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ABSTRACT: We recently reported a class of novel tissue-selective androgen receptor modulators (SARMs), repre-
sented by a naphthalene derivative A. However, their pharmacokinetic (PK) profiles were poor due to low metabolic
stability. To improve the PK profiles, we modified the hydroxypyrrolidine and benzonitrile substituents of 4-
(pyrrolidin-1-yl)benzonitrile derivative B, which had a comparable potency as that of compound A. This optimization
led us to further modifications; which improved metabolic stability while maintaining potent androgen agonistic activi-
ty. Among the synthesized compounds, (25,35)-2,3-dimethyl-3-hydroxylpyrrolidine derivative 1c exhibited a suitable
PK profile and improved metabolic stability. Compound 1¢ demonstrated significant efficacy in levator ani muscle
without increasing the weight of the prostate in an in vivo study. In addition, compound 1¢ showed agonistic activity in
the CNS, which was detected using sexual behavior induction assay.

As men age, serum testosterone levels gradually decline due to testicular malfunction and hypothalamlc
dysregulation.” Reduced testosterone levels cause a variety of symptoms, including depress10n loss of libido,” and de-
creased bone and lean body mass. This syndrome is called late-onset hypogonadism (LOH),’ and affects 20% of men
aged 60 and older." Currently, several strategies for testosterone replacement therapy (TRT) use testosterone and/or its
ester to treat hypogonadism.™ ® These treatments effectively alleviate symptoms and provide additional health benefits.
However, widespread use of testosterone/testosterone ester-based TRT is limited by potential risk of cardiovascular
problem, prostate cancer and erythrocytosis.” In addition, administration routes are limited to inconvenient intramuscu-
lar injection, surgical implantation, or transdermal delivery using gels or patches.

Lack of convenient administration routes has stimulated a growing interest in orally available and nonsteroidal tis-
sue-selective androgen receptor modulators (SARMs). 1 The concept of SARMs emerged from the clinical success of
selective estrogen receptor modulators (SERMS) such as raloxifene, which acts as an estrogen receptor agonist in bone
but an antagonist in the breast and uterus." > SARMs are expected to have desired anabolic functions, and lack unwant-
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ed androgenic properties such as prostate stimulation. Various nonsteroidal SARMs have been reported™ ~ and some

compounds such as GTx-024"" and DT-200'""® have reached clinical development (Figure 1).
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Figure 1. Structures of selected nonsteroidal SARMs

We have previously reported that 1-(4-cyano-1-naphthyl)-2,3-disubstituted pyrrolidine derivatives, represented by
compound A, showed highly potent AR agonistic activity in vitro, and good tissue selectivity in vivo (Figure 2)."
However, they were rapidly metabolized in rat and human liver microsomes, and failed to achieve sufficient bioavaila-
bility in PK studies in rats (compound A: CL = 3081 mL/h/kg, AUC,, = 32.2 ngeh/mL, F = 9.7%). In addition, re-
placement of naphthonitrile with 2-chloro-3-methyl benzonitrile, a well-known privileged scaffold for SARMs,*?! still

provided insufficient metabolic stability, and showed a PK profile similar to that of compound A (compound B: CL =
5166 mL/h/kg, AUC,,= 3.2 ngeh/mL, F = 1.6%).
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MS (h/r): 71/148 pL/min/mg
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Figure 2. 1-(4-Cyano-1-naphthyl)pyrrolidine derivative A and 2-chloro-3-methylbenzonitrile B

Therefore, we designed a compound by modifying the pyrrolidine and benzonitrile groups further to improve the
PK profile. The X-ray co-crystal structure of compound B with the AR ligand binding domain (LBD) revealed two key
interactions (Figure 3): water-bridged hydrogen bonds of the cyano group with the side chain of Arg752 and the back-
bone of Met745, and an interaction of the hydroxyl group with the side chains of Asn705 and Thr877. Since the struc-
tural data suggested that potency would be improved if the compounds possessed cyano and hydroxyl groups at the
ends of the molecule, we planned to explore substitutions of the hydroxypyrrolidine unit (X) and conduct further opti-
mization of the benzonitrile (Y). In this paper, we describe the design, synthesis, and biological characterization of 4-
(pyrrolidin-1-yl)-1-benzonitrile derivatives.
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Figure 3. Strategies for identification of novel SARMs from compound B.

