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A novel method for the synthesis of nonsymmetrical 3,3’-(aryl/alkyl-methylene)bis-2-hydroxy-
1,4-naphthoquinones was developed by using the Mannich adduct of naphthoquinone and the
reaction with another moiety of 2-hydroxy-1,4-naphthoquinone. This novel method produces for
the first time nonsymmetrical 3,3’-(aryl/alkyl-methylene)bis-2-hydroxy-1,4-naphthoquinones. In
a preliminary study, these compounds (15¢, 15f and 15h) were evaluated regarding their effect
over the viability of PC3 metastatic prostate cancer cell using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assays at 100 uM. Three of these compounds presented

relevant cytotoxic effects at 72 h posttreatment.
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Introduction

Nature is capable of producing many substances,
which for centuries have been used by mankind to treat
many diseases. Quinones are among the most common
natural compounds."? Evolutionary biology has shown that
some insects and plants use these compounds as chemical
defense, but most of them are used for biochemical
functions in specific endogenous oxidative processes, such
as photosynthesis, electron transfer, and blood coagulation.
These biological activities are mainly related to the redox
cycle involving anions, dianions, superoxide anions,
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and semiquinone radicals in sifu, all of which accelerate
intracellular hypoxia conditions and then promote the
synthesis of reactive oxygen species (ROS).*® Indeed, it has
been proven that small molecules that induce the formation
ROS can selectively target overexpressed enzymes in
cancer cells.’

The largest group of compounds of the quinone class is
the naphthoquinone group. These compounds are widely
distributed in plant and animal kingdoms, performing
several roles. Several natural and synthetic compounds
containing the naphthoquinone nucleus became drugs
in the pharmaceutical market, including lapachol (1),
atovaquone (2),'° buparvaquone (3)"" and others that are
being screened in clinical trials, such as B-lapachone (4),2
as shown in Figure 1.

The structural diversity of naphthoquinones has
been explored as a strategy to discover new bioactive
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Figure 1. Naphthoquinones used in the clinic or under clinical trials.

substances. One particular class of natural and synthetic
symmetrical compounds having the fragment 2,5-diene-
2,6-diol with general structure (5, Figure 2) has
demonstrated good biological activity in several
pharmacological targets.'* Benzylidene bisphenols (6),'*!°
benzylidene bisnaphthols (7),'¢ biscoumarins (8)'7!® and
3,3’-(methylene)bis-2-hydroxy-1,4-naphthoquinones
(9) are included in this class of compounds. The best-
known compound of this class is anticoagulant (9)
(Figure 2), which has been used as a synthetic analogue
instead of warfarin (Figure 2). It is noteworthy to
mention that diphthiocol 11 (dicoumarol, Figure 2) is a
natural 3,3’-arylmethylene isolated from root cultures of
Impatiens balsamina."

Regarding the series of 3,3’-(methylene)bis-2-hydroxy-
1,4-naphthoquinones (9, Figure 2), these compounds have
been prepared by several methods, but their biological
properties are poorly known. Tisseh and Bazgir®® developed
an efficient and clean synthesis of these compounds in an
aqueous solution of LiCl. Otherwise, de Oliveira et al.*' found
that the same reaction in water under ultrasound irradiation
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Buparvaquone (3)
Cl B-Lapachone (4)

produced these products in better yields. de Aradjo et al.”
also prepared these compounds in high yields through the
condensation of lawsone (1) with aromatic and aliphatic
aldehydes under mild acidic catalysis of B-alanine/AcOH
and assayed then against Leishmania amazonensis and
Leishmania braziliensis promastigotes. Some of them
showed good leishmanicidal activity without significant
toxic effects. de Aratjo er al.?* found that some of these
compounds showed promising leishmanicidal activity.
In another study, Sharma er al.? tested these types of
compounds against Leishmania donovani promastigotes
and on leishmanial deoxyribonucleic acid (DNA)
topoisomerase I. Regarding the anticancer activity, there is
one report published by Sadhukhan ez al.?* who proposed
the synthesis of symmetrical 3,3’-(aryl/methylene)bis-
2-hydroxy-1,4-naphthoquinones as potential anticancer
agents. However, no biological result against tumor
cells is shown in this publication. Brahmachari®
synthesized a series of 3,3’-(aryl/alkyl-methylene)
bis(2-hydroxynaphthalene-1,4-dione) derivatives and
assayed them for pro-apoptotic activity in five distinct

/OHHO",

10, R = H, dicoumarol

11, R = H, diphthiocol

Figure 2. General structures of compounds 6-11 containing the 2,5-diene-2,6-diols moiety.
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cancer cell lines and found one compound effective in
inducing apoptosis in human glioma cells (CCF-4).%*

Although several methods for the synthesis of these
derivatives have been reported, most of them suffer
limitations regarding selectivity in forming nonsymmetrical
3,3’-(methylene)bis-2-hydroxy-1,4-naphthoquinones. In
addition, data regarding the effect of these compounds in
cancer cells are lacking.

