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Abstract—Oxidative dimerization of ferulic acid methyl ester afforded dihydrobenzofuran derivative and new linear compound iden-
tified by X-ray crystallography. The gallate derivatized dihydrobenzofuran analogue was obtained and all compounds were evalu-
ated for potential antiatherogenic, antiplasmodial (best IC50 = 0.8lM) and cytotoxic activities.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Reactive oxygen species (ROS) are specific signalling
molecules implicated in both physiological and patho-
physiological conditions. Overproduction of ROS
causes an imbalance between oxidants and antioxidants
in favour of the former, leading to oxidative stress. This
has been implicated in a variety of pathological and
chronic degenerative processes including the develop-
ment of cancer, atherosclerosis, inflammation, ageing
and neurodegenerative disorders.1 Concerning particu-
larly atherosclerosis, low density lipoproteins (LDL)
are involved in this pathogenesis after undergoing oxi-
dative modifications in the arterial wall. Oxidized LDL
(oxLDL) exhibit in vitro a variety of biological proper-
ties potentially involved in atherogenesis. In addition
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oxLDL are cytotoxic and induce apoptosis or necrosis
on cultured vascular cells.

At the same time, it has long been recognized that Plas-
modium-infected erythrocytes are under constant oxida-
tive stress caused by exogenous ROS and reactive
nitrogen oxide species (RNOS) produced by the immune
system, and also by exogenous production of ROS gen-
erated during the digestion of host cell hemoglobin and
all concomitant biochemical reactions.2 Although ROS
and RNOS are toxic to the parasites, they also induce
oxidative and nitrosative stresses in the host and can
damage host tissues.3 In this way, it may be interesting
to investigate compounds exhibiting both antiplasmo-
dial and antioxidant activities that could be relevant as
leads in the search for new antimalarials.

Phenolic compounds constitute an important class of
natural substances. Lignins, the second most abundant
biopolymer after cellulose, are complex aromatic poly-
mers resulting from the oxidative polymerization of
hydroxycinnamoyl alcohols, that is, p-coumaryl, conife-
ryl, sinapyl alcohols. It is well known that cinnamic acid
derivatives, lignans and neolignans, can exhibit LDL-
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antioxidant activities.4 On the other hand,
dihydrobenzofuran lignans5 and related m-hydroqui-
none6 systems have been reported to possess marked
antiplasmodial activities.

In the course of our ongoing research programme direc-
ted towards synthesis of phenolic compounds related to
the lignification process, we previously described the
synthesis of cinnamic compounds and phosphonocin-
namic analogues with various biological activities.7 In
this report, we wish to describe the synthesis of some
feruloyl dimeric systems, their functionalisation by the
galloyl group and the evaluation of their antioxidant
and antiplasmodial activities.
2. Chemistry

The synthesis of feruloyl dimers is shown in Figure 1.
The oxidative coupling was carried out on the feruloyl
methyl ester 1 obtained under refluxing methanol in
the presence of a catalytic amount of sulfuric acid, in
86% yield after silica gel purification. The biomimetic
oxidative coupling of ferulic acid methyl ester by using
silver oxide Ag2O was first carried out in anhydrous
methylene chloride,8 however no reaction occurred after
two days under stirring in dark. Nevertheless the reac-
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Figure 1. (i) MeOH, H2SO4, reflux; (ii) Ag2O, toluene, acetone, rt, dark;

(v) Et3N*HF, THF, rt; (vi) 6, DCC, DMAP, 1,2-dichloroethane, reflux; (vii
tion proceeded smoothly until consumption of the start-
ing material when using a toluene/acetone (2:1) mixture
as solvent.9a,b Silica gel purification afforded a major
fraction containing the known benzofuranic compound
2 (sole diastereoisomer) and a second one possessing dif-
ferent NMR pattern. After careful analytical chromato-
graphic analysis and purification, dimeric ferulic ester 2 0

was obtained. Compounds 2 and 2 0 (45% and 5% yield,
respectively) were fully characterized by spectroscopic
analysis means, mono and bi dimensional NMR; com-
pound 2 0 was recrystallized and its X-ray spectra were
obtained.

Bi dimensional NMR spectra of compound 2 (HSQC,
HMBC) were recorded and unambigously confirmed
the attribution of all atoms. It was noteworthy that
the reaction generated preferentially only the
dihydrobenzofuran skeleton 2 with a 7,8-trans-configu-
ration. J7–8 value (8.4 Hz) for compound 2 was in the
same order of magnitude as the J7–8 value (8.3 Hz)
established by Pieters.10 For compound 2 0 the HMBC
spectra induced an acyclic system. Moreover H50=H7 ob-
served NOESY correlation suggested a fold of com-
pound 2 0. Phenoxy and allylester aromatic rings were
not in the same plane; Allylester 2 0 revealed a rotation
about the C(4 0)–O(5) axis (dihedral angle C(9)C(8)–
O(5)C(4 0) = 78.37�). The two aromatic rings adopt an
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almost orthogonal arrangement : the measured torsion
angle between these two planes being 86.16�. Double
bond C(7)–C(8) is not exactly in the phenoxy ring plane.
Short torsion angle can be measured (dihedral angle
C(8)C(7)–C(1)C(6) = �24.11�).

Moreover the measured distance H50=H7 hydrogen atom
distance (d = l3.645 Å) is in a range to confirm the
NOESY correlation observed. Finally, the X-ray struc-
ture as shown in Figure 2, confirmed unambigously that
the oxidative coupling leading to 2 0 did not affect the
geometry of the double bond (the allylic ester geometry
is Z).

