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Abstract. In order to improve the antiproliferative activity of androgen receptor (AR) antagonists, which
used clinically for the treatment of prostate cancer that is a major cause of male death in worldwide, we report
the design and synthesis of a series of tetrahydrofuran cyclic urea-based non-steroidal small molecule AR
antagonists and exhibit potent AR antagonistic activity. These molecules with higher stereochemical aspects
have been achieved by changing the hydantoin analogue antiandrogens to 4-(2-oxohexahydro-1H-furo[3,4-d]
imidazol-1-yl)-2-(trifluoromethyl)benzonitrile analogues. Here, the thio-hydantoin pharmacophore of the
recently reported antagonists is replaced by tetrahydrofuran cyclic urea. The antiproliferative properties of
these molecules have been evaluated against androgen-dependent (LNCaP) cell line. Among the reported
molecules, 4-(2-oxohexahydro-1H-furo[3,4-d]imidazol-1-yl)-2-(trifluoromethyl)benzonitrile (AR04) showed
significantly improved in vitro activity, ICsy = 3.926 pM. Molecular structure-activity relationship studies
confirm that the oxetane analogue AR04 is distinct from other synthesized AR antagonists. These results have
suggested that AR04 exhibiting their potential as a lead compound for the alternative treatment of prostate
cancer.

Keywords. Prostate cancer; tetrahydrofuran cyclic urea; androgen receptor antagonist; oxetane; hydantoin.

radiation therapy, androgen deprivation is one of the
main approaches to treat it at the various stages of its

Prostate cancer (PC) is considered as one of the
leading causes of all cancer deaths in most developed
countries." And it is one of the most common cancer
among men in the USA and the second most dan-
gerous cause of male death worldwide, after lung
cancer.”™ Even though several treatment methods
exist for PC, including castration, chemotherapy and
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development, which falls under the androgen block-
ade therapy (ABT).”® The ratio of the rate of cell
proliferation to the rate of cell death determines the
growth of PC cells. The rate of cell proliferation is
higher than that of cell death led to continuous net
growth resulting in PC. Importantly, this ratio is
mainly regulated by androgens and androgen
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Figure 1. Chemical structures of non-steroidal AR antagonists approved by FDA.

receptors (ARs).”® Since AR plays an important role
in the growth of PC, AR antagonists are used for the
treatment of PC clinically.

Generally, the compounds show the activity of AR
antagonists commonly categorized into steroidal and non-
steroidal. The commonly used FDA approved non-ster-
oidal AR antagonists (Figure 1) for the treatment of PC are
1 (flutamide),” 2 (bicalutamide),'® 3 (nilutamide),'’ 4
(enzalutamide),12 or 5§ (ARN—509).13 Even though these
drugs are highly efficient for localized, early-stage PC,
after several years of treatment they became ineffective
and the disease would reach the more aggressive and lethal
form, also known as castration-resistant prostate cancer
(CRPC)."*!> This is because adaptive mutations on the
structure of the AR, which switch the function of these
drugs from antagonist to agonist led to change them as
tumour-stimulating agents.'®

In general, non-steroidal antiandrogens having the
structural features that two differently substituted
aromatic rings connected through linear (bicalu-
tamide-like compounds (2 or 3)) or cyclic (enzalu-
tamide-like compounds (5 or ARN-509)) linkers.'” In
the former case, the amide linkage is placed in
between the substituted aromatic rings and in the latter
case, the amide linkage is moved to the terminal
position of the aromatic ring simultaneously hydantoin

unit placed between the aromatic ring resulting highly
rigidified structural futures. Recently, Ivachtchenko
et al., have developed novel thio-hydantoin based AR
antagonist, (R)-6 (Figure 2), and shows sub-nanomo-
lar activity. They claimed that the key reason for this
sub-nanomolar activity is the introduction of stere-
ospecific spiro-moiety and fluoride at the para-position
of phenyl ring.'®' Importantly, the new generation
AR inhibitor ODM-201 (Figure 2) is now in Phase III
trial, and has shown retained activity in the F876L. AR
mutant,”® whereas the amide group is placed in
between the two pyrazole ring with stereospecific
flexible alkyl chain. Also, one pyrazole group is linked
to -CI and —CN substituted phenyl ring. It clearly says
that the thio-hydantoin unit is not necessarily impor-
tant for the AR inhibitor; introduction of stereospecific
centres in the compound may also be the reason for
good activity. While considering the chemical struc-
ture of effective AR inhibitor, the substitution of tri-
fluoromethyl group to one of the benzene ring is a
critical factor for biological activity and the intro-
duction of fluorine also improves anti-proliferative
activity and pharmacological properties of the com-
pounds.”'** Since AR agonists and AR antagonists
share different modes of action towards the ‘closed’
and ‘open’ conformations of AR-HI12 helix, even
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Figure 2. Chemical structures of non-steroidal AR antagonists in clinical development for the treatment of PC.
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Figure 3. Chemical structures of non-steroidal AR antag-
onists in clinical development for the treatment of PC.

slight modifications in the chemical structure of AR
ligand can lead to dramatic alterations in the receptor-
ligand interaction thereby providing opposite phar-
macological responses.>*°

With the aim to develop novel AR antagonists, we
designed and synthesized series of novel tetrahydro-
furan cyclic urea derivatives (Figure 3), which is dis-
tinct from Flutamide (1) and Enzalutamide (5 or ARN
509) analogues, and their potential of anti PC activity
was evaluated against the androgen-sensitive human
prostate adenocarcinoma LNCaP cell line. Here, we
have introduced two stereospecific carbon atoms in
cyclic urea skeleton. Among the reported compounds,
ARO4 showed significantly improved in vitro activity,
ICsp = 3926 pM. We have also performed
3D-molecular docking approach to estimate possi-
ble binding modes and diverse points of the
compound.

