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In this work we describe the optimization of a lead compound based on the quinazoline template to give
a new series of potent pyrido[3,2-d]pyrimidines as histamine H4 receptor antagonists. The pyrido[3,2-
d]pyrimidine ligands have significantly reduced hERG binding compared to clinical stage compound
PF-3893787 while showing good affinities at the human and rodent histamine receptors. The receptor
residence time of several of these new compounds was determined for the human H4R and compared
with JNJ7777120 and PF-3893787. The pyrido[3,2-d]pyrimidines showed residence times lower than
JNJ7777120 but comparable to the residence time of PF-3893787. Overall, the pyrido[3,2-d]pyrimidines
show an excellent in vitro profile that warrants their further investigation in relevant models of human
disease.

� 2013 Elsevier Ltd. All rights reserved.
The human histamine H4 receptor (hH4R) is mainly expressed
in various cells of the immune system including eosinophils,
T-lymphocytes, dendritic cells, mast cells, and basophils.1 On the
cellular level, H4R activation induces for example chemotaxis of
mast cells and eosinophils and triggers calcium mobilization in
mast cells, monocytes and eosinophils.2 Furthermore, the H4R
modulates the release of various inflammatory mediators. In differ-
ent animal models, blocking the H4R with selective antagonists
such as JNJ7777120 (1, Fig. 1) proved to be beneficial, for example,
in OVA-induced allergic airway inflammation, and zymosan-
induced peritonitis in the mouse or in a TNDB-induced colitis mod-
el in the rat.3 H4R antagonists were also shown to be more effective
in the attenuation of experimental histamine-induced pruritis than
H1R antagonists.4,5 All these results indicate that the hH4R has a
distinct pharmacological profile and plays an important role in dif-
ferent inflammatory and allergic disorders. Antagonists are consid-
ered as potential drugs for the treatment of diseases like allergic
asthma, allergic rhinitis, pruritis, pain, vestibular disorders and
inflammatory bowel disease.3,6

Recently we reported the fragment-based discovery of a new
quinazoline scaffold as a potent H4R ligand. In that work we syn-
thesized a library of compounds by varying the basic amine on po-
sition 4 and screening different halogen, (hetero)aromatic and
aliphatic groups at position 7 of the quinazoline (see Fig. 2 for scaf-
fold numbering).7 We observed that the introduction of aliphatic
and heteroaromatic groups on the 7-position gave compounds
with excellent H4R affinity in the low nanomolar range. This series
included, among others, 7-(furan-2-yl)-4-(piperazin-1-yl)quinazo-
lin-2-amine (2, VUF11489) a potent antagonist of histamine at the
H4R with 255-fold selectivity over the H3R and good oral bioavail-
ability in the mouse (47%). Unfortunately compounds in this series
have considerable affinity for the hERG channel (hERG pKi of com-
pound 2 is 5.49 in an astemizole radioligand displacement assay)
and this remained an issue to address. In literature several strate-
gies to reduce hERG binding are discussed, for example change the
steric environment of the basic group (i.e., the piperazine moiety of
compound 2), reduce lipophilicity and introduce polarity.8 Because
we were also interested in finding substituents for the metaboli-
cally labile N-methylpiperazine and piperazine moieties without
losing H4R affinity, this could potentially be achieved in parallel
with a reduction of the hERG affinity. Polarity was to be introduced
by replacing the quinazoline ring with a pyrido[3,2-d]pyrimidine
ring, because we had seen from an in-house fragment-like com-
pound set designed as H4R ligands that the pyrido[3,2-d]pyrimi-
dine scaffold was well tolerated by the H4R (compare pKi of
compounds 2a and 2b, Fig. 2).The furan group is associated with
undesired metabolic activation and covalent binding to proteins
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Figure 2. Optimization strategy to improve compound quality of quinazoline-based H4R antagonists.
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Scheme 1. Reagents and conditions: (i) (a) isopropenylboronic acid pinacol ester, Pd(PPh3)4, K2CO3, PhCH3, EtOH, Mw, 130 �C, or (b) cyclopropylboronic acid, PCy3, Pd(OAc)2,
KF, THF, rt. Other building blocks were obtained from commercial suppliers, (c) H2, Pd/C 5%, EtOH, rt; (ii) (a) chloroformamidine hydrochloride, dimethyl sulfone, sulfolane,
160 �C, (b) acetic anhydride, reflux; (iii) TsCl, K2CO3, CH3CN, D; (iv) (a) various (Boc-protected) amines, DIPEA, 1,4-dioxane, rt, (b) dioxane/HCl 2 M, rt.
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Figure 1. Examples of histamine H4R receptor ligands.
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and was therefore replaced with a saturated hydrocarbon group.9

