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A B S T R A C T   

One of the main directions of steroid research is the preparation of modified derivatives in which, in addition to 
changes in physicochemical properties, receptor binding is significantly altered, thus a bioactivity different from 
that of the parent compound predominates. In the frame of this work, 2-arylidene derivatives were first syn
thesized by regioselective modification of the A-ring of natural sex hormone, 5α-dihydrotestosterone (DHT). 
After Claisen-Schmidt condensations of DHT with (hetero)aromatic aldehydes in alkaline EtOH, heterocycliza
tions of the α,β-enones were performed with 3-amino-1,2,4-triazole, 3-aminopyrazole and 3-amino-5-methylpyr
azole in the presence of t-BuOK in DMF to afford 7′-epimeric mixtures of A-ring-fused azolo-dihydropyrimidines, 
respectively. Depending on the electronic demand of the substituents of the arylidene moiety, spontaneous or 
2,3-dichloro-5,6-dicyanobenzoquinone (DDQ)-induced oxidation of the heteroring led to triazolo[1,5-a]pyrim
idines and pyrazolo[1,5-a]pyrimidines in good yields, while, using the Jones reagent as a strong oxidant, 17- 
oxidation also occurred. The crystal structures of an arylidene and a triazolopyrimidine product have been 
determined by single crystal X-ray diffraction and both were found to crystallize in the monoclinic crystal system 
at P21 space group. Most derivatives were found to diminish the transcriptional activity of androgen receptor 
(AR) in reporter cell line. The candidate compound (17β-hydroxy-2-(4-chloro)benzylidene-5α-androstan-3-one, 
2f) showed to suppress androgen-mediated AR transactivation in a dose-dependent manner. We confirmed the 
cellular interaction of 2f with AR, described the binding in AR-binding cavity by the flexible docking and showed 
the ability of the compound to suppress the expression of AR-regulated genes in two prostate cancer cell lines.  

Abbreviations: 3AMP, 3-amino-5-methylpyrazole; 3AP, 3-aminopyrazole; 3AT, 3-aminotriazole; ATP, adenosine triphosphate; AR, androgen receptor; ARE, 
androgen response element; n-BuOH, normal butanol; t-BuOK, potassium tert-butylate; CETSA, cellular-thermal shift assay; CPPI, 3-(4-chlorophenyl)-6,7-dihydro-5H- 
pyrrolo[1,2-a]imidazole; CSS, charcoal stripped serum; CRPC, castration-resistant prostate cancer; CYP17A1, steroid 17α-hydroxylase/17,20-lyase; DCTA, trans-1,2- 
diaminocyclohexane-N,N,N′,N′-tetraacetic acid; DDQ, 2,3-dichloro-5,6-dicyanobenzoquinone; DHT, 5α-dihydrotestosterone; DMF, N,N-dimethylformamide; DTT, 
dithiotreitol; ESI-MS, electrospray ionization mass spectrometry; EtOH, ethanol; HMBC, heteronuclear multiple bond correlation; HSQC, heteronuclear single 
quantum correlation; LBD, ligand-binding domain; LHRH, luteinizing hormone-releasing hormone; MW, microwave; NOESY, nuclear overhauser effect spectroscopy; 
NMR, nuclear magnetic resonance; ORTEP, Oak Ridge Thermal-Ellipsoid Plot program for crystal structure illustrations; PARP, poly(ADP-ribose)polymerase; PBS, 
phosphate-buffered saline; PCR, polymerase chain reaction; PSA, prostate-specific antigen; RIPA, radioimmunoprecipitation assay buffer; SDS-PAGE, sodium dodecyl 
sulphate–polyacrylamide gel electrophoresis; TLC, thin layer chromatography. 
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1. Introduction 

The androgen receptor (AR) is a ligand-activated transcription factor 
that belongs to the superfamily of steroid and thyroid hormone receptors 
and plays a crucial role in the normal development of male reproductive 
tissues. High expression and/or relaxation of AR regulation is strongly 
implicated in prostate cancer (PCa). Current therapeutic strategies for 
the treatment of PCa include androgen deprivation and radiation ther
apy (e.g. anti-LHRH agents), surgery, chemotherapy (e.g. docetaxel, 
cabazitaxel) or the use of steroidal (e.g. abiraterone) or non-steroidal 
antiandrogens (e.g. enzalutamide) (Fig. 1) or PARP inhibitors [1]. Un
fortunately, the disease rapidly progresses to castration-resistant pros
tate cancer (CRPC) stage, which is defined by AR-pathway alterations 
including AR gene amplification, overexpression, mutation, splice var
iants, and the increase in adrenal and intratumoral androgens. 

AR splicing variants [2], which lack the ligand-binding domain as a 
result of alternative splicing of the AR gene, are emerging as a crucial 
mechanism in CRPC progression. Among these variants, AR-V7 is the 
most clinically meaningful and the most frequently expressed receptor 
variant in PCa samples [3]. Several anti-AR-V7 strategies have been 
described, including inhibition of the transcription of the AR gene, in
hibition of splicing to generate AR-V7, destabilization of the AR-V7 
transcript and protein, AR degradation, blocking of AR synthesis, inhi
bition of the constitutive activity of AR-V7 in the nucleus, interference 
with intracellular trafficking of AR, and inhibition of downstream sig
nalling related to AR-V7 activation [4,5]. 

Several steroidal compounds, mostly modified in the D-ring of the 
androstane core have been investigated as AR modulators or for their 
anti-PCa properties [6–11], but only galeterone [12] and abiraterone 
[13] (Fig. 1) have entered clinical trials. Both agents showed to target 
adrenal and tumour androgen production by inhibition of the ste
roidogenic enzyme CYP17A1, and galeterone is capable to induce AR 
and AR-V7 degradation in PCa by competitive antagonism of AR [14]. In 
the clinic, galeterone is shown to be well tolerated and demonstrates 
pharmacodynamic changes consistent with its selective, multifunctional 
AR signaling inhibition [15]. Unfortunately, recent results from phase 3 
clinical trials on AR-V7 and metastatic CRPC patients have not 
confirmed galeterone’s efficacy [16]. In addition, the fact that 

abiraterone-treated patients generally relapse within one year indicated 
the resistance mechanism to abiraterone that is accompanied by upre
gulation of CYP17A1 and induction of AR and AR splice variants [2,17]. 
For the above reasons, investigations of other ligands are desirable. 

We previously described several D-ring-attached steroidal azoles, 
structurally similar to abiraterone, displaying CYP17A1 inhibitory effect 
[18–20]. Recently, some A-ring-fused arylpyrazoles [21] and arylpyr
imidines [22] of 5α-dihydrotestosterone (DHT) have also been demon
strated to exert anticancer activity against multiple cancer cell lines 
including PCas. Some recent articles reported steroidal compounds with 
pyrazolo[1,5-a]pyrimidine and triazolo[1,5-a]pyrimidine moieties [23, 
24] but without deeper pharmacological investigations. In the current 
work, additional A-ring-modified derivatives of DHT containing (het
ero)arylidene, pyrazolo[1,5-a]pyrimidine and triazolo[1,5-a]pyrimi
dine moieties have been synthesized and their ability to affect the 
transcriptional activity of AR in reporter cell line was investigated. 
Structural determination of all compounds was accomplished by 1H and 
13C NMR spectroscopy and electrospray ionization mass spectrometry 
(ESI-MS), while for two representative molecules, by single crystal X-ray 
diffraction. Candidate compound was further studied and showed to 
interact with AR and to suppress expression of Nkx3.1 and PSA in PCa. 
Finally, interaction within the AR’s cavity was performed by the flexible 
docking. 

2. Results and discussion 

2.1. Synthesis and characterization of the target compounds 

As a first synthetic modification, DHT was reacted with benzalde
hyde (1a), substituted benzaldehydes 1b–h and heteroaromatic alde
hydes 1i and 1j, respectively, in order to obtain 2-(hetero)arylidene-3- 
ones 2a–j suitable for cyclization with binucleophilic reagents (Table 1, 
entries 1–12). Arylaldehydes were selected to ensure that their reactivity 
covered a wide spectrum, i.e. in addition to benzaldehyde 1a, de
rivatives containing both electron donating (CH3 and OMe) and electron 
withdrawing groups (Cl, CN, NO2) were used. The synthesis of a struc
turally related 2-methylidene derivative 2k from DHT with excess 
acetaldehyde 1k has been reported previously [21] (Table 1, entry 13). 

Fig. 1. Representatives of steroidal and non-steroidal anti-PCa agents, which reduce endogenous androgen production by the inhibition of CYP17A1 and/or act as 
AR antagonists. 
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Although Claisen-Schmidt condensation of arylaldehydes to the C16 
position of 17-ketosteroids was found to lead to the corresponding D- 
ring substituted products in alkaline EtOH both at room temperature 
[25] and under reflux [26], in the case of the A-ring, a regioselectivity 
problem may arise from the two α-carbon atoms (C2 and C4) adjacent to 
the C3 carbonyl group available for substitution. The reaction conditions 
may vary depending on the different electronic nature and thus reac
tivity of the aldehydes used. 

For a preliminary experiment, the reaction of DHT and benzaldehyde 
1a in 1:1.2 M ratio was carried out in alkaline EtOH at both reflux and 
room temperatures (r. t.). Although at 25 ◦C longer time (3 h) was 
needed than in boiling EtOH (30 min) for complete conversion, the 
selectivity was found to be better, and the 2-benzylidene derivative 2a 
was obtained selectively in excellent yield (94 %, Table 1, entry 1). 
Higher temperature (entry 2) and especially microwave (MW) irradia
tion (80 ◦C, 10 min, entry 3) favoured the formation of the 4-isomer as 
an undesired by-product. 

During the Claisen-Schmidt condensation of DHT performed with 
other arylaldehydes 1b–h, the reaction rates were found to be affected 
significantly by the different R substituents in the aromatic ring. Longer 
reaction time (4 h) at room temperature was needed for the regiose
lective formation of the desired products 2b–d in cases of arylaldehydes 
1b–d containing electron donating groups (CH3, OMe), which can be 
explained by the decreased electrophilicity of these reagents (Table 1, 
entries 4–6). While p-fluorobenzaldehyde (1e) displayed similar reac
tivity to benzaldehyde (entry 7), a lower temperature was required to 
achieve adequate regioselectivity when 1f with an electron-withdrawing 
Cl atom or heteroaryl aldehydes (1g, 1h) were used, due to the higher 
reactivity of these carbonyl compounds. It is also important to note that 
arylaldehydes 1g and 1h having a strong electron-withdrawing group 
(CN or NO2) were so reactive even at low temperature that the trans
formations resulted in the inseparable mixtures of 2- (2g or 2h) and 4- 
arylidene derivatives as well as 2,4-disubstituted products (entries 9 
and 10), therefore these reactions were abandoned. 

The structure of the novel arylidene (2a–f) and heteroarylidene de
rivatives (2i and 2 j) in solution was confirmed by 1H and 13C NMR 
measurements, which indicated the presence of the characteristic sig
nals of the aromatic ring from the aryl- and heteroarylaldehydes (Sup
plementary Material, S1-S30). Since the usually more stable and thus 
favoured (E)-configuration along the double bond was earlier evidenced 
by NOESY correlations between the 1-H and 21-CH3 protons for 2k [21], 

the same stereochemistry in solution appears to be certain for the 
structural analogues (2a–f, 2i, 2j) containing a larger (hetero)aromatic 
ring than the CH3 group of 2k. 

The solid phase structure of 2a was determined by single crystal X- 
ray diffraction. The molecule crystallized in the monoclinic crystal 
system in P21 space group. ORTEP representation together with atom 
numbering of the compound and the packing arrangements viewed from 
the crystallographic direction ’a’ is depicted in Fig. 2. The unit cell, 
containing two molecules, is shown in Fig. S1 and the packing ar
rangements viewed from the ’a’, ’b’ and ’c’ crystallographic directions 
are shown in Fig. S2. The torsion angle measured for C2-C26-C1′-C6′

was found to be 16.5◦ showing that the phenyl ring is in a plane with the 
DHT rings. Bond distances and angles are collected in Tables S1 and S2. 
The molecules are arranged in columns by the help of O2-H2O…O1 
connection between neighboring molecules (Fig. S3). Some selected 
hydrogen bond data is shown in Table S3. Because of the steric hin
drance of the C18 and C19 methyl groups, the molecules above each 
other are shifted away and C4-H4A…π and C5-H5…π secondary in
teractions are forming between C–H protons and the phenyl rings 
(Fig. S3). The crystal does not contain any solvent accessible voids. 

As a continuation, the ring-closure reactions of the synthesized ste
roidal α,β-enones with different aminoazole reagents were planned to 
carry out. The initial experiments were performed with the benzylidene 
derivative 2a, in order to find the optimum conditions for the synthesis 
of pyrazolo[1,5-a]pyrimidines and triazolo[1,5-a]pyrimidines (Scheme 
1). Although t-BuOK has often been used as catalyst in polar protic 
solvents, such as EtOH or n-BuOH, for similar heterocyclizations of 
α,β-unsaturated ketones, long reaction times (6–30 h) under reflux were 
generally required for complete conversions [23,27]. Since the progress 
of the reaction of 2a with 3-amino-5-methylpyrazole (3AMP), 3-amino
pyrazole (3AP) or 3-aminotriazole (3AT) also proved to be very slow 
under these conditions, MW irradiation was first applied to obtain rate 
acceleration. In the latter cases, however, the formation of a significant 
amount of by-products was observed. As a next attempt, EtOH was 
replaced with DMF in the presence of t-BuOK, which in each case led to 
almost complete conversion indicated by a sharp colour change of the 
mixtures, within 45 min at 140 ◦C (Scheme 1). The same reactions in 
DMF required 3 h when KOH was used as a base. TLC monitoring 
confirmed the formation of two new substances in each reaction. The 
NMR spectroscopic analysis showed that the less polar compounds were 
the target products 6a–8a, while the more polar molecule proved to be 

Table 1 
Synthesis of A-ring-modified α,β-enones 2a–k from DHT.  

Entry R-CHO a R Temperature (◦C) Time Product Yield (%) b 

1 1a Ph reflux 30 min 2a 74 
2 1a Ph r.t. 3 h 2a 92 
3 1a Ph 80 (MW) 10 min 2a 69 
4 1b p-CH3C6H4 r.t. 4 h 2b 87 
5 1c m-CH3C6H4 r.t. 4 h 2c 89 
6 1d p-MeO-C6H4 r.t. 4 h 2d 89 
7 1e p-F-C6H4 r.t. 3 h 2e 91 
8 1f p-Cl-C6H4 0 3 h 2f 90 
9 1g p-CN-C6H4 0 1 h 2g c – 
10 1h p-NO2C6H4 0 1 h 2h c – 
11 1i furan-2-yl 0 3 h 2i 84 
12 1j tiophen-2-yl 0 3 h 2j 83 
13 1k CH3 − 10 3.5 h 2k d 70  

a 1.2 equiv. 
b After purification by column chromatography. 
c In addition to compound 2, the significant formation of the 4-arylidene and 2,4-diarylidene derivatives were detected. 
d The synthesis has been reported previously [21]. 
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Fig. 2. Crystal structure of 2a showing the (a) ORTEP representation of the molecule with atom numbering (displacement parameters are drawn at 50 % probability 
level) and (b) the packing arrangement of the molecules (without hydrogen atoms) viewed from crystallographic direction ’a’. 

