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Chagas disease is a neglected protozoan disease that affects more than eight million people in developing
countries. Due to the limited number and toxicity profiles of therapies in current use, new drugs are
urgently needed. In previous studies, we reported the isolation of two related antitrypanosomal neo-
lignans from Nectandra leucantha (Lauraceae). In this work, a semi-synthetic library of twenty-three
neolignan derivatives was prepared to explore synthetically accessible structure activity relationships
(SAR) against Trypanosoma cruzi. Five compounds demonstrated activity against trypomastigotes (IC50

values from 8 to 64 mM) and eight showed activity against intracellular amastigotes (IC50 values from 7 to
16 mM). Eighteen derivatives demonstrated no mammalian cytotoxicity up to 200 mM. The phenolic ac-
etate derivative of natural dehydrodieugenol B was effective against both parasite forms and eliminated
100% of amastigotes inside macrophages. This compound caused rapid and intense depolarization of the
mitochondrial membrane potential, with decreased levels of intracellular reactive oxygen species being
observed. Fluorescence assays demonstrated that this derivative affected neither the permeability nor
the electric potential of the parasitic plasma membrane, an effect also corroborated by scanning electron
microscopy studies. Structure-activity relationship studies (SARs) demonstrated that the presence of at
least one allyl side chain on the biaryl ether core was important for antitrypanosomal activity, and that
the free phenol is not essential. This set of neolignan derivatives represents a promising starting point for
future Chagas disease drug discovery studies.

© 2019 Elsevier Masson SAS. All rights reserved.
1. Introduction

Chagas disease is a major public health issue in Latin America,
where it is endemic in more than twenty countries [1,2]. Migrant
populations, and modes of transmission such as blood, food and
organ donation, have further led to the spread of this disease to
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served.
Europe, North America, Japan and Australia [3e5]. Approximately
eight million people are infected worldwide, causing approxi-
mately 7000 deaths annually [6,7]. Current treatments for Chagas
disease comprise two nitro-substituted heterocyclic drugs, benz-
nidazole and nifurtimox [8]. These compounds have shown suc-
cessful clinical, parasitological, and serological treatment outcomes
during the acute phase and in congenital Chagas disease [9].
However, these drugs are far from ideal: efficacy diminishes with
disease chronification [10], and both exhibit undesirable toxicity
profiles leading to adverse side-effects. Furthermore, parasite
resistance to these treatments is becoming more frequent [11e13].
Collectively, these facts highlight an urgent need for safer andmore
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Abbreviations

ANOVA analysis of variance
BALB/c isogenic murine lineage
CCCP carbonylcyanidem-chlorophenylhydrazone
CC50 50% cytotoxic concentration
DiSBAC2(3) bis-(1,3-diethylthiobarbituric acid) trimethine

oxonol
DMAP 4-dimethylaminopyridine
DMF dimethylformamide
DMSO dimethylsulfoxide
FDA Food and Drug Administration
FBS fetal bovine serum
H2DCf-DA 2,7 -dichlorodihydrofluorescein diacetate
HBSS Hank's Balanced Salt Solution
HPLC high performance liquid chromatography
HRESIMS high resolution electrospray ionization mass spectra
IC50 50% inhibitory concentration

JC-1 5,5,6,6-tetrachloro-1,1,3,3-tetraethylbenzimidazole
carbocyanide iodide

LLCMK2 Kidney Rhesus monkey cells
MS mass spectrometry
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide
NCTC cells-clone L929, murine conjunctive cells
NMR nuclear magnetic resonance
PAINS Pan-Assay Interference Compounds
PBS phosphate buffered saline
ROS reactive oxygen species
RPMI-1640 Roswell Park Memorial Institute medium
SAR structure activity relationships
SI selectivity index
SYTOX® Green amino(4-(6-(amino(iminio)methyl)-1Hindol-2-

yl) phenyl) methaniminium chloride
TLC thin layer chromatography
THF tetrahydrofuran
TMS tetramethylsilane
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efficacious drugs.
Natural products are a proven source of new chemical scaffolds

for drug discovery, as evidenced by the large number of FDA-
approved drugs that are derived from or are inspired by natural
products [14]. Compounds isolated from the Nectandra genus
(Lauraceae), have been shown to exhibit antibacterial, anti-
inflammatory, arterial hypertension control, antitumor, and anti-
parasitic activity [15]. We recently reported the first phytochemical
study of Nectandra leucantha, which led to the isolation of the
neolignans dehydrodieugenol B (1) and methyldehydrodieugenol B
(2) (Fig. 1). These compounds were found to display bioactivity
against the intracellular forms of Leishmania donovani [16] and
Trypanosoma cruzi [17]. In light of these results, and due to the
urgent need for novel bioactive lead compounds for drug devel-
opment against Chagas disease, we performed a semi-synthetic
derivatization of compounds 1 and 2 to explore the effects of
structural modifications on their biological activity. Here we
describe the results of these studies, which involved the prepara-
tion of 23 semi-synthetic derivatives, and evaluation of their anti-
parasitic activity against Trypanosoma cruzi, and their mammalian
cytotoxicity. Of these derivatives, compound 14 (see below) was
selected for phenotypic studies of drug-treated parasites to identify
possible target organelles.

2. Material and methods

2.1. General experimental procedures

NMR spectra were recorded on a Bruker AVIIIHD 400 nanobay
spectrometer, operating at 400 and 101MHz for 1H and 13C nuclei,
respectively. CDCl3 was used as solvent with tetramethylsilane as
internal standard, or by reference to the residual solvent peak (dH
Fig. 1. Structures of compounds 1 and 2 isolated from Nectandra leucantha.
7.26; dC 77.10 ppm). Chemical shifts (d) are reported in ppm and
coupling constants (J) in Hz. High resolution electrospray ionization
mass spectra (HRESIMS) were obtained using a Bruker Daltonics
MicrOTOF-Q IITM ESI-Qq-TOF in positive mode. Silica gel 60
(Merck, 63e210 mesh) was used for the column chromatographic
separation procedures, while silica gel 60 PF254 (Merck) was used
for TLC (0.25mm). For all extraction and chromatography proced-
ures, analytical grade solvents were used.

2.2. Isolation of compounds 1 and 2 from N. leucantha leaves

As described previously [18], the n-hexane extract from twigs of
N. leucantha (7.4 g) was subjected to successive column chroma-
tography over silica gel and Sephadex LH-20 to afford compounds 1
(1.58 g) and 2 (1.15 g) in 99% purity as indicated by HPLC.

2.3. Hydrogenation procedures for preparation of compounds 3 and
25

2.3.1. 2-Methoxy-6-(2-methoxy-4-propylphenoxy)-4-propylphenol
(3)

To a solution of compound 1 (0.30mmol) in EtOH (5mL) was
added 10%wt Pd/C (0.09mmol). The reaction flaskwas purgedwith
hydrogen and the reaction mixture was stirred for 1 h under H2
(1 atm). After filtration through Celite®, the filtrate was concen-
trated under reduced pressure to afford compounds 3 (98.7mg,
0.29mmol,99%) as a yellow oil; 1H NMR (CDCl3) dH 6.87 (1H, d,
J¼ 8.1 Hz), 6.79 (1H, d, J¼ 1.9 Hz), 6.69 (1H, dd, J¼ 8.1 and 1.9 Hz),
6.48 (1H, d, J¼ 1.9 Hz), 6.40 (1H, d, J¼ 1.9 Hz), 5.85 (1H, s, OH), 3.89
(3H, s), 3.87 (3H, s), 2.60e2.52 (2H, m), 2.49e2.39 (2H, m),
1.70e1.60 (2H, m), 1.60e1.50 (2H, m), 0.95 (3H, t, J¼ 7.3 Hz), 0.89
(3H, t, J¼ 7.3 Hz). 13C NMR (CDCl3) dC 150.2,147.6,144.3,143.9,139.1,
134.8,133.8,120.7,119.3,112.8,111.7,107.1, 56.2, 56.0, 37.9, 37.8, 24.7,
24.7, 13.9, 13.7. HRESIMS m/z 353.1720 [MþNa]þ (calc. for
C20H26NaO4353.1723).

