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Even today, the role of the histamine Hj receptor (HR) in the central nervous system (CNS) is widely
unknown. In previous research, many dimeric, high-affinity and subtype-selective carbamoylguanidine-
type ligands such as UR-NK22 (5, pK; = 8.07) were reported as HyR agonists. However, their applicability
to the study of the H,R in the CNS is compromised by their molecular and pharmacokinetic properties,
such as high molecular weight and, consequently, a limited bioavailability. To address the need for more
drug-like HaR agonists with high affinity, we synthesized a series of monomeric (thio)carbamoylgua-
nidine-type ligands containing various spacers and side-chain moieties. This structural simplification
resulted in potent (partial) agonists (guinea pig right atrium, [>°S]GTPyS and B-arrestin2 recruitment
assays) with human (h) HyR affinities in the one-digit nanomolar range (pK; (139, UR-KAT523): 8.35; pK;
(157, UR-MB-69): 8.69). Most of the compounds presented here exhibited an excellent selectivity profile
towards the hH3R, e.g. 157 being at least 3800-fold selective within the histamine receptor family. The
structural similarities of our monomeric ligands to pramipexole (6), a dopamine receptor agonist, sug-
gested an investigation of the binding behavior at those receptors. The target compounds were (partial)
agonists with moderate affinity at the hD3jongR and agonists with high affinity at the hD3R (e.g. pK; (139,
UR-KAT523): 7.80; pK; (157, UR-MB-69): 8.06). In summary, we developed a series of novel, more drug-
like HoR and D3R agonists for the application in recombinant systems in which either the H,R or the D3R
is solely expressed. Furthermore, our ligands are promising lead compounds in the development of
selective HaR agonists for future in vivo studies or experiments utilizing primary tissue to unravel the
role and function of the HyR in the CNS.
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1. Introduction

G protein coupled receptors (GPCRs) constitute one of the most
important bioactive complexes in humans and are composed of
seven transmembrane domains with three extracellular and three
intracellular loops [1,2]. Their versatile role in cell signal trans-
duction makes these proteins valuable pharmacological targets to
be exploited by the pharmaceutical industry and in academic
research [1,2]. A well-studied GPCR subclass is the histamine

receptor family (HiR, H2R, H3R, and H4R), which belongs to the
rhodopsin-like family (class A) [3—6]. Among these, the histamine
H, receptor (H2R) [7] has been the subject of many research in-
vestigations due to its occurrence in a variety of tissues and cells
(e.g. leukocytes, heart, airways, uterus, vascular smooth muscles)
and in the brain [3,8,9]. Therefore, numerous HyR agonists and
antagonists have been identified. However, only antagonists have
found use in the clinic (e.g. for the treatment of gastroesophageal
reflux disease and gastroduodenal ulcer) [3,4]. HyR agonists, on the
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other hand, have been employed as pharmacological tools in vitro
or in vivo to provide further insight into the pharmacological
properties of the HyR, especially to elucidate its role in the central
nervous system (CNS).

Within the last decades numerous agonists for the H,R were
developed (Fig. 1). However, most of these ligands cannot be used
to study the role of CNS-located HyRs in detail due to their
respective individual drawbacks. The low potency of the endoge-
nous HyR ligand histamine (1, Fig. 1) could be improved by com-
pounds of the guanidine-type (e.g. arpromidine (2), Fig. 1) with
significantly higher potency. However, protonation of the strongly
basic guanidine group under physiological conditions leads to
insufficient oral bioavailability and lack of CNS penetration [10].
During further studies, acylated guanidines with reduced basicity
and similar potency were developed [10]. Subsequent bioisosteric
replacement of the imidazole ring by an amino(methyl)thiazole
moiety, derived from amthamine (3, Fig. 1), finally led to the desired
selectivity towards the HyR (cf. 4, Fig. 1) [11]. The potency of such
ligands was further increased by connecting two acylguanidine
pharmacophores via an alkyl spacer, resulting in dimeric ligands
[12,13]. Recently, dimeric carbamoylguanidine analogues (e.g. UR-
NK22 (5), Fig. 1) with enhanced stability properties with respect
to hydrolytic cleavage, have been reported [14]. However, empirical
studies suggest high (oral) bioavailability only for ligands which
follow the “rule of five” [15—17]. Despite their high potency and
stability, dimeric ligands fail to meet most of those criteria. More-
over, studies with radioactively or fluorescently labeled dimeric
carbamoylguanidines indicated a high unspecific binding and re-
ceptor independent uptake in cells [14].

The aim of this study was the development of a series of
aminothiazole-containing carbamoylguanidine-type ligands with
improved and enhanced drug-like properties while possessing the
high HyR subtype selectivity and potency of the dimeric ligands.
Therefore, the complexity and size of the compounds was reduced
to ligands consisting of a single pharmacophore and a non-polar
side chain. There are significant structural similarities between
these H;R ligands and dopamine Dy 3 receptor (Dy/3R) agonists (e.g.
pramipexole (6) [18,19], (—)-19 (7) [20], Figure 1). Since dopamine
receptors play an important role in the brain, the binding behavior
of our ligands at these receptors was investigated in order to avoid
experimental bias. Herein we report the synthesis, as well as the
chemical and pharmacological characterization (competition
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binding-, [3*S]GTPyS-, -arrestin2 recruitment- and guinea pig (gp)
right atrium assays) of novel, monomeric carbamoylguanidine-type
H3R ligands and the first investigations (competition binding- and
B-arrestin2 recruitment assays) of such ligands at the dopamine
D2jong and D3 receptors.

2. Results and discussion
2.1. Chemistry

The preparation of the monomeric N°-carbamoylated guani-
dines 138—172 and 179—186 was performed by guanidinylation of
the amine building blocks 9a/b or 11-12 in analogy with the
isocyanate-based procedure developed for the dimeric N°-carba-
moylated guanidines (Scheme 1) [14]. The (thio)carbamoylguani-
dines 173—178 were prepared using the guanidine building block
10 and a slightly modified procedure (Scheme 1), due to the less
reactive isothiocyanates, in comparison to isocyanates [21]. The
required building blocks mono-Boc-protected S-methylisothiourea
8, the amines 9a/b and 11-12, and the guanidine 10 were synthe-
sized as previously published or as described in the Supplementary
Material (SM) (cf. Scheme 1, S1 and S2, SM) [11].

The Boc-protected isothioureas 48—82 play a central role as
guanidinylating reagents in the synthesis of the target compounds.
They were synthesized by treatment of 8 with the respective iso-
cyanates in the presence of triethylamine (TEA) or Hiinig’s base
(DIPEA). The isocyanates were either commercially available
(34—39) or prepared by two different strategies starting from the
corresponding amines 13—33 using triphosgene/phosgene or from
the branched carboxylic acids 40—47 applying the Curtius rear-
rangement. The respective amines 13—16, 18, 20—23, 28 and 31—-33
were commercially available while 17, 19, 24—27 and 29—-30 were
synthesized from commercially available ketones (cf. Scheme S3,
SM). The respective carboxylic acids were synthesized as previously
described [11]. Because of their instability the intermediate iso-
cyanates were not isolated, but immediately reacted with 8 in a
one-pot reaction. The protected NC-carbamoylated guanidines
89—-123 and 130—137 were prepared by treating the amine building
blocks 9a/b or 11-12 with the respective Boc-protected iso-
thioureas (48—82) in the presence of HgCl, and TEA. The synthesis
of the Boc-protected (thio)carbamoylguanidines 124—129 started
with the conversion of amines 14—16 and 31-33 with
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Fig. 1. Structures of histamine (1), representative monomeric and dimeric H,R agonists (2—5), and the D3R agonists pramipexole (6) and (—)-19 (7).
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Scheme 1. Synthesis of the monomeric (thio)carbamoylguanidine-type ligands 138—186. Reagents and conditions: (a) 15% phosgene in toluene or triphosgene, DIPEA, DCM, (Ar-
atmosphere), 5-30 min, 0 °C — 8, 2—3 h, room temperature (rt); (b) 8, TEA, DCM, overnight, rt; (c) oxalyl chloride, DMF (cat.), DCM, Ar-atmosphere, 0 °C-rt, 25 min — NaN3,
acetone/H,0, 30 min, 0 °C — DCM, reflux, 30 min — 8, TEA, DCM, rt, overnight; (d) thiophosgene, NaHCO3;, DCM/H,0, rt, 30 min; (e) HgCl,, TEA, DCM, (Ar-atmosphere), rt,

overnight; (f) DCM, reflux, 3—4 days; (g) TFA, DCM, 1t or reflux, overnight.

thiophosgene to the corresponding isothiocyanates 83—88. In the
next step, these isothiocyanates were converted with the guanidine
building block 10 under reflux (dichloromethane (DCM)) to give the
respective Boc-protected NC(thio)carbamoylated intermediates
124—129. Finally, the resulting precursors 89—137 were treated
with trifluoroacetic acid (TFA) to obtain the title compounds
138—-186 with high purity (cf. Figs. S24—S72, SM) after purification
with preparative HPLC or recrystallization with HCl/1,4-dioxane/
diethyl ether.

The chemical stability of the representative carbamoylguani-
dines 141, 142 and 161 and related acylguanidines is shown in the
SM (Figs. S73—S79).

2.2. Determination of pK, values and in silico ADME

In vivo behavior, including bioavailability and CNS permeability,
of a compound is influenced by its physicochemical properties
[15,22]. In addition, information about the substance-specific acid-
base properties are of great importance. Empirical studies by others
have revealed a marked cut off for CNS distribution of bases, since
no known CNS-penetrable compound has a pK, over 10.5 [22]. As
already explained in the introduction, acylguanidines represent a
class of compounds with improved physicochemical properties
(pK; = 8) compared to the strongly basic guanidine-type ligands

(pKa = 12—13) [10]. It is widely assumed, that the more chemically
stable carbamoylguanidines have a similar basicity to their acyl-
guanidine counterparts, but there is no experimental data available
to support that assumption. Therefore, we determined the pKj,
values of 145 (UR-Po563) containing both a carbamoylguanidine
and an aminothiazole motif, as well as 213 and 216 (for synthesis
see SM, Scheme S4) incorporating solely the carbamoylguanidine
motif and the aminothiazoles 217 and 218 (Table 1a).

The pK, values were determined by titration of the free base
(145) with 1 M HCI or the titration of the HCI salts (213 and
216—218) with 0.01 or 0.1 M NaOH in aqueous solution or ethanol
(EtOH). These titrations were performed in the presence of a freshly
calibrated glass electrode and the pKj; values were determined from
the half-equivalence point (cf. Figs. S82—S86, SM). Compounds 213
and 216—218 were used as HCl salts due to their superior solubility
in water and EtOH compared to the corresponding TFA salts. Apart
from the commercially available HCl salts of 217 and 218, TFA salts
of compounds 213 and 216 were prepared as hydrochlorides using
5—6 N HCl in 2-propanol and diethyl ether, as described in the SM
(cf. 213 and 216). The pKj, values were in good agreement with both
the published data and calculated values (Table 1a). These results
confirm that the carbamoylguanidine motif possesses a similar pK,
compared to the acylguanidine motif.