In order to obtain a final compound possesing the
propenoyl ester functionality, selective reduction of the
furanic ester group of compound 2 was undertaken.
Gratifyingly we found that lithium tetrahydroborane
could fulfil our objective. While no reaction occurs when
operating in the presence of two equivalents of LiBH4 in
THF for several hours at room temperature, a sole
product was obtained when using six equivalents under
the same conditions.11 The monoalcohol 5 was obtained
in 65% of yield. Compound 5 failed to react in a suitable
manner, under all examined conditions (detailed below)
with gallic acid derivatives, presumably due to its free
phenolic moiety. To circumvent the problem, compound
2 was first protected as a tert-butyldimethylsilyl ether.
The reaction was carried out in DMF and in the pres-
ence of Hünig’s base affording protected compound 3
in 90% yield after silica gel purification. Selective reduc-
tion of furanic ester group was as before led to monoal-
cohol 4 in 70% yield.

Next, we turned our attention to the introduction of the
gallic acid to compounds 4 and 5. Different experimental
conditions were examined, that is, DCC activation as
described by Kubo12 by a Mitsunobu-like reaction as
described by Appendino13 by EDC/DMAP14 or DCC/
DMAP activation or simply by using pyridine.15

With trisilylated gallic acid16 6 and when operating with
the phenolic derivative 5 in the presence of EDC/DMAP
or DCC/DMAP the coupling reaction occurred in very
low yield (less than 5%) along with many other by-prod-
ucts. With silylated compound 4 the same reactions
afforded a 48% of yield of the coupled gallate ester 7
after silica gel purification.
Figure 2. Crystallographic structure of compound 2 0.
Finally, silyl group elimination was performed by using
a Et3NÆ3HF complex in the presence of Et3N in THF.
After 50 min, the reaction mixture was directly applied
on a silica column and eluted affording gallate ester 8
in 80% yield. It is noteworthy that aqueous treatment
before the purification step decreased the yield drasti-
cally (less than 50%).

Compound 2 0 possessing two allylic esters could not be
reduced by lithium tetrahydroborane. This can be
achieved by using DIBAL-H. While the reaction is quite
sluggish when compound 2 0 is used, silyl protection of
the phenolic group, achieved as before, followed by DI-
BAL-H reduction of 3 0 in toluene at 0 �C, afforded after
purification the diol 4 0 in 25% yield.17 This compound
can be a valuable synthon for further (alcohol or alde-
hyde) functionalisation.
3. Biological results and discussion

3.1. Antioxidant and cytoprotective effects

Compounds 2, 2 0, 5 and 8 were studied on cell-medi-
ated LDL oxidation to determine their antioxidant
properties. All compounds were evaluated for their
ability to protect native human LDL from HMEC-1-
induced oxidation. HMEC-1 are human microvascular
endothelial cells able to oxidize LDL and thus are
suitable to modellize the pathophysiological events
(LDL oxidation) that occur within the vascular wall,
and the protective effect of antioxidants.18 LDL oxida-
tion was determined by using the thiobarbituric acid
reactive substance assay (TBARS) and expressed as
a percentage of TBARS formed in LDL in contact
with HMEC-1 in the absence of antioxidant. Since
LDL oxidation by cultured cells renders them cyto-
toxic19 and since antioxidants are able to block the
LDL oxidation process by cells,20 we evaluated the
residual cytotoxicity of LDL previously oxidized by
HMEC-1 in presence or absence of the newly synthe-
sized derivatives, by the MTT assay. The data were
expressed as a percentage of the unstimulated control
(cell incubated without LDL).

Preliminary studies were undertaken on all synthesized
compounds in order to determine the dose effect on
LDL oxidation as measured by the TBARS formation
and the oxLDL cytotoxicity as measured by the MTT
assay. Figure 3a and b represent the results for com-
pounds 2, 2 0, 5 and 8. Compounds 2 0 and 8 present good
antioxidant and cytoprotective properties starting from
1 to 100 lM. Figure 3a indicates that the 2, 2 0 and 8
derivatives exert a strong antioxidant effect at 10 lM,
whereas the compound 5 is efficient only at 100 lM.
Conversely, the compound 2 0 (and to a lesser extent 2
and 8) by protecting efficiently LDL against cell-induced
oxidation prevented their cytotoxicity by comparison
with LDL oxidized by cells in the absence of antioxidant
(Fig. 3b).

All the synthetized compounds exhibited antioxidant
and cytoprotective effects. Dihydrobenzofuran 8 pre-
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Figure 3. Antioxidant effect: (a) effect of didydrobenzofuran derivatives on HMEC-1-mediated LDL oxidation, evaluated by TBARS formation.

Native LDL (100 lg/mL) were incubated with subconfluent HMEC-1 in RPMI 1640, in presence of 1 lM Cu2+ and in presence (or absence) of

didydrobenzofuran compounds. After 6 h contact, the TBARS content was determined in the culture medium as reported in Section 5. Results are

expressed as % of TBARS formed in LDL oxidized by HMEC-1 in absence of antioxidant (i.e., 20 ± 5 nmol TBARS/mg apoB protein). The TBARS

content of control native LDL (i.e., native LDL in presence of 1 lM Cu2+ without HMEC-1 cells) was evaluated to verify the lack of endogenous

oxidation in LDL and was around 0.5 ± 0.15 nmol TBARS/mg apoB protein. Each bar represents the mean for three separate determinations. (b)

The different compounds were tested on LDL oxidation (TBARS) and subsequent cytotoxicity (MTT) elicited by HMEC-1. The results are expressed

as % of viability in the unstimulated control (MTT done on control cells incubated in fresh RPMI culture medium in the absence of LDL and

antioxidant).
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Figure 4. Direct cytoprotective effect of some dihydrobenzofuran

derivatives against the cytotoxicity of (previously) oxidized LDL. A

fixed concentration of oxidized LDL (200 lg apoB/ml of LDL oxidized

by UV irradiation as described in Section 5) was added simultaneously

to the culture medium with variable concentrations of the different

antioxidants. The cell viability was determined after 24 h by the MTT

test. The results are means (±SEM) of three separate experiments.

