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A series of N-hydroxy-1,2-disubstituted-1H-benzimidazol-5-yl acrylamides were designed and synthe-
sized as novel HDAC inhibitors. General SAR has been established for the substituents at positions 1
and 2, as well as the importance of the ethylene group and its attachment to position 5. Optimized com-
pounds are much more potent than SAHA in both enzymatic and cellular assays. A representative com-
pound, 23 (SB639), has demonstrated antitumor activity in a colon cancer xenograft model.

© 2009 Elsevier Ltd. All rights reserved.

The amino termini of histones extend from the nucleosomal
core and are modified by histone acetyltransferases (HATs) and
histone deacetylases (HDACs) during the cell cycle.! Acetylation
of the e-amino groups of lysine residues removes positive charges,
thereby reducing the affinity between histones and negatively
charged DNA. This facilitates access of the transcriptional machin-
ery to the DNA template. Therefore, in most cases, histone acetyla-
tion enhances transcription while histone deacetylation represses
transcription.> Inhibition of HDACs results in the accumulation
of acetylated histones, which results in a variety of cell type depen-
dent responses, such as apoptosis, necrosis, differentiation, cell
survival, inhibition of proliferation and cytostasis. HDAC inhibitors
(HDACi) have been studied for their therapeutic effects on cancer
cells.* Suberoylanilide hydroxamic acid (SAHA, Vorinostat), the
first HDACi approved by the FDA in 2006 for the treatment of cuta-
neous T-cell lymphoma, validates HDAC inhibition as a strategy for
cancer therapy.’

HDAC enzymes are divided into four different classes.® Class I
and Il isozymes, specifically HDAC 1, 2, 3, 6 and 8, have been asso-
ciated with uncontrolled tumor growth. For example, selective
knockdown studies on HDACs suggest that the class I HDACs,
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particularly HDACs 1 and 3, are essential to the proliferation and
survival of mammalian carcinoma cells.”

There are a number of HDACi which are currently undergoing
clinical trials either as a single therapy or in combination for
treatment of solid and hematologic malignancies (Fig. 1). The mor-
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Figure 1. Examples of clinically tested HDAC inhibitors.
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phology of the HDACi pharmacophore is characterized by three
portions: cap, linker and zinc-binding group (ZBG) as exemplified
by SAHA (Fig. 1). The common linkers are aliphatic chain (e.g.,
six carbon chain in SAHA), aromatic ring (e.g., phenylene in MS-
275)% and vinyl-aromatic (e.g., styryl in PXD101).° The most com-
mon ZBGs are hydroxamic acid and benzamide (e.g., MS-275).
Hydroxamic acid remains among the most potent and popular
ZBGs reported for inhibition of Class I HDACs.

As part of our ongoing effort to discover novel anticancer
agents, we have examined a number of fused heterocyclic rings
such as benzimidazole, benzothiophene, indole and indazole as
part of a novel linker or building block for a low molecular weight
novel HDACi. In this report, we describe the development of N-hy-
droxy-1,2-disubstituted-1H-benzimidazol-5-yl acrylamides (VII)
(Scheme 1), a series of novel HDACi with promising pharmacolog-
ical and pharmacokinetic properties.

The X-ray structures of HDLP (histone deacetylase like protein)
co-crystallized with SAHA and trichostatin A indicate that a linker
incorporating a pi-system is preferred for interaction with two
phenyl groups in the binding pocket (Phe198 and Phe141).'° Dock-
ing studies revealed that vinyl-aromatic rings are suitable link-
ers.!' We envisaged that VII, with appropriately substituted
groups R! and R?, would have additional interactions with protein
residues in the ‘cap’ region.

