
lable at ScienceDirect

European Journal of Medicinal Chemistry 171 (2019) 265e281
Contents lists avai
European Journal of Medicinal Chemistry

journal homepage: http: / /www.elsevier .com/locate/ejmech
Research paper
Discovery and biological evaluation of novel androgen receptor
antagonist for castration-resistant prostate cancer

Jiang Yu a, Lanxi Zhang a, Guoyi Yan b, Peiting Zhou a, Chaoguo Cao a, Fei Zhou a,
Xinghai Li c, Yuanwei Chen a, c, *

a State Key Laboratory of Biotherapy and Cancer Center, West China Hospital, Sichuan University and Collaborative Innovation Center for Biotherapy,
Chengdu, 610041, China
b Department of Hepatobiliary Pancreatic Surgery, Henan Province People's Hospital, Zhengzhou, 450003, China
c Hinova Pharmaceuticals Inc, 4th Floor, Building RongYao A, No. 5, Keyuan South Road, Chengdu, 610041, China
a r t i c l e i n f o

Article history:
Received 29 December 2018
Received in revised form
14 March 2019
Accepted 16 March 2019
Available online 22 March 2019

Keywords:
Androgen receptor antagonist
F876L mutation
Enzalutamide resistance
Castration-resistant prostate cancer
* Corresponding author. State Key Laboratory of B
West China Hospital, Sichuan University and Collabo
Biotherapy, Chengdu, 610041, China.

E-mail address: ywchen@scu.edu.cn (Y. Chen).

https://doi.org/10.1016/j.ejmech.2019.03.041
0223-5234/© 2019 Published by Elsevier Masson SAS
a b s t r a c t

Prostate cancer (PC) is the second most common malignancy in men worldwide. Among current ther-
apies, two antiandrogens, Abiraterone Acetate and Enzalutamide (Enza) have become the standard of
care for patients with metastatic castration-resistant prostate cancer (mCRPC). Here, we designed and
synthesized a new series of nonsteroidal compounds deriving from the hybridization of Abiraterone (Abi)
and Enzalutamide, among which compound 4a featuring the diphenylamine scaffold was identified as a
potent and cell selective androgen receptor (AR) antagonist. In cell proliferation assays, compound 4a
exhibited better antiproliferative activities than Enzalutamide against AR-overexpressing VCaP cells and
22Rv1 cells bearing H874Y-mutated AR. In addition, 4a suppressed the activity of AR-F876L mutant that
confers resistance to Enzalutamide and efficiently blocked R1881-induced PSA and FKBP5 gene
expression. In competitive binding assay, compound 4a displayed higher binding affinity to AR than
Enzalutamide. These results suggest compound 4a as a potential candidate to treat Enza-resistant CRPC.

© 2019 Published by Elsevier Masson SAS.
1. Introduction

Prostate cancer (PC) is the second most commonly diagnosed
male malignancy and the fifth leading cause of cancer mortality in
men worldwide [1]. The androgen receptor (AR), a ligand-
dependent transcription factor, is highly expressed throughout
various stages of prostate cancer [2,3]. The dysregulation of AR
signaling is crucial for the occurrence and progression of prostate
cancer. Multiple mechanisms have been identified to confirm
maintained AR signaling in CRPC, including AR amplifications,
increased AR expression and the presence of point mutations in
ligand binding domain (LBD) [4e6].

Until 2010, the docetaxel-based chemotherapy was the only
strategy known to extend survival in patients with mCRPC [7e10].
Since 2011, three AR-axis inhibitors (Fig. 1A) have been approved by
FDA including Abiraterone Acetate, Enzalutamide for mCRPC and
iotherapy and Cancer Center,
rative Innovation Center for

.

most recently Apalutamide (formerly known as ARN509) for non-
metastatic CRPC [11e13]. Abiraterone, a steroidal antiandrogen,
blocked dihydrotestosterone (DHT) biosynthesis through sup-
pressing the 17-hydroxylase/17,20-lyase (CYP17A1), which repre-
sents a breakthrough for the treatment of CRPC [14e16].
Enzalutamide and Apalutamide are second-generation AR antago-
nists with superior binding affinity to the ligand binding domain of
AR (AR-LBD) than the first-generation inhibitor, Bicalutamide
[17,18]. Other second-generation AR antagonists (Fig. 1A) like Dar-
olutamide (formerly known as ODM-201), Galeterone (Gal) and
HC-1119, have entered clinical trials [19e21]. As a multi-target oral
small molecule inhibitor, Galeterone blocked AR signaling through
AR-LBD antagonism, AR degradation and inhibition of CYP17A1
[22]. Unfortunately, Galeterone failed in the phase III clinical trial
(ARMOR3-SV) and the company announced the discontinuation of
their phase II expansion (ARMOR2) as well on August 22, 2016 [23].

Despite the success achieved in CRPC with second generation
androgen deprivation therapies (ADT), such as Abiraterone [24,25]
and Enzalutamide [12,26], resistance to both therapies have been
observed. The proposed mechanisms of acquired and primary
resistance include up-regulation of systemic and intratumoral
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Abbreviations

AR androgen receptor
AR-LBD ligand binding domain of AR
PC prostate cancer
CRPC castration-resistant prostate cancer
mCRPC metastatic castration-resistant prostate cancer
ADT androgen deprivation therapies
Enza Enzalutamide
Abi Abiraterone
Gal Galeterone
CYP17A1 Cytochrome P450 17A1
DHT dihydrotestosterone

IC50 50% inhibitory concentration;
CCK-8cell counting kit-8PSA cell counting kit-8PSAprostate

specific antigen
FKBP5 FK506 Binding Protein 5
wt-AR wild-type AR
EGFP enhanced green fluorescence protein
TGI tumor growth inhibition
DCM dichloromethane
DMF N,N-Dimethyl formamide
DMA N,N-dimethylacetamide
PEG poly(ethylene glycol)
7-OHP 17a-hydroxy progesterone.
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androgen biosynthesis, AR gene amplification or overexpression
and AR mutations in the ligand-binding domain [27]. Recently, a
F876L missense mutation in AR-LBD has been identified, which
confers an antagonist-to-agonist switch driving the resistance to
Enzalutamide and ARN-509 [28,29]. Other recurrent point muta-
tions in AR-LBD including L701H, W741C (Bicalutamide resistance),
H874Y and T877A (Flutamide resistance) are present in approxi-
mately 15e20% of CRPC cases, a frequency that grows to over 60%
when AR gene amplification is included [30,31].

Therefore, there is an unmet and urgent need to develop novel
and potent antiandrogens to block the AR signaling in CRPC. In this
Fig. 1. (A) Examples of antiandrogen.
study, based on the structures of FDA-approved Enzalutamide and
Abiraterone, a new class of compounds were designed, synthesized
and evaluated.
2. Chemistry

Recently, the utilization of molecular hybridization strategy has
led to the discovery of many active molecules [32e34]. Although
Enzalutamide and Abiraterone feature different scaffolds, the
structural similarity between these two antiandrogens attracted
our attention. As described in Fig. 1B, both of them bear similar
(B) Design of novel compounds.
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three-ring structure and the ring 1 and ring 3 of Enzalutamide
match well with those of Abiraterone. Thus, the resulting hybrid
molecules were expected to maintain activity on AR or CYP17
enzyme. Encouragingly, several compounds deriving from Preg-
nenolone or Galeterone with similar three-ring scaffold have been
reported to potently inhibit the activities of AR or CYP17 enzyme
[35,36]. Therefore, to develop novel type of compounds we started
our research from hybrid molecule bearing a bicyclic linker at the
position of ring 2.

To obtain desired compounds 1a-k, intermediate 3 was syn-
thesized following literature procedure [37] as shown in Scheme 1.
The subsequent nucleophilic substitution reaction of 4-Fluoro-2-
(trifluoromethyl) benzonitrile with corresponding amine (2e4)
followed by Suzuki coupling yielded compounds 1a-k. In addition,
compound 4b was successfully prepared by a two-step procedure.
Nucleophilic substitution reaction using 4-Fluoro-2-(tri-
fluoromethyl) benzonitrile (8) and 3-Iodophenol provided corre-
sponding diphenyl ether (9), which underwent Suzuki coupling to
achieve compound 4b.

Scheme 2 describes the general procedure for the synthesis of
diphenylamine analogues (2a-h, 3a-n, 4a, 4c-e). Diazotization of
arylamine (10) by nitrous acid generated in situ and the substitution
of N2 group by iodide resulted in product 12. Next, intermediates
17e20were obtained from 12 or commercially available 11 through
palladium-catalyzed cross coupling and N-alkylation reactions.
Finally, various ring C were introduced by Suzuki coupling or Cu-
catalyzed C-N coupling reactions (2a-h, 3a-n). The desired com-
pound 4a was synthesized using 4-((5-bromo-2-methylphenyl)
amino)-2-chlorobenzonitrile (15) and 3,5-dimethylisoxazole-4-
boronic acid pinacol ester via Suzuki coupling reaction. To ach-
ieve compounds 4c-e, intermediate 22 was prepared from
commercially available 5-Bromo-2-methylaniline (21) through
Suzuki coupling reaction. The subsequent palladium-catalyzed C-N
coupling afforded desired compounds 4e and intermediate 23,
which underwent N-alkylation reaction to yield compounds 4d and
4c, respectively.

3. Results and discussion

3.1. Discovery of compound 4a

All compounds were firstly evaluated in LNCaP/AR human
Scheme 1. Synthesis of compounds 1a-k and 4b. Reagents and conditions: (a) H2NOH-HC
Suzuki coupling, boronic acid/ester, Pd(PPh3)4, K2CO3, H2O, 1,4-Dioxane, 90 �C, 6 h; (d) K2CO
prostate cancer cells [17] via a CCK-8 cell proliferation assay (SAB,
CP002). Compounds with IC50 value lower than 1 mM were next
tested in AR-overexpressing VCaP cells [38] or 22Rv1 cells bearing
H874Y-mutated AR [39,40]. To rule out the non-AR-mediated
toxicity, AR-negative human prostate cancer cells (PC-3) and non-
cancer originated human hepatocyte cells (L-02) were also used.

To develop novel inhibitors, we initially designed compounds
with tetrahydroisoquinoline, indoline and tetrahydroquinoline
fragments (1a-k). As presented in Table 1, compounds bearing
tetrahydroquinoline scaffold (1h-j) showed superior activity
against LNCaP/AR cells, although poor inhibitory activities toward
VCaP and 22Rv1 cells were observed.

Then we simplified the tetrahydroquinoline scaffold by opening
its piperidine ring. The resulting diphenylamine analogues were
synthesized and evaluated. As presented in Table 2, replacing the
CF3 group (2a, 2b) with Cl (2c, 2d) caused a moderate increase in
activities against LNCaP/AR. Comparing compounds 2b, 2d, 2fwith
2a, 2c, 2e, the introduction of methyl group at R2 position had little
effect on the inhibitory activity toward LNCaP/AR cells. In addition,
the phenyl substituted analogues 2g and 2h exhibited significantly
decreased activity against LNCaP/AR with IC50 values of 1.29 mM
and 2.78 mM, respectively. This result indicates the heteroaromatic
substituent on ring B is of great importance. Noteworthily, com-
pound 2f bearing a methyl group at R2 position exhibited improved
potency toward VCaP cells with an IC50 value of 3.92 mМ, suggesting
that the N-ethyl substituted diphenylamine scaffold was worthy of
further optimization.

Next, we kept Cl and methyl group as substituents at R1 and R2
positions and optimized ring C to achieve compounds 3a-n
(Table 3). Among them, five compounds (3c, 3d, 3e, 3i, 3j) exhibited
favorable antiproliferative activity with IC50 values ranging from
1.03 to 5.38 mM toward VCaP and 22Rv1 cells. And 3,5-
dimethylisoxazole (3e) was identified as the preferred ring C,
which was chosen as the terminal heteroaromatic ring for further
modification.

As presented in Table 4, replacing N atom (4a) with O atom (4b)
at R3 position led to obvious decrease in LNCaP/AR inhibitory ac-
tivity. Compound 4c bearing 2-pyridyl group for ring A was found
to be more potent than compound with 4-pyridyl group (4d).
Importantly, compound 4a featuring NH group as R3 substituent
exhibited more desirable anticancer activity toward VCaP cells
(IC50¼ 0.70 mM) than N-ethyl substituted compound 3e
l, MeOH, reflux, 1 h; AlH(Bu-i)2, DCM, 0�C-rt, overnight; (b) NaH, DMF, 0�C-rt, 2 h; (c)
3, DMSO, 110 �C, 2 h.



Scheme 2. Synthesis of compounds 2a-h, 3a-n, 4a and 4c-e. Reagents and conditions: (a) H2SO4, NaNO2, H2O, KI, MeCN, 0�C-rt, overnight; (b) Pd2(dba)3, DavePhos, Cs2CO3, MeCN,
reflux, 5 h; (c) Bromoethane, NaH, DMF, 0�C-rt, 2 h; (d) Suzuki coupling, boronic acid/ester, Pd(PPh3)4, K2CO3, H2O, 1,4-Dioxane, 90 �C, 6 h; (e) Benzimidazole/imidazole, CuI, Cs2CO3,
DMF, 120 �C, 40 h; (f) Pyrazole, CuI, NaH, DMSO, 120 �C, overnight.
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(IC50¼1.20 mM) and better cell selectivity than 2-pyridyl
substituted compound 4c.
3.2. Compound 4a antagonizes wild-type AR and the AR-F876L
mutant

To investigate whether our compounds suppress AR-regulated
gene transcription in prostate cancer cells, qRT-PCR analysis was
performed on VCaP cells. As illustrated in Fig. 2A, compounds 2f,
3d, 3i, 4a and 4e caused significant inhibition of R1881-induced
PSA and FKBP5 mRNA expression at a concentration of 5 mM. And
the most potent compound 4a reduced PSA and FKBP5 mRNA
expression in a concentration-dependent manner (Fig. 2B). Thus,
given its favorable cell selectivity and potent anti-cancer activities
against different PC cells (Fig. 2C), compound 4a was selected for
further studies. Next, the direct interaction between 4a and AR-LBD
was demonstrated via a competitive AR binding assay. Compound
4a was measured in competition with radio ligand [3H] R1881 in
cytosolic lysates from LNCaP cells using endogenous hormone
progesterone and synthetic androgen R1881 as standards. As
shown in Fig. 2D, R1881 and progesterone displayed strong binding
potency to AR-LBD with IC50 values of 4.6 nM and 13.7 nM
respectively, which indicated the feasibility of this assay system.
Satisfyingly, compound 4a (IC50¼ 641.3 nM) was found ~8-fold
more effective than Enzalutamide (IC50¼ 5336.0 nM), suggesting
that compound 4a antagonizes AR by targeting the ligand binding
domain. However, the binding affinity of Enzalutamide was lower
than that in other papers [17,18,33], possibly because of the
different source of AR protein and different radioactive ligand used.

The emergence of mutant ARs have been reported to be linked
to resistance to first- and second-generation AR antagonists. A
missense mutation (F876L) in AR-LBD was identified to mediate
Enzalutamide resistance [28]. Therefore, the effect of compound 4a
on AR-F876L mutant was next measured via dual luciferase re-
porter assay using AR luciferase reporter system (CCS-1019L; QIA-
GEN). As shown in Fig. S1, R1881 significantly induced the
expression of luciferase even at a concentration of 0.3 nM. Satisfy-
ingly, compound 4a was found to suppress 1 nM R1881-induced
AR-F876L transactivation in a dose-dependent manner (Fig. 3A).
As expected, treatment with high concentration (10 mM and 20 mM)
of Enzalutamide caused obvious increase in AR-F876L transcription
compared to those of low concentration (0.1 mM and 1 mM), which
was in accord with Moilanen's report [41]. On the other hand, both
of Enzalutamide and compound 4a potently suppressed the tran-
scriptional activity of wild-type AR (wt-AR) (Fig. 3B). Furthermore,
to measure the effect of compound 4a on AR nuclear translocation,
WPMY-1 cells were transfected with enhanced green fluorescence
protein (EGFP) tagged ARs. As shown in Fig. 3CeD, compound 4a
prevented wt-AR and AR-F876L mutant from translocating into the
nucleus in the presence of 0.5 nM R1881. In comparison to 4a,
treatment with Enzalutamide increased the nuclear translocation
of AR-F876L mutant but not wt-AR. These results confirm that
compound 4a effectively suppress the activity of wt-AR and the AR-
F876L mutant in vitro, indicating that compound 4a has the po-
tential to overcome Enzalutamide resistance.
3.3. Molecular modeling

To investigate the possible binding mode of compound 4a,
molecular docking simulation was performed using Autodock 4.0
[42]. Compounds were docked into the active site of AR protein
crystal structures (PDB ID: 3V49) [43]. As shown in Fig. 4B, the
cyano group of compound 4a formed a key hydrogen bond inter-
actionwith Arg752, which was similar to that of Enzalutamide. The
methyl group on benzene ring of 4a formed hydrophobic in-
teractions with the side chains of Phe764, Leu704, Met780. And the



Table 1
In vitro antiproliferative activities of 1a-k.a.

