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Introduction

The cross-dehydrogenative coupling (CDC) reaction has
become a powerful synthetic tool for the formation of new
carbon–carbon bonds. Starting from two different C�H
bonds, a new C�C bond is formed through an oxidative cou-
pling process catalyzed by earth-abundant metals, such as
copper and iron, in the presence of an oxidant, usually an

organic peroxide.[1] Since the pioneering work of Chao-Jun
Li,[2] many types of weak C�H bonds have been activated
under CDC conditions,[3] thereby enabling easy access to
many complex molecular structures.[4] Despite the fact that
iron and copper CDC chemistry can offer opportunities for
the synthesis of natural products in a practical manner and
in an environmental friendly way[5]—in keeping with the de-
mands of modern chemistry—the true value of these reac-
tions in target- and diversity-oriented syntheses has not
been examined.[5]

Oxidative cross-coupling reactions have garnered much
attention in recent years, because they offer rapid access to
late intermediates. Indeed, many exciting transformations
based on copper and iron oxidants have successfully been
applied in natural product synthesis,[6] but the downside of
most of these reactions is that they require supra-stoichio-
metric amounts of the metal oxidant.[1a] Of particular impor-
tance is the homodimerization of two phenol (or protected
phenol) units by a stoichiometric amount of iron oxidant—a
common protocol in organic chemistry[7] whose application
in natural product synthesis goes back to the work of
Barton.[8] However, oxidative cross-coupling reactions of
phenols by stoichiometric amount of iron oxidants suffer
from low efficiency as a result of poor chemo- and regiose-
lectivity,[9] which makes these reactions not particularly suit-
able for target-oriented synthesis.

In contrast to the above reactions, any iron-based CDC
strategy that requires only catalytic amounts of the metal
salt offers opportunities for developing biomimetic coupling
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Abstract: An iron-based cross-dehy-
drogenative coupling (CDC) approach
was applied for the diversity-oriented
synthesis of coumestrol-based selective
estrogen receptor modulators
(SERMs), representing the first appli-
cation of CDC chemistry in natural
product synthesis. The first stage of the
two-step synthesis of coumestrol in-
volved a modified aerobic oxidative
cross-coupling between ethyl 2-(2,4-di-
methoxybenzoyl)acetate and 3-
methoxy ACHTUNGTRENNUNGphenol, with FeCl3 (10 mol %)

as the catalyst. The benzofuran cou-
pling product was then subjected to se-
quential deprotection and lactonization
steps, affording the natural product in
59 % overall yield. Based on this new
methodology other coumestrol ana-
logues were prepared, and their effects
on the proliferation of the estrogen re-

ceptor (ER)-dependent MCF-7 and of
the ER-independent MDA-MB-231
breast cancer cells were tested. As a
result, new types of estrogen receptor
ligands having an acetamide group in-
stead of the 9-hydroxyl group of cou-
mestrol were discovered. Both 9-acet-
amido-coumestrol and 8-acetamidocou-
mestrol were found more active than
the natural product against estrogen-
dependent MCF-7 breast cancer cells,
with IC50 values of 30 and 9 nm, respec-
tively.

Keywords: cross-coupling · iron ·
natural products · structure–activity
relationships · total synthesis
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reactions of simple phenols with various active CH atoms.
Indeed, a number of practical catalytic systems for the cou-
pling of 2-naphthol (3 a) with sp2 and sp3 carbons have re-
cently been developed.[10] In 2009, the group of Zhiping Li
reported the formation of substituted benzofurans (such as
4, Scheme 1) through direct coupling of b-ketoesters such as

2 a with phenol derivatives, with FeCl3· ACHTUNGTRENNUNG(H2O)6 (10 mol %)
and di-tert-butyl peroxide (DTBP; 2 equiv) serving as the
oxidant (in dichloroethane (DCE) at 100 8C).[11] Under these
reaction conditions, annulation and dehydration steps take
place.[11] Although this reaction proved to be successful for a
variety of phenols (mainly phenols bearing alkyl substitu-
tions), it required a large excess of the phenol partner
(3 equiv) and it suffered from moderate chemoselectivity as
a result of Friedel–Craft side reactions.

