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Introduction

The estrogen receptors ERa[1] and ERb[2] are ligand-inducible
transcription factors that belong to the nuclear hormone re-
ceptor superfamily.[3] ER activation or inhibition influences the
growth, differentiation, and physiological function of several
organs, such as the reproductive tract,[4] bone,[5] liver,[6] and car-
diovascular system.[7, 8] Selective ER modulators (SERM) like ra-
loxifene (RAL) or tamoxifen (TAM) are used as partial ERa an-
tagonists in the therapy of osteoporosis and hormone-depen-
dent ERa-positive breast cancer, respectively.

Despite their unquestionable benefits, SERMs may cause se-
rious side effects, including thromboembolisms and endome-
trial cancer,[9] emphasizing the importance of the search for
new derivatives. Over the past years, several substituted het-
erocycles have been synthesized with the aim of developing
ERa/ERb-selective compounds or substances with tissue-selec-
tive activity. Another approach was the design of drugs (type II
estrogens) with an ER binding mode different from that of es-
tradiol (E2, type I estrogen),[10, 11] resulting in the recruitment of
other co-activators or co-repressors.

The binding mode of type I estrogens at ERa is well known
from X-ray studies of estradiol (E2) and diethylstilbestrol (DES),
for example, enabling the determination of a structure–activity
relationship (SAR) for gene activation. In addition to a flat hy-
drophobic skeleton, two hydroxy groups should be present
within an O�O distance of 10.9–12.5 �. These moieties interact
with the amino acids Arg 394/Glu 353, and His 524 within the
ligand binding domain (LBD) of ERa. Type II estrogens, such as
4,5-bis(4-hydroxypheny)-2-imidazolines,[11] (Scheme 1 a) are an-
gular compounds, preventing the possibility of contact with
His 524. Instead, hydrogen bridges to Tyr 347 or Asp 351 in the
LBD side channel are proposed.[10–12]

Conversion of the 4,5-bis(4-hydroxypheny)-2-imidazolines to
4,5-bis(4-hydroxyphenyl)imidazoles[13] (Scheme 1 b) increased
the distance between the hydroxy groups from 5.1 � to 8.8 �
and reduced the hormonal activity. Chlorine substituents on
the aromatic rings, as well as N-alkylation, counteract these ef-
fects.[14] However, an attempt to increase the ER activation by
introducing a third phenol ring (Scheme 1 c) to enable an E2-
like type I binding mode[15, 16] was unsuccessful.

The related 2,4,5-tris(4-hydroxyphenyl)imidazoles were only
weak ER agonists, which may be the consequence of nitrogen
atom arrangement in the heterocycle in relation to the phenol
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substituents. Analogously substituted pyrazoles exhibited high
affinity for the ER.[16] 1,3,5-Tris(4-hydroxyphenyl)-4-propyl-1H-
pyrazole PPT (Scheme 1), the
most hormonally active com-
pound of this class, exhibited a
410-fold ERa selectivity.[17]

These findings led us to syn-
thesize 1H-pyrroles and investi-
gate their stability in aqueous
solution. The N-position, in rela-
tion to the aryl ring substituents
on the heterocycle, was selected
from the position in PPT result-
ing in type A or type B pyrroles
(Scheme 1). In this paper, we fo-
cused our attention on type A
pyrroles and attempted to opti-
mize their ER binding affinity
using C3- or C3/C5-dialkyl
chains.

Results and Discussion

Chemistry

The synthesis of type A pyrroles
with a C3-alkyl chain started
from the reaction of 4-methoxy-
methylbenzoate and 4-methoxy-
phenylethanone in DMSO.[18] The
resulting diketone 1 was C-alky-
lated (2 b–d) with 1.1 equiv of

the appropriate iodoalkane and potassium tert-butanolate in
THF.[19] Reaction of 1 or 2 b–d with 2-aminodiethylmalonate in
boiling acetic acid led to pyrrole ring closure (3 a–d) in a modi-
fied Fischer–Fink synthesis.[20, 21] Ester hydrolysis and decarboxy-
lation in boiling ethylene glycol with KOH as base yielded pyr-
roles 4 a–d which were N-arylated (5 a–d) in an Ullman-like re-
action in DMF employing cuprous iodide and l-proline.[22, 23]

The final ether cleavage (6 a–d) was performed with BBr3 in
CH2Cl2 at 0 8C (Scheme 2).

1-(4-Methoxyphenyl)pentan-2-one (8), a synthon for type A
pyrroles with various alkyl chains at C3 and a propyl moiety at
C5, was obtained from the reaction of 4-methoxyphenyl acetyl
chloride with N-methyl-N-methoxyammonium hydrochloride
(7) and subsequent reaction with propylmagnesium bromide.
This reaction sequence enables the production of ketones by
Grignard reaction (Scheme 3).[24] It was proposed that a stable
metal chelate is formed which keeps the ketone from reacting
to the corresponding tertiary alcohol. This makes it possible to
synthesize ketones from carboxylic acids.[25]

The a-bromoketones (10 a–c) were obtained by Friedel–
Crafts acylation of anisole with the respective acyl chloride and
subsequent bromination. Reaction of 8 with the appropriate a-
bromoketone[26] (10 a–c) at �78 8C resulted in the formation of
1,4-diketones 11 a–c,[27] which underwent ring closure in acetic
acid using p-anisidine (Scheme 3). Ether cleavage was carried
out using boron tribromide.

