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A diversity-oriented synthesis of hydroxylated aryl-quinones via C—H oxygenation reactions and their evaluation
against Trypanosoma cruzi, the etiological agent of Chagas disease, was accomplished. With the use of ruthenium
(ID- or palladium(I)-based catalysts, complementary regioselectivities were observed in the hydroxylation
reactions and we have identified 9 compounds more potent than benznidazole (Bz) among these novel arylated
and hydroxylated quinones. For instance, 5-hydroxy-2-[4-(trifluoromethyl)phenyl]-1,4-naphthoquinone (4h)

with an ICs0/24 h value of 22.8 uM is 4.5-fold more active than the state-of-the-art drug Bz. This article provides
the first example of the application of C—H activation for the position-selective hydroxylation of arylated
quinones and the identification of these compounds as trypanocidal drug candidates.

1. Introduction

With almost 8 million infected people worldwide and 10,000 deaths
every year, Chagas disease represents a serious health problem, espe-
cially for people living in low-income rural areas of endemic countries in
Latin America, and is considered a neglected tropical illness.' This
disease is caused by the hemoflagellate protozoan named Trypanosoma
cruzi, that is classically transmitted by the feces of triatomine bugs, by
the ingestion of contaminated food and beverages, or even by infected
blood (congenitally, organ transplants or during blood transfusion).
With the decline in new cases derived from the classical route (by the
vector) or blood transfusion, congenital and especially oral trans-
missions became more relevant epidemiologically.*® As a result of the
migratory flux, the process of globalization to well-developed areas was
intensified and many infected individuals are living on all continents,
allowing for the incidence of this disease in non-endemic countries.®’

The clinical course of Chagas disease shows two very distinct phases.
In the acute phase the parasitemia is high and the patients are frequently
asymptomatic or oligosymptomatic while in the chronic phase the

* Corresponding authors.

parasitemia is sub patent. The chronic phase can be classified by clinical
manifestations into indeterminate (asymptomatic) or symptomatic that
can present digestive (characterized by megacolon or mega esophagus),
and cardiac (with progressive fibrotic cardiomyopathy) forms.®'* The
most recurrent cause of death in chronic individuals is heart failure due
to cardiac dysfunction such as cardioembolism, bradyarrhythmia and
apical aneurysm.'''® Furthermore, current etiological treatment is
based on 2-nitroimidazole benznidazole and the 5-nitrofuran nifurti-
mox, developed in the late 1960s. Even after half a century, the
chemotherapy for Chagas disease has remained unchanged, being effi-
cient for acute cases, but showing strong limitations in the chronic
phase.'*!° The active search for alternative drugs/combinations for this
neglected disease is easily justified by the limited activity in chronic
patients together with the observed side effects.'® The absence of an
adequate treatment for symptomatic chronic cases also results in a
global economic burden of billions of dollars and a reduction in work
productivity.'”'8

Motivated by the urgent demand to identify new compounds with
outstanding trypanocidal activity, our research group has in recent years
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investigated the potential of quinones for the treatment of Chagas dis-
ease.'”?" In this context, approaches involving modern and elegant
synthetic strategies were employed to access novel trypanocidal qui-
nones, such as rhodium-catalyzed C—H bond halogenations,”' sequen-
tial C—H iodination/organoyl thiolation reactions,22 ruthenium(II)-
catalyzed C—H alkenylation,® selenation of quinones with copper
complexes and carbon nanotube—copper ferrite as catalysts,”* and more
recently rhodium-catalyzed [2 + 2 + 2] cycloadditions25 (Scheme 1). In
2018, we developed a straightforward approach for the synthesis of a
variety of hydroxylated quinones via catalysis with ruthenium(II),?
which allowed us to test the bioactivity of these compounds and
demonstrate their outstanding activity against T. cruzi (Scheme 1).

In the present report, we describe our efforts towards the synthesis
and trypanocidal evaluation of arylated quinones and their subsequent
selective A-ring or aryl hydroxylation catalyzed by ruthenium or palla-
dium complexes. This study represents the first example of ruthenium-
and palladium-catalyzed position-complementary C—H hydroxylation®’
of arylated quinoidal compounds and the preparation of novel molecules
with potent trypanocidal activity via formation of 5-membered ruth-
enacycles or 6-membered palladacycles®® > (Scheme 2).

2. Results and discussion
2.1. Chemistry

Aware of the ability of 1,4-naphthoquinones (1,4-NQs) to act as
trypanocidal agents, we set out to investigate C-2 arylated 1,4-NQs 3,
accessed via C—H arylation of 1,4-NQs. Subsequent structural modifi-
cation via C—H oxygenation under ruthenium and palladium catalysis
was also accomplished. In general, there are several methods reported in
the literature for the preparation of this class of compounds, with
important contributions by Itahara,® Molina,>® Baran,*® and Akagi.®”
However, it is worth noting that the trypanocidal activity of these

Bioorganic & Medicinal Chemistry 40 (2021) 116164

substances has thus far not been explored. These novel insights will be
discussed in the biological section (vide infra). To this end, we chose the
protocol described by Baran and co-workers>® to prepare a variety of 2-
aryl-1,4-naphthoquinones (3a-m) through the reaction of 1,4-naphtho-
quinone (1) with differently substituted aryl boronic acids (2a-m) in
the presence of catalytic amounts of silver(I) nitrate and ammonium
persulfate as the oxidant in a mixture of trifluorotoluene/water as the
solvent. The applicability to a diverse range of boronic acids and the
user-friendly work-up of the reaction was an important factor for the
choice of this method, which allowed us to obtain the desired com-
pounds in moderate yield (Scheme 3). Furthermore, the novel com-
pounds 3h, 3i and 3j are described here for the first time.

With the arylated compounds in hand, we initiated our studies for
the introduction of a hydroxyl group at the A-ring of the quinoidal
system of aryl 1,4-NQ 3a using [RuCly(p-cymene)], as the catalyst and
PIFA as the mild oxidizing agent. This methodology was recently re-
ported by us and employed for the synthesis of a variety of hydroxylated
quinones,® but proved to be susceptible to the substituents present on
the B-ring of the quinonoid precursor. In general, the presence of
electron-donating groups favors the weak O-coordination of the metal
via the carbonyl group, leading to the formation of the desired product.
In this context, we applied the previously described method to obtain a
series of hydroxylated aryl-quinone derivatives. As expected, a trans-
formation of deactivated arylated derivatives proved particularly chal-
lenging due to a significantly reduced reactivity. In contrast, product 4a
was obtained in 30% yield from 2-phenyl-1,4-naphthoquinone (3a)
(Scheme 4).

Using compound 3a as a model substrate, we also evaluated the use
of different oxidants, e.g. K2S20g, PIDA, (NH4)2S20s, OXONE®, mCPBA,
KIOs3, and PIFA/K3S20g in the presence of [RuCly(p-cymene)], as the
catalyst, but unfortunately, in all cases the yield of the desired product
4a was lower. We also tested alternative catalysts in the presence of PIFA
as an oxidizing agent. However, RuBrs, Rug(CO);3, Ru(O2CMes)s(p-

Metal-catalyzed functionalization of quinoidal compounds (Refs 21-25):
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Scheme 3. Synthesis of monoarylated 1,4-naphthoquinone derivatives 3a-m.

cymene), Ru(OAc)2(PPhs)y and Ru(OPiv),(PPhg), fell short in deliv-
ering the desired product 4a.

