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Abstract

The synthesis of two novel radiolabelled estrogen derivatives, [125I](E )-3-methoxy-17a-iodovinylestra-1,3,5(10),6-
tetraen-17b-ol (E[125I]IVDE) and [125I](Z )-3-methoxy-17a-iodovinylestra-1,3,5(10),6-tetraen-17b-ol (Z[125I]IVDE),

was carried out aiming to study the in¯uence of the introduction of a C6±C7 double bond on the biological
properties of the estradiol molecule. 3-Methoxyestra-1,3,5(10),6-tetraen-17-one was synthesised starting from a
suitably protected estrone and subsequently converted into the 17a-ethynyl derivative. The radioiodinated

derivatives were stereoselectively formed by radioiododestannylation of the corresponding tributylstannyl precursors.
The biodistribution of the novel [125I]iodovinylestradiol derivatives was evaluated in immature female mice.
Biological data indicated that the Z-isomer, owing to its higher in vivo uptake by the target tissue, has the
preferable con®guration for further development of similar compounds for estrogen receptor detection. 7 2000

Elsevier Science Ltd. All rights reserved.

1. Introduction

Imaging of breast cancer tumours based on their

content of estradiol receptor, ERa, poses a major chal-
lenge in the design of radiopharmaceuticals. Among

the radioiodinated estrogens that have been advanced

over past years as possible imaging agents for estro-

gen-positive human breast tumours, the 17a-iodoviny-
lestradiol derivatives showed some promising
properties (Hanson et al., 1989, 1993; Ali et al., 1988,
1993; Foulon et al., 1992; Ribeiro-Barras et al., 1992;

Zeicher et al., 1996; Rijks et al., 1997a,b). Many of
these compounds with high a�nity for the estrogen
receptor are still unsuitable for in vivo imaging mainly

due to their high non-speci®c binding, rapid metab-
olism and instability. The few clinical studies reported
to date for the 17a-iodovinylestradiol derivatives were

carried out with the E- and Z-isomers of [123I]11b-
methoxy-17a-iodovinylestradiol (Ribeiro-Barras et al.,
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1992; Rijks et al., 1997a,b) but only the Z-isomer

could ful®l the requisites to be considered an e�ective
breast cancer radiotracer (Rijks et al., 1997a,b, 1998).
Nevertheless, radiopharmaceuticals with improved bio-

logical pro®le are still required for estrogen receptor
tumour imaging.

In connection with our work on the development of
new radiopharmaceuticals (Inohae et al., 1999) based
on estradiol derivatives, we have synthesised two new

radiolabelled estrogen derivatives, [125I](E )-3-methoxy-
17a-iodovinylestra-1,3,5(10),6-tetraen-17b-ol
(E[125I]IVDE) and [125I](Z )-3-methoxy-17a-iodoviny-
lestra-1,3,5(10),6-tetraen-17b-ol (Z[125I]IVDE). The
reason for this work is that the most relevant research

for the development of imaging agents for estrogen
receptor-positive breast tumours has been based on
subtle modi®cations of the natural estrogen structure

through the placement of di�erent chemical groups
around the ring system. The introduction of a C6±C7
double bond has an e�ect on the conformation of the

estradiol molecule due to the conformational change in
ring B and gives a di�erent topology to the steroid

compared to that of the saturated analogue, which
should be re¯ected in its biological characteristics.
Indeed, preliminary in vitro receptor binding assays

suggest that 3-methoxy-17a-ethynylestra-1,3,5(10),6-tet-
raen-17b-ol shows an enhanced binding to the estrogen
receptor as compared to the saturated analogue (Mar-

ques et al., 1999 Unpublished results). Furthermore,
steroidal estrogens with unsaturation at the C6±C7

positions can be useful intermediates in the synthesis
of 7a-substituted estradiol derivatives, which are
described as interesting compounds with estrogenic or

antiestrogenic properties (Da Silva and van Lier, 1990)
depending on the nature of the 7a-chain. Thus far, the
e�ect of a double bond at C6±C7 on the metabolism

and biological e�cacy of estrogens has not been
described.

The introduction of a 3-methoxy group in the estra-
diol molecule preserves estrogen receptor a�nity
(Franke and Hanson, 1984). In vivo, the 3-methoxy

group is metabolically labile and will generate the
parent estradiol by O-demethylation in the liver. More-
over, it can be expected that radiopharmaceuticals

based on 3-methoxy-estradiol derivatives show higher
in vivo stability. It is for this reason that the authors

have chosen to maintain the methyl ether moiety at C-
3.
Studies on the e�ect of changes within the steroid

framework on the biodistribution of the compounds
often involve an approach using the preparation of

radioiodinated 17a-iodovinyl derivatives. The estab-
lished synthetic procedures yield mainly the 20E-iso-
mers. Accordingly, estrogen-receptor binding and in

vivo distribution studies have been essentially per-
formed with these isomers. Nevertheless, a superiority

of the 20Z-isomers over 20E-isomers of some estradiol
derivatives has been reported (Napolitano et al., 1991;

Hughes et al., 1997; Rijks et al., 1997a,b). Thus, the
authors deemed a study on the e�ect of the stereo-
chemistry of the iodovinyl moiety on the biodistribu-

tion of these radiolabelled estrogens necessary. The
target tissue uptake and uptake selectivity of both the
E- and the Z- isomer were studied in immature female

mice and are described in this paper.