Scheme 2. Synthesis of type A pyrroles with a C3-alkyl chain. Reagents and conditions : a) dry DMSO, approx. 8 8C,
NaH; b) reflux, dry THF, tert-BuOK; c) reflux, acetic acid; d) ethylene glycol, KOH, 185 8C, 1 h; e) CuI, dry DMF,
140 8C, 3 days; f) dry CH2Cl2, BBr3, 0 8C.

Scheme 1. Structural formulae for substituted heterocycles as ER ligands.
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Stability studies

Some pyrroles are known to be sensitive towards oxidation, so
we determined the stability of selected compounds in phos-
phate buffered saline (PBS) using HPLC methodology. Stock
solutions in methanol (10�2

m) were diluted with PBS to a final
concentration of 5 � 10�5

m, which were incubated at 37 8C in
the dark to imitate cell culture conditions.

The stability of 6 b–d and 13 a–c (followed over ~200 h; see
Experimental Section for details) was dependent on substitu-
ents of the heterocycle. Degradation by Diels–Alder reactions
with oxygen or photochemical reactions, for example, is very
complex and follows pseudo first-order kinetics.[28, 29, 30, 31] The
half-life of all compounds (Table 1) was calculated from the
peak area over incubation time correlations as depicted in
Figure 1 for 6 b and 13 c. Alkyl chains influenced the stability
as well, with dialkylated compounds degraded to a higher
degree than their monoalkylated congeners. Furthermore,
ethyl- and propyl-substituted pyrroles were more stable than
their methyl derivatives (see Table 1).

The degradation products 6 b-1 (tR = 3.10 min) and 6 b-2
(tR = 4.54 min) were able to be isolated using semipreparative
HPLC for characterization by NMR, IR, and mass spectrometry.
Compound 6 b-1 showed a molecular peak in the ESI-TOF
spectra at m/z = 374.1447, indicating the addition of one
oxygen to 6 b (m/z = 358.1483). In the IR spectra, a strong
band at 1660 cm�1 appeared, characteristic of an amide bond
carbonyl. 1H NMR spectra indicated the presence of all AA’BB’
systems of the phenolic rings (Figure 2). The pyrrole proton
C5-H (H1) located at d= 6.92 (6 b) was shifted to the region of
an alkene bond H (d= 5.63). The influence on the CH3 group
was relatively low (shift from 2.06 to 1.83 ppm).

The ESI-TOF mass chromatogram showed the peak for 6 b-2
at m/z = 404.1544, signifying an additional m/z of 46 as com-
pared to 6 b. In the 1H NMR spectra of 6 b-2, the AA’BB’ sys-
tems were arranged similarly to those found for 6 b-1. The C5-
H was not detected, while a new singlet (3 H) appeared at d=

3.22.
To the best of our knowledge, only one previous publication

details the decomposition of a pyrrole with both alkyl and aryl
residues.[32] Wasserman and Miller analyzed the stability of 1-
methyl-2,3,5-triphenylpyrrole and identified the cis-dibenzoyl-
styrenoxide as an oxidation product (Scheme 4). When the ni-
trogen was phenyl-substituted, the oxidation product did not
decompose to the 1,4-diketone but rather remained as the
phenylimine intermediate (Scheme 4). Such decomposition
products were not identified in the LC-MS spectra of 6 b. Fur-
thermore, NMR and IR spectra of 6 b-1 and 6 b-2 indicated the
absence of an aldehyde or epoxide functionality, respectively.
Therefore, another mechanism of decomposition is likely.

Table 1. Half life (t1=2
) of compounds 6 b–d and 13 a–c.

Residue Compd t1=2
[h] Compd t1=2

[h]

Methyl 6 b 140 13 a 33
Ethyl 6 c 211 13 b 66
Propyl 6 d 169 13 c 56

Scheme 3. Synthesis of type A pyrroles with C3/C5-alkyl chains. Reagents
and conditions : a) dry CH2Cl2, 0 8C, pyridine, 1 h; b) dry THF, 0 8C, 3 h; c) dry
CH2Cl2, 0 8C, AlCl3 ; d) dry diethyl ether, 0 8C, 1 h; e) dry THF, �78 8C, KHMDS
solution; f) acetic acid, reflux, p-anisidine, 3 h; g) dry CH2Cl2, BBr3, 0 8C. *9a
(4-methoxypropiophenone) was commercially available.

Figure 1. Diagram of the percentage of original peak area (�SD of three
separate experiments) over time for compounds 6 b (*) and 13 c (&) ; see
Experimental Section for HPLC method.
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Pyrroles are electron-rich heterocycles that can react with
oxygen in a Diels–Alder reaction to form labile endoperox-
ides,[33, 34] which can be transformed back to pyrroles and mo-
lecular oxygen or undergo ring opening by solvent molecules
or intramolecular rearrangement.[35] Under the conditions used
to analyze 6 b, methanol and water were shown to be present.
Indeed, compound 6 b-2 appears to be a methanol adduct

(OCH3 group at d= 3.22). After nucleophilic attack at C5, the
endoperoxide was transformed into a hydroperoxide, which
subsequently eliminated water to form 6 b-2 (Scheme 5). The
related C5-OH derivative of 6 b-2 (m/z = 390.1400) was detect-
ed in LC-MS studies as well, but isolation of this compound
was unsuccessful.

Another potential mechanism for the building of 6 b-1 in-
volves ring opening of the endoperoxide by an intramolecular
electron pair shift, resulting in C2- or C5-hydroperoxides that
are transformed in the following step to the corresponding al-
cohols.[36, 37] The resulting aminals are stabilized by a hydride or
aryl shift, accompanied by oxidation of the hydroxy group to a
carbonyl. Of the possible products 6 b-1, 6 b-1 a, and 6 b-1 b,
only 6 b-1 was able to be isolated and spectroscopically char-
acterized.

