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Abstract:

Histone deacetylase 6 (HDAC6) selective inhibitors represent an emerging class of pharmaceuticals due to the
involvement of HDACG in different pathways related to neurodegenerative diseases, cancer and immunology.
In this paper, the synthesis of a series of ten new benzohydroxamic acids, constructed employing the
benzothiazepine core as a privileged pharmacophoric unit, is described. This is the first report on the synthesis
and isolation of octahydrodibenzothiazepines and octahydro-6H-benzocycloheptathiazepines as novel
heterocyclic scaffolds, which were consecutively used to develop a new class of HDAC6 inhibitors. These
compounds were then evaluated for their HDAC inhibitory activity, resulting in the identification of cis-N-(4-
hydroxycarbamoylbenzyl)-1,2,3,4,4a,5,11,11a-octahydrodibenzol[b,e][1,4]thiazepine-10,10-dioxide and cis-N-
(4-hydroxycarbamoylbenzyl)-7-trifluoromethyl-1,2,3,4,4a,5,11,11a-octahydrodibenzo[b,e][1,4]thiazepine-

10,10-dioxide as highly potent and selective HDAC6 inhibitors with activity in the low nanomolar range, also
displaying excellent selectivity on an enzymatic and a cellular level. Furthermore, four promising inhibitors

were subjected to an Ames fluctuation assay, revealing no mutagenic effects associated with these structures.
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Introduction

Histone deacetylases (HDACs), together with histone acetyltransferases (HATs), regulate the
acetylation status of histones and other proteins through lysine acetylation and deacetylation.[” This
property to modify the e-amino tail of lysine residues provides the ability to change the net charge of
proteins, which makes HDACs valuable regulatory enzymes and explains the broad biological
relevance of HDAC inhibitors (with potential applications in the treatment of cancer,
neurodegenerative diseases, depression, inflammatory diseases,...).[z] Unfortunately, commercially
available pan-HDAC inhibitors, known to inhibit multiple classes of zinc-dependent HDACs (class I:
HDAC1, 2, 3 and 8, class lla: HDAC4, 5, 7 and 9, class Ilb: HDAC6 and 10, class IV: HDAC11), have been
reported to demonstrate toxic side effects as well, hampering their broad clinical usability.”
Therefore, many efforts are now devoted to the design and discovery of isozyme-selective HDAC
inhibitors, with possibly less toxic side effects while maintaining a pronounced specific activity. In
that regard, HDAC6 (belonging to HDAC class llb) has been identified as an interesting
pharmaceutical target since its activity is associated with biological pathways operating in
neurodegenerative diseases, cancer and immunology.”® Because of its cytoplasmic location, HDAC6
has several non-histone substrates (a-tubulin, cortactin,...), and this feature renders it an interesting
protein to study the acetylation status of proteins in cells. Several research groups have thus
embarked on a journey to discover selective HDAC6 inhibitors, which resulted in a variety of new

compounds with promising potencies, as exemplified by inhibitors 1-8 (Figure 1)."!
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Figure 1. A selection of selective HDACS6 inhibitors reported in the literature.>*™

From this list of compounds, our attention was initially drawn by Tubastatin A (1), a highly potent and

selective HDAC6 inhibitor accommodating a tricyclic protein surface recognition group (cap group)

and a benzohydroxamic acid linker/zinc binding group.
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In our first attempts to pursue novel potent and selective HDACG6 inhibitors, the nitrogen-containing
tricyclic pyridoindole group in Tubastatin A (1) was replaced by a sulfur-containing thiopyranoindole
framework in compounds 9 (Figure 2), culminating in several S-oxidized analogs (denoted as
Tubathians) demonstrating excellent in vitro potency, selectivity and pharmacokinetics.[G] The higher
potency demonstrated by these S-oxidized analogs with respect to HDAC6 was rationalized in silico
through ligand docking studies, showing that sulfoxides (x = 1) 9 and sulfones (x = 2) 9 can establish
an additional hydrogen bond with the surface of HDACG6. Inspired by these interesting findings, the
present work aimed at expanding our thiaheterocyclic library of HDAC6 inhibitors through the design
of new structures bearing a benzohydroxamic acid functionality and an unprecedented sulfur-
containing tricyclic cap group. In that respect, 1,5-benzothiazepine was identified and selected as a
suitable privileged scaffold for elaboration into a new class of HDAC6 inhibitors. Indeed, 1,5-
benzothiazepine is a well-known pharmacophore exhibiting a broad range of biological activities
(Ca* channel blockers, CNS acting agents, anti-platelet aggregation, anti-HIV, angiotensin converting
enzyme inhibitors, antimicrobial, antifungal, calmodulin antagonist, bradykinin receptor agonist,
anticancer) and is present in several FDA-approved drugs (diltiazem, clentiazem, thiazesim,
quetiapine hemifumaraat and cIothiapine).m Moreover, 1,5-benzothiazepine contains a secondary
amino group and an oxidizable sulfur atom, which makes it an ideal building block for further
synthetic elaboration into functionalized target structures. Considering the fact that the cap group in
previously developed HDAC6 inhibitors consist of a tricyclic structure bearing an aromatic A ring, an
azaheterocyclic B ring and a saturated C ring, the main objective of the present study involved the
development of a new tricyclic scaffold based on the annulation of a cyclohexane or cycloheptane
ring to the celebrated 1,5-benzothiazepine unit en route to the synthesis of a novel series of
octahydrodibenzo- (n = 1) or octahydro-6H-benzocycloheptathiazepine- (n = 2) based HDAC6
inhibitors 10.
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Figure 2. Synthesis rationale for the present study.
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Results and discussion