2. Experimental

All reagents used were commercially available and
were of analytical grade. 3-Methoxyestra-1,3,5(10)-
trien-17-one (purity >98%) was purchased from

Sigma. Carrier-free [125I]sodium iodide (625 MBq/mg
of iodide) was purchased from Amersham, UK. Melt-
ing points were determined on a Mitamuriken MELT

THERMO and are uncorrected. IR spectra were
recorded on a JASCO-102 spectrometer. NMR spectra
were recorded at 270 and 300 MHz (proton) and at
67.9 and 75.4 MHz (carbon-13) with JEOL GSX-270

and Bruker WP-300 instruments, respectively, with tet-
ramethylsilane as internal standard. J-values are given
in Hz. Mass spectra were obtained on a JEOL JMS-

O1SG-2 mass spectrometer at 70 eV using a direct
inlet system. Column chromatography was carried out
on silica gel (Waco gel, C-300, 70±230 mesh). High

performance liquid chromatography was performed on
a reverse-phase column (C18, 250/8/4, Macherey-Nagel,
Germany) eluted at 1 mL minÿ1 with 80% aqueous

methanol. The eluted compounds were detected by
their absorbance at 254 nm with a variable wavelength
absorbance detector (LKB, Bromma) and by their
gamma radiation with a scintillation counter equipped

with a J100 cell (Berthold LB 505). Determination of
the tissue radioactivity was carried out with a gamma
counter (Hydragamma, Innotron Ltd, Oxford, Eng-

land).

2.1. 3-Methoxy-17,17-(2 ',2 '-
dimethyltrimethylenedioxy)-estra-1,3,5(10)-triene (2)

To 3-methoxyestra-1,3,5(10)-trien-17-one (1) (5.0 g,
17.6 mmol) in benzene (60 mL) was added 2,2-
dimethyl-propan-1,3-diol (6.8 g, 65.3 mmol) and p-

toluenesulfonic acid monohydrate (0.55 g, 2.9 mmol)
and the mixture was heated at re¯ux for 4 h with con-
tinuous azeotropic removal of water (Dean±Stark con-

denser). The reaction was cooled to room temperature,
poured into a saturated aqueous sodium bicarbonate
solution and the organic layer separated. The organic

layer was washed with brine, dried over sodium sul-
phate, ®ltered and evaporated to dryness to a�ord an
oil. Chromatography of the residue by ¯ash column
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chromatography (petroleum ether: ethyl acetate; 4:1)
gave 3-methoxy-17,17-(2 ',2 '-dimethyltrimethylene-

dioxy)-estra-1,3,5(10)-triene (2) (3.2 g), which was
recrystallised from methanol to a�ord a colourless
solid (2.6 g, 7.1 mmol, 40% yield). IR (KBr) 2940,

2850, 1600, 1570, 1500, 1460, 1270, 1250, 1100, 1030,
960, 900 cmÿ1. 1H-NMR (300 MHz, CDCl3) d: 7.22
(d, 1-H, 1H, J = 8.5 Hz), 6.78 (dd, 2-H, 1H, J =

2.7 Hz, J = 8.5 Hz), 6.71 (dd, 4-H, 1H, J = 2.7 Hz),
3.81 (s, -OCH3, 3H), 3.38±3.50 (m, -CH2- acetal, 4H),
1.16 (s,-CH3 acetal, 3H), 0.83 (s,-CH3 -C18, 3H), 0.73

(s,-CH3 acetal, 3H).

2.2. 3-Methoxy-17,17-(2 ',2 '-
dimethyltrimethylenedioxy)-estra-1,3,5(10)trien-6-ol
(3)

3 was prepared analogously to a described procedure
(Tedesco et al., 1995), as follows. To LIDAKOR re-
agent [prepared in situ by adding potassium t-butoxide

(4.3 g, 38.3 mmol) and diisopropylamine (6 mL, 3.9 g,
38.3 mmol) to a cooled solution (ÿ788C) of n-butyl-
lithium (17 mL, 15% in hexane, 38.3 mmol) in THF
(100 mL)] was added 3-methoxy-17,17-(2 ',2 '-dimethyl-

trimethylenedioxy)-estra-1,3,5(10)-triene (2) (3.5 g,
9.6 mmol). A dark-red solution resulted, which was
stirred for 3 h at ÿ788C. Thereafter, trimethyl borate

(15 mL, 127 mmol) was added and the dry ice bath
replaced by an ice-water bath. The mixture was stirred
for 1±2 h (during which time the dark red solution

turned milky) and then 30% aqueous hydrogen per-
oxide (40 mL) was added. After stirring for 1 h at
room temperature the reaction mixture was partitioned

between ethyl acetate and 10% aqueous sodium thio-
sulfate. The organic phase was washed with water,
dried over sodium sulphate and evaporated to a�ord a
residue from 3-methoxy-17,17-(2 ',2 '-dimethyltrimethy-

lenedioxy)-estra-1,3,5(10)trien-6-ol (3) was obtained by
chromatography (petroleum ether:ethyl acetate; 5:2) as
a colourless solid (2.5 g, 6.5 mmol, 68% yield). IR

(®lm) 3592 (OH), 1608, 1572, 1496 cmÿ1. 1H-NMR
(270 MHz, CDCl3) d7.21 (d, 1H, J = 8.6 Hz, 1-H),
7.14 (d, 1H, J = 2.6 Hz, 4-H), 6.79 (dd, 1H, J =

2.6 Hz, J=8.6 Hz, 2-H), 4.81±4.84 (m, 1H, 6-H), 3.80
(s, 3H, -OCH3), 3.69±3.37 (m, 4H, -CH2- acetal), 1.16
(s, 3H, -CH3 acetal), 0.83 (s, 3H, 18-CH3), 0.73 (s, 3H,
-CH3 acetal). 13C-NMR (67.9 MHz, CDCl3) d158.02
(C3), 140.81 (C5), 132.65 (C10), 126.45 (C1), 113.71
(C2), 111.61 (C4), 108.57 (C17), 72.60 (C7), 70.67,
70.15 (2C, -CH2-, acetal), 55.33 (O-CH3), 47.25 (C13),

47.02, 44.18, 38.35, 32.22 (C6, C14, C9, C8), 30.39 (C,
acetal), 29.43, 27.03, 26.11, 23.02 (C16, C12, C11,
C15), 22.53, 21.03 (2x -CH3, acetal), 13.98 (C18). MS

(EI+) m/z(%) = 386 (M+, 7), 299 (11), 282 (35), 171
(13), 141 (100), 69 (21). HRMS: Found: 386.2460.
Calcd. for C24H34O4: 386.2457.