In addition to the determination of pKj values an in silico study
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Table 1a
Comparison of the determined pK, values with reference data.

s NH?)OI\ NH, O /’Kﬁj’\ : S s
HZN%NI\AH N H/\© /\HANJ\H/\/ ©/\AH N H/\@ HQN—QNl HZN—<\NE<
145 213 216 217 218
Cmpd. pK3 reference/predicted pK,
145 4,68 + 0.02 (pKa1) -
7.47 + 0.04 (pKaz)

213 8.31 £ 0.02 -
216 7.96 + 0.01 -
217 5.77 £ 0.02 5.95% 4.64°; 5.36 + 0.10°
218 6.28 + 0.04 6.29% 5.97 + 0.10°

2pK, values were determined by manual titration of the free base (145) with 1 M HCl or HCI salts (213 and 216—218) with 0.01 or 0.1 M NaOH at rt. Data shown are means +
SEM of 3 independent experiments. "The exact titration conditions were not reported in the literature. The authors only stated, that an aqueous solution was titrated [23,24].
°pK, value was determined by titration of an aqueous solution of the free base with 0.5 M HCl at rt using a pH meter [25]. %pK, value was determined by a spectrometric method
in aqueous solution containing 4% EtOH at 26 °C [24,26]. °Predicted pK, values from SciFinder (conditions: most basic, T = 25 °C).

predicting several crucial physicochemical and pharmacokinetic
parameters of representative monomeric (139, 157 and 163) and
dimeric carbamoylguanidines (UR-NK22 (5) [14], UR-NK41 (219)
[14] and UR-NK53 (220) [14]) was conducted. Moreover, com-
pounds which are reported to be orally bioavailable and CNS
penetrable such as the anti-Parkinson agent pramipexole (6) and
the acylguanidines UR-AK24 (221) [10] and UR-PG126 (222) [10]
were included for comparison. To obtain the data, the SwissADME
web tool [27] was employed and the results are summarized in
Table 1b. As expected, the monomeric ligands (139, 157 and 163)
match Lipinski’s rule of five [15] and Ghosen'’s extension [16], while

Table 1b
In silico determined physicochemical and pharmacokinetic properties (ADME).

the dimeric ligands suffer from several violations, e.g. due to their
molecular size. In addition, the monomeric ligands possess more
favorable properties including lower topological polar surface area
(TPSA) (monomeric: 146.66 A vs. dimeric: 293.32 A2, Table 1b) and
higher bioavailability (Abbot bioavailability score [28]; monomeric:
0.55 vs. dimeric: 0.17, Table 1b) if compared with their dimeric
counterparts. On the other hand, we were surprised that all com-
pounds including 6 and 221—-222 were predicted to be “not blood
brain barrier (BBB) permeant” although experimental evidence
suggests the contrary [10]. We believe that these predicted results
might indicate a potential limit of this in silico model since ionic

H NH, O n O NH
S N S N \NJ\ ’H‘NJLN/)\N S
T T e I 0.8 e+
N N n = 4: UR-NK41, 219 N NH, O
6 n =6: UR-NK22, 5 N N
n = 7: UR-NK53, 220 ¢ JMN N
NH, O HN H
< UR-AK24, 221
HoN S N N NN NH, O
N—C ] H H OO
N 139 S N NN —
HN— ] N N O S __N
NH, O N 163 N 2
s N F / NN
=N s
N 157 UR-PG126, 222 F
F

Properties 139 157 163 219 5 220 221 222 6
MW/g/mol 326.5 378.5 380.6 566.8 594.8 608.8 3134 418.6 2113
Rotatable bonds 11 9 10 19 21 22 9 10 3
HBA 3 4 3 6 6 6 3 6 2
HBD 4 4 4 8 8 8 3 3 2
Molar refractivity 92.3 102.3 109.4 153.6 163.3 168.1 91.1 106.4 61.2
TPSA/A%? 146.7 146.7 146.7 2933 2933 2933 96.2 1373 79.2
Lipophilicity, logP? 2.10 2.54 3.03 1.70 228 2.55 2.09 3.08 1.88
Solubility, logS¢ —2.96 —3.69 —-4.43 —3.66 —4.15 —4.50 —-2.99 —3.87 -2.39
% human oral absorption? 58 58 58 8 8 8 76 62 82
BBB permeant No No No No No No No No No
Bioavailability® 0.55 0.55 0.55 0.17 0.17 0.17 0.55 0.55 0.55
Druglikeness’ Yes Yes Yes No No No Yes Yes Yes

2TPSA: topological polar surface area: this parameter correlates with human intestinal absorption (empirical data suggest a value < 140) [30]. PConsensus logP [27]: average of
five predictions (iLOGP [31], XLOGP3 [32], WLOGP [33], MLOGP [34,35] and SILICOS-IT [27]). €LogS values were calculated with ESOL [36]:
insoluble < —10 < poorly < —6 < moderately < —4 < soluble < —2 < very < 0 < highly. “The percentage of human oral absorption was calculated using the TPSA by the formula,
% human oral absorption = 109 — (0.345 x TPSA), > 89%: high, < 25%: poor [37]. “Abbot bioavailability score; 0.55: 55% of the neutral, zwitterionic, or cationic compounds that
pass the Lipinski criteria have >10% bioavailability; 0.17: 17% of those that fail have > 10% bioavailability [28]. fLipinski criteria [15] (molecular weight (MW) < 500, H-bond
donors (HBD) < 5, H-bond acceptors (HBA) < 10, logP < 5); Ghose criteria [16] (160 < MW < 480, —0.4 < logP < 5.6, 40 < molar refractivity < 130, 20 < atom number < 70).
The bioavailability radars generated with SwissADME web tool [27] are shown in Fig. S96 in the SM.

4
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transport which is postulated for pramipexole (6) [29], can prob-
ably not be calculated.

Since the compounds 139, 157 and 163, containing both an
aminothiazole and a carbamoylguanidine partial structure, possess
appropriate pK; values as well as good physicochemical and phar-
macokinetic properties, we believe that our optimization and
simplification strategy was in many cases very successful. The ob-
tained in silico data indicate that the compounds 139, 157 and 163
are more drug-like than their dimeric counterparts and should be
promising lead structures for the elucidation of the role of the HyR
in the CNS.

2.3. Pharmacology

2.3.1. Binding affinities at the human histamine receptor family

The (thio)carbamoylated guanidines 138—186 were investigated
in radioligand competition binding experiments to elucidate their
structure-affinity relationships at the hHyR and their selectivity
over the hH;R, hH3R and hH4R subtypes. The results are presented
in Table 2 as binding constants (pKj values), determined on mem-
brane preparations of Sf9 insect cells expressing the hHj_4R,
respectively. Radioligand displacement curves of representative
compounds are shown in Fig. 2 and additional curves are shown in
the SM (Figs. S87—S89). In case of the aminothiazolylpropyl car-
bamoylguanidines, a large number of variations of the residue R
were well tolerated, leading to high affinity hHR ligands with pK;
values over 7 (compounds: 138—172). However, there were some
exceptions: e.g. a cyclohexyl (141) or a phenyl (142) residue
resulted in low to moderate hH;R affinity with pK; values of 5.50
and 6.77 (Table 2). This leads to the assumption that bulky sub-
stituents are not well tolerated in very close proximity to the car-
bamoylguanidine function. The hH,R affinity of
aminomethylthiazolylpropyl carbamoylated guanidines with a
terminal n-alkyl residue was dependent on the chain length
(138—140). While the n-propyl containing ligand 138 showed a
moderate affinity with a pK; value of 6.98, the ligands containing a
n-hexyl or n-pentyl residue showed higher affinities with pK;
values of 7.54 (140) and 8.35 (139, UR-KAT523) (Table 2). Inter-
estingly, most of the ligands investigated containing a benzyl res-
idue with or without further substituents (143—157) showed high
hH,R affinities with pK; values over 7. Only the trifluoromethyl
containing ligands 147 and 155 showed moderate affinities with pK;
values of 6.64 and 6.90 (Table 2). Branched residues were also well-
tolerated as were the introduction of a phenyl, methyl, ethyl or
isopropyl substituents (ligands 144—149: pKj: 7.2—7.8) which
resulted in no change or even an increase of affinity compared to
the unbranched analogue (pK; (143): 7.16) (Table 2). Furthermore,
substituents in ortho-, meta- and para-position of the phenyl ring
of the branched 1-phenyleth-1-yl containing ligands were also well
tolerated. Methyl, fluoro-, chloro-, bromo- and methoxy-
substituents in the para or a fluoro-substituent in the ortho posi-
tion led to high affinity hH,R ligands with pK; values of 7.3—7.5
(ligands 150—154 and 156) (Table 2). Noteworthily, a fluoro-
substituent in the meta position of the phenyl ring of the 1-
phenyleth-1-yl residue (157, UR-MB-69) resulted in an increased
affinity (pKj: 8.69) compared to the para or ortho fluoro-substituted
ligands (pK; (151): 7.50 and pK; (156): 7.54) (Table 2). Heteroarene
(e.g. fur-2-yl-methyl, 1-(fur-2-yl)-eth-1-yl or 1-(thiophen-2-yl)-
eth-1-yl) containing ligands (158—160) showed high hH2R affinities
with pK; values of 7.2—8.0 (Table 2). A 2-phenyl-eth-1-yl scaffold as
a residue resulted in aminothiazolylpropyl carbamoyl guanidines
(161, 162 and 164—168) with pK; values of around 7. The intro-
duction of an aliphatic 2-cyclohexyl-eth-1-yl residue (163) resulted
in a slightly higher affinity with a pK;j value of 7.40 compared to the
aromatic  counterpart (pK; (164): 716) (Table  2).
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Aminothiazolylpropyl carbamoylated guanidines with residues
containing longer linkers, as represented in 169—172, showed high
affinities with pK; values of 7.1—7.2 (Table 2), but did not bring a
significant improvement in ligand affinity at the hHyR. All
attempted modifications of the aminothiazolylpropyl carba-
moylguanidine pharmacophore (173—186), for example, by rigid-
ization of the aminothiazolylpropyl moiety or the bioisosteric
replacement of the carbamoylguanidine by a thio-
carbamoylguanidine, resulted in low to moderate hHyR affinity li-
gands with pK; values of 3.4—6.9 (Table 2). All investigated ligands
showed a low affinity at the other hHR subtypes (hH1 3 4Rs) with pK;
values of 4.1-5.9 (Table 2). The high affinity at the hH,R combined
with the low affinity at the other subtypes led to an excellent
subtype selectivity (3—4 orders of magnitude) for the ligands 139
and 157—159. The ligands 139, 157 and 158 showed similar or even
higher hH3R affinities (pK; values of 8.35, 8.69 and 7.98) than the
already described dimeric aminothiazole containing carba-
moylguanidine UR-NK22 (5) [14] (pKi: 8.07 [14]) (Table 2). In
addition, the subtype selectivity of these small molecules (molec-
ular weight: < 400 g/mol) is improved compared to the bulky
dimeric ligands like 5 and analogues (molecular weight: > 550 g/
mol). A summary of the structure-affinity relationships based on
the HyR affinity of the synthesized carbamoylguanidines is pre-
sented in Fig. 3.

The influence of the stereochemistry on hH3R affinity and sub-
type selectivity was investigated based on the enantiomeric pairs
145 and 146, 164 and 165, 174 and 175, as well as 177 and 178. The
enantiomeric pairs showed only slight differences in hHzR affinity
and subtype selectivity. For example, the ligands 145 (pK;j: 7.75) and
174 (pKi: 6.94) with (R)-configuration tended to show slightly
higher hHyR affinities when compared to their counterparts 146
(pKi: 7.29) and 175 (pK;: 6.47) with (S)-configuration (Table 2). The
enantiomeric purity of 145, 146, 164, 165, 174, 175, 177 and 178 was
determined as described in the SM (Figs. S80—S81).

2.3.2. Functional characterization of selected (thio)
carbamoylguanidines at the guinea pig/human HoRs

The aminothiazoles 138—186 were investigated for gp/hH;R
agonism in the guinea pig right atrium assay [39,41] (gpH2R)
(Table 3 and Fig. S90, SM), the [>°S]GTPyS binding assay
[14,39,42,43] (hH2R) and/or the B-arrestin2 recruitment assay
[43—45] (hH2R) (Table 4). The aminothiazolylpropyl containing N°-
carbamoylated guanidines 139, 140, 144—154, 156—160, 164 and
165 showed high agonistic activities at the gpH,R with pECsq values
of 7.3—8.2 and were primarily strong partial or even full agonists
(e.g. 146,149 and 159) (Table 3). Only the carbamoylguanidines 155
and 162 were moderately active partial agonists with pECsq values
of 6.14 and 6.76 (Table 3). The NS-thiocarbamoylated guanidines
173—178 were partial agonists at the gpH,R with pECsg values of
6.3—7.2 (Table 3). The bulky ligand 176 was inactive at the gpHaR
within the concentration range of the assay. The highest potencies
at the gpHyR were shown by the n-pentyl residue-containing
ligand 139 (pECso: 8.24) and the 2-phenyl-eth-2-yl residue-
containing ligand 145 with (R)-configuration (pECso value of
8.12): both appearing as strong partial agonists (a: 0.78 and 0.95,
respectively) (Table 3). The high affinity hH,R ligand 157 (pK;j: 8.69)
was a strong partial agonist (a: 0.85) at the gpHaR with a pECsg
value of 7.58 (Table 3). The enantiomeric pairs 145 and 146, 164 and
165, 174 and 175, as well as 177 and 178 showed only slight dif-
ferences in agonistic potency and efficacy with eudismic ratios
(ECs0 value of the eutomer divided by ECsg value of the distomer)
ranging from 2.0 to 3.3. The ligands 145 (pECso: 8.12) and 174
(PECsp: 7.05) with (R)-configuration tended to possess higher
gpH,R potencies when compared to their counterparts 146 (pECsq:
7.63) and 175 (pECsp: 6.65) with (S)-configuration (Table 3). On the
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Table 2
Affinities of the monomeric (thio)carbamoylated guanidines 138—186 at the hH;_4R, obtained from competition binding studies on membrane preparations of Sf9 insect cells
expressing the respective histamine receptor subtype.