An efficient synthesis of a wide range of benzimidazole-based
hydroxamic acids was developed. Scheme 1, Route A, illustrates
the general procedure used for preparing hydroxamic acids (VII),
starting from trans-3-nitro-4-chloro-cinnamic acid (I) in a 4-step
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Scheme 1. Reagents and conditions: (a) Et3 N, dioxane, 100 °C; (b) MeOH,H,SO4,
60°C; (c) SnCl,-2H,0 (5equiv), AcOH/MeOH (1:9), 40°C; (d) NH,OH-HCI
(10 equiv)/NaOMe (20 equiv)/MeOH, 0°C to rt; (e) SnCl,-2H,0 (5 equiv), AcOH/
MeOH (1:9), 40 °C; (f) coupling reagent (EDCI), HOBt; (g) HOAc, reflux; (h) HCO,H
or CH3CO,H, reflux.
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Scheme 2. Reagents and conditions: (a) H, (1 atm)/10% Pd-C, rt, (b) NH,OH-HCI
(10 equiv)/NaOMe (20 equiv)/MeOH, 0 °C to rt; (c) (CH3)3S(O)I, NaH, THF, rt, Et,0;
(d) R'X (X =1, Br), K,CO3, CH5CN.

reaction sequence. Chloride displacement by amine R'NH, (II)
under basic conditions, followed by esterification of the acid (III)
gave methyl ester (IV). Alternatively, I may be esterified to the
methyl ester (Ia) first, followed by installation of amine (II) to give
IV. One-pot reductive cyclization of IV with aldehyde (V) forms the
benzimidazole ring.'? In this key step, the nitro group of IV was
reduced by tin (II) chloride in acetic acid, and in the presence of
aldehyde (V) ring cyclization was achieved to give benzimidazole
(VI) in 40-65% yield. Treatment of the methyl ester (VI) with
excessive hydroxylamine gave hydroxamates (VII) in good yield.!?
If the desired aldehyde (V) was not readily available, acid (IX) was
used for formation of amide (X) first, then cyclized to benzimid-
azole (VI) under acidic conditions '* (Scheme 1, Route B). VII
(R?>=H or Me) can be obtained by refluxing formic acid or acetic
acid, respectively, with diamine (VIII) (Scheme 1, Route C).

To assess the role of the olefinic linker between the zinc-binding
hydroxamic acid and the fused aromatic ring, the saturated alkyl
linker analog (XI) and a cyclopropyl analog (XII) were prepared
as illustrated in Scheme 2. Alkylation of VI (R!'=H) with R!X
(e.g., benzyl bromide, Mel) provided two products after separation:
one was identical to an authentic sample (VII) prepared as in
Scheme 1, the other was the isomer XIII.

Initially synthesized analogs, with R! fixed as a propanol group,
were profiled against the HDAC1 enzyme and the human colon
cancer cell line COLO205 (Table 1).!>!'® The propanol group was
selected as R! with the expectation of possible interactions
between it and the hydrophilic side-chains in HDACT1, for example,
Asp 99 or Glu 98.'° R? was optimized with a range of groups:
unsubstituted (1), aromatic and non-aromatic rings (2 and 3),
straight and branched alkyl chains (4,5 and 6) and arylalkyl chains
(7, 8 and 9). Compounds with a directly attached ring or an o-
branch (2, 3 and 4) were not potent, but those with a-unsubstitut-
ed phenylalkyl chains (7, 8 and 9) were not only potent in the
HDACT1 enzyme assay, but also in a cellular anti-proliferation assay
using colon cancer cell line COLO 205.

To investigate the role of the R! substituent, a series of
compounds were synthesized in which R? was held constant as
phenethyl while varying R'. Phenethyl was selected as R! substitu-
ent because it has reasonable contribution to in vitro potency, is
simpler and achiral compared to 2-phenyl-propyl in 8. A number
of R! substituents were explored for size (both linear and bulky),
lipophilicity and hydrophilicity (neutral, acidic and basic) and
combinations of the above (Table 2). Hydrophobic and bulky
groups are preferred for R! with a short flexible linker (m=1, 13
vs 12 and 11). For R! substituents with a longer flexible linker
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Table 1
SAR of R? for VII with R' = -(CH,);-OH fixed