It is noteworthy that there are several compounds
containing only one naphthoquinonoid nucleus that have
been shown to be active against prostate cancer cells.
B-Lapachone analogs,? poly(D,L)-lactide-co-glycolide
(PLGA) microcapsules containing nor-f-lapachone?
plumbagin isolated from Plumbago zeylanica,”®* shinkonin
isolated Lithospermum erythrorhizon,® and menadione
hybrids triazoles®' are cytotoxic against PC3 or DU145
cancer cells by increasing intracellular ROS levels or
inducing apoptotic cell death. Additionally, naphthoquinones
with multimeric redox-active centers exhibit activities against
highly proliferative neoplastic cells.*>*

Thus, considering the increasing importance of these
compounds (e.g., dicoumarol) and the reported reaction
conditions for their synthesis, herein we describe our efforts
toward the synthesis of nonsymmetrical 3,3’-(methylene)
bis-2-hydroxy-1,4-naphthoquinones using two different
naphthoquinone scaffolds. We then aimed to investigate
the potential application of these compounds as putative
anticancer agents by testing them in the PC3 prostate cancer
cell line as an experimental model.

Results and Discussion

The current literature has shown that the usual method
to synthesize these bis-2,5-diene-2,6-diol compounds is
the domino Knovenagel condensation of an enol with
aldehydes, followed by a Michael reaction conducted
with different acid catalysts,'* as shown in Figure 3. As
mentioned before, one of the limitations in the preparation
of these compounds (6-11) is that the naphthoquinones
attached to the aryl-methylene are the same. Up to now,
there are no efficient methods for the preparation of
3,3’-(methylene)bis-2-hydroxy-1,4-naphthoquinones with
different naphthoquinones.

OH
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In this context, we developed a new two-step method for
the synthesis of nonsymmetric 3,3’-(aryl/alkyl/methylene)
bis-2-hydroxy-1,4-naphthoquinones with two different
naphthoquinones, 2,5-dihydroxynaphthalene-1,4-dione
and 2-dihydroxynaphthalene-1,4-dione, which were used
as naphthoquinone scaffolds to prepare compound 15a-i
(Scheme 1 and Figure 4). In this protocol, we used Mannich
adducts (13a-i) that were easily prepared by a previously
known method***¢ from 1.0 equivalent of lawsone (12),
1.1 equivalent of benzylamine and 1.1 equivalents of an
aldehyde, dissolved in ethanol, kept under stirring at room
temperature for 24 h. Then, the mixture was filtered, and
the solid was washed with water, and after drying under
vacuum, the products (13a-i) were obtained as an orange or
red solid in yields of 69-92% (Scheme 1). It is noteworthy
that during this study Ghodsi et al.¥ reported that the use
of the Mannich reaction of lawsone with various aldehydes
and 4H-1,2 4-triazol-4-amine gave unexpected symmetrical
3,3’-(arylmethylene)bis(2-hydroxynaphthalene- 1,4-dione)
derivatives.

For the reaction of the Mannich adducts (13a-i),
we used the 2,5-dihydroxynaphthalene-1,4-dione
(14),%® under acidic catalysis by acetic acid to furnish
the nonsymmetrical 3,3’-(aryl/alkyl/methylene)bis-
2-hydroxy-1,4-naphthoquinones (15a-i) derivatives in
low to moderate yields (Table 1). Depending on the
purification method of the reaction mixture, the resulting
yield can vary considerably, as shown in Table 1. The
chromatographic method systematically produced the
compounds in better yields. All structures of Mannich
adducts (13a-i) and 3,3’-(aryl/alkyl/methylene)bis-
2-hydroxy-1,4-naphthoquinones (15a-i) were confirmed
by analysis of nuclear magnetic resonance (NMR)
spectroscopy 'H and "*C, infrared spectroscopy (IR),
and high resolution mass spectrometry (HRMS). The
Mannich adduct presented two characteristic signals
in the form of a doublet corresponding to the two
methylene hydrogens from benzylamine. All HRMS
of final products 15a-i indicated that the structure
has the correct molecular weight. However, they
presented three singlet signals corresponding to the C—H
(0 6.23-6.05 ppm for 15i), confirming the incorporation
of the second naphthoquinone moiety in the structure (see

OH
OH R HO

N
oo e N S FY

enol H,O o,B-unsaturated enone

Figure 3. General synthetic routes for preparing compounds containing the 2,5-diene-2,6-diol moiety (5).
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Scheme 1. Synthetic route used for the preparation of naphthoquinone 15a-i derivatives.

Table 1. Yields of synthesized 3,3’-(methylene)bis-2-hydroxy-
1,4-naphthoquinones 15a-i

Compound R Crystali/ization / Chromag)légphy o
15a H 17 65
15b 4-CH,-C.H, 16 62
15¢ 4-Br-C¢H, 23 44
15d 4-NO,—-CH, 47 55
15e CH, 22 69
15¢ 4-Cl-C.H, 51 59
15g 4-F-C¢H, 26 47
15h 4-OCH,-C¢H, 20 41
15i CH; 56 61

TLC: thin layer chromatography.

Supplementary Information (SI) section), but in the form of
tautomers that are interconverted through the reallocation
of a proton. The correlated spectroscopy (COSY)
spectrum ("H x "H coupling) of compound 15i showed no
correlation for the three proton signals of C—H, confirming
that they are signals of the tautomers. The methylation
reaction of 15i with diazomethane yielded a compound
that showed only a singlet signal for C—H at 6.07 ppm and
three singlet signals for the methoxyls at 3.72, 3.74 and
3.76 ppm. Further NMR studies using different solvents
at different temperatures have shown that the tautomeric
balance was not significantly modified. As this tautomeric
equilibrium is not observed in the symmetric adducts of
lawsone (12), the origin of these tautomers is connected
with the 2,5-dihydroxynaphthalene-1,4-dione moiety (14).
Itis reported in the literature that the tautomeric structure
of 2-hydroxy-1,4-naphthoquinone is the most stable form
followed by 4-hydroxy-1,2-naphthoquinone, but they are
probably in balance with the other tautomeric forms.*
This stability of the 1,4-naphthoquinone tautomer is
correlated with the dipole moments of the carbonyl groups
in combination with intramolecular hydrogen bonds.

