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A potent family of spirocyclic nicotinyl aminobenzamide selective HDAC1/HDAC2 inhibitors (SHI-1:2) is
profiled. The incorporation of a biaryl zinc-binding motif into a nicotinyl scaffold resulted in enhanced
potency and selectivity versus HDAC3, but also imparted hERG activity. It was discovered that increasing
polar surface area about the spirocycle attenuates this liability. Compound 12 induced a 4-fold increase in
acetylated histone H2B in an HCT-116 xenograft model study with acute exposure, and inhibited tumor
growth in a 21-day efficacy study with qd dosing.

© 2008 Elsevier Ltd. All rights reserved.

The histone deacetylase (HDAC) family of zinc metalloenzymes
play a key role in epigenetic regulation of gene expression.' Small
molecule HDAC inhibitors? have been shown to regulate gene tran-
scription, cell cycle progression, and induce differentiation and/or
apoptosis in cancer cells. For example, Zolinza™ is a potent
HDACT, 2, 3, 6 inhibitor approved for the treatment of cutaneous
manifestations of cutaneous T-cell lymphoma for patients with
recurrent disease (Fig. 1).

Unlike HDAC inhibitors having an hydroxamic acid zinc-binding
motif, those containing an ortho-aminophenyl benzamide inhibit
HDACs 1-3 with greater levels of selectively. We recently reported
nicotinyl piperazine 1* which inhibits only HDAC1 (ICs0: 79 nM),
HDAC2 (ICsp: 308 nM) and HDAC3 (ICsp: 942 nM). HDACs 1 and 2
share a high degree of homology and are found in the same multi-
component nuclear complexes.” They are both overexpressed in
human cancers and knockdown leads to increased apoptosis in cer-
tain cellular contexts.® On the other hand, the physiological role of
HDACS3 is less well understood. While it is overexpressed in certain
colon tumors,” HDAC3 is a functional link between the class I and
less characterized class [la HDACs (HDACs 4, 5, 7, 9) that are cata-
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Figure 1. Zolinza™ the HDAC inhibitor pharmacophore model (upper panel) and
ortho-aminobenzamide 1 (lower panel).
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lytically inactive in the absence of HDAC3.2 Isoform-selective
inhibitors would help further our understanding of the individual
roles of the HDAC family, and may offer a potential avenue for
improving efficacy and tolerability.°


mailto:joey_methot@merck.com
http://www.sciencedirect.com/science/journal/0960894X
http://www.elsevier.com/locate/bmcl

J. L. Methot et al./Bioorg. Med. Chem. Lett. 18 (2008) 6104-6109 6105

Over the course of optimizing the aminophenyl nicotinamide
HDAC inhibitors, we discovered a family of novel spirocyclic com-
pounds typified by structures 2-5 (Table 1). Diazaspirocycles offer
a range of structural diversity and direct appended functionalities
and/or hydrophobic groups in orientations unique from pipera-
zines such as 1. Agents 2-5 possess potent HDACT1 inhibitory activ-
ity’® and HCT-116 colon cancer carcinoma cell antiproliferative
activity.!! However, these compounds did not possess improved
selectivity for HDACs 1 and 2 over HDAC3 as compared to 1. For
example, spirocycle 2 is only 7-fold selective for HDAC1 versus
HDAC3 (ICs¢ 276 nM).

As part of our effort to improve the selectivity of nicotinamides
such as 1-5, we capitalized on the discovery of highly selective
hydroxybiphenyl-benzamide 6 from an HTS campaign (Fig. 2).!?
Compound 6 exhibited acceptable potency in HDAC1 and HDAC2
biochemical activity assays (ICso 58 and 200 nM, respectively)
and was inactive against HDACs 3-8 and HDAC11. In an HCT-116
human colon carcinoma cell viability assay, 6 exhibited modest

Table 1
Spirocyclic nicotinamide HDAC inhibitors
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Figure 2. A biaryl benzamide imparts >100-fold selectivity for HDACs 1 and 2
versus HDAC3. The new pharmacophore model places the pendant phenyl ring into
the internal cavity of histone deacetylase.

