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1 Introduction 

1.1 General Information on G Protein Coupled Receptors, the Histamine 

Receptor Family, and the Histamine H2 Receptor 

G protein coupled receptors (GPCRs) constitute one of the most important class of bioactive 

complexes in humans, consisting of seven hydrophobic transmembrane (TM) domains with 

three extracellular and three intracellular loops.1-2 The extracellular and the transmembrane 

domains are important for ligand binding (e.g. biogenic amines, peptides, hormones, or lipids).3 

The intracellular domains are involved in signaling and feedback mechanisms.3 

Their versatile role in cell signal transduction makes these proteins valuable pharmacological 

targets for the pharmaceutical industry (~35% of Food and Drug Administration- and European 

Medicines Agency-approved drugs) and in academic research.1-2 A well-studied GPCR 

subclass is the histamine receptor family (H1R, H2R, H3R, and H4R), which belongs to the 

rhodopsin-like family (class A) and interacts with histamine (1.1) as the endogenous ligand.4-7 

The H1R is expressed on the surface of a wide variety of cell types, including epithelial, vascular 

endothelial, smooth vascular, neuronal, glial, and immune cells.8-9 H1R is therapeutically best 

known for its role in allergic and anaphylactic responses as well as nausea and vomiting due 

motion sickness.9-10 The H2R is located on neuronal, epithelial, endothelial, immune, smooth 

muscle, and gastric parietal cells and is involved in the regulation of gastric acid secretion, heart 

rate and contraction force, and blood pressure.9, 11 The H3R is mostly expressed in the brain 

(e.g. basal ganglia, hippocampus, cortex, and striatal area) and linked to various 

neurophysiological processes, including cognition, sleep-wake cycle, weight regulation, and 

energy homeostasis.9, 12 To a lesser extent, the H3R is also expressed in the periphery, like e.g., 

the bronchial and cardiovascular system and gastrointestinal tract.9, 13 Finally, the H4R is found 

to be predominantly expressed in bone marrow and hematopoietic cells (e.g. eosinophils, mast 

cells, basophils, neutrophils, dendritic cells, monocytes, and T cells).9, 14-15 

Although the H2R is a well-studied receptor, its function in the central nervous system (CNS) 

is still elusive. To gain a better understanding, selective ligands which may cross the blood 

brain barrier as well as studies in laboratory animals are necessary. A major challenge is that 

the different H2R species isoforms interact in a similar way with their endogenous ligand 

histamine (1.1) and synthetic antagonists, but quite differently with most synthetic agonists.16-

17 One reason for this might be the difference in H2R species sequence identities within the 

several isoforms: canine (c, 359 amino acids (aa))18, human (h, 359 aa)19, rat (r, 358 aa)20, 

guinea pig (gp, 359 aa)21, mouse (m, 358 aa)22, chicken (369 aa)23, and zebra fish (410 aa)24. 
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The amino acid sequence alignments of human H2R and its orthologs revealed moderate (<60% 

for zebra fish and chicken) to high (>80% for canine, guinea pig, rat, and mouse) overall 

sequence identity.9 The highest conservation exists within the seven α-helical transmembrane 

domains (sequence identity of more than 90%), whereas the N-terminal domain together with 

the extracellular end of TM1 and the C-terminal domain are the least conserved regions. Since 

the canine, guinea pig, rat, and mouse H2Rs possess a high sequence overlap with the human 

H2R, these animals (especially the rodents) should be well suited for studying the function of 

H2R in the brain. 

 

1.2 The Histamine H2 Receptor in the Brain 

The H2R is widely expressed in the brain and the spinal cord, which was visualized in rats, 

guinea pigs, dogs, and humans by mapping with radioligands (e.g. [125I]iodaminopotentidine 

([125I]1.27)) as well as with Northern hybridization (quantification of messenger ribonucleic 

acid in tissues).5, 25-27 It was found that the H2Rs are located primarily on the bodies of neuronal 

cells.28 The highest density of H2Rs is concentrated in the basal ganglia, especially in the 

caudate-putamen and nucleus accumbens as well as in parts of the limbic system, e.g. 

hippocampus, amygdala, and cerebral cortex.5, 25 The lowest amounts are found in the 

cerebellum and the hypothalamus.5, 25 

Stimulation of the H2R has mostly excitatory effects or potentiates excitation.29 H2Rs in the 

brain couple to Gs proteins, which stimulate the adenylyl cyclase (AC).30-33 The downstream 

elements of AC stimulation (3`,5`-cyclic AMP (cAMP), protein kinase A (PKA) and cAMP 

response element binding protein (CREB)) are key regulators of neuronal physiology and 

plasticity through interaction with e.g. SK-34-35 , HCN2-36-37, and Kv3.2-ion-channels38. 

Moreover, Selbach et al. published, that histamine (1.1) induced excitation in rat hippocampal 

subfield Cornu Ammonis 1 pyramidal cells could be prevented by the H2R antagonist 

cimetidine (1.20) and mimicked by the H2R agonist impromidine (1.7). In addition, positive 

effects of the H2-antagonist famotidine (1.23) against schizophrenia and an improvement in L-

DOPA-induced dyskinesia are reported in the literature.39-47 Furthermore, it was observed that 

H2R knockout mice exhibit selective cognitive deficits, an impairment in hippocampal long-

term potentiation48, abnormalities in pain perception49-50 as well as unusual gastric and immune 

functions39, 51-53. 

Since most H2R ligands hardly pass the blood-brain barrier and possess a lack of receptor 

selectivity (for more details see Chapter 1.5: Histamine H2 Receptor Agonists), the behavioral 

testing of H2R functions in vivo remains a great challenge. Therefore, the development of 
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centrally active H2R ligands as pharmacological tools will be necessary to study the role of this 

receptor in the brain. 

 

1.3 The Signaling Pathways of the Histamine H2 Receptor 

The H2R predominantly couples to the Gs the proteins54 leading to an activation of the AC 

and production of cAMP in various cell types, e.g. CNS-derived cells, gastric mucosa, cardia 

myocytes, fat cells, vascular smooth cells, basophils and neutrophils.55-56 Increased cAMP 

concentrations activate PKA, which is the downstream effector kinase of this pathway, 

phosphorylating a wide variety of proteins, e.g. CREB, in the above mentioned cells.56 

In addition, the H2R also couples to Gq/11 proteins, resulting in inositol triphosphate (IP3) 

formation and an increase of the cytosolic Ca2+ concentration in some, but not all, H2R 

expressing cells.54, 57-62 On the other hand, also interactions with Gi and G12 proteins in human 

embryonic kidney (HEK) 293 cells were previously reported, using a sensitive bioluminescence 

resonance energy transfer (BRET) technique54 and the constitutive activity of the H2R was 

observed in some other recombinant test systems.17, 63-64 

Continuous or repeated stimuli of the H2R lead to receptor phosphorylation (specifically 

serine/threonine residues in the third intracellular loop and C-terminal tail (T308 and T315 in 

cH2R
65) by G protein-coupled kinases (GRK) 2 and 3.65-67 In turn, GRK-mediated 

phosphorylation facilitates the binding of the third intracellular loop and the C-terminal tail of 

the receptor to β-arrestin1 and 2, which leads to physical uncoupling of the receptor from the G 

protein.65, 68-69 Another event that occurs after H2R stimulation is receptor internalization, in 

which the receptor is translocated from the plasma membrane to endosomes. Previous studies 

have demonstrated that the H2R is internalized via a dynamin- and clathrin-dependent 

mechanism (most likely via clathrin-coated pits).68, 70 Moreover, for U937 or Chinese hamster 

ovary (CHO) cells expressing both H1- and H2-receptors, GRK2-dependent cross-

desensitization between both receptors and subsequent co-internalization by forming 

heterodimers was demonstrated.71 However, the exact mechanism by which H2R is internalized 

could not be elucidated until today. 

 

1.4 Biased Signaling of the Histamine H2 Receptor 

In the classical ternary complex model for receptor activity (two-state model), agonist 

activation of the receptor requires three principal components to initiate signaling: ligand, 

receptor, and signaling protein (e.g. G protein or β-arrestin).72 Ligand binding to the receptor 

influences the equilibrium between the two receptor states: agonists shift the equilibrium 
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towards the active conformation, while inverse agonists favor the inactive conformation and 

neutral antagonists bind to both without a clear preference. This model distinguishes between 

an active receptor state, which can bind to and activate transducers, and an inactive receptor 

state, which is incapable of signaling. Thus, different agonists induce the same downstream 

response(s), but the strength of the response varies depending on the specific ligand. 

Progress in molecular biology provided recombinant test systems allowing the independent 

observation of multiple ligand induced receptor behaviors, including activation of different G 

proteins (Gs, Gi/o, Gq/11, and G12/1373), arrestins (arrestin1-474) or other effects like receptor 

phosphorylation (GRK 1-775) and internalization.69, 76 This refined methodology revealed 

discrepancies of the reported function of certain ligands when different cellular effectors were 

independently analyzed.69 Some of the earlier observations, e.g. receptor internalization by 

ligands described as antagonists, differential activation of ACs or phospholipase C (PLC) 

through ligands acting on the same receptor, or the G protein independent activation of arrestins, 

are incompatible with the existence of a single active state of a receptor.77 According to the 

current understanding, receptors rather exist in ensembles of multiple conformations that 

interact with various downstream effectors.78-79 In this “multistate model” the functional 

selectivity of a ligand is explained by its ability to stabilize distinct conformations of the 

receptor leading to an activation of only a subset of cellular signaling proteins.78, 80-81 Such 

molecules, which preferably induce one specific receptor signaling pathway over others, are 

referred to as “biased” ligands. 

In the long history of research on the H2R, several biased ligands were identified, e.g. some 

of which modulate the receptor internalization pathways in different ways. On the one hand, 

amthamine (1.4) mainly induces recycling of receptors to the cell surface, whereas famotidine 

(1.23) stimulation results in receptor downregulation.9, 82 In addition to these observations, 

several monomeric and dimeric H2R ligands were recently investigated for biased agonism 

regarding G protein activation ([35S]GTPγS assay) and β-arrestin recruitment (split luciferase-

based assay).69 While all antagonists were unbiased, the investigated acyl- and carbamoyl-

guanidine-based agonists revealed varying degrees of G protein bias.69 Further investigation of 

such biased ligands might lead to an application as molecular tools to generate a deeper 

understanding of a specific receptor, or contribute to the development of more selective drugs 

with an improved safety profile. 
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1.5 Histamine H2 Receptor Agonists 

The known H2R agonists can be divided into a total of four chemical classes: the amine- (1.1-

1.5), the guanidine- (1.6-1.10), the acylguanidine- (1.11-1.14), and the carbamoylguanidine- 

(1.15-1.18) type agonists (cf. Figure 1.1). The first developed H2R agonists were of the amine-

type and were very similar in size and structure to the endogenous ligand histamine (1.1), e.g. 

4-methylhistamine (1.2) and dimaprit83 (1.3). Incorporation of the isothiourea partial structure 

of 1.3 into a heterocycle led to amthamine (1.4).84 Further replacement of the sulfur atom in 1.4 

by selenium (cf. amselamine (1.5)) was found to result in similar activity.85 Replacement of the 

free amine by a guanidine group resulted in Smith, Kline & French (SK&F) 91486 (1.6),86 

which is the first member of the second class of H2R agonists and served for more than three 

decades as prototypic pharmacophore for the development of high affinity guanidine-type H2R 

agonists, e.g. impromidine (1.7) or arpromidine (1.8).87-88 Until today, 1.7 is the only agonist, 

which was effective in clinical studies for the treatment of catecholamine-refractory myocardial 

insufficiency.89 However, its unfavorable side effect profile, such as massive gastric acid 

production and arrhythmias, prevented 1.7 from being approved as a drug.89 Another problem 

of guanidine-type H2R ligands is their high basicity (pKa ~ 13) which leads to nearly 

quantitative protonation at physiological pH and has a negative effect on their bioavailability 

and CNS permeability.90-92 To solve this problem, a carbonyl function adjacent to the guanidine 

moiety was introduced, which lowered the basicity by 4-5 orders of magnitude (pKa ~ 892-93, 

e.g. UR-AK2492 (1.11)). Such NG-acylated guanidines (third class of H2R agonists) can be 

absorbed from the gastrointestinal tract and are capable of penetrating the blood brain barrier.92 

However, this class of molecules turned out to undergo hydrolytic cleavage in aqueous 

solution.94-95 Finally, replacement of the acylguanidine moiety by a carbamoylguanidine group 

(pKa ~ 8) resulted in chemically stable H2R ligands (fourth class).94-95 The linkage of two 

pharmacophores with an alkyl spacer resulted in dimeric ligands (guanidine- (e.g. SK&F 

9308296 (1.9)), acylguanidine- (e.g. UR-AK48097 (1.12)), and carbamoylguanidine-type (e.g. 

UR-NK6094 (1.15))) with increased potency at the H2R compared with their monomeric 

counterparts.94, 97-98 This high potency might result from an interaction of the ligand with a 

second binding site at the same receptor because the simultaneous occupation of two orthosteric 

binding sites in a H2R dimer is unlikely due to the short spacer length (necessary spacer length 

is about 20 CH2 groups).99 

After the discovery of the histamine H3 and H4 receptors, it was found that almost all H2R 

agonists showed high affinities for the new receptors with amthamine being the only 

exception.100 To generate subtype selective ligands, the imidazole ring of the guanidines and 
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NG-acylated or NG-carbamoylated analogues was bioisosterically replaced by the 2-amino-4-

methylthiazole group (UR-Po44898 (1.10), UR-AK477101 (1.13), UR-AK38197 (1.14), UR-

NK2294 (1.16), UR-MB-6995 (1.17) and UR-KAT52395 (1.18)).101 

However, the 2-aminothiazole motif is also a part of some dopamine receptor agonists, e.g. 

pramipexole (1.19, for structure see Figure 1.1) which is used as a drug for treatment of 

Parkinson`s disease.102-103 Radioligand binding studies of selected H2R agonists with a 2-

aminothiazolyl ring (e.g. 1.1795 and 1.1895) revealed a considerable affinity for dopamine 

receptors of the D2-like family (D2, D3, and D4 receptors), especially D3 receptors.95, 104 To avoid 

experimental bias during the elucidation of the activity of the H2R in the brain, it is necessary 

to modify the structure of NG-carbamoylated agonists in such way that these ligands bind 

selectively to the H2R. 

 

 

Figure 1.1. Chemical structures of selected H2R agonists (1.1-1.18) and the D2-like (D2/3/4) 

receptor agonist pramipexole (1.19). 
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1.6 In Silico Studies of Histamine H2 Receptor Ligands 

Several docking experiments on the H2R with different ligands and objectives were carried 

out and reported in the literature, some of these studies were supported by mutagenesis studies. 

The results of these studies are summarized in the following four paragraphs. 

The first studies examined how the endogenous ligand, histamine (1.1), binds to the H2R and 

which amino acids of the H2R are crucial for the interaction with 1.1. On the basis of 

mutagenesis data and molecular modelling using a H2R model based on the H1R X-ray 

structure105, 1.1 is thought to bind in the orthosteric binding pocket with a different orientation, 

compared to the H1,3,4 receptors (cf. Figure 1.2).5, 106 In the proposed model, 1.1 binds in the 

binding pocket in a such way, that Nτ and Nπ form hydrogen bonds with D5.42 and T5.46, 

respectively, and the protonated aliphatic amino group forms a salt bridge with D3.32 (confirmed 

by mutagenesis studies) (cf. Figure 1.2).106-107 A possible interaction with Y5.38 instead of T5.46 

was also proposed (cf. Figure 1.3),16, 92, 101, 108-111 but this hypothesis was later weakened by 

mutagenesis studies, as the potencies of imidazole-containing ligands (e.g. 1.1) tested on the 

hH2R-Y5.38F mutant in [35S]GTPγS binding assay were unaffected in contrast to the hH2R-

T5.46A mutant.111-112 Moreover, it was reported that the increased distance between the 

negatively charged D5.42 and Nτ might lead to a reduced affinity for the H2R compared with the 

H3R and H4R (hH2R-GsαS: 6.58, hH3R: 7.59 and hH4R: 7.60).98, 113 
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Figure 1.2. Proposed binding modes of histamine (1.1) in the four histamine receptors as based 

on mutagenesis data and docking studies on the H1 receptor X-ray structure (protein data base 

(PDB) ID 3RZE105) and on homology models of the H2, H3, and H4 receptors based on the H1 

receptor X-ray structure. Residues are numbered as found in the human sequences and with the 

corresponding Ballesteros-Weinstein114 numbering. Reprinted with permission from ASPET, 

Pharmacol. Rev.5 

 

 
Figure 1.3. Docking modes of histamine (1.1) in the orthosteric binding pocket of the hH2R 

homology model based on the crystal structure of the nanobody-stabilized active state of the 

β2-adrenoceptor (PDB ID 3P0G)115. A: Histamine in the NπH tautomeric form forming H-bonds 

with D5.42 and Y5.38. B: Histamine in the NτH tautomeric form forming the H-bonds with D5.42 

and T5.46. Images taken from Ph.D. thesis of Dr. T. Holzammer.111 
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Another set of in silico studies investigated the binding mode of the 2-amino-4-

methylthiazole partial structure at the H2R and its influence on the subtype selectivity. Docking 

studies supported that the 2-amino-4-methylthiazole partial structure interacts with the H2R like 

a bioisoster for the imidazole partial structure.101 However, mutagenesis studies suggested a 

different binding mode for these heterocycles. In contrast to imidazole-type H2R ligands (e.g. 

histamine) the mutation of hH2R-T5.46A did not affect the potencies/efficacies of thiazole-type 

ligands (e.g. amthamine, but also dimaprit).112 On the other hand, the hH2R- Y5.38F mutation 

had also no significant effect on either heterocycle.111-112 Moreover, docking studies on receptor 

models of hH1-4R (hH2-4R: homology models based on the inactive state H1R crystal structure: 

3RZE) demonstrated that the different steric effects of the amino acids which enclose the 

orthosteric binding pocket, might be responsible for the subtype selectivity of the 2-amino-4-

methylthiazole containing ligands.98 While in the hH2R less voluminous residues are located in 

the positions 3.33, extracellular loop (ECL) 2.54 and ECL2.55 (V3.33, VECL2.54-QECL2.55), the 

hH1R, hH3R and hH4R possess more voluminous residues in these positions (hH1R: Y3.33, 

FECL2.54-YECL2.55, hH3R: Y3.33, FECL2.54-F193ECL2.55, and hH4R Y3.33, FECL2.54-FECL2.55).98 Finally, 

also the absence or altered location of important acidic amino acids in TM5 (in case of hH1R, 

hH3R and hH4R compared with the hH2R) might further contribute to the hH2R subtype 

selectivity of 2-amino-4-methylthiazole-containing compounds.98 

Another docking study examined why the guanidine-type ligands impromidine (1.7) and 

arpromidine (1.8) possess a higher potency at the H2R, if compared with the endogenous ligand 

histamine (1.1) and the guanidine analog SK&F 91486 (1.6). Furthermore, the authors 

investigated, why 1.7 and 1.8 are more potent and efficacious at the gpH2R than at the hH2R. 

The results of their docking studies stated that the imidazolylpropylguanidine moiety binds like 

histamine to the gpH2R, maintaining the key interactions with D3.32 (D98), D5.42 (D186) and 

T5.46 (T190) (cf. Figure 1.4).110 In addition, the imidazolylpropyl side chain fits into a pocket 

consisting of VECL2.54 (V176), Y6.51 (Y250), F6.52 (F251) and F6.55 (F254).110 Since 1.6 is only a 

weakly active partial H2R agonist, the phenyl(pyridyl)propyl substituent of 1.8 appears to 

increase the affinity to the receptor by an interaction with another aromatic pocket consisting 

of Y2.64 (Y78), Y3.28 (Y94), W7.40 (W275) and Y7.43(Y278) (cf. Figure 1.4b).110 Moreover, the 

combination of D7.36 (D271) and Y1.31 (Y17), which are only present in the gpH2R, might 

stabilize the active, impromidine-bound conformation by hydrogen bond formation with the 

NτH of the imidazole ring.16, 110 The modelling results presented in Figure 1.4a support that this 

interaction is the reason for the preference of 1.7 for the gpH2R over the hH2R. On the other 

hand, the pyridyl moiety of 1.8 might bind with an ion-dipole interaction to D7.36 (D271) (cf. 
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Figure 1.4b), indicating that a positive charge around the pyridyl region increases the potency 

at the gpH2R.110 Side-directed mutagenesis studies (hH2R-A7.36D-GsαS and hH2R-C1.31Y-GsαS 

(double) mutant(s)) and analysis of chimeric h/gpH2Rs confirmed the computer modeling 

results, proving that the combination of D7.36 (D271) and Y1.31 (Y17) accounts for the species 

selective action of guanidine-based ligands.16, 110, 116 

 

 

Figure 1.4. Putative binding of (a) impromidine (1.7) and (b) arpromidine (1.8), respectively, 

to the gpH2R. The TM regions are presented as ribbons in spectral colors: TM1-red, TM2-

orange, TM3-yellow, TM4-green blue, TM5-cyan, TM6-violet. Reprinted with permission 

from Bentham Science Publisher Ltd.110 

 
 

Finally, also the binding mode of the acylguanidine motif at the H2R was examined in an in 

silico study because in many cases a lower potency of acylguanidine-type ligands compared 

with their corresponding guanidine counterparts was observed.92 Surprisingly, the docking 

studies indicated that the acylguanidine moiety binds to the H2R exactly like the guanidine 

group.92 As a consequence, the authors postulated that the carbonyl group of the acylguanidine 

must be the reason for the reduced potency due to the restricted overall flexibility of the 

molecule.92 

 

1.7 Histamine H2 Receptor Antagonists 

In contrast to the H2R agonists, the H2R antagonists (1.20-1.23 and 1.25) revolutionized the 

drug market in the therapy of gastric ulcers (cf. Figure 1.5). With the approval of cimetidine 

(1.20) in 1976 (discovered by SK&F (now GlaxoSmithKline (GSK)), one of the first 

blockbusters of the pharma industry was created.117 However, cimetidine’s greatest drawback 

is the potent inhibition of certain cytochrome P450 enzymes.118 The follow-up drugs (ranitidine 

(1.21), nizatidine (1.22), famotidine (1.23), and roxatidine (1.25)) possess less than 10% of the 

negative effects on cytochrome P450 metabolism as 1.20 and could be applied in much lower 

dosage due to their superior affinity.118-119 The safety of the newer H2R antagonists even led to 
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the availability of some of these compounds as over-the-counter drugs.118 Nowadays, proton 

pump inhibitors like omeprazole have replaced the H2R antagonists as first line therapy due to 

their improved therapeutic profile.118 

In addition, several antagonists (1.24 and 1.26-1.31) for other/special applications were 

synthesized (cf. Figure 1.5), e.g. the slightly brain penetrating zolantidine120 (1.26), the 

radioligands [125I]iodoaminopotentidine25 ([125I]1.27), [3H]tiotidine121 ([3H]1.24) and [3H]UR-

DE257122 ([3H]1.29) and some fluorescence ligands123-127 (e.g. UR-KAT478 (1.30)) structurally 

derived from Bristol-Myers Squibb (BMY)-25368128 (1.28). However, some antagonists 

containing the piperidinomethylphenoxyalkylamine-motif (e.g. 1.2725, 1.29122, 1.30127 and 

lavoltidine (1.31)) showed insurmountable, specifically non-competitive, binding in functional 

and kinetic studies. Unfortunately, blocking of the H2R with such long-binding H2R antagonists, 

was found to be associated with the emergence of gastric cancer in rodents.129-131 Therefore, 

these molecules did not find any clinical applications. 

 

 

Figure 1.5. Chemical structures of selected H2R antagonists. *[3H]-labeled position(s). 

**[125I]-labeled position. 
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2 Discovery of a G Protein Biased Radioligand for the Histamine 

H2 Receptor with Reversible Binding Properties 

 

Currently employed histamine H2 receptor (H2R) radioligands possess several drawbacks, e.g. 

high non-specific, insurmountable binding, or short half-life. We report the synthesis and the 

chemical- and pharmacological characterization of the highly stable carbamoylguanidine-type 

radioligand [3H]UR-KAT479 ([3H]2.23), a subtype selective histamine H2 receptor G protein 

biased agonist. [3H]2.23 was characterized in saturation, kinetic and competition binding assays 

at human, guinea pig and mouse H2 receptors (co-)expressed in HEK293(T) cells. [³H]2.23 

reversibly bound to the respective H2Rs with moderate to high affinity (human/guinea 

pig/mouse: Kd 24/28/94 nM). In order to investigate the applicability of carbamoylguanidine-

type ligands in animal studies elucidating the role of the H2R in the brain, we performed a 

preliminary partitioning experiment in whole human/mouse blood, which indicated a low 

binding of [3H]2.23 to red blood cells. These properties turn [3H]2.23 into a powerful tool for the 

determination of binding affinities and demonstrate the promising pharmacokinetic profile of 

carbamoylguanidine-type ligands. 
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2.1 Introduction 

The human histamine H2 receptor (H2R) has been subject of many research studies due to its 

interesting and versatile physiological properties.1-2 It belongs to class A G protein-coupled 

receptors (GPCRs) and is expressed throughout the whole human body, including brain, uterus, 

airways, gastric parietal cells and the cardiac tissues.1-4 The stimulation of the H2R has positive 

inotropic and chronotropic effects in atrial and ventricular tissues5, but its most prominent effect 

is the stimulation of gastric acid secretion.2, 6 Therefore, many H2R antagonists were developed 

by academia and the pharmaceutical industry to treat the gastroesophageal reflux disease and 

gastroduodenal ulcers.1, 7 On the other hand, H2R agonists did not find broad application as drug 

molecules, but are used as molecular tools for pharmacological investigations and might 

contribute to a better understanding of the until today widely unknown role of the H2R in the 

CNS. 
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Within the last decades many radioactively labeled agonists (2.1-2.3) and antagonists (2.4-2.5, 

2.7-2.10) for the H2R were developed (Figure 2.1A).8-21 However, most of these ligands possess 

significant drawbacks which hamper their ability to study the H2R accurately: e.g. Wood et al. 

found that [3H]cimetidine (2.4) binds to an imidazole recognition site rather than to the H2R 

ligand binding domain.11 Furthermore, the H2R affinities and potencies of histamine (2.1) and 

ranitidine (2.5) are low, limiting their application potential as molecular tools.20, 22 Although 

[3H]tiotidine (2.7) is often employed as a radioligand in biological assays, it is reported that it has 

a very high non-specific binding and addresses only a subpopulation of the H2R.19-20 Moreover, 

[125I]iodoaminopotentidine (2.9) turned out to be a potent radioligand, which was used for 

autoradiography of the H2R in primates (human/non-human (brain)) and rodents (brain/heart), as 

well as for saturation, competition and kinetic binding studies.22-24 The downside of 2.9 is, 

however, that the preparation and usage of [125I]-labeled molecules requires higher safety 

precautions compared to tritiated compounds and that the ligands can only be used for 4-5 weeks 

after preparation, due to their short half-life.25 To deal with these drawbacks, our group recently 

published the high affinity, potent and tritium labeled H2R antagonist [3H]UR-DE25725 (2.10), 

which is structurally related to the squaramide BMY-2536826 (2.11, Figure 2.1A), as an 

alternative to [125I]iodoaminopotentidine.25 2.10 proved to be very useful for the determination of 

pKi values, but turned out to be an insurmountable antagonist in functional and kinetic assays.25 
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Figure 2.1. A: Structures of the endogenous ligand histamine (2.1), impromidine (2.2), the 

dimeric agonist UR-NK799 (2.3) and selected standard H2R antagonists (2.4-2.11). B: Our 

approach for the synthesis of a new, high affinity, and surmountable radioligand as molecular 

tool for the exploration of the H2R functions. *[3H]-labeled position(s). For impromidine and 

ranitidine the exact location of the tritium label was not indicated in the literature. **[125I]-

labeled position. Famotidine and BMY-25368 have not been synthesized in radiolabeled form. 



 

 

2 Discovery of a G Protein Biased Radioligand for the Histamine H2 Receptor with Reversible 

Binding Properties 

24 

 

These findings motivated us to develop a new, high affinity but surmountable H2R radioligand. 

Despite the high non-specific binding of [3H]2.3, we considered carbamoylguanidine-containing 

amines as promising precursors for further optimization (Figure 2.1B), as some observations 

indicated an improved kinetic behaviour.9 This study presents the synthesis and pharmacological 

characterization (saturation-, kinetic- and competition experiments) of [3H]UR-KAT479 

([3H]2.23) at human (h), guinea pig (gp) and mouse (m) H2Rs (co)expressed in HEK293(T) cells. 