3,3’-(Methylene)bis-2-hydroxy-1,4-naphthoquinones 15a-i
display cytotoxic effects in PC3 prostate cancer cells

It has been reported that naphthoquinones with a
hydroxyl group at the aromatic ring are more pro-oxidant*
and could change their potential anticancer activity.*®
To test the potential application of 1,4-naphthoquinone
derivatives 15a-i as putative anti-cancer agents, their
cytotoxic effects were preliminary tested in vitro against
the PC3 metastatic human prostate cancer cell line using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) cell viability assays. Initially, PC3 cells
were treated with 100 uM of 15a-i derivatives. Cell viability
was tested 24, 48 and 72 h posttreatment with the distinct
derivative compounds. At 24 h posttreatment, none of
these compounds promoted inhibition of cell viability.
Otherwise, one out of these nine tested compounds, named
(15¢), significantly promoted at least a 55% decrease of cell
viability (p = 0.0397). It is noteworthy that compound 15f
also promoted a 30% decrease in PC3 cell viability, but it
did not reach statistical significance (P = 0.201). Notably,
at 72 h posttreatment, six out these nine tested compounds
significantly inhibited PC3 cell viability, but the compounds
15¢, 15f and 15h (p < 0.05) were the most cytotoxic.
The other two compounds (15g and 15i) also promoted
approximately 30% inhibition in PC3 cell viability, but that
did not reach statistical significance (p > 0.05). Compounds
without the aryl groups (e.g., 15a and 15¢) were not
significantly cytotoxic (Figure 4).

Experimental
General remarks

Reagents were purchased from Sigma Aldrich, Sio
Paulo, Brazil and were used without further purification.

Column chromatography was performed with silica
gel 60 (Merck, 70-230 mesh). Analytical thin-layer
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Figure 4. Cell viability of PC3 metastatic prostate cancer cells lines in response to novel 15a-i 1,4-naphthoquinone derivatives. MTT assays using PC3
prostate cancer cell lines have been performed using 100 uM of each compound, which were named as shown in Table 1. The results are represented as
the mean =+ standard deviation (SD). Statistical analysis was performed using #-test (*p < 0.01, **p < 0.001).

chromatography (TLC) was performed with silica gel
plates (Merck, TLC silica gel 60 F254), and the plots
were visualized using UV light or aqueous solutions of
ammonium sulfate. Yields refer to chromatographically
and spectroscopically homogeneous materials. Melting
points were obtained on a Fischer-Johns apparatus
and were uncorrected. Infrared spectra were measured
using KBr pellets on a PerkinElmer model 1420 FT-IR
Spectrophotometer calibrated relative to the 1601.8 cm!
absorbance of polystyrene. NMR spectra were recorded
on a Varian Unity Plus VXR (500 MHz) instrument in
dimethylsulfoxide DMSO-d, and CDCl, solutions. The
chemical shift data were reported in units of 0 (ppm)
downfield from tetramethylsilane or the solvent, which
were used as an internal standard. Coupling constants (J) are
reported in hertz and refer to apparent peak multiplicities.
The high resolution mass spectra (electrospray ionization)
were obtained using a QTOF Micro (Waters, Manchester,
UK) mass spectrometer (HRESIMS). Compounds 13a*
and 13d* were previously reported, and compounds 13b-¢
and 13e-f were prepared by the same method.

General procedures for preparing compounds 13b-c, e-i

Compounds 13b-c, e-i were synthesized according to
the general procedure described in the literature™ with
modifications. They were obtained by reacting a suspension
of lawsone (10 mmol, 1.75 g), in 20 mL of ethanol, with
the respective amine (11 mmol). After formation of the
lawsonate solution, the aldehyde (11 mmol) is added and
the mixture, left stirring at room temperature for 12 h in the
dark. The solids were filtered, washed with ethanol, water,
diethyl eter and dried under vacuum.

2-((Benzylamino)(p-tolyl)methyl)-3-hydroxynaphthalene-
1,4-dione (13b)

Orange solid; yield 78%; mp 173-175 °C; IR (KBr)
v / cm 3076, 2979, 2720, 1679, 1578; 'H NMR

(500.00 MHz, DMSO-d,) 6 7.92 (dd, 1H, J 7.6, 0.8 Hz),
7.84 (dd, 1H, J 7.6, 0.8 Hz), 7.69 (td, 1H, J 7.5, 1.3 Hz),
7.58(td, 1H,J7.5,1.3Hz),7.42(d,2H,J8.0Hz),7.41-7.37
(m, 5H), 7.14 (d, 2H, J 8.0 Hz), 5.48 (s, 1H), 4.12 (d, 2H,
J 2.5 Hz), 2.26 (s, 3H); ¥C NMR (75.0 MHz, DMSO-d,)
0193.37,192.75, 185.75, 185.71, 161.97, 144.45, 140.07,
138.15, 134.29, 133.72, 131.69, 130.10, 129.93, 129.21,
129.04, 128.72, 128.40, 128.29, 127.57, 127.39, 120.27,
64.31,43.06,20.93; HRMS (FTMS + pESI) m/z, C,sH,,NO,
[M]* observed: 384.1578, requires: 384.1594.