(28,35)-2,3-Dimethyl-3-hydroxypyrrolidine 4 was prepared using our previously reported method (Scheme 1.2
A methyl group was introduced at the C3-position of 2 using methyl magnesium bromide. In this reaction, the Gri-
gnard substitution was achieved in a highly stereo-selective manner and with an 85% yield, driven by the optically ac-
tive 2S-methyl group, but without cleavage of the Cbz group, using CeCl; as an additive.” The Cbz group of 3 was
removed by hydrogenation, and successive treatment with oxalic acid afforded a hemioxalate salt 4 at 88% yield.

Scheme 1. Preparation of (25,35)-2,3-dimethyl-3-hydroxylpyrrolidine 4"
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*Reagents and conditions: (a) MeMgBr, CeCl;, THF, -78-0 °C, 1 h 85%; (b) H; (1 atm), Pd/C, MeOH, rt, 1.5 h, then
(CO,H),, 88%.

The coupling reactions of pyrrolidines 4 with 4-fluorobenzonitriles 5 were performed using lithium carbonate in
dimethylsulfoxide at 70-80 °C to afford 1a—c¢ in 57-75% yield (Scheme 2). 24

Scheme 2. Synthesis of compound 1a—c and B*
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1a (X = 2-Cl,3-Me, 75%)
1b (X = 2-Cl, 72%)
1¢ (X = 2-F,3-Me, 57%)

*Reagents and conditions: (a) Li,CO3;, DMSO, 70-80 °C, 57-75%.

AR binding affinities were evaluated by competitive displacement of radiolabeled [*H]mibolerone from AR. The
data are reported as ICs, values. Functional activities using an AR responsive luciferase reporter were determined in
Cos-7 cells and are given as ECsg values.

To improve the PK profile of B, we first focused on modification of the pyrrolidine. The co-crystal structure of B
with AR LBD suggests that the C3-hydroxyl group on the pyrrolidine ring is essential for potency. However, the hy-
droxyl group and pyrrolidine ring are considered to be metabolized by oxidation and conjugation.25 We hypothesized
that introduction of a methyl group at the C3-position on the pyrrolidine ring would prevent both oxidative and conju-
gative metabolism due to the steric hindrance, while not influencing the potency on the basis of the co-crystal structural
information of B with AR LBD. Based on this hypothesis, (25,35)-2-methyl-3-hydroxylpyrrolidine derivative B was
converted into (25,35)-2,3-dimethyl-3-hydroxylpyrrolidine derivative 1a (Table 1). As expected, compound 1a demon-
strated better metabolic stability in human and rat assays than that of compound B, while maintaining potent AR bind-
ing affinity and agonistic activity. In addition to improved metabolic stability, compound 1a exhibited a dramatically
improved PK profile (1a: CL = 1886 mL/h/kg, AUC,, = 236.7 ngeh/mL, F' = 44.5%) relative to that of compound B (B:
CL = 5166 mL/h/kg, AUC,, = 3.2 ngeh/mL, F = 1.6%).

Table 1. Biological data of (25,35)-2,3-dimethyl-3-hydroxylpyrrolidine 1a and (25,3S)-2-methyl-3-
hydroxylpyrrolidine B
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AR binding AR reporter Metabolic stability
ICso ECs (UL/min/mg)” cL AUC, o
Compd. ¢ are  F (%)
95 % I 95 % I _— o (mL/h/kg) (ngeh/mL)
(nM)* (nM)*
0.49 0.20
1a (0.31-0.78) (0.13-0.31) 24 96 1886 236.7 44.5
0.72 0.19
B (0.51-1.02) (0.12-0.31) 67 230 5166 3.2 1.6

