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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Z Liu The development of drugs for the treatment of advanced prostate cancer (PCA) remains a challenging task. In this

study we have designed, synthesized and tested twenty-nine novel HDAC inhibitors based on three different zinc

Keywords: binding groups (trifluoromethyloxadiazole, hydroxamic acid, and 2-mercaptoacetamide). These warheads were
gg:g é”h‘bmrs conveniently tethered to variously substituted phenyl linkers and decorated with differently substituted pyrrolo-

pyrimidine and purine cap groups. Remarkably, most of the compounds showed nanomolar inhibitory activity
against HDAC6. To provide structural insights into the Structure-Activity Relationships (SAR) of the investigated
compounds, docking of representative inhibitors and molecular dynamics of HDAC6-inhibitor complexes were
performed. Compounds of the trifluoromethyloxadiazole and hydroxamic acid series exhibited promising anti-
proliferative activities, HDAC6 targeting in PCA cells, and in vitro tumor selectivity. Representative com-
pounds of the two series were tested for solubility, cell permeability and metabolic stability, demonstrating
favorable in vitro drug-like properties. The more interesting compounds were subjected to migration assays,
which revealed that compound 13 and, to a lesser extent, compound 15 inhibited the invasive behaviour of
androgen-sensitive and —insensitive advanced prostate cancer cells. Compound 13 was profiled against all
HDACs and found to inhibit all members of class II HDACs (except for HDAC10) and to be selective with respect
to class I and class IV HDACs. Overall, compound 13 combines potent inhibitory activity and class II selectivity
with favorable drug-like properties, an excellent anti-proliferative activity and marked anti-migration properties
on PCA cells, making it an excellent lead candidate for further optimization.

Drug design
Trifluoromethyloxadiazole (TFMO)
Prostate cancer

1. Introduction new and more effective therapeutics against metastatic PCA is urgently

needed. In this regard, the Food and Drug Administration (FDA)

Prostate cancer (PCA) represents one of the most commonly diag-
nosed male malignancies and the fifth leading cause of cancer death
worldwide [1]. Aberrant activation of the androgen receptor (AR)
pathway is the most important mechanism fuelling PCA progression.
Consequently, androgen deprivation therapy (ADT), either via surgical
or chemical castration, has become the standard treatment for PCA and
metastatic hormone-sensitive prostatic carcinoma (mHSPC), also known
as castration-sensitive cancer (mCSPC) [2,3]. Nonetheless, many
ADT-treated patients still progress to a poor prognosis stage of
castration-resistant prostate cancer (CRPC), so-called because the
androgen axis is still active even in the absence of androgens [4,5],
which is frequently metastatic (nCRPC). Therefore, the identification of
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approved in 2012 the AR antagonist Enzalutamide [6] for use in patients
with chemotherapy-naive mCRPC, which was extended in 2014 to
mCRPC either before or after cytotoxic chemotherapy. The androgen
biosynthesis inhibitor Abiraterone acetate followed a similar FDA his-
tory, and is currently recommended for both mCRPC and mCSPC [7].
More recently, the AR inhibitors Darolutamide and Apalutamide have
also been approved [8]. However, the therapeutic benefits of these drugs
are limited mainly due to the establishment of drug resistance mecha-
nisms, including AR overexpression, AR mutations, and by enhanced
androgen synthesis in cancer cells [9]. Mechanisms of resistance to
AR-directed therapies (e.g., Abiraterone or Enzalutamide) can give rise
to neuroendocrine prostate cancer (NEPC), which is highly metastatic
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and has a worse outcome compared to mCRPC [10]. Given its role in
PCA progression and drug-resistance, the AR pathway has been exten-
sively studied for the discovery of new therapeutic targets. For example,
it has been demonstrated that AR maintenance is driven by the activity
of Heat Shock Proteins (HSPs) and that AR expression and trans-
activating ability are modulated by the activity of histone acetyl-
transferases (HATs) and histone deacetylases (HDACs) [11]. In
particular, HDACs play a key role in regulating gene expression, through
acetylation/deacetylation of lysine residues in histones and non-histone
proteins [12]. The HDAC superfamily comprises 18 different histone
deacetylases isoforms grouped into four main classes. These include: (i)
class I (HDACL, 2, 3, 8); (ii) class Il divided into subgroup IIa (HDAC4, 5,
7, 9) and IIb (HDAC®6, 10); (iii) class III (sirtuins 1—7), and; (iv) class IV
(HDACI11) [13,14]. All HDACs are zinc-dependent deacetylases, except
for class III, whose members require nicotinamide adenine dinucleotide
(NAD) as a cofactor [15]. Class I HDACs are characterized by a highly
conserved deacetylase domain and are predominantly located in the cell
nucleus. Conversely, members of Class Il HDACs are able to shuttle be-
tween the cytoplasm and nucleus in response to various regulatory
signals [16]. The contribution of class Ila HDACs to cancer development
is complex and different roles can be depicted in different tumor models
[17,18]. Class Ila HDACs present a unique adapter domain in the
N-terminus that specifically interacts with the 14-3-3 chaperone and the
members of the myocyte enhancer factor-2 (MEF2) transcription factors
family that fine tune differentiation, cell growth and survival [19,20]. In
PCA cells, endogenous HDAC4 localisation and function depends upon
androgen stimulation. In particular, HDAC4 is recruited in the nucleus of
hormone-refractory cells, where it may inhibit their differentiation and
contribute to the growth of prostate cancer aggressive phenotype [21].
Moroever, the transactivation repression mediated by the AR
corepressor-19 kDa (ARR19) is exerted through the recruitment of
HDAC4 [22]. In addition, HDAC4 has also been reported to modulate
HOXB13 transcription, thus affecting cell growth in AR-negative PCA
[23]. Based on these evidences, research efforts have been devoted to
the development of HDAC4 inhibitors, albeit none of them being already
tested in clinical trials. Besides, HDAC7 controls proliferation and
angiogenesis, and emerging evidences indicate an association between
this histone deacetylase and cancer progression [24]. Class IIb HDACs
are mainly located in the cell cytoplasm, with the
microtubule-associated deacetylase HDAC6 isoform being the most
studied in a variety of diseases, particularly in cancer [25,26]. HDAC6
regulates microtubule dynamics through deacetylation of Lys40 in the
a-tubulin subunit [27], which is crucial for cell migration and prolifer-
ation of cancer cells [28]. The role of HDAC6 in PCA is deeply connected
to the regulation of AR hypersensitivity mainly through the modulation
of Hsp90 acetylation levels [11]. In particular, recent studies have
shown that modulation of HDAC6 induces hyperacetylation, and thus
inhibition, of Hsp90. In turn, this triggers proteasomal-assisted degra-
dation of Hsp90 clients, such as HDAC6 and AR. Selective
HDACG6-inhibition by 4-hydroxybenzoic acid derivatives has a demon-
strated therapeutic activity on PCA aggressiveness [11,29]. While no
selective HDAC6 inhibitors are currently undergoing clinical evaluation
for PCA treatment, significant interest has arisen for their use in com-
bination therapies [30-32]. For example, the HDAC6 inhibitor
ACY-1215 has proven to be effective in cell models of CRPC, in partic-
ular when administered in combination with the MEK inhibitor selu-
metinib (AZD6244) [30]. Moreover, Zeta55, a new dual inhibitor of AR
expression and HDAC6 activity, potently inhibits the proliferation of
PCA both in vitro and in vivo, suggesting a key role of HDAC6 in the
modulation of AR pathway, and hence in the response to AR inhibitors
[33]. Therefore, the development of HDAC6 inhibitors represents an
appealing approach for advanced PCA treatment [34]. Since class I and
class I HDACs are overexpressed in PCA, nonselective HDAC inhibitors
(HDACis), such as the hydroxamate class agent Vorinostat (SAHA) and
Trichostatin A (TSA) have been widely investigated. The evaluation of
HDACis in clinical trials has mostly been limited to hematological
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malignancies, while poor clinical outcomes are observed in solid tumors
when administered as monotherapy. The FDA-approved pan-HDACis
Vorinostat and Belinostat, as well as the Class I HDAC inhibitor Romi-
depsin, have side effects that limit their use in patients. These side effects
were ascribed to the lack of selectivity against HDAC isoforms [18,
35-37]. In general, acute toxicity appears to be primarily due to inhi-
bition of HDACs1-3. For example, the inhibition of HDAC1 and 3
upregulates  pro-inflammatory  cytokines [38] and induces
Epithelial-Mesenchymal Transition (EMT) [39], which can result in
increased proliferation and aggressiveness of cancer cells. Therefore,
current research efforts are focused on developing effective HDACis with
higher target selectivity and lower toxicity. In this respect, the devel-
opment of HDACis selective for class I HDACs endowed with tolerable
side effects [40] represents an attractive therapeutic strategy against
metastatic PCA, especially considering the involvement of some of their
members in cellular processes associated with tumor development and
progression.

To date, a number of small-molecule HDACis have been reported, all
of them presenting recurrent pharmacophoric features [41,42]. The
general pharmacophoric model of HDACis is composed by three main
units (Fig. 1, panel A): (i) a zinc binding group (ZBG), which is essential
for the coordination of the catalytic Zn?* ion in the active site; (ii) a cap
group located in the outer surface of the binding pocket and important
for driving isoform selectivity, and; (iii) a linker of the appropriate
length to connect these two portions. The general binding mode of the
pan-HDAC inhibitor Vorinostat in complex with HDAC6 is reported in
Fig. 1, panel B.

Based on these general features, we designed a series of novel HDAC
inhibitors obtained through the combination of: (i) differently
substituted pyrrolo-pyrimidine or purine chemical moieties as cap
groups; (ii) variously substituted phenyl or pyridine rings acting as
linkers, and; (iii) trifluoromethyloxadiazole (TFMO), hydroxamic acid
(HA) or 2-mercaptoacetamide (MCA) moieties as ZBGs, as depicted in
Fig. 1, panel C. We explored the pyrrolo-pyrimidine or purine scaffolds
as a cap group since it has been reported that sterically bulky moieties
are generally unfavorable for the binding to class I HDACs, whose
binding site is narrower than that of other isoforms [44]. In addition, the
pyrrolo-pyrimidine and purine moieties hold great promises in anti-
cancer drug discovery [45-50]. For example, Suh et al. [51] investigated
the anti-proliferative effects of compounds bearing a pyrrolo-pyrimidine
scaffold on PCA cell lines with different androgen responsiveness,
reporting promising activities. Moreover, a library of purine derivatives
has recently been synthesized and tested against HCT-116 and SW480
human colon cancer cell lines, corroborating the importance of this
scaffold in anticancer drug discovery [46]. The wuse of
pyrrolo-pyrimidine as a cap group for HDACis with a benzamide ZBG
was recently reported by Nepali et al. [52], providing compounds with
interesting anti-proliferative activity against triple-negative breast can-
cer cells MDA-MB-231 and MDA-MB-468 and liver cancer cells HepG2.
Phenyl or pyridine rings decorated with small substituents were used as
linkers, their selection being guided by the evidence that non-sterically
hindered aromatic moieties, unlike linear alkyl ones, are able to confer
selectivity for class II over class I histone deacetylases, particularly for
HDACS6 [53].

As for the exploration of the zinc binding group, our attention
focused on the TFMO, HA and MCA groups, which have been previously
explored for the design of HDACis [54,55]. In particular, the TFMO
group has been identified as a non-chelating zinc moiety preferentially
binding to class Ila HDACs [56] through weak electrostatic interactions
with the Zn?" jon. Such ZBG has also been used for the design of HDAC6
inhibitors showing selectivity over class I HDACs (e.g., patent ID:
WO02017222952). Indeed, this zinc-binding group represents a chemical
moiety of high interest for different purposes in drug discovery. In
previous studies, we identified HDAC6 inhibitors with multi-target ac-
tivity bearing TFMO as a ZBG, highlighting the potential of this moiety
also in polypharmacological contexts [57,58]. Besides, HAs are strong



D. Moi et al.

LINKER |
Panel A
Y Y
N‘)\/X\> N‘ A X\>
z N/)\N R Z)\N/ N
/N§r/CF3
N-O

Trifluoromethyl-oxadiazole series
(TFMO)

Hydroxamate series

European Journal of Medicinal Chemistry 260 (2023) 115730

’”",\l . ;’\\ ,
, )
Panel B
Y
NTXX
] N
R 4 Z)\N/ N> R o
N-oH < W /SH
v Ncndl
\ /N
o H

Mercaptocetamide series

(McA)

Panel C

Fig. 1. Panel A reports the general architecture of a HDAC inhibitor mapped on SAHA (Vorinostat). Panel B reports the binding of SAHA in the L1 sub-pocket of
HDAC6 (PDB code: 5EEI) [43]. Panel C reports the general chemical structures of the three new series of ligands described in this study. The cap, linker and ZBG
portions are coloured in blue, green and red, respectively, as represented in the general framework of panel A.

Zn?* chelators frequently present in potent HDAC inhibitors [59]. Pre-
vious studies have indicated that HAs bearing p-substituted aromatic
linkers generally show HDACS6 selectivity [15,60]. The observed selec-
tivity is due to the establishment of favorable n-n stacking interactions
with the side chain of aromatic residues lining the catalytic channel of
HDACS6. Although HAs provided very active HDAC inhibitors, mutage-
nicity issues potentially arising from Lossen rearrangement of HAs have
fueled research efforts towards the identification of alternative ZBGs
[61-63]. One of these is 2-mercaptoacetamide (MCA), which has
recently demonstrated to provide selective HDAC6 inhibitors [54].
Therefore, selected compounds embedding the MCA zinc binding group
were also synthesized. Overall, the combination of warheads, linkers
and caps pursued in this work was never explored before, resulting in
compounds with significant chemical diversity with respect to previ-
ously reported HDAC inhibitors.

In summary, in this work we have designed and synthesized twenty-
nine novel compounds obtained through the combination of variously
decorated pyrrolo-pyrimidine and purine cap groups, differently
substituted phenyl or pyridine linkers, and three different ZBGs. All
compounds were initially tested for in vitro inhibition of recombinant
HDACS (class IIb), which we considered as a priority target for our in-
vestigations. Then, several representative compounds of each series
were profiled also on HDACI (class I) and HDAC4 (class Ila) in order to
investigate the selectivity profile against representative members of
class I and class IIa HDACs. Docking followed by molecular dynamics
(MD) simulations were performed on representative ligands of the three
series to provide structural insights into the Structure-Activity Re-
lationships (SARs) and inhibitor binding modes. The compounds were
tested in vitro for their anti-proliferative activity on PCA cell lines. Then,
their tumor selectivity was assessed through comparison with results
obtained on RWPELI healthy prostate cells. Western blot analysis of the
expression levels of acetylated tubulin (AcTub) and acetylated histone
H3 (AcH3) ruled out that the observed anti-proliferative effect was as-
cribable to the inhibition of class I HDACs. Target-selectivity analysis
was performed on two PCA cell lines derived from metastatic sites that
differ in their dependence on androgens for growth, i.e. LNCaP and PC3,
commonly used as models of CSPC and CRPC, respectively. Two

representative compounds, i.e. one of the TFMO and one of the HA se-
ries, were tested for solubility, bidirectional cell permeability and
metabolic stability. Moreover, the effects on Class IIa activity were also
evaluated on LNCaP cells using a luciferase-based assay. Lastly, the most
interesting compounds were evaluated for anti-migratory properties on
both LNCaP and PC3 cells. The results led to the identification of pre-
viously unreported inhibitors with promising biological activities. In
particular, compounds of the TFMO and HA series provided interesting
anti-proliferative cellular activities. Although compounds of the HA
series resulted in very potent and selective HDAC6 inhibitors in vitro,
their cellular activity was to some extents limited by a lower cellular
permeability compared to TFMO analogues. Once profiled against all
HDAGCs, compound 13 of the TFMO series was found to inhibit both
HDACS6 (class IIb) and all members of class Ila HDACs with similar po-
tencies, and to be highly selective with respect to classes I and IV HDACs.
Overall, 13 combined potent HDAC6 and class IIla multi-target inhibi-
tory activity, selectivity with respect to class I and class IV HDAGCs,
favorable drug-like properties, excellent anti-proliferative activity and
marked anti-migration properties on advanced PCA cells.

2. Results and discussion
2.1. Chemistry

The synthetic approach adopted to obtain compounds of the TFMO
series (10-22 in Scheme 1) firstly involves the reaction between benzyl
bromide and potassium acetate, in order to protect the benzylic position.
The cyano group was then converted into N-hydroxyimidamide by re-
action with hydroxylamine. The trifluoromethyloxadiazole ring was
obtained by using trifluoroacetic anhydride (TFAA). After removal of
the acetyl group under basic conditions, the benzyl alcohols were then
converted into the corresponding benzyl chlorides, which reacted with
the commercially available pyrrolo-pyrimidines and purines to afford
the desired compounds in good yields.

Compounds of the HA series (37-48 and 51 in Scheme 2) were ob-
tained in two steps starting from the commercially available pyrrolo-
pyrimidines or purines and the methyl 4-(bromomethyl)-benzoates,
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Scheme 1. Reagents and conditions for the preparation of TFMO compounds 10-22: a) AcOK, DMF, RT, overnight, 83-86% yield; b) NH,OH-HCl, TEA, EtOH,
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methyl 6-(bromomethyl)nicotinate, methyl 2-(4-(bromomethyl)phenyl)
acetate 24 or methyl 2-(bromomethyl)oxazole-4-carboxylate 49. The
intermediates 25-36 and 50 were then converted into the corresponding
hydroxamic acids after treatment with aqueous hydroxylamine in 1 N
sodium hydroxide solution to afford the final compounds in good yields.

The synthetic pathway for the synthesis of compounds 59 and 60 of
the MCA series (Scheme 3) started with the Sy2 reaction between 1-
(bromomethyl)-4-nitrobenzene and the commercially available 4-
chloro-7H-pyrrolo [2,3-d]pyrimidin-2-amine or 6-chloro-9H-purin-2-
amine. The nitro group was reduced using iron powder and NH4CL
Then, the coupling reaction between the amines 55 and 56 and the 2-
(tritylthio)acetic acid in the presence of N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDCI) and hydroxybenzotriazole
(HOBt) as coupling agents gave the corresponding S-protected mer-
captoacetamides. Finally, the trityl group was removed under acid
conditions to afford the final compounds in good yields.

Finally, the thioacetamide 65 was obtained starting from Boc-
protected N-(4-(bromomethyl)benzyl)-amine and the 6-chloro-9H-
purin-2-amine. The Boc group was removed under acid conditions and
the corresponding benzylamine reacted with the 2-(tritylthio)acetic acid
in the presence of EDCI/HOBt coupling agents for amide bond forma-
tion. The final compound 65 was obtained in good yield after cleavage of
the trityl protecting group (Scheme 4).

2.2. In vitro HDAC inhibitory activity and SAR

All synthesized compounds were firstly tested in vitro to assess their
ability to inhibit the purified recombinant HDAC6. Then, a number of
compounds were also tested for inhibition of HDAC1 and HDACA4,
chosen as representatives of class I and IIa HDACs, in order to have a first
check for selectivity. The inhibitory activities, expressed as ICsq, are
reported in Tables 1-3, while the corresponding dose-response curves
are reported in the Supplementary Information section (Figures S1 —S3).

The compounds belonging to the TFMO series (Table 1) displayed
ICs5o values against HDAC6 in the micromolar to nanomolar range.
Interestingly, compounds bearing the purine ring (X =N: 11,13, 15-18,
20) showed higher HDAC6 inhibitory activity compared to their
pyrrolo-pyrimidine (X = CH: 10, 12, 14, 21) analogues. Indeed, com-
pound 11, with an ICsp of 290 nM, was eight-fold more potent than the
corresponding pyrrolo-pyrimidine derivative 10 (ICso = 2200 nM). The
same trend was observed also for other purines with different phenyl
linker decorations, as for 13 (HDAC6 ICsy = 85 nM) vs 12 (HDACG6 ICsq
= 1900 nM). The fluorine atom substitution on the phenyl linker had a
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minor effect on HDAC6 inhibitory activity. In fact, the 2-fluorophenyl
derivatives 12, 13 and 17 and the 3-fluorophenyl ones (14, 15 and
18) were almost as active as the corresponding unsubstituted analogues
10, 11 and 16. Conversely, in the purine series, the introduction of a
chlorine atom at position 3 (20) led to a 3-fold improvement of HDAC6
inhibitory activity (ICso = 93 nM) compared to the unsubstituted com-
pound 11 (ICsp = 290 nM). Unexpectedly, the same substitution in the
pyrrolo-pyrimidine analogue yielded the completely inactive compound
19. The importance of the 2-amino group was investigated by synthe-
sizing compounds 16-18 in which the amine group was removed.
Removal of the amine did not significantly affect the HDAC6 inhibitory
activity (see compounds 16 vs 11, 17 vs 13, and 18 vs 15). Noteworthy,
compounds 21 and 22, bearing the TFMO ZBG in meta position, resulted
in almost 3- to 17-fold drop in the activity compared to the para-
substituted compounds 10 and 11, respectively. This result demon-
strates that the para substitution is optimal for binding to the HDAC6
catalytic site [64].