2. Experimental

2.1 Materials

The 'H and '>C NMR spectra were recorded at
400 MHz Bruker Advance DPX 400/300 spectrometer
in CDCl; and (CD3),SO using TMS as the internal

standard. The chemical shifts (d) for 'H and "3C are
given in ppm relative to residual signals of the solvent.
Coupling constants are given in Hz. The following
abbreviations are used to indicate the multiplicity: s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet;
brs, broad singlet. Mass spectra were recorded on
POLARIS Q (Thermo Scientific). Specific rotations
were taken on Rudolph Autopol IV Instrument and
HRMS spectra were recorded on Bruker Maxis TOF.
The following commercial grade reagents and solvents
were purchased from Aldrich chemicals, Bengaluru
and used without further purification: m-Chloroper-
oxybenzoic acid (m-CPBA), NH4Cl, NaNj;, Pd-C,
(BoC),0, Triethyl amine (TEA), Swern oxidation,
p-methoxy benzyl amine (PMBNH,), Sodium cyano
borohydride (NaBH3;CN), trifluoroacetic acid (TFA),
1,1’-carbonyl diimidazole (CDI), Cul, Trans diamine
cyclohexane, K3;PO4, LiOH, (1-[bis(dimethy-
lamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyri-
dinium 3-oxid hexafluorophosphate) (HATU), N,N-
diisopropylethylamine (DIPEA), NaNO,, KI, HCI,
dichloromethane (DCM) (Rankem), methanol
(MeOH), ethanol (EtOH), Toluene (Spectrochem),
THF (Finar). The compound 12 was reached from 2,5-
dihydrofuran  through the reported synthetic
methodologies.

2.2  Methods

2.2a Model selection (protein and ligand): The
ligands were minimized to a local energy minimum
using hybrid based steepest descent till 5000 iterative
steps using LBFGS algorithm®’ with default
tautomeric and ionized state using EPIK.*® The
Androgen receptor (NR3C4) PDB iD :1E3G* was
structurally optimized wusing protein preparation
wizard Schrodinger. Hydrogen is not visible in X-ray
diffraction thus hydrogen was fixed along with bond
order with standard sampling using ProtAssign
module.*® Protein minimization was done using
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Imperf whereby all rotatable hydrogen bond was
minimized with the removal of torsional potential. The
minimization is carried until RMSD cut-off of 0.30 A
for the heavy atoms. Altogether the protonation state
and hydrogen bond of the structure are fixed with re-
oriented clash penalty score. Grid-based ligand
docking with energetics (GLIDE) was used to find
favourable interactions between ligand and the
receptors with flexible conformations of the ligand.
Glide scoring function is given by the equation below:

GScore = 0.05 x vdW + 0.15 x Coul + Lipo
+ Hbond + Reward + RorB + Site
+ hydrophobicity

Glide scoring with XP descriptor with Induced Fit
docking (IFD) rewards hydrophobic interactions in-
between ligand and the receptors. IFD also reduces
false positive of true ligand binder whereby IFD
induces sidechain flexibility in the receptors.”!

2.2b General procedure  for the  synthesis
of compound 7 and 8: Synthesis begins with
commercially available 2,5-dihydrofuran and reaches
intermediate tert-butyl (S)-(4-oxotetrahydrofuran-3-yl)
carbamate (6) through the reported optimized
conditions. Reductive amination of 6 with p-methoxy
benzyl amine (PMBNH,) in the presence of ACOH
and NaBH;CN in ETOH yields frans-tert-butyl (4-((4-
methoxybenzyl)amino)tetrahydrofuran-3-yl)carbamate
(7 and cis-tert-butyl (4-((4-methoxybenzyl)
amino)tetrahydrofuran-3-yl)carbamate (8) with the
yield of 42% and 38%, respectively. Both the isomers
are clearly separated by preparative HPLC.* The ratio
of (7) and (8) is 1.1:0.9.

2.2c Trans tert-butyl (4-((4-methoxybenzyl) amino)
tetrahydrofuran-3-yl) carbamate (7): '"H NMR (400
MHz, CDCl5): 6 7.26-7.23 (m, 2H), 6.86-6.84 (m, 2H),
4.69 (s, 1H), 4.04-4.00 (m, 3H), 3.84-3.74 (m, 5H),
3.62-3.61 (m, 1H), 3.50-3.47 (m,1H), 3.19-3.17 (m,
1H), 1.45 (s, 9H). '*C NMR (400 MHz, DMSO-d6): 6
158.65, 155.26, 131.92, 129.35, 113.75, 79.60, 73.10,
72.17,64.82, 60.31,57.11, 55.18, 51.35, 28.31; HRMS
(ESI-TOF): Calcd for C;7H,sN,O, [M + H] ™:
323.1971; found: 323.1964.

