BIO

Selective Estrogen-Receptor Modulators
(SERMs) in the Cyclopentadienylrhenium
Tricarbonyl Series: Synthesis and Biological

Behaviour

Siden Top,” Anne Vessiéres,*™ Pascal Pigeon,”® Marie-Noélle Rager,”
Michel Huché,™ Emmanuel Salomon,™ Claude Cabestaing,”
Jacqueline Vaissermann,”® and Gérard Jaouen*®

A series of organometallic antiestrogens based on the OH-tamox-
ifen (OH-Tam) skeleton and bearing the (1°-CsH,)Re'(CO); unit has
been prepared by using McMurry coupling for the purpose of
studying their biological behaviour. The cyclopentadienylrhenium
tricarbonyl moiety is indeed stable in biological media, compact,
lipophilic and easy to handle. Furthermore, this study allowed us
to select the best candidates for subsequent use as radiopharma-
ceuticals either for imaging or therapy by using appropriate
radionucleides, namely *"Tc and '®Re. In these molecules the
B-phenyl group of OH-Tam has been replaced by the (i7>-
CsH,)Re(CO); moiety, and the length of the dimethylamino side
chain —O(CH,),N(CH;), was varied (n=2, 3, 4, 5 and 8). The com-
pounds 7a-7e were obtained as mixtures of their Z and E iso-
mers, which could be separated by semipreparative HPLC. Unlike
their ferrocene homologues, the compounds do not isomerise in
solution. Structural identification was carried out with NMR spec-
troscopy by using the HMBC and NOE techniques and was con-

Introduction

Despite the widespread occurrence of breast cancer in the
western world, where one woman in eight will be affected
during her lifetime, breast cancer therapy still suffers from seri-
ous deficiencies in available strategies for treatment, and mor-
tality remains close to 30%." The personal and social costs
involved make it imperative to seek novel approaches to treat
the disease. Until recently, two types of breast tumours were
generally recognised: those defined as hormone-dependent, in
which the estrogen receptor is found to be present (ER(+)),
and which make up two-thirds of tumours; and those consid-
ered hormone-independent, in which the estrogen receptor is
not detected (ER(—)), which account for the remaining third of
cases. For ER(+) tumours, adjuvant treatment normally in-
cludes administration of an antiestrogen. In most cases, this
will be tamoxifen (1a, Tam), the most widely used of the anti-
estrogens and the prodrug of hydroxytamoxifen—the active
molecule. However, it is known that one-third of the tumours
will respond to hormone therapy over a long period, another
third will only be responsive for a short period (3-6 months),
and the final third will not respond at all. It is thus evident that
there is a need for new selective estrogen-receptor modulators
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firmed by the X-ray structural determination of (E)-7a (n=2).
These molecules were more lipophilic than OH-Tam (logP,,, =
4.5-6.3) and they were all reasonably well recognized by the two
forms of the estrogen receptor (ERa and ERf3). For example, (Z)-
7b (n=23) has high relative binding affinity (RBA) values of 31%
for ERa. and 16.8% for ERB. The antiproliferative effects of two
pairs of isomers, (Z)- and (E)-7b (n=3) and (Z)- and (E)-7d (n=
5), were studied at a molarity of 1 um on two breast-cancer cell
lines, MCF7 (ERa positive) and MDA-MB231 (ERa negative). These
molecules had an antiproliferative effect on MCF7 cells slightly
higher than that of OH-Tam and no effect on MDA-MB231 cells.
Thus, the antiproliferative effect observed on the MCF7 cells
seemed essentially to be linked to an antiestrogenic effect. Molec-
ular modelling studies have allowed us to rationalise these effects
and select the best compounds for future development of a radio-
active series.

(SERMs) with a different, and possibly broader, therapeutic
range.””

Our understanding of the mechanism of action of estrogens
and antiestrogens has recently undergone substantial evolu-
tion owing to a number of major advances in endocrinology
research, such as i) the discovery of the existence of a second
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Rhenium-Based SERMs

R R
CH,CH, @ CH,CH, O
— (Z+E) — (Z+E)
Fe
OCH,CH,NMe, :d): O(CHjy),NMe,
1a:R=H(Tam) 2 a: R =H; n=2 (Ferrocifen)
1b:R=0H(OH-Tam) 2 b : R = OH; n=3 (OHI[3]-Ferrocifen)

2 ¢ : R = OH; n=4 (OH[4]-Ferrocifen)

estrogen receptor, so that two differentiated receptors, ERa
and ERP, must now be considered; ii) the X-ray structural de-
termination of the ligand binding domain (LBD) of the two re-
ceptors ERa and ERf with estrogens and antiestrogens docked
in the binding site;*' and iii the discovery of two different
mechanisms of gene activation at the DNA level: either via an
estrogen response element (ERE), in which the receptor bound
to its bioligand dimerises and interacts with DNA, or via an ac-
tivated protein (AP1), in which the monomeric receptor bound
to its bioligand interacts with two proteins (Jun and Fos) to
form a complex that binds to DNA.'"'? In the latter case, the
receptor does not bind directly to DNA. Furthermore, the re-
cruitment of coactivators depends on the type of mechanism
and the nature of the target cells. This important multifaceted
breakthrough adds a degree of complexity to the problem,
but conversely also provides the first precise molecular and
supramolecular view of the situation, and allows a reasoned
chemical approach to be attempted.