NH, O NH S
HN— | H H HoN— | H H H
N N
138-172 173-178
N N /& N )J\ N R H2N < | /& )J\ R
HN— | H H S NT N7 N
S H H
179-184 185-186
Cmpd. R pK; Selectivity ratios of K;
hH{R? N hH,R? N hH3R® N hH4R® N (H;R/H2R/H3R/H4R)
1 - 5.62 + 0.03 [39] 3 6.58 + 0.04 [39] 48 7.59 + 0.01 [39] 42 7.60 + 0.01 [39] 45 9/1/0.1/0.1
5 - 6.06 + 0.05[14] 2 807 +005[14] 3 594+0.16[14] 3 569+ 007 [14] 4 102/1/135/240
6 - n.d. — 4.86 + 0.07 5 n.d. - n.d. - -
138 N 4.54 + 0.02 3 6.98 + 0.11 3 4.35 + 0.01 3 4.06 + 0.06 2 275/1/427/832
139 ‘o 4.97 +0.10 3 8.35 + 0.08 3 4.98 +0.17 3 5.37 +£ 0.09 3 2399/1/2344/955
140 NOSSS 5.11 + 0.03 3 7.54 + 0.07 4 5.25 + 0.02 3 5.09 + 0.02 2 269/1/195/282
141 \):) 461 + 0.09 3 6.77 + 0.27 3 n.d. - 450 + 0.06 2 145/1/-/186
142 \/@ n.d. —  550+008 3 n.d. - 465 + 0.05 2 -7
143 \(\@ 5.21 + 0.02 3 7.16 + 0.05 3 4.71 + 0.05 3 4.72 + 0.09 2 89/1/282/275
144 4.80 + 0.02 3 7.36 + 0.01 3 5.04 + 0.08 3 5.20 + 0.04 3 363/1/209/145
145 5.06 + 0.05 3 7.75 + 0.05 3 4.36 + 0.04 3 4.87 + 0.01 3 490/1/2455/759
146 | 4.67 + 0.06 3 7.29 + 0.04 3 4.48 + 0.02 3 4.75 + 0.01 3 417/1/646/347
147 CFs 427 +0.02 3 6.64 + 0.02 3 4.50 + 0.02 3 4.76 + 0.08 3 234/1/138/76
148 ; 4.90 + 0.04 3 7.20 + 0.04 3 4.66 + 0.02 3 4.95 + 0.03 3 200/1/347/178
149 ;; 461 +0.14 3 7.45 + 0.02 3 4.72 + 0.05 3 5.10 + 0.10 3 692/1/537/224
150 \)\@\ 5.29 + 0.04 3 7.51 + 0.04 3 4.58 + 0.03 3 4.95 + 0.01 3 166/1/851/363
151 \é\@\ 4.99 + 0.03 3 7.50 + 0.06 3 4.59 + 0.04 3 4.86 + 0.04 3 324/1/813/437
F
152 y\@\ 5.35 + 0.04 3 7.33 + 0.03 3 4.75 + 0.02 3 5.07 + 0.01 3 95/1/380/182
Cl

153 \é\©\ 5.54 + 0.01 3 7.52 + 0.06 3 4.89 + 0.01 3 5.09 + 0.03 3 95/1/427/269

@



S. Biselli, M. Bresinsky, K. Tropmann et al. European Journal of Medicinal Chemistry 214 (2021) 113190

Table 2 (continued )

Cmpd. R pK; Selectivity ratios of K;
hH;R? N hH,RP N hH3R¢ N hH4R® N (H1R/H,R/H3R/H4R)
154 \(ﬁ 5.23 + 0.06 3 7.43 +0.03 3 4.48 + 0.04 3 4.70 + 0.03 3 158/1/891/537
o

155 4.66 +0.13 3 6.90 + 0.07 3 4.84 + 0.07 3 5.09 + 0.07 3 174/1/115/65
156 r 4.77 £ 0.10 3 7.54 + 0.02 3 4.51 + 0.06 3 4.89 + 0.03 3 589/1/1072/447
157 . 5.11 £ 0.10 3 8.69 + 0.10 3 4.41 + 0.06 3 4.88 + 0.01 3 3802/1/19055/6457
158 \(\@ 462 + 0.09 3 7.98 + 0.01 3 4.13 + 0.01 3 4.12 + 0.06 3 2291/1/7079/7244

/
159 434 +0.11 3 7.50 + 0.08 3 4.36 + 0.07 3 434 + 0.05 3 1445/1/1380/1445

O,

\)\U

160 4,59 + 0.02 3 7.20 + 0.03 3 423 + 0.01 3 452 +0.03 3 407/1/933/479

S,

5

161 \(\Q nd. - 6.80 + 0.20 4 nd. - 4.83 + 0.06 2 -/1/-/93
162 O 5.28 + 0.01 3 7.06 + 0.04 3 5.00 + 0.01 3 531+ 0.03 3 60/1/115/56
163 \/YO 5.63 + 0.06 3 7.40 + 0.01 2 5.00 + 0.08 3 5.72 + 0.05° 3 59/1/251/48
164 \/\(© 5.06 + 0.06 3 7.00 + 0.05 3 4.77 + 0.05 3 4.92 + 0.02 3 87/1/170/120
165 \/\Q 5.02 + 0.05 3 6.99 + 0.06 3 4.57 + 0.06 3 4.87 +0.01 3 93/1/263/132
166 \/j/@ 5.10 + 0.08 3 7.11 + 0.03 3 478 + 0.034 3 5.17 + 0.02f 3 102/1/214/87
167 v:(@ 5.23 + 0.03 3 6.99 + 0.05 3 493 + 0.03¢ 3 5.23 + 0.03° 3 58/1/115/58
168 \/W/QA 531 + 0.02 3 6.83 + 0.08 3 5.10 + 0.02¢ 3 5.58 + 0.01 3 33/1/54/18
169 \(Y\O 5.42 + 0.07 3 7.15 + 0.02 4 5.13 + 0.01¢ 3 5.43 + 0.01° 3 54/1/105/52
170 \/\V\Q\ 5.78 + 0.13 3 7.14 + 0.08 2 5.49 + 0.01 3 5.44 + 0.02 3 23/1/45/50
171 m/@ 5.87 + 0.09 3 7.20 + 0.04 3 5.04 + 0.04¢ 3 5.49 + 0.08° 3 21/1/145/51
172 \(Y\/\Q 5.15 + 0.07 3 7.22 + 0.05 3 5.64 + 0.08 3 6.11+0.13 3 117/1/38/13
173 4.33 + 0.01 3 6.22 + 0.10 3 436 + 0.06 3 4,63 +0.02 3 78/1/72/39
174 3.96 + 0.07 3 6.94 + 0.08 3 4.19 + 0.03 3 4,57 +0.01 3 955/1/562/234
175 1 4.11 + 0.06 3 6.47 + 0.05 3 4.09 + 0.07 3 4.26 + 0.02 3 229/1/240/162

(continued on next page)
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Table 2 (continued )
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Cmpd. R pK; Selectivity ratios of K;
hH;R? N hH,RP N hH5R® N hH4R® N (H1R/HR/H3R/H4R)

176 4.35 + 0.01 3 5.84 + 0.02 4.33 + 0.06 3 4.67 + 0.02 3 31/1/32/15

177 W@ 4.20 + 0.03 3 5.94 + 0.06 3 4.16 + 0.03 3 435 +0.01 3 55/1/60/39

178 \/\Q 4.28 + 0.01 3 6.37 + 0.06 3 4.08 + 0.10 3 4.49 + 0.02 3 123/1/195/76

179 N n.d. — 5.28 + 0.06 4 n.d. - <4.0 2 -[1/-]>19

180 OSSN n.d. — 6.16 + 0.07 4 4.96 + 0.07 3 5.02 + 0.06 2 -/1/16/14

181 \):) n.d. - 5.35 + 0.02 3 n.d. — 4.87 +0.03 2 -/1/-/3

182 \(@ n.d. — 3.43 + 0.07 3 n.d. — 4.19 + 0.10 2 -/1/-/0.2

183 \(\@ n.d. - 5.70 £ 0.10 3 n.d. — 4.46 + 0.01 2 -[1/-]17

184 \(\/@ n.d. — 5.40 + 0.05 3 n.d. - 452 +0.13 2 -/1/-/8

185 NN 5.71 + 0.02 3 5.95 + 0.06 4 5.82 + 0.03 3 4.78 + 0.05 2 2/1/1/15

186 \/\@ 5.92 + 0.02 3 6.29 + 0.08 3 5.48 + 0.06 3 4.52 +0.01 2 2/1/6/59

Competition binding assay on membrane preparations of Sf9 insect cells: *Co-expression of the hH;R and RGS4 proteins (radioligand: [*H]mepyramine, c = 5 nM, K4 = 4.5 nM).
PExpression of the hH,R-Gg,s fusion protein (radioligand: [PH]JUR-DE257 [38], ¢ = 20 nM, K4 = 12.2 nM). “Co-expression of the hH3R, G, and Gpiy2 proteins (radioligand: [*H]
UR-PI294 [40] ¢ = 2 nM, K4 = 1.1 nM or. 9[>H]histamine ¢ = 15 nM, K; = 12.1 nM), or. °Co-expression of the hH4R, G, and Gp1y2 proteins (radioligand: [H]histamine
¢ =10 nM, Ky = 15.9 nM or. [?H]UR-PI294 [40] ¢ = 5 nM, K4 = 5.1 nM). Data were analyzed by nonlinear regression and were best-fitted to four-parameter sigmoidal
concentration-response curves. Data shown are means + SEM of N independent experiments, each performed in triplicate. n.d.: not determined.

oo
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£ 100
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,3 75 -©- 145
2 -~ 157
S 50

2, -6~ 158
o

""3 25+ -©- 159
g -©- 163
oo
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N
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Fig. 2. Displacement of the radioligand [*H]UR-DE257 [38] (c = 20 nM, K4 = 12.2 nM)
by increasing concentrations of the respective ligand determined on membrane
preparations of Sf9 insect cells expressing the hH,R-Gg,s fusion protein. Data represent
mean values + SEM of 2—3 independent experiments, each performed in triplicate.

other hand, the ligands 165 (pECsq: 7.89) and 178 (pECsp: 6.83) with
(S)-configuration tended to possess higher gpHR potencies
compared to their counterparts 164 (pECso: 7.59) and 177 (pECso:
6.31) with (R)-configuration (Table 3). Noteworthy, due to the side
chain elongation in 164 and 177 (one methylene group), the
orientation of the methyl group in the binding pocket should be
identical for all the four eutomers described.