2.2d Cis tert-butyl (4-((4-methoxybenzyl) amino)
tetrahydrofuran-3-yl) carbamate (8): '"H NMR (400
MHz, CDCls): 6 7.26-7.22 (m, 2H), 6.87-6.85 (m, 2H),
5.50 (d, J = 6.4 Hz, 1H), 4.14-4.11 (m, 1H), 4.00-3.96
(m, 1H) 3.92-3.90 (m, 1H), 3.80 (s, 3H), 3.73-3.66 (m,
3H), 3.54-3.51 (m,1H), 3.38-3.36 (m, 1H), 1.45 (s,
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9H). '*C NMR (400 MHz, DMSO-de, ppm): 6 158.85,
155.87, 129.35, 113.87, 113.78, 79.48, 73.31, 71.44,
58.61, 55.24, 52.06, 51.78, 29.65, 28.43, 28.36, 28.31;
HRMS (ESI-TOF): Caled for C;7HN>O,4 [M + H]*:
323.1971; found: 323.1997.

2.2e Cis 1-(4-methoxybenzyl) tetrahydro-1H-
furo[3,4-d] imidazol-2(3H)-one (9): TFA (60 mL)
was added to the solution of 8 (6 g, 18.61 mmol) in
DCM (60 mL) at 0 °C and allowed to stir at room
temperature for 12 h. After completion of the reaction,
the concentration of the solvent was reduced under
vacuum, diluted with a 10% aq. NaOH solution and
extracted with ethyl acetate. The organic layer was
washed with brine, dried over anhydrous MgSO, and
the solvent was removed under vacuum to give a pale-
yellow  coloured liquid compound  N-3-(4-
methoxybenzyl) tetrahydrofuran-3,4-diamine (3.5 g
crude). The crude product was used for the next step
without any further purification. It was dissolved
in THF and cooled to 0 °C. Then, TEA (6.6 mL,
47.22 mmol) and CDI (2.80 g, 17.31 mmol) were
added under nitrogen atmosphere and allowed to stir at
room temperature for 12 h. The mixture was poured
into a brine solution and extracted by ethyl acetate,
washed with water and dried over anhydrous MgSQO,.
The solvent was removed under vacuum and purified
by silica gel column chromatography (DCM-MeOH)
to give 9 (3.0 g, 77%) as a white powder (M.p.
99-103 °C). 'H NMR (400 MHz, DMSO-d6, ppm): §
7.16 (d, J = 8.4 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H), 6.69
(s, 1H), 4.41 (d, J = 15.3 Hz, 1H), 4.09-3.95 (m, 3H),
3.81-3.78 (m, 1H), 3.73 (s, 3H), 3.70-3.66 (m, 1H),
3.41-3.37 (m, 1H), 3.44-3.42 (m, 1H), 3.22-3.17 (m,
1H). '*C NMR (400 MHz, DMSO-d6, ppm): 6 160.31,
158.40, 129.73, 129.02, 113.86, 74.89, 70.63, 59.72,
55.00, 53.40, 44.03; HRMS (ESI-TOF): Calcd for
C1,H gN,0;, [M + H] T: 249.1239; found: 249.1227.

2.2f  Cis-4-(3-(4-methoxybenzyl)-2-oxohexahydro-

1H-furo[3,4-d] imidazol-1-yl)-2-(trifluoromethyl)
benzonitrile (10): A mixture of compound 9 (1.1 g,
4.43 mmol), 4-iodo-2-(trifluoromethyl)benzonitrile
(1.57 g, 5.31 mmol), Cul(0.084 g, 0.443 mmol),
trans-1,2-diaminocyclohexane () (0.050 g,
0.443 mmol) and tri-potassium phosphate (2.82 g,
13.29 mmol) in toluene (20 mL) was degassed with
nitrogen for 10 min in a sealed tube and kept in a
preheated oil bath at 110 °C and allowed to stir for
12 h. The reaction mixture was cooled to RT and
filtered through a pad of celite. And the filtrate was
concentrated under reduced pressure to give a residue,
which was purified by silica gel column
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chromatography yields compound 10 as white solid
(1.2 g, 65%). M.p. 151-155 °C. '"H NMR (400 MHz,
CDClz, ppm): ¢ 8.19 (s, 1H), 7.77-7.70 (m, 2H),
7.26-7.19 (m, 2H), 7.87 (d, J = 8.7 Hz, 2H), 4.78 (d,
J =15 Hz, 1H), 4.21-4.14 (m, 2H), 4.01 (d, J = 10.8
Hz, 1H), 3.84-3.82 (m, 1H), 3.80 (s, 3H), 3.51 (dd, J,
=42, J,=10.5Hz, 1H). *C NMR (400 MHz, CDCls,
ppm): & 155.51, 143.37, 143.37, 135.63, 134.10,
133.67, 129.59, 127.37, 124.08, 120.44, 118.91,
115.82, 114.91, 114.78, 102.01, 72.37, 71.38, 57.93,
57.10, 55.28, 45.82; HRMS (ESI-TOF): calcd for
C, H sF5N;05 [M + H]™: 418.1379; found: 418.1395.