All compounds shown in Scheme 3 were subjected to the C—H
oxygenation reaction using PIFA as the oxidizing agent and [RuCly(p-
cymene)], as the catalyst and the obtained products are depicted in
Scheme 4. Unfortunately, even after considerable experimentation,
some derivatives could not be obtained and most compounds were iso-
lated in somewhat improvable yields. Considering the tremendous bio-
logical potential of the target compounds, we evaluated the obtained
hydroxylated quinones against T. cruzi. Further studies will be carried
out in our laboratories aiming at the identification of reaction conditions
that allow for the preparation of compounds 4 in improved yields and
will be published in due course. Structural assignments were based on
detailed NMR spectroscopy analysis and X-ray diffraction measurement
of product 4a (Figure 1).

A plausible mechanism can be proposed for the ruthenium-catalyzed
C—H hydroxylation based on previous reports described in the literature
(Scheme 5).°®*! The mechanism usually starts with the formation of the

6-membered palladacycle
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Scheme 4. Synthesis of C—H oxygenated compounds 4a-i.

active ruthenium(II) species A from the pre-catalyst [RuCly(p-cymene)]
in the presence of PIFA. The active species can then facilitate the C—H
activation of the substrate, releasing one of the trifluoroacetate ligands
bearing the hydrogen removed from the activated site. This process
generates the intermediate B with the phenyl-group oriented to the
opposite site of the coordination sphere due to steric effects, as ruthe-
nium catalysts are known to suffer directly from steric effects of the
substituents.”> The intermediate B can then undergo an oxidative
addition in the presence of the oxidant PIFA. During this process, not
only an additional trifluoroacetate ligand is introduced to the coordi-
nation sphere of the catalyst, but also the p-cymene ligand is substituted
by another trifluoroacetate ligand. Thus, the ruthenium metallocentre is
oxidized from ruthenium(Il) to ruthenium(IV) and the coordination
number of the catalyst also increases from four to six, thereby forming
intermediate C. A subsequent re-organization of the ligands enables the
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Figure 1. ORTEP-3 projection of 4a, showing the atom numbering and
displacement ellipsoids at the 50% probability level.

transfer of one of the coordinated trifluoroacetate ligands to the active
site of the substrate, consequently resulting in a C-5 functionalization via
a reductive elimination (intermediate D) and reducing the ruthenium
metallocentre to its original oxidation state. A ligand-substitution with
p-cymene releases the C-5 acetylated product (intermediate E) and re-
generates the catalytically-active ruthenium-species A. The desired
product F is finally obtained after work-up under acidic conditions.

In addition, the novel oxygenated derivatives 5a-c were prepared
through palladium-catalyzed C—H oxygenation, in which the substrates
3a, 3d and 3k were submitted to a reaction with PIFA as the oxidant and
Pd(OAc); as the catalyst at 100 °C to afford 5a-c in moderate yields (44
to 60%). In contrast to the ruthenium-catalyzed C—H oxygenation (vide
supra), the reaction selectively occurred at the aryl ring previously
installed at the B-ring of the 1,4-naphthoquinones (Scheme 6). Struc-
tural assignments were based on detailed NMR spectroscopy analysis
and X-ray diffraction of product 5a (Figure 2).

In contrast to ruthenium catalysis, the position-selectivity in palla-
dium catalysis is known to be mainly controlled by electronic effects,
thus preferentially interacting with regions of higher electron den-
sities.*> A resonance analysis of the substrate structure indicates that the
phenyl ring located at the C-2 position of the substrate is influenced by
an indirect and weak electron-withdrawing effect of the quinoidal
carbonyl groups, compared to the direct and more pronounced electron-
withdrawing effect on the naphthoquinoidal aromatic ring exhibited by
both quinoidal carbonyl groups. This information, combined with pre-
viously published materials,***> provides a mechanistic rationale for
the observed regioselectivity of this transformation and the facile for-
mation of the 6-membered metallocycle present in intermediate B
(Scheme 7). Afterwards, a sequential oxidative addition leads to the
formation of the palladium(IV) intermediate C. The coordinated acetate
ligands present in this intermediate undergo reorganization and one of
them is transferred to the activated site of the substrate via a reductive
elimination. In this process, the palladium is reduced to palladium(II)
and intermediate D is obtained. A decoordination of the acetylated in-
termediate E regenerates the catalytically-active palladium species A. A
final work-up step in acidic media enables the formation of the desired
ortho-hydroxylated product F.

2.2. Biological studies

In recent years, the intensification of efforts aimed at identifying new
trypanocidal compounds based on naphthoquinoidal structures has
gained considerable momentum due to the outstanding trypanocidal
potential of these compounds.*®*® Although quinones are molecules
with a simple basic framework, their structural modification involves
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highly challenging synthetic strategies.*>°° The control of the chemical
reactivity of these compounds requires an ability to control electrophilic
or nucleophilic sites in order to achieve selective functionalizations.”! In
this context, 1,4-NQ has been used as a prototype to explore new syn-
thetic routes and consequently access new trypanocidal agent candi-
dates. Hence, we employed 1,4-NQ as the starting material of choice for
B-ring modifications and aryl group introductions and screened the thus
obtained compounds against T. cruzi in its infective trypomastigote form
(Table 1).

Initially, we observed that the installation of an aryl group in the B-
ring of 1,4-NQ resulted in no pronounced trypanocidal effect and both
compounds, 1,4-NQ and 3a, exhibited a similar activity against the
parasite. Subsequent studies were then carried out with electron-
donating as well as electron-withdrawing groups on the aryl ring in
order to modulate the electronic properties of the arene and study their
trypanocidal activity. When only one methyl group was installed on the
aryl ring (3b and 3c¢) no pronounced effect was observed and the com-
pounds exhibited a moderate activity against T. cruzi with IC59/24 h
values = 104.7 and 185.0 pM, respectively. To our delight, the intro-
duction of two methyl groups strongly enhanced the trypanocidal ac-
tivity and compounds 3d (IC59/24 h = 56.5 uM) and 3 g (IC50/24 h =
25.7 uM) were approximately 2 and 4 times more active than benzni-
dazole, the positive control used in our study. Compounds containing
electron-withdrawing groups did not show any prominent trypanocidal
activity (Scheme 8).

Following our strategy, we evaluated the trypanocidal activity of the
hydroxylated compounds obtained via C—H activation. As expected, the
trypanocidal activity of the compounds was enhanced and in some cases
the results obtained were very promising. The hydroxylated compounds
5b and 5c¢, substituted with a methyl-group, displayed an increased
trypanocidal activity compared to their respective synthetic precursors,
naphthoquinones 3b and 3c (Scheme 9). In the case of compound 5c¢ the
trypanocidal activity was enhanced 2.5-fold, which renders 5¢ more
active than Bz. The potent trypanocidal activity of this derivative
demonstrates the efficiency of the strategy applied here and showcases
the ability of palladium-catalyzed C—H oxygenations to considerably
enhance the antiparasitic activity of a compound in only one synthetic
step. To our pleasant surprise, the results were even more promising
when compounds containing electron-withdrawing groups were used as
precursors for the preparation of hydroxylated derivatives. While com-
pounds 3k and 3l containing fluorine and CFs-groups were inactive
against T. cruzi with ICs¢/24 h values > 500 uM for 3k and 335.2 uM for
31, compounds 4g and 4h obtained via ruthenium(Il)-catalyzed hy-
droxylations showed an impressive increase in their trypanocidal ac-
tivity. In particular, 4h was 4.5 times more active than Bz and can be
considered an important lead structure for further studies (Scheme 9).