It should first be borne in mind that, following the recent
breakthroughs, most tumours classed ER(—) as a result of their
lack of ERa have now been shown to contain the second form
of the receptor, (ERP), albeit in lower quantities,"” and it is
possible that tamoxifen-resistant tumours may respond via
ERB, although a precise role for this receptor has not yet been
elucidated despite recent advances.* %

Since breast tumours are usually heterogeneous and tend to
consist of cohorts of both hormone-dependent and hormone-
independent cells, finding a single SERM that can resolve the
problem is clearly going to be very difficult. Other functionali-
ties need to be added to the SERM in the hope of generating
different effects. Accordingly, we decided to use the “gold-
standard” SERM, tamoxifen, as the vector which could be tar-
geted to the receptor binding site, and to add a functional or
potentially functional group to tamoxifen, in this case an orga-
nometallic function, that might lead to an increased range of
applications. In this way we were able to show that in the fer-
rocifen series (Chart 1), complexes such as 2b and 2c are both
antiestrogenic, owing to their conformational effect on ERaq,
and cytotoxic, perhaps via ERp, probably as a result of oxida-
tion of the Fe" group of the ferrocene."” This new approach
produces an antiproliferative effect on breast cancer cell lines,
whether classed as hormone-dependent (MCF7) or as hor-
mone-independent (MDA-MB231), although the latter in fact
contains ERB."® This increased susceptibility of 2b and 2c¢ to
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oxidation may generate a cytotoxic effect at molarities com-
patible with therapeutic use'” and promote apoptosis phe-
nomena." In this context, it was interesting to explore the
effect of attaching other organometallic moieties to a nanovec-
tor based on a tamoxifen skeleton. The CpRe(CO); group
appeared particularly appropriate for this approach, since it is
lipophilic, robust, and small enough in size such that its substi-
tution for the B-phenyl of OH-Tam, the active metabolite of
tamoxifen, would not be expected to unduly inhibit the
modified SERMs’ recognition for their specific receptors.
Furthermore, in the group VIl series, *™Tc is a y emitter, while
'%Re, a radionucleide of Re, is a 90% [ emitter and a 10% vy
emitter. Therefore, incorporation of these elements should
allow the future development of novel organometallic radio-
pharmaceuticals that can be used in both therapy and
imaging.?>%

In this work, we present the synthesis and characterisation
of organometallic SERMs of CpRe(CO); derived from OH-Tam.
We have also included a set of biological tests designed to es-
tablish the potential interest of these molecules as targets for
a future radiopharmaceutical approach, as well as a molecular
modelling study to rationalise the observed effects.

Results
Synthesis and characterisation

Two guiding ideas lie behind the preparation of the products
shown in Scheme 1. Firstly, the metallic element Re is incorpo-
rated into the framework of the OH-Tam skeleton (1b) in the
form of (n*-CsHs)Re'(CO);, a robust, compact and nonbulky or-
ganometallic moiety which is not susceptible to oxidation. Pre-
vious studies have in fact illustrated the interest of the organo-
metallic approach via the chelate route (e.g. N,S, and with
Re"), leading to charged and bulky species that are unstable in
aqueous solution and mask the recognition factors of OH-Tam
for the estrogen receptor.?+%!

In the ferrocifen series, the length of the basic carbon chain
proved to be a major factor in the development of antiprolifer-
ative activity on breast cancer cell lines."” For this reason we
varied the length of the carbon chain in our syntheses from
n=2 to n=8, so as to cover a wide range of products. We
note that a preliminary study with n=4 has already given us a
good first approach to the problem.”?”

The McMurry coupling reaction arguably remains the
method of choice for preparation of alkene derivatives.”®
There are two ways of accessing the desired compounds: the
first strategy is to carry out the coupling reaction between pro-
pionylcyclopentadienylrhenium tricarbonyl with dihydroxyben-
zophenone, and to attach the aminoalkyl chain in the last
step; the second approach is to attach the aminoalkyl chain
onto the dihydroxybenzophenone before carrying out the cou-
pling reaction. Bearing in mind that rhenium is an expensive
metal, and that the reaction to attach the aminoalkyl chain is
not a high-yielding process as a result of the formation of sec-
ondary dialkylated products, it appears preferable to use the
second method. However, the coupling reaction with dihydroxy-
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Scheme 1. Synthesis of the rhenium derivatives of OH-Tam (7a-e; n=2, 3, 5
and 8) by McMurry cross-coupling: i) KH, THF; i) X(CH,),X, THF/DMF; iii) TiCl,/
Zn, reflux; iv) HNMe,/MeOH, 60°C, autoclave. The Z and E isomers are separat-
ed by semipreparative HPLC.

benzophenone bearing the aminated chain does not give
good yields because of the insolubility of the ketone, probably
as a result of the formation of a zwitterion. To avoid this diffi-
culty, we used a halogenated chain instead of the aminoalkyl
chain, and converted the halogenated function to a dimethyl-
amino moiety in the final stage of the synthesis (Scheme 1).

In the first step, 4,4"-dihydroxybenzophenone (3) was mono-
alkylated with the selected halogenoalkyl chain by using the
corresponding dihalide and the monopotassium salt of 3 (pre-
pared by the action of potassium hydroxide). McMurry cou-
pling of the corresponding ketone 4a-e with ketone 5 gave
the alkenes 6a—e in good yield (>60%). These alkenes were
converted to amines 7a-e in an autoclave by treatment with
dimethylamine in methanol at 60°C. Heating at a higher tem-
perature (120°C) led to unidentified aminated by-products
which lowered the yield and were difficult to separate. For 6 a—
d, the bromated compounds were synthesised, and heating at
60°C for 24 h was sufficient to obtain the amines 7a-d. For
6e, the selected halogen is chlorine, and the reaction is much
slower, requiring 3 days at 60 °C.
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The McMurry coupling reaction gave a mixture of Z and E
isomers with a slight excess of the latter. Unlike the ferrocifens,
which interconvert rapidly between the geometric Z and E iso-
mers in solution, particularly in chloroform,"” none of the rhe-
nium complexes synthesised here showed this tendency to iso-
merise. This justified the separation of the isomers by HPLC
with a reversed-phase preparatory column. By using a mixture
of phosphate buffer (pH 7) and methanol of varied composi-
tion according to the isomer pairs, the less lipophilic Z isomer
eluted first from the column. Identification of the Z or E config-
uration of the isomers was carried out by NMR spectroscopy
and confirmed by an X-ray structural determination of (E)-7a.
The HMBC technique was used on the (E)-7b and (E)-7 c iso-
mers to permit definite assignments of the protons and car-
bons. The NOE technique revealed a through-space interaction
between the protons of the cyclopentadienyl ring and the
aromatic protons of the hydroxyl-bearing o’ ring on the one
hand, and an interaction between the protons of the ethyl
group and those of the aminoalkyl-bearing a ring on the
other. The existence of these effects is clear proof of the E con-
figuration of these two isomers. This identification is borne out
by the X-ray structural determination of (E)-7a.

