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Abstract

In pursuit of novel steroid sulfatase (STS) inhibitors devoid of estrogenicity, several D-ring modified steroid derivatives were synthe-
sised. In vitro evaluation of the compounds identified two highly potent inhibitarssnd 4b, which were 18 times more active than
estrone-30-sulfamate (EMATE), both having Kg values of ca. 1 nM. These 16,17-seco-estra-1,3,5(10)-triene-16,17-imide derivatives
were synthesised from estrone, via the intermedlatehich was easily alkylated, deprotected and sulfamoylated affording the final
compounds in high yields. In order to assess their biological profile, the selected inhibitors were tested for their in vivo inhibitory potency
and estrogenicity in ovariectomised rats. After an oral dose of 10 mg/kg per day for 54dagsd 4b were found to inhibit rat liver
steroid sulfatase by 99%. They were also devoid of estrogenic activity in the uterine weight gain assay, indicating that these two leads have
therapeutic potential for the treatment of hormone-dependent breast cancer.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction pable of binding to the estrogen receptor and stimulating the
growth of tumour cells in vitr¢4] and induced mammary tu-

The desulfation of inactive steroids by the enzyme steroid mours in vivo[5]. The hydrolysis of E1S and DHEA-sulfate
sulfatase (STS) represents the main source for the local pro4s thought to be carried out by the same steroid sulfatase
ductions of active estrogens and, to a lesser extent, of ac-[6], suggesting that the inhibition of this enzyme offers an
tive androgens, in hormone-sensitive tumours. In women attractive strategy for reducing active steroid levels with the
with hormone-dependent breast cancer, it is believed that theview to generating alternative therapeutic regimens for com-
steroid conjugate estrone-sulfate (E1S) is readily convertedbating hormone-dependent breast cancers.
in situ into estrone by the enzyme STH, accounting for Estrone-30-sulfamate (EMATE) was the first highly
higher estrogen concentration in tumour tissues than circu-potent STS inhibitor to be discovered, with ans¢Cof
lating plasma level§2]. Although the conversion of andro- 65pM in intact MCF-7 breast cancer cells. It was found
gens into estrogens by the enzyme aromatase was initiallyto irreversibly inhibit the enzyme activity in a time- and
thought to be the main pathway for local synthesis of estro- concentration-dependent maniigy and was active in vivo
geng[3], there is now substantial evidence that production of on oral administratiorj8]. However, it proved to be more
estrone via the sulfatase pathway is 10-fold higher than thatestrogenic than 17-ethinylestradiol on oral application to
via the aromatase pathw§j. Furthermore, androstenediol, the rat[9]. In an attempt to design steroidal inhibitors
which originates from dehydroepiandrosterone (DHEA) af- that are devoid of estrogenic activity, molecules com-
ter its hydrolysis from DHEA-sulfate, was shown to be ca- bining both the pharmacophore of an STS inhibifb0]

and features that might render reduced estrogenicity have

* Poster paper presented at the 15th International Symposium of been developed. For example, Li et al. synthesised a se-
the Journal of Steroid Biochemistry and Molecular Biology, “Recent ries of 3:O-sulfamate derivatives of estradiol (E2) bearing
Advances in Steroid Biochemistry and Molecular Biology”, Munich, 17B-(N-alkylcarbamoyl) and 1@-(N-alkanoyl) side-chains
Germany, 17-20 May, 2002. [11] which turned out to be potent STS inhibitors and did
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of Appel and Bergef16] and was stored in the fridge under
positive pressure of Nas a solution in toluene as described
by Woo et al.[17]. An appropriate volume of this solution
was freshly concentrated in vacuo immediately before use.
E1 was purchased from Sequoia Research Products (Ox-
ford, UK) and E1S from Sigma Chemical Co. (Poole, UK).
[6,7-3H]E1S (specific activity, 50 Ci/mmol) and [#C]E1