Scheme 1. Synthesis of pyrazolo[1,5-a]pyrimidines and triazolo[1,5-a]pyrimidines from 2-benzylidene derivative (2a) of DHT. Reagents and conditions: Azoles: 
3AMP (R = CH3, X = CH), 3AP (R = H, X = CH), 3AT (R = H, X = N); (i) t-BuOK, DMF, 140 ◦C, 45 min; (ii) KOH, DMF, 140 ◦C, 3 h; (iii) stirred in air, 25 ◦C, 24 h; (iv) 
Jones reagent, acetone, r.t., 30 min.. 

Fig. 3. Proposed mechanism for the formation of azolo[1,5-a]pyrimidines.  
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its unoxidized precursor as an inseparable mixture of two epimers 
3a–5a. Since the autooxidation also occurred during the reaction, the 
reaction mixtures were stirred for an additional 24 h at room tempera
ture after conversion of the benzylidene derivative 2a in order to com
plete the oxidation to 6a–8a. The yields of the desired products were 
found to be the highest (8a, 72%) when 3AT was used for the cycliza
tion, while only moderate yield (6a, 52 %) was obtained in case of 
3AMP. During the reactions with pyrazole reagents, small amounts of 
unconverted starting material 2a were also detected, suggesting the 
lower reactivity of these reagents compared to 3AT. Nevertheless, ac
cording to the TLC monitoring of the reaction mixtures, the moderate 
yields were not justified unless the formation of some polar by-product 
adhering to the silica gel reduced the yield of the desired compounds. 

The presumed mechanism may provide an answer to the experi
mental findings (Fig. 3). Since the azole reagents are very weak acids, a 
strong base is needed (KOH or t-BuOK) to deprotonate the ring-N atom, 
so that the aza-Michael addition to the enone can occur more efficiently. 
The increase in reaction rate by using t-BuOK in a polar aprotic (DMF) 
instead of a polar protic solvent (EtOH or n-BuOH) can be explained by 
the higher basicity of t-BuOK under this condition, as the solvent can 
interact only with the potassium centre. The isolated yields of the 
desired products can be affected by the acidic strength of the azoles, as 
well as the tendency of the polar intermediate formed by hetero
cyclization to lose water (Fig. 3). The latter compound can reduce the 
yield of the azolo[1,5-a]pyrimidines as highly polar by-product. 

In contrast to the spontaneous oxidation of the heterocyclic moiety of 
3a–5a, complete oxidation of the crude products with the Jones reagent 
in acetone affected both the dihydropyrimidine ring and the 17− OH 
group, and resulted in the corresponding heteroaromatic 17-keto de
rivative 9a–11a in moderate yields (Scheme 1). 

It is important to note that a one-pot three-component reaction of 
DHT, benzaldehyde (1a), and 3AP was also attempted [28], but these 
types of reactions were discarded due to long reaction times, purification 
difficulties, and similar product yields. The fact that α,β-enone in
termediates may also be of pharmacological interest also supported the 
stepwise pathway. 

Since the highest product yield was obtained when 3AT was applied 
for heterocyclization, the other (hetero)arylidene derivatives (2b–f, 2i, 
2j) were converted to A-ring-fused triazolo[1,5-a]pyrimidines only 
using this reagent under the previously optimized conditions. According 
to the experimental results summarized in Table 2, in most of the cases 
the cyclization and subsequent spontaneous oxidation led to the desired 
products (8b–e, 8i–k) in good yields (entries 1–4 and 6–8). However, 
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) was required as mild 
oxidizing agent to convert 5f (Fig. 3), which contains an electron- 

withdrawing Cl atom on the benzene ring, to 8f (entry 5). DDQ could 
also be used for other derivatives to accelerate the heteroaromatization, 
as oxidation occurred rapidly in dioxane under MW irradiation at 120 ◦C 
within 5 min. When the product mixture containing 5 and 8 of each 
reaction was treated with the Jones reagent as strong oxidizing agent, 
not only the dihydropyrimidine ring but also the 17β-hydroxyl group 
was oxidized to a ketone to give derivatives 11 (Table 2). 

The structure of all heterocyclic products was confirmed by 1D and 
2D NMR as well as ESI-MS measurements. A comparison of the proton 
spectra of the 17− OH (6a, 7a, 8) and 17-keto derivatives (9a, 10a, 11) 
showed that the proton peaks of the angular C18 and C19 methyl groups 
were interchanged. Since 19-H3 is in similar chemical environment for 
all compounds, the location of its peak does not change significantly, 
however, for 17-ones, the 18-H3 protons are deshielded due to the strong 
electron-attracting effect of the carbonyl group, so that the singlet signal 
corresponding to these equivalent protons appears at a higher chemical 
shift. It can also be attributed to the presence of the carbonyl group in 
compounds 9a, 10a and 11, that the multiplet peaks of the 16-H2 pro
tons are shifted downfield (2.08 and 2.45 ppm), separately from the 
signals of the other backbone protons. In the aliphatic region of the 
spectra, proton signals belonging to C1 and C4 with characteristic 
splitting can be observed. While the signals of 1-H2 appear as two 
doublets with the same coupling constant due to the germinal coupling, 
4-H2 gives two double doublet peaks because of both geminal coupling 
and coupling to a single proton on the adjacent C5 carbon atom. The 
spectrum of compounds 9a, 10a and 11 lacks the triplet of the 17-H 
proton characteristic of derivatives 6a, 7a and 8, which proves that 
oxidation has occurred. The aromatic region of the spectrum of all 
compounds shows the signals of the protons on the pyrimidine ring, as 
well as a singlet of 2′-H for triazole derivatives 8 and 11, two inter
coupling doublets of the 2′-H and 3′-H for unsubstituted pyrazoles 7a 
and 10a and a singlet of 3′-H for methylpyrazoles 6a and 9a. 1H–13C 
correlations were performed based on 2D NMR measurements (HSQC 
and HMBC) of one representative of each pyrazolopyrimidine (7a) and 
triazolopyrimidine derivative (8a) (Supplementary Material, S-11 and S- 
13). It should be noted that for some derivatives, certain carbon atoms 
belonging to the condensed heterocycle were observed as weak signals 
in the 13 C NMR (J MOD) spectra in spite of the high number of scans, 
presumably due to the long relaxation time of these carbon nuclei. 

Crystal structure of 8j was determined by single crystal X-ray 
diffraction. The molecule crystallized in the monoclinic crystal system in 
P21 space group and the asymmetric unit contains two molecules and 
one dichloromethane solvent molecule. ORTEP representation together 
with atom numbering of the compound and the packing arrangements 
viewed from the crystallographic direction ’a’ is depicted in Fig. 4. The 

Table 2 
Synthesis of A-ring-fused triazolo[1,5-a]pyrimidines of DHT.  

Entry Enone R1 17-OH product Yield (%) b 17=O product c Yield (%) b 

1 2b p-CH3C6H4 8b 76 11b 62 
2 2c m-CH3C6H4 8c 77 11c 66 
3 2d p-MeO-C6H4 8d 71 11d 59 
4 2e p-F-C6H4 8e 73 11e 57 
5 2f a p-Cl-C6H4 8f 65 11f 62 
6 2i furan-2-yl 8i 59 11i 55 
7 2j thiophen-2-yl 8j 62 11j 57 
8 2k d CH3 8k 69 11k 52  

a After the heterocyclization, DDQ was used to oxidize the heteroring. 
b After chromatographic purification. 
c Jones oxidation was performed not with the purified 8, but with the crude product containing both 5 and 8, of the heterocyclization. 
d Ref [21]. 
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unit cell containing four molecules is shown in Fig. S4, and the packing 
arrangements viewed from the ’a’, ’b’ and ’c’ crystallographic directions 
are shown in Fig. S5. The two molecules of the asymmetric unit have 
different conformations. Overlay of the two structures in Fig. 4c clearly 
shows the different thiophene ring positions. Angles between thiophene 
and pyrimidine ring planes are 30.86◦ for molecule 1 and 83.47◦ for 
molecule 2. In case of molecule 2, the thiophene ring was found in two 
disordered position where the S21 and C23 atoms are interchanged. The 
occupancy of the major component containing C23A and S21A was 
found to be 76 %, while the minor component containing C23B and 
S21B atoms is 24 %. The rotational freedom of this ring is due to the fact 
that it interacts only from one direction with a neighbour by C24′′- 
H24′′…O1, while this freedom was not found for molecule 1 where the 
thiophene ring is involved in two hydrogen bonds with C5′′-H5′′…O2 
and C4′′-H4′′….Cl1 (Fig. S6 and Table S3). Selected bond distances and 
angles are collected in Tables S1 and S2. The packing of the molecules 
arranged by hydrogen bonds is shown in Fig. S3 and the data of the 
secondary interactions are collected in Table S3. The dichloromethane 
molecules are placed in voids of 72.2 Å3, which is 2.9 % of the unit cell 
volume. 

2.2. The effect of steroids on AR transcriptional activity and viability of 
PCa cells 

AR modulators are known to influence AR-dependent transcription; 
therefore, we examined the metribolone (R1881)-stimulated transcrip
tional activity of AR after 24 h treatment with our novel DHT- 
derivatives. Compounds were screened at three concentrations using 

an AR-dependent reporter cell line, 22Rv1-ARE14, which was trans
fected with a reporter plasmid containing androgen response element 
(ARE) sequence and luciferase sequence [29]. 

The analysed library of novel A-ring modified DHT-derivatives 
comprised 9 α,β-enones (series 2), 18 triazolo[1,5-a]pyrimidines (se
ries 8 and 11), and 4 pyrazolo[1,5-a]pyrimidines (6a, 7a, 9a, and 10a). 
As shown in Table 3, α,β-enones from series 2 belong to the most active 
compounds (6 compounds reduced R1881-stimulated AR trans
activation to 50 % at 10 μM concentration) with p-chlorobenzylidene 
derivate 2f being the most potent steroid, whereas thiophene-2-yl de
rivative 2j and ethylidene derivative 2k belong to the least potent 
α,β-enones. DHT-derivatives from other series were active only partially 
(9 compounds reduced activity to 75 % of control) and only 3 members 
(8k, 11k, and 11i) were completely inactive. It is obvious that hetero
cyclization of 2a with 3AT reduced the antiandrogenic effect (8a). We 
also observed that the methylation of the pyrazolo[1,5-a]pyrimidine 7a 
resulted in the less active derivative 6a. The same tendency displayed 
also 17-keto pairs of pyrazolo[1,5-a]pyrimidines 9a and 10a. The 
antagonistic activity of compounds 2f (IC50 = 3.54 μM) and 2a (IC50 =

6.92 μM) reached up to single-digit micromolar values and showed to be 
comparable with values obtained for standards, i.e. galeterone (IC50 =

5.82 μM) and enzalutamide (IC50 = 1.50 μM) (Supplementary Material, 
S38-S41). 

Antiproliferative properties of all novel steroids were tested in two 
AR-positive PCa cell lines (22Rv1-ARE14, C4-2), both originated from 
metastatic lesions. Resulting data are presented as residual viability at 
10 μM compounds after 72 h of treatment compared to untreated con
trol. Antiproliferative activities of the most potent derivative 2f 

Fig. 4. Crystal structure of 8 j showing the (a) ORTEP representation of the asymmetric unit with atom numbering (displacement parameters are drawn at 50 % 
probability level) and the (b) packing arrangement of the molecules (without hydrogen atoms) viewed from crystallographic direction ’a’ and (c) overlay of the two 
molecules of the asymmetric unit (molecule 1 is coloured by element and molecule 2 is green). 
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displayed mid-micromolar values (GI50 = 9.9 ± 1.8 μM and 15.7 ± 4.4 
μM) in 22Rv1-ARE14 and C4-2, respectively. Compound 2f showed to 
have higher antiproliferative activity than used standards with GI50 > 50 
μM (Supplementary Material, S42-S47). 

The prolonged antiproliferative effect of 2f was further evaluated by 
clonogenic assay in 22Rv1-ARE14 cells. As shown in Fig. 5, 2f is able to 
significantly inhibit formation of cell colonies in a dose dependent 
manner after 10 days of treatment. 

2.3. Effect of 2f on the stability of AR and its cellular localization 

Previous findings showed that steroidal agonists (testosterone, DHT 
and R1881) can induce thermal stabilisation of AR performed by 
cellular-thermal shift assay (CETSA) [30]. This technology was previ
ously found to confirm binding of nonsteroidal AR-antagonists CCPI and 
enzalutamide [30,31], therefore we performed this assay for 2f (Fig. 6). 
In control experiment, the incubation of C4-2 cells with 100 nM R1881 
confirmed previously published increase in thermal stability of AR [30]. 
Similar results were obtained with multiple concentrations of 2f that, in 
our opinion, originate from more extensive interaction with AR-LBD. 

The AR becomes strongly concentrated in the nucleus in response to 
androgens [32] where it drives the transcription of target genes. Several 
AR modulators showed to block the transport and accumulation of AR to 
nucleus [33–35] as a result of its targeting. Therefore, we investigated 
the effect of 2f on AR distribution in R1881-stimulated cells. As shown in 
Fig. 7, 2f and galeterone markedly decreased the transport of AR to the 
nucleus in comparison to androgen-activated cells. While AR remained 
in cytosol upon the treatment of cells with 2f, galeterone induced also 
partial AR degradation (see densitometric analysis). 

2.4. Molecular docking of DHT derivative 2f to AR-LBD 

The AR contains a narrow nonpolar active site with two hydrogen- 
bonding capacities: arginine (R752) towards carbonyl group on the A- 
ring, while threonine (T877) and asparagine (N705) towards the hy
droxyl group on the D-ring of DHT. To confirm the location of ligand 2f 
within the AR’s cavity, the flexible docking study was performed [10]. 
Very importantly, candidate compound 2f showed similar interactions 
with AR binding site as DHT. This basic motif allows binding of 2f to the 

Table 3 
AR antagonistic activity and antiproliferative activity of novel DHT-derivatives.   

