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The present work details the transformation of a series of human histamine H4 agonists into potent func-
tional antagonists. Replacement of the aminopyrrolidine diamine functionality with a 5,6-fused pyrrolo-
piperidine ring system led to an antagonist. The dissection of this fused diamine led to the eventual
replacement with heterocycles. The incorporation of histamine as the terminal amine led to a very potent
and selective histamine H4 agonist; whereas incorporation of the constrained histamine analog, spinac-
amine, modulated the functional activity to give a partial agonist. In two separate series, we demonstrate
that constraining the terminal amino portion modulated the spectrum of functional activity of histamine
H4 ligands.

� 2010 Elsevier Ltd. All rights reserved.
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Figure 1. Representative histamine H4 chemotypes.
The histamine H4 receptor is a 390 amino acid G-protein coupled
receptor that is implicated in inflammatory diseases such as asthma
and allergic rhinitis based on the expression of the H4 receptor on
haematopoietic cells such as eosinophils, mast cells, dendritic cells,
and other leukocytes.1,2 Furthermore, several groups have reported
the diverse pharmacological effects of inhibition of the H4 receptor
in animal models of asthma, arthritis, pruritus, colitis and pain.3,4

We initially reported on the prototypical H4 receptor antagonist
JNJ 7777120 (1) and have also recently disclosed the structurally dis-
tinct 2-arylbenzimidazole series (2) of H4 ligands (Fig. 1).5,6 This re-
port further details our work on this ‘extended’ series of H4 ligands;
particularly, our efforts to turn these from agonists to antagonists of
the H4 receptor. In our efforts to transform these agonists into antag-
onists we were conscious that subtle structural changes in com-
pound type can impact functional behavior in GPCRs.7–11 We
therefore initiated a scan of various diamines in order to probe the
effect this would have on the functional activity of the 2-aryl benz-
imidazole series.

SAR around one of our originally reported H4 ligands (3) dem-
onstrated that deconstruction of the piperazine was not beneficial
for binding activity in this series (Fig. 2), but increasing the ring
size to a homopiperazine (4) did show a modest increase in activ-
ity. Although the N-methylpyrrolidine (7) was less active than the
ll rights reserved.
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starting piperazine (3), it did encourage us to further investigate
other diamines on more active core structures.

We focused our efforts on the 4-fluoro-5-methyl benzimidazole
coupled with methyl substitution on the central aromatic ring as it
provided a boost in affinity in several of the series that were being
prosecuted.13 Consequently, we modified12 our original synthesis6

to introduce the diamine in the last step as opposed to the middle
of the synthesis. As we continued to investigate other amines on
the more potent series (Table 1), we were encouraged that the 3-
aminopyrrolidine was a partial agonist with a pA2 of 7.3 (9). Mono
or dialkylation of the terminal nitrogen, or enlarging the ring size
to 3-aminopiperidine maintained or increased the partial agonism
(10–13). One of the more intriguing results came from the incorpo-
ration of the racemic 5,6-pyrrolopiperidine, which provided a full
antagonist (14). Resolution of the enantiomers showed that the
(R,R) eutomer was 50-fold more potent than the (S,S) distomer
(16 and 17).

http://dx.doi.org/10.1016/j.bmcl.2010.04.017
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Figure 2. Initial diamine scan.
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In a related series, we had noted a difference in functional activity
between piperazine and piperidine,14 the latter being a complete
antagonist. We had hypothesized that the distal basic nitrogen in
the piperazine ring is interacting with Asp94 in TM3,15 while the
Table 1
Diamine scan on preferred core
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a Displacement of [3H]histamine from the recombinant histamine H4 receptor. Ki v
calculated according to Cheng and Prusoff.16

b Compounds with Ki >100 nM not tested in functional assays.
c Compounds with a >0.40 were not tested in the pA2 assay.
d Antagonism of histamine inhibition of forskolin-stimulated cAMP-mediated reporte
e Unless noted chiral compounds were tested as racemates. Detailed experimental fo
proximal nitrogen in the piperazine might be making a second inter-
action in the receptor, resulting in a conformation change and subse-
quent agonist behavior. The piperidine, lacking the proximal
nitrogen, would still be able to interact with Asp94, but be unable
to make the putative ‘agonist interaction’. We further speculated
that the 5,6-pyrrolopiperidine might be adopting a low-energy con-
formation in which the basic piperidine nitrogen is interacting with
both Asp94 and with the nitrogen in the pyrrolidine ring, preventing
it from making the agonist interaction with the receptor. It is inter-
esting to note that the N-Me version of this 5,6-pyrrolopiperidine,
which would be unable to adopt such a conformation, is significantly
less potent at the H4 receptor (15, Ki = 1000 nM), which may support
this possibility. However, attempts to quantify this behavior based
on analysis of low-energy conformations and calculations of inter-
nitrogen distances of these and other diamines did not yield any
descriptors capable of predicting agonist/antagonist behavior.

