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The first synthesis of 7,8-dihydroxy-1-methylnaphtho[2,3-c]furan-4,9-dione (1), an isofuranonaphtho-
quinone produced by an Actinoplanes strain is described. Lactone ring opening of 6-methylfuro
[3,4-c]furan-1(3H)-one (4) with ortho-lithiated veratrole (3), oxidation of product alcohol 5, and
Friedel-Crafts acylation of the resulting aroylcarboxylic acid 7 afforded the mono methyl ether 2 of

the target compound. The latter was obtained by demethylation of 2 with BBr3 in 14% overall yield. While
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mono ether 2 was distinctly more cytotoxic than catechol 1 against a panel of five cancer cell lines, only
the latter showed a siderophore-like binding affinity for Fe(Ill) with a complex dissociation constant Kp of
approximately 1072° M? (pM = 25.9).

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Isofuranonaphthoquinones represent but a small group among
the naturally occurring para-quinones.' Most of them were isolated
as secondary metabolites from herbal or fungal sources®~® and were
found to have moderate antioxidative,' antimicrobial,”® or antiplas-
modial activity.! 7,8-Dihydroxy-1-methylnaphtho[2,3-c|furan-4,
9-dione (1) was the first example to be isolated from a bacterial
source, an Actinoplanes strain, by Moore and co-workers in 2009
(Fig. 1).2 While exhibiting no antibacterial activity against Bacillus
subtilis or Escherichia coli it showed an ability to complex Fe(III)
and was believed to act as a siderophore and to be utilized by this
Actinoplanes isolate to sequester iron for growth support.? Herein,
we report on the first synthesis of 1 via its mono methyl ether 2
and on the cytotoxicities and iron affinities of these two compounds.

2. Results and discussion
2.1. Chemistry

Our synthesis of 1 drew on veratrole (3) and 6-methylfuro
[3,4-c]furan-1(3H)-one (4) as building blocks. The butyrolactone
4 was accessible by Ag-mediated ring closure of prop-2-ynyl
2-chloro-3-oxobutanoate according to a literature procedure.®!!
Opening of the lactone ring of 4 by ortho-lithiated veratrole led
to the primary alcohol 5, which was oxidized to the corresponding
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aldehyde 6 using pyridinium dichromate (PDC) and further on to
acid 7 with sodium chlorite (Scheme 1).

The carboxylic acid 7 was then converted to its chloride 8 with
oxalyl chloride. The crude chloride 8 was cyclized via an intramolec-
ular Friedel-Crafts acylation initiated by an excess of aluminum
chloride at room temperature. This reaction proceeded with
concomitant loss of the methyl group on the ortho-oxygen and affor-
ded the quinone 2 in overall 15% yield. Demethylation of 2 was
finally achieved by reaction with boron tribromide (Scheme 2).
Compounds 1 and 2 had to be freed of traces of chelated metals by
extraction with aqueous Na,EDTA solution.

2.2. Biological evaluation

2.2.1. MTT-tests

The quinones 1 and 2 were tested for cytotoxicity against cells
of human HL-60 leukemia, 518 A2 melanoma, HT-29 colon carci-
noma, and the multidrug-resistant MCF-7/Top breast and KB-V1/
Vbl cervix carcinomas, as well as non-malignant human foreskin
fibroblasts (HF) (Table 1). On average, the growth inhibitory effects
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Figure 1. Molecular structures of 1 and 2.
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Scheme 1. Reagents and conditions: (a) n-BuLi, TMEDA, Et,0, 0 °C—rt, 16 h, 55%;
(b) PDC, CH,Cly, rt, 16 h, 42%; (c) NaClO,, NaH,PO4 x 2H,0, 2-methyl-2-butene,
t-BuOH, H,0, rt, 16 h, 93%.

of mono ether 2 were more pronounced than those of the natural
catechol 1. In the resistant cell line MCF-7/Top quinone 2 even
surpassed the activity of the clinically established anticancer drug
cisplatin (CDDP) and of thymoquinone (TQ), a para-benzoquinone
occurring in the seed oil of Nigella sativa that showed antitumor
effects in various in vitro and animal studies.'>"'* Thus quinone
2 might be a promising candidate for further preclinical studies.
Whether these efficacy differences between the two test com-
pounds are a consequence of metal complexation or of a lower
cellular concentration of 1 when compared with 2 remains to be
shown.

