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Introduction

Cancer is the second leading cause of mortality worldwide, accounting for an estimated
9.6 million deaths in 2018.1Y The most common cancer types in men are lung, prostate,
colorectal, stomach and liver cancer, whereas breast, colorectal, lung, cervical and thyroid
cancer are frequently diagnosed in women.?! The “Hallmarks of Cancer”-concept was coined
by Hanahan et al.B! in 2000 and describes qualities that distinguish normal cells from cancer
cells which allow them to undergo uncontrolled proliferation and metastatic dissemination.

In particular, sustaining proliferative signaling, evading growth suppressors, resisting cell
death, enabling replicative immortality, inducing angiogenesis, activating invasion and
metastasis, avoiding immune destruction, cancer-promoting inflammation, genome instability
and mutation, and deregulating cellular energetics were identified as the most prominent
hallmarks.3=! Epigenetic changes can often contribute to tumor degeneration.[®! The term
“Epigenetic” refers to changes of gene expression without altering the underlying DNA
sequence.l”l Major reversible epigenetic changes are: DNA methylation, histone protein

modification, and post-transcriptional gene regulation by non-coding RNAs.[®!

Histone deacetylases

Histone acetylation has been one of most extensively studied epigenetic modification.[!
Acetylation and deacetylation of e-amino group at lysine residues are modulated by histone
acetyltransferases (HATs) and histone deacetylases (HDACs).['%! Histone hypoacetylation leads
to a stronger interaction between the histones and the DNA, which maintains chromatin in its
condensed state, resulting in a down regulation of gene transcription.[!13! Hence, histone
acetylation causes a relaxation of chromatin and an increased accessibility of the
transcriptional machinery (Figure 1). HDACs can also act on numerous non-histone proteins
such as signaling molecules, transcription factors, chaperones and inflammatory
mediators.[1®17] Therefore, alterations of the acetylome has consequences for protein-DNA
interactions, protein-protein interactions and protein stability.[*®! In humans, 18 HDACs have
been identified which are segregated into four classes according to their yeast homologues:
class | (HDACs 1, 2, 3, and 8), class Il ( lla: HDACs 4,5,7,9 and llb: HDACs 6, 10), class lll (sirtuin

family: sirtl-sirt7) and class IV (HDAC11).[*%1 Classes |, Il and IV share a conserved catalytic
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domain with a zinc ion as an active cofactor, whereas class Ill enzymes are NAD*-dependent
and known as sirtuins.2% The class 1l series of enzymes are beyond the scope of this work and

are, therefore, not further discussed.

Transcriptional activation

Condensed chromatin

Figure 1: Effects of HATs and HDACs on chromatin remodeling. Inhibition of HDACs by HDAC inhibitors results in a relaxation
of chromatin and an increased accessibility of the transcriptional machinery.[21

The active site of the Zn?*-dependent HDAC family is highly conserved. At the bottom of the
active site is a catalytically active Zn%*-ion located, which is chelated by one His residue and
two Asp residues, as well as a water molecule.[?Zl Surrounding this center are two His-Asp
charge-relay systems, and adjacent to these is a Tyr residue, with an inward-facing hydroxyl
group. Numerous hydrolytic mechanisms have been proposed for HDAC deacetylation.
However, all share three common features: 1) activation of the substrate and water 2) proton
shuttling 3) liberation of lysine and acetate (Figure 2). 222%1 The Zn%*-ion in the active site
increases the nucleophilicity of the water molecule and stabilizes the transition state upon the
formation of the tetrahedral intermediate during hydrolysis. The His-Asp charge-relay systems
enables proton shuttling during the various stages of the mechanism, as well as potentially
providing polarization of the water molecule via H-bonding prior to hydrolysis. The Tyr residue
activates the acetyl lysine carbonyl of the respective substrate and provides a hydrogen
bonding stabilization of the tetrahedral intermediate after the attack by water at the C=0

bond.[23-2¢]
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Figure 2: Proposed mechanism for the hydrolysis of acetylated lysine residues by HDACs.[22]

According to recent studies, of the dissonance between the abundance of HATs and HDACs
are linked to the development and progression of a variety of cancers. It has been
demonstrated that the expression levels of HDACs is increased in some hematological cancers
as well as in solid tumors, and is associated with a poor prognosis in some cancer cell lines.[?’~
331 Table 1 summarizes observed modifications detected in HDAC protein and alterations of

gene expression levels in cancer cell lines.
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Table 1: Modifications in histone deacetylase proteins and gene expression pattern in cancer cell lines. HDAC in italics marks
the corresponding gene.

Class

Members

Type of Variation

Cancer involved

HDAC1

Overexpression

Gastrointestinal carcinomal®¥
Prostate carcinoma®
Breast carcinomal®*
Colon adenocarcinoma'®
Chronic lymphocytic®!

HDACI1 overexpression

Ovarian cancer8
Gastric cancer!*®
Hodgkin’s lymphoma!*®!
Prostate cancer(®

HDAC1 downregulation

Colorectal cancer!*®

HDAC2

Overexpression

Uterine cancer®4
Gastric cancer®¥
Cervical cancer®*

HDAC2 overexpression

Ovarian cancer!*®
Hodgkin’s lymphomat*®

Truncating HDAC2 mutation

Colon cancer!*®
Gastric cancer®
Endometrial cancer!*8!

HDAC3

Overexpression

Colon cancerB¥
Hodgkin’s lymphomal*®!
Chronic lymphocytic leukemial®®!

HDAC3 overexpression

Ovarian cancer!*®
Lung cancer!*®

lla

HDAC4

HDAC4 mutations

Breast cancer!*8!
Colorectal cancer!*8!

HDAC4 overexpression

Prostate cancer(®
Breast cancer!'8!

HDAC4 downregulation

Colon cancer B7
Lung cancer®”

HDAC5

HDAC5 downregulation

Colorectal cancer(?®

HDAC7

Overexpression

Chronic lymphocytic leukemia'®®

HDAC7 overexpression

Colorectal cancer(*®
Pancreatic cancer!'8!

HDAC9

Overexpression

Chronic lymphocytic leukemial®®!

b

HDAC6

Overexpression

Acute lymphoblastic leukemial*®
Acute myeloid leukemial®®
Breast cancer!®®
Chronic lymphocytic leukemial®8!
Cutaneous T-cell ymphoma!®®
Hepatocellular carcinomal®®!
Ovarian cancer®®
Urothelial cancer®®
Oral squamous cell carcinoma®®

HDAC10

Overexpression

Chronic lymphocytic leukemial®®
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Natural products in Medicinal Chemistry

Plants and terrestrial microorganisms are traditionally a source for the discovery of new drug
candidates.[3®%21 Many natural products (secondary metabolites) and their semisynthetic
derivatives of terrestrial and marine origins have been reported to exhibit significant
anticancer properties (Figure 3).13*9 |t was demonstrated that natural products can address
multiple signaling pathways leading to apoptotic, autophagic and non-canonical types of cell
death.%51 Moreover, compounds from natural origin have been shown to modulate several
epigenetic modifications known to regulate underlying molecular mechanisms (proliferation,
cell death) involved in tumorigenesis.l*®l Nowadays, approximately 60% of the approved drugs
are based on natural products due to their unique structural diversity and the defined

orientations of functionalities enabling selective interactions with biological targets.[5%53!

27—\ /|
2 0
HO™ 2
Pacitaxel Vincristine Camptothecin

Figure 3: Selected natural products with anticancer properties.[54-57]
Natural Compounds as Histone deacetylase inhibitors (HDACi)

HDAC inhibitors (HDACi) belong to a large family of biological active compounds which are
categorized into hydroxamic acids, benzamides, cyclic peptides, short-chain fatty acids and
thiols.[!

So far, naturally occurring HDACi were extracted from fungus, marine organism and several
plants. In 1977, the natural compound n-butyric acid was identified as the first significant
HDACi by Riggs et al., causing a hyperacetylation of histones in Hela cells.’8! Later in 1980,
McKnight et al. examined the effect of propionic acid on histone acetylation in chick oviduct,
which displayed less activity than n-butyric acid.”®! Both short chain fatty acids revealed an
activity in the millimolar range. Longer chained fatty acids like valproic acid (VPA) have also
been reported to exhibit significant HDAC inhibitory activities by binding to the active site of
HDACs, causing differentiation of human leukemia cells characterized e.g. by reduced
proliferation and morphological alterations.? Since the 1960s, valproic acid is clinically
approved for the treatment of epilepsy.[®Y Table 2 summarizes information of selected natural

HDACi reported in literature which are currently not employed in clinics.
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Table 2: Examples of the natural compounds with HDAC inhibitory activity.

Chemical Compound name & Structure HDAC

category Specificity Origin

Kaempferol

HO. Class 1, I, IV Aloe vera!®?

Resveratrol
OH
Phenolics HO. O X O Class |, Il, IV Vitis viniferal®
OH
Sinapinic acid
O
Hydnophyt
AN on Pan-HDAC Y oropvHm
formicarum Jack
HO
O
Depudecin Alt .
. oH ernaria
Polyketides WWY HDAC1 brassicicola!!
© oOH
Apicidin

o

O, z )H_\\\ O .
T\” T C ) Class | Fusarium spp.[®®
H
CHTN\:/&O

o '\/\/\n/\

Tetrapeptide e}

Trapoxin A

Helicoma ambiens
Class |

O ¢
@\OIN” N? RF-10231"
NHHN 0 o
OM

O
B-Thujaplicin
o HDAC2 Cupzse;;saceae
spp.
O
Terpenoids Zerumboone
Zingiber
Pan-HDAC zerumbet!®!
Lycorine
Alkaloid Pan-HDAC  Amaryllidaceae "

9-Hydroxystearic acid .. .
Fatty acid on o Class | Lipid pe[rglmdatlon
e~~~ product
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Trichostatin A

Hy.droxamlc WN,OH Class| &1l S. hygroscopicus!*®
acid H
SN
H 2 \
N\/L\le\
o) s

Desipeptide o N, Class | Symploca spp.
/\/\/\)LS/\A\\“ O)\le

o

Natural Compound scaffolds in clinically used HDAC inhibitors

The four FDA-approved HDACi are based on the lead compound trichostatin A (TSA, Table 2)
originally isolated from Streptomyces hygroscopicus, in 1976. TSA induces cell differentiation
and arrests the cell cycle for both normal and cancer cells, resulting from acetylated
hitsones.[”3l With TSA as lead structure four hydroxamate based HDACi, vorinostat (SAHA),
belinostat (PXD101) and panobinostat (LBH589) were developed and present the first FDA
approved HDACI for the treatment of specific types of blood cancer. The most recent approved
HDACi is chidamide. So far, this ortho-amino anilide is only approved in China (Figure 4).747°]
In 1994, the cyclic peptide HDACi romidepsin (FK228) was isolated from Chromobacterium
violaceum '8 The disulphide prodrug is reductively activated inside a cell liberating a
mercapto group as ZBG. Its HDAC inhibitory capacity results in cell cycle arrest in G1 and G2/M

stages.

( CAP ) ( Connecting Unit ) (Linker) Zinc binding group

@Y\/V\)Lm QIVM'OH O/\)me?

Vorinostat (CTCL) Panobinostat (MM) Chidamide (PTCL)

" H o
HN < N2
HN, ~
S, 0 ©/ o’/s \@MN’OH
'S H
HNN\

g N“ ||||| %

H
Romidepsin (CTCL, PTCL) Belinostat (PTCL)

Figure 4: General pharmacophore model of HDACi. and chemical structures of approved HDAC inhibitors and their indications.
CTCL: cutaneous T-cell ymphoma, MM: multiple myeloma, PTCL: peripheral T-cell ymphoma. [74-79]

The effect of the inhibition of HDACs in cancer cells is illustrated in Figure 5. HDACi exhibit

their anticancer activity by e.g. cell cycle arrest, induction of apoptosis and autophagy in
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cancer cells. It was demonstrated that the anticancer effect of HDACi depends on multiple

factors such as cancer type, stage and the applied dosage.!8%-82

Non-Histone
protein
acetylation

Histone protein
acetylation

Cancer
cell

Cell cycle arrest
p211
CDK|

Induction of
Autophagy

Apotosis (Extrinsic or

Antiangiogensis
HIF 1a| VEGF|
p537

ROS generation
TRx| THP?

intrinsic) l]‘)eN;f?:I: g‘;a‘l:g}z ) Mitotic cell death
Bim1 Baxt Bakt Bmf KIIJ)7DL Ku86) Histone acetylation,
1 Bid 1 Bel-xL| Bel-2 RADS1| BRCA1&2) Mitotic failure

| Bel-x | Mel-1 |

Figure 5: The effect of HDACi in cancer cells. Arrows (T and (/) mark the in- and decrease of the respective protein.

Adverse effects of the currently approved HDACi are e.g diarrhea, neutropenia,
thrombocytopenia and cardiac toxicity.’®3 In addition, hydroxamate-based HDACi exert
potential mutagenetic effects caused by a Losson rearrangement. This reaction transforms the
activated hydroxamate (e.g. via Acetyl-CoA) into its corresponding isocyanate which can form
adducts with DNA.[B¥ The currently used pharmacophore model for HDAC inhibitors (HDACi)
features the following three elements: a zinc binding group (ZBG), a linker, that mimics the
acetyl-lysine motif and interacts with the substrate binding tunnel as well as a cap, also known
as surface recognition domain. Nevertheless, this model is not fully applicable for inhibitors
that target HDAC class-specific cavities, such as the side pocket (HDAC6 / HDACS), the foot
pocket (HDAC1-3) and the lower pocket (HDAC class lla). Therefore, Melesina et al. proposed
an extended HDACi pharmacophore model exhibiting six elements: ZBG, linker, S-cap (cap
targeting the surface), SP-cap (cap targeting the side pocket), FP-group (foot pocket) and the
LP-group (lower pocket).?3 These new pharmacophore models are relevant for the design of

novel and selective HDAC inhibitors (Figure 6).
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lower pocket
CAP H Connecting UnitH Linker ]—[Zinc binding group]

Figure 6: Pharmacophore model for class lla selective HDAC inhibitors. 8]

Resistances to the currently approved HDACi are often observed and it was demonstrated that
these inhibitors have limited therapeutic efficacy against solid tumors as single therapeutic
agents.[881 However, the combination of HDACi with common chemotherapeutic drugs e.g.
cisplatin, has displayed promising anticancer effects in both preclinical and clinical studies. !
The employment of HDACi as chemosensitizers to increase the efficiency of other anticancer
drugs has been shown to have a great potential for the treatment of a broad range of cancer
types. 89,90

In regard to the distinct tissue distribution and cellular localization of individual HDACs as well
as their various implication in different cancer types, isozyme-selective HDACi may provide a
wider therapeutic window and hence, less severe side effects. However, the therapeutic
advantages of isozyme selective HDACs is not yet clinically confirmed and are still matter of

current research.

Strategies for the development of isozyme-selective and/or complex-specific

HDAC inhibitors

The design of isozyme-selective HDAC inhibitors has proven to be challenging due to the high
similarities in the structure of HDAC active sites.®1?2] A further challenge is that several HDACs
are recruited to various large multi-subunit complexes such as COREST complex (co-repressor
of repressor element-1 silencing transcription factor)®3 and NuRD complex (nucleosome
remodelling and deacetylase). *4%] Moreover, multiple complexes may incorporate the same
HDAC isozyme, yet have distinctive biological functions.[®®! There are several strategies to
develop isozyme-selective and/or complex-specific inhibitors.

Promising strategies to achieve selectivity among the HDAC isozymes are targeting the so-
called selectivity pockets within the active site and/or the employment of selectivity directing
ZBG.P7%8 Another approach to gain selectivity is to exploit the differences in the surface and
around the rim of the active site of HDACs e.g. by modifications in the CAP region of the
respective HDACI.?® In addition, dual — or multitarget HDAC inhibitors have been emerged as

a promising alternative to combination therapies. For instance, proteasome inhibitors
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demonstrate synergistic activities with HDACi due to the simultaneous blockage of the
ubiquitin degradation and aggresomal pathways.®®! RTS-V5, a dual HDAC-proteasome
inhibitor, displays an inhibition against both HDAC6 and the chymotrypsin-like proteasome in
the submicromolar range. It was shown that RTS-V5 induces e.g. apoptosis and autophagy in
the acute lymphoblastic leukemia SEM cell line. !

Furthermore, addressing allosteric sites'®! or functional domains!*® of HDACs provide
attractive strategies since these sites tend to be more diverse in the structure and sequence
than the catalytic domain of HDACs. The design of a coupled inhibitor which targets both the
allosteric and active sites on HDACs presents also a promising approach to achieve isozyme
specificity. Such coupled inhibitors have been successfully employed in the inhibition of
individual protein kinases. (102

Another promising strategy is to block the formation of the respective HDAC complex through
the disruption of protein-protein interfaces via protein-protein inhibitor (PPI).°®) Moreover,
HDAC complexes that incorporate two distinct enzymatic activities provide the opportunity to
develop dual inhibitors. The so called “dual warhead” inhibitors consist of two
pharmacophores, connected via a short linker, address simultaneously both active sites within
the same complex. 4SC-202 is a dual warhead LSD1-HDAC inhibitor that targets
simultaneously HDAC and histone demethylase activities of the COREST complex. It is currently
investigated in clinical trials.[1%3!

To sum up, isozyme-selective and complex-specific inhibitors may be advantageous due to the
more directed targeting compared to pan-HDACi and therefore may induce less severe side

effects.

Combination therapy with HDACi for the treatment of cancer

The application of platin-based anticancer agents represent a long-term success story in
medicinal inorganic chemistry. For almost 40 years, platinum complexes persist among the
most widely used chemotherapeutic drugs.[1%4

Cis-diamminedichloroplatinum(ll) (cisplatin, CDDP) was first approved in 1976 and is currently
employed as first-line therapy for the treatment of a variety of solid tumors, including head
and neck, ovarian, bladder, testicular, cervical, lung and esophageal cancers.!1%-1971 CDDPs
anticancer activity has been associated with the cross linkage of purine bases of the DNA,

interfering with DNA repair mechanisms and the generation of DNA strand lesions. As a result,

10
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the cell undergoes proliferative arrest and the induction of apoptosis.[*%! Despite the initial
therapeutic success, chemoresistance and numerous severe side effects such as decreased
immunity to infections, gastrointestinal disorders and allergic reactions were reported.[108!
CDDP-resistance is generally a result of a wide panel of genetic or epigenetic changes. Galluzzi
et al. have classified these molecular mechanisms based on functional and hierarchical
criteria. These modifications can (a) influence molecular mechanism that precede the actual
binding of cisplatin to its targets (pre-target resistance) (b) enhance the capacity of the cells
to repair the damage provoked by CDDP (on-target resistance) (c) diminish the lethal signaling
pathways triggered by such molecular lesion (post-target resistance) (d) affect molecular
circuitries that have not yet been directly linked with CDDP-elicited signals (off-target
resistance).[10°]

To overcome cisplatin resistance, great efforts have been made to develop and evaluate other
platinum-containing drugs. So far, six platin-based anticancer agents are on the market. (194
Furthermore, combination therapies of cisplatin with other anticancer agents comprise a
promising strategy to increase the efficacy of cisplatin and to overcoming resistances. The
combination of HDACi with platinum-based chemotherapeutics has demonstrated
encouraging results in both preclinical and clinical studies. For instance, in a phase | clinical
study, the combination of belinostat with carboplatin showed no evidence of a drug-drug
interactions.[’1% A summary of HDACi as combination therapy with platinum-based

chemotherapeutics in ongoing clinical trials is shown in Table 3.18%

11
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Table 3: Selected HDACi in combination with platinum-based chemotherapeutics, CP: clinical phase, NSCLC: Non-small cell
lung cancerinoma.[8d

HDACi Combination Cancer type Cp

Ad d solid
Carboplatin & paclitaxel var\ce ol
malignances

[
y 0
NT]/\/\/\)L -OH [ i
I N Carboplatin, paclitaxel, NSCLC Il

placebo

Vorinostat (SAHA) . . Advanced solid
Carboplatin or paclitaxel

malignances

N q
P Ao Carboplatin and/or
©/ o \©/\)LH P / Solid tumors |

paclitaxel
Belinostat (PDX101)

N o
- JEE N on | |
N= NHKC N H Paclitaxel Ovarian Il

Quisinostat (JNJ-26481585)

Nm)no\/\/\/\n’N‘OH Cisplatin Head and neck I
Nig o~ ©

CUDC-101

In previous studies, the Kurz and Kassack groups identified a variety of HDACi exhibiting
antiproliferative effects and HDAC inhibitory activity in the human ovarian cancer cell line
A2780, the human squamous carcinoma cell line Cal27, and their cisplatin resistant sublines
A2780CisR and Cal27CisR (Figure 7).[111-114] | addition, the most potent HDACi were evaluated
in an HDAC isozyme-profiling. It was demonstrated that HDAC1/6 inhibitors reveal remarkable

chemosensitizing properties.

Q OMe
o NS N,OH
N
i O\/\/\)?\ OH N O. H l I H H H
N7 N7 J N7 \n/ \omr ~OH
H H | H
7 O o
OMe
LMK235 7j KSK64
HDAC1/6 inhibitor HDAC1/6 inhibitor HDAC1/6 inhibitor with HDAC6 preference
Chemosensitization SF=8.36 Chemosensitization SF=6.86 Chemosensitization SF=11.2

Figure 7: Selected HDACi from Kurz group displaying anti-proliferative and HDAC inhibition in A2780 and Cal27 as well as
significantly enhanced cisplatin-induced cytotoxicity in a combination treatment mediated by increased apoptosis induction
and caspase-3/7 activation.[111-114]
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Epigenetic control plays an important role in gene regulation through chemical modifications of DNA and post-
translational modifications of histones. An essential post-translational modification is the histone acetylation/
deacetylation-process which is regulated by histone acetyltransferases (HATs) and histone deacetylases
(HDACs). The mammalian zinc dependent HDAC family is subdivided into three classes: class I (HDACs 1-3, 8),
class II (ITa: HDACs 4, 5, 7, 9; IIb: HDACs 6, 10) and class IV (HDAC 11). In this review, recent studies on the

biological role and regulation of class Ila HDACs as well as their contribution in neurodegenerative diseases,
immune disorders and cancer will be presented. Furthermore, the development, synthesis, and future perspec-
tives of selective class Ila inhibitors will be highlighted.

1. Introduction

Acetylation of the e-amino group of lysine residues is a fundamental
post-translational modification of histones and cytosolic proteins.
Lysine acetylation of histones catalyzed by histone acetyltransferases
(HATS) leads to the relaxation of chromatin and consequently an in-
crease in gene transcription. In contrast, histone deacetylases (HDACs)
catalyze the opposite process thereby causing a condensation of chro-
matin.! HDACs are classically divided into four classes (Class I-IV) ac-
cording to their yeast homologues. The classes I (HDAC1, 2, 3 and 8), II
and IV (HDAC11) are zinc-dependent hydrolases whilst class III com-
prises NAD " -dependent hydrolases. Class II HDACs are further sub-
divided into class Ila (HDAC4, 5, 7, and 9) (Fig. 1) and class IIb (HDAC6
and HDAC10).> Class Ila HDACs have distinctive features separating
them from other HDACs. Interestingly, nature is a vast source of HDAC
inhibitors (HDACi) as shown by the approval of the depsipeptide ro-
midepsin. Trichostatin A, a naturally occurring hydroxamate HDACi
served as a lead compound for the development of the first approved
HDACI vorinostat. Further, a large number of dietary compounds has
been identified as HDACi.® This review summarizes current knowledge
about the structure and mechanisms governing the activity of these

enzymes, and their involvement in pathological processes. Further-
more, potential targets for chemical intervention and the rational de-
sign of selective inhibitors for class Ila HDACs will be discussed.

1.1. Structural features of class Ila HDACs

Class ITa HDACs are large enzymes (120-135 kDa) in comparison to
the other zinc-dependent HDACs with the exception of HDAG6.*®

Some recognition sequences are essential for their cellular dis-
tribution due to the presence of a nuclear localization signal (NLS).
Another region of the enzyme bears a specific domain known to interact
with different members of the MEF2 (myocyte enhancer factor-2) fa-
mily. These interactions can influence different types of physiological
processes ranging from development of myocytes and thymocytes to
neuronal activity.® In various positions of the N-terminus of class Ila
HDAGCs, specific serine residues are targeted by signal-dependent
phosphorylation, a process which alters not only the interaction of the
enzyme with other proteins, but also has a critical effect on their cel-
lular localization.®

Similar to the N-terminus, the structure of the C-terminus is also
involved in the cellular localization due to the presence of a NES

Abbreviations: cd, Catalytic domain; CD, cluster of differentiation; Cly,, intrinsic clearance; dr, diastereomer ratio; EDCI, 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide; EER, effective efflux ratio; GM-SF, granulocyte colony stimulating factor; HDACI, histone deacetylase inhibitor; HIF-1-a, hypoxia induced factor 1-a;
MCF7, Michigan cancer foundation 7; M-CSF, macrophage colony-stimulating factor; MDCK, Madin-Darby Canine Kidney; N-CoR/SMRT, corepressor/silencing
mediator for retinoid and thyroid; NES, nuclear export signal; NLS, nuclear localization signal; PPI, protein—protein interaction inhibitor; TF, transcription factor
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Catalytical Domain

(nuclear export signal). The catalytic site of class Ila HDACs has limited
deacetylase activity, despite of 57% sequence identity in the catalytic
site compared to class I HDACs whereas the overall sequence identity is
only around 29% (HDAC4 versus HDAC1).”

HDACs catalyze the hydrolysis of the N-acetyl amide group by ac-
tivation of the carbonyl function with the zinc cation in the catalytic
domain. This catalytic hydrolysis of the acetyl group is mediated by an
aspartic acid (D)-histidine (H) dyad and a tyrosine (Y) residue which is
also essential for the carbonyl activation.® However, in the catalytic
center of class Ila HDACs, the Y residue is replaced by an H residue
while the D-H dyads remain unchanged. This divergence (H976) dra-
matically decreases the deacetylase activity of class Ila HDACs com-
pared to the other classes of zinc dependent HDACs.” Besides altering
the enzymatic activity of class Ila HDAC enzymes, the H976 (HDAC4)
residue renders the amino acid to assume two different conformations.
In one of these conformations, the imidazole ring faces the lysine
binding site (inward) similarly to the tyrosine residue present in the
crystal structure of the gain of function mutant (H976Y), while in the
other conformation, the imidazole faces the opposite direction (out-
ward) resulting in the formation of a sub-pocket.’

2. Regulation of class Ila HDAC activity
2.1. Regulation of subcellular localization

Nucleo-cytoplasmic transport is an important mechanism how
protein activity can be controlled. The functional and spatial division of
eukaryotic cells is represented by the nuclear envelope that separates
the cytoplasm from the nucleus.'® Transport between these two com-
partments takes place through nuclear pores and is regulated by specific
signals of the transport cargo and transport receptors.’® Class I HDACs
lack a NES and are therefore mainly restricted to the nucleus to fulfill
their function as histone modifiers.'” HDAC6 and HDAC10 as members
of class IIb HDACs are predominantly localized in the cytoplasm due to
a NES.'? Recent studies have shown that HDAC10 acts as a polyamine
deacetylase whereas HDAC11 was identified as a fatty acid deacy-
lase.'®'* The highly dynamic localization within the cell is a hallmark
of class Ila HDACs. They exhibit a NLS and a NES allowing them to
shuttle between nucleus and cytoplasm (Fig. 2).

There are several kinases that are able to alter the balance between
nuclear import and nuclear export of class [la HDACs. Phosphorylation
of HDAC 4, 5, 7, and 9 occurs at least at 3 conserved serine residues
(HDAC4: Ser246, 467, 632; HDACS: Ser259, 497, 661; HDAC7: Ser155,
178, 181, 321, 344, 446; 479, HDAC9: Ser220, 451, 611).
Phosphorylation of these sites promotes the binding of 14-3-3 pro-
tein.'®'® This can be associated with cytoplasmic localization of the
HDAC enzyme either by masking the NLS, which blocks the interaction
with importin a, or unmasking the NES thereby promoting the inter-
action with chromosomal-region maintenance 1 (CRM1). This allows a
quick and reversible adaptation of the cells to new environmental in-
fluences depending on the cellular demands.'” The best studied kinase
families known targeting class Ila HDACs are: Ca®>"/calmodulin-de-
pendent kinase families (CaMK), protein kinase D (PKD), microtubule
affinity regulating kinase (MARK) and salt-inducible kinase (SIK1). The
first kinases that have been reported to phosphorylate HDAC class Ila
enzymes are CaMK I and CaMK 1V.'®2° McKinsey et al. demonstrated
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Fig. 1. Schematic view of class Ila structural do-
mains. The catalytic domain is localized at the C-
terminus (C), while the N-terminus (N) harbors a
recognition sequence for the interaction with dif-
ferent types of proteins (e.g. gene expression re-
pressors, transcription factors, etc.). MEF2, myo-
cyte enhancer factor-2; S, serine residue
(phosphorylation); NLS, nuclear localization signal;
NES, nuclear export signal.

that HDAC4 and HDACS respond to CaMK I signaling by translocation
from the nucleus to the cytoplasm. They further pointed out that nu-
clear exclusion as a result of CaMK I signaling was not observed with
HDAC1 and HDAC3. HDAC4 and HDACS5 have six consensus CaMK sites
(Ser259, Ser279, Ser498, Ser661, Ser713, Ser736 in HDACS). Only
mutation of Ser259 and Ser498 to alanine led to a considerable re-
duction of CaMK I-mediated nuclear export of HDAC5. Mutation of both
residues (Ser259/498 A) completely blocked the CaMK I-mediated
nuclear export of HDAC5.'® CaMK I also induced the nuclear export of
HDAC?. The responsible amino acids are Ser178, Ser344 and Ser479.'°
CaMK 1V is able to phosphorylate HDAC4, which also leads to cyto-
plasmic localization.?’ CaMK II was found to selectively induce phos-
phorylation of HDAC4 by binding to a unique docking site (R601) that
is not present in other HDAC enzymes. This leads to the cytosolic ac-
cumulation of the protein.?! Interestingly, a later study from the same
working group showed that the subcellular localization of HDACS is
also affected by CaMK II, although the unique docking site present in
HDAC4 is missing. HDAC4 and HDAC5 can form homo- and hetero-
oligomers by a conserved coiled-coil domain which is located near the
amino-terminal end. Through direct binding with HDAC4, HDACS5 can
be exported out of the nucleus, either by phosphorylation of HDAC4 or
transphosphorylation of HDAC4 that is bound to CaMK II.>? Further
studies identified PKD as a kinase that directly phosphorylates the 14-3-
3 binding sites of class Ila HDACs and leads to their cytoplasmic ac-
cumulation. The interaction of PKD and class ITa HDACs has been linked
to B-cell receptor signaling,® T-cell apoptosis,®* cardiac hypertrophy,*®
and mitogenic signaling.'® Another kinase family that is associated with
class IIa HDACs is the microtubule affinity regulating kinase (MARK).
MARK 2 is expressed in the human heart, skeletal muscle and brain,
where it causes microtubule disruption by phosphorylation of micro-
tubule associated proteins.® It was initially identified as a class Ila
HDAC kinase in a ¢cDNA library expression screen.® This study further
provided evidence that phosphorylation of class Ila HDACs may occur
both in vitro and in vivo.® One of the upstream kinases of MARK is LKB1.
It is involved in several stress responses, for example upon high os-
molarity>” and DNA damage.?® It seems reasonable to suppose that
class ITa HDACs are also involved in these stress responses. In fact,
HDAC4 has also been implicated to play a role in the DNA damage
response.”’ The fact that multiple kinase families phosphorylate class
IIa HDACs, even multiple kinase isoforms within one family, suggests
that these enzymes play a pivotal role in a variety of biological pro-
cesses. The selectivity of some of these kinases towards specific mem-
bers of class IIa HDACs or towards specific 14-3-3 sites further de-
monstrates the complexity. Multisite phosphorylation by one or more
kinases might represent a mechanism to fine tune the regulation of
distinct target genes in a highly orchestrated response to a specific
signal. Since phosphorylation is a reversible posttranslational mod-
ification, it is thus not surprising that phosphatases can counteract the
influence of these kinases on class Ila HDACs. Further studies have
shown that PP13, MYPT1 and PP2A indeed dephosphorylate members
of class Ila HDACs and lead to their nuclear localization.**~>? The nu-
cleo-cytoplasmic transport is mainly dependent on phosphorylation and
plays a major role in regulating the activity of class [Ila HDACs. How-
ever, other posttranslational modifications of class Ila HDACs such as
ubiquitination, sumoylation, acetylation and proteolytic cleavage also
contribute to the regulation of class ITa HDAC activity and are reviewed
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by DiGiorgio & Brancolini and Mathias et al.’”**
2.2. Catalytic activity

A unique property of HDAC class [Ia enzymes is their highly reduced
catalytic activity on acetyl-lysine compared to HDAC enzymes of class I
and IIb.” This is due to a tyrosine to histidine substitution (Y976H)
within the catalytic domain of class Ila HDACs. The tyrosine acts as
transition state stabilizer of the catalytic reaction. Consequently, the
H976Y mutant of HDAC4 results in a gain of function phenotype with a
catalytic activity similar to class I HDAC enzymes.” So far no natural
substrate of class I[la HDACs is known which raises the question about
the importance of the catalytic activity for their biological function. A
general notion is that they rather act as acetyl lysine recognition do-
mains (“acetyl lysine readers”) and exert their function within large
multiprotein-complexes.>* Within these complexes (e.g. HDAC3 and N-
Cor/SMRT) they can make use of the deacetylase activity of other
HDAC enzymes to modulate epigenetic changes.>® The fact that the
catalytic domain of class Ila HDACs is not necessarily required is also
corroborated by a splice variant of HDAC9 (MITR — myocyte enhancer
factor-2 interacting transcription repressor). This splice variant, lacking
the catalytic domain, still maintains full transcriptional repressive
function.>®

3. Class ITa HDAC enzymes in human diseases

Class ITa HDACs are not only contributing to cancer, (auto)immune-
and neurological disorders but also play a role in diabetes and muscle
degenerative diseases.®”-*®* HDAGS5 is of particular importance in dia-
betes. It regulates GLUT4 expression which is critically involved in the
resistance to insulin.®” Neurogenic muscle atrophy is the result of dead
or dysfunctional motor neurons and muscle fibers or alterations in
neuromuscular junctions. HDAC4 and HDACS are involved in the ex-
ecution of the muscle atrophy program by regulation of the transcrip-
tion factor myogenin.>® As briefly described in these few citations, class
ITa HDACs play an important role in diabetes and muscle degenerative
diseases. However, the focus of this review and in particular of this
chapter is the involvement of class Ila HDACs in neurological disorders,
immune disorders and cancer.

3.1. Neurological disorders

HDAC class ITa enzymes have been well studied in the physiological
and pathological context of neuronal development and function.
HDACH4 is highly expressed in neurons, predominantly localized in the
cytoplasm and is involved in synaptic plasticity and memory forma-
tion.*>™*! Several reports have shown that chromosomal microdeletions
and point mutations of the HDAC4 gene play an important role in
brachydactyly mental retardation syndrome (BDMR).**~** BDMR pa-
tients suffer from developmental delays, intellectual disabilities, beha-
vioral abnormalities, craniofacial and skeletal abnormalities.** One
clinical study revealed that the expression level of HDAC4 mRNA in-
versely correlated with the phenotype of BDMR syndrome. Low ex-
pression led to more severe symptoms.*® Another clinical study from
Villavicencio-Lorini et al. pointed out that haploinsufficiency of HDAC4
also contributes to the BDMR syndrome phenotype.** Another neuro-
logical disorder that is related to HDAC4 is Huntington’s disease.*” It is
caused by an increased number of CAG repeats within the exon 1 of the
Huntingtin (HTT) gene compared to the wild type situation. The re-
sulting prolonged polyglutamine (polyQ) stretch in HTT has the ten-
dency to self-aggregate, leading to misfolded proteins and ultimately to
neuronal dysfunction and cell death. Mielcarek et al. have shown in R6/
2 mice that HDAC4 co-localizes with huntingtin in the cytoplasm.*®
HDAC4 was able to interact with mutant huntingtin (mutant exon 1) in
a polyQ-dependant manner. A reduction of HDAC4 protein reduced the
HTT aggregation process. This led to the rescue of neuronal synaptic
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function and an increased survival in the Huntington’s disease mouse
models.*> HDACS is involved in the axon regeneration by tubulin
deacetylation upon axon injury. Interaction with protein kinase C leads
to activation of HDAC5 which results in tubulin deacetylation of the
peripheral neurons.*® Furthermore, the calcium- and protein kinase C
dependent nuclear export of HDAC5S leads to an increase in histone
acetylation, reinstating the transcription of pro-regenerative genes.””
HDACY has been reported to protect cerebellar granule neurons (CGNs)
from apoptosis. This neuroprotective function is independent of the
deacetylase activity and involves inhibition of c-jun expression.’®
HDAC9 has been linked to schizophrenia. In a small proportion of
schizophrenia patients, HDACO is hemizygously deleted.”® Lang et al.
also found out that HDAC9 is widely expressed in areas of the mouse
brain which are associated with schizophrenia. Of note, HDAC9 was
expressed exclusively in post-mitotic and mature neurons which in-
dicates an important role in the function of neurons in the mature
brain.*°

3.2. Immunological role

The engagement of HDACs in the immune system has been in-
tensively studied over the past decade. A prominent example is HDAC7.
It is highly expressed during the development of CD4+ CD8+ thy-
mocytes. Within the nucleus, it represses transcription of the orphan
nuclear receptor Nur77. Nur77 has pro-apoptotic functions and is in-
volved in negative T cell selection.®’ Upon T cell activation, HDAC7
becomes phosphorylated via protein kinase D1 and is transported into
the cytoplasm. This results in a derepression of Nur77 and an induction
of apoptosis.®? In another study, conditional knockout mice showed a
reduced survival or positive selection of CD4+ lymphocytes upon de-
letion of HDAC? in double positive thymocytes. This was accompanied
by the nuclear export of HDAC7.>> Consequently, a nuclear export de-
ficient mutant of HDAC7 lacking the phosphorylation sites (HDAC7-AP;
S155A; S358A; S486A) blocked negative thymic selection, but was still
able to go through positive selection. This led to the escape of auto-
reactive T cells to the periphery and correlated with the development of
lethal multi-organ autoimmunity.”® More recently, the same laboratory
conducted a study on the effects of HDAC7 on natural killer T (NKT)
cells. Again using the HDAC7-AP mutant, they showed that NKT de-
velopment is impaired and conversion to naive-like T cells is initiated.
Moreover, they could establish a connection between these events and
tissue specific-autoimmunity.®® Azagra et al. demonstrated that HDAC7
is required for B lymphocyte identity and development. By using a
conditional knockout mouse model, this study showed that deletion of
HDACY represses early B cell development and leads to lymphopenia in
peripheral organs.>®

With one of the first selective class Ila HDACi (TMP195) in hand,
Lobera and colleagues could establish a link towards monocyte differ-
entiation. They used phytohemagglutinin (PHA) stimulated PBMC cells
and purified T cells (CD3+), B cells (CD19+) and monocytes
(CD14+). These cells were then separately treated with TMP195. T
cells and B cells were considerably less sensitive than monocytes (17
and 36 genes regulated vs. 587 genes). Genes affected by class Ila HDAC
inhibition included chemokines and genes associated with immune
response.”” Further investigations led to the discovery that TMP195
treatment induced an anti-tumor macrophage phenotype. It induced the
recruitment of phagocytic macrophages, thereby changing the tumor
microenvironment of a mouse model of breast cancer.”® This study
provided a first hint that inhibiting class Ila HDACs can be used to
modulate the immune system to create an anti-tumor response.

3.3. Cancer
There is emerging evidence that HDAC class IIa is also involved in

cancer. Kao and colleagues reported that reduced expression of HDAC4
via RNAi leads to a decrease in cell viability in HeLa cells.>’ They

16



Y. Asfaha, et al.

further demonstrated that HDAC4 and the tumor suppressor p53 co-
localized upon DNA damage. By immunoprecipitation experiments,
they could show a direct interaction between HDAC4 and p53.%°
However, there are also studies reporting the opposite effect of HDAC4.
In urothelial cancer cells, HDAC4 expression rather impedes prolifera-
tion, and HDAC4 inhibition did not reduce cell growth.>® Another study
from Geng et al. showed that irradiation (IR) leads to the translocation
of cytoplasmic HDAC4 into the nucleus in human non-small cell lung
cancer cell lines H23 and H460. Treatment with the pan-HDACi pa-
nobinostat counteracted IR induced nuclear localization of HDAC4.
Moreover, the administration of panobinostat prior to irradiation (IR)
increased the duration of y-H2AX foci.®® It is intriguing to speculate
whether inhibition of HDAC4 leads to cytoplasmic localization, thereby
interfering with the DNA damage response. These studies are now
possible due to availability of highly selective class Ila HDAC inhibitors
and need to be performed to shed light on the possible involvement of
HDAC4 in the described effects of panobinostat. Another possible ex-
planation for nuclear export of HDAC4 by panobinostat could be the
inhibition of nuclear interaction partners like HDAC3. One study de-
monstrated a NLS-independent nuclear import of HDAC4. A mutant
comprising aal-208 was directed to the nucleus due to its interaction
with the transcription factor MEF2.°" Studies from Stronach et al.
showed that there is a connection between the resistance of platinum-
based DNA damaging drugs and the expression of HDAC4.°> They
analyzed 16 paired tumor biopsies of ovarian cancer, that where taken
prior and after the development of platinum resistance. 44% showed a
significant increase in HDAC4 expression in the platinum-resistant
biopsies. They also shed some light on the molecular mechanism by
linking the acetylation status of STAT1 to the protein level of HDAC4.
STAT1 is activated by phosphorylation at Y701 and is transported into
the nucleus when platinum-resistant cells were treated with cisplatin.
Silencing of HDAC4 increased acetylation of STAT1, counteracting its
platinum-induced activation and restored sensitivity towards cisplatin
in ovarian cancer cells.®? Another study by Cadot and collegues in-
vestigated cell cycle progression upon knockdown and knockout of
HDAC4 in tumor and normal cells. The knockdown in HeLa cells led to
mitotic arrest subsequently leading to apoptosis. Chromosome segre-
gation defects were only present in p53 deficient cells.®® There are also
p53-independent mechanisms how class Ila HDACs can contribute to
cancer cell growth by upregulation of the cyclin-dependent kinase in-
hibitor p21WAF/CP1 GiRNA mediated silencing of HDAC4 led to an
increase in p21WATY/CP1 expression in a variety of cancer cell lines.
Repression of p21WAF/P1 by HDAC4 was dependent on the interaction
with the transcription factor Sp1, which was then recruited to the Spl/
Sp3 binding site of the p21WAM™/C™®1 promotor.°* Because HDAG4 is
enzymatically “silent”, additional binding partners might contribute to
suppress p21"AF/P1 expression. One possibility might be the re-
cruitment of transcriptional corepressor complexes like HDAC3-NCoR/
SMRT with catalytic activity.>® In this case, another study indeed de-
monstrated that HDAC4 associates with the HDAC3-NCoR/SMRT
complex to repress p21"VAF/P1 expression in colon cancer cells.®® In
2004, two different working groups have simultaneously identified a
caspase cleavage site (Asp289) within the amino acid sequence of
HDAC4.°“%” Upon caspase cleavage of HDAC4, the amino-terminal part
of HDAC4 accumulates in the nucleus, eventually triggering cyto-
chrome c release and caspase-9 dependent apoptosis.°® The amino-
terminal part of HDAC4 lacking the MEF2 binding site (HDAC4/1-165)
indicated that repression of MEF2 was necessary for the proapoptotic
function. The interaction of HDAC4 with MEF2 has also been shown to
induce cell transformation and tumorigenesis.°® By mutational studies
the authors proved that nuclear localization as well as an intact MEF2
binding site are crucial for the transforming activity of HDAC4. A more
recent publication links nuclear HDAC4 to p53-dependent senescence
in fibroblasts favoring cell transformation.®” HDAC7 like HDAC4 has an
oncogenic potential.°® High HDAC7 expression in lung cancer corre-
lates with poor patient survival. In lung cancer cells, HDAC7 promoted
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tumorigenesis by deacetylation of STAT3 resulting in an inhibition of
STATS3 activation.”® Similar to HDAC4, HDAC? has a caspase cleavage
site (D375) that is a target for caspase-8. Although proteolytic cleavage
of HDAC7 was also accompanied by altered subcellular localization of
the two resulting fragments and repression of MEF2, a proapoptotic
effect in cancer cells like HDAC4 has not been described until now.”*
HDACS has been linked to cancer-related processes like angiogenesis.
Recent evidence suggests that overexpression of HDACS is involved in
the proliferation, invasion and survival of lung cancer cells.”? Other
studies observed the opposite effect in osteogenic sarcoma cells, neu-
roblastoma and breast carcinoma cells where HDAC5 overexpression
led to growth suppression and spontaneous apoptosis that was asso-
ciated with the activation of tumor necrosis factor death receptor
pathway.”® Another study showed that estrogen receptor positive ta-
moxifen-resistant MCF7-TamC3 breast cancer cells exhibit an increased
expression of HDAC2 and HDAC5 compared to parental MCF7 tamox-
ifen-sensitive cells. In this case an increased expression of HDAC5 was
associated with downregulation of the tumor suppressor miR-125a-5p
and the upregulation of the anti-apoptotic protein survivin. Of note, in
tamoxifen-treated ER* breast cancer patients, low expression of miR-
125a-5p correlates with poor overall survival.”* Since the expression of
class IIa HDACs is rather tissue-specific, it is likely that the cellular
response to HDAC5 overexpression (or knockdown) varies depending
on the cellular origin. To a lesser extent, HDAC7 and HDAC9 have been
described in cancer-related processes. As with HDAC5, HDAC7 has been
linked to angiogenesis. Silencing of HDAC7 in endothelial cells led to
upregulation of the platelet-derived growth factor-B (PDGF-B) and
platelet-derived growth factor-receptor beta (PDGFR-beta), which
changed migration properties and therefore affected angiogenesis.””
High levels of cytoplasmic HDAC7 expression were shown in pancreatic
tumors.”® Poor prognosis in childhood acute lymphoblastic leukemia
(ALL) has also been linked to high levels of HDAC7 and HDAC9 ex-
pression.”” HDAC7 affects cancer cell proliferation in various tumor cell
lines by upregulation of the proto-oncogene c-Myc and downregulation
of the cell cycle regulators p21 and p27. Knockdown of HDAC7? led to
cell cycle arrest and cellular senescence.”® B-cell malignancies on the
other hand show low expression of HDAC7. Overexpression of HDAC7
in these cells leads to downregulation of c-Myc and promotes apop-
tosis.”® Overexpression of HDAC9 mRNA and protein level has been
implicated as a negative prognostic marker in breast cancer, lymphoma
and osteosarcoma.””"®*%2 In breast cancer cells, high levels of HDAC9
led to a decrease in apoptosis and increased proliferation. This was
associated with deregulation of CDKN1A, BAX and TNFRSF10A genes.
In these tumors, the efficacy of HDACi to reduce cell proliferation and
CDKNA1A expression was impaired. In a genetically engineered mouse
model that constitutively expressed a HDAC9 transgene during B-cell
development, Gil and colleagues showed that these mice developed
splenicmarginal zone lymphoma and lymphoproliferative disease.
Further analysis suggested that, by altering pathways involved in
growth and survival mainly by modulation of BCL6 and p53 activity,
HDAC9 might contribute to lymphomagenesis.®*> Four HDACi have
been approved for cancer therapy by the food & drug administration
(FDA). However, these HDACi have common side effects that are linked
to their inhibitory activity against multiple HDAC enzymes across
several classes. Therefore, the focus of current research is to identify
novel compounds selective for single HDAC enzymes or classes to re-
duce side effects and maintain the anti-tumor activity of pan HDACIi.
This further demonstrates the need for studies to develop new selective
class IIa HDACI.

4. Class Ila HDAC inhibitors
In the 1990s, Jung et al. introduced a pharmacophore model of
HDAC inhibitors (HDACi), which has been facilitating their rational

design.®*®® The currently used and widely accepted pharmacophore
model features the following three elements: a zinc binding group
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Fig. 2. Cellular localization of zinc dependent-HDACs. Light blue background indicates the nucleus whereas yellow background reflects the cytosol. The depicted
dark blue bars represent the catalytic domain within the amino acid sequence (white bars). Numbers indicate the length of the amino acid sequence.

|
( CAP H linker )—(Zinc binding groupJ

Fig. 3. Pharmacophore model for class Ila HDACi.%”
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Fig. 4. Chemical structures of FDA approved HDAC inhibitors 1-4 and their
indications. CTCL: cutaneous T-cell lymphoma, MM: multiple myeloma, PTCL:
peripheral T-cell lymphoma.”~'%?

NH,

9
i

3, PAOA (5)
4, BML-210 (6)

Fig. 5. Chemical structures of PAOA (5) and BML-210 (6) (left). A surface re-
presentation of the binding mode of BML-210 (6) in the hydrophobic pocket of
MEF2A (PDB:3MU6) (right)'?

(ZBG), a linker, that mimics the acetyl-lysine and interacts with the
substrate binding tunnel and a cap, also known as surface recognition
domain.

However, this model is not fully applicable for inhibitors that ad-
dresses cavities besides the main pocket, such as the side pocket, the
foot pocket and the lower pocket. Therefore, Melesine et al. proposed
an extended HDACi pharmacophore model exhibiting six elements:
ZBG, linker, S-cap (cap targeting the surface), SP-cap (cap targeting the
side pocket), FP-group (foot pocket) and the LP-group (lower pocket).®”
In Fig. 3 the pharmacophore model for class Ila HDACI is illustrated.
This new pharmacophore model is relevant for the design of novel and
selective inhibitors. HDAC inhibitors can be unspecific for a certain
isozyme (pan-inhibitors) or selective for a specific HDAC subtype
(isozyme-selective).