D. L. A. Rakotondramanana et al. / Bioorg. Med. Chem. 15 (2007) 6018–6026 6021
sents the best results in this series at 10 lM, that is,
2.2% of residual TBARS in LDL and 59.9% of viable
cells evaluated by the MTT test. The antioxidant
capacity of phenols is generally ascribed to the reac-
tion with oxidants to form resonance-stabilized phe-
noxyl radicals. This activity is strengthened by the
presence of other hydroxyl group, as in caffeic or gal-
lic acids, through the formation of intramolecular
hydrogen bond. Moreover, the phenolic adjacent
methoxy group may provide stability to the phenoxy
radical.21 Compound 8 by its structure sums these
two effects. This can explain its good antioxidant
and cytoprotective capacity.

All synthesized derivatives possess 3-OMe group sur-
rounding 4-hydroxy function on the aromatic ring in or-
der to stabilize radical generated on hydroxyl position as
mentioned above and exhibit an antioxidant and cyto-
protective effect in the same order of probucol (TBARS:
10% and MTT : 92% (at 10lM)) and vitamin E
(TBARS: 55% and MTT 29% (at 10 lM)) under the
same experimental conditions.

In another set of experiments, we tested the direct
cytoprotective effect of the synthesized molecules
against the cytotoxicity of oxidized LDL. This was
studied by incorporating various concentrations of
the tested drugs in the culture medium of HMEC-1
simultaneously with previously oxidized LDL (i.e.,
200 lg/mL of LDL oxidized by UV irradiation22 in
the absence of any additive). As shown in Figure 4,
all the tested compounds increased significantly the
resistance of cells against the cytotoxic effect of oxi-
dized LDL (at the tested concentration of 10 lM,
40–60% living cells versus less than 20% in presence
of oxidized LDL alone), and were found as efficient
as Probucol and Vitamin E (up to 55% and 40% of
living cells, respectively). By comparison to the other
compounds, the derivative 2 0 was the most efficient
by exhibiting two kind of protective effects: 1/an anti-
oxidant activity allowing to inhibit LDL oxidation
occurring in the culture medium (thus outside the
cell), and 2/a direct cytoprotective effect which pre-
vented the cytotoxicity of oxidized LDL (inside the
cell).

3.2. Antiplasmodial activity and cytotoxicity

Compounds 2, 2 0, 5 and 8 were evaluated for their
ability to inhibit in vitro Plasmodium falciparum
grown in asynchronous culture conditions.23 To this
end, the chloroquine-resistant Plasmodium strain
FCM29 was incubated first with a 10 lg/mL single
concentration of test compounds in triplicate. Inhibi-
tion of parasite growth was monitored by measuring
the specific incorporation of tritiated hypoxanthine
into the parasites, and the percentage inhibition was
calculated relative to the control. Chloroquine was
used as reference compound. Compounds having more
than 80% inhibition were further tested for the deter-
mination of their median inhibitory concentration
(IC50) using serial concentrations of the test com-
pound ranging from 0.01 to 10 lg/mL. Results are
summarized in Table 1. In this study, compound 8
exhibited antiplasmodial activities with an IC50 value
of 798 ± 12 nM. The standard reference drug chloro-
quine had an IC50 value of 264 ± 11 nM. The remain-
ing compounds 2, 2 0 and 5 did not show significant



Table 1. Biological activities of compounds 2, 2 0, 5 and 8 on the

FCM29 strain of P. falciparum and the P388 cancerous cell lines

Compound Antiplasmodial

activity

Cytotoxicity activity

% of

inhibition

(10 lg/mL)

IC50

(nM)

% of

inhibition

(10 lg/mL)

IC50 (nM)

2 0 85.2 772 ± 21

2 0 23.8 0

5 25.7 8.63

8 93.7 798 ± 12 16.4

Chloroquine 264 ± 11 —

Camptothecin — 32.1 ± 0.2
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antiplasmodial activities. Interestingly, the presence of
the galloyl moiety in compound 8 led to the appear-
ance of antiplasmodial effects with respect to the par-
ent compound 5. A decrease in cytotoxicity from
compound 2 to compound 8 was noticed. This should
be explained by the presence of galloyl moiety on
dibenzofuran 8. Gallate ester might be a good substi-
tute to enhance the antimalarial activities of existing
or potential drugs.

Cytotoxicity activities of these compounds were also
evaluated against the murine P388 leukaemia cells.
To this purpose, cells were incubated with a 10 lg/
mL single concentration of test compounds in tripli-
cate. Inhibition of cell growth was monitored by col-
orimetric method using neutral red, and the %
inhibition was calculated with respect to the blank
control. Camptothecin was used as reference drug.
Compounds having more than 80% inhibition were
further tested for the determination of their IC50 (Ta-
ble 1) using serial concentrations ranging from 0.01 to
10 lg/mL. Compound 2 showed cytotoxic activities
against P388 cell lines with IC50 of 772 ± 21 nM,
whereas the remaining compounds were devoid of
such activities. Camptothecin had 32.1 ± 0.2 nM as
IC50 value. It is noteworthy that compound 8 had
selective antiplasmodial activities.
4. Conclusion

In conclusion, based on the oxidative coupling of feru-
loyl ester, we have synthetized a series of compounds
possessing strong and different biological properties.
Thus, compound 2 0, which its X-ray data analysis
established its structure unambigously, presented the
best antiatherogenic effect (antioxidant activity and
cytoprotective effect). Compound 2 presented the best
activity against the murine P388 leukaemia cells, while
its derivatized compound 8 showed a very good anti-
plasmodial potency coupled also with an antioxidant
one.