‘IC,, (EC,,) values are presented as means of duplicate experiments, with 95% confidence intervals (95%CI) in paren-
theses. " Metabolic stability was determined based on disappearance of parent compound after incubation with human

or rat liver microsomes for 20 min. “Rat dosing at 0.1 mg/kg, i.v., and 1 .mg/kg, p.o. (n = 3). F means bioavailability

With its modified hydroxypyrrolidine unit, compound 1a demonstrated an improved PK profile while maintaining
excellent potency. However, its metabolic stability in rats was still insufficient to select 1a as a suitable in vivo candi-
date. To further improve PK profiles, we optimized the substituents on the benzonitrile of compound 1a using the cal-
culated Log P (cLog P) value as an indicator of metabolic stalbility.26 We designed and synthesized 2-
chlorobenzonitrile derivative 1b (cLog P 2.60) and 3-fluoro-2-methylbenzonitrile derivative 1c (cLog P 2.66), which
has low lipophilicity compared to compound 1a (cLog P 3.10). As expected, both compounds demonstrated improved
metabolic stability over compound 1a in rat liver-microsomes, and maintained potent AR agonistic activities. Further-
more, these compounds showed good bioavailabilities (F; 1b: 53.4% and 1c: 46.3%, respectively) and improved plas-
ma exposures (AUC,, >380 ngeh/mL) relative to those of compound 1a (AUC,, = 236.7 ngeh/mL) in rat PK tests in
accordance with the increased metabolic stabilities. From these results, we selected compound 1b and 1¢ for in vivo
efficacy tests.

Table 2. Biological data of 4-[(2S,35)-2,3-dimethyl-3-hyroxylpyrrolidin-1-yl] benzonitrile derivatives 1a—c

CN
1a (Y = 2-C1,3-Me)
1b (Y = 2-Cl)

1c (Y = 2-F,3-Me)



AR binding AR reporter Metabolic stability
ICso ECs (LL/min/mg)" CL AUC,,

Compd. (mL/hke)®  (ngeh/mL)" F (%)°
(95%CI) ("M)*  (95%CT) (nM)*  rat

1a 031078 (Gisosn % 1886 2367 445

1b ?6?324—0.78) ?(.)?126—0.62) 39 581 930.6 534

i 13 reosy  H 1236 387.9 46.3

‘1C,, (EC,,) values are presented as means of duplicate experiments, with 95% confidence intervals (95%CI) in paren-
theses.  Metabolic stability was determined based on the disappearance of parent compound after incubation with hu-
man or rat liver microsomes for 20 min. Rat dosing at 0.1 mg/kg, i.v., and 1 mg/kg, p.o. (n.=3). ¢ F means bioavaila-

bility

Tissue selectivity of the selected compounds was investigated using the Hershberger assay.27 Twice daily doses
(5.0 mg/kg/day, po, bid) of compounds 1b and 1c¢ were administered with testosterone propionate (TP) (0.5 mg/kg, sc,
qd) to 4-week-old castrated rats for 4 days (Table 3). The control group-was administered TP only (0.5 mg/kg, sc, qd),
and the increases in weight of prostates and levator ani muscles were expressed relative to 100%. Compound 1c exhib-
ited tissue selectivity and strong anabolic activity in levator ani muscle (>300%), whereas compound 1b enhanced the
weight of not only levator ani muscle (>300%) but also of the prostate (>140%). Thus, we selected compound 1c as a
tissue-selective analogue for further in vivo evaluations.

Table 3. Tissue selectivity in immature rats (n = 5)"

Increase in tissue weight (%)

Compd.
Prostate Levator ani muscle
1b 147" >300°
Ic 102 >300°
Control” 100 100

* Test compounds were administered orally twice daily with a dose of 5 mg/kg/day with TP (0.5 mg/kg, sc, qd). >Tp

only (0.5 mg/kg, sc, qd) was administered as a control. "P<0.05 versus control group by Dunnet's test.