Eight of the thirteen TFMO derivatives were also tested against
HDAC1, a member of class I HDACs, resulting in almost 100-fold
selectivity in favor of HDAC6 (Table 1). When tested for inhibition of
HDACA4, five TFMO compounds resulted to be from 2- to 5- times more
active with respect to HDAC6. These results demonstrate that TFMO
compounds inhibit members of both class Ila and IIb HDACs with similar
potency, but are selective against the class I HDAC1 enzyme.

The compounds 37-48, belonging to the HA series (Table 2), turned
out to be around 2 orders of magnitude more potent on HDAC6 than the
corresponding TFMO derivatives, their ICsy values being in the nano-
molar range (Table 2).

Unlike the TFMO series, the substitution of the N7 nitrogen with a
carbon atom was better tolerated in the HA series. Indeed, the pyrrolo-
pyrimidine 40 and 47 showed HDAC6 ICsy values (3 and 27 nM,
respectively) comparable to those of the purine analogues 41 and 48 (4
and 14 nM, respectively), while the pyrrolo-pyrimidine 37 was around 5
fold more active than the corresponding purine derivative 38 (5 and 23
nM, respectively). These results suggest that the HA derivatives present
structure-activity relationships on HDAC6 different than those described
for the TFMO compounds. Remarkably, representative HA compounds
(ie., 37, 38, 40, 45 and 46) tested against HDAC1 and HDAC4 showed
100- to 1000-fold lower activity compared to HDAC6, demonstrating
that compounds of the HA series are highly selective for the class IIb
HDACS6 enzyme (Table 2).

The effects of the 2-amino and 4-chlorine groups in the cap moiety
were also investigated on HDACS6. In particular, compounds 39 and 42,
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Scheme 3. Reagents and conditions for the preparation of MCA compounds 59 and 60: a) K,CO3, DMF, RT, overnight, 43-40% yield; b) Fe, NH4Cl, EtOH/H,0
1:1 (v/v), 85 °C, 4 h, 41-83% yield; c) 2-[(Triphenylmethyl)thio]acetic acid, EDCI, HOBt, DMF, RT, overnight, 34-38% yield; d), Et3SiH, TFA, DCM, 0 °C to RT, 2 h,

88-93% yield.
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Scheme 4. Reagents and conditions for the preparation of the MCA compound 65: a) K,CO3, DMF, RT, overnight, 52% yield; b) TFA, DCM, RT, 6 h, 87% yield;
¢) 2-[(Triphenylmethyl)thio]acetic acid, EDCI, HOBt, DMF, RT, overnight, 62% yield; d), Et3SiH, TFA, DCM, 0 °C to RT, 2 h, 82% yield.

Table 1

Invitro inhibitory activity (ICso, nM) of compounds 10-22 (TFMO series) on HDAC1, HDAC4 and HDAC6 enzymes. n.t.: not tested; n.a.: not active. Titration curves of

the compounds on HDAC1, HDAC4 and HDACS6 are reported in Figs. S1-S3.

Cl
NTX
ALY
z N N 2 5
—\ N
\ )~ O
47 =
CF;
Compound R X VA ICs0 (nM)
HDAC1 HDAC4 HDAC6
10 H CH NH, >100,000 n.t. 2200
11 H N NH, 73,300 97 290
12 2-F CH NH» 45,400 n.t. 1900
13 2-F N NH, 38,800 24 85
14 3-F CH NH, >100,000 n.t. 1530
15 3-F N NH, 29,300 67 320
16 H N H n.t. n.t. 280
17 2-F N H 3200 56 120
18 3-F N H n.t. n.t. 330
19 3-Cl CH NH» n.t. n.t. n.a.
20 3-Cl N NH, 8560 20 93
¢l CF,
NTXX 2
ALy e
z N N N
=
\ Y,
R
Compound R X VA ICs50 (nM)
HDAC1 HDAC4 HDAC6
21 H CH NH, n.t. n.t. 38,100
22 H N NH, n.t. n.t. 730
TMP269 n.t. 13 52,100
Tubastatin A n.t. n.t. 7
Trichostatin A 7.2 n.t. 1.9
Vorinostat n.t. n.t. 14

which lack the chlorine atom on the purine ring had ICsp of 14 nM and 1
nM, while compounds 43 and 44 lacking the 2-amino group were almost
equipotent. The 2-amino and 4-chlorine groups were more important in
compounds with an unsubstituted phenyl linker. The introduction of a
fluorine atom on the phenyl linker was well tolerated (Table 2). In
addition, replacement of the phenyl ring with a pyridine resulted in the
active HDACG6 inhibitors 45 and 46 (ICso values of 20 and 5 nM).
However, the introduction of a methylene spacer between the

hydroxamate ZBG and the phenyl ring, as in 47 resulted in a slightly
lower HDAC6 inhibitory activity compared to 37, while compounds 48
and 38 were almost equipotent (Table 2). We made a single attempt to
replace the phenyl ring with a five-membered heterocycle, selecting the
oxazole ring as it is one of the more active hydroxamate heterocycle
reported in Senger’s work [65]. The oxazole compound 51 displayed an
ICso value of 71 nM, thus resulting significantly less active than the
corresponding phenyl derivative 37 (HDACG6 ICsp of 5 nM). Therefore,
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Table 2
In vitro inhibitory activity (ICso, nM) of compounds 37-48 and 51 (HA series) on HDAC6, HDAC1 and HDAC4 enzymes. Assays were performed in singlicate. n.t.: not
tested.
Y
N X
Y
Z7NN W H
%"‘”‘
R' 3 2 o)
Compound w X Y VA R’ 1Cs0 (nM)
HDAC1 HDAC4 HDAC6
37 CH CH Cl NH, H 390 1400 5
38 CH N Cl NH, H 980 7700 23
39 CH N H NHy H n.t. n.t. 14
40 CH CH Cl NH, 3-F 1000 570 3
41 CH N Cl NH; 3-F n.t. n.t. 4
42 CH N H NH_ 3-F n.t. n.t. 1
43 CH N Cl H 3-F n.t. n.t. 7
44 CH N Cl H H n.t. n.t. 4
45 N CH Cl NH, H 990 1100 20
46 N N Cl NH, H 1300 n.t. 5
Y
NTX
XA
N o
zZ7ON We OH
N
\_/ H
R'
Compound w X Y VA R’ ICs (nM)
HDAC1 HDAC4 HDAC6
47 CH CH Cl NHy H n.t. n.t. 27
48 CH N Cl NH, H n.t. n.t. 14
Cl
N
P
HN"NT TNy
\\< p
H
X N,
o OH
Compound X Y ICs (nM)
HDAC1 HDAC4 HDAC6
51 N o n.t. n.t. 71

we decided not to explore further heterocycle replacements of the
phenyl ring at this stage.

Compounds 59, 60 and 65, belonging to the MCA series, were tested
to explore the effects of the 2-mercaptoacetamide ZBG in the selected
scaffolds (Table 3).

Interestingly, the pyrrolo-pyrimidine derivative 59 was the most
potent HDACG6 inhibitor of the MCA series (ICs5o = 7 nM), the corre-
sponding purine derivative 60 being slightly less active (IC5g = 19 nM).
As previously observed for the HA series, the introduction of a methy-
lene spacer between the MCA ZBG and the aromatic portion of the linker
(compound 65) led to a decrease of the HDAC6 inhibitory activity.
Remarkably, compounds of the MCA series were ~400 times and
>10.000 times more active on HDAC6 compared to HDAC1 and HDAC4,
respectively, demonstrating excellent selectivity for type IIb HDAC6
(Table 2).

2.3. Molecular Modelling

To provide structural insights into the binding properties of the
investigated compounds in HDAC6, which we considered our priority
target, molecular docking followed by 100 ns molecular dynamics
simulations were performed on a set of representative members of each
series (i.e., TFMO, HA, and MCA). Indeed, MD is very often used in order

to better evaluate the dynamics behaviour of docking complexes [66].
Docking of representative compounds of the TFMO series was also
performed on HDAC1 and HDAC4, for comparison (see below). As
mentioned above, the binding to HDAC6 requires the coordination of the
catalytic Zn>* ion placed at the bottom of a narrow crevice with the
length of approximately 10 A. The cap group of the ligands is located at
the rim of the crevice in the upper part of the binding site and is mainly
solvent-exposed. Additionally, the upper part of the HDAC6 binding site
presents two sub-pockets, i.e. the L1 sub-pocket lined by the L1 loop
(Asp497-Pro501), and the L2 sub-pocket defined by the L2 loop
(Glu677—-Met682) (Fig. S4). Interestingly, the L1 sub-pocket is absent in
class | HDACs due to a shift of the L1 loop inward the cavity. Therefore,
selective inhibition of HDAC6 can be achieved through bulky cap groups
that accommodate in the L1 sub-pocket [67,68].

The TFMO derivatives 10, 11 and 16 were firstly analyzed. In
particular, the TFMO group accommodated into HDAC6 by establishing
interactions with the catalytic Zn?" ion, similarly to those experimen-
tally observed for ligands bearing the same ZBG (see the Methods sec-
tion for details) [49,50]. According to the performed in silico analyses,
the TFMO group established electrostatic interactions with the catalytic
Zn2* ion via the fluorine atoms of the trifluoromethyl moiety and the
oxygen atom of the oxadiazole ring. The phenyl linker was predicted to
be co-planar with the TFMO ring establishing favorable n-n staking
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Table 3
Invitro inhibitory activity (ICso, nM) of compounds 59, 60, and 65 (MCA series) on HDAC1, HDAC4 and HDAC6 enzymes. Assays were performed in singlicate. n.t.: not
tested.
Cl
X
B
N o
H,N N »\/SH
(O
H
Compound X ICso (nM)
HDAC1 HDAC4 HDAC6
59 CH 2800 92,000 7
60 N 8900 >100,000 19
Cl
N
ALY
H,N” N7 N H
oo
o
Compound X 1Cs0 (nM)
HDAC1 HDAC4 HDAC6
65 N 39,000 >100,000 320

interactions with the Phe620 and Phe680 side chains, thus contributing
to favorable binding to HDAC6 [69]. The wide entrance and
solvent-exposed environment of the outer enzyme surface allowed sig-
nificant flexibility to the cap group of the ligands, as detected by the
root-mean-square deviations (RMSDs) observed in the MD trajectories
(Fig. S5). Interestingly, the MD simulations predicted that compounds of
this series adopted predominantly two different orientations, depending
on the presence (i.e., 11 - X = N) or absence (i.e., 10 - X = CH) of the
nitrogen atom at position 7 of the cap group. In particular, the cap group
of the pyrrolo-pyrimidine compound 10 remained anchored to the L2
loop for over half of the MD simulation time, the cap group being
directed towards Phe680 (Fig. 2A).

Conversely, the purine cap of compound 11 was more frequently
directed towards the L1 loop (Fig. 2B). The switch between occupation
of the L1 or the L2 pockets occurred through rotation along the benzylic
methylene bond. Interestingly, a water molecule bridging the N7 atom
of purine 11 and the side chains of Asp497 and His500 was detected for
about 20% of the MD trajectory. Such a water-mediated interaction,
which is established only by compounds bearing a purine-based cap

A oo ~

$568

o
F620 H500 L 1

l C‘
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\\_ i
|
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group, may account for the consistently higher inhibitory activity of the
purine compounds 11, 13, 15 and 20, with respect to the corresponding
pyrrolo-pyrimidine analogues 10, 12, 14 and 19. Noteworthy, the
binding orientation observed for 16 overlapped well with that of 11,
demonstrating that removal of the 2-amino substituent did not affect the
position of the cap moiety (Fig. S6). In agreement with this, removal of
the 2-amino group in compounds 16, 17 and 18 had a marginal effect on
the inhibitory activity, compared to the corresponding 2-amino de-
rivatives 11, 13 and 15.

Furthermore, docking analyses were also performed for the repre-
sentative compound 11 in HDAC1 and HDAC4 crystallographic struc-
tures, belonging to HDAC class I and Ila, respectively. Of note, the
interaction between the TFMO group and the HDAC4 Zn?* ion (Fig. 57,
panel A) was similar to that observed in HDACS6, although the binding
sites of the two proteins differ significantly. On the contrary, the size of
the HDAC1 binding site hinders the interactions of TFMO with the metal
ion by producing a less efficient interaction, in agreement with the in
vitro results (Fig. S7, panel B) [70]. Docking of the fluoro-substituted
TFMO derivatives in HDAC1 and HDAC4 produced almost identical
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Fig. 2. Representative binding modes of compounds 10 (panel A) and 11 (panel B) in complex with HDAC6, resulting from the MD simulations. The hydrogen

bonds are shown as black dashed lines. Only relevant water molecules are shown.
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Fig. 3. Superimposition of the representative binding modes of compounds 11
(light blue sticks) and 38 (yellow sticks) in complex with HDAC6, resulting
from the MD simulations.

complexes (data not shown).

Compounds 37, 38 and 44 were chosen as representative members of
the HA series. Compared to the corresponding compounds of the TFMO
series, the phenyl rings of the HA derivatives accommodated approxi-
mately 1.5 A deeper inside into the HDAC6 catalytic cleft (Fig. 3). This is
likely due to the smaller size of the hydroxamate ZBG and its stronger
coordination ability to the zinc ion. In turn, this affected the position of
the rest of the molecule by pulling the linker and the cap closer to the
bottom of the cavity. Overall, compounds 37 and 38 showed a similar
binding mode (Fig. 4), the hydroxamate group establishing a bidentate
coordination with the zinc ion and the cap group being oriented toward
the L1 sub-pocket. In the MD simulations, the cap group of 37 (X = CH)
occupied the L1 sub-pocket for most of the MD simulation time (see
RMSD plot of compound 37 in Fig. S5), while the cap of compound 38
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(X = N) swapped between the L1 and L2 sub-pockets, the latter orien-
tation displaying the purine ring close to Ser568 and Phe569 (Fig. S8).
The observed fluctuation of the cap group of 38 is likely due to a
network of water-mediated interactions established by the nitrogen
atom at position 7 of the purine. Since the inhibitory activity of 38 was
similar to that of 37, the higher mobility of the former compound does
not seem to play a role on activity. Likewise, the 2-amino group of 37
and 38 was mainly involved in water-mediated interactions in the L1
sub-pocket, while the MD analyses performed on 44 showed that the cap
group was shifted towards the L2 sub-pocket (Fig. S9). Such different
poses of the compounds highlight a water-mediated hydrogen bond
performed by the 2-amino group in the L1 loop.

Finally, compounds 59 and 60 of the MCA series were analyzed. In
the HDAC6 complexes, the negatively charged thiolate of the mercap-
toacetamide group coordinated the catalytic Zn?* ion with a tetrahedral
geometry and it accepted a hydrogen bond from the positively charged
side chain of His610 [54]. The carbonyl oxygen of the MCA was placed
outside the coordination sphere of the metal ion and it hydrogen bonded
with the phenolic hydroxyl of Tyr782. The coordination geometry of the
MCA derivatives was consistent with that observed in other crystallo-
graphic complexes of HDACis bearing the MCA ZBG [54,71]. In the MD
simulations, the cap group of 59 (X = CH) showed higher fluctuations
compared to compound 60 (Fig. S5). As shown in Fig. 5A, the cap group
of 59 accommodated in the L1 sub-pocket, positioning the purine ring
next to Leu749 and the 2-amino group towards Pro501, similarly to
what observed for the HA derivatives 37 and 38, while the cap of
compound 60 (X = N) remained close to L2 throughout the simulation.
In particular, compound 60 established interactions with residues of the
L2 sub-pocket (Fig. 5B). The purine ring was positioned between Phe679
and Phe680, and the N7 nitrogen extended near L2, establishing
water-mediated interactions with the imidazole ring of His651.

In summary, the shape of the HDAC6 binding site allowed the cap
group of the reported compounds to explore more than one orientation,
albeit recurring patterns could be identified across ligands of the TFMO,
HA or MCA series. The MD results highlighted two distinct cap orien-
tations for the TFMO and HA derivatives, due to the different length of
the two ZBGs and the different interactions established with the Zn?*
ion. This finding may explain why the SAR of TFMO compounds is
influenced by the presence of the nitrogen at position 7 of the purine
ring. Two distinct cap orientations were observed in the MCA de-
rivatives, although the inhibitory activities of the corresponding
pyrrolo-pyrimidine and purine derivatives were very similar. Docking of
selected TFMO derivatives into the HDAC1 and HDAC4 binding sites
provided an explanation for their selectivity profiles.

Fig. 4. Representative binding modes of compounds 37 (panel A) and 38 (panel B) in complex with HDAC6, resulting from the MD simulations. The hydrogen

bonds are shown as black dashed lines. Only relevant water molecules are shown.
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Fig. 5. Representative binding mode of compounds 59 (panel A) and 60 (panel B) in complex with HDACG6 resulting from the MD simulations. The hydrogen bonds

are shown as dashed lines. Only relevant water molecules are shown.

Table 4

Glsp values + SEM (n = 3) determined by MTT assay on LNCaP (cancer) and
RWPE-1 (normal) cells treated for 72 h. (a) Selectivity Index (SI) values calcu-
lated as the ratio of GIso (RWPE-1)/Glso (LNCaP) values. SI values higher than 1
are indicative of compounds selective for cancer vs normal cells. (b) Compounds
not characterized by dose-response cellular effects (Fig. S9). (c) Anti-
proliferative activities against RWPE-1 cell lines were determined only for
compounds with GIso (LNCaP) values < 30 pM. The fourteen compounds with
Glso (LNCaP) values < 30 uM are marked in bold. Of these, the eight compounds
with GIso (LNCaP) values < 30 pM and SI values > 1 are underscored. Tubastatin
A, SAHA and TMP269 were used as positive controls.

Compound Glso (M) Mean + SEM Selectivity Index @
LNCaP RWPE-1
10 10.6 + 4.1 4.0 £ 3.9 0.4
11 32.3+ 8.0 () (@
12 12.5 + 5.5 7.2+1.4 0.6
13 0.32 + 0.02 11+0.8 3.4
14 20.7 + 11.9 2.7+1.3 0.1
15 8.0 + 3.1 17.0 £ 16.1 2.1
16 24.6 + 11.5 16.0 £ 7.2 0.6
17 12.5+ 2.4 13.9+79 1.1
18 15.9 + 2.4 13.5+ 2.3 0.9
19 5.5+ 3.2 43.0 £ 40.5 7.8
20 7.0+ 25 81.7 £1.3 11.7
21 80.8 £+ 33.6 (© (©
22 >100 () ©
37 5.8 + 1.4 9.9+08 1.7
38 (b)
39 74.7 £ 20.7 (c) (c)
40 183+ 7.5 10.4 + 4.4 0.6
41 (b)
42 57.9 £11.9 (© (©
43 >100 (© (©)
44 >100 © ©
45 12.1 + 2.4 449 + 2.4 3.7
46 (b)
47 >100 (©) (©
48 12.7 + 3.3 79.2 + 60.5 6.3
51 41.9 £15.0 () (@
59 48.8 £ 21.8 (c) (c)
60 >100 (© (©
65 (b)
Tubastatin A 50+1.7 202 +£1.1 4.0
SAHA 1.3+0.2 1.6 £0.3 1.2
TMP269 21.3+ 0.4 8.0+ 0.6 0.4

10

2.4. Selective anti-proliferative activity on prostate adenocarcinoma cells

To determine the potential anti-tumor activity of the synthesized
compounds, we performed dose-response cell viability assays on LNCaP
cells, which are one of the most representative in vitro models of PCA
deriving from a metastatic lymph node lesion. By MTT assays, we
assessed the proliferation/viability of LNCaP cells treated for 72 h with
3-fold serial dilutions, starting from a compound concentration of 100
uM. Dose-response anti-proliferative effects were observed for all com-
pounds except for 38, 41, 46 and 65 (Fig. S10). The GI5¢ values,
calculated as the concentrations inhibiting the growth of cancer cells by
50% following 72 h of treatment, are reported in Table 4. Four reference
compounds were used, i.e. the pan-HDACis SAHA and TSA, the class Ila-
HDACi TMP269, and the HDAC6-HDACIi Tubastatin A. Although the
HDACS6 inhibitory activities of the HA derivatives were significantly
higher compared to those of the corresponding analogues of the TFMO
series (Tables 1 and 2), a clear superiority of the HA compounds could
not be observed in the cellular assays (Table 4). The three compounds of
the MCA series were poorly active in cellular assays. To gain more in-
sights into such behaviour, we predicted the solubility and Caco-2
permeability, used as a model of human intestinal absorption of drugs,
with QikProp [72] (Table S1). Interestingly, compounds of the HA series
had predicted higher solubility but lower Caco-2 cell permeability, with
respect to compounds of the TFMO series. Therefore, it is possible that
the higher in vitro inhibitory activity of the HA derivatives is counter-
balanced by a lower membrane permeability in cellular assays. Only the
compounds characterized by a dose-response cellular effect and Glsg
values lower than 30 pM were further investigated (i.e., fourteen com-
pounds marked in bold in Table 4). Firstly, we tested their
anti-proliferative activity on human normal prostate RWPE-1 cells
through dose-response MTT assays (Fig. S11). Noteworthy, eight mole-
cules, namely 13, 15, 17, 19, 20, 37, 45 and 48, were considerably
selective for cancer versus normal cells, as demonstrated by a Selectivity
Index (SI), defined as Glsg (RWPE-1, normal cell line)/GlIsq (LNCaP,
cancer cell line), higher than 1 (ie., eight underscored compounds in
Table 4).