Structure of (E)-7a

Crystallization of (E)-7a from CH,Cl,/hexane produced colour-
less crystals which were suitable for an X-ray structural deter-
mination. (E)-7 a crystallizes in the monoclinic space group P2,/
a. Crystallographic data are collected in Table 1. A representa-
tion of the molecular structure of (E)-7a is shown in Figure 1.

It is interesting to compare the structure of (E)-7a to that of
ferrocifen (2a).'"? The C(1)—C(2) bond length is 1.33(1) A, which
is shorter than that of 2a (1.37(2) A) but similar to that of
tamoxifen (1.34 A for the Z isomer and 1.33A for the E
isomer).” The C(2)-C(1)-C(21) and C(2)-C(1)-C(31) angles are
123.5° and 123.1°, respectively. While 2a showed a little distor-
tion by widening the C(1)-C(2)-C(11) angle (129.0°) and by nar-
rowing the C(1)-C(2)-C(41) angle (115.3°), (E)-7 a exhibits almost
normal values of 124.4° and 120.7°, respectively. It is clear that
cyclopentadienyltricarbonylrhenium has a smaller steric effect
on the o’ ring than ferrocene does in 2a. The C-C distance
values in the double bond are in agreement with the observed
order of ease of isomerisation.2%3"

Biochemical studies

Measurement of the relative binding affinities (RBAs) of the com-
plexes for the estrogen receptors ERa and ERf: The rhenium
complexes 7 a-e were tested as both Z+E mixtures and sepa-
rate Z and E isomers on the two forms of the estrogen recep-
tor ERa (from cytosol and purified) and on the § form of the
receptor (purified), and the values were compared to those
found for OH-Tam (1b). These values are shown in Table 2.

The decrease in global recognition of the organometallic
complexes of rhenium compared to OH-Tam is primarily as a
result of the greater steric hindrance of the CpRe(CO); moiety
relative to the less bulky phenyl group of OH-Tam (see model-
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Table 1. Summary of crystallographic data for (E)-7 a.

octants collected

number of data collected

number of unique data collected
number of unique data used for refine-
ment

R=3||F,|—|F|[/Z]F,]

RWE = {Sw(| F, | — | Fe| )/ SwF3:
absorption correction

extinction parameter
goodness of fit
number of variables
Appin [A7?]

APpax [€A]

Parameter Value

Formula CygH,sNOsRe

M, 644.7

a[A] 13.900(9)

b [Al 12.039(4)

c[A] 16.030(7)

a[°] 90

Bl 102.00(5)

v [°] 90

VA% 2624(2)

z 4

crystal system monoclinic

space group P2,/a

plem™ 47.3

plgem™] 1.63
diffractometer Enraf-Nonius MACH3
radiation Moy, (A=0.71069 A)
scan type /20

scan range [°] 0.8 + 0.345 tg6

6 limits [°] 1-26

T room temperature

0.17; 0.14; —19.19
5636

5142 (R, =0.028)
2763 (F,)2> 30(F,)?

0.0420

0.0498

DIFABS (min=0.88,
max=1)

none

1.12

317

—0.79

1.12

F(max).

RIwW=wI1—((||Fo|—|F||)/60(F )T with w'=1/SrAT,(X) with 3 coeffi-
cients 4.89, —2.13 and 3.45 for a Chebyshev Series, for which X is F./

ling studies below). However, the complexes remain reason-
ably well recognised by the two forms of the estrogen recep-
tor, particularly in the case of 7a, 7b and 7c (n=2, 3 and 4).
As the chain is lengthened, the RBA value declines (in the case
of 7d and 7e; n=5 and 8). In all cases the RBA values of the Z
isomers are higher than those for the E isomers and the Z+E
mixture of the two isomers. This is also observed with OH-Tam.
The difference is more marked when working with the purified
receptors. The RBA values obtained for the E isomers are the
lowest but remain significant with a maximum of over 10% for
(E)-7b (n=3).

Determination of logP,,, values: The lipophilicity (logP,,, value)
of the complexes was determined by reversed-phase HPLC. All
the rhenium complexes have higher logP,,, values than estra-
diol (logP,,,=3.5) and the Z and E isomers of OH-Tam (logP,,
w=3.2 and 3.4, respectively). Substitution of the phenyl group
by a CpRe(CO); moiety increases the lipophilicity by 1.3, which
is in agreement with the result previously found for the estra-
diol series.® Increasing the length of the side chain results in

a progressive increase in the logP,,, value. The values obtained
for these rhenium complexes are very close to those found for
the ferrocifens, except in the case of n=2. For any given pair
of isomers, the E isomer is always slightly more lipophilic than
the Z isomer.