2-((Benzylamino)(4-bromophenyl)methyl)-3-hydroxy-
naphthalene-1,4-dione (13c)

Orange solid; yield 54%; mp 166-168 °C; IR (KBr)
v/ cm' 1694, 1615, 1669, 1588, 1530; 'H NMR
(500.00 MHz, DMSO-d,) 6 7.92 (d, 1H, J 7.6 Hz), 7.84
(d, 1H,J7.6 Hz), 7.70 (td, 1H,J 7.5, 1.2 Hz), 7.58 (td, 1H,
J1.5,1.2Hz),7.53 (d,2H, J 8.7 Hz), 7.50 (d, 2H, J 8.7 Hz),
7.43-7.36 (m, 5H), 5.51 (s, 1H), 4.14 (s, 2H); '3C NMR
(126.0 MHz, DMSO-d;) 6 184.76, 183.25, 157.95, 134.16,
133.58, 131.99, 131.40, 131.13, 130.87, 130.23, 129.92,
129.53, 129.12, 128.81, 128.50, 128.34, 128.23, 127.59,
125.88, 124.90, 63.57,42.31; HRMS (FTMS + pESI) m/z,
C,,H,,BrNO,; [M]* observed: 448.0522, requires: 448.0543.

2-(1-(Benzylamino)ethyl)-3-hydroxynaphthalene-1,4-dione
(13e)

Orange solid; yield 71%; mp 179-181 °C; IR (KBr)
v/cm12979,2637,2418, 1668, 1611, 1590, 1531; 'H NMR
(500.00 MHz, DMSO-d,) 6 7.92 (ddd, 1H, J 7.6, 1.2,0.5 Hz),
7.82 (ddd, 1H, J 7.6, 1.2, 0.5 Hz), 7.68 (td, 1H, J 7.5 and
1.4 Hz), 7.56 (td, 1H, J 7.5 and 1.4 Hz), 7.39-7.30 (m, SH),
4.51(q, 1H,J 6.8 Hz), 4.01 (d, 1H, J 13.3 Hz), 3.97 (d, 1H,
J 13.3 Hz), 1.41 (d, 3H, J 6.8 Hz); *C NMR (125.0 MHz,
DMSO-dy) 6 184.19, 178.60, 170.46, 134.68, 133.48, 132.53,
131.52, 130.62, 129.57, 128.52, 128.43, 125.18, 124.92,
111.26, 51.52, 48.32, 17.62; HRMS (FTMS + pESI) m/z,
C,oH,;NO, [M]* observed: 308.1291, requires: 308.1281.
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2-((Benzylamino)(4-chlorophenyl)methyl)-3-hydroxy-
naphthalene-1,4-dione (13f)

Orange solid; yield 71%; mp 147-149 °C; IR (KBr)
v / cm 2726, 1701, 1676, 1561, 1576, 1589; 'H NMR
(500.00 MHz, DMSO-d,) 6 7.92 (dd, 1H, J 7.6, 1.0 Hz),
7.84 (dd, 1H, J 7.6, 1.0 Hz), 7.70 (ttd, 2H, J 20.0, 7.6,
1.0 Hz), 7.57 (d, 2H, J 8.6 Hz), 7.42-7.36 (m, 5H), 7.34
(d, 2H, J 8.6 Hz), 5.53 (s, 1H), 4.14 (s, 2H); 3C NMR
(75.0 MHz, DMSO-d,) 6 192.62, 191.50, 160.21, 139.71,
134.90, 134.11, 133.60, 131.14, 130.75, 129.26, 129.08,
128.76, 128.46, 128.30, 128.19, 127.55, 127.26, 126.97,
63.53, 42.31; HRMS (FTMS + pESI) m/z, C,,H,,CINO,
[M]* observed: 404.1042; requires: 404.1048.

2-((Benzylamino)(4-fluorophenyl)methyl)-3-hydroxy-
naphthalene-1,4-dione (13g)

Red solid; yield 63%; mp 150-152 °C; IR (KBr)
v / cm™ 3456, 2596, 2386, 1681, 1591, 1504; 'H NMR
(500.00 MHz, DMSO-d,) 6 7.92 (d, 1H, J 7.6 Hz), 7.84 (d,
1H,J 7.6 Hz), 7.70 (ttd, 2H, J 21.1, 7.6, 1.3 Hz), 7.58 (dd,
2HJ7.7,6.9 Hz), 7.43-7.36 (m, 5SH), 7.15 (dd, 1H, J 7.7,
6.9 Hz), 5.53 (s, 1H), 4.13 (s, 2H); *C NMR (75.0 MHz,
DMSO-d;) 6 192.65, 191.08, 160.11, 143.63, 139.11,
134.13, 133.54, 133.43, 132.04, 131.91, 130.95, 130.74,
130.35, 129.91, 129.80, 129.09, 128.78, 128.47, 128.33,
128.01, 126.43, 125.08, 123.99, 122.18, 119.98, 116.14,
115.84, 115.44, 115.16, 113.74, 113.46, 63.50, 42.31;
HRMS (FTMS + pESI) m/z, C,,H,,FNO, [M]* observed:
388.1328, requires: 388.1343.