Important inhibitor classes are hydroxamic acids, cyclic peptides
and depsipeptides, thiols, carboxylic acids, o-amino anilides and TFMO-
containing inhibitors.®®°° Due to their strong chelation ability the
hydroxamic acid group is the most frequently used ZBG. Trichostatin A
(TSA) was the first natural hydroxamate that has been shown to inhibit
HDAGCs.”' TSA was isolated from the culture broth of Streptomyces
hygroscopius as an antifugal agent against Trichophyton species.’*%*
With TSA as lead structure, vorinostat (SAHA) (1), a pan inhibitor, was
developed and represents the first FDA approved HDACi. °149%,

In 2012, our groups published the synthesis and biological evalua-
tion of vorinostat analogues with a novel connecting unit linker re-
gion.”® The frontrunner of this study (termed 19i or LKM235) exhibited
superior effects over vorinostat against chemoresistant cancer cells. In
our initial publication, 19i (LMK235) was described as a class Ila
(HDAC4, HDACS5) selective HDACi. Since further studies on 19i
(LMK235) have rather suggested vorinostat-like HDAC inhibition
properties, the HDAC inhibitory profiles of 19i (LMK235) were re-as-
sessed using current state in vitro assays including reference compounds
not available in 2012. The new results revealed a class I and class IIb
selective profile for 19i (LMK235).%%7

The cyclic peptide HDACI are structurally complex and include the
natural product romidepsin (FK228) (3).”®This disulphide prodrug is
reductively activated in vivo and exhibits a thiole group as ZBG. The
above-mentioned compounds as well as panobinostat (LBH589) (2) and
belinostat (PXD101) (4) are approved by the FDA for the treatment of
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tasquinimod (7)

Fig. 6. Chemical structure of tasquinimod (7).

specific types of blood cancer (Fig. 4).7771%!

However, drawbacks of the currently approved HDACi are e.g in-
effectiveness in solid tumours and cardiac toxicity. To overcome these
side effects and increase their potency, there are two strategies: (i)
Target preference: designing and developing HDACi with high potency
and selectivity (ii) Selective delivery: release of drug at target of in-
terest.'*?

In this review we will focus on the design of class Ila specific HDACi.
Nevertheless, it is still not clear whether the inhibition of a specific
HDAC isoform will have a clinical benefit.'°* Currently, there are two
promising approaches for the design of specific HDACi for class IIa:*%°

a) Targeting the N-terminal region and the interaction with client
proteins
b) Targeting the catalytic site

Despite the lower deacetylation activity of all class Ila HDACs
compared to other zinc dependent HDACs, targeting the catalytic do-
main could have an impact on the interaction with other proteins.
Targeting the protein—protein interaction (PPI) directly is more chal-
lenging due the large and flat size of the PPI interface compared to
targeting the well-defined pockets.'*® As described above, class Ila’s
regulatory N-terminus interacts with client proteins such as the tran-
scription factor MEF2A-D. MEF2 plays a key role in the development of
the adaptive response in many tissues and organs. Class Ila HDACs do
not interact directly with DNA but need to bind to the sequence-specific
MEF?2 for genomic targeting. ®''°” Moreover, many biological functions
of class Ila are referred to MEF2 transcriptional repression.'>'%%1%9 It
was shown that a single knock-out of class Ila HDACs in mice results in
a phenotypic change due to MEF2 over activation in bone (HDAC4),
heart (HDAC5/9) and cardiovascular system (HDAC7).>?>110 Crystal-
lographic analysis and in vitro biochemical studies revealed that the
amphipathic helix, conserved in the N-terminus of class I[Ia HDAC, in-
teracts with the highly conserved hydrophobic channel on the MADS-
is/MEF2 domain of MEF2.''"''2? Jayathilaka et al. identified and
characterized small molecules that inhibit the interaction between
MEF2 and class I[Ia HDACs by binding directly to the MADS-box domain
of MEF2 and thereby block the recruitment of class Ila HDACs.''® By
performing virtual screening of the ZINC-database and using the crystal
structure of the HDAC9:MEF2, BML-210 (6)and PAOA-like compounds
(5) were determined as potential PPIs. In Fig. 5, the structural char-
acterization of the binding mode of BML-210 (6) to MEF2A is shown.
The aliphatic chain binds between helix H2 of the two MEF2 monomers
and the phenyl group interacts with the hydrophobic pocket formed by
Leu66, Leu67 and Thr70 from each monomer. The 2-aminophenylgroup
is involved in several hydrophilic interactions with Asn73, GIn56,
Asp51 and Asp63 (prime sign indicates residues from the other
monomer)

These PPI inhibitors were originally discovered as class I HDAC
inhibitors leading to acetylation of histone but not tubulin.''**'®
Moreover, it was reported that in several leukaemia cell lines BML-210
(6) induces growth inhibition and apoptosis.''® Further studies are
necessary to clarify whether the anti-tumor effect of BML-210 (6) and
its analogues is due to the interaction with MEF2 or other pathways.
Furthermore, these PPIs can be used as leads to improve their se-
lectivity and to develop epigenetic therapies against diseases in which
the dysregulation of MEF2 and class Ila HDACs play a key role.
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In 2013, Issacs et al. identified tasquinimod (7) as a negative al-
losteric modulator of HDAC4 (K4 = 10-30nM) that interacts with the
carboxamide moiety at the zinc binding domain of HDAC 4 (Fig. 6). ''”
Tasquinimod (7) is used as an anti-angiogenic drug for the treatment of
advanced castration-resistant prostate cancers (CRPC).''®''° It was
reported that tasquinimod (7) stabilizes the inactive form of HDAC4
(open conformation) and thereby causing a conformational change in
the binding pocket. As a result, the HDAC4/N-CoR/HDAC3 complex
formation, the colocalization of N-CoR/HDACS3, the deacetylation of
histones and HDAC4 client transcription factors (e.g. HIF-1a) are in-
hibited. These client TFs are bound to promotors/enhancers where
epigenetic reprogramming takes place for cancer cell survival and an-
giogenic response.’?° In this way, tasquinimod (7) blocks the angio-
genic switch.''®

In 2008, P. Jones et al reported, a series of 2-tri-
fluoroacetylthiophenes as potent and selective class II histone deace-
tylase inhibitors.’?! A screening of a compound library against wt and a
gain-of-function (GOF, H976Y) mutant of HDAC4 revealed ethyl-5-
(trifluoroacetyl)thiophene-2-carboxylate as a potent class II inhibitor.
Based on this compound, a series of 5-(trifluoroacetyl)thiophene-2-
carboxyamides was developed that showed 10-fold selectivity for
HDAC4 and HDACG6 over class I HDACs. These inhibitors consist of
three structural elements:

a) trifluoroacetyl group that binds to the zinc ion in a bidentate
manner (hydrate)

b) 2,5-disubstituted thiophene scaffold as a linker

c) amide group attached to cap-group that interacts with the sur-
rounding residues.

Compound 8 was identified as a modest inhibitor of HDAC4 (GOF/
WT ICso = 370/320nM). The inhibition profile of compounds 8 is
given in Table 1. '*!

Table 1
ICso values of compound 8 against selected HDAC en-
zymes of class I, Ila and IIb.'*!

Enzyme Cpd. 8 ICso [nM]
HDAC4 WT 320

HDAC4 GOF* 370

HDAC1 5550

HDAC3 44%inh at 5 pM
HDAC6 310

# Gain of function mutant H976Y.

The X-ray crystal structure of HDAC4WT with inhibitor 8 verified
that this compound binds in its hydrated form in the catalytic center
(Fig. 7). These oxygen-zinc bonds are in the range of 2.04-2.4 A.
Moreover, a water molecule mediates a hydrogen bonding between the
inhibitor and Gly945 of the active site. This water molecule might be

o
0
S ] N _N
FC N N/
Ph
8

Fig. 7. Chemical structure of compound 8 (left). X-ray crystal structure of 8
bound to HDAC4 WT catalytic domain (PDB: 2VQJ) (right)."*'
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important to stabilize the transition state during the deacetylation.*!

The first potent class IIa HDACI, a series of diphenylmethylene
hydroxamic acids, were reported in 2009 by the Besterman group.**N-
hydroxy-2,2-diphenylacetamide (9) and N-hydroxy-9H-xanthene-9-
carboxamide (10) displayed activities in the sub-micromolar range
(Table 2). The rigidified oxygen analogue 10 of compound 9 showed
comparable HDAC 4 and 5 inhibitory activities, but marginally higher
selectivity for HDAC?7. Both inhibitors 9 and 10 were synthesized by the
conversion of commercially available carboxylic acids to hydroxamic
acids by coupling the appropriate acid with hydroxylamine.

Table 2

ICs, values of compound 9 and 10 against HDAC4, 5 and 7.'%?

Enzyme Cpd. 9 ICs [uM] Cpd. 10 ICso [pM]
HDAC4 0.75 0.25
HDAC5 0.14 0.11
HDAC?7 0.39 0.05

In our performed docking studies (PDB:6FYZ)'**, we could de-
monstrate that the xanthene derivative 10 provided the required 3D-
geometry to fit into the catalytic site of class [la HDACs (Fig. 8).

Fig. 8. The docking poses of the xanthene derivative 10 in the binding site of
HDAC4. (PDB:6FYZ)'*®

In 2013, Lobera et al. described eleven selective class Ila HDAC in-
hibitors with a trifluoromethyloxadizolyl group (TFMO) as a novel ZBG.
124 The ICs, values of these eleven TEMO derivatives in comparison to
their hydroxamate analogues revealed that the TFMO moiety is pre-
ferred by class Ila HDACs (150-10000-fold), HDACS8, 10 and 11 were
indifferent, whereas HDAC6 preferred hydroxamic acids (10-fold)
(Table 3).
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Table 3
Calculated K; values for TMP942 (11) and TMP974 (12).'%*

ﬁ

F30’<\O\J\‘\©)L )K@)L
N

TMP942 (11) TMP974 (12)
Enzyme K [uM] TMP942 (11) K; [uM] TMP974 (12) K; [uM]
HDAC4 55.8 0.075 23.8

HDAGC5 67.1 0.182 24.3

HDAC7 63.5 0.039 3.94

HDAC9 6.7 0.008 5.98

HDAC1 15.2 > 23 11.9

HDAG2 11.6 >19 > 19

HDAGC3 37.5 > 43 > 43

HDAC6 14.1 2.81 0.189

HDAGC8 6.35 7.66 1.33

HDAC10 5.6 > 10 > 10

HDAC11 11.7 >19 >19

A crystallographic analysis confirmed that the TFMO group acts as a
non-chelating ZBG which interacts by one of the fluorine atoms and its
oxygen with the active Zn®>* atom in the catalytic center (Fig. 9). It is
suggested that a class IIa selectivity is the result of the bulkiness but
modest zinc binding ability of the TFMO-group as well as the U-shaped
conformation of these inhibitors. Due to the weak electrostatic inter-
action of the ZBG with the metal ion, it is assumed that the TFMO series
has fewer pan-inhibitor associated off-targets effects. Compared to the
structurally related trifluoromethylketone series by Bottomley et al. , the
TFMO series are chemically more stable due to the rigid ring-structure.’

TMP269 (13) was synthesized according to Scheme 1-3 in a con-
vergent synthesis. '** In the first step, the Hantzsch thiazole synthesis
was performed to obtain 16. Under basic conditions, compound 16 was
reacted with 1,2-bis-(2-bromoethoxy)ethane. Subsequently, the term-
inal nitrile 17 was reduced to its corresponding amine 18.

The TFMO moiety was obtained by converting the benzonitrile 19
to an amidoxime 20 which was cyclized with trifluoroacetic anhydride
(Scheme 2).

In the final step, the acid 21 was coupled with amine 18 to obtain
TMP269 (13) (Scheme 3).

In cell-based assays, it was reported that the class Ila selective in-
hibitors did not induce cell death and apoptosis in contrast to the class I
and pan inhibitors. Gene expression profiling of PHA-activated human
peripheral blood mononuclear cells (PBMC) revealed that TMP195 had
barely an impact on gene expression (regulates 76 genes), whereas
SAHA regulates the expression of 4556 genes. '*>These differences raise
the question whether class Ila HDACs are classical epigenetic enzymes
altering the condensation state of chromatin and gene expression.
However, the effect of TMP195 on monocytes was remarkable (reg-
ulation of 587 genes). The inhibitor induces monocyte responses to
mitogen (PHA), M-CSF and GM-SF, which is a proof that the function of
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TMP269 (13)
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Fig. 9. Chemical structure of TMP269 (13) (left). Binding mode of TMP269 (13) in HDAC7. (PDB:3ZNR) (right)'**
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Scheme 1. Synthesis of amine 18. Reagents and conditions: a) EtOH, 80 °C, 4 h, 75%; b) (i) NaH, THF, 0 °C, 30 min, (ii) 1,2-bis-(2-bromoethoxy)ethane, THF, rt, 1 h,

85% c) LiAlH,, THF, 0°C - rt, 1 h, 37%.
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Scheme 2. Synthesis of the TFMO moiety. Reagents and conditions: a) 8-hy-
droxyquinoline, NH,OH'HCl, Na,CO3, EtOH / H,0 (5:2), reflux, 4 h, 82%; b) (i)
TFAA, pyridine, 0°C - 50 °C, 3 h, 28%.

the catalytic or reader domain of class Ila HDAC are not evolutionary
remnant. The TFMO-series indicated that class Ila HDACs are potential
targets for immunological diseases and provide an important tool for
identifying natural substrates of class ITa HDACs.'**

Simultaneously, Novartis described 46 novel TFMO derivatives as
selective HDAC4 inhibitors for their potential clinical use in the treat-
ment of Huntingtonis disease, muscle atrophy, and diabetes/metabolic
syndrome. Those inhibitors exhibit a TFMO ZBG that is attached to a
heterocycle (e.g. pyridine, pyrimidine). '?>'?” The cap-region is con-
nected in para position to the ZBG via an amine or amide moiety to the
heterocycle. In Fig. 10, the structures of 22 and 23 are illustrated.

The TFMO derivatives were synthesized in high yields using a dif-
ferent procedure described in Scheme 4. The para-substituted pyridine
carbonitrile 24 was converted into the amidoxime 25 under basic
conditions after which a cyclisation was realized by the addition of
TFAA.

The HDAC enzyme inhibition data for 22 and 23 are shown in
Table 4. They show 300-500-fold selectivity for HDAC4 over HDAC1
and 6.

O-N 0 /Y@

S

Fao—4 ! +  HaN— =N 2
N OH 2

21 18

O-N O-N
e Il g e I g
N = ‘ H N =z ‘ H
S N
X N\‘/\N/\Ph T\N/\
! ! o N

22 23

Fig. 10. Chemical structures of 22 and 23.'%°

oH FSC%o
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‘ SN a b
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24 25 26

Scheme 4. Synthesis of para-substituted TFMO-compounds 26. Reagents and
conditions: a) NH,OH, NEt;, EtOH, 80 °C, 1 h, 63%, b) TFAA, THF, 5 °C, 15 min,
77%.

Table 4
HDAC enzyme inhibition data for 22 and 23.'%°

Cpd 22 ICs, [pM] 23 ICso [pM]
HDAC4 0.018 0.028
HDAC1 >10 >10
HDAC6 >10 >10

Scheme 3. Synthesis of TMP269 (13). Reagents and
conditions: a) EDCI, DCM, rt, 8 h, 62%.
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The biological role of HDAC4 in Huntington disease (HD) was also
investigated by Biirli et al."?® The potential therapeutic benefit by class
Ila HDAC inhibition was mainly confirmed by genetic suppression
studies of class Ila HDACs. Biirli et al. identified, by crystallography
analysis and structure-based design, trisubstituted diarylcylopropane-
hydroxamic acids as potent and selective class Ila HDAC inhibitors. Due
to the geometry of the cyclopropane scaffold, selectivity was achieved
by addressing the lower pocket. However, the synthesis of these cy-
clopropane scaffolds is demanding (Scheme 5). a,(-Unsaturated esters
30 were used as starting materials and were obtained either by Heck,
Wittig or Suzuki reactions. In the following step, the cyclization was
performed by conversion of the ester 30 with the corresponding sulfur
ylide. The addition of 12-crown-4 improved the diastereoselectivity of
this reaction. Biirli et al. were the first ones that described this cycli-
zation condition to obtain 1,2,3-trisubsituted cyclopropanes 31. In the
final step, the cap group was introduced by Heck, Suzuki or Stille
coupling. Finally, the esters 31 were converted into the hydroxamic
acids 32 (Scheme 5).'%8

R/§O \
27
b d CO2Et
X COEt R/\/COQEt - . A
28 R “Ph
COE / 30 31
08
7K
29

Para-substitution of the phenylene linker with heteroaryl capping
groups, e.g. pyridazine and pyrimidine resulted in an improvement of

Table 5
Cellular HDAC inhibition (ICs¢) and in vitro ADME data for compounds
33-35.'%

CONHOH CONHOH
CONHOH . F
“Ph
“'ph 0. Ph
X
N x N\ o <N
\
=0 J CF3
33 34 35
Cpd. cell-based microsomal stability =~ MDCK-MDR1 AlogP
activity [uM] Cline [mL/min/kg] [ratio; nm/s] TPSA
(A M,
Lys- Lys-Ac ~ MLM® HLMP EER®  Popi_s
TFA
33 0.22 > 50 89 < 36 2.4 442 2.2
76
320
34 0.28 > 50 < 65 40 4.1 130 2.7
70
390
35 0.30 > 50 531 < 36 3.4 460 3.2
76
360
3MLM = mouse liver microsome P°HLM = human liver microsomes ©
EER = effective  efflux  ratio P.pp = apparent  permeability ¢

TPSA = topological polar surface area.

A
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enzyme inhibition and ex-vivo potency. Further optimization of ADME
properties for CNS permeability was supported by the prediction of
physicochemical properties and resulted in the oxazole derivatives 33
and 34 with a reasonable microsomal stability and limited P-gp medi-
ated efflux (Table 5). Interestingly, compound 35 is well distributed in
muscle but not in brain tissue.'®

In enzyme assays Biirli et al. demonstrated the excellent HDAC class
IIa selectivity. Compound 33 had a more pronounced activity against
class ITa HDACs with a 2000 fold and 20 fold higher selectivity over
HDAC2 and HDACS, respectively (Table 6)."%®

In co-crystallisation studies the expected binding mode of the 5-
fluoropyridmidine 36 with HDAC4(cd) (WT) was confirmed (Fig. 11).
The protein adopted a closed-loop conformation. The hydroxamic
moiety interacts via its carbonyl (2.00 A) and hydroxy oxygen (2.36 A)
with the zinc ion. The phenyl group of the ligand occupies the lower
pocket and features an edge-to-face st-stacking interaction with Arg681,
and Phe812. The cocrystal structure of oxazole 33 with HDAC4(cd)
(L278A) is similar to the 36 - HDAC4(cd) (WT) cocrystal structure.

Scheme 5. Synthesis of trisubstituted cylopropanes.
Reagents and conditions: a) (EtO),P(O)CH,COEt,
NaH, THF, 0 °C to rt, 1 h, 44-99%; b) RCl or RBr, Pd
(OAC)y, P(o-tol)s, NEts, MeCN, 80°C, 3-18h,
17-93%; c) RBr, Pd(PPh3),, K,COs3, dioxane, 100 °C,
17 h, 68%; d) X (OTf or Br salt), LIHMDS, 12-crown-
4, —20°C, 2h, 16-100% (dr > 98:2 to 5:4), e)
32 NH,OH, KOH, MeOH-THF (1:1), rt, 1 h, 5-86%.

CONHOH

R Ph

However, one drawback of the trisubstituted cyclopropane hydro-
xamic acids is the high intrinsic clearance, probably due to o-glucur-
onidation of the ZBG. In the 2nd generation of these inhibitors, a de-
rivatization of the ZBGs alpha hydrogen was performed in order to limit
this O-glucuronidation by the introduction of steric or electronic effects.
Indeed, a methyl and fluoro substitution showed an improved phar-
macokinetic profile and higher HDAC4 inhibition."*? The compounds
were synthesized according to Scheme 6. After cyclopropanation of the
methyl cinnamate derivative 37, a fluorination of the racemate 38
under basic conditions with N-fluorobenzenesulfonimide (NFSI) was
performed to obtain the tetrasubstituted cyclopropanes 39 and 40. The
enantiomerically pure compound 39 was isolated by chiral supercritical
fluid chromatography (SFC). After introduction of the heterocyclic cap-
group via Suzuki coupling, the ester was finally transformed into the
desired hydroxamic acid 41.

Compound 41 showed a high oral bioavailability with good brain
and muscle distribution (Table 7). The distomer was 40-fold less potent

in HDAC4 enzyme and cell assays."*’
Table 6
HDAC enzyme inhibition data for lead molecule
33 128
Enzyme Cpd. 33 ICs5o [uM]
HDAC4 0.02
HDACS5 0.004
HDAC7 0.03
HDAC9 0.04
HDAC1 32
HDAC2 43
HDAC3 12
HDACS8 0.36
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CONHOH

“Ph

Fig. 11. (A) Chemical structure of 36. (B) X-ray structure of 5-fluoropyridmidine 36 with HDAC4(cd) (WT) (PDB:5A2S) (C) Chemical structure of compound 33 (D)

X-ray structure of oxazole 33 with HDAC4(cd) (1.278A). (PDB:4CBY).'%®

CO,Me CO,Me F, ;COQMe F,’“\\COZMe Scheme 6. Synthesis of tetrasubstituted cyclopro-
‘ a A b panes. Reagents and conditions: a) 1-benzylte-
S “Iph e “pp * ““Ph trahydro-1H-thiophen-1-ium (OTf or Br salt),
LiHMDS, 12-crown-4, DCM, —20°C, 1h, b) LDA in
Br Br Br Br THF, —78°C, 30 min then NFSIL, 2h; ¢) SFC chiral
chromatography; d) (i) bis(pinacolato)diboron,
37 38 39 40 KOAc, Pd(dppf)Cl,, dioxane, 90°C, 4 °h; (i) 2-
<) chloro-5-fluoropyrimidine, Pd(dppf).Cl,, CsF, di-
oxane, 100 °C, 17 h; e) NH,OH 50% aq, KOH, MeOH-

THF (1:1 16 h.

F. CONHOH (1:1), rt, 16
N F. CO,Me
. d, e S
‘Ph - .
“Ph
Br
39
Table 7 To sum up, Biirli et al. and Luckhurst et al. designed and developed
Cellular HDAC inhibition and in vitro ADME data for Compound 41.'%*- selective class ITa HDACi for further investigation of the biological roles
. .. . . 128,129
Cpd. cell-based activity microsomal stability Clix ~ MDCK Pypp EER of class ITa HDACs in preclinical Huntington disease models.
[uM] Lys-TFA [mL/min/kg] a-—p [nm/s]
X , R'=zBG
~ R 5
MLM HLM R3 \\/\(’\5< 2 R“ = aryl, heteroaryl, heterocycloalkyl
R X=0,NR,CRR”"
41 0.12 = 0.03 306 <36 418 1.4 n=123 R® = H, alkyl, cycloalkyl, heterocycloalkyl
42
3MLM = mouse liver microsome P°HLM = human liver microsomes ©

EER = effective efflux ratio ¢ P,pp = apparent permeability.

The ICso value of each HDAC enzyme inhibited by compound 41 is
shown in Table 8. Compound 41 displayed > 100-fold selectivity over
HDAC 1, 2, and 3.

Table 8
HDAC enzyme inhibition data for compound 41.%°

Enzyme Cpd. 41 ICs [1M]
HDAC4 0.01 * 0.001
HDAC5 0.01 * 0.004
HDAC7 0.03 = 0.01
HDAC9 0.06 * 0.03
HDAC1 14 £ 4

HDAC2 > 50

HDAC3 7.4 £ 21
HDAC8 0.28 + 0.03
HDAC6 3.1 =04

10

Fig. 12. General structure of the inhibitors 42 from CHDI-Foundation.

In 2016, the Cure Huntington's Disease Initiative (CHDI)-
Foundation identified a novel class of HDAC class Ila inhibitors."*° The
general structure of the inhibitors is illustrated in Fig. 12.

Compound 43 was the most potent inhibitor in the in vitro HDAC4
enzyme assay. Compound 44 was the most active compound in cellular
assays (Fig. 13).

. CONHOH >: CONHOH
F

43 44
HDAC 4:1C50=0.04 M HDAC 4: ICsg = 0.055 uM

Fig. 13. Chemical structures of 43 and 44 with the corresponding HDAC4 ICsq
values.'*°
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OH ab OTBDPS
8 H 8 M:
HO/\/\/O Mso/\/\/o S
45 46
OTBDPS OTBDPS
d
—_— R + 4
{ CO,Me TOo,Me
F F
5:1
48 49
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c OTBDPS
B Br
47
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\ CO,Me TOo,Me
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Scheme 7. Synthesis of the diastereomers 50 and 51. Reagents and conditions: a) MsCl, pyridine, —10°C — 4 °C, 4 h; b) tert butyl-chlorodiphenylsilane, imidazole,
DMF, 4°C - rt, 1 h; ¢) LiBr, DMF, 105 °C, 1.5 h; d) methyl-2-(3-fluoro-2-methylphenyl)acetate, 18-crown-6, NaH, DMF, rt, 16 h e) TBAF, THF, rt, 3 h.

OH Br
a
CO,Me
F
52

d

C
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‘CONHOH

43
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d () - ()
O,Me
F CO,Me CO,H
O O
54 55

O

Y CONHOH
F

58

Y CONHOH
F

57

Scheme 8. Synthesis of hydroxamic acids 43, 56-58. Reagents and conditions: a) Bry, PPh;, MeCN, 0 °C - rt, 18 h b) NiBry-glyme, Bphen, phenyl trifluoroborate
potassium salt, LIHMDS, 60 °C, 16 h ¢) 2M KOH, MeOH, 120 °C, 2 h; d) (i) oxalyl chloride, DCM, rt, 16 h, (ii) NH,OH (50% aq), DCM, rt, 4 h.

The synthesis of compound 43 is illustrated in Scheme 7 and
Scheme 8. In the first step the terminal hydroxy groups of (S)-butane-
1,2,4-triol (45) were mesylated and the secondary hydroxy group was
protected as a silyl ether. After bromination, cyclisation was performed
with methyl-2-(3-fluoro-2-methylphenyl) acetate under basic condi-
tions to yield the corresponding compounds 48 and 49. Afterwards
deprotection was performed to receive 50 and 51.

The secondary hydroxyl group was then transfunctionalized into its
bromo derivative 53 (Scheme 8). Subsequently, the phenyl group was

Table 9
HDAC enzyme inhibition (ICsp) data for compound A3630007 (59).'%!

Enzyme A3630007 (59) ICso [uM]
HDAC4 4.16
HDACS 1.27
HDAC7 16.16
HDAC9 7.84
HDAC6 > 40
HeLa nuclear HDACs > 40
QH
O O=P-OH oH
NH, N A~ P.
H g OH

N\N\ N
PN
N” °N

A3630007 (59)
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introduced by a Ni-catalysed coupling. After ester hydrolysis, the hy-
droxamic acid 43, 56-58 was generated via an acid chloride. Finally,
the desired compound 43 was purified by chiral HPLC chromatography.

Hsu et al. performed a structure-based virtual screening (National
Cancer Institute database) to detect class Ila selective HDACI that do
not carry a hydroxamic acid as ZBG. "' As a result, six compounds were
identified which were subjected for HDAC enzyme assays. The tested
compounds showed a preference for class Ila over class I HDACs (30-
fold selectivity) (Table 9).

Docking studies indicate that all inhibitors interact with the lower
pocket residues F812, H842, F871 and 1943 (Fig. 14). A3630007 (59)
was the most promising class II HDACi among this series. Compound 59
contains a phosphonic acid moiety as ZBG. Both phosphoric acids are
essential for forming hydrogen bonds with the residues D759, H802,
G811 and G975. These data may increase the knowledge about struc-
tural requirements for class Ila inhibition and selectivity. However,
compound A3630007 (59) owns rather weak potency, moderate se-
lectivity and is unlikely to have good in vivo bioavailability due the
phoshonic acid groups.

In 2018, Luckhurst et al. optimized the previous described

Fig. 14. Chemical structure of A3630007 (59) (left).

Docking pose of A3630007 (59) in HDAC4
(PDB:6FYZ) (right).'*
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Scheme 9. Synthesis of CHDI-390576 (64). Reagents and conditions: a) Mg,
Et,0, 2-fluorobenzaldehyde, 55%; b) SOCl,, DCM, rt, 94%, ¢) TMSCN, TiCly,
DCM, rt, 99%; d) MeOH, conc. H,SOy, reflux, 63%; e) (i) bis(pinacolato)di-
boron, CsF, Pd(PPhs),, DME, MeOH, 1h, 100°C; ii) 2-chloro-5-tri-
fluormethylpyrimdine, K;CO3, Pd(PPhs),, dioxane, water, 100 °C, 16 h, 60% f)
NH,OH 50% aq, 15% w/v NaOH, MeOH, 82%.

e
—_

Table 10
HDAC enzyme inhibition data for compound 64.'*

Enzyme Cpd. 64 ICs [1M]
HDAC4 0.054

HDAC5 0.060

HDAC7 0.031

HDAC9 0.050

HDAC1 39.7

HDAC2 > 50

HDAC3 25.8

HDAC8 9.1

HDAC6 6.2

benzhydryl hydroxamic acids regarding CNS properties and class Ila
selectivity.'*®> A series of potent, cell permeable and CNS-permeable
class Ila selective HDAC inhibitors were identified. It was also con-
firmed that inhibitors with the 2-fluorophenyl lower pocket moiety
were more potent in cell assays than the unsubstituted phenyl ring,
although with similar HDAC4 inhibition. Optimization in the cap-re-
gion led to compounds with heteroaromatic cap-groups directly at-
tached to the phenylene linker. One of the lead structures is compound
64 (CHDI-390576) showing reasonable PK-properties. CHDI-390576
(64) was synthesized according to Scheme 9. The starting material,
1,4-dibromobenzene (60), was functionalized as Grignard reagent and

Bioorganic & Medicinal Chemistry 27 (2019) 115087

converted with 2-fluorobenzaldehyde to the benzhydryl alcohol. Sub-
sequently, a chlorination followed to obtain 61. The chloride 61 was
substituted with a nitrile and converted into the methyl ester 62 by
methanolysis under acidic conditions. The cap-group was introduced by
Suzuki coupling with bromopyrimidine. In the final step, the methyl
ester 63 was converted into the hydroxamic acid 64 with aqueous hy-
droxylamine under basic conditions.

The isoform profiling of compound 60 demonstrated a > 500-fold
selectivity over class I HDACs and ~150-fold selectivity over HDAC 8,
and class IIb HDAC 6 (Table 10). Moreover, 60 showed reasonable PK
properties.'*

In Fig. 15 the cocrystal structure of 2-methyl pyrimidin-5-yl 64 with
HDAC4(cd) (WT) is illustrated. The hydroxamic acid 64 interacts in a
bidentate manner with the zinc-ion. The lower pocket is occupied by
the 2-fluorophenyl moiety. Due to the fact, that aa 729-760 were not
visible in the electron density maps, the interaction between the ligand
64 and Asp759 could not be studied.

5. Conclusion

HDAC enzymes have been proven to participate in a wide variety of
pathological conditions, e.g. cancer and neurodegenerative diseases.
Developing class Ila selective HDACi has been particularly challenging
due to the high sequence homology among zinc-dependent HDACs.
Nevertheless, the design of a variety of class Ila selective and active
HDACI, addressing the catalytic domain, has been accomplished.
Further investigations should focus on class Ila HDAC’s catalytic do-
mains and their relevance in biological and pathological processes. The
diverse posttranslational modifications that members of class Ila HDACs
participate in, demonstrate the complexity of their function. There is
evidence that the catalytic domain of class IIa HDACs is involved in
recruiting class I HDACs, in particular HDAC3. Addressing the catalytic
domain of class Ila HDACs might therefore be an indirect way to in-
fluence the deacetylase function of other HDACs. In this respect, the
design of selective PPI inhibitors that target e.g. HDAC3-HDAC4, MEF2-
HDAC4, or p53-HDAC4 would be a valuable approach for solving many
unanswered questions that revolve around the biological significance of
this highly complex class of epigenetic regulators.
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Objective

Histone deacetylases (HDACs) are metalloproteases that catalyze the removal of acetyl groups
from lysine residues of both histone and nonhistone proteins. They are clinically validated
targets for the treatment of cancer. The currently approved HDAC inhibitors (HDACi) have
been successfully applied for the treatment of lymphoma and myeloma. However, the
first-generation HDACi addresses multiple HDAC isozymes (pan-inhibitor) which might cause
the observed adverse effects. Therefore, the design and development of isozyme-selective
HDACi present a promising strategy in order to improve the risk-benefit profiles compared to
pan-HDACI. Furthermore, selective HDACi provide important tool molecules to elucidate the
biological role of individual HDACs in health and disease.

In the course of the first project, we focused on the structural optimization of LMK235. Due
to the promising anticancer properties of LMK235, modifications of the cap group were
performed to increase the antiproliferative and synergistic activity in cisplatin-sensitive and

cisplatin-resistant cancer cells (Scheme 1).

N
H H

0 ]
- o] 0}
N,O\/\/\)L _OH Modifications JL O\/\/\)L _OH
H

Iz

CAP CU Linker ZBG

LMK235
class | / HDACS inhibitor
Chemosensitization SF=8.36

Scheme 1: Modification of LMK235 in its cap region (highlighted in red).

The second research project aimed to design and develop class lla selective HDAC inhibitors
by addressing the lower pocket and the employment of selectivity directing zinc binding
groups (e.g. the 5-(trifluoromethyl)-1,2,4-oxadiazole (TFMO) moiety).
The target structures are illustrated in Figure 8. For addressing the lower pocket, the following
structural motifs were proposed:

e 4-Phenyl substituted thiazolyl-based hydroxamates 1 exhibiting various cap groups.

e a-Phenyl substituted derivatives demonstrating either a hydroxamic acid 2-4 or

2-(trifluoromethyl)-1,3,4-oxadiazole moiety 5-7 as ZBG.
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Figure 8: The target structures (left and right). Pharmacophore model of class Ila HDAC inhibitors and the binding pocket of
HDAC4 (PDB:4CBT).197]

Another approach to generate class lla selective HDAC inhibitors was the evaluation of the
TFMO moiety as a selectivity directing ZBG (Figure 9). In this respect, meta- and
para-substituted TFMO-derivatives 8-11 were synthesized with a variable alkoxyamide/amide

domain.

P

Figure 9: Stick representation of the active zinc interactions of TMP269 and HDAC7 (PDB: 3ZNR).[%8]
All synthesized target structures were evaluated in an HDAC isozyme profiling and in respect
to their antiproliferative and HDAC inhibitory activity in carcinoma cell lines (collaboration

with the Kassack group, Heinrich Heine University, Disseldorf).
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ARTICLE INFO ABSTRACT

Although histone deacetylase inhibitors (HDACi) have shown promising antitumor effects in specific types
of blood cancer, their effects on solid tumors are limited. Previously, we developed LMK235 (5), a class I
and class IIb preferential HDACi with chemosensitizing effects on breast cancer, ovarian cancer and HNSCC.
Based on its promising effects on solid tumor cells, we modified the cap group of 5 to improve its anticancer
activity. The tri- and dimethoxy-phenyl substituted compounds 13a and 13d turned out to be the most
potent HDAC inhibitors of this study. The isoform profiling revealed a dual HDAC2/HDAC6 inhibition
profile, which was confirmed by the acetylation of a-tubulin and histone H3 in Cal27 and Cal27CisR. In
combination with cisplatin, both compounds enhanced the cisplatin-induced cytotoxicity via caspase-3/7
activation. The effect was more pronounced in the cisplatin resistant subline Cal27CisR. The pretreatment
with 13d resulted in a complete resensitisation of Cal27CisR with ICs, values in the range of the parental
cell line. Therefore, 13d may serve as an epigenetic tool to analyze and modulate the cisplatin resistance of

Keywords:

Histone deacetylases
Cisplatin resistance
Chemosensitizing effects

solid tumors.

1. Introduction

Epigenetic control plays an essential role in gene regulation
through chemical modifications of DNA and post-translational mod-
ifications of histones." An important post-translational modification is
the reversible histone acetylation, which is regulated by histone
acetyltransferases (HATs) and histone deacetylases (HDACs). The
mammalian zinc dependent HDACs are subdivided into three classes:
class I (HDACs 1-3, 8), class II (Ila: HDACs 4, 5, 7, 9; IIb: HDACs 6, 10)
and class IV (HDAC 11).2 Recent studies have shown that HDACs are
overexpressed in a wide spectrum of cancer types.®™ Therefore, their
inhibition provides a promising tool for developing novel anticancer
drugs. The success of this approach is shown by the FDA approval of
four HDAC inhibitors (HDACI) for the treatment of specific types of
blood cancer (Fig. 1). The currently used and widely accepted phar-
macophore model for HDACi features the following three elements: a
zinc binding group (ZBG), a linker, that mimics the alkylic chain of the
acetyl-lysine motif and interacts with the substrate binding tunnel and
a cap, also known as surface recognition domain.®” According to their
structural features, HDACi can be classified into 4 main classes:

hydroxamates, cyclic peptides, carboxylic acids and o-amino ani-
lides.”®

Most of the currently approved HDACI inhibit a broad isoform
spectrum (pan-inhibitor) and can cause severe side effects such as
diarrhea, fatigue or cardiac toxicity. It is still under debate if
inhibition of specific HDAC isoforms will improve these draw-
backs.'?

In a previous study, we have varied the CAP and linker region of
vorinostat resulting in compound LMK235 (5) (N-((6-(hydroxyamino)-
6-oxohexyl)oxy)-3,5-dimethylbenz-amide) with improved cytotoxic
and synergistic effects against several human cancer cell lines compared
to vorinostat.'* Reassessment of the HDAC isoform profile with im-
proved assays and reference compounds showed a class I/class IIb
preference of LMK235 (5).'>'® Due to the promising anticancer prop-
erties of 5, we aimed to explore the effects of further chemical cap
group modifications with regard to antiproliferative and synergistic
activity in cisplatin-sensitive and cisplatin-resistant cancer cells.
(Scheme 1).

Abbreviations: HATU, Hexafluorophosphate Azabenzotriazole Tetramethyl Uronium; MTT, 3-(4,5-Dimethylthiazole-2-yl)-2,5-diphenyltetrazoliumbromide
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E-mail addresses: matthias.kassack@hhu.de (M.U. Kassack), thomas.kurz@hhu.de (T. Kurz).
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2. Results and discussion
2.1. Chemistry

The synthesis of the alkoxyamide-based HDACi 5 has been reported
previously by Marek et al.’* Here, we report the synthesis of nine novel
analogs (13a-h, 14) starting from the O-protected aminoxy-hydro-
xamates 7, 8 and 9. Initial attempts to introduce the alkoxyamide
moiety using 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDCI)
mediated standard protocols were unsuccessful. However, HATU
mediated acylation of 7, 8 and 9 with the respective carboxylic acid
provided the protected intermediates 10a-e, 11, 12a-c. Finally, their
deprotection was accomplished by hydrogenolysis and by a Lewis acid
mediated procedure,'” respectively (Scheme 2).

o a) loj\ o b) or c)
.0 _OR'" —— .0 _OR!
H,N ‘H)J\N N ﬁ)J\N
n H H n H
7:n=5R'=Bn 10a-e: n=5 R'=Bn
8:n=4 R'=Bn 11: n=4 R'=Bn
9:n=5R'=Tr 12a-c: n=5 R'=Tr

2.2. Biological evaluation

2.2.1. Cellular HDAC inhibitory activity and antiproliferative effects

The novel derivatives of compound 5, 13a - 13 h and 14, were first
tested for their antiproliferative effects by MTT assay and for cellular
HDAC inhibitory activity in the ovarian cancer cell line A2780 and the
head-neck cancer cell line Cal27 (Table 1). Since the cellular HDAC
assay only serves as an explorative assay and needs confirmation in
enzymatic assays, it was performed only once. Thus, no errors are re-
ported for the cellular HDAC assay. Results are presented in Table 1.

Scheme 1. Modifications of 5 in its cap region.

Compound 5, vorinostat, and cisplatin served as controls. The com-
pounds with the highest antiproliferative activity against the cell line
A2780 and Cal27 were 13b and 13d with ICs, values ranging from 0.72
to 1.55uM. 13b and 13d were also the most active compounds in the
cellular HDAC assay with similar ICso values compared to the MTT
assay. Interestingly 13a and 13f showed moderate antiproliferative
activity in contrast to 13b and 13d, and at the same time increased
HDAC inhibitory activity with ICso values similar to 13b but slightly
higher than 13d. 2 Methoxy groups (13d) attached to the cap group
instead of 3 (13a) seem to play a minor role for the HDAC inhibitory
activity of the compounds, while cytotoxicity is increased (over 15-fold
in A2780, approx. 4-fold in Cal27). Of note, all tested compounds were
slightly more potent in Cal27 cells (MTT assay). We could confirm the
superior potency of compound 5 (LMK235) over vorinostat. The initial

Scheme 2. Reagents and conditions: a) 1.00eq
R2COOH, 1.00 eq HATU, 2.00 eq DIPEA, DMF, rt.,
16h, 40-65% b) Pd/C, H,, (1bar), MeOH, rt.,
35-40% c) 10.0eq TFA, 10.0eq Et;SiH, DCM,
30-40%.

?]\ (0]
O
H '™ H

13a-h: n=5
14: n=4

evaluation revealed comparable cytotoxicity and cellular HDAC in-
hibition for 13d and 5. Interestingly, increasing the size of the phenyl
substituents was tolerated (13b) whereas introduction of halogen, -CFs,
the pyridyl heterocycle or a shorter linker (14) reduced activity.

o] o]

RZK”/OM)LN,OH

n H

13a-h n=5
14 n=4
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Table 1
Antiproliferative effects and HDAC inhibitory activity of 13a-13h, 14, 5, vorinostat and cisplatin in A2780 and Cal27.
Compound R? A2780 (uM) Cal27 (uM)
HDAC" MTT HDAC” MTT
13a MeO % 1.18 13.8 * 0.84 1.48 3.07 = 0.15
MeO ;
OMe
13b ? 0.93 1.55 = 0.12 1.30 1.0 = 0.001
13c F % 3.79 13.7 = 1.38 3.77 7.98 = 1.10
F
13d MeO % % 0.83 0.89 = 0.006 0.45 0.72 = 0.09
OMe
13e FsC % 11.0 30.5 = 4.16 10.56 15.8 + 0.57
CF3
13f Br- 1y 1.65 10.2 = 0.22 1.80 3.63 = 0.16
Br
13g | 7.20 64.0 = 6.68 9.40 45.0 = 11.3
|\©}\
|
13h cl 14.5 68.4 = 6.50 12.7 28.1 = 1.67
=
N |
Cl
14 % 4.24 9.34 = 0.14 3.36 8.67 = 0.40
5 0.17 0.97 = 0.01 0.55 0.76 = 0.04
vorinostat 0.91 2.04 = 0.20 0.59 1.50 = 0.10
cisplatin® n.d. 1.88 + 0.06 n.d. 2.27 = 0.20

n.d. = not determined.
@ Data taken from'®,

b Cellular HDAC assay was only performed once with 3 replicates due to its explorative character. Values are the mean + SEM of three independent experiments

conducted in triplicate.

2.2.2. Inhibitory activity on HDAC2, HDAC4, HDAC6 and HDAC8

For further evaluation, compounds were tested against human re-
combinant HDAC2, HDAC4, HDAC6 and HDAC8. Compound 5, vor-
inostat, and CHDI-00390576-0000-004 served as reference compounds
(Table 2). Cellular HDAC assay revealed compounds 13a, 13b, 13d and
13f as the most promising inhibitors. The two compounds with
methoxy substituents attached to the cap group showed the strongest
inhibition of HDAC2 and HDAC6. 13a and 13d displayed K; values of

0.03puM to 0.09uM for HDAC2 and HDAC6, with low inhibition of
HDAC4 (K;: 93.1 uM and 49.2 uM) and moderate inhibition of HDAC8
(K;: 6.40 UM and 5.69 pM).

13a-h n=5
14 n=4
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Table 2
Inhibitory activity of 13a — 13h, 14, vorinostat and CHDI-00390576-0000-004
on recombinant human HDAC2, HDAC4, HDAC6 and HDACS.

Compound R? K; (uM)
HDAC2 HDAC4 HDAC6 HDACS8
13a MeO E_L 0.09 93.1 0.06 6.40
MeO ;
OMe
13b >k§) 1.57 > 100 2.15 28.1
13c F. % 0.58 > 100 0.10 14.7
F
13d MeO % 0.06 49.2 0.03 5.69
OMe
13e FsC 53 0.55 83.7 0.56 4.90
CF3
13f Br % 0.21 31.8 0.12 4.44
Br
13g | 1.33 > 100 0.33 10.0
I\@A
|
13h cl 1.36 > 100 0.35 18.9
]
N
Cl
14 Y 0.37 > 100 0.42 22.3
5 0.08 > 100 0.05 4.81
vorinostat 0.09 28.4 0.02 5.33
n.d. 0.17 n.d. n.d.

CHDI-0039057 6-0000-004

Data shown are the mean of pooled data from at least three experiments each
carried out in triplicates. The standard deviations are < 10% of the mean.
nd = not determined.

2.2.3. Acetylation of a-tubulin and histone H3

In order to prove HDAC inhibition at a cellular level, acetylation of
a-tubulin and histone-H3 was tested by western blot analysis in Cal27
and Cal27CisR (Fig. 2). Incubation with vorinostat, compound 5, 13a,
or 13d induced accumulation of acetyl a-tubulin compared to control
indicating that all four compounds inhibit HDAC6. Further, the four
compounds increased acetylation of histone-H3 proving cellular in-
hibition of class I HDACs.
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Cal27 Cal27CisR
|—-_- || o bbbty | Ac-o-tub
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C \4 5 13a 13d C \4 5 13a 13d

Fig. 2. Compound-induced a-tubulin and histone H3 acetylation in Cal27 and
Cal27CisR. Representative immunoblot analysis of a- tubulin (a-tub), acety-
lated a-tubulin (Ac-a-tub), and acetylated histone H3 (Ac-histone-H3) in Cal27
and Cal27CisR after 24 h incubation with vehicle (C) or 3 uM vorinostat (V),
1.5uM 5, 5uM 13a, or 1.5 uM 13d, respectively.

2.2.4. Enhancement of cisplatin-induced cytotoxicity

Next, the effect of the most active compounds 13a and 13d on
cisplatin-induced cytotoxicity was tested in comparison to compound 5
at Cal27 and the cisplatin-resistant subline Cal27CisR. Cal27CisR is
about 10-fold resistant compared to Cal27 and was established by in-
termittent treatment of Cal27 with cisplatin over several weeks.'? Re-
sults are displayed in Table 3. Overall, both new HDACi 13a and 13d
induce an increase in cisplatin potency with 13d being more potent
than 13a. Interestingly, 13d gave a higher shift factor than compound
5, thus indicating a higher potency to reverse cisplatin resistance than
compound 5. Fig. 3 displays these results: 13d is able to shift the cis-
platin concentration-effect curve of Cal27CisR back to the one of Cal27.
Furthermore, the effect of increased cisplatin potency by HDACi was
higher in the cisplatin-resistant cell line Cal27CisR than it was in

Table 3
ICso values of cisplatin in the absence and presence of 0.4 uM/0.8uM 5,
1.4uM/6 uM 13a, 0.2 pM/0.8 M 13d in Cal27/Cal27CisR cells.

Compound Cell line

Cal27 Cal27CisR

1Cso SF 1Cso SF
Cisplatin 4.36 - 42.8 -
Cisplatin +13a 2.24 1.95 5.54 7.73
Cisplatin +13d 1.15 3.79 3.35 12.8
Cisplatin +5 1.47 3.00 5.12 8.36

Data shown are the mean of pooled data from at least three experiments each
carried out in triplicates. The standard deviations are < 10% of the mean. All
shift factors are significant (t-test, p < .05).
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Fig. 3. 48 h preincubation with 13d reversed cisplatin resistance of Cal27CisR
cells. Cal27 (white dots) and Cal27CisR (black dots) were incubated with cis-
platin for 72 h. Preincubation of Cal27CisR with 0.8 uM 13d 72 h prior to cis-
platin incubation (blue dots) reduced the ICs, value even below the ICs, of the
parental cell line Cal27. SF were calculated as the ratio of the ICs, of cisplatin
alone and the ICsq of the combination of cisplatin with 13d. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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cisplatin-sensitive Cal27 as evident by higher shift factors obtained in
Cal27CisR (Table 3). The question remains whether class I HDAC in-
hibition or HDAC6 inhibition is responsible for the observed effect. In a
previous study, we could demonstrate that inhibition of class I HDACs is
responsible for the chemosensitizing effect and not HDAC6 inhibition.'®
However, dual inhibitors (class I and HDAC6) are not detrimental for
chemosensitization as shown in our previous study'® and in this study
with compound 13d. This is also in accordance with literature data:
Caponigro et al. have highlighted the effectiveness of class I HDAC
inhibition in sensitizing oral squamous cell carcinomas to cisplatin.”® In
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addition, HDAC1 and HDAC2 are known as critical regulators of the
DNA damage response by modulating the ATM pathway.?’ We thus
conclude that inhibition of class I HDACs is mainly responsible for the
chemosensitizing effects of the inhibitors 13a and 13d seen in this
study in Cal27CisR.

2.2.5. Enhancement of cisplatin-induced caspase 3/7 activation

Cancer cells can develop resistance to platinum-based anticancer
agents by DNA repair mechanisms or DNA damage tolerance such as
translesion synthesis (TLS). The cotreatment of cancer cells with an
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Fig. 4. Compounds 13a and 13d enhanced caspase-dependent cell death in Cal27 and Cal27CisR. Shown are the mean values of caspase 3/7 positive cells in
percent + SEM (n = 3). Cal27 cells were incubated with 2.8 uM 13a, 0.4 uM 13d or 0.8 UM 5 prior to an additional 24 h incubation with 3 uM Cisplatin (cDDP).
Cal27CisR cells were incubated with 8 uyM 13a, 0.8 uM 13d or 0.8 uM 5 prior to an additional 24 h incubation with 25uM Cisplatin. 100 uM Cisplatin served as

positive control.
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HDACI can overcome these resistance mechanisms and may therefore
obtain fundamental importance for the resensitization of resistant
cell lines.**

13a and 13d increased the cisplatin-induced cytotoxicity sig-
nificantly. This prompted us to test if the increased cytotoxic activity of
the combination treatment (13a or 13d with cisplatin) was mediated by
apoptosis. Estimation of caspase 3/7 activation was used as marker for
apoptosis induction. Because cisplatin is only incubated for 24 h in the
cell-based caspase 3/7 activation assay, 2-fold higher concentrations of
13a, 13d and 5 were used than in the MTT shift experiments above.
Results are presented in Figs. 4 and 5. 13a and 13d markedly enhanced
caspase 3/7 activation in the combination treatment in comparison to
HDACI or cisplatin alone in both, Cal27 and Cal27CisR. Both com-
pounds are similarly effective as compound 5. Notably, the increase in
cisplatin-induced caspase activation upon combination treatment was
more pronounced in the cisplatin-resistant cell line Cal27CisR than in
Cal27. Since caspase activation is downstream of DNA damage and the
HDACI effect is significantly larger in resistant Cal27CisR (resistant —
i.e. reduced DNA damage signaling) than in sensitive Cal27 (sensitive —
i.e. intact DNA damage signaling), we have a hint of enhanced DNA
damage signaling induced by HDACI. This is also in accordance with
data from Table 3 showing higher shift factors for Cal27CisR than for
Cal27 cells. In Cal27CisR, 13a, 13d, and compound 5 gave even more
caspase-positive cells than 100 pM cisplatin which is an approx. 2-fold
ICsq of cisplatin. Furthermore, the combined effects of the HDACi and
cisplatin is synergistic, as the sum of HDACi- and cisplatin-induced
caspase activation is significantly lower than the caspase activation by
combination treatment. This is illustrated in Fig. 5 for compound 13d:
all samples (control, 13d only, cisplatin only, 13d plus cisplatin) con-

tained approx. the same number of cells stained in blue
Cal27CisR 13 d
Control 13d cDDP cDDP

N - .
- . . .