2.3.2. 1,2-Dimethoxy-3-(2-methoxy-4-propylphenoxy)-5-
propylbenzene (25)

To a solution of compounds 2 (0.088mmol) in EtOH (2mL) was
added 10% wt Pd/C (0.028mmol). The reaction flask was purged
with hydrogen and the reaction mixture was stirred for 1 h under
H2 (1 atm). After filtration through Celite®, the filtrate was



D.D. Ferreira et al. / European Journal of Medicinal Chemistry 176 (2019) 162e174164
concentrated under reduced pressure to afford compound 25
(36.0mg, 0.104mmol, 98%) as a yellow oil; 1H NMR (CDCl3) dH 6.78
(2H, m), 6.68 (1H, dd, J¼ 8.1 and 1.8 Hz), 6.47 (1H, d, J¼ 1.8 Hz), 6.26
(1H, d, J¼ 1.8 Hz), 3.87 (6H, s), 3.83 (3H, s), 2.61e2.50 (2H, m),
2.48e2.37 (2H, m), 1.65 (2H, m), 1.59e1.47 (2H, m), 0.95 (3H, t,
J¼ 7.3 Hz), 0.88 (3H, t, J¼ 7.3 Hz). 13C NMR (CDCl3) dC 153.3, 150.5,
150.4, 143.8, 138.7, 138.2, 137.7, 120.6, 119.2, 112.9, 111.2, 107.1, 61.0,
56.1, 56.0, 38.1, 37.9, 24.7, 24.5, 13.9, 13.8. HRESIMS m/z 367.1876
[MþNa]þ (calc. for C21H28NaO4 367.1880).
2.4. Alkylation procedure for preparation of compounds 4e13

To a suspension of NaH (3.6mg, 60% wt, 0.090mmol) in DMF
(300 mL) at 0 �C was added compound 1 or 3 (0.060mmol). To this
solution was added the respective alkyl halide (see specific pro-
cedure for quantities) via microsyringe, and the resulting mixture
was stirred at 0 �C for 2 h. After addition of saturated aq. NH4Cl
(1mL) and extraction using EtOAc (3� 1mL), the organic layers
were washed with H2O (4� 1mL), brine (1mL) and dried over
MgSO4. After concentration under reduced pressure, the crude
product was purified by flash column chromatography on silica gel
(petroleum ether/EtOAc, 8:2) to afford the alkylated products 4e13.
2.4.1. 5-Allyl-1-(4-allyl-2-methoxyphenoxy)-2-ethoxy-3-
methoxybenzene (4)

Prepared from 1 using ethyl iodide (0.10mmol, 1.7 equiv.) as
electrophile. Yellow oil, 18.1mg, 0.051mmol, 85% yield; 1H NMR
(CDCl3) dH 6.80e6.77 (2H, m), 6.68 (1H, dd, J¼ 8.1, 1.9 Hz), 6.48 (1H,
d, J¼ 1.9 Hz), 6.30 (1H, d, J¼ 1.9 Hz), 6.04e5.83 (2H, m), 5.13e4.99
(4H, m), 4.08 (2H, q, J¼ 7.1 Hz), 3.85 (3H, s), 3.83 (3H, s), 3.36 (2H, d,
J¼ 6.7 Hz), 3.24 (2H, d, J¼ 6.7 Hz), 1.28 (3H, t, J¼ 7.1 Hz). 13C NMR
(CDCl3) dC 153.8, 150.7, 150.4, 144.4, 137.5, 137.1, 137.0, 135.7, 135.4,
120.7, 119.1, 115.9, 115.8, 113.0, 111.7, 107.4, 69.1, 56.1, 56.0, 40.1, 39.9,
15.5. HRESIMS m/z 377.1719 [MþNa]þ (calc. for C22H26NaO4
377.1723).
2.4.2. 5-Allyl-1-(4-allyl-2-methoxyphenoxy)-3-methoxy-2-
propoxybenzene (5)

Prepared from 1 using n-propyl iodide (0.10mmol, 1.7 equiv.) as
electrophile. Yellow oil, 21.1mg, 0.057mmol, 95%; 1H NMR (CDCl3)
dH 6.78 (1H, d, J¼ 1.8 Hz), 6.75 (1H, d, J¼ 8.1 Hz), 6.67 (1H, dd,
J¼ 8.1, 1.8 Hz), 6.49 (1H, d, J¼ 1.8 Hz), 6.33 (1H, d, J¼ 1.8 Hz),
6.03e5.83 (2H, m), 5.13e4.99 (4H, m), 3.96 (2H, t, J¼ 6.7 Hz), 3.85
(3H, s), 3.84 (3H, s), 3.36 (2H, d, J¼ 6.7 Hz), 3.25 (2H, d, J¼ 6.7 Hz),
1.68 (2H, sextet, J¼ 7.5 Hz), 0.90 (3H, t, J¼ 7.5 Hz). 13C NMR (CDCl3)
dC 153.8, 150.4, 150.2, 144.6, 137.5, 137.5, 137.1, 135.5, 135.3, 120.7,
118.7, 115.9, 115.8, 112.9, 112.1, 107.6, 75.2, 56.1, 56.0, 40.1, 39.9, 23.3,
10.3. HRESIMS m/z 391.1877 [MþNa]þ (calc. for C23H28NaO4
391.1880).
2.4.3. 5-Allyl-1-(4-allyl-2-methoxyphenoxy)-2-butoxy-3-
methoxybenzene (6)

Prepared from 1 using n-butyl iodide (0.10mmol, 1.7 equiv.) as
electrophile. Yellow oil, 26.4mg, 0.069mmol, 97%; 1H NMR (CDCl3)
dH 6.79 (1H, d, J¼ 1.9 Hz), 6.75 (1H, d, J¼ 8.1 Hz), 6.68 (1H, dd,
J¼ 8.1, 1.9 Hz), 6.49 (1H, d, J¼ 1.9 Hz), 6.33 (1H, d, J¼ 1.9 Hz),
6.04e5.83 (2H, m), 5.13e5.00 (4H, m), 3.99 (2H, t, J¼ 6.7 Hz), 3.84
(3H, s), 3.84 (3H, s), 3.36 (2H, d, J¼ 6.7 Hz), 3.25 (2H, d, J¼ 6.7 Hz),
1.68e1.59 (2H, m), 1.36 (2H, sextet, J¼ 7.5 Hz), 0.87 (3H, t,
J¼ 7.5 Hz). 13C NMR (CDCl3) dC 153.8,150.4,150.2,144.6, 137.6, 137.5,
137.2, 135.5, 135.3, 120.7, 118.6, 115.9, 115.8, 112.9, 112.1, 107.6, 73.3,
56.1, 56.0, 40.1, 40.0, 32.1, 19.0, 13.9. HRESIMS m/z 405.2030
[MþNa]þ (calc. for C24H30NaO4 405.2036).
2.4.4. 5-Allyl-1-(4-allyl-2-methoxyphenoxy)-2-(allyloxy)-3-
methoxybenzene (7)

Prepared from 1 using allyl bromide (0.12mmol, 2.0 equiv.) as
electrophile. Yellow oil, 21.9mg, 0.059mmol, 99%; 1H NMR (CDCl3)
dH 6.79 (1H, d, J¼ 8.1 Hz), 6.79 (1H, d, J¼ 1.9 Hz), 6.69 (1H, dd,
J¼ 8.1 and 1.9 Hz), 6.48 (1H, d, J¼ 1.9 Hz), 6.29 (1H, d, J¼ 1.9 Hz),
6.11e5.81 (3H, m), 5.24 (1H, dq, J¼ 17.2 and 1.5 Hz), 5.15e4.99 (5H,
m), 4.55 (2H, dt, J¼ 6.0 and 1.5 Hz), 3.85 (3H, s), 3.83 (3H, s), 3.37
(2H, d, J¼ 6.7 Hz), 3.24 (2H, d, J¼ 6.7 Hz). 13C NMR (CDCl3) dC 153.8,
150.7, 150.5, 144.3, 137.4, 137.1, 136.7, 135.8, 135.6, 134.6, 120.7, 119.2,
117.4, 115.9, 115.8, 113.1, 111.5, 107.4, 74.3, 56.1, 56.0, 40.1, 40.0.
HRESIMS m/z 389.1720 [MþNa]þ(calc. for C23H26NaO4 389.1723).

2.4.5. 5-Allyl-1-(4-allyl-2-methoxyphenoxy)-2-(benzyloxy)-3-
methoxybenzene (8)

Prepared from 1 using benzyl bromide (0.087mmol, 1.45 equiv.)
as electrophile. Yellow oil, 24.2mg, 0.058mmol, 96%; 1H NMR
(CDCl3) dH 7.40e7.36 (2H, m), 7.28e7.25 (3H, m), 6.79e6.74 (2H, m),
6.69 (1H, d, J¼ 1.9 Hz), 6.49 (1H, d, J¼ 1.9 Hz), 6.33 (1H, d,
J¼ 1.9 Hz), 6.03e5.85 (2H, m), 5.14e5.00 (6H, m), 3.82 (3H, s), 3.80
(3H, s), 3.36 (2H, d, J¼ 6.7 Hz), 3.25 (2H, d, J¼ 6.7 Hz). 13C NMR
(CDCl3) 13C NMR (101MHz, CDCl3) dC 153.9, 150.6, 150.4, 144.4,
138.0, 137.5, 137.1, 137.0, 135.7, 128.3, 128.0, 127.8, 127.6, 120.8, 119.0,
115.9, 115.8, 113.0, 111.8, 107.6, 75.0, 56.1, 56.0, 40.1, 40.0. HRESIMS
m/z 439.1877 [MþNa]þ (calc. for C27H28NaO4 439.1880).