Recently, our group developed a method for coupling
electron-rich phenol and naphthol derivatives with cyclic
and acyclic a-substituted-b-ketoesters (FeCl3: 10 mol %,
1,10-phenanthroline: 5 mol %, DTBP (2.5 equiv), DCE;
70 8C, Scheme 1).[12] As a result of this transformation, a new
quaternary carbon bond is formed within a polycyclic hemi-
acetal or polycyclic spirolactone architecture such as 5,
which contains the polycyclic core of lachnanthospirone nat-
ural product.[12] In our method, the introduction of a ligand
was found to dramatically improve the chemoselectivity and
the efficiency of the reactions and to reduce the formation
of Friedel–Crafts by-products. Our conditions were also ap-
plied for the synthesis of benzofuran 4 from ethyl 2-benzyl-ACHTUNGTRENNUNGoxyacetate (2 a) and 2-naphthol (3 a), giving an improved
68 % yield.[12]

Coumestrol is the most important member of the coume-
stan family of phytochemicals[13] containing a 6 H-benzofuro-ACHTUNGTRENNUNG[3,2-c][1]benzopyran-6-one skeleton.[14] The group comprises
hundreds of molecules with different oxygenation patterns.
The coumestans are found in a variety of plant species that
are commonly used in traditional medicine. They exhibit a
range of biological activities, including estrogenic,[14,15] anti-
bacterial, antifungal, and snake anti-venom[16] activities and
phytoalexine effects.[17] Among the coumestans, coumestrol
1 is an important dietary ingredient that is found not only in
forage plants, but also in cabbages and soybeans;[18] its role

in human nutrition has thus been studied comprehensive-
ly.[14],[19]

In vitro studies found that coumestrol bind to estrogen re-
ceptors (ERs),[20] ERa and ERb. These two subtypes of the
receptor, which belong to the nuclear hormone family of in-
tracellular receptors, play essential roles not only in devel-
opment and maintenance of normal sexual and reproductive
function but also in the progression of cancer and other dis-
eases.[21] Importantly, whereas the natural estrogen, 17a-es-
tradiol (E2, Figure 1) binds to both ER subtypes with similar

affinity, the phytoestrogen coumestrol (1, Figure 1) binds
with essentially the same affinity as E2 to ERb but with
lower affinity than that for the a-subtype.[22] The ability to
distinguish between the ER subtypes is of high value as it
greatly improves the side-effect profile of a drug. Indeed,
much effort is currently being invested in developing such
selective estrogen-receptor modulators (SERMs).[23–25]

Despite significant potential of coumestrol as a drug, the
absence of an efficient synthetic strategy that can provide
the natural product and its unnatural analogues in sufficient
amounts for biology studies has frustrated any further devel-
opments. Several total syntheses of coumestrol have been
reported (see Scheme 2),[26] but these usually involve multi-
step syntheses, which afford only small quantities of the nat-
ural product, leaving the production problem unsolved.[26a,b,d]

The synthesis of other members of the coumestan family has
also been documented,[17b, 27] and recently an efficient ap-
proach for the synthesis of coumestans was developed by
Du and Zhao.[28]

Scheme 1. Iron-catalyzed oxidative coupling of phenols and b-ketoesters.
Reagents and conditions: FeCl3 (10 mol %), 1,10-phenanthroline
(5 mol %), DTEP (2.5 mmol), DCE, 70 8C

Figure 1. The structure of coumestrol (1) and 17a-estradiol (E2).

Scheme 2. Selected total syntheses of coumestrol (1).
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Here, we report the first application of iron-based CDC
chemistry in the context of natural product synthesis. A di-
versity-oriented synthesis for a library of coumestrol-based
SERMs was developed utilizing a modified aerobic iron-cat-
alyzed coupling reaction of b-ketoesters and phenols. The
work included a gram-scale total synthesis of coumestrol
itself. The estrogenicity of the different coumestrol ana-
logues that were synthesized was evaluated by testing their
effects on the proliferation of two breast cancer cell lines,
the ER-dependent MCF-7 line and the ER-independent
MDA-MB-231 line. It was found that new coumestrol ana-
logues, having either an 8- or a 9-NHAc group instead of
the 9-OH group of coumestrol, exhibited high potency
against the MCF-7 cell line.