3. Conclusions

The development of new efficient drugs against the parasite that
causes Chagas disease is a difficult objective to achieve. As a neglected
disease that typically affects low-income populations, investment in the
development of new drugs against T. cruzi is limited and often dis-
continued. In this context, basic research carried out in public health
institutions and universities is a fundamental part in advancing the
search for new treatments in order to obtain a cure or to improve the
quality of life of patients contaminated with the parasite. In the present
manuscript, we described a series of novel arylated quinones and hy-
droxylated aryl-quinones with prominent trypanocidal activity. Our
strategy for the preparation of these compounds was based on just two
synthetic steps with the use of easily accessible catalysts allowing for the
synthesis of these compounds in a quick and user-friendly fashion. It
should be noted that potential trypanocidal drugs can thus be prepared
in only a few synthetic operations and with the use of readily accessible
starting materials, considering that the target population in general does
not have strong financial resources. Finally, our study revealed 9 novel
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Scheme 5. Proposed mechanism for the ruthenium-catalyzed C—H hydroxylation.

compounds more active than benznidazole, the drug currently used in
the therapeutics of Chagas disease, of which 2 compounds are approx-
imately 4-fold more active than Bz. This work represents an important
contribution to the search of potential trypanocidal drugs for further
studies and optimization.

Synthesis of compounds 5:

Pd(OAc), (5 mol %)
PIFA (1.5 equiv)

TFAA:TFA:CH,CI, (1:0.02:1)
100°C, 16 h

4. Experimental section
4.1. Chemistry

All catalytic reactions were carried out in 25 mL Schlenk- or pressure
tubes. 1,4-Naphthoquinone was purified via reduced pressure sublima-

5a: 47% 5b: 60% 5c: 44% tion using a cold finger sublimation apparatus (50 °C, 0.9 mbar) and
stored in a glovebox to prevent contact with moisture. Other chemicals
Scheme 6. Synthesis of hydroxylated quinones 5a-d. were obtained from commercial sources and used without further pu-

rification. Yields refer to isolated compounds, estimated to be > 95%
pure as determined by H NMR. TLC: Merck, TLC Silica gel 60 Fasg,
detection at 254 nm. Chromatographic separations were carried out on



T.B. Gontijo et al.

Figure 2. ORTEP-3 projection of 5a, showing the atom numbering and
displacement ellipsoids at the 50% probability level.

Merck Geduran SI-60 (0.040-0.063 mm). IR spectra were recorded on a
Bruker ATR FT-IR Alpha device. MS: EI-MS: Jeol AccuTOF at 70 eV; ESI-
MS: Bruker maXis and MicrOTOF. High resolution mass spectrometry
(HRMS): Bruker maXis, Bruker MicrOTOF and Jeol AccuTOF. Melting
points (M.p.): Biichi 540 capillary melting point apparatus, values are

R = Me or CF,
E

0
I

o) o]
b S
Pd
RK \J—R

R = Me or CF,

Palladium catalysis:
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uncorrected. NMR spectra were recorded on Bruker Avance 300, Avance
III 300, instruments. If not otherwise specified, chemical shifts (5) are
provided in ppm.

4.2. General procedure for the synthesis of arylated quinones 3a-m

o) B(OH), o) S
AgNO; (20 mol %) |

H Z
O‘ . (\j_ r _(NH)S;0 (3.0 equiv) O‘
z PhCF3/H,0

o rt, 16 h o
1 2a-m 3a-m

To a solution of naphthoquinone (1) (3.16 mmol, 1.0 equiv, 500 mg)
in trifluorotoluene (8 mL) was added the corresponding boronic acid (2)
(4.75 mmol, 1.5 equiv), water (8 mL), silver(I) nitrate (0.1 m solution in
water, 0.63 mmol, 20 mol %, 6 mL) and ammonium persulfate (2.15 g,
9.5 mmol, 3.0 equiv). The solution was stirred vigorously at room
temperature for 16 h. After 16 h, the reaction was diluted with
dichloromethane (20 mL) and washed with an aq. sodium bicarbonate
solution (5%). The layers were separated and the aqueous layer was
extracted with dichloromethane (2 x 20 mL), dried over sodium sulfate
and evaporated in vacuo. Purification was performed by silica gel
chromatography (hexane/dichloromethane 50:50) to yield the chro-
matographically and spectroscopically pure product 3.%°

A

eletronic effects enable the 1 O
: regioselective formation of O,
P - TP a 6-membered ring intermediate. b‘!
N R o_b
R = Me or CF; f
D
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.
+ reductive |
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1 addition ;
PhI(TFA),

(O

{25
o

R = Me or CF;
C

Phl

Scheme 7. Proposed mechanism for the palladium-catalyzed C—H hydroxylation.
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Table 1
ICs50/24 h (uM) of quinones against the trypomasti-
gote form of T. cruzi.™

Compound ICs50/24 h

3a 96.8 (+£6.1)
3b 104.7 (£15.5)
3c 185.0 (£20.2)
3d 56.5 (£2.2)
3e >500

3f 303.2 (+£12.5)
3g 25.7 (£7.0)
3h 303.6 (+39.0)
3i >500

3j 157.2 (£11.2)
3k >500

31 335.2 (+31.1)
3m >1000

4a 114.9 (£7.6)
4b 95.4 (+17.2)
4c 156.4 (£20.2)
4d >500

4e 35.1 (£7.2)
4f >500

4g 71.5 (£8.7)
4h 22.8 (+£3.8)
4i >1000

5a 162.8 (£21.6)
5b 99.2 (£11.2)
5c¢ 72.6 (£1.0)

2 Mean + SD of at least three independent experi-
ments, 5% of blood at 4 °C. ICs¢/24 h for benznida-
zole = 103.6 (+0.6)."°

4.2.1. 2-Phenyl-1,4-naphthoquinone (3a)

The general procedure for the synthesis of arylated quinones was
followed using phenylboronic acid (2a) (579 mg, 4.75 mmol). Purifi-
cation by column chromatography (hexane/dichloromethane 50:50)
yielded product 3a (382 mg, 1.64 mmol, 52% yield) as a yellow solid. m.
p. (°C) = 95.7-98.6; IR (solid, em Hy= 3034, 1662, 1651, 1588, 1245;
'H NMR (300 MHz, CDCl3) § = 8.19-8.16 (m, 1H), 8.12-8.09 (m, 1H),
7.78-7.75 (m, 2H), 7.59-7.56 (m, 2H), 7.48-7.46 (m, 3H), 7.07 (s, 1H);
13C NMR (75 MHz, CDCl3) & = 185.2 (Cy), 184.5 (Cy), 148.2 (Cy), 135.3
(CH), 134.0 (CH), 133.9 (CH), 133.5 (Cg), 132.5 (Cg), 132.2 (C), 130.1
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(CH), 129.5 (CH), 128.6 (CH), 127.1 (CH), 126.1 (CH); HRMS (ESI"):
235.0754 [M + H]™'. Cald. for [C1gH1102]": 235.0759. The data are
consistent with those reported in the literature.>”

4.2.2. 2-(m-Tolyl)-1,4-naphthoquinone (3b)

The general procedure for the synthesis of arylated quinones was
followed using m-tolylboronic acid (2b) (646 mg, 4.75 mmol). Purifi-
cation by column chromatography (hexane/dichloromethane 50:50)
yielded product 3b (419 mg, 1.68 mmol, 53% yield) as a yellow solid. m.
p- (°C) = 118.1-121.8; IR (solid, em D)y = 2918, 1664, 1652, 1590,
1261; 'H NMR (300 MHz, CDCl3) § = 8.20-8.17 (m, 1H), 8.13-8.10 (m,
1H), 7.79-7.76 (m, 2H),7.38-7.36 (m, 3H), 7.33-7.28 (m, 1H), 7.06 (s,
1H), 2.43 (s, 3H); 13C NMR (75 MHz, CDCl3) § = 185.3 (Cy), 184.6 (Cy),
148.5 (Cy), 138.3 (Cy), 135.3 (CH), 134.0 (CH), 133.9 (CH), 133.5 (Cy),
132.6 (Cy), 132.2 (Cy), 131.0 (CH), 130.2 (CH), 128.5 (CH), 127.2 (CH),
126.7 (CH), 126.1 (CH), 21.6 (CH3); HRMS (ESI): 249.0910 [M + H] ™,
Cald. for [C;7H1302]1": 249.0916. The data are consistent with those
reported in the literature.®?

