, 7 and 17, respectively). Other
promising compounds such S (Sl of 171.Q demonstrate that nitro and methoxy groups also
can play an important role, depending upon thégr af attachment. Atovaquone and compound
11 with terminal alkyne and pyrimidine moieties, wih of 112.7 and 124.0, respectively, also
provide important information for future studiesodking studies support the possibility that
these compounds do targ&lDHODH. Based on the best docking scorEswas identified as

the best lead compound agaiR$DHODH. Structure-activity relationship studies abdlirther

15



be explored by incorporating small substitutions tbe 3-pyridyl ring of17. Doing so is
expected to enhance enzyme binding affinity and flead to compounds with higher potency

against theé>f parasite.

4. Materials and Methods

4.1. Biological activity

4.1.1. Continuous cultures oPlasmodium falciparum

P. falciparumW2 clone, which is chloroquine-resistant and nepiloe-sensitive [41], was kept
in a continuous culture at 37 °C in human erythtesysing the candle jar method [41, 42]. The
antimalarial effect of the compounds was measukethé pLDH assay [43, 44]. Parasites were
kept in complete culture medium (RPMI) containiraglism bicarbonate (21 mM), D-glucose
(11 mM), HEPES (25 mM), hypoxanthine (300 pM) arehtamicin (40 pg/ml) that was
supplemented with 10% human plasma on culture gijstie culture medium being changed
daily. All experiments were performed in triplicafEhe compounds were tested in triplicate at
each concentration. The cultures with predominarntig-stage parasites were concentrated by
sorbitol-synchronization [45]. A suspension of t#dod cells with 0.05% parasitemia and 1.5%
hematocrit was distributed in a 96-well micro tipate (180 pl/well). The parasite growth was

evaluated by the pLDH assay, as summarized below.

4.1.2. Evaluation of thein vitro antimalarial activity by the pLDH assay

The antimalarial effects of the compounds and ef ¢bntrols were measured by the lactate

dehydrogenase dPlasmodium falciparun(pLDH) assay as previously described [20], with

16



minor modifications. Briefly, ring-stage parasitessorbitol-synchronized blood cultures were
added to 96-well culture plates at 2% parasitemehI®6 hematocrit and then incubated with the
test drugs that were diluted in complete mediummf50 mg mL* stock solutions in DMSO, at

a final concentration of 0.002% (v/v) and stored-20 °C. After a 48 h incubation period, the
plates were frozen (—20 °C for 24 h) and thawedHterpLDH assay. The hemolyzed cultures
were transferred to another 96-well culture plate] Malstat® and nitro blue tetrazolium salt
and phenazine ethosulphate (NBT/PES) reagentsadgled. After 1 h of incubation at 37 °C in
the dark, the absorbance was read at 570 nm iearephotometer (Infinifé200 PRO, Tecan).

The results were evaluated with the software Miat@rigin 8.5 for determination of the dose-
response curves plotted with sigmoidal fit [46].eTliCso was determined by comparison with

controls with standard drug and without drugs.
4.1.3. Cytotoxicity evaluation in human hepatoma decultures — HepG2 cell

Hepatoma cells HepG2 cell were maintained at 3ih®% CQ in 75 cnf sterile culture flasks
(Corning®) with RPMI 1640 culture medium supplemented with 5BS, penicillin (10 U/ml),
and streptomycin (100 g/ml), with changes of medtunce a week. The cells were maintained
in weekly passages (at 1:3 dilutions in sterilgurel flasks) and grown to 80% [47]. They were
used for experiments after being trypsinized (0.aBsin/0.5 mM EDTA) and plated on 96
well microplates [48]. The test samples and cost(ohloroquine and atovaquone) were diluted
to a final concentration of 0.02% DMSO in culturedium to yield four concentrations in serial
dilutions starting at 1,000 mg/ml. After 24 h inatibn at 37 °C, 18 pul of MTT solution (5
mg/ml in PBS) were added to each well, followedadmpther 90 min incubation at 37 °C. The
supernatant was then removed, and 180 ul of DMS®asdded to each well. The culture plates

were read in a spectrophotometer with a 570 nnerfild7]. The minimum cytotoxicity

17



concentration was determined as described preyiousth slight modifications (DMSO was
used instead of ethanol for solubilizations andgbsitive control used was chloroquine instead
of primaquine). Each test was performed in dupdicand the concentration that killed 50% of
the cells (CG) was determined [49]. The selectivity index (1) the antimalarial activity was
then calculated based on the ratio betwee,@8d G, for thein vitro activity againstP.
falciparumas described [50]. Most of the compounds showed 8D and could be considered

non-toxic [51].
4.2. Extraction
4.2.1. Plant material

Trunkwood ofHandroanthus serratifoliugVahl) S.O. Grose were collected from specimens
identified by Dr. Prof. Jodo Renato Stehmann, tuistide Ciéncias Biologicas, Universidade
Federal de Minas Gerais. A voucher specimen (BHEZ®898) is deposited in the herbarium of
Instituto de Ciéncias Biologicas da Universidadddfal de Minas Gerais, Belo Horizonte, MG,

Brazil.
4.2.2. Extraction and isolation of lapachol

The pulverized wood material (3000 g) was maceratitdl 10 L of a 2.5% sodium carbonate
solution for 12 h. The suspension was filtered thedfiltrate was acidified with HGl, conc.,
resulting in precipitation of a dark viscous maie(iL80.0 g) that was filtered under vacuum,
dried in an oven at 45 °C and further extractedh withloromethane in a Soxhlet apparatus for
12 h. Further purification was performed by chromgaaphy through a silica gel column. The
product was eluted with dichloromethane/hexane yiv) as a bright yellow solid (5.3 g) and

was characterized as lapachb) y classic methods includirtgl NMR and**C NMR.
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4.3. Chemistry
4.3.1. General

