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ABSTRACT: Differences in sequence homology between human (h), mouse (m), and rat (r) histamine H4 receptors (H4R)
cause discrepancies regarding affinities, potencies, and/or efficacies of ligands and therefore compromise translational animal
models and the applicability of radioligands. Aiming at a radioligand enabling robust and comparative binding studies at the h/
m/rH4Rs, 2,4-diaminopyrimidines were synthesized and pharmacologically investigated. The most notable compounds
identified were two (partial) agonists with comparable potencies at the h/m/rH4Rs: UR-DEBa148 (N-neopentyl-4-(1,4,6,7-
tetrahydro-5H-imidazo[4,5-c]pyridin-5-yl)pyrimidin-2-amine bis(2,2,2-trifluoroacetate), 43), the most potent [pEC50 (reporter
gene assay) = 9.9/9.6/10.3] compound in the series being slightly G-protein biased and UR-DEBa176 [(R)-4-[3-
(dimethylamino)pyrrolidin-1-yl]-N-neopentylpyrimidin-2-amine bis(2,2,2-trifluoroacetate), 46, pEC50 (reporter gene assay) =
8.7/9.0/9.2], a potential “cold” form of a tritiated H4R ligand. After radiolabeling, binding studies with [3H]UR-DEBa176 ([3H]
46) at the h/m/rH4Rs revealed comparable Kd values (41/17/22 nM), low nonspecific binding (11−17%, ∼Kd), and fast
associations/dissociations (25−30 min) and disclosed [3H]UR-DEBa176 as useful molecular tool to determine h/m/rH4R
binding affinities for H4R ligands.

■ INTRODUCTION

The human histamine H4 receptor (hH4R) was discovered at
the turn of the millennium as the latest member of the
histamine receptor family (H1−4Rs)

1−7 and is expected to be a
promising target for the treatment of disorders of the immune
system (e.g., rheumatoid arthritis, bronchial asthma).8,9 The
expression and a potential physiological role of the H4R in the
brain was controversially discussed in the literature.10 For
investigations on the (patho)physiology of the H4R, mouse
and rat became the most important laboratory animals.11

However, the pharmacological evaluation of the rodent
histamine H4 receptors (mH4R, rH4R) is compromised by
species-dependent discrepancies regarding the potencies (e.g.,
1, 2,12 and 313) and/or the quality of action (e.g., 4,14 5,15 and
614) of standard ligands for the hH4R (Figure 1).16−18 These
differences are probably caused by the substantially different
constitutive activities of the H4R species orthologs4,17,19,20 and
the low sequence homology (68−69%21) of the mH4R and the

rH4R with the hH4R. For radioligand binding studies on the
H4R, only four radioligands [[3H]1,4,5,16,21,22 [3H]2,12 [3H]
5,14,23 and [125I]iodophenpropit14 (not shown)] were
reported, but their use is limited: because of the low potencies
at the rodent receptors (Figure 1) in combination with the
specific activity of 10−25 Ci/mmol of the commercially
available labeled histamine [3H]1, relatively high amounts of
radioligand and the receptor protein are required for binding
studies.12 Additionally, binding experiments with [3H]1
revealed either significantly different binding constants [Kd
(nM): 5−9 (hH4R); 42−78 (mH4R); 134−178 (rH4R)]

21−24

at the receptor orthologs or failed16 at the mouse and rat H4Rs.
Iodophenpropit is a high-affinity hH4R ligand (pKi: 7.914).
Nonetheless, the use of [125I]iodophenpropit as a radioligand is
limited because of the poor chemical stability, short half-life of

Received: August 14, 2019

Article

pubs.acs.org/jmcCite This: J. Med. Chem. XXXX, XXX, XXX−XXX

© XXXX American Chemical Society A DOI: 10.1021/acs.jmedchem.9b01342
J. Med. Chem. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

M
A

C
Q

U
A

R
IE

 U
N

IV
 o

n 
A

ug
us

t 3
0,

 2
01

9 
at

 1
7:

54
:0

6 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/jmc
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jmedchem.9b01342
http://dx.doi.org/10.1021/acs.jmedchem.9b01342


the 125I-label (59.4 days) in comparison to 3H-labeled ligands
(12.4 years), and the need to follow special safety precautions
(e.g., shielding) during preparation and handling.12 The
radiolabeled agonist [3H]212 (Figure 1) was developed for
the hH3R and hH4R with comparably high affinities at both
receptor subtypes. By contrast, the potency of 2 at the mH4R
and rH4R was in the three- to four-digit nM range (Figure 1)
in a functional assay with a proximal readout ([35S]-GTPγS
assay17). Therefore, [3H]2 is inappropriate for radioligand
binding experiments at the mH4R or rH4R. Binding studies
with [3H]5 revealed comparably high affinities at the h/m/
rH4Rs.

23 By contrast, saturation binding experiments with [3H]
5 in our laboratory25 were only feasible at the hH4R expressed
in Sf 9 membranes, accompanied by a high level of nonspecific
binding (30−40% of total binding around the Kd).

25

Additionally, the substantial species-dependent differences in
the quality of action of 5 in several functional assays (e.g.,
[35S]-GTPγS17 and luciferase reporter gene26 assays) may
compromise H4R radioligand binding studies across species.
Moreover, [3H]5 is not commercially available, and a customer
commissioned synthesis would be expensive.25 Because of the
aforementioned drawbacks of the reported radioligands for the
H4R, we were aiming at a new radioligand as a molecular tool,
allowing comparative and robust binding studies at the h/m/
rH4Rs with the following characteristics: convenient synthesis
(e.g., by methylation27 or propionylation28 in the last synthetic
step), high degree of chemical/radiochemical purity and
stability, high specific activity, low nonspecific binding
(<20% of total binding), binding constants (Kd values) in
the one- to two-digit-nM range, and comparable intrinsic
activities at the h/m/rH4Rs. Therefore, a set of 2,4-
diaminopyrimidines was prepared, based on the structure of
3329,30 (Scheme 1), which was reported as an equipotent
agonist at the human and rodent H4Rs.

30 For structural
modification, (cyclic) aliphatic amines, histamine 1, and some

of its homologs were introduced in position 4 of the 2,4-
diaminopyrimidine scaffold, whereas in position 2, a neo-
pentylamine moiety was kept constant (Scheme 1). Some
cyclic aliphatic amines were methylated, propionylated, or
guanidinylated (Scheme 1). Initially, the structure−affinity
relationships of the small library were explored at the hH4R.
The selection of target structures for radiolabeling was based
on the results of various functional assays at the human and the
rodent H4R species variants.

■ RESULTS AND DISCUSSION
Chemistry. Heating the amine precursors 7−18 [structures

(Schemes S1−S3 and Figure S1), source or synthesis see the
Supporting Information] with the 2,4-dichloropyrimidine 19
(Scheme 1) in a microwave reactor or in a round-bottom
flask29 under basic conditions in i-PrOH, the intermediates
20−31 (Scheme 1) were prepared (synthesis see the
Supporting Information). Subsequently, a second nucleophilic
substitution reaction of 20 with an excess of 2,2-dimethylpro-
pan-1-amine was performed in a protic solvent (i-PrOH) and
in the presence of N,N-diisopropylethylamine (DIPEA) using a
microwave reactor over 6 hours to get the Boc-protected 2,4-
diaminopyrimidine 32 (Scheme 1). After removal of the
protection group under acidic conditions [trifluoroacetic acid
(TFA)], the desired 2,4-diaminopyrimidine 33 was obtained in
good yield (78.4%). Basically, target compounds 34−44 were
prepared under comparable conditions, starting with inter-
mediates 21−31. For the preparation of 44, deprotection was
unnecessary. Treating the Boc-protected intermediate 32 with
an excess of LiAlH4 (5 equiv) in anhydrous tetrahydrofuran
(THF),31 the monomethylated 2,4-diaminopyrimidine 45 was
obtained in moderate yield (43%) after refluxing for 7 h
(Scheme 1). Target compounds 33−35 were methylated
under Eschweiler−Clarke conditions using formaldehyde and
formic acid to give the mono- or dimethylated 2,4-

Figure 1. Structures and functional data of known hH4R ligands obtained from [35S]-GTPγS-binding assays17 on the human (h), mouse (m), and
rat (r) H4R receptors.
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diaminopyrimidines 46−48 (Scheme 1). The guanidinylations
of 33−35 using 1,3-bis(tert-butoxycarbonyl)-2-methyl-2-thio-
pseudourea25 and HgCl2 under basic conditions were
performed as previously described.32 Subsequent deprotection
under acidic conditions led to 49−51 (Scheme 1). Compound
33 was propionylated under basic conditions using 1-
propionylpyrrolidine-2,5-dione, according to a previously
described procedure28 to give 52 (Scheme 1). All target
compounds (Scheme 1) were purified by preparative high-
performance liquid chromatography (HPLC) to obtain the
respective TFA salts in high chemical purity (>96%) (for
details see the Experimental Section).
Investigations on the Chemical Stability of 43, 46, 48,

and 49. The chemical stability of 43 (UR-DEBa148), 46 (UR-
DEBa176), 48, and 49 was investigated in PBS (pH 7.4) at 23

°C over a time period of 24 h. Under these conditions, the
investigated 2,4-diaminopyrimidines proved stable (graphs see
Figures S33−S36 in the Supporting Information, for details see
chemical stability in the Experimental Section).

Affinities at the Human H4R and Subtype Selectivity
over the Human H1−3Rs. With the 2,4-diaminopyrimdines,
radioligand competition binding experiments were performed
to investigate their structure−affinity relationships at the hH4R
and their subtype selectivity over the hH1−3Rs. The binding
constants (pKi values) at the hH1−4R, expressed in membrane
preparations of Sf 9 insect cells, are presented in Table 1. The
structures of the synthesized 2,4-diaminopyrimidines are
depicted in Scheme 1. The (R)-3-aminopyrrolidine 3329,30

and homopiperazine 3529 revealed comparable high affinities
at the hH4R (pKi = 8.07 and 7.88, respectively). Selectivity

Scheme 1. Synthesis of the 2,4-Diaminopyrimidines 33−52a

aReagents and conditions: (I) 7−18 (see the Supporting Information), DIPEA, i-PrOH, 120 °C (microwave), 1 h, 73% (20), or 55−85 °C, 4−20
h, 64−95% (21−31) (see the Supporting Information); (IIa) 20, 2,2-dimethylpropan-1-amine, DIPEA, i-PrOH, 130 °C (microwave), 6 h, 96.2%
(32), (IIb) 32, TFA, DCM, rt, 8 h, 78.4% (33); (IIIa) 21−30, 2,2-dimethylpropan-1-amine, DIPEA, i-PrOH, 120−140 °C (microwave), 4−11 h,
(IIIb) TFA, DCM, rt, 7−18 h, 14−65% (34−43); (IV) 31, 2,2-dimethylpropan-1-amine, DIPEA, i-PrOH, 120 °C (microwave), 4 h, 17.4% (44);
(V) LiAlH4, anhydrous THF, 70 °C, 7 h, 43% (45). (VI) 33−35, formic acid/formamide 1/1 (v/v), 95 °C, 3−5 h, 49−73% (46−48); (VIIa) 33−
35, 1,3-bis(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea, HgCl2, TEA, DCM, rt, 6 h, (VIIb) TFA, DCM, rt, 5−7 h, 26−40% (49−51); (VIII)
33, 1-propionylpyrrolidine-2,5-dione, DIPEA, DCM, rt, 24 h, 57% (52).
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Table 1. Affinity and Subtype Selectivity of the 2,4-Diaminopyrimidines at the Human H1−4Rs

Competition binding determined at cell membranes of Sf 9 insect cells expressing the hH4R + Giα2 + β1γ2, hH3R + Giα2 + β1γ2, hH2R-Gsαs or hH1R
+ RGS4. Radioligands for hH4R: [

3H]1 (10a or 40 nMb); hH3R: [
3H]Nα-methylhistamine (3 nM)c or [3H]212 (2 nM)d; hH2R: [

3H]UR-DE25728

(20 nM); hH1R: [
3H]pyrilamine (5 nM). The pKi values represent means ± SEM. Data represent 2 (for pKi values ≤ 6.25) or 3−4 (for pKi values

> 6.25) independent experiments, each performed in triplicates. n.d. means not determined.
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over the hH3R was improved for 35 (≈28-fold compared to
33), whereas 33 was almost equi-affinic. In comparison to 35,
the hH4R affinity of the piperazine 3429 was reduced (≈14-
fold), which is remarkable because the difference is only one
methylene group in the aliphatic ring. The selectivity over
hH3R was comparable. By introducing an ethylenediamine
moiety into 34, and thereby adding an additional basic primary
amine to the eastern part of the molecule and increasing
flexibility, the decrease in hH4R affinity was striking (36: pKi <
5). The coupling of ethylenediamine, 3-aminopyrrolidine, or 4-
aminopiperidine to the 4-position of the pyrimidine core (37,
39, and 40) via the primary amine function was not successful
in gaining affinity for the hH4R and hH3R (pKi < 7.0). An
additional H-bond donor and/or an increased flexibility in the
aliphatic amine motif seemed not to be tolerated by the hH4R
and hH3R. By contrast, an elongation of the alkine chain, as for
the propylenediamine 38, improved affinity for the hH4R (≈6-
fold compared to 37), and the selectivity over the hH3R (118-
fold) was striking. Despite the fact that imidazole-containing
compounds lack subtype selectivity,33 in 41−44, the
endogenous ligand histamine 1 and some of its homologs,
previously used as precursors in the development of hH4R

ligands,12,34−37 were merged with the 2,4-diaminopyrimidine
chemotype. Interestingly, the histamine derivative 41 and
homohistamine derivative 42 showed comparably weak hH4R
affinities (pKi = 6.69 and 6.35, respectively), while selectivity
for the hH3R increased with the elongation of the alkine chain
of the histamine analogue (41: 22-fold; 42: 48-fold).
Spinaceamine, the rigid congener of histamine 1, was merged
with the 2-arylbenzimidazole chemotype by Johnson &
Johnson in 2010 to gain subtype selectivity for the hH4R
(≈1800-fold37). With the introduction of spinaceamine in the
4-position of the 2,4-diaminopyrimidines, high affinity for the
hH4R (43, UR-DEBa148: pKi = 8.29) was obtained.
Unfortunately, with respect to subtype selectivity, 43 was
almost equi-affinic at the hH3R. Compound 44 revealed weak
affinities (pKi ≤ 6.25) for all receptor subtypes with a tendency
for the hH2R. Mono (4529)- and dimethylation (46, UR-
DEBa176) of the pyrrolidine derivative 33 revealed com-
parably high affinities at the hH4R (pKi = 8.42 and 7.93,
respectively). Interestingly, the selectivity over the hH3R
increased with the number of introduced methyl groups (45:
≈4-fold compared to 33; 46: ≈8-fold compared to 33).
Nonetheless, the introduction of methyl groups did not