Encouraged by our ability to modulate functional activity by the
incorporation of the constrained 3-aminopyrrolidine, we initiated
two routes to further probe the agonist modulation. The first route
consisted of scanning a series of various ring sizes (Table 2) and the
second route involved deconstructing the 5,6-pyrrolopiperidine to
further dissect the effects of structural changes on the functional
activity of this unique system (Fig. 3). Initially, we decided to probe
the effect of ring size and orientation of the distal nitrogen through
various fused ring systems (Table 2). Both the 5,6- and 5,5-fused
O
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i
a,e (nM) EC50 nMb (a) pA2b,c,d

50 (0.65) N/A

470 (0.47) 7.3

62 (0.59) N/A

150 (0.55) N/A
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NA NA

; 42 >10,000 7.3
e; 1000 NA NA

,R) >10,000 7.6

S,S) N/A N/A

alues are the geometric mean of three or more independent determinations and

r gene activity in SK-N-MC cells expressing the human histamine H4 receptor.
r EC50 and pA2 determinations included in references.18



Table 2
Fused diamine scan on preferred core
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a Displacement of [3H]histamine from the recombinant histamine H4 receptor. Ki values are the geometric mean of three or more independent determinations and
calculated according to Cheng and Prusoff.16

b Compounds with Ki >100 nM not tested in functional assays.
c Compounds with a >0.40 were not tested in the pA2 assay.
d Antagonism of histamine inhibition of forskolin-stimulated cAMP-mediated reporter gene activity in SK-N-MC cells expressing the human histamine H4 receptor.
e Unless noted chiral compounds were tested as racemates. Detailed experimental for EC50 and pA2 determinations included in references.18
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Figure 3. Dissection of 5,6-pyrrolopiperadine. aDisplacement of [3H]histamine from the recombinant histamine H4 receptor. Ki values are the geometric mean of three or
more independent determinations and calculated according to Cheng and Prusoff.16 bCompounds with Ki >100 nM not tested in functional assays. cCompounds with a >0.40
were not tested in the pA2 assay. dAntagonism of histamine inhibition of forskolin-stimulated cAMP-mediated reporter gene activity in SK-N-MC cells expressing the human
histamine H4 receptor. eUnless noted chiral compounds were tested as racemates. Detailed experimental for EC50 and pA2 determinations included in references.18
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Table 3
Heterocycle scan
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a Displacement of [3H]histamine from the recombinant histamine H4 receptor. Ki values are the geometric mean of three or more independent determinations and
calculated according to Cheng and Prusoff.16

b Compounds with Ki >100 nM not tested in functional assays.
c Compounds with a >0.40 were not tested in the pA2 assay.
d Antagonism of histamine inhibition of forskolin-stimulated cAMP-mediated reporter gene activity in SK-N-MC cells expressing the human histamine H4 receptor.
e Unless noted chiral compounds were tested as racemates. Detailed experimental for EC50 and pA2 determinations included in references.18
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diamines were reasonably potent antagonists at the H4 receptor
(14, 18), while further contraction of the fused ring resulted in a
loss in affinity (19–21). Of further interest was that methylation
of these diamines often resulted in a reversal of SAR relative to
the des-methyl analog (22–25). In the case of the 5,3-fused dia-
mine, methylation of either regioisomer not only restored affinity,
but also resulted in varying degrees of antagonism (20 and 21, 24,
and 25). This contrasts with the 5,6-fused system which lost affin-
ity upon methylation (14, 15).

