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ABSTRACT:

Histone deacetylase 6 (HDACO6) is a peculiar HDAC isoform whose expression and functional

alterations have been correlated with a variety of pathologies such as autoimmune disorders,
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neurodegenerative diseases, and cancer. It is primarily a cytoplasmic protein, and its deacetylase
activity is focused mainly on non-histone substrates such as tubulin, heat shock protein (HSP)90,
Foxp3 and cortactin, to name a few. Selective inhibition of HDAC6 does not show cytotoxic
effects in healthy cells, normally associated with the inhibition of Class | HDAC isoforms. Here
we describe the design and synthesis of a new class of potent and selective HDAC6 inhibitors
that bear a pentaheterocyclic central core. These compounds show a remarkably low toxicity
both in vitro and in vivo and are able to increase the function of regulatory T cells (Tregs) at well
tolerated concentrations, suggesting a potential clinical use for the treatment of degenerative,

auto-immune diseases and organ transplantation.

INTRODUCTION

Histones, together with DNA, are the main components of the nucleosome, the primary
chromatin unit. In eukaryotic cells, post-translational modifications of the core histones’ N-
termini are involved in regulation of gene expression by modulating chromatin accessibility and
by providing anchoring points for “reader” proteins that help guiding the transcription machinery
to gene promotors. Reversible acetylation of histones is regulated by the interplay of ‘writer’
histone acetyltransferases (HATSs) and ‘eraser’ histone deacetylases (HDACs).!

There are 18 known human HDACs divided into two groups: zinc-dependent HDACs and
nicotinamide adenine dinucleotide (NAD)-dependent HDAC:s, also known as sirtuins (Class IIT).
Zinc-dependent HDACs are further grouped into four classes depending on their sequence
homology and on their catalytic activity: (1) Class I includes HDACI, 2, 3, and 8, ubiquitary

isoenzymes primarily localized in nucleus; (2) Class Ila includes HDAC4, 5, 7, and 9,
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isoenzymes localized both in nucleus and in cytoplasm; (3) Class IIb, includes HDAC6 and 10,
mainly localized in cytoplasm; and (4) Class IV, which includes only HDAC11.?

Proteomic studies have shown that in addition to histones, post-translational acetylation
regulates the function and stability of a growing number of proteins with diverse biological
activities, from transcription factors to metabolic and contractile proteins.? Indeed, protein lysine
acetylation has long been recognized to have a comparable role to protein phosphorylation* and
the widespread activity of these enzymes has led to the proposal to rename the family as “lysine
deacetylases” or KDAC:s.

Numerous HDAC inhibitors have been synthesized. Most of them are characterized by the
presence of a hydroxamate group, able to bind the zinc in the active site of the enzyme.> There
are also several examples of non-hydroxamate HDAC inhibitors, among them the most
important are the 2-aminophenylbenzamide-derivatives, like Entinostat and Mocetinostat,’
currently in clinical phase III and II, respectively. Some HDAC inhibitors have been approved by
Food and Drug Administration (FDA) for the treatment of cancer: Vorinostat and Romidepsin
for cutaneous T-cell lymphoma (CTCL), Belinostat for peripheral T-cell lymphoma and
Panobinostat for multiple myeloma (MM). These compounds are relatively non-selective
inhibitors of all or most of the zinc-dependent HDACs and have a modest therapeutic window. In
clinical trials, side effects such as decreased platelet levels, fatigue, or gastrointestinal toxicity
are dose-limiting.” The scientific community is, therefore, actively trying to develop novel
inhibitors that are highly selective for individual HDAC subtypes with the goal of identifying
more active and better tolerated compounds. In addition, selective inhibitors may also allow

specific biological functions of individual HDAC subtypes to be addressed.
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In this context, HDACS is an interesting, emerging target, since its expression and functional
alterations have been correlated to a variety of pathologies such as autoimmune disorders,
neurodegenerative diseases and cancer.?

HDACS6 is the only isoform with two catalytic domains and a C-terminal zinc finger domain,
which can bind ubiquitinated proteins. Even though it can be localized in the nucleus under
certain conditions,” HDACS is primarily a cytoplasmic protein and its main deacetylase activity
is toward a number of non-histone substrates including a-tubulin, heat shock protein 90 (Hsp90),
-catenin, forkhead box 3 (Foxp3), p53 and cortactin. In contrast to many other HDACs, whose
ablation is lethal in mice or leads to severe functional impairment, HDAC6 KO mice are viable,
suggesting that the selective inhibition of this isoenzyme is likely to be well-tolerated.’ 10

Among different functions, HDACG6 has an important role in immune response regulation.
HDACS, as well as other isoforms, deacetylates the Foxp3 transcription factor,’® 10 a master
regulator of Treg cell development and activity. Selective inhibition of HDAC6 leads to the
acetylation of Foxp3 which in turn results in an increased Treg suppressor function.!! Tregs play
an important role in maintaining immune system homeostasis,'?> and their alteration is involved
in the development of auto-immune pathologies such as rheumatoid arthritis, psoriasis, lupus,
myasthenia gravis, as well as graft versus host disease (GVHD) and organ rejection. In these
pathologic conditions, pharmacologic increase of Treg suppression function is an active field of
investigation.!3 Increased Treg activity exerted by selective HDACS6 inhibitors appears a
promising approach for the treatment of these disorders and, in particular, in organ
transplantation.'4

Many selective HDAC6 inhibitors are described in the literature,> 3% 15 and a new generation of

candidates have recently appeared.'® Tubastatin A (see Table 1 and Figure 1), a compound
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obtained through rational design combined with homology modeling was a milestone in the
discovery of this class of compounds.!” The tricyclic molecule is highly selective for HDAC6
and is largely used as a research tool. In order to improve the druglike properties of this kind of
structure, Kozikowski et al. later generated a range of analogues with a bicyclic-capped
scaffold'® and identified HDACS6 inhibitors with improved pharmacokinetics and in vitro
selectivity. The same group developed Nexturastat A (see Table 1 and Figure 1), an urea
derivative compound, that shows in vitro antiproliferative activity on B16 murine melanoma
cells.!” Another worth mentioning compound is HPOB (see Table 1 and Figure 1), which shows
good selectivity for HDAC6 and seems to enhance the anticancer activity of some known drugs
such as doxorubicin and etoposide.?’ ACY-738 (see Table 1 and Figure 1) and ACY-775 are two
pyrimidine-derivatives that inhibit HDAC6 with high selectivity and potency. These compounds
rapidly distribute to the brain and show antidepressant properties in animal models.?! To the best
of our knowledge, however, none of these selective inhibitors are under active development,
probably due to stability issues or non-optimal druglike properties (as an example, compare
stability data of the above mentioned compounds with the ones of Ricolinostat, Table 1).

Two selective HDAC6 inhibitors, namely Ricolinostat (see Table 1 and Figure 1) and
Citarinostat, are currently under clinical phase I/II investigation, in combination with various
agents such as dexamethasone and bortezomib for the treatment of multiple myeloma?? and
immune checkpoint inhibitor nivolumab in non-small cell lung cancer, respectively. These two
molecules, however, exhibit very low selectivity over HDAC Class I isoforms (see Table 1) and

may have a suboptimal therapeutic index.
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Figure 1. Representative examples of selective histone deacetylase 6 (HDACG6) inhibitors along

42 with the pan-inhibitor Givinostat and an internally developed HDAC6 inhibitor, i.e. ITF3107.

51 Table 1. In-house biological evaluation of the most representative selective HDAC6 inhibitors
53 along with the pan-inhibitor Givinostat and an internally developed HDAC6 inhibitor, i.e.

ITF3107.
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Compd EID?(% IS{%AC\S IEI%AC\; IS{%AC;‘? plasms | plaamat | tonicit?
50 plasma® | plasma® | toxicity
Tubastatin A 2116 218 942 246 3843 98+2 2006£327
Nexturastat 25+1 84 172 64 40+1 100+£1 401£34
HPOB 12142 38 146 53 45+1 79422 8330+464
ACY-738 2+1 156 1176 200 1241 100+1 3390+246
Ricolinostat 12+1 28 101 16 91+1 100+1 201+29
ITF3107 5+1 120 547 73 18+1 100+£1 >10000
Givinostat 4415 2 9 1 72+1 9712 100£15

a — Enzymatic data (ICsp) in nM unit were obtained from curve-fitting of a 5-point enzymatic
assay starting from 100, 30 or 10 uM with 10-fold serial dilution. Experiments were done in
triplicate. Single experiment, except for ITF3107 and Givinostat (n=4). In-house data are in
accordance with the literature. %22

e . . HDACn IC50
b - Selectivity indicator, expressed in terms of ratio between ICs, values (Wrellcso)- See the SI

spreadsheet for the original data and the statistical evaluation.

¢ — Residual percentage of compounds after 4 h. Experiments were done in duplicate. SDs were
calculated on technical replicates

d - ICs¢ values in nM unit are the mean of at least two experiments obtained from the curve
fitting of a 4-points viability assay starting from 10 uM with 10-fold serial dilution.

ITF3107,% a benzohydroxamate-based molecule bearing an amino acid scaffold (see Figure 1),
shares the same selectivity, but also the same stability issues of the other selective HDAC6
inhibitors (see Table 1), probably due to the presence of an amide bond. The compound is,
indeed, a substrate of chymotrypsin (data not shown).

Here we report how our rational drug design approach led to: (1) the modification of the
structure of ITF3107 in order to generate a new class of stable and selective hydroxamate-based

HDACS® inhibitors, and (2) the identification of potential preclinical candidates.

RESULTS AND DISCUSION
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Structure—Activity Relationship (SAR): The design strategy adopted in the discovery of the
new class of compounds was essentially ligand-based, although several docking calculations
were performed in order to cast light on protein motif involved in the binding with the inhibitors.
All new molecular entities were conceived to satisfy simultaneously two conditions: to be highly
potent versus HDAC6 (ICs, in the low nM range) and extremely selective (two or three orders of
magnitude) over HDACS3, the latter being selected as representative of Class | HDAC isoforms.
HDAC3 was preferred to HDACI as during the early stage of our screening campaign the
selectivity over HDAC3 was the most demanding to achieve. Activity on both isoforms (HDAC6
and HDAC3) was evaluated in terms of ICsy (nM), whereas the simple potency ratio

ICso(HDAC3)/IC5o(HDAC6) was used to monitor the selectivity.

The extensive literature on HDAC inhibitors helped us to define a paradigm for an efficient
inhibitor, partitioning the structure®* (Figure 2) in four distinct domains: (1) the zinc binding
group (ZBG); (2) a spacer (usually hydrophobic) filling the dip between the catalytic metal ion
and the outermost surface; (3) a junction capable of addressing (4) the last inhibitor component

(namely the cap term) toward the flexible rim of enzyme.

AT T ook

N SN 4 N\OH \© H
H 1 ° N oH

@)
)

ZT

Figure 2. Qualitative partition of Vorinostat (Zolinza) and Givinostat, two HDAC pan-inhibitors.
It is possible to distinguish in both molecules the zinc binding group (ZBG) in blue, the spacer

region in red, the “junction” in green, and the cap term, in pink.
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The hydroxamic acid moiety is a well-known and highly efficient ZBG?® that has been widely
adopted in the development of reversible inhibitors of zinc-based hydrolases such as matrix
metalloproteinases (MMPs)?¢ or tumor necrosis factor-a converting enzymes (TACE),?’
enzymes in which the closed shell transition metal ion acts as a Lewis acid and triggers the
substrate hydrolysis. The relatively high zinc affinity of this functional group favors both flexible
(Vorinostat,?® Ricolinostat??) and rigid aromatic?*-3? (Givinostat) spacers in the dip between the
zinc cation and the enzyme rim. The N-hydroxybenzamide itself (Table 2, compound 1) exhibits
an inhibitory activity close to 2 uM and a moderate selectivity versus HDACS6 (in terms of
ICs).2* Substitution in the para position with an amino group (compound 2) improves the
potency with a mild reduction in the selectivity, whereas acetylation of this amino group leads to
sub-micromolar activity versus HDAC6 (compound 3). The resulting molecular entity still
exhibits some selectivity and can be considered as a promising starting point for a new class of

HDACS6 selective inhibitors, provided that stability of the amide bond is being monitored.

Table 2. Potency and selectivity trend in small similar moieties.

Selectivity
Compd | HDAC6? HDAC3?
6 vs 3b
H
N on 1 2370£255 | 71572+£10438 30
O
H,N
H
\©\H/N\OH 2 1395+59 18402+1092 13
O
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N
\(I)f O\WH\OH 3 270421 1671110 6
(0]
HZN/\©\H/H
N-oH 4 695+7 50004469 7
(0]

a — Enzymatic data (ICsp) in nM unit were obtained from curve-fitting of a 5-point enzymatic
assay starting from 100, 30 or 10 uM with 10-fold serial dilution. Experiments were done in
triplicate (single experiment). SDs were calculated on technical replicates.

. ) ) HDAC3 IC50
b - Selectivity indicator, expressed in terms of ratio between ICs, values (m).

On the other hand, the amide bond can be replaced with a substructure having similar behavior
and compatible geometry but higher resistance versus the activity of the metabolic enzymes.?!
Substitution can be particularly convenient when the replacement not only mimics all or part of
interactions of the amide group with the binding site residues, but it also adds new ones. The
five-membered heterocycles reported in Figure 3 can potentially mimic the lone pairs localized
on the amide oxygen thanks to the two adjacent nitrogen atoms,? but only the 1,2,4-triazole (A)
and the 1,2,3-triazole (F) have a hydrogen bond donor (HBD) similar to the amide, whereas the

other pentaheterocycles are apparently closer to the ester functional group (B-E).

N—N N—
*)J\ * */QN»\ */< »\* */< >\*
H | ©
H
P N0 En=n P Ny
*/«N/)\* */4\ ,N\* * N N\*

Figure 3. Five-membered rings acting as non-classical bioisosteres of the amide/ester bond.
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Direct replacement of the amide of compound 3 with a 1,2,4-triazole results in better
selectivity (compound 5, Table 3) that is retained also when a methylene group is introduced
between the phenyl and the triazole rings (compound 6, Table 3). In the literature there are

examples of azole-containing benzohydroxamate-based HDAC6 inhibitors.!3

Table 3. Effects on enzymatic inhibitory activity of para substitution on the benzoic
hydroxamate with 1,2,4 triazole, directly bound to phenyl substructure (compound 5) or bearing

a methylene spacer (compound 6).

Compd | HDACE* | HDAC3: | S0
>\NH
N\ —
N y 5 | 353136 | 35632203 | 10
N\OH
(0]

N
S H 6 19849 | 2896+13
_ + +135 15
N-N N-oH
(@)

a — Enzymatic data (ICsp) in nM unit were obtained from curve-fitting of a 5-point enzymatic
assay starting from 100, 30 or 10 uM with 10-fold serial dilution. Experiments were done in
triplicate (single experiment). SDs were calculated on technical replicates.

o ) ) HDAC3 IC50
b - Selectivity indicator, expressed in terms of ratio between 1Cs, values (m).

In the early stage of the investigation a crude homology model was prepared using HDACs or
homologue HDAC: structures available at the time. Despite its low quality (especially if

compared with the recently published complex),** the model was able to capture several features
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1

2

2 of the enzyme and address the design of cap term region of the inhibitors. It is of note that the

Z hypothetic binding conformer was derived from docking calculations where the large amount of
273 high ranking poses of the training compounds (selective inhibitors) were similar to the

9

1(1) Trichostatin A binding conformer available in h-HDACS (pdb code 1T64):3° the cap term of the
:g ligand is pointing toward loop L1, although able to engage an intramolecular bond with Asp101,
12 a conserved residue in Class I isoforms and part of loop L2.

iZ The structures of hydroxamates co-crystallized with HDAC6 show relevant details in the inner
;g catalytic core, not previously detected in complexes involving other HDAC isoforms.3% 34 The

;; denticity (i.e. the number of donor groups in a single ligand that bind to a central atom in a

gézl coordination compound)3® of the hydroxamate in Class I enzymes is usually bidentate, with

;? oxygen atoms both involved in the Zn-O bond, allowing a distorted trigonal bipyramid

;g coordination for the cation. A common feature of several hydroxamate-based inhibitors co-

2(1) crystallized with HDAC62% 36 indicates that only the hydroxyl oxygen atom is directly bound to
32

gi the metal, whereas the carbonyl oxygen is engaged in a hydrogen bond with the catalytic tyrosine
22 (Y745 for z-CD2, PDB code:5G0I/ Y782 for h-CD2, PDB Code SEDU). This particular binding
2573 mode likely allows the presence of one catalytic water molecule in the inner zinc coordination

3(19) sphere, a feature that can play a possible role for the selectivity. It must be said, though, that the
fé bidentate mode is also detected in several HDAC6 - complexes?®-37 as the energy barrier between
fé these two binding conformers is quite low. As a consequence, the delicate balance between the
%Z two different denticities, combined with the interaction between the cap-term of the inhibitor and
:g the rim residues of the enzyme could be the key for the selectivity.

g; Moving from the catalytic core to the outermost region of the enzyme both zebra fish and

;31 human CD2 domains exhibit a dyadic motif that involves F620 and F680 in h-CD2 (F583 and

s

57

58

59
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F643 in z-CD2), two highly conserved residues among HDAC isoforms (see Figure 4). The
facing arylic side chains define a crevice where the phenyl moiety of benzylhydroxamate can fit
in, stabilized by n—m interactions, as shown, as illustrative examples, for compounds 42 in Figure
4 and 13 in Figure 5. Comparison of available HDAC6 complexes with both pan and selective
hydroxamic-based inhibitors?® 33- 3% along with recent docking studies® indicate the relevance of
residues in loops L1 (H500/H463, P501/P464, h-CD2/z-CD2) and L2 (S568/S531), where
binding can be related to a direct contact with enzyme residues or mediated by water molecules,
respectively. Although the loop L1 is shared between class I isoforms and the CD2 of HDAC6,
recent docking results and related structural analysis3® suggest that the selectivity for HDAC6
can be explained in terms of narrow (HDAC1) or different shape of the binding pocket
(HDACS, where loop L1 is shorter). Rim details do not justify, however, the selectivity of
compounds shown in tables 2 and 3, due to the lack of the cap-term, but recent biophysical
investigations indicate that the larger affinity toward HDAC6 exhibited by the benzohydroxamic

acid itself (compound 1) is probably entropy driven.*?
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Figure 4. The docking pose of compound 42 having the highest Dreiding score (the best ranking

function detected in the preliminary docking of the training set compounds). The aryl cap term is

oNOYTULT D WN =

pointing toward loop L1, interacting with a hydrophobic pocket defined by Pro501, His500,
10 His499 and Leu749 (h-CD2, PDB code SEDU). H-bond, electrostatic and n-n interactions are
represented as green, orange and purple dashed lines, respectively; Zn ion as a magenta sphere.

15 The surface of the binding site was generated and rendered in transparent solid yellow.

Figure 5. The docking pose of compound 13 having the highest Dreiding score (the best ranking
o function detected in the preliminary docking of the training set compounds). The aryl cap term is
43 pointing toward loop L1, interacting with a hydrophobic pocket defined by Pro501, His500 and
45 His499 (h-CD2, PDB code SEDU). H-bond, electrostatic and n-7t interactions are represented as
green, orange and purple dashed lines, respectively; Zn ion as a magenta sphere. The surface of

50 the binding site was generated and rendered in transparent solid yellow.
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Docking calculations were performed using the libdoc protocol of the Discovery Studio (DS)
Suite (see Supporting Information for details) and the conformational search of candidates was
focused in a sphere centered in the center of mass of aligned inhibitors available in the crystal
structures (radius equal to 8.0 A). The sphere volume includes both L1 and L2 loops, the
catalytic core, the zinc cation and the residues directly bound to the metal ion.

The best score function for the ranking of the poses was the “Dreiding scores”,*! identified by
analyzing the Receiving Operator Curves (ROCs) evaluated in a preliminary calculation where a
training set of HDAC6 selective and pan inhibitors were mixed with compounds exhibiting low

HDACS6 inhibition potency (at least 10 fold less).

The results emerging from the qualitative docking calculations led us to synthesize a collection
of compounds having several five-membered ring heteroaromatic cycles, bearing the p-
methylbenzohydroxamic acid and an aromatic group. Among them, 1,2,4-triazole, tetrazole (both
1,5- and 2,5-disubstituted), 1,3,4-oxadiazole, 1,2,4-oxadiazole, and 1,3,4-thiadiazole (Table 4,
compounds 7a—c; 7e-g) generated molecules exhibiting good activity on isoform 6 (4 nM) and
selectivity (105 fold) over HDACS3, a robust proof that 1) five-membered rings can be
interchanged without relevant loss of potency and selectivity and that ii) the small aromatic cap-
term is a relevant pharmacophoric feature for both potency and selectivity.

The key role played by the methylene group between the benzohydroxamate moiety and the
five-membered ring is clearly evident when comparing compounds 7b and 8 (Table 4), where the
lack of an sp? carbon atom of the latter induces a significant decrease in both potency and
selectivity. A comparable effect has already been described for other HDAC6 selective inhibitors

that bear a phenothiazine-based benzhydroxamic acid.’® An sp? atom acting as a bridge between
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the two aromatic rings seems beneficial for the HDAC6 inhibitory activity,!”- 1°-20 as it allows a

Journal of Medicinal Chemistry

tilted conformation of the molecule which, in turn, maximizes the interaction with the enzyme’s

binding site.

Table 4. Confirmatory analysis of aromatic heterocycle equivalence and relevance of methylene

spacer between the five-membered ring and the benzohydroxamate moiety.

R

(3

o)
Sel
Compd Het R HDACG6? | 6 vs 3P
H
N
7a \f — @5 5+1 21
N-N
0
7b L )— @5 4+1 32
N-N
=N,
Te N— @; 3+1 72
N:N’
=N, s
7d N— Q_/ 5241 26
N=p\/
_N
Te )— @5 6+1 50
O-N
s
7t | )— @5 16+1 105
N-N
7g “.‘AN— @g 9+1 83
N\\N’
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0]

8 \NIV/>— 0 @; 66049 |3
N
\(N/

9 1 @ 1741 | 129
Lo |

a — Enzymatic data (ICsp) in nM unit were obtained from curve-fitting of a 5-point enzymatic
assay starting from 100, 30 or 10 uM with 10-fold serial dilution. Experiments were done in
triplicate (single experiment). SDs were calculated on technical replicates.

