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Enantioselective synthesis of ferrocene analogs of hexestrol and
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Abstract

We describe herein the synthesis of the first non-steroidal ferrocene analogs of estradiol, in which the five-
membered ring (D) is replaced by a cyclopentadienyl ligand. The control of the three chiral elements for 3-((2-
hydroxymethyl)ferrocenyl)-4-(4-hydroxyphenyl)hexane (4a,4b) and 3-((2-methyl)ferrocenyl)-4-(4-hydroxyphenyl)-
hexane: (5a,5b) was achieved by asymmetric cyclopalladation of N, N-dimethylaminomethylferrocene. The relative
configurations were unambiguously determined from X-ray structure analyses on the racemic materials at each
key step of the synthesis. All the ferrocene derivatives synthesized are recognized by the estradiol receptors.
The best results are obtained for molecules possessing the same ethyl group disposition as that found in meso-

hexestrol.
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Introduction

The great potential of organometallic complexes as
biologically active compounds has not been sufficiently
used up to the present [1]. However, many metal
compounds are non-toxic and some of them play an
important role in biomolecules such as hemoglobins
cytochromes, vitamin B,,, metallo-enzymes etc.

Synthetic compounds can exhibit biological activity
only if they are able to be bound to specific receptors
for natural metabolites. They have to be recognized
by them due to specific groups existing in the synthetic
molecules which imitate the natural substrates.

Two main strategies can be used.

First, a natural substance can be modified by intro-
ducing an organometallic moiety; the affinity for specific
receptors has to be maintained in the resulting hybrid
molecule. This approach can be illustrated by the method
developed by Jaouen and co-workers [2] in the case
of steroid hormones, see Fig. 1. These compounds have
been employed as tracers in hormone receptor mea-
surement based on the IR absorption properties of the
metal-carbonyl groups. This concept, introduced as an

R= Cr(CO)

M;lg= Cox(CO)g M0,Cp3(CO)q
Ry=H, CH;

Fig. 1.

alternative to the usual radioactive procedure, has been
recently extended and confirmed to be suitable for
immunologic assays [3].

Secondly, a purely synthetic way of building organ-
ometallic analogs of natural derivatives is possible. This
approach has been used by Sokolov et al. who succeeded
in synthesizing ferrocene analogs of prostaglandins in
which the five-membered ligand behaves as a latent
form of the cyclopentane ring [4], Fig. 2.

Following these concepts we decided to prepare
ferrocene analogs of estradiol, the structure of which
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Fig. 2. General formulation of prostaglandins and their ferrocenic
analogs.
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Fig. 4. Ferroceron: o-ferrocenyl benzoic acid.

can be compared to that of hexestrol or diethylstilbestrol,
Fig. 3.

The choice of ferrocene as the organometallic core
was made for the following reasons:

(i) Ferrocene has a well established and widely
developed chemistry including chiral stereochemistry
which is very important for preparing enantiomeric
compounds [5].

(ii) More than 30 years of studies have shown that
ferrocenes may be generally considered as non-toxic.
A drug against iron deficiency anemia, which has been
used for many years in Russia under the trade name
‘Ferroceron’, is the sodium salt of o-ferrocenylbenzoic
acid, Fig. 4. Another interesting feature in therapy is
the increased activity induced by the introduction of
a ferrocenyl group [6]. Metabolism of ferrocenes is
known as a xenobiotic process involving demetallation.

(iii) Ferricinium salts exhibit antitumor activity; they
appear to be a step in the metabolism of ferrocene
compounds [7]. Thus, it seems to be possible to conceive
specific drugs with potential antitumoral properties and
rather limited secondary effects.

The 17p-ferrocenyl estradiol has recently been pre-
pared as both a neutral molecule and a ferricinium

salt, Fig. 5. This molecule tested with specific receptors
of estradiol turned out to be recognizable (RBA 6%)
[8]. Therapeutic effects have not yet been performed.

We describe herein the synthesis of structural analogs
of estradiol in which, like in the prostaglandin example,
the five-membered ring D is replaced by a cyclopenta-
dienyl ligand of ferrocene (Fig. 6).

Synthetic strategy

Asymmetriccyclopalladation of dimethylaminomethyl-
ferrocene (Scheme 1) suggests an easy access to the
optically active 2-lithiated derivative with an absolute
configuration of the chiral plane [9]. Moreover, the
amino group allows the introduction of an hydroxyl
group by way of nucleophilic substitution.

