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A formyl group has been introduced onto the cyclopentadienyl ring afdifiynylestradiol derivatives
bearing a ferrocenyl, a cymantrenyl, or a cyrhetrenyl group at the ortho position with respect to the
ethynyl group. The presence of this group on the cyclopentadienyl ring induces a planar chirality that
provokes the formation of two diastereomers, $pandRpderivatives. These compounds were prepared
from SpandRp1-formyl-2-iodoferrocenes, -cymantrenes, and -cyrhetrenes, which were separately prepared
by using a combination of suitable ortho directing substituents, such as methoxymethyldioxane and
p-tolylsulfoxide, as well as trimethylsilyl as a temporary blocking group. A cross-coupling reaction between
these precursors andd-&thynylestradiol led to the formation of the hormone complexes. The ferrocenyl
hormone compounds were only obtained from a Sonogashira reaction, the cyrhetrenyl compounds were
only formed by using a Stille reaction, and the cymantrenyl compounds were obtained from both reactions.
A tentative explanation for this interesting behavior is proposed. The affinity drifi@stereomers for
the a receptor of estradiol is almost twice that of tBdiastereomers. This is the first example of estradiol
receptor discrimination between organometallic diastereomers possessing planar chirality. However, in
contrast to 1,2-disubstituted derivatives, when the formyl group is at the 1,3-position, the receptor does
not differentiate between the two planar chiral diastereomers.

Introduction to determine how one might add organometallic moieties to its
skeletal structure and still retain good affinity for its specific
receptor. The first hormone complex was obtained by com-
plexation of the aromatic A-ring of PFestradiol with the
chromium tricarbonyl group; the resulting compound is the first

The incorporation of organometallic fragments into biological
molecules is a current strategy for modifying or providing new
biological activities to these molecules. This field of research,

which S knov:;n as bloorganometal_llc chemistry, is a strongly and only example where the organometallic group discriminates
emerging area.Some organometaliic complexes have proven between thex and 3 faces of the steroifl.lt was found later

to be of interest either as antitumor agents, as in the case of Fethat the 1. position can accept a large number of organome-
and Ti metallocene3pr as radiopharmaceuticals, for example tallic fra meIants especiall aFt) the t?arminal carbon gotx-l?
the use of radioisotopes of Tc and R@ver the past few years g » €SP y

we have been studying g#stradiol, a natural estrogen, in order ethynylestradiol, wh|Ie5 retaining a .g.ooq affinity for trge
estrogen receptor (ER.> The 133 position is another possible
*To whom correspondence should be addressed. Tel: 33-144276699. position for this type of incorporation, but it has been less studied
Fax: 33-143260061. E-mail: siden-top@enscp.fr. because of synthetic difficulti€sn terms of the organometallic
T Ecole Nationale Supeure de Chimie de Paris.
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Chart 1 Scheme 1. Cross-Coupling Reaction
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moiety, ferrocene derivatives seem especially promising; we NaH OA/|
have found that ferrocifen, an analogue of tamoxifen, has Mel SN
antiproliferative activity against breast cancer for both hormone- EEE—— : "
dependent and -independent cell lines at very low concentrations THE MLn
(ICso around 0.54M).2¢ Additionally, suitable properties of MLn = FeCp, Re(CO)3, Mn(CO);

radioisotopes Re-186 and Re-188 for nuclear medicine make

the cyclopentadienyltricarbonylrhenium moiety an interesting group8 Kagan et al. have extensively studied this strategy and
fragment for the synthesis of radiopharmaceuti¢disr these  f5nq that the chiral methoxymethyl-1,3-dioxane group is very
purposes, complexe$—4 had been previously synthesized eficient for the ortho functionalization of formyiferrocefe.
(Chart 1) Uptll now, only metal groups with unsubstltute.d. Thus, enantiopure §-1-formyl-2-iodo and R)-1-formyl-2-
cyclopentadienyl rings have been used. Because the ER affinityjoqoferrocenes have been synthesized. This ortho-directing
of hormones is sensitive to the presence of substituents, aNgroup was also used in the cymantrene séfiés.addition, we
additional functional group on the cyclo_pentaqlienyl ring_of the have found that these two enantiomers can also be prepared
complexes would be expected to modify their recognition by ¢rom the same precursor by using a trimethylsilyl group to block
the ER. For example, in the course of our search for suitable jna of the ortho positions. We now describe here the full
radiopharmaceuticals for breast cancer diagnosis and therapysynthetic pathway to organometallic hormone complexes and
we have prepared t#€"Tc complex5 and Re complef (Chart the results of the recognition of planar chirality by the ER.

2)..7aThe presence of a CO group between the alkyne quCtiOH- Preliminary results in the cymantrene series have been recently
ality and the cyclopentadienyl ring decreases the affinity for publishedtl

the ER. The relative binding affinity (RBA) fob is 1.6%,
limiting its perspectives for applications as a radiopharmaceu-
tical. In order to improve affinity, we thought it would be
interesting to move the CO functionality, necessary for the metal  (S)-1-Formyl-2-iodocyclopentadienyl Compounds 13-Fe,
exchange reaction (e.g., Fe f8"c), to another position of  13-Mn, and 13-Re.Scheme 2 shows the synthetic pathway to
the cyclopentadienyl ring: for instance, to make complex  the methoxymethyl-1,3-dioxane compounts from formyl-

The presence of a formyl substituent in the ortho position ferrocene, formylcymantrene, and formylcyrhetrene. Following
induces the formation of two diastereomefR)-7 and (S)-7, Riant and Kagan’s procedufegldehydes8 were transformed

by generation of planar chirality on the organometallic fragment. to ketals 9 by reaction with trimethyl orthoformate in the
Compound7 could be prepared from the coupling reaction presence of sulfuric acid. A trans-ketal formation wig{,2,4-
between 1@-ethynylestradiol and 1-formyl-2-iodocyclopenta-  butanetriol in the presence of TSOH at room temperature gave
dienyl metal compounds (Scheme 1), but the resulting two the hydroxymethyl-1,3-dioxane speci¢6. Addition of NaH
diastereomers are difficult to separate from one another. Thisto the solution of10 in THF followed by addition of io-
problem can be solved by using enantiopure 1-formyl-2- domethane produced the methoxymethyl-1,3-dioxaries
iodocyclopentadienyl metal compounds. The most useful strat-  Ortho Electrophile Addition. The attachment of a second
egy to obtain these types of compounds in their enantiopure supstituent at the ortho position was achieved by adtBiod.i
forms is the use of diastereoselective ortho lithiation and at —78 °C, followed by the reaction of the electrophile with
subsequent reaction with an appropriate coupling reagent. This
asymmetric synthesis was first developed in the ferrocene series (8) (a) Marquarding, D.; Klusacek, H.; Gokel, G.; Hoffmann, P.; Ugi, I.

by Ugi et al. by using a suitable stereogenic ortho-directing J: Am. Chem. Socl97Q 92, 5389. (b) Marquarding, D.; Klusacek, H.;
Gokel, G.; Hoffmann, P.; Ugi, IAngew. Chem197Q 82, 360; Angew.

Chem, Int. Ed. Engl.197Q 9, 371.

Results and Discussion
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Scheme 3. Ortho-Electrophilic Addition Scheme 4. Deprotection Reaction
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2 12a-Re I 63 Mel
3 12b-Re COOEt 50
4 12c-Re PPh 76 THF MIn(CO), 15-Mn
5 12a-Mn | 60
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Figure 1. ORTEP view of the complet2a-Mn. Selected bond Table 2. Yields of 16
distances (A) and angles (deg): M&3 = 1.790(4), C3-04 = entry molecule R yield, %
1.156(6), C8C9= 1.415(5), C121 = 2.090(4), C2-C8= 1.497- 1 T6a-Mn | 62
(5), C2-01= 1.415(6); C2-03—-C4 = 112.2(3), C201-C6 = ’ 16b-Mn COOE "3
109.2(3). 3 16c-Mn P(Ph) 72

the lithium intermediate (Scheme 3). Addition of 1,2-diiodoet- (Scheme 4). Under these conditions, the deprotection reaction

hane led to the formation ¢§)-12ain good yield. Under these s very fast for ferrocene (10 min) and slower for cyrhetrene (3

conditions, the diastereoselectivity was greater than 95:5; only h)  while the cymantrene compound needs at least 48 h to

the diastereomel(S)-12a was obtained, while the second gchieve a quantitative deprotection.

