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The natural mushroom pigment Norbadione A and three other pulvinic acids were shown by our group to
display very efficient antioxidant properties by comparison with a collection of potent molecules including
catechols, flavonoids, stilbenes, or coumarins. Despite numerous publications on robust and straightforward
synthetic access to pulvinic acids by us and others, no report has been made to unravel the structure—activity
relationships that govern the striking antioxidant activity. Herein is presented the synthesis of 18 diverse
pulvinic acid derivatives and the study of their radical scavenging capacities by four different assays. The
influence of each of the two phenyl rings, of their substituents and of the lateral chain on the antioxidant
properties, was explored to reveal a simplified structure of excellent activity. These results, along with the
absence of cytotoxicity, make the synthesized compounds interesting to evaluate for several biological
activities and especially for anti-inflammatory effects and skin protection against UV induced oxidative

stress.

Introduction

Reactive oxygen species (ROS)®are natural products of
metabolic processes in an aerobic environment and can be
generated by different pathways.™? Examples of ROS species
are hydrogen peroxide, hydroxyl radicals, or superoxide anion.
They are produced by sources such as bioreductively activated
molecules, UV exposure, or by low-molecular-weight complexes
of transition state metals such as iron via the Fenton reaction.
Organisms can normally defend themselves against these highly
reactive species using enzymes such as superoxide dismutase,
catalase, and glutathione peroxidase, or by nonenzymatic
mechanisms.?® The latter involve organic molecules called
antioxidants, such as vitamin C, vitamin E, or glutathione,
capable of scavenging the oxidant species by hydrogen donation
or breaking of an oxidation propagation chain.* Imbalances in
the detoxification of ROS relative to their production, due to
either an abnormal production of ROS or depletion of antioxi-
dant defenses lead to the commonly called oxidative stress state.
For many years, this state has been known to be implicated in
the etiology of a large number of diseases and disorders®® such
as cancer,® coronary heart disease,” or rheumatoid arthritis.®
Enhanced free radicals production and oxidative damage are
also implicated in aging® and related neurodegenerative diseases
such as Alzheimer’s,® Parkinson’s,*° or Huntington’s diseases.**
Thus finding therapeutic agents that can scavenge ROS is a high
priority in medical research today, and many therapeutic
strategies using antioxidant have already been reported in the
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Figure 1. Structure of Norbadione A (left) and di-O-methylatromentic
acid (right).

literature or patented with promising in vivo results.*? In this
context, our group described a high-throughput screening
method to search for antioxidant molecules in natural extracts.
This strategy is based on competitive immunoassay techniques
to rapidly evaluate the ability of different extracts or compounds
to protect thymidine under different oxidative stresses.'3'*
Norbadione A (NBA) (Figure 1, left), a mushroom pigment
isolated from the two mushrooms Xerocomus badius and
Pisolithus tinctorius,*®> was shown to be a potent protector of
thymidine under both y irradiation and UV exposure in the
presence of H,0,. Unfortunately, the pro-oxidant effect of NBA
was observed on a plasmid-DNA under the oxidative conditions
of a Fenton-like system (FeSO4/H,O,/EDTA). Three structurally
related pulvinic acids and especially di-O-methylatromentic acid
(Figure 1, right) were then evaluated and shown to display
antioxidant properties higher than that of a collection of
flavonoids and similar to NBA. Furthermore, the ROS-scaveng-
ing properties of di-O-methylatromentic acid were confirmed
in DNA protection experiments, showing no pro-oxidant effect.
This pulvinic acid possesses a single hydroxyl function, which
makes its structure peculiar by comparison with other potent
antioxidants that were assayed. Indeed, the high efficiency of
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Figure 2. General structure of pulvinic acids and monoaromatic
targeted molecules.

flavonoids,*® stilbenes,*” or coumarine derivatives® is known
to arise from their polyhydroxylated structures.

Therefore, pulvinic acid derivatives could represent original
and promising candidates as new antioxidant agents. This
prompted us to further investigate this class of compounds. To
efficiently explore structure—activity relationships (SARs), we
based the design of the pulvinic derivatives on the known
essential parameters that govern antioxidant activity of phenolic
compounds. Especially it is well established that an extended
aromatic structure is favorable in order to stabilize the oxygen
radicals formed. For this reason, simplified analogues bearing
only one aromatic ring such as type I and 1l compounds were
designed (Figure 2). Aromatic ring substitution on phenols,
particularly in the ortho and the para position, also plays a
crucial role in the O—H bond dissociation enthalpy (BDE) as
well as in the ionization potential (P1).* In the present study,
the para substitution exploration was preferred for synthetic ease
(Figure 2). Finally, variations of the lateral function Ry in
pulvinic derivatives should allow us to explore a possible effect
of the intramolecular hydrogen bond between the enolic function
and the carbonyl group.

We describe herein 12 examples of type | compounds, four
examples of type Il molecules, and two examples of symmetric
pulvinic acids as well as their ROS-scavenging ability with
regard to the study of the protection of thymidine and DNA
and the scavenging of the superoxyde anion, along with
cytotoxicity results.

Chemistry

The synthetic route followed to obtain type | compounds 1la—f
is summarized in Scheme 1. Addition of zinc enolate of methyl
propionate on methoxymaleic anhydride 4°° occurred regiose-
lectively on the carbonyl adjacent to the methoxy group, as
described by Pattenden on 2-aryl-3-methoxymaleic anhydrides,?*
to give alcohol 5 (51%) as a mixture of two diastereoisomers
(70/30 ratio determined by *H NMR). Dehydratation of 5 using
trifluoroacetic anhydride under basic conditions yielded alkene
6 (90%) in a 90/10 mixture of E- and Z-isomers.?? The E-isomer
could be isolated by column chromatography, and the following
transformations were performed on this isomer. Compound 6
was iodinated using iodine and cerium(IV) ammonium nitrate®*
to give 7 (94%). Then a poly ionic gel supported Pd catalyst,>
reported in our group, was used to perform Suzuki—Miyaura
cross-coupling reactions with various boronic acids. This
heterogeneous catalyst allowed the efficient transformation of
7 into pulvinates 8a—f (58—78%). Finally, deprotection of
compounds 8 using 1 equiv of boron tribromide yielded the
type | products la—f (58—85%). Interestingly, in the case of
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pulvinate 8b, deprotection of the methyl enol ether was achieved
in 65% yield without significant deprotection of the aromatic
methoxy group, as described on pinastric acid.?*

Type Il products 2a and 2c were prepared as shown in
Scheme 2. Tetronic derivative 9 was prepared using described
procedures®® and protected as benzyl ether under Mitsunobu
conditions (74%). Deprotonation of 10 using LDA and subse-
quent addition of ketoesters 11 provided alcohols 12 (66—69%),
which were dehydrated using the conditions described above,
albeit in lower yields (18—44%, nonoptimized). For 13a, only
the E-isomer was obtained, while for 13c, both E and Z isomers
were obtained as a mixture (ratio 75/25 by NMR), the E-isomer
being isolated by column chromatography. E-13 were then
subjected to hydrogenolysis, affording type Il products 2a and
2c (48 and 66% yield, respectively).

Then, the monoaromatic pulvinic dilactone 14, whose syn-
thesis has previously been described by our group,?® was used
in order to modify the nature of the exo-cyclic double-bond
functionalization (Table 1). By heating under reflux an alcoholic
solution of 14, the nonregioselective opening of the dilactone
moiety led to a separable mixture of type | and type Il ester
adducts. Using methanol, type | product 1b was obtained in
54% vyield, type Il adduct 2b in 44% vyield (Table 1, entry 1);
similar results were obtained using isopropyl alcohol, affording
products 1g and 2d (Table 1, entry 2). Using other nucleophiles,
type | adducts could be obtained selectively. With dibutylamine
and morpholine, the TBAF-mediated ring opening of 14%° gave
access to type | amides 1h and 1i, respectively, in excellent
yields (Table 1, entries 3 and 4). In the absence of TBAF, the
opening of 14 by 1,3-diaminopropane and N,O-dimethylhy-
droxylamine led solely to type | adducts 1j and 1k in good yields
(Table 1, entries 5 and 6, respectively). Such regiospecificity
in the absence of TBAF by comparison with the reactivity of
simple amines is not explained yet. Finally, using methyllithium
(Scheme 3), only type I alcohol 1I could be isolated with a good
yield. We assume this product arose from a two-step sequence:
(2) nucleophilic opening of 14 by a first equivalent of methyl
anion, leading to the formation of a ketone, (2) attack of a second
equivalent of methyl anion on the ketone.

Symmetrical pulvinic acid derivatives 3a,b were obtained by
following procedures described by Le Gall and Mioskowski
(Figure 3).2” Interestingly, both type | adducts 1 and symmetrical
pulvinic derivatives 3 are striking yellow or orange solids, while
type Il products 2 are pale-yellow or white solids.

Biological Results

The antioxidant activity of the synthesized pulvinic derivatives
was determined using four different assays. Activity was first
measured using immunoenzymatic assays, based on the study
of the degradation of thymidine, under either UV-exposure or
Fenton stress. The compounds were also tested for the protection
of plasmidic DNA under Fenton stress. Finally, the radical
scavenging abilities of superoxide anion radical were studied
as well as the cytotoxicity of these new products. Structures of
the tested molecules are summarized in Table 2.