2-((Benzylamino)(4-methoxyphenyl)methyl)-3-hydroxy-
naphthalene-1,4-dione (13h)

Red solid; yield: 84%; mp 142-144 °C; IR (KBr)
v / cm™ 2948, 2608, 2515, 2359, 1671, 1590; 'H NMR
(500.00 MHz, DMSO-d,) 6 7.92 (dd, 1H J 7.6, 1.1 Hz),
7.84 (dd, 1H, J 7.6, 1.1 Hz), 7.69 (td, 1H, J 7.5, 1.3 Hz),
7.58 (td, 1H,J 7.5, 1.3 Hz), 7.46 (d, 2H, J 8.8 Hz), 7.42-7.36
(m, SH), 6.89 (d, 2H, J 8.8 Hz), 5.47 (s, 1H), 4.11 (d, 2H,
J 2.1 Hz), 3.72 (s, 3H); *C NMR (125.0 MHz, DMSO-d;)
0 183.45,182.01, 156.51, 139.29, 133.27, 132.31, 131.38,
130.82, 129.30, 128.45, 128.28, 127.95, 127.63, 125.39,
125.00, 124.69, 122.50, 122.15, 120.79, 119.92, 63.62,
54.71,42.31; HRMS (FTMS + pESI) m/z, C,;H,,NO, [M]*
observed: 400.1536, requires: 400.1543.

2-((Benzylamino)(phenyl)methyl)-3-hydroxynaphthalene-
1,4-dione (13i)

Orange solid; yield 82%; mp 175-177 °C; IR (KBr)
v/ cm! 2325, 1670, 1615, 1587, 1574, 1530; '"H NMR
(500.00 MHz, DMSO-d,) 6 7.92 (dd, 1H, J 7.6, 0.9 Hz),
7.84 (dd, 1H, J 7.6, 0.9 Hz), 7.70 (dt, 1H, J 7.5, 1.3 Hz),
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7.58 (dt, 1H,J 7.5, 1.3 Hz), 7.55 (d, 1H, J 1.3 Hz), 7.53 (s,
1H), 7.42-7.36 (m, 5H), 7.33 (dd, 2H, J 8.0, 6.6 Hz,), 7.28
(dd, 1H, J 8.0, 6.6 Hz), 5.50 (s, 1H), 4.15 (d, 1H, J 13.3 Hz),
4.12(d, 1H,J 13.3 Hz); “C NMR (125.0 MHz, DMSO-d,)
0 184.06, 178.63, 170.47, 138.34, 134.46, 133.54, 132.13,
131.50, 130.76, 129.86, 128.61, 128.39, 128.25, 127.88,
127.74, 125.22, 124.97, 110.81, 58.70, 49.03; HRMS
(FTMS + pESI) m/z, C,,H,,)NO, [M]* observed: 370.1449,
requires: 370.1438.

General procedures for preparing compounds 15a-i

In a round bottom flask, 2,5-dihydroxy-
1,4-naphthoquinone (1 mmol) and Mannich adduct 13a-h
(0.8 mmol) were placed and then dissolved in 15 mL of
acetic acid. The solution was stirred at 100 °C for 30 min.
Then, the reaction mixture was poured into ice-cold
distilled water, and the precipitate was filtered under
vacuum and washed with distilled water. The brown solid
was recrystallized using a pentane/chloroform mixture (9:1)
or separated by column chromatography on silica using
gradient of hexane an ethyl acetate. The yields obtained for
products 15a-i by both purification methods are described
in Table 1.

2,5-Dihydroxy-3-((3-hydroxy-1,4-dioxo-1,4-dihydro-
naphthalen-2-l)methyl)naphthalene-1,4-dione (15a)

Mp 241-243 °C; IR (KBr) v / cm! 3296, 1643, 1666,
1592, 1613; 'H NMR (500.00 MHz, DMSO-d;) 6 8.00-7.95
(m, 2H), 7.81 (td, 1H, J 7.6, 1.4 Hz), 7.77 (td, 1H, J 7.6,
1.4 Hz), 7.63 (ddd, 1H, J 8.4, 7.5, 2.5 Hz), 7.52 (ddd,
1H,J7.5,2.5,1.2Hz), 7.28 (ddd, 1H, J 8.4, 2.5, 1.2 Hz),
3.75 (s, 2H); *C NMR (125.0 MHz, DMSO-d,) 6 190.52,
190.43, 184.09, 184.05, 181.19, 180.62, 180.59, 160.59,
157.22, 156.79, 155.75, 155.48, 135.66, 135.63, 134.89,
133.50, 132.60, 130.71, 130.43, 126.34, 126.01, 125.26,
122.54, 122.10, 121.96, 121.51, 118.88, 114.48, 18.56,
17.83, 17.11; HRMS (FTMS + pESI) m/z, C,;H,,NaO,
[M]* observed: 399.046, requires: 399.0475.

2,5-Dihydroxy-3-((3-hydroxy-1,4-dioxo-1,4-dihydro-
naphthalen-2-yl)(p-tolyl)methyl) naphthalene-1,4-dione
(15b)

Mp 129-131 °C; IR (KBr) v/ cm 3319, 2971, 1649,
1619, 1511, 1457; '"H NMR (500.00 MHz, DMSO-d,)
0799 (d, 1H, J 7.2 Hz), 7.94 (t, 1H, J 7.6 Hz), 7.81 (t,
1H, J 7.6 Hz), 7.79-7.74 (m, 1H), 7.63-7.59 (m, 1H), 7.50
(t, IH,J7.4 Hz), 7.26 (dd, 1H, J 7.4,2.5 Hz), 7.12 (d, 2H,
J 7.8 Hz), 7.00 (d, 2H, J 7.8 Hz), 6.03 (s, 1H), 2.25 (s,
3H); *C NMR (125.0 MHz, DMSO-d;) ¢ 189.94, 183.92,
183.83, 182.17, 182.11, 181.96, 181.84, 160.62, 160.56,
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157.25, 138.21, 138.11, 137.90, 134.99, 134.92, 134.77,
134.68, 134.58, 134.54, 133.34, 133.20, 132.98, 132.92,
131.31, 131.09, 130.70, 130.48, 128.81, 128.73, 128.66,
128.45, 128.11, 127.80, 126.44, 126.42, 125.90, 125.86,
125.02, 124.83, 123.92, 123.75, 122.50, 122.40, 118.45,
118.35, 115.02, 114.97, 37.56, 35.78,20.99, 20.97, 20.94,
HRMS (FTMS + pESI) m/z, C,sH,(NaO, [M]* observed:
489.0923, requires: 489.0945.

