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Eleven new thio-avarol derivatives (3—13) were synthesized. Their antimicrobial, brine shrimp lethality, and free-
radical scavenging activities and acetylcholinesterase inhibition, together with 12 already reported semisynthetic thio-
avarol derivatives (14—25), were evaluated. Structure—activity relationships among these thio derivatives were determined.

Avarol is a marine sesquiterpenoid hydroquinone, previously
isolated from the marine sponge Dysidea avara Schmidt (Dictyocera-
tida),' with interesting pharmacological properties® including anti-
inflammatory,* antitumor,” antioxidant,® antiplatelet,” anti-HIV,®
and antipsoriatic”'® effects. Previous studies demonstrated the
antioxidant properties of avarol, which inhibits superoxide genera-
tion and microsomal lipid peroxidation.*® The biological activities
of this compound have been correlated with its redox chemistry
and its ability to effect radical production, while the terpenoid
moiety plays a marginal role in biological processes.'’ These
interesting properties and the previous findings that avarone, the
quinone of avarol, reacts toward protein sulfhydryl groups'? and
that 3'-(salicylthio) avarol (11) could be a promising antipsoriatic
agent'® prompted us to prepare further sulfhydryl derivatives of
avarol and to extend the evaluation to other biological properties.
In this paper we report the synthesis of 11 new thio-avarol
derivatives (3—13), the antimicrobial, brine shrimp lethality, and
free-radical scavenging activities, and acetylcholinesterase inhibition
of these new derivatives together with 12 already described thio
derivatives (14—25)."* This represents a wide series of thio-avarol
derivatives, with different polarities. Brine shrimp lethality'® was
used as an indicator of cytotoxicity. This assay was demonstrated
to be in excellent agreement with L5 178y (mouse lymphoma cells)
and L12 10 (leukemia cells) assays, using avarol (1) and avarone
(2).' The free-radical scavenging assay is a simple test evaluating
the potential antioxidant activity of compounds, using 2,2-diphenyl-
1-picrylhydrazyl (DPPH).'”"'® Acetylcholinesterase (AChE) inhibi-
tion was detected by a TLC bioautographic assay.'®?° AChE is
the enzyme involved in the metabolic hydrolysis of acetylcholine
at cholinergic synapses in the central and peripheral nervous system.
The abnormal activity of this enzyme is one factor responsible for
Alzheimer’s disease, the most common cause of senile dementia
in later life. AChE inhibitors are still the best drugs currently
available for the management of this disease.*'

Results and Discussion

Avarol (1) was isolated from the sponge Dysidea avara,’'
collected in the Bay of Naples, Italy. Avarone (2) was obtained by
Ag,0 oxidation of avarol, in ethanol, as previously reported.' Thio
derivatives (3—25) (Figure 1) were generally obtained by slowly
adding the corresponding thio compound dissolved in ethanol to a
solution of avarone in ethanol.'® Using 3-mercaptobenzoic acid only
one derivative was obtained with substitution at 3" (3) of the
benzoquinone ring, as well as with thiosalicylic acid, previously
reported (14).%% On the one hand, for the 2-mercaptobenzyl alcohol,
thiolactic acid, and 2-mercaptobenzothiazole two isomers were
obtained with substitution at 3' (4, 6, and 8) and 4’ (5, 7, and 9),
as well as with thiophenol (15 and 16, with substitution at 3" and
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Figure 1. Chemical structures of avarol derivatives.

4', respectively), thioglycol (20 and 21, with substitution at 3" and
4', respectively), thioglycerol (22 and 23, with substitution at 3’
and 4', respectively), and thioglycolic acid (24 and 25, with
substitution at 3' and 4', respectively), previously reported.'* On
the other hand, for p-thiocresol three isomers were obtained with
substitution at 3' (17), 4' (18), and at both 3’ and 4' (19), as
previously reported.'* Only for the thiocholesterol were four isomers
obtained; in fact, in addition to 3'- (11), 4'- (12), and 3'.4'-
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Table 1. Biological Activities of Avarol (1), Avarone (2), and Thio-avarol Derivatives (3—25)