Chemicals and reagents were purchased from comahsuppliers and used as received unless
noted otherwise. Reactions were monitored by tayed chromatography (TLC) on precoated
0.2 mm silica gel 60 &4 (Merck) plates and visualized in several ways \athultraviolet light
source at 254 nm, by spraying with Hanissam rea{@etic ammonium molibidate-CAM),
anisaldehyde sulfuric acid, Dragendorff reagentiaatine. All reactions were performed in
standard dry glassware without inert atmospher@ap&ration and concentration were done in
standard rotavapors (Buchi and IKA) under vacuuhC Was carried out with silica gel 60 with
fluorescent indicator (e.g., Silica Gel F-254 or-HB Merck) after previous activation with
heating at 100 °C overnight and visualization by lig\it or Dragendorff reagent. Melting points
(mps) were measured in a Fisher-Jones melting ppiparatus and are uncorrectid.and**C
NMR spectra were measured on a Bruker Advance DBOX Rourier 300HD and DRX400 with
FT analysis. Chemical shifts are report@d@ppm) with SiMg as internal standard. Coupling
constantsJ) are given in Hertz. The deuterated solvents wgsm@d CQOD, CDCE or DMSO-

ds. All 2D NMR data were recorded at 400 MHz (BrukBRX400), heteronuclear single
guantum coherence (HSQC) usidgl45 Hz, and heteronuclear multiple-bond corretatio
(HMBC) usingJ 8 Hz. Infrared spectra were recorded on a FT-g&c8um One (Perkin-Elmer)
with ATR system and are reported in wave numbers?jc Samples were diluted with
methanol-formic acid 0.1% solution. High resolutiorass spectrometry (HRMS) data were
recorded on a Shimadzu liquid chromatography-mpasstsometry ion trap and time-of-flight
(LCMS-IT-TOF) spectrometer using electrospray iatizn (ESI) and Waters ACQUITY

tandem quadrupole detector (TQD).

19



4.3.2. Materials

4,7-Dichloroquinoline, benzyl bromide, aniline, [B-dmomethyl)pyridine, 3-

(bromomethyl)pyridine hydrobromide, 2-bromopyridirzazidotolueno solution, sulfonamide,
2-methoxy-4-nitroaniline, 4-fluoroaniline, 4-me#ye2-nitroaniline, 4-aminobenzonitrile, 4-
hydroxypiperidine, 1-Boc-4-hydroxypiperidine, moaldar sieves A4, molecular sieves A3,
triethylamine, 3-bromoprop-1-yne, Ziduvudine, Hygeo Chloride 1M solution, RPMI 1640
medium, sodium bicarbonate, D-glucose, HEPES, hgpit®ne, gentamicin, D-sorbitol, PBS,
BSA, TMB, FBS, penicillin, streptomycin, tripsin/HIA, and DMSO were obtained from
Sigma-Aldrict? USA, Ltd. Copper sulphate pentahydrate was obdafrem Reagefy ascorbic

acid was obtained from SyMthMPFG-55P and MPFM-55A antibodies were purchaserh f

ICLLABS®, sulfuric acid, diethyl ether, dichloromethanexdme, ethyl acetate, chloroform,
sodium bicarbonate and sodium sulphate were ofstdimen FMai&, and were used without

further purification. Glassware was from HialoquieiLtd.
4.3.3 Synthetic Approach

Lapachol {) was O-alkylated using propargyl bromide propymadetone, providing the alkyne
naphthoquinonolyl intermediatd 1) in good yield, after optimizing conditions to pide this
regioisomer rather thanl2. Using parallel synthesis, 4,7-dichloroquinoling) (was
functionalized in sodium azide, via a nucleophtigbstitution reaction (&R), to provide
compound9 [52]. Next, these two intermediates were combibgdCopper-Catalyzed-Azide-
Alkyne Cycloaddition (CUAAC) to produce the lapakthig?,3triazole hybrid7 as shown in

Scheme 2

20



Cl

Cl Ny
= — "
X NaN3, “ \
N “ DMF N cl
N
o (0] \
8 85°C ° CUSO45H20 O\/[ '/N
sodium ascorbate I t. O‘ N
A

o ///\Br o Click Reaction
OH 10 o F o 7
—_—
O‘ acetone O‘ hybrid triazole compound
X R e
r.t. ' 0 i
10 0 ! !
" and ; ©
isolated from Bignoneaceae ' O‘
X
: O\///

.........................

Scheme 2. Synthesis of the naphthoquinonolyl hybridontaining a 7-chloroquinoline moiety
obtained via click reaction between the terminagkyak 11 and the organic azid® in a

convergent route.

Different azides could also by prepared by bimdcwnucleophilic substitution (&) or

aromatic nucleophilic substitution &r) as shown infScheme 353]. Commercially available
alkyl and aryl halides and Zidovudine® (AZT) wersed as shown i&cheme 3 Compounds
13-17 were prepared in high yield reactions (60 to 952gmpoundl4 was obtained after Boc

deprotection ofl3 using anhydrous acid conditions.

21



0]
o _Z
LA

R
11 [
X NaNj, DMF N3 ©
\ rt \ click reaction
R . R
X=Ms, Br.
R=
=
OES @j C; <
N N NN N
Boc H
13 14 15 16 17

Scheme 3. Naphthoquinonolyl hybrid synthetic route for cligactions betweehl and organic

azidesl3-18.

Another explored route to azides was provided loynatic nucleophilic substitution (8r) via

diazotization reaction of commercially availabléliaes (Scheme 4.
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Scheme 4. Aromatic nucleophilic substitution (&) forming diazonium salts “in situ”

providing different organic azides as starting nmatks for click reactions with alkyn#l.

The structures of the products were characterizedplectroscopic data including HRMS-ESI-

IT-TOF, IR,'H and**C NMR (Cf. Supporting Information).

4.3.4. Isolation, Synthesis and characterization

Lapachol

Yield: 0.5% from bark, orange solid, IR cm’): 3348, 2972, 2907, 1659, 1638, 1591, 1456,
1367, 1351, 1336, 1237, 1209, 1182, 1153, 10468,1926, 846, 675'H NMR (200 MHz,
CDCl): 08.13-8.05 (m, 2H, Hand H;), 7.78-7.63 (m, 2H, kKand H), 7.34 (s, 1H, OH), 5.21
(m, 1H, Hy), 3.30 (s, 3H, = 6.6 Hz, Hi), 1.79 (s, 3H, k), 1.68 (s, 3H, ht). °C NMR (50
MHz, CDCk): o0 184.46, 181.71, 152.72, 134.77, 133.73, 133.02.78B3 129.54, 126.78,
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126.02, 123.57, 119.73, 25.67, 22.65, 17.85. HRNBHE-TOF: m/z calculated £H1503
(M+H) 243.1021, found 243.1152.

Azides
N3
5 10 4
6 X3
= 2
Cl77 9 N

4-Azido-7-chloro-quinolineq) [54]

To a solution of 4,7-dichloroquinoline8)( (2.0 g, 10 mmol) in 5 mL anhydrous DMF and
molecular sieves A4, sodium azide (1.3 g, 20 mmad)s added in one portion at room
temperature, and the resulting mixture stirred @ for 8 h, when TLC indicated reaction
completion. The reaction mixture was allowed tolcmoroom temperature and then it was
diluted with 100 mL CHClI,, washed with water (3 x 40 mL), dried over anhygdrdlaSO,, and
evaporated to dryness. The resulting product resideas purified by small column
chromatography eluted with G8Il,/Hexane mixture 1:1 to yield the final pure prodast
colorless, needle-like crystals (1.8 g, 91%), mp 1€ (from CHCI,/Hex), Rf (EtOAc/Hex 3:7)
0.29.