3-((4-Bromophenyl)(3-hydroxy-1,4-dioxo-1,4-dihydro-
naphthalen-2-yl)methyl)-2,5-dihydroxynaphthalene-
1,4-dione (15¢)

Mp 139-141 °C; IR (KBr) v / cm™ 3331, 1649, 1618,
1457, 1368; '"H NMR (500.00 MHz, DMSO-d;) 6 7.98
(ddd, 1H, J 7.6, 2.3, 1.5 Hz), 7.94 (t, 1H, J 7.5 Hz), 7.81
(t, 1H, J 7.5 Hz), 7.77 (ddd, 1H, J 7.6, 2.3, 1.5 Hz), 7.62
(ddd, 1H, J 8.2, 7.6, 4.3 Hz), 7.53-7.49 (m, 1H), 7.36 (dd,
2H,J 8.1, 1.9 Hz), 7.26 (ddd, 1H, J 8.2,4.3,0.8 Hz,), 7.21
(d, 2H, J 8.1 Hz,), 6.01 (s, 1H); ¥C NMR (125.0 MHz,
DMSO-d;) 6 190.14, 190.07, 183.88, 183.82, 181.77,
181.63, 181.41, 160.79, 160.66, 160.62, 159.61, 157.79,
156.87, 141.01, 140.83, 140.62, 135.34, 135.22, 135.01,
134.92, 133.45, 133.38, 132.85, 132.82, 131.11, 130.97,
130.94, 130.91, 130.89, 130.82, 130.74, 130.58, 130.50,
130.43, 126.48, 125.97, 125.22, 125.07, 123.26, 122.95,
122.23, 121.93, 118.92, 118.90, 118.68, 118.60, 114.85,
114.79, 37.84, 36.53, 34.94; HRMS (FTMS + pESI) m/z,
C,,H,,BrO, [M] observed: 528.9934, requires: 528.9928.

2,5-Dihydroxy-3-((3-hydroxy-1,4-dioxo-1,4-dihydro-
naphthalen-2-yl)(4-nitrophenyl) methyl)naphthalene-
1,4-dione (15d)

Mp 155-157 °C; IR (KBr) v / cm™ 3331, 1650, 1619,
1514, 1457; '"H NMR (500.0 MHz, DMSO-d;) 6 8.06 (d,
2H, J 8.8 Hz), 7.99 (ddd, 1H, J 7.6, 3.3, 1.1 Hz), 7.95
(ddd, 1H,J 11.4,7.6, 1.1 Hz), 7.82 (t, 1H, J 7.4 Hz,), 7.77
(ddd, 1H,J7.4,3.3, 1.1 Hz), 7.64-7.59 (m, 1H), 7.56-7.49
(m, 3H), 7.27 (d, 1H, J 8.8 Hz), 6.17 (s, 1H); *C NMR
(125.0 MHz, DMSO-d) 6 189.81, 183.70, 183.68, 181.81,
181.71, 181.60, 160.68, 160.64, 150.29, 150.15, 149.95,
146.21, 135.21, 135.12, 134.98, 134.85, 133.43, 133.34,
132.90, 132.87, 129.75, 129.50, 129.27, 129.18, 129.07,
126.50, 126.00, 125.97, 125.11, 124.95, 123.28, 123.19,
123.09, 118.64, 118.56, 114.97, 38.16, 36.67; HRMS
(FTMS + pESI) m/z, C,;H,,NO, [M] observed: 496.0677,
requires: 496.0669.

2,5-Dihydroxy-3-(1-(3-hydroxy-1,4-dioxo-1,4-dihydro-
naphthalen-2-yl)ethyl)naphthalene-1,4-dione (15e)

Mp 101-103 °C; IR (KBr) v / cm™ 3330, 1648, 1617,
1457, 1365; '"H NMR (500.00 MHz, DMSO-dy) 6 7.97-7.93
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(m,2H), 7.81 (t, 1H,J7.5Hz), 7.75 (td, 1H, J 7.5, 1.4 Hz),
7.64-7.58 (m, 1H), 7.52-7.48 (m, 1H), 7.29-7.24 (m, 1H),
4.68 (q, 1H, J 7.4 Hz), 1.61 (d, 3H, J 7.4 Hz); C NMR
(125.0 MHz, DMSO-d,) 6 190.76, 190.74, 190.57, 184.26,
184.17, 181.84, 181.76, 181.33, 160.66, 160.61, 157.74,
156.20, 155.57, 135.41, 135.29, 134.97, 134.93, 133.60,
133.37, 133.33, 132.84, 130.59, 130.26, 130.17, 126.39,
125.99, 125.85, 125.45, 125.29, 125.16, 125.00, 118.62,
118.54,114.71,114.67,111.56,28.85,27.78,17.58,17.41,
17.17; HRMS (FTMS + pESI) m/z, C,,H,;0, [M] observed:
389.0682, requires: 389.0661.