. . ) HDAC3 IC50
b - Selectivity indicator, expressed in terms of ratio between ICs, values (m). See the

SI spreadsheet for the original data and the statistical evaluation.

The shape and the extension of the hydrophobic pocket in the outer portion of the binding site
was then evaluated by adding a methylene spacer between the apical phenyl group and the 2,5-
disubstituted tetrazole (compound 7d, table 4); although the selectivity is still acceptable, the
potency decreases (compare compounds 7¢ and d), suggesting a commensurable misfit on both
HDAC isoforms tested.

The next step was the exploration of a possible (bioisosteric) replacement of the -CH,- group.
The sulfur atom, despite the larger volume of the atomic orbitals in the valence shell, leads to
potent analogues (Table 5, compounds 10a and b) although reduced selectivity is detected when
combined with 1,2,4-oxadiazole. On the contrary, the -NH- moiety fails in both exploratory
compounds synthesized (compounds 11a and b). The different behavior of these analogues can
apparently be explained in terms of the different orbital hybridization in which the sp® valence
orbitals on the sulfur atom allow for a higher degree of freedom with a small energetic barrier
between inactive and active (bent) conformers. The setup is not perfectly compatible with the
nitrogen atom in which the sp? component is more prominent and the related lone pair in the

residual p atomic orbital can be delocalized between the phenyl group and the five-membered

ACS Paragon Plus Environment

17



Page 19 of 106

oNOYTULT D WN =

Journal of Medicinal Chemistry

ring. The resulting structures (11a and b) are then flat, linear and rigid and unable to efficiently

fit into the external portion of the binding site.

Table 5. Possible replacement of methylene group (-S- and —-NH-) between the aromatic

substructures.
X
@
N\OH
0]
Compd Het X |R HDACG6? | Sel 6 vs 3°
o
10a \NIV/>— S @; 6+1 17
“N
S
10b \NIV/>— S @% 6+1 62
N
S
11a \NIV/>— NH @% 6610 19
N
o
11b \NIV/>— NH @g 136+1 10
“N

a — Enzymatic data (ICsp) in nM unit were obtained from curve-fitting of a 5-point enzymatic
assay starting from 100, 30 or 10 uM with 10-fold serial dilution. Experiments were done in
triplicate (single experiment). SDs were calculated on technical replicates.

. . ) HDAC3 IC50
b - Selectivity indicator, expressed in terms of ratio between ICs, values (m). See the

SI spreadsheet for the original data and the statistical evaluation.

Methylation in position 4 of the 1,2,4-triazole ring (compound 9, Table 4) confirms the
hypothesis of the low relevance of a hydrogen bond donor in that position and the experimentally
detected efficiency of oxadiazoles, tetrazoles, and thiadiazoles as isosteres of the amide group.

Although the lack of a polar hydrogen slightly decreases potency on HDAC6 of compound 9,
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selectivity is substantially improved, suggesting a different local environment in the two
isoforms. These considerations are true if the substituent group is small, as a methyl or an amine
(compound 13, 14 and 15, Table 6), while both selectivity and especially potency on HDACG6 are
negatively affected by a bulkier substituent, as e.g. a phenyl group (compound 12, Table 6). On
the other hand, the importance of the lone pairs on adjacent nitrogen atoms of the pentacycles
has been verified by the introduction of substituents in positions 1 and 2 of the 1,2,4-triazole
core. The analysis of the data collected in Table 6 shows that all of these types of substitutions
have a small influence on the selectivity profile, but they deeply affect the potency of the
HDACS6 inhibitory activity. Substitutions in these positions, especially in position 1, in fact,
involve a drastic drop in potency (see compounds 16-18, Table 6). Alkylation of the nitrogen in
position 1 means somehow silencing it by preventing hydrogen bond formation or other types of
interactions with the protein residues. These results are in accordance with the ones exhibited by
compounds 19, 20 and 21'8 (Table 6): these molecules, where the nitrogen in position 1 has been

replaced by a carbon atom, show indeed lower inhibitory activities.

Table 6. Effects of triazole nitrogen atoms substitution on the enzymatic activity.
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R4
N X
RO~ ) H
NN o “OH
R 0
Compd | R* R! R? RS X | HDAC6* 3:'3?,

12 Q abs abs @ S |56+l 25
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S
13¢ CH; abs abs U; S |8+l 61
-
14 CH; abs abs Y>—§ S | 5+1 71
N-N
o
15 NH, abs abs \/N\§©}r S |9+l 55
6
O s
16 abs abs U% CH, |333+24 |16
v
Cl
17 abs abs ©\ZH Q CH, | 368420 |24
18 abs @ abs > S | 162¢16 | 12
s_N
19 3\/\{\’: \©\WH 137412 |4
“OH
0]
S S
O ’
20 N Neop 62+12 |27
o
0O
21 =N Noon 10246 | 49
@]

a — Enzymatic data (ICsp) in nM unit were obtained from curve-fitting of a 5-point enzymatic

assay starting from 100, 30 or 10 uM with 10-fold serial dilution. Experiments were done in

triplicate (single experiment). SDs were calculated on technical replicates.

b - Selectivity indicator, expressed in terms of ratio between 1Cs, values (

SI spreadsheet for the original data and the statistical evaluation.

¢ - HDACG6 ICs, value is the mean of three experiments and SD was calculated on these

independent experiments.

abs = not present.
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A careful analysis of the poses generated by the highly potent compounds of the training set
revealed two possible (average) “active” conformations, shown in Figure 6 for compound 42.
The first geometry, light blue in the figure, is in agreement with the results observed in the
crystal structures of HDAC6-inhibitor complexes,?® 333039 where the aryl moiety of the cap term
lies close to L1 and L2 loops and interacts with the hydrophobic pocket generated by H500 and
P501 (hCD2). The second conformation (in yellow) can be obtained from the former geometry

by a 180° rotation of a C-C bond (see Figure 6). These results are consistent with the literature.*?

Figure 6. Binding conformers of compound 42 detected in docking experiment (hHDAC6 CD2,
PDB code SEDU): conformer A in light blue and conformer B in yellow. The green surface shows
residues which interact with both conformers; light blue and yellow surfaces show specific
interactions with conformer A and B respectively. H-bond, electrostatic and n-n interactions are

represented as green, orange and purple dashed lines, respectively; the Zn ion as a magenta sphere.
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The aryl moiety of the cap term is pointing toward the loop (L5) where T678 (A641 in zCD2)

oNOYTULT D WN =

9 was recently indicated as a key residue involved in a hydrogen bond network triggered by the
" peptidoid moiety of several HDAC6 selective inhibitors and the water molecules.?” It should be
noticed that the aryl moiety of the cap-term lies too far from threonine and the conserved F679

16 (F642 in zCD2), whereas the tetrazole moiety is still close to S658.

20 To further study the variability on the apical portion (R® substituent, Figure 5) we investigated
23 the SAR of some tetrazole-core compounds with a couple of R® aryl substructures with high

25 similarity (such as the phenyl and the pyridyl groups).

27 Both (average) identified conformations show an interesting feature: a residue with an acidic
functionality can be detected in the direction of an ideal vector exiting from para position of the
32 phenyl terminal substructure: D497 (D460 in zCD2) and D675 (E638 in zCD2) for the first and

34 second pose, respectively.
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Figure 7. Binding conformers of compound 35 (in green) detected in docking experiment

(hHDAC6 CD2 PDB code SEDU). The interaction between the aniline cap term and Asp497

contributes to stabilization of the inhibitor into the enzyme binding pocket (yellow surface).

The presence of a local positive charge attractors (loops L1 and L2) suggests the introduction

of an ionizable group in the para position of aryl moiety, as shown, by way of example, in Figure

7 for compound 35 (first pose). This hypothesis was confirmed by data related to all compounds

bearing a positively ionizable group in that position, as evident in table 7.

Substituents in para- or meta- position with high electron density (-CF3, -SFs, -COOH) tend to

slightly reduce potency and selectivity (compare compounds 22-25, Table 7 with compound 7c,

Table 4). On the contrary, amino groups seem to slightly increase activity on HDAC6 down to

one-digit nanomolar (compounds 26 and 27) although selectivity decreases when the nitrogen

atom is not directly bound to the aryl substructure.

Table 7. Tetrazole-based inhibitors bearing a range of phenyl and pyridinyl substituents.

N<
RO~ N H
N=N N-om
(@]
Compd R6 HDAC6* Sel | Compd R6 HpACe: O
b 6vs3
6vs3
F F =
22 F*@ 1142 51 28 | 9+1 189
N
efi
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F
23 E:é/F 2542 50 29 (\lN 72 126
| i C i
FQ \N)\S
X
2613 35 30 _ 20+1 7
q NN

X
25 HO\H/©\£ 1241 43 31 _N 20+1 132

H,N

26 \©\ﬁ 141 75 7d ©vﬁ 5241 26

2 HZN/\©\ + 30 32 ® + 15
7 P s 25+4 7

N

24 Fld

a — Enzymatic data (ICsp) in nM unit were obtained from curve-fitting of a 5-point enzymatic
assay starting from 100, 30 or 10 uM with 10-fold serial dilution. Experiments were done in
triplicate (single experiment). SDs were calculated on technical replicates.

o ) ) HDAC3 IC50
b - Selectivity indicator, expressed in terms of ratio between ICs, values (m). See the

SI spreadsheet for the original data and the statistical evaluation.

¢ - HDACG6 ICs, value is the mean of three independent experiments. SD was calculated on the
independent experiments.

If the phenyl ring is then replaced by a pyridyl moiety (compound 28 vs compound 7¢),
selectivity increases up to a factor of 189 with a small loss in the potency. The pyrimidinyl
substituent (compound 29) shows a similar behavior, whereas the inclusion of a methylene group
between the tetrazole and pyridinyl substructure causes a decrease in potency and an increase in
selectivity (compare compound 32 and compound 7d). The remarkable selectivity exhibited by

pyridyl and pyrimidinyl analogues could be related to new interactions in the HDAC6 isoform
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triggered by the nitrogen atom of the ring (extra hydrogen bond) or by an enhancement of a n—,
or cation-nt non-local bond already available for phenyl-based inhibitors. Unfortunately, docking
results did not confirm this hypothesis. If the pyridinyl group is replaced by a larger moiety, as a
quinoline or an iso-quinoline (compounds 30 and 31, respectively), a moderate decrease in

potency is observed.

Data in Table 2 clearly show that the benzohydroxamic substructure has a role in the
selectivity for HDAC6.?* This observation suggests that modifications of the aromatic ring could
improve the selectivity for this isoform. The excellent potency and selectivity of ACY-73843
(Figure 1), where a pyrimidine is adopted instead of a benzene ring, confirm this hypothesis.
Fluorine atoms, due to their small volume and high electronegativity, are able to generate, when
introduced in 1,3-position, an electrostatic field equivalent to that generated by the pyrimidine
nitrogens.*

The hydrogen to fluorine substitution is extensively adopted in drug discovery and almost 20%
of drugs actually available on the market exhibit at least one fluorine atom,* despite the lack of a
clear rationale. Several investigations pointed out that fluorine can hardly act as hydrogen bond
acceptor?® or trigger a halogen bond, whereas computational studies at high level of theory drew
opposite conclusions.*

The superimposition (see the Supporting Information) of the complex obtained by the best
pose of compound 35 in h-CD2 (Figure 7) and the experimental active conformer detected for
Bavarostat and ACY-1083 (PDB codes 6DVO and SWGM, respectively — see the Supporting

Information) indicate that fluorinated phenyl and pyrimidine moieties adopt a very similar
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position, with fluorinated substrate exhibiting the F atom pointing toward Ser568, a convenient
orientation at a favorable distance for both hydrogen and halogen bonds.

Moreover, compound 35 shows the other fluorine atom close to Leu749 (2.54 A), that might
be stabilized by a possible weak interaction between the halogen and the non-polar hydrogens of
leucine, a feature detected for the Carbonic Anhydrase II and 2,3,4,5,6 Pentafluoro-SBB
complex using QM/MM methods.*® If h-CD2 HDAC6 and hHDACT1 (5ICN) are superimposed,
the conserved leucine in isoform 1 (Leu271) appears too close to the cleft where the
difluorophenyl substructure lies, suggesting a shape of HDAC1 binding site unfavorable for the

weak bond C-FeeeH.

The first group of difluorine-substituted analogues took into consideration only the 2,5
disubstituted tetrazole scaffold. The results summarized in Table 8 show a systematic relevant
increase in selectivity for all reported fluorinated compounds compared to the non-fluorinated
analogues, whereas the potency on HDACS6 is substantially unaltered (compare, for example, the

quinoline analogues 30 and 38, Table 8).

Table 8. Effects of 3,5-fluoro substitution of benzohydroxamate moiety, when a tetrazole ring is

adopted as a scaffold.
X

N«
RO~ N H

NN x N oH

0]
a Sel a Sel
R6 Compd X HDAC6 6 vs 3P Compd X HDAC6 6 vs 3P
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| 28 H 941 189 33¢  F 7+1 921

AN
CJ* 29000 H 742 126 34 F 5+ 967

HoN
@ 26 H 1 75 | 3¢ F 32 210
H,N
/\Qf 27 H 24l 30 36 F 4% 96

X
~N 31 H 201 132 37 F 22+1 676

X
@(j\ 30 H 20+l 7 38  F 1041 58
N

a — Enzymatic data (ICsp) in nM unit were obtained from curve-fitting of a 5-point enzymatic
assay starting from 100, 30 or 10 uM with 10-fold serial dilution. Experiments were done in
triplicate (single experiment). SDs were calculated on technical replicates.

"lmh

e . ) HDAC3 IC50
b - Selectivity indicator, expressed in terms of ratio between ICs, values (m). See the

SI spreadsheet for the original data and the statistical evaluation.

¢ - HDACG6 ICs, value is the mean of three independent experiments. SD was calculated on the
independent experiments.

The same difluorine motif was then assembled on the other heteropentacyclic scaffolds (such
as triazoles, oxadiazoles, and thiadiazoles) and a similar behavior was observed regardless of the
scaffold used (data not shown).

The effects of fluorine atoms on the other positions of the phenyl ring were also investigated

(Table 9). Both the tetrafluoro-substituted analogue (compound 40, Table 9) and the monofluoro
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in the ortho position to the hydroxamate moiety (compound 41) exhibited a heavy drop in

potency and in selectivity, as already observed in other examples in the literature.'®

oNOYTULT D WN =

10 Table 9. Effects of fluorine substitution on benzohydroxamate.

20 Sel
21 Compd | R4 | R5 | R7 | R§ | HDAC6? 6 vs 3°

5 4 |H|H|H|H]| 5% 71

. 3 | F|F|H|H 612 413

27 40 F F F F 2527421 58

29 41 H|H | H /| F | 2238%19 7

31 a — Enzymatic data (ICsp) in nM unit were obtained from curve-fitting of a 5-point enzymatic
32 assay starting from 100, 30 or 10 uM with 10-fold serial dilution. Experiments were done in
triplicate (single experiment). SDs were calculated on technical replicates.

e . : HDAC3 IC50
b - Selectivity indicator, expressed in terms of ratio between ICs, values (m). See the

37 SI spreadsheet for the original data and the statistical evaluation.

39 ¢ - HDACG6 ICs, value is the mean of three independent experiments and SD was calculated on
the independent experiments.

On the basis of the results and the considerations discussed above, a large number of
49 compounds were finally synthesized and tested (data not shown).** Compounds with the best

51 profiles, in terms of potency, selectivity and stability, are shown in Table 10.

56 Table 10. The most promising HDAC6 inhibitors.
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Compnd

Sel vs

Sel vs

Sel vs

Rat

Human

a d d
Compound code | HPACE" | ipACt> | HDAC2Y | HDAC3® | plasmas | plasmas | RatS9° | HumanS9
\
S N S
[/)\(\ T H
NN ©\(N\OH ITF3791 8+1 123 541 61 861 100+1 | 82+1 95+1
o]
13
=N N
NN ON‘OH ITF3983 742 134 435 126 99+1 7645 99+1 8310
29
E
| H
NN Nof ITF3925 741 960 3699 921 87+2 961 9743 8614
o]
33
N F
- N«
\ ¢ N
CN N?N?ij\(“m ITF3985 5+1 739 3109 967 78+1 93+10 | 96+1 89+3
(o]
34
HaN—( - H
yon | ITF4075 342 333 1138 210 77+1 88+6 48+6 74+8
35
NN >\1 s I
\\ Y
A Now | 1TF3933 612 428 1910 413 8043 92+1 3042 7610
o
39
%
NNgmH ITF3756 | 1748 54 236 51 62+5 91+1 8242 100+1
OH
o
42
\ F
©\<\N\”/S H
NN ‘on | ITF3886 9+1 460 1780 233 87+1 99+1 7142 83+2
o)
43
3
Q /N\N H
@‘%NF Now | ITF3921 342 751 3078 786 100+7 | 1001 68+8 9442
o]
44
-
— S
N I
Q\<\N/N F Now | ITF4209 442 733 2672 445 84+4 | 93+14 | 3242 68+8
o)
45
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ITF3978 5+1 803 2530 464 7516 90+12 74£15 69+1

oNOYTULT D WN =

ITF4084 6x1 584 2116 489 100£5 9712 7015 8017

ITF4070 104 522 1995 354 85+13 91+6

ITF4083 1313 624 2428 840 98+3 1001 7917

Givinostat 44+5 2 9 1 72+1 97+1 6x1 83+7

a — Enzymatic data (ICsp) in nM units are the mean of at least 3 experiments (see also the SI,
Table S5) obtained from curve-fitting of a 5-point enzymatic assay starting from 100, 30 or 10
uM with 10-fold serial dilution (technical triplicate).

e . . HDACn IC50
b — Selectivity indicator, expressed in terms of ratio between ICs, values (WZICSO)' HDAC2

inhibition assay was carried out in single experiment (technical triplicate) and the SD was
calculated on technical replicates (see the SI spreadsheet).

¢ — Residual percentage of compounds after 4 h compared to t0 (chromatographic area).
Experiments were carried out in duplicate.

d — Residual percentage of compounds after 90 minutes compared to t0 (chromatographic
area). Experiments were carried out in duplicate.

As expected, the replacement of an amide bond with a more metabolically resistant
substructure generated stable compounds both in plasma and in the S9 fraction (both murine and
human), regardless of the nature of the heterocyclic scaffold (see Table 1 for reference standard
compounds containing amide bonds, like Nexturastat, HOPB and the internally developed

ITF3107).
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BIOLOGICAL EVALUATION. The HDACS6 inhibitors described above have been tested on
all of the remaining HDAC isoforms (see Table 11). All molecules were selective of at least one
order of magnitude for HDAC6 even if some of them displayed significant activity versus

HDACS and HDAC Class Ila isoforms (namely HDAC4, 5, 7, and 9).

Table 11. Complete profiles of the most promising HDAC6 inhibitors.

Compd Compd HDAC6 Sel vs Sel vs Sel vs Sel vs Sel vs Sel vs Sel vs
code HDAC4® | HDAC5® | HDAC7® | HDACS8® | HDAC9® | HDACI10® | HDACI11®
13 ITF3791 8+1 304 326 99 62 132 343 119
29 ITF3983 742 665 721 146 46 246 111 103
33 ITF3925 7+1 139 141 119 138 102 1463 696
34 ITF3985 5+1 105 521 157 73 89 1753 531
35 ITF4075 312 162 144 325 230 118 138 86
39 ITF3933 612 48 42 48 19 24 497 294
42 ITF3756 17+8 176 158 87 80 102 118 81
43 ITF3886 9+1 155 171 61 21 55 763 254
44 ITF3921 312 219 194 330 210 192 876 259
45 ITF4209 412 101 67 77 139 44 507 291
46 ITF3978 5+1 126 101 83 32 36 814 342
47 ITF4084 6+1 53 54 38 64 24 432 250
48 ITF4070 10+4 86 82 79 41 23 310 169
49 ITF4083 1343 33 34 15 34 16 372 278
Givinostat 4415 16 13 20 5 10 4 6

a — Enzymatic data (ICsp) in nM units are the mean of at least 3 experiments (see also the SI,
Table S5) obtained from curve-fitting of a 5-point enzymatic assay starting from 100, 30 or 10
uM with 10-fold serial dilution (technical triplicate).

e . . HDACn IC50
b — Selectivity indicator, expressed in terms of ratio between ICs, values (WZICso)- HDAC

inhibition assays were carried out in single experiment (technical triplicate) and the SDs were
calculated on technical replicates (see the SI spreadsheet).
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High HDACG inhibitory activity and selectivity were then confirmed also in a more
physiological environment. For this purpose, in vitro determination of a-tubulin and histone H3
acetylation was evaluated in the human 697 B-precursor acute lymphoblastic leukemia (B-Pre-
ALL) cell line (see Figure 8).

Givinostat, a pan-HDAC inhibitor, was used as a reference compound for both a-tubulin and
histone H3 acetylation. As expected, the reference compound showed a good acetylation of both
a-tubulin and histone H3. On the contrary, the selective HDAC6 inhibitors caused a-tubulin, but
not histone H3 acetylation: a small increase in H3 acetylation was detectable only at the highest

concentration (see also the Supporting Information)

25 25

Tubulin acetylation Histone H3 acetylation
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Figure 8. Acetylation after in vitro treatment of human 697 B-precursor acute lymphoblastic
leukemia (B-Pre-ALL) cell line with selective HDACG6 inhibitors of A) Tubulin: fold increase

versus control of the acetylated a-tubulin/total a-tubulin ratio at four different concentrations (37,
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111, 333, and 1000 nM) and B) histone H3: fold increase versus control of the acetylated H3/total
H3 ratio, at 1000 nM. All compounds induced tubulin acetylation at all tested doses. On the
contrary, histone H3 acetylation was detectable only at the highest concentration used (1 uM),
except for the pan-inhibitor Givinostat, for which a dose-response effect was observed (data not
shown). The test has been performed in dose/response (4-points, in triplicate) starting from 1 uM
with 3-fold serial dilution for tubulin and at single point, 1 uM, for histone H3 (see the SI for the

original data and the statistical evaluation).