We first planned to built our target molecule through
condensation of the cyclopalladated compound with 2-
aryl-propanoic acid chloride previously synthesized [10]
but the cyclopalladated compound in question did not
react with this acid chloride as described in the literature
for aryl compounds [11] (Scheme 2). However, the
organolithium compound generated from the cyclo-
palladated compounds via the iodide derivative reacts
with ketones in a normal way.

Thus, use of a chiral substituted hexane-3-one allowed
us to perform the key-step of coupling two moieties
affording the ferrocenic amino-alcohols. Three elements
of chirality had to be controlled in constructing the
framework of the steroid analog. Scheme 3 points out
the main role in stereochemistry of the following re-
actions:
® cnantioselective cyclopalladation
e attack of the ketone by the lithiated N,N-dimethyl-
aminoferrocene
® replacement of the hydroxyl group by a hydrogen
atom

Asymmetric cyclopalladation has been widely re-
ported in the literature [9]; this procedure turned out
to be the most appropriate way to generate the ferrocenyl
unit with the expected absolute configuration. The
lithiated ferrocenyl compound possesses a plane of
chirality while the ketonic function will provide a chiral
center. During the reaction a new asymmetric carbon
C, is formed. Therefore, in the absence of stercospe-
cificity, four isomers distinguishable by NMR spec-
troscopy would be expected. In fact, only two diaster-
eomers were obtained in roughly equal amounts and
isolated by chromatography on silica gel. This result
can be ascribed to a complete, 100%, stereospecificity
of this reaction, induced by one element of chirality.
Relative configurations of these diastereomeric amino-
alcohols were determined by X-ray diffraction analysis
for the racemic series, and provided evidence that the
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Fig. 6.
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relative configurations are respectively: (pR*,3R*,45*)-
1b for the more polar isomer and (pR*3$*4R*)-1a
for the other one [12]. The respective ORTEP plots
are presented in Fig. 7.

According to Felkin’s rules [13], when the reaction
proceeds via a ‘reactant-like’ transition state, the chiral
center at the « position adjacent to carbonyl group C;,
appears to be a much more efficient inductor toinfluence
the configuration of the new chiral center C,, than the
plane of chirality of lithiated N,N-dimethylamino-
methylferrocene. From the known configuration of the
starting ferrocene moiety, the absolute configurations
of the pair of diastereomers formed (Fig. 8) can be
determined unambiguously.

The formal replacement of the hydroxyl function by
a hydrogen atom gives, in both cases, the correct relative

5a(-)pS, 3R, 4R

4b (+) pR, 3R, 4S5

§b (+) pS, 3R, 45

CHoN(CH3)z

[/@/CHQ)GOE
CHy

CHzN{CH,),

CHAN(CH,); CHoN(CHy)z

@ «- ﬁ""}
ci—[2

CH,N(CH;),

Scheme 3. Synthesis of the ferrocenyl amino-alcohols by reduction
of the ketone by the ferrocene lithiated compound followed by
tonic reduction with retention or inversion.

configuration for C; and C, as that found in meso-
hexestrol. Starting from amino-alcohols in racemic and
optically active series the challenge is to maintain the
configuration of C, through the reduction of the hydroxyl
function.

The classical procedure described by Kursanov et al.
[14] with trialkylsilane in acidic medium led in our case
exclusively to elimination products.

The reduction of our amino-alcohols following a
procedure of ionic hydrogenation reported by Gribble
et al. [15] turned out to be a suitable method. In this
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Fig. 7. ORTEP plots of: (a) (pR,3R,45)-1b; (b) (pR,35,4R)-1a conformer 1 and (c) conformer 2.

Ca3)

strategy, extended by Nicholas and Siegel to  is largely suppressed (Scheme 4). Starting from the
Co,(CO)¢—propargylic alcohol complexes [16] (in which ~ amino-alcohols with the relative configurations
sodium borohydride is used as reducing agent and  (pR*35%*4R*)-1a and (pR*,3R*,45*)-1b we obtained
trifluoro acetic acid as protonating reagent) elimination  the reduced products as (p$S*,35*,45*)-2a and



NMe, Me,N

1bpS,35.4R
lal, = - 50.7(c=0.57, EtOH)

1bpR,3R,4S
[a]y = + 36.4(c=0.71, EtOH)

1apR,35,4R
[aly, = + 26.1(c=0.23, EtOH)

1ap§,3R,48
[el, = - 33.8(c=0.59, E1OH)

Fig. 8. Pair of enantiomers obtained by action of the racemic
N,N-dimethylaminomethylferrocenyl lithium on the ketone.