3-((4-Chlorophenyl)(3-hydroxy-1,4-dioxo-1,4-dihydro-
naphthalen-2-yl)methyl)-2,5-dihydroxynaphthalene-
1,4-dione (15f)

Mp 133-135 °C; IR (KBr) v / cm' 3332, 1649, 1619,
1490, 1457; '"H NMR (500.00 MHz, DMSO-d,) 0 7.98
(ddd, 1H, J 7.5, 3.4, 1.3 Hz), 7.94 (td, 1H, J 7.6, 1.4 Hz),
7.81 (td, 1H, J 7.6, 1.4 Hz), 7.76 (ddd, 1H, J 7.5, 3.4,
1.3 Hz), 7.63-7.58 (m, 1H), 7.52-7.48 (m, 1H), 7.26 (dd,
2H, J 8.4, 1.5 Hz), 7.22 (dd, 2H, J 8.4, 1.5 Hz), 6.05
(s, 1H); BC NMR (125.00 MHz, DMSO-d;) 6 190.11,
190.05, 183.88, 183.81, 181.81, 181.66, 181.47, 161.00,
160.66, 160.62, 159.80, 157.89, 156.92, 140.52, 140.35,
140.14, 135.30, 135.19, 135.00, 134.91, 133.44, 133.36,
132.83, 131.14, 130.94, 130.60, 130.54, 130.52, 130.50,
130.44, 130.29, 130.04, 129.21, 129.08, 128.98, 128.05,
127.96, 127.89, 126.48, 125.97, 125.95, 125.20, 125.04,
123.33, 123.03, 122.26, 121.98, 118.66, 118.58, 114.88,
114.82, 37.75, 36.38, 34.75; HRMS (FTMS + pESI) m/z,
C,,H,,ClO; [M] observed: 485.0452, requires: 485.0428.

3-((4-Fluorophenyl)(3-hydroxy-1,4-dioxo-1,4-dihydro-
naphthalen-2-yl)methyl)-2,5-dihydroxynaphthalene-
1,4-dione (159)

Mp 122-125 °C; IR (KBr) v / cm! 3665, 3338, 2972,
1649, 1619, 1508; 'H NMR (500.00 MHz, DMSO-d,)
07.99 (dt, 1H, J 7.6, 1.6 Hz), 7.94 (td, 1H, J 7.5, 1.2 Hz),
7.82 (td, 1H, J 7.5, 1.2 Hz), 7.79-7.75 (m, 1H), 7.68-7.57
(m, 1H), 7.51 (ddd, 1H, J 7.3, 5.2, 1.0 Hz), 7.33-7.23 (m,
3H), 6.99 (td, 2H, J 8.9, 2.0 Hz), 6.03 (s, 1H); '3C NMR
(125.00 MHz, DMSO-d,) 6 190.18, 190.11, 183.94, 183.88,
181.85, 181.70, 181.49, 162.59, 160.84, 160.65, 160.61,
159.62, 159.39, 157.76, 156.80, 133.44, 133.37, 132.86,
132.83, 131.10, 130.90, 130.56, 130.43, 130.32, 130.21,
130.11, 129.97, 129.86, 126.47, 125.95, 125.21, 125.06,
123.67, 123.36, 122.61, 122.31, 118.66, 118.58, 114.86,
114.78, 114.71, 114.58, 114.50, 114.43, 37.63, 36.29,
34.67; HRMS (FTMS + pESI) m/z, C,,H,sFNaO, [M]*
observed: 493.0679, requires: 493.0694.
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2,5-dihydroxy-3-((3-hydroxy-1,4-dioxo-1,4-dihydro-
naphthalen-2-yl)(4-methoxyphenyl) methyl)naphthalene-
1,4-dione (15h)

Mp 229-231 °C; IR (KBr) v / cm' 3233, 1642, 1615,
1594; '"H NMR (500.00 MHz, DMSO-d;) 6 7.98 (dd, 1H,
J75,12Hz),793 (td, 1H, J 7.6, 1.3 Hz), 7.81 (td, 1H,
J7.6,1.3Hz),7.77 (td, 1H, J 7.5, 1.2 Hz), 7.62 (ddd, 2H,
J83,7.5,45Hz),7.51 (ddd, 1H, J7.5,4.5, 1.1 Hz), 7.27
(ddd, 1H, J 8.3, 4.5, 1.1 Hz), 7.15 (d, 2H, J 8.7 Hz), 6.77
(dd,2H,J8.7,1.8 Hz), 5.97 (s, 1H), 3.71 (s, 3H); *C NMR
(125.00 MHz, DMSO-d,) 6 190.36, 190.27, 184.05, 183.99,
181.82, 181.69, 181.64, 181.42, 160.66, 160.63, 160.22,
158.97, 157.87, 157.85, 157.33, 156.49, 135.35, 135.23,
134.99, 134.92, 133.43, 133.36, 132.94, 132.87, 132.85,
132.75, 131.02, 130.83, 130.50, 130.39, 129.69, 129.51,
129.27, 126.46, 125.93, 125.24, 125.10, 124.19, 123.83,
123.22, 122.83, 118.64, 118.57, 114.83, 114.77, 113.78,
113.71,113.66,55.48,37.62,36.43,34.89; HRMS (FTMS
+ pESI) m/z, C,4H,,04 [M] observed: 481.0947, requires:
481.0923.