This replacement would concomitantly decrease the number of
SP2 atoms and improve the drug-like properties.10 We were also
interested in developing new compounds for comparison with
PF-3893787 (3), the clinical stage compound from Pfizer that has
recently been described in the literature.11 We therefore started
this work by exploring the tolerance of the H4R to various non-aro-
matic substituents on the 7-position and different amines on the 4-
position of the quinazoline moiety (Schemes 1–5). The importance
of the 7-position for H4R binding has been described in our earlier
work as well as by researchers from UCB.7,12

The first quinazoline analogue was synthesized from bromo
anthranilic acid 4a by introducing an isopropylene group in a Suzu-
ki cross-coupling reaction with 2-methyl ethene boronic acid. The
double bond was subsequently reduced with hydrogen gas and
palladium on activated carbon to get corresponding isopropyl ana-
logue 5 (Scheme 1). For preparation of cyclopropyl analogue 6, a
combination of PCy3, Pd(OAc)2 and KF was used. Ethyl, tert-butyl
and cyclopentyl analogues were obtained from commercial
sources. Analogues 5–9 were then condensed with freshly pre-
pared chloroformamidine hydrochloride and acetylated with acetic
anhydride to give the N-protected 4-hydroxyquinazolines 10–14.
The 4-position was functionalized by the introduction of a tosyl
group, using tosylchloride under reflux with acetonitrile as solvent
(compounds 15–19). The conversion to the final products was done
by stirring tosylate intermediates 15–19 at room temperature in
the presence of various amines. The introduction of the different
amines could be done either directly or by using their Boc-
protected precursors. Piperazine was introduced directly by using
10 equiv and when the reaction mixture was heated at reflux, this
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excess amine was also able to remove the acetyl group to directly
give the deprotected 2-aminoquinazoline. The 3-aminomethyl pyr-
rolidine and 3-aminomethyl azetidine groups were introduced by
using (R)-3-(N-Boc-N-methylamino)pyrrolidine and 3-Boc-3-
methylamino azetidine respectively and the subsequent removal
of the acetyl group by heating the reaction mixture with a satu-
rated aqueous Na2CO3 under microwave irradiation. Removal of
the Boc-protecting group was finally done by stirring the Boc-pro-
tected amines in a 2 M solution of HCl in dioxane at room temper-
ature. To build the pyrido[3,2-d]pyrimidin-2-amine scaffold we
started our synthetic pathway by reacting ethyl 3-amino-5-bro-
mopicolinate (compound 4b, Scheme 2) with potassium vinyl-
trifluoroborate under Suzuki conditions. This reaction gave the
vinyl compound which was immediately reduced under a
hydrogen atmosphere in ethanol to yield the desired ethyl 3-amino-
5-ethylpicolinate (30). The treatment of (30) with chloroformami-
dine hydrochloride, dimethyl sulfone, and sulfolane at 160 �C,
allowed the formation of the corresponding 2-aminopyrimidine.
To perform the amination at position 4 of the 2-aminopyridopyr-
imidine, we introduced a tosyl group by treating the corresponding
reagent with tosyl chloride and potassium carbonate. Finally, the
treatment of intermediate 31 with N-methylpiperazine yielded
the corresponding methylpiperazine compound (32) (Scheme 2).
Because of the low overall yield described in Scheme 2 and the
complication that diversity on the 7-position needed to be intro-
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acetyl group was removed in the Suzuki reaction through the presence of excess base;
duced early on in the synthesis, we decided to perform a Suzuki reac-
tion at a later stage of our synthetic route. Therefore, we initiated a
synthesis by the condensation of the 3-amino-5-bromopicolina-
mide (4c) with chloroformamidine hydrochloride, dimethyl sulfone
and sulfolane, at 165 �C to give 2-amino-7-bromopyrido[3,2-d]pyr-
imidin-4-ol (33, Scheme 3). To perform a selective chlorination at
the C-4 carbon atom using POCl3 and DIPEA in toluene at reflux, pro-
tection of the 2-amino group with an acetyl group was needed (com-
pound 34). Then the corresponding chlorinated compound was
treated directly with N,N-methyl-Boc-pyrrolidine, and DIPEA in
1,4-dioxane at room temperature to yield pyrrolidine analogue
(35). Compound 35 was then reacted with isopropenylboronic acid
pinacol ester in the presence of tetrakis(triphenylphosphine)palla-
dium(0) and potassium carbonate to form the corresponding olefin.
This was then reduced to isopropyl analogue 36 by treatment with
palladium 5% on carbon under a hydrogen atmosphere at room tem-
perature using ethanol as the solvent. To get the target compound
(37), Boc-deprotection using a 4 M HCl solution in 1,4-dioxane
was performed. Although our synthetic plan described in Scheme 3
allowed us to prepare target compound (37), the yield for the syn-
thesis of compound (35) was very low (9%). To increase the yield
of reacting the basic amine with the pyrido[3,2-d]pyrimidine scaf-
fold, we used pyrido[3,2-d]pyrimidine dione 38 as starting material
(Scheme 4). This starting material was then converted to dichloro
analogue 39, which was stirred overnight in a mixture of N,N-
methyl-Boc-azetidine, DIPEA, and 1,4-dioxane. The direct amination
on position 2 was done by using a saturated solution of ammonia in
ethanol to give the corresponding aminopyridopyrimidine (40) in
only 13% yield (two steps).