Co(CO); Co(CO),
i/ NaBH,
RC—|—C—CH,OH _—  » RC——(—C —CHj,4
il TFA
CH,Cl,
Co{CO), Co(CO),
Scheme 4.

(pS*,35*,4R*)-2b, respectively. Then 2a and 2b are
treated with BBr; to deprotect the phenol group giving
3a and 3b. These relative configurations were deter-
mined by X-ray diffraction analysis [17] onto the racemic
quaternary ammonium iodide salts derived from 3a or
3b [18] by action of methyliodide: rac-3a-Mel, rac-3b-
Mel. The ORTEP plots of the structures are reported
in Fig. 9.

As can be seen, the stereochemical course of the
ionic hydrogenation is drastically different for the two
diastereomeric amino-alcohols. The reaction would be
expected to give the product (pS*,3$ *,4R*)-2b starting
from (pR*,3R*,45*)-1b, i.e. ‘normal’ retention for C,.
However, we observed a total inversion for the
other diastereomer (pR*,35*4R*)-la leading to
(pS*,35*,45%)-2a.

As a matter of fact, the a-hydroxyl chiral compounds
belonging to ferrocene [19] or benchrotrene series [20],
reacted under ionic hydrogenation conditions with re-
tention of configuration (Fig. 10). This behavior can
be explained by the metal stabilization of the carbo-
cations.

However, few exceptions are known for chromium
carbony! complexes in which steric strains determine
the geometry of the carbenium ion formed [20]. To
our knowledge, only one example of inversion in the
ferrocene series has been reported [8b]. In our case,
this unexpected result is related to the different con-
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formations for the diastereomers in solution which are
caused by the respective nature of the hydrogen bonds
formed.

A confirmation of this hypothesis was obtained by
the results of the elimination reactions performed with
TFA in CHCI, which always led to a mixture of two
tertiary and one quaternary olefins either frans-6 and
(cis+trans)-T or cis-6 and (cis + trans)-8, starting from
the amino-alcohol 1a or 1b, respectively (Scheme 5).
Nevertheless, it is noteworthy that for elimination in
the case of (pR*,3R*45*)-1b part of the unreacted
starting material is always recuperated. This can be
explained by the reluctance to ionization.

With regard to the ionization step process outlined
above, the anti-elimination of the hydrogen atom from
C, leads to the cis or trans quaternary olefin, depending
on the amino-alcohol chosen (Fig. 11).

Further deprotection steps to obtain our target mol-
ecules from reduced products do not affect the ster-
eochemistry. The targeted diols 4a and 4b have been
prepared after demethylation by BBr, [18]. The dimethyl
amino function could be substituted by an acetate group
using an excess of acetic anhydride at 100 °C for 20
h [21]. The expected diols were obtained in good yields
after hydrolysis. The reduced products 5a and 5b can
be prepared from the acetates or from the quaternary
ammonium salts by ionic hydrogenation according to
the procedure of Nicholas (Scheme 6).

Relative binding affinity of the diols and subsequent
reduction products towards estradiol receptors

The relative binding affinity (RBA) is a quantifiable
measure of the ability of a molecule to attach itself to
the specific receptor sites. In this study the RBA of
estradiol itself is assigned a value of 100%. Diols 4a,4b
and reduced products 5a,5b enter in the class of non-
steroidal hormones; they do not result from a trans-
formation of a natural hormone by grafting an organo-
metallic moiety. Under these conditions the RBA values
can be attributed to the inherent activity of the synthetic
compounds. The results for 4a,4b and 5a,5b are reported
in Table 1.

These results show that all the compounds synthesized
are recognized by estradiol receptors. The low values
observed 0.16 to 1.07% do not exclude them from
further biological investigations. For example, a non-
steroidal hormone, Tamoxifen (Fig. 12), used in the
hormonal treatment of breast cancer [22] exhibits an
RBA value of 1% [23].