Fig. 5. Preincubation with 0.8 uM 13d led to synergistic enhancement of cas-
pase 3/7 activation when combined with cisplatin. Exemplary pictures of nu-
clear stain Hoechst (blue) and active caspase 3/7 (green) of Cal27CisR in-
cubated with 0.8 uM 13d or 25 uM cisplatin alone or in combination. Scale bar,
200 um (applies to all images). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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(Hoechst33342). Caspase activation only slightly increased after mono-
compound treatment whereas the combination of 13d plus cisplatin
dramatically increased caspase activation shown in green.

A synergistic apoptotic effect of HDACi and cisplatin is in agreement
with Zacharioudakis and coworkers.?” They suggested that HDAGi in-
crease the accessibility of platinum-based anticancer agents and
showed that this resulted in an accumulation of DNA-Pt adducts at
particular sites in the genome. DNA-Pt adducts colocalized with the E3
ubiquitin ligase RAD18 triggering accumulation and colocalization of
the polymerase Poln which in turn colocalized with the proliferating
cell nuclear antigen (PCNA). Cotreatment of HDACi and cisplatin then
resulted in the ubiquitinylation of PCNA and subsequent apoptosis. The
synergistic apoptotic response is either due to the inability of poly-
merases to efficiently bypass DNA-Pt clusters,”® or HDAC inhibition
caused a lesion bypass at the expense of DNA repair mechanisms.** Due
to the structural similarity between SAHA and the HDACi reported in
this study, a similar mode of action can be anticipated, but remains to
be further investigated.

2.3. Molecular docking

To rationalize the observed preference of compounds 13a and 13d
towards HDAC2 and HDAC6 and their lack of inhibitory activity to-
wards HDAC4, both inhibitors were docked in the crystal structures of
HDAC2,?® HDAC4*° and HDAC6”’ using Autodock4.2 *® (Fig. 6). The
docking of 13a and 13d in HDAC4 resulted in no proper binding modes
of the hydroxamic acid group with the catalytic zinc ion, which is in
agreement with the enzymatic assays. In the docking performed with
HDAC2 and HDACS, the hydroxamate group of 13a and 13d showed
bidentate interactions with the zinc metal, showing additional hy-
drogen bond with the catalytic Tyr782 in HDAC6 and Tyr308 in
HDAC2. Additionally, the position of the alkoxyamide connecting unit
of 13a in both docked confirmations suggests hydrogen bonds with
Ser568 (HDACS, 2.7 A) and Aspl104 (HDAC2, 2.3 A) (Fig. 6A and B). In
the docking of 13d this interaction was restricted to Asp104 (2.1 A) of
HDAC2 (Fig. 6C). These residues have been previously demonstrated to
be essential for the anchoring of peptide substrates®”-*° and in case of
Aspl104 to interact with the amide group, which serves as connecting
unit of vorinostat.*

The di- and trimethoxyphenyl cap groups occupy a hydrophobic
region of the recognition surface of HDAC2 (Fig. 6A and D orange re-
gion). These interactions are very similar to those observed in the
crystal structure of HDAC2 and vorinostat® suggesting that the pro-
posed binding modes are akin to vorinostat. The dockings in HDAC6
showed that in this isoform, the cap group of 13a interacts with a basin
present at the side of HDAC6 catalytic site (Fig. 6 B orange region).
Despite this region has been shown to be essential to interaction of
HDAC6 substrate recognition,®® the major part of the clinically-ap-
proved HDACi including vorinostat, were shown not to interact with
this region, but with the loop H25 (Fig. 6B).?” This interaction, how-
ever, could only be observed in the docking of 13d (Fig. 6D) and could
be one possible explanation for the lower activity of 13a towards
HDAC6 compared to vorinostat and 13d.
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Fig. 6. A) Docking of 13a (green) in HDAC2 (PDB 41.XZ)*® with the interactions highlighted in orange, hydrogen bond with Asp104 shown as a dashed line. B)
Docking of 13a (green) in HDAC6 (PDB 5EDU)'® with the interactions highlighted in orange, hydrogen bond interaction with Ser568 shown as dashed line. C)
Docking of 13d (blue) in HDAC2 (PDB 41.XZ)*® with the interactions highlighted in orange, hydrogen bond with Asp104 shown as a dashed line. D) Docking of 13d
(blue) in HDAC6 (PDB 5EDU)'® with the interactions highlighted in orange. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

3. Conclusions

In this study, we evaluated structural variations of the CAP and
linker group of compound 5 (LMK235), a previously introduced class I
and class IIb preferential HDACi. We obtained two derivatives, 13a and
13d which displayed similar potency in HDAC2 and HDAC6 inhibition
as compound 5. Furthermore, 13a and 13d increased cisplatin potency
in cisplatin-resistant cancer cells, and 13d was slightly more effective in
reversing cisplatin resistance than compound 5. Thus, another epige-
netic tool, 13d, for evaluation in chemoresistant cancer has been de-
veloped through this study.
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1. Experimental section

All solvents and chemicals were used as purchased without further purification. The
reaction controls were carried out on Macherey Nagel precoated silica gel plates (with
fluoresence indicator UV2s4) using ethyl acetate/  n-hexane and
dichloromethane / methanole as solvent systems. Detection was achieved with
ultraviolet irradiation (254 nm). Flash column chromatography was performed with
CombiFlashRf200 (TeleDynelsco) with the solvent mixtures specified in the
corresponding experiment. Proton (*H) and carbon (*3C) NMR spectra were recorded on
Bruker Avance Ill — 300, Bruker Avance DRX — 500 or Bruker Avance Ill — 600. Spectra
were referenced to the residual non-deuterated solvent signal (*H-NMR: DMSO-ds
(2.50), 3C-NMR: DMSO-ds (39.52). Chemical shifts are given in parts per million (ppm).
Signal patterns are indicated as: singlet (s), doublet (d), triplet (t), quartet (q), or
multiplet (m). APCI-MS was carried out using Advion expressiont CMS spectrometer.
Melting points were taken in open capillaries on a Blichi M-565 melting point apparatus
and are uncorrected. Analytical HPLC analysis were carried out on a Knauer HPLC system
comprising an Azura P 6.1L pump, an Optimas 800 autosampler, a Fast Scanning Spectro-
Photometer K-2600 and Knauer Reversed Phase column (SN: FK36). UV absorption was
detected at 254 nm. The solvent gradient table is shown in Table 1. The purity of all final

compounds was 95% or higher.

Table 1: The solvent gradient table for analytic HPLC analysis.

Time / min Water +0.1% TFA ACN + 0.1% TFA

Initial 90 10
0.50 90 10
20.0 0 100
30.0 0 100
31.0 90 10
40.0 90 10
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Synthesis of 6-(aminooxy)-N-(benzoyloxy)hexaneamide (7)

1) 6-Bromohexanoic acid (3.90 g, 20.0 mmol, 1.00 eq) was dissolved in dry THF (80.0 mL)
and cooled to -15 °C. Subsequently, N-methylmorpholine (2.42 mL, 22.0 mmol, 1.10 eq)
and isobutyl chloroformate (2.84 mL, 22.0eq, 1.10 eq) were added. After 15 min
O-benzylhydroxlamine (2.84 mL, 20.0 eq, 1.00 eq) was added dropwise to the reaction
mixture. The mixture was allowed to warm to rt and stirred overnight. After filtration
and removing the solvent in vacuo, the residue was diluted in EtOAc. The organic phase
was washed with saturated NaHCO3 (3x 50 mL) and 10% (w/w) citric acid (3x 50 mL). The
organic layer was dried over NaSO,, filtered and the solvent was removed in vacuo to

give the intermediate N-(benzloxy)-6-bromohexaneamide.

2)  N-(benzloxy)-6-bromohexaneamide  (6.21g, 20.0mmol, 1.00eq) and
N-hydroxyphtalimide (3.92 g, 24.0 mmol, 1.20eq) were dissolved in acetonitrile
(80 mL). After addition of triethylamine (5.54 mL, 40.0 mmol, 2.00 eq), the reaction
mixture was refluxed for 12 h. The solvent was evaporated under reduced pressure and
the residue was diluted with EtOAc, washed with saturated NaHCO3 (7x 50 mL), dried
over Na;SOs and filtered. The solvent was removed in vacuo to yield N-(Benzloxy)-6-
((1,3-dioxoisoindolin-2-yl)oxy)hexaneamide (4.57 g, 14.0 mmol, 70%) as a white

powder. All spectroscopic data were in agreement with the literature.?

3) To a solution of N-(benzloxy)-6-((1,3-dioxoisoindolin-2-yl)oxy)hexaneamide (1.01 g,
2.00 mmol, 1.00 eq) in CHCl, (10 mL), hydrazine monohydrate (0.20 mL, 4.00 mmol,
2.00 eq) was added dropwise. The reaction mixture was stirred overnight at rt. The
resulting precipitate was filtered, and the organic layer was washed with saturated
NaHCOs3 (3x 10 mL). After drying over NaySOa, filtration and removing the solvent,
6-(aminooxy)-N-(benzoyloxy)hexaneamide (7) (0.61 g, 1.50 mmol, 75%) was obtained as

a yellowish oil.
Synthesis of 6-(aminooxy)-N-(trityloxy)hexanamide (9)

1) 6-Bromohexanoic acid (6.96 g, 35.7 mmol, 1.00 eq) was dissolved in dry THF (80.0 mL)
and cooled to -15 °C. Subsequently, N-methylmorpholine (2.77 mL, 39.3 mmol, 1.10 eq)
and isobutyl chloroformate (3.81 mL, 39.3 mmol, 1.10 eq) were added. After 15 min
O-tritylhydroxlamine (9.82 g, 35.7 mmol, 1.00 eq) was added dropwise to the reaction
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mixture. The mixture was allowed to warm to rt and stirred overnight. After filtration
and removing the solvent in vacuo, the residue was diluted in EtOAc. The organic phase
was washed with saturated NaHCOs3 (3x 50 mL), dried over Na;SO4 and filtered. The
solvent was removed in vacuo to give the intermediate 6-bromo-N-

(trityloxy)hexanamide.

2) 6-Bromo-N-(trityloxy)hexanamide (6.03g, 13.3mmol, 1.00eq) and N-
hydroxyphtalimide (2.18 g, 13.3 mmol, 1.00 eq) were dissolved in acetonitrile (80 mL).
After addition of triethylamine (3.70 mL, 26.6 mmol, 2.00 eq), the reaction mixture was
refluxed for 12 h. The solvent was evaporated under reduced pressure and the residue
was diluted in EtOAc, washed with saturated NaHCO3 (7x 50 mL), dried over Na;SO4 and
filtered. The solvent was removed in vacuo to yield 6-((1,3-dioxoisoindolin-2-yl)oxy)-N-
(trityloxy)hexaneamide (4.54g, 8.48 mmol, 64%) as a brownish powder. All

spectroscopic data were in agreement with the literature.?

3) To a solution of 6-((1,3-dioxoisoindolin-2-yl)oxy)-N-(trityloxy)hexaneamide (2.13 g,
4.00 mmol, 1.00 eq) in CH,Cl, (10 mL), hydrazine monohydrate (0.39 mL, 8.00 mmol,
2.00 eq) was added dropwise. The reaction mixture was stirred overnight at rt. The
resulting precipitate was filtered, and the organic layer was washed with saturated
NaHCOs (3x 10 mL). After drying over Na,SO4 and removing the solvent, 6-(aminooxy)-
N-(trityloxy)hexanamide (9) (1.22 g, 3.02 mmol, 75%) was obtained as a brownish

powder.
General procedure for the synthesis of 10a-e

For the synthesis of the alkoxyamides 10a-e, 1.00 eq of the respective carboxylic acid
was dissolved in dry DMF (20 mL) and 1.00 eq HATU and 2.00 eq DIPEA were added.
After stirring for 15 min the hydroxylamine 7 was added and the resulting mixture was
stirred for 16h at rt. The solvent was removed, and the residue was diluted with EtOAc.
The organic layer was washed with saturated NaHCO3 (3x 50 mL),10% (w/w) citric acid
(3x 50 mL), dried over Na,SOs and filtered. After removing the solvent, the crude
product was purified by flash column chromatography (prepacked silica cartridge,

n-hexane/ethyl acetate) to provide the intermediates 10a-e.
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N-((6-(benzyloxy)amino-6-oxohexyl)oxy)-3,4,5-trimethoxybenzamide (10a)

Colorless powder; yield:30%; mp:110 °C, *H-NMR (300 MHz, DMSO-ds) 6 = 1.28 — 1.44
(m, 2H), 1.47 —1.68 (m, 4H), 1.92 — 2.05 (m, 2H), 3.69 (s, 3H), 3.81 (s, 6H), 3.86 (t, /= 6.5
Hz, 2H), 4.78 (s, 2H), 7.09 (s, 2H), 7.29 — 7.50 (m, 5H), 10.96 (s, 1H), 11.58 (s, 1H) ppm.
13C-NMR (75 MHz, DMSO-ds) & = 24.7, 25.0, 27.4, 32.2, 56.0, 60.1, 75.2, 76.8, 104.5,
127.4, 128.2, 128.3, 128.8, 136.1, 140.1, 152.7, 163.6, 169.3 ppm. HPLC analysis:
retention time = 10.1 min, >99%. APCI-MS(-): [M-H] = 445.8.

N-((6-(benzyloxy)amino-6-oxohexyl)oxy)-3,5-di-tert-butylbenzamide (10b)

Colorless powder; yield:36%; mp:121 °C, *H-NMR (300 MHz, DMSO-ds) (600 MHz,
DMSO-ds) 6 =1.30 (s, 18H), 1.32 — 1.42 (m, 2H), 1.50 — 1.65 (m, 4H), 1.97 (t, J = 7.4 Hz,
2H), 3.87 (t, J = 6.5 Hz, 2H), 7.55 (t, J = 1.9 Hz, 1H), 7.58 (d, J = 1.8 Hz, 2H), 8.67 (s, 1H),
10.35 (s, 1H), 11.60 (s, 1H) ppm. 3C-NMR (151 MHz, DMSO-ds) 6 = 24.9, 25.1, 27.5, 31.1,
32.2,34.7,75.1,121.1, 125.2, 131.8, 150.5, 164.7, 169.0 ppm. HPLC analysis: retention
time = 16.5 min, 97%. APCI-MS(-): [M-H] = 467.9.

N-((6-(benzyloxy)amino-6-oxohexyl)oxy)-3,5-difluorobenzamide (10c)

Orange powder; yield:35%; mp:102 °C, *H NMR (300 MHz, DMSO-dg) 6 = 1.26 — 1.41 (m,
2H), 1.47 — 1.65 (m, 4H), 1.97 (t, J = 7.2 Hz, 2H), 3.87 (t, J = 6.4 Hz, 2H), 4.78 (s, 2H), 7.31
—7.42 (m, 5H), 7.42 — 7.54 (m, 3H), 10.95 (s, 1H), 11.81 (s, 1H) ppm. 13C NMR (151 MHz,
DMSO-ds) & = 24.69, 24.92, 27.35, 32.15, 75.27, 76.76, 107.09 (t, J = 25.9 Hz), 110.45 (d,
J=5.5Hz), 110.59 (d, /= 5.8 Hz), 128.19, 128.27, 128.76, 135.80 (t, J = 8.5 Hz), 136.10,
161.38 (d, J = 12.7 Hz), 161.48, 163.02 (d, J = 12.7 Hz), 169.28. ppm. HPLC analysis:
retention time = 11.2 min, 92%. APCI-MS(-): [M-H] = 391.6.

N-((6-(benzyloxy)amino-6-oxohexyl)oxy)-3,5-dimethoxybenzamide (10d)

Colorless powder; yield:42%; mp:93 °C, 'H NMR (300 MHz, DMSO-dg) § = 1.28 — 1.42 (m,
2H), 1.48 —1.64 (m, 4H), 1.97 (t, J = 7.2 Hz, 2H), 3.77 (s, 6H), 3.85 (t, / = 6.4 Hz, 2H), 4.78
(s, 2H), 6.65 (t, J = 2.3 Hz, 1H), 6.90 (d, /= 2.3 Hz, 2H), 7.31 - 7.42 (m, 5H), 10.96 (s, 1H),
11.59 (s, 1H) ppm. 3C NMR (151 MHz, DMSO-ds) 6 = 25.18, 25.44, 27.87, 32.63, 55.90,
75.57, 77.23, 103.86, 105.40, 128.65, 128.74, 129.23, 134.82, 136.57, 160.82, 164.07,
169.75 ppm. HPLC analysis: retention time = 10.8 min, 96%. APCI-MS(-): [M] = 415.7.
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N-((6-(benzyloxy)amino-6-oxohexyl)oxy)-3,5-bis(trifluoromethyl)benzamide (10e)

Colorless powder; yield:40%; mp:124 °C, 'H NMR (600 MHz, DMSO-ds) 6 = 1.32 — 1.40
(m, 2H), 1.52 = 1.57 (m, 2H), 1.58 — 1.64 (m, 2H), 1.98 (t, J = 7.3 Hz, 2H), 3.92 (t, /= 6.5
Hz, 2H), 4.78 (s, 2H), 7.31 - 7.42 (m, 5H), 8.33 (s, 1H), 8.39 (s, 2H), 10.96 (s, 1H), 12.12
(s, 1H) ppm. 33C NMR (151 MHz, DMSO-ds) 6 = 24.68, 24.92, 27.38, 32.15, 75.40, 76.76,
123.46 (q, /=273.0 Hz) 125.21, 127.91, 128.17, 128.26, 128.75, 130.56 (q, J = 33.3 Hz)
134.64, 136.10, 160.98, 169.26 ppm. HPLC analysis: retention time = 14.1 min, >99%.
APCI-MS(-): [M-H] = 491.8.

General procedure for the synthesis of alkoxyamides 12a-c

For the synthesis of the alkoxyamides 12a-c, 1.00 eq of the respective acid was dissolved
in dry DMF (20 mL) and 1.00 eq HATU and 2.00 eq DIPEA were added. After stirring for
15 min the hydroxylamine 9 was added and the resulting mixture was stirred for 16h at
rt. The solvent was removed, and the residue was diluted with EtOAc. The organic layer
was washed with saturated NaHCO3 (3x 50 mL), dried over Na>SO4 and filtered. After
removing the solvent, the crude product was purified by flash column chromatography
(prepacked silica cartridge, n-hexane/ethyl acetate) to provide the desired

intermediates 12a-c.
3,5-dibromo-N-((6-ox0-6-((trityloxy)amino)hexyl)oxy)benzamide(12a)

Colorless powder; yield:48%; mp:175 °C, *H NMR (600 MHz, DMSO-ds) 6 =1.02 — 1.14
(m, 2H), 1.18 — 1.28 (m, 2H), 1.41 — 1.53 (m, 2H), 1.80 (t, J = 7.3 Hz, 2H), 3.78 (t, J = 6.7
Hz, 2H), 7.26 — 7.37 (m, 15H), 7.91 (d, J = 1.8 Hz, 2H), 8.05 (t, J = 1.9 Hz, 1H), 10.18 (s,
1H), 11.81 (s, 1H) ppm. 3C NMR (151 MHz, DMSO-ds) 6 = 24.49, 24.68, 27.27, 31.87,
75.22,91.71, 122.66, 127.38, 127.49, 128.95, 129.04, 135.96, 136.26, 142.45, 161.07,
170.19 ppm. HPLC analysis: retention time = 18.6 min, >99%. APCI-MS(-): [M-
2H] = 666.1.
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2,3,5-triiodo-N-((6-oxo0-6-((trityloxy)amino)hexyl)oxy)benzamide (12b)

Colorless powder; yield:35%; mp:195 °C, *H NMR (600 MHz, DMSO-de) 6 = 1.02 — 1.10
(m, 2H), 1.19 - 1.27 (m, 2H), 1.41 - 1.51 (m, 2H), 1.79 (t, /= 7.3 Hz, 2H), 3.81 (t, /= 6.6
Hz, 2H), 7.12 — 7.43 (m, 15H), 7.56 = 7.61 (m, 1H), 8.30 (d, J = 2.0 Hz, 1H), 10.19 (s, 1H),
11.46 (s, 1H) ppm. 3C NMR (151 MHz, DMSO-dg) 6 = 24.52, 24.65, 27.28, 31.88, 74.94,
91.71, 95.35, 108.45, 113.54, 127.40, 127.50, 128.95, 135.16, 142.45, 144.21, 146.61,
164.32,170.19 ppm. HPLC analysis: retention time = 18.5 min, >99%. APCI-MS(-): [M-O-
trityl] = 628.9.

2,6-dichloro-N-((6-ox0-6-((trityloxy)amino)hexyl)oxy)benzamide (12c)

Colorless powder; yield:30%; mp:158 °C, H NMR (600 MHz, DMSO-ds) 6 =1.03 — 1.11
(m, 2H), 1.20 — 1.29 (m, 2H), 1.44 — 1.52 (m, 2H), 1.80 (t, J = 7.3 Hz, 2H), 3.81 (t, J = 6.7
Hz, 2H), 7.19 — 7.46 (m, 15H), 7.80 (s, 2H), 10.18 (s, 1H), 12.04 (s, 1H) ppm. *H NMR (600
MHz, DMSO-dg) 6 = 1.03 — 1.11 (m, 2H), 1.20 — 1.29 (m, 2H), 1.44 — 1.52 (m, 2H), 1.80 (t,
J=7.3 Hz, 2H), 3.81 (t, J = 6.7 Hz, 2H), 7.19 — 7.46 (m, 15H), 7.80 (s, 2H), 10.18 (s, 1H),
12.04 (s, 1H) ppm. HPLC analysis: retention time = 16.8 min, 98%. APCI-MS(-): [M-
2H] = 576.9.

General procedure for the synthesis of 13a-e, 14

A solution of the respective O-benzylprotected hydroxamic acid (1.00 eq) in MeOH
(30.0 mL) was hydrogenated at room temperature in the presence of a catalyticamount
of Pd/C (10 wt%). After completion, the reaction mixture was filtered through celite and
the filtrate was concentrated under reduced pressure. The crude products were purified

by flash column chromatography (CH,Cl, / 30% MeOH in CHxCl,).
N-((6-(hydroxyamino-6-oxohexyl)oxy)-3,4,5-trimethoxybenzamide (13a)

Colorless powder; yield:41%; mp:165 °C, *H NMR (600 MHz, DMSO-ds) 6 =1.32 — 1.42
(m, 2H), 1.50 - 1.65 (m, 4H), 1.96 (t, J = 7.3 Hz, 2H), 3.69 (s, 3H), 3.81 (s, 6H), 3.86 (t, / =
6.4 Hz, 2H), 7.09 (s, 2H), 8.67 (s, 1H), 10.35 (s, 1H), 11.58 (s, 1H) ppm. 3C NMR (151 MHz,
DMSO-de) 6 =24.9, 25.1, 27.5, 32.2, 56.0, 60.1, 75.2, 104.5, 127.4, 140.1, 152.7, 163.5,
169.0 ppm. HPLC analysis: retention time = 6.27 min, >99%. APCI-MS(-): [M-H] = 355.6.



3,5-di-tert-butyl-N-((6-(hydroxyamino-6-oxohexyl)oxy)benzamide (13b)

Colorless powder; yield:48%; mp:165 °C, *H NMR (600 MHz, DMSO-ds) 6 = 1.30 (s, 18H),
1.32 - 1.42 (m, 2H), 1.50 — 1.65 (m, 4H), 1.97 (t, J = 7.4 Hz, 2H), 3.87 (t, J = 6.5 Hz, 2H),
7.55 (t, J = 1.9 Hz, 1H), 7.58 (d, J = 1.8 Hz, 2H), 8.67 (s, 1H), 10.35 (s, 1H), 11.60 (s, 1H)
ppm. 13C NMR (151 MHz, DMSO-ds) & = 24.9, 25.1, 27.5, 31.1, 32.2, 34.7, 75.1, 121.1,
125.2, 131.8, 150.5, 164.7, 169.0 ppm. HPLC analysis: retention time = 12.8 min, 97%.
APCI-MS(-): [M-H] = 377.7.

3,5-difluoro-N-((6-(hydroxyamino-6-oxohexyl)oxy)benzamide (13c)

Colorless powder; yield:36%; mp:164 °C. *H NMR (600 MHz, DMSO-ds) 6 =1.32 — 1.39
(m, 2H), 1.50 — 1.56 (m, 2H), 1.57 — 1.62 (m, 2H), 1.96 (t, J = 7.4 Hz, 2H), 3.87 (t, J = 6.5
Hz, 2H), 7.42 — 7.52 (m, 3H), 8.67 (s, 1H), 10.35 (s, 1H), 11.82 (s, 1H) ppm. *H NMR (600
MHz, DMSO-dg) 6 = 1.32-1.39 (m, 2H), 1.50-1.56 (m, 2H), 1.57 —1.62 (m, 2H), 1.96 (t,
J=7.4 Hz, 2H), 3.87 (t, J = 6.5 Hz, 2H), 7.42 — 7.52 (m, 3H), 8.67 (s, 1H), 10.35 (s, 1H),
11.82 (s, 1H) ppm. HPLC analysis: retention time = 7.07 min, 99%. APCI-MS(-):
[M-H] = 301.4.

N-((6-(hydroxyamino-6-oxohexyl)oxy)-3,5-dimethoxybenzamide (13d)

Colorless powder; yield:70%; mp:64 °C. *H NMR (300 MHz, DMSO-ds) 6 = 1.28 — 1.41 (m,
2H), 1.46 —1.64 (m, 4H), 1.96 (t, J = 7.3 Hz, 2H), 3.77 (s, 6H), 3.85 (t, / = 6.4 Hz, 2H), 6.65
(t, J=2.3 Hz, 1H), 6.90 (d, /= 2.3 Hz, 2H), 8.67 (s, 1H), 10.35 (s, 1H), 11.60 (s, 1H) ppm.
13C NMR (75 MHz, DMSO-ds) & =24.98, 25.16, 27.52, 32.27, 55.49, 75.20, 103.46,
104.98, 134.39, 160.43, 163.71, 169.16 ppm. HPLC analysis: retention time = 7.05 min,
97%. APCI-MS(-): [M] = 325.5.

N-((6-(hydroxyamino-6-oxohexyl)oxy)-3,5-bis(trifluoromethyl)benzamide (13e)

Orange powder; yield:41%; mp:144 °C. *H NMR (600 MHz, DMSO-ds) 6 = 1.32 — 1.41 (m,
2H), 1.51 — 1.57 (m, 2H), 1.59 — 1.65 (m, 2H), 1.97 (t, J = 7.4 Hz, 2H), 3.92 (t, J = 6.4 Hz,
2H), 8.34 (s, 1H), 8.39 (s, 2H), 8.66 (d, J = 1.8 Hz, 1H), 10.35 (s, 1H), 12.12 (s, 1H) ppm.
13C NMR (151 MHz, DMSO-ds) & =24.87, 25.05, 27.41, 32.19, 75.43, 123.03 (q,
J=273.0 Hz), 125.23, 127.93, 130.56 (q, / = 33.4 Hz), 134.65, 160.99, 169.00 ppm. HPLC
analysis: retention time = 10.6 min, 98%. APCI-MS(-): [M-H] = 401.6.
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N-((5-(hydroxyamino-5-oxopentyl)oxy)-3,5-dimethylbenzamide (14)

Orange powder; yield:52%; mp:158 °C. *H-NMR (600 MHz, DMSO-d¢) 6 = 1.53 = 1.65 (m,
4H), 2.00 (t, J = 7.0 Hz, 2H), 2.30 (s, 6H), 3.85 (d, J = 6.3 Hz, 2H), 7.16 (s, 1H), 7.35 (d, J =
1.7 Hz, 2H), 8.68 (s, 1H), 10.36 (s, 1H), 11.50 (s, 1H) ppm. 3C-NMR (151 MHz, DMSO-de)
6 =21.28, 22.18, 27.66, 32.38, 75.30, 125.23, 132.89, 133.22, 138.02, 164.90, 169.43
ppm. HPLC analysis: retention time = 7.45 min, 99%. APCI-MS(-): [M-H] = 279.4.

General procedure for the synthesis of 13f-h

To a solution of the respective O-benzylprotected hydroxamic acid (1.00 eq) in CH2Cl,
(10 mL), triethylsilane (10.0 eq) and trifluoroacetic acid (10.0 eq). After completion, the
solvent was removed under reduced pressure. The crude products were purified by flash

column chromatography (CH2Cl, / 30% MeOH in CH2Cl).
3,5-dibromo-N-((6-(hydroxyamino)-6-oxohexyl)oxy)benzamide (13f)

Orange powder; yield:41%; mp:151 °C. *H NMR (600 MHz, DMSO-ds) 6 = 1.31 —1.38 (m,
2H), 1.49 — 1.62 (m, 4H), 1.96 (t, J = 7.4 Hz, 2H), 3.86 (t, J = 6.5 Hz, 2H), 7.91 (s, 2H), 8.05
(s, 1H), 8.66 (s, 1H), 10.34 (s, 1H), 11.84 (s, 1H) ppm. 3C NMR (151 MHz, DMSO-ds)
6 =24.87, 25.03, 27.38, 32.19, 75.28, 122.67, 129.04, 135.96, 136.25, 161.10, 168.99
ppm. HPLC analysis: retention time = 9.60 min, >99%. APCI-MS(-): [M-H] = 423.5.

N-((6-(hydroxyamino-6-oxohexyl)oxy)-2,3,5-triiodobenzamide (13g)

White powder; yield:35%; mp:166 °C. *H NMR (300 MHz, DMSO-dg) & = 1.25 — 1.39 (m,
2H), 1.46 — 1.69 (m, 4H), 1.96 (t, J = 7.3 Hz, 2H), 3.88 (t, J = 6.5 Hz, 2H), 7.59 (d, J = 2.0
Hz, 1H), 8.30 (d, J = 2.0 Hz, 1H), 8.66 (d, / = 1.6 Hz, 1H), 10.34 (s, 1H), 11.49 (s, 1H) ppm.
13C NMR (151 MHz, DMSO-ds) 6 =24.90, 24.99, 27.37, 32.20, 75.00, 95.36, 108.48,
113.52, 135.18, 144.23, 146.61, 164.35, 168.99 ppm. HPLC analysis: retention time =
10.4 min, 99%. APCI-MS(-): [M] = 643.9.

3,5-dichloro-N-((6-(hydroxyamino)-6-oxohexyl)oxy)isonicotinamide (13h)

White powder; yield:33%; mp:165 °C. 'H NMR (600 MHz, DMSO-dg) & = 1.31 — 1.39 (m,
2H), 1.50 — 1.56 (m, 2H), 1.57 — 1.63 (m, 2H), 1.96 (t, J = 7.4 Hz, 2H), 3.89 (t, J = 6.4 Hz,
2H), 7.80 (s, 2H), 8.66 (s, 1H), 10.34 (s, 1H), 12.05 (s, 1H) ppm. 3C NMR (151 MHz, DMSO-
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ds) 6 =25.32, 25.45, 27.85, 32.65, 75.83, 121.77, 146.24, 150.32, 159.99, 169.45 ppm.
HPLC analysis: retention time = 7.71 min, >99%. APCI-MS(-): [M-2H] = 334.4.

2. Computational studies

The structures of the ligands were prepared using the standard procedure of AutoDock
tools version1.5.7 (ADT)3. The structures of the proteins PDB ID 4KBX (HDAC2)%, 5A2S
(HDAC4)® and 5EDU (HDAC6)® were downloaded from the Protein Data Base. Using the
software UCSF Chimera’, the structure the structure of 4KBX and 5A2S were
superimposed with 5EDU to maintain the same 3D coordinates. Also, all waters
molecules, buffer and non-interacting ions were removed from chain A of 5EDU and
chain B of 4KBX and chain A of 5A2S. The clean structures were used as input for
AutoDock tools for the computation of the Gasteiger charges. After the calculation of
the charges, the grid box with size 21 x 28 x 27 centered in the x, y and z coordinates
17.02, -44.55 and 101.80 with the spacing of 1.0 A was created.? In Autodock4.2, the
Lamarckian genetic algorithm was used and the search parameters were set to 100 GA
runs for each ligand with a population size of 150, maximum number of 2.5 108 energy
evaluations, a maximum number of 2.7 10* generations, a mutation rate of 0.2 and a
crossover rate of 0.8 and the default dockings parameters were used. Populations of
100 docking poses were generated for each run and organized in clusters, the first pose
of the cluster containing bidentate interaction between the hydroxamic acid and the
zinc binding (distance of the hydroxyl and carbonyl oxygen and the zinc ion >3.5 A)° was
chosen. This approach was validated by the redock of the ligand from the crystal PDB
access number 5EDU, where the best conformation showed a RMSD of 2.36 A when

compared with the native one.

3. Biological Evaluation

3.1 Reagents

Cisplatin was purchased from Sigma (Germany) and dissolved in 0.9% sodium
chloride solution, propidium iodide (PI) was purchased from PromoKine (Germany).
Vorinostat was synthesized according to known procedures.'® Stock solutions
(10 mM) of the respective compounds were prepared with DMSO and diluted to the

desired concentrations with the appropriate medium. All other reagents were
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supplied by PAN Biotech (Germany) unless otherwise stated.

3.2 Cell lines and cell culture

The human ovarian carcinoma cell line A2780 was obtained from European
Collection of Cell Cultures (ECACC, Salisbury, UK). The human tongue cell line Cal27
was obtained from the German Collection of Microorganisms and Cell Cultures
(DSMZ, Germany). The corresponding cisplatin resistant CisR cell line Cal27CisR was
generated by exposing the parental cell line to weekly cycles of cisplatin in an ICsg
concentration over a period of 24 - 30 weeks as described in Gosepath et al. and
Eckstein et al..*“12All cell lines were grown at 37°C under humidified air
supplemented with 5% CO; in RPM | 1640 (A2780) or DMEM (Cal27) containing 10%
fetal calf serum, 120 IU/mL penicillin, and 120 pg/mL streptomycin. The cells were

grown to 80% confluency before being used in further assays.

3.3 MTT cell viability assay

The rate of cell-survival under the action of test substances was evaluated by an
improved MTT assay as previously described.? In brief, A2780 and Cal27 cell lines
were seeded at a density of 5,000 and 2,500 cells/well in 96 well plates (Corning,
Germany). After 24 h, cells were exposed to increased concentrations of the test
compounds. Incubation was ended after 72 h and cell survival was determined by
addition of MTT solution (Serva, Germany, 5 mg/mL in phosphate buffered saline).
The formazan precipitate was dissolved in DMSO (VWR, Germany). Absorbance was
measured at 544 nm and 690 nm in a FLUOstar microplate-reader (BMG LabTech,
Offenburg, Germany).

To investigate the effect of 13a, 13d, or 5 on cisplatin-induced cytotoxicity,
compounds were added 48 h before cisplatin administration. After 72 h, the
cytotoxic effect was determined with a MTT cell viability assay and shift factors were
calculated by dividing the ICso value of cisplatin alone by the ICsp value of the drug

combinations.

3.4 Whole-cell HDAC inhibition assay

The cellular HDAC assay was based on an assay published by Ciossek et al.'*cio and
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Bonfils et al.*> with minor modifications. Briefly, human cancer cell lines Cal27 and
A2780 were seeded in 96-well tissue culture plates (Corning, Germany) at a density
of 1.5 x 10* cells/well in a total volume of 90 pL culture medium. After 24 h, cells
were incubated for 18 h with increasing concentrations of test compounds. The
reaction was started by adding 10 plL of 3 mM Boc-Lys(e-Ac)-AMC (Bachem,
Germany) to reach a final concentration of 0.3 mM.” The cells were incubated with
Boc-Lys(e-Ac)-AMC for 3 h under cell culture conditions. After this incubation,
100 pl/well stop solution (25 mM Tris-HCI (pH 8), 137 mM NaCl, 2.7 mM KCI, 1 mM
MgCly, 1% NP40, 2.0 mg/mL trypsin, 10 uM vorinostat) was added and the reaction
was developed for 3 h under cell culture conditions. Fluorescence intensity was
measured at excitation of 320 nm and emission of 520 nm in a NOVOstar microplate-

reader (BMG LabTech, Offenburg, Germany).

3.5 Caspase 3/7 activation assay

Compound-induced activation of caspases 3 and 7 was analyzed by using the CellEvent
Caspase 3/7 green detection reagent (Thermo Scientific Germany) according to the
manufacturer’s instructions. Briefly, Cal27 and Cal27 CisR cells were seeded in 96-well-
plates (Corning, Germany) at a density of 900 cells/ well. Cells were treated with 13a or
13d or 5 48 h prior to cisplatin. After a further incubation period of 24 h, medium was
removed and 50 pL of CellEvent Caspase 3/7 green detection reagent (2 uM in PBS
supplemented with 5% heat inactivated FBS) was added. Cells were incubated for 30
minutes at 37°C in a humidified incubator before imaging by using the Thermo Fisher
ArrayScan XTI high content screening (HCS) system (Thermo Scientific). Hoechst 33342
was used for nuclei staining. The pan caspase inhibitor QVD was used in a concentration
of 20 uM diluted in the appropriate medium and incubated 30 minutes prior to

compound addition.

3.6 Enzyme assay

All human recombinant enzymes were purchased from Reaction Biology Corp. (Malvern,
PA, USA). The HDAC activity assay of HDAC2 (catalog nr. KDA-21-277), 4 (catalog nr. KDA-
21-279), 6 (catalog nr. KDA-21-213) and 8 (catalog nr. KDA-21-481) was performed in
96-well plates (Corning, Germany). Briefly 20ng of HDAC2 and HDACS, 17.5ng of HDAC6
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and 2ng of HDAC4 per reaction were used. Recombinant enzymes were diluted in assay
buffer (50 mM Tris-HCL, pH 8.0, 137 mM NaCl, 2.7 mM KCI, 1 mM MgCl,, and 1 mg/ml
BSA). 80 ul of this dilution was incubated with 10 ul of different concentrations of
inhibitors in assay buffer. After a 5 min incubation step the reaction was started with 10
ul of 300 uM (HDAC2), 150 uM (HDAC6) Boc-Lys(Ac)-AMC (Bachem, Germany) or 100
UM (HDAC4), 60 uM (HDACS8) Boc-Lys(TFa)-AMC (Bachem, Germany). The reaction was
stopped after 90 min by adding 100 pl stop solution (16mg/ml trypsin, 2 uM
Panobinostat for HDAC2, HDAC6 and HDACS8, 2 uM CHDI-00390576-0000-004 (kindly
provided by the CHDI Foundation Inc., New York, USA) for HDAC4 in 50 mM Tris-HCL, pH
8.0, and 100 mM NacCl. 15 min after the addition of the stop solution the fluorescence
intensity was measured at excitation of 355 nm and emission of 460 nm in a NOVOstar

microplate reader (BMG LabTech, Offenburg, Germany).

3.7 Immunoblotting

Cells were treated with 5 uM of 13a, 1.5 uM of 13d, 1.5 uM of 5, or vehicle for 24 h. The
HDACi vorinostat (3 uM) was used as control. Cell pellets were dissolved with RIPA buffer
(50 mM Tris-HCI pH = 8.0, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 150
mM sodium chloride, 2 mM EDTA, supplemented with protease and phosphatase
inhibitors (Pierce™ protease and phosphatase inhibitor mini tablets, Thermo Scientific)
and clarified by centrifugation. Equal amounts of total protein (30 pg) were resolved by
SDS-PAGE and transferred to polyvinylidene fluoride membranes (Merck Millipore).
Blots were incubated with primary antibodies against acetylated a-tubulin, a-tubulin
(Santa Cruz Biotechnology, Germany), histone H3, and acetyl histone H3 (Lys24)
(biotechne, Germany). Immunoreactive proteins were visualized using luminol reagent

(Santa Cruz Biotechnology, Germany) with an Intas Imager (Intas, Germany).

3.8 Data Analysis

Concentration-effect curves were constructed with Prism 7.0 (GraphPad, San Diego,
CA) by fitting the pooled data of at least three experiments performed in triplicates
to the four parameter logistic equation. Statistical analysis was performed using

t-test or one-way ANOVA.
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N-((6-(benzyloxy)amino-6-oxohexyl)oxy)-3,4,5-trimethoxybenzamide (10a)
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N-((6-(benzyloxy)amino-6-oxohexyl)oxy)-3,5-bis(trifluoromethyl)benzamide (10e)
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2,3,5-triiodo-N-((6-oxo0-6-((trityloxy)amino)hexyl)oxy)benzamide (12b)

SU b FY EV F
90°T | 80°T1
80°T { Lo 60°T | Lo
60T 0T'T
0TT] [ o 12T | o
1211 44N
€T = YT -
P [ GZ'T1 T
ST — st'1y
9T re I 9Ty re
Ly'T = — Zas =
. _ T~ ES8 14 ~— . EZ — =< -
L S o cott @ TV = [Sf[Eg] [EX =
whﬁwr — o~ ER A 8oz o whHWr - o~ |28 B R 6T
64T - o - i BT Y € 08’1 - < . TSt
81 © 81
N
IR )
6L°€ ok w o 08'¢ oF
18°¢€ - wm - =007 \w 18°¢ — w ™ - Y Te8T| ¢
z8'e x z8'e
L \“W L
& 2 ©
e = I
Pl o
—5ER S L E "
ga)r Lsea £ o b
s - Feso %
[}
e} y o
b=
22 Lo b 87 =
T S — Ezeo| T m =3 — 180
o - | . rn“v [ ..
g% - o B
I TT — 9 [Chs — Fo x =<
~ o Lo ~
[ r.O +0°CT — = T -— Fseo[ ~
=
L® ! 'z Lo
o 2 ot
¥ o
o F M \\/ 5 (S
- - L0 |m © L9
e
-2 2 L g
(o]

66



N-((6-(hydroxyamino-6-oxohexyl)oxy)-3,4,5-trimethoxybenzamide (13a)
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3,5-difluoro-N-((6-(hydroxyamino-6-oxohexyl)oxy)benzamide (13c)
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3,5-dibromo-N-((6-(hydroxyamino)-6-oxohexyl)oxy)benzamide (13f)
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3,5-dichloro-N-((6-(hydroxyamino)-6-oxohexyl)oxy)isonicotinamide (13h)
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Abstract

Here, we report the synthesis of 4-phenyl substituted thiazolyl-based hydroxamates as histone deacetylase
inhibitors. The synthesis of the target compounds comprises of a Hantzsch-thiazole reaction, a HATU-mediated
acylation and a hydroxamic acid synthesis. Preliminary docking results indicated an isozyme selectivity by
addressing the lower pocket of HDAC4 with 4-phenyl thiazoles. Surprisingly, this new series of thiazolyl based
hydroxamates 9a-c revealed a moderate HDACG6 inhibitory activity in the low micromolar range. The hydroxamic
acids 9a and 9c did not show an HDAC4 inhibition up to 100 uM, whilst compound 9b exhibiting a 4-pyridinyl
CAP moiety displayed a moderate HDAC4 inhibitory activity in the micromolar range.
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acids
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Introduction

The term epigenetic refers to inheritable changes in gene expression without altering the underlying DNA
sequence.! Epigenetic mechanisms are subdivided into four different classes: (1) posttranslational modifications
of histones, (2) chemical modifications of DNA (3) chromatin-remodeling complexes, and (4) regulatory
non-coding RNAs. An essential post-translational modification is protein acetylation/deacetylation, which is
regulated by histone acetyltransferases (HATs) and histone deacetylases (HDACs). The human zinc dependent
HDAC:s are classified into three classes: class | (HDACs 1-3, 8), class Il (Ila: HDACs 4, 5, 7, 9; llb: HDACs 6, 10) and
class IV (HDAC 11).2 Various studies demonstrated that HDACs are overexpressed in a broad spectrum of cancer
cells.>® Their inhibition provides a promising strategy for the development of novel epigenetic anticancer drugs.
Until now, the natural product romidepsin and four trichostatin A derived HDAC inhibitors (vorinostat,
belinostat, panobinostat, chidamide) are approved for the treatment of lymphoma and myeloma (Figure 1).7712
The common pharmacophore model for HDACi consists of the following four elements: a zinc binding group
(ZB@G), a linker and a connecting unit (CU), that interact with the substrate binding tunnel and a cap, also known
as surface recognition domain.'>* According to their ZBG, HDACi can be subdivided into 4 main chemical
classes: hydroxamic acids, thiols, carboxylic acids and o-amino anilides.
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Romidepsin (3) (CTCL, PTCL) Belinostat (4) (PTCL)

Figure 1: General pharmacophore model of HDACi and chemical structures of FDA approved HDAC inhibitors 1-4 and their indications. CTCL:
cutaneous T-cell ymphoma, MM: multiple myeloma, PTCL: peripheral T-cell ymphoma. 7-12

Thiazoles are privileged structures in medicinal chemistry. Its core scaffold is found in many natural products
such as alkaloids, secondary metabolites and cyclopeptides.'® The thiazole moiety is present in several active
pharmaceutical ingredients with anti-Parkinson, anticancer, anti-inflammatory, antibacterial, CNS-regulatory
and antidiuretic properties (Figure 2).17-20

HO.
H \/\N )\,o

N
A~ S W/\r \( S O

| P—NH; Z
N N / N N N2

Pramipexole Dasatinib Febuxostat
Dopamine Dj-antagonist dual Abl/Src tyrosine kinase inhibitor Xanthine oxidase inhibitor (gout)
Parkinson's disease & restless legs syndrome Chronic myeloid leukemia & Chronic gout and hyperuricemia

Philadelphia chromosome-positive
acute lymphoblastic leukemia

Figure 2: Selected thiazolyl-based drugs.21-23

Initial studies for the develoment of thiazolyl-based HDACi were performed by Anandan et al. (Figure 3).2% In the
reported HDACI, the thiazole moiety acts as a linker that bridges the ZBG with the cap group. These HDACi
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displayed in vitro HDAC inhibitory activity in HelLa cell nuclear extracts and antiproliferative effects towards the
breast cancer cell line MCF7 in the micromolar range.

o} (0]
_OH ~ LOH
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R-N N—<\ ]/U\H R=N, N—<\ I H
—~ N —/ N
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6: R = COR, 8
7:R=R;

Figure 3: Thiazolyl-based hydroxamic acids HDACi 5-8.24

Results and Discussion

Design of 4-phenyl substituted thiazolyl hydroxamates as HDAC inhibitors

Recent studies have shown that HDAC class lla enzymes might be associated with neurodegenerative diseases
and cancer.>"28 So far, only trifluoromethyloxadiazoles (TFMO), cyclopropane hydroxamates as well as
benzhydryl based class lla HDAC inhibitors have been reported. In published crystal structures of class Ila HDACs,
the so-called lower pocket was identified as a distinctive structural feature.?®3° Birli et al. and Luckhurst et al.
showed that tri- and tetrasubstituted cyclopropanes, providing a scaffold with a suitable 3D-geometry that
occupy the lower pocket with their phenyl moiety (Scheme 1, circled in red).?>3% Here, we report the synthesis
of trisubstituted thiazolyl-based hydroxamates as potential class lla HDACI.

lower pocket

CAP Connecting Unit Linker j—(Zinc binding group}

Compound 14

target structures

Scheme 1: Pharmacophore model of class lla selective HDACi (above) and design of target structures as class lla selective HDACi.3°

In order to evaluate wheather the 4-phenyl-substituent of compound 9a might occupy the lower pocket of
class lla HDACs, we performed docking studies. Molecular docking studies of the thiazole derivative 9a, in
various HDAC-isozymes were performed using a previously validated docking protocol employing Autodock 4.2
as docking engine.3! 9a, as thiazolyl-based HDACi representative, was docked in HDAC2 (PDB 5IWG)3?, HDACS8
(PDB 5CFW)33, HDAC4 (PDB 5A25)° and HDAC6 (PDB 5EDU)34.

The analysis of the docking conformation of compound 9a in HDAC4 suggests that, as envisioned, the
hydroxamate moiety of 9a can coordinate with the zinc cation in a bidentate manner (Figure 4). In addition, the
phenyl substituent of 9a occupied the lower pocket in a similar binding mode as the phenyl moiety of
compound 14 (Figure 4). The thiazolyl-based hydroxamate 9a did not generate valid docking poses in the other
HDACs as no docking pose was observed that showed a complexation of the zinc ion by the hydroxamic acid

moiety.

Page 3 ©ADTHOR(S)



Arkivoc 2020, part _, 0-0 last name, initial of first author et al.

5 LR J
Figure 4: Proposed binding mode of compound 9a (light blue) in HDAC4 (PDB 5A2S)3°. The docking pose of compound 9a is superimposed with the
HDAC4 cocrystallised compound 14 (pink).

Chemistry

The starting material of the Hantzsch thiazole synthesis was the a-bromoester 10 that was prepared according
to Borowiecki et al..3> After the treatment of 10 with thiourea, the thiazole 11 was formed. In the following step,
11 and the respective carboxylic acids were coupled using HATU under basic conditions yielding the
corresponding amides 12a-c. The direct hydroxylaminolysis of the esters 12a-c to the corresponding hydroxamic
acids 9a-c applying various literature procedures did not provide the expected products.36™° Therefore, the
hydroxamic acids 9a-c were synthesized by ester hydrolysis and subsequent conversion of the respective
carboxylic acids with HATU, DIPEA and hydroxylamine hydrochloride (Scheme 2). The ester hydrolysis was
achieved by the addition of an excess of potassium hydroxide. However, the same protocol was unsuccessful
when applied for the cleavage of the corresponding ethyl esters. This finding underscores that the hydrolysis
depends on the nature of the alkyl substituent of the ester moiety.

a) 30.0 eq KOH
1.00 eq HATU
o o HNSC [ 1006qRCOOH R NeS_ _f b)1.00eqHATU, 3.20eqDIPEA N s
1.00 eq thiourea N / __ 2.00 eqDIPEA g ~ o~  120eaNH0H-HCI Al N ) _oH
o ——————————» N - = 00 N o N H
B EtOH DMF a) THF, reflux, 12 h
r reflux, 6 h 60°C, o.n. b) DMF, 60°C, o.n.
12a: R = 3,5- dimethoxybenzyl 89% 9a: R = 3,5- dimethoxybenzyl 25%
10 11 70-80% 12b: R = isonictonyl 61% 9b: R = isonictonyl 32%
12c: R = 4-biphenyl 47% 9c: R = 4-biphenyl 61%

Scheme 2: Synthesis of the target structures 9a-c.