Although the rat is more commonly used to study species differences, we chose to investigate the 

guinea pig because of its historic significance for the development and evaluation of 

antihistamines in general and for H2R ligands in particular.3, 8, 11, 15, 18-20, 22, 25 We believe that 

[3H]2.23 could act as model substance for other carbamoylguanidine-type H2R agonists and 

could be used to explore the pharmacokinetic properties of this compound class in more detail. 

The obtained in vitro results (especially on the mouse H2R) should build the basis for future in 

vivo experiments to clarify the widely unknown role of the H2R in the CNS. 

 

2.2 Results and Discussion 

2.2.1 Chemistry 

The synthesis of the radioligand candidates was straight forward (Scheme 2.1). In the first step, 

the mono-Boc protected diamines 2.14-2.16 were treated with triphosgene to give the 

corresponding isocyanates, which were allowed to react with mono-Boc-protected S-

methylisothiourea 2.13 to give the guanidinylating reagents 2.17-2.19. The corresponding Boc-

protected intermediates were prepared by treating the amine building block 2.1227 with 2.17-2.19 

in presence of HgCl2 and base. Addition of TFA gave the amine precursors 2.20-2.22, which 

were finally propionylated with N-succinimidyl propionate giving the amides 2.23-2.25. 
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Scheme 2.1. Synthesis of the Carbamoylguanidine Containing Amines 2.20-2.22 and the 

Resulting Propionylated Amides 2.23-2.25a 

 

aReagents and conditions: (a) triphosgene, DIPEA, CH2Cl2, 0 °C, 30 min; (b) 2.13, rt, 2.5 h, 

2.17: 38%, 2.18: 17%, 2.19: 15% over two steps; (c) 2.12, NEt3, HgCl2, CH2Cl2, rt, 4-16 h; (d) 

30% TFA, CH2Cl2, rt, 7-18 h, 2.20: 48%, 2.21: 36%, 2.22: 25% over two steps; (e) N-

succinimidyl propionate, NEt3, DMF, rt, 2 h, 2.23: 47-78%, 2.24: 75%, 2.25: 42%. 

 

2.2.2 H2R Affinity and Receptor Subtype Selectivity 

To investigate the affinities of the compounds 2.20-2.25 at the four hHR subtypes, competition 

binding studies were performed using the radioligands [3H]mepyramine (hH1R), [3H]2.1025 

(hH2R-Gs S), [3H]Nα-methylhistamine or [3H]UR-PI29428 (hH3R) and [3H]2.1 (hH4R) and 

membranes of Sf9 insect cells expressing the respective hHR (Table 2.1). Among the studied 

amides, 2.23, containing a hexyl spacer, exhibited the highest affinity at the hH2R-GsαS fusion 

protein, and the highest selectivity over the other three hHR subtypes (Ki (H1,3,4R)/Ki (H2R) 

>380, Table 2.1). Following these promising results, we further determined the pKi value of 2.23 

towards the hH2R, expressed in HEK293T cells. The reason for this is that the affinity of H2R 
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agonists on HEK293T cells may be lower than the affinity to the hH2R-GsαS fusion protein 

expressed in Sf9 membranes, which was recently reported.29 Fortunately, the pKi value of 2.23 

using HEK293T cells (pKi = 7.78, Table 2.1) agreed with the pKi value determined using Sf9 

membranes (pKi = 7.59, Table 2.1). Since the pKi value at the gpH2R-GsαS (pKi = 7.94, Table 2.1) 

also matched the value at the hH2R-GsαS, we chose amide 2.23 for the preparation of the 

corresponding radioligand [3H]2.23 (Figure 2.5A). 

 

Table 2.1. Binding Data of the Compounds 2.20-2.25 on Human Histamine Receptor 

Subtypesa 

compd. 

pKi 

H2R selectivity 

Ki (H1,3,4R)/Ki (H2R) 

hH1R
b N hH2R-

GsαS
c 

N hH3R
d,e N hH4R

f N H1 H3 H4 

His 
5.62 ± 

0.0330 

3 6.58 ± 

0.0431 

48 7.59 ± 

0.0131 

42 7.60 ± 

0.0131 

45 9 0.1 0.1 

2.20 
5.03 ± 

0.10 

3 6.88 ± 

0.10 

5 <5d,e 3 <5 3 71 >76 >76 

2.21 
6.71 ± 

0.04 

3 7.66 ± 

0.17 

3 5.06 ± 

0.10e 

3 <5 3 9 398 >457 

2.22 
6.80 ± 

0.04 

3 7.85 ± 

0.17 

3 5.82 ± 

0.07e 

3 5.36 ± 

0.17 

3 11 107 309 

2.23 
<5 3 7.59 ± 

0.12 

3 4.91 ± 

0.17e 

3 <5 4 >389 479 >389 

 
HEK293T: 7.78 ± 

0.11g 

3        

 
gpH2R-

GsαS: 

7.94 ± 

0.12h 

3        

2.24 
5.26 ± 

0.09 

3 7.40 ± 

0.02 

3 <5e 3 <5 3 138 >251 >251 

2.25 
5.17 ± 

0.05 

3 7.12 ± 

0.09 

3 5.12 ± 

0.11e 

3 5.23 ± 

0.01 

3 89 100 78 

aCompetition binding assay at membranes of Sf9 cells expressing the hH1R + RGS4, the hH2R-

GsαS, the hH3R + Gαi2 + Gβ1γ2 or the hH4R + Gαi2 + Gβ1γ2.  Data shown are mean values ± SEM of 

N independent experiments, each performed in triplicate. Data were analyzed by nonlinear 

regression and were best fitted to sigmoidal concentration-response curves. The displacement 

curves are presented in Figure 2.2 & 2.3. bDisplacement of 5 nM [3H]mepyramine 

(Kd = 4.5 nM9). cDisplacement of 20 nM [3H]2.1025 (Kd = 12.1 nM29). dDisplacement of 8.6 nM 

[3H]Nα-methylhistamine (Kd = 3 nM31). eDisplacement of 2 nM [3H]UR-PI29428 (Kd = 3 nM). 
fDisplacement of 30 nM [3H]2.1 (Kd = 47.5 nM32). gpKi value obtained in competition binding 

with [3H]2.1025 (c = 25 nM, Kd = 40 nM) using HEK293T-hH2R-qs5-HA cells33. hpKi value 

obtained in competition binding with [3H]2.1025 (c = 30 nM, Kd = 37 nM25) using membranes of 

Sf9 cells expressing the gpH2R-GsαS. 
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Figure 2.2. Displacement curves obtained from competition binding experiments with 

[3H]mepyramine9 (hH1R, c = 5 nM, Kd = 4.5 nM9), [3H]2.1025, 29 (hH2R, c = 20 nM, 

Kd = 12.1 nM25), [3H]UR-PI29428 (hH3R, c = 2 nM, Kd = 3 nM) or [3H]2.132 (hH4R, c = 30 nM, 

Kd = 47.5 nM32) and 2.20-2.25 at membranes of Sf9 cells expressing the hH1R + RGS4, the 

hH2R-GsαS, the hH3R + Gαi2 + Gβ1γ2 or the hH4R + Gαi2 + Gβ1γ2 or at intact HEK293T-hH2R-qs5-

HA cells33. Data represent mean values ± SEM from at least three independent experiments 

(performed in triplicate). 



 

 

2 Discovery of a G Protein Biased Radioligand for the Histamine H2 Receptor with Reversible 

Binding Properties 

28 

 

HEK293T-hH2R-qs5-HA

-12 -10 -8 -6 -4 -2
-20

0

20

40

60

80

100

120

A

log c (cpd. / M)

%
 o

f 
s
p

e
c
if

ic
a
ll

y

b
o

u
n

d
 [

3
H

]2
.1

0

 

gpH2R-GsS

-12 -10 -8 -6 -4 -2
-20

0

20

40

60

80

100

120

B

log c (cpd. / M)

%
 o

f 
s
p

e
c
if

ic
a
ll

y

b
o

u
n

d
 [

3
H

]2
.1

0

 

Figure 2.3. A. Displacement curves obtained from competition binding with [3H]2.1025 

(c = 25 nM, Kd = 40 nM) and 2.23 using HEK293T-hH2R-qs5-HA cells33. B. Displacement 

curves obtained from competition binding with [3H]2.1025 (c = 30 nM, Kd = 37 nM25) and 2.23 

using membranes of Sf9 cells expressing the gpH2R-GsαS fusion protein. Data represent mean 

values ± SEM from three independent experiments (performed in triplicate). 

 

2.2.3 Functional Studies at the Human and Guinea Pig H2R 

The target compounds 2.20-2.25 were investigated for H2R agonism in both β-arrestin2 and 

mini-G protein recruitment assays using genetically engineered HEK293T cells. The results are 

presented in Table 2.2. The responses in both assays were normalized to the maximum effect 

induced by 100 µM histamine (Emax = 1.00) and buffer control (Emax = 0). Thus, histamine is 

defined as a full, unbiased agonist in either readout. Histamine exhibits a significantly lower 

potency in the β-arrestin2 recruitment assay compared to the mini-G protein recruitment assay 

(pEC50 (β-arrestin2) = 5.42; pEC50 (mGs) = 6.94; Table 2.2). Similarly, the potencies of the 

investigated NG-carbamoylated guanidines were lower in the β-arrestin2 recruitment assay. A 

possible explanation for this trend could be the employed mGs protein, since mG proteins have 

been reported to stabilize the active states of GPCRs, which favours agonist binding.34-37 

All tested ligands were strong partial agonists in the mini-G protein recruitment assay 

(Emax = 0.83 - 0.88, Table 2.2) and only weak partial agonists in the β-arrestin2 recruitment assay 

(Emax = 0.07 - 0.28, Table 2.2). This discrepancy results in a significant G protein bias of the  

propionylated amides 2.23-2.25 (for detailed bias analysis see Appendix 1, App1.4 Bias Analysis 
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for Compounds 2.20-2.25). A key advantage of such agonistic G protein biased ligands is that 

they are unlikely to be internalized due to their low β-arrestin2 recruitment and therefore can also 

be applied to cells without taking any measures against internalization (e.g. hypotonic buffer).38 

The obtained pEC50 values were in good agreement with the pKi values from the radioligand 

competition binding assays, especially in the case of the mini-G protein recruitment assay 

(Table 2.2). In the mini-G protein recruitment assay at the gpH2R, 2.20-2.25 were strong partial 

agonists with slightly increased potencies. Moreover, 2.23 was investigated for agonist-induced 

chronotropic response at the guinea-pig right atrium as a more complex, but well established 

model for the characterization of H2R ligands under more physiological conditions.1 2.23 acted 

as a strong partial agonist (Emax = 0.90) in this assay with a pEC50 value of 7.47 (Table 2.2), 

which is similar to the result observed in the mini-G protein recruitment assay. 
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Table 2.2. Potencies and Efficacies of the Tested Carbamoylated Guanidines in the β-

Arrestin2 and Mini-G Protein Recruitment Assay at the Human or Guinea Pig H2Ra 

compd. 

human H2R guinea pig H2R 

β-arrestin2 recruitmentb mGs recruitmentc mGs recruitmentd 

pEC50
e Emax

f N pEC50
e Emax

f N pEC50
e Emax

f N 

His 5.42 ± 

0.0239 

1.0039 3 6.94 ± 

0.0637 

1.0037 9 6.60 ± 

0.07 

1.00 3 

2.20 6.55 ± 

0.22 

0.28 ± 

0.01 

3 7.53 ± 

0.03 

0.83 ± 

0.02 

3 7.89 ± 

0.05 

0.87 ± 

0.01 

3 

2.21 6.87 ± 

0.12 

0.23 ± 

0.01 

4 7.84 ± 

0.04 

0.84 ± 

0.03 

3 7.94 ± 

0.08 

0.85 ± 

0.01 

3 

2.22 6.91 ± 

0.10 

0.15 ± 

0.01 

4 7.83 ± 

0.12 

0.85 ± 

0.02 

3 8.04 ± 

0.08 

0.83 ± 

0.01 

3 

2.23 6.53 ± 

0.08 

0.07 ± 

0.02 

4 7.61 ± 

0.04 

0.88 ± 

0.01 

3 7.74 ± 

0.04 

0.83 ± 

0.01 

3 

       7.47 ± 

0.07g 

0.90 ± 

0.10g 

3 

2.24 7.06 ± 

0.05 

0.10 ± 

0.02 

4 7.89 ± 

0.05 

0.87 ± 

0.02 

3 7.94 ± 

0.03 

0.87 ± 

0.09 

3 

2.25 6.80 ± 

0.09 

0.12 ± 

0.01 

3 7.66 ± 

0.03 

0.88 ± 

0.01 

3 7.72 ± 

0.07 

0.89 ± 

0.01 

3 

aData represent mean values ± SEM from N independent experiments, each performed in 

triplicate. Data were analyzed by nonlinear regression and were best fitted to sigmoidal 

concentration-response curves (for curves see Figure 2.4). bβ-arrestin2 recruitment assays were 

performed with a HEK293T-ARRB2-H2R
39 cell line as described by Grätz et al.29 cMini-G 

protein recruitment assays were performed with a HEK293T NlucN-mGs/hH2R-NlucC cell line 

as described by Höring et al.37 dMini-G protein recruitment assays were performed with a 

HEK293T NlucN-mGs/gpH2R-NlucC cell line as described in the Appendix 1, App1.2 Mini-G 

Protein Recruitment Assay at HEK293T Cells Expressing NlucN-mGs/gpH2R-NlucC. epEC50 = -

logEC50. 
fThe response in both assays was normalized to the maximal effect induced by 100 µM 

histamine (Emax = 1.00) and buffer control (Emax = 0.00). gpEC50 and Emax values determined at 

the guinea pig right atrium. Experiments on the isolated, spontaneously beating guinea pig right 

atrium were performed as described by Pockes et al.31 
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Figure 2.4. Investigation of H2R agonism of 2.20-2.25 in the mini-G protein recruitment assay 

using HEK293T NlucN-mGs/hH2R-NlucC cells (A: 2.20-2.22 and B: 2.23-2.25) or HEK293T 

NlucN-mGs/gpH2R-NlucC cells (C: 2.20-2.22 and D: 2.23-2.25) and in the β-arrestin2 

recruitment assay using HEK293T-ARRB2-H2R cells39 (E: 2.20-2.22 and F: 2.23-2.25).. The 

response in both assays was normalized to the maximal effect induced by 100 µM histamine 

(maximal response: 100%) and buffer control (maximal response: 0%). Data represent mean 

values ± SEM from at least three independent experiments (performed in triplicate). 
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2.2.4 Synthesis of the Radiolabeled Ligand [3H]2.23 

Based on the results obtained in the assays, 2.23 was selected for the synthesis of the 

corresponding tritiated ligand. A 9-fold excess of the precursor 2.20 was treated with 

commercially available succinimidyl [3H]propionate in the presence of triethylamine at room 

temperature (Figure 2.5A). [3H]2.23 was isolated by RP-HPLC in high (radio)chemical purity 

(≥98%, Figure 2.5B). After storage of [3H]2.23 in EtOH/H2O (70:30) at -20 °C for 9 months, 

approx. 3% were decomposed (Figure 2.5C), showing that [3H]2.23 has a high chemical stability. 

Moreover, the chemical stability of the “cold” form 2.23 in binding buffer9 (pH 7.4) at 23 °C was 

investigated for 2 weeks. Under these conditions, compound 2.23 proved to be stable. For details 

see the chemical stability section in the Experimental Section and for chromatograms see 

Figure 2.6. 
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Figure 2.5. Synthesis, analytical characterization, and long-term stability of [3H]2.23. A: 

Synthesis of [3H]2.23 by propionylation of the precursor 2.20. Radiochemical yield 35%. B: 

Chromatograms of [3H]2.23, spiked with the “cold” form of 2.23, recorded 36 days after 

synthesis. C: Long-term stability test after 9 months of storage at -20 °C in EtOH/H2O (70:30) 

using radiometric and UV detection (for details see Experimental Section). The same stock 

solution of 2.23 was used for spiking in both HPLC runs and the identity of 2.23 was verified at  

both time points by means of LC-HRMS. The minor differences in tR result from serial detection 

of the UV and radiometric signals. 
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Figure 2.6. Chromatograms of 2.23 after different periods of incubation in binding buffer 

(pH 7.4) at rt. 

 

2.2.5 Saturation Binding Experiments Using [3H]2.23 

The radioligand [3H]2.23 was characterized by saturation binding experiments using 

HEK293T-hH2R-qs5-HA cells33, HEK293T-CRE-Luc-gpH2R cells or HEK293-mH2R cells in 

suspension. All cells stably expressed the respective H2R. Representative saturation binding 

curves and the corresponding Scatchard plots are depicted in Figure 2.7. The specific binding of 

[3H]2.23 was best fitted by nonlinear regression to a one-site binding model and the non-specific 

binding by linear regression. [3H]2.23 bound to all H2R orthologs in a saturable manner revealing 

comparable Kd values at the h/gpH2R (Kd (hH2R) = 23.6 nM; Kd (gpH2R) = 27.8 nM, Table 2.4) 

with the exception of the mH2R (Kd = 94.3 nM, Table 2.4). The determined Kd values were 

similar to the Ki values obtained for unlabeled compound 2.23 in competition binding assays 

with [3H]2.10 (hH2R: 16.6 nM (HEK293T), 25.7 nM (Sf9); gpH2R: 11.5 nM (Sf9), Table 2.1). In 

general, the non-specific binding determined in the presence of 2.6 (1 mM, Figure 2.1A) was low 

(3 - 14% at c = Kd, cf. Figure 2.7). 

Since the H2R has historically been studied in dogs (Heidenhain pouch), we wanted to 

elucidate the affinity of the new radioligand [3H]2.23 at the canine H2R (cH2R).40-41  We 

investigated it on cH2R-GsαS Sf9 insect cell membrane preparations.20, 42 The obtained Kd value is 

in good agreement with the Kd values at the hH2R-GsαS and gpH2R-GsαS, which were also 

recorded on Sf9 membrane preparations for a better comparison (cf. Figure 2.8 and Table 2.3). 
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Figure 2.7. Representative data from saturation binding experiments at the hH2R, co-expressed 

in HEK293T-qs5-HA cells33, the gpH2R, co-expressed in HEK293T-CRE-Luc cells and the 

mH2R, expressed in HEK293 cells. Total binding (dashed black curve), specific binding (red 

curve), and non-specific binding (dashed blue line, determined in the presence of 2.6 (1 mM)) of 

[3H]2.23 are depicted. Inserts: Scatchard transformations of shown specific binding curves. The 

experiments were performed in triplicate. Error bars of specific binding and Scatchard plots were 

calculated according to the Gaussian law of error propagation. Error bars of total and non-

specific binding represent SEMs. 
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Figure 2.8. Representative data from saturation binding experiments at the hH2R-GsαS, gpH2R-

GsαS or cH2R-GsαS fusion proteins, expressed in membrane preparations of Sf9 insect cells. Total 

binding (dashed black curve), specific binding (red curve), and nonspecific binding (dashed blue 

line, determined in the presence of famotidine (1 mM)) of [3H]2.23 are depicted. Inserts: 

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. 
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Table 2.3. Kd Values of [3H]2.23 on Membrane Preparations of Sf9 Cells Expressing the 

hH2R-GsαS, gpH2R-GsαS or cH2R-GsαS Fusion Proteinsa 

H2R-GsαS Kd [nM] N 

h 14.6 ± 1.7 3 

gp 13.2 ± 1.4 3 

c 4.6  ± 0.2 3 

aData are mean values ± SEM of three independent experiments, each performed in triplicate. 

 

2.2.6 Kinetic Binding Experiments Using [3H]2.23 

To further characterize [3H]2.23, kinetic binding experiments were performed using 

HEK293T-hH2R-qs5-HA cells33, HEK293T-CRE-Luc-gpH2R cells or HEK293-mH2R cells in 

suspension. The association and dissociation curves of [3H]2.23 are depicted in Figure 2.9. The 

association of the radioligand to the ortholog H2Rs was complete after 60 min and could be 

described by a monophasic fit with kon values ranging from 0.00011 to 0.00164 min-1 x nM-1 (cf. 

Figure 2.9 & Table 2.4). kobs (approx. 0.06 min-1 (h/gp/m) (Table 2.4)) was calculated from the 

linearization of the association curve. The dissociation of [3H]2.23 (h/gpH2R: c = 25 nM, mH2R: 

c = 50 nM, 120 min preincubation) in the presence of 2.6 (1500-fold excess) was performed 

using HEK293(T) cells. The obtained data suggested a reversible binding and the equilibrium 

dissociation constants, calculated from kinetics (Kd = koff/kon, 24.7 nM (h), 12.8 nM (gp), 

551.5 nM (m), Table 2.4), were consistent with the Kd values obtained from saturation binding 

experiments (23.6 nM (h), 27.8 nM (gp), 94.3 nM (m); cf. Table 2.4). 
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Figure 2.9. Comparison of the kinetic binding experiments with [3H]2.23 using HEK293T-

hH2R-qs5-HA cells33, HEK293T-CRE-Luc-gpH2R cells or HEK293-mH2R cells. A: 

Representative associations of [3H]2.23 (c (h/gpH2R) = 25 nM; c (mH2R) = 50 nM) as a function 

of time. Inserts: Transformation of the depicted association kinetics using ln[B(eq)/B(eq)-B(t)] 

versus time (kobs, observed association rate constant). B: Representative dissociations of [3H]2.23 

(preincubation: 120 min, c (h/gpH2R) = 25 nM; c (mH2R) = 50 nM) in the presence of 2.6 (1500-

fold excess) as a function of time, showing a complete monophasic exponential decline [plateau: 

15% (hH2R), 4% (gpH2R), 3% (mH2R)]. Inserts: transformation of the depicted dissociation 

kinetics using ln[B(t)-B(plateau)/(B(0)-B(plateau)] versus time (koff, dissociation rate constant). Each 

experiment was performed in triplicate. Error bars represent propagated errors according to the 

Gaussian law of error propagation. 
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Table 2.4. Comparison of Kinetic and Thermodynamic Binding Constants of [3H]2.23 at 

the Human (h), Guinea Pig (gp), and Mouse (m) H2Rs 

H2R Kd (sat)a 

[nM] 

N Kd (kin)b 

[nM] 

kobs [min-1]c kon [min-1 x nM-1]d koff [min-1],e  

t1/2 [min]e 

h 23.6 ± 3.0 3 24.7 ± 8.4 0.064 ± 0.006 0.00129 ± 0.00028 0.032 ± 0.004, 

25 ± 3 

gp 27.8 ± 2.4 3 12.8 ± 3.1 0.062 ± 0.003 0.00164 ± 0.00024 0.021 ± 0.002, 

33 ± 3 

m 94.3 ± 12.8 4 551.5 ± 104.4 0.066 ± 0.002 0.00011 ± 0.00001 0.061 ± 0.006, 

11 ± 1 
aEquilibrium dissociation constant determined by saturation binding using HEK293T-hH2R-

qs5-HA cells33, HEK293T-CRE-Luc-gpH2R cells or HEK293-mH2R cells; mean values ± SEM 

from N independent experiments each performed in triplicate. bKinetically derived dissociation 

constant ± propagated error (Kd (kin) = koff/kon). 
cObserved association rate constant represents 

mean values ± SEM from three independent experiments each performed in triplicate using 

HEK293T-hH2R-qs5-HA cells33, HEK293T-CRE-Luc-gpH2R cells or HEK293-mH2R cells. 
dAssociation rate constant ± propagated error (kon = (kobs-koff)/[RL]). eDissociation rate constant 

and derived half-life represent mean values ± SEM from three independent experiments each 

performed in triplicate using HEK293T-hH2R-qs5-HA cells33, HEK293T-CRE-Luc-gpH2R cells 

or HEK293-mH2R cells. 

 

2.2.7 Competition Binding Experiments Using [3H]2.23 

Finally, we performed competition binding experiments with [3H]2.23 and several standard 

ligands for the H2R (2.1, 2.5-2.7, Figure 2.1A) using HEK293T-hH2R-qs5-HA cells33, 

HEK293T-CRE-Luc-gpH2R cells or HEK293-mH2R cells in suspension (Table 2.5). [3H]2.23 

was completely displaced by endogenous agonist histamine (2.1) and 2.23 (the cold form of the 

radioligand), as well as by the standard H2R antagonists/inverse agonists ranitidine, famotidine 

and tiotidine (2.5-2.7) (cf. Figure 2.10). All competition curves were monophasic and best fitted 

by a one-site competition model. 

The Kd values determined from saturation binding were used for the calculation of Ki values by 

means of the Cheng-Prusoff equation.43 Table 2.5 shows the data of the radioligand [3H]2.23 

(colored columns) compared to binding or functional data from different laboratories and 

different expression systems. Data from Leurs’ lab (CHO-hH2R homogenates24) and from our 

lab (NanoBRET-based binding assay, HEK293T-Nluc-hH2R cells29) are in good agreement with 

the pKi values determined using [3H]2.23, while data from Sf9 insect cell membranes expressing 

the hH2R-GsαS fusion protein25 show larger deviations. We observed that histamine possess 
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higher affinity at Sf9 membranes (cf. Table 2.5; 2.1), whereas antagonists/inverse agonists show 

lower affinities (cf. Table 2.5; 2.5-2.7). Possible explanations for this trend might be the direct 

fusion of the receptor to the GsαS protein and the allosteric effect of sodium on the binding of 

agonists to several GPCRs, which was previously discussed.29 The pKi values determined for the 

gpH2R agreed very well with the pKi values for hH2R. Moreover, the data were in the ranges 

defined by pKi values determined using [3H]2.10 and the gpH2R-GsαS fusion protein expressed in 

Sf9 membranes, [3H]2.9 at striatal membranes or pKb and pEC50 values reported for experiments 

on the isolated, spontaneously beating guinea pig right atrium. Lower affinities could be 

measured for the mH2R, while the order of affinities remained the same. Unfortunately, there are 

no pKi values described in the literature for the gpH2R expressed in cells and none at all for the 

mH2R. Therefore, a comparison with literature data was not possible, but a first set of pKi values 

was provided for these systems. Noteworthily, the pKi values obtained at the mH2R are one order 

of magnitude lower than at the hH2R and gpH2R, indicating a species dependent difference in 

binding affinities (see also Figure 2.10). Although a lot of research has been done focusing on 

the relevant amino acids in the orthosteric binding pocket of different H2R orthologs20, 44-46, there 

was no convincing evidence to explain such differences. Therefore, this phenomenon could be 

subject of further research studies to elucidate its origin. 
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Figure 2.10. Radioligand displacement curves from competition binding experiments performed 

with [3H]2.23 (25 nM, hH2R; 26.5 nM gpH2R; 50 nM, mH2R) at the hH2R, co-expressed in 

HEK293T-qs5-HA cells33, gpH2R, co-expressed in HEK293T-CRE-Luc cells or mH2R, 

expressed in HEK293 cells. Data represent mean values ± SEM of three independent 

experiments each performed in triplicate. 
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Table 2.5. Comparison of the Determined Binding Data (pKi) of Unlabeled hH2R Ligands (2.1, 2.5-2.7 and 2.23), Using 

[3H]2.23 as Radioligand at the H2R Orthologs, with Reference Data 

 hH2R gpH2R mH2R 

compd. 

a1HEK 

cells 

[3H]2.23 

c5Sf9 

membranes 

[3H]2.10 

c4CHO 

membranes 

[3H]2.9 

dNanoBRET 

HEK cells 

UR-

KAT47829 

a2HEK 

cells 

[3H]2.23 

c2Sf9 

membranes 

[3H]2.10 

c6striatal 

membranes 

[3H]2.9 

eright atrium a3HEK 

cells 

[3H]2.23 

pKi
b N pKi pKi pKi pKi

b N pKi pKi pEC50/(pKb)/{Emax} pKi
b N 

2.1 4.18 ± 

0.04 

3 6.2725 4.1024, 

5.6924 

4.9629 3.83 ± 

0.06 

3 6.8225 4.553 6.1422 {1.00} 3.10 ± 

0.17 

3 

          6.1631 {1.00}   

2.23 7.42 ± 

0.04 

3 7.59 ±  

0.12 

n.d. n.d. 7.45 ± 

0.07 

3 7.83 ±  

0.14 

n.d. 7.47 ±  

0.07  

6.89 ± 

0.06 

3 

          {0.90 ± 0.10}   

2.5 6.65 ± 

0.07 

3 5.7625 7.0724 7.1929 6.45 ± 

0.01 

3 n.d. 7.303 (7.20)22 5.47 ± 

0.12 

3 

2.6 7.78 ± 

0.04 

3 6.8725 7.8024 7.9429 7.79 ± 

0.07 

3 6.3025 8.253 (7.80)22 6.71 ± 

0.06 

3 

2.7 7.51 ± 

0.06 

3 6.5725 7.7724 n.d. 7.66 ± 

0.08 

3 7.3025 8.303 (7.82)22 6.59 ± 

0.12 

3 

aData from competition binding experiments (pKi) with [3H]2.23 (125 nM, hH2R; 226.5 nM, gpH2R; 350 nM, mH2R) for H2R ligands 

at the 1hH2R, co-expressed in HEK293T-qs5-HA cells33, 2gpH2R, co-expressed in HEK293T-CRE-Luc cells or 3mH2R, expressed in 

