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Abstract—A novel series of [2.2.1]-azahydantoins has been designed and synthesized in an enantiospecific manner. The ability of
these compounds to act as antagonists to the androgen receptor was investigated and several were found to have potent activity

in vitro.
© 2004 Published by Elsevier Ltd.

Prostate cancer (CaP) is the 2nd leading cause of cancer
related death in men with an estimated 182,000 new
cases diagnosed each year in the United States.! The
androgen receptor (AR) is a ligand binding transcrip-
tion factor in the nuclear hormone receptor super-family
and is a key molecular target in the growth and progres-
sion of prostate cancer. Binding of androgens, such as
dihydro-testosterone (DHT), to the AR provides the
mitogenic signal for growth of prostate cancer cells.
For the past 50 years, androgen ablation via castration
has been the most effective therapy for the treatment
of advanced prostate cancer in the clinic. Complete
androgen blockade is accomplished by treatment with
an antiandrogen in addition to chemical castration with
an luteinizing hormone releasing hormone (LHRH)
agonist. Casodex (1) (bicalutamide) and Eulexin (2)
(flutamide) are FDA approved AR antagonists that ini-
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tially show a 80-90% response rate when used to treat
advanced CaP.> However, when treatment is continued
for 1-2 years, tumors become androgen independent
and this therapy fails. Approximately 50% of patients
undergoing complete androgen blockade progress to
fatal androgen-independent disease within 5 years of
starting therapy.® Clearly, there is an unmet medical
need for the treatment of advanced CaP. Thus, we
wanted to find a novel, non-steroidal, small-molecule
antagonist of the AR that is more efficacious than Caso-
dex and shows an increased time required to reach
androgen independent disease.

Our initial screening efforts led to a series of [2.2.1]-bicy-
clicsuccinimides, exemplified by compound 3, that
bound tightly to the AR and functioned as antagonists
to the wild-type (WT) and the mutant (MT) isoforms
of the AR in vitro.*> Closely related to the early succin-
imide leads was a series of bicyclic hydantoins repre-
sented by compound 4.° These compounds showed
very potent binding to the WT AR in addition to an
antagonist profile in vitro.
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Figure 1. Clinically used antiandrogens.

Closely related to the early succinimide leads was a ser-
ies of bicyclic hydantoins represented by compound 4.°
These series of compounds showed very potent binding
to the AR in addition to an antagonist profile in vitro
against the WT AR, comparing well to Casodex (1)
and Eulexin (2), both clinically used antiandrogens

(Fig. 1).

The promising in vitro profile seen with compounds
such as 3 and 4 led us to design a series of modified
[2.2.1]-bicyclic hydantoins. The X-ray crystal structure
of dihydrotestosterone (DHT) bound to the wild-type
(WT) AR ligand binding domain (LBD) was recently
solved in our laboratories’ and we utilized this informa-
tion for computer-aided drug design. Figure 2a shows
bicalutamide (purple) docked into the crystal structure
of DHT (green) bound to the WT AR.® Bicalutamide
occupies a much larger space than DHT in the LBD,
thus Helix-12 (H-12) was repositioned to allow bicalut-
amide to dock into the LBD. The docking studies
suggest that the aniline portion of bicalutamide has
similar interactions with the AR as the A-ring of DHT.
Further, the hydrogen bond to the hydroxyl group in
bicalutamide from residue N705 appears to mimic the
H-bond seen from the C-17 hydroxyl of DHT, and
appears to be essential for high affinity binding to the
AR.'9 More importantly, the 4-fluorophenyl ring of
bicalutamide also appears to clash H-12, which would
force it out of the conformation found in the depicted
agonist conformation. It is commonly believed that the
orientation of H-12 is, in part, responsible for agonist/
antagonist function of nuclear hormone receptors.!!