In our attempt to understand the SAR of the antagonism im-
parted by the 5,6-diamine, deconstruction of the 5,6-diamine re-
vealed some interesting SAR (Fig. 3). Breaking the five-membered
ring at either position demonstrated that the 3-aminomethyl
piperidine derivative (29) was not only a better ligand than the
2-aminomethylpiperidine derivative (26), but was also a fairly po-
tent agonist relative to histamine (histamine Ki = 60 nM). Addition-
ally, in both cases methylation was detrimental to activity (27, 30).
These results demonstrated that although a 3-aminomethyl piper-
idine was a better mimic of the 5,6-pyrrolopiperidine in a binding
sense, the effects on functional activity were more complex.
We also looked at the corresponding pyridine derivatives: 2-ami-
nomethyl pyridine is an anticipated isostere for a 1,2-diamine17 but
use of this motif led to loss of activity (28). In contrast, the 3-amino-
methyl pyridine derivative (31) is a low nanomolar ligand that is a
log more efficacious than histamine in the functional assay. The in-
creased potency and efficacy in the functional assay of the 3-amino-
pyridine derivatives relative to the 5,6-pyrrolopiperidine and 2-
aminomethylpyridine was intriguing, and we set off to examine
the effect of additional heterocycles on functional activity (Table 3).

Replacement of the proximal nitrogen with carbon (32) led to a
decrease in activity as did constraining the proximal nitrogen into
a ring (33); although neither change led to a complete loss in activ-
ity. Replacement of the pyridine ring with a non-basic pyrazine
ring resulted in significant reduction of H4 affinity (34). However,
the most interesting results occurred when we incorporated
known H4 ligands as the diamine component. The incorporation
of histamine resulted in a very potent functional agonist (35),
while the N-methyl histamine derivative (36) was almost three
orders of magnitude less potent than the histamine derivative.
The incorporation of the constrained histamine analog spinac-



Table 4
Profile of selective H4 agonist/antagonists
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f (nM) hH2 Ki
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b,c,d,e

16
N
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N
>10,000 >10,000 119 14 pA2 = 7.6 1197 pA2 = 3.6
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N
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N
>10,000 >10,000 9000 3.3 EC50 = 3.3 nM (a = 0.61) 548 pA2 = 4.8

35
N
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>10,000 131 377 0.21 EC50 = 0.56 nM (a = 0.96) 12 EC50 = 39 nM (a = 0.75)

a Displacement of [3H]histamine from the recombinant histamine H4 receptor. Ki values are the geometric mean of three or more independent determinations and
calculated according to Cheng and Prusoff.16

b Compounds with Ki >100 nM not tested in functional assays.
c Compounds with a >0.40 were not tested in the pA2 assay.
d Antagonism of histamine inhibition of forskolin-stimulated cAMP-mediated reporter gene activity in SK-N-MC cells expressing the human histamine H4 receptor.
e Unless noted chiral compounds were tested as racemates. Detailed experimental for EC50 and pA2 determinations included in references.18

f Human recombinant H1 receptor expressed in SK-N-MC cells was determined by competitive radioligand binding using [3H]-pyrilamine, as the radioligand.
g Human recombinant H2 receptor expressed in CHO cells was determined by competitive radioligand binding using [125I]APT as the radioligand.
h Human recombinant H3 receptor expressed in SK-N-MC cells was determined by competitive radioligand binding using [125H]-iodoproxyphan as the radioligand.

B. M. Savall et al. / Bioorg. Med. Chem. Lett. 20 (2010) 3367–3371 3371
amine (37), attenuated the functional activity to provide a partial
agonist relative to the histamine derivative. It is interesting that
in two very different terminal amines, we see that constraining
the diamine portion into a bicyclic system resulted in turning po-
tent agonists into partial or full antagonists (vide supra).

Table 4 summarizes the human and mouse activities of the two
cyclic diamine full and partial antagonists and the histamine de-
rived agonist. The pyrrolopiperidine antagonist 16 has good selec-
tivity over H1 and H2, and moderate (�ninefold) over H3 while the
spinacamine derived antagonist 37 is a highly selective human H4

receptor partial agonist. The histamine derived 35 is a notably
selective human H4 receptor agonist with >600-fold affinity over
H2 and >1700-fold affinity over the H3 receptor while having no
affinity for the H1 receptor.

In conclusion: with dimethylaminopyrrolidine as a starting dia-
mine, incremental changes led to the discovery of a 2-aryl benzimid-
azole partial agonist. Further exploration around the aminopyr
rolidine template led to the discovery of a 5,6-pyrrolopiperadine
containing 2-aryl benzimidazole as the first full antagonist in this
novel series of H4 modulators. Through the deconstruction of the
5,6-pyrrolopiperidine template we were able to demonstrate the
ability to access potent agonists and antagonists of the H4 receptor.
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