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Abstract

The aldo-keto reductase 1C3 (AKRI1C3) enzyme is considered an attractive target in Castration
Resistant Prostate Cancer (CRPC) because of its role in the biosynthesis of androgens. Flufenamic
acid, a non-selective AKR1C3 inhibitor, has previously been subjected to bioisosteric modulation to
give rise to a series of compounds with the hydroxytriazole core. In this work, the hit compound of
the previous series has been modulated further, and new, more potent, and selective derivatives have
been obtained. The poor solubility of the most active compound (cpd 5) has been improved by
substituting the triazole core with an isoxazole heteronucleous, with similar enzymatic activity being
retained. Potent AKR1C3 inhibition is translated into antiproliferative effects against the 22RV1
CRPC cellular model, and the in-silico design, synthesis and biological activity of new compounds
is described herein. Compounds have also been assayed in combination with two approved antitumor
drugs, abiraterone and enzalutamide.

1. Introduction



17a-hydroxysteroid dehydrogenase type 5 (HSD17B5), also known as aldo-keto reductase type 1C3
(AKRIC3), is a cytosolic enzyme member of the AKRI1C 1-4 aldo-keto reductase family.[1] These
phase 1 metabolic enzymes are dependent on nicotinamide adenine dinucleotide phosphate (NADPH)
and play their crucial roles in the reduction of ketosteroids. Although AKRI1C 1-4 isoforms share
high sequence homology (> 86%), they have different biological functions and distribution
preferences. In particular, C3 is mostly expressed in the endocrine organs, such as the adrenal glands,
breast, uterus and prostate, where it is involved in the de-novo biosynthesis of steroids by reducing
the 17-ketosteroid function and converting A*-androstene-3,17-dione and 5a-androstane-3,17-dione
to testosterone and Soa-dihydrotestosterone (DHT), respectively. Both testosterone and DHT are
potent androgens with a high affinity for the androgen receptor (AR). Notably, in the prostate, C2 and
C3 have completely contrasting catalytic functions in DHT activation; the inhibition of C3 can be
effective in the treatment of prostate cancer (PC),[2] while inhibiting the C2 isoform can promote
proliferative signaling. Accordingly, selective C3 over C2 inhibition is essential in treating CRPC as
it can circumvent undesirable 1C isoform-related side effects. AKR1C3 has also been shown to play
a role in resistance to pharmacological and radiation therapy[2-4]. Two drugs currently used for the
clinical treatment of CRPC, enzalutamide (ENZA) and abiraterone (ABI), are associated with drug
resistance that emerges within few months.[5, 6] Specifically, AKR1C3 overexpression contributes
to ABI and ENZA resistance by providing a source of intratumoral androgens, which can be
surmounted to some extent either via the administration of indomethacin (INDO), a known AKR1C3
inhibitor that also inhibits COX isozymes,[7, 8] or more selective AKR1C3 inhibitors.[9] Through
its role as a carbonyl reductase, C3 also mediates the inactivation and resistance of doxorubicin and
other anthracyclines,[10, 11] while it has been confirmed as a radioresistance-associated gene for
PC,[4] esophageal cancer,[12, 13] and non-small cell lung cancer (NSCLC).[ 14] Malignant cells can
become radioresistant by upregulating C3 expression to decrease cell apoptosis, eliminating reactive
oxygen species (ROS), accumulating prostaglandin PGF2a for the further activation of the MAPK
signaling pathway and inhibiting G2/M phase arrest.[4, 12-14] To date, no selective AKR1C3
inhibitor has been successfully approved for clinical use. The clinical studies of ASP9521
(NTC01352208 for CRPC, Figure 1) and BAY-1128688 (NCT03373422 for endometriosis) were
terminated; ASP9521 lacked measurable clinical therapeutic activity,[15] whereas BAY-1128688
was terminated early due to hepatotoxicity (on ClinicalTrials.gov). An ongoing trial is focusing on
evaluating the efficacy of the non-selective AKR1C3 inhibitor INDO in combination with ENZA for
the treatment of CRPC (NCT02935205). Given the complexity of the steroidogenic pathway and
escape mechanisms following response to treatment with ABI and ENZA, AKR1C3 is an attractive
target for therapeutic intervention. In a very comprehensive review([2], Liu et al. reported the most
representative AKR1C3 inhibitors discovered until now. Some of them were developed from natural
compounds, like berberine [16] or baccharin (Figure 1);[10] others were developed from off-label use
compounds, like the cyclin-dependent kinase inhibitors roscovitine and purvalanol A, the antidiabetic
agents sulfonylureas glimepiride and gliclazide,[17] non-steroidal anti-inflammatory drugs (NSAID)
analogues like naproxene,[18] INDO[19] and flufenamic acid (FLU)[20-22]. The properties of new
AKRI1C3 inhibitors developed from known drugs required improved C3 target selectivity and
reduced off-target effects to minimize systemic toxicity. The aforementioned NSAID derivatives
contain a carboxyl acid group, which is known to render their entry into cells dependent on specific
monocarboxylic acid transporters.[23] As differences in cell permeability are often responsible for
inconsistencies in in vitro and in vivo activity experiments, the development of non-carboxylic acid
inhibitors could limit or completely avoid thetransporter-mediated processes. To address this, High-
Throughput Screening were employed to identify the potent carboxylic acid-free based compounds
morpholinurea derivative SN34037 and the phenylpyrrolidin-2-one SN33638 (Figure 1). In order to
circumvent the transporter-mediated processes and improving bioavailability, we recently[24, 25],
applied bioisosteric and scaffold-hopping techniques to the structure of two NSAIDs, INDO,[26] and
FLU,[25] designing for the discovery of more potent and more selective AKR1C3 inhibitors.
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Figure 1: Structures of most representative AKR1C3 inhibitors developed so far. For each lead
(ASP9521,[27] baccharin derivative,[28] naproxene derivative,[18] INDO[26] and FLU[20]
derivatives, SN34037[29] and SN33638[30]) the ICso values on AKR1C3 and C2 isoforms are
reported.

Specifically, we have previously replaced the benzoic acid moiety of FLU with an acidic
hydroxyazolecarbonylic scaffold in order to diminish its off-target effects on AKR1C2 and
cyclooxygenase (COX1 and 2).[31] Several N-substituted hydroxylated triazoles were designed to
simultaneously interact with both sub-pockets 1 and 2, as they are larger in AKRI1C3 than in other
AKRI1C isoform active sites.[17] Through X-ray structural studies, computational design and
iterative rounds of synthesis and biological evaluation, novel compounds were reported and these
shared high selectivity (up to 460-fold) for C3, over the C2 isoform, and minimal COX1 and COX2
off-target inhibition (compound 1, Figure 2).[31] A further conformational restriction approach was
then employed to improve the potency and selectivity of FLU, resulting in the design of a focused
library of 3-hydroxybenzoisoxazole-based compounds, in which the carboxylic acid substituent of
FLU was fused with the benzene ring in order to constrain one of the FLU conformations (compound
2, Figure 2). The structure determination of AKR1C3 co-crystallized with 1 and 2,[31] the two most
potent compounds of the two series, clearly identified both compounds in the androstenedione
binding site. Importantly, the design supported biochemical data, demonstrating the ability of both
bioisosteric approaches to effectively mimic the carboxylic group of FLU in the oxyanion site (OS)
of the AKR1C3 enzyme. Moreover, the two co-crystallized compounds were revealed to have the
same binding contacts within the SP1 and SP2 pockets as the reference FLU. Compound 1 displayed
a promising interaction in sub-pocket 3 via the 4-methoxybenzyl moiety and, as this was different to
FLU, it served as a key point in the design of new, more potent and selective AKR1C3 inhibitors
from scaffold A (Figure 1). The bis-trifluoromethylphenyl substituent of compound 2 projects deeply
into the SP1 pocket, with this pocket being larger in the C3 isoform than in C2 according to the
crystallographic data on AKRI1C isoforms. These observations, combined with the molecular-
docking studies, have guided the design of the new hydroxytriazole series. In fact, in this work, we
describe a  structure-guided lead-optimization program around the 4-hydroxy-1-p-
methoxybenzylazole scaffold leading to the identification of potent and selective AKR1C3 inhibitors.
In addition to the design and synthetic strategies employed, we also present biochemical and cell-



based studies on the new compounds, used alone and in combination with ABI and ENZA. Finally,
we demonstrate that their AKR1C3 inhibition impacts upon both testosterone- and PSA-synthesis
levels.
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Scaffold A

Figure 2. Flufenamic acid, an unselective inhibitor of AKR1C3, and bioisostere C3 vs C2 selective
derivatives 1 and 2.[25, 31] Scaffold A, the common structure of the compounds here described, is
also shown.

2. Results and discussion
2.1 In silico guided design of new hydroxyazole-based inhibitors

In the following section, we report the design of a new series of hydroxytriazole-based inhibitors,
starting from the previously published compound 1 (Figures 3 and 4).[25]

As reported, hydroxyazole derivatives are known to be deprotonated at physiological pH and are,
indeed, good isosteres of the carboxylic function.[32, 33] All simulations, therefore, only considered
the deprotonated state of the compounds. The design was performed starting from previous
analyses,[25] and from the crystallographic structure of AKR1C3 complexed with compound 1 (PDB
ID 6f2u,[31] Figure 3a), which led to the identification of crucial residues for complex stabilization
and of the five characteristic compartments (an oxyanion site (OS), a steroid channel and sub-pockets
SP1, SP2 and SP3) of the enzyme active site.[24, 34] Compound 1 properly fits in the oxyanion site
(NADP+, Try55, His117) via direct H-bonding to Tyr55, His117 and NADP+ (Figure 3a). SP1
(Ser118, Metl120, Asnl67, Tyr216, Phe306, Phe311, Pro318 and Tyr319) is occupied by the
trifluoromethyl group of the trifluoromethyl-phenyl moiety, while the same phenyl group interacts
with SP2 (Trp86, Leul22, Ser129, Phe311). This latter also hosts the methoxybenzyl moiety, which
mainly occupies SP3 (NADP+, Tyr24, Glul192, Ser217, Ser221, GIn222, Asp224, Trp227, Tyr305).
A more careful inspection of the binding site led to the identification of empty regions in SP1, which



are delimited by residues Phe306 and Tyr319, and in SP2, by Trp86 and Leul22. We thus designed
a series of new derivatives with the aim of occupying the empty space and increase compound affinity
and activity. The applied docking procedure (see Materials and Methods for further details) was
verified by redocking the co-crystallized compound 1. As shown in Figure 3b, the docked pose is
quite similar to the crystallographic one, with the only exception being the methoxybenzyl moiety,
which assumes a slightly rotated orientation (Figure 3b). Interestingly, the methoxy group
corresponds to an area of poor electron density, making it reasonable to assume that the group, which
is not stabilized by any direct or water-mediated contact, may present a certain level of flexibility.
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Figure 3. a. X-ray pose of compound 1 in AKR1C3 binding site (PDB ID 6f2u). b. Comparison of
the X-ray pose with the docked pose of compound 1. The ligand and residues lining the pocket are
shown as sticks. Residues are labeled and colored differently according to the compartment they
belong to. The protein is shown as a white transparent cartoon.