Our efforts, focusing on a more efficient synthesis of
compound 2 0, its selective reduction and functionali-
sation of both feruloyl dimers with gallate and other
interesting frames, along with their activities, will be
reported in due course. Moreover, the role of gallate
group in enhancing the antiplasmodial activities of
compounds deserves further investigation.
5. Experimental

5.1. Chemistry

Reagents and solvents were purchased from usual com-
mercial sources. Silica gel (Kieselgel 60, Merck) was
used for column chromatography. Compounds were de-
tected on TLC plates by exposure to UV light (254 nm).
Melting points were measured on a Buchi melting point
apparatus without correction. Mass spectra (MS) were
obtained on a triple quadrupole spectrometer, Thermo
Finnigan TSQ 7000. 1H and 13C NMR spectra were re-
corded on a Bruker AC-300, AC-400 or AC-500 spec-
trometer, and chemical shifts are expressed in ppm
downfield of tetramethylsilane (TMS), which was used
as an internal reference. All atoms were numbered as be-
low to facilitate the NMR signals attribution.

Compound 1 was synthesized by the reported
procedure.24

5.1.1. Methyl (E)-3-[2-(4-hydroxy-3-methoxyphenyl)-7-
methoxy-3-methoxycarbonyl-2,3-dihydro-1-benzofuran-5-
yl]-prop-2-enoate (2). A solution of (1) (4.13 g,
19.8 mmol) in a mixture of dry toluene/acetone
(80:40 mL) was added with silver(I) oxide (3.67 g,
15.8 mmol) under nitrogen atmosphere at room temper-
ature. After stirring for 8 h under darkness conditions,
the mixture was filtered through a silica pad and evapo-
rated under reduced pressure. The residue was purified
by silica gel flash chromatography with petroleum
ether/AcOEt (5:2) yielding a mixture of diastereoisomer
(2) and compound (2 0) (2.05 g, 50%). The major diaste-
reoisomer (2) and the minor one (2 0) were separated by
preparative HPLC (isocratic mode, CH3CN/H2O 35:65)
yielding pur major diastereoisomer (2) (1.84 g, 45%),
pure compound (2 0) (0.21 g, 5%). The minor diastereo-
isomer (2) was not characterized. Mp 153–155 �C;
DCI-MS (m/z) 432 (M+NH4)+; all NMR data were
according to previous results.9,10

5.1.2. Methyl (Z)-3-(4-hydroxy-3-methoxyphenyl)-2-{2-
methoxy-4[(E)-3-methoxy-3-oxoprop-1-enyl]phenoxy}-
prop-2-enoate (2 0). The title compound was obtained
during the synthesis of compound (2) as yellow crystals
(0.72 g, 17.5%). Mp 186–188 �C DCI-MS (m/z) 432
(M+NH4)+; 1H NMR (CDCl3, 300 MHz) d 7.63 (d,
J = 16 Hz, 1H, H-7 0), 7.42 (d, J = 2 Hz, 1H, H-2), 7.40
(s, 1H, C-7), 7.16 (dd, J = 8.5 Hz, J = 2 Hz, 1H, H-6),
7.15 (s, 1H, H-2 0), 7.01 (dd, J = 8.5 Hz, J = 2 Hz, 1H,
H-6 0), 6.88 (d, J = 8.5 Hz, 1H, H-5), 6.78 (d,
J = 8.5 Hz, 1H, H-5 0), 6.34 (d, J = 16 Hz, 1H, H-8 0),
5.85 (s, 1H, OH), 4.00 (s, 3H, 3 0-OCH3), 3.82 (s, 3H,
9 0-OCH3), 3.80 (s, 3H, 9-OCH3), 3.78 (s, 3H, 3-
OCH3); 13C NMR (CDCl3, 75 MHz) d 167.53 (C-9 0),
164.01 (C-9), 149.06 (C-3 0), 147.64 (C-4 0), 147.61 (C-4),
146.53 (C-3), 144.43 (C-7 0), 137.20 (C-8), 129.31 (C-1 0),
128.4 (C-7), 125.66 (C-6), 124.57 (C-1), 122.17 (C-6 0),
116.33 (C-8 0), 114.55 (C-5), 113.82 (C-5 0), 112.06 (C-2),
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111.20 (C-2 0), 56.19 (3 0-OCH3), 55.56 (3-OCH3), 52.46
(9-OCH3), 51.68 (9 0-OCH3).