Protection of Thymidine. This test is based on the degrada-
tion of thymidine (dThd) by oxidative stress under aerobic
conditions.*®*** The unmodified thymidine remaining after this
degradation step is quantified by a competitive enzyme immu-
noassay by using a specific antithymidine antibody. Two
oxidative conditions were tested, using either a UV irradiation
at 254 nm (1.75 J/cm?) of a hydrogen peroxide solution buffered
at physiological pH (Figure 4A) or a Fenton-like system, that
is, in the presence of Fe?*/EDTA and hydrogen peroxide (Figure
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4B). Type | and type Il products were evaluated, as well as
pulvinic acids, NBA and Trolox, as a reference antioxidant. Each
compound was assayed twice at a single concentration, either
100 uM for the UV/H,0, test or 500 uM for the Fenton test.
The screening results presented in Figure 4 were confirmed by
the determination of ECs, values for six selected compounds:
1b, 1h, 1l, 2a, 2b, and 3b. The ECs, values were found to be
in very good agreement with the data presented in Figure 4
(see Supporting Information for ECs values and dThd protection
data).

The differences in protections observed between the dThd
assays under UV/H,0, and Fenton-like conditions reflect the
differences in the oxidative species generated in the system.
Indeed, in the UV/H,0, test, HO® radicals, generated by
homolytical cleavage of the oxygen—oxygen bond of H,0,
under UV irradiation, are probably the main species responsible
for the thymidine degradation. Therefore and as previously
discussed,*® the protective effects measured by this assay are
closely related to the HO" radical-scavenging abilities of the
tested compounds. On the other hand, in the case of the Fenton
test, the formation of high-valence iron—oxo species is expected,
along with other radical species.?® Some molecules can strengthen
the Fenton-like oxidative system and therefore display a pro-

oxidant behavior, which can not be evaluated in the UV test.***®

These differences are clearly highlighted by our references, NBA
and Trolox, which exhibit opposite activities in these two
conditions (NBA being highly active in the UV/H,0, test and
not in the Fenton test, Trolox active in the Fenton test and not
in the UV/H,0; test). Indeed NBA is reported to be a potent
HO" scavenger but also to display pro-oxidant properties in the
presence of iron.*>4

The observation of good protections in both tests for many
of the assayed compounds, especially type | derivatives 1 and
symmetrical pulvinic acids 3, demonstrate that these molecules
are efficient protectors in different oxidative stress conditions
and indicate that they probably do not display pro-oxidant
properties. These are important properties for future in vivo use.
Compound 1h displays similar protections to that of the two
reference molecules, NBA in the UV/H,0, test and Trolox in
the Fenton test.

Concerning the three main series of pulvinic derivatives, the
two tests demonstrate that type Il compounds 2 are the less
efficient protectors; good to excellent protections are obtained
with type | molecules 1 and similar or slightly higher protections
are observed with symmetrical derivatives 3. Inside the type Il
series, almost no influence of the variation of the aromatic ring
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Figure 3. Structures of symmetrical pulvinic acids 3.

substitution or the ester nature is seen because compounds 2a—d
show similar results in each of the two dThd protection tests.

In the type | family, both dThd-based assays show similar
trends for the influence of the para aromatic substitution (1a—1f,
Figure 4). Indeed, by comparison with the nonsubstituted la
compound, only the para-methoxy substituent of 1b allows
conservation or slight improvement of the dThd protection. The
para aromatic substitution by a halogen (1c and 1d), an alkyl
(1e), or a vinyl chain (1f) decreases the protection effects on
both UV/H,0, and Fenton tests.

Variations of the substitution of the exo-cyclic double bond
of type | compounds (1g—1I, Figure 4) lead also to important
variations in the protections, which are similarly observed in
both tests. Changing the methyl ester of 1b into an isopropyl
ester (1g) reduces to a large extent the protection efficiencies
(from 37% to 27% in the UV/H,0, test and from 88% to 37%
in the Fenton test, Figure 4). Amides products 1h—1k displayed
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Table 2. Tested Pulvinic Derivatives

Rz
o]
R W
HO
R4
substituent
compd Ry R, Rs
la Ph Me CO,Me
1b 4-OMe Ph Me CO,Me
1c 4-Br Ph Me CO,Me
1d 4-F Ph Me CO,Me
le 4-iPr Ph Me CO,Me
1f styryl Me CO,Me
1g 4-OMe Ph Me CO,CH(CHg),
1h 4-OMe Ph Me CONH(CH,)3CH3
1i 4-OMe Ph Me CON(CH,CH,),0
1 4-OMe Ph Me CONH(CHy)3NH,
1k 4-OMe Ph Me CON(CH3)OCH;
1l 4-OMe Ph Me C(CHj3),0OH
2a Me Ph CO,Me
2b Me 4-OMe Ph CO,Me
2c Me 4-Br Ph CO,Me
2d Me 4-OMe Ph CO,CH(CHj3),
3a Ph Ph CO,Me
3b 4-OMe Ph 4-OMe Ph CO,Me

protection activities in the same range, namely 30—48% in the
UV/H,0; test and 37—98% in the Fenton test. However, in both
assays, the best protection results were obtained with the n-butyl
amide 1h. Finally, the tertiary alcohol 1I exhibited in both assays
a slightly lower potency than that of the best type | compounds
tested.

Symmetrical pulvinic derivatives 3a,b are very potent protec-
tors in both tests and equivalent to the best type I compound
1h.

In conclusion, results of UV/H,0, and Fenton dThd protection
tests showed that the type | and symmetrical pulvinic derivative
tested are potent HO* scavengers as well as potent protectors
against an iron-based oxidative system.

Protection of Plasmid-DNA under Fenton Stress. To check
that the previous results were not limited to the simple thymidine
structural features, the protection of a supercoiled plasmid DNA
under Fenton-type oxidation and in the presence of selected
compounds was investigated. In the absence of protective agents
and under the optimized oxidative conditions, supercoiled DNA
(Figure 5, lane 1) is degraded, leading essentially to the
formation of linear DNA (Figure 5, lane 4, only small fractions
of supercoiled and circular DNA could be observed).

The protection efficiencies of the tested compounds were
characterized by the detection of significant remaining amounts
of supercoiled plasmid DNA after oxidation. As previously
reported, NBA displayed an opposite effect because it induced
a higher degree of plasmid degradation, which is an indication
of its pro-oxidant effect (Figure 5, lane 5—8).'* The symmetrical
derivative 3b and the type | product 1b efficiently protected
DNA from degradation (Figure 5, lane 9—12 and 13—16).
Moreover, a positive dose—response was observed, as the
proportion of supercoiled DNA increased with the concentration
of products tested. On the other hand, reaction performed in
the presence of type Il product 2b did not show any significant
protection of DNA (Figure 7, compare lanes 4 and 17—20).

A larger set of compounds was studied for the DNA
protection under the same oxidative conditions (Figure 6).
Protectors were assayed at a single concentration (125 uM),
and results were expressed as the remaining % of supercoiled
DNA form (by light intensity integration of the three forms of
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Figure 5. DNA protection by pulvinic derivatives under Fenton stress. Oxidations of supercoiled plasmid pEGFPLuc (lane 1) were carried out in
the presence of 0.4 mM Fe''SO,/EDTA/H,0, (1:1:10) for 30 min. Control experiments were performed without iron (lane 2) or without H,0, (lane
3). Oxidation of DNA in the absence (lane 4) or in the presence of four concentrations (500, 250, 125, 62.5 uM respectively) of antioxidants NBA
(lanes 5—8), 3b (lanes 9—12), 1b (lanes 13—16), and 2b (lanes 17—20). Linear, circular, and supercoiled DNA were separated by agarose gel

electrophoresis and stained with ethydium bromide.
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Figure 6. Protection of plasmidic-DNA by pulvinic derivatives (125
uM) under Fenton stress. The percentage of supercoiled plamid was
calculated by light intensity integration of the three forms of DNA in
electrophoresis gels: supercoiled, circular, and linear.

DNA in electrophoresis gels: supercoiled, circular, and linear).
Results are in very good agreement with the Fenton dThd
protection test because type Il compounds 2a—2c were found
to be far less efficient protectors than type | la—1l and
symmetrical pulvinic derivatives 3a,b, which were of similar

potencies. For type | products, halogen-substituted derivatives
were less efficient than the nonsubstituted and the methoxy-
substituted products (Figure 6, compare products 1c and 1d to
la and 1b) and the substitution of the exo-cyclic double bond
did not seem play a crucial role in this test, all products 1b, 1h,
1j, and 1l exhibiting around 40% of protection.

Briefly, protection of thymidine and of plasmid DNA showed
the same trend, indicating that type | products 1 were as efficient
as the symmetrical pulvinic acids 3. Type Il products 2 protected
poorly these two biological targets. No pro-oxidant effect was
detected for types | and Il and symmetrical compounds.

Scavenging of Superoxide Anion. The first product of
univalent reduction of oxygen is the superoxide anion O,"". It
is generated in many biological processes,*=° therefore com-
pounds able to scavenge O,"~ could be of great interest. To
assess the activity of our pulvinic derivatives for the scavenging
of O,"~, photoluminescence assays were performed using the
Photochem technique with standard kits ACL (Analytik Jena
AG).3*32 In these experiments, O, is generated by optical
excitation (at 351 nm) of a methanolic solution of luminol used
as a photosensitizer; the same molecule is used as the radical
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Figure 7. Suggested mechanism for the monoelectronic oxidation of pulvinic derivatives.

Table 3. Scavenging of Superoxide Anion

compd Trolox equiv («g)
1b 141
1c 113
19 105
1h 86
1 79
1 81
2c 87
2d 77
3b 54

detecting agent by luminol-enhanced chemiluminescence.

Results were calculated as Trolox equivalent, which serves as
a reference for this test (Table 3). Expressed values correspond
to ug quantities of the tested compound needed to reach the
protection equivalent to 1 ug of Trolox.