Compound Transcriptional AR activity (% ± SD) in 22Rv1-ARE14 after 24 h treatmenta Viability (% ± SD, 10 μM) after 72 hb   

10 μM 2 μM 0.4 μM 22Rv1-ARE14 C4-2 

α,β-enones 
C17-OH group 

2k 67.0 ± 3.9 98.2 ± 3.0 >100 > 100 87.0 ± 1.9 
2a 36.4 ± 5.3 69.9 ± 0.9 81.3 ± 10.3 92.9 ± 1.1 92.8 ± 4.2 
2b 42.2 ± 5.6 73.6 ± 7.0 90.1 ± 7.9 91.2 ± 1.2 97.2 ± 2.8 
2c 49.3 ± 3.5 89.2 ± 2.7 100.0 ± 1.9 90.3 ± 1.9 > 100 
2d 38.9 ± 1.9 70.2 ± 5.5 91.0 ± 2.9 91.3 ± 1.9 93.7 ± 2.7 
2e 64.9 ± 4.2 86.1 ± 9.7 99.1 ± 9.9 80.2 ± 3.3 98.9 ± 2.2 
2f 34.2 ± 6.5 86.3 ± 4.6 >100 42.2 ± 12.8 74.0 ± 13.6 
2i 40.6 ± 7.3 78.7 ± 5.5 93.9 ± 9.1 > 100 91.9 ± 2.0 
2j 77.5 ± 8.7 >100 >100 > 100 57.4 ± 2.0 

triazolo[1,5-a]pyrimidines 
C17-OH group 

8k >100 >100 >100 87.5 ± 2.6 > 100 
8a 77.6 ± 2.2 89.5 ± 3.0 91.2 ± 3.9 76.7 ± 1.3 93.5 ± 1.3 
8b 77.6 ± 3.0 86.1 ± 8.4 97.4 ± 4.0 70.8 ± 1.5 92.1 ± 1.9 
8c 86.1 ± 2.4 >100 >100 93.3 ± 1.2 94.2 ± 1.9 
8d 76.9 ± 1.5 91.6 ± 3.0 99.5 ± 4.8 91.1 ± 0.8 92.7 ± 1.6 
8e 86.7 ± 8.1 98.7 ± 2.2 98.1 ± 3.6 90.5 ± 2.1 88.4 ± 0.6 
8f 65.8 ± 5.2 94.3 ± 6.4 95.7 ± 4.1 94.1 ± 1.7 87.1 ± 4.0 
8i 67.1 ± 8.9 86.6 ± 3.7 97.9 ± 8.2 > 100 99.9 ± 2.5 
8j 59.9 ± 6.6 80.5 ± 8.6 97.5 ± 11.1 94.0 ± 2.2 90.9 ± 1.1 

triazolo[1,5-a]pyrimidines 
C17-keto group 

11k >100 96.7 ± 7.2 95.6 ± 8.3 > 100 97.1 ± 2.3 
11a 86.9 ± 6.7 87.0 ± 1.8 90.0 ± 9.9 96.9 ± 0.3 100.0 ± 3.6 
11b 68.7 ± 2.1 84.0 ± 7.2 100.4 ± 5.6 93.7 ± 1.8 97.3 ± 7.4 
11c 75.0 ± 4.6 82.0 ± 10.1 91.3 ± 0.5 88.6 ± 1.0 99.6 ± 3.6 
11d 74.2 ± 1.7 81.2 ± 2.8 84.6 ± 0.6 93.3 ± 1.9 96.5 ± 3.9 
11e 93.1 ± 9.7 96.5 ± 2.1 98.3 ± 8.4 > 100 > 100 
11f 67.8 ± 2.4 85.3 ± 2.7 96.7 ± 1.1 90.5 ± 0.8 97.3 ± 2.5 
11i >100 >100 >100 100.3 ± 2.0 99.7 ± 5.2 
11 j 88.6 ± 4.4 99.4 ± 7.4 >100 92.5 ± 1.0 > 100 

pyrazolo[1,5-a] pyrimidines 

6a 86.3 ± 4.4 >100 >100 > 100 99.1 ± 1.2 
7a 69.9 ± 2.5 >100 >100 > 100 99.7 ± 1.5 
9a 82.2 ± 1.7 >100 >100 > 100 > 100 
10a 62.5 ± 4.8 92.1 ± 6.6 >100 > 100 > 100  
Enzalutamide 14.3 ± 0.9 42.7 ± 2.2 75.4 ± 1.5 94.5 ± 1.2 90.0 ± 2.1  
Galeterone 34.6 ± 2.3 73.4 ± 2.9 92.4 ± 4.4 > 100 > 100  

a Transcriptional activity normalized to signal of 1 nM R1881 = 100 %, measured at least in triplicate. 
b Viability of treated cells normalized to the viability of control cell treated with vehicle, measured at least in triplicate. 

Fig. 5. Colony formation assay of 22Rv1-ARE14 PCa cells. Cells were treated 
with indicated concentrations of 2f for 10 days. Medium was replaced by fresh 
medium with compound after 5 days. Representative result from two replicates 
is shown. 
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same hydrogen bonds to arginine (R752) and asparagine (N705) as 
template (Fig. 8). Candidate compound 2f showed stronger binding 
energy (dG Vina - –12.7 kcal/mol,) in comparison with the natural 
ligand DHT (dG Vina -10.9 kcal/mol). 

2.5. Effects of 2f on the expression of AR-regulated targets 

We showed that compound 2f is able to reduce AR-transcriptional 
activity in a dose-dependent manner and to inhibit colony formation 
of studied PCa cell lines. We further analysed whether 2f can affect the 
protein expression of well-known AR transcriptional targets, namely 
PSA and Nkx3.1 in treated 22Rv1 and C4-2 cells. Immunoblotting 
analysis (Fig. 9) revealed that protein expression of AR remained un
changed (both full length AR (FL) and V7-splice variant in 22Rv1-ARE14 
and predominant full length AR in C4-2), while expression of PSA and 
Nkx3.1 decreased in dose-dependent manner compared to control, 
R1881-stimulated cells. This trend is in agreement with luciferase AR- 
transcriptional assay and is comparable with results observed for gale
terone. Moreover, we did not detect the cleaved PARP usually indicating 
ongoing apoptosis that corresponds with mild cytotoxicity of investi
gated steroids. 

3. Conclusions 

A-ring-fused pyrazolo[1,5-a]pyrimidine and triazolo[1,5-a]pyrimi
dine derivatives of DHT were efficiently prepared in two steps. Claisen- 
Schmidt condensation of the steroid precursor with variously 
substituted aldehydes led to the regio- and stereoselective formation of 
α,β-unsaturated ketones, which underwent cyclization with 3AT, 3AP 
and 3AMP, respectively, as binucleophilic reagents. The heterocyclic 
products were obtained in good yields by spontaneous or induced 
oxidation. 

In addition to the solution phase NMR analysis of the products, the 
structures of compounds 2a and 8j were determined by single crystal X- 
ray diffraction and both were found to crystallize in the monoclinic 
crystal system at P21 space group. In crystal 2a, the phenyl ring was 
found to be planar to the DHT part of the molecule. In case of 8j, the 
asymmetric unit of the crystal contains two molecules and one CH2Cl2 
solvent molecule. The thiophene ring is in plane with the DHT rings in 
one of the molecules, while it turns to almost perpendicular to the DHT 
ring planes in the second molecule and it occupies two disordered po
sitions. Differences in freedom of rotation can be traced back to sec
ondary interactions with neighbouring molecules. 

Our biological experiments revealed us that mainly substituted 
α,β-enones from series 2 inhibited R1881-stimulated AR transactivation 
in micromolar concentrations. Candidate compound 2f showed to 
interact with the AR in cells and to reduce its transport to the nucleus 
that resulted in the suppression of expression of AR-regulated proteins 
observed in androgen-stimulated PCa cell lines. Moreover, we per
formed a flexible docking study to describe the proposed binding mode 
of 2f in the AR-LBD cavity. 

Fig. 6. Western blots showing protein level of AR (soluble fraction) after indicated heat shocks of C4-2 cells after 1 h treatment in absence (-) or presence (+) of 100 
nM R1881 or 2f in different concentrations. 

Fig. 7. Western blotting analysis showing AR distribution in 22Rv1-ARE14 
cells. The cells were cultivated in CSS medium for 24 h and then treated with 
1 nM R1881 alone or in combination with 2f or galeterone (Gal) for additional 
24 h. Cellular fractions were isolated using the Qproteome Cell Compartment 
Kit (Qiagen) and subjected for immunoblot analysis of appropriate proteins. 
Phosphorylated histone H3 and β-actin levels were used as controls of equal 
protein loading and quality of separation, respectively. Quantification was 
performed using Multigauge 3.0 software. Representative result from two 
replicates is shown. 

Fig. 8. Detailed view of the active site of the AR (PDBID:2PIV) with DHT as 
natural ligand (green compound, binding energy dG -10.9 kcal/mol) and 
candidate compound 2f (orange, binding energy dG Vina -12.7 kcal/mol). 
Hydrogen bonds (depicted as yellow dashed lines) can be observed between 
compound 2f and amino acids N705 and T877, similarly to DHT, that also 
makes the hydrogen bond with the amino acid R752. 
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4. Experimental 

4.1. General 

Chemicals, reagents and solvents were purchased from commercial 
suppliers (Sigma-Aldrich, TCI and Alfa Aesar) and used without further 
purification. Melting points (Mp) were determined on an SRS Optimelt 
digital apparatus and are uncorrected. For MW-assisted syntheses, a 
CEM Discover SP laboratory MW reactor was used with a max. power of 
200 W (running a dynamic control program). Elementary analysis data 
were obtained with a PerkinElmer CHN analyzer model 2400. The 
transformations were monitored by TLC using 0.25 mm thick Kieselgel- 
G plates (Si 254 F, Merck). The compound spots were detected by 
spraying with 5 % phosphomolybdic acid in 50 % aqueous phosphoric 
acid. Flash chromatographic purifications were carried out on silica gel 
60, 40–63 μm (Merck). NMR spectra were recorded with a Bruker DRX 
500 instrument at room temperature in CDCl3 using residual solvent 
signal as an internal reference. Chemical shifts are reported in ppm (δ 
scale), and coupling constants (J) are given in Hz. Multiplicities of the 1H 
signals are indicated as a singlet (s), a broad singlet (bs), a doublet (d), a 
double doublet (dd), a triplet (t), or a multiplet (m). 13C NMR spectra are 
1H-decoupled and the J-MOD pulse sequence was used for multiplicity 
editing. In this spin-echo type experiment, the signal intensity is 
modulated by the different coupling constants J of carbons depending on 
the number of attached protons. Both protonated and unprotonated 
carbons can be detected (CH3 and CH carbons appear as positive signals, 
while CH2 and C carbons as negative signals). 

Automated flow injection analyses were performed with an HPLC/ 
MSD system. System accessories: a micro-well plate autoinjector, an 
Agilent 1100 micro vacuum degasser, a quaternary pump, and a 1946A 
MSD equipped with an electrospray ion source (ESI) operated in positive 
ion mode. ESI parameters were: nebulizing gas N2, at 35 psi; drying gas 
N2, at 350 ◦C and 12 L/min; capillary voltage 3000 V; fragmentor 
voltage 70 V. The MSD was operated with a mass range of m/z 60 − 620 
in scan mode. Samples (0.2 μL) were injected directly into the solvent 
flow (0.3 mL/min) of acetonitrile/H2O = 70:30 (v/v) with the simul
taneous addition of 0.1 % formic acid with an automated needle wash. 
Agilent LC/MSD Chemstation was used as software to control the 
system. 

4.2. Chemistry 

4.2.1. General procedure for the Claisen-Schmidt condensation of DHT 
with different (hetero)aryl aldehydes (1a− j) 

DHT (871 mg, 3 mmol) and KOH (281 mg, 5 mmol) were dissolved in 
absolute EtOH (15 mL) and the mixture was stirred until a homogeneous 
solution was produced. To this, arylaldehyde (1a− j, 3.60 mmol, 1.20 
equiv.) was added and the mixture was stirred for a given time at room 

temperature (1a− e) or at 0 ◦C (1f− j) achieved by an ice bath. After 
completion of the reaction, the mixture was poured into ice cold water 
and neutralized with a diluted solution of HCl. The resulting precipitate 
was filtered off, washed with water, and dried. The crude product was 
purified by column chromatography (silica gel, CH2Cl2 to EtOAc/CH2Cl2 
= 5:95 using gradient elution). 

4.2.1.1. 17β-Hydroxy-2-benzylidene-5α-androstan-3-one (2a). Accord
ing to Section 4.2.1., benzaldehyde (1a, 370 μL) was used for the reac
tion. The reaction time was 3 h and 2a was obtained as a white solid. 
This reaction was repeated several times to obtain a sufficient amount of 
starting material. Yield: 1.05 g (92 %); Mp 185− 187 ◦C; 1H NMR (CDCl3, 
500 MHz): δ 0.73 (s, 3H, 18-H3), 0.80 (s, 3H, 19-H3), 0.85–1.02 (over
lapping m, 3 H), 1.11 (m, 1 H), 1.22–1.50 (overlapping m, 7 H), 
1.58–1.63 (overlapping m, 2 H), 1.71–1.85 (overlapping m, 3 H), 2.07 
(m, 1 H), 2.19 (d, 1H, J =15.6 Hz, one of 1-H2), 2.24 (dd, 1H, J =18.6 
Hz, J =13.2 Hz, one of 4-H2); 2.46 (dd, 1H, J =18.6 Hz, J = 5.2 Hz, the 
other of 4-H2), 3.12 (d, 1H, J =15.6 Hz, the other of 1-H2), 3.65 (t, 1H, J 
=8.6 Hz, 17-H), 7.33 (m, 1 H), 7.36–7.42 (overlapping m, 4 H), 7.56 (s, 
1H, 2a-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 12.0 (C-19), 21.2 
(CH2), 23.5 (CH2), 28.7 (CH2), 30.7 (CH2), 31.2 (CH2), 35.6 (CH), 36.2 
(C-10), 36.8 (CH2), 42.0 (CH2), 42.6 (CH), 43.0 (2C, CH2 and C-13), 51.1 
(CH), 53.9 (CH), 82.0 (C-17), 128.5 (2C, C-2′ and C-6′), 128.7 (C-4′), 
130.4 (2C, C-3′ and C-5′), 135.4 and 135.8 (C-1′ and C-2) 137.4 (C-2a), 
201.6 (C-3); ESI-MS 379 [M+H]+; Anal. Calcd. for C26H34O2 C 82.49; H 
9.05. Found C 82.57; H 9.12. 

4.2.1.2. 17β-Hydroxy-2-(4-methyl)benzylidene-5α-androstan-3-one 
(2b). According to Section 4.2.1., p-tolualdehyde (1b, 420 μL) was used 
for the reaction. The reaction time was 4 h, and 2b was obtained as a 
white solid. Yield: 1.03 g (87 %); Mp 202− 205 ◦C; 1H NMR (CDCl3, 500 
MHz): δ 0.73 (s, 3H, 18-H3), 0.79 (s, 3H, 19-H3), 0.85–1.02 (overlapping 
m, 3 H), 1.12 (m, 1 H), 1.21–1.50 (overlapping m, 7 H), 1.58–1.64 
(overlapping m, 2 H), 1.70–1.85 (overlapping m, 3 H), 2.07 (m, 1 H), 
2.19 (dd, 1H, J =15.7 Hz, J = 2.5 one of 1-H2), 2.22 (dd, 1H, J =18.6 Hz, 
J =13.0 Hz, one of 4-H2), 2.37 (s, 3H, 4′ − CH3), 2.45 (dd, 1H, J =18.6 
Hz, J = 5.3 Hz, the other of 4-H2), 3.11 (d, 1H, J =15.7 Hz, the other of 1- 
H2), 3.66 (t, 1H, J =8.6 Hz, 17-H), 7.21 (d, 2H, J =8.1 Hz, 3′-H and 5′-H), 
7.30 (d, 2H, J =8.1 Hz, 2′-H and 6′-H), 7.55 (s, 1H, 2a-H); 13C NMR 
(CDCl3, 125 MHz): δ 11.2 (C-18), 12.0 (C-19), 21.2 (CH2), 21.5 
(4′ − CH3), 23.6 (CH2), 28.7 (CH2), 30.7 (CH2), 31.2 (CH2), 35.6 (CH), 
36.2 (C-10), 36.8 (CH2), 42.1 (CH2), 42.6 (CH), 42.9 (CH2), 43.0 (C-13), 
51.1 (CH), 53.9 (CH), 82.0 (C-17), 129.3 (2C, C-2′ and C-6′), 130.6 (2C, 
C-3′ and C-5′), 133.0 (C-1′), 134.6 (C-4′), 137.6 (C-2a), 139.0 (C-2) 
201.6 (C-3); ESI-MS 393 [M+H]+; Anal. Calcd. for C27H36O2 C 82.61; H 
9.24. Found C 82.47; H 9.08. 