All newly designed compounds, which are depicted in Figure 4, present groups that are bulkier than
the trifluoromethyl-phenyl moiety and are likely to better occupy the SP1 and SP2 subsites. The
addition of another trifluoromethyl group, as in compound 3, slightly extended contact with SP1, and
partially SP2, allowing a closer hydrophobic interaction with Tyr319 to form. In compounds 4 and 5,
the substituent was replaced by a biphenyl that was attached to the amide in the para and meta
positions, respectively, to investigate which position would better fit the binding site.
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Figure 4. Chemical structures of the hydroxyazole-based AKR1C3 inhibitors studied in this work.
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The docking simulations indicated that compound 5 has a more favorable and adaptable pose in the
binding pocket. Specifically, two equally reasonable poses, one that better filled SP1 and the other
SP2, were produced (Figure 5a). The pose directed towards SP1 (purple ligand) forms additional
hydrophobic contacts with Phe308, Pro318 and Tyr319, while the pose oriented towards SP2 (pink
ligand) contacts Trp86 and Phe311.
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Figure 5. Docking poses of compounds 5 (a) and 11 (b) in AKR1C3 binding site. The ligands and
residues lining the pocket are shown as sticks. Residues are labeled and colored differently according
to the sub-pockets they belong to. The protein is shown as a white transparent cartoon. In a, compound
5 is shown in two different and equally probable poses, according to docking simulations.

To better understand which binding mode produced the most stable complex, we thus submitted the
two docking poses of the compound, in complex with AKR1C3, to a 200 ns-long molecular dynamics
(MD) (Figure 6). Both poses were found to be quite stable in the MD simulations, and both maintained
the principal H-bonds originally established upon docking. The substituents, however, experienced
higher mobility in the first pose (Figure 6a), while the second orientation experienced a more stable
and conserved binding (Figure 6b). Moreover, the protein underwent less adjustment and only the
water present in the original crystallographic structure was maintained. We thus assumed this last
orientation to be the most probable and stable, as also confirmed by the poses obtained for the other
compounds in the series (see following paragraph).

Figure 6. Comparison of the two docking poses (a and b, grey colored) of compound 5 with the
conformations obtained after 200 ns MD (a and b, pink and purple colored, respectively). The ligands
and residues lining the pocket are shown as sticks. AKR1C3 is shown as a transparent cartoon.

In an attempt to increase polar interactions, we then searched for polar residues in SP1 and SP2 that
could be contacted by modified substituents. We identified Ser118, Tyr 216 and Tyr319 and Met120
backbone as possible H-bond acceptor groups. Compound S was therefore hydroxylated at the para
and meta positions of the second benzene ring, generating compounds 6 and 7, respectively. When
docked in the enzyme-binding pocket, compound 6 was able to contact Met120 backbone, but at a
distance of 3.4 A. Compound 7 extended binding to Tyr216 at a better distance (1.8 A), but also
showed multiple different orientations in its docking poses, thus suggesting a lack of stability. The
corresponding methoxylated synthetic precursors, compounds 8 and 9, were also docked in the
binding site without leading to any apparent improvement but showed variability in the generated
poses.

Subsequently, we investigated the possibility of reaching Serl118 by substituting the biphenyl with a
meta or para phenoxyphenyl group, and obtained compounds 10 and 11, respectively. The docking
of 10 and 11 returned quite similar poses and scores. However, although the distance between Ser118
side-chain and the ethereal oxygen (about 3 A; Figure 5b) allowed a polar contact to be formed, the
geometrical orientation was not very favorable.

Following these observations, we designed compound 12 to check whether an even bulkier
substituent could better occupy the SP1 and SP2 cavities. The docking of 12 returned two different



poses that displayed several clashes with the residues lining the cavity, suggesting that such a bulky
ligand cannot be easily accommodated. Finally, considering that the best binding fit was shown by
compound 5, we decided to maintain the same decorations, but substitute the hydroxyazole scaffold
with an isoxazole (compound 13). The docking results revealed that 13 maintained the same
orientation as one of the poses obtained for compound S (purple ligand in Figure 5a), apart from the
rotation of the amidic group, which led to the loss of the H-bond with the NADP+ amidic terminal
and Tyr55, and a slight adjustment of methoxybenzyl moiety. The lipophilic substituent formed
hydrophobic interactions with Trp86 (SP2), Met120, Phe306, Pro318 and Tyr319 (SP1).

2.2 Chemistry
a. Synthesis

The methodology used for the synthesis of the hydroxytriazole derivatives 3-12 is described in
Scheme 1. The protected triazole building block 14, which has already been described in our group’s
preceding papers,[35-37] was converted into the corresponding acyl chloride and allowed to react
with the appropriate aniline. While the anilines for the preparation of derivatives 15a-15f and 16a
were commercially available, the corresponding aniline for 16b was prepared as previously
described.[38, 39] Aniline 19, used for the synthesis of 15g, was prepared according to Scheme 2 via
a Suzuki cross-coupling reaction. The benzyl protective group was removed from 15a and 16a via
catalytic hydrogenation, while compounds 15b-g and 16b were converted to the final compounds via
treatment with trifluoroacetic acid (TFA) in the presence of thioanisole, which was used as a
scavenger of the benzylic cation. This second procedure was applied when the low solubility of the
final compounds prevented their separation from the catalyst.

As the purification of 15¢ (the synthetic precursor of 6) was not optimal, because of its increased
lipophilicity, we decided to prepare 7 using a procedure that is different to that of its analogue 6. This
new procedure entailed a Suzuki reaction to convert 15h to generate target compound 7 (see Scheme

1).
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Scheme 1. Synthesis of target hydroxytriazole derivatives 3-12. Reagents and conditions: a) 1)
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Scheme 2. Synthesis of 4'-(benzyloxy)-[1,1'-biphenyl]-3-amine 19. Reagents and conditions: a)
benzyl bromide, K,COs;, dry acetonitrile; b) Pd[(C¢Hs);P]s, K,CO;, dioxane/water (8:2 v/v), (3-
aminophenyl)boronic acid, reflux.

The synthesis of hydroxyisoxazole 13 was performed in accordance with Scheme 3. First,
hydroxyisoxazole 22 was synthesized using the method, proposed by Nicolaou et al.,[40] for
producing a 5-methyl-3-hydroxyisoxazole analogue. Briefly, 2-(4-methoxyphenyl)acetic acid was
converted into the corresponding acyl chloride and used for the acylation of dimethyl malonate. The
resulting compound 20 was methylated with Me>SO4 to selectively grant product 21. Notably, the
use of a different methylating agent (CH;I) gave rise to a mixture of alkylated products. Ring closure
was obtained by treating malonate 21 with NH2OH in methanol, and subsequently precipitating pure
compound 22 from the reaction mixture after acidification to pH 1. The hydroxy group of 22 was
selectively protected with a benzyl group using Ag>O in a benzylation reaction, as described by
Nicolaou ef al.[40] for similar hydroxyisoxazoles. The subsequent hydrolysis of 23 and the coupling
of the chloride of the resulting acid 24 with 3-aminobiphenyl gave compound 25, which was finally
deprotected, via hydrogenation at atmospheric pressure, to give 13.
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Scheme 3. Synthesis of hydroisoxazole derivative 13. Reagent and conditions: a) MgCl., pyridine,
DCM, rt; b) Me2SO4, DMF, K2COs, rt; ¢) Na, NH:OH-HCIl, MeOH, rt; 2 N aq. HCI d) BnBr, Ag:0,
DMF, rt; e) NaOH, MeOH, 50°C, reflux; f) (CO).Cl,, DMF, dry THF, rt; g) 3-aminobiphenyl,
pyridine, dry THF, rt; h) Hz, Pd/C, THF.

b. Physicochemical characterization: drug-like properties (pKa, logD, solubility)

The determination of the main physicochemical parameters of the compounds, which define their
drug-like properties, was carried out. Solubility at physiological pH was evaluated in phosphate
buffered saline (PBS, pH 7.4) at 25 °C, and the results are reported in Table 2. All the triazole
derivatives 3-12 showed lower solubility than 1, except for compound 7, which showed a solubility
twice that of 1 because of its polar ionizable phenolic function. Notably, the higher solubility of
isoxazole derivative 13, compared to triazole analogue 5, shows the favorable contribution of the
isoxazole ring. The isoxazole ring also has an influence on the acidity of the hydroxylic function, as
evidenced by the lower pK, value of 13 than that of the triazole 7. Specifically, the measured pKa of
the hydroxy function on the triazole ring (compound 7) was 4.9, while it was 4.5 when the function
was positioned on the isoxazole ring (compound 13). The solubility of compounds 4, 5 and 8-11 was
not measurable because the value was lower than the limit of detection (<1 uM) of the UHPLC
method used for the quantitative analyses. Lipophilicity was determined at physiological pH (logD’#)
using PBS/n-octanol as the model system. With the exception of compounds 10 and 11, for which
lipophilicity values were not determinable due to their poor solubility, all of the other compounds
displayed good lipophilic-hydrophilic balance, with logD’”* values that were more favorable than that
of reference compound 1; values were in the range 2.2 — 2.6, which is optimal for favorable
pharmacokinetic behavior. The difference between the logP value calculated for the neutral form
(CLOGP), and the measured logD’# value is in agreement with their being a significant amount of
compound in the ionized form at physiological pH.