While the introduction of the ethyl group in intermediate 41
was performed according to the procedures used for the isopro-
pyl group in intermediate 36, the nitrile analogue was synthe-
sized by reacting the bromine compound with Zn(CN)2 and
tetrakis(triphenylphosphine)palladium(0) at 150 �C. The Boc-
deprotection was performed using the same conditions reported
in Scheme 2 to give compound 44. To circumvent the problem of
a low yield of the amination reaction using intermediate 39, we
performed the synthesis of 2,4,7-trichloropyridopyrimidine (47)
in two steps from 3-aminopicolinic acid (45) by a urea conden-
sation, followed by the introduction of the three chlorine atoms
on positions 2, 4 and 7 of pyrido[3,2-d]pyrimidine dione (46)
according to a previously reported procedure.13 With compound
47 in hand, the first substitution was done at the 4-position with
basic amine R4 (pyrrolidine or azetidine analogue) and DIPEA in
1,4-dioxane at room temperature to give 48 and 49. The
Buchwald–Hartwig reaction was employed in the synthesis of
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compounds 50 and 51. The introduction of the alkyl group was
carried out by a Suzuki reaction followed by hydrogenation with
palladium 5% on carbon and hydrogen gas. Cyclopropyl ana-
logues 59 and 61 were synthesized directly with a different pal-
ladium source and ligand Pd(OAc)2/n-BuPAd2, using potassium
cyclopropyl trifluoroborate.14

Interestingly, having an excess of base in the Suzuki
reaction (3 equiv) and heating at 130 �C led to the concomitant



Table 1
H4R SAR of quinazoline analogues substituted with aliphatic substituents on the 7-position

R
7

R4

NN

N

Compound no. R4 R7 hH4R
pKi ± SEM

hH3R
pKi ± SEM

Ki H3R/H4R hERG
pKi ± SEM

VUF11489
2

N

N
H O

7.82 ± 0.05a 5.47 ± 0.05a 223 5.49 ± 0.11a

20

N

N
H

7.91 ± 0.17a 6.48 ± 0.05a 27 5.47 ± 0.04a

21

N

HN

8.47 ± 0.04a 6.80 ± 0.06b 47 6.08 ± 0.03a

22

N

N
H

7.45 ± 0.11b 6.07 ± 0.06b 24 n.d.

23

N

HN

7.82 ± 0.03b 6.31 ± 0.10b 32 n.d.