Table 2. Potencies and Efficacies of the 2,4-Diaminopyrimidines at the Human, Mouse, and Rat H4R in Luciferase Reporter
Gene- and β-Arrestin2 Recruitment Assaysa

aData of luciferase reporter gene assay, using HEK293-SF-hH4R-His6-CRE-Luc, HEK293T-SF-mH4R-His6-CRE-Luc, or HEK293T-SF-rH4R-
His6-CRE-Luc cells and β-arrestin2 recruitment assay, using HEK293T-β-arr2-xH4R cells (x = h, m, r). The intrinsic activity (α) of histamine 1 was
set to 1.0 and α values of other compounds were referred to this value. Data (mean values ± SEM) were determined in 3−6 independent
experiments, each performed in duplicates or triplicates.
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increase the bulkiness very much, which might explain this
finding. It is more likely that the H-bond donor group in the
pyrrolidine derivatives 33 and 45 is more relevant for hH3R
binding than for binding to the hH4R. Methylation of 34 and
35 did not effect hH4R affinity (47: pKi = 6.94; 48: pKi = 7.20)
or subtype selectivity over the hH3R (47: ≈1.1-fold compared
to 34; 48: ≈1.6-fold compared to 35). The bioisosteric
replacement of amines by a guanidine or an acylguanidine was
previously proven effective in case of several selective hH3R
and hH4R agonists (e.g., 2,12 3,13 see Figure 1). This concept
was transferred to the 2,4-diaminopyrimidine scaffold.
Guanidinylation of 33, 34, and 35 led to a decrease in affinity
for the hH4R (49: ≈8-fold compared to 33; 50: ≈3-fold
compared to 34; 51: ≈208-fold compared to 35) and affinities
at the hH3R were weak as well (pKi < 6.0). This illustrates that
the introduction of a bulky but polar H-bond donor group was
not well tolerated by the hH4R and the hH3R. Strikingly,
structural modification by introducing a propionyl moiety into
33, and thereby reducing the basicity of the molecule, resulted
in a marked decrease in affinity for the hH4R (52: ≈306-fold
compared to 33) and the hH3R (52: ≈214-fold compared to
33). The 2,4-diaminopyrimidines with pKi values > 6.0 at the
hH4R showed distinct subtype selectivity over the hH1R and
the hH2R (Table 1). Aiming at a new radioligand for
comparative binding studies at hH4R orthologs, selected 2,4-
diaminopyrimidines with pKi values > 7.0 at the hH4R (33, 35,
38, 43, 45, 46, 48, & 49) were further assessed in a luciferase
reporter gene and β-arrestin2 recruitment assay at the h/m/
rH4Rs. Their ortholog selectivity was studied to identify
compounds with comparable potencies and efficacies across
the H4R species variants.
Functional Characterization of Selected 2,4-Diamin-

pyrimidines at the Human, Mouse, and Rat H4Rs in the
Luciferase Reporter Gene and β-Arrestin2 Recruitment
Assays. The potencies (pEC50 values) and the efficacies (α
values) of the selected 2,4-diaminopyrimidines, which were
obtained in the luciferase reporter gene assay and the β-
arrestin2 recruitment assay at the H4R orthologs, are presented
in Table 2. Functional assays with distal (reporter gene) and
proximal (β-arrestin2) readouts allow a comprehensive

investigation on the ortholog selectivity of 33, 35, 38, 43,
45, 46, 48, and 49. Of note, because of the distal readout, the
luciferase reporter gene assay implies signal amplification.26 In
this study, this was reflected by the discrepancies in the
functional profiles of the 2,4-diaminopyrimidines obtained
from the different functional assays at all H4R orthologs. In the
luciferase reporter gene assay, all investigated 2,4-diaminopyr-
imidines (33, 35, 38, 43, 45, 46, 48, and 49) appeared as
partial to full agonists with high pEC50 values (>7.0) at the h/
m/rH4Rs (Table 2). While 33 and 38 revealed potencies and
efficacies comparable between species (balanced functional
profiles) in the reporter gene assays, 35, 48, and 49 showed
unbalanced functional profiles among the H4R orthologs
(Table 2). In the β-arrestin2 recruitment assays, 33, 35, 38, 48,
and 49 appeared as partial agonists at the receptor orthologs,
but potencies, especially at the mouse and/or rat H4Rs were
weak (pEC50 < 7.0) (Table 2). By contrast, the spinaceamine
43 (UR-DEBa148) showed (partial) agonistic activities in the
sub-nM range in the luciferase reporter gene assays and in the
one- to two-digit-nM range in the β-arrestin2 recruitment
assays at the h/m/rH4Rs. Using the potencies and the
efficacies obtained from luciferase reporter gene- and the β-
arrestin2 recruitment assays at the h/m/rH4Rs, a bias analysis
for 33, 35, 38, 43, 45, 46, 48, and 49 (Figure S2 in the
Supporting Information) was performed as described by van
der Westhuizen et al.38 based on the operational model of
agonism,39−43 using histamine 1 as a reference agonist. The
bias analysis accounts for several assay-specific effects, such as
the aforementioned signal amplification. Other effects,
including cross-talks between different signaling influence the
determined bias profile, too. Nevertheless, it can be taken as a
hint at functionally selective signaling profiles of the
investigated 2,4-diaminopyrimdines. Based on this analysis,
33, 43, 45, 46, 48, and 49 showed a preference for the G-
protein mediated pathway (ΔΔlog(τ/KA) > 0) for at least one
of the investigated receptor orthologs, whereas 35 and 38 were
found to have a balanced bias profile (ΔΔlog(τ/KA) ≈ 0)
(Figure S2 in the Supporting Information). Additionally, the
2,4-diaminopyrimidines with pKi values < 7.0 at the hH4R (34,
36, 37, 39−42, 44, 47, and 50−52) were screened for activity

Figure 2. Synthesis (A), analytical characterization (B), and long-term stability (C) of [3H]46. (A) Synthesis of [3H]46 by a monomethylation
reaction of the amine precursor 45 with the radiolabeled precursor [3H]53. Reagents and conditions (I) K2CO3, MeCN, rt, 22 h, 29%
(radiochemical yield of [3H]46). (B) Chromatograms of [3H]46, spiked with the “cold” form 46, recorded 4 days after synthesis and (C) after 11
months of storage at −20 °C in EtOH/H2O (70:30) using radiometric and UV detection (for details see Synthesis of radioligand [3H]46 in the
Experimental Section).
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at the mH4R and the rH4R in the β-arrestin2 recruitment- and
luciferase reporter gene assays applying three distinct
concentrations (100 nM, 1 μM, 10 μM) for each compound
in the agonist mode and antagonist mode (α < 0.1) (Table S1
in the Supporting Information). For all investigated com-
pounds, no indication for ortholog selectivity for the mH4R or
rH4R was found.
In view of a radioligand for comparative binding studies at

the h/m/rH4Rs, three 2,4-diaminopyrimidines 43, 45, and 46
qualified as potential candidates, having high potencies (pEC50
> 7.0) and comparable efficacies across all analyzed H4R
orthologs in both functional assays. As a number of important
requirements should be fulfilled for radiosynthesis, 43 and 45
were not considered for tritium labeling. First of all, the labeled
moiety should be introduced in the last synthetic step under as
mild and controllable reaction conditions as possible. The
labeling reagent should be easy to handle and should not be
too reactive. Moreover, according to the ALARA principle (“as
low as reasonable achievable”; see Recommendation of the
International Commission on Radiological Protection, e.g.,
IRCP Publication 2644 and 10345), the reaction should lead to
a high radiochemical yield and as little radioactive side-
products and waste as possible. Finally, the “hot” compound
should be easy to purify without the need for complex work-up
procedures and too specialized equipment. Therefore, 46 (UR-
DEBa176) was favored because of its convenient synthesis by
controlled monomethylation of an excess of 45 with a tritium-
labeled reagent (e.g., methyl nosylate [methyl-3H] or methyl
iodide [methyl-3H]) (Figure 2).

Synthesis, Analytical Characterization, and Long-
Term Stability of the Radiolabeled 2,4-Diaminopyrimi-
dine [3H]46. The tritium-labeled 2,4-diaminopyrimidine [3H]
46 ([3H]UR-DEBa176) was prepared by treating an excess of
the methylamine precursor 45 with commercially available
methyl nosylate [methyl-3H] ([3H]53) in the presence of
K2CO3 at room temperature (Figure 2). Methyl nosylate
[methyl-3H] was favored over the commonly used volatile
methyl iodine [methyl-3H] due to technical reasons (handling,
safety precautions). The desired radioligand [3H]46 ([3H]UR-
DEBa176) was isolated by reverse phase (RP)-HPLC in a
radiochemical yield of 29% (108.5 MBq) and of a high
radiochemical purity of 99%. The specific activity amounted to
1.59 TBq/mmol (43.08 Ci/mmol), and the final activity
concentration was adjusted to 58.1 MBq/mL (1.6 mCi/mL).
[3H]46 revealed a high chemical stability over a storage period
of 11 months at −20 °C in EtOH/H2O (70:30) (Figure 2).

Saturation Binding Experiments with [3H]46 at the
Human, Mouse, and Rat H4Rs. Saturation binding experi-
ments with [3H]46 were performed with homogenates of
HEK293T-SF-His6-CRE-Luc cells coexpressing the hH4R,
mH4R or rH4R. Representative saturation binding curves and
the corresponding Scatchard plots are depicted in Figure 3.
[3H]46 bound to all H4R orthologs in a saturable manner,
revealing comparable Kd values at the h/m/rH4Rs of 41.3 ±
2.0, 17.1 ± 0.8 and 21.8 ± 0.2 nM, respectively (Figure 3 and
Table 3). The determined dissociation constants (Kd) for [

3H]
46 were in agreement with the pKi or pEC50 values obtained in
the competition binding assay (hH4R) or in the β-arrestin2

Figure 3. Representative data from saturation binding experiments at the hH4R, mH4R or rH4R, coexpressed in homogenates of HEK293T-SF-
His6-CRE-Luc cells. Total binding (black curve), specific binding (red curve), and nonspecific binding (dashed line, determined in the presence of
6 (1000-fold excess)) of [3H]46 are depicted. Insets: Scatchard transformations of shown specific binding curves. The experiments were performed
in triplicate. Error bars of specific binding and in the Scatchard plots were calculated according to the Gaussian law of error propagation. Error bars
of total and nonspecific binding represent SEMs.

Table 3. Comparison of Kinetic and Thermodynamic Binding Constants of [3H]46 at the Human (h), Mouse (m), and Rat (r)
H4Rs

H4R Kd (sat)
a [nM] Kd (kin)

b [nM] kobs [min−1]c kon [min−1·nM−1]d koff [min−1]e, t1/2 [min]e

h 41.3 ± 2.0 59 ± 18 0.19 ± 0.02 0.0019 ± 0.0005 0.113 ± 0.010, 6.2 ± 0.6
m 17.1 ± 0.8 34 ± 12 0.19 ± 0.02 0.0035 ± 0.0013 0.1204 ± 0.0093, 5.8 ± 0.4
r 21.8 ± 0.2 34 ± 6 0.205 ± 0.006 0.0032 ± 0.0005 0.11 ± 0.01, 6.6 ± 0.7

aEquilibrium dissociation constant determined by saturation binding on homogenates of HEK293T-SF-His6-CRE-Luc cells co-expressing the
respective receptor; means ± SEM from at least three independent experiments each performed in triplicate. bKinetically derived dissociation
constant ± propagated error (Kd (kin) = koff/kon).

cObserved association rate constant represents means ± SEM from two to three independent
experiments each performed in triplicate at homogenates of HEK293T-SF-His6-CRE-Luc cells coexpressing the respective receptor. dAssociation
rate constant ± propagated error (kon = (kobs − koff)/[RL]).

eDissociation rate constant and derived half-life represent means ± SEM from two to
three independent experiments each performed in triplicate at homogenates of HEK293T-SF-His6-CRE-Luc cells co-expressing the respective
receptor.
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recruitment assays (h/m/rH4Rs) for the unlabeled 46 (Tables
1−3). The nonspecific binding is low, amounting 11−17% of
total binding at concentrations around the Kd (Figure 3). The

maximal number of binding sites (Bmax) resulted in approx. 3.9
(hH4R), 2.0 (mH4R), and 2.9 (rH4R) pmol·mg−1 soluble
homogenate protein.

Figure 4. Comparison of the kinetic binding experiments with [3H]46 at the hH4R, mH4R or rH4R, co-expressed in homogenates of HEK293T-SF-
His6-CRE-Luc cells. (A) Representative associations of [3H]46 (c = 40 nM, hH4R; 20 nM, mH4R; 30 nM, rH4R) as a function of time (kobs,
observed association rate constant). Insets: Transformation of the depicted association kinetics using ln[B(eq)/(B(eq) − B(t))] versus time. (B)
Representative dissociation of [3H]46 (preincubation: 30−45 min, c = 40 nM, hH4R; 20 nM, mH4R; 30 nM, rH4R) in the presence of 6 (1000-fold
excess) as a function of time (koff, dissociation rate constant), showing an incomplete monophasic exponential decline [plateau: 33.4% (hH4R),
31.3% (mH4R), 33.5% (rH4R)]. Insets: transformation of the depicted dissociation kinetics using ln[(B(t) − B(plateau))/(B(0) − B(plateau))] vs time.
Each experiment was performed in triplicates. Error bars represent propagated errors according to the Gaussian law of error.