IR (Amax CITIY): 3079, 3036, 2983, 2118, 1670, 1608, 1578, 15687, 1489, 1440, 1417, 1373,
1351, 1300, 1278, 1199, 1146, 1090, 1071, 1011, 888, 880, 840, 818, 777, 768, 671, 663.
'H NMR (200 MHz, CDCJ): §8.76 (1H, d,J = 5.0 Hz, H), 8.00 (1H, dJ = 2.0 Hz, H), 7.88
(1H, d,J = 8.8 Hz, H), 7.49 (1H, dd,J = 2.0 Hz,J = 8.8 Hz, H) 7.13 (1H, dJ = 5.0 Hz, H).

13C NMR (50 MHz, CDCJ): 6151.33, 149.59, 146.30, 136.57, 128.23, 127.53,712 119.91,
108.73.

General methodology to produce azides by nucleopfdlaromatic substitution

Sodium azide (1.5 equivalent9)(and a commercially-available alkyl halide (1.Cuirglent)
were mixed in anhydrous DMF (2 mL) and stirred @am temperature. The reaction was left

running overnight and was stopped when it was cetagdlas shown by TLC. Work-up of the
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reaction mixture with CkCly, brine and water (2 x 10 mL), was followed by dyiover NaSO,
and the product was used without further purifmatpy column chromatography.

O

e

N

-

N3

O

Tert-butyl 4-azidopiperidine-1-carboxylataq).

IR (Amax CMY): 2976, 2932, 2863, 2090, 1687, 1468, 1451, 14382, 1364, 1129, 1087, 1019,
938, 863, 816, 769, 7254 NMR (200 MHz, CDCJ): §4.82 (m, 1H, H), 3.73-3.20 (m, 4H,
H,), 3.00 (s, 3H, ), 1.99-1.81 (m, 5H, kland H), 1.42 (s, 9H, H. *C NMR (50 MHz,
CDCly): 154.40, 79.86, 40.45, 38.76, 31.59, 28.29, 8.55.

(Azidomethyl)benzene3().

Yield: 98%, viscous colorless oil, IR\fa cmi’): 3127, 3047, 2924, 2849, 1610, 1593, 1560,
1504, 1449, 1438, 1348, 1310, 1244, 1115, 10468,1922, 875, 834, 822, 813, 767, 674.
NMR (200 MHz, CDCY): d 7.49-7.44 (m, 5H), 4.39 (M, 2H}*C NMR (50 MHz, CDCJ):

135.38, 128.73, 128.50, 128.14, 128.13, 54.60 HRESSIT-TOF: m/z calculated EsNs
(M+H) 134.0718, found 134.0758.

25



2-(Azidomethyl)pyridine 32).

IR (Amax CMi%): 3034, 2089, 1571, 1508, 1474, 1420, 1285, 12389, 1140, 1124, 1100, 1038,
1019, 978, 935, 909, 857, 797, 700, 687.NMR (200 MHz, CDCJ): §8.60 (d, 1HJ = 4.2
Hz), 7.73 (t, 1H,J = 7.6 Hz), 7.34 (d, 1H] = 7.6 Hz), 7.30 (t, 1H] = 4.2 Hz), 4.39 (M, 2H).
13C NMR (50 MHz, CDC)): 4155.57, 149.55, 136.99, 122.91, 121.99, 53.49. SFA&I-IT-
TOF: m/z calculated 1N, (M+H) 135.0671, found 135.0744.

N3

3-Azidopyridine 83).

IR (A\max CM%): 3064, 3036, 2090, 1593, 1491, 1470, 1454, 13293, 1278, 1174, 1128, 1075,
1025, 1002, 895, 810, 745, 686, NMR (200 MHz, CDCY): §8.02 (m, 2H), 6.97-6.93 (m, 2H).
13C NMR (50 MHz, CDCY): §145.34, 140.63, 136.36, 125.16, 123.45, HRMS-HST-OF: m/z
calculated @HsN4 (M+H) 121.0514, found 121.0596.

N3
;
2
3
4

Azidobenzened4).

IR (Amax CITIY): 3247, 3064, 3036, 2122, 2090, 1593, 1490, 14754, 1293, 1279, 1173, 1128,
1075, 895, 820, 810, 6851 NMR (200 MHz, CDCY): 07.32 (t, 2H,J = 7.6 Hz, H), 7.11 (t, 1H,

J = 7.6 Hz, H), 7.00 (d, 2HJ = 7.6 Hz, H). *C NMR (50 MHz, CDC}): & 139.96, 129.65,
124.77, 118.94.
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1-Azido-3-fluorobenzene3g).

IR (Amax CITiY): 3075, 2107, 1589, 1484, 1446, 1446, 1294, 12082, 1153, 1108, 1099, 944,
922, 858, 843, 767, 673, 6661 NMR (200 MHz, CDCY): 57.23 (t, 1H,J = 6.8 Hz, H), 6.83-
6.66 (M, 3H, K Hs and H). *C NMR (50 MHz, CDCY): & 164.89, 160.97, 141.97, 141.77,
130.82, 130.63, 114.58, 111.92, 111.49, 106.79,3006

Azido-benzenesulfonamid&6).

IR (\max CiY): 3398, 3076, 2102, 1638, 1510, 1488, 1464, 12607, 951, 916, 849, 806, 822,
813, 764, 703'H NMR (200 MHz, DMSO6g): §7.84 (d, 2H,J = 7.0 Hz, H), 7.37 (s, 2H,

NH,), 7.28 (d, 2HJ = 7.0 Hz, H). *C NMR (50 MHz, DMSO¢): J142.88, 140.45, 127.58,
119.40. HRMS-ESI-IT-TOF: m/z calculatedtGN,O,SNa (M+Na) 221.0109, found 221.0100.

1-azido-4-chlorobenzen&Y).

IR (Amax CNMiY): 2024, 2849, 2120, 2089, 1592, 1484, 1292, 12694, 1128, 1090, 1011, 821,
744, 707 H NMR (200 MHz, CDCJ): 67.25 (d, 2H,) = 8.6 Hz, H), 6.88 (d, 2H,J = 8.6 Hz,
H,). *C NMR (50 MHz, CDC{): 5138.53, 130.08, 129.66, 120.09.
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4-Azidobenzonitrile 38).