2.2.2. Determination of Fe(Ill) complexation

The natural catechol 1 was analyzed for its ability to complex
Fe(III). Figure 2 (top) shows its UV-vis spectrum in DMSO as well
as a spectrum obtained upon addition of ferric chloride in 4:1
MeOH/0.1 M aqueous NaOAc buffer solution (pH 7.4). In the lat-
ter case, the low energy transition band of 1 at ca. 400 nm was
red shifted by more than 50 nm due to an increased conjugative
effect when chelate complexes are formed and to a different
electronic state of the formal catecholate dianion.!® The dissocia-
tion constant Kp of the presumed octahedral complex Fe(III)(1)3
was determined from these spectra to be 1.39 * 0.26 x 107%° M?
(pM = 25.9) by competition experiments with the good chelate
ligand EDTA. This dissociation constant lies in the range of that
of the complex Fe(IlI)(EDTA) (ca. 5 x 10723 M; pM = 25.1). Hence
it is likely that catechol 1 is transported, distributed and stored
in a biological context mostly in form of its metal chelate com-
plexes. The UV-vis spectrum of the methyl ether 2 was not suf-
ficiently different from that recorded in the presence of ferric
chloride to allow the calculation of a Kp value of a potential iron
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Scheme 2. Reagents and conditions: (a) (COCl),, rt, 16 h; (b) AlCl3, CH,Cl,, rt, 16 h,
67% (with respect to 7); (c) BBrs, CH,Cly, —78 °C—rt, 16 h, 94%.

Table 1
Inhibitory concentrations ICso (72 h)* in pM of 1 and 2 and TQ when applied to cancer
and non-malignant cells

HL-60 HF 518A2 KB-V1/Vbl  HT-29 MCF-7/Top
1 89+ 11 69+6 84+ 16 8610 7011 >100
2 18+8 31+6 >100 51+12 31+15 16+6
TQ 286 33+10 28z9 32+6 47+10 27+6
CDPP 6.2+27 91+13 12204 84+22 13£3 32+6

2 Values are derived from concentration-response curves obtained by measuring
the percentual absorbance of viable cells relative to untreated controls (100%) after
72 h exposure of the cells to the test compounds in the MTT assay. Values represent
means of four independent experiments + standard deviation.
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Figure 2. UV-vis spectra of compounds 1 (top) and 2 (bottom) in the absence (—)
and in the presence (- -) of ferric chloride.

complex (Fig. 2; bottom). From systematic studies with flavo-
noids featuring a catecholic site and a B-hydroxyketone one
knows that the former is more influential for iron complexation
at the physiological pH of 7.4 than the latter.'®!” Thus compound
2 has presumably formed very little Fe(Ill) complex under these
conditions.

3. Experimental section
3.1. General methods

Melting points were recorded on a Biichi M-565 apparatus and
are uncorrected. IR spectra were recorded on a Perkin-Elmer
Spectrum One FT-IR spectrophotometer equipped with an ATR
sampling unit. Nuclear magnetic resonance (NMR) spectra were
recorded under conditions as indicated on a Bruker Avance 300
spectrometer. Chemical shifts are given in parts per million ()
downfield from tetramethylsilane as internal standard for 'H and
13C. Mass spectra were recorded using a Varian MAT 311A (EI). Ele-
mental analyses were carried out on a Carlo Erba Strumentazione
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Elemental Analyzer Model 1106. For column chromatography
Merck silica gel 60 (230-400 mesh) was used. Solvents were dried
and distilled (diethyl ether over Na/K, TMEDA over Na and CH,Cl,
over CaH,) and stored under argon. All starting compounds were
purchased from the usual sources and used without further
purification.

3.2. Syntheses

3.2.1. 4-Hydroxymethyl-2-methyl-3-(2,3-dimethoxybenzoyl)-
furan (5)

