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a b s t r a c t

Malaria remains a prevalent infectious disease in developing countries. The first-line therapeutic options
are based on combinations of fast-acting artemisinin derivatives and longer-acting synthetic drugs.
However, the emergence of resistance to these first-line treatments represents a serious risk, and the
discovery of new effective drugs is urgently required. For this reason, new antimalarial chemotypes with
new mechanisms of action, and ideally with activity against multiple parasite stages, are needed. We
report a new scaffold with dual-stage (blood and liver) antiplasmodial activity. Twenty-six spiroox-
adiazoline oxindoles were synthesized and screened against the erythrocytic stage of the human malaria
parasite P. falciparum. The most active compounds were also tested against the liver-stage of the murine
parasite P. berghei. Seven compounds emerged as dual-stage antimalarials, with IC50 values in the low
micromolar range. Due to structural similarity with cipargamin, which is thought to inhibit blood-stage
P. falciparum growth via inhibition of the Na þ efflux pump PfATP4, we tested one of the most active
compounds for anti-PfATP4 activity. Our results suggest that this target is not the primary target of
spirooxadiazoline oxindoles and further studies are ongoing to identify the main mechanism of action of
this scaffold.

© 2022 Published by Elsevier Masson SAS.
1. Introduction

Malaria is a hematoprotozoan infectious disease caused by
Plasmodium parasites. In 2020, the WHO estimated that there were
241million cases in 85 endemic countries, with the greatest burden
in Africa. Malaria is particularly deadly in young children under 5,
with about 77% of the 627 000 total malaria deaths estimated to
occur in this age group in 2020. Other high-risk populations are
pregnant women and non-immune travelers to malaria-endemic
regions [1]. The bulk of serious morbidity and mortality from ma-
laria is caused by Plasmodium falciparum, the most virulent human
malaria parasite.

Malaria is transmitted by the bite of infected female Anopheles
. Santos).

.

mosquitoes, which inject sporozoites into the skin of the
mammalian host. Sporozoites travel to the liver and invade hepa-
tocytes, where they replicate extensively without causing disease
symptoms. Upon completion of this developmental process, mer-
ozoites released from hepatocytes enter the bloodstream and
invade erythrocytes to begin the asexual bloodstream infection that
is responsible for the clinical manifestations of malaria. Malaria
therapy is directed against intraerythrocytic parasites. Activity
against liver-stage parasites can prevent bloodstream infection, and
thus offer chemoprevention against malarial illness [2].

Several drugs have been used to treat malaria (Fig. 1), but many
of the available agents have been rendered less effective by the
emergence of parasite resistance [3]. Currently, WHO guidelines
recommend the use of artemisinin-based combination therapies
(ACTs) to treat uncomplicated malaria [4e7]. However, resistance
to artemisinin has emerged in Southeast Asia, and when resistance

mailto:mariasantos@ff.ulisboa.pt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejmech.2022.114324&domain=pdf
www.sciencedirect.com/science/journal/02235234
http://www.elsevier.com/locate/ejmech
https://doi.org/10.1016/j.ejmech.2022.114324
https://doi.org/10.1016/j.ejmech.2022.114324


Fig. 1. Chemical structures of a selection of antimalarial drugs. Chloroquine was used as monotherapy in areas with chloroquine-susceptible infections. The artemisinin derivatives
artemether and artesunate are used in ACTs. Primaquine is the first available drug to target the hepatic stage of the parasite life cycle. Cipargamin is an antimalarial with a previously
unexploited mechanism of action e inhibition of the PfATP4 ion pump e that is undergoing clinical trials.

Fig. 2. Structural modifications for the design of spirooxadiazoline oxindole de-
rivatives 1e26.
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to both artemisinins and their partner drugs is observed, frequent
treatment failures occur [8,9]. Many antimalarial drugs only target
the asexual intraerythrocytic stage of the parasite. Some antima-
larial drugs, such as primaquine and its derivative tafenoquine, also
target the liver stage of the parasite, but these drugs have toxicity
concerns [10]. Drugs targeting the liver-stage of infection can pre-
vent bloodstream infection and might delay the development of
parasite resistance [11,12]. Furthermore, the discovery and use of
new chemical families that act against novel targets can circumvent
resistance mechanisms that are already present or emerging in the
field [13]. One compound that emerged as a promising antimalarial
and is currently under clinical trials is cipargamin. This compound
belongs to the spiroindolone class and acts against P. falciparum
ATPase 4 (PfATP4), a novel parasite target [14e16].

Due to the interest in spirooxindoles as antimalarials and our
interest in developing five-membered ring spirooxindoles for
cancer therapy, we decided to explore the effects of spiroox-
adiazoline oxindoles against blood stage P. falciparum parasites and
liver-stage P. berghei parasites [17e19]. This scaffold combines the
indole and the oxadiazole moieties, which are important chemical
structures in medicinal chemistry, due to their wide range of bio-
activities [20,21]. In particular, the [1,3,4]-oxadiazole moiety,
valuable in drug development due to its low lipophilicity, has been
described as having antibacterial, antifungal, and insecticidal ac-
tivities [22e25].
2. Results and discussion

To carry out a SAR study of this scaffold we prepared spiroox-
adiazoline oxindoles with the indole moiety unsubstituted
(R1 ¼ H), or containing a halogen substituent (R1 ¼ Cl or Br) at
positions 5, 6, and 7. The rationale was based on our previous re-
sults employing five-membered ring spirooxindoles and on re-
ported results with spiroindolones, which showed halogens at
positions 5 and/or 6 of the indole to be beneficial for bioactivity
[14,15,26,27].

The effect on the antiplasmodial activity of different sub-
stituents on positions 2 and 4 (R2 and R3) of the oxadiazoline was
also evaluated. Derivatives containing phenyl or substituted phenyl
groups (with either activating or deactivating substituents), or a t-
butyl group, with more conformational freedom, were prepared
(Fig. 2).

Spirooxadiazoline oxindoles 1e26 (Table 1) were prepared by
1,3-dipolar cycloaddition reaction between isatin and nitrile imine
derivatives, formed in situ by the dehydrochlorination of the cor-
responding hydrazonyl chloride, with 43e87% yields. The aromatic
hydrazonyl chlorides were synthesized starting fromhydrazine and
2

benzaldehyde derivatives, followed by halogenation using the
Corey-Kim reagent [28,29]. The alkyl-substituted hydrazonyl
chlorides were prepared by reaction of pivaloyl chloride with
different phenylhydrazine derivatives [30], followed by an Appel
reaction (Scheme 1) [31].

The formation of the [1,3,4]-oxadiazole regioisomer in all re-
actions was confirmed by 13C NMR, as the spiro carbon appears
between 95 and 96 ppm, and the C]N at 152e154 ppmwhen R2 is
an aryl group and at 162e166 ppm when R2 is an alkyl group, as
previously reported for this regioisomer [32,33].

Compounds 1e26 were screened against blood-stage
P. falciparum parasites (W2 strain, Table 1). Ten compounds dis-
played an IC50 lower than 10 mM (9, 13e14, 16, 18e19, 23e26), all
bearing a halogen substituent on the oxindole moiety. Except for
compound 9, the most active compounds have a phenyl or a t-butyl
group as R2 substituent, and a meta-chlorophenyl or a para-chlor-
ophenyl as R3 substituent.

All compounds with hydrogen as R1 substituent (1, 8,12) or with
meta-chloro (1e4, 20) or para-chlorophenyl (5e7) as R2 sub-
stituents were inactive. For derivatives with a 5-bromo R1 substit-
uent and a phenyl R3 substituent, the presence of a para-methoxy
phenyl R2 substituent led to an active compound, with an IC50 value
of 8 mM against the P. falciparum W2 strain (9 versus 2 and 5).

Moreover, the replacement of an aromatic ring by a t-butyl
group as R2 substituent also led to an at least 2-fold improvement in
the activity of compounds containing a halogen at position 5 or 6 of
the oxindole and a meta-chlorophenyl as R3 substituent (14e16
versus 24e26). The type of halogen at positions 5 or 6 of the
oxindole also appeared to be important for activity, as H, 6-Br, and
7-Cl as R1 substituents led to inactive compounds (13e14 and 16
versus 12, 15, and 17). The type of halogen and position of the



Table 1
Yields and antiplasmodial activities of compounds 1e26.