antimicrobial MIC (ug/mL)“

compound B.s. M. L S. c. A. salina LCsy (95% C.L.)" DPPH ICsg (uM)“ AChE (ug)?
1 25 10 N.A 0.18 (0.32/0.10) 18.0 10
2 10 1.0 N.A 0.14 (0.32/0.07) 32.1 1
3 10 10 N.A 14.73 (67.54/4.52) 31.8 1
4 N.A N.A N.A >50 25.3 10
5 N.A N.A. N.A 10.64 (18.55/5.06) 90.0 >10
6 10 N.A. N.A 27.25(57.41/14.80) 34.6 1
7 10 N.A. N.A >50 353 1
8 N.A 0.01 100 N.A. 29.5 10
9 N.A N.A N.A N.A. 31.2 >10
10 N.A N.A N.A N.A. N.A. >10
11 N.A N.A N.A N.A. 31.4 >10
12 N.A N.A N.A N.A. 71.4 >10
13 N.A N.A N.A N.A. 41.5 >10
14 0.01 10 N.A 15.11 (45.37/6.04) 34.0 1
15 10 N.A N.A 0.97 (1.54/0.11) 10.7 10
16 100 100 N.A 33.10 (54.53/20.44) N.A. N.A.
17 N.A N.A N.A 0.23 (0.95/0.10) 63.7 10
18 100 N.A N.A 24.87 (43.23/14.77) N.A. N.A.
19 N.A N.A N.A N.A. N.A. N.A.
20 10 N.A N.A N.A. N.A. N.A.
21 100 N.A N.A N.A. N.A. N.A.
22 10 N.A N.A 1.50 (3.71/0.21) 62.5 10
23 10 N.A N.A 0.23 (1.13/0.12) 71.4 10
24 10 10 N.A 8.50 (14.85/4.45) 40.5 1
25 0.01 100 N.A 12.83 (23.70/7.09) 52.3 1
gentamicin 1.0 10
nystatin 100
trolox 25.8
galanthamine 0.01

“ B. s. =Bacillus subtilis; M. I. = Micrococcus luteus; S. c. = Saccharomyces cerevisiae. N.A. = MIC > 100 ug/mL. b LCso values are expressed in
ppm; 95% C.L.= 95% confidence limits. N.A. = LCsy > 100 ppm. ¢ Concentration that promotes 50% of DPPH reduction. N.A. = ICso > 100 uM.
4 Amounts given, in ug, are the minimum inhibitory quantities applied on the TLC plates. N.A. = >50 ug.

thiocholesterol avarol (13), 4'-thiocholesterol avarone (10) was also
isolated. The position of the substituent was determined by the
analysis of "TH NMR spectra. Signals of protons in the benzoquinone
ring are doublets in 3'-substituted compounds and singlets in 4'-
substituted compounds, while 3',4'-disubstituted compounds show
only one proton signal as a singlet.

The antimicrobial activity evaluation was carried out using a
liquid culture of three bacterial strains (Escherichia coli, Bacillus
subtilis, and Micrococcus luteus) and yeast (Saccharomyces cer-
evisiae), by a serial dilution, and the results are reported in Table
1. None of the tested compounds showed effects against the Gram-
negative bacterium E. coli. Only compound 8 showed good
antifungal activity, comparable with that of nystatin, against the
yeast S. cerevisiae. Further, compound 8 showed high antibacterial
activity, more than gentamicin (MIC 10 ug/mL), against the Gram-
positive bacterium M. luteus (MIC 0.01 ug/mL). Compounds 14
and 25 showed high antibacterial activity, more active than
gentamicin (MIC 1.0 ug/mL), against the Gram-positive bacterium
B. subtillis (MIC 0.01 ug/mL) and were moderately active against
M. luteus. Compounds 3, 6, 7, 15, 20, 22, 23, and 24 were
moderately active (MIC 10 ug/mL) against B. subtillis.

Results obtained in the brine shrimp test (Table 1) showed that
all avarol derivatives are less active than avarol (1) and avarone
(2). Only compounds 15, 17, and 23 showed interesting cytotoxic
activity, with LCso = 0.97, 0.23, and 0.23 ppm, respectively.