Results and Discussion

The synthetic work in this project was started by developing
an efficient entry to the coumestan family. Our retrosynthet-
ic analysis of coumestrol is illustrated in Scheme 3. The

strategy was based on our prediction that the coumestan
structural motif could be synthesized from the correspond-
ing benzofurans 6 through sequential demethylation and lac-
tonization steps, with the latter may be prepared by using
iron-catalyzed CDC reactions between ethyl 2-benzoylace-
tate 2 c and 3-methoxyphenol (3 c).

Our two-step total synthesis of coumestrol (1) started
with the iron-based cross-coupling reaction of ethyl 2-(2,4-
dimethoxybenzoyl)acetate (2 c, 1 equiv) and 3-methoxyphe-
nol (3 c, 1.1 equiv), both commercially available,[29] by using
FeCl3 (10 mol %) and 2,2’-bipyridine (5 mol %) as addi-
tives[30] and DTBP (2.5 equiv) as the oxidant, in DCE (0.5m)
at 70 8C for 8 h (Scheme 4). Under these conditions, benzo-
furan 6 was obtained in a moderate 59 % yield. The conver-
sion of benzofuran 6 to coumestrol 1 was carried out by
using a one-pot protocol: First, removal of the methyl
groups (BBr3, 6 equiv, CH2Cl2, RT, overnight) afforded the
intermediate 6’ (not isolated). Thereafter, by switching the
solvent to boiling ethanol, the lactonization step was accom-
plished, and the resulting insoluble yellowish solid was fil-
tered off to afford pure coumestrol (1) in 97 % yield. To

demonstrate the possibility of scaling up this method, a
gram-scale (10 mmol) synthesis of coumestrol was success-
fully accomplished; over 1.6 g of the natural product was
prepared (in 59 % overall yield) by an undergraduate stu-
dent in as little as three days.

After succeeding in solving the production problem of
coumestrol, we applied our protocol to the synthesis of
other natural members of the coumestan family, namely,
coumestan (20) and 8,9-dihydroxycoumestrol (22)[31] (en-
tries 1 and 3, Table 2). Thus, the coupling reaction between

ethyl 2-(2-methoxybenzoyl)acetate (2 d) and phenol (3 d) af-
forded benzofuran 9 (73 % yield), which was converted to
coumestan in 90 % yield. Compound 22 was synthesized
starting from b-ketoester 2 c and 3,4-dimethoxyphenol (3 f)
in 52 % yield for the two steps. This compound could be
converted to the medicagol natural product in a single syn-
thetic step.[31] Whereas ethyl 2-benzoylacetates having a
single ortho-methoxy group (such as 2 c and 2 d) reacted
well and the method could be applied in the synthesis of

Scheme 3. General retrosynthetic analysis of coumestans

Scheme 4. Total synthesis of coumestrol. Conditions: a) FeCl3 (10 mol %),
2,2’-bipyridine (5 mol %), tBuOOtBu (2.5 equiv), DCE, 70 8C, 8 h, 61 %
yield (gram-scale yield); b) BBr3 (1 m in CH2Cl2), CH2Cl2, 18 h; then
EtOH, 80 8C, 4 h, 97 % yield.

Table 1. Optimization of the CDC reaction of b-ketoester 2c and phenol
3c under oxygen and aerobic conditions.[a]

Entry Conditions Yield[b] [%]

1 FeCl3 (10 mol %), NHPI (5 mol %), O2 61
2 FeCl3 (10 mol %), NHPI (20 mol %), O2 53
3 FeCl3 (10 mol %), O2 63
4 FeCl3 (10 mol %), 2,2’-bipyridine (5 mol %), O2 ACHTUNGTRENNUNG[26][c]

5 FeCl3 (10 mol %), atmospheric air[d] 52

[a] All reactions were carried out with 2c (0.5 mmol) and 3c (0.65 mmol)
in DCE (0.25 m) at 100 8C for 24 h. [b] Yields of the product. [c] Yields
determined by NMR spectroscopy are given in square brackets. [d] 48 h
in DCE or 9 h in toluene. 1,3,5-trimethoxy benzene was used as the inter-
nal standard. NHPI= N-hydroxyphthalimide
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many members of the coumestan family, other ethyl 2-ben-
zoylacetates having two ortho-substituents, such as ethyl 2-
(4-bromo-2,6-dimethoxybenzoyl)acetate and ethyl 2-(6-
bromo-2,4-dimethoxybenzoyl)acetate, which upon successful
coupling could provide an entry to wedelolactone natural
product,[17] were found to be inactive.