HEK293 cells. bThe pKi values represent mean values ± SEM from three independent experiments each performed in triplicate. cData 

from competition binding experiments (pKi) with 4,6[3H]2.9 or 5[3H]2.10, 4performed at membranes of CHO cells stably expressing the 

hH2R
24, 5membranes of Sf9 insect cells expressing the h or gp H2R-GsαS

25, 6striatal membranes from male Hartley guinea pigs22. 
dNanoBRET experiments were performed with HEK293T cells stably expressing NLuc-hH2R.29 epEC50/pKb and Emax values 

determined using the guinea pig right atrium.22 
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2.2.8 Red Blood Cell Partitioning of [3H]2.10 and [3H]2.23 

To investigate the unknown role of the H2R in the CNS, we envisage the application of 

carbamoylguanidine-type ligands in laboratory mice in future. For this purpose, the ligand has to 

be applied intravenously (i.v.) or perorally (p.o.). In a preliminary study the aim was to compare 

the distribution of [3H]2.10 and [3H]2.23 in whole human and mouse blood (Figure 2.11, for 

details see the Experimental Section and Table App1.2 in the Appendix 1). [3H]2.23 showed a 

similar binding to human and mouse plasma, whereas the binding of [3H]2.10 was lower in 

mouse plasma. On the other hand, [3H]2.10 accumulated to a significantly higher degree in 

human or mouse red blood cells (RBCs) than [3H]2.23, which might lead to undesired 

pharmacokinetic properties of [3H]2.10.47-49 Due to the low binding of [3H]2.23 to RBCs we 

believe that the carbamoylguanidine H2R ligand subclass is suitable for further investigations to 

clarify the role of the H2R in murine brain after i.v. or p.o. application.  
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Figure 2.11. A: Determination of extent of red blood cell (RBCs) partitioning of [3H]2.10 and 

[3H]2.23 in whole blood. Cb, drug concentration in whole blood; Cp, drug concentration in 

plasma; Ce, drug concentration in red blood cells; Hc, haematocrit (packed red blood cell 

volume). Calculated by assuming a Hc of 0.41 and plasma 0.55 (human and mouse). B: Dot plot 

of binding of [3H]2.10 and [3H]2.23 to human and mouse plasma and red blood cells. Dot plots 

represent mean values ± CI 95%. Black dots are used for human and red triangles for mouse 

plasma/red blood cells subsets. Mann-Whitney test: *** <0.001 between [3H]2.10 and [3H]2.23 

subsets in human vs. mouse RBCs, ns: not significant. 
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2.3 Summary and Conclusion 

In summary, we synthesized and characterized a novel, potent, selective, and G protein biased 

H2R radioligand by derivatizing amino-functionalized precursors, structurally related to 

amthamine. UR-KAT479 (2.23) proved to be a high affinity hH2R agonist with >380-fold 

selectivity over the other three hHRs. Subsequent tritiation with commercially available N-

succinimidyl [2,3-3H]propionate yielded [3H]2.23 with a specific activity of 149 Ci/mmol in a 

radiochemical yield of 35% and a high (radio)chemical purity (≥98%). Binding of [3H]2.23 to 

HEK293(T) cells (co)expressing human, guinea pig or mouse H2R was saturable and highly 

specific showing only low non-specific binding (3 - 14% at c = Kd). [3H]2.23 possessed high 

affinities to human and guinea pig H2Rs (Kd = 24/28 nM, h/gp) and a moderate affinity to mouse 

H2R (Kd = 94 nM). The saturation binding curves were best described by a one-site model and 

the Scatchard plots were linear, suggesting that [3H]2.23 binds to a single binding site. Kinetic 

experiments showed a rapid association of [3H]2.23 to (60 min) and a complete dissociation from 

the receptor (60-180 min). The resulting dissociation constants were in good agreement with the 

Kd values obtained in saturation binding assays for all three orthologs. The determined binding 

constants of standard H2R ligands were consistent with data reported in the literature. Moreover, 

we are the first group to report pKi values for histamine, as well as standard antagonists/inverse 

agonists at the gpH2R and mH2R expressed in cells. In contrast to the other commonly employed 

radioligands (e.g. [3H]2.10), a significant advantage of [3H]2.23 is its surmountability at the H2R 

enabling the determination of Ki values in a true equilibrium according to the Cheng-Prusoff 

equation. Since all acquired data recommend [3H]2.23 as a suitable radioligand for the 

characterization of H2R ligands in different species, a further application of carbamoylguanidine-

type ligands to study the role of the H2R in the CNS is planned. 

 

2.4 Experimental Section 

2.4.1 General Experimental Section 

Unless otherwise stated, chemicals and solvents were from commercial suppliers and were 

used as received. All the solvents were of analytical grade or were distilled prior to use. For 

column chromatography silica gel 60 (0.04-0.063 mm, Merck, Darmstadt, Germany) was used. 

Flash-chromatography was performed on an Intelli Flash-310 flash chromatography workstation 
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from Varian Deutschland GmbH (Darmstadt, Germany) with SuperFlash columns (Si35) from 

Agilent Technologies (Waldbronn, Germany). Reactions were monitored by thin layer 

chromatography (TLC) on Merck silica gel 60 F254 aluminium sheets, and spots were visualized 

with UV light at 254 nm or ninhydrin staining. NMR spectra were recorded on a Bruker Avance 

300 (1H: 300 MHz, 13C: 75.5 MHz) and a Bruker Avance 600 (1H: 600 MHz, 13C: 150.9 MHz) 

(Bruker, Karlsruhe, Germany) with deuterated solvents from Deutero (Kastellaun, Germany). 

HRMS was performed on an Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS system (Agilent 

Technologies, Santa Clara, CA, USA) using an ESI source. Preparative HPLC was performed 

with a system from Knauer (Berlin, Germany) consisting of two K-1800 pumps, a K-2001 

detector and the column was a Phenomenex Kinetex (250 x 21 mm, 5 µm) (Phenomenex, 

Aschaffenburg, Germany). As mobile phase mixtures of MeCN and 0.1% aqueous TFA were 

used. The UV detection was carried out at 220 nm. Prior to lyophilization (ScanVac CoolSafe 4-

15L freeze dryer from Labogene (LMS, Brigachtal, Germany), equipped with a RZ 6 rotary vane 

vacuum pump (Vacuubrand, Wertheim, Germany)), MeCN was removed under reduced 

pressure. Analytical HPLC experiments were performed on a 1100 HPLC system from Agilent 

Technologies equipped with Instant Pilot controller, a G1312A Bin Pump, a G1329A ALS 

autosampler, a G1379A vacuum degasser, a G1316A column compartment and a G1315B DAD 

detector. The column was a Phenomenex Kinetex XB-C18 column (250 x 4.6 mm, 5 µm) 

(Phenomenex, Aschaffenburg, Germany), tempered at 30 °C. As mobile phase, mixtures of 

MeCN/aqueous TFA were used. Gradient mode: MeCN/TFA (0.05 %) (v/v) 0 min: 10:90, 30 

min: 90:10, 33 min: 95:5, 40 min: 95:5; flow rate: 0.8 mL/min, t0 = 3.21 min; capacity factor 

k = (tR-t0)/t0. Absorbance was detected at 220 nm. Compound purities were calculated as the 

percentage peak area of the analyzed compound by UV detection at 220 nm. 

 

2.4.2 Compound Characterization 

Target compounds (2.20-2.25) were characterized by 1H-NMR, 13C-NMR, and 2D NMR 

(COSY, HSQC, HMBC) spectroscopy, HRMS, and RP-HPLC analysis. The purities of the H2R 

ligands used for pharmacological investigation were >95%. The corresponding 1H- and 13C-

NMR spectra and RP-HPLC chromatograms are shown in the Supporting Information of the 

published manuscript. The Supporting Information is available free of charge at 

https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01494. 
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2.4.3 Synthesis and Analytical Data 

The amine building block 5-(3-aminopropyl)-4-methylthiazol-2-amine (2.12) was synthesized 

as previously reported.27 The mono-Boc protected S-methylisothiourea 2.13, a well-established 

guanidinylation reagent50, was prepared as previously described.27 The mono-Boc protected 

diamines 2.14-2.16 were synthesized from the unprotected diamines as published elsewhere.51-53 

 

General Procedure for the Synthesis of the Guanidinylating Reagents (2.17-2.19). The 

guanidinylating reagents 2.17-2.19 were prepared using the procedure of Kagermeier et al.9 

Triphosgene (0.5 equiv) was dissolved in dry CH2Cl2 (1 mL) in an argon flushed round bottom 

flask and cooled to 0 °C (ice-bath). DIPEA (5.6 equiv) and mono-Boc protected diamine (2.14, 

2.15 or 2.16, 1 equiv) were dissolved in dry CH2Cl2 (2 mL) and added dropwise to the 

triphosgene solution over a period of 30 min. After addition of 2.13 (4 equiv), the ice-bath was 

removed, and the reaction mixture was stirred at room temperature for 2.5 h. The solvent was 

removed in vacuo and the residue was purified by flash chromatography (eluent PE/EtOAc or 

CH2Cl2 or CH2Cl2/MeOH). 

 

 

N-tert-Butoxycarbonyl-N'-[N-(6-tert-butoxycarbonylaminohexyl)aminocarbonyl]-S-

methylisothiourea (2.17). The title compound was prepared from 2.14 (0.50 g, 2.31 mmol, 

1 equiv), DIPEA (2.2 mL, 12.9 mmol, 5.6 equiv), triphosgene (0.34 g, 1.16 mmol, 0.5 equiv) and 

2.13 (1.76 g, 9.24 mmol, 4 equiv) according to the general procedure yielding the product as 

white solid (380 mg, 38%). 1H-NMR (300 MHz, CDCl3) δ 12.30 (s, 1H), 5.58 (t, J = 6.0 Hz, 

1H), 4.51 (s, 1H), 3.21 (q, J = 6.77 Hz, 2H), 3.10 (q, J = 6.77 Hz, 2H), 2.30 (s, 3H), 1.40-1.56 

(m, 22H), 1.39-1.29 (m, 4H). 13C-NMR (101 MHz, CDCl3) δ 167.23, 161.93, 155.98, 151.12, 

82.51, 77.20, 40.38, 39.95, 29.99, 29.61, 28.40, 28.12, 28.01, 26.49, 26.35, 14.24. Rf = 0.70 

(CH2Cl2/EtOAc 15:1, ninhydrin). HRMS: calcd. for C19H37N4O5S
+: 433.2479; found: 433.2510. 

MF: C19H36N4O5S. MW: 432.58. 
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N-tert-Butoxycarbonyl-N'-[N-(8-tert-butoxycarbonylaminooctyl)aminocarbonyl]-S-

methylisothiourea (2.18). The title compound was prepared from 2.15 (0.21 g, 0.86 mmol, 

1 equiv), DIPEA (0.82 mL, 4.8 mmol, 5.6 equiv), triphosgene (0.13 g, 0.42 mmol, 0.5 equiv) and 

2.13 (0.16 g, 0.86 mmol, 1 equiv) according to the general procedure (eluent PE/EtOH; 0-

20 min: 100:0-90:10, 40 min: 90:10) yielding the product as a colorless oil (70 mg, 17%). 1H-

NMR (300 MHz, CDCl3): δ 12.30 (s, 1H), 5.58 (t, J = 6.0 Hz, 1H), 4.53 (s, 1H), 3.24-3.12 (m, 

2H), 3.07 (q, J = 6.7 Hz, 2H), 2.27 (s, 3H), 1.36-1.55 (m, 22H), 1.34-1.21 (m, 8H). 13C-NMR 

(75 MHz, CDCl3) δ 167.08, 161.84, 155.88, 151.06, 82.44, 78.93, 40.50, 40.06, 29.94, 29.58, 

29.12, 29.08, 28.35, 28.12, 27.95, 26.78, 26.62, 14.19. Rf = 0.71 (CH2Cl2/MeOH 97.5:2.5). 

HRMS: calcd. for C21H41N4O5S
+: 461.2792; found: 461.2830. MF: C21H40N4O5S. MW: 460.63. 

 

 

N-tert-Butoxycarbonyl-N'-[N-(10-tert-butoxycarbonylaminodecyl)aminocarbonyl]-S-

methylisothiourea (2.19). The title compound was prepared from 2.16 (0.27 g, 0.99 mmol, 

1 equiv), DIPEA (0.95 mL, 5.6 mmol, 5.6 equiv), triphosgene (0.148 g, 0.49 mmol, 0.5 equiv) 

and 2.13 (0.189 g, 0.99 mmol, 1 equiv) according to the general procedure (eluent CH2Cl2, 

isokratic) yielding the product as a colorless oil (74 mg, 15%). Rf = 0.74 (PE/EtOAc 5:1) or 0.89 

(CH2Cl2/MeOH 97.5:2.5). 1H-NMR (300 MHz, CDCl3) δ 12.29 (s, 1H), 5.59 (t, J = 6.3 Hz, 1H), 

4.54 (s, 1H), 3.18 (q, J = 6.7 Hz, 2H), 3.05 (q, J = 6.8 Hz, 2H), 2.27 (s, 3H), 1.56-1.35 (m, 22H), 

1.33-1.14 (s, 12H). 13C-NMR (75 MHz, CDCl3) δ 167.01, 161.82, 151.03, 134.88, 82.41, 80.11, 

40.52, 40.07, 29.94, 29.58, 29.34, 29.32, 29.16, 29.13, 28.33, 28.12, 27.92, 26.82, 26.66, 14.16. 

HRMS: calcd. for C23H45N4O5S
+: 489.3105; found: 489.3111. MF: C23H44N4O5S. MW: 488.69. 

 

General Procedure for the Synthesis of the Carbamoylguanidine-Type Precursors 2.20-

2.22. In this general procedure mercuric chloride (HgCl2) is used as reagent, which is very toxic 

and potentially cancerogenic. It should only be used in a well-ventilated fume hood after reading 

the safety precautions and wearing proper lab safety equipment (gloves, safety googles and lab 
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coat). Future synthetic work should consider replacements for mercuric chloride. The 

guanidinylating reagents 2.17-2.19 (1 equiv) and 5-(3-aminopropyl)-4-methylthiazol-2-amine 

(2.12, 2.1 equiv) were dissolved in CH2Cl2 (3 mL). NEt3 (2.5 equiv) and HgCl2 (4 equiv) were 

added and the mixture was stirred for 4-16 h. The reaction mixture was diluted with CH2Cl2 

(10 mL). The precipitate was removed by filtration through Celite 545 and washed with CH2Cl2 

(20 mL) and EtOAc (20 mL). The solvent was removed in vacuo and the crude product was 

purified by column chromatography on silica gel (eluent PE (A), EtOAc (B); gradient: 0-20 min: 

A/B 100:0-50:50) and dried in vacuo. Subsequently, deprotection was performed by stirring with 

30% TFA in CH2Cl2 for 7-18 h. The obtained carbamoylguanidine-type precursors were purified 

by preparative HPLC. 

 

 

1-(Amino{[3-(2-amino-4-methylthiazol-5-yl)propyl]amino} 

methylene)-3-(6-aminohexyl)urea trihydrotrifluoroacetate (2.20). The title compound was 

prepared from 2.17 (50 mg, 0.116 mmol, 1 equiv), 2.12 (66 mg, 0.24 mmol, 2.1 equiv), NEt3 

(80 µL, 0.58 mmol, 5 equiv) and HgCl2 (126 mg, 0.46 mmol, 4 equiv) according to the general 

procedure, yielding the product as a white fluffy hygroscopic solid (38.49 mg, 48%). HPLC: 

96%, (tR = 6.51 min, k = 1.03). 1H-NMR (300 MHz, MeOD) δ 3.37-3.32 (m, 2H), 3.21 (t, 

J = 7.0 Hz, 2H), 2.92 (t, J = 7.6 Hz, 2H), 2.72 (t, J = 7.6 Hz, 2H), 2.18 (s, 3H), 1.89 (quint, 

J = 7.2 Hz, 2H), 1.73-1.49 (m, 4H), 1.49-1.33 (m, 4H). 1H-NMR (600 MHz, DMSO-d6) δ 10.52 

(br s, 1H), 9.11-8.35 (m, 5H), 7.97-7.40 (m, 4H), 3.24 (q, J = 6.6 Hz, 2H), 3.09 (q, J = 6.6 Hz, 

2H), 2.82-2.72 (m, 2H), 2.59 (t, J = 7.5 Hz, 2H), 2.07 (s, 3H), 1.72 (quint, J = 7.3 Hz, 2H), 1.51 

(quint, J = 7.4 Hz, 2H), 1.43 (quint, J = 7.2 Hz, 2H), 1.34-1.20 (m, 4H). 13C-NMR (151 MHz, 

DMSO-d6) δ 167.44, 158.17 (q, J = 32.41 Hz, TFA), 153.81, 153.70, 133.06, 116.84 (q, 

J = 306.6 Hz, TFA), 116.26, 40.05, 39.09, 38.74, 28.95, 28.75, 26.91, 25.73, 25.45, 22.03, 11.78. 

HRMS: calcd. for C15H30N7OS+: 356.2227; found: 356.2228. MF: C15H29N7OS x C6H3F9O6. 

MW: (355.51 + 342.07). 
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1-(Amino{[3-(2-amino-4-methylthiazol-5-yl)propyl]amino}methylene)-3-(8-

aminooctyl)urea trihydrotrifluoroacetate (2.21). The title compound was prepared from 2.18 

(70 mg, 0.15 mmol, 1 equiv), 2.12 (87 mg, 0.32 mmol, 2.1 equiv), NEt3 (105 µL, 0.76 mmol, 

5 equiv) and HgCl2 (165 mg, 0.61 mmol, 4 equiv) according to the general procedure, yielding 

the product as a white fluffy hygroscopic solid (40.22 mg, 36%). HPLC: 100%, (tR = 7.17 min, 

k = 1.23). 1H-NMR (300 MHz, MeOD) δ 3.37-3.31 (m, 2H), 3.19 (t, J = 7.0 Hz, 2H), 2.90 (t, 

J = 7.6 Hz, 2H), 2.71 (t, J = 7.5 Hz, 2H), 2.18 (s, 3H), 1.89 (quint, J = 7.1 Hz, 2H), 1.73-1.46 (m, 

4H), 1.45-1.30 (m, 8H). 1H-NMR (600 MHz, DMSO-d6) δ 10.49 (br s, 1H), 9.23-8.21 (m, 5H), 

8.05-7.22 (m, 4H), 3.24 (q, J = 6.6 Hz, 2H), 3.08 (q, J = 6.6 Hz, 2H), 2.84-2.69 (m, 2H), 2.59 (t, 

J = 7.5 Hz, 2H), 2.07 (d, J = 2.0 Hz, 3H), 1.72 (quint, J = 7.3 Hz, 2H), 1.56-1.47 (m, 2H), 1.46-

1.37 (m, 2H), 1.29-1.25 (m, 8H). 13C-NMR (151 MHz, DMSO-d6) δ 167.54, 158.75 (q, 

J = 32.0 Hz, TFA), 153.82, 153.68, 132.45, 116.75 (q, J = 299.3 Hz, TFA), 116.27, 40.06, 39.19, 

38.80, 28.90 (2C), 28.45, 26.96, 26.10 (2C), 25.73, 22.02, 11.70. HRMS: calcd. for 

C17H34N7OS+: 384.2540; found: 384.2545. MF: C17H33N7OS x C6H3F9O6. MW: 

(383.56 + 342.07). 

 

 

1-(Amino{[3-(2-amino-4-methylthiazol-5-yl)propyl]amino}methylene)-3-(8-

aminooctyl)urea trihydrotrifluoroacetate (2.22). The title compound was prepared from 2.19 

(74 mg, 0.152 mmol, 1 equiv), 2.12 (87 mg, 0.32 mmol, 2.1 equiv), NEt3 (105 µL, 0.76 mmol, 

5 equiv) and HgCl2 (165 mg, 0.61 mmol, 4 equiv) according to the general procedure, yielding 

the product as a white fluffy hygroscopic solid (28.0 mg, 25%). HPLC: 99%, (tR = 9.05 min, 

k = 1.82). 1H-NMR (300 MHz, MeOD) δ 3.37-3.32 (m, 2H), 3.19 (t, J = 7.0 Hz, 2H), 2.96-2.84 

(m, 2H), 2.72 (t, J = 7.5 Hz, 2H), 2.18 (s, 3H), 1.98-1.82 (m, 2H), 1.73-1.46 (m, 4H), 1.43-1.28 

(m, 12H). 1H-NMR (600 MHz, DMSO-d6) δ 10.57 (br s, 1H), 9.26-8.34 (m, 4H), 7.96-7.37 (m, 

4H), 3.24 (q, J = 6.6 Hz, 2H), 3.08 (q, J = 6.6 Hz, 2H), 2.82-2.70 (m, 2H), 2.59 (t, J = 7.5 Hz, 

2H), 2.07 (s, 3H), 1.72 (quint, J = 7.3 Hz, 2H), 1.51 (quint, J = 7.4 Hz, 2H), 1.46-1.38 (m, 2H), 
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1.32-1.19 (m, 12H). 13C-NMR (151 MHz, DMSO-d6) δ 167.70, 158.94 (q, J = 31.8 Hz, TFA), 

153.85, 153.70, 132.39, 116.85 (q, J = 296.6 Hz, TFA), 116.27, 40.06, 39.20, 38.81, 28.92 (2C), 

28.86, 28.78, 28.66, 28.50, 26.98, 26.21, 25.77, 22.00, 11.56. HRMS: calcd. for C19H38N7OS+: 

412.2853; found: 412.2860. MF: C19H37N7OS x C6H3F9O6. MW: (411.61 + 342.07). 

 

General Procedure for the Synthesis of the Propionic Amides 2.23-2.25. The reactions 

were carried out in a 1.5-mL micro tube (Sarstedt, Nümbrecht, Germany). The respective amine 

precursor (1 equiv) was dissolved in DMF (50 µL) and NEt3 (7.5 equiv) was added. The N-

succinimidyl propionate (1.01-1.2 equiv) was dissolved in DMF (30 µL) and added to the 

mixture. The reaction was stirred for 2 h at rt and was stopped by adding 10% aqueous TFA 

(10 µL). 

 

 

N-{6-(Amino{[3-(2-amino-4-methylthiazol-5-yl)propyl]amino}methylene)ureido-1-

hexyl}propionic amide dihydrotrifluoroacetate (2.23). The title compound was prepared from 

2.20 (22.1 mg, 44 µmol, 1 equiv), succinimidyl propionate (9.1 mg, 53 µmol, 1.2 equiv) and 

NEt3 (46 µL, 0.33 mmol, 7.5 equiv) according to the general procedure, yielding the product as a 

white fluffy hygroscopic solid (13.2 mg, 47%). The same reaction was also performed in a 

4.32 mg scale. The yield was 3.1 mg (78%). Both batches were unified and used to analytically 

and pharmacologically characterize the “cold” radioligand. HPLC: 99%, (tR = 9.21, k = 1.87). 

1H-NMR (300 MHz, MeOD) δ 3.33 (t, J = 6.9 Hz, 2H), 3.20 (t, J = 7.0 Hz, 2H), 3.16 (t, 

J = 7.1 Hz, 2H), 2.72 (t, J = 7.5 Hz, 2H), 2.22-2.15 (m, 5H), 1.90 (quint, J = 7.1 Hz, 2H), 1.58-

1.46 (m, 4H), 1.36 (quint, J = 3.5 Hz, 4H), 1.12 (t, J = 7.6 Hz, 3H). 1H-NMR (600 MHz, DMSO-

d6): δ 9.86 (br s, 1H), 8.93 (br s, 1H), 8.44 (br s, 2H), 7.80-7.61 (m, 1H), 7.54-7.37 (m, 1H), 3.22 

(q, J = 6.7 Hz, 2H), 3.07 (q, J = 6.6 Hz, 2H), 3.02-2.96 (m, 2H), 2.57 (t, J = 7.5 Hz, 2H), 2.08-

1.97 (m, 5H), 1.71 (quint, J = 7.3 Hz, 2H), 1.46-1.32 (m, 4H), 1.29-1.20 (m, 5H), 0.96 (t, 

J = 7.6 Hz, 3H). 13C-NMR (151 MHz, MeOD) δ 177.16, 170.45, 163.52 (q, J = 35.7 Hz, TFA), 

156.14, 155.60, 132.96, 118.55, 118.23 (q, J = 293.9 Hz, TFA), 41.55, 40.80, 40.36, 30.49, 

30.44, 30.38, 30.03, 27.65, 27.55, 23.74, 11.63, 10.76. HRMS: calcd. for C18H34N7O2S
+: 

412.2489; found: 412.2491. MF: C18H33N7O2S x C4H2F6O4. MW: (411.57 + 228.05). 



 

 

2 Discovery of a G Protein Biased Radioligand for the Histamine H2 Receptor with Reversible 

Binding Properties 

50 

 

 

N-{8-(Amino{[3-(2-amino-4-methylthiazol-5-yl)propyl]amino}methylene)ureido-1-

octyl}propionic amide dihydrotrifluoroacetate (2.24). The title compound was prepared from 

2.21 (12.72 mg, 17.5 µmol, 1 equiv), succinimidyl propionate (3.7 mg, 21.0 µmol, 1.2 equiv) and 

NEt3 (18 µL, 131 µmol, 7.5 equiv) according to the general procedure, yielding the product as a 

white fluffy hygroscopic solid (8.78 mg, 75%). HPLC: 97%, (tR = 11.26 min, k = 2.51). 1H-NMR 

(300 MHz, MeOD) δ 3.37-3.31 (m, 2H), 3.19 (t, J = 7.0 Hz, 2H), 2.91 (t, J = 7.6 Hz, 2H), 2.72 

(t, J = 7.5 Hz, 2H), 2.18 (s, 3H), 1.90 (quint, J = 7.1 Hz, 2H), 1.74-1.47 (m, 4H), 1.45-1.31 (m, 

8H). 1H-NMR (600 MHz, DMSO-d6) δ 10.28 (br s, 1H), 9.02 (br s, , 3H), 8.50 (br s, 2H), 7.69 (t, 

J = 5.6 Hz, 1H), 7.48 (br s, 1H), 3.24 (q, J = 6.6 Hz, 2H), 3.08 (q, J = 6.6 Hz, 2H), 3.03-2.97 (m, 

2H), 2.59 (t, J = 7.6 Hz, 2H), 2.08 (s, 3H), 2.04 (q, J = 7.6 Hz, 2H), 1.73 (quint, J = 7.3 Hz, 2H), 

1.43 (t, J = 6.9 Hz, 2H), 1.36 (t, J = 6.9 Hz, 2H), 1.29-1.20 (m, 9H), 0.97 (t, J = 7.6 Hz, 3H). 13C-

NMR (151 MHz, DMSO-d6) δ 172.60, 167.76, 158.88 (q, J = 32.4 Hz, TFA), 153.78, 153.63, 

131.91, 116.87 (q, J = 297.4 Hz, TFA), 116.30, 40.06, 39.24, 38.36, 29.14, 28.90, 28.83, 28.65, 

28.60, 28.50, 26.33, 26.14, 21.98, 11.47, 10.03. HRMS: calcd. for C20H38N7O2S
+: 440.2802; 

found: 440.2804. MF: C20H37N7O2S x C4H2F6O4. MW: (439.62 + 228.05). 

 

 

N-{10-(Amino{[3-(2-amino-4-methylthiazol-5-yl)propyl]amino}methylene)ureido-1-

decyl}propionic amide dihydrotrifluoroacetate (2.25). The title compound was prepared from 

2.22 (13.23 mg, 17.6 µmol, 1 equiv), succinimidyl propionate (3.0 mg, 17.7 µmol, 1.01 equiv) 

and NEt3 (17.5 µL, 132 µmol, 7.5 equiv) according to the general procedure, yielding the 

product as a white fluffy hygroscopic solid (5.12 mg, 42%). HPLC: 100%, (tR = 13.53 min, 

k = 3.21). 1H-NMR (400 MHz, MeOD) δ 3.38-3.32 (m, 2H), 3.23-3.10 (m, 4H), 2.72 (t, 

J = 7.6 Hz, 2H), 2.25-2.11 (m, 5H), 1.90 (quint, J = 7.2 Hz, 2H), 1.60-1.40 (m, 4H), 1.39-1.24 

(m, 12H), 1.12 (t, J = 7.6 Hz, 3H). 1H-NMR (600 MHz, DMSO-d6) δ 10.22 (br s, 1H), 9.16-8.33 

(m, 4H), 7.82-7.39 (m, 2H), 3.24 (q, J = 6.6 Hz, 2H), 3.08 (q, J = 6.6 Hz, 2H), 3.03-2.95 (m, 

2H), 2.59 (t, J = 7.5 Hz, 2H), 2.07 (s, 3H), 2.03 (q, J = 7.6 Hz, 2H), 1.72 (quint, J = 7.3 Hz, 2H), 
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1.48-1.40 (m, 2H), 1.36 (quint, J = 6.9 Hz, 2H), 1.30-1.19 (m, 12H), 0.97 (t, J = 7.6 Hz, 3H). 