Table 4. Comparison of the Determined Binding Data (pKi) of Unlabeled hH4R Ligands (1, 4, 5, and 6), Using[3H]46 as
Radioligand at the H4R Orthologs, to Reference Data

pKI/pEC50 or pKb /(α)

hH4R mH4R rH4R

no. [3H]46a referenceb [3H]46a referencec,d,e,f [3H]46a referencec,d,e,f

1 7.22 ± 0.07 7.8−8.21−7 6.31 ± 0.06 5.1−7.06 (1.0) 5.71 ± 0.06 4.3−6.5 (1.0)
4 7.25 ± 0.07 7.6−8.41,3−6 6.76 ± 0.06 6.1 (0.2)c 6.7 (0.6)f 6.57 ± 0.04 6.3 (0.0)c 6.8 (0.4)f

5 7.30 ± 0.09 7.2−8.41−3,5,7 6.94 ± 0.05 6.1−6.9, 7.6 (−0.2−0.6) 6.91 ± 0.10 6.1−8.2 (0.2−0.5)
6 6.45 ± 0.07 6.3−7.31−3,6,7 7.13 ± 0.05 6.5, 7.1−7.6 (−0.4−0.0) 6.56 ± 0.03 5.9−6.9 (−0.2−0.0)

aData from competition binding experiments (pKi) with [3H]46 (40 nM, hH4R; 20 nM, mH4R; 30 nM, rH4R) for hH4R standard ligands,
determined at the human, mouse, or rat H4Rs, co-expressed in homogenates of HEK293T-SF-His6-CRE-Luc cells. The pKi values represent means
± SEM and were determined in at least three independent experiments, each performed in triplicate. bData from competition binding experiments
(pKi) with

1[3H]2 or 2−7[3H]1, performed on 1membrane preparations of Sf 9 insect cells, stably expressing the hH4R-RGS19 fusion protein + Gαi2
+ Gβ1γ2,

12 2membrane preparations of Sf 9 insect cells, stably expressing the hH4R-RGS19 fusion protein + Gαi + Gβ1γ2,
16 3membrane preparations

of Sf 9 insect cells, stably expressing the hH4R + Gαi2 + Gβ1γ2,
17,34,50 4homogenates of SK-N-MC-cells, stably expressing the hH4R,

14 5membranes
from SK-N-MC cells, stably expressing the hH4R,

3,23,51 6homogenates of HEK293T-cells, stably expressing the hH4R
21,24 or 7HEK293T cells, stably

expressing the hH4R.
22 cData from [35S]GTPγS assays,17 performed on membrane preparations of Sf 9 insect cells, stably expressing the mH4R or

rH4R + Gαi2 + Gβ1γ2.
dData from steady-state [32P]GTPase assays,16 performed on membrane preparations of Sf 9 insect cells, stably expressing

the mH4R or rH4R + Gαi2 + Gβ1γ2 + GAIP. eData from β-arr2 recruitment assays in HEK293T cells, stably expressing the mH4R or rH4R-ELucC/
ELucN-β-arrestin2 construct. fData from CRE-luciferase reporter gene assays26 in HEK293T cells, stably expressing the mH4R or rH4R with the
CRE-controlled luciferase reporter gene.
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Kinetic Binding Experiments with [3H]46 at the
Human, Mouse, and Rat H4Rs. Kinetic binding experiments
with [3H]46 were performed with homogenates of HEK293T-
SF-His6-CRE-Luc cells coexpressing the hH4R, mH4R, or
rH4R. Representative nonlinear and linear plots for the
association and dissociation of [3H]46 are shown in Figure
4. Association was complete after 25 minutes for all three H4R
orthologs. After 30 minutes, the residual specific binding of
[3H]46 reached approx. 30% at the h/m/rH4Rs, which might
be partly explained by (pseudo)irreversible binding. This
phenomenon was observed before, with respect to radioligands
for several GPCRs.28,46−48 Nonetheless, the kinetically derived
dissociation constants [Kd (nM) = koff/kon = 59 ± 18 (hH4R),
34 ± 12 (mH4R) and 34 ± 6 (rH4R)] were in a good
agreement with the Kd values obtained from saturation binding
experiments (Table 3).
Competition Binding Experiments with [3H]46 for 1

and 4−6 at the Human, Mouse, and Rat H4Rs.
Competition binding experiments with [3H]46 and with
several standard ligands (1 and 4−6) for the hH4R were
performed with homogenates of HEK293T-SF-His6-CRE-Luc
cells co-expressing the hH4R, mH4R, or rH4R (Table 4 and
Figure 5). At the hH4R, the pKi values of the inverse agonists/
antagonists (5 and 6) were in good agreement with the
published data. In contrast, for the investigated agonists (1 and
4), slightly lower affinities were observed for the hH4R in
comparison to the literature, most distinctive for histamine 1,
with 0.8 orders of magnitude. These discrepancies might
reflect the different efficacies of the radioligands used. While
[3H]46 appeared as a partial agonist, the standard hH4R
radioligands [3H]1 or [3H]2 reveal full agonistic activities.26 In
this context, the unknown and varying G-protein expression
levels in the different assay systems can carry weight as well. A
report on competition binding studies at the 5-HT2A

receptor49 supports this hypothesis, showing that the affinities
of agonists depend on the intrinsic efficacy of the used
radioligand. Nonetheless, the affinities of all analyzed standard
ligands at the mH4R and rH4R fit in the ranges defined by their
pEC50 and/or the pKb values, derived from different functional
assays with different signal readouts (Table 4). Therefore, [3H]
46 allows comparative binding studies at the h/m/rH4Rs.

■ CONCLUSIONS
Here, we report on the development of the 2,4 diaminopyr-
imidine-type radioligand [3H]UR-DEBa176 ([3H]46), ena-
bling robust comparative binding studies at the h/m/rH4Rs
[Kd = 41, 17, 22 nM, respectively; low non-specific binding
(11−17%, ∼Kd); fast association/dissociation kinetics (25−30
min)]. Therefore, extensive investigations on the prepared 2,4-
diaminopyrimidines with respect to their affinities at the hH4R
and their functional profiles at the h/m/rH4Rs in different
assays (luciferase reporter gene-, β-arrestin2 recruitment
assays) were conducted. On the one hand, 43 (UR-
DEBa148) was found to exhibit sub-nanomolar potencies at
the h/m/rH4Rs in luciferase reporter gene assays (pEC50 = 9.9,
9.6, 10.3, respectively) and was slightly G-protein biased. On
the other hand, (partial) agonist 46 (UR-DEBa176), with
comparable potencies at the h/m/rH4Rs [pEC50 (reporter
gene) = 8.7, 9.0, 9.2, respectively], was found to constitute the
“cold” form of a potential radioligand. Subsequently, by
employing commercially available methyl nosylate [methyl-3H]
([3H]53), [3H]UR-DEBa176 ([3H]46) was obtained in a
radiochemical yield of 29% and of a high radiochemical purity
of 99%. As a molecular tool, [3H]UR-DEBa176 ([3H]46)
allows pharmacological investigations on the H4R with respect
to translational animal models (e.g., early stage characterization
of novel molecular tools or potential drug candidates in
radioligand binding assays at the h/m/rH4Rs). To conclude,
the herein presented SAR results and especially [3H]UR-
DEBa176 ([3H]46) should support the future development of
h/m/rH4Rs ligands and can help to further unravel the
(patho)physiological role of the H4R.

■ EXPERIMENTAL SECTION
General Experimental Conditions. Chemicals and solvents

were purchased from Acros Organics (Geel, Belgium), Alfa Aesar &
Co. KG (Karlsruhe, Germany), Sigma-Aldrich (Munich, Germany),
TCI (Tokyo, Japan), Tocris (Wiesbaden-Nordenstadt, Germany),
and Merck KGaA (Darmstadt, Germany) and were used without
further purification. All solvents were purchased in analytical degrade
or distilled prior to use and stored over molecular sieves (4 Å).
Acetonitrile (MeCN) (gradient grade) for HPLC was obtained from
Merck (Darmstadt, Germany). Millipore water was used for the
preparation of HPLC eluents. Deuterated solvents for NMR
spectroscopy were from Deutero GmbH (Kastellaun, Germany).
For column chromatography, Merck silica gel 60 (0.040−0.063 mm)
was used. Flash chromatography was performed on an Intelli Flash-
310 Flash-Chromatography Workstation from Varian Deutschland

Figure 5. Radioligand displacement curves from competition binding experiments performed with [3H]46 (40 nM, hH4R; 20 nM, mH4R; 30 nM,
rH4R) at the hH4R, mH4R, or rH4R, coexpressed in homogenates of HEK293T-SF-His6-CRE-Luc cells. Data represent mean values ± SEM of at
least three independent experiments, each performed in triplicate.
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GmbH (Darmstadt, Germany). Reaction controls were performed
using thin layer chromatography (TLC) on Merck silica gel 60 F254
TLC aluminium sheets [visualization either by UV radiation (λ = 254
or 310 nm) or staining with ninhydrine or vanillin, respectively]. For
microwave-driven reactions, a Biotage Initiator microwave synthesizer
(Biotage, Uppsala, Sweden) was used. NMR spectra were recorded on
a Bruker AVANCE 300 (7.05 T, 1H 300 MHz; 13C 75 MHz), Bruker
Avance III HD 400 (9.40 T, 1H 400 MHz; 13C 101 MHz), or Bruker
Avance III HD 600, equipped with a cryogenic probe (14.1 T, 1H 600
MHz; 13C 151 MHz) (Bruker BioSpin, Karlsruhe, Germany) with
tetramethylsilane as an external standard. Multiplicities are specified
with the following abbreviations: s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet), br (broad signal), and quat. (quaternary
carbon atom). The coupling constants (J values) are given in hertz
(Hz). High-resolution mass spectrometry (HRMS) analysis was
performed on an Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS
system (Agilent Technologies, Santa Clara, CA) using an ESI
(electrospray ionization) source. Melting points were determined (if
applicable) on a Büchi 530 (Büchi GmbH, Essen, Germany) and were
uncorrected. Preparative HPLC was performed on a Knauer device
(Berlin, Germany), comprising two K-1800 pumps and a K-2001
detector. An Interchim puriFlash C18 HQ 15 UM (120G Flash
COLUMN 15 μm) with a flow rate of 50 mL/min or a Phenomenex
Kinetex 5u XB-C18 (250 × 21.2 mm) with a flow rate of 15 or 20
mL/min was used as stationary phases. Mixtures of 0.1% TFA (B)
and MeCN (A) served as the mobile phase. The detection wavelength
was set to 220 nm. All compound solutions were filtered through
polytetrafluoroethylene (PTFE) filters (25 mm, 0.2 μm, Phenomenex
Ltd., Aschaffenburg, Germany) prior to injection. The solvent of the
collected fractions was removed under reduced pressure followed by
lyophilization using an Alpha 2-4 LD apparatus (Martin Christ,
Osterode am Harz, Germany) equipped with a RZ 6 rotary vane
vacuum pump (Vacuubrand, Wertheim, Germany). For all target
compounds, 10 mM stock solutions in dimethyl sulfoxide (DMSO)/
20 mM HCl 1/1 (v/v) were prepared in polypropylene reaction
vessels (1.5 mL) with a screw cap (Süd-Laborbearf, Gauting,
Germany). Analytical HPLC analysis (purity control and determi-
nation of the chemical stability of compounds) was performed with a
system from Agilent Technologies (Series 1100) composed of a
binary pump equipped with a degasser (G1312A), autosampler (ALS,
G1329A), thermostated column compartment (COLCOM,
G1316A), and diode array detector (DAD, G1315B). A Phenomenex
Kinetex-XB C18 (2.6 μm, 100 mm × 3 mm) was used as a stationary
phase at a flow rate of 0.8 mL/min. Mixtures of 0.5% TFA (A) and
MeCN + 0.5% TFA (B) served as a mobile phase. The following
linear gradient was applied throughout: A/B (v/v) 0−30 min, 90/10−
10/90; 30−33 min, 10/90−5/95; 33−40 min, 5/95. For all analytical
runs, the oven temperature was set to 30 °C, and detection was
performed at 220 nm. The injection volume for purity controls was 60
μL of a 100 μM solution (10 mM stock solution diluted with starting
eluent, A/B 90/10). Retention (capacity) factor (k) was calculated
based on the determined retention time (tR) according to k = (tR −
t0)/t0 (t0 = dwell time = 3.21 min).
Compound Characterization. The synthesized compounds 8, 9,

11−15, 20−52, 61, and 63−67 were characterized by 1H and 13C
NMR spectroscopy, HRMS, and melting point (if applicable) (1H,
13C NMR spectra for selected target structures see Figures S3−S22 in
the Supporting Information). Additionally, compounds 8, 9, 11−13,
15, 20−52, 61, 63, and 65−67 were characterized by 2D-NMR
spectroscopy (1H-COSY, HSQC, HMBC). The intermediate
compounds 7 and 10 were characterized by 1H NMR spectroscopy,
HRMS, and melting point (if applicable). The purity of the target
compounds (33−52) was >96% throughout, determined by RP-
HPLC (220 nm) (conditions see General Experimental Conditions;
chromatograms see Figures S23−S32 in the Supporting Information).
The comment regarding the NMR spectra (1H, 13C) of the target

2,4-diaminpyrimidines, substituted with unsymmetrical cyclic ali-
phatic amines in the 4-position (33, 35, 43, 45, 46, 48, 49, 51, and
52) is the following: the slow rotation around the amine bond on the
NMR time scale resulted in two isomers (ratios are given in the

experimental protocols), which were evident in the 1H- and 13C NMR
spectra.

Screening for Pan-Assay Interference Compounds (PAINS).
The screening of the target compounds for PAINS and aggregators by
the public tool http://zinc15.docking.org/patterns/home,52 led to no
hits except for compound 44. Here, the 4-[(ethylthio)methyl]-1H-
imidazole substructure was identified as PAIN. The identity of 44 was
proven by HRMS, 1H- and 13C NMR spectroscopy. Additionally,
analytical RP-HPLC revealed a purity of 98.9% (conditions see
General Experimental Conditions). 44 showed only weak to no
affinities at the human H1‑4Rs, while dose−response curves were
measured in radioligand competition binding assays. Moreover, the
amine precursor for 44, 2-{[(5-methyl-1H-imidazole-4yl)methyl]-
thio}ethan-1-amine, exhibits only weak agonistic activity at the human
H3,4Rs in the [35S]GTPγS assay as well.34 Therefore, an interference
in the applied pharmacological assays by an impurity, containing the
4-[(ethylthio)methyl]-1H-imidazole scaffold, can be excluded.

Synthesis of the Target Compounds. General Procedure for
33−43. The respective 4-amino-2-chloropyrimidine (1 equiv),
DIPEA (1.5−6 equiv), and 2,2-dimethylpropan-1-amine (2−6
equiv) were dissolved in i-PrOH. The reaction mixture was stirred
in the microwave reactor for 4−11 h at 120−140 °C. After removing
the solvent under reduced pressure, the product was purified by
chromatography or automated flash-chromatography. The residue was
dissolved in dichloromethane (DCM), TFA was added, and the
mixture was stirred at rt until the removal of the protection group was
complete (7−18 h). The crude product was purified by preparative
HPLC.