2.5. HDACs-targeting in prostate cancer cells

To assess whether the anti-proliferative activity of the fourteen
compounds with GIsy (LNCaP) values < 30 pM was a consequence of
HDAC6-targeting, we determined the effect of cell treatments on the
expression levels of acetylated tubulin (AcTub), a well-known HDAC6
target. We analyzed cellular extracts from LNCaP cells treated for 24 h at
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Fig. 6. Western blot analysis of the expression levels

TFMO HA references of acetylated-Tubulin (AcTub) and acetylated H3
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Table 5

Inhibition of HDAC Class Ila activity measured in
LNCaP cells by cellular HDAC-Glo Class Ila Assay
(Promega) after 1 h of incubation. ICsy values
were calculated for compounds 13 and 20, using
TMP269 as reference compound.

Compound ICsp (nM)
20 59
13 <5
TMP269 432

11

G5 doses by Western blot and we normalized the levels of AcTub versus
total Tubulin, which was used as loading control (Fig. 6A). Although
with different efficiency, all the compounds induced an increase in
AcTub, with the exception of 14, 19, 45 and 48. The analysis of yH2AX
expression ruled out possible genotoxic effects (Fig. S12).

The effect of treatments on the expression levels of AcTub in LNCaP
cells was evaluated also at a lower concentration (3 pM) to avoid
possible toxic side effects, non-specific drug targeting and drug resis-
tance [73]. Western blot analysis highlighted that most compounds were
able to inhibit HDACG6 activity even at lower doses (Fig. 6B). The effect
of the molecules on the levels of acetylated histone H3 (AcH3)
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Table 6

In vitro drug-like profiles of representative compounds 13 (TFMO) and 37 (HA). (a) Low, medium and high with Papp <107®cm/s, 107% em/s < Papp <10 x 10° cm/s and Papp >10 x 107° cmy/s, respectively. (b) An

efflux ratio >2 suggests P-Glycoprotein (P-gp) mediated or other transporters efflux phenomena [74]. (c) Low, medium, and high clearance in mouse microsomes is < 2.5, 2.5-66, >66 [75,76]. respectively. (d) Low,

medium, and high clearance in human microsomes is < 1.8, 1.8-48, >48 [75,76].

Intrinsic Clearance ¥ (uL/min/mg protein)

Intrinsic Clearance’® (uL/min/mg protein)

Solubility (uM) pH Solubility (uM) pH Papp AB® 107° Papp BA® 107° Efflux ratio ® (BA/

Cpd

human

mouse

AB)

cm/s

cm/s

4.5

7.4

30.7 £ 12.9

302+ 1.5

3.4+09 3.8+ 0.4 20.6 + 8.01 10.3 £ 0.05 0.5

13
(TFMO series)

26.3+7.0

7.4 +£2.0

434.2 + 84.2 507.1 + 0.67 2.5+ 0.06 2.4+0.1 0.9

37
(HA series)

12
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normalized to total Tubulin was informative of a possible non-specific
activity of the compounds on nuclear class I HDACs. Importantly, we
did not observe a significant increase in AcH3. Compound 13, which
showed the lowest GlIsy value in LNCaP cells, confirmed its
HDCAG6-targeting activity also after treatment at sub-Gls concentration
(Fig. S13). We further profiled the HDACi activity of the two more
promising compounds based on Glsy data and HDAC6 inhibitory activ-
ity, namely compounds 13 and 20. Using an HDAC-Glo Class IIa Assay
based on an acetylated, live-cell-permeant, luminogenic peptide sub-
strate specific for class Ila HDACs, we observed a robust Class Ila-HDACs
inhibition in LNCaP cells (Table 5). Taken together, these results indi-
cate that compounds 13 and 20 specifically target HDAC6 and Class Ila
HDACs when administered to PCA cells.

2.6. Invitro evaluation of drug-like profiles of selected TFMO and HA
compounds

Water solubility, cell permeability and metabolic stability are
essential requirements for developing effective inhibitors with thera-
peutic potential. To this aim, we assessed the drug-like properties of
representative TFMO and HA compounds (13 and 37, respectively). In
particular, in vitro studies were performed to evaluate aqueous kinetic
solubility, bidirectional intestinal permeability in Caco-2 cells [74] and
metabolic stability in mouse and human liver microsomes. The results
are reported in Table 6. The HA compound 37 exhibited an excellent
water solubility of 434.2 and 507.1 pM at pH 7.4 and 5.4, respectively.
Although compound 13 (TFMO) displayed sub-optimal water solubility,
it showed 10-fold higher Caco-2 membrane permeability compared to
compound 37 (HA). This finding may explain why TFMO compounds
performed better than HA in the cellular assays. The in vitro results are in
agreement with the in silico QikProp predictions discussed above
(Table S1).

In both cases, the efflux ratio was lower than 1, indicating that the
two compounds neither are substrates for P-Glycoproteins (P-gp), nor
are affected by other transporters efflux phenomena [74]. Compounds
13 and 37 were also tested for their in vitro metabolic stability to Phase 1
oxidative metabolism in human and mouse liver microsomes, using
NADP, Glc6P, Glc6P-DH as co-factors. As reported in Table 6, compound
37 displayed a clearance of 7.4 + 2.0 pL/min/mg in mouse and 26.3 +
7.0 pL/min/mg in human microsomes, while compound 13 showed a
clearance of 30.2 + 1.5 pL/min/mg in mouse and 30.7 + 12.9
pL/min/mg in human microsomes. According to the literature [75,76],
both compounds showed an acceptable intrinsic clearance in human and
mouse microsomes. Overall, these results highlight favorable drug-like
profiles.

2.7. Effects of selected compounds on the invasive behaviour of CSPC and
CRPC cells

Since the acetylation of tubulin controls the dynamics of focal
adhesion and promotes cell migration of cancer cells, we decided to
investigate the compounds for their possible inhibitory effect on cell
invasive behaviour. On the basis of HDAC6-targeting (Fig. 6) and se-
lective activity on cancer versus normal cells (Table 4), we tested four
TFMO molecules (i.e., 13, 15, 17 and 20) and one HA compound (i.e.,
37) in transwell migration assays. LNCaP cells treated at 3 pM dose
showed a significant decrease in cell migration by compound 13, simi-
larly to Tubastatin A used as HDAC6-specific positive control (Fig. 7). A
slight but significant reduction was noted also for compound 15. Even
though the experimental condition in Transwell assays allowed to
measure cell migration in the absence of proliferation (low serum cell
culture medium), we explored whether a 3 pM dose could also affect cell
proliferation in normal growth conditions. As expected from GIs values
(Table 4), compound 13 was the only one to severely inhibit cell growth,
while the administration of compounds 15, 17 and 20 at subGlIs, dose
reduced of about 30-40% the proliferation of LNCaP cells (Fig. 7B).
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The major cause of PCA-associated death is the development of
metastatic CRPC, which is characterized by a highly invasive behaviour.
The results on AR-sensitive LNCaP cells reported above encouraged us to
test the anti-cancer activity of the compounds on AR-insensitive PC3
cells, a cellular model for CRPC. Firstly, we verified whether the com-
pounds were able to inhibit HDAC6 activity in the PC3 cell line. Western
blot analysis of AcTub and AcH3 was performed following treatments at
3 pM dose for 24 h (Fig. 8). The compounds 12, 13, 15, 17, 20, 37, 40
and 45 showed a robust activity also in PC3 cells.

We then determined the activity of the five previously investigated
compounds on the migration of PC3 cells. Wound healing assays
demonstrated that 13, 15 and 20 were able to significantly inhibit cell
migration after 18 and 24 h compared to control cells treated with
DMSO (Fig. 9A). Although the wound healing assay was performed in
low serum conditions to avoid the interference of possible modulation of
cell proliferation, we determined the anti-proliferative activity of the
selected molecules at 3 pM in complete growth medium. As shown in
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Fig. 7. Panel A. Percentage of cell migration of
LNCaP cells treated at 3 pM for 72 h measured by
Transwell assays. The percentage of cell migration in
DMSO-treated cells was arbitrarily set at 100%.
Tubastatin A (TUB A) was used as HDAC6-specific
positive control. Data represent mean + SEM (one-

dekdk

— ¥ % % sample t-test vs DMSO: *p < 0.05, **p < 0.01; n = 3).
- Panel B. Anti-proliferative activity of the indicated
compounds in LNCaP cells at 3 pM for 72 h. Data
represent mean + SEM (one-sample t-test vs DMSO:
*p < 0.05, **p < 0.01; ****p < 0.0001; n = 3).
NI
&0

Fig. 9B, compound 13 was the only to partially inhibit cell proliferation
(about 20%), once again suggesting its therapeutic value against
advanced PCA.

2.8. Complete profiling of HDACs inhibitory activity of compound 13

Based on these analyses, compound 13 combined the best anti-
proliferative and anti-migratory abilities in PCA cells with promising
drug-like properties. Therefore, we performed a complete profiling of its
inhibitory activity on all HDAC isoforms (Table 7).

The in vitro profiling of 13 pointed out that the compound is signif-
icantly active against both HDAC6 and class Ila HDACs (HDAC4,
HDACS5, HDAC7 and HDAC9). On the contrary, low or no inhibition was
observed for other HDACs, indicating that compound 13 is selective for
HDACS6 and class [Ia HDACs. Such multi-target activity profile can be
explained considering the structural differences present in the binding
site of HDAC1, HDAC4 and HDAC6 isoforms. In particular, HDAC1 and
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Fig. 8. Western blot analysis of AcTub and AcH3 in total extracts from PC3 cells treated with the compounds at 3 pM dose for 24 h. Tubastatin A (TUB A) was used as
HDACS6-specific positive control. H3 was used as loading control. Lower panels represent relative quantification of protein expression normalized to total H3 and
reported as fold change in treated cells versus DMSO, arbitrarily set at 1. T-test p-values: *p < 0.05, **p < 0.01; n = 3.
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Fig. 9. Panel A. Wound healing assays on PC3 cells
treated with the indicated compounds (3 pM) for 18h
20 @ 37 @ TuBA and 24h. Cell migration (% wound closure) at time 0
h has been arbitrarily set at 0%. Tubastatin A (TUB A)
was used as HDAC6-specific positive control. Data
x represent mean + SEM (Two-way ANOVA with
Fisher’s LSD test: *p < 0.05, ****p < 0.0001; n = 3).
Representative images of wound closure in control
cells (DMSO) are shown in left panel. Panel B. Anti-
proliferative activity of the indicated compounds in
PC3 cells at 3 pM for 72h. Data represent mean =+
SEM (one-sample t-test vs DMSO: *p < 0.05, **p <

0.01; n = 3).
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HDACS6 display three residues at the entrance of their catalytic tunnel (i.
e., His28, Pro29 and Met30 in HDAC1; His500, Pro501 and Glu502 in
HDACS6), not present in HDAC4, which hamper the binding of ligands
with sterically hindered linkers (Fig. S15) [79]. Indeed, this effect is
particularly evident for HDACI, in which these residues (i.e., Met30)

Table 7

extend towards the inner part of the catalytic tunnel (Fig. S15),
impairing the ability of the TMFO moiety of 13 to fit into the enzyme
binding site.

Considering that the investigated compounds possess a pyrrolo-
pyrimidine or purine scaffold, we reasoned that they could inhibit

In vitro inhibitory activity (ICso, nM) of compound 13 against Class I, IIa, IIb and IV HDACs. HDAC isoforms are
grouped according to class membership. ICso values of the control compounds Trichostatin A, TMP269 and
Quisinostat are also reported. Titration curves of the compounds on the different histone deacetylases are re-

ported in Fig. S14 and S1-S3.

Class I

Compound HDAC1 HDAC2 HDAC3 HDACS8
13 38800 3600 860 45100
Trichostatin A 7.2 9 4 650
TMP269 >1004 >1004 >100¢ 42004
Quisinostat 0.1 0.3 4.86° 4>
Class Ila

Compound HDAC4 HDACS5 HDAC7 HDAC9
13 24 45 31 37
Trichostatin A 122 16% 227 38%
TMP269 13 191 44 17
Quisinostat 0.6” 4 119° 32°
Class IIb

Compound HDAC6 HDAC10
13 85 2200
Trichostatin A 1.9 207
TMP269 82004 >100¢
Quisinostat 77° 14

Class IV

Compound HDAC11
13 98700
Trichostatin A 4700
TMP269 >100¢
Quisinostat 0.4°

Note: Assays were performed in singlicate. ? activity values taken from Ref. [77].  activity values taken from
Ref. [12]. © activity values taken from Ref. [78]. ¢ activity values taken from Ref. [70].
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protein kinases. To investigate this possibility, extensive 2D ligand-
based analyses were performed within ChEMBL (www.ebi.ac.
uk/chembl/, accessed on June 21°%, 2023) [80] as detailed in the Sup-
porting Information. The performed chemoinformatics analyses led to
the identification of MSK1, c-Mer, AXL, P38a, c-Met and VEGFR2 Kki-
nases as putative secondary targets of compound 13 (Supporting Infor-
mation). Remarkably, results of in vitro assays performed on these
kinases did not highlight any relevant inhibitory activity, suggesting
that the effects of 13 observed in the cellular assays can be ascribed to
modulation of HDACs.

3. Conclusions

In this study, we designed and synthesized novel HDAC inhibitors as
an effort toward the identification of promising lead candidates against
advanced PCA. Three series of compounds based on the tri-
fluoromethyloxadiazole, hydroxamic acid, and 2-mercaptoacetamide
zinc-binding groups were developed. The three warheads were conve-
niently tethered to variously substituted phenyl linkers and decorated
with differently substituted pyrrolo-pyrimidine and purine cap groups,
resulting in the synthesis of twenty-nine compounds that were submit-
ted to biological tests.

Most of the tested compounds showed nanomolar HDAC6 inhibitory
activities (Tables 1-3). Compounds of the HA and MCA series were
highly selective for HDAC6, while compounds of the TFMO series were
active on both HDAC6 (class IIb) and HDAC4 (class Ila), but poorly
active on HDAC1 (class I). The in silico studies conducted on HDAC6
highlighted that the three zinc-binding groups were firmly anchored to
the catalytic zinc ion, the phenyl linkers were sandwiched between
Phe620 and Phe680, and the cap groups explored the L1 or the L2 sub-
pockets depending on the hydrogen bonding features of the cap group.

When tested for their anti-proliferative activity on prostate adeno-
carcinoma cells, fourteen compounds showed GIs values lower than 30
pM. Eight of these compounds, namely 13, 15, 17, 19, 20, 37, 45 and
48, were consistently selective towards PCA cells with respect to normal
RWPE-1 cells. Remarkably, compounds 15, 19, 20 and 37 showed single
digit micromolar cellular activity, and one (compound 13) had sub-
micromolar cellular activity. Therefore, we tested the inhibition of
HDAGs in PCA cells through the analysis of the expression levels of the
HDACS6-specific target AcTub and the class I HDACs-selective AcH3
(Figs. 6 and 8), and we also assessed class IIa-HDACs activity in LNCaP
cells (Table 5). The results showed that ten of the fourteen tested com-
pounds targeted HDAC6 in LNCaP cells, compounds 13 and 20 targeting
also class IIa HDACs. The analysis of yH2AX expression ruled out
possible genotoxic effects.

Representative compounds of the TFMO and HA series (compounds
13 and 37, respectively) were then tested for in vitro kinetic solubility,
Caco-2 cell permeability, and phase I metabolic stability. While com-
pound 37 displayed higher water solubility compared to 13, the latter
was characterized by higher cellular membrane permeability. These
findings suggest that the higher in vitro HDAC6 inhibitory activities
exhibited by HA derivatives (e.g., 37) are likely counterbalanced by a
lower cellular permeability with respect to compounds of the TFMO
series (e.g., 13). Lead optimization of hydroxamic acid derivatives will
require a careful fine-tuning of in vitro potency and cellular perme-
ability. However, both compounds displayed an acceptable intrinsic
clearance in human and mouse microsomes and were not affected by
efflux phenomena.

The best performing compounds were further tested in the CRPC PC3
cells. Most of them efficiently targeted HDAC6 at 3 pM dose, as
demonstrated by increased levels of AcTub. The increased acetylation of
a-tubulin is an indicator of impairment of the metastatic potential that
relies on cell migration. Since PCA cells acquire migratory invasive
phenotype in several ways, including single cell and collective migra-
tion, we investigated the effect of the molecules on cell migration by
transwell and scratch assays, which provide a measure of single cell and
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collective migration, respectively. Compounds 13 and 15 showed a
significant effect on single cell migration of LNCaP cells, which are
characterized by modest collective migration [81]. Interestingly, com-
pounds 13, and to a lesser extent 15 and 20, showed a robust inhibitory
activity on collective migration as well, as demonstrated by wound
healing assays on PC3 cells, which primarily invade in a collective
manner.

Overall, compound 13 combined favorable drug-like properties,
excellent anti-proliferative activity and marked anti-migration proper-
ties on PCA cells, thus representing a valuable lead candidate. In vitro
profiling against all HDAC recombinant enzymes (Table 7) and HDACi
profiling in LNCaP cells (Figs. 6 and 8 and Table 5) demonstrated that
compound 13 has potent anti-cancer effects through selective inhibition
of HDAC6 and class IIa HDACs.

The analysis of the prognostic value of HDACs expression in PCA
patients from the Cancer Genome Atlas project (TCGA-PRAD, data ob-
tained through GEPIA2-web server) highlighted that high HDACS6,
HDAC7 and HDAC10 transcriptional levels are linked to worse overall
survival, as indicated by a positive Hazard Ratio (Fig. S16A). Moreover,
the expression levels of HDAC6, HDAC7 and HDAC10 are significantly
increased in pathological N1 with respect to healthy or NO samples
(Fig. S16B), where Node stage NO represents localized tumors, while N1
describes regional lymph node involvement. Besides, HDAC4 is involved
in aggressive PCA and, in particular, in androgen response [21].
Therefore, the combination of HDAC6 and class Ila HDACs inhibitory
activity may be particularly relevant to tackle PCA disease.

Taken together, this study led to the identification of several potent
inhibitors, some of which proved to be very promising in terms of
cellular potency and anti-migration properties. We believe that this
study provides insightful advances into the discovery of targeted drugs
against aggressive forms of advanced PCA.

4. Experimental section
4.1. Chemistry/synthesis

All the reagents, solvents, and other chemicals were used as pur-
chased without further purification, unless otherwise specified. Air or
moisture sensitive reactions were performed under nitrogen atmo-
sphere. The reaction mixtures were monitored by thin-layer chroma-
tography on silica gel plates (60F-254, E. Merck) and visualized with
UV-light, cerium ammonium sulfate, alkaline KMnO4 aqueous solu-
tion, or 1% FeCls ethanolic solution. Column liquid chromatography
(LC) purifications were carried out using Merck silica gel 60 (230-400
mesh, ASTM). Flash chromatography purifications were performed with
the ISOLERA-Biotage system. The structures of all isolated compounds
were ensured by nuclear magnetic resonance (NMR) and mass spec-
trometry. 'H and '3C NMR (1D and 2D experiments) spectra were
recorded on a DPX-400 Avance (Bruker) spectrometer at 400 MHz or on
a DPX-600 Avance (Bruker) spectrometer at 600 MHz. Chemical shifts
are expressed in ppm () and calibrated on the residue signal of the
solvent: CDCl3 6 77.04, CD30D 6§ 49.8, DMSO-dg 6 39.5. NMR data are
reported as follows: chemical shift, multiplicity (s, singlet; d, doublet; t,
triplet; q, quartet; qnt, quintet; sxt, sextet; m, multiplet; br, broad),
coupling constants (Hz) and number of protons/carbons. 'H-'H corre-
lation spectroscopy (COSY), 'H-'3C heteronuclear multiple quantum
coherence (HMQC) and heteronuclear multiple bond connectivity
(HMBC) experiments were recorded for the determination of "H-'H and
'H-13C correlations, respectively. The melting points were determined
with Stuart SMP3 apparatus and are uncorrected. The purity of the
compounds was determined by elemental analysis (C, H, N), which was
performed on a Carlo Erba 1106 Analyzer and the results are within
+0.4% of the theoretical value. All final compounds are >95% pure by
HPLC-UV/Vis (1260 Infinity II, Agilent Technologies (Waldbronn, Ger-
many) column Poroshell 120 EC-C18 (4.6 x 100 mm, 4 pm (Agilent
Technologies, Santa Clara, CA, U.S.A.). Low resolution MS analysis was
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performed on a 6310 A Ion Trap (Agilent Technologies) whereas high
resolution mass spectra were recorded on a UHPLC-HRMS 3000-Q
Exactive (Thermo Scientific, Massachusetts, U.S.A.), both equipped
with an electrospray ionization source (ESI).