Study of the antiproliferative effects of (Z)- and (E)-7b and (Z)-
and (E)-7d on hormone-dependent (MCF7) and hormone-inde-
pendent (MDA-MB231) breast cancer cell lines: Separation of the
Z and E isomers of all the rhenium complexes 7 a-e was car-
ried out by preparative reversed-phase HPLC. Since we have
previously shown that these complexes do not isomerise in
solution, we have chosen two representative pairs of isomers,
(2)- and (E)-7b and 7d, to study their proliferative/antiprolifera-
tive effect on the MCF7 and MDA-MB231 cell lines, which are
considered the archetypes of ERa(+) and ERa(—) cell lines, re-
spectively. OH-Tam (1b) and estradiol were added as controls
in each series. The results obtained are shown in Figures 2
and 3.

At an incubation molarity of 1um, the two isomers (2)- and
(E)-7b and 7d have an antiproliferative effect on MCF7 cells
which is slightly higher (12-15%) than that of OH-Tam. In both
series (=3 and n=5), the Z isomer is more effective than the
E isomer. However, the observed difference is quite modest at
around 5% (Figure 2). This antiproliferative effect of the com-
plexes must, like that of OH-Tam, be linked to an antiestrogen-
ic effect. However, the significant differences in RBA values of
7b and 7d found for cytosolic ER are not reflected in any
great variation in antiproliferative effects on these hormone-
dependent cells.

As expected, on MDA-MB231 cells with no ERa, neither es-
tradiol nor OH-Tam has any effect (Figure 3). At a concentration
of 1pm, the rhenium complexes have a weak antiproliferative
effect of 10% or slightly above. This antiproliferative effect
must be associated with a cytotoxic effect, and the complexes
with the longest chain (n=5) are somewhat more effective
than those with a 3-carbon chain. On these cells, the Z and E
isomers have identical behaviour for any given pair.

Overall the results obtained with these stable and lipophilic
rhenium complexes are essentially linked to an antiestrogenic
effect of the same order as or slightly higher than that of OH-
Tam. This augurs well for the future introduction of active
group-VIl radionucleides to create another functionality in the
binding site.

Discussion

The behavioural similarity between the rhenium complexes 7b
and 7d and OH-Tam (1b) justifies the use of the crystallo-
graphic data underpinning the biological behaviour of OH-
Tam. In particular, the structure of the ligand binding domain
(LBD) of human estrogen receptor alpha (hERa) occupied by
OH-Tam (1b) has been published.”) We digitally removed the
bioligand 1b from the site and replaced it with (2)-7b. To
obtain Figure 4, we used MacSpartan Pro,**’ Molview,** and
weblab viewer Accelys® software successively. This molecular
modelling study shows the overall position of (2)-7b in the
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Figure 1. View of the molecular structure of (E)-7a showing the atom numbering. Selected
bond lengths [A] and angles [°]: C(1)-C(2), 1.33(1); C(1)-C(21), 1.47(1); C(1)-C(31), 1.47(1);
C(2)-C(11), 1.48(1); C(11)-C(12), 1.43(1); Re(1)-C(11), 2.33(1); Re(1)-C(16), 1.89(1); C(16)-
0(16), 1.12(1); C(2)-C(1)-C(21), 123.5°(9); C(2)-C(1)-C(31), 123.1°(8); C(1)-C(2)-C(11), 124.4°(9);
C(1)-C(2)-C(41), 120.7°(9).