Chemistry

Only one report on the synthesis of tricyclic benzothiazepine 14 is available in the literature, starting
from 2-(piperidin-1-ylmethyl)cyclohexan-1-one 11 or its HCl-salt (Scheme 1).®¥! This Mannich base 11
has been treated with 2-aminothiophenol 12 in benzene at reflux temperature, furnishing tricyclic
imine 13 in 80% yield. After hydride reduction of cyclic imine 13, the corresponding thiazepine 14
was obtained (although no reaction details were provided in the original report). Several attempts
were made by us to reproduce these results by using the same or slightly adapted protocols,

however, cyclic imine 13 could never be obtained in our hands.

1 equiv ©i
H
SH N
p NaBH,, or LiAIH, @( j}
O benzene, 8 h, A ref. 8 S

ref. 8

(Ilterature 80%) Yield not reported

Scheme 1. Synthesis of octahydrodibenzol[b,e][1,4]thiazepine 14 reported by Hideg et al®

Therefore, the original literature procedure was modified and 2-(tosyloxymethyl)cyclohexanone 17
was evaluated as starting product for the synthesis of secondary amines 19a-c, bearing in mind the
better leaving group potential of the tosyloxy group as compared to the piperidine ring (Scheme 2).
To synthesize 2-(tosyloxymethyl)cyclohexanone 17, 3-hydroxyketone 16a first had to be prepared
out of cyclohexanone 15a (n = 1). To that end, a literature procedure was applied (using
paraformaldehyde instead of 37% aq. formaldehyde), and 2-(hydroxymethyl)cyclohexanone 16a was
thus obtained in 30% yield after column chromatography.® The latter ketone 16a was subsequently
tosylated in pyridine using 1.5 equiv. of p-toluenesulfonyl chloride, providing 2-
(tosyloxymethyl)cyclohexanone 17 in 70% yield. With this B-tosyloxyketone 17 in hand, an attempt
was made to produce imine 13, and tosylate 17 was heated under reflux in toluene in the presence
of 2-aminothiophenol 18a. Although the formation of tricyclic imine 13 could be observed via LC-MS,
only a mixture of products was obtained after work-up. To circumvent this problem, a ‘one pot’
reductive amination was performed upon treatment of tosyloxyketone 17 with 2-aminothiophenol
18a in toluene under reflux for 45 minutes, after which the mixture was cooled to room temperature
and three equiv. of sodium cyanoborohydride were added. Successively, the reaction medium was
heated to boiling temperature, and after one hour a mixture of diastereomers 19al1,a2 was formed in
a ratio 19al1/19a2 : 65/35 (determined via 'H NMR and based on the correct assignment of the

relative stereochemistry of diastereomer 19al through X- ray crystallography).
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Separation and purification through column chromatography provided pure samples of both
diastereomers 19al,a2 in 12% and 3% vyield, respectively. The same protocol was used for the
attempted synthesis of chloro- and trifluoromethyl-substituted benzothiazepines 19b,c, however, no
conversion toward products 19b,c could be realized. Moreover, during the synthesis of compounds
19a1,a2, B-tosyloxyketone 17 appeared to be unstable at elevated temperatures; therefore, the ‘one
pot’ approach was expanded (scheme 2) and B-hydroxyketone 16a was converted to 1,5-
benzothiazepine 19a through the in situ preparation of P-tosyloxyketone 17. Note that it was
necessary to quench the excess of p-toluenesulfonyl chloride with water to prevent side reactions
with 2-aminothiophenol. In this way, and after column chromatographic purification, all six
compounds 19a1-c2 (n = 1) were obtained in pure form and acceptable yields (11 - 39%), taking into
account the losses during chromatography resulting from similar Ri-values for all diastereomers. Also
a cycloheptanone derivative 19d (n = 2) was assembled from seven-membered -hydroxyketone 16b,
which was synthesized in 15% yield from cycloheptanone 15b (n = 2) in the same manner as B-
hydroxyketone 16a (although the reaction solvent was changed from water to ethanol). In total, four
couples of diastereomers 19al1-d2 were thus prepared and isolated, with the cis-derivatives 19al-c1
being formed as the major isomers (dr cis/trans = 60-70/30-40, determined via ‘H NMR), except for
diastereomers 19d obtained in a 1/1 ratio. The relative stereochemistry of these unprecedented
heterotricyclic architectures 19al-d2 was secured through X-ray crystallography of 1,5-
benzothiazepine 19al (for more information, see ESI) and based on the characteristic signals present

in the 'H NMR spectra (CDCl;) of compounds 19a1-d2.