2.2g Cis-4-(2-oxohexahydro-1H-furo[3,4-d]
imidazol-1-yl)-2-(trifluoromethyl) benzonitrile
(11): A mixture of compound 10 (1.2 g, 2.87 mmol)
and TFA (20 mL) were heated to reflux for 6 h. After
completion of the reaction, the mixture was cooled to
room temperature and solvent was removed by vacuum.
The mixture was diluted with aqueous sodium
bicarbonate solution and extracted with ethyl acetate.
The organic layer was washed with brine, dried over
anhydrous MgSO, and concentrated in vacuum yields
compound 12 (0.8 g crude) as an off white solid, which
was used for the next step without any further
purification. M.p. 240-244 °C; '"H NMR (400 MHz,
DMSO-d6, ppm): 6 8.57 (d,J=2.4 Hz, 1H), 8.06 (d, J =
8.7Hz, 1H), 7.92 (s, 1H), 7.67 (dd, J, =2.1, J, =8.7 Hz,
1H) 5.02 (q, / = 4.2 Hz, 1H), 4.33 (q, / = 4.2 Hz, 1H),
3.89-3.79 (m, 2H), 3.72-3.67 (m,1H),3.58-3.54 (m,
1H). '>C NMR (400 MHz, DMSO-d6, ppm): d 156.96,
144.00, 136.26,131.75,119.27,116.02,114.41, 114.34,
99.31, 74.27, 71.63, 59.81, 53.02; HRMS (ESI-TOF):
Calcd for C;3H;(F3N;0, [M + H]™: 297.2326; found:
297.2342.

2.2h Cis ethyl 4-(3-(4-cyano-3-(trifluoromethyl)
phenyl)-2-oxohexahydro-1H-furo[3,4-d]  imidazol-1-
yl)-2-fluorobenzoate (12): A mixture of compound
11 (0.8 g, 2.69 mmol), ethyl-2-fluoro-4-iodobenzoate
(0.949 ¢g, 3.22 mmol), Cul (0.051 g, 0.269 mmol),
trans-1,2-diaminocyclohexane (+) (0.030 g,
0.269 mmol) and tri-potassium phosphate (1.71 g,
8.07 mmol) in toluene (10 mL) was degassed with
nitrogen for 10 min in a sealed tube and kept in a
preheated oil bath at 110 °C and allowed to stir for
12 h. The reaction mixture was cooled to RT, filtered
through a pad of celite and the filtrate was
concentrated under reduced pressure to give a
residue. The residue was purified by silica gel
column chromatography yields compound 12 (0.7 g,
56%) as pale yellow solid. M.p. 216-220 °C; 'H NMR
(400 MHz, DMSO-d6, ppm): ¢ 8.56 (d, J = 1.8 Hz,
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1H), 8.17 (d, J = 9 Hz, 1H), 7.94-7.85 (m, 2H), 7.74
(dd, J, =1.8,J,=13.8 Hz, 1H), 7.58 (dd, J, = 1.8,J2 =
8.7 Hz, 1H), 5.25-5.14 (m 2H), 4.30 (q, J = 7.2 Hz,
2H), 3.98-3.83 (m, 4H), 1.31 (t, J = 6.9 Hz, 3H). '°C
NMR (400 MHz, DMSO-d6, ppm): 6 162.97, 159.83,
153.06, 143.54, 142.76, 136.39, 132.49, 131.87,
121.08, 115.92, 115.69, 113.88, 112.37, 106.50,
106.13, 101.37, 71.90, 60.76, 57.42, 57.20,
14.08; HRMS (ESI-TOF): Caled for CaoH;7F,N;0,
[M + H] " 464.1233; found: 464.1258.

2.2i  Cis 4-(3-(4-cyano-3-(trifluoromethyl) phenyl)-2-
oxohexahydro-1H-furo|3,4-dJimidazol-1-yl)-2-
fluorobenzoic acid (AROI): To a solution of
compound 12 (0.7 g, 1.51 mmol), THF (10 mL),
MeOH (10 mL) and H,O (5 mL), lithium hydroxide
monohydrate (0.316 g, 7.55 mmol) was added at room
temperature and allowed to stir for another 6 h. The
reaction mixture was concentrated under reduced
pressure, poured into water (10 mL) and extracted
with diethyl ether. The pH of aqueous layer was
adjusted to 2 using cone. HCI, white precipitate is
generated, which was filtered and dried to give
compound ARO1 (0.550 g, 83%) as white solid. M.p.
296-300 °C; '"H NMR (300 MHz, DMSO-d6, ppm): §
13.05 (s, 1H), 8.57 (d, J=1.8 Hz, 1H), 8.18 (d, / = 8.4
Hz, 1H), 7.94-7.85 (m, 2H), 7.72 (dd, J; = 1.8, J, =
13.8 Hz, 1H), 7.57 (dd, J; = 2.4, J, = 9.3 Hz, 1H),
5.25-5.14 (m, 2H), 3.98-3.83 (m, 4H). '°C NMR (300
MHz, DMSO-d6, ppm): 6 164.47, 160.01, 153.12,
143.40, 142.83, 136.41, 132.81, 121.09, 115.93,
115.72, 113.80, 113.31, 109.50, 106.55, 106.17,
101.33, 71.93, 71.76, 57.45, 57.21; HRMS (ESI-
TOF): Calcd for CooH,3F4N30,4 [M + H]*: 436.0961;
found: 436.09777