The NC-carbamoylated guanidines 138, 140—143, 161, 163,

166—171 and 185—186 were investigated for hH;R agonism in the
[3°S]GTPyS binding assay on membrane preparations of Sf9 insect
cells expressing the hHaR-Ggys fusion protein (Table 4). Compounds
179—184 were tested in the antagonistic mode versus histamine to
determine their pK}, values. The ligands 138—143, 145—146, 157,159,
161, 163, 166—172, 174 and 186 were also investigated for agonism
in the B-arrestin2 recruitment assay on HEK293T-f-Arr2-hH;R
cells, stably expressing the hH;R-ElucC and BArr2-ElucN fusion
constructs [44]. Functional testing in the gpH,R right atrium and f-
arrestin2 recruitment assays ensured a comprehensive character-
ization, at least for the most interesting compounds. The mono-
meric N°-carbamoylated amino(methyl)thiazolylpropylguanidines
138, 140143, 161, 163 and 166—171 were partial to full agonists in
the [>>S]GTPyS binding assay and showed moderate to high hHoR
potencies with pECsq values of 6.3—7.8 (Table 4). The benzyl residue
containing ligand 143 showed a high potency with a pECsg value of
7.54 combined with strong partial agonism. Ligands containing a n-
hexyl residue (140), a branched 2-phenyl-eth-1-yl residue
(166—168, 170, and 171), or a branched 2-cyclohexyl-eth-1-yl res-
idue (163 and 169) were highly potent partial agonists with pECsq
values of 7.2—7.8 (Table 4). Interestingly, the aminothiazolylphenyl
containing ligands 179—184 appeared as weak antagonists at the
hHyR with pKp values (4.8—6.1, Table 4) which were in good
agreement with the pK; values obtained (3.4—6.2, Table 2). Intro-
duction of the less flexible 2-amino-4,5,6,7-
tetrahydrobenzothiazol-6-yl moiety (185 and 186) resulted in
partial agonism (186, a: 0.57, pECsg: 6.67) or weak partial agonism
(185, a: 0.16, pECsg: 5.57) (Table 4). The structurally related dopa-
mine receptor agonist pramipexole (6) was also a partial agonist at
the hH3R (a:: 0.66, pECsq: 5.07) (Table 4).
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Variations of residue R
NH, O

s AR
HgN—QI\AH N H
N

Variation 1: n-alkyl

pK; highly

\{Hn\ n=24,5 | dependent
onn
N pK: 7.0-8.4
4

pk: 8.4

Variation 2: no spacer, ring

SNe

[pKi: 6.8 5.5]

Variation 5: longer spacer, ring

el

n: 1-3

R1: H, methyl

ring: phenyl, c-hexyl
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Variation 3: methyl spacer, ring

q
R R1: H, methyl, ethyl, i-propyl, phenyl

S ) R2: H, methyl, F, Cl, Br, OCH,
7 R ring: phenyl, thiophenyl, furyl
2

pk;: 8.7

Variation 4: ethyl spacer, ring

Rz

R!

R H, methyl, ethyl, i-propyl, phenyl
R2: H, methyl, F, Cl, Br, OCH;
ring: phenyl, c-hexyl

Fig. 3. H,R affinity of agonistic carbamoylguanidines: summary of structure-affinity relationships.

Ligand characterization in the PB-arrestin2 recruitment assay
showed that compounds 138—143, 145146, 157, 159, 161, 163,
166—172, 174 and 186 were partial agonists with pECsg values of
5.4—7.3 (c.f. Fig. S91, SM). The data obtained were comparable with
the [3>S]GTPyS assay data but generally lower potencies and effi-
cacies in the f-arrestin2 recruitment assay were observed. The
enantiopure ligand 145 and the 1-(3-fluoro-phenyl)eth-1-yl res-
idue containing ligand 156 showed the highest agonistic potencies
resulting in pECsg values in the two-digit nanomolar range (7.34
and 7.19) (Table 4). Overall, the (partial) agonists investigated in
both [3*>S]GTPyS and B-arrestin2 recruitment assay showed varying
degrees of bias for G protein activation (Fig. S92, SM). This is in
agreement with the findings for acylguanidines and dimeric car-
bamoylguanidines [44].

2.3.3. Binding affinities at the human DjongR and D3R

Aminothiazole containing ligands such as pramipexole (6) and
its derivatives (e.g. 7) are described as high affinity dopamine re-
ceptor ligands (preferring the D,-like family) [53]. Because of the
structural similarity between pramipexole (6) and the N®-(thio)
carbamoylated guanidines that were prepared, selected ligands
139, 140, 143, 145, 146, 157, 159, 163, 166, 169—172, 174, 180, 185 and
186 were investigated in competition binding experiments on ho-
mogenates of HEK293T-CRE-Luc-hDpjongR and HEK293T-CRE-Luc-
hDsR cells using [*H]N-methylspiperone as radioligand [54]. The
results are summarized in Table 5 and radioligand displacement
curves (hD3R) of representative compounds are shown in Fig. 4.

For the standard agonist pramipexole biphasic displacement
curves were reported at the hDyjongR with pK; values for high (pKj
high value) and low (pKjjiow value) affinity binding sites [54]. The N&-
(thio)carbamoylated guanidines 139, 140, 143, 145, 146, 157, 159,
163, 166, 169—172, 174, 180, 185 and 186 showed monophasic
displacement curves.

The amino(methyl)thiazolylpropyl (139, 140, 143, 145, 146, 157,

159,163, 166, 169—172 and 174), aminothiazolylphenyl (180) and 2-
amino-4,5,6,7-tetrahydrobenzothiazol-6-yl (185 and 186) contain-
ing ligand(s) showed a weak to moderate affinity for the hDpjongR
(pKi: 5.6—6.6) (Table 5). This is in contrast to the behavior at the
Ds3R. Apart from the weak HR agonists 180, 185 and 186, the potent
H3R ligands showed consistently high affinities at the D3R. The two
potent HyR agonists 145 and 157 showed the highest affinity at the
D3R (pKi: 8.21 and 8.06, respectively) (Table 5).

To obtain further information about the functional behavior of
the ligands 139, 140, 143, 145, 146, 157, 159, 163, 166, 169—172 and
174, we performed the recently described B-arrestin2 recruitment
assay at the hDpjongR and hD3R [54]. The potencies in both assays
are in very good agreement with the respective binding affinities,
showing again high potencies at the D3R (e.g. pEC5o (145): 7.81,
Table 6). While the ligands appeared predominantly as moderate to
strong partial agonists at the DjongR, several full agonists at the D3R
were found (Table 6).

3. Summary and conclusions

In this study, we synthesized and characterized 49 monomeric,
2-aminothiazolyl ring-containing (thio)carbamoylguanidine-type
H3R ligands. These ligands featured either flexible or rigid spacers
and were functionalized with side chains (n-alkyl, cyclic, aromatic,
branched, with and without defined stereochemistry etc.) linked to
the carbamoyl guanidine core. The structural simplification of
previously reported dimeric ligands into monomeric ligands
resulted in potent agonists (guinea pig right atrium and B-arrestin2
recruitment assays) with HyR affinities in the one-digit nanomolar
range (pK; (139, UR-KAT523): 8.35; pK; (157, UR-MB-69): 8.69).
Most of the compounds exhibited an excellent selectivity profile
towards the HyR, for example 157 being at least 3800-fold selective
within the histamine receptor family. These properties turn them
into the highest affinity and subtype-selective
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Table 3

gpH,R agonism and the calculated pECso values of the monomeric (thio)carba-
moylated guanidines determined by organ bath studies (spontaneously beating
guinea pig right atrium).

) .R S .R
139-140, 144-160,
162, 164-165 173178
Cmpd. R gpH3R (atrium) N
PEGCso o N
1 - 6.16 + 0.01 [39] 1.00 [39] 225
139 N 8.24 + 0.03 0.78 + 0.03 3
140 NN 7.80 + 0.07 0.95 + 0.06 3
144 740 +0.13 0.90 + 0.06 3
145 8.12 + 0.07 0.95 + 0.07 4
146 | 7.63 +0.13 1.08 + 0.07 3
147 CFs 732 +£0.14 0.85 + 0.06 3
148 ; 7.97 + 0.09 0.93 + 0.04 3
149 ;; 746 +0.13 1.04 + 0.04 3
150 \)\@\ 7.65 + 0.07 0.85 + 0.05 3
151 \)\@\ 7.63 + 0.05 0.92 + 0.01 3
F
152 \)\@\ 7.61 + 0.06 0.93 + 0.04 3
Cl
153 \)\@\ 7.26 + 0.05 0.87 + 0.04 3
Br
154 742 + 0.07 0.91 + 0.04 3
2ol
155 6.14 + 0.10 0.61 + 0.05 3
156 F 7.91 + 0.01 0.93 + 0.03 3
157 7.58 + 0.14 0.85 + 0.05 4
\ J\ : F
158 o, 7.93 + 0.07 0.58 + 0.05 3
U
159 8.01 +0.18 1.00 + 0.04 3
0,
W,
160 8.00 + 0.05 0.88 + 0.04 3

10
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Table 3 (continued )

Cmpd. R gpHaR (atrium) N

PECso o N
162 6.76 + 0.11 0.76 + 0.05 3
164 W@ 7.59 + 0.05 0.99 + 0.07 3
165 \/\/@ 7.89 +0.10 0.98 + 0.06 3
173 7.18 £ 0.10 0.67 + 0.05 4
174 7.05 +0.16 0.87 + 0.02 3
175 ] 6.65 + 0.14 0.65 + 0.04 3
176 inactive - 3
177 \(\(@ 6.31 + 0.05 0.44 + 0.03 3
178 \/\/@ 6.83 + 0.06 0.66 + 0.04 3

Data were analyzed by nonlinear regression and were best fitted to sigmoidal
concentration response curves.pECsg = -log EC509.pECso was calculated from the
mean-corrected shift ApECsg of the agonist curve relative to the histamine reference
(pECsp = 6.16, N = 225) [39] curve by equation pECsg = 6.16 + ApECsq.The intrinsic
activity (o) of histamine was set to 1.00, and « values of investigated compounds
were referred to this value. Data represent mean values + SEM of N independent
experiments.

carbamoylguanidine-type H;R agonists known to date. On the
other hand, we recognized that the 2-aminothiazole residue, which
is responsible for the subtype-selectivity of monomeric and/or
dimeric HyR ligands, is also a known bioisostere of the catechol
moiety present in some dopamine receptor ligands. Therefore, we
investigated dopamine receptor affinity in radioligand competition
binding studies at the Djjong and D3 receptors with selected HaR
agonists. The experiments revealed a considerable affinity for the
respective dopamine receptor subtypes, especially for the D3 re-
ceptor. Furthermore, functional studies (B-arrestin2 recruitment
assays) with these ligands showed that they act as partial and full
agonists at the dopamine receptors which were investigated. These
findings limit the application of our ligands to recombinant systems
in which either the H,R or the D3R is expressed.

In summary, the aim of this work was the development of a
series of HyR agonists with enhanced drug-like properties while
maintaining the high H,R subtype selectivity and potency of the
dimeric ligands. The 2-aminothiazolyl ring containing (thio)car-
bamoylguanidine-type H;R ligands represent a class of high affinity
molecular tools for the application in recombinant systems in
which the HyR is solely expressed. Furthermore, our ligands
establish a solid base of small molecule ligands with an improved
selectivity profile over previously reported ligands, enabling in vivo
studies and experiments utilizing primary tissue. Consequently, the
goal of future work will be the optimization of our reported com-
pounds towards exclusive selectivity for the HaR.
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Table 4
hH,R agonism or antagonism and the calculated pECsq or pKj, values of the monomeric (thio)carbamoylated guanidines determined by a [3>S]GTPyS binding assay and/or f-
arrestin2 recruitment assay.