2.4.6. 2-Ethoxy-1-methoxy-3-(2-methoxy-4-propylphenoxy)-5-
propylbenzene (9)

Prepared from 3 using ethyl iodide (0.10mmol, 1.7 equiv.) as
electrophile. Pale yellow oil, 19.7mg, 0.055mmol, 92%; 1H NMR
(CDCl3) dH 6.78 (1H, d, J¼ 1.9 Hz), 6.76 (1H, d, J¼ 8.1 Hz), 6.66 (1H,
dd, J¼ 8.1 and 1.9 Hz), 6.47 (1H, d, J¼ 1.9 Hz), 6.29 (1H, d, J¼ 1.9 Hz),
4.08 (2H, q, J¼ 7.1 Hz), 3.85 (3H, s), 3.84 (3H, s), 2.59e2.52 (2H, m),
2.48e2.40 (2H, m), 1.70e1.61 (2H, m), 1.59e1.50 (2H, m), 1.27 (3H, t,
J¼ 7.1 Hz), 0.95 (3H, t, J¼ 7.3 Hz), 0.89 (3H, t, J¼ 7.3 Hz). 13C NMR
(CDCl3) dC 153.6, 150.6, 150.2, 144.1, 138.4, 138.1, 136.7, 120.6, 118.9,
112.9, 111.5, 107.3, 69.0, 56.1, 56.0, 38.0, 37.8, 24.7, 24.5, 15.5, 13.9,
13.8. HRESIMS m/z 381.2036 [MþNa]þ (calc. for C22H30NaO4
381.2036).

2.4.7. 1-Methoxy-3-(2-methoxy-4-propylphenoxy)-2-propoxy-5-
propylbenzene (10)

Prepared from 3 using n-propyl iodide (0.10mmol, 1.7 equiv) as
electrophile. Yellow oil, 19.0mg, 0.051mmol, 85%; 1H NMR (CDCl3)
dH 6.78 (1H, d, J¼ 1.9 Hz), 6.73 (1H, d, J¼ 8.1 Hz), 6.65 (1H, dd,
J¼ 8.1 and 1.9 Hz), 6.48 (1H, d, J¼ 1.9 Hz), 6.32 (1H, d, J¼ 1.9 Hz),
3.95 (2H, t, J¼ 6.8 Hz), 3.85 (3H, s), 3.84 (3H, s), 2.59e2.51 (2H, m),
2.48e2.41 (2H, m),1.72e1.60 (4H, m),1.59e1.50 (2H, m), 0.94 (3H, t,
J¼ 7.3 Hz), 0.93 (3H, t, J¼ 7.3 Hz), 0.89 (3H, t, J¼ 7.3 Hz). 13C NMR
(CDCl3) dC

13C NMR (101MHz, CDCl3) dC 153.6, 150.3, 150.0, 144.3,
138.1, 138.0, 137.2, 120.5, 118.4, 112.8, 111.9, 107.5, 75.2, 56.1, 56.0,
38.0, 37.8, 24.7, 24.5, 23.3, 13.8, 13.8, 10.3. HRESIMS m/z 395.2190
[MþNa]þ (calc. for C23H32NaO4 395.2193).

2.4.8. 2-Butoxy-1-methoxy-3-(2-methoxy-4-propylphenoxy)-5-
propylbenzene (11)

Prepared from 3 using n-butyl iodide (0.10mmol, 1.7 equiv.) as
electrophile. Yellow oil, 18.2mg, 0.047mmol, 78%; 1H NMR (CDCl3)
dH 6.78 (1H, d, J¼ 1.9 Hz), 6.72 (1H, d, J¼ 8.1 Hz), 6.65 (1H, dd,
J¼ 8.1 and 1.9 Hz), 6.48 (1H, d, J¼ 1.9 Hz), 6.32 (1H, d, J¼ 1.9 Hz),
3.98 (2H, t, J¼ 6.7 Hz), 3.84 (6H, s), 2.58e2.53 (2H, m), 2.47e2.42
(2H, m), 1.68e1.61 (4H, m), 1.59e1.51 (2H, m), 1.41e1.31 (2H, m),
0.95 (3H, t, J¼ 7.3 Hz), 0.95 (3H, t, J¼ 7.3 Hz), 0.87 (3H, t, J¼ 7.3 Hz).
13C NMR (CDCl3) dC 153.6, 150.2, 150.0, 144.3, 138.1, 138.0, 137.2,
120.5, 118.4, 112.8, 111.9, 107.5, 73.3, 56.1, 56.0, 38.0, 37.8, 32.1, 24.7,
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24.5, 19.0, 13.9, 13.8, 13.8. HRESIMSm/z 409.2345 [MþNa]þ (calc. for
C24H34NaO4 409.2349).

2.4.9. 2-(Allyloxy)-1-methoxy-3-(2-methoxy-4-propylphenoxy)-5-
propylbenzene (12)

Prepared from 3 using allyl bromide (0.12mmol, 2.0 equiv.) as
electrophile. Pale yellow oil, 19.2mg, 0.052mmol, 86%; 1H NMR
(CDCl3) dH 6.80e6.75 (2H, m), 6.67 (1H, dd, J¼ 8.1 and 1.9 Hz), 6.47
(1H, d, J¼ 1.9 Hz), 6.28 (1H, d, J¼ 1.9 Hz), 6.10e5.98 (1H, m), 5.23
(1H, dq, J¼ 17.2 and 1.5 Hz), 5.11 (1H, ddd, J¼ 10.3, 2.9 and 1.1 Hz),
4.54 (2H, dt, J¼ 6.0 and 1.5 Hz), 3.85 (3H, s), 3.83 (3H, s), 2.59e2.53
(2H, m), 2.46e2.41 (2H, m), 1.64 (2H, sextet, J¼ 7.4 Hz), 1.54 (2H,
sextet, J¼ 7.4 Hz), 0.95 (3H, t, J¼ 7.4 Hz), 0.88 (3H, t, J¼ 7.4 Hz). 13C
NMR (CDCl3) dC 153.6, 150.5, 150.3, 144.0, 138.5, 138.3, 136.4, 134.7,
120.6, 119.0, 117.3, 113.0, 111.3, 107.2, 74.2, 56.1, 56.0, 38.0, 37.8, 24.7,
24.5, 13.9, 13.8. HRESIMS m/z 393.2034 [MþNa]þ (calc. for
C23H30NaO4 393.2036).

2.4.10. 2-(Benzyloxy)-1-methoxy-3-(2-methoxy-4-
propylphenoxy)-5-propylbenzene (13)

Prepared from 3 using benzyl bromide (0.10mmol, 1.7 equiv.) as
electrophile. Pale yellow oil, 19.9mg, 0.048mmol, 80%; 1H NMR
(CDCl3) dH7.39e7.37 (2H, m), 7.28e7.26 (3H, m), 6.77 (1H, d,
J¼ 1.9 Hz), 6.74 (1H, d, J¼ 8.1 Hz), 6.66 (1H, dd, J¼ 8.1 and 1.9 Hz),
6.48 (1H, d, J¼ 1.9 Hz), 6.33 (1H, d, J¼ 1.9 Hz), 5.04 (2H, s), 3.83 (3H,
s), 3.80 (3H, s), 2.59e2.53 (2H, m), 2.48e2.43 (2H, m), 1.70e1.61
(2H, m), 1.61e1.51 (2H, m), 0.96 (3H, t, J¼ 7.3 Hz), 0.89 (3H, t,
J¼ 7.3 Hz). 13C NMR (CDCl3) dC 153.7, 150.4,150.1, 144.2, 138.4,138.4,
138.0, 136.7, 128.3, 128.0, 127.5, 120.6, 118.7, 112.9, 111.7, 107.5, 75.0,
56.1, 55.9, 38.1, 37.9, 24.7, 24.5, 13.9, 13.8. HRESIMS m/z 443.2191
[MþNa]þ (calc. for C27H32NaO4 443.2193).

2.5. Acetylation procedure for preparation of compounds 14 and 15

Compounds 1 or 3 (0.060mmol), acetic anhydride (0.45mmol)
and pyridine (1.38mmol) were heated to 100 �C for 2 h. The cooled
mixturewas dilutedwith iced H2O, acidified dropwisewith 1MHCl
and extracted with EtOAc (3� 1mL). The combined organic ex-
tracts were dried over MgSO4 and concentrated under reduced
pressure. The crude product was purified by flash chromatography
(petroleum ether/EtOAc, 8:2), to afford products 14 and 15,
respectively.

2.5.1. 4-Allyl-2-(4-allyl-2-methoxyphenoxy)-6-methoxyphenyl
acetate (14)

Prepared from 1; Yellow oil, 21.2mg, 0.058mmol, 96%; 1H NMR
(CDCl3) dH 6.87 (1H, d, J¼ 8.1 Hz), 6.79 (1H, d, J¼ 1.9 Hz), 6.70 (1H,
dd, J¼ 8.1 and 1.9 Hz), 6.50 (1H, d, J¼ 1.9 Hz), 6.26 (1H, d, J¼ 1.9 Hz),
6.04e5.81 (2H, m), 5.14e5.00 (4H, m), 3.82 (3H, s), 3.81 (3H, s), 3.37
(2H, d, J¼ 6.7 Hz), 3.26 (2H, d, J¼ 6.7 Hz), 2.25 (3H, s). 13C NMR
(CDCl3) d 168.7, 152.3, 150.9, 150.2, 143.5, 138.4, 137.3, 136.8, 136.8,
128.5, 121.0, 120.6, 116.2, 116.0, 113.1, 110.5, 106.7, 56.1, 56.1, 40.2,
40.0, 20.5. HRESIMS m/z 391.1518 [MþNa]þ (calc. for C22H24NaO5
391.1516).