4.1.1. General procedure for preparation of cyanobenzyl-acetates 2a-e

To a solution of properly substituted cyanobenzyl bromide (1 equiv)
in DMF (0.1-0.2 M), potassium acetate (1.5 equiv) was added one pot
and the resulting mixture was left stirring at room temperature. After 3
h, the solvent was removed under reduced pressure, the crude was taken
up in ethyl acetate and washed with brine; the organic layer was dried
over anhydrous NaySOy, filtered and the solvent was removed under
reduced pressure to afford the pure title compounds 2a-e that were used
in the next step without further purification.

4.1.1.1. 4-cyanobenzyl acetate (2a). The product was obtained as a
clear oil, following the general procedure, in 83% yield (372 mg).

1HNMR 8/ppm (400 MHz, CDCl3): 7.66 (s, 1H, Ar), 7.61 (d,J =7.9
Hz, 1H, Ar), 7.58 (d, J = 7.9 Hz, 1H, Ar), 7.48 (t, J = 7.9 Hz, 1H, Ar),
5.12 (s, 2H, -CHy), 2.13 (s, 3H, -CH3).

13¢ NMR 6/ppm (100 MHz, CDCl3): 170.2, 141.9, 136.0 (2C),
127.7 (2C), 119.3, 111.0, 66.4, 21.2.

ESI-MS, m/z: 176.1 [M + H] "

4.1.1.2. 4-cyano-3-fluorobenzyl acetate (2b). The product was obtained
as a clear oil, following the general procedure, in 96% yield (440 mg).

H NMR §/ppm (400 MHz, CDCl3): 7.56 (s, 1H, Ar), 7.49 (d, J = 7.8
Hz, 1H, Ar), 7.44 (d, J = 7.7 Hz, 1H, Ar), 5.13 (s, 2H, —-CH>), 2.14 (s, 3H,
-CHs).

13¢ NMR 6/ppm (100 MHz, CDCl3): 171.3, 158.9, 147.3, 135.5,
122.9,121.2, 114.3, 111.1, 68.2, 20.9.

ESI-MS, m/z: 194.1 [M + H]*

4.1.1.3. 4-cyano-2-fluorobenzyl acetate (2c). The product was obtained
as a clear oil, following the general procedure, in 95% yield (430 mg).

1H NMR 8/ppm (400 MHz, CDCl3): 7.52 (d, J = 7.7, 1H, Ar), 7.46
(d, J = 8.9 Hz, 1H, Ar), 7.38 (d, J = 8.9 Hz, 1H, Ar), 5.20 (s, 2H, ~CH,),
2.13 (s, 3H, -CH3).

13¢ NMR 6/ppm (100 MHz, CDCls): 170.8, 161.3, 137.1, 129.5,
128.9,119.2,118.0, 113.4, 64.1, 21.3.

ESI-MS, m/z: 194.1 [M + H]*.

4.1.1.4. 3-chloro-4-cyanobenzyl acetate (2d). The product was obtained
as a clear oil, following the general procedure, in 91% yield (820 mg).

1H NMR §/ppm (400 MHz, CDCl3): 7.74 (s, 1H, Ar), 7.51 (d, J = 7.7
Hz, 1H, Ar), 7.42 (d, J = 7.7 Hz, 1H, Ar), 5.19 (s, 2H, —-CH>), 2.18 (s, 3H,
—-CHjs).

13¢ NMR 6/ppm (100 MHz, CDCl3): 169.9, 144.0, 136.3, 132.5,
127.2,125.8, 117.3, 111.9, 65.9, 20.8.

ESI-MS, m/z: 210.1 [M + H]™.

4.1.1.5. 3-cyanobenzyl acetate (2e). The product was obtained as a
clear oil, following the general procedure, in 95% yield (869 mg).

1H NMR 6/ppm (400 MHz, CDCl5): 7.66 (s, 1H, Ar), 7.61 (d, J =7.9
Hz, 1H, Ar), 7.58 (d, J = 7.9 Hz, 1H, Ar), 7.48 (t, J = 7.9 Hz, 1H, Ar),
5.12 (s, 2H, —-CHy), 2.13 (s, 3H, —-CH3).

13¢ NMR 6/ppm (100 MHz, CDCls): 170.6, 142.3, 131.2, 130.9,
130.2, 129.4, 118.5, 111.9, 65.4, 20.7.

ESI-MS, m/z: 176.1 [M + H]".

4.1.2. General procedure for preparation of (Z/E)-4-(N -
hydroxycarbamimidoyDbenzyl acetates 3a-e

To a suspension of 2a-e (1 equiv) and NH,OH-HCI (1.2 equiv) in
EtOH, TEA (1.5 equiv) was added dropwise, and the reaction mixture
was left overnight at room temperature under stirring. After complete
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conversion of the starting material, monitored by TLC, the solvent was
removed under reduced pressure; the crude was taken up in ethyl ace-
tate and the organic layer was washed several times with brine, then
dried over anhydrous NapSOs, filtered and the solvent was removed
under reduced pressure. The resulting title compounds 3a-e were used in
the next step without further purification.

4.1.2.1. (Z/E)-4-(N-hydroxycarbamimidoyl)benzyl acetate (3a). The
product was obtained as a yellow oil, following the general procedure, in
77% yield (240 mg).

IH NMR 6/ppm (400 MHz, CDCl3): 10.84 (bs, 1H, ~OH), 7.54 (m,
4H, Ar), 5.19 (s, 2H, ~CH,), 4.91 (bs, 2H, -NH,), 2.18 (s, 3H, ~CHj).

13¢ NMR 6/ppm (100 MHz, CDCl3): 170.3, 161.2, 141.6, 131.1
(20), 130.2 (20), 128.2, 66.1, 20.4.

ESI-MS, m/z: 209.1 [M + H]*

4.1.2.2. (Z/E)-3-fluoro-4-(N'-hydroxycarbamimidoyl)benzyl acetate
(3b). The product was obtained as a yellow oil, following the general
procedure, in 60% yield (204 mg).

1H NMR 6/ppm (400 MHz, CDCl3): 10.42 (bs, 1H, ~-OH), 7.57 (s,
1H, Ar), 7.47 (d,J =7.8 Hz, 1H, Ar), 7.43 (d, J = 7.9 Hz, 1H, Ar), 5.19 (s,
2H, —CH3), 4.99 (bs, 2H, -NH,), 2.13 (s, 3H, ~CHj).

13¢ NMR 6/ppm (100 MHz, CDCl3): 170.1, 163.7, 155.4, 143.2,
128.8, 123.5, 117.5, 113.8, 65.2, 22.0.

ESI-MS, m/z: 227 [M + H]™"

4.1.2.3. (Z/E)-2-fluoro-4-(N'-hydroxycarbamimidoyl)benzyl acetate
(3c). The product was obtained as a yellow oil, following the general
procedure, in 81% yield (275 mg).

1H NMR 6/ppm (400 MHz, CDCls): 9.98 (bs, 1H, ~OH), 7.50 (t, J =
7.7, 1H, Ar), 7.48 (d, J = 8.9 Hz, 1H, Ar), 7.40 (d, J = 8.9 Hz, 1H, Ar),
5.18 (s, 2H, -CHy), 4.92 (bs, 2H, -NHj3), 2.11 (s, 3H, —-CHj3).

3¢ NMR 6/ppm (100 MHz, CDCl3): 170.8, 163.2, 158.7,
129.4127.9 (20), 126.0, 110.9, 62.7, 20.2.

ESI-MS, m/z: 227.1 [M + H]*

4.1.2.4. (Z/E)-3-chloro-4-(N'-hydroxycarbamimidoyl)benzyl acetate
(3d). The product was obtained as a yellow oil, following the general
procedure, in 58% yield (211 mg).

'H NMR 6/ppm (400 MHz, CDCls): 10.28 (bs, 1H, ~OH), 7.70 (s,
1H, Ar), 7.44 (d,J =7.7 Hz, 1H, Ar), 7.29 (d, J = 7.7 Hz, 1H, Ar), 5.20 (s,
2H, —-CHy), 4.48 (s, 2H, -NH>), 2.21 (s, 3H, —-CH3).

13¢c NMR 6/ppm (100 MHz, CDCl3): 170.7, 161.8, 142.0, 131.4,
127.7 (2C), 126.5, 120.3, 64.8, 20.9.

ESI-MS, m/z: 243.1 [M + H]*

4.1.2.5. (Z/E)-3-(N-hydroxycarbamimidoyl)benzyl acetate (3e). The
product was obtained as a yellow oil, following the general procedure, in
72% yield (225 mg).

1H NMR 6/ppm (400 MHz, CDCl3): 10.32 (bs, 1H, ~OH), 7.63 (s,
1H, Ar), 7.59 (d, J = 7.8 Hz, 1H, Ar), 7.58 (d, J = 7.8 Hz, 1H, Ar), 7.41 (t,
J=7.8Hz, 1H, Ar), 5.12 (s, 2H, ~CH,), 4.97 (bs, 2H, -NH,), 2.11 (s, 3H,
_CHa).

13C NMR §/ppm (100 MHz, CDCl3): 171.1, 162.0, 140.7, 129.5,
128.3 (2C), 126.9, 123.8, 66.3, 22.0.

ESI-MS, m/z: 209.1 [M + H]".

4.1.3. General procedure for preparation of 5-(trifluoromethyD-1,2,4-
oxadiazol-3-yl)benzyl acetates 4a-e

A suspension of 3a-e (1 equiv) in dry DCM (0.2 M) was cooled to 0 °C
and TFAA (2 equiv) was added dropwise. The reaction mixture was left
stirring for 3 h. After complete conversion of the starting material
monitored by TLC, the solvent was removed under reduced pressure; the
crude was taken up in ethyl acetate and the organic layer was washed
several times with brine, then dried over anhydrous Na;SO4 and filtered.
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The solvent was removed under reduced pressure to afford the pure title
compounds 4a-e which were used in the next step without further
purification.

4.1.3.1. 4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzyl acetate (4a).
The product was obtained as a yellow oil, following the general pro-
cedure, in 58% yield (287 mg).

H NMR 8/ppm (400 MHz, CDClg): 7.77 (d, J = 7.7 Hz, 2H, Ar),
7.42 (d, J = 7.7 Hz, 2H, Ar), 5.20 (s, 2H, -CHy), 2.21 (s, 3H, —-CH3).

13¢ NMR 6/ppm (100 MHz, CDCl3): 170.4, 168.8, 162.2, 136.3,
127.9 (20), 126.3 (2C), 125.8, 120.1, 66.2, 20.3.

ESI-MS, m/z: 287.1 [M + H]*"

4.1.3.2. 2-fluoro-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzyl ace-
tate (4b). The product was obtained as a yellow oil, following the
general procedure, in 89% yield (650 mg).

TH NMR é/ppm (400 MHz, CDCl3): 7.58 (t,J = 7.9 Hz, 1H, Ar), 7.40
(d, J = 8.6 Hz, 1H, Ar), 7.40 (d, J = 8.6 Hz, 1H, Ar), 5.11 (s, 2H, -CHy),
2.11 (s, 3H, -CH3).

13¢ NMR 6/ppm (100 MHz, CDCls): 170.4, 168.7, 164.5, 160.5,
131.4,129.6, 127.7, 122.3, 121.8, 116.4, 61.3, 20.4.

ESI-MS, m/z: 305.1 [M + H]*

4.1.3.3. 3-fluoro-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzyl ace-
tate (4c). The product was obtained as a yellow oil, following the
general procedure, in 82% yield (600 mg).

1H NMR §/ppm (400 MHz, CDCl3): 7.60 (s, 1H, Ar), 7.50 (d, J = 7.8
Hz, 1H, Ar), 7.47 (d, J = 7.8 Hz, 1H, Ar), 5.19 (s, 2H, —-CH>), 2.11 (s, 3H,
—-CHj3).

13¢ NMR 6/ppm (100 MHz, CDCls): 171.2, 165.8, 163.2, 157.9,
142.4,129.2,123.3, 122.8, 121.4, 115.3, 65.6, 20.4.

ESI-MS, m/z: 305.1 [M + H] ™.

4.1.3.4. 3-chloro-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzyl ace-
tate (4d). The product was obtained as a yellow oil, following the
general procedure, in 94% yield (490 mg).

1H NMR 6/ppm (400 MHz, CDCl3): 7.66 (s, 1H, Ar), 7.62 (d, J = 7.7
Hz, 1H, Ar), 7.30 (d, J = 7.7 Hz, 1H, Ar), 5.18 (s, 2H, —-CH>), 2.20 (s, 3H,
—CHs).

13¢ NMR 6/ppm (100 MHz, CDCls): 170.8, 166.4, 161.9, 139.4,
138.2,132.7,129.2, 127.3, 125.4, 121.7, 65.8, 20.7.

ESI-MS, m/z: 321.1 [M + H]*

4.1.3.5. 3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzyl acetate (4e).
The product was obtained as a yellow oil, following the general pro-
cedure, in 89% yield (437 mg).

1H NMR 6/ppm (400 MHz, CDCl3): 8.12 (s, 1H, Ar), 8.08 (d, J =7.9
Hz, 1H, Ar), 7.57 (d, J = 7.9 Hz, 1H, Ar), 7.53 (t, J = 7.9 Hz, 1H, Ar),
5.18 (s, 2H, —-CHy), 2.14 (s, 3H, —CH3).

13¢ NMR 6/ppm (100 MHz, CDCls): 170.4, 167.8, 162.4, 140.2,
131.1, 129.2, 128.4, 127.7, 126.4, 121.9, 66.6, 20.9.

ESI-MS, m/z: 287.1 [M + H]".

4.1.4. General procedure for preparation of 5-(trifluoromethyl)-1,2,4-
oxadiazol-3-yDphenyDmethanoles 5a-e

To a suspension of 4a-e in THF/MeOH 3:1 (0.2 M v/v), NaOH 1 N (3
equiv) was added dropwise. The reaction mixture was stirred for 1 h,
then the solvent was removed under reduced pressure. The crude was
taken up in ethyl acetate and the organic layer was washed several times
with brine, then dried over anhydrous NaySO4 and filtered. The solvent
was removed under reduced pressure to afford the pure title compounds
5a-e which were used in the next step without further purification.

4.1.4.1. (4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)phenyl)methanol
(5a). The product was obtained as a yellow oil, following the general
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procedure, in 98% yield (240 mg).

H NMR 6/ppm (400 MHz, CDClg): 7.71 (d, J = 7.7 Hz, 2H, Ar),
7.40 (d, J = 7.7 Hz, 2H, Ar), 4.81 (s, 2H, —CH,).

13¢ NMR 6/ppm (100 MHz, CDCl3): 168.3, 163.5, 140.8, 128.1
(20), 126.7 (2C), 125.5, 121.0, 64.8.

ESI-MS, m/z: 245.1 [M + H]"

4.1.4.2. 2-fluoro-(4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)phenyl)
methanol (5b). The product was obtained as a yellow oil, following the
general procedure, in 90% yield (480 mg).

IH NMR 6/ppm (400 MHz, CDClg): 7.58 (d, J = 7.9 Hz, 1H, Ar),
7.40 (d, J = 8.6 Hz, 1H, Ar), 7.33 (d, J = 8.2 Hz, 1H, Ar), 4.81 (s, 2H,
—CHby).

13¢ NMR §/ppm (100 MHz, CDCl3): 168.2, 163.5, 160.9, 132.0,
128.8,127.6, 121.8, 121.0, 115.4, 60.8.

ESI-MS, m/z: 263.0 [M + H] "

4.1.4.3. 3-fluoro-(4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)phenyl)
methanol (5¢). The product was obtained as a yellow oil, following the
general procedure, in 75% yield (400 mg).

H NMR 6/ppm (400 MHz, CDCl3): 7.59 (m, 1H, Ar), 7.20 (d, J =
7.8 Hz, 1H, Ar), 7.15 (d, J = 7.8 Hz, 1H, Ar), 4.82 (s, 2H, -CH).

13¢ NMR 6/ppm (100 MHz, CDCl3): 167.1, 164.1, 159.9, 140.9,
128.9, 123.5, 122.2, 121.5, 114.7, 64.4.

ESI-MS, m/z: 263.0 [M + H]™.

4.1.4.4. (3-chloro-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)phenyl)
methanol (5d). The product was obtained as a yellow oil, following the
general procedure, in 82% yield (350 mg).

1H NMR 6/ppm (400 MHz, CDCls): 7.76 (s, 1H, Ar), 7.70 (d, J = 7.7
Hz, 1H, Ar), 7.29 (d, J = 7.7 Hz, 1H, Ar), 4.80 (s, 2H, -CHy).

13C NMR §/ppm (100 MHz, CDClg): 166.8, 163.1, 142.4, 138.0,
132.8,129.3, 126.5, 125.5, 121.8, 64.8.

ESI-MS, m/z: 279.0 [M + H]*

4.1.4.5. (3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)phenyl)methanol
(5e). The product was obtained as a yellow oil, following the general
procedure, in 75% yield (272 mg).

'H NMR §/ppm (400 MHz, CDCls): 8.12 (s, 1H, Ar), 8.04 (d, J = 8.0
Hz, 1H, Ar), 7.59 (d, J = 8.0 Hz, 1H, Ar), 7.53 (t, J = 8.0 Hz, 1H, Ar),
4.80 (s, 2H, -CHy).

13¢ NMR §/ppm (100 MHz, CDClg): 168.8, 162.7, 140.9, 130.8,
129.3, 128.4, 126.8, 125.4, 121.1, 65.3.

ESI-MS, m/z: 245.0 [M + H]*

4.1.5. General procedure for preparation of chloromethyDphenylD)-5-
(trifluoromethyD-1,2,4-oxadiazoles 6a-e

A suspension of 5a-e (1 equiv) and SOCl, (10 equiv) was refluxed at
65 °C for 3 h. The solution was quenched with a sat. aqueous solution of
NaHCOs3 and the mixture was extracted with ethyl acetate; the organic
layer was washed with brine, dried over NaySOy, filtered and the solvent
was removed under reduced pressure to afford the pure title compounds
6a-e which were used in the next step without further purification.

4.1.5.1. 3-(4-(chloromethyl)phenyD)-5-(trifluoromethyl)-1,2,4-oxadiazole
(6a). The product was obtained as a brown oil, following the general
procedure, in 98% yield (240 mg).

IH NMR 6/ppm (400 MHz, CDCl3): 8.13 (d, J = 7.8 Hz, 2H, Ar),
7.56 (d, J = 7.7 Hz, 2H, Ar), 4.64 (s, 2H, —-CH)).

I3cNMR 6/ppm (100 MHz, CDCl3) 167.8,163.1,139.2,129.3 (2C),
127.2,126.4 (2C), 121.7, 46.6.

ESI-MS, m/z: 263.0 [M + H]™.

4.1.5.2. 3-(2-fluoro-4-(chloromethyl)phenyl)-5-(trifluoromethyl)-1,2,4-
oxadiazole (6b). The product was obtained as a brown oil, following the
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general procedure, in 78% yield (263 mg).

1H NMR 6/ppm (400 MHz, CDClg): 7.88 (1H, Ar), 7.53 (d, J = 7.4
Hz, 1H, Ar), 7.47 (d, J = 7.2 Hz, 1H, Ar), 4.66 (s, 2H, —-CH,).

13C NMR 6/ppm (100 MHz, CDCl3) 168.9, 163.4, 161.1, 133.4,
131.2, 125.3, 122.2, 121.8, 115.2, 40.3.

ESI-MS, m/z: 281.0 [M + H]*

4.1.5.3. 3-(3-fluoro-4-(chloromethyl)phenyl)-5-(trifluoromethyl)-1,2,4-
oxadiazole (6¢). The product was obtained as a brown oil, following the
general procedure, in 90% yield (303 mg).

1H NMR 6/ppm (400 MHz, CDClg): 7.94 (d, J = 8.5 Hz, 1H, Ar),
7.81 (d, J = 8.5 Hz, 1H, Ar), 7.64 (d, J = 7.8 Hz, 1H, Ar), 4.76 (s, 2H,
—CHy).

13C NMR 6/ppm (100 MHz, CDClg) 167.4, 163.1, 157.2, 139.8,
130.4,125.1, 123.7, 121.2, 116.4, 45.8.

ESI-MS, m/z: 281.0 [M + H] ™.

4.1.5.4. 3-(2-chloro-4-(chloromethyl)phenyl)-5-(trifluoromethyl)-1,2,4-
oxadiazole (6d). The product was obtained as a brown oil, following the
general procedure, in 85% yield (320 mg).

1H NMR 8/ppm (400 MHz, CDCl3): 7.80 (s, 1H, Ar), 7.78 (d,J = 7.7
Hz, 1H, Ar), 7.28 (d, J = 7.7 Hz, 1H, Ar), 4.65 (s, 2H, —-CH>).

13¢ NMR §/ppm (100 MHz, CDCl3) 166.3, 163.6, 140.0, 138.4,
132.2,128.9, 128.2, 127.5, 121.5, 46.8.

ESI-MS, m/z: 298.0 [M + H]*"

4.1.5.5. 3-(3-(chloromethyl)phenyD)-5-(trifluoromethyl)-1,2,4-oxadiazole
(6e). The product was obtained as a brown oil, following the general
procedure, in 92% yield (120 mg).

1H NMR 6/ppm (400 MHz, CDCl5): 8.15 (s, 1H, Ar), 8.08 (d, J=7.8
Hz, 1H, Ar), 7.61 (d, J = 7.8 Hz, 1H, Ar), 7.54 (t, J = 7.8 Hz, 1H, Ar),
4.66 (s, 2H, -CHy).