To evaluate anabolic potency and tissue selectivity for comparison with TP (1.2 mg/kg/day, sc, qd), compound 1¢
(0.15,0.5. 1.5, 5, 15 mg/kg/day) was administrated orally twice daily with TP (0.4 mg/kg/day, sc, qd) to 8-week old
castrated rats for 7 days at each dose (Figure 4). Compound 1c exerted significant dose dependent effects (to more
than 5 mg/kg/day) on levator ani muscle that were superior to the effects of TP (1.2 mg/kg/day, sc, qd) alone. On the
other hand, 1¢ did not influence the weight of the prostate, at doses up to 15 mg/kg/day, while TP (1.2 mg/kg/day, sc,
qd) increased prostate weight significantly. Accordingly, compound 1c is a promising tissue selective androgen recep-
tor modulator.



Levator ani muscle Prostate

Weight (mg)

‘Weight (mg)

Control  0.15 0.5 1.5 5 15 TP 1.2 Control 0.15 0.5 1.5 5 15 TP 1.2
m/k/d

1c (mg/kg/day) + TP 0.4 m/k/d 1c (mgfkg) + TP 0.4 m/l/d

Figure 4. Mean weight of levator ani muscle and prostate in castrated mature rats dosed with compound 1¢ and TP.
*#P<0.025 versus control group (Williams test), ““P<0.001 versus control group (unpaired Student's t test).

Next, we performed a sexual behavior induction assay to confirm agonistic activity of 1¢ on the CNS (Table 4).
Selected fertile male rats were castrated to eliminate sexual behavior. Sexual behavior induction was then quantitated
on the basis of pseudopregnancy rate in female rats. After treatment with 1c (7.5 mg/kg/day, po, bid) for 3 weeks, sex-
ual behavior increased to 87.5% compared to that in the non-treated control group (10%). This result suggested that 1¢
could act as an androgen agonist in the CNS.

Table 4. Sexual behavior induction assay"

Dose Sexual behavior
Compd.

(mg/kg/day for 18-21 days) (positive/total, %)
1c 7.5 87.5%
Control 10

“n =8 (1¢), 10 (Control). #*P<0.01, versus control (Fisher's Exact test).

To confirm the binding mode of compound 1c¢, we solved the X-ray co-crystal structure of this compound bound
to the AR LBD (Figure 5). The co-crystal structure of compound 1¢ with the AR LBD, residues 671-919, was obtained
at 2.70 A resolution. The binding mode of compound 1¢ was almost identical to that of compound B. Based on this
result, the 3-methyl group.on the pyrrolidine ring of 1¢ was confirmed to be tolerated without influencing the surround-
ing amino acid residues such as Thr877 or Asn705.



Figure 5. Superimposed X-ray co-crystal structures of 1c (green) and B (orange) bound to androgen receptor LBD
(PDB code 5T8J, 2.70 A resolution (1c), PDB code 5TSE, 2.71 A resolution (B)).

To improve the PK profile of the previously reported naphthalene derivative A, we modified its 4-(pyrrolidin-1-
yl)benzonitrile derivative B having comparable potency to that of compound A. To improve PK profiles, we investigat-
ed introduction of a methyl group at the C3-position of the pyrrolidine ring and identified 4-[(25,35)-2,3-dimethyl-3-
dhyroxylpyrrolidin-1-yl]benzonitrile derivative 1a. Further optimization of the substituents on the benzonitrile led us to
discover compound 1¢, which shows a suitable agonistic activity and a promising PK profile together with sufficient
metabolic stability. In in vivo studies, compound 1¢ was confirmed to exhibit potent anabolic effects on levator ani
muscle in a dose-dependent manner without increasing the weight of the prostate. In addition, compound 1c¢ induced
sexual behavior in rats. Accordingly, we concluded that compound 1¢ was a useful in vivo probe molecule to study the
fundamental biology and therapeutic potential of a SARM. Further pharmacological and toxicological studies of these
benzonitrile derivatives will be reported in due course.
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