Generally, the introduction of a substituent on the hydroquinone
ring of the avarol skeleton reduces the antioxidant activity, evaluated
by the free-radical scavenging assay using 2,2-diphenyl-1-picryl-
hydrazyl (DPPH)'”-'® as a TLC spray reagent. The results are
reported in Table 1. Avarol derivatives with substitution at 3' (3,
4, 6, 8, 11, 15, 17, 22, and 24) are more active than those with
substitution at 4' (5, 7, 9, 12, 16, 18, 17, 23, and 25). Avarol (1)
showed the most potent antioxidant activity, with ICso = 18 uM,
while 6, 9, and 10 exhibited moderate potencies with ICsy = 34,
95, and 98 uM, respectively.

The AChE inhibition tests showed a moderate activity (1 ug)
for all avarol derivatives with a carboxylic acid group in the
molecule (3, 6, 7, 24, and 25). In comparison, the alkaloid
galanthamine used clinically for the treatment of Alzheimer’s
disease®' inhibited the enzyme at 0.01 ug. Because most inhibitors
of AChE are alkaloids that often possess several side effects,”” it
is important to search for new AChE inhibitors not belonging to
this structural class.

Experimental Section

General Experimental Procedures. Optical rotations were measured
on a JASCO DIP 370 polarimeter, using a 10 cm microcell. UV spectra
were obtained on a Varian DMS 90 spectrophotometer. NMR spectra,
recorded at the NMR Service of Istituto di Chimica Biomolecolare del
CNR (Pozzuoli, Italy) on a Bruker Avance-400 operating at 400 MHz,
using an inverse probe fitted with a gradient along the Z-axis, in CDCls,
using the residual CDCl; resonance at 7.26 ppm as internal references.
Only chemical shifts of hydroquinone are reported because all other
signals belonging to the sesquiterpenoid portion were earlier reported '
and thio residues are generally well-known.>* LRMS and HRMS were
recorded on a JEOL JMS D-300 and an AEI MS-50, respectively.
Column chromatography was carried out on Merck silica gel 60.

Materials. Avarol (1) was isolated from the sponge Dysidea avara,’'
which was collected in the Bay of Naples, Italy. A voucher specimen
is maintained in the collection of the ICB-CNR. Avarone (2) was
prepared from avarol by oxidation with Ag,O as previously described.'
Avarol-3'-thiosalicylate (14), avarol-3'-thiophenol (15), avarol-4'-
thiophenol (16), avarol-3'-thiocresol (17), avarol-4'-thiocresol (18),
avarol-3'—4'-dithiocresol (19), avarol-3'-thioglycol (20), avarol-4'-
thioglycol (21), avarol-3'-thioglycerol (22), avarol-4'-thioglycerol (23),
avarol-3'-thioglycolate (24), and avarol-4'-thioglycolate (25) were
obtained as previously reported.'® 3-Mercaptobenzoic acid, 2-mercap-
tobenzyl alcohol, thiolactic acid, 2-mercaptobenzothiazole, and thio-
cholesterol were obtained from Sigma-Aldrich (Milano, Italy). Ace-
tylcholinesterase, 1-naphthyl acetate, and the rest of the reagents used
in the biological tests were obtained from Sigma Chemicals (St. Louis,
MO). Fast Blue B salt was from Fluka (Milano, Italy).
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Synthesis of Avarol-3'-thiobenzoate (3). 3-Mercaptobenzoic acid
(100 mg) was dissolved in EtOH (5 mL), added to a solution of avarone
(2) (100 mg) in EtOH (10 mL), and stirred for 2 h at room temperature.
After evaporation of EtOH, the residue was chromatographed on a Si
gel column and eluted with CHCl;—MeOH (95:5) to give avarol-3'-
thiobenzoate (3) (77 mg; yield 52%): amorphous solid; [o]p —0.3 (¢
0.25, CHCl3); UV (MeOH) Amax (log €) 224 (5.03), 314 (4.38); 'H NMR
(CDCl3) 6 6.90 (H-6', d, J = 2.7 Hz), 6.76 (H-4', d, J = 2.7 Hz) and
see Supporting Information; EIMS m/z 468 [M + 2]* (0.4), 466 [M]"
(10), 276 (18), 258 (22), 191 (28), 189 (30), 135 (30), 107 (35), 95
(100); HREIMS m/z 466.2183 (calcd for CpsH3404S, 466.2178).