Fig. 1. Example for the numbering of 3-hydroxy-16,17-seco-estra-

1,3,5(10)-triene-16,17-imide derivatives. (specific activity, 52 mCi/mmol) were purchased from New
England Nuclear (Boston, USA).
derivatives of estradiol as a new class of STS inhibifb2g, Thin layer chromatography (TLC) was performed on

acting via reversible interactions, as opposed to the activeprecoated plates (Merck TLC aluminium sheets silica gel

site-directed irreversible inhibition of EMATE. However, 60 Fs4 Art. No. 5554). Product(s) and starting material

these derivatives were shown subsequently to be estrogenigvere detected by either viewing under UV light or treat-

[13] suggesting that the introduction of hydrophobic sub- ing with an ethanolic solution of phosphomolybdic acid

stituents at the lo-position of E2 is not entirely effective  followed by heating. Flash column chromatography was

in abolishing the intrinsic estrogenicity of this type of in- performed on silica gel (Sorbsil C60). IR spectra were de-

hibitor. Non-steroidal inhibitors have also been synthesised termined as KBr discs using a Perkin-Elmer Spectrum RXI

and coumarin sulfamate derivatives, developed in our lab- FT—|R and peak positions are expressed imtmH NMR

oratories, have proven to be highly potent non-estrogenic and DEPT-edited 13C NMR spectra were recorded with

steroid sulfatase inhibitofd.4]. JMN-GX 400 NMR spectrometer at 400 and 100 MHz,

To further explore the possibility of hydrophobic interac- respectively, and chemical shifts are reported in parts per

tions in the region neighbouring the D-ring of steroidal com- million (ppm, 8) relative to tetramethylsilane (TMS) as an

pounds as a strategy for enhancing inhibitory activities with internal standard. Mass spectra were recorded at the Mass

a more effective reduction in estrogenicity, several novel Spectrometry Service Centre, University of Bath. FAB-MS

D-ring derivatives of EMATE were synthesised. It was rea- were carried out using+nitrobenzyl alcohol (NBA) as the

soned that 3-hydroxy-16,17-seco-estra-1,3,5(10)-triene-16,matrix. Elemental analyses were performed by the Micro-

17-imide[15] would be a suitable template for a structure— analysis Service, University of Bath. Melting points were

activity relationship studyKig. 1). The piperidinedione moi-  determined using a Reichert-Jung Thermo Galen Kofler

ety is designed to mimic the D-ring of estrone (E1) and is plock and are uncorrected.

therefore expected to have less intrinsic estrogenicity than

E2-derived inhibitors. The imido N-atom of the D-ring also 2.2. Synthesis of 3-benzyloxy-16,17-seco-

attractively allows the introduction of a variety of alkyl estra-1,3,5(10)-triene-16,17-imide (1)

side-chains which might render favourable hydrophobic in-

teractions with the active site, and sulfamoylation at the  Compoundl [15] was prepared from 3-benzyloxy-estrone

3-position is expected to ensure irreversible inactivation of via a haloform reaction, which cleaved the D-ring, and ther-

the enzyme. In vitro evaluation of the series of compounds mal condensation with urea of the resulting marrianolic acid

synthesised identified two highly potent STS inhibitor with derivative. Full synthetic details of this new route will be

ICs50 values of 1nM, making them ca. 18 times more ac- reported elsewhere.

tive than EMATE in the same assay (in vitro data will be

reported elsewhere). We report here the chemical synthesi®.3. Synthesis of 2a and 2b

for these structurally modified estrogen derivatives and their

in vivo activities. Sodium hydride (60% dispersion in mineral oil, 1.2 eq.)
was added to a stirred solution @fin anhydrous DMF
(15ml) at °C under an atmosphere obNAfter evolution

2. Materials and methods of hydrogen had ceased, the parent alkyl halide (2 eq.) was
added. The reaction mixture was stirred at room temperature
2.1. General methods for chemical synthesis and poured into water (50 ml). The resulting solution was

extracted into ethyl acetate (50 ml) and the organic layer
All chemicals were either purchased from Aldrich or Lan- washed with brine (4 25 ml), dried (MgSQ), filtered and