diastereomers were not observed by NMR. The compd2ad (R)-1-Formyl-2-iodocyclopentadienyl Compounds 13-Fe,

Fe had already been synthesized by Kagan ét al. 13-Mn, and 13-Re.Following the same procedure as that for
Table 1 summarizes the results obtained. We noticed that thethe synthesis of theSf-1-formyl-2-iodocyclopentadienyl com-

lithio intermediates of the Mn and Re series were less stable pounds13, the corresponding enantiomers {)-1-formyl-2-

than the lithio ferrocene derivative. This may explain the iodocyclopentadienyl compound$) can be prepared by using

relatively low yields for12a-Reand12a-Mn, 63% and 60%,  (R)-1,2,4-butanetriol instead 0$)-1,2,4-butanetriol. Scheme 5

respectively, compared to that b?a-Fe 83%. In order to verify shows the synthetic pathway for the Mn compounds.

the diastereoselectivity, two other electrophiles, ethyl chloro-  The results of the electrophilic addition reaction are depicted

formate and chlorodiphenylphosphine, were also used in thein Table 2. When using diiodoethane as reagent, the yield of
case of the cyrhetrene serié2b-Reand12c-Rewere obtained 16a-Mn is similar to that of its diastereomdra-Mn, 62%.

in their enantiopure forms, proving the effectiveness of the ortho- This yield increases to 80% when is used instead of
directing group. diiodoethane. It is worth noting the difference in reactivity

The configuration ofl2 was confirmed by the single-crystal  between the cymantrene and ferrocene series; in contrast to the
X-ray structural analysis of2a-Mn. The asymmetric unit of  cymantrene compound, the ferrocene compound is not formed
the crystal structure of the compléx@a-Mn (ORTEP view), in significant yield when 4 is used. Ethyl chloroformate and
presented in Figure 1, clearly shows t8eonfiguration. We chlorodiphenylphosphine gavb-Mn and 16¢-Mn in 43%
notice that the dioxane ring is almost perpendicular to the and 72% yields, respectively. The removal of the chiral auxiliary
cyclopentadienyl ring and the methoxymethyl group stands at was achieved by a mixture of 10% aqueous HCl and THF in a
the farthest position from the cymantrenyl group. Some selected proportion of 1:1 (v:v), givingR)-13-Mn. All compounds were
bond distances and angles are given in the caption of Figure l.isolated with an enantioselectivity greater than 95%. Therefore,

The removal of the chiral auxiliary was achieved by a mixture it is clear that the methoxymethyl-1,3-dioxane group is an
of 10% aqueous HClI solution and THF in a 1:1 (v:v) proportion excellent ortho-directing group.
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Scheme 6. Synthesis ofR)-1-Formyl-2-iodocyclopentadienyl
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The synthesis 016-Mn requires the repetition of the whole
synthetic pathway starting frof®-Mn. In order to avoid this

Organometallics, Vol. 25, No. 24, 20033

Cross-Coupling Reactions.The synthesis of theSf-1-
formyl-2-iodo- and R)-1-formyl-2-iodocyclopentadienyl com-
poundsl3in their pure enantiomeric forms allows the synthesis
of optically pure hormone complexes. This can be done by using
a cross-coupling reaction with ethynylestradiol (Scheme 7). We
have used two coupling reactions, the Stille and the Sonogashira
reactions. We found that the reactivity of the iodo compounds
is highly variable from one series to another. The conditions
for the Sonogashité reaction are 5% PdgPPh),, 5% Cu-
(OAc)>H20, and diisopropylamine as solvent; the conditions
for the Stille® reaction are 10% PdgMeCNY), tributyltin—
ethynylestradiol, and DMF as solvent.

Table 3 gives the results obtained. Neither tBe (or the
(R)-1-formyl-2-iodoferrocenes coupled with tributyltieth-
ynylestradiol under the Stille reaction conditions, while the
Sonogashira reaction gave very good yields of hormone
complexes: 70% fofR)-7-Feand 77% fo(S)-7-Fe In contrast,

(9- and R)-1-formyl-2-iodocyclopentadienyltricarbonylrhenium
did not react under the Sonogashira conditions, while the Stille
reaction gave acceptable yields {380%). In the case of the
cymantrene series, we found the®)-(and R®)-1-formyl-2-
iodocyclopentadienyltricarbonylmanganese undergo coupling
under both reaction conditions. A better yield(B)-7-Mn was
obtained with the Stille reaction (68% versus 45%), wi8g
7-Mn, in contrast, was obtained in similar yields for both

tedious procedure, we have designed a different qnd straight-reactions. It is commonly accepted that these palladium-
forward method for the ferrocene and cyrhetrene series (Schemecatalyzed reactions are mainly under the control of two reaction

6).11

Following the Overman et al. and Manoury et al. proce-
durel?13 we first introduced the trimethylsilyl group at the
favored ortho position in order to temporarily block this position.
Ortho lithiation was accomplished by the additiontBfiLi to
a solution of11 in diethyl ether at-=78 °C. The mixture was
stirred for 10 min at low temperature and then at room

steps: the fast oxidative addition of aryl halide on Pd(0) and
slow transmetalation. The efficiency of the reaction is improved
by decelerating the first step and accelerating the second step
in order to reach the stationary regime of the catalytic citle.

In addition, it has been found that the oxidative addition of aryl
chlorides to Pd(PRJy is accelerated by the presence of an
electron-withdrawing group on the riffyor by complexation

temperature for 45 min in the case of cyrhetrene and for 1 h of the aryl ring with the electron-withdrawing group Cr(G®)

for the ferrocene series. The mixture was cooled againi8
°C before addition of CISiMg After this mixture was stirred
at —78 °C for 30 min and at room temperature for 1 h, the

Denisovich and Gubin have found that the acidity of thekC
bond of ferrocene, cymantrene, and cyrhetrene increases from
ferrocene to cyrhetrene Kg = 39, 31, and 30, respectivel$d.

solvent and unreacted silane were removed under vacuum. Theas the ferrocenyl group is a stronger electron donor in

crude productl7, was dissolved again in diethyl ether (Fe) or
in THF (Mn, Re) and cooled te-78 °C. tBuLi (Fe) or LDA

comparison to the phenyl group, we presume that the ease of
oxidative addition follows the order iodoformylcyrhetrere

(Re) was added, followed by addition of diiodoethane. The jodoformylcymantrene> iodoformylferrocene. On the other

compoundl8-Fewas isolated in 43% yield with respect1d-
Fe, and18-Rewas isolated in 50% vyield from1-Re In the
case of the ferrocene series, a second deprotonatidBudyi

occurs on the unsubstituted Cp ring, forming l-acetal-2-

hand, it has been shown that nucleophiles possessing alkene or
alkyne functionalities decelerate the oxidative addition reaction
by sequestering the reactive Pd(0) under the less reactfe Pd
(alkene) or PHalkyne) complex? It is likely that, under Stille

(trimethylsilyl)-1'-iodoferrocene as a byproduct after the reaction reaction conditions, the fast oxidative addition of iodocyrhetrene

with chlorotrimethylsilane. We found that a slow warming from
—78 °C to room temperature minimizes the formation of this

byproduct. In the case of cyrhetrene, the yield is limited by the

degradation of the lithium intermediate. The trimethylsilyl group
was eliminated by using TBAF, leading to the formatior{R}f-
13-Feand(R)-13-Re WhentBuLi was used in the cyrhetrene

is efficiently decelerated by sequestering Pd(0) in the [(alkynyl-

(15) (a) Pudelski, J. K.; Callstrom, M. FOrganometallics1994 13,
3095-3109. (b) Sonogashira, K.; Tohda, Y.; HagiharaTstrahedron Lett.
1975 4467. (c) Osella, D.; Nervi, C.; Galeotti, F.; Cavigiolio, G.; Vess&
A.; Jaouen, GHelv. Chim. Acta2001, 84, 3289.

(16) (a) Lo Sterzo, C.; Miller, M. M.; Stille, J. KOrganometallics1989

and cymantrene series during the second deprotonation, a tota, 2331-2337. (b) Lo Sterzo, C.; Stille, J. KOrganometallics199Q 9,

degradation was observed and no expected prodLi¢iRéand

17-Mn) were obtained. This degradation may be due to the

687-694. (c) Top, S.; El Hafa, H.; Vessies, A.; Quivy, J.; Vaissermann,
J.; Hughes, D. W.; McGlinchey, M. J.; Mornon, J. P.; Thoreau, E.; Jaouen,
G.J. Am. Chem. Sod 995 117, 8372.

formation of a Fisher carbene as a result of the reaction between  (17) Ferber, B.; Top, S.; Welter, R.; Jaouen,Ghem. Eur. J2006 12,

the base and the carbonyl grodpd.he use of LDA instead of
tBuLi, which is less nucleophilic, permitted deprotonation
without degradation.