2.3. 3-Methoxy-17-(and 2 '2 '-
dimethyltrimethylenedioxy)-estra-1,3,5(10),6-tetraene

(4)

To a solution of 3-methoxy-17,17-(2 ',2 '-dimethyltri-

methylenedioxy)-estra-1,3,5(10)trien-6-ol (3) (1.7 g,
4.4 mmol) in benzene (50 mL) was added p-toluenesul-
fonic acid monohydrate (112 mg, 0.65 mmol) and 2,2-

dimethyl-propane-1,3-diol (2.0 g, 19.2 mmol). The mix-
ture was heated under re¯ux for 4 h with continuous
azeotropic removal of water (Dean±Stark condenser).

The pale yellow solution was cooled to room tempera-
ture, poured into a 5% aqueous sodium carbonate sol-
ution and the organic layer separated. The organic
layer was washed with water and brine, dried over

sodium sulphate, ®ltered and evaporated to dryness to
a�ord a residue from which 3-methoxy-17-(and 2 ',2 '-
dimethyltrimethylenedioxy)-estra-1,3,5(10),6-tetraene

(4) was obtained after ¯ash column chromatography
with petroleum ether: ethyl acetate (5:2) as a colourless
solid (1.3 g, 3.5 mmol, 80% yield). IR (®lm) 2952,

1600, 1568, 1492 cmÿ1. 1H-NMR (300 MHz, CDCl3)
d7.19 (d, 1H, J = 8.2 Hz, 1-H), 6.75 (dd, 1H, J =
2.9 Hz, J = 8.2 Hz, 2-H), 6.66 (d, 1H, J = 2.9 Hz, 4-

H), 6.44 (dd, 1H, J = 2.9 Hz, J = 9.6 Hz, 6-H), 6.00
(dd, 1H, J = 1.6 Hz, J = 9.6 Hz, 7-H), 3.81 (s, 3H -
OCH3), 3.68-3.41 (m, 4H, -CH2- acetal), 1.20 (s, 3H, -
CH3 acetal), 0.86 (s, 3H, 18-CH3), 0.76 (s, 3H, -CH3

acetal). 13C-NMR (75.4 MHz, CDCl3) d158.70 (C3),
136.16 (C5), 133.91 (C7), 132.52 (C10), 128.30 (C1),
124.94 (C6), 112.41, 112.26 (C2, C4), 109.13 (C17),

73.29, 71.29 (-CH2-, acetal), 55.92 (-OCH3), 48.52
(C13), 46.50; 42.35, 39.48 (C14, C9, C8), 31.02 (C,
acetal), 29.67, 27.60, 24.62, 23.62 (C11, C12, C15,

C16), 23.21, 22.69 (-CH3, acetal), 14.4 (C18). MS
(EI+) m/z(%) = 386 (M+, 29), 282 (21), 238 (22), 225
(19), 184 (11), 167 (34), 149 (100), 141 (27), 128 (169),
69 (24). HRMS: Found: 368.2353. Calcd. for

C24H32O3: 368.2351.

2.4. 3-Methoxyestra-1,3,5(10),6-tetraen-17-one (5)

3-Methoxy-17-(and 2 ',2 '-dimethyltrimethylenedioxy)-

estra-1,3,5(10),6-tetraene (288 mg, 0.78 mmol) in 70%
acetic acid (6 mL) was heated at 608C for 1.5 h. The
reaction was cooled to room temperature, poured into
saturated aqueous sodium bicarbonate (10 mL) and

extracted with ethyl ether. The organic layer was
washed with brine, dried over sodium sulphate, ®ltered
and evaporated to dryness to a�ord a colourless resi-

due from which 3-methoxyestra-1,3,5(10),6-tetraen-17-
one was obtained after recrystallisation from methanol
(198 mg, 0.7 mmol, 90% yield). IR (®lm) 1730, 1600,

1568, 1492, 1260, 1048, 1008 cmÿ1. 1H-NMR
(270 MHz, CDCl3) d 7.16 (d, 1H, J = 8.4 Hz, 1-H),
6.75 (dd, 1H, J = 2.7 Hz, J = 8.4 Hz, 2-H), 6.66 (d,
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1H, J = 2.7 Hz, 4-H), 6.51 (dd, 1H, J = 2.7 Hz, J =
9.6 Hz, 6-H), 6.06 (dd, 1H, J= 1.3 Hz, J= 9.6 Hz, 7-

H), 3.80 (s, 3H, -OCH3), 0.91 (s, 3H, 18-CH3).
13C-

NMR (67.9 MHz, CDCl3) d220.35 (C17), 159.55 (C3),
136.53 (C5), 132.31 (C7), 132.20 (C10), 129.85 (C1),

125.55 (C6), 113.35, 113.19 (C2, C4), 56.59 (-OCH3),
50.05 (C14), 49.74 (C13), 43.36 (C8), 39.50 (C9), 37.00
(C16), 32.17 (C12), 25.01 (C11), 22.79 (C15), 14.88

(C18). MS (EI+) m/z(%) = 282 (M+, 71), 225 (8),
197 (16), 184 (18), 171 (22), 167 (36), 158 (23), 149
(100). HRMS: Found: 282.1619. Calcd. for C19H22O2:

282.1620.