2.3 AKRIC3 and AKRIC?2 inhibitor screening

The selective targeting of AKR1C3 over C2 is considered critical to effective PC therapy.[41] Not
only do the two isoforms share 86% sequence similarity, but AKR1C2 is also involved in DHT
inactivation, meaning that its inhibition is undesirable. Accordingly, the inhibitory potencies of
compounds 3-13 were determined for both AKR1C2 and C3 and compared with that of ASP9521[27]
and 1 (Table 1). Given the high sequence identity (97%) of AKR1C2 with C1 any inhibitory effects
against C2 will be recapitulated against C1 and hence decided not to explore the latter isoform.
Furtermore, the sequence and structural differences observed at the binding site between AKR1C3
and C4 hamper the possibility of the compounds to have an effect on AKR1C4, hence excluded the
C4 isoform in this investigation aimed critically at understanding the C3 vs C2 selectivity ratio. ICso
was obtained using recombinant purified enzymes and by measuring S-tetralol oxidation in the
presence of NADP". Except for compound 12, which displayed an ICso value that was five-times
higher than that of compound 1, all of the new compounds showed similar activity to 1 or better.
Furthermore, the increased C3 vs C2 selectivity suggests that the active site of the C3 isoform can
accommodate very bulky substituents, such as substituted or unsubstituted phenyl rings. Specifically,
the incorporation of a phenyl substituent at the meta position of the aniline moiety (compound 5)
provided the most potent inhibition, as this modulation was responsible for a 4.5-fold increase in
inhibitory activity. Indeed, 5 showed an ICso value of 0.069 uM towards C3 and more than 1500-fold
selectivity over C2. With respect to the activity of reference ASP9521, compound 5 was shown to
exhibit similar potency under the conditions investigation but importantly with a higher C3 vs C2
selectivity (AKR1C3 ICso= 0.044 uM £ 0.0025, 34.81% =+ 2.95 of AKR1C2 inhibition at 20 pM).
Although 4 presented ICso values (ICso 0.47 uM) in a similar range as reference 1, its fluorescent
properties hampered measurements of C2 inhibition at 100 uM. On the other hand, the phenoxy



substituent on the aniline moiety seems to slightly improve activity when inserted at the meta rather
than the para position. For instance, meta-substituted compound 11 showed potent AKR1C3
inhibition, with an ICso value of 0.11 uM, and more than 400-fold selectivity for C3 over C2, whereas
para-substituted compound 10 displayed an ICso of 0.27 uM and >370-fold selectivity. However, it
is worth noting that both the meta and para methoxy-substituted derivatives 8 and 9 are equipotent
with respect to AKR1C3 (ICso of 0.22 uM and 0.26 pM, respectively), but are equally selective in
targeting C3 over C2. Unexpectedly, the meta and para hydroxy-substituted derivatives 6 and 7
exhibit the same behavior as their methoxy precursors. The substitution of the triazole ring of
derivative 5 with isoxazole, as in derivative 13, represents a successful scaffold-hopping drug-design
strategy, as demonstrated by the maintenance of activity towards AKRIC3 and the C3 vs C2
selectivity ratio. The slight decrease in activity towards the C3 isoform demonstrates that the triazole
ring has better affinity for the active site of AKR1C3 than the isoxazole. However, the replacement
was retained favorable as isoxazole 13 is more soluble than its triazole analogue 5 (see Table 2).

Table 1. Inhibitory effect of compounds 1 and 3-13 against the AKR1C3 and AKRI1C2
recombinant purified enzymes.
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6 A HN 0310037 | 37.93%+4.2
OH
7 A HNOH 0210016 | 38.55% +2.94
0 a
8 A | un O O 02240022 |3127%x6.02
o [at 50 uM]
9 A HN°\ 026+0.078 | 45.27% = 3.72




(o]
e A /© \© 0.27+0.024 | 57.82%+ 1.73
HN
1)
1 A /@L /@ 0.11 40,0005 | 7275%%0.29
HN {o)

N=\

12 A /Cj”@ 1.63+0.13 -
HN

13 B HN 0.19+0.023 7.32% + 3.95

*The fluorescence properties of these compounds prevents measurements at 100 pM. The reported percentage of inhibition
was measured at the dose indicated in brackets.

2.4 Inhibition of cell proliferation and PSA expression

The effects of the compounds on cell proliferation were evaluated using the 22RV1 PC cell line,
which present high AKRIC3 expression.[25] The antiproliferative activity of the compounds was
investigated by assessing cell viability using the sulforhodamine B (SRB) assay, and the ICso values
are reported in Table 2. Except for compound 12, all of the other ligands exhibited a more pronounced
antiproliferative effect than reference 1.

The activity trend presented by the compounds on 22RV1 cells does not fully reflect the ICso observed
in inhibiting the enzyme. The most active compound on 22RV1 is 3 (ICso = 33.80 uM); notably, it
has the most favorable ligand-lipophilicity efficiency (LLE = 3.93) and the smallest substituent. To
follow, inside the biphenylic triazolo derivatives, compounds 8 and 5 present the best 1Cso values
(50.10 and 52.06 pM respectively). The more flexible phenoxy substitution gave slightly lower
activity both for the modulation of the para and that of the meta position, as demonstrated by the ICso
value of compounds 10 (58.18 uM) and 11 (64.95 uM). ASP9521 was tested in the same conditions
and, at the concentration 50 pM, showed only 16 % of antiproliferative activity. Therefore
compounds 3, 5 and 8 exhibited a more pronounced antiproliferative effect than ASP9521 in this cell
model. Finally, scaffold hopping between the triazole and isoxazole maintained cellular activity
(compare derivatives 5 and 13), as well as lipophilicity, while increasing solubility and acidity, as
previously described.

Table 2: Evaluation of the antiproliferative activity (ICso) of compounds 1 and 3-13 using prostate
cancer cell line 22rv1 (using the SRB assay), solubility and comparison of the measured logD’# and
CLOGP. For two selected compounds (7 and 13), pK. value was measured; ligand-lipophilicity
efficiency (LLE) is reported when calculable.

/
A
Solubility in 7.4
_ 22RV1 logD"*+SE 4 e
Compound [Structure R IC50:SE (uM) (I:;/f) (pKa) CLOGP LLE




CF;
! A 81.40£229 | 212 |110£021| 3.87 5.41
(hit)
HN
CF;
3 A Q 33.80£0.68 | 691  |247£006| 490 3.93
HN CF,
4 A 57.94+1.23 <1 |219£007| 463 4.14
HN
5 A HN 52.06 0.9 <I* 2302003 | 463 4.86
6 A HN 67.54=1.94 | 205  |2.19£008| 3.97 432
OH
() on 2.25+0.05
7 A HN 75742091 | 4033 | GO0 397 443
8 A HN 50.10+0.81 <t |259+0.09| 456 4.07
o/
9 A HN°\ 59.01 +0.94 <1t |250£0.05| 456 4.09
o
10 A T | ssas=on <1s nd. 454 .
HN
1 A /CL /© 64.95 + 1.67 SE n.db 4.54 -
HN (0]
N > 100
N
12 A /Cj () |Gess%+asr| 125 |219+008| 447 3.60
HN at 100 pM)
13 B N » saglx247 | 1070 RI0F002 6o 4.56
® (4.5)

@ the value is lower than the limit of detection (LOD = 1 uM); ° not determined because of low solubility in the water
phase ¢ measured adding different % of MDM to the medium (see Experimental part) on a Syrius T3 Instrument by
CASSMedChem; ¢ calculated using Bio-Loom for Windows, vers. 1.4 (BioByte Corp, Claremont, CA U.S.A); ©
calculated as LLE = pICso — logD™, according to Murray et al.[42]

In order to assess the impact of therapeutically intervene on the steroidogenic pathway via AKR1C3
inhibition, the most potent C3 selective inhibitors (derivatives S and 11, see Table 1) were evaluated
for their potential to reduce prostate-specific antigen (PSA) expression in 22RV1 cells. Besides high
AKRI1C3-expression, this cell line also secretes PSA. Cells were incubated with compounds 5 and
11 at two different concentrations, selected at approximately the ICso value of the antiproliferative
activity and a ten-fold less concentration (50 uM and 5 uM, respectively). Then, the viable cells were
lysed and the PSA levels were detected using western blot. Beta-actin was also included as a protein
loading control in each lane. The western blot was quantified densitometrically and the PSA/B-actin
values were calculated as fold change on the blot (Figure 7). As shown, PSA expression in the cell
extracts was reduced when the cells were treated with both compounds. A relevant effect was also
observed at 5 uM, the lowest concentration tested. These results confirm that both compounds inhibit
prostate cancer cell proliferation through suppression of androgen synthesis by AKR1C3 inhibition.
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Figure 7. Inhibition of PSA expression on 22RV1 cells. The western blot analysis was performed on
cell extracts of 22RV1 cultures incubated for 72 h with cpds 11 and 5 at two different concentrations
(5 and 50 pM). PSA/B-actin values are calculated as fold change. The experiment was performed in
duplicate.

To evaluate any possible enhanced effect that may occur with currently used drugs, compounds 5 and
11 were explored in combination with ABI and ENZA. The assays were carried out on the 22RV1
cell line, which has shown relative levels resistance to both ABI and ENZA.[7, 43, 44] Cells were
incubated for 72 h with 5 or 11 at two different concentrations (40 and 60 puM) in the presence of
either 10 uM ABI (Figure 8a), 30 uM ENZA (Figure 8b), or in the absence of drugs.

When compounds 5 or 11 were added together with ABI, cell viability was reduced by approximately
20% more than when using either drug alone, indicating an enhanced effect. This viability reduction
was observed at both concentrations, albeit with slight differences for compound 5.

A similar trend, but with increased effects, was observed by co-administrating both compounds with
ENZA. In these cases, both 5 and 11 showed a reduction in cell viability by 30% and 50%,
respectively, compared with either drug alone. These preliminary results are encouraging and may
suggest the effectiveness of the combination therapy with known CRPC drugs. In particular these
combination experiments confirm the potential of using an AKRIC3 inhibitor to therapeutically
intervene key steps in the steroidogenic pathway and reduce resulting PSA production and cell tumor
proliferation.
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Figure 8. The effect of the co-treatment of compounds 5 and 11 with ABI (a) and ENZA (b)
on 22RV1 cell proliferation, using the SRB assay. Cells were either treated with compounds 5
or 11 at 40 and 60 uM in the presence of a drug (10 uM ABI or 30 uM ENZA) or in the absence

of a drug for 72 h. Cell growth is expressed as % T/C (mean OD of treated cells/mean OD of
control cells X 100).

2.5 Inhibition of testosterone production in 22RV1 cells

As AKRI1C3 plays a key role in the production of testosterone in the androgen biosynthetic pathway,
the most potent AKR1C3 inhibitor, compound 5, was also evaluated for its ability to interfere with
testosterone formation in a cell-based system. The chosen assay better mimics a physiological
environment than homogenate and purified enzyme-based assays. The formation of testosterone was
analyzed in the cell supernatant by ELISA after AKR1C3-expressing 22RV1 cells were treated with
compound 5 and androstenedione (AD). In the presence of only AD, testosterone production
increased about 150-fold (Figure 9). When the cells were pre-treated with 5, a significant dose-
dependent impact on testosterone levels was observed (Figure 9). Testosterone production underwent
a ca. 50-fold reduction when 5 was used at 50 uM, while 20% inhibition was detected when this
analog was used at the 0.5 uM concentration, indicating a dose-dependent effect.
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Figure 9. Inhibition of testosterone production. Evaluation of the inhibitory effect of compound 5 at
two different concentrations (50 and 0.5 uM) in AD-treated 22RV1 cells.