13¢ NMR 6/ppm (100 MHz, CDCl3): 169.2, 162.4, 141.3, 131.2,
129.7,128.9, 127.4, 126.7, 121.8, 64.9.

ESI-MS, m/z: 263.0 [M + H]™.

4.1.6. General procedure for preparation of the final compounds 10-22

To a suspension of 6a-e (1 equiv) and 7-9 (1.1 equiv) in dry DMF
(0.2 M), K2COs3 (2 equiv) was added. The suspension was stirred at room
temperature overnight, then the solvent was evaporated under reduced
pressure, and the residue was purified by column chromatography to
afford the pure title compounds 10-22.

4.1.6.1. 4-chloro-7-(4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-y)benzyl)-
7H-pyrrolo [2,3-d]pyrimidin-2-amine (10). The product was obtained
following the general procedure and after column chromatography with
40% EtOAc/n-Hexane; 47% yield corresponding to 140 mg of a white
solid; mp = 151-152 °C.

1H NMR 6/ppm (400 MHz, DMSO-dg): 8.03 (d, J = 8.2 Hz, 2H, Ar),
7.36 (d, J = 8.2 Hz, 2H, Ar), 7.27 (d, J = 3.7 Hz, 1H, Ar), 6.39 (d, J = 3.7
Hz, 1H, Ar), 6.69 (s, 2H, -NH,), 5.38 (s, 2H, —CHs).

13C NMR 6/ppm (100 MHz, DMSO-dg): 168.2, 165.2, 159.5, 153.6,
151.4, 142.5, 127.9 (2C), 127.8, 126.6 (2C), 123.5, 115.9, 108.5, 99.1,
46.8.

HRMS (ESI), m/z: caled. for CygH;1CIF3NgO™: 395.0629 [M+H];
found: 395.0627.

Anal. Calcd for C16H;(CIF3NgO: C, 48.68; H, 2.55; N, 21.29. Found:
G, 48.60; H, 2.53; N, 21.30.

4.1.6.2. 6-chloro-9-(4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yDbenzyl)-
9H-purin-2-amine (11). The product was obtained following the general
procedure and after column chromatography with 50% EtOAc/n-Hex-
ane; 36% yield corresponding to 70 mg of a white solid; mp =
248-250 °C.

1H NMR 8/ppm (600 MHz, DMSO-dg): 8.28 (s, 1H, Ar), 8.04 (d, J =
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8.1 Hz, 2H, Ph Ar), 7.45 (d, J = 8.1 Hz, 2H, Ar), 6.95 (s, 2H, -NHy), 5.42
(s, 2H, -CHy).

13C NMR 6/ppm (150 MHz, DMSO-dg): 168.1, 165.0, 160.0, 154.1,
149.6, 143.3, 141.2, 128.0 (2C), 127.8, 123.8 (2C), 123.3, 115.7, 45.8.

HRMS (ESI), m/z: caled. for C15H;oClF3N,0™: 396.0582 [M+H];
found: 396.0579.

Anal. Calcd for C15HoCIF3N;O: C, 45.53; H, 2.29; N, 24.78. Found: C,
45.52; H, 2.29; N, 24.80.

4.1.6.3. 4-chloro-7-(2-fluoro-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)
benzyD)-7H-pyrrolo [2,3-d]pyrimidin-2-amine (12). The product was ob-
tained following the general procedure and after column chromatog-
raphy with 5% MeOH/DCM; 34% yield corresponding to 50 mg of a
white solid; mp = 146-147 °C.

'H NMR 6/ppm (600 MHz, DMSO-dg): 7.89 (d, J = 8.5 Hz, 1H, Ar),
7.86 (d, J=8.5Hz, 1H, Ar), 7.30 (t, J = 7.1 Hz, 1H, Ar), 7.20 (d, J = 4.0
Hz, 1H, Ar), 6.43 (d, J = 3.7 Hz, 1H, Pyr), 6.01 (s, 2H, -NHy), 5.47 (s,
2H, -CHy).

13C NMR §/ppm (150 MHz, DMSO-de): 168.9, 162.5, 160.7, 160.1,
154.9, 152.9, 132.3, 130.3, 128.2, 126.9, 124.6, 115.2, 115.0, 110.4,
100.5, 42.2.

HRMS (ESI), m/z: caled. for CigH;oCIF4NgO™: 413.0535 [M+H];
found: 413.0532.

Anal. Calcd for C1gHgCIF4NgO: C, 46.56; H, 2.20; N, 20.36. Found: C,
46.57; H, 2.21; N, 20.36.

4.1.6.4. 6-chloro-9-(2-fluoro-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yD)
benzyD)-9H-purin-2-amine (13). The product was obtained following the
general procedure and after column chromatography with 5% MeOH/
DCM; 50% yield corresponding to 169 mg of a white solid; mp =
201-203 °C.

'H NMR 6/ppm (400 MHz, DMSO-dg): 8.24 (s, 1H, Ar), 7.89 (d, J =
8.5 Hz, 1H, Ar), 7.87 (d, J = 8.5 Hz, 1H, Ar), 7.29 (t, J = 7.1 Hz, 1H, Ar),
6.96 (s, 2H, -NH,), 5.47 (s, 2H, —-CHy).

13¢ NMR 6/ppm (100 MHz, DMSO-dg): 178.7,172.4,170.7, 167.8,
159.9, 154.1, 149.6, 143.2, 130.4, 128.11, 126.4, 123.9, 123.2, 114.2,
40.4.

HRMS (ESI), m/z: calcd. for C1sHoCIF4N,0%: 414.0488 [M+H]™;
found: 414.0485.

Anal. Caled for C;5HgCIF4N7O: C, 43.55; H, 1.95; N, 23.70. Found: C,
43.49; H, 1.91; N, 23.77.

4.1.6.5. 4-chloro-7-(3-fluoro-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)
benzyl)-7H-pyrrolo [2,3-d]pyrimidin-2-amine (14). The product was ob-
tained following the general procedure and after column chromatog-
raphy with 50% EtOAc/n-Hexane; 27% yield corresponding to 50 mg of
a white solid; mp = 156-158 °C.

1H NMR 6/ppm (400 MHz, DMSO-dg): 8.03 (t, J = 7.5 Hz, 1H, Ar),
7.31 (d,J=8.5Hz, 1H, Ar), 7.29 (d, J = 3.8 Hz, 1H, Ar), 7.17 (d, J = 7.5
Hz, 1H, Ar), 6.71 (s, 2H, -NHy), 6.40 (d, J = 3.8 Hz, 1H, Ar), 5.39 (s, 2H,
—CHby).

13¢ NMR 6/ppm (100 MHz, DMSO-dg): 165.0, 161.1, 159.3, 158.6,
153.6, 151.4, 145.2, 131.1, 126.4, 123.6, 115.3, 111.7, 108.6, 99.3,
46.4.

HRMS (ESI), m/z: caled. for C16H1oCIF4NgO™: 413.0535 [M+H]T;
found: 413.0530.

Anal. Caled for C15HoCIF4NgO: C, 46.56; H, 2.20; N, 20.36. Found: C,
46.56; H, 2.19; N, 20.38.

4.1.6.6. 6-chloro-9-(3-fluoro-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)
benzyl)-9H-purin-2-amine (15). The product was obtained following the
general procedure and after column chromatography with 5% MeOH/
DCM; 49% yield corresponding to 180 mg of a white solid; mp =
203-204 °C.

1H NMR 8/ppm (600 MHz, DMSO-dg): 8.27 (s, 1H, Ar), 8.05 (t, J =
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7.5 Hz, 1H, Ar), 7.43 (d, J = 11.2 Hz, 1H, Ar), 7.26 (d, J = 7.5 Hz, 1H,
Ar), 6.96 (s, 2H, -NHy), 5.43 (s, 2H, —-CHy).

13C NMR 6/ppm (150 MHz, DMSO-dg): 164.9, 162.3,161.1, 160.1,
158.5, 151.1, 149.6, 145.3, 143.6, 143.7, 137.6, 131.2, 123.6, 115.7,
45.4.

HRMS (ESI), m/z: caled. for Ci5HoCIF4N,O™: 414.0488 [M+H]™;
found: 414.0486.

Anal. Caled for C;5HgCIF4N7O: C, 43.55; H, 1.95; N, 23.70. Found: C,
43.49; H, 1.90; N, 23.72.

4.1.6.7. 3-(4-((6-chloro-9H-purin-9-yDmethyl)phenyl)-5-(tri-
fluoromethyD)-1,2,4-oxadiazole (16). The product was obtained
following the general procedure and after column chromatography with
50% EtOAc/n-Hexane; 52% yield corresponding to 30 mg of a white
solid; mp = 153-155 °C.

1H NMR 6/ppm (600 MHz, DMSO-dg): 8.89 (s, 1H, Ar), 8.79 (s, 1H,
Ar), 8.04 (d, J = 8.2 Hz, 2H, Ar), 7.56 (d, J = 8.2 Hz, 2H, Ar), 5.67 (s, 2H,
—CHby).

13C NMR §/ppm (150 MHz, DMSO-de): 168.1, 164.8, 151.9, 151.8,
149.2, 147.6, 140.5, 130.9, 128.6 (2C), 127.8 (2C), 114.4, 46.7.

HRMS (ESI), m/z: caled. for C15HoCIF3NgO™: 381.0473 [M+H];
found: 381.0471.

Anal. Caled for C;5HgCIF3NgO: C, 47.32; H, 2.12; N, 22.07. Found: C,
47.30; H, 2.11; N, 22.10.

4.1.6.8. 3-(4-((6-chloro-9H-purin-9-yDmethyl)-3-fluorophenyl)-5-(tri-
fluoromethyl)-1,2,4-oxadiazole (17). The product was obtained
following the general procedure and after column chromatography with
2% MeOH/DCM; 33% yield corresponding to 48 mg of a white solid; mp
= 150-152 °C.

1H NMR 6/ppm (400 MHz, acetone-dg): 8.72 (s, 1H, Ar), 8.67 (s,
1H, Ar), 7.93 (d, J = 8.5 Hz, 1H, Ar), 7.88 (d, J = 8.5 Hz, 1H, Ar), 7.65 (t,
J=7.1Hz, 1H, Ar), 5.81 (s, 2H, —-CH>).

13¢ NMR 6/ppm (100 MHz, acetone-dg): 168.6, 162.9, 160.4,
153.2, 152.7, 151.0, 147.6, 132.5, 132.3, 128.3, 128.0, 124.7, 118.3,
115.5, 42.2.

HRMS (ESI), m/z: calcd. for CysHgCIF4sNgO™: 399.0379 [M+H]™;
found: 399.0376.

Anal. Caled for C;5H7CIF4NgO: C, 45.19; H, 1.77; N, 21.08. Found: C,
45.17; H, 1.76; N, 21.08.

4.1.6.9. 3-(4-((6-chloro-9H-purin-9-yDmethyl)-2-fluorophenyl)-5-(tri-
fluoromethyl)-1,2,4-oxadiazole (18). The product was obtained
following the general procedure and after column chromatography with
5% MeOH/DCM; 48% yield corresponding to 170 mg of a white solid;
mp = 125-127 °C.

1H NMR §/ppm (600 MHz, DMSO-dg): 8.87 (s, 1H, Ar), 8.69 (s, 1H,
Ar), 8.04 (t, J = 8.3 Hz, 1H, Ar), 7.54 (d, J = 10.9 Hz, 1H, Ar), 7.37 (d, J
= 8.0 Hz, 1H, Ar), 5.68 (s, 2H, -CHy).

13¢ NMR 8/ppm (150 MHz, DMSO-dg): 164.9, 163.4161.1, 158.6,
151.9, 149.2, 147.5, 143.2, 131.1, 124.3, 117.1, 116.2, 114.4, 112.2,
46.2.

HRMS (ESI), m/z: caled. for C15HgCIF4NgO™: 399.0379 [M+H]™;
found: 399.0377.

Anal. Caled for C;5H7CIF4NgO: C, 45.19; H, 1.77; N, 21.08. Found: C,
45.20; H, 1.77; N, 21.07.

4.1.6.10. 4-chloro-7-(3-chloro-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-
yDbenzylD)-7H-pyrrolo [2,3-d]pyrimidin-2-amine (19). The product was
obtained following the general procedure and after column chroma-
tography with 50% EtOAc/n-Hexane; 14% yield corresponding to 120
mg of a white solid; mp = 232-234 °C.

1H NMR §/ppm (400 MHz, DMSO-de): 7.92 (d, J = 8.1 Hz, 1H, Ar),
7.55 (d, J = 1.2 Hz, 1H, Ar), 7.25 (d, J = 3.7 Hz, 1H, Ar), 7.21 (dd, J =
8.1 Hz, J = 1.2 Hz, 1H, Ar), 6.71 (s, 2H, -NH)), 6.39 (d, J = 3.7 Hz, 1H,
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Ar), 5.36 (s, 2H, —CH,).

13C NMR §/ppm (100 MHz, DMSO-de): 167.4, 159.5, 153.6, 151.5,
149.3, 145.6, 135.5, 135.0, 131.3, 128.2, 126.3, 115.8, 110.9, 108.5,
99.4, 46.3.

HRMS (ESI), m/z: calcd. for CygH;oCloF3NgO™: 429.0240 [M+H]T;
found: 429.0237.

Anal. Calcd for C16HoCloF3NgO: C, 44.78; H, 2.11; N, 19.58. Found:
C, 44.69; H, 2.01; N, 19.67.

4.1.6.11. 6-chloro-9-(3-chloro-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-
yDbenzyD)-9H-purin-2-amine (20). The product was obtained following
the general procedure and after column chromatography with 3%
MeOH/DCM; 5% yield corresponding to 14 mg of a white solid; mp =
267-268 °C.

IH NMR 6/ppm (400 MHz, CDCl3): 8.09 (s, 1H, Ar), 7.92 (m, 1H,
Ar), 7.90 (m, 1H, Ar), 7.12 (t, J = 7.5 Hz, 1H, Ar), 5.67 (s, 2H, —CHy),
5.16 (s, 2H, -NHy).

13¢ NMR 6/ppm (100 MHz, CDCl3): 166.6, 161.4, 153.0, 152.1,
145.1, 135.9, 134.8, 131.8, 129.2, 126.9, 113.4, 110.8, 109.1, 97.5,
47.2.

HRMS (ESI), m/z: caled. for Ci5HoCloF3N,0: 430.0192 [M+H]™;
found: 430.0197.

Anal. Caled for C;5HgCloF3N7O: C, 41.88; H, 1.87; N, 22.79. Found:
C, 41.88; H, 1.85; N, 22.80.

4.1.6.12. 4-chloro-7-(3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)
benzyl)-7H-pyrrolo [2,3-d]pyrimidin-2-amine (21). The product was ob-
tained following the general procedure and after column chromatog-
raphy with 50% EtOAc/n-Hexane; 43% yield corresponding to 100 mg
of a white solid; mp = 177-178 °C.

1H NMR é/ppm (400 MHz, CDCl3): 6 8.03 (d, J = 8.1 Hz, 1H, Ar),
8.03 (s, 1H, Ar), 7.48 (t, J = 8.1 Hz, 1H, Ar), 7.36 (d, J = 8.0 Hz, 1H, Ar),
6.86 (d, J = 3.9 Hz, 1H, Ar), 6.45 (d, J = 3.9 Hz, 1H, Ar), 5.33 (s, 2H,
—-CHy), 5.08 (s, 2H, -NH)).

13¢ NMR 6/ppm (100 MHz, CDCl3): 168.9, 166.1, 158.7, 153.6,
152.9, 137.5, 131.2, 131.5, 130.0, 127.7, 125.7, 117.2, 114.7, 110.8,
100.9, 47.7.

HRMS (ESI), m/z: caled. for Ci6Hp1CIF3NgO™: 395.0629 [M+H]™;
found: 395.0629.

Anal. Caled for C1¢H;oCIF3NgO: C, 48.68; H, 2.55; N, 21.29. Found:
C, 48.66; H, 2.50; N, 21.33.

4.1.6.13. 6-chloro-9-(3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)
benzyl)-9H-purin-2-amine (22). The product was obtained following the
general procedure and after column chromatography with 50% EtOAc/
n-Hexane; 26% yield corresponding to 70 mg of a white solid; mp =
237-239 °C.

1H NMR 6/ppm (400 MHz, DMSO-dg): 5 8.30 (s, 1H, Ar), 7.99 (d, J
= 8.2 Hz, 1H, Ar), 7.99 (s, 1H, Ar), 7.61 (t, J = 8.2 Hz, 1H, Ar), 7.54 (d, J
= 8.1 Hz, 1H, Ar), 6.95 (s, 2H, -NHy), 5.43 (s, 2H, -CHy).

13C NMR §/ppm (100 MHz, DMSO-de): 168.1, 165.1, 160.0, 154.1,
149.6, 143.2, 138.2, 131.3, 130.1, 126.8, 126.0, 124.9, 123.0, 115.6,
47.7.

HRMS (ESI), m/z: caled. for C1sH1oClF3N;0™: 396.0582 [M+H]™;
found: 396.0580.

Anal. Calcd for C15HgCIF3N;O: C, 45.53; H, 2.29; N, 24.78. Found: C,
45.39; H, 2.11; N, 24.89.

4.1.7. General procedure for preparation of methyl-4-benzoates 25-36, 50

To a suspension of 7-9, 23 (1 equiv) and 24a-d (1.1 equiv) in dry
DMF (0.2 M), K,CO3 was added. The suspension was stirred at room
temperature overnight, then the reaction solvent was removed under
reduced pressure, and the residue was purified by column chromatog-
raphy to afford the pure title compounds 25-36 and 50.
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4.1.7.1. Methyl 4-((2-amino-4-chloro-7H-pyrrolo [2,3-d]pyrimidin-7-yl)
methylDbenzoate (25). The product was obtained following the general
procedure and after column chromatography with 10%-50% EtOAc/n-
Hexane; 44% yield corresponding to 139 mg of a white solid; mp =
188-189 °C.

1H NMR 6/ppm (400 MHz, DMSO-dg): § 7.91 (d, J = 8.37 Hz, 2H,
Ar), 7.26 (d, J = 8.35 Hz, 2H, Ar), 7.23 (d, J = 3.83 Hz, 1H, Ar), 6.68 (s,
2H, -NH3), 6.37 (d, J = 3.48 Hz, 1H, Ar), 5.35 (s, 2H, -CH3), 3.83 (s, 3H,
—-OCHs).

13¢ NMR 6/ppm (100 MHz, DMSO-dg): 167.3, 159.4, 151.6, 151.0,
142.3, 130.2 (20), 128.4 (2C), 125.9, 123.0, 114.1, 98.7, 61.1, 49.3.

ESI-MS, m/z: 317.1 [M + H]™.

4.1.7.2. Methyl 4-((2-amino-6-chloro-9H-purin-9-yDmethylbenzoate
(26). The product was obtained following the general procedure and
after column chromatography with 40%-100% EtOAc/n-Hexane; 45%
yield corresponding to 285 mg of a white solid; mp = 200-202 °C.

1HNMR 6/ppm (400 MHz, DMSO-dg): 8.25 (s, 1H, Ar), 7.93 (d, J =
8.37 Hz, 2H, Ar), 7.34 (d, J = 8.07 Hz, 2H, Ar), 6.94 (s, 2H, -NHj), 5.39
(s, 2H, —CHy), 3.83 (s, 3H, -OCH3).

13C NMR 6/ppm (100 MHz, DMSO-ds): 165.9, 159.6, 150.7, 150.3,
145.6, 142.8, 132.2, 129.9 (2C), 129.0 (2C), 128.3, 50.3, 48.7.

ESI-MS, m/z: 318.1 [M + H]*.

4.1.7.3. Methyl 4-((2-amino-9H-purin-9-yDmethyl)benzoate (27). The
product was obtained following the general procedure and after column
chromatography with 30%-70% EtOAc/n-Hexane; 46% yield corre-
sponding to 260 mg of a white solid; mp = 177-179 °C.

'H NMR 6/ppm (400 MHz, DMSO-dg): 8.61, (s, 1H, Ar), 8.18 (s, 1H,
Ar), 7.93 (d, J = 7.35 Hz, 2H, Ar), 7.35 (d, J = 8.10 Hz, 2H, Ar), 6.54 (s,
2H, -NH3y), 5.39 (s, 2H, —-CHy), 3.83 (s, 3H, -OCH3).

13C NMR 6/ppm (100 MHz, DMSO-dg): 165.2, 160.6, 150.7, 149.3,
145.6, 141.7, 134.8, 134.2, 133.5 (2C), 130.1 (2C), 52.5 50.3.

ESI-MS, m/z: 284.1 [M + H]™.

4.1.7.4. Methyl 4-((2-amino-4-chloro-7H-pyrrolo [2,3-d]pyrimidin-7-yl)
methyl)-3-fluorobenzoate (28). The product was obtained following the
general procedure and after column chromatography with 30%-60%
EtOAc/n-Hexane; 46% yield corresponding to 303 mg of a yellow solid;
mp = 188-190 °C.