Furthermore, it is possible to correlate these low
values with regard to those of estradiol derivatives. It
is well-established that the hydroxyl functions in position
3 and 178 play an important role in the binding process,
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Fig. 9. ORTEP plots of: (a) (pS,3S,4R)-3b-Mel; (b) (pS,3S,45)-3a-Mel.

since the RBA values fall to 3% for the estradiol without ~ groups. This is illustrated by the enantiomer of estradiol,
phenolic group and to 3.4% when the 178 hydroxyl  which has exactly the same distance between the two
group is absent [22]. The configuration of the steroidal ~ hydroxyl groups, and where the RBA value was found
skeleton plays an important role itself and does not  as 4% [22]. In our series of diols due to the stereo-
serve exclusively as a spacer between the two hydroxyl ~ chemistry of the reduction of starting amino-alcohols
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we found for (—)-4b the absolute configuration
(pS,35,4R) which corresponds to that of the enantiom-
eric image of estradiol (Fig. 13).

Under these conditions the comparison should be
more appropriate with the enantiomer of natural es-
tradiol. For (+ )-4b, compared to natural estradiol, this
diol differs only in the hydroxyl position on the five-
membered ring. This situation is not so far from an
estradiol with an aromatic ring complexed in the very
disfavorable B-position in which RBA drastically falls
to 1.67% [24]. For the series (+),( ~ )-5a,5b, the results
could be related to estradiol without a hydroxyl function
in the 17B-position. In this case the RBA value was
found to be 3.49% [22]. For both series 4a,4b and 5a,5b
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TABLE 1. Relative binding affinities towards estradiol receptors of the ferrocenic optically enriched analogs

RBA*?
(pS,35,45)(—)4a (PR,3RAR)(+)4a (pS,35,4R)(—)4b (pR,3R,48)(+)4b
(PR,38,48)(+)5a (pS,3R,4R)( —)5a {(pR,3S,4R)(—)5b (pS.3R,45)(+)5b
Series 4 0.20 0.16 0.24 0.34
Series 5 0.31 0.33 0.93 1.07

*Referenced to estradiol as 100%.

o >N

Fig. 12. Tamoxifen.

(pS. 35, 4R) : (-) 4b
Fig. 13.

the values of RBA are higher for the isomers 4b and
5b, which present a trans disposition of the ethyl groups
like in estradiol or meso-hexestrol.

Experimental

General considerations

NMR solvent was CDCl; or C4D; (only for proton).
'H NMR data are presented as follows: chemical shift
on the & scale, relative to TMS (multiplicity, number
of protons coupling constants in Hertz). '*C NMR data
are presented as follows: chemical shift on the & scale,
relative to solvent as 77.0 ppm. NMR spectra were
recorded on a Bruker AM 250 spectrometer.

Mass spectra were obtained on a Nermag R 10-G
spectrometer.

Rotations were measured on a Perkin-Elmer model
241 MC polarimeter.

Elemental analyses were performed by the ‘Service
Régional de Micro Analyse’ Université P. et M. Curie,
Paris.

The adsorbent used for column chromatography was
silica gel Merck 60 GF,s,. Tetrahydrofuran and ether
were distilled from sodium/benzophenone under argon
and dichloromethane over calcium hydride before use.

Syntheses
3-(2-((N,N-Dimethylamino)methyl)}ferrocenyl)-4-(4-
methoxyphenyl)hexane-3-0l (1a and 1b) were syn-
thesized as reported previously [12] and reduced
to 3-(2-((N,N-dimethylamino)methyl)ferrocenyl)-4-(4-

methoxyphenyl)hexane (2a and 2b) [17].

Enantiomeric excesses were related to those of the
corresponding cyclopalladated compounds: ee = 60% for
la(+), 1b(+), ee=68% for 1la(—), 1b(—) and con-
sequently for related compounds.

3-(2-((N,N-Dimethylamino)methyl)ferrocenyl)-4-(4-
hydroxyphenyl)hexane (3a and 3b)

General procedure. In a cold bath at —40 °C, 81 mg
(0.2 mmol) of 2 were dissolved in 5 ml of chloroform,
and 0.5 ml (5.3 mmol) of BBr; was added under rapid
stirring. The mixture was allowed to reach room tem-
perature and after 5 min the solution turned dark
brown. The mixture was cooled again before adding
30 ml of aqueous ammonia at 10%, extracted with
ether (3 X15 ml) and neutralized (NaHCQ,). The crude
oil obtained after evaporation was flash-chromato-



graphed on silica gel (7730 G F,5, Merck) (eluent Et;N/
petroleum ether: 1:4). 67 mg (80% yield) of 3-(2-((N,N-
dimethylamino)methyl(ferrocenyl)-4-(4-hydroxyphenyl)
hexane (3) were recovered.