(12) Donde, Y.; Overman, L. El. Am. Chem. Soc1999 121, 2933.

(13) Chiffre, J.; Coppel, Y.; Balavoine, G. G. A.; Daran, J. C.; Manoury,
E. Organometallics2002 21, 4552.

(14) For example: Maas, G.; Mayer, D. Organomet. Chen001,
617—618, 339-345.

2081-2086.

(18) Pike, A. C.; Brzozowski, A. M.; Hubbard, R. E.; Bonn, T.; Thorsell,
A. G.; Engstrom, O.; Ljunggren, J.; Gustafsson, J.-A.; CarlquisEMBO
J. 1999 18, 4608-4618.

(19) Jutand, APure Appl. Chem2004 76, 565-576.

(20) Stille, J. K.Angew. Chem., Int. Ed. Endl986 25, 508-524.

(21) Dufaud, V.; Thivole-Cazat, J.; Basset, J.-M.; Mathieu, R.; Jaud, J.;
Waissermann, JOrganometallics1991, 10, 4005-4015.

(22) Denisovich, L. I.; Gubin, S. B. Organomet. Cheni973 57, 109~
119.



5734 Organometallics, Vol. 25, No. 24, 2006 Ferber et al.

Scheme 7. Synthesis of Complexes of dEthynylestradiol
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Table 3. Yields of Hormone Complexes ferrocenyl complexe¢R)-7-Fe and (R)- and (S)-21-Fé"" are
entry molecule reacn type yield, % above 10%: i.e., significantly higher than the value found for
1 (R)-7-Fe Sonogashira 70 19 (RBA = 3.1%)’2 Interestingly, the values found for the
2 (R)-7-Fe Stille 0 and S 1,2-disubstituted ferrocenyl complexes are markedly
3 (9-7-Fe Sonogashira 77 different (10.7 and 5.2, respectively), while similar high values
4 (§)-7-Fe Stille ) 0 (14.45 and 13.5%) are found for tieand S 1,3-complexes
5 (R)-7-Re Sonogashira (R)- and (S)-21-Fe respectively. This is the first time, to our
6 (R)-7-Re Stille 30 . . "
7 (S-7-Re Sonogashira 0 knowledge, that a difference in recognition by the ER has been
8 (S)-7-Re Stille 50
9 (R)-7-Mn Sonogashira 45
10 (R)-7-Mn Stille 68
11 (9)-7-Mn Sonogashira 45
12 (9)-7-Mn Stille 43

stannane)(Pd)] form, making the oxidative addition rate compat-
ible with that of the transmetalation. Under Sonogashira reaction
conditions, the rate of oxidative addition does not match that s
of transmetalation because the deceleration effect of [(alkynyl- . £
copper)(Pd)] or [(alkyne)(Pd)] is less efficient or the rate of A
transmetalation is too slow. Inversely, in the case of iodoformyl-
ferrocene, the reaction conditions are idealy reached in the
Songashira reaction, while under Stille reaction conditions, the
oxidative addtion step may be too slow compared to the
transmetalation. Only the oxidative addition rate of iodoformyl-
cymantrene can match both reations. This hypothesis needs td-igure 2. ORTEP view of the complexR)-7-Fe. Selected bond
be verified by experiments, as other factors could also be distances (A) and angles (deg): Fe-C2%.032(3), Fe-C21=
involved in the mechanism: for example, the reductive elimina- 2.041(3), C27C31= 1.391(5), C24 C23=1.400(4), C26-C21
tion step or the nature of the solvent. = 1.441(4); C&C14-C13= 112.4(2).

The R configuration of(R)-7-Fe was confirmed by single-
crystal X-ray analysis. The asymmetric unit of the crystal
structure is illustrated in Figure 2. The molecule in the solid
state is characterized by the position of the ferrocenyl group,
which orients itself almost directly below the D ring of the
steroid skeleton. This compact conformation has also been
observed for cyrhetrenyl and ruthenocenyl complexes of17
ethynylestradio?®¢ Once again the ethynyl linkage is not
perfectly linear and shows a slight deformation. The €C19-

C20 and C19-C20-C21 angles are 173.9(3) and 175.5(2) A,
respectively. Moreover, a bifurcated hydrogen bond between
01/03 and O2 occurs in this molecular structure {®BR0- - -
01=2.770(3) A, 1.97 A, 158 O3—H30- - -02= 2.755(3)

A, 2.01 A, 147) (Figure 3).

Biochemical Results.The relative binding affinity values
(RBAs) for the two forms of the estrogen receptors (E&hd
ERB) and the lipophilicity (log Po/w) of the ferrocenyl and
cymantrenyl complexes were measured and are shown in Table
4.

All the complexes are clearly recognized by thdorm of Figure 3. View of the complexXR)-7-Fewith bifurcated hydrogen
the estrogen receptor (Eff and the RBA values of the  bonds between O1/03 and O2.
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Table 4. Relative Binding Affinities (RBAs) for ERa I MCF-7
(Cytosol) and ERB (Purified) and Lipophilicity (log Po/w) of i
the Ferrocenyl— and Cymantrenyl—Estradiol Derivatives -
RBA, %? ™ = =

compd log Po/w on ER on ERB g 200 A
(R)-7-Fe 43 10.7+0.8 0.98+ 0.02 s ol
(9)-7-Fe 4.6 5.2+ 0.9 0.4+0.1 B
(R)-7-Mn 4.7 5.4+ 0.1 0.6+ 0.05 £
(9)-7-Mn 4.9 3.1+ 0.2 0 5 i
(R)-21-Fe 4.3 14.45+ 0.05 1.0+ 0.1 g
(9-21-Fe 4.3 13.5+ 0.9 1.6+ 0.4 50 A
19 nd 3.0+0.1 0.9+ 0.1

0 T T T T 1

aMean of two experiments: range. = =

n T

L}
iy
3 ||
- -

oJucD
-

—
T
=

Figure 4. Effect of estradiol (E2 at 1 nM) and of the estradiol
ferrocenyl complexes (M) on the proliferation of MCF-7 cells
(hormone-dependent breast cancer cells) after 6 days of culture:
representative data of one experiment performed twice with similar
results (eight measurementslimits of confidenceP = 0.1,t =
1.895).

Conclusion
CHO

In summary, a formyl group has been introduced to the
cyclopentadienyl ring of 1d-ethynylestradiol derivatives bear-
ing a ferrocenyl, a cymantrenyl, or a cyrhetrenyl group. The
presence of this group on the cyclopentadienyl ring generates
planar chirality that provokes the formation of two diastereo-

"'——@"“\CHO mers, theSp and Rp derivatives. These compounds were
Fe prepared from th&pand Rp 1-formyl-2-iodoferrocenes, -cy-
mantrenes, and -cyrhetrenes, which were separately prepared
HO )21 by using a combination of suitable ortho-directing substituents,

such as methoxymethyldioxane gmdblylsulfoxide, as well as
shown for two diasteromers possessing organometallic planartrimethylsilyl as a temporary blocking group. A cross-coupling
chirality. On the other hand, the RBA values found for the  reaction between these precursors ana-¢thynylestradiol led
form of the estrogen receptor are low for all the ferrocenyl to the formation of the hormone complexes. Interestingly, the
complexes (between 1.6 and 0.4). This can be explained by theferrocenyl compounds could only be obtained from a Sono-
fact that the hydrophobic pocket of the active site for fhe  gashira reaction, while the cyrhetrenyl compounds were only
receptor is smaller than that of tbereceptor (390 and 4903 formed under Stille conditions, and the cymantrenyl compounds
respectively)® Finally the RBA values found for the cyman-  Were obtained from both reactions. In comparisoti3owhich
trenyl complexes are lower than those of the corresponding iS characterized by the presence of a carbonyl functionality
ferrocenyl complexes, but the difference betweenRhend S between the ethynyl group and the cyclopentadienyl ring,
1,2-disubstituted cymantrenyl complexes still exists. The lipo- cOmpounds(R)-7-Fe and (S)-7-Fe have a better affinity for
philicity values of the complexes are, as expected, superior to ERa. It is worth noting .that the afﬂmty of th& dlastereomers
those of estradiol (log Po/w= 3.3) and 1@-ethynylestradiol ~ (R)-7-Feand(R)-7-Mn is almost twice that of th& diastere-
(3.76), due to the hydrophobic character of the organometallic ©Mers- This is the_flrst time that the e;tra_ldlol receptor has bgen
moieties, which has been well documentéd. shown to recognize the planar chirality of organometallic
The effect of the iron complexd®)- and(S)-7 and(R)- and cqmpounds. In contrast to the case for l,2-disu.b.stituted.deriv-
(S)-21, on the proliferation of hormone-dependent MCF-7 breast atives, when the formyl group is at the 1,3-position, as in the

cancer cells has been studied and compared to the effect Ofcase 0f(R)-21 and (S)-21, the receptor does not differentiate
. . P between the two diastereomers. These molecutasl21 show
estradiol, the reference estrogen (Figure 4).