Biological Evaluation

The synthesised compounds 9a-c were assessed for their antiproliferative activity and for their HDAC inhibitory
activity in the human monocytic cell line THP-1 using class-distinguishing substrates (Boc-Lys(Ac)-AMC: class |
and llb HDACs; Boc-Lys(TFAc)-AMC: class lla, HDAC8). The results are depicted in Table 1 with vorinostat as
reference compound. Among the tested compounds, 9b exhibited the highest antiproliferative activity with
61.5% of growth inhibition at 100 uM concentration. The introduction of a 3,5-dimethoxyphenyl (9a) or
biphenyl (9¢) CAP moiety led to a decreased cytotoxicity with antiproliferative effects below 50% at 100 uM. In
a whole-cell HDAC inhibition assay using the Boc-Lys(Ac)-AMC-HDAC substrate, all screened hydroxamic
acids 9a-c displayed inhibitory activities below 40% at 100 uM. However, the cellular HDAC inhibition assay using
the Boc-Lys(TFAc)-AMC-HDAC substrate revealed a slightly increased inhibition with over 45% at 100 uM for 9a
and 9b.
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Overall there is a good correlation between the antiproliferative activity and the cellular HDAC inhibition. All

tested compounds 9a-c showed a moderate cytotoxicity and cellular HDAC inhibition.
Table 1: Cell viability (MTT assay) and whole-cell HDAC inhibition assay in the human monocytic cell line THP-1.

Ros.
R.
\‘(\; \N« y/ H—OH
9a-c
HDAC inhibition
cell viability (MTT)
Boc-Lys(Ac)-AMC Boc-Lys(TFAc)-AMC
Cpd. o
% % %
inhibition :ESO EL“S'\QI]\A) inhibition :Ef"’ 5“;\23\/” inhibition :250 Er“;\gvl)
of100um  ‘P0E ofl00uM  P0E of10o0um  P0E
MeO
47.1% >100 31.2% >100 45.2% >100
OMe
9a
7\ . 82.1 . .
= 61.5% (4052 0.11) 36.9% >100 48.1% >100
9b
8 44.5% >100 38.4% >100 37.1% >100
9c
0.18 0,75 41.43
. 0, 0, ’ 0,
Vorinostat 96.6% (6.74 + 0.06) 98% (6.13 + 0.054) 62% (4.38 + 0.04)

Presented data are calculated from at least two experiments each performed in duplicates. ICso values were calculated
for compounds with an inhibition of more than 50 %. Standard deviation of percent inhibition values is less than 14 %.
Vehicle control was defined as 0 % inhibition.

For further evaluation, the synthesized compounds 9a-c were screened against recombinant human HDAC2,
HDAC4, HDAC6 and HDAC8 (Table 2). Vorinostat was included as a pan-HDACi reference compound.
Interestingly, the new thiazolyl-based hydroxamates 9a-c were identified as moderate HDAC6 inhibitors in the
low micromolar range. In contrast to our preliminary in-silico data, the hydroxamic acids 9a and 9c displayed no
HDAC4 inhibition in the tested concentration range (< 100 uM). However, the hydroxamic acid 9b exhibiting a
4-pyridinyl CAP moiety demonstrated a moderate micromolar activity against HDAC4 (ICso(HDAC4) = 48.8 uM).
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Table 2: Inhibitory activity of 9a-c and Vorinostat on recombinant human HDAC2, HDAC4, HDAC6 and HDACS.

H
N S
F{\n’\ﬁ/

~-OH
o N

1Cs0 [uM] (pICso + SEM)

Cpd.
HDAC2 HDAC4 HDAC6 HDACS
MeO.
3.85 43.1
>100 >100 (5.41 + 0.04) (4.37 +0.05)
OMe
9a
7 100 48.8 3.6 21.4
N= (43140.08)  (5.44+0.04) (4.67 +0.04)
9b
& 9.94
S >100 >100 (5.0 +0.08) >100
9c
Vorinostat 0.096 96.5 0.04 4.44
(7.0240.04)  (4.02+0.05)  (7.63+0.05) (5.35 + 0.05)

Data shown is at least from two experiments each performed at least as duplicates and the ICsq value of pooled data is
reported when ICso < 100 pM.

Conclusions

Histone deacetylases are zinc-dependent metalloproteases that catalyse the removal of acetyl functional groups
from lysine residues of both histone and nonhistone proteins. HDACs are involved in a multitude of biological
processes e.g. in cell cycle progression, cell survival, apoptosis and differentiation. They are clinically validated
targets for the treatment of cancer. Selective HDAC inhibitors may serve as important tools for elucidating the
role of specific HDACs in certain diseases. Contrary to our preliminary qualitative in-silico screening, all
synthesized compounds 9a-c exhibited a moderate HDAC6 inhibitory activity in the low micromolar range.
Nevertheless, the hydroxamic acid 9b exhibiting a 4-pyridinyl CAP moiety displayed a moderate micromolar
activity against HDAC4 (ICso(HDAC4) = 48.8 uM).

Experimental Section

General methods

All chemicals and solvents were purchased from commercial suppliers (Sigma Aldrich, Alfa Aesar, Fluorochem,
TCl, abcr and Acros Organics) and used without further purification. All anhydrous reactions were carried out in
flame-dried Schlenk-flasks and under argon atmosphere. Dry solvents were used directly from Seal® bottles
from Acros Organics. Analytic Thin Layer Chromatography (TLC) was carried out with Macherey Nagel precoated
silica gel plates (ALUGRAM® Xtra SIL G/UV2s4). Detection was achieved with ultraviolet irradiation (254 nm)
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and/or staining with potassium permanganate solution (9 g KMnQO4, 60 g K,COs3, 15 mL of a 5% aqueous
NaOH-solution, and 900 mL demineralised water). Flash column chromatography was performed with
CombiFlashRf200 (TeleDynelsco) with the solvent mixtures specified in the corresponding procedure.

Physical data

Proton (*H) and carbon (*3C) NMR spectra were recorded on Bruker Avance Ill — 300, Bruker Avance DRX — 500
or Bruker Avance Ill — 600. Spectra were referenced to the residual non-deuterated solvent signal (*H-NMR:
DMSO-ds (2.50 ppm), 3C-NMR: DMSO-ds (39.52 ppm); 'H-NMR: CDCl;s (7.26 ppm), 3C-NMR: CDCls
(77.16 ppm)). Chemical shifts are quoted in parts per million (ppm). Signal patterns are indicated as: singlet (s),
doublet (d), triplet (t), quartet (q), or multiplet (m). Coupling constants, J, are measured in Hz. Proton (*H) and
carbon (3C) NMR spectra were recorded by the NMR-Divisions of the Department of Chemistry (Heinrich-Heine-
University Disseldorf). Electrospray lonisation (ESI) mass spectra were carried out by the Mass spectrometry-
Division of the Heinrich-Heine-University Disseldorf, using Bruker Daltonics UHR-QTOF maXis 4G (Bruker
Daltonics). Melting points (mp.) were determined using a Blichi M-565 melting point apparatus and are
uncorrected.

Analytical HPLC analysis were carried out on a Knauer HPLC system comprising an Azura P 6.1L pump, an
Optimas 800 autosampler, a Fast Scanning Spectro-Photometer K-2600 and Knauer Reversed Phase column (SN:
FK36). UV absorption was detected at 254 nm. The solvent gradient table is shown below. The purity of all final
compounds was 95% or higher.

Table 3: The solvent gradient table for analytic HPLC analysis.
Time / Water + ACN +
min 0.1% TFA  0.1% TFA

Initial 90 10
0.50 90 10
20.0 0 100
30.0 0 100
31.0 90 10
40.0 90 10

Synthesis of methyl 2-bromo-3-oxo-3-phenylpropanoate (10). A solution of methyl 3-oxo-3-propanoate®
(2.67 g, 15.0 mmol, 1.00 eq) in methanol (40.0 mL) was cooled to 0 °C and sodium methoxide (30 wt. % in
methanol, 3.43 mL, 18.0 mmol, 1.20 eq) was added dropwise. After stirring for further 5 min, bromine (0.92 mL,
18.0 mmol, 1.20 eq) in methanol (20.0 mL) was added dropwise to the reaction. The resulting mixture was
stirred overnight at rt. The solvent was removed in vacuo, and the crude solid was resuspended in ethyl acetate.
The organic layer was washed with water (3x25 mL), dried over Na;SO4 and filtered. After removing the solvent,
the crude product was purified by flash column chromatography (prepacked silica cartridge, n-hexane/ethyl
acetate) to provide 2-bromo-3-oxo-3-phenylpropanoate (10) (2.85 g, 11.1 mmol, 74%) as a yellow oil.

'H NMR (300 MHz, DMSO-ds) 6 = 3.75 (s, 3H), 6.70 (s, 1H), 7.60 (t, J = 7.6 Hz, 2H), 7.69 — 7.78 (m, 1H), 8.04 (dd,
J=8.4,1.3 Hz, 2H) ppm.

13C NMR (75 MHz, DMSO-ds) 6 = 46.86, 53.67, 129.10, 133.08, 134.58, 165.89, 189.37 ppm.

HPLC analysis: Rt = 12.150 min, 98.2%.

HRMS (ESI+) = calcd. for C1oH10BrOs[M+H]* = 256.9808, found: 256.9806.

Page 7 ©ADTHOR(S)



Arkivoc 2020, part _, 0-0 last name, initial of first author et al.

Synthesis of methyl 2-amino-4-phenylthiazole-5-carboxylate (11). To a solution of methyl 2-bromo-3-oxo-3-
phenylpropanoate (10) (2.53 g, 6.70 mmol, 1.00 eq) in methanol (40.0 mL), thiourea (0.52 g, 6.70 mmol,
1.00 eq) was added and the resulting solution was refluxed for 6 h. The solvent was evaporated under reduced
pressure and the residue was dissolved in EtOAc, washed with saturated NaHCOs solution (3x 50 mL) and dried
over NaSOa. After filtration, the solvent was removed in vacuo to yield the crude product which was purified
by flash column chromatography (prepacked silica cartridge, n-hexane/ethyl acetate) to provide methyl 2-
amino-4-phenylthiazole-5-carboxylate (11) (0.70 g, 2.90 mmol, 43%) as a yellow solid.

'H NMR (300 MHz, DMSO-ds) 6 = 3.62 (s, 3H), 7.29 -7.46 (m, 3H), 7.60 — 7.68 (m, 2H), 7.86 (s, 2H) ppm.

13C NMR (75 MHz, DMSO-ds) 6 = 51.40, 107.65, 127.33, 128.69, 129.58, 134.51, 159.02, 161.53, 169.89 ppm.
HPLC analysis: Rt = 7.533 min, 97.2%.

HRMS (ESI+) = calcd. for C11H11N20,S [M+H]* = 235.0536, found: 235.0535.

mp.: 183-186°C.

General procedure 1: HATU-coupling. For the synthesis of the amides 12a-c, 1.00 eq of the respective carboxylic
acid was dissolved in dry DMF (0.1 mmol/mL) and 1.00 eq HATU and 2.00 eq DIPEA were added. After stirring
for 15 min at rt, methyl 2-amino-4-phenylthiazole-5-carboxylate (11) (1.00 eq) was added and the resulting
mixture was stirred for 16h at 60 °C. The solvent was removed in vacuo and the residue was diluted with EtOAc.
The organic layer was washed with saturated NaHCOs3 (3x 50 mL), brine (1x 50 mL), dried over Na;SO4 and
filtered. After the removal of the solvent, the crude product was purified by flash column chromatography
(prepacked silica cartridge, n-hexane/ethyl acetate) to provide the amides 12a-c.

Synthesis of methyl 2-(3,5-dimethoxybenzamido)-4-phenyl-thiazole-5-carboxylate  (12a). 3,5-
Dimethoxybenzoic acid (1.01 g, 5.50 mmol, 1.00 eq) was subjected to General Procedure 1. The crude product
was purified by flash column chromatography (n-hexane/EtOAc) to furnish methyl 2-(3,5-
dimethoxybenzamido)-4-phenyl-thiazole-5-carboxylate (12a) (1.95 g, 4.90 mmol, 98%) as a white solid.

IH NMR (300 MHz, DMSO-ds) & = 3.74 (s, 3H), 3.83 (s, 6H), 6.76 (t, J = 2.2 Hz, 1H), 7.33 (d, J = 2.3 Hz, 2H), 7.41 —
7.51 (m, 3H), 7.74 (dd, J = 6.6, 3.0 Hz, 2H), 13.15 (s, 1H) ppm.

13C NMR (75 MHz, DMSO-ds) 6 = 51.90, 55.59, 105.49, 106.02, 127.55, 128.91, 129.63, 133.15, 134.01, 155.96,
160.19, 160.52, 161.80, 165.33 ppm.

HPLC analysis: Rt = 15.883 min, >99%.

HRMS (ESI+) = calcd. for C20H19N205S [M+H]* = 399.1009, found: 399.1008.

mp.: 170-174°C.

Synthesis of methyl 2-(isonicotinamido)-4-phenylthiazole-5-carboxylate (12b). Isonicotinic acid (373 mg,
3.00 mmol, 1.00 eq) was subjected to General Procedure 1. The crude product was purified by flash column
chromatography (n-hexane/EtOAc) to furnish methyl 2-(isonicotinamido)-4-phenylthiazole-5-carboxylate (12b)
(0.62 g, 1.80 mmol, 61%) as a white solid.

IH NMR (300 MHz, DMSO-ds) & = 3.73 (s, 3H), 7.30-7.53 (m, 3H), 7.76 (d, J = 7.3 Hz, 2H), 8.01 (d, J = 5.2 Hz, 2H),
8.82 (d,J =5.1Hz, 2H), 9.34 (s, 1H), 11.12 (s, 1H), 13.32 (s, 1H) ppm.

13C NMR (75 MHz, DMSO-ds) 6 = 52.03, 115.13, 121.81, 127.62, 129.04, 129.69, 133.78, 138.51, 150.46, 155.87,
159.81, 161.68, 164.67 ppm.

HPLC analysis: Rt = 9.667 min, >99%.

HRMS (ESI+) = calcd. for C17H14N303S [M+H]* = 340.0750, found: 340.0753.

mp.: 225-229°C.
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Synthesis of methyl 2-([1,1'-biphenyl]-4-carboxamido)-4-phenylthiazole-5-carboxylate (12c). Biphenyl-4-
carboxylic acid (595 mg, 3.00 mmol, 1.00 eq) was subjected to General Procedure 1. The crude product was
purified by flash column chromatography (n-hexane/EtOAc) to furnish methyl 2-([1,1'-biphenyl]-4-
carboxamido)-4-phenylthiazole-5-carboxylate (12c) (0.58 g, 1.40 mmol, 47%) as a white solid.

IH NMR (600 MHz, DMSO-ds) & = 3.75 (s, 3H), 7.41 — 7.47 (m, 4H), 7.51 (dd, J = 8.4, 6.9 Hz, 2H), 7.71 — 7.82 (m,
4H), 7.83 —7.90 (m, 2H), 8.19 — 8.27 (m, 2H), 13.24 (s, 1H) ppm.

13CNMR (151 MHz, DMSO-ds) & = 52.01, 114.70, 126.80, 126.99, 127.63, 128.43,129.00, 129.10, 129.12, 129.70,
130.12,134.01, 138.74, 144.40, 156.06, 160.34, 161.85, 165.56 ppm.

HPLC analysis: Rt = 17.983 min, 98.3%.

HRMS (ESI+) = calcd. for C2aH19N203S [M+H]* = 415.1111, found: 415.1114.

mp.: 267-270°C.

General procedure 2: Methyl ester hydrolysis. For the synthesis of the acids 13a-c, 1.00 eq of the methyl ester
12a-c was dissolved in THF (0.1 mmol/mL) and 30.0 eq potassium hydroxide was added. The resulting mixture
was refluxed for 16 h. The solvent was removed in vacuo and the residue was resuspended with EtOAc. The
organic layer was washed with saturated NaHCOs (3x 50 mL). The combined aqueous phases were acidified
(pH = 2-3) and the resulting precipitate (product) was filtered off and washed with water.

Synthesis of 2-(3,5-dimethoxybenzamido)-4-phenylthiazole-5-carboxylic acid (13a). Methyl 2-(3,5-
dimethoxybenzamido)-4-phenyl-thiazole-5-carboxylate (12a) (0.51 g, 1.28 mmol, 1.00 eq) was subjected to
General Procedure 2. The acid 13a (0.27 g, 0.71 mmol, 55%) was obtained as a white solid.

IH NMR (600 MHz, DMSO-ds) & = 3.83 (s, 6H), 6.76 (t, J = 2.3 Hz, 1H), 7.33 (d, J = 2.3 Hz, 2H), 7.39 — 7.45 (m, 3H),
7.71-7.78 (m, 2H), 13.05 (s, 2H) ppm.

13CNMR (151 MHz, DMSO-ds) 6 = 55.62, 105.46, 105.94, 116.78, 127.53, 128.73, 129.78, 133.24, 134.25, 155.10,
159.73, 160.49, 162.83, 165.22 ppm.

HPLC analysis: R: = 13.00 min, 96.4%.

HRMS (ESI+) = calcd. for C1sH17N20sS [M+H]* = 385.0853, found: 385.0852.

mp.: 187-191°C.

Synthesis of 2-(isonicotinamido)-4-phenylthiazole-5-carboxylic acid (13b). Methyl 2-(isonicotinamido)-4-
phenylthiazole-5-carboxylate (12b) (338 mg, 1.04 mmol, 1.00 eq) was subjected to General Procedure 2. The
acid 13b (228 mg, 0.70 mmol, 67%) was obtained as a white solid.

IH NMR (300 MHz, DMSO-ds) & = 1.23 (t, J = 7.1 Hz, 3H), 4.22 (g, J = 7.1 Hz, 2H), 7.40 — 7.55 (m, 3H), 7.68 — 7.81
(m, 2H), 7.98 — 8.08 (m, 2H), 8.78 —8.90 (m, 2H), 13.50 (s, 1H) ppm.

13C NMR (75 MHz, DMSO-dg) & = 13.91, 60.85, 115.62, 121.78, 127.56, 128.99, 129.71, 133.80, 138.50, 150.46,
155.66, 159.74, 161.24, 164.64 ppm.

HPLC analysis: R: = 6.883 min, 98.4%.

HRMS (ESI+) = calcd. for C16H12N303S [M+H]* = 326.0594, found: 326.0597.

mp.: 246-260 °C.

Synthesis of 2-([1,1'-biphenyl]-4-carboxamido)-4-phenylthiazole-5-carboxylic acid (13c). Methyl 2-([1,1'-
biphenyl]-4-carboxamido)-4-phenylthiazole-5-carboxylate (12c) (0.35 g, 0.84 mmol, 1.00 eq) was subjected to
General Procedure 2. The acid 13c (0.31 g, 0.77 mmol, 92%) was obtained as a white solid.

IH NMR (600 MHz, DMSO-ds) & = 7.40 — 7.46 (m, 4H), 7.51 (t, J = 7.7 Hz, 2H), 7.72 — 7.81 (m, 4H), 7.85 — 7.89 (m,
2H), 8.22 — 8.26 (m, 2H), 13.13 (s, 1H) ppm.
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13C NMR (151 MHz, DMSO-ds) & = 126.83, 127.01, 127.56, 128.44, 128.77, 129.09, 129.12, 129.81, 138.78,
144.39, 162.86, 165.44 ppm.

HPLC analysis: Rt = 14.933 min, 92.0%.

HRMS (ESI+) = calcd. for C23H17N203S [M+H]* = 401.0954, found: 401.0953

mp.: decomposition at 248 °C.

General procedure 3: Hydroxamic acid formation. For the synthesis of the hydroxamic acids 9a-c, 1.00 eq of
the respective carboxylic acid 13a-c was dissolved in dry DMF (0.1 mmol/mL), 1.00 eq HATU and 3.20 eq DIPEA
were added. After stirring for 15 min at rt, 1.20 eq hydroxylamine hydrochloride was then added and the
resulting mixture was stirred for further 16 h at 60 °C. The reaction mixture was then poured into water and the
resulting participate was then filtered and washed with agqueous HCl-solution (pH = 4) and water. The crude
product was purified by flash column chromatography (prepacked silica cartridge, DCM/30% methanol in DCM)
to provide the corresponding hydroxamic acids.

Synthesis of 2-(3,5-dimethoxybenzamido)-N-hydroxy-4-phenylthiazole-5-carboxamide  (9a). 2-(3,5-
dimethoxybenzamido)-4-phenylthiazole-5-carboxylic acid (13a) (199 mg, 0.50 mmol, 1.00 eq) was subjected to
General Procedure 3. The hydroxamic acid 9a (50.0 mg, 0.12 mmol, 25%) was obtained as a white solid.

'H NMR (300 MHz, DMSO-ds) 6 = 3.84 (s, 6H), 6.76 (s, 1H), 7.34 (d, J = 2.2 Hz, 2H), 7.38 = 7.52 (m, 3H), 7.77 (d,
J=6.8 Hz, 2H), 9.28 (s, 1H), 11.07 (s, 1H), 12.98 (s, 1H) ppm.

13C NMR (75 MHz, DMSO-ds) 6 = 55.61, 105.35, 105.96, 128.13, 128.28, 128.70, 129.70, 129.71, 133.40,
134.10, 154.81, 160.52, 161.78, 165.01.
HPLC analysis : Rt =t = 10.383 min, 95.0%.

HRMS (ESI+) = calcd. for Ci1gH18N30sS [M+H]* = 400.0962, found: 400.0960.

mp.: decomposition at 225 °C.

Synthesis of N-hydroxy-2-(isonicotinamido)-4-phenylthiazole-5-carboxamide (9b). 2-(Isonicotinamido)-4-
phenylthiazole-5-carboxylic acid (13b) (595 mg, 1.83 mmol, 1.00 eq) was subjected to General Procedure 3. The
hydroxamic acid 9b (0.200 g, 0.59 mmol, 32%) was obtained as an orange solid.

1H NMR (300 MHz, DMSO-ds) 6 = 7.42 (dq, J = 13.5, 6.8 Hz, 3H), 7.76 (d, J = 7.3 Hz, 2H), 8.01 (d, J = 5.2 Hz, 2H),
8.82(d, J=5.1Hz, 2H), 9.34 (s, 1H), 11.12 (s, 1H) ppm.

13C NMR (75 MHz, DMSO-ds) 6 = 117.92, 121.95, 128.40, 128.59, 133.95, 138.88, 150.59, 156.94, 164.49 ppm.
HPLC analysis: R: = 4.817 min, 97.3%.

HRMS (ESI+) = calcd. for C16H13N403S [M+H]* = 341.0703, found: 304.0706.

mp.: 210-214 °C.

Synthesis of 2-([1,1'-biphenyl]-4-carboxamido)-N-hydroxy-4-phenylthiazole-5-carboxamide (9c). 2-([1,1'-
biphenyl]-4-carboxamido)-4-phenylthiazole-5-carboxylic acid (13c) (260 mg, 0.65 mmol, 1.00 eq) was subjected
to General Procedure 3. The hydroxamic acid 9¢ (0.165 g, 0.40 mmol, 61%) was obtained as a white solid.

1H NMR (600 MHz, DMSO-ds) & = 7.38 — 7.47 (m, 4H), 7.52 (t, J = 7.6 Hz, 2H), 7.79 (d, J = 7.6 Hz, 4H), 7.88 (d, J =
8.0 Hz, 2H), 8.25 (d, /= 8.1 Hz, 2H), 9.29 (s, 1H), 11.09 (s, 1H), 13.05 (s, 1H) ppm.

13C NMR (151 MHz, DMSO-ds) 6 = 126.81, 127.00, 127.55, 128.22, 128.32, 128.41, 129.02, 129.11, 130.26,
134.05, 138.79, 144.30, 148.59, 157.20, 159.67, 165.16 ppm.

HPLC analysis : Rt=t =12.633 min, 95.7%.

HRMS (ESI+) = calcd. for Ca3H18N303S O3[M+H]* = 416.1063, found: 416.1055.

mp.: decomposition at 225 °C.
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Docking studies

The structures of the ligands were prepared using the software ChemDraw 16.0 and Discovery
studio and used as input for AutoDock tools version1.5.7 (ADT). The crystal structures of the
proteins HDAC2 (PDB:5IWG)!, HDAC4 (PDB: 5A2S)?, HDAC6 (PDB: 5EDU)3® and HDACS
(PDB: 5FCW)* were downloaded from the Protein Data Base. All waters molecules, buffer and
non-interacting ions were removed with Autodock 4.2. The cleaned protein structures were
used for the grid box generation. Using Autodock 4.2, a Lamarkian genetic algorithm was
applied and the search parameters were set to 100 GA runs for each ligand with a population
size of 150, maximum number of 2.5-10° energy evaluations, a maximum number of 2.7-10*
generations, a mutation rate of 0.2 and a crossover rate of 0.8 and the default dockings
parameters. Populations of 100 docking poses were generated for each run and organized in
clusters and the first pose of the cluster demonstrating coordinative interactions between the
hydroxamic acid and the zinc ion (distance <3.5 A) was selected.

Figure 1: A) Docking of 9a in the crystal structure of HDAC2 B) Docking of 9a in the crystal structure of HDAC4 C) Docking of
9a in the crystal structure of HDAC6 D) Docking of 9a in the crystal structure of HDACS.
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Biological evaluation

Reagents

Cisplatin was purchased from Sigma (Munich, Germany) and dissolved in 0.9% sodium
chloride solution. Stock solutions (10 mM) of vorinostat (Selleckchem, Houston, Texas, USA),
Panobinostat, CHDI-00390576-000-004 (kindly provided by the CHDI Foundation Inc., New
York, USA) and the respective compounds were prepared with DMSO and diluted to the
desired concentrations with the appropriate medium.

Cell lines and cell culture

The human peripheral blood monocytic cell line THP-1 was kindly provided by Prof. Dr
Hanenberg (Heinrich-Heine-University, Duesseldorf, Germany). It was cultured in RPMI 1640
containing 10 % heat inactivated fetal calf serum 120 IU/mL penicillin and 120 pg/mL
streptomycin at 37 °C in a humidified atmosphere of 5 % CO..

MTT Cell Viability Assay

MTT assay was performed as previously described. >’ Cells were seeded at a density of 15
000 cells/well in 96-well plates (Corning, Kaiserslautern, Germany) in 90 pl culture medium.
After 24h preincubation, cells were incubated with the test compounds. After 72 h, MTT
solution (5 mg/mL in phosphate buffered saline) was added. The precipitate was dissolved in
acidic isopropanol solution (165 uL concentrated HCl (VWR, Langenfeld, Germany) in 50 mL
isopropanol (VWR, Langenfeld, Germany). Absorbance was measured at 595 nm and 690 nm
in a NOVOstar microplate-reader (BMG LabTech, Offenburg, Germany).

Whole-Cell HDAC Inhibition Assay

The cellular HDAC assay is based on an assay published by Heltweg and Jung?®, Ciossek et al.?,
and Bonfils et al.*® with minor modifications as described in Marek et al.>. Cells were seeded
at a density of 50 000 cells/well in 96-well plates (Corning, Kaiserslautern, Germany) in 90 pl
of culture medium. After 24 h, cells were incubated for 18 h with the test compounds. 10 ul
of 3 mM HDAC substrate in DMSO (VWR, Langenfeld, Germany) of either Boc-Lys(e-Ac)-AMC
(Bachem, Bubendorf, Switzerland) or Boc-Lys(e-TFAc)-AMC (Bachem, Bubendorf, Switzerland)
was incubated for 3h under cell culture conditions. 100 ul/well of the stop solution (25 mM
Tris-HCI (pH 8), 137 mM NacCl, 2.7 mM KCl, 1 mM MgCl,, 1% NP40, 2.0 mg/mL trypsin and 10
UM vorinostat for Boc-Lys(e-Ac)-AMC and 10 uM panobinostat for Boc-Lys(e-TfAc)-AMC) was
added and incubated for 3 h. Fluorescence intensity was measured at an excitation of 320 nm
and emission of 520 nm in a NOVOstar microplate reader (BMG LabTech, Offenburg,
Germany).
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Enzyme HDAC Inhibition Assay

All human recombinant enzymes were purchased from Reaction Biology Corp. (Malvern, PA,
USA). The HDAC activity assays for HDAC2 (cat nr. KDA-21-277), HDAC4 (cat nr. KDA-21-279),
HDACG6 (cat nr. KDA-21-213), and HDACS8 (cat nr. KDA-21-481) were performed in 96-well-
plates (Corning, Kaiserslautern, Germany). Briefly, 20 ng of HDAC2/8, 17.5 ng of HDAC6 and
2 ng of HDAC4 per reaction were used. Recombinant enzymes were diluted in assay buffer
(50 mM Tris-HCI, pH 8.0, 137 mM NacCl, 2.7 mM KCl, 1 mM MgCl,, and 1 mg/mL BSA). After a
5 min incubation step the reaction was started with 10 pL of 300 uM (HDAC2), 150 uM
(HDAC6) Boc-Lys(e-Ac)-AMC (Bachem, Bubendorf, Switzerland) or 100 uM (HDAC4), 60 uM
(HDACS) Boc-Lys-(e-TFAc)-AMC (Bachem, Bubendorf, Switzerland). The reaction was stopped
after 90 min by adding 100 upL stop solution (16 mg/mL trypsin, 2 uM vorinostat for
HDAC2/6/8, 4 uM CHDI-00390576-000-004 for HDAC4 in 50 mM Tris-HCI, pH 8.0, and 100 mM
NaCl. 15 min after the addition of the stop solution the fluorescence intensity was measured
at excitation of 355 nm and emission of 460 nm in a NOVOstar microplate reader (BMG
LabTech, Offenburg, Germany).
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Abstract

Histone deacetylases (HDACs) are important epigenetic regulators that govern
numerous biological processes such as proliferation, migration, differentiation, and
programmed cell death. HDACS, a Zn?*-dependent class | HDAC, provides an attractive
target for the treatment of various diseases including specific cancer subtypes (e.g. T-cell
lymphoma, neuroblastoma). The development and design of selective HDAC8 inhibitors
provides a promising strategy for the target-specific treatment of diseases. Here, we
describe the synthesis and biological evaluation of thioether-based hydroxamates as
HDACS inhibitors. Among the tested compounds, compound 10k was identified as the
most potent and selective HDAC8 inhibitor in the nanomolar range
(ICso(HDAC8) = 0.28 uM) with a >356-fold selectivity over HDAC2 and a 35/21-fold

preference over HDAC4/6.

1. Introduction

Acetylation at e-amino groups is an essential post-translational modification of proteins
including histones, transcription factors, and cytoskeletal elements. Two types of
antagonistic enzymes regulate the dynamic acetylation state of client proteins: the
histone acetyltransferases (HATs) and the histone deacetylases (HDACs).[!! Lysine
acetylation of histones induces a relaxation of the chromatin structure that augments
the accessibility of the transcriptional machinery. In contrast, the removal of acetyl
groups increases the condensation state of chromatin and, therefore, a repression of
gene transcription.?! Until now, 18 human HDACs have been identified and summarized
into four classes based on their homology to yeast deacetylases. Class | (HDACs 1-3, 8)
share a high degree of homology with Rpd3, class Il (lla: HDACs 4, 5, 7, 9; llb: HDACs 6,
10) are homologous to Hdal, class Ill are related to Sir2 and class IV (HDAC 11) share
common characteristics with both Rpd3 and Hda1.B3! Class I, Il and IV are zinc-dependent
enzymes, whereas the class lll, commonly known as sirtuins, depends on the cofactor
NAD*. 3 Classlla HDACs are crucial regulators in specific developmental and
differentiation processes, and their dysregulation is associated with a broad range of
diseases such as Morbus Huntington. [®7) However, the participation of class Ila HDACs
in maintaining the homeostasis in healthy cells or in pathological processes is, currently,

not well understood. It has been shown that the catalytic activity of class [la HDACs is
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intrinsically much lower compared to class | HDACs (approx.1000 fold) due to a Tyr to
His switch in the active site. Their repressive transcriptional activity is hypothesized to
depend on their association with class | enzymes and on their capability to suppress
transcription factors by e.g. protein-protein interaction. 811 Class Ila HDACs have been
proposed as potential targets for the treatment of cardiovascular diseases,
neurodegenerative disorders, viral infections, diabetes, and cancer. Moreover, their
inhibition is assumed to result in clinically relevant immunomodulation. [1271¢! Se|ective
HDAC inhibitors may serve as important tools for elucidating the role of class lla HDACs
in the aforementioned diseases. In published crystal structures of class lla HDACs the
so-called lower pocket was identified as a distinctive structural feature. 1718l The
pharmacophore model for class lla selective HDACi consists of the following four
elements: a zinc-binding group (ZBG), a linker that interacts with the substrate-binding
tunnel, a lower pocket (LP)-group that occupies the distinct pocket and a cap, also

known as surface recognition domain (Figure 1).11%!

lower pocket

CAP Connecting Unit Linker J—{Zinc binding group]
o, OH FaC N
NOS O N-C, K JOH
y I p—cFy N @ N
GRS
E =N

TMP269 (1) Compound 14 (2) Compound 1 (3)

Figure 1: Selected class Ila selective HDACi 1-3.[17.18,20]

Besides class lla HDACs, HDACS, a Zn?*-dependent class | HDAC, was identified as a
druggable target for the treatment of specific cancer subtypes (e.g. T-cell lymphoma,
neuroblastoma) and several X-linked intellectual disabilities. Furthermore, the
employment of HDACS selective inhibitors is a promising approach for the treatment of
parasitic infections e.g. by targeting Schistosoma mansoni HDAC8 (smHDACS) in the
parasitic disease schistosomiasis.?’24 HDAC8 differs from the prototypical class |
enzymes in several respects: a) independence of cofactors for activity b) absence of the
C-terminal protein-binding domain c) mainly cytoplasmic localization d) binding of
diverse cations including FeZ*and K* to its active site e) negative regulation of its

deacetylase activity by phosphorylation of Ser39 by cyclic-AMP-dependent protein
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kinase (PKA).12>=30 Furthermore, HDACS exhibits characteristic structural features in the
catalytic domain, including conformational flexibility in close proximity to the active site,
which allows the design of HDAC8 selective inhibitors. (loop L1 mediated). One
particularly feature is the so-called foot-pocket (acetate release channel) which is also
observed in HDAC1, 2 and 3. However, the foot-pocket of HDAC8 is opened by the
movement of the gatekeeper residue W141 instead of the leucine residue presents in
the other class | HDACs. Another distinctive feature is the formation of the side-pocket
due to a different conformation of the loop L6. This cavity has not been detected in other
HDACs, so far.BY Although, the design of specific HDACi is challenging, the unique active
site of HADC8 permits the development of HDACS8-selective inhibitors (Figure 2).
PCI-34051 (4) is one of the most widely used selective HDAC8-inhibitor in research. This
hydroxamic acid 4 inhibits HDAC8 in the nanomolar range and displays a >200-fold
selectivity over HDAC1 and 6 and >1000 fold over HDAC 2/3/10.12% |t was demonstrated
that PCI-34051 (4) induces caspase-dependent apoptosis in T cell-derived tumors, but
not in hematopoietic or solid tumor cell lines. In contrast to pan-inhibitors, this
inhibitor 4 does not induce detectable histone or tubulin acetylation. The induction of
apoptosis is partly the results of calcium flux in a PLCyl mediated manner.[21]
Nevertheless, it remains controversial if isozyme-specific inhibitors are superior to

pan-HDAC inhibitors as anticancer drugs in regard to their clinical efficacy and potency.

[ side pocket ] [ foot pocket ]

| |

CAP Connecting Unit Linker J—{Zinc binding group]
f N,
4 H X N’OH | \ H Q
N ~oH H NN N N-OH
o] MeO \lr H
MeO N
Br
PCI-34051 (4) Compound 22b (5) Compound 32 (6)

Ortho-aryl N-hydroxycinnamide derivatives Aminotetralin derivatives

i JQYH
\ A Cl Y N
MN IEJHZ Q\‘
o H F
]

7 8
Azetidinone and derivatives Amino acid derivatives

Figure 2: Selected HDAC8-specific inhibitors 4-8.[21,32-35]

However, novel HDAC selective inhibitors may present beneficial properties that reduce

side effects in personalized medicine, which could result in higher patient compliance, a
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reduced likelihood of the occurrence of resistances and, therefore, more effective active
pharmaceutical ingredients. Sulfur-containing functional groups are present in a wide
spectrum of pharmaceutical and natural products. The significance of sulfur in drug
development is demonstrated by approximately 360 sulfur-containing FDA approved
drugs. Amongst the sulfur-containing drug, thioethers rank third with roughly 9 %. (39
Tessier et al. introduced thioether-based hydroxamates 9 as HDACi (Figure 3).537) The
inhibitors 9 displayed an ICsp value less than or equal to 15 uM against one or more of
HDAC4, HDACS5, HDAC6, HDAC7, HDAC8, HDAC9, HDAC10 and HDAC11. A specific range

was not reported.

9] L = H, halo, -O-alkyl, -S-alkyl, -NRC(O)CCalkyl-(heterero)aryl, -NO,,
Y,S N,OH -NR'R"-NR;, -alkyl, -OH, -OCFj, -CF3
H Y =272-2"-72-D, -CH,-D, -D
Z2= chemical bond, alkyl
(L)o-3

Z'= aryl, heterocyclyl, cycloalkyl, heteroaryl
D = H, aryl, heteroaryl, alkyl, cycloalkyl, heterocycyl

Figure 3: General structure of the previously reported thioether-based hydroxamates 9 as HDACi.[37]
However, the specific enzyme inhibition data were not reported. Here, we present the
development of novel thioether-based hydroxamates and their investigation in regard

to their HDAC inhibition profile as well as their potential as anticancer agents.

2. Results and Discussion

2.1. Rational design

In order to assess the HDAC isozyme selectivity profile of thioether-based
hydroxamates, we performed an in-silico screening with N-hydroxy-2-phenyl-2-

(phenylthio)acetamide (10a) as lead structure from Tessier et al. (Figure 4).37]

10a

Figure 4: The lead structure 10a.[37]
The compound was docked into HDAC2 (PDB: 4LXZ)38!, HDACS8 (PDB: 5FCW)3°, HDAC4
(PDB: 5A2S)'8 and HDAC6 (PDB: S5EDU)™Y according to Asfaha et al..*Y The

thioether-based hydroxamate 10a did not produce valid docking poses in HDAC2 and
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HDACG6 with the complexation of the zinc ion by the hydroxamic acid moiety. However,
valid binding modes were predicted for HDAC4 and HDACS8. The preliminary docking
results indicated the occupation of their specific pockets (lower pocket: HDAC4; side

pocket: HDAC8) with either the thioether or phenyl moiety of 10a (Figure 5).

Figure 5: Superposition of 10a and Compound 14 (2) in HDAC4 (PDB: 5A2S)[8! (left). Superposition of 10a and
PCI-34051 (4) in HDACS (PDB: 5EDU)39! (right).

Based on this qualitative in-silico screening, the evaluated compound 10a suggested a
potential HDAC4 and HDACS preference. Here, we report the derivatization of the lead

structure 10a (Figure 6) in order to evaluate its selectivity for class Ila HDACs and HDACS.

b

a) mono-, disubstituted phenyl S JOH!
b) mono-, disubstituted benzyl :' B ‘\ H . Variation of ZBG
c) biphenyl system, condensed ring “. ‘,'," ".:~- -t

1. monosubstitued phenyl
2. biphenyl system

10a

Figure 6: Derivatization of the lead structure 10a.

2.2. Chemistry

The synthesis of the first set of thioether-based HDACi 10a-k was performed according
to Tessier et al. (Scheme 1).371 The respective bromo derivative 12 or 13 was converted
with various commercially available thiols 11a-j under basic conditions into the
respective thioethers 14a-k. Subsequently, the hydroxamic acids 10a-k were prepared
by a hydroxylaminolysis of the ethyl esters 14a-k. The screened reaction conditions for
the O-alkylation are depicted in Table 1 and Table 2. However, neither the Palladium-
catalyzed cross-coupling nor the triflation of the hydroxyl group of 15 or the

Mitsunobu - and Finkelstein reaction with 17 resulted in the respective product 16.
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9 9 15.0 eq NaOEt 9

B S . S OH
R . I: OEt 2.00 eq DIPEA R” OEt 10.0 eq NH,OH-HCI R” Ha
—— ST
X MeCN X EtOH X
reflux, o.n. reflux, 2 h
1asi 12: X=H 14a-h, j-k: X=H 10a-h, j-k: X=H
1 13: X=F 14i: X=F 70-98% 10i: X=F 30-70%

Scheme 1: Synthesis of thioether-based hydroxamates 10a-k.

Table 1: Screened reaction conditions for the formation of the oxa analog 16. All reactions were carried out overnight.

Br- O.

15 12 16

No. Reagents Solvent Base T/°C Yield
0.10 eq Pd[OAc],,

0.30 eq Xantphos

2 1.10 eq Tf,0 CH.Cl,  2.00 eq pyridine -20-rt -
3 - THF 1.10 eq NaH rt -

toluene 5.00 eq Cs,COs 100 -

Table 2: Attempted Mitsunobu- and Finkelstein reaction for the synthesis of 16. All reactions were carried out
overnight.

1

7 Br: Q
HO. o O.
+ _ISL> OEt
7 18 16

No. Reagents Solvent Base T/°C Yield
1.20 eq PPh;,
1 120eqDiaD T ; Ort -

2 0.10 eq Kl acetone 5.00 eqK,COs reflux -

Considering the qualitative docking studies and the symmetry of the lead compound
10a, the a-thioether or the a-phenyl substituent might intrude into the lower pocket.
Therefore, the second set of HDACi contains a-biphenyl substituents (21a,b) in order to
direct the biphenyl moiety into the entrance tunnel of the active site of class lla HDACs.
The synthesis of these inhibitors 21a,b is summarized in Scheme 2. In the first step, the
o-bromo ester is generated via radical bromination of 19, followed by the conversion
with the respective thiol. Finally, the methyl esters 20a,b were transformed into their

hydroxamic acids 21a,b.
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a) 2.00 eq NBS, 0.01 eq DBPO

b) 1.00 eq RSH, 2.00 eq DIPEA

a) CCly, reflux, 8h
b) MeCN, reflux, 8h

-

0 15.0 eq NaOMe
10.0 eq NH,OH+HCI

O

MeOH
reflux, 3h

J

21a,b 30-45%

J

19 20a,b 40-65%

Scheme 2: Synthesis of the a-biphenyl substituted thioether derivatives 21a,b.

For the installation of the mono-fluoro-substituted biphenyl moiety, the carboxylic
acid 22 was first esterified and the subsequent Suzuki-coupling was performed (1.00 eq
methyl ester, 0.05 eq PdCIy[P(Cy)s]2, 2.00eq 2 M NaCOs) in a microwave-assisted
reaction (Scheme 3). The screened reaction conditions for the Pd-catalyzed reaction are
shown in Table 3. The employment of bis(tricyclohexylphosphine)palladium(ll)
dichloride proved to be the most suitable catalyst amongst the tested reaction
conditions (Table 3, entry 5). Various solvents e.g. alcohols, dipolar aprotic solvents,
ethers, toluene can be applied for the Suzuki-coupling./*? The solvent of choice was THF,

as the electron donation properties of ether containing solvents can contribute

significantly to the stability of the organometallic species.*?

(o]
HO.
0 0 0.05 eq PACL,[P(Cy)sl, o~
HO. HO. _ 2.00 eq 2M Na,CO3
OH 2.00 eq H,SO, (97%) O 1.00 eq 4-fluorophenylboronic acid O
MeOH THF
reflux, o.n. 150 Watt, 140°C, 40 min
Br Br O
F
22 23 95% 24 80%

Scheme 3: Installation of the substituted biphenyl moiety to 23.

Table 3: Screened reaction conditions for the Suzuki-coupling. All reactions were carried out at 140 °C.

No. Cat. /0.05 eq Solvent Base/2.00eq P/Watt t/min Yield
1 PACLP(CY)s)2 Mecy_/fto” IMNa2,COs 150 20 -
2 PACLIP(Cy)s]: DMEZ/_ EtOH 2M Na,COs 150 20 -
3 Pd(OAc), + Xantphos t°'”e9”_i/ H20 Cs,COs 100 20 ]
4 PACL[P(Cy)s]2 d'oxag?l/ EIOH M NasCos 150 20  18%
5 PACLIP(Cy)s]: THF 2M Na,CO; 100 40  80%
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In the next step, the hydroxyl group of 24 was mesylated under basic conditions,
followed by the displacement of the mesylate group with the respective thiol. The
obtained thioether 25 was then converted into the hydroxamic acid 26 by

hydroxylaminolysis (Scheme 4).

0 0 0

H H
O. o R,S o R’S N’o
a) 1.10 eq MsCl, 4.00 eq NEt, 15.0 eq NaOMe H
O b) 1.00 eq RSH O 10.0 eq NH,OH-HCI O
DCM MeOH
O 0°C -rt, o.n. O reflux, 3h O
F F F

24 25 40-65% 26 30-45%

Scheme 4: Synthesis of the hydroxamic acid 26.

In our endeavor to develop selective class lla HDACI, we further evaluated the influence
of different zinc-binding groups. Lobera et al. introduced the trifluoromethyloxadiazolyl
moiety (TFMO) as a novel ZBG.['! It was demonstrated that compounds exhibiting this
ZBG showed a 150-1000-fold higher selectivity towards class Illa HDACs than the
respective hydroxamates. In order to investigate the influence of 2-(trifluoromethyl)-
1,3,4-oxadiazole as ZBG, we envisioned a modification of the hydroxamic acid with the
2-(trifluoromethyl)-1,3,4-oxadiazole moiety as ZBG. The synthesis was performed
according to Scheme 5.3 Firstly, the ethyl esters 13a,b were transformed into the
corresponding N-acyl hydrazides 27a,b. Secondly, the cyclization was successfully

achieved by dehydration (Burgess-reagent), providing the final products 28a,b.

CF3
9 a) 20.0 eq NH,NH,+H,0 9y 0’\<
&S oFt D) 0.95 TFAA, 1.50 eq NEt N &S H,N\n,cF3 2) 1.50 eq Burgess-reagent 5 \N’N
a) MeOH, reflux, 6 h % THF
b) DCM, rt, 1h reflux, 1 h
13a,b 27a,b 55-70% 28a,b 65-75%

Scheme 5: Synthesis of the inhibitors 28a,b.

2.3 Biological evaluation

The synthesized compounds 10a-k, 21a-b, 26, 28a-b were assessed for their
antiproliferative activity and for their HDAC inhibitory activity in the human monocytic

cell line THP-1 using class-distinguishing substrates (Boc-Lys(Ac)-AMC: class | and Ilb
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HDACs; Boc-Lys(TFAc)-AMC: class lla, HDACS). The results are depicted in Table 4, Table
5 and Table 6 with CHDI-00390576 and TMP269 as reference compounds. Among the
tested compounds 10a-k, compound 10g exhibited the strongest antiproliferative
activity with 99% growth inhibition at 100 uM concentration. In particular, the
halogen-substituted thioether derivatives (10e-k) displayed an increased cytotoxicity
with antiproliferative effects between 76-99% at 100 uM in comparison to the
unsubstituted thioether derivatives 10a-c (63-72% at 100 uM). The employment of the
2-(trifluoromethyl)-1,3,4-oxadiazole ZBG (28a-b) led to a significant diminished
cytotoxicity (17-27% growth inhibition at 100 uM). Furthermore, the a-biphenyl
derivatives 21a-b and 26 showed a decreased cytotoxicity with antiproliferative
activities below 47% at 100 uM, compared to 10a-k. In the performed whole-cell HDAC
inhibition assay using the Boc-Lys(Ac)-AMC-HDAC substrate, all screened hydroxamic
acids 10a-k, 21a-b, 26 displayed inhibitory activities below 69% at 100 uM. However,
the cellular HDAC inhibition assay with the Boc-Lys(TFAc)-AMC-HDAC substrate revealed
that 10j exhibited the strongest cellular inhibition with 82% at 100 uM. In particular, the
halogen-substituted thioether derivatives (10e-k) showed an increased cellular HDAC
inhibition with 53-82% at 100 uM in comparison to the unsubstituted thioether
derivatives 10a-c (41-66% at 100 uM). Additionally, the employment of an a-biphenyl
moiety in the case of 21a-b and 26 did not significantly impact the cellular HDAC
inhibition (45-78% at 100 uM). However, the introduction of the 2-(trifluoromethyl)-
1,3,4-oxadiazole as ZBG (28a-b) resulted in a significant decreased HDAC inhibition in

both performed cellular HDAC inhibition assay (< 40% HDAC inhibition at 100 uM).

Table 4: Cell viability (MTT assay) and whole-cell HDAC inhibition assay in the human monocytic cell line THP-1.

0]

~OH

R,S NO
X H

10a-k, j-
10i X

=
M X

=H
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HDAC inhibition

Cell viability Boc-Lys(Ac)-AMC Boc-Lys(TFAc)-AMC
% ICso % ICso ICso
Cpd. R inhibition ~ [uM]  inhibition  [uM] . . 2. [UM]
inhibition
of (pICso of 100 (pICso of 100 UM (pICso
100uM  SEM) uM SEM) " SEM)
59.77
10a @ﬁ 63% (4.22 + 31% n.d. 41% n.d.
0.21)
64.5
10b ©\/x 72% n.d. 49% n.d. 66% (4.19 +
0.11)
59.69 88.6
10c O\)L 67% (4.22 + 26% n.d. 54% (4.05 +
0.34) 0.16)
- 27.1 67.5 45.6
10d \ﬂj\)H 65% (4.57 + 61% (4.17 % 75% (4.34 ¢
0.24) 0.08) 0.17)
] 29.22 92.8 91.8
10e \©\% 91% (4.53 + 52% (4.03 % 60% (4.04 +
0.28) 0.05) 0.18)
3 47.54 90.6
10f /@\)‘ 86% (4.32 % 43% n.d. 53% (4.04 +
F 1.25) 0.22)
16.7 52.9 91.3
10 ,©\), 99% (4.78 £ 60% (4.28 % 63% (4.04 +
: 0.11) 0.15) 0.87)
o . 54.0 69.6 68.1
10h \CQ)» 76% (4.27 + 64% (4.16 56% (4.17 +
0.07) 0.20) 0.12)
o N 41.5 68.8 69.2
10i m 84% (4.38 + 64% (4.16 61% (4.16 +
0.59) 0.20) 0.28)
. 37.2 67.3 56.2
10 % 81% (4.43 £ 62% (4.17 + 82% (4.25 +
0.23) 0.18) 0.35)
N 45.4 67.0 54.5
10k % 76% (4.34 + 63% (4.17 + 77% (4.26 +
0.61) 0.20) 0.17)
30.4 0.02
CHDI-00390576 100%  (4.52+ 42% n.d. 100% (7.69 +
0.04) 0.10)
58.54
TMP269 70% (4.23 + 13% n.d. 39% n.d.
0.0039)

Presented data are calculated from at least two experiments each performed in duplicates. ICsovalues were calculated for
compounds with an inhibition of more than 50 %. Standard deviation of percent inhibition values is less than 14 %. Vehicle
control was defined as 0 % inhibition. n.d. = not determined.
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Table 5: Cell viability (MTT assay) and whole-cell HDAC inhibition assay in the human monocytic cell line THP-1.