caster Synthesis (Morecambe, UK). All organic solvents of evaporated in vacuo.
AR grade were supplied by Fisher Scientific (Loughbor-
ough, UK). AnhydrousN,N-dimethylformamide (DMF) and  2.3.1. 3-Benzyloxy-N-propyl-16,17-seco-estra-1,3,5(10)-
N,N-dimethylacetamide (DMA), used fdt-alkylations and triene-16,17-imide (2a)
sulfamoylation reactions, were purchased from Aldrich and  Purification of the crude product by flash chromatogra-
were stored under a positive pressure gfafter use. Sul- phy using CHCG} as eluent gave a white solid (524 mg,
famoyl chloride was prepared by an adaptation of the method 94%). For analysis, a sample was recrystallized from EtOH
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to give white crystals: mp 95-9&; IR (KBr) vmax 3035,
2960-2870, 1720 (€0), 1660 (G0), 1610-1500 cmt; 1H
NMR (CDCl3) 8§ 0.89 (3H, t,J = 7.6Hz, C-3-H3), 1.16
(3H, s, C-18-H), 1.32-2.98 (13H, m), 2.83-2.88 (2H, m,
C-6-Hp), 3.64-3.80 (2H, mIN-CHy), 5.03 (2H, s, OCHAr),
6.72 (1H, d,J = 2.7 Hz, C-4-H), 6.80 (1H, dd/ = 8.6 Hz,

J = 27Hz, C-2-H), 7.21 (1H, dJ = 8.6Hz, C-1-H)
and 7.30-7.44 (5H, m, §Hs); MS m/z (FAB+) 432.4 [88,
(M + H)*]. HRMS m/z (FAB+) calcd. for GgHz4NOs:
432.2539. Found: 432.2522. Anal. calcd. fegB33NOs3: C,
77.93; H, 7.71; N, 3.25. Found: C, 77.60; H, 7.68; N, 3.26.

2.3.2. 3-Benzyloxy-N-(1"-pyridin-3”-ylmethyl)-16,17-seco-
estra-1,3,5(10)-triene-16,17-imide (2b)
An additional 2 eq. of sodium hydride were added dur-
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for Cy1H27NO3: C, 73.87; H, 7.97; N, 4.10. Found: C,
73.90; H, 7.98; N, 4.20.

2.4.2. 3-Hydroxy-N-(1"-pyridin-3”-ylmethyl)-16,17-seco-
estra-1,3,5(10)-triene-16,17-imide (3b)

Creamy solid (141 mg, 91%). An analytical sample was
precipitated from hot ethyl acetate to give a white powder:
mp 199-223C; IR (KBr) vmax 3380 (OH), 2940-2865,
1720 (G0), 1670 (GO), 1610-1500cm!; 'H NMR
(DMSO-dg) § 1.11 (3H, s, C-18-H), 1.14-2.94 (11H, m),
2.67-2.75 (2H, m, C-6-p), 4.82 (1H, d,J = 148Hz,
N-CH4Hg), 4.87 (1H, d,J = 14.8Hz, N-CHpHp), 6.44
(1H, d, J = 2.3Hz, C-4-H), 6.52 (1H, ddJ = 8.5Hz,

J = 2.3Hz, C-2-H), 7.07 (1H, dJ = 85Hz, C-1-H),
7.33 (1H, dd,J = 7.8Hz, J = 4.7 Hz, C-8-H), 7.59 (1H,

ing the reaction. Purification of the crude product by flash m, C-4’-H), 8.42-8.47 (2H, m, C/2H and C-6-H) and

chromatography using CHghcetone (9:1) as eluent gave

9.05 (1H, s, OH); MS/z (FAB+) 391.2 [88, (1 + H)*].

a white solid (230mg, 75%). For analysis, a sample was HRMS nv/z (FAB+) calcd. for G4H27N203: 391.2022.
recrystallized from EtOH to give colourless needles: mp Found 391.2019.