1) 1.5 equiv. TosCl
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R \©1NHZ
fo) H
1.07 equiv. 18a-c R N )
paraformaldehyde pyrldlne 45', A \C( \CC n
S -
H

0.015 equiv. K,CO3 3) 3 equiv. NaCNBH, S
n
H,0 or ethanol 1h,A 19al1R=H,n=1(17%or12%) 19a2R=H, n=1(11% or 3%
15an=1 b 20°C 16an = 1 (30%) pyridine, ( gy ) ( y )
15bn=2 ’ 16b n = 2 (15%) 19b1R=Cl, n=1(16%) 19b2 R=Cl, n =1 (13%)
19c1R=CF3, n=1 (39%) 19c2 R=CF3, n=1 (14%)
. 19d1R =H, n=2 (15%) 19d2R=H, n=2 (12%)
1.5 equiv. TosCl
pyridine, 16 h, rt T
) 1 equiv. 2) 3 equiv. NaCNBH;

17 (70%) @[NHZ toluene, 1 h, A
SH

18a
toluene, 45', A

Scheme 2. Synthesis of 1,5-benzothiazepines 19a1-d2.
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In a following step, this new tricyclic core fragment was connected to methyl 4-
(bromomethyl)benzoate via a nucleophilic substitution reaction at nitrogen (Scheme 3). To efficiently
perform this transformation a broad range of reaction conditions was tested, including the use of
different bases (K,CO;, Cs,COj;, triethylamine, NaH, KHMDS, LiHMDS, butyllithium), solvents (THF,
CH;CN, DMF, DMSO), varying amounts of electrophile, and methyl 4-(iodomethyl)benzoate as an
substitute electrophile; however, none of the tested conditions could effect the desired N-
functionalization of 1,5-benzothiazepines 19al-d2 for more than 50% (determined by 'H NMR,
CDCl;). The highest conversion was obtained using five equiv. of potassium carbonate in DMF at
120°C after 16 hours of reaction. To improve this degree of conversion, one equiv. of methyl 4-
(bromomethyl)benzoate was treated with 1,5-benzothiazepine 19al under neat conditions, forming
a melt at a temperature of 120°C. After two hours of reaction at 120°C, 85% conversion was
observed via '"H NMR (CDCl;). Unfortunately, due to the release of hydrogen bromide, traces of
carboxylic acid were formed as well. To obviate this problem, the released hydrogen bromide was
trapped by means of three equiv. of potassium carbonate. Finally, an excellent conversion of 99%
could be achieved, without the formation of any carboxylic acid, using neat reaction conditions for
three hours at 120°C. Utilising a similar strategy, esters 20a-d and 23a,b were also obtained from
secondary amines 19al-d1,b2 and d2 in acceptable yields after column chromatography by varying

the reaction time and temperature (37-66%, Scheme 3).

As mentioned in the introduction, oxidized sulfur analogs (e.g., sulfoxides and sulfones) of
hydroxamic acids 10 could be of great value, taking into account our previous observations that
sulfur-oxidized analogs displayed a higher affinity for HDAC6 than their non-oxidized counterparts
due to additional hydrogen bonding.”®® In a first attempt, compounds 19a1-c1 were converted to the
corresponding sulfones using three equiv. of m-chloroperbenzoic acid (mCPBA, Scheme 3). In this
way, three sulfones 21a-c were obtained in low to moderate yields (22 - 48%) after crystallization
from ethanol. However, only one of these sulfones 21a could successively be transformed into N-
benzylated molecule 22a by using a very high reaction temperature (205°C). This could be attributed
to the high melting points of products 21a-c (234, 260 and 252°C, respectively), and the fact that
compounds 21b,c, as opposed to sulfone 21a, did not form a liquefied reaction mixture at 205°C. In
addition, the introduction of a strong electron-withdrawing sulfonyl group in ortho position with
respect to the aromatic amino group results in a significant decrease in nucleophilicity of the
nitrogen lone pair, hindering a smooth nucleophilic substitution. Higher reaction temperatures could
possibly overcome this problem, but we chose to investigate the possibility to obtain sulfones 22b,c
via direct oxidation of esters 20b,c instead. In that respect, esters 20a-c were subjected to the same

conditions as cyclic sulfides 19al-c1, and as a result sulfones 22a-c (x = 2) were produced and

6
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isolated in high to excellent yields after crystallisation from ethanol (73 - 97%, Scheme 3). This
strategy is clearly superior over the previous approach, since higher yields were obtained for the
oxidation step (22 - 48% versus 73 - 97%), and the sulfur derivatisation takes place in a later stage of
the synthesis pathway. When only one equiv. of mCPBA was added to sulfide 20a at a temperature of
-20°C and a reaction time of two hours was applied, sulfoxide 22d (x = 1) was obtained in 26% yield
after crystallisation from ethanol. The selective synthesis of these S-oxidized analogs provides the
opportunity to compare the influence of the oxidation state of sulfur (sulfide, sulfoxide or sulfone) on

the biological profile of these compounds.