(pS*35*45*)-3a. 'H NMR (CDCL) &: 0.64 (t, 3,
J=72), 0.86 (t, 3, J=7.4), 1.67 (m, 3), 1.88 (m, 1),
2.25 (s, 6), 2.53 (m, 1), 3.04 (m, 1), 3.1 (d, 1, J=12.8),
3.60 (d, 1, J=12.8), 3.77 (dd, 1, J=1.4, J=2.4), 3.99
(t, 1, J=2.4), 4.01 (s, 5), 421 (dd, 1, J=1.4, J=2.4),
5.25 (broad, 1), 6.70 (d, 2, J=8.5), 6.98 (d, 2, J=8.5).

(pS*35* 4R*)-3b. 'TH NMR (CDCL) &: 0.66 (t, 3,
J=7.1), 1.13 (t, 3, J=7.2), 1.48 (m, 2), 1.78 (m, 2),
2.25 (s, 6), 242 (m, 1), 2.71 (m, 1), 2.73 (d, 1, J=13.8),
3.04 (d, 1, 13.8), 3.79 (dd, 1, J=1.4, J=2.4), 4.00 (t,
1,7=2.4), 401 (s, 5), 4.22 (dd, 1, J=1.4, J=2.4), 5.30
(broad, 1), 6.63 (d, 2, J=8.5), 6.73 (d, 2, J=8.5).

Preparation of the protected ferrocenic alcohols: 4a-

acet, 4b-acet

In a degassed sealed glass tube, a mixture of 0.063
g (0.15 mmol) of 3 and 5 ml of acetic anhydride was
heated at 100 °C for 20 h. Benzene (10 ml) was added
and the benzene solution was washed with aqueous
sodium hydroxide (10%) then water, dried (MgSQO,)
and evaporated. The residue was chromatographed on
silica gel (eluent pentane:ether 1:1). 0.042 g of 4-acet
were recovered (yield 62%).

(pS*,35* 45*)da-acet. 'H NMR (C¢D) &: 0.70 (t,
3,7=72), 1.04 (t, 3, J=7.2), 1.55 (m, 3), 1.72 (s, 3),
1.90 (m, 1), 2.44 (q, 1), 2.73 (h, 1), 3.45 (dd, 1, J=14,
J=2.4), 380 (1, 1, J=2.3), 3.89 (s, 5), 407 (dd, 1,
J=14,7=24), 422 (q, 2, J=8), 6.82 (d, 2, J=9), 6.99
(, 2, J=9).

(pS*,3S*,4R*)-4b-acet. '"H NMR (C,D,) &: 0.67 (t,
3,J=74), 1.03 (t, 3, J=74), 1.60 (m, 1), 1.43 (m, 2),
1.71 (s, 3), 1.90 (m, 1), 2.46 (q, 1), 2.68 (g, 1), 3.60
(d, 1, J=12), 3.75 (dd, 1, J=1.4,J=24), 3.85 (d, 1,
J=12),3.90(t,1,7=24),3.95(s,5),4.11 (dd, 1,J=1.4,
J=24), 6.77 (d, 2, J=8), 6.95 (d, 2, J=8).

(pR,3R,4R)-4a-acet: [a]p= +14.6° (C=0.22, methanol)

(pS,3S5,4R)-4b-acet: [a]p= —37.0° (C=0.17, methanol)

(pR,3R,45)-4b-acet: [a]p= +48.1° (C=0.08, methanol)

The corresponding diols 4a and 4b were recovered
quantitatively from the acetates after hydrolysis (6%
KOH in methanol), refluxing for 1 h and subsequent
workup. All the isomers were chromatographed on
silica gel (eluent pentane/ether 1:1).

(pS*,35%45*)-4a. 'H NMR (C,D,) & 0.74 (t, 3,
J=172), 1.07 (t, 3, J=7.02), 1.57 (m, 2), 1.93 (m, 1),
241 (q, 1), 2.65 (g, 1), 3.53 (dd, 1, J=1.4, 2.4), 3.82
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(t, 1, J=2.5), 3.93 (s, 5), 4.06 (dd, J=1.4, 2.4), 4.19
(g, 2, J=17.2), 6.52 (d, 2, J=8.6), 6.72 (d, 2, J=8.6).