H NMR 6/ppm (400 MHz, DMSO-dg): 7.72 (d, J = 8.88 Hz, 2H,
Ar), 7.21 (d, J = 3.51 Hz, 1H, Ar), 6.98 (t, J = 7.32 Hz, 1H, Ar), 6.71 (s,
2H, -NH3), 6.39 (d, J = 3.51 Hz, 1H, Ar), 5.39 (s, 2H, —-CH3), 3.84 (s, 3H,
—OCH3).

3¢ NMR é/ppm (100 MHz, DMSO-dg): 167.3, 159.4, 151.6, 151.0,
142.3, 130.2 (2C), 128.4 (20), 125.9, 123.0, 114.1, 98.7, 61.1, 49.3.

ESI-MS, m/z: 335.1 [M + H]™.

4.1.7.5. Methyl 4-((2-amino-6-chloro-9H-purin-9-yDmethyl)-3-fluo-
robenzoate (29). The product was obtained following the general pro-
cedure and after column chromatography with 40%-100% EtOAc/n-
Hexane; 42% yield corresponding to 303 mg of a white solid; mp =
199-200 °C.

H NMR 6/ppm (400 MHz, DMSO-dg): 8.21 (s, 1H, Ar), 7.74 (m,
2H, Ar), 7.17 (t, J = 8.02 Hz, 1H, Ar), 6.95 (s, 2H, -NH>), 5.43 (s, 2H,
—CH3y), 3.85 (s, 3H, —-OCH3).

13C NMR 6/ppm (100 MHz, DMSO-dg): 165.4, 161.2, 158.9, 150.0
(20), 146.3,131.4, 130.6, 129.1 (2C), 124.8, 114.6, 58.4, 48.3.

ESI-MS, m/z: 336.1 [M + H]™.

4.1.7.6. Methyl 4-((2-amino-9H-purin-9-yl)methyl)-3-fluorobenzoate
(30). The product was obtained following the general procedure and
after column chromatography with 30%-50% EtOAc/n-Hexane; 38%
yield corresponding to 220 mg of a white solid; mp = 181-183 °C.
1HNMR 6/ppm (400 MHz, DMSO-ds): 8.62 (s, 1H, Ar), 8.15 (s, 1H,
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Ar), 7.74 (m, 2H, Ar), 7.15 (t, J = 8.54 Hz, 1H, Ar), 6.56 (s, 2H, -NHy),
5.44 (s, 2H, -CH,), 3.86 (s, 3H, ~OCH3).
13C NMR 6/ppm (100 MHz, DMSO-dg): 166.1, 161.8, 160.3, 150.4,
148.5, 145.3, 133.8, 130.4, 128.7 (2C), 125.2, 114.1, 55.0, 48.7.
ESI-MS, m/z: 302.1 [M + H]™.

4.1.7.7. Methyl 4-((6-chloro-9H-purin-9-yl)methyl)-3-fluorobenzoate
(31). The product was obtained following the general procedure and
after column chromatography with 40%-80% EtOAc/n-Hexane; 28%
yield corresponding to 130 mg of a yellow solid; mp = 182-183 °C.

H NMR 6/ppm (400 MHz, DMSO-dg): 8.83 (s, 1H, Ar), 8.77 (s, 1H,
Ar), 7.74 (m, 2H, Ar), 7.41 (t, J = 8.02 Hz, 1H, Ar), 5.69 (s, 2H, -CH>),
3.85 (s, 3H, -OCH3s).

13C NMR §/ppm (100 MHz, DMSO-de): 165.4, 161.1, 153.8, 151.7,
150.8, 145.1, 132.4, 131.2, 130.0 (2C), 126.1, 115.8, 54.2, 49.2.

ESI-MS, m/z: 321.1 [M + H]".

4.1.7.8. Methyl 4-((6-chloro-9H-purin-9-yl)methyl)benzoate (32). The
product was obtained following the general procedure and after column
chromatography with 20%-50% EtOAc/n-Hexane; 43% yield corre-
sponding to 260 mg of a white solid; mp = 166-168 °C.

H NMR §/ppm (400 MHz, DMSO-ds): 8.87 (s, 1H, Ar), 8.79 (s, 1H,
Ar), 7.93 (d, J = 7.98 Hz, 2H, Ar), 7.45 (d, J = 8.02 Hz, 2H, Ar), 5.64 (s,
2H, -CHy), 3.83 (s, 3H, -OCH3).

13C NMR 6/ppm (100 MHz, DMSO-dg): 166.7, 151.1, 150.8, 148.3,
145.0, 141.6, 132.8, 129.4 (2C), 128.1 (20), 126.9, 52.2, 47.9.

ESI-MS, m/z: 303.1 [M + H]*.

4.1.7.9. Methyl 6-((2-amino-4-chloro-7H-pyrrolo [2,3-d]pyrimidin-7-yl)
methyDnicotinate (33). The product was obtained following the gen-
eral procedure and after column chromatography with 30%-60%
EtOAc/n-Hexane; 28% yield corresponding to 130 mg of a white solid;
mp = 174-175 °C.

'H NMR 6/ppm (400 MHz, DMSO-ds): 9.03 (s, 1H, Ar), 8.24 (d, J =
8.61 Hz, 1H, Ar), 7.26 (d, J = 3.83 Hz, 1H, Ar), 7.04 (d, J = 8.46 Hz, 1H,
Ar), 6.68 (s, 2H, -NHy), 6.40 (d, J = 3.56 Hz, 1H, Ar), 5.46 (s, 2H, -CHy),
3.87 (s, 3H, ~OCHs).

13¢ NMR 8/ppm (100 MHz, DMSO-dg): 165.7, 160.2 (2C), 151.1,
150.8, 150.0, 138.3, 125.0, 121.6, 120.8, 113.2, 98.7, 61.1, 49.9.

ESI-MS, m/z: 318.1 [M + H]™.

4.1.7.10. Methyl 6-((2-amino-6-chloro-9H-purin-9-ymethyDnicotinate
(34). The product was obtained following the general procedure and
after column chromatography with 60%-100% EtOAc/n-Hexane; 13%
yield corresponding to 60 mg of a white solid; mp = 166-168 °C.

H NMR 8/ppm (400 MHz, DMSO-dg): 9.05 (s, 1H, Ar), 8.33 (m,
2H, Ar), 7.40 (d, J = 8.11 Hz, 1H, Ar), 6.96 (s, 2H, -NH), 5.58 (s, 2H,
—CHy), 3.93 (s, 3H, -OCH3s).

13C NMR 6/ppm (100 MHz, DMSO-de): 166.6, 160.5 (2C), 150.6,
150.2, 149.4, 145.2, 137.1, 131.4, 122.4 (2C), 60.4, 50.9.

ESI-MS, m/z: 319.1 [M + H] .

4.1.7.11. Methyl 2-(4-((2-amino-4-chloro-7H-pyrrolo [2,3-d]pyrimidin-7-
yDmethylphenyDacetate (35). The product was obtained following the
general procedure and after column chromatography with 30%-60%
EtOAc/n-Hexane; 51% yield corresponding to 334 mg of a white solid;
mp = 181-183 °C.

H NMR 6/ppm (400 MHz, DMSO-dg): 7.21 (m, 3H, Ar), 7.13 (m,
2H), 6.67 (s, 2H, -NHy), 6.34 (d, J = 3.58 Hz, 1H, Ar), 5.24 (s, 2H,
—CHy), 3.64 (s, 2H, -CH>), 3.59 (s, 3H, -OCH3).

13C NMR 6/ppm (100 MHz, DMSO-dg): 174.1, 162.2, 152.6, 151.8,
137.8, 133.2, 128.9 (2C), 126.6 (2C), 120.3, 117.5, 101.2, 60.8, 52.3,
40.2.

ESI-MS, m/z: 331.1 [M + H]*.
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4.1.7.12. Methyl 2-(4-((2-amino-6-chloro-9H-purin-9-yl)methyl)phenyl)
acetate (36). The product was obtained following the general procedure
and after column chromatography with 60%-100% EtOAc/n-Hexane;
25% yield corresponding to 160 mg of a white solid; mp = 190-191 °C.

H NMR 6/ppm (400 MHz, DMSO-dg): 8.23 (s, 1H, Ar), 7.22 (m,
4H, Ar), 6.94 (s, 2H, -NHy), 5.28 (s, 2H, ~CHy), 3.66 (s, 2H, -CH>), 3.59
(s, 3H, ~OCHs).

3¢ NMR 6/ppm (100 MHz, DMSO-dg): 173.8, 158.7, 151.8,
150.7145.7, 137.2, 131.4.129.5, 128.3 (2C), 127.1 (2C), 51.1, 47.3,
40.4.

ESI-MS, m/z: 332 [M + H]*.

4.1.7.13. Methyl 2-((2-amino-4-chloro-7H-pyrrolo [2,3-d]pyrimidin-7-yD)
methyl)oxazole-4-carboxylate ~ (50). The product was obtained
following the general procedure and after column chromatography with
70%-100% EtOAc/n-Hexane; 54% yield corresponding to 331 mg of a
white solid; mp = 217-218 °C.

1HNMR 8/ppm (400 MHz, DMSO-dg): 8.83 (s, 1H, Ar), 7.25 (d, J =
4.4 Hz, 1H, Ar), 6.74 (s, 2H, -NHy), 6.38 (d, J = 4.01 Hz, 1H, Ar), 5.48 (s,
2H, -CHy), 3.78 (s, 3H, —OCHs).

13C NMR 6/ppm (100 MHz, DMSO-de): 161.4, 159.2, 151.6, 151.1,
150.8, 141.3, 135.2, 122.4, 117.2, 100.6, 59.7, 50.9.

ESI-MS, m/z: 308.1 [M + H]*.

4.1.8. General procedure for preparation of the final compounds 37-48,
51

To a solution of 25-36 or 50 (1 equiv) in 1,4-dioxane (0.2 M), were
added aqueous 50 wt % in H3O (5 equiv) followed by a solution of NaOH
1 N (5 equiv). The formed solution was stirred at room temperature for 5
h, then the dioxane was removed under reduced pressure and the pH
was adjusted to 4-5 with 1 N HCIL The formed precipitate was filtered
off, washed with water and recrystallized from MeOH/Et,0 to afford the
pure titled compounds 37-48 and 51.

4.1.8.1. 4-((2-amino-4-chloro-7H-pyrrolo [2,3-d]pyrimidin-7-yD)methyl)-
N-hydroxybenzamide (37). The product was obtained as a white solid
following the general procedure; 55% yield (70 mg); mp = 246-248 °C.

IH NMR é/ppm (400 MHz, DMSO-dg): 8.93 (m, 2H, -NH —-OH),
7.69 (d, J = 7.70 Hz, 2H, Ar), 7.18 (d, J = 8.03 Hz, 2H, Ar), 6.75 (d, J =
3.31 Hz, 1H, Ar), 6.28 (m, 3H, Ar, -NH), 5.18 (s, 2H, -CHy).

13C NMR §/ppm (100 MHz, DMSO-ds): 165.9, 160.7, 153.0, 149.3,
142.8, 142.3.129.6 (2C), 128.9, 127.2 (2C), 126.7, 52.2, 45.2.

HRMS (ESI), m/z: caled. for Cy4H13CIN5O3: 318.0752 [M+H]™;
found: 318.0740.

Anal. Calcd. for C14H;2CIN5O4: C, 52.92; H, 3.81; N, 22.04. Found: C,
53.10; H, 4.08; N, 21.84.

4.1.8.2. 4-((2-amino-6-chloro-9H-purin-9-yl)methyl)-N-hydrox-
ybenzamide (38). The product was obtained as a white solid following
the general procedure; 61% yield (174 mg); mp = 252-254 °C.

'H NMR 6/ppm (400 MHz, DMSO-de): 11.18 (bs, 1H, ~OH), 9.02
(bs, 1H, -NH), 7.79 (s, 1H, Ar), 7.71 (d, J = 8.47 Hz, 2H, Ar), 7.26 (d, J
= 8.17 Hz, 2H, Ar), 6.47 (s, 2H, -NHy), 5.23 (s, 2H, -CHy).

13¢ NMR 6/ppm (100 MHz, DMSO-dg): 163.8, 156.8, 153.7,
151.2140.2, 137.6, 132.1, 127.3 (2C), 126.8 (2C), 116.5, 45.4.

HRMS (ESI), m/z: calcd. for C13H;5CINgO3: 319.0705 [M+H]™;
found: 319.0700.

Anal. Calcd for C13H71CINgO2: C, 48.99; H, 3.48; N, 26.37. Found: C,
49.29; H, 3.61; N, 26.15.

4.1.8.3. 4-((2-amino-9H-purin-9-yDmethyl)-N-hydroxybenzamide (39).
The product was obtained as a white solid following the general pro-
cedure; 42% yield (108 mg); mp = 225-226 °C.

H NMR §/ppm (400 MHz, DMSO-dg): 11.17 (bs, 1H, ~OH), 9.03
(bs, 1H, -NH), 8.61 (s, 1H, Ar), 8.18 (s, 1H, Ar), 7.70 (d, J = 8.89, Hz 2H,
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Ar), 7.30 (d, J = 8.29 Hz, 2H, Ar), 6.53 (s, 2H, -NH>), 5.34 (s, 2H, -CH,).

13C NMR §/ppm (100 MHz, DMSO-de): 163.9, 160.7, 153.0, 149.2,
142.7, 140.9, 132.1, 127.3 (2C), 127.0 (2C), 126.7, 45.2.

HRMS (ESI), m/z: caled. for C;3Hi3NgO3: 285.1095 [M+H]™;
found: 285.1077.

Anal. Calcd for C13H19NgO9: C, 54.93; H, 4.25; N, 29.56. Found: C,
54.76; H, 4.08; N, 29.58.

4.1.8.4. 4-((2-amino-4-chloro-7H-pyrrolo [2,3-d]pyrimidin-7-yl)methyl)-
3-fluoro-N-hydroxybenzamide (40). The product was obtained as a
white solid following the general procedure; 59% yield (170 mg); mp =
249-251 °C.

H NMR 6/ppm (400 MHz, DMSO-dg): 11.29 (bs, 1H, -OH), 9.17
(bs, 1H, -NH), 7.54 (m, 2H, Ar), 6.90 (t, J = 7.22 Hz, 1H, Ar), 6.75 (d, J
= 3.28 Hz, 1H, Ar), 6.31, (d, J = 3.12 Hz, 1H, Ar), 6.25 (s, 2H, -NH5),
5.24 (s, 2H, —CHy).

13C NMR 6/ppm (100 MHz, DMSO-dg): 162.6, 160.4, 158.6, 157.9,
152.5, 150.5, 128.8, 128.3, 123.1, 120.3, 113.7, 101.9, 99.9, 41.0.

HRMS (ESI), m/z: caled. for C14H;2CIFNsO3: 336.0658 [M+H]™;
found: 336.0642.

Anal. Caled for C14H1;CIFNsO4: C, 50.09; H, 3.30; N, 20.86. Found:
C, 50.23; H, 3.38; N, 20.80.

4.1.8.5. 4-((2-amino-6-chloro-9H-purin-9-yl)methyl)-3-fluoro-N-hydrox-
ybenzamide (41). The product was obtained as a white solid following
the general procedure; 76% yield (205 mg); mp = 223-225 °C.

H NMR §/ppm (400 MHz, DMSO-dg): 11.21 (bs, 1H, ~OH), 9.23
(bs, 1H, -NH), 7.76 (s, 1H, Ar), 7.56 (m, 2H, Ar), 7.06 (t, J = 6.16 Hz,
1H, Ar), 6.53 (s, 2H, -NH), 5.28 (s, 2H, —CH,).

13¢ NMR 6/ppm (100 MHz, DMSO-dg): 162.8, 160.4, 158.3, 157.1,
153.8, 151.4, 137.8, 134.5, 129.2, 127.1, 123.2, 116.7, 113.7.

HRMS (ESI), m/z: caled. for G13H;;CIFNgO3: 337.0611 [M+H];
found: 337.0599.

Anal. Calced for C13H1(CIFNgO9: C, 46.37; H, 2.99; N, 24.96. Found:
C, 46.32; H, 2.78; N, 24.99.

4.1.8.6. 4-((2-amino-9H-purin-9-yl)methyl)-3-fluoro-N-hydrox-
ybenzamide (42). The product was obtained as a white solid following
the general procedure; 58% yield (140 mg); mp = 210-211 °C.

H NMR 8/ppm (400 MHz, DMSO-dg): 11.31 (bs, 1H, -OH), 9.19
(bs, 1H, -NH), 8.62 (s, 1H, Ar), 8.15 (s, 1H Ar), 7.57 (m, 2H, Ar), 7.15 (t,
J =7.71 Hz, 1H, Ar), 6.54 (s, 2H, -NH,), 5.39 (s, 2H, —-CH,).

3¢ NMR 6/ppm (100 MHz, DMSO-dg): 162.4, 160.7, 160.5, 158.1,
152.9, 149.3, 142.7, 134.4, 129.3, 126.9, 126.6, 123.1, 113.8.

HRMS (ESI), m/z: caled. for Ci3H;,FNgO3: 303.1006 [M+H]T;
found: 303.0993.

Anal. Calcd for C13H71FNgO2: C, 51.66; H, 3.67; N, 27.80. Found: C,
51.59; H, 3.55; N, 27.81.

4.1.8.7. 4-((6-chloro-9H-purin-9-yl)methyD-3-fluoro-N-hydrox-
ybenzamide (43). The product was obtained as a white solid following
the general procedure; 37% yield (47 mg); mp = 225-227 °C.

H NMR 8/ppm (400 MHz, DMSO-dg): 11.38 (bs, 1H, -OH), 9.21
(bs, 1H, -NH), 8.19 (s, 1H, Ar), 8.03 (s, 1H Ar), 7.58 (m, 2H, Ar), 7.25 (t,
J =7.62 Hz, 1H, Ar), 5.53 (s, 2H, —-CHj).

13C NMR 6/ppm (100 MHz, DMSO-dg): 162.4, 160.6, 158.1, 156.5,
148.4, 145.9, 140.1, 134.7, 129.8, 126.4, 124.0, 123.9, 113.9.

HRMS (ESI), m/z: caled. for C13H1oCIFN503: 322.0502 [M+H]™;
found: 322.0503.

Anal. Calcd for C;3HoCIFNsO,: C, 48.54; H, 2.82; N, 21.77. Found: C,
48.69; H, 3.02; N, 21.84.

4.1.8.8. 4-((6-chloro-9H-purin-9-yl)methyl)-N-hydroxybenzamide (44).
The product was obtained as a white solid following the general pro-
cedure; 26% yield (64 mg); mp = 264-267 °C.
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'H NMR §/ppm (400 MHz, DMSO-dg): 11.18 (bs, 1H, ~OH), 9.03
(bs, 1H, -NH), 8.23 (s, 1H, Ar), 8.04 (s, 1H Ar), 7.72 (d, J = 8.23 Hz, 2H,
Ar), 7.34 (d, J = 8.20 Hz, 2H, Ar), 5.43 (s, 2H, —-CH,).

13C NMR 6/ppm (100 MHz, DMSO-dg): 163.9, 156.6, 148.3, 145.9
(2C), 140.4 (2C), 139.6, 132.1, 127.1 (2C), 124.1, 46.3.

HRMS (ESI), m/z: calcd. for C;3H;1CIN5O3: 304.0596 [M+H] ;
found: 304.0576.

Anal. Calcd for C13H;9CINsO5: C, 51.41; H, 3.32; N, 23.06. Found: C,
51.48; H, 3.59; N, 23.05.

4.1.8.9. 6-((2-amino-4-chloro-7H-pyrrolo [2,3-d]pyrimidin-7-yl)methyl)-
N-hydroxynicotinamide (45). The product was obtained as a brown
solid following the general procedure; 60% yield (76 mg); mp =
206-208 °C.

1H NMR 6/ppm (400 MHz, DMSO-dg): 11.35 (bs, 1H, ~OH), 9.20
(bs, 1H, -NH), 8.85 (d, J = 1.94 Hz, 1H, Ar), 8.04 (dd, J = 8.18, 2.20 Hz,
1H Ar), 6.89 (d, J = 8.13 Hz, 1H, Ar), 6.80 (d, J = 2.96 Hz, 1H, Ar), 6.32
(d, J = 3.32 Hz, 1H, Ar), 6.23, (s, 2H, -NHy), 5.30 (s, 2H, -CH).

13C NMR §/ppm (100 MHz, DMSO-ds): 162.3, 160.4, 158.8, 152.7,
150.7, 147.4,135.8, 127.2, 120.8, 120.2, 101.9, 100.1, 48.6.

HRMS (ESI), m/z: calcd. for C13H12CINgO3: 319.0710 [M+H]T;
found: 319.0696.

Anal. Calcd for C13H11CINgO2: C, 48.99; H, 3.48; N, 26.37. Found: C,
48.71; H, 3.11; N, 26.17.

4.1.8.10. 6-((2-amino-6-chloro-9H-purin-9-yl)methyl)-N-hydrox-
ynicotinamide (46). The product was obtained as a white solid following
the general procedure; 27% yield (19 mg); mp = 247-249 °C.