Compd B C IC50 (mM)

LNCaP/AR VCaP 22Rv1 PC-3 L-02

Enza _ _ 0.19 50%@30 >30 >30 17.10
1a 0.76 2.53 4.79 NT NT

1b 0.98 3.50 6.94 NT NT

1c 1.67 NT NT NT NT

1d 0.98 >30 25.90 25.10 NT

1e 1.24 NT NT NT NT

1f 21.00 NT NT NT NT

1g 11.50 NT NT NT NT

1h 0.12 13.50 12.30 7.97 10.50

1i 0.07 >30 15.00 28.70 6.38

1j 0.24 >30 10.39 9.80 NT

1k 1.42 >30 NT NT NT

a IC50, 50% inhibitory concentration. IC50 values are the mean value of at least two
experiments with duplicate measurements. The deviations were less than 40%. 50%
@30, 50% inhibition at 30 mM. NT, not tested.

Table 2
In vitro antiproliferative activities of 2a-h.a.

Compd R1 R2 C IC50 (mM)

LNCaP/AR VCaP 22Rv1 PC-3 L-02

Enza _ _ _ 0.19 50%@30 >30 >30 17.10
2a CF3 H 0.58 >30 19.00 >30 NT

2b CF3 Me 0.56 >30 16.30 >30 NT

2c Cl H 0.33 >30 >30 >30 23.20

2d Cl Me 0.32 >30 >30 >30 15.00

2e Cl H 0.36 >30 >30 >30 NT

2f Cl Me 0.40 3.92 >30 >30 NT

2g Cl H 1.29 NT NT NT NT

2h Cl Me 2.78 >30 >30 NT NT

a IC50, 50% inhibitory concentration. IC50 values are the mean value of at least two
experiments with duplicate measurements. The deviations were less than 40%. 50%
@30, 50% inhibition at 30 mM. NT, not tested.
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3-methyl substituent on isoxazole moiety of compound 4a had
contact with the hydrophobic pocket formed by the residues of
Leu873, His874 and Met742. Differently, Enzalutamide formed
additional hydrogen bond interactions through its nitrogen and
fluorine atoms with the side chains of Gln711 and His874 (Fig. 4A).
And the sigma-pi interaction between benzene ring of Enzaluta-
mide and Met742 was also observed. Therefore, the distinctive
binding modes of compound 4a and Enzalutamide with AR might
contribute to their different inhibitory abilities toward the AR-
F876L mutant and 22Rv1 cells bearing H874Y-mutated AR in vitro.
3.4. Compound 4a has little effect on CYP17A1 hydroxylase

Since compound 4a is the hybrid of Abiraterone and Enzaluta-
mide, it is expected to still inhibit the catalytic activity of CYP17A1
enzyme. Thus, we measured the effect of 4a on the production of
17a-hydroxyprogesterone (17-OHP) from progesterone, which was
catalyzed by CYP17A1. As shown in Fig. 5, Abiraterone completely
suppressed the formation of 17-OHP at a concentration of 10 mM.
And nearly 50% inhibition of CYP17A1 hydroxylase was also
observed by Galeterone at the same concentration. Interestingly,
out of our expectation, compound 4a slightly blocked the produc-
tion of 17-OHP, which didn't reach statistical significance
(P¼ 0.0672).
3.5. Antitumor effect of compound 4a in vivo

To assess the potency of compound 4a in vivo, the pharmaco-
kinetic study was conducted in Sprague-Dawley rats. The plasma
level of 4awas measured after a single oral dose of 30mg/kg. Based
on the concentration-time curve (Fig. 6A), PK parameters of com-
pound 4awere calculated. As summarized in Fig. 6B, the maximum
plasma concentration (Cmax¼ 2320.0 ng/ml) was achieved at 0.5 h
after administration. Acceptable half-life (T1/2¼ 4.4 h) and the area
under the curve (AUC0-t¼ 4041.9 ng*h/ml) were observed. Thus, we
next evaluated the antitumor efficacy of compound 4a in vivo. The
BALB/c nude male mice were subcutaneously injected with VCaP
cells. When the average tumor volume reached approximately
150mm3, the micewere castrated or sham-operated.When tumors
regrew to 200e350mm3, oral treatments with compound 4a,
Enzalutamide or vehicle were initiated once a day for 40 days.
Given its faster tumor growth than castrated groups, the sham-
operated mice were administered with vehicle for only 15 days
and the tumors were collected solely. As shown in Fig. 6C, the tu-
mor growth was inhibited by compound 4a with 44.7% tumor
growth inhibition (TGI), which was equal to that of Enzalutamide
(43.0%). The tumor weights of each group were respectively
recorded at the end of treatment (Fig. 6D). And no significant
weight loss was observed during the treatment (Fig. S2).
4. Conclusions

In conclusion, a new series of nonsteroidal AR antagonists
deriving from the hybridization of Enzalutamide and Abiraterone



Table 3
In vitro antiproliferative activities of 2d, 3a-n.a.

Compd C IC50 (mM)

LNCaP/AR VCaP 22Rv1 PC-3 L-02

Enza _ 0.19 50%@30 >30 >30 17.10
2d 0.32 >30 >30 >30 15.00

3a 0.29 2.34 >30 15.70 NT

3b 0.70 NT >30 15.30 NT

3c 0.32 3.19 5.38 9.03 5.78

3d 0.17 1.67 4.33 7.29 6.23

3e 0.19 1.20 2.99 4.84 8.67

3f 0.48 4.01 >30 >30 NT

3g 0.49 >30 >30 >30 NT

3h 0.38 NT 22.00 >30 NT

3i 0.33 1.27 2.00 11.00 12.70

3j 0.48 2.90 1.03 3.58 1.73

2b 0.40 3.92 NT NT NT

3k 0.41 >30 16.50 >30 NT

3l 1.98 25.30 NT 3.57 NT

3m 0.39 8.56 3.04 8.16 NT

2h 2.78 >30 >30 NT >30

3n 2.55 20.00 NT NT NT

a IC50, 50% inhibitory concentration. IC50 values are the mean value of at least two
experiments with duplicate measurements. The deviations were less than 40%. 50%
@30, 50% inhibition at 30 mM. NT, not tested.

Table 4
In vitro antiproliferative activities of 3e, 4a-e.a.

Compd A R3 IC50 (mM)

LNCaP/AR VCaP 22Rv1 PC-3 L-02

Enza _ _ 0.19 50%@30 >30 >30 17.10
3e 0.19 1.20 2.99 4.84 8.67

4a 0.43 0.70 3.50 23.30 11.30

4bb 1.67 NT NT NT NT

4c 0.63 0.87 5.43 4.80 4.42

4d 2.88 2.01 NT NT NT

4e 3.70 1.97 NT NT NT

a IC50, 50% inhibitory concentration. IC50 values are the mean value of at least two
experiments with duplicate measurements. The deviations were less than 40%. 50%
@30, 50% inhibition at 30 mM. NT, not tested.

b Compound without methyl group on ring B.
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were designed and synthesized. Among them, compound 4a
bearing a diphenylamine scaffold was identified as the most potent
compound with better inhibitory activities than Enzalutamide
against AR-overexpressing VCaP cells and 22Rv1 cells bearing
H874Y-mutated AR. The direct interaction between compound 4a
and AR-LBD suggested that 4a antagonized AR by targeting the
ligand binding domain. Importantly, compound 4a efficiently
suppressed the activities of wt-AR and the AR-F876L mutant that
confers resistance to Enzalutamide. The antitumor activity of 4a
was also proved in castration-resistant VCaP xenograft model
in vivo. Therefore, these results make compound 4a promising lead
compound for the treatment of Enza-resistant CRPC. Further efforts
have focused on the structural optimization of compound 4a to
improve the pharmacokinetic profile and antitumor activity in vivo.

5. Experimental section

5.1. Cell culture

LNCaP/AR cells were gift from Kang Cheng Biotech (KC BIO,
Sichuan, China). Other cells used were purchased from the Cell
Bank of Chinese Academy of Sciences (Shanghai, China). LNCaP/AR,
22Rv1 (TCHu100) and L-02 (GNHu6) cells were cultured in RPMI-
1640, VCaP (TCHu220) and WPMY-1 (GNHu36) cells in DMEM,
PC-3 (SCSP-532) in a mixture of DMEM and F12 (1:1) nutrient
medium supplemented with 10% (v/v) fetal bovine serum (Gibco)
and 1% (v/v) penicillin/streptomycin (HyClone, SV30010). Cells
were grown in an incubator with 5% CO2 at 37 �C.

5.2. CCK-8 cell proliferation assay

The cells were seeded in 96-well plate at a density of
2� 104 cells for VCaP and 1e3� 103 cells per well for other cells.
After 24 h, an equal volume of medium containing various con-
centrations of compounds was added to each well (9-point and 3-
fold serial dilution starting at 30 mM). Cells were treated for 6 days
and then CCK-8 reagent (SAB, CP002) was added. After an addi-
tional 1e4 h incubation, the absorbance value (OD) was measured



Figure 2. (A, B) qRT-PCR analysis for 0.2 nM R1881-induced PSA and FKBP5 mRNA expression in VCaP cells treated with (A) compounds at a concentration of 5 mM; (B) compound
4a at different concentrations for 24 h. The relative mRNA expression was normalized to GAPDH. Data were expressed as the mean± SD (n¼ 3). * indicates significance as p< 0.05,
** p< 0.01, *** p< 0.001 and **** p< 0.0001 compared to samples treated with DMSO by two-tailed t-test. NS, no significant difference. (C) Growth inhibitory curves of compound
4a in different cell lines. (D) Binding affinity of 4a to AR-LBD. IC50, 50% inhibitory concentration. 1 nM radioligand [3H] R1881 and LNCaP cytosol were used.
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at 450 nm via spectrophotometry (Thermo Multiskan MK3). IC50
was the mean value of at least two independent experiments with
duplicate measurements and calculated by GraphPad Prism 5
software.
5.3. QPCR

Cells were maintained in 6-well plates in DMEM supplemented
with 5% charcoal stripped FBS and 1% penicillin-streptomycin for
48 h and then treated with combination of antiandrogen and
0.2 nM R1881 (Nanjing Chemlin Chemical Industrial Co., Ltd., CAS:
965-93-5). RNA was extracted using TRIzol reagent (Invitrogen,
15596026) and cDNA was subsequently synthesized using reverse
conversion kit (abm, G492). Diluted cDNA and gene-specific
primers were mixed with EvaGreen qPCR MasterMix (abm,
MasterMix-S) and the transcripts were measured by CFX96™ Real-
Time PCR Detection Systems (BIO-RAD). Primers were purchased
from GeneCopoeia Inc (PSA: HQP009633, FKBP5: HQP057374). The
relative expression of PSA or FKBP5 was quantified and normalized
to GAPDH (GeneCopoeia, HQP006940). The positive control,
Enzalutamide, was a gift from Hinova Pharmaceuticals Inc.
(Sichuan, China).
5.4. Competitive AR binding assay

The assay was performed using [3H] R1881 (PerkinElmer, Cat:
NET590250UC, Lot: 2133648) and LNCaP cytosol containing wild-
type AR and T877A mutant. Transfer 1 ml of serial dilution refer-
ence compounds and testing compounds to assay plate (8-point
and 4-fold serial dilution starting at 10 mM for 4a and Enza or
starting at 1 mM for Progesterone and R1881.1 ml of 2 mM Proges-
terone was transferred to assay plate for nonspecific binding and
DMSO was used for total binding. Then 100 ml of cell cytosol stocks
and 100 ml of radio ligand (final concentration was 1 nM) were
added into the plate. The plate was sealed and incubated at 4 �C for
24 h. When binding completed, 100 ml of radioligand adsorption
buffer was added, which was shook at 4 �C for 15 min. Then, the
plate was centrifuged for 20 min at 4600 rpm, 4 �C. 100 ml of su-
pernatant was transferred into scint-tube (PerkinElmer, Cat:
6000192) followed by addition of 2 ml Ultima Gold cocktail (Per-
kinElmer, Cat: 6013329, Lot: 77e16371). TriCap was used for scin-
tillation counting. Calculate the “Inhibition [% Control]" using the
equation: %Inh ¼ (1-Background subtracted Assay value/Back-
ground subtracted HC value) *100 (Accomplished by WuXi Apptec
Co., Ltd., China)



Fig. 3. (A) Compound 4a inhibited R1881-induced transactivation of AR-F876L. PC-3 cells maintained in medium supplemented with charcoal stripped FBS were treated with
compound and 1 nM R1881 for 24 h. The Firefly luciferase signal was normalized to Renilla luciferase signal. Data were expressed as the mean ± SEM (n¼ 3). (B) Compound 4a and
Enzalutamide inhibited the transcriptional activity of wt-AR. HEK293 cells maintained in medium supplemented with dialyzed FBS were treated with compound in the presence of
2 nM testosterone for 24 h. (C, D) Nuclear localization of transfected (C) AR-F876L mutant and (D) wt-AR in WPMY-1 cells treated with vehicle or 10 mM compound in the presence
or absence of 0.5 nM R1881 for 24 h. The nuclei were labeled with Hoechst 33342 (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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5.5. Dual luciferase reporter assay

AR-negative PC-3 cells were grown in 96-well plates in a
mixture of DMEM and F12 (1:1) nutrient medium supplemented
with 5% charcoal stripped FBS. Within 24 h, cells were transiently
cotransfected with 50 ng F876L AR plasmid (established by Sangon
Biotech Co., Ltd., Shanghai, China.) and 50 ng reporter plasmid
(QIAGEN, CCS-1019L) per well using EndoFectinTM-Max trans-
fection reagent (GeneCopoeia, EF003) according to the manufac-
turer's instructions. 24 h after transfection, cells were treated with
combination of compound and 1 nM R1881 for another 24 h. Firefly
and Renilla luciferase activities were measured by the Dual Lucif-
erase Kit (Promega, E1910) according to the manufacturer's in-
structions. The luminescencewas recorded on a configurablemulti-
mode microplate reader (BioTek, Synergy H1) and the Firefly
luciferase signal was normalized to that of the Renilla as relative
luciferase units.
5.6. Wt-AR reporter assay

HEK293 cells were seeded into 96-well plate in 89% DMEM
nutrient medium (Gibco, 31053028) supplemented with 10% Dia-
lyzed FBS (Biological Industries, 04-011-1A) and 1% GlutaMax. At
the same time, cells were transiently cotransfected with 5 ng AR
plasmid (Origene, RC235415) and 100 ng reporter plasmid (Prom-
ega, E1360) per well using transfection reagent (Promega, E2311)
according to the manufacturer's instructions. 24 h after
transfection, cells were treated with combination of compound and
2 nM testosterone for another 24 h. Luciferase activity was
measured by the addition of 100 ml Steady-Glo reagent per well
(Promega, E2550) and the signal was read on Envision (Accom-
plished by WuXi Apptec Co., Ltd., China)
5.7. AR nuclear translocation