Compound R1 R2 R3 Yield Pf W2a IC50 (mM) Pbb IC50 (mM)

1 H m-Cl-Ph Ph 80% >10 ND
2 5-Br m-Cl-Ph Ph 61% >10 ND
3 5-Cl m-Cl-Ph Ph 85% >10 ND
4 7-Cl m-Cl-Ph Ph 54% >10 ND
5 5-Br p-Cl-Ph Ph 51% >10 ND
6 5-Cl p-Cl-Ph Ph 64% >10 ND
7 7-Cl p-Cl-Ph Ph 67% >10 ND
8 H p-OMe-Ph Ph 42% >10 ND
9 5-Br p-OMe-Ph Ph 61% 8.3 ± 0.7 >10
10 5-Cl p-OMe-Ph Ph 63% >10 ND
11 7-Cl p-OMe-Ph Ph 53% >10 ND
12 H Ph m-Cl-Ph 87% >10 ND
13 5-Br Ph m-Cl-Ph 64% 6.7 ± 0.9 3.9 ± 0.1
14 5-Cl Ph m-Cl-Ph 64% 6.4 ± 0.4 7.0 ± 1.4
15 6-Br Ph m-Cl-Ph 78% >10 ND
16 6-Cl Ph m-Cl-Ph 43% 8.6 ± 0.2 7.2 ± 1.7
17 7-Cl Ph m-Cl-Ph 68% >10 ND
18 5-Br Ph p-Cl-Ph 74% 6.0 ± 0.5 4.1 ± 0.3
19 7-Cl Ph p-Cl-Ph 68% 7.6 ± 0.1 >10
20 7-Cl m-Cl-Ph m-Cl-Ph 67% >10 ND
21 5-Br t-Bu o-Cl-Ph 65% >10 ND
22 5-Cl t-Bu o-Cl-Ph 65% >10 ND
23 5-Br t-Bu m-Cl-Ph 70% 7.5 ± 1.8 9.0 ± 1.5
24 5-Cl t-Bu m-Cl-Ph 64% 3.5 ± 0.1 5.3 ± 0.1
25 6-Br t-Bu m-Cl-Ph 53% 4.6 ± 0.4 9.5 ± 0.1
26 6-Cl t-Bu m-Cl-Ph 80% 3.8 ± 0.02 >10

a The blood-stage antiplasmodial activity was determined for chloroquine-resistant P. falciparum (Pf) parasites (W2 strain). Data represent the mean ± SD of two inde-
pendent experiments.

b Liver-stage antiplasmodial activity was determined in P. berghei (Pb). Data represent the mean ± SD of three independent experiments. ND e not determined.

Scheme 1. Synthetic route used to prepare spirooxadiazoline oxindoles. a) 20% aqueous EtOH, r.t., 3h, dark; b) NCS, SMe2, CH2Cl2, -78 �C, 1h; c) Et3N, THF, r.t., 18h; d) PPh3, CCl4,
CH3CN, r.t., 16h; e) R2 ¼ t-butyl or R-substituted phenyl; NEt3, CH2Cl2, r.t., 16h.
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oxindole substituted was also important for the activity of com-
pounds with a methoxyphenyl as R2 substituent (8-11).

The most active compounds against the blood-stage of the
P. falciparum parasites were also evaluated for their ability to inhibit
hepatic infection by the rodent malaria parasite P. berghei (Table 1
and Fig. 3). Of the ten compounds tested, seven showed dual-stage
activity, with IC50 values ranging from 3.5 to 9.5 mM against
P. berghei hepatic infection. Compound 19, with a 7-chlorooxindole
moiety, and compound 9, with a para-methoxy phenyl as R2
3

substituent, were not active against hepatic P. berghei parasites.
With the aim to obtain insights into the possible mechanism of

action of these spirooxadiazoline oxindole derivatives, a ligand-
based molecular modeling study was carried out. Specifically, we
compared the chemical and shape features of our active com-
pounds with those of known antimalarial compounds using the
Tanimoto Combo similarity index (TC).

A library of known antimalarial compounds was downloaded
from the DrugBank database [34], and conformations of each



Fig. 3. Luminescence-based activity (bars) of compounds 9, 13e14, 16, 18e19, and 23e26 against infection of Huh7 cells by luciferase-expressing P. berghei and compound toxicity
(dots) assessed by the confluence of Huh7 cells. Compounds were not toxic for uninfected mammalian cells.
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antimalarial drug were generated to compute the shape and
chemical similarities between our bioactive compounds (9, 13e14,
16, 18e19, 23e26) and the reference drugs. ROCS results high-
lighted the five top-ranking drugs with a relatively high TC score,
i.e., cipargamin, clotrimazole, artemotil, arteninol, and artemether
(Table 2), with the spiroindolone cipargamin displaying around 62%
similarity with the bioactive spirooxadiazoline oxindoles reported
here. From a conformational and structural standpoint, cipargamin
and the most promising compounds (Fig. 4) have an overlapping
oxindole moiety. The unique structural conformation of the spiro
carbon is likely responsible for the occupation of the same space by
the 1,2,3,6-tetrahydropyridine of cipargamin and the (1,3,4)-oxa-
diazole ring. Moreover, the substituents of these two moieties are
partially overlapped. The methyl group of cipargamin is projected
to occupy the same region as the t-butyl group of 24 and 25, while
the meta-chlorophenyl group perfectly overlaps with the same
moiety of the indole-fused ring. For compounds 14 and 18, with
aromatic substituents, the overlapping inverts as the meta-chlor-
ophenyl group is superimposed to the methyl group of the cipar-
gamin and the phenyl group overlaps with the indole-fused ring of
cipargamin.

Overall, molecular modeling raised the possibility that the spi-
rooxadiazoline oxindole derivatives might share the same target and
mechanism of action with cipargamin, which consists in the P-type
cation-translocating ATPase PfATP4 inhibition [15]. PfATP4 has been
proposed to function as an ATP-dependent Naþ/Hþ pump, extruding
Table 2
Top 5 ranking TC score results from the shape and chemical similarity screening.

TC Antimalarial Similarity Spirooxadiazoline oxindole

1.267 Cipargamin 62% 14
0.963 Clotrimazole 48% 24
0.912 Artemotil 46% 26
0.910 Artenimol 45% 26
0.900 Artemether 45% 26

4

Naþ ions from the parasite cytosol while importing Hþ ions [16]. To
investigate whether spirooxadiazoline oxindoles inhibit PfATP4 we
examined the effects of 18 on (1.) the parasite's cytosolic
Naþ concentration and (2.) the cipargamin-sensitive Naþ-ATPase
activity present in P. falciparum membrane preparations. In
Naþ assays, saponin-isolated trophozoite-stage P. falciparum para-
sites (3D7 strain) were loadedwith theNaþ-sensitive fluorescent dye
SBFI (more detail on the method can be found in Ref. [16]). No in-
crease in the parasite's cytosolic [Naþ] was observed when parasites
were exposed to 18 concentrations �20 mM (not shown). We then
evaluated 18 at a concentration of 50 mM over a 90 min period
(Fig. 5). As expected, cipargamin (positive control; tested at 50 nM)
gave rise to an immediate-onset gradual increase in the parasite's
cytosolic [Naþ]. However, 18 did not affect the parasite's cytosolic
[Naþ]. We confirmed that the 18 used in the Naþ assays was active
against the 3D7 strain of P. falciparum in 72 h parasite proliferation
assays (using a previously describedmethod [35], IC50¼ 6.2± 0.1 mM
(mean ± range/2; n ¼ 2)).

We also tested the effect of 18 (at 50 mM) in a cell-free assay for
PfATP4 activity. We measured the amount of Pi produced as a result
of ATP hydrolysis in membranes prepared from isolated 3D7 par-
asites under high-[Naþ] (152 mM) and low-[Naþ] (2 mM) condi-
tions and in the presence and absence of cipargamin (250 nM). The
cipargamin-sensitive, Naþ-dependent fraction of membrane
ATPase activity is used as a proxy for PfATP4 activity [36]. As ex-
pected, the positive control cipargamin inhibited the Naþ-depen-
dent fraction of membrane ATPase activity (Fig. 6). When applied
directly to parasite membrane preparations at 50 mM,18was found
to inhibit both Naþ-dependent and Naþ-independent membrane
ATPase activity (Fig. 6), consistent with 18 inhibiting PfATP4 (and at
least one othermembrane ATPase) at 50 mM. These findings suggest
that spirooxadiazoline oxindoles have some activity against PfATP4
at high concentrations.

It has been found previously that spiroindolones inhibit Naþ-
dependent ATPase activity in membrane preparations at lower
concentrations than those required to dysregulate cytosolic [Naþ]



Fig. 4. Chemical and shape comparison of cipargamin (green sticks) and spirooxadiazoline oxindoles 14 (yellow sticks), 18 (pink sticks), 24 (blue sticks), and 25 (orange sticks). The
molecular shape of the spirooxadiazoline oxindoles is shown as a grey transparent surface.

Fig. 5. Effect of the spirooxadiazoline oxindole 18 (50 mM) on cytosolic [Naþ] ([Naþ]cyt)
in isolated SBFI-loaded 3D7 parasites suspended in a physiological saline solution at
37 �C. Cipargamin (50 nM; positive control) and DMSO (0.25% v/v; solvent control)
were tested in parallel. The data are from a single experiment and are representative of
those obtained in three similar experiments.