'H NMR 6/ppm (400 MHz, DMSO-de): 11.34 (bs, 1H, ~OH), 9.22
(bs, 1H, -NH), 8.82 (s, 1H, Ar), 8.07 (dd, J = 8.16, 2.21 Hz, 1H Ar), 7.79
(s, 1H, Ar), 7.16 (d, J = 7.34 Hz, 1H, Ar), 6.43 (s, 2H, -NH3), 5.35 (s, 2H,
—-CH,).

3¢ NMR 6/ppm (100 MHz, DMSO-dg): 162.8, 158.9, 156.9, 153.5,
151.7, 147.9, 138.1, 136.1, 127.4, 120.6, 116.7, 47.1.

HRMS (ESI), m/z: caled. for CjoH;;CIN,03: 320.0657 [M+H]T;
found: 320.0651.

Anal. Calcd for C1o,H;oCIN;O5: C, 45.08; H, 3.15; N, 30.67. Found: C,
44.73; H, 2.94; N, 30.51.

4.1.8.11. 2-(4-((2-amino-4-chloro-7H-pyrrolo [2,3-d]pyrimidin-7-yl)
methyDphenyD-N-hydroxyacetamide (47). The product was obtained as
a white solid following the general procedure; 74% yield (86 mg); mp =
221-222 °C.

1H NMR &/ppm (400 MHz, DMSO-de): 10.64 (bs, 1H, —-OH), 8.78
(bs, 1H, -NH), 7.20 (d, J = 8.59 Hz, 2H, Ar), 7.08 (d, J = 7.64 Hz, 2H
Ar), 6.71 (d, J = 3.58 Hz, 1H, Ar), 6.25 (m, 3H, Ar-NH,), 5.11 (s, 2H,
—CHy), 3.24 (s, 2H, ~CHy).

3¢ NMR é/ppm (100 MHz, DMSO-dg): 166.9, 158.9, 152.6, 150.2,
136.4, 134.9, 129.2 (2C), 127.0 (2C), 120.1, 101.6, 100.1, 46.7, 39.0.

HRMS (ESI), m/z: caled. for Cy5sHi5CIN5O3: 332.0909 [M+H]T;
found: 332.0892.

Anal. Caled for C15H14CIN5O5: C, 54.30; H, 4.25; N, 21.11. Found: C,
54.39; H, 4.25; N, 21.04.

4.1.8.12. 2-(4-((2-amino-6-chloro-9H-purin-9-yl)methyl)phenyl)-N-
hydroxyacetamide (48). The product was obtained as a white solid
following the general procedure; 77% yield (128 mg); mp = 267-268 °C.

H NMR 6/ppm (400 MHz, DMSO-dg): 10.63 (bs, 1H, -OH), 8.80
(bs, 1H, -NH), 7.78 (s, 1H, Ar), 7.22 (d, J = 7.84 Hz, 2H, Ar), 7.15 (d, J
= 8.23 Hz, 2H Ar), 6.44 (s, 2H, -NH>), 5.15 (s, 2H, -CHy), 3.25 (s, 2H,
—-CHy).

13C NMR 6/ppm (100 MHz, DMSO-de): 167.0, 156.9, 153.5, 151.1,
137.5, 135.6 (2C), 129.4 (2C), 127.2 (2C), 116.7, 45.4, 38.9.

HRMS (ESI), m/z: caled. for Cy4H14CINgO3: 333.0861 [M+H]™;
found: 333.0852.
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Anal. Calced for C4H;3CINgO2: C, 50.53; H, 3.94; N, 25.26. Found; C,
50.63; H, 4.21; N, 25.09.

4.1.8.13. 2-((2-amino-4-chloro-7H-pyrrolo [2,3-d]pyrimidin-7-yl)methy
D)-N-hydroxyoxazole-4-carboxamide (51). The product was obtained as
a white solid following the general procedure; 65% yield (223 mg); mp
= 235-236 °C.

1H NMR 6/ppm (400 MHz, DMSO-dg): 10.92 (bs, 1H, -OH), 9.03
(bs, 1H, -NH), 8.47 (s, 1H, Ar), 6.78 (d, J = 3.16 Hz, 1H, Ar), 6.28 (m,
3H Ar-NH,), 5.33 (s, 2H, —CH,).

13¢ NMR é/ppm (100 MHz, DMSO-dg): 159.7, 158.5, 157.4, 152.7,
150.5, 141.9, 134.6, 120.4, 102.2, 99.9, 40.5.

HRMS (ESI), m/z: caled. for C11HjoCINgO3: 309.0497 [M+H]T;
found: 309.0500.

Anal. Calcd for C11HoCINgOs3: C, 42.80; H, 2.94; N, 27.23. Found: C,
42.51; H, 2.77; N, 27.44.

4.1.9. General procedure for preparation of compounds 53 and 54

To a suspension of 7 or 8 (1 equiv) and 52 (1.1 equiv) in dry DMF
(0.2 M), K2CO3 (2 equiv) was added. The suspension was stirred at room
temperature overnight, then the reaction solvent was removed under
reduced pressure, and the residue was purified by column chromatog-
raphy to afford the pure title compounds 53 and 54.

4.1.9.1. 4-chloro-7-(4-nitrobenzyl)-7H-pyrrolo [2,3-d]pyrimidin-2-amine
(53). The product was obtained following the general procedure and
after column chromatography with 30%-60% EtOAc/n-Hexane; 43%
yield corresponding to 458 mg of a yellow solid; mp = 197-199 °C.

'H NMR 6/ppm (400 MHz, CDCls): 8.18 (d J = 8.69 Hz, 2H, Ar),
7.32(d, J = 8.61 Hz, 2H, Ar), 6.83 (d, J = 3.50 Hz, 1H, Ar), 6.47 (d, J =
3.66 Hz, 1H, Ar) 5.36 (s, 2H, —-CHy), 5.05 (s, 2H, -NH3y).

13¢ NMR 6/ppm (100 MHz, CDCls): 161.8, 152.3, 151.8, 145.1,
143.8, 129.2 (2C), 121.2 (2C), 122.4, 115.9, 100.7, 61.3.

ESI-MS, m/z: 304.1 [M + H]*.

4.1.9.2. 6-chloro-9-(4-nitrobenzyl)-9H-purin-2-amine (54). The product
was obtained following the general procedure and after column chro-
matography with 70%-100% EtOAc/n-Hexane; 40% yield correspond-
ing to 433 mg of a yellow solid; mp = 203-205 °C.

1HNMR 6/ppm (400 MHz, DMSO-dg): 8.28 (s, 1H, Ar), 8.21 (d,J =
8.13 Hz, 2H, Ar), 7.47 (d, J = 8.60 Hz, 2H, Ar), 6.96 (s, 2H, -NHy), 5.47
(S, 2H, 7CH2).

3¢ NMR 6/ppm (100 MHz, DMSO-dg): 160.8,151.2, 151.0, 145.1,
144.8, 143.6, 131.2, 127.4 (2C), 125.9 (20), 48.3.

ESI-MS, m/z: 305.1 [M + H]*.

4.1.10. General procedure for preparation of compounds 55 and 56

To a solution of 53 or 54 (1 equiv) in EtOH/H>0 1:1 (0.2 M v/v), Fe
(5 equiv) and NH4CI (5 equiv) were added. The suspension was refluxed
for 5 h, then the reaction solvent was filtered through Celite and washed
several times with EtOH. The solvent was evaporated under reduced
pressure, and the residue was purified by column chromatography to
afford the pure title compounds 55 and 56.

4.1.10.1. 7-(4-aminobenzyl)-4-chloro-7H-pyrrolo [2,3-d]pyrimidin-2-
amine (55). The product was obtained following the general proced-
ure and after column chromatography with 50%-80% EtOAc/n-Hexane;
85% yield corresponding to 300 mg of a white solid; mp = 203-205 °C.

'H NMR §/ppm (400 MHz, DMSO-dg): 7.16 (d, J = 3.73 Hz, 1H,
Ar), 6.99 (d, J = 8.36 Hz, 2H, Ar), 6.69 (s, 2H, -NH>), 6.54 (d, J = 8.36
Hz, 2H, Ar), 6.33 (d, J = 3.93, 1H, Ar), 5.10 (bs, 2H, -NHy), 5.08 (s, 2H,
—-CHy).

13C NMR 6/ppm (100 MHz, DMSO-de): 160.1, 152.2, 151.4, 145.7,
130.6 (2C), 128.4, 123.1, 115.4 (2C), 113.2, 100.3, 61.2.

ESI-MS, m/z: 274.1 [M + H]*.
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4.1.10.2. 9-(4-aminobenzyl)-6-chloro-9H-purin-2-amine (56). The prod-
uct was obtained following the general procedure and after column
chromatography with 80%-100% EtOAc/n-Hexane; 41% yield corre-
sponding to 120 mg of a white solid; mp = 227-229 °C.

1HNMR 6/ppm (400 MHz, DMSO-dg): 8.19 (s, 1H, Ar), 7.06 (d, J =
8.32 Hz, 2H, Ar), 6.97 (s, 2H, -NH5), 6.56 (d, J = 8.32 Hz, 2H, Ar), 5.16
(bs, 2H, -NHy), 5.11 (s, 2H, ~CH,).

3¢ NMR 6/ppm (100 MHz, DMSO-dg): 160.1, 151.4,151.1, 145.8,
145.0, 131.4, 129.8 (20), 127.7, 115.8 (20C), 47.8.

ESI-MS, m/z: 275.1 [M + H]™.

4.1.11. General procedure for preparation of compounds 57 and 58

To a solution of 2-[(triphenylmethyl)thio]acetic acid (1.1 equiv) in
dry DMF (0.2 M), EDCI (1.2 equiv) and HOBt (1.2 equiv) were added.
The solution was stirred at 25 °C for 20 min, then 55 or 56 was added.
The reaction mixture was stirred at 25 °C overnight, then the solvent was
evaporated under reduced pressure. The residue was quenched with
water and the mixture was extracted with ethyl acetate; the organic
layer was washed with brine, dried over Na;SO4 and the solvent was
removed under reduced pressure. The crudes were purified by column
chromatography to afford the pure title compounds 57 and 58.

4.1.11.1. N-(4-((2-amino-4-chloro-7H-pyrrolo [2,3-d]pyrimidin-7-yl)
methyl)phenyl)-2-(tritylthio)acetamide (57). The product was obtained
following the general procedure and after column chromatography with
40%-60% EtOAc/n-Hexane; 38% yield corresponding to 120 mg of a
white solid; mp = 201-203 °C.

H NMR 6/ppm (400 MHz, CDClg): 7.78 (bs, 1H, -NH), 7.47 (m,
6H, Ar), 7.30 (m, 6H, Ar), 7.23 (m, 5H, Ar), 7.11 (m, 2H, Ar), 6.80 (d, J
= 3.59 Hz, 1H, Ar), 6.42 (d, J = 3.64 Hz, 1H, Ar), 5.20 (s, 2H, —-CH>),
5.14 (bs, 2H, -NH,), 3.31 (s, 2H, ~CH,).

13¢ NMR 6/ppm (100 MHz, CDCls): 168.4, 160.3, 152.4, 151.8,
144.0 (3C), 135.2, 133.6, 130.3 (4C), 129.7 (4C), 127.4 (6C), 125.9
(30), 121.4, 120.8 (2C), 116.3, 100.1, 66.4, 60.3, 36.6.

ESI-MS, m/z: 590.2 [M + H]".

4.1.11.2. N-(4-((2-amino-6-chloro-9H-purin-9-y)methylDphenyl)-2-(tri-
tylthio)acetamide (58). The product was obtained following the general
procedure and after column chromatography with 60%-80% EtOAc/n-
Hexane; 34% yield corresponding to 130 mg of a white solid; mp =
213-215°C.

1H NMR 6/ppm (400 MHz, CDCl3): 7.81 (bs, 1H, -NH), 7.73 (s, 1H,
Ar), 7.54 (m, 1H, Ar), 7.47 (m, 5H, Ar), 7.32 (m, 10H, Ar), 7.23 (m, 3H,
Ar), 5.23 (s, 2H, ~CHy), 4.87 (bs, 2H, -NH3), 3.33 (s, 2H, —~CH,).

13¢ NMR 6/ppm (100 MHz, CDCl3): 168.2, 159.4, 151.2, 150.4,
145.3, 144.2 (30), 135.7, 133.1, 132.5, 130.4 (4C), 129.2 (4C), 128.2
(6C), 126.4 (3C), 121.3 (20), 66.7, 50.1, 36.2.

ESI-MS, m/z: 591.1 [M + H]™.

4.1.12. General procedure for preparation of the final compounds 59 and
60

To a solution of 57 or 58 (1 equiv) in dry DCM, TFA (5 equiv) was
added dropwise at 0 °C, followed by Et3SiH (1.2 equiv). The reaction
mixture was stirred at 0 °C for 20 min, then warmed to room tempera-
ture. The solvent was removed under reduced pressure and the residue
was treated with EtpO. The formed precipitate was filtered off and
washed with cold Et;0 to afford the pure title compounds 59 and 60.

4.1.12.1. N-(4-((2-amino-4-chloro-7H-pyrrolo [2,3-d]pyrimidin-7-yl)
methyDphenyD-2-mercaptoacetamide (59). The product was obtained
as a white solid following the general procedure; 93% yield (60 mg); mp
=153-155 °C.

1H NMR §/ppm (400 MHz, DMSO-dg): 10.09 (s, 1H, -NH), 7.52 (d,
J = 8.43 Hz, 2H, Ar), 7.17 (m, 3H Ar), 6.44 (s, 2H, -NH,), 6.33 (d, J =
3.27 Hz, 1H, Ar), 5.20 (s, 2H, -CHy), 3.28 (d, J = 8.77 Hz, 2H, -CHy),
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2.92 (t, J = 8.04 Hz, 1H, -SH).

13C NMR §/ppm (100 MHz, DMSO-de): 166.6, 159.8, 153.5, 151.4,
138.1, 132.7, 127.7 (2C), 126.2, 119.4 (2C), 108.9, 99.2, 47.1, 43.0.

HRMS (ESI), m/z: caled. for C15H;5CIN5OS™: 348.0680 [M+H]™;
found: 348.0651.

Anal. Calcd for C15H14CIN5OS: C, 51.80; H, 4.06; N, 20.13. Found: C,
51.70; H, 4.02; N, 20.10.

4.1.12.2. N-(4-((2-amino-6-chloro-9H-purin-9-yl)methylphenyl)-2-mer-
captoacetamide (60). The product was obtained as a white solid
following the general procedure; 88% yield (63 mg); mp = 185-187 °C.

1H NMR §/ppm (400 MHz, DMSO-dg): 10.13 (s, 1H, -NH), 8.21 (s,
1H, Ar), 7.56 (d, J = 8.60 Hz, 2H, Ar), 7.27 (d, J = 8.78 Hz, 2H, Ar), 6.92
(s, 2H, -NHy), 5.28 (s, 2H, -CHy), 3.29 (d, J = 7.97 Hz, 2H, —CHy), 2.93
(t, J =7.97 Hz, 1H, -SH).

13C NMR 6/ppm (100 MHz, DMSO-dg): 166.9, 160.1, 151.8, 151.2,
145.3, 139.0, 132.4, 131.8, 128.3 (2C), 120.7 (2C), 47.8, 43.2.

HRMS (ESI), m/z: calcd. for C14H;4CINgOS™: 349.0633 [M+H]™;
found: 349.0648.

Anal. Calcd for C14H;13CINgOS: C, 48.21; H, 3.76; N, 24.09. Found: C,
48.37; H, 3.99; N, 24.40.

4.1.12.3. tert-butyl (4-((2-amino-6-chloro-9H-purin-9-yl)methyl)benzyl)
carbamate (62). To a suspension of 8 (1 equiv) and 61 (1.1 equiv) in dry
DMF (0.2 M), K5CO3 (2 equiv) was added. The suspension was stirred at
room temperature overnight, then the reaction solvent was evaporated
under reduced pressure, and the residue was purified by column chro-
matography (60%-100% EtOAc/n-Hexane) to afford 560 mg (52%
yield) of the pure title compound 62 as a white solid; mp = 142-144 °C.

1H NMR é/ppm (400 MHz, DMSO-dg): 8.21 (s, 1H, Ar), 7.36 (t, J =
6.10 Hz, 1H, -NH), 7.20 (m, 4H, Ar), 6.92 (s, 2H, -NH5), 5.26 (s, 2H,
—CHy), 4.08 (d, J = 5.82 Hz, 2H, —~CHy), 1.38 (s, 9H, ~CHs).

3¢ NMR é/ppm (100 MHz, DMSO-de): 159.3, 157.2, 151.4, 150.7,
145.7, 135.1, 134.8, 131.6, 128.8 (2C), 126.9 (2C), 80.4, 50.7, 46.6,
28.6 (30).

ESI-MS, m/z: 389.1 [M + H] ™.

4.1.12.4. 9-(4-(aminomethyl)benzyl)-6-chloro-9H-purin-2-amine (63).
To a solution of 62 (1 equiv) in dry DCM (0.2 M), TFA (10 equiv) was
added. The solution was stirred at room temperature overnight, then the
reaction solvent was evaporated under reduced pressure, and the res-
idue was treated with Et,0. The formed solid was filtered off and washed
with Et50 to afford 544 mg (87% yield) of the pure title compound 63 as
a white solid; mp = 267-268 °C.

1HNMR 8/ppm (400 MHz, DMSO-dg): 8.25 (s, 1H, Ar), 7.44 (d, J =
8.63 Hz, 2H, Ar), 7.35 (s, 2H, NHy), 7.31 (d, J = 8.15 Hz, 2H, Ar), 6.93
(s, 2H, -NH,), 5.31 (s, 2H, ~CHy), 4.01 (m, 2H, —CH,).

3¢ NMR é/ppm (100 MHz, DMSO-dg): 159.8,151.1, 150.8, 147.2,
139.6, 135.2, 131.4, 128.5 (2C), 126.2 (2C),49.1, 45.4.

ESI-MS, m/z: 289.1 [M + H]".

4.1.12.5. N-(4-((2-amino-6-chloro-9H-purin-9-yl)methylbenzyl)-2-(tri-
tylthio)acetamide (64). To a solution of 2-[(triphenylmethyl)thio]acetic
acid (1.1 equiv) in dry DMF (0.2 M), EDCI (1.2 equiv) and HOBt (1.2
equiv) were added. The solution was stirred at 25 °C for 20 min, then 63
was added. The reaction mixture was stirred at 25 °C overnight, then the
solvent was evaporated under reduced pressure. The residue was
quenched with water and the mixture was extracted with ethyl acetate;
the organic layer was washed with brine, dried over NaSOy, filtered and
the solvent was removed under reduced pressure. The crude was puri-
fied by column chromatography (50%-100% EtOAc/n-Hexane) to
afford 375 mg (62% yield) of the pure title compound 64 as a white
solid; mp = 199-200 °C.

'H NMR 6/ppm (400 MHz, CDCls): 7.75 (s, 1H, Ar), 7.40 (m, 7H,
Ar), 7.25 (m, 12H, Ar), 7.14 (m, 2H, Ar), 6.27 (t,J = 5.37 Hz, 1H, -NH),
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5.24 (s, 2H, —CH,), 5.16 (s, 2H, -NH>), 4.13 (d, J = 4.63 Hz, 2H, -CH,).
13¢ NMR §/ppm (100 MHz, CDClg): 171.6, 160.4, 152.3, 151.7,

146.4, 142.5 (3C), 135.2, 134.7, 131.2, 130.1 (3C), 129.7 (3C), 128.8

(20), 128.1 (6C), 127.5 (2C), 126.2 (3C), 67.2, 48.4, 43.1, 36.6.
ESI-MS, m/z: 605.2 [M + H]™.

4.1.12.6. N-(4-((2-amino-6-chloro-9H-purin-9-yl)methyl)benzyl)-2-mer-
captoacetamide (65). To a solution of 64 (1 equiv) in dry DCM, TFA (5
equiv) was added dropwise at 0 °C, followed by Et3SiH. The reaction
mixture was stirred at 0 °C for 20 min, then warmed to room tempera-
ture. The solvent was removed under reduced pressure and the residue
was treated with Et;O. The formed precipitate was filtered off and
washed with cold Et;0 to afford 290 mg (82% yield) of the pure title
compounds 65 as a white solid; mp = 174-176 °C.

'H NMR 6/ppm (400 MHz, DMSO-dg): 8.47 (t, J = 5.28 Hz, 1H,
_NH), 8.22 (s, 1H, Ar), 7.23 (m, 4H, Ar), 6.92 (s, 2H, -NH,), 5.27 (s, 2H,
~CH,), 4.24 (d, J = 6.05 Hz, 2H, -CH,), 3.14 (d, J = 7.82 Hz, 2H, ~CH,),
2.78 (t, J = 8.26 Hz, 1H, -SH).

13C NMR §/ppm (100 MHz, DMSO-de): 171.4, 160.8, 151.1, 150.7,
145.9, 135.0, 134.7, 131.2, 128.6 (2C), 127.7 (2C), 49.2, 43.4, 33.6.

HRMS (ESI), m/z: calcd. for C15sH16CINgOS™: 363.0789 [M+H]T;
found: 363.0803.

Anal. Calcd for C15H;5CINgOS: C, 49.65; H, 4.17; N, 23.16. Found: C,
49.60; H, 4.09; N, 23.22.