Although the coupling of phenols 2 and b-ketoesters 3
provides easy access to variety of coumestrol derivatives,
the reaction requires the use of the hazardous DTBP as the
oxidant.[11,12] Indeed, one of the weaknesses of many of the
CDC reactions is the need for organic oxidants that consti-
tute safety concerns, which are particularly troublesome for
future industrial applications. Since Li and co-workers re-
ported the first example of an iron-CDC reaction in 2007,[32]

most of the transformations developed subsequently have
required the use of organic oxidants such as DTBP
(tBuOOtBu),[33] TBHP (tBuOOH)[34] or 2,3-dichloro-5,6-di-
cyano-1,4-benzoqinone (DDQ).[1c,35] Exceptions are the al-
kylation reaction of 1,3-dicarbonyl compounds and benzylic
substrates in the presence of FeCl2, CuCl, and N-hydroxyph-
thalimide (NHPI) under an oxygen atmosphere[36] and Kat-
suki�s Fe ACHTUNGTRENNUNG(salan) complex, which catalyzes enantioselective
aerobic oxidative cross-coupling reactions of naphthol deriv-
atives.[4,37]

The NHPI/O2 oxidation system was assumed to be a good
solution not only from the safety point of view, but also be-
cause it facilitates more environmentally friendly and eco-
nomical reactions and, in the case of phenol coupling reac-
tions, it should eliminate the Friedel–Crafts alkylation side
reaction that occurs with DTBP and TBHP. The oxidative
abilities of the NHPI/O2 system in hydrocarbon oxidations
has been studied extensively and reviewed,[38] and the ability
of that system to oxidize FeIII to FeIV species in CH oxida-
tion reactions has also been reported.[39] Therefore, it was
logical to explore that direction. Indeed, when ethyl 2-(2,4-
dimethoxybenzoyl)acetate (2 c, 1 equiv) and 3-methoxyphe-
nol (3 c, 1.3 equiv) were mixed in DCE at 100 8C in the pres-
ence of FeCl3 (10 mol%) and NHPI (5 mol %) under an
oxygen atmosphere (O2 balloon), the reaction went to com-
pletion within 24 h, isolating the coupling product 6 in 61 %
yield (Table 1, entry 1). Increasing the amount of NHPI to
20 mol % had a negative effect on the yield (53 %, Table 1,
entry 2). Furthermore, when the reaction was performed in
the absence of NHPI, benzofuran 6 was isolated in a moder-
ate 63 % yield (Table 1, entry 3), which indicates that NHPI
does not play a role in the reaction mechanism. The addi-
tion of 2,2’-bipyridine (5 mol%) to the reaction mixture
slowed down the process, and after 24 h only partial conver-
sion was observed (Table 1, entry 4). To simplify the method
even further, we performed the reaction under air atmos-
phere (open flask). Whereas the reaction in DCE was much
slower and required a longer reaction time (48 h), the reac-
tion in toluene went to completion in only 9 h. In both
cases, the desired coupling product 6 was isolated in 52 %
yield. In addition, the modified conditions were examined
for the coupling of ethyl benzyloxyacetate (2 a) with phenol
(3 d). Previously, the corresponding benzofuran 7

(Scheme 5) was detected in 75 % yield by using NMR spec-
troscopy (FeCl3· ACHTUNGTRENNUNG(H2O)6/DTBP catalytic system), however it
was contaminated with Friedel–Crafts alkylation byproducts.

As a result, a pure compound 7 could only be obtained by
preparative-HPLC separation and in an unreported yield of
the isolated product.[11] Under our modified aerobic cou-
pling conditions benzofuran 7 was isolated in 55 % yield.
Moreover, sensitive phenols, such as 2-methoxyphenol (3 e,
Scheme 5), which had failed to react when DTBP was used
as the oxidant, now became a suitable partner; benzofuran 8
was obtained in 24 % yield.