170-172C; IR (KBr) vmax 2925-2870, 1720 (€0),
1670 (G-0), 1610-1500cm*; 'H NMR (CDCl) § 1.14
(3H, s, C-18-H), 1.28-3.04 (11H, m), 2.84-2.88 (2H, m,
C-6-Hp), 4.92 (1H, d,J = 139Hz, N-CH,Hpg), 4.98 (1H,
d, J = 139Hz, N-CHaH3p), 5.03 (2H, s, OCHAr), 6.71
(1H, d, J = 2.7Hz, C-4-H), 6.79 (1H, ddJ = 8.6 Hz,

J = 2.7Hz, C-2-H), 7.17-7.45 (7H, m,dEl5, C-1-H and
C-5’-H), 7.69 (1H, td,J = 7.8 Hz, J = 1.8 Hz, C-4'-H),
8.50 (1H, dd,J = 5.1Hz, J = 1.8 Hz, C-6'-H) and 8.63
(1H, d, J = 1.8 Hz, C-Z'-H); MS m/z (FAB+) 481.3 [100,
(M + H)T]. HRMS m/z (FAB+) calcd. for GiH33N2Oz3:
481.2491. Found: 481.2504. Anal. calcd. foy1832N203:

C, 77.47; H, 6.71; N, 5.83. Found: C, 77.00; H, 6.75;
N, 5.73.

2.4. Synthesis of 3a and 3b

2.5. Yynthesis of 4a and 4b

2.5.1. 3-Sulfamoyl oxy-N-propyl-16,17-seco-estra-1,3,
5(10)-triene-16,17-imide (4a)

The phenol derivativ8a (100 mg, 293wmol) was added
to a stirred solution of sulfamoyl chloride (2.2eq.) in an-
hydrous DMA (2ml) at 0C under an atmosphere of;N
The reaction mixture was stirred for 6 h and then poured
into cold brine (15 ml), and the resulting solution extracted
with ethyl acetate (2 20 ml). The organic layers were com-
bined, washed with brine (620 ml), dried (MgSQ), filtered
and concentrated under reduced pressure. The crude product
was purified by flash chromatography using Ckl@tetone
(95:5) as eluent to give a white solid (107 mg, 87%). An
analytical sample was recrystallized from acetone/hexane
(1:2) to give white crystals: mp 202-20€; IR (KBr) vmax

Pd-C (10%), 50% (w/w) of substrate used, was added to 3365 (NH), 3255 (NH), 3095, 2965-2880, 1710 D),

solutions of the benzyl protected intermediagasand 2b

1660 (G=0), 1600-1500, 1380 (S®) 1180 (SQ) cm~L; 1H

in MeOH/THF and the resulting suspensions hydrogenated NMR (CDCl) § 0.90 (3H, t,/ = 7.4Hz, C-3-H3), 1.17
at room temperature using hydrogen-filled balloons. Filtra- (3H, s, C-18-H), 1.32-3.00 (13H, m), 2.88-2.93 (2H, m,
tion and evaporation of the filtrates in vacuo gave the crude C-6-H), 3.64—-3.80 (2H, m\-CH>), 4.90 (2H, s, NH), 7.06

products.

2.4.1. 3-Hydroxy-N-propyl-16,17-seco-estra-1,3,5(10)-
triene-16,17-imide (3a)
White solid (256 mg, 81%). An analytical sample was

(AH, d,J = 2.5Hz, C-4-H), 7.11 (1H, dd/ = 8.4Hz,J =
2.5Hz, C-2-H) and 7.33 (1H, dJ = 8.4Hz, C-1-H); MS
m/z (FAB+) 421.0 [100, 4 + H)T]. HRMS nvz (FAB+)
calcd. for G1H29N»O5S: 421.1797. Found 421.1800. Anal.
calcd. for G1H2gN20sS: C, 59.98; H, 6.71; N, 6.66. Found:

recrystallized from methanol to give colourless crystals: mp C, 60.00; H, 6.60; N, 6.49.

183-186°C; IR (KBr) vmax 3445 (OH), 3050, 29402860,
1725 (G=0), 1655 (G0), 1585-1500cm; H NMR
(CDClIg) 8§ 0.90 (3H, t,J = 7.4Hz, C-3-H3), 1.17 (3H, s,
C-18-Hg), 1.30-2.98 (13H, m), 2.82-2.86 (2H, m, C-6)H
3.64-3.80 (2H, mN-CHy), 4.73 (1H, s, OH), 6.58 (1H, d,
J =27Hz, C-4-H), 6.66 (1H, ddJ = 8.6 Hz,J = 2.7 Hz,
C-2-H) and 7.17 (1H, dJ = 8.6Hz, C-1-H); MSm/z
(FAB+) 342.3 [100, ¢ + H)*]. HRMS m/z (FAB+) calcd.
for Co1HogNO3: 342.2069. Found: 342.2076. Anal. calcd.