2.5. 3-Methoxy-17a-ethynylestra-1,3,5(10),6-tetraen-
17b-ol (6)

A solution of 3-methoxyestra-1,3,5(10),6-tetraen-17-

one (5) (300 mg, 1.06 mmol) in dry dimethyl sulphox-
ide (3 mL) was treated under nitrogen with lithium
acetylide±ethylene diamine complex (147 mg, 1.6 mmol)
and the mixture was stirred for 1.5 h at room tempera-

ture. The mixture was poured into ice-cold water, acid-
i®ed with dilute acetic acid, extracted with ethyl
acetate, washed with water and brine and then dried

(MgSO4). After evaporation of the solvent under
reduced pressure, the residue was chromatographed on
silica gel (ether:hexane; 1:1) to yield 3-methoxy-17a-
ethynylestra-1,3,5(10),6-tetraen-17b-ol (6) (260 mg,
0.84 mmol, 80% yield). Mp 82±858C (ether/hexane).
IR (®lm) 3450, 3300, 1640, 1600, 1570, 1500, 1260,
1040, 1050, 1000 cmÿ1. 1H-NMR (300 MHz, CDCl3)

d7.17 (d, 1H, J = 8.3 Hz ,1-H), 6.74 (dd, 1H, J =
2.7 Hz, J = 8.3 Hz, 2-H), 6.65 (d, 1H, J = 2.7 Hz, 4-
H), 6.45 (dd, 1H, J = 2.7 Hz, J = 9.6 Hz, 6-H), 5.97

(dd, 1H, J = 1.7 Hz, J = 9.6 Hz,7-H), 3.80 (s, 3H -
OCH3), 2.61 (s, 1H, C0 CH), 0.89 (s, 3H, 18-CH3).
13C-NMR (75.4 MHz, CDCl3) d 158.10 (C3); 135.38

(C5); 132.73 (C7); 131.38 (C10); 127.89 (C1); 124.28
(C6); 111.84 (C2); 111.73 (C4); 89.00 (C20) 79.68
(C17); 74.22 (C21); 55.31 (-OCH3); 47.62 (C14); 45.11

(C13); 41.62 (C9); 39.24 (C8); 38.81 (C16); 32.24
(C12); 24.17 (C11); 22.65 (C15); 12.43 (C18). MS
(EI+) m/z (%) = 308 (M+,100); 282 (13.5); 225 (27);
211 (18); 172 (39); 171 (46); 158 (16); HRMS (EI+):

Found: 308.1773. Calcd. for C21H24O2: 308.1776.

2.6. (E)-3-Methoxy-17a-tributylstannylvinylestra-
1,3,5(10),6-tetraen-17b-ol (7-E)

A mixture of 3-methoxy-17a-ethynylestra-1,3,5(10),6-
tetraen-17b-ol (6) (100 mg, 0.32 mmol) and tributyltin
hydride (0.4 mL, 0.15 mmol) in toluene (3 mL) were
heated at 908C in the presence of azobisisobutyronitrile

(AIBN) (30 mg, 0.08 mmol) under nitrogen for 3 h.
The mixture was allowed to cool, poured into ice
water and then extracted with ethyl acetate (2 � 10

mL). The organic layer was separated and washed with
water (2 � 10 mL) and brine (10 mL), dried (Na2SO4)

and the solvent removed under reduced pressure and
the residue was puri®ed by ¯ash column chromatog-
raphy. Elution with ether:hexane (1:3) gave (E )-3-

methoxy-17a-tributylstannylvinylestra-1,3,5(10),6-tet-
raen-17b-ol (7-E) as the major product (oil, 114 mg,
0.19 mmol, 60% yield). IR (®lm) 3470, 2954, 2924,

1604, 1493, 1570, 1460, 1259, 1040 cmÿ1. 1H-NMR
(270 MHz, CDCl3) d 7.15 (d, 1H, J = 8.3 Hz, 1-H),
6.73 (dd, 1H, J = 2.7 Hz, J = 8.3 Hz, 2-H), 6.65 (d,

1H, J = 2.7 Hz, 4-H), 6.45 (dd, 1H, J = 2.4 Hz, J =
9.0 Hz, 6-H), 6.21 (dd, 1H, J= 19 Hz, 20-H), 6.07 (d,
1H, J = 19 Hz, 21-H), 6.03 (d, 1H, J = 9.0 Hz, 7-H)
3.80 (s, 3H -OCH3), 0.87 (s, 3H, 18-CH3).

13C-NMR

(67.9 MHz, CDCl3) d 158.07 (C3), 152.21 (C20),
135.41 (C5), 133.20 (C7), 131.51 (C10), 127.75 (C1),
124.86 (C21), 124.26 (C6), 111.79 (C2), 111.66 (C4),

85.32 (C17), 55.29 (OCH3), 47.19 (C14), 45.10 (C13),
41.92 (C9), 39.32 (C8), 35.75 (C16) 31.89 (C12), 29.71,
29.31, 29.18, 29.04, 27.99, 27.84, 27.62, 27.27, 26.86,

24.17, 23.28, 17.52 (-CH2- n-butyl chain), 13.95, 13.76,
13.62 (-CH3 n-butyl chain), 9.61 (C18). MS (FAB+)
m/z (%) = 599 (MH+, 6), 543 (26), 291 (51), 171

(100). HRMS (FAB, MH+): Found: 599.3071. Calcd.
for C33H53O

118
2 Sn: 599.3069. Found: 601.3080. Calcd.

for C33H53O
120
2 Sn: 601.3075.