Fig. 6. Effect of the spirooxadiazoline oxindole 18 (50 mM) on ATPase activity in
membranes prepared from P. falciparum parasites (3D7 strain) under high-[Naþ]
(152 mM) and low-[Naþ] (2 mM) conditions, and in the presence and absence of
cipargamin (250 nM). An equivalent concentration of solvent (DMSO) alone (Control)
and cipargamin (125 nM) were tested in parallel. The data are the mean þSEM from
three independent experiments, each performed on different days with different
membrane preparations.
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in live parasites [16]. Thus, even though 50 mM of 18 was sufficient
to cause near-complete inhibition of Naþ-dependent ATPase ac-
tivity in membrane preparations, concentrations of 18 higher than
50 mM may be required to cause a detectable increase in cytosolic
[Naþ]. Nevertheless, in light of previous studies with PfATP4 in-
hibitors [16,37e39], the findings that, at a concentration of 18 that
is > 8-fold higher than its IC50 for inhibition of parasite growth, the
inhibition of Naþ-dependent membrane ATPase activity did not
appear to be complete, and an increase in cytosolic [Naþ] was not
detectable suggests that ATP4 might not be the primary or the only
target modulated by spirooxadiazoline oxindoles and that these
molecules might have a mechanism of action different from that of
cipargamin. Further studies will be carried out to clarify this issue.
Of note, 28 chemically diverse antiplasmodial compounds that
display the biochemical hallmarks of PfATP4 inhibition have been
tested for their ability to inhibit P. berghei liver-stage infection, and
none of these were found to be liver-stage and blood-stage ‘double
5

actives’ [40]. Furthermore, the most clinically advanced PfATP4
inhibitor, cipargamin, does not display activity against liver stage
parasites [41,42]. Thus, the finding that many of the spiroox-
adiazoline oxindoles have similar activities against P. falciparum
blood-stage and P. berghei liver-stage parasites also suggests that
ATP4 is not the primary target of these compounds.
3. Conclusion

Here we described the discovery of novel spirooxadiazoline
oxindoles with dual-stage antiplasmodial activity. The new de-
rivatives were synthesized by 1,3-dipolar cycloaddition of isatin as
dipolarophiles and nitrile imine derivatives as dipoles with mod-
erate to high yields. Structural modifications were studied such as
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the introduction of halogens in different positions of the oxindole
moiety and aromaticity of the substituents of the oxadiazole ring
and the new derivatives were evaluated against blood-stage chlo-
roquine-resistant P. falciparum and liver-stage P. berghei parasites.
The most active compounds, with IC50 below 10 mM, had a halogen
at positions 5 and 6 at the oxindole moiety, phenyl, or t-butyl
groups at position 2 of the oxadiazole ring and meta-chlorophenyl
group at position 4 of this latter ring. Additionally, in silico ligand-
basedmolecular modeling studywas performed to provide insights
into the possible mechanism of action of these compounds, using
the TC. From this study, cipargamin was the drug with the highest
TC (up to 62% similarity) which raised the possibility that spi-
rooxadiazoline oxindole derivatives inhibit the protein PfATP4, like
cipargamin. Further biological studies were carried out to investi-
gate whether PfATP4 was the target of the spirooxadiazoline
oxindole derivatives. Compound 18 was used in this study (60%
similarity, see Supporting Information). In cell-free assays, this
compound inhibited both Naþ-dependent and Naþ-independent
membrane ATPase activity at 50 mM, suggesting that compound 18
inhibits PfATP4 and one or more other membrane ATPases. Despite
some evidence for inhibition of PfATP4 at high concentrations, the
inhibition of this protein does not seem to be the primary mecha-
nism of action of our active compounds and further studies will be
carried out to enlighten the target of the spirooxadiazoline
oxindoles.

4. Experimental section

4.1. Chemistry

4.1.1. General information
All chemicals were obtained from commercial suppliers and

used without prior purification. Dichloromethane, triethylamine,
and tetrahydrofuran were distilled from calcium hydride, potas-
sium hydroxide, and sodium-benzophenone system, respectively.
For monitoring the reactions, Merck Silica Gel 60 F254 aluminum
plates were used and visualized at 254 nm UV light. Compounds
were purified using Panreac Aplichem Silica Gel 60 (40e63 mm) or
Merck Silica Gel 60 GF254.

The infrared spectrawere collected on a Shimadzu FTIR Affinity-
1 spectrophotometer. The spectrawere determined using thin films
in a NaCl pellet. Only the most significant absorption bands are
reported.

1H NMR and 13C NMR spectra were recorded at 300 MHz and
75 MHz, respectively, at 297 K, on a Bruker 300 MHz/54 mm Ultra-
Shield Spectrometer (Wissenbourg, Bas-Rhin, France). The chemi-
cal shifts are reported in parts per million (ppm, d) referenced to
acetone-d6 (VWR Chemicals, 99.80% D), while the proton coupling
constants J in Hertz (Hz). Multiplicities are given as s (singlet), br s
(broad singlet), d (doublet), dd (double doublet), ddd (double of
double doublet), td (triplet of doublets), t (triplet), and m
(multiplet).

Melting points were determined using a Kofler camera Bock
monoscope M.

LC-DAD-MS experiments were carried out with Waters Alliance
2695 HPLC with a Sunfire C18 column (100 � 2.1 mm; 5 mm) at
35 �C, using an isocratic binary solvent system of CH3CN:H2O
(70:30 v/v%) with a flow rate of 1 mL/min, with a photodiode array
detector to scan wavelength absorption from 230 to 650 nm and
interfaced with a triple quadrupole mass Spectrometer MicroMass
Quattromicro® API (Waters®, Ireland) with an electrospray in
positive ion mode (ESIþ), ion source at 120 �C, a capillary voltage of
3.0 kV and the source voltage of 30V (Mass Spectrometry Labora-
tory, Faculty of Pharmacy of Lisbon University). Elemental analysis
(C, H, and N) was performed in a FLASH 2000 Series by Thermo
6

Scientific. The results were within ±0.5% of the theoretical values.
The intermediates hydrazones, hydrazides, and hydrazonyl

chlorides were synthesized according to the literature [28e31].

4.1.2. General procedure for the synthesis of spirooxadiazoline
oxindoles derivatives

Triethylamine (2.0 equiv) was added dropwise to a mixture of
isatin derivative (50 mg, 1.0 equiv) and hydrazonyl chloride deriv-
ative (2.0 equiv) in dichloromethane (1 mL/0.1 mmol of isatin) at
room temperature, under nitrogen atmosphere. After consumption
of the limiting reagent, the reaction mixture was quenched with
distilled water. The aqueous phase was separated, and the organic
phase was washed with brine twice (2 � 10 mL). The combined
organic extracts were dried over anhydrous Na2SO4, and the solvent
was removed under vacuum. The crude was purified by chroma-
tography using eluent n-hexane:ethyl acetate, followed by recrys-
tallization in CH2Cl2/n-heptane affording the respective
spirooxadiazoline oxindole.

5'-(3-chlorophenyl)-3′-phenyl-3′H-spiro[indoline-3,2'-
[1,3,4]oxadiazol]-2-one 1: Reaction time: 16 h. Yield: 80%, yellow
solid, mp 216e217 �C. IR (NaCl, selected peaks) nmax (cm�1) 3280
(NH), 1737 (C]O), 1600 (C]N). 1H-NMR (300 MHz, Acetone-d6)
d 10.00 (s, 1H, NH), 7.88e7.81 (m, 2H, ArH), 7.60e7.49 (m, 4H, ArH),
7.23e7.13 (m, 4H, ArH), 7.64e6.79 (m, 3H, ArH).13C NMR (75 MHz,
acetone-d6) d 172.4 (C]O),152.3 (C]N),144.4 (Cq),143.8 (Cq),135.9
(Cq), 134.4 (CH), 132.3 (CH), 132.2 (Cq), 130.7 (CH), 128.5 (Cq), 127.8
(CH), 127.2 (CH), 126.1 (CH), 125.1 (CH), 122.6 (CH), 115.6 (CH), 114.7
(CH), 113.1 (CH), 97.1 (Cspiro). MS (ESI) m/z calcd for C21H14ClN3O2:
375, found 376 [(35Cl)M þ H]þ; 378 [(37Cl)M þ H]þ. HPLC purity
(ACN:H2O, 70:30): retention time 6.25 min, 95%.

5-bromo-5'-(3-chlorophenyl)-3′-phenyl-3′H-spiro[indoline-
3,2'- [1,3,4]oxadiazol]-2-one 2: Reaction time: 16 h. Yield: 61%,
yellow solid, mp 225e227 �C. IR (NaCl, selected peaks) nmax (cm�1)
3282 (NH), 1743 (C]O), 1600 (C]N). 1H-NMR (300 MHz, Acetone-
d6) d 10.10 (s, 1H, NH), 7.87e7.82 (m, 2H, ArH), 7.77 (t, J¼ 1.8 Hz,1H,
ArH), 7.70e7.67 (m, 1H, ArH), 7.58e7.53 (m, 2H, ArH), 7.24e7.13 (m,
3H, ArH), 6.94e6.86 (m, 3H, ArH). 13C-NMR (75 MHz, acetone-d6)
d (ppm) 172.1 (C]O), 152.4 (C]N), 143.7 (Cq), 137.3 (CH), 136.0 (Cq),
132. (CH), 132.3 (CH), 130.9 (CH), 130.8 (CH), 128.5 (Cq), 127.5 (Cq),
127.4 (CH), 126.2 (CH), 122.9 (CH), 117.0 (Cq), 115.8 (CH), 115.1 (CH),
96.7 (Cspiro).MS (ESI)m/z calcd for C21H13BrClN3O2: 453, found 454
[(79Br(35Cl)M þ H]þ; 456 [(81Br)(35Cl)M þ H]þ; 456 [(79Br)(37Cl)
M þ H]þ; 458 [(81Br)(37Cl)M þ H]þ. HPLC purity (ACN:H2O, 70:30):
retention time 7.91 min, 97%.