Jug I X
S _R S .R
N~ "N~ °N N~ "N” °N
H2N_<\ | H H H2N—<\ | H H H
N N
138-143, 145-146, 174

157, 159, 161, 163, 166-172

. 2
S

H H
179-184 185-186
Cmpd. R hHaR ([>>S]GTPYS)? hH,R (B-arrestin2 recruitment)”
PECso (PKb) N o PECso N o
1 - 6.01 + 0.07%° 7 1.00%° 5.42 + 0.02% 3 1.00%
6 - 5.07 + 0.06 5 0.66 + 0.08 440 + 0.10 3 0.35 + 0.03
138 N~ 6.75 + 0.06 3 0.79 + 0.09° 6.77 + 0.04 3 0.32 + 0.01
139 N n.d. - n.d. 6.75 + 0.12 3 0.15 + 0.02
140 OSSN 741 + 0.07 3 0.60 + 0.09° 7.07 + 0.02 3 0.28 + 0.03
141 \/O 6.83 + 0.20 3 0.96 + 0.07 6.41 + 0.03 3 0.43 + 0.06
142 \(@ 6.28 + 0.24 2 0.59 + 0.02¢ 5.47 + 0.06 3 0.25 + 0.02
143 \(\@ 7.54 + 0.12 4 0.91 + 0.07¢ 7.00 + 0.08 3 0.33 +0.03
145 H n.d. — n.d. 7.34 +0.11 4 0.34 + 0.03
146 ] n.d. — n.d. 6.48 + 0.06 4 0.46 + 0.02
157 \2\@/ n.d. - n.d. 7.19 + 0.11 4 0.30 + 0.01
F
159 n.d. - n.d. 6.63 + 0.06 3 0.25 + 0.01
0,
\*U
161 \(\/@ 7.35+0.16 3 0.72 + 0.06¢ 6.78 + 0.03 3 0.29 + 0.02
163 \/YO 7.66 + 0.08 3 0.65 + 0.03¢ 6.65 + 0.09 3 0.40 + 0.06°
166 \/)/@ 7.54 + 0.14 3 0.60 + 0.04 6.57 + 0.08 3 0.16 + 0.02¢
167 \/IQ 7.51 + 0.06 3 0.52 + 0.03¢ 6.80 + 0.10 3 0.11 + 0.01¢
168 \/ﬁ/@)\ 7.46 + 0.03 3 0.59 + 0.02¢ 6.55 + 0.02 3 0.25 + 0.03¢
169 \(Y\O 7.76 + 0.04 3 0.60 + 0.07 6.52 + 0.07 3 0.22 + 0.01¢
170 m/\@\ 7.22 + 0.1 5 0.68 + 0.07¢ 6.88 + 0.10 3 0.10 + 0.01°¢

(continued on next page)

1



S. Biselli, M. Bresinsky, K. Tropmann et al.
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Cmpd. R hH2R ([3°S|GTPyS)? hH,R (B-arrestin2 recruitment)®
PECso (PKb) N o PECso N o
171 m/\/@ 7.53 + 0.06 3 0.69 + 0.02¢ 6.45 + 0.06 3 0.20 + 0.02¢
172 \/\r\/\© n.d. - n.d. 5.60 + 0.11 4 0.14 + 0.02
174 H n.d. - n.d. 6.43 + 0.06 3 0.11 + 0.01
179 X~ (4.91 + 0.09) 3 n.d. n.d. — n.d.
180 6.14 + 0.03) 3 n.d. n.d. — n.d.
NN
181 \(O (5.40 + 0.02) 3 n.d. n.d. - n.d.
182 \/@ (4.76 + 0.11) 3 n.d. n.d. - n.d.
183 \(\@ (5.44 + 0.02) 3 n.d. n.d. — n.d.
184 \(\/@ (5.52 + 0.05) 3 n.d. n.d. - n.d.
185 SN 6.83 + 0.06 3 0.16 + 0.07¢ n.d. - n.d.
186 \/\@ 6.67 + 0.31 3 0.53 + 0.05¢ 5.36 + 0.05 3 0.31 +0.03

3[3°S]GTPYS assay performed with membrane preparations of Sf9 insect cells expressing the hH,R-Gsg,s fusion protein [14,39,42,43]. PB-arrestin2 recruitment determined
using HEK293T-B-Arr2-hH;R cells, stably expressing the hH,R-ElucC and BArr2-ElucN fusion constructs [43—45]. The intrinsic activity (o) of histamine was set to 1.00, and the
o values of investigated compounds were referred to this value. The pK} values of 179—184 were determined in the antagonist mode versus histamine (c = 1 uM). Data
represent mean values + SEM of N independent experiments, each performed in triplicate ([**S|GTPyS assay) or duplicate/triplicate (B-arrestin2 recruitment assay). n.d.: not
determined. “At concentrations > 30 uM a varying degree of depression of the maximum effect was observed. This effect has already been reported for several GPCRs in the

literature [46—52].

4. Experimental section
4.1. General

Unless otherwise stated, chemicals and solvents were procured
from commercial suppliers and used as received. All the solvents
were of analytical grade or distilled prior to use. Anhydrous sol-
vents were stored over molecular sieve under protective gas.
Deuterated solvents for nuclear magnetic resonance (NMR) spec-
troscopy were purchased from Deutero (Kastellaun, Germany). For
the preparation of buffers and HPLC eluents Millipore-grade water
was used. Column chromatography was carried out using silica gel
60 (0.040—0.063 mm, Merck (Darmstadt, Germany)). Automated
flash chromatography was performed with an IntelliFlash-310
flash-purification system (Varian, Darmstadt, Germany) with pre-
packed columns (SuperFlash SF10-4 g, SF12-8 g, SF15-12 g und
SF15-24 g, Agilent Technologies, Santa Clara, CA). Reactions were
monitored by thin layer chromatography (TLC) on silica gel 60 F254
aluminium sheets (Merck), and compounds were detected with UV
light at 254 nm and ninhydrin solution (0.8 g ninhydrin, 200 mL n-
butanol, 6 mL acetic acid). NMR spectra ('"H NMR and >C NMR, '°F
NMR, DEPT, 2D NMR) were recorded on a Bruker Avance-300
(705 T, 'H: 300 MHz, 3C: 75.5 MHz, '°F: 188), Avance-400
(940 T, 'H: 400 MHz, 3C: 100.6 MHz, '9F: 282), or Avance-600
(141 T; 'H: 600 MHz, 3C: 150.9 MHz; cryogenic probe) NMR
spectrometer (Bruker, Karlsruhe, Germany). Multiplicities are
specified with the following abbreviations: s (singlet), d (doublet), t
(triplet), q (quartet), quint (quintet), m (multiplet), br (broad), as
well as combinations thereof. High-resolution mass spectrometry
(HRMS) was performed on an AccuTOF GCX GC/MS system (Jeol,
Peabody, MA, USA) using an EI source or a Q-TOF 6540 UHD LC or
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GC/MS system (Agilent Technologies, Santa Clara, USA) using an ESI
(in case of LC coupling) or an APCI (in case of GC coupling) source.
Optical rotations at 589 nm (Na D line) were measured on a
polarimeter P8000-T equipped with an electronic Peltier thermo-
stat PT31 (A. KRUSS Optronic, Hamburg, Germany) using a ther-
mostated (20 °C) microcuvette (layer thickness of 1 dm, volume of
0.9 mL) and methanol (MeOH) as solvent. Preparative HPLC was
performed with a system from Knauer (Berlin, Germany) consisting
of two K-1800 pumps and a K-2001 detector or with a Prep 150 LC
system from Waters (Eschborn, Germany) consisting of a 2545 bi-
nary gradient module, a 2489 UV/visible detector and a fraction
collector III. The following columns were used: a Nucleodur 100-5
C18 (5 um, 250 x 21 mm, Macherey-Nagel, Diiren, Germany), a
Kinetex XB-C18 100A (5 pum, 250 x 21.2 mm, Phenomenex,
Aschaffenburg, Germany), an Interchim PuriFlash PF15C18 HQ
(15 pm, 120 g, Interchim, Montlugon, France) and a Gemini-NX C18
(5 pm, 250 mm x 21 mm; Phenomenex). Solvent flow rates of
either 15—20 mL/min (Nucleodur, Kinetex and Gemini columns) or
30 mL/min (Interchim column) at rt were employed. A detection
wavelength of 220 nm and mixtures of acetonitrile (MeCN) and
0.05—0.1% aqueous TFA were used as mobile phases. MeCN was
removed from the eluates under reduced pressure prior to freeze-
drying (Christ Alpha 2—4 LD freeze dryer (Martin Christ, Osterode
am Harz, Germany) or ScanVac CoolSafe 4—15L freeze dryer from
Labogene (LMS, Brigachtal, Germany), both equipped with a RZ 6
rotary vane vacuum pump (Vacuubrand, Wertheim, Germany)).
Analytical HPLC analysis was performed on a system from Merck
Hitachi, composed of a D-6000 interface, a L-6200A pump, an
AS2000A auto sampler and a L-4000 UV-VIS detector or with a 1100
HPLC system from Agilent technologies, equipped with an Instant
Pilot controller, a G1312A binary pump, a G1329A ALS autosampler,
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Table 5
Affinities of the monomeric (thio)carbamoylated guanidines to the dopamine receptors hDzjongR and hD3R, obtained from competition binding studies.

NH, O NH S
S /& JJ\ -R S NJ\NJ\N’R
H2N—<\N| H2N—<\N H H H

139-140, 143, 145-146, 174
157, 159, 163, 166, 169-172

NH, O N NH, O
H2N\</j/©\ /& )J\ " HZN_<S | /J\\ J\ R

185-186
Cmpd. R pKi Selectivity ratios of K; (D21ongR/D3R/H2R)
hD31ongR? N hD5R” N
haloperidol 9.58 + 0.13 [54] 3 8.95 + 0.03 [54] 3 -
6 (PKijhigh: 7.59 % 0.12/pKijiow: 6.00 + 0.03) [54] 3 9.18 + 0.06 [54] 3 0.002+#/0.00005/1
139 ‘o 6.35 + 0.01 3 7.80 + 0.09 3 100/4/1
140 OSSN 6.25 + 0.06 3 7.85 + 0.08 3 19/0.5/1
143 \(\@ 6.22 + 0.08 3 7.34 + 0.02 3 9/0.7/1
145 6.81 +0.13 3 8.21 £ 0.10 3 9/0.3/1
146 ] 6.10 + 0.07 3 7.61 +£0.12 3 15/0.5/1
157 \(]\@/ 6.50 + 0.06 3 8.06 + 0.10 3 155/4/1
F
159 5.77 + 0.12 3 7.76 + 0.17 3 54/0.5/1
0,
\)Vu
163 \(@ 6.58 + 0.03 3 7.36 + 0.04 3 7111
166 \/)@ 6.28 + 0.08 3 7.19 + 0.06 3 7/0.8/1
169 h/\o 6.32 + 0.08 3 6.88 + 0.04 3 7/2/1
170 \/\(\Q\ 6.30 + 0.10 3 7.07 + 0.06 3 7/11
171 Y\(\/@ 6.45 + 0.07 3 7.34 + 0.04 3 6/0.7/1
172 W\@ 6.23 + 0.06 3 7.25 + 0.06 3 10/0.9/1
174 5.93 + 0.08 3 7.22 + 0.06 3 10/0.5/1
180 OSSN 5.60 + 0.20 3 5.89 + 0.05 3 4/2/1
185 OSSN 5.90 + 0.10 3 5.90 + 0.20 3 1/11
186 \(\@ 6.26 = 0.10 3 530+ 0.10 3 1/10/1

Determined by displacing [*H]N-methylspiperone (*hDajongR: Kq = 0.0149 nM, ¢ = 0.05 nM or PhD3R: K4 = 0.0258 nM, ¢ = 0.05 nM) by increasing concentrations of the
respective ligand at homogenates of “HEK293T-CRE-Luc-hD5jngR or PHEK293T-CRE-Luc-hD3R cells [54]. Data were analyzed by nonlinear regression and were best fitted to
four-parameter sigmoidal concentration-response curves. Data shown are means + SEM of N independent experiments, each performed in triplicate.*Calculated using pKinign
value.
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Fig. 4. Displacement of the radioligand [*H]N-methylspiperone (¢ = 0.05 nM,
Kq = 0.0258 nM) by increasing concentrations of the respective ligand at homogenates
of HEK293T-CRE-Luc-hDsR cells [54]. Data represent mean values + SEM of 3 inde-
pendent experiments, each performed in triplicate.

a G1379A vacuum degasser, a G1316A column compartment and a
G1315B DAD detector. A Kinetex XB-C18 100A (5 um, 250 x 4.6 mm
(Phenomenex)) served as the column: tp = 2.90 min (Merck Hitachi,
flow: 0.8 mL/min), tp = 3.16 min (Merck Hitachi, flow: 0.8 mL/min,
different Kinetex XB-C18 100A column), tp = 2.85 min (Merck
Hitachi, flow: 1.0 mL/min, different Kinetex XB-C18 100A column),
to = 3.21 min (Agilent, flow: 0.8 mL/min) or ty = 2.67 min (Agilent,
flow: 1.0 mL/min). As the mobile phase, mixtures of MeCN (with (A)
or without (B) 0.05% TFA) and 0.05% aqueous TFA (C) were used. The
following linear gradients were applied. Compounds 179—180 and
182—186 (Merck Hitachi, tp = 2.90 min): 0—30 min: A/C
5:95—-80:20; 30—32 min: 80:20—95:5; 32—42 min: 95:5; flow rate:
0.8 mL/min. Compounds 138, 140—143, 161, 163, 166—171 and 181
(Merck Hitachi, tp = 2.90 min): 0—30 min: A/C 10:90—80:20;
30—32 min: 80:20—95:5; 32—42 min: 95:5; flow rate: 0.8 mL/min.
Compounds 144—146, 162, 164—165 and 173—178 (Merck Hitachi,
to 3.16 min): 0—25 min: B/C 20:80—80:20; 25—26 min:
80:20—95:5; 26—35 min: 95:5; flow rate: 0.8 mL/min. Compounds
149 (Merck Hitachi, tp = 2.85 min): 0—25 min: B/C 5:95—-95:5;
25—35 min: 95:5; flow rate: 1.0 mL/min. Compounds 139 and 172
(Agilent, tp = 3.21 min): 0—30 min: B/C 10:90—90:10; 30—33 min:
90:10—95:5; 33—40 min: 95:5; flow rate: 0.8 mL/min. Compounds
147—148 and 150160 (Agilent, tp = 2.67 min): 0—25 min: B/C
10:90—-95:5; 25—35 min: 95:5; flow rate: 1.0 mL/min. For analytical
HPLC runs on the 1100 HPLC system from Agilent Technologies the
oven temperature was set to 30 °C. At the HPLC system from Merck
Hitachi room temperature was used. The injection volume was
5—100 pL, and detection was performed at 220 nm. Compound
concentrations were between 0.1 and 1 mM.