Mass spectrum (chemical ionization, NH; as reactant
gaz): [M]* =392, [M+1]*—-18=375.

(pS*38*4R*)-4b. '"H NMR (C,Dy) &: 0.72 (t, 3,
J=172), 1.06 (t, 3, J=72), 1.44 (m, 2), 1.72 (m, 1),
1.99 (m, 1), 2.34 (q, 1), 2.67 (m, 1), 3.70 (d, 1, J=12.4),
3.83 (m, 1), 3.85 (d, 1, J=12.4), 3.88 (s, 5), 3.93 (t, 1,
J=25), 411 (dd, 1, J=1.4, 2.5), 6.72 (q, 4, J=8.8).

Mass spectrum (chemical ionization, NH; as reactant
gaz): [M]* =392, [M+1]* —-18=375.

(pS,35,45)-4a: [a]p= —7.6 (C=0.40, methanol)

(PR,3R,4R)-4a: [a]p= +6.9 (C=0.72, methanol)

(pS,35,4R)-4b: [a]p= —30.3 (C=0.48, methanol)

(pR,3R,45)-4b: [a]p= +29.5 (C=0.31, methanol)

Anal. Calc. for C,3H,4O,Fe: C, 70.42; H, 7.19. Found:
for 4a: C, 70.21; H, 7.30. Found for 4b: C, 69.43; H,
7.50%.

3-(2-Methylferrocenyl)-4-(4-hydroxyphenyl) hexane

(5a,5b)

0.039 g (0.1 mmol) of 4 was dissolved in 5 ml of
CH,Cl,, and placed in a Schlenk apparatus under a
flow of argon. 0.02 g of NaBH, was added at 0 °C
followed by 0.15 ml of trifluoro acetic acid (TFA).
After 15 min another 0.02 g of NaBH, and 0.15 ml
of TFA were added and the mixture was stirred for
15 min. The excess of NaBH, was eliminated by pouring
the mixture into an ice-water bath. The organic layer
was separated using (3 X 10 ml) ether, and neutralized.
After removing the solvent, the residue was chroma-
tographed on silica gel (eluent ether/pentane 1:1), giving
0.030 g of 5 (yield 80%).

(pR*35*45*)-5a. 'H NMR (C,D,) &: 0.74 (t, 3
J=7.4), 122 (t, 3, J=74), 1.55 (q, 2, J=7.2), 1.88 (s,
3), 2.03 (m, 2), 2.42 (m, 1), 2.69 (m, 1), 3.42 (dd, 1,
J=14, 2.4), 381 (1, 1, J=2.4), 3.92 (s, 5), 3.94 (dd,
1), 6.46 (d, 2, J=8.6), 6.68 (d, 2, J=8.6).

(pR*,38*,4R*)-5b. '"H NMR (CcDs) &: 0.53 (t, 3,
J=17.0), 0.99 (t, 3,J=7.0), 1.29 (s, 3), 1.31 (m, 2), 1.67
(m, 1), 1.91 (m, 1), 2.29 (q, 1), 2.49 (q, 1), 3.73 (m,
1), 3.87 (m, 2), 3.90 (s, 5), 6.61 (q, 4, J=8.6).

(PR 3S,45)-5a: [a]p= +37.5 (C=0.16, methanol)

(pS,3R,4R)-5a: [a]p= —29.4 (C=0.17, methanol)

(pR,35,4R)-5a: [a]p= —183 (C=0.93, methanol)

(pS,3R,45)-5b: [a]p= +22.9 (C=0.70, methanol)

Anal. Calc. for C,;H,;OFe: C, 73.42; H, 7.50. Found
for 5a: C, 72.95; H, 7.45. Found for 5b: C, 72.65; H,
7.41%.
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Trans-3-(2-((N, N-dimethylamino)methyl)ferrocenyl)-4-

(4-methoxyphenyl)hexa-3-ene (trans-6) and

(cis +trans)-3-(2-((N, N-dimethylamino )methyl)-

ferrocenyl)-4-(4-methoxyphenyl)hexa-2-ene (cis-7 and

trans-7)

0.45 g of 1a (1 mmol) in 5 ml of CH,Cl, was stirred
with 0.5 ml of TFA under argon for 1 h at room
temperature. After neutralization (NH,Cl, then
Na,CQ,) the organic layer (3% 10 ml ether) was dried
under (MgSO.,) and evaporated. The residue was chro-
matographed on silica gel (eluent Et.N/hexane 1:10).
Three products were recovered. The most polar product
isolated (0.04 g) was found to be trans-6, and the less
polar products of 0.250 and 0.110 g, respectively, were
cis- and trans-(pS*,45*)-7 (total yicld for olefines
92.3%).