5.1.3. Methyl (E)-3-[2-(4-tertiobutyldimethylsilyloxy-3-
methoxyphenyl)-7-methoxy-3-methoxycarbonyl-2,3-dihy-
dro-1-benzofuran-5-yl]-prop-2-enoate (3). Diisopropyl-
ethylamine (1.23 mL, 7.43 mmol) was syringed into a
solution of (2) (0.86 g, 2.08 mmol) and tert-butyldimeth-
ylsilyl chloride (0.94 g, 6.26 mmol) in 26 mL of dry
DMF under Ar. The reaction mixture was stirred for
2 h 30 min at room temperature and was poured into
ice-cold water. The product was extracted into Et2O.
The combined organic layers were washed with brine,
dried over Na2SO4 and evaporated under reduced pres-
sure to provide an oil (1.08 g, 97%). DCI-MS (m/z) 546
(M+NH4)+; 1H NMR (CDCl3, 300 MHz) d 7.51 (d,
J = 16 Hz, 1H, H-7 0), 7.05 (s, 1H, H-6 0), 6.88 (s, 1H,
H2 0), 6.74 (d, J = 1.8 Hz, 1H, H-2), 6.72 (dd,
J = 8.1 Hz, J = 1.8 Hz, 1H, H-6), 6.67 (dd, J = 8.1 Hz,
J = 1.8 Hz, 1H, H-5), 6.17 (d, J = 15.9 Hz, 1H, H-8 0),
5.98 (d, J = 8.4 Hz, 1H, H-7), 4.23 (d, J = 8.0 Hz, 1H,
H-8), 3.78 (s, 3H, 3 0-OCH3), 3.70 (s, 3H, 3-OCH3),
3.67 (s, 3H, 9-OCH3), 3.65 (s, 3H, 9 0-OCH3), 0.84 (s,
9H, t-Bu), 0.00 (s, 6H, Si–CH3). 13C NMR (CDCl3,
75 MHz) d 170.72 (C-9), 167.55 (C-9 0), 151.11 (C-4 0),
149.96 (C-3), 145.48 (C-4), 144.70 (C-7 0), 144.66 (C-3 0),
132.81 (C-1), 128.49 (C-1 0), 125.69 (C-5 0), 120.95 (C-6),
118.73 (C-6 0), 117.88 (C-8 0), 115.47 (C-5), 112.02 (C-
2 0), 110.10 (C-2), 87.42 (C-7), 56.07 (3 0-OCH3), 55.51
(3-OCH3), 55.39 (C-8), 52.82 (9-OCH3), 51.58 (9 0-
OCH3), 25.65 (CH3, t-Bu), 18.39 (C, t-Bu), �4.68 (Si–
CH3).

5.1.4. Methyl (Z)-3-(4-tertiobutyldimethylsilyloxy-3-
methoxyphenyl)-2-{2-methoxy-4-[(E)-3-methoxy-3-oxo-
prop-1-enyl]phenoxy}-prop-2-enoate (3 0). It was synthe-
tized by the same procedure as for compound (3)
(yield 71%). DCI-MS (m/z) 546 (M+NH4)+; 1H NMR
(CDCl3, 300 MHz) d 7.48 (d, J = 16 Hz, 1H, H-7 0),
7.20 (d, J = 1.8 Hz, 1H, H-2), 7.14 (s, 1H, H-7), 7.00
(d, J = 1.8 Hz, 1H, H-2 0), 6.97 (dd, J = 8.5 Hz,
J = 2 Hz, 1H, H-6), 6.86 (dd, J = 8.5 Hz, J = 2 Hz, 1H,
H-6 0), 6.66 (d, J = 8.5 Hz, 1H, H-5), 6.63 (d,
J = 8.5 Hz, 1H, H-5 0), 6.18 (d, J = 16 Hz, 1H, H-8 0),
3.85 (s, 3H, 3 0-OCH3), 3.66 (s, 3H, 9 0-OCH3), 3.64 (s,
3H, 9-OCH3), 3.54 (s, 3H, 3-OCH3), 0.83 (s, 9H,
C(CH3)3), 0.00 (s, 6H, CH3).

5.1.5. Methyl (E)-3-[2-(4-tertiobutyldimethylsilyloxy-3-
methoxyphenyl)-3-hydroxymethyl-7-methoxy-2,3-dihy-
dro-1-benzofuran-5-yl]-prop-2-enoate (4). LiBH4 (33 mg;
1.5 mmol) was suspended in dry THF (3 mL) and added
to a solution of compound (3) (123 mg; 0.23 mmol) dis-
solved in dry THF (5 mL) under argon at �78 �C. The
reaction mixture was stirred for 30 min h at �78 �C then
2 h at room temperature. Aqueous THF (80%, 10 mL)
was added slowly and aqueous 0.1 M ammonium chlo-
ride (5 mL) was then added. The mixture was extracted
with EtOAc (3· 10 mL), and the combined organic ex-
tracts were washed with water, dried over Na2SO4,
and evaporated under reduced pressure. The residue
was purified by silica gel chromatography with petro-
leum ether/EtOAc (45:55) yielding pure monoalcohol
(4) (98 mg, 84%). DCI-MS (m/z) 518 (M+NH4)+; 1H
NMR (CDCl3, 300 MHz) d 7.49 (d, J = 16 Hz, 1H, H-
7 0), 6.93 (s, 1H, H-6 0), 6.87 (s, 1H, H-2 0), 6.75 (d,
J = 1.2 Hz, 1H, H-2), 6.70 (dd, J = 8.1 Hz, J = 1.8 Hz,
1H, H-6), 6.67 (d, J = 8.1 Hz, 1H, H-5), 6.15 (d,
J = 15.9 Hz, 1H, H-8 0), 5.48 (d, J = 6.9 Hz, 1H, H-7),
3.80 (m, 2H, C-9), 3.77 (s, 3H, 3 0-OCH3), 3.65 (s, 3H,
3-OCH3), 3.63 (s, 3H, 9 0-OCH3), 3.50 (m, 1H, C-8),
0.85 (s, 9H, t-Bu), 0.00 (s, 6H, Si–CH3); 13C NMR
(CDCl3, 75 MHz) d 167.73 (C-9 0), 151.07 (C-4 0),
150.64 (C-3), 145.21 (C-4), 144.96 (C-7 0), 144.53 (C-3 0),
133.91 (C-1), 128.77 (C-1 0), 128.32 (C-5 0), 120.83 (C-6),
118.69 (C-6 0), 117.33 (C-8 0), 115.02 (C-5), 111.76 (C-
2 0), 110.12 (C-2), 88.62 (C-7), 63.86 (C-9), 56.01 (3 0-
OCH3), 55.95 (3-OCH3), 55.49 (C-8), 53.10 (9-OCH3),
51.57 (9 0-OCH3), 25.65 (CH3, t-Bu), 18.38 (C, t-Bu),
�4.69 (Si–CH3).