2.2j Cis 4-(3-(4-cyano-3-(trifluoromethyl) phenyl)-2-
oxohexahydro-1H-furo|[3,4-d] imidazol-1-yl)-2-
fluorobenzamide  (AR02): To a solution of
compound ARO1 (0.100 g, 0.229 mmol) and NH4Cl
(0.036 g, 0.687 mmol) in DMF (2 mL), DIPEA (0.119
mL, 0.687 mmol) was added followed by HATU
(0.109 g, 0.34 mmol) at room temperature under N,
atmosphere and allowed to stir for another 16 h. The
reaction mixture was diluted with cold water and
extracted with ethyl acetate, washed with brine, dried
over anhydrous MgSO, and the solvent was removed
under vacuum. The crude product was purified by
silica gel column chromatography (DCM-MeOH) to
give AR02 (0.070 g, 70%) as white solid. M.p.
311-315 °C; '"H NMR (400 MHz, DMSO-d6, ppm): &
8.57 (d, J =1.5 Hz, 1H), 8.17 (d, J = 8.4 Hz, 1H), 7.86
(dd, J; = 2.1, J, = 8.7 Hz, 1H), 7.77-7.68 (m, 2H),
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7.58 (s, 2H), 7.51 (dd, J, = 2.1, J, = 8.7 Hz, 1H),
5.25-5.14 (m, 2H), 3.98-3.83 (m, 4H). >C NMR (400
MHz, DMSO-d6, ppm): 6 164.41, 160.80, 153.17,
142,94, 141.61, 141.44, 136.40, 131.19, 120.96,
117.78, 115.89, 115.76, 114.14, 106.28, 105.90,
101.15, 71.90, 71.80, 57.47, 57.18; HRMS (ESI-
TOF): Calcd for CaoH 4F4,N;0,4 [M + H] T: 435.0716;
found: 435.0688.

2.2k Cis 4-(3-(4-cyano-3-(trifluoromethyl) phenyl)-
2-oxohexahydro-1H-furo[3,4-d] imidazol-1-yl)-2-
Sfluoro-N-methylbenzamide (AR03): This compound
was also prepared by adopting the same procedure as
compound ARO02 using methanamine instead of
NH,CI. Yield (0.060 g, 58%) M.p. 274-278 °C; 'H
NMR (400 MHz, DMSO-d6, ppm): ¢ 8.58 (s, 1H),
8.19-8.13 (m, 2H), 7.86 (d, J = 8.7 Hz, 1H), 7.74-7.68
(m, 2H), 7.52 (d, J = 8.4 Hz, 1H), 5.22-5.15 (m, 2H),
3.98-3.83 (m, 4H), 2.78 (d, J = 4.8 Hz, 3H). °C NMR
(300 MHz, DMSO-d6, ppm): § 163.32, 161.16,
157.88, 153.17, 142.94, 141.37, 141.22, 136.40,
130.87, 120.93, 118.22, 118.03, 115.76, 114.20,
106.30, 105.92, 101.14, 71.90, 71.81, 57.47, 57.18;
HRMS (ESI-TOF) Calcd for C21H16F4N403 [M + H]
*: 449.1477; found: 449.1466.

2.21 Cis 4-(3-(4-cyano-3-(trifluoromethyl) phenyl)-2-
oxohexahydro-1H-furo[3,4-d] imidazol-1-yl)-2-fluoro-
N-(oxetan-3-yl)benzamide (AR04): This compound
was prepared by adopting the similar procedure as
compound ARO02 using oxetan-3-amine instead of
NHA4CI. Yield (0.065 g, 58%); M.p. 240-244 °C. 'H
NMR (400 MHz, DMSO-d6, ppm): 6 8.94 (d, J = 6.3
Hz, 1H), 8.58 (s, 1H), 8.17 (d, /= 8.7 Hz, 1H), 7.87 (d,
J =8.7 Hz, 1H), 7.76-7.65 (m, 2H), 7.53 (d, J = 8.7
Hz, 1H), 5.25-5.15 (m, 2H), 5.02-4.95 (m, 1H), 4.76
(t, J = 6.6 Hz, 2H), 4.56 (t, J = 6.6 Hz, 2H), 3.98-3.82
(m, 2H). '*C NMR (400 MHz, DMSO-d6, ppm):
162.82, 161.5, 158.0, 153.17, 142.92, 141.58, 141.41,
136.41, 131.88, 130.84, 120.97, 117.90, 115.76,
114.19, 106.33, 105.96, 101.20, 76.83, 71.87, 71.81,
57.47, 57.18, 44.50; HRMS (ESI-TOF): Calcd for
C23H 1 8F4N404 [M + H] +: 491.1 342, found:
491.1355.