LC–MS analysis (ESI-TOF) of the decomposition products
(peak a–f) of 13 c indicated three peaks (a–d) with m/z =

460.2103 and two peaks (e and f) with m/z = 426.2050 and
428.2215, respectively. Following the studies of Wasser-
man,[32, 38] the decomposition products depicted in Figure 3
could be generated, with m/z values in correlation with those
found in LC–MS experiments. Peak e corresponds to the origi-
nal compound 13 c.

The proposed degradation modes discussed above, begin-
ning in each case with a Diels–Alder reaction of the pyrrole

Figure 2. 1H NMR spectra of 6 b and its decomposition products 6 b-1 and 6 b-2 (in [D6]DMSO).

Scheme 4. a) Decomposition of 1-methyl-2,3,5-triphenylpyrrole.[28] b) Decom-
position of 1,2,3,5-tetraphenylpyrrole, both isomers are formed.
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with singlet oxygen (1O2), generated from triplet oxygen (3O2)
by photo- or heat-activation, was confirmed by incubation of
6 b under O2-free conditions. HPLC analysis demonstrated no
degradation over an incubation time of 200 h (data not
shown) after degassing the aqueous solutions in an ultrasound
bath and purging with dry argon for 10 min. Further support is
shown by the lower stability of C3/C5-dialkylated type A pyr-
roles (13 a–c). The additional alkyl chain raised the electron
density at the diene and enhanced the kinetic reaction with
1O2. This finding is the subject of a current SAR study using
electron withdrawing groups at pyrrole carbons to stabilize
the pyrrole core. In this context, it should be mentioned that
type A pyrroles fulfill the requirements for photosensitizers

(they have conjugated p-electron systems and are, to
a certain degree, rigid) and thus facilitate their own
decomposition.

Biological activity

Transactivation assays: MCF-7/2a cells

Hormone-dependent, ERa-positive MCF-7 breast
cancer cells were stably transfected with the reporter
plasmid EREwtcluc (MCF-7/2a cells)[39] to study ERa-as-
sociated transcription activation in hormone-compe-
tent cells. U2-OS cells transiently transfected with the
plasmid pSG5-ERa (U2-OS/a), or pSG5-ERb FL (U2-
OS/b) and the reporter plasmid p(ERE)2-luc+ , were
used to evaluate ER subtype selectivity.[40] The trans-
activation and intrinsic activity (IA) of type A pyrroles
with only a C3-alkyl chain (6 a–d) at 10 mm in MCF-7/
2a cells increased in the order R = H (6 a ; EC50>

10 000 nm ; IA = 27 %) <methyl (6 b ; EC50 = 440 nm ;
IA = 68 %) <ethyl (6 c ; EC50 = 140 nm ; IA = 96 %) <

propyl (6 d ; EC50 = 70 nm ; IA = 99 %) (Figure 4 and
Table 2). Introduction of a second alkyl chain at C5
(13 a–c) led to compounds which exhibited maxi-
mum transcription at 1 mm. This transcription de-
creased at higher concentrations (Figure 4), which is
likely due to reduced cell mass at 10 mm, as these
compounds more strongly inhibited the growth of
MCF-7 cells (see below, “inhibition of cell growth”)
than did their monoalkylated congeners.

Transactivation assays: U2-OS cells

Performing the same experiments with U2-OS/a cells
indicated a higher sensitivity towards hormones. E2
was 25-fold more active in this assay (EC50 (ERa) =

0.004 nm). Again, maximum effect was achieved with
ethyl and propyl derivatives 6 c and 6 d (EC50 = 1.1
and 1.6 nm, respectively). Interestingly, and contrary
to results obtained in MCF-7/2a cells, dialkylated
compounds 13 a–c induced gene activation in a
chain length-dependent manner (ERa, Table 2):
methyl (13 a ; EC50 = 45 nm) <ethyl (13 b ; EC50 =

27 nm) <propyl (13 c; EC50 = 20 nm). Compounds 6 a–d were
inactive against U2-OS/b cells and did not induce ERb activa-
tion, indicating high ERa selectivity. An additional alkyl chain
at C5 led to a complete loss of ER subtype selectivity (Table 2).

To explore the potential participation of oxidation products
6 b-1 and 6 b-2 on the transcriptional activity of 6 b, they were
also tested in MCF-7/2a cells. As depicted in Figure 5, 6 b-2
was completely inactive, and 6 b-1 possessed estrogenic activi-
ty but to a lower extent (EC50 = 4700 nm) than 6 b. Therefore,
the effect of degradation products on transcriptional activity
cannot be excluded. However, based on the stability studies
mentioned above, application of the compounds was carried
out in such a way that degradation was minimized (freshly pre-

Scheme 5. Proposed decomposition of 6 b.
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pared oxygen-free stock solutions and concentrations lower
than 10 mm).

Binding affinity

To gain more insight into the mode of action, competition of
the pyrroles for the [3H]E2 binding site was evaluated in a hy-
droxylapatite (HAP) assay using hERa and hERb (Table 3). Sub-
type selectivity observed in the cellular systems could not be
confirmed with purified ER proteins for 6 b and 6 c. Both com-
pounds weakly displaced [3H]E2 from the ligand binding

domain (LBD) of both subtypes.
In contrast to the C3-methyl
(6 b) and C3-ethyl (6 c) deriva-
tives, C3-H (6 a) and C3-propyl
(6 d) analogues did not compete
with [3H]E2 for the binding site
in ERb at the concentrations
used. An additional C5-alkyl resi-
due at 6 d reduced the relative
binding affinity (RBA) at ERa to
about 0.15–0.30 % without in-
creasing affinity for ERb (13 a–c).
The higher ERa activity of PPT
compared to 6 d, as determined
in cellular assays, was confirmed
in the HAP assay, however with
only a fivefold difference in the
RBA values [RBA(PPT) = 10.14 %;
RBA(6 d) = 1.85 %].