5.1.6. (Z)-3-(4-tertiobutyldimethylsilyloxy-3-methoxy-
phenyl)-2-{2-methoxy-4-[(E)-3-hydroxy prop-1-enyl]phen-
oxy}-prop-2-enol (4 0). Compound (3 0) (11.4 mg,
21.6 lmol) dissolved in 1 mL of toluene freshly distilled,
under nitrogen, was cooled in an ice-water bath, and dii-
sobutylaluminium hydride (30 lL of 1.5 M solution,
181 lmo1, 8.4 equiv) in toluene was slowly added. After
addition was complete, stirring was performed for one
night. The reaction mixture was then carefully quenched
with ethanol (5 mL). The solvents were partially re-
moved under vacuo at 40 �C. Water (10 mL) was added,
and the aqueous layer was extensively extracted with
ethyl acetate. The combined organic layers were dried
over Na2SO4 and evaporated to dryness under reduced
pressure. The residue was purified by silica gel chroma-
tography with petroleum ether/EtOAc (5:5) yielding pur
diol (4 0) (6.7 mg, 66%).

DCI-MS (m/z) 490 (M+NH4)+; 1H NMR (CDCl3,
300 MHz) d 7.14 (s, 2H, 9-OH, 9 0-OH), 7.11 (d,
J = 1.8 Hz, 1H, H-2), 6.88 (d, J = 1.8 Hz, 1H, H-2 0),
6.86 (dd, J = 8.1 Hz, J = 2.1 Hz, 1H, H-6 0), 6.80 (d, ,
J = 8.1 Hz, 1H, H-5), 6.73 (dd, J = 8.1 Hz, J = 1.8Hz,
1H, H-6), 6.63 (d, , J = 8.4 Hz, 1H, H-5 0), 6.43 (d,
J = 15.9 Hz, 1H, H-7 0), 6.18 (dt, J = 15.9 Hz,
J = 5.7 Hz, 1H, H-8 0), 5.96 (s, 1H, H-7), 4.19 (dd,
J = 5.7 Hz, J = 1.2 Hz, 2H, H-9 0), 4.04 (s, 2H,C-9),
3.80 (s, 3H, 3 0-OCH3), 3.55 (s, 3H, 3-OCH3), 0.86 (s,
9H, C(CH3)3), 0.00 (s, 6H, CH3).

5.1.7. Methyl (E)-3-[2-(4-hydroxy-3-methoxyphenyl)-3-
hydroxymethyl-7-methoxy-2,3-dihydro-1-benzofuran-5-
yl]-prop-2-enoate (5). The title compound was synthe-
tized from compound (2) by the same procedure as for
compound (4) synthesis (yield 87%). DCI-MS (m/z)
404 (M+NH4)+; 1H NMR (DMSO-d6, 500 MHz) d
9.09(s, H, 4-OH), 7.62 (d, J = 16.0 Hz, 1H, H-7 0),
7.29(s, 1H, H-2 0), 7.28 (s, 1H, H-6 0), 6.93 (s, 1H, H-2),
6.78 (s, 2H, H-5, H-6), 6.53 (d, J = 16.0 Hz, 1H, H-8 0),
5.56 (d, J = 6.5 Hz, , 1H, H-7), 5.09 (m, 1H, OH-9),
3.84 (s, 3H, OCH3), 3.80 (s, 3H, OCH3), 3.74 (m, 1H,
H-9b), 3.72 (s, 3H, OCH3), 3.67 (m, 1H, H-9a), 3.51
(td, J = 6.0 Hz, J = 6.0 Hz, 1H, H-8);13C NMR
(DMSO-d6, 75 MHz) d 167.53 (C-9 0), 145.59 (C-7 0),
150.44 (C-4 0), 148.05 (C-3), 147.01 (C-4), 144.44 (C-3 0),
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132.35 (C-1), 130.35 (C-2), 128.02 (C-1 0), 112.88 (C-5 0),
119.13 (C-6), 118.53 (C-6 0), 115.11 (C-8 0), 115.82 (C-5),
110.84 (C-2 0), 88.45 (C-7), 63.15 (C-9), 56.27 (3 0-
OCH3), 56.08 (3-OCH3), 53.07 (C-8), 51.75 (9-OCH3).

5.1.8. 3,4,5-Tri(tertiobutyldimethylsilyloxy)benzoic acid
(6). The title compound was synthetized by the reported
procedure 17 without further modifications (yield 99%).