24

N

N
H

7.94 ± 0.02a 6.81 ± 0.07b 13 5.33 ± 0.07a

25

N

HN

8.15 ± 0.02a 6.16 ± 0.07b 98 5.44 ± 0.09a

26

N

N
H

7.83 ± 0.06a 6.66 ± 0.04a 15 5.82 ± 0.06a

27

N

HN

7.95 ± 0.09a 6.21 ± 0.083a 89 5.61 ± 0.08a

28

N

HN

7.77 ± 0.07a 6.22 ± 0.20b 56 5.56 ± 0.03b

29

N

HN

7.66 ± 0.04a 6.75 ± 0.03b 8 n.d.

a Measured by displacement of [3H]histamine binding using membranes of HEK cells transiently expressing the human H4R or H3R. pKi’s are calculated from at least three
independent measurements as the mean ± SEM, n P3 unless mentioned otherwise.

b n = 2. n.d. = not determined.
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deprotection of the acetamide on position 2 to give compounds
52–56. Finally, to perform the Boc-deprotection, 4 M HCl solution
in 1,4-dioxane was used to give target compounds 57–61.

As mentioned in the introduction, VUF11489 was one of the H4R
ligands previously made in the quinazoline series that showed a
favourable selectivity over the H3R and had a pKi of 7.82.6 Never-
theless it contained a furan group and considerable hERG affinity,
which we considered a significant liability. Replacing the furan
by a cyclopentyl group on position 7 of the quinazoline heterocycle
provided compound 20 with a comparable pKi of 7.91. The replace-
ment of the piperazine group of 20 with a 3-aminomethylazetidine
group gave an increase in H4R binding of about 0.5log units
(compound 21). This finding shows that it was indeed possible to
replace both the furan group and the piperazine moiety while
maintaining and even increasing H4R affinity. Both t-butyl substi-
tuted analogues 22 and 23 however showed lower affinities, indi-
cating that the t-butyl group at the 7-position is less well tolerated
than the cyclopentyl group. The combination of a cyclopropyl
group with both amines (compounds 24 and 25) gave a slight
improvement of H4R affinity compared with the t-butyl analogues.
If the cyclopropyl group is replaced with an ethyl group a similar
affinity is found (compare compounds 24 and 25 with compounds
26 and 27). It was found that the combination of a (R)-N-methyl-
pyrrolidin-3-amine moiety, common to many known H4R ligands



Table 2
H4R SAR of pyrido[3,2-d]pyrimidine analogues with reduced hERG binding

N

N
N

R4

R7 NH2

Compound no. R4 R7 hH4R
pKi ± SEM

hH3R
pKi ± SEM

Ki H3R/H4R hERG
pKi ± SEM

PF-3893787 Structure in Figure 1 7.99 ± 0.08a 6.73 ± 0.07a 22 5.46 ± 0.22b

32

N

N
8.03 ± 0.05a 6.67 ± 0.09b 23 4.57 ± 0.08a

43

N

HN

7.97 ± 0.10a 6.11 ± 0.12a 72 4.46 ± 0.20b

57

N

HN

8.04 ± 0.12a 5.82 ± 0.02a 166 4.36 ± 0.22b

44

N

HN
N

7.27 ± 0.04a 5.02 ± 0.02b 186 <4a

58

N

HN

8.19 ± 0.09a 6.82 ± 0.09a 23 <4a

59

N

HN ’

8.28 ± 0.09a 6.20 ± 0.05a 120 <4a

60

N

HN

7.60 ± 0.03a 6.08 ± 0.05a 33 4.89 ± 0.15b

61

N

HN

7.99 ± 0.06a 6.00 ± 0.06b 98 <4a

37

N

HN

7.91 ± 0.11a 6.84 ± 0.01b 12 n.d.a

a Measured by displacement of [3H]histamine binding using membranes of HEK cells transiently expressing the human H4R or H3R. pKis are calculated from at least three
independent measurements as the mean ± SEM, n P3 unless mentioned otherwise.

b n = 2. n.d. = not determined.
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also gave potent compounds when combined with an ethyl or
cyclopropyl group (compounds 28 and 29).15,16 The H3R affinity
of this series of H4R ligands was determined as well and it was
found that the compounds have pKi’s between 5 and 7 for this
receptor with cyclopentyl and cyclopropyl analogues 21 and 25
having the highest affinity of pKi 6.80 and 6.81, respectively.