Representative compounds of each type I, type II, and
symmetrical pulvinic acids were selected for this test. All tested
compounds are of similar efficiency but are less potent than
Trolox (in the range of 60—140 Trolox equivalents). Neverthe-
less, the scavenging of superoxide anion was detected in all
cases. Contrary to previous tests, no clear distinction is seen
here between the three series of type I, type 11, and symmetrical
derivatives: 1b and 3b on one hand and 1g and 2d on the other
hand being of equivalent activity. The variation of the exo-cyclic
double bond substitution has also no influence on the measured
O,"~ scavenging properties (1b and 1g—1j, Table 3).

Cytotoxicity. The in vitro toxicity of the newly synthesized
compounds was then measured on CHO cells using the MTT
colorimetric assay.®* Compounds were tested at 10, 30, and 100
uM, and none of the products, including type | products 1 (1a,
1c, 1i, 1h, 1), type Il 2 (2a, 2d), and symmetrical 3 (3b) showed
any noticeable toxicity with respect to the control culture.

Discussion
In this section, the various protection results will be compared
and a mechanistic hypothesis will be provided. Interestingly,

results obtained with the two thymidine protection assays and
the plasmid-DNA protection assay are very similar, demonstrat-
ing that the tested compounds retain their activity in different
oxidative stress conditions and toward different biological
targets. The three screening procedures clearly showed that type
I and symmetrical pulvinic derivatives display similar antioxi-
dant properties that are much higher than that of type II
molecules. This observation is supported by data in Figure 4
and Figure 5 for the two sets of molecules 1a—3a and 1b—3b.

We propose a simple model that allows rationalizing these
results (Figure 7). The first radical attack on phenolic antioxidant
is known to proceed via different mechanisms.® The first main
type of mechanism involves a hydrogen atom transfer (HAT)
or a proton coupled electron transfer (PCET). The second main
type of oxidative mechanism involve a sequential proton loss
electron transfer (SPLET) and is known to take place under
specific reaction conditions when the phenolic antioxidant can
be deprotonated in the medium (Figure 7).

In the SPLET mechanism, the deprotonated phenolic function
usually reacts by electron transfer with the oxidative species,
faster than it does through a regular HAT mechanism. In the
experimental conditions used for the thymidine and DNA
protection assay (water buffered at physiological pH), and given
the reported pK, values for the enolic protons of pulvinic acids,®
the deprotonation of the enol is very favorable, and consequently
a SPLET mechanism should be preferred. Under these hypoth-
eses, a mechanistic model is suggested in Figure 7 (starting from
the deprotonated enols) in order to rationalize the results
obtained in the thymidine and DNA protection assays. The
prediction of simple mesomer forms give the indication that
the enol radicals generated on type | and symmetric derivatives
can be stabilized by delocalization on the S-cetoester fragment
of the lactone and on the south aromatic ring. In the case of
type Il molecules, the delocalization is reduced because of the
absence of the south aromatic ring, which suggests that the
formation of this radical is less favorable.
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Thus the model also clarifies why the three type Il compounds
2a—2c, differentiated by various para substituents on the north
aromatic ring, have similar and low activities in the two dThd
tests because this part is not expected to be involved in the first
radical reaction.

On the contrary, according to the model, the para substitution
of the south aromatic ring in type | compounds has an influence
on the protection activity. This is experimentally observed with
compounds 1a—1f on the dThd and plasmid DNA tests. Indeed,
we observed that a positive mesomer effect in the para position
(methoxy group, 1b) allows conservation or slight improvement
of the activity compared to the nonsubstituted compound la.
By comparison, a positive inductive effect (iso-propyl group,
le), the presence of a halogen (1c and 1d), or the styryl
substitution (1f) is not favorable. To the best of our knowledge,
no study has described so far the influence of the substitutions
of the aromatic ring on the efficiency of the radical trapping
via a SPLET mechanism. However, our results are relatively
similar to studies on the HAT mechanism, where the influence
of the substitution of aromatic rings was related to the strength
of the BDE on the O—H bond of phenols. A para-methoxy is
known to stabilize the phenoxyl radical by conjugative electron
delocalization and to lower the BDE,*** while a para-halogen
strengthens it.3” Para-alkyl group are described to lower the
BDE but less effectively than para-methoxy.®® Contrarily, in
our case, compound le shows less satisfactory protection
potency than the nonsubstituted product la.

The influence of the substitution of the exo-cyclic double bond
on the antioxidant properties (1g—1I), which is clearly exhibited
in the dThd assays (Figure 4), is not explained by the proposed
model. These variations could modify the solubility properties
of the molecules or influence the intramolecular hydrogen bond
between the enolic proton and the carbonyl and thus the pK,
values. Nevertheless, the variations of activity highlight that this
is a key structural feature that needs to be optimized in order to
design a potent molecule. Despite a fine understanding, the
modification of the exo-cyclic double bond offered the most
active compound tested in the dThd and DNA protection assays,
namely the amide 1h.

The complementary assay for the inhibition of O,"~ was used
to determine whether the studied compounds are general free
radical scavengers or scavengers specific for the superoxide
anion. In several cases, a particular reactivity is associated to
superoxide anion compared to other ROS because of its lower
reactivity.*® Only moderate O,"~ scavenging activities were
detected for our compounds in this assay, and the SAR main
features highlighted in the previous tests were not observed
(Table 3). Thus the radical trapping mechanisms on pulvinic
derivatives in this assay might differ from those happening in
the dThd and DNA protection assays. Indeed, we could expect
SPLET to electron rich superoxide anion to be less favorable
than to the electrophilic hydroxyl radicals. Under such hypoth-
esis, an HAT mechanism should be preferred but not expected
to be highly efficient for the pulvinic compounds because of
the presence of strong hydrogen bonding between the reactive
enolic hydrogen and the carbonyl function in pulvinic acids.
Such particular intramolecular hydrogen bonds are typical of
pulvinic derivatives and are present on each compound from
series 1, 2, and 3, which could explain the similar results
obtained for all pulvinic derivatives tested in the O,"~ scavenging
test. Finally, the observed high potency of Trolox for the
scavenging of O, could as well be due to a more efficient
HAT phenomenon compared to pulvinic acids. Indeed the
phenolic proton in Trolox is not involved in an intramolecular
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hydrogen bond and thus is more prone to be abstracted by the
oxidative species in the solution.

Complementary experiments are necessary in order to deter-
mine the precise antioxidant mechanisms involved in the
observed protection of thymidine, plasmid-DNA, and superoxide
anion by pulvinic derivatives. These studies will be performed
on selected compounds and will be published in due course.

Finally, the cytotoxicity results are very encouraging as a first
step before in-depth studies, as all tested compounds exhibited
the same pattern of harmlessness on CHO cells.

Conclusion

From two previous accounts by our group, pulvinic acids
appeared to be very potent antioxidant agents, however very
little was known about the SAR that dictated this interesting
activity. To rapidly elucidate the main features of the SAR, our
strategy was to design simplified analogues of these natural
products. Following several synthetic strategies, 18 very diverse
pulvinic acids derivatives were successfully synthesized. These
molecules are divided into three structural categories: type |
and type Il, which are monoaromatic derivatives, and the
symmetrical pulvinic derivatives.

Studies conducted on thymidine and plasmid DNA demon-
strated that type | and symmetrical derivatives are very potent
protectors of these biological targets against ROS (as efficient
as NBA) and a Fenton-type oxidative system. No pro-oxidant
effect was detected in the presence of iron, as it was observed
for the natural pigment, norbadione A. Because the type Il
molecules were less potent, it can be concluded that the
antioxidant properties rely on the lactone part and the south
aromatic ring of pulvinic acids. SAR conclusions also highlight
the influence of the para substituent of the south aromatic ring
and of the substitution of the exo-cyclic double bond of pulvinic
acids. Among the newly synthesized molecules, compound 1h
was found to be the most active molecule.

Our results open the route to the synthesis of simplified
pulvinic acids such as type | molecules, with finely tuned
physicochemical properties (molecular weight, solubility) by
modulation of the phenyl and the exo-cyclic double bond
substitutions that will retain or even improve the antioxidant
properties of natural pulvinic acids. Moreover, the first dem-
onstration of the noncytotoxicity of type | compounds encourage
the study of biological applications of these molecules. Cur-
rently, amphiphilic pulvinic acid derivatives of type I are being
synthesized and studied as skin protectors via anti-inflammatory
effects or ROS scavenging. These dermocosmetic applications
will be reported in due course.

Experimental Section

Chemistry. Flash column chromatographies were performed with
silica gel (40—63 um). Nuclear magnetic resonance spectra (*H
and 3C) were recorded on a 200 or 300 MHz spectrometer equipped
with a DUAL probe. Melting points were uncorrected. For GC-
MS experiments, low-resolution mass spectra (chemical ionization)
and gas chromatography retention times were recorded using a
capillary column (25 mm x 0.22 mm) SGE BPX5 (5% phenyl
polysilphenylenesiloxane/95% methylpolysiloxane) with helium (29
mL/min; 113 kP,) and the following temperature conditions:
interface temperature 260 °C, detector temperature 302 °C, column
initial temperature 80 °C (2 min) increasing at the rate 25 °C/min.
Low and high resolution mass spectrometry (MS and HRMS,
respectively) data were obtained with an electrospray (ES) ion
source.