2.5.2. 2-Methoxy-6-(2-methoxy-4-propylphenoxy)-4-propylphenyl
acetate (15)

Prepared from 3; yellow oil, 19.7mg, 0.053mmol, 62%; 1H NMR
(CDCl3) dH 6.84 (1H, d, J¼ 8.1 Hz), 6.78 (1H, d, J¼ 1.9 Hz), 6.68 (1H,
dd, J¼ 8.1 and 1.9 Hz), 6.48 (1H, d, J¼ 1.9 Hz), 6.25 (1H, d, J¼ 1.9 Hz),
3.82 (3H, s), 3.82 (3H, s), 2.60e2.52 (2H, m), 2.48e2.42 (2H, m), 2.24
(3H, s), 1.70e1.60 (2H, m), 1.58e1.49 (2H, m), 0.95 (3H, t, J¼ 7.3 Hz),
0.89 (3H, t, J¼ 7.3 Hz). 13C NMR (CDCl3) dC 168.8, 152.1, 150.7, 150.1,
143.2, 141.1, 139.4, 128.1, 120.8, 120.4, 113.1, 110.4, 106.6, 56.1, 56.1,
38.3, 37.9, 24.6, 24.4, 20.5, 13.8, 13.8. HRESIMS m/z 395.1826
[MþNa]þ (calc. for C22H28NaO5 395.1829).

2.6. Propionoylation procedure for preparation of compounds 16
and 17

2.6.1. 4-Allyl-2-(4-allyl-2-methoxyphenoxy)-6-methoxyphenyl
propionate (16)

To a solution of 1 (23.7mg, 0.071mmol) in 120 mL of CH2Cl2 at
0 �C were added Et3N (19 mL, 0.14mmol), DMAP (0.8mg,
0.007mmol) and propionyl chloride (6.2 mL, 0.071mmol). The re-
action mixture was allowed to warm to room temperature and was
stirred for 3 h. After concentration under reduced pressure, the
resulting oily residue was redissolved in EtOAc (1mL), washed with
H2O and the aqueous phase extracted with EtOAc (4� 1mL). The
combined organic phases were dried over MgSO4, filtered and
evaporated to dryness under reduced pressure. The crude product
was purified by flash chromatography (petroleum ether/EtOAc,
8:2), to afford 16 (17.5mg, 0.046mmol, 64%) as a pale yellow oil; 1H
NMR (CDCl3) dH 6.85 (1H, d, J¼ 8.1 Hz), 6.78 (1H, d, J¼ 1.8 Hz), 6.69
(1H, dd, J¼ 8.1 and 1.8 Hz), 6.50 (1H, d, J¼ 1.8 Hz), 6.29 (1H, d,
J¼ 1.8 Hz), 6.03e5.81 (2H, m), 5.14e5.00 (4H, m), 3.81 (6H, s), 3.36
(2H, d, J¼ 6.7 Hz), 3.26 (2H, d, J¼ 6.7 Hz), 2.53 (2H, q, J¼ 7.5 Hz),
1.18 (3H, t, J¼ 7.5 Hz). 13C NMR (CDCl3) dC 172.1, 152.4, 150.8, 150.1,
143.7, 138.2, 137.3, 136.8, 136.5, 128.7, 120.9, 120.3, 116.2, 115.9, 113.1,
110.9, 106.9, 56.2, 56.1, 40.2, 40.0, 27.1, 9.2. HRESIMS m/z 405.1669
[MþNa]þ (calc. for C23H26NaO5 405.1672).

2.6.2. 2-Methoxy-6-(2-methoxy-4-propylphenoxy)-4-propylphenyl
propionate (17)

To a solution of 3 (20mg, 0.06mmol) in 120 mL of CH2Cl2 at 0 �C
were added Et3N (16 mL, 0.12mmol), DMAP (0.7mg, 0.006mmol)
and propionyl chloride (5.8 mL, 0.066mmol). The reaction mixture
was allowed to warm to room temperature and was stirred for 3 h.
After concentration under reduced pressure, the resulting oily
residue was redissolved in EtOAc (1mL), washed with H2O and the
aqueous phase extracted with EtOAc (4� 1mL). The combined
organic phases were dried over MgSO4, filtered and evaporated to
dryness under reduced pressure. The crude product was purified by
flash chromatography (petroleum ether/EtOAc, 8:2), to afford 17
(14.3mg, 0.037mmol, 56%) as a yellow oil; 1H NMR (CDCl3) dH 6.82
(1H, d, J¼ 8.1 Hz), 6.77 (1H, d, J¼ 1.9 Hz), 6.67 (1H, dd, J¼ 8.1 and
1.9 Hz), 6.49 (1H, d, J¼ 1.9 Hz), 6.28 (1H, d, J¼ 1.9 Hz), 3.82 (6H, s),
2.58e2.54 (2H, m), 2.54e2.50 (2H, m), 2.50e2.43 (2H, m),
1.69e1.60 (2H, m), 1.59e1.50 (2H, m), 1.17 (3H, t, J¼ 7.3 Hz), 0.95
(3H, t, J¼ 7.3 Hz), 0.89 (3H, t, J¼ 7.3 Hz). 13C NMR (CDCl3) dC 172.1,
152.2,150.6,149.9,143.5,140.9,139.1,128.4,120.8,120.0,113.1,110.7,
106.8, 56.1, 56.1, 38.2, 37.8, 27.1, 24.7, 24.4, 13.8, 13.8, 9.2. HRESIMS
m/z 409.1984 [MþNa]þ (calc. for C23H30NaO5 409.1985).

2.7. Isomerization procedure for preparation of compounds 18 and
22

2.7.1. 2-Methoxy-6-(2-methoxy-4-prop-1-en-1-yl)phenoxy)-4-
prop-1-en-1-yl)phenol (18)

A solution of 1 (50mg, 0.153mmol) and KOH (85mg,1.53mmol)
in ethylene glycol (200 mL) was refluxed at 150 �C for 16 h. The re-
action mixture was cooled to room temperature, diluted with H2O
and extracted with EtOAc (4� 1mL). The combined organic ex-
tracts were washed with H2O (3� 1mL), brine (1mL), dried over
MgSO4 and concentrated under reduced pressure. The crude
product was purified by flash chromatography (petroleum ether/
EtOAc, 7:3), to afford 18 (33.2mg, 0.102mmol, 66% yield) as a yel-
low oil. A mixture of diastereomers (5:1) was formed at each
alkene. Data is reported for themajor (E,E) diastereomer, whichwas
assigned by analogy to literature precedents. 1H NMR (CDCl3) dH
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6.95 (1H, d, J¼ 1.8 Hz), 6.89 (1H, d, J¼ 8.2 Hz), 6.84 (1H, dd, J¼ 8.2
and 1.8 Hz), 6.66 (1H, d, J¼ 1.8 Hz), 6.53 (1H, d, J¼ 1.8 Hz),
6.40e6.31 (1H, m), 6.25e6.12 (2H, m), 6.06e5.95 (1H, m), 3.91 (3H,
s), 3.87 (3H, s), 1.88 (3H, dd, J¼ 6.6 and 1.5 Hz), 1.81 (3H, dd, J¼ 6.6
and 1.5 Hz). 13C NMR (CDCl3) dC153.6, 150.5, 144.7, 144.5, 135.9,
134.7, 130.5, 130.4, 129.6, 129.4, 125.3, 124.1, 119.6, 109.7, 109.4,
104.3, 56.2, 56.0, 18.4, 18.3. HRESIMS m/z 349.1407 [MþNa]þ (calc.
for C20H22NaO4 349.1410).

2.7.2. 1,2-Diethoxy-3-(2-methoxy-4-prop-1-en-1-yl)phenoxy)-5-
prop-1-en-1-yl)benzene (22)

A solution of 2 (50mg, 0.146mmol) and KOH (81mg,1.46mmol)
in ethylene glycol (200 mL) was refluxed at 150 �C for 16 h. The re-
action mixture was cooled to room temperature, diluted with H2O
and extracted with EtOAc (4� 1mL). The combined organic ex-
tracts were washed with H2O (3� 1mL), brine (1mL), dried over
MgSO4 and concentrated under reduced pressure. The crude
product was purified by flash chromatography (petroleum ether/
EtOAc, 7:3), to afford 22 (49mg, 0.144mmol, 98%) as a pale yellow
oil. A mixture of diastereomers (5:1) was formed at each alkene.
Data is reported for the major (E,E) diastereomer, which was
assigned by analogy to literature precedents, and by a coupling
constant of 15.7 Hz for one of the alkene protons. 1H NMR (CDCl3)
dH 6.96 (1H, d, J¼ 1.9 Hz), 6.86e6.80 (2H, m), 6.64 (1H, d, J¼ 1.9 Hz),
6.41 (1H, d, J¼ 1.9 Hz), 6.37 (1H, dd, J¼ 15.7 and 1.9 Hz), 6.25e6.13
(2H, m), 6.11e5.97 (1H, m), 3.89 (3H, s), 3.87 (3H, s), 3.85 (3H, s),
1.88 (3H, dd, J¼ 6.6 and 1.5 Hz), 1.81 (3H, dd, J¼ 6.5 and 1.5 Hz). 13C
NMR (CDCl3) dC 153.7, 150.7, 150.7, 144.9, 138.9, 134.4, 133.7, 130.6,
130.5, 125.6, 125.2, 119.7, 118.7, 110.0, 109.0, 104.6, 61.2, 56.2, 56.1,
18.6, 18.4. HRESIMS m/z 363.1563 [MþNa]þ (calc. for C21H24NaO4
363.1567).