Based on our proposed model of binding of bicaluta-
mide to the AR, we believe that compound 4 forms an
analogous H-bond to residue N705 as bicalutamide
through the tertiary nitrogen of the hydantoin ring sys-
tem. In contrast to bicalutamide, compound 4 lacks any
interactions with H-12, which we proposed to be a crit-
ical interaction for the generation of an antagonist phe-
notype. Based on our model of bicalutamide, we
proposed that placing an appendage off the bicyclic por-
tion of our ring system would result in a similar clash
with H-12, thus generating a new series of analogs with
improved antagonist activity against both the WT and
MT AR. Modeling suggested that positioning an
appendage at the C-5 methylene would give an optimal
overlay with our model of bicalutamide. The most flex-

(b)

Figure 2. (a) Bicalutamide (1) (purple) and DHT (green) docked into a
model of the AR derived from the crystal structure with DHT bound.
Interaction with Helix-12 seen for bicalutamide. (b) Compound 5
docked into a model of the AR derived from the crystal structure with
DHT bound. Shows similar interactions as bicalutamide with Helix-12.
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Figure 3. Proposed modified hydantoin 5.

ible way to accomplish this was to replace a methylene
group with a nitrogen in the bicycle thereby providing
a convenient point of attachment for parallel synthesis.
This idea is represented in Figure 3 and in Figure 2b,
where the proposed azahydantoin 5 is docked into the
LBD of WT AR. As is shown, the 4-fluorophenylcarba-
mate appears to invade the space occupied by H-12 in
the wild-type LBD. Based on these studies, we set out
to make a series of modified hydantoins based on com-
pound 5.

We began the synthesis by treatment of commercially
available N-Boc-trans-hydroxy-L-proline methyl ester
(6)'? with tosyl chloride and pyridine to give the corre-
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Scheme 1. Reagents and conditions: (a) tosylchlorlde pyridine, CH,Cl,, 99%; (b) LiBH4, THF, 22°C, quant.; (c) (COCl),, DMSO, TEA, CH,Cl,,
—78 to 0°C; (d) (EtO),P(O)CN, BnNH,, 4A MS, CH,Cl,, 95%, two steps; (e) DBU, (CH,Cl),, 80°C, 99%, 2:1 endolexo; (f) 3N NaOH then HCl/
MeOH; (g) H,, 10% Pd/C, EtOAc, 78%, two steps: (h) arylisocyanate,® 4A MS, (CH,Cl),, 22°C then DBU 60°C, 2h, 58%, 2:1 endolexo (>98% ee).

sponding tosylate 7, which was taken on in crude form
(Scheme 1). The ester was reduced with lithium borohy-
dride to give the primary alcohol 8 in excellent yield. The
aldehyde 9, obtained by a Swern oxidation of 8,'3 was
then treated with cyanodiethylphosphonate and benzyl-
amine to give the aminonitrile cyclization precursor 10
in 95% yield as a 1:1 mixture of diastereomers.'*

Precedent for the desired transannular cyclization was
found in Jordis’ synthesis of diazabicyclo-[2.2.1]hep-
tanes.!> Accordingly, the amine 10 was treated with
DBU in dichloroethane at 60°C in hopes of displacing
the trans-oriented tosylate. Gratifyingly, the cyclization
occurred, giving the desired bicycle 11 in 99% yield as
a separable 2:1 mixture of diastereomers. Basic hydrol-
ysis of the mixture of diastereomeric nitriles, followed
by treatment with acidic methanol, gave the correspond-
ing methyl ester intermediate. Subsequent removal of
the N-benzyl group by catalytic hydrogenation gave
the secondary amine 12 in 78% yield as a 2:1 mixture
of diastereomers.

Treatment of amine 12 with 3-trifluoromethyl-4-
cyanophenyhsocyanate in the presence of 4 A molecu-
lar sieves at 23°C for 4h gave the corresponding urea
intermediate, which was only isolated in the initial
experiments. Once urea formation was complete, DBU
was added followed by heating to 60 °C to promote cyc-
lization of the urea onto the methyl ester. After acidic
workup, the diastereomeric azahydantoins 13 (endo)
and 14 (exo) were produced in a separable 2:1 ratio,
respectively (95% yield). When the reaction was simply
concentrated in vacuo avoiding the acidic workup, and
loaded directly onto silica for purification, only the
exo-isomer was formed in 87% yield. This result suggests
that the exo-isomer 14 is the thermodynamically more
stable, and predominates when the reaction is concen-
trated without neutralizing the organic base. The endo/
exo ratio did not depend on which diastereomer of the
cyclization precursor 12 or which arylisocyanate was
used in the reaction.