Table 2. Relative binding affinities (RBAs) for ERa (cytosol), ERa (purified), ERP (purified)
and lipophilicity (logP,,,) of the rhenium derivatives of OH-Tam, (Z+E) mixtures, and
separated Z and E isomers.®
OH O-(CH,),N(CH,),
- ()
Re Re
7N 0-(CH,),N(CH 7N OH
ocC COCO (CH,),N(CH;), ocC COCO
(2)-Ta-e (E)-7a-e
ERat ERat ERB log P,
(cytosol) (purified) (purified)
1b Z+6-1b 38.5 - 241
(n=2) @-1b 107" - - 3.2
7a (Z+B-7a 64+06 16.5+£ 1.1 9:£0.1
(n=2) (2)-7a 11.3+0.9 28+2 12+3 4.5
(E)-7a 35+0.1 4.0+0.5 5.1£0.8 4.7
7b (2-7b 123+£0.2 3143 16.8+£0.2 43
(n=3) (E)-7b 10.6£0.7 11.2+0.6 104+£04 4.5
7c (Z+E)-7c 85+0.79 85+0.5 641
(n=4) @-7c 74+024 226404 1841 44
(E)-7c 52+06 3.6+£06 56=£0.1 4.6
7d (Z+E)-7d 2+0.2 - -
(n=5) 2-7d 1.14£0.05 16.0+£2.6' 12£0.2 47
(E)-7d 1.13+£0.05 7.2£0.1 6.7£0.1 5.0
7e (Z+E)-7c¢ 1.0+£0.2 - 1.6+£0.1
(n=38) (2D)-7c 1.3+0.1 29+05 5+0.5 6.0
(E)-7c 0.7+0.1 0.75+0.05 2.7£05 6.3
[a] Measurements performed with stock solutions in DMSO for 3 h at 0°C. Mean of
two experiments (general case) or three (when specified). [b] Measured by reversed-
phase HPLC. [c] Value from ref. [17]. [d] Mean of three experiments.
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binding site with the phenol of (2)-7b bound to the
amino acid residues Arg-394 and Glu-353, while Asp-
351 reveals the possibility of a hydrogen bond with
the nitrogen atom of the basic chain O—(CH,);NMe,.
The CpRe(CO); moiety which replaces the phenyl of
1b is easily inserted at the level of His-524 causing
no notable perturbation. This view shows the steric
influence of the basic chain at the level of helix 12
of the protein. The latter can no longer bind to helix
4, and this new conformation prevents fixation of
the coactivators present. This new position of H12,
which is stabilised by the bond between Asp-351
and the nitrogen atom of the NMe, group of the
side chain, is responsible, as with OH-Tam, for the
antagonist effect observed with the MCF7 cell line.
A more detailed molecular modelling study re-
veals the precise role played by the organometallic
moiety, which in this case is based solely on the
steric effect, in contrast to the case of the ferrocifens
for which the possibility of oxidation of the ferro-
cene came into play."” Here, once again, we used
MacSpartan Pro®¥ software and the LBD structure
published by Shiau.”’ Only the amino acids forming
the wall of the cavity were retained, totalling
757 atoms. OH-Tam was removed and replaced with
the rhenium complexes 7b with Z and E geometry,
and with a 3-carbon side chain. With all the heavy
atoms of the cavity immobilised, a position search
was carried out to determine the energetically opti-
mal location for the mediator. Next, the side chain of
the amino acid Met-343, which represented a steric
hindrance for the organometallic moiety, was liberat-
ed. This was justified by the fact that this part of the
cavity has been shown to be flexible.? An energy
minimisation was then carried out with all the heavy
atoms immobilised, except those of the mediator
and of the Met-343 side chain, by using the Merck
molecular force field (MMFF). A conformational
study was also carried out inside the cavity to deter-
mine the best position for the organometallic
moiety in relation to the rest of the molecule. This
determined the ideal position for the bioligand.
Next, the affinity of the bioligand for its cavity was
determined by MMFF molecular mechanics, with cal-
culations for the bioligand-cavity combination, and
for the cavity and bioligand separately, with the last
two retaining the conformations they had in the mo-
lecular complex. This gives the AE energy change
for the reaction bioligand + cavity—molecular com-
plex. This gives a result of AE=—42 kcalmol™" for
(2)-7b and AE=—36 kcalmol™" for (F)-7 b. The calcu-
lation shows that these compounds have good affin-
ity for the cavity in agreement with the RBA values
obtained. Recognition of hERa is better for the Z
than the E isomer, despite the fact that these two
compounds have identical volumes (483 A® for (2)-
7b and 484 A® for (F)-7b). The difference in affinity
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Figure 2. Antiproliferative effect of 1 um of OH-Tam (1b), (Z)-7b, (E)-7b, (2)-7d
and (E)-7d on MCF7 cells (breast cancer cell line ERa-positive) after 6 days of
culture. In this experiment 10 nm of E, has a proliferative effect (198 %; data
not shown). Representative data of one experiment performed twice with simi-
lar results (8 measurements + limits of confidence; P=0.1, t=1.895).
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Figure 3. Effect of 1 um of OH-Tam (1b), (2)-7b, (E)-7b, (2)-7d, (E)-7d and of
10 nm of E, on MDA-MB231 cells (breast cancer cell line ERa-negative) after

6 days of culture. Representative data of one experiment performed twice with
similar results (8 measurements =+ limits of confidence; P=0.1, t=1.895).

lies in the fact that the Z isomer is a better fit for the shape of
the cavity than its geometric E isomer (Figure 5).

Calculations of AE for a 2-carbon chain give AE=
—38 kcalmol™' for (2)-7a and AE=—33 kcalmol™' for (F)-7a.
Here again, the results are in accord with the RBA values. The
reason for this is that the organometallic moiety CpRe(CO),
fills the volume of the cavity well. The molecule has little room
for free play at this level. Because of these constraints the 2-
carbon chain at the other end of the molecule does not opti-
mally stabilise the hydrogen bond with Asp-351. The situation
is completely different with (2)-OH-Tam (1b). This molecule is
less bulky, with a volume of only 395 A%. Consequently, the
phenyl does not by any means occupy the entire cavity. This
makes it possible for the molecule to adjust its position at this
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Figure 4. View of (Z)-7b docked in the antagonist binding site of hERa. This
view is based on the ligand binding site X-ray structural determination
obtained by Shiau™ and the use of several computer programs.**>*! For an
explanation see text.

level, and a 2-carbon chain is sufficient to give a good bond
with Asp-351 and to stabilise the system. A similar rationale is
applicable to the case of the ferrocifens, for which the antipro-
liferative effects with MCF7 cells are better with a 3-carbon
than with a 2-carbon chain."”*” This modelling study is consis-
tent with the published body of work involving hERa.

For hER, the available structural data are still insufficient to
allow this type of molecular approach.” As a first approxima-
tion the results obtained with MDA-MB231 are weak to non-
existent, similar to those of OH-Tam (1 b). It is possible that the
primary target here is estrogen receptor {3, for which, to the
best of our knowledge, there has been no X-ray structural de-
termination of the LBD with OH-Tam (1b) bound to the site.
The fact that there is a slight variation in the effect depending
on the length of the chain 7c (n=4) suggests that other tar-
gets of tamoxifen, such as the calmodulin receptor, may be
partially involved.®®

Since one of the future aims of this program is to find a
route to ®™Tc-labelled radiopharmaceuticals analogous to (2)-
7b, we carried out a AE energy variation calculation with this
hypothetical technetium molecule and found a variation of
AE=—36 kcalmol™". The result allows us to predict that this
radioactive complex should have good affinity for the estrogen
receptor, and will be an attractive target molecule to synthe-
sise.

Conclusion

These results reveal a striking analogy between the biochemi-
cal behaviour of OH-Tam and its organometallic rhenium ana-
logues. The differences between the two series are attributable
to the greater volume of CpRe(CO); compared to the (3-phenyl
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Figure 5. Space-filling models of (Z)-7b and (E)-7 b in the ligand binding site of the antagonist form of the ERo. as a basis for the structure previously described by

Shiau.”’

of OH-Tam (1b) which was substituted. This is very clear in the
molecular modelling studies in which moderate lengthening of
the basic chain retrieves the initial effect. The (2)-7b complex
represents the best compromise between recognition and
activity.