The potent and specific HDAC6 inhibitory activities were also determined in vivo on two
examples of the “first generation” compounds, i.e. the non-fluorinated compounds 13 and 42,
using the degree of tubulin acetylation as a pharmacodynamic marker (data on the second
generation of compounds are in progress). C57BL/6 mice were treated intraperitoneally (ip) with
compounds 13 and 42 at 30 mg/Kg, and the amounts of tubulin and acetylated-tubulin in addition
to histone H3 and acetylated-histone H3 were determined by a specific enzyme-linked
immunosorbent assay (ELISA) in the animals’ spleens and plasma at 60 min and 4 and 24 h after
drug administration.

The results obtained are shown in Figure 9.
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Figure 9. Levels of tubulin and histone H3 acetylation (left Y axis) and concentrations (right Y
axis) of compound 42 (A) and 13 (B) in the spleen and in plasma of mice at different time points

(X axis) following ip administration of inhibitors.

Both compounds were potent in inducing tubulin acetylation proportionally to their
concentrations in the spleen. In fact, the maximal effect was exerted 60 min after administration
(about 11-fold increase versus the vehicle-treated group) corresponding to the Tmax of both
compounds. Moreover, both compounds resulted in specific HDACG6 inhibition as detected by
elevated tubulin acetylation (about 10-fold increase after 60 min) and low histone H3 acetylation
(about 3-fold increase after 60 min). In particular, compound 42 resulted in more specific
inhibitory activity than compound 13 as indicated by the higher Ac-tubulin/Ac-histone H3 ratio
(5.2 versus 3.5) (for relative data, see the Supporting Information). In this experiment a single
high dose was administered in order to determine plasma and spleen concentrations up to 24
hours after administration. It must be noted that plasma levels of both compounds at 24 hours
were below the limit of detection. The pharmacodynamic effect was determined by monitoring

tubulin acetylation that was constantly higher than histone H3 acetylation and detectable even
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after 24 hours. These results provide evidence for in vivo selectivity of both compounds,
however, dose response experiments and the determination of an in vivo ECsy will be needed in
the future to derive quantitative data.

A wealth of literature data suggests that toxicity at the cellular level is mainly linked to Class I
inhibition, HDACG6 selective inhibitors are expected to be less cytotoxic. Hence, we evaluated
the cytotoxicity of all synthesized compounds in a tumor cell line (697 B-precursor acute
lymphoblastic leukemia (B-Pre-ALL)) and, for a limited number of compounds, on human
peripheral blood mononuclear cells (PBMCs). Unlike Givinostat, whose 1Cs¢s were far below
500 nM in both tests (100 nM and 313 nM for 697 B-precursor acute lymphoblastic leukemia
and PBMC respectively), all HDACG6 selective inhibitors displayed values above 1 uM (see the

Supporting Information).

Since the identified HDACG6 inhibitors are minimally cytotoxic in vitro, it is reasonable to
expect a well-tolerated profile in vivo. To this aim, we determined the maximum tolerated dose
(MTD) of the “first generation” compounds 13 and 42.

The study was conducted in mice, and the compounds were administered in three ip doses (10,
30, and 50 mg/Kg) for two cycles of five consecutive days separated by two wash-out days.
During the treatment period, the body weights and the clinical signs were monitored, and the
levels of circulating white blood cells (WBC) and of platelets (PLTs) were determined 1 h after
the last treatment.

The results are reported in Table 12.

Table 12. MTD evaluation of compound 13 and 42 after repeated treatment in the mouse.
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Cmpd | Treatment ?Vz?gyh " PLTs»" | WBC?¢
10 mg/Kg 2.2 -5 -4
42 30 mg/Kg |3.5 -7 -11
50 mg/Kg | 1.4 -1 -15
10 mg/Kg [2.8 -11 1
13 30 mg/Kg |[3.9 -2 -34
50 mg/Kg |3.5 -8 -30

a - % vs control
b - PLTs = level of platelets

¢ - WBC = level of white blood cells

The overall results indicate that neither one of the two HDACG6 inhibitors, up to the dose of 50
mg/Kg, caused any biologically significant effects on body weight, indicating that they did not
show any over toxicity. In addition, no clinical signs (postural changes, inactivity/hyperactivity,
kyphosis, piloerection, spasms, cold-to-touch, soft stools, diarreha, etc) or behavioural changes
(grooming, social behaviour etc) were noticed.

On the other hand, a leucopenic effect was evident for compound 13, whereas compound 42
was well-tolerated. The MTD of the latter molecule, in fact, was higher than 50 mg/Kg, and at
this dose none of the three different monitored parameters was significantly modified (body
weight <5%, PLTs, and WBC <30%).

Compound 13 showed an MTD of <30 mg/Kg (WBC —34%)

As the MTD for both compounds tested (13 and 42) produced overall good results, it was

necessary to understand their pharmacokinetic profiles. For this purpose, plasma levels and the
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main pharmacokinetic parameters were evaluated after single intravenous and oral

administrations in mice (see table 13).

After intravenous administration of 2.6 mg/kg, compound 42 led to a concentration of 685
ng/mL 5 minutes after injection. The terminal half-life was 1.0 hour and the total clearance was
10.3 L/h*kg and apparent volume of distribution at steady state was 4.8 L/kg. Oral
administration of 5.2 mg/kg, gave a Cmax of 237.5 ng/mL at the first sampling point and an

AUC of 93.6 ng*h/mL, corresponding to an absolute bioavailability of 18.5%.

Compound 13 gave a maximum concentration of 540 ng/mL 5 minutes after intravenous
injection of 2.6 mg/kg, a total AUC of 238.6 ng*h/mL and a terminal half-life of 1.3 hours. The
total clearance was 10.9 L/h*kg, whereas the apparent volume of distribution at steady state was
5.4 L/kg. After oral dosing this compound showed a Cmax of 144.4 ng/mL 15 minutes after the
administration. AUCtot was 123.1 ng*h/mL, accounting for an absolute bioavailability of 25.8%.
In conclusion, the pharmacokinetic profile of the two compounds are similar and both molecules

show acceptable oral bioavailability.

Table 13. Pharmacokinetic parameters in mice.

42 13
1.V. oral 1.V. oral
Dose
(mg/kg) 2.6 5.2 2.6 5.2
Cmax
(ng/mL) - 238 - 144
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Tmax (h) - 0.08 - 0.25

AUCtot
(ng*h/mL) [253 94 239 123

oNOYTULT D WN =

CO (ng/mL) [1287 |- 949 |-

CL (L/h*kg) [103 |- 109 |-

vd(Lkg) |[153 |- 205 |-

15 Vss (L’kg) 4.8 54

b T12(h) |1 - 13 |-

19 F % 19 26

23 Compounds 13 and 42 were tested as possible inhibitors of the cytochrome P450 3A4
(CYP3A4) using testosterone as substrate. Ketoconazole, a strong CYP3A4 inhibitor, was used
28 as positive control. The inhibitory potential was evaluated monitoring the activity of CYP3A4 in
30 the metabolism of the marker substrate testosterone at its Km concentration, in human liver

32 microsomes (HLM), in the presence of different concentrations of the potential inhibitors. ICs
values for the two compounds were determined.

37 The results indicate that both compounds have a weak inhibitory effect on CYP3A4 since their
39 ICsq values are in the micromolar range, (ICso = 47.4 uM for compound 42 and ICs5y = 26.6 uM
for compound 13).

44 Further investigations were performed on compound 42. The pharmacokinetic profile was

46 evaluated in rats and dogs confirming a short half-life, a high systemic clearance and a low to
moderate Vss in both species (data not shown). The oral bioavailability was 16% and 25% in

51 dogs and rats, respectively. Ascending doses of compound 42 were also orally administered to
53 mice resulting in a linear pharmacokinetics when administered in the range 5-50 mg/kg (data not

55 shown).
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We also explored the biological activities of our HDAC6 inhibitors. HDAC6 was shown to be
involved in regulating immune response!? and specifically Treg function. Foxp3 is a Forkhead
family transcription factor that is crucial for the development and inhibitory functions of
regulatory T-cells. Its stable expression is a prerequisite to maintain physiologic Treg
suppressive activity,’ which is central for immune homeostasis. Mice and patients that lack
Foxp3, in fact, develop a profound autoimmune-like lymphoproliferative disease
(Immunodeficiency Polyendocrinopathy, Enteropathy, X-linked syndrome, IPEX) that
emphasizes the importance of Treg cells in maintaining peripheral tolerance, preventing
autoimmune diseases, and limiting chronic inflammatory diseases.’' For these reasons, Foxp3
has been proposed as master regulator of Treg cells.

Acetylation has been reported to be crucial for Foxp3 regulation. Ectopically expressed histone
aminoacetyl transferase (HAT) p300, as well as treatment with HDACi, led to Foxp3 acetylation
and stabilization, thus increasing its protein levels and function.’? In addition, acetylation
influences Foxp3 interactions with other partners to form transcriptional regulatory complexes.>3

Foxp3 interacts with HDAC6, 7, and 9, and SIRT1, and it is also likely that multiple HDACs
work together to regulate Foxp3 expression.>* Published data indicate that HDAC6 has a nuclear
function, and it has been implicated in Foxp3 deacetyation in Tregs.”® In addition, de Zoeten et
al. showed that Treg cells in mice lacking HDAC6 express more Foxp3 mRNA than wild-type
mice and have increased suppressor activity.!°

In order to test the capability of our HDAC6 selective inhibitors to induce Foxp3 acetylation,
we transiently transfected the HEK293 cell line with pPCMV6-hFoxp3-Myc-FLAG vector (and

pCMV6-Myc-FLAG as control vector). After transfection, cells were treated with compound 13
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at 500 nM for 6 h. Recombinant Foxp3 was immunoprecipitated with an anti-FLAG antibody,

and its acetylation state was determined by WB using specific anti acetyl-lysine antibody. As

oNOYTULT D WN =

shown in Figure 10A, treatment with compound 13 induced clear acetylation of ectopically-

10 expressed Foxp3 protein.

18 | IP: FLAG
. x - -— @ - WB: FLAG
50 s @ AcC-FOXp3 WB: Ac-lys

it
IP: FLAG
21 =0 - ﬂH- Foxp3 WB: FLAG wms e | WB: GAPDH

22 Foxp3-FLAG - + + Foxp3-FLAG

23 Purified Foxp3-FLAG -  + - =

26 Figure 10. Compound 13 induces Foxp3 hyperacetylation. A), Anti-FLAG®

28 immunoprecipitation from whole cell lysates. Immunoprecipitated materials were separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and further analyzed by
33 western blotting (WB) with antibodies against acetyl-lysine (Ac-lys) and FLAG® as indicated.
35 B) WB analysis from equal amounts (according to glyceraldehyde 3-phosphate dehydrogenase
[GAPDH] signals) of whole lysates from human embryonic kidney (HEK)) 293 cells treated with
40 vehicle control and compound 13 for 6 h. ‘Foxp3-FLAG’ — represents untransfected cells used as

42 the negative control. A purified Foxp3-FLAG protein was used as the positive control.

After establishing that HDAC6 inhibition, exemplified by the use of compound 13, can induce
50 Foxp3 acetylation, we wondered whether this inhibitor could enhance the suppressive function of
52 Tregs in a well-established in vitro assay using Tregs and effector T cells (Teffs) isolated from

the spleen of C57BL/6 mice.'** Compound 13 was able to increase more than 3-fold the Treg-
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associated suppressor activity compared to untreated cells (see Figure 11A). Furthermore, this
increase was obtained over a wide range of Teff:Treg ratios as shown in Figure 11B. At the
concentrations used (1uM), the direct activity on Teffs was <5% (well below the limit set as per
protocol; see experimental section). When used at a lower concentration of 500 nM, compound
13 increased Treg suppressor activity with a relative suppression >1.5 and a negligible direct
activity on Teffs (<0.5%; data not shown). These data demonstrated that our HDAC6 inhibitors
are able to modulate the function of Tregs at well-tolerated concentrations and point to their

usefulness in the treatment of auto-immune diseases or organ transplants.
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Figure 11. Compound 13 enhances Treg suppression function: A) Treg suppression function is
expressed as relative suppression representing the area under the curve (AUC) ratio between
compound 13-treated samples and control (relative suppression=AUC compound/AUC control)
or B) as suppression curve in which the % suppression is shown for each Teff:Treg ratio used.

The graphs show the average values and the SD of two biological replicates.

CHEMISTRY. Most of the compounds described in the present paper were prepared via the

synthesis of the corresponding methyl ester key intermediates, which were readily converted to
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the final hydroxamic acids by hydroxylaminolysis upon treatment with a large excess of aqueous

hydroxylamine and sodium hydroxide in methanol, being the strong alkaline conditions

oNOYTULT D WN =

necessary for the conversion®. In some cases, the final hydroxamic acids were obtained from the
10 corresponding carboxylic acids and hydroxylamine hydrochloride under standard coupling
conditions with 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide

15 hexafluorophosphate (HATU) and N-ethyl-N-(propan-2-yl)propan-2-amine (DIPEA) (Scheme

17 1.

Scheme 1. Synthesis of Hydroxamic Acid Derivatives”
O N OH
H

32 @Reagents and conditions: (i) hydroxylamine (NH,OH) 50% aq, 1M sodium hydroxide
(NaOH), methanol (MeOH), 0°C — room temperature (rt).; (il) HATU, DIPEA, NH,OH<HCI,
35 dimethylformamide (DMF), 0°C — rt

39 Methyl ester key intermediates have been synthesized in different ways according to the nature
41 of the heterocyclic core scaffold.

Compounds bearing a 1,2,4-triazole thiol scaffold were synthesized starting either from the

46 corresponding commercially available carboxylic acids, by activation with T3P (2,4,6-tripropyl-
48 1,3,5,2.,4,6-trioxatriphosphorinane-2,4,6-trioxide) and condensation with N-substituted hydrazine
carbothioamide in the presence of DIPEA in DMF,*¢ or from hydrazides, which were treated

53 with N-substituted isothiocyanate in refluxing ethanol (Scheme 2).>7 Cyclization of the linear

55 intermediates was achieved in aqueous basic conditions under heating to obtain 1,2,4-triazole-3-
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thiols, which, by mean of nucleophilic aromatic substitution, were coupled with the

Page 44 of 106

corresponding aryl halide in the presence of potassium carbonate (K,COj3) to obtain key methyl

ester intermediates. The reaction of 1,2,4-triazole-3-thiols with methyl 4-iodo-benzoate requires

Cu(I)/L-proline catalysis and higher temperatures,®® while the reaction with methyl 3,4,5-

trifluoro-benzoate does not require any catalysis and occurs under mild conditions (55°C).5° The

same conditions were used for the synthesis of 1,3,4-oxadiazole-2-thiol- and 1,3,4-thiadiazole-2-

thiol-derivatives by coupling reaction between the same aryl halides and the corresponding

thiols. Non-commercially available 1,3,4-thiadiazole-2-thiols were obtained by treating different

hydrazides with CS, under basic conditions (Scheme 2).

Scheme 2. Synthesis of compounds bearing a 1,2,4-triazole-3-thiol, 1,3,4-thiadiazole-2-thiol

and1,3,4-oxadiazole-2-thiol scaffold
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aReagents and Conditions: (i) T3P, DIPEA, DMF, 0°C —> rt, 2 h; (ii) EtOH, reflux; (iii) 2M
NaOH, 70°C, 16h; (iv) methyl 4-iodo-benzoate, K,COs3, Cul 5%, L-proline 10%, 120°C, DMF,
16 h; (v) methyl 3,4,5-trifluoro-benzoate, K,CO3;, DMF, 55°C, 16h; (vi) CS,, KOH, EtOH, 0°C,
1 h; (vii) H,SOy, acetone, 0°C, 1h.

oNOYTULT D WN =

11 Compounds containing a 1,2,4-triazole-2-methylene core scaffold were prepared as described
13 in Scheme 3a starting from 2-(4-(methoxycarbonyl)phenyl)acetic acid via a reaction with a

15 substituted amidine in the presence of HATU and DIPEA in dimethylformamide (DMF). The
18 intermediate thus obtained was treated one-pot with hydrazine hydrate and an excess of acetic
20 acid to yield the desired cyclic product. By treating the intermediate with a suitably substituted

22 hydrazine, it was possible to obtain 1,3,5-substituted-1,2,4-triazole derivatives.%°

Scheme 3. Synthesis of compounds bearing 1,2,4-triazole (a and b), 1,3,4-oxadiazole (b) and
28 1,3,4-thiadiazole (b and c) scaffold”
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1

2

2 “Reagents and Conditions: (i) HATU, DIPEA, DMF, 2 h, rt; (i1) AcOH, 80°C, 16 h; (iii)

s Lawesson’s reagent, toluene, 120°C, 15 min; (iv) Burgess’ reagent, toluene, reflux; (v) SOCI,,

6 reflux, 1h; (vi) fBu-malonate, NaH, anhydrous DMF, 3 h, rt; (vii) TFA, DCE, reflux, overnight;

7 (viii) SOCl,, DCM, reflux, 1 h; (ix) NH,NHBoc, TEA, 0°C — rt, 30 min; (x) TFA/DCM 1:2;

8 (xi) MeNH, 2M, THF.

9

10

1

12 Compounds with 1,3,4-thiadiazole and 1,3,4-oxadiazole scaffolds were also obtained by

13

14 cyclization of an open intermediate, that was prepared by condensation of 2-(4-

15

1? (methoxycarbonyl)phenyl)acetic acid with appropriate hydrazide via HATU and DIPEA

18

19 activation. Hydrazides were either commercially available or easily prepared from the

20

21 corresponding carboxylic acid (Scheme 3c). Lawesson’s reagent was used as cyclizing agent for

22

;i 1,3,4-thiadiazole derivatives, while the same intermediate cyclized upon treatment with an

25

26 excess of Burgess’ reagent in refluxing toluene or tetrahydrofuran (THF) to provide 1,3,4-

27

28 oxadiazoles (Scheme 3b). As for 2-(2,6-difluoro-4-(methoxycarbonyl)phenyl)acetic acid, it is not

29

2(1) commercially available and was synthesized by reacting methyl 3,4,5-trifluorobenzoate and di-
2 . . cq . .

23 tert-butyl malonate in presence of sodium hydride in anhydrous dimethylformamide (DMF). The

34

35 resulting di-tert-butyl 2-(2,6-difluoro-4-(methoxycarbonyl)phenyl)malonate was then

36

37 decarboxylated by treating with trifluoroacetic acid (TFA) under reflux (Scheme 3c).

38

zg Due to the low reactivity of 2-(2,6-difluoro-4-(methoxycarbonyl)phenyl)acetic acid, it was

41

42 necessary to activate it with thionyl chloride to achieve the condensation (Scheme 3c).

43

44 1,3,4-Oxadiazol derivatives were used as starting materials for the synthesis of compounds

45

j? bearing the 4-methyl-4/H-1,2,4-triazole core. The conversion was obtained by heating the

48

49 oxadiazole in THF in presence of MeNH,, as described in Scheme 3b.

50

51 1,2,4-Oxadiazole bearing compounds were synthesized starting from 4-(cyanomethyl)benzoic

52

gi acid by treatment with hydroxylamine hydrochloride in the presence of an excess of potassium

gg hydroxide in refluxing ethanol. The resulting 4-(2-amino-2-(hydroxyimino)ethyl)benzoic acid

57

58

59
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was then reacted with the respective carboxylic acid, which was previously activated with HATU
in the presence of DIPEA, to give a linear intermediate. Cyclization to 1,2,3-oxadiazole was
achieved upon heating at 100°C in the presence of molecular sieves or cyclizing agents such as

carbonyldiimidazole (Scheme 4).

Scheme 4. Synthesis of compounds bearing a 1,2,4-Oxadiazole scaffold“

o)
6
HOJ\MnR
NH OH
N | 2 i
HO —— HO Negy  — N o
R® N
0 o o

“Reagents and Conditions: (i) NH,OH*HCI, NaOH, EtOH, reflux; (ii) a. HATU, DIPEA,
DMEF; b. carbonyldiimidazole, 100°C .

Compounds displaying a 2-amino-1,3,4-oxadiazole moiety were obtained by combining an
acyl hydrazide with methyl 4-isocyanatobenzoate in THF at room temperature and refluxing the

forming intermediate in the presence of an excess of Burgess’ reagent (Scheme 5a).6!

Scheme 5. Synthesis of compounds bearing a 2-amino-1,3,4-oxadiazole and 2-amino-1,3,4-

thiadiazole scaffold?
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“Reagents and Conditions: (i) THF, 3 h, rt; (ii) Burgess’ reagent, THF, reflux; (iii) methyl 4-
aminobenzoate, NaH; (iv) methyl 3,4,5-trifluorobenzoate, K,COs, tetrabutylammonium iodide
30 (TBAI).

34 2-Amino-1,3,4-thiadiazole derivatives were obtained by nucleophilic substitution, which can
36 be performed reacting 2-bromo-1,3,4-thiadiazoles with methyl 4-aminobenzoate or 2-amino-
1,3,4-thiadiazoles with methyl 3,4,5-trifluorobenzoate (Scheme 5, b and c¢).

41 Compounds characterized by a tetrazole moiety were obtained by reaction of a N-H-tetrazole
43 with methyl 4-(chloromethyl)benzoate or methyl 4-(chloromethyl)-3,5-difluoro benzoate in the

presence of K,COj in acetonitrile (ACN) under heating (Scheme 6).%2

50 Scheme 6. Synthesis of compounds bearing a tetrazole scaffold®
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O
R4 -
R®  N=N 0
M N;@Aj\ 2,5-substituted
. "N tetrazole
| i R5
+

N i
refhs. —— RN N -

R4
R® N=N o~
N l\\l 1,5-substituted
Cl tetrazole

R4
R4, R5=H, F

“Reagents and Conditions: (i) NaN;, NH4CI, DMF, 100°C, 16 h; (ii) K,COs, ACN, 100°C, 16

Some N-H-tetrazoles were commercially available, while others were prepared by treating the
respective nitrile with sodium azide and ammonium chloride in DMF under heating.

Regioselectivity depends on the tetrazole substrate with the 2,5-disubstituted product 2-10-fold
favoured relative to the 1,5-disubstituted product. Regio-isomers could be identified by nuclear
magnetic resonance (NMR) and easily separated by chromatography on silica gel.