Fig. 9. Western blotting analysis of AR- 
regulated proteins in treated 22Rv1-ARE14 
and C4-2 cell lines. In 22Rv1-ARE14, expres
sion of both full length AR (FL) and V7-splice 
variant is shown, whereas in C4-2 only pre
dominant full length AR is shown. The cells 
were deprived of androgens (cultivated in CSS 
medium) for 24 h and then treated with 1 nM 
R1881 alone or in combination with different 
concentrations of 2f or galeterone for 24 h. 
Alpha-tubulin was control of equal protein 
loading. Representative result from two repli
cates is shown.   
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4.2.1.3. 17β-Hydroxy-2-(3-methyl)benzylidene-5α-androstan-3-one 
(2c). According to Section 4.2.1., m-tolualdehyde (1c, 420 μL) was used 
for the reaction. The reaction time was 4 h, and 2c was obtained as a 
white solid. Yield: 1.05 g (89 %); Mp 145− 147 ◦C; 1H NMR (CDCl3, 500 
MHz): δ 0.73 (s, 3H, 18-H3), 0.80 (s, 3H, 19-H3), 0.86–1.02 (overlapping 
m, 3 H), 1.12 (m, 1 H), 1.22–1.50 (overlapping m, 7 H), 1.58–1.65 
(overlapping m, 2 H), 1.71–1.85 (overlapping m, 3 H), 2.07 (m, 1 H), 
2.18 (d, 1H, J =15.7 Hz, one of 1-H2), 2.24 (dd, 1H, J =18.6 Hz, J =13.2 
Hz, one of 4-H2), 2.37 (s, 3H, 3′− CH3), 2.45 (dd, 1H, J =18.6 Hz, J = 5.3 
Hz, the other of 4-H2), 3.12 (d, 1H, J =15.7 Hz, the other of 1-H2), 3.65 
(t, 1H, J =8.6 Hz, 17-H), 7.14 (d, 1H, J =7.6 Hz, 4′-H), 7.20 (m, 2H, 2′-H 
and 6′-H), 7.29 (t-like m, 1H, 5′-H), 7.53 (s, 1H, 2a-H); 13C NMR (CDCl3, 
125 MHz): δ 11.2 (C-18), 12.0 (C-19), 21.2 (CH2), 21.6 (3′− CH3), 23.6 
(CH2), 28.7 (CH2), 30.7 (CH2), 31.2 (CH2), 35.6 (CH), 36.2 (C-10), 36.8 
(CH2), 42.0 (CH2), 42.7 (CH), 42.9 (CH2), 43.0 (C-13), 51.1 (CH), 53.9 
(CH), 82.0 (C-17), 127.3, 128.4, 129.5 and 131.4 (C-2′, C-4′, C-5′ and C- 
6′), 135.3 (C-1′), 135.8 (C-2), 137.7 (C-2a), 138.2 (C-3′), 201.6 (C-3); 
ESI-MS 393 [M+H]+; Anal. Calcd. for C27H36O2 C 82.61; H 9.24. Found 
C 82.70; H 9.28. 

4.2.1.4. 17β-Hydroxy-2-(4-methoxy)benzylidene-5α-androstan-3-one 
(2d). According to Section 4.2.1, p-anisaldehyde (1d, 440 μL) was used 
for the reaction. The reaction time was 4 h, and 2d was obtained as a 
white solid. Yield: 1.09 g (89 %); Mp 186− 188 ◦C; 1H NMR (CDCl3, 500 
MHz): δ 0.74 (s, 3H, 18-H3), 0.80 (s, 3H, 19-H3), 0.86–1.02 (overlapping 
m, 3 H), 1.13 (m, 1 H), 1.20–1.50 (overlapping m, 7 H), 1.58–1.67 
(overlapping m, 2 H), 1.71–1.87 (overlapping m, 3 H), 2.07 (m, 1 H), 
2.22 (m, 2H, one of 1-H2 and one of 4-H2), 2.45 (dd, 1H, J =18.8 Hz, J =
5.3 Hz, the other of 4-H2), 3.08 (d, 1H, J =15.7 Hz, the other of 1-H2), 
3.66 (t, 1H, J =8.6 Hz, 17-H), 3.84 (s, 3H, 4′ − OCH3), 6.93 (d, 2H, J =8.8 
Hz, 3′-H and 5′-H), 7.38 (d, 2H, J =8.8 Hz, 2′-H and 6′-H), 7.55 (s, 1H, 
2a-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 12.1 (C-19), 21.2 
(CH2), 23.6 (CH2), 28.7 (CH2), 30.7 (CH2), 31.2 (CH2), 35.6 (CH), 36.1 
(C-10), 36.9 (CH2), 42.2 (CH2), 42.4 (CH), 42.8 (CH2), 43.0 (C-13), 51.1 
(CH), 54.0 (CH), 55.5 (4′− OCH3), 82.0 (C-17), 114.1 (2C, C-3′ and C-5′), 
128.4 (C-1′), 132.4 (2C, C-2′ and C-6′), 133.3 (C-2), 137.6 (C-2a), 160.1 
(C-4′) 201.4 (C-3); ESI-MS 409 [M+H]+; Anal. Calcd. for C27H36O3 C 
79.37; H 8.88. Found C 79.25; H 9.01. 

4.2.1.5. 17β-Hydroxy-2-(4-fluoro)benzylidene-5α-androstan-3-one (2e). 
According to Section 4.2.1., 4-fluorobenzaldehyde (1e, 390 μL) was used 
for the reaction. The reaction time was 3 h, and 2e was obtained as a 
white solid. Yield: 1.08 g (91 %); Mp 107− 111 ◦C; 1H NMR (CDCl3, 500 
MHz): δ 0.74 (s, 3H, 18-H3), 0.81 (s, 3H, 19-H3), 0.85–1.02 (overlapping 
m, 3 H), 1.12 (m, 1 H), 1.22–1.51 (overlapping m, 7 H), 1.57–1.65 
(overlapping m, 2 H), 1.72–1.86 (overlapping m, 3 H), 2.07 (m, 1 H), 
2.17 (d, 1H, J =15.7 Hz, one of 1-H2), 2.24 (dd, 1H, J =18.6 Hz, J =13.2 
Hz, one of 4-H2), 2.45 (dd, 1H, J =18.6 Hz, J = 5.3 Hz, the other of 4- 
H2), 3.05 (d, 1H, J =15.7 Hz, the other of 1-H2), 3.66 (t, 1H, J =8.6 Hz, 
17-H), 7.09 (m, 2H, J =8.1 Hz, 3′-H and 5′-H), 7.36 (m, 2H, 2′-H and 6′- 
H), 7.51 (s, 1H, 2a-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 12.1 
(C-19), 21.2 (CH2), 23.6 (CH2), 28.7 (CH2), 30.8 (CH2), 31.3 (CH2), 35.7 
(CH), 36.3 (C-10), 36.9 (CH2), 42.0 (CH2), 42.7 (CH), 42.9 (CH2), 43.1 
(C-13), 51.2 (CH), 54.0 (CH), 82.0 (C-17), 115.7 (d, 2C, J =21.5 Hz, C-3′

and C-5′), 132.0 (C-1′), 132.3 (d, 2C, J =8.3 Hz, C-2′ and C-6′), 135.3 (C- 
2), 136.2 (C-2a), 161.8 (d, J =250.0 Hz, C-4′), 201.3 (C-3); ESI-MS 397 
[M+H]+; Anal. Calcd. for C26H33FO2 C 78.75; H 8.39. Found C 78.84; H 
8.29. 

4.2.1.6. 17β-Hydroxy-2-(4-chloro)benzylidene-5α-androstan-3-one (2f). 
According to Section 4.2.1., 4-chlorobenzaldehyde (1f, 506 mg) was 
used for the reaction. The reaction time was 3 h, and 2f was obtained as a 
white solid. Yield: 1.12 g (90 %); Mp 195− 197 ◦C; 1H NMR (CDCl3, 500 
MHz): δ 0.73 (s, 3H, 18-H3), 0.80 (s, 3H, 19-H3), 0.85–1.01 (overlapping 
m, 3 H), 1.11 (m, 1 H), 1.22–1.50 (overlapping m, 7 H), 1.56–1.65 

(overlapping m, 2 H), 1.72–1.86 (overlapping m, 3 H), 2.06 (m, 1 H), 
2.22 (d, 1H, J =15.7 Hz, one of 1-H2), 2.22 (dd, 1H, J =18.7 Hz, J =13.3 
Hz, one of 4-H2), 2.45 (dd, 1H, J =18.7 Hz, J = 5.3 Hz, the other of 4- 
H2), 3.03 (d, 1H, J =15.7 Hz, the other of 1-H2), 3.65 (t, 1H, J =8.6 Hz, 
17-H), 7.30 (d, 2H, J =8.6 Hz, 3′-H and 5′-H), 7.37 (d, 2H, J =8.6 Hz, 2′- 
H and 6′-H), 7.48 (s, 1H, 2a-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C- 
18), 12.0 (C-19), 21.2 (CH2), 23.5 (CH2), 28.7 (CH2), 30.7 (CH2), 31.2 
(CH2), 35.6 (CH), 36.3 (C-10), 36.8 (CH2), 42.0 (CH2), 42.6 (CH), 42.9 
(CH2), 43.0 (C-13), 51.1 (CH), 53.9 (CH), 82.0 (C-17), 128.8 (2C, C-3′

and C-5′), 131.6 (2C, C-2′ and C-6′), 134.2 (C-4′), 134.6 (C-1′), 136.0 (C- 
2), 136.0 (C-2a), 201.4 (C-3); ESI-MS 413 [M+H]+; Anal. Calcd. for 
C26H33ClO2 C 75.61; H 8.05. Found C 75.49; H 7.92. 

4.2.1.7. 17β-Hydroxy-2-(2-furylidene)-5α-androstan-3-one (2i). Ac
cording to Section 4.2.1., furfural (1i, 300 μL) was used for the reaction. 
The reaction time was 3 h, and 2i was obtained as a pale yellow solid. 
Yield: 926 mg (84 %); Mp 197− 199 ◦C; 1H NMR (CDCl3, 500 MHz): δ 
0.77 (s, 3H, 18-H3), 0.86 (s, 3H, 19-H3), 0.88–1.04 (overlapping m, 3 H), 
1.16 (m, 1 H), 1.22–1.33 (overlapping m, 2 H), 1.37–1.50 (overlapping 
m, 4 H), 1.62 (m, 1 H), 1.72–1.80 (overlapping m, 3 H), 1.90 (m, 1 H), 
2.08 (m, 1 H), 2.18 (d, 1H, J =17.5 Hz, one of 1-H2), 2.22 (dd, 1H, J 
=19.0 Hz, J =13.2 Hz, one of 4-H2), 2.41 (dd, 1H, J =19.0 Hz, J = 5.4 
Hz, the other of 4-H2), 3.25 (d, 1H, J =17.5 Hz, the other of 1-H2), 3.67 
(t, 1H, J =8.6 Hz, 17-H), 6.51 (dd, 1H, J =3.4 Hz, J =1.8 Hz, 4′-H), 6.62 
(d, 1H, J =3.4 Hz, 3′-H), 7.40 (d, 1H, J =1.8 Hz, 5′-H), 7.57 (s, 1H, 2a- 
H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 12.4 (C-19), 21.3 (CH2), 
23.6 (CH2), 28.7 (CH2), 30.8 (CH2), 31.3 (CH2), 35.6 (C-10), 35.7 (CH), 
37.0 (CH2), 42.1 (CH), 42.2 (CH2), 42.5 (CH2), 43.1 (C-13), 51.2 (CH), 
54.1 (CH), 82.1 (C-17), 112.4 (C-3′), 116.3 (C-4′), 124.3 (C-2a), 131.9 
(C-2), 144.8 (C-5′), 152.6 (C-2′), 200.3 (C-3); ESI-MS 369 [M+H]+; 
Anal. Calcd. for C24H32O3 C 78.22; H 8.75. Found C 78.11; H 8.82. 

4.2.1.8. 17β-Hydroxy-2-(2-thiophenylidene)-5α-androstan-3-one (2j). 
According to Section 4.2.1., thiophene-2-carbaldehyde (1j, 340 μL) was 
used for the reaction. The reaction time was 3 h, and 2j was obtained as a 
pale yellow solid. Yield: 962 mg (83 %); Mp 216− 219 ◦C; 1H NMR 
(CDCl3, 500 MHz): δ 0.77 (s, 3H, 18-H3), 0.86 (s, 3H, 19-H3), 0.90–1.04 
(overlapping m, 3 H), 1.18 (m, 1 H), 1.23–1.33 (overlapping m, 2 H), 
1.37–1.53 (overlapping m, 4 H), 1.63 (m, 1 H), 1.72–1.82 (overlapping 
m, 3 H), 1.91 (m, 1 H), 2.08 (m, 1 H), 2.18 (d, 1H, J =16.5 Hz, one of 1- 
H2), 2.24 (dd, 1H, J =19.1 Hz, J =13.1 Hz, one of 4-H2), 2.43 (dd, 1H, J 
=19.1 Hz, J = 5.4 Hz, the other of 4-H2), 3.11 (d, 1H, J =16.5 Hz, the 
other of 1-H2), 3.68 (t, 1H, J =8.6 Hz, 17-H), 7.14 (dd, 1H, J = 5.1 Hz, J 
=3.7 Hz, 4′-H), 7.35 (d, 1H, J =3.7 Hz, 3′-H), 7.54 (d, 1H, J = 5.1 Hz, 5′- 
H), 7.84 (s, 1H, 2a-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 12.5 
(C-19), 21.3 (CH2), 23.6 (CH2), 28.7 (CH2), 30.7 (CH2), 31.2 (CH2), 35.6 
(CH), 35.9 (C-10), 36.9 (CH2), 41.8 (CH), 42.4 (CH2), 42.6 (CH2), 43.1 
(C-13), 51.1 (CH), 54.0 (CH), 82.0 (C-17), 127.8 (C-4′), 130.3 (C-2a), 
130.7 (C-3′), 131.5 (C-2′), 133.6 (C-5′), 139.3 (C-2), 200.3 (C-3); ESI-MS 
385 [M+H]+; Anal. Calcd. for C24H32O2S C 74.96; H 8.39. Found C 
74.84; H 8.27. 

4.2.2. General procedure for the synthesis of A-ring-fused pyrazolo[1,5-a] 
pyrimidine (6a, 7a) and triazolo[1,5-a]pyrimidine derivatives (8a− f, 
8i− k) of DHT 

1 mmol arylidene (2a− f), heteroarylidene (2i, 2 j) or methylidene 
derivative (2k) [21], binucleophil reagent (3-amino-5-methylpyrazole - 
3AMP, 3-aminopyrazole - 3AP or 3-aminotriazole - 3AT, 2 equiv.) and 
t-BuOK (224 mg, 2 equiv.) were dissolved in DMF (10 mL) and the 
mixture was stirred at 140 ◦C for 45 min. After complete conversion of 
the starting material, the mixture was stirred for another 24 h at room 
temperature, while spontaneous oxidation of the heteroring occurred in 
most of the cases. During work-up, the mixture was poured into water, 
neutralized with diluted HCl and extracted with CH2Cl2 (3 × 10 mL). 
The combined organic layer was washed with water (2 × 20 mL) and 
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brine (20 mL), dried over anhydrous Na2SO4 and the solvent was 
evaporated in vacuo. The crude product was purified by column chro
matography except in the reaction of 2f with 3AT, where oxidation of 
the heteroring with DDQ was needed. Thus, in this latter case, the res
idue was dissolved in 1,4-dioxane (10 mL) and DDQ (499 mg, 1.1 equiv.) 
was added. The mixture was irradiated in a closed vessel at 120 ◦C for 5 
min, then poured into ice-cold water. NH4Cl was added and the resulting 
precipitate was filtered off and dried. The crude product was purified by 
column chromatography. 