0
N A N,OH
RZ— H
N

OH
Compound R? HDACT ICs® (LM) COLO 205 ICsq” (UM)
1 H 1.10+£0.14 Not tested
2 \O 3.2° 3¢
3 ‘*CS 1.9¢ 31¢
4 ‘T/ 1.70 £ 0.36 Not tested
5 \)\ 0.10 £ 0.05 26+17
6 \/ﬁ\ 0.53¢ 3.7£0.1
6

7 ~—"pp 0.17¢ 3.2£0.1
8 ‘\/L 0.08 £ 0.04 1.7+0.6

Ph
9 ~_-0._Ph 0.17° 4119

2 Values are expressed as mean * standard deviation of at least two independent
duplicate experiments.

b Values are expressed as mean # standard deviation of at least two independent
triplicate experiments.

€ Values obtained from only one duplicate or triplicate experiment.

(m =2 and 3), none of the acidic (15), cyclic amide (20) or lipophilic
groups (17) enhanced HDACT1 or cell proliferation inhibition. Even
though potencies of compounds with linear chains (7, 14, 18 and
19) were comparable to those with basic chains (16 and 21), the
basic R! side-chains were chosen for further optimization due to
their higher aqueous solubility.

Table 2
SAR of R! = -(CH,),,-Y for VII with R? = -(CH,),-Ph ﬁéed

Y
Compound m Y HDAC1 ICs0* (UM)  COLO 205 ICs0” (M)
10 0 H 0.17 £0.01 44+2.2
11 1 H 0.26+0.14 1.2+0.6
12 1 Ph 0.41 £ 0.06 1.6+0.8
O
13 1 \Q:o/ 0.047 £0.013 0.32+0.21
O\
14 2 H 0.22+£0.05 1.5+0.5
15 2 CO,H 23+04 Not tested
16 2 Morpholin-4-yl 0.27 £ 0.07 2.8+0.3
17 2 Ph 0.88¢ 8.8+0.8
18 3 H 0.17 £0.07 23+05
7 3 OH 0.17¢ 3.2+0.1
19 3 OCH3; 0.21¢ 22+03
o]
20 3 . ﬁ 0.20 £ 0.02 11+4
21 3 Morpholin-4-yl 0.25 £ 0.06 1.9+0.9

ab< See footnote of Table 1.

Table 3
SAR of R! = amines for VII with R? = -(CH,),~Ph fixed
(0]
N N .OH
N
|
R
Compound R HDACT IC5¢* (LM) COLO 205 ICso° (uM)
22 N/‘- 0.052 +0.025 0.22+0.12
23 (SB639) k\_N 0.035+0.016 0.14 +0.05
24 ‘_LN ) 0.026 £ 0.014 0.09 + 0.06
25 O 0.31+0.21 0.61 +£0.26
~~_N
26 r;‘\N 0.16 + 0.06 >100
~ N
27 I‘I\J 0.19 £ 0.01 20+1.1
N N
28 \)erw 0.041 £0.019 0.12 £ 0.07
~
29 lll 0.16 + 0.04 1.1+£0.2
P N

2 see footnote of Table 1.

Hence, a series of compounds with basic R! side-chains were
synthesized (Table 3). Both enzymatic and cellular activities were
significantly improved with a mono basic amine with a two carbon
linker (22, 23 and 24). Compounds with longer linkers of three car-
bons and more were less potent (23 vs 25, 27 and 29). Increasing
lipophilicity of the amine substituent improved potency slightly
(24 vs 23). Docking compound 23 into the HDAC1 homology mod-
el'”18 revealed a key electrostatic interaction between the R' basic
center and Asp99 (Fig. 2). There is an additional hydrogen bonding
interaction between the hydroxyl of Tyr204 and benzimidazole N3,
thus both basic centers contribute to the binding of the most po-
tent compounds, such as 22, 23 and 24. Compounds with longer
linkers (25, 26, 27 and 29), due to their increased distance between
R! basic center and Asp99 according to the binding mode of 23,
have to fold back their R! side-chains in order to make similar
interactions with Asp99, but the overall bindings become less
effective. However, 28, has a bulky gem-dimethyl group in R