3. Conclusions

This study has focused on a new series of AKR1C3 inhibitors that has been designed via structure-
guided lead optimization on the 4-hydroxy-1-p-methoxybenzylazole scaffold, which previously led
to the development of potent C3 vs C2 selective inhibitors. The introduction of a second phenyl
substituent onto the aniline substructure of the lead compound improved both AKR1C3 potency and
C3 vs C2 isoform selectivity, bringing this carboxyl acid-free hydroxytriazole series to reach activity
values comparable to the best derivatives of AKRIC3 described in the literature. Compound 5,
bearing the phenyl substituent in the meta position of the aniline moiety, is the most potent compound
against the isolated enzyme. Its modulation appeared to be responsible for the 4.5-fold increase in
activity over reference compound 1. Specifically, 5 shows nanomolar activity against AKR1C3,
1500-fold selectivity for C3 over C2 and is able to inhibit the cell proliferation of AKRIC3-
expressing 22RV1 prostate cancer cells as well as inhibiting PSA expression. Compound 5 also has
an effect on testosterone production in a dose-dependent manner. In addition, the inhibition of
AKRI1C3 activity by compounds 5 and 11 has been shown to have enhanced effects in combination
with ENZA and ABI treatment suggesting the effectiveness of the combination therapy with these
elective drugs to increase their efficacy. Overall, the novel small molecules reported provide a
promising starting point for the design of more potent AKR1C3 inhibitors with clinical potential,
which are essential for effective interventions in critical steps of the steroidogenic pathway and for
reducing both PSA and testosterone production. The substitution of the triazole ring (compound 5)
with an isoxazole (compound 13) is a successful scaffold-hopping drug-design strategy. This is
supported by the facts that AKR1C3 activity is maintained, selectivity over AKR1C2 is increased and
isoxazole 13 is more soluble than its triazole analogue 5. Finally, the physicochemical
characterization of the new library of analogs reported here, including pKa,, logD and solubility, will
facilitate further optimization of these lead compounds, with the aim of discovering new compounds
with improved drug-like properties and optimal pharmacokinetic characteristics.



4. Experimental section

4.1 Molecular Modeling

The structure of AKR1C3 complexed with compound 1 (PDB ID 6f2u[31]) was used to rationally
design the new compounds and to perform in-silico simulations. Prior to docking studies, the protein
was prepared by adding hydrogens and keeping the NADP+ cofactor. The designed compounds were
sketched with moldraw and converted into mol2 using Open Babel;[45] their tautomeric/protonation
state at physiological pH was checked using the MoKa software,[46] apart for the triazole hydroxyl
group, which was considered to be deprotonated in accordance with experimental data.[26, 35, 47]
Compounds were first minimized using a combination of the steepest descent and conjugate gradient
minimization methods, and then submitted to docking with GOLD version 5.5.[48] The region of
interest was defined to contain all of the residues within 10 A of a reference residue, His117 (centroid
of the docking cavity). An H-bond interaction between the NH of His117 and the deprotonated O
atom of the hydroxyazole ring was applied as a constraint. The GOLD standard parameters were used
and the complex subjected to 10 genetic algorithm runs. Finally, poses were scored with the
CHEMPLP function and ranked accordingly.

Molecular dynamics simulations. The protein was parametrized by the Amber14 force field,[49] and
Gromacs 5.1.4[50] was used to run MD Simulations. TIP3P was used as the water model. The
solvated system was minimized using 5000 steps of steepest descent. The Verlet cutoff scheme, the
Bussi—Parrinello thermostat LINCS for the constraints (all bonds), and the particle mesh Ewald for
electrostatics, with a short-range cutoff of 11 A, were applied. The system was equilibrated in four
subsequent steps: 500 ps in the NVT ensemble at 100, 200 and 300 K, and 1 ns in the NPT ensemble,
to reach the pressure equilibrium condition. In the two first equilibration steps, harmonic positional
restraints were applied to the backbone of the protein with a spring constant of 1000 kJ/(mol-A2).
The production run was carried out in the NVT ensemble at 300 K without any restraint for 200 ns,
at an integration step of 2 fs. MD setup and trajectory cleaning were performed using the BiKi
LifeScience environment.[51, 52] The ligand was parameterized using the ab-initio RESP-charge-
fitting methodology, as implemented in the BiKi Life Science software suite,[53] and converted into
the GROMACS format using the acypipe tool.

The analyses of the MD trajectories were performed on the GROMACS package, and images were
generated using PyMOL (Schrodinger, LLC. 2010. The PyMOL Molecular Graphics System, version
2.3.4).

4.2 Chemistry
General methods

All chemical reagents were obtained from commercial sources (Sigma Aldrich, Alfa Aesar) and used
without further purification. ASP9521 was purchased by Vinci-Biochem. Culture media were
obtained from Sigma-Aldrich. Analytical grade solvents (acetonitrile, diisopropyl ether, diethyl
ether, dichloromethane [DCM], dimethylformamide [DMF], ethanol 99.8 % v/v, ethyl acetate,
methanol [MeOH], petroleum ether b.p. 40 - 60°C [petroleum ether]) were used without further
purification. When needed, solvents were dried on 4 A molecular sieves. Tetrahydrofuran (THF) was
distilled immediately prior to use from Na and benzophenone under N». Thin layer chromatography
(TLC) on silica gel was carried out on 5 x 20 cm plates with 0.25 mm layer thickness to monitor the
progress of the reactions. Anhydrous MgSO4 was used as a drying agent for the organic phases.
Compound purification was achieved using flash column chromatography on silica gel (Merck
Kieselgel 60, 230-400 mesh ASTM) and the indicated eluents. Purity was checked using two HPLC
analytical methods, performed on a UHPLC chromatographic system (Perkin Elmer, Flexar). The
analytical column was a UHPLC XBridge BEH C18 XP Column (2.1x100 mm, 2.5 um particle size)



(Waters). Compounds were dissolved in acetonitrile and injected through a 20 pl loop. The mobile
phase consisted of acetonitrile / water with 0.1 % trifluoroacetic acid. UHPLC analyses were run at
flow rates of 0.5 mL/min, and the column effluent was monitored at 230 and 254 nm, referenced
against a 400 nm wavelength. The purity of the final compounds was at least 95%. Melting points
(m.p.) were measured on a capillary apparatus (Biichi 540) by placing the sample at a temperature
10° C below the m.p. and applying a heating rate of 2° C min!. All compounds were routinely
checked by 'H- and 3C-NMR and mass spectrometry, except for compound 20, which was only
confirmed using mass (the presence of more than 2 tautomers makes the correct interpretation of
NMR spectra difficult). 'H- and '*C-NMR spectra were performed on a JEOL ECZR600 instrument.
The following abbreviations are used for coupling patterns: br = broad, s = singlet, d = doublet, dd =
doublet of doublets, t = triplet, q = quartet, quint = quintuplet, m = multiplet. Chemical shifts () are
given in parts per million (ppm). The 'H- and *C-NMR spectra of new compounds are shown in the
supplementary data. MS spectra were performed on a Waters Micromass ZQ equipped with an ESCi
source for electrospray ionization mass spectra (ESI). The HRMS spectra of the final compounds
(compounds 3 - 12) were recorded on a LTQ Orbitrap XL plus (Thermo Fisher Scientific, Waltham,
MA USA) equipped with an ESI ionization source, with positive or negative ions (Spray capillary
voltage: 3000 V (+), 2500 V (-)). Compound 14,[37, 47, 54-56] was prepared by following previously
described procedures.

4'-(Benzyloxy)-[1,1'-biphenyl]-3-amine (19). KoCOs3 (3.35 g, 24.3 mmol) was added to a solution of
4-bromophenol 17 (17.3 mmol, 3.00 g) in dry acetonitrile, and the mixture was then stirred for 30
minutes. Benzyl bromide (17.3 mmol, 2.06 mL) was added and the resulting mixture was stirred
overnight. The mixture was filtered through celite and the solvent was evaporated. The resulting solid
was triturated from hexane to give pure compound 1-(benzyloxy)-4-bromobenzene 18 (yield 50%).
Pd[(CsHs)3P]4 (263 mg, 0.22 mmol, 0.20 equiv.) was added to a solution of 18 (300 mg, 1.14 mmol,
1.00 eq) and K»>COs3 (945 mg, 6.84 mmol, 6.00 eq) in a dioxane/water mixture (8:2 v/v). After the
resulting mixture was stirred under a nitrogen atmosphere for 1 h at rt, (3-aminophenyl)boronic acid
(2.28 mmol, 2.0 eq) was added. The reaction mixture was heated at reflux under a nitrogen
atmosphere for 4 hours, then it was cooled to room temperature, diluted with water and the mixture
was extracted three times with EtOAc. The combined organic layers were dried over NaxSO4 and
concentrated under reduced pressure. The crude product was purified by flash chromatography
(eluent: petroleum ether/EtOAc 8/2 v/v and then DCM) to give aniline 19 as an oil (Yield 63%). 'H
NMR (600 MHz, DMSO-ds): 6 5.14 (s, 2H), 5.88 (very br s, 2H), 6.60 (d, J= 7.4 Hz, 1H, 6.83 (d, J
= 7.3 Hz, 1H), 6.87 (s, 1H), 7.16 — 7.04 (m, 3H), 7.36 — 7.33 (m, 1H), 7.41 (t, /= 7.5 Hz, 2H), 7.53
—7.44 (m, 4H).

General procedure for compounds 15 a-h and 16 a-b

Oxalyl chloride (2 eq) and a catalytic amount of dry DMF were added to a cooled (0 °C) solution of
the carboxylic acid 14 (1 eq) in dry THF. The reaction was stirred for 1 h at room temperature under
a nitrogen atmosphere. The solvent was evaporated under reduced pressure and the residue was
dissolved in dry THF (this process was repeated three times). The resulting acyl chloride was
dissolved in dry toluene and used without any further purification in the next step. The appropriate
anilines (1 eq) and dry pyridine (3 eq) were added to the described solution. The reaction mixture was
stirred overnight at 50 °C under a nitrogen atmosphere. After the reaction completed, the mixture was
poured into 2 M HCI, the layers were separated and the aqueous phase was extracted twice with ethyl
acetate. The combined organic layer was washed with brine, dried over Na>xSO4 and the solvent was
evaporated. The crude product was purified using flash chromatography.



N-([1,1'-Biphenyl]-4-yl)-4-(benzyloxy)-1-(4-methoxybenzyl)-1H-1,2,3-triazole-5-carboxamide
(15a). Flash chromatography, eluent: petroleum ether / EtOAc 90/10 v/v, yield 96%. White solid
(m.p. 154.2 - 154.7 °C). '"H NMR (600 MHz, CDCl5): 4 3.77 (s, 3H), 5.61 (s, 2H), 5.93 (s, 2H), 6.85
(d, J= 8.8 Hz, 2H), 7.33 (t, J= 7.34 Hz, 1H), 7.41-7.48 (m, 7H), 7.49-7.58 (m, 8H), 8.67 (s, 1H). 1*C
NMR (151 MHz, CDCIl3): 53.96, 55.34, 73.15, 112.61, 114.09, 120.37, 126.93, 127.32, 127.49,
127.81, 128.54, 128.90, 129.0, 129.11, 130.24, 135.45, 136.61, 137.65, 140.43, 155.43, 158.41,
159.73. MS (ESI) 491.5 [M + H]".