4.2.2.1. 17β-Hydroxy-2′-methyl-7′-phenylpyrazolo[1,5-a]pyrimidino 
[5′,6′-3,2]-5α-androstane (6a). Substrate: 2a (379 mg); Reagent: 3AMP 
(194 mg). For purification of the crude product, EtOAc/CH2Cl2 = 20:80 
eluent was used. Yield: 237 mg (52 %, off white solid); Mp 259− 261 ◦C; 
1H NMR (CDCl3, 500 MHz): δ 0.71 (s, 3H, 18-H3), 0.74 (s, 3H, 19-H3), 
0.86–1.04 (overlapping m, 4 H), 1.23–1.45 (overlapping m, 6 H), 
1.58–1.76 (overlapping m, 5 H), 2.05 (m, 1 H), 2.18 (d, 1H, J =16.0 Hz, 
1α -H), 2.41 (s, 3H, 2′ − CH3), 2.56 (d, 1H, J =16.0 Hz, 1β-H), 2.72 (dd, 
1H, J =18.9 Hz, J =12.6 Hz, 4β-H), 3.03 (dd, 1H, J =18.9 Hz, J = 5.6 Hz, 
4α-H), 3.61 (t, 1H, J =8.6 Hz, 17α-H), 6.40 (d, 1H, J =2.4 Hz, 3′-H), 7.44 
(bs, 2H, 2′′-H and 6′′-H), 7.53–7.59 (m, 3H, 3′′-H, 4′′-H and 5′′-H); 13C 
NMR (CDCl3, 125 MHz): δ 11.1 (C-18), 11.7 (C-19), 14.9 (2′− CH3), 20.8 
(C-11), 23.4 (C-15), 28.5 (C-6), 30.5 (C-16), 31.1 (C-7), 35.3 (C-10), 
35.6 (C-8), 36.6 (C-4), 37.1 (C-12), 40.0 (C-1), 41.6 (C-5), 42.8 (C-13), 
50.9 (C-14), 53.5 (C-9), 81.8 (C-17), 94.1 (C-3′), 114.1 (C-2), 128.9 (2C) 
and 129.3 (2C): C-2′′, C-6′′, C-3′′ and C-5′′, 129.9 (C-4′′), 130.5 (C-4′′), 
144.4 (C), 148.3 (C), 154.6 (C), 158.4 (C-3); ESI-MS 456 [M+H]+; Anal. 
Calcd. for C30H37N3O C 79.08; H 8.19. Found C 79.01; H 8.07. 

4.2.2.2. In the PDF, section 4.2.2.2. and 4.2.2.5. are next to each other, 
but the text seems completely different (this is just an example). Could the 
line spacing and editing be unified? 17β-Hydroxy-7′-phenylpyrazolo[1,5-a] 
pyrimidino[5′,6′-3,2]-5α-androstane (7a). Substrate: 2a (379 mg); Re
agent: 3AP (166 mg). For purification of the crude product, EtOAc/ 
CH2Cl2 = 20:80 eluent was used. Yield: 270 mg (61 %, yellow solid); Mp 
140− 142 ◦C; 1H NMR (CDCl3, 500 MHz): δ 0.72 (s, 3H, 18-H3), 0.78 (s, 
3H, 19-H3), 0.80 (m, 1H, 9α-H), 0.92− 0.99 (overlapping m, 2H, 7α-H 
and 14α-H), 1.02 (m, 1H, 12α-H), 1.23–1.47 (overlapping m, 6H, 15β-H, 
11-H2, 6β-H, 8β-H and 16β-H), 1.58–1.79 (overlapping m, 5H, 5α-H, 6α- 
H, 7β-H, 12β-H and 15α-H), 2.06 (m, 1H, 16α-H), 2.23 (d, 1H, J =16.2 
Hz, 1α -H), 2.65 (d, 1H, J =16.2 Hz, 1β-H), 2.76 (dd, 1H, J =19.2 Hz, J 
=12.7 Hz, 4β-H), 3.09 (dd, 1H, J =19.2 Hz, J = 5.6 Hz, 4α-H), 3.62 (t, 
1H, J =8.6 Hz, 17α-H), 6.63 (d, 1H, J =2.4 Hz, 3′-H), 7.45 (bd, 2H, 2′′-H 
and 6′′-H), 7.54–7.61 (m, 3H, 3′′-H, 4′′-H and 5′′-H), 7.99 (d, 1H, J =2.4 
Hz, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 11.8 (C-19), 20.9 
(C-11), 23.6 (C-15), 28.6 (C-6), 30.8 (C-16), 31.2 (C-7), 35.5 (C-10), 
35.8 (C-8), 36.8 (2C: C-4 and C-12), 40.1 (C-1), 41.8 (C-5), 43.0 (C-13), 
51.2 (C-14), 53.8 (C-9), 82.0 (C-17), 94.8 (C-3′), 115.2 (C-2), 129.2 (2C) 
and 129.3 (2C): C-2′′, C-6′′, C-3′′ and C-5′′), 130.3 (C-1′′), 130.4 (C-4′′), 
144.9 (C-2′), 145.8 and 146.9 (C-3a’ and C-7′), 159.0 (C-3); ESI-MS 442 
[M+H]+; Anal. Calcd. for C29H35N3O C 78.87; H 7.99. Found C 79.01; H 
8.07. 

4.2.2.3. 17β-Hydroxy-7′-phenyl[1,2,4]triazolo[1,5-a]pyrimidino 
[5′,6′:3,2]-5α-androstane (8a). Substrate: 2a (379 mg); Reagent: 3AT 
(168 mg). For purification of the crude product, EtOAc/CH2Cl2 = 50:50 
eluent was used. Yield: 317 mg (72 %, white solid); Mp 257− 260 ◦C; 1H 
NMR (CDCl3, 500 MHz): δ 0.71 (s, 3H, 18-H3), 0.75 (s, 3H, 19-H3), 0.82 
(m, 1H, 9α-H), 0.90–1.06 (overlapping m, 3H, 7α-H, 12α-H and 14α-H), 
1.22–1.46 (overlapping m, 6H, 6β-H, 8β-H, 11-H2, 15β-H and 16β-H), 
1.57–1.77 (overlapping m, 5H, 5α-H, 6α-H, 7β-H, 12β-H and 15α-H), 
2.05 (m, 1H, 16α-H), 2.32 (d, 1H, J =16.2 Hz, 1α-H), 2.71 (d, 1H, J 
=16.2 Hz, 1β-H), 2.81 (dd, 1H, J =19.4 Hz, J =12.8 Hz, 4β-H), 3.13 (dd, 
1H, J =19.4 Hz, J = 5.3 Hz, 4α-H), 3.62 (t, 1H, J =8.5 Hz, 17α-H), 7.48 
(m, 2H, 2′′-H and 6′′-H), 7.60 (m, 3H, 3′′-H, 4′′-H and 5′′-H), 8.33 (s, 1H, 

2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.1 (C-18), 11.8 (C-19), 20.9 (C- 
11), 23.5 (C-15), 28.3 (C-6), 30.6 (C-16), 31.1 (C-7), 35.3 (C-10), 35.6 
(C-8), 36.6 (C-12), 37.6 (C-4), 40.0 (C-1), 41.5 (C-5), 42.9 (C-13), 50.9 
(C-14), 53.5 (C-9), 81.9 (C-17), 118.1 (C-2), 129.1 (C-1′′), 129.2 (4C, C- 
2′′, C-3′′, C-5′′ and C-6′′), 130.9 (C-4′′), 146.0 (C-7′), 153.7 (C-3a’), 155.1 
(C-2′), 165.9 (C-3); ESI-MS 443 [M+H]+; Anal. Calcd. for C28H34N4O C 
75.98; H 7.74. Found C 76.12; H 7.66. 

4.2.2.4. 17β-Hydroxy-7′-(4′′-tolyl)-[1,2,4]triazolo[1,5-a]pyrimidino 
[5′,6′:3,2]-5α-androstane (8b). Substrate: 2b (393 mg); Reagent: 3AT 
(168 mg). For purification of the crude product, EtOAc/CH2Cl2 = 40:60 
eluent was used. Yield: 349 mg (76 %, white solid); Mp 135− 138 ◦C; 1H 
NMR (CDCl3, 500 MHz): δ 0.72 (s, 3H, 18-H3), 0.76 (s, 3H, 19-H3), 0.83 
(m, 1 H), 0.92–1.08 (overlapping m, 3 H), 1.26–1.47 (overlapping m, 6 
H), 1.59–1.79 (overlapping m, 5 H), 2.07 (m, 1 H), 2.35 (d, 1H, J =16.3 
Hz, 1α-H), 249 (s, 3H, 4′′− CH3), 2.78 (d, 1H, J =16.3 Hz, 1β-H), 2.83 
(dd, 1H, J =19.6 Hz, J =13.0 Hz, 4β-H), 3.15 (dd, 1H, J =19.6 Hz, J =
5.3 Hz, 4α-H), 3.63 (t, 1H, J =8.6 Hz, 17α-H), 7.41 (m, 4H, 2′′-H, 3′′-H, 
5′′-H and 6′′-H), 8.39 (s, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 
(C-18), 11.8 (C-19), 21.0 (C-11), 21.8 (4′′− CH3), 23.5 (C-15), 28.4 (C-6), 
30.7 (C-16), 31.1 (C-7), 35.4 (C-10), 35.7 (C-8), 36.7 (C-12), 37.8 (C-4), 
40.2 (C-1), 41.5 (C-5), 42.9 (C-13), 51.0 (C-14), 53.6 (C-9), 82.0 (C-17), 
118.8 (C-2), 125.7 (C-1′′), 129.2 (2C, C-2′′ and C-6′′), 129.9 (2C, C-3′′

and C-5′′), 141.5 (C-4′′), 146.6 (C-7′), 166.9 (C-3); the signals for C-2′

and C-3a’ were not observed; ESI-MS 457 [M+H]+; Anal. Calcd. for 
C29H36N4O C 76.28; H 7.95. Found C 76.35; H 8.07. 

4.2.2.5. 17β-Hydroxy-7′-(3′′-tolyl)-[1,2,4]triazolo[1,5-a]pyrimidino 
[5′,6′:3,2]-5α-androstane (8c). Substrate: 2c (393 mg); Reagent: 3AT 
(168 mg). For purification of the crude product, EtOAc/CH2Cl2 = 40:60 
eluent was used. Yield: 351 mg (77 %, white solid); Mp 160− 163 ◦C; 1H 
NMR (CDCl3, 500 MHz): δ 0.72 (s, 3H, 18-H3), 0.77 (s, 3H, 19-H3), 
0.81–1.07 (overlapping m, 4 H), 9α-H), 1.24–1.47 (overlapping m, 6 H), 
1.59–1.89 (overlapping m, 5 H), 2.06 (m, 1 H), 2.30 (d, 1H, J =16.3 Hz, 
1α-H), 247 (s, 3H, 3′′− CH3), 2.71 (d, 1H, J =16.3 Hz, 1β-H), 2.81 (dd, 
1H, J =19.5 Hz, J =12.7 Hz, 4β-H), 3.14 (dd, 1H, J =19.5 Hz, J = 5.6 Hz, 
4α-H), 3.63 (t, 1H, J =8.6 Hz, 17α-H), 7.25 (m, 2 H), 7.40 (d-like m, 1 H): 
2′′-H, 4′′-H and 6′′-H, 7.49 (t-like m, 1H, 5′′-H), 8.34 (s, 1H, 2′-H); 13C 
NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 11.8 (C-19), 20.9 (C-11), 21.7 
(3′′− CH3), 23.5 (C-15), 28.4 (C-6), 30.7 (C-16), 31.1 (C-7), 35.3 (C-10), 
35.7 (C-8), 36.7 (C-12), 37.7 (C-4), 40.1 (C-1), 41.6 (C-5), 42.9 (C-13), 
51.0 (C-14), 53.6 (C-9), 82.0 (C-17), 118.1 (C-2), 126.2 (C-6′′), 129.1 (C- 
1′′), 129.2, 129.5 and 131.7 (C-2′′, C-4′′ and C-5′′), 139.1 (C-4′′), 146.4 
(C-7′), 153.8 (C-3a’), 155.2 (C-2′), 165.8 (C-3); ESI-MS 457 [M+H]+; 
Anal. Calcd. for C29H36N4O C 76.28; H 7.95. Found C 76.15; H 7.88. 

4.2.2.6. 17β-Hydroxy-7′-(4′′-methoxyphenyl)-[1,2,4]triazolo[1,5-a]pyr
imidino[5′,6′:3,2]-5α-androstane (8d). Substrate: 2d (409 mg); Reagent: 
3AT (168 mg). For purification of the crude product, EtOAc/CH2Cl2 =

40:60 eluent was used. Yield: 337 mg (71 %, off white solid); Mp 
158− 161 ◦C; 1H NMR (CDCl3, 500 MHz): δ 0.73 (s, 3H, 18-H3), 0.75 (s, 
3H, 19-H3), 0.82 (m, 1 H), 0.92–1.09 (overlapping m, 3 H), 1.26–1.47 
(overlapping m, 6 H), 1.59–1.80 (overlapping m, 5 H), 2.07 (m, 1 H), 
2.35 (d, 1H, J =16.3 Hz, 1α-H), 2.77 (d, 1H, J =16.3 Hz, 1β-H), 2.82 (dd, 
1H, J =19.6 Hz, J =13.0 Hz, 4β-H), 3.15 (dd, 1H, J =19.6 Hz, J = 5.3 Hz, 
4α-H), 3.64 (t, 1H, J =8.6 Hz, 17α-H), 3.91 (s, 3H, 4′′- OMe), 7.11 (d, 2H, 
J =8.8 Hz, 3′′-H and 5′′-H), 7.47 (d, 2H, J =8.8 Hz, 2′′-H and 6′′-H), 8.36 
(s, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 11.8 (C-19), 
21.0 (C-11), 23.6 (C-15), 28.4 (C-6), 30.8 (C-16), 31.2 (C-7), 35.4 (C- 
10), 35.8 (C-8), 36.8 (C-12), 37.8 (C-4), 40.4 (C-1), 41.7 (C-5), 43.0 (C- 
13), 51.1 (C-14), 53.7 (C-9), 55.6 (4′′- OMe), 82.0 (C-17), 114.6 (2C, C- 
3′′ and C-5′′), 118.4 (C-2), 120.9 (C-1′′), 131.2 (2C, C-2′′ and C-6′′), 146.2 
(C-7′), 153.3 (C-3a’), 154.4 (C-2′), 161.5 (C-4′′), 166.3 (C-3); ESI-MS 473 
[M+H]+; Anal. Calcd. for C29H36N4O2 C 73.70; H 7.68. Found C 73.82; 
H 7.57. 
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4.2.2.7. 17β-Hydroxy-7′-(4′′-fluorophenyl)-[1,2,4]triazolo[1,5-a]pyr
imidino[5′,6′:3,2]-5α-androstane (8e). Substrate: 2e (397 mg); Reagent: 
3AT (168 mg). For purification of the crude product, EtOAc/CH2Cl2 =

50:50 eluent was used. Yield: 335 mg (73 %, off white solid); Mp 
135− 138 ◦C; 1H NMR (CDCl3, 500 MHz): δ 0.73 (s, 3H, 18-H3), 0.76 (s, 
3H, 19-H3), 0.80–1.08 (overlapping m, 4 H), 1.25–1.48 (overlapping m, 
6 H), 1.59–1.81 (overlapping m, 5 H), 2.07 (m, 1 H), 2.32 (d, 1H, J 
=16.2 Hz, 1α-H), 2.70 (d, 1H, J =16.2 Hz, 1β-H), 2.81 (dd, 1H, J =19.5 
Hz, J =12.7 Hz, 4β-H), 3.15 (dd, 1H, J =19.5 Hz, J = 5.6 Hz, 4α-H), 3.63 
(t, 1H, J =8.6 Hz, 17α-H), 7.31 (m, 2H, 3′′-H and 5′′-H), 7.51 (m, 2H, 2′′- 
H and 6′′-H), 8.34 (s, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C- 
18), 11.8 (C-19), 21.0 (C-11), 23.5 (C-15), 28.4 (C-6), 30.7 (C-16), 31.1 
(C-7), 35.4 (C-10), 35.7 (C-8), 36.7 (C-12), 37.7 (C-4), 40.2 (C-1), 41.6 
(C-5), 42.9 (C-13), 51.0 (C-14), 53.6 (C-9), 82.0 (C-17), 116.6 (d, 2C, J 
=22.1 Hz, C-3′′ and C-5′′), 118.1 (C-2), 125.1 (d, J =3.5 Hz, C-1′′), 131.7 
(d, 2C, J =8.6 Hz, C-2′′ and C-6′′), 145.0 (C-7′), 154.0 (C-3a’), 155.4 (C- 
2′), 164.0 (d, J =252.1 Hz, C-4′′), 165.8 (C-3); ESI-MS 461 [M+H]+; 
Anal. Calcd. for C28H33FN4O C 73.02; H 7.22. Found C 72.95; H 7.13. 