Scheme 7. Synthesis of compounds bearing a 3,4,5-trisubstituted 1,2,4-triazole scaffold?

0
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“Reagents and Conditions: (i) TEA, DCM, rt, 18h; (i1) SOCl,, reflux, 16 h; (iii) toluene, reflux,
16 h.

oNOYTULT D WN =

9 Compounds bearing a 3,4,5-trisubstituted 1,2,4-triazole as a scaffold were prepared starting
n from methyl p-aminomethylbenzoate hydrochloride and the corresponding acylchloride in
presence of triethylamine. The resulting amide was refluxed in thionyl chloride to form an

16 intermediate imidoyl chloride, which gave the desired product upon reaction with the

18 corresponding hydrazide and subsequent cyclization in refluxing toluene (Scheme 7).63

! CONCLUSIONS

24 Selective HDAC6 inhibitors with improved safety and tolerability open the way for

26 exploration of the multiple facets of this enzyme’s biology and its involvement in different
diseases using a pharmacological agent. Several inhibitor chemotypes with exquisite selectivity
31 for HDAC6 have been reported by different groups over the past decade. Indeed, for no other

33 HDAC subtype has the same extent of inhibitor selectivity been chemically feasible thus far.

35 While selectivity is a necessary prerequisite, the drug-like properties of HDAC6 selective
inhibitors are equally important, but these are largely suboptimal for most of the described

40 molecules.

42 In this study, we report on the development of a new class of HDAC6 inhibitors (see Table 10)
that are very potent and selective over Class | HDACs in vitro and in vivo. Representatives of
47 this chemical series are very well tolerated in mice, are metabolically stable, orally bioavailable,
49 and present acceptable pharmacokinetics in the mouse. In vitro, these molecules are able to
modulate the function of Tregs at well-tolerated concentrations, thus indicating them as useful

54 compounds for the development of drugs for treatment of autoimmune diseases or organ

60 ACS Paragon Plus Environment

50



oNOYTULT D WN =

Journal of Medicinal Chemistry Page 52 of 106

transplants. We envisage that these new inhibitors will also be useful as pharmacological tools to

explore the therapeutic benefits of HDACG6 inhibition in several additional pathologies.

EXPERIMENTAL SECTION

GENERAL INFORMATION. All solvents and chemicals were used as purchased without any
further purification. "H-NMR spectra were recorded on a Bruker Avance III spectrometer (400
MHz), and chemical shifts are reported in 0 units (ppm) relative to TMS. MS experiments were
carried out using an ABSciex 3200 QTRAP spectrometer or a Waters QDA mass spectrometer.
Reactions were monitored by Agilent 1100 HPLC system with acetonitrile (ACN) and water
spiked with 0.1% TFA as mobile phase or by Shimadzu UPLC LCMS-2020. Flash
chromatographic purifications were performed using the automated Reveleris X2 system from
Grace and prepacked cartridges, filled up with silica gel or reversed phase solid phase according
to the case. Semipreparative RP-HPLC purifications were performed on a Waters system or on a
Shimadzu UFLC 20 for preparative HPLC, LC-20A4P. Purity of final compounds were
determined by HPLC. For compounds intended to undergo preliminary screening, the purity was
>85%. For compounds intended for in-depth studies, the purity was >95% (HPLC area %). The
instrument used was Agilent 1100. Column was a Waters Xterra® RP18, 3.5 um particle size
(150 x x2.1 mm); eluent A, water with 0.1% TFA; eluent B, CAN with 0.1% TFA; flow rate 0.2
ml/min, gradient from 0 to 100% B in 40 minutes; detection at 230 nm and column temperature
of 40°C. In some cases column Phenomenex Jupiter® C18 (250 x 4.6 mm) was used, with flow
rate of 1 ml/min, gradient from 5 to 85% of eluent B and column temperature of 25°C.

Some compounds described in this work were prepared by straightforward conversion of the

commercially available carboxylic acid into hydroxamic acid.
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General procedure (A) for the conversion of carboxylic acid into hydroxamic acid. To a
solution of the acid (1 equiv) in DMF, 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium 3-oxide hexafluorophosphate (HATU) (1.3 equiv) and N,N-diisopropylethylamine
(DIPEA) (1.3 equiv) were added. The reaction mixture was stirred at room temperature (rt) for
15 min. A solution of NH,OH hydrochloride (5 equiv) and DIPEA (5 equiv) in DMF was then
added to the reaction mixture. After 1h at rt, the mixture was poured into water. A white solid
formed was collected by filtration and rinsed with water.

General procedure (B) for the conversion of methyl ester intermediate into hydroxamic
acid (Scheme 1). The ester was suspended in methanol, and the reaction mixture obtained was
cooled to 0°C in an ice bath and magnetically stirred. After hydroxylamine (50%, aqueous
solution, 40 equiv) addition, a 1M sodium hydroxide (10 equiv) aqueous solution was added
dropwise. The ice bath was then removed, allowing the solution to reach rt. Conversion of the
starting product into hydroxamic acid was confirmed by HPLC (around 1 h). The methanolic
portion was removed by evaporation under reduced pressure, and the reaction was subsequently
quenched by adding 1M hydrochloric acid aqueous solution and ethyl acetate (EtOAc). Phases
were separated, and the aqueous layer was re-extracted with additional EtOAc (3x). The organic
phases were combined and washed with a saturated sodium bicarbonate solution (2x) and brine
(2x), dried over sodium sulfate, filtered, and concentrated to dryness to yield a pure product.

N-Hydroxybenzamide (1) was purchased from Enamine Ltd and used without any modification
nor purification.

4-Aminobenzohydroxamic acid hydrochloride (2). The title compound was synthesized from
commercially available ethyl 4-aminobenzoate according to general procedure B (7.9 mmol, 16%).

'H NMR (400 MHz, DMSO) & 7.77 (d, J = 8.6 Hz, 1H), 7.24 (d, J = 8.6 Hz, 1H). 3C NMR (101
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MHz, DMSO) 6 163.7 (s, 1C), 138.9 (s, 1C), 129.2 (s, 1C), 128.5 (s, 2C), 120.7 (s, 2C). [M-H]* =
153.40.

4-Acetamido-N-hydroxybenzamide (3). The title compound was synthesized from
commercially available 4-acetamidobenzoic acid according to general procedure A (2.99 mmol,
18%). "H NMR (400 MHz, DMSO) & 11.09 (s, 1H), 10.16 (s, 1H), 8.95 (s, 1H), 7.70 (d, J = 8.8
Hz, 1H), 7.63 (d, J = 8.8 Hz, 1H), 2.07 (s, 3H). 3*C NMR (101 MHz, DMSO) & 168.8 (s, 1C),
164.1 (s, 1C), 141.9 (s, 1C), 127.7 (s, 2C), 127.1 (s, 1C), 118.3 (s, 2C), 24.2 (s, 1C). [M-H]* =
195.50.

4-Aminomethyl-N-hydroxy-benzamide (4). The title compound was synthesized from
commercially available 4-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino)methyl)benzoic acid
according to general procedure A (0.17 mmol, 22.1% over two steps). 'HNMR (400 MHz, DMSO)
6 7.70 (d, J= 8.2 Hz, 2H), 7.40 (d, J = 8.1 Hz, 2H), 3.76 (s, 2H). *C NMR (101 MHz, DMSO) 6
164.2 (s, 1C), 147.2 (s, 1C), 130.9 (s, 1C), 127.0 (s, 2C), 126.8 (s, 2C), 42.8 (s, 1C). [M-H]* =
293.1

N-Hydroxy-4-(5-methyl-4H-1,2,4-triazol-3-yl)benzamide (5). The title compound was
synthesized from commercially available 4-(5-methyl-4H-1,2,4-triazol-3-yl)benzoic acid
according to general procedure A (0.024 mmol, 4.5%). '"H NMR (400 MHz, DMSO) & 11.27 (s,
1H), 9.07 (s, 1H), 8.39 (s, 1H), 8.04 (d, J = 8.6 Hz, 2H), 7.83 (d, J = 8.5 Hz, 2H), 2.41 (s, 3H).

I3C NMR (101 MHz, DMSO) 6 164.0 (s, 1C), 159.2 (s, 1C), 154.8 (s, 1C), 133.4 (s, 1C), 133.0
(s, 1C), 127.4 (s, 2C), 125.6 (s, 2C), 12.0 (s, 1C). [M-H]" = 167.00.

4-((4H-1,2,4-Triazol-3-yl)methyl)-NV-hydroxybenzamide (6). The title compound was
synthesized from commercially available 4-((4H-1,2,4-triazol-3-yl)methyl)benzoic acid

according to general procedure A (0.063 mmol, 11%). 'H NMR (400 MHz, DMSO) & 11.16 (s,
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1H), 9.16 (s, 2H), 8.36 (s, 1H), 7.69 (d, J= 7.8 Hz, 2H), 7.34 (d, /= 7.8 Hz, 2H), 4.13 (s, 2H). 3C
NMR (101 MHz, DMSO) 6 164.1 (s, 1C), 158.4 (q, 2Jcr = 36.2 Hz, 1C, CO TFA), 157.5 (s, 1C),
146.7 (s, 1C), 140.7 (s, 1C), 131.2 (s, 1C), 128.7 (s, 2C), 127.1 (s, 2C), 115.8 (q, 'Jc.r=291.6 Hz,
1C, TFA), 32.3 (s, 1C). [M-H]* = 219.18.

General procedure (C) for the synthesis of compounds with 1,2,4-triazole scaffold - V-
hydroxy-4-((5-phenyl-4H-1,2,4-triazol-3-yl)methyl)benzamide (7a). The synthesis of 7a is
representative for general procedure C (Scheme 3a). In a round-bottom flask 2-(4-
(methoxycarbonyl)phenyl)acetic acid (0.5 mmol, 1 equiv), benzimidamide hydrochloride (0.89
mmol, 1.78 equiv) and HATU (0.55 mmol, 1.1 equiv) were suspended in DMF (2 mL). DIPEA
(1.5 mmol, 3 equiv) was added, and the reaction mixture was stirred at rt. The complete
conversion of the starting materials into the intermediate compound was observed after 3 h.
Hydrazine hydrochloride (0.92 mmol, 1.84 equiv) and acetic acid (5 mmol, 10 equiv) were
added, and the reaction mixture was heated to 80°C and stirred overnight. When the conversion
of the intermediate compound into the triazolic product was complete, the reaction mixture was
allowed to reach rt, and it was then diluted with EtOAc and washed with NaHCOj saturated
solution and brine. The organic layer was dried over Na,SQOy, filtered, and evaporated to dryness.
The crude material was purified by flash chromatography (silica cartridge, n-hexane/EtOAc).
The obtained methyl ester was converted into hydroxamic acid according to general procedure B
(0.136 mmol, 27% over 2 steps). '"H NMR (400 MHz, DMSO) & 11.44 (br s, 1H), 9.04 (br s, 1H),
7.98 (d,J=6.8 Hz, 2H), 7.71 (d, J = 8.2 Hz, 2H), 7.41-7.50 (m, 3H), 7.39 (d, /= 8.2 Hz, 2H),
4.16 (s, 2H). 3C NMR (101 MHz, DMSO) 6 164.1 (s, 1C), 140.9 (s, 2C), 131.2 (s, 1C), 129.3 (s,

2C), 128.9 (s, 2C), 128.7 (s, 2C), 127.2 (s, 2C), 125.9 (s, 2C), 32.6 (s, 1C). [M-H]* = 293.1.
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N-Hydroxy-4-((5-phenyl-1,3,4-oxadiazol-2-yl)methyl)benzamide (7b) (Scheme 3b). A
solution of Boc-hydrazine (3.6 mmol, 1 equiv) in ACN (5 mL) and NaHCOj; (3.6 mmol, 1 equiv)
were added to a solution of benzoyl chloride (3.6 mmol, 1 equiv) in ACN (5 mL). After 3 h at rt,
the solvent was evaporated under an air flow. The residue was treated with TFA for 3 h. The acid
was removed under an air stream, the residue was taken up with EtOAc, and washed with a 2.5%
NaHCOs; solution. The combined organic layers were dried over Na,SQOy, filtered, and
evaporated to dryness. The resulting hydrazide was dissolved in tetrahydrofuran (THF), and the
solution was added to 2- (4-(methoxycarbonyl)phenyl)acetic acid (1.3 equiv), previously
activated with HATU (1.3 equiv) and DIPEA (2.6 equiv) in THF. After 3 h at rt, complete
conversion of the starting reagents into the desired open intermediate was observed. Solvent was
removed by evaporation under an air stream. The residue was taken up in water, and the
precipitate was filtered on a sintered septum. The product was suspended in dry toluene (5 mL),
Burgess’ reagent (1.72 equiv) was added, and the mixture was heated under reflux. Afterl h,
complete conversion of the starting compound into the cyclized product was observed. Solvent
was removed by evaporation under reduced pressure. The residue was taken up with
dichloromethane (DCM) and washed with 1N HCI and water. The organic phase was dried on
Na,SO,, filtered, and evaporated to dryness. The resulting methyl ester was converted into
hydroxamic acid following general procedure B (0.53 mmol, 14.2% over four steps). 'H NMR
(400 MHz, DMSO) 6 8.79 (s, 2H), 7.97 (dd, J= 8.1, 1.7 Hz, 2H), 7.76 (d, /= 8.2 Hz, 2H), 7.61
(m, 3H), 7.48 (d, J= 8.2 Hz, 2H), 4.44 (s, 2H). 3C NMR (101 MHz, DMSO) 6 165.3 (s, 1C),
164.4 (s, 1C), 163.9 (s, 1C), 137.6 (s, 1C), 132.0 (s, 1C), 131.9 (s, 1C), 129.5 (s, 2C), 129.1 (s,

2C), 127.4 (s, 2C), 126.5 (s, 2C), 123.4 (s, 1C), 30.7 (s, 1C). [M+H]"= 296.04.
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General procedure (D) for the synthesis of compounds with tetrazole scaffold - /V-
hydroxy-4-((5-phenyl-2H-tetrazol-2-yl)methyl)benzamide (7c¢). The synthesis of 7¢ is
representative for general procedure D (Scheme 6). Sodium azide (2.2 equiv) and ammonium
chloride (2.2 equiv) were added to a solution of benzonitrile (1 equiv) in DMF at rt. The
suspension was heated at 120°C and stirred overnight. After complete conversion of the starting
material, the mixture was cooled to 0°C in an ice bath, diluted with 10 mL of water, and acidified
with 1N HCI aqueous solution. The resulting precipitate was collected by filtration and washed
twice with water before drying under reduced pressure. The resulting tetrazole was added to a
reaction vessel charged with potassium carbonate (742 mg, 1 equiv) and 5 mL of ACN under
magnetic stirring at rt. A solution of methyl 4-chloromethylbenzoate (1.1 equiv) in 5 mL of ACN
was added. The mixture was heated at 100°C and stirred overnight. The complete conversion of
starting material into the two regio-isomeric products (1,5-disubstituted and 2,5-disubstituted
tetrazoles) was checked by liquid chromatography-mass spectroscopy (LC-MS). Insoluble
material was removed by filtration, and the filtrate was evaporated under reduced pressure. The
two regio-isomers were isolated by column chromatography on silica gel (toluene : EtOAc). The
obtained methyl ester was converted into hydroxamic acid following general procedure B. 'H
NMR (400 MHz, DMSO) 6 9.72 (br s, 1H), 8.02-8.09 (m, 2H), 7.78 (d, /= 8.1 Hz, 2H), 7.51-
7.60 (m, 3H), 7.47 (d, J= 8.1 Hz, 2H), 6.07 (s, 2H). 3C NMR (101 MHz, DMSO) 6 164.6 (s,
1C), 163.6 (s, 1C), 136.9 (s, 1C), 133.3 (s, 1C), 130.7 (s, 1C), 129.4 (s, 2C), 128.4 (s, 2C), 127.5
(s, 2C), 126.8 (s, 1C), 126.5 (s, 2C), 55.8 (s, 1C). [M-H]" = 296.50.

4-((5-Benzyl-2H-tetrazol-2-yl)methyl)-N-hydroxybenzamide (7d). The title compound was
synthesized from commercially available 5-benzyl-2H-tetrazole according to general procedure

D (0.3 mmol, 30.7% over two steps, HPLC purity 88% - used only for preliminary screening).

ACS Paragon Plus Environment

56



oNOYTULT D WN =

Journal of Medicinal Chemistry Page 58 of 106

'"H NMR (400 MHz, DMSO) & 11.23 (s, 1H), 9.07 (s, 1H), 7.75 (d, J = 8.4 Hz, 2H), 7.40 (d, J =
8.4 Hz, 2H), 7.21-7.34 (m, 5H), 5.95 (s, 2H), 4.23 (s, 2H). >*C NMR (101 MHz, DMSO) § 165.5
(s, 1C), 137.1 (s, 1C), 137.0 (s, 1C), 133.1 (s, 1C), 129.9 (s, 1C), 128.8 (s, 2C), 128.6 (s, 2C),
128.4 (s, 2C), 127.5 (s, 1C), 126.8 (s, 2C), 55.4 (s, 1C), 30.9 (s, 1C). [M+H]"*=310.18

N-Hydroxy-4-((5-phenyl-1,2,4-oxadiazol-3-yl)methyl)benzamide (7¢) (Scheme 4). A
mixture of the methyl 4-(cyanomethyl)benzoate (11 mmol, 1 equiv), NH,OH hydrochloride (22
mmol, 2 equiv) and NaHCO; (22 mmol, 2 equiv) in 40 mL of methanol was refluxed overnight.
After filtration and concentration, the crude product thus obtained was purified by column
chromatography (10% of EtOAc in DCM). The purified methyl (Z)-4-(2-amino-2-
(hydroxyimino)ethyl)benzoate (1.44 mmol, 1 equiv) was then dissolved in 2 mL of anhydrous
DMEF. DIPEA (4.32 mmol, 3 equiv) and benzoyl chloride (1.73 mmol, 1.2 equiv) were added and
the reaction mixture was stirred overnight at rt. The reaction was quenched with water and
extracted with EtOAc. Column chromatography purification (neat DCM) yielded the pure ester
intermediate, which was converted into hydroxamic acid according to general procedure B. 'H
NMR (400 MHz, DMSO) 6 11.18 (br s, 1H), 9.01 (br s, 1H), 8.09 (d, J= 7.8 Hz, 2H), 7.67-7.76
(m, 3H), 7.63 (t,J = 7.6 Hz, 2H), 7.44 (d, J = 8.0 Hz, 2H), 4.25 (s, 2H). '*C NMR (101 MHz,
DMSO) & 175.3 (s, 1C), 169.8 (s, 1C), 164.0 (s, 1C), 139.0 (s, 1C), 133.4 (s, 1C), 131.6 (s, 10),
129.6 (s, 2C), 129.1 (s, 2C), 127.9 (s, 2C), 127.3 (s, 2C), 123.4 (s, 1C), 31.3 (s, 1C). [M+H]"=
296.5.

N-Hydroxy-4-((5-phenyl-1,3,4-thiadiazol-2-yl)methyl)benzamide (7f) (Scheme 3b). HATU
(2.21 mmol, 1.3 equiv) was added to a solution of 2-(4-(methoxycarbonyl)phenyl)acetic acid (1.7
mmol, 1 equiv) and DIPEA (4.42 mmol, 2.6 equiv) in 20 mL of anhydrous THF. After 1 h

benzoylhydrazine (2.21 mmol, 1.3 equiv) was added, and the reaction mixture was stirred
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overnight at rt. The solvent was evaporated, and the residue was treated with water, filtered, and

then dried. The resulting linear intermediate (0.88 mmol, 1 equiv) was taken up with toluene (5

oNOYTULT D WN =

mL), and Lawesson’s reagent (0.86 mmol, 0.98 equiv) was added to the mixture. The vessel was
10 sealed, and the mixture was stirred at 120°C for 15 min. Full conversion into the cyclic product
was observed by ultraperformance liquid chromatographic (UPLC) monitoring. The solvent was
15 evaporated, and the residue was purified by column chromatography first using EtOAc in hexane
17 (gradient 20% to 100%) followed by 5% MeOH in DCM. The resulting methyl ester was
converted into hydroxamic acid according to general procedure B. 'H NMR (400 MHz, DMSO)
22 o 11.21 (s, 1H), 9.03 (s, 1H), 7.93 (dd, /= 2.0, 7.5 Hz, 2H), 7.76 (d, J = 8.2 Hz, 2H), 7.5-7.57

24 (m, 3H), 7.47 (d, J= 8.2 Hz, 2H), 4.58 (s, 2H). 3C NMR (101 MHz, DMSO) 6 169.1 (s, 1C),

26 168.6 (s, 1C), 164.0 (s, 1C), 140.7 (s, 1C), 131.8 (s, 1C), 131.3 (s, 1C), 129.7 (s, 1C), 129.5 (s,
29 2C), 129.0 (s, 2C), 127.7 (s, 2C), 127.5 (s, 2C), 35.0 (s, 1C). [M+H]™=312.12.