WPMY-1 cells were grown in 48-well plate in DMEM nutrient
medium supplemented with 5% charcoal stripped FBS. Within 6 h,
cells were transiently cotransfected with 200 ng AR-F876L EGFP
plasmid (established by Sangon Biotech Co., Ltd., Shanghai, China.)
per well using EndoFectinTM-Max transfection reagent (GeneCo-
poeia, EF003) according to the manufacturer's instructions. The
second day, cells were treated with combination of compound and
0.5 nM R1881 for another 24 h. Hoechst 33342 (Sigma, B-2261), the
fluorescent stain for DNA, was added into each well according to
the manufacturer's instructions. After an additional 30min incu-
bation at room temperature, nutrient medium was removed and
the cells were washed with PBS buffer solution twice. Visualization
performed on Zeiss Observer D1 fluorescence microscope (AX10
cam HRC).
5.8. Molecular modeling

The possible binding modes of compound 4a and Enzalutamide
with androgen receptor were analyzed by Autodock 4.0 [42]. The X-



Fig. 4. The predicted binding modes and 2D diagram of (A) Enzalutamide and (B) compound 4a in complex with AR (PDB ID: 3V49).
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ray crystal structure of AR (PDB ID:3V49) [43] was obtained from
Protein Database online (www.rcsb.org). The binding site of the
ligandwas chosen as active site and the grid dimensions were set to
20� 20� 20 Å3. A total of 20 conformations of each compound
were generated for molecular docking. The other parameters were
as default.
Fig. 5. Inhibition of CYP17A1 hydroxylase. 10 mM compounds were used. Data were
expressed as the mean± SD (n¼ 2). * indicates the significance as p< 0.05 and **
p< 0.01 by two-tailed t-test compared to samples treated with DMSO. NS, no signifi-
cant difference. 17-OHP, 17a-hydroxy progesterone.
5.9. CYP17A1 hydroxylase assay

The catalytic activity of CYP17 enzyme was evaluated by
measuring the production of 17a-hydroxyprogesterone. The reac-
tionwas carried out in a 50 ml final volume containing 1 pmol lysate
of CYP17A1 (Origene, LY400030), 10 mM compound or 0.5% DMSO,
50 mM Progesterone (MedChem Express, MCE) and 1mM NADPH
(Roche) in buffer (50mM Tris, pH 7.4 and 5mM MgCl2). The
mixture was incubated at 37 �C for 30min, which was quenched
with 30 ml 20% trichloroacetic acid. The production of 17a-
hydroxyprogesterone was analyzed by LC-MS/MS (Shimadzu LC-
20AD; API 4000). Abiraterone (E1203570010) and Galeterone
(AK323649) were purchased from Sun Chemical Technology
(Shanghai) Co., Ltd. (Accomplished by Sichuan XPiscoric Inc.)

5.10. Pharmacokinetic studies

Compound was formulated in PEG200/DMA (9:1, v/v) for a
single dose of 30mg/kg inmale SD rats (N¼ 3). Blood samples were
withdrawn at 0, 0.25, 0.5, 1, 2, 4, 6, 8, 12 and 24 h from retrobulbar
vein and stored on ice (0e4 �C). Heparinized plasma was obtained
by centrifugation (8000 rpm for 5min at 4 �C) and then stored
at �20 �C. Compound was separated from plasma samples via
protein precipitation with methol. The concentration of plasma
drug was determined by LC-MS/MS (Shimadzu LC-20AD; API
4000). The pharmacokinetic parameters were analyzed by non-
compartmental method using WinNonlin 5.2 (Accomplished by
Sichuan XPiscoric Inc.).

http://www.rcsb.org


Fig. 6. (A) The concentration-time curve of compound 4a in rats. (B) Pharmacokinetic parameters of compound 4a. Compound was formulated in 10% DMA and 90% PEG200 for a
single oral dose of 30mg/kg. (C) Growth inhibitory effects of 4a and Enzalutamide on CRPC xenografts. (D) Individual VCaP tumor weight of each group. The tumor volume and
weight were expressed as the mean± sem (N¼ 8e10).
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5.11. In vivo xenograft study

BALB/c nude male mice (5 weeks old from HFK Bioscience Co.
Ltd., Beijing, China) were subcutaneously injected with 1� 107

VCaP cells in 150 ml mixture of DMEM medium and Matrigel (BD,
354234) (1:1). When the average tumor volume reached
150e200mm3, the mice were castrated or sham-operated under
Nembutal anesthesia and then randomized into groups (n¼ 8e10).
When castrated tumor regrew to 200e350mm3, oral treatments
with 4a (30mg/kg, qd), Enzalutamide (30mg/kg, qd) or vehicle
were initiated and continued for 40 days. For all in vivo studies,
PEG200/DMA (9:1, v/v) was used as a vehicle. The body weight and
tumor volumeweremonitored twiceweekly and the tumor volume
was calculated according to the formula W2� L/2 (mm3), wherein
W was the short diameter and L was the long diameter. Percentage
of tumor growth inhibition (TGI) was calculated as [1� (T� T0)/
(C� C0)]� 100, where T and T0 were the mean tumor volumes on
the final day and first day of treatment for the test groups; and
likewise C and C0 were the mean tumor volume of vehicle group.
All animal experiments have been approved by Institutional Animal
Care and Treatment Committee of Sichuan University in China
(IACUC number: 20100318).
5.12. Synthetic procedures and characterization

5.12.1. General chemistry
Reagents and solvents were obtained from commercial sources

and used as received. Flash column chromatography was carried
out using Biotage Isolera One apparatus with Agela flash column
silica-CS. NMR spectra were recorded on Bruker AMX 400 spec-
trometer (Bruker Company, Germany, 1H¼ 400MHz,
13C¼ 101MHz). Chemical shifts were reported in parts per million
(ppm) and referenced to an internal standard of tetramethylsilane
(TMS) or residual deuterated solvent (DMSO‑d6, 2.50 ppm for 1H
NMR and 39.52 ppm for 13C NMR; CDCl3, 7.26 ppm for 1H NMR and
77.16 ppm for 13C NMR). Purity of prepared compounds was
determined by high-performance liquid chromatography (HPLC)
analysis, performed on Dionex ultimate 3000 HPLC instrument
using Waters e2695 Series chromatographs and Waters xBridge
column (5 mm, 4.6mm� 150mm). All key compounds were at least
95% pure. HRMS spectra were recorded on Q-TOF Premier mass
spectrometer (Micromass, Manchester, UK).
5.12.2. General procedure a for the synthesis of 1a-k
To a solution of 4-Bromo-1-indanone (1.05 g, 5.0mmol) in
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MeOH (14.0ml) hydroxylamine hydrochloride (1.4 g, 20.0mmol)
was added. The resulting mixture was heated to reflux for 1 h and
then cooled to room temperature. The mixture was concentrated
under vacuum. DCM (15.0ml) and 50% NaHCO3 (15.0ml) were
added. The mixture was vigorously stirred for another 20min and
the organic phase was separated, dried over anhydrous Na2SO4,
filtered and concentrated under reduced pressure. The obtained
white solid (5.0mmol) in DCM (30.0ml) at 0 �C was treated with
AlH(Bu-i)2 (20.0ml, 30.0mmol, 1.5M in toluene) dropwise and
stirred for 30min. The reaction mixture was warmed to room
temperature, stirred for another 12 h and quenchedwith coldwater
and extracted with DCM. The organic phase was dried over anhy-
drous Na2SO4, filtered and concentrated under vacuum. Pure 5-
bromo-tetrahydroquinoline (3) was obtained as a yellow solid
(600.0mg, yield 56.6%) after flash column chromatography using a
solvent gradient of 5e25% ethyl acetate in hexanes.

The mixture of 60% dispersion of NaH (80.0mg, 2.0mmol) in
mineral oil and 5-bromo-tetrahydroquinoline (3) (212.0mg,
1.0mmol) in dry DMF (4.0ml) was stirred at 0 �C for 30min. 4-
Fluoro-2-(trifluoromethyl) benzonitrile (378.2mg, 2.0mmol) was
added and the mixture was warmed to room temperature. After
2 h, the reaction mixture was quenched with cold water and
extracted with ethyl acetate. The organic phase was washed with
water twice and then dried over anhydrous Na2SO4, filtered, and
concentrated under vacuum. Pure 4-(5-bromo-3,4-
dihydroquinolin �1(2H)-yl)-2-(trifluoromethyl)benzonitrile (6)
was obtained as a yellow solid (100.0mg, yield 26.2%) after flash
column chromatography using a solvent of 10% ethyl acetate in
hexanes. For the synthesis of intermediate 5 and 7, commercially
available 2 and 4 were used respectively by the procedure
described for intermediate 6.

Under N2 atmosphere, a mixture of 6 (100.0mg, 0.26mmol),
Pd(pph3)4 (30.0mg, 0.026mmol), 2.0M aq Na2CO3 (0.29ml,
0.78mmol) and 1-Methyl-1H-pyrazole-5-boronic acid pinacol
ester (108.2mg, 0.52mmol) in 1,4-Dioxane (0.65ml) was heated to
90 �C and stirred for 6 h. The reaction mixture was cooled, diluted
with ethyl acetate, washed with water, dried over anhydrous
Na2SO4, filtered and concentrated under vacuum. Purification on
silica using a solvent gradient of 10e30% ethyl acetate in hexanes
yielded the desired compound 1j (77.0mg, 77.5%). Compounds 1a-
k were prepared according to general procedure as described for
compound 1j using corresponding aryl bromide 2e4 and the
appropriate boronic acid or boronic acid pinacol ester. The char-
acterization data for compounds 1a-k were provided below.

5.12.2.1. 4-(6-(pyridin-3-yl)-3,4-dihydroisoquinolin-2(1H)-yl)-2-(tri-
fluoromethyl)benzonitrile, 1a. The title compound was obtained
following general procedure A. 1H NMR (400MHz, CDCl3) d 8.86 (s,
1H), 8.62 (s, 1H), 7.92e7.82 (m,1H), 7.67 (d, J¼ 8.8 Hz, 1H), 7.48 (dd,
J¼ 7.9, 1.7 Hz, 1H), 7.45 (s, 1H), 7.39 (dd, J¼ 7.7, 4.8 Hz, 1H), 7.33 (d,
J¼ 7.9 Hz, 1H), 7.16 (d, J¼ 2.5 Hz, 1H), 7.00 (dd, J¼ 8.8, 2.6 Hz, 1H),
4.60 (s, 2H), 3.73 (t, J¼ 5.9 Hz, 2H), 3.11 (t, J¼ 5.8 Hz, 2H). 13C NMR
(101MHz, CDCl3) d 151.58, 148.66, 148.21, 137.00, 136.04, 135.55,
134.30, 134.00, 132.75, 127.31, 126.87, 125.61, 124.06, 123.59, 117.03,
114.33, 110.05,100.03, 95.62, 48.51, 44.55, 29.05. HRMS (ESI)m/z for
C22H17F3N3 [MþH]þ, calcd 380.1296, found 380.1366. HPLC anal-
ysis: MeOH-H2O (70:30), 7.25min, 96.10% purity.

5.12.2.2. 4-(6-(pyridin-4-yl)-3,4-dihydroisoquinolin-2(1H)-yl)-2-
(trifluoromethyl)benzonitrile, 1b. The title compound was obtained
following general procedure A. 1H NMR (400MHz, CDCl3) d 8.67 (d,
J¼ 5.3 Hz, 2H), 7.67 (d, J¼ 8.8 Hz, 1H), 7.52 (dd, J¼ 11.2, 6.9 Hz, 4H),
7.34 (d, J¼ 7.9 Hz, 1H), 7.16 (d, J¼ 2.2 Hz, 1H), 7.00 (dd, J¼ 8.8,
2.4 Hz, 1H), 4.61 (s, 2H), 3.73 (t, J¼ 5.9 Hz, 2H), 3.12 (t, J¼ 5.8 Hz,
2H). 13C NMR (101MHz, CDCl3) d 151.50, 150.28, 147.80, 137.26,
136.05, 135.60, 134.37, 134.05, 133.80, 127.37, 126.78, 125.44, 124.13,
116.98, 114.38, 110.09, 95.74, 48.55, 44.53, 29.04. HRMS (ESI)m/z for
C22H17F3N3 [MþH]þ, calcd 380.1296, found 380.1366. HPLC anal-
ysis: MeOH-H2O (70:30), 7.41min, 94.01% purity.

5.12.2.3. 4-(6-(pyrimidin-5-yl)-3,4-dihydroisoquinolin-2(1H)-yl)-2-
(trifluoromethyl)benzonitrile, 1c. The title compound was obtained
following general procedure A. 1H NMR (400MHz, CDCl3) d 9.22 (s,
1H), 8.96 (s, 2H),7.67 (d, J¼ 8.8 Hz, 1H), 7.57e7.32 (m, 3H), 7.17 (d,
J¼ 1.7 Hz, 1H), 7.01 (dd, J¼ 8.7, 2.0 Hz, 1H), 4.62 (s, 2H), 3.74 (t,
J¼ 5.8 Hz, 2H), 3.13 (t, J¼ 5.7 Hz, 2H). 13C NMR (101MHz, CDCl3)
d 157.63, 154.85, 151.53, 136.07, 134.40, 134.08, 133.80, 133.38,
127.69, 126.75, 125.42, 124.02, 121.38, 116.93, 114.43, 110.19, 95.90,
48.51, 44.48, 29.02. HRMS (ESI) m/z for C21H16F3N4 [MþH]þ, calcd
381.1249, found 381.1243. HPLC analysis: MeOH-H2O (70:30),
4.70min, 97.98% purity.

5.12.2.4. 4-(6-(quinolin-3-yl)-3,4-dihydroisoquinolin-2(1H)-yl)-2-
(trifluoromethyl)benzonitrile, 1d. The title compound was obtained
following general procedure A. 1H NMR (400MHz, CDCl3) d 9.18 (d,
J¼ 1.5 Hz, 1H), 8.32 (s, 1H), 8.15 (d, J¼ 8.4 Hz, 1H), 7.90 (d, J¼ 8.1 Hz,
1H), 7.74 (t, J¼ 7.6 Hz,1H), 7.67 (d, J¼ 8.8 Hz,1H), 7.66e7.47 (m, 3H),
7.38 (d, J¼ 7.9 Hz, 1H), 7.17 (s, 1H), 7.01 (dd, J¼ 8.8, 1.9 Hz, 1H), 4.63
(s, 2H), 3.75 (t, J¼ 5.8 Hz, 2H), 3.15 (t, J¼ 5.7 Hz, 2H). 13C NMR
(101MHz, CDCl3) d 151.58, 149.71, 147.45, 137.04, 136.04, 135.66,
134.36, 134.05, 133.22, 132.76, 129.58, 129.28, 128.00, 127.41, 127.18,
127.11, 125.88, 124.15, 121.45, 117.03, 114.35, 110.12, 95.69, 48.54,
44.57, 29.10. HRMS (ESI) m/z for C26H19F3N3 [MþH]þ, calcd
430.1453, found 430.1491. HPLC analysis: MeOH-H2O (70:30),
18.66min, 94.30% purity.

5.12.2.5. 4-(5-(pyridin-3-yl)indolin-1-yl)-2-(trifluoromethyl)benzo-
nitrile, 1e. The title compound was obtained following general
procedure A. 1H NMR (400MHz, CDCl3) d 8.83 (d, J¼ 1.7 Hz, 1H),
8.63e8.49 (m, 1H), 7.92e7.80 (m, 1H), 7.73 (t, J¼ 13.4 Hz, 1H), 7.54
(d, J¼ 2.2 Hz, 1H), 7.50 (s, 1H), 7.46e7.30 (m, 4H), 4.13 (t, J¼ 8.3 Hz,
2H), 3.30 (t, J¼ 8.3 Hz, 2H). 13C NMR (101MHz, CDCl3) d 148.13,
147.90, 146.78, 143.95, 136.03, 134.43, 134.11, 133.78, 133.50, 131.70,
126.49, 124.39, 123.61, 121.14, 117.75, 116.42, 113.42, 110.61, 98.89,
52.08, 28.04. HRMS (ESI) m/z for C21H15F3N3 [MþH]þ, calcd
366.1140, found 366.1187. HPLC analysis: MeOH-H2O (70:30),
7.69min, 99.47% purity.