4.2.2.8. 17β-Hydroxy-7′-(4′′-chlorophenyl)-[1,2,4]triazolo[1,5-a]pyr
imidino[5′,6′:3,2]-5α-androstane (8f). Substrate: 2f (413 mg); Reagent: 
3AT (168 mg). For purification of the crude product after oxidation with 
DDQ, EtOAc/CH2Cl2 = 50:50 eluent was used. Yield: 311 mg (65 %, 
white solid); Mp 157− 160 ◦C; 1H NMR (CDCl3, 500 MHz): δ 0.73 (s, 3H, 
18-H3), 0.76 (s, 3H, 19-H3), 0.84 (m, 1 H), 0.92–1.09 (overlapping m, 3 
H), 1.24–1.48 (overlapping m, 6 H), 1.60–1.81 (overlapping m, 5 H), 
2.07 (m, 1 H), 2.32 (d, 1H, J =16.2 Hz, 1α-H), 2.71 (d, 1H, J =16.2 Hz, 
1β-H), 2.82 (dd, 1H, J =19.7 Hz, J =12.8 Hz, 4β-H), 3.15 (dd, 1H, J 
=19.7 Hz, J = 5.3 Hz, 4α-H), 3.64 (t, 1H, J =8.6 Hz, 17α-H), 7.45 (d, 2H, 
J =8.2 Hz, 3′′-H and 5′′-H), 7.60 (d, 2H, J =8.2 Hz, 2′′-H and 6′′-H), 8.33 
(s, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 11.9 (C-19), 
21.1 (C-11), 23.6 (C-15), 28.5 (C-6), 30.8 (C-16), 31.2 (C-7), 35.5 (C- 
10), 35.8 (C-8), 36.8 (C-12), 37.7 (C-4), 40.2 (C-1), 41.7 (C-5), 43.0 (C- 
13), 51.1 (C-14), 53.7 (C-9), 82.0 (C-17), 118.0 (C-2), 127.6 (C-1′′), 
129.6 (2C, C-2′′ and C-6′′), 130.9 (2C, C-3′′ and C-5′′), 137.2 (C-4′′), 
144.8 (C-7′), 154.1 (C-3a’), 155.6 (C-2′), 165.7 (C-3); ESI-MS 477 
[M+H]+; Anal. Calcd. for C28H33ClN4O C 70.50; H 6.97. Found C 70.69; 
H 7.07. 

4.2.2.9. 17β-Hydroxy-7′-(furan-2′′-yl)-[1,2,4]triazolo[1,5-a]pyrimidino 
[5′,6′:3,2]-5α-androstane (8i). Substrate: 2i (369 mg); Reagent: 3AT 
(168 mg). For purification of the crude product, EtOAc/CH2Cl2 = 40:60 
eluent was used. ; 1H NMR (CDCl3, 500 MHz): δ 0.78 (s, 3H, 18-H3), 0.79 
(s, 3H, 19-H3, 0.94–1.06 (overlapping m, 3 H), 1.16–1.53 (overlapping 
m, 6 H), 1.62–1.81 (overlapping m, 5 H), 1.90 (m, 1 H), 2.10 (m, 1 H), 
2.75 (d, 1H, J =17.1 Hz, 1α -H), 2.84 (dd, 1H, J =19.4 Hz, J =12.7 Hz, 
4β-H), 3.11 (dd, 1H, J =19.4 Hz, J = 5.5 Hz, 4α-H), 3.36 (d, 1H, J =17.1 
Hz, 1β -H), 3.69 (t, 1H, J =8.6 Hz, 17α-H), 6.78 (dd, 1H, J =3.6 Hz, J 
=1.7 Hz, 4′′-H), 7.83 (d, 1H, J =1.7 Hz, 3′′-H), 8.10 (d, 1H, J =3.6 Hz, 5′′- 
H), 8.48 (s, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 12.0 
(C-19), 21.2 (C-11), 23.6 (C-15), 28.3 (C-6), 30.8 (C-16), 31.2 (C-7), 
35.0 (C-10), 35.7 (C-8), 36.9 (C-12), 37.9 (C-4), 40.7 (C-1), 40.9 (C-5), 
43.0 (C-13), 51.1 (C-14), 54.0 (C-9), 82.0 (C-17), 112.6 (C-3′′), 117.1 (C- 
2), 121.8 (C-4′′), 135.4 (C-2′′), 143.9 (C-7′), 146.0 (C-5′′), 153.4 (C-3a’), 
154.5 (C-2′), 165.7 (C-3); ESI-MS 433 [M+H]+; Anal. Calcd. for 
C26H32N4O2 C 72.19; H 7.46. Found C 72.27; H 7.33. 

4.2.2.10. 17β-Hydroxy-7′-(thiophen-2′′-yl)-[1,2,4]triazolo[1,5-a]pyr
imidino[5′,6′:3,2]-5α-androstane (8j). Substrate: 2j (385 mg); Reagent: 
3AT (168 mg). For purification of the crude product, EtOAc/CH2Cl2 =

40:60 eluent was used. Yield: 280 mg (62 %, yellow solid); Mp 164− 167 
◦C; 1H NMR (CDCl3, 500 MHz): δ 0.75 (s, 3H, 18-H3), 0.76 (s, 3H, 19-H3), 
0.89–1.04 (overlapping m, 3 H), 1.13 (m, 1 H), 1.25–1.49 (overlapping 
m, 5 H), 1.54–1.87 (overlapping m, 6 H), 2.08 (m, 1 H), 2.53 (d, 1H, J 
=16.2 Hz, 1α-H), 2.83 (dd, 1H, J =19.6 Hz, J =12.7 Hz, 4β-H), 3.08 (d, 

1H, J =16.2 Hz, 1β -H), 3.16 (dd, 1H, J =19.6 Hz, J = 5.7 Hz, 4α-H), 3.66 
(t, 1H, J =8.6 Hz, 17α-H), 7.32 (dd, 1H, J = 5.0 Hz, J =3.8 Hz, 4′′-H), 
7.80 (m, 2H, 3′′-H and 5′′-H), 8.46 (s, 1H, 2′-H); 13C NMR (CDCl3, 125 
MHz): δ 11.2 (C-18), 11.9 (C-19), 21.2 (C-11), 23.5 (C-15), 28.3 (C-6), 
30.7 (C-16), 31.1 (C-7), 35.6 (C-10), 35.7 (C-8), 36.8 (C-12), 37.8 (C-4), 
41.3 (C-5), 41.4 (C-1), 43.0 (C-13), 51.0 (C-14), 53.8 (C-9), 82.0 (C-17), 
118.8 (C-2), 127.4 (C-3′′), 128.1 (C-2′′), 131.4 (C-4′′), 133.9 (C-5′′), 
140.4 (C-7′), 153.0 (C-3a’), 153.9 (C-2′), 166.2 (C-3); ESI-MS 449 
[M+H]+; Anal. Calcd. for C26H32N4OS C 69.61; H 7.19. Found C 69.75; 
H 7.06. 

4.2.2.11. 17β-Hydroxy-7′-methyl-[1,2,4]triazolo[1,5-a]pyrimidino 
[5′,6′:3,2]-5α-androstane (8k). Substrate: 2k [21] (316 mg); Reagent: 
3AT (168 mg). For purification of the crude product, EtOAc/CH2Cl2 =

50:50 eluent was used. Yield: 261 mg (69 %, white solid); Mp > 200 ◦C 
(decomp.); 1H NMR (CDCl3, 500 MHz): δ 0.79 (s, 3H, 18-H3), 0.82 (s, 3H, 
19-H3), 0.86–1.05 (overlapping m, 3 H), 1.16 (m, 1 H), 1.27–1.57 
(overlapping m, 5 H), 1.61–1.81 (overlapping m, 5 H), 1.91 (m, 1 H), 
2.09 (m, 1 H), 2.37 (d, 1H, J =16.0 Hz, 1α-H), 2.77 (dd, 1H, J =19.3 Hz, 
J =13.0 Hz, 4β-H), 2.78 (s, 3H, 7′ − CH3), 2.89 (d, 1H, J =16.0 Hz, 1β-H), 
3.02 (dd, 1H, J =19.3 Hz, J = 5.1 Hz, 4α-H), 3.68 (t, 1H, J =8.6 Hz, 
17α-H), 8.42 (s, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.2 (C-18), 
12.2 (C-19), 13.8 (7′− CH3), 21.1 (C-11), 23.5 (C-15), 28.3 (C-6), 30.7 
(C-16), 31.1 (C-7), 35.1 (C-10), 35.7 (C-8), 36.8 (C-12), 37.4 (C-4), 39.3 
(C-1), 41.3 (C-5), 43.0 (C-13), 51.1 (C-14), 54.0 (C-9), 82.0 (C-17), 
118.0 (C-2), 145.4 (C-7′), 152.9 (C-3a’), 154.4 (C-2′) 164.7 (C-3); 
ESI-MS 381 [M+H]+; Anal. Calcd. for C23H32N4O C 72.60; H 8.48. 
Found C 72.55; H 8.32. 

4.2.3. General procedure for the synthesis of heterocyclic 17-keto steroids 
by Jones oxidation 

The crude product (6a, 7a, 8a–f or 8i-k) of the heterocyclization 
(4.2.2.) was dissolved in acetone (10 mL) and Jones reagent (0.2 mL) 
was added dropwise into the solution, which was then stirred at room 
temperature for 30 min, after which it was poured into ice-cold water. 
NH4Cl was added and the resulting precipitate was filtered off and dried. 
The crude product was purified by column chromatography. 

2-Methyl-7′-phenylpyrazolo[1′,5′-a]pyrimidino[5′,6′:3,2]-5α-androstan- 
17-one(9a). Yield: 241 mg (53 %, off white solid); Mp > 250 ◦C 
(decomp.); 1H NMR (CDCl3, 500 MHz): δ 0.76 (s, 3H, 19-H3), 0.83 (s, 3H, 
18-H3), 0.87 (m, 1 H), 1.06 (m, 1 H), 1.20 (m, 1 H), 1.31–1.41 (over
lapping m, 4 H), 1.49–1.57 (overlapping m, 2 H), 1.69–1.77 (m, over
lapping m, 3 H), 1.88 (m, 1 H), 1.96 (m, 1 H), 2.07 (m, 1H, 16α-H), 2.21 
(d, 1H, J =16.0 Hz, 1α -H), 2.41 (s, 3H, 2′− CH3), 2.44 (dd, 1H, J =19.0 
Hz, J =8.6 Hz, 16β-H), 2.56 (d, 1H, J =16.0 Hz, 1β-H), 2.75 (dd, 1H, J 
=19.0 Hz, J =12.5 Hz, 4β-H), 3.09 (dd, 1H, J =16.0 Hz, J = 5.3 Hz, 4α- 
H), 6.43 (s, 1H, 3′-H), 7.45 (bs, 2H, 2′′-H and 6′′-H), 7.54–7.60 (m, 3H, 
3′′-H, 4′′-H and 5′′-H); 13C NMR (CDCl3, 125 MHz): δ 11.7 (C-19), 13.8 
(C-18), 15.0 (2′− CH3), 20.5 (C-11), 21.9 (C-15), 28.3 (C-6), 29.8 (CH2), 
30.4 (CH2), 31.5 (CH2), 35.2 (C-8), 35.5 (C-10), 35.9 (C-4), 39.9 (C-1), 
41.5 (C-5), 47.7 (C-13), 51.4 (C-14), 53.5 (C-9), 94.1 (C-3′), 113.9 (C-2), 
114.2 (C-3a’), 129.1 (2C) and 129.3 (2C): C-2′′, C-6′′, C-3′′ and C-5′′, 
130.1 (C-1′′), 130.4 (C-4′′), 158.0 (C-3), 221.1 (C-17), the signal for C-7′

carbonyl-C was not observed owing to the long relaxation time of this 
carbon nucleus; ESI-MS 440 [M+H]+; Anal. Calcd. for C29H33N3O C 
79.23; H 7.57. Found C 79.11; H 7.47. 

4.2.3.2. 7′-Phenylpyrazolo[1′,5′-a]pyrimidino[5′,6′:3,2]-5α-androstan- 
17-one(10a). Yield: 237 mg (54 %, yellow solid); Mp > 250 ◦C 
(decomp.); 1H NMR (CDCl3, 500 MHz): δ 0.79 (s, 3H, 19-H3), 0.84 (s, 3H, 
18-H3), 0.86 (m, 1 H), 1.06 (m, 1 H), 1.20 (m, 1 H), 1.31–1.42 (over
lapping m, 4 H), 1.50–1.57 (overlapping m, 2 H), 1.72–1.78 (m, over
lapping m, 3 H), 1.89 (m, 1 H), 1.97 (m, 1 H), 2.07 (m, 1H, 16α-H), 2.25 
(d, 1H, J =16.1 Hz, 1α -H), 2.44 (dd, 1H, J =19.2 Hz, J =8.6 Hz, 16β-H), 
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2.65 (d, 1H, J =16.1 Hz, 1β-H), 2.78 (dd, 1H, J =19.2 Hz, J =12.7 Hz, 
4β-H), 3.11 (dd, 1H, J =19.2 Hz, J = 5.6 Hz, 4α-H), 6.62 (bs, 1H, 3′-H), 
7.45 (bd, 2H, 2′′-H and 6′′-H), 7.54–7.61 (m, 3H, 3′′-H, 4′′-H and 5′′-H), 
7.99 (d, 1H, J =2.2 Hz, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.8 (C-19), 
13.8 (C-18), 20.6 (C-11), 21.9 (C-15), 28.4 (C-6), 30.5 (CH2), 31.6 
(CH2), 35.3 (C-8), 35.6 (C-10), 35.9 (C-4), 36.8 (CH2), 40.0 (C-1), 41.8 
(C-5), 47.7 (C-13), 51.6 (C-14), 53.7 (C-9), 94.9 (C-3′), 114.9 (C-2), 
129.2 (2C) and 129.3 (2C): C-2′′, C-6′′, C-3′′ and C-5′′, 130.3 (C-1′′), 
130.4 (C-4′′), 144.9 (C-2′), 145.8 and 147.0 (C-3a’ and C-7′), 158.7 (C- 
3), 220.6 (C-17); ESI-MS 440 [M+H]+; Anal. Calcd. for C29H33N3O C 
79.23; H 7.57. Found C 79.11; H 7.47. 