. . a proliferative effect with MCF-7 breast cancer cell lines,
At a molarity of 1M, all of the complexes display a strong  ndicating estrogenic behavior.
estrogenic effect, equivalent to that found for estradiol and
apparently independent of the difference in affinities found for

X Experimental Section
the ER. These results are comparable to those previously

described for 1d@-ferrocenylethynylestradiol 1.2 At this Anhydrous THF and diethyl ether were distilled from sodium/
concentration, there is no cytotoxic expression of the ferrocene benzophenone. Flash chromatography was performed on silica gel
moiety, as was found in the series of ferrocerlyydroxyta- ~ Si 60 (40-63 uM). FT-IR spectra were recorded on a BOMEM
moxifen or ferrocenytdiphenol compounds; in the latter cases, Michelson-100 spectrometefH and *C NMR spectra were
cytotoxicity seems to be related to a particulamihgdroxy- acquired on Bruker 300 and 400 spectrometers. Mass spectror_netry
phenyl)-2-ferrocenylethene moff24 was performed on a Nermag R 10-10C spectrometer. High-

(24) (a) Vessiees, A.; Top, S.; Pigeon, P.; Hillard, E. A.; Boubekeur,
(23) Vessiees, A.; Spera, D.; Top, S.; Misterkiewicz, B.; Heldt, J. M.;  L.; Spera, D.; Jaouen, @. Med. Chem2005 48, 3937-3940. (b) Hillard,
Hillard, E. A.; Huche M.; Plamont, M.-A.; Napolitano, E.; Fiaschi, R; E. A,; Vessiees, A.; Thouin, L.; Jaouen, G.; Amatore, 8ngew. Chem.
Jaouen, GChemMedCher2006 DOI: 10.1002/cmdc.200600176. 2005 118 291-296; Angew. Chem., Int. EQ005 45, 285-290.
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resolution mass spectrometry (HRMS) was performed on a JEOL was stirred at=78 °C for 10 min and for 2 h atoom temperature.

MS 700 instrument. Melting points were measured with a Kofler
device. The compounds-Fe, 10-Feg 11-Fe 12a-Fe and(S)-13-
Fewere prepared according to literature proced@rBise syntheses
of compound€-Mn, 10-Mn, 11-Mn, 12a-Mn, (S)-13-Mn, (R)-
13-Mn, 14-Mn, 15-Mn, 16a-Mn, (S)-7-Mn, and(R)-7-Mn have
been reported!

(25 A9)-4-(Hydroxymethyl)-2-cyrhetrenyl-[1,3]-dioxane (10-
Re). Formylcyrhetrene (1.40 g, 3.7 mmol) was dissolved in
trimethyl orthoformate (10 mL) under argon. One drop oS58
was added. After the mixture was stirredr f8 h at room
temperature, dry CO; was added in small portions. The solution

The mixture was quenched with saturated,$§@; solution. The
crude product was extracted with dichloromethane. The organic
layer was washed three times with water, dried over MgSO
filtered, and evaporated under reduced pressure. The crude oil
obtained was purified by flash chromatography on silica gel using
8:2 pentane diethyl ether as eluent. THe2a-Reobtained (180 mg,
63% yield) was crystallized in pentane. Mp: 8D.'H NMR (250
MHz, CDCL): ¢ 1.48 (m, 1H, ax-H5), 1.83 (qd, 1H,= 5.2 Hz,
J=12.4 Hz, eq-H5), 3.40 (s, 3H, H13), 3.42 (dd, 1H= 2.2 Hz,

J = 7.3 Hz, H7), 3.52 (dd, 1H) = 5.9 Hz,J = 10.5 Hz, H7),

3.91 (td, 1H,J = 2.6 Hz,J = 11.8 Hz, eq-H6), 4.20 (m, 1H, H4),

was filtered through Celite, and the solvent was removed under 4.23 (ddd, 1HJ = 1.1 Hz J= 5.1 Hz,J = 11.5 Hz, ax-H6), 5.19
reduced pressure. The crude oil obtained was dissolved in dry (s, 1H, H2), 5.30 (t, 1HJ = 2.9 Hz, H11), 5.50 (dd, 1H] = 2.0

chloroform (7 mL), ands-(—)-1,2,4-butanetriol was added, followed
by p-toluenesulfonic acid (5%). After the mixture was stirred
overnight, KCO; was added and the solution was filtered through
Celite. The filtrate was diluted with diethyl ether (20 mL) and
washed three times with water (10 mL). The organic layer was
dried over MgSQ@ and evaporated under reduced pressure. The
crude product was purified on a silica gel column using 1:1
pentane-ethyl acetate as eluerit0-Rewas obtained as a colorless
solid in 60% yield (1.00 g). Mp: 60C. 'H NMR (250 MHz,
CDCl): ¢ 1.38 (m, 1H, eg-H5), 1.86 (dq, 1H,= 5.2 Hz,J =
12.1 Hz, ax-H5), 2.15 (s, 1H, OH), 3.64 (m, 2H, H7), 3.84 (td,
1H,J = 2.7 Hz,J = 11.9 Hz, eqg-H6), 3.93 (dd, 1H,= 2.7 Hz,

J= 5.8 Hz, H4), 4.18 (dd, 1H] = 5.0 Hz,J = 11.4 Hz, ax-H6),
5.27 (m, 3H, H10, H11, and H2), 5.50 (m, 1H, H9 or H10), 5.54
(m, 1H, H9 or H10).13C{*H} NMR (62.5 MHz, CDC}): 6 26.4
(C5), 65.5(C6), 66.4 (C7), 77.5 (C4), 83.4 and 83.5 (C10 and C11),
83.7 and 84.1 (C9 and C12), 95.7 (C2), 107.3 (C8), 194.1 (CO).
Anal. Calcd for G3H130sRe: C, 34.59; H, 2.90. Found: C, 34.57;
H, 2.94.

(25 A9)-4-(Methoxymethyl)-2-cyrhetrenyl-[1,3]-dioxane (11-
Re). In a Schlenk tubel0-Re(1.44 g, 2.47 mmol) was dissolved
in THF (6 mL) at room temperature. A suspension of sodium
hydride (60% in mineral oil, 0.148 g, 3.7 mmol) in THF (2 mL)
was added in small portions to the solutionl®-Re After 1 h of
stirring, iodomethane (23@L, 3.7 mmol) was added and the stirring
was maintained overnight. The mixture was then hydrolyzed with

Hz,J= 2.7 Hz, H10), 5.55 (dd, 1H] = 2.0 Hz,J = 3.0 Hz, H9).
13C{*H} NMR (62.5 MHz, CDC}): ¢ 27.5 (C5), 43.4 (C12),59.5
(C13), 66.9 (C6), 75.1 (C7), 76.6 (C4), 84.2, 86.5, and 90.1 (C9,
C10, and C11), 97.3 (C2), 108.2 (C8), 193.6 (CO). Anal. Calcd
for C14H14lO6Re: C, 28.43; H, 2.39. Found: C, 28.55; H, 2.21.
[a]p?® = —4° (c = 2.0 g/L, CHC}). IR (HCCk): v 2029, 1941
cm1 (CO).

