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Abstract—A flexible, direct, high yielding synthesis of 2-alkylsulfanyl estrogens from estrone has been developed. 2-Methylsulfanyl
estradiol (2-MeSE?2) 7 displays a similar anti-proliferative activity to the established 2-methoxyestradiol (2-MeOE2) 1, whilst its 3-O-
sulfamate derivative (2-MeSE2MATE) 9 exhibits greatly enhanced anti-proliferative activity, combined with significant inhibition of
steroid sulfatase, an enzyme target for the treatment of hormone-dependent tumours.

© 2004 Elsevier Ltd. All rights reserved.

2-Methoxyestradiol (2-MeOE2) 1, an endogenous
estrogen metabolite, has emerged as a promising thera-
peutic candidate for the treatment of a number of
conditions. The discovery that 2-MeOE2 inhibits angio-
genesis, is anti-proliferative and has in vivo anti-
tumour activity' has led to its evaluation in phase I/I1
clinical trials against a range of cancers under the trade
name Panzem™. Although the precise mechanism(s) by
which 2-MeOE?2 exerts its anti-tumour effects remain to
be fully elucidated it has been shown, amongst other
actions, to interfere with normal microtubule assembly,?
induce p53° and trigger BCL-2 phosphorylation.* A
recent advance has been the demonstration that 2-
MeOE2 inhibits HIF-la at the post-transcriptional
level, prevents HIF-1 target gene expression in tumour
cells and inhibits HIF-2o in human endothelial cells.® 2-
MeOE2 has also been proposed as a potential therapy in
a wide range of other areas including arthritis,® asthma,’
athelrgosclerosis,8 inflammation and cardiovascular dis-
ease.

As part of a programme aimed at the discovery of new
anti-tumour agents we synthesised and evaluated a
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Figure 1. The structure of 2-MeOE2 and 2-MeSEl.

number of 2-alkylsulfanyl estrogen derivatives. We set
out in particular to determine if 2-methylsulfanyl
estrogen derivatives would demonstrate similar or even
enhanced activity to their 2-alkoxy analogues. An effi-
cient entry to the 2-substituted estrone core would also
allow a broader exploration of the SAR of these com-
pounds (Fig. 1).

We reasoned that rapid elaboration of 2-alkylsulfanyl
estrogens could be achieved by a directed ortho-lithia-
tion reaction of suitably protected estrone followed by
disulfide quench and final deprotection. Estrone was
preferred to estradiol as starting material to afford
greater synthetic flexibility, notably for selective func-
tionalisation at the 3- and 17-positions of the estrane
nucleus. ortho-Lithiation at the 2-position of 3-meth-
oxymethyl protected estradiol has ample precedent;!® we
thus required robust protection of the 17-keto group,
which could be installed and removed in an efficient
manner and ethylenedioxyketal protection was selected.
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Scheme 1. The synthesis of 2-MeSEl. Reagents and conditions: (i)
ethylene glycol, p-TsOH, Dean-Stark, PhMe, quant; (ii)) NaH,
MOMCI, DMF, 95%; (iii) sec-BuLi, THF, =78 °C, 1h then MeSSMe
—78°C to rt, 94%; (iv) 4 M HCI/MeOH, 90%.
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Our synthesis of 2-methylsulfanyl estrone (2-MeSE1) 2
is illustrated in Scheme 1. It proved expedient to first
introduce ethylenedioxyketal protection under Dean—
Stark conditions and then incorporate the methoxy-
methyl group to give estrone MOM/Ketal 4 in 95% yield
over two steps. A sterically controlled selective ortho-
lithiation with sec-butyl lithium was followed by disul-
fide quench to afford sulfide 5 in excellent yield and
selectivity.!! Cleavage of both protecting groups was
then achieved by brief treatment with freshly generated
methanolic HCI to give 2-methylsulfanyl estrone 2 in
90% yield. This synthesis proved amenable to scale up
with consistently high yields. 2-MeSE1 was thus
obtained in 79% yield over four synthetic steps.