antiproliferative activity (Glso 2100 nM). The lack of HDAC3 activ-
ity exhibited by these biaryl benzamides is in striking contrast to
simple benzamides such as 1. Based on molecular modeling, we
believe biaryl benzamides such as 6 extend the pendant aryl ring
into the internal cavity of HDAC1/HDAC2.'3

The nicotinamide aniline-containing analogs of 6 are shown in
Table 2. N-(2-Aminophenyl)nicotinamide 7 was a modest inhibitor
of HDAC1 with an ICsq of 2630 nM. Introduction of a nonpolar aryl
group at the 4’ position (e.g., 8 and 9) gave a 100-fold boost in
HDAC1 potency and imparted selectivity over HDAC3. However,
these modifications enhanced cell-based potency by only 10-fold,
with a ~40-fold shift from HDAC1 enzymatic to HCT-116 viability
for 8 and 9.

As anticipated following the SAR developed with nicotinamides
such as 1-5, substitution is most permissive at C(4) of the nicotin-
amide ring; providing a handle to introduce the surface recognition
domain and optimize properties such as solubility, cell permeabil-
ity and pharmacokinetics. Merging the spirocyclic nicotinamide
series with the biaryl motif, we investigated a series of 2,8-diaza-
spiro[4.5]decanes (Table 3, 10-16). Nicotinamide 10 exhibited
modest activity, with an HDAC1 ICsy of 160 nM and an HCT-116
growth inhibition Glsg of 1340 nM. We found that incorporation
of the spirocycle enhanced the HDAC1 inhibitory activity of the
simpler leads 7-9 by 5- to 10-fold, while >100-fold selectivity ver-
sus HDAC3 was maintained for the biaryl analogs. For example,
inhibitor 12 inhibited HDAC1 and HDAC2 with ICsy values of 8
and 44 nM, respectively. The spirocyclic appendage improved cell
activity by as much as 25-fold from leads 7-9, reducing the shift
from biochemical to cell activities. Generally the thiophen-2-yl
biaryl analogs such as 12 were more potent in the cell proliferation
assay than phenyl biaryl inhibitors such as 11. The former inhib-
ited HCT-116 cell proliferation with a Glso of 93 nM.

In line with the proposed mechanism of action, inhibitor 12 in-
duced a 7-fold increase in acetylated histone H3 followed by cas-
pase-3,7 activation and apoptosis in HCT-116 cells at a
concentration of 1 uM. In our counterscreen assays, 12 weakly
inhibited HDAC8 (ICso 6110 nM) but not HDACs 4-7 or HDAC11.
The physicochemical properties for this series were also accept-
able; solubility and logD for compound 12 was 186 pM and 1.45,
respectively.

Given the potency of spirocycle 12, we evaluated its in vivo
properties. The pharmacokinetic profiles in rat and dog are listed
in Table 4. Intravenous (iv) clearance in rat is moderate (31 ml/
min/kg) and bioavailability modest (23%); giving a low normalized
oral exposure of 0.3 uM h kg/mg. However, dog PK is more promis-
ing with iv clearance 5.9 ml/min/kg and bioavailability quantita-
tive; giving an oral exposure of 8.7 uM h kg/mg. These profiles
are in fact very similar to piperazine 1.*

Table 2
Profiles of nicotinyl biaryl leads 7-9

R
&
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H
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Compound HDAC1 HDAC2 HDAC3 HCT-116
IC50 (nM) IC50 (nM) ICs0 (nM) Glsp (nM)
7:R=H 2630 6980 3640 24,200
8: R = phenyl 48 900 11,350 2150
9: R = thiophen-2-yl 65 390 7300 2440
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Table 3
Variation of the benzamide substitution of a spirocyclic HDAC inhibitor
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A H NH,