N-([1,1"-Biphenyl]-3-yl)-4-(benzyloxy)-1-(4-methoxybenzyl)-1H-1,2,3-triazole-5-carboxamide

(15b). Flash chromatography, eluent: petroleum ether / EtOAc 90/10 v/v, yield 65%. White solid
(m.p. 146.3-147.0 °C). 'H NMR (600 MHz, CDCls): & 3.77 (s, 3H), 5.60 (s, 2H), 5.93 (s, 2H), 6.85
(d, J = 8.6 Hz, 2H), 7.31-7.58 (m, 16H), 8.73 (s, 1H). *C NMR (151 MHz, CDCls): 53.96, 55.38,
73.24, 112.68, 114.13, 118.64, 118.84, 123.54, 127.29, 127.53, 127.76, 128.61, 128.89, 129.07,
129.15, 129.69, 130.30, 135.50, 137.90, 140.54, 142.29, 155.50, 158.45, 159.77. MS (ESI) 491 [M +
H]".

4-(Benzyloxy)-N-(4'-(benzyloxy)-[ 1, 1'-biphenyl]-3-yl)- 1-(4-methoxybenzyl)-1H-1,2, 3-triazole-5-
carboxamide (15c). Flash chromatography, eluent: gradient of petroleum ether / EtOAc / DCM
60/20/20 to DCM, yield 76%. White solid (m.p. 165.5-167.4°C). '"H NMR (600 MHz, CDCl5): 8 3.77
(s, 3H), 5.14 (s, 2H), 5.60 (s, 2H), 5.92 (s, 2H), 6.85 (d, J = 8.8 Hz, 2H), 7.05 (d, J = 8.7 Hz, 2H),
7.30 (d, J=17.9 Hz, 1H), 7.35 (t, J = 7.7 Hz, 2H), 7.37-7.50 (m, 13H), 7.51-7.53 (m, 2H), 8.71 (s,
1H). *C NMR (151 MHz, CDCl3): 53.95, 55.39, 70.26, 73.24, 112.73, 114.15, 115.28, 118.17,
118.28, 123.10, 127.57, 127.62, 128.19, 128.32, 128.61, 128.79, 129.06, 129.13, 129.65, 130.30,
133.30, 135.53, 137.05, 137.90, 141.83, 155.49, 158.45, 158.73, 159.79. MS (ESI) 597 [M + H]".

4-(Benzyloxy)-N-(4'"-methoxy-[1,1"-biphenyl]-3-yl)- 1-(4-methoxybenzyl)- 1 H-1,2,3-triazole-5-
carboxamide (15d). Flash chromatography, eluent: petroleum ether / EtOAc 90/10 v/v, yield 81%.
White solid (m.p. 151.3-152.8 °C). 'H NMR (600 MHz, CDCl3): § 3.77 (s, 3H), 3.87 (s, 3H), 5.60 (s,
2H), 5.93 (s, 2H), 6.85 (d, J= 8.8 Hz, 2H), 6.98 (d, /= 8.8 Hz, 2H), 7.31 (d, J= 7.8 Hz, 1H), 7.35 (t,
J=7.8Hz, 1H), 7.57-7.38 (m, 11H), 8.70 (s, 1H). 3*C NMR (151 MHz, CDCl5): 53.95, 55.38, 55.52,
73.23, 112.73, 114.15, 114.32, 118.19, 118.28, 123.11, 127.57, 128.31, 128.60, 129.06, 129.12,
129.64, 130.30, 133.07, 135.54, 137.89, 141.89, 155.50, 158.45, 159.54, 159.79. MS (ESI) 521 [M +
H]".

4-(Benzyloxy)-N-(3'"-methoxy-[1,1"-biphenyl]-3-yl)- 1-(4-methoxybenzyl)-1H-1,2,3-triazole-5-
carboxamide (15e) Flash chromatography, eluent: petroleum ether / EtOAc 80/20 v/v, yield 85%.
White solid (m.p. 99.2-100.7 °C). '"H NMR (600 MHz, CDCls): & 3.77 (s, 3H), 3.88 (s, 3H), 5.60 (s,
2H), 5.92 (s, 2H), 6.85 (d, J = 8.7 Hz, 2H), 6.92 (dd, J = 8.2, 2.5 Hz, 1H), 7.07-7.09 (m, 1H), 7.12 (d,
J=17.7Hz, 1H), 7.28-7.49 (m, 8H), 7.52 (m, 2H), 7.55 (d, J = 7.9, 2H), 8.71 (s, 1H). *C NMR (151
MHz, CDCls): 53.97, 55.38, 55.49, 73.26, 112.70, 112.92, 113.28, 114.15, 118.73, 119.06, 119.83,
123.60, 127.56, 128.58, 129.08, 129.19, 129.65, 129.89, 130.30, 135.50, 137.88, 142.12, 142.20,
155.51, 158.46, 159.79, 160.08. MS (ESI) 521 [M + H]".

4-(Benzyloxy)-1-(4-methoxybenzyl)-N-(4-phenoxyphenyl)-1H-1,2,3-triazole-5-carboxamide  (15f).
Flash chromatography, eluent: petroleum ether / EtOAc 90/10 v/v, yield 92%. White solid (m.p.
110.9-111.5 °C). '"H NMR (600 MHz, CDCl3): & 3.77 (s, 3H), 5.59 (s, 2H), 5.91 (s, 2H), 6.84 (d, J =
8.7 Hz, 2H), 6.89-7.03 (m, 4H), 7.10 (t,J= 7.4 Hz, 1H), 7.33 (t, J = 8.0 Hz, 2H), 7.35-7.47 (m, 7H),



7.50 (d, J = 7.0 Hz, 2H), 8.57 (s, 1H). 3*C NMR (151 MHz, CDCl3): 53.98, 55.38, 73.16, 112.58,
114.11, 118.63, 119.79, 121.83, 123.33, 127.54, 128.56, 129.02, 129.14, 129.88, 130.27, 132.77,
135.47, 153.95, 155.43, 157.52, 158.43, 159.76. MS (ESI) 507 [M + H]".

4-(Benzyloxy)-1-(4-methoxybenzyl)-N-(3-phenoxyphenyl)-1H-1,2,3-triazole-5-carboxamide  (15g).
Flash chromatography, eluent: petroleum ether / EtOAc 90/10 v/v, yield 93%. White solid (m.p.
113.3-114.2 °C). 'H NMR (600 MHz, CDCl3): & 3.76 (s, 3H), 5.56 (s, 2H), 5.87 (s, 2H), 6.72 (d, J =
7.9 Hz, 1H), 6.82 (d, J = 8.4 Hz, 2H), 7.00 (d, J= 7.9 Hz, 2H), 7.08-7.66 (m, 13H), 8.58 (s, 1H). 1*C
NMR (151 MHz, CDCIl3): 53.99, 55.37, 73.18, 110.95, 112.55, 114.10, 114.84, 114.97, 119.02,
123.56, 127.46, 128.48, 129.0, 129.13, 129.90, 130.24, 130.28, 135.38, 138.78, 155.41, 157.06,
157.86, 158.42, 159.76. MS (ESI) 507 [M + H]".

4-(Benzyloxy)-N-(3-bromophenyl)-1-(4-methoxybenzyl)-1H-1,2,3-triazole-5-carboxamide (15h).
Flash chromatography, eluent: petroleum ether / EtOAc 80/20 v/v, yield 95%. White solid (m.p.
125.5-128.0°C). 'H NMR (600 MHz, CDClz): 8 3.77 (s, 3H), 5.59 (s, 2H), 5.89 (s, 2H), 6.85 (d, J =
8.8 Hz, 2H), 7.15 (t,J= 8.0 Hz, 1H), 7.24 (ddd, /= 7.9, 1.8, 0.9 Hz, 1H), 7.28 (ddd, J = 8.1, 2.0, 0.9
Hz, 1H), 7.38-7.47 (m, 5H), 7.50 (dd, J = 7.9, 1.5 Hz, 2H), 7.70 (t,J= 2.0 Hz, 1H), 8.61 (s, 1H). 1*C
NMR (151 MHz, CDCIl3): 54.05, 55.39, 73.36, 112.45, 114.17, 118.38, 122.86, 122.92, 127.39,
127.73, 128.59, 129.09, 129.28, 130.24, 130.49, 135.40, 138.72, 155.44, 158.53, 159.82. MS (ESI)
493 [M + H]".

4-(Benzyloxy)-N-(3,5-bis(trifluoromethyl)phenyl)- 1-(4-methoxybenzyl)-1H- 1,2, 3-triazole-5-
carboxamide (16a). Flash chromatography, eluent: petroleum ether / EtOAc 85/15 v/v, yield 68%.
White solid (m.p. 151.2 — 153.0 °C). 'H NMR (600 MHz, CDCl3): & 3.76 (s, 3H), 5.59 (s, 2H), 5.88
(s, 2H), 6.85 (d, J = 8.6 Hz, 2H), 7.49-7.39 (m, 5H), 7.48-7.55 (m, 2H), 7.59 (s, 1H), 7.86 (s, 2H),
8.92 (s, 1H). 13C NMR (151 MHz, CDCl3): 54.17, 55.40, 73.73, 112.09, 114.22, 117.86, 119.40,
123.05 (q, J = 272.5 Hz), 127.10, 128.61, 129.19, 129.55, 130.24, 132.61 (d, J = 33.4 Hz), 135.19,
139.00, 155.62, 158.80, 159.91. MS (ESI) 549 [M - H].

4-(Benzyloxy)-1-(4-methoxybenzyl)-N-(1-phenyl-1H-benzo[d]imidazol-5-yl)-1H-1,2,3-triazole-5-
carboxamide (16b). Flash chromatography, eluent: petroleum ether / EtOAc 70/30 v/v, yield 65%.
White solid (m.p. 197.3-198.1°C). 'H NMR (600 MHz, CDCls):  3.77 (s, 3H), 5.61 (s, 2H), 5.92 (s,
2H), 6.84 (d, J = 8.7 Hz, 2H), 7.35-7.56 (m, 12H), 7.58-7.63 (m, 2H), 8.05 (d, J = 1.5 Hz, 1H), 8.32
(s, IH), 8.73 (s, IH). 3C NMR (151 MHz, CDCl3): 54.02, 55.37, 73.18, 111.16, 111.49, 112.61,
114.09, 118.20, 124.15, 127.51, 128.61, 128.79, 129.07, 129.19, 130.37, 130.40, 130.64, 133.52,
135.45, 135.72, 142.28, 142.59. 155.58, 158.48, 159.74. MS (ESI) 531 [M + H]".

Procedure for synthesis of compounds 3 and 4

Protected compounds 16a and 15a (5 mmol) were separately dissolved in dry THF (10 mL) and
hydrogenated in the presence of Pd/C (5% w/w) for 1 h at atmospheric pressure. The reaction mixture
was filtered off through a short layer of celite and the solvent was evaporated under reduced pressure.
The desired compound was then purified accordingly.