Trans-6. '"H NMR (CDCl,) é: 0.64 (t, 3, J=17.5), 1.05
(t, 3,J=17.5), 1.87 (m, 1), 1.97 (m, 1), 2.22 (s, 6), 2.36
(m, 2), 3.06 (d, 2, J=13.5), 3.47 (d, 2, J=13.5), 3.84
(s, 3), 4.01 (dd, 1, /=14, 2.4), 413 (s, 5), 4.17 (4, 1,
J=2.4), 441 (dd, 1, J=14, 2.4), 6.89 (dd, 2, /=17.9,
1.2), 7.03 (d4, 2, J=1.9, 1.2).

BC NMR (CDCl,) &: 157.8, 143.5, 135.0, 131.6, 129.6,
113.2, 93.0, 83.0, 70.0, 69.9, 68.4, 65.5, 58.0, 55.1, 45.5,
30.9, 29.1, 15.2, 13.0.

Anal. Calc. for C,¢H,;ONFe: C, 72.39; H, 7.71; N,
3.25. Found: C, 72.15; H, 7.54; N, 3.20%.

Trans- or cis-(pS*,45*)-7. 'H NMR (CDCl,) &: 1.02
(t, 3, J=15), 1.60 (d, 3, J=6.8), 1.76 (m, 1), 1.92 (m,
1), 2.12 (s, 6), 3.00 (d, 1,J=12.5), 3.42 (d, 1, J=12.5),
373 (dd, 1, J=1.4, 2.4), 3.77 (m, 1), 3.81 (s, 3), 3.90
(s, 5), 407 (t,1,7=24),433 (dd, 1, /=14, 2.4), 571
(q, 1, 7=6.8), 6.83 (d, 2, 7=8.4), 7.23 (d, 2, J=8.4).

»C NMR (CDCl,) é6: 157.7, 137.5, 136.5, 129, 125.5,
113.5, 91.5, 83.5, 69.5, 69.0, 68.3, 65.7, 58.0, 55.5, 55.0,
45.5, 30.0, 15.7, 13.3.

Anal. Calc. for C,H,;ONFe: C, 72.39; H, 7.71; N,
3.25. Found: C, 72.31; H, 7.70; N, 3.20%.

Cis- or trans-(pS*,45*)-7. '"H NMR (CDCl,) &: 0.83
(t,3,7=1.5), 1.54 (m, 1), 1.82 (m, 1), 1.90 (d, 3, /=7),
2.19 (s, 6), 3.27 (d, 1, J=13.4), 3.37 (m, 1), 3.39 (d,
1, 7=13.4), 3.83 (s, 3), 3.87 (t, 1, J=2.0), 3.92 (m, 1),
3.94 (s, 5), 4.24 (dd, 1, J=1.4, 2.3), 6.26 (q, 1, J=7.0),
6.87 (d, 2, J=8.8), 7.22 (d, 2, J=8.8).

*C NMR (CDCl,) é: 157.0, 139.0, 136.0, 129.0, 127.0,
113.0, 89.0, 85.0, 70.0, 68.5, 67.5, 65.5, 58.0, 55.0, 46.5,
455, 24.6, 14.5, 12.8.

Anal. Calc. for C,;H,;ONFe; C, 72.39; H, 7.71; N,
3.25. Found: C, 72.53; H, 7.88; N, 3.25%.

Cis-3-(2-(N, N-dimethylamino)methyl)ferrocenyl)-4-(4-
methoxyphenyl)hexa-3-ene (cis-6) and (cis+ trans)-3-
(2-((N, N-dimethylamino)methyl)ferrocenyl)-4-(4-
methoxyphenyl)hexa-2-ene (cis-8 and trans-8)

0.45 g of 1b (1 mmol) in 5 ml of CH,Cl, was stirred
with 0.5 ml of TFA under argon for 1 h at room
temperature. After neutralization (NH,Cl, then
Na,CO;) the organic layer (3 X 10 ml ether) was dried
under (MgSO,) and evaporated. The residue was chro-
matographed on silica gel (eluent Et;N/hexane 1:10).
Four products were separated. The less polar, 0.20 g
was the unreacted starting material followed by 0.02
g of cis-6 and 0.18 g of cis and trans 8, respectively
(total yield for olefines 46%).