Synthesis of 3'-(Benzylthio)avarol (4) and 4'-(Benzylthio)avarol
(5). 2-Mercaptobenzyl alcohol (100 mg) was dissolved in EtOH (5 mL),
added to a solution of avarone (100 mg) in EtOH (10 mL), and stirred
for 2 h at 60 °C. After evaporation of EtOH the residue was
chromatographed on a Si gel column and eluted with petroleum
ether—Et;O—HOAc (7:3:0.1). The more polar component was 3'-
(benzylthio)avarol (4) (28 mg; yield 19%): amorphous solid; [a]p 0.8
(c 0.25, CHCl); UV (MeOH) Amax (log &) 238 (4.21), 315 (3.94); 'H
NMR (CDCl,) ¢ 6.77 (H-6',d, J = 2.9 Hz), 6.67 (H-4',d, J = 2.9 Hz)
and see Supporting Information; EIMS m/z 454 [M + 2]* (0.5), 452
M]* (12), 262 (22), 191 (30), 135 (22), 107 (30), 95 (100); HREIMS
mlz 452.2380 (calcd for CogHz603S, 452.2385). The less polar com-
ponent was 4'-(benzylthio)avarol (5) (5 mg; yield 4%): amorphous solid;
[alp 2.4 (¢ 0.05, CHCl;); UV (MeOH) Amax (log €) 258 (4.16), 332
(3.95); '"H NMR (CDCl;3) 6 6.96 (H-6', s), 6.78 (H-4', s) and see
Supporting Information; EIMS m/z 454 [M + 2]* (0.4), 452 [M]* (10),
262 (18), 248 (12), 191 (22), 189 (18), 135 (30), 107 (35), 95 (100);
HREIMS m/z 452.2389 (caled for CpsH3603S, 452.2385).

Synthesis of Avarol-3'-thiolactate (6) and Avarol-4'-thiolactate
(7). Thiolactic acid (100 uL) dissolved in EtOH (5 mL) was added to
a solution of avarone (100 mg) in EtOH (10 mL) and stirred for 3 h at
60 °C. After evaporation of EtOH the residue was chromatographed
on a Si gel column and eluted with petroleum ether—Et;O—HOACc (1:
1:0.1). Further purification was performed by HPLC (Kromasil C18),
using CH;CN—H,0 (9:1) as a mobile phase, to give avarol-3'-thiolactate
(6) (11 mg; yield 8%): amorphous solid; [a]p —4.2 (¢ 0.1, CHCl,);
UV (MeOH) Amax (log €) 213 (4.31), 315 (3.67); 'H NMR (CDCl;) 6
6.85 (H-6',d,J = 2.7 Hz), 6.67 (H-4', d, J/ = 2.7 Hz) and see Supporting
Information; EIMS m/z 420 [M + 2] (0.3), 418 [M]* (8), 228 (16),
214 (8), 191 (15), 189 (13), 135 (30), 107 (35), 95 (100); HREIMS
milz 418.2183 (calcd for CoyH3404S, 418.2178), and avarol-4'-thiolactate
(7) (23 mg; yield 18%): amorphous solid; [o]p 11.8 (¢ 0.2, CHCls);
UV (MeOH) Amax (log €) 279 (4.43), 319 (4.23); 'H NMR (CDCl;) 6
6.85 (H-6', s), 6.76 (H-4', s) and see Supporting Information; EIMS
m/z 420 [M + 2]* (0.5), 418 [M]" (10), 228 (14), 214 (10), 191 (20),
189 (10), 135 (30), 107 (30), 95 (100); HREIMS m/z 418.2184 (calcd
for Cp4H3404S, 418.2178).

