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In the search for a new class of histone deacetylase inhibitors, we prepared a series of simple benzofused
hydroxamic acids to find an anchoring fragment of minimal molecular weight. These initial hits, all
belonging to the benzothiophene class, showed very good ligand efficiencies. Following these findings,
a classical fragment growing approach was performed to increase binding affinity and cytotoxicity.

© 2013 Elsevier Ltd. All rights reserved.

Histone deacetylases (HDACs) are zinc dependent hydrolases
that mediate chromatin remodelling and gene expression by re-
moval of acetyl groups from histone lysine residues. Histone hyper-
acetylation, induced by HDAC inhibitors, correlates with modulation
of gene expression, cell-cycle arrest, differentiation and apoptosis in
tumor cells and in recent years, HDACs have become important tar-
gets for the treatment of a number of cancers.! Currently there are
several HDAC inhibitors in clinical trials? and two on the market.?
Based on their homology to the yeast HDACs, mammalian HDACs
can be categorized into four classes. Mechanistically, Classes I, II
and IV are distinct from Class III in their co-factor requirement, in
that the former require zinc in the active site to mediate deacetyla-
tion catalysis, while the latter is NAD*? dependent. Virtually all of
the known inhibitors target the Zn?* catalytic domain of Class I, II
and IV HDACs and are only slightly selective or non-selective. They
fall into several distinct structural classes: hydroxamic acids, such
as SAHA, aminobenzamides, short chain fatty acids, cyclic peptides.*

As part of an internal project aimed at the identification of new
and proprietary classes of HDAC inhibitors, we decided to apply the
fragment approach philosophy.® This involves first finding a small
fragment able to show binding affinity in our test and then to
evolve this fragment. We targeted molecular interactions only with
the zinc atom and the active site cavity, planning to optimize
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pharmacokinetic and pharmacodynamic properties of the selected
hits via systematic functionalization.
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Scheme 1. Reagents and conditions: (a) NaOH, H,O/THF and then NH,OH, HOAt,
EDAC, DIPEA; (b) NH,0H, NaOH, MeOH.
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Table 1
ICsp values for compounds 3-14 and ligand efficiencies (LEs) calculated according to
Ref. 6

Compd ICs0 (UM) LE

3 2.17 £0.65 0.59
4 1.76 £ 0.52 0.56
5 0.458 +0.169 0.58
6 2.91+0.70 0.54
7 9.19+3.73 0.40
8 11.63 +1.40 0.29
9 3.79+1.31 0.49
10 1.35+0.42 0.40
11 0.989 +0.151 0.54
12 1.08 £0.28 0.68
13 0.557 +0.185 0.71
14 76.13 £ 26.53 043

OMe

M

16a R = acyl
16b R = alkyl

From the data reported in literature and a visual inspection of
the various X-ray structures of HDACs complexed with various
inhibitors,%” a structural feature caught our attention: two phenyl
alanine side chains (Phe 152 and Phe 208 in HDAC-8) form part of
the wall of the binding cavity and are almost parallel. We reasoned
that these two aromatic rings could be used to gain binding energy
from m-7 interactions via the insertion of an aromatic fragment.

Given these assumptions we hypothesised that benzofused
derivatives containing a hydroxamic acid were the initial frag-
ments of choice. A docking of benzothiophene-2-hydroxamic acid
into the active site of HDAC-8 showed that the hydroxamic acid
moiety could complex the Zn atom without any steric clash with
the heterocycle’s sulfur atom, and that the benzene ring of the ben-
xothiophene was able to sandwich between the two phenyl
alanine aromatic side chains. These positive docking results
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Scheme 2. Reagents and conditions: (a) EDAC, HOAt, RCO,H; (b) RCHO, NaBH3CN; (c) KOH, NH,OH-HCI, MeOH/THF; (d)