5-chloro-5'-(3-chlorophenyl)-3′-phenyl-3′H-spiro[indoline-
3,2'- [1,3,4]oxadiazol]-2-one 3: Reaction time: 16 h. Yield: 85%,
yellow solid, mp > 300 �C. IR (NaCl, selected peaks) nmax (cm�1)
3283 (NH), 1726 (C]O), 1602 (C]N), 1570. 1H-NMR (300 MHz,
Acetone-d6) d 9.80 (s, 1H, NH), 8.01e7.94 (m, 2H, ArH), 7.66e7.53
(m, 3H, ArH), 7.23e7.17 (m, 4H, ArH), 6.99e6.95 (m, 2H, ArH),
6.84e6.78 (m, 1H, ArH).13C NMR (75 MHz, acetone-d6) d 172.2 (C]
O), 152.4 (C]N), 143.7 (Cq), 143.2 (Cq), 136.0 (Cq), 134.4 (CH), 132.4
(CH), 132.3 (CH), 130.9 (CH), 129.9 (Cq), 128.5 (Cq), 128.0 (CH), 127.4
(CH), 127.1 (Cq), 126.2 (CH), 123.0 (CH), 115.8 (CH), 114.7 (CH), 96.8
(Cspiro).MS (ESI)m/z calcd for C21H13Cl2N3O2: 409, found 410 [(35Cl)
M þ H]þ; 412 [(35Cl)(37Cl) M þ H]þ; 414 [(37Cl) M þ H]þ. HPLC
purity (ACN:H2O, 70:30): retention time 9.83 min, 96%.

7-chloro-5’-(3-chlorophenyl)-3′-phenyl-3′H-spiro[indoline-
3,2’- [1,3,4]oxadiazol]-2-one 4: Reaction time: 16 h. Yield: 54%,
yellow solid, mp 215e216 �C. IR (NaCl, selected peaks) nmax (cm�1)
3275 (NH), 1743 (C]O), 1597 (C]N). 1H-NMR (300 MHz, Acetone-
d6) d 10.41 (s, 1H, NH), 7.88e7.83 (m, 2H, ArH), 7.59e7.54 (m, 4H,
ArH), 7.24e7.17 (m, 3H, ArH), 6.94e6.86 (m, 3H, ArH). 13C-NMR
(75MHz, acetone-d6) d (ppm) 172.3 (C]O),152.4 (C]N),143.7 (Cq),
142.0 (Cq) 136.0 (Cq), 134.3 (CH), 132.4 (CH),132.3 (CH), 130.9 (CH),
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128.4 (Cq), 127.4 (CH), 127.1 (Cq), 126.4 (CH1), 126.4 (CH2), 126.2
(CH), 123.0 (CH), 117.9 (Cq), 115.9 (CH), 97.3 (Cspiro). MS (ESI) m/z
calcd for C21H13Cl2N3O2: 409, found 410 [(35Cl)M þ H]þ; 412
[[(35Cl)(37Cl)M þ H]þ; 414 [(37Cl) M þ H]þ. HPLC purity (ACN:H2O,
70:30): retention time 8.17 min, 98%.

5-bromo-5'-(4-chlorophenyl)-3′-phenyl-3′H-spiro[indoline-
3,2'- [1,3,4]oxadiazol]-2-one 5: Reaction time: 16 h. Yield: 51%,
yellow solid, mp 123e125 �C. IR (NaCl, selected peaks) nmax (cm�1)
3275 (NH), 1743 (C]O), 1597 (C]N). 1H-NMR (300 MHz, acetone-
d6) d (ppm) 10.14 (br s, 1H, NH), 7.93e7.88 (m, 2H, ArH), 7.77 (d, J ¼
2.1 Hz,1H, ArH), 7.67 (dd, J¼ 8.3, 2.1 Hz,1H, ArH), 7.56e7.50 (m, 2H,
ArH), 7.23e7.13 (m, 3H, ArH), 6.97e6.78 (m, 3H, ArH). 13C-NMR
(75 MHz, acetone-d6) d (ppm) 171.2 (C]O),153.3 (C]N), 142.9 (Cq),
142.1 (Cq), 136.6 (CH), 132.0 (CH), 130.0 (CH1), 130.0 (CH2), 129.8
(CH), 127.2 (CH), 126.5 (Cq), 126.3 (Cq), 125.5 (Cq), 116.4 (CH),
116.3(Cq), 114.5 (CH), 95.7 (Cspiro); MS (ESI) m/z calcd for
C21H13BrClN3O2: 453, found 454 [(79Br)(35Cl)M þ H]þ; 456
[(81Br)(35Cl)M þ H]þ; 456 [(79Br)(37Cl)M þ H]þ; 458 [(81Br)(37Cl)
M þ H]þ. HPLC purity (ACN:H2O, 70:30): retention time 8.32 min,
95%.

5-chloro-5'-(4-chlorophenyl)-3′-phenyl-3′H-spiro[indoline-
3,2'- [1,3,4]oxadiazol]-2-one 6: Reaction time: 16 h. Yield: 68%,
yellow solid, mp 123e125 �C. IR (NaCl, selected peaks) nmax (cm�1)
3275 (NH), 1743 (C]O), 1599 (C]N). 1H-NMR (300 MHz, Acetone-
d6) d 10.14 (s,1H, NH), 7.89 (d, J¼ 8.7 Hz, 2H, ArH), 7.65 (d, J¼ 2.1 Hz,
1H, ArH), 7.60e7.56 (m, 2H, ArH), 7.53 (d, J ¼ 2.2 Hz, 1H, ArH),
7.23e7.17 (m, 3H, ArH), 6.97e6.84 (m, 3H, ArH). 13C-NMR (75 MHz,
acetone-d6) d (ppm) 172.3 (C]O), 152.7 (C]N), 143.7 (Cq), 143.1
(Cq), 137.8 (Cq), 134.3 (CH), 130.9 (CH), 130.7 (CH), 129.9 (Cq), 129.4
(CH), 128.0 (CH), 127.1 (Cq), 125.3 (Cq), 122.8 (CH), 115.6 (CH), 114.7
(CH), 96.7 (Cspiro).MS (ESI)m/z calcd for C21H13Cl2N3O2: 409, found
410 [(35Cl)M þ H]þ; 412 [(35Cl)(37Cl)M þ H]þ; 414 [(37Cl)M þ H]þ.
HPLC purity (ACN:H2O, 70:30): retention time 7.12 min, 97%.

7-chloro-5'-(4-chlorophenyl)-3′-phenyl-3′H-spiro[indoline-
3,2'- [1,3,4]oxadiazol]-2-one 7: Reaction time: 16 h. Yield: 67%,
yellow solid, mp 229e231 �C. IR (NaCl, selected peaks) nmax (cm�1)
3227 (NH), 1747 (C]O), 1599 (C]N). 1H-NMR (300 MHz, Acetone-
d6) d 10.44 (s, 1H, NH), 7.88 (d, J ¼ 8.5 Hz, 2H, ArH), 7.59e7.51 (m,
4H, ArH), 7.22e7.16 (m, 3H, ArH), 6.91e6.84 (m, 3H, ArH). 13C-NMR
(75MHz, acetone-d6) d (ppm) 172.3 (C]O),152.8 (C]N),143.7 (Cq),
142.0 (Cq), 137.9 (Cq), 134.3 (CH), 130.9 (CH), 130.8 (CH), 129.4 (CH),
127.1 (Cq), 126.4 (CH), 125.2 (Cq), 122.9 (CH), 117.8 (Cq), 115.7 (CH),
97.2 (Cspiro). MS (ESI) m/z calcd for C21H13Cl2N3O2: 409, found 410
[(35Cl)M þ H]þ; 412 [(35Cl)(37Cl)M þ H]þ; 414 [(37Cl)M þ H]þ. HPLC
purity (ACN:H2O, 70:30): retention time 7.24 min, 99%.

5'-(4-methoxyphenyl)-3′-phenyl-3′H-spiro[indoline-3,2'-
[1,3,4]oxadiazol]-2-one 8: Reaction time: 16 h. Yield: 42%, yellow
solid, mp 224e226 �C. IR (NaCl, selected peaks) nmax (cm�1) 3419
(NH), 1743 (C]O), 1606 (C]N). 1H NMR (300 MHz, Acetone-d6)
d 9.89 (s, 1H, NH), 7.86e7.82 (m, 2H, ArH), 7.54e7.47 (m, 2H, ArH),
7.18e7.02 (m, 6H, ArH), 6.91e6.87 (m, 3H, ArH), 3.89 (s, 3H, CH3).
13C-NMR (75MHz, acetone-d6) d 172.8 (C]O),163.6 (Cq), 153.6 (C]
N), 144.5 (Cq), 144.4 (Cq) 134.2 (CH), 130.6 (CH), 129.6 (CH), 127.7
(CH), 125.8 (Cq), 125.1 (CH), 122.1 (CH), 119.0 (CH), 115.9 (CH), 115.6
(Cq), 113.0 (CH), 96.6 (Cspiro), 56.7 (CH3). MS (ESI) m/z calcd for
C22H17N3O3: 371, found 372 [MþH]þ. HPLC purity (ACN:H2O,
70:30): retention time 3.97 min, 100%.