4.2.3. 2-(p-Tolyl)-1,4-naphthoquinone (3c)

The general procedure for the synthesis of arylated quinones was
followed using m-tolylboronic acid (2¢) (646 mg, 4.75 mmol). Purifi-
cation by column chromatography (hexane/dichloromethane 50:50)
yielded product 3c (434 mg, 1.75 mmol, 55% yield) as a yellow solid. m.
p- (°C) = 102.9-105.6; IR (solid, em )y = 2921, 1664, 1650, 1577,
1223; 'H NMR (300 MHz, CDCl3) § = 8.20-8.17 (m, 1H), 8.14-8.10 (m,
1H), 7.79-7.76 (m, 2H), 7.50 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 8.2 Hz,
2H), 7.07 (s, 1H), 2.43 (s, 3H); *C NMR (75 MHz, CDCl3) § = 185.3 (Cy,
184.7 (Cy), 148.2 (Cy), 140.6 (Cy), 134.7 (CH), 133.9 (CH), 133.9 (CH),
132.7 (Cy), 132.2 (Cy), 130.6 (Cg), 129.5 (CH), 129.4 (CH), 127.2 (CH),
126.1 (CH), 21.5 (CHs); HRMS (ESI*): 249.0910 [M + H]", Cald. for
[C17H1305]7: 249.0916. The data are consistent with those reported in
the literature.”?

4.2.4. 2-(2,5-Dimethylphenyl)-1,4-naphthoquinone (3d)

The general procedure for the synthesis of arylated quinones was
followed using (2,4-dimethylphenyl)boronic acid (2d) (712 mg, 4.75
mmol). Purification by column chromatography (hexane/dichloro-
methane 50:50) yielded product 3d (430 mg, 1.64 mmol, 52% yield) as a
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yellow solid. m.p. (°C) = 89.5-91.8; IR (solid, em Hy= 2923, 1660,
1589, 1124; H NMR (300 MHz, CDCl3) 6 = 8.18-8.13 (m, 2H), 7.78 (dd,
J=5.6, 3.2 Hz, 2H), 7.17 (s, 2H), 7.00 (s, 1H), 6.92, (s, 1H), 2.35 (s, 3H),
2.18 (s, 3H); 3C NMR (75 MHz, CDCl3) 5 = 185.4 (Cy), 184.2 (Cy), 150.9
(Cq), 136.9 (CH), 135.4 (Cg), 134.0 (CH), 134.0 (CH), 133.7 (Cy), 133.2
(Cy), 132.4 (Cy), 132.3 (Cy), 130.4 (CH), 130.3 (CH), 129.9 (CH), 127.2
(CH), 126.2 (CH), 21.0 (CH3), 20.0 (CH3); HRMS (ESI1): 263.1067 [M +
H]'. Cald. for [C1gH1502]": 263.1072. The data are consistent with
those reported in the literature.”®

4.2.5. 2-(3,5-Dimethylphenyl)-1,4-naphthoquinone (3e)

The general procedure for the synthesis of arylated quinones was
followed using (3,5-dimethylphenyl)boronic acid (2e) (712 mg, 4.75
mmol). Purification by column chromatography (hexane/dichloro-
methane 50:50) yielded product 3e (480 mg, 1.83 mmol, 58% yield) as a
yellow solid. m.p. (°C) = 149.3-152.9; IR (solid, em Hy= 2916, 1663,
1650, 1589, 1292; 'H NMR (300 MHz, CDCl3) § = 8.19-8.16 (m, 1H),
8.13-8.10 (m, 1H), 7.79-7.76 (m, 2H), 7.18 (s, 2H), 7.12 (bs, 1H), 7.05
(s, 1H), 2.38 (s, 6H); 13C NMR (75 MHz, CDCl3) 6 = 185.4 (Cy), 184.7
(Cy), 148.7 (Cy), 138.2 (Cy), 135.2 (CH), 134.0 (CH), 133.9 (CH), 133.5
(Cg), 132.7 (Cy), 132.2 (Cy), 131.9 (CH), 127.3 (CH), 127.2 (CH), 126.1
(CH), 21.5 (CH3); HRMS (ESI"): 263.1067 [M + H]". Cald. for
[C1gH150,]": 263.1072. The data are consistent with those reported in
the literature.”?

4.2.6. 2-(4-Methoxyphenyl)-1,4-naphthoquinone (3f)

The general procedure for the synthesis of arylated quinones was
followed using (4-methoxyphenyl)boronic acid (2f) (722 mg, 4.75
mmol). Purification by column chromatography (hexane/dichloro-
methane 50:50) yielded product 3f (376 mg, 1.42 mmol, 45% yield) as a
red solid. m.p. (°C) = 124.9-126.8; IR (solid, ecm Dy = 2916, 1650,
1589, 1292; H NMR (300 MHz, CDCl3) § = 8.20-8.16 (m, 1H),
8.12-8.08 (m, 1H), 7.79-7.73 (m, 2H), 7.58 (d, J = 8.7 Hz, 2H), 7.04 (s,
1H), 6.99 (d, J = 8.7 Hz, 2H), 3.87 (s, 3H); 13C NMR (75 MHz, CDCl3) §
=185.3(Cy), 185.0 (Cy), 161.5 (Cy), 147.5 (Cq), 133.9 (CH), 133.9 (CH),

132.7 (Cy), 132.3 (Cy), 131.2 (CH), 127.2 (CH), 126.0 (CH), 125.8 (Cy),
114.2 (2 x CH), 55.5 (CH3); HRMS (ESIM): 265.0859 [M + H]™, Cald. for
[C17H;303] " 265.0865. The data are consistent with those reported in
the literature.””

4.2.7. 2-[4-(tert-ButyDphenyl]-1,4-naphthoquinone (3g)

The general procedure for the synthesis of arylated quinones was
followed using (4-(tert-butyl)phenyl)boronic acid (2g) (846 mg, 4.75
mmol). Purification by column chromatography (hexane/dichloro-
methane 50:50) yielded product 3g (674 mg, 2.32 mmol, 73% yield) as
yellow solid. m.p. (°C) = 103.1-104.6; IR (solid, em Hy= 2949, 1665,
1661, 1555, 1242; 'H NMR (300 MHz, CDCl3) 6 = 8.22-8.17 (m, 1H),
8.15-8.09 (m, 1H), 7.80-7.74 (m, 2H), 7.56-7.48 (m, 4H), 7.08 (s, 1H),
1.37 (s, 9H); "*C NMR (75 MHz, CDCl3) § = 185.4 (C,), 184.8 (Cy), 153.7
(Cg), 148.1 (Cy), 134.8 (CH), 133.9 (CH), 133.9 (CH), 132.7 (Cy), 132.3
(Cq), 130.6 (Cg), 129.4 (CH), 127.2 (CH), 126.1 (CH), 125.7 (CH), 35.0
(C9, 31.3 (CHz); HRMS (ESI"): 291.1380 [M + HI", Cald. for
[C20H1902]": 291.1385. The data are consistent with those reported in
the literature.”?