N
HN
Compound HDAC1 HDAC2 HDAC3 HCT-116 hERG binding
1C50 (nM) IC50 (nM) ICs50 (nM) Glso (NM) K; (nM)
10: R=H 160 = 340 1340 21,450
11: R = phenyl 11 110 - 350 590
12: R = thiophen-2-yl 8 44 1260 93 790
13: R = thiophen-3-yl 10 71 1270 140 1210
14: R = N-methylpyrazol-4-yl 36 — 5340 4500 19,250
15: R = pyrazol-3-yl 18 — 5500 >20,000 > 10,000
16: R = N-methylimidazol-4-yl 22 — >30,000 3490 9800
Table 4 Effect of Compound 12 on HCT-116 Tumor Growth (i.p.)
Pharmacokinetic properties of 12 and 1 1200
Rat (12) Dog (12) Rat (1) Dog (1) - 1000
iv dose (mg/kg): 2.0 0.50 2.0 0.90 S
Clp (m!/min/kg): 31 59 52 7.4 E 800
Vgss (L/kg): 8.6 33 2.1 2.1 R 500
t¥ (h): 6.2 6.7 0.93 5.6 o
o
po dose (mg/kg): 4.0 1.0 4.0 1.8 g 400
AUCN = 200
(uM h kg/mg): 0.28 8.7 0.23 3.8
F (%): 23 100 37 73 0 - T T T T T T
0 3 6 9 12 15 18 21
Day
A xenograft model of CD-1 nude mice bearing a tumor consist- e vehicle, L.p. "= 12,10 mglkg, i.p.
ing of a HCT-116 colon carcinoma cell line was used to evaluate the —+—12, 15 mglkg, i.p. 12, 20 mg/kg, i.p.
in vivo antitumor potential of our HDAC inhibitors. Acute intraperi-
toneal (ip) administration of 12 (50 mg/kg) caused a marked >4- Effect of Compound 12 on HCT-116 Tumor Growth (.0.)
fold increase in tumor acetylated histone H2B. Compound 12 was 500
administered once daily ip over a 21-day period (Fig. 3) at 10, 15 450 1
and 20 mg/kg (12 mice per dose group). The mice tolerated the _ 400
10 and 15 mg/kg studies (less than 5% body weight loss), but not T 350
the 20 mg/kg study which was terminated early. The 10 and % 300 |
15 mg/kg groups gave a 49% and 74% tumor growth inhibition, N 2504
respectively. Average plasma levels of 12 in the 15 mg/kg dose 5 200 1
group were 3.4, 0.32, 0.05 and 0.03 uM at 6, 24, 48 and 72 h, ] 133
respectively. The oral bioavailability of 12 in mice permitted a 50 4
xenograft efficacy study with once-daily oral administration. Fol- 0 . . . . . .
lowing 150 mg/kg for 21 days, a 50% tumor growth inhibition 0 3 6 9 12 15 18 21
was achieved. With 300 mg/kg oral dosage, a 70% growth inhibi- Day

tion was observed. Average plasma levels were 11 and 0.22 pM
at 6 and 24 h timepoints for the 150 mg/kg group, while the
300 mg/kg group averaged 21 and 0.78 M plasma levels at 6
and 24 h. For both oral doses, the mice experienced low body
weight loss.

Unfortunately, inhibitors 11-13 were also modest binders of
the hERG-encoded potassium ion channel. Inhibition of the hERG
ion channel resulting in inhibition of the rapid component of the
delayed rectifier potassium current (Ii;) has been implicated in
QT interval prolongation and life-threatening cardiac arrhythmia.'*
A displacement assay using a known radiolabeled methanesulfo-
nanilide hERG binder, MK-499,'> was used to screen for hERG
affinity.'® In this binding assay, hERG K; values for phenyl and thi-
ophene biaryl analogs 11-13 ranged from 590 to 1210 nM. Thio-

|+ vehicle, p.o. —s— 12, 150 mg/kg, p.o. 12, 300 mg/kg, p.o.

Figure 3. 21-Day efficacy study of compound 12 in a HCT-116 colon carcinoma
mouse xenograft model via ip administration (top graph) and po administration
(bottom graph).

phen-2-yl biaryl 12 was weakly active in a patch clamp assay
with chinese hamster ovary cells expressing human hERG channel,
inhibiting with an ECsg of 10,000 nM. Given the weaker activity in
the functional assay, we proceeded to evaluate the potential car-
diovascular liability of 12 in an anaesthetized CV dog with an acute
iv dose escalation. While no effect was observed up to 3 mg/kg
reaching a plasma concentration of 6 pM, ECG monitoring indi-
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cated an 8% increase in the QT interval at 10 mg/kg reaching 30 pM
plasma level. The observed QT prolongation in vivo was likely the
result of hERG binding affinity despite the 10-fold shift in cell func-
tional activity.