(28 A4S,Syr)-4-(Methoxymethyl)-2a-(o-ethylformatocyrhetre-
nyl)-[1,3]-dioxane (12b-Re). 11-Re(50 mg, 0.12 mmol) was
dissolved in anhydrous diethyl ether (4 mL) under argon. The
solution was cooled te-78 °C, and'BuLi (0.26 mL, 0.39 mmol)
was added dropwise. After 10 min at low temperature, the cold
bath was removed and the mixture was stirred at room temperature
for 45 min. A pale yellow precipitate was formed. The mixture
was then cooled again t678 °C, and ethyl chloroformate (14,
0.153 mmol) was then added dropwise. The mixture was stirred at
—78°C for 10 min and 2 h atoom temperature. The mixture was
quenched with water. The crude product was extracted with
dichloromethane. The organic layer was washed three times with
water, dried over MgSg) filtered, and evaporated under reduced
pressure. The crude product obtained was purified by flash
chromatography on silica gel using 1:1 pentadeethyl ether as
eluent.12b-Re (34 mg) was obtained as a colorless oil in 46%
yield. 'H NMR (250 MHz, CDC}): ¢ 1.27 (t, 3H,J = 5.4 Hz,
CH,CH3), 1.39 (d, 1HJ = 13.5 Hz, eg-H5), 1.82 (qd, 1H,= 5.4
Hz, J = 13.2 Hz, ax-H5), 3.30 (s, 3H, H13), 3.34 (m, 1H, H7),

water. The crude product was extracted with dichloromethane. The 3.42 (dd, 1HJ = 4.2 Hz,J = 8.7 Hz, H7), 3.84 (td, 1H) = 12.0

organic layer was washed three times with water, dried over MgSO

Hz, J = 21.6 Hz, eq-H6), 3.95 (m, 1H, H4), 4.25 (m, 2H, ax-H6

filtered, and evaporated under reduced pressure. The crude oiland (H,CHjs), 5.22 (t, 1H,J = 2.4 Hz, H10), 5.58 (t, 1H) = 2.4

obtained was diluted in dichloromethane and was filtered through
a silica gel pad. The solvent was evaporated, giving quantitatively
11-Re as a colorless solid. Mp: 60C. 'H NMR (250 MHz,
CDCly): 0 1.44 (m, 1H, ax-H5), 1.76 (dqg, 1H,= 5.0 Hz,J =
12.3 Hz, eg-H5), 3.35 (dd, 1H,= 4.4 Hz,J = 8.9 Hz, H7), 3.38
(s, 3H, H13), 3.48 (dd, 1H] = 6.1 Hz,J = 10.5 Hz, H7), 3.83
(td, 1H,J = 2.5 Hz,J = 11.9 Hz, eqg-H6), 3.95 (m, 1H, H4), 4.16
(ddd, 1H,J = 1.0 Hz,J = 4.9 Hz,J = 11.5 Hz, ax-H6), 5.23 (m,
2H, H10 and H11), 5.25 (s, 1H, H2), 5.50 (t, 2#H= 2.2 Hz, H9
and H12).13C{H} NMR (75.5 MHz, CDC}): ¢ 27.8 (C5), 59.8
(C13), 66.8 (C6), 75.5 (C7), 76.4 (C4), 83.3, 83.5, 83.6, and 83.9
(C9, C10, C11, and C12), 95.8 (C2), 108.0 (C8), 194.2 (CO). Anal.
Calcd for G4H15s06Re: C, 36.12; H, 3.25. Found: C, 36.69; H,
3.29. [0]p?® = +6° (c = 9.0 g/L, CHC}). IR (HCCk): v 2026,
1934 cn1! (CO).
(254S,Syr)-4-(Methoxymethyl)-2o.-(o-iodocyrhetrenyl)-[1,3]-
dioxane (12a-Re). 11-R€200 mg, 0.43 mmol) was dissolved in
anhydrous diethyl ether (3 mL) under argon. The solution was
cooled to—78 °C, and'BuLi (0.37 mL, 0.56 mmol) was added
dropwise. After 10 min at low temperature, the cold bath was

Hz, H9), 5.79 (s, 1H, H2), 5.76 (dd, 1H,= 2.1 Hz,J = 2.7 Hz,
H11).13C{*H} NMR (62.5 MHz, CDC}): ¢ 14.1 (CHCHy), 27.4
(C5), 59.3 (C13), 61.3 (C6), 66.8 (C7), 67@H,CHjs), 74.9, 83.6
(C2), 84.1 (C10), 86.5 (C12), 88.3 (C9), 95.4 (C11), 110.1 (C8),
163.6 (CO), 192.3 (CO). Anal. Calcd for1;0sRe: C, 37.98;
H, 3.56. Found: C, 38.19; H, 3.880]p%°> = —6° (c = 2.0 g/L,
CHCly). IR (HCCL): v 2026, 1937 cm! (CO).
(254S,Syr)-4-(Methoxymethyl)-2a-(o-(diphenylphosphino)-
cyrhetrenyl)-[1,3]-dioxane (12c-Re). 11-R€50 mg, 0.12 mmol)
was dissolved in anhydrous diethyl ether (4 mL) under argon. The
solution was cooled te-78 °C, and'BuLi (0.107 mL, 0.153 mmol)
was added dropwise. After 10 min at low temperature, the cold
bath was removed and the mixture was stirred at room temperature
for 45 min. A pale yellow precipitate was formed. The mixture
was then cooled again t678 °C, and chlorodiphenylphosphine
(27.5uL, 0.153 mmol) was added dropwise. The mixture was stirred
at—78°C for 10 min and for 2 h atoom temperature. The mixture
was quenched with water. The crude product was extracted with
dichloromethane. The organic layer was washed three times with
water, dried over MgSg) filtered, and evaporated under reduced

removed and the mixture was stirred at room temperature for 45 pressure. The crude oil obtained was purified by flash chromatog-

min. A pale yellow precipitate was formed. The mixture was then
cooled again te-78°C, and 1,2-diiodoethane (158 mg, 0.56 mmol)
dissolved in dry THF (1.5 mL) was added dropwise. The mixture

raphy on silica gel using 1:1 pentandiethyl ether as elueni.2c-
Rewas obtained as a white solid in 76% yield (66 mg). Mp:°Z3
IH NMR (250 MHz, CDC}): o 1.38 (m, 1H, eg-H5), 1.77 (qd,
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1H,J = 5.1 Hz,J = 12.4 Hz, ax-H5), 2.94 (dd, 1H} = 4.9 Hz,
J =10.4 Hz, H7), 3.02 (dd, 1H] = 4.7 Hz,J = 10.2 Hz, H7),
3.12 (s, 3H, H13), 3.73 (m, 2H, eq-H6 and H4), 4.14 (dd, 1H;
4.0 Hz,J = 10.3 Hz, ax-H6), 4.94 (ddd, 1H,= 0.6 Hz,J = 1.7
Hz,J = 3.4 Hz, H10), 5.20 (td, 1H]) = 0.8 Hz,J = 2.6 Hz, H9),
5.41 (d, 1H,J = 1.9 Hz, H2), 5.78 (m, 1H, H12), 7.35 (m, 6H),
7.43 (m, 4H).13C{H} NMR (62.5 MHz, CDC}): ¢ 27.5 (C5),
59.1 (C13) 66.7 (C6), 74.5 (C7), 75.9 (C4), 81.8 (C9), 86.0 (C2),
91.8 (C12), 91.8 (C11), 95.9 (C8), 96.0 (C10), 128.1, 128.1, 128.4,
128.5,128.6, 129.5, 132.6, 132.9, 134.5, 134.8, 193.3 (CO). Anal.
Calcd for GgH»40sPRe1.5CHCIl,: C, 42.51; H, 3.50. Found: C,
42.76; H, 3.48.{]p?®> = —27° (c = 2.0 g/L, CHCE}). IR (HCCL):
v 2029, 1937 cm! (CO).