A solution of veratrole (3) (1.00g, 7.24 mmol) and TMEDA
(1.09 mL, 7.24 mmol) in diethyl ether (50 mL) was cooled to 0 °C
and treated dropwise with n-BuLi (2.89 mL, 7.24 mmol, 2.5 M in
hexane). Stirring was continued at room temperature for 1 h. The
mixture was cooled to 0°C and 4 (1.00 g, 7.24 mmol) was added.
After stirring at room temperature overnight it was quenched with
a saturated aqueous solution of NH4Cl and extracted with diethyl
ether. The combined organic layers were washed with 1 M HCl
and brine, dried over anhydrous Na,SO,4 and evaporated to dryness.
The residue was purified by column chromatography (silica gel 60,
cyclohexane/ethyl acetate 6:1) to yield 5 (1.10 g, 3.98 mmol, 55%)
as a colorless oil; Rf 0.35 (cyclohexane/ethyl acetate 1:1);
Vmax/CM ! 3442, 2938, 1634, 1578, 1475, 1425, 1266, 1001, 754;
dy (300 MHz; CDCl5) 1.91 (3H, s, CH3), 3.77 (3H, s, OCH3), 3.89
(3H, s, OCHs), 454 (2H, s, CH,), 6.84 (1H, dd, 3/ =7.5Hz,
41=1.7Hz, H¥), 7.02 (1H, dd, 3]=83 Hz, ¥=1.7 Hz, H™), 7.12
(1H, dd, 3] = 7.5 Hz, 3] = 8.3 Hz, H™"), 7.26 (1H, s, CH); 3¢ (75 MHz;
CDCl3) 14.2, 55.5, 55.9, 61.9, 114.5, 1194, 122.8, 124.5, 125.9,
135.6, 138.6, 146.3, 152.9, 161.9, 193.0; m/z (EI, 70 eV) 276 (M",
46%), 245 (100%), 215 (15%), 165 (52%), 137 (65%), 77 (18%), 43
(29%). Anal. Calcd for Cy5H1¢0s5: C, 65.2; H, 5.8. Found: C, 65.1; H,
5.6.

3.2.2. 3-Formyl-4-(2,3-dimethoxybenzoyl)-5-methylfuran (6)

Alcohol 5 (1.27 g, 4.59 mmol) and PDC (3.46 g, 9.19 mmol) were
dissolved in CH,Cl, (30 mL) and stirred at room temperature over-
night. The solution was diluted with diethyl ether, filtered over a
pad of Floresil® and silica gel and evaporated. The residue was
purified by column chromatography (silica gel 60, cyclohexane/
ethyl acetate 4:1). Yield: 530 mg (1.93 mmol, 42%) of a colorless
oil; Rf 0.52 (cyclohexane/ethyl acetate 1:1); Vmax/cm™' 2939,
1683, 1649, 1547, 1475, 1424, 1311, 1264, 1078, 999, 751; iy
(300 MHz; CDCls3) 2.07 (3H, s, CH3), 3.67 (3H, s, OCHs), 3.79 (3H,
s, OCHs), 6.87 (1H, dd, 3/ = 7.3 Hz, 4 =1.9 Hz, H*"), 6.97 (1H, dd,
3]=8.2Hz, J=19Hz, H™), 7.02 (1H, dd, 3]=7.3Hz, 3/=8.2 Hz,
H), 7.82 (1H, s, CH), 9.90 (1H, s, CHO); ¢ (75 MHz; CDCl3) 13.3,
55.7, 61.5, 115.0, 119.7, 120.9, 124.2, 126.9, 134.8, 140.2, 145.9,
152.7, 160.1, 186.1, 190.2; m/z (EI, 70eV) 274 (M", 96%), 243
(100%), 199 (17%), 165 (58%), 137 (34%), 107 (38%), 77 (50%), 43
(62%). Anal. Calcd for C;5H140s: C, 65.7; H, 5.2. Found: C, 65.6; H,
5.2.

3.2.3. 4-(2,3-Dimethoxybenzoyl)-5-methylfuran-3-carboxylic
acid (7)

Aldehyde 6 (530 mg, 1.93 mmol) and 2-methyl-2-butene (7 mL)
were dissolved in tert-Butanol (50 mL) and H,O (10 mL) and
NaClO, (1.64g, 18.16 mmol) and NaH,PO, x 2H,0 (2.10¢g,
13.51 mmol) were added. The mixture was stirred at room temper-
ature overnight and then all volatiles were evaporated. The
remainder was dissolved in ethyl acetate (100 mL) and washed
with H,0 and brine. The organic phase was dried over anhydrous
Na,SO,4 and the solvent was removed in vacuo. The crude product
was crystallized from ethyl acetate/pentane 1:9 at —20 °C to yield
521 mg (1.79 mmol, 93%) of a bright yellow solid; R 0.10
(cyclohexane/ethyl acetate 1:1); mp 133 °C; Vpa/cm™! 2583,

1719, 1598, 1578, 1447, 1320, 1265, 1230, 1127, 998, 842, 752;
oy (300 MHz; CDCl3) 1.94 (3H, s, CHs), 3.79 (3H, s, OCH;), 3.89
(3H, s, OCHs), 6.83 (1H, dd, 3/ = 7.5 Hz, 4/ = 1.6 Hz, H"), 7.07 (1H,
dd, 3j=83Hz, ¥=1.6Hz, H¥), 7.15 (1H, dd, 3/=7.5Hz,
3]=8.3 Hz, H™), 8.10 (1H, s, CH); é¢ (75 MHz; CDCl5) 14.6, 55.9,
61.8, 115.3, 118.7, 119.5, 119.8, 124.9, 133.5, 145.9, 150.1, 152.9,
162.1, 165.3, 195.4; m/z (EI, 70 eV) 289 (M*—1, 86%), 240 (41%),
187 (17%), 165 (100%), 122 (34%), 107 (44%), 43 (32%). Anal. Calcd
for C;sH1406: C, 62.1; H, 4.9. Found: C, 61.8; H, 4.6.