13C-NMR (151 MHz, DMSO-d6) δ 172.58, 167.49, 158.60 (q, J = 31.3 Hz, TFA), 153.76, 

153.60, 132.89, 116.98 (q, J = 298.7 Hz, TFA), 116.29, 40.06, 39.29, 38.37, 29.16, 28.90 (2C), 

28.71, 28.63, 28.50, 26.38, 26.18, 22.03, 11.73, 10.03. HRMS: calcd. for C22H42N7O2S
+: 

468.3115; found: 468.3124. MF: C22H41N7O2S x C4H2F6O4. MW: (467.30 + 228.05). 

 

 

N-{6-(Amino{[3-(2-amino-4-methylthiazol-5-yl)propyl]amino}methylene)ureido-1-

hexyl}2,3-ditritiopropionic amide dihydrotrifluoroacetate ([3H]2.23). Succinimidyl [2,3-

3H]propionate was from Novandi Chemistry AB (Södertälje, Sweden), provided in heptane/ethyl 

acetate 3:2 (specific radioactivity >100 Ci/mmol (2.7 TBq/mmol), radioactive 

concentration = 2 mCi/mL (74 MBq/mL). The reaction was carried out in a 1.5 mL micro tube 

(Sarstedt). The hexane/ethyl acetate mixture was removed in a vacuum concentrator for about 

45 min. The precursor 2.20 (192 nmol, 134 µg) was dissolved in a mixture of DMF (40 µL) and 

TEA (2.1 µmol, 0.3 µL). This mixture was added to succinimidyl [2,3-3H]propionate (22 nmol, 

2.2 mCi). The mixture was stirred for 1.5 h with a vortexer at rt. 10 µL of 2% aqueous TFA and 

350 µL Millipore water + 5% MeCN + 0.05% TFA were added. The product was isolated with a 

Waters HPLC system (column: Phenomenex Luna C18 (150 x 4.6 mm, 3 µm)). Eluent: mixtures 

of 0.04% TFA in MeCN (A) and 0.04% aqueous TFA (B), gradient 0-14 min: A/B 10:90 to 

21:79, 25 min: 21:79, 27 min: 96:5, 35 min: 95:5 (flow: 0.8 mL/min). The eluates were collected 

in a 1.5 mL vessel. The combined fractions were concentrated in a vacuum concentrator to a 

volume of 300 µL and 700 µL EtOH were added. This solution was transferred in a glass storage 

vial. The Eppendorf vial was rinsed two times with 100 µL EtOH/H2O 70:30 (v/v) and the wash 

solution was added to the 1000 µL radioligand solution to a total volume of 1200 µL. 

Quantification: The concentration of the radioligand was determined by a 4-point calibration 

with 2.23. The solutions for the calibration were prepared freshly prior to injection. All the 

solutions were prepared separately in mobile phase from a 20 µM solution of 2.23. Eluent: 

mixtures of 0.04% TFA in MeCN (A) and 0.04% aqueous TFA (B), gradient: 0-14 min: A/B 

10:90 to 21:79, 25 min: 21:79, 27 min: 96:5, 35 min: 95:5 (flow: 0.8 mL/min, column: 
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Phenomenex Luna C18 (150 x 4.6 mm, 3 µm)). The molarity of the [3H]2.23-solution was 

calculated from the peak areas of the standards.  

Determination of the specific activity: 12 aliquots of the diluted radioligand in mobile phase 

were counted in 10 mL H2O and 10 mL Quicksave A (Zinsser Analytic GmbH, Eschborn, 

Germany) (measurement time = 9.799 min) using a Quantulus 1220 liquid scintillation counter 

(Perkin Elmer, Rodgau, Germany). The calculated specific activity was 146.3 Ci/mmol 

(5.41 TBq/mmol). This corresponds to a concentration of 6.45 µM. The radioligand was obtained 

in a yield of 35% (7.74 nmol) with a radiochemical purity of >99%. The identity of the 

radioligand was confirmed by HPLC analysis of the labelled and the corresponding unlabelled 

compound (2.23, [3H]2.23) under the same conditions, resulting in identical retention times. The 

radioligand [3H]2.23 was stored at -20°C. 

 

2.4.4 Control of the Chemical Stability of the “Cold” Radioligand 2.23 by HPLC 

The chemical stability of the “cold” radioligand 2.23 was investigated at physiological pH 

(7.4) in binding buffer (12.5 mM MgCl2, 1 mM EDTA and 75 mM Tris/HCl, pH 7.4)1 at 23 °C 

for a period of 2 weeks. Incubation was started by addition of 25 μL of a 1 mM solution of the 

compound in EtOH/Millipore H2O 1:4 (v/v), which were freshly prepared from a 5 mM stock 

solution in EtOH, to 475 μL of binding buffer to give a final concentration of 50 μM. The sample 

was shaken for up to 2 weeks at 700 rpm. After different time periods, a 70 μL aliquot was taken 

and diluted with 70 µL of a mixture of MeCN, Millipore H2O and 10% aqueous TFA (60:90:1). 

Prior to HPLC analysis the samples were stored at -20 °C. 50 μL of the resulting solution were 

analyzed by HPLC as described in the general experimental section of the chapter 2. The 

absorption was detected at 220 nm. The blank HPLC run was performed under identical 

conditions without any ligand. 

 

2.4.5 Functional Assays 

Functional studies in the β-arrestin2 or mini-G protein recruitment assays at HEK293T-

ARRB2-H2R cells29, 39, HEK293T NlucN-mGs/hH2R-NlucC cells37, HEK293T NlucN-

mGs/gpH2R-NlucC cells and using the isolated spontaneously beating guinea pig right atrium31 

were performed as previously described or as described in the Appendix 1, App1.2 Mini-G 

Protein Recruitment Assay at HEK293T Cells Expressing NlucN-mGs/gpH2R-NlucC. 
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2.4.6 Radioligand Binding Experiments 

Binding data on recombinant histamine receptor subtypes and guinea pig ortholog expressed in 

Sf9 cells (hH1R + RGS454; hH2R-GsαS
20; gpH2R-GsαS

20; hH3R + Gαi2 + Gβ1γ2
55, 

hH4R + Gαi2 + Gβ1γ2
56) or HEK293T-hH2R-qs5-HA cells33 were assessed using the following 

radioligands: [3H]mepyramine (hH1R, Hartmann Analytics, Braunschweig, Germany or Novandi 

Chemistry AB), [3H]2.1025 (hH2R), [3H]Nα-methylhistamine (Hartmann Analytics) or [3H]UR-

PI29428 (hH3R), [3H]2.1 (hH4R, Hartmann Analytics) according to recently published protocols.9, 

25 Modifications were made as follows: the washing steps were performed with PBS (pH 7.4) 

and not with binding buffer. Saturation binding, binding kinetics and competition binding studies 

with [3H]2.23 were performed by analogy with the previously reported protocols25, 28, 32, 57-59 

using PBS (pH 7.4) as washing buffer and using a MicroBeta2 1450 scintillation counter 

(PerkinElmer, Rodgau, Germany) in the 96-well plate format. 

For competition binding, saturation binding and kinetic binding experiments with [3H]2.23, the 

radioligand solution [6.45 µM in EtOH/H2O 70/30 (v/v)] was mixed with a solution of 2.23 

[6.45 µM in EtOH/H2O 70/30 (v/v), ratio: 1:5 to 1:10 (v/v), depending on the experiment] 

because of economic reasons. Cells were maintained in 75 cm² flasks (Sarstedt) in a humidified 

atmosphere (95% air, 5% CO2) at 37 °C. Dulbecco`s Modified Eagle Medium (DMEM, Sigma-

Aldrich, Taufkirchen, Germany), containing 4.5 g/L glucose, 3.7 g/L NaHCO3, 110 mg/L 

sodium pyruvate and supplemented with 0.584 g/L L-glutamine (Sigma-Aldrich) and 10% fetal 

calf serum (FCS, Biochrom, Berlin, Germany) was used as culture medium. Additionally, 

100 µg/mL hygromycin B (A. G. Scientific, Inc., San Diego, CA) and 400 µg/mL G418 

(Biochrom) were added to the culture medium of HEK293T-hH2R-qs5-HA cells.33 The culture 

medium of HEK293T-CRE-Luc-gpH2R cells (for generation of this cell line see Appendix 1, 

App1.1 Generation of the HEK293T-CRE-Luc-gpH2R and the HEK293T NlucN-mGs/gpH2R-

NlucC Cell Lines) was supplemented with 250 µg/mL hygromycin B and 600 µg/mL G418 and 

the culture medium of HEK293-mH2R cells was supplemented with 200 µg/mL hygromycin B. 

On the day of the experiment, the cells were detached with trypsin (0.05% trypsin, 0.02% EDTA 

in PBS w/o Ca2+ and w/o Mg2+, Biochrom). After subsequent centrifugation (500 x g, 5 min), the 

pellet was resuspended in Leibovitz’s L-15 (Life Technologies Corporation, Grand Island, NY, 

USA) supplemented with 1% FCS and HEPES (10 mM, Serva, Heidelberg, Germany) and the 

density of the suspension was adjusted to 1.0 x 106 cells/mL. 
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For saturation binding experiments, 10 µL of a solution of 2.6 (10 mM) or 10 µL of 

Leibovitz’s L-15 containing 10 mM HEPES were pipetted per cavity of a 96-well plate (ratiolab, 

Dreieich, Germany) either for the determination of non-specific or total binding and 80 µL of the 

cell suspension were added per well. Samples were completed by addition of 10 µL of the 

respective [3H]2.23 solution (10-fold concentrated feed-solutions compared to final 

concentration). The plates were shaken at 300 rpm for 120 min. Cell-bound radioactivity was 

transferred to a glass fibre filter GF/C (Whatman, Maidstone, UK) pre-treated with 

polyethylenimine (0.3% (v/v), Sigma-Aldrich) by a 96-well Brandel harvester (Brandel Inc., 

Unterföhring, Germany). After four washing steps with PBS (pH 7.4, 4 °C), filter pieces were 

stamped and transferred into untapped 96-well flexible sample plates (Perkin Elmer). Each well 

was supplemented with 200 µL of scintillation cocktail (Rotiscint Eco plus, Roth, Karlsruhe, 

Germany) and incubated in the dark for 12 h. Radioactivity was measured with a MicroBeta2 

1450 scintillation counter. Specific binding data (dpm) were plotted against the free radioligand 

concentration (nM) and analyzed by non-linear regression (one site - specific binding equation) 

to obtain Kd and Bmax values (GraphPad Prism 5). Non-specific binding data were fitted by linear 

regression (GraphPad Prism 5). 

Saturation binding experiments on membrane preparations of Sf9 insect cells, expressing the h, 

gp or c H2R-GsαS
20, 42 were performed in analogy to the above described protocol for HEK293(T) 

cells with minor modifications: Leibovitz’s L-15 was replaced by binding buffer9 (which is 

typically used as buffer for Sf9 membranes) and instead of the HEK293(T) cell suspension Sf9 

membrane preparations were used. The Sf9 membrane preparations were thawed and sedimented 

by centrifugation at 13000 x g and 4 °C for 10 min. The membranes were resuspended in cold 

(4 °C) binding buffer so that the final concentration was 2-6 µg of protein per 1 µL binding 

buffer9. 10 µL of this membrane suspension and 70 µL binding buffer were used per well. The 

total volume in a well was 100 µL. Data analysis was performed as described in the protocol for 

HEK293(T) cells. 

For competition binding experiments, cells were incubated with the unlabelled ligands of 

interest in presence of either 25 nM (hH2R, gpH2R) or 50 nM (mH2R) of [3H]2.23 according to 

the conditions for the saturation binding experiments. Total binding was plotted versus 

logarithmic concentration of the competitor and normalized (100% = bound radioligand (dpm) in 

the absence of a competitor, 0% non-specifically bound radioligand (dpm) in the presence of 2.6 
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(1 mM, h, gp, m H2R)). Applying a log(inhibitor) vs. response - variable slope equation 

(GraphPad Prism 5), pIC50 values were obtained. The corresponding IC50 values were converted 

to Ki values by applying the Cheng-Prusoff equation followed by the calculation of pKi.
43 

For kinetic experiments, the cells were prepared as described for binding assays. In association 

experiments, wells contained [3H]2.23 at a concentration of 25 nM (h/gp) or 50 nM (m) and the 

respective h, gp or m H2R (co)expressing HEK293(T) cells at a concentration of 0.8 x 106 

cells/mL in Leibovitz’s L-15 supplemented with 1% FCS and 10 mM HEPES. The final volume 

per well was 100 µL. Non-specific binding was determined for each time point in the presence of 

2.6 (7.5 µM (h/gp); 15 µM (m)). The plates were shaken at 300 rpm. The incubation was stopped 

after different time points (0-120 min) by transfer of the cells to a glass fibre filter using the 

harvester. In case of dissociation experiments, the cells were pre-incubated with [3H]2.23 (25 nM 

(h/gp) or 50 nM (m)) for 120 min. The final volume per well during the preincubation was 

100 µL. The dissociation was started by addition of Leibovitz’s L-15 medium (100 µL) 

containing 2.6 ((75 µM (h/gp); 150 µM (m)) after different periods of time (between 1 and 

180 min; starting with the longest incubation time) followed by the transfer of the cells to a glass 

fibre filter using the harvester. The plates were shaken at 300 rpm. To determine non-specific 

binding, 2.6 (7.5 µM (h/gp); 15 µM (m)) was added during the preincubation step. 

The specific binding data (dpm) from association experiments were fitted by a one-phase 

equation (one-phase association, GraphPad Prism 5) to a maximum to obtain kobs (observed 

association rate constant) and Beq (maximum specifically bound radioligand), which was used to 

calculate the specifically bound radioligand Bt in %, that is plotted over time. Data from 

dissociation experiments Bt in % were plotted over time and were analyzed by a three-parameter 

equation (one phase decay, GraphPad Prism 5). 

 

2.4.7 Red Blood Cell Partitioning of [3H]2.10 and [3H]2.23 

The extent of RBC partitioning of [3H]2.10 and [3H]2.23 was determined in vitro. The 

experiment with mouse blood was performed according to the German Animal Welfare Act 

(article 15) as well as to the European Guidelines (2010/63/EU). If vertebrates are euthanized 

without any pretreatment (e.g. to collect organs or tissues or blood) there is no approval from the 

governmental authorities needed, which is true in our case. Therefore, [3H]2.10 or [3H]2.23 was 

added to human (h, 1 mL aliquots/1.5 mL micro tubes (Sarstedt) or mouse (m, stem name: β B1 
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CTGF line 6 (CD1), 0.5 mL aliquots/1.5 mL micro tubes) heparinized (h: Li-Heparin S-

Monovette, 4.9 mL, Sarstedt; m: Liquemin) freshly drawn blood (t <30 min) so that the final 

concentration was 20 nM. In the case of mouse blood, the volume of the aliquots was reduced to 

0.5 mL in order to keep the number of required animals as low as possible. Immediately after the 

addition of the radioligand, the micro tubes were shaken vigorously for few seconds and were 

then carefully shaken using a RED ROCKER shaker (Hoefer Scientific Instruments, San 

Francisco, CA) for 60 min at rt. After 60 min, the plasma and RBCs were separated by 

centrifugation (500 x g, 10 min, 4 °C). The plasma was transferred with a pipette to 1.5 mL 

micro tubes. The border area between plasma and RBCs was rejected. Defined volume or plasma 

or RBCs (h: 100 µL; m: 25 µL; 2 times per sample) was lysed with four times the volume of 

lysis puffer (h: 400 µL; m: 100 µL) for 60 min while shaking. The lysis buffer consisted of urea 

(8 M, Roth), acetic acid (3 M, Merck) and Triton-X 100 (1%, Sigma-Aldrich) in water. 5 µL of 

the lysed plasma or RBCs were transferred to 3 mL Rotiscint®eco plus in scintillation counting 

mini-vials (6 mL, HD-PE, Sarstedt) and the radioactivity of the samples was determined using a 

Beckman LS 6500 liquid scintillations counter (Beckmann Coulter, München, Germany). The 

concentrations of the radioligand in plasma and RBCs were calculated using the specific activity 

of each radioligand ([3H]2.10: 55.7 Ci/mmol; [3H]2.23: 146.3 Ci/mmol) and a hematocrit value 

(packed red blood cell volume) of 0.41 and a plasma value of 0.55 for human as well as for 

mouse. The calculated concentrations of [3H]2.10 and [3H]2.23 in human or mouse plasma or 

RBCs are shown in Table App1.2 in the Appendix 1. 

 

2.4.8 Statistical Analysis 

Results are reported as scatter plot representing mean values ± 95% CI. Statistic differences 

were analyzed using a Mann-Whitney test. All reported p values are two-sided, and p values 

lower than 0.05 were considered to indicate statistical significance. All calculations were 

performed using the GraphPad Prism 5 software.  
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Appendix 1 Discovery of a G Protein Biased Radioligand for the 

Histamine H2 Receptor with Reversible Binding Properties 

App1.1 Generation of the HEK293T-CRE-Luc-gpH2R and the HEK293T 

NlucN-mGs/gpH2R-NlucC Cell Lines 

App1.1.1 Molecular Cloning 

In order to generate the pcDNA3.1(+) gpH2R vector, the cDNA encoding the gpH2R was 

isolated from the pVL 1392-SF-gpH2R-GsαS
1 by PCR, whereby a stop codon was added 

(forward primer: 5`-ataaagcttATGGCGTTCAATGGCA-3`; reverse primer: 5`-

atatctagattaCCTGTTTGTGGCTCCCT-3`). Afterwards, the construct was subcloned into a 

pcDNA3.1(+) vector backbone using HindIII and XbaI. 

For construction of the pcDNA3.1(+) gpH2R-NlucC vector, the receptor gene was amplified 

by PCR without a stop codon (forward primer: 5’-

gatcaagcttgctagcgccaccATGGCGTTCAATGGCACG-3’; reverse primer: 5’-

gatctctagactcgagccCCTGTTTGTGGCTCCCTG-3’) and subcloned into the pcDNA3.1(+) 

H1R-NlucC vector replacing the H1R gene by digest with HindIII and XbaI as described 

previously.2 Both constructs encoding the gpH2R were verified by sequencing (Eurofins 

Genomics LLC, Ebersberg, Germany). 

 

App1.1.2 Generation of Stable Cell Lines 

In order to generate HEK293T cells stably co-expressing the CRE-Luc and the gpH2R, the 

parental cell line HEK293T-CRE-Luc3 was seeded into a 6-well dish at a density of 

0.5 x 106 cells/mL one day prior to the transfection. The day of the transfection, the 

pcDNA3.1(+) gpH2R plasmid was digested for 2 h at 37 °C with PvuI (New England Biolabs, 

Frankfurt am Main, Germany) and purified using a PCR purification KIT (Quiagen, Leipzig, 

Germany). Thereafter, 2 µg of the linearized cDNA were transfected using the FuGENE HD 

transfection reagent (Roche Diagnostics GmbH, Mannheim, Germany) according to the 

manufacturer’s instructions. 

Stable expression of the gpH2R-NlucC was achieved using HEK293T cells which already 

stably expressed NlucN-mGs2 and which were seeded into a 6-well dish (0.3 x 106 cells/mL) 

the day prior to the transfection. 2 µg of the pcDNA3.1(+) gpH2R-NlucC vector were 
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transfected using the transfection reagent XtremeGENE HP according to the manufacturer’s 

protocol (Merck KGaA, Darmstadt, Germany). 

 

App1.1.3 Cell Culture 

HEK293T-CRE-Luc-gpH2R cells were cultured in DMEM supplemented with 10% FCS, 

250 µg/mL hygromycin B and 600 µg/mL G418 and HEK293T  NlucN-mGs/gpH2R-NlucC 

cells were cultured in DMEM containing 10% FCS, 1 µg/mL puromycin (InvivoGen, Toulouse, 

France) and 600 µg/mL G418. The cells were incubated at 37°C in a water-saturated 

atmosphere containing 5% CO2. Periodically, the cells were tested for mycoplasma 

contamination using the Venor GeM Mycoplasma Detection Kit (Minerva Biolabs, Berlin, 

Germany) and were negative. 

 

App1.1.4 [3H]2.23 Saturation Binding Using gpH2R Expressing Cells 

[3H]2.23 bound in a specific, saturable manner to both the HEK293T-CRE-Luc-gpH2R (for 

more details see Figure 2.7 and Table 2.4 in the chapter 2) & HEK293T NlucN-mGs/gpH2R-

NlucC cells (Kd = 29 ± 3 nM, N = 3, representative curve is shown in Figure App1.1). Non-

specific binding was determined in the presence of 1 mM famotidine. The determined Bmax 

values allowed the calculation of the number of specific binding sites per cell, revealing a 

comparably high receptor expression level for both cell lines, 0.89 ± 0.01 millions receptors/cell 

(N = 3) for the HEK293T-CRE-Luc-gpH2R and 0.39 ± 0.01 millions receptors/cell (N = 3) for 

the HEK293T NlucN-mGs/gpH2R-NlucC cells, respectively. 
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Figure App1.1. Representative data from saturation binding experiments at the gpH2R, co-

expressed in HEK293T NlucN-mGs cells. Total binding (dashed black curve), specific binding 

(red curve), and nonspecific binding (dashed blue line, determined in the presence of famotidine 

(1 mM)) of [3H]2.23 are depicted. Inserts: 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. 

 

App1.2 Mini-G Protein Recruitment Assay Using HEK293T Cells Co-

Expressing the NlucN-mGs and gpH2R-NlucC Fusion Proteins 

The assay was performed and evaluated as recently published for the hH2R by Höring et al.2 

The results of standard H2R agonists and antagonists/inverse agonists are summarized in 

Table App1.1 and the curves are shown in Figure App1.2. The curves of 2.20-2.25 are shown 

in Figure 2.4 in the chapter 2. 
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Table App1.1. pEC50, Emax and pKb Values of Standard H2R Agonists and 

Antagonists/Inverse Agonists Analyzed in Mini-G Protein Recruitment Assay using 

HEK293T Cells Expressing NlucN-mGs and gpH2R-NlucCa 

compd. pEC50
b/(pKb)

c Emax
d N 

histamine, 2.1 6.65 ± 0.07 1.00 5 

amthamine 7.60 ± 0.06 1.01 ± 0.01 4 

dimaprit 6.50 ± 0.04 0.94 ± 0.01 4 

4-methylhistamine 6.21 ± 0.05 0.93 ± 0.02 4 

cimetidine, 2.4 6.06 ± 0.02 -0.07 ± 0.01 3 

 (6.18 ± 0.06)  3 

ranitidine, 2.5 6.32 ± 0.09  -0.07 ± 0.01 3 

 (6.46 ± 0.04)  3 

famotidine, 2.6 7.04 ± 0.07 -0.07 ± 0.01 3  

 (7.91 ± 0.05)  3  
aData represent mean values ± SEM from N independent experiments, each performed in 

triplicate. Data were analyzed by nonlinear regression and were best fitted to sigmoidal 

concentration-response curves (GraphPad Prism 5, log(agonist or antagonist) vs. response–

variable slope). bpEC50 = -logEC50. 
cpKb = -logKb. Kb values were calculated according to the 

Cheng-Prusoff equation.4 The Kb values of antagonists and inverse agonists were determined 

in the antagonist mode versus 1 µM histamine. dThe response was normalized to the effect 

induced by 100 µM histamine (Emax = 1.00) and buffer control (Emax = 0.00). 
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Figure App1.2. Characterization of standard ligands at the gpH2R using the developed mini-G 

protein recruitment assay. Live HEK293T cells, stably expressing the NlucN-mGs and gpH2R-

NlucC, were analyzed regarding their response to standard agonists and antagonists/inverse 

agonists in the agonist mode (A; inset: increase of the range y = 5 to -10% maximal response) 

and antagonist mode (B; only in case of antagonists/inverse agonists). A: The response was 

normalized to the maximal effect induced by 100 µM histamine (maximal response: 100%) and 

buffer control (maximal response: 0%). B: The response was normalized to the effect induced 

by 1 µM histamine (response: 100%) and buffer control (response: 0%). pEC50, Emax, and pKb 

values are listed in Table App1.1 and were in good accordance with data described in literature. 

Data are presented as means ± SEM from at least three independent experiments, each 

performed in triplicate. 

 

App1.3 Red Blood Cell Partioning of [3H]2.10 and [3H]2.23 

Table App1.2. Calculated Concentrations of [3H]2.10 and [3H]2.23 in Human (h) or 

Mouse (m) Plasma or Red Blood Cells (RBCs) 

 plasma 

c[3H]2.10 

N plasma 

c[3H]2.23 

N RBCs 

c[3H]2.10 

N RBCs 

c[3H]2.23 

N c[3H]2.10 found 

(plasma + RBCs) 

c[3H]2.23 found 

(plasma + RBCs) 

h 30.3 ± 0.6 10 32.5 ± 0.4 10 3.8 ± 0.3 10 8.3 ± 0.4 10 20.1 ± 1.2 19.6 ± 2.0 

m 23.4 ± 1.0 8 32.4 ± 0.6 6 15.0 ± 1.0 6 7.0 ± 0.4 6 20.7 ± 1.7 19.0 ± 2.1 

 

 

 

 

 



Appendix 1 

66 

App1.4 Bias Analysis for Compounds 2.20-2.25 

A bias analysis for 2.20-2.25 was performed as described by van der Westhuizen et al.5 based 

on the operational model using the endogenous ligand histamine as a reference agonist. This 

model was chosen because several publications recommend the use of this model to overcome 

a systemic bias between two readouts systems as described in the chapter 2 regarding the lower 

potencies of all tested compounds in the β-arrestin2 recruitment assay compared to the mini-G 

protein recruitment assay.6-8 Table App1.3 shows the absolute (log(τ/KA)) and the normalized 

(Δlog(τ/KA)) transduction coefficients as well as the relative effectiveness for both assays and 

the ΔΔlog(τ/KA) ratios and bias factors of the ligands between the G-protein and arrestin 

pathways. The determined ΔΔlog(τ/KA) ratios allowed for the quantification of the functional 

selectivity which can be observed in the functional data of the carbamoylguanidine-type ligands 

(Figure App1.4). Based on these analyses, 2.23 showed a significant preference for the G-

protein mediated pathway (ΔΔlog(τ/KA) >0). Although until today no flawless model for bias 

quantification has been developed, the presented results can be considered as decent evidence 

for functionally selective signaling profiles of the investigated carbamoylguanidines. 
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Figure App1.3. Concentration-response curves of 2.20-2.25 in comparison with the 

endogenous ligand histamine fitted with the operational model of agonism as described by van 

der Westhuizen.5 
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Table App1.3. Calculated Δlog(τ/KA) Ratios, ΔΔlog(τ/KA) Ratios and Bias Factors for the 

Endogenous Ligand Histamine and 2.20-2.25 

 

aData were analyzed by non-linear regression using the operational model equation described 

by van der Westhuizen et al.5 in GraphPad Prism 5 to determine the log(τ/KA) ratios. 
bΔLog(τ/KA) ratios were calculated from the log(τ/KA) ratios, considering histamine as the 

reference ligand as described by van der Westhuizen.5 cSubtraction of the Δlog(τ/KA) ratios of 

the β-arrestin2- from the Δlog(τ/KA) ratios of mini-G protein recruitment assay yielded the 

ΔΔlog(τ/KA) ratios for the tested compounds. The standard errors were calculated according to 

the Gaussian law of error propagation. Data are the mean ± standard error of 3-9 independent 

experiments performed in triplicates. 