(0]
R,S N,OH
O H
X
21a-b: X =H
26: X=F
Cell viability HDAC inhibition
Boc-Lys(Ac)-AMC Boc-Lys(TFAc)-AMC
ICso % ICso ICso
Cpd. R X . % . [UM]  inhibition  [uM] . % . [uM]
inhibition (pICso + of (pICso inhibition (pICso
of 100UM  “seny 100um ssem)  OFTOOEM e
. . 535
21a m H 47% n.d. 45% n.d. 78% (4.27 +
0.15)
N 85.2 51.8
21b % H 3% n.d. 59%  (4.07+ 72% (4.29 +
0.06) 0.17)
] 59.4
26 \©\/x F 29% n.d. 69%  (4.23+ 45% n.d.
0.04)
30.4 0.02
CHDI-00390576 100% (4.52 + 42% nd. 100%  (7.69 +
0.04) 0.10)
58.54
TMP269 70% (4.23 + 13% nd. 39% n.d.
0.0039)

Presented data are calculated from at least two experiments each performed in duplicates. ICso values were calculated for
compounds with an inhibition of more than 50 %. Standard deviation of percent inhibition values is less than 14 %. Vehicle

control was defined as 0 % inhibition. n.d. = not determined.
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Table 6: Cell viability (MTT assay) and whole-cell HDAC inhibition assay in the human monocytic cell line THP-1.

CF3
g
RSN
28a-b
Cell viabilit HDAC inhibition
¥ Boc-Lys(Ac)-AMC _ Boc-Lys(TFAC)-AMC
% ICso % ICso ICso
Cpd. R 9

P inhibition [uM] inhibition [uM] inhitf;tion [uM]
of 100 (pICso = of 100 (pICso of 100 uM (pICso
uM SEM) uM + SEM) A YTY)

28a @ﬁ 27% n.d. 34% n.d. 28% n.d.
280 () s 7% n.d. 40%  nd. 12% n.d.

30.4 0.02
CHDI-00390576 100% (4.52 + 42% n.d. 100% (7.69 =
0.04) 0.10)
58.54
TMP269 70% (4.23 13% n.d. 39% n.d.
0.0039)

Presented data are calculated from at least two experiments each performed in duplicates. ICso values were
calculated for compounds with an inhibition of more than 50 %. Standard deviation of percent inhibition values
is less than 14 %. Vehicle control was defined as 0 % inhibition. n.d. = not determined.

2.4 Inhibitory activity on HDAC2, HDAC4, HDAC6 and HDAC8

For further evaluation, the synthesized compounds 10a-k, 21a-b, 26 and 28a-b were
tested against recombinant human HDAC2, HDAC4, HDAC6 and HDACS (Table 7, Table
8 and Table 9). CHDI-00390576 and TMP269 were included as class lla selective HDACi
reference compounds. Due to the poor water-solubility of TMP269, the literature 1Cso
values are displayed as references. The lead structure 10a displayed a low micromolar
inhibition of HDACS8 (ICso(HDACS8) = 3.47 uM) with a >29/11/5-fold stronger preference
over HDAC2/4/6. The introduction of a methylene group in the cap region (10b) to the
lead structure 10a resulted in a slightly decreased HDACS8 inhibition in the low
micromolar range (ICso(HDAC8) =5.81 uM) with a >17-fold preference over HDAC2.
Moreover, 10b did not discriminate between HDAC4 (ICso(HDAC4)=12.6 uM) and
HDAC6 (ICso(HDAC6) =12.7 uM). The substitution of the phenyl (10b) with the

cyclohexyl moiety in case of 10c did not have a significant influence on the HDAC
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isozyme inhibition profile and resulted in a slightly stronger HDAC8 inhibition
(ICso(HDAC8) = 3.19 uM) compared to 10b. The modification of the hydroxamic
acids 10a,b to the TFMO-isomers 28a,b led to a complete loss of HDAC inhibition which
is in agreement with the cellular data of these compounds. The introduction of
substituents (OMe: 10d and F:10e) in the para-position of 10b did not have a significant
impact on the HDAC isozyme inhibition profile compared to 10b. In case of 10d, no direct
discrimination between HDAC4 (ICso(HDAC4) = 5.38 uM) and HDACS8
(ICso(HDAC8) = 7.98 uM) was observed. The employment of the monofluorinated
biphenyl moiety (26) to 10e demonstrated a significant loss of HDACS8 inhibitory activity
(ICs0(HDACS8) = 56.3 uM) compared to 10e. Furthermore, the introduction of two fluoro
substituents in meta-position (10f) to 10b revealed a similar HDACS8 inhibition and
selectivity profile compared to 10b. Interestingly, the employment of substituents (Cl:
10j and Br: 10k) in the ortho-position of 10b displayed a nanomolar inhibition of HDACS.
10k was identified as the most potent HDACS inhibitor (ICso(HDACS8) = 0.28 uM) with a
>356-fold selectivity over HDAC2 and a 35/21-fold preference over HDAC4/6. In
comparison, the chlorine-derivative 10j exhibited a decreased HDACS inhibitory activity
(ICso(HDAC8) =0.393 uM) and diminished preference over the other HDACs
(S(HDAC2/HDACS): 184, SI(HDAC4/HDACS): 15, SI(HDAC6/HDACS): 11). Surprisingly,
the a-biphenyl substituent derivative 21b showed a 10-fold reduced HDACS8 inhibitory
activity compared to compound 10k and neither HDAC2, HDAC4 nor HDACS6 inhibitions
were detected. The employment of an additional chlorine atom in the
para-position (10h) to 10j, resulted in a diminished HDAC8 inhibition in the low
micromolar range (ICso(HDACS8)=1.15uM) with a >10/14/7-fold preference over
HDAC2/4/6. Interestingly, the introduction of the 2-fluorophenyl moiety (10i) to 10h
exhibited an increased HDAC8 inhibition in the nanomolar range
(ICso(HDAC8) =0.70 uM) with a more pronounced preference for HDAC6
(SI(HDAC6/8) = 29) compared to 10h. The exchange of the phenyl of 10h to a biphenyl
moiety (21a) exhibited a 26-fold diminished HDACS inhibition (ICso(HDACS8) = 29.9 uM)

compared to 10h.

In summary, we have identified a new series of thioether-based hydroxamates as potent

and selective HDACS inhibitors. Initial SAR-studies revealed that ortho-substitution of
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the thioether moiety in case of 10j and 10k are preferable over para- and
meta-substitutions (10d-g) for HDACS8 inhibition. Furthermore, a biphenyl
system (21a-b, 26) resulted in a diminished HDACS8 inhibition in the micromolar range.
The ZBG variation in case of 28a-b demonstrated that hydroxamates 10a-k are more
potent and selective towards HDAC8, compared to 28a-b. Among the tested
substances 10a-k, 21a-b, 26 and 28a-b, the compound 10k was identified as a
nanomolar HDACS8 inhibitor (ICso(HDACS8) = 0.28 uM) with a >356-fold selectivity over
HDAC2 and a 35/21-fold preference over HDAC4/6.
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Table 7: Inhibitory activity of 10a-k, CHDI-00390576 and TMP269 on recombinant human HDAC2, HDAC4, HDAC6 and

HDACS.
(0]
R,S N,OH
X H
10a-k, j-k: X = H
10i X=F
ICso [LM] (pICso + SEM)
Cpd. R X
P HDAC2 HDAC4 HDAC6 HDACS
392 (441+ 16.1(479+ 3.47 (5.46+
10a ©}L H >100 0.1) 0.05) 0.034)
12649+ 12.7(49+ 581(5.24+
10b ©\)L H >100 0.06) 0.04) 0.12)
Loc O\)L L, 473433t 153(482: 123(491% 3.19(55%
0.05) 0.09) 0.08) 0.027)
MeO 538(527+ 11.6(4.94+ 7.98(5.10%+
1 H 1
0d \©\)H >100 0.06) 0.039) 0.07)
F 15.7(4.8+ 16.9(477+ 4.94(531+
1 H 1
Oe \©\} >100 0.06) 0.03) 0.14)
F
12.93(4.89+ 11.7(4.93+ 3.24(5.49+
10f H >1
0 i ©\;~ 00 0.06) 0.04) 0.022)
10.76 (4.97 + 1534 (4.81 9.45(5.03 +
10g F3c/©\/"' H >100 0.065) +0.04) 0.05)
g g 15.7(4.81+ 7.90(5.1+ 1.15(5.94+
10h \©:)~ H >100 0.04) 0.04) 0.02)
. ol 8.06(5.09+ 2042 (4.69 0.70(6.16 +
10i \©:)a F >100 0.04) +0.05) 0.05)
Lo % 7235(4.14+ 5.75(524+ 4.28(537+ 0.393(6.41
) 0.05) 0.08) 0.05) +0.04)
Br 9.87(5.01+ 5.76(5.24+ 0.281 (6.55
10k % H >100 0.074) 0.05) +0.05)
0.097 (7.01+ 5.98(5.22+ 24.77 (4.61
CHDI-00390576 >100 0.03) 0.00 Y 0.0)
TMP269* >100 0.157 8.2 42

Data shown is at least from two experiments each performed at least as duplicates and the ICsg value of pooled
data is reported when ICsg < 100 uM. *Data taken from Lobera et al.[!7]
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Table 8: Inhibitory activity of 21a,b, 26, CHDI-00390576 and TMP269 on recombinant human HDAC2, HDAC4, HDAC6
and HDACS.

X
21a,b: X=H
26: X=F
Cod R X ICs0 [1M] (pICso + SEM)
pd. HDAC2 HDACA HDAC6 HDACS
c c 29.9 (4.52 +
21a \©:% H >100 >100 >100 0.031)
Br 2.73(5.56 +
21b % H >100 >100 >100 0.098)
R 48.89 (431 56.3 (4.25+
2 F 1 1
6 \©\)~ >100 >100 +0.037) 0.04)
0.097 (7.01+ 5.98(522+ 24.77 (4.61
HDI- 7 1
CHDI-00330576 >100 0.03) 0.04) £0.02)
TMP269* >100 0.157 8.2 42

Data shown is at least from two experiments each performed at least as duplicates and the ICsg value of pooled
data is reported when ICso < 100 uM. *Data taken from Lobera et al.[17]

Table 9: Inhibitory activity of 28a,b, CHDI-00390576 and TMP269 on recombinant human HDAC2, HDAC4, HDAC6 and
HDACS.

’<CF3

)\

RSN
28a,b

ICs0 [LM] (pICso + SEM)
HDAC2 HDAC4 HDAC6 HDACS8

28a ©)L >100 >100 >100 >100
28b ©\/x >100 >100 >100 >100

100 0.097 (7.01+ 5.98(5.22+ 24.77 (4.61
CHDI-00390576 0.03) 0.04) +0.02)

TMP269* >100 0.157 8.2 4.2

Data shown is at least from two experiments each performed at least as duplicates and the ICsp value of
pooled data is reported when ICso < 100 uM. *Data taken from Lobera et al.[!7]

Cpd. R

108



3. Conclusions

Histone deacetylase 8 (HDACS8) is a unique zinc-dependent class | HDAC and provides an
attractive therapeutic anticancer target. Besides catalyzing the removal of acetyl
functional groups from lysine residues of both histone and nonhistone proteins, HDAC8
also mediates signaling via scaffolding functions. Dysregulated expression and/or
aberrant interactions with transcription factors are crucial in HDAC8-associated cancers.
The employment of HDAC8 selective inhibitors presents a promising strategy for
anticancer treatment, as they are expected to have a lower degree of pan-HDAC
inhibitors associated side effects. So far, only a limited number of selective and potent
HDACS8 inhibitors have been reported as anticancer agents. Here, we report the
synthesis and biological evaluation of thioether-based hydroxamates as HDACS8
inhibitors. Among the tested compounds 10a-k, 21a-b, 26, 28a-b, we have identified 10k
as the most potent and selective HDACS8 inhibitor in the nanomolar range
(ICso(HDAC8) = 0.28 uM) with a >356-fold selectivity over HDAC2 and a 35/21-fold
preference over HDAC4/6. Further studies will focus on the structural optimization of
compound 10k to improve e.g. the HDAC8 selectivity, water solubility and
pharmacokinetic properties. Furthermore, the elucidation of the binding mode of 10k
within the catalytic pocket of HDACS8 via crystallization studies is subject of future

research.
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Experimental section

General methods

All chemicals and solvents were purchased from commercial suppliers (Sigma Aldrich, Alfa
Aesar, Fluorochem, TCl, abcr and Acros Organics) and used without further purification. All
anhydrous reactions were carried out in flame-dried Schlenk-flasks and under argon
atmosphere. Dry solvents were used directly from Seal® bottles from Acros Organics. Analytic
Thin Layer Chromatography (TLC) was carried out with Macherey Nagel precoated silica gel
plates (ALUGRAMP® Xtra SIL G/UV3s4). Detection was achieved with ultraviolet irradiation (254
nm) and/or staining with potassium permanganate solution (9 g KMnOQa, 60 g K2COs3, 15 mL of
a 5% aqueous NaOH-solution, and 900 mL demineralised water). Flash column
chromatography was performed with CombiFlashRf200 (TeleDynelsco) with the solvent

mixtures specified in the corresponding procedure.

Physical data

Proton (*H) and carbon (*3C) NMR spectra were recorded on Bruker Avance Ill — 300, Bruker
Avance DRX — 500 or Bruker Avance lll — 600. Spectra were referenced to the residual non-
deuterated solvent signal (*H-NMR: DMSO-ds (2.50 ppm), 3C-NMR: DMSO-ds (39.52 ppm);
'H-NMR: CDCl3 (7.26 ppm), 13C-NMR: CDCls (77.16 ppm)). Chemical shifts are quoted in parts
per million (ppm). Signal patterns are indicated as: singlet (s), doublet (d), triplet (t), quartet
(q), or multiplet (m). Coupling constants, J, are measured in Hz. Proton (*H) and carbon (*3C)
NMR spectra were recorded by the NMR-Divisions of the Department of Chemistry (Heinrich
Heine University Duesseldorf). Electrospray lonisation (ESI) mass spectra were carried out by
the Mass spectrometry-Division of the Heinrich Heine University Duesseldorf, using Bruker
Daltonics UHR-QTOF maXis 4G (Bruker Daltonics). Melting points (mp.) were determined
using a Blichi M-565 melting point apparatus and are uncorrected.

Analytical HPLC analysis were carried out on a Knauer HPLC system comprising an Azura P
6.1L pump, an Optimas 800 autosampler, a Fast Scanning Spectro-Photometer K-2600 and a
Knauer Reversed Phase column (SN: FK36). UV absorption was detected at 254 nm. The

solvent gradient table is shown below. The purity of all final compounds was 95% or higher.
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Table 1: The solvent gradient table for analytic HPLC analysis.

Time / Water + ACN +
min 0.1% TFA 0.1% TFA

Initial 90 10
0.50 90 10
20.0 0 100
30.0 0 100
31.0 90 10
40.0 90 10
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General procedure 1: Formation of thioethers

For the synthesis of the thioethers 14a-k and 20a-b, 1.00 eq of the respective bromo
derivative (12 or 13), 2.00 eq NEts and 1.00 eq of the thiol were dissolved in MeCN
(0.1 mmol/mL). The resulting reaction mixture was refluxed for 8 h. Upon completion of the
reaction, the solvent was removed in vacuo and the residue was diluted with EtOAc. The
organic layer was washed with saturated NaHCOs (3x 50 mL), brine (1x 50 mL), dried over
Na,S0s and filtered. After removing the solvent under reduced pressure, the crude product
was purified by flash chromatography (prepacked silica cartridge, n-hexane/ethyl acetate)

furnishing the products.

Synthesis of ethyl 2-phenyl-2-(phenylthio)acetate (14a)

©,s OEt

(272.36]
Following the General procedure 1, ethyl a-bromophenylacetate (12) (1.80 mL, 10.0 mmol,
1.00 eq) and benzenethiol (11a) (1.03 mL, 10.0 mmol, 1.00 eq) provided the compound 14a
(2.34 g, 8.60 mmol, 86%) as a clear oil.
IH NMR (600 MHz, DMSO-ds) 6 = 1.05 (t, J = 7.1 Hz, 3H), 3.99 — 4.11 (m, 2H), 5.34 (s, 1H), 7.24
—7.29 (m, 1H), 7.29 - 7.38 (m, 5H), 7.38 — 7.42 (m, 2H), 7.46 — 7.50 (m, 2H) ppm.
13CNMR (151 MHz, DMSO-ds) 6 = 13.81, 53.96, 61.33, 127.52, 128.25, 128.32, 128.40, 128.61,
129.03, 131.09, 133.52, 135.49, 169.87 ppm.
HPLC analysis: Rt = 16.050 min, >99%.
HRMS (ESI+) = calcd. for C16H170,S [M+H]* = 273.0944, found: 273.0947.

Synthesis of ethyl 2-(benzylthio)-2-phenylacetate (14b)

)

[286.39]
Ethyl a-bromophenylacetate (12) (1.80 mL, 10.0 mmol, 1.00 eq) and benzyl mercaptan (11b)

(1.17 mL, 10.0 mmol, 1.00 eq) were subjected to General procedure 1. Purification by flash
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chromatography (n-hexane/EtOAc) furnished the thioether 14b (2.75 g, 9.59 mmol, 96%) as
a clear oil.

IH NMR (600 MHz, DMSO-ds) & = 1.15 (t, J = 7.1 Hz, 3H), 3.67 — 3.84 (m, 2H), 4.00 — 4.15 (m,
2H), 4.63 (s, 1H), 7.22 — 7.28 (m, 3H), 7.29 — 7.34 (m, 3H), 7.34 — 7.41 (m, 4H) ppm.

13C NMR (151 MHz, DMSO-ds) 6 = 13.90, 35.64, 51.06, 61.27, 127.09, 128.04, 128.27, 128.45,
128.63, 128.86, 136.10, 137.27,170.19 ppm.

HPLC analysis: Rt = 16.267 min, 97.1%.

HRMS (ESI+) = calcd. for C17H150,S [M+H]* = 287.1100, found: 287.1100.

Synthesis of ethyl 2-((cyclohexylmethyl)thio)-2-phenylacetate (14c)
QL J
S OEt

[292.44]
Following the General procedure 1, ethyl a-bromophenylacetate (12) (1.80 mL, 10.0 mmol,
1.00 eq) and cyclohexanethiol (11c) (1.30 mL, 10.0 mmol, 1.00 eq) furnished the title
compound 14¢ (1.01 g, 3.61 mmol, 36%) as a colorless oil.

1H NMR (300 MHz, DMSO-ds) & = 1.35—1.03 (m, 9H), 1.56 — 1.41 (m, 1H), 1.74 — 1.56 (m, 2H),
1.86 (t, J = 12.2 Hz, 2H), 2.68 (tt, J = 10.0, 4.4 Hz, 1H), 4.22 —3.98 (m, 2H), 4.83 (s, 1H), 7.40 —
7.24 (m, 3H), 7.51 — 7.41 (m, 2H) ppm.

13C NMR (75 MHz, DMSO-ds) 6 = 3.80, 25.09, 25.15, 32.79, 32.82, 43.55, 49.71, 60.97, 127.68,
128.18, 128.31, 129.10, 136.90, 170.65 ppm.

HPLC analysis: Rt = 17.667 min, 96.2%.

HRMS (ESI+) = calcd. for C16H2302S [M+CH3OH+H]* = 323.0912, found: 323.0916.

Synthesis of ethyl 2-((4-methoxybenzyl)thio)-2-phenylacetate (14d)

MeO\©\/ \f/o]\
S OEt

[316.42]
Following the General procedure 1, ethyl a-bromophenylacetate (12) (1.80 mL, 10.0 mmol,
1.00 eq) and (4-methoxyphenyl)methanethiol (11d) (1.41 mL, 10.0 mmol, 1.00 eq) gave the

title compound 14d (1.58 g, 50.1 mmol, 50%) as a yellowish oil.
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'H NMR (300 MHz, DMSO-de) 6 = 1.15 (t, J = 7.1 Hz, 3H), 3.63 —3.71 (m, 2H), 3.73 (s, 4H), 3.98
—4.20 (m, 2H), 4.60 (s, 1H), 6.85-6.92 (m, 2H), 7.13 - 7.22 (m, 2H), 7.25 - 7.42 (m, 5H) ppm.
13C NMR (75 MHz, DMSO-ds) 6 = 13.92, 35.07, 50.96, 55.05, 61.27, 113.87, 128.01, 128.28,
128.62, 128.93, 130.03, 136.16, 158.34, 170.26 ppm.

HPLC analysis: Rt = 17.150 min, >99%.

HRMS (ESI+) = calcd. for CigH24NO3S [M+NH4]* = 334.1471, found: 334.1474.

Synthesis of ethyl 2-((4-fluorobenzyl)thio)-2-phenylacetate (14e)

S OEt

[304.38]
Ethyl a-bromophenylacetate (12) (0.54 mL, 3.00 mmol, 1.00eq) and 4-fluorobenzyl
mercaptan (11e) (0.38 mL, 3.00 mmol, 1.00 eq) were subjected to General procedure 1. The
crude product was purified by flash chromatography (n-hexane/EtOAc) vyielding the
thioether 14e (0.81 g, 2.67 mmol, 89%) as a clear oil.

IH NMR (300 MHz, DMSO-ds) & = 1.14 (t, J = 7.1 Hz, 3H), 3.68 — 3.83 (m, 2H), 3.98 — 4.15 (m,
2H), 4.63 (s, 1H), 7.05 — 7.19 (m, 2H), 7.25 — 7.44 (m, 7H) ppm.

13C NMR (151 MHz, DMSO-ds) 6 = 13.88, 34.84, 51.05, 61.29, 115.20 (d, J = 21.4 Hz), 128.04,
128.26, 128.62, 130.78 (d, J = 8.2 Hz), 133.58 (d, J = 3.3 Hz).136.07, 160.41, 162.02, 170.18
ppm.

HPLC analysis: Rt = 16.233 min, >99%.

HRMS (ESI+) = calcd. for C17H18FO,2S [M+H]* = 305.1006, found: 305.1008.

Synthesis of ethyl 2-((3,5-difluorobenzyl)thio)-2-phenylacetate (14f)

[322.37]

Ethyl  a-bromophenylacetate (12) (0.90mL, 5.00mmol, 1.00eq) and (3,5-

difluorophenyl)methanethiol (11f) (817 mg, 5.00 mmol, 1.00 eq) were subjected to General
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procedure 1. Purification by flash chromatography (n-hexane/EtOAc) provided the
thioether 14f (1.45 g, 4.50 mmol, 90%) as a clear oil.

1H NMR (300 MHz, DMSO-ds) & = 1.14 (t, J = 7.1 Hz, 3H), 3.82 (d, J = 1.7 Hz, 2H), 3.96 — 4.14
(m, 2H), 4.71 (s, 1H), 6.92 - 7.03 (m, 2H), 7.09 (tt, J=9.4, 2.4 Hz, 1H), 7.26 — 7.42 (m, 5H) ppm.
13C NMR (75 MHz, DMSO-dg) & = 13.69, 35.00, 51.24, 61.17, 102.34 (t, J = 25.8 Hz), 111.39 —
112.03 (m), 127.92, 128.13, 128.46, 135.90, 142.33 (t, J = 9.3 Hz), 160.45 (d, J = 13.4 Hz),
163.72 (d, /= 13.3 Hz), 169.95 ppm.

HPLC analysis: Rt = 16.550 min, 98.7%.

HRMS (ESI+) = calcd. for C17H18BrO;S [M+H]* = 365.0205, found: 365.0209.

Synthesis of ethyl 2-phenyl-2-((3-(trifluoromethyl)benzyl)thio)acetate (14g)

[354.39]
Following the General procedure 1, ethyl a-bromophenylacetate (12) (1.80 mL, 10.0 mmol,
1.00 eq) and (3-(trifluoromethyl)phenyl)methanethiol (11g) (1.96 g, 10.0 mmol, 1.00 eq) gave
the title compound 14g (2.53 g, 71.4 mmol, 71%) as a clear oil.

IH NMR (600 MHz, DMSO-ds) & = 1.12 (t, J = 7.1 Hz, 3H), 3.85 — 3.95 (m, 2H), 3.97 — 4.08 (m,
2H), 4.68 (s, 1H), 7.27 — 7.41 (m, 5H), 7.52 — 7.64 (m, 4H) ppm.

13C NMR (151 MHz, DMSO-ds) & = 13.80, 35.22, 51.28, 61.31, 123.77 (q, / = 3.8 Hz), 124.13 (q,
J =272.3 Hz), 125.32 (q, J = 3.8 Hz), 128.08, 128.24, 128.64, 129.08 (q, J = 31.4 Hz), 129.50,
132.98, 136.00, 139.21, 170.14 ppm.

HPLC analysis: Rt = 17.200 min, 93.2%.

HRMS (ESI+) = calcd. for C1gH1sF302S [M+H]* = 355.0974, found: 355.0974.
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Synthesis of ethyl 2-((2,4-dichlorobenzyl)thio)-2-phenylacetate (14h)

s OEt

[355.27]
Ethyl a-bromophenylacetate (12) (1.80 mL, 10.0 mmol, 1.00 eq) and 2,4-dichlorobenzyl
mercaptan (11h) (1.50 mL, 10.0 mmol, 1.00 eq) were subjected to General procedure 1. The
crude product was purified by flash chromatography (n-hexane/EtOAc) to afford the
thioether 14h (1.74 g, 4.91 mmol, 49%) as a clear oil.
1H NMR (300 MHz, DMSO-ds) & = 1.14 (t, J = 7.1 Hz, 3H), 3.85 (s, 2H), 4.07 (qd, J = 7.1, 4.2 Hz,
2H), 4.77 (s, 1H), 7.26 — 7.45 (m, 7H), 7.59 (dd, J = 1.5, 1.0 Hz, 1H) ppm.
13C NMR (75 MHz, DMSO-ds) 6 = 35.59, 50.21, 52.49, 121.14, 126.99, 128.32, 128.74, 130.39,
131.43, 135.52, 136.99, 170.23 ppm.
HPLC analysis: Rt = 19.883 min, 95.1%.
HRMS (ESI+) = calcd. for C17H17Cl02S [M+H]* = 355.0321, found: 355.0324.

Synthesis of ethyl 2-((2-chlorobenzyl)thio)-2-phenylacetate (14j)

S OEt

[320.83]
Ethyl a-bromophenylacetate (12) (1.80 mL, 10.0 mmol, 1.00 eq) and
2-chlorobenzenemethanethiol (11i) (1.62 g, 10.0 mmol, 1.00 eq) were subjected to General
procedure 1. Purification by flash chromatography (n-hexane/EtOAc) afforded the
product 14j (2.65 g, 8.24 mmol, 82%) as a clear oil.
IH NMR (300 MHz, DMSO-ds) & = 1.15 (t, J = 7.1 Hz, 3H), 3.86 (s, 2H), 4.08 (qd, J = 7.1, 5.0 Hz,
2H), 4.76 (s, 1H), 7.26 — 7.46 (m, 9H) ppm.
13C NMR (75 MHz, DMSO-dg) & = 13.75, 33.33, 51.41, 61.20, 127.13, 127.92, 128.17, 128.47,
128.93, 129.39, 130.96, 132.98, 134.85, 135.92, 169.96 ppm.
HPLC analysis: Rt = 16.983 min, 98.4%.
HRMS (ESI+) = calcd. for C17H15CI05S [M+H]* = 321.0711, found: 321.0707.
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Synthesis of ethyl 2-((2-bromobenzyl)thio)-2-phenylacetate (14k)

S OEt

[365.29]
Following the General procedure 1, ethyl a-bromophenylacetate (12) (0.44 mL, 2.50 mmol,
1.00 eq) and 2-bromobenzyl mercaptan (11j) (0.34 mL, 2.50 mmol, 1.00 eq) gave the title
compound 14k (0.80 g, 2.19 mmol, 88%) as a clear oil.
1H NMR (300 MHz, DMSO-ds) 6 = 1.15 (t, J = 7.1 Hz, 3H), 3.86 (s, 2H), 3.99 — 4.17 (m, 2H), 4.77
(s, 1H), 7.20 (ddd, J = 7.9, 6.6, 2.5 Hz, 1H), 7.28 — 7.46 (m, 7H), 7.56 — 7.63 (m, 1H) ppm.
13C NMR (75 MHz, DMSO-ds) 6 = 13.76, 36.01, 51.40, 61.20, 123.69, 127.71, 127.92, 128.18,
128.46,129.13, 130.96, 132.69, 135.91, 136.49, 169.95 ppm.
HPLC analysis: Rt = 17.233 min, >99%.
HRMS (ESI+) = calcd. for C17H18BrO,S [M+H]* = 365.0205, found: 365.0209.

General procedure 2: Formation of methyl ester

Following the procedure of Lu et al.,/!) 1.00 eq of the respective acid and concentrated sulfuric
acid (95%, 3.00 eq) were dissolved in methanol (0.1 mmol/ mL). The mixture was heated to
reflux for 8 h. Subsequently, the solvent was removed under reduced pressure and the
residue was diluted with EtOAc. The organic layer was washed with saturated
NaHCOs-solution (3x), brine (1x) and dried over Na;SOs. Subsequent filtration and

concentrating in vacuo yielded the corresponding methyl esters 19 and 23.
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Synthesis of methyl 2-([1,1'-biphenyl]-4-yl)acetate (19)

[226.28]
Following the General procedure 2, 4-biphenylacetic acid (2.12 g, 10.0 mmol, 1.00 eq) and
concentrated sulfuric acid (95%, 1.68 mL, 3.00 eq) furnished the methyl ester 19 (2.15 g,
9.50 mmol, 95%) as a clear oil.

1H NMR (300 MHz, DMSO-ds) & = 3.63 (s, 3H), 3.73 (s, 2H), 7.37 (dd, J = 7.7, 3.1 Hz, 3H), 7.46
(t,J = 7.5 Hz, 2H), 7.58 — 7.69 (m, 4H) ppm.

13C NMR (151 MHz, DMSO-dg) & = 39.75, 51.70, 126.46, 126.58, 126.67, 127.36, 128.91,
129.93, 133.59, 138.77, 139.87, 171.57 ppm.

HPLC analysis: Rt = 14.683 min, >99%.

HRMS (ESI+) = calcd. for C1sH14N20; [M+H]* = 227.1067, found: 227.1065.

Synthesis of methyl 2-([1,1'-biphenyl]-4-yl)acetate (23)

o

HO. O/

Br
[245.07]

4-Bromo-DL-mandelic acid (22) (2.41 g, 10.0 mmol, 1.00 eq) and concentrated sulfuric acid
(95%, 1.68 mL, 3.00 eq) were subjected to General procedure 2 yielding the methyl ester 23
(2.20 g, 8.96 mmol, 90%) as a clear oil.

IH NMR (300 MHz, DMSO-ds) & = 7.59 — 7.51 (m, 2H), 7.41 — 7.31 (m, 2H), 6.19 (d, J = 5.3 Hz,
1H), 5.16 (d, J = 5.1 Hz, 1H), 3.61 (s, 3H) ppm.

13C NMR (75 MHz, DMSO-de) & = 51.82, 71.73, 121.01, 128.79, 131.14, 139.02, 172.53 ppm.
Elemental analysis: calcd.: C: 44.11%, H:3.70%; found: C: 44.18%, H:3.75%;

HRMS (ESI+) = calcd. for CoaHgBrNaOs3 [M+Na]* = 266.9627, found: 266.9626.
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General procedure 3: Radical bromination

Following the procedure of Inguimbert et al.,[?) a mixture of the respective methyl ester
(1.00 eq), N-bromosuccinimide (2.00 eq) and a catalytic amount of benzoyl peroxide (0.01 eq)
in dried CCls (0.1 mmol/mL) was refluxed for 8 h. Afterwards, the precipitate was filtered off
using celite and the filtrate was washed with a 1M sodium thiosulfate solution (3x) and brine
(1x). After drying over NaxSOg, filtration and removing the solvent in vacuo, the crude product
was purified by flash column chromatography (prepacked silica cartridge, n-hexane/ethyl

acetate) yielding the corresponding bromo derivative.

Synthesis of methyl 2-([1,1'-biphenyl]-4-yl)-2-bromoacetate (29)

[305.17]
Methyl 2-([1,1'-biphenyl]-4-yl)acetate (19) (905 mg, 4.00 mmol, 1.00 eq) was subjected to
General procedure 3 yielding the title compound 29 (1.19 g, 3.90 mmol, 89%) as a yellowish

oil. All spectroscopic data were in agreement with the literature.?

Synthesis of ethyl 2-bromo-2-(2-fluorophenyl)acetate (13)

o

Br OEt
F

[261.09]
Ethyl 2-(2-fluorophenyl)acetate (920 mg, 5.00 mmol, 1.00 eq) was subjected to General
procedure 3 to furnish the bromo derivative 13 (796 mg, 3.05 mmol, 61%) as a colorless oil.
'H NMR (300 MHz, DMSO-dg) 6 = 1.17 (t, J = 7.1 Hz, 3H), 4.20 (q, J = 7.1 Hz, 2H), 6.13 (s, 1H),
7.13-7.40 (m, 3H), 7.39 = 7.65 (m, 2H) ppm.

13C NMR (75 MHz, DMSO-ds) & = 13.66, 13.83, 41.42 (d, J = 3.1 Hz), 60.46, 62.34, 66.56 (d, J =
3.1 Hz), 115.11 (d, J=21.6 Hz), 115.75 (d, J = 20.9 Hz), 124.29 (d, J = 3.5 Hz), 124.79 (d, /= 3.6
Hz), 128.74 (d, J = 4.1 Hz), 129.83 (d, J = 8.3 Hz), 130.45 (d, J = 2.8 Hz), 131.34 (d, J = 8.6 Hz),
157.72,161.02, 166.78 ppm.
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HPLC analysis: Rt = 13.681 min, 97.4%.
HRMS (ESI+) = calcd. for CipH11BrFO, [M+H]* = 260.9921, found: 260.9924.

Synthesis of methyl 2-([1,1'-biphenyl]-4-yl)-2-((2,4-dichlorobenzyl)thio)-acetate (20a)

®
<

[417.36]
Following the General procedure 1, methyl 2-([1,1'-biphenyl]-4-yl)-2-bromoacetate (29)
(763 mg, 2.50 mmol, 1.00 eq) and 2,4-dichlorobenzyl mercaptan (11h) (0.35 mL, 2.50 mmol,
1.00 eq) furnished the title compound 20a (942 mg, 2.26 mmol, 90%) as a colorless oil.

IH NMR (300 MHz, DMSO-ds) & = 3.63 (s, 3H), 3.88 (s, 2H), 4.87 (s, 1H), 7.32 — 7.51 (m, 7H),
7.55—-7.70 (m, 5H) ppm.

13C NMR (75 MHz, DMSO-ds) 6 = 33.02, 51.06, 52.75, 126.75, 127.01, 127.44, 127.71, 128.98,
129.03, 132.40, 132.68, 134.11, 134.36, 135.05, 139.55, 140.08, 170.63 ppm.

HPLC analysis: Rt = 19.498 min, 99.0%.

HRMS (ESI+) = calcd. for C22H22Cl2NO2S [M+NH4]* = 434.0743, found: 434.0734.

Synthesis of methyl 2-([1,1'-biphenyl]-4-yl)-2-((2-bromobenzyl)thio)-acetate (20b)

®
J

[427.36]
Methyl 2-([1,1'-biphenyl]-4-yl)-2-bromoacetate (29) (1.49g, 4.90 mmol, 1.00eq) and
2-bromobenzyl mercaptan (11j) (0.66 mL, 4.90 mmol, 1.00 eq) were subjected to General
procedure 1. The crude product was purified by flash chromatography (n-hexane/EtOAc) to
afford the thioether 20b (1.63 g, 3.81 mmol, 78%) as a yellowish oil.

1H NMR (300 MHz, DMSO-ds) & = 3.65 (s, 3H), 3.89 (s, 2H), 4.86 (s, 1H), 7.21 (ddd, J= 7.9, 7.0,
2.1 Hz, 1H), 7.30 — 7.42 (m, 3H), 7.43 — 7.54 (m, 4H), 7.59 — 7.69 (m, 5H) ppm.
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13C NMR (75 MHz, DMSO-ds) 6 = 36.18, 50.99, 52.70, 123.90, 126.61, 126.71, 126.98, 127.66,
127.88, 128.98, 129.34, 129.96, 131.16, 132.88, 135.09, 136.61, 139.53, 140.00, 170.64 ppm.
HPLC analysis: Rt = 18.634 min, 97.8%.

HRMS (ESI+) = calcd. for Ca2H23BrsNO2S [M+NH4]* = 444.0627, found: 444.0633.

Synthesis of ethyl 2-((2,4-dichlorobenzyl)thio)-2-(2-fluorophenyl)acetate (14i)

S OEt
F

[373.27]
Following the General procedure 1, ethyl 2-bromo-2-(2-fluorophenyl)acetate (13) (522 mg,
2.00 mmol, 1.00 eq) and 2,4-dichlorobenzyl mercaptan (11h) (0.28 mL, 2.00 mmol, 1.00 eq)
yielded the thioether 14i (549 mg, 1.47 mmol, 74%) as a colorless oil.

1H NMR (300 MHz, DMSO-ds) & = 1.14 (t, J = 7.1 Hz, 3H), 3.93 (s, 2H), 4.10 (qd, J = 7.1, 0.6 Hz,
2H), 4.96 (s, 1H), 7.15 — 7.25 (m, 2H), 7.29 — 7.53 (m, 4H), 7.59 (d, J = 2.0 Hz, 1H) ppm.

13C NMR (75 MHz, DMSO-de) & = 13.81, 32.98, 44.74, 61.60, 115.48 (d, J = 21.6 Hz), 123.39 (d,
J=14.0 Hz), 124.67 (d, J = 3.5 Hz), 127.38, 128.95, 129.89 (d, J = 3.0 Hz), 130.16 (d, J = 8.3 Hz),
132.26, 132.68, 134.06 (d, J = 3.6 Hz), 157.83, 161.09, 169.29 ppm.

HPLC analysis: Rt = 18.211 min, >99%.

HRMS (ESI+) = calcd. for C17H16Cl2FO2S [M+H]* = 373.0227, found: 373.0228.

Synthesis of methyl 2-(4'-fluoro-[1,1'-biphenyl]-4-yl)-2-hydroxyacetate (24)

o

HO. o~

®
)

F
[260.26]

To a stirred solution of methyl 2-([1,1'-biphenyl]-4-yl)acetate (23) (245 mg, 1.00 mmol,
1.00 eq) and 4-fluorophenylboronic acid (140 mg, 1.00 mmol, 1.00 eq) in THF (3 mL) was
added PdCI;[P(Cy)s]2(38.3 mg, 0.05 mmol, 0.05 eq). The mixture was degassed with argon for
5 min, treated with 2 M aqueous Na;COs-solution (1.00 mL, 2.00 mmol, 2.00eq) and heated

at 140 °C for 40 min under microwave irritation (150 Watt). After cooling at rt, the mixture
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was acidified with 4 M HCl in dioxane (ph = 3 — 4) and filtered through celite. The filtrate was
concentrated in vacuo and the crude product was purified by flash chromatography
(prepacked silica cartridge, n-hexane/ethyl acetate) to furnish the product 24 (204 mg,
0.79 mmol, 79%) as a white solid.

'H NMR (300 MHz, DMSO-dg) & = 3.63 (s, 3H), 5.20 (s, 1H), 6.13 (s, 1H), 7.18 — 7.38 (m, 2H),
7.41-7.54 (m, 2H), 7.58 = 7.77 (m, 4H) ppm.

13C NMR (75 MHz, DMSO-de) 6 = 51.66, 72.05, 115.41, 115.70, 126.43, 127.13, 128.51 (d, J =
8.1 Hz), 136.17 (d, J = 3.0 Hz), 138.66, 160.18, 163.42, 172.80 ppm.

HPLC analysis: Rt = 12.033 min, 97.3%.

HRMS (ESI+) = calcd. for CisH13FNaOs [M+Na]* = 283.0741, found: 283.0741.

mp.: 111.7 °C.

General procedure 4: Functionalization of the a-hydroxy methyl ester

A solution of methyl 2-(4'-fluoro-[1,1'-biphenyl]-4-yl)-2-hydroxyacetate (24) (1.00 eq) and
3.00 eq NEts in anhydrous CHCl; (1 mmol/mL) was cooled to 0 °C. 1.10 eq methanesulfonyl
chloride was added dropwise and the mixture was stirred for 30 min at 0 °C. Subsequently,
the respective thiol/mercaptan (1.00 eq) was added and the reaction mixture was stirred over
night at room temperature. It was then diluted with CH,Cl,, washed with water (3x), dried
over NaxSOs and filtered. After removing the solvent, the crude product was purified by flash
chromatography (prepacked silica cartridge, n-hexane/ethyl acetate) to afford the

product 25.

Synthesis of methyl 2-(4'-fluoro-[1,1'-biphenyl]-4-yl)-2-((4-fluorobenzyl)thio)-acetate (25)

T,
®
J

[384.44]
Methyl 2-(4'-fluoro-[1,1'-biphenyl]-4-yl)-2-hydroxyacetate (24) (601 mg, 2.31 mmol, 1.00 eq)

and 4-fluorobenzyl mercaptan (11e) (346 mg, 2.31 mmol, 1.00 eq) were subjected to General
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procedure 4. The crude product was purified by flash chromatography (n-hexane/EtOAc)
yielding the thioether 25 (571 g, 1.49 mmol, 64%) as a yellowish oil.

1H NMR (600 MHz, DMSO-ds) & = 3.57 (d, J = 13.4 Hz, 1H), 3.71 (d, J = 13.4 Hz, 1H), 4.34 (s,
1H), 7.11 - 7.17 (m, 2H), 7.24 — 7.31 (m, 4H), 7.49 — 7.53 (m, 2H), 7.60 — 7.64 (m, 2H), 7.68 —
7.73 (m, 2H), 9.05 (d, J = 1.5 Hz, 1H), 10.87 (d, J = 1.6 Hz, 1H) ppm.

13C NMR (151 MHz, DMSO-dg) & = 34.91, 50.64, 52.62, 115.23 (d, J = 21.3 Hz), 115.77 (d, J =
21.2 Hz), 126.94, 128.71 (d, J = 8.1 Hz), 128.93, 130.84 (d, J = 8.0 Hz), 133.59 (d, J = 3.0 Hz),
135.17,136.00 (d, J=3.2 Hz), 138.91, 161.25 (d, / = 243.0 Hz), 161.98 (d, J = 244.8 Hz), 170.69
ppm.

HPLC analysis: Rt = 13.617 min, 98.4%.

HRMS (ESI+) = calcd. for C22H22F2NO2S [M+NHa]* = 402.1334, found: 402.1336.

General procedure 5 Formation of the hydrazides

Following the procedure of Lee et al.,31 1.00 eq of the respective ethyl ester 13a-b and 20.0 eq
of hydrazine monohydrate were dissolved in EtOH (0.1 mmol/mL). The resulting mixture was
refluxed for 10 h. Upon completion of the reaction, the reaction mixture was concentrated

under reduced pressure yielding the corresponding hydrazides 30a-b.

Synthesis of 2-phenyl-2-(phenylthio)acetohydrazide (30a)

(0]

S N2
H

[258.34]

Ethyl 2-phenyl-2-(phenylthio)acetate (13a) (2.29 g, 8.41 mmol, 1.00 eq) and hydrazine
monohydrate (8.32 mL, 168 mmol, 20.0 eq) were subjected to General procedure 5. The

product 30a was used directly for the next step without further purification.
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Synthesis of 2-(benzylthio)-2-phenylacetohydrazide (30b)

@\/ I
s NoNH2
H

[272.37]
Ethyl 2-(benzylthio)-2-phenylacetate (13b) (1.72 g, 6.00 mmol, 1.00 eq) and hydrazine
monohydrate (5.94 mL, 120 mmol, 20.0 eq) were converted according General procedure 5.

The product 30b was used directly for the next step without further purification.

General procedure 6 N-acylation of hydrazides

Following the procedure of Lee et al.,'® 1.00 eq of the respective hydrazide 30a-b and 2.00 eq
of NEts were dissolved in dry CHCl> (1 mmol/mL). 0.95 eq Trifluoroacetic anhydride was
added dropwise and the resulting mixture was stirred at rt overnight. Upon completion of the
reaction, the reaction mixture was concentrated under reduced pressure and the residue was
resuspended in water. The aqueous layer was extracted with CHCl, (3x). The combined
organic layers were dried over Na;SOa and filtered. After removing the solvent in vacuo, the
crude product was purified by flash column chromatography (prepacked silica cartridge, n-

hexane/ethyl acetate) yielding the corresponding products 27a-b.

Synthesis of 2,2,2-trifluoro-N'-(2-phenyl-2-(phenylthio)acetyl)-aceto-hydrazide (27a)
S i N,H CFs
>pes
(354.35]
Following the General procedure 6, 2-phenyl-2-(phenylthio)acetohydrazide (30a) (1.29 g,
5.00 mmol, 1.00 eq) yielded the product 27a (864 mg, 2.44 mmol, 37%) as a white solid.
1H NMR (600 MHz, DMSO-ds) & = 5.16 (s, 1H), 7.23 — 7.28 (m, 1H), 7.29 — 7.38 (m, 7H), 7.46 —
7.51 (m, 2H), 10.81 (s, 1H), 11.64 (s, 1H) ppm.
13C NMR (151 MHz, DMSO-ds) 6 = 53.67, 115.98 (q, J = 288.3 Hz), 127.21, 128.15, 128.31,
128.47,128.57,129.18, 130.19, 134.31, 136.52, 155.44 (q, J = 36.2 Hz), 167.63 ppm.
HPLC analysis: Rt = 12.600 min, 96.0%.
HRMS (ESI+) = calcd. for C16H14F3N20,S [M+H]* = 355.0723, found: 355.0722.
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mp.: 158.9 °C.

Synthesis of N'-(2-(benzylthio)-2-phenylacetyl)-2,2,2-trifluoroaceto-hydrazide (27b)

[368.37]
2-(Benzylthio)-2-phenylacetohydrazide (30b) (1.81 g, 6.66 mmol, 1.00 eq) was converted
according to General procedure 6. The crude product was purified by flash column
chromatography (prepacked silica cartridge, n-hexane/ethyl acetate) yielding the product 27a
(681 mg, 1.85 mmol, 28%) as a white solid.

IH NMR (600 MHz, DMSO-ds) & = 3.68 (d, J = 13.0 Hz, 1H), 3.78 (d, J = 13.0 Hz, 1H), 4.59 (s,
1H), 7.23 = 7.39 (m, 8H), 7.43 — 7.50 (m, 2H), 10.71 (s, 1H), 11.58 (s, 1H) ppm.

13CNMR (151 MHz, DMSO-dg) 6 = 5.18, 50.44,115.74 (q, /= 288.2 Hz), 127.09, 128.01, 128.34,
128.52, 128.91, 136.39, 137.52, 155.60 (q, J = 36.3 Hz), 168.21 ppm.

HPLC analysis: Rt = 13.033 min, 96.2%.

HRMS (ESI+) = calcd. for C17H16F3N202S [M+H]* = 369.0879, found: 369.0881.

mp.: 128.0 °C.

General procedure 7: Formation of the hydroxamic acids

To a solution of the respective ester 14a-k, 20a,b and 25 (1.00 eq) and alkali metal alkoxide
(15.0 eq) in MeOH or EtOH (1 mmol/mL), hydroxylamine hydrochloride (10.0 eq) was added.
The reaction mixture was refluxed for 2-3 h and the solvent was then removed under reduced
pressure. The residue was resuspended in 1 M aqueous HCl-solution and extracted into EtOAc
(3x). The combined organic phases were dried over Na,SO;, filtered and evaporated in vacuo.
The crude product was purified by flash chromatography (prepacked silica cartridge, CH,Cl>
/15% MeOH in CH,Cly) and a following recrystallisation (n-hexane/ethyl acetate) furnished

the corresponding hydroxamic acids 10a-k, 21a-b and 26.

130



Synthesis of N-hydroxy-2-phenyl-2-(phenylthio)acetamide (10a)

0]

S N,OH
H

[259.32]
Following the General procedure 7, ethyl 2-phenyl-2-(phenylthio)acetate (14a) (498 mg,
1.83 mmol, 1.00 eq), sodium ethoxide (1.95g, 27.5 mmol, 15.0 eq) and hydroxylamine
hydrochloride (1.27 g, 18.3 mmol, 10.0 eq) gave the title compound 10a (303 mg, 1.17 mmol,
64%) as a white solid.
1H NMR (600 MHz, DMSO-ds) & = 4.91 (s, 1H), 7.20 — 7.25 (m, 1H), 7.26 — 7.35 (m, 7H), 7.46 —
7.50 (m, 2H), 9.05 — 9.13 (m, 1H), 10.93 (s, 1H) ppm.
13C NMR (151 MHz, DMSO-de) 6 =52.98, 127.03, 127.89, 128.16, 128.39, 129.10, 130.11,
134.58, 137.34, 165.71 ppm.
HPLC analysis: Rt = 9.883 min, 97.9%.
HRMS (ESI+) = calcd. for C14H14aNO,S [M+H]* = 260.0740, found: 260.0742.
mp.: 121.7 °C.

Synthesis of 2-(benzylthio)-N-hydroxy-2-phenylacetamide (10b)

S. N,OH
H

[273.35]
Ethyl 2-(benzylthio)-2-phenylacetate (14b) (573 mg, 2.00 mmol, 1.00 eq), sodium ethoxide
(2.13 g, 30.0 mmol, 15.0 eq) and hydroxylamine hydrochloride (1.39 g, 20.0 mmol, 10.0 eq)
were converted according to General procedure 7 yielding the hydroxamic acid 10b (119 mg,
0.44 mmol, 22%) as a white solid.

'H NMR (300 MHz, DMSO-de) 6 = 3.53 (d, J = 13.1 Hz, 1H), 3.67 (d, J = 13.1 Hz, 1H), 4.33 (s,
1H), 7.18 — 7.39 (m, 7H), 7.41 — 7.48 (m, 2H), 9.02 (d, J = 1.5 Hz, 1H), 10.86 (d, J = 1.5 Hz, 1H)
ppm.