L~ His 140

ASP 176

TYR 204 /

N
LEU 271\>

.‘./

Figure 2. Compound 23 (SB639) docked into the HDAC1 homology model. Key
interactions between the basic centers with Asp99 and Tyr204 contribute to the
potency.
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Table 4
SAR of Z for XIV
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R XIV
Compound R R? z HDACT ICs¢* (UM) COLO 205 ICsq” (uM)
5 \)\ -CH=CH- 0.10 + 0.05 26+17
30 —CH,CH,- >10 Not tested
7 HO ~CH=CH- 0.17¢ 32+0.1
31 “~""Ph - (bond) 3.3¢ 26+1
13 ~CH=CH- 0.047 +0.013 0.32+0.21
32 o o ST ~CH,CH,- 0.17 £0.00 24+05
Lol ]
1 CH; ~CH=CH- 0.26 +0.14 12+06
‘\_/‘\
33 Ph . 13£1.0 Not tested

ab< See footnote of Table 1.

side-chain which can force it to adopt favorable conformation(s) to
make effective interaction with Asp99 explaining its high potency.

Assessment of the role of the linker between the zinc-binding
hydroxamic acid and the benzimidazole ring was explored with
compounds made according to Scheme 2 (biological data listed in
Table 4). Saturation of the double bond either reduced HDAC1
potency 3.6-fold (32 vs 13) or destroyed it completely (30 vs 5).
Clearly the nature of specific side-chains in combination with the
Z linker is crucially important. The cyclopropyl moiety, as a
replacement for ethylene (33) lost 5-fold potency perhaps due to

Table 5
Isomeric benzimidazole and benzamides

an unfavorable hydrophobic interaction or conformational change.
When the hydroxamic acid is directly attached to the benzimid-
azole ring (31, which was made by using method analogous to
Route A, Scheme 1 and 4-chloro-3-nitro-benzoic acid methyl ester
as starting material instead of I), inhibition of HDAC1 enzyme
activity was reduced by over an order of magnitude (31 vs 7).
The position of attachment of the alkenoyl hydroxamate to the
benzimidazole ring at either position 5 or 6 was explored with the
pair of compounds 34 (Table 5) and 12. The 5-substituted com-
pound 12 is more potent against HDACT. Illustrating the superior

Compound Structures

HDACT ICs¢® (M) COLO 205 ICs® (M)

o
3
= .OH
12 N ¢

34 2
<;>_\_<NW e
2 (] N
N s H

N
3
i
%NDNLN’OH
N
35 N
N
/’ e
o) /“j
Q_\_<N;©/\)L A
i N |
H
36 N NH
N
/ BN

0.41 £ 0.06 1.6+0.8
1.2+£0.2 54+0.5
0.25+0.25 0.88 £ 0.46

>100 5126

b See footnote of Table 1.
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Table 6

Cellular ICso (uM) of selected compounds

Compound HCT116 A2780 PC3

11 1303 0.73 £0.04 0.89+0.23
22 0.24 £ 0.09 0.10 £ 0.00 0.20+0.09
23 0.200.10 0.19+0.14 0.15 +0.08
24 0.10 £ 0.03 0.031 £ 0.000 0.12 £ 0.04
28 0.16 £0.10 0.11 £0.00 0.18 £ 0.08
Table 7

Half-life Ty;> (min) in liver microsomal stability assay'®

Compound Human Mouse
11 >30 23+3
22 165 28+1.7
23 >30 27+20
24 10+1 1.3+0.5
28 12+1 1.0+ 0.0

potency of the hydroxamate ZBG, 35 is a much more potent HDAC1
inhibitor than the corresponding benzamide (36). The above re-
sults clearly demonstrate that the properties of the side-chains
and their positions of substitution on the benzimidazole ring are
crucial for optimal enzyme and cellular potency.