As the compounds strongly
activated ERa transcription but
only weakly competed with
[3H]E2, it is unclear at this stage
whether the compounds exert
their effects at the receptor pro-
tein. It is possible that the pyr-
roles interact with ERa/b hetero-
dimers, as these are not tested
in our binding assay. Other pos-
sibilities include interaction with
one of the ER coregulators, or
binding at an ER domain other
than the LBD. Additionally, the
compounds may be type II estro-
gens, in which case their differ-
ent binding mode would explain
the very weak binding affinities
in the [3H]E2 displacement assay.
Currently, docking studies are
under way to explore the rea-
sons for the difference in bind-
ing at ERa/b.

Inhibition of cell growth

Because of the results in MCF-7/2a cells, all compounds were
tested for growth inhibitory effects against hormone-depen-
dent MCF-7 and hormone-independent MDA-MB-231 breast
cancer cells. As expected, dialkylated pyrroles (13 a–c, IC50 = 6–
10 mm) influenced the growth of MCF-7 cells more effectively
than their monoalkylated congeners (6 b–d, IC50 = 28–33 mm)
(Table 4). Nearly identical results in hormone-insensitive MDA-
MB-231 cells suggested an ER-independent interference in cell
growth. Interestingly, 6 b was nearly three times more toxic in
MDA-MB-231 cells than in MCF-7 cells.

Figure 3. Possible decomposition products of 13 c.

Table 2. Transactivation of compounds 6 a–d and 13 a–c as compared to estradiol (E2) in luciferase reporter
assays with MCF-7/2a cells and U2-OSa/b cells.

MCF-7/2a U2-OS/a U2-OS/b
Compd IA [%][a] EC50 [nm] IA [%][c] EC50 [nm] IA [%] EC50 [nm]

E2 100 0.1 100 0.004 100 0.01
6 a 27�2 >10 000 42 n.a. 5 –
6 b 68�1 440 107 16 5 –
6 c 96�8 140 88 1.1 3 –
6 d 99�18 70 111 1.6 0 –
13 a 34�9[b] n.a. 85 45 53 n.a.
13 b 58�6[b] n.a. 76 27 88 37
13 c 61�3[b] n.a. 125 20 103 20
PPT 97�6 3 119 0.1 5 –
6 b-1 68�15 4700 n.d. n.d. n.d. n.d.

[a] at 10 mm. [b] at 1 mm. [c] at 1 mm. Estradiol is defined as 100 %. –: no estrogenic activity; IA: intrinsic activity ;
n.a. : not applicable due to growth inhibitory effects; n.d. : not determined. For MCF-7/2a cells, the mean values
are given �SD of three independent determinations performed in quadruplicate. For U2-OS cells transiently
transfected with ERa or Erb, values represent the mean of three independent determinations (SD is <20 %).
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Conclusions

Type A pyrroles were synthesized and analyzed for stability in
aqueous solution (comparable to cell culture conditions) as
well as for gene activation in ERa-positive MCF-7/2a cells and
in U2-OSa/b cells. Alkyl chains at C3/C5 determined the stabili-
ty and the biological effects. C3-alkyl derivatives were more
stable than C3/C5-disubstituted type A pyrroles and activated
the ER protein to a higher extent. Therefore, it is necessary to
increase stability and to exclude possible degradation in cell
culture experiments. This can be attained by introduction of
electron-withdrawing substituents at the phenolic rings and
changing the N-atom position in relation to the substituents of
the heterocycle. These results will be published in forthcoming
papers.

Experimental Section

General procedures : Solvents were purified according to literature
procedures or purchased in pure form. Syntheses of precursors are
described in Supporting Information. IR spectra (KBr pellets) were
obtained using an ATI Mattson Genesis and 1H NMR using an
Avance DPX 400 spectrometer (Bruker, Karlsruhe) at 400 MHz (in-
ternal standard: TMS). All aromatic d are “apparent” doublets. Ele-
mental analysis was performed on a Vario EL (Elementar, Hanau).
Purity of compounds 6 a–d and 13 a–c was confirmed by elemental

Figure 4. Activation–concentration curves for type A pyrroles. a) Type A pyr-
roles with a C3-alkyl residue, with PPT for comparison. Estradiol, &; 6 a,
c&c ; 6 b, *; 6 c, ~; 6 d, "; PPT, ^; b) Type A pyrroles with C3/C5-
alkyl residues. Estradiol, &; 13 a *; 13 b, ~; 13 c, "; All pyrroles were
tested in a luciferase activation assay using MCF-7/2a cells stably transfected
with plasmid EREwtcluc. The curves are representative examples of one deter-
mination performed in quadruplicate (see Experimental Section for details).

Table 3. Relative binding affinities (RBA) at hERa and hERb as determined
by HAP assay.[a]

Compd RBA [%]
ERa ERb

E2 100 100
6 a 0.56 <0.01
6 b 1.67 0.19
6 c 0.87 0.38
6 d 1.85 <0.01

13 a 0.29 <0.01
13 b 0.15 <0.01
13 c 0.14 <0.01
PPT 10.14 0.53

[a] Values represent the mean of two independent determinations in du-
plicate; results are reproducible within �20 % (see Experimental Section
for conditions).