5-bromo-5'-(4-methoxyphenyl)-3′-phenyl-3′H-spiro[indo-
line-3,2'- [1,3,4]oxadiazol]-2-one 9: Reaction time: 16 h. Yield:
62%, yellow solid, mp 164e166 �C. IR (NaCl, selected peaks) nmax

(cm�1) 3275 (NH), 1743 (C]O), 1608 (C]N). 1H-NMR (300 MHz,
Acetone-d6) d 9.57 (s, 1H, NH), 8.01e7.97 (m, 2H, ArH), 7.77 (dd,
J ¼ 8.4, 2.1 Hz, 1H, ArH), 7.69e7.68 (m, 1H, ArH), 7.21e7.14 (m, 2H,
ArH), 7.07e7.03 (m, 3H, ArH), 6.96e6.93 (m, 2H, ArH), 6.81e6.76
(m, 1H, ArH), 3.89 (s, 3H, CH3). 13C-NMR (75 MHz, acetone-d6)
7

d 184.3 (C]O), 167.8 (Cq), 164.2 (Cq), 160.0 (Cq), 151.6 (C]N), 151.2
(Cq), 142.0 (CH), 130.8 (CH), 130.4 (CH), 128.7 (CH), 127.1 (Cq), 121.3
(CH), 116.6 (Cq), 116.0 (CH), 115.3 (CH), 114.9 (CH), 96.7 (Cspiro), 56.6
(CH3). MS (ESI) m/z calcd for C22H16BrN3O3: 449, found 450 [(79Br)
M þ H]þ; 452 [(81Br) M þ H]þ. HPLC purity (ACN:H2O, 70:30):
retention time 6.34 min, 97%.

5-chloro-5'-(4-methoxyphenyl)-3′-phenyl-3′H-spiro[indo-
line-3,2'- [1,3,4]oxadiazol]-2-one 10: Reaction time: 16 h. Yield:
63%, yellow solid, mp 156e157 �C. IR (NaCl, selected peaks) nmax
(cm�1) 3257 (NH), 1741 (C]O), 1593 (C]N). 1H-NMR (300 MHz,
acetone-d6) d (ppm) 9.59 (s, 1H, NH), 7.99 (d, J ¼ 8.8 Hz, 2H, ArH),
7.65e7.62 (m, 1H, ArH), 7.55 (s, 1H, ArH), 7.21e7.03 (m, 5H, ArH),
6.95 (d, J ¼ 7.7 Hz, 2H, ArH), 6.76 (t, J ¼ 7.3 Hz, 1H, ArH), 3.89 (s, 3H,
CH3). 13C-NMR (75 MHz, acetone-d6) d 184.7 (C]O), 167.7 (Cq),
164.2 (Cq), 151.6 (C]N), 150.9 (Cq), 139.1 (CH), 130.8 (CH), 130.4
(CH), 129.5 (Cq), 127.0 (Cq), 125.8 (CH), 121.2 (CH), 120.9 (Cq), 115.6
(CH), 115.3 (CH), 114.7 (CH), 96.6 (Cspiro), 56.6 (CH3). MS (ESI) m/z
calcd for C22H16ClN3O3: 405, found 406 [(35Cl)M þ H]þ; 408 [(37Cl)
M þ H]þ.HPLC purity (ACN:H2O, 70:30): retention time 5.68 min,
95%.

7-chloro-5'-(4-methoxyphenyl)-3′-phenyl-3′H-spiro[indo-
line-3,2'- [1,3,4]oxadiazol]-2-one 11: Reaction time: 16 h. Yield:
53%, yellow solid, mp 213e215 �C. IR (NaCl, selected peaks) nmax

(cm�1) 3419 (NH), 1743 (C]O), 1604 (C]N). 1H-NMR (300 MHz,
Acetone-d6) d 10.28 (s, 1H, NH), 7.86e7.81 (m, 2H, ArH), 7.69 (dd,
J¼ 8.1,1.1 Hz,1H, ArH), 7.55 (td, J¼ 7.5, 3.1,1.1 Hz,1H, ArH), 7.49 (dd,
J ¼ 7.5, 1.1 Hz, 1H, ArH), 7.21e7.16 (m, 2H, ArH), 7.11e7.06 (m, 2H,
ArH), 6.91e6.81 (m, 3H, ArH), 3.90 (s, 3H, CH3). 13C-NMR (75 MHz,
acetone-d6) d 173.0(C]O), 163.7 (Cq), 153.7 (C]N), 144.3 (Cq), 139.2
(CH), 134.1 (CH), 130.8 (CH), 129.6 (CH), 127.3 (Cq), 126.3 (CH), 125.7
(Cq), 124.7 (Cq), 122.5 (CH), 118.7 (Cq), 116.0 (CH), 115.7 (CH), 96.8
(Cspiro), 56.7 (CH3).MS (ESI)m/z calcd for C22H16ClN3O3: 405, found
406 [(35Cl)M þ H]þ; 408 [(37Cl)M þ H]þ.HPLC purity (ACN:H2O,
70:30): retention time 5.05 min, 98%.

3'-(3-chlorophenyl)-5′-phenyl-3′H-spiro[indoline-3,2'-
[1,3,4]oxadiazol]-2-one 12: Reaction time: 16 h. Yield: 87%, yellow
solid, mp 216e217 �C. IR (NaCl, selected peaks) nmax (cm�1) 3257
(NH), 1741 (C]O), 1593 (C]N). 1H-NMR (300 MHz, Acetone-d6)
d 10.09 (s, 1H, NH), 7.91 (d, J ¼ 5.0 Hz, 2H, ArH), 7.59e7.51 (m, 5H,
ArH), 7.20e7.13 (m, 3H, ArH), 7.06 (s, 1H, ArH), 6.84 (d, J ¼ 7.7 Hz,
1H, ArH), 6.64 (d, J ¼ 7.8 Hz, 1H, ArH). 13C-NMR (75 MHz, acetone-
d6) d (ppm) 171.4 (C]O), 153.4 (C]N), 144.4 (Cq), 143.6 (Cq), 135.4
(Cq), 133.9 (Cq), 132.0 (CH), 131.5 (CH), 129.8 (CH), 127.2 (CH), 127.1
(CH), 125.5 (Cq), 124.5 (CH), 123.7 (CH), 121.1 (CH), 114.6 (CH), 112.5
(CH), 112.4 (CH), 95.8 (Cspiro). MS (ESI) m/z calcd for C21H14ClN3O2:
375, found 376 [(35Cl)M þ H]þ; 378 [(37Cl)M þ H]þ.HPLC purity
(ACN:H2O, 70:30): retention time 6.00 min, 98%.

5-bromo-3'-(3-chlorophenyl)-5′-phenyl-3′H-spiro[indoline-
3,2'- [1,3,4]oxadiazol]-2-one 13: Reaction time: 16 h. Yield: 64%,
yellow solid, mp 222e223 �C. IR (NaCl, selected peaks) nmax (cm�1)
3254 (NH), 1743 (C]O), 1618, 1593 (C]N). 1H-NMR (300 MHz,
Acetone-d6) d 10.23 (s, 1H, NH), 7.93e7.90 (m, 2H, ArH), 7.83 (d,
J ¼ 1.7 Hz, 1H, ArH), 7.72 (dd, J ¼ 8.4, 2.1 Hz, 1H, ArH), 7.59e7.52 (m,
3H, ArH), 7.20e7.15 (m, 2H, ArH), 7.09 (t, J ¼ 2.3 Hz, 1H, ArH), 6.88
(dd, J ¼ 8.0, 1.1 Hz, 1H, ArH), 6.65 (dd, J ¼ 8.2, 1.5 Hz, 1H, ArH). 13C-
NMR (75 MHz, acetone-d6) d (ppm) 171.1 (C]O), 153.4 (C]N),
144.3 (Cq), 142.9 (Cq), 136.8 (CH), 135.5 (Cq), 132.1 (CH), 131.7 (CH),
130.1 (CH), 129.8 (CH), 127.3 (CH), 126.3 (Cq), 125.4 (Cq), 121.4 (CH),
116.5 (Cq), 114.8 (CH), 114.6 (CH), 112.4 (CH), 95.4 (Cspiro). MS (ESI)
m/z calcd for C21H14BrClN3O2: 453, found 454 [(35Cl)(79Br)M þ H]þ;
456 [(35Cl)(81Br)M þ H]þ; 456 [(37Cl)(79Br)M þ H]þ; 458
[(37Cl)(81Br)M þ H]þ. HPLC purity (ACN:H2O, 70:30): retention
time 10.33 min, 96%.