2.8. Hydroboration/oxidation procedure for preparation of
compounds 19 and 23

2.8.1. 4-(3-Hydroxypropyl)-2-(4-(3-hydroxypropyl)-2-
methoxyphenoxy)-6-methoxyphenol (19)

To a stirred solution of 1 (25mg, 0.076mmol) in THF (200 mL)
under argon was added BH3�THF (152 mL, 1M in THF, 0.152mmol).
After 2 h, 3M NaOH (150 mL, 0.23mmol) and H2O2 (160 mL, 30% aq.,
0.76mmol) were added, and the reaction mixture was stirred at
room temperature for 1.5 h. Brine (1mL) was added, and the
product was extractedwith EtOAc (3� 1mL). The organic layer was
washed with brine (1mL), dried over MgSO4 and the solvent
removed under reduced pressure. The crude product was purified
by flash chromatography (petroleum ether/EtOAc 1:1 and 3:7) to
afford 19 (22mg, 0.061mmol, 80%) as a pale yellow oil; 1H NMR
(CDCl3) dH 6.86 (1H, d, J¼ 8.1 Hz), 6.81 (1H, d, J¼ 1.8 Hz), 6.71 (1H,
dd, J¼ 8.1 and 1.8 Hz), 6.50 (1H, d, J¼ 1.8 Hz), 6.38 (1H, d, J¼ 1.8 Hz),
3.89 (3H, s), 3.86 (3H, s), 3.68 (2H, t, J¼ 6.4 Hz), 3.62 (2H, t,
J¼ 6.4 Hz), 2.72e2.64 (2H, m), 2.60e2.51 (2H, m), 1.95e1.85 (2H,
m), 1.84e1.75 (2H, m), 1.26 (1H, d, J¼ 6.2 Hz, OH), 1.19 (1H, d,
J¼ 6.2 Hz, OH). 13C NMR (CDCl3) dC 150.3, 147.8, 144.4, 144.0, 138.3,
135.0, 132.9, 120.7, 119.5, 112.8, 111.4, 107.1, 62.2, 62.1, 56.2, 56.0,
34.3, 34.2, 31.9, 31.8. HRESIMS m/z 385.1618 [MþNa]þ (calc. for
C20H26NaO6 385.1622).

2.8.2. 1-(4-(5-(1-Hydroxypropyl)-2,3-dimethoxyphenoxy)-3-
methoxyphenyl)propan-1-ol (23). To a stirred solution of 22 (25mg,
0.073mmol) in THF (200 mL) under argon was added BH3�THF
(146 mL, 1M in THF, 0.146mmol)

After 2 h, 3M NaOH (140 mL, 0.22mmol) and H2O2 (180 mL, 30%
aq., 0.73mmol) were added, and the reactionmixturewas stirred at
room temperature for 1.5 h. Brine (1mL) was added, and the
product was extractedwith EtOAc (3� 1mL). The organic layer was
washed with brine (1mL), dried over MgSO4 and the solvent
removed under reduced pressure. The crude product was purified
by flash chromatography (petroleum ether/EtOAc 1:1 and 3:7) to
afford 23 (22mg, 0.058mmol, 80%, unassigned mixture of stereo-
isomers) as a yellow oil; 1H NMR (CDCl3) dH 6.99 (1H, s), 6.80 (2H, s),
6.69 (1H, d, J¼ 1.7 Hz), 6.41 (1H, d, J¼ 1.7 Hz), 4.56 (1H, t,
J¼ 6.6 Hz), 4.43 (1H, t, J¼ 6.6 Hz), 3.89 (3H, s), 3.86 (3H, s), 3.85 (3H,
s), 1.76e1.59 (4H, m), 1.25 (1H, d, J¼ 6.2 Hz, OH), 1.19 (1H, d,
J¼ 6.2 Hz, OH), 0.92 (3H, t, J¼ 7.4 Hz), 0.86 (3H, t, J¼ 7.4 Hz). 13C
NMR (CDCl3) dC 153.7, 150.6, 150.2, 145.1, 140.6, 140.3, 119.2, 118.9,
118.4, 110.2, 109.2, 104.6, 75.8, 75.8, 61.0, 56.1, 56.0, 31.9, 31.8, 10.2,
10.1. HRESIMS m/z 399.1773 [MþNa]þ (calc. for C21H28NaO6
399.1778).

2.9. 1-(3,4-Dimethoxy-5-(2-methoxy-4-(2-oxopropyl)phenoxy)
phenyl)propan-2-one (20)

A vial charged with a mixture of PdCl2 (1.0mg, 0.0073mmol),
CuCl (7.2mg, 0.073mmol) and DMF/H2O 7:1 (100 mL) was stirred
under an oxygen atmosphere (1 atm) for 1 h. 2 (25mg, 0.073mmol)
was added and the solutionwas stirred for 16 h. 1 M HCl (1mL) was
added and the product was extracted with EtOAc (3� 1mL). The
organic layers were combined and washed successively with sat.
NaHCO3 (1mL), brine (1mL) and dried over MgSO4. After concen-
tration under reduced pressure, the crude product was purified by
flash chromatography (petroleum ether/EtOAc gradient 8:2, 7:3
and 1:1 v/v) to afford 20 (12.8mg, 0.034mmol, 47%) as a yellow oil;
1H NMR (CDCl3) dH 6.83 (1H, d, J¼ 8.1 Hz), 6.80 (1H, d, J¼ 1.9 Hz),
6.71 (1H, dd, J¼ 8.1 and 1.9 Hz), 6.49 (1H, d, J¼ 1.9 Hz), 6.30 (1H, d,
J¼ 1.9 Hz), 3.87 (6H, s), 3.83 (3H, s), 3.67 (2H, s), 3.54 (2H, s), 2.18
(3H, s), 2.11 (3H, s). 13C NMR (CDCl3) dC 206.5, 206.2, 153.8, 150.7,
150.5, 144.8, 138.9, 130.2, 129.7, 121.8, 119.5, 113.6, 112.5, 108.2, 61.0,
56.1, 56.0, 50.9, 50.7, 29.3, 29.1. HRESIMS m/z 395.1468 [MþNa]þ

(calc. for C21H24NaO6 395.1465).

2.10. 1-(4-(5-(2-Hydroxypropyl)-2,3-dimethoxyphenoxy)-3-
methoxyphenyl)propan-2-ol (21)

To a solution of 20 (12.0mg, 0.032mmol) in MeOH (100 mL) was
added NaBH4 (3.0mg, 0.083mmol) and the reaction was stirred for
40min at room temperature. The reaction was diluted with water
(1mL), and the product was extracted with EtOAc (3� 1mL). The
combined organic layers were washed with HCl (1mL, 10% aq.),
brine (1mL), dried over MgSO4 and concentrated to afford 21
(9.6mg, 0.025mmol, 80%, unassigned mixture of stereoisomers) as
a yellow oil; 1H NMR (CDCl3) dH 6.78e6.74 (2H, m), 6.65 (1H, dd,
J¼ 8.1 and 1.9 Hz), 6.45 (1H, d, J¼ 1.9 Hz), 6.22 (1H, d, J¼ 1.9 Hz),
4.07e3.98 (1H, m), 3.88e3.83 (1H, m), 3.81 (3H, s), 3.81 (3H, s), 3.77
(3H, s), 2.71 (1H, dd, J¼ 13.6 and 4.5 Hz), 2.62e2.55 (2H, m), 2.45
(1H, dd, J¼ 13.6 and 8.3 Hz), 1.20 (3H, d, J¼ 6.2 Hz), 1.13 (3H, d,
J¼ 6.2 Hz). 13C NMR (CDCl3) dC 153.7, 150.6, 150.6, 144.3, 138.4,
134.6, 134.0, 121.6, 119.6, 113.8, 111.9, 108.1, 68.8, 68.7, 61.0, 56.1,
56.0, 45.7, 45.5, 22.8, 22.6. HRESIMS m/z 399.1776 [MþNa]þ (calc.
for C21H28NaO6 399.1778).