IR (Amax CNMiY): 3400, 3222, 3094, 3043, 2974, 2142, 2105, 11638, 1598, 1503, 1448, 1416,
1377, 1303, 1278, 1176, 1126, 1110, 965, 942, 818, 747, 704*H NMR (200 MHz, CDCJ):
57.64 (d, 2H,J = 8.8 Hz, H), 7.11 (d, 2H,J = 8.8 Hz, H). *°C NMR (50 MHz, CDC)): &
144.85, 133.71, 129.88, 128.15, 119.65, 118.17,3P0HRMS-ESI-IT-TOF: m/z calculated
C/HaNsNa (M+Na) 167.0334, found 167.0898.

1-Azido-2-methoxy-4-nitrobenzen89).

Yield: 80%, orange solid, IRAfa, cni'): 3116, 3086, 2924, 2849, 2112, 1607, 1588, 1509,
1498, 1441, 1418, 1340, 1311, 1264, 1250, 11865,11375, 1009, 916, 903, 818, 812, 743,
715, 698H NMR (200 MHz, CDCJ): 67.45 (d, 1H,J = 4.8 Hz, H), 7.23 (s, 1H, k), 7.20 (d,

1H, J = 5.4 Hz, H), 3.86 (s, 3H, H). **C NMR (50 MHz, CDCJ): 4 156.55, 141.25, 127.09,
121.99, 120.97, 110.22, 56.06. HRMS-ESI-IT-TOF: ne&culated @HgN4,OsNa (M+Na)
217.0338, found 217.0248.

N3

OMe

1-Azido-4-methoxy-2-nitrobenzend().
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IR (Amax cm'l): 3116, 3086, 2924, 2849, 2112, 1607, 1588, 150898, 1441, 1418, 1340, 1311,
1264, 1250, 1186, 1135, 1075, 1009, 916, 903, 818, 743, 715, 698H NMR (200 MHz,
CDCl): 07.45 (d, 1HJ = 4.8 Hz, H), 7.23 (s, 1H, K), 7.20 (d, 1HJ = 5.4 Hz, H), 3.86 (s,
3H, Hy). *C NMR (50 MHz, CDCJ): d156.55, 141.25, 127.09, 121.99, 120.97, 110.22656
HRMS-ESI-IT-TOF: m/z calculated8sN,OsNa (M+Na) 217.0338, found 217.0248.

1-Azido-4-nitrobenzened(l).

IR (Amax Crmit): 3225, 3003, 2954, 2910, 2836, 2099, 1712, 15284, 1240, 1180, 1172, 1108,
1031, 822, 754'H NMR (200 MHz, CDC}): §8.23 (d, 2HJ = 9.0 Hz, H), 7.13 (d, 2H,) = 9.0
Hz, H,). °C NMR (50 MHz, CDCY): 5146.81, 144.64, 125.50, 119.33.

\‘6/7

0.0
b

N

2
3
4

Tert-butyl 4-(methylsulfonyl)piperidine-1-carboxylat&3).

'H NMR (200 MHz, CDCJ): 54.82 (m, 1H, H), 3.73-3.20 (m, 4H, b}, 3.00 (s, 3H, k), 1.99-
1.81 (m, 5H, H and H), 1.42 (s, 9H, K). **C NMR (50 MHz, CDCJ): 6 154.40, 79.86, 40.45,
38.76, 31.59, 28.29, 8.55. HRMS-ESI-IT-TOF: m/zcotdted GiHNO,S (M+H) 264.1270,
found 264.1242.
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2-(3-Methylbut-2-enyl)-3-(prop-2-ynyloxy)naphthakei ,4-dione 1)

Lapachol was dissolved in anhydrous aceton€@ was added and the mixture was stirred for
5 minutes. Then a solution of bromo-propine waseddslowly in drops at r.t. and left stirred for
72 hours at 35 °C. The reaction was completed b€, Téoncentrated, elaborated with ethyl
acetate and water, dried over 8@, and purified by Prep-TLC using DCM/Hexane 1:1 as

eluent to yield a yellow solid as major product.

Yield: 35%, mp 135-137 °C, IR\fax cmi’): 3117, 3074, 3033, 2924, 2883, 1664, 1651, 1609,
1592, 1578, 1497, 1455, 1336, 1300, 1261, 12383,11966, 1052, 948, 929, 849, 818, 795,
768, 700.*H NMR (200 MHz, CDCJ): 07.95-7.88 (m, 2H, kland H), 7.60-7.56 (m, 2H, H
and Hyg), 5.07-5.06 (m, 3H, Hand Hs), 3.26 (d, 2H,J = 7.4 Hz, Hy), 2.55 (t, 1HJ = 7.4 Hz,
Hy), 1.72 (s, 3H, k), 1.60 (s, 3H, k). °C NMR (50 MHz, CDCY): 5184.72, 181.34, 154.76,
136.31, 133.62, 133.57, 133.10, 131.76, 131.09,00261L25.93, 119.76, 78.37, 25.65, 25.60.
HRMS-ESI-IT-TOF: m/z calculated,gH,703; (M+H) 281.1178, found 281.0938.

General methodology for click reactions: 4-Azido-compound and lapachol alkyne were
dissolved in CHCIl, (2 mL), followed by addition of CuS(H,O (0.3 equivalents) and an
aqueous solution of sodium ascorbate (0.6 equitglé® mL) freshly prepared. The reaction
mixture was left overnight and the reaction wagppéal when it was completed as shown by
TLC. Work-up of the reaction mixture was done wWa@H,Cl, and water (3 x 10 mL), dried over
NaSO, and finally purified by preparative TLC or colunshromatography with DCM/Hexane
(1:1 viv).

30



2-((1-(4-Chlorophenyl)-1HE,2,3triazol-4-yl)methoxy)-3-(3-methylbut-2-enyl)naplaiene-1,4-
dione

Yield: 69%, mp 151-155 °C, IR\§ay CMiY): 3087, 2909, 1657, 1610, 1593, 1502, 1440, 1422,
1349, 1331, 1306, 1259, 1239, 1211, 1191, 10928,1980, 932, 844, 722H NMR (400 MHz,
CDCL): 68.17 (s, 1H, ), 8.10-8.05 (m, 2H, b and Hs), 7.72-7.69 (M, 4H, &l Hi; and Ha),
7.51 (d, 2H,J = 8.6 Hz, H), 5.60 (m, 1H, H), 5.04 (t, 1H,J = 7.2 Hz, Hg), 3.28 (d, 2H,J = 7.2

Hz, Hig), 1.72 (s, 3H, bb), 1.63 (s, 3H, bb). **C NMR (100 MHz, CDCJ): §185.02, 181.90,
155.99, 144.99, 135.90, 135.52, 134.77, 133.88,883333.27, 132.15, 131.51, 129.98, 126.36,
126.14, 121.76, 121.45, 119.83, 66.12, 25.68, 233®3. HRMS-ESI-IT-TOF: m/z calculated
CaaH20CIN3Os (M+Na) 456.1091, found 456.1164.