2.7. (Z)-3-Methoxy-17a-tributylstannylvinylestra-
1,3,5(10),6-tetraen-17b-ol (7-Z)

A mixture of 3-methoxy-17a-ethynylestra-1,3,5(10),6-
tetraen-17b-ol (6) (70 mg, 0.23 mmol) and tributyltin

hydride (1 mL, 3.7 mmol) was stirred in hexamethyl-
phosphoramide (1.5 mL) at 708C for 45 h under nitro-
gen. The mixture was allowed to cool, diluted with
ethyl acetate (20 mL), washed with water (2 � 10 mL),

dried (Na2SO4) and the solvent removed under reduced
pressure. The residue was puri®ed by ¯ash column
chromatography. Elution with 5% ethyl acetate in pet-

roleum ether gave (Z )-3-methoxy-17a-tributylstannyl-
vinylestra-1,3,5(10),6-tetraen-17b-ol (7-Z) as the major
product (oil, 34 mg, 0.06 mmol, 25% yield). IR (®lm)

3028, 2954, 2924, 1603, 1570, 1493, 1461, 1260,
1042 cmÿ1. 1H-NMR (300 MHz, CDCl3) d 7.15 (d,
1H, J = 8.1 Hz, 1-H), 6.78 (d, 1H, J = 13.2 Hz, 20-
H), 6.72, (dd, 1H, J = 3 Hz, J = 8.8 Hz, 2-H), 6.46

(dd, 1H, J=9.6 Hz, J=2.4 Hz, 6-H), 6.00 (dd, 1H, J
= 9.6 Hz, J=1.5 Hz, 7-H), 5.88 (d, 1H, J= 13.2 Hz,
21-H), 3.80 (s, 3H, -OCH3), 0.89 (s, 3H, 18-CH3).

13C-

NMR (75.9 MHz, CDCl3) d 158.11 (C3), 149.98 (C20),
135.39 (C5), 132.99 (C7), 131.50 (C10), 127.87 (C1),
125.72 (C21) 124.28 (C6), 111.83 (C2), 111.70 (C4),

85.03 (C17), 55.30 (OCH3), 47.94 (C14), 47,47 (C13),
41.86 (C9), 39.47 (C8), 32.11, 29.33, 29.46, 24.17,
23.33, 14.01, 13.81, 12.02. MS (FAB+, 3-nitrobenzyl
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alcohol) m/z (%) = 599 (MH+, 6), 543 (26), 291 (51),
171 (100); HRMS (FAB, MH+): Found: 599.3049.

Calcd. for C33H53O
118
2 Sn: 599.3069. Found: 601.3053.

Calcd. for C33H53O
120
2 Sn: 601.3075.

2.8. (E)-3-Methoxy-17a-iodovinylestra-1,3,5(10),6-
tetraen-17b-ol (8-E) and (Z)-3-methoxy-17a-
iodovinylestra-1,3,5(10),6-tetraen-17b-ol (92///8-Z)

The same procedure was used for the synthesis of

both isomers. Thus, (E )-3-methoxy-17a-tributylstan-
nylvinylestra-1,3,5(10),6-tetraen-17b-ol (7-E ) or (Z )-3-
methoxy-17a-tributylstannylvinylestra-1,3,5(10),6-tet-
raen-17b-ol (7-Z ) (0.1 mmol) in chloroform (3 mL)

were treated with a 0.1 M solution of iodine in chloro-
form until the colour of iodine persisted. This was fol-
lowed by addition of potassium ¯uoride in methanol

(0.2 mL 1 M KF solution) and of 5% aqueous sodium
bisul®te (0.2 mL) and the mixture was extracted with
ethyl acetate (3 � 10 mL). The organic phase was

washed with water, dried (Na2SO4), and evaporated to
dryness under reduced pressure and the residue puri-
®ed by ¯ash column chromatography. Elution with
ether:hexane (1:1) gave (E )-3-methoxy-17a-iodovinyles-
tra-1,3,5(10),6-tetraen-17b-ol (8-E) as a colourless solid
(25 mg, 0.06 mmol, 60% yield) or (Z )-3-methoxy-17a-
iodovinylestra-1,3,5(10),6-tetraen-17b-ol (8-Z) as a col-

ourless solid (14 mg, 0.03 mmol, 32% yield).
(8-E) Mp 133±1358C (from ether:hexane). IR (KBr)

3458, 2936, 2858, 1603, 1571, 1495, 1468, 1261, 1044,

761 cmÿ1. 1H-NMR (300 MHz, CDCl3) d 7.15 (d, 1H,
J = 8.4 Hz, 1-H), 6.79 (d, 1H, J = 14.4 Hz, 20-H),
6.73 (dd, 1H, J = 2.7 Hz, J = 8.4 Hz, 2-H), 6.65 (d,

1H, J= 2.7 Hz, 4-H), 6.46 (dd, 1-H, J= 9.6 Hz, J=
2.6 Hz, 6-H), 6.32, (d, 1H, J = 14.4 Hz, 21-H), 5.97
(dd, 1H, J = 9.6 Hz, J = 1.3 Hz, 7-H), 3.80 (s, 3H, -
OCH3), 0.93 (s, 3H, 18-CH3).

13C-NMR (75.4 MHz,

CDCl3) d 158.12 (C3), 150.30 (C20), 135.32 (C5)
132.60 (C7), 131.28 (C10), 128.03 (C1), 124.26 (C1)
111.87 (C4) 111.75 (C2), 86.92 (C17), 74.87 (C21),

55.29 (-OCH3), 47.44 (C14), 45.10 (C13), 41.71 (C9),
39.31 (C8), 36.44 (C12), 31.99 (C16), 24.03 (C11),
23.09 (C15), 13.67 (C18). MS (FAB+, 3-nitrobenzyl

alcohol) m/z (%) = 437 (18), 419 (19), 291 (76), 235
(56), 171 (100). HRMS: Found: 436.0907. Calcd. for
C21H25O2I: 436.0899.
(8-Z) IR (®lm) 3544, 2930, 2864, 1603, 1569, 1493,

1464, 1259, 1040, 756 cmÿ1. 1H-NMR (270 MHz,
CDCl3) d 7.16 (d, 1H, J=8.6 Hz, 1-H), 6.85 (d, 1H, J
= 8.6 Hz, 20-H), 6.74, (dd, 1H, J = 3.0 Hz, J =

8.4 Hz, 2-H), 6.65 (d, 1H, J = 2.6 Hz, 4-H), 6.45 (dd,
1H, J = 9.6 Hz, J = 2.3 Hz, 6-H), 6.38 (dd, 1H, J =
8.6 Hz, 21-H), 5.97 (d, 1H, J= 1.6 Hz, J= 9.6 Hz, 7-

H), 3.78 (s, 3H, -OCH3), 0.96 (s, 3H, 18-CH3).
13C-

NMR (67.9 MHz, CDCl3) d 158.15 (C3), 143.22 (C20),
135.35 (C5), 132.74 (C7), 131.30 (C10), 127.97 (C1),

124.27 (C6), 111.88 (C4), 111.77 (C2), 84.75 (C17),
76.53 (C21), 55.31 (OCH3), 48.93 (C13), 47.82 (C14),

41.76 (C9), 39.39 (C8), 37.63 (C12), 31.57 (C16), 24.08
(C11), 23.09 (C15), 13.89 (C18). MS (FAB+, 3-nitro-
benzyl alcohol) m/z (%) = 436 (M+, 29). HRMS:

Found: 436.0907. Calcd. for C21H25O2I: 436.0899.