5-chloro-3'-(3-chlorophenyl)-5′-phenyl-3′H-spiro[indoline-
3,2'- [1,3,4]oxadiazol]-2-one 14: Reaction time: 16 h. Yield: 64%,
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yellow solid, mp 209e210 �C. IR (NaCl, selected peaks) nmax (cm-1)
3271 (NH), 1743 (C]O), 1593 (C]N). 1H NMR (300 MHz, Acetone-
d6) d 10.16 (s, 1H, NH), 7.91 (dd, J ¼ 7.7, 1.9 Hz, 2H, ArH), 7.68 (d,
J ¼ 2.1 Hz, 1H, ArH), 7.61e7.51 (m, 4H, ArH), 7.23e7.15 (m, 2H, ArH),
7.10 (t, J ¼ 2.1 Hz, 1H, ArH), 6.89e6.86 (m, 1H, ArH), 6.68e6.64 (m,
1H, ArH). 13C-NMR (75 MHz, acetone-d6) d (ppm) 172.0 (C]O),
154.2 (C]N),145.1 (Cq),143.1 (Cq),136.3 (Cq),134.6 (CH),132.8 (CH),
132.4 (CH), 130.5 (CH), 130.1 (Cq), 128.1 (CH), 128.0 (CH), 126.7 (Cq),
126.2 (Cq),122.2 (CH),115.6 (CH),114.8 (CH),113.3 (CH), 96.3 (Cspiro).
MS (ESI) m/z calcd for C21H13Cl2N3O2: 409, found 410 [(35Cl)
MþH]þ; 412 [(35Cl)(37Cl)MþH]þ; 414 [(37Cl)MþH]þ.HPLC purity
(ACN:H2O, 70:30): retention time 9.30 min, 97%.

6-bromo-3'-(3-chlorophenyl)-5′-phenyl-3′H-spiro[indoline-
3,2'- [1,3,4]oxadiazol]-2-one 15: Reaction time: 15 h. Yield: 78%,
yellow solid, mp 215e216 �C. IR (KBr, selected peaks) nmax (cm�1)
3265 (NH), 174.3 (C]O), 159.3 (C]N) cm�1. 1H-NMR (300 MHz,
acetone-d6) d (ppm) 10.16 (br s, 1H, NH), 7.92e7.89 (m, 2H, ArH),
7.57e7.50 (m, 4H, ArH), 7.37e7.34 (m, 2H, 2 ArH), 7.16 (t, J ¼ 8.1 Hz,
1H, ArH), 7.09 (t, J ¼ 2.1 Hz, 1H, ArH), 6.86 (ddd, J ¼ 8.0, 2.0, 0.8 Hz,
1H, ArH), 6.63 (ddd, J¼ 8.3, 2.3, 0.8 Hz, 1H, ArH). 13C-NMR (75 MHz,
acetone-d6) d (ppm) 171.3 (C]O), 153.5 (C]N), 145.1 (Cq), 144.4
(Cq), 135.5 (Cq), 132.1 (CH), 131.6 (CH), 129.8 (CH), 128.8 (CH), 127.5
(CH), 127.3 (CH), 127.1 (Cq), 125.4 (Cq), 123.3 (Cq), 121.5 (CH), 115.8
(CH), 115.0 (CH), 112.6 (CH), 95.5 (Cspiro). Anal. Calcd. for
C21H13BrClN3O2: C 55.47%, H 2.88%, N 9.24%, found: C 54.94%, H
3.39%, N 9.12%.

6-chloro-3'-(3-chlorophenyl)-5′-phenyl-3′H-spiro[indoline-
3,2'- [1,3,4]oxadiazol]-2-one 16: Reaction time: 15 h. Yield: 43%,
yellow solid, mp 224e225 �C. IR (KBr, selected peaks) nmax (cm�1)
3140 (NH), 1740 (C]O), 1616 (C]N) cm�1. 1H-NMR (300 MHz,
acetone-d6) d (ppm) 10.16 (br s, 1H, NH), 7.92e7.89 (m, 2H, ArH),
7.60e7.53 (m, 4H, ArH), 7.21e7.13 (m, 3H, ArH), 7.09 (t, J ¼ 2.1 Hz,
1H, ArH), 6.86 (ddd, J ¼ 8.0, 2.0, 0.8 Hz, 1H, ArH), 6.63 (ddd, J ¼ 8.3,
2.3, 0.8 Hz, 1H, ArH). 13C-NMR (75 MHz, acetone-d6) d (ppm) 171.4
(C]O), 153.5 (C]N), 145.0 (Cq), 144.4 (Cq), 139.0 (Cq), 135.5 (Cq),
132.1 (CH), 131.6 (CH), 129.8 (CH), 128.6 (CH), 127.2 (CH), 125.4 (Cq),
124.5 (CH), 122.8 (Cq), 121.5 (CH), 115.0 (CH), 113.0 (CH), 112.6 (CH),
95.4 (Cspiro). Anal. Calcd. for C21H13Cl2N3O2: C 61.48%, H 3.19%, N
10.24%, Found: C 61.31%, H 3.58%, N 10.13%.

7-chloro-3'-(3-chlorophenyl)-5′-phenyl-3′H-spiro[indoline-
3,2'- [1,3,4]oxadiazol]-2-one 17: Reaction time: 16 h. Yield: 68%,
yellow solid, mp 205e207 �C. IR (NaCl, selected peaks) nmax (cm�1)
3381 (NH), 1747 (C]O), 1595 (C]N). 1H NMR (300 MHz, Acetone-
d6) d 10.43 (s, 1H, NH), 7.94e7.91 (m, 2H, ArH), 7.62e7.52 (m, 5H,
ArH), 7.24e7.15 (m, 2H, ArH), 7.11 (t, J ¼ 2.1 Hz, 1H, ArH), 6.88 (dd,
J ¼ 7.9, 1.9 Hz, 1H, ArH), 6.63 (dd, J ¼ 8.3, 1.5 Hz, 1H, ArH). 13C NMR
(75 MHz, acetone-d6) d (ppm) 172.0 (C]O),154.3 (C]N),145.1 (Cq),
136.3 (Cq), 134.5 (CH), 132.9 (CH), 132.4 (CH), 130.6 (CH), 128.0 (CH),
126.7 (Cq), 126.5 (CH1), 126.5 (CH2), 126.1 (Cq), 122.3 (CH), 118.0
(Cq), 115.8 (CH), 113.4 (CH), 96.8 (Cspiro). MS (ESI) m/z calcd for
C21H13Cl2N3O2: 409, found 410 [(35Cl)M þ H]þ; 412 [(35Cl)(37Cl)
M þ H]þ; 414 [(37Cl)M þ H]þ. HPLC purity (ACN:H2O, 70:30):
retention time 7.70 min, 97%.

5-bromo-3'-(4-chlorophenyl)-5′-phenyl-3′H-spiro[indoline-
3,2'- [1,3,4]oxadiazol]-2-one 18: Reaction time: 15 h. Yield: 74%,
yellow solid, mp 216e217 �C. IR (KBr, selected peaks) nmax (cm�1)
3462 (NH), 1762 (C]O), 1616 (C]N) cm�1. 1H-NMR (300 MHz,
acetone-d6) d (ppm) 10.19 (br s, 1H, NH), 7.90e7.87 (m, 2H, ArH),
7.79 (d, J ¼ 2.0 Hz, 1H, ArH), 7.69 (dd, J ¼ 8.4, 2.1 Hz, 1H, ArH),
7.57e7.51 (m, 3H, ArH), 7.24e7.19 (m, 2H, ArH), 7.13 (d, J ¼ 8.4 Hz,
1H, ArH), 6.92e6.89 (m, 2H, ArH). 13C-NMR (75 MHz, acetone-d6)
d (ppm) 171.1 (C]O), 153.2 (C]N), 142.9 (Cq), 142.0 (Cq), 136.6 (CH),
131.9 (CH), 130.0 (CH1), 130.0 (CH2), 129.7 (CH), 127.2 (CH), 126.4
(Cq), 126.2 (Cq), 125.5 (Cq), 116.3 (CH), 115.4 (Cq), 114.5 (CH), 95.6
(Cspiro). MS (ESI) m/z calcd for C21H13BrClN3O2: 453, found 454
8

[(35Cl)(79Br)M þ H]þ; 456 [(35Cl)(81Br)M þ H]þ; 456 [(37Cl)(79Br)
M þ H]þ; 458 [(37Cl)(81Br)M þ H]þ. Anal. Calcd. (C21H13BrClN3O2):
C, 55.47%; H, 2.88%; N, 9.24%, found C, 55.64%; H, 3.14%; N, 8.87%.

7-chloro-3'-(4-chlorophenyl)-5′-phenyl-3′H-spiro[indoline-
3,2'- [1,3,4]oxadiazol]-2-one 19: Reaction time: 16 h. Yield: 68%,
yellow solid, mp130 e 131 �C. IR (NaCl, selected peaks) nmax (cm�1)
3273 (NH), 1745 (C]O), 1599 (C]N). 1H-NMR (300 MHz, acetone-
d6) d (ppm) 10.41 (s, 1H, NH), 7.92e7.89 (m, 2H, ArH), 7.60e7.52 (m,
5H, ArH), 7.26e7.18 (m, 3H, ArH), 6.94e6.89 (m, 2H, ArH). 13C-NMR
(75 MHz, acetone-d6) d (ppm) 172.1 (C]O), 154.1 (C]N), 142.9 (Cq),
142.0 (Cq), 134.4 (CH), 132.8 (CH), 130.8 (CH), 130.6 (CH), 127.9 (CH),
127.1 (Cq), 126.8 (Cq), 126.4 (CH1), 126.4 (CH2), 126.2 (Cq), 118.0 (Cq),
117.3 (CH), 97.0 (Cspiro). MS (ESI) m/z calcd for C21H13Cl2N3O2: 409,
found 410 [(35Cl)M þ H]þ; 412 [(35Cl)(37Cl)M þ H]þ; 414 [(37Cl)
M þ H]þ. HPLC purity (ACN:H2O, 70:30): retention time 7.33 min,
99%.