N-(3,5-bis(trifluoromethyl)phenyl)-4-hydroxy-1-(4-methoxybenzyl)-1H-1,2, 3-triazole-5-
carboxamide (3). The resulting solid was crystallized using acetonitrile. Yield 48%. (m.p. 223.1-
225.1 °C). 'H NMR (600 MHz, DMSO-ds): 8 3.70 (s, 3H), 5.75 (s, 2H), 6.89 (d, J = 8.5 Hz, 2H),



7.24 (d, J = 8.4 Hz, 2H), 7.82 (s, 1H), 8.35 (s, 2H), 10.16 (s, 1H). 3C NMR (151 MHz, DMSO-d):
53.25,55.12, 110.80, 114.08, 116.98, 120.21, 123.21 (q, J = 272.8 Hz), 127.56, 129.36, 130.80 (q, J
— 33.0 Hz), 139.88, 156.85, 158.62, 159.14. ESI-HRMS (m/z): [M + H] caled for C1oH14FsN4O3,
459.089733; obsd, 459.0897.

N-([1,1"-biphenyl]-4-yl)-4-hydroxy-1-(4-methoxybenzyl)-1H-1,2,3-triazole-5-carboxamide (4). The
resulting solid was purified using flash chromatography, eluent: DCM / MeOH 98/2 v/v and
subsequent crystallization (DCM / hexane). Yield 73%. White solid (m.p. 256.2-258.5°C). '"H NMR
(600 MHz, DMSO-dp): 6 3.72 (s, 3H), 5.76 (s, 2H), 6.91 (d, /= 8.8 Hz, 2H), 7.27 (d, /= 8.8 Hz, 2H),
7.34 (t,J=7.4 Hz, 1H), 7.46 (t, J= 7.8 Hz, 2H), 7.62 — 7.69 (m, 4H), 7.74 (d, J = 8.6 Hz, 2H), 9.98
(s, IH). 3C NMR (151 MHz, DMSO-ds): 53.53, 55.61, 114.49, 120.62, 120.72, 126.82, 127.61,
127.68, 128.48, 129.46, 129.90, 136.0, 138.09, 140.08, 156.90, 159.55, 159.59. ESI-HRMS (m/z):
[M + H] calcd for C23H20N4O3, 399.1462; obsd, 399.1464.

General procedure for compounds 5, 6, 8 — 12.[57]

The appropriate protected benzyloxytriazole (0.5 mol) was dissolved in TFA (2 mL), and thioanisole
was added (3 mmol) at room temperature. The reaction mixture was stirred at room temperature for
2-3 h. After monitoring the disappearance of the starting material, the mixture was poured into water.
When a precipitate was present, it was filtered off and washed with water and hexane. Otherwise, the
aqueous mixture was extracted twice with ethyl acetate. The combined organic layer was washed
with brine, dried over Na;SO4 and the solvent was evaporated. The crude product was further purified
to give the corresponding final product.

N-([1,1"-biphenyl]-3-yl)-4-hydroxy-I-(4-methoxybenzyl)-1H-1,2, 3-triazole-5-carboxamide (5).
White solid (powder, m.p. 233.5-234.8 °C, from MeOH). Yield 63%. '"H NMR (600 MHz, DMSO-
ds): 6 3.70 (s, 3H), 5.77 (s, 2H), 6.89 (d, J = 8.8 Hz, 2H), 7.26 (d, J = 8.7 Hz, 2H), 7.34 — 7.51 (m,
5H), 7.60 — 7.67 (m, 3H), 7.93 (s, 1H), 9.68 (broad s, 1H). *C NMR (151 MHz, DMSO-ds): 53.17,
55.12, 111.22, 114.05, 118.22, 119.02, 122.55, 126.77, 127.73, 129.03, 129.43, 129.43, 129.59,
138.45, 139.91, 141.02, 156.21, 158.18, 159.12. ESI-HRMS (m/z): [M + H] calcd for C23H20N403,
399.1462; obsd, 399.1463.

4-Hydroxy-N-(4"-hydroxy-[1, 1'-biphenyl]-3-yl)-1-(4-methoxybenzyl)-1H-1,2, 3-triazole-5-
carboxamide (6). The resulting solid was purified using flash chromatography, eluent: DCM / MeOH
95/5 v/v, and subsequent trituration with diisopropyl ether. White solid (powder, m.p. 239.0-244.2
°C). Yield 63%. 'H NMR (600 MHz, DMSO-ds): & 3.71 (s, 3H), 5.78 (s, 2H), 6.87 (d, J = 8.6 Hz,
2H), 6.90 (d, J = 8.7 Hz, 2H), 7.27 (d, J = 8.7 Hz, 2H), 7.33 (d, J = 8.0 Hz, 1H), 7.39 (t, /= 7.9 Hz,
1H), 7.47 (d, J= 8.6 Hz, 2H), 7.55 (d, J = 8.0 Hz, 1H), 7.83 (s, 1H), 9.60 (s, 1H), 9.63 (broad s, 1H).
13C NMR (151 MHz, DMSO-ds): 53.14, 55.11, 111.23, 114.04, 115.78, 117.46, 117.98, 121.85,
127.72,127.81,129.41, 129.41, 130.59, 138.31, 141.03, 156.12, 157.32, 158.12, 159.10. ESI-HRMS
(m/z): [M + HJ calcd for C23H20N4O4, 415.1412; obsd, 415.1413.

4-Hydroxy-N-(3"-hydroxy-[1, 1'-biphenyl]-3-yl)-1-(4-methoxybenzyl)-1H-1,2, 3-triazole-5-

carboxamide (7). Pd[(CsHs)3P]4 (115 mg, 0.1 mmol, 0.20 eq) was added to a solution of 15h (250
mg, 0.50 mmol, 1.00 eq) and K2CO3 (414 mg, 3.00 mmol, 6.00 eq) in a dioxane/water mixture (8:2
v/v). After the resulting mixture was stirred under a nitrogen atmosphere for 1 h at rt, (3-
hydroxyphenyl)boronic acid (1.00 mmol, 2.0 eq) was added. The reaction mixture was heated at



reflux under a nitrogen atmosphere overnight, it was then cooled to room temperature and diluted
with water, and the mixture was extracted three times with DCM. The combined organic layers were
dried over Na;SO4 and concentrated under reduced pressure. The crude product was purified using
flash chromatography (eluent: DCM / MeOH 95/5 v/v) and subsequent trituration with diisopropyl
ether. White solid (powder, m.p. 196.0-197.7 °C). Yield 35 %. 'H NMR (600 MHz, DMSO-ds): &
3.70 (s, 3H), 5.77 (s, 2H), 6.78 (ddd, J = 8.2, 2.4, 0.7 Hz, 1H), 6.90 (d, J = 8.8 Hz, 2H), 7.02 (t, J =
2.0 Hz, 1H), 7.05 (d, J= 8.2 Hz, 1H), 7.23-7.30 (m, 3H), 7.34 (d, /J="7.9 Hz, 1H), 7.41 (t, J=7.9 Hz,
1H), 7.59 (d, J = 8.0 Hz, 1H), 7.90 (s, 1H), 9.57 (broad s, 1H), 9.82 (broad s, 1H). 13C NMR (151
MHz, DMSO-ds): 53.08, 55.10, 111.03, 113.49, 114.02, 114.70, 117.48, 117.98, 118.85, 122.28,
127.83,129.37,129.48, 130.01, 138.48, 141.11, 141.31, 156.33, 157.84, 158.75, 159.08. ESI-HRMS
(m/z): [M + HJ calcd for C23H20N4O4, 415.1412; obsd, 415.1413.

4-Hydroxy-N-(4"-methoxy-[1,1"-biphenyl]-3-yl)- 1-(4-methoxybenzyl)-1H-1,2,3-triazole-5-
carboxamide (8). The resulting solid was purified using flash chromatography, eluent: DCM / MeOH
95/5 v/v, and subsequent trituration with diisopropyl ether. White solid (powder, m.p. 244.0-
247.9°C). Yield 61%. '"H NMR (600 MHz, DMSO-ds): 4 3.70 (s, 3H), 3.79 (s, 3H), 5.77 (s, 2H), 6.89
(d, J=8.8 Hz, 2H), 7.03 (d, J = 8.8 Hz, 2H), 7.26 (d, J= 8.7 Hz, 2H), 7.35 (d, J = 8.0 Hz, 1H), 7.40
(t, J=7.8 Hz, 1H), 7.55 — 7.60 (m, 3H), 7.86 (s, 1H), 9.65 (s, 1H). *C NMR (151 MHz, DMSO-d):
53.14,55.10, 55.20, 111.20, 114.03, 114.42, 117.67, 118.31, 122.03, 127.72, 127.82, 129.40, 129.46,
132.20, 138.37, 140.64, 154.25, 156.16, 158.17, 159.08. ESI-HRMS (m/z): [M + H] calcd for
C24H22N404, 429.1568; obsd, 429.1565.

4-Hydroxy-N-(3"-methoxy-[1,1"-biphenyl]-3-yl)- 1-(4-methoxybenzyl)-1H-1,2,3-triazole-5-
carboxamide (9). The resulting solid was purified using flash chromatography, eluent: DCM / MeOH
95/5 v/v, and subsequent trituration with EtOAc. White solid (powder, m.p. 178-181.4 °C). Yield
48%. '"H NMR (600 MHz, DMSO-ds): & 3.71 (s, 3H), 3.83 (s, 3H), 5.78 (s, 2H), 6.90 (d, J = 8.7 Hz,
2H), 6.97 (dd, J=8.2,2.3 Hz, 1H), 7.16 — 7.18 (m, 1H), 7.21 (d, J= 7.8 Hz, 1H), 7.27 (d, J = 8.7 Hz,
2H), 7.39 — 7.46 (m, 3H), 7.65 (d, J = 7.5 Hz, 1H), 7.91 (s, 1H), 9.68 (s, 1H). 3*C NMR (151 MHz,
DMSO-ds): 53.16, 55.10, 55.18, 111.19,112.33, 113.18, 114.03, 118.34, 119.07, 119.19, 122.63,
127.70, 129.40, 129.48, 130.07, 138.34, 140.87, 141.41, 156.18, 158.08, 159.10, 159.75. ESI-HRMS
(m/z): [M + HJ calcd for C24H220N404, 429.1568; obsd, 429.1565.

4-Hydroxy-1-(4-methoxybenzyl)-N-(4-phenoxyphenyl)-1H-1,2, 3-triazole-5-carboxamide (10). The
resulting solid was purified using flash chromatography, eluent: DCM / MeOH 95/5 v/v, and
subsequent trituration with EtOAc. White solid (powder, m.p. 239.0-241.3 °C). Yield 58%. 'H NMR
(600 MHz, DMSO-dp): 6 3.71 (s, 3H), 5.75 (s, 2H), 6.90 (d, /= 8.7 Hz, 2H), 6.99 (d, /= 7.8 Hz, 2H),
7.02 (d, J=8.9 Hz, 2H), 7.12 (t,J = 7.4 Hz, 1H), 7.26 (d, J = 8.7 Hz, 2H), 7.41 — 7.35 (m, 2H), 7.65
(d, J = 8.9 Hz, 2H), 9.60 (br s, 1H). 3C NMR (75 MHz, DMSO-ds): 53.06, 55.12, 111.21, 114.02,
118.08, 119.48, 121.74, 123.19, 127.77, 129.40, 130.04, 133.64, 152.53, 155.97, 157.17, 158.22,
159.09. ESI-HRMS (m/z): [M + H] calcd for C23H20N404, 415.1412; obsd, 415.1412.