Compounds purities were calculated as the percentage peak
area of the analyzed compound by UV detection at 220 nm. The
purities of the target compounds 139—186 used for pharmacolog-
ical investigation were > 95% (chromatograms shown in the SM,
Figs. S24—S72).

4.2. Synthesis and analytical data

4.2.1. General procedure for the synthesis of the Boc-protected
isothioureas 48-82

Method A: A solution of 15% phosgene in toluene or triphosgene
(1 equiv) was diluted in DCM and cooled to 0 °C. Subsequently, a
mixture of the respective amine (13—33, 1 equiv) and diisopropy-
lethylamine (DIPEA, 3 equiv) in DCM was added dropwise. After the
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solution was stirred for 5-30 min, a solution of 8 (2 equiv) in DCM
was added via a dropping funnel. The reaction was allowed to stir at
rt for 2—3 h and washed with H,0 and brine. The organic layer was
dried over Na,SOy4, the solvent was removed under reduced pres-
sure and the crude product was purified by column chromatog-
raphy (DCM).

Method B: The respective isocyanate (34—39, 1 equiv) and TEA
(2.25 equiv) were added to a solution of 8 (1.5 equiv) in DCM
(20 mL). The reaction mixture was stirred overnight at rt. The
organic layer was washed three times with H,O (30 mL) and sub-
sequently with brine (30 mL). The organic layer was dried over
Na,SO4 and the solvent was removed under reduced pressure. The
crude product was purified by flash chromatography (ethyl acetate
(EtOAc)/petroleum ether (PE) 0/100 - 15/85).

Method C: The respective carbonic acid (40—47, 1 equiv) was
dissolved in DCM (2.5—4.5 mL) and cooled with an ice bath.
Dimethylformamide (DMF, 25—45 pL) and oxalyl chloride (1.5
equiv) were added under argon atmosphere. The reaction mixture
was stirred for 10 min under cooling. The ice bath was removed and
stirring was continued for another 15 min at rt. The solvent was
carefully removed under reduced pressure (water bath tempera-
ture below 30 °C). The residue was dissolved in anhydrous acetone
(2.5—4.5 mL) and added dropwise under cooling to an ice-cold
solution of sodium azide (2.4 equiv) in H,0 (1—3 mL). The reac-
tion mixture was stirred for 30 min under cooling. Brine (5—10 mL)
was added and the acyl azide was extracted three times with DCM
(10 mL). The organic layers were combined and dried over Na;SO4.
Molecular sieve was added and the solvent was partially removed
under reduced pressure. The resulting yellow solution was stirred
for 30 min under reflux conditions to afford the isocyanate. The
solution was cooled to rt followed by the addition of 8 (1 equiv) and
TEA (5 equiv). The reaction mixture was stirred overnight at rt. The
molecular sieve was filtered off and the organic layer was washed
three times with H,0 (10 mL) and three times with brine (10 mL).
The organic layers were combined, dried over Na;SO4 and the
solvent was removed under reduced pressure. The crude product
was purified by either automated flash chromatography or column
chromatography (EtOAc/PE).

4.2.2. N'-tert-butoxycarbonyl-S-methyl-N-
pentylcarbamoylisothiourea (49)

The reaction was carried out with triphosgene (340 mg,
115 mmol), pentan-1-amine (14, 132 pL, 115 mmol), DIPEA
(0.60 mL, 3.45 mmol), 8 (0.44 g, 2.30 mmol) and a total of 60 mL
DCM according to the general procedure (method A) (Rf = 0.64 in
EtOAc/PE 1/5) yielding a colorless foamlike solid (0.30 g, 84%). 'H
NMR (300 MHz, CDCl3): 6 (ppm) 12.27 (br s, 1H), 5.51 (s, 1H), 3.15(q,
J = 6.72 Hz, 2H), 2.23 (s, 3H), 1.58—1.42 (m, 2H), 1.41 (s, 9H),
1.34—1.19 (m, 4H), 0.91-0.75 (m, 3H). 13C NMR (75 MHz, CDCl3):
6 (ppm) 167.31, 162.05, 151.27, 82.64, 40.28, 29.53, 29.22, 28.16,
22.52, 14.39, 14.13. HRMS (ESI-MS): m/z [M + H'] calculated for
C13H26N303S™": 304.1689, found 304.1713; C13H25N303S (303.42).

4.2.3. (R)-N'-tert-butoxycarbonyl-S-methyl-N-(1-phenylethyl)
carbamoylisothiourea (55)

The reaction was carried out with 15% phosgene in toluene
(5.89 mL, 8.25 mmol), (R)-1-phenylethan-1-amine (15, 1.00 g,
8.25 mmol), DIPEA (4.46 mL, 24.75 mmol), 8 (3.14 g, 16.50 mmol)
and a total of 150 mL DCM according to the general procedure
(method A) (Rf = 0.50 in DCM) yielding a colorless foamlike solid
(1.60 g, 57%). "H NMR (300 MHz, CDCl3) 6 (ppm) 12.29 (br s, 1H),
7.41—7.26 (m, 5H), 5.81 (br's, 1H), 4.93 (quint, / = 7.1 Hz, 1H), 2.32 (s,
3H), 1.52 (d, ] = 6.9 Hz, 3H), 146 (s, 9H). 3C NMR (75 MHz, CDCl3)
6 (ppm) 167.92, 161.02, 151.13, 143.44, 128.75, 127.39, 125.98, 82.67,
49.79, 28.04, 22.31, 14.38. HRMS (ESI-MS): m/z [M + H] calculated
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hD5jong,3R agonism and the calculated pECsq values of the monomeric (thio)carbamoylated guanidines determined by a B-arrestin2 recruitment assay.

NH,

0]
s AR
H2N—<\NI\/\H N H

139-140, 143, 145-146,
157, 159, 163, 166, 169-172

NH S

S J\ )J\ .R
H2N—<\NI\AH NoR

174

Cmpd. R hD3jongR (B-arrestin2 recruitment)? hD5R (B-arrestin2 recruitment)®
pECso N o PECso N o
quinpirole — 7.55 + 0.07 [54] 5 1.00 [54] 8.75 + 0.07 [54] 6 1.00 [54]
139 P 5.98 + 0.02 4 0.41 + 0.05 7.80 + 0.05 3 0.96 + 0.05
140 NN 5.76 + 0.06 3 0.44 + 0.05 7.63 +0.12 4 0.95 + 0.05
143 \(\@ 5.78 + 0.05 3 0.49 + 0.03 7.47 +0.08 3 0.93 + 0.03
145 6.47 + 0.10 4 0.60 + 0.05 7.81 +£0.03 4 0.86 + 0.05
146 1 5.57 +0.28 3 0.36 + 0.04 6.64 + 0.07 3 1.05 + 0.09
157 \)\@/ 6.23 +0.10 3 0.73 + 0.05 7.14 £ 0.16 3 0.98 + 0.05
F
159 5.97 + 0.09 3 0.82 + 0.03 6.99 + 0.09 3 1.03 £ 0.10
0,
W

163 \/YO 549 + 0.15 4 0.39 + 0.06 6.58 + 0.05 3 1.09 + 0.09
166 \/)/@ 5.95 + 0.04 3 0.58 + 0.02 7.39 +0.08 3 0.93 + 0.04
169 \/Y\O 5.77 + 0.04 3 0.57 + 0.02 6.52 + 0.02 3 0.86 + 0.01
170 \(\r\©\ 5.96 + 0.05 5 092 +0.10 6.55 +0.13 3 1.01 + 0.07
171 w/\/@ 527 + 0.07 3 0.70 + 0.08 6.05 + 0.11 3 0.95 +0.11
172 W 5.53 + 0.02 3 0.70 + 0.11 6.38 + 0.10 3 0.67 + 0.06
174 5.82 + 0.06 3 0.66 + 0.08 6.78 + 0.09 3 0.84 + 0.04

B-arrestin2 recruitment determined using *HEK293T ElucN-Barr2 hDyjongR-ElucC cells or PHEK293T ElucN-Barr2 hDsR-ElucC cells, stably expressing the hD3jongR-ElucC or
hD5R-ElucC and Barr2-ElucN fusion constructs [54]. The intrinsic activity (a) of quinpirole was set to 1.00, and a values of investigated compounds were referred to this value.
Data represent mean values + SEM of 3—4 independent experiments, each performed in duplicate or triplicate.

for C16H24N303S+Z
(337.44).

3381533, found 338.1542; Ci6H23N303S

4.2.4. N'-tert-butoxycarbonyl-S-methyl-N-(1-(3-fluorophenyl)
ethyl)carbamoylisothiourea (67)

The reaction was carried out with 15% phosgene in toluene
(3.08 mL, 4.31 mmol), 27-HCI (0.60 g, 4.31 mmol), DIPEA (2.20 mL,
12.93 mmol), 8 (1.64 g, 8.62 mmol) and a total of 100 mL DCM
according to the general procedure (method A) (Rf = 0.76 in DCM)
yielding a colorless oil (0.77 g, 51%). 'TH NMR (400 MHz, CDCl3)
6 (ppm) 12.40 (s, 1H), 7.48—7.02 (m, 4H), 6.16 (d, ] = 7.8 Hz, 1H), 5.06
(quint, J = 7.1 Hz, 1H), 2.44 (s, 3H), 1.61 (d, J = 7.5 Hz, 2H), 1.60 (s,
9H). 13C NMR (101 MHz, CDCls) 6 (ppm) 162.96 (d, ] = 246.2 Hz),
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161.64, 161.01, 150.93, 146.32 (d, | = 6.6 Hz), 130.14 (d, ] = 8.2 Hz),
121.55 (d, J = 2.8 Hz), 114.04 (d, ] = 21.1 Hz), 112.80 (d, ] = 21.8 Hz),
82.55, 53.14, 27.89, 22.15, 14.42. HRMS (ESI-MS): m/z [M + H]
calculated for CigH23FN303S™: 356.1439, found 356.1445;
C16H22FN305S (355.43).

4.2.5. General procedure for the synthesis of the isothiocyanates 83-
88

A solution of the respective amine (14—16 or 31—33, 1 equiv) in
DCM was added to a saturated solution of NaHCOs3 at rt. Subse-
quently, thiophosgene (1.1 equiv) was added dropwise and the
reaction was stirred vigorously for 30 min at rt. The organic layer
was washed with H0, brine and dried over Na;SO4. The solvent
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was removed under reduced pressure and the crude product was
purified with column chromatography (EtOAc/PE 5/95).