5.1.9. Methyl (E)-3-[2-(4-tertiobutyldimethylsilyloxy-3-
methoxyphenyl)-3-(3,4,5-tri(tertiobutyldimethylsilyl-
oxy)phenylcarbonyloxymethyl)-7-methoxy-2,3-dihydro-1-
benzofuran-5-yl]-prop-2-enoate (7). To a solution of (4)
(0.2 mg, 0.41 mmol) and 2,4,5-tri(tertiobutyldimethylsi-
lyloxy)benzoic acid (6) (0.42, 0.81 mmol) in 1,2-dichlo-
roethane (28 mL) were added DCC (0.084 g,
0.81 mmol) and DMAP (0.17 g, 0.81 mmol). After stir-
ring for 6 h under reflux, the reaction mixture was con-
centrated and purified by silica gel chromatography
(petroleum ether/EtOAc, 9:1) to afford compound (7)
(0.19 g, 47%) as an oil and 88 mg (44 %) of the starting
material (4) was recovered; DCI-MS (m/z) 1012.7
(M+NH4)+. 1H NMR (CDCl3, 300 MHz) d 7.50 (d,
J = 15.9 Hz, 1H, H-7 0), 7.02 (s, 2H, H-200, H-600), 6.95
(d, J = 0.9 Hz, 1H, H-6 0), 6.88 (d, J = 0.9 Hz, 1H, H-
2 0), 6.72 (d, J = 1.2 Hz, 1H, H-2), 6.70 (dd, J = 8.1 Hz,
J = 1.8 Hz, 1H, H-6), 6.65 (d, J = 8.1 Hz, 1H, H-5),
6.15 (d, J = 15.6 Hz, 1H, H-8 0), 5.47 (d, J = 7.5 Hz,
1H, H-7), 4.46 (dd, J = 11.4 Hz, J = 5.1 Hz, 1H, H-
9b), 4.40 (dd, J = 11.4 Hz, J = 6.0 Hz, 1H, H-9a), 3.79
(s, 3H, 3 0-OCH3), 3.77 (m, 1H, H-8), 3.65 (s, 3H, 3-
OCH3), 3.59 (s, 3H, 9 0-OCH3), 0.85 (s, 9H, t-Bu), 0.84
(s, 9H, t-Bu), 0.78 (s, 18H, t-Bu), 0.06 (s, 6H, Si–CH3);
0.05 (s, 6H, Si–CH3); 0.00 (s, 6H, Si–CH3); �0.01 (s,
6H, Si–CH3); 13C NMR (CDCl3+CD3OD, 75 MHz) d
167.59 (C-9 0), 166.20 (C-700), 151.18 (C-4 0), 150.40 (C-
3), 148.51 (C-300, C-500), 145.40 (C-4), 144.84 (C-7 0),
144.64 (C-3 0), 143.56 (C-400), 133.19 (C-1), 128.61 (C-
5 0), 128.30 (C-1 0), 121.20 (C-100), 120.93 (C-6), 118.73
(C-6 0), 117.38 (C-5), 115.43 (C-8 0), 115.34 (C-200, C-600),
111.65 (C-2 0), 109.94 (C-2), 88.61 (C-7), 64.47 (C-9),
55.94 (3 0-OCH3), 55.46 (3-OCH3), 51.56 (C-8), 50.47
(9 0-OCH3), 26.12 (CH3, t-Bu), 26.07 (CH3, t-Bu), 25.68
(CH3, t-Bu), 18.76(C300 � 500, t-Bu), 18.47 (C, t-Bu),
18.43 (C, t-Bu), �3.70 (Si–CH3), �3.72 (Si–CH3),
�4.64 (Si–CH3).

5.1.10. Methyl (E)-3-[2-(4-hydroxy-3-methoxyphenyl)-3-
(3,4,5-trihydroxyphenylcarbonyloxymethyl)-7-methoxy-
2,3-dihydro-1-benzofuran-5-yl]-prop-2-enoate (8). was
synthetized by the same procedure as for compound
(5) synthesis (yield 85%). DCI-MS (m/z) 556
(M+NH4)+; 1H NMR (CD3COCD3, 300 MHz) d 8.36
(s, 2H, OH-300, OH-500), 8.20 (s, 1H, OH-400), 7.76 (s,
1H, OH-4), 7.64(d, J = 16.0 Hz, 1H, H-7 0), 7.35 (s, 1H,
H-6 0), 7.20 (d, J = 1.5 Hz H, H-2 0), 7.15 (s, 2H, H-200,
H-600), 7.08 (d, J = 1.9 Hz, 1H, H-2), 6.94 (dd,
J = 8.1 Hz, J = 1.8 Hz, 1H, H-6), 6.85 (d, J = 8.1 Hz,
1H, H-5), 6.44 (d, J = 16.0 Hz, 1H, H-8 0), 5.75 (d,
J = 6.5 Hz, 1H, H-7), 4.65 (dd, J = 11.1 Hz,
J = 5.4 Hz, 1H, H-9b), 4.58(dd, J = 11.1 Hz,
J = 7.2 Hz, 1H, H-9a), 3.95 (s, 3H, 3 0-OCH3), 3.94 (m,
1H, H-8), 3.79 (s, 3H, 3-OCH3), 3.73 (s, 3H, 9 0-
OCH3); 13C NMR (CD3COCD3, 75 MHz) d 168.78(C-
9 0), 167.50(C-700), 152.42 (C-4 0), 148.72 (C-3), 147.48
(C-3 0), 147.00 (C-300, C-500), 146.52 (C-7 0), 146.48 (C-4),
139.92 (C-400), 134.05 (C-1), 130.40 (C-1 0), 130.20 (C-
5 0), 122.24 (C-100), 120.50 (C-6), 119.61 (C-6 0), 116.82
(C-5), 116.76 (C-8 0), 114.41 (C-2 0), 111.30 (C-2), 110.84
(C-200 ,C-600), 90.33 (C-7), 67.02 (C-9), 57.34 (3 0-
OCH3), 57.08 (3-OCH3), 52.49(9 0-OCH3), 52.16 (C-8).