5.12.2.6. 4-(5-(pyrimidin-5-yl)indolin-1-yl)-2-(trifluoromethyl)ben-
zonitrile, 1f. The title compound was obtained following general
procedure A. 1H NMR (400MHz, CDCl3) d 9.17 (s, 1H), 8.94 (s, 2H),
7.77 (d, J¼ 8.6 Hz, 1H), 7.55 (d, J¼ 2.0 Hz, 1H), 7.51 (s, 1H), 7.47e7.32
(m, 3H),4.15 (t, J¼ 8.4 Hz, 2H), 3.32 (t, J¼ 8.3 Hz, 2H). 13C NMR
(101MHz, CDCl3) d 157.06, 154.36, 146.62, 144.80, 136.06, 134.47,
134.15, 133.91, 127.80, 126.48, 124.14, 123.80, 121.07, 118.03, 116.29,
113.64, 110.72, 99.38, 52.22, 27.86. HRMS (ESI) m/z for
C21H18F3N4O [M þ CH3OH þ H]þ, calcd 399.1433, found 399.1431.
HPLC analysis: MeOH-H2O (70:30), 4.82min, 99.84% purity.

5.12.2.7. 4-(5-(quinolin-3-yl)indolin-1-yl)-2-(trifluoromethyl)benzo-
nitrile, 1g. The title compound was obtained following general
procedure A. 1H NMR (400MHz, CDCl3) d 9.17 (d, J¼ 2.2 Hz, 1H),
8.27 (d, J¼ 2.0 Hz, 1H), 8.14 (d, J¼ 8.4 Hz, 1H), 7.88 (d, J¼ 8.0 Hz,
1H), 7.82e7.67 (m, 2H), 7.64 (s, 1H), 7.62e7.52 (m, 3H), 7.42 (s, 1H),
7.40 (s, 1H), 4.15 (t, J¼ 8.3 Hz, 2H), 3.34 (t, J¼ 8.3 Hz, 2H). 13C NMR
(101MHz, CDCl3) d 149.62, 147.14, 146.76, 143.96, 136.04, 134.44,
134.12, 133.63, 133.25, 132.36, 131.71, 129.22, 127.89, 127.11, 126.78,
124.61, 123.85, 121.13, 117.78, 116.43, 113.44, 110.71, 98.91, 52.20,
27.95. HRMS (ESI) m/z for C25H17F3N3 [MþH]þ, calcd 416.1296,
found 416.1356. HPLC analysis: MeOH-H2O (70:30), 19.93min,
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96.98% purity.

5.12.2.8. 4-(5-(pyridin-3-yl)-3,4-dihydroquinolin-1(2H)-yl)-2-(tri-
fluoromethyl)benzonitrile, 1h. The title compound was obtained
following general procedure A. 1H NMR (400MHz, CDCl3) d 8.63
(dd, J¼ 4.8, 1.6 Hz, 2H), 7.67 (m, 2H), 7.51 (d, J¼ 2.3 Hz, 1H),
7.43e7.37 (m, 1H), 7.34 (dd, J¼ 8.7, 2.4 Hz, 1H), 7.30e7.26 (m, 1H),
7.26e7.19 (m, 1H), 7.00 (dd, J¼ 7.2, 1.5 Hz, 1H), 3.68 (t, J¼ 6.6 Hz,
2H), 2.70e2.55 (m, 2H), 2.03e1.91 (m, 2H). 13C NMR (101MHz,
CDCl3) d 151.16, 149.93, 148.54, 140.74, 138.48, 136.59, 136.26,
135.76, 134.10, 133.72, 130.25, 126.57, 125.01, 123.10, 120.67, 119.62,
116.62, 115.33, 98.89, 48.25, 25.10, 24.58. HRMS (ESI) m/z for
C22H16F3N3 Na [MþNa]þ, calcd 402.1194, found 402.1166. HPLC
analysis: MeOH-H2O (70:30), 8.01min, 99.47% purity.

5.12.2.9. 4-(5-(pyridin-4-yl)-3,4-dihydroquinolin-1(2H)-yl)-2-(tri-
fluoromethyl)benzonitrile, 1i. The title compound was obtained
following general procedure A. 1H NMR (400MHz, DMSO‑d6) d 8.66
(d, J¼ 3.7 Hz, 2H), 7.94 (d, J¼ 8.5 Hz, 1H), 7.57 (s, 1H), 7.50 (d,
J¼ 8.3 Hz, 1H),7.42 (d, J¼ 4.2 Hz, 2H), 7.36 (d, J¼ 7.8 Hz, 1H),7.28 (t,
J¼ 7.7 Hz, 1H), 7.04 (d, J¼ 7.2 Hz, 1H), 3.72 (t, J¼ 6.0 Hz, 2H), 2.59 (t,
J¼ 5.6 Hz, 2H), 1.88 (m, J¼ 5.5 Hz, 2H). 13C NMR (101MHz, CDCl3)
d 151.23, 149.83, 148.41, 140.77, 139.61, 135.78, 134.20, 133.70,
129.61, 126.71, 124.25, 123.86, 121.01, 119.69, 116.48, 115.35, 99.12,
48.27, 25.02, 24.52. HRMS (ESI) m/z for C22H17F3N3 [MþH]þ, calcd
380.1296, found 380.1364. HPLC analysis: MeOH-H2O (70:30),
8.27min, 99.56% purity.

5.12.2.10. 4-(5-(1-methyl-1H-pyrazol-5-yl)-3,4-dihydroquinolin-
1(2H)-yl)-2-(trifluoromethyl)benzonitrile, 1j. The title compound
was obtained following general procedure A. 1H NMR (400MHz,
CDCl3) d 7.66 (d, J¼ 8.7 Hz, 1H), 7.56 (d, J¼ 1.7 Hz, 1H), 7.51 (d,
J¼ 1.9 Hz, 1H), 7.35 (dd, J¼ 8.6, 2.2 Hz, 1H), 7.29 (d, J¼ 8.1 Hz, 1H),
7.21 (t, J¼ 7.8 Hz, 1H), 6.98 (d, J¼ 7.4 Hz, 1H), 6.24 (d, J¼ 1.7 Hz, 1H),
3.73 (s, 3H), 3.69 (t, J¼ 6.5 Hz, 2H), 2.58e2.43 (t, 2H), 2.07e1.91 (m,
2H). 13C NMR (101MHz, CDCl3) d 151.15, 141.32, 140.75, 138.59,
135.72, 134.22, 133.79, 131.38, 130.99, 126.43, 125.29, 121.16, 120.04,
116.37, 115.64, 106.78, 99.52, 48.38, 36.78, 24.76, 24.15. HRMS (ESI)
m/z for C21H17F3N4Na [MþNa]þ, calcd 405.1303, found 405.1315.
HPLC analysis: MeOH-H2O (70:30), 7.83min, 98.50% purity.

5.12.2.11. 4-(5-(3,5-dimethylisoxazol-4-yl)-3,4-dihydroquinolin-
1(2H)-yl)-2-(trifluoromethyl)benzonitrile, 1k. The title compound
was obtained following general procedure A. 1H NMR (400MHz,
CDCl3) d 7.65 (d, J¼ 8.7 Hz, 1H), 7.51 (d, J¼ 2.3 Hz, 1H), 7.34 (dd,
J¼ 8.7, 2.4 Hz,1H),7.26 (dd, J¼ 8.0, 0.8 Hz, 2H),7.19 (t, J¼ 7.8 Hz,1H),
6.86 (dd, J¼ 7.4, 1.1 Hz, 1H), 3.79e3.53 (m, 2H), 2.56e2.37 (t, 2H),
2.29 (s, 3H), 2.15 (s, 3H), 2.04e1.91 (m, 2H). 13C NMR (101MHz,
CDCl3) d 165.70,159.29,151.19,140.80,135.77,134.08,133.73,131.78,
129.73, 126.66, 125.81, 120.65, 119.72, 116.48, 115.32, 115.22, 98.96,
48.17, 24.71, 24.54, 11.51, 10.61. HRMS (ESI) m/z for C22H18F3N3ONa
[MþNa]þ, calcd 420.1300, found 420.1286. HPLC analysis: MeOH-
H2O (70:30), 9.317min, 99.32% purity.

5.12.3. General procedure B for the synthesis of 2a-h, 3b-l and 3n
A solution of 4-amino-2-chlorobenzonitrile (10) (1.6 g,

10.5mmol) in MeCN (60.0ml) and water (18.0ml) was cooled to
0 �C. Sulfuric acid (1.8ml) and 2.0M aqueous sodium nitrite
(840.0mg, 6.0ml) was slowly added, respectively. Thereafter po-
tassium iodide (3.3 g, 20.0mmol) dissolved in 5.0ml of water was
added dropwise. The reaction mixture was allowed to warm up to
room temperature and stirred overnight. The organic phase was
evaporated, the resulting suspension was dissolved in ethyl acetate
and washed three times with 10% aqueous NaHSO3. The organic
phase was dried over anhydrous Na2SO4, filtered and concentrated
under vacuum. Purification on silica using a solvent of 10% ethyl
acetate in hexanes yielded the intermediate 12 as a white solid
(1.71 g, yield 62.5%).

Under N2 atmosphere, a mixture of intermediate 12 (263.5mg,
1.0mmol), 3-bromoaniline (172.0mg, 1.0mmol), Cs2CO3 (325.8mg,
1.0mmol), Pd2(dba)3 (45.8mg, 0.05mmol) and Davephos (31.5mg,
0.08mmol) in MeCN (6.0ml) was heated to reflux for 5 h. The re-
action mixture was cooled to room temperature and diluted with
ethyl acetate. The resultingmixturewas filtered off and the solution
was concentrated under vacuum to give a crude product 16 that
was purified by column chromatography on silica using a solvent of
10% ethyl acetate in hexanes. The desired compound 16 was ob-
tained as a yellow solid (220.0mg, yield 72%). For the synthesis of
intermediate 13e15, compound 12 or commercially available 11
and corresponding aromatic amine were used respectively
following the procedure described for 16.

60% dispersion of NaH (35.0mg, 0.875mmol) in mineral oil was
added portion-wise to a solvent of 16 (110.0mg, 0.35mmol) in dry
DMF (4.0ml) at 0 �C. The reaction mixture was stirred for 30min
and then warmed to room temperature. Bromoethane (76.3mg,
0.7mmol) was added. After an additional 2 h, the mixture was
quenched with water and extracted with ethyl acetate. The organic
phase was washed twice with water, dried over anhydrous Na2SO4,
filtered and concentrated under vacuum. Pure product 20 was
obtained as a yellowish green solid (90.0mg, yield 77.0%) after flash
column chromatography using a solvent of 10% ethyl acetate in
hexanes. For the synthesis of 17e19, intermediate 13e16were used
by the procedure described for intermediate 20, respectively.

A suspension of 20 (133.5mg, 0.4mmol), imidazole (36.8mg,
0.54mmol), Cs2CO3 (260.6mg, 0.8mmol) and CuI (17.5mg,
0.09mmol) in DMF (2.0ml) was degassed under a stream of ni-
trogen over 10min and then heated to 120 �C and stirred for 40 h.
The resulting mixture was cooled to room temperature, diluted
with ethyl acetate, washed twice with water, dried over anhydrous
Na2SO4, filtered and concentrated under vacuum. Purification on
silica using a solvent gradient of 10e50% ethyl acetate in hexanes
yielded the desired compound 2c (40.0mg, yield 31.2%) as a white
solid. Compounds 2a, 2b, 2d and 3m were prepared according to
general procedure B as described for compound 2c using corre-
sponding aryl bromide (17e19).

Compounds 2e-h, 3b-l and 3nwere obtained from 19 or 20 and
appropriate boronic acid via Suzuki coupling reaction as described
in general procedure A for compound 1a-k. The characterization
data for compounds 2a-h and 3b-n are provided below.

5.12.3.1. 4-((3-(1H-imidazol-1-yl)phenyl)(ethyl)amino)-2-(tri-
fluoromethyl)benzonitrile, 2a. The title compound was obtained
following general procedure B. 1H NMR (400MHz, CDCl3) d 7.88 (s,
1H), 7.64e7.53 (m, 2H), 7.38 (dd, J¼ 8.1, 1.2 Hz, 1H), 7.29 (s, 1H),
7.25e7.16 (m, 3H), 7.02 (d, J¼ 2.3 Hz, 1H), 6.85 (dd, J¼ 8.8, 2.4 Hz,
1H), 3.87 (q, J¼ 7.1 Hz, 2H), 1.31 (t, J¼ 7.1 Hz, 3H). 13C NMR
(101MHz, CDCl3) d 150.44, 146.22, 139.32, 135.93, 134.49, 134.14,
132.05, 130.90, 126.14, 123.85, 121.13, 120.00, 119.83, 116.59, 116.00,
111.64, 96.86, 47.23, 12.28. HRMS (ESI) m/z for C19H16F3N4
[MþH]þ, calcd 357.1247, found 357.1299. HPLC analysis: MeOH-H2O
(70:30), 4.05min, 99.56% purity.

5.12.3.2. 4-((5-(1H-imidazol-1-yl)-2-methylphenyl)(ethyl)amino)-2-
(trifluoromethyl)-benzonitrile, 2b. The title compoundwas obtained
following general procedure B. 1H NMR (400MHz, DMSO‑d6) d 8.33
(s, 1H), 7.81 (d, J¼ 8.4 Hz, 2H), 7.70 (dd, J¼ 8.3, 2.2 Hz, 1H), 7.62 (t,
J¼ 5.5 Hz, 1H), 7.58 (d, J¼ 8.3 Hz, 1H), 7.11 (s, 1H), 6.80 (d,
J¼ 26.2 Hz, 2H), 3.83 (s, 2H), 2.07 (s, 3H), 1.20 (t, J¼ 7.1 Hz, 3H). 13C
NMR (101MHz, CDCl3) d 150.19, 143.34, 137.12, 136.13, 135.41,
134.50, 134.32, 133.51, 130.75, 123.78, 121.79, 120.98, 118.06, 116.85,
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114.31, 109.50, 95.91, 46.45, 17.50, 12.37. HRMS (ESI) m/z for
C20H18F3N4 [MþH]þ, calcd 371.1405, found 371.1462. HPLC anal-
ysis: MeOH-H2O (70:30), 4.76min, 98.28% purity.

5.12.3.3. 4-((3-(1H-imidazol-1-yl)phenyl)(ethyl)amino)-2-
chlorobenzonitrile, 2c. The title compound was obtained following
general procedure B. 1H NMR (400MHz, CDCl3) d 7.88 (s, 1H), 7.57
(t, J¼ 8.0 Hz,1H), 7.41 (d, J¼ 8.8 Hz,1H), 7.35 (dd, J¼ 8.0, 1.2 Hz,1H),
7.29 (s, 1H), 7.25e7.12 (m, 3H), 6.77 (d, J¼ 2.4 Hz, 1H), 6.62 (dd,
J¼ 8.8, 2.4 Hz, 1H), 3.82 (q, J¼ 7.1 Hz, 2H), 1.29 (t, J¼ 7.1 Hz, 3H). 13C
NMR (101MHz, CDCl3) d 151.41, 146.36, 139.31, 137.95, 135.55,
134.60, 131.80, 130.87, 126.07, 119.92, 119.51, 117.98, 117.13, 114.56,
112.72, 100.98, 47.06, 12.47. HRMS (ESI) m/z for C18H16ClN4
[MþH]þ, calcd 323.0985, found 323.1052. HPLC analysis: MeOH-
H2O (70:30), 4.51min, 97.31% purity.