2,5-Dihydroxy-3-((3-hydroxy-1,4-dioxo-1,4-dihydro-
naphthalen-2-yl)(phenyl)methyl) naphthalene-1,4-dione
(15i)

Mp 117-119 °C; IR (KBr) v / cm™ 3332, 2969, 1649,
1620, 1457; '"HNMR (500.00 MHz, DMSO-d,) ¢ 8.03-7.91
(m, 2H), 7.86-7.73 (m, 2H), 7.62 (td, 1H, J 7.7, 2.2 Hz),
7.52 (dd, 1H, J 7.2, 3.0 Hz), 7.32-7.19 (m, 5H), 7.19-7.09
(m, 1H), 6.10 (s, 1H); *C NMR (125.00 MHz, DMSO-d;)
0 190.34, 190.26, 184.01, 183.97, 181.78, 181.65, 181.36,
160.68, 160.65, 160.23, 159.07, 157.48, 156.69, 141.24,
141.10, 140.93, 135.38, 135.26, 134.99, 134.94, 133.44,
133.38, 132.87, 132.85, 130.85, 130.52, 130.41, 129.21,
129.08, 128.98, 128.64, 128.46, 128.23, 128.13, 128.06,
128.01, 126.49, 125.96, 125.89, 125.25, 125.12, 123.81,
123.44, 122.90, 118.68, 118.61, 114.83, 114.78, 38.27,
37.13, 35.66; HRMS (FTMS + pESI) m/z, C,;H,;O, [M]
observed: 451.0830, requires: 451.0818.

Methylation of 15i with diazomethane

'HNMR (500 MHz, CDCl,) 6 12.16 (s, 1H), 8.08-8.03
(m, 2H), 7.74-7.68 (m, 3H), 7.61-7.54 (m, 2H), 7.33-7.27
(m, 5H), 7.26-7.20 (m, 1H), 6.08 (s, 1H), 3.77 (s, 3H), 3.74
(s,3H), 3.73 (s, 3H); *C NMR (75 MHz, CDCl,) 6 190.48,
184.97, 184.94, 182.11, 182.07, 181.46, 161.36, 159.17,
158.74, 158.44, 140.47, 140.14, 135.64, 135.43, 134.95,
134.60, 134.27, 134.17, 133.59, 133.49, 132.20, 132.12,
131.77, 131.65, 128.66, 128.54, 128.38, 128.30, 126.81,
126.67, 126.56, 126.34, 126.27, 125.02, 119.16, 114.53,
61.06, 60.94, 40.19, 39.44, 29.90.
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Cell lines and culture conditions

In this study, we used the PC3 metastatic prostate cancer
cell line, derived from bone metastasis. This cell line was
obtained from American Type Cell Culture Collection
(ATCC) and consisted of short tandem repeat (STR)
fingerprinted to confirm identity. The cell line was cultured
in RPMI (RPMI-1640 Medium HEPES Modification
R5886, Sigma Aldrich) containing 10% fetal bovine serum
(FBS), 1% L-glutamine (L-Glu) and grown from 1% until
reaching 80-90% cell confluence. Cell were incubated at
37 °C in a 5% CO, atmosphere.

Cell treatment with bis-1,4-naphthoquinone derivatives 15a-i

Before PC3 cell treatment with each one of the 9 tested
compounds 15a-i, the compounds were reconstituted in
dimethyl sulfoxide (DMSO) to maintain their stability at
a stock solution of 10 mM. These compounds were then
diluted in phosphate buffered saline (PBS) to prepare a
working solution at 1 mM. A final concentration of 100 mM
has been used for each compound. PC3 cells were plated in
culture plates containing 96 wells, and 24 h after plating,
cells were treated with 100 uM of each compound 15a-i.
Control cells were treated with DMSO/PBS solution,
which was used at each time point to calculate relative cell
viability as 100% of cell viability.

MTT assays

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay was used to measure
the cytotoxic effects of distinct tested naphthoquinone
derivatives 15a-i on PC3 cells. Briefly, cells were seeded
(1 x 10* cells per well) in 96-well plates. After adhesion,
cells were exposed to various concentrations of these
compounds for 24, 48 and 72 h. Compound-free medium
was added to the control wells. A total of 20 pL. of MTT
(5 mg mL") was added to each well 4 h before the end of
each time point. MTT solution was then removed, and the
insoluble formazan crystals were dissolved in 150 pL of
DMSO (Sigma-Aldrich, MO, USA). The optical density
at 570 nm was determined using Spectra Max 190. All
experiments were performed in triplicate. Statistical
significance for various parameters was estimated using
Student’s r-test (two-tailed). Alpha level was set to the value
of 0.05 for all statistical tests, and value of p < 0.05 was
considered to be statistically significant. Graph Pad Prism
was used to plot bar graphs.*!
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Conclusions

A novel method for the synthesis of nonsymmetrical
3,3’-(aryl/alkyl-methylene) bis-2-hydroxy-1,4-naphtho-
quinones was developed, which was used to prepare
compounds 15a-i in moderate to good yields. This new
class of compounds had their structures adequately
elucidated by spectroscopic techniques. Preliminary
screening of these compounds regarding their effect on PC3
metastatic prostate cancer cell viability by MTT assays at
100 uM revealed that compounds 15¢, 15f and 15h present
promising activity in PC3 cells. Further work should be
conducted to investigate the scope of this method for
producing new 3,3’-(aryl/alkyl-methylene)bis-2-hydroxy-
1,4-naphthoquinones followed by assays in PC3 metastatic
prostate cancer cells to investigate the mechanism by which
they promote PC3 metastatic prostate cell cytotoxicity.
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Supplementary data are available free of charge at
http://jbcs.sbq.org.br as PDF file.
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