(S)-o-lodoformylcyrhetrene ((S)-13-Re). 12a-R€407 mg, 0.68
mmol) was dissolved in THF (10 mL). A 10 mL portion of 10%
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flash chromatography on silica gel using 8:2 pentadiethyl ether
as eluent18-Rewas obtained as a pale yellow oil in 50% yield
(255 mg).*H NMR (250 MHz, CDC}): 6 0.29 (s, 9H, SiMeg),
1.57 (d, br, 1HJ = 14.4 Hz, eqg-H5), 1.91 (dq, 1H,= 5.1 Hz,J
= 12.4 Hz, ax-H5), 3.37 (s, 3H, H13), 3.43 (dd, 1H= 5.4 Hz,
J=9.9 Hz, H7), 3.57 (dd, 1H) = 5.1 Hz,J = 9.9 Hz, H7), 3.93
(dt, 1H,J = 2.7 Hz,J = 14.7 Hz, eq-H6), 4.04 (m, 1H, H4), 4.26
(dd, 1H,J = 4.2 Hz,J = 11.4 Hz, ax-H6), 5.20 (s, 1H, H2), 5.36
(d, 1H,J = 2.7 Hz, H10), 5.52 (d, 1H] = 2.7 Hz, H11)13C{1H}
NMR (62.5 MHz, CDC}): 6 1.0 (SiMg), 29.7 (C5), 46.9 (C9),
59.1 (C13), 66.5 (C6), 74.5 (C7), 76.8 (C4), 91.3 (C10), 95.6 (C11),
98.7 (C2), 115.9 (C8), 193.9 (RE). Anal. Calcd for GH,ReGs-
Si: C, 38.36; H, 4.17. Found: C, 38.12; H, 4.0&]{?®> = —17°
(c = 8.0 g/L, CHC)). IR (HCCk): v 2029, 1940 cm! (CO).
(R)-o-lodoformylcyrhetrene ((R)-13-Re). 18-Rg126 mg, 0.19

aqueous HCIl was added, and the mixture was stirred for 3 h. The mmol) was dissolved in THF (10 mL), and TBAF (1M in THF,

acid was neutralized with solid O; and diluted with diethyl

ether (40 mL). The organic layer was washed three times with water,

dried over MgSQ@, and filtered through silica gel. The solvent was
evaporated under reduced pressure, an¢Sh&3-Reobtained was
directly used in the cross-coupling reaction (300 mg, 90% vyield).
IH NMR (250 MHz, CDC}): ¢ 5.54 ¢, 1H,J = 3.0 Hz, H5), 5.70
(dd, 1H,J = 1.8 Hz,J = 2.6 Hz, H3), 5.95 (dd, 1H]) = 1.8 Hz,
J = 3.2 Hz, H4), 9.58 (s, 1H, CHO).
(Scyr)-17a-[(o-formylcyrhetrenyl)ethynyl]estradiol (( S)-7-Re).
170-[(Tributyltin)ethynyl]estradiol (360.2 mg, 0.61 mmol) arig){
o-iodoformylcyrhetrene (R)-13-Re 300 mg, 0.61 mmol) were
dissolved in DMF (8 mL). Dichlorobis(acetonitrile)palladium(ll)
(15.8 mg, 0.06 mmol) was added under argon, and the mixture
was stirred overnight at room temperature. The mixture was
quenched with water, and the crude product was extracted with

0.38 mL) was added dropwise. The mixture was stirred at room
temperature fo2 h and then diluted with diethyl ether (50 mL).
The organic layer was washed three times with water and dried
over MgSQ, and the solvent was removed under reduced pressure.
The crude product was dissolved in €, and the solution was
filtered through silica gel. The solvent was removed under reduced
pressure and then dissolved in THF (10 mL). A 10 mL portion of
10% aqueous HCI was added, and the mixture was stirred for 3 h.
The acid was neutralized with solid&0; and diluted with diethyl
ether (40 mL). The organic layer was washed three times with water,
dried over MgSQ, and filtered through silica gel. The solvent was
evaporated under reduced pressure, an@Réd.3-Reobtained was
directly used in the cross-coupling reaction (73 mg, 80% yield).
(Reyr)-170-[(o-formylcyrhetrenyl)ethynyllestradiol (( R)-7-Re).
17a-[(tributyltin)ethynyl]estradiol (360.2 mg, 0.61 mmol) arg){

dichloromethane. The organic layer was washed three times with o-iodoformylcyrhetrene $13-R¢ (300 mg, 0.61 mmol) were

water, dried over MgS§) filtered, and evaporated under reduced

dissolved in DMF (8 mL). Dichlorobis(acetonitrile)palladium(ll)

pressure. The crude product obtained was purified by preparative(15.8 mg, 0.06 mmol) was added under argon, and the mixture

TLC using 2:8 pentanediethyl ether as eluent, givin)-7-Rein
50% vyield as a white solid (201 mgjH NMR (250 MHz,
CDCl): ¢ 0.91 (s, 3H, H18), 2.81 (m, 2H, H6), 4.91 (s, br, 1H,
OH-3), 5.44 (t, 1HJ = 2.7 Hz, H3), 5.60 (dd, 1HJ = 2.4 Hz,J
= 4.2 Hz, H4), 5.96 (dd, 1HJ = 1.8 Hz,J = 3.0 Hz, H2), 6.56
(d, 1H,J = 2.7 Hz, H4), 6.63 (dd, 1H) = 2.7 Hz,J = 8.4 Hz,
H2), 7.16 (d, 1HJ = 8.4 Hz, H1), 9.81 (s, 1H, CHO}3C{H}
NMR (62.5 MHz, CDC}): ¢ 12.8 (C18), 15.2, 22.9, 26.3, 27.1,

was stirred overnight at room temperature. The mixture was
quenched with water, and the crude product was extracted with
dichloromethane. The organic layer was washed three times with
water, dried over MgSg) filtered, and evaporated under reduced
pressure. The crude product obtained was purified by preparative
TLC using 2:8 pentanediethyl ether as eluent, givin(R)-7-Re

in 30% vyield as a white solid (120 mgjH NMR (250 MHz,
CDCl): ¢ 0.91 (s, 3H, H18), 2.81 (s, 2H, H6), 4.81 (s, br, 1H,

29.6 (C6), 33.1, 39.2, 39.4, 43.4, 47.8, 50.0, 60.5, 73.8, 80.5, 85.30H-3), 5.44 (t, 1HJ = 0.9 Hz, H3), 5.61 (dd, 1HJ = 1.8 Hz,J

(C3), 85.7 (C4), 85.8 (C2), 87.5, 92.2 (C9, 98.7 (CY), 95.8,
112.7, 115.3, 126.5, 132.3, 138.2, 153.4, 183.5 (CHO), 190.8
(ReCO). HRMS for GgH31:06NRe: calcd forl®Re, 676.1710;
found, 676.1719. IR (HCG): » 2029, 1940 cm! (CO).

(2R AR, Syr)-4-(Methoxymethyl)-2o.-[5'-(trimethylsilyl)-2 '-io-
docyrhetrenyl]-[1,3]-dioxane (18-Re). 11-R€358 mg, 0.77 mmol)
was dissolved in diethyl ether (5 mL) under argon. The solution
was cooled to-78°C, and'BuLi (0.56 mL, 0.85 mmol) was added
dropwise. After 10 min at low temperature, the cold bath was
removed and the mixture was stirred at room temperature for 45
min. A pale yellow precipitate was formed. The mixture was then
cooled again to-78 °C, and bromotrimethylsilane (1%, 0.92
mmol) was added dropwise. The mixture was stirred-@g °C
for 10 min and for 2 h atoom temperature. Solvent and unreacted

= 2.7 Hz, H4), 5.97 (dd, 1HJ = 1.8 Hz,J = 3.3 Hz, H2), 6.56
(d, 1H,J = 2.7 Hz, H4), 6.63 (dd, 1H) = 3.0 Hz,J = 8.4 Hz,
H2), 7.16 (d, 1HJ = 8.4 Hz, H1), 9.82 (s, 1H, CHO}3C{H}
NMR (62.5 MHz, CDC}): ¢ 12.8 (C18), 15.2, 22.9, 26.3, 27.1,
29.5 (C6), 33.1, 33.2, 39.2, 39.4, 43.4, 47.8, 49.9, 60.5, 73.8, 80.5,
85.3 (C3), 85.7 (C4), 85.7 (C2), 87.5, 92.2 (C9, 95.7 (CB), 98.7,
112.7, 115.2, 126.5, 132.3, 138.2, 153.4, 183.4 (CHO), 190.8
(ReCO). HRMS for GgH310¢NRe: calcd forl®’Re, 676.1710;
found, 676.1710. IR (HCG): v 2029, 1940 cm! (CO).
(2S4S,R=0)-4-(Methoxymethyl)-20.-[5'-(trimethylsilyl)-2 '-iodo-
ferrocenyl]-[1,3]-dioxane (18-Fe). 11-F€1100 mg, 3.48 mmol)
was dissolved in anhydrous diethyl ether (16 mL) under argon. The
solution was cooled te-78 °C, and'BuLi (2.8 mL, 4.17 mmol)
was added dropwise. After 10 min at low temperature, the cold

bromotrimethylsilane were evaporated under reduced pressure. Théath was removed and the mixture was stirred at room temperature

mixture was dissolved in THF (5 mL) and then cooled-t@8 °C.