Methyl 2-(2-Hydroxy-3-methoxy-5-oxo-2.5-dihydr ofur an-2-
yl)propanoate (5). LDA was generated by addition of n-BuLi (1.5
M in hexanes, 10.2 mL, 15.30 mmol, 1.1 equiv) to a solution of
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iPr,NH (2.14 mL, 15.30 mmol, 1.1 equiv) in THF (60 mL) at —78
°C. The solution was warmed to —20 °C for 15 min and then cooled
back to —78 °C. A solution of methyl propionate (1.34 mL, 13.91
mmol, 1 equiv) in THF (10 mL) was added dropwise, and the
mixture was stirred at —78 °C for 45 min. Zinc chloride (1 M in
ether, 13.91 mL, 13.91 mmol, 1 equiv), THF (20 mL), and a
solution of methoxymaleic anhydride 4%° (2.13 g, 16.69 mmol, 1.2
equiv) in THF (5 mL) were successively added. The mixture was
slowly allowed to warm to rt and stirred 2 h. Water was added,
and the aqueous phase was extracted with EtOAc. Aqueous phase
was then neutralized with saturated aqueous NH,Cl and extracted
twice with EtOAc. This extract was dried over anhydrous MgSO,
and concentrated to yield pure alcohol 5 (1.52 g, 51%) as a mixture
a diastereoisomers (70/30 by integration in *H NMR). Major isomer:
'H NMR (200 MHz, CDCls) 6 1.12 (d, J = 7.1 Hz, 3H), 3.04 (q,
J=7.1Hz, 1H), 3.79 (s, 3H), 3.91 (s, 3H), 5.11 (s, 1H). *C NMR
(50 MHz, CDCly) ¢ 11.2, 43.3, 53.2, 60.2, 90.7, 103.3, 170.0, 173.9,
177.3. Minor isomer: *H NMR (200 MHz, CDCl3) 6 1.36 (d, J =
7.1 Hz, 3H), 2.93 (g, J = 7.1 Hz, 1H), 3.74 (s, 3H), 3.89 (s, 3H),
5.07 (s, 1H). °C NMR (50 MHz, CDCls) ¢ 12.3, 45.4, 52.9, 60.2,
90.3, 102.6, 169.5, 174.5, 178.8.

Methyl 2-(3-M ethoxy-5-oxofuran-2(5H)-ylidene)pr opanoate
(6). A solution of alcohol 5 (0.643 g, 2.97 mmol, 1 equiv) in DCM
(30 mL) was cooled to 0 °C. Et3N (2.49 mL, 17.85 mmol, 6 equiv)
and DMAP (36 mg, 0.30 mmol, 0.1 equiv) were successively added.
A solution of TFAA (1.24 mL, 8.92 mmol, 3 equiv) in DCM (5
mL) was added dropwise, and the solution was stirred 2 h at 0 °C.
After addition of 1 M HCI, the mixture was extracted twice with
EtOAc. The extracts were dried over anhydrous MgSO, and
concentrated. The residue was purified by silica gel column
chromatography (cyclohexane/EtOAc: 90/10 to 70/30) to afford 6
(0.525 g, 90%, E/Z: 90/10 by integration in *H NMR) as a light-
yellow solid. E-isomer could be isolated. *H NMR (300 MHz,
CDCl3) 6 2.08 (s, 3H), 3.77 (s, 3H), 3.88 (s, 3H), 5.28 (s, 1H). °C
NMR (75 MHz, CDCl;) 6 15.2, 52.7, 60.0, 91.2, 114.0, 143.9,
167.4, 168.0, 169.2. MS (ES): 199.1 [M + H]*.

Methyl 2-(4-1odo-3-methoxy-5-oxofuran-2(5H)-ylidene)pro-
panoate (7). To a solution of 6 (0.116 g, 0.59 mmol, 1 equiv) in
MeCN (12 mL) were successively added iodine (0.45 g, 1.76 mmol,
3 equiv) and CAN (0.97 g, 1.76 mmol, 3 equiv) and the mixture
was heated at 40 °C for 3 h. After addition of saturated aqueous
Na,S,03, the mixture was extracted three times with EtOAc. The
extracts were washed with saturated aqueous Na,S,03 and brine,
dried over anhydrous MgSQ,, and concentrated. The residue was
purified by silica gel column chromatography (cyclohexane/EtOAc:
90/10 to 80/20) to afford 7 (0.197 g, 94%) as a white solid. *H
NMR (300 MHz, CDCl3) ¢ 2.05 (s, 3H), 3.77 (s, 3H), 4.34 (s,
3H). C NMR (75 MHz, CDCl) ¢ 15.1, 52.2, 52.9, 60.6, 114.2,
144.0, 165.9, 167.1, 168.0. GC-MS: tr = 8.8 min, MS 325 [M +
H]*.

General Procedure A: Suzuki—Miyaura cross-coupling with
7; Methyl 2-(3-methoxy-5-oxo-4-phenyl-2(5H)-ylidene)pro-
panoate (8a). lodinated compound 7 (0.042 g, 0.15 mmol, 1 equiv),
phenylboronic acid (0.18 mmol, 1.2 equiv), supported catalyst*®
(0.007 g, 0.7 mol%), and iPr,NH (0.050 mL, 0.37 mmol, 2.5 equiv)
were dissolved in MeCN (3 mL) and H,O (1 mL). The solution
was degassed under an Ar flow for 1 h and then heated at 85 °C
for 6 h 30 min. The mixture was then filtered on celite. After
addition of H,O, the mixture was extracted with EtOAc. The
extracts were washed with H,O, dried over anhydrous MgSOy,, and
concentrated. The residue was purified by silica gel column
chromatography (cyclohexane/EtOAc: 80/20) to afford 8a (0.028
g, 78%) as a white solid. *H NMR (300 MHz, CDCl;) & 2.16 (s,
3H), 3.72 (s, 3H), 3.82 (s, 3H), 7.36—7.46 (m, 5H). *3C NMR (75
MHz, CDCl) 6 14.9,52.4, 61.1, 108.3, 113.5, 128.3, 128.5, 128.8,
130.0, 142.8, 161.5, 167.6, 168.2. GC-MS: tr = 9.5 min, MS 276
[M + H]'

Methyl 2-(4-(4-M ethoxyphenyl)-3-methoxy-5-oxofur an-2(5H)-
ylidene)propanoate (8b). The target compound was prepared from
7 and 4-methoxyphenylboronic acid using general procedure A.
After purification, product 8b was obtained (0.030 g, 65%) as a
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white solid. *H NMR (300 MHz, CDCly) ¢ 2.14 (s, 3H), 3.71 (s,
3H), 3.81 (s, 3H), 3.82 (s, 3H), 6.93 (d, J = 9.1 Hz, 2H), 7.41 (d,
J = 9.1 Hz, 2H). 3C NMR (75 MHz, CDCl3) 6 15.0, 52.6, 55.4,
60.9, 108.8, 113.2, 114.0, 120.6, 131.2, 143.1, 160.1, 161.1, 168.0,
168.5. GC-MS: tr = 11.0 min, MS 305 [M + H]*.

Methyl 2-(4-(4-Bromophenyl)-3-methoxy-5-oxofuran-2(5H)-
ylidene)propanoate (8c). The target compound was prepared from
7 and 4-bromophenylboronic acid using general procedure A. After
purification, product 8c was obtained (0.033 g, 63%) as a pale-
yellow solid. *H NMR (200 MHz, CDCls) 6 2.15 (s, 3H), 3.72 (s,
3H), 3.82 (s, 3H), 7.34 (d, J = 8.5 Hz, 2H), 7.56 (d, J = 8.5 Hz,
2H). **C NMR (75 MHz, CDCl5) ¢ 15.2, 52.7, 61.3, 107.6, 114.3,
123.4, 127.6, 131.6, 131.7, 142.7, 162.0, 167.4, 168.3. GC-MS: tr
= 11.1 min, MS 353, 355 [M + H]*.

M ethyl 2-(4-(4-Fluor ophenyl)-3-methoxy-5-oxofur an-2(5H)-
ylidene)propanoate (8d). The target compound was prepared from
7 and 4-fluorophenylboronic acid using general procedure A. After
purification, product 8d was obtained (0.029 g, 67%) as a pale-
yellow solid. *H NMR (300 MHz, CDCl3) 6 2.16 (s, 3H), 3.72 (s,
3H), 3.82 (s, 3H), 7.09—7.15 (m, 2H), 7.45—7.50 (m, 2H). **C
NMR (75 MHz, CDCI;) 6 15.1, 52.6, 61.2, 108.1, 114.0, 115.6,
115.9, 124.6, 124.7, 131.9, 132.0, 142.9, 161.4, 161.8, 164.7, 167.6,
168.3. GC-MS: tr = 9.8 min, MS 293 [M + H]*.

M ethyl 2-(4-(4-1 sopr opylphenyl)-3-methoxy-5-oxofur an-2(5H)-
ylidene)propanoate (8e). The target compound was prepared from
7 and 4-iso-propylphenylboronic acid using general procedure A.
After purification, product 8e was obtained (0.027 g, 58%) as a
pale-yellow solid. *H NMR (200 MHz, CDCl3) 6 1.25 (d, J = 6.8
Hz, 6H), 2.15 (s, 3H), 2.91 (spt, J = 6.8 Hz, 1H), 3.73 (s, 3H),
3.82 (s, 3H), 7.26 (d, J = 8.3 Hz, 2H), 7.38 (d, J = 8.3 Hz, 2H).
13C NMR (75 MHz, CDCl3) 6 15.1, 24.1, 34.1, 52.7, 61.1, 108.7,
113.3, 126.3, 127.5, 130.0, 143.0, 149.8, 163.8, 168.0, 168.5. GC-
MS: tr = 11.0 min, MS 317 [M + H]*.