In the section above, the synthesis of the cap group and the formation of the linker unit was
described to furnish methyl esters 20/22/23 starting from the diastereomerically pure cyclohexane-
or cycloheptane-annulated 1,5-benzothiazepine scaffolds 19a1-d1 and 19b2,d2. Hence, only the zinc-
complexing hydroxamic acid moiety had to be introduced through functional group conversion of
these esters 20/22/23 to complete the synthesis (Scheme 3). By using an excess of hydroxylamine
and potassium hydroxide, methyl carboxylates 20/22/23 were converted into the target hydroxamic
acids 24-26 in good yields (69-96%, except 25% for 25a). In total, ten new 1,5-benzothiazepine-
containing benzohydroxamic acids 24-26 were successfully prepared, starting from the
unprecedented synthesis of tricyclic 1,5-benzothiazepines 19a1-d2. These structures were then taken

forward to biological screenings for their capability to selectively inhibit HDAC6.
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Scheme 3. Synthesis of the target hydroxamic acids 24-26.

Biology

First, hydroxamic acids 24-26 were tested for their in vitro potential to inhibit HDAC6 at a
concentration of 10 uM. This preliminary evaluation revealed that all compounds 24-26 strongly
inhibited HDAC6 at this concentration (96 - 100% inhibition), and thus their I1Cs-values toward
HDAC6 were determined (Table 1). From this Table, it can be concluded that these structures 24-26
are highly potent inhibitors with ICso-values in the nanomolar range, and that the S-oxidized systems
25 trigger an even more pronounced HDAC6 inhibitory activity as compared to their non-oxidized
analogs 24 (6.3 - 68 nM for 25 and 33 - 650 nM for 24). The non-substituted compounds 24a and 25a
(R = H) have better 1Css-values (36 and 8.3 nM, respectively) then the trifluoromethyl-substituted
ones 24c and 25c¢ (R = CF;) (200 and 11 nM, respectively), and the chlorinated scaffolds 24b and 25b

(R = Cl) show the lowest — yet still sub-micromolar — activity (650 and 68 nM, respectively). Seven-
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membered ring-containing hydroxamic acid 24d displays the strongest inhibition of all sulfides (33

nM), and trans-derivatives 26 show intermediate potency with respect to the other compounds.

Table 1. In vitro enzyme inhibition data: 1C5y-values toward HDAC6.

Compound: 24a 24b 24c 24d 25a 25b 25¢ 25d 26a 26b
HDACS ICs, (nM): 36 650 200 33 8.3 68 11 6.3 160 92

Next, the selectivity of the five most potent HDAC6 inhibitors 24a,d and 25a,c,d was evaluated
through determining the ICso-values toward the other zinc-dependent HDAC isoforms (HDAC1-11,
Table 2). Both sulfides 24a and d display a similar selectivity profile, with high micromolar 1Csy-values
for HDACs 1-5, 7, 9 and 10 (ICso = 25 uM) and low micromolar activities for HDAC8 and 11 (5.3 - 6.7
MM and 1.2 - 1.5 uM, respectively). Sulfones 25a,c and sulfoxide 25d show a somewhat lower
selectivity profile as compared to compounds 24a,d, but still should be considered as highly selective
HDACS6 inhibitors. These molecules display low micromolar ICso-values for HDAC8 and 11 (1.1 - 2.9
and 0.54 - 2.4 uM, respectively), and reveal some affinity for HDAC1 (4.9 — 8.8 uM). For HDAC2-5, 7,9
and 10, higher IC5s-values were obtained (ICs, = 8.9 uM). In general, taking the low nanomolar
(toward HDAC6) and (high) micromolar (toward all other HDAC isozymes) ICso-values into account, it
is fair to conclude that the newly developed tricyclic benzothiazepine-based hydroxamic acids 24a,d
and 25a,c,d prepared in this work can be regarded as highly potent and selective HDAC6 inhibitors

suitable for further assessment.

Table 2. HDAC1-11 screening of selected compounds 24a,d and 25a,c,d (ICsy-values in uM)l’z.

HDAC1-11: 1 2 3 4 5 6 7 8 9 10 11
compound

24a >30 N.C. N.C. >30 27 0.036 >30 5.3 25 >30 1.5
24d >30 N.C. >30 >30 >30 0.033 N.C. 6.7 >30 >30 1.2
25a 8.1 24 24 >30 9.1 0.008 22 11 13 10 2.4
25c¢ 8.8 16 18 N.C. 22 0.011 15 2.0 >30 9.4 0.82
25d 4.9 26 >30 >30 12 0.006 >30 2.9 8.9 14 0.54

! Reference compound: Trichostatin A (HDAC6 ICsy = 0.0093 puM). 2 NC: ICs-value not calculable. Concentration-response
curve shows less than 25% effect at the highest validated testing concentration (30 uM). >30: IC5y-value above the highest
test concentration. Concentration-response curve shows less than 50% effect at the highest validated testing concentration

(30 uMm).