5.1.11. X-ray crystallographic data. Crystal data for (2 0):
C22H22O8, M = 414.40, orthorhombic, P212121,
a = 7.567(3) Å, b = 16.118(6) Å, c = 16.383(6) Å, V =
1998.3(14) Å3, Z = 4, T = 173(2) K. 10059 reflections
(3369 independent, Rint = 0.0435) were collected at low
temperatures using an oil-coated shock-cooled crystal
on a Bruker-AXS CCD 1000 diffractometer with MoKa
radiation (k = 0.71073 Å). The structure was solved by
direct methods (SHELXS-97, G. M. Sheldrick, Acta
Crystallogr. A 1990, 46, 467–473) and all nonhydrogen
atoms were refined anisotropically using the least-
squares method on F2 (SHELXL-97, Program for Crys-
tal Structure Refinement, G. M. Sheldrick, University of
Göttingen 1997). Largest electron density residue:
0.146 e Å�3, R1 (for I > 2r(I)) = 0.0365 and
wR2 = 0.0748 (all data) with R1 ¼

P
kF o j � j F ck=

P
j F c j and wR2 ¼ ð

P
wðF 2

o � F 2
cÞ

2
=
P

wðF 2
oÞ

2Þ0:5.
CCDC 642002 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retriev-
ing.html (or from the CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax: +44 1223 336033; e-mail:
deposit@ccdc.cam.ac.uk).
5.2. Pharmacological methods

5.2.1. Cell culture. HMEC-1 line was obtained from
CDC (Atlanta, US)18 and was a generous gift from
Dr. F. Trottein (Institut Pasteur, Lille). Cells were
grown in MCDB-131 supplemented with 10% heat inac-
tivated foetal calf serum, 100 U/mL penicillin and
100 lg/mL streptomycin. Twenty-four hours before
LDL incorporation, cells were starved in serum-free
RPMI medium.

5.2.2. LDL isolation. LDL were isolated by ultracentri-
fugation from the pooled plasma of healthy normolipi-
demic human subjects and dialysed against PBS
containing 100 lmol/L EDTA, as previously
indicated.25

5.2.3. Antioxidant effect. To evaluate cell-mediated LDL
oxidation, HMEC-1 were seeded in 24-multiwell plates.
The standard culture medium (on sparse proliferative
cells) was removed and replaced by serum-free
RPMI-1640 containing native LDL (100 lg apoB/mL)
and the compounds diluted in DMSO were added to
the culture medium at variable concentrations. Cells
were incubated overnight at 37 �C. At the end of the
incubation, LDL-containing medium was immediately
used for determining thiobarbituric acid reactive sub-
stances (TBARS) formation using the fluorimetric pro-
cedures of Yagi.26

http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html
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5.2.4. Cell viability. Cells were incubated in presence of
LDL (previously oxidized by cells overnight in presence
of variable concentrations of antioxidants) until the cell
viability was evaluated at the indicated time (24 h pulse
period, under standard conditions). To test the direct
cytoprotective effect of antioxidants, cells were incu-
bated for 24 h with UV/copper oxidized LDL (200 lg/
mL) in presence of variable concentrations of
dihydrobenzofuran derivatives. The cell viability was
determined by using the MTT test (based on the reduc-
tion of diphenyltetrazolium bromide salt by mitochon-
drial enzymes, according to Price and McMillan).27

5.2.5. In vitro antiplasmodial test. The in vitro antiplas-
modial test was based on the inhibition of [G-3H]hypo-
xanthine uptake by P. falciparum cultured in human
blood. Briefly, P. falciparum parasites were maintained
in culture in a specific medium composed of RPMI
1640, 25 mM Hepes, 25 mM NaHCO3, and 10% pooled
human serum, with uninfected human red blood cells at
2.5% haematocrit. The cell suspension (1% parasita-
emia), was distributed at 0.2 mL per well into flat-bot-
tomed 96-well plates containing a single concentration
(10 lg/mL) of test compounds in triplicate, alongside
untreated controls. Chloroquine was used as a standard
reference drug. The culture was then incubated at 37 �C
during 18 h under microaerophilic conditions obtained
with the candle jar method. Tritiated hypoxanthine
(0.5 lCi per well) was then added to each well and incu-
bation continued at 37 �C in the required atmosphere
for further 24 h. The contents of the well were then fro-
zen at �30 �C and unfrozen at 50 �C to lyse the cells,
harvested by filtration on glass filter papers using a Ska-
tron apparatus and finally washed several times with
water. Thereafter, the discs were dried, added to toluene
scintillator in vials and the radioactivity incorporated
into parasites was estimated in a Wallac MicroBeta Tri-
Lux microplate liquid scintillation counter. The inhibi-
tion percentage of parasite growth was calculated with
respect to the controls.

For test compounds having inhibition percentage higher
than 80, serial concentrations ranging from 0.01 to
10 lg/mL were tested using the same method. The inhib-
itory concentrations 50 (IC50) were determined by linear
regression method. Three separate experiments were
made for each test.

5.2.6. Cytotoxicity test. Murine P388 leukaemia cells
were grown in RPMI 1640 medium containing
0.001 mM b-mercaptoethanol, 10 mM LL-glutamine,
100 IU/ml G-penicillin, 100 lg/mL streptomycin, sup-
plemented with 10% foetal calf serum. Cells were main-
tained at 37 �C in a humidified atmosphere with 5%
CO2. The inoculum seeded at 2 · 104 cells/ml at an
optimal volume of 0.2 mL per well was distributed into
96-well microculture plates containing a single concen-
tration (10 lg/mL) of test compounds, alongside un-
treated controls. Camptothecin was used as standard
reference drug. Culture was then incubated at 37 �C
for 72 h in the required atmosphere. Thereafter, cells
were incubated at 37 �C with 0.01% neutral red
(0.2 mL per well) for 3 h and then washed with 1 N
PBS and finally lysed with SDS. After 10 min agitation
on a microculture plate shaker, the plates were trans-
ferred to a Titertek Twinreader equipped with a
540 nm filter to measure absorbance of the extracted
dye. Cell viability was expressed as the percentage of
cells incorporating dye relative to the untreated con-
trols. IC50 values were determined as described for
the antiplasmodial test.
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