2.5.2. 3-Sulfamoyloxy-N-(1"-pyridin-3”-ylmethyl)-16,17-
seco-estra-1,3,5(10)-triene-16,17-imide (4b)

A stirred solution of3b (45 mg, 115.mol) in anhydrous
DMF (3 ml) was treated with sodium hydride (60% disper-
sion in mineral oil, 1.2eq.) at @ under an atmosphere
of Ny. After evolution of hydrogen had ceased, sulfamoyl
chloride (6 eq.) was added. The reaction mixture was stirred
at room temperature for 3h and then poured into water
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(25ml) and the resulting solution extracted with ethyl results were expressed agerine weightx 100)/total body

acetate (2x 20ml). The organic layers were combined, weight.

washed with water (2 20 ml) then brine (& 20 ml), dried

(MgSQy), filtered and concentrated under reduced pressure.2.6.2. In vivo inhibition of steroid sulfatase activity

The crude product was purified by flash chromatography  Samples of liver tissue obtained from animals 24 h after

using CHC}/acetone (8:2) as eluent to give a creamy administration of the last dose of the drug, were immediately

powder (42mg, 78%). This was recrystallized from ace- frozen on solid carbondioxide and stored-a20°C until

tone/hexane to give colourless crystals (28 mg, 52%): mp assay{8]. Briefly, tissue was homogenised in PBS (pH 7.4,

215-218C; IR (KBr) vmax 3335 (br, NH), 3100-2850, 50 mM containing 250 mM sucrose). Nuclei and cell debris

1720 (C0), 1675 (G0O), 1590-1495, 1380 (SP 1190 were removed by centrifugation. Duplicate aliquots of tissue

(S®) cm 1 'H NMR (DMSO-dg) § 1.10 (3H, s, C-18-H), supernatants were incubated with [BH}ELS (4x 10° dpm,

1.15-2.97 (11H, m), 2.79-2.84 (2H, m, C-6)H4.81 (1H, adjusted to a final concentration of gM with unlabelled

d, J = 148Hz, N-CH4Hg), 4.86 (1H, d,J = 14.8Hz, E1S) for 1 h at 37C. [4-1%C]E1 (1x 10* dpm) was used to

N-CHaHpg), 6.96 (1H, d,J = 2.7 Hz, C-4-H), 7.01 (1H, dd, = monitor procedural losses. Product formed was partitioned

J = 8.6Hz, x2.7Hz, C-2-H), 7.31 (1H, dd/ = 7.8 Hz, into toluene. The mass of E1S hydrolysed was calculated

J = 47Hz, C-8-H), 7.36 (1H, d,J = 8.6Hz, C-1-H),  from the®H counts detected and recovery of f42]E1. The

7.57 (1H, m, C-4-H), 7.89 (2H, s, NH) and 8.41-8.44  protein concentration in supernatants was measured by the

(2H, m, C-Z-H and C-6-H); MS myz (FAB+) 470.3 [48, method of Bradford19].

(M + H)+]. HRMS m/z (FAB+) calcd. for G4H2gN305S:

470.1750. Found 470.1767. Anal. calcd. forsB827N305S 2.7. Satistics

+ (H20)1/2: C, 60.03; H, 5.90; N, 8.78. Found: C, 60.00;

H, 5.86; N, 8.57. Student’st-test was used to assess the significance of the
effect of drugs on STS activity.