The compounds were also evaluated for their ability to displace
[3H]astemizole from the hERG channel and some compounds were
found to bind this off target with considerable affinity. PF-3893787
was also found to have significant affinity for the hERG channel
(pKi 5.46 Tables 1 and 2). The hERG affinity of this compound series
is not significantly reduced in comparison with VUF11489 by
changing the substituents on the 7-position or the steric environ-
ment around the basic center and, as mentioned in the introduc-
tion, we prepared a series of pyrido[3,2-d]pyrimidines with
(cyclo)aliphatic substituents on the 7-position and various amines
on the 4-position (Fig. 2, Table 2). These new pyrido[3,2-d]pyrim-
idine analogues all maintained good affinities, with the only excep-
tion being the 7-cyano analogue (compound 44) that has an
affinity of pKi 7.27. This SAR indicates that for this scaffold various
combinations of aliphatic substituents with aminergic moieties are
well tolerated by the H4R. Like the quinazoline series, the pyr-
ido[3,2-d]pyrimidine analogues also have considerable affinity for
the H3R, yet good H4R selectivity >100-fold was found, in particular
for analogues 57, 59 and 61. Interestingly, almost all analogues
based on the pyrido[3,2-d]pyrimidine scaffold were found to have
a much lower affinity for the hERG channel than the compounds
from the quinazoline series, having a hERG Ki lower than 10 lM
which is a good improvement in comparison with VUF11489 and
PF-3893787. The introduction of an additional nitrogen atom in a
closely related tricyclic aminopyrimidine scaffold developed by
Savall et al. also had a strong detrimental effect on the ability of
those compounds to bind the hERG channel, thereby greatly
improving the quality of the physicochemical and pharmacological
properties.16

Considering the prominent species differences that are found
histamine H4R orthologues and the possible complications this
may pose in preclinical development, several analogues from the



Table 3
Affinity of quinazoline and pyrido[3,2-d]pyrimidine analogues at the histamine receptor subtypesa

Compound no. hH1R
Ki ± SEM

hH2R
pKi ± SEM

hH3R
pKi ± SEM

hH4R
pKi ± SEM

mH4R
pKi ± SEM

rH4R
pKi ± SEM

PF-3893787 n.d. n.d. 6.73 ± 0.07 7.99 ± 0.08 7.26 ± 0.07 7.26 ± 0.10
43 4.47 ± 0.12 4.85 ± 0.05 6.11 ± 0.12 7.97 ± 0.10 7.30 ± 0.12 7.15 ± 0.16
57 4.95 ± 0.03 5.50 ± 0.07 5.82 ± 0.02 8.04 ± 0.12 7.07 ± 0.08 6.86 ± 0.12
58 4.78 ± 0.16 5.55 ± 0.04 6.82 ± 0.09 8.19 ± 0.09 7.71 ± 0.17b 7.56 ± 0.01b

59 4.68 ± 0.08 n.d. 6.20 ± 0.05 8.28 ± 0.09 7.82 ± 0.18 7.53 ± 0.16

a Measured by displacement of [3H]histamine binding using membranes of HEK cells transiently expressing the human H4R, H3R or H1R. pKi values are calculated from at
least three independent measurements as the mean ± SEM (n P3), unless mentioned otherwise.

b n = 2. n.d. = not determined.

Table 4
[35S]GTPcS assay

Compound no. hH4R
pIC50 ± SEMa

pKb
b

PF-3893787 7.27 ± 0.06 8.46 ± 0.06
43 6.95 ± 0.07 8.14 ± 0.07
57 6.90 ± 0.07 8.08 ± 0.09
58 7.01 ± 0.14 8.20 ± 0.14
59 7.15 ± 0.10 8.33 ± 0.10

Antagonism against 100 nM histamine at the human H4R.
a n P5.
b pKb is determined with the Cheng and Prusoff equation, wherein the EC50 of

histamine is 6.95 nM.
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Figure 3. Antagonism at the human H4R. The compounds dose dependently inhibit
100 nM histamine-induced activity of the human H4R in [35S]GTPcS assay.