2.11. 3-(4-Formyl-2-methoxyphenoxy)-4,5-
dimethoxybenzaldehyde (24)

To a solution of 22 (42mg, 0.123mmol) in 1,4-dioxane (1mL)
and H2O (200 mL) was added 2,6-lutidine (58 mL, 0.492mmol),
NaIO4 (210mg, 0.984mmol) and OsO4 (32 mL, 4.0wt % in H2O,
0.005mmol). The reaction was stirred for 4 h at room temperature
and then quenched with aq. Na2SO3 (1mL) and EtOAc (4� 1mL).
The combined organic layers were washed with 1M HCl (1mL),
dried over MgSO4 and concentrated in vacuo to afford 24 (26.7mg,
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0.084mmol, 70%) as a yellow oil; 1H NMR (CDCl3) dH 9.90 (1H, s),
9.80 (1H, s), 7.53 (1H, d, J¼ 1.8 Hz), 7.39 (1H, dd, J¼ 8.2 and 1.8 Hz),
7.31 (1H, d, J¼ 1.8 Hz), 7.11 (1H, d, J¼ 1.8 Hz), 6.88 (1H, d, J¼ 8.2 Hz),
3.96 (3H, s), 3.95 (3H, s), 3.93 (3H, s). 13C NMR (CDCl3) dC 190.9,
190.3, 154.3, 151.4, 150.6, 148.8, 146.0, 132.7, 131.8, 125.7, 117.3, 116.2,
110.7, 107.7, 61.3, 56.4, 56.2. HRESIMS m/z 317.1020 [MþNa]þ (calc.
for C17H17O6 317.1020).
2.12. General bioassays procedures

BALB/c mice were obtained from the animal breeding facility at
the Instituto Adolfo Lutz, Brazil. The animals were maintained in
sterilized cages under a controlled environment, and received
water and food ad libitum. All procedures performed were previ-
ously approved by the Animal Care and Use Committee from
Instituto Adolfo Lutz e Secretary of Health of Sao Paulo State
(Project number CEUA 04/2016) in agreement with the Guide for
the Care and Use of Laboratory Animals from the National Academy
of Sciences.
2.13. Parasites and mammalian cell maintenance

Macrophages were collected from the peritoneal cavity of BALB/
c mice by washing them with RPMI-1640 medium supplemented
with 10% fetal calf serum, and were maintained at 37 �C in a 5% CO2
humidified incubator. Trypomastigotes of T. cruzi (Y strain) were
maintained in Rhesus monkey kidney cells (LLC-MK2 - ATCC CCL 7),
cultivated in RPMI-1640 medium supplemented with 2% fetal calf
serum at 37 �C in 5% CO2 humidified incubator. The murine
conjunctive cells (NCTC clone 929, ATCC) weremaintained in RPMI-
1640 supplemented with 10% FBS at 37 �C in a humidified atmo-
sphere containing 5% CO2.
2.14. Determination of the 50% inhibitory concentration (IC50)

2.14.1. Extracellular forms
Trypomastigotes were counted in a hemocytometer chamber

and seeded at 1� 106 cells per well in 96 well microplates. The
compounds were dissolved in DMSO and diluted in RPMI-1640
medium and incubated for 24 h at 37 �C in a 5% CO2 humidified
incubator. The parasite viability was determined using the resa-
zurin (0.011% in PBS). The optical density was read at 570 nm using
control wells without drugs (100% viability) and without cells
(blank). The control group consisted of trypomastigotes incubated
with 0.5% (v/v) DMSO. Benznidazole was used as a positive control.
Compounds were tested to the highest concentration of 30 mM and
were reported as NA (not active) when the IC50 valuewas above this
concentration.
2.14.2. Intracellular amastigotes
Peritoneal macrophages were dispensed (1� 105/well) in 16

well chamber slides (NUNC, Thermo, USA) and maintained for 24 h
in the same medium at 37 �C in a 5% CO2 humidified incubator for
attachment. Non-adherent cells were removed by two step wash-
ings withmedium. After 24 h, these cells were infectedwith 5� 105

culture trypomastigotes for 4 h. Benznidazole was used as the
standard drug. Subsequently, infected cells were incubated with
the compounds for 48 h. Finally, the slides were fixed with meth-
anol, stained with Giemsa, and observed in light microscopy (100X
magnification). The parasite load was defined by the number of
infected macrophages X number of intracellular amastigotes/
number of total macrophages.
2.15. Cytotoxicity in mammalian cells

The murine conjunctive cells (NCTC clone 929, ATCC) were
counted in a hemocytometer chamber, seeded at 6� 104/well and
incubated in highest concentrations to 200 mM for 48 h at 37 �C in a
5% CO2 humidified incubator. The cell viability was determined
using the MTT assay. Benznidazole was used as a positive control.
The selectivity index (SI) was determined using the relationship,
CC50 against NCTC/IC50 against amastigotes parasites.

2.16. Evaluation of plasma membrane permeability

Late growth-phase trypomastigotes of T. cruzi (2� 106/well)
were washed and incubated in the dark with 1 mM SYTOX Green
probe (Molecular Probes) in HANKS0 balanced salts solution (HBSS;
Sigma-Aldrich) supplemented with 10mM D-Glucose (HBSSþ Glu).
The test compound was added (t ¼ 0) at the IC50 and fluorescence
was measured every 20min for 1 h. The maximum permeabiliza-
tion was obtained with 0.5% Triton X-100. Fluorescence intensity
was determined using a fluorimetric microplate reader (FilterMax
F5 Multi-Mode Microplate Reader-Molecular Devices) with exci-
tation and emission wavelengths of 485 and 520 nm, respectively.
The following internal controls were used in the evaluation: i) the
background fluorescence of the compound at the respective
wavelengths, ii) the possible interference of DMSO. Samples were
tested in duplicate [19].

2.17. Assessment of plasma membrane electric potential (DJp)

Estimation of DJp was monitored by measuring the increase in
absorbance of bis-(1,3-diethylthiobarbituric acid) trimethineoxonol
[DiSBAC2(3)] (Invitrogen) as described by Ref. [19]. Briefly, trypo-
mastigotes of T. cruzi (2� 106) were washed with HBSS þ Glc,
added into flow cytometry tubes and treated with compound 14
(IC50) in a final volume of 150 mL and incubated at 37 �C for 60min.
Next, 0.2 mM of DiSBAC2(3) were add in a final volume of 500 mL/
tube and incubated at 37 �C for 10min. The samples were read in an
Attune NxT Flow Cytometer (Thermo Fisher Scientific). Gramicidin
D (0.5 mg/mL) (Sigma-Aldrich) was used as a positive control. Un-
treated parasites were used as negative controls. Two independent
experiments were performed, each one with duplicate samples.

2.18. Evaluation of mitochondrial membrane potential (Djm)

Late growth-phase trypomastigotes of T. cruzi (2� 106/well)
were treated with the test compound at the IC50 in HBSS þ Glu
during 2 h incubation at 37 �C. After incubation, parasites were
washed and co-stained with JC-1 (0.3 mg/mL) for 10 min under the
absence of light at 37 �C in order to monitor the mitochondrial
membrane potential (Djm) and cell viability, respectively. Flow
cytometry was performed using an Attune NxT Acoustic Focusing
Cytometer (ThermoFisher Scientific) by analyzing 10,000 gated
events using forward/side scatter (FSC/SSC), JC-1 fluorescence (BL1-
A, filter 530/30 nm), PI fluorescence (BL2-A, filter 574/26 nm) and
Attune Nxt® software included with the equipment. Unstained, JC-
1-stained (untreated) parasites were used to set background fluo-
rescence and compensation. Trypomastigotes treated with CCCP
(10 mM) and untreated were used to obtain maximal and minimal
mitochondrial depolarization, respectively [20].

2.19. Statistical analysis

The determination of the CC50 and IC50 values was obtained
from sigmoid dose-response curves. The statistical significance (p
value) between the samples was evaluated through the One-way
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ANOVA method using the Tukey's Multiple Comparison test. All
analyzes were performed using Graph Pad Prism 5.0 software. The
samples were tested in duplicate or triplicate and the assays were
repeated at least twice.

3. Results

3.1. Preparation of semi-synthetic derivatives 3e25 from natural
compounds 1 and 2

Natural products 1 and 2 present a number of sites that permit
synthetic modification, including the phenol residue in the case of
compound 1, and the two unsaturated allyl side chains. The mod-
ifications selected were designed with several purposes in mind: to
discover where potential exists for structural diversification
without compromising bioactivity, to investigate derivatives that
are easily accessible from the natural products, and to explore
modifications that would address potential pharmacological con-
cerns. Targeted modifications included transformations of the aryl
ethers and phenols, double bond functionalization (such as
hydrogentaion, addition of heteroatoms, and oxidation). The syn-
thetic routes employed to access the 23 derivatives studied in this
work are shown in Figs. 2 and 3.

3.2. In silico analysis of semi-synthetic derivatives

In silico predictions of drug safety and physiochemical proper-
ties associated with clinical success were performed for the semi-
synthetic library (compounds 3e25) using FAF-Drugs4 web
server [21]. This analysis includes multiple predictive models
including the Lilly MedChem Rules, phospholipidosis, aqueous
solubility, and oral property space prediction. The series was pre-
dicted to have good oral bioavailability based on a comparison of 15
physiochemical descriptors of oral drugs. In general, the series has
higher lipophilicity than optimal, which may result in low aqueous
Fig. 2. Conversion of dehydrodieug
solubility and a higher probability of exhibiting toxicity. No analogs
were identified as potential Pan Assay Interference (PAINS) com-
pounds based on the three available filters; nor is the series pre-
dicted to induce phospholipidosis. Compound 14, which proved
promising in bioassays has good predicted oral bioavailability
based on the VeberRules, Egan Rules, and Bayer Oral Property Space
Rules, despite not meeting Lipinski's R05. Overall, in silico analysis
indicated the primary risks for the series are associated with high
lipophilicity, which could in the future be addressed by structural
modifications that decrease lipophilicity.
3.3. In vitro efficacy and cytotoxicity

Twenty-three neolignan derivatives (compounds 3e25) were
prepared and tested in vitro against T. cruzi trypomastigotes and
intracellular amastigotes, using the colorimetric resazurin assay
and light microscopy counting, respectively. Among them, eight
compounds (5, 8, 12e14,16, 22, and 25) showed activity against the
intracellular amastigotes, with IC50 values between 7 and 16 mM;
five compounds (3, 14e16, and 18) demonstrated activity against
trypomastigotes, with IC50 values between 8 and 64 mM (Table 1).
Two compounds (14 and 16) exhibited activity against both forms
of the parasite. Among the twenty-three compounds, eighteen
presented no mammalian cytotoxicity (NCTC cells) to the highest
tested concentration of 200 mM, while five derivatives (3, 14e17),
demonstrated CC50 values between 58.0 and 156.0 mM. Benznida-
zole was used as standard, giving IC50 values of 17.7± 1.9 mM
against trypomastigotes and 5.0± 1.5 mM against intracellular
amastigotes.