Based on the results of this study, and assuming that
CpRe(CO); does not play a functional role in the site, the effect
of the rhenium antiestrogens at the level of estrogen receptor
alpha is entirely conformational in nature. The basic carbon
chain plays the same role as its equivalent in OH-Tam: it
changes the conformation of helix 12 of ERa, thus causing an
antagonist effect. MDA-MB231 cells contain no receptor o but
only the B form of the estrogen receptor. Here again, the ob-
served lack of effect is analogous to that of OH-Tam, and for
the same reasons.” The slight chain effect observed may per-
haps be compared to the intervention of a partial inhibition
mechanism of the calmodulin receptor.®

Our results clearly demonstrate the approach to be followed
in making use of this type of product in the future: it is a case
of functionalising the CpRe(CO); moiety of the vectors 7. There
are two objectives: either to prepare a complex of the
Cp”™Tc(CO); type, a y emitter for use in medical imaging; or
to prepare Cp'®Re(CO),, also on the vectors 7, to give a novel
therapeutic product based on  emission. The chemistry is
identical in either case. It is still necessary, however, to find
novel reactions that are rapid, high-yielding and usable in
water.** > We are actively working on this. In particular, we
are exploring two routes, one involving use of Alberto’s
reagent [(H,0);Re(CO);1* or [(H,0);Tc(CO);1*,**? the other a
novel exchange reaction between [Re(CO)]* and the ferrocene
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derivatives developed in our laboratory.”® The first results are

encouraging, as we have successfully developed a one-step
synthesis of a ®™Tc-labelled steroid. This molecule is obtained
by exchange of a ferrocene with a Cp®*™Tc/Re(CO); moiety. The
reaction gives high yields of >90% at 95°C in a H,O/dimethyl
sulfoxide (DMSO) mixture in 3.5 h (Scheme 2).%

o (@]
OH OH _
e — 98m T,
@ oc” éf)oo
HO HO
> 90 % yield

Scheme 2. Synthesis of a novel, ™ Tc-labelled 17a-ethynylestradiol derivative:
i) P°™Tc(H,0)5(CO),I* in H,O/DMSO 1:1 mixture, 95°C, 3.5 h at atmospheric
pressure.l*¥

Experimental Section

General: Starting materials were synthesized by using standard
Schlenk techniques under an argon atmosphere. Anhydrous THF
and diethyl ether were distilled from sodium/benzophenone. Thin-
layer chromatography was performed on silica gel 60 GF254. FTIR
spectra of KBr plates were recorded on a BOMEM Michelson-100
spectrophotometer. 'H and CNMR spectra were acquired on
Bruker200 and Bruker400 spectrometers by using CDCl; as a sol-
vent. Mass spectrometry was performed on a Nermag R 10-10C
spectrometer. Melting points were measured with a Kofler device.
Elemental analyses were performed by the Regional Microanalysis
Department of the Université Pierre et Marie Curie.
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4-Halogenoalkoxyphenyl-4'-hydroxyphenyl ketones 4a: Potassi-
um hydride (5.70 g of 35% dispersion in oil, 50 mmol) was intro-
duced into a Schlenk tube filled with argon. The mixture was
washed three times with petroleum ether, and then the rest of the
petroleum ether was evaporated under reduced pressure for
10 min. Dry THF (100 mL) was added. A solution of 4,4'-dihydroxy-
benzophenone (10.7g, 50 mmol) in N,N-dimethylformamide
(200 mL) was carefully added with a syringe. The yellow mixture
was heated for 10min and then cooled. Dibromoethane
(250 mmol) was rapidly added, and the mixture was then heated
again at gentle reflux overnight. The solution was cooled, and the
solvent was removed under reduced pressure. The residue was
purified by column chromatography with silica gel using dichloro-
methane/acetone (95:5) as eluent. Recrystallization from dichloro-
methane furnished pure ketone 4a (12% yield). M.p. 141°C; IR
(KBr): #=3183 (OH), 1600 cm™' (C=0); 'HNMR: 6=3.68 (t, J=
6.2 Hz, 2H; CH,), 438 (t, J/=6.2 Hz, 2H; CH,), 6.93 (d, /=89 Hz, 2H;
Harom)s 6.98 (d, J=88 Hz, 2H; H,qp), 7.05 (s, 1H; OH), 7.74 (d, J=
8.8 Hz, 2H; H,,0), 7.79 ppm (d, J=8.9 Hz, 2H; H,.); *CNMR: 6 =
28.5 (CH,), 67.8 (CH,), 114.1 (2CH), 115.1 (2CH), 130.0 (C), 131.1 (Q),
132.3 (2CH), 132.6 (2CH), 160.1 (C), 161.4 (C), 195.2 ppm (CO); MS
(IE, 70 eV): m/z: 320 [M]™.