4.2.8. 2-(3-Iodophenyl)-1,4-naphthoquinone (3h)

The general procedure for the synthesis of arylated quinones was
followed using (2-iodophenyl)boronic acid (2h) (1.18 g, 4.75 mmol).
Purification by column chromatography (hexane/dichloromethane
50:50) yielded product 3h (709 mg, 1.95 mmol, 61% yield) as a yellow
solid. m.p. (°C) = 127.6-128.5; IR (solid, em Dy = 1684, 1658, 1588,
1296, 769; 'H NMR (300 MHz, CDCl3) § = 8.20-8.15 (m, 1H), 8.14-8.09
(m, 1H), 7.91 (t, J = 1.6 Hz, 1H), 7.82-7.77 (m, 3H), 7.53 (dt, J = 8.1,
1.2 Hz, 1H), 7.21 (t, J = 7.8 Hz, 1H), 7.05 (s, 1H); 13C NMR (75 MHz,
CDCl3) 6 = 184.9 (Cq), 184.0 (Cy), 146.7 (Cq), 139.0 (CH), 138.2 (CH),
135.8 (CH), 135.5 (Cyq), 134.2 (CH), 134.1 (CH), 132.4 (Cy), 132.1 (Cy),
130.2 (CH), 128.8 (CH), 127.2 (CH), 126.2 (CH), 94.2 (Cq); HRMS
(ESI*): 360.9720 [M + H]*, Cald. for [C16H10l02]": 360.9725.
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4.2.9. 2-(4-Iodophenyl)-1,4-naphthoquinone (31i)

The general procedure for the synthesis of arylated quinones was
followed using (4-iodophenyl)boronic acid (2i) (1.18 g, 4.75 mmol).
Purification by column chromatography (hexane/dichloromethane
50:50) yielded product 3i (523 mg, 1.46 mmol, 46% yield) as an orange
solid. m.p. (°C) = 142.5-144.1; IR (solid, Cmfl) v =1654, 1591, 1297,
771; 'H NMR (300 MHz, CDCl5) § = 8.21-8.15 (m, 1H), 8.15-8.09 (m,
1H), 7.84-7.83 (m, 1H), 7.81-7.77 (m, 3H), 7.33-7.29 (m, 2H), 7.07 (s,
1H); 'C NMR (75 MHz, CDCl3) & = 185.0 (Cy), 184.2 (Cy), 147.3 (Cy),
137.9 (CH), 135.3 (CH), 134.2 (CH), 134.1 (CH), 132.9 (Cy), 132.5 (Cy),
132.2(Cy), 131.2 (CH), 127.3 (CH), 126.2 (CH), 97.0 (C,); HRMS (ESI*):
360.9720 [M + H]%, Cald. for [C16H10I02]": 360.9725.

4.2.10. 2-(2-Fluorophenyl)-1,4-naphthoquinone (3j)

The general procedure for the synthesis of arylated quinones was
followed using (2-fluorophenyl)boronic acid (2j) (664 mg, 4.75 mmol).
Purification by column chromatography (hexane/dichloromethane
50:50) yielded product 3j (200 mg, 0.8 mmol, 25% yield) as a yellow
solid. m.p. (°C) = 90.8-93.5; IR (solid, em™ Dy = 1660, 1615, 1451,
1219, 751; 'H NMR (300 MHz, CDCl3) § = 8.19-8.16 (m, 1H), 8.15-8.10
(m, 1H), 7.81-7.76 (m, 2H), 7.50-7.42 (m, 1H), 7.38 (td, J = 7.4, 1.7 Hz,
1H), 7.27-7.22 (m, 1H), 7.18-7.15 (m, 1H), 7.09 (s, 1H); 13C NMR (75
MHz, CDCl3) 6 = 184.9 (Cy), 183.2 (Cy), 160.2 (d, 1Jcp=248.8 Hz, Cy),
144.9 (Cy), 137.6 (d, “J¢ r = 2.2 Hz, CH), 134.1 (d, *J¢c r = 6.9 Hz, CH),
132.3 (Cy), 132.2 (Cg), 131.8 (d, *Jc.r = 8.4 Hz, CH), 131.3 (d, Yo r =
2.9 Hz, CH), 127.2 (CH), 126.3 (CH), 124.3 (CH), 124.3 (CH), 121.7 (d,
%Jor = 14.6 Hz, Cy), 116.2 (d, 2o p = 21.8 Hz, CH); HRMS (ESI"):
253.0659 [M + H]¥, Cald. for [C16H10FO2]": 253.0665.

4.2.11. 2-(4-Fluorophenyl)-1,4-naphthoquinone (3k)

The general procedure for the synthesis of arylated quinones was
followed using (4-fluorophenyl)boronic acid (2k) (664 mg, 4.75 mmol).
Purification by column chromatography (hexane/dichloromethane
50:50) yielded product 3k (434 mg, 1.98 mmol, 62% yield) as a yellow
solid. m.p. (°C) = 133.1-135.3; IR (solid, cmfl) v = 1660, 1592, 1503,
1223; 'H NMR (300 MHz, CDCl3) & = 8.21-8.15 (m, 1H), 8.14-8.09 (m,
1H), 7.81-7.75 (m, 2H), 7.62-7.55 (m, 2H), 7.20-7.13 (m, 2H), 7.05 (s,
1H); '3C NMR (75 MHz, CDCl3) § = 185.1 (C,), 184.5 (Cy), 164.1 (d,
IJC,F = 249.5 Hz, Cy), 147.1 (Cy), 135.2 (CH), 134.1 (CH), 134.1 (CH),
132.5 (Cg), 132.2 (Cy), 131.6 (d, 8Jcp = 8.4 Hz, CH), 129.5 (d, 4 =
3.4 Hz, Cg), 127.2 (CH), 126.2 (CH), 115.8 (d, %Jc r = 21.6 Hz, CH);
HRMS (ESI™): 253.0659 [M + H]™, Cald. for [C16H1oFO2]": 253.0665.
The data are consistent with those reported in the literature.*”

4.2.12. 2-[4-(Trifluoromethyl)phenyl]-1,4-naphthoquinone (31

The general procedure for the synthesis of arylated quinones was
followed using [4-(trifluoromethyl)phenyl]boronic acid (21) (902 mg,
4.75 mmol). Purification by column chromatography (hexane/
dichloromethane 50:50) yielded product 31 (512 mg, 1.68 mmol, 53%
yield) as a yellow solid. m.p. (°C) = 123.1-126.2; IR (solid, cm’l) V=
1656, 1592, 1248, 913, 846; 'H NMR (300 MHz, CDCl3) § = 8.22-8.17
(m, 1H), 8.16-8.11 (m, 1H), 7.84-7.77 (m, 2H), 7.74 (d, J = 8.4 Hz, 2H),
7.68 (d, J = 8.5 Hz, 2H), 7.10 (s, 1H); 13C NMR (75 MHz, CDCl3) § =
184.9 (Cy), 184.0 (Cq), 147.0 (Cq), 137.0 (Cy), 136.3 (CH), 134.3 (CH),
134.3 (CH), 132.3 (Cy), 132.2 (Cy), 131.7 (Cy), 130.0 (CH), 127.3 (CH),
126.3 (CH), 125.5 (q, 4JC,F = 3.7 Hz, CH), 122.2 (Cy); HRMS (ESI™):
303.0627 [M + H]", Cald. for [C17H;oF302]1": 303.0633. The data are
consistent with those reported in the literature.*>>