Synthesis of Avarol-3'-thiobenzothiazole (8) and Avarol-4'-
thiobenzothiazole (9). 2-Mercaptobenzothiazole (100 mg) was dis-
solved in EtOH (5 mL), added to a solution of avarone (100 mg) in
EtOH (10 mL), and stirred for 7 h at 60 °C. After evaporation of EtOH
the residue was chromatographed on a Si gel column and eluted with
petroleum ether—Et,O (3:2). Further purification was performed by
HPLC, using CH;CN—H,0 (9:1) as a mobile phase, to give avarol-
3'-thiobenzothiazole (8) (18 mg; yield 12%): amorphous solid; [o]p
—4.6 (¢ 0.1, CHCl3); UV (MeOH) Amax (log €) 220 (4.90), 277 (4.49),
319 (4.29); 'H NMR (CDCl;) 6 7.00 (H-6', d, J = 3.0 Hz), 6.84 (H-4',
d, J = 3.0 Hz) and see Supporting Information; EIMS m/z 481 [M +
217 (1.3), 479 [M]T (15), 289 (14), 275 (10), 191 (18), 189 (12), 135
(30), 107 (25), 95 (100); HREIMS m/z 479.1955 (caled for
Ca3H33NO,S,, 479.1952), and avarol-4'-thiobenzothiazole (9) (15 mg;
yield 10%): amorphous solid; [a]p 15.1 (¢ 0.1, CHCl3); UV (MeOH)
Amax (log €) 218 (4.91), 274 (4.45), 320 (4.38); '"H NMR (CDCl;) 6
6.98 (H-6', s), 6.92 (H-4', s) and see Supporting Information; EIMS
m/z 481 [M + 21" (0.9), 479 [M]* (10), 289 (18), 275 (8), 191 (15),
189 (15), 135 (25), 107 (20), 95 (100); HREIMS m/z 479.1950 (calcd
for C28H33N0282, 4791952)

Synthesis of Avarone-4'-thiocholesterol (10), Avarol-3'-thiocho-
lesterol (11), Avarol-4'-thiocholesterol (12), and Avarol-3',4'-thio-
cholesterol (13). Thiocholesterol (100 mg) was dissolved in EtOH (5
mL), added to a solution of avarone (100 mg) in EtOH (10 mL), and
stirred for 3 h at 60 °C. After evaporation of EtOH, the residue was
chromatographed on a Si gel column and eluted with petroleum
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ether—Et,O (9:1) to give, in order of polarity, avarone-4'-thiocholesterol
(10) as the less polar component (42 mg; yield 18%): amorphous solid;
[alp —6.1 (¢ 0.4, CHCl3); UV (MeOH) Amax (log €) 230 (4.49), 306
(4.12); 'TH NMR (CDCl3) 6 6.52 (H-6', s), 6.37 (H-4', s) and see
Supporting Information; EIMS m/z 714 [M + 2]* (0.4), 712 [M]" (8),
522 (15), 508 (10), 191 (15), 189 (13), 135 (20), 107 (18), 95 (100);
HREIMS m/z 712.5257 (calcd for C4sH7,0-S, 712.5253), avarol-3',4'-
thiocholesterol (13) (14 mg; yield 4%): amorphous solid; [o]p —0.5 (¢
0.01, CHCl3); UV (MeOH) Amax (log €) 232 (4.55), 307 (4.33); 'H NMR
(CDCl3) 6 6.80 (H-6', s) and see Supporting Information; EIMS m/z
1116 [M + 2] (0.4), 1114 [M]* (5), 924 (18), 910 (12), 191 (18), 189
(17), 135 (25), 107 (25), 95 (100); HREIMS m/z 1114.8575 (calcd for
C75H1130,S,, 1114.8573), avarol-4'-thiocholesterol (12) (19 mg; yield
8%): amorphous solid; [at]p —1.1 (¢ 0.01, CHCl3); UV (MeOH) Amax
(log €) 234 (4.31), 308 (4.00); 'H NMR (CDCl;3) ¢ 6.82 (H-6', s), 6.74
(H-4', s) and see Supporting Information; EIMS m/z 716 [M + 2]*
(0.3), 714 [M]* (6), 524 (10), 510 (8), 191 (18), 189 (12), 135 (20),
107 (25), 95 (100); HREIMS m/z 714.5412 (caled for CssH740,S,
714.5409), and avarol-3'-thiocholesterol (11) as the most polar com-
ponent (48 mg; yield 21%): amorphous solid; [a]p —7.7 (¢ 0.4, CHCl3);
UV (MeOH) Amax (log €) 234 (4.54), 308 (4.12); 'H NMR (CDCl3) 6
6.81 (H-6',d,J = 2.7 Hz), 6.61 (H-4', d, J = 2.7 Hz) and see Supporting
Information; EIMS m/z 716 [M + 21" (0.4), 714 [M]* (8), 524 (8),
510 (8), 191 (15), 189 (15), 135 (23), 107 (20), 95 (100); HREIMS
mfz 714.5405 (calcd for CygH740,S, 714.5409).