(R)-4-(3-Aminopyrrolidin-1-yl)-N-neopentylpyrimidin-2-amine
Bis(2,2,2-trifluoroacetate) 33.29 According to the general procedure,
the title compound was prepared in the microwave reactor (6 h, 130
°C, 4 bar, 3 min prestirring) from 20 (400 mg, 1.34 mmol), DIPEA
(456 μL, 2.68 mmol), and 2,2-dimethylpropan-1-amine (475 μL, 3.87
mmol) in i-PrOH (4 mL). The crude product was purified by
chromatography [eluent: DCM/MeOH 100/0−95/5 (v/v), SiO2 50
g] to give 32 as pale, yellow sticky foam (450 mg, 96.2%). Rf = 0.45
(DCM/MeOH 92.5/7.5). 1H NMR (400 MHz, DMSO-d6): δ (ppm)
7.72 (d, J = 5.8 Hz, 1H), 7.18 (br, 1H), 6.43 (br, 1H), 5.67 (d, J = 5.8
Hz, 1H), 4.22−3.07 (m, 7H), 2.20−1.73 (m, 2H), 1.39 (s, 9H), 0.87
(s, 9H). 13C NMR (101 MHz, DMSO-d6, HSQC, HMBC): δ (ppm)
162.56 (quat., 1C), 160.61 (quat., 1C), 155.71, 155.44 (quat., 1C),
93.77, 78.31 (quat., 1C), 52.00, 51.84, 50.17, 44.53, 32.85, 30.76,
28.68 (3C), 27.99 (3C). HRMS (ESI) m/z: [M + H]+ calcd for
[C18H32N5O2]

+, 350.2551; found, 350.2564. C18H31N5O2 (349.48).
Deprotection of 32 (140 mg, 0.401 mmol) in DCM (4 mL) and TFA
(0.6 mL) followed by preparative HPLC [Interchim puriFlash C18
HQ 15 UM 120G Flash COLUMN 15 μm; gradient 0−30 min: A/B
(v/v) 95/5−38/62, tR = 9.5 min] afforded 33 as colorless hygroscopic
foam (150 mg, 78.4%). Rf = 0.3 (DCM/1.75 M NH3 in MeOH 90/
10). RP-HPLC (220 nm): 99.9% (k = 1.81). Ratio of configurational
isomers evident in NMR: ca. 1:1.4. 1H NMR (600 MHz, DMSO-d6):
δ (ppm) 12.47 (br, 1H), 8.43 (m, 1H), 8.22 (m, 3H), 7.88 (m, 1H),
6.21 (d, J = 7.0 Hz, 1H), 4.10−3.49 (m, 5H), 3.22 (m, 2H), 2.41−
2.01 (m, 2H), 0.90 (s, 9H). 13C NMR (151 MHz, DMSO-d6, HSQC,
HMBC): δ (ppm) 159.54 (quat., 1C), 159.43 (quat., 1C), 158.55 (q,
J = 33.0 Hz, TFA), 153.43, 142.51, 116.64 (q, J = 296.9 Hz, TFA),
95.44, 51.29, 50.51, 50.48, 49.45, 48.62, 45.02, 44.84, 32.26 (quat.,
1C), 28.90, 28.18, 27.14 (3C). HRMS (ESI) m/z: [M + H]+ calcd for
[C13H24N5]

+, 250.2026; found, 250.2033. C13H23N5···C4H2F6O4
(249.36 + 228.05).

N-Neopentyl-4-(piperazin-1-yl)pyrimidin-2-amine Bis(2,2,2-tri-
fluoroacetate) 34.29 According to the general procedure, the title
compound was prepared in the microwave reactor (7 h, 120 °C, 4 bar,
3 min prestirring) from 21 (800 mg, 2.70 mmol), DIPEA (917 μL,
5.39 mmol), and 2,2-dimethylpropan-1-amine (953 μL, 8.09 mmol)
in i-PrOH (10 mL). The crude product was purified by
chromatography (DCM/MeOH 100/0−95/5 (v/v), SiO2 80 g) to
give a colorless sticky foam (470 mg, 49.8%). Rf = 0.3 (DCM/MeOH
95/5). Deprotection (90 mg, 0.26 mmol) in DCM (2 mL) and TFA
(0.5 mL) followed by preparative HPLC [column: Phenomenex
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Kinetex 5u XB-C18 250 × 21.2 mm; gradient: 0−30 min: A/B (v/v)
95/5−43/57, flow 15 mL/min, tR = 14 min] afforded 34 as colorless
hygroscopic foam (112 mg, 91%). Rf = 0.4 (DCM/1.75 M NH3 in
MeOH 90/10). RP-HPLC (220 nm): 98.4% (k = 1.65). 1H NMR
(300 MHz, MeOH-d4): δ (ppm) 7.80 (d, J = 7.5 Hz, 1H), 6.50 (d, J =
7.5 Hz, 1H), 4.16 (m, 4H), 3.40 (m, 6H), 0.98 (s, 9H). 1H NMR
(600 MHz, DMSO-d6): δ (ppm) 12.92 (br, 1H), 9.26 (br, 2H), 8.56
(s, 1H), 7.97 (d, J = 7.4 Hz, 1H), 6.52 (d, J = 7.4 Hz, 1H), 3.96 (m,
4H), 3.23 (m, 6H), 0.90 (s, 9H). 13C NMR (151 MHz, DMSO-d6,
HSQC, HMBC): δ (ppm) 161.17 (quat., 1C), 158.89 (q, J = 32.4 Hz,
TFA), 153.73 (quat., 1C), 143.67, 116.83 (q, J = 297.5 Hz, TFA),
94.28, 51.36, 42.21 (2C), 40.04 (2C), 32.26 (quat., 1C), 27.10 (3C).
HRMS (ESI) m/z: [M + H]+ calcd for [C13H24N5]

+, 250.2026;
found, 250.2029. C13H23N5···C4H2F6O4 (249.36 + 228.05).
4-(1,4-Diazepan-1-yl)-N-neopentylpyrimidin-2-amine Bis(2,2,2-

trifluoroacetate) 35.29 According to the general procedure, the title
compound was prepared in the microwave reactor (5.5 h, 130 °C, 3
bar, 3 min prestirring) from 22 (110 mg, 0.352 mmol), DIPEA (120
μL, 0.689 mmol), and 2,2-dimethylpropan-1-amine (83 μL, 0.70
mmol) in i-PrOH (2 mL). The crude product was purified by
automated flash chromatography [gradient 0−20 min: DCM/MeOH
100/0−95/5 (v/v), SF 10−4 g] to give a colorless sticky foam (50
mg, 39.4%). Rf = 0.3 (DCM/MeOH 95/5). Deprotection (50 mg,
0.14 mmol) in DCM (2 mL) and TFA (0.3 mL) followed by
preparative HPLC [column: Phenomenex Kinetex 5u XB-C18 250 ×
21.2 mm; gradient: 0−30 min: A/B 95/5−33/67 (v/v), flow 20 mL/
min, tR = 11 min] afforded 35 as colorless hygroscopic foam (34 mg,
50.7%). Rf = 0.5 (DCM/1.75 M NH3 in MeOH 80/20). RP-HPLC
(220 nm): 97.5% (k = 1.86). Ratio of configurational isomers evident
in NMR performed in DMSO-d6: ca 1:1.5. 1H NMR (400 MHz,
MeOH-d4): δ (ppm) 7.78 (d, J = 7.4 Hz, 1H), 6.46 (d, J = 6.9 Hz,
1H), 4.21 (t, J = 5.3 Hz, 1.3H), 4.04 (m, 1.4H), 3.81 (t, J = 6.1 Hz,
1.3 H), 3.50−3.31 (m, 6H), 2.20 (m, 2H), 0.99 (s, 9H). 1H NMR
(600 MHz, DMSO-d6): δ (ppm) 12.84 (br, 1H), 9.08 (m, 2H), 8.49
(m, 1H), 7.92 (m, 1H), 6.45 (m, 1H), 4.13−3.62 (m, 4H), 3.41−3.11
(m, 6H), 2.04 (m, 2H), 0.91 (s, 9H). 13C NMR (151 MHz, DMSO-
d6, HSQC, HMBC): δ (ppm) 161.68 (quat., 1C), 158.84 (q, J = 32.2
Hz, TFA), 153.58 (quat., 1C), 153.49 (quat., 1C), 143.11, 143.01,
116.87 (q, J = 298.2 Hz, TFA), 94.61, 51.31, 46.85, 45.64, 44.35,
44.27, 44.23, 44.13, 43.10, 32.20, 32.14, 27.12 (3C), 24.42, 24.13.
HRMS (ESI) m/z: [M + H]+ calcd for [C14H26N5]

+, 264.2183;
found, 264.2183. C14H25N5···C4H2F6O4 (263.39 + 228.05).
4-[4-(2-Aminoethyl)piperazin-1-yl]-N-neopentylpyrimidin-2-

amine Tris(2,2,2-trifluoroacetate) 36. According to the general
procedure, the title compound was prepared in the microwave reactor
(9 h, 120 °C, 1 bar, 3 min prestirring) from 23 (110 mg, 0.322
mmol), DIPEA (110 μL, 0.632 mmol), and 2,2-dimethylpropan-1-
amine (114 μL, 0.974 mmol) in i-PrOH (2 mL). The crude product
was purified by chromatography [DCM/MeOH 100/0−90/10 (v/v),
SiO2] to give a pale, yellow sticky foam (80 mg, 63.5%). Rf = 0.4
(DCM/MeOH 90/10). Deprotection (80 mg, 0.20 mmol) in DCM
(4 mL) and TFA (0.7 mL) followed by preparative HPLC (column:
Phenomenex Kinetex 5u XB-C18 250 × 21.2 mm; gradient: 0−30
min: A/B 90/10−24/76 (v/v), flow 15 mL/min, tR = 10 min)
afforded 36 as colorless hygroscopic foam (57 mg, 44.5%). RP-HPLC
(220 nm): 99.9% (k = 1.55). 1H NMR (300 MHz, MeOH-d4): δ
(ppm) 7.71 (d, J = 7.6, 1H), 6.44 (d, J = 7.6 Hz, 1H), 4.07 (m, 2H),
3.79 (m, 2H), 3.30−3.09 (m, 4H), 2.87−2.65 (m, 6H), 0.97 (s, 9H).
1H NMR (600 MHz, DMSO-d6): δ (ppm) 12.60 (br, 1H), 8.42 (br.
1H), 7.90 (m, 4.5H), 6.53 (d, J = 7.3 Hz, 1H), 3.86 (m, 4H), 3.24−
2.63 (m, 10H), 0.90 (s, 9H). 13C NMR (151 MHz, DMSO-d6,
HSQC, HMBC): δ (ppm) 160.69 (quat., 1C), 158.65 (q, J = 33.0 Hz,
TFA), 153.62 (quat., 1C), 143.27, 116.64 (q, J = 296.2 Hz, TFA),
94.19, 53.32, 51.47, 51.32, 44.29, 42.19, 34.90 (2C), 32.28 (quat.,
1C), 27.10 (3C). HRMS (ESI) m/z: [M + H]+ calcd for
[C15H29N6]

+, 293.2448; found, 293.2451. C15H28N6···C6H3F9O6
(292.43 + 342.07).
N4-(2-Aminoethyl)-N2-neopentylpyrimidine-2,4-diamine Bis-

(2,2,2-trifluoroacetate) 37. According to the general procedure, the
title compound was prepared in the microwave reactor (6 h, 120 °C, 1

bar, 3 min prestirring) from 24 (150 mg, 0.550 mmol), DIPEA (140.3
μL, 0.82 mmol), and 2,2-dimethylpropan-1-amine (194 μL, 1.65
mmol) in i-PrOH (2 mL). The crude product was purified by
automated flash chromatography [gradient 0−20 min: DCM/MeOH
100/0−90/10 (v/v), SF 10−4 g)]to give a colorless sticky oil (160
mg, 90%). Rf = 0.45 (DCM/MeOH 90/10). Deprotection (120 mg,
0.371 mmol) in DCM (2.5 mL) and TFA (0.5 mL) followed by
preparative HPLC [Phenomenex Kinetex 5u XB-C18 250 × 21.2 mm;
gradient 0−30 min: A/B (v/v) 95/5−38/62; flow: 15 mL/min; tR =
12.5 min] afforded 37 as colorless hygroscopic foam (120 mg, 71.7%).
RP-HPLC (220 nm): 99.9% (k = 1.61). 1H NMR (300 MHz, MeOH-
d4): δ (ppm) 7.62 (d, J = 7.3 Hz, 1H), 6.10 (d, J = 7.0 Hz, 1H), 3.77
(t, J = 6.0 Hz, 2H), 3.33 (m, 2H), 3.22 (t, J = 6.1 Hz, 2H), 0.99 (s,
9H). 1H NMR (600 MHz, DMSO-d6): δ (ppm) 12.31 (br, 1H), 8.98
(s, 1H), 8.40 (s, 1H), 7.99 (br, 3H), 7.73 (d, J = 7.0 Hz, 1H), 6.04 (d,
J = 7.0 Hz, 1H), 3.61 (m, 2H), 3.23 (m, 2H), 3.03 (m, 2H), 0.90 (s,
9H). 13C NMR (151 MHz, DMSO-d6, HSQC, HMBC): δ (ppm)
162.84 (quat., 1C), 158.71 (q, J = 32.3 Hz, TFA), 154.32 (quat., 1C),
141.45, 116.89 (q, J = 297.4 Hz, TFA), 97.42, 51.16, 37.99, 37.62,
32.16 (quat., 1C), 27.08 (3C). HRMS (ESI) m/z: [M + H]+ calcd for
[C11H22N5]

+, 224.1870; found, 224.1874. C11H21N5···C4H2F6O4
(223.32 + 228.05).

N4-(3-Aminopropyl)-N2-neopentylpyrimidine-2,4-diamine Bis-
(2,2,2-trifluoroacetate) 38. According to the general procedure, the
title compound was prepared in the microwave reactor (7 h, 120 °C, 2
bar, 3 min prestirring) from 25 (250 mg, 0.872 mmol), DIPEA (222
μL, 1.27 mmol), and 2,2-dimethylpropan-1-amine (616 μL, 5.23
mmol) in i-PrOH (2 mL). The crude product was purified by
automated flash chromatography [gradient 0−20 min: DCM/MeOH
100/0−95/5 (v/v), SF 10−4 g] to give a colorless sticky oil (200 mg,
68%). Rf = 0.4 (DCM/MeOH 90/10). Deprotection of (190 mg,
0.563 mmol) in DCM (2 mL) and TFA (0.5 mL) followed by
preparative HPLC (column: Phenomenex Kinetex 5u XB-C18 250 ×
21.2 mm; gradient: 0−30 min: A/B 92.2/7.8−49.450.6 (v/v), flow 20
mL/min, tR = 11 min) afforded 38 as colorless hygroscopic foam (188
mg, 71.7%). RP-HPLC (220 nm): 99.9% (k = 1.80). 1H NMR (300
MHz, MeOH-d4): δ (ppm) 7.56 (d, J = 7.3 Hz, 1H), 6.05 (d, J = 7.2
Hz, 1H), 3.58 (t, J = 6.7 Hz, 2H), 3.01 (m, 2H), 1.99 (m, 2H), 0.98
(s, 9H). 1H NMR (600 MHz, DMSO-d6, HSQC, HMBC): δ (ppm)
12.05 (br, 1H), 8.90 (br, 1H), 8.23 (br, 1H), 7.82 (br, 3H), 7.69 (d, J
= 7.0 Hz, 1H), 6.03 (d, J = 7.0 Hz, 1H), 3.43 (m, 2H), 3.22 (m, 2H),
2.85 (m, 2H), 1.81 (m, 2H), 0.91 (s, 9H). 13C NMR (151 MHz,
DMSO-d6): δ (ppm) 162.28 (quat., 1C), 158.48 (q, J = 31.4 Hz,
TFA), 154.27 (quat., 1C), 141.21, 117.06 (q, J = 299.2 Hz, TFA),
97.16, 51.21, 37.50, 36.83, 32.14 (quat., 1C), 27.12 (3C), 26.54.
HRMS (ESI) m/z: [M + H]+ calcd for [C12H24N5]

+, 238.2026;
found, 238.2032. C12H23N5···C4H2F6O4 (237.35 + 228.05).