4.2.13. 2-(4-Chlorophenyl)-1,4-naphthoquinone (3m)

The general procedure for the synthesis of arylated quinones was
followed using (4-chlorophenyl)boronic acid (2m) (743 mg, 4.75
mmol). Purification by column chromatography (hexane/dichloro-
methane 50:50) yielded product 3m (454 mg, 1.83 mmol, 58% yield) as
a yellow solid; m.p. (°C) = 162.3-164.6; IR (solid, em™ v = 1666,
1654, 1589, 1249, 777; 'H NMR (300 MHz, CDCl3) § = 8.21-8.15 (m,
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1H), 8.15-8.09 (m, 1H), 7.80-7.76 (m, 2H), 7.55-7.51 (m, 2H),
7.47-7.43 (m, 2H), 7.07 (s, 1H); '3C NMR (75 MHz, CDCl3) § = 185.1
(Cq), 184.3 (Cy), 147.1 (Cy), 136.6 (Cy), 135.4 (CH), 134.2 (CH), 134.1
(CH), 132.5 (Cg), 132.2 (Cg), 131.9 (Cy), 130.9 (CH), 128.9 (CH), 127.3
(CH), 126.2 (CH); HRMS (ESI"): 269.0364 [M + H]", Cald. for
[C16H%8C102]+: 269.0369. The data are consistent with those reported
in the literature.””

4.3. General procedure A: Reactions with ruthenium(Il) as catalyst

[RuCl,(p-cymene)]; (2.5 mol %)
PIFA (2.0 equiv)

TFAA:TFA:DCM (1:0.02:1)
100°C,16 h

The corresponding naphthoquinone 3 (0.4 mmol), [bis(tri-
fluoroacetoxy)iodo]benzene (PIFA) (344 mg, 0.8 mmol) and [RuCly(p-
cymene)]s (5.6 mg, 2.5 mol %) were added to a pressure tube. Tri-
fluoroacetic anhydride (TFAA) (1 mL), trifluoroacetic acid (0.02 mL)
and dichloromethane (1 mL) were subsequently added. The tube was
sealed and the mixture was stirred at 100 °C for 16 h and then cooled to
25 °C. The mixture was transferred to a 25 mL flask and under vigorous
magnetic stirring dichloromethane (1 mL), HO (1 mL) and an aq. so-
lution of HCI (1 m, 0.2 mL) were added dropwise. After 5 min, the so-
lution was extracted with dichloromethane (3 x 10 mL) and dried over
sodium sulfate. The solvent was evaporated under reduced pressure and
the crude product was purified by column chromatography on silica gel
(n-hexane/EtOAc).

4.3.1. 5-Hydroxy-2-phenyl-1,4-naphthoquinone (4a)

The general procedure A was followed using 2-phenyl-1,4-naphtho-
quinone (3a) (94 mg, 0.40 mmol). Purification by column chromatog-
raphy on silica gel (n-hexane/EtOAc 95:5) yielded 4a (30 mg, 30%) as
an orange solid. m.p. (°C) = 120.1-121.2; IR (solid, em Yy = 3052,
1633, 1589, 1251; 'H NMR (300 MHz, CDCl3) 6 = 12.01 (s, 1H),
7.71-7.62 (m, 2H), 7.58-7.55 (m, 2H), 7.49-7.47 (m, 3H), 7.29 (d, J =
8.2 Hz, 1H), 7.03 (s, 1H); 13C NMR (75 MHz, CDCl3) 6 = 190.3 (Cy),
183.8 (Cy), 161.2 (Cyq), 149.3 (Cq), 136.5 (CH), 135.1 (CH), 133.2 (Cy),
132.5 (Cgq), 130.4 (CH), 129.6 (CH), 128.6 (CH), 124.3 (CH), 119.9 (CH),
115.3 (Cq); HRMS (ESI™): 251.0703 [M + H] ™, Cald. for [C16H1103]™:
251.0708. The data are consistent with those reported in the litera-
ture.® The structure of the product was also confirmed by X-ray diffraction
(CCDC number = 2070027).

4.3.2. 5-Hydroxy-2-(m-tolyl)-1,4-naphthoquinone (4b)

The general procedure A was followed using 2-(m-tolyl)-1,4-naph-
thoquinone (3b) (99 mg, 0.40 mmol). Purification by column chroma-
tography on silica gel (n-hexane/EtOAc 95:5) yielded 4b (13.5 mg, 13%)
as an orange solid. m.p. (°C) = 130.9-131.7; IR (solid, cm™ Y v = 3040,
2921, 1632, 1582, 1292; 'H NMR (300 MHz, CDCl3) § = 12.02 (s, 1H),
7.71 (dd, J = 7.5, 1.4 Hz, 1H), 7.65 (t, J = 8.0, 1H), 7.36 (d, J = 5.1 Hz,
3H), 7.33-7.28 (m, 2H), 7.02 (s, 1H), 2.43 (s, 3H); 1°C NMR (75 MHz,
CDCl3) 6 = 190.4 (Cg), 183.9 (Cy), 161.2 (Cy), 149.6 (Cy), 138.4 (Cy),
136.5 (CH), 135.0 (CH), 133.2 (Cg), 132.6 (Cg), 131.3 (CH), 130.2 (CH),
128.6 (CH), 126.7 (CH), 124.3 (CH), 119.9 (CH), 115.3 (Cg), 21.6 (CH3);
HRMS (ESI"): 265.0859 [M + HI™, Cald. for [C17H1305]17: 265.0865.

4.3.3. 5-Hydroxy-2-(p-tolyD-1,4-naphthoquinone (4c)

The general procedure A was followed using 2-(p-tolyl)-1,4-naph-
thoquinone (3c¢) (99 mg, 0.40 mmol). Purification by column chroma-
tography on silica gel (n-hexane/EtOAc 95:5) yielded 4c (18 mg, 17%)
as an orange solid. m.p. (°C) = 171.7-172.6; IR (solid, cm_l) v = 2920,
2852, 1633, 1587, 1248; 'H NMR (300 MHz, CDCl3) 6 = 12.04 (s, 1H),
7.70 (dd, J = 7.5, 1.3 Hz, 1H), 7.64 (t, J = 8.0 Hz, 1H), 7.48 (d, J = 8.2
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Hz, 2H), 7.28 (d, J = 8.1 Hz, 3H), 7.02 (s, 1H), 2.42 (s, 3H); 13¢ NMR
(75 MHz, CDCl3) 6 = 190.4 (Cg), 184.0 (Cy), 161.2 (Cg), 149.3 (Cy),
141.0 (Cy), 136.4 (CH), 134.4 (CH), 132.6 (Cy), 130.4 (Cy), 129.6 (CH),
129.4 (CH), 124.3 (CH), 119.8 (CH), 115.3 (Cq), 21.6 (CH3); HRMS
(ESI™): 265.0859 [M + H] ™, Cald. for [C;7H1303]": 265.0865. The data
are consistent with those reported in the literature.*®

4.3.4. 2-(3,5-Dimethylphenyl)-5-hydroxy-1,4-naphthoquinone (4d)

The general procedure A was followed using 2-(3,5-dimethyl-
phenyl)-1,4-naphthoquinone (3e) (105 mg, 0.40 mmol). Purification by
column chromatography on silica gel (n-hexane/EtOAc 95:5) yielded 4d
(17.5 mg, 16%) as an orange solid. m.p. (°C) = 154.6-156.8; IR (solid,
em™ 1) v = 2918, 2853, 1631, 1597, 1228; 'H NMR (300 MHz, CDClg) 6
=12.03 (s, 1H), 7.70 (dd, J = 7.3, 0.9 Hz, 1H), 7.64 (t,J = 7.28 (dd, J =
8.1,1.0 Hz, 1H), 7.17 (s, 2H), 7.13 (s, 1H), 7.00 (s, 1H), 2.38 (s, 6H); 1*C
NMR (75 MHz, CDCl3) § = 190.4 (Cy), 184.0 (Cy), 161.2 (Cq), 149.8 (Cy),
138.3 (Cy), 136.4 (CH), 134.9 (CH), 133.2 (Cy), 132.6 (Cy), 132.2 (CH),
127.3 (CH), 124.2 (CH), 119.8 (CH), 115.3 (Cg), 21.5 (CH3); HRMS
(ESI™): 279.1016 [M + H]*, Cald. for [C1gH;503]": 279.1021.