Encouraged by the success of our syntheses, we shifted
our attention to the synthesis of unnatural coumestrol ana-
logues suitable for a structure–activity relationship study.
Based on preliminary biology results (see below), 2-benzy-
loxyacetates 2 c and 2 d were chosen as the coupling partners
for building our library. These b-ketoesters were thus treat-
ed with a variety of phenol derivatives by using the FeCl3/bi-
pyridine/DTBP catalytic system (Table 2). The oxidative
coupling reaction of compounds 2 c and 2 d with phenols
bearing meta and para electron-neutral and electron-rich
substituents (3 c–3 i) afforded benzofurans 9–15 in moderate-
to-good yields (53–77 %; Scheme 4 and Table 2, entries 1–7).
Electron-deficient phenols bearing p-Br (3 j), p-F (3 k) and
p-CF3 (3 l) groups were also found to be good partners, and
benzofurans 16–18 were isolated in 65, 73, and 51 % yields,
respectively. Less-activated phenols, such as 4-cyanophenol,
4-formylphenol and 4-(ethoxycarbonyl)phenol, failed to
react. For comparison reasons, our modified aerobic oxida-
tive coupling conditions were also examined affording the
desired products in moderate yields.

The conversion of benzofurans 9–18 and 19 to the corre-
sponding coumestrol analogues was performed in good-to-
excellent yields by using the deprotection–lactonization pro-
tocol developed for the synthesis of coumestrol (BBr3 in
CH2Cl2, then boiling ethanol). However, initial attempts to
convert benzofuran 18 bearing the trifluoromethyl group af-
forded the 9-ethoxycarbonyl-coumestrol derivative 29 in
84 % yield, as a result of acid-catalyzed alcoholysis of the
acid-sensitive CF3 group.[40] Alternatively, when compound
18 was first deprotected with BBr3 (CH2Cl2, room tempera-
ture) and then heated at reflux in toluene in the presence of
a catalytic amount of triethylamine (50 mol%) for 30 min,

Scheme 5. FeCl3/O2 Oxidative coupling of b-ketoesters with phenols.
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the desired 3-trifluoromethylcoumestrol 30 was isolated in
92 % yield after column chromatography; previous attempts

to prepare CF3-substituted coumestan derivatives by using
different synthetic approaches failed.[28]

Table 2. Synthesis of coumestans (compounds 20–31) through the direct coupling of b-ketoesters (2) and phenols (3).[a]

Entry b-Ketoester Phenol Benzofuran “DTBP”
yield [%][b]

“Aerobic”
yield [%][b]

Coumestan Yield
[%][b]

1 3d 73 – 90

2 2 d 3c 55 34 89

3 3 f 53 – 89

4 2 c 3d 77 – 83

5 2 c 3g 58 51 91

6 2 c 3h 63 – 92

7 2 c 3 i 68 56 93

8 2 c 3j 65 23 85

9 2 c 3k 73 – 97

10 2 c 3 l 51 – 83

11 – – – – – 92[c]

12 2 c 3a 65 – 67

[a] i) “DTBP” conditions: 2 (1 mmol), 3 (1.1 mmol), FeCl3 (10 mol %), 2,2’-bipyridine (5 mol %), tBuOOtBu (2 mmol), DCE (0.5 m), 70 8C, N2 atmos-
phere; “aerobic” conditions: 2 (1 mmol), 3 (1.1 mmol), FeCl3 (10 mol %), DCE (0.5 m), 100 8C, O2 atm; ii) 7, BBr3 (1 m in CH2Cl2), CH2Cl2, RT, then
EtOH, reflux. [b] Yield of the isolated product. [c] Alternative conditions: 18, triethylamine (TEA, 50 mol %), toluene, 70 8C, 1 h.
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Biological evaluation : In parallel to our synthetic effort to
establish the methodology for the synthesis of coumestrol
and coumestrol analogues based on CDC technology, we
sought to utilize the developed chemistry in a structure–ac-
tivity relationship study of 1. For that purpose, molecular-
modeling techniques together with estrogenic response eval-
uations were integrated with our synthetic capabilities.

With the aim of designing a library of SERMs based on
coumestrol, we examined the binding mode of the natural
product in the estrogen receptor ligand-binding site by using
computational modeling techniques. The dimensions of the
ER binding sites, as reflected in many solved crystal struc-
tures,[41] suggest that the recognition of coumestrol takes
place inside the hydrophobic pocket in one of two direction-
ally different binding modes, as presented in Figure 2: either
the 3-hydroxy group or the 9-hydroxy group interacts
through a hydrogen bond with a buried water molecule in
the structurally conserved polar pocket formed by the Glu305

and Arg346 residues (binding models A and B, respectively,
Figure 2). In both cases, several hydrophobic interactions
with surrounding hydrophobic amino acids (such as Leu298

and Phe356) restrict the conformational freedom of the
ligand. Finally, the remaining hydroxyl group can bind at the
end of the cavity with the flexible His475 residue.[41] The two
different binding models represent inverted conformational
arrangements of 1 in the hydrophobic pocket.[42] An X-ray
co-crystal structure of coumestrol complexed to ERa or
ERb would provide the needed evidence as to the preferred
binding form of coumestrol, but such a crystal structure is
not available.