Figure 5. Estrogenic activity of 6 b-1 (! ) and 6 b-2 (^) as compared to 6 b
(*), estradiol as control : &.

Table 4. Growth inhibitory effects of type A pyrroles against MCF-7 and
MDA-MB-231 cells.[a]

IC50 [mm]
Residue Cell line 6 b–d 13 a—c

Methyl
MCF-7 33.1�2.0 7.9�2.0
MDA-MB-231 12.0�1.5 12.3�0.3

Ethyl
MCF-7 28.3�1.9 10.0�2.8
MDA-MB-231 24.8�1.6 16.4�2.9

Propyl
MCF-7 29.4�2.6 6.3�1.9
MDA-MB-231 26.4�2.6 6.1�0.3

[a] Values represent the mean �SD of three independent determinations
(see Experimental Section for details).
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analysis, with all being >95 % (see Supporting Information). Mass
spectrometry (EI) was performed on a CH-7A (Varian MAT Bremen,
Germany), with ESI–TOF for 13 c, 6 b-1 and 6 b-2 on an Agilent
6210 ESI–TOF (Agilent Technologies, Santa Clara, CA, USA). The sol-
vent flow rate was adjusted to 4 mL min�1 with the spray voltage
set to 4 kV and the drying gas flow rate set to 15 psi (1 bar). All
other parameters were adjusted for a maximum abundance of the
relative [M+H]+ . A Flashscan S12 Microplate Reader (Analytik Jena,
Germany), Wallac Victor2 1420 multilabel counter (Perkin–Elmer,
USA), and Wallac Microbeta TriLux scintillation counter (Perkin–
Elmer, USA) were used.

Synthesis

General method for ether cleavage (Method F, Schemes 2 and 3):
The respective 1,2,4-tris(4-methoxyphenyl)-1H-pyrrole (5 a–d) was
dissolved in 15 mL of dry methylene chloride under inert gas and
cooled to 0 8C. Boron tribromide (BBr3) dissolved in CH2Cl2 (5 mL)
was added slowly, and the reaction mixture stirred overnight at
room temperature. After evaporation of the solvent, redissolving
several times in MeOH, purification of the residue was performed
on silica gel by column chromatography using CH2Cl2/MeOH (9:1).

1,2,4-Tris(4-hydroxyphenyl)-1H-pyrrole (6 a): BBr3 (2.2 mmol,
552 mg) was added to 5 a (0.44 mmol, 170 mg) following Method F
to produce 6 a as a yellow solid (0.4 mmol, 138 mg, 91 %): mp:
119 8C; 1H NMR [(D6)DMSO]: d= 9.60 (s, 1 H, OH), 9.40 (s, 1 H, OH),
9.21 (s, 1 H, OH), 7.40 (d, 2 H, J = 8.6 Hz, ArH), 7.17 (d, 1 H, J = 2.0 Hz,
CH), 7.00 (d, 2 H, J = 8.7 Hz, ArH), 6.92 (d, 2 H, J = 8.6 Hz, ArH), 6.74
(d, 2 H, J = 8.4 Hz, ArH), 6.73 (d, 2 H, J = 8.4 Hz, ArH), 6.63 (d, 2 H, J =
8.6 Hz, ArH), 6.51 ppm (d, 1 H, J = 2.0 Hz, CH) ; MS (EI, 250 8C): m/z
(%) = 343 [M]+ · (100), 293(6), 229(6), 224(15), 172(8), 149(25); IR
(KBr): ñ= 3390 (b,s), 1889(w), 1613(m), 1589(m), 1516/1504(s),
1235(b,m), 1171(m), 1102(w), 836(s), 801(m) cm�1; Anal. calcd for
C22H17NO3·0.8 H2O: C, H, N.

1,2,4-Tris(4-hydroxyphenyl)-3-methyl-1H-pyrrole (6 b): BBr3

(1.9 mmol, 470 mg) was added to 5 b (0.38 mmol, 150 mg) follow-
ing Method F to produce 6 b as a yellow solid (0.24 mmol, 85 mg,
63 %): mp: 119 8C; 1H NMR [(D6)DMSO]: d= 9.44 (s (broad), 3 H, OH),
7.27 (d, 2 H, J = 8.5, ArH), 6.89 (m, 5 H, 4ArH, 1CH), 6.78 (d, 2 H, J =
8.5 Hz, ArH), 6.67 (m, 4 H, ArH), 2.06 ppm (s, 3 H, CH3) ; MS (EI,
230 8C): m/z (%) = 357 [M]+ · (100), 238 (8), 223 (18), 179 (6), 107 (4),
65 (5); MS (ESI-TOF): m/z : 358.1483; IR (KBr): ñ= 3392(b,s), 1887(w),
1613(w), 1565 (w), 1514(s), 1217(b,m), 1171(m), 1101(w),
834,(s) cm�1; Anal. calcd for C23H19NO3·H2O: C, H, N.