13C NMR (75 MHz, DMSO-de) 6 = 35.01, 49.87, 126.84,127.53, 128.15, 128.18, 128.32, 128.65,
137.41, 137.62, 166.00 ppm.

HPLC analysis: Rt = 10.383 min, >99%.
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HRMS (ESI+) = calcd. for C1sH16NO2S [M+H]* = 274.0896, found: 274.0899.
mp.: 134.5 °C.

Synthesis of 2-((cyclohexylmethyl)thio)-N-hydroxy-2-phenylacetamide (10c)

S. N,OH
H

[265.38]
Following the General procedure 7, ethyl 2-((cyclohexylmethyl)thio)-2-phenylacetate (14c)
(557 mg, 2.00 mmol, 1.00eq), sodium ethoxide (2.13g, 30.0 mmol, 15.0eq) and
hydroxylamine hydrochloride (1.39 g, 20.0 mmol, 10.0 eq) afforded the title compound 10c
(244 mg, 0.92 mmol, 46%) as a white solid.
IH NMR (300 MHz, DMSO-ds) 6 = 1.23 (q, J = 9.2, 7.4 Hz, 5H), 1.42 — 2.01 (m, 5H), 2.56 (q, J =
4.1 Hz, 1H), 4.48 (s, 1H), 7.15 — 7.37 (m, 3H), 7.39 — 7.55 (m, 2H), 9.01 (d, J = 1.6 Hz, 1H), 10.83
(d, J=1.6 Hz, 1H) ppm.
13C NMR (75 MHz, DMSO-ds) 6 = 25.18, 32.80, 32.97, 43.02, 48.40, 127.31, 128.04, 138.33,
166.56 ppm.
HPLC analysis: Rt = 10.983 min, >99.9%.
HRMS (ESI+) = calcd. for C1aH20NO2S [M+H]* = 266.1209, found: 266.1211.
mp.: 137.1 °C.

Synthesis of N-hydroxy-2-((4-methoxybenzyl)thio)-2-phenylacetamide (10d)

S N,OH
H

[303.38]
Following the General procedure 7, ethyl 2-((4-methoxybenzyl)thio)-2-phenylacetate (14d)
(633 mg, 2.00 mmol, 1.00eq), sodium ethoxide (2.13g, 30.0 mmol, 15.0eq) and
hydroxylamine hydrochloride (1.39 g, 20.0 mmol, 10.0 eq) afforded the title compound 10d
(177 mg, 0.58 mmol, 29%) as a white solid.
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'H NMR (300 MHz, DMSO-de) 6 = 3.41 —3.66 (m, 2H), 3.73 (s, 3H), 4.30 (s, 1H), 6.77 = 6.93 (m,
2H), 7.09 = 7.22 (m, 2H), 7.25-7.52 (m, 5H), 9.01 (s, 1H), 10.84 (s, 1H) ppm.

13C NMR (75 MHz, DMSO-de) 6 = 34.43, 49.79, 54.98, 113.79, 127.48, 128.13, 128.17, 129.32,
129.78, 137.49, 158.20, 166.06 ppm.

HPLC analysis: Rt = 10.367 min, >99%.

HRMS (ESI+) = calcd. for C16H1sNO3S [M+H]* = 304.1002, found: 304.1001.

mp.: 128.5 °C.

Synthesis of 2-((4-fluorobenzyl)thio)-N-hydroxy-2-phenylacetamide (10e)

F\©\/ i
S N,OH
H

[291.35]
Ethyl 2-((4-fluorobenzyl)thio)-2-phenylacetate (14e) (457 mg, 1.50 mmol, 1.00 eq), sodium
ethoxide (1.60 g, 22.5 mmol, 15.0 eq) and hydroxylamine hydrochloride (1.04 g, 15.0 mmol,
10.0 eq) were subjected to General procedure 7 yielding the hydroxamic acid 10e (98.0 mg,
0.34 mmol, 22%) as a white solid.
1H NMR (300 MHz, DMSO-ds) & = 3.47 — 3.75 (m, 2H), 4.29 (s, 1H), 7.05 — 7.55 (m, 9H), 9.02
(d, J=1.2 Hz, 1H), 10.81 - 10.91 (m, 1H) ppm.
13C NMR (151 MHz, DMSO-ds) 6 = 34.21, 49.78, 115.23 (d, J = 21.3 Hz), 127.74, 128.31 (d, J =
6.6 Hz), 130.71 (d, J = 8.1 Hz), 133.99, 134.01, 137.44, 160.40, 162.01, 166.05 ppm.
HPLC analysis: Rt = 10.683 min, >99.9%.
HRMS (ESI+) = calcd. for CisH1sFN O2S [M+H]* = 292.0802, found: 292.0801.
mp.: 136.6 °C.

Synthesis of 2-((3,5-difluorobenzyl)thio)-N-hydroxy-2-phenylacetamide (10f)

[309.34]
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Following the General procedure 7, ethyl 2-((3,5-difluorobenzyl)thio)-2-phenylacetate (14f)
(645 mg, 2.00 mmol, 1.00eq), sodium ethoxide (2.13g, 30.0 mmol, 15.0eq) and
hydroxylamine hydrochloride (1.39 g, 20.0 mmol, 10.0 eq) gave the title compound 10f
(302 mg, 0.98 mmol, 49%) as a white solid.

IH NMR (300 MHz, DMSO-de) & = 3.51 — 3.78 (m, 2H), 4.30 (s, 1H), 6.88 — 6.99 (m, 2H), 7.10
(tt,J= 9.4, 2.4 Hz, 1H), 7.24 — 7.38 (m, 3H), 7.39 — 7.48 (m, 2H), 9.04 (s, 1H), 10.86 (s, 1H) ppm.
13C NMR (75 MHz, DMSO-ds) 6 = 34.30, 34.33, 34.36, 102.30 (t, J = 25.8 Hz), 111.73 (d, /= 24.9
Hz), 111.73 (d, /=9.1 Hz), 127.62, 128.15, 128.18, 137.21, 142.72 (t, /= 9.3 Hz), 160.50 (d, J =
13.4 Hz), 163.76 (d, J = 13.3 Hz), 165.82 ppm.

HPLC analysis: Rt =11.117 min, >99.9%.

HRMS (ESI+) = calcd. for CisH14F2NO2S [M+H]* = 310.0708, found: 310.0711.

mp.: 124.0 °C.

Synthesis of N-hydroxy-2-phenyl-2-((3-(trifluoromethyl)benzyl)thio)-acetamide (10g)

/©\/ \jSlOL
F3C S N’OH
H

[341.35]
Ethyl 2-phenyl-2-((3-(trifluoromethyl)benzyl)thio)acetate (14g) (709 mg, 2.00 mmol, 1.00 eq),
sodium ethoxide (2.13 g, 30.0 mmol, 15.0 eq) and hydroxylamine hydrochloride (1.39 g,
20.0 mmol, 10.0 eq) were subjected to General procedure 7 providing the hydroxamic
acid 10g (252 mg, 0.74 mmol, 37%) as a white solid.
1H NMR (300 MHz, DMSO-ds) & = 3.57 — 3.89 (m, 2H), 4.31 (s, 1H), 7.22 — 7.37 (m, 3H), 7.36 —
7.47 (m, 2H), 7.49 — 7.65 (m, 4H), 9.03 (s, 1H), 10.86 (s, 1H) ppm.
3C NMR (75 MHz, DMSO-ds) 6 = 34.49, 49.95, 123.56 (q, J/ = 3.9 Hz), 124.05 (d, J = 272.3 Hz),
125.12 (q,J = 3.9 Hz), 127.60, 128.16, 128.87, 129.36, 132.75, 132.77, 137.26, 139.43, 165.89
ppm.
HPLC analysis: Rt = 12.083 min, >99.9%.
HRMS (ESI+) = calcd. for C16H1sFsNO,S [M+H]* = 342.0770, found: 342.0770.
mp.: 118.4 °C.

134



Synthesis of 2-((2,4-dichlorobenzyl)thio)-N-hydroxy-2-phenylacetamide (10h)

X, ;a
S N,OH
H

[342.25]
Ethyl 2-((2,4-dichlorobenzyl)thio)-2-phenylacetate (14h) (711 mg, 2.00 mmol, 1.00 eq),
sodium ethoxide (2.13 g, 30.0 mmol, 15.0 eq) and hydroxylamine hydrochloride (1.39 g,
20.0 mmol, 10.0 eq) were subjected to General procedure 7 yielding the hydroxamic acid 10h
(240 mg, 0.70 mmol, 35%) as a white solid.
1H NMR (300 MHz, DMSO-ds) & = 3.59 — 3.78 (m, 2H), 4.36 (s, 1H), 7.22 — 7.40 (m, 5H), 7.41 —
7.48 (m, 2H), 7.58 (d, /= 2.0 Hz, 1H), 9.04 (s, 1H), 10.88 (s, 1H) ppm.
13CNMR (75 MHz, DMSO-de) 6 = 32.21,50.09, 127.27,127.61, 128.15, 128.19, 128.81, 132.07,
132.37,133.91, 134.54, 137.17, 165.82 ppm.
HPLC analysis: Rt = 12.650 min, 99.0%.
HRMS (ESI+) = calcd. for C15sH14CI2NO2S [M+H]* =342.0117, found: 342.0114.
mp.: 138.3 °C.

Synthesis of ethyl 2-((2,4-dichlorobenzyl)thio)-2-(2-fluorophenyl)acetate (10i)

[360.24]
Following the General procedure 7, ethyl 2-((2,4-dichlorobenzyl)thio)-2-(2-
fluorophenyl)acetate (14i) (1.24 g, 3.32 mmol, 1.00 eq), sodium ethoxide (3.53 g, 49.8 mmol,
15.0 eq) and hydroxylamine hydrochloride (2.31 g, 33.2 mmol, 10.0 eq) afforded the title
compound 10i (484 mg, 1.34 mmol, 41%) as a white solid.

1H NMR (300 MHz, DMSO-ds) & = 3.65 — 3.99 (m, 2H), 4.71 (s, 1H), 7.11 — 7.22 (m, 2H), 7.30 —
7.39 (m, 3H), 7.56 (t, J = 1.3 Hz, 1H), 7.74 (td, J = 7.7, 1.8 Hz, 1H), 9.10 (d, J = 1.5 Hz, 1H), 10.99
(d, J=1.5Hz, 1H) ppm.

13C NMR (75 MHz, DMSO-ds) 6 = 32.65, 41.86 (d, J = 2.5 Hz), 114.91, 115.20, 124.02, 124.20,
124.44 (d, J = 3.5 Hz), 127.39, 128.91, 129.69 (d, J = 8.6 Hz), 130.19 (d, J = 2.9 Hz), 132.10,
132.56, 134.02, 134.31, 157.68, 160.94, 165.11 ppm.

HPLC analysis: Rt = 12.727 min, >99.9%.
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HRMS (ESI+) = calcd. for C1sH13Cl,FNO>S [M+H]* = 360.0023, found: 360.0019.
mp.: 126.2 °C.

Synthesis of ethyl 2-((2-chlorobenzyl)thio)-2-phenylacetate (10j)

.
S N,OH
H

[307.80]
Following the General procedure 7, ethyl 2-((2-chlorobenzyl)thio)-2-phenylacetate (14j)
(642 mg, 2.00 mmol, 1.00eq), sodium ethoxide (2.13g, 30.0 mmol, 15.0eq) and
hydroxylamine hydrochloride (1.39 g, 20.0 mmol, 10.0 eq) afforded the title compound 10j
(235 mg, 0.76 mmol, 38%) as a white solid.

IH NMR (300 MHz, DMSO-ds) & = 3.70 (q, J = 13.2 Hz, 2H), 4.40 (s, 1H), 7.25 — 7.38 (m, 6H),
7.39—7.52 (m, 3H), 9.05 (d, J = 1.5 Hz, 1H), 10.91 (d, J = 1.6 Hz, 1H) ppm.

13CNMR (75 MHz, DMSO-ds) 6 = 32.80, 50.22,127.16,127.61, 128.16, 128.21, 128.82, 129.39,
130.87, 132.98, 135.24, 137.28, 165.94 ppm.

HPLC analysis: Rt = 11.183 min, 99.7%.

HRMS (ESI+) = calcd. for C15sH15CINO,S [M+H]* = 308.0507, found: 308.0510.

mp.: 139.3 °C.

Synthesis of 2-((2-bromobenzyl)thio)-N-hydroxy-2-phenylacetamide (10k)

Br o
SE ;LN,OH
H

[352.25]
Ethyl 2-((2-bromobenzyl)thio)-2-phenylacetate (14k) (548 mg, 1.50 mmol, 1.00 eq), sodium
ethoxide (1.60 g, 22.5 mmol, 15.0 eq) and hydroxylamine hydrochloride (1.04 g, 15.0 mmol|,
10.0 eq) were subjected to General procedure 7 furnishing the hydroxamic acid 10k (80.0 mg,

0.23 mmol, 15%) as a white solid.
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IH NMR (300 MHz, DMSO-ds) & = 3.61 — 3.82 (m, 2H), 4.40 (s, 1H), 7.12 — 7.42 (m, 6H), 7.47
(dt, J= 6.0, 1.6 Hz, 2H), 7.59 (dd, J = 7.9, 1.2 Hz, 1H), 9.04 (d, J = 1.5 Hz, 1H), 10.86 — 10.96 (m,
1H) ppm.

13C NMR (75 MHz, DMSO-de) 6 = 35.49, 50.21, 123.72,127.59, 127.73, 128.15, 128.21, 129.02,
130.86, 132.68, 136.87, 137.27, 165.91 ppm.

HPLC analysis: Rt = 11.433 min, 98.2%.

HRMS (ESI+) = calcd. for CisH15BrNO2S [M+H]* = 352.0001, found: 352.0000.

mp.: 138.3 °C.

Synthesis of 2-([1,1'-biphenyl]-4-yl)-2-((2,4-dichlorobenzyl)thio)-N-hydroxyacetamid (21a)

Cl Cl o
S ~OH

u
J

[418.33]

Methyl 2-([1,1"-biphenyl]-4-yl)-2-((2,4-dichlorobenzyl)thio)-acetate (20a) (872 mg,
2.09 mmol, 1.00 eq), sodium methoxide (5.4 M in MeOH, 5.81 mL, 31.3 mmol, 15.0 eq) and
hydroxylamine hydrochloride (1.45g, 20.9 mmol, 10.0 eq) were subjected to General
procedure 7 providing the hydroxamic acid 21a (461 mg, 1.10 mmol, 53%) as a white solid.
IH NMR (300 MHz, DMSO-ds) & = 3.65 — 3.83 (m, 2H), 4.43 (s, 1H), 7.29 — 7.72 (m, 12H), 9.07
(s, 1H), 10.92 (s, 1H) ppm.

13CNMR (75 MHz, DMSO-ds) 6 = 32.29, 49.84, 126.60, 126.66, 127.37,127.52,128.85, 128.92,
128.95, 132.22,132.47, 134.02, 134.64, 136.44, 139.67, 139.69, 165.84 ppm.

HPLC analysis: Rt = 16.019 min, >99.9%.

HRMS (ESI+) = calcd. for C21H17CI2NNaO2S [M+Na]* = 440.0249, found: 440.0249.

mp.: 140.9 °C.
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Synthesis of 2-([1,1'-biphenyl]-4-yl)-2-((2-bromobenzyl)thio)-N-hydroxy-acetamide (21b)

. g
S N,OH
H

[428.34]
Following the General procedure 7, methyl 2-([1,1'-biphenyl]-4-yl)-2-((2-
bromobenzyl)thio)acetate (20b) (1.41 g, 3.31 mmol, 1.00 eq), sodium methoxide (5.4 M in
MeOH, 9.18 mL, 49.6 mmol, 15.0 eq) and hydroxylamine hydrochloride (2.30 g, 33.1 mmol,
10.0 eq) gave the title compound 21b (483 mg, 1.13 mmol, 34%) as a white solid.

'H NMR (600 MHz, DMSO-dg) 6 = 3.68 — 3.80 (m, 2H), 4.46 (s, 1H), 7.20 (ddd, J = 7.6, 5.2, 3.7
Hz, 1H), 7.30 — 7.40 (m, 3H), 7.41 — 7.50 (m, 2H), 7.53 — 7.71 (m, 7H), 9.07 (s, 1H), 10.94 (s,
1H) ppm.

13C NMR (151 MHz, DMSO-ds) 6 =35.57, 49.95, 123.88, 126.63, 126.66, 127.53, 127.86,
128.90, 128.95, 129.18, 131.01, 132.84, 136.54, 136.98, 139.63, 139.69, 165.93 ppm.

HPLC analysis: Rt = 14.821 min, >99.9%.

HRMS (ESI+) = calcd. for C21H19 BrNO2S [M+H]* = 428.0314, found: 428.0312.

mp.: 144.7 °C.

Synthesis of 2-(4'-fluoro-[1,1'-biphenyl]-4-yl)-2-((4-fluorobenzyl)thio)-N-hydroxy-

acetamide (26)

[385.43]
Following the General procedure?7, methyl 2-(4'-fluoro-[1,1'-biphenyl]-4-yl)-2-((4-
fluorobenzyl)thio)acetate (25) (384 mg, 1.00 mmol, 1.00 eq), sodium methoxide (5.4 M in
MeOH, 2.78 mL, 15.0 mmol, 15.0 eq) and hydroxylamine hydrochloride (695 mg, 10.0 mmol,
10.0 eq) yielded the title compound 26 (210 mg, 0.55 mmol, 55%) as a white solid.
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1H NMR (300 MHz, DMSO-ds) & = 3.49 — 3.77 (m, 2H), 4.34 (s, 1H), 7.04 — 7.18 (m, 2H), 7.29
(ddd, J = 8.9, 7.3, 1.8 Hz, 4H), 7.48 — 7.56 (m, 2H), 7.55 — 7.66 (m, 2H), 7.67 — 7.78 (m, 2H),
9.06 (s, 1H), 10.88 (s, 1H) ppm.

13C NMR (75 MHz, DMSO-ds) 6 = 34.26, 49.50, 115.51 (dd, J = 39.1, 21.3 Hz), 126.62, 128.68
(d, J = 8.2 Hz), 128.90, 130.76 (d, J = 8.2 Hz), 134.01 (d, J = 3.0 Hz), 136.20 (d, J = 3.0 Hz),
136.65, 138.59, 159.98 (d, J = 53.2 Hz), 163.21 (d, J = 54.8 Hz), 166.01 ppm.

HPLC analysis: Rt = 14 203 min, 98.8%.

HRMS (ESI+) = calcd. for Ca1H1sF2NO,S [M+H]* = 386.1021, found: 386.1015.

mp.: 144.8 °C.

General procedure 8: Cyclisation

Following the procedure of Lee et al.,3! a solution of the respective N-acyl hydrazide 27a-b
(1.00 eq) and methyl N-(triethylammoniumsulfonyl)carbamate (Burgess reagent, 1.50 eq) in
THF (0.05 mmol/mL) was refluxed for 8 h. The reaction mixture was then concentrated under
reduced pressure and the residue was resuspended in water. The aqueous layer was
extracted with CH2Cl; (3x). The combined organic phases were dried over Na,S0O, filtered and
evaporated in vacuo. The crude product was purified by flash chromatography (prepacked

silica cartridge, n-hexane/ethyl acetate) yielding the products 28a-b.

Synthesis of 2-(phenyl(phenylthio)methyl)-5-(trifluoromethyl)-1,3,4-oxadiazole (28a)

CF3

o~
@sé\\N,N
[336.34]

Following the General procedure8, 2,2,2-trifluoro-N'-(2-phenyl-2-(phenylthio)acetyl)-
acetohydrazide (27a) (262 mg, 0.74 mmol, 1.00 eq) and the Burgess-reagent (273 mg,
1.11 mmol, 1.50 eq) yielded the title compound 28a (151 mg, 0.45 mmol, 61%) as a white
solid.

IH NMR (600 MHz, DMSO-ds) & = 6.36 (s, 1H), 7.27 — 7.50 (m, 9H), 7.55 — 7.63 (m, 2H) ppm.
13C NMR (151 MHz, DMSO-ds) & = 40.06, 45.85, 115.93 (q, J = 271.3 Hz), 128.65, 128.71,
128.76,128.79,128.82,128.88,129.23, 131.55, 132.91, 134.40, 154.49 (q, /= 43.6 Hz), 167.85
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HPLC analysis: Rt = 16.338 min, >99.9%.
HRMS (ESI+) = calcd. for Ci6H12F3N20,S [M+H]* = 337.0617, found: 337.0620.
mp.: 51.2 °C.

Synthesis of N'-(2-(benzylthio)-2-phenylacetyl)-2,2,2-trifluoroaceto-hydrazide (28b)

CF3

@/Sé’\('“

[350.36]
N'-(2-(benzylthio)-2-phenylacetyl)-2,2,2-trifluoroacetohydrazide (20b) (386 mg, 1.00 mmol,
1.00 eq) and the Burgess-reagent (273 mg, 1.11 mmol, 1.50 eq) were subjected to General
procedure 8 providing the product 28b (203 mg, 0.58 mmol, 58%) as a yellowish oil.

IH NMR (300 MHz, DMSO-ds) & = 3.93 (d, J = 0.9 Hz, 2H), 5.75 (s, 1H), 7.19 — 7.33 (m, 5H), 7.33
—7.53 (m, 5H) ppm.

13C NMR (151 MHz, DMSO-ds) 6 = 36.09, 42.72, 115.95 (d, J = 271.3 Hz), 127.16, 128.29,
128.46, 128.51, 128.61, 128.77, 129.01, 135.06, 136.88, 153.98 — 154.97 (m), 168.09 ppm.
HPLC analysis: Rt = 16.600 min, 95.7%.

HRMS (ESI+) = calcd. for C17H14F3N202S [M+H]* = 351.0773, found: 351.0773.
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Abstract

Histone deacetylases (HDACs) are clinically validated targets for the treatment of cancer.
However, resistances to the currently approved HDAC inhibitors (HDACi) are often
detected and they suffer from severe side effects such as cardiac toxicity or neutropenia
and their limited therapeutic efficacy against solid tumors as single therapeutic agents.
In regard to the distinct tissue distribution and cellular localization of individual HDACs
as well as their various implication in different cancer types, isozyme-selective HDACi
may overcome these limitations. The therapeutic advantages of isozyme-selective
HDACs are not yet clinically confirmed and are still matter of current research. Here, we
report the synthesis and biological evaluation of meta- and para-substituted
TFMO-derivatives 2a-c and 3a-g exhibiting an alkoxyamide moiety as connecting unit.
We have designed and synthesized the five potent and selective HDAC4 inhibitors 3a-e
with an HDAC4 inhibitory activity in the nanomolar range. The most potent and selective
HDAC4 inhibitors was the para-substituted oxazole compound 3a
(ICso(HDAC4) = 0.12 uM) with a more than 800-fold selectivity over HDAC2/6/8.
Furthermore, the class lla HDAC selective inhibitor 3a displayed a 115-fold stronger
HDAC4 inhibition than the lead structure TMP269. Although 3a was less potent than
CHDI-00390576, it demonstrated a 14-/3-fold higher HDAC6/HDAC4 and HDAC8/HDAC4
selectivity indices than CHDI-00390576.

1. Introduction

Histone deacetylases (HDACs) regulate numerous cellular processes, including cell cycle
progression, differentiation, and apoptosis.l? It has been demonstrated that nuclear
HDACs promote transcriptional repression and gene silencing®# However, non-histone
proteins (cell receptors, chaperones, and cytoskeletal proteins) are also addressed by
HDACs.! So far, 11 human zinc-dependent HDACs have been identified and are
categorized into three classes based on their homology to yeast deacetylases: Class |
(HDACs 1-3, 8), class Il (lla: HDACs 4, 5, 7, 9; Ilb: HDACs 6, 10) and class IV (HDAC 11).1!
Class lla Histone deacetylases (HDAC4, 5, 7, 9) were discovered in the early 2000s.[7-14]

Class lla HDACs possess unique features that distinguish them from the other classes as
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they do not “erase” acetylated lysins and are rarely associate with histone tails.[*>"17]
These enzymes contain a well-conserved extended N-terminus which bears multiple
bindings sites for various transcription factors such as MEF2, SRF, and Runx2.[11,14,18-20]
The N-terminal domain exhibits also conserved serine residues that undergo
signal-dependent phosphorylation. When class Ila HDACs are unphosphorylated they
are located in the nucleus. Their transcriptional repressive activity is proposed to be a
result of their interaction either with transcription factors or with class | HDAC enzymes.
However, these interactions are disrupted if class lla HDACs are phosphorylated in
response to specific signals e.g. activation of CaMK, PDK, and MARK kinases via
extracellular stimuli. This stimulates their export to the cytoplasm and a derepression of
their targets occurs.?! One of the most important features of this class is their
tissue-specific expression pattern (cardiovascular, musculoskeletal, nervous and
immune system), where they have essential roles in cell development and
differentiation. Compared to class | HDACs, the catalytic activity of class lla HDACs is
intrinsically much lower (approx.1000 fold) due to a Tyr to His switch in their active
site.l1>1622 The mechanisms regulating class lla HDACs functions in health and disease
remains insufficiently understood. The prevailing hypothesis is that the catalytic domain
serves as a recognition domain for the interaction with N-acetyl lysine residues of
various proteins.?3?4 Class lla HDACs are potential targets for the treatment of
cardiovascular diseases, viral infections, diabetes, neurodegenerative disease, and
cancer. 2>°2°1 The molecular mechanism and therapeutic potential of class lla HDACs
could be elucidated by the employment of potent and selective class Ila HDAC inhibitors
(HDACI). In published crystal structures of class Ila HDACs, the so-called lower pocket
was revealed as a structural feature in the catalytic domain of this class. %31 The
pharmacophore model for class lla selective HDACi contains the following four
elements: a zinc-binding group (ZBG), a linker that interacts with the substrate-binding
tunnel, a lower pocket group (LP-group) that occupies the selectivity pocket and a cap,
also known as surface recognition domain.®?! In 2013, Lobera et al. and Novartis
discovered simultaneously class lla selective HDACI, revealing a
trifluoromethyloxadiazolyl moiety (TFMO) as a novel ZBG. Lobera et al. demonstrated
that inhibitors that exhibit this novel ZBG showed an up to 10,000-fold higher selectivity

towards class lla HDACs compared to their corresponding hydroxamates.% A
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crystallographic analysis confirmed that the TFMO group acts as a non-chelating ZBG via
the coordination of the fluorine atoms and its oxygen to the zinc ion in the catalytic
center. It is proposed that their class lla selectivity arises from the bulkiness but modest
zinc-binding ability of the TFMO moiety as well as the U-shaped conformation of these
inhibitors. Lobera et al. reported that the TFMO-based HDACi display an improved
pharmacokinetic profile compared to hydroxamates.3% Furthermore, it is presumed

that the TFMO series has fewer pan-inhibitor associated off-targets effects.

[ CAP ]4[ Lower pocket ]
\
[ Connecting Unit J;[ linker }—[Zinc binding group}

0 N-CQ

oo

TMP269 (1): potent & selective HDAC4i
IC59(HDAC4) = 157 nM

S| (HDAC2/4) = 637

S| (HDAC6/4) = 66

S| (HDACB8/4) = 52

Figure 1: Pharmacophore model of class Ila HDAC inhibitors. Chemical structure of TMP269 (1). Binding mode of
TMP269 (1) in the binding pocket of HDAC7 (PDB:3ZNR).[30]

Here, we report the synthesis and biological evaluation of meta- and para-substituted

TFMO-derivatives exhibiting an alkoxyamide moiety as a connecting unit.
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2. Results and Discussion

2.1 Rational design

Our aim was to design selective HDAC class lla inhibitors by using selectivity directing
ZBGs like the 5-trifluoromethyl-1,2,4-oxadiazole (TFMQO) moiety. The lead structure
TMP269 (1) was modified in its connecting unit (CU) and its cap region to deduce

structure-activity relationships (Scheme 1).

N-C,
-0,
— Modifications o N/ />_CF { />—CF3
-0 O\ 3 R2 N
NQ o NI >_ —_— R1/ N N R N
/)—CF 1N,
N N 8 I-jiz o~
H o]
O
2 3
TMP269 (1) target structures target structures
m-substituted TFMO-derivatives p- substituted TFMO-derivatives

Scheme 1: Modification of TMP269 (1) in its CU and its cap region.

In order to assess the HDAC isozyme selectivity profile of TFMO-derivatives exhibiting
an alkoxyamide as CU, we performed an in-silico screening with N-((2-phenyloxazol-4-
yl)methoxy)-3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide (2a) and its para
derivative 3a as target structures. The compounds were docked in HDAC7 (PDB:3ZNR)[3%
using AutoDock Vina and further superimposed with the co-crystallized ligand

TMP269 (1) (Figure 2).

Figure 2: Superposition of 2a (purple, left) and its para-derivative 3a (right) with TMP269 (1) (cyan) in HDAC7
(PDB:3ZNR).130]
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The docking results suggested that 2a and 3a assume a similar TFMO-zinc coordination
mode to TMP269 (1). The preliminary docking results indicate a U-shape conformation
of the meta-derivative 2a in the active site of HDAC7 and the occupation of the lower
pocket with the 2-phenyloxazolyl moiety. In contrast, the para-substituted analog 3a
exhibits a rather J-shaped conformation. Based on this preliminary qualitative in-silico
screening, the compounds 2a and 3a might display a potential class Ila HDACs inhibition.
Here, we report the derivatization of the proposed structures 2a and 3a in order to
evaluate their HDAC isozyme inhibition profile. The meta- and para-substituted TFMO-

derivatives 2 and 3 were synthesized from the building blocks 4 or 5 and 6.
N-Q N-Q

o ! />—CF3 o ] />—CF3
N N Rz\ /o\
Y — * N" R,
O—-N HO H

R, R,

2,3 4,5 6

Scheme 2: Retrosynthetic analysis of the meta- and para-substituted TFMO-derivatives 2,3.

148



2.2 Chemistry

The first building blocks 4 and 5 were synthesized according to Scheme 3. Following the
procedure of Lobera et al.,13% the respective nitrile 7/8 was treated with a catalytic
amount of 8-hydroxyquinoline and 2.00 eq hydroxylamine hydrochloride under basic
conditions furnishing the corresponding Z-configurated amidoximes9 and 10. The
subsequent ring-closing reaction was unsuccessful applying literature procedures.
Therefore, a reaction optimization was performed (Table 1). From the tested
procedures, the reaction with 3.00 eq TFAA in toluene resulted in the highest yields.
After recrystallisation, a yield of 60% was obtained for 4 which was 2-fold higher than

the reported literature yield.

1.50 eq H,NOH-<HCI

2.00 eq Na,CO3 _OH N-O

1 0.04 eq 8-hyd inoli N
R CN eq 8-hydroxyquinoline _ R | 3.00 eq TFAA Rl ] N/>—CF3
- NH, >
R2 EtOH toulene
reflux, 6h R2 reflux, 6h R?
86% -98% 55% -60%
7: R'=COOH R?=H 9: R'=COOH R%=H 4: R'=COOH R?=H
8: R'=H R?=COOH 10: R'=H R2=COOH 5:R'=H R?=COOH

Scheme 3: Synthesis of 4 and 5.
Table 1: Screened reaction conditions for the ring-closing reaction.

N,OH N-Q

Rj:)/ L NH, —>? R1Ij/\' N/>_CF3
R? R?
9: R'=COOH R?=H 4: R'=COOH R?=H
10: R'=H R?=COOH 5:R'=H R?=COOH
No. Solvent TFAA/eq T/°C t/h P/Watt Yield
169 pyridine 3.00 50 3 - -
2 pyridine 3.00 reflux 4 - -
3 2.00 eq DIPEA / toluene 3.00 reflux 4 - -
4 2.00 eq DIPEA / toluene 2.00 reflux 4 120 -
5 toluene 3.00 reflux 6 - 55-60%

The second required building blocks were the respective hydroxylamines 6a-f. The first
step of the hydroxylamine synthesis was the formation of the oxazole 14 and the
thiazole 15 according to Scheme 4. The starting materials 11 and 12 were converted
with 1,3-dichloroacetone (13) in an analogous Hantzsch-thiazole reaction providing the

heterocycles 14 and 15 in moderate yields.
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oYY > 5
N
©)L EtOH ©/‘\ Cl
reflux, 6 h

11: X=0 13 14: X=0 55%
12: X=8 15: X=8 45%

Scheme 4: Synthesis of heterocycles 14 and 15.
The synthesized heterocycles 14 and 15 as well as the commercially available alkylating
reagents 16-19 were then converted with N-hydroxyphthalimide (NHPI) to
compounds 20a-f. Subsequently, the deprotection was performed with 2.00 eq of

hydrazine monohydrate yielding the O-substituted hydroxylamines 6a-f.

1.20 eq NHPI, 2.00 eq NEt; R 2.00 eq NyH,4*H,0
R-X ’ N-d ‘ R’O‘NH2
MeCN, reflux, 10 h DCM, rt, o.n.
46-89% e} 53-88%
X =Cl, Br
1419 20a-f 6a-f

Scheme 5: Synthesis of hydroxylamines 6a-f.

The TFMO-based HDACi 2a-c and 3a-g were obtained, via a HATU-mediated coupling of

the respective acid 4 or 5 with the O-substituted hydroxylamines 6a-f, in moderate

yields (Scheme 6, Scheme 7).

1.00 eq HATU

2.00 eq DIPEA
Q N-Q 1.00 eq RONH Q N-Q
] N/>—CF3 0 84 RONR2 o. I N/>—CF3
[
HO DMF RN
rt, o.n.
4 2a-c 59-70%

Scheme 6: Synthesis of meta-substituted TFMO-based HDACi 2a-c.

1.00 eq HATU o
2.00 eq DIPEA N-
/>—CF3> 1.00 eqR ONHR2 R ! N/>~CF3
2
U
DMF RN
rt, o.n. O
(o]

3a-g 20-78%

Scheme 7: Synthesis of para-substituted TFMO-based HDACi 3a-g.
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2.1 Biological Evaluation

The synthesized compounds 2a-c and 3a-g were assessed for their antiproliferative
activity and their HDAC inhibitory activity in the human monocytic cell line THP-1 using
class-distinguishing substrates (Boc-Lys(Ac)-AMC: class | and llb HDACs; Boc-Lys(TFAc)-
AMC: class lla, HDACS8). The results are depicted in Table 2 and Table 3 with
CHDI-00390576 and TMP269 as reference compounds. Among the tested compounds
2a-c, the meta-substituted TFMO-derivative 2a exhibited the strongest antiproliferative
activity with 51.6% of growth inhibition at 100 uM concentration. The modification of
2a with a thiazolyl (2b) and a biphenyl moiety (2c) led to a decreased cytotoxicity with
antiproliferative effects below 34% at 100 uM. In comparison, the para-substituted
TFMO-derivatives 3a-f displayed moderate antiproliferative activities between
44.5 —50.8% at 100 uM. Interestingly, the introduction of the propylbenzyl moiety (3g)
in the CAP region led to a significantly diminished cytotoxicity with an antiproliferative
effect of 6.9% at 100 uM. In the performed whole-cell HDAC inhibition assay using the
Boc-Lys(Ac)-AMC-HDAC substrate, the meta-substituted TFMO derivatives 2a-c
revealed weak cellular HDAC inhibition below 6% at 100 uM. Among the
para-substituted TFMO-derivatives 3a-g, the piperidine derivative 3b exhibited the
most pronounced HDAC inhibition with an inhibitory activity of 70% at 100 uM. The
cellular HDAC inhibition assay with the Boc-Lys(TFAc)-AMC-HDAC substrate identified
the para-substituted TFMO-compounds, 3b and 3¢, as the most potent inhibitors with a
cellular HDAC inhibition in the nanomolar range. Both compounds, 3b and 3c, displayed
a stronger cellular HDAC inhibition than the lead structure TMP269. However, the
reference compound CHDI-00390576 demonstrated a more pronounced cellular HDAC
inhibition than the compounds 3b and 3c. To sum up, the para-substituted TFMO-
derivatives 3a-g displayed stronger HDAC inhibitory activities (using the Boc-Lys(TFAc)-
AMC-HDAC substrate) (69-100% at 100 uM) than the corresponding meta-substituted
compounds 2a-c (below 38% at 100 uM).
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Table 2: Cell viability (MTT assay) and whole-cell HDAC inhibition assay in the human monocytic cell line THP-1.

0 N-Q

R’O‘N)‘\©/QN/>~ CF3
H

2a-c

HDAC inhibition
Boc-Lys(Ac)-AMC  Boc-Lys(TFAc)-AMC

cell viability (MTT)

IC
Cpd. R e Co % [ul\s/(l)] e 'Cso
inhibition  [uM] inhibition (pIC inhibition [uM]
of 100  (plCsot  of 100 p+  of100  (plCso £
UM SEM) UM SEM) UM SEM)
o 95.84
2a IV 51.6% (:(.)092; n.a. n.d. 38% n.d.

2 KA 298% nd 6% nd.  33% n.d.

2c 34.0% n.d. n.a. n.d. 13% n.d.

30.4 0.02
CHDI-00390576 100% (4.52 = 42% n.d. 100% (7.69 =
0.04) 0.10)
58.54
TMP269 70% (4.23 = 13% n.d. 39% n.d.
0.039)

Presented data are calculated from at least two experiments each performed in duplicates. ICso values were
calculated for compounds with an inhibition of more than 50 %. Standard deviation of percent inhibition values is
less than 14 %. Vehicle control was defined as 0 % inhibition. n.d. = not determined. n.a. = not active.
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Table 3: Cell viability (MTT assay) and whole-cell HDAC inhibition assay in the human monocytic cell line THP-1.
N-Q

|_p—cF
Ffz v
R1\O/N

O
3a-g

HDAC inhibition
cell viability (MTT - -
y (MTT) Boc-Lys(Ac)}AMC  D°C %f,(lzmc)
Cpd. R Ra % o [ICI\SZ] o [lcl\s;l,]
inhibition ~ 1Cso [uM]  inhibition (”IC inhibition (“IC
of 100 (plCso#SEM)  of100 ©*  of100 P
HM M MM SEM)

SEM)

38.05
(4.42
+

0.16)

0.6
100% (6.23%
0.06)

0.43
(6.37
:
0.06)
33.63
(4.47
.
0.21)
32.11
(4.49

3a H 46.9% n.d. n.a. n.d. 76%

e
;

36.5

(4.44

3b H 44.9% n.d. 70%

Q
§

0._1)

)
¢

3c H 46.6% n.d. 41% n.d. 100%

C

3d H 44 5% n.d. n.a. n.d. 69%

98.72 (4.01 +

50.5% 3% n.d. 74%

70.04) i
0.11)
3.41

+
st o0 (7 sog% [O33B9E e na a1y BH

3e Me

0.04) "
0.26)
33.6
(4.47
+
0.13)
0.02
30"(;'(;52 4% nd 100% (7;569
0.10)

6.9% n.d. 6% n.d. 81%

CHDI-00390576 100%

TMP269 70% (4 2;?_'!(5)4039) 13% n.d. 39% n.d.

Presented data are calculated from at least two experiments each performed in duplicates. ICso values were calculated
for compounds with an inhibition of more than 50 %. Standard deviation of percent inhibition values is less than 14 %.
Vehicle control was defined as 0 % inhibition. n.d. = not determined. n.a. = not active.
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2.2. Inhibitory activity on HDAC2, HDAC4, HDAC6 and HDAC8

For further evaluation, the synthesized compounds 2a-c and 3a-g were tested against
recombinant human HDAC2, HDAC4, HDAC6, and HDAC8 (Table 4 and Table 5).
CHDI-00390576 and TMP269 were included as classlla selective HDACi reference
compounds. Due to the poor water-solubility of TMP269, the literature I1Cso values are
displayed as references. Among the tested meta-substituted TFMO-derivatives 2a-c, 2a
displayed an HDAC4 inhibition in the micromolar range (ICso(HDAC4) = 33.6 uM) with an
approximately 3-fold preference over the other HDACs. Interestingly, the introduction
of the thiazolyl moiety (2b) in the CAP region led to a complete loss of HDAC isozyme
inhibition. The para-substituted TFMO-derivative 3a displayed a 285-fold increased
inhibitory activity towards HDAC4 (ICso(HDAC4)=0.118 uM) in comparison to its
meta-derivative 2a. Furthermore, 3b and 3¢ have been also identified as potent HDAC4
inhibitors in the nanomolar range. However, 3a exhibits a significantly higher HDAC4
selectivity (S| (HDAC2/HDAC4)>847, SI  (HDAC6/HDAC4)>847; Sl
(HDAC8/HDAC4) > 847) than the morpholine derivative 3¢ (SI (HDAC2/HDAC4) = 299, SI
(HDAC6/HDAC4) = 129; SI (HDAC8/HDAC4) = 51) as well as the piperidine derivative 3b
(SI (HDAC2/HDAC4) = 264, SI (HDAC6/HDAC4) = 104; SI (HDAC8/HDAC4) = 94). The
introduction of the ethylbenzyl moiety (3d) in the cap region led to a slightly decreased
HDAC4 isozyme inhibition (ICso(HDAC4) = 0.33 uM), but increased selectivity (SI =303
over HDAC2/6/8) over the other HDAC isozymes compared to 3b and 3c. Moreover, the
employment of a benzyl (3f) and propylbenzyl group (3g) were not well tolerated in
respect to HDAC4 inhibition, resulting in an inhibition in the low micromolar range.
However, the N-methylated derivative 3e was 3-fold more potent against HDAC4 than

the demethylated compound 3f.

In summary, the para-substituted TFMO-derivatives3a-g demonstrating an
alkoxyamide moiety as CU showed a stronger inhibition against HDAC4 than the
corresponding meta-substituted TFMO-derivatives 2a-c. Compound 3a was identified as
the most potent and selective HDAC4 inhibitor. 3a exhibited an HDAC4 inhibitory activity
in the nanomolar range (ICso(HDAC4) =0.118 uM) with an at least 847-fold higher
selectivity over HDAC2/6/8. In addition, the class Ila selective inhibitor 3a displayed a
1.3-fold stronger HDAC4 inhibition than the lead structure TMP269. Although 3a was
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less potent than CHDI-00390576, it demonstrated a 14-/3-fold higher HDAC6/HDAC4
and HDAC8/HDAC4 selectivity indices than CHDI-00390576. Due to the limited
antiproliferative activity and cellular HDAC inhibition of 3a, subject of future research
will focus on the structural optimization of compound 3ain order to improve its potency,

water solubility and pharmacokinetic properties.

Table 4: Inhibitory activity of 2a-c, CHDI-00390576 and TMP269 on recombinant human HDAC2, HDAC4, HDAC6 and
HDACS.

0 N-Q

R’O\N)I\Q/QN»_ CF3
H

2a-c

ICso [UM] (pICso + SEM)
HDAC2 HDAC4 HDAC6 HDAC8

33.6 (4.47 +

2a P >100 >100 >100
KA 0.05)

2b S >100 >100 >100 >100
A

2c >100 >100 >100 >100

0.097 (7.01+ 5.98(5.22+ 24.77(4.61
CHDI-00390576 >100 0.03) 0.04) +0.02)
TMP269* >100 0.157 8.2 4.2

de. R

Data shown is at least from two experiments each performed at least as duplicates and the ICsg value of pooled
data is reported when ICso < 100 pM. *Data taken from Lobera et al.[3%
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Table 5: Inhibitory activity of 3a-g, CHDI-00390576 and TMP269 on recombinant human HDAC2, HDAC4, HDAC6 and

HDACS.
N-Q
R, lN/>_CF3
R M
(@]
3a-g
ICs0 [1M] (pICso + SEM)
Cpd. R Re HDAC2 HDAC4 HDAC6 HDACS
o 0.118 (6.93 +
3a H (KA, >100 0.00 >100 >100
3 H o~ 29.0(454 0.11(6.95+ 11.4(4.94 10.3(4.99
O +0.03) 0.03) +0.12) +0.08)
18.12
~*  419(438 0.14(6.85+ 7.13 (5.15
3c H ) (474
+ +
- +0.04) 0.03) 0.069) +0.11)
0.33(6.49 *
3d H @M >100 0.04 >100 >100
0.48 (6.31 +
e Me [(J 7 >100 0.09) >100 >100
1.32 (5.88 ¢
3 H oy >100 o) >100 >100
1.80 (5.74 +
g+ 0 77 >100 0.0 >100 >100
24.77
.097 (7.01+ 5.98(5.22
CHDI-00390576 >100 ° 090 (()3)0 > fg (5’4) (4.61+
' - 0.02)
TMP269* >100 0.157 8.2 4.2

Data shown is at least from two experiments each performed at least as duplicates and the ICsg value of
pooled data is reported when ICso < 100 uM. *Data taken from Lobera et al.130!
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3 Conclusions

Histone deacetylases (HDACs) are known for their capability of removing acetyl groups
of conserved lysine residues from histones and nonhistone proteins. These enzymes
govern numerous cellular processes, including cell cycle progression, differentiation,
and apoptosis. Class Ila HDACs (HDAC4, 5, 7, and 9) have unique features that distinguish
them from the other classes as they do not “erase” acetylated lysines and are rarely
associate at histone tails. Recent studies revealed that class Ila enzymes are associated
with neurodegenerative diseases and cancer. Only a few class lla HDAC inhibitors have
been identified due to the conserved structure of zinc-dependent HDACs. Here, we
report the synthesis and biological evaluation of meta- and para-substituted TFMO-
derivatives 2a-c and 3a-g exhibiting an alkoxy amide as a connecting unit. The
para-substituted TFMO-derivatives 3a-g displayed an increased HDAC4 inhibition in
comparison to the corresponding meta-substituted TFMO-derivatives 2a-c. We have
identified five potent and selective HDAC4 inhibitors 3a-e with an HDAC4 inhibitory
activity in the high nanomolar range. The most potent and selective HDAC4 inhibitor was
the para-substituted oxazole compound 3a (ICso(HDAC4) = 0.118 uM) with a more than
800-fold higher preference over HDAC2/6/8. Furthermore, the class lla HDAC selective
inhibitor 3a displayed a 1.3-fold stronger HDAC4 inhibition than the lead structure
TMP269. Although 3a was less potent than CHDI-00390576, it demonstrated a 14-/3-
fold higher HDAC6/HDAC4 and HDAC8/HDAC4 selectivity indices than CHDI-00390576.
Due to the limited antiproliferative activity and cellular HDAC inhibition of 3a, further
studies will focus on the structural optimization of 3a in its linker and cap region to
improve its potency, water solubility and metabolic stability. Further biological
evaluation will investigate the combination of our class lla selective HDACi with
proteasome inhibitors in the leukemia cell lines HL-60 and RPM-8226 as well as in the
human tongue squamous carcinoma cell line Cal27 and the human ovarian cancer cell

line A2780.
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Experimental section

General methods

All chemicals and solvents were purchased from commercial suppliers (Sigma Aldrich, Alfa
Aesar, Fluorochem, TCl, abcr and Acros Organics) and used without further purification. All
anhydrous reactions were carried out in flame-dried Schlenk-flasks and under argon
atmosphere. Dry solvents were used directly from Seal® bottles from Acros Organics. Analytic
Thin Layer Chromatography (TLC) was carried out with Macherey Nagel precoated silica gel
plates (ALUGRAM® Xtra SIL G/UV3s4). Detection was achieved with ultraviolet irradiation
(254 nm) and/or staining with potassium permanganate solution (9 g KMnQa, 60 g K,COs3,
15 mL of a 5% aqueous NaOH-solution, and 900 mL demineralised water). Flash column
chromatography was performed with CombiFlashRf200 (TeleDynelsco) with the solvent

mixtures specified in the corresponding procedure.

Physical data

Proton (*H) and carbon (*3*C) NMR spectra were recorded on Bruker Avance Ill — 300, Bruker
Avance DRX — 500 or Bruker Avance Il — 600. Spectra were referenced to the residual non-
deuterated solvent signal (*H-NMR: DMSO-ds (2.50 ppm), 3C-NMR: DMSO-ds (39.52 ppm);
'H-NMR: CDCl; (7.26 ppm), 3C-NMR: CDCl5 (77.16 ppm)). Chemical shifts are quoted in parts
per million (ppm). Signal patterns are indicated as: singlet (s), doublet (d), triplet (t), quartet
(q), or multiplet (m). Coupling constants, J, are measured in Hz. Proton (*H) and carbon (*3C)
NMR spectra were recorded by the NMR-Divisions of the Department of Chemistry (Heinrich
Heine University Duesseldorf). Electrospray lonisation (ESI) mass spectra were carried out by
the Mass spectrometry-Division of the Heinrich Heine University Duesseldorf, using Bruker
Daltonics UHR-QTOF maXis 4G (Bruker Daltonics). Melting points (mp.) were determined
using a Blichi M-565 melting point apparatus and are uncorrected.

Analytical HPLC analysis were carried out on a Knauer HPLC system comprising an Azura P
6.1L pump, an Optimas 800 autosampler, a Fast Scanning Spectro-Photometer K-2600 and a
Knauer Reversed Phase column (SN: FK36). UV absorption was detected at 254 nm. The

solvent gradient table is shown below. The purity of all final compounds was 95% or higher.
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Table 1: The solvent gradient table for analytic HPLC analysis.

Time / Water + ACN +
min 0.1% TFA 0.1% TFA

Initial 90 10
0.50 90 10
20.0 0 100
30.0 0 100
31.0 90 10
40.0 90 10
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General procedure 1: Formation of amidoxime

Following the procedure of Lobera et al.,!!! 1.00 eq of the respective nitrile 7,8 and 0.4 mol%
8-hydroxyquinoline were dissolved in EtOH (10 mL/mmol). To this reaction mixture, 2.00 eq
hydroxylamine hydrochloride in water (2.0 mL/mmol) and 1.60 eq sodium carbonate in water
(1 mL/mmol) were added. The mixture was heated at reflux for 6 h. The solvent was then
removed in vacuo. The residue was diluted with water and the aqueous phase was acidified
to pH = 3. The formed yellow precipitate was then filtered, washed with water and acetone

to furnish the corresponding amidoxime 9 and 10.

Synthesis of 3-(N'-hydroxycarbamimidoyl)benzoic acid (9)

Nl,OH
HO)‘\O)\NHz
[180.16]
3-Cyanobenzoic acid (7) (2.94 g, 20.0 mmol, 1.00 eq) was subjected to General procedure 1.
The amidoxime 9 (3.10 g, 17.2 mmol, 86%) was obtained as a white solid. All spectroscopic

data were in agreement with the literature. [

Synthesis of 4-(N'-hydroxycarbamimidoyl)benzoic acid (10)

[180.16]
4-Cyanobenzoic acid (8) (4.50 g, 30.0 mmol, 1.00 eq) was subjected to General procedure 1
to provide the amidoxime 10 (4.68 g, 26.0 mmol, 87%) as a yellow solid. All spectroscopic data

were in agreement with the literature.?!