The most promising compounds representing different R! side-
chains were selected for further evaluation in cell lines and in vivo.
Broad activity against other human tumor cell lines, such as
HCT116, A2780 and PC3 was encouraging (Table 6).1°

Given the good cellular activity in vivo xenograft studies were
initiated in HCT116 tumor-bearing nude mice (10 mice per dose
group). Considering their low metabolic stability in mouse (Table
7), compounds were given daily ip at doses up to MTD (maximum
tolerated dose).2° 22, 23, 24 and 28 were dosed as the di-hydro-
chloride salt and 11 as the mono-hydrochloride. 23 demonstrated
significant antitumor activities compared to vehicle control, tumor
growth inhibition (TGI) on day 22 was 89% (130 mg/kg, MTD,
p <0.01, maximum body weight loss (MBWL): 8.7% on day 19)
and 59% (70 mg/kg, p < 0.01, MBWL: 0.5% on day 15) (Fig. 3). SAHA
(IC50=0.12+0.04 and 2.9+1.6uM for HDAC1 and HCT116,
respectively) was used as a positive control and showed moderate
activity at 200 mg/kg (MTD) with TGI = 53% (p < 0.01).

The antitumor activities of 11, 22 and 24 were not significantly
different from vehicle controls (p > 0.05) in other experiments. The
TGIs were 23% (50 mg/kg, qdx21, MTD) and 32% (75 mg/kg, qdx21,
MTD) on day 21 for 11 and 24, respectively. The TGI on day 22 was
12% for 22 (60 mg/kg, qdx21, MTD). Compound 28 was not toler-
ated in nude mice even at the lowest dose tested (100 mg/kg),
treatment ended on day 12, 2/10 and 1/10 treatment-related
deaths occurred on days 13 and 14, respectively. The TGI on day
11 was 60% (100 mg/kg, p > 0.05), no further evaluation was done
at lower doses.

Compound 23 was also given orally to tumor-bearing mice,
with TGI on day 21 of 78% (200 mg/kg, qdx21, p < 0.001, MBWL:
5.7% on day 7) and 43% (100 mg/kg, qdx21, p <0.05, no body
weight loss). Pharmacokinetic studies have determined that com-
pound 23 has an oral bioavailability in mouse of 13%.'° When
dosed at 50 mg/kg (po), the Cpmax (0.92 +0.05 uM),'® was well
above the ICsq levels for HDAC1 (0.035 + 0.016 uM) and HCT116
(0.20 £0.10 uM). Plasma concentration was maintained above
the HDAC ICsq for about 4 h. Given that the doses in the HCT116
xenograft experiment were much higher than this PK study it is
not surprising that such good efficacy was seen.

The mechanism of action of 23 was confirmed both in vitro and
in vivo as evidenced by hyperacetylation of H3 in HCT116 cells and
tumor tissues after treatment with 23 (data not shown). 23 is also a

1300 9 == vehicle (ip, qdx21)

+ 11004 =% SAHA (200 mg/kg, ip, qdx21)
10004 —a—23 (130 mg/kg, ip, qdx21)

800 - == 23 (70 mg/kg, ip, qdx21)

(=]
e
=
-
=

Figure 3. Antitumor activity of 23 in mouse HCT116 xenograft model

Table 8

SB639 (23) is a pan-HDAC inhibitor

HDAC? K (nM) HDAC? K (nM)
1 11.6+0.3 6 20.6+0.8
2 36.2+5.3 8 82+9
3 12.5+1.7 9 19.2+1.1
4 9.6+04 10 18.9+1.1
5 17.2+2.9 11 12.8+2.5

2 HDAC isoenzymes (HDAC7 not tested).
b Dissociation constant.'®

potent pan-HDAC inhibitor, it inhibits class I, Il and IV HDAC isoen-
zymes (Table 8). The basic nitrogens in 23 are not only essential for
HDAC inhibition, but also for physicochemical properties. The
hydrochloride salt of 23 has good solubility in mildly acidic media
(1.6 mg/mL at pH 6.5) and lipophilicity at neutral pH in the ideal
range (logD =2.1 at pH 7.3).