Alkene 6a: Titanium tetrachloride (2 mL, 18 mmol) was added
dropwise to a suspension of zinc powder (2.34 g, 36 mmol) in THF
(60 mL) at 0°C. The mixture obtained was heated at reflux for 2 h
and then allowed to cool to room temperature. A second solution
was prepared by dissolving 4-haloalkoxy-4'-hydroxybenzophenone
(4a) (6 mmol) and ketone 5 (2.35 g, 6 mmol) in THF (30 mL). This
latter solution was added dropwise to the first solution, and the re-
sulting mixture was then heated at reflux for 2 h. After cooling to
room temperature, the mixture was stirred with water and di-
chloromethane. The mixture was acidified with dilute hydrochloric
acid, filtered (Celite), and the organic layer was dried over magnesi-
um sulfate. After concentration under reduced pressure, the crude
product was purified by chromatography on silica gel plates with
dichloromethane as eluent to give a pure mixture of 6a (Z+E,
64% yield) as an oil. IR (KBr): #=3422 (OH), 2018 and 1920 cm™'
(C=0); MS (IE, 70 eV): m/z: 680 [M]*, 596 [M—3 CO]*; Major isomer:
"HNMR: 6=1.06 (t, J=7.5Hz, 3H; CH,), 2.26 (q, J=7.5Hz, 2H;
CH,), 3.63 (t, J=6.2 Hz, 2H; CH,), 4.28 (t, J=6.2 Hz, 2H; CH,), 5.01-
5.16 (m, 4H; C,H,), 6.68-7.15 ppm (m, 8H; H,..); °C NMR: 6 =15.2
(CH,), 29.1 (CH,), 30.8 (CH,), 67.7 (CH,), 82.7 (2CH, CsH,), 85.6 (2CH,
C4H,), 1089 (1C, CH,), 114.4 (2CH), 115.5 (2CH), 130.0 (2CH), 130.4
(C), 130.6 (2CH), 135.5 (C), 136.3 (C), 141.9 (C), 154.9 (C), 156.8 (C),
194.6 ppm (3CO); Minor isomer: '"HNMR: 6=1.06 (t, J=7.5Hz,
3H; CH,), 2.27 (q, J=7.5 Hz, 2H; CH,), 3.63 (t, J=6.2 Hz, 2H; CH,),
426 (t, J=6.2 Hz, 2H; CH,), 5.01-5.16 (m, 4H; C,H,), 6.68-7.15 ppm
(M, 8H; H,om); *CNMR: 6=15.2 (CHs), 29.1 (CH,), 30.8 (CH,), 67.7
(CH,), 82.7 (2CH, CH,), 85.6 (2CH, CsH,), 108.9 (1C, C.H,), 114.7
(2CH), 115.2 (2CH), 130.0 (2CH), 130.4 (C), 130.6 (2CH), 135.2 (Q),
136.6 (C), 141.9 (C), 154.7 (C), 156.9 (C), 194.6 ppm (3CO).

Amine 7a: Halide 6a (3 mmol) was added to a solution of di-
methylamine in methanol (2m, 15 mL, 30 mmol) and placed in an
autoclave. The mixture was heated with stirring at 60°C for 1 day.
After cooling, the solution was concentrated under reduced pres-
sure. The residue was purified by chromatography on silica gel
plates (chloroform/triethylamine, 80:20 as eluent). After evapora-
tion of the solvent, the residue obtained was dissolved in dichloro-
methane, and the solution was washed three times with water.
The organic layer was dried over magnesium sulfate, and the solu-
tion was then concentrated under reduced pressure to furnish a
pure mixture of Z and E isomers of 7a as an oil. The Z and E iso-
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mers (ratio 18:82, respectively; 82% yield) were separated on a
reverse-phase semipreparative Kromasil C18 column (diameter
2.cm, length 25 cm), eluent methanol/phosphate buffer (KH,PO,,
25 mwm, pH 7), flow rate 6 mLmin~'. Major (E) isomer: m.p. 141°C;
IR (KBr): #=3449 (OH), 2016 and 1913 cm™' (C=0); 'HNMR: 6=
1.04 (t, J=7.4Hz, 3H; CH,), 229 (q, J=7.4 Hz, 2H; CH,), 2.43 (s,
6H; NMe,), 2.83 (t, J=5.3 Hz, 2H; NCH,), 4.04 (t, /=53 Hz, 2H;
OCH,), 5.11 (s, 4H; CsH,), 6.48 (d, J=8.7 Hz, 2H; H,,m), 6.71 (d, J=
8.6 Hz, 2H; H,,.), 6.91 (d, J=8.6 Hz, 2H; H,,.), 6.97 ppm (d, J=
8.7 Hz, 2H; H,..); *CNMR: 6=15.3 (CH), 29.1 (CH,), 45.0 (2CH,),
58.0 (CH,), 64.1 (CH,), 82.6 (2CH, C;H,), 85.4 (2CH, CsH,), 109.8 (1C,
CsH,), 113.7 (2CH), 115.9 (2CH), 129.5 (C), 130.0 (2CH), 130.8 (2CH),
134.6 (C), 135.7 (C), 142.4 (Q), 156.2 (C), 157.3 (C), 194.7 ppm (3CO);
MS (IE, 70 eV): m/z: 645 [M]*, 561 [M—3CQO]™*; elemental analysis
caled (%) for C,gH,gNOsRe: C 52.16, H 4.38, N 2.17; found: C 51.53,
H 451, N 2.16; Minor (2) isomer: m.p. 110°C; IR (KBr): 7=3438
(OH), 2016 and 1913 cm™' (C=0); 'HNMR: 6=1.07 (t, J=7.4 Hz,
3H; CHy), 2.31 (q, J=7.4 Hz, 2H; CH,), 2.42 (s, 6H; NMe,), 2.82 (t,
J=53Hz, 2H; NCH,), 4.04 (t, J=5.3 Hz, 2H; OCH,), 5.00-5.20 (m,
4H; CH,), 655 (d, J=87 Hz, 2H; H,.), 6.77 (d, J=8.7 Hz, 2H;
H,on) 6.93 (d, J=8.7 Hz, 2H; H,..), 7.00 ppm (d, J=8.7 Hz, 2H;
Haom); C NMR: 6=15.2 (CHs), 29.0 (CH,), 45.1 (2CH,), 58.0 (CH,),
64.3 (CH,), 82.5 (2CH, CsH,), 85.5 (2CH, CsH,), 109.9 (1C, CsH,),
114.0 (2CH), 115.6 (2CH), 129.7 (C), 130.2 (2CH), 130.6 (2CH), 134.2
(Q), 136.1 (C), 142.5 (C), 156.0 (C), 157.4 (C), 194.6 ppm (3CO); MS
(IE, 70eV): m/z: 645 [M]*; elemental analysis calcd (%) for
C,sH,sNOGRe: C 52.16, H 4.38, N 2.17; found: C 52.04, H 4.55, N
2.29.