4-Hydroxy-1-(4-methoxybenzyl)-N-(3-phenoxyphenyl)-1H-1,2, 3-triazole-5-carboxamide (11). The
resulting solid was purified using flash chromatography, eluent: DCM / MeOH 95/5 v/v, and
subsequent crystallization (DCM / hexane). White solid (powder, m.p. 217.5-222.0 °C). Yield 75%.
'"H NMR (600 MHz, DMSO-dp): 6 3.71 (s, 3H), 5.71 (s, 2H), 6.74 (d, J = 7.5 Hz, 1H), 6.88 (d, J =
8.6 Hz, 2H), 7.04 (d, J = 8.2 Hz, 2H), 7.16 (t,J = 7.0 Hz, 1H), 7.22 (d, /= 8.5 Hz, 2H), 7.30-7.36 (m,
2H), 7.37-7.46 (m, 3H), 9.75 (broad s, 1H). 3C NMR (151 MHz, DMSO-ds): 53.10, 55.11, 109.98,
111.09, 114.02, 114.79, 118.78, 123.64, 127.68, 129.38, 130.11, 130.31, 137.66, 139.48, 156.21,



156.45, 157.04, 158.46, 159.09. ESI-HRMS (m/z): [M + H] calcd for C23H20N4O4, 415,1412; obsd,
415.1415.

4-Hydroxy-1-(4-methoxybenzyl)-N-(1-phenyl-1H-benzo[d]imidazol-5-yl)-1H-1,2,3-triazole-5-
carboxamide (12). The resulting solid was subsequently crystallized from MeOH. White solid
(powder, m.p. 240.1-243.7 °C). Yield 48%. 'H NMR (600 MHz, DMSO-ds): 8 3.71 (s, 3H), 5.79 (s,
2H), 6.91 (d, J= 6.7 Hz, 2H), 7.29 (d, J = 6.8 Hz, 2H), 7.47 (d, /= 8.8 Hz, 1H), 7.50 (d, /= 7.3 Hz,
1H), 7.58 — 7.66 (m, 3H), 7.69 (d, J = 7.3 Hz, 2H), 8.19 (s, 1H), 8.58 (d, J = 2.1 Hz, 1H), 9.69 (s,
1H). *C NMR (151 MHz, DMSO-ds): 53.15, 55.12,110.83, 111.11, 111,37, 114.03, 117.13, 117.21,
123.49, 127.77, 129.50, 129.92, 130.15, 133.07, 135.92, 143.96, 144.08, 156.02, 158.03, 159.12.
ESI-HRMS (m/z): [M + H] calcd for C24H20N¢O3, 439.1524; obsd, 439.1525.

Dimethyl 2-(2-(4-methoxyphenyl)acetyl)malonate (20). Dimethyl malonate (1.74 g, 0.0132 mol, 1.0
equiv.) was added to a suspension of magnesium chloride (1.26 g, 0.0132 mol, 1.0 eq) in dry DCM
(40 mL). The suspension was cooled to 0 °C and pyridine (2.13 mL, 0.0264 mol, 2.0 eq) was added.
After stirring for 15 minutes, freshly obtained (from the corresponding acid) 2-(4-
methoxyphenyl)acetyl chloride (2.44 g, 0.0132 mol, 1.0 eq) was slowly added, and the reaction
mixture was stirred for one hour at 0 °C, and then allowed to stir at room temperature overnight. The
reaction mixture was quenched in cooled 2 M HCI solution (100 mL) and the layers were separated.
The aqueous layer was extracted with DCM (2x 700 mL). The combined organic layers were washed
with brine, dried over Na;SO4 and concentrated under reduced pressure.

The crude product was purified using flash chromatography (eluent: petroleum ether / EtOAc 8/2 v/v)
to give 20 as a pale yellow oil (yield 60%). MS (ESI) 303 [M + Na]*, 319 [M + K]*.

Dimethyl 2-(1-methoxy-2-(4-methoxyphenyl)ethylidene)malonate (21). K2CO3 (1.36 g, 9.83 mmol,
1.3 eq) was added to a solution of 20 (2.12 g, 7.56 mmol) in DMF (30 mL). After stirring for 20
minutes, dimethyl sulfate (0.932 mL, 9.83 mmol, 1.3 eq) was added dropwise and the mixture was
stirred overnight. It was then quenched in saturated aq. NH4Cl solution (100 mL) and extracted with
EtOAc (3 x 100 mL). The combined organic phases were washed with brine, dried over Na>SO4 and
concentrated under reduced pressure. The crude product was purified using flash column
chromatography, eluent: petroleum ether / EtOAc 8/2 v/v, to give 21 as a white solid. M.p. 63.6 —
66.2 °C. Yield 48%. 'H NMR (600 MHz, CDCls): & 3.68 (s, 3H), 3.72 (s, 3H), 3.78 (s, 3H), 3.81 (s,
3H), 4.25 (s, 2H), 6.85 (d, J = 8.7 Hz, 2H), 7.17 (d, J = 8.7 Hz, 2H). '*C NMR (151 MHz, CDCls): §
32.64,51.94,55.40, 56.20, 108.52, 114.49, 126.96, 129.27, 158.64, 165.42, 167.02, 171.86. MS (ESI)
317 [M + NaJ".

Methyl  3-hydroxy-5-(4-methoxybenzyl)isoxazole-4-carboxylate (22). A solution of sodium
methoxide was prepared by treating sodium (0.352 g, 15.3 mmol, 3.0 eq, cut into small pieces) with
methanol (10 mL). A solution of hydroxylamine hydrochloride (0.496 g, 7.14 mmol, 1.4 eq) in dry
methanol (10 mL) and, subsequently, a solution of 21 (1.5 g, 5.10 mmol, 1.0 eq) in dry methanol (10
mL) were slowly added to the sodium methoxide solution at 0 °C. The reaction was allowed to warm
to room temperature and was stirred overnight. The reaction was quenched into a saturated solution
of NH4ClI (50 mL), diluted with water and the pH was adjusted to pH 2 with 2 M HCI. The resulting
white solid was washed with water to give isoxazole 22. White solid (powder, m.p. 126.3 — 127.5
°C). Yield 69 %. 'H NMR (600 MHz, CDCls): & 3.72 (s, 3H), 3.77 (s, 3H), 4.25 (s, 2H), 6.88 (d, J =
8.6 Hz, 2H), 7.18 (d, J= 8.5 Hz, 2H), 11.90 (br s, 1H). 3C NMR (151 MHz, CDCls): 6 32.07, 51.54,



55.08, 99.45, 114.14, 127.14, 129.87, 158.32, 16.45, 168.11, 177.80. MS (ESI) 264 [M + H]", 286
[M + Na]".

Methyl 3-benzyloxy-5-(4-methoxybenzyl)isoxazole-4-carboxylate (23). Ag20 (0.897 g, 3.87 mmol,
1.5 equiv.) was added to a stirred solution of isoxazole 22 (0.680 g, 2.58 mmol, 1.0 equiv.) in DMF
(10 mL). After stirring for 5 minutes, benzyl bromide (0.369 mL, 3.10 mmol, 1.2 equiv.) was added
and the reaction mixture was shielded from the light with aluminum foil and stirred at room
temperature for 2 hours. The reaction mixture was directly charged onto a flash chromatography
column and eluted with petroleum ether / EtOAc (from 9/1 v/v to 7/3 v/v) to give 23 as a white solid.
M.p. 89.0 —90.8 °C. Yield 52 %. 'H NMR (600 MHz, CDCl5): § 3.78 (s, 3H), 3.58 (s, 3H), 4.28 (s,
2H), 5.32 (s, 2H), 6.84 (d, /= 8.6 Hz, 2H), 7.23 (d, /= 8.6 Hz, 2H), 7.33 (t, /= 7.3 Hz, 1H), 7.38 (t,
J=17.4Hz, 2H), 7.46 (d,J=7.3 Hz, IH). 3C NMR (151 MHz, CDCl3): 4 32.95, 51.87, 55.41, 71.80,
100.13, 114.30, 127.01, 127.94, 128.43, 128.65, 130.15, 135.77, 158.93, 161.83, 169.17, 178.62. MS
(ESI) 354 [M + H]", 376 [M + Na]".

3-(Benzyloxy)-5-(4-methoxybenzyl)isoxazole-4-carboxylic acid (24). 5 M NaOH (5.0 eq.) was added
to a solution of 23 (0.706 g, 2 mmol, 1.0 eq) in methanol (20 mL). The solution was heated to 50°C
and stirred overnight. It was then diluted with water (40 mL), acidified to pH 2 with 2N HCI. The
resulting suspension was filtered and the solid was well washed with water to give the carboxylic acid
24. Yield 89%. White solid (m.p. 185.4 — 186.6 °C). 'H NMR (600 MHz, DMSO-ds): 6 3.71 (s, 3H),
4.29 (s, 2H), 5.26 (s, 2H), 6.88 (d, J= 8.6 Hz, 2H), 7.19 (d, J = 8.6 Hz, 2H), 7.34 - 7.42 (m, 3H), 7.46
(d, J=7.2 Hz, 2H). *C NMR (151 MHz, DMSO-ds): & 31.85, 55.06, 71.12, 100.24, 114.13, 127.16,
128.13, 128.30, 128.42, 129.79, 135.73, 158.31, 161.77, 168.77, 178.05. MS (ESI) 340 [M + H]".

N-([1,1"-biphenyl]-3-yl)-3-(benzyloxy)-5-(4-methoxybenzyl)isoxazole-4-carboxamide (25). Oxalyl
chloride (0.202 mL, 2.36 mmol, 2.0 eq) and a catalytic amount of dry DMF were added to a cooled
(0 °C) solution of the carboxylic acid 24 (0.40 g, 1.18 mmol, 1 eq) in dry THF (40 mL). The reaction
was stirred for 1 h at room temperature under a nitrogen atmosphere. The solvent was evaporated
under reduced pressure and the residue was dissolved in dry THF (this process was repeated three
times). The resulting acyl chloride was dissolved in dry THF (40 mL), and 3-aminobyphenyl (0.200
g, 1.18 mmol, 1.0 eq) and dry pyridine (0.286 mL, 3.54 mmol, 3.0 eq) were added at 0° C. The
reaction mixture was stirred overnight under a nitrogen atmosphere. After the reaction completed, the
mixture was poured into 2 M HCl, and then extracted with EtOAc (3x100 mL). The combined organic
layer was washed with brine, dried over Na,SO4 and the solvent was evaporated. The crude product
was purified using flash chromatography, eluent: petroleum ether / EtOAc 8/2 v/v, to give 25 as a
white solid (m.p. 141.3 — 145.9 °C). Yield 52 %. 'H NMR (600 MHz, CDCls): & 3.78 (s, 3H), 4.47
(s, 2H), 5.43 (s, 2H), 6.85 (d, /= 8.7 Hz, 2H), 7.41 — 7.32 (m, 5H), 7.50 — 7.42 (m, 5H), 7.55 - 7.50
(m, 5H), 7.60 — 7.55 (m, 1H), 8.64 (s, 1H). 3*C NMR (151 MHz, CDCl3): § 32.66, 55.34, 73.30,
101.49, 114.24, 118.49, 118.73, 123.20, 127.23, 127.37, 127.64, 128.62, 128.80, 129.11, 129.34,
129.60, 130.38, 134.86, 138.17, 140.54, 142.15, 158.40, 158.86, 167.22, 178.46. MS (ESI) 491 [M +
H]".