The hERG-encoded ion channel consists of four subunits each
consisting of six transmembrane helices that together form a pore
which closes upon binding to substrates, entrapping them. Key
binding residues include Phe656 and Tyr652 that have been impli-
cated in -7 or cation-7 interactions as well as Thr623 and Ser624
that are capable of hydrogen-bond networks.!” Val625, Gly648 and
Val659 have also been implicated in drug binding. The importance
and promiscuity of the ion channel has led to the development of a
variety pharmacophore models for substrate binding.'®

In an attempt to negate the hERG binding affinity of 12 by
reducing the overall hydrophobicity we introduced polar function-
alities into the molecule. Hence more polar pyrazolyl and imidaz-
olyl biaryl analogs 14-16 were prepared. These modifications
afforded compounds active in the HDAC1 biochemical assay (ICso
18-36 nM) with significantly diminished hERG affinity. However,
they had significantly reduced HCT-116 antiproliferative activity
(Glsp 3490 — 20,000 nM); likely the result of poor cell
permeability.

Table 5
Attenuation of spirocycle amine basicity of 12

SN~
(0]
(T N
2 H NH
NN 2
R~N
Substituent R HDAC1 HCT-116 hERG binding  hERG functional
ICso (nM)  Glso (nM)  K; (nM) ECso (nM)
H (12) 8 93 790 10,000
% 9 160 9790 10,100
D= an) '
(0]
>\-§ (18) 14 180 460 5000
NH
I
O\S\g (19) 8 260 5210 3300

J N
QN \>75 (20) 28 520 760 3350

/5 (21)

CF; é‘s 17 740 1900

HO\/‘g’ (22) ¢ 65 170 6500
(23)

HO\( ; 17 >20,000 3200

(0]

(24)

HoN ; 13 97 97

The location of a basic amine in close proximity (~2-5 atoms)
to an aromatic system is a well-established pharmacophore for
inhibition of the hERG ion channel.'® Hence electronically deacti-
vating groups were attached to the terminal nitrogen atom of the
spirocycle, while keeping the thiophen-2-yl biaryl constant (Table
5). Amides such as acetamide 17 maintained good potency in the
HDAC1 biochemical and HCT-116 antiproliferation assays. Further-
more the in vitro hERG binding affinity (K; 9790 nM) of 17 was sig-
nificantly reduced from 12. Unfortunately acetamide 17 (and
related substituted amides) were as active as 12 in the functional
patch clamp assay with an ECsq of 10,100 nM. An additional con-
cern was the potential for metabolic hydrolysis of the amide giving
12 in vivo; a potent hERG binding agent. Ureas and sulfonamides
such as 18 and 19 as well as pyrimidin-2-yl analog 20 were potent
in both HDAC1 and HCT-116 assays but retained activity in the
hERG binding assay. Several other electronically deactivating
groups such as 2,2,2-trifluoroethyl, hydroxyethyl, acetic acid and
acetamide analogs 21-24 were prepared to attenuate the basicity
of the amine. However these also failed to attenuate the hERG
activity of this spirocycle. As expected, acid 23 lacked cell activity.

Several other spirocyclic designs derived from commercially
available precursors were investigated to address the problem of
hERG affinity. Racemic 2,7-diazaspiro[4.4]nonane was found to
be an equipotent alternative spirocycle and several analogs were

Table 6
Alternative spirocyclic designs

S~
O
TN
NP H NH,
Compound HDAC1  HCT- hERG hERG
116 binding functional
ICso @l K; (nM) ECso (NM)
(nM) (nM)
N (25) 12 130 2790 10,300
/36 26) 23 390 6300 10,100
>/N N
8 260 3810 10,000
o} (27)
Oﬁ/ /'z‘L
N (28) 23 470 16,740 N/A

N~ %
(29) 230 2030 10,250 N/A
HN
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prepared as exemplified by 25 (Table 6). Biochemical and cell-
based activities were acceptable but again these spirocycles were
hERG-active in both the binding and functional assays. Others such

Table 7
Increased spirocycle polar surface area

S s
(0]
DR
H
= NH
¥ N ’
Compound HDAC1 HCT-116 hERG binding
ICs0 (M) Glso (nM) K; (nM)
>10,000

0 ;\N/“a

30 13 340
HO ;\N}z

31 29 280 9420

(0} N}L‘
32 21 190 86207
HN
o) N}“
33 11 49
HN
N}"
34 o 13 51 8699
HN
(0] N/'zﬁ
35 HN 16 430 9070

(0] N}&
36 11 110 7540
HN
37 HN 27 330 6330

10,980

N 7 2 14
38 . \q\ 320 560
HN
H N}"‘
N b
39 . \#\ 8 250 >10,000
(0]

¢ hERG functional ECsy 18,000 nM.
> hERG functional ECsq >30,000 nM.