2-Ethylsulfanyl estrone (2-EtSE1) 6 was elaborated in
the same manner with the key ortho-lithiation step
proceeding in 91% yield. We fully expect that this
chemistry will allow access to a wide range of 2-sulfanyl
estrogens. Interconversion of the estrone derivative to
the corresponding 17-B estradiol was then achieved
by highly selective sodium borohydride reduction;
2-Methylsulfanyl estradiol (2-MeSE2) 7 and 2-ethyl-
sulfanyl estradiol (2-EtSE2) were thus obtained in near
quantitative yield. 2-EtSE2 has previously been syn-
thesised from estradiol in a modest 12% yield by
Cushman and co-workers via an iodination/nucleophilic
substitution strategy.!> Clearly, the synthesis reported
here is both more flexible and higher yielding.

Oxidation of the sulfide 2 to both sulfoxide 8 (as a
mixture of diastereoisomers) and sulfone 9 with
m-CPBA in dichloromethane proved straightforward
(Scheme 2).

An established interest in the synthesis of inhibitors of
the steroid sulfatase enzyme led us to investigate the
3-O-sulfamate derivatives. Treatment of 2-MeSEl 2
with sulfamoyl chloride in DMA gave 2-methylsulfanyl
estrone 3-O-sulfamate (2-MeSEMATE) 10 in 95% yield.
Reduction to the estradiol variant (2-MeSE2MATE) 11
was then achieved as above with sodium borohydride
(Scheme 3). 2-Ethylsulfanyl estrone 3-O-sulfamate (2-
EtSE2MATE) 12 was synthesised in the same manner.
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Scheme 2. Oxidation of 2-methylsulfanyl estrone. Reagents and con-
ditions: (i) m-CPBA (1.7equiv), DCM, 0°C, 72%; (ii) m-CPBA
(3.4equiv), DCM, rt, 78%.
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Scheme 3. The synthesis of 2-methylsulfanyl EMATEs. Reagents and
conditions: (i) H,NSO,Cl, DMA, 0°C to rt, 3h, 95%; (ii) NaBH,4,
MeOH/THF, 0°C to rt, 1 h, 97%.

Results obtained from the biological evaluation of the 2-
alkyl sulfanyl estrogen compounds against the prolifer-
ation of MCF-7 cells, an estrogen dependent (ER+ve)
human breast cancer cell line, are presented in Table 1.
These data reveal only low activity for the 2-MeSE1 and
2-EtSE1 compounds (>30 uM), highlighting the impor-
tant effect of the 17-hydroxyl group in this series. In
contrast to the 2-alkoxy estradiols where the 2-cthoxy
analogue had proved to be optimal for anti-proliferative
activity Cushman et al. observed only modest activity
for 2-EtSE2.'? Our study confirms this result (data not
shown), which seems likely to arise from the larger steric
size of 2-EtS versus 2-EtO. In contrast, 2-MeSE2 was
observed to have a similar degree of activity to 2-
MeOE2 in this cell line, confirming the validity of the S/
O substitution. The greater H-bonding character of the
ether compared to the thioether group may explain the
slight reduction in activity. The magnitude of this
reduction, however, suggests that any H-bond acceptor
makes only a small contribution to the overall activity.
Clearly, the 2-methylsulfanyl group is small enough to
fit into the available binding pocket and is, in this case, a
good bioisostere. Whether 2-MeSE2 shows the range of
activities attributable to 2-MeOE2 remains to be seen.
The oxidised derivatives of 2-MeSE2, sulfoxide 8 and
sulfone 9, proved to be inactive.