4.2. Molecular modelling

4.2.1. Protein preparation

All the molecular modelling analyses related to HDAC6 were con-
ducted on the 5EDU crystal structure [43]. The crystal structure of the
protein underwent an optimization process using the Protein Preparation
Wizard tool implemented in Maestro of the Schrodinger Suite (release
2021-1) [82]. Missing hydrogen atoms were added, and bond orders
were assigned. The prediction of the most suitable protonation states of
the protein residues was accomplished by using PROPKA, with the pH
set to 7.4. The same procedure was also adopted for the preparation of
the crystal structures of HDAC1 (PDB code: 4BKX) [83] and HDAC4
(PDB code: 2VQJ) [84].

4.2.2. Molecular docking

Docking studies were performed by using the XP protocol of the
Glide program [85], allowing for ligand flexibility. Default settings were
used for the analyses, using the bound crystallographic ligand as the
centroid of the box for generating the receptor grid. A metal coordina-
tion constraint was applied to allow the ligands to coordinate to the
catalytic Zn?* ion. The protonation state of His610 was set depending on
whether or not an acidic hydrogen was present in the ZBGs. To this aim,
the compounds bearing the hydroxamic acid and 2-mercaptoacetamide
zinc binding groups were modelled as negatively charged and His610 as
positively charged, while compounds of the TFMO series, which lack an
acidic proton, were modelled as neutral and docked into the HDAC6
binding site with a neutral His610. Docking calculations in the HDAC4
binding site were performed for the TFMO representative compound 11
and its fluoro-substituted derivatives, with the default settings of the XP
protocol available in Glide [85].

4.2.3. Molecular dynamics

All the MD simulations were carried out with AMBER20 starting
from the structures of the docking complexes [86]. MD simulations were
performed using the ff14SB force field. Zinc and potassium ions origi-
nally present in the HDAC6 crystal structure were maintained. A bonded
model was used to simulate the interaction of the TFMO compounds 10,
11, and 16 with Zn?>". The MCPB. py tool [87] was used to setup the
system using the Empirical method to obtain the force constants. The
RESP charges of the residues involved in the bonded model were
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calculated with GAMESS [88] at the B3LYP/6-31G* level of theory. Four
bonds with the metal ion were defined among the side chains of Asp649,
Asp742, His651 and the oxygen atom of the oxadiazole ring of 10, 11
and 16. The 12-6-4 LJ-Type nonbonded model [89,90] was used to
model zinc complexes of 37, 38, 44, 59, 60. General Amber force field
(GAFF) [91] parameters were assigned to the ligands, while RESP partial
charges were fitted using the RED tools [92]. Geometry optimization
and electrostatic potential calculations of the ligands were performed at
the HF level with a 6-31G*(1d) basis set using GAMESS [88]. For all
simulations, the TIP3P explicit water model was used by solvating the
complexes into a cubic 10 A water box. Prior to the MD simulations, two
steps of minimization were carried out; in the first stage, heavy atoms
were kept fixed with a position restraint of 100 kcal/mol. In the second
stage, the entire system was minimized with 10,000 steps of steepest
descent minimization. PME electrostatics and periodic boundary con-
ditions were used in the simulation [93]. The MD simulation was run
using the minimized structure as the starting conformation. The time
step was set to 2.0 fs, with a cut-off of 8 A for the non-bonded interac-
tion, and SHAKE was employed to keep all bonds involving hydrogen
atoms rigid. Constant volume periodic boundary MD was carried out for
1 ns, during which the temperature was gradually raised from 0 to 300
K. A positional restraint of 10 kcal/mol was applied to heavy atoms
except for water molecules. Then, 1 ns constant pressure MD at 300 K
with gradually decreasing constraints were performed. After equilibra-
tion, production runs of 100 ns were performed. In the simulations of
TFMO and MCA derivatives, positional restraints were applied to the
ZBG-metal complexes to maintain the interactions similar to those of
crystallographic complexes. For TFMO derivatives 10, 11 and 16, the
distance and angle values were referred to the 3ZNR [70] crystal
structure, while the positional restraints of the 2-mercaptoacetamide
derivatives 59 and 60 were taken from the 6MRS5 [54] crystal structure.

4.3. Histone deacetylases inhibitory activity assays

In vitro assays on recombinant HDACs enzymes were performed with
the same procedure described in our previous work [44]. Briefly, the
reactions were carried out in a solution of 50 mM Tris-HCI (pH 8.0), 137
mM NaCl, 2.7 mM KCl, 1 mM MgCl2, and 1 mg/ml BSA, by using: (i) the
fluorogenic peptide from p53 residues 379-382 (RHKK-Ac-AMC) as a
substrate for the assays on HDAC1, HDAC2, HDAC3, HDAC6, HDAC10;
(ii) trifluoroacetyl lysine as a substrate for the assays on HDACA4,
HDAC5, HDAC7, HDAC9 and HDAC11; (iii) the fluorogenic peptide
from p53 residues 379-382 (RHK-Ac-K-Ac-AMC) as a substrate for the
assays on HDACS8. The compounds were tested with a 3-fold serial
dilution in DMSO, starting from 100 pM. Moreover, compounds 37-41,
43 and 45 that showed high potency in the HDAC6 assays were also
re-tested with a 3-fold serial dilution in DMSO, starting from 1 pM. The
enzymatic assays were performed by adding to the reaction buffer, the
recombinant protein and ligand solutions. Then, a 2 pM volume of the
reference compound, 16 mg/mL trypsin in 50 mM Tris-HCI, pH 8.0, 137
mM NacCl, 2.7 mM KCl, 1 mM MgCl, was added to record the fluores-
cence signal (Ex 360 nm/Em 460 nm). A concentration equal to 1.00 x
1012 M was used for curve fitting of the blank (i.e., DMSO). ICs( values
were calculated by using the GraphPad Prism 4 program based on a
sigmoidal dose-response equation. Trichostatin A was used as a refer-
ence compound for the assays on HDAC1, HDAC2, HDAC3, HDACS6,
HDACS8 and HDAC11. The reference compound TMP269 was tested on
HDAC4, HDAC5, HDAC7 and HDAC9, while Quisinostat was used as a
control in HDAC10 assays. Tubastatin A and Vorinostat (SAHA) were
also assayed against HDAC6.

4.4. Inhibition of class Ila HDAC activity in LNCaP cells by means of
cellular HDAC-Glo Class Ila assay

The evaluation of specific Class IIa isoenzyme activity in LNCaP was
performed with Cellular HDAC-Glo Class IIa Assay (Promega), according
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to the protocol provided by the manufacturer. LNCaP cells were seeded
into the wells of 384-well plate. Cells were treated with reference
compound TMP269 and compounds 13 and 20 for 1 h, in 10-dose ICsq
mode in duplicate with 3-fold serial dilution starting at 100 pM. HDAC
Class Ila activity was measured with HDAC-Glo Class Ila Assay on an
Envision 2104 Multilabel Reader (PerkinElmer). ICs9 values were
calculated using the GraphPad Prism 4 program based on a sigmoidal
dose-response equation.

4.5. Cell lines and treatments

Three human prostate cell lines were analyzed. Cancer LNCaP cells
(ATCC #CRL-1740, RRID:CVCL_1379) were grown in RPMI 1640 Me-
dium and PC3 cells (ATCC #CRL-1435, RRID:CVCL_0035) were main-
tained in Ham’s F12 Medium. All media (Biowest) were supplemented
with 2 mM glutamine, 100 IU/mL penicillin, 100 pg/mL streptomycin
and 10% Foetal Bovine Serum (Gibco). Normal RWPE-1 cells (ATCC
#CRL-11609, RRID:CVCL_3791) were grown in Keratinocyte Serum
Free Medium (K-SFM; # 17,005,042, Gibco), supplemented with 0.05
mg/mL bovine pituitary extract (Gibco) and 5 ng/mL human recombi-
nant epidermal growth factor (Gibco). All above-mentioned cell lines
were authenticated by Short Tandem Repeat (STR) Analysis (Eurofins
Genomics), verified to be mycoplasma free and passaged <3 months. All
cells were grown at 37 °C in a humidified incubator containing 5% CO,.
Synthesized compounds, Tubastatin A, SAHA, TSA and TMP269 were
dissolved in DMSO (Sigma-Aldrich, St. Louis, MO, USA) and added to the
cell medium at the concentrations described in the text for 24-72 h, as
indicated in figure legends. DMSO was used as control.

4.6. Cell viability

Cells were treated with the candidate compounds at different con-
centrations and viability was measured by colorimetric 3-(4,5-Dime-
thylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) assay after 72
h [94]. Dose-response curves were analyzed in GraphPad PRISM 6
software (GraphPad Prism) based on a log (inhibitor) vs response (var-
iable slope) equation and the concentration at which cellular growth is
inhibited by 50% (GlIso) was determined. In dose-response experiments,
the compounds were tested at 8 concentrations, starting at 300 pM
(RWPE-1) or 100 pM (LNCaP), with 3-fold serial dilutions.

4.7. Migration assays

Migration assays were performed with Transwell membranes for
LNCaP cells and wound healing assays for PC3 cells. LNCaP cells were
pre-treated with the indicated compounds (3 pM for 24 h) and 7 x 10*
cells were seeded in 100 pl of serum-free medium into the upper
chamber of the Transwell (pore size 8 pm; #3464, Corning). Complete
RPMI medium containing 10% FBS was used as chemoattractant in the
lower chamber. 3 pM of the selected compounds were added to either
the lower and upper chamber. After 24 h, the cells on the upper cham-
bers were removed with a cotton swab, while cells on the underside of
the inserts were fixed and stained with 0.5% crystal violet solution in
20% Methanol, for 15 min. Following visual inspection under a light
microscope, the bound crystal violet was eluted using 33% acetic acid
and quantified by measuring the absorbance at 590 nm, according to the
manufacturer’s protocol. For wound healing cell migration assay, 4 x
10° PC3 cells were plated in a 12-well plate. Approximately 24 h later,
the cells were pre-treated with the indicated compounds (3 pM, for 24 h)
and the confluent monolayer was scratched using a 200 pL pipette tip.
Medium and non-adherent cells were removed and new medium con-
taining 1% FBS and 3 pM of the indicated compounds was added. Cells
were observed under the microscope and the inhibition of migration was
assessed after 18 h and 24 h. Two random pictures were taken for each
treated well per experiment and the areas of the wounds measured using
ImageJ software. Cell migration (%) was then calculated using the
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formula: (initial gap area - final gap area/initial gap area) x 100%.
4.8. Protein extraction and immunoblotting

Whole-cell protein extracts were prepared by lysis of control or
treated-cells into 1X SDS sample buffer [95]. Equivalent amounts of
cellular extracts were resolved by SDS-PAGE, transferred to PVDF or
nitrocellulose membrane with Trans-Blot Turbo Transfer System (Bio--
Rad) and immunoblotted with the following primary antibodies, diluted
1:1000 in 1X TBS with 1 mg/mL BSA: anti-aTubulin (#PA5-19489,
Invitrogen) anti-BActin (#66009, Proteintech Europe), anti-Acetylated
Histone H3 (#518011, Santa Cruz), anti-Acetylated «a-Tubulin
(#sc-23950, Santa Cruz), anti-Histone H3 (#ab1791, Abcam) and
anti-y-H2AX (#05-636, Millipore). Membranes were blotted and scan-
ned with an Amersham Imager AI680 RGB (GE Healthcare), using
detection reagents Westar nC and Supernova HRP substrates (Cyana-
gen). ImageJ software has been used to quantify protein bands from
western blots.

4.9. TCGA data analysis

Expression levels and prognostic impact of HDACs were evaluated
based on RNA-seq and clinical data of TCGA- Prostate Adenocarcinoma
(PRAD).

The overall survival Hazard Ratios of HDACs, estimated using
Mantel-Cox test, were obtained using Gene Expression Profiling Inter-
active Analysis - GEPIA2 (http://gepia2.cancer-pku.cn/, accessed on
April 7th, 2023) [96]. a web server for analysis of the RNA sequencing
expression data of the TCGA project using a standard processing pipe-
line. Expression thresholds Cutoff-High/Cutoff-Low of 40%,/60% were
used.

Box plots of the transcriptional expression levels of class Il HDACs in
patients with PRAD, stratified according to pathological N stage, were
obtained using the UALCAN database (https://ualcan.path.uab.edu/,
accessed on April 7th, 2023) [97]. UALCAN is an interactive web
resource for analyzing transcriptome data from The Cancer Genome
Atlas project (TCGA). p < 0.05 was considered statistically significant.

4.10. Statistical analysis

All statistical analyses were performed using GraphPad PRISM 6
software (GraphPad Prism, RRID: SCR_002798), using t-test or ANOVA
with post-hoc tests, as specified in the figure legends. Graphs represent
Means =+ Standard Error of the Mean (SEM). Data are considered to be
statistically significant if p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and
p < 0.0001 (*=**=),

4.11. Solubility evaluation

50 mM stock solutions of the test compounds were prepared in 100%
DMSO. 500 pM samples were made up by a direct dilution of the stock
solution in phosphate buffer pH 7.4 and citric buffer pH 4.5 (1% DMSO
final concentration). Reference solutions were made up in 100% MeOH.
Solutions in buffers (200 pL) were incubated at room temperature at
200 rpm for 1.5 h directly in a Multiscreen solubility plate (Millipore)
and then filtrated under vacuum for 5 min. Reference solutions and
samples were than diluted 1:1000 in MeOH with 1 pM Verapamil before
analysis. Samples were analyzed on a UPLC Acquity (Waters) coupled
with an API 3200 Triple Quadrupole AB Sciex. Compound 13: mobile
phase A: ammonium bicarbonate pH 8, mobile phase B: MeOH. Column:
Gemini NX C18 50 x 2.1 mm 5 pm. Temperature 35 °C, injection volume
10 pL. Compound 37: mobile phase A: 0.1% formic acid in water, mobile
phase B acetonitrile 0.1% formic acid. Column: Synergy Polar 2.5 pm 50
x 2.1 mm. Temperature 35 °C, injection volume 10 pL. Final concen-
trations were evaluated by comparing the AUC of the reference solutions
in organic solvent (500 pM) with those of the filtered test compounds
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after 1.5 h of incubation.

4.12. Permeability in Caco-2 cells

4.12.1. Cell culture

Caco-2 cells (ECACC) were acquired from Readycells (Barcelona,
Spain) after 21 days of culture (Fig. S17). Three days before the assay the
24-Insert HTS plates were placed into a cell culture incubator kept at
37 °C, in a highly humidified atmosphere of 95% air/5% CO, for 4 h to
allow shipping medium to completely liquefy. The shipping medium
was removed from the basal and apical compartments of the Caco-
Ready™ plate via aspiration and was replaced with fresh culture me-
dium DMEM (1 g/L glucose, 10% FCS, 1% glutamine 200 mM, 1%
penicillin (10,000 U/mL) - streptomycin (10/mg/mL) in HBSS). Cells
were kept at 37 °C with 5% CO; in an incubator up to the day of the
experiment. Prior to perform the experiments, transendothelial elec-
trical resistance (TEER) was >10009cm2, as measured with a Millicell-
ERS Millipore. Stock solutions were prepared in DMSO at 5 mM con-
centrations for the TI. HBSS buffer was placed in the apical compart-
ments (250 pL) and in the basolateral compartments (750 pL). Stock
solutions were spiked in the apical compartments (2.5 pL) for apical to
basolateral transport (A—B) and in the basolateral compartments 7.5 pL
for basolateral to apical transport (B—A) to reach the final concentration
of 5 pM. Samples at T = O from the donor compartments were diluted
with 150 pL of Internal Standard (IS) solution (Verapamil, 10 ng/mL in
acetonitrile). After 2 h incubation period at 37 °C and 5% CO», the
basolateral and the apical sides were diluted with IS solutions as re-
ported above. Samples were collected in plates and stored at —20 °C up
to the analysis. At the end of the experiment integrity of the cellular
junction was measured by incubating 250 pL of Lucifer yellow (LY) at
the apical side (at the concentration of 0.02 mg/mL in MEM medium)
and with 0.75 mL of DMEM medium in the basolateral compartment for
1 h at 37 °C. At the end of incubation, 100 pL of the solution at the apical
side were placed in a 96-black plate with 100 pL of buffer. 200 pL of the
solution at the basolateral side were placed in a 96 well black plate. The
control wells were made by 100 pL of DMEM and 100 pL of LY starting
solution (0.02 mg/mL). The plate was read on a fluorimeter at A
430-538 nm. Samples were analyzed on a UPLC Acquity (Waters)
coupled with a API 3200 Triple Quadrupole AB Sciex. Compound 13:
mobile phase A: ammonium bicarbonate pH 8, mobile phase B: MeOH
Column: Gemini NX C18 50 x 2.1 mm 5 pum, Temperature 35 °C, in-
jection volume 10 pL. Compound 37: mobile phase A: 0.1% Formic acid
in water, mobile phase B acetonitrile 0.1%Formic acid. Column: Synergy
Polar 2.5 pm 50 x 2.1 mm. Temperature 35 °C, injection volume 10 pL.

4.12.2. Data analysis
The apparent permeability (Papp) was calculated according to the
following formula:

Pa —dQ*
PP =0T A% G

dQ: amount of transporter test drug in pmol/cm.>

dT: incubation time in seconds.

A: surface of porous membrane in cm? (0.33).

Co:initial concentration of TA in the donor chamber in pmol/cm.®
The efflux ratio (ER) is calculated according to following formula:

Papp(B—A)

Efflux Ratio =
ux Ratio Papp(A—B)

Data were processed with Microsoft Excel. Data are expressed as
mean of n = 2 (+SD). To assure suitable functionality of the monolayers,
the permeability of Lucifer Yellow (LY), known as low permeability
compound, was measured at the end of the assay. The permeability
value of LY indicates the proper integrity of the monolayer. LY values
are accepted if below 0.7% permeability.
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5. Metabolic stability in liver microsomes
5.1. Assay protocol

Test compounds in duplicate were dissolved in DMSO to obtain 1
mg/mL solutions, which were pre-incubated, at the final concentration
of 1 uM, for 10 min at 37 °C in potassium phosphate buffer 50 mM pH
7.4, 3 mM MgCl,, with mouse and human liver microsomes (Sigma) at
the final concentration of 0.5 mg/mL. After the pre-incubation period,
reactions were started by adding the cofactors mixture (NADP, Glc6P,
Glc6P-DH in 2% Sodium bicarbonate); samples (25 pL) were taken at
time 0, 10, 20, 30 and 60 min and added to 150 pL of acetonitrile with
verapamil 0.1 uM as Internal Standard (IS) to stop the reaction. After
centrifugation the supernatants were analyzed by LC-MS/MS. A control
sample without cofactors was added in order to check the stability of test
compounds in the matrix after 60min. 7-Ethoxycoumarin (7-EC) was
added as positive reference standard. Samples were analyzed on Acquity
UPLC (Waters) coupled with an API 3200 Triple Quadrupole ABSciex.

Column: Synergy Polar 2.5 pm 50 x 2.1 mm. Temperature 35 °C,
injection volume 10 pL. Mobile phase A: Deionized water +0.1%
HCOOH, mobile phase B: acetonitrile +0.1% HCOOH. Temperature: RT.

5.2. Data analysis

The percentage of the area of the test compound remaining at the
various incubation times were calculated with respect to the area of
compound at time 0 min. The rate constant, k (min~') derived from the
exponential decay equation (peak area/IS vs time) was used to calculate
the rate of Intrinsic clearance (Cli) of the compound, using the following
equation: Cli (uL/min/mg) = k/microsomal conc. X 1000, where k is the
rate constant (min~!) and the microsomal protein concentration is 0.5
mg protein/mL.
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Abbreviations

AcH3 Acetylated Histone H3

AcTub  Acetylated Tubulin

AR Androgen Receptor

Cli Intrinsic Clearance

CRPC Castration-Resistant Prostate Cancer
CSPC Castration-Sensitive Prostate Cancer
EDCI N’-ethylcarbodiimide Hydrochloride
EMT Epithelial-Mesenchymal Transition
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FDA Food and Drug Administration
GAFF General Amber Force Field
HA Hydroxamic Acid

HAT Histone Acetyltransferase
HDAC  Histone Deacetylase

HOBt Hydroxybenzotriazole

Hsp Heat Shock Protein

HSPC Hormone-Sensitive Prostatic Carcinoma
IS Internal Standard

LY Lucifer Yellow

MCA 2-mercaptoacetamide

MD Molecular Dynamics

MEF2 Myocyte Enhancer Factor-2

MTT 3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide

NAD Nicotinamide Adenine Dinucleotide

NEPC Neuroendocrine Prostate Cancer

Papp Apparent Permeability

PCA Prostate Cancer

PRAD Prostate Adenocarcinoma

RMSD Root-Mean-Square Deviation

SAHA Vorinostat

SAR Structure-Activity Relationships

STR Short Tandem Repeat

TEER Transendothelial electrical resistance

TFAA Trifluoroacetic Anhydride

TFMO  Trifluoromethyloxadiazole

TUB Tubulin

TUB A  Tubastatin A

7ZBG Zinc-Binding Group
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