N2-Neopentyl-N4-(pyrrolidin-3-yl)pyrimidine-2,4-diamine Bis-
(2,2,2-trifluoroacetate) 39. According to the general procedure, the
title compound was prepared in the microwave reactor (8 h, 120 °C, 2
bar, 3 min prestirring) from 26 (200 mg, 0.669 mmol), DIPEA (180
μL, 1.06 mmol), and 2,2-dimethylpropan-1-amine (237 μL, 2.01
mmol) in i-PrOH (2 mL). The crude product was purified by
chromatography [DCM/MeOH 100/0−90/10 (v/v), SiO2 30 g] to
give a pale yellow sticky oil (160 mg, 68.2%). Rf = 0.4 (DCM/MeOH
90/10). Deprotection (150 mg, 0.430 mmol) in DCM (2 mL) and
TFA (0.5 mL) followed by preparative HPLC (column: Phenomenex
Kinetex 5u XB-C18 250 × 21.2 mm; gradient: 0−30 min: A/B 90/
10−52/48 (v/v), flow 20 mL/min, tR = 10.5 min) afforded 39 as
colorless hygroscopic foam (97 mg, 47.4%). RP-HPLC (220 nm):
99.9% (k = 1.73). 1H NMR (300 MHz, MeOH-d4): δ (ppm) 7.64 (d,
J = 7.2 Hz, 1H), 6.10 (d, J = 7.2 Hz, 1H), 4.74 (m, 1H), 3.52 (m,
6H), 2.29 (m, 2H), 0.99 (s, 9H). 1H NMR (600 MHz, DMSO-d6): δ
(ppm) 12.42 (br, 1H), 9.15 (br, 3H), 8.50 (m, 1H), 7.76 (d, J = 7.1
Hz, 1H), 6.06 (d, J = 7.1 Hz, 1H), 4.55 (m, 1H), 3.45 (m, 1H), 3.40−
2.98 (m, 5H), 2.27 (m, 1H), 1.95 (m, 1H), 0.91 (s, 9H). 13C NMR
(151 MHz, DMSO-d6, HSQC, HMBC): δ (ppm) 162.17 (quat., 1C),
158.76 (q, J = 32.0 Hz, TFA), 154.22 (quat., 1C), 141.82, 116.95 (d, J
= 298.5 Hz, TFA), 97.10, 51.23, 49.90, 49.30, 43.80, 32.17 (quat.,
1C), 29.49, 27.07 (3C). HRMS (ESI) m/z: [M + H]+ calcd for
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[C13H24N5]
+, 250.2026; found, 250.2031. C13H23N5···C4H2F6O4

(249.36 + 228.05).
N2-Neopentyl-N4-(piperidin-4-yl)pyrimidine-2,4-diamine Bis-

(2,2,2-trifluoroacetate) 40. According to the general procedure, the
title compound was prepared in the microwave reactor (7 h, 120 °C, 2
bar, 3 min prestirring) from 27 (250 mg, 0.799 mmol), DIPEA (204
μL, 1.17 mmol), and 2,2-dimethylpropan-1-amine (282 μL, 2.39
mmol) in i-PrOH (2 mL). The crude product was purified by
automated flash chromatography [gradient 0−20 min: DCM/MeOH
100/0−95/5 (v/v), SF 10−4 g] to give a colorless sticky oil (120 mg,
41.4%). Rf = 0.4 (DCM/MeOH 90/10). Deprotection (110 mg,
0.303 mmol) in DCM (2 mL) and TFA (0.5 mL) followed by
preparative HPLC [column: Phenomenex Kinetex 5u XB-C18 250 ×
21.2 mm; gradient: 0−30 min: A/B 90/10−48/52 (v/v), flow 20
mL/min, tR = 10 min] afforded 40 as colorless hygroscopic foam (100
mg, 67.2%). RP-HPLC (220 nm): 99.9% (k = 1.76). 1H NMR (300
MHz, MeOH-d4): δ (ppm) 7.59 (d, J = 7.3 Hz, 1H), 6.06 (d, J = 7.3
Hz, 1H), 4.30 (m, 1H), 3.32 (m, 6H), 2.24 (m, 2H), 1.80 (m, 2H),
0.98 (s, 9H). 1H NMR (600 MHz, DMSO-d6): δ (ppm) 12.29 (br,
1H), 9.92 (d, J = 6.4 Hz, 1H), 8.81 (br, 1H), 8.63 (br, 1H), 8.41 (m,
1H), 7.71 (d, J = 7.1 Hz, 1H), 6.03 (d, J = 7.0 Hz, 1H), 4.13 (m, 1H),
3.32 (m, 2H), 3.22 (m, 2H), 3.06 (m, 2H), 2.03 (m, 2H), 1.66 (m,
2H), 0.90 (s, 9H). 13C NMR (151 MHz, DMSO-d6, HSQC, HMBC):
δ (ppm) 161.67 (quat., 1C), 158.66 (q, J = 47.3 Hz, TFA), 154.32
(quat., 1C), 141.54, 117.06 (q, J = 298.6 Hz, TFA), 97.12, 51.15,
45.20, 41.72 (2C), 32.19 (quat., 1C), 27.52 (2C), 27.12 (3C). HRMS
(ESI) m/z: [M + H]+ calcd for [C14H26N5]

+, 264.2183; found,
264.2185. C14H25N5···C4H2F6O4 (263.39 + 228.05).
N4-[2-(1H-Imidazole-4-yl)ethyl]-N2-neopentylpyrimidine-2,4-dia-

mine Bis(2,2,2-trifluoroacetate) 41. According to the general
procedure, the title compound was prepared in the microwave
reactor (11 h, 130 °C, 4 bar, 3 min prestirring) from 28 (150 mg,
0.322 mmol), DIPEA (330 μL, 1.89 mmol), and 2,2-dimethylpropan-
1-amine (230 μL, 1.95 mmol) in i-PrOH (2 mL). The crude product
was purified by automated flash chromatography [gradient 0−20 min:
DCM/MeOH 100/0−90/10 (v/v), SF 10−4 g)] to give a colorless
sticky foam (65 mg, 40%). Rf = 0.4 (DCM/MeOH 90/10).
Deprotection (60 mg, 0.12 mmol) in DCM (2 mL) and TFA (0.5
mL) followed by preparative HPLC [Phenomenex Kinetex 5u XB-
C18 250 × 21.2 mm; gradient 0−30 min: A/B (v/v) 86.5/14.4−28.5/
71.5; flow: 20 mL/min; tR = 8 min] afforded 41 as colorless
hygroscopic foam (21 mg, 36.0%). RP-HPLC (220 nm): 99.0% (k =
2.02). 1H NMR (300 MHz, MeOH-d4): δ (ppm) 8.84 (s, 1H), 7.56
(d, J = 7.2 Hz, 1H), 7.38 (s, 1H), 6.02 (d, J = 7.0 Hz, 1H), 3.80 (t, J =
6.5 Hz, 1H), 3.28 (m, 2H), 3.07 (t, J = 6.5 Hz, 1H), 0.97 (s, 9H). 1H
NMR (600 MHz, DMSO-d6, +10 μL TFA): δ (ppm) 11.98 (br, 3H),
9.00 (s, 1H), 8.89 (m, 1H), 8.24 (m, 1H), 7.67 (m, 1H), 7.44 (s, 1H),
6.00 (d, J = 6.9 Hz, 1H), 3.66 (m, 2H), 3.19 (m, 2H), 2.94 (m, 2H),
0.89 (s, 9H). 13C NMR (151 MHz, DMSO-d6, +10 μL TFA, HSQC,
HMBC): δ (ppm) 162.46 (quat., 1C), 158.49 (q, J = 37.4 Hz, TFA),
154.24 (quat., 1C), 141.33, 133.99, 130.64 (quat., 1C), 116.39,
115.42 (q, J = 291.6 Hz, TFA), 97.22, 51.24, 39.33, 32.12 (quat., 1C),
27.11 (3C), 23.60. HRMS (ESI) m/z: [M + H]+ calcd for
[C14H23N5]

+, 275.1979; found, 275.1983. C14H22N5···C4H2F6O4
(274.37 + 228.05).
N4-[3-(1H-Imidazole-4-yl)propyl]-N2-neopentylpyrimidine-2,4-di-

amine Bis(2,2,2-trifluoroacetate) 42. According to the general
procedure, the title compound was prepared in the microwave
reactor (10 h, 130 °C, 3 bar, 3 min prestirring) from 29 (140 mg,
0.292 mmol), DIPEA (300 μL, 1.72 mmol), and 2,2-dimethylpropan-
1-amine (206 μL, 1.75 mmol) in i-PrOH (2 mL). The crude product
was purified by automated flash chromatography [gradient 0−20 min:
DCM/MeOH 100/0−90/10 (v/v), SF 10−4 g)] to a colorless sticky
foam (100 mg, 64.9%). Rf = 0.45 (DCM/MeOH 90/10).
Deprotection (70 mg, 0.13 mmol) in DCM (2 mL) and TFA (0.5
mL) followed by preparative HPLC [Phenomenex Kinetex 5u XB-
C18 250 × 21.2 mm; gradient 0−30 min: A/B (v/v) 90/10−33/67,
flow: 20 mL/min; tR = 10.5 min] afforded 42 as hygroscopic foam (35
mg, 51.4%). RP-HPLC (220 nm): 99.9% (k = 2.23). 1H NMR (300
MHz, MeOH-d4): δ (ppm) 8.82 (m, 1H), 7.55 (d, J = 7.3 Hz, 1H),

7.35 (s, 1H), 6.04 (d, J = 7.2 Hz, 1H), 3.56 (t, J = 6.8 Hz, 2H), 3.27
(m, 2H), 2.82 (t, J = 7.7 Hz, 2H), 2.02 (m, 2H), 0.96 (s, 9H). 1H
NMR (600 MHz, DMSO-d6, +10 μL TFA): δ (ppm) 11.89 (br, 3H),
8.98 (m, 1H), 8.81 (m, 1H), 8.13 (m, 1H), 7.67 (m, 1H), 7.43 (s,
1H), 6.02 (d, J = 7.0 Hz, 1H), 3.40 (m, 2H), 3.15 (m, 2H), 2.69 (t, J
= 7.5 Hz, 2H), 1.89 (m, 2H), 0.87 (s, 9H). 13C NMR (151 MHz,
DMSO-d6, +10 μL TFA, HSQC, HMBC): δ (ppm) 162.32 (quat.,
1C), 158.49 (q, J = 37.4 Hz, TFA), 154.26 (quat., 1C), 141.15,
133.89, 132.67 (quat., 1C), 115.63, 115.46 (q, J = 290.2 Hz, TFA),
97.19, 51.20, 39.20, 32.16 (quat., 1C), 27.11 (3C), 27.00, 21.41.
HRMS (ESI) m/z: [M + H]+ calcd for [C15H25N6]

+, 289.2135;
found, 289.2136. C15H24N6···C4H2F6O4 (288.40 + 228.05).

N-Neopentyl-4-(1,4,6,7-tetrahydro-5H-imidazo[4,5-c]pyridin-5-
yl)pyrimidin-2-amine Bis(2,2,2-trifluoroacetate) 43. According to
the general procedure, the title compound was prepared in the
microwave reactor (7.5 h, 130 °C, 3 bar, 3 min prestirring) from 30
(200 mg, 0.418 mmol), DIPEA (220 μL, 1.26 mmol), and 2,2-
dimethylpropan-1-amine (150 μL, 1.27 mmol) in i-PrOH (3 mL).
The crude product was purified by automated flash chromatography
[gradient 0−20 min: DCM/MeOH 100/0−90/10 (v/v), SF 10−4 g]
to give a yellow sticky oil (160 mg, 72.7%). Rf = 0.3 (DCM/MeOH
90/10). Deprotection (75 mg, 0.14 mmol) in DCM (2 mL) and TFA
(0.4 mL) followed by preparative HPLC [column: Phenomenex
Kinetex 5u XB-C18 250 × 21.2 mm; gradient: 0−30 min: A/B (v/v)
95/5−33/67, flow 15 mL/min, tR = 13.5 min] afforded 43 as colorless
hygroscopic foam (30 mg, 41.1%). RP-HPLC (220 nm): 96.2% (k =
1.97). Ratio of configurational isomers evident in NMR performed in
DMSO-d6: ca. 1:1.1.

1H NMR (300 MHz, MeOH-d4): δ (ppm) 8.79
(s, 1H), 7.81 (d, J = 7.5 Hz, 1H), 6.57 (m, 1H), 4.69 (m, 2H), 4.21
(m, 2H), 3.34 (m, 2H), 2.94 (m, 2H), 0.99 (s, 9H). 1H NMR (600
MHz, DMSO-d6): δ (ppm) 13.96 (br, 2H), 8.86 (s, 1H), 8.47 (br,
1H), 7.97 (d, J = 7.3 Hz, 1H), 6.61 (m, 1H), 5.00−3.00 (1 proton
(NH+) presumably superimposed by H2O), 4.91 (m, 2H), 4.12 (m,
2H), 3.24 (m, 2H), 2.83 (m, 2H), 0.91 (s, 9H). 13C NMR (151 MHz,
DMSO-d6, HSQC, HMBC): δ (ppm) 161.79 (quat., 1C) 158.72 (q, J
= 32.3 Hz, TFA), 153.65 (quat., 1C), 143.82, 133.68, 125.76 (quat.,
1C), 124.13 (quat., 1C), 116.90 (q, J = 297.8 Hz, TFA), 94.47, 51.42,
42.96, 42.86, 40.04, 32.96 (quat., 1C), 27.09 (3C), 20.82, 20.76.
HRMS (ESI) m/z: [M + H]+ calcd for [C15H23N6]

+, 287.1979;
found, 287.1982. C15H22N6···C4H2F6O4 (286.38 + 228.05).