2.2m Cis 4-(3-(4-cyano-3-(trifluoromethyl) phenyl)-
2-oxohexahydro-1H-furo[3,4-d] imidazol-1-yl)-2-
fluoro-N-(tetrahydro-2H-pyran-4-yl) benzamide
(AROS5): This compound was also prepared by
adopting similar procedure as compound ARO02
using  tetrahydro-2H-pyran-4-amine instead of
NH,CL. Yield (0.070 g, 70%), M.p. 240-244 °C; 'H
NMR (400 MHz, DMSO-d6, ppm): ¢ 8.57 (d, J = 2.0
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Hz, 1H), 8.17 (d, J = 8.8 Hz, 1H), 7.86 (dd, J, = 2.0, J,
= 8.4 Hz, 1H), 7.71 (dd, J, = 1.6, J, = 13.2 Hz, 1H),
7.63 (t, J = 8.4 Hz, 1H), 7.50 (dd, J, = 2.0, J, = 8.8 Hz,
1H), 5.24-5.15 (m, 2H), 3.99-3.82 (m, 7H), 3.41-3.32
(m, 2H), 1.77 (dd, JI = 2.4, J, = 12.4 Hz, 2H),
1.59-1.49 (m, 2H). '*C NMR (400 MHz, DMSO-d6,
ppm): & 162.47, 160.60, 158.14, 153.18, 142.96,
141.13, 141.03, 136.41, 131.83, 131.51, 130.72,
123.85, 121.12, 120.94, 119.04, 118.90, 115.75,
114.18, 106.32, 106.04, 101.14, 71.85, 65.93, 57.47,
57.18, 45.64, 32.22; HRMS (ESI-TOF): Calcd for
C,sH,,FuN,O, [M + H] *: 519.1655; found:
519.1610.

2.2n Cis 4-(3-benzyl-2-oxohexahydro-1H-furo[3,4-
d] imidazol-1-yl)-2-(trifluoromethyl)  benzonitrile
(AR06): The solution of compound 12 (0.30 g,
1.008 mmol) in DMF (2 mL) was added to the ice
cooled suspension of NaH (0.078 g, 2.016 mmol, 60%
in oil, washed with hexane) in DMF (5 mL). The
resulting mixture was vigorously stirred for 0.5 h
under the same ice bath followed by benzyl bromide
(0.258 g, 1.512 mmol) was added and allowed to stir
overnight at the ambient temperature. After the
reaction was completed, the mixture was poured into
water (20 mL) and the extracted with ethyl acetate,
washed with water and brine solution, dried over
anhydrous MgSQO, and the solvent was removed under
vacuum. The crude product was purified by silica gel
column chromatography (Hexane—ethyl acetate) to
give compound ARO06 (0.120 g, 30%) as off white
solid. M.p. 127-131°C. 'H NMR (400 MHz, CDCl;,
ppm): 6 8.15 (s, 1H), 7.77 (s, 2H), 7.38-7.28 (m, SH),
4.86 (d, J = 11.1 Hz, 1H), 4.71 (q, J = 3.6 Hz, 1H),
424 (d, J = 11.4 Hz, 1H), 4.17 (q, J = 3.0 Hz, 1H),
4.03 (d, J =7.5 Hz, 1H), 3.82 (dd, J; = 3.6, J, = 7.8
Hz, 1H), 3.51 (dd, J, = 2.7, J, = 7.8 Hz, 1H). °C
NMR (400 MHz, CDCl;, ppm): § 155.55, 143.82,
136.61, 136.33, 136.33, 131.74, 131.49, 128.62,
127.45, 123.65, 121.47, 119.41, 115.98, 114.56,
114.52, 99.62, 71.76, 70.72, 57.67, 57.46, 45.20;
LCMS for C20H16F3N302 [M + H] *: 388.12.

2.20 Cis 4-(3-benzyl-2-oxohexahydro-1H-furo[3,4-
d]  imidazol-1-yl)-2-(trifluoromethyl)  benzamide
(ARO7): A mixture of compound AR06 (0.10 g,
0.258 mmol), TFA (10 mL) and toluene (10 mL) in a
sealed tube was heated to reflux for 3 days. After
completion of reaction, the reaction mixture was
diluted with an aqueous solution of sodium
bicarbonate, extracted with ethyl acetate, washed
with brine and dried over anhydrous MgSO,. The
solvent was removed, and the crude product was
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purified by silica gel column chromatography (70%
ethyl acetate and hexane) yields compound ARO07
(0.005 g, 4.8%) as brown solid. M.p. 118-122 °C; 'H
NMR (400 MHz, DMSO-d6, ppm): 6 8.34 (d, J = 1.6
Hz, 1H), 7.85 (s, 2H), 7.58-7.50 (m, 2H), 7.48 (s, 1H),
7.38-7.27 (m, 5SH), 4.99 (q, J = 4.4 Hz, 1H), 4.62 (d,
J =11.1 Hz, 1H), 4.71 (q, J = 15.6 Hz, 1H), 4.35 (d,
J=15.6 Hz, 1H), 4.22 (q, / =4.0 Hz, 1H), 3.97 (d. J =
10.0 Hz, 1H), 3.81 (d, J = 10.4 Hz, 1H), 3.73-3.69 (m,
1H), 3.42 (dd, J, = 4.0, J, = 10.0 Hz, 1H). '°*C NMR
(400 MHz, DMSO-d6, ppm): ¢ 168.73, 155.92,
140.27, 136.98, 129.68, 129.37, 128.62, 127.77,
127.39, 119.35, 114.58, 71.85, 70.93, 57.58, 57.36,
45.20; HRMS (ESI-TOF): Calcd for C20H18F3N303
[M + H]": 406.1379; found: 406.1377.