The obtained in vitro HDAC6 inhibition data also confirmed the suggested improved affinity of

oxidized analogs 25 in contrast to their non-oxidized counterparts 24 and 26. This was further
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rationalized through in silico ligand docking and molecular dynamics simulation. Ligand docking was
performed using a homology model of the functional domain of HDAC6 (Gly482-Gly800). Three initial
models were built from different templates (pdb entry 2VQW, 2VQQ, 3C10), after which the best
parts of each were combined into one hybrid model. The most likely conformation for both
compounds was found to have the hydroxamate group positioned near the zinc ion, the linker in the
tubular access channel and the cap group contacting the protein surface, which is in agreement with
previous docking studies. The positions of the hydroxamate and linker groups in the docked
structures of 24a and 25a are very similar, while the cap groups are rotated compared to each other
and form a few different apolar interactions. However, these do not result in a significantly different
binding energy (binding energy 8.4 + 0.5 kcal/mol and 8.5 + 0.5 kcal/mol). Because docking alone
could not explain the preference of HDAC6 for inhibitors carrying a sulfone moiety in the cap group, a
molecular dynamics simulation was run. Indeed, the entrance to the active site is surrounded by a
few highly flexible loops that may influence binding, but this dynamic structure was not taken into
account during the ligand docking experiment. The simulation of the complex with HDAC6 inhibitor
25a revealed that a serine at position 564 has a clear tendency to move toward one of the oxygens of
the sulfone group, forming a hydrogen bond (Figure 3). This additional interaction might therefore
increase the affinity of HDAC6 for sulfone 25a and other sulfone ligands, accounting for

experimentally observed lower ICss-values.

Figure 3. Molecular dynamics simulation of compound 25a in HDAC6.

To evaluate the effectiveness of these compounds on a cellular level, HDAC6 inhibitors 24a,d and
25a,c,d were tested in N2a cells, a neuronal cell line, to determine their potency toward HDAC6 and
their selectivity against class | HDACs. This was done via Western Blots to detect the acetylation
status of known substrates of HDAC6 and class | HDACs, i.e. a-tubulin and histones, respectively. In
vehicle-treated cells, a-tubulin is mainly present in its non-acetylated form (Figure 4A). Tubastatin A
1 is used as a positive control, as it increased the acetylation of a-tubulin at 1 uM (Figure 4A).
Additionally, a sub-optimal concentration of 10 nM was chosen for the further characterization of the

potency of the compounds. HDACG6 inhibitors 24a,d and 25a,c,d induced a significant increase in a-

10
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tubulin acetylation as shown by Western Blot (Figure 4A and B). At the lower concentration of 10 nM,
25a and 25c¢ induced a significant increase in the acetylation of a-tubulin (Figure 4A and C). Although
for 25a,c and d a low nanomolar potency toward HDAC6 was measured in the enzymatic assay, 25d
failed to induce a similar increase in a-tubulin acetylation at 10 nM, as compared to 25a and 25c. This
indicates that in this more complex cellular environment additional cues, such as cell permeability,

may lower the inhibitory capacity of 25d.

A 1M 10nM
vehicle tubA 24a 24d 25a 25¢ 25d vehicle  tubA 24a 24d 25a 25¢ 25d
acet a-tub — — — —— — — W w— e |55 kDa
a-tub — —" 55 kDa
I pM 10nM
ok
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Figure 4. Assessment of the potency of the HDACG6 inhibitors 24a,d and 25a,c,d in a neuronal cell line (N2a

cells).

A. Using Western Blot, the acetylation of a-tubulin was checked in N2a cells treated with different HDAC6 inhibitors.
Tubastatin A (tubA) was used as a positive control. (B,C). Densitometry was used to quantify the levels of acetylated a-
tubulin relative to the amount of total a-tubulin present in the cells, treated with 1 uM or 10 nM of the HDACS6 inhibitors or

tubastatin A. All values were normalized to the tubA-samples. N = 4. One-way Analysis-of-Covariance. *p<0.05, **p<0.01.

To evaluate the specificity of these compounds, the acetylation of histone 3 was also determined by
Western Blot as an indicator of class | HDAC inhibition. The rationale for this experiment relates to
the fact that Tubastatin A, as a known selective HDAC6 inhibitor, does not affect the acetylation of
histones (Figure 5A). From all HDAC6 inhibitors tested, none of the compounds were shown to
interfere with histone acetylation, as expected and desired (Figure 5A and B). This observation

further confirms the selectivity of the produced compounds toward HDACG6 substrates.
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A 1uM

Vehicle tubA 24a 24d 25a 25¢ 25d

ACETHS = | oy, —— o, o,

B 2.0+

Ratio acetylated histone 3/
histone 4
(normalized to vehicle)

o

0.0 T T T T T T

& &
4@‘\0 RN A

Figure 5. Assessment of the selectivity of the HDACG6 inhibitors 24a,d and 25a,c,d in a neuronal cell line.

A. Using Western Blot, the acetylation of histone 3 (H3) was checked in N2a cells treated with different HDAC6 inhibitors
(1uM). Tubastatin A (tubA) was used as a control and an antibody directed against histone 4 was used as a loading control.
(B). Densitometry was used to quantify the levels of acetylated histone 3 relative to the amount histone 4 present in the
cells, treated with 1 uM of the HDAC6 inhibitors or tubastatin A. All values were normalized to the vehicle-samples. N = 5.

One-way Analysis-of-Covariance.