3-Ethyl-1,2,4-tris(4-hydroxyphenyl)-1H-pyrrole (6 c): BBr3

(2.4 mmol, 606 mg) was added to 5 c (0.48 mmol, 200 mg) follow-
ing Method F to yield 6 c as a yellow solid (0.35 mmol, 130 mg,
73 %): mp: 98 8C; 1H NMR [(D6)DMSO]: d= 9.46 (s, 1 H, OH), 9.42 (s,
1 H, OH), 9.25 (s, 1 H, OH), 7.26 (d, 2 H, J = 8.5 Hz, ArH), 6.90 (m, 4 H,
ArH), 6.86 (s, 1 H, CH), 6.77 (d, 2 H, J = 8.7 Hz, ArH), 6.67 (d, 2 H, J =
8.6 Hz, ArH), 6.64 (d, 2 H, J = 8.8 Hz, ArH), 2.63 (q, 2 H, J = 7.5 Hz,
CH2CH3), 0.87 ppm (t, 3 H, J = 7.4 Hz, CH2CH3) ; MS (EI, 170 8C): m/z
(%) = 371 [M]+ · (100), 356 (49), 342 (19), 186 (7), 121 (6), 65 (9); IR
(KBr): ñ= 3430(b,s), 1889(w), 1613(m), 1512 (m), 1445(m), 1229(b,s),
1172(m), 1101(w), 835(s) cm�1; Anal. calcd for C24H21NO3·0.5 H2O: C,
H, N.

1,2,4-Tris(4-hydroxyphenyl)-3-propyl-1H-pyrrole (6 d): BBr3

(1.6 mmol, 410 mg) was added to 5 d (0.33 mmol, 140 mg) follow-
ing Method F to yield 6 d as a yellow solid (0.14 mmol, 54 mg,
43 %): mp: 80 8C; 1H NMR [(D6)DMSO]: d= 9.45 (s, 1 H, OH), 9.41 (s,
1 H, OH), 9.25 (s, 1 H, OH), 7.24 (d, 2 H, J = 8.5 Hz, ArH), 6.89 (m, 4 H,

ArH), 6.85 (s, 1 H, CH), 6.76 (d, 2 H, J = 8.6 Hz, ArH), 6.67 (d, 2 H, J =
8.6 Hz, ArH), 6.63 (d, 2 H, J = 8.8 Hz, ArH), 2.46 (t, 2 H, J = 8.0 Hz,
CH2CH2CH3), 1.25 (sextet, 2 H, J = 7.5 Hz, CH2CH2CH3), 0.67 ppm (t,
3 H, J = 7.3 Hz, CH2CH2CH3) ; MS (EI, 170 8C): m/z (%) = 385 [M]+ · (83),
356 (100), 330 (16), 193 (7), 131 (7), 77 (3). MS (ESI-TOF): m/z :
386.1740; IR (KBr): ñ= 3370(b,s), 2955/2928(m), 1886(w), 1613(m),
1562 (m), 1449(m), 1388(b,m), 1229(b,s), 1170(m), 1098(w),
835(s) cm�1; Anal. calcd for C25H23NO3·0.75 H2O: C, H, N.

1,2,4-Tris(4-hydroxyphenyl)-3-methyl-5-propyl-1H-pyrrole (13 a):
BBr3 (3.5 mmol, 888 mg) was added to 12 a (0.71 mmol, 313 mg)
following Method F to yield 13 a as a red solid (0.18 mmol, 0.07 g,
25 %): mp: 86 8C; 1H NMR [(D6)DMSO]: d= 9.55 (s, 1 H, OH), 9.28 (s,
1 H, OH), 9.26 (s, 1 H, OH), 7.09 (d, 2 H, J = 8.4 Hz, ArH), 6.93 (d, 2 H,
J = 8.6 Hz, ArH), 6.85 (d, 2 H, J = 8.5 Hz, ArH), 6.78 (d, 2 H, J = 8.5 Hz,
ArH), 6.68 (d, 2 H, J = 8.6 Hz, ArH), 6.57 (d, 2 H, J = 8.5 Hz, ArH), 2.35
(t, 2 H, J = 7.8 Hz, CH2CH2CH3), 1.87 (s, 3 H, CH3), 1.08 (m, 2 H,
CH2CH2CH3), 0.53 ppm (t, 3 H, J = 7.3 Hz, CH2CH2CH3) ; MS (EI, 50 8C):
m/z (%) = 399 [M]+ · (54), 370 (100), 343 (16), 262 (6); IR (KBr): ñ=
3393(b,s), 2959(m), 1889(w), 1700(s), 1595(m), 1512(s), 1443(s),
1374(s), 1261(b, s), 1171(s), 1101(m), 1044(m), 830(s) cm�1; Anal.
calcd for C26H25NO3·2 H2O: C, H, N.

3-Ethyl-1,2,4-tris(4-hydroxyphenyl)-5-propyl-1H-pyrrole (13 b):
BBr3 (2.0 mmol, 489 mg) was added to 12 b (0.39 mmol, 178 mg)
following Method F to yield 13 b as a reddish orange solid
(0.11 mmol, 0.045 g, 28 %): mp: 121 8C; 1H NMR [(D6)DMSO]: d=
9.52 (s, 1 H, OH), 9.28 (s, 1 H, OH), 9.26 (s, 1 H, OH), 7.09 (d, 2 H, J =
8.4 Hz, ArH), 6.93 (d, 2 H, J = 8.6 Hz, ArH), 6.87 (d, 2 H, J = 8.4 Hz,
ArH), 6.77 (d, 2 H, J = 8.4 Hz, ArH), 6.66 (d, 2 H, J = 8.6 Hz, ArH), 6.57
(d, 2 H, J = 8.5 Hz, ArH), 2.30 (m, 4 H, CH2CH3 and CH2CH2CH3), 1.06
(m, 2 H, CH2CH2CH3), 0.73 (t, 3 H, J = 7.3 Hz, CH2CH2CH3), 0.53 ppm
(t, 3 H, J = 7.3 Hz, CH2CH2CH3) ; MS (EI, 150 8C): m/z (%) = 413 [M]+ ·

(61), 384 (100), 357 (18), 206 (4). IR (KBr): ñ= 3403(b,m), 2960(m),
1891(w), 1610(m), 1512(s), 1443(m), 1374(m), 1342(w), 1230(b,m),
1171(m), 1101(w), 1013(w), 830(m) cm�1; Anal. calcd for
C27H27NO3·2.25 H2O: C, H, N.