5.12.3.4. 4-((5-(1H-imidazol-1-yl)-2-methylphenyl)(ethyl)amino)-2-
chlorobenzonitrile, 2d. The title compound was obtained following
general procedure B. 1H NMR (400MHz, DMSO‑d6) d 8.32 (s, 1H),
7.80 (s, 1H), 7.67 (dd, J¼ 8.3, 2.3 Hz, 1H), 7.64e7.46 (m, 3H), 7.10 (s,
1H), 6.68 (s,1H), 6.46 (d, J¼ 7.5 Hz,1H), 3.77 (s,1H), 2.07 (s, 2H),1.18
(t, J¼ 7.1 Hz, 3H). 13C NMR (101MHz, CDCl3) d 151.26, 143.54,
138.31, 137.20, 136.18, 135.35, 134.72, 133.40, 130.63, 122.06, 120.93,
118.09, 117.37, 112.55, 110.72, 99.88, 46.40, 17.44, 12.61. HRMS (ESI)
m/z for C19H18ClN4 [MþH]þ, calcd 337.1142, found 337.1145. HPLC
analysis: MeOH-H2O (70:30), 4.70min, 96.49% purity.

5.12.3.5. 2-Chloro-4-(ethyl(3-(pyrimidin-5-yl)phenyl)amino)benzo-
nitrile, 2e. The title compound was obtained following general
procedure B. 1H NMR (400MHz, CDCl3) d 9.24 (s, 1H), 8.95 (s, 2H),
7.63 (t, J¼ 7.8 Hz, 1H), 7.58e7.47 (m, 1H), 7.40 (dd, J¼ 5.3, 3.5 Hz,
2H), 7.35e7.27 (m, 1H), 6.74 (d, J¼ 2.4 Hz, 1H), 6.60 (dd, J¼ 8.9,
2.5 Hz, 1H), 3.83 (q, J¼ 7.1 Hz, 2H), 1.30 (t, J¼ 7.1 Hz, 3H). 13C NMR
(101MHz, CDCl3) d 157.99, 154.89, 151.67, 145.92, 138.03, 136.70,
134.48, 133.51, 131.38, 127.93, 125.95, 125.37, 117.27, 114.08, 112.18,
100.46, 47.13, 12.44. HRMS (ESI)m/z for C19H16ClN4 [MþH]þ, calcd
335.0985, found 335.1060. HPLC analysis: MeOH-H2O (70:30),
4.44min, 99.88% purity.

5.12.3.6. 2-Chloro-4-(ethyl(2-methyl-5-(pyrimidin-5-yl)phenyl)
amino)benzonitrile, 2f. The title compound was obtained following
general procedure B. 1H NMR (400MHz, CDCl3) d 9.22 (s, 1H), 8.94
(s, 2H), 7.54 (s, 2H), 7.39 (d, J¼ 8.7 Hz, 1H), 7.34 (s, 1H), 6.54 (s, 1H),
6.38 (d, J¼ 6.5 Hz, 1H), 3.73 (s, 2H), 2.18 (s, 3H), 1.31 (t, J¼ 6.7 Hz,
3H). 13C NMR (101MHz, CDCl3) d 157.77, 154.72, 151.45, 143.52,
138.29, 137.84, 134.81, 134.42, 133.21, 133.12, 127.66, 126.52, 117.42,
112.46, 110.69, 99.65, 46.31, 17.62, 12.40. HRMS (ESI) m/z for
C20H18ClN4 [MþH]þ, calcd 349.1142, found 349.1220. HPLC anal-
ysis: MeOH-H2O (70:30), 5.25min, 99.88% purity.

5.12.3.7. 4-([1,10-biphenyl]-3-yl(ethyl)amino)-2-chlorobenzonitrile,
2g. The title compound was obtained following general procedure
B. 1H NMR (400MHz, CDCl3) d 7.62e7.34 (m, 9H), 7.21e7.10 (m,1H),
6.72 (t, J¼ 3.1 Hz, 1H), 6.56 (dt, J¼ 6.8, 3.4 Hz, 1H), 3.81 (dq, J¼ 14.2,
7.1 Hz, 2H), 1.28 (t, J¼ 7.1 Hz, 3H). 13C NMR (101MHz, CDCl3)
d 151.98, 144.99, 143.71, 139.99, 137.97, 134.59, 130.64, 128.96,
127.83, 127.07, 126.45, 126.42, 125.99, 117.47, 113.66, 111.91, 99.65,
47.04, 12.25. HRMS (ESI) m/z for C21H17ClN2Na [MþNa]þ, calcd
355.0978, found 355.0979. HPLC analysis: MeOH-H2O (70:30),
4.83min, 95.97% purity.

5.12.3.8. 2-Chloro-4-(ethyl(4-methyl-[1,10-biphenyl]-3-yl)amino)
benzonitrile, 2h. The title compound was obtained following gen-
eral procedure B. 1H NMR (400MHz, CDCl3) d 7.56 (td, J¼ 8.4,1.6 Hz,
3H), 7.50e7.38 (m, 3H), 7.39e7.29 (m, 3H), 6.55 (s, 1H), 6.37 (d,
J¼ 8.2 Hz, 1H), 3.71 (s, 2H), 2.14 (s, 3H), 1.29 (t, J¼ 7.1 Hz, 3H). 13C
NMR (101MHz, CDCl3) d 151.75, 142.83, 141.28, 139.78, 138.17,
135.46, 134.64, 132.44, 128.94, 127.70, 127.66, 126.88, 126.69, 117.73,
112.28, 110.66, 99.00, 46.27, 17.50, 12.27. HRMS (ESI) m/z for
C22H19ClN2Na [MþNa]þ, calcd 369.1134, found 369.1119. HPLC
analysis: MeOH-H2O (70:30), 5.25min, 96.10% purity.

5.12.3.9. 2-Chloro-4-(ethyl(2-methyl-5-(1H-pyrazol-4-yl)phenyl)
amino)benzonitrile, 3b. The title compound was obtained following
general procedure B. 1H NMR (400MHz, CDCl3) d 7.85 (s, 2H), 7.45
(dd, 1H), 7.36 (d, J¼ 8.4 Hz, 2H), 7.22 (d, 1H), 6.54 (s, 1H), 6.36 (d,
J¼ 7.6 Hz, 1H), 3.70 (s, 2H), 2.10 (s, 3H), 1.28 (t, J¼ 11.6, 4.5 Hz, 3H).
13C NMR (101MHz, CDCl3) d 151.70, 142.84, 138.18, 134.70, 132.53,
131.18, 127.25, 126.26, 125.44, 117.68, 116.73, 112.28, 110.63, 108.71,
106.05, 99.04, 46.33, 17.39, 12.41. HRMS (ESI) m/z for C19H18ClN4
[MþH]þ, calcd 337.1142, found 337.1210. HPLC analysis: MeOH-H2O
(70:30), 6.48min, 99.82% purity.

5.12.3.10. 2-Chloro-4-(ethyl(2-methyl-5-(3-methyl-1H-pyrazol-4-yl)
phenyl)amino)benzonitrile, 3c. The title compound was obtained
following general procedure B. 1H NMR (400MHz, CDCl3) d 7.68 (s,
1H), 7.45e7.31 (m, 3H), 7.12 (d, J¼ 1.1 Hz, 1H), 6.54 (s, 1H), 6.37 (d,
J¼ 8.1 Hz, 1H), 3.68 (s, 2H), 2.45 (s, 3H), 2.12 (s, 3H), 1.28 (t,
J¼ 7.1 Hz, 3H). 13C NMR (101MHz, CDCl3) d 151.73, 142.58, 138.17,
134.70, 134.26, 133.52, 132.32, 130.76, 129.95, 127.89, 127.08, 119.05,
117.70, 112.29, 110.62, 98.98, 46.22, 17.39, 12.35, 11.72. HRMS (ESI)
m/z for C20H19ClN4 [MþH]þ, calcd 351.1298, found 351.1365. HPLC
analysis: MeOH-H2O (70:30), 8.35 min, 98.10% purity.

5.12.3.11. 2-Chloro-4-(ethyl(2-methyl-5-(1-methyl-1H-pyrazol-5-yl)
phenyl)amino)benzonitrile, 3d. The title compound was obtained
following general procedure B. 1H NMR (400MHz, DMSO‑d6) d 7.60
(d, J¼ 8.9 Hz, 1H), 7.55 (d, J¼ 8.0 Hz, 1H), 7.51 (dd, J¼ 7.9, 1.7 Hz,
1H), 7.46 (d, J¼ 1.9 Hz, 1H), 7.38 (d, J¼ 1.5 Hz, 1H), 6.69 (s, 1H), 6.45
(d, J¼ 1.9 Hz, 2H), 3.86 (s, 3H), 3.78 (s, 2H), 2.11 (s, 3H), 1.17 (t,
J¼ 7.1 Hz, 3H). 13C NMR (101MHz, DMSO‑d6) d 152.17, 142.76,
142.12, 138.36, 137.35, 136.73, 135.57, 132.78, 130.48, 129.30, 128.34,
117.84, 112.26, 111.73, 106.35, 97.80, 46.27, 38.04, 17.53, 12.53. HRMS
(ESI) m/z for C20H20ClN4 [MþH]þ, calcd 351.1298, found 351.1375.
HPLC analysis: MeOH-H2O (70:30), 18.75min, 99.25% purity.

5.12.3 .12. 2-Chloro-4-((5-(3 ,5-dimethyl isoxazol-4-yl)-2-
methylphenyl)(ethyl)amino)benzoin-trile, 3e. The title compound
was obtained following general procedure B. 1H NMR (400MHz,
CDCl3) d 7.43 (d, J¼ 7.9 Hz, 1H), 7.38 (d, J¼ 8.9 Hz, 1H), 7.21 (dd,
J¼ 7.8, 1.7 Hz, 1H), 6.98 (d, J¼ 1.6 Hz, 1H), 6.53 (s, 1H), 6.36 (d,
J¼ 8.1 Hz,1H), 3.70 (s, 2H), 2.42 (s, 3H), 2.28 (s, 3H), 2.15 (s, 3H),1.28
(t, J¼ 7.1 Hz, 3H). 13C NMR (101MHz, CDCl3) d 165.27, 158.31,151.60,
142.74, 138.22, 135.91, 134.76, 132.57, 130.33, 129.65, 128.64, 117.57,
115.61, 112.38, 110.59, 99.30, 46.15, 17.48, 12.24, 11.60, 10.80. HRMS
(ESI) m/z for C21H21ClN3O [MþH]þ, calcd 366.1295, found
366.1331. HPLC analysis: MeOH-H2O (70:30), 9.81min, 95.97%
purity.

5.12.3.13. 2-Chloro-4-(ethyl(5-(furan-3-yl)-2-methylphenyl)amino)
benzonitrile, 3f. The title compound was obtained following gen-
eral procedure B. 1H NMR (400MHz, CDCl3) d 7.72 (s, 1H), 7.55e7.46
(m, 1H), 7.46e7.39 (m, 1H), 7.36 (s, 1H), 7.34 (s, 1H), 7.19 (d,
J¼ 1.5 Hz, 1H), 6.72e6.63 (m, 1H), 6.53 (s, 1H), 6.35 (d, J¼ 8.0 Hz,
1H), 3.70 (s, 2H), 2.10 (s, 3H), 1.28 (t, J¼ 7.1 Hz, 3H). 13C NMR
(101MHz, CDCl3) d 151.69, 143.92, 142.76, 138.57, 138.17, 135.15,
134.64, 132.56, 132.44, 126.40, 125.53, 125.45, 117.67, 112.28, 110.65,
108.53, 98.98, 46.27, 17.35, 12.39. HRMS (ESI) m/z for
C20H17ClN2ONa [MþNa]þ, calcd 359.0927, found 359.0927. HPLC
analysis: MeOH-H2O (70:30), 18.74min, 99.94% purity.
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5.12.3.14. 2-Chloro-4-(ethyl(5-(furan-2-yl)-2-methylphenyl)amino)
benzonitrile, 3g. The title compound was obtained following gen-
eral procedure B. 1H NMR (400MHz, CDCl3) d 7.59 (dd, J¼ 8.0,
1.7 Hz, 1H), 7.46 (d, J¼ 1.4 Hz, 1H), 7.40 (d, J¼ 1.6 Hz, 1H), 7.37 (s,
1H), 7.35 (d, J¼ 2.0 Hz, 1H), 6.64 (d, J¼ 3.3 Hz, 1H), 6.53 (s, 1H), 6.48
(dd, J¼ 3.3, 1.8 Hz, 1H), 6.36 (d, J¼ 7.5 Hz, 1H), 3.65 (s, 2H), 2.10 (s,
3H), 1.28 (t, J¼ 7.1 Hz, 3H). 13C NMR (101MHz) d 152.89, 151.67,
142.67, 142.31, 138.23, 135.61, 134.77, 132.47, 131.11, 124.53, 123.50,
117.83, 112.39, 111.88, 110.68, 105.40, 99.10, 46.30, 17.63, 12.43.
HRMS (ESI) m/z for C20H17ClN2ONa [MþNa]þ, calcd 359.0927,
found 359.0920. HPLC analysis: MeOH-H2O (70:30), 25.03min,
99.44% purity.

5.12.3.15. 2-Chloro-4-(ethyl(2-methyl-5-(thiophen-2-yl)phenyl)
amino)benzonitrile, 3h. The title compoundwas obtained following
general procedure B. 1H NMR (400MHz, CDCl3) d 7.55 (dd, J¼ 7.9,
1.8 Hz, 1H), 7.42e7.27 (m, 5H), 7.08 (dd, J¼ 4.8, 3.9 Hz, 1H), 6.54 (s,
1H), 6.36 (d, J¼ 7.7 Hz, 1H), 3.68 (s, 2H), 2.10 (s, 3H), 1.29 (t,
J¼ 7.1 Hz, 3H). 13C NMR (101MHz, CDCl3) d 151.63, 143.03, 142.71,
138.14, 135.72, 134.71, 134.52, 132.53, 128.15, 126.42, 125.43, 125.15,
123.37, 117.69, 112.33, 110.70, 99.18, 46.29, 17.49, 12.41. HRMS (ESI)
m/z for C20H18ClN2S [MþH]þ, calcd 353.0801, found 353.0880.
HPLC analysis: MeOH-H2O (70:30), 12.35min, 99.22% purity.

5.12.3.16. 2-Chloro-4-(ethyl(2-methyl-5-(pyridin-3-yl)phenyl)
amino)benzonitrile, 3i. The title compound was obtained following
general procedure B. 1H NMR (400MHz, CDCl3) d 8.83 (d, J¼ 1.6 Hz,
1H), 8.61 (d, J¼ 3.7 Hz, 1H), 7.93e7.78 (m, 1H), 7.54 (dd, J¼ 7.9,
1.8 Hz, 1H), 7.47 (d, J¼ 7.9 Hz, 1H), 7.37 (dd, J¼ 6.2, 2.7 Hz, 2H), 7.32
(d, J¼ 1.7 Hz, 1H), 6.55 (s, 1H), 6.37 (d, J¼ 8.5 Hz, 1H), 3.72 (s, 2H),
2.16 (s, 3H), 1.30 (t, J¼ 7.1 Hz, 3H). 13C NMR (101MHz, CDCl3)
d 151.60, 148.85, 148.08, 143.12, 138.23, 137.95, 136.63, 135.33,
134.76, 134.14, 132.84, 127.77, 126.70, 123.65, 117.60, 112.36, 110.67,
99.39, 46.33, 17.52, 12.38. (ESI) m/z for C21H18ClN3Na [MþNa]þ,
calcd 370.1087, found 370.1086. HPLC analysis: MeOH-H2O (70:30),
8.13min, 98.99% purity.