7-chloro-3′,5′-bis(3-chlorophenyl)-3′H-spiro[indoline-3,2'-
[1,3,4]oxadiazol]-2-one 20: Reaction time: 16 h. Yield: 67%, yellow
solid, mp 219e220 �C. IR (NaCl, selected peaks) nmax (cm�1) 3225
(NH), 1747 (C]O), 1595 (C]N). 1H-NMR (300 MHz, acetone-d6)
d (ppm) 10.45 (s, 1H, NH), 7.92e7.86 (m, 2H, ArH), 7.62e7.55 (m, 4H,
ArH), 7.25e7.17 (m, 2H, ArH), 7.13 (t, J ¼ 2.1 Hz, 1H, ArH), 6.93e6.87
(m, 1H, ArH), 6.63 (dd, J ¼ 8.3, 2.2 Hz, 1H, ArH). 13C-NMR (75 MHz,
acetone-d6) d (ppm) 171.8 (C]O), 153.0 (C]N), 144.8 (Cq), 136.3
(Cq), 134.6 (Cq), 134.2 (Cq), 132.7 (CH), 132.5 (CH), 130.8 (Cq), 130.5
(CH), 127.8 (CH), 127.6 (CH), 126.6 (CH), 126.4 (CH), 122.7 (Cq), 122.6
(CH), 118.0 (Cq), 115.8 (CH). 115.7 (CH), 113.4 (CH), 97.1 (Cspiro). MS
(ESI) m/z calcd for C21H12Cl3N3O2: 443, found 444 [(35Cl)M þ H]þ;
446 [(35Cl)(35Cl)(37Cl)M þ H]þ; 448 [(35Cl)(37Cl)(37Cl)M þ H]þ; 450
[(37Cl)M þ H]þ. HPLC purity (ACN:H2O, 70:30): retention time
5.49 min, 98%.

5-bromo-5'-(tert-butyl)-3'-(2-chlorophenyl)-3′H-spiro[indo-
line-3,2'- [1,3,4]oxadiazol]-2-one 21: Reaction time: 15 h. Yield:
65%, dark yellow solid, mp 213e214. IR (KBr, selected peaks) nmax
(cm�1) 3298 (NH), 2968 (CeH), 1716 (C]O), 1618 (C]N). 1H-NMR
(300 MHz, acetone-d6) d (ppm) 9.72 (br s, 1H, NH), 7.60 (dd, J ¼ 8.1,
1.5 Hz, 1H, ArH), 7.45 (dd, J¼ 8.3, 2.1 Hz, 1H, ArH), 7.36e7.30 (m,1H,
ArH), 7.18 (dd, J ¼ 8.0, 1.5 Hz, 1H, ArH), 7.12e7.06 (m, 1H, ArH), 6.91
(d, J ¼ 8.4 Hz, 1H, ArH), 6.88 (d, J ¼ 2.0 Hz, 1H, ArH), 1.37 (s, 9H,
C(CH3)3). 13C-NMR (75 MHz, acetone-d6) d (ppm) 171.3 (C]O),
165.3 (C]N), 143.0 (Cq), 142.7 (Cq), 134.8 (CH), 129.5 (CH), 129.4
(CH), 127.7 (Cq), 127.3 (CH), 126.1 (CH), 124.9 (CH), 124.7 (Cq), 113.6
(Cq), 112.7 (CH), 95.8 (Cspiro), 32.0 (C(CH3)3), 26.8 (C(CH3)3). Anal.
Calcd. for C19H17BrClN3O2: C 52.50%, H 3.94%, N 9.67%, found: C
52.53%, H 4.29%, N 9.53%.

5'-(tert-butyl)-5-chloro-3'-(2-chlorophenyl)-3′H-spiro[indo-
line-3,2'- [1,3,4]oxadiazol]-2-one 22: Reaction time: 15 h. Yield:
65%, white solid, mp 219e220 �C. IR (KBr, selected peaks) nmax
(cm�1) 3291 (NH), 2968 (CeH), 1761 (C]O), 1654 (C]N). 1H-NMR
(300 MHz, acetone-d6) d (ppm) 9.63 (br, s, 1H, NH), 7.59 (dd, J ¼ 8.1,
1.5 Hz, 1H, ArH), 7.35e7.29 (m, 2H, ArH), 7.17 (dd, J ¼ 8.0, 1.5 Hz, 1H,
ArH), 7.11e7.05 (m, 1H, ArH), 6.95 (d, J ¼ 8.4 Hz, 1H, ArH), 6.77 (d,
J ¼ 2.2 Hz, 1H, ArH), 1.37 (s, 9H, C(CH3)3). 13C-NMR (75 MHz,
acetone-d6) d (ppm) 172.2 (C]O), 166.1 (C]N), 143.5 (Cq), 143.4
(Cq), 132.7 (CH), 130.3 (CH), 128.6 (Cq), 128.1 (CH), 127.8 (Cq), 127.4
(CH), 126.9 (CH), 125.8 (CH), 125.3 (Cq), 113.0 (CH), 96.7 (Cspiro), 32.8
(C(CH3)3), 27.7 (C(CH3)3). Anal. Calcd. for C19H17Cl2N3O2: C 58.48%,
H 4.39%, N 10.77%, found: C 58.15%, H 4.47%, N 10.60%.

5-bromo-5'-(tert-butyl)-3'-(3-chlorophenyl)-3′H-spiro[indo-
line-3,2'- [1,3,4]oxadiazol]-2-one 23: Reaction time: 15 h. Yield:
70%, white solid, mp 221e222 �C. IR (KBr, selected peaks) nmax
(cm�1) 3292 (NH), 2976 (CeH), 1765 (C]O), 1616 (C]N). 1H-NMR
(300 MHz, acetone-d6) d (ppm) 10.13 (br s, 1H, NH), 7.68e7.64 (m,
2H, ArH), 7.13e7.08 (m, 2H, ArH), 6.93 (t, J ¼ 2.1 Hz, 1H, ArH), 6.80
(ddd, J ¼ 7.9, 2.0, 0.8 Hz, 1H, ArH), 6.49 (ddd, J ¼ 8.3, 2.2, 0.8 Hz, 1H,
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ArH), 1.33 (s, 9H, C(CH3)3). 13C NMR (75 MHz, acetone-d6) d (ppm)
171.2 (C]O), 162.5 (C]N), 144.9 (Cq), 142.7 (Cq), 136.4 (CH), 135.3
(Cq), 131.4 (CH), 129.6 (CH), 126.7 (Cq), 120.9 (CH), 116.2 (Cq), 114.5
(CH), 114.3 (CH), 112.2 (CH), 95.1 (Cspiro), 32.7 (C(CH3)3), 27.5
(C(CH3)3). MS (ESI) m/z calcd for C19H17BrClN3O2: 433, found 434
[(35Cl)(79Br)M þ H]þ; 436 [(35Cl)(81Br)M þ H]þ; 436 [(37Cl)(79Br)
M þ H]þ; 438 [(37Cl)(81Br)M þ H]þ.HPLC purity (ACN:H2O, 70:30):
retention time 9.42 min, 97%.

5'-(tert-butyl)-5-chloro-3'-(3-chlorophenyl)-3′H-spiro[indo-
line-3,2'- [1,3,4]oxadiazol]-2-one 24: Reaction time: 15 h. Yield:
64%, yellow solid, mp 229e230 �C. IR (KBr, selected peaks) nmax
(cm�1) 3286 (NH), 2978 (CeH), 1765 (C]O), 1616 (C]N). 1H-NMR
(300 MHz, acetone-d6) d (ppm) 10.03 (br s, 1H, NH), 7.54e7.51 (m,
2H, ArH), 7.17e7.08 (m, 2H, H, ArH), 6.93 (t, J¼ 2.1 Hz,1H, ArH), 6.81
(ddd, J ¼ 8.0, 2.0, 0.8 Hz, 1H, ArH), 6.52 (ddd, J ¼ 8.3, 2.3, 0.8 Hz, 1H,
ArH), 1.35 (s, 9H, C(CH3)3). 13C-NMR (75 MHz, acetone-d6) d (ppm)
171.4 (C]O), 162.6 (C]N), 145.0 (Cq), 142.3 (Cq), 135.3 (Cq), 133.5
(CH), 131.4 (CH), 129.2 (Cq), 126.8 (Cq), 126.5 (CH), 120.9 (CH), 114.7
(CH), 113.9 (CH), 112.4 (CH), 95.3 (Cspiro), 32.7 (C(CH3)3), 27.5
(C(CH3)3). Anal. Calcd. For C19H17Cl2N3O2: C 58.48%, H 4.39%, N
10.77%, found: C 58.12%, H 4.60%, N 10.60%.