The difference in pKa values of the two hydroxyl groups
(7.5 and 9.1, for the 3- and 9-hydroxyl groups, respective-
ly),[45] the structures of co-crystals of ERa and ERb with
other ER ligands,[43] and the structure of co-crystal of cou-
mestrol with 17b-HSD (17b-hydroxysteroid dehydrogen-
ase)[46] all indicate that the conformation in which the 3-hy-
droxy group interacts with the Glu305 and Arg346 residues
(binding model A) is the more likely of the two options. To
provide support for this premise, the proliferation of the
ER-positive breast cancer line, MCF-7, was evaluated in re-
sponse to exposure to 9-hydroxycoumestan 21 and 3-
hydroxy ACHTUNGTRENNUNGcoumestan 23.[47] Whereas compound 23 exhibited
moderate activity, with an IC50 value of 153 nm (Table 3,
entry 5), 9-hydroxycoumestan 21 was inactive at concentra-
tions lower than 10�6

m (entry 3). Moreover, coumestan 20,
which lack the two-hydroxyl groups, was found to be inac-
tive as well. These results support our hypothesis that the 3-
hydroxy group is important for binding to the ER, and in
terms of structure–activity considerations the 9-hydroxy
group can be removed and replaced with other substituents.

To provide proof that the inhibitory effect of our com-
pounds on MCF-7 breast cancer cells is indeed ER-depend-
ent, all the compounds were tested against the estrogen-in-
dependent MDA-MB-321 breast cancer cell line.[47] Not sur-
prisingly, all tested compounds were found to be inactive
against these cells at wide range of concentrations (from
10�6 to 10�9

m), showing that the activity of our modified

coumestrol derivatives does indeed involve binding to the
ER. Moreover, these results indicate that the tested com-
pounds are not toxic to other cellular processes beyond the
ones that are regulated by the ER. The results for selected
compounds are given in Figure 3.

In this study, we addressed only the estrogenicity of cou-
mestrol derivatives having different substituents at the C8
and C9 positions. The effects of all the compounds on the
proliferation response of the MCF-7 estrogen-dependent
cells was evaluated at different concentrations (10�6 to
10�9

m), and the IC50 values are given in Table 3. The superi-
or anti-proliferative activity of coumestrol over other mem-
bers of the coumestan family[14] is in consistent with our
findings that synthetic coumestans (20–24) having oxygena-
tion patterns that differ from the pattern of coumestrol 1

Figure 2. Schematic representation showing the interactions between cou-
mestrol (1) and ERb-ligand binding domain (LBD) (1U9E).[44] Zoom-in
view of two possible coumestrol binding modes that are dependent on
the hydroxyl location. a) Coumestrol (yellow sticks) is directed by the 3-
hydroxy group (binding model A); b) Coumestrol (pink sticks) is directed
by the 9-hydroxy (binding model B). ERb-LBD is represented as green
sticks and ribbons. Overall, red represents oxygen atoms and blue repre-
sents nitrogen atoms.[44]
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are at least one order of magnitude less active. However,
when the 9-hydroxyl group was replaced with hydrophobic
groups such 8-CF3 (30) or a fused ring, as in naphthocou-
mestrol 31, the estrogenic activity was increased, with IC50

values of 170 and 180 nm, respectively.
The substitution of the 9-hydroxy group of coumestrol

with 8-CO2Et (29), 9-NHAc (25), or 8-NHAc (26) groups
resulted with improved estrogenic activity, with IC50 values
of 58, 30, and 9 nm, respectively. A docking study of 9-acet-
amidocoumestrol (25) into the ligand-binding domain of
ERb (Figure 4) suggests that the NH atoms of the latter

ligand are located in the correct position and orientation to
form a hydrogen bond with the His475 residue. In addition,
hydrophobic interactions can take place between the acet-
amide group of 25 with close hydrophobic amino acid resi-
dues such as Leu476 (�2.5 � distance), Met479 (�2.8 �),