5.12.3.17. 2-Chloro-4-(ethyl(2-methyl-5-(pyridin-4-yl)phenyl)
amino)benzonitrile, 3j. The title compound was obtained following
general procedure B. 1H NMR (400MHz, CDCl3) d 8.67 (d, J¼ 4.8 Hz,
2H), 7.60 (dd, J¼ 7.9, 1.9 Hz, 1H), 7.50 (s, 2H), 7.48 (s, 1H), 7.37 (d,
J¼ 8.7 Hz, 2H), 6.54 (s, 1H), 6.37 (d, J¼ 8.1 Hz, 1H), 3.72 (s, 2H), 2.17
(s, 3H), 1.30 (t, J¼ 7.2 Hz, 3H). 13C NMR (101MHz, CDCl3) d 151.56,
150.42, 146.90, 143.18, 138.25, 138.21, 137.84, 134.77, 132.90, 127.72,
126.54, 121.32, 117.55, 112.38, 110.67, 99.43, 46.32, 29.71, 17.61,
12.44. (ESI) m/z for C21H19ClN3 [MþH]þ, calcd 348.1189, found
348.1259. HPLC analysis: MeOH-H2O (70:30), 8.07min, 99.07%
purity.

5.12 .3 .18 . 2-Chloro-4-(ethyl(5-(6-fluoropyridin-3-yl )-2-
methylphenyl)amino)benzonitrile, 3k. The title compound was ob-
tained following general procedure B. 1H NMR (400MHz, CDCl3)
d 8.41 (s, 1H), 7.96 (t, J¼ 6.8 Hz, 1H), 7.46 (dd, J¼ 21.1, 13.1 Hz, 2H),
7.38 (d, J¼ 8.7 Hz, 1H), 7.27 (s, 1H), 7.12e6.89 (m, 1H), 6.54 (s, 1H),
6.38 (s, 1H), 3.72 (s, 2H), 2.18 (s, 3H), 1.30 (t, J¼ 7.1 Hz, 3H). 13C NMR
(101MHz, CDCl3) d 151.69, 145.89, 145.74, 143.32, 139.69, 138.37,
136.93, 134.90, 133.75, 133.04, 127.80, 126.73, 117.66, 112.52, 110.78,
109.95, 109.57, 99.56, 46.47, 17.64, 12.58. (ESI) m/z for
C21H17ClFN3Na [MþNa]þ, calcd 388.0993, found 388.0975. HPLC
analysis: MeOH-H2O (70:30), 10.36min, 99.87% purity.

5.12.3.19. 2-Chloro-4-(ethyl(2-methyl-5-(quinolin-3-yl)phenyl)
amino)benzonitrile, 3l. The title compound was obtained following
general procedure B. 1H NMR (400MHz, CDCl3) d 9.16 (d, J¼ 2.3 Hz,
1H), 8.29 (d, J¼ 2.1 Hz,1H), 8.14 (d, J¼ 8.4 Hz,1H), 7.88 (d, J¼ 7.8 Hz,
1H), 7.74 (ddd, J¼ 8.4, 6.9, 1.4 Hz, 1H), 7.68 (dd, J¼ 7.9, 1.9 Hz, 1H),
7.59 (dt, J¼ 16.4, 4.7 Hz, 1H), 7.52 (d, J¼ 8.0 Hz, 1H), 7.46 (d,
J¼ 1.8 Hz,1H), 7.39 (d, J¼ 8.9 Hz,1H), 6.58 (s, 1H), 6.41 (d, J¼ 8.5 Hz,
1H), 3.77 (d, J¼ 11.8 Hz, 2H), 2.18 (s, 3H), 1.32 (t, J¼ 7.1 Hz, 3H). 13C
NMR (101MHz, CDCl3) d 151.63, 149.47, 147.51, 143.24, 138.26,
138.04, 136.65,134.78,133.08, 132.92, 132.49, 129.65, 129.31, 128.01,
127.98, 127.93, 127.24, 126.95, 117.59, 112.40, 110.71, 99.36, 46.40,
17.56, 12.48. (ESI) m/z for C25H20ClN3H [MþH]þ, calcd 398.1346,
found 398.1413. HPLC analysis: MeOH-H2O (70:30), 20.52min,
97.63% purity.

5.12.3.20. 4-((5-(1H-benzo[d]imidazol-1-yl)-2-methylphenyl)(ethyl)
amino)-2-chloro benzonitrile, 3m. The title compoundwas obtained
form 19 and benzimidazole following general procedure B as
described for compound 2c. 1H NMR (400MHz, CDCl3) d 8.12 (s,
1H), 7.88 (dd, J¼ 6.2, 2.8 Hz, 1H), 7.58 (d, J¼ 8.2 Hz, 1H), 7.50 (d,
J¼ 2.0 Hz, 1H), 7.48 (d, J¼ 2.0 Hz, 1H), 7.42 (d, J¼ 8.8 Hz, 1H),
7.39e7.32 (m, 2H), 7.30 (d, J¼ 2.1 Hz, 1H), 6.59 (d, J¼ 1.7 Hz, 1H),
6.50e6.34 (m, 1H), 3.75 (d, J¼ 6.7 Hz, 2H), 2.21 (s, 3H), 1.31 (t,
J¼ 7.1 Hz, 3H). 13C NMR (101MHz, CDCl3) d 151.28, 143.82, 142.00,
138.38,136.81,136.05,134.89,133.61,124.60,123.98,123.50,123.06,
120.88, 117.35, 112.63, 110.82, 110.15, 100.05, 100.00, 46.40, 17.59,
12.48. (ESI) m/z for C23H20ClN4 [MþH]þ, calcd 387.1298, found
387.1392. HPLC analysis: MeOH-H2O (70:30), 10.73min, 99.27%
purity.

5.12.3.21. 2-Chloro-4-(ethyl(4-methyl-20,30,40,50-tetrahydro-[1,10-
biphenyl]-3-yl)amino) benzonitrile, 3n. The title compound was
obtained following general procedure B. 1H NMR (400MHz, CDCl3)
d 7.43e7.30 (m, 2H), 7.28 (s, 1H), 7.09 (d, J¼ 1.7 Hz, 1H), 6.50 (s, 1H),
6.32 (d, J¼ 7.5 Hz, 1H), 6.21e6.08 (m, 1H), 3.67 (d, J¼ 62.9 Hz, 2H),
2.53e2.28 (m, 2H), 2.29e2.14 (m, 2H), 2.06 (s, 3H), 1.85e1.73 (m,
2H), 1.65 (dtd, J¼ 12.5, 6.3, 2.8 Hz, 2H), 1.26 (t, J¼ 7.1 Hz, 4H). 13C
NMR (101MHz, CDCl3) d 151.83, 142.66, 142.15, 138.08, 135.35,
134.62, 134.38, 131.69, 125.36, 125.19, 124.49, 117.80, 112.17, 110.59,
98.68, 46.21, 27.25, 25.85, 22.94, 22.06, 17.32, 12.34. (ESI) m/z for
C22H23ClN2Na [MþNa]þ, calcd 373.1447, found 373.1454. HPLC
analysis: MeOH-H2O (70:30), 10.13min, 96.89% purity.

5.12.3.22. 2-Chloro-4-(ethyl(2-methyl-5-(1H-pyrazol-1-yl)phenyl)
amino)benzonitrile, 3a. The intermediate 19 was prepared
following general procedure B. To a solution of 1H-pyrazole
(54.4mg, 0.8mmol) in dry DMSO (1.0ml) was added 60% NaH
(80.0mg, 2.0mmol) portion-wise at 0 �C. The mixture was warmed
to room temperature and stirred for 30min. Thereafter CuI (7.6mg,
0.04mmol) and 19 (140.0mg, 0.4mmol) were added. The mixture
was degassed under a stream of nitrogen over 10min and was
stirred overnight at 120 �C. The resulting mixture was cooled to
room temperature, diluted with ethyl acetate and washed twice
with water. The organic layer was dried over anhydrous Na2SO4,
filtered and concentrated under vacuum. The crude product was
purified by column chromatography on silica gel using a solvent
gradient of 0e30% ethyl acetate in hexanes to give 3a as a yellow oil
(80.0mg, yield 59%). 1H NMR (400MHz, CDCl3) d 8.12 (d, J¼ 2.5 Hz,
1H), 7.75 (d, J¼ 1.6 Hz, 1H), 7.47e7.40 (m, 2H), 7.29 (d, J¼ 2.0 Hz,
1H), 7.23 (d, J¼ 8.2 Hz, 1H), 6.91 (s, 1H), 6.55e6.44 (m, 1H), 6.30 (d,
J¼ 7.5 Hz, 1H), 3.72 (s, 2H), 2.07 (s, 3H), 1.27 (t, J¼ 6.6 Hz, 3H). 13C
NMR (101MHz, CDCl3) d 151.45, 143.81, 143.77, 141.74, 135.87,
135.27, 133.24, 132.22, 131.19, 129.78, 120.27, 118.44, 111.41, 107.94,
106.87, 91.89, 46.36, 17.43, 12.42. HRMS (ESI) m/z for C19H18ClN4
[MþH]þ, calcd 337.1142, found 337.1134. HPLC analysis: MeOH-H2O
(70:30), 9.72min, 94.71% purity.

5.12.3 .23. 2-Chloro-4-((5-(3,5-dimethylisoxazol-4-yl)-2-
methylphenyl)amino)benzonitrile, 4a. The title compound was
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obtained from 15 to 3,5-dimethylisoxazole-4-boronic acid pinacol
ester via Suzuki coupling reaction as described in general proced-
ure A for compound 1a-k. 1H NMR (400MHz, DMSO) d 8.73 (s, 1H),
7.63 (d, J¼ 8.6 Hz, 1H), 7.41 (d, J¼ 7.6 Hz, 1H), 7.22 (s, 1H), 7.17 (d,
J¼ 7.5 Hz, 1H), 6.89 (s, 1H), 6.77 (d, J¼ 8.3 Hz, 1H), 2.40 (s, 3H), 2.23
(s, 6H). 13C NMR (101MHz, DMSO) d 165.54, 158.56, 151.65, 138.57,
137.05, 135.85, 132.62, 132.28, 129.05, 126.46, 125.25, 117.76, 115.81,
113.79,112.97, 98.89, 17.88,11.83,10.97. (ESI)m/z for C19H16ClN3ONa
[MþNa]þ, calcd 360.0880, found 360.0854. HPLC analysis: MeOH-
H2O (70:30), 6.92min, 99.58% purity.

5.12.3.24. 4-(3-(3,5-dimethylisoxazol-4-yl)phenoxy)-2-(tri-
fluoromethyl)benzonitrile, 4b. A mixture of 4-fluoro-2-(tri-
fluoromethyl)benzonitrile (8) (378.0mg, 2.0mmol), 3-iodophenol
(440.0mg, 2.0mmol) and K2CO3 (414.6mg, 3.0mmol) in DMSO
(4.0ml) was heated to 110 �C and stirred for 2 h. The reaction
mixture was cooled to room temperature, diluted with ethyl ace-
tate and washed with water. The organic layer was dried over
anhydrous Na2SO4, filtered and concentrated under vacuum. Puri-
fication on silica using a solvent of 10% ethyl acetate in hexanes
yielded the product 9 (670.0mg, yield 86.1%) as a white solid. The
title compound was obtained from 9 to 3,5-dimethylisoxazole-4-
boronic acid pinacol ester through Suzuki coupling reaction as
described in general procedure A for compound 1a-k. 1H NMR
(400MHz, CDCl3) d 7.79 (d, J¼ 8.5 Hz, 1H), 7.53 (t, J¼ 7.8 Hz, 1H),
7.38 (s, 1H), 7.19 (d, J¼ 7.1 Hz, 2H), 7.08 (d, J¼ 7.6 Hz, 1H), 6.99 (s,
1H), 2.42 (s, 3H), 2.28 (s, 3H). 13C NMR (101MHz, CDCl3) d 165.62,
161.24, 158.29, 154.40, 136.81, 135.30, 134.97, 133.31, 130.98, 126.51,
120.91, 119.99, 119.32, 115.91, 115.60, 115.32, 103.53, 11.65, 10.81.
(ESI) m/z for C19H13F3N2O2Na [MþNa]þ, calcd 381.0827, found
381.0818. HPLC analysis: MeOH-H2O (70:30), 7.33min, 98.78%
purity.

5.12.4. General procedure C for the synthesis of 4c-e
5-bromo-2-methylaniline (21) and 3,5-dimethylisoxazole-4-

boronic acid pinacol ester underwent Suzuki coupling reaction as
described in general procedure A for compound 1a-k to give in-
termediate 22. Under N2 atmosphere, a mixture of 4-iodopyridine
(123.0mg, 0.6mmol), 22 (101.0mg, 0.5mmol), Cs2CO3 (292.5mg,
1.25mmol), Pd2(dba)3 (23.0mg, 0.025mmol) and Davephos
(15.7mg, 0.04mmol) in MeCN (3.0ml) was heated to reflux for 5 h.
The reaction mixture was cooled to room temperature and diluted
with ethyl acetate. Themixturewas filtered off and the solutionwas
concentrated under vacuum to give a crude product 4e that was
purified by column chromatography on silica using a solvent of 10%
MeOH in DCM. The compound 4e was obtained as a yellow oil
(100.0mg, 71.7%). For the synthesis of intermediate 23, commer-
cially available 2-iodopyridine were used following the procedure
described for 4e.

Compound 4c and 4dwere successfully prepared using 23 or 4e
through N-alkylation reaction as described in general procedure B
for compound 17e19. The characterization data for compounds 4c-
e are provided below.

5.12.4.1. N-(5-(3,5-dimethylisoxazol-4-yl)-2-methylphenyl)-N-ethyl-
pyridin-2-amine, 4c. The title compound was obtained following
general procedure C. 1H NMR (400MHz, CDCl3) d 8.21 (ddd, J¼ 5.0,
1.9, 0.8 Hz, 1H), 7.40 (d, J¼ 7.8 Hz, 1H), 7.32e7.26 (m, 1H), 7.15 (dd,
J¼ 7.8, 1.8 Hz, 1H), 7.06 (d, J¼ 1.8 Hz, 1H), 6.56 (ddd, J¼ 7.0, 5.0,
0.8 Hz, 1H), 6.02 (d, J¼ 8.6 Hz, 1H), 3.94 (s, 2H), 2.41 (s, 3H), 2.28 (s,
3H), 2.18 (s, 3H), 1.24 (t, J¼ 7.1 Hz, 3H). 13C NMR (101MHz, CDCl3)
d 165.12, 158.56, 157.96, 147.97, 143.47, 136.92, 136.68, 132.06,
130.47, 129.78, 127.71, 115.95, 112.31, 107.60, 43.95, 17.61, 13.22,
11.66, 10.88. (ESI) m/z for C19H21N3ONa [MþNa]þ, calcd 330.1582,
found 330.1618. HPLC analysis: MeOH-H2O (55:45), 8.38min,
99.93% purity.

5.12.4.2. N-(5-(3,5-dimethylisoxazol-4-yl)-2-methylphenyl)-N-ethyl-
pyridin-4-amine, 4d. The title compound was obtained following
general procedure C. 1H NMR (400MHz, CDCl3) d 8.18 (d, J¼ 6.4 Hz,
2H), 7.43 (d, J¼ 7.9 Hz, 1H), 7.20 (dd, J¼ 7.8, 1.8 Hz, 1H), 7.01 (d,
J¼ 1.8 Hz, 1H), 6.36 (d, J¼ 5.4 Hz, 2H), 3.71 (s, 2H), 2.42 (s, 3H), 2.28
(s, 3H), 2.16 (s, 3H), 1.28 (t, J¼ 7.2 Hz, 3H). 13C NMR (101MHz,
CDCl3) d 165.24, 158.43, 153.11, 149.07, 142.69, 136.13, 132.36,
130.22, 129.82, 128.48, 115.70, 107.15, 45.50, 17.48, 12.36, 11.68,
10.86. (ESI) m/z for C19H22N3O [MþH]þ, calcd 308.1685, found
308.1775. HPLC analysis: MeOH-H2O (70:30) with 0.1% Et3N,
4.01min, 94.25% purity.