2.9. [125I](E)-3-Methoxy-17a-iodovinylestra-
1,3,5(10),6-tetraen-17b-ol (E[125I]IVDE, 8-E-125I) and
[125I](Z)-3-methoxy-17a-iodovinylestra-1,3,5(10),6-
tetraen-17b-ol (Z[125I]IVDE, 8-Z-125I)

The radioiodinated compounds 8-E-125I and 8-Z-125I
were prepared by oxidative iodination of the corre-

sponding tributylstannyl compounds 7-E and 7-Z.
They were puri®ed by HPLC. To a mixture of 7-E or
7-Z (100 mg, 166 nmol) in ethanol (200 mL) was added

[125I]sodium iodide (18.5 MBq in 5 mL of a diluted
sodium hydroxide solution, pH=9), followed by a
chloramine-T aqueous solution (50 mg, 1 mg/mL). The
reaction was quenched after 4 min by addition of an

aqueous sodium metabisul®te solution (50 mL, 1 mg/
mL). The reaction mixture was puri®ed on analytical
C-18 reversed phase HPLC column operated at a rate

of 1 mL/min. Elution with methanol±water (80:20)
gave E[125I]IVDE and Z[125I]IVDE, respectively. The
fractions containing the desired compound were com-

bined and concentrated under a stream of nitrogen.
The labelled compounds were taken up in ethanol and
diluted with sterile saline to 111 kBq/100 ml for injec-
tion purposes.

2.10. Biodistribution studies in mice

Studies were carried out with immature (21±25 d)
female mice CD-1 (randomly bred, Charles River, Wil-
mington, MA) in accordance with the Directives of

EEC (Portuguese National Law 129/92). Animals were
intravenously injected with 111 kBq (3 mCi) of the 125I-
labelled preparation via the lateral tail vein. The injec-

tion solutions were prepared by dilution of the 125I-
labelled estradiol derivative to give a ®nal concen-
tration of 10% (v/v) ethanol in water. A standard was

prepared to determine the radioactive dosage adminis-
tered. The mice were maintained on normal diet ad
libitum. A separate group of animals was co-injected
with unlabelled estradiol (50 mg) for the receptor satur-

ation studies. Animals were sacri®ced by cervical dislo-
cation at 1, 4 and 24 h after injection with the
radiotracer, and at 4 h in the case of the co-injected

cold estradiol. The radioactivities in the various organs
were determined in a gamma counter. The results were
expressed as percent of injected dose per g organ

(%ID/g organ). Mean values are given with the stan-
dard deviation. For blood and muscle the radioactivity
was calculated assuming that these organs constitute 7
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and 40% of the total weight body, respectively. The

radioactivity ratios in target to blood and target to
muscle were calculated. Results of the biodistribution
were evaluated by an analysis of variance. The level of
signi®cance was set at 0.05.

3. Results and discussion

The synthetic route to prepare 3-methoxyestra-

1,3,5(10),6-tetraen-17-one (5) is presented in Scheme 1.
Acetalisation of 3-methoxyestra-1,3,5(10)-trien-17-one
(1) with 2,2-dimethyl-propane-1,3-diol under standard

conditions gave 3-methoxy-17,17-(2 ',2 '-dimethyltri-
methylenedioxy)e stra-1,3,5(10)-triene (2) in 40% yield.
In principle, estradiol derivatives can undergo

hydrogen-metal exchange with strong bases at the aro-
matic position C-2 and at the benzylic positions C-6
and C-9. Although benzylic protons are intrinsically
more acidic than ring protons in benzene derivatives,

aromatic rings bound to an electronegative atom such
as oxygen can seriously compete with the benzylic pos-
ition for deprotonation. The strong preference of

LIDAKOR reagents (lithium diisopropylamide/potass-
ium alkoxide) for benzylic deprotonation has been
demonstrated by Takagishi and Schlosser (1991) in the

metallation of some toluene derivatives bearing electro-
negative substituents on the ring. Tedesco et al. (1995)
had already shown that careful equilibration leads to

selective deprotonation at C-6 (vs C-9) in estrones.

This ®nding prompted us to transform 2 oxidatively

into 3 in a similar manner, via the anion of 2, deproto-

nated at C-6. This can be achieved with a fourfold

excess of LIDAKOR reagent (prepared by mixing
equimolecular amounts of lithium diisopropylamide

and potassium tert-butoxide in THF solution [ÿ788C,
3 h]). 3-Methoxy-17-(2 ',2 '-dimethyltrimethylenediox-

y)estra-1,3,5(10)-triene-6-ol (3) was obtained in 68%

yield after quenching the metallated species with tri-

methyl borate, followed by reaction with excess of
hydrogen peroxide. This hydroxylation turned out to

be remarkably stereoselective: a ratio of approximately

90:10 of 6a to 6b-epimer was obtained. The two epi-

meric alcohols were not separated but the composition

of the mixture was established by inspection of its 1H-

NMR spectrum. The 6,7-ole®nic bond was introduced
e�ciently by dehydration of the 6a-hydroxy derivative

with p-toluenesulphonic acid giving 3-methoxy-17-

(2 ',2 '-dimethyltrimethylenedioxy)estr a-1,3,5(10),6-tet-

raene (4) in 80% yield. After acidic cleavage of the

17,17-acetal group, 3-methoxyestra-1,3,5(10),6-tetraen-

17-one (5) was obtained in 90% yield.