3.2.4. 8-Hydroxy-7-methoxy-1-methylnaphtho[2,3-c]furan-4,9-
dione (2)

A solution of acid 7 (139 mg, 0.45 mmol) in oxalyl chloride
(3.84 mL, 44.8 mmol) was stirred at room temperature overnight
and then evaporated to dryness. The residue was redissolved in
CH,Cl, (20 mL) and treated with AlCl; (300 mg, 2.25 mmol). The
mixture was stirred at room temperature overnight and then
quenched with ice. It was diluted with 1 M HCI and extracted with
ethyl acetate. The combined organic layers were washed with
brine and dried over anhydrous Na,SO4. The crude product was
purified by column chromatography (Silica Gel 60, cyclohexane/
ethyl acetate 4:1), dissolved in ethyl acetate (30 mL) and extracted
with 0.05M aqueous solution of Na,EDTA to yield 97 mg
(0.37 mmol, 83%) of a yellow solid. Rf 0.52 (cyclohexane/ethyl ace-
tate 1:1); mp 192 °C (decomp.); Vmax/cm ' 3443, 2924, 2850, 1670,
1560, 1456, 1309, 1274, 1254, 1223, 1051, 786; &y (300 MHz;
CDCl3) 2.74 (3H, s, CH3), 3.98 (3H, s, OCH3), 7.10 (1H, d,
3]=8.5Hz, H), 7.78 (1H, d, 3/ =8.5Hz, H™), 7.97 (1H, s, CH),
13.22 (1H, s, OH); éc (75 MHz; CDCl3) 14.0, 56.4, 115.3, 117.0,
117.9, 120.7, 123.6, 127.6, 143.3, 153.3, 153.9, 160.5, 178.3,
187.0; m/z (El, 70 eV) 258 (M*, 100%), 229 (51%), 212 (13%), 184
(5%), 131 (6%), 103 (6%), 79 (11%), 43 (23%). Anal. Calcd for
C14H1005: C, 65.1; H, 3.9. Found: C, 64.9; H, 3.8.

3.2.5. 7,8-Dihydroxy-1-methylnaphtho[2,3-c]furan-4,9-dione (1)
A solution of methyl ether 2 (40 mg, 0.16 mmol) in CH,Cl,
(15mL) was cooled to —78°C, treated dropwise with BBr3
(0.46 mL, 0.46 mmol, 1M in CH,Cl,), and was then allowed to
warm to room temperature overnight. Water was slowly added
and the mixture was extracted with ethyl acetate. The combined
organic layers were extracted with 1 M NaOH. The resulting aque-
ous layers were acidified to pH 1 with concd HCl and extracted
with CH,Cl,. The combined extracts were washed with a 0.05 M
aqueous solution of Na,EDTA, dried over anhydrous Na,SO, and
evaporated to dryness to yield 35 mg (0.14 mmol, 89%) of an
amorphous yellow solid. Rf 0.42 (cyclohexane/ethyl acetate 1:1);
vmax/cm ! 3392, 2926, 2855, 1737, 1668, 1633, 1603, 1567, 1453,
1302, 1255, 1107, 1067, 1014, 805; 5y (300 MHz; DMSO-dg) 2.73
(3H, s, CHs), 7.20 (1H, d, 3/ = 8.3 Hz, H"), 7.62 (1H, d, 3/ = 8.3 Hz,
H), 8.54 (1H, s, CH), 10.78 (1H, s, OH), 12.92 (1H, s, OH); d¢
(125.75 MHz; DMSO-dg) 13.8, 116.4, 118.1, 120.4, 120.7, 122.9,
126.2, 144.7, 151.4, 152.6, 160.4, 177.5, 186.9; m/z (EI, 70eV)
244 (M", 100%), 215 (34%), 187 (10%), 160 (18%), 131 (14%), 108
(100%), 103 (100%), 77 (22%), 63 (11%), 51 (20%), 43 (32%).