6-bromo-5'-(tert-butyl)-3'-(3-chlorophenyl)-3′H-spiro[indo-
line-3,2'- [1,3,4]oxadiazol]-2-one 25: Reaction time: 15 h. Yield:
53%, yellow solid, mp 213e214 �C. IR (KBr, selected peaks) nmax
(cm�1) 3155 (NH), 2974 (CeH), 1744 (C]O), 1616 (C]N). 1H-NMR
(300 MHz, acetone-d6) d (ppm) 10.03 (br s, 1H, NH), 7.40e7.37 (m,
1H, ArH), 7.34e7.33 (m, 1H, ArH), 7.31e7.30 (m, 1H, ArH), 7.10 (t,
J ¼ 8.1 Hz, 1H, ArH), 6.94 (t, J ¼ 2.1 Hz, 1H, ArH), 6.79 (ddd, J ¼ 8.0,
2.0, 0.9 Hz, 1H, ArH), 6.50 (ddd, J ¼ 8.3, 2.3, 0.9 Hz, 1H, ArH), 1.33 (s,
9H, C(CH3)3). 13C-NMR (75 MHz, acetone-d6) d (ppm) 171.5 (C]O),
162.6 (C]N),145.1 (Cq),144.9 (Cq),135.3 (Cq),131.4 (CH),128.3 (CH),
127.4 (CH), 126.7 (Cq), 123.7 (Cq), 120.9 (CH), 115.6 (CH), 114.7 (CH),
112.4 (CH), 95.2 (Cspiro), 32.7 (C(CH3)3), 27.5 (C(CH3)3). Anal. Calcd.
For C19H17BrClN3O2: C 52.50%, H 3.94%, N 9.67%, Found: C 52.75%, H
4.29%, N 9.47%.

5'-(tert-butyl)-6-chloro-3'-(3-chlorophenyl)-3′H-spiro[indo-
line-3,2'- [1,3,4]oxadiazol]-2-one 26: Reaction time: 15 h. Yield:
80%, white solid, mp 209e211 �C. IR (KBr, selected peaks) nmax
(cm�1) 3155 (NH), 2972 (CeH), 1744 (C]O), 1620 (C]N). 1H-NMR
(300 MHz, acetone-d6) d (ppm) 10.13 (br, s, 1H, NH), 7.47e7.45 (m,
1H, ArH), 7.18e7.15 (m, 2H, ArH), 7.10 (t, J¼ 8.1 Hz, 1H, ArH), 6.94 (t,
J ¼ 2.1 Hz, 1H, ArH), 6.79 (ddd, J ¼ 7.9, 1.9, 0.8 Hz, 1H, ArH), 6.49
(ddd, J ¼ 8.3, 2.2, 0.7 Hz, 1H, ArH), 1.32 (s, 9H, C(CH3)3). 13C-NMR
(75 MHz, acetone-d6) d (ppm) 171.6 (C]O),162.5 (C]N), 145.0 (Cq),
144.8 (Cq), 138.6 (Cq), 135.3 (Cq), 131.4 (CH), 128.1 (CH), 124.3 (CH),
123.2 (Cq), 120.8 (CH), 114.6 (CH), 112.8 (CH), 112.3 (CH), 95.0
(Cspiro), 32.6 (C(CH3)3), 27.4 (C(CH3)3). Anal. Calcd. For
C19H17Cl2N3O2: C 58.48%, H 4.39%, N 10.77%, Found: C 58.04%, H
4.78%, N 10.43%.

4.2. Activity against erythrocyte-stage P. falciparum

These experiments were performed according to a previously
described method [43]. Briefly, human erythrocytes infected with
1% ring-stageW2-strain P. falciparum synchronizedwith 5% sorbitol
were incubated with test compounds in 96-well plates at 37 �C for
48 h in RPMI-1640 medium, supplemented with 25 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.4,
10% heat inactivated human serum (or 0.5% Albumax, 2% human
serum), and 100 mM hypoxanthine under an atmosphere of 3% O2,
5% CO2, and 91% N2. After 48 h, the cells were fixed in 2% formal-
dehyde in phosphate-buffered saline (PBS) and transferred into PBS
with 100 mM NH4Cl, 0.1% Triton X-100, 1 nM YOYO-1, and infected
erythrocytes were counted in a flow cytometer (FACSort, Beckton
Dickinson; EX 488 nm, EM 520 nm). IC50s based on comparisons
9

with untreated control cultures were calculated with GraphPad
PRISM software. Two independent experiments were performed,
each with four replicates for each of the experimental conditions.

4.3. Activity against hepatic P. berghei infection

The in vitro inhibition of hepatocyte infection by P. berghei was
determined by measuring the luminescence intensity of Huh-
7 cells infected with a firefly-luciferase-expressing P. berghei line
(PbGFP-Luccon), as previously described [44,45]. Huh7 cells, a hu-
man hepatoma cell line, were cultured in RPMI-1640 medium
supplemented with 10% fetal calf serum (FCS), 1% v/v penicillin/
streptomycin, 1% v/v glutamine, 1% v/v non-essential amino acids
and 10mMHEPES pH 7 (cRPMI), and incubated at 37 �C, 5% CO2. For
the infection assay, the cells were seeded at 1 � 104 cells/well of a
96-well plate in cRPMI, and incubated at 37 �C, 5% CO2. Stock so-
lutions of 10 mM of each compound were prepared by dissolving
the accurately weighed compounds in DMSO and stored at �20 �C.
On the day of drug treatment and infection, approximately 1 h prior
to infection, the medium was replaced by medium containing the
appropriate concentration of each compound, diluted in cRPMI
medium further supplemented with gentamicin (50 mg/mL) and
amphotericin B (0.8 mg/mL). As a control, a dilution of DMSO that
mimics the highest concentration of compound used was
employed. Sporozoites freshly obtained through the disruption of
the salivary glands of infected female Anopheles stephensi mosqui-
toes were added 1 h after compound addition to the cells at a
proportion of 1:1 (1 � 104 sporozoites/well). The sporozoite addi-
tion was followed by centrifugation at 1800�g for 5 min, and in-
cubation for 46 h at 37 �C, 5% CO2. The assessment of compound
activity was determined by measuring cell-confluency, using the
AlamarBlue assay, according to the manufacturer's instructions.
Briefly, AlamarBlue diluted 1:20 in cRPMI, was added to the cells
and incubated for 90 min at 37 �C, 5% CO2, before measuring
fluorescence and determining cell-viability. Finally, 48 h post-
infection, drug activity was assessed by measuring luminescence
of infected Huh-7 cell lysates, following the addition of the luciferin
substrate. Nonlinear regression analysis was employed to fit the
normalized results of the dose-response curves, and IC50 values
were determined using the GraphPad Prism software.

4.4. Measurements of cytosolic Naþ concentration in P. falciparum

Mature trophozoite-stage parasites (3D7 strain) were isolated
from their host erythrocytes via brief exposure to saponin and
loaded with the Naþ-sensitive dye SBFI, as described previously
[16]. Measurements were performed in a Tecan fluorescence
spectrometer plate-reader with parasites suspended at 37 �C in a
pH 7.1 physiological saline solution containing 125 mMNaCl, 5 mM
KCl, 1 mMMgCl2, 20 mM glucose and 25 mMHEPES. The excitation
wavelengths were 340 nm and 380 nm, with emission recorded at
515 nm. The ratio of the fluorescence intensity at 340 nm and
380 nm was converted to [Naþ]cyt using a previously described
calibration procedure [16].

4.5. Membrane preparation and ATPase assays

Membranes were prepared from saponin-isolated P. falciparum
parasites (3D7 strain) using a previously described method [36]. A
PiColorLock Phosphate Assay Kit (Abcam) was used to quantify the
production of Pi from the hydrolysis of ATP. The reactions were
performed at 37 �C, and the reaction mixtures had a pH of 7.2 and
contained 20 mMKCl, 2 mMMgCl2, 50 mM Tris, and either 150mM
NaCl or 150 mM choline chloride. Parasite membrane was added to
give a final concentration of total protein of 50 mg/mL. ATP (1 mM
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Na2ATP.3H2O; MP Biomedicals) was added last to commence the
reaction, introducing 2 mM Naþ to each reaction. The DMSO con-
centration in the reactions did not exceed 0.3% v/v. The reactions
were terminated after 10 min by transferring aliquots (100 mL) of
the reaction mixture in duplicate into wells of a 96 well plate
containing 25 mL of PiColorLock with 1% v/v Accelerator. Stabilizer
(10 mL) was added to the wells 3 min later and the plates were
incubated at room temperature for 1 h before absorbance was
measured at 635 nm. Control values, from wells in which all com-
ponents were present but to which ATP was not added until after
the exposure of membrane to PiColorLock, were subtracted from
the data.

4.6. In silico study of chemical similarity

The library of known antimalarials in clinical and preclinical
phases was downloaded from the DrugBank database [34]. For each
compound, the protonation state was assigned by QUACPAC
(OpenEye Scientific Software Santa Fe, version 2.0.2.2), while en-
ergy minimization was performed with Szybki version 1.11.0.2
(OpenEye Scientific Software, Santa Fe, NM) using the MMFF94S
force field [46e48]. A conformational database containing up to
600 conformers of each spirooxadiazoline oxindole compound was
generated by conformational analysis with OMEGA version 3.1.2.2
(OpenEye Scientific Software, Santa Fe, NM) [49,50]. These con-
formers were screened against each ROCS query using the ROCS
program version 3.3.0.3 (OpenEye Scientific Software, Santa Fe,
NM) [51]. Results were ranked based on the Tanimoto Combo score.
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