For radioiodination purposes, 3-methoxyestra-

1,3,5(10),6-tetraen-17-one (5) was functionalised at the

C-17a position with the ethynyl moiety followed by a
hydrostannylation and iodination of the corresponding

tributylstannyl precursors (Scheme 2). 5 was converted

into the 17a-ethynyl analogue (6) by reaction with

Scheme 1.
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lithium acetylide±ethylene diamine complex. The iso-

meric (E )-3-methoxy-17a-iodovinylestra-1,3,5(10),6-tet-
raen-17b-ol (8-E ) and (Z )-3-methoxy-17a-
iodovinylestra-1,3,5(10),6-tetraen-17b-ol (8-Z ) were

prepared via stannyl-iodo exchange (see also Ali et al.,

1988) of the corresponding tributylstannyl precursors

(7-E and 7-Z ), obtained by hydrostannylation of the

acetylene (6). The iodovinyl derivatives (8-E ) and (8-

Z ) were obtained in 60% and 32% yield, respectively.

This electrophilic substitution reaction has been shown

to be stereospeci®c, ultimately resulting in good yields

of radiopharmaceuticals with high speci®c radioac-

tivities. In addition, the tributylstannyl group permits

to iodinate selectively the vinyl substituent even in the

presence of an unprotected phenolic hydroxy group. 3-

Methoxy-17a-ethynylestra-1,3,5(10),6-tetraen-17-bol (6)
was treated for 24 h with tributyltin hydride in toluene

at 90±1008C in the presence of azobutyronitrile as a

catalyst to yield (E )-3-methoxy-17a-tributylstannylvi-

nylestra-1,3,5(10),6-tetraen-17b-ol (7-E ). Replacing

toluene by hexamethylphosphoramide (a more polar

solvent) and lowering the reaction temperature to 60±

708C in the absence of a catalyst, leads to the selective

formation of the Z-isomer. The tributylstannyl inter-

mediates were converted with retention of con®gur-

ation to the corresponding iodovinyl derivatives via

reaction with iodine in chloroform. Stereochemical

assignments of the isomeric (E )- and (Z )-3-methoxy-

17a-iodovinylestra-1,3,5(10),6-tetraen-17b-ol (8-E and

8-Z ) were based on high resolution 1H- and 13C-NMR

spectra. The 1H-NMR spectrum of the 20E-isomer

gave two doublets at d 6.32 and 6.79 with coupling

constants of J = 14 Hz, characteristic of the 17a-vinyl
protons with a trans (E ) iodo-substituent. On the

other hand, the 20Z-isomer showed two doublets at d
6.38 and 6.85 with coupling constants of J =8 Hz,

characteristic of the 17a-vinyl protons with cis (Z )-

iodo con®guration (Hofmeister et al., 1986). The 13C-

Scheme 2.
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Fig. 1. UV absorbance (� � �) and radioactivity (Ð) pro®les for the HPLC separation of E[125I]IVDE (A) and Z[125I]IVDE (B) from

reaction mixtures. Experimental conditions: C18 reverse-phase column (Nucleosil 10 mm ET 250/8/4; Macherey±Nagel); ¯ow rate: 1

mL/min; mobile phase: 80% methanol.
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NMR spectrum of the 20E-isomer showed character-

istic vinyl carbon signals at d 150.30 (C-20) and 74.87

(C-21), while the 20Z-isomer gave corresponding sig-

nals at d 143.22 (C-20) and 76.53 (C-21).

The corresponding [125I](E )-3-methoxy-17a-iodovi-
nylestra-1,3,5(10),6-tetraen-17b-ol (E[125I]IVDE) and

[125I](Z )-3-methoxy-17a-iodovinylestra-1,3,5(10),6-tet-
raen-17b-ol (Z[125I]IVDE) were readily obtained in

Fig. 2. HPLC analysis of radioiodinated E[125I]IVDE and iodinated 8-E with simultaneous radioactivity (Ð) and UV absorbance

(� � �) detection. Experimental conditions: C18 reverse-phase column (Nucleosil 10 mm ET 250/8/4; Macherey-Nagel); ¯ow rate: 1

mL/min; mobile phase: 80% methanol.

Table 1

Tissue distribution of E[125I]IVDE and Z[125]IVDE in immature female mice expressed in percentage of injected dose/g organ

Organ 1 h 4 h 4 h (co-injection

of Estradiol)

24 h

E Z E Z E Z E Z

Blood 0.420.2 1.020.3 0.420.1 0.620.1 0.620.4 0.720.0 0.220.1 0.220.0

Uterus 0.820.4 1.620.3 0.820.3 1.620.4 0.820.4 0.920.2 0.220.1 0.220.0

Ovaries 1.520.6 3.621.3 2.020.5 1.920.6 2.320.2 1.320.2 0.920.5 0.220.1

Liver 13.123.5 8.622.0 8.521.6 4.320.5 5.821.2 3.221.3 1.420.4 1.220.3

Intestines 9.524.3 10.420.8 16.722.9 11.324.8 16.823.9 9.024.3 1.220.6 0.620.4

Spleen 0.520.2 2.020.8 0.420.1 1.320.1 0.520.1 0.620.6 0.220.1 0.420.1

Lung 0.920.6 1.020.2 0.620.2 0.620.2 0.520.1 0.620.2 0.120.0 0.120.0

Kidney 1.120.3 1.320.1 0.520.2 0.820.3 0.820.4 0.720.2 0.120.0 0.220.0

Brain 1.120.3 0.720.0 0.220.0 0.220.0 0.220.0 0.220.0 0.020.0 0.020.0

Muscle 0.820.3 0.820.2 0.420.1 0.620.1 0.520.2 0.420.1 0.120.0 0.120.0

Stomach 0.920.4 2.820.8 2.920.7 4.920.9 1.621.2 4.020.3 0.420.4 0.220.1

Thyroid 2.921.0 42.328.5 21.1212.8 112.6233.0 16.924.7 81.322.7 48.8225.9 2332181

Urinary excretion 3.123.2 17.525.0 5.322.0 20.629.0 8.021.7 16.022.8 83.023.4 91.521.5
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good radiochemical yield, 80% and 70%, respectively,

by treating the tributylstannyl derivatives with
[125I]sodium iodide in the presence of chloramine-T.