2.3 Screening against primary prostate cancer
cell lines (LNCaP) assay

LNCaP cells (ATCC, catalogue no. CRL-1740) were
propagated in RPMI-1640 (Invitrogen, catalogue no.
R4130) containing 10% FBS (Fatal Bovine Serum,
Gibco, catalogue no. 10270) and 1% AAS (Gibco,
catalogue no. 11140-050). LNCaP cells were seeded at
a density of 1000 cell per well and incubated overnight
in RPM-1640 having 10% CCS(Charcol Stripped
Serum, Gibco, catalogue no. 12676-029) 200X com-
pounds were prepared in 100% DMSO Hybri max
(Sigma, Catalogue n0.D2650), followed by 3 fold
serial dilution and intermediate stocks of 10X com-
pound was prepared in incomplete RPMI medium.
Compounds were added to respective wells, DMSO
final concentration was 0.2% and incubated for 7 days,
at the same time for T-0 plate 50 pL Ctglo was added
and luminescence was measured. Fresh media along
with compounds was replaced on day 3 and 6, on 7th
day 50 pL Ctglo was added to plates and luminescence
was measured, the value of T-O was subtracted for
calculation of % growth or control.

3. Results and Discussion

In order to develop novel AR antagonists, we focused
on the structure of enzalutamide (4), ARN-509 and
R-6. While looking at these structures, the main
pharmacophore is thio-hydantoin unit linked to the
trifluoro methyl and cyanophenyl groups that is the
key structural feature of potent nonsteroidal AR
antagonists.'”~'® With the extension of these structural
features, we developed novel AR antagonists using
tetrahydrofuran cyclic urea pharmacophore. To
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understand the effect of pharmacophore as AR
antagonists, there are no changes in the remaining
structural features of reported drugs. Scheme 1 shows
the optimized synthetic pathway for the preparation of
the newly designed compounds AR01, AR02, ARO03,
ARO04 and ARO0S. Synthesis begins with the commer-
cially available 2,5-dihydrofuran and reaches inter-
mediate tert-butyl-(4-oxotetrahydrofuran-3-yl)
carbamate (6) using the reported procedures.

The detailed synthetic steps from the compound 1 to
6 are shown in the supporting information
(Scheme S1). Reductive amination of 6 with p-meth-
oxy benzylamine (PMBNH,) in the presence of
ACOH and NaBH;CN in ETOH yields frans-tert-
butyl-4-((4-methoxybenzyl)amino)tetrahydrofuran-3-
yl)carbamate (7) and cis-tert-butyl—(4-((4-methoxy-
benzyl)amino)tetrahydrofuran-3-yl)carbamate (8) with
the yield of 42% and 38%, respectively. Both the
isomers are clearly separated by preparative HPLC. In
order to get cyclic urea derivative of compound 7 and
8, each compound treated with trifluoroacetic acid
(TFA) followed by 1,1’-Carbonyldiimidazole (CDI)
and triethyl amine (TEA) in THF; cis isomer 8 only
gives 1-(4-methoxybenzyl)tetrahydro-1H-furo[3,4-
d]imidazol-2(3H)-one (9) with the yield of 54%.
Unfortunately, trans isomer 7 could not yield the
compound 9. This may be because the formation of
highly strained five-membered oxetane ring is not
possible from the frans isomer (7). The cyclic urea
tetrahydrofuran derivative (9) reacted with 4-iodo-2-
(trifluoromethyl) benzonitrile in the presence of
K3PO,, Cul and trans diamine cyclohexane in toluene
affords compound 10 with the yield of 55%, which
treated with TFA gives compound 11 with the quan-
titative yield. It reacted with ethyl 2-fluoro-4-
iodobenzoate in the presence of K3;POy, Cul and trans
diamine cyclohexane in toluene yields compound 12,
which was treated with LiOH.H,O in MeOH, THF,
H,O to afford acid ARO1 with the yield of 83%. This
acid was treated with various amines as shown in
Scheme 1 yields the AR02, AR03, AR04 and AROS.
Finally, compound 11 was treated with Benzyl bro-
mide in the presence of NaH in DMF affords com-
pound ARO06 that was treated with TFA yields
compound ARO7 with a quantitative yield as shown in
Scheme 2.

The activity of these compounds was defined by
testing their cytotoxicity effect. For this purpose, we
selected the AR-positive LNCaP cell lines,* a cell
system widely used as a model of androgen-responsive
growth. LNCaP cell line inhibition data of compounds,
ARO01-ARO07 (Table 1), reveals that, except AR04, all
the derivatives show very weak activity with the half-
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Scheme 2. Synthesis of AR06 and AR07. Reagents and conditions: (n) NaH/DMF/Benzyl bromide, rt.; (0) TFA reflux.

maximal inhibitory concentration (ICsy) value of
around 30.002 pM. Even though all the derivatives
have similar structural features, AR04 shows remark-
able activity towards the LNCaP cell line (ICs,: 3.926

uM.); PC cytotoxicity of ARO4 tested against the
LNCaP cell line and the ICsqy value estimated to be
3.926 uM (Figure 4). Hence, we strongly believe that
the benzamide with oxetane ring plays a major role in
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Table 1. AR antagonistic activity of synthesized compounds towards human prostate cancer
Cell Line (LNCaP).