2.6. Invivo studies

Ovariectomised female Wistar rats (200 g) were obtained 3. Results and discussion
from Charles River (Kent, UK) and kept under conditions
meeting institutional requirement with free access to food 3.1. Chemical synthesis of the inhibitors
and water. Groups of rats, with three rats in each group, were

treated with EMATE (5Qwg/kg, s.c.) oda or 4b (10 mg/kg, The synthesis of 3-hydroxy-16,17-seco-estra-1,3,5(10)-
p.o.) once daily for a 5-day period. Control groups of rats triene-16,17-imide derivatives has previously been investi-
were given vehicle (propylene glycol, 200 p.o.). gated by Gupta and Jindal and the related compounds were
initially developed in order to assess the estrogenic/anti-
2.6.1. Uterotrophic estrogenicity study estrogenic effects of D-ring modificatioffss]. In our search

Animals were killed 24 h after administration of the last for D-ring modified steroid derivatives that could inhibit STS
dose of compound and uteri were excised of fat and weighed.without being estrogenic, these estrone derivatives appeared
Total body weights of the rats were also recorded, and theto be ideal candidates for further studies. The piperidine-

(0]
)J\N/\/
\/&O
R'O o 2a R'=Bn

o) o . -
a -
o
—_—

A

HO BnO T~ |

E1 1 b

RO o[ 2b R=Bn

o [ 3bR=H
4b R' = SO,NH,

Scheme 1. Synthesis of new D-ring derivatives of EMATE from E1. Reagents: (a) NaH/DMKCEL),!; (b) NaH/DMF, 3-(bromomethyl)pyridine
hydrobromide; (c) Pd/C, 5 MeOH/THF; (d) CISQNH2/DMA,; (e) NaH/DMF, CISQNHa.
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dione D-ring has the advantage of allowing a very easy in- access the intermediateand full details of this will be re-
troduction of substituents to the imido N-atom. We there- ported elsewhere. Alkylation on the N-atom of the D-ring
fore decided to investigate the synthesis of a series of thesewas easily performed using sodium hydride in DMF and
compounds bearing different side-chains on the D-ring and the corresponding alkyl halide. The resulting alkylated com-
a sulfamate at the 3-position. pounds2a and 2b were obtained in yields of 94 and 75%,
An efficient synthetic pathway, different to that proposed respectively. The benzyl ether of the products was then
by Gupta and Jindal, was develop&theme Yin order to cleaved by catalytic hydrogenation using Pd/C affording the

[ vehicle

50ug/kg/day x 5, s.c.

(a) 100 . 10mg/kg/day X 5, p.o. (990/0)* (990/0)*
% Inhibition of
STS activity
80
60
40
20
0
Control  EMATE 4a 4b
(b) 015 1
_Uterine Wt _, 109 1 venicle
Total Body Wt 50ug/day x 5, s.c.
Il 10mg/kg/day x 5, p.o.
0.10 [
005 1 T
0.00

Control EMATE 4a 4b

Fig. 2. (a) Inhibition of rat liver STS activity byta and 4b, meanst S.D. (for 4a and 4b the S.D were<10%). Basal sulfatase activity in liver
homogenates of untreated animals was 8.75 nmol/h/mg protein. Figure in parentheses represent the percent inhibition compared with the control. The
degree of inhibition byda and 4b was significantly greater than by EMATE at the dose used in this sttudy & 0.05) (b) Effects of4a and 4b on

uterine growth in the ovariectomised rat. All results are expressed as-m84h of triplicate measurements.
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corresponding phenoBa and3b in high yields. Sulfamoy-  derivatives of EMATE,4a and 4b, respectively, possess
lation of the hydroxysteroid derivativ8a was then per- high inhibitory activity against STS with no estrogenic ac-
formed following a recent procedure described by Okada tivity. These compounds therefore represent an advance in
et al.[18] in which sulfamoylation of phenolic compounds the development of orally active non-estrogenic steroidal
is conducted in the aprotic solveNtN-dimethylacetamide  STS inhibitors and are potential candidates for further de-
in the absence of base. This method, which requires only avelopment for the treatment of hormone-dependent breast
slight excess of sulfamoyl chloride, is expected to give a bet- cancer.

ter yield of sulfamate than the usual procedure with DMF,

where a large excess of the reagent is required. The sulfa-

mateda was obtained in high yield after a short reaction time  Acknowledgements

using 2.2 eq. of sulfamoyl chloride in DMA. Attempts to use

this method orBb however succeeded only with poor yield e acknowledge Sterix Ltd. for a studentship (to D.S.F.).
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