2-((1-(4-Methoxyphenyl)-1HE, 2, 3triazol-4-yl)methoxy)-3-(3-methylbut-2-enyl)napladlene-
1,4-dione

Yield: 71%, mp 116-125 °C, IR\fay CMiY): 3022, 3008, 2921, 1662, 1610, 1592, 1541, 1517,
1439, 1332, 1303, 1241, 1191, 1045, 951, 830, 800, 666'H NMR (200 MHz, CDCY): &
8.12 (s, 1H, I§), 8.06-8.04 (m, 2H, i and H3), 7.71-7.67 (M, 2H, H and H4),7.63 (d, 2H,) =

31



8.8 Hz, H), 7.02 (d, 2H,J = 8.8 Hz, H), 5.60 (s, 1H, K), 5.03 (t, 1HJ = 7.2 Hz, Ho), 3.86 (s,
3H, Hy3), 3.26 (d, 2HJ = 7.2 Hz, Hg), 1.72 (s, 3H, bb), 1.63 (s, 3H, b). *C NMR (50 MHz,
CDCl): ¢ 185.27, 182.03, 160.05, 156.16, 135.37, 144.55.913 134.03, 133.96, 133.45,
132.15, 131.55, 130.48, 126.49, 126.29, 122.34,9421119.93, 114.93, 66.30, 55.76, 25.89,
23.40, 18.08. HRMS-ESI-IT-TOF: m/z calculatedsi;3Nz0, (M+Na) 452.1586, found
452.1485.

2-(3-Methylbut-2-en-1-yl)-3-((1-(pyridin-2-ylmethyll H-1,2,3triazol-4-
yl)methoxy)naphthalene-1,4-dione

Yield: 43%, mp 82-88 °C, IRMuax CMY): 3131, 2923, 1651, 1607, 1591, 1476, 1456, 1437,
1372, 1330, 1307, 1264, 1244, 1192, 1154, 11263,1952, 921, 845, 827, 767, 747, 768.
NMR (200 MHz, CDCJ): 69.05 (sl, 1H, H), 8.68 (s, 1H, k), 8.30 (s, 1H, k), 8.16-8.01 (m,
3H, Hys, His and H), 7.68-7.66 (m, 2H, H and Hy), 7.49 (s, 1H, K, 5.58 (s, 2H, ht), 5.08 (t,
1H,J = 7.0 Hz, Hy), 3.28 (d, 2H, = 7.0 Hz, Hy), 1.68 (s, 3H, k), 1.59 (s, 3H, k). **C NMR

(50 MHz, CDC}): J185.14, 181.94, 155.97, 150.18, 145.33, 141.66,913 134.01, 133.66,
133.46, 132.06, 131.43, 128.22, 126.42, 126.24,4124121.77, 119.81, 66.06, 25.86, 23.36,
18.06. HRMS-ESI-IT-TOF: m/z calculated8l2sN,0; (M+H) 415.1770, found 415.1665.
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2-((1-(7-Chloroquinolin-4-yl)-1Ht,2,3triazol-4-yl)methoxy)-3-(3-methylbut-2-
enyl)naphthalene-1,4-dione

Yield: 78%, mp 130-136 °C, IR\ {as cmi’): 3128, 3095, 3053, 2963, 2909, 2852, 2124, 1657,
1610, 1591, 1560, 1505, 1454, 1437, 1332, 13048,12836, 1189, 1043, 949, 908, 877, 849,
817, 710H NMR (200 MHz, CDCJ): 69.04 (d, 1HJ = 4.6 Hz, H1), 8.27 (m, 2H, Hand H),
8.07.-8.05 (m, 2H, b and Hyg), 7.95 (d, 2HJ = 8.6 Hz, H), 7.73-7.71 (m, 2H,i} and Hy),
7.59-7.55 (m, 2H, kland H;), 5.68 (s, 2H, hb), 5.09 (t, 1H,J = 6.6 Hz, Hs), 3.31 (d, 2HJ =

6.6 Hz, Hs), 1.74 (s, 3H, k), 1.64 (s, 3H, k). **C NMR (50 MHz, CDC}): 5184.89, 181.83,
155.88, 151.31, 150.23, 144.85, 140.85, 136.92,9133.33.89, 133.27, 132.06, 131.39, 129.43,
129.03, 126.33, 126.09, 125.26, 124.37, 120.59,74]19116.01, 65.98, 25.66, 23.29, 17.92.
HRMS-ESI-IT-TOF: m/z calculated&H,,CIN4sOsNa (M+Na) 507.1200, found 507.1917.

4-(4-((3-(3-Methylbut-2-enyl)-1,4-dioxo-1,4-dihydraphthalen-2-yloxy)methyl)-1H52,3

triazol-1-yl)benzonitrile

Yield: 46%, mp 170-175 °C, IR\ax cMiY): 3151, 3052, 2911, 2233, 1655, 1606, 1593, 1502,
1442, 1373, 1350, 1331, 1259, 1238, 1192, 114361049, 921, 896, 844, 833, 791, 781,
7001H NMR (200 MHz, CDCY): 68.28 (s, 1H,k), 8.09-8.08 (m, 2H, i and H3), 7.97-7.87
(M, 4H,H and H), 5.68 (s, 2H, k), 5.05 (t, 1H,J = 7.2 Hz, Hy), 3.31 (d, 2H,J = 6.0 Hz, Ho),
1.73 (s, 3H, k), 1.64 (s, 3H, ). *C NMR (50 MHz, CDCY): & 184.92, 181.83, 155.85,
145.54, 139.74, 135.92, 133.91, 133.29, 132.08413126.35, 126.11, 125.89, 121.27, 120.63,
119.74, 117.52, 112.68, 65.98, 25.66, 23.26, 1719RMS-ESI-IT-TOF: m/z calculated
CasHaN4OsNa (M+Na) 447.1433, found 447.1907.