  

 β-arrestin2 mGs mGs-β-arrestin2 

compd. log 

(τ/KA)a 

Δlog 

(τ/KA)b 

relative 

effecti-

veness 

log 

(τ/KA)
a 

Δlog 

(τ/KA)b 

relative 

effecti-

veness 

ΔΔlog 

(τ/KA)c 

bias factor 

His 5.52 ± 

0.04 

0.00 ± 

0.06 

1.00 6.95 ± 

0.05 

0.00 ± 

0.07 

1.00 0.00 ± 

0.09 

1.00 

2.20 5.80 ± 

0.10 

0.51 ± 

0.11 

3.21 7.45 ± 

0.03 

0.50 ± 

0.06 

3.19 0.00 ± 

0.12 

0.99 

2.21 6.20 ± 

0.16 

0.68 ± 

0.16 

4.82 7.74  

± 0.03 

0.80 ± 

0.06 

6.26 0.11 ± 

0.17 

1.30 

2.22 6.35 ± 

0.23 

0.83 ± 

0.24 

6.75 7.74 ± 

0.13 

0.79 ± 

0.14 

6.20 -0.04 ± 

0.27 

0.92 

2.23 5.13 ± 

0.27 

-0.39 ± 

0.28 

0.41 7.54 ± 

0.04 

0.59 ± 

0.07 

3.89 0.98 ± 

0.28 

9.56 

2.24 6.11 ± 

0.04 

0.59 ± 

0.06 

3.93 7.81 ± 

0.06 

0.87 ± 

0.08 

7.36 0.27 ± 

0.10 

1.87 

2.25 5.82 ± 

0.17 

0.30 ± 

0.17 

2.00 7.58 ± 

0.04 

0.63 ± 

0.07 

4.30 0.33 ± 

0.18 

2.15 
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Figure App1.4. Quantification of the functional bias of the tested H2R agonists 2.20-2.25 

between the mini-G protein- and the β-arrestin2 recruitment assays. The Δlog(τ/KA) ratios for 

the G-protein pathway (A, mGs recruitment) and arrestin pathway (B, β-arrestin2 recruitment) 

were calculated as described by Westhuizen et al., using histamine as reference agonist.5 

Subtraction of the Δlog(τ/KA) ratios of the β-arrestin2- from the Δlog(τ/KA) ratios of the mini-

G protein recruitment assay yielded the ΔΔlog(τ/KA) ratios for the tested compounds (C). A 

ΔΔlog(τ/KA) ratio = 0 indicate an equal activation of the G-protein- and arrestin pathways, 

while a ΔΔlog(τ/KA) ratio ≠ 0 indicate a preference for one signal pathway over the other. Data 

represent mean ± standard error of 3-9 independent experiments performed in triplicates. Data 

were analyzed in a pairwise manner using a two-tailed unpaired student’s t-test (***p <0.001, 

**p <0.01, *p <0.05) to determine the significance of the Δlog(τ/KA) and ΔΔlog(τ/KA) ratios. 
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3 Synthesis and Pharmacological Characterization of Fluorescent 

Histamine H2 Receptor Carbamoylguanidine-Type Agonists 

 

So far, only little is known about the internalization process of the histamine H2 receptor 

(H2R). One promising approach to study such dynamic processes is the use of agonistic 

fluorescent ligands. Therefore, a series of carbamoylguanidine-type H2R agonists containing 

various fluorophores, heterocycles, and linkers (3.31-3.40) was synthesized. The ligands were 

pharmacologically characterized in several binding and functional assays. These studies 

revealed a significantly biased efficacy (Emax) for some of the compounds, e.g. 3.32: whereas 

3.32 acted as strong partial (Emax: 0.77, mini-Gs recruitment) or full agonist (Emax: 1.04, 

[35S]GTPγS binding) with respect to G protein activation, it was only a weak partial agonist 

regarding β-arrestin1/2 recruitment (Emax: 0.09-0.12) and failed to promote H2R internalization 

(confocal microscopy). On the other hand, H2R internalization was observed for compounds 

that exhibited moderate agonistic activity in the β-arrestin1/2 pathways (Emax ≥0.22). The direct 

comparison of such differentially biased ligands gave valuable insights into the internalization 

process of the H2R and supports that activation of β-arrestin plays a crucial role in this process. 

 

Ulla Seibel cloned the pIRESneo3-SP-FLAG-hH2R vector and generated the HEK293T-SP-

FLAG-hH2R K33 cell line. Lukas Grätz synthesized the Py-5 label. The confocal microscopy 

experiments were performed with the help and instructions of Dr. Timo Littmann. 
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3.1 Introduction 

The histamine H2 receptor (H2R) is a member of class A G protein-coupled receptors (GPCR) 

and is important for the regulation of gastric acid secretion, cell differentiation and proliferation, 

immune reactions, and central nervous system functions.1-2 The H2R can induce signal 

transduction in multiple ways, e.g. via heterotrimeric G proteins, G protein receptor kinases 

(GRK) and β-arrestins (β-arr).2-6 Furthermore, it was also reported that different agonists can 

activate different downstream signaling cascades.3, 7 

In detail, agonistic stimulation of the H2R results in activation of both adenylate cyclase and 

phospholipase C via Gs and Gq proteins, respectively.4, 8-15 In addition, it was recently 

published that the H2R can also interact to a lesser extent with Gi and G12 proteins in HEK293 

cells.11 Excessive continuous or repeated stimulation of the H2R by an agonist leads to receptor 

desensitization. In turn, GRK2 and GRK3 mediated phosphorylation of the receptor facilitates 

the interaction with β-arrestin1 and β-arrestin2 which leads to uncoupling of the receptor from 

its G protein.16-18 The desensitization of the H2R has been previously investigated in the human 

gastric cell line HGT-119-20, in clonal cytolytic T lymphocytes21 and in the human monocytic 

cell line U93722, in which the H2R rapidly desensitizes in response to histamine (3.1, Figure 3.1) 

stimulation. Another event that occurs after H2R stimulation is internalization, in which the 

receptor is translocated from the plasma membrane into intracellular endosomes. Previous 

findings showed that the H2R undergoes rapid agonist-induced internalization (visualized by 

immunofluorescence).23-24 Agonist-induced GPCR internalization is a very complex process 

and can occur through several distinct pathways including (1) clathrin-coated pit pathway, (2) 

caveolae-pathway, and (3) dynamin-independent pathway.25-26 However, little is known about 

the exact mechanism by which the H2R is internalized, although previous studies suggest the 

involvement of β-arrestin2.27 One way to study such processes in detail is by use of fluorescent 

ligands. 

Fluorescent GPCR ligands gained increased popularity to study various aspects of receptor 

pharmacology.28-32 These ligands allow the direct visualization of dynamic processes such as 

internalization, trafficking and characteristics of diffusion in the plasma membrane of cells.33 

Many different antagonistic (3.2-3.18, Figure 3.1)34-39 and agonistic (3.19-3.21, Figure 3.2A)40 

fluorescent ligands for the H2R have been reported. However, only the agonistic fluorescent 

ligands can be used to clarify the mechanisms, underlying the H2R internalization, since only 

agonists can trigger this process. But although the fluorescent agonist-based probes developed 

by Kagermeier et al.40 (3.19-3.21) possess high affinity, their high level of non-specific (non- 

sp.) binding and receptor-independent diffusion through the cell membrane, limited their 

applications in studies with live cells. 
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Figure 3.1. Chemical structures of histamine (3.1) and reported fluorescent H2R antagonists 

3.2-3.1834-38. *The exact chemical structure of AB118175 (3.6) is not published and was 

derived from the formula (C48H56BF2N9O4S) and the reported presence of the aminopotentidine 

and BODIPY 630/650 motifs.39 
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Figure 3.2. (A) Chemical structures of literature known fluorescent H2R agonists 3.19-3.2140. 

(B) Our approach for the synthesis of novel fluorescent agonists for the H2R. 

 

Consequently, there is still a need to develop novel, agonistic fluorescent ligands with reduced 

non-specific interactions. 

In this study, we describe the design, synthesis, and pharmacological evaluation (radioligand 

competition binding- and different functional-assays; flow cytometry and confocal microscopy) 

of several fluorescent carbamoylguanidine-type H2R agonists containing various fluorophores, 

heterocycles, and linker lengths. 

 

3.2 Results and Discussion 

3.2.1 Design 

Recently, the G protein efficacy (Emax) biased carbamoylguanidine-type radioligand [3H]UR-

KAT479 ([3H]3.23) (mini-G: Emax = 0.88 ± 0.01; β-arr2: Emax = 0.07 ± 0.02) was described (for 

structure see Figure 3.2B).7 Due to its beneficial properties (e.g. low non-specific binding and 
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reversible binding to the receptor), the structurally similar carbamoylguanidine containing 

amine 3.237 (cf. Scheme 3.1) was considered as a promising starting point for the development 

of novel fluorescent agonists. As the linker length can affect the pharmacological properties,41 

two additional precursor analogues with different chain lengths were also evaluated (3.24-3.257, 

cf. Scheme 3.1). Moreover, also the heterocycle was altered (3.26-3.27, cf. Scheme 3.1) since 

it is reported that different heterocycles may lead to varying degrees of G protein efficacy bias 

(thiazole3, 7, 42, imidazole3, thiadiazole43). Finally, the amine precursors were labeled with three 

different types of electrically charged or net-uncharged, red-emitting fluorophores: Py-544-45 

(positive), differently charged indolinium dyes [S0223 (positive), S0436 (net-uncharged) and 

S0386 (negative)) and BODIPY 630/650 X (net-uncharged)].46-47 

 

3.2.2 Chemistry 

The amine precursors 3.23-3.277, 43 and the Py-5 label44-45 were prepared according to known 

synthetic routes (for more details see Appendix 2, App2.1 Experimental Details for 3.23-3.27). 

The fluorophores S0436, S0387, S0223 and BODIPY 630/650 X were purchased as 

succinimidyl (NHS) esters and coupled with the precursors 3.23-3.27 in the presence of triethyl 

amine (NEt3) to give 3.31-3.40 (Scheme 3.1). Reaction of 3.23-3.25 with Py-5 gave the 

positively charged pyridinium salts 3.28-3.30 (Scheme 3.1). Purification by preparative RP-

HPLC afforded 3.28-3.40 with high purities [≥95% (220 nm)]. Fluorescence ligands containing 

the imidazole (compd. 3.37) or thiadiazole (compd. 38) moiety were synthesized only with the 

octyl linker, as this linker led to the highest H2R affinities within the thiazole series regardless 

of which fluorophore was used (Py-5: 3.28-3.30, S0346: 3.31-3.33, S0387: 3.36-3.38, for 

details see Table 3.1). Analytical characterizations (1H-NMR, HPLC purity, excitation spectra 

and emission spectra) of the fluorescent ligands 3.28-3.40 are provided in the Appendix 3. 
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Scheme 3.1. Synthesis of the Carbamoylguanidine-Type Fluorescent Ligands 3.28-3.40.a 

 

aReagents and conditions: (a) Py-5, S0436-, S0387-, S0223- or BODIPY 630/650 X-NHS 

ester, NEt3, DMF, 2 h, dark, rt, 18-89%. 
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3.2.3 H2R Affinity and Receptor Subtype Preference 

The amine precursor 3.26 (pKi values of the precursors 3.23-257 and 3.2741 were reported 

elsewhere) and the fluorescent ligands 3.28-3.40 were investigated in competition binding 

experiments on membrane preparations of Sf9 insect cells expressing the human (h) H2R-GsαS 

fusion protein (Table 3.1). In general, the incorporation of the fluorophore into the precursors 

resulted in a reduced hH2R affinity compared to the unlabeled precursors (3.23-3.27; pKi 6.88-

7.85), with exception of 3.39 (cf. Table 3.1). The introduction of Py-5 (3.28-3.30, pKi 6.64-

7.20), S0223 (3.39, pKi 7.66) or BODIPY 630/650 X (3.40, pKi 7.52) was better tolerated than 

the introduction of S0436 (3.31-3.35, pKi 6.25-7.18) or S0387 (3.36-3.38, pKi <6-6.74) (cf. 

Table 3.1). Fluorescent ligands, containing an octyl linker (3.29, 3.32 and 3.37), exhibited 

higher affinity compared to those containing a hexyl (3.28, 3.31 and 3.36) or decyl linker (3.30, 

3.33 and 3.38) (cf. Table 3.1). To confirm the determined pKi values, the fluorescent ligands 

3.28-3.37 and 3.39-3.40 (not 3.38 because of the very low pKi <6) were investigated in flow 

cytometric saturation binding studies using whole HEK293T-qs5-HA cells co-expressing the 

hH2R. None of the Py-5-labeled ligands (28-30) bound in a saturable manner (see 

Figure App2.33A-C in the Appendix 2). The S0223- (3.39), BODIPY 630/650 X- (3.40) and 

S0387- (3.36-3.37) labeled ligands showed high non-specific binding (see Figure S3.3E and 

Figure App2.34A-C in the Appendix 2). Only the S0436-labeled ligands 3.32-3.35 bound in 

saturable manner with concomitantly low non-specific binding (7-20% at a concentration 

abound the Kd value; see Figure S3.3A-D). The pKd values determined for these compounds 

(32-35) were in agreement with the pKi values from radioligand competition binding 

experiments (cf. Table 3.1). 

To investigate the subtype selectivity, selected compounds were screened for affinity at the 

other three human histamine receptors (hH1,3,4Rs, Table 3.1). Thiazole- (3.31-3.33 and 3.39-

3.40) or thiadiazole- (3.35) containing compounds showed a preference for the H2R. The 

affinity at the hH1,3,4Rs was between a half and two orders of magnitude lower than at the hH2R. 

In contrast, the imidazole containing ligand 3.34 had even higher affinity for human H3 receptor 

than for the H2R (cf. Table 3.1 and Figure 3.4C). Similar results were reported in the literature40, 

43, 48-51, where thiazoles or thiadiazoles showed higher H2 receptor selectivity compared to 

structurally identical imidazoles. In addition, a decrease in H2R selectivity could be observed 

for the precursors 3.23-3.25 and the S0436-labeled fluorescent ligands 3.31-3.33 by extending 

the linker from hexyl to decyl (cf. Table 3.1). 
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Table 3.1. pKd Values of 3.28-3.40 Determined by Saturation Binding (hH2R) and Binding Data (pKi) of 3.1 and 3.23-3.40 to Human Histamine 

Receptors (H1R, H2R, H3R and H4R) Determined in Radioligand Binding Studies 

 pKd 

flow cytom. 

pKi 

radioligand competition 

H2R selectivity 

Ki (H1,3,4R)/Ki(H2R) 

Cmpd. hH2Ra N hH2R-GsαS
b N hH1Rc N hH3Rd,e N hH4Rf N H1 H3 H4 

3.1 - - 6.58 ± 0.0450 3 5.62 ± 0.0352 48 7.59 ± 0.01b,c50 42 7.60 ± 0.0150 45 9 0.1 0.1 

3.23 - - 6.88 ± 0.107 5 5.03 ± 0.107 3 <5c 7 3 <57 3 71 >76 >76 

3.24 - - 7.66 ± 0.177 3 6.71 ± 0.047 3 5.06 ± 0.10c7 3 <57 3 9 398 >457 

3.25 - - 7.85 ± 0.177 3 6.80 ± 0.047 3 5.82 ± 0.07c7 3 5.36 ± 0.177 3 11 107 309 

3.26 - - 7.58 ± 0.0543 3 6.96 ± 0.0843 3 7.51 ± 0.13c43 2 6.20 ± 0.1643 2 4 1 41 

3.27 - - 7.48 ± 0.14 3 6.28 ± 0.09 3 <5c 2 <5 3 16 302 302 

3.28 n.m. 2 6.64 ± 0.05 3 n.d. - n.d. - n.d. - - - - 

3.29 n.m. 2 7.20 ± 0.11 3 n.d. - n.d. - n.d. - - - - 

3.30 n.m. 2 6.95 ± 0.16 3 n.d. - n.d.  n.d. - - - - 

3.31 6.00 ± 0.07 6 6.39 ± 0.12 4 <5 2 <5b 4 <5 2 >25 >25 >25 

3.32 7.15 ± 0.05 5 6.60 ± 0.04 3 5.51 ± 0.10 3 5.67 ± 0.19b,c 2 5.65 ± 0.10* 2 12 9 9 

3.33 6.64 ± 0.08 6 6.25 ± 0.06 3 5.41 ± 0.13* 2 5.54 ± 0.09c* 2 5.44 ± 0.12* 2 7 5 6 

3.34 7.25 ± 0.02 4 7.02 ± 0.05 3 6.29 ± 0.09* 2 7.77 ± 0.09c 2 6.87 ± 0.06 3 5 0.2 1 

3.35 6.95 ± 0.09 3 7.18 ± 0.10 3 5.20 ± 0.01* 2 5.33 ± 0.04c 3 5.64 ± 0.03* 2 95 71 35 

3.36 <6 2 6.58 ± 0.04 3 n.d. - n.d. - n.d. - - - - 

3.37 <6 3 6.74 ± 0.17* 2 n.d. - n.d. - n.d. - - - - 

3.38 n.d. - <6 2 n.d. - n.d. - n.d. - - - - 

3.39 7.48 ± 0.06 3 7.66 ± 0.18 3 6.79 ± 0.08* 2 6.92 ± 0.07c* 2 6.13 ± 0.08* 2 10 7 46 

3.40 7.09 ± 0.10 3 7.52 ± 0.03 3 6.02 ± 0.14 3 5.97 ± 0.16c* 2 5.96 ± 0.13 3 32 35 36 
aDetermined by flow cytometric saturation binding at HEK293T-hH2R-qs5-HA cells. b-fDetermined by radioligand competition binding with 

b[3H]UR-DE25753 (Kd = 11.2 nM38, c = 20 nM), c[3H]mepyramine (Kd = 4.5 nM40, c = 5 nM), d[3H]Nα-methylhistamine (Kd = 8.6 nM50, c = 3 nM), 
e[3H]UR-PI29454 (Kd = 3.0 nM7, c = 2 nM) or f[3H]histamine (Kd = 47.5 nM55, c = 30 nM) at membrane preparations of Sf9 insect cells expressing the 
bhH2R-GsαS fusion protein, cco-expressing the hH1R + RGS4, d,eco-expressing the hH3R + Gαi2 + Gβ1γ2 or fco-expressing the hH4R + Gαi2 + Gβ1γ2. 

Presented are mean values ± SEM (N ≥3) or SE (N = 2, indicated with *) from N independent experiments (each performed in duplicate (a) or triplicate 

(b, c, d, e, f)). n.d.: not determined. n.m.: not measurable: the one site - specific binding fit failed due to non-saturable binding of 3.31-3.33. For the 

calculation of the selectivity ratios, the pKi values were converted to the corresponding Ki by applying the equation Ki = 10-pKi.
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Figure 3.3. Representative flow cytometric saturation binding experiments performed with the 

fluorescent ligands 3.32 (A), 3.33 (B), 3.34 (C), 3.35 (D) and 3.39 (E) at intact HEK293T-

hH2R-qs5-HA cells. Non-specific binding was determined in the presence of famotidine (300-

fold excess adjusted to the respective concentration of the fluorescent ligand). Cells were 

incubated with the fluorescent ligands at room temperature (rt) in the dark for 90 min. Error 

bars of specific binding represent propagated errors calculated according to the Gaussian law 

of error propagation. Error bars of total and non-specific binding represent the SEM. 

Experiments were performed in duplicate. For representative flow cytometric saturation 

binding experiments of 3.28-3.31, 3.36-3.37 and 3.40 see Appendix 2, Figures App2.33 and 

App2.34.  
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Figure 3.4. Displacement curves obtained from competition binding experiments with 

[3H]mepyramine (hH1R, Kd = 4.5 nM40, c = 5 nM), [3H]UR-DE25753 (hH2R, Kd = 11.2 nM38, 

c = 20 nM), [3H]UR-PI29454 (hH3R, Kd = 3 nM7, c = 2 nM) or [3H]histamine (hH4R, 

Kd =47.5 nM55, c = 30 nM) and 3.32 (A), 3.33 (B), 3.34 (C), 3.35 (D), 3.39 (E) or 3.40 (F) at 

membranes of Sf9 cells (co-)expressing the hH1R + RGS4, the hH2R-GsαS fusion protein, the 

hH3R + Gαi2 + Gβ1γ2 or the hH4R + Gαi2 + Gβ1γ2. Data represent mean values ± SEM from at least 

two independent experiments (each performed in triplicate). 
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3.2.4 Functional Studies at the Human H2R 

To test the functional differences regarding Gs versus β-arrestin activation, the compounds 

3.23-3.40 were investigated in different assay systems (cf. Table 3.2). G protein activation was 

investigated in the [35S]GTPγS binding assay using membrane preparations of Sf9 insect cells 

expressing the hH2R-GsαS fusion protein.40, 50, 56 In case of compound 3.35 the mini-G protein 

recruitment assay using the HEK293T NlucN-mGs/hH2R-NlucC cells stably expressing the 

NlucN-mGs and hH2R-NlucC fusion constructs57 was used, because the [35S]GTPγS reagent 

was no longer commercially available in sufficient purity and at an affordable price.58 

Therefore, selected compounds 3.26, 3.32, 3.34 and 3.39 were additionally analyzed in the 

mini-G protein recruitment assay for comparison. β-Arrestin2 recruitment was determined in 

the luciferase complementation assay using the HEK293T-ARRB2-hH2R cells stably 

expressing hH2R-ElucC and the β-arrestin2-ElucN fusion constructs.3, 37-38 Selected compounds 

3.32, 3.34, 3.35 and 3.39 were also investigated in the analogous β-arrestin1 recruitment assay 

to rule out potential preference for one of the two β-arrestin isoforms (results are shown in the 

footnote of Table 3.2). 

Labeled and unlabeled compounds 3.23-3.39 acted as moderate partial to full agonists in 

[35S]GTPγS binding and/or mini-G protein recruitment assays (Emax = 0.47-1.04) with pEC50 

values in the range of 5.62 to 8.12 and were weak to strong partial agonists in β-arrestin1/2 

recruitment assays (Emax = 0.06-0.87) with pEC50 values in the range of 5.41 to 7.02 (Table 3.2). 

In general, the potencies were in good agreement with the respective binding affinities (pKi 

values, cf. Table 3.2). Among the fluorescence ligands, the difference in activating the G 

protein and β-arrestin pathways was most pronounced for the aminothiazole containing, S0436-

labeled compounds 3.32 and 3.33, which were strong partial to full agonists in the G protein 

pathway (3.32: GTPγS: Emax = 1.04; mGs: Emax = 0.77; 3.33: GTPγS: Emax = 0.93), while 

showing very weak partial agonistic activity in arrestin recruitment assays (3.32: β-arr1: 

Emax = 0.09; β-arr2: Emax = 0.12; 3.33: β-arr2: Emax = 0.09) (cf. Table 3.2 and Figures 3.5A & 

B). In addition, the BODIPY 630/650 X-labeled compound 3.40 showed an “extreme bias”59. 

It acted as a strong partial agonist in the [35S]GTPγS binding assay (Emax = 0.70), but as an 

antagonist in the β-arrestin2 recruitment assay (Emax = 0.01) (cf. Table 3.2 and Figure 3.5F). In 

contrast, three compounds (3.34-3.35 and 3.39) acted as moderate partial agonists in the β-

arrestin2 recruitment assay. The imidazole containing, S0436-labeled compound 3.34 was a 

partial agonist in the G protein pathway (GTPγS: Emax = 0.66; mGs: Emax = 0.83) and showed 

the third highest efficacy regarding β-arrestin activation (3.34: β-arr1: Emax = 0.25; β-arr2: 
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Emax = 0.22) (Table 3.2). The S0223-labeled aminothiazole 3.39 also displayed a high G protein 

efficacy (GTPγS: Emax = 0.93; mGs: Emax = 0.81) and the second highest efficacy of all 

carbamoylguanidines regarding β-arrestin2 activation (Emax = 0.44) (Table 3.2). Finally, also 

the thiadiazole containing ligand 3.35 acted as a strong partial agonist in the G protein pathway 

(mGs: Emax = 0.90) and showed the highest efficacy in the β-arrestin2 recruitment assay among 

the tested compounds (Emax = 0.61, Table 3.2). In the β-arrestin1 assay 3.35 and 3.39 showed 

similarly high efficacies (3.35: Emax = 0.55; 3.39: Emax = 0.57) (cf. Table 3.2). These results are 

in agreement with the literature, where imidazoles and thiadiazoles were reported to possess no 

or only a low G protein bias.3, 43 

In order to statistically examine these observed efficacy differences, a bias analysis60 for 

selected ligands 3.32-3.35 and 3.39 using the data obtained from [35S]GTPγS binding, mini-G 

protein recruitment and β-arrestin2 recruitment assays was carried out. As expected, the greatest 

efficacy bias factors (eBF’s) were calculated for 3.32 ([35S]GTPγS: eBF = 8.35; mGs: eBF = 

6.35) and 3.33 ([35S]GTPγS: eBF = 10.16), which were proved to be significant by using one-

way ANOVA and Dunnett`s post-tests (for more details see App2.7 Bias Analysis in the 

Appendix 2). In contrast, for 3.34-3.35 and 3.39 only low / not significant eBF’s were observed. 
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Table 3.2. Functional Data of Compounds 3.1 and 3.23-3.40 Determined at the hH2R in 

the [35S]GTPγS Bindinga or Mini-G Proteinb Recruitment and β-Arrestin1/2 Recruitmentc 

Assays 

 [35S]GTPγS bindinga β-arrestin2 recruitmentc 

compd. pEC50 Emax N pEC50 Emax N 

3.1 5.85 ± 0.0640 

6.94 ± 0.0657,b 

1.0040 

1.0057,b 

- 

9 

5.42 ± 0.023 1.003 3 

3.23 7.19 ± 0.12 

7.53 ± 0.037,b 

0.87 ± 0.07 

0.83 ± 0.027,b 

4 

3 

6.55 ± 0.227 0.28 ± 0.017 3 

3.24 7.58 ± 0.15 

7.84 ± 0.047,b 

0.78 ± 0.05 

0.84 ± 0.037,b 

4 

3 

6.87 ± 0.127 0.23 ± 0.017 4 

3.25 7.75 ± 0.13 

7.83 ± 0.127,b 

0.85 ± 0.04 

0.85 ± 0.027,b 

4 

3 

6.91 ± 0.107 0.15 ± 0.017 4 

3.26 6.88 ± 0.06 

8.13 ± 0.0543,b 

0.86 ± 0.07 

0.93 ± 0.0143,b 

3 

3 

6.70 ± 0.1443 0.87 ± 0.0443 5 

3.27 7.47 ± 0.10 

8.12 ± 0.02b 

0.94 ± 0.04 

0.90 ± 0.02b 

4 

3 

7.02 ± 0.12 0.51 ± 0.06 5 

3.28 6.92 ± 0.33* 0.78 ± 0.09* 2 5.60 ± 0.05 0.27 ± 0.09 3 

3.29 7.16 ± 0.20 0.47 ± 0.05 3 5.86 ± 0.12 0.16 ± 0.05 3 

3.30 7.05 ± 0.14 0.49 ± 0.10 3 5.91 ± 0.20 0.07 ± 0.02 3 

3.31 6.25 ± 0.17 0.94 ± 0.07 4 5.41 ± 0.13 0.41 ± 0.04 3 

3.32† 6.47 ± 0.09 

6.89 ± 0.02b 

1.04 ± 0.04 

0.77 ± 0.01b 

6 

3 

5.96 ± 0.11 0.12 ± 0.04 3 

3.33 6.17 ± 0.14 0.93 ± 0.05 5 5.84 ± 0.27 0.09 ± 0.02 3 

3.34† 6.92 ± 0.10 

6.94 ± 0.03b 

0.66 ± 0.02 

0.83 ± 0.01b 

4 

3 

6.47 ± 0.05 0.22 ± 0.02 3 

3.35† 7.19 ± 0.06b 0.90 ± 0.01b 4 6.59 ± 0.08 0.61 ± 0.03 5 

3.36 6.69 ± 0.08 0.72 ± 0.09 3 6.17 ± 0.13 0.36 ± 0.06 3 

3.37 5.89 ± 0.16 0.74 ± 0.07 4 6.12 ± 0.24 0.06 ± 0.02 3 

3.38 5.62 ± 0.18 0.77 ± 0.08 3 5.69 ± 0.06 0.10 ± 0.02 3 

3.39† 6.73 ± 0.07 

6.72 ± 0.10b 

1.01 ± 0.06 

0.81 ± 0.02b 

4 

3 

6.30 ± 0.14 0.44 ± 0.07 5 

3.40 7.14 ± 0.15 0.70 ± 0.07 4 (7.61 ± 0.19)‡ 0.01 ± 0.02‖ 5 
a[35S]GTPγS binding assay on membranes of Sf9 cells expressing the hH2R-GsαS fusion 

protein.40, 50, 56 bMini-G protein recruitment assay on HEK293T NlucN-mGs/hH2R-NlucC 

cells.57 cβ-Arrestin2 recruitment assay on HEK293T-ARRB2-hH2R cells.3, 37-38 Data shown are 

geometric mean values ± SEM (N ≥3) or SE (N = 2, indicated with *) of N independent 

experiments each performed in triplicate. pEC50: negative logarithm of the agonistic potency 

(EC50). Emax: efficacy. The Emax value of 3.1 was set to 1.00 and the Emax of buffer control was 

set to 0.00 and values of the other compounds were referenced to these values. ‡The pKb value 

of 3.40 was determined in the antagonist mode versus 3.1 (c = 8 µM); pKb = -logKb. The Kb 

value was calculated from the corresponding IC50 values (obtained by the GraphPad Prims 5 

software) by using the Cheng-Prusoff equation61. ‖Emax at c = 10 µM. n.d.: not determined. 
†Selected compounds were also investigated in the β-arrestin1 recruitment assay on HEK293T-

ARRB1-hH2R cells: 3.1: pEC50 = 5.26 ± 0.033, Emax = 1.003, N = 5; 3.32: pEC50 = 6.21 ± 0.06, 

Emax = 0.09 ± 0.01, N = 3; 3.34: pEC50 = 6.37 ± 0.05, Emax = 0.25 ± 0.01, N = 3; 3.35: 

pEC50 = 6.47 ± 0.05, Emax = 0.55 ± 0.04, N = 3; 3.39: pEC50 = 6.29 ± 0.15, Emax = 0.57 ± 0.06,  

N = 3. The obtained results were in good agreement with the results from the β-arrestin2 

recruitment assay. 
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Figure 3.5. Concentration-response curves of S0436-labeled ligands 3.32-3.35 (A-D), S0223-

labeled ligand 3.39 (E) and BODIPY 630/650 X-labeled ligand 3.40 (F) investigated in the 

[35S]GTPγS binding assay (○ empty circles), mini-G protein recruitment assay (● filled 

circles), β-arrestin1 recruitment assay (▲ filled triangles, agonist mode), or β-arrestin2 

recruitment assay (△ empty triangles, agonist mode; □ empty squares, antagonist mode). The 

responses in all four assays were normalized to the maximal effects induced by histamine (3.1) 

(100% value) and buffer control (0% value). Data are mean values ± SEM of 3-6 independent 

experiments, each performed in triplicate. Data were analyzed by nonlinear regression and 

best fitted to sigmoidal concentration-response curves. 
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3.2.5 Association and Dissociation Kinetics of 3.32, 3.34 and 3.35 at the hH2R 

Expressed in HEK293T-qs5-HA Cells Studied by Flow Cytometry 

Besides investigating their affinities, potencies, and efficacies, it is also of importance to 

elucidate the binding kinetics of new potential molecular tools, providing information on how 

much time is needed until an equilibrium between receptors and ligands has been established. 