Finally, it should be noted that there is an increasing concern about the potential genotoxicity of
hydroxamic acids and their clinical use beyond oncology. Indeed, already in 1977 hydroxamic acids

have been reported to possibly exert genotoxic effects,®

and mutagenic activities have been
documented for three approved hydroxamic acid HDAC inhibitors (Vorinostat, Belinostat and
Panobinostat) — which is less of an issue in cancer therapy.™ In that respect, compounds 24a,d and
25a,c were tested in the Ames fluctuation test against four strains of Salmonella typhimurium (TA98,
TA100, TA1535 and TA1537), with and without the addition of rat liver S9 fraction. Surprisingly, no
statistically significant positive effects could be detected in this in vitro reverse mutation assay at the
concentrations tested (5, 10, 50 and 100 uM), pointing to the conclusion that our tricyclic
benzothiazepine-based hydroxamic acids — in contrast to other hydroxamic acids described in the
literature — might have a beneficial profile for further optimization studies toward new HDAC6
inhibitors for oncology and non-oncology applications. It should also be noted that no bacterial
cytotoxicity was observed at these concentrations. Of course, other and more elaborate genotoxic
tests, e.g. in vitro micronucleus and comet assays, should be performed in the future to exclude any

potential genotoxicity of these compounds.
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Conclusions

This is the first report on a detailed synthesis and isolation of both diastereomers of tricyclic
cyclohexane- and cycloheptane-fused benzothiazepines as new heterocyclic scaffolds, for which the
correct structure was secured by X-ray crystallography. Starting from these novel benzothiazepine
building blocks 19al1-d2, ten benzohydroxamic acids 24-26 were efficiently synthesized and tested
for their ability to inhibit HDAC6. In accordance with previous observations with regard to the effect
of S-oxidation, the oxidized sulfur analogs 25 proved to be more potent HDACG6 inhibitors than their
non-oxidized counterparts 24 and 26. This superior HDAC6 inhibitory activity of sulfoxide and
sulfones 25 was supported by a molecular dynamics simulation, indicating an additional hydrogen
bond between the oxygen at sulfur and a serine residue. The most promising HDACG6 inhibitors 24a,d
and 25a,c,d were further tested to assess their selectivity on both an enzymatic and a cellular level,
and these studies revealed that compound 25a (cis-N-(4-hydroxycarbamoylbenzyl)-
1,2,3,4,4a,5,11,11a-octahydrodibenzo[b,e][1,4]thiazepine-10,10-dioxide) and 25c (cis-N-(4-hydroxy-
carbamoylbenzyl)-7-trifluoromethyl-1,2,3,4,4a,5,11,11a-octahydrodibenzo[b,e][1,4]thiazepine-10,10-
dioxide) demonstrated very potent activity and selectivity in both assays. Concerning the reported
genotoxicity associated with hydroxamic acids, four representatives 24a,d and 25a,c were tested in
an Ames fluctuation assay, pointing to a safe profile in that respect. This new class of tricyclic
benzothiazepine hydroxamic acids can thus be considered as a valuable pool of new lead structures
for further medicinal chemistry optimization studies in the pursuit of novel therapeutic HDAC6

inhibitors.

Experimental Section

'H NMR, *C NMR and *°F NMR spectra were recorded at 400, 100.6 or 376.5 MHz (Bruker Avance 1)
with CDCl; or [Dg]DMSO as solvent and tetramethylsilane as the internal standard. Mass spectra were
obtained with a mass spectrometer Agilent 1100, 70 eV. IR spectra were measured with a Spectrum
One FT-IR spectrophotometer. High resolution electron spray (ES) mass spectra were obtained with
an Agilent Technologies 6210 series time-of-flight instrument. Melting points of crystalline
compounds were measured with a Kofler Bench, type WME Heizbank of Wagner & Munz. Column
chromatography was performed over silica gel (SiO,), using TLC plates and a UV lamp to identify the
correct products. The purity of all tested compounds was assessed by *H NMR analysis and/or HPLC

analysis, confirming a purity of > 95%.
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General synthesis of benzothiazepines 19: The synthesis of cis- and trans-1,2,3,4,4a,5,11,11a-
octahydrodibenzo[b,e][1,4]thiazepines 19al,a2 serves as an example for the synthesis of compounds
19. In a flask (250 mL), a-(hydroxymethyl)cyclohexanone 16a (6.70 g, 52 mmol) was dissolved in
pyridine (67 mL). p-Toluenesulfonyl chloride (14.87 g, 78 mmol, 1.5 equiv.) was added to this
solution, and the reaction mixture was stirred at room temperature for 16 hours. Then, the reaction
mixture was quenched with ice water (20 mL), after which 2-aminothiophenol (5.6 mL, 52 mmol, 1
equiv.) was added. After stirring for 45 minutes under reflux conditions, the reaction mixture was
cooled, and sodium cyanoborohydride (9.80 g, 0.156 mol, 3 equiv.) was added portionwise. After a
reaction time of one hour under reflux conditions, the reaction mixture was quenched with water (20
mL) and then dissolved in ethyl acetate (100 mL). The organic phase was washed with water (100
mL), a NaCl-solution (100 mL), and then dried over magnesium sulfate, filtered and evaporated.
Purification by means of column chromatography yielded 19al1 (1.94 g, 8.84 mmol, 17%) and 19a2
(1.25 g, 5.72 mmol, 11%).