Additionally, light microscopy images of T. cruzi-infected mac-
rophages (Fig. 4A), demonstrated that compound 14 eliminated
100% of intracellular amastigotes, without affecting the
morphology of host cells at the highest tested concentration of
30 mM (Fig. 4B).
enol B (1) to derivatives 3e19.



Fig. 3. Conversion of methyl dehydrodieugenol B (2) to derivatives 20e25.

Table 1
Anti-T.cruzi activity (trypomastigote and amastigote forms) and mammalian cytotoxicity (NCTC cells) of natural compounds 1 and 2, semisynthetic derivatives 3e25 and
benznidazole.

compound IC50 (mM) (±S.D.) CC50 (mM) (±S.D.) NCTC S.I. amastigotes

trypomastigotes amastigotes

1 38.6± 8.3 86.5± 16.2 >200 >2.3
2 >100 >30 >200 e

3 7.9± 0.7 >30 57.7± 1.1 e

4 >100 >30 >200 e

5 >100 16.4± 0.4 >200 >12.2
6 >100 >30 >200 e

7 >100 >30 >200 e

8 >100 9.5± 1.3 >200 >21.1
9 >100 >30 >200 e

10 >100 >30 >200 e

11 >100 >30 >200 e

12 >100 9.4± 3.9 >200 >21.2
13 >100 7.5± 1.1 >200 >26.6
14 64.2± 8.2 8.0± 5.8 64.4± 4.2 8.1
15 21.5± 2.9 >30 66.3± 6.0 e

16 30.5± 10.4 10.0± 0.8 75.0± 13.8 7.5
17 >100 >30 156.1± 15.0 e

18 26.6± 5.3 >30 >200 e

19 >100 >30 >200 e

20 >100 >30 >200 e

21 >100 >30 >200 e

22 >100 12.2± 3.5 >200 >16.4
23 >100 >30 >200 e

24 >100 >30 >200 e

25 >100 13.3± 1.2 >200 >15.4
benznidazole 17.7± 1.9 5.0± 1.5 190.6± 13.4 38.1

IC50: 50% Inhibitory Concentration; CC50: 50% Cytotoxic Concentration; S.I.: Selectivity Index, given by the ratio between CC50 in NCTC cells and IC50 in intracellular amas-
tigotes; S.D.: Standard Deviation.
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3.4. Mechanism of action studies

3.4.1. Plasma membrane permeability. In light of the in vitro po-
tency of compound 14 and its capacity to eliminate 100% of para-
sites, its plasmamembrane permeability was investigated using the
fluorescent probe SYTOX Green.14 induced no significant alteration
in plasma membrane permeability within 60min of incubation
when compared to untreated parasites (Fig. 5A). Triton X-100 was
used as the positive control and was also included at the end of the
assay to all groups. 14 was also incubated with macrophages, and
the fluorescence monitored for 60min. When compared to the
untreated control, 14 showed no alteration of plasma membrane



Fig. 4. Treatment of Trypanosoma cruzi-infected macrophages with compound 14. Light microscopy images of Giemsa-stained slides. A. Untreated group with intracellular
amastigotes. B. Group treated with compound 14 for a period of 48 h at 30 mM. Magnification 100X (oil immersion).

Fig. 5. Evaluation of the plasma membrane of T. cruzi trypomastigotes. SYTOX Green assay for the determination of the plasma membrane permeability of trypomastigotes (A) and
peritoneal macrophages (B), both treated with compound 14. Triton X-100 was used as the 100% of permeabilization (positive control) and a control group (untreated) was also
included for both cells. C. Scanning electron microscopy T. cruzi untreated trypomastigotes (control group). D Scanning electron microscopy T. cruzi 14-treated trypomastigotes
(bar¼ 2.5 mm).
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permeability (Fig. 5B). Scanning electron microscopy studies of
trypomastigotes incubated with 14 corroborated the SYTOX Green
assay, as demonstrated by the normal morphology of T. cruzi try-
pomastigotes, including the plasma membrane of treated parasites
(Fig. 5D), when compared to untreated group (Fig. 5C).

3.4.2. Plasma membrane electric potential (DJp). Using flow
cytometry analysis, the electric potential of plasma membrane of
T. cruzi trypomastigotes was investigated in the presence of com-
pound 14. After 60min incubation, no significant alteration was
observed when compared to untreated control (Fig. 6). Gramicidin,
(a commercial antibacterial polypeptide) was used as positive
control, and induced the depolarization of potential as shown in
Fig. 6.

3.4.3. Mitochondrial membrane potential (DJm). The capacity of



Fig. 6. Evaluation of the plasma membrane electric potential (DJp) of T cruzi trypo-
mastigotes treated with compound 14. DiSBAC2 (3) dye (0.2 mM) fluorescence was
measured in a flow cytometer (ATTUNE). Minimum (untreated) and maximum
(gramicidin e 0.5 mg/mL) alteration in the electric potential permeabilization were
obtained. Fluorescence was quantified by calculating the mean percentages of un-
treated (0%) and gramicidine-treated (100%) parasites. **p < 0.005.
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compound 14 to affect the mitochondria of T. cruzi trypomastigotes
was investigated using flow cytometry. Initially, the mitochondrial
membrane potential was studied in the presence of the fluorescent
probe JC-1. After 120min of incubation, compound 14 induced a
significant (p< 0.05) reduction of fluorescence levels when
compared to untreated parasites, resulting in the depolarization of
the mitochondrial membrane (Fig. 7). Carbonylcyanidem-chlor-
ophenylhydrazone (CCCP) was used as a positive control at 50 mM
and caused a significant depolarization of mitochondria when
compared to untreated cells.

3.4.1. ROS levels
The levels of reactive oxygen species in trypomastigotes were
Fig. 7. Evaluation of the mitochondrial membrane potential of T. cruzi trypomastigotes
incubated with compound 14. Changes of JC-1 fluorescence determined by flow
cytometry (ATTUNE) and reported as normalized data based in untreated parasites.
Maximal and minimal fluorescence of JC-1 were achieved by non-treatment and
treatment with CCCP (50 mM). Trypomastigotes were treated at the IC50 value of
compound 14 for 2 h ***p < 0.005 related to positive control (CCCP).
determined using the fluorescent probe H2DCf-DA. Compound 14
induced significant (p< 0.05) reduction in ROS levels after treat-
ment for 120min when compared to untreated parasites. Sodium
azide was used as a positive control (Fig. 8).

3.5. SAR trends for optimization studies

Based on the T. cruzi activity of the phenolic natural product
dehydrodieugenol B (1) and lack of activity and cytotoxicity for the
corresponding natural methyl derivative (2) we hypothesized that
the phenol is important for T. cruzi activity but is also associated
with cytotoxicity. While many molecules such as flavonoids and
other related compounds feature phenols [22], these motifs can be
associated with toxicity profiles [23,24]; substituted phenols can
form phenoxy radicals or toxic metabolites such as quinones, and
are therefore of concern for drug discovery [25]. To evaluate
whether the phenol is required for activity against T. cruzi, the li-
brary of semi-synthetic analogs was evaluated for anti-
trypanosomal activity and cytotoxicity against NCTC cells. Notably,
compounds lacking the free phenol exhibited activity against
intracellular amastigotes, and all exhibited greater potency
compared to the natural product 1, particularly for ether de-
rivatives. All semi-synthetic ether analogs containing allyl side
chains (compounds 4e8) exhibited no mammalian cytotoxicity to
the maximal tested concentration (>200 mM). Two analogs e pro-
pyl ether 5 (IC50¼16.4± 0.4 mM) and benzyl ether 8
(IC50¼ 9.5± 1.3 mM) e were more potent against T. cruzi amasti-
gotes than 1 (IC50¼ 86.5± 16.3 mM). Phenolic esters exhibited
further improvement of T. cruzi intracellular amastigote potency,
but a slight erosion of selectivity compared to ether analogs 5 and 8.
Despite the decreased selectivity of esters compared to ethers, es-
ters 14 and 16 overall exhibited improved selectivity index values
(8.0 and 7.5, respectively) compared to natural product 1 (>2.3). It
was concluded that the phenol may not be required for activity in
T. cruzi amastigotes, but is likely to play a role in mammalian
cytotoxicity. Interestingly, esters 14 and 16 exhibited activity
against both forms of the parasite, unlike the ether analogs.