31 N-Hydroxy-4-((5-phenyl-1H-tetrazol-1-yl)methyl)benzamide (7g). The title compound was
33 synthesized from commercially available 5-phenyl-1H-tetrazole according to general procedure
D (0.3 mmol, 15.2% over two steps). 'H NMR (400 MHz, DMSO) & 10.86 (br s, 1H), 9.50 (br s,
38 1H), 7.74 (d, J= 7.1 Hz, 2H), 7.70 (d, /= 7.9 Hz, 2H), 7.66-7.52 (m, 3H), 7.18 (d, /= 7.8 Hz,
40 2H), 5.85 (s, 2H). 3*C NMR (101 MHz, DMSO) 6 163.5 (s, 1C), 154.3 (s, 1C), 137.4 (s, 1C),

42 132.9 (s, 1C), 131.4 (s, 1C), 129.3 (s, 1C), 128.8 (s, 1C), 127.5 (s, 1C), 127.4 (s, 1C), 123.56 (s,

45 1C), 50.7 (s, 1C). [M-H]*=294.0

N-Hydroxy-4-(5-phenyl-[1,3,4]oxadiazol-2-yl)-benzamide (8). The title compound was
5o synthesized from commercially available 4-(5-phenyl-1,3,4-oxadiazol-2-yl)benzoic acid

54 according to general procedure A (0.035 mmol, 13%). '"H NMR (400 MHz, DMSO) 6 11.46 (br
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s, 1H), 9.22 (br s, 1H), 8.22 (d, J= 8.4 Hz, 2H), 8.16 (dd, J = 1.8, 7.7 Hz, 2H), 8.00 (d, J = 8.4
Hz, 2H), 7.61-7.70 (m, 3H). 13C NMR (101 MHz, DMSO) 6 164.4 (s, 1C), 163.6 (s, 1C), 163.2
(s, 1C), 135.8 (s, 1C), 132.3 (s, 1C), 129.5 (s, 2C), 128.0 (s, 1C), 126.9 (s, 2C), 126.8 (s, 2C),
125.6 (s, 1C), 123.3 (s, 2C). [M-H]" = 282.50.
N-Hydroxy-4-((4-methyl-5-phenyl-4H-1,2,4-triazol-3-yl)methyl)benzamide (9) (Scheme
3b). Acetic acid (0.3 mL) was added dropwise to a solution of crude methyl 4-((5-phenyl-1,3,4-
oxadiazol-2-yl)methyl)benzoate (1.29 mmol, 1 equiv) in 2M solution of MeNH, in THF (15
mL). The reaction vessel was sealed, and the reaction mixture was stirred at 150°C overnight.
After cooling, the solvent was evaporated, and the residue was treated with water and extracted
with EtOAc. The organic phase was dried and evaporated yielding an orange oil which was
converted into hydroxamic acid following general procedure B. 'H NMR (400 MHz, DMSO) &
11.19 (brs, 1H), 9.08 (br s, 1H), 7.74 (d, J= 8.2 Hz, 2H), 7.69 (m, 2H), 7.54 (m, 3H), 7.37 (d, J
= 8.2 Hz, 2H), 4.29 (s, 2H), 3.55 (s, 3H). 13C NMR (101 MHz, DMSO) 6 164.0 (s, 1C), 154.3 (s,
1C), 154.0 (s, 1C), 139.6 (s, 1C), 131.4 (s, 1C), 129.8 (s, 1C), 128.9 (s, 2C), 128.8 (s, 2C), 128.6
(s, 2C), 127.6 (s, 1C), 127.3 (s, 2C), 31.3 (s, 1C), 30.4 (s, 1C). [M+H]" = 309.1.
N-Hydroxy-4-((5-phenyl-1,3,4-oxadiazol-2-yl)thio)benzamide (10a) (Scheme 2). A mixture
of 5-phenyl-1,3,4-oxadiazole-2-thiol (4.1 mmol, 1 equiv), 4-iodobenzoic acid (4.92 mmol, 1.2
equiv), L-proline (0.4 mmol, 0.1equiv) and K,CO; (16.4 mmol, 4 equiv) in 20 mL of anhydrous
DMF was degassed and Cul (0.2 mmol, 0.05 equiv) was added. The reaction vessel was sealed,
and the mixture was stirred at 120°C for 48 h. After complete conversion of the starting thiol, the
reaction mixture was poured into 150 mL of water and filtered through a pad of Celite. The
filtrate was acidified with HCI. The resulting precipitate was filtered and rinsed successively

with water. The obtained acid was converted into hydroxamic acid following general procedure
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A. The reaction mixture was diluted with water and extracted with EtOAc. After evaporation, a

very viscous orange oil was obtained. Trituration with ACN (~15min sonication) led to the
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formation of a precipitate which was collected by filtration, rinsed with acetonitrile and ether,

10 and then dried (0.24 mmol, 20% over two steps). 'H NMR (400 MHz, DMSO) & 11.35 (s, 1H),
9.15 (brs, 1H), 7.92-7.98 (m, 2H), 7.84 (d, J = 8.5 Hz, 2H), 7.75 (d, J = 8.5 Hz, 2H), 7.56-7.67
15 (m, 3H). *C NMR (101 MHz, DMSO) & 166.2 (s, 1C), 163.3 (s, 1C), 161.3 (s, 1C), 133.6 (s,

17 1C), 132.4 (s, 2C), 131.9 (s, 2C), 131.0 (s, 1C), 129.6 (s, 2C), 128.3 (s, 1C), 126.7 (s, 2C), 123.0
19 (s, 1C). [M+H]*=314.3.

22 N-Hydroxy-4-((5-phenyl-1,3,4-thiadiazol-2-yl)thio)benzamide (10b) (Scheme 2). KOH

24 (26.47 mmol, 1.1 equiv) was dissolved in anhydrous ethanol. Benzohydrazide (24.06 mmol, 1
equiv) was added and the reaction mixture was cooled to 0-5°C. CS, (27.67 mmol, 1.15 equiv)
29 was added dropwise and the reaction mixture was stirred at 0—5°C for 1 h. The resulting

31 precipitate was collected, rinsed with cold acetone, and dried. The resulting intermediate was

33 added in small portions to 25 mL of sulfuric acid previously cooled to 0—5°C. After 1 h, the
reaction mixture was poured into ice water, and the resulting precipitate was collected by

38 filtration, rinsed with water, dried, and dissolved in dry DMF. 4-iodobenzoic acid (4.92 mmol,
40 1.2 equiv), L-proline (0.4 mmol, 0.1equiv) and K,CO; (16.4 mmol, 4 equiv) were added to the
solution and degassed. Finally, Cul (0.2 mmol, 0.05 equiv) was added. The reaction vessel was
45 sealed, and the reaction mixture was stirred at 120°C for 48 h. After complete conversion of the
47 starting thiol, the reaction mixture was poured into water and filtered through a pad of Celite.
The filtrate was acidified with HCI. The resulting precipitate was filtered and rinsed successively
5o with water, acetonitrile, and ether. The resulting acid was converted into hydroxamic acid

54 according to general procedure A. The reaction mixture was diluted with water and extracted

60 ACS Paragon Plus Environment

60



oNOYTULT D WN =

Journal of Medicinal Chemistry

with EtOAc. After evaporation, a very viscous oil was obtained. Trituration with acetonitrile
(~15 min sonication) led to formation of a precipitate, which was collected by filtration, rinsed
with ACN and ether, and dried. '"H NMR (400 MHz, DMSO) 8 11.37 (br's, 1H), 9.18 (br s, 1H),
7.99 —7.71 (m, 6H), 7.63 — 7.44 (m, 3H). 3C NMR (101 MHz, DMSO) 8 169.6 (s, 1C), 165.2 (s,
1C), 163.1 (s, 1C), 134.0 (s, 1C), 133.9 (s, 1C), 132.8 (s, 2C), 131.7 (s, 2C), 129.6 (s, 2C), 129.2
(s, 1C), 128.6 (s, 1C), 127.7 (s, 2C). [M+H]™= 330.3.

N-Hydroxy-4-((5-phenyl-1,3,4-thiadiazol-2-yl)amino)benzamide (11a) (Scheme 5b).
Methyl 4-aminobenzoate (0.46 mmol, 1.1 equiv) was dissolved in 5 mL of anhydrous DMF, and
NaH (1.5 equiv) was added. The reaction mixture was stirred for 1 h at rt. 2-bromo-5-phenyl-
1,3,4-thiadiazole (0.41 mmol, 1 equiv) was added. The resulting solution was stirred at 80°C
overnight, quenched with water, and extracted with EtOAc. The crude product was purified by
column chromatography using EtOAc/hexane mixture as eluent (gradient 0% to 90%). The
resulting methyl ester was converted into hydroxamic acid following general procedure B (0.01
mmol, 2.2% over two steps). 'H NMR (400 MHz, DMSO) 6 11.14 (s, 1H), 10.87 (s, 1H), 8.97 (s,
1H), 7.85-7.95 (m, 2H), 7.81 (d, /= 8.6 Hz, 2H), 7.74 (d, J = 8.5 Hz, 2H), 7.48-7.59 (m, 3H).
I3C NMR (101 MHz, DMSO) & 164.1 (s, 1C), 163.7 (s, 1C), 158.5 (s, 1C), 142.9 (s, 1C), 130.5
(s, 1C), 130.3 (s, 1C), 129.4 (s, 2C), 128.3 (s, 2C), 127.0 (s, 2C), 126.0 (s, 1C), 116.8 (s, 2C).
[M+H]™= 313.08.

N-Hydroxy-4-((5-phenyl-1,3,4-oxadiazol-2-yl)amino)benzamide (11b) (Scheme 5a).
Benzohydrazide (1 equiv) and methyl 4-isocyanobenzoate (1 equiv) were mixed in THF (5 mL)
at rt. The resulting solution was stirred for 3 h. The intermediate formation was monitored by
HPLC and LC-MS. The solvent was removed by evaporation under reduced pressure. The

residue was taken up with toluene, and the mixture was heated to reflux temperature. Burgess’
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reagent (2.5 equiv) was added in small portions until the intermediate was completely converted

into the cyclic product. The mixture was cooled to rt and washed with water twice. The organic
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phase was dried, filtered, and evaporated to dryness. The crude product was purified by

10 crystallization from DCM. The methyl ester obtained was converted into hydroxamic acid
according to general procedure B (0.089 mmol, 14.8% over two steps, HPLC purity 87% - used
15 only for preliminary screening). '"H NMR (400 MHz, DMSO) 6 11.14 (s, 1H), 11.09 (s, 1H), 8.95
17 (s, 1H), 7.92 (br d, J= 3.6 Hz, 2H), 7.80 (d, J = 8.4 Hz, 2H), 7.68 (d, J = 8.4 Hz, 2H), 7.60 (m,
19 3H). *C NMR (101 MHz, DMSO) & 164.1 (s, 1C), 158.1 (s, 1C), 141.3 (s, 1C), 131.2 (s, 1C),
29 129.5 (s, 2C), 128.2 (s, 2C), 126.0 (s, 1C), 125.7 (s, 2C), 123.8 (s, 1C), 116.5 (s, 2C). [M+H]*=
24 297.09.

General procedure (E) for the synthesis of compounds with 1,2,4-triazole-3-thiol scaffold
29 - N-hydroxy-4-((4-methyl-5-(thiophen-2-yl)-4H-1,2,4-triazol-3-yl)thio)benzamide (13). The
31 synthesis of 13 is representative for general procedure E (Scheme 2). 2-thiophene-2-carboxylic
33 acid (1 equiv) and 4-methyl-3-thiosemicarbazide (1.1 equiv) were suspended in 2 mL of DMF.
The temperature was lowered to 0°C in an ice bath, and T3P (propylphosphonic anhydride, 50%
38 DMF solution, 1.5 equiv) and DIPEA (1.78 equiv) were slowly added while stirring. The ice

40 bath was removed, and the mixture was allowed to react at rt for 16 h. The complete conversion
of the starting material was confirmed by HPLC. 2 mL EtOAc, 2 mL of water, and 2 mL of 4M
45 NaOH aqueous solution were added to the mixture. Phases were separated, and the organic layer
47 was re-extracted with 4M NaOH aqueous solution. The combined aqueous phases were stirred
for 16 h at 70°C. Conversion of the linear intermediate into the desired cyclized product was

5o confirmed by LC-MS. The reaction mixture’s pH was adjusted to 5 by dropwise addition of

54 concentrated HCI under stirring. A precipitate formed, which was then collected by filtration. 4-
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methyl-5-(thiophen-2-yl)-4H-1,2,4-triazole-3-thiol obtained (1.08 equiv) was dissolved in dry
DMF, and methyl 4-iodobenzoate (1 equiv), L-proline (0.2 equiv) and K,CO; (3 equiv) were
added. The mixture was degassed and Cul (0.1 equiv) was added. The reaction vessel was
sealed, and the reaction mixture was stirred at 120°C overnight. The reaction mixture was diluted
with 3 mL of water, the resulting precipitate was collected, rinsed with water, and dried in air.
The resulting methyl ester was converted into hydroxamic acid according to general procedure B
(2.4 mmol, 24.4% over two steps). 'H NMR (400 MHz, DMSO) & 11.23 (br s, 1H), 9.08 (br s,
1H), 7.84 (dd, J=1.1, 5.1 Hz, 1H), 7.73 (ddd, J = 2.0, 2.0, 8.9 Hz, 2H), 7.70-7.72 (m, 1H), 7.33
(ddd, J=2.0, 2.0, 8.9 Hz, 2H), 7.28 (dd, /= 3.7, 5.1 Hz, 1H), 3.77 (s, 3H). *C NMR (101 MHz,
DMSO) & 163.5 (s, 1C), 151.6 (s, 1C), 147.1 (s, 1C), 136.2 (s, 1C), 131.6 (s, 1C), 129.4 (s, 1C),
128.4 (s, 1C), 128.3 (s, 1C), 128.2 (s, 2C), 128.1 (s, 1C), 127.7 (s, 2C), 32.5 (s, 1C). [M+H]"=
332.99.

4-(4,5-Diphenyl-4H-[1,2,4]triazol-3-ylsulfanyl)-/V-hydroxy-benzamide (12). The title
compound was synthesized from commercially available 4,5-diphenyl-4H-1,2,4-triazole-3-thiol,
according to general procedure E (0.037 mmol, 3.7% over two steps). 'H NMR (400 MHz,
DMSO) & 11.24 (s, 1H), 9.06 (br s, 1H), 7.67 (d, J= 8.5 Hz, 2H), 7.5-7.3 (m, 10H), 7.28 (d, J =
8.5 Hz, 2H). *C NMR (101 MHz, DMSO) & 163.3 (s, 1C), 155.6 (s, 1C), 148.0 (s, 1C), 135.7 (s,
1C), 134.0 (s, 1C), 131.7 (s, 1C), 130.1 (s, 1C), 130.1 (s, 1C), 129.7 (s, 2C), 128.65 (s, 2C),
128.56 (s, 2C), 128.3 (s, 2C), 128.0 (s, 2C), 127.9 (s, 2C), 126.6 (s, 1C). [M+H]*= 389.05.

4-((5-(1,5-Dimethyl-1H-pyrazol-3-yl)-4-methyl-4H-1,2,4-triazol-3-yl)thio)-/V-
hydroxybenzamide (14). The title compound was synthesized from commercially available 5-
(1,5-dimethyl-1H-pyrazol-3-yl)-4-methyl-4H-1,2,4-triazole-3-thiol according to general

procedure E (1.44 mmol, 30.2% over two steps). . 'H NMR (400 MHz, DMSO) 6 11.20 (br s,
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1H), 9.09 (br s, 1H), 7.72 (ddd, J = 2.0, 2.0, 8.6 Hz, 2H), 7.27 (ddd, J = 2.0, 2.0, 8.6 Hz, 2H),
6.64 (br q,J= 0.6 Hz, 1H), 3.83 (s, 3H), 3.82 (s, 3H), 2.33 (d, /= 0.6 Hz, 3H). *C NMR (101
MHz, DMSO) 8 163.4 (s, 1C), 151.0 (s, 1C), 146.5 (s, 1C), 140.3 (s, 1C), 138.4 (s, 1C), 136.2 (s,
1C), 131.7 (s, 1C), 128.2 (s, 2C), 127.5 (s, 2C), 105.5 (s, 1C), 36.6 (s, 1C), 32.6 (s, 1C), 10.7 (s,
1C). [M+H]"= 344.98.

4-((4-Amino-5-(3-(V, N-diethylsulfamoyl)phenyl)-4H-1,2,4-triazol-3-yl)amino)-/V-
hydroxybenzamide (15). The title compound was synthesized from commercially available 3-
(4-amino-5-mercapto-4H-1,2,4-triazol-3-yl)-N,N-diethylbenzenesulfonamide according to
general procedure E (0.277 mmol, 15.8% over two steps, HPLC purity 87% - used only for
preliminary screening). '"H NMR (400 MHz, DMSO) & 10.75 (br s, 1H), 10.38 (br s, 1H) 8.54
(dd, J=1.7, 1.7 Hz, 1H), 8.37 (ddd, J= 1.6, 1.2, 7.7 Hz, 1H), 7.94 (ddd, /= 1.2, 1.7, 7.8 Hz,
1H), 7.79 (d, J= 7.6 Hz, 1H), 7.76 (ddd, J= 2.0, 1.8, 8.7 Hz, 2H), 7.49 (ddd, J=2.1, 1.8, 8.7 Hz,
2H), 6.36 (s, 2H), 3.22 (q, /= 7.1 Hz, 4H), 1.07 (t, J= 7.1 Hz, 6H). [M+H]"= 463.12.

N-Hydroxy-4-((1-(2-methoxyphenyl)-3-(thiophen-2-yl)-1H-1,2,4-triazol-5-
yl)methyl)benzamide (16). The title compound was synthesized from commercially available
thiophene-2-carboximidamide hydrochloride and (2-methoxyphenyl)hydrazine hydrochloride
according to general procedure C (0.044 mmol, 4.1% over three steps). 'H NMR (400 MHz,
DMSO) & 11.15 (br s, 1H), 8.99 (br s, 1H), 7.64 (d, J = 8.3 Hz, 2H), 7.61 (m, 2H), 7.55 (dt, J =
1.5, 7.8 Hz, 1H), 7.43 (dd, J= 1.5, 7.7 Hz, 1H), 7.24 (d, J= 8.3 Hz, 1H), 7.12 (m, 4H), 4.03 (s,
2H), 3.68 (s, 3H). 3*C NMR (101 MHz, DMSO) 6 164.0 (s, 1C), 157.1 (s, 1C), 156.3 (s, 1C),
154.1 (s, 1C), 139.2 (s, 1C), 133.6 (s, 2C), 131.8 (s, 1C), 131.2 (s, 1C), 128.8 (s, 1C), 128.6 (s,
2C), 128.1 (s, 1C), 127.3 (s, 1C), 127.0 (s, 1C), 126.0 (s, 1C), 125.1 (s, 1C), 120.8 (s, 1C), 112.8

S, , 55.8 (s, ,31.5 (s, . [M+H]*= .04.
(s, 1C), 55.8 (s, 1C), 31.5 (s, 1C). [M+H]"= 407.04
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4-((1-Benzyl-3-(4-chlorophenyl)-1H-1,2,4-triazol-5-yl)methyl)-N-hydroxybenzamide (17).
The title compound was synthesized from commercially available amino(4-
chlorophenyl)methaniminium chloride and benzylhydrazine dihydrochloride according to
general procedure C (0.0074 mmol, 1% over three steps, HPLC purity 85% - used only for
preliminary screening). '"H NMR (400 MHz, DMSO) & 11.17 (s, 1H), 9.01 (s, 1H), 7.96 (d, J =
8.7 Hz, 2H), 7.66 (d, J = 8.3 Hz, 2H), 7.50 (d, J= 8.7 Hz, 2H), 7.31 (m, 5H), 7.19 (dd, J= 1.8,
7.4 Hz, 2H), 5.49 (s, 2H), 4.34 (s, 2H). 3C NMR (101 MHz, DMSO) 6 164.0 (s, 1C), 159.2 (s,
1C), 155.4 (s, 1C), 139.5 (s, 1C), 136.1 (s, 2C), 133.7 (s, 2C), 131.4 (s, 1C), 129.8 (s, 1C), 128.9
(s, 2C), 128.8 (s, 2C), 128.7 (s, 2C), 127.9 (s, 1C), 127.6 (s, 2C), 127.5 (s, 1C), 127.2 (s, 1C),
51.4 (s, 1C), 30.9 (s, 1C). [M+H]*=419.01.

4-((5-Cyclopropyl-1-phenyl-1H-1,2,4-triazol-3-yl)thio)-N-hydroxybenzamide (18). The
title compound was synthesized from commercially available 5-cyclopropyl-1-phenyl-1H-1,2,4-
triazole-3-thiol according to general procedure E (0.45 mmol, 45.33% over two steps, HPLC
purity 85% - used only for preliminary screening). "H NMR (400 MHz, DMSO) & 11.29 (s, 2H),
9.09 (s, 1H), 7.71 (ddd, J = 2.0, 2.0, 8.7 Hz, 1H),7.48-7.58 (m, 5H), 7.37 (ddd, /=2.2, 2.2, 8.7
Hz, 2H), 2.05 (tt, J=4.9, 8.4 Hz, 1H), 0.94-1.00 (m, 2H), 0.83-0.88 (m, 2H). *C NMR (101
MHz, DMSO) 8 166.1 (s, 1C), 163.4 (s, 1C), 147.6 (s, 1C), 136.7 (s, 1C), 134.5 (s, 1C), 132.2 (s,
1C), 129.8 (s, 2C), 129.4 (s, 2C), 129.2 (s, 1C), 128.0 (s, 2C), 125.0 (s, 2C), 117.7 (s, 1C), 8.9 (s,
1C), 7.9 (s, 1C). [M+H]"= 353.07.

N-Hydroxy-4-((4-methylthiazol-2-yl)amino)benzamide (19). The title compound was
synthesized from commercially available 4-((4-methylthiazol-2-yl)amino)benzoic acid according
to general procedure A (0.3 mmol, 63.8%, HPLC purity 93.2% - used only for preliminary

screening). "H NMR (400 MHz, DMSO) & 11.04 (br s, 1H), 10.42 (s, 1H), 7.71 (d, J= 8.8 Hz,
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2H), 7.65 (d, J = 8.8 Hz, 2H), 6.53 (br q, J = 1.0 Hz, 1H), 2.25 (d, J = 0.9 Hz, 3H). 3C NMR

(101 MHz, DMSO) § 164.2 (s, 1C), 162.7 (s, 1C), 158.5 (q, 2Jr = 37.9 Hz, 1C, TFA CO), 147.4

oNOYTULT D WN =

(s, 10), 143.5 (s, 1C), 128.1 (s, 2C), 125.2 (s, 1C), 116.2 (s, 2C), 115.3 (q, 'Jer =290.0 Hz, 1C,
10 CF; TFA), 103.2 (s, 1C), 17.2 (s, 1C). [M+H]*=249.99.
N-Hydroxy-4-((5-phenylthiazol-2-yl)thio)benzamide (20). The title compound was

15 synthesized from commercially available 5-phenylthiazole-2-thiol according to general

17 procedure E (0.49 mmol, 33% over two steps). 'H NMR (400 MHz, DMSO) 6 11.29 (br s, 1H),
19 9.17 (br s, 1H), 8.16 (s, 1H), 7.90-7.95 (m, 2H), 7.84 (ddd, /= 1.8, 1.8, 8.4 Hz, 2H), 7.72 (ddd, J
29 =1.8, 1.8, 8.4 Hz, 2H), 7.45 (ddt, J = 1.3, 1.4, 7.2 Hz, 2H), 7.37 (ddt, /= 1.3, 6.8, 7.2 Hz, 1H).
24 I3C NMR (101 MHz, DMSO) & 163.3 (s, 1C), 162.5 (s, 1C), 155.3 (s, 1C), 135.0 (s, 1C), 133.6
26 (s, 1C), 133.5 (s, 1C), 132.2 (s, 2C), 129.0 (s, 2C), 128.5 (s, 1C), 128.5 (s, 1C), 126.1 (s, 2C),

29 117.0 (s, 1C). [M+H] "= 286.95.