4.2.6. (R)-(1-Isothiocyanatoethyl)benzene (84)

The product was prepared from (R)-1-phenylethan-1-amine
(15, 0.21 g, 1.71 mmol) and thiophosgene (144 pL, 1.88 mmol) in
DCM (20 mL) and a saturated solution of NaHCO3 (20 mL) according
to the general procedure (Rf = 0.63 in EtOAc/PE 5/95). The desired
compound 84 was isolated as an orange oil (0.17 g, 61%). 'H NMR
(300 MHz, CDCl3) 6 (ppm) 7.44—7.29 (m, 5H), 4.92 (q,] = 6.8 Hz, 1H),
1.68 (d, J = 6.8 Hz, 3H). *C NMR (75 MHz, CDCl3) § (ppm) 140.18,
132.30, 128.95, 128.25, 125.46, 57.07, 25.03. HRMS (EI-MS): m/z
[M**] calculated for CoHgNS**: 163.0450, found 163.0454; CoHgNS
(163.24).

4.2.7. General procedure for the guanidinylation reaction of
89—123 and 130-137

The general procedure for the synthesis of 89—123 and 130—137
is described in the literature [14,55]. The precursor amine 9a was
synthesized as described by Kraus et al. [11] For the synthesis of
precursor amines 9b, 11 and 12 see in the SM (Schemes S1 and S2).
The compounds 89-94, 112, 114, 117—123 and 130-137 were
directly Boc- or Trt-deprotected as described in the general pro-
cedure for the preparation of the title compounds without analyt-
ical characterization of the Boc-/Trt-protected intermediates. The
used amounts of the respective substrates and reagents are
described in the characterization of 138—143,161,163,166—172 and
179186, respectively.

4.2.8. (R)-1-(tert-Butoxycarbonylamino((3-(2-tert-
butoxycarbonylamino-4-methylthiazol-5-yl )propyl Jamino)
methylene)-3-(1-phenylethyl)urea (96)

Compound 96 was prepared from 9a (1.29 g, 4.75 mmol), 55
(1.60 g, 4.75 mmol), HgCl, (1.29 g, 4.75 mmol) and TEA (1.98 mL,
14.25 mmol) in DCM (50 mL) conforming to the general procedure
(Rf=0.45 in DCM/MeOH/NH3 99/1/0.1) yielding a yellow 0il (2.02 g,
76%). TH NMR (300 MHz, CDCl3) 6 (ppm) 12.08 (br s, 1H), 10.33 (br's,
1H), 8.12 (br s, 1H), 7.42—7.13 (m, 5H), 5.59 (br s, 1H), 4.91 (quint,
J=71Hz,1H),3.35(q,J = 6.6 Hz, 2H), 2.71 (t,] = 7.3 Hz, 2H), 2.23 (s,
3H), 1.87 (quint, J = 7.2 Hz, 2H), 1.51 (s, 9H), 1.47 (d, ] = 7.0 Hz, 3H),
1.44 (s, 9H). 3C NMR (75 MHz, CDCl3) & (ppm) 163.84, 157.50,
154.45, 153.42, 152.69, 144.52, 142.00, 128.57, 126.95, 125.92,
123.25, 82.45, 82.22, 49.57, 39.61, 30.76, 28.27, 28.06, 23.27, 22.81,
14.54. HRMS (ESI-MS): m/z [M + H™] calculated for Cy7H41NgOsS™:
561.2854, found 561.2863; C27H40N505S (560.71).

4.2.9. 1-(tert-Butoxycarbonylamino((3-(2-tert-
butoxycarbonylamino-4-methylthiazol-5-yl)propyl)Jamino)
methylene)-3-(1-(3-fluorophenyl )ethyl)urea (108)

Compound 108 was prepared from 9a (0.32 g, 1.19 mmol), 67
(0.42 g, 1.19 mmol), HgCl, (0.32 g, 1.19 mmol) and TEA (0.50 mL,
3.58 mmol) in DCM (10 mL) conforming to the general procedure
(Rf = 0.12 in DCM/MeOH/NH3 99/1/0.1) yielding a colorless oil
(0.21 g, 36%). "H NMR (400 MHz, CDCl3) § (ppm) 12.02 (s, 1H), 10.25
(s, 1H), 8.18 (s, 1H), 7.32—6.84 (m, 4H), 5.67 (s, 1H), 4.89 (quint,
J =71 Hz, 1H), 3.43—-3.30 (m, 2H), 2.71 (t, ] = 7.3 Hz, 2H), 2.22 (s,
3H), 1.88 (quint, ] = 7.1 Hz, 2H), 1.50 (s, 9H), 1.46 (d, J = 3.5 Hz, 3H),
144 (s, 9H). C NMR (101 MHz, CDCl3) 6 (ppm) 163.03 (d,
J = 245.7 Hz), 157.54, 154.57, 153.36, 147.43 (d, ] = 6.5 Hz), 141.88,
130.02 (d, J] = 8.2 Hz), 123.17, 12149 (d, ] = 2.7 Hz), 113.73 (d,
J =212 Hz),112.79 (d, ] = 21.8 Hz), 82.61, 82.20, 49.22, 41.01, 30.73,
28.24, 28.04, 23.22, 22.74, 14.47. HRMS (ESI-MS): m/z [M + H']
calculated for Cy7H40FNgOsS*: 579.2759, found 579.2775;
C27H39FNGOsS (578.70).
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4.2.10. General procedure of the thiocarbamoylation (124—129)

The Boc-protected guanidine 10 (1 equiv; synthesized as
described by Kraus et al. [11]) and the respective isothiocyanate
8388 (1 equiv) were dissolved in DCM and refluxed for 3—4 days.
After the reaction was complete (TLC monitoring), the solvent was
evaporated and the crude product was purified by column chro-
matography (DCM/MeOH 100/0—98/2). The NMR peaks in the 'H
and ®C NMR are split due to thione-thiol tautomerism, as already
described in the literature [55]. For 'H NMR each pair of peaks was
integrated jointly. For 13C NMR just one peaks series was taken and
described.

4.2.11. (R)-1-(tert-Butoxycarbonylamino((3-(2-tert-
butoxycarbonylamino-4-methylthiazol-5-yl)propyl Jamino)
methylene)-3-(1-phenylethyl)thiourea (125)

The title compound was prepared from 10 (0.12 g, 0.28 mmol)
and 84 (0.05 g, 0.28 mmol) in DCM (10 mL) according to the general
procedure (Rf = 0.48 in DCM/MeOH 99/1). 125 was yielded as
yellow oil (50 mg, 31%). "H NMR (300 MHz, CDCl3) 6 (ppm) 13.00 (s,
1H), 10.48 (br s, 1H), 8.48 (t,] = 5.7 Hz, 1H), 7.38—7.26 (m, 5H), 6.65
(d,J=7.0Hz,1H), 5.16 (q,] = 7.0 Hz, 1H), 3.21-3.06 (m, 2H), 2.55 (q,
J = 7.5 Hz, 2H), 2.19 (s, 3H), 1.91-1.79 (m, 2H), 1.51 (s, 9H), 1.51 (s,
3H), 1.47 (s, 9H). 13C NMR (75 MHz, CDCl3) é (ppm) 183.54, 157.65,
154.85, 153.71,153.40, 152.74, 143.87,128.52, 126.47, 125.61, 122.91,
83.30, 82.29, 53.28, 39.69, 30.46, 29.72, 28.29, 28.03, 22.73, 14.49.
HRMS (ESI-MS): m/z [M + HT] calculated for Cy7H41Ng04S3:
5772625, found 577.2631; Co7H40 NO4S; (576.78).

4.2.12. General procedure for the Boc-/Trt-deprotection to obtain
the title compounds 138—172 and 179-186

The general procedure for the synthesis of 138—172 and
179—186 by Boc-/Trt-deprotection is described in the literature
[14,39,55]. All compounds, with exception of 149 and 155, were
purified by preparative HPLC (MeCN/0.05 or 0.1% aqueous TFA and
obtained as di-trifluoroacetates (method A). 149 and 155 were
purified as follows: The crude product was subjected to column
chromatography under basic conditions (DCM/MeOH/NH3 90/10/
0.1). The free base was dissolved in 2—3 mL dioxane and precipi-
tated after dropwise addition of 2 N HCI in diethyl ether. The
resulting dihydrochloride was separated and washed with diethyl
ether (3 x 5 mL) (method B).

4.2.13. 1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)
methylene)-3-(1-pentyl)urea (139)

90 was prepared from 9a (0.05 g, 0.17 mmol), 49 (0.05 g,
0.17 mmol), HgCl, (0.09 g, 0.34 mmol) and TEA (0.07 mlL,
0.51 mmol) in DCM (25 mL) conforming to the general procedure
for the guanidinylation reaction. Subsequently, 139 was prepared
from the Boc-protected intermediate 90 in DCM (4.0 mL) and TFA
(1.0 mL) according to the general procedure (method A) and ob-
tained as a colorless foamlike solid (140 mg, 49%): RP-HPLC: 99%,
(tr = 1114, k 2.47). '"H NMR (600 MHz, DMSO-ds, di-
trifluoroacetate) 6 (ppm) 10.46 (s, 1H), 9.40—8.79 (m, 3H), 8.52 (s,
2H), 7.48 (s,1H), 3.24 (q,] = 6.6 Hz, 2H), 3.09 (q, ] = 6.6 Hz, 2H), 2.59
(t,J=17.5Hz, 2H), 2.08 (s, 3H), 1.73 (quint, ] = 7.3 Hz, 2H), 1.43 (quint,
J = 7.2 Hz, 2H), 1.32—1.19 (m, 4H), 0.86 (t, ] = 7.1 Hz, 3H). >°C NMR
(151 MHz, DMSO-dg, di-trifluoroacetate) 6 (ppm) 167.82, 159.12 (q,
J=32.4Hz,TFA), 153.83,153.69,131.95,116.89 (q, ] = 298.1 Hz, TFA),
116.28, 39.93, 39.16, 28.82, 28.59, 28.37, 21.98, 21.74, 13.86, 11.44.
HRMS (ESI-MS): m/z [M + H'] calculated for Ci4H27NgOS™:
327.1962; found 327.1964; C14H26NgOS x 2 TFA (554.51).

4.2.14. (R)-1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)
amino)methylene)-3-(1-phenylethyl))urea (145)
145 was prepared from 96 (2.02 g, 3.60 mmol) in DCM (16.0 mL)
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and TFA (4.0 mL) according to the general procedure (method A)
and obtained as a colorless foamlike solid (210 mg, 74%): RP-HPLC:
99%, (tg = 11.14, k = 2.53), ee = 99%, [a] 2°p +26.54 (c 0.31, MeOH).
TH NMR (300 MHz, CD30D, di-trifluoroacetate) 6 (ppm) 7.59—6.96
(m, 5H), 4.88—4.84 (m, 1H), 3.34—3.25 (m, 2H), 2.69 (t, ] = 7.5 Hz,
2H), 2.16 (s, 3H), 1.87 (quint, J = 7.1 Hz, 2H), 1.47 (d, ] = 7.0 Hz, 3H).
13C NMR (75 MHz, CD30D, di-trifluoroacetate) 6 (ppm) 170.38,
155.99, 154.73, 144.89, 132.62, 129.68, 128.38, 127.03, 118.40, 51.17,
41.44, 29.89, 23.58, 22.70, 11.45. HRMS (ESI-MS): m/z [M + H*]
calculated for C;7H25Ng0S™: 361.1805, found 361.1802; C17H24Ng0S
x 2 TFA (588.53).

4.2.15. 1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)
methylene)-3-(1-(3-fluorophenyl)ethyl)urea (157)

157 was prepared from 108 (0.21 g, 0.36 mmol) in DCM (8.0 mL)
and TFA (2.0 mL) according to the general procedure (method A)
and obtained as a colorless foamlike solid (100 mg, 45%): RP-HPLC:
99%, (tx = 9.50, k = 2.56). 'H NMR (400 MHz, CDsOD, di-
trifluoroacetate) 6 (ppm) 7.38—7.28 (m, 1H), 7.16—6.94 (m, 3H),
491 (q, 1H), 2.69 (t, ] = 7.6 Hz, 2H), 2.15 (s, 3H), 1.94—1.81 (m, 2H),
147 (d, J = 7.0 Hz, 3H). 3C NMR (101 MHz, CD3OD, di-
trifluoroacetate) ¢ (ppm) 168.92, 162.98 (d, ] = 244.6 Hz), 162.07
(q, ] = 34.6 Hz, TFA), 154.54, 153.34, 146.50 (d, ] = 6.8 Hz), 131.26,
129.98 (d, J = 8.2 Hz), 12144 (d, J = 2.9 Hz), 116.95, 116.59 (q,
J = 291.7 Hz, TFA), 113.50 (d, J = 21.3 Hz), 112.42 (d, ] = 22.2 Hz),
49.34(d,] = 1.2 Hz), 48.03, 40.00, 28.43, 22.13, 21.03,10.02. 'F NMR
(377 MHz, CDsOD, di-trifluoroacetate) ¢ (ppm) -75.42
(TFA), —113.47. HRMS (ESI-MS): m/z [M + H'] calculated for
C17H4FNgOS™: 379.1711, found 379.1711; Cy7Hy3FNgOS x 2 TFA
(606.52).