X-ray crystal structure determination of (E)-7a: A suitable crystal
of (E)-7a was mounted on an Enraf-Nonius Mach-3 diffractometer.
Accurate cell dimensions and orientation matrices were obtained
by least-squares refinement of 25 well-centred reflections. No sig-
nificant variations were corrected from Lorentz and polarization ef-
fects. The structure was solved by direct methods (SHELXS)*” and
refined by using the PC version of CRYSTALS." Scattering factors
and corrections for anomalous absorption were taken from
ref. [47]. All non-hydrogen atoms were anisotropically refined. Hy-
drogen atoms were introduced in calculated positions in the last
refinements and they were allocated one overall isotropic thermal
parameter. Main significant crystallographic data and collection
details are summarized in Table 1.

CCDC-233202 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (4+44) 1223-336033; or deposit@ccdc.cam.uk).

Biochemical experiments:

Materials: 175-Estradiol and OH-Tam (Z+E) were obtained from
Sigma-Aldrich (France); Ferrocene [(1’-CsHs),Fe] was from Strem
(Newburyport, MA, USA). Stock solutions (1x107*m) of the com-
pounds to be tested were prepared in ethanol and were kept at
—20°C in the dark; under these conditions they are stable for at
least 2 months. Serial dilutions in ethanol were prepared just prior
to use. Dulbecco’s modified eagle medium (DMEM) was purchased
from Gibco BRL; fetal calf serum was from Dutscher, Brumath,
France; glutamine, estradiol, and protamine sulfate were from
Sigma. MCF7 and MDA-MB231 cells were from the Human Tumor
Cell Bank.

Animal tissues: Sheep uteri weighing approximately 7 g were ob-
tained from the slaughterhouse at Mantes-la-Jolie, France. They
were immediately frozen and kept in liquid nitrogen prior to use.
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Determination of the relative binding affinity (RBA) of the com-
pounds for ERa. and ERf: RBA values were measured on ERa from
lamb uterine cytosol and on ERa and ERP purchased from Pan
Vera (Madison, WI, USA). Sheep uterine cytosol prepared in buf-
fer A (0.05m Tris-HCl, 0.25M sucrose, 0.1% fS-mercaptoethanol,
pH 7.4 at 25°C) as described in ref. [48] was used as a source of
ERa. For ERP, the solution containing 3500 pmolmL™" (10 uL) was
added to buffer B (16 mL, 10% glycerol, 50 mm Bis-Tris-Propane,
pH 9, 400 mm KCl, 2 mm DTT, 1 mm EDTA, 0.1% BSA) in a silanised
flask. Aliquots (200 uL) of ERa in glass tubes or ERp in polypropyl-
ene tubes were incubated for 3 h at 0°C with [6,7-H]-estradiol (2x
107%™, specific activity 1.62 TBgmmol~', NEN Life Science, Boston
MA) in the presence of nine concentrations of the hormones to be
tested. At the end of the incubation period, the free and bound
fractions of the tracer were separated by protamine sulfate precipi-
tation. The percentage reduction in binding of [*H]-estradiol (Y)
was calculated by using the logit transformation of Y (logitY: In[y/
1—Y] versus the log of the mass of the competing steroid. The con-
centration of unlabeled steroid required to displace 50% of the
bound [*H]-estradiol was calculated for each steroid tested, and
the results expressed as RBA. The RBA value of estradiol is by defi-
nition equal to 100 %.

Measurement of octanol/water partition coefficient (logP,,,) of
the compounds: The logP,,, values of the compounds were deter-
mined by reversed-phase HPLC on a C-8 column (nucleosil 5 C8,
from Macherey Nagel, France) according to the method previously
described by Minick® and Pomper.”” Measurement of the chro-
matographic capacity factors (k') for each compound was done at
various concentrations in the range 85-60% methanol (containing
0.25% octanol) and an aqueous phase consisting of 0.15% n-decyl-
amine in 0.02m MOPS (3-morpholinopropanesulfonic acid) pH 7.4
buffer (prepared in 1-octanol-saturated water). These capacity fac-
tors (k') are extrapolated to 100% of the aqueous component
given the value of k. LogP,,, (y) is then obtained from the formu-
la logP,,,=0.13418 + 0.98452logk’,,.

Culture conditions: Cells were maintained in monolayer in DMEM
with phenol red (Gibco BRL) supplemented with 8-9% fetal calf
serum (Gibco BRL) and glutamine 2 mm (Sigma) at 37°C in a 5%
CO, air-humidified incubator. For proliferation assays, cells were
plated in DMEM medium (1 mL) with phenol red, supplemented
with 10% decomplemented and hormone-depleted fetal calf
serum and 2 mm glutamine and incubated. The following day (DO),
1 mL of the same medium containing the compounds to be tested
was added to the plates (final volumes of alcohol: 0.1%; 4 wells for
each condition, one plate per day). After 3 days (D3) the incubation
medium was removed and fresh medium containing the com-
pounds was added. After 6 days (D6), the total protein content of
the plate was analysed by methylene blue staining as follows: cell
monolayers were fixed for 1 h in methanol, stained for 1 h with
methylene blue (1 mgmL™) in PBS, then washed thoroughly with
water. HCl (1 mL, 0.1 M) was then added, and the absorbance of
each well was measured at 620 nm with a Biorad spectrophotome-
ter. The results are expressed as the percentage of proteins versus
the control.
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