Table 5
Binding kinetics at the human H4R determined in competitive kinetic [3H]histamine
binding assaya

Compound no. kon
b koff

c pKD
d s (min)

PF-3893787 2.00 ± 0.23 0.052 ± 0.01 7.60 ± 0.15 15.0 ± 3.9
JNJ7777120 3.64 ± 0.43 0.017 ± 0.01 8.40 ± 0.10 62.0 ± 13.6
VUF11489 5.46 ± 1.99 0.193 ± 0.04 7.39 ± 0.08 4.10 ± 0.8
43 7.89 ± 2.95 0.077 ± 0.05 8.07 ± 0.13 14.0 ± 8.4
57 5.68 ± 2.72 0.108 ± 0.02 7.67 ± 0.15 6.60 ± 1.1
58 9.93 ± 0.13 0.102 ± 0.00 7.99 ± 0.01 6.80 ± 0.1
59 6.18 ± 4.76 0.055 ± 0.02 7.87 ± 0.32 13.7 ± 3.8

a Data were analyzed with Graphpad Prism 5.0, n = 3 unless mentioned
otherwise.

b Data expressed as106 M�1 min�1.
c Data expressed as M�1 min�1.
d pKD obtained from KD = koff/kon.
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pyrido[3,2-d]pyrimidine series were selected for further profiling
at the different histamine receptor subtypes and rodent H4 recep-
tors (Table 3). It was found that the compounds have varying selec-
tivities between 186- and 12-fold for the hH4R over the other
human histamine receptor subtypes. All compounds also retained
good affinity for the rat and mouse H4R with only compound 57
having an affinity that is significantly lower than that of histamine
itself for the species orthologues (histamine pKi is 7.1 ± 0.1 for the
mH4R and 7.0 ± 0.1 for the rH4R).17 The selected compounds were
also evaluated in a [35S]GTPcS assay for their functional activities
at the hH4R. In this assay, the compounds show their ability to
antagonize 100 nM histamine-induced activity at the hH4R (Ta-
ble 4, Fig. 3). The calculated pKb values, derived from pIC50 values
with the Cheng–Prusoff equation, approximate the pKi values of
the corresponding compounds as determined with the radioligand
displacement assay.18

Recently we have described the use of compound residence
time as a parameter to take into consideration when optimizing li-
gands for the hH4R.2 The widely used H4R ligand JNJ7777120 is a
compound that shows efficacy in many animal models. Interest-
ingly, JNJ7777120 often has the best efficacy in those models in
comparison with compounds from other structural classes, even
despite its short in vivo pharmacokinetic elimination half-life.19

We have also speculated that the efficacy of JNJ7777120 may be
the result of its relatively long residence time at the various H4R
receptors. Residence time is considered to be an important param-
eter to consider in the lead optimization process and we therefore
studied the residence time of compounds 43, and 57–59 to com-
pare with the clinical stage compound PF-3893787 and
JNJ7777120 (Table 5). When comparing the dissociation constant
and associated pKD from Table 5 with the pKi determined in the
radioligand binding assay we find closely matching values. It
should be taken into consideration that compounds with long res-
idence times may not be detected in standardized radioligand
binding assays, because these assays may not have an incubation
time that gives and accurate estimation of the compounds’ affinity
at equilibrium. In the case of longer residence times, compound
affinities may therefore be underestimated. We found that none
of the compounds has a residence time longer than the 62 minutes
found for JNJ7777120. However, compounds 43, 59 and PF-
3893787 all have residence times about fourfold lower than the
reference antagonist JNJ7777120 but fourfold higher than lead
compound VUF11489. It has been reported that longer residence
times can lead to improved compound efficacy and target selectiv-
ity in vivo.20 However, no preclinical data that describes the effi-
cacy of PF-3893787 in various disease models has been disclosed
so far. Therefore we aim to use the reference compounds and novel
pyrido[3,2-d]pyrimidines described in this work to further study
the relevance of target residence time for H4R drug development
and select a candidate compound for further development.

We have developed a series of new H4R ligands based on the
pyrido[3,2-d]pyrimidine scaffold from a lead-series containing a
quinazoline moiety and managed to greatly reduce the hERG bind-
ing of those compounds. In parallel we succeeded to introduce var-
ious basic amines to create a series of highly potent compounds
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with excellent in vitro profiles at the various histamine receptor
subtypes. Although JNJ777120 remains the compound with the
longest known residence time at the hH4R of 62 min, we were able
to find several compounds with extended residence times compa-
rable to that of clinical candidate PF-3893787. Further work on this
novel compound series will focus on its characterization in vivo
and the selection of an optimized lead for further development.
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