General procedure 2: Formation of the TFMO-moiety

A solution of corresponding amidoxime 9,10 (1.00 eq) in anhydrous toluene (1 mmol/mL) was
cooled to 0°C and 3.00 eq trifluoroacetic anhydride was added dropwise. The reaction
mixture was slowly allowed to warm to rt and then refluxed for further 8 h. The solvent was

removed in vacuo, and the crude solid diluted with ethyl acetate. The organic layer was
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washed with brine (3x25 mL), dried over Na;SOs, filtered and the solvent was then removed
under reduced pressure. The crude product was purified by recrystallization (ethyl acetate/

n-hexane) to yield the products 4 and 5.

Synthesis of 3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (4)
f]\©)ll:?>—ca
HO N
[258.16]
3-(N'-Hydroxycarbamimidoyl)benzoic acid (9) (979 mg, 5.43 mmol, 1.00 eq) was subjected to
General procedure 2 to furnish the product 4 (624 mg, 2.42 mmol, 45%) as a white solid. All

spectroscopic data were in agreement with the literature.

Synthesis of 4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (5)

7(@/?1':}—0&
HO.

© psse
4-(N'-hydroxycarbamimidoyl)benzoic acid (10) (1.80 g, 10.0 mmol, 1.00 eq) was subjected to
General procedure 2 to afford 3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (5)
(1.55 g, 6.00 mmol, 60%) as a white solid.
1H NMR (300 MHz, DMSO-ds) & = 8.08 — 8.24 (m, 4H), 13.38 (s, 1H) ppm.
13C NMR (75 MHz, DMSO) & = 115.65 (q), 127.56, 128.04, 130.20, 134.20, 165.47, 165.24 (q),
167.86 ppm.
HPLC analysis: Rt = 12.483 min, 95.8%.
HRMS (ESI+) = calcd. for C12HgF3N3Os [M+ACN]* = 299.0518, found: 299.2219.
mp.: 251°C.
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Synthesis of 4-(chloromethyl)-2-phenyloxazole (14)

O
@*}‘\o.
[193.63]
A mixture of benzamide (11) (1.82 g, 15.0 mmol, 1.00 eq) and 1,3-dichloroacetone (13)
(3.81 g, 30.0 mmol, 2.00 eq) in toluene (80 mL) was refluxed for 6 h. The solvent was
evaporated under reduced pressure and the crude product was purified by flash
chromatography (prepacked silica cartridge, n-hexane/ethyl acetate) yielding the product 14
(1.54 g, 7.96 mmol, 53%) as a white solid.
'H NMR (300 MHz, DMSO-ds) 6 = 4.75 (d, J = 0.8 Hz, 2H), 7.51 — 7.59 (m, 3H), 7.95 — 8.03 (m,
2H), 8.27 —8.28 (m, 1H) ppm.
13C NMR (75 MHz, DMSO-ds) 6 =37.13, 125.93, 126.44, 129.07, 130.79, 137.80, 138.26,
161.02 ppm.
HPLC analysis: Rt = 12.467 min, 99.9%.
HRMS (ESI+) = calcd. for C1oH9CINO [M+H]* = 194.0367, found: 194.0371.
mp.: 55 °C.

Synthesis of 4-(chloromethyl)-2-phenylthiazole (15)

[209.69]

A mixture of thiobenzamide (12) (686 mg, 5.00 mmol, 1.00 eq) and 1,3-dichloroacetone (13)
(698 mg, 5.50 mmol, 1.10 eq) in ethanol (40 mL) was refluxed for 6 h. The solvent was
evaporated under reduced pressure and the residue was diluted with EtOAc, washed with
saturated NaHCOs solution (3x30 mL), dried over Na;SOs and filtered. After removing the
solvent in vacuo, the crude product was purified by flash chromatography (prepacked silica
cartridge, n-hexane/ethyl acetate) to provide the product 15 (420 mg, 2.00 mmol, 40%) as an
orange oil.

1H NMR (600 MHz, DMSO-ds) & = 4.88 (s, 2H), 7.49 — 7.54 (m, 3H), 7.81 (s, 1H), 7.93 — 7.96 (m,

2H) ppm.
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13C NMR (75 MHz, DMSO-ds) 6 = 37.24, 126.01, 126.48, 129.22, 130.93, 137.96, 138.30,
161.09 ppm.

HPLC analysis: Rt = 13.833 min, 99.2%.

HRMS (ESI+) = calcd. for C1o0H9CINS [M+H]* = 210.0139, found: 210.0137.

General procedure 3: Conversion with NHPI

Following the procedure of Asfaha et al.,'® 1.00 eq of the respective halide derivative 14-19
and 1.20 eq N-hydroxyphtalimide (NHPI) were dissolved in acetonitrile (4 mL/mmol). After
the addition of 2.00 eq triethylamine, the resulting solution was refluxed for 12 h. The solvent
was evaporated under reduced pressure and the residue was diluted with EtOAc, washed with
saturated NaHCOs solution (7x 50 mL), dried over Na;SOs and filtered. The solvent was

removed in vacuo to yield the crude product which was purified as stated.

Synthesis of 2-((2-phenyloxazol-4-yl)methoxy)isoindoline-1,3-dione (20a)

[320.30]
4-(Chloromethyl)-2-phenyloxazole (14) (395 mg, 2.42 mmol, 1.00 eq) was subjected to
General procedure3. The crude product was purified by flash chromatography
(n-hexane/EtOAc) to provide 20a (418 mg, 1.31 mmol, 59%) as a white solid.

IH NMR (300 MHz, DMSO-de) & = 5.15 (s, 2H), 7.47 — 7.58 (m, 3H), 7.82 — 7.93 (m, 6H), 8.40
(s, 1H) ppm.

13C NMR (75 MHz, DMSO-dg) 6 =69.66, 123.14, 125.85, 126.46, 128.45, 129.02, 130.72,
134.68, 135.56, 140.17, 160.85, 162.97 ppm.

HPLC analysis: Rt = 13.833 min, 99.2%.

HRMS (ESI+) = calcd. for Ci1gH13N204 [M+H]* = 321.0870, found: 321.0869.

mp.: 152 °C.
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Synthesis of 2-((2-phenylthiazol-4-yl)methoxy)isoindoline-1,3-dione (20b)

@::N-O/_Q\’S
0 [336.37]

4-(Chloromethyl)-2-phenylthiazole (15) (359 mg, 2.20 mmol, 1.00 eq) was subjected to
General procedure3. The crude product was purified by flash chromatography
(n-hexane/EtOAc) to furnish 20b (434 mg, 1.29 mmol, 65%) as a white solid.
1H NMR (300 MHz, DMSO-ds) & = 5.28 (s, 2H), 7.38 — 7.50 (m, 3H), 7.71 — 7.79 (m, 2H), 7.82 —
7.89 (m, 4H), 7.96 (s, 1H) ppm.
13C NMR (75 MHz, DMSO-ds) & = 72.78, 122.19, 123.25, 126.00, 128.52, 129.15, 130.36,
132.66, 134.78, 150.47, 163.01, 167.29 ppm.
HPLC analysis: Rt = 13.800 min, 99.9%.
HRMS (ESI+) = calcd. for C1gH13N203S [M+H]* = 337.0641, found: 337.0643.
mp.: 131 °C.

Synthesis of 2-([1,1'-biphenyl]-4-ylmethoxy)isoindoline-1,3-dione (20c)

[329.36]

4-Bromomethylbiphenyl (16) (1.44g, 8.80 mmol, 1.00 eq) was subjected to General
procedure 3. The crude product was purified by flash chromatography (n-hexane/EtOAc) to
furnish 20c (1.20 g, 3.64 mmol, 46%) as a white solid.

1H NMR (300 MHz, DMSO-ds) 8 = 5.22 (s, 2H), 7.34 — 7.42 (m, 1H), 7.44 — 7.52 (m, 2H), 7.58 —
7.64 (m, 2H), 7.66 — 7.76 (m, 4H), 7.83 — 7.90 (m, 4H) ppm.

13C NMR (75 MHz, DMSO-ds) & = 78.95, 123.28, 126.69, 126.72, 127.72, 128.55, 128.99,
130.25, 133.37, 134.83, 139.50, 140.74, 163.14 ppm.

HPLC analysis: Rt = 16.500 min, >99%.

HRMS (ESI+) = calcd. for C21H16NOs [M+H]* = 330.1125, found: 330.1124.

mp.: 195 °C.
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Synthesis of 2-phenethoxyisoindoline-1,3-dione (20d)

O
mN-O

[267,28]
(2-Bromoethyl)benzene (17) (1.85g, 10.0 mmol, 1.00 eq) was subjected to General
procedure 3. The crude product was purified by flash chromatography (n-hexane/EtOAc) to
obtain 20d (1.94 g, 8.85 mmol, 89%) as a brown solid.
IH NMR (300 MHz, DMSO-ds) & = 3.04 (t, J = 7.0 Hz, 2H), 4.37 (t, J = 7.0 Hz, 2H), 7.14 — 7.37
(m, 5H), 7.85 (s, 4H) ppm.
13CNMR (75 MHz, DMSO-de) 6 = 34.05, 77.82, 123.20, 126.35, 128.33, 128.65, 128.84, 134.73,
137.44, 163.28 ppm.
HPLC analysis: Rt = 13.533 min, 95.8%.
HRMS (ESI+) = calcd. for C16H14NO3 [M+H]* = 268.0968, found: 268.0970.
mp.: 92.8°C.

Synthesis of 2-(2-morpholinoethoxy)isoindoline-1,3-dione (20e)

oh
-

[276.29]

4-(2-Chloroethyl)morpholine hydrochloride (18) (837 mg, 4.50 mmol, 1.00 eq) was subjected
to General procedure 3. The crude product was purified by flash chromatography
(n-hexane/EtOAc/0.1% NEts) to furnish 20e (589 mg, 2.13 mmol, 47%) as a white solid.

'H NMR (300 MHz, DMSO-ds) 6 = 2.36 (dd, J = 5.7, 3.6 Hz, 4H), 2.63 —2.71 (m, 2H), 3.34 - 3.39
(m, 5H), 4.22 — 4.28 (m, 2H), 7.87 (s, 4H) ppm.

13C NMR (75 MHz, DMSO-ds) 6 = 53.13, 56.53, 65.89, 73.56, 123.06, 128.61, 134.62, 163.01
ppm.

HPLC analysis: Rt =5.223 min, 98%.

HRMS (ESI+) = calcd. for C1aH17N204 [M+H]* = 277.1183, found: 277.1181.

mp.: 98.2 °C.
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Synthesis of 2-(2-(piperidin-1-yl)ethoxy)isoindoline-1,3-dione (20f)

O
N-Q
Sy
[274.32]

1-(2-Chloroethyl)piperidine hydrochloride (19) (1.11 g, 6.00 mmol, 1.00 eq) was subjected to
General procedure3. The crude product was purified by flash chromatography
(n-hexane/EtOAc/0.1% NEts) to afford 20f (850 mg, 3.10 mmol, 52%) as a yellow solid.
IH NMR (300 MHz, DMSO-ds) 6 = 1.18 — 1.31 (m, 6H), 2.27 (d, J = 4.6 Hz, 4H), 2.57 — 2.68 (m,
2H), 4.19 — 4.28 (m, 2H), 7.86 (s, 4H) ppm.
13C NMR (75 MHz, DMSO-ds) 6 = 23.67, 25.23, 53.90, 57.03, 73.48, 123.01, 128.66, 134.56,
163.00 ppm.
HPLC analysis: Rt = 6.291 min, 92%.
HRMS (ESI+) = calcd. for Ci6H23N204 [M+H]* = 307.1652, found: 307.1653
mp.: 91.1 °C.

General procedure 4: Formation of O-hydroxylamines

To a solution of the respective NHPI-derivative 20a-f (1.00 eq) in CH2Cl> (20 mL/mmol),
2.00 eq hydrazine monohydrate was added dropwise. The reaction mixture was stirred
overnight at rt. The resulting precipitate was filtered and the organic layer was washed with
saturated NaHCOs solution (3x 10 mL). After drying over Na;SOa and filtration, the solvent was

removed in vacuo providing the hydroxylamines 6a-f.

Synthesis of O-((2-phenylthiazol-4-yl)methyl)hydroxylamine (6a)
O\ P-NH,
S

[190.20]

2-((2-Phenyloxazol-4-yl)methoxy)isoindoline-1,3-dione (20a) (442 mg, 1.38 mmol, 1.00 eq)
was subjected to General procedure 4. The hydroxylamine 6a (218 mg, 1.15 mmol, 83%) was

used directly for the next step without any further purification.
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Synthesis of O-((2-phenylthiazol-4-yl)methyl)hydroxylamine (6b)

SN\ ,ONH,

S

[206.26]
2-((2-Phenylthiazol-4-yl)methoxy)isoindoline-1,3-dione (20b) (673 mg, 2.00 mmol, 1.00 eq)

was subjected to General procedure 4. The product 6b (368 mg, 1.78 mmol, 89%) was then

used directly for the next step without any further purification.

Synthesis of O-([1,1'-biphenyl]-4-ylmethyl)hydroxylamine (6c)

[199.25]
2-([1,1'-Biphenyl]-4-ylmethoxy)isoindoline-1,3-dione (20c) (494 mg, 1.50 mmol, 1.00 eq) was
subjected to General procedure 4. The hydroxylamine 6¢ (263 mg, 1.32 mmol, 88%) was used

directly for the next step without any further purification.

Synthesis of O-phenethylhydroxylamine (6d)
@\/\O—NHZ
[137.18]
2-Phenethoxyisoindoline-1,3-dione (20d) (553 mg, 2.00 mmol, 1.00 eq) was subjected to
General procedure 4. The product 6d (192 mg, 1.40 mmol, 70%) was then used directly for

the next step without any further purification.

Synthesis of O-(2-morpholinoethyl)hydroxylamine (6e)

o
(N~ NH:

[146.19]
2-(2-Morpholinoethoxy)isoindoline-1,3-dione (20e) (553 mg, 2.00 mmol, 1.00eq) was
subjected to General procedure 4. The hydroxylamine 6e (240 mg, 1.64 mmol, 82%) was then

used directly for the further step without any further purification.
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Synthesis of O-(2-(piperidin-1-yl)ethyl)hydroxylamine (6f)

O\‘\/\O,NHz

[144.22]
2-(2-(Piperidin-1-yl)ethoxy)isoindoline-1,3-dione (20f) (686 mg, 2.50 mmol, 1.00 eq) was
subjected to General procedure 4. The hydroxylamine 6f (190 mg, 1.32 mmol, 53%) was then

used directly for the next step without any further purification.

General procedure 5: HATU-coupling

For the synthesis of the alkoxyamides 2a-c and 3a-g, 1.00 eq of the corresponding carboxylic
acid 4,5 was dissolved in dry DMF (0.1 mmol/mL) and 1.00 eq HATU and 2.00 eq DIPEA were
added. After stirring for 15 min at rt, the respective hydroxylamine (1.00 eq) was then added
and the resulting mixture was stirred for further 16h at rt. The solvent was removed in vacuo
and the residue was diluted with EtOAc. The organic layer was washed with saturated NaHCO3
(3x 50 mL), brine (1x 50 mL), dried over Na;SOas and filtered. After removing the solvent, the

crude product was purified as stated.

Synthesis of N-((2-phenyloxazol-4-yl)methoxy)-3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-
yl)benzamide (2a)
O3 ey J Lo
H
[430.34]
3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (4) (297 mg, 1.15 mmol, 1.00 eq) was
converted with O-((2-phenyloxazol-4-yl)methyl)hydroxylamine (6a) (297 mg, 1.15 mmol,
1.00 eq) according to General procedure 5. The crude product was purified by flash
chromatography (n-hexane/EtOAc) to afford 2a (292 mg, 0.68 mmol, 59%) as a beige solid.
1H NMR (300 MHz, DMSO-ds) & = 4.95 (s, 2H), 7.51 — 7.58 (m, 3H), 7.73 (t, / = 7.8 Hz, 1H), 7.97
—8.07 (m, 3H), 8.23 (d, J = 7.8 Hz, 1H), 8.35 (s, 1H), 8.45 (s, 1H), 12.07 (s, 1H) ppm.
13C NMR (151 MHz, DMSO-ds) & = 68.16, 115.73 (q, J = 273.3 Hz), 124.75, 125.93, 126.12,
126.76, 129.17, 129.91, 130.27, 130.75, 131.11, 133.46, 136.70, 139.46, 160.82, 163.18,
165.18 (q, J = 43.5 Hz), 167.97 ppm.
HPLC analysis: Rt = 14.667 min, 98.7%.

172



HRMS (ESI+) = calcd. for CooH14F3N4O4 [M+H]* = 431.0962, found: 431.0961.
mp.: 122 °C.

Synthesis of N-((2-phenylthiazol-4-yl)methoxy)-3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-
yl)benzamide (2b)

[446.40]
3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (4) (461 mg, 1.78 mmol, 1.00 eq) was
coupled with O-((2-phenylthiazol-4-yl)methyl)hydroxylamine (6b) (368 mg, 1.78 mmaol,
1.00 eq) according to General procedure 5. The crude product was purified by flash
chromatography (n-hexane/EtOAc) to furnish 2b (557 mg, 1.25 mmol, 70%) as a white solid.
IH NMR (300 MHz, DMSO-de) 6 = 5.10 (s, 2H), 7.46 — 7.54 (m, 3H), 7.73 (t,J = 7.8 Hz, 1H), 7.86
(s, 1H), 7.91 — 7.99 (m, 2H), 8.04 (dt, J = 7.9, 1.5 Hz, 1H), 8.23 (d, J = 7.8 Hz, 1H), 8.44 (s, 1H),
12.11 (s, 1H) ppm.
13C NMR (151 MHz, DMSO-ds) 6 = 71.95, 99.50, 115.73 (q, J = 273.2 Hz), 120.31, 124.75,
126.11, 129.23, 129.91, 130.31, 131.09, 132.91, 133.46, 152.04, 163.18, 165.18 (q, J = 131.5,
43.6 Hz), 165.61, 167.19, 167.96 ppm.

HPLC analysis: Rt = 15.433 min, 98.7%.
HRMS (ESI+) = calcd. for CaoH14F3N4OsS [M+H]* = 447.0733, found: 447.0740.
mp.: 140 °C.

Synthesis of N-([1,1'-biphenyl]-4-ylmethoxy)-3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-

O‘N /?l\©/"\ll\—'\?>—c Fa

H

yl)benzamide (2c)

[439.39]
3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (4) (341 mg, 1.32 mmol, 1.00 eq) was

coupled with O-([1,1'-biphenyl]-4-ylmethyl)hydroxylamine (6c) (263 mg, 1.32 mmol, 1.00 eq)
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according to General procedure 5. The crude product was purified by flash chromatography
(n-hexane/EtOAc) to provide 2c¢ (341 mg, 0.78 mmol, 59%) as a white solid.

1H NMR (300 MHz, DMSO-ds) 8 = 5.01 (s, 2H), 7.34 — 7.42 (m, 1H), 7.44 — 7.51 (m, 2H), 7.53 —
7.60 (m, 2H), 7.65 — 7.78 (m, 5H), 8.05 (d, J = 8.0, 1.4 Hz, 1H), 8.24 (d, J = 7.5 Hz, 1H), 8.44 (s,
1H), 12.10 (s, 1H) ppm.

13C NMR (151 MHz, DMSO-dg) 6 = 76.73, 116.65 (q,), 124.77, 126.02, 126.63, 126.67, 127.56,
128.95, 129.63, 129.96, 130.27, 131.08, 131.10, 133.48, 135.04, 139.74, 140.19, 163.16,
165.20 (g, J = 43.9 Hz), 167.97 ppm.

HPLC analysis: Rt = 17.083 min, >99%.

HRMS (ESI+) = calcd. for Ca3sH17F3N3O3 [M+H]* = 440.1217, found: 440.1210.

mp.: 173 °C.

Synthesis of N-((2-phenyloxazol-5-yl)methoxy)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-
yl)benzamide (3a)

N-Q

|
N N
< >_ ¢ 0
(l)j/\ 0

[430.34]
4-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (5) (767 mg, 2.97 mmol, 1.00 eq) was
treated with O-((2-phenyloxazol-4-yl)methyl)hydroxylamine (6a) (565 mg, 2.97 mmol,
1.00 eq) according to General procedure 5. The crude product was purified by flash
chromatography (n-hexane/EtOAc) to afford 3a (250 mg, 0.58 mmol, 20%) as a white solid.
1H NMR (300 MHz, DMSO-ds) 6 = 4.95 (s, 2H), 7.55 (p, J = 3.8, 3.4 Hz, 3H), 7.87 — 8.08 (m, 4H),
8.15 (d, J = 8.2 Hz, 2H), 8.34 (s, 1H), 12.00 (s, 1H) ppm.

13C NMR (151 MHz, DMSO-ds) & = 68.26, 116.65 (q), 125.95, 126.77, 127.13, 127.52, 128.40,
129.21, 130.78, 135.78, 136.68, 139.46, 160.84, 163.45, 165.23 (d, J = 43.7 Hz), 167.88 ppm.
HPLC analysis: Rt = 14.050 min, 99.6%.

HRMS (ESI+) = calcd. for CooH14F3N4O4 [M+H]* = 431.0962, found: 431.0958.

mp.: 199 °C.
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Synthesis of N-(2-(piperidin-1-yl)ethoxy)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-
yl)benzamide (3b)

N-Q

| )—CF,
. N
Q\l\/\O’N

(@]
[384.36]

3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (5) (341 mg, 1.32 mmol, 1.00 eq) was
coupled with O-(2-(piperidin-1-yl)ethyl)hydroxylamine (6f) (190 mg, 1.32 mmol, 1.00 eq)
according to General procedure 5. The crude product was purified by flash chromatography
(CH2Cl2/30% MeOH in CHCly/ 0.1% NEts) to furnish 3b (273 mg, 0.71 mmol, 54%) as a
yellowish solid.

IH NMR (300 MHz, DMSO-ds) & = 1.41 (g, J = 6.0 Hz, 2H), 1.55 (p, J = 5.5 Hz, 4H), 2.57 (t, J =
5.3 Hz, 4H), 2.71 (t, J = 5.5 Hz, 2H), 4.06 (t, J = 5.5 Hz, 2H), 7.95 - 8.01 (m, 2H), 8.12 - 8.20 (m,
2H) ppm.

13C NMR (75 MHz, DMSO-dg) & = 23.39, 24.95, 53.82, 56.02, 72.27, 115.70 (d, J = 273.2 Hz),
126.91, 127.47, 128.18, 135.88, 163.10, 165.18 (d, J = 43.7 Hz), 167.86 ppm.

HPLC analysis: Rt = 10.321 min, 96.2%.

HRMS (ESI+) = calcd. for C17H20F3N4Os [M+H]* = 385.1482, found: 385.1482

mp.: 131 °C.

Synthesis of N-(2-morpholinoethoxy)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)-

benzamide (3c)

N-Q

|_p—cF,
O H N
'\/N\/\O,N

(0]

[386.33]
3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (5) (423 mg, 1.64 mmol, 1.00 eq) was
converted with O-(2-morpholinoethyl)hydroxylamine (6e) (240 mg, 1.64 mmol, 1.00 eq)
according to General procedure 5. The crude product was purified by flash chromatography
(CH2CI2/30% MeOH in CH2Cly/ 0.1% NEts) to provide 3c (457 mg, 1.18 mmol, 72%) as a

yellowish solid.
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'H NMR (300 MHz, DMSO-ds) 6 = 2.55 (t, J = 4.4 Hz, 4H), 2.69 (t, J = 5.3 Hz, 2H), 3.60 (t, /= 4.7
Hz, 4H), 4.06 (t, J = 5.4 Hz, 2H), 7.94 — 8.00 (m, 2H), 8.14 — 8.20 (m, 2H) ppm.

13C NMR (126 MHz, DMSO-ds) & = 3.26, 55.99, 65.89, 72.67, 115.70 (q, J = 273.2 Hz), 127.02,
127.51,128.17, 135.68, 162.90, 165.19 (q, / = 44.0 Hz), 167.88 ppm.

HPLC analysis: Rt = 15.637 min, 95.2%.

HRMS (ESI+) = calcd. for C16H18F3N4O4 [M+H]* = 387.1275, found: 387.1279.

mp.: 75 °C.

Synthesis of N-phenethoxy-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide (3d)

N-Q

| />_CF3
: ~ 07

o

(377.32]
3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (5) (258 mg, 1.00 mmol, 1.00 eq) was
coupled with O-phenethylhydroxylamine (6d) (137 mg, 1.00 mmol, 1.00 eq) according to
General procedure 5. The crude product was purified by flash chromatography (CH»Cl./30%
MeOH in CHCl>/ 0.1% NEt3s) to furnish 3d (256 mg, 0.68 mmol, 68%) as a white solid.

IH NMR (600 MHz, DMSO-ds) 6 = 2.97 (t, J = 6.7 Hz, 2H), 4.15 (t, J = 6.8 Hz, 2H), 7.18 — 7.26
(m, 1H), 7.32 (dt, J = 14.9, 7.6 Hz, 4H), 7.97 (d, J = 8.2 Hz, 2H), 8.15 (d, J = 8.1 Hz, 2H), 11.96 (s,
1H) ppm.

13C NMR (75 MHz, DMSO) & = 34.07, 39.40, 75.88, 115.78 (d, J = 273.2 Hz), 126.24, 127.12,
127.57, 128.34, 128.36, 128.91, 135.87, 138.36, 163.40, 165.28 (d, J = 43.8 Hz), 167.93 ppm.
HPLC analysis: Rt = 14.509 min, >99%.

HRMS (ESI+) = calcd. for C1gH1sFsN3O3 [M+H]* = 378.1060, found: 378.1059.

mp.: 109 °C.
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Synthesis of N-(benzyloxy)-N-methyl-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)-

benzamide (3e)

N-Q

|_)—cF,
| N
o
o

377.32]
3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (5) (258 mg, 1.00 mmol, 1.00 eq) was
treated with O-benzyl-N-methylhydroxylaminel® (138 mg, 1.00 mmol, 1.00 eq) according to
General procedure5. The crude product was purified by flash chromatography
(n-hexane/EtOAc) to furnish 3e (296 mg, 0.78 mmol, 78%) as a white solid.

1H NMR (600 MHz, CDCl3) & = 3.34 (s, 3H), 4.62 (s, 2H), 6.99 (d, J = 7.4 Hz, 2H), 7.16 — 7.28 (m,
3H), 7.64 — 7.71 (m, 2H), 8.03 — 8.09 (m, 2H) ppm.

13C NMR (151 MHz, CDCl3) & = 34.64, 76.31, 115.96 (q, J = 273.8 Hz), 126.51, 127.25, 128.60,
129.03, 129.17, 129.46, 133.68, 137.94, 166.04 (q, J = 44.4 Hz), 168.87 ppm.

HPLC analysis: Rt =9.111 min, 98.5%.

HRMS (ESI+) = calcd. for CigH1sF3N3O3 [M+H]* = 378.1060, found: 378.1059.

mp.: 74 °C.

Synthesis of N-(benzyloxy)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide (3f)

N-Q

{ />—CF3
| N
©/\o/

o
[363.30]

3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (5) (258 mg, 1.00 mmol, 1.00 eq) was
coupled with O-benzylhydroxylaminel® (123 mg, 1.00 mmol, 1.00 eq) according to General
procedure 5. The crude product was purified by flash chromatography (n-hexane/EtOAc) to
furnish 3f (144 mg, 0.40 mmol, 40%) as a white solid.

'H NMR (300 MHz, DMSO-ds) 6 = 4.96 (s, 2H), 7.28 — 7.54 (m, 5H), 7.88 — 8.02 (m, 2H), 8.16
(d, J=8.2 Hz, 2H), 12.02 (s, 1H) ppm.

13C NMR (75 MHz, DMSO-ds) & = 77.12, 115.75 (d, J = 273.1 Hz), 127.12, 127.57, 128.31,
128.36, 128.96, 135.81, 163.41, 164.95, 165.53, 167.91 ppm.

HPLC analysis: Rt = 13.879 min, 98.9%.
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HRMS (ESI+) = calcd. for C17H13F3N303 [M+H]* = 364.0905, found: 354.0905.
mp.: 199 °C.

Synthesis of N-(3-phenylpropoxy)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)-
benzamide (3g)

N-Q

/ />—CF3
I N
©/\/\O’

(0]
[391.35]

3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (5) (258 mg, 1.00 mmol, 1.00 eq) was
converted with O-(3-phenylpropyl)hydroxylaminel®! (151 mg, 1.00 mmol, 1.00 eq) according
to General procedure5. The crude product was purified by flash chromatography
(n-hexane/EtOAc) to furnish 3g (296 mg, 0.78 mmol, 78%) as a white solid.

1H NMR (300 MHz, DMSO-ds) & = 1.80 — 2.03 (m, 2H), 2.73 (dd, J = 8.8, 6.6 Hz, 2H), 3.93 (t, J =
6.4 Hz, 2H), 7.13 — 7.38 (m, 5H), 7.92 — 8.05 (m, 2H), 8.11 — 8.22 (m, 2H), 11.90 (s, 1H) ppm.
13C NMR (75 MHz, DMSO-ds) & = 29.61, 31.43, 74.69, 115.73 (d, J = 273.2 Hz), 125.79, 127.05,
127.53, 128.30, 128.37, 135.89, 141.56, 163.25, 165.22 (d, J = 43.9 Hz), 167.88 ppm.

HPLC analysis: Rt = 15.154 min, 99.1%.

HRMS (ESI+) = calcd. for CigH17F3N303 [M+H]* =392.1217, found: 392.1218.

mp.: 140 °C.
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Abstract

The causation and progression of cancer is not only regulated via genetic alterations,
but also via epigenetic processes. Acetylation of histones plays a crucial role in the
epigenetic regulation of gene expression and is catalyzed by the balance between
histone acetyltransferases (HATs) and histone deacetylases (HDACs). HDAC inhibitors
provide powerful epigenetic modulators with tremendous therapeutic potential and
have multiple effects at the cellular and systemic level. Currently, HDAC inhibitors are
evaluated for a broad range of disorders e.g. hematologic malignancies, psychiatric
disorders and are currently in clinical trials for several other diseases. In addition to
altering gene expression, HDAC enzymes also influence the activity of numerous
non-histone proteins. However, the first-generation HDAC inhibitors target multiple
HDAC isozymes (pan-inhibitors) which might lead to the observed severe side effects.
Therefore, the development of class selective HDAC inhibitors provides an attractive
approach to improve the risk-benefit profiles compared to pan-HDACi. Here, we report
the discovery of seven potent and selective HDAC class lla inhibitors with inhibitory
activities in the nanomolar range. The most potent and selective HDAC class lla inhibitor
was compound 1l (ICso(HDAC4) =12 nM) with a 511/482/355-fold selectivity over
HDAC2/6/8. These selective HDAC inhibitors present valuable pharmacological tools to

elucidate the functions of class Ila HDACs in health and cancer.
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1. Introduction

Histone deacetylases (HDACs) are classically known for their capability of removing
acetyl groups from conserved lysine residues of histones and non-histone proteins.*?!
HDACs have been extensively studied in regards to gene transcription and the epigenetic
control of cells. It has been shown that HDACs promote chromatin condensation and
repression of gene transcription by deacetylation of histones. The 11 human
zinc-dependent HDACs are subdivided into three classes based on phylogenetic analyses
and their sequence similarities to yeast deacetylases: class | (HDACs 1-3, 8), class Il (lla:
HDACs 4,5, 7, 9; llb: HDACs 6, 10) and class IV (HDAC 11).[4 HDACs have been implicated
in regulating numerous cellular processes such as proliferation, migration,
differentiation and apoptosis.>"7! Despite their nomenclature and classic functions,
recent studies proposed that non-deacetylase roles exist for class lla HDACs. Moreover,
several features distinguish this class from the other HDAC classes. In contrast to class |
HDACs, class lla HDACs are not ubiquitously expressed. 281 HDAC4, 5 and 9 are mainly
expressed in the heart, brain and skeletal muscle. HDAC7 is primarily found in
endothelial cells of the vascular system, heart, lung and skeletal muscle.[®>% Within a
cell, these enzymes shuttle between the cytoplasm and the nucleus which is regulated
by intrinsic nuclear import and export signals. They contain an extended N-terminus
with highly conserved serine residues that undergo signal-dependent phosphorylation.
Upon phosphorylation, these residues bind to the 14-3-3 protein, resulting in the nuclear
export and cytoplasmic retention of the class Ila HDACs (11121 The N-terminus also bears
binding sites for transcription factors and chromatin modulators including class | HDACs.
[13-15]'1t js assumed that their transcriptional repressive activity is due to their association
to multiprotein complexes with other transcription factors or class | HDACs.[*67%9] |n
addition, the catalytic activity of class lla HDACs is much lower compared to class | and
class llb HDACs due to a Tyr/His switch in their active site. In particular, this replacement
reveals the so-called lower pocket as a unique structural feature of this class.[}7/18]
Because of their extremely low deacetylase activity, it is proposed that they operate as
“readers” with the catalytic domain as a recognition domain for N-acetylated lysine
residues of proteins.l?>21 Classlla HDACs are involved in a broad range of biological

processes and their dysregulation has been associated with cardiovascular diseases,
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diabetes, neurodegenerative diseases, muscle-atrophy disorders and certain cancers.?>-
281 However, the signalling pathways and mechanisms controlling class lla HDACs
functions in health and disease remain poorly understood. Therefore, the therapeutic
potential of this class could be evaluated by the application of potent and selective

class lla HDAC inhibitors (HDACI).

We previously reported the design, synthesis and biological evaluation of TFMO-based
class lla selective HDACi. We now describe the structural optimization of these
compounds by the replacement of the alkoxyamide connecting unit (CU) (green) with

an amide CU (Scheme 1).

C CAP )—CLower pocket)
I
CConnecting Unit )—Clinker )—(Zinc binding group)

N-C i
0 | ,)—cCF ivatizati O D o
o B N>— ° _ Derivatization g . L P—CF R N>_ 3
. N N )
L S ; o8
2 z i
1

o

Compounds 2a-c and 3a-g
target structures
m-/ p-substituted TFMO-derivatives

Scheme 1: Pharmacophore model of class lla selective HDAC inhibitors. Derivatization of the alkoxyamide-based
TFMO compounds 2a-c and 3a-g.

2. Results and Discussion

2.1. Chemistry

Following the optimzied procedure of Asfaha et al., the TFMO derivatives 6 and 7 were
syntheszied according to Scheme 2. The generated amidoximes 4 and 5 were treated
with an excess of trifluoroacetic anhydride in toluene providing the heterocycles 6 and

7 in moderate vyields.

1.50 eq H,NOH-HCI

2.00 eq NayCO4 _OH ~0
1 0.04 eq 8-hydroxyquinoline N N
R CN .04 eq 8-hydroxyq » I 3.00 eq TFAA R | P—CF,
= —_—
NH, N
R? EtOH toluene
reflux, 6h R2 reflux, 6h R?

86% -98% 55% 60%
0 - 0

2: R'=COOH R?=H
3:R'=H R?=COOH

4: R'=COOH R2=H
5:R'=H R?=COOH

Scheme 2: Synthesis of 6 and 7.

6: R'=COOH R?=H
7:R'=H R?=COOH
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The meta- and para substituted TFMO-derivatives were furnished via a HATU-mediated

acylation with commercially available amines, in moderate to good yields (Scheme 3 and

Scheme 4).
1.00 eq HATU
2.00 eq DIPEA
o N-Q 1.00 eq RyR,NH o N
| p—cF, 00CaRR Roe | P—CF,
HO N N N
DMF 1
rt, o.n. 1
6 1a-k 24-77%

Scheme 3: Synthesis of meta-subsituted TFMO-based HDACi 1a-j.

1.00 eq HATU o
2.00 eq DIPEA N-

N—O | />—CF

] N/>~CF3 1.00 eq R;R,NH Ry K 3

DMF N
HO. rt, o.n. R
(0]
(0]
7 11-u 29-83%

Scheme 4: Synthesis of para-subsituted TFMO-based HDACi 1l-u.
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2.2. Biological evaluation

The synthesized compounds 1a-t were assessed for their antiproliferative activity and
for their HDAC inhibitory activity in the human monocytic cell line THP-1 using
class-distinguishing substrates (Boc-Lys(Ac)-AMC: class | and llb HDACs; Boc-Lys(TFAc)-
AMC: class lla, HDACS8). The results are depicted in Table 1 and Table 2 with
CHDI-00390576 and TMP269 as reference compounds. The meta-substituted TFMO-
derivatives 1a-k displayed low to moderate cytotoxicity with antiproliferative effects
below 78.2% growth inhibition at 100 uM. Among the tested para-substituted TFMO-
derivatives 1I-t, compound 1l exhibited the strongest antiproliferative effect in the low
micromolar range and demonstrated a 6/3-fold increased cytotoxicity compared to the
HDAC class lla selective compounds TMP269 and CHDI-00390576. In the performed
whole-cell HDAC inhibition assay using the Boc-Lys(Ac)-AMC-HDAC substrate, all
screened meta-substituted TFMO-derivatives 1a-k displayed inhibitory activities below
38% at 100 uM. However, the cellular HDAC inhibition assay with the Boc-Lys(TFAc)-
AMC-HDAC substrate revealed that compound 1k exhibited the strongest cellular HDAC
inhibition with 71% at 100 uM. Among the tested para-substituted TFMO-
derivatives 1I-t, in the performed whole-cell HDAC inhibition assay using the Boc-
Lys(Ac)-AMC-HDAC substrate, compound 1l showed the most pronounced HDAC cellular
inhibition with an inhibitory activity in the nanomolar range (ICso = 0.7 uM). The cellular
HDAC inhibition assay with the Boc-Lys(TFAc)-AMC-HDAC substrate revealed that the
para-substituted TFMO-derivatives 1I-t are more potent than the corresponding
meta-substituted TFMO-derivatives 1a-k with inhibitory activities between 18-100%. To
sum up, the most potent compound in the cellular HDAC assay (using the Boc-Lys(TFAc)-
AMC-HDAC substrate) was 1l showing an ICso value of 0.08 uM, which is in the same
order of magnitude as the class lla selective hydroxamate-based HDAC inhibitor CHDI-

00390576.

Table 1: Cell viability (MTT assay) and whole-cell HDAC inhibition assay in the human monocytic cell line THP-1.

0 N-Q
Rz\N ! N/>_CF3

K

1a-k
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cell viability (MTT)

HDAC inhibition

Boc-Lys(Ac)-AMC

Boc-Lys(TFAc)-AMC

%

e LeLeas 1Cso % 1Csp % 1Csp
cpd. R R
P t 2 '”h'gf'm‘ [uM]  inhibition  [uM]  inhibition  [uM]
100 uM (pICso of (plCso of (plCso
o [EM] £SEM) 100pM  SEM)  100pM  SEM)
” 81.35
1a Me @( 36.2%  n.d. 9% n.d. 58%  (4.09+
0.04)
Br:
1b H m 39.6%  n.d. 10% n.d 26% n.d.
13.0 70.55
1c H ©\/x 78.2%  (4.89+  20% n.d. 59% (415
0.11) 0.09)
45.09
1d H /©/\"I 347%  nd. 30% n.d. 66%  (4.35%
Meo 0.08)
le  Benyyl ©\/x 315%  n.d. 21% n.d. 43% n.d.
1f H 38.1%  n.d. 16% n.d. 61% n.d.
® 38.88
1g H 72.7%  (441+  16% n.d. 16% n.d.
@ 0.06)
1h H 412%  n.d. 38% n.d. 53% n.d.
1i H ©\o/©/\"’ 32.8%  nd. 13% n.d. 24% n.d.
S
1j H N 46.2% n.d. 27% n.d. na. n.d.
-~ 51.07
1k H A 553%  n.d. 33% n.d. 71%  (4.29+
0.06)
30.4 0.02
CHDI-00390576 100%  (452+  42% n.d. 100%  (7.69 +
0.04) 0.10)
58.54
TMP269 70% (423t  13% n.d. 39% n.d.
0.039)

Presented data are calculated from at least two experiments each performed in duplicates. |Cso values were calculated for
compounds with an inhibition of more than 50 %. Standard deviation of percent inhibition values is less than 14 %. Vehicle
control was defined as 0 % inhibition. n.d. = not determined.
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Table 2: Cell viability (MTT assay) and whole-cell HDAC inhibition assay in the human monocytic cell line THP-1.
N-Q,

I_p—CF,
h2 N
R1’N

(0]
11t

HDAC inhibition

Il viability (MTT
cell viability (MTT) Boc-Lys(Ac)-AMC  Boc-Lys(TFAc)-AMC

% % % ICso
Cpd. R R
P ! 2 inhibition '°0 MM ipition 'S0 BMI L ibition [uM]
(p|C50 + (p|C50 +
of SEM) of SEM) of 100 (pICso =
100 uM 100 uM uM SEM)
0.08
11 H 2 8029% 0241304 g5y 0.7(6.16 10006  (7.11¢
M +0.04) +0.18)
0.03)
0.51
iIm Me 33.9% n.d. 78% n.d. 100%  (6.29 +
0.02)
13.71
I H NS 470% n.d. 3% FL0O72 000 aset
A +0.17)
0.05)
36.25 1.27
1o Me /j’\)” 31.4% n.d. 65% (4.44 + 98% (5.9
0.068) 0.06)
14.51
1p H %,\/\ 48.6% n.d. 64% n.d. 97% (4.84 +
=Y 0.07)
% 6.39
19 Me @( 33.4% n.d. 31% n.d. 100%  (5.19 ¢
0.082)
5.51
Ir H \Nm 49.0% n.d. 25% n.d. 100% (5,26 +
' 0,078)
NN 5.51
1s - A 38.6% n.d. 23% n.d. 100%  (5.26
0.077)
47.34
1t H ©\/j)k 633% (433t  na n.d. 18% nd.
N 0.07)
0.02
CHDI-00390576 100% 32‘3 (gﬁ 2 nw% n.d. 100%  (7.69 +
She 0.10)
58.54
TMP269 70% (4.23 + 13% n.d. 39% n.d.
0.039)

Presented data are calculated from at least two experiments each performed in duplicates. ICsovalues were calculated for
compounds with an inhibition of more than 50 %. Standard deviation of percent inhibition values is less than 14 %. Vehicle
control was defined as 0 % inhibition. n.d. = not determined. n.a. = not active.
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2.3. Inhibitory activity on HDAC2, HDAC4, HDAC6 and HDAC8

For further evaluation, the synthesized compounds la-t were screened against
recombinant human HDAC2, HDAC4, HDAC6 and HDACS8 isozymes (Table 3 and Table 4)
CHDI-00390576 and TMP269 were included asclasslla selective HDACi reference
compounds. Due to the poor water-solubility of TMP269, the literature ICso values are
displayed as references. Among the screened meta-substituted TFMO-derivatives 1a-k,
compounds 1a and 1h displayed an inhibitory activity towards HDAC4 in the micromolar
range. In case of the inhibitor 1a, no direct discrimination between HDAC4
(ICso(HDAC4) = 18.0 uM) and HDACS6 (ICso(HDAC6) = 19.53 uM) was observed, whereas
the bulkier naphthalene derivative 1h (ICso(HDAC4) = 24.1 uM) exhibited a >4-fold
preference over the other HDACs. However, the employment of various cap groups in
case of the meta-derivatives 1c, 1le-g and 1j led to a complete loss of HDAC inhibition.
Among the tested para-substituted TFMO-derivatives 1l-t, we have successfully
identified seven compounds 1l-r that displayed a HDAC4 inhibitory activity in the
nanomolar range. Compound 1l was the most active and selective HDAC4 inhibitor
(ICso(HDAC4) =12 nM) with a 511/482/355 higher selectivity for HDAC4 than
HDAC2/6/8 in the tested series. It demonstrated an approximately 13/8-fold stronger
HDAC4 inhibition than TMP269 and the classlla selective hydroxamate-based
compound CHDI-00390576. The elongation of the alkyl chain of compound 11, in case of
compound 1n, led to a 12-fold diminished HDAC4 inhibitory activity
(ICso(HDACA4) = 0.14 uM) with a 181-fold higher HDAC4 selectivity compared to HDAC2
and a 40/48-fold HDAC4-preference over HDAC6/8. Furthermore, the N-methylated
amide derivative of 1l (10) showed an approximately 17-fold reduced inhibition of
HDAC4 (ICso(HDAC4) = 0.198 uM) with a 175/85/55-fold preference over HDAC2/6/8.
Surprisingly, the employment of the bulky indole moiety 1p maintained the HDAC4
inhibitory activity in the nanomolar range (ICso(HDAC4) = 0.722 uM) with a > 139-fold
preference over the other HDACs. However, the inhibitor 1p was 60-fold less potent
against HDAC4 than compound 1l. Interestingly, the compound 1m, led to a HDAC4
inhibition in the low nanomolar range (ICso(HDAC4)=24.5nM) with decreased
selectivity indices for HDAC2 and HDAC6 (SI(HDAC2/4) = 331, SI(HDAC6/4) = 83)
compared to 1l, but a significant increased selectivity over HDAC8 (SI(HDAC8/4 > 4081).
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The phenyl substituted compound 1q resulted in a 26-fold reduced HDAC4 inhibition
and selectivity (ICso(HDAC4) = 0.631 uM) compared to compound 1m. The employment
of a dimethyl-aminoaniline moiety in the CAP region (1r) led to a 77-fold diminished
HDAC4 inhibitory activity (ICso(HDAC4) = 0.928 uM) in comparison to compound 1l. The
piperidine derivative 1s showed a similar HDAC4 inhibition as compound 1r
(ICso(HDACA4) = 1.18 uM), but with a decreased preference towards the other HDACs.
The introduction of a quinoline cap group (1t) was not well tolerated and demonstrated
a significant shift of the HDAC4 inhibitory activity to the micromolar range

(ICso(HDAC4) = 64.7 uM) compared to compound 1l.

In summary, we have discovered a new series of para-substituted TFMO-derivatives as
potent and selective HDAC4 inhibitors. Among the tested substances 1a-t, the
compound 1l was identified as a highly potent HDAC4 inhibitor (ICso(HDAC4) = 12 nM)
in the nanomolar range with a 511/482/355-fold selectivity over HDAC2/6/8. Initial SAR
studies revealed that an elongation of the alkyl chain length of 1l led to a reduced HDAC4
inhibitory activity. However, the HDAC inhibition of selected isozymes of compound 1u,
a propyl-derivative of compound 11, is currently under investigation.

Furthermore, the HDAC class lla selective inhibitor 1l displayed a more pounced HDAC4
inhibition than the lead structure TMP269. 1l demonstrated an approximately 13/8-fold
stronger HDAC4 inhibition than TMP269 and the class lla selective hydroxamate-based
compound CHDI-00390576. Subject of future work will be the lead structure
optimization of compound 1l in its linker, cap and ZBG region to improve its potency,
water solubility and metabolic stability (Figure 1). Furthermore, the elucidation of the
binding mode of compound 1l within the catalytic site of HDAC4, via crystallisation

studies, is subject of future studies.

190



CAP modifictaion:
prolongation, truncation
and cyclisation

H
Ry SN, -7
N
N

R“N/\/\N"

R H

R = Me, Et, Propyl,
heterocyclic aliphatic
amines: morpholine,
piperdine

Linker modifictaion:
substituted benzene, 6-membered ZBG modifictaion:
heterocycles (e.g. pyridines)

( )
N—X

N-Q |
! N/>~C F3 "LNH

H
/\N/\/N i X

P, 0 ,,J:N/H

CAP CU Linker ZBG

Compound 1I: selective HDAC4i X=0,S,NH

IC5o(HDAC4) = 12 nM R = CF3, CHF,, CH,F, CH,0H

S| (HDAC2/4) = 511

S| (HDAC6/4) = 482
L S| (HDACB8/4) = 355

J

Figure 1: Lead structure optimization of compound 1l.
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Table 3: Inhibitory activity of 1a-k, CHDI-00390576 and TMP269 on recombinant human HDAC2, HDAC4, HDAC6 and
HDACS.

0 N-Q

RZ‘N { N/>‘CF3
R

1a-k

1Cso [LM] (pICso £ SEM)
HDAC2 HDAC4 HDAC6 HDAC8

Cpd. R1

19.53

1a Me (471 +
0.03)

Rz
Br
1b H :@y >100 n.d. >100 >100

1c H S >100 >100 >100 >100
1d H /©/Y >100 n.d. >100 >100
MeO

18.0 (4.75
+0.04)

26.4 (4.58 +

n.d. 0.05)

le  Benzl S >100 >100 >100 >100
1f H >100 >100 >100 >100
1g H ‘ >100 >100 >100 >100
1h H O >100 24.1(4.62 >100 >100
® +0.09)
1i H ©\ >100 d. >100 >100
i o n
S
1j H Lo~ >100 >100 >100 >100
N
1k H o L >100 n.d. >100 >100
0.097
CHDI-00390576 >100 (7.01+ ° 'fz (5’52 24;75 é‘;‘fl
0.03) She She
TMP269* >100 0.157 8.2 4.2

Data shown is at least from two experiments each performed at least as duplicates and the ICso value of pooled data
is reported when ICsp < 100 pM. *Data taken from Lobera et al.[29]
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Table 4: Inhibitory activity of 1l-t, CHDI-00390576 and TMP269 on recombinant human HDAC2, HDAC4, HDAC6 and
HDACS.