Methyl 2-(4-(E)-Styryl-3-methoxy-5-oxo-furan-2(5H)-ylidene)pro-
panoate (8f). The target compound was prepared from 7 and trans-
2-phenylvinylboronic acid using general procedure A. After
purification, product 8f was obtained (0.027 g, 61%) as a pale-
yellow solid. *H NMR (300 MHz, CDCls) 6 2.12 (s, 3H), 3.82 (s,
3H), 4.15 (s, 3H), 6.95 (d, J = 16.1 Hz, 1H), 7.27—7.43 (m, 5H),
7.63 (d, J = 16.1 Hz, 1H). 3C NMR (75 MHz, CDCl3) 6 15.4,
52.8, 61.7, 107.3, 113.7, 114.3, 127.0, 129.1, 135.5, 135.9, 137.1,
143.1, 160.1, 166.9, 167.5, 168.6. GC-MS: tr = 11.3 min, MS 301
[M + HI

General Procedure B: Deprotection of the Enol Function. A
solution of compound 8 (1 equiv) was dissolved in DCM (15 mL/
mmol of 8) and cooled to 0 °C. A solution of BBr; (1 M in DCM,
1 equiv) was slowly added. The solution was stirred 2 h at 0 °C
and then quenched by addition of 1 M HCI. After extraction with
EtOAc, the extracts were dried over anhydrous MgSO, and
concentrated. The residue was purified by silica gel column
chromatography (DCM) to afford 1 as a yellow solid. Compounds
la—f were prepared following general procedure B.

M ethyl 2-(3-Hydr oxy-5-oxo-4-phenylfur an-2(5H)-ylidene)pro-
panoate (1a). Yield: 85%. *H NMR (300 MHz, CDCl3) 6 2.17 (s,
3H), 3.95 (s, 3H), 7.29—7.45 (m, 3H), 8.12 (d, J = 6.0 Hz, 2H),
13.69 (s, 1H). 3C NMR (75 MHz, CDCl3) 6 14.0, 54.3, 104.5,
111.9,127.8, 128.2, 128.5, 129.3, 154.3, 160.2, 166.3, 172.1. HRMS
(ES) calcd for C14H1305 261.0757 [M + H]+, found 261.0754.

M ethyl 2-(3-Hydr oxy-5-oxo0-4-(4-methoxyphenyl)furan-2(5H)-
ylidene)propanoate (1b). Yield: 65%. *H NMR (300 MHz, CDCl3)
0 2.16 (s, 3H), 3.84 (s, 3H), 3.95 (s, 3H), 6.95 (d, J = 8.8 Hz, 2H),
8.09 (d, J=8.8 Hz, 2H), 13.46 (s, 1H). 3C NMR (75 MHz, CDCl5)
014.1,54.4,55.6,104.6, 111.3, 114.2, 122.3, 129.4, 154.5, 159.3,
159.6, 166.9, 172.4. MS (ES): 289.2 [M — H] . Elemental analysis
for Ci5H1406: calcd, C, 62.07; H, 4.86; found C, 61.91; H, 4.89.

M ethyl 2-(3-Hydr oxy-5-oxo-4-(4-br omophenyl)furan-2(5H)-
ylidene)propanoate (1c). Yield: 58%. *H NMR (300 MHz, CDCls)
0 2.18 (s, 3H), 3.98 (s, 3H), 7.54 (d, J = 8.8 Hz, 2H), 8.03 (d, J
= 8.8 Hz, 2H), 13.81 (s, 1H). **C NMR (75 MHz, CDCl3) ¢ 14.0,
54.4,103.6, 112.4, 122.3, 128.9, 129.3, 131.7, 154.2, 160.5, 166.0,
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172.2. HRMS (ES): calcd for Cy4H;,BrOs 338.9854, 340.9844 [M
+ HI*; found 338.9863, 340.9842.

Methyl 2-(3-Hydroxy-5-oxo-4-(4-fluor ophenyl)furan-2(5H)-
ylidene)propanoate (1d). Yield: 71%. *H NMR (300 MHz, CDCls)
0 2.18 (s, 3H), 3.98 (s, 3H), 7.08—7.14 (m, 2H), 8.11—8.16 (m,
2H), 13.71 (s, 1H). *C NMR (75 MHz, CDCls) ¢ 14.0, 54.4, 103.8,
112.1, 115.4, 115.7, 125.4, 129.8, 154.3, 159.6, 160.7, 164.0, 166.3,
172.2. HRMS (ES): calcd for C14H1,FOs 279.0663 [M + H]*; found
279.0657.

Methyl 2-(3-Hydroxy-5-oxo-4-(4-iso-propylphenyl)furan-
2(5H)-ylidene)propanoate (1€). Yield: 69%. *H NMR (300 MHz,
CDCl3) 6 1.26 (d, 3= 7.0 Hz, 6H), 2.18 (s, 3H), 2.93 (spt, J= 7.0
Hz, 1H), 3.96 (s, 3H), 7.29 (d, J = 8.5 Hz, 2H), 8.03 (d, J =85
Hz, 2H), 13.57 (s, 1H). 3C NMR (75 MHz, CDCl3) ¢ 13.9, 24.0,
34.2,54.3,104.9, 111.6, 126.6, 126.7, 127.9, 149.2, 154.5, 159.6,
166.4, 172.2. HRMS (ES): calcd for C17H3905 303.1227 [M + H]*;
found 303.1220.

Methyl 2-(3-Hydr oxy-5-oxo-4-(E)-styrylfuran-2-(5H)-ylidene)pro-
panoate (1f). Yield: 61%. *H NMR (200 MHz, CDCl3) 6 2.15 (s,
3H), 3.96 (s, 3H), 6.88 (d, J = 16.5 Hz, 1H), 7.26—7.35 (m, 3H),
7.50—7.53 (m, 3H), 7.58 (d, J = 16.1 Hz, 1H), 13.34 (s, 1H). °C
NMR (50 MHz, CDCls) 6 13.9, 54.2, 105.3, 111.7, 114.7, 126.8,
128.3,128.8, 133.7, 137.4, 154.2, 159.0, 166.2, 172.0. HRMS (ES):
calcd for CigH1505 287.0914 [M + H]™; found 287.0907.

4-Benzyloxy-3-methylfur an-2(5H)-one (10). Tetronic derivative
9%°(0.932 g, 8.17 mmol, 1 equiv) was suspended in THF (40 mL).
Benzyl alcohol (1.01 mL, 9.80 mmol, 1.2 equiv) and PPh; (2.57 g,
9.80 mmol, 1.2 equiv) were successively added. The solution was
cooled to 0 °C and DIAD (1.94 mL, 9.80 mmol, 1.2 equiv) was
slowly added and the mixture was stirred overnight at rt. After
concentration, the residue was purified by silica gel column
chromatography (DCM) to yield compound 10 (1.23 g, 74%), as a
pale-yellow solid. *H NMR (200 MHz, CDCly) 6 1.86 (s, 3H), 4.63
(s, 2H), 5.22 (s, 2H), 7.33—7.46 (m, 5H). *C NMR (75 MHz,
CDClg) 0 7.2, 65.9, 72.1, 99.3, 127.3, 128.8, 135.0, 171.5, 175.2.
MS (ES): 205.1 [M + H]*.

Methyl 2-(3-(Benzyloxy)-4-methyl-5-oxo-2.5-dihydr ofuran-2-yl)-
2-hydroxy-2-phenyl Acetate (12a). LDA was generated by addition
of n-BuLi (1.5 M in hexanes, 3.74 mL, 5.61 mmol, 1.5 equiv) to
a solution of iPr,NH 0.79 mL, 5.61 mmol, 1.5 equiv) in THF (20
mL) at —78 °C. The solution was warmed to —20 °C for 15 min
and then cooled back to —78 °C. A solution of 9 (0.764 g, 3.74
mmol, 1 equiv) in THF (10 mL) was slowly added. After 30 min,
ketoester 11a (1.6 mL, 11.23 mmol, 3 equiv) was added. The
mixture was then allowed to warm to rt. After addition of saturated
aqueous NH,CI, the mixture was extracted with EtOAc. The extract
was dried over anhydrous MgSO, and concentrated. The residue
was purified by silica gel column chromatography (cyclohexane/
AcOELt: 90/10 to 100% AcOEt) to afford alcohol 12a (0.950 g,
69%) as a yellow oil, mixture of diastereoisomeric forms (65/35
by integration in *H NMR). Major isomer could be isolated. *H
NMR (200 MHz, DMSO-ds): ¢: 1.94 (s, 3H), 3.29 (s, 3H), 5.47
(dd, 3 = 11.0 Hz, J = 4.2 Hz, 2H), 5.75 (s, 1H), 6.36 (s, 1H),
7.33—7.44 (m, 8H), 7.62 (d, J = 7.8 Hz, 2H). °C NMR (75 MHz,
DMSO-ds) 6 8.5, 52.1, 72.9, 77.3, 80.1, 98.4, 126.1, 127.8, 128.0,
128.1, 128.3, 128.4, 135.7, 139.3, 169.5, 171.3, 174.1. MS (ES):
391.0 [M + Na]™.