5.12.4.3. N-(5-(3,5-dimethylisoxazol-4-yl)-2-methylphenyl)pyridin-
4-amine, 4e. The title compound was obtained following general
procedure C. 1H NMR (400MHz, CDCl3) d 8.27 (dd, J¼ 4.9, 1.5 Hz,
2H), 7.35 (d, J¼ 7.8 Hz, 1H), 7.17 (d, J¼ 1.7 Hz, 1H), 7.09e6.97 (m,
1H), 6.67 (dd, J¼ 4.9, 1.5 Hz, 2H), 6.00 (s, 1H), 2.41 (s, 3H), 2.29 (s,
3H), 2.28 (s, 3H). 13C NMR (101MHz, CDCl3) d 165.22,158.54,151.48,
149.96, 138.01, 132.00, 131.83, 129.38, 126.22, 124.62, 115.97, 109.28,
17.70, 11.65, 10.87. (ESI) m/z for C17H18N3O [MþH]þ, calcd 280.1372,
found 280.1444. HPLC analysis: MeOH-H2O (70:30) with 0.1% Et3N,
4.93min, 97.75 purity.

Author contributions

J.Y and L.Z contributed equally to this work. The manuscript was
written by J.Y. The design of compounds was performed by J.Y. The
synthesis of compounds was performed by J.Y., L.Z., C.C. Biological
evaluation was accomplished by J.Y., P.Z. and F.Z. The molecular
modeling was performed by G.Y. And X. L provided important
suggestions to this work. All authors have given approval to the
final version of the manuscript.

Conflicts of interest

The authors declare no competing financial interest.

Acknowledgment

We gratefully acknowledge the financial support from National
Natural Science Foundation of China (81472418 and 81672951). We
thank Drs. Wu Du and Lei Fan in Hinova Pharmaceuticals Inc. for
helpful discussions and suggestions to this research. Authors also
wish to thank Dr. Wu Du for his advices to this manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ejmech.2019.03.041.

References

[1] L.A. Torre, F. Bray, R.L. Siegel, J. Ferlay, J. Lortet-Tieulent, A. Jemal, Global
cancer statistics, 2015, Ca - Cancer J. Clin. 65 (2012) 87e108.

[2] C. Huggins, C.V. Hodges, Studies on prostatic cancer: the effects of castration,
of estrogen and of androgen injection on serum phosphatases in metastatic
carcinoma of the prostate, Cancer Res. 1 (1941) 293e297.

[3] L.J. Schmidt, D.J. Tindall, Androgen receptor: past, present and future, Curr.
Drug Targets 14 (2013) 401e407.

[4] T. Visakorpi, E. Hyytinen, P. Koivisto, M. Tanner, R. Keinanen, C. Palmberg,
A. Palotie, T. Tammela, J. Isola, O.P. Kallioniemi, In vivo amplification of the
androgen receptor gene and progression of human prostate cancer, Nat.
Genet. 9 (1995) 401e406.

[5] C.D. Chen, D.S. Welsbie, C. Tran, S.H. Baek, R. Chen, R. Vessella, M.G. Rosenfeld,
C.L. Sawyers, Molecular determinants of resistance to antiandrogen therapy,
Nat. Med. 10 (2004) 33e39.

https://doi.org/10.1016/j.ejmech.2019.03.041
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref1
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref1
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref1
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref2
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref2
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref2
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref2
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref3
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref3
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref3
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref4
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref4
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref4
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref4
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref4
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref5
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref5
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref5
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref5


J. Yu et al. / European Journal of Medicinal Chemistry 171 (2019) 265e281280
[6] K.K. Waltering, A. Urbanucci, T. Visakorpi, Androgen receptor (AR) aberrations
in castration-resistant prostate cancer, Mol. Cell. Endocrinol. 360 (2012)
38e43.

[7] I.F. Tannock, R. de Wit, W.R. Berry, J. Horti, A. Pluzanska, N. Kim, S. Oudard,
C. Theodore, N.D. James, I. Turesson, M.A. Rosenthal, M.A. Eisenberger,
Docetaxel plus prednisone or mitoxantrone plus prednisone for advanced
prostate cancer, N. Engl. J. Med. 351 (2004) 1502e1512.

[8] D.P. Petrylak, C.M. Tangen, M.H. Hussain, P.N. Lara, J.A. Jones, M.E. Taplin,
P.A. Burch, D. Berry, C. Moinpour, M. Kohli, M.C. Benson, E.J. Small,
D. Raghavan, E.D. Crawford, Docetaxel and estramustine compared with
mitoxantrone and prednisone for advanced refractory prostate cancer,
N. Engl. J. Med. 351 (2004) 1513e1520.

[9] J.S. de Bono, S. Oudard, M. Ozguroglu, S. Hansen, J.P. Machiels, I. Kocak,
G. Gravis, I. Bodrogi, M.J. Mackenzie, L. Shen, M. Roessner, S. Gupta, A.O. Sartor,
Prednisone plus cabazitaxel or mitoxantrone for metastatic castration-
resistant prostate cancer progressing after docetaxel treatment: a rando-
mised open-label trial, Lancet 376 (2010) 1147e1154.

[10] P.W. Kantoff, C.S. Higano, N.D. Shore, E.R. Berger, E.J. Small, D.F. Penson,
C.H. Redfern, A.C. Ferrari, R. Dreicer, R.B. Sims, Y. Xu, M.W. Frohlich,
P.F. Schellhammer, Sipuleucel-T immunotherapy for castration-resistant
prostate cancer, N. Engl. J. Med. 363 (2010) 411e422.

[11] J.S. de Bono, C.J. Logothetis, A. Molina, K. Fizazi, S. North, L. Chu, K.N. Chi,
R.J. Jones, O.B. Goodman, F. Saad, J.N. Staffurth, P. Mainwaring, S. Harland,
T.W. Flaig, T.E. Hutson, T. Cheng, H. Patterson, J.D. Hainsworth, C.J. Ryan,
C.N. Sternberg, S.I. Ellard, A. Flechon, M. Saleh, M. Scholz, E. Efstathiou, A. Zivi,
D. Bianchini, Y. Loriot, N. Chieffo, T. Kheoh, C.M. Haqq, H.I. Scher, Abiraterone
and increased survival in metastatic prostate cancer, N. Engl. J. Med. 364
(2011) 1995e2005.

[12] H.I. Scher, K. Fizazi, F. Saad, M.E. Taplin, C.N. Sternberg, K. Miller, R. de Wit,
P. Mulders, K.N. Chi, N.D. Shore, A.J. Armstrong, T.W. Flaig, A. Fl�echon,
P. Mainwaring, M. Fleming, J.D. Hainsworth, M. Hirmand, B. Selby, L. Seely,
J.S. de Bono, Increased survival with enzalutamide in prostate cancer after
chemotherapy, N. Engl. J. Med. 367 (2012) 1187e1197.

[13] M.R. Smith, F. Saad, S. Chowdhury, S. Oudard, B.A. Hadaschik, J.N. Graff,
D. Olmos, P.N. Mainwaring, J.Y. Lee, H. Uemura, A. Lopez-Gitlitz, G.C. Trudel,
B.M. Espina, Y.Y. Shu, Y.C. Park, W.R. Rackoff, M.K. Yu, E.J. Small, Apalutamide
treatment and metastasis-free survival in prostate cancer, N. Engl. J. Med. 378
(2018) 1408e1418.

[14] G. Attard, A.S. Belldegrun, J.S. de Bono, Selective blockade of androgenic ste-
roid synthesis by novel lyase inhibitors as a therapeutic strategy for treating
metastatic prostate cancer, BJU Int. 96 (2005) 1241e1246.

[15] M.L. Auchus, R.J. Auchus, Human steroid biosynthesis for the oncologist,
J. Investig. Med. 60 (2012) 495e503.

[16] S.E. Barrie, G.A. Potter, P.M. Goddard, B.P. Haynes, M. Dowsett, M. Jarman,
Pharmacology of novel steroidal inhibitors of cytochrome P450(17) alpha (17
alpha-hydroxylase/C17-20 lyase), J. Steroid Biochem. Mol. Biol. 50 (1994)
267e273.

[17] C. Tran, S. Ouk, N.J. Clegg, Y. Chen, P.A. Watson, V. Arora, J. Wongvipat,
P.M. Smith-Jones, D.W. Yoo, A. Kwon, T. Wasielewska, D. Welsbie, C.D. Chen,
C.S. Higano, T.M. Beer, D.T. Hung, H.I. Scher, M.E. Jung, C.L. Sawyers, Devel-
opment of a second-generation antiandrogen for treatment of advanced
prostate cancer, Science 324 (2009) 787e790.

[18] N.J. Clegg, J. Wongvipat, J.D. Joseph, C. Tran, S. Ouk, A. Dilhas, Y. Chen,
K. Grillot, E.D. Bischoff, L. Cai, A. Aparicio, S. Dorow, V. Arora, G. Shao, J. Qian,
H. Zhao, G. Yang, C.Y. Cao, J. Sensintaffar, T. Wasielewska, M.R. Herbert,
C. Bonnefous, B. Darimont, H.I. Scher, P. Smith-Jones, M. Klang, N.D. Smith,
E. De Stanchina, N. Wu, O. Ouerfelli, P.J. Rix, R.A. Heyman, M.E. Jung,
C.L. Sawyers, J.H. Hager, ARN-509: a novel antiandrogen for prostate cancer
treatment, Cancer Res. 72 (2012) 1494e1503.

[19] M.E. Taplin, F. Chu, J.P. Morrison, R. Pili, M.B. Rettig, J. Ttephenson,
N.J. Vogelzang, R.B. Montgomery, ARMOR1: safety of galeterone (TOK-001) in
a Phase 1 clinical trial in chemotherapy naïve patients with castration resis-
tant prostate cancer (CRPC), Cancer Res. 72 (8 Suppl) (2012). CT-07.

[20] K. Fizazi, C. Massard, P. Bono, R. Jones, V. Kataja, N. James, J.A. Garcia,
A. Protheroe, T.L. Tammela, T. Elliott, L. Mattila, J. Aspegren, A. Vuorela,
P. Langmuir, M. Mustonen, Activity and safety of ODM-201 in patients with
progressive metastatic castration-resistant prostate cancer (ARADES): an
open-label phase 1 dose-escalation and randomised phase 2 dose expansion
trial, Lancet Oncol. 15 (2014) 975e985.

[21] HC-1119 Phase I/II clinical trials started in Huaxi Hospital, October 24, http://
www.hinovapharma.com/en/nd.jsp?id¼22, 2017. accessed Oct 8, 2018.

[22] V.C. Njar, A.M. Brodie, Discovery and development of Galeterone for the
treatment of all stages of prostate cancer, J. Med. Chem. 58 (2015) 2077e2087.

[23] Tokai Pharmaceuticals Announces Clinical Update, Company to Discontinue
Phase 3 ARMOR3-SV Trial of Galeterone in AR-V7 Positive mCRPC, July 26,
2016. accessed Oct 8, 2018, https://www.businesswire.com/news/home/
20160726005553/en/Tokai-Pharmaceuticals-Announces-Clinical-Update.

[24] N.D. James, J.S. de Bono, M.R. Spears, N.W. Clarke, M.D. Mason, D.P. Dearnaley,
A.W. Ritchie, C.L. Amos, C. Gilson, R.J. Jones, D. Matheson, R. Millman,
G. Attard, S. Chowdhury, W.R. Cross, S. Gillessen, C.C. Parker, J.M. Russell,
D.R. Berthold, C. Brawley, F. Adab, S. Aung, A.J. Birtle, J. Bowen, S. Brock,
P. Chakraborti, C. Ferguson, J. Gale, Emma Gray, M. Hingorani, P.J. Hoskin,
J.F. Lester, Z.I. Malik, F. Mckinna, N. Mcphail, J. Money-Kyrle, J. O’sullivan,
O. Parikh, A. Protheroe, A. Robinson, N.N. Srihari, C. Thomas, J. Wagstaff,
J. Wylie, A. Zarkar, M.K. Parmar, M.R. Sydes, Abiraterone for prostate cancer
not previously treated with hormone therapy, N. Engl. J. Med. 377 (2017)
338e351.

[25] C.J. Ryan, M.R. Smith, J.S. de Bono, A. Molina, C.J. Logothetis, C.J. Logothetis,
P. De Souza, K. Fizazi, P. Mainwaring, J.M. Piulats, S. Ng, J. Carles, P.F. Mulders,
E. Basch, E.J. Small, F. Saad, D. Schrijvers, H. Van Poppel, S.D. Mukherjee,
H. Suttmann, W.R. Gerritsen, T.W. Flaig, D.J. George, E.Y. Yu, E. Efstathiou,
A. Pantuck, E. Winquist, C.S. Higano, M.E. Taplin, Y. Park, T. Kheoh, T. Griffin,
H.I. Scher, D.E. Rathkopf, Abiraterone in metastatic prostate cancer without
previous chemotherapy, N. Engl. J. Med. 368 (2013) 138e148.

[26] T.M. Beer, A.J. Armstrong, D.E. Rathkopf, Y. Loriot, C.N. Sternberg, C.S. Higano,
P. Iversen, S. Bhattacharya, J. Carles, S. Chowdhury, I.D. Davis, J.S. De Bono,
C.P. Evans, K. Fizazi, A.M. Joshua, C.S. Kim, G. Kimura, P. Mainwaring,
H. Mansbach, K. Miller, S.B. Noonberg, F. Perabo, D. Phung, F. Saad, H.I. Scher,
M.E. Taplin, P.M. Venner, B. Tombal, Enzalutamide in metastatic prostate
cancer before chemotherapy, N. Engl. J. Med. 371 (2014) 424e433.

[27] C. Buttigliero, M. Tucci, V. Bertaglia, F. Vignani, P. Bironzo, M. Di Maio,
G.V. Scagliotti, Understanding and overcoming the mechanisms of primary
and acquired resistance to abiraterone and enzalutamide in castration resis-
tant prostate cancer, Cancer Treat Rev. 41 (2015) 884e892.

[28] M. Korpal, J.M. Korn, X. Gao, D.P. Rakiec, D.A. Ruddy, S. Doshi, J. Yuan,
S.G. Kovats, S. Kim, V.G. Cooke, J.E. Monahan, F. Stegmeier, T.M. Roberts,
W.R. Sellers, W. Zhou, P. Zhu, An F876L mutation in androgen receptor confers
genetic and phenotypic resistance to MDV3100 (Enzalutamide), Cancer Dis-
cov. 3 (2013) 1030e1043.

[29] J.D. Joseph, N. Lu, J. Qian, J. Sensintaffar, G. Shao, D. Brigham, M. Moon,
E.C. Maneval, I. Chen, B. Darimont, J.H. Hager, A clinically relevant androgen
receptor mutation confers resistance to second-generation antiandrogens
Enzalutamide and ARN-509, Cancer Discov. 3 (2013) 1020e1029.

[30] H. Beltran, R. Yelensky, G.M. Frampton, K. Park, S.R. Downing, T.Y. Macdonald,
M. Jarosz, D. Lipson, S.T. Tagawa, D.M. Nanus, P.J. Stephens, J.M. Mosquera,
M.T. Cronin, M.A. Rubin, Targeted next-generation sequencing of advanced
prostate cancer identifies potential therapeutic targets and disease hetero-
geneity, Eur. Urol. 63 (2013) 920e926.

[31] D. Robinson, E.M. Van allen, Y. Wu, N. Schultz, R.J. Lonigro, J. Mosquera,
B. Montgomery, M. Taplin, C.C. Pritchard, G. Attard, H. Beltran, W. Abida,
R.K. Bradley, J. Vinson, X. Cao, P. Vats, L.P. Kunju, M. Hussain, F.Y. Feng,
S.A. Tomlins, K.A. Cooney, D.C. Smith, C. Brennan, J. Siddiqui, R. Mehra,
Y. Chen, D.E. Rathkopf, M.J. Morris, S.B. Solomon, J.C. Durack, V.E. Reuter,
A. Gopalan, J. Gao, M. Loda, R.T. Lis, M. Bowden, S.P. Balk, G. Gaviola,
C. Sougnez, M. Gupta, E.Y. Yu, E.A. Mostaghel, H.H. Cheng, H. Mulcahy,
L.D. True, S.R. Plymate, H. Dvinge, R. Ferraldeschi, P. Flohr, S. Miranda,
Z. Zafeiriou, N. Tunariu, J. Mateo, R. Perez-Lopez, F. Demichelis, B.D. Robinson,
M. Schiffman, D.M. Nanus, S.T. Tagawa, A. Sigaras, K.W. Eng, O. Elemento,
A. Sboner, E.I. Heath, H.I. Scher, K.J. Pienta, P. Kantoff, J.S. De bono, M.A. Rubin,
P.S. Nelson, L.A. Garraway, C.I. Sawyers, A.M. Chinnaiyan, Integrative clinical
genomics of advanced prostate cancer, Cell 161 (2015) 1215e1228.