31 4-((1H-Pyrazol-1-yl)methyl)-N-hydroxybenzamide (21). The title compound was

33 synthesized from commercially available 4-((4-methylthiazol-2-yl)amino)benzoic acid according
to general procedure A (0.6 mmol, 48,6%). '"H NMR (400 MHz, DMSO) & 11.19 (s, 1H), 9.04

38 (broad s, 1H), 7.86 (dd, J= 0.5, 2.1 Hz, 1H), 7.71 (d, J= 8.3 Hz, 2H), 7.48 (dd, /= 0.5, 1.8 Hz,
40 1H), 7.25 (d, J= 8.3 Hz, 2H), 6.30 (dd, J= 1.8, 2.1 Hz, 1H), 5.39 (s, 2H). '3C NMR (101 MHz,
42 DMSO) & 164.4 (s, 1C), 141.3 (s, 1C), 139.6 (s, 1C), 132.5 (s, 1C), 130.8 (s, 1C), 127.8 (s, 2C),
45 127.5 (s, 1C), 106.0 (s, 2C), 54.7 (s, 1C). [M+H]™=218.2.

47 N-Hydroxy-4-|5-(4-trifluoromethyl-phenyl)-tetrazol-2-ylmethyl]-benzamide (22). The title
compound was synthesized from commercially available 5-(4-(trifluoromethyl)phenyl)-2H-

5o tetrazole according to general procedure D (0.056 mmol, 11.27% over two steps). 'H NMR (400

54 MHz, DMSO) § 11.00 (s, 1H), 9.08 (s, 1H), 8.26 (d, J= 8.0 Hz, 2H), 7.92 (d, J = 8.0 Hz, 2H),
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7.78 (d, J= 8.1 Hz, 2H), 7.49 (d, J= 8.1 Hz, 2H), 6.10 (s, 2H). *C NMR (101 MHz, DMSO) 3
163.7 (s, 1C), 163.4 (s, 1C), 136.8 (s, 1C), 133.2 (s, 1C), 130.7 (q, 2Jc.r= 32.1 Hz, 1C), 130.6 (q,
4Jcr=1.5Hz, 2C), 128.5 (s, 2C), 127.6 (s, 1C), 127.3 (s, 2C), 126.4 (q, *Jcr= 3.7 Hz, 2C),
124.0 (q, 'Jcr=272.3 Hz, 1C), 56.0 (s, 1C). [M-H]" = 364.60.
N-Hydroxy-4-((5-(4-(pentafluorosulfanyl)phenyl)-2H-tetrazol-2-yl)methyl)benzamide
(23). The title compound was synthesized from commercially available 4-
(pentafluorosulfaneyl)benzonitrile according to general procedure D (0.27 mmol, 65.8% over
three steps, HPLC purity 92.2% - used only for preliminary screening). '"H NMR (400 MHz,
DMSO) & 11.24 (br s, 1H), 9.14 (br s, 1H), 8.27 (d, J=9.0 Hz, 2H), 8.11 (ddd, /=2.3,2.2,9.0
Hz, 2H), 7.78 (ddd, J= 1.7, 1.8, 8.4 Hz, 2H), 7.50 (d, /= 8.4 Hz, 2H), 6.12 (s, 2H). 3C NMR
(101 MHz, DMSO) 6 163.6 (s, 1C), 162.9 (s, 1C), 154.0 (m, 2Jcz=16.5 Hz, 1C), 136.8 (s, 1C),
133.2 (s, 1C), 130.5 (s, 1C), 128.5 (s, 2C), 127.6 (s, 2C), 127.5 (s, 2C), 127.1 (m, 3Jc.r 4.6 Hz,
2C), 56.0 (s, 1C). [M+H]™=421.94.
N-Hydroxy-4-((5-(3-(pentafluorosulfanyl)phenyl)-2H-tetrazol-2-yl)methyl)benzamide
(24). The title compound was synthesized from commercially available 3-
(pentafluorosulfaneyl)benzonitrile according to general procedure D (0.26 mmol, 59% over three
steps). 'H NMR (400 MHz, DMSO) 6 11.25 (s, 1H), 9.08 (s, 1H), 8.41 (dd, /= 1.7, 2.2 Hz, 1H),
8.34 (d,J=7.9 Hz, 1H), 8.13 (ddd, /= 1.0, 2.2, 8.1 Hz, 1H), 7.85 (dd, J=17.9, 8.0 Hz, 1H), 7.78
(ddd, J=1.8, 1.8, 8.4 Hz, 1H), 7.49 (d, J= 8.4 Hz, 2H), 6.12 (s, 1H). '*C NMR (101 MHz,
DMSO0) 6 163.7 (s, 1C), 163.0 (s, 1C), 153.4 (m, 2JcF= 16.0 Hz, 1C), 136.8 (s, 1C), 133.2 (s,
1C), 131.1 (s, 1C), 130.4 (s, 1C), 128.4 (s, 2C), 128.1 (s, 1C), 127.9 (m, *Jc= 4.6 Hz, 1C),

127.6 (s, 2C), 123.1 (m, *Je= 4.4 Hz, 1C), 56.0 (s, 1C). [M+H]"= 421.94.
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3-(2-(4-(Hydroxycarbamoyl)benzyl)-2H-tetrazol-5-yl)benzoic acid (25). The title

compound was synthesized from commercially available tert-butyl 3-cyanobenzoate according

oNOYTULT D WN =

to general procedure D (0.068 mmol, 13.7 % over four steps). 'H NMR (400 MHz, DMSO)

10 13.30 (brs, 1H), 11.24 (s, 1H), 9.07 (s, 1H), 8.60 (br s, 1H), 8.29 (d, /= 7.8 Hz, 1H), 8.10 (d, J =
7.8 Hz, 1H), 7.78 (d, J = 8.2 Hz, 2H), 7.70 (t, /= 7.8 Hz, 1H), 7.50 (d, J = 8.2 Hz, 2H), 6.10 (s,
15 2H). BC NMR (101 MHz, DMSO) 6 166.8 (s, 1C), 163.9 (s, 1C), 136.9 (s, 1C), 133.2 (s, 1C),

17 132.1 (s, 1C), 131.3 (s, 1C), 130.5 (s, 1C), 129.9 (s, 1C), 128.5 (s, 2C), 127.6 (s, 2C), 127.2 (s,
19 1C), 127.1 (s, 1C), 55.9 (s, 1C). [M+H]"= 340.4.

22 4-((5-(4-Aminophenyl)-2H-tetrazol-2-yl)methyl)-N-hydroxybenzamide 2,2,2-

24 trifluoroacetate (26). The title compound was synthesized from commercially available 4-
aminobenzonitrile according to general procedure D (0.15 mmol, 3.1% over five steps). 'H NMR
29 (400 MHz, DMSO) 6 11.25 (s, 1H), 7.77 (d, J= 8.4 Hz, 2H), 7.76 (d, /= 8.7 Hz, 2H), 7.45 (d, J
31 = 8.4 Hz, 2H), 6.76 (d, J= 8.4 Hz, 2H), 5.99 (s, 2H), 5.43 (broad s, 3H). 3C NMR (101 MHz,

33 DMSO0) 6 165.1 (s, 1C), 163.8 (s, 1C), 158.4 (q, 2Jc.r = 35.9 Hz, TFA), 148.7 (s, 1C), 137.3 (s,
1C), 133.0 (s, 1C), 128.3 (s, 2C), 127.7 (s, 2C), 127.5 (s, 2C), 115.5 (s, 1C), 115.3 (s, 2C), 55.5
38 (s, 1C). [M+H]™=311.5.

40 4-((5-(4-(Aminomethyl)phenyl)-2H-tetrazol-2-yl)methyl)- V-hydroxybenzamide 2,2,2-
trifluoroacetate (27). The title compound was synthesized from commercially available tert-

45 butyl (4-cyanobenzyl)carbamate according to general procedure D (0.125 mmol, 11% over four
47 steps). 'H NMR (400 MHz, DMSO) 6 11.26 (s, 1H), 9.09 (br s, 1H), 8.27 (br s, 3H), 8.11 (ddd, J
49 =1.9,1.9,8.5 Hz, 2H), 7.78 (ddd, /= 1.9, 1.9, 8.5 Hz, 2H), 7.64 (d, J = 8.5 Hz, 2H), 7.49 (d, J =
55 8.5 Hz, 2H), 6.08 (s, 2H), 4.13 (br q, /= 5.3 Hz, 2H). *C NMR (101 MHz, DMSO) & 164.1 (s,

54 1C), 163.7 (s, 1C), 158.3 (q, 2Jcr= 31.9 Hz, CO TFA), 137.0 (s, 1C), 136.6 (s, 2C), 133.1 (s,
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1C), 129.8 (s, 2C), 128.5 (s, 2C), 127.6 (s, 1C), 126.9 (s, 1C), 126.7 (s, 2C), 117.0 (q, 'Jcr=
299.7 Hz, 1C, TFA), 55.8 (s, 1C), 42.0 (s, 1C). [M+H]"= 325.3.
N-Hydroxy-4-(5-pyridin-2-yl-tetrazol-2-ylmethyl)-benzamide (28). The title compound was
synthesized from commercially available 2-cyanopyridine according to general procedure D
(0.19 mmol, 16.2% over three steps). '"H NMR (400 MHz, DMSO) 6 11.19 (s, 1H), 9.04 (br d, J
=1.3 Hz, 1H), 8.82 (ddd, /= 1.0, 1.7, 4.8 Hz, 1H), 8.29 (ddd, /= 1.0, 1.1, 7.8 Hz, 1H), 8.09
(ddd,J=1.7,7.8, 7.8 Hz, 1H), 7.70 (d, J = 8.4 Hz, 2H), 7.66 (ddd, J= 1.1, 4.8, 7.7 Hz, 1H), 7.36
(d, J= 8.4 Hz, 2H), 6.26 (s, 2H). *C NMR (101 MHz, DMSO) 8 163.8 (s, 1C), 151.8 (s, 1C),
149.9 (s, 1C), 143.9 (s, 1C), 138.4 (s, 2C), 138.3 (s, 1C), 132.7 (s, 1C), 127.9 (s, 2C), 127.4 (s,
1C), 126.2 (s, 1C), 124.4 (s, 1C), 51.8 (s, 1C). [M+H]*=297.03.
N-Hydroxy-4-(5-pyrimidin-2-yl-tetrazol-2-ylmethyl)-benzamide (29). The title compound
was synthesized from commercially available pyrimidine-2-carbonitrile according to general
procedure D (0.01 mmol, 0.5% over three steps). 'H NMR (400 MHz, DMSO) 6 11.22 (brs,
1H), 9.09 (br s, 1H), 9.01 (d, /=4.9 Hz, 2H), 7.78 (d, J = 8.5 Hz, 2H), 7.67 (t, /= 4.9 Hz, 1H),
7.50 (d, J= 8.5 Hz, 2H), 6.12 (s, 2H). *C NMR (101 MHz, DMSO) 6 163.8 (s, 1C), 163.7 (s,
1C), 158.3 (s, 2C), 155.6 (s, 1C), 136.8 (s, 1C), 133.2 (s, 1C), 128.6 (s, 2C), 127.6 (s, 2C), 122.4
(s, 1C), 56.0 (s, 1C). [M-H]* = 298.50.
N-Hydroxy-4-(5-quinolin-2-yl-tetrazol-2-ylmethyl)-benzamide (30). The title compound
was synthesized from commercially available quinoline-2-carbonitrile according to general
procedure D (0.097 mmol, 6% over three steps). 'H NMR (400 MHz, DMSO) & 11.16 (s, 1H),
9.02 (s, 1H), 8.67 (d, J= 8.6 Hz, 1H), 8.38 (d, /= 8.6 Hz, 1H), 8.19 (d, /= 8.5 Hz, 1H),8.12 (dd,
J=8.2,0.9 Hz, 1H) 7.92 (ddd,J=14,7.0, 8.4 Hz, 1H), 7.77 (ddd, /= 1.0, 7.0, 8.2 Hz, 1H),

7.71 (d, J = 8.4 Hz, 2H), 7.48 (d, J = 8.4 Hz, 2H), 6.44 (s, 2H). >*C NMR (101 MHz, DMSO) 5
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163.8 (s, 1C), 151.7 (s, 1C), 146.7 (s, 1C), 144.1 (s, 1C), 138.6 (s, 1C), 138.5 (s, 1C), 132.6 (s,

1C), 131.1 (s, 1C), 129.3 (s, 1C), 128.7 (s, 1C), 128.3 (s, 2C), 128.1 (s, 1C), 127.9 (s, 2C), 127.4

oNOYTULT D WN =

(s, 1C), 120.7 (s, 1C), 52.2 (s, 1C). [M+H]™= 347.02.

10 N-Hydroxy-4-(5-isoquinolin-1-yl-tetrazol-2-ylmethyl)-benzamide (31). The title compound
was synthesized from commercially available isoquinoline-1-carbonitrile according to general

15 procedure D (0.29 mmol, 18.2% over three steps). 'H NMR (400 MHz, DMSO) & 11.17 (br s,

17 1H), 9.03 (brs, 1H), 8.77 (d, /= 5.6 Hz, 1H), 8.62 (ddd, J= 8.4, 1.2,1.3 Hz, 1H), 8.15 (m, 2H),
19 7.92 (ddd,J=1.2,6.9,8.2 Hz, 1H), 7.82 (ddd, J=1.3, 6.9, 8.4 Hz, 1H), 7.67 (d, /= 8.4 Hz, 2H),
22 7.35 (d, J= 8.4 Hz, 2H), 6.03 (s, 2H). *C NMR (101 MHz, DMSO) 8 163.7 (s, 1C), 151.8 (s,

24 1C), 143.6 (s, 1C), 142.0 (s, 1C), 138.0 (s, 1C), 136.5 (s, 1C), 132.7 (s, 1C), 131.4 (s, 1C), 129.3
26 (s, 1C), 128.1 (s, 2C), 127.6 (s, 1C), 127.3 (s, 2C), 126.8 (s, 1C), 126.2 (s, 1C), 123.7 (s, 1C),

29 51.6 (s, 1C). [M+H]™= 347.01.

31 N-Hydroxy-4-(5-pyridin-2-ylmethyl-tetrazol-2-ylmethyl)-benzamide trifluoroacetate (32).
33 The title compound was synthesized from commercially available 2-(pyridin-2-yl)acetonitrile
according to general procedure D (0.048 mmol, 2.5% over three steps). '"H NMR (400 MHz,

38 DMSO) 6 11.24 (s, 1H), 9.06 (br s, 1H), 8.50 (d, /=4.0 Hz, 1H), 7.81 (dt, J= 1.6, 7.3 Hz, 1H),
40 7.75 (d, J=8.2 Hz, 2H), 7.41 (d, J= 8.2 Hz, 3H), 7.32 (dd, J=7.3, 5.5 Hz, 1H), 5.96 (s, 2H),

42 4.42 (s, 2H). *C NMR (101 MHz, DMSO) & 164.3 (s, 1C), 156.3 (s, 1C), 148.8 (s, 1C), 137.7 (s,
45 1C), 137.1 (s, 1C), 133.1 (s, 1C), 128.4 (s, 2C), 127.5 (s, 1C), 123.7 (s, 1C), 122.4 (s, 2C), 55.4
47 (s, 1C), 33.5 (s, 1C). [M+H]™=311.03.

42 3,5-Difluoro-N-hydroxy-4-(5-pyridin-2-yl-tetrazol-2-ylmethyl)-benzamide (33).

5o The title compound was synthesized from commercially available 2-cyanopyridine and methyl

54 4-(chloromethyl)-3,5-difluorobenzoate according to general procedure D (0.20 mmol, 20.6%
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over three steps). 'H NMR (400 MHz, DMSO) & 11.41 (s, 1H), 9.31 (s, 1H), 8.81 (ddd, /= 0.9,
1.7,4.7 Hz, 1H), 8.28 (ddd, /= 0.9, 1.2, 7.9 Hz, 1H), 8.12 (dt, /= 1.7, 7.7 Hz, 1H), 7.68 (ddd, J
=1.2,4.7,7.7 Hz, 1H), 7.48 (d, J= 8.5 Hz, 2H), 6.35 (s, 2H). 3C NMR (101 MHz, DMSO) &
161.1 (s, 1C), 160.6 (dd, 'Jr.c = 250.3, 3Jp.c = 7.8, Hz, 2C), 151.9 (s, 1C), 149.7 (s, 1C), 142.0 (s,
1C), 138.4 (s, 1C), 136.1 (t, 3Jr.c = 9.0 Hz, 1C), 126.2 (s, 1C), 124.4 (s, 1C), 113.7 (t, 2Jpc =
18.9 Hz, 1C), 110.4 (d, 2Jr.c = 26.7 Hz, 2C), 41.5 (t, 3Jg.c = 2.9 Hz, 1C). [M+H]"= 333.02.
3,5-Difluoro-N-hydroxy-4-(5-pyrimidin-2-yl-tetrazol-2-ylmethyl)-benzamide (34). The
title compound was synthesized from commercially available pyrimidine-2-carbonitrile and
methyl 4-(chloromethyl)-3,5-difluorobenzoate according to general procedure D (0.072 mmol,
5% over three steps). 'H NMR (400 MHz, DMSO) & 11.40 (br s, 1H), 9.32 br (s, 1H), 9.00 (d, J
=4.9 Hz, 2H), 7.66 (t, J= 4.9 Hz, 1H), 7.57 (d, J = 8.2 Hz, 2H), 6.16 (s, 3H). 13C NMR (400
MHz, DMSO) 6 164.1 (s, 1C), 161.5 (s, 1C), 161.1 (dd, 'Je.p=251.3,3Jcr = 7.2 Hz, 2C), 158.7
(s, 2C), 155.8 (s, 1C), 137.2 (t, *Jcr = 8.8 Hz, 1C), 122.8 (s, 1C), 112.7 (t, 2Jcr = 18.7 Hz, 1C),
111.0 (d, 2Jcr =25.2 Hz, 2C), 45.2 (t, *Jcr = 3.3 Hz, 1C). [M+H]"= 333.96.
4-((5-(4-Aminophenyl)-2H-tetrazol-2-yl)methyl)-3,5-difluoro-/N-hydroxybenzamide 2,2,2-
trifluoroacetate (35). The title compound was synthesized from commercially available 4-
aminobenzonitrile and methyl 4-(chloromethyl)-3,5-difluorobenzoate according to general
procedure D (0.33 mmol, 5.3% over five steps). 'H NMR (400 MHz, DMSO) & 11.47 (br s, 1H),
9.34 (brs, 1H), 7.71 (ddd, /= 1.9, 2.2, 8.6 Hz, 2H), 7.56 (d, /= 8.2 Hz, 2H), 6.72 (d, /= 8.6 Hz,
2H), 6.01 (s, 2H). 3C NMR (101 MHz, DMSO) 6 165.0 (s, 1C), 161.1 (s, 1C), 160.7 (dd, 'Jc.r =
251.0, 3Jcr=17.3, Hz, 2C), 158.4 (q, 2Jc.r= 36.0 Hz, CO TFA), 148.2 (s, 1C), 136.5 (t, *Jcr =

8.9 Hz, 1C), 127.7 (s, 2C), 115.9 (q, "Je.r = 292.2 Hz, CF; TFA), 115.7 (s, 1C), 115.6 (s, 2C),
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112.6 (t, 2Jc.r = 19.3 Hz, 1C), 110.6 (d, 2Jcp= 26.2 Hz, 2C), 44.3 (t, 3Jer = 2.9 Hz, 1C).

[M+H]*= 347.5.
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4-((5-(4-(Aminomethyl)phenyl)-2H-tetrazol-2-yl)methyl)-3,5-difluoro-/V-

10 hydroxybenzamide 2,2,2-trifluoroacetate (36). The title compound was synthesized from
commercially available tert-butyl (4-cyanobenzyl)carbamate and methyl 4-(chloromethyl)-3,5-
15 difluorobenzoate according to general procedure D (0.16 mmol, 18.8% over four steps, HPLC

17 purity 92% - used only for preliminary screening) . 'H NMR (400 MHz, DMSO) 6 11.50 (s, 1H),
19 9.36 (s, 1H), 8.29 (br s, 3H), 8.08 (ddd, /= 1.8, 1.8, 8.4 Hz, 2H), 7.63 (d, J = 8.4 Hz, 2H), 7.58
22 (d, J=8.2 Hz, 2H), 6.11 (s, 2H), 4.13 (br s, 2H). 3C NMR (101 MHz, DMSO) 4 164.1 (s, 1C),
24 161.1 (s, 1C), 160.7 (dd, 'Jer = 251.3, 3Jcr = 7.3, Hz, 2C), 158.3 (q, 2Jcr=31.1 Hz, CO TFA),
26 136.7 (s, 1C), 129.8 (s, 2C), 126.7 (s, 2C), 117.3 (q, '"Je.r =299.7 Hz, CF; TFA), 112.4 (t, 3Jcr =
29 19.5 Hz, 1C), 110.6 (d, 2Jcr=25.9 Hz, 2C), 44.6 (t, *Jcr = 4.0 Hz, 1C), 42.0 (s, 1C). [M+H]"=
31 361.0.