Table 1. Anti-proliferative activity of 2-substituted estradiols and their
3-O-sulfamate derivatives on MCF-7 human breast cancer cells'®

MCF-7plate assay ICs, (LM)

Compound no. Compound name

1 2-MeOE2 2.39
2 2-MeSEl 33.4
6 2-EtSE1 31.9
7 2-MeSE2 3.96
10 2-MeSEMATE 0.40
11 2-MeSE2MATE 0.43
12 2-EtSE2MATE 353
13 EMATE 22.8
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Of this series of results perhaps the most significant is
the enhancement of in vitro activity afforded by incor-
poration of the sulfamoyl group in the 3-position of the
2-alkyl sulfanyl estrogens, with sub-micromolar growth
inhibition being observed for both 2-MeSEMATE and
2-MeSE2MATE. This observation is consistent with
earlier results obtained in the 2-MeO- and 2-Et-series
where the 3-O-sulfamate derivatives proved to be sig-
nificantly more active than the parent estrones and
estradiols.!® These studies also showed that sulfamoyl-
ated 2-substituted estrogens exhibit biological activity
broadly similar to that of 2-MeOE2, with anti-angio-
genic, microtubule disruptor and pro-apoptotic activity
being observed.'* 2-MeOEMATE was, however, shown
to cause an irreversible arrest in the G,M phase of the
cell cycle in contrast to 2-MeOE2, which only induces a
reversible arrest. Although a full mechanistic charac-
terisation of the effects of 2-MeSEMATE has not yet
been carried out it would seem reasonable to suggest
that the activity of this molecule would reflect that
observed for its 2-MeO- and 2-Et-analogues. Evaluation
in the NCI 55 human cancer cell line panel’® revealed
that 2-MeSEMATE exhibits similar potency in a wide
range of ER+ve and —ve cells demonstrating that its
anti-proliferative effects are independent of the estrogen
receptor. The absence of significant anti-proliferative
activity for estrone 3-O-sulfamate (EMATE) 13 illus-
trates the necessity of 2-substitution for this property in
the sulfamoylated estrogens.

EMATE is a known inhibitor of the steroid sulfatase
(STS) enzyme,!” itself a clinical target for treatment of
hormone-dependent cancers.'® Inhibition of this enzyme
reduces the circulatory estrogen derived from estrone
sulfate, a major source of estrogen in post-menopausal
women, thus arresting tumour growth. We were inter-
ested to see whether inhibition of STS could be main-
tained with introduction of the 2-methyl sulfanyl group
and thus 2-MeSEMATE was evaluated alongside
EMATE as an inhibitor of steroid sulfatase activity in
placental microsomes.!” 1Cs, values of 120 and 22nM,
respectively, were obtained showing that 2-MeSEMATE
maintains significant STS inhibitory activity, albeit
slightly less than EMATE (this observation reflects that
previously observed for 2-MeOEMATE).?® However,
introduction of functional groups such as MeO at the 2-
position has proved a successful strategy for the removal
of the estrogenicity shown by EMATE in rodents,” an
observation which may well also hold for the 2-MeS
functionality. EMATE has also proved to possess high
oral bioavailability due to its uptake by red blood cells
and resultant bypassing of first pass liver metabolism.?!
The operation of such a delivery mechanism would au-
ger well for orally available 2-MeSEMATE derived
drugs should this observation prove to be a general one
for substituted EMATEs.

These preliminary results suggest that these molecules
may be effective against hormone dependent tumours,
arresting tumour growth directly by inhibiting cell pro-
liferation and indirectly by reducing circulatory estrogen
levels by blocking the steroid sulfatase pathway, to-
gether with other multi-targeted effects. Clearly, this

combination of biological properties highlights these
compounds as exciting lead molecules for the develop-
ment of new multi-targeted therapeutic agents for the
treatment of cancer.

Thus, in summary, a brief and efficient route to the
2-alkylsulfanyl estrogens has been realised affording
rapid access to a range of biologically interesting com-
pounds. Work is presently underway in our laboratory
to further exploit this chemistry in order to develop new
therapeutic candidates for the treatment of cancer and
to determine the precise nature by which these molecules
inhibit cancer cell proliferation.
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