4.3.5. 5-Hydroxy-2-(3-iodophenyl)-1,4-naphthoquinone (4e)

The general procedure A was followed using 2-(3-iodophenyl)-1,4-
naphthoquinone (3 h) (144 mg, 0.40 mmol). Purification by column
chromatography on silica gel (n-hexane/EtOAc 95:5) yielded 4e (21 mg,
14%) as an orange solid. m.p. (°C) = 155.9-157.8; IR (solid, em Dy =
3051, 1665, 1632, 1591, 1240; 'H NMR (300 MHz, CDCl3) § = 11.95 (s,
1H), 7.91 (t, J = 1.6 Hz, 1H), 7.82 (dt, J = 7.9, 1.0 Hz, 1H), 7.72-7.63
(m, 2H), 7.53 (dt, J = 8.0, 1.1 Hz, 1H), 7.30 (dd, J = 7.8, 1.7 Hz, 1H),
7.21 (t, J = 7.8 Hz, 1H), 7.02 (s, 1H); '3C NMR (75 MHz, CDCl3) § =
190.0 (Cg), 183.3 (Cy), 161.3 (Cy), 147.8 (Cy), 139.2 (CH), 138.1 (CH),
136.7 (CH), 135.6 (CH), 135.2 (Cg), 132.3 (Cq), 130.2 (CH), 128.8 (CH),
124.6 (CH), 120.0 (CH), 115.2 (Cy), 94.2 (Cq); HRMS (ESI™): 376.9669
[M + HI1", Cald. for [C16H10I03]": 376.9675.

4.3.6. 5-Hydroxy-2-(4-iodophenyl)-1,4-naphthoquinone (4f)

The general procedure A was followed using 2-(4-iodophenyl)-1,4-
naphthoquinone (3i) (144 mg, 0.40 mmol). Purification by column
chromatography on silica gel (n-hexane/EtOAc 95:5) yielded 4f (25 mg,
17%) as an orange solid. m.p. (°C) = 176.2-178.1; IR (solid, em Dy =
3045, 2920, 1631, 1568, 1229, 763; 'H NMR (300 MHz, CDCl3) 5 =
11.96 (s, 1H), 7.81 (dt, J = 8.5, 2.2 Hz, 2H), 7.71-7.62 (m, 2H),
7.32-7.28 (m, 3H), 7.02 (s, 1H); 13C NMR (75 MHz, CDCl3) § = 190.0
(Cy), 183.4 (Cy), 161.3 (Cy), 148.3 (Cy), 137.9 (CH), 136.6 (CH), 135.1
(CH), 132.6 (Cg), 132.3 (Cg), 131.1 (CH), 124.5 (CH), 120.0 (CH), 115.2
(Cq), 97.4 (C); HRMS (ESI™): 398.9489 [M + Na]*, Cald. for [C16HoIO3
Na]': 398.9494.

4.3.7. 2-(4-Fluorophenyl)-5-hydroxy-1,4-naphthoquinone (4g)

The general procedure A was followed using 2-(4-fluorophenyl)-1,4-
naphthoquinone (3 k) (101 mg, 0.40 mmol). Purification by column
chromatography on silica gel (n-hexane/EtOAc 95:5) yielded 4g (19 mg,
17%) as an orange solid. m.p. (°C) = 171.7-172.6; IR (solid, cm’l) V=
3042, 1636, 1598, 1231, 1159; 'H NMR (300 MHz, CDCl3) § = 11.98 (s,
1H), 7.70 (dd, J = 7.5, 1.6 Hz, 1H), 7.65 (t, J = 7.9 Hz, 1H), 7.60-7.56
(m, 2H), 7.29 (dd, J = 8.0, 1.6 Hz, 1H), 7.19-7.13 (m, 2H), 7.01 (s, 1H);
13C NMR (75 MHz, CDCl3) 6 = 190.2 (Cy), 183.7 (Cy), 164.2 (d, e 5 =
250.0 Hz, Cg), 161.3 (Cq), 148.2 (Cy), 136.6 (CH), 134.9 (CH), 132.4
(Cg), 131.7 (d, 3Jc ¢ = 8.4 Hz, CH), 129.2 (d, *J ¢ r = 3.4 Hz, Cy), 124.5
(CH), 119.9 (CH), 115.9 (d, 2JC,F = 21.6 Hz, CH), 115.2 (Cq); HRMS
(ESI™): 291.0428 [M + Na]™, Cald. for [C;¢HoFO3Na]™: 291.0433. The
data are consistent with those reported in the literature.>”

4.3.8. 5-Hydroxy-2-[4-(trifluoromethyl)phenyl]-1,4-naphthoquinone (4h)

The general procedure A was followed using 2-[4-(trifluoromethyl)
phenyl]-1,4-naphthoquinone (31) (121 mg, 0.40 mmol). Purification
by column chromatography on silica gel (n-hexane/EtOAc 95:5) yielded
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4h (30 mg, 23%) as an orange solid. m.p. (°C) = 159.8-161.4; IR (solid,
em™1) y = 1645, 1610, 1452, 1320, 847; 'H NMR (300 MHz, CDCl3) 6 =
11.94 (s, 1H), 7.76-7.66 (m, 6H), 7.32 (dd, J = 7.9, 1.6 Hz, 1H), 7.07 (s,
1H); *C NMR (75 MHz, CDCl3) § = 189.9 (Cy), 183.3 (Cy), 161.5 (Cy),
148.1 (Cg), 136.8 (CH), 136.6 (Cy), 136.2 (CH), 132.2 (Cy), 132,0 (Cy),
130.0 (CH), 125.6 (q, *Jo_r = 3.7 Hz, CH), 124.7 (CH), 120.1 (CH), 115.3
(Cq); HRMS (EI™): 318.0501 [M*], Cald. For [C17HoF303]": 318.0504.
The data are consistent with those reported in the literature.>”

4.3.9. 2-(4-Chlorophenyl)-5-hydroxy-1,4-naphthoquinone (4i)

The general procedure A was followed using 2-(4-chlorophenyl)-1,4-
naphthoquinone (3 m) (107 mg, 0.40 mmol). Purification by column
chromatography on silica gel (n-hexane/EtOAc 95:5) yielded 4i (28,1
mg, 25%) as an orange solid. m.p. (°C) = 205.0-206.1; IR (solid, cm_l) v
= 3046, 2920, 1633, 1584, 1254; 'H NMR (300 MHz, CDCl3) 6 = 11.97
(s, 1H),7.71 (dd,J=7.5,1.6 Hz, 1H), 7.66 (t,J = 7.9 Hz, 1H), 7.54-7.51
(m, 2H), 7.47-7.44 (m, 2H), 7.30 (dd, J = 7.9, 1.6 Hz, 1H), 7.03 (s, 1H);
13C NMR (75 MHz, CDCl3) § = 190.1 (Cy), 183.6 (Cg), 161.3 (Cy), 148.1
(Cy), 136.9 (Cy), 136.7 (CH), 135.1 (CH), 132.4 (Cy), 131.6 (Cy), 130.9
(CH), 129.0 (CH), 124.5 (CH), 120.0 (CH), 115.3 (Cy); HRMS (ESIH):
285.0313 [M + H]™, Cald. for [C16H33ClO3]: 285.0318.