Methyl 2-(3-(benzyloxy)-4-methyl-5-oxo-2.5-dihydr ofuran-2-
yl)-2-(4-bromophenyl)-2-hydr oxyacetate (12c). The target com-
pound was prepared from 9 (0.226 g, 1.11 mmol, 1 equiv) and
ketoester 11c (0.807 mL, 11.23 mmol, 3 equiv), following the
procedure described for compound 12a. Purification of the residue
(cyclohexane/AcOEt: 90/10 to 50/50) afforded alcohol 12c¢ (0.329
g, 69%) as a yellow oil, equimolar mixture of diastereoisomeric
forms (*H NMR). *H NMR (200 MHz, CDCls, mixture) ¢ 2.02 (s,
3H), 2.06 (s, 3H), 3.37 (s, 3H), 3.86 (s, 3H), 5.12 (s, 2H), 5.34 (s,
2H), 5.41 (s, 1H), 6.70 (s, 1H), 7.27—7.55 (m, 18H). MS (ES):
447.1, 449.0 [M + H]™.

Methyl 2-(3-(Benzyloxy)-4-methyl-5-oxofur an-2(5H)-ylidene)-
2-phenylacetate (13a). Following the procedure described for
compound 6, dehydratation of alcohol 12a (0.356 g, 0.89 mmol)
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afforded product 13a (0.055 g, 18%), E-isomer, as a pale-yellow
solid. *H NMR (300 MHz, CDCls) 6 2.14 (s, 3H), 3.29 (s, 3H),
5.40 (s, 2H), 7.32—7.60 (m, 10H). 3C NMR (75 MHz, CDCl;) 6
9.3, 52.3, 74.4, 101.8, 115.4, 128.5, 128.8, 129.0, 129.2, 129.3,
131.3, 134.6, 141.4, 161.3, 166.8, 169.9. MS (ES): 351.1 [M +
H]*.

Methyl 2-(3-(Benzyloxy)-4-methyl-5-oxofur an-2(5H)-ylidene)-
2-(4-bromo)phenylacetate (13c). Following the procedure de-
scribed for compound 6, dehydratation of alcohol 12c (0.089 g,
0.20 mmol) afforded product 13c (0.038 g, 44%) as a white solid,
mixture of E and Z forms. E-isomer could be isolated. *H NMR
(200 MHz, CDCl3) ¢ 2.14 (s, 3H), 3.27 (s, 3H), 5.40 (s, 2H),
7.31—7.38 (m, 2H), 7.42—7.52 (m, 8H). C NMR (50 MHz,
CDCl;) 6 9.3, 52.4, 74.5,102.2, 114.3, 123.6, 127.3, 128.7, 129.0,
129.2, 130.3, 131.1, 132.0, 141.9, 161.2, 166.5, 169.6. MS (ES,
pos): 429.2, 431.2 [M + H]*.

Methyl 2-(3-Hydr oxy-4-methyl-5-oxofur an-2(5H)-ylidene)-2-
phenylacetate (2a). To a solution of compound 12a (0.121 g, 0.35
mmol) in DCM (10 mL) was added Pd/C (10%, 0.17 g, 0.1 equiv).
H, was then introduced and the mixture was stirred overnight at rt.
After filtration on celite and concentration, the residue was purified
by silica gel column chromatography (DCM) to afford product 2a
(0.046 g, 48%) as a white solid. *H NMR (200 MHz, CDCls) 6
1.90 (s, 3H), 3.85 (s, 3H), 7.21—7.27 (m, 2H), 7.38—7.43 (m, 3H),
12.86 (s, 1H). *C NMR (75 MHz, CDCl5) 6 6.6, 54.3, 104.4, 114.8,
128.1, 128.5, 130.0, 132.0, 155.2, 161.5, 168.0, 171.4. HRMS (ES):
caled for Cy4H1305 261.0757 [M + H]*; found 261.0753.

Methyl 2-(4-Bromophenyl)-2-(3-hydroxy-4-methyl-5-oxofu-
ran-2(5H)-ylidene)acetate (2c). Following the procedure described
for compound 2a, catalytic hydrogenation of 12¢ (0.035 g, 0.08
mmol) afforded compound 2c (0.018 g, 66%) as a white solid. *H
NMR (200 MHz, CDCl;) 6 1.89 (s, 3H), 3.85 (s, 3H), 7.09 (d, J =
8.6 Hz, 2H), 7.52 (d, J = 8.6 Hz, 2H), 12.79 (s, 1H). MS (ES):
339.0, 341.0 [M + H]*. HRMS (ES): calcd for Ci4H;,BrOs
338.9863, 340.9844 [M + H]*; found 338.9872, 340.9858.

M ethyl 2-(3-Hydr oxy-4-methyl-5-oxofuran-2(5H)-ylidene)2-
(4-methoxyphenyl)acetate (2b). A solution of dilactone 142° (35.4
mg, 0.14 mmol) in MeOH (5 mL) was heated under reflux
overnight. After concentration, the residue was purified by silica
gel column chromatography (cyclohexane/AcOEt: 80/20 to 70/30)
to afford product 1c (21.9 mg, 54%) as a yellow solid and product
2¢ (17.9 mg, 44%) as a white solid. 2b: *H NMR (300 MHz, CDCls)
0 1.88 (s, 3H), 3.83 (s, 3H), 3.85 (s, 3H), 6.91 (d, J = 8.7 Hz, 2H),
7.16 (d, J = 8.8 Hz, 2H), 12.84 (s, 1H). **C NMR (75 MHz, CDCl5)
0 6.6, 54.3, 55.4, 104.4, 113.7, 114.7, 124.2, 131.5, 155.0, 159.8,
161.6, 168.2, 171.7. HRMS (ES): calcd for C;5H;506 291.0863 [M
+ H]*; found 291.0865.

Iso-propyl 2-(3-Hydr oxy-4-(4-methoxyphenyl)-5-oxofur an-
2(5H)-ylidene)propanoate (1g) and I so-propyl 2-(3-Hydr oxy-4-
methyl-5-oxofuran-2(5H)-ylidene)2-(4-methoxy phenyl)acetate
(2d). A solution of dilactone 14%° (18.8 mg, 0.07 mmol) in i-PrOH
(3 mL) was heated under reflux overnight. After concentration, the
residue was purified by silica gel column chromatography (cyclo-
hexane/AcOEt: 80/20 to 70/30) to afford product 1g (13.4 mg, 58%)
as a yellow solid and product 2d (8.9 mg, 40%) as a white solid.
1g: *H NMR (300 MHz, CDCls) ¢ 1.38 (d, J = 6,4 Hz, 6H), 2.14
(s, 3H), 3.83 (s, 3H), 5.21 (spt, J = 6.4 Hz, 1H), 6.95 (d, J=9.1
Hz, 2H), 8.10 (d, J = 9.1 Hz, 2H), 13.74 (s, 1H); 3C NMR (75
MHz, CDCls) 6 13.9, 21.7, 55.3, 72.0, 104.3, 112.1, 113.9, 122.1,
129.2, 154.2, 158.9, 159.3, 166.7, 171.2; HRMS (ES): calcd for
C17H1906 [M + H]* 319.1149; found 319.1167. 2d: *H NMR (300
MHz, CDCl3) 6 1.24 (d, J = 6.4 Hz, 6H), 1.87 (s, 3H), 3.83 (s,
3H), 5.18 (spt, J = 6.4 Hz, 1H), 6.89 (d, J = 8.7 Hz, 2H), 8.10 (d,
J = 8.7 Hz, 2H), 13.03 (s, 1H); *3C NMR (75 MHz, CDCls) 6 6.6,
215, 55.4, 72.1, 103.9, 113.4, 115.6, 124.4, 131.6, 154.4, 159.6,
161.8, 168.4, 170.7; MS (ES): 319.1 [M + H]*; HRMS (ES): calcd
for Cq7H1906 319.1176 [M + H]+, found 319.1188.

N-Butyl-2-(3-hydr oxy-4-(4-methoxyphenyl)-5-oxofur an-2(5H)-
ylidene)propanamide (1h). To a solution of dilactone 14%° (23.6
mg, 0.09 mmol, lequiv) in 1.5 mL of THF was slowly added a
solution of TBAF (1 M solution in THF, 0,18 mL, 0,18 mmol, 2
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equiv) at —35 °C. The mixture was stirred for 15 min and then
cooled to —78 °C. A solution of butylamine (23 «L, 0.22 mmol,
2.5 equiv) in 1 mL of THF was added. After 15 min of stirring at
—78 °C, the mixture was allowed to warm to room temperature.
After concentration in vacuo, the crude residue was purified by
chromatography on silica gel (DCM) to furnish amide 1h (27.4
mg, 83%) as an orange solid. *H NMR (200 MHz, CDCl3) 6 0.97
(t, 3= 7.4 Hz, 3H), 1.65—1.25 (m, 4H), 2.18 (s, 3H), 3.50—3.40
(m, 2H), 3.83 (s, 3H), 6.32 (brs, 1H), 6.95 (d, J = 9.0 Hz, 2H),
8.11 (d, J= 9.0 Hz, 2H), 15.82 (s, 1H). **C NMR (50 MHz, CDCl3)
0 13.7, 13.8, 20.2, 31.2, 40.8, 55.4, 102.8, 111.3, 113.9, 122.6,
128.9, 152.9, 159.1, 160.8, 167.5, 169.0. HRMS (ES) calcd for
CigH22NOs [M + H]* 332.1466; found 332.1480.