[32] D. Lu, A.J. Shen, Y. Liu, X. Peng, W.Q. Xing, J. Ai, M.Y. Geng, Y.H. Hu, Design and
synthesis of novel benzo[d]oxazol-2(3H)-one derivatives bearing 7-
substituted-4-enthoxyquinoline moieties as c-Met kinase inhibitors, Eur. J.
Med. Chem. 115 (2016) 191e200.

[33] Y.F. Huang, M.C. Yu, N.N. Sun, T. Tang, F.Z. Yu, X.X. Song, Q. Xie, W. Fu,
L.M. Shao, Y.H. Wang, Discovery of carbazole carboxamides as novel RORgt
inverse agonists, Eur. J. Med. Chem. 148 (2018) 465e476.

[34] Z.Q. Liu, W.M. Chen, P. Zhan, E. De Clercq, C. Pannecouque, X.Y. Liu, Design,
synthesis and anti-HIV evaluation of novel diarylnicotinamide derivatives
(DANAs) targeting the entrance channel of the NNRTI binding pocket through
structure-guided molecular hybridization, Eur. J. Med. Chem. 87 (2014)
52e62.

[35] M.A. Pinto-Bazurco Mendieta, M. Negri, C. Jagusch, U. Müller-Vieira,
T. Lauterbach, R.W. Hartmann, Synthesis, biological evaluation, and molecular
modeling of abiraterone analogues: novel CYP17 inhibitors for the treatment
of prostate cancer, J. Med. Chem. 51 (2008) 5009e5018.

[36] Vincent C.O. Njar, P. Puranik, Nonsteroidal and Steroidal Compounds with
Potent Androgen Receptor Down-Regulation and Anti Prostate Cancer Activ-
ity, University of Maryland, Baltimore, 2014. Application: WO2014/165815
A2.

[37] S. Sakami, Koji Kawai, M. Maeda, T. Aoki, H. Fujii, H. Ohno, T. Ito, A. Saitoh,
K. Nakao, N. Izumimoto, H. Matsuura, T. Endo, S. Ueno, K. Natsume, H. Nagase,
Design and synthesis of a metabolically stable and potent antitussive agent, a
novel d opioid receptor antagonist, TRK-851, Bioorg. Med. Chem. 16 (2008)
7956e7967.

[38] S. Korenchuk, J.E. Lehr, L. Mclean, Y.G. Lee, S. Whitney, R. Vessella, D.L. Lin,
K.J. Pienta, VCaP, a cell-based model system of human prostate cancer, In Vivo
15 (2001) 163e168.

[39] J. Tan, Y. Sharief, K.G. Hamil, C.W. Gregory, D. Zang, M. Sar, P.H. Gumerlock,
R.W. deVere White, T.G. Pretlow, S.E. Harris, E.M. Wilson, J.L. Mohler,
F.S. French, Dehydroepiandrosterone activates mutant androgen receptors
expressed in the androgen-dependent human prostate cancer xenograft
CWR22 and LNCaP cells, Mol. Endocrinol. 11 (1997) 450e459.

[40] R. Michael Sramkoski, T.G. Pretlow II, J.M. Giaconia, T.P. Pretlow, S. Schwartz,
M. Sy, S.R. Marengo, J.S. Rhim, D. Zhang, J.W. Jacobberger, A new human
prostate carcinoma cell line, 22Rv1. In Vitro Cell, Dev. Biol. Anim. 35 (1999)
403e409.

[41] A.M. Moilanen, R. Riikonen, R. Oksala, L. Ravanti, E. Aho, G. Wohlfahrt,
P.S. Nyk€anen, O.P. T€orm€akangas, J.J. Palvimo, P.J. Kallio, Discovery of ODM-201,

http://refhub.elsevier.com/S0223-5234(19)30259-4/sref6
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref6
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref6
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref6
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref7
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref7
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref7
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref7
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref7
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref8
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref8
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref8
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref8
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref8
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref8
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref9
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref9
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref9
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref9
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref9
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref9
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref10
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref10
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref10
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref10
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref10
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref11
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref11
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref11
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref11
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref11
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref11
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref11
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref11
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref12
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref12
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref12
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref12
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref12
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref12
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref12
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref13
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref13
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref13
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref13
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref13
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref13
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref14
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref14
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref14
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref14
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref15
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref15
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref15
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref16
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref16
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref16
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref16
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref16
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref17
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref17
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref17
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref17
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref17
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref17
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref18
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref18
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref18
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref18
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref18
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref18
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref18
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref18
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref19
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref19
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref19
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref19
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref20
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref20
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref20
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref20
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref20
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref20
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref20
http://www.hinovapharma.com/en/nd.jsp?id=22
http://www.hinovapharma.com/en/nd.jsp?id=22
http://www.hinovapharma.com/en/nd.jsp?id=22
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref22
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref22
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref22
https://www.businesswire.com/news/home/20160726005553/en/Tokai-Pharmaceuticals-Announces-Clinical-Update
https://www.businesswire.com/news/home/20160726005553/en/Tokai-Pharmaceuticals-Announces-Clinical-Update
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref24
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref24
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref24
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref24
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref24
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref24
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref24
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref24
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref24
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref24
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref24
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref25
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref25
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref25
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref25
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref25
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref25
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref25
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref25
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref26
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref26
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref26
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref26
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref26
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref26
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref26
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref27
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref27
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref27
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref27
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref27
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref28
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref28
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref28
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref28
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref28
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref28
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref29
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref29
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref29
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref29
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref29
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref30
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref30
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref30
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref30
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref30
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref30
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref31
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref31
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref31
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref31
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref31
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref31
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref31
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref31
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref31
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref31
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref31
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref31
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref31
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref31
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref32
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref32
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref32
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref32
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref32
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref33
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref33
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref33
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref33
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref34
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref34
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref34
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref34
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref34
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref34
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref35
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref35
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref35
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref35
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref35
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref36
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref36
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref36
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref36
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref37
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref37
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref37
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref37
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref37
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref37
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref38
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref38
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref38
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref38
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref39
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref39
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref39
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref39
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref39
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref39
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref40
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref40
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref40
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref40
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref40
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref41
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref41
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref41
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref41
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref41


J. Yu et al. / European Journal of Medicinal Chemistry 171 (2019) 265e281 281
a new-generation androgen receptor inhibitor targeting resistance mecha-
nisms to androgen signaling-directed prostate cancer therapies, Sci. Rep. 5
(2015) 12007.

[42] G.M. Morris, R. Huey, W. Lindstrom, M.F. Sanner, R.K. Belew, D.S. Goodsell,
A.J. Olson, AutoDock4 and AutoDockTools4: automated docking with selective
receptor flexibility, J. Comput. Chem. 30 (2009) 2785e2791.
[43] F. Nique, S. Hebbe, C. Peixoto, D. Annoot, J. Lefrançois, E. Duval, L. Michoux,
N. Triballeau, J. Lemoullec, P. Mollat, M. Thauvin, T. Prang�e, D. Minet,
P. Cl�ement-Lacroix, C. Robin-Jagerschmidt, D. Fleury, D. Gu�edin, P. Deprez,
Discovery of diarylhydantoins as new selective androgen receptor modula-
tors, J. Med. Chem. 55 (2012) 8225e8235.

http://refhub.elsevier.com/S0223-5234(19)30259-4/sref41
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref41
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref41
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref42
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref42
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref42
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref42
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref43
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref43
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref43
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref43
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref43
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref43
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref43
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref43
http://refhub.elsevier.com/S0223-5234(19)30259-4/sref43

	Discovery and biological evaluation of novel androgen receptor antagonist for castration-resistant prostate cancer
	1. Introduction
	2. Chemistry
	3. Results and discussion
	3.1. Discovery of compound 4a
	3.2. Compound 4a antagonizes wild-type AR and the AR-F876L mutant
	3.3. Molecular modeling
	3.4. Compound 4a has little effect on CYP17A1 hydroxylase
	3.5. Antitumor effect of compound 4a in vivo

	4. Conclusions
	5. Experimental section
	5.1. Cell culture
	5.2. CCK-8 cell proliferation assay
	5.3. QPCR
	5.4. Competitive AR binding assay
	5.5. Dual luciferase reporter assay
	5.6. Wt-AR reporter assay
	5.7. AR nuclear translocation
	5.8. Molecular modeling
	5.9. CYP17A1 hydroxylase assay
	5.10. Pharmacokinetic studies
	5.11. In vivo xenograft study
	5.12. Synthetic procedures and characterization
	5.12.1. General chemistry
	5.12.2. General procedure a for the synthesis of 1a-k
	5.12.2.1. 4-(6-(pyridin-3-yl)-3,4-dihydroisoquinolin-2(1H)-yl)-2-(trifluoromethyl)benzonitrile, 1a
	5.12.2.2. 4-(6-(pyridin-4-yl)-3,4-dihydroisoquinolin-2(1H)-yl)-2-(trifluoromethyl)benzonitrile, 1b
	5.12.2.3. 4-(6-(pyrimidin-5-yl)-3,4-dihydroisoquinolin-2(1H)-yl)-2-(trifluoromethyl)benzonitrile, 1c
	5.12.2.4. 4-(6-(quinolin-3-yl)-3,4-dihydroisoquinolin-2(1H)-yl)-2-(trifluoromethyl)benzonitrile, 1d
	5.12.2.5. 4-(5-(pyridin-3-yl)indolin-1-yl)-2-(trifluoromethyl)benzonitrile, 1e
	5.12.2.6. 4-(5-(pyrimidin-5-yl)indolin-1-yl)-2-(trifluoromethyl)benzonitrile, 1f
	5.12.2.7. 4-(5-(quinolin-3-yl)indolin-1-yl)-2-(trifluoromethyl)benzonitrile, 1g
	5.12.2.8. 4-(5-(pyridin-3-yl)-3,4-dihydroquinolin-1(2H)-yl)-2-(trifluoromethyl)benzonitrile, 1h
	5.12.2.9. 4-(5-(pyridin-4-yl)-3,4-dihydroquinolin-1(2H)-yl)-2-(trifluoromethyl)benzonitrile, 1i
	5.12.2.10. 4-(5-(1-methyl-1H-pyrazol-5-yl)-3,4-dihydroquinolin-1(2H)-yl)-2-(trifluoromethyl)benzonitrile, 1j
	5.12.2.11. 4-(5-(3,5-dimethylisoxazol-4-yl)-3,4-dihydroquinolin-1(2H)-yl)-2-(trifluoromethyl)benzonitrile, 1k

	5.12.3. General procedure B for the synthesis of 2a-h, 3b-l and 3n
	5.12.3.1. 4-((3-(1H-imidazol-1-yl)phenyl)(ethyl)amino)-2-(trifluoromethyl)benzonitrile, 2a
	5.12.3.2. 4-((5-(1H-imidazol-1-yl)-2-methylphenyl)(ethyl)amino)-2-(trifluoromethyl)-benzonitrile, 2b
	5.12.3.3. 4-((3-(1H-imidazol-1-yl)phenyl)(ethyl)amino)-2-chlorobenzonitrile, 2c
	5.12.3.4. 4-((5-(1H-imidazol-1-yl)-2-methylphenyl)(ethyl)amino)-2-chlorobenzonitrile, 2d
	5.12.3.5. 2-Chloro-4-(ethyl(3-(pyrimidin-5-yl)phenyl)amino)benzonitrile, 2e
	5.12.3.6. 2-Chloro-4-(ethyl(2-methyl-5-(pyrimidin-5-yl)phenyl)amino)benzonitrile, 2f
	5.12.3.7. 4-([1,1′-biphenyl]-3-yl(ethyl)amino)-2-chlorobenzonitrile, 2g
	5.12.3.8. 2-Chloro-4-(ethyl(4-methyl-[1,1′-biphenyl]-3-yl)amino)benzonitrile, 2h
	5.12.3.9. 2-Chloro-4-(ethyl(2-methyl-5-(1H-pyrazol-4-yl)phenyl)amino)benzonitrile, 3b
	5.12.3.10. 2-Chloro-4-(ethyl(2-methyl-5-(3-methyl-1H-pyrazol-4-yl)phenyl)amino)benzonitrile, 3c
	5.12.3.11. 2-Chloro-4-(ethyl(2-methyl-5-(1-methyl-1H-pyrazol-5-yl)phenyl)amino)benzonitrile, 3d
	5.12.3.12. 2-Chloro-4-((5-(3,5-dimethylisoxazol-4-yl)-2-methylphenyl)(ethyl)amino)benzoin-trile, 3e
	5.12.3.13. 2-Chloro-4-(ethyl(5-(furan-3-yl)-2-methylphenyl)amino)benzonitrile, 3f
	5.12.3.14. 2-Chloro-4-(ethyl(5-(furan-2-yl)-2-methylphenyl)amino)benzonitrile, 3g
	5.12.3.15. 2-Chloro-4-(ethyl(2-methyl-5-(thiophen-2-yl)phenyl)amino)benzonitrile, 3h
	5.12.3.16. 2-Chloro-4-(ethyl(2-methyl-5-(pyridin-3-yl)phenyl)amino)benzonitrile, 3i
	5.12.3.17. 2-Chloro-4-(ethyl(2-methyl-5-(pyridin-4-yl)phenyl)amino)benzonitrile, 3j
	5.12.3.18. 2-Chloro-4-(ethyl(5-(6-fluoropyridin-3-yl)-2-methylphenyl)amino)benzonitrile, 3k
	5.12.3.19. 2-Chloro-4-(ethyl(2-methyl-5-(quinolin-3-yl)phenyl)amino)benzonitrile, 3l
	5.12.3.20. 4-((5-(1H-benzo[d]imidazol-1-yl)-2-methylphenyl)(ethyl)amino)-2-chloro benzonitrile, 3m
	5.12.3.21. 2-Chloro-4-(ethyl(4-methyl-2′,3′,4′,5′-tetrahydro-[1,1′-biphenyl]-3-yl)amino) benzonitrile, 3n
	5.12.3.22. 2-Chloro-4-(ethyl(2-methyl-5-(1H-pyrazol-1-yl)phenyl)amino)benzonitrile, 3a
	5.12.3.23. 2-Chloro-4-((5-(3,5-dimethylisoxazol-4-yl)-2-methylphenyl)amino)benzonitrile, 4a
	5.12.3.24. 4-(3-(3,5-dimethylisoxazol-4-yl)phenoxy)-2-(trifluoromethyl)benzonitrile, 4b

	5.12.4. General procedure C for the synthesis of 4c-e
	5.12.4.1. N-(5-(3,5-dimethylisoxazol-4-yl)-2-methylphenyl)-N-ethylpyridin-2-amine, 4c
	5.12.4.2. N-(5-(3,5-dimethylisoxazol-4-yl)-2-methylphenyl)-N-ethylpyridin-4-amine, 4d
	5.12.4.3. N-(5-(3,5-dimethylisoxazol-4-yl)-2-methylphenyl)pyridin-4-amine, 4e



	Author contributions
	Conflicts of interest
	Acknowledgment
	Appendix A. Supplementary data
	References