N4-(2-{[(5-Methyl-1H-imidazole-4-yl)methyl]thio}ethyl)-N2-neo-
pentylpyrimidine-2,4-diamine Bis(2,2,2-trifluoroacetate) 44. The
title compound was prepared in the microwave reactor (4 h, 120 °C, 3
bar, 3 min prestirring) from 31 (110 mg, 0.388 mmol), DIPEA (132
μL, 0.758 mmol), and 2,2-dimethylpropan-1-amine (137 μL, 1.16
mmol) in i-PrOH (3 mL). After the solvent was removed under
reduced pressure and the residue was dissolved in DCM (5 mL), the
organic phase was washed with H2O (3 × 2 mL) and brine (5 mL),
and dried over MgSO4. The crude product was purified by
chromatography [DCM/MeOH 100/0−92.5/7.5 (v/v), SiO2 13 g]
and preparative HPLC [column: Phenomenex Kinetex 5u XB-C18
250 × 21.2 mm; gradient: 0−30 min: A/B 85.5/14.5−52.2/47.8 (v/
v), flow 15 mL/min, tR = 14.5 min] to yield 44 as colorless
hygroscopic foam (38 mg, 17.4%). RP-HPLC (220 nm): 98.9% (k =
2.55). 1H NMR (300 MHz, MeOH-d4): δ (ppm) 8.75 (s, 1H), 7.56
(d, J = 7.3 Hz, 1H), 6.05 (d, J = 7.2 Hz, 1H), 3.88 (s, 2H), 3.68 (t, J =
6.8 Hz, 2H), 2.77 (t, J = 6.8 Hz, 2H), 2.33 (s, 3H), 0.96 (s, 9H). 1H
NMR (600 MHz, DMSO-d6): δ (ppm) 14.24 (br, 3H), 8.99 (m, 1H),
8.88 (s, 1H), 8.39 (m, 1H), 7.69 (d, J = 7.0 Hz, 1H), 6.05 (d, J = 7.0
Hz, 1H), 3.86 (s, 2H), 3.55 (m, 2H), 3.19 (m, 2H), 2.68 (t, J = 6.7
Hz, 2H), 2.24 (s, 3H), 0.98 (s, 9H). 13C NMR (151 MHz, DMSO-d6,
HSQC, HMBC): δ (ppm) 162.32 (quat., 1C), 158.59 (q, J = 31.4 Hz,
TFA), 154.29 (quat., 1C), 141.40, 133.03, 125.94 (quat., 1C), 125.71
(quat., 1C), 117, 07 (q, J = 299.9 Hz, TFA), 97.10, 51.22, 39.74,
32.11 (quat., 1C), 29.81, 27.07 (3C), 23.13, 8.57. HRMS (ESI) m/z:
[M + H]+ calcd for [C16H27N6S]

+, 335.2012; found, 335.2017.
C16H26N6 S···C4H2F6O4 (334.49 + 228.05).

(R)-4-[3-(Methylamino)pyrrolidin-1-yl]-N-neopentylpyrimidin-2-
amine Bis(2,2,2-trifluoroacetate) 45.29 In an argon-flushed Schlenk
flask, 32 (480 mg, 1.37 mmol) was dissolved in anhydrous THF (10
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mL). LiAlH4 (267 mg, 7.04 mmol) was added in portions, and the
reaction was stirred at 70 °C for 7 h. The reaction was cooled to 0 °C,
quenched with H2O (3 mL), and extracted with DCM (3 × 30 mL).
The organic phases were combined, washed with brine (50 mL) and
dried over MgSO4. The crude product was purified by chromatog-
raphy [DCM/1% NH3(aq) in MeOH (isocratic): 90/15 (v/v), SiO2 30
g] and preparative HPLC [column: Phenomenex Kinetex 5u XB-C18
250 × 21.2 mm; gradient: 0−30 min: A/B 90/10−38/62 (v/v), flow
20 mL/min, tR = 9 min] to yield 45 as colorless hygroscopic foam
(290 mg, 43%). RP-HPLC (220 nm): 99.8% (k = 1.88). Ratio of
configurational isomers evident in NMR performed in DMSO-d6: ca
1:1.5. 1H NMR (300 MHz, MeOH-d4): δ (ppm) 7.74 (d, J = 7.4 Hz,
1H), 6.22 (m, 1H), 3.88 (m, 5H), 3.47−3.20 (m, 2H), 2.80 (s, 3H),
2.41 (m, 2H), 0.98 (m, 9H). 1H NMR (600 MHz, DMSO-d6): δ
(ppm) 12.83 (br, 1H), 9.18 (m, 2H), 8.52 (m, 1H), 7.90 (m, 1H),
6.20 (d, J = 6.9 Hz, 1H), 3.97−3.56 (m, 5H), 3.23 (m, 2H), 2.64 (s,
3H), 2.42−2.12 (m, 2H), 0.90 (s, 9H). 13C NMR (151 MHz, DMSO-
d6, HSQC, HMBC): δ (ppm) 159.57 (quat., 1C), 159.46 (quat., 1C),
158.97 (q, J = 32.6 Hz, TFA), 153.55 (quat., 1C), 143.53, 116.78 (q, J
= 297.1 Hz, TFA), 95.44, 95.33, 57.34, 56.53, 51.30, 49.11, 48.79,
45.02, 44.85, 32.27 (quat., 1C), 31.22, 31.07, 27.13 (3C), 27.01,
26.66. HRMS (ESI) m/z: [M + H]+ calcd for [C14H26N5]

+, 264.2183;
found, 264.2182. C14H25N5···C4H2F6O4 (263.39 + 228.05).
General Procedure for 46−48. The respective 2,4-diaminopyr-

imidine bis(hydrotrifluoroacetate) (33−35) was dissolved in formic
acid/formamide (1/1 v/v, 1.6 mL) and stirred at 95 °C until
conversion was complete. Subsequently, the reaction mixture was
quenched with saturated NaHCO3(aq) and extracted with EtOAc. The
organic phases were combined, washed with brine, and dried over
MgSO4. After the solvent was removed under reduced pressure, the
product was purified by preparative HPLC.
(R)-4-[3-(Dimethylamino)pyrrolidin-1-yl]-N-neopentylpyrimidin-

2-amine Bis(2,2,2-trifluoroacetate) 46. According to the general
procedure, the title compound was prepared from 33 (150 mg, 0.312
mmol) at 95 °C over 5 h. The reaction mixture was quenched with
saturated NaHCO3(aq) (7 mL) and extracted with EtOAc (2 × 100
mL). The organic phases were combined, washed with brine (100
mL), and dried over MgSO4. After removing the solvent under
reduced pressure, the product was purified by preparative HPLC
[column: Phenomenex Kinetex 5u XB-C18 250 × 21.2 mm; gradient:
0−30 min: A/B 90/10−43/67 (v/v), flow 15 mL/min, tR = 12 min]
to yield 46 as colorless hygroscopic foam (90 mg, 56.6%). Rf = 0.4
(DCM/1.75 M NH3 in MeOH 90/10). RP-HPLC (220 nm): 99.3%
(k = 1.89). Ratio of configurational isomers evident in NMR
performed in DMSO-d6: ca 1:1.5.

1H NMR (300 MHz, MeOH-d4): δ
(ppm) 7.74 (m, 1H), 6.22 (m, 1H), 3.94 (m, 5H), 3.30 (m, 2H), 2.99
(m, 6H), 2.46 (m, 2H), 0.98 (m, 2H). 1H NMR (600 MHz, DMSO-
d6): δ (ppm) 12.50 (br, 1H), 10.54 (br, 1H), 8.35 (br, 1H), 7.92 (m,
1H), 6.22 (m, 1H), 4.00 (m, 2H), 3.87 (m, 0.6H), 3.74 (m, 1.6H),
3.55 (m, 1H), 3.25 (m, 1.8H), 2.85 (s, 6H), 2.29 (m, 2H), 0.90 (m,
9H). 13C NMR (151 MHz, DMSO-d6, HSQC, HMBC): δ (ppm)
159.50 (quat., 1C), 159.41 (quat., 1C), 158.62 (q, J = 32.2 Hz, TFA),
153.47 (quat., 1C), 142.70, 116.87 (q, J = 298.1 Hz, TFA), 95.37,
95.18, 63.76, 63.00, 51.30, 51.24, 47.92, 47.78, 45.60, 45.52, 41.50
(2C), 32.30 (quat 1C), 32.23 (quat., 1C), 27.14 (3C), 26.02, 25.86.
HRMS (ESI) m/z: [M + H]+ calcd for [C15H28N5]

+, 278.2339;
found, 278.2342. C15H27N5···C4H2F6O4 (277.42 + 228.05).
4-(4-Methylpiperazin-1-yl)-N-neopentylpyrimidin-2-amine Bis-

(2,2,2-trifluoroacetate) 47.29 According to the general procedure,
the title compound was prepared from 34 (150 mg, 0.314 mmol) over
5 h. The reaction mixture was quenched with saturated NaHCO3(aq)
(7 mL) and extracted with EtOAc (2 × 100 mL). The organic phases
were combined, washed with brine (100 mL), and dried over MgSO4.
After removing the solvent under reduced pressure, the product was
purified by preparative HPLC [column: Phenomenex Kinetex 5u XB-
C18 250 × 21.2 mm; gradient: 0−30 min: A/B 95/5−43/57 (v/v),
flow 15 mL/min, tR = 13.5 min] to yield 47 as colorless hygroscopic
foam (75 mg, 48.7%). Rf = 0.6 (DCM/1.75 M NH3 in MeOH 90/
10). RP-HPLC (220 nm): 98.7% (k = 1.67). 1H NMR (300 MHz,
MeOH-d4): δ (ppm) 7.82 (d, J = 7.5 Hz, 1H), 6.52 (d, J = 7.4 Hz,

1H), 4.71−3.31 (m, 10H), 2.96 (s, 3H), 0.98 (s, 9H). 1H NMR (600
MHz, DMSO-d6): δ (ppm) 12.84 (br, 1H), 10.67 (br, 1H), 8.57 (br,
1H), 7.99 (d, J = 7.3 Hz, 1H), 6.54 (d, J = 7.4 Hz, 1H), 5.26−3.02
(m, 10H), 2.82 (s, 3H), 0.90 (s, 9H). 13C NMR (151 MHz, DMSO-
d6, HSQC, HMBC): δ (ppm) 161.19 (quat., 1C), 158.83 (q, J = 32.4
Hz, TFA), 153.76 (quat., 1C), 143.92, 116.89 (q, J = 298.6 Hz, TFA),
94.25, 51.67, 51.33 (2C), 42.10, 39.92 (2C), 32.29 (quat., 1C), 27.09
(3C). HRMS (ESI) m/z: [M + H]+ calcd for [C14H26N5]

+, 264.2183;
found, 264.2184. C14H25N5···C4H2F6O4 (263.39 + 228.05).

4-(4-Methyl-1,4-diazepan-1-yl)-N-neopentylpyrimidin-2-amine
Bis(2,2,2-trifluoroacetate) 48. According to the general procedure,
the title compound was prepared from 35 (80 mg, 0.16 mmol) over 3
h. The reaction mixture was quenched with saturated NaHCO3(aq) (5
mL) and extracted with EtOAc (3 × 30 mL). The organic phases
were combined, washed with brine (50 mL), and dried over MgSO4.
After removing the solvent under reduced pressure, the product was
purified by preparative HPLC [column: Phenomenex Kinetex 5u XB-
C18 250 × 21.2 mm; gradient: 0−30 min: A/B 95/5−33/67 (v/v),
flow 15 mL/min, tR = 13 min] to yield 48 as colorless hygroscopic
foam (60 mg, 73%). Rf = 0.8 (DCM/1.75 M NH3 in MeOH 80/20).
RP-HPLC (220 nm): 99.1% (k = 1.84). Ratio of configurational
isomers evident in NMR performed in DMSO-d6: ca 1:1.7.

1H NMR
(300 MHz, MeOH-d4): δ (ppm) 7.78 (m, 1H), 6.43 (m, 1H), 3.72
(m, 10 H), 2.96 (m, 3H), 2.32 (m, 2H), 0.99 (m, 9H). 1H NMR (600
MHz, DMSO-d6): δ (ppm) 12.78 (br, 1H), 10.24 (br, 1H), 8.47 (br,
1H), 7.94 (d, J = 7.1 Hz, 1H), 6.45 (m, 1H), 3.93 (m, 6H), 3.20 (m,
4H), 2.82 (m, 3H), 2.16 (m, 2H), 0.90 (s, 9H). 13C NMR (151 MHz,
DMSO-d6, HSQC, HMBC): δ (ppm) 161.76 (quat., 1C), 161.67
(quat., 1C), 158.71 (q, J = 32.0 Hz, TFA), 153.55 (quat., 1C), 153.38
(quat., 1C), 143.29, 142.99, 116.88 (q, J = 298.5 Hz, TFA), 94.63,
94.56, 54.76, 54.74, 54.59, 54.52, 51.33, 46.52, 45.13, 43.46, 43.27,
42.73, 41.20, 32.17 (quat., 1C), 27.12 (3C), 23.20, 22.95. HRMS
(ESI) m/z: [M + H]+ calcd for [C15H28N5]

+, 278.2339; found,
278.2340. C15H27N5···C4H2F6O4 (277.42 + 28.05).

General Procedure for 49−51. The respective 2,4-diaminopyr-
imidine bis(hydrotrifluoroacetate) (33−35) (1 equiv), 1,3-bis(tert-
butoxycarbonyl)-2-methyl-2-thiopseudourea (1.2 equiv), HgCl2 (1.5
equiv), and TEA (10 equiv) were suspended in DCM and stirred at rt
for 6 h. The suspension was filtered through a Cellite pad, and the
filtrate was concentrated under reduced pressure. The crude product
was purified by chromatography. After the removal of the protection
group with TFA in DCM (5−7 h), the product was purified by
preparative HPLC.