19a1: 'H NMR (400 MHz, CDCl5): & 1.20-1.89 (9H, m), 2.77 (1H, d x d, J = 14.3, 5.4 Hz), 3.11 (1H, d x d,
J=14.3,9.6 Hz), 3.18 (1H, s(br)), 4.35 (1H, s(br)), 6.55 (1H, d x d, J = 7.7, 1.4 Hz), 6.66 (1H, t x d, J =
7.7, 1.4 Hz), 6.94 (1H, t x d, J = 7.7, 1.4 Hz), 7.16 (1H, d x d, J = 7.7, 1.4 Hz). *C NMR (100.6 MHz,
CDCl5): & 20.8, 25.4, 27.8, 32.6, 37.4, 40.2, 52.7, 118.6, 119.4, 122.6, 126.9, 131.7, 148.9. MS (70eV):
m/z (%) 220 ([M + 1]*, 100). HRMS (ESI) Anal. Calcd. for C;3H1gNS 220.1155 [M + H]*, Found 220.1162.
Yellow crystals. Purification by column chromatography (EtOAc/PE 3/97, R; = 0.19), yield 17%. Mp =
82 °C.

19a2: 'H NMR (400 MHz, CDCl3): 6 1.09-1.19, 1.24-1.40, 1.44-1.54 and 1.64-1.90 (1H, 2H, 1H and 5H,
4 xm),2.36(1H,d xd, J=14.4,7.2 Hz), 2.92-2.98 (1H, m), 3.14 (1H, d x d, / = 14.4, 3.8 Hz), 3.36 (1H,
s(br)), 6.71 (1H, d, J = 7.6 Hz), 6.78 (1H, t, J = 7.6 Hz), 7.04 (1H, t x d, J = 7.6, 1.2 Hz), 7.34 (1H, d x d, J
= 7.6, 1.2 Hz). ®C NMR (100.6 MHz, CDCls): 6 25.5, 25.6, 32.0, 34.6, 38.3, 47.4, 60.5, 120.2, 120.8,
125.5, 127.7, 132.4, 150.2. MS (70eV): m/z (%) = 220 ([M + 1]%, 100). HRMS (ESI) Anal. Calcd. for
Cy3H1gNS 220.1155 [M + H]*, Found 220.1162. White crystals. Purification by column chromatography
(EtOAC/PE 3/97, R¢ = 0.11), yield 11%. Mp = 97 °C.

General synthesis of sulfones and sulfoxide 21 and 22: The synthesis of cis-1,2,3,4,4a,5,11,11a-
octahydrodibenzo[b,e][1,4]thiazepine-10,10-dioxide 21a serves as an example for the synthesis of
compounds 21 and 22. To a solution of 19a1 (1.10 g, 5 mmol) in tetrahydrofuran (50 mL) was added
m-chloroperbenzoic acid (£ 77%, 3.36 g, 15 mmol) in tetrahydrofuran at 0 °C, and the mixture was
stirred at room temperature for 2 h. The solvent was then removed in vacuo and the residue was
dissolved in ethyl acetate (100 mL). Afterwards, the solution was washed with saturated aqueous

sodium sulfite (30 mL), water (30 mL), brine (2 x 30 mL), and dried over anhydrous magnesium
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sulfate. Filtration of the drying agent and removal of the solvent in vacuo afforded the crude sulfone
21a, which was purified by recrystallization from EtOH to provide pure 21a (0.27 g, 1.05 mmol, 22%).
For the synthesis of sulfoxide 22d, only one equiv. of m-chloroperbenzoic acid was added and the
reaction temperature was maintained at -20 °C.

21a: 'H NMR (400 MHz, CDCl5): 6 1.30-1.69 and 1.75-1.90 (5H and 3H, 2 x m), 2.29-2.38 (1H, m), 3.19
(1H, d x d, J = 15.0, 10.6 Hz), 3.37 (1H, d x d, J = 15.0, 6.2 Hz), 3.99 (1H, s(br)), 4.22 (1H, s(br)), 6.75
(1H,dxd,J=7.9,0.7 Hz), 6.92 (1H,txd ,J=7.9,0.7 Hz), 7.28 (1H, t xd, J= 7.9, 1.4 Hz), 7.91 (1H, d x
d, J=7.9, 1.4 Hz). ®C NMR (100.6 MHz, CDCl,): § 20.8, 24.7, 27.2, 31.3, 37.7, 54.2, 58.1, 118.7, 119.2,
126.9, 128.8, 132.8, 146.8. MS (70eV): m/z (%) = 252 ([M + 1]%, 100). HRMS (ESI) Anal. Calcd. for
Cy13H13NO,S 252.1053 [M + H]Y, Found 252.1042. Light brown crystals. Recrystallization from EtOH,
yield 22%. Mp = 234 °C.

General synthesis of esters 20 and 23: The synthesis of cis-N-(4-methoxycarbonylbenzyl)-
1,2,3,4,4a,5,11,11a-octahydrodibenzo[b,e][1,4]thiazepine 20a serves as an example for the synthesis
of compounds 20 and 23. A flask (25 mL) was charged with 19al (219 mg, 1 mmol), potassium
carbonate (415 mg, 3 mmol, 3 equiv) and methyl 4-(bromomethyl)benzoate (687 mg, 3 mmol, 3
equiv.). The reaction mixture (neat) was placed under nitrogen atmosphere and stirred for three
hours at 120 °C, after which the mixture was cooled to room temperature and dissolved in ethyl
acetate (20 mL). Then an extraction was performed with water (20 mL) and a saturated brine
solution (15 mlL), and the organic fraction was dried over magnesium sulfate, filtered and
evaporated. The excess of methyl 4-bromomethylbenzoate was removed via a high vacuum
distillation (0.5 mbar, 120 °C), and further purification was done by means of column
chromatography, which afforded pure 20a (235 mg, 0.64 mmol, yield = 64%). When reversed phase
column chromatography was used, no initial high vacuum distillation had to be performed. Different
reaction temperatures were necessary to synthesize the different compounds to obtain a liquefied
melt (120 — 150 °C).