This is especially important when performing competition binding experiments. Therefore, we 

performed kinetic experiments with S0436-labeled ligands 3.32 (thiazole, c = 120 nM), 3.34 

(imidazole, c = 60 nM) and 3.35 (thiadiazole, c = 100 nM), which showed the most promising 

properties (e.g. low non-specific binding and high Kd) using flow cytometry. Association of 

3.32 and 3.34 was complete after 60 min, while 3.35 showed a faster association, which was 

already complete after 20 min. Dissociation in the presence of 300-fold excess of famotidine 

was monophasic with koff values between 0.017-0.063 min-1, with 3.32 showing the slowest 

dissociation from the receptor. After 180 min, the residual specific binding was approximately 

10-20%. For all experiments, the kinetically derived dissociation constants were calculated 

[using two methods: non-linear regression (Table 3.3A) and linear transformation (Table 3.3B)] 

which were in good agreement with the pKd values determined by saturation binding. 
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Figure S3.6. Specific binding kinetics of 3.32 (A, B), 3.34 (C, D), 3.35 (E, F) determined at 

live HEK293T-hH2R-qs5-HA cells by flow cytometry. Association was induced by the addition 

of 3.32, 3.34 or 3.35 [final concentration: 120 nM (3.32), 60 nM (3.34) or 100 nM (3.35)]. 

Dissociation was initiated after 90 min preincubation by the addition of famotidine (300-fold 

excess). A, C and E: Inserts: Transformation of the depicted association kinetics using 

ln[B(eq)/(B(eq)-B(t))] versus time. B, E and F: Inserts: Transformation of the depicted kinetics 

using ln[(B(t)-B(plateau))/(B(0)-B(plateau))] versus time. The results shown are representatives of at 

least three experiments, each performed in duplicate. Data are presented as means ± errors. 

Errors were calculated according to the Gaussian law of error propagation. 
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Table 3.3. hH2R Binding Characteristics of 3.32, 3.34 and 3.35 Determined by Flow 

Cytometry Using Suspended HEK293T-hH2R-qs5-HA Cells at Room Temperature [(A) 

Non-Linear Regression and (B) Linear Transformation] 

A 

compd. 

koff
a  

[min-1] 

N kon
b  

[min-1 * nM-1] 

N koff / kon
c 

Kd (kin.) [nM] 

pKd (kin.)d pKd (sat.) 

3.32 0.0175 ± 

0.0030 

5 0.00045 ± 

0.000023 

3 34, 43, 41 7.41 ± 0.02 7.15 ± 0.05 

3.34 0.0461 ± 

0.0084 

3 0.0029 ± 

0.00058 

3 18, 32, 15 7.69 ± 0.06 7.25 ± 0.02 

3.35 0.0634 ± 

0.0142 

3 0.0022 ± 

0.00044 

5 31, 119, 26, 27, 

18 

7.47 ± 0.13 6.95 ± 0.09 

aDissociation rate constant derived from nonlinear regression (GraphPad Prism 5, equation: 

dissociation – one phase exponential decay). bAssociation rate constant derived from nonlinear 

regression (GraphPad Prism 5, equation: association kinetics – one conc. of hot); calculated 

from kobs, koff and the fluorescent ligand concentration. cKinetically determined dissociation 

constant (Kd (kin.) = koff / kon). 
dNegative decadic logarithm of the kinetically determined 

dissociation constant (pKd (kin.) = -log(Kd (kin.))). Data represent means ± SEM from N 

independent experiments (each performed in duplicate). 

 

B 

compd. 

koff
a 

[min-1] 

N kobs
b 

[min-1] 

N kon
c koff / kon

d 

Kd (kin.) [nM] 

pKd (kin.)d 

3.32 0.0159 ± 

0.0019 

5 0.00607 ± 

0.00123 

3 0.0003737 ± 

0.0000189 

43 ± 6 7.37 

3.34 0.0357 ± 

0.0051 

3 0.1528 ± 

0.0328 

3 0.0019522 ± 

0.0005532 

18 ± 6 7.74 

3.35 0.0458 ± 

0.0084 

3 0.1671 ± 

0.0207 

5 0.0012132 ± 

0.0002234 

38 ± 10 7.42 

aDissociation rate constant derived from linearization ln[(Bt-Bplateau)/(B0-Bplateau)] versus time 

(GraphPad Prism 5, linear regression; koff = slope-1). bObserved association rate constant 

derived from linearization ln[Beq/(Beq-Bt)] versus time (GraphPad Prism 5, linear regression; 

kobs = slope). cAssociation rate constant calculated from kobs, koff and the fluorescent ligand 

concentration [kon = (kobs/ - koff) / c (fluorescent ligand)]. dKinetically determined dissociation 

constant (Kd (kin.) = koff/kon). 
dNegative decadic logarithm of the kinetically determined 

dissociation constant (pKd (kin.) = -log(Kd (kin.)). a,bData represent means ± SEM from N 

independent experiments (each performed in duplicate). c,dData represent result ± propagated 

error. 
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3.2.6 Investigation of Unlabeled H2R Standard Ligands in Competition Binding 

Experiments Using Flow Cytometry 

To show the versatility of possible uses of the presented fluorescent agonists (3.32, 3.34 or 

3.35), equilibrium competition binding experiments with different reported H2R agonists [3.1 

and amthamine (amt)] and antagonists/inverse agonists [famotidine (fam), ranitidine (rani), 

tiotidine (tio) and BMY 25368], using a fixed concentration of 3.32 (c = 60 nM), 3.34 

(c = 60 nM) or 3.35 (c = 100 nM) and various concentrations of the respective ligands were 

performed. The results are summarized in Table 3.4. The fluorescence ligands 3.32, 3.34 and 

3.35 were completely displaceable by the employed standard H2R ligands. The calculated pKi 

values were comparable - independent from the fluorescent ligand (3.32, 3.34 or 3.35) used. 

Moreover, the pKi values were in good agreement with radioligand binding data at the same 

cell line using [3H]UR-DE25753 as radioligand and with radioligand binding data published in 

the literature. (Table 3.4).7, 38, 53, 62 Therefore, our new agonistic fluorescence ligands 3.32, 3.34 

or 3.35 can be used as well as the published antagonistic fluorescence ligands or radioligands 

to determine the pKi values of unlabeled ligands.37-38 
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Table 3.4. Comparison of the Determined Binding Data (pKi) of Unlabeled H2R Standard 

Ligands, Using 3.32, 3.34 or 3.35 as Fluorescent Ligands or [3H]UR-DE25753 as 

Radioligand at Live HEK293T-hH2R-qs5-HA Cells, to Reference Dataa 

compd. 3.32 

pKi
c 

N 3.34 

pKi
c 

N 3.35 

pKi
c 

N [3H]UR-

DE257b 

pKi 

N Referenced 

fam 7.29 ± 

0.04 

3 7.37 ± 

0.04 

3 7.28 ± 

0.02 

3 7.67 ±  

0.01 

3 6.87-7.941-3
 

rani 6.93 ± 

0.06 

3 7.18 ± 

0.13 

3 6.81 ± 

0.14 

3 6.66 ±  

0.06 

3 5.76-7.191-3 

tio 7.38 ± 

0.01 

2 7.55 ± 

0.08 

3 7.44 ± 

0.10 

3 7.69 ±  

0.02 

3 6.57-7.771-2 

BMY 

25368 

7.17 ± 

0.06 

3 n.d. - n.d. - n.d. - 7.721; pKb: 7.36e 

amt 4.75 ± 

0.12 

3 n.d. - n.d. - n.d. - 4.70-6.821-2, 4 

3.1 3.89 ± 

0.19 

4 4.29 ± 

0.12 

3 3.89 ± 

0.09 

4 3.90 ±  

0.05 

3 4.00-6.271-2, 4 

aDetermined by competition binding with 3.32 (c = 60 nM, Kd = 71 nM), 3.34 (c = 60 nM, 

Kd = 56 nM), or 3.35 (c = 100 nM, Kd = 112 nM) at live HEK293T-hH2R-qs5-HA63 cells. 
bDetermined by competition binding with [3H]UR-DE25753 (c = 25 nM, Kd = 40 nM) at live 

HEK293T-hH2R-qs5-HA63 cells. Data were analyzed by nonlinear regression and were best 

fitted to four-parameter sigmoidal concentration-response curves. cThe pKi values represent 

mean values ± SEM from N independent experiments each performed in duplicated or 

triplicate. dData from competition binding experiments (pKi) with 1[125I]iodaminopotentidine62, 
2,4[3H]UR-DE25753, 64 or 3UR-KAT47838, performed on 1membrane preparations of CHO cells, 

expressing the hH2R
62, 2membrane preparations of Sf9 insect cells, expressing the hH2R-GsαS 

fusion protein53, 3HEK293T cells, stably expressing the NLuc-hH2R (NanoBRET binding 

experiments)38, 4HEK293T CRE-Luc cells, stably expressing the hH2R
64. eData from steady-

state [32P]GTPase assay, performed on membrane preparations of Sf9 insect cells, expressing 

the hH2R-GsαS fusion protein.64 

 

3.2.7 Cellular Localization of 3.32, 3.34-3.35 and 3.39-3.40 at Human H2R 

Expressing Cells Determined by Confocal Microscopy 

The S0436-labeled ligands 3.32-3.35 turned out as the most promising compounds [high 

affinity (Table 3.1) and low non-specific binding (Figure 3.3A-D)] for the investigation of the 

β-arrestin-mediated internalization by confocal microscopy. However, 3.33 was excluded from 

the studies in favor of 3.32 because the octyl linker containing compound 3.32 was structurally 

more similar to 3.34 and 3.35. In addition, also the S0223-labeled ligand 3.39 and the BODIPY 

630/650 X-labeled ligand 3.40 were employed in the confocal microscopy experiments, despite 

their high level of non-specific binding observed in the flow cytometric saturation binding 
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experiments (cf. Figure 3.3E and Figure 2.34C in the Appendix 2). The reason for this is that 

3.39 had the second highest efficacy in the β-arrestin2 recruitment assay and 3.40 showed an 

“extreme bias” (cf. Table 3.2 and Figure 3.5F). For this series of experiments, we used live 

HEK293T-hH2R-qs5-HA63 and/or HEK293T-SP-FLAG-hH2R K33 cells. Non-specific binding 

was determined in the presence of the non-fluorescent H2R antagonist famotidine (300-fold 

excess). Fluorescence ligand 3.32, which showed very weak partial agonistic activity in β-

arrestin recruitment assays (β-arr1: Emax = 0.09, β-arr2: Emax = 0.12) also failed to promote 

receptor internalization (fluorescence is mainly localized at the cell membrane, cf. Figure 3.7), 

despite the fact that it was able to activate the Gs protein-mediated signaling ([35S]GTPγS assay 

and mini-Gs protein recruitment assay, Table 3.2). However, hH2R internalization could be 

observed (fluorescence is localized at the cell membrane and inside the cell, cf. Figure 3.7) if 

the fluorescence ligands 3.34 (imidazole, S0436), 3.35 (thiadiazole, S0436) or 3.39 (thiazole, 

S0223), which displayed higher efficacy regarding β-arrestin recruitment (3.34: β-arr1: 

Emax = 0.25, β-arr2: Emax = 0.22; 3.35: β-arr1: Emax = 0.55, β-arr2: Emax = 0.61; 3.39: β-arr1: 

Emax = 0.57, β-arr2: Emax = 0.44) were applied (cf. Table 3.2). Surprisingly, a significant 

intracellular fluorescence could be observed in the case of the “extremely biased” ligand 3.40, 

which was identified as an antagonist in the β-arrestin2 recruitment assay. However, this 

internalization presumably occurred in a receptor-independent manner since it could be also 

observed in the presence of the H2R selective competitor famotidine (selected frames from 

confocal microscopy experiments with 3.40 are shown in the Figure App2.40, see Appendix 2). 

We concluded that H2R specific internalization is only observed if the respective ligand is able 

to at least moderately recruit β-arrestin (Emax ≥0.22). Therefore, the binding of 3.32 was 

examined in HEK293T-SP-FLAG-hH2R K33 cells as well, which should prove that the lack of 

internalization is not due to the chimeric Gqs protein expressed in the HEK293T-hH2R-qs5-HA 

cells.63 Also in this case, we could not observe any internalization within 120 min (cf. 

Figure 3.7, 3.32*). Our results are in agreement with the observations published by Fernandez 

et al.5 who proposed the involvement of β-arrestin2 in the internalization of the H2R.5 
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Figure 3.7. Selected frames from confocal microscopy experiments with 3.32 (180 nM), 3.34 

(200 nM), 3.35 (300 nM) and 3.39 (100 nM) (c ≈ 2.5 x Ki, determined using Sf9 cell membranes 

expressing the hH2R-GsαS) at HEK293T-hH2R-qs5-HA cells or *HEK293T-SP-FLAG-hH2R 

K33 cells. Cells were incubated with the respective fluorescent agonist at room temperature. 

Non-specific binding was determined in the presence of famotidine (300-fold excess). In case 

of 3.32: after 120 min the fluorescence is mainly localized at the cell membrane suggesting that 

no receptor internalization had occurred. In case of 3.34-3.35 and 3.39: after 60 or 120 min the 

fluorescence is localized at the cell membrane and inside the cell suggesting that receptor 

internalization had occurred. All images were acquired with a Zeiss Axiovert 200 M 

microscope, equipped with an LSM laser scanner. Settings: Plan-Apochromat 63x/1.4 Oil 

objective; scale bar [transmitted light (total/non-sp.)]: 20 µm. For more time-resolved frames 

see in the Appendix 2 (Figures App2.35-App2.39). 
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3.3 Summary and Conclusion 

In summary, we synthesized several novel histamine H2 receptor ligands containing different 

heterocycles, linker lengths, and fluorophores (indolinium, pyridinium, BODIPY). The 

compounds exhibited weak to high H2 receptor affinity with pKi values ranging from <6 to 7.7. 

The octyl linker led to the highest affinity within a series of the same fluorophore (only 

investigated for the thiazoles). Interestingly, only fluorescent ligands containing an 

electroneutral fluorophore (S0436), such as 3.32-3.35, bound in a saturable manner with low 

non-specific binding in the range of the respective Kd value. By contrast, compounds containing 

fluorophores with a net charge (Py-5, S0223 or S0387) or BODIPY 630/650 X, showed high 

non-specific binding. Investigation of the ligands in a [35S]GTPγS binding assay using 

membranes of Sf9 insect cells or in a split luciferase mini-G protein recruitment assay 

(HEK293T cells) and in a split luciferase β-arrestin1/2 recruitment assays (HEK293T cells) 

revealed a difference in activating the G protein and β-arrestin pathways. Some of the molecules 

(e.g. 3.32) showed a significant biased efficacy: whereas the fluorescent H2R ligands acted as 

strong partial or full agonists with respect to G protein activation, most of them were only weak 

to moderate partial agonists regarding β-arrestin recruitment. This was consistent with the 

results from investigations at HEK293T-hH2R-qs5-HA or HEK293T-SP-FLAG-hH2R K33 

cells by confocal microscopy, since no H2R specific endocytosis was observed for 3.32 (β-arr1: 

Emax = 0.09, β-arr2: Emax = 0.12). However, three ligands (3.34, 3.35 and 3.39) showed partial 

agonism (Emax ≥0.22) in the β-arrestin recruitment assay and induced internalization of the H2 

receptor which was confirmed by confocal microscopy. These results visually support that β-

arrestin plays a critical role for H2 receptor internalization. 

The development of these fluorescent probes will help to understand the cellular regulation 

of the H2R (e.g. trafficking) and enables studies on the co-localization of the receptor-ligand 

complex with various proteins involved in the internalization process throughout further 

studies. 

 

3.4 Experimental Section 

3.4.1 General Experimental Section 

Unless otherwise stated, chemicals and solvents were from commercial suppliers and were 

used as received. All solvents were of analytical grade or were distilled prior to use. Reactions 

were monitored by thin layer chromatography (TLC) on silica gel 60 F254 aluminium sheets 

(Merck, Darmstadt, Germany), and spots were visualized with UV light at 254 nm and/or 
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ninhydrin stain. Flash-chromatography was performed on an Intelli Flash-310 flash 

chromatography workstation from Varian Deutschland GmbH (Darmstadt, Germany) with 

SuperFlash columns (Si50) from Agilent Technologies. NMR spectra were recorded on a 

Bruker Avance 600 (1H: 600 MHz, 13C: 151 MHz) (Bruker, Karlsruhe, Germany) with 

deuterated solvents from Deutero (Kastellaun, Germany). All chemical shifts are reported in δ-

scale as parts per million (ppm, multiplicity, coupling constant (J), number of protons) relative 

to the solvent residual peaks as the internal standard.65-66 The spectra were analyzed by first 

order and coupling constants are given in Hertz (Hz). Abbreviations for the multiplicities of the 

signals are s (singlet), d (doublet), t (triplet), q (quartet), quint (quintet), m (multiplet), dd 

(double of doublets), br s (broad singlet). HRMS was performed on an Agilent 6540 UHD 

Accurate-Mass Q-TOF LC/MS system (Agilent Technologies, Santa Clara, CA, USA) using an 

ESI source. Preparative HPLC was performed with a system from Knauer (Berlin, Germany) 

consisting of two K-1800 pumps, a K-2001 detector and the column was a Phenomenex Kinetex 

(250 x 21 mm, 5 µm) (Phenomenex, Aschaffenburg, Germany). As mobile phase mixtures of 

MeCN and 0.1% aqueous TFA were used. The UV detection was carried out at 220 nm. 

Lyophilisation was carried out using a ScanVac CoolSafe 4-15L freeze dryer from Labogene 

(LMS, Brigachtal, Germany), equipped with a RZ 6 rotary vane vacuum pump (Vacuubrand, 

Wertheim, Germany). Analytical HPLC experiments were performed on a 1100 HPLC system 

from Agilent Technologies equipped with Instant Pilot controller, a G1312A binary pump, a 

G1329A ALS autosampler, a G1379A vacuum degasser, a G1316A column compartment and 

a G1315B DAD detector. The column was a Phenomenex Kinetex XB-C18 column 

(250 x 4.6 mm, 5 µm) (Phenomenex, Aschaffenburg, Germany), tempered at 30 °C. As mobile 

phase, mixtures of MeCN/aqueous TFA were used. The following linear gradient was applied: 

MeCN/TFA (0.05 %) (v/v) 0 min: 10:90, 30 min: 90:10, 33 min: 95:5, 40 min: 95:5; flow rate: 

0.8 mL/min, t0 = 3.21 min. The injection volume was 50 µL. Absorbance was detected at 

220 nm. Compound concentration was between 50-200 µM. 

 

3.4.2 Synthesis and Analytical Data 

General Procedure for the Synthesis of Fluorescent Ligands 3.28-3.40. The reactions 

were carried out in a 1.5 mL micro tube (eppendorf, Hamburg, Germany). The amine precursor 

(3.23-3.27, 1.1-2 equiv) was dissolved in 30 µL DMF and NEt3 (6-15 equiv) was added. The 

fluorescence dye (Py-544, S0436-, S0387-, S0223- or BODIPY 630/650 X-NHS ester, 1 equiv) 

was dissolved in 20 µL DMF and this solution was added to the mixture, the cup was rinsed 
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two times with DMF (20 µL and 10 µL). The rinsing solution was also added to the reaction 

mixture. After stirring for 2 h at rt, the reaction was stopped by addition of 10% aqueous TFA 

(20 µL). The crude product was purified by preparative HPLC. 

 

 

1-(6-(3-((Z)-Amino((3-(2-amino-4-methylthiazol-5-

yl)propyl)amino)methylene)ureido)hexyl)-4-((1E,3E)-4-(4-(dimethylamino)phenyl)buta-

1,3-dien-1-yl)-2,6-dimethylpyridin-1-ium trifluoroacetate dihydrotrifluoroacetate (3.28). 

The title compound was prepared from 3.23 (2.4 mg, 3.44 µmol, 1.6 equiv), Py-5 (0.79 mg, 

2.15 µmol, 1 equiv) and NEt3 (1.79 µL, 12.9 µmol, 6 equiv) according to the general procedure 

yielding 3.28 as a red solid (1.67 mg, 81%). RP-HPLC: 97% (tR = 13.1 min, k = 3.08). 1H-NMR 

(600 MHz, DMSO-d6) δ 9.77 (br s, 1H), 8.90 (br s, 1H), 8.44 (br s, 2H), 7.84 (s, 2H), 7.69 (dd, 

J = 15.3, 10.4 Hz, 1H), 7.50 (br s, 1H), 7.49-7.43 (m, 2H), 7.04-6.91 (m, 2H), 6.75-6.70 (m, 

2H), 6.58 (d, J = 15.3 Hz, 1H), 4.32-4.27 (m, 2H), 3.22 (q, J = 6.7 Hz, 2H), 3.10 (q, J = 6.7 Hz, 

2H), 2.97 (s, 6H), 2.75 (s, 6H), 2.55 (t, J = 7.5 Hz, 2H), 2.02 (s, 3H), 1.79-1.67 (m, 4H), 1.51-

1.39 (m, 4H), 1.38-1.31 (m, 2H), 1 H signal is missing. HRMS: calcd. for C34H50N8OS2+: 

309.1909; found: 309.1922. MF: C34H49N8OS+ x C6H2F9O6
-. MW: (617.88 + 341.06). 

 

 

1-(8-(3-((Z)-Amino((3-(2-amino-4-methylthiazol-5-

yl)propyl)amino)methylene)ureido)octyl)-4-((1E,3E)-4-(4-(dimethylamino)phenyl)buta-

1,3-dien-1-yl)-2,6-dimethylpyridin-1-ium trifluoroacetate dihydrotrifluoroacetate (3.29). 

The title compound was prepared from 3.24 (7.72 mg, 10.64 µmol, 1 equiv), Py-5 (3.91 mg, 

10.65 µmol, 1 equiv) and NEt3 (11.06 µL, 79.79 µmol, 7.5 equiv) according to the general 

procedure yielding 3.29 as a red solid (3.60 mg, 34%). RP-HPLC: 99% (tR = 13.3 min, 

k = 3.14). 1H-NMR (600 MHz, DMSO-d6) δ 9.89 (br s, 1H), 8.93 (br s, 1H), 8.46 (br s, 2H), 
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7.85 (s, 2H), 7.70 (dd, J = 15.3, 10.4 Hz, 1H), 7.54-7.43 (m, 3H), 7.01-6.93 (m, 2H), 6.73 (d, 

J = 9.8 Hz, 2H), 6.59 (d, J = 15.7 Hz, 1H), 4.30 (t, J = 8.0 Hz, 2H), 3.23 (q, J = 6.9 Hz, 2H, 

overlapped with water signal), 3.09 (q, J = 6.1 Hz, 2H), 2.97 (s, 6H), 2.75 (s, 6H), 2.58 (t, J = 

7.5 Hz, 2H, overlapped with DMSO signal), 2.07 (s, 3H), 1.81-1.65 (m, 4H), 1.51-1.20 (m, 

10H), 1 H signal is missing. HRMS: calcd. for C36H54N8OS2+: 323.2065; found: 323.2072. MF: 

C36H53N8OS+ x C6H2F9O6
-. MW: (645.93 + 341.06). 

 

 

1-(10-(3-((Z)-Amino((3-(2-amino-4-methylthiazol-5-

yl)propyl)amino)methylene)ureido)decyl)-4-((1E,3E)-4-(4-(dimethylamino)phenyl)buta-

1,3-dien-1-yl)-2,6-dimethylpyridin-1-ium trifluoroacetate dihydrotrifluoroacetate (3.30). 