33



Tert-butyl 4-(4-((3-(3-methylbut-2-enyl)-1,4-dioxo-1dlhydronaphthalen-2-yloxy)methyl)-1H-
1,2,3triazol-1-yl)piperidine-1-carboxylate

Yield: 41%, mp 100-107 °C, IR\{ax cmi’): 3130, 3051, 2974, 2925, 2094, 1683, 1667, 1654,
1605, 1578, 1454, 1402, 1365, 1333, 1274, 1259717892, 1166, 1117, 1049, 1019, 948, 934,
849, 819, 771, 708, 662 NMR (200 MHz, CDCY): 68.08-8.04 (m, 2H, band Hg), 7.79 (s,
1H,Hg), 7.72-7.68 (m, 2H, H and H7), 5.51 (s, 2H, hb), 5.03 (t, 1HJ = 6.6 Hz, Hy), 4.65-
4.58 (m, 1H, H), 4.30-4.24 (m, 2H, B, 3.24 (d, 2H,) = 6.6 Hz, H1), 2.95 (t, 2HJ = 12.4 Hz,
Hs), 1.70 (s, 3H, bt), 1.64 (s, 3H, k), 1.48 (s, 13H, kland H). **C NMR (50 MHz, CDC)): &
185.00, 181.80, 156.06, 154.43, 135.73, 133.76,613333.18, 132.08, 131.47, 126.24, 126.06,
119.83, 80.10, 66.32, 58.23, 42.54, 32.36, 30.8636} 25.64, 23.22, 17.86. HRMS-ESI-IT-
TOF: m/z calculated £gH34N4OsNa (M+Na) 529.2427, found 529.2432.
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2-(3-Methylbut-2-enyl)-3-((1-(piperidin-4-yl)-1H52,3triazol-4-yl)methoxy)naphthalene-1,4-
dione

To a solution of compound (50 mg, 0.1 mmol) in 3 mL of diethyl ether and OrL of
methanol, was added a solution of hydrogen chloddé (2 mL) and stirred at room
temperature for 5 minutes. Product was washed sathNaHCQaq) (3 x 5 mL), dried over

NaSO, and concentrated in vacuum to afford a viscousg®gail as product.

Yield: 25%, mp 115.9-120.3 °C, IRfa cMi): 3049, 3006, 2924, 1670, 1422, 1365, 1238,
1156, 1002, 943, 855, 76%H NMR (200 MHz, CDCY): 68.28 (s, 1H,k), 8.09-8.08 (m, 2H,
Hi, and Hg), 7.97-7.87 (m, 4H,kHand H), 5.68 (s, 2H, i), 5.05 (t, 1HJ = 7.2 Hz, Ho), 3.31

(d, 2H,J = 6.0 Hz, Hg), 1.73 (s, 3H, k), 1.64 (s, 3H, kb). 3C NMR (50 MHz, CDCY): &
185.00, 181.81, 155.45, 135.74, 133.75, 133.61,183331.47, 126.23, 126.06, 119.84, 80.12,
66.29, 58.21, 42.53, 32.34, 30.55, 28.35, 25.6222317.84. HRMS-ESI-IT-TOF: m/z
calculated GsHo7N4O3 (M+H) 407.2083, found 407.2187.
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2-((1-(3-Fluorophenyl)-1Ht,2,3triazol-4-yl)ymethoxy)-3-(3-methylbut-2-enyl)naplaiene-1,4-
dione

Yield: 34%, mp 33-35 °C, IRApay crit): 3056, 3046, 2918, 2850, 1668, 1652, 1606, 1500,
1484, 1459, 1373, 1351, 1332, 1260, 1339, 1205),11842, 1048, 952, 869, 781, 710, 6'H.
NMR (200 MHz, CDC}): 48.19 (s, 1H,H), 8.09-8.08 (m, 2H, i and Hs), 7.73-7.71 (m, 2H,
His and Hg), 7.53 (s, 3H, K, Hs and H), 7.16 (t, 1HJ = 7.4 Hz, H), 5.61 (s, 2H, k), 5.07 (t,
1H,J = 6.2 Hz, H1), 3.29 (d, 2H,) = 6.2 Hz, Ho), 1.72 (s, 3H, ki), 1.64 (s, 3H, kb). °C NMR

(50 MHz, CDC}): J184.97, 181.85, 155.95, 144.97, 138.26, 138.05,853 133.83, 133.79,
133.23, 132.12, 131.48, 131.30, 131.11, 126.31,192@.21.46, 119.82, 115.88, 115.83, 115.53,
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108.61, 108.08, 66.07, 29.64, 25.64, 23.27, 1719R1. HRMS-ESI-IT-TOF: m/z calculated
Ca4H20FN3OsNa (M+Na) 440.1386, found 440.1154.

3 4
2 5
7 N /
N—s

2-(3-Methylbut-2-enyl)-3-((1-(pyridin-2-ylmethyl)H-1,2,3triazol-4-yl)methoxy)naphthalene-
1,4-dione

Yield: 37%, mp 125-130 °C, IR\fax cmi’): 3131, 3049, 2923, 1651, 1607, 1606, 1591, 1476,
1456, 1437, 1347,1330, 1307, 1264, 1244, 1224, 11924, 1053, 1029, 994, 952, 921, 845,
827, 792, 767, 747, 706, 690, 66.NMR (200 MHz, CDCY): 08.56 (s, 1H,H), 8.05-8.04 (m,
2H, His and Hg), 7.86 (s, 1H, k), 7.69-7.62 (m, 3H, | His and H-), 7.18-7.14 (m, 2H, K
and H), 5.66 (s, 2H, ht), 5.55 (s, 2H, k), 5.00 (t, 1HJ = 6.4 Hz, H,), 3.19 (d, 2H,) = 6.4 Hz,
Ho1), 1.66 (s, 3H, k), 1.61 (s, 3H, k). **C NMR (50 MHz, CDC}): 6184.99, 181.81, 155.92,
154.32, 148.70, 137.37, 137.22, 135.82, 133.70,5733.33.15, 132.07, 131.47, 126.19, 126.08,
124.01, 123.35, 122.30, 119.80, 66.10, 55.62, 2528020, 17.83. HRMS-ESI-IT-TOF: m/z
calculated gsH»,N,O3Na (M+Na) 437.1590, found 437.1685.