Biological Assays. Antimicrobial activity was carried out using liquid
culture of three bacterial strain, E. coli (DSM 498), B. subtilis subsp.
Spizizenii (DSM 347), and M. luteus (DSM 348) grown in nutrient
broth (Oxoid) at 37 °C, and the yeast S. cerevisiae (DSM 70449) grown
in medium M186 (peptone 5 g/L, glucose 10 g/L, yeast extract 3 g/L,
malt extract 3 g/L) at 37 °C. The MIC was determined by a serial
dilution, in duplicate, starting from 100 ug/mL to 0.01 ug/mL. The
bacterial and yeast growth was observed after 48 h of incubation.

Cytotoxic activity was evaluated by the brine shrimp (Artemia salina)
test in triplicate. The compounds were dissolved in DMSO (at least 2
mg/200 uL. DMSO) to reach final concentrations of 100, 10, and 1
ppm, in 5 mL of artificial seawater using 10 freshly hatched larvae of
A. salina."> Briefly, for each dose tested, surviving shrimps were
counted after 24 h, and the data statistically analyzed by the Finney
program,25 which affords LDs values with 95% confidence intervals.

Free-radical scavenging activity was performed in MeOH, at different
concentrations (5, 10, 20, 50, and 100 uM). Solutions of each
compounds were prepared and adjusted to 2 mL total volume with 0.7
mL of DPPH—MeOH solution (6 mg/50 mL; 0.1 mM final concentra-
tion). The absorbance at 517 nm was determined after 30 min, and the
percent free-radical inhibition was calculated and plotted to obtain the
ICsp value. Trolox, a synthetic antioxidant compound, was used as
positive control standard. The ICs, value denotes the concentration of
compound required to scavenge 50% DPPH free radical.

Acethylcolinesterase inhibition was performed dissolving the samples
in MeOH at a concentration of 1 mg/mL. From this main solution was
performed a serial dilution in order to obtain lower concentration of
samples (0.1; 0.01; 0.001 mg/mL), and 10 uL of each solution was
applied to TLC plates to test 10, 1, 0.1, and 0.01 ug of samples to
detect the minimum concentration that inhibited AChE. Galanthamine
was used as positive control. The assay was carried out as described
by Marston et al.?® Briefly, a stock solution of acetylcholinesterase
(1000 U in 150 mL of Tris-hydrochloric acid buffer pH 7.8) was
obtained, which was stabilized adding bovine serum albumin (150 mg).
A 10 uL aliquot of each solution of the samples was applied to the
TLC plates, dried to remove the solvent, and then sprayed with enzyme
stock solution. For incubation of the enzyme, the plate was kept at 37
°C for 20 min in a humid atmosphere. For the detection of the enzyme,
solutions of 1-naphthyl acetate (250 mg in 100 mL of EtOH) and of
Fast Blue B salt (400 mg in 160 mL of distilled H,O) were mixed and
sprayed onto the plate. Acethylcolinesterase inhibition activity was
detected by a white spot on a purple background after 1—2 min.
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