(E)-4-Hydr oxy-3-(4-methoxyphenyl)-5-(1-mor pholino-1-oxo-
propan-2-ylidene)furan-2(5H)-one (1i). To a solution of dilactone
14?° (25.5 mg, 0.10 mmol, lequiv) in 1.5 mL of THF was slowly
added a solution of TBAF (1 M solution in THF, 0,20 mL, 0,20
mmol, 2 equiv) at —35 °C. The mixture was stirred 15 min and
then cooled to —78 °C. A solution of morpholine (22 uL, 0.25
mmol, 2.5 equiv) in 1 mL of THF was added. After 15 min of
stirring at —78 °C, the mixture was allowed to warm to room
temperature. After concentration in vacuo, the crude residue was
purified by chromatography on silica gel (DCM) to furnish amide
1i (32.9 mg, 96%) as a yellow solid. *H NMR (300 MHz, CDCls)
0 2.15 (s, 3H), 3.63—3.70 (m, 4H), 3.70—3.75 (m, 4H), 3.83 (s,
3H), 6.94 (d, J = 9.1 Hz, 2H), 8.04 (d, J = 9.1 Hz, 2H). *C NMR
(75 MHz, CDCl3) 6 16.3, 46.2, 55.4, 66.9, 104.6, 112.6, 114.0,
121.9,129.2, 150.3, 158.8, 159.3, 166.9, 171.2. HRMS (ES) calcd
for C1gH,0NOg [M + H]* 346.1285; found 346.1291.

N-(3-Aminopr opyl)-2-(3-hydr oxy-4-(4-methoxyphenyl)-5-oxo-
furan-2(5H)ylidene) Propanamide (1j). To a solution of dilactone
14?° (89.1 mg, 0.34 mmol, 1 equiv) in DCM (3 mL) was added
1.3-diaminopropane (0,14 mL, 0.17 mmol, 0.5 equiv) and the
solution was stirred overnight at rt. After concentration, the residue
was purified by silica gel column chromatography (DCM/MeOH:
100/0 to 80/20) to afford product 21 (36 mg, 64%), as a yellow
solid. *H NMR (200 MHz, MeOD) ¢ 1.87—1.97 (m, 2H), 2.07 (s,
3H), 3.03 (t, J = 7.3 Hz, 2H), 3.42 (t, J = 6.1 Hz, 2H), 3.78 (s,
3H), 6.86 (d, J= 9.0 Hz, 2H), 7.95 (d, J = 9.0 Hz, 2H). MS (ES):
333.0 [M + H]". HRMS (ES): calcd for Ci7H2N,0s 333.1445 [M
-+ H]*; found 333.1449.

2-(3-Hydr oxy-4-(4-methoxyphenyl)-5-oxofur an-2(5H)-ylidene-
N-methoxy-N-methyl Propanamide (1k). To a solution of dilac-
tone 14%° (0.183 g, 0.71 mmol, 1 equiv) in DCM (4 mL) were
added N,O-dimethylhydroxylamine hydrochloride (0.069 g, 0.71
mmol, 1 equiv) and triethylamine (0.1 mL, 0.71 mmol, 1 equiv).
After 2 h stirring at rt, the mixture was hydrolyzed by addition of
1 M HCI solution and extracted twice with EtOAc. The extracts
were dried over anhydrous magnesium sulfate and concentrated.
The residue was purified by chromatography on silica gel (DCM/
MeOH: 100/0 to 90/10) to furnish Weinreb amide 1k (0.204 g,
90%) as a yellow solid. *H NMR (200 MHz, MeOD) ¢ 2.24 (s,
3H), 3.39 (s, 3H), 3.76 (s, 3H), 3.83 (s, 3H), 6.94 (d, J = 8.8 Hz,
2H), 8.07 (d, J = 8.8 Hz, 2H), 12.32 (s, 1H). ¥*C NMR (75 MHz,
CDCl3) 6 15.4, 34.0, 55.2, 62.0, 103.9, 113.5, 113.7, 122.0, 129.0,
151.0, 159.0, 166.9, 170.1. MS (ES): 318,1 [M — H]~. HRMS (ES):
calcd for CisH16NOg 318.0983 [M — H]~; found 318.0974.

4-Hydr oxy-5-(3-hydr oxy-3-methlybutan-2-ylidene)-3-(4-meth-
oxyphenyl)furan-2(5H)-one (11). To a solution of dilactone 142°
(75.8 mg, 0.29 mmol, 1 equiv) in THF (2 mL) was slowly added
a solution of MeL.i (1.6 M in ether, 0.27 mL, 0.44 mmol, 1.5 equiv)
at —78 °C. The solution was allowed to warm to rt and the reaction
was quenched by addition of 1 M HCI. The mixture was then
extracted twice with EtOAc and the extracts were dried over
anhydrous MgSO, and concentrated. The residue was purified by
silica gel column chromatography (cyclohexane/AcOEt: 50/50) to
afford alcohol 11 (42.0 mg, 64%), as a pale-orange solid. *H NMR
(300 MHz, MeOD) 6 1.53 (s, 6H), 2.03 (s, 3H), 3.81 (s, 3H), 6.93
(d, J=9.1Hz, 2H), 7.99 (d, J = 9.1 Hz, 2H). *C NMR (50 MHz,
MeOD) 6 16.2, 29.1, 55.6, 75.3, 102.9, 114.5, 124.2, 126.6, 132.7,
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140.9, 160.0, 162.0, 170.8. MS (ES): 291.1 [M + H]*. HRMS (ES):
caled for CigH1905 291.1227 [M + H]™; found 291.1224.

Biology. Thymidine Protection Assay under UV Exposure
and Fenton Stress. These procedures have been previously
described.**

Scavenging of Superoxide Anion. Antioxidant capacity was
mesured by Photochem apparatus from Analytik Jena. ACL Kkits
of reagents (ref 400—803 from Analytik Jena) were used as well
as PCL soft to enable results analysis: kinetic and nanomol
equivalent of Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid) calculated by integration of the curves on a typical
interval of 180 s. Results are expressed in ug of compound
equivalent to the activity of 1 ug of standard (Trolox).

Acknowledgment. This work was supported by the Centre
National de la Recherche Scientifique, Laboratoires Pierre Fabre
Dermo-Cosmeétique and Délégation Générale pour I’ Armement.
We are grateful to Dr. Guy Zuber for providing plasmid
PEGFPLuc and for helpful discussions. We are grateful to Hervé
Volland, Marie-Claire Nevers, and Christophe Créminon from
CEA DSV/iBiTec-S/SPI for providing the anti-dThd monoclonal
antibody and for experimental support.

Supporting Information Available: Detailed descriptions of
HPLC methods and purity values of final compounds; ECsg
measurements for selected compounds in the protection of thymi-
dine assays. This material is available free of charge via the Internet
at http://pubs.acs.org.

References

(1) (a) Finkel, T.; Holbrook, N. J. Oxygen, reactive oxygen species and
tissue damage. Nature 2000, 408, 239-347. (b) Halliwell, B.; Gut-
teridge, J. M. C. Oxygen toxicity, oxygen radicals, transition metals
and disease. Biochem. J. 1984, 219, 1-45.

(2) Halliwell, B.; Gutteridge, J. M. C. Free Radicals in Biology and
Medicine, 3rd ed.; Oxford University Press: New York, 1999; pp 246—
350.

(3) Eberhardt, M. K. Reactive Oxygen Metabolites; CRC: Boca Raton,
FL, 2000; pp 261—301.

(4) Wright, J. S.; Johnson, E. R.; DiLabio, G. A. Predicting the activity
of phenolic antioxidants: theoretical method, analysis of substituent
effects, and application to major families of antioxidants. J. Am. Chem.
Soc. 2001, 123, 1173-1183.

(5) (a) Davies, K. J. Oxidative Stress: The paradox of aerobic life.
Biochem. Soc. Symp. 1995, 61, 1-31. (b) Droge, W. Free radicals in
the physiological control of cell function. Physiol. Rev. 2002, 82, 47—
95

(6) Sun, Y. Free radicals, antioxidant enzymes and carcinogenesis. Free
Radical Biol. Med. 1990, 8, 583-599.

(7) Lusis, A. J. Atherosclerosis. Nature 2000, 407, 233-241.

(8) Aaseth, J.; Haugen, M.; Forre, O. Rheumatoid arthritis and metal
compounds—perspectives on the role of oxygen radical detoxification.
Analyst 1998, 123, 3-6.

(9) Zhu, X.; Raina, A. K.; Lee, H. G.; Casadesus, G.; Smith, M. A.; Perry,
G. Oxidative stress signaling in Alzheimer’s disease. Brain Res. 2004,
1000, 32-39.

(10) Przedborski, S.; Jackson-Lewis, V.; Vila, M.; Wu, D. C.; Teismann,
P.; Tieu, K.; Choi, D. K.; Cohen, O. Free radical and nitric oxide
toxicity in Parkinson’s disease. Adv. Neurol. 2003, 91, 83-94.

(11) Segovia, J.; Perez-Severiano, F. Oxidative damage in Huntington’s
disease. Methods Mol. Biol. 2004, 277, 321-334.

(12) (a) Yuan, L.-P.; Chen, F.-H.; Ling, L.; Dou, P.-F.; Bo, H.; Zhong,
M.-M.; Xia, L.-J. Protective effects of total flavonoids of Bidens pilosa
L. (TFB) on animal liver injury and liver fibrosis. J. Ethnopharmacol.
2008, 116, 539-546. (b) Nakashima, H.; Ishihara, T.; Yokota, O;
Terada, S.; Trojanowski, J. Q.; Lee, V. M. Y.; Kuroda, S. Effects of
alpha-tocopherol on an animal model of tauopathies. Free Radical
Biol. Med. 2004, 37, 176-186. (c) Guaiquil, V. H.; Golde, D. W.;
Beckles, D. L.; Mascareno, E. J.; Siddiqui, M. A. Vitamin C inhibits
hypoxia-induced damage and apoptotic signaling pathways in cardi-
omyocytes and ischemic hearts. Free Radical Biol. Med. 2004, 37,
1419-1429. (d) Brookes, P. S.; Digerness, S. B.; Parks, D. A.; Darley-
Usmar, V. Mitochondrial function in response to cardiac ischemia—
reperfusion after oral treatment with quercetin. Free Radical Biol. Med.
2002, 32, 1220-1228. (e) Anderson, J. C.; Headley, C. E.; Stapleton,
P. D.; Taylor, P. W. Preparation of Flavonoid Derivatives for
Therapeutic use as Antibiotics for the Treatment of Bacterial Infection.