LDA (0.51 mL, 0.92 mmol) was added dropwise. After 10 min at
—78 °C, the mixture was stirred at room temperature fch and
and cooled again te-78 °C. Diiodoethane (325 mg, 1.15 mmol)

in THF (2 mL) was added. The cooling bath was removed, and the
mixture was stirred at room temperature for 3 h. The mixture was
diluted with diethyl ether and washed three times with water. The
organic layer was dried over MgQ(and the solvent was removed

for 1 h. An orange precipitate was formed. The mixture was then
cooled again to-78 °C, and bromotrimethylsilane (643., 4.5
mmol) was added dropwise. The mixture was stirred-@8 °C

for 10 min and for 2 h atoom temperature. The solvent was
removed under reduced pressure. The crude oil obtained was
dissolved again in diethyl ether (16 mL), and the solution was
cooled to—78°C. BuLi (2.8 mL, 4.17 mmol) was added dropwise,
and the mixture was stirred at this temperature for 10 min and at

under reduced pressure. The crude oil obtained was purified by room temperature for 1 h, giving a red solution. The mixture was



5738 Organometallics, Vol. 25, No. 24, 2006

then cooled again te- 78 °C, and a solution of diiodoethane (1470
mg, 5.22 mmol) in THF (6 mL) was added dropwise. The cooling

Ferber et al.

(C4), 126.6 (C1), 132.3 (C10), 138.2 (C5), 153.6 (C3), 193.2)(C7
HRMS for GHiz0OsFe: caled, 509.1780; found, 509.1777. IR

bath was removed, and the mixture was stirred at room temperature(HCCly): v 1672 cn1! (CO).

for 3 h. The mixture was quenched with water. The crude product

(Scyr)-170-[(0-Formylferrocenyl)ethynyl]estradiol ((S)-7-Fe).

was extracted with dichloromethane. The organic layer was washed17q-Ethynylestradiol (205.9 mg, 0.66 mmol) ar)<o-iodoformyl-

three times with water, dried over Mg&@iltered, and evaporated

ferrocene (R)-13-Fe 268 mg, 0.8 mmol) were dissolved in

under reduced pressure. The crude oil obtained was purified by degassed diisopropylamine (18 mL). Copper(ll) acetate hydrate (6.7

flash chromatography on silica gel using 1:9 pentagiethyl ether
as eluent, givind.8-Feas an orange oil in 43% yield (770 mdi
NMR (250 MHz, CDC}): 6 0.29 (s, 9H, SiMg), 1.50 (dd, 1HJ
= 1.3 Hz,J = 13.2 Hz, eg-H5), 1.82 (qd, 1Hl = 5.3 Hz,J =
12.4 Hz, ax-H5), 3.43 (s, 3H, H13), 3.46 (dd, 1H+ 6.6 Hz,J =
9.6 Hz, H7), 3.63 (dd, 1HJ = 6.6 Hz,J = 10.0 Hz, H7), 3.93
(td, 1H,J = 2.6 Hz,J = 14.1 Hz, eqg-H6), 4.11 (m, 2H, H4 and
ax-He6), 4.18 (d, 1HJ = 2.5 Hz, H10), 4.20 (s, 5H, Cp), 4.53 (d,
1H,J= 2.5 Hz, H11), 5.41 (s, 1H, H2}3C{*H} NMR (62.5 MHz,
CDCly): 0 1.2 (SiMey), 27.9 (C5), 46.1 (C9), 59.9 (C13), 67.0 (C6),
72.8 (Cp), 75.6 (C7), 75.8 (C4), 76.3 (10), 76.8 (C11), 89.5 (C8),
102.1 (C2). Anal. Calcd for GHo7FelGsSi: C, 44.38; H, 5.29.
Found: C, 44.19; H 5.440]p* = —53 (c = 5.0 g/L, CHC}).
(R)-o-lodoformylferrocene ((R)-13-Fe). 18-Fe(410 mg, 0.8
mmol) was dissolved in THF (10 mL). TBAF (1 M in THF, 1.59

mg, 0.033 mmol) and dichlorobis(triphenylphosphine)palladium-
(1) (23.4 mg, 0.033 mmol) were added into the solution. The
mixture was refluxed for 2 h. The mixture was quenched with water,
and the crude product was extracted with dichloromethane. The
organic layer was washed three times with water, dried over MgSO
filtered, and evaporated under reduced pressure. The crude product
obtained was purified by preparative TLC using 2:8 pentane
diethyl ether as eluent, giving 284 mg @)-7-Fe (70% yield).H

NMR (250 MHz, CDC}): 6 0.94 (s, 3H, H18), 1.23 (m, 1H), 1.46
(m, 3H), 1.86 (m, 4H), 2.39 (m, 2H), 2.82 (m, 2H, H6), 4.31 (s,
5H), 4.64 (t, 1HJ = 2.7 Hz, H3), 4.82 (dd, 1IHJ = 2.6 Hz,J =

4.0 Hz, H4), 4.92 (dd, 1HJ = 1.4 Hz,J = 2.7 Hz, H2), 6.58 (d,
1H,J = 2.5 Hz, H4), 6.64 (dd, 1H]) = 8.4 Hz,J = 2.5 Hz, H2),
7.17 (d, 1HJ = 8.3 Hz, H1), 10.21 (s, 1H, CHO}3C{'H} NMR
(62.5 MHz, CDC}): ¢ 13.0 (C18), 23.1, 26.5, 27.5, 29.7, 33.3,

mL, 1.6 mmol) was added, and the mixture was refluxed overnight. 39.4, 39.6, 44.0, 47.7, 50.1, 53.5, 66.0, 68.5, 71.6 (Cp), 72.9,(C4
The mixture was diluted with diethyl ether, and the organic layer 79-4 (C19), 80.6 (C3, 81.1 (C20), 93.5 (C}, 112.8 (C2), 115.4

was washed three times with water. The organic layer was dried (C4), 126.6 (C1), 132.4 (C10), 138.3 (C5), 153.6 (C3), 193.1)(C7
over MgSQ, and the solvent was removed under reduced pressure. HRMS for GsiH33:OsFe: caled, 509.1780; found, 509.1774. IR

The crude oil obtained was purified by flash chromatography on
silica gel using 8:1 pentandaliethyl ether as eluent, givin(R)-
12-Fequantitatively as an orange oil (350 mghjl NMR (250 MHz,
CDCl): ¢ 1.48 (m, 1H, eg-H5), 1.79 (m, 1H, ax-H5), 3.47 (s, 3H,
H13), 3.49 (dd, 1H,) = 3.0 Hz,J = 10.3 Hz, H7), 3.59 (dd, 1H,
J=6.2Hz,J=10.6 Hz, H7), 3.94 (id, 1IHJ = 2.5 Hz,J=11.7

Hz, eg-H6), 4.23 (m, 1H, H4), 4.17 (m, 1H, ax-H6), 4.18 (s, 5H,
Cp), 4.21 (t, 1HJ = 2.5 Hz, H11), 4.39 (dd, 1H] = 1.5 Hz,J =

2.4 Hz, H12), 4.46 (dd, 1H]= 1.5 Hz,J = 2.6 Hz, H10), 5.37 (s,
1H, H2). B3C{1H} NMR (62.5 MHz, CDC}): ¢ 29.0 (C5), 59.5
(C13), 41.6 (C4), 67.0 (C6), 68.8 (C11), 72.0 (Cp), 74.8 (C12),
75.7 (C7), 76.4 (C10), 86.4 (C8), 100.7 (C2). Anal. Calcd for
CigH1oFelOs: C, 43.47; H, 4.33. Found: C, 43.20; H, 4.3R)-
12-Fewas dissolved in THF (10 mL). A 10 mL portion of aqueous
HCI (10%) was added, and the mixture was stirred for 3 h. The
acid was neutralized with solid &£O; and diluted with diethyl

(HCCly): v 1672 cmit (CO).

Crystal Data for the Compounds R)-7-Fe and 12a-Mn.The
data collections were performed on a Nonius Kappa-CCD area
detector diffractometer (Mo &, 2 = 0.710 70 Aw scan) for the
compounds(R)-7-Fe and 12a-Mn. The relevant data are sum-
marized in Table 5. The cell parameters were determined from
reflections taken from one set of 10 frames (Is@eps inp angle),
each at 20 s exposure. The structures were solved using direct
methods (SHELXS97) and refined agaif$tusing SHELXL97.
The data were not corrected for absorption. All non-hydrogen atoms
were refined with anisotropic parameters. The hydrogen atoms were
included in their calculated positions and refined with a riding model
in SHELXL97. The CCDC reference numbers are 606489-(-
Fe) and 60436 12a-Mn).