When the endo-isomer was desired, the 2:1 endolexo
ratio of diastereomers could be improved by enolization
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Scheme 2. Reagents and conditions: (a) LDA, THF, —78°C, then aq
satd NH4CI, 98%, 6:1 endolexo; (b) LDA, THF, —78°C, then Mel,
92%, >20:1 endolexo.

of the mixture with LDA, followed by quenching with
a proton source (Scheme 2). In this way, the 2:1 ratio
is transformed to 6:1 ratio favoring the endo-isomer in
96% yield. When the enolate is instead quenched with
methyl iodide, the methylated analog 19 is produced in
a >20:1 ratio by alkylation from the less hindered B-face.

The opposite antipode of this series (21 and 22) was
made by starting from trans-hydroxy-L-proline utilizing
the same synthetic sequence. A small number of exam-
ples were made to assess, which enantiomer had better
potency in vitro.

To evaluate the activity of this new series, we inves-
tigated the ability of compounds to bind to (X;) and
functionally antagonize (ICsy) the WT AR found in
the MDA-453 cell line as well as antagonize the MT
AR (T877A) found in the LNCap cell line.® The
Boc-protected analogs incorporating the 4-cyano-3-tri-
fluoromethyl aniline, 4-nitronaphthylamine, and 4-
cyanonaphthylamine (Table 1) were tested first in hopes
of narrowing the series to one diasterecomer. The endo-
isomers 13 and 15 demonstrated increased binding (Kj)
to the WT AR compared to the corresponding exo-iso-
mers. In the case of compounds 17 and 18, there was
minimal difference in terms of binding. Overall, the K;
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Table 1. Biological data for initial azahydantoin analogs

Compound no. K (uM) MDA-453 LNCaP
ICsob (M) lcsob (WM)

13 0.040 0.774 4.38
14 0.189 0.644 >5.00
21 >5.00 >5.00 >5.00
15 0.062 3.32 443
16 1.03 1.33 5.86
22 0.237 0.252 2.39
17 0.248 2.54 4.97
18 0.197 >5.00 3.51
19 1.40 0.78 10.4

4 0.001 1.30 >5.00

3 0.005 0.012 >5.00

1 0.065 0.17 0.40

2 Binding determined through direct displacement of ligand with [*H]-
DHT in the MDA-453 cell line (K;).>

® Functional antagonist activity determined through a transiently
transfected reporter system utilizing a secreted alkaline phosphatase
(SEAP) reporter construct and a PSA AR promoter domain.’

values for these compounds compared very well to bica-
lutamide (K; = 65nM). In terms of functional activity, it
was less clear which diastereomer was more potent over-
all. The exo-isomers 14 and 16 were slightly more potent
than the endo-isomers but neither compared well to
bicalutamide. We chose to focus our efforts on the
endo-isomers because the initial examples demonstrated
tighter binding to the AR and past results with the
hydantoin series suggested that tight binding was essen-
tial for potent functional activity.

Compounds 21 and 22 were tested to determine which
antipode would have superior binding and functional
activity. Compound 21 is completely devoid of any
AR activity but, compound 22 does have potent binding
to the AR and reasonable functional activity. Modeling
was performed in an attempt to explain the significant
difference in activity seen between compounds 21 and
22. Docking of each compound into the AR model
(not shown) demonstrated that compound 22 was better
able to form the critical H-bond with N705 as compared
to compound 21. Based on initial SAR as well as the

Table 2. Results from solution library synthesis with compound 25
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Scheme 3. Reagents and conditions:!” (a) TFA, CH,Cl,, 22°C, 99%;
(b) R'SO,CI, DIEA, CH,Cl,, 22°C; (c) R?0COCI, DIEA, 4-DMAP,
CH,CL, 22°C; (d) R*COCI, DIEA, 4-DMAP, CH,Cl,, 22°C; (e) R*
NCO, DIEA, CH,Cl,, 22°C.