N-Q,

|_P—cF,
v Y
R

(0]
11t

ICs0 [LM] (pICso + SEM)

Cpd. R R
P ! 2 HDAC2 HDAC4 HDAC6 HDACS
012
1 H PPN 6.13 (5.21 + 8 83 . 579(524 4.26(537+¢
U +
A 0.08) 0.03) +0.09) 0.04)
0.0245
+
im Me 8‘13)(053‘())9 - (7612 2'3?) (&?9 >100
: 0.04) -
0.139
in H /j/\/\)u 25.4 (4.60 + (6.86 4 5.61(5.25 6.72(5.17 +
U +
0.03) 0.03) +0.07) 0.042)
PPN 34.79 (4.50 + 0.198 1683 198 (4.97 +
1o Me P 0.04) (6.70 £ (4.77 0.04)
: 0.04) 0.09) '
0.722
1p H (%/\)77 >100 (6.14 + >100 >100
HN=2 0.04)
0.631 19.57
% .79 (4.
1q Me >100 (6.20 + (4.71 + 71.79 (4.14
+0.086)
0.639) 0.06)
0.928
1r H \Nm >100 (6.03 + >100 >100
' 0.04)
" ] NN 80.03(4.1+ 1.18(5.93 (252'21+ 16.1(4.79 +
'\/Ny 0.027) +0.012) o 0.031)
0.11)
N 64.7 (4.19
1t H W >100 L 05) >100 >100
0.097
CHDI-00390576 >100 (7.01 + > fi (&?2 24;75 (()2561
0.03) - -
TMP269* >100 0.157 8.2 4.2

Data shown is at least from two experiments each performed at least as duplicates and the ICsq value of pooled data
is reported when ICso < 100 pM. *Data taken from Lobera et al.[2°]
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3. Conclusions

Lysine acetylation has emerged as a major target for the regulation of posttranslational
modifications of histones and numerous other proteins such as transcription factors and
cellular proteins. Acetylation, mediated by histone acetyltransferases (HATs), is a
dynamic equilibrium reversed by a class of enzymes known as histone deacetylases
(HDACs). HDACs have a crucial role in various physiological and pathological processes
e.g. in cell differentiation, proliferation and apoptosis. HDAC4, 5, 7 and 9 constitute the
class lla HDAC subtype within the HDAC family. Class Ila HDACs possess distinctive
features that distinguish them from the other HDAC classes as they do not “erase”
acetylated lysines and are rarely associate to histone tails. Selective HDAC class lla are
of relevance for the treatment of e.g. cancer and neurodegenerative diseases like
Huntington’s disease. Due to the conserved active site of HDACs, only a few class lla-
selective HDAC inhibitors have been identified. Here, we report the synthesis and
biological evaluation of meta- and para-substituted TFMO-derivatives 1a-t exhibiting an
amide as connecting unit. We have successfully identified seven potent and selective
HDAC inhibitors in the nanomolar range. The most potent and selective HDAC class lla
inhibitor was compound 11 (ICso(HDAC4) = 12 nM) with a 511/482/355-fold selectivity
over HDAC2/6/8. 1l demonstrated an approximately 13/8-fold stronger HDAC4
inhibition than TMP269 and the class lla selective hydroxamate-based compound
CHDI-00390576. Further biological evaluation will focus on the combination studies of
our class lla selective HDACi with proteasome inhibitors in the leukemia cell lines HL-60
and RPM-8226 as well as in the human tongue squamous carcinoma cell line Cal27 and

the human ovarian cancer cell line A2780.
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Supplementary information

Experimental procedures and analytical data for compounds 1a-t and 4-7 are provided

as supplementary information.
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Experimental section

General methods

All chemicals and solvents were purchased from commercial suppliers (Sigma Aldrich, Alfa
Aesar, Fluorochem, TCl, abcr and Acros Organics) and used without further purification. All
anhydrous reactions were carried out in flame-dried Schlenk-flasks and under argon
atmosphere. Dry solvents were used directly from Seal® bottles from Acros Organics. Analytic
Thin Layer Chromatography (TLC) was carried out with Macherey Nagel precoated silica gel
plates (ALUGRAM® Xtra SIL G/UV3s4). Detection was achieved with ultraviolet irradiation
(254 nm) and/or staining with potassium permanganate solution (9 g KMnQOa, 60 g K,COs3,
15 mL of a 5% aqueous NaOH-solution, and 900 mL demineralised water). Flash column
chromatography was performed with CombiFlashRf200 (TeleDynelsco) with the solvent

mixtures specified in the corresponding procedure.

Physical data

Proton (*H) and carbon (*3C) NMR spectra were recorded on Bruker Avance Ill — 300, Bruker
Avance DRX — 500 or Bruker Avance Ill — 600. Spectra were referenced to the residual non-
deuterated solvent signal (*H-NMR: DMSO-ds (2.50 ppm), 3C-NMR: DMSO-ds (39.52 ppm);
'H-NMR: CDCl3 (7.26 ppm), 13C-NMR: CDCls (77.16 ppm)). Chemical shifts are quoted in parts
per million (ppm). Signal patterns are indicated as: singlet (s), doublet (d), triplet (t), quartet
(q), or multiplet (m). Coupling constants, J, are measured in Hz. Proton (*H) and carbon (*3C)
NMR spectra were recorded by the NMR-Divisions of the Department of Chemistry (Heinrich
Heine University Duesseldorf). Electrospray lonisation (ESI) mass spectra were carried out by
the Mass spectrometry-Division of the Heinrich Heine University Duesseldorf, using Bruker
Daltonics UHR-QTOF maXis 4G (Bruker Daltonics). Melting points (mp.) were determined
using a Blichi M-565 melting point apparatus and are uncorrected.

Analytical HPLC analysis were carried out on a Knauer HPLC system comprising an Azura P
6.1L pump, an Optimas 800 autosampler, a Fast Scanning Spectro-Photometer K-2600 and a
Knauer Reversed Phase column (SN: FK36). UV absorption was detected at 254 nm. The

solvent gradient table is shown below. The purity of all final compounds was 95% or higher.
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Table 1: The solvent gradient table for analytic HPLC analysis.

Time / Water + ACN +
min 0.1% TFA 0.1% TFA

Initial 90 10
0.50 90 10
20.0 0 100
30.0 0 100
31.0 90 10
40.0 90 10
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General procedure 1: Formation of amidoximes

Following the procedure of Lobera et al.,[) 1.00 eq of the respective nitrile 2, 3 and 0.4 mol%
of 8-hydroxyquinoline were dissolved in EtOH (10 mL/mmol). To this reaction mixture,
2.00 eq hydroxylamine hydrochloride in water (2.0 mL/mmol) and 1.60 eq potassium
carbonate in water (1 mL/mmol) were added. The mixture was stirred at reflux for 6 h. The
solvent was then removed under reduced pressure. The residue was diluted with water and
the aqueous phase acidified to pH = 3. The formed precipitate was then filtered, washed with

water and acetone to furnish the corresponding amidoxime 4 and 5.

Synthesis of 3-(N'-hydroxycarbamimidoyl)benzoic acid (4)

o N,OH

|
Ho)l\©/LNH2

[180.16]
3-Cyanobenzoic acid 2 (2.94 g, 20.0 mmol, 1.00 eq) was subjected to General procedure 1.
The amidoxime 4 (3.10 g, 17.2 mmol, 86%) was obtained as a white solid. All spectroscopic

data were in agreement with the literature. [

Synthesis of 4-(N'-hydroxycarbamimidoyl)benzoic acid (5)

N,OH

|
NH,
HO.

o)

[180.16]
4-Cyanobenzoic acid 3 (4.50 g, 30.0 mmol, 1.00 eq) was subjected to General procedure 1 to
provide the amidoxime 5 (4.68 g, 26.0 mmol, 87%) as a yellow solid. All spectroscopic data

were in agreement with the literature.?

General procedure 2: Formation of the TFMO-moiety

A solution of the respective amidoxime 4 and 5 (1.00 eq) in anhydrous toluene (1 mmol/mL)
was cooled to 0 °C and 3.00 eq trifluoroacetic anhydride was added dropwise. The reaction
mixture was slowly allowed to warm to rt and then refluxed for further 8 h. The solvent was

removed under reduced pressure, and the crude solid diluted with ethyl acetate. The organic
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layer was washed with brine (3x25 mL), dried over Na,SOyg, filtered and the solvent removed
under reduced pressure. The crude product was purified by recrystallisation (ethyl acetate/

n-hexane) yielding the products 6 and 7.

Synthesis of 3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (6)

0 N-Q

)l\©/li P—CF,
HO N

[258.16]
3-(N'-Hydroxycarbamimidoyl)benzoic acid (4) (979 mg, 5.43 mmol, 1.00 eq) was subjected to
General procedure 2 to furnish the product 6 (624 mg, 2.42 mmol, 45%) as a white solid. All

spectroscopic data were in agreement with the literature. (1l

Synthesis of 4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (7)

HO.

© sste

4-(N'-Hydroxycarbamimidoyl)benzoic acid (5) (1.80 g, 10.0 mmol, 1.00 eq) was subjected to
General procedure 2 to afford 3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (7)
(1.55 g, 6.00 mmol, 60%) as a white solid.
'H NMR (300 MHz, DMSO-ds) 6 = 8.08 —8.24 (m, 4H), 13.38 (s, 1H) ppm.
13C NMR (75 MHz, DMSO) & = 115.65 (q), 127.56, 128.04, 130.20, 134.20, 165.47, 165.24 (q),
167.86 ppm.
HPLC analysis: Rt = 12.483 min, 95.8%.
HRMS (ESI+) = calcd. for C12HsF3N3O03 [M+ACN]* = 299.0518, found: 299.22109.
mp.: 251°C.

General procedure 3: HATU-coupling

For the synthesis of the amides 1a-t, 1.00 eq of the respective carboxylic acid 6 and 7 was
dissolved in dry DMF (0.1 mmol/mL) and 1.00 eq HATU as well as 2.00 eq DIPEA were added.
After stirring for 15 min at rt, the corresponding amine (1.00 eq) was added and the resulting

mixture stirred for further 16 h at rt. The solvent was removed under reduced pressure and
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the residue diluted with EtOAc. The organic layer was washed with saturated NaHCOs (3x
50 mL), brine (1x 50 mL), dried over Na,SO4 and filtered. After removing the solvent, the crude

product was purified as stated.

Synthesis of N-methyl-N-phenyl-3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide (1a)

0 N-Q
QLA
'i‘ N

[347.30]
3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (6) (387 mg, 1.50 mmol, 1.00 eq) was
converted with N-methylaniline (161 mg, 1.50 mmol, 1.00 eq) according to General
procedure 3. The crude product was purified by flash chromatography (n-hexane/EtOAc) to
afford 1a (250 mg, 0.72 mmol, 48%) as a beige solid.

1H NMR (600 MHz, DMSO-ds) & = 3.41 (s, 3H), 7.16 (tt, J = 6.8, 1.6 Hz, 1H), 7.21 — 7.29 (m, 4H),
7.46 (dt, J = 15.3, 7.7 Hz, 2H), 7.95 (dt, J = 7.6, 1.6 Hz, 1H), 7.98 (d, J = 1.8 Hz, 1H) ppm.

13C NMR (151 MHz, DMSO-ds) & = 37.86, 115.69 (q, J = 273.2 Hz), 124.11, 126.77, 127.01,
127.17, 128.09, 129.08, 129.18, 131.99, 137.61, 144.10, 115.69 (q, J = 273.2 Hz), 167.82,
168.20 ppm.

HPLC analysis: Rt = 14.650 min, >99%.

HRMS (ESI+) = calcd. for C17H13F3N30, [M+H]* = 348.0954, found: 348.0957.

mp.: 60.6 °C.

Synthesis of N-(4-bromo-3-methylphenyl)-3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-
yl)benzamide (1b)

N-Q,

Br:
(o]
:©\ [ P—cFs
N N
H

[426.19]
3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (6) (774 mg, 3.00 mmol, 1.00 eq) was
coupled with 4-bromo-3-methylaniline (558 mg, 3.00 mmol, 1.00 eq) according to General
procedure 3. The crude product was purified by flash chromatography (n-hexane/EtOAc) and
then further purified by recrystallisation (n-hexane/ EtOAc) to afford 1b (344 mg, 0.81 mmol,

27%) as a white solid.
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1H NMR (600 MHz, DMSO-ds) & = 2.36 (s, 3H), 7.56 (d, J = 8.6 Hz, 1H), 7.61 (dd, J = 8.7, 2.6 Hz,
1H), 7.77 — 7.82 (m, 2H), 8.26 (ddt, J = 17.3, 7.9, 1.4 Hz, 2H), 8.62 (t, J = 1.8 Hz, 1H), 10.56 (s,
1H) ppm.

13C NMR (151 MHz, DMSO-ds) & = 22.67, 115.76 (q, J = 273.0 Hz), 118.23, 119.97, 122.85,
124.73, 126.51, 129.86, 130.33, 131.67, 132.15, 135.77, 137.34, 138.39, 164.31, 165.22 (q,
J=43.8 Hz), 168.05 ppm.

HPLC analysis: Rt = 17.500 min, >99%.

HRMS (ESI+) = calcd. for C17H12BrFsNsO; [M] = 426.0059, found: 426.0063.

mp.: 179.2 °C.

Synthesis of N-benzyl-3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide (1c)

0 N-Q

Saacal
[347.30]

3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (6) (387 mg, 1.50 mmol, 1.00 eq) was
treated with benzylamine (161 mg, 1.50 mmol, 1.00 eq) according to General procedure 3.
The crude product was purified by flash chromatography (n-hexane/EtOAc) to provide 1c
(350 mg, 1.01 mmol, 67%) as a white solid.
IH NMR (600 MHz, DMSO-ds) & = 4.52 (d, J = 5.9 Hz, 2H), 7.25 (tp, J = 5.6, 2.8 Hz, 1H), 7.32 —
7.37 (m, 4H), 7.74 (t, J = 7.8 Hz, 1H), 8.21 (ddt, J = 19.5, 7.9, 1.4 Hz, 2H), 8.59 (t, J = 1.8 Hz, 1H),
9.36 (t, J = 5.9 Hz, 1H) ppm.
13C NMR (151 MHz, DMSO-ds) & = 42.79, 115.76 (q, J = 273.2 Hz), 124.68, 126.18, 126.81,
127.31, 128.31, 129.79, 129.94, 131.25, 135.41, 164.99, 165.17 (q, / = 43.6 Hz), 168.12 ppm.
HPLC analysis: Rt = 14.850 min, >99%.
HRMS (ESI+) = calcd. for C16H1sF3N4O4 [M+H]* = 387.1275, found: 387.1279.
mp.: 113.0 °C.

203



Synthesis of N-(4-methoxybenzyl)-3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide
(1d)

o N-Q

| )—cF,
N N
jog
MeO

[377.32]

3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (6) (258 mg, 1.00 mmol, 1.00 eq) was
converted with 4-methoxybenzylamine (137 mg, 1.00 mmol, 1.00 eq) according to General
procedure 3. The crude product was purified by flash chromatography (n-hexane/EtOAc) to
provide 1d (205 mg, 0.54 mmol, 54%) as a white solid.

1H NMR (600 MHz, DMSO-ds) & = 3.73 (s, 3H), 4.44 (d, J = 5.9 Hz, 2H), 6.87 - 6.92 (m, 2H), 7.25
—7.30 (m, 2H), 7.73 (t, J = 7.8 Hz, 1H), 8.14 — 8.18 (m, 1H), 8.19 — 8.23 (m, 1H), 8.57 (t, /= 1.7
Hz, 1H), 9.29 (t, /= 5.9 Hz, 1H) ppm.

13C NMR (151 MHz, DMSO-ds) 6 =42.27, 55.05, 113.72, 114.86 (q, J = 271.5 Hz), 124.66,
126.17, 128.72, 129.77, 129.89, 131.24, 131.38, 135.51, 158.26, 164.88, 165.04, 165.32,
165.62, 168.13 ppm.

HPLC analysis: Rt = 14.333 min, >99%.

HRMS (ESI+) = calcd. for CigH1sF3N3O3 [M+H]* = 378.1060, found: 378.1058.

mp.: 129.6 °C.

Synthesis of N,N-dibenzyl-3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)-benzamide (1e)

437.42]
3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (6) (258 mg, 1.00 mmol, 1.00 eq) was
coupled with dibenzylamine (203 mg, 1.00 mmol, 1.00 eq) according to General procedure 3.
The crude product was purified by flash chromatography (n-hexane/EtOAc) to furnish 1le
(249 mg, 0.57 mmol, 57%) as a white solid.
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1H NMR (600 MHz, DMSO-ds) & = 4.44 (s, 2H), 4.64 (s, 2H), 7.16 (s, 2H), 7.36 (d, J = 32.7 Hz,
9H), 7.68 (td, J = 7.7, 0.6 Hz, 1H), 7.74 — 7.80 (m, 1H), 8.06 (td, J = 1.8, 0.6 Hz, 1H), 8.12 (ddd,
J=7.8,1.8,1.2 Hz, 1H) ppm.

13C NMR (75 MHz, DMSO-ds) & = 47.38,51.60, 115.71 (q, J = 273.1 Hz), 124.81, 125.27, 126.79,
127.35, 127.74, 128.38, 128.70, 130.00, 130.38, 136.34, 136.88, 137.33, 165.13 (q,
J=43.9 Hz), 167.88, 169.99 ppm.

HPLC analysis: Rt = 17.967 min, >99%.

HRMS (ESI+) = calcd. for CasH1sF3N3O, [M+H]* = 438.1424, found: 483.1427.

mp.: 82.0 °C.

Synthesis of N-([1,1'-biphenyl]-4-yImethyl)-3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-
yl)benzamide (1f)

0 N-Q

Seacan
[423.40]

3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (6) (258 mg, 1.00 mmol, 1.00 eq) was
treated with 4-phenylbenzylamine (187 mg, 1.00 mmol, 1.00 eq) according to General
procedure 3. The crude product was purified by flash chromatography (n-hexane/EtOAc) to
afford 1f (247 mg, 0.65 mmol, 65%) as a white solid.

'H NMR (600 MHz, DMSO-dg) 6 = 4.57 (d, J = 5.9 Hz, 2H), 7.33 — 7.37 (m, 1H), 7.45 (td, J = 8.4,
7.9,2.0Hz, 4H), 7.61-7.67 (m, 4H), 7.75 (t,J = 7.8 Hz, 1H), 8.22 (ddt, J = 13.6, 7.9, 1.4 Hz, 2H),
8.61 (t, /= 1.8 Hz, 1H), 9.40 (t, / = 5.9 Hz, 1H) ppm.

13C NMR (151 MHz, DMSO-de) 6 = 42.55, 115.76 (q, J = 273.2 Hz), 124.70, 126.18, 126.57,
126.66, 127.31, 127.97, 128.90, 129.82, 129.97, 131.28, 135.40, 138.66, 138.81, 139.97,
165.02, 165.18 (q, / = 43.8 Hz), 168.12 ppm.

HPLC analysis: Rt = 16.733 min, 97.9%.

HRMS (ESI+) = calcd. for C23H17F3N3O; [M+H]* = 424.1267, found: 424.1266.

mp.: 188.1 °C.
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Synthesis of N-benzhydryl-3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide (1g)

E 0 N-Q
| )—CF,
sanes

[423.40]
3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (6) (258 mg, 1.00 mmol, 1.00 eq) was
converted with benzhydrylamine hydrochloride (220 mg, 1.00 mmol, 1.00 eq) according to
General procedure 3. The crude product was purified by flash chromatography
(n-hexane/EtOAc) to provide 1g (256 mg, 0.61 mmol, 61%) as a white solid.

'H NMR (600 MHz, DMSO-dg) 6 = 9.63 (d, J = 8.6 Hz, 1H), 8.61 (t, J = 1.8 Hz, 1H), 8.23 (ddt, J =
7.9, 3.1, 1.5 Hz, 2H), 7.74 (t, J = 7.8 Hz, 1H), 7.40 — 7.35 (m, 8H), 7.30 - 7.26 (m, 2H), 6.46 (d, J
= 8.6 Hz, 1H) ppm.

13C NMR (151 MHz, DMSO-ds) 6 = 56.55, 115.75 (q, J = 273.2 Hz), 124.58, 126.51, 127.07,
127.68,128.36, 129.67, 130.05, 131.72, 135.40, 142.03, 164.79, 165.17 (q, J = 43.7 Hz), 168.13
ppm.

HPLC analysis: Rt = 16.433 min, >99%.

HRMS (ESI+) = calcd. for C23H17F3N3O; [M+H]* = 424.1267, found: 424.1267.

mp.: 162.1 °C.

Synthesis of (R)-N-(1-(naphthalen-1-yl)ethyl)-3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-
yl)benzamide (1h)

[411.38]
3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (6) (258 mg, 1.00 mmol, 1.00 eq) was
coupled with (R)-(+)-1-(1-naphthyl)ethylamine (171 mg, 1.00 mmol, 1.00 eq) according to
General procedure3. The crude product was purified by flash chromatography
(n-hexane/EtOAC) to obtain 1h (316 mg, 0.77 mmol, 77%) as a white solid.

IH NMR (600 MHz, DMSO-ds) & = 1.66 (d, J = 6.9 Hz, 3H), 6.00 (p, J = 7.1 Hz, 1H), 7.49 — 7.55
(m, 2H), 7.58 (ddd, J = 8.3, 6.6, 1.3 Hz, 1H), 7.64 — 7.69 (m, 1H), 7.73 (t, J = 7.8 Hz, 1H), 7.84 (d,
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J=8.1Hz, 1H), 7.95 (dd, J = 7.9, 1.4 Hz, 1H), 8.18 — 8.24 (m, 3H), 8.59 (d, J = 1.8 Hz, 1H), 9.30
(d, J=7.7 Hz, 1H) ppm.

13C NMR (151 MHz, DMSO-ds) 6 = 21.31, 44.96, 115.76 (q, J = 273.3 Hz), 122.64, 123.09,
124.60, 125.48, 125.60, 126.23, 126.29, 127.34, 128.68, 129.68, 129.94, 130.46, 131.49,
133.38, 135.51, 140.06, 164.27, 165.17 (q, J = 43.7 Hz), 168.14 ppm.

HPLC analysis: Rt = 16.383 min, >99%.

HRMS (ESI+) = calcd. for C22H17F3N3O; [M+H]* = 412.1267, found: 412.1269.

mp.: 163.8 °C.

Synthesis of N-(4-phenoxybenzyl)-3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide
(1i)

<Uransant
O

[439.39]
3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (6) (258 mg, 1.00 mmol, 1.00 eq) was
treated with 2-phenoxyaniline (191 mg, 1.00 mmol, 1.00 eq) according to General
procedure 3. The crude product was purified by flash chromatography (n-hexane/EtOAc) and
by recrystallisation (n-hexane/EtOAc) to furnish 1i (229 mg, 0.54 mmol, 54%) as white
crystals.
IH NMR (600 MHz, DMSO-ds) & = 6.99 —7.02 (m, 2H), 7.04 — 7.08 (m, 2H), 7.10 — 7.14 (m, 1H),
7.35—7.42 (m, 2H), 7.77 — 7.84 (m, 3H), 8.27 (ddd, J = 9.4, 6.9, 1.6 Hz, 2H), 8.63 (t, J = 1.8 Hz,
1H), 10.56 (s, 1H) ppm.
13C NMR (151 MHz, DMSO-dg) 6 = 115.76 (q, J = 273.3 Hz), 118.04, 119.22, 122.29, 123.09,
124,72, 126.52, 129.83, 129.98, 130.19, 131.61, 134.67, 135.99, 152.41, 157.21, 164.13,
165.22 (q, J = 43.8 Hz), 168.08 ppm.
HPLC analysis: Rt = 17.300 min, >99%.
HRMS (ESI+) = calcd. for C22H1s5F3N3O3 [M+H]* = 426.1060, found: 426.1058.
mp.: 171 °C.
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Synthesis of N-(4-phenylthiazol-2-yl)-3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide
(1j)
/S 0 N-Q
@—[N/*HJ\Q/&N)%&

[416.38]
3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (6) (258 mg, 1.00 mmol, 1.00 eq) was
coupled with 2-amino-4-phenylthiazole (180 mg, 1.00 mmol, 1.00 eq) according to General
procedure 3. The crude product was purified by flash chromatography (n-hexane/EtOAc) to
furnish 1j (140 mg, 0.34 mmol, 34%) as a beige solid.
1H NMR (600 MHz, DMSO-dg) & = 7.31 —7.37 (m, 1H), 7.45 (t, J = 7.7 Hz, 2H), 7.72 (s, 1H), 7.81
(t,J=7.8 Hz, 1H), 7.94 — 7.99 (m, 2H), 8.31 (dt, J = 7.8, 1.4 Hz, 1H), 8.38 — 8.42 (m, 1H), 8.82
(t,J = 1.8 Hz, 1H), 13.12 (s, 1H) ppm.
13C NMR (151 MHz, DMSO-ds) 6 = 108.82, 114.89 (q), 124.92, 125.81, 127.24, 127.89, 128.78,
130.06,131.11, 132.14, 133.26, 134.32, 149.29, 158.37, 165.27 (q, / = 43.8 Hz).165.71, 168.01
ppm.

HPLC analysis: Rt = 17.283 min, >99%.
HRMS (ESI+) = calcd. for C1oH12F3N4O2S[M+H]* = 417.0628, found: 417.0629.
mp.: 208 °C.

Synthesis of N-(4-chloropyridin-2-yl)-3-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide
(1k)

Z>N 0 N-Q
| |_)—cF
Cl/QNJULN 3

[368.70]
3-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (6) (1.03 g, 4.00 mmol, 1.00 eq) was
treated with 4-chloropyridin-2-amine (514 mg, 4.00 mmol, 1.00 eq) according to General
procedure 3. The crude product was purified by flash chromatography
(n-hexane/EtOAc/0.1% NEts) and  then  further  purified by recrystallisation
(n-hexane/diethylether) yielding 1k (348 mg, 0.94 mmol, 24%) as a white solid.

'H NMR (300 MHz, DMSO-de) 6 = 7.33 (dd, J = 5.4, 1.9 Hz, 1H), 7.70 - 7.85 (m, 1H), 8.23 - 8.36
(m, 2H), 8.40 (dd, J = 5.4, 0.6 Hz, 1H), 8.61 —8.74 (m, 1H), 11.43 (s, 1H) ppm.
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13C NMR (151 MHz, DMSO-dg) 6 = 114.26, 116.69 (q), 120.06, 124.66, 127.21, 129.82, 130.70,
132.06, 134.94, 144.00, 149.46, 153.25, 165.24 (q, / = 43.9 Hz), 165.43,168.04 ppm.

HPLC analysis: Rt = 15.517 min, 95.3%.

HRMS (ESI+) = calcd. for CisHgCIF3N2O, [M+H]* = 369.0361, found: 369.0366.

mp.: 108.5 °C.

Synthesis of N-(2-(diethylamino)ethyl)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-
yl)benzamide (1l)

N-Q

|
) N/>—<:F3
AN
P o

[356.35]
4-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (7) (258 mg, 1.00 mmol, 1.00 eq) was
converted with N,N-diethylethylenediamine (140 uL, 1.00 mmol, 1.00 eq) according to
General procedure 3. The crude product was purified by flash chromatography
(n-hexane/EtOAc) to afford 11 (215 mg, 0.60 mmol, 60%) as a white solid.

1H NMR (300 MHz, CDCl3) 6 = 1.06 (t, J = 7.1 Hz, 7H), 2.60 (q, J = 7.1 Hz, 4H), 2.70 (t, J = 5.9
Hz, 2H), 3.41 —3.60 (m, 2H), 7.10 (s, 1H), 7.87 — 7.97 (m, 2H), 8.15 — 8.24 (m, 2H) ppm.

13C NMR (75 MHz, DMSO-ds) 6 = 11.85, 37.68, 46.74, 51.36, 110.22, 115.65 (q, J = 273.3 Hz),
121.08, 126.46, 127.29, 128.10, 138.05, 164.78, 165.02, 165.36, 167.93 ppm.

HPLC analysis: Rt = 9.683 min, 99%.

HRMS (ESI+) = calcd. for CigH20F3N4O; [M+H]* = 357.1533, found: 357.1535.

mp.: 68.6 °C.

Synthesis of N-benzyl-N-methyl-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide
(1m)

N-Q

{ />—CF3
| N
@\/N\g/@‘\

[361.32]

4-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (7) (258 mg, 1.00 mmol, 1.00 eq) was

treated with N-benzylmethylamine (140 uL, 1.00 mmol, 1.00 eq) according to General
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procedure 3. The crude product was purified by flash chromatography (n-hexane/EtOAc) to
obtain 1m (260 mg, 0.72 mmol, 72%) as a white solid.

1H NMR (600 MHz, DMSO-ds) & = 2.89 (d, J = 53.4 Hz, 3H), 4.48 (s, 1H), 4.71 (s, 1H), 7.10 — 7.46
(m, 4H), 7.68 (dd, J = 26.6, 7.9 Hz, 2H), 8.12 (dd, J = 27.3, 7.9 Hz, 2H) ppm.

13C NMR (151 MHz, DMSO-ds) 6 = 34.73 (d, J = 608.2 Hz), 51.94 (d, J = 630.0 Hz), 115.74 (q, J
=273.0 Hz), 125.20, 126.76, 127.27, 127.46, 127.56, 127.60, 127.67, 127.99, 128.64, 128.77,
136.63, 137.12, 140.09, 140.19, 165.16 (q, J = 43.9 Hz).167.97, 169.29, 169.87 ppm.

HPLC analysis: Rt = 15.150 min, 99%.

HRMS (ESI+) = calcd. for CigH15F3N30, [M+H]* =362.1111, found: 362.113.

mp.: 89.8 °C.

Synthesis of N-(4-(diethylamino)butyl)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-
yl)benzamide (1n)

N-Q

] [ P—CFs
AN
P, o

[384.40]
4-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (7) (258 mg, 1.00 mmol, 1.00 eq) was
converted with N,N-diethylbutane-1,4-diamine (182 pL, 1.00 mmol, 1.00 eq) according to
General procedure 3. The crude product was purified by flash chromatography (CHCl,/ 30%
MeOH in CHCly/ 0.1% NEt3) to obtain 1n (320 mg, 0.83 mmol, 83%) as a white solid.

IH NMR (300 MHz, DMSO-ds) & = 0.97 (t, J = 7.1 Hz, 6H), 1.39 — 1.62 (m, 4H), 2.40 — 2.60 (m,
6H), 3.29 (q, J = 6.5 Hz, 2H), 8.01 — 8.08 (m, 2H), 8.12 — 8.18 (m, 2H), 8.70 (t, J/ = 5.6 Hz, 1H)
ppm.

13C NMR (75 MHz, DMSO-de) & = 11.22, 23.75, 26.92, 46.30, 51.79, 115.75 (d, J = 273.2 Hz),
126.55, 127.38,128.28, 138.17, 164.91, 165.18, 165.49, 167.99 ppm.

HPLC analysis: Rt = 9.919 min, >99%.

HRMS (ESI+) = calcd. for C1gH24F3N4O; [M+H]* = 385.1846, found: 385.1848.

mp.: 84.4 °C.
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Synthesis of N-(2-(diethylamino)ethyl)-N-methyl-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-
yl)benzamide (10)

N-Q,

|_P—cF,
| N
/\N/\/N

o}

[370.37]
4-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (7) (258 mg, 1.00 mmol, 1.00 eq) was
coupled with N,N-diethyl-N"-methylethylenediamine (133 mg, 1.00 mmol, 1.00 eq) according
to General procedure 3. The crude product was purified by flash chromatography
(CH2Cl2/30% MeOH in CH,Clz/ 0.1% NEts) to afford 10 (268 mg, 0.72 mmol, 72%) as a yellowish
oil.

IH NMR (600 MHz, DMSO-ds) 8 = 0.79 (t, J = 7.1 Hz, 3H), 0.99 (t, J = 7.1 Hz, 3H), 2.26 (q, J = 7.1
Hz, 2H), 2.46 (t, J = 6.8 Hz, 1H), 2.51 - 2.56 (m, 2H), 2.63 (t, / = 6.9 Hz, 1H), 2.96 (d, / = 46.7 Hz,
3H), 3.24 (t, J = 6.8 Hz, 1H), 3.52 (t, J = 6.8 Hz, 1H), 7.61 (dd, J = 16.6, 7.8 Hz, 2H), 8.12 (t, J =
6.2 Hz, 2H) ppm.

13C NMR (151 MHz, DMSO-de) 6 = 11.59, 12.10, 32.81, 37.76, 40.06, 45.10, 46.59, 46.74,
49.05, 49.54, 50.16, 115.75 (q, J = 273.0 Hz), 124.81, 124.95, 127.32, 127.52, 127.78, 127.93,
140.77, 165.15 (g, J = 43.6 Hz), 167.98, 168.81, 169.75 ppm.

HPLC analysis: Rt =9.719 min, 99.8%.

HRMS (ESI+) = calcd. for C17H22F3N4O; [M+H]* = 371.1689, found: 371.1686.

Synthesis of N-(2-(1H-indol-3-yl)ethyl)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-
yl)benzamide (1p)

N—-Q

{ />_CF3
y N
N
I
HN

(e}

[400.36]

4-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (7) (258 mg, 1.00 mmol, 1.00 eq) was
converted with tryptamine (160 mg, 1.00 mmol, 1.00 eq) according to General procedure 3.

The crude product was purified by flash chromatography (n-hexane/EtOAc) and then further
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purified by recrystallisation (n-hexane/ EtOAc) to obtain 1p (180 mg, 0.45 mmol, 45%) as a
beige solid.

14 NMR (300 MHz, DMSO-ds) 6 = 2.98 (t, J = 7.5 Hz, 2H), 3.58 (td, J = 7.4, 5.6 Hz, 2H), 7.03
(dddd, J = 25.8, 8.0, 7.0, 1.2 Hz, 2H), 7.20 (d, J = 2.3 Hz, 1H), 7.35 (dt, J = 8.1, 0.9 Hz, 1H), 7.59
(dd, J=7.6, 1.1 Hz, 1H), 8.02 — 8.21 (m, 4H), 8.85 (t, J = 5.6 Hz, 1H), 10.82 (s, 1H) ppm.

13C NMR (151 MHz, DMSO-ds) 6 = 25.08, 40.35, 111.38, 111.80, 115.75 (q, J = 273.1 Hz),
118.23, 118.26, 120.92, 122.63, 126.58, 127.27, 127.39, 128.30, 136.25, 138.14, 165.13,
165.18 (q, J = 43.7 Hz), 167.97 ppm.

HPLC analysis: Rt = 14.467 min, >99%.

HRMS (ESI+) = calcd. for CioH1sF3N4O; [M+H]* = 391.1376, found: 391.1378.

mp.: 167.0 °C.

Synthesis of N-methyl-N-phenyl-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide (1q)

N-CQ

| 7(()/u e
oy

[347.30]
4-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (7) (258 mg, 1.00 mmol, 1.00 eq) was
coupled with N-methylaniline (120 pL, 1.00 mmol, 1.00 eq) according to General procedure 3.
The crude product was purified by flash chromatography (n-hexane/EtOAc) to vyield 1q
(258 mg, 0.74 mmol, 74%) as a white solid.

1H NMR (300 MHz, DMSO-ds) & = 3.40 (s, 3H), 7.06 — 7.35 (m, 5H), 7.47 (d, J = 8.0 Hz, 2H), 7.89
(d, J=8.2 Hz, 2H) ppm.

13C NMR (151 MHz, DMSO-ds) 6 = 37.69, 115.70 (q, J = 273.2 Hz), 124.88, 126.77, 126.84,
127.18,129.12, 129.17, 140.26, 143.97, 165.04 (q, J = 43.6 Hz), 167.80, 168.48 ppm.

HPLC analysis: Rt = 14.717 min, 98.7%.

HRMS (ESI+) = calcd. for C17H13F3N3O, [M+H]* = 348.0954, found: 348.0954.

mp.: 89.7 °C.
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Synthesis of N-(4-(dimethylamino)benzyl)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-
yl)benzamide (1r)

| N-Q

| D—
/N\©\/ 7‘/©/LN/ CFs
H
N

(0]

[390.36]
4-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (7) (258 mg, 1.00 mmol, 1.00 eq) was
treated with 4-dimethylaminobenzylamine dihydrochloride (228 mg, 1.00 mmol, 1.00 eq)
according to General procedure 3. The crude product was purified by flash chromatography
(CH2Cl2/30% MeOH in CH2Cly/ 0.1% NEts) and recrystallized (n-hexane/EtOAc) to furnish 1r
(141 mg, 0.36 mmol, 36%) as a green solid.

IH NMR (300 MHz, DMSO-ds) & = 2.85 (s, 6H), 4.38 (d, J = 5.9 Hz, 2H), 6.66 — 6.74 (m, 2H), 7.12
—7.22 (m, 2H), 8.06 — 8.12 (m, 2H), 8.13 — 8.21 (m, 2H), 9.13 (t, J = 5.9 Hz, 1H) ppm.

13C NMR (75 MHz, DMSO-ds) 6 = 40.29, 42.36,112.38, 115.75 (d, J=273.1 Hz), 126.63, 126.89,
127.40, 128.39, 138.03, 149.64, 164.90, 164.99, 165.48, 167.96 ppm.

HPLC analysis: Rt =10.103 min, 99%.

HRMS (ESI+) = calcd. for C19H1gF3N4O, [M+H]* = 391.1376, found: 391.1376.

mp.: 182.6 °C.

Synthesis of (4-methylpiperazin-1-yl)(4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-
yl)phenyl)methanone (1s)

N-Q,

N ! N’>_CF3
Q0

(0]

[340.31]
4-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (7) (258 mg, 1.00 mmol, 1.00 eq) was
treated with 1-methylpiperazine (111 uL, 1.00 mmol, 1.00 eq) according to General
procedure 3. The crude product was purified by flash chromatography (CH2Cl2/30% MeOH in
CH,Cly/ 0.1% NEts) to furnish 1s (255 mg, 0.75 mmol, 75%) as a yellow solid.

1H NMR (300 MHz, DMSO-ds) 6 = 2.23 (s, 3H), 2.37 (d, J = 19.8 Hz, 5H), 3.64 (s, 2H), 7.53 - 7.70
(m, 2H), 8.04 — 8.26 (m, 2H) ppm.
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13C NMR (75 MHz, DMSO-de) 6 = 45.29, 54.21,115.64 (d, J=273.1 Hz), 125.12, 127.48, 127.86,
139.66, 164.76, 165.34, 167.74, 167.93 ppm.

HPLC analysis: Rt = 8.552 min, 96.8%.

HRMS (ESI+) = calcd. for CisH16F3N4O2 [M+H]* = 341.1220, found: 341.1221

mp.: 77.8 °C.

Synthesis of N-(quinolin-3-yl)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzamide (1t)

N-Q

| —CF,
H N
S
|

P
N O

[384.22]
4-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (7) (258 mg, 1.00 mmol, 1.00 eq) was
converted with 3-aminoquinoline (144 mg, 1.00 mmol, 1.00 eq) according to General
procedure 3. The crude product was purified by flash chromatography (CH,Cl2/ 30% MeOH in
CH,Cly/ 0.1% NEts) to yield 1t (112 mg, 0.29 mmol, 29%) as a white solid.

'H NMR (600 MHz, DMSO-ds) 6 = 7.60 (ddd, J = 8.1, 6.9, 1.1 Hz, 1H), 7.68 (tq, /= 7.9, 1.1 Hz,
1H), 7.95 — 8.02 (m, 2H), 8.26 (t, J = 1.0 Hz, 4H), 8.84 — 8.89 (m, 1H), 9.16 (dd, J = 2.4, 1.2 Hz,
1H), 10.92 (s, 1H) ppm.

13C NMR (151 MHz, DMSO-dg) 6 = 115.76 (d, J = 273.1 Hz), 123.64, 127.10, 127.34, 127.57,
127.70, 127.86, 128.19, 128.58, 128.96, 132.66, 137.68, 144.50, 145.43, 165.15, 165.27 (d, J
=43.9 Hz), 167.90 ppm.

HPLC analysis: Rt = 11.786 min, 98.4%.

HRMS (ESI+) = calcd. for CigH12F3N4O, [M+H]* = 385.0907, found: 385.0904.

mp.: 240.1 °C.
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Synthesis of N-(3-(diethylamino)propyl)-4-(5-(trifluoromethyl)-1,2,4-oxadiazol-3-
yl)benzamide (1u)

N-CQ

YQ/Q a
’ N
SN

(0]

[370.37]
4-(5-(Trifluoromethyl)-1,2,4-oxadiazol-3-yl)benzoic acid (7) (258 mg, 1.00 mmol, 1.00 eq) was
treated with 3-(diethylamino)propylamine (132 mg, 1.00 mmol, 1.00 eq) according to
General procedure 3. The crude product was purified by flash chromatography (CH2Cl./30%
MeOH in CHCl>/ 0.1% NEt3) to provide 1u (281 mg, 0.76 mmol, 76%) as a white solid.

IH NMR (300 MHz, DMSO-ds) & = 1.09 (t, J = 7.2 Hz, 6H), 1.74 — 1.90 (m, 2H), 2.83 (t,J = 7.1
Hz, 6H), 3.35(q, /= 6.6 Hz, 2H), 8.01 - 8.10 (m, 2H), 8.14 —8.22 (m, 2H), 8.83 (t, J = 5.6 Hz, 1H)
ppm.

13C NMR (75 MHz, DMSO-ds) & = 9.93, 24.85, 37.37, 46.38, 49.40, 115.83 (d, J = 273.3 Hz),
126.78, 127.53, 128.39, 137.97, 165.29 (d, J = 43.8 Hz), 165.48, 168.03 ppm.

HPLC analysis: Rt =9.786 min, 98.4%.

HRMS (ESI+) = calcd. for C17H22F3N4O2 [M+H]* = 371.1689, found: 371.1694

mp.: 77.3 °C.
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Summary and Outlook

Summary and Outlook

Studies over the past decades have demonstrated that histone deacetylases (HDACs)
participate in the regulation of the expression and activity of numerous proteins involved in
cancer development and progression. By catalyzing the removal of acetyl groups of histones,
HDACs generate a condensed chromatin structure and therefore alter transcription of
oncogenes and tumor suppressor genes. HDACs can also act on a variety of non-histone
proteins including signaling molecules and transcription factors implicated in the control of
cell growth, differentiation and apoptosis. As crucial epigenetic regulators, HDACs are
clinically validated cancer targets. Besides the natural product romidepsin, four trichostatin A
derived HDAC inhibitors (HDACi) (vorinostat, belinostat, panobinostat, chidamide) are
approved for the treatment of lymphoma and myeloma. Because of their chemosensitizing
properties in various types of cancer, HDACi are useful combination partners for established
anticancer drugs such as cisplatin.

The first project focused on the structural optimization of LMK235. Due to the promising
anticancer properties of LMK235, modifications of the cap group were performed to increase
the antiproliferative and synergistic activity with cisplatin in cisplatin-resistant cancer cells.
Among the synthesized compounds, YAK61 displayed a similar inhibition of HDAC2 and HDAC6
compared to LMK235, but was slightly more effective in reversing the cisplatin resistance of

Cal27CisR (Scheme 1).

0 0 Q 0
N/O\/\/\)LN,OH Modifications ~ MeO. N’O\/\/\)LN’OH
H H — H H
OMe

LMK235: class I/ HDACGi YAKG61: class I/ HDACS6i

K; (HDAC2): 0.08 uM K; (HDAC2): 0.06 uM

K; (HDACS6): 0.05 uM K; (HDAC6): 0.03 uM
Chemosensitization: SF=8.36 Chemosensitization: SF=12.8

Scheme 1: Modification of LMK235 in its cap region (highlighted in red).
So far, the most common HDACI under preclinical and clinical evaluation are nonselective
HDACI (pan-inhibitor). This unselectively is thought to cause the pan-HDACi associated severe
adverse effects and their limited therapeutic efficacy in solid tumors as single agents.
Therefore, the design and development of isozyme-selective HDACi provide a promising

approach to widen the therapeutic window and to reduce the side effects that have been
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Summary and Outlook

observed for pan HDACi. Furthermore, selective HDACi present important pharmacological
tool molecules to elucidate the biological role of individual HDACs in health and disease. In
contrast to the established role of class | HDACs in cancer, the significance of class lla HDACs
for cancer treatment is controversially discussed.

The second research project focused on the design and development of class lla selective
HDAC inhibitors. The first strategy aimed to generate class lla selective HDAC inhibitors by
addressing the lower pocket which is only present in class lla HDACs. Starting from the lead
structure CHDI-00390576, 4-phenyl substituted thiazolyl-based hydroxamates exhibiting
various cap groups and a-phenyl substituted derivatives demonstrating a hydroxamic acid as
ZBG were proposed to address the lower pocket of class Ila HDACs (Scheme 2). Preliminary
docking results indicated an isozyme selectivity by addressing the lower pocket of class lla
HDACs with the respective phenyl-substituent (colored in red). Based on the preliminary
in-silico studies, the evaluated thioether-based hydroxamates were expected to display a
potential HDAC4 and/or HDACS inhibitory activity. Surprisingly, this new series of thiazolyl
based hydroxamates revealed a moderate HDACG6 inhibitory activity in the low micromolar
range. The hydroxamic acids BLK196 and YAK320 did not show a HDAC4 inhibition up to
100 puM, whilst YAK312, exhibiting a 4-pyridinyl CAP moiety displayed a moderate HDAC4
inhibitory activity in the micromolar range. The thioether-based hydroxamic acid YAK477 was
identified as a highly active and selective HDAC8 inhibitor in the nanomolar range
(ICs0(HDACS8) = 0.28 uM) with a >356-fold selectivity over HDAC2 and a 35/21-fold preference
over HDAC4/6. Further approaches to target the lower pocket with various a-phenyl
substituted scaffolds e.g. a- and B-amino acid derivatives did not lead to potent and selective
class Ila HDACs inhibitors.

F3C. NN
< |

N

e

MeQ Br
) Q o)
,LOH
S N S ,OH
NCoH —— HN—<\ | H —_— H
H MeO N

Ph occupies the LP
of class lla HDACs

CHDI-00390576: selective HDAC4i BLK196: moderate HDACGi YAKA477: selective HDACSi
IC5o(HDAC4) = 97 nM IC50(HDACS) = 3.85 uM IC5o(HDACS8) = 0.28 uM

S| (HDAC2/4) = 1031 SI (HDAC2/6) > 26 S| (HDAC2/8) > 356

S| (HDAC6/4) = 62 S| (HDAC4/6) > 26 S| (HDAC4/8) = 35

S| (HDACB8/4) = 255 SI (HDAC8/6) = 11 SI (HDAC6/8) = 21

Scheme 2: The first strategy to address the lower pocket of class lla HDACs.
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The second strategy to design HDAC class lla selective inhibitors was the introduction of the
5-(trifluoromethyl)-1,2,4-oxadiazole (TFMO) moiety as a selectivity directing ZBG. Starting
from the lead structure TMP269, meta- and para-substituted TFMO-derivatives 5a-0 and 6a-q

were synthesized with a variable alkoxyamide/amide connecting unit according to Scheme 3.

a) 2.00 eq Na,CO4
1.50 eq H,NOH<HCI 1.00 eq HATU
8- hydroxyquinoline N-Q 2.00 eq DIPEA N-Q

R1:©/CN b) 3.00 eq TFAA R, | N,>_CF3 1.00 eq RNH,/ RONH, R, | N/>_CF3
R a) EtOH, reflux, 6 h  85-96% DMF
b) toulene, reflux, 6 h 60-75% R rt, o.n. R

2 2
1: R4=COOH, Ry=H 3: R4=COOH, Ry=H 60-75% 5a-0: R,=C(O)NHR, C(O)NHOR R,=H
2: Ry=H, R,=COOH 4: Ry=H, R,=COOH 6a-q: Ry=H, R,=C(O)NHR, C(O)NHOR

Scheme 3: The synthesis of meta- and para-substituted TFMO-derivatives 5a-0 & 6a-q.

The para-substituted TFMO-derivative YAK507 displayed an approximately 1.3-fold increased
HDAC4 inhibition (ICso(HDAC4) = 118 nM) compared to the lead structure TMP269 with a
more than 800-fold selectivity over HDAC2/6/8. Moreover, YAK507 displayed a 285-fold
stronger inhibitory activity towards HDAC4 in comparison to its corresponding
meta-substituted TFMO-derivative YAK157 (ICso(HDAC4) = 33.6 uM). SAR studies revealed
that the para-substituted TFMO derivatives showed a stronger inhibitory activity towards
HDAC4 than the corresponding meta-substituted TFMO derivatives. Therefore, the
para-substituted TFMO derivatives were optimized within the connecting unit and the cap
region which resulted in the highly potent and selective class lla HDAC inhibitor FFK24
(ICso(HDAC4) = 12 nM) with a 511/482/355-fold selectivity over HDAC2/6/8 (Scheme 4). FFK24
demonstrated an approximately 13/8-fold stronger HDAC4 inhibition than TMP269 and the
class lla selective hydroxamate-based compound CHDI-00390576. Regarding the HDAC

isozyme inhibition profile, FFK24 is among the most promising class Ila HDAC inhibitors.
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TMP269: potent & selective HDAC4i
IC50(HDAC4) = 157 nM

S| (HDAC2/4) = 637

S| (HDAC6/4) = 66
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FFK24: potent & selective HDAC4i
IC50(HDAC4) = 12 nM

S| (HDAC2/4) = 511

S| (HDAC6/4) = 482

S| (HDACB8/4) = 355

: T

0 0 N-Q |_p—cF
o I I, oo
H

YAK157: moderate HDAC4i
IC59(HDAC4) = 33.6 uM

S| (HDAC2/4) > 3

S| (HDAC6/4) > 3

S| (HDAC8/4) > 3

Scheme 4: The development of FFK24 starting from TMP269.

YAKS507: potent & selective HDAC4i
IC50(HDAC4) = 118 nM

S| (HDAC2/4) > 847

S| (HDAC6/4) > 847

S| (HDACB8/4) > 847

In summary, 90 final compounds were synthesized successfully. The two para-substituted
TFMO-based compounds FFK29 (ICso(HDAC4) = 24.5 nM) and FFK24 (ICso(HDAC4) =12 nM)
were identified as highly potent and selective class lla HDAC inhibitors in the low nanomolar
range (Figure 1).
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FFK29: selective HDAC4i
IC59(HDAC4) = 24.5 nM
S| (HDAC2/4) = 331

S| (HDAC6/4) = 83

S| (HDAC8/4) > 4031

FFK24: selective HDAC4i
IC50(HDAC4) = 12 nM

S| (HDAC2/4) = 511

S| (HDAC6/4) = 482

SI (HDAC8/4) = 355

Figure 1: The two potent and selective HDAC4 inhibitors FFK24 and FFK29.
Subject of future work will be the lead structure optimization of FFK24 in its linker, cap and
ZBG region to improve its potency, water solubility and metabolic stability (Figure 2).
Furthermore, the elucidation of the binding mode of FFK24 within the catalytic site of HDAC4,
via crystallisation studies, is subject of future studies. Further biological evaluation will focus
on the combination studies of our class lla selective HDACi with proteasome inhibitors in the
leukemia cell lines HL-60 and RPM-8226 as well as in the human tongue squamous carcinoma

cell line Cal27 and the human ovarian cancer cell line A2780.
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CAP modifictaion: Linker modifictaion:
prolongation, truncation substituted benzene, 6-membered ZBG modifictaion:
and cyclisation heterocycles (e.g. pyridines)
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piperdine S| (HDAC2/4) = 511
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Figure 2: Lead structure optimization of FFK24.

Interestingly, the thioether-based hydroxamate YAK477 (ICso(HDACS8) = 0.28 uM) has been
identified as a highly potent and selective HDACS8 inhibitor in the nanomolar range. Further
studies will focus on the structural optimization of YAK477 to improve HDACS selectivity and
e.g. water solubility as well as pharmacokinetic properties. The elucidation of the binding
mode of YAK477 within the catalytic pocket of HDACS8 via crystallization studies is subject of

future research.
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