DMF.
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Scheme 3. (a) Fmoc-N-hydroxysuccinimide; (b) DIPC, HOAt, pyridine, hyroxylamine chlorotrityl resin; (c) 20% piperidine in DMF; (d) DIPC, HOAt, pyridine; (e) TES, TFA, DCM.
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Scheme 4. (a) NBS, CCly; (b) p-F-thiophenol; (c) ArOH, Cs,COs; (d) NHRR’; (e) NaN3, DMF and then H,, Pd/C, THF; (f) RCO,H and coupling agent.
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Table 2

HDAC inhibition of amines 34-39 and amides 40-63, and cytotoxicity on HCT-116 cells
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prompted us to form a collection of aromatic bicyclic compounds
containing a thiophene and a carboxylic acid, available commer-
cially, and in our chemical archives, and to synthesize the corre-
sponding hydroxamic acids (Scheme 1, compounds 3-14).2

The benzothiophene hydroxamic acids 3-14 were prepared
from the corresponding carboxylic acids through coupling with
hydroxylamine in the presence of N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide (EDAC) and 7-aza-1-hydroxybenzotriazole
(HOAt), and then profiled using partially purified HDAC enzyme
obtained from HelLa cells.® The ICso values and ligand efficiencies
(calculated using the method of Rees co-workers.!°) for these ini-
tial fragments are reported in Table 1.

These data clearly showed that the 2 position was better than
the 3 position from the point of view of the hydroxamic acid moi-
ety, and that while some substituents were tolerated in the 4 and 7
positions, it seemed that there was a limit to their size, with the 7

position appearing the more sensitive of the two. Functionalisation
of the 5 and 6 positions (singularly or together) was tolerated and
this prompted us to use these positions for the introduction of new
functional groups aimed at finding new interactions within the ac-
tive site. This was carried out either via the introduction of amino
groups at the 5 and 6 positions of scaffold 3, or via the modification
of the methyl group in compounds 4 and 5. The subject of commu-
nication is the study done on 3 and 4, which were selected as start-
ing point for the easiness of modification. The information
obtained was then used for the synthesis of the 7-fluorobenzothi-
ophene derivatives, which will be the subject of a subsequent
report.

The 5- and 6-aminobenzothiophene-2-carboxylate methyl es-
ters 15 and 19 (the latter prepared by catalytic hydrogenation of
the commercially available 6-nitro derivative 18) were submitted
to reductive amination using cyanoborohydride!! to obtain amines
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16b and 20b, or coupled with an appropriate carboxylic acid
(EDAC, HOALt) to obtain the corresponding amides 16a and 20a.
Treatment of 16a/b and 20a/b with a methanol solution of NaOH
and hydroxylamine hydrochloride, or submission to basic hydroly-
sis followed by coupling with hydroxylamine, afforded the
hydroxamate derivatives 17a/b and 21a/b (Scheme 2).

Subsequently, we developed a solid phase method for the syn-
thesis of benzothiophene amides 17a and 21a and this allowed us
to speed up the SAR process (Scheme 3). The free amine of 5- or 6-
amino benzothiophene-2-carboxylic acids was protected with an
Fmoc group through treatment with Fmoc-N-hydroxysuccinimide
to produce acids 23a/b, which were loaded onto hydroxylamine
chlorotrityl resin using standard conditions.

Treatment with a 20% piperidine solution in dimethylformam-
ide (DMF) released the amino group, which was then coupled to
a series of carboxylic acids. The use of pyridine as a base in the sub-
sequent coupling reaction was necessary, since with diisopropyl-
ethyl amine (DIPEA) consistent amounts of a side product,
deriving from acylation of the hydroxamate nitrogen, were ob-
served. Finally, cleavage from the resin with a trifluoroacetic acid
(TFA)/triethylslane (TES) solution in dichloromethane (DCM),
afforded the corresponding hydroxamic acids, in many cases pure
enough to be tested.