The title compound was prepared from 3.25 (2.64 mg, 3.50 µmol, 1 equiv), Py-5 (1.29 mg, 

3.51 µmol, 1 equiv) and NEt3 (3.6 µL, 25.97 µmol, 7.4 equiv) according to the general 

procedure yielding 3.30 as a red solid (1.87 mg, 53%). RP-HPLC: 98% (tR = 14.6 min, 

k = 3.55). 1H-NMR (600 MHz, DMSO-d6) δ 9.53 (br s, 1H), 8.88 (br s, 1H), 8.42 (br s, 2H), 

7.84 (s, 2H), 7.69 (dd, J  = 15.8, 9.6 Hz, 1H), 7.42 (d, J = 9.6 Hz, 3H), 7.04-6.91 (m, 2H), 6.72 

(d, J = 8.7 Hz, 2H), 2.58 (d, J = 14.7 Hz, 1H), 4.29 (t, J = 8.9 Hz, 2H), 3.24-3.19 (m, 2H, 

overlapped with water signal), 3.11-3.04 (m, 2H), 2.97 (s, 6H), 2.75 (s, 6H), 2.57-2.53 (m, 2H, 

overlapped with DMSO signal), 2.01 (s, 3H), 1.77-1.66 (m, 4H), 1.48-1.37 (4H), 1.35-1.22 (m, 

10H), 1 H signal is missing. HRMS: calcd. for C38H57N8OS+: 673.4371; found: 673.4370. MF: 

C38H57N8OS+ x C6H2F9O6
-. MW: (673.99 + 341.06). 
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2-((1E,3E)-5-((E)-1-(1-(2-Amino-4-methylthiazol-5-yl)-5-imino-7,16-dioxo-4,6,8,15-

tetraazahenicosan-21-yl)-3,3-dimethylindolin-2-ylidene)penta-1,3-dien-1-yl)-3,3-

dimethyl-1-(4-sulfobutyl)-3H-indol-1-ium trihydrotrifluoroacetate (3.31). The title 

compound was prepared from 3.23 (2.4 mg, 3.44 µmol, 1.73 equiv), S0436 NHS ester (1.4 mg, 

1.99 µmol, 1 equiv) and NEt3 (2.6 µL, 18.8 µmol, 9.4 equiv) according to the general procedure 

yielding 3.31 as a blue solid (0.63 mg, 25%). RP-HPLC: 98% (tR = 17.0 min, k = 4.30). 1H-

NMR (600 MHz, DMSO-d6) δ 10.02 (s, 1H), 8.80 (s, 1H), 8.39 (s, 2H), 8.32 (t, J = 13.1 Hz, 

2H), 7.73 (t, J = 5.7 Hz, 1H), 7.63-7.58 (m, 2H), 7.43-7.35 (m, 4H), 7.28 (s, 1H), 7.26-7.21 (m, 

2H), 6.57 (t, J = 12.4 Hz, 1H), 6.34 (d, J = 13.8 Hz, 1H), 6.26 (d, J = 13.8 Hz, 1H), 5.39 (s, 

1H), 4.13-4.01 (m, 4H), 3.20 (q, J = 6.7 Hz, 2H, overlapped with water signal), 3.07 (q, 

J = 6.5 Hz, 2H), 2.99 (q, J = 6.6 Hz, 2H), 2.71-2.63 (m, 2H), 2.55 (t, J = 7.5 Hz, 2H), 2.10-1.97 

(m, 5H), 1.83-1.74 (m, 4H), 1.72-1.68 (m, 2H), 1.67-1.66 (m, 12H), 1.54 (q, J = 7.3 Hz, 2H), 

1.43-1.30 (m, 6H), 1.26-1.20 (m, 6H). HRMS: calcd. for C50H72N9O5S2
+: 942.5092; found: 

942.5099. MF: C50H71N9O5S2 x C6H3F9O6. MW: (943.30 + 342.07). 

 

 

4-(2-((1E,3E)-5-((E)-1-(1-(2-Amino-4-methylthiazol-5-yl)-5-imino-7,18-dioxo-4,6,8,17-

tetraazatricosan-23-yl)-3,3-dimethylindolin-2-ylidene)penta-1,3-dien-1-yl)-3,3-dimethyl-
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3H-indol-1-ium-1-yl)butane-1-sulfonate trihydrotrifluoroacetate (3.32). The title 

compound was prepared from 3.24 (2.3 mg, 3.17 µmol, 2 equiv), S0436 NHS ester (1.11 mg, 

1.58 µmol, 1 equiv) and NEt3 (2.42 µL, 17.46 µmol, 11 equiv) according to the general 

procedure yielding 3.32 as a blue solid (0.67 mg, 33%). RP-HPLC: 97% (tR = 17.6 min, 

k = 4.48). 1H-NMR (600 MHz, DMSO-d6) δ 10.00 (br s, 1H), 8.82 (br s, 1H), 8.39 (br s, 2H), 

8.32 (t, J = 13.2 Hz, 2H), 7.71 (t, J = 5.4 Hz, 1H), 7.60 (d, J = 7.6 Hz, 2H), 7.42-7.36 (m, 4H), 

7.30 (br s, 1H), 7.25-7.21 (m, 2H), 6.57 (t, J = 12.5 Hz, 1H), 6.33 (d, J = 13.9 Hz, 1H), 6.27 (d, 

J = 13.6 Hz, 1H), 4.13-4.03 (m, 4H), 3.22 (q, J = 6.5 Hz, 2H, overlapped with water signal), 

3.06 (q, J = 6.1 Hz, 2H), 2.98 (q, J = 6.1 Hz, 2H), 2.65 (t, J = 6.8 Hz, 2H), 2.57 (t, J = 7.6 Hz, 

2H), 2.08-2.00 (m, 5H), 1.81-1.73 (m, 4H), 1.72-1.69 (m, 2H), 1.68-1.66 (m, 12H), 1.53 (quint, 

J = 7.2 Hz, 2H), 1.43-1.29 (m, 6H), 1.27-1.17 (m, 10H), 1 H signal is missing. HRMS: calcd. 

for C52H76N9O5S2
+: 970.5405; found: 970.5392; calcd. for C52H77N9O5S2

2+: 485.7739; found: 

485.7748. MF: C52H75N9O5S2 x C6H3F9O6. MW: (970.35 + 342.07). 

 

 

4-(2-((1E,3E)-5-((E)-1-(1-(2-Amino-4-methylthiazol-5-yl)-5-imino-7,20-dioxo-4,6,8,19-

tetraazapentacosan-25-yl)-3,3-dimethylindolin-2-ylidene)penta-1,3-dien-1-yl)-3,3-

dimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate trihydrotrifluoroacetate (3.33). The title 

compound was prepared from 3.25 (2.21 mg, 2.93 µmol, 2 equiv), S0436 NHS ester (1.03 mg, 

1.47 µmol, 1 equiv) and NEt3 (2.23 µL, 16.09 µmol, 11 equiv) according to the general 

procedure yielding 3.33 as a blue solid (1.00 mg, 51%). RP-HPLC: 99% (tR = 18.7 min, 

k = 4.83). 1H-NMR (600 MHz, DMSO-d6) δ 9.93 (br s, 1H), 8.84 (br s, 1H), 8.40 (br s, 2H), 

8.32 (t, J = 13.0 Hz, 2H), 7.71 (t, J = 5.5 Hz, 1H), 7.62-7.58 (m, 2H), 7.41-7.35 (m, 4H), 7.31 

(br s, 1H), 7.26-7.21 (m, 2H), 6.57 (t, J = 12.4 Hz, 1H), 6.33 (d, J = 14.1 Hz, 1H), 6.27 (d, 

J = 13.8 Hz, 1H), 4.12-4.04 (m, 4H), 3.22 (q, J = 6.1 Hz, 2H, overlapped with water signal), 

3.05 (q, J = 6.1 Hz, 2H), 2.97 (q, J = 6.1 Hz, 2H), 2.64 (t, J = 6.8 Hz, 2H), 2.58 (t, J = 7.4 Hz, 
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2H), 2.06 (s, 3H), 2.03 (t, J = 7.4 Hz, 2H), 1.82-1.74 (m, 4H), 1.72-1.69 (m, 2H), 1.68-1.63 (m, 

12H), 1.53 (quint, J = 7.5 Hz, 2H), 1.41-1.29 (m, 6H), 1.26-1.15 (m, 14H), 1 H signal is 

missing. HRMS: calcd. for C54H80N9O5S
+: 998.5718; found: 998.5714; calcd. for 

C54H81N9O5S
2+: 499.7896; found: 499.7909. MF: C54H79N9O5S2 x C6H3F9O6. MW: 

(998.40+ 342.07). 

 

 

4-(2-((1E,3E)-5-((E)-1-(1-(1H-Imidazol-5-yl)-5-imino-7,18-dioxo-4,6,8,17-

tetraazatricosan-23-yl)-3,3-dimethylindolin-2-ylidene)penta-1,3-dien-1-yl)-3,3-dimethyl-

3H-indol-1-ium-1-yl)butane-1-sulfonate trihydrotrifluoroacetate (3.34). The title 

compound was prepared from 3.26 (8.87 mg, 13.05 µmol, 2.35 equiv), S0436 NHS ester 

(3.9 mg, 5.56 µmol, 1 equiv) and NEt3 (8.47 µL, 61.10 µmol, 11 equiv) according to the 

general procedure yielding 3.34 as a blue solid (1.28 mg, 18%). RP-HPLC: 98% (tR = 17.6 min, 

k = 4.48). 1H-NMR (600 MHz, DMSO-d6) δ 10.03 (br s, 1H), 8.97-8.86 (m, 2H), 8.43-8.27 (m, 

4H), 7.72 (t, J = 5.1 Hz, 1H), 7.63-7.58 (m, 2H), 7.45-7.29 (m, 6H), 7.26-7.21 (m, 2H), 6.57 (t, 

J = 12.6 Hz, 1H), 6.33 (d, J = 13.4 Hz, 1H), 6.27 (d, J = 14.2 Hz, 1H), 4.12-4.02 (m, 4H), 3.27 

(quint, J = 6.6 Hz, 2H, overlapped with water signal), 3.06 (q, J = 5.1 Hz, 2H), 2.98 (q, 

J = 5.9 Hz, 2H), 2.69-2.63 (m, 4H), 2.03 (t, J = 7.5 Hz, 2H), 1.84 (quint, J = 7.5 Hz, 2H), 1.81-

1.72 (m, 4H), 1.67 (s, 12H), 1.53 (quint, J = 7.5 Hz, 2H), 1.43-1.29 (m, 6H), 1.26-1.17 (m, 

10H). HRMS: calcd. for C51H75N9O5S
2+: 462.7800; found: 462.7826. MF: 

C51H73N9O5S x C6H3F9O6. MW: (924.26 + 342.07). 
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4-(2-((1E,3E)-5-((E)-1-(1-(5-Amino-1,3,4-thiadiazol-2-yl)-5-imino-7,18-dioxo-4,6,8,17-

tetraazatricosan-23-yl)-3,3-dimethylindolin-2-ylidene)penta-1,3-dien-1-yl)-3,3-dimethyl-

3H-indol-1-ium-1-yl)butane-1-sulfonate trihydrotrifluoroacetate (3.35). The title 

compound was prepared from 3.27 (4.4 mg, 6.17 µmol, 1.1 equiv), S0436 NHS ester (3.9 mg, 

5.56 µmol, 1 equiv) and NEt3 (8.5 µL, 61.3 µmol, 11 equiv) according to the general procedure 

yielding 3.35 as a blue solid (1.92 mg, 26%). RP-HPLC: 97% (tR = 18.6 min, k = 4.79). 1H-

NMR (600 MHz, DMSO-d6) δ 9.92 (br s, 1H), 8.85 (br s, 1H), 8.41 (br s, 2H), 8.32 (t, 

J = 13.1 Hz, 2H), 7.71 (t, J = 5.6 Hz, 1H), 7.60 (d, J = 7.4 Hz, 2H), 7.45-7.34 (m, 4H), 7.31 (br 

s, 1H, is incorrectly integrated as 0.01 by the software), 7.26-7.20 (m, 2H), 7.19-7.05 (m, 2H), 

6.57 (t, J = 12.4 Hz, 1H), 6.34 (d, J = 13.8 Hz, 1H), 6.27 (d, J = 13.7 Hz, 1H), 4.14-4.03 (m, 

4H), 3.27 (q, J = 6.7 Hz, 2H), 3.06 (q, J = 6.5 Hz, 2H), 2.98 (q, J = 6.6 Hz, 2H), 2.83 (t, 

J = 7.6 Hz, 2H), 2.63 (t, J = 6.8 Hz, 2H), 2.03 (t, J = 7.2 Hz, 2H), 1.87 (quint, J = 7.3 Hz, 2H), 

1.82-1.72 (m, 4H), 1.67 (d, J = 1.7 Hz, 12H), 1.53 (quint, J = 7.4 Hz, 2H), 1.43-1.30 (m, 6H), 

1.28-1.15 (m, 10H). HRMS: calcd. for C50H74N10O5S2
2+: 479.2637; found: 479.2652. MF: 

C50H72N10O5S2 x C6H3F9O6. MW: (957.31 + 342.07). 

 

 

4-(2-((1E,3E)-5-((E)-1-((Z)-5-Amino-1-(2-amino-4-methylthiazol-5-yl)-7,16-dioxo-

4,6,8,15-tetraazahenicos-5-en-21-yl)-3,3-dimethyl-5-sulfoindolin-2-ylidene)penta-1,3-
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dien-1-yl)-3,3-dimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate trihydrotrifluoroacetate 

(3.36). The title compound was prepared from 3.23 (2.3 mg, 3.30 µmol, 2 equiv), S0387 NHS 

ester (1.3 mg, 1.62 µmol, 1 equiv) and NEt3 (2.5 µL, 18.04 µmol, 11 equiv) according to the 

general procedure yielding 3.36 as a blue solid (0.6 mg, 27%). RP-HPLC: 95% (tR = 13.1 min, 

k = 3.08). 1H-NMR (600 MHz, DMSO-d6) δ 10.03 (br s, 1H), 8.97-8.86 (m, 1H), 8.43-8.27 (m, 

4H), 7.81 (d, J = 1.6 Hz, 1H), 7.72 (t, J = 5.1 Hz, 1H), 7.63-7.58 (m, 2H), 7.45-7.37 (m, 2H), 

7.33-7.23 (m, 3H), 6.57 (t, J = 12.6 Hz, 1H), 6.38 (d, J = 13.4 Hz, 1H), 6.24 (d, J = 14.2 Hz, 

1H), 4.12-4.02 (m, 4H), 3.20 (q, J = 6.6 Hz, 2H, overlapped with water signal), 3.06 (q, 

J = 5.1 Hz, 2H), 2.98 (q, J = 5.9 Hz, 2H), 2.63 (t, J = 6.9 Hz, 2H), 2.55 (t, J = 7.2 Hz, 2H), 2.05-

1.98 (m, 5H), 1.81-1.72 (m, 6H), 1.68 (s, 6H), 1.67 (s, 6H), 1.53 (quint, J = 7.5 Hz, 2H), 1.43-

1.37 (m, 2H), 1.32-1.28 (m, 4H), 1.29-1.17 (m, 6H), 2 H signals are missing. HRMS: calcd. for 

C50H72N9O8S3
+: 1022.4660; found: 1022.4671; calcd. for C50H73N9O8S3

2+: 511.7367; found: 

511.7376. MF: C50H71N9O8S3 x C6H3F9O6. MW: (1022.35 + 342.07). 

 

 

4-(2-((1E,3E)-5-((E)-1-((Z)-5-Amino-1-(2-amino-4-methylthiazol-5-yl)-7,18-dioxo-

4,6,8,17-tetraazatricos-5-en-23-yl)-3,3-dimethyl-5-sulfoindolin-2-ylidene)penta-1,3-dien-

1-yl)-3,3-dimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate trihydrotrifluoroacetate 

(3.37). The title compound was prepared from 3.24 (7.48 mg, 10.31 µmol, 1.2 equiv), S0387 

NHS ester (6.91 mg, 8.60 µmol, 1 equiv) and NEt3 (13.11 µL, 94.58 µmol, 11 equiv) according 

to the general procedure yielding 3.37 as a blue solid (3.00 mg, 25%). RP-HPLC: 99% 

(tR = 14.6 min, k = 3.55). 1H-NMR (600 MHz, DMSO-d6) δ 9.99 (br s, 1H), 8.83 (br s, 1H), 

8.52-8.25 (m, 4H), 7.82 (d, J = 1.5 Hz, 1H), 7.72 (t, J = 5.6 Hz, 1H), 7.67-7.58 (m, 2H), 7.47-

7.37 (m, 2H), 7.36-7.21 (m, 3H), 6.59 (t, J = 12.3 Hz, 1H), 6.39 (d, J = 13.9 Hz, 1H), 6.26 (d, 

J = 13.9 Hz, 1H), 4.12 (t, J = 7.3 Hz, 2H), 4.06 (t, J = 6.5 Hz, 2H), 3.23 (q, J = 6.0 Hz, 2H, 

overlapped with water signal), 3.07 (q, J = 5.9 Hz, 2H), 2.99 (q, J = 6.2 Hz, 2H), 2.62 (t, 
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J = 6.9 Hz, 2H, overlapped with DMSO signal), 2.58 (t, J = 6.9 Hz, 2H), 2.08-2.00 (m, 5H), 

1.85-1.62 (m, 18H), 1.54 (quint, J = 7.2 Hz, 2H), 1.43-1.16 (m, 16H), 2 H signals are missing. 

HRMS: calcd. for C52H76N9O8S3
+: 1050.4973; found: 1050.4978; calcd. for C52H77N9O8S3

2+: 

525.7523; found: 525.7532. MF: C52H75N9O8S3 x C6H3F9O6. MW: (1050.41 + 342.07). 

 

 

4-(2-((1E,3E)-5-((E)-1-((Z)-5-Amino-1-(2-amino-4-methylthiazol-5-yl)-7,20-dioxo-

4,6,8,19-tetraazapentacos-5-en-25-yl)-3,3-dimethyl-5-sulfoindolin-2-ylidene)penta-1,3-

dien-1-yl)-3,3-dimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate trihydrotrifluoroacetate 

(3.38). The title compound was prepared from 3.25 (2.70 mg, 3.58 µmol, 1.5 equiv), S0387 

NHS ester (1.91 mg, 2.38 µmol, 1 equiv) and NEt3 (3.61 µL, 26.04 µmol, 11 equiv) according 

to the general procedure yielding 3.38 as a blue solid (1.74 mg, 51%). RP-HPLC: 92% 

(tR = 15.6 min, k = 3.86). 1H-NMR (600 MHz, DMSO-d6) 9.89 (br s, 1H), 8.84 (br s, 1H), 8.48-

8.27 (m, 4H), 7.82 (d, J = 1.3 Hz, 1H), 7.72 (t, J = 6.0 Hz, 1H), 7.67-7.59 (m, 2H), 7.47-7.36 

(m, 2H), 7.36-7.22 (m, 3H), 6.58 (t, J = 12.5 Hz, 1H), 6.38 (d, J = 13.8 Hz, 1H), 6.27 (d, 

J = 14.2 Hz, 1H), 4.12 (t, J = 7.2 Hz, 2H), 4.06 (t, J = 7.3 Hz, 2H), 3.23 (q, J = 6.5 Hz, 2H, 

overlapped with water signal), 3.06 (q, J = 5.7 Hz, 2H), 2.98 (q, J = 6.0 Hz, 2H), 2.66-2.60 (m, 

2H), 2.59-2.55 (t, J = 7.2 Hz, 2H), 2.10-1.99 (m, 5H), 1.84-1.62 (m, 18H), 1.54 (quint, 

J = 7.2 Hz, 2H), 1.44-1.29 (m, 6H), 1.28-1.16 (m, 14H), 2 H signals are missing. HRMS: calcd. 

for C54H80N9O8S3
+: 1078.5286, found: 1078.5281, calcd. for C54H81N9O8S3

2+: 539.7680, found: 

539.7684. MF: C54H79N9O8S3 x C6H3F9O6. MW: (1078.46 + 342.07). 
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2-((1E,3E)-5-((E)-2-(1-(2-Amino-4-methylthiazol-5-yl)-5-imino-7,16-dioxo-4,6,8,15-

tetraazahenicosan-21-yl)-3,3-dimethylisoindolin-1-ylidene)penta-1,3-dien-1-yl)-1,3,3-

trimethyl-3H-indol-1-ium trifluoroacetate dihydrotrifluoroacetate (3.39). The title 

compound was prepared from 3.23 (2.32 mg, 3.33 µmol, 1.8 equiv), S0223 NHS ester (1.2 mg, 

1.82 µmol, 1 equiv) and NEt3 (3.6 µL, 25.97 µmol, 14 equiv) according to the general 

procedure yielding 3.39 as a blue solid (1.12 mg, 53%). RP-HPLC: 98% (tR = 17.5 min, 

k = 4.45). 1H-NMR (600 MHz, DMSO-d6) δ 9.95 (br s, 1H), 8.93 (br s, 1H), 8.45 (br s, 2H), 

8.32 (t, J = 12.3 Hz, 2H), 7.70 (t, J = 5.7 Hz, 1H), 7.60 (d, J = 6.9 Hz, 2H), 7.46 (br s, 1H), 

7.42-7.34 (m, 4H), 7.27-7.21 (m, 2H), 6.55 (t, J = 12.3 Hz, 1H), 6.27 (q, J = 13.6 Hz, 2H), 4.07 

(t, J = 6.6 Hz, 2H), 3.59 (s, 3H, overlapped with water signal), 3.21 (q, J = 6.9 Hz, 2H, 

overlapped with water signal), 3.06 (q, J = 6.9 Hz, 2H), 2.97 (q, J = 6.9 Hz, 2H), 2.56 (t, 

J = 8.2 Hz, 2H, overlapped with DMSO signal), 2.07-2.00 (m, 5H), 1.73-1.68 (m, 2H), 1.67-

1.66 (m, 12H), 1.52 (quint, J = 6.9 Hz, 2H), 1.43-1.37 (m, 2H), 1.36-1.29 (m, 4H), 1.28-1.17 

(m, 6H), 1 H signal is missing. HRMS: calcd. for C47H67N9O2S
2+: 410.7564; found: 410.7567. 

MF: C47H66N9O2S
+ x C6H2F9O6

-. MW: (821.17 + 341.06). 

 

 

N-(8-(3-((E)-Amino((3-(2-amino-4-methylthiazol-5-

yl)propyl)amino)methylene)ureido)octyl)-6-(2-(4-((E)-2-(5,5-difluoro-8-(thiophen-2-yl)-

5H-5l4,6l4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-3-

yl)vinyl)phenoxy)acetamido)hexanamide dihydrotrifluoroacetate (3.40). The title 
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compound was prepared from 3.24 (3.8 mg, 5.24 µmol, 1.7 equiv), BODIPY 630/650-X NHS 

ester (2.1 mg, 3.17 µmol, 1 equiv) and NEt3 (4.7 µL, 33.91 µmol, 11 equiv) according to the 

general procedure yielding 3.40 as a blue solid (3.27 mg, 89%). RP-HPLC: 96% (tR = 20.2 min, 

k = 5.29). 1H-NMR (600 MHz, DMSO-d6) δ 9.88-9.72 (m, 1H), 8.92 (br s, 1H), 8.43 (br s, 2H), 

8.11 (t, J = 6.0 Hz, 1H), 8.03 (dd, J = 3.8, 0.9 Hz, 1H), 7.82 (dd, J = 5.1, 0.9 Hz, 1H), 7.73 (d, 

J = 16.4 Hz, 1H), 7.69 (t, J = 5.6 Hz, 1H), 7.62-7.58 (m, 3H), 7.44 (t, J = 5.4 Hz, 1H), 7.41-

7.36 (m, 2H), 7.30-7.25 (m, 3H), 7.06 (d, J = 8.9 Hz, 2H), 6.94 (d, J = 4.0 Hz, 1H), 4.52 (s, 

2H), 3.21 (q, J = 6.3 Hz, 2H), 3.11 (q, J = 6.3 Hz, 2H), 3.06 (q, J = 6.0 Hz, 2H), 2.99 (q, 

J = 6.0 Hz, 2H), 2.56 (t, J = 7.6 Hz, 2H), 2.07-1.99 (m, 5H), 1.70 (quint, J = 7.2 Hz, 2H), 1.50-

1.38 (m, 6H), 1.34 (quint, J = 6.6 Hz, 2H), 1.25-1.18 (m, 10H), 2 H signals are missing. HRMS: 

calcd. for C46H61BF2N10O4S2
+: 929.4302; found: 929.4302. MF: 

C46H60BF2N10O4S2 x C4H2F6O4. MW: (929.98 + 228.05). 

 

3.4.3 Cell Culture 

Cells were cultured in 25 or 75 cm2 flasks (Sarstedt, Nümbrecht, Germany) in a humidified 

atmosphere (95% air, 5% CO2) at 37 °C. HEK293T-ARRB1-hH2R
3 cells, HEK293T-ARRB2-

hH2R
3 cells, HEK293T NlucN-mGs/hH2R-NlucC57 cells and HEK293T-hH2R-qs5-HA63 cells 

were cultured as described previously. HEK293T-SP-FLAG-hH2R clone (K) 33 cells were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich, Taufkirchen, 

Germany) containing 4.5 g/L glucose, 3.7 g/L NaHCO3, and 110 mg/L sodium pyruvate and 

supplemented with 0.584 g/L L-glutamine (Sigma-Aldrich), 10% fetal calf serum (FCS, 

Biochrom, Berlin, Germany) and 600 µg/mL G418 (Biochrom). The used cell lines were 

regularly monitored for mycoplasma infection using the Venor GeM Mycoplasma Detection 

Kit (Minerva Biolabs, Berlin, Germany). 

 

3.4.4 Generation of the HEK293T-SP-FLAG-hH2R K33 Cell Line 

Molecular cloning of the hH2R receptor as well as the generation of the stable cell line were 

performed according to the procedure described for the HEK293T-SP-FLAG3-hH3R K16 cell 

line.45 Briefly, the pIRESneo3-SP-FLAG-hH2R construct was generated using the pIRESneo3-

SP-FLAG-hH4R
45 vector as template. The hH4R sequence was replaced by the hH2R sequence 

using the PCR Protocol for Phusion Hot Start Flex DNA Polymerase (New England Biolabs 

GmbH, Frankfurt/Main, Germany) and the NEBuilder HiFi DNA Assembly Reaction Protocol 

(New England Biolabs GmbH, Frankfurt/Main, Germany). The quality of the vector was 
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controlled by sequencing (Eurofins Genomics GmbH, Ebersberg, Germany). Subsequently, 

HEK293T cells were transfected with the pIRESneo3-SP-FLAG-hH2R vector, and individual 

clones were selected as previously described for the HEK293T-SP-FLAG-hH4R K3 cell line45. 

Based on the highest receptor expression (determining using radioligand saturation binding 

experiments, data not shown), the HEK293T-SP-FLAG-hH2R K33 cell line was selected for 

further experiments. 

 

3.4.5 Radioligand Binding Experiments Using Sf9 Membranes 

Competition binding experiments were performed using membrane preparations of Sf9 insect 

cells expressing the hH1R + RGS410, hH2R-GsαS fusion protein56, hH3R + Gαi2 + Gβ1γ2
67 or the 

hH4R + Gαi2 + Gβ1γ2
68. General procedures for the generation of recombinant baculoviruses, 

culture of Sf9 cells and membrane preparations have been described elsewhere.69 The 

competition binding experiments were performed as previously described in detail40, 50 with one 

minor modification: PBS (8 g NaCl, 0.2 g KCl, 1.0 g Na2HPO4 x 2 H2O, 0.15 g 

NaH2PO4 x H2O, 0.1 g KH2PO4 in 1 L Millipore H2O; pH 7.4; 4 °C) was used as washing buffer 

while harvesting instead of the previously used binding buffer40, 50. [3H]mepyramine (specific 

activity: 20.0 or 87 Ci/mmol) was from Hartmann analytics (Braunschweig, Germany) or 

Novandi Chemistry AB (Södertälje, Sweden), [3H]histamine (specific activity: 25.0 Ci/mmol) 

and [3H]Nα-methylhistamine (specific activity: 85.3 Ci/mmol) were from Hartmann analytics 

(Braunschweig, Germany). [3H]UR-DE25753 (specific activity: 63.0 Ci/mmol) and [3H]UR-

PI29454 (specific activity: 41.8 Ci/mmol) were synthesized and characterized in our 

laboratories. In case of fluorescent ligands, 96-well Primaria plates (CORNING, NY, USA) 

were used because of the strong adsorption of the fluorescent ligands to the surface of the 

typically employed PP plates during the incubation period. 

 

3.4.6 Radioligand Binding Experiments Using HEK293T-hH2R-qs5-HA Cells 

For the assay, approx. 2 x 106 cells were seeded into two 75 cm2 culture flasks (Sarstedt, 

Nümbrecht, Germany) and grown to approx. 80% confluency (3-4 days) before the radioligand 

binding assays. The cells were detached by trypsin treatment (0.05% trypsin, 0.02% EDTA in 

PBS w/o Ca2+ and w/o Mg2+, Biochrom, Berlin, Germany) and centrifuged for 5 min at 500 x g. 

The pellet was resuspended in Leibovitz`s L-15 medium (Life Technologies Corporation, 

Grand Island, NY, USA) containing 1% FCS and 10 mM HEPES (Serva, Heidelberg, 

Germany). The cells were counted in a hemocytometer and finally adjusted to a density of 
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1 x 106 cells/mL. For saturation binding experiments, 10 µL of a famotidine (Alfa Aesar) 

solution (10 mM in Leibovitz`s L-15 medium containinng 10 mM HEPES) or 10 µL of a 

Leibovitz`s L-15 medium were pipeted per cavity of a 96-well plate (PP microplates 96 well, 

Greiner Bio-One, Frickenhausen, Germany) either for the determination of non-specific or total 

binding, respectively. 10 µL of the respective [3H]UR-DE25753 solution (10-fold concentrated 

feed-solutions compared to final concentration in Leibovitz`s L-15 medium containinng 10 mM 

HEPES). Samples were completed by addition of 80 µL of the cell suspension per well. 

Samples were shaken at 400 rpm for 60 min prior harvesting. Cell-bound radioactivity was 

transferred to a glass fibre filter GF/C pretreated with PEI (0.3 % (v/v), PEI was from Sigma) 

by the 96-well harvester (Brandel Inc., Unterföhring, Germany). The filter was washed four 

times with PBS (4 °C). Filter discs with the cell-bound radioactivity were transferred into a 

second 96-well plate (96-well flexible PET microplate, Perkin Elmer, Rodgau, Germany). 

200 µL of scintilator liquid (Rotiszint eco plus, Roth, Karlsruh, Germany) per well were added 

and the samples were shaken at 400 rpm for 6-10 h prior to measurement using 

MicroBeta21450 PlateCounter (Perkin Elmer, Rodgau, Germany). Data were transferred to 

GraphPad Prism 5. Specific binding was determined by substraction of non-specific binding 

from the respective values of total binding. 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. The free radioligand concentration is the 

difference between the amount of specifically bound [3H]UR-DE25753 (nM) and total 

radioligand concentration. Non-specific binding was fitted by a linear regression. 