2-(3-Methylbut-2-enyl)-3-((1-(4-nitrophenyl)-1H;2,3triazol-4-yl)methoxy)naphthalene-1,4-
dione
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Yield: 76%, mp 140-145 °C, IR\fay ci'): 3152, 3019, 2921, 1713, 1659, 1600, 1596, 1523,
1341, 1258, 1194, 1110, 1059, 1045, 1017, 989, 829, 796, 749, 684H NMR (200 MHz,
CDCly): 68.45 (s, 1H,H), 8.39 (d, 2H, H), 8.08-8.00 (m, 4H, klH1, and Ha), 7.73-7.71 (m,
2H, Hy; and Hy), 5.61 (s, 2H, H), 5.05 (t, 1H,J = 7.0 Hz, Hg), 3.29 (d, 2H,J = 7.0 Hz, Hy),
1.72 (s, 3H, H), 1.63 (s, 3H, kh). **C NMR (50 MHz, CDCJ): J 184.89, 181.82, 155.85,
147.461, 145.68, 141.08, 135.89, 133.91, 133.83.2B3 132.07, 131.40, 126.33, 126.09,
125.49, 121.47, 120.55, 119.74, 65.93, 25.63, 23.286. HRMS-ESI-IT-TOF: m/z calculated
CoaH20N40sNa (M+Na) 467.1331, found 467.1100.

2-((1-Benzyl-1H1,2,3triazol-4-yl)methoxy)-3-(3-methylbut-2-enyl)naplalene-1,4-dione

Yield: 81%, mp 94-100 °C, IR\fay cmi’): 3117, 3074, 3033, 2924, 1664, 1631, 1592, 1515,
1497, 1369, 1331, 1239, 1191, 1056, 1045, 1035, 951, 8494, 818, 818H NMR (200 MHz,
CDCl): 08.10 (s, 1H, H), 8.08-8.04 (m, 2H, band Ha), 7.71-7.61 (m, 4H, EH12 and Hs),
7.04-6.99 (m, 3H, KHand H,), 5.60 (s, 2H, i, 5.04 (t, 1H,J = 7.2 Hz, Ho), 3.86 (s, 2H, b),
3.30 (d, 2HJ = 7.2 Hz, Hg), 1.71 (s, 3H, bk), 1.62 (s, 3H, k). *C NMR (50 MHz, CDC}): &
185.01, 181.85, 160.00, 156.04, 144.40, 135.79,763333.67, 133.18, 132.12, 131.52, 130.47,
126.26, 126.10, 122.20, 121.65, 119.87, 114.82066&:5.60, 25.63, 23.27, 17.88. HRMS-ESI-
IT-TOF: m/z calculated &H»4N303 (M+H) 414.1818, found 414.2003.
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Tert-butyl 4-(4-((3-(3-methylbut-2-enyl)-1,4-dioxo-1dlhydronaphthalen-2-yloxy)methyl)-1H-
1,2,3triazol-1-yl)piperidine-1-carboxylate

Yield: 41%, mp 100-107 °C, IR\fax cmi'): 3151, 3050, 2974, 2925, 2094, 1683, 1667, 1654,
1605, 1578, 1454, 1402, 1365, 1333, 1274, 12597,1PB92, 1166, 1117, 1049, 1019, 948, 934,
849, 819, 771, 708, 662H NMR (200 MHz, CDC{): §8.08-8.04 (m, 2H, band Hg), 7.79 (s,
1H,Hg), 7.72-7.68 (m, 2H, H and H7), 5.51 (s, 2H, k), 5.03 (t, 1H,J = 6.6 Hz, H)), 4.65-
4.58 (m, 1H, H), 4.30-4.24 (m, 2H, bJ, 3.24 (d, 2HJ = 6.6 Hz, H,), 2.95 (t, 2HJ = 12.4 Hz,
Hs), 1.70 (s, 3H, k), 1.64 (s, 3H, k), 1.48 (s, 13H, kland H). **C NMR (50 MHz, CDC}):
4185.00, 181.80, 156.06, 154.43, 135.73, 133.76,6133133.18, 132.08, 131.47, 126.24,
126.06, 119.83, 80.10, 66.32, 58.23, 42.54, 3238666, 28.36, 25.64, 23.22, 17.86. HRMS-
ESI-IT-TOF: m/z calculated £H34N4OsNa (M+Na) 529.2427, found 529.2432.

2-(3-Methylbut-2-enyl)-3-((1-phenyl-1H;2,3triazol-4-yl)methoxy) naphthalene-1,4-dione

Yield: 59%, mp 89-107 °C, IR\fay cMi’): 3055, 3031, 3002, 2951, 1651, 1592, 1500, 1455,
1332, 1263, 1239, 1188, 1046, 955, 850, 759, '6B8IMR (200 MHz, CDCY): 4 8.20 (s,
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1H,Hs), 8.09-8.04 (m, 2H, B and Hgs), 7.76-7.67 (m, 5H, b Ha, Hi1 and Hy), 7.53-7.48 (m,
2H, Hg), 5.62 (s, 2H, K, 5.04 (t, 1H,J = 7.4 Hz, Hy), 3.28 (d, 2H,J = 7.4 Hz, Hg), 1.71 (s, 3H,
Hos), 1.62 (s, 3H, k). *C NMR (50 MHz, CDCJ): 0185.01, 181.85, 155.99, 136.98, 135.79,
133.79, 133.72, 133.20, 132.09, 131.47, 129.73,882826.26, 126.10, 121.54, 120.56, 119.82,
66.12, 25.63, 23.25, 17.88. HRMS-ESI-IT-TOF: m/rokated G4H,.N3;0; (M+H) 400.1661,
found 400.1580.

2-(3-Methylbut-2-en-1-yl)-3-((1-(o-tolyl)-1H-,2,3triazol-4-yl)methoxy)naphthalene-1,4-dione

Yield: 63%, mp 59-60 °C, IRApax cri'): 3117, 3074, 3033, 2924, 2883, 1664, 1651, 1609,
1592, 1578, 1455, 1439, 1375, 1336, 1300, 12618,1PB93, 1127, 1029, 1010, 986, 948, 929,
849, 818, 802, 795, 778, 768, 740, 700, 675, 88INMR (300 MHz, CDC}): §8.09-8.06 (m,
3H, Hs Hipand Hg), 7.72-7.70 (m, 2H, H and Ha), 7.42-7.27 (m, 4H, K Hs Ha Hz3), 5.64 (s,
2H, Hy), 5.07 (t, 1HJ = 7.4 Hz, Ho), 3.28 (d, 2H,J = 7.4 Hz, Hg), 2.19 (s, 3H, k), 1.72 (s,
3H, M), 1.64 (s, 3H, k). *C NMR (75 MHz, CDC)): §185.21, 181.96, 156.02, 143.72,
136.32, 135.38, 133.94, 133.67, 133.39, 133.34,0P3431.55, 131.50, 131.40, 130.07, 130.03,
126.91, 126.31, 126.21, 119.71, 66.18, 25.82, 2317536, 17.79. HRMS-ESI-IT-TOF: m/z
calculated GsH24N303 (M+H) 414.1739, found 414.1310.