4.2.3.3. 7′-Phenyl-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-andro
stan-17-one (11a). Yield: 258 mg (59 %, white solid); Mp > 300 ◦C 
(decomp.); 1H NMR (CDCl3, 500 MHz): δ 0.78 (s, 3H, 19-H3), 0.84 (s, 3H, 
18-H3), 0.90 (m, 1 H), 1.08 (m, 1 H), 1.19–1.44 (overlapping m, 5 H), 
1.49–1.60 (overlapping m, 2 H), 1.78 (overlapping m, 3 H), 1.90 (m, 1 
H), 1.98 (m, 1 H), 2.08 (m, 1H, 16α-H), 2.37 (d, 1H, J =16.3 Hz, 1α-H), 
2.46 (dd, 1H, J =19.2 Hz, J =8.8 Hz, 16β-H), 2.74 (d, 1H, J =16.3 Hz, 
1β-H), 2.85 (dd, 1H, J =19.6 Hz, J =12.6 Hz, 4β-H), 3.20 (dd, 1H, J 
=19.6 Hz, J = 5.4 Hz, 4α-H), 7.50 (m, 2H, 2′′-H ́es 6′′-H), 7.63 (m, 3H, 3′′- 
H, 4′′-H and 5′′-H), 8.42 (s, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.8 
(C-19), 13.8 (C-18), 20.6 (CH2), 21.9 (CH2), 28.2 (C-6), 30.4 (CH2), 31.5 
(CH2), 35.2 (C-8), 35.4 (C-10), 35.9 (CH2), 37.7 (C-4), 40.0 (C-1), 41.4 
(C-5), 47.6 (C-13), 51.4 (C-14), 53.5 (C-9), 119.2 (C-2), 128.4 (C-1′′), 
129.3 (4C, C-2′′, C-3′′, C-5′′ and C-6′′), 131.3 (C-4′′), 146.7 (C-7′), 151.8 
(C-3a’), 152.9 (C-2′), 167.5 (C-3), 220.7 (C-17); ESI-MS 441 [M+H]+; 
Anal. Calcd. for C28H32N4O C 76.33; H 7.32. Found C 76.19; H 7.45. 

4.2.3.4. 7′-(4′′-Tolyl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α- 
androstan-17-one (11b). Yield: 284 mg (62 %, white solid); Mp 
283− 286 ◦C; 1H NMR (CDCl3, 500 MHz): δ 0.78 (s, 3H, 19-H3), 0.85 (s, 
3H, 18-H3), 0.90 (m, 1 H), 1.09 (m, 1 H), 1.21–1.60 (overlapping m, 7 
H), 1.74–1.80 (overlapping m, 3 H), 1.92 (m, 1 H), 1.98 (m, 1 H), 2.09 
(m, 1H, 16α-H), 2.38 (d, 1H, J =16.2 Hz, 1α-H), 2.46 (dd, 1H, J =19.2 
Hz, J =8.5 Hz, 16β-H), 2.49 (s, 3H, 4′′− CH3), 2.78 (d, 1H, J =16.2 Hz, 
1β-H), 2.85 (dd, 1H, J =19.6 Hz, J =12.7 Hz, 4β-H), 3.20 (dd, 1H, J 
=19.6 Hz, J = 5.4 Hz, 4α-H), 7.39–7.44 (overlapping m, 4H, 2′′-H, 3′′-H, 
5′′-H and 6′′-H), 8.43 (bs, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.8 
(C-19), 13.8 (C-18), 20.7 (CH2), 21.8 (4′′− CH3), 21.9 (CH2), 28.2 (C-6), 
30.4 (CH2), 31.5 (CH2), 35.2 (C-8), 35.4 (C-10), 35.9 (CH2), 37.7 (C-4), 
40.1 (C-1), 41.4 (C-5), 47.6 (C-13), 51.4 (C-14), 53.5 (C-9), 119.1 (C-2), 
125.3 (C-1′′), 129.2 (2C, C-2′′ and C-6′′), 130.0 (2C, C-3′′ and C-5′′), 
141.8 (C-4′′), 146.9 (C-7′), 151.8 (C-3a’), 152.8 (C-2′), 167.3 (C-3), 
220.8 (C-17); ESI-MS 455 [M+H]+; Anal. Calcd. for C29H34N4O C 76.62; 
H 7.54. Found C 76.76; H 7.41. 

4.2.3.5. 7′-(3′′-Tolyl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α- 
androstan-17-one (11c). Yield: 301 mg (66 %, white solid); Mp 
263− 265 ◦C; 1H NMR (CDCl3, 500 MHz): δ 0.79 (s, 3H, 19-H3), 0.85 (s, 
3H, 18-H3), 0.89 (m, 1 H), 1.07 (m, 1 H), 1.20–1.60 (overlapping m, 7 
H), 1.73–1.81 (overlapping m, 3 H), 1.89–2.00 (overlapping m, 2 H), 
2.08 (m, 1H, 16α-H), 2.32 (d, 1H, J =16.2 Hz, 1α-H), 2.45 (dd, 1H, J 
=19.2 Hz, J =8.6 Hz, 16β-H), 2.47 (s, 3H, 3′′− CH3), 2.72 (d, 1H, J =16.2 
Hz, 1β-H), 2.83 (dd, 1H, J =19.5 Hz, J =12.7 Hz, 4β-H), 3.17 (dd, 1H, J 
=19.5 Hz, J = 5.5 Hz, 4α-H), 7.26 (m, 2 H), 7.41 (d-like m, 1 H): 2′′-H, 
4′′-H and 6′′-H, 7.50 (t-like m, 1H, 5′′-H), 8.35 (s, 1H, 2′-H); 13C NMR 
(CDCl3, 125 MHz): δ 11.8 (C-19), 13.8 (C-18), 20.6 (CH2), 21.7 
(3′′− CH3), 21.9 (CH2), 28.3 (C-6), 30.4 (CH2), 31.5 (CH2), 35.2 (C-8), 
35.4 (C-10), 35.9 (CH2), 37.6 (C-4), 40.0 (C-1), 41.5 (C-5), 47.7 (C-13), 
51.4 (C-14), 53.5 (C-9), 117.9 (C-2), 126.1 (C-6′′), 129.0 (C-1′′), 129.2, 
129.5 and 131.8 (C-2′′, C-4′′ and C-5′′), 139.2 (C-4′′), 146.5 (C-7′), 153.7 
(C-3a’), 155.2 (C-2′), 165.6 (C-3), 220.9 (C-17); ESI-MS 455 [M+H]+; 
Anal. Calcd. for C29H34N4O C 76.62; H 7.54. Found C 76.55; H 7.60. 

4.2.3.6. 7′-(4′′-Methoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidino 
[5′,6′:3,2]-5α-androstan-17-one (11d). Yield: 280 mg (59 %, white 
solid); Mp 273− 275 ◦C; 1H NMR (CDCl3, 500 MHz): δ 0.76 (s, 3H, 19- 
H3), 0.85 (s, 3H, 18-H3), 0.91 (m, 1 H), 1.08 (m, 1 H), 1.22–1.42 
(overlapping m, 5 H), 1.47–1.60 (overlapping m, 2 H), 1.73–1.80 
(overlapping m, 3 H), 1.91 (m, 1 H), 1.98 (m, 1 H), 2.09 (m, 1H, 16α-H), 
2.40 (d, 1H, J =16.2 Hz, 1α-H), 2.46 (dd, 1H, J =19.2 Hz, J =8.8 Hz, 
16β-H), 2.79 (d, 1H, J =16.2 Hz, 1β-H), 2.83 (dd, 1H, J =19.6 Hz, J 
=12.6 Hz, 4β-H), 3.19 (dd, 1H, J =19.6 Hz, J = 5.3 Hz, 4α-H), 3.92 (s, 
3H, 4′′-OMe), 7.13 (d, 2H, J =8.7 Hz, 3′′-H and 5′′-H), 7.49 (d, 2H, J =8.7 
Hz, 2′′-H and 6′′-H), 8.42 (bs, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 
11.8 (C-19), 13.8 (C-18), 20.7 (CH2), 21.9 (CH2), 28.1 (C-6), 30.4 (CH2), 
31.5 (CH2), 35.2 (C-8), 35.4 (C-10), 35.9 (CH2), 37.7 (C-4), 40.z2 (C-1), 
41.4 (C-5), 47.7 (C-13), 51.4 (C-14), 53.5 (C-9), 55.6 (4′′-OMe), 114.6 
(2C, C-3′′ and C-5′′), 118.7 (C-2), 120.2 (C-1′′), 131.2 (2C, C-2′′ and C- 
6′′), 146.5 (C-7′), 152.2 (C-3a’), 153.3 (C-2′), 161.6 (C-4′′), 166.9 (C-3), 
221.0 (C-17); ESI-MS 471 [M+H]+; Anal. Calcd. for C29H34N4O2 C 
74.01; H 7.28. Found C 74.15; H 7.17. 

4.2.3.7. 7′-(4′′-Fluorophenyl)-[1,2,4]triazolo[1,5-a]pyrimidino 
[5′,6′:3,2]-5α-androstan-17-one (11e). Yield: 261 mg (57 %, white 
solid); Mp > 250 ◦C (decomp.); 1H NMR (CDCl3, 500 MHz): δ 0.78 (s, 
3H, 19-H3), 0.85 (s, 3H, 18-H3), 0.90 (m, 1 H), 1.08 (m, 1 H), 1.21–1.47 
(overlapping m, 5 H), 1.51–1.61 (overlapping m, 2 H), 1.73–1.93 
(overlapping m, 4 H), 1.98 (m, 1 H), 2.08 (m, 1H, 16α-H), 2.35 (d, 1H, J 
=16.2 Hz, 1α-H), 2.46 (dd, 1H, J =19.2 Hz, J =8.7 Hz, 16β-H), 2.70 (d, 
1H, J =16.2 Hz, 1β-H), 2.83 (dd, 1H, J =19.2 Hz, J =12.9 Hz, 4β-H), 
3.17 (dd, 1H, J =19.2 Hz, J = 5.5 Hz, 4α-H), 7.31 (m, 2H, 3′′-H and 5′′- 
H), 7.51 (m, 2H, 2′′-H and 6′′-H), 8.34 (s, 1H, 2′-H); 13C NMR (CDCl3, 
125 MHz): δ 11.8 (C-19), 13.8 (C-18), 20.7 (CH2), 21.9 (CH2), 28.2 (C- 
6), 30.4 (CH2), 31.5 (CH2), 35.2 (C-8), 35.5 (C-10), 35.9 (CH2), 37.6 (C- 
4), 40.1 (C-1), 41.5 (C-5), 47.7 (C-13), 51.4 (C-14), 53.6 (C-9), 116.6 (d, 
2C, J =22.1 Hz, C-3′′ and C-5′′), 117.8 (C-2), 125.0 (d, J =3.6 Hz, C-1′′), 
131.7 (d, 2C, J =8.7 Hz, C-2′′ and C-6′′), 145.1 (C-7′), 154.0 (C-3a’), 
155.5 (C-2′), 164.0 (d, J =252.0 Hz, C-4′′), 165.5 (C-3) 220.8 (C-17); 
ESI-MS 459 [M+H]+; Anal. Calcd. for C28H31FN4O C 73.34; H 6.81. 
Found C 73.28; H 6.74. 

4.2.3.8. 7′-(4′′-Chlorophenyl)-[1,2,4]triazolo[1,5-a]pyrimidino 
[5′,6′:3,2]-5α-androstan-17-one (11f). Yield: 293 mg (62 %, white 
solid); Mp > 300 ◦C (decomp.); 1H NMR (CDCl3, 500 MHz): δ 0.78 (s, 
3H, 19-H3), 0.85 (s, 3H, 18-H3), 0.89 (m, 1 H), 1.08 (m, 1 H), 1.21–1.61 
(overlapping m, 7 H), 1.74–1.82 (overlapping m, 3 H), 1.91 (m, 1 H), 
1.98 (m, 1 H), 2.09 (m, 1H, 16α-H), 2.37 (d, 1H, J =16.2 Hz, 1α-H), 2.46 
(dd, 1H, J =19.2 Hz, J =8.8 Hz, 16β-H), 2.72 (d, 1H, J =16.2 Hz, 1β-H), 
2.85 (dd, 1H, J =19.6 Hz, J =12.6 Hz, 4β-H), 3.20 (dd, 1H, J =19.6 Hz, J 
= 5.3 Hz, 4α-H), 7.47 (d, 2H, J =8.2 Hz, 3′′-H and 5′′-H), 7.61 (d, 2H, J =
2′′-H and 6′′-H), 8.40 (bs, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.9 
(C-19), 13.8 (C-18), 20.7 (CH2), 21.9 (CH2), 28.2 (CH2), 30.4 (CH2), 
31.5 (CH2), 35.2 (C-8), 35.5 (C-10), 35.9 (CH2), 37.7 (C-4), 40.1 (C-1), 
41.4 (C-5), 47.6 (C-13), 51.4 (C-14), 53.5 (C-9), 118.8 (C-2), 126.9 (C- 
1′′), 129.7 (2C, C-2′′ and C-6′′), 130.9 (2C, C-3′′ and C-5′′), 137.5 (C-4′′), 
145.2 (C-7′), 152.6 (C-3a’), 153.8 (C-2′), 166.8 (C-3), 220.7 (C-17); ESI- 
MS 475 [M+H]+; Anal. Calcd. for C28H31ClN4O C 70.80; H 6.58. Found 
C 70.71; H 6.45. 

4.2.3.9. 7′-(Furan-2′′-yl)-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α- 
androstan-17-one (11i). Yield: 238 mg (55 %, light brown solid); Mp >
200 ◦C (decomp.); 1H NMR (CDCl3, 500 MHz): δ 0.81 (s, 3H, 19-H3), 
0.90 (s, 3H, 18-H3), 1.03 (m, 1 H), 1.12 (m, 1 H), 1.32–1.65 (overlapping 
m, 7 H), 1.74–1.83 (overlapping m, 3 H), 1.92 (m, 1 H), 2.01 (m, 1 H), 
2.12 (m, 1H, 16α-H), 2.48 (dd, 1H, J =19.4 Hz, J =8.7 Hz, 16β-H), 2.78 
(d, 1H, J =17.1 Hz, 1α-H), 2.87 (dd, 1H, J =19.4 Hz, J =12.6 Hz, 4β-H), 
3.13 (dd, 1H, J =19.4 Hz, J = 5.3 Hz, 4α-H), 3.38 (d, 1H, J =17.1 Hz, 1β- 
H), 6.79 (dd, 1H, J =3.6 Hz, J =1.7 Hz, 4′′-H), 7.86 (d, 1H, J =1.7 Hz, 3′′- 
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H), 8.14 (d, 1H, J =3.6 Hz, 5′′-H), 8.53 (s, 1H, 2′-H); 13C NMR (CDCl3, 
125 MHz): δ 12.0 (C-19), 13.9 (C-18), 20.9 (CH2), 22.0 (CH2), 28.1 
(CH2), 30.4 (CH2), 31.7 (CH2), 35.1 (C-10), 35.2 (C-8), 36.0 (CH2), 37.8 
(C-4), 40.6 (C-1), 40.7 (C-5), 47.7 (C-13), 51.5 (C-14), 54.0 (C-9), 112.8 
(C-3′′), 117.2 (C-2), 122.3 (C-4′′), 135.6 (C-2′′), 143.7 (C-7′), 146.3 (C- 
5′′), 152.7 (C-3a’), 153.7 (C-2′), 166.1 (C-3), 221.0 (C-17); ESI-MS 431 
[M+H]+; Anal. Calcd. for C26H30N4O2 C 72.53; H 7.02. Found C 72.41; 
H 6.94. 