1,2,4-Tris(4-hydroxyphenyl)-3,5-dipropyl-1H-pyrrole (13 c): BBr3

(1.6 mmol, 400 mg) was added to 12 c (0.32 mmol, 150 mg) follow-
ing Method F to yield 13 c as a red solid (0.023 mmol, 0.01 g, 7 %):
mp: 115 8C; 1H NMR [(D6)DMSO]: d= 9.52 (s, 1 H, OH), 9.27 (s, 1 H,
OH), 9.25 (s, 1 H, OH), 7.07 (d, 2 H, J = 8.4 Hz, ArH), 6.91 (d, 2 H, J =
8.6 Hz, ArH), 6.84 (d, 2 H, J = 8.5 Hz, ArH), 6.75 (d, 2 H, J = 8.4 Hz,
ArH), 6.64 (d, 2 H, J = 8.6 Hz, ArH), 6.55 (d, 2 H, J = 8.5 Hz, ArH), 2.27
(m, 4 H, CH2CH2CH3 und CH2CH2CH3), 1.06 (m, 4 H, CH2CH2CH3 and
CH2CH2CH3), 0.57 (t, 3 H, J = 7.3 Hz, CH2CH2CH3), 0.51 ppm (t, 3 H,
J = 7.3 Hz, CH2CH2CH3) ; MS (EI, 170 8C): m/z (%) = 427 [M]+ · (64), 398
(100), 371 (17), 213 (5); IR (KBr): ñ= 3399(b,m), 2957(m), 1889(w),
1611(m), 1512(s), 1444(m), 1376(m), 1342(w), 1229(b,m), 1170(m),
1100(w), 1012(w), 828(m) cm�1; Anal. calcd for C28H29NO3·1.5 H2O: C,
H, N.

Analytical data for 6 b-1 and 6 b-2 : 6 b-1: Grey solid; 1H NMR
[(D6)DMSO]: d= 9.57 (s, 1 H, OH), 9.43 (s, 1 H, OH), 9.24 (s, 1 H, OH),
7.35 (d, 2 H, J = 8.6 Hz, ArH), 7.25 (d, 2 H, J = 8.9 Hz, ArH), 7.01 (d,
2 H, J = 8.4 Hz, ArH), 6.82 (d, 2 H, J = 8.6 Hz, ArH), 6.68 (d, 2 H, J =
8.5 Hz, ArH), 6.64 (d, 2 H, J = 8.9 Hz, ArH), 5.63 (s, 1 H, CH), 1.83 ppm
(s, 3 H, CH3) ; MS (EI, 225 8C): m/z (%) = 373 [M]+ · (52), 358 (51), 280
(4), 252 (5), 212 (24), 135 (37), 121 (56); MS (ESI-TOF): m/z :
374.1447; IR (KBr): ñ= 3250(b,s), 2880(m), 1870(w), 1720(m),
1640(s), 1590(s), 1500(s), 1430(s), 1390(m), 1360(m), 1210(b, s),
1155(s), 1100(m), 1130(w), 830(s) cm�1. 6 b-2 : Grey solid; 1H NMR
[(D6)DMSO]: d= 9.65 (s, 1 H, OH), 9.47 (s, 1 H, OH), 9.30 (s, 1 H, OH),
7.42 (d, 2 H, J = 8.5 Hz, ArH), 7.12 (d, 2 H, J = 8.5 Hz, ArH), 7.07 (d,
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2 H, J = 8.8 Hz, ArH), 6.84 (d, 2 H, J = 8.6 Hz, ArH), 6.67 (d, 2 H, J =
8.7 Hz, ArH), 6.61 (d, 2 H, J = 8.9 Hz, ArH), 3.22 (s, 3 H, OCH3),
1.72 ppm (s, 3 H, CH3) ; MS (EI, 250 8C): m/z (%) = 403 [M]+ · (1), 373
(38), 358 (39), 284 (6), 252 (4), 212 (22), 135 (71), 121 (32); MS (ESI-
TOF): m/z : 404.1544; IR (KBr): ñ= 3250(b,s), 2900(m), 1870(w),
1730(m), 1660(s), 1600(s), 1500(s), 1430(s), 1390(m), 1360(m),
1330(m), 1210(b, s), 1190(s), 1150(m), 1030(m), 1010(m), 880(w),
840(s) cm�1.

Stability testing

For HPLC (Bio-Tek Kontron Instruments, Germany) a C18 reverse
phase column (Eurospher 100–5 C18, 250 � 4 mm, Knauer GmbH,
Germany) was used, with water/MeOH (3:7) in an isocratic elution
with a detection wavelength of 265 nm and a flow rate of
0.8 mL min�1 over 20 min. Compounds were dissolved in MeOH
(10�2

m) and diluted with PBS to a final concentration of 5 � 10�5
m.

Compounds were kept at 37 8C and were measured once directly
after dissolving and six more times during the following 195 h.