In competition binding experiments, the concentration of [3H]UR-DE25753 was 25 nM, while 

increasing concentrations of unlabeled ligands (famotidine (fam), ranitidine (rani, Alfa Aesar), 

tiotidine (tio) or histamine (his, TCI)) were applied. The plates were shaken at 400 rpm for 

60 min. For the analysis of the data, total binding (dpm) was plotted versus log (concentration 

competitor) and normalized [100% = bound radioligand (dpm) in the absence of a competitior, 

0% = non-specific bound radioligand (dpm) in the presence of 1 mM famotidine]. Applying a 

four-parameter logistic equation (GraphPad Prism 5), IC50 values were obtained for each 

individual experiment. The IC50 values were converted to Ki values by applying the Cheng-

Prusoff equation.61 The Ki values were converted to the respective negative logarithms (pKi 

values) folowed by the calculation of the mean pKi. 
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3.4.7 Flow Cytometric Binding Assays Using Whole HEK293T-hH2R-qs5-HA Cells 

The flow cytometric measurements were performed with FACSCalibur cytometer or with 

FACSCanto II flow cytometer (Becton Dickinson, Heidelberg, Germany), both equipped with 

an argon laser (488 nm) and a red diode laser (FACSCalibur: 635 nm and FACSCanto II: 

633 nm) (settings: FACSCalibur: FSC: E-1, SSC: 290 V, FL-3: 800 V and FL-4:480 V; 

FACSCanto II: FCS: A, log, 0 V; SSC: A, log, 252 V; ACP: A,H,W, log, 350 V) according to 

general protocols with minor modifications.37-38, 63, 70 All samples were prepared in duplicates 

and recorded either in channel FL-3 (FACSCalibur, pyridinium dye (Py-5), excitation: 488 nm, 

emission filter: >679 nm), in FL-4 (FACSCalibur, cyanine dyes (S0436, S0387 and S0223), 

excitation: 635 nm, emission filter: 661 ± 18 nm) or in APC (FACSCanto II, cyanine dyes or 

BODIPY 630/650 X, excitation: 633 nm). Data acquisition was complete after 20,000 

(FACSCalibur) or 10,000 (FACSCanto II) gated events. 

On the day of the experiment, HEK293T‐hH2R‐qs5‐HA63cells (~ 80% confluence) were 

trypsinized (0.05% trypsin, 0.02% EDTA in PBS w/o Ca2+ and w/o Mg2+, Biochrom) and 

detached with Leibovitz`s L-15 medium (Life Technologies Corporation) containing 1% FCS. 

After centrifugation (500 x g, 5 min), the cell pellet was resuspended in Leibovitz`s L-15 

medium containing 1% FCS and the concentration was adjusted to 1 x 106 cells/mL. 

Saturation binding:37-38, 63 The solutions of the dilution series of the tested fluorescent ligands 

(3.28-3.37 and 3.39-3.40) and famotidine (non-specific binding) were prepared in DMSO/H2O 

(1:1, v/v). The incubation was performed in 96-well Primaria plates (CORNING). 200 µL of 

the cell suspension (1 x 106 cells/mL) were either added to 2 µL of DMSO/H2O (1:1, v/v, total 

binding) or to 2 µL of famotidine (300-fold excess to the fluorescent ligand adjusted to the 

respective concentration of the fluorescent ligand, non-specific binding). Incubation was started 

by addition of 2 µL of fluorescent ligand solution of interest in different concentrations (100-

fold concentrated) starting with the highest concentration of total binding. The 96-well plates 

were incubated under shaking at rt in the dark for 90 min. The samples were transferred to 5 mL 

polystyrol FACS tubes (Sarstedt) and immediately measured. For the analysis of data obtained 

with FACSCalibur the software FlowJo V10 (FlowJo, LLC, Ashland, USA) was used. The data 

from FACS CANTO II were analyzed with the Software FACS Diva (Becton Dickenson). The 

geometric means of the signal areas detected in the APC channel (FACSCanto II) and the 

geometric means of the signal heights detected in channels FL-3 or FL-4 (FACSCalibur) were 

determined for a subpopulation of the gated H2R-expressing cells. Specific binding data from 

flow cytometric saturation binding experiments, obtained by subtracting unspecific binding 
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data from total binding data, were plotted against the fluorescent ligand concentration, and 

analyzed by a non-linear regression (one site-specific binding equation; GraphPad Prism 5, 

GraphPad Software, San Diego, CA) in order to obtain Kd values. Kd values of individual 

experiments were transformed to pKd values. 

Competition binding:37, 63 The dilution series of the respective unlabeled competitors 

(ranitidine, famotidine, tiotidine, BMY 25368 (self-synthesized), amthamine (Axon Medchem, 

Groningen, Netherlands) or histamine) were prepared in DMSO/H2O (1:1, v/v). The incubation 

was performed in 96-well Primaria plates (CORNING). To 200 µL of the cell suspension 

(1 x 106 cells/mL), 2 µL of competitor (100-fold concentrated) and 2 µL of fluorescent ligand 

(concentration in the assay: 60 nM (3.32 or 3.34) or 100 nM (3.35) were added. The 96-well 

plates were incubated under shaking for 90 min at rt in the dark. The samples were transferred 

to 5 mL polystyrol FACS tubes and immediately measured. Total binding data were plotted 

against the logarithmic concentration of the competitor and normalized [100% = bound 

fluorescent ligand in the absence of a competitor and 0% = non-specifically bound fluorescent 

ligand in the presence of famotidine (c = 1 mM). Applying a log(inhibitor) vs. response-

variable slope equation (GraphPad Prism 5), pIC50 values were obtained. The corresponding 

IC50 values were converted to Ki values by applying the Cheng-Prusoff equation,61 followed by 

calculation of the pKi. 

Kinetic studies:37 For the kinetic experiments the HEK293T-hH2R-qs5-HA cell suspension 

was prepared as described for the binding assays. 5-mL microtubes (eppendorf) containing 3.32 

(120 nM), 3.34 (60 nM) or 3.35 (100 nM) and the cell suspension at a concentration 

1 x 106 cells/mL in Leibovitz`s L15 medium supplemented with 1% FCS were employed. The 

mixtures were shaken at 500 rpm (Multi Reax Vortexer, Heidolph Instruments, Schwabach, 

Germany) at rt. Association experiments were started by the addition of the respective 

fluorescence ligand (3.32, 3.34 or 3.35) to the cell-containing tube. At each time point 200 µL 

aliquots were withdrawn from the tube and measured. Non-specific binding was determined for 

each time point in the presence of famotidine (3.32: 36 µM, 3.34: 18 µM or 3.35: 30 µM). For 

the dissociation experiments, the tubes containing 3.32 (120 nM), 3.34 (60 nM) or 3.35 

(100 nM) and the cell suspension at a concentration 1 x 106 cells/mL in Leibovitz`s L15 

medium supplemented with 1% FCS were incubated for 90 min, centrifuged (500 x g, 5 min) 

and the supernatant, containing excess fluorescent ligand was removed. Leibovitz`s L-15 

medium containing 1% FCS and famotidine (3.32: 36 µM, 3.34: 18 µM, or 3.35: 30 µM, same 

volume as removed) was added to the cell pellet, before the cells were resuspended. The 
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incubation at rt was stopped after different periods of time (0-220 min) by measuring the 

samples. 

The kinetic experiments were analyzed using two methods: non-linear regression and linear 

transformation (for details see 3.2.5 Association and Dissociation Kinetics of 3.32, 3.34 and 

3.35 at the hH2R Expressed in HEK293T-qs5-HA Cells Studied by Flow Cytometry in the 

chapter 3). 

 

3.4.8 Functional Assays 

The [35S]GTPγS assay was performed on Sf9 membranes expressing the hH2R-GsαS fusion 

protein as previously described40, 50, 56 with one minor modification: PBS (8 g NaCl, 0.2 g KCl, 

1.0 g Na2HPO4 x 2 H2O, 0.15 g NaH2PO4 x H2O, 0.1 g KH2PO4 in 1 L Millipore H2O; pH 7.4; 

4 °C) was used as washing buffer while harvesting instead of the previously used binding 

buffer. In case of fluorescent ligands 96-well Primaria plates (CORNING) were used, because 

of the strong adsorption of the fluorescent ligands to the typically used PP plates during the 

incubation period. The [35S]GTPγS binding assay was evaluated as described in detail by Biselli 

et al.37 

Functional studies in the mini-G protein or β-arrestin2 recruitment assays using HEK293T 

NlucN-mGs/hH2R-NlucC57-, HEK293T-ARRB2-H2R
3, 38-, HEK293T-ARRB1-H2R

3 cells 

were performed as previously described. 

 

3.4.9 Confocal Microscopy 

Two or three days prior to microscopy, HEK293T‐hH2R‐qs5‐HA63 or HEK293T-SP-FLAG-

hH2R K33 cells (~ 80% confluence) were trypsinized (0.05% trypsin, 0.02% EDTA in PBS w/o 

Ca2+ and w/o Mg2+, Biochrom) and detached with Leibovitz`s L-15 medium (Life Technologies 

Corporation) containing 10% FCS. After centrifugation (500 x g, 5 min), the cell pellet was 

resuspended in Leibovitz`s L-15 medium containing 10% FCS and the concentration was 

adjusted to 0.3 x 106 cells/mL. Appr. 6 x 104 HEK293T-hH2R-qs5-HA or HEK293T-SP-

FLAG-hH2R K33 cells (corresponds to 200 µL cell suspension) were seeded per cavity of 

sterile µ-Slide 8 well plates (ibidi, Munich, Germany). The µ-Slide 8 well plates were 

previously coated with poly-L-lysin (Sigma-Aldrich, Munich, Germany) according to the 

manufacturer`s instructions. The cells were cultured at 37 °C in a water saturated atmosphere 

w/o CO2. On the day of the investigation, the medium was carefully removed and replaced by 

120 µL fresh Leibovitz`s L-15 medium supplemented with 1% FCS and 10 mM HEPES (Serva) 
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per well. Until the measurements were performed, the cells were incubated at 37 °C in water 

saturated atmosphere w/o CO2. Subsequently, the sample for the total binding was prepared by 

addition of 40 µL of Leibovitz`s L-15 medium + 1% FCS + 10 mM HEPES and 40 µL of 

fluorescence ligand solution (5-fold concentrated). Dilutions of the ligands were prepared from 

the 5 mM stock solution in DMSO in Leibovitz`s L-15 medium + 1% FCS + 10 mM HEPES. 

The sample of the non-specific binding was prepared in a different cavity by addition of 40 µL 

of famotidin solution (300-fold higher concentration compared to fluorescence ligand, 5-fold 

concentrated) and 40 µL of fluorescence ligand solution (5-fold concentrated). The samples 

were analyzed in the dark at room temperature with a Carl Zeiss Axiovert 200 M microscope, 

using a LSM S10 laser scanner combined with the Plan-Apochromat 63x/1.4 Oil  (Carl Zeiss 

Microscopy GmbH, Oberkochen, Germany). The settings (exitation wavelenght, laser 

transmittance, filter and pinhole) used for the detection of 3.32, 3.34, 3.35 and 3.39 are shown 

in Figures App2.35-App2.40 in the Appendix 2. Data from confocal microscopy were 

processed with the Carl Zeiss Zen 2.1 and the ImageJ 1.52i 71 software. 
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Appendix 2 Synthesis and Pharmacological Characterization of 

Fluorescent Histamine H2 Receptor Carbamoylguanidine-Type 

Agonists 

App2.1 Experimental Details for 3.23-3.27 

The precursors 3.23-3.251 and 3.272, the amine 3.413, the guanidinylating reagent 3.421 as 

well as the tetrafluoroborate salt of Py-54-5 were synthesized as reported elsewhere (structures 

are shown in Figure App2.1). 

 

 

 

Figure App2.1. Chemical structures of the amine precursors 3.23-3.25 and 3.27, the amine 

3.41, the guanidinylating reagent 3.42 as well as the tetrafluoroborate salt of Py-5. 

 

Synthesis of the Amine Precursor 3.26 

The precursor 3.26 was prepared in analogy to the described procedure for 3.23-3.251 and 

3.272 by treating 3.413 with the guanidinylating reagent 3.421 in the presence of mercuric 

chloride (HgCl2) and triethylamine (NEt3). Treating the protected carbamoylguanidine-type 

intermediate 3.43 with trifluoracetic acid (TFA) gave compound 3.26 (Scheme App2.1), which 

was purified by preparative HPLC. 
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Scheme App2.1. Synthesis of the Precursor 3.26a 

 

aReagents and conditions: (a) 3.41, HgCl2, NEt3, CH2Cl2, 16 h, room temperature (rt); (b) 

40% TFA, CH2Cl2, 16 h, rt, 20% over 2 steps. 

 

 

1-(Amino{[3-(1H-imidazol-4-yl)propyl]amino}dmethylene)-3-(8-aminooctyl)urea 

trihydrotrifluoroacetate (3.26). The guanidinylating reagent 3.42 (70 mg, 0.15 mmol, 

1 equiv) and the amine 3.41 (84 mg, 0.23 mmol, 1.5 equiv) were dissolved in CH2Cl2 (3 mL). 

NEt3 (105 µL, 0.76 mmol, 2.5 equiv) and HgCl2 (165 mg, 0.608 mmol, 4 equiv) were added to 

the mixture and stirring was continued for 16 h. The reaction mixture was diluted with CH2Cl2 

(10 mL). The precipitate was removed by filtration through Celite 545 and washed with CH2Cl2 

(20 mL) and EtOAc (20 mL). The solvent was removed under reduced pressure and the crude 

product was purified by flash chromatography on silica gel (eluent PE (A), EtOAc (B); gradient: 

0-20 min: A/B 100:0-50:50) and dried under reduced pressure. Subsequently, deprotection was 

performed by stirring with 40% TFA in CH2Cl2 for 16 h. The obtained carbamoylguanidine-

type precursor 3.42 was purified by preparative HPLC yielding a white, foamlike and 

hydroscopic solid (20.67 mg, 20%). RP-HPLC: 99% (tR = 7.3 min, k = 1.27). 1H-NMR 

(300 MHz, MeOD) δ 8.79 (d, J = 1.4 Hz, 1H), 7.36 (d, J = 1.2 Hz, 1H), 3.36 (t, J = 6.9 Hz, 2H), 

3.19 (t, J = 7.0 Hz, 2H), 2.95-2.76 (m, 4H), 2.10-1.93 (m, 2H), 1.77-1.43 (m, 4H), 1.42-1.30 

(m, 8H). 1H-NMR (600 MHz, DMSO-d6) δ 14.45 (br s, 2H), 10.68 (br s, 1H), 9.09 (br s, 1H), 

8.94 (d, J = 1.4 Hz, 1H), 8.55 (br s, 2H), 7.80 (br s, 3H), 7.53 (br s, 1H), 7.46-7.33 (m, 1H), 

3.29 (q, J = 6.6 Hz, 2H), 3.09 (q, J = 6.6 Hz, 2H), 2.81-2.72 (m, 2H), 2.68 (t, J = 7.6 Hz, 2H), 

1.86 (quint, J = 7.3 Hz, 2H), 1.51 (quint, J = 7.4 Hz, 2H), 1.42 (q, J = 6.8 Hz, 2H), 1.32-1.23 

(m, 8H). 13C-NMR (151 MHz, DMSO-d6) δ 158.81 (q, J = 31.7 Hz, TFA), 153.91, 153.75, 

133.92, 132.49, 116.96 (q, J = 299.1 Hz, TFA), 115.71, 39.92, 39.14, 38.79, 28.90, 28.46, 
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28.44, 26.97, 26.76, 26.10, 25.73, 21.13. HRMS: calcd. for C16H32N7O
+: 338.2663; found: 

338.2662. MF: C16H31N7O x C6H3F9O6. MW: (337.47 + 342.07). 

 

App2.2 1H- and/or 13C-NMR Spectra of 3.26 and 3.28-3.40 

 

Figure App2.2. 1H-NMR spectrum (400 MHz, MeOD) of compound 3.26. 
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Figure App2.3. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.26. 

 

Figure App2.4. 13C-NMR spectrum (600 MHz, DMSO-d6) of compound 3.26. 
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Figure App2.5. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.28. 

 

Figure App2.6. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.29. 



Appendix 2 

119 
 

 

Figure App2.7. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.30. 

 

Figure App2.8. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.31. 
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Figure App2.9. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.32. 

 

Figure App2.10. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.33. 
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Figure App2.11. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.34. 

 

Figure App2.12. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.35. 
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Figure App2.13. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.36. 

 

Figure App2.14. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.37. 
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Figure App2.15. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.38. 

c  

Figure App2.16. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.39. 
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Figure App2.17. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.40. 
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App2.3 RP-HPLC Chromatograms of 3.26 and 3.28-3.40 
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Figure App2.18. RP-HPLC analysis (purity control) of 3.26. 
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Figure App2.19. RP-HPLC analysis (purity control) of 3.28. 
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Figure App2.20. RP-HPLC analysis (purity control) of 3.29. 
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Figure App2.21. RP-HPLC analysis (purity control) of 3.30. 
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Figure App2.22. RP-HPLC analysis (purity control) of 3.31. 
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Figure App2.23. RP-HPLC analysis (purity control) of 3.32. 
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Figure App2.24. RP-HPLC analysis (purity control) of 3.33. 
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Figure App2.25. RP-HPLC analysis (purity control) of 3.34. 
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Figure App2.26. RP-HPLC analysis (purity control) of 3.35. 
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Figure App2.27. RP-HPLC analysis (purity control) of 3.36. 
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Figure App2.28. RP-HPLC analysis (purity control) of 3.37. 
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Figure App2.29. RP-HPLC analysis (purity control) of 3.38. 



Appendix 2 

131 
 

0 10 20 30 40

0

500

1000
DMSO

tR = 17.5 min

time / min

a
b
s
o
rb

a
n
c
e
 a

t 
2
2
0
 n

m
 /
 m

A
U

 

Figure App2.30. RP-HPLC analysis (purity control) of 3.39. 
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Figure App2.31. RP-HPLC analysis (purity control) of 3.40. 
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App2.4 Absorption and Emission Spectra 

Recording of absorption and emission spectra was performed with a FluoroMax-4 

spectrofluorometer (HORIBA Scintific, Oberursel, Germany) and an Agilent Cary 60 UV-Vis 

spectrophotometer (Agilent Technologies). The resulting absorption and emission spectra are 

depicted in Figure App3.32 and the absorption and emission maxima are summarized in 

Table App2.1. Spectra were recorded in PBS (pH 7.4) and in PBS with 1% bovine serum 

albumin (BSA, SERVA Electrophoresis, Heidelberg, Germany) to simulate assay conditions 

and to study the influence of proteins on the fluorescence properties. In addition, the spectra 

were also recorded in ethanol to examine the influence of the polarity of the solvent. The 

fluorescent ligands were measured in a concentration range from 4-10 µM. The diluted samples 

were freshly prepared from 5 mM stock solutions in DMSO before the experiment. Blank 

spectra (in case of absorption spectra) were recorded with samples containing the respective 

solvent and the same amount of DMSO as those containing the fluorescent ligands. To avoid 

bleaching effects, the samples were protected from light between measurements. Recording of 

the spectra was performed in acryl cuvettes (10 x 10 mm, Sarstedt, Nümbrecht, Germany). 
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Table App2.1. Spectroscopic Characteristics (Absorption Maxima, λabs / nm, Emission 

Maxima, λem / nm) of Py-5, Py-5_Propyl, S0436, S0287, S0223, BODIPY 630/650-X NHS-

Ester, 3.29, 3.32, 3.34-3.35 and 3.38-3.40 in Different Solvents 

compd. 

EtOH PBS PBS + 1% BSA 

λabs / nm λem / nm λabs / nm λem / nm λabs / nm λem / nm 

Py-5 

Py-

5_propyl 

645*4 

484*4 

732*4 

671*4 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

3.29 498 671 431 672 483 622 

S0436 644*a 666*a n.d. n.d. n.d. n.d. 

3.32 648 665 644 661 661 672 

3.34 647 666 644 660 657 671 

3.35 648 668 644 661 660 671 

S0387 646*a 669*a n.d. n.d. n.d. n.d. 

3.38 650 666 647 661 653 663 

S0223 642*a 663*a n.d. n.d. n.d. n.d. 

3.39 644 662 641 658 657 668 

BODIPY 

630/650-X 

NHS 

Ester 

628*6 

646*b 

643*6 

664*b 

629**6 646**6 n.d. n.d. 

3.40 628 640 657 644 638 645 

aData imported from www.few.de (Oct. 2020). bData imported from 

www.spectra.arizona.edu (Oct. 2013). Ligand concentrations were 4-10 µM. The 

corresponding absorption and emission spectra are shown in Figure App2.32. *Measured in 

MeOH as solvent. **Measured in water as solvent. 

  



Appendix 2 

134 
 

   
400 500 600 700 800 900

-0.02

0.00

0.02

0.04

0.06

0.08

A
compd. 3.29

EtOH

PBS + 1% BSA

PBS

Wavelength / nm

A
b

s
o

rb
a
n

c
e
 /

 A
U

          
400 500 600 700 800 900

0.0

0.1

0.2

0.3

0.4

B compd. 3.32

Wavelength / nm

A
b

s
o

rb
a
n

c
e
 /

 A
U

     
400 500 600 700 800 900

0.0

0.1

0.2

0.3

0.4

C compd. 3.34

Wavelength / nm

A
b

s
o

rb
a
n

c
e
 /

 A
U

300 400 500 600 700 800 900
0

2.0×105

4.0×105

6.0×105

EtOH

PBS

PBS
+ 1% BSA

PBS
ex. 484 nm,
slit 5/5

compd. 3.29

Wavelength / nm

E
m

is
s
io

n
 /

 c
o

u
n

ts

300 400 500 600 700 800 900
0

2.0×105

4.0×105

6.0×105

8.0×105

compd. 3.32

Wavelength / nm

E
m

is
s
io

n
 /

 c
o

u
n

ts

300 400 500 600 700 800 900
0

2.0×105

4.0×105

6.0×105

8.0×105

compd. 3.34

Wavelength / nm

E
m

is
s
io

n
 /

 c
o

u
n

ts

 

 

     
400 500 600 700 800 900

0.0

0.1

0.2

0.3

0.4

0.5

compd. 3.35D

Wavelength / nm

A
b

s
o

rb
a
n

c
e
 /

 A
U

   

400 500 600 700 800 900
0.00

0.05

0.10

0.15

0.20

E compd. 3.38

Wavelength / nm

A
b

s
o

rb
a
n

c
e
 /

 A
U

      

400 500 600 700 800 900
0.0

0.1

0.2

0.3

F
compd. 3.39

Wavelength / nm

A
b

s
o

rb
a
n

c
e
 /

 A
U

300 400 500 600 700 800 900
0

2.0×105

4.0×105

6.0×105

8.0×105

compd. 3.35

Wavelength / nm

E
m

is
s
io

n
 /

 c
o

u
n

ts

300 400 500 600 700 800 900
0

1.0×105

2.0×105

3.0×105

4.0×105

compd. 3.38

Wavelength / nm

E
m

is
s
io

n
 /

 c
o

u
n

ts

300 400 500 600 700 800 900
0

1.0×105

2.0×105

3.0×105

4.0×105

5.0×105

compd. 3.39

Wavelength / nm

E
m

is
s
io

n
 /

 c
o

u
n

ts

 

 

              
400 500 600 700 800 900

0.00

0.05

0.10

0.15

0.20

G
compd. 3.40

Wavelength / nm

A
b

s
o

rb
a
n

c
e
 /

 A
U

 

300 400 500 600 700 800 900
0

5.0×105

1.0×106

1.5×106

2.0×106

2.5×106

PBS ex. 580 nm,
slit 10/10

compd. 3.40

Wavelength (nm)

E
m

is
s
io

n
 /

 c
o

u
n

ts

  

Figure App2.32. Absorption (top) and emission 

(bottom) spectra of A: Py-5 (3.29), B-D: S0436 

(3.32, 3.34 and 3.35), E: S0387 (3.38), F: S0223 

(3.39), and G: BODIPY 630/650 X (3.40) labeled 

compounds dissolved in EtOH, PBS or PBS 

containing 1% BSA. Ligand concentration was 4-

10 µM. Emission spectra were recorded with slit 

widths 3 nm/3 nm, unless otherwise noted. The 

excitation wavelength was 550 nm, unless otherwise 

noted. 
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App2.5 Saturation Binding Experiments of 3.28-3.31, 3.36-3.37 and 3.40 at 

HEK293T-hH2R-qs5 Cells Studied by Flow Cytometry 
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Figure App2.33. Representative flow cytometric saturation binding experiments performed 

with the fluorescent ligands 3.28-3.31 at intact HEK293T-hH2R-qs5-HA cells. Non-specific 

binding was determined in the presence of famotidine (300-fold excess adjusted to the 

respective concentration of the fluorescent ligand). Cells were incubated with the fluorescent 

ligands at room temperature in the dark for 90 min. The Py-5-labeled compounds 3.28-3.30 (A-

C) bound in a non-saturable manner. Compound 3.31 (D) showed a moderate non-specific 

binding. Error bars of specific binding represent propagated errors calculated according to the 

Gaussian law of error propagation. Error bars of total and unspecific binding represent the SEM. 

Experiments were performed in duplicate. 
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Figure App2.34. Representative flow cytometric saturation binding experiments performed 

with the fluorescent ligands 3.36-3.37 and 3.39 at intact HEK293T-hH2R-qs5-HA cells. 

Unspecific binding was determined in the presence of famotidine (300-fold excess adjusted to 

the respective concentration of the fluorescent ligand). Cells were incubated with the 

fluorescent ligands at room temperature in the dark for 90 min. Compounds 3.36 (A), 3.37 (B) 

and 3.40 (C) showed a high non-specific binding. Error bars of specific binding represent 

propagated errors calculated according to the Gaussian law of error propagation. Error bars of 

total and unspecific binding represent the SEM. Experiments were performed in duplicate. 
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App2.6 Confocal Microscopy 
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Figure App2.35. Selected frames from confocal microscopy experiments with 3.32 at 

HEK293T-hH2R-qs5-HA cells. For total binding, association was started by the addition of 

3.32 (cfinal = 180 nM) to HEK293T-hH2R-qs5-HA cells. Non-specific binding was recorded in 

the presence of famotidine (300-fold excess compared to 3.32). Images were acquired with a 

Zeiss Axiovert 200M microscope equipped with LSM 510 Laser scanner. A 63x/1.40 oil 

immersion objective was used [excitation: 633 nm (7.0%), filter: LP650, pinhole: 248 µm]. 
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Figure App2.35. (continued) 
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Figure App2.36. Selected frames from confocal microscopy experiments with 3.32 at 

HEK293T-SP-FLAG-hH2R K33 cells. For total binding, association was started by the addition 

of 3.32 (cfinal = 150 nM) to HEK293T-SP-FLAG-hH2R K33 cells. Non-specific binding was 

recorded in the presence of famotidine (300-fold excess compared to 3.32). Images were 

acquired with a Zeiss Axiovert 200M microscope equipped with LSM 510 Laser scanner. A 

63x/1.40 oil immersion objective was used [excitation: 633 nm (10.0%), filter: LP650, pinhole: 

244 µm].  
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Figure App2.37. Selected frames from confocal microscopy experiments with 3.34 at 

HEK293T-hH2R-qs5-HA cells. For total binding, association was started by the addition of 

3.34 (cfinal = 200 nM) to HEK293T-SP-FLAG-hH2R K33 cells. Non-specific binding was 

recorded in the presence of famotidine (300-fold excess compared to 3.34). Images were 

acquired with a Zeiss Axiovert 200M microscope equipped with LSM 510 Laser scanner. A 

63x/1.40 oil immersion objective was used [excitation: 633 nm (7.0%), filter: LP650, pinhole: 

248 µm]. 
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Figure App2.38. Selected frames from confocal microscopy experiments with 3.35 at 

HEK293T-hH2R-qs5-HA cells. For total binding, association was started by the addition of 

3.35 (cfinal = 300 nM) to HEK293T-hH2R-qs5-HA cells. Non-specific (non-sp.) binding was 

recorded in the presence of famotidine (300-fold excess compared to 3.35). Images were 

acquired with a Zeiss Axiovert 200M microscope equipped with LSM 510 Laser scanner. A 

63x/1.40 oil immersion objective was used [excitation: 633 nm (10%), filter: LP650, pinhole: 

276 µm]. 
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Figure App2.39. Selected frames from confocal microscopy experiments with 3.39 at 

HEK293T-hH2R-qs5-HA cells. For total binding, association was started by the addition of 

3.39 (cfinal = 100 nM) to HEK293T-hH2R-qs5-HA cells. Non-specific binding was recorded in 

the presence of famotidine (300-fold excess compared to 3.39). Images were acquired with a 

Zeiss Axiovert 200M microscope equipped with LSM 510 Laser scanner. A 63x/1.40 oil 

immersion objective was used [excitation: 633 nM (10.0%), filter: LP650, pinhole: 244 µm]. 
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Figure App2.40. Selected frames from confocal microscopy experiments with 3.40 at 

HEK293T-hH2R-qs5-HA cells. For total binding, association was started by the addition of 

3.40 (cfinal = 150 nM) to HEK293T