Cis-6. "H NMR (CDCl,;) &: 0.84 (t, 3, J=7.4), 1.34
(t, 3,J=174), 2.18 (s, 6), 2.47 (m, 1), 2.75 (m, 2), 3.18
(g, 1), 229 (q, 2,J=10.0), 349 (dd, 1, /=14, J=24),
3.70 (s, 3), 3.78 (t, 1, J=2.4), 4.05 (s, 5), 4.13 (dd, 1,
J=14, J=2.4), 6.60 (dd, 2, J=8.8, 1.5), 6.81 (dd, 2,
J=8.8, 1.5).

BC NMR (CDCl,) é: 157.3, 142.1, 135.6, 131.8, 130.3,
112.5, 92.5, 83, 71.7, 69.1, 69.0, 64.9, 58.2, 55.0, 45.6,
29.7, 27.4, 15.0, 13.0.

Anal. Cale. for C,JH,;ONFe: C, 72.39; H, 7.71; N,
3.25. Found: C, 72.21; H, 7.80; N, 3.19%.

Cis- or trans-(pS*,4R*)-8. '"H NMR (CDCl,) &: 0.92
(t, 3,J=7.4), 1.52 (d, 3, J=7.4), 1.73 (m, 1), 1.98 (s,
6), 2.08 (m, 1), 2.87 (d, 1,7=13.5), 3.23 (d, 1, /=13.5),
377 (m, 1), 3.82 (s, 3), 3.89 (dd, 1, /=24, 1.4), 4.13
(t, 1,7=2.4), 413 (s, 5), 4.32 (dd, 1, /=24, 1.4), 5.57
(q, 1, 7=6.8), 6.88 (d, 2, J=7.9), 7.25 (d, 2, /=17.9).

3C NMR (CDCl,) é&: 157.8, 138.7, 136.5, 129.5, 125.5,
113.5, 92.0, 83.0, 69.2, 68.8, 66.0, 57.5, 56.0, 55.0, 45.0,
30.0, 16.0, 13.0.

Anal. Calc. for C,H,;ONFe: Calc. C, 72.39; H, 7.71;
N, 3.25. Found: C, 72.42; H, 7.81; N, 3.13%.

Trans- or cis-(pS*4R*)-8. '"H NMR (CDCl,) 6: 1.00
(t, 3, 7=17.3), 1.86 (d, 3, J=7.0), 1.88 (m, 1), 1.92 (s,
6), 2.64 (d, 1, J=13.5), 3.15 (d, 1, J=13.5), 3.72 (s,
3), 383 (1, 1, J=175), 3.98 (s, 5), 4.08 (1, 1, J=2.5),
4.19 (m, 2), 6.23 (q, 2, J=7.05), 6.68 (d, 2, J=8.4),
6.97 (d, 2, J=8.4).

C NMR (CDCl,) é: 157.4, 137.5, 136.0, 127.0, 113.2,
92.0, 69.5, 68.0, 67.5, 65.5, 57.7, 55.0, 48.2, 45.4, 35.0,
27.2, 14.8, 12.8.

Anal. Cale. for C,;H,,ONFe: C, 72.39; H, 7.71; N,
3.25. Found: C, 72.34; H, 7.63; N, 3.15%.

Relative binding affinities

Relative binding affinities (RBA) were determined
as follows. Lamb uterine cytosol (0.2 ml) fractions
containing 4 mg of protein/ml were incubated at 0 °C



for 3 h with 2 nM [*H]-17B-estradiol (Amersham, UK,
specific activity 52 Ci/mmol) and increasing amounts
of the competiting product (10~1000-fold excess; nine
concentrations in duplicate). Bound fractions were mea-
sured by protamine sulfate precipitation [25]. The RBA
of the competition is taken as the ratio [unlabeled
estradiol|/[competitor] required to inhibit half of the
specific [*H]-17B-estradiol binding, with the affinity of
estradiol set at 100%.
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