results of our modeling exercise, we chose to pursue
additional analogs in this series from the antipode
depicted in compound 5. The methylated analog 19
showed a drop in binding and functional antagonist
activity to the MT AR as compared to 13. This result
is consistent with the methylation of hydantoins such
as 4 (data not shown).®

These initial results were promising enough for us to
embark on the preparation of a small solution-phase
library of azahydantoins, focusing on the endo-isomer.
We prepared a small library of 96 compounds where
the aromatic domain and the N-substituent were varied
(Scheme 3).!7 The library was made from the amine de-
picted by the general structure 24, formed by removal of
the N-Boc group in 23 by treatment with TFA. The
amine was then converted into a series of sulfonamides,
amides, carbamates, and ureas by conventional chemis-
try as shown in Scheme 3. When the amine 24 was alk-
ylated rather than acylated, the resulting products were
found to be unstable to storage and purification.

Table 2 contains the biological data for the library com-
pounds with the highest affinity for WT AR. Com-
pounds not presented either had K;>1.5uM or had
MDA-453 1Csy > 1.0uM. The urea and sulfonamide
series had no active members by these criteria and are
not presented. The most active carbamate, 26, contains
the same two aromatic domains as bicalutamide, and

Compound no. X Ar? K® (uM) MDA-453 LNCaP
ICso° (uM) ICso° (UM)
26 F A 0.018 0.200 3.92
27 0 O B 0.011 0.349 30.0
28 QO C 0.041 0.588 1.87
?
29 A 0.124 0.300 2.60
30 B 0.012 >5.000 2.54
t
31 A 0.693 17.9 33.7
32 Bu B 0.073 0.060 4.75
33 C 0.106 0.580 6.80

% A = 4-Cyano-3-trifluoromethylphenyl; B = 4-nitronaphthyl; C = 4-cyanonaphthyl.
® Binding determined through direct displacement of ligand with [PH]-DHT in the MDA-453 cell line (K;).’
¢ Functional antagonist activity determined through a transiently transfected reporter system utilizing a secreted alkaline phosphatase (SEAP)

reporter construct and a PSA AR promoter domain.’
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performed very well in binding and functional antago-
nism to WT AR. When the aniline portion was changed
to the 4-nitronaphthyl or 4-cyanonaphthyl, 27, and 28,
respectively, the binding improved but the functional
activity decreased.

The benzamide analogs (29-33) also showed tight bind-
ing and moderate antagonist activity against the AR.
Both examples contain electronically neutral aromatic
portions, found to be essential for potent antagonist
activity in the amide series. The benzamides 29 and 30
were very different in terms of binding and function,
suggesting a different conformation of the LBD for each
ligand. Compound 30 bound very tightly but had no
antagonist function under our assay conditions.
Whereas compound 29 demonstrated reduced binding
but reasonable antagonist activity against MDA-453.
The butyl-substituted benzamides 31-33 also showed
promising activity. Of the library compounds, 32
showed the most potent antagonist activity against the
WT cell line. However, against the MT cell line, it did
not compare well to bicalutamide. Interestingly, alkyl
amides and carbamates were not as potent as their aryl
analogs, suggesting a common interaction in the LBD,
which will be investigated further. Overall, compounds
26 and 32 were the most promising, and related com-
pounds are under investigation.

In summary, we have developed a versatile, enantiospe-
cific synthesis of a novel series of androgen receptor
antagonists. These modified [2.2.1]-bicyclic hydantoins
were proposed based on the biological activity of the
parental ring-system and molecular modeling utilizing
the crystal structure of DHT bound to the WT AR.
Several of the new compounds demonstrated potent
binding to the WT AR but fell short of the desired func-
tional antagonist activity in the cell lines expressing the
WT and especially the MT AR. However, several of
these compounds compared favorably to bicalutamide.
We are currently investigating modifications of this
series based on the most active compounds and will
report these results in due course.
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