Met295 (�3.1 �), and Thr299 (�3.4 �). Studies of the dock-
ing of compound 26 having an acetamide group at C8 into
the ERb ligand-binding domain showed only poor compati-
bility at the end of the cavity, which suggests that upon bind-
ing a conformational change of the protein must occur.
Indeed, a previous structural study of ERs has shown that
the conformational flexibility of the ER allows it to exist in
a spectrum of conformations, from active to inactive, de-
pending on the nature of the binding ligand.[21b]

Importantly, our results on the inhibitory effect of cou-
mestrol in the proliferation of MCF-7 cells are not in agree-
ment with the observations of Matsumara et al. who report-
ed that coumestrol leads to a concentration-dependent en-
hancement in the proliferation of MCF-7 cells.[49] This dis-
crepancy in the results could be explained by the differences
in the culture conditions used by the two laboratories.

Despite the fact that the incorporation of an amide group
into SERMs seems logical, we could not find any precedents
for such an approach, and we intend to investigate this di-
rection further in the future. Hopefully, in the long-term,
this work will open the way to the development of a new
class of SERMs for the treatment of breast cancer and other
diseases associated with ERs.

Conclusion

This work describes the first application of the CDC strat-
egy in target- and diversity-oriented synthesis. We have de-
veloped an efficient, scalable, economical, and sustainable
synthesis of coumestrol based on aerobic iron oxidative

Table 3. Inhibition of proliferation of MCF-7 breast cancer cells by cou-
mestrol and its derivatives and by synthetic coumestans.[a]

Entry Compound R1 R2 R3 IC50ACHTUNGTRENNUNG[10�9
m][b]

1 1 OH OH H 73�38
2 20 H H H NA[c]

3 21 H OH H NA[c]

4 22 OH OH OH NA[c]

5 23 OH H H 153�12
6 24 OH H OH NA[c]

7 25 OH NHAc H 30�19
8 26 OH H NHAc 9�5
9 27 OH H Br NA[c]

10 28 OH H F 220�51
11 29 OH H CO2Et 58�2
12 30 OH H CF3 170�17
13 31 OH naphthyl 180�42

[a] For experimental details see the Supporting Information. [b] IC50 =

the concentration of the compound that leads to 50 % inhibition of cell
survival �SEM values. [c] NA=not active at concentrations lower than
10�6

m.

Figure 3. The proliferative response of selected compounds on estrogen-
dependent (MCF-7) and estrogen-independent (MDA-MB-231) cells at
10�7

m after 6 days in culture. MCF-7 cells and MDA-MB-231 cells were
cultured in DCS/MEM for 1 week. Cells were plated in 96-well plates
(5,000 cells/well and 2500 cells/well, respectively, in 100 mL of medium),
allowed to attach overnight, and treated the next day (day 0). Cell surviv-
al was quantified by using the thiazolyl blue tetrazolium bromide (MTT)
assay.[48] Data represents the mean of two experiments (four wells for
every treatment in every experiment) �SEM values.

Figure 4. Zoom-in view of 9-acetamidocoumestrol (25) (light-purple
sticks) docked into ERb-LBD (green sticks and ribbons). Red represents
oxygen atoms, and blue represents nitrogen atoms.
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cross-coupling of phenols with ethyl 2-benzoylacetate deriv-
atives. A preliminary SAR study was performed in which
the coumestrol derivatives prepared in this study were
found to inhibit the proliferation of estrogen-dependent
MCF-7 breast cancer cells but not of estrogen-independent
MDA-MB-321 breast cancer cells, suggesting that these
compounds act through the ERs. In addition, the impor-
tance of the 3-hydroxy group for the anti-proliferative activ-
ity was demonstrated, and an improved estrogenic activity
was found when the 9-hydroxy group found in the natural
product was replaced with an acetamide group. Whereas the
inhibitory activity of 9-acetamidocoumestrol (25) of MCF7
cell proliferation was found to be of the same order of mag-
nitude as that of the natural compound coumestrol 1, 8-acet-
amidocoumestrol (26) was about 8 times more active than 1.