4.2.16. (R)-1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)
amino)methylene)-3-(1-phenylethyl)thiourea (174)

174 was prepared from 125 (0.05 g, 0.09 mmol) in DCM (4.0 mL)
and TFA (1.0 mL) according to the general procedure and obtained
as a colorless solid (30 mg, 57%), mp 75—78 °C, RP-HPLC: 95%,
(tr = 14.18, k = 3.49), ee = 99%, [«]*°p +20.30 (c 0.34, MeOH). 'H
NMR (300 MHz, CD30D, di-trifluoroacetate) ¢ (ppm) 7.42—7.19 (m,
5H), 5.45 (q, ] = 7.5, 7.0 Hz, 1H), 3.36 (t, ] = 6.7 Hz, 2H), 2.74 (t,
J = 7.6 Hz, 2H), 2.17 (s, 3H), 1.91 (quint, | = 6.9 Hz, 2H), 1.54 (d,
J = 7.0 Hz, 3H). '3C NMR (75 MHz, CD30D, di-trifluoroacetate)
6 (ppm) 179.76, 170.37, 156.02, 143.45, 132.68, 129.70, 128.58,
127.48, 118.35, 54.90, 41.74, 29.71, 23.71, 21.84, 11.53. HRMS (ESI-
MS): m/z [M + H'] calculated for Ci7H25NgS3: 377.1577, found
3771578; C17H24N652 X 2 TFA (604.59).

4.2.17. 1-(Amino((3-(2-aminothiazol-4-yl)phenyl)amino)
methylene)-3-(1-propyl)urea (179)

130 was prepared from 11 (0.06 g, 0.29 mmol), 48 (0.08 g,
0.29 mmol), HgCl, (0.16 g, 0.58 mmol) and TEA (0.12 mlL,
0.87 mmol) in DCM (25 mL) conforming to the general procedure
for the guanidinylation reaction. Subsequently, 179 was prepared
from the Boc-protected intermediate 130 in DCM (4.0 mL) and TFA
(1.0 mL) according to the general procedure (method A) and ob-
tained as a colorless foamlike solid (40 mg, 25%): RP-HPLC: 99%,
(tg = 13.87, k = 3.78). 'TH NMR (600 MHz, DMSO-ds, di-
trifluoroacetate): 6 (ppm) 10.74 (s, 1H), 10.15 (s, 1H), 8.97 (br s,
1H), 8.62 (br s, 1H), 7.80—7.78 (m, 1H), 7.73—7.72 (m, 1H), 7.60 (t, 1H,
J=5.56 Hz), 749 (t,] = 7.74 Hz, 1H), 7.24—7.23 (m, 1H), 7.15 (s, 1H),
3.10—3.06 (m, 2H), 1.49—1.43 (m, 2H), 0.86 (t, ] = 7.50 Hz, 3H). 13C
NMR (150 MHz, DMSO-dg, di-trifluoroacetate): 6 (ppm) 168.70,
153.60, 153.50, 147.00, 135.50, 134.00, 130.10, 124.84, 124.81,123.00,
103.00, 41.00, 22.20, 11.20. HRMS (ESI-MS): m/z [M + H*] calculated
for C14H19NgOS™: 319.1336, found 319.1346; C14HgNgOS x 2 TFA
(546.45).
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4.2.18. 1-(Amino((2-amino-4,5,6,7-tetrahydrobenzo[d]thiazol-6-yl)
amino)methylene)-3-(1-hexyl)urea (185)

136 was prepared from 12 (0.07 g, 0.44 mmol), 50 (0.14 g,
0.44 mmol), HgCl, (0.24 g, 0.88 mmol) and TEA (0.18 mlL,
1.32 mmol) in DCM (25 mL) conforming to the general procedure
for the guanidinylation reaction. Subsequently, 185 was prepared
from the Boc-protected intermediate 136 in DCM (4.0 mL) and TFA
(1.0 mL) according to the general procedure (method A) and ob-
tained as a colorless foamlike solid (46 mg, 18%): RP-HPLC: 95%,
(tg = 1710, k = 4.90). 'H NMR (600 MHz, DMSO-dg, di-
trifluoroacetate): 6 (ppm) 10.17 (s, 1H), 9.07 (s,1H), 8.67 (br s, 4H),
7.50 (s, 1H), 4.05—4.04 (m, 1H), 3.09—3.06 (m, 2H), 2.89—2.86 (m,
1H), 2.60—2.51 (m, 3H), 1.97—1.83 (m, 2H), 1.42—-1.39 (m, 2H),
1.29-1.24 (m, 6H), 0.86—0.84 (m, 3H). *C NMR (150 MHz,
DMSO-dg, di-trifluoroacetate): 6 (ppm) 168.90, 154.20, 153.70,
136.50, 112.00, 46.90, 39.49, 31.30, 29.30, 28.40, 26.80, 26.30, 22.50,
21.70, 14.30. HRMS (ESI-MS): m/z [M + H'] calculated for
C15H27NGOS+Z 339.1962, found 339.1962; Ci5H6NgOS x 2 TFA
(566.52).

4.3. Biological assays: experimental protocols

Cell culture. Cells were cultured in 75 cm? flasks (Sarstedt,
Niimbrecht, Germany) in a humidified atmosphere (95% air, 5%
CO,) at 37 °C. HEK293T-B-Arr2-hHyR cells [43—45], HEK293T
ElucN-Barr2 hDjjongR-ELucC cells [54] and HEK293T ElucN-Barr2
hD3R-ELucC cells [54] were cultured as described previously and
regularly monitored for mycoplasma infection using the Venor
GeM Mycoplasma Detection Kit (Minerva Biolabs, Berlin, Germany).

Radioligand binding assays. Histamine Hj.4 receptors. Radio-
ligand competition binding experiments using membranes of Sf9
insect cells co-expressing hHiR and RGS4, expressing hHR-Ggys,
co-expressing hHsR, Gaj, and GBqy, or co-expressing hHyR, Gaip
and GBqy; were performed according to published protocols
[14,39]. The following radioligands were used: [*H]mepyramine
(hH4R, specific activity: 20 Ci/mmol, Hartmann Analytics,
Braunschweig, Germany or specific activity: 75—87 Ci/mmol,
Novandi Chemistry AB, Sodertilje, Sweden), [*H]JUR-DE257 [38]
(hH3R, specific activity: 63.0 Ci/mmol, was synthesized in our lab-
oratories), [*H]N*-methylhistamine (specific activity: 85.3 Ci/
mmol, Hartmann Analytics) or [?HJUR-PI294 [40] (hH3R, specific
activity: 41.8 Ci/mmol, was synthesized in our laboratories) and
[*H]histamine (hHy4R, specific activity: 25 Ci/mmol Hartmann An-
alytics). Modifications were made as follows: the washing steps
were performed with PBS (8 g NaCl, 0.2 g KCI, 1.0 g Na,HPO4 x 2H50,
0.15 g NaH,PO4 x H,0, 0.1 g KHyPO4 in 1 L Millipore H,O; pH 7.4;
4 °C) instead of binding buffer.

Dopamine Dpjong, 3 receptors. Radioligand competition binding
experiments using homogenates of HEK293T-CRE-Luc cells
expressing hDjongR or hD3R were performed as described in detail
by Forster et al. [54] [°H]N-methylspipirone (specific activity: 77 Ci/
mmol) was from Novandi Chemistry AB.

[3°S]GTPYS binding assay. The [*°S]GTPyS binding assay was
performed using membranes of Sf9 insect cells expressing the
hH,R-Gg,s fusion protein as described in detail by Kagermeier et al.
[14] [3>S]GTPyS was from PerkinElmer Life Science (Boston, USA) or
Hartmann Analytics.

B-Arrestin recruitment assay. The B-arrestin recruitment as-
says using HEK293T-B-Arr2-hH,R cells [43,45], HEK293T ElucN-
Barr2 hDjjongR-ELucC cells [54] or HEK293T ElucN-Barr2 hDs3R-
ELucC cells [54] were performed as described previously.

Histamine Hj receptor assay on the isolated guinea pig right
atrium (spontaneously beating). This functional assay was per-
formed as previously described in detail [39].

Data processing. Compound purities were calculated as the
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percentage peak area of the analyzed compound by UV detection at
220 nm. Retention factors (k) were calculated from retention times
(tr) according to k = (tr - to)/to, to = dead time. Data from radio-
ligand binding assays (Hi-4R [39]; Daiong, 3R [54]), [3°SIGTPyS
binding assay [39,43], B-arrestin 2 recruitment assays (hHzR
[43,45]; Daiong, 3R [54]), and from H3R assay on isolated guinea pig
right atrium [39] were processed as reported previously.

Nomenclature. Due to their importance as lead compounds
(structurally or pharmacologically), the following compounds
receive a special compound code: 139 = UR-KAT523, 140 = UR-
CH20, 143 = UR-CH22, 145 = UR-P0563, 157 = UR-MB-69, 163 =
UR-SB291, 170 = UR-SB257, 172 = UR-KAT527.
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Abbreviations

a intrinsic activity

B-Arr2 or Barr2 B-arrestin2 gene and protein

0 chemical shift in ppm

APCI atmospheric pressure chemical ionization
Ar argon

AU absorption units

Boc tert-butoxycarbonyl

cat catalyst

CDCl3 deuterated chloroform

cf. confer/conferatur

CRE-Luc cAMP-response element driven transcriptional
luciferase reporter

CD30D deuterated methanol

CNS central nervous system

cmpd compound

DAD diode array detector

DCM dichloromethane

DEPT distortionless enhancement by polarization transfer

DIPEA diisopropylethylamine or Hiin

DMF dimethylformamide

DMSO dimethyl sulfoxide

DMSO-dg deuterated DMSO

DyR dopamine receptor subtype x

e.g. exempli gratia

EI electron ionization

Eluc Emerald luciferase

ElucC C-terminal Eluc fragment

ElucN N-terminal Eluc fragment

ESI electrospray ionization

EtOAc ethyl acetate

equiv equivalent

EtOH ethanol

Galp a-subunit of the Gj, protein that mediates inhibition of
adenyl cyclase

GB1y2 G protein B1-and y;-subunit

gp guinea pig

Gsos a-subunit (short splice variant) of the Gg protein that
mediates stimulation of adenylyl cyclase

GPCR G protein coupled receptor

GTPyS guanosine 5’-O-[gamma-thio]phosphate

h human

HR histamine receptor

HEK293T human embryonic kidney 293T cells

HPLC high-performance liquid chromatography

HRMS high-resolution mass spectrometry

HxR histamine receptor subtype x

J coupling constant (NMR)

k retention (or capacity) factor (HPLC)

Ky acid dissociation constant

Ky dissociation constant obtained from functional assays

Kq dissociation constant obtained from a saturation
binding experiment

K; dissociation constant obtained from a competition
binding experiment

LC liquid chromatography

MeCN acetonitrile

MeOH methanol

MS mass spectrometry

m/z mass-to-charge ratio

NMR nuclear magnetic resonance

PE petroleum ether

PECso negative logarithm of the half-maximum activity

concentration in M
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pH potential or power of hydrogen

pK, negative logarithm of the K,

pKp negative logarithm of the K in M

pKi negative logarithm of the Kj in M

ppm parts per million

R residue

R¢ retention factor (in TLC) RGS4 regulator of G protein

signaling proteins 4
RP-HPLC reversed-phase HPLC

rt room temperature

Q-TOF quadrupole time of flight

SEM standard error of the mean

Sf9 Spodoptera frugiperda insect cell line

SM supplementary material

to dead time

TEA triethylamine

TLC thin layer chromatography

TFA trifluoroacetic acid

tr retention time

Trt trityl

UHD ultra high definition
ultraviolet
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