39



2-((1-(2-Methoxy-4-nitrophenyl)-1H- 2, 3triazol-4-yl)methoxy)-3-(3-methylbut-2-
enyl)naphthalene-1,4-dione

Yield: 55%, mp 229-236 °C, IR\, CNMiY): 3152, 2921, 1713, 1659, 1600, 1525, 1503, 1457,
1341, 1265, 1231, 1185, 1140, 1096, 1048, 1018, 968, 883, 828, 799, 743, 7281 NMR
(200 MHz, CDCY): 58.68 (s, 1H,H), 8.34-8.32 (m, 2H, Band Hs), 8.28-8.24 (m, 2H, b Hy),
8.02-8.00 (m, 2H, hand H4) 7.22-7.14 (m, 1H, bY), 5.61 (s, 2H, K), 5.10 (t, 1H,] = 7.8 Hz,
Hig), 3.24 (d, 2HJ = 7.8 Hz, Hg), 1.57 (s, 3H, bb), 1.59 (s, 3H, bh). *C NMR (50 MHz,
CDCl): & 184.89, 181.71, 155.69, 136.45, 141.26, 135.68,783 133.64, 133.18, 131.83,
131.22, 126.11, 125.96, 125.57, 125.45, 120.96,561965.77, 56.91, 25.57, 23.11, 17.77.
HRMS-ESI-IT-TOF: m/z calculatedH2sN406 (M+H) 475.1618, found 475.1580.

SO,NH,
4 22

4-(4-(((3-(3-methylbut-2-en-1-yl)-1,4-dioxo-1,4-gitironaphthalen-2-yl)oxy)methyl)-1H;2,3
triazol-1-yl)benzenesulfonamide

Yield: 76%, mp 198-200 °C, IR\fax ci’): 3241, 3071, 2929, 2850, 1660, 1623, 1592, 1455,
1386, 1262, 1240, 1197, 1112, 1095, 1050, 995, 838, 904, 850, 798, 786, 722, 66H
NMR (300 MHz, DMSO¢): *H NMR (300 MHz, DMSO¢): 59.08 (s, 1H,k), 8.16-8.13 (m,
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2H, Hipand Hg), 8.04-8.01 (m, 2H, b, 7.98-7.85 (m, 2H, ¥, 7.57-7.55 (m, 2H, Hand HJ),
5.58 (s, 2H, H), 4.83 (t, 1HJ = 6.0 Hz, Hg), 3.09, (d, 2H,) = 6.0 Hz, Hg), 1.98 (I, 2H, NH)
1.57 (s, 3H, k), 1.47 (s, 3H, k). **C NMR (75 MHz, DMSOs): &185.10, 181.56, 156.50,
144.55, 144.38, 138.93, 134.88, 134.69, 134.37.973231.84, 131.66, 128.02, 126.47, 126.24,
123.75, 120.75, 120.39, 65.62, 25.84, 23.11, 18MBMS-ESI-IT-TOF: m/z calculated
CaaH2aN4OsS (M+H) 479.1389, found 479.3354.

0)

1-((2R,4S,5S)-5-(hydroxymethyl)-4-(4-(((3-(3-metbyt-2-en-1-yl)-1,4-dioxo-1,4-
dihydronaphthalen-2-yl)oxy)methyl)-1H-1,2,3-triazZblyl)tetrahydrofuran-2-yl)-5-
methylpyrimidine-2,4(1H,3H)-dione

Yield: 42%, mp 178-185 °C, IR\fay CMi'): 3241, 3071, 2929, 2850, 1660, 1623, 1592, 1455,
1386,1262, 1240, 1197, 1112, 1095, 1050, 995, 839, 904, 850, 798, 786, 722, 66d.NMR
(400 MHz, DMSO¢k): 08.21 (s, 1H, k), 8.09-8.06 (m, 2H, i and Hgs), 7.76-7.70 (m, 2H,
Hi1 Hig) 7.56-7.26 (M, 1H, bf), 5.62-5.61 (m, 1H, k), 5.04-5.02 (m, 3H, FH10), 3.88-3.84
(m, 1H, H), 3.65-3.61 (M, 2H, KH-OH), 3.30-3.28 (M, 2H, B, 1.72-1.61 (m, 4H, i Hg), 1.71

(s, 3H, Hs), 1.62 (s, 3H, bh), 1.24 (s, 3H, kb). *C NMR (100 MHz, DMSOde): J 185.21,
181.99, 156.02, 144.68, 136.92, 135.92, 133.97,3¥33.32.08, 131.46, 129.85, 129.04, 126.38,
126.22,121.77, 120.68, 119. 76, 104.27, 66.1®463%8.51, 25.72, 23.30, 17.94, 15.32. HRMS-
ESI-IT-TOF: m/z calculated £gH30NsO; (M+) 548.2145, found 548.4600.
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4.4. Molecular modeling

The molecular modeling studies were accomplishatguse Schrodinger Small Molecule Drug
Discovery Suite (version 2015-3) [55]. The X-raystal structure oPfDHODH with a bound
inhibitor A26 (PDB-ID: 1TV5) [22] was retrieved fno the Protein Data Bank and prepared
using Schrodinger’'s Protein Preparation Wizard ([PR%8] by adding hydrogens, predicting
missing amino acids or side chains, adding cajis tand N-termini, removing water molecules
beyond 5 A from the bound ligand A26, assigningtiphicharges using the OPLS—-AA 2005
(optimized potentials for liquid simulations — atoms 2005) force field and finally by running a
rapid constrained energy minimization. Ligands watetched in Maestro [57], studied for any
ionization states or possible tautomer(s) and gnenmimized using LigPrep [58]. Energy-
minimized ligands and protein were used in the ¢eduFit [59] docking protocol using the
Standard Precision (SP) docking mode, which has keewn to be a reliable approach [60].
The docking score reported is the Glide scorethdlIpossible tautomers of each compound were
used in docking. For example, for Lapachtl the oxy form (O-) displayed the best docking
score, and hence its score was reported in thik amad that form was included Kigure 2. The
docking site (receptor grid) was defined using tlecrystalizedPfDHODH inhibitor; amino
acids within 7 A of the docked ligand were allowtedbe flexible during Glide docking and
optimized using the Prime tool simultaneously, ctadance with the InducedFit docking
protocol. Other co-crystalized ligands FMN (flavimononucleotide) and ORO (orotate) in the

crystal structure were kept rigid. Visualizatiordagraphics were done in Maestro.
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