(R)-1-{1-[2-(Neopentylamino)pyrimidin-4-ylpyrrolidin-3-yl}-
guanidine Bis(2,2,2-trifluoroacetate) 49. According to the general
procedure, the title compound was prepared from 33 (200 mg, 0.419
mmol), 1,3-bis(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea (146
mg, 0.503 mmol), HgCl2 (171 mg, 0.626 mmol), and TEA (600 μL,
4.33 mmol) in DCM (5 mL). The crude product was purified by
chromatography [DCM/MeOH 100/0−95/5 (v/v), SiO2 40 g] to
give a pale yellow sticky oil (120 mg, 58.3%). Rf = 0.4 (DCM/MeOH
90/10). Deprotection (100 mg, 0.203 mmol) in DCM (5 mL) and
TFA (2 mL), followed by preparative HPLC [column: Phenomenex
Kinetex 5u XB-C18 250 × 21.2 mm; gradient: 0−30 min: A/B 85.5/
14.5−28.5/71.5 (v/v), flow 15 mL/min, tR = 11.5 min] afforded 49 as
colorless hygroscopic foam (72 mg, 68.1%). Rf = 0.2 (DCM/1.75 M
NH3 in MeOH 90/10). RP-HPLC (220 nm): 99.8% (k = 2.21). Ratio
of configurational isomers evident in NMR performed in DMSO-d6: is
ca 1:1.7. 1H NMR (300 MHz, MeOH-d4): δ (ppm) 7.70 (m, 1H),
6.20 (m, 1H), 4.30 (m, 1H), 4.40−3.48 (m, 4H), 3.39−3.28 (m, 2H),
2.29 (m, 2H), 0.97 (s, 9H). 1H NMR (600 MHz, DMSO-d6): δ
(ppm) 12.44 (br, 1H), 8.36 (m, 2H), 7.87 (m, 1H), 7.40 (m, 4H),
6.20 (m, 1H), 4.26 (m, 1H), 3.81 (m, 1H), 3.71−3.41 (m, 3H), 3.22
(m, 2H), 2.27 (m, 1H), 1.98 (m, 1H), 0.90 (s, 9H). 13C NMR (151
MHz, DMSO-d6, HSQC, HMBC): δ (ppm) 159.60 (quat., 1C),
159.47 (quat., 1C), 159.02 (q, J = 31.8 Hz, TFA), 156.46 (quat., 1C),
153.49 (quat., 1C), 153.45 (quat., 1C), 142.43, 142.32, 116.92 (q, J =
297.8 Hz, TFA), 95.52, 95.27, 52.06, 51.94, 51.29, 51.27, 50.44,
49.65, 45.24, 45.16, 32.27 (quat., 1C), 32.23 (quat., 1C), 30.63, 29.77,
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27.15 (3C). HRMS (ESI) m/z: [M + H]+ calcd for [C14H26N7]
+,

292.2244; found, 292.2247. C14H25N7···C4H2F6O4 (291.40 + 228.05).
4-[2-(Neopentylamino)pyrimidin-4-yl]piperazine-1-carboximi-

damide Bis(2,2,2-trifluoroacetate) 50. According to the general
procedure, the title compound was prepared from 34 (200 mg, 0.419
mmol), 1,3-bis(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea (146
mg, 0.503 mmol), HgCl2 (171 mg, 0.630 mmol), and TEA (600 μL,
4.33 mmol) in DCM (5 mL). The product was purified by
chromatography [DCM/MeOH 100/0−95/5 (v/v), SiO2 25 g] to
give a yellow oil (200 mg, 97%). Rf = 0.3 (DCM/MeOH 95/5).
Deprotection (180 mg, 0.366 mmol) in DCM (3 mL) and TFA (1
mL), followed by preparative HPLC [column: Phenomenex Kinetex
5u XB-C18 250 × 21.2 mm; gradient: 0−30 min: A/B 90/10−38/62
(v/v), flow 15 mL/min, tR = 12.5 min] afforded 50 as colorless
hygroscopic foam (50 mg, 27.0%). Rf = 0.05 (DCM/MeOH 90/10).
RP-HPLC (220 nm): 99.9% (k = 2.02). 1H NMR (300 MHz, MeOH-
d4): δ (ppm) 7.76 (d, J = 7.6 Hz, 1H), 6.43 (d, J = 7.5 Hz, 1H), 4.23−
3.32 (m, 9H), 0.98 (s, 9H). 1H NMR (600 MHz, DMSO-d6): δ
(ppm) 12.47 (br, 1H), 8.31 (br, 1H), 7.92 (d, J = 6.9 Hz, 1H), 7.57
(br, 4H), 6.49 (d, J = 7.4 Hz, 1H), 3.87 (br, 4H), 3.58 (m, 4H), 3.21
(br, 2H), 0.90 (s, 9H). 13C NMR (151 MHz, DMSO-d6, HSQC,
HMBC): δ (ppm) 160.97 (quat., 1C), 158.58 (q, J = 31.2 Hz, TFA),
156.22 (quat., 1C), 153.77 (quat., 1C), 143.63, 117.15 (q, J = 300.0
Hz, TFA), 94.29, 51.35, 43.86 (2C), 42.91, 42.58, 32.28 (quat., 1C),
27.13 (3C). HRMS (ESI) m/z: [M + H]+ calcd for [C14H26N7]

+,
292.2244; found, 292.2247. C14H25N7···C4H2F6O4 (291.40 + 228.05).
4-[2-(Neopentylamino)pyrimidin-4-yl]-1,4-diazepane-1-carboxi-

midamide Bis(2,2,2-trifluoroacetate) 51. According to the general
procedure, the title compound was prepared from 35 (250 mg, 0.509
mmol), 1,3-bis(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea (177
mg, 0.610 mmol), HgCl2 (207 mg, 0.762 mmol), and TEA (705 μL,
5.41 mmol) in DCM (5 mL). The product was purified by
chromatography [DCM/MeOH 100/0−95/5 (v/v), SiO2 35 g] to
give a pale yellow sticky foam (240 mg, 94%). Rf = 0.3 (DCM/MeOH
95/5). Deprotection (230 mg, 0.37 mmol) in DCM (5 mL) and TFA
(1 mL), followed by preparative HPLC [column: Phenomenex
Kinetex 5u XB-C18 250 × 21.2 mm; gradient: 0−30 min: A/B 90/
10−48/52 (v/v), flow 20 mL/min, tR = 12 min] afforded 51 as
colorless hygroscopic foam (90 mg, 37.1%). Rf = 0.05 (DCM/MeOH
95/5). RP-HPLC (220 nm): 99.8% (k = 2.09). Ratio of configura-
tional isomers evident in NMR performed in DMSO-d6: ca 1:1.4.

1H
NMR (300 MHz, MeOH-d4): δ (ppm) 7.75 (d, J = 7.5 Hz, 1H), 6.43
(m, 1H), 4.15 (m, 1.2H), 3.97 (m, 1.5 H), 3.79 (m, 3H), 3.64 (m,
2H), 1.98 (m, 2H), 0.98 (m, 9H). 1H NMR (600 MHz, DMSO-d6): δ
(ppm) 12.74 (br, 1H), 8.41 (br, 1H), 7.91 (m, 1H), 7.51 (br, 4H),
6.45 (d, J = 7.4 Hz, 1H), 3.59 (m, 10H), 1.83 (m, 2H), 0.90 (s, 9H).
13C NMR (151 MHz, DMSO-d6, HSQC, HMBC): δ (ppm) 161.25
(quat., 1C), 158.86 (q, J = 31.5 Hz, TFA), 155.93 (quat., 1C), 153.84
(quat., 1C), 153.76 (quat., 1C), 143.60, 117.07 (d, J = 297.8 Hz,
TFA), 94.15, 51.39, 47.42, 47.30, 46.86, 46.73, 46.72, 46.67, 46.34,
46.02, 32.15 (quat., 1C), 27.13 (3C), 25.17, 24.08. HRMS (ESI) m/z:
[M + H]+ calcd for [C15H28N7]

+, 306.2401; found, 306.2402.
C15H27N7···C4H2F6O4 (305.43 + 228.05).
(R)-N-{1-[2-(Neopentylamino)pyrimidin-4-yl]pyrrolidin-3-yl}-

propionamide 2,2,2-Trifluoroacetate 52. 33 (100 mg, 0.209 mmol),
DIPEA (630 μL, 3.70 mmol), and 1-propionylpyrrolidine-2,5-dione
(70 mg, 0.41 mmol) were dissolved in DCM (5 mL). The reaction
was stirred at rt for 24 h. The solvent was removed under reduced
pressure, and the crude product was purified by preparative HPLC
[column: Phenomenex Kinetex 5u XB-C18 250 × 21.2 mm; gradient:
0−30 min: A/B 80.7/19.3−88/62 (v/v), flow 20 mL/min, tR = 11
min] to yield 52 as colorless hygroscopic powder (50 mg, 56.9%). RP-
HPLC (220 nm): 97.9% (k = 3.34). Ratio of configurational isomers
evident in NMR: ca 1:1.4. 1H NMR (600 MHz, DMSO-d6): δ (ppm)
12.30 (br, 1H), 8.24 (br, 1H), 8.10 (m, 1H), 7.83 (m, 1H), 6.17 (m,
1H), 4.36 (m, 1H), 3.67 (m, 3H), 3.46 (m, 0.5H), 3.32 (m, 0.5H);
3.21 (m, 2H), 2.07 (m, 3H), 1.89 (m, 1H), 0.98 (m, 3H), 0.90 (m,
9H). 13C NMR (151 MHz, DMSO-d6, HSQC, HMBC): δ (ppm)
172.92 (quat., 1C), 159.36 (quat., 1C), 159.27 (quat., 1C), 158.63 (q,
J = 32.0 Hz, TFA), 153.40 (quat., 1C), 142.07, 116.90 (q, J = 298.7

Hz, TFA), 95.51, 95.34, 52.32, 52.22, 51.25, 48.40, 47.55, 45.47,
45.41, 32.22 (quat., 1C), 30.48, 29.61, 28.26, 27.15 (3C), 9.73.
HRMS (ESI) m/z: [M + H]+, calcd for [C16H28N5O]

+, 306.2288;
found, 306.2291. C16H27N5···C2HF3O2 (305.43 + 114.02).

Chemical Stability. The chemical stability of 43, 46, 48, and 49
was investigated in PBS (pH 7.4) at 23 °C over 24 h. For this
purpose, 200 μM dilutions in PBS (stock solution: 10 mM in DMSO)
were prepared and incubated. After 0, 1, 5, and 24 h, 100 μL of this
solution was added to 100 μL of MeCN/0.5% TFA 10/90 (v/v). This
solution was filtered through PTFE filters prior to analysis by RP-
HPLC (conditions for analytical HPLC see General Experimental
Conditions, Graphs see Figures S33−S36 in the Supporting
Information). Injection volume: 70 μL; k = 2.02 (43), k = 1.95
(46), k = 1.89 (48), k = 2.26 (49).

Synthesis of Radioligand [3H]46. Compound [3H]46 was
essentially prepared according to a previously described radiolabeling
protocol,46 using succinimidyl [3H]propionate as tritiated precursor,
with the following modifications:

The amine precursor 45 was methylated with commercially
available methyl nosylate [methyl-3H] ([3H]53), dissolved in
MeCN (specific activity 60−80 Ci/mmol, 2.22−2.96 TBq/mmol,
activity concentration 100 mCi/mL, Biotrend Chemikalien GmbH,
Köln, Germany). Therefore, in a 2 mL reaction vessel with a screw
cap, 11.5 μL of a solution of 45 in acetone (67.8 mM, 0.775 μmol, 6.2
equiv) and pestled K2CO3 (6.378 μmol, 51 equiv) were suspended in
MeCN (124.3 μL) and transferred into a glass ampule containing 100
μL of [3H]53 in MeCN (0.125 μmol, 1 equiv, 10 mCi). The 2 mL
reaction vessel was washed with 124.3 μL of MeCN, and the same
volume was transferred to the reaction mixture, too. The reaction
mixture was stirred at room temperature for 22.5 h, before the
reaction was quenched with 40 μL of TFA(aq) (10%). The solvent was
removed in a vacuum concentrator within 45 min. The residual
material was diluted to a final volume of 800 μL with a mixture of
MeOH/0.05% TFA 8/92 (v/v) for the purification, using an
analytical HPLC system (Waters, Eschborn, Germany) consisting of
two 510 pumps, a pump control module, a 486 UV/vis detector, and a
Flow-one Beta series A-500 radio detector (Packard, Meriden, CT).
As the stationary phase, a Luna C18 (3 μm, 150 mm × 4.6 mm,
Phenomenex, Aschaffenburg, Germany) column was used at a flow
rate of 0.7 mL/min. The mobile phase consisted of MeOH + 0.05%
TFA (A) and 0.05% TFA (B). Isolation of [3H]46 was performed by
performing 10 HPLC runs with injection volumes of 80 μL (only UV
detection at 220 nm), applying the following conditions: 0−26 min,
A/B 18.5/81.5; 26−27 min, 18.5/81.5−95/5; 27−34 min, 95/5; tR ≈
25 min. The fractions containing the radioligand were collected in 2
mL reaction vessels with screw caps and the volumes were reduced in
a vacuum concentrator to a final volume of 163.3 μL. After EtOH
(381 μL) was added, the solution was transferred to a 3-mL
borosilicate glass vial with conical bottom (Wheaton, NextGen 3 mL
V-vials). The reaction vessels were washed twice with EtOH/H2O
70/30 (v/v), and the volumes were combined to obtain the tentative
stock solution (846 μL). For quantification, a four-point calibration
curve with unlabeled 46 [0.5, 1, 2, 5 μM in MeCN/0.05% TFA 8/92
(v/v)] was constructed. For this purpose, the above described HPLC
system was used under the following modified conditions: 0−16 min,
MeCN + 0.04% TFA/0.05% TFA 12/88; 16−19 min, 12/88−95/5;
19−26 min, 95/5; injection volume: 100 μL; flow rate 1 mL/min; UV
detection at 220 nm; tR = 15.0 min. An aliquot of the tentative stock
(2 μL) was diluted with MeCN/0.05% TFA 8/92 (v/v) (128 μL),
and 100 μL of this solution was analyzed by HPLC, 2 μL was added
to 3 mL of Rotiszint eco plus (Carl Roth, Karlsruhe, Germany), and
five replicates were counted with a LS 6500 liquid scintillation counter
(Beckmann Coulter, München, Germany). This procedure was
repeated. The molarity of the tentative stock was calculated from
the mean of the peak areas and determined calibration curve. A
solution of [3H]46 [final concentration: 1 μM in MeCN/0.05% TFA
(8/92 v/v)] was spiked with unlabeled 46 [final concentration: 1
mM, in MeCN/0.05% TFA (8/92 v/v)] and analyzed by HPLC (0−
15 min, MeCN +0.04% TFA/0.05% TFA 10/90−32.5/67.5; 15−25
min, 32.5/67.5−90/10; 25−35 min, 90/10; flow rate 0.8 mL/min;
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injection volume 100 μL; UV detection at 220 nm) and radiometric
detection (flow rate of the liquid scintillator [Rotiszint eco plus/
MeCN (85/15 v/v): 4 mL/min] to confirm the chemical identity (tR
= 11.1 min) and to determine the radiochemical purity (99%). After
storage at −20 °C for 11 months, this experiment was repeated, giving
a radiochemical purity of 94%. Calculated specific activity: 1.59 TBq/
mmol (43.08 Ci/mmol). The final activity concentration was adjusted
to 58.1 MBq/mL (1.6 mCi/mL) by adding EtOH/H2O (70/30 v/v)
to come to a molarity of 36.4 μM. Radiochemical yield: 108.54 MBq,
29%.
Cell Culture, Transfection, and Preparation of Cell