33 3,5-Difluoro-N-hydroxy-4-(5-isoquinolin-1-yl-tetrazol-2-ylmethyl)-benzamide (37). The
title compound was synthesized from commercially available isoquinoline-1-carbonitrile and

38 methyl 4-(chloromethyl)-3,5-difluorobenzoate according to general procedure D (0.19 mmol,

40 21.3% over three steps, HPLC purity 93.6% - used only for preliminary screening). '"H NMR

42 (400 MHz, DMSO) 6 11.35 (br s, 1H), 9.32 (br s, 1H), 8.75 (d, /= 5.6 Hz, 1H), 8.51 (dd, J= 1.0,
45 8.4 Hz, 1H), 8.17 (m, 2H), 7.92 (ddd, J=1.0, 8.2, 7.1 Hz, 1H), 7.81 (ddd, /= 1.4, 8.4, 7.1 Hz,
47 1H), 7.37 (d, J= 8.4 Hz, 2H), 6.13 (s, 2H). 3C NMR (101 MHz, DMSO) 4 160.9 (s, 1C), 160.4
49 (dd, 'Jg.c =250.6, 3Jr.c = 7.5 Hz, 2C), 151.7 (s, 1C), 143.6 (s, 1C), 141.9 (s, 1C), 136.4 (s, 1C),

- 136.0 (t, 3Jp.c = 8.9 Hz, 1C), 131.5 (s, 1C), 129.3 (s, 1C), 127.6 (s, 1C), 126.7 (s, 1C), 125.9 (s,
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1C), 123.7 (s, 1C), 113.3 (t, 2Jr.c = 18.8 Hz, 1C), 110.3 (d, 2Jr.c = 26.4 Hz, 2C), 41.0 (t, 3Jp.c =
2.9 Hz, 1C). [M+H]"*= 382.97.
3,5-Difluoro-N-hydroxy-4-(5-quinolin-2-yl-tetrazol-2-ylmethyl)-benzamide (38). The title
compound was synthesized from commercially available quinoline-2-carbonitrile and methyl 4-
(chloromethyl)-3,5-difluorobenzoate according to general procedure D (0.23 mmol, 24.7% over
three steps, HPLC purity 93.9% - used only for preliminary screening). '"H NMR (400 MHz,
DMSO) & 11.41 (brs, 2H), 9.35 (br s, 1H), 8.69 (d, /= 8.6 Hz, 1H), 8.38 (d, /= 8.6 Hz, 1H),

8.15(ddd,J=1.1, 8.5, 8.6 Hz, 1H), 7.92 (ddd, J= 1.4, 6.9, 8.6 Hz, 1H), 7.78 (ddd, J= 1.1, 6.9,

8.5 Hz, 1H), 7.49 (d, J = 8.4 Hz, 2H), 6.55 (s, 2H). 3C NMR (101 MHz, DMSO) 5 161.0 (s, 1C),

160.5 (dd, 'Jg.c = 250.2, 3Jr.c =7.5 Hz, 2C), 151.8 (s, 1C), 146.7 (s, 1C), 144.2 (s, 1C), 138.5 (s,
1C), 135.9 (t, *Jr.c = 9.9 Hz, 1C), 131.1 (s, 1C), 129.1 (s, 1C), 128.7 (s, 1C), 128.3 (s, 1C), 128.1
(s, 1C), 120.7 (s, 1C), 113.9 (t, 2Jr.c= 18.9 Hz, 1C), 110.4 (d, 2Jr.c=26.4 Hz, 2C), 42.1 (s, 1C).
[M+H]"= 382.98.
4-((5-(1,5-Dimethyl-1H-pyrazol-3-yl)-4-methyl-4H-1,2,4-triazol-3-yl)thio)-3,5-difluoro-/N-
hydroxybenzamide (39). The title compound was synthesized from commercially available 5-
(1,5-dimethyl-1H-pyrazol-3-yl)-4-methyl-4H-1,2,4-triazole-3-thiol according to general
procedure F (0.51 mmol, 51.2% over two steps). 'H NMR (400 MHz, DMSO) & 11.49 (s, 2H),
9.37 (s, 1H), 7.58 (d, J= 7.9 Hz, 1H), 6.58 (s, 1H), 3.94 (s, 3H), 3.83 (s, 3H), 2.32 (s, 3H). 13C
NMR (101 MHz, DMSO) 6 161.3 (dd, 'Jr.c=249.1, 3Jr.c = 4.6 Hz, 2C), 160.9 (s, 1C), 150.3 (s,
1C), 146.6 (s, 1C), 140.3 (s, 1C), 138.3 (s, 1C), 136.4 (t, *Jr.c = 8.8 Hz, 1C), 110.9 (d, 2Jr.c =
27.7 Hz, 2C), 110.2 (t, 2Jg.c =21.6 Hz, 1C), 105.4 (s, 1C), 36.5 (s, 1C), 32.6 (s, 1C), 10.6 (s,

1C). [M+H]*= 380.94.
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4-((5-(1,5-Dimethyl-1H-pyrazol-3-yl)-4-methyl-4H-1,2,4-triazol-3-yl)thio)-2,3,5,6-
tetrafluoro-/N-hydroxybenzamide (40). 5-(1,5-Dimethyl-1H-pyrazol-3-yl)-4-methyl-4H-1,2,4-
triazole-3-thiol (1 equiv), methyl 2,3,4,5,6-pentafluorobenzoate (1 equiv) and K,CO; (2.3 equiv)
were suspended in 2 mL of DMF under an argon atmosphere. The resulting mixture was warmed
up to 40°C and stirred overnight. The reaction mixture was diluted with 10 mL of EtOAc and 10
mL of water. Phases were separated, and the aqueous layer was re-extracted with additional
EtOAc (3x). The organic phases were combined and washed with brine (2x), dried over Na,SOy,
filtered, and concentrated. The resulting methyl ester was converted into hydroxamic acid
following general procedure B (0.046 mmol, 4.5% over two steps, HPLC purity 91.5% - used
only for preliminary screening). "H NMR (400 MHz, DMSO) & 11.44 (s, 1H), 9.72 (s, 1H), 6.59
(d, J=0.7 Hz, 1H), 3.97 (s, 3H), 3.83 (s, 3H), 2.32 (s, 3H). *C NMR (101 MHz, DMSO) 3
153.7 (s, 1C), 150.5 (s, 1C), 146.0 (s, 1C), 145.9 (ddd, 'Jcr=248.5,%Jcr=15.9,3Jcr = 5.4 Hz,
2C), 143.1 (dd, 'Jcr =246.5, 2Jcr = 20.2 Hz, 2C), 140.3 (s, 1C), 138.2 (s, 1C), 116.5 (t, 2Jcr =
21.6 Hz, 1C), 112.5 (t, 2Jcr = 20.0 Hz, 1C), 105.4 (s, 1C), 36.6 (s, 1C), 32.7 (s, 1C), 10.6 (s, 1C).
[M+H]™=416.9.

4-((5-(1,5-Dimethyl-1H-pyrazol-3-yl)-4-methyl-4H-1,2,4-triazol-3-yl)thio)-2-fluoro-/V-
hydroxybenzamide (41). 5-(1,5-Dimethyl-1H-pyrazol-3-yl)-4-methyl-4H-1,2,4-triazole-3-thiol
(1. equiv) was dissolved in dry DMA. Ethyl 2,4-difluorobenzoate (1.2 equiv), L-proline (0.1
equiv), K,CO; (1.1 equiv), and Cul (0.05 equiv) were added. The reaction vessel was sealed, and
the reaction mixture was stirred at 150°C overnight. The reaction mixture was diluted with water,
acidified with 1N HCI aqueous solution, and extracted with EtOAc. The organic phase was dried
over Na,SQO,, filtered, and concentrated. The crude product was purified by silica gel

chromatography (Toluene/EtOAc 9:1). The methyl ester thus obtained was converted into

ACS Paragon Plus Environment

74



oNOYTULT D WN =

Journal of Medicinal Chemistry Page 76 of 106

hydroxamic acid following general procedure B (0.26 mmol, 54% over two steps, HPLC purity
91.5% - used only for preliminary screening). 'H NMR (400 MHz, DMSO) & 10.00 (br s, 1H),
8.13(dd,J=1.6,11.6 Hz, 1H), 7.98 (dd, /= 1.6, 8.4 Hz, 1H), 7.74 (dd, J= 8.4, 8.4 Hz, 1H),
6.69 (s, 1H), 3.88 (s, 3H), 3.87 (s, 3H), 2.34 (s, 3H). 3C NMR (101 MHz, DMSO) 6 166.8 (s,
1C), 160.7 (s, 1C), 158.5 (d, 'Jcrp = 248.8 Hz, 1C), 145.8 (s, 1C), 140.8 (s, 1C), 139.8 (d, 3Jcr =
10.5 Hz, 1C), 136.4 (s, 1C), 130.4 (d, *Jcr =4.6 Hz, 1C), 122.6 (d, 2Jc.r = 15.5 Hz, 1C), 118.8
(d, *Jcr=3.3 Hz, 1C), 110.8 (d, 2Jcr = 28.1 Hz, 1C), 106.0 (s, 1C), 36.8 (s, 1C), 33.3 (s, 1C),
10.7 (s, 1C). [M+H]™= 363.2.
N-Hydroxy-4-(5-thiophen-2-yl-tetrazol-1-ylmethyl)-benzamide (42). The title compound
was synthesized from commercially available 5-thiophen-2-yl-2H-tetrazole according to general
procedure D (17.9 mmol, 13.7% over two steps). 'H NMR (400 MHz, DMSO) 6 11.19 (br s, 1H),
9.08 (brs, 1H), 7.95 (dd, J= 1.1, 5.1 Hz, 1H), 7.70-7.76 (m, 3H), 7.27 (dd, J = 3.8, 5.1 Hz, 1H),
7.24 (d, J= 8.4 Hz, 2H), 6.00 (s, 2H). *C NMR (101 MHz, DMSO) 8 163.8 (s, 1C), 149.5 (s,
1C), 137.3 (s, 1C), 132.8 (s, 1C), 131.8 (s, 2C), 130.6 (s, 2C), 128.9 (s, 1C), 127.6 (s, 1C), 127.2
(s, 1C), 123.5 (s, 1C), 50.7 (s, 1C). [M+H]™= 301.92.
3,5-Difluoro-N-hydroxy-4-((4-methyl-5-(thiophen-2-yl)-4H-1,2,4-triazol-3-
ylthio)benzamide (43). The title compound was synthesized from commercially available 4-
methyl-5-(thiophen-2-yl)-4H-1,2,4-triazole-3-thiol according to general procedure F (0.51
mmol, 51.2% over two steps). 'H NMR (400 MHz, DMSO) & 11.49 (br s, 1H), 9.40 (br s, 1H),
7.83 (d,J=4.9 Hz, 1H), 7.69 (d, J= 3.6 Hz, 1H), 7.61 (d, J= 8.0 Hz, 2H), 7.27 (dd, /= 3.9, 4.8
Hz, 1H), 3.86 (s, 3H). 3C NMR (101 MHz, DMSO) 6 161.5 (dd, 'Jcr =249.5, 3Jcr = 4.1 Hz,

2C), 160.8 (t, “Jc.r = 2.9 Hz, 1C, CO), 150.9 (s, 1C), 147.3 (s, 1C), 136.9 (t, 3J.r = 8.7 Hz, 1C),
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129.4 (s, 1C), 128.4 (s, 1C), 128.3 (s, 1C), 127.79 (s, 1C), 110.9 (dd, 2cr = 25.2, 4Jcr = 2.5 Hz,

2C), 109.7 (t, 2Jc.r = 20.64 Hz, 1C), 32.5 (s, 1C). [M+H]"=368.91.
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3,5-Difluoro-4-(5-furan-2-yl-tetrazol-2-ylmethyl)-N-hydroxy-benzamide (44). The title

10 compound was synthesized from commercially available furan-2-carbonitrile and methyl 4-
(chloromethyl)-3,5-difluorobenzoate according to general procedure D (0.22 mmol, 35.3% over
15 three steps). 'H NMR (400 MHz, DMSO) & 11.47 (s, 1H), 9.35 (s, 1H), 7.94 (dd, /= 0.8, 1.8

17 Hz, 1H), 7.57 (d, J = 8.2 Hz, 2H), 7.20 (dd, /= 0.8, 3.5 Hz, 1H), 6.72 (dd, /= 1.8, 3.5 Hz, 1H),
19 6.09 (s, 2H). 3C NMR (101 MHz, DMSO) 8 161.1 (s, 1C), 160.7 (dd, 'Jcr=251.1,3Jcr=7.4
22 Hz, 2C), 157.7 (s, 1C), 145.5 (s, 1C), 141.9 (s, 1C), 136.7 (t, 3Jcr=9.1 Hz, 1C), 112.3 (t, 2Jcr =
24 18.9 Hz, 1C), 112.2 (s, 1C), 111.9 (s, 1C), 110.6 (d, 2Jc.r = 26.4 Hz, 2C), 44.6 (t, *Jc.r = 2.9 Hz,
26 1C). [M+H]*=321.97.

29 3,5-Difluoro-N-hydroxy-4-((5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)methyl)benzamide (45)
31 (Scheme 3c¢). --Bu-malonate (2 equiv) was added dropwise to a suspension of NaH (1.5 equiv) in
33 anhydrous DMF. After 5 min at rt, methyl 3,4,5-trifluorobenzoate (1 equiv) was added. The
reaction mixture was stirred for 3 h at rt (formation of a white precipitate was observed), diluted
38 with water, and extracted with EtOAc. After concentration, the residue was purified by column
40 chromatography. The inseparable mixture of the desired product and ~-Bu-malonate, which was
obtained, was dissolved in 5 mL of SOCI,, refluxed for 1 h, and then concentrated. The obtained
45 crude chloroanhydride was mixed with isonicotinohydrazide (2 equiv) in 10 mL of anhydrous

47 DMF followed by addition of DIPEA (5 equiv). The reaction mixture was stirred overnight at rt,
quenched with water, extracted with EtOAc, and concentrated. The residue was treated with

5o DCM and filtered. The crude material was dissolved in toluene, and Lawesson’s reagent (0.98

54 equiv) was added. The vessel was sealed and stirred at 120°C for 15 min. Full conversion of the
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starting material was monitored by UPLC. The solvent was evaporated, and the residue was
purified by column chromatography first using EtOAc/n-hexane (gradient 20% to 100%)
followed by 5% MeOH in DCM. The resulting methyl ester was converted into hydroxamic acid
following general procedure B (0.077 mmol, 1% over five steps). 'H NMR (400 MHz, DMSO) 6
11.42 (br s, 1H), 9.30 (br s, 1H), 8.76 (d, J=5.8 Hz, 2H), 7.91 (d, /J=5.8 Hz, 2H), 7.55 (d, J =
8.0 Hz, 2H), 4.66 (s, 2H). >*C NMR (101 MHz, DMSO) 6 168.0 (s, 1C), 166.8 (s, 1C), 161.4 (s,
1C), 160.4 (dd, 'Jcr =248.1,3JcF = 8.0, Hz, 2C), 151.0 (s, 2C), 136.4 (s, 1C), 134.9 (t, *Jcr =
9.2 Hz, 1C), 121.6 (s, 2C), 115.7 (t, 2Jcr = 20.5 Hz, 1C), 110.4 (d, 2Jcr = 26.8 Hz, 2C), 23.1 (t,
3Jer=2.9 Hz, 1C). [M+H]™=349.11.

General procedure (F) for the synthesis of difluorobenzohydroxamate-derivatives with
1,2,4-triazole-3-thiol scaffold - 3,5-difluoro-N-hydroxy-4-((4-methyl-5-(4-(piperidin-1-
ylmethyl)phenyl)-4H-1,2,4-triazol-3-yl)thio)benzamide (46). The synthesis of 46 is
representative for general procedure F (Scheme 2). 4-(piperidin-1-ylmethyl)benzoic acid (1
equiv) and 4-methyl-3-thiosemicarbazide (1.1 equiv) were suspended in 2 mL of DMF, and the
mixture was cooled to 0°C in an ice bath. T3P (50% DMF solution, 1.5 equiv) and
diisopropylethylamine (1.78 equiv) were slowly added to the reaction mixture with constant
stirring. The ice bath was removed, and the mixture was stirred at rt for 16 h. The complete
conversion of the starting material was confirmed by HPLC. 2 mL EtOAc, 2 mL of water, and 2
mL of 4M NaOH aqueous solution were added to the reaction mixture. Phases were separated,
and the organic layer was extracted with additional 4 M NaOH. Aqueous phases were combined
and stirred over 16 h at 70°C. Conversion into the desired cyclized product was confirmed by
LC-MS. The reaction mixture’s pH was adjusted to 5 by dropwise addition of concentrated HCl

with constant stirring. The volume was reduced by evaporation under reduced pressure. The
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resulting 4-methyl-5-(4-(piperidin-1-ylmethyl)phenyl)-4H-1,2,4-triazole-3-thiol (1 equiv) was

dissolved in DMF, and methyl 3,4,5-trifluorobenzoate (1 equiv) and potassium carbonate (2.3

oNOYTULT D WN =

equiv) were added. The resulting mixture was warmed to 40°C and stirred overnight. The

10 reaction mixture was diluted with 10 mL of EtOAc and 10 mL of water. The phases were
separated, and the aqueous layer was re-extracted with additional EtOAc (3x). The organic

15 phases were combined and washed with brine (2x), dried over Na,SQOy, filtered, and

17 concentrated. The crude reaction was purified by flash chromatography (Grace Reveleris X2,
hexane: ethyl acetate). The obtained methyl ester was converted into hydroxamic acid following
22 general procedure B (0.033 mmol, 3.36% over three steps). 'H NMR (400 MHz, DMSO) & 11.51
24 (brs, 3H), 9.40 (brs, 1H), 7.67 (d, J = 8.3 Hz, 2H), 7.60 (d, J = 7.7 Hz, 2H), 7.47 (d, J= 8.3 Hz,
26 2H), 3.74 (s, 3H), 3.51 (s, 2H), 2.36 (m, 4H), 1.51 (td, J=5.5, 11.0 Hz, 4H), 1.41 (br td, J= 5.5,
29 5.6 Hz, 2H). 3C NMR (101 MHz, DMSO) 6 161.6 (dd, 3Jcr = 4.5, 2Jc.r = 249.1 Hz, 2C), 160.8
31 (s, 1C), 155.7 (s, 1C), 147.1 (s, 1C), 141.1 (t, *Jcr = 2.6 Hz, 1C), 136.7 (t, *Jcr = 9.5 Hz, 1C),
33 129.2 (s, 2C), 128.3 (s, 2C), 125.4 (s, 1C), 110.9 (d, 2Jcr = 27.6 Hz, 2C), 109.7 (t, 2Jcr = 21.6
Hz, 1C), 62.4 (s, 1C), 54.0 (s, 2C), 32.4 (s, 1C), 25.6 (s, 2C), 24.0 (s, 1C). [M+H]™=460.01.

38 3,5-Difluoro-4-((5-(3-fluoropyridin-2-yl)-4-methyl-4H-1,2,4-triazol-3-yl) thio)-/V-

40 hydroxybenzamide (47). The title compound was synthesized from commercially available 3-
fluoropicolinic acid according to general procedure F (0.066 mmol, 3.3% over three steps). 'H
45 NMR (400 MHz, DMSO) 6 11.51 (s, 1H), 9.38 (s, 1H), 8.63 (ddd, /= 1.4, 1.4, 4.4 Hz, 1H), 8.01
47 (ddd, J=1.4, 8.6, 10.2 Hz, 1H), 7.71 (td, J=4.4, 8.6 Hz, 1H), 7.61 (d,J=7.8 Hz, 1H), 3.84 (s,
49 1H). 3C NMR (101 MHz, DMSO) 6 161.5 (dd, 'Jc.r=249.5,3Jcr 4.4, Hz, 2C), 161.0 (s, 1C),
55 157.7 (d, 'Jcr =264.2 Hz, 1C), 150.1 (d, *Jcr = 7.6 Hz, 1C), 148.4 (s, 1C), 145.8 (d, 3Jcr=5.0

54 Hz, 1C), 136.8 (t, *Jcr = 8.8 Hz, 1C), 134.8 (d, 2Jc.r = 11.7 Hz, 1C), 127.1 (d, *Jr = 4.6 Hz,
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1C), 125.6 (d, 2Jcr = 18.7 Hz, 1C), 111.0 (d, 2Jcr = 25.4 Hz, 2C), 109.6 (t, 2Jcr = 21.6 Hz, 1C),
32.6 (s, 1C). [M+H]™=382.1.

4-((5-(3-(Azepan-1-ylmethyl)phenyl)-4-methyl-4H-1,2,4-triazol-3-yl)thio)-3,5-difluoro-/V-
hydroxybenzamide (48). The title compound was synthesized from commercially available 3-
(azepan-1-ylmethyl)benzoic acid according to general procedure F (0.133 mmol, 6.7% over three
steps). 'H NMR (400 MHz, DMSO) 6 11.23 (br s, 1H), 9.64 (br s, 1H), 7.48-7.68 (m, 6H), 3.74
(s, 3H), 3.69 (s, 2H), 2.59 (m, 4H), 1.57 (m, 8H). 3C NMR (101 MHz, DMSO) 8 161.6 (dd, 'Jc.r
=249.0, 3Jcr=4.4 Hz, 2C), 160.8 (s, 1C), 155.9 (s, 1C), 147.1 (s, 1C), 141.0 (s, 1C), 136.8 (t,
3Jer=8.8 Hz, 1C), 130.3 (s, 1C), 128.8 (s, 1C), 128.4 (s, 1C), 126.9 (s, 1C), 126.7 (s, 1C), 110.9
(dd, 2Jc.r=25.7, 4Jcr = 2.2 Hz, 2C), 109.6 (t, 2Jcr=22.3 Hz, 1C), 61.5 (s, 1C), 55.1 (s, 2C),
32.4 (s, 1C), 28.0 (s, 2C), 26.6 (s, 2C). [M+H]'=474 4.