Biochemical Experiments. (a) Materials.175-Estradiol was
obtained from Sigma-Aldrich (France). Stock solutions<(1L.03

ether (40 mL). The organic layer was washed three times with water, M) of the compounds to be tested were prepared in ethanol and

dried over MgSQ, and filtered through silica gel. The solvent was
evaporated under reduced pressure, giiRg13-Fe which was
directly used in the cross-coupling reaction.
(Reyr)-170-[(o-Formylferrocenyl)ethynyl]estradiol ((R)-7-Fe).
17a-Ethynylestradiol (156 mg, 0.5 mmol) an&){o-iodoformyl-
ferrocene (S)-13-Fe 203.9 mg, 0.8 mmol) were dissolved in

were kept at £C in the dark; under these conditions they are stable
for at least 2 weeks. 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 obtained from
Dutscher, Brumath, France, and glutamine, estradiol, and protamine
sulfate were purchased from Sigma. MCF7 and MDA-MB231 cells

degassed diisopropylamine (15 mL). Then copper(ll) acetate hydratewere from Human Tumor Cell Bank.

(5 mg, 0.025 mmol) and dichlorobis(triphenylphosphine)palladium-
(1) (17.5 mg, 0.025 mmol) were added into the solution. The
mixture was refluxed for 2 h. The mixture was quenched with water,

(b) Animal Tissues. Sheep uteri weighing approximately 7 g
were obtained from the slaughterhouse at Mantes-la-Jolie, France.
They were immediately frozen and kept in liquid nitrogen prior to

and the crude product was extracted with dichloromethane. The use.

organic layer was washed three times with water, dried over MgSO

(c) Determination of the Relative Binding Affinity (RBA) of

filtered, and evaporated under reduced pressure. The crude producthe Compounds for ERx and ERAB. RBA values were measured

obtained was purified by preparative TLC using 2:8 pentane
diethyl ether as eluent, givin@R)-7-Fe (313 mg) in 77% yieldH
NMR (250 MHz, CDC}): 06 0.94 (s, 3H, H18), 1.23 (m, 1H), 1.46
(m, 3H), 1.86 (m, 4H), 2.39 (m, 2H), 2.82 (m, 2H, H6), 4.31 (s,
5H), 4.65 (t, 1H,J = 2.7 Hz, H3), 4.82 (dd, 1HJ = 2.6 Hz,J =
4.0 Hz, H4), 4.92 (dd, 1HJ = 1.4 Hz,J = 2.7 Hz, H2), 6.58 (d,
1H,J = 2.5 Hz, H4), 6.64 (dd, 1H) = 8.4 Hz,J = 2.5 Hz, H2),
7.17 (d, 1HJ = 8.3 Hz, H1), 10.19 (s, 1H, CHO¥C{'H} NMR
(62.5 MHz, CDC}): 6 13.0 (C18), 23.0, 26.5, 27.5, 29.7, 33.3,
39.3,39.5,43.9,47.7,50.6, 53.5, 68.6, 68.7, 71.8)(G&.9 (C4),
79.3 (C19), 80.6 (C2, 81.1 (C20), 93.5 (C}, 112.8 (C2), 115.4

on ERx from lamb uterine cytosol and on BRourchased from
Invitrogen Corp. Sheep uterine cytosol prepared in buffer A (0.05
M Tris-HCI, 0.25 M sucrose, 0.198-mercaptoethanol, pH 7.4 at
25 °C) as described in ref 4a was used as a source @f. ERr
ERS, 10 uL of the solution containing 3500 pmol/mL was added
to 16 mL of buffer B (10% glycerol, 50 mM Bis-Tris-Propane pH
9, 400 mM KCI, 2 mM DTT, 1 mM EDTA, 0.1% BSA) in a
silanised flask. Aliquots (20@L) of ERa in glass tubes or ERIin
polypropylene tubes were incubated fh at 0°C with [6,7-H]-
estradiol (2x 107° M, specific activity 1.62 TBg/mmol, NEN Life
Science, Boston, MA) in the presence of nine concentrations of
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Table 5. Crystal Data and Refinement Details for the Complexes 12a-Mn andR}-7-Fe

(R)-7-Fe 12a-Mn
Crystal Data
formula CsngzFEOg, C14H14IMnOG
formula wt 508.42 460.09
cryst syst orthorhombic monoclinic
space group P21212; P2,
a, 9.4090(10) 11.167(2)
b, A 13.163(3) 6.5790(10)
c, A 20.138(3) 11.698(2)
o, deg 90.00 90.00
B, deg 90.00 109.232(5)
y, deg 90.00 90.00
vV, A3 2494.1(7) 811.5(2)
z 4 2
density, g cm?® 1.354 1.883
u(Mo Ka), mm2 0.636 2.739
F(000) 1072 448
Data Collection
temp, K 173(2) 173(2)
radiation, A 0.710 69 (Mo k&) 0.710 69 (Mo kx)
min—max#, deg 1.85-30.03 1.84-27.87
data setl, k, I) 0—-13,0-18,—28 t0+28 -14 to+13,—8t0+8, 0—15
total and unique no. of dat&(int) 7287, 4832, 0.0000 3567, 3467, 0.0000
obsd data >20(1) >20(1)
Refinement
N(rflns), N(params) 7287, 316 3567, 199
R2, R1, wR2, wR1, GOF 0.0775, 0.0416, 0.1032, 0.0939, 0.941 0.0295, 0.0275, 0.0935, 0.0839, 1.022
max, av shift/error 0.001, 0.000 0.002, 0.000
Flackx 0.000(15) —0.01(2)
min, max resid dens, e R —0.456, 0.417 —1.640, 0.635

the hormones to be tested. At the end of the incubation period, thefetal calf serum (Gibco BRL) and glutamine 2 mM (Sigma) at
free and bound fractions of the tracer were separated by protamine37 °C in a 5% CQ air humidified incubator. For proliferation
sulfate precipitation. The percentage reduction in bindingftef-[ assays, cells were plated in 1 mL of DMEM medium with phenol
estradiol (Y) was calculated using the logit transformationYof  red, supplemented with 10% decomplemented and hormone-
(logit Y: In[y/1 — Y] versus the log of the mass of the competing depleted fetal calf serum and 2 mM glutamine, and incubated. The
steroid. The concentration of unlabeled steroid required to displacefollowing day (D0) 1 mL of the same medium containing the
50% of the bound3H]-estradiol was calculated for each steroid compounds to be tested was added to the plates (final volumes of
tested, and the results were expressed as RBA. The RBA value ofalcohol: 0.1%; four wells for each condition, one plate per day).
estradiol is by definition equal to 100%. After 3 days (D3) the incubation medium was removed and fresh

(d) Measurement of Octanol/Water Partition Coefficient (log medium containing the compounds was added. After 6 days (D6)
Po/w) of the CompoundsThe log Po/w values of the compounds the total protein content of the plate was analyzed by methylene
were determined by reverse-phase HPLC on a C-8 column blue staining as follows. Cell monolayers were fixed foh in
(nucleosil 5.C8, from Macherey Nagel, France) according to the methanol, stained fal h with methylene blue (1 mg/mL) in PBS,
method previously described by Minfkand Pompef® Measure- and then washed thoroughly with water. One milliliter of HCI (0.1
ment of the chromatographic capacity factoig) (for each M) was then added, and the absorbance of each well was measured
compound was done at various concentrations in the range 85 at 620 nm with a Biorad spectrophotometer. The results are
60% methanol (containing 0.25% octanol) and an aqueous phaseexpressed as the percentage of proteins versus the control.
consisting of 0.15%n-decylamine in 0.02 M MOPS (3-morpho-

linopropanesulfonic acid) buffe( pH 7.4 (prepared in 1-octanol- Acknowledgment. We thank the Ministee de la Recherche
saturated water). These capacity factdy ére extrapolated ©0 ang the Centre National de la Recherche Scientifique for
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(¥) is then obtained by the formula log Po#0.134 18+ 0.984 52 5gsistance, and A. Jutand and E. A. Hillard for helpful
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(e) Culture Conditions. Cells were maintained in monolayer
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