An entry to 6-benzyl derivatives of thiophene-2-carboxylate
was obtained by radical bromination of methyl derivative 27 with
N-bromosuccinimide (NBS), followed by nucleophilic substitution
with an aromatic thiol (29), a phenol (30), a secondary amine
(31) or the azide ion which, after catalytic reduction gave primary
benzylamine 32 (Scheme 4).

Coupling with an appropriate carboxylic acid under standard
conditions gave amide derivatives 33.

In a first set of compounds (34-39), a non-functionalized phe-
nyl ring was linked to the benzothiophene in both the 5 and 6 posi-
tions. The distance of the ring from the heterocyclic nucleus was
modulated with carbon chains of different lengths, while the use
of amines, amides and methylamides modulated slightly the
geometry of the side chain versus the heteroaromatic moiety.

The newly prepared compounds were evaluated for their ability
to inhibit HDAC in a two point experiment (1.0 and 0.1 uM). Those
having a inhibition >40% at a concentration of 0.1 uM were also
tested for their cytotoxicity on HCT-116 cells.!? From this data
three things were clear: first that the functionalization in the 6 po-
sition of the benzothiophene scaffolds generally afforded higher
potency than the same substituent in the 5 position; second that
the amides, if not methylated, were clearly superior to amines,
and third that among the amides, phenylacetamide was best.

Taking advantage of this information, a second set of com-
pounds was prepared: all the isomers of pyridyl acetic acid were
linked at the amino group in position 5 (44, 46 and 48) and 6
(45, 47 and 49) of the benzothiophene nucleus, with the aim of
increasing the aqueous solubility, which for 34-43 was not satis-
factory. The binding affinities were generally good for all six mol-
ecules, although there was a drop in cellular activity, very likely
due to decreased cell membrane permeability. Solubility remained
low, ranging from 0.004 to 0.05 mg/mL, and this we hypothesised
was due to m-stacking.

An additional group of compounds was prepared with hetero-
aryl amides in the 6 position in place of the substituted phenylace-
tic amides (50-56): they showed no significant improvements,
either in the ex-cell and cell tests, or in aqueous solublity. We were
pleasantly surprised to find that the introduction of a simple ter-
tiary aliphatic amine produced a compound (57) with reasonable
potency and solubility (1.31 mg/mL in aqueous solution at pH
7.4). As a result of this we introduced onto the 6-amino group of
the benzothiophene scaffold substituents containing both a free

Table 3
Inhibition of compounds 64-76 and cytotoxicity on HCT-116 cells
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amino and an aromatic group: both enantiomers of phenyl glycine
(58, 59), phenylalanine (60, 61) and homophenylalanine (62, 63)
were prepared. While the two enantiomers of phenylglycine were
equipotent in the enzyme and in the cell test, with both phenylal-
anine and homophenylalanine the p-isomers were more active on
the isolated enzymes and the L-isomers more active in the cell-test.
The reason for this difference is as yet unclear (see Table 2)

Among the aminomethyl derivatives (64-76, Table 3), the
amides showed better activity than the amines, ethers, thioethers
and ureas, with compound 69 showing activity in the nanomolar
range in the HCT-116 cell test.

Finally a xenograft efficacy study using HCT-116 tumor cells in
CDI mice was carried out with compound 35. It was dosed to fe-
male CDI nude (nu/nu) athymic mice at doses of 50 and 100 mg/
kg os (n=4 per group) for 21 days. The control vehicle was 0.5%
CMC (10 mL/kg). This study resulted in a TVI of 26% at a dose of
50 mg/kg.
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In summary, starting from a selection of small, rigid fragments

derived from benzothiophene, we have optimized a series of 5- and
6-substituted benzothiophene-2-hydroxamates that display signif-
icant potency in vitro. One of the first derivatives prepared, 35, was
also shown to be efficacious after oral administration in a mouse
HCT-116 xenograft study.

This series was further elaborated and the results will be re-

ported in a subsequent paper.
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