3,5-Difluoro-N-hydroxy-4-((4-methyl-5-(pyridazin-3-yl)-4H-1,2,4-triazol-3-
yDthio)benzamide (49). The title compound was synthesized from commercially available
pyridazine-3-carboxylic acid according to general procedure F (0.414 mmol, 20.5% over three
steps). 'H NMR (400 MHz, DMSO) 6 9.94 (br s, 1H), 9.36 (dd, /= 1.6, 5.0 Hz, 1H), 8.34 (dd, J
= 1.6, 8.6 Hz, 1H), 7.91 (dd, /= 5.0, 8.6 Hz, 1H), 7.55 (d, /= 8.3 Hz, 2H), 4.11 (s, 3H). 13C
NMR (101 MHz, DMSO) 6 161.5 (dd, 'Jc.r =248.6, 3Jcr = 4.3, Hz, 2C), 160.9 (s, 1C), 152.1 (s,
1C), 151.8 (s, 1C), 151.1 (s, 1C), 150.1 (s, 1C), 128.2 (s, 2C), 126.6 (s, 2C), 110.0 (dd, 2Jcr=
25.0, %Jcr = 3.3, Hz, 2C), 33.8 (s, 1C). [M+H]™=365.1.

Enzyme inhibitory activity assay. Recombinant human HDAC enzymes (HDAC1-10) were
purchased from BPS (San Diego, CA). HDACI11 was purchased from Enzo Life Sciences
(Farmingdale, NY). Activities of HDACI, -2, -3, -6, -10, and -11 were assayed using the Fluor

de Lys deacetylase substrate (Enzo Life Sciences). HDACS activity was assayed using Fluor de
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Lys Green deacetylase substrate (Enzo Life Science). Ne-Trifluoroacetyl-L-lysine was used to
assay activities of HDAC 4, 5, 7, and 9. Recombinant enzymes were preincubated with the
compounds to be tested at 30°C in a volume of 25 uL in wells of a microtiter plate. After a brief
incubation, 25uL of substrate was added, and the fluorescent signal was generated by the
addition of 50 uL of developer (Fluor de Lys Developer - Enzo Life Science) containing 2 pM
Trichostatin A (Sigma-Aldrich) to stop the enzyme activity. For each assay, the amount of
enzyme, incubation times, assay buffer, and substrate concentrations were optimized. The
positive control for enzyme activity consisted of enzyme plus substrate. The fluorescence signal
was detected using a Victor multilabel plate reader (PerkinElmer Life Sciences).

In vitro a-tubulin and H3 histone acetylation. /n vitro a-tubulin and H3 histone acetylation
were evaluated in the human 697 B-precursor acute lymphoblastic leukemia (ACC 42, DSMZ).
The test molecules were prepared at 20X in Roswell Park Memorial Institute (RPMI) 1640
medium containing 10% fetal calf serum (FCS) and 0.01% DMSO, added to the cells (15 x 10°
cells in 30 ml) to obtain the final concentrations of 1000, 333, 111, and 37 nM, and incubated at
37°C, 5% CO, for 16 h. At the end of the incubation period, each sample was divided in two
aliquots (1) tubulin/acetyl tubulin (5x10° cells) and (2) H3 histone/acetyl H3 histone (10x10°
cells) determinations.

The sample for tubulin was centrifuged for 5 min at 180 x g and washed in 0.9% NaCl at 4°C.
The resulting pellet was lysed at 4°C for 30 min with 150 uLL of Complete Lysis-M (Roche, cat-
04719956051) containing protease and phosphatase inhibitors (Complete Easy Pack proteinase
inhibitor cocktail tablets cat: 04693116001; Phostop easypack phosphatase inhibitor cocktails,
cat: 01906837001- Roche) and then centrifuged for 10 min at 14,000 rpm (20,817x g). The total

protein extract (0.150 pg) was diluted in 100 puL of phosphate buffered saline (PBS) and
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immobilized in Maxisorp F96 NUNC-IMMUNO Plate (Nunc cat # 5442404) at rt overnight.
Plates were washed twice with wash buffer (PBS + 0.05% tween 20) and saturated for 1 h at rt
with 300 uL PBS containing 10% FCS. After washing with buffer (PBS containing 0.05%
Tween 20), the plates were incubated for 2 h at rt in the presence of anti-acetylated-a-tubulin
antibody (Mouse Monoclonal Anti—acetylated—tubulin clone 6-11B-1, cat#T6793 Sigma, 100 uL.
diluted 1:1000 in PBS containing 10% FCS) or with total anti-a-tubulin antibody (Mouse
Monoclonal Anti-aplha-tubulin antibody, cat#T6074 Sigma, diluted 1:1000). After washing, 100
uL per well of TMB substrate kit were added for 10 min at rt in the dark. The reaction was
stopped by adding 50 uL of 2N H,SO,. The plates were read at Multiskan Spectrum
spectrophotometer at OD = 450nm. The degree of acetylation was calculated by dividing the
absorbance obtained for the acetylated a-tubulin by the absorbance of total a-tubulin.

The histone fraction was obtained by acidic extraction of the second sample (10x10° cells) as
described by Kazuhiro.%* The resulting pellet, which represents total histones, was re-suspended
in 50 pL distilled water. The protein content determination of both total and acetylated histone
extracts was carried out using a colorimetric assay using a Bicinchoninic Acid (BCA) Protein
Assay Kit (Pierce cat: 23227). The amounts of total and acetylated histone H3 were quantified by
commercial ELISA assays (PathScan acetylated histone H3 Sandwich Elisa kit, cat#7232C and
PathScan total histone H3 Sandwich Elisa Kit, cat#7253C, Cell Signaling).

Treg suppression assays with murine cells. The detailed procedure of this test was described
by Akimova et al.!4b

Spleens from C57BL/6 mice were harvested, and a single cell suspension was obtained with
the aid of a 70 um strainer. The cell suspension was treated with ammonium-chloride-potassium

(ACK) buffer in order to lyse red blood cells. Treg, antigen presenting cells (APC), and Teff
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1

2

z cells were separated using the Treg isolation kit (Miltenyi Biotec) via initial negative selection
Z and final positive selection processes. Purified Teff cells, from the final step of positive selection
273 were labeled with carboxyfluorescein succinimidyl ester ([CFSE], Molecular Probes) and APCs,
9

:(1) from first step of negative selection, were treated with mitomycin C (500 pg/mL, Sigma) and
E plated at 4x105 APC and 5%10* T cells/well in 96-well plates.

:g Purified Tregs were added to the wells in serial dilutions to achieve the following Treg/Teff
16

1; ratios 1:1, 1:2, 1:4, and 1:8. Each well thus contained APC, Teff, and Treg cells. HDACi were
;g added into the appropriate wells. T cell proliferation was induced with antibody against CD3¢ (1
% png/mL, Miltenyi) and co-stimulation from mitomycin-treated APC. After 72 h, cells were

;2’ labeled with fluorescent mAb against CD4 PE/Cy (Biolegend) and analyzed by flow cytometry.
;? CD4+ cell divisions were determined by CFSE dilution. In order to detect any cytotoxic effects
gg or direct inhibition of T cell proliferation, the CFSE dilution in the absence of Treg and in the

g ; presence of the inhibitors was determined. Only assays in which this effect was <10% were

gi considered for the quantification of Treg-mediated suppression.

22 In order to compare the effects of compounds on the suppressive capacity of Tregs, the first
37

gg step was to standardize the percentage of cell proliferation by applying the min-max

2(1) normalization using GraphPad 7. The resulting values were converted into a standardized

fé suppression percentage = 100%-standardized proliferation and plotted against the ratio of

gg Teffs/Tregs. The area under the curve (AUC) of the generated graph was then calculated.

j; Relative suppression was obtained as the ratio of AUC compound/AUC control. A ratio >1.25
gg was considered significant according to the literature.

% Evaluation of the pharmacodynamic markers in the mouse. The evaluation of the

gg pharmacodynamic markers (the amount of acetylated-tubulin and acetylated-histone H3) was
56

57

58

59
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carried out on protein extracts of the spleens of mice treated intraperitoneally with the test
molecules at the dose of 30 mg/Kg. The study was carried out with C57BL/6 female mice (from
Charles River, Italy) that were randomized into 15 mice/group. Compounds were dissolved in
water for injection (wfi)/PEG 400 (1:1) + 5% DMSO. Each compound was dissolved at a final
concentration of 3 mg/mL, and each solution was administered at 10 mL/Kg of body weight,
corresponding to the final doses of 30 mg/Kg.

At different time points (1, 4, and 24 h) following drug administration, five mice/group were
anesthetized with isoflurane and then sacrificed. A sample of blood was drawn from the tail vein,
and the spleen was removed, weighed, and immediately stored at —80°C. Protein extraction from
spleen samples was carried out using NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Thermo Scientific Cod. 78835). Spleen samples (80—100 mg) from each animal were extracted
according to the supplier’s instructions. Both cytoplasmic and nuclear protein extracts were
stored at —80°C until used for the ELISA acetylation assay. An aliquot of each sample was used
to evaluate the protein content using the BCA Protein Assay Kit.

Cytosolic protein extracts were diluted at 20 pg/mL with PBS, and 96-well plates were then
coated with 100 pL extracts overnight at rt. After washing with 0.05% PBS + Tween 20, the
plates were saturated with 10% FCS in PBS for 60 min at rt. After washing as described above,
mouse anti-acetylated-tubulin antibody (Sigma Cat. T6793) diluted 1:1000 with PBS + 10% FCS
or mouse anti-a-tubulin antibody (Sigma Cat. T6074) diluted 1:1000 with PBS + 10% FCS was
added for 120 min at rt.

After washing, goat anti-mouse IgG2b-HRP antibody (Southern Biotech Cat. 1091-05) diluted

1:5000 in PBS + 10% FCS was added to acetylated-tubulin wells, whereas goat anti-mouse
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IgG1-HRP (Southern Biotech Cat. 1070-05) diluted 1:5000 in PBS + 10% FCS was added to a-

tubulin wells.
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After washing, horseradish peroxidase (HRP) substrate (TMB, 3,3°,5,5’-tetramethylbenzidine)
10 solution was added. Color development was stopped with H,SO,, and absorbance at 450 nm was
measured by a plate spectrophotometer.

15 Total and acetylated-histone H3 content of spleen nuclear protein extracts were determined by
17 commercially available sandwich ELISA kits (Cell Signaling Technology, cat. 7253 and 7232)
using 2 pg/well of nuclear protein extract according to the kit’s protocol.

22 Stability to Phase I metabolism in rat and human S9 liver fraction. The stability to Phase I
24 metabolism resulting from hepatic enzymes was assessed for each compound after incubation
with rat and human S9 liver fraction. In brief, 55 pL of S9 liver fraction (Corning) 20 mg

29 protein/mL were diluted with 275 uL phosphate buffer 100 mM pH 7.4, containing 3.3 mM

31 MgCl,, and ten aliquots of 30 pL. were dispensed in a polypropylene 96-well plate. To each well,
33 10 uL of 5 uM substrate solution prepared in phosphate buffer pH 7.4 containing MgCl, were
added. Cofactor NADPH (Calbiochem) was added as 10 uL of 6.5 mM solution in phosphate

38 buffer pH 7.4. Final concentration of substrate was 1 uM. After shaking, the plate was incubated
40 at 37°C in a thermostated bath. The reaction was stopped at 0, 10, 30, 60, and 90 min for two
samples/time point by adding 400 pL. ACN containing 0.1% formic acid and the internal

45 standard, 20 nM verapamil (Sigma-Aldrich). Samples were centrifuged prior to injection into the
47 LC-MS/MS system (Shimadzu Prominence HPLC, triple quadrupole API4000 Sciex). Samples
were analyzed using an Agilent Zorbax SB-C18 50x2.1 mm, 3.5 pum column, with a mobile

57 phase gradient starting at 19% up to 55% ACN containing 0.1% formic acid in 7 min at a flow

54 rate of 0.2 mL/min. Detection was done in multiple reaction monitoring (MRM) mode using an
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electrospray ionization (ESI) source in positive polarity. Substrate peak area normalized to the
internal standard peak area was divided for peak area ratio at 0 min in order to obtain the
remaining percentage at each time point. Diclofenac (Calbiochem) was used as a positive
control. Stability in plasma was assessed by adding 7 uL. of 100 uM solution of substrate in
DMSO to 7 mL of rat or human plasma (Biopredic). The sample was dispensed in a 96-well
plate in twelve aliquots incubated at 37°C in a thermostated bath. Reactions were stopped at 0,
0.25,0.5, 1, 2, and 4 h of incubation for two samples/time point. Deflazacort (USP) was used as
a positive control. Samples treatment, analysis, and calculation of results were the same as
described for the liver S9 fraction stability assay.

Pharmacokinetic evaluation. Plasma levels and the main pharmacokinetic parameters were
evaluated after single intravenous and oral administration doses to male CD-1 mice (Charles
River Laboratories Italia, Calco, Italy) of about seven weeks in age. In the PK study 5
animals/sampling time were treated and 8 sampling times were evaluated within 6h after
administration. All of the animal procedures and ethical revisions were performed according to
the current Italian legislation (Legislative Decree March 4%, 2014 n. 26), enforcing the
2010/63/UE Directive on the protection of animals used for biomedical research. Compounds
were dissolved in the vehicle, 5% DMSO, in PEG400/water (50/50) at a concentration of 1
mg/mL. Dose/body weight is reported in Table 13. Plasma samples (100 pL) were deproteinized
by addition of acetonitrile containing 1% formic acid, vortex mixed, and centrifuged. For each
sample, an aliquot of the supernatant was collected and diluted with water, filtered with 0.45 um
regenerated cellulose filters, and analyzed by LC-MS/MS (Shimadzu Prominence HPLC, triple
quadrupole API4000 Sciex). Plasma levels of the test compounds were calculated using a

calibration curve prepared in the range 0.5-200 ng/mL.
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Maximum Tolerated Dose determination. All of the animal procedures and ethical revisions
were performed according to the current Italian legislation (DIgs. 116/1992 and Dlgs. 26/2014),
enforcing the 2010/63/UE Directive on the protection of animals used for biomedical research.

The evaluation of the maximum tolerated dose (MTD) was carried out in 7-week old C57BL/6
female mice (from Charles River Italy) that were randomized into eight mice/group. Test
molecules were dissolved in water for injection (wfi)/PEG 400 (1:1) + 5% DMSO in a volume
sufficient for five treatments and were stored at rt. Each compound was dissolved at the final
concentrations of 1, 3, and 5 mg/mL, and each solution was administered at 10 mL/Kg of body
weight, corresponding to a final dose of 10, 30, and 50 mg/Kg.

Vehicles (Wfi/PEG 400 (1:1) + 5% DMSO) and test molecules were administered
intraperitoneally. Each animal was treated daily from Monday to Friday for two consecutive
weeks for a total of 10 drug administrations. Body weight was measured every other day, and
clinical signs were recorded daily starting from day 1. Blood samples (5075 uL) were
withdrawn 60 min after drug administration from the tail vein of each animal on days 1, 3, 5, and
8, whereas on day 12, samples were withdrawn from the abdominal aorta. The samples were
collected in ethylenediaminetetraacetic acid (EDTA) tubes, and hematological analysis (red and
white blood cells [RBC and WBC, respectively], and platelets [PLTs]) was carried out using a
cell counter (Beckman Coulter).

On day 12, mice were anesthetized with isoflurane and sacrificed 1 h after the last treatment.
Liver, spleen, lungs, and kidneys were collected, weighed, and stored at —80°C until the analysis
of pharmacodynamic markers (such as protein acetylation). Signs of abnormal internal organs,
possibly related to the toxicity of the compounds, were recorded.

Overexpression and acetylation of Foxp3
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The following antibodies were used for the assays: (1) mouse HRP-conjugated anti-acetyl-
lysine (cytoskeleton); (2) mouse HRP-conjugated anti-Flag M2 (Sigma-Aldrich); and (3) rabbit
HRP-conjugated anti-GAPDH (Cell Signaling Technology). Mouse anti-DDK (FLAG) antibody
(Origene) was used to immunoprecipitate Foxp3 Myc-FLAG-tagged protein. pPCMV6-hFoxp3-
Myc-FLAG and pCMV6-Myc-FLAG vectors were purchased from Origene. 100 ng of a purified
recombinant Foxp3-FLAG protein (Origene) were used as positive control.

Transient transfection of HEK 293 cells. HEK 293 cells were maintained in Dulbecco’s
modified Eagle medium (DMEM, Thermo Fischer Scientific) supplemented with 10% heat-
inactivated FBS and 1% penicillin/streptomycin (Sigma-Aldrich) at 37°C and 5% CO2. Cells
(1*10°) were seeded in 10 cm dishes and incubated overnight. The day after cell seeding, HEK
293 cells were transfected using TurboFectin 8.0 transfection reagent (Origene) with a mixture of
10 pg DNA and 20 puL TurboFectin reagent following the manufacturer’s instructions. Cells
transfected with pCMV6-Myc-DDK or treated with only transfection reagent were used as
negative controls. 26 hours after transfection, cells were treated with 500 nM compound 13
(ITF3791) or vehicle (0.0025% DMSO in medium). The treatment duration was 6 h at 37°C and
5% CO?2. After that time, cells were harvested, washed twice with PBS, and lysed.

Immunoprecipitation and Western Blot analysis. HEK 293 cells were lysed in cOmplete™
Lysis-M buffer (Sigma-Aldrich) supplemented with protease inhibitor cocktail tablet (Sigma-
Aldrich), PhosSTOP (phosphatase inhibitor cocktail, Sigma-Aldrich), and with 10 uM Givinostat
and 25 uM PU139 (HAT inhibitor, AOBIOUS). Insoluble cell debris were spun down, and the
proteins in the supernatant fraction were quantified with a BCA Protein Assay Kit (Thermo
Fischer Scientific). Next, 1 mg of lysate was mixed with anti-FLAG antibody (Origene) and

incubated overnight at 4 °C to form immune complexes. Immunoprecipitation was then
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performed at 4°C for 2 hours utilizing Dynabeads™ Protein G (Thermo Fischer Scientific).
Beads were washed 3X in lysis buffer, resuspended, and boiled in lauryl dodecyl sulfate sample
buffer (Thermo Fischer Scientific) supplemented with reducing buffer (Thermo Fischer
Scientific) in order to elute the immunoprecipitated Foxp3 protein. Samples were subjected to
electrophoresis on Bolt™ 4-12% Bis-Tris Plus gels (Thermo Fischer Scientific) at a constant
voltage of 200 V. Proteins were transferred onto nitrocellulose membranes using the iBlot Gel
Transfer Device and iBlot Gel Transfer Stacks (Thermo Fischer Scientific). Membranes were
blocked with 5% BSA (Sigma-Aldrich) or Blotting Membrane Blocker (Bio-Rad) in PBS 0.1%
Tween-20 (according to the antibody used) for 1 h at rt and probed with the appropriate
antibody. After washing, immunocomplexes were detected using the Amersham enhanced
chemiluminescence (ECL) detection kit (GE Healthcare). The chemiluminescence signal was
recorded using a ChemiDoc MP system (Bio-Rad).

Statistical analysis and reproducibility. Biological raw data analysis was done using
GraphPad Prism 7. Pharmacokinetic parameters were calculated for the mean plasma

concentration curve using the software Kinetica v. 5.1, with a non-compartmental method.
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ABBREVIATIONS

HDAC: histone deacetylase; HSP: heat shock protein; Tregs: regulatory T cells; HAT: histone
acetyl transferase; NAD: nicotinamide adenine dinucleotide; KDAC: lysine deacetylase; FDA:
Food and Drug Administration; CTCL: cutaneous T-cell lymphoma; MM: multiple myeloma;
Foxp3: forkhead box 3; GVHD: graft versus host disease; ZBG: zinc binding group; MMP:
matrix metalloproteinase; TACE: tumor necrosis factor-a converting enzyme; HBD: hydrogen
bond donor; DS: Discovery Studio; ROC: receiving operator curves; B-Pre-ALL: 697 B-
precursor acute lymphoblastic leukemia; ELISA: enzyme-linked immunosorbent assay; MTD:
maximum tolerated dose; WBC: white blood cell; PLTs platelets; AUC: area under the curve;
CYP3A4: cytochrome P450 3A4; HLM: human liver microsomes; IPEX: immunodysregulation

polyendocrinopathy enteropathy X-linked; SIRT1: sirtuine 1; SDS-PAGE: sodium dodecyl
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sulfate polyacrylamide gel electrophoresis; WB: western blotting; Ac-lys: acetyl-lysine;

GADPH: glyceraldehyde 3-phosphate dehydrogenase; Teffs: effector T cells; HATU: 1-
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[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide

10 hexafluorophosphate; DIPEA: N-ethyl-N-(propan-2-yl)propan-2-amine; DMF:
dimethylformamide; TFA: trifluoroacetic acid; DCE: 1,2-dichloroethane; DCM:

15 dichloromethane; THF: tetrahydrofuran; TBAI: tetrabutylammonium iodide; ACN: acetonitrile;
17 NMR: nuclear magnetic resonance; TMS: tetramethylsilane; MS: mass spectrometry; UPLC:
ultra-performance liquid chromatography; RP-HPLC: reverse phase high pressure liquid

22 chromatography; EtOAc: ethyl acetate; DMSO: dimethyl sulfoxide; T3P: propylphosphonic

24 anhydride; MeOH: methanol; RPMI: Roswell Park Memorial Institute; FCS: fetal calf serum;
PBS: phosphate buffered saline; OD: optical density; ACK: ammonium-chloride-potassium;

29 APC: antigen presenting cell; CFSE: carboxyfluorescein succinimidyl ester; PEG: polyethylene
31 glycol; BCA: Bicinchoninic Acid ; HRP: horseradish peroxidase; TMB: 3,3°,5,5’-

33 tetramethylbenzidine; NADPH: reduced nicotinamide adenine dinucleotide phosphate; MRM:
multiple reaction monitoring; ESI: electrospray ionization; USP: United States Pharmacopeia;
38 wii: water for injection; PEG: polyethylene glycol; EDTA: ethylenediaminetetraacetic acid:

40 RBC: red blood cell; DMEM: Dulbecco’s modified Eagle medium; ECL: enhanced
chemiluminescence; ECso: half maximal effective concentration; ICs,: half maximal inhibition

45 concentration; SD: standard deviation.
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Enzyme activity

IC50 HDAC6 17 nM
IC50 HDAC1 924 nM
IC50 HDAC2 4017 nM
IC50 HDAC3 865 nM

In vitro stability

H plasma stb 91%@ 4hrs
H S9 stb 100% @ 1.5hrs
R plasma stb 62% @ 4hrs
R S9stb 82% @ 1.5hrs
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