Biological activity

Cell lines and growth conditions : MCF-7/2a cells, MCF-7 cells, and
MDA-MB-231 cells were maintained as monolayer cultures at 37 8C
in a humidified atmosphere (95 % air, 5 % CO2) in T-25 flasks. U2-OS
cells were maintained as a monolayer culture at 37 8C in humidified
atmosphere (92.5 % air, 7.5 % CO2) in T-25 flasks. Phenol red-free
high glucose DMEM with sodium pyruvate (110 mg L�1), 5 % dex-
tran charcoal-treated FCS (ct-FCS), and 0.5 % geneticin solution was
used as growth media for the MCF-7/2a cells, while l-glutamine
and high glucose DMEM containing sodium pyruvate and 5 % FCS
was used for U2-OS, MCF-7, and MDA-MB-231 cells.

Transactivation assay with MCF-7/2a cells : Four days before begin-
ning the experiment, MCF-7/2a cells were cultivated in DMEM sup-
plemented with ct-FCS (50 mL L�1). Cells from an 80 % confluent
monolayer were removed by trypsinization and suspended to ap-
proximately 105 cells mL�1 in the growth medium mentioned
above. The cell suspension was then cultivated in 96-well flat-bot-
tomed plates at growing conditions (see above). After 24 h, test
compounds were added in concentrations ranging from 10�5–
10�11

m (estradiol 10�7–10�13
m), and the plates were incubated for

50 h. Subsequently, 50 mL of cell culture lysis reagent was added to
each well. After 30 min of lysis at room temperature, 50 mL of the
Promega luciferase assay reagent (Promega, Mannheim, Germany)
were added. Luminescence in relative light units (RLU) was mea-
sured for 10 s using a luminometer. Estrogenic activity was ex-
pressed as the percentage of activation of a 3 � 10�9

m estradiol
control (100 %).

Transactivation assay with U2-OS cells : U2-OS cells were transferred
to DMEM supplemented with ct-FCS 24 h before the start of the
experiment. Cells from a nearly confluent monolayer were split
and seeded in 10 cm Ø Petri dishes at a concentration of 1 �
106 cells per dish at least 24 h prior to transfection. Transient trans-
fection of the cells with 0.05 mg of receptor plasmid pSG5-ERa or
pSG5-ERb FL and 5 mg of reporter plasmid p(ERE)2-luc+ was carried
out after 6 h using 15 mL Fugene 6 (Roche Diagnostics, Mannheim,
Germany) according to the manufacturer’s instructions. After 18 h,
the cells were washed with PBS, harvested by trypsinization, and
seeded in white 96-well plates at a concentration of 104 cells per
well in 100 mL of ct-DMEM. After 3 h, the medium was replaced by
medium containing either E2 or test compounds in final concentra-
tions ranging from 0.1 pm–10 nm (E2) or 0.1 nm–10 mm (test com-

pounds). After 18 h incubation, medium was removed and cells
were lysed and luciferase activity assayed as described above.

Estrogen receptor binding: recombinant ERa/ERb (HAP assay): An
ethanol solution (250 fmol mL�1) of recombinant human estrogen
receptor (hERa or hERb, Calbiochem) was diluted with Tris-HCl
buffer, pH 8.0 (1:100). These hERa or hERb preparations were ad-
sorbed on hydroxylapatite pellets (prepared in 10 mmol L�1 of Tris-
HCl buffer, pH 8.0, containing 1 mg mL�1 BSA) which were labeled
with increasing concentrations of the test compounds (10�10–
10�5

m) or [3H]E2 (5 nm, Perkin–Elmer) and were incubated for 3 h
at room temperature. Bound [3H]E2 was then successively extract-
ed with EtOH and aliquots of 200 mL of the ethanol extracts were
transferred to scintillation vials containing 3.5 mL of scintillator
Ecoscint H (National Diagnostics, Atlanta) for radioactivity counting.
All measurements were performed in duplicate. The results (rela-
tive radioactivity) were expressed as the percentage of a solvent
treated control sample. Relative concentrations of compounds re-
quired to reduce the binding of [3H]E2 by 50 % were determined
as their IC50 values. Relative binding affinities were calculated by di-
viding the IC50 of E2 by the IC50 of the respective compound; there-
fore, binding affinities are expressed relative to estradiol (RBA(E2) =

100 %).

Growth inhibition of MCF-7 and MDA-MB-231 human breast cancer
cells : Cells from an 80 % confluent monolayer were harvested by
trypsinization and suspended to approximately 104 (MCF-7 cells) or
7.5 � 103 cells mL�1 (MDA-MB-231 cells). At the beginning of the ex-
periment, the cell suspension was transferred to 96-well micro-
plates (100 mL per well). After cultivating for 3 days under growth
conditions, the test compounds (dissolved in DMEM) were added
in final concentrations ranging from 3.13 mm–50 mm. Control wells
(16 per plate) contained 0.1 % DMSO, which was used for the prep-
aration of stock solutions. Initial cell density was determined by ad-
dition of glutaric dialdehyde to one plate (1 % in PBS; 100 mL per
well). After incubation for three (MDA-MB-231 cells) or four (MCF-7
cells) days, the medium was removed, and glutaric dialdehyde (1 %
in PBS; 100 mL per well) was added for fixation. After 30 min, the
aldehyde solution was decanted and 150 mL PBS per well was
added. The plates were stored at 4 8C prior to staining of the cells
by treating them for 30 min with 100 mL of an aqueous crystal
violet solution (0.02 %). After decanting, cells were washed several
times with water to remove the adherent dye. After addition of
180 mL EtOH (70 %), plates were gently shaken for 3–4 h. Optical
density of each well was measured using a microplate autoreader
at 590 nm.
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