In light of this dual bioactivity, compound 14 was selected for
further evaluation against both the amastigote and trypomastigotes
forms of the parasite. Of concern was its metabolic susceptibility to
Fig. 8. Production of reactive oxygen species (ROS) in T. cruzi trypomastigotes incu-
bated with compound 14. H2DCf- DA was incubated with the cells, and the fluores-
cence intensity was detected using a fluorimetric microplate reader (FilterMaxF5
Multi- Mode Microplate Reader) with excitation and emission wavelengths of 485 and
520 nm, respectively. Azide (10 mM) was used as positive control. ***p < 0.001.
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hydrolysis, which would result in in situ formation of compound 1.
Indeed, esters are often used as pro-drugs to increase solubility or
permeability, and are hydrolyzed in vivo to the corresponding al-
cohols [26]. One potential explanation for the increased T. cruzi
activity could be that the acetylated derivative14 achieves greater
intracellular and intra-parasitic concentrations compared to 1, and
it is subsequently hydrolyzed to the phenol-containing natural
product1. By comparison, ethers are typically more metabolically
stable than esters with respect to hydrolysis; the activity of ethers 5
and 8may therefore suggest that the phenol is not required for
T. cruzi activity, but may be beneficial.

In contrast, the allyl sidechains appear to play a key role in
T. cruzi activity, especially against intracellular forms. Reduction of
allyl ethers (12 and 13 - IC50 9.4± 3.9 and 7.5± 1.1 mM, respectively)
completely suppressed T. cruzi amastigote and trypomastigote ac-
tivity in the resulting saturated ether analogs 9e11. Likewise,
reduction of ester analogs (14 and 16) to saturated ester analogs (15
and 17) completely suppressed amastigote activity. Interestingly,
the saturated trimethoxyl compound, 25, exhibits improved
amastigote activity compared to the corresponding allyl analog, 2,
which is inactive (IC50 13.3± 11.2 mM (SI> 15) and >30 mM,
respectively).

Analogs replacing the allylic groups with hydrogen bond
donating (HBD) and accepting (HBA) groups (compounds 19e21, 23
and 24) resulted in loss of activity against T. cruzi amastigotes, and
no toxicity against NCTC cells. Interestingly, methyl ether 22
(featuring internal E-olefins) was active against T. cruzi amastigotes
with an IC50 value of 12.2± 3.5 mM. However, the corresponding
phenol 18was not active against amastigotes. Overall, these studies
of the allyl sidechains suggest that the scaffold is tolerant of
structural modifications, and indeed modifications can improve
T. cruzi amastigote activity, and selectivity against mammalian cells.

4. Discussion

Previous studies from our groups demonstrated the anti-
trypanosomal activity of the natural products dehydrodieugenol B
(1) and methyldehydrodieugenol B (2), isolated from the plant
N. leucantha [17]. Compound 1, was found to be effective against
T. cruzi, with an IC50 value of 86.5 mM (intracellular amastigotes)
and 38.6 mM (trypomastigotes) and no toxicity against NCTC cells
observed. In silico studies suggested that compounds 1 and 2 are
not likely to exhibit pan-assay interference (PAINS), and have low
risk of carcinogenic, mutagenic or genotoxic activity [17]. In the
present work, we targeted the semi-synthetic modification of
natural products 1 and 2 to obtain a series of derivatives that would
explore the importance and modification potential of the phenol
and allyl sidechains, and which might lead to analogs with better
potency against T. cruzi, and improved selectivity indices compared
to mammalian cells.

Twenty-three semi-synthetic neolignan derivatives were pre-
pared, and studied for their bioactivity against the extracellular
trypomastigote and intracellular amastigote forms of T. cruzi, and
for cytotoxicity towards murine fibroblasts (NCTC cells). For T. cruzi,
the intracellular amastigote form is the most clinically relevant, but
the trypomastigote form is also found in mammalians in the acute
phase of the disease, and can result in reactivation of the para-
sitaemia. As such, drugs that selectively affect trypomastigotes are
also considered a relevant therapeutic approach [27].

In terms of the allyl sidechains, this semi-synthetic approach
modified both sidechains simultaneously and equivalently; at this
early stage of investigation, no attempt was made to achieve
selectivity, chemoselectivity or stereoselectivity. The discovery of
promising bioactivity in such derivatives would be followed by a
more in-depth analysis. As such, these investigations were
designed to probe whether semi-synthetic derivatives obtained
directly from the natural products might have the potential for
further synthetic optimizations.

Among the twenty-three derivatives, compounds 13 and 14
showed the highest potency against amastigotes, with IC50 values
close to the standard drug benznidazole. Compound 13 also
demonstrated the highest selectivity index (SI> 26). However, only
compound 14 (which displayed a similar potency to compound 16
against amastigotes) eliminated 100% of intracellular amastigotes,
without affecting the morphology of host cells at the highest tested
concentration. Masking of the phenol functional group as an ether
consistently improved selectivity against mammalian cells; all
ether analogs, including compound 13, were not cytotoxic to
mammalian NCTC cells at concentrations up to 200 mM. Esterifica-
tion of the phenol also decreased mammalian cytotoxicity, but to a
lesser extent compared to the ether analogs.

Analysis of the bioactivity trends of the semi-synthetic neo-
lignan library provides some information on the structure activity
relationships (SARs) within the natural product scaffold, and
identifies sites where future modifications might be tolerated. Our
studies first reveal that at least one of the unsaturated side chains is
important for T. cruzi activity, as the fully saturated derivatives 9e11
were inactive. However, the derivatives 12,13 and 25 featuring allyl,
benzyl, and methyl ether substituents in place of the phenol of
1retained good activity against amastigotes. In the former two
cases, this may relate to an element of pseudo-symmetry in the
natural product scaffold, such that the allyl ether of 12 serves as a
surrogate for an allyl sidechain. Notably, the isomerized derivatives
18 and 22 retain good activity against the trypomastigote forms
compared to their parent allyl sidechains. However, an expressive
effect against intracellular amastigote forms was observed to
compound 22, which could be explained by the differences in
intracellular concentrations due to permeability.

The phenol natural product 1 exhibits good activity and no
significant toxicity in the mammalian cell assay. The corresponding
esters 14 and 16 showed a considerable increase in potency
compared to compound 1, but similar toxicity, and thereby exhibit
an improved selectivity index. Other modifications were less well
tolerated. For example, all derivatives containing oxygenated
sidechains (compounds 19e21, 23, and 24) were inactive against
both forms of the parasite, despite the increase in aqueous solu-
bility that these compounds presumably exhibit. This suggests that
at least one non-polar sidechain is required for the anti-
trypanosomal activity.

Considering the promising in vitro activity of compound 14, this
derivative was subjected to phenotypic analysis of drug-treated
parasites, with the goal of identifying the major cellular targets
involved in its antitrypanosomal action. Previous studies with a
related neolignan also isolated from N. leucantha [17] indicated a
strong permeabilization effect in the plasma membrane of T. cruzi,
an effect that could also be the cause of mammalian cell toxicity.
Interestingly, the new derivative 14 induced neither alterations in
the plasma membrane of T. cruzi nor in the host macrophages,
suggesting that the presence of an acetyl group instead of a methyl
group alters its affinity towards the T. cruzi membrane. Scanning
electron microscopy enabled us to visualize the unaltered nature of
the plasma membrane, and the preserved parasite morphology,
thus corroborating our fluorimetric permeability studies.

One potential explanation for the heightened activity of com-
pound 14 is that the ester functionality facilitates membrane
permeability, leading to a greater intracellular concentration of
compound 1 (post-hydrolysis) in the macrophages and amasti-
gotes. Furthermore, the poor bioactivity exhibited by many of the
corresponding ether analogs (which are less likely undergo O-
dealkylation) supports the notion that the phenol itself plays a key
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role in the observed potency. The exception to this, as described
above, are compounds 12 and 13where further studies are required
to elucidate the phenotypic mode of action.

In contrast to most eukaryotic cells, T. cruzi presents a single
mitochondrion that displays unusual features, such as a specific
arrangement of mitochondrial DNA (the kinetoplast). Due to this,
Trypanosomatidae mitochondria have been identified as candidate
target organelles for new drugs. Mitochondria are involved in
cellular redox processes, playing a central role in energy meta-
bolism through oxidative phosphorylation (resulting in ATP syn-
thesis, calcium homeostasis, nutrient oxidation, and control of
apoptosis) [28].

Themitochondrial membrane potential of T. cruziwasmeasured
using flow cytometry after incubationwith compound 14, using the
fluorescent probe JC-1. When compared to positive controls and
untreated cells, a strong depolarization was observed after 2 h in-
cubation. The mitochondrial membrane potential (DJm) is the
result of an electrochemical gradient and is critical for maintaining
the physiological function of the respiratory chain to generate ATP.
A significant loss of the DJm renders cells depleted of energy with
subsequent death [29].

Mitochondria are also the main source of reactive oxygen spe-
cies (ROS), regulated by the redox state of the electron transport
system or the magnitude of the mitochondrial membrane potential
[30]. At high levels, ROS can cause cellular damage, especially when
cells cannot cope with this condition. In our studies, T. cruzi para-
sites treated with compound 14 exhibited reduced ROS levels,
suggesting that the depolarization of the mitochondrial membrane
potential may contribute to this imbalance. The lethal anti-
trypanosomal effect of this new neolignan derivative may therefore
be ascribed to mitochondrial impairment, but other studies of
mechanism of action will be required to confirm this.
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