In conclusion, we have designed and synthesized a series of
N-hydroxy-1,2-disubstituted-1H-benzimidazol-5-yl acrylamides,
which exhibit potent enzymatic and cellular activity. A representa-
tive compound, 23 (SB639), exhibited excellent antitumor efficacy
in an HCT116 xenograft model. Compound 23 was also orally
active demonstrating the good drug-like properties from this tem-
plate. Future reports will build on the SAR of the benzimidazole
core structure with a view to delivering a clinical candidate.
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proliferation assay (Promega Pte Ltd, Singapore). Dose-response curves were
plotted to determine the ICso values using XL-fit (ID business solution Ltd,
USA). ICs is the concentration needed for inhibition of 50% cell proliferation of
tumor cells.

. Homology Modeling. The human HDAC1 protein sequence was downloaded

from EXPASy (http://expasy.org). The Aquifex aeolicus Histone Deacetylase Like
Protein (HDLP) sequence was downloaded from the Protein Data Bank (PDB,
http://rcsb.org). The proteins were aligned using clustal W 1.83'® and the
alignment manually edited. The secondary structure was predicted by
Psipred'®® and SSPro.'®¢ The HDLP X-ray structure 1C3R'® was downloaded
from the PDB and used as a template. The homology model was built using
Prime'8¢ with standard settings. The homology model was finally subjected to
5000 steps of Steepest Decent minimization using MacroModel'®¢ with OPLS-
AA force field'® and the GB/SA solvation model.'®f The HDAC1 homology
model were prepared using the protein preparation wizard in Maestro'8¢ with
standard settings. Grids were generated using Glide version 4.0.217'8¢
following the standard procedure recommended by Schrédinger. A metal
constraint was included in the grid files in order to force the docked poses to
form an interaction with the catalytic zinc.
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Thompson, J. D. Nucleic Acids Res. 2003, 31, 3497; (b) Jones, D. T. J. Mol. Biol.
1999, 292, 195; (c) Pollastri, G.; Przybylski, D.; Rost, B.; Baldi, P. Proteins 2002,
47, 228; (d) Prime, MacroModel, Glide and Maestro are products of
Schrodinger, LLC, New York, NY (www.schrodinger.com).; (e) Kaminski, G. A.;
Friesner, R. A.; Tirado-Rives, ].; Jorgensen, W. L. J. Phys. Chem. B 2001, 105, 6474;
(f) still, W. C.; Tempczyk, A.; Hawley, R. C.; Hendrickson, T. J. Am. Chem. Soc.
1990, 112, 6127.

. For in vitro metabolic studies and pharmacokinetic data of compound 23

(SB639), see Venkatesh, P. R.; Goh, E.; Zeng, P.; New, L. S.; Xin, L.; Pasha,
M. K.; Sangthongpitag, K.; Yeo, P.; Kantharaj, E. Biol. Pharm. Bull. 2007, 30,
1021.

Female athymic nude mice, 10-12weeks of age, were implanted
subcutaneously in the flank with 5 x 106 HCT116 cells. When the tumor
reached a size of 100 mm?, the mice were pair-matched prior to treatment.
Tumor size was measured every second day and the tumor volume calculated
as follows: tumor volume (mm?)=(width)? x length/2. Compounds were
dissolved in 10% N,N-dimethylacetamide (DMA)/10% Cremophore/80% water
for ip route or 0.5% methylcellulose/0.1%Tween 80 for oral administration.
Drugs were injected ip or orally administered via gavage everyday for a period
of 21 days. Tumor growth inhibition (TGI) was calculated according to %
TGI = (C; — T) * 100/(C; — C1) where C;, the mean tumor size of the vehicle
control group at time t; T, the mean tumor size of the treatment group at the
time t; Cy; = the mean tumor size of the vehicle control group on the first day of
treatment. Statistic analysis was done with one-way ANOVA followed by
Dunnett’s Multiple Comparison test (Prism 4.0).
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