4.2.3.10. 7′-(Thiophen-2′′-yl)-[1,2,4]triazolo[1,5-a]pyrimidino 
[5′,6′:3,2]-5α-androstan-17-one (11j). Yield: 264 mg (57 %, yellow 
solid); Mp > 300 ◦C (decomp.); 1H NMR (CDCl3, 500 MHz): δ 0.77 (s, 
3H, 19-H3), 0.87 (s, 3H, 18-H3), 0.98 (m, 1 H), 1.10 (m, 1 H), 1.29–1.66 
(overlapping m, 7 H), 1.74–1.86 (overlapping m, 3 H), 1.93 (m, 1 H), 
2.00 (m, 1 H), 2.11 (m, 1H, 16α-H), 2.47 (dd, 1H, J =19.1 Hz, J =8.9 Hz, 
16β-H), 2.56 (d, 1H, J =16.1 Hz, 1α-H), 2.85 (dd, 1H, J =19.6 Hz, J 
=12.6 Hz, 4β-H), 3.09 (d, 1H, J =16.1 Hz, 1β-H), 3.18 (dd, 1H, J =19.6 
Hz, J = 5.5 Hz, 4α-H), 7.33 (t, 1H, J =4.4 Hz, 4′′-H), 7.80 (m, 2H, 3′′-H 
and 5′′-H), 8.47 (s, 1H, 2′-H); 13C NMR (CDCl3, 125 MHz): δ 11.8 (C-19), 
13.8 (C-18), 20.9 (CH2), 21.9 (CH2), 28.1 (CH2), 30.4 (CH2), 31.6 (CH2), 
35.2 (C-8), 35.6 (C-10), 35.9 (CH2), 37.7 (C-4), 41.2 (C-5), 41.3 (C-1), 
47.7 (C-13), 51.4 (C-14), 53.7 (C-9), 118.6 (C-2), 127.5 (C-3′′), 127.8 (C- 
2′′), 131.6 (C-4′′), 134.1 (C-5′′), 140.6 (C-7′), 152.7 (C-3a’), 153.7 (C-2′), 
166.2 (C-3) 221.0 (C-17); ESI-MS 447 [M+H]+; Anal. Calcd. for 
C26H30N4OS C 69.92; H 6.77. Found C 70.05; H 6.65. 

7′-Methyl-[1,2,4]triazolo[1,5-a]pyrimidino[5′,6′:3,2]-5α-androstan-17- 
one (11k). Yield: 197 mg (52 %, white solid); Mp > 250 ◦C (decomp.); 
1H NMR (CDCl3, 500 MHz): δ 0.84 (s, 3H, 19-H3), 0.91 (s, 3H, 18-H3), 
0.98 (m, 1 H), 1.09 (m, 1 H), 1.30–1.44 (overlapping m, 3 H), 1.51–1.65 
(overlapping m, 3 H), 1.69–1.76 (overlapping m, 2 H), 1.82 (m, 1 H), 
1.92 (m, 2 H), 2.00 (m, 1 H), 2.10 (m, 1H, 16α-H), 2.39 (d, 1H, J =16.0 

Hz, 1α-H), 2.48 (dd, 1H, J =19.3 Hz, J =8.7 Hz, the 16β-H), 2.79 (s, 3H, 
7′ − CH3 and m, 1H, 4β-H), 2.90 (d, 1H, J =16.2 Hz, 1β-H), 3.04 (dd, 1H, 
J =19.4 Hz, J = 5.1 Hz, 4α-H), 8.44 (s, 1H, 2′-H); 13C NMR (CDCl3, 125 
MHz): δ 12.1 (C-19), 13.8 (7′ − CH3), 13.9 (C-18), 20.8 (CH2), 21.9 
(CH2), 28.1 (C-6), 30.4 (CH2), 31.6 (CH2), 35.2 (C-8), 35.9 (2C, C-10 and 
CH2), 37.3 (C-4), 39.2 (C-1), 41.2 (C-5), 47.7 (C-13), 51.5 (C-14), 51.9 
(C-9), 118.1 (C-2), 145.6 (C-7′), 152.4 (C-3a’), 153.9 (C-2′), 164.9 (C-3), 
220.8 (C-17); ESI-MS 379 [M+H]+; Anal. Calcd. for C23H30N4O C 72.98; 
H 7.99. Found C 73.12; H 7.89. 

4.3. X-ray data collection, structure solution and refinement for 
compound 2a and 8j 

Single crystals suitable for single crystal X-ray diffraction measure
ments have been obtained by evaporation from methanol, resulting in 
crystal 2a and from CH2Cl2/diethyl-ether leading to crystal 8 j. The 
crystals were mounted on loops and X-ray diffraction data were 
collected at 153(2) K on a Rigaku RAXIS-RAPID II diffractometer using 
Mo-Kα radiation. Numerical absorption correction [39] was carried out 
using the program CrystalClear [40] SHELX [41] program package 
under WinGX [42] software were used for structure solution and 
refinement. The structures were solved by direct methods. The models 
were refined by full-matrix least squares on F2. Refinement of 
non-hydrogen atoms was carried out with anisotropic temperature fac
tors (except for disordered carbon atoms C23A and C23B in crystal 8 j 
where isotropic temperature factor was used). Hydrogen atoms were 
placed into geometric positions. They were included in structure factor 
calculations but they were not refined. The isotropic displacement pa
rameters of all the hydrogen atoms were approximated from the U(eq) 
value of the atom they were bonded to. In crystal 8 j, two molecules and 
one dichloromethane have been found in the asymmetric unit. In 
molecule 2 the thiophene rings was found in two disordered positions 

Table 4 
Crystal data and structure refinement for compounds 2a and 8j.   

2a 8j 

Empirical formula C26H34O2 C53H66Cl2N8O2S2 

Molecular formula C26H34O2 2 (C26H32N4OS) CH2Cl2 

Formula weight 378.53 982.15 
Temperature (K) 153(2) 153(2) 
Radiation and wavelength λ (Å) Mo-Kα, 0.71073 Mo-Kα, 0.71075 
Crystal system monoclinic monoclinic 
Space group P 21 P 21 

Unit cell dimensions   
a (Å) 7.0071(5) 12.4299(8) 
b (Å) 12.0136(9) 11.2453(7) 
c (Å) 12.7119(10) 17.5904(11) 
β (◦) 95.767(7) 92.572(7) 
Volume Å3 1064.68(14) 2456.3(3) 
Z 2/1 2/1 
Density (calculated) (Mg/m3) 1.181 1.328 
Absorption coefficient, μ (mm− 1) 0.072 0.268 
F(000) 412 1044 
Crystal colour colourless colourless 
Crystal description block chunk 
Crystal size (mm) 0.50 × 0.50 × 0.50 0.35 × 0.30 × 0.30 
Absorption correction numerical numerical 
Max. and min. transmission 0.981, 0.987 0.989, 0.994 
θ− range for data collection (◦) 3.192 ≤ θ ≤ 30.480 3.281 ≤ θ ≤ 25.347◦

Reflections collected 26,315 31,944 
Completeness to 2θ 0.999 0.997 
Independent reflections (R(int)) 6433 (0.0250) 8944 (0.0587) 
Reflections I>2σ(I) 5960 7107 
Refinement method full-matrix least-squares on F2 full-matrix least-squares on F2 

Data / restraints / parameters 6433 /1 /260 8944 /1 /605 
Goodness-of-fit on F2 1.081 1.018 
Final R indices [I>2σ(I)], R1, wR2 0.0407, 0.0945 0.0474, 0.0849 
R indices (all data), R1, wR2 0.0449, 0.0962 0.0676, 0.0905 
Max. and mean shift/esd 0.000; 0.000 0.001; 0.000 
Largest diff. peak and hole (e. Å− 3) 0.417; -0.145 0.423; -0.380  
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with an occupancy of 76 % for C23A and S21A and 24 % for C23B and 
S21B atoms. Constrains have been used for the refinement of the posi
tion and ADP of disordered atoms. As the configuration of the chiral 
atoms of DHT was known and the reactions did not lead to novel 
asymmetric center, the absolute configuration was not investigated. The 
summary of data collection and refinement parameters are collected in 
Table 4. Selected bond lengths and angles of compounds calculated by 
PLATON software [43] are collected in Tables S1 and S2. The graphical 
representation and the edition of CIF files were done by Mercury [44] 
and EnCIFer [45] softwares. The crystallographic data files for the two 
compounds have been deposited with the Cambridge Crystallographic 
Database as CCDC 2062396-2062397. 

4.4. Cell lines 

The 22Rv1-ARE14 reporter cell line [29] and C4-2 were kindly 
provided by prof. Zdeněk Dvořák and by Dr. Marián Hajdúch, respec
tively (both from Palacký University Olomouc, Czech Republic). 
22Rv1-ARE14 and C4-2 cell lines were grown in RPMI-1640 medium. 
All media were supplemented with 10 % normal or charcoal-stripped 
fetal bovine serum (steroid-depleted serum), 4 mM glutamine, 100 
IU/mL penicillin, 100 mg/mL streptomycin and 1 mM sodium pyruvate. 
Cells were cultivated in a humidified incubator at 5% CO2 atmosphere 
and 37 ◦C. 

4.5. AR-transcriptional luciferase assay 

22Rv1-ARE14 cells were seeded into the Nunc™ MicroWell™ 96- 
well optical-bottom plate (Thermo Fisher Scientific) (40 000 cells/ 
well). The next day, the cultivation medium was discarded and cells 
were washed with PBS. Cells were then incubated in the absence or 
presence of tested compounds dissolved in RPMI-1640 medium sup
plemented with charcoal-stripped serum and 1 nM R1881. After 24 h 
incubation, cells were washed with PBS and lysed for 10 min in a lysis 
buffer (10 mM Tris pH = 7.4, 2 mM DCTA, 1% nonidet P40, 2 mM DTT) 
at 37 ◦C. After lysis, reaction buffer (20 mM tricine pH = 7.8, 1.07 mM 
MgSO4 ⋅ 7H20, 5 mM ATP, 9.4 mM luciferin) was added to the wells and 
the luminescence of the samples was measured using a Tecan M200Pro 
microplate reader (Biotek). Assays were performed in triplicate. 

4.6. Cell viability assay 

For the viability assays, 22Rv1-ARE14 (10000 cells per well) and 
C4− 2 (5000 cells per well)were seeded into the 96-well tissue culture 
plates and were cultivated overnight. Solutions of analysed compounds 
were then added in different concentrations in triplicate for 72 h. After 
treatment, the resazurin solution (Sigma Aldrich) was added to a final 
concentration of 10 μg per ml for 4 h, and then the fluorescence of 
resorufin was measured at 544 nm/590 nm (excitation/emission) using 
a Fluoroskan Ascent microplate reader (Labsystems). Finally, GI50 value 
was calculated from the dose response curves that resulted from the 
assays using GraphPad Prism 5. 

4.7. Colony formation assay 

PCa cells 22Rv1-ARE14 (2000 cells per well) and C4-2 (5000 cells 
per well) were seeded into 6-well plates and cultivated overnight. The 
following day, the medium was removed and replaced with fresh me
dium containing different concentrations of the compound. Media 
containing compounds were replaced once within 10 days. After that, 
the medium was discarded and colonies were fixed with 70 % ethanol 
for 15 min, washed with PBS and stained with crystal violet (1 % solu
tion in 96 % ethanol) for 1 h. Finally, wells were washed with PBS until 
colonies were visible and its photograph was captured. 

4.8. Thermal shift assay 

CETSA experiment was inspired by published protocol [30,31]. C4-2 
cells were deprived of androgens (by cultivation in charcoal stripped 
serum for 24 h), then were harvested, washed twice with PBS and 
treated with R1881 or several concentrations of 2f for 1 h at 37 ◦C in PBS 
with 5 mM glucose. Following the incubation the treated cells were 
aliquoted into PCR strips and heated at different temperatures for 3 min 
in CFX96 Touch Real-time PCR detection system (BioRad). Finally, all 
samples were supplemented with protease inhibitors and lysed by 
freeze-thaw cycles using liquid nitrogen. Samples were clarified by 
centrifugation at 14000 g for 20 min and supernatants were collected 
and denaturated and separated by SDS-PAGE and immunoblotted. 

4.9. Immunoblotting 

Briefly, the cells were harvested and lysed using standard protocol in 
RIPA buffer supplemented with protease and phosphatase inhibitors. 
Cells were also disrupted by ultrasound sonication (10 s with 30 % 
amplitude). Cellular fractionation was performed using the Qproteome 
Cell Compartment Kit (Qiagen). Protein concentration was balanced 
within samples and then proteins were separated by SDS-PAGE and 
electrobloted onto nitrocellulose membranes. Membranes were blocked 
in 4% BSA and incubated with primary antibodies overnight. The next 
day, membranes were washed and incubated with secondary antibodies 
conjugated with peroxidase. Then, peroxidase activity was detected by 
SuperSignal West Pico reagents (Thermo Scientific) using a CCD camera 
LAS-4000 (Fujifilm). Specific antibodies were purchased from Merck 
(anti-α-tubulin, clone DM1A; anti phospho-histone H3 (Ser10); anti- 
β-actin, clone C4), or Cell Signaling Technology (anti-AR, clone D6F11; 
anti-PSA/KLK3, clone D6B1; anti-Nkx3.1, clone D2Y1A; anti-PARP, 
clone 46D11; anti-rabbit secondary antibody). All antibodies were 
diluted in 4% BSA and 0.1 % Tween 20 in TBS. 

4.10. Molecular docking 

Molecular docking is useful theoretical method for prediction and 
interpretation of new designed derivatives based on dihydrotestosterone 
ligand. Androgen receptor PDBID:2PIV [36] was selected as crystal 
structure as an input to molecular docking. The docking studies were 
performed using AutoDock Vina 1.05 [37]. Amino acids up to 6 Å from 
the active site were set as flexible. These settings enabled amino acid 
movement, increased the permitted volume of active site, and allowed 
the placement of DHT derivatives into the otherwise smaller 
highly-packed cavity for native ligands (e.g. DHT). All 3D structures of 
DHT derivatives were obtained with Marvin 15.1.5, a software used for 
the drawing, displaying and characterization of chemical structure, 
substructures and reactions. Polar hydrogens were added to all ligands 
and proteins with the AutoDock Tools (ADT) [38] program prior to 
docking with Autodock Vina program. 
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tion experiments, M.A.K. and Á.B.; Pharmacological studies, M.P.; Sin
gle crystal X-ray analysis, N.V.M.; Flexible docking, V.B.; Structural 
analysis, M.A.K.; Formal analysis and interpretation of data, Á.B. and M. 
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[10] R. Jorda, E. Řezníčková, U. Kiełczewska, J. Maj, J.W. Morzycki, L. Siergiejczyk, 
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