Membranes and Homogenates. General procedures for the
generation of recombinant baculoviruses, culture of Sf 9 cells, and
membrane preparation were described previously.16,53 The generation
and culture of HEK293T-SF-hH4R-His6-CRE-Luc, HEK293T-SF-
mH4R-His6-CRE-Luc, and HEK293T-SF-rH4R-His6-CRE-Luc cells
were described previously.26 In contrast to the published procedure,
HEK293T-SF-mH4R-His6-CRE-Luc cells were cultured in the
presence of 700 μg/mL of hygromycin B (A.G. Scientific, San
Diego, USA). Cell homogenates were prepared after growing the cells
in 30 culture dishes (145 cm2) to 80% confluency in a humidified
atmosphere (95% air, 5% CO2, 37 °C), using Dulbecco’s modified
Eagle medium (DMEM) (Sigma-Aldrich, Deisenhofen, Germany)
and 10% fetal calf serum (FCS) (Biochrom, Berlin, Germany).
Subsequently, the cells were rinsed with PBS (10 mL/dish, 100 mM
NaCl, 80 mM Na2HPO4, 20 mM NaH2PO4, pH 7.4) and scraped off
the dish using a sterile cell scraper in the presence of a harvest buffer54

[7 mL/dish, 10 mM Tris-HCl, 0.5 mM ethylenediaminetetraacetic
acid (EDTA), 5.5 mM KCl, 140 mM NaCl, pH 7.4]. After
centrifugation (1000 rpm, 10 min), the cells were suspended in ice-
cold homogenate buffer54 (15 mL, 50 mM Tris−HCl, 5 mM EDTA,
1.5 mM CaCl2, 5 mM MgCl2, 120 mM NaCl, pH 7.4) and
supplemented with protease inhibitors (SigmaFAST, Cocktail
Tablets, EDTA-free, Sigma-Aldrich, Deisenhofen, Germany). After-
ward, the cells were lysed (20 000 rpm/min, 5 × 5 s, ice-cooled, Ultra-
TURRAX, Janke & Kunkel, IKA-Werke GmbH & Co. KG, Staufen,
Germany), and the lysate was centrifuged (23 000 rpm, 45 min, 4 °C,
Optima-L70-Preparative Ultracentrifuge, Beckmann Coulter, Mün-
chen, Germany). The remaining pellets were suspended in ice-cold
binding buffer53 (15 mL, 12.5 mM MgCl2, 1 mM EDTA, 75 mM
Tris-HCl, pH 7.4), homogenized with a Dounce homogenizer (10
times, ice-cooled), and stored at −80 °C in small aliquots (0.2 mL, 0.5
mL).
HEK293T cells, stably expressing xH4R-ELucC/ELucN-β-arrestin2

(x = h, m, r), were generated as follows: the cDNAs, encoding the C-
terminal luciferase fragment of the emerald luciferase (ELucC)55

fused to the C-terminus of either hH4R, mH4R, or rH4R, were
generated by replacing the hH1R in the previously described pcDNA4
hH1R-ELucC vector56 by each xH4R cDNA without their stop
codons. Then, HEK293T cells stably expressing the ELucN-β-
arrestin2 construct56 were stably transfected with each pcDNA4
xH4R-ELucC vector as described.56 The HEK293T-β-arr2-hH4R,
HEK293T-β-arr2-mH4R, and HEK293T-β-arr2-rH4R cells were
cultivated as previously described for HEK293T-β-arr2-hH1R cells.56

Radioligand Binding Experiments. Competition binding
experiments on membrane preparations of Sf 9 insect cells, expressing
the hH1R + RGS4, hH2R-Gsαs, hH3R + Giα2 + β1γ2, or hH4R + Giα2 +
β1γ2, were essentially performed as described previously57 with the
following modifications: the experiments were performed in 96-well
plates (PP microplates 96 well, Greiner Bio-One, Frickenhausen,
Germany) in a total volume of 100 μL, containing 5−25 μg (hH4R),
24−35 μg (hH3R), 15 μg (hH2R), and 23 μg (hH1R) of soluble
membrane protein and 0.2% BSA (bovine serum albumin). Used
radioligands: hH1R: [

3H]pyrilamine (c = 5 nM, specific activity 85.3
Ci/mmol, Kd = 4.5 nM,57 Hartmann Analytics GmbH, Braunschweig,
Germany), hH2R: [

3H]UR-DE25728 (c = 30 nM, specific activity 63.0
Ci/mmol, Kd = 31 ± 5 nM), hH3R: [

3H]UR-PI29412 ([3H]2) (c = 2
nM, specific activity 93.3 Ci/mmol, Kd = 1.1 ± 0.2 nM) or [3H]Nα-
methylhistamine (c = 3 nM, specific activity 85.3 Ci/mmol, Kd = 3
nM,57 Hartmann Analytics GmbH, Braunschweig, Germany) and

hH4R: [
3H]histamine ([3H]1) (c = 10 or 40 nM depending on the

used batches, specific activity 25.0 Ci/mmol, Kd = 15 nM or 47.5
nM depending on the batches, Biotrend Chemikalien GmbH, Köln,
Germany) or [3H]UR-PI29412 (c = 5 nM, specific activity 93.3 Ci/
mmol, Kd = 5.1 ± 1.9 nM).

For competition binding, saturation binding and kinetic binding
experiments with [3H]46, the radioligand solution [36.4 μM in
EtOH/H2O 70/30 (v/v)] was mixed with a solution of “cold” 46
([6.4 μM in EtOH/H2O 70/30 (v/v)] (1/3) because of economic
reasons. The HEK293T-SF-hH4R-His6-CRE-Luc-, HEK293T-SF-
mH4R-His6-CRE-Luc-, or HEK293T-SF-rH4R-His6-CRE-Luc cell
homogenates were thawed and sedimented by centrifugation (16
100 g, 4 °C, 10 min) before the supernatant was discarded. The
pellets were suspended in ice-cooled binding buffer to come to 1.8 μg
(hH4R), 2.8 μg (mH4R), and 3.1 μg (rH4R) protein per μL of binding
buffer. The experiments were performed in 96-well plates (PP
microplates 96 well, Greiner Bio-One, Frickenhausen, Germany) in a
total volume of 100 μL containing 18 μg (hH4R), 28 μg (mH4R), and
31 μg (rH4R) homogenate protein and 0.2% BSA. After different
incubation periods at room temperature, the previously described
procedure57 for competition binding experiments using Sf 9 cell
membranes was followed.

In competition binding experiments, the concentration of [3H]46
was 40 nM (hH4R) 30 nM (rH4R), or 20 nM (mH4R), while
increasing concentrations of unlabeled ligands (1, 4, 5, and 6) were
applied. The plates were shaken at 250 rpm for 60 min. For the
analysis of the data obtained from experiments on Sf 9 membranes,
total binding (dpm) was plotted versus log (concentration
competitor) and normalized [1.0 = bound radioligand (dpm) in the
absence of competitor, 0.0 = non-specifically bound radioligand
(dpm) in the presence of 1 (10 μM, hH3,4R), diphenhydramine (10
μM, hH1R), or famotidine (100 μM, hH2R)]. For competition
binding experiments at HEK293T-CRE-Luc cell homogenates, total
binding (dpm) was plotted versus log (concentration competitor) and
normalized [1.0 = bound radioligand (dpm) in the absence of a
competitor, 0.0 = nonspecifically bound radioligand (dpm) in the
presence of 6 (100 μM, h, m, r H4R)]. Applying a four-parameter
logistic equation (log-(inhibitor) versus response−variable slope)
(GraphPad Prism Software 7.1, San Diego, CA), pIC50 values and
IC50 values were obtained for each individual experiment. The
pIC50 values were converted to pKi values and the IC50 values to Ki
values by applying the Cheng−Prusoff equation58 followed by
calcuation of mean pKi (Table 1, Table 4) and mean Ki (for the
calculation of H2-4R subtype selectivity, Table 1).

Saturation binding experiments were conducted with various
concentrations of [3H]46, while nonspecific binding was determined
in the presence of 6 (1000-fold excess to each [3H]46 concentration).
The plates were shaken at 250 rpm for 60 min. Specific binding data
(dpm) were plotted against the free radioligand concentration (nM)
and analyzed by a two-parameter equation describing hyperbolic
binding to obtain Kd and Bmax values (GraphPad Prism 7.1). The free
radioligand concentration is the difference between the amount of
specifically bound radioligand (nM) (calculation includes the amount
of specifically bound [3H]46 in dpm, the specific activity of [3H]46
and the volume per well) and total radioligand concentration.
Nonspecific binding data were fitted by linear regression (GraphPad
Prism 7.1).

For association experiments, the h, m, or rH4R expressing
homogenates were incubated with [3H]46 (40 nM hH4R, 30 nM
rH4R, 20 nM mH4R). Incubation was stopped after different time
points (0−45 min) by addition of 6 (1000-fold excess to the [3H]46
concentration). Nonspecific binding was determined in the presence
of 6 (1000-fold excess to the [3H]46 concentration). The plates were
shaken at 250 rpm throughout. In dissociation experiments, the h, m,
or rH4R expressing homogenates were incubated with [3H]46 (40 nM
hH4R, 30 nM rH4R, 20 nM mH4R) for 30 min, before 6 (1000-fold
excess to the [3H]46 concentration) was added at different time
points (0−90 min). For the determination of the nonspecific binding,
the procedure was performed identically, but 6 (1000-fold excess to
the [3H]46 concentration) was added during the incubation step. The
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plates were shaken at 250 rpm throughout. The specific binding data
(dpm) from association experiments were analyzed by a two-
parameter equation describing exponential incline (GraphPad Prism
7.1) to a maximum to obtain kobs (observed association rate constant)
and B(eq) (maximum of specifically bound radioligand), used for the
calculation of specifically bound radioligand (B(t)) in %, which is
plotted over time. In dissociation experiments, B(t) (%) were plotted
over time and analyzed by a three-parameter equation describing
exponential decline (GraphPad Prism 7.1) to obtain the dissociation
rate constant koff and B(plateau) (%, bottom of specifically bound
radioligand).
Luciferase Reporter Gene Assay. The luciferase reporter gene

assay, using HEK293T-SF-hH4R-His6-CRE-Luc, HEK293T-SF-
mH4R-His6-CRE-Luc, or HEK293T-SF-rH4R-His6-CRE-Luc cells,
was performed as described previously,26 applying the following
modifications:
After seeding 0.8 × 105 (hH4R) and 1.6 × 105 (r,mH4R) cells per

well (160 μL) into colorless flat-bottomed 96-well plates (Greiner,
Frickenhausen, Germany), they were allowed to attach for 17−24 h in
a humidified atmosphere (95% air, 5% CO2, 37 °C), using DMEM
without phenol red supplemented with 5% (v/v) FCS. A stock
solution (10 mM) of forskolin (Sigma-Aldrich) in DMSO was used to
prepare the feed solution in DMEM without phenol red [5% (v/v)
FCS]. Forskolin solution (20 μL, final concentration: 0.5 μM for
hH4R, 1.0 μM for m and rH4R) and 20 μL of a 10-fold concentrated
solution of the respective compound in various concentrations [10
mM stock solutions (see General Experimental Conditions) diluted
with DMEM] was added. The cells were incubated for 5 h in a
humidified atmosphere (95% air, 5% CO2, 37 °C). The final DMSO
concentration in the assay did not exceed 1%. Afterwards, all media
were discarded, followed by the addition of 80 μL of lysis buffer26 to
each well. The cells were shaken at room temperature for 30−45
min(180 rpm). For the luminescence measurement, 40 μL of the
lysate was transferred to a white flat-bottomed 96-well plate (Greiner)
and was supplemented with 80 μL of luciferase assay buffer26 (120
μL/well). Luminescence, expressed as RLUs (relative light units), was
measured for 1 s per well using the GENios Pro microplate reader
(Tecan, Salzburg, Austria) or the EnSpire multimode reader
(PerkinElmer, Waltham, USA). Data were processed by plotting the
RLUs versus log (concentration agonist) followed by a normalization
(1.0 = forskolin-stimulated luciferase activity, 0.0 = induced change in
forskolin-stimulated luciferase activity caused by 10 μM of the
endogenous agonist histamine 1) and transformation step (standard
function in GraphPad Prism 7.1: Y = 1.0 − Y). The analysis of the
data was performed applying a four-parameter logistic equation
(log(agonist) vs response−variable slope, GraphPad Prism 7.1).
β-Arrestin2 Recruitment Assay. The recruitment of the β-

arrestin2 was measured via split-luciferase complementation. Agonist
potencies were determined using HEK293T cells, stably expressing
xH4R-ELucC/ELucN-β-arrestin2 (x = h, m, r), using the GENios Pro
microplate reader (Tecan, Salzburg, Austria) as previously described
for HEK293T-β-arr1-H1R and HEK293T-β-arr2-H1R cells.56 Data
were processed by plotting the RLUs versus log (concentration
agonist) followed by a normalization step (agonist mode: 1.0 =
maximum of β-arrestin2 recruitment caused by 100 μM of the
endogenous agonist histamine 1, 0.0 = basal activity). The normalized
data were analyzed by applying a four-parameter logistic equation
(log(agonist) versus response−variable slope) (GraphPad Prism 7.1).
In antagonist mode, the solutions containing the antagonist were pre-
incubated for 15 min before a histamine 1 solution in H2O (final
concentrations in assay: 10 μM) was added. Data from antagonist
mode were processed by plotting the RLUs versus log (concentration
antagonist) followed by a normalization step (1.0 = β-arrestin2
recruitment caused by 10 μM of the endogenous agonist 1, 0.0 = basal
activity).
Screening for Activity at mH4R and rH4R in β-Arrestin

Recruitment- and Luciferase Reporter Gene Assays. Data of
agonist mode and antagonist mode (performed if α < 0.1) were
processed and normalized as described above for the respective
functional assay and were plotted as bar graphs (GraphPad Prism

Software 7.1). The pEC50/pIC50 values and efficacies (α) were
estimated based on the screening of three distinct concentrations
(final: 100 nM, 1 μM, 10 μM) for each investigated compound.
(Results see Table S1 in the Supporting Information).
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