The radioiodinated products (Fig. 1) were isolated by

HPLC (radiochemical purity >95%) and compared to
their corresponding non-radioactive iodinated ana-

logues, 8-E or 8-Z, by HPLC with simultaneous UV

absorbance and radioactivity detection as shown in
Fig. 2 for the Z-isomer. Similar pro®les were also

obtained for the E-isomer.

The biodistribution of the radiolabelled estrogens on

the tissue can predict their usefulness as a breast can-

cer imaging agent better than the in vitro binding a�-
nity, since factors such as protein binding, receptor

dissociation, recirculation and metabolism are taken

into account and must be considered in predicting the
properties of the radioligands. The results of the bio-

distribution studies of the 125I-labelled 3-methoxy-iodo-

vinyl-6,7-dehydroestradiol derivatives in immature

Charles River female mice are presented in Table 1.
The results are expressed in percentage of injected dose

per g organ (ID %/g organ) at 1, 4, and 24 h after

injection with radiotracer, and at 4 h in the case of co-
injected cold estradiol.

The rapid blood clearance observed indicates that

the concentration rapidly drops to low values in the

blood in the ®rst hours after injection and continues to

decline over the period of study. Since the primary
route for excretion of estrogens is through the faeces,

high levels of activity in the intestines were observed.

Although similar biodistribution patterns for both iso-

meric iodovinyl estrogens were found, a signi®cant
di�erence in their biodistribution was observed. The

clearance of radioactivity from both blood and muscle

was faster for E[125I]IVDE. The uterus uptake at 1 and
4 h after injection and the ovaries uptake at 1 h after

injection were statistically higher ( p > 0.05) for

Z[125I]IVDE. The higher speci®city of the 20Z-isomers

has already been reported (Napolitano et al., 1991;
Hughes et al., 1997, Rijks et al., 1997b) for other 17a-
iodovinyl estrogen derivatives. On the other hand, no

evidence of receptor mediation in uterine uptake was

observed from a 4 h blocked experiment, when an
excess of inactive estradiol was co-injected with

E[125I]IVDE. However, the higher thyroid and stomach

uptake as well as the higher urinary excretion found
for Z[125I]IVDE indicates its higher in vivo decompo-

sition rate. The extent of deiodination of the two iso-

mers, as evaluated from the thyroid uptake at 1, 4 and

24 h after injection is presented in Fig. 3. The urinary
excretion was 3.123.2, 5.325.0, 83.023.4 and 17.52
5.0, 20.6 2 9.0, 91.5 2 1.5 at 1, 4 and 24 h for

Fig. 4. Uterus to non-target (blood and muscle) radioactivity ratios of E[125I]IVDE and Z[125I]IVDE at 1, 4 and 24 h after adminis-

tration.
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E[125I]IVDE and Z[125I]IVDE, respectively. The radio-
activity ratio (target to non-target organ) has been

used as indicator for the uptake selectivity, since it is
the di�erence between target and non-target organ
uptake which is responsible for the contrast needed in

imaging. The uterus to blood and uterus to muscle
ratios are presented in Fig. 4. From the analysis of
these values the higher speci®city of Z[125I]IVDE (the

uterus uptake decreased to one half when a co-injec-
tion of inactive estradiol was administered) is not evi-
dent, since the E[125I]IVDE isomer, although showing

a non-speci®c uterus uptake, undergoes a faster clear-
ance from blood and muscle. In conclusion, the bio-
logical data obtained for both E[125I]IVDE and
Z[125I]IVDE isomers indicate clearly that the Z-con-

®guration for these compounds is the preferable con-
®guration for estrogen receptor detection, although the
Z-con®gured compounds have a higher in vivo de-

composition rate. Nevertheless, higher uterus to blood
and uterus to non-target tissues ratios are required to
obtain a promising estrogen receptor-imaging agent, in

spite of the reasonable speci®city observed for the Z-
isomer.

4. Concluding remarks

We have described the synthesis and the biological
distribution of two new iodovinyl estradiol derivatives,
which possess an unsaturation at positions C6±C7

within the steroidal framework and which may be
regarded as the parent compounds for analogous C-7
substituted estratetraenes. The reaction sequence of the
20E- and 20Z-isomers constitutes an appropriate route

for an extension of the procedure to the short-lived
123I-labelled compounds of interest for single photon
emission computed tomography imaging (Foulon et

al., 1992; Ribeiro-Barras et al., 1992, Rijks et al.,
1997b). The radiochemical purity of the high speci®c
radioactivity radioiodinated compounds was greater

than 95% after HPLC puri®cation. Biological data
indicated that the Z-isomer owing to its higher in vivo
uptake by the target tissue has the preferable con®gur-
ation for estrogen receptor detection.

In spite of the reasonable speci®city observed for the
Z-isomer, the introduction of the C6/C7 double bond
on the estradiol frame does not increase the uterus to

blood and the uterus to non-target tissue ratios com-
pared to [123I](Z )-11b-methoxy-17a-iodovinylestra-
1,3,5(10)-trien-17b-ol, the most suitable tracer at the

present time (Rijks et al., 1997b).
The synthesis and evaluation of 7a-substituted estra-

1,3,5(10),6-tetraen-17b-ols are in progress.
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