4.4. General procedure B: Reactions with palladium(II) as catalyst

o /._R Pd(OAc), (5 mol %)
QU PIFA (1.5 equiv)
O‘ H TFAA:TFA:DCM (1:0.02:1)
100°C, 16 h
o
3 5

The corresponding naphthoquinone 3 (0.4 mmol), [bis(tri-
fluoroacetoxy)iodo]benzene (PIFA) (258 mg, 0.6 mmol) and Pd(OAc),
(4.5 mg, 5 mol %) were added to a pressure tube. Trifluoroacetic an-
hydride (TFAA) (1 mL), trifluoroacetic acid (0.02 mL) and dichloro-
methane (1 mL) were subsequently added. The tube was sealed and the
mixture was stirred at 100 °C for 16 h and then cooled to 25 °C. The
mixture was transferred to a 25 mL flask and under vigorous magnetic
stirring dichloromethane (1 mL), H20 (1 mL) and an aq. solution of HCl
(1 M, 0.2 mL) were added dropwise. After 5 min, the solution was
extracted with dichloromethane (3 x 10 mL) and dried over NasSO4.
The solvent was evaporated under reduced pressure and the crude
product was purified by column chromatography on silica gel (n-hex-
ane/EtOAc).

4.4.1. 2-(2-Hydroxyphenyl)-1,4-naphthoquinone (5a)

The general procedure B was followed using 2-phenyl-1,4-naphtho-
quinone (3a) (94 mg, 0.40 mmol). Purification by column chromatog-
raphy on silica gel (n-hexane/EtOAc 85:15) yielded 5a (47 mg, 47%) as
an orange solid. m.p. (°C) = 161.8-163.9; IR (solid, em™ ) v = 3241,
1663, 1640, 1587, 1262; H NMR (300 MHz, CDCl3) § = 8.22-8.17 (m,
1H), 8.15-8.10 (m, 1H), 7.83-7.76 (m, 2H), 7.41-7.35 (m, 1H),
7.28-7.25 (m, 1H), 7.11 (bs, 1H), 7.07 (s, 1H), 7.06-7.00 (m, 2H); 13¢
NMR (75 MHz, CDCl3) 6 = 187.2 (Cq), 185.0 (Cy), 154.2 (Cq), 148.7 (Cy),
138.3 (CH), 134.6 (CH), 134.2 (CH), 132.5 (Cy), 132.3 (CH), 132.0 (Cy),
131.2 (CH), 127.6 (CH), 126.4 (CH), 122.5 (Cg), 121.5 (CH), 118.7 (CH);
HRMS (ESIT): 251.0703 [M + H]", Cald. for [C16H;103]": 251.0708.
The data are consistent with those reported in the literature.’® The
structure of the product was also confirmed by X-ray diffraction (CCDC
number = 2070026).

4.4.2. 2-(2-Hydroxy-5-methylphenyl)-1,4-naphthoquinone (5b)

The general procedure B was followed using 2-(m-tolyl)-1,4-naph-
thoquinone (3b) (99 mg, 0.40 mmol). Purification by column chroma-
tography on silica gel (n-hexane/EtOAc 85:15) yielded 5b (64 mg, 60%)
as a dark red solid. m.p. (°C) = 199.5-200.6; IR (solid, cm’l) v = 3273,
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2914, 1663, 1589, 1247; 'H NMR (300 MHz, CDCl3) § = 8.22-8.16 (m,
1H), 8.15-8.09 (m, 1H), 7.83-7.76 (m, 2H), 7.18 (dd, J = 8.2, 1.9 Hz,
1H), 7.06 (s, 2H), 6.92 (d, J = 8.2 Hz, 1H), 6.87 (bs, 1H), 2.32 (s, 3H);
13C NMR (75 MHz, CDCl3) § = 187.2 (Cg), 185.0 (Cy), 152.0 (Cy), 148.9
(Cq), 138.2 (CH), 134.6 (CH), 134.1 (CH), 133.0 (CH), 132.5 (C), 132.0
(Cq), 131.4 (CH), 130.9 (Cy), 127.6 (CH), 126.4 (CH), 122.3 (Cy), 118.7
(CH), 20.6 (CH3); HRMS (ESI"): 265.0859 [M -+ H]*, Cald. for
[C17H1303]1": 265.0865.

4.4.3. 2-(2-Hydroxy-4-methylphenyl)-1,4-naphthoquinone (5c¢)

The general procedure B was followed using 2-(p-tolyl)-1,4-naph-
thoquinone (3c¢) (99 mg, 0.40 mmol). Purification by column chroma-
tography on silica gel (n-hexane/EtOAc 85:15) yielded 5c¢ (47 mg, 44%)
as a red solid. m.p. (°C) = 155.0-158.1; IR (solid, em Hy= 3252, 1662,
1642, 1575, 1244, 'H NMR (300 MHz, CDCl3) § = 8.21-8.16 (m, 1H),
8.14-8.08 (m, 1H), 7.82-7.75 (m, 2H), 7.30 (bs, 1H), 7.16 (d, J= 8.4 Hz,
1H), 7.05 (s, 1H), 6.85-6.82 (m, 2H), 2.35 (s, 3H); 13C NMR (75 MHz,
CDCl3) § = 187.6 (Cy), 185.0 (Cg), 154.2 (Cy), 148.8 (Cy), 143.2 (Cy),
137.8 (CH), 134.6 (CH), 134.1 (CH), 132.6 (Cy), 132.0 (Cy), 131.1 (CH),
127.6 (CH), 126.4 (CH), 122.5 (CH), 119.6 (Cy), 119.4 (CH), 21.4 (CH3);
HRMS (ESI™): 265.0859 [M + H]*, Cald. for [C17H;303]": 265.0865.

5. Animals

Albino Swiss mice were employed for the trypanocidal and cyto-
toxicity assays, in accordance with the guidelines of the Colégio Brasi-
leiro de Experimentacao Animal (COBEA), and these were performed
under biosafety conditions. All animal experimentation procedures were
approved by the Comissao de Etica em Experimentacdo Animal (CEUA/
Fiocruz), license LW 16/13.

6. Trypanocidal assay

The experiments were performed with the Y strain of T. cruzi.”® Stock
solutions of the compounds were prepared in dimethylsulfoxide
(DMSO0), with the final concentration of the latter in the experiments
never exceeding 0.1%. Preliminary experiments showed that at con-
centrations of up to 0.5%, DMSO has no deleterious effect on the para-
sites.”® Bloodstream trypomastigotes were obtained from infected
Albino Swiss mice at the peak of parasitemia by differential centrifu-
gation. The parasites were resuspended to a concentration of 10 x 108
cells/mL in DMES medium. This suspension (100 pL) was added to the
same volume of each of the compounds, which had been previously
prepared at twice the desired final concentrations. The incubation was
performed in 96-well microplates (Nunc Inc., Rochester, USA) at 37 °C
for 24 h. Benznidazole (Lafepe, Brazil), the standard drug for treatment
of chagasic patients, was used as control. Cell counts were performed in
a Neubauer chamber, and the activity of the compounds corresponding
to the concentration that led to 50% lysis of the parasites was expressed
as the IC5p/24 h.
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