As part of the interest of our group in developing new
methods for the functionalization of phenols based on
copper and iron oxidative coupling reactions, we intend to
further apply the developed chemistry in the diversity-ori-
ented synthesis of phenolic compounds of pharmacological
interest. In addition, structure–activity analysis of com-
pounds 25 and 26 and others in the ER ACHTUNGTRENNUNG(a and b) ligand-
binding domains, assessment of the selectivity for ER subu-
nits of the new class of SERMs and further study of their
mode of action are also part of our ongoing medicinal-
chemistry program.

Experimental Section

Ethyl-2-(2,4-dimethoxyphenyl)-6-methoxybenzofuran-3-carboxylate (6):
A stirred solution of ethyl 3-(2,4-dimethoxyphenyl)-3-oxopropanoate
(2 g, 7.94 mmol, 1 equiv), 3-methoxy phenol (1.08 g, 8.73 mmol, 1 equiv),
and FeCl3 (0.13 g, 0.8 mmol, 0.1 equiv) in 1,2-dichloroethane (0.5 m)
under an oxygen atmosphere was heated to 100 8C for 24 h. The mixture
was cooled to room temperature, quenched with saturated NaHCO3

(10 mL), and extracted with EtOAc (3 � 10 mL). The combined organic
layer was washed with saturated NaHCO3 (10 mL) and water (10 mL)
and dried over Na2SO4. The solvent was filtered and removed under re-
duced pressure, and the residue purified by flash column chromatography
over silica gel (ethyl acetate/hexanes, 1:4) affording compound 6 (1.72 g,
63%) as a white solid. 1H NMR (400 MHz, CDCl3): d=7.88 (d, J=

8.6 Hz, 1 H), 7.48 (d, J =8.5 Hz, 1 H), 7.04 (d, J =2.2 Hz, 1 H), 6.96 (dd,
J =8.6, 2.2 Hz, 1H), 6.59 (dd, J=8.5, 2.2 Hz, 1H), 6.54 (d, J =2.2 Hz,
1H), 4.3 (q,J =7.1 Hz, 2H), 3.86 (s, 3 H), 3.85 (s, 3 H), 3.79 (s, 3H),
1.29 ppm (t, J =7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=164.0,
162.4, 158.9, 158.1, 157.6, 154.9, 132.3, 122.0, 120.0, 112.5, 112.2, 110.3,
104.3, 98.6, 95.6, 60.1, 55.6, 55.5, 55.4, 14.2 ppm; IR (KBr): ñ =1700.9,
1623.8, 1500.4 cm�1; HRMS (ESI): m/z calcd for C20H21O6: 357.1332
[M+H]+ ; found: 357.1323.

Coumestrol (1): A solution of BBr3 (1 m in DCM, 29 mL, 0.029 mol) was
added dropwise to a stirred solution of benzofuran 6 (1.72 g, 4.83 mmol)
in dry CH2Cl2 (50 mL) at 0 8C under a nitrogen atmosphere. The mixture
was allowed to warm to room temperature and further stirred overnight.
After quenching the reaction with EtOH (1 mL), the volatiles were re-
moved under reduced pressure, and the residue was dissolved in EtOH
(5 mL). The mixture was heated at reflux for 3 h until TLC showed com-
plete conversion. The mixture was cooled to room temperature and the
desired product was filtered off, washed with EtOH (1 mL) and dried
under vacuum, affording coumestrol (1.26 g, 97 %) as a yellow solid.
1H NMR (400 MHz, [D6]DMSO): d=10.71 (s, 1H), 10.04 (s, 1H), 7.85
(d, J=8.1 Hz, 1H), 7.68 (d, J =8.5 Hz, 1H), 7.16 (d, J =2.0 Hz, 1H),

6.86–6.98 ppm (m, 3 H); 13C NMR (100 MHz, [D6]DMSO): d=161.7,
160.1, 158.2, 157.5, 156.5, 155.2, 123.3, 121.2, 115.1, 114.6, 114.3, 104.7,
103.6, 102.6, 99.2 ppm.
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Aerobic Iron-Based Cross-Dehydro-
genative Coupling Enables Efficient
Diversity-Oriented Synthesis of
Coumestrol-Based Selective Estrogen
Receptor Modulators

Green medicinal chemistry : An iron-
based cross-dehydrogenative coupling
(CDC) approach was applied for the
diversity-oriented synthesis of coumes-
trol-based selective estrogen receptor

modulators (SERMs), representing the
first application of CDC chemistry in
natural product synthesis (see scheme;
DCE= dichloroethane).
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