Compound Type AVG ICsy (uM)? CLogP K; &= SD (nM)
ARO1 Antagonist >30.002 3.12 NA

ARO02 Antagonist >30.003 1.91 NA

ARO03 Antagonist >30.003 2.15 NA

AR04 Antagonist 3.926 2.30 389.6
ARO5 Antagonist >30.003 1.78 NA

ARO06 Antagonist >30.000 3.40 NA
ARO07 Antagonist >30.001 1.56 NA

NA not active

iCell growth was promoted by 10 nM DHT and ICs, values for androgen-dependent cell

proliferation

ARO04 compound

% Control
(¢,]
<

EC50 | 3.926

EFETT R R EETTT BT e |
0.001 0.01 041 1 10 100 1000

Conc. yM

Figure 4. The percentage viability of LNCaP cells with
different concentration of AR04.

the activity. In recent drug discovery systems, oxe-
tanes have acknowledged enormous interest as an
additional and/or replacement groups for gem-dime-
thyl and carbonyl groups with enhanced physico-
chemical properties. Hence, the oxetane incorporation
as a pendant motif of drug molecules improves the
‘druglike’ properties may be due to the small and
highly strained polar nature.**

As a result, the incorporation oxetane group in the
drug molecule as an additional or replacement groups
have been widely accepted in medicinal chemistry
research in recent years. In this regard, the distinct
activity of ARO4 claimed that the highly strained
oxetane ring easily relaxes through the interactions
with the surface receptor of the cell line used in this
study. When compared to the AR antagonists currently
employed clinically for the treatment of PC activity

(bicalutamide (0.509 upuM) and enzalutamide
(3.641 pm)), ARO4 shows almost similar activity
towards the LNCaP cell line (3.926 uM). Upon con-
sidering the chemical structure of reported highly
active AR antagonist, presence of the amide group
either in between the aromatic ring or at the terminal
position of any one of the aromatic rings does not
show any significant difference in their activity. Even
though the pyran ring in AROS is more stable than the
oxetane ring in AR04, the AR04 shows very high
activity than that of the AR0O5 may be due to the fact
that the strained ring is more important to bind with
the surface receptor of the cells than the stable pyran
ring. It is important to note that when comparing the
structural features of enzalutamide and ARO03, only the
hydantoin ring in enzalutamide is replaced by the
tetrahydrofuran cyclic urea, the ARO03 shows very
poor activity. In contrast, AR04 shows almost similar
activity as enzalutamide but here, the methyl group in
enzalutamide is replaced by an oxetane ring in AR04.
It reveals that the activity is highly depending on the
relationship between the linking group in between the
two aromatic rings and groups linked outside of either
of the aromatic ring. Also, it is concluded that the
highest activity of AR04 mainly depends on both
oxetane ring and tetrahydrofuran cyclic urea units, but
not only because of oxetane ring.

Molecular docking studies were performed to
evaluate the proposed structural modifications. Since
the compound ARO04 shows the very best activity
compared to its counterparts, AR04 was chosen as
representative for the novel series of compounds and
attempted to predict the reason for the activity. The
docking pose of AR04 is shown in Figure 5 and the
images of the remaining compounds are shown in the
Supplementary Information. The docking score is
given in Table S1 (Supplementary Information).
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The cytochrome P450 active site consists of main
residues such as Asparagine 705, Arginine 752 and
Threonine 877 which binds with androgenic hormones
leading to transcription factor and gene regulations.
Androgen receptor (PDB iD: 1E3G) with bound drug
metribolone, a synthetic high-affinity anabolic-andro-
genic steroid, was taken as a template model for
docking analysis. Androgen receptor tends to bind
with many androgenic steroids and a higher concen-
tration of progestins tends to inhibit androgen receptor
(NR3C4). Substrate mimics which can halt the regu-
lation and has profound implication in the treatment.
NR3C4 active site is in between inter-helical region of
helix H2, H4 and H9. The cavity contains 5
methionine residues along with the hydrophobic cav-
ity, 4 polar residues and one charged arginine 752. A
structural antagonist with similar binding comple-
mentation might alter the regulation by differential
organization altering or halting regulation. The syn-
thesized compound tends to have a similar binding
affinity with relevance to docking score shown in
Table 1. The binding pose of the compounds with
respect to active site residual lining is shown in Sup-
plementary Information, Figures S1-S7. Higher affin-
ity compounds tend to have interactions with arginine

752. Both galeterone and enzalutamide have con-
served hydrogen bond with arginine 752. Importance
of arginine 752 roles towards ligand binding has a
role in the conformation adaptation of ligand
binding.

4. Conclusions

In summary, we have designed and synthesized cyclic
urea tetrahydrofuran-based compounds as a new class
of non-steroidal AR antagonists. Here, we replaced the
thio-hydantoin skeleton in the reported drugs into
cyclic urea tetrahydrofuran. We evaluated in vitro
activity of the synthesized compound against the
androgen-sensitive LNCaP cell line. Even though all
the compounds have the same structural features, the
compound with oxetane ring linked amide group
(ARO04) shows very high activity than that of its
counterparts confirms the role of the oxetane ring.
Importantly, we believe that the activity mainly
depends on both the oxetane ring and tetrahydrofuran
cyclic urea units, but not only because of the oxetane
ring. It indirectly represents that introduction of the
strained oxetane ring along with pharmacophore is a
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very useful strategy while designing new drugs for the
treatment of prostate cancer.

Supplementary Information (SI)

Detailed synthetic route up to compound 6 is shown in
Scheme S1. The docking poses of ARO1, AR02, ARO03,
ARO0S5, AR06, ARO7 and compound 5 are shown in Fig-
ures S1, S2, S3, S4, S5, S6 and S7, respectively. 'H, '°C
NMR and HRM spectra of all the precursors and target
compounds are shown in the supporting information.
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