2464  Journal of Medicinal Chemistry, 2009, Vol. 52, No. 8

U.S. Patent 2007021384, 2007. (f) Rao, J. M.; Katragadda, S. B.;
Tatipaka, H. B.; Khanapur, M.; Purohit, M. G.; Pullela, V. S.; Yadav,
J. S. Flavonoids of Oroxylum Indicium for Treatment of Gastroinst-
estinal Toxicity, Associated Symptoms and Ulcers. Worldwide Patent
2007080484, 2007. (g) Johansson, J. O.; Hansen, H. C.; Chiacchia,
F. S.; Wong, N. C. W. Pharmaceutical Compositions for the Prevention
and Treatment of Complex Diseases and their Delivery by Insertable
Medical Devices. Worldwide Patent 2007016525, 2007. (h) Yap, S.;
Loft, K. J.; Woodman, O. L.; Williams, S. J. Discovery of water soluble
antioxidant flavonols without vasorelaxant activity. ChemMedChem
2008, 3, 1572-1579.

(13) Meunier, S.; Desage-El Murr, M.; Nowaczyk, S.; Le Gall, T.; Pin, S.;
Renault, J. P.; Boquet, D.; Créminon, C.; Saint-Aman, E.; Valleix,
A.; Taran, F.; Mioskowski, C. A powerful anti-radiation compound
revealed by a new high-throughput screening method. ChemBioChem
2004, 5, 832-840.

(14) Meunier, S.; Hanédanian, M.; Desage-El Murr, M.; Nowaczyk, S.;
Le Gall, T.; Pin, S.; Renault, J. P.; Boquet, D.; Créminon, C.;
Mioskowski, C.; Taran, F. High-throughput evaluation of antioxidant
and pro-oxidant activities of polyphenols with thymidine protection
assays. ChemBioChem 2005, 6, 1234-1241.

(15) (a) Steffan, B.; Steglich, W. Pigments from the cap cuticle of the Bay
Boletus (Xerocomus badius). Angew. Chem., Int. Ed. Engl. 1984, 23,
445-447. (b) Gill, M.; Lally, D. A. A naphthalenoid pulvinic acid
derivative from the fungus Pisolithus tinctorius. Phytochemistry 1985,
24, 1351-1354.

(16) Pietta, P.-G. Flavonoids as antioxidants. J. Nat. Prod. 2000, 63, 1035-
1042.

(17) Murias, M.; Jager, W.; Handler, N.; Erker, T.; Horvath, Z.; Szekeres,
T.; Nohl, N.; Gille, L. Antioxidant, prooxidant and cytotoxic activity
of hydroxylated resveratrol analogues: structure—activity relationship.
Biochem. Pharmacol. 2005, 69, 903-912.

(18) Weber, W. M.; Hunsaker, L. A.; Abcouwer, S. F.; Deck, L. M.; Vander
Jagt, D. L. Anti-oxidant activities of curcumin and related enones.
Bioorg. Med. Chem. 2005, 13, 3811-3820.

(19) (a) Burton, G. W.; Ingold, K. U. Vitamin E: Application of the
principles of physical organic chemistry to the exploration of ist
structure and function. Acc. Chem. Res. 1986, 19, 194-201. (b)
Valgimigli, L.; Brigati, G.; Pedulli, G. F:; DiLabio, G. A.; Mastra-
gostino, M.; Arbizzani, C.; Pratt, D. A. The effect or ring nitrogen
atoms on the homolytic reactivity of phenolic compounds: understand-
ing the radical scavenging ability of 5-pyrimidols. Chem.—Eur. J.
2003, 9, 4997-5010, and references cited.

(20) Sahoo, M. K.; Mhaske, S. B.; Argade, N. P. Facile routes to
alkoxymaleimides/maleic anhydrides. Synthesis 2003, 3, 346-349.

(21) (a) Pattenden, G.; Pegg, N.; Smith, A. G. A new synthesis of pulvinic
acids. Tetrahedron Lett. 1986, 27, 403-406. (b) Gegde, D. R,;
Pattenden, G.; Smith, A. G. New syntheses of pulvinic acids via
Reformatsky-type reactions with aryl methoxymaleic anhydrides.
J. Chem. Soc., Perkin Trans. 1 1986, 2127-2131.

(22) (a) Willis, C.; Bodio, E.; Bourdreux, Y.; Billaud, C.; Le Gall, T
Mioskowski, C. Flexible synthesis of vulpinic acids from tetronic acid.
Tetrahedron Lett. 2007, 48, 6421-6424. (b) Bourdreux, Y.; Bodio,
E.; Willis, C.; Billaud, C.; Le Gall, T.; Mioskowski, C. Synthesis of
vulpinic and pulvinic acids from tetronic acid. Tetrahedron 2008, 64,
8930-8937.

Habrant et al.

(23) Thiot, C.; Schmutz, M.; Wagner, A.; Mioskowski, C. Polyionic gels:
efficient heterogeneous media for metal scavenging and catalysis.
Angew. Chem.,, Int. Ed. 2006, 45, 2868-2871.

(24) Ahmed, Z.; Langer, P. Synthesis of natural pulvinic acids based on a
“[3 + 2] cyclization-Suzuki cross-coupling” strategy. Tetrahedron
2005, 61, 2055-2063.

(25) Kametani, T.; Katoh, T.; Tsubuki, M.; Honda, T. Stereoselective
synthesis of 26,27-bisnorbrassinolide. Chem. Pharm. Bull. 1987, 35,
2334-2338.

(26) Habrant, D.; Le Roux, A.; Poigny, S.; Meunier, S.; Wagner, A.;
Mioskowski, C. Synthesis of pulvinic derivatives via a TBAF-mediated
regioselective opening of an unsymmetrical monoaromatic pulvinic
dilactone. J. Org. Chem. 2008, 73, 9490-9493.

(27) Heurtaux, B.; Lion, C.; Le Gall, T.; Mioskowski, C. Uncatalyzed
reactions of silyl ketene acetals with oxalyl chloride: A straightforward
preparation of symmetrical pulvinic acids. J. Org. Chem. 2005, 70,
1474-1477.

(28) Yamasaki, |.; Piette, L. H. EPR spin-trapping study on the oxidizing
species formed in the reaction of the ferrous ion with hydrogen
peroxide. J. Am. Chem. Soc. 1991, 113, 7588-7593.

(29) Halliwell, B. Reactive oxygen species in living systems: Source,
biochemistry and role in human disease. Am. J. Med. 1991, 91, 14—
22.

(30) Werns, S. W.; Lucchesi, R. Free radicals and ischemic tissue injury.
Trends Pharmacol. Sci. 1990, 11, 161-166.

(31) Saramet, A.; Danila, G.; Paduraru, |.; Petrariu, D.; Olinescu, R. Direct
detection of the antioxidant activity of a new flavonic derivative using
the chemiluminescence method. Arzneim.-Forsch. 1996, 46, 501-504.

(32) Hodgson, L.; Fridovich, I. The role of O, in the chemiluminescence
of luminol. Photochem. Photobiol. 1973, 18, 451-455.

(33) Komrskova, D.; Lojek, A.; Hrbac, J.; Ciz, M. A Comparison of
chemical systems for the generation of reactive oxygen species.
Luminescence 2006, 21, 239-244.

(34) Mosmann, T. J. Rapid colorimetric assay for cellular growth and
survival: application to proliferation and cytotoxicity assays. J. Im-
munol. Methods 1983, 65, 55-63.

(35) Litwinienko, G.; Ingold, K. U. Solvent effetc on the rates and
mechanisms of reaction of phenols with free radicals. Acc. Chem. Res.
2007, 40, 222-230, and references cited.

(36) Kuad, P.; Borkovec, M.; Desage-El Murr, M.; Le Gall, T.; Mioskowski,
C.; Spiess, B. Intramolecular protonation process of Norbadione A:
influence of the ionic environment and stereochemical consequences.
J. Am. Chem. Soc. 2005, 127, 1323-1333.

(37) Borwell, F.; Cheng, J. Substituent effects on the stabilities of phenoxyl
radicals and the acidities of phenoxyl radical cations. J. Am. Chem.
Soc. 1991, 113, 1736-1743.

(38) Lucarini, M.; Pedrielli, P.; Pedulli, G. F.; Cabiddu, S.; Fattuoni, C.
Bond dissociation energies of O—H bonds in substituted phenols from
equilibration studies. J. Org. Chem. 1996, 61, 9259-9263.

(39) Olgen, S.; Coban, T. Antioxidant evaluations of novel N-H and
N-substituted indole esters. Biol. Pharm. Bull. 2003, 26, 736-738.

(40) (a) Ziyatdinova, G. Z.; Gil’metdinova, D. M.; Budnikov, G. K.
Reactions of superoxide anion radical with antioxidants and their use
in voltammetry. J. Anal. Chem. 2005, 60, 49-52. (b) Bailly, F.; Maurin,
C.; Teissier, E.; Vezin, H.; Cotelle, P. Antioxidant properties of
3-hydroxycoumarin derivatives. Bioorg. Med. Chem. 2004, 12,
5611-5618.

JM801500H