N-([1,1"-biphenyl]-3-yl)-3-hydroxy-5-(4-methoxybenzyl)isoxazole-4-carboxamide (13). Protected
compound 25 (0.230 g, 0.47 mmol) was dissolved in dry THF (30 mL) and hydrogenated in the
presence of Pd/C (10% w/w) for 1 h at atmospheric pressure. The reaction mixture was filtered off
through a short layer of celite and the solvent was evaporated under reduced pressure. The desired
compound was then purified using flash chromatography, eluent: DCM / MeOH /HCOOH 98/2/0.1
v/v/v, to give isoxazole 13 as a white solid (m.p. 192.6 — 193.2 °C). Yield 74 %. '"H NMR (600 MHz,



DMSO-ds): 8 3.71 (s, 3H), 4.32 (s, 2H), 6.88 (d, J= 7.9 Hz, 2H), 7.24 (d, J = 7.8 Hz, 2H), 7.52 — 7.35
(m, 6H), 6.67 — 6.63 (m, 3H), 7.98 (s, 1H), 9.49 (br s, IH). >*C NMR (151 MHz, DMSO-ds): § 31.73,
55.06, 102.29, 114.10, 118.25, 119.03, 122.37, 126.74, 127.52, 127.66, 128.98, 129.47, 129.90,
138.61, 139.95, 140.93, 158.27, 158.92, 166.98, 176.06. ESI-HRMS (m/z): [M + H]" calcd for
C4H30N,04, 401.1496; obsd, 401.1498.

4.3. Physicochemical Characterization

4.3.1. Solubility assay. Solubility was determined in phosphate buffer saline (PBS, 50 mM, pH 7.4).
Each solid compound (ca. 1 mg) was added to 1 mL of PBS and the resulting suspension was shaken
at 25°C for 24 h. The suspensions were filtered through a PTFE 0.45um filter (VWR), and the
solutions were analyzed using UHPLC on a PerkinElmer ultrahigh performance liquid
chromatography (UHPLC) instrument, equipped with a reverse-phase (RP) C18 XBridge BEH C18
XP Waters column (2.1x100mm, 2.5 pm particle size). Gradient elution: the ratio of eluents A and B
(0.1% trifluoroacetic acid in water and 0.1% trifluoroacetic acid in methanol, respectively) changed
linearly from 60% A —40% B to 0% A — 100% B over 6 min, followed by 3 min in isocratic elution
at 100% eluent B and then 4 min in equilibration elution to reset the starting conditions. The flow rate
was 0.5 mL/min. The standard injection volumes were either 2, or 6 pL for poorly soluble compounds.
The detection system was a PerkinElmer diode array detector. The column effluent was monitored at
254 and 230 nm, and referenced against a 600 nm wavelength. Solubility, expressed as the uM
concentration of the saturated solution, was calculated via interpolation with external calibration
curves, which were obtained with solutions of each compound in methanol (linearity determined in a
concentration range of 1-200 uM; r? > 0.99).

4.3.2. Ionization and lipophilicity behavior. The ionization constants of the compounds were
determined via potentiometric titration with the SiriusT3 apparatus (Sirius Analytical Instruments
Ltd., East Sussex, UK) by CASSMedChem. All compounds required titration in the presence of a
multicomponent cosolvent system containing polar and nonpolar solvents (20% ACN, 20% Dioxane,
20% MeOH), which is referred to as MDM. MDM was mixed with water as a cosolvent in variable
amounts (52 % for 7, 54% for 13).

CLOGP values were calculated using the Bio-Loom program for Windows, version 1.4 (BioByte
Corp, Claremont, CA U.S.A). The partition coefficients between n-octanol and PBS at pH 7.4 (log
D’#) were obtained using the shake-flask technique at room temperature. In the shake-flask
experiments, 50 mM of phosphate buffered saline at pH 7.4 (ionic strength adjusted to 0.15 M with
KCI) was used as the aqueous phase. The organic and aqueous phases were mutually saturated via
shaking for 4 h. The compounds were solubilized in the buffered aqueous phase at the highest
concentration compatible with solubility, and appropriate amounts of n-octanol were added. The two
phases were shaken for about 20 min, by which time the partitioning equilibrium of solutes had been
reached, and then centrifuged (10000 rpm, 10 min). The concentration of the solutes was measured
in the aqueous phase on a UV spectrophotometer (UV-2501PC, Shimadzu); absorbance values
(recorded for each compound at the wavelength of maximum absorption) were interpolated in
calibration curves obtained using standard solutions of the compounds (r? >0.99). Each log D value
is an average of at least six measurements.

4.4 AKRIC3 and AKRI1C?2 inhibitor screening

The expression and purification of the AKR1C3 and AKR1C2 enzymes were performed as previously
described.[25] Briefly, the bacteria cells were grown in YT2X media that was supplemented with
ampicillin, and at OD600 nm = 0.6 the expression was induced by IPTG 0.5 mM for 2 h. The bacteria
were then centrifuged and lysed with four freeze-thaw cycles in the presence of lysozyme and
protease inhibitors. The lysate was centrifuged for 30 min at 13,000xg and the supernatant was



collected. AKR1C3 and AKR1C2 were affinity purified via N-terminal GST-tag on glutathione (GT)
sepharose (GE-Healthcare) and cleaved by thrombin, according to the manufacturer's protocol.

The inhibition assays were performed on purified recombinant enzymes, as previously described.[25]
Briefly, the enzymatic reaction was fluorimetrically (exc/em; 340 nm/460 nm) monitored by the
measurement of NADPH production on a “Ensight” plate reader (Perkin Elmer) at 37° C. The assay
mixture, which contained S-tetralol (in EtOH), the inhibitor (in EtOH), 100 mM phosphate buffer pH
7,200 uM NADP" and purified recombinant enzyme (30 ul), was added to a 96-well plate at a final
volume of 200 pl and 10% EtOH. The S-tetralol concentrations used in the AKR1C2 and AKR1C3
inhibition assays were 15 uM and 160 uM, respectively, in accordance with the Km described for the
respective isoforms under the same experimental conditions. Percentage inhibition with respect to the
controls that contained the same amount of solvent, without inhibitor, was calculated from the initial
velocities, which were obtained via the linear regression of the progress curve at different inhibitor
concentrations. The ICso values were obtained using PRISM 7.0 GraphPad Software. Results are
expressed as mean value + standard error (SE) of at least three experiments, each carried out in
triplicate.

4.5. Tumor cell cultures

Prostate cancer 22RV1 cells were maintained as monolayers in RPMI, which was supplemented with
10% (v/v) fetal calf serum, 2% (v/v) penicillin-streptomycin and 0.03% L-glutamine. Cells were
grown at 37 °C in a humidified atmosphere containing 5% COs,.

4.6. Cell proliferation assay

Cell growth inhibition was evaluated using a sulforhodamine B colorimetric proliferation assay (SRB
assay) modified by Vichai and Kirtikara, as previously described.[25] Cells (10,000 cells/well for
22RV1) were seeded into 96-well plates in the specific medium containing 10% charcoal stripped
serum, and incubated for 24 h. Various dilutions of inhibitors in DMSO were then added in triplicate,
and incubated for 72 h. Control cells were incubated with the same final concentration of DMSO
(maximum concentration 1% v/v).

For the co-treatment experiments, 22RV1 cells were treated with either ABI (10 uM) or ENZA (30
puM), with or without compounds 5 and 11, at two different concentrations (40 and 60 uM) for 72 h.

The ICso values were obtained using PRISM 7.0 GraphPad Software. The values are the mean of
three separate experiments, each carried out in triplicate.

4.7. Western Blot

For the determination of PSA expression, 22RV1 cells (300,000 cells per well) were seeded into 6-
well plates in the specific medium containing 10% charcoal stripped serum, and were incubated for
24 h. Two different dilutions of cpds 5 and 11 in DMSO were then added to the wells and incubated
for 72 h.

Control cells were incubated with the same final concentration of DMSO (maximum concentration
0.5% v/v). Protein extraction from both untreated and treated cells was conducted using a RIPA lysis
buffer containing the Complete Protease Inhibitor Cocktail (Roche Molecular Biochemicals). 30 pg
of total protein lysate was loaded for analysis by western blot.

For the detection of PSA, a 1:500 dilution of mouse monoclonal anti-PSA (sc-7316 Santa Cruz
Biotechnology) was prepared in blocking buffer, added to the membrane and incubated overnight at
4°C on a shaker. The membrane was washed with TBS and incubated with a HRP-conjugated



secondary anti-mouse antibody (Santa-Cruz Biotechnology), diluted 1:10000, for 2 h at room
temperature on a shaker. Visualization was achieved using the chemiluminescent substrate
Amersham ECL prime and captured using the ChemiDoc Imaging System (Biorad). Rabbit anti-p3-
actin (Cell Signaling Technology) was used as the internal control with a dilution of 1:1,000 in
blocking buffer, with overnight incubation at 4°C on a shaker. For the detection of AKR1C3, a
1:5,000 dilution of mouse monoclonal anti-AKR1C3 (Sigma Aldrich) was used.

4.8. Inhibition of the AKR1C3-mediated production of testosterone in 22RV1 cells by Elisa

22RV1 cells were seeded into 96-well plates in the specific medium, which contained 10% charcoal
stripped serum, at a density of 30,000 cells per well, and were incubated for 24 h. Cpd 5 was added
to the wells at 2 different concentrations and incubated for 1 h. An equimolar (30 nM) concentration
of androstenedione was then added to the wells. The plate was returned to the incubator for a further
24 h. The cell supernatant (dilution 1:2) was analyzed using a Testosterone Elisa Kit (Cayman
Chemical Company), according to the manufacturer's guide. The ELISA plate was read at a
wavelength of 405 nm on a microplate reader. Analysis was performed using the Cayman Chemical
Company's online available analysis tool, and data was quantitated against a standard curve generated
in ELISA buffer. The values are the mean of three separate experiments each carried out in triplicate.
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