3.3. Cell lines and culture conditions

The human HL-60 leukemia cells were obtained from the Ger-
man Resource Center for Biological Material (DSMZ), Braun-
schweig, Germany, the human 518A2 melanoma cells were a gift
from the Department of Oncology and Hematology of the Martin-
Luther-University Halle-Wittenberg, Germany, the human KB-V1/
Vbl cervix and MCF-7/Top breast carcinoma cells were obtained
from the Institute of Pharmacy of the University of Regensburg,
Germany, and the human colon carcinoma cells HT-29 as well as
the non-malignant foreskin fibroblasts HF were obtained from
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the University Hospital Erlangen, Germany. HL-60 and HT-29 cells
were incubated in RPMI (Roswell Park Memorial Institute) Medium
1640 supplemented with 10% FCS (fetal calf serum), 100 IU/mL
penicillin G, 100 pg/mL streptomycin sulfate, 0.25 pg/mL ampho-
thericin B, and 250 pg/mL gentamycin (all from Gibco). 518A2,
HF, HT-29, and KB-V1/Vbl cells were cultured in DMEM
(Dulbecco’s modified Eagle medium; Gibco) containing 10% FCS,
100 IU/mL penicillin G, 100 pg/mL streptomycin sulfate, 0.25 g/
mL amphothericin B, and 250 pg/mL gentamycin. MCF-7/Top cells
were grown in EMEM (Eagle’s minimum essential medium; Sig-
ma-Aldrich) supplemented with 5% FCS, 110 mg/L sodium pyru-
vate (Gibco), and 2.2 g/L NaHCO3; (Merck). The cells were
maintained in a moisture-saturated atmosphere (5% CO,, 95%
humidity) at 37 °C.

3.4. Inhibition of cancer cell growth (MTT assay)

MTT  [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazo-
lium hydrobromide; ABCR] was used to identify the metabolic
activity of vital cells which are capable of reducing it to a violet for-
mazan. HL-60 cells (5 x 10°/mL) and cells (5 x 10%/mL) of 518A2,
HF, HT-29, KB-V1/Vbl, and MCF-7/Top were seeded and cultured
for 24 h in 96-well microplates.'® Incubation of cells following
treatment with the test compounds was continued for 72 h. Blank
and solvent controls were treated identically. Then, MTT in phos-
phate-buffered saline (PBS) was added to a final concentration of
0.05% (HL-60, 518A2, HF) or 0.1% (HT-29, HT-29, KB-V1/Vb],
MCF-7/Top). After 2 h, the precipitate of formazan was solved in di-
methyl sulfoxide (DMSO) containing 10% sodium dodecylsulfate
(SDS) and 0.6% acetic acid in the case of the suspension cells
HL-60. For the adherent cells (518A2, HF, HT-29, KB-V1/Vbl,
MCF-7/Top) the microplates were swiftly turned to discard the
medium before adding the solvent mixture. The microplates were
gently shaken in the dark for 30 min and absorbances at 570 nm
and 630 nm (background) were measured with a Tecan F-200 plate
reader (Germany). All experiments were carried out in quadrupli-
cate, and the percentage of the viable cells was calculated with Ori-
gin 8.1G as the mean * standard deviation relative to the control
(100%).

3.5. Determination of iron complexation

The dissociation constant Ky for the Fe(Ill) complex of 1 was
determined by competition with EDTA at room temperature using
a Shimadzu UV 160 A spectrophotometer. Stock solutions of ferric
chloride (10 mM) in pure methanol and of compound 1 (10 mM) in
DMSO were prepared and diluted to 150 uM and 500 pM, respec-
tively, with 4:1 MeOH/0.1 M NaOAc buffer solution (pH 7.4). The
absorbance of the formed complex was measured at 470 nm in

the presence and absence of 200 uM EDTA. At this wavelength,
absorption of the complex was at peak level, while that of the
Fe-EDTA complex was negligible. Absorption of the uncomplexed
compound was taken into account. The difference in absorbance
was then used to calculate the dissociation constant Kp by the fol-
lowing equation:

Kp = Kp(Fe-EDTA)[Fe-EDTA|[1]*/[Fe-(1),][EDTA]

Kp(Fe-EDTA) is 5 x 10-23 M, concentrations were determined
by using the measured extinction coefficient of quinone 1. Data
were representative of at least two independent experiments.!92°

Supplementary data

Supplementary data ('H NMR and '3C NMR spectra of com-
pounds 1 and 2) associated with this article can be found, in the
online version, at doi:10.1016/j.bmc.2010.12.012.
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