20a: 'H NMR (400 MHz, CDCls): 6 0.86-0.97, 1.07-1.32, 1.36-1.45, 1.49-1.53, 1.57-1.63 and 1.67-1.72
(1H, 3H, 1H, 1H, 1H and 1H, 6 x m), 2.29-2.36 (1H, m), 2.42 (1H, d x d, J = 14.1, 3.2 Hz), 2.93 (1H, d x
d,J=14.1,12.8 Hz), 3.02 (1H, d x t,J = 12.6, 3.9 Hz), 3.93 (3H, s), 4.42and 4.56 (2 x 1H, 2 xd, J=14.4
Hz), 6.95 (1H,t xd, J=7.7,1.3 Hz), 7.08 (1H,d x d, J = 7.7, 1.3 Hz), 7.22 (1H, t x d, J = 7.7, 1.6 Hz),
7.59 (1H,d x d, J= 7.7, 1.6 Hz), 7.65 and 8.02 (2 x 2H, 2 x d, J = 8.3 Hz). *C NMR (100.6 MHz, CDCl,): §
20.3, 24.2, 26.6, 30.6, 32.7, 42.5, 52.0, 59.3, 61.3, 122.8, 123.6, 128.2, 128.3, 128.9, 129.6, 132.1,
133.3, 145.7, 152.0, 167.1. MS (70eV): m/z (%) 368 ([M + 1] ¥, 100). HRMS (ESI) Anal. Calcd. for
C2,H,6NO,S 368.1679 [M + H]*, Found 368.1680. Very viscous colorless liquid. Purification by column
chromatography (EtOAc/PE 3/97, R; = 0.10), yield 64%.
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General synthesis of hydroxamic acids 24-26: The synthesis of cis-N-(4-hydroxycarbamoylbenzyl)-
1,2,3,4,4a,5,11,11a-octahydrodibenzo[b,e][1,4]thiazepine 24a serves as an example for the synthesis
of hydroxamic acids 24-26. 20a (0.367 g, 1 mmol) was dissolved in THF (10 mL), and to this solution
was added hydroxylamine (50% in water, 6.1 mL, 100 mmol, 100 equiv.) followed by potassium
hydroxide in methanol (4M, 12.5 mL, 50 mmol). The resulting mixture was stirred for an additional 10
minutes at room temperature before it was poured into a saturated aqueous solution of NaHCO; (10
mL). This aqueous solution was extracted two times with ethyl acetate, after which the combined
organic fractions were washed with water (10 mL) and a saturated brine solution (10 mL), dried
(MgSQ,), filtered and evaporated. Purification through crystallization from EtOH yielded 24a (0.287 g,
0.78 mmol, 78%) as a white powder.

24a: 'H NMR (400 MHz, [Dg]DMSO): & 0.73-0.83, 1.11-1.21, 1.30-1.38, 1.44-1.47 and 1.59-1.62 (1H,
3H, 1H, 1H and 2H, 5 x m), 2.19-2.23 (1H, m), 2.47 (1H, d x d, J = 13.8, 3.4 Hz), 2.83 (1H, t, J = 13.8
Hz), 3.04 (1H,d x t, J = 12.5, 3.6 Hz), 4.43 and 4.53 (2 x 1H, 2 x d, J = 14.8 Hz), 6.90 (1H, t xd, J = 7.6,
1.3 Hz), 7.15 (1H,d x d, J = 7.6, 1.3 Hz), 7.22 (1H, t x d, J = 7.6, 1.3 Hz), 7.47 (1H, d x d, J = 7.6, 1.3 H2),
7.54 and 7.68 (2 x 2H, 2 x d, J = 8.1 Hz), 9.03 (1H, s(br)), 11.13 (1H, s(br)). **C NMR (100.6 MHz,
[Dg]DMSO): & 20.2, 24.4, 26.5, 29.9, 32.6, 42.6, 58.8, 61.6, 122.9, 124.0, 127.2, 128.2, 128.8, 131.5,
131.9, 133.3, 143.8, 152.0, 164.4. MS (70eV): m/z (%) 369 ([M + 1]*, 100). HRMS (ESI) Anal. Calcd. for
C,1H,sN50,S 369.1631 [M + H]Y, Found 369.1638. White powder. Crystallization from ethanol, yield
78%. Mp =117 °C.
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Selective HDACG inhibitors represent an
emerging class of pharmaceuticals. In this
paper, the synthesis of a series of ten new
benzohydroxamic acids, constructed
around the benzothiazepine core as a
privileged pharmacophoric unit, is
described, resulting in the identification o
several highly potent and selective HDACE
inhibitors with activity in the low
nanomolar range, also displaying excellen
selectivity on an enzymatic and a cellular
level.
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