Table 8
Pharmacokinetic properties of 39

Rat Dog
iv dose (mg/kg): 2.0 0.50
Clp (ml/min/kg): 7.4 9.8
Vass (L/kg): 0.47 23
04 (h): 26 6.8
po dose (mg/kg): 4.0 1.0
AUCN
1M h kg/mg): 0.75 0.65
F (%): 13 18

as 6-4’ and 6-5' spirocycles exemplified by 26, 27 and 28 exhibited
very similar SAR with respect to HDAC1 and HCT-116 activity as
well as hERG affinity. Another consideration was to attenuate the
spirocyclic amine basicity through fusion of a third aryl ring, how-
ever in most cases these compounds had diminished HDACT activ-
ity without improved selectivity versus hERG. For example, indolyl
piperidinyl spirocycle 29 was one log unit less potent than related
inhibitor 12.

Next we altered the spirocyclic design to incorporate increased
polar surface area within the spirocycle itself (Table 7). For exam-
ple, spirocyclic ketone 30 maintained good HDAC1 and HCT-116
viability activities and was inactive in the hERG binding assay.
However, the hERG affinity returned with alcohol 31; a potential
metabolite of ketone 30. Lactams 32, 33 and 34 had good to excel-
lent HDAC1 and HCT-116 activities and comparable hERG binding
affinity. However, lactam 32 was weakly active in the hERG cell
functional assay (18,000 nM). Despite a reasonable exposure in
the mouse PD assay following oral administration (150 mg/kg po;
Cmax 34 UM, AUC 88 pM h), 32 induced a marginally-significant
2-fold increase in acetylated histone H2B. Potent lactam 34 also
failed in mouse PD.

Alternative designs investigated include hydantoin 35 and ami-
no lactams 36 and 37, which inhibited the ion channel, albeit
weakly. Two promising candidates were cyclic urea 38 and carba-
mate 39: both potent in the HDAC1 biochemical (ICso 7 and 8 nM,
respectively) and HCT-116 proliferation assays. Low hERG binding
affinities were promising for both (K; values of 14,560 and
>10,000 nM); and 39 was also inactive in the hERG cell functional
activity assay (ECso > 30,000 nM). Unfortunately, both 38 and 39
failed to increase acetylated histone H2B when administered orally
in our mouse PD model, presumably due to insufficient exposure.2°
However, compound 39 did induce histone acetylation when
administered ip (150 mg/kg ip; 4-fold increase in Ac-H2B/H2B).
Consistent with our experience in mouse, 39 also had low rat
and dog bioavailability (Table 8).

While increasing polar surface area to over 100 A% gave a high
probability of mitigating hERG, it is also noteworthy that numer-
ous compounds with PSA >110 A2 did, in fact, bind to the ion chan-
nel. Attempts to correlate hERG affinity to logP or logD were also
unsuccessful, as were attempts with other physicochemical
descriptors. In addition, docking studies based on the homology
model of hERG channel were carried out, but a correlation between
docking scores and binding affinity was not observed.?! However,
it should be noted that further analysis entailing the flexibility of
the channel was not explored.??

In summary, spirocyclic nicotinamides are potent alternatives
to our earlier reported piperazine nicotinamides such as 1.* The
incorporation of a nonpolar biaryl zinc-binding motif derived from
HTS leads'?® enhanced potency and rendered the inhibitors >500-
fold selective for HDACs 1 and 2 over HDAC3. Inhibitor 12 is a sca-
leable,?® potent and selective SHI-1:2 with antitumor activity in an
HCT-116 human colon carcinoma mouse xenograft model study.
However, hERG affinity has limited the further development of
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12. Efforts to identify a safe, orally efficacious alternative to 12 will
be the subject of future communications.
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