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Abstract—We describe the structure—activity relationships for a series of ligands structurally related to the recently identified (5-
chloro-1H-indol-2-yl)-(4-methyl-piperazin-1-yl)-methanone (1) as histamine Hy4 receptor (H4R) antagonists. Furthermore, we iden-
tified related benzimidazoles as novel lead compounds for the H4R. The ligands have been evaluated by radioligand displacement
studies and functional assays for their interaction with both the human histamine H; and Hy receptors and exhibit pK; values up to

7.5 at the human HyR.
© 2004 Elsevier Ltd. All rights reserved.

The biogenic amine histamine mediates its physiological
actions via a variety of G-protein coupled receptors.!
Recently, a novel histamine receptor subtype, the Hy
receptor (H4R), was cloned independently by several
groups.”® The HyR is preferentially expressed in various
cells of the immune system and mast cells and induces
the chemotaxis of for example eosinophils and mast
cells.”® Consequently, the H4R is considered to be a
promising new drug target* and initial studies have
indicated that H4R antagonists are effective in various
models of inflammatory conditions.’

The H4R shows considerable homology with the Hj
receptor (H3R) and many of the known H3;R agonists
and antagonists also bind the H4R, albeit with a differ-
ent pharmacological profile.! At this moment the devel-
opment of potent and selective H4R ligands is therefore
of utmost importance as it will provide molecular tools
to further characterize the H4R and to explore the ther-
apeutic potential of HyR related drugs. Recently, we
have reported on (—)-2-cyano-1-methyl-3-{(2R,5R)-5-
[1H-imidazol-4(5)-ylJtetrahydrofuran-2-yl} methylguani-
dine as an Hy receptor agonist with a 40-fold selectivity
over the H5R.!° Moreover, the first nonimidazole H4R

Keywords: Histamine H, receptor; Antagonists.
* Corresponding author. Tel.: +31 20 4447600; fax: +31 20 4447610;
e-mail: leurs@few.vu.nl

0960-894X/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2004.08.035

antagonist (1) has recently been reported by Jablonow-
ski et al.'! This compound shows a good selectivity over
other histamine receptors and shows interesting anti-
inflammatory activities in vivo as well.>!! In this study
we report on our efforts to convert this lead compound
into a ['*I]-labeled derivative as pharmacological tool
for H4R studies and to obtain structure—activity rela-
tionships within this class of compounds.

The synthesis of the indolepiperazines 1-3 is outlined in
Scheme 1. Commercially available 5-halo-2-indolecarb-
oxylic acids were coupled with N-methylpiperazine
using N,N’-carbonyldiimidazole (CDI) as coupling
agent to form compound 1 and 2.'?> Halide exchange
of compound 2 with potassium iodide and copper iodide
in hexamethylphosphoric triamide (HMPA)'314 resulted
in the iodo analogue 3. Using the same procedure as for
the synthesis of 1 and 2, 5-chloro-2-indolecarboxylic
acid was coupled to a range of amines to give analogues
4-9 as indicated in Scheme 2.
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Scheme 1. Synthetic pathway of 1-3. Reagent and conditions: (i) 1-
methylpiperazine, CDI, THF, 0°C; (ii) KI, Cul, HMPA, 155°C.
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Scheme 2. Synthetic pathway of 4-9.

Compounds 10 and 11 were prepared according to
Scheme 3. Starting from 5-chloro-2-indolecarboxylic
acid, the ethyl ester 20 was readily prepared by means
of an excess of absolute ethanol saturated with HCI
gas. Reaction of 20 with 55% sodium hydride in THF
followed by treatment with [2-(trimethylsilyl)eth-
oxy]methyl chloride (SEM-CI) gave SEM-protected
derivative 21.'>1¢ Reduction of the intermediate 21
using LiAlH, resulted in the alcohol 22,'7 which was
subsequently transformed into the aldehyde 23 via a
Swern oxidation reaction.'®!° The key intermediate,
[5-chloro-1-(2-(trimethylsilyl)ethoxymethyl)-1H-indol-2-
yl]-(1-methyl- piperidin-4-yl)-methanol 24 was easily ob-
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tained from its aldehyde analogue 23 via a Grignard
reaction in the presence of 4-chloro-1-methyl-4-chloro-
piperidine and dibromoethane.?® The intermediate 24
was transformed to the ketone 25 via a Swern oxidation
reaction.?! The reaction of SEM-protected intermediates
24 and 25 with tetrabutylammonium fluoride monohy-
drate in the presence of ethylenediamine resulted in
good yields of the deprotected indoles 10 and 11,
respectively.??

To obtain the 5-chloro-2-benzimidazolecarboxamides
12-15, 5-chloro-2-benzimidazole-carboxylic acid, which
was synthesized according to literature procedures,?2*
activated with CDI and the intermediate imidazolide

was treated with different amines (Scheme 4).2%-2¢

Cyclization of 4-chloro-1,2-phenylenediamine and 3-

dimethylaminobenzoic acid in PPA afforded compound
16?7 (Scheme 5). While the acetyl analogue of 2-amino-
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Scheme 4. Synthetic pathway of 12-15. Reagents and conditions:
(i) CH3COOH; (ii) (1) IN NaOH, (2) IN HCI; (iii) amine, CDI,
DMF, 0°C.
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Scheme 3. Synthetic pathway of 10-11. Reagents and conditions: (i) EtOH/HCI; (ii) [2-(trimethylsilyl)ethoxy]Jmethyl chloride, THF, 0°C; (iii)
LiAlH,4, THF, 0°C; (iv) oxalyl chloride, dimethyl sulfoxide, triethylamine, DCM, —60°C to rt; (v) 1-methyl-4-chloropiperidine, Mg, BrCH,CH,Br,
THF; (vi) TBAF-H,0, ethylendiamine, DMF; (vii) oxalyl chloride, dimethyl sulfoxide, triethylamine, DCM, —78°C to rt.
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Scheme 5. Synthetic pathway of 16.
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Scheme 6. Synthetic pathway of 17 and 18. Reagents and conditions:
(1) Ac,0; (ii) (1) I-methylpiperazine, CDI, DCM, rt to 0°C.

benzimidazole, compound 17, was formed with Ac,0,%
its urea analogue 18 was synthesized by carbamoylation
of 2-aminobenzimidazole and 1-methylpiperazine with
CDI as shown in Scheme 6.2 The evaluation of the
compounds for their affinity for H; and Hy4 receptors
was performed using SK-N-MC cells, stably expressing
either the human histamine HsR or the human hist-
amine Hy4R. Cell homogenates of H3R expressing cells
(475 £ 32fmol/mg of protein) were incubated for
40min at 25°C with 0.9-1.1nM [*H]-N*-methylhista-
mine (82 Ci/mmol) in 50mM sodium phosphate buffer
(pH 7.4) with or without competing ligands whereas cell
homogenates of H4R expressing cells (620 + 44 fmol/mg
of protein) were incubated for 60min at 37°C with 9-
11nM [*H]-histamine (23.2Ci/mmol) in 50mM Tris
HCI (pH7.4), with or without competing ligands. Incu-
bations were terminated by the addition of 3mL ice-cold
wash buffer (for H3R binging: 25mM Tris HCI, 145mM
NaCl, pH7.4 at 4°C; for H4R binding: 50mM Tris HCI,
pH7.4 at 4°C) and filtered through 0.3% polyethylene-
imine pretreated Whatman GF/C filters. Filters were
subsequently washed twice with wash buffer. Retained
radioactivity was determined by liquid scintillation
counting. Nonspecific binding was defined with 1uM
thioperamide as competing ligand. Competition iso-
therms were analyzed with the GraphPad Prism soft-
ware (GraphPad, Intuitive Software for Science, San
Diego, CA). K; values were determined with the equa-
tion K;=ICsy/(1 + ([ligand}/K4)). Protein concentra-
tions were determined spectrophotometrically by a
Packard Argus 400 Microplate Reader using the Brad-
ford reagent,*® with bovine serum albumin as a stand-
ard. The functional evaluation of the compounds was
performed using SK-N-MC cells stably expressing a cyc-
lic AMP responsive element (CRE)-responsive -galac-
tosidase reporter-gene and either the human histamine
HsR or the human histamine H4R were incubated for
6h with 1uM (hH4R) or 1.5uM (hH;3R) forskolin and
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respective ligands at 37°C the day after the cells were
seeded in 96-well plates. Thereafter, the medium was
aspirated and cells were incubated overnight at 4 °C with
100l of assay buffer 100mM NaH, PO4, 100mM
Na,HPO,, pHS, 2mM MgSO,4, 0.1mM MnCl,, 0.5%
Triton, 40mM B-mercaptoethanol, and 4mM o-nitro-
phenyl-B-p-galactopyranoside (ONPG) and the absorb-
ance at 405nm was determined.

Compound 1, 5-chloroindole-2-piperazinecarboximide,
is the first described selective HyR antagonist
(pA>=8.0£0.1).° In our hands, the compound also
shows high affinity for the human H4R (Table 1). In this
study, SAR explorations were undertaken, using the ref-
erence compound 1, in order to investigate if the H4R
affinity of this class of compounds can be further in-
creased. Substitution of the chloro atom of 1 with bro-
mine and iodine induced a small to moderate decrease
in HyR affinity (pK;=7.5 for 2 and 7.2 for 3, respec-
tively). The moderate H4R affinity of compound 3 did
not encourage us to synthesize a [ >°I]-labeled analogue.
Taking into account the affinity of the few known H4R
ligands, we consider an affinity <30nM a premise for a
H4R radioligand to be useful as a powerful pharmaco-
logical tool.

Replacement of the piperazine ring by more flexible
moieties results in derivatives with a decreased H4R
affinity, while introduction of ethylenediamines (com-
pound 4 and 5) yielded low affinity (pK; = 5.5 and 4.6,
respectively), and elongation of the spacer between the
two nitrogen atoms (propylenediamine, compound 6)
results in a complete loss of H4R affinity. Conversion
of piperazine 1 into the aminopiperazine 7 results in a
more than 1000-fold decrease in affinity for the H4R.

The importance of the basic nitrogen atom in the piper-
azine ring was confirmed by the preparation of com-
pound 8 and 9, which both exhibit low Hy4R affinities.
Removing the nitrogen atom of the amide moiety results
in the ketone analogue 11 with only moderate H4R affin-
ity. The hydroxy intermediate 10 showed a 3-fold re-
duced H4R affinity compared to the more rigid ketone
compound 11.

Next, we attempted to replace the indole system with a
benzimidazole ring, resulting in compound 12. Com-
pound 12 exhibits considerable HyR affinity
(pK; = 7.1). This ligand is only slightly less effective than
the lead compound 1 and shows only moderate affinity
for the H; receptor (Fig. 1A, Table 2). Similar to 1, com-
pound 12 exhibits a 50-fold selectivity in affinity for the
H,R over the H3R. As reported before,>* the H4R
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Table 1. Affinities of histamine and various indole and benzimidazole derivatives for the human histamine H4;R

X N
N
H

X
~
Iz __
Pl

No. X pK; + SEM* No. X R pK; + SEM*
Histamine N/_\N oH 8.1%0.1 >7N/_\N cH
1 a Va —CH;, 7.7+0.1 12 a —CH, 7.1+0.1
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11 cl >/—CN-CH3 6.7%0.1
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2The pK; values were measured by [°H]-histamine binding to membranes of SK-N-MC cells expressing the human H4R. The results were presented as

the mean + SEM of at least three independent experiments.

shows considerable constitutive activity and in our
hands this can be inhibited by the H3;R and H4R inverse
agonist thioperamide (data not shown). In the same
assay none of the tested compounds act as agonists or
inverse agonists. Detailed analyses indicate that com-
pounds 1 and 12 behave as neutral antagonists on the
H4R. As a neutral antagonist 12 is able to antagonize
the effect of histamine on the H4R in a competitive man-
ner. The rightward shifts produced by various concen-
trations of 12 (Fig. 1B) give rise to a Schild plot with
a slope that is not significantly different from unity
and yielding a pA, value of 7.1 £ 0.2. For compound 1
a pA, value of 8.0 + 0.1 was obtained as a neutral antag-
onists against histamine. Interestingly, at the H3;R both
ligands act as inverse agonists (Table 2).

Replacement of the piperazine moiety of the benzimi-
dazole derivative 12 with conformationally less con-
strained groups results in compounds 13 and 14 that
exhibit a decreased H4R affinity compared to 12. A sim-
ilar effect is seen for the indole derivatives (compare 1, 4,
and 5). The H4R affinity of benzimidazole 15 was also
decreased compared to its indole derivative 7. Dimethyl-
aminophenyl 16 and acetylamino 17 derivatives did not
show any H4R affinity. The urea derivative 18, which
has an NH group between carbonyl and benzimidazole
ring showed a 120-fold lower H4R affinity than com-
pound 12.

In conclusion, the structure—activity relationships of the
indole piperazine 1 indicate that only limited variation is
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Figure 1. (A) Displacement of [*H]-histamine on SK-N-MC-hH, R
cells (closed circles), and displacement of [*H]-N*-methylhistamine on
SK-N-MC-hHj3;R cells (open circles) by compound 12. (B) The effect of
compound 12 on the concentration-response curve of histamine in the
SK-N-MC-hHy4R cells.

Table 2. Affinities and functional activities of histamine, indole and
benzimidazole derivatives for the human histamine H;R

No. Human histamine Hj receptor
pK; £ SEM* pECso £ SEM® Intrinsic activity (o)

1 57%0.1 6.0+0.1 -0.7

2 5.5%0.1 5.8%0.1 -0.7

3 5.6%0.1 55203 -0.8

4 53%0.1 — 0

8 52%0.1 55%£0.2 —0.6
10 5.8%0.1 6.0%+0.1 -0.5
11 5.5%0.1 6.0%0.1 —-0.5
12 54%0.1 55%0.1 -1.0
13 46+0.1 55%0.1 -0.5

The results were presented as the mean = SEM of at least three inde-

pendent experiments.

2 The pK; values were measured by [°H]-N*-methylhistamine binding to
membranes of SK-N-MC cells expressing the human H;3R.

®The pECs, values were determined by the inhibition of the cAMP-
stimulated B-galactosidase transcription in SK-N-MC cell expressing
the human H;R.

allowed in this series of compounds. However, we have
found that the indole moiety can be replaced by the
benzimidazole heterocycle and novel benzimidazole-
containing compounds with moderate to good H4R
affinity are presented. While this manuscript was in

preparation, benzimidazoles, including compound 12,
were also reported as H4R antagonists in a patent by
Carruthers et al.>! Since the benzimidazoles have differ-
ent physiochemical properties compared to their indole
analogs (e.g., improved solubility), these molecules are
important new assets in the histamine H4R research field.
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