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ABSTRACT: Androgen receptor (AR) transcriptional reactivation plays a key role in the development and progression of lethal
castration-resistant prostate cancer (CRPC). Recurrent alterations in the AR enable persistent AR pathway signaling and drive
resistance to the treatment of second-generation antiandrogens. AR F877L, a point mutation in the ligand binding domain of the AR,
was identified in patients who acquired resistance to enzalutamide or apalutamide. In parallel to our previous structure−activity
relationship (SAR) studies of compound 4 (JNJ-pan-AR) and clinical stage compound 5 (JNJ-63576253), we discovered additional
AR antagonists that provide opportunities for future development. Here we report a highly potent series of spirocyclic
thiohydantoins as AR antagonists for the treatment of the F877L mutant and wild-type CRPC.
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Molecular profiling studies have shown that recurrent
genomic alterations in the master regulator androgen

receptor (AR) and its pathway is a common feature that drives
resistance to the second-generation AR-targeted therapies
abiraterone acetate, enzalutamide (1, Figure 1), and
apalutamide (3, Figure 2) for the treatment of advanced
prostate cancer.1−5 AR transcriptional reactivation and
persistent AR signaling are now understood as the central
cores of resistance mechanisms in disease progression leading
to lethal metastatic castration-resistant prostate cancer
(mCRPC).6,7 Sustained AR signaling in CRPC tumors has
been reported to be the result of numerous genomic
aberrations including well-documented gene alteration, ampli-
fication, overexpression, splice variant isoform expression (AR-
V7), ligand binding domain (LBD) point mutations, and
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Figure 1. Chemical structures of enzalutamide (1) and darolutamide
(2).

Figure 2. Chemical structures of 3 (apalutamide ARN-509), 4 (JNJ-
pan-AR), 5 (JNJ-63576253), and bioisosteric spirocyclic scaffolds 6,
7, and 8 proposed as antagonists of the AR WT and AR F877L.
Compound class 8 was the focus of our lead optimization efforts.
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glucocorticoid receptor (GR) bypass.1,8−12 Colloquially
dubbed as “A Resilient Foe”, retargeting the AR by molecularly
targeted therapy with a precision medicine approach still

Figure 3. Manual docking model of (R)-28 (orange balls and sticks
with gray surface) bound to a potentially antagonistic conformation
(orange tubes) of the AR LBD. Superposition of a crystal structure of
the AR in a putative agonistic conformation is shown in cyan tubes
(PDB ID: 1T5Z).

Table 1. Chemical Structures of Compounds 9−29

Scheme 1. Synthesis of Spirocyclic Thiohydantoin
Analogues 18−22 and 26−29a

aReagents and conditions: (a) NBS, AIBN (cat), CCl4, 85 °C; (b)
K2CO3, 18-crown-6, MeCN, rt; (c) aq. HCl, rt; (d) NaBH(OAc)3,
DCE, rt; (e) TEA, THF/DMF, 80 °C; (f) MeNH2·HCl (or
MeNHOMe·HCl), W(CO)6 (cat.), Pd(OAc)2 (cat.), Xantphos
(cat.), TEA, 1,4-dioxane, 80 °C; (g) SFC chiral separation.

Scheme 2. Synthesis of Spirocyclic Thiohydantoin or
Hydantoin Analogues 11−15a

aReagents and conditions: (a) Boc2O, TEA, DCM, rt; (b) MeI, NaH,
DMF, rt; (c) MeNHOMe·HCl, W(CO)6 (cat.), Pd(OAc)2 (cat.),
Xantphos (cat.), DMAP, K3PO4, 1,4-dioxane, microwave, 120 °C; (d)
TFA, DCM, rt; (e) TEA, THF, DMF, 80 °C.

Scheme 3. Synthesis of Spirocyclic Thiohydantoin Analogue
16 and Phenol Metabolite 17a

aReagents and conditions: (a) Pd(dppf)Cl2, KOAc, 1,4-dioxane, 80
°C; (b) oxone, acetone, rt; (c) TFA, DCM, rt; (d) TEA, THF, DMF,
80 °C; (e) DEAD, PPh3, THF, 60 °C; (f) HCl, 1,4-dioxane, rt.
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represents a major therapeutic opportunity for the treatment of
mCRPC.13

The AR belongs to the steroid hormone group of nuclear
receptors that includes the estrogen receptor (ER), GR, and
progesterone receptor (PR), and it functions as a ligand-
inducible transcription factor that is activated by the binding of
androgens such as testosterone and dihydrotestosterone
(DHT) to its LBD.14 Point mutations in the AR LBD have
been associated with 10−20% of the resistance that converts
antagonists into agonists upon ligand binding, driving the
disease through the reactivation of AR signaling.15 For
example, the missense mutation of phenylalanine to leucine
at AR amino acid 877 (F877L, formerly known as F876L) was
reported in 2013 to confer resistance to both enzalutamide and
apalutamide, leading to an antagonist-to-agonist switch.10,11

AR F877L was found to occur spontaneously in cells after
prolonged treatment with enzalutamide and apalutamide. AR
F877L was also detected in the plasma circulating tumor DNA
(ctDNA) for 3 of 29 progressing patients enrolled in the
apalutamide Phase I clinical trial.15 Recently, the next-
generation AR antagonist darolutamide (ODM-201, 2, Figure
1) was reported to overcome resistance mechanisms including
AR F877L mutation and was subsequently approved for
nonmetastatic castration-resistant prostate cancer (nmCRPC)
by the U.S. Food and Drug Administration (FDA).16

Recently, we published our work on the characterization and
optimization of compound 4 (JNJ-pan-AR). focusing on the
substituents of ring “A” as well as ring “B” and its periphery,
leading to the discovery of the clinical stage compound 5 (JNJ-
63576253).17 In our putative AR homology model, the
mechanism for the antagonist-to-agonist switch of enzaluta-
mide (1) or apalutamide (3) in the AR F877L mutant tumors
could be explained by comparing the open (“antagonistic”)
and closed (“agonistic”) conformations, respectively, of Helix
12 located in the LBD.17−20

To complement our reported work on rings “A” and “B” of
compound 4, we decided to expand our exploration of the
hydantoin core by investigating additional spirocyclic com-
pound classes such as scaffolds 6, 7, and 8 in an effort to
preserve the key structural features of the pharmacophore,
reduce the ligand conformational flexibility, and improve the
suboptimal pharmacological parameters of compound 4. Here
we report our work on the discovery of a series of spirocyclic
thiohydantoins based on scaffold 8 that are highly potent
antagonists of the AR WT and AR F877L (Figure 2).
Our early models of bicalutamide, enzalutamide (1), and

apalutamide (3) suggested that reducing the flexibility within
this class of ligands by conformational restriction would have
an impact on the antagonist-to-agonist switch in AR F877L
without the need for peripheral bulky substituents (Supple-
mentary Section S-12).21,23,24 To test this hypothesis (Figure
3, Supplementary Section S-12), we designed rigidified
scaffolds 6, 7, and 8 with a spirocyclic central core to add
rotational restriction in thiohydantoin series (Figure 2). The
concept of conformation restriction by the cyclization of an
acyclic group via a bioisosteric spirocyclic ring has emerged as

Scheme 4. Synthesis of Spirocyclic Thiohydantoin
Analogues 23−25a

aReagents and conditions: (a) Zn(CN)2, Pd2dba3, PPh3, DMA, 120
°C; (b) aqueous conc. HCl, 135 °C; (c) TEA, THF/DMF, 80 °C;
(d) NH4Cl, HBTU, DIPEA, DMAP (cat.), DMF, rt.

Table 2. Transcriptional Reporter Assay Activity of 9−16
and 19−29 in LNCaP F877L (Mutant) and LNCaP AR cs
(WT) Cells

compound LNCaP F877La IC50 (nM)b LNCaP WTa IC50 (nM)b

1 not fit 117 ± 66
4 98 ± 63 191 ± 120
9 >15000c >15000d

10 5012 ± 207 11220 ± 3826e

11 676 ± 170 1380 ± 141
12 525 ± 322 646 ± 113
13 759 ± 81 1096 ± 7
14 339 ± 119 398 ± 52
15 1660 ± 1081 >30000
16 178 ± 86 219 ± 116
18 145 ± 32 112 ± 28
19 93 ± 32 93 ± 30
20 102 ± 10 100 ± 20
21 123 ± 39 126 ± 8
22 257 ± 13 191 ± 11
23 170 ± 37 229 ± 25
24 132 ± 33 148 ± 39
25 174 ± 4 209 ± 6
(S)-26 112 ± 116 178 ± 41
(S)-27 151 ± 26 170 ± 19
(R)-28 65 ± 47 52 ± 37
(R)-29 78 ± 10 72 ± 23

aLNCaP F877L and LNCaP WT reporter assays were repeated two
times or more. All compounds except 1 were antagonists in AR
F877L, and all were antagonists in the AR WT. bMax inhibition >90%
for all compounds unless specifically mentioned. cMax inhibition 52%.
dMax inhibition 35%. eMax inhibition 80%.

Figure 4. Correlation between AR F877L (y axis) and the AR WT (x
axis) antagonistic pIC50 and the AR WT pIC50 in transporter assays
along with the GR antagonistic pIC50 (red−blue color scale).
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an effective approach in drug discovery in the past decade.22

Initially, we explored the structure−activity relationship (SAR)
for compounds in classes 6 and 7, but unfortunately, either
significant a loss of potency (6) or a surprising enhanced
intrinsic agonism (7) rendered these compounds difficult to
progress (data not shown). Thus we focused on scaffold 8
while simultaneously taking advantage of the insight gained
from the development of 5 (JNJ-63576253).
In contrast with our previous SAR studies, our exploration of

scaffold 8 preserved the key pharmacophore elements of
peripheral rings “A” and “B” in 1 (enzalutamide), 3
(apalutamide), and 4 (JNJ-pan-AR) to better understand the
impact of the central spirocyclic core alteration, as shown in
analogues 9−29 (Table 1). For example, compound 16
preserved two key features of 4: a piperidinyl group on ring “B”
and an identical “A” ring. Similarly, compounds 14, 19, and
(R)-29 kept the same “A” and “B” rings as 1.
The general syntheses of analogues 9−16, 18−29, and

metabolite 17 are outlined in Schemes 1−4. In Scheme 1,
substituted 2-aminoindan-2-carboxylic ester 32 was prepared
starting from 30 following literature procedures.25,26 Reductive
alkylation reactions of 32 with an aldehyde such as
isobutyraldehyde or a ketone such as acetone, cyclobutanone,
cyclopentanone, or cyclohexanone in the presence of sodium
triacetoxyborohydride provided N-alkylated 34, which was
then cyclized to 36 by heating with isothiocyanate 35. The Pd-
catalyzed Heck aminocarbonylation of 36 using W(CO)6
provided racemic analogues 18−22.27 The chiral supercritical
fluid chromatography (SFC) separation of 18 and 19 led to the
corresponding chirally pure (S)-26, (S)-27 and (R)-28, (R)-
29. Because we were unable to obtain crystal structure of these
molecules, the assignments of the absolute stereochemistry for
26−29 were based on vibrational circular dichroism (VCD)
experiments (Supplementary Sections S-8 and S-9). Con-
firmation of these assignments by unambiguous asymmetric
synthesis was beyond the scope of this program.
In Scheme 2, commercially available or synthetically readily

accessible 37 (R2 = H or F) or synthetically readily accessible

32 (R2 = F) was protected with a Boc group to give 38.25,26

The N-methylation of 38 with iodomethane and sodium
hydride followed by Pd-catalyzed Heck aminocarbonylation of
39 using W(CO)6 and the subsequent removal of the Boc
group provided 41, which was cyclized with isothiocyanate 35
or isocyanate 42 to analogues 11−15. Analogues 11−15 could
also be prepared by the Boc deprotection of 39 and elaboration
following the methods previously described in Scheme 1.
Compounds 9 and 10 were prepared from 38 by the
procedures described in Scheme 2 but omitting N-methylation
(step b) (Supplementary Section S-7).
In Scheme 3, phenol 44 was obtained by converting aryl

bromide 39a to boronic ester 43 followed by oxidative
cleavage. The subsequent removal of the Boc group and the
cyclization of 45 with isothiocyanate 35 led to intermediate 17,
which was then converted to analogue 16 by the Mitsunobu
reaction and subsequent treatment with HCl. In Scheme 4, the
palladium-catalyzed cyanation of aryl bromide 34 using
Zn(CN)2 under mild conditions afforded nitrile 47, which
was hydrolyzed to diacid 48 and subsequently cyclized to 49
without isolation by heating with isothiocyanate 35. By
comparison with the route illustrated in Scheme 1, this route
offered several advantages. The final step involving a flexible
amide coupling reaction not only provided diversified “B”-ring
carboxamide derivatives but also avoided potential contami-
nation of the final product with palladium, in contrast with the
Pd-catalyzed Heck aminocarbonylation used in the last step of
Scheme 1.
To evaluate the SAR of these analogues for their AR

antagonistic activities, ARE-luciferase reporter constructs were
introduced into LNCaP prostate adenocarcinoma cancer cells
that stably expressed either the WT AR (LNCaP AR cs) or the
F877L mutant AR (LNCaP F877L) in a native AR setting.28

The analogues 9−16 and 18−29 all acted as full antagonists in
both cell lines and inhibited luciferase transcription with IC50
values ranging from 50 to >30 000 nM. Compounds 1
(enzalutamide) and 4 (JNJ-pan-AR) were used as controls
(Table 2). No agonism of either AR F877L or the AR WT was

Table 3. Antiproliferative Activity of 12, 16, 18−20, and 26−29 in the VCaP Prostate Cancer Cell Line Compared with That of
1 and 4a

compound 1 4 12 16 18 19 20 (S)-26 (S)-27 (R)-28 (R)-29

VCaP IC50 (nM) 149 ± 30 92 ± 71 2440 ± 2010 40 ± 40 30 ± 20 50 ± 20 10 ± 10 680 ± 150 480 ± 50 40 ± 10 110 ± 30
aVCaP cells (WT AR) were cultured in the presence of 30 pM R1881, and the extent of androgen-dependent proliferation was calculated. The
VCaP antiproliferative assay was repeated two times or more.

Table 4. Human Liver Microsomal (HLM) T1/2, Permeability, and Mean Single-Dose PK Parameters of Compounds 16, 18,
19, and 26−29 in CD-1 Male Mice by PO and IV Dosing

compound 16 18 19 (S)-26 (S)-27 (R)-28 (R)-29

HLM_T1/2 (min)a >180 >180 >180 118 >180 135 >180
Papp A > B (+inh.) (cm/s × 10−6)c 6.4 36.5 35.2 35.5 24.4 16.6 34.5
PO dose (mg/kg) 10 10 10 10 10 10 10
AUC0‑inf (μg·h/mL) 15.2 27.0 107 39.1 50.4 99.4 104
Cmax (μM) 0.92 3.69 8.85 3.7 5.81 6.1 5.86
IV dose (mg/kg) 2 2 2 2 2 2 2
CL (mL/min/kg) 11.5 3.4 1.6 4.0 3.0 1.3 0.9
T1/2 (h) 16.7 19.5 14.8 6.9 5.2 15.8 10.3
Vdss (L/kg) 16.3 4.8 1.7 2.3 1.8 1.9 1.7
F (%)b 97 61 102 92 91 80 63

aFor HLM T1/2: high stability >180 min; 33 min < medium stability <180 min; low stability < 33 min. bOral bioavailability. cPassive permeability
was measured from the apical (A) to the basolateral side (B) of the MDCK-MDR1 cells in the presence of a P-glycoprotein (P-gp) inhibitor.
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observed for spirocyclic compounds under the assay
conditions.
The unsubstituted (R1 = H) analogues 9 (F877L IC50 >

15 000 nM; WT IC50 > 15 000 nM) and 10 (F877L IC50 =
5012 nM; WT IC50 = 11 220 nM) were at least 10 times less
potent compared with the corresponding N-methylated (R1 =
Me) compounds 11 (F877L IC50 = 676 nM; WT IC50 = 1380
nM) and 12 (F877L IC50 = 525 nM; WT IC50 = 646 nM).
However, the potencies of fluorinated (R2 = F) 13 (F877L
IC50 = 759 nM; WT IC50 = 1039 nM) and 14 (F877L IC50 =
339 nM; WT IC50 = 398 nM) were almost equal to or slightly
better than those of nonfluorinated (R2 = H) 11 and 12. By
contrast, hydantoin 15 (F877L IC50 = 1660 nM; WT IC50 =
5129 nM) lost significant potency compared with the
corresponding thiohydantoin 12 (F877L IC50 = 525 nM;
WT IC50 = 646 nM), confirming the importance of the
thiocarbonyl moiety. It was notable that analogue 16 (F877L
IC50 = 178 nM; WT IC50 = 219 nM) was a full antagonist and
was almost equally potent as benchmark 4 (F877L IC50 = 98
nM; WT IC50 = 191 nM); both compounds possess a
piperidinyloxy substituent on ring “B”. A further potency
increase was achieved in 18 (R1 = i-Pr, F877L IC50 = 145 nM;
WT IC50 = 112 nM), 19 (R1 = i-Pr, F877L IC50 = 93 nM; WT

IC50 = 93 nM), 20 (R1 = i-Bu, F877L IC50 = 102 nM; WT IC50
= 100 nM), and 21 (R1 = i-Bu, F877L IC50 = 123 nM; WT
IC50 = 126 nM). An additional derivatization of R1 in 22−25
did not further enhance the potency. Nevertheless, the
potencies of 18−21 were comparable to or slightly better
than that of 4. Interestingly, chiral (R)-28 (F877L IC50 = 65
nM; WT IC50 = 52 nM) and (R)-29 (F877L IC50 = 78 nM;
WT IC50 = 72 nM) were about two times more potent than
the corresponding (S)-26 (F877L IC50 = 112 nM; WT IC50 =
178 nM) and (S)-27 (F877L IC50 = 151 nM; WT IC50 = 170
nM). The assignments of absolute stereochemistry for 26−29
were based on VCD experiments due to the unsuccessful
efforts to obtain single crystals for X-ray studies and the
inability to predict the potency difference in our homology
model.29,30 Significantly, these analogues remained full
antagonists in both AR F877L and the AR WT despite having
the same “B” substituents as 1 (enzalutamide) or 3
(apalutamide), both of which are agonists in AR F877L.
This observation suggests the intrinsic propensity of scaffold 8
for antagonism against both AR F877L and the AR WT as well
as for selectivity over the GR (Figure 4).12

To correlate the AR antagonism with an antiproliferative
effect in androgen-dependent tumor cell lines, 12, 16, 18−20,
and 26−29 were also evaluated in a growth inhibition assay in
the AR WT-dependent VCaP cells, again using 1 and 4 as
comparators.31 Luciferase transcription inhibition appeared to
translate into antiproliferative activity in VCaP cells, tracking
well with LNCaP WT potency with IC50 values ranging from
10 to 2440 nM (Table 3). The potencies of 16, 18−20, (R)-
28, and (R)-29 were comparable to or better than those of 1
and 4.
In mouse single-dose pharmacokinetic (PK) studies, (R)-29,

the more potent enantiomer of 19 (Table 1), displayed a
higher area under the receiver operating characteristic (ROC)
curve (AUC) (104 μg·h/mL) after oral dosing and lower
clearance (CL 0.9 mL/min/kg) after IV dosing compared with
the corresponding, less potent (S)-27 (AUC 50.4 μg·h/mL,
CL 3.0 mL/min/kg) (Table 3). The same trend was observed
by comparing (R)-28 and (S)-26 in terms of the exposure and
clearance, indicating the subtle difference between (R)- and
(S)-enantiomers in terms of the PK characteristics. The overall
PK parameters of (R)-29 tracked well with its corresponding
racemate, 19. All analogues displayed favorable PK parameters,
with oral bioavailability ranging from 61 to >100% (Table 4).
Compounds 16, 19, (S)-26, (S)-27, (R)-28, and (R)-29

were evaluated in rats for their inhibitory effect on the growth
of androgen-sensitive organs (ASOs) under stimulation by
testosterone propionate (TP) in the Hershberger assay to
assess their in vivo antiandrogen activities against the WT AR
(Figure 5). Treatment with compounds 16, (S)-26, and (R)-
28 resulted in statistically significant reductions in ASOs versus
the TP control at 30 mg/kg once daily oral dosing for 10 days
(p > 0.0001; Figure 5), comparable to that of positive control
enzalutamide (1) at 30 mg/kg. Importantly, compound 19
showed a similar reduction in ASOs at 5 mg/kg. In a separate
study, treatment with compound (R)-29 resulted in statistically
significant efficacy at 5 mg/kg once daily oral dosing for 10
days (p ≤ 0.0001; Figure 5) compared with that of positive-
control flutamide at 3 mg/kg. In contrast, compound (S)-27
showed minimal effects on ASOs at 5 mg/kg (Figure 5),
consistent with its less robust in vitro AR antagonistic potency
(Tables 1 and 2) and lower in vivo PK exposure compared with
(R)-29 (Table 4).

Figure 5. Hershberger assay: Dosing effect of compounds 16 (30 mg/
kg), 19 (5 mg/kg), (S)-26 (30 mg/kg), and (R)-28 (30 mg/kg)
compared with control group 1 (enzalutamide, 30 mg/kg) and (R)-29
(5 mg/kg) and (S)-27 (5 mg/kg) compared with control group
flutamide (3 mg/kg) on ASOs. The ASO development of seminal
vesicles and coagulating glands (SVCG) and the ventral prostate (VP)
is shown. The compound-dependent suppression of ASOs is
significant for each compound tested (p ≤ 0.0001, t-test/Mann−
Whitney). Data are the mean ± SD (n = 6).
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We previously reported the identification of phenolic
derivative 50 (Table 5) as a key metabolite of compound 4
(JNJ-pan-AR, Figure 2). In vitro experiments demonstrated
that 50 could be bioactivated in glutathione (GSH) trapping
experiments, as indicated in Table 5, by the formation of GSH
adducts such as the putative catechol structure 51.17 It is
notable that the structural features in the periphery of ring “B”
in compound 16 closely resemble those of compound 4 (JNJ-
pan-AR), thus raising the possibility of similar bioactivation.32

Like 4, phenolic 17 was indeed detected in a small amount
(1.4%) in trapping experiments together with a trace amount
of two GSH adducts. The small amount of 17 reflected the low
turnover of 16 under the in vitro assay conditions.
Furthermore, phenolic 17 was moderately metabolized in the
same experiments to generate at least four GSH adducts in
significant amounts, including the two observed for 16: UD
+GSH-2H (10.7%) and UD+O+GSH-2H (30.1%). Presum-
ably, one of the GSH adducts (UD+GSH-2H) was formed at
the para-benzylic position of ring “B”. These results suggested
that compound 16 remained vulnerable to the bioactivation
liability, and the next round of SAR iteration should investigate

bioisosteric “B” rings such as pyridyl to mitigate potential
bioactivation risks. We previously used a similar approach in
the optimization of compound 4, resulting in the successful
identification of clinical stage compound 5 (JNJ-63576253).17

However, such additional B-ring modifications in the spiro
series are beyond the scope of this work.
Next, we tested the efficacy of compounds (S)-26, (S)-27,

(R)-28, and (R)-29 for their ability to suppress prostate tumor
xenograft growth in vivo. Castrated male SHO mice bearing the
established LNCaP AR F877L mutant-driven 3-D spheroid
tumors were orally administered vehicle alone or compound
(S)-26, (S)-27, (R)-28, or (R)-29 at 15 or 30 mg/kg once
daily for 18 days. As shown in Figure 6, the continuous
administration of compound (S)-26, (S)-27, (R)-28, or (R)-29
resulted in statistically significant tumor growth inhibition
compared with the vehicle-treated control group: (S)-26 (30
mg/kg, 58%, p = 0.0002), (S)-27 (30 mg/kg, 32%, p =
0.0309), (R)-28 (30 mg/kg, 46%, p = 0.0152), and (R)-29 (15
mg/kg, 57%, p = 0.0008). Notably, compound (R)-29 had
similar efficacy as compound (S)-26 but at half the dose (15 vs
30 mg/kg). This is likely a result of the improved in vitro
potency of (R)-29 combined with the lower in vivo clearance
and the higher exposure. A minimal impact on body weight
loss was observed, indicating that all compounds were well
tolerated. Together, these in vivo data provide evidence that
spirocyclic AR antagonist compounds not only inhibited the
growth of ASOs but also demonstrated statistically significant
in vivo activity against the mutant AR-driven tumor growth in
this LNCaP AR F877L xenograft model.
In summary, we described the discovery of a new series of

AR antagonists with a spirocyclic thiohydantoin core
represented by scaffold 8. SAR studies revealed the intrinsic
propensity of this bioisoteric replacement of the core ring for
full antagonism against both the wild-type and the F877L
mutant AR. Our findings highlighted the advantage of this
conformationally restricted spirocyclic thiohydantoin core to
avoid reliance on peripheral functional groups to impart full
antagonism of both the wild-type and the mutant AR. We also

Table 5. Incubation of 16, 17, and 50 in Dog Liver Microsomes with GSH in the Absence or Presence of NADPHa

compound 50 17 16

NADPHb − + − + − +
UDc 100.0% 78.7% 100.0% 52.3% 100.0% 98.4%
UD+O 9.2% 2.0% 0.19%
phenolic (50 or 17)d NA NA NA NA 0.01% 1.4%
UD+GSH-2H (a) 10.7% 0.002%d

UD+GSH-2H (b) 1.8%
UD+O+GSH-2H 12.1% 30.1% 0.01%d

UD+O+GSH 3.1%
aFinal concentrations of the substrates (UD), dog liver microsomes, glutathione (GSH), and NADPH were 10 μM, 1 mg/mL, 5 mM, and 1 mM,
respectively. The percent compositions of the parent drug and its metabolites were based on peak areas from 5 ppm accurate mass measurements
with the assumption of equal positive electrospray ionizations. b−/+ means in the absence or in the presence of NADPH. cUD is defined as
incubated substrate unchanged. dPhenolic refers to either metabolite 50 or 17. eGSH conjugates detected from incubation with 16 were from
metabolite 17.

Figure 6. Oral in vivo efficacy profile of (S)-26, (S)-27, (R)-28, and
(R)-29 in castrated male SHO mice implanted with LNCaP F877L
tumors cells. Tumors were measured twice weekly, and the results are
presented as the average tumor volume, expressed as mm3 ± the
standard error of mean (SEM) of each group.
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described the favorable in vitro and in vivo pharmacological
properties of (R)-29 as a full antagonist against AR F877L.
This result stands in sharp contrast with the antagonist-to-
agonist switch observed with 1 (enzalutamide), despite (R)-29
and 1 sharing almost identical structural features of peripheral
rings “A” and “B”. Although our hypothesis on the impact of
conformational restriction on the antagonist-to-agonist switch
appears to be valid within the series derived from scaffold 8, we
are unable to fully rationalize the mechanism of these
antagonists at the molecular level. It will be useful to further
validate our hypothesis using experimental approaches such as
X-ray crystallography and nuclear magnetic resonance (NMR)
in combination with molecular simulations. Nevertheless, the
distinctive molecular architecture of scaffold 8 represents an
appealing opportunity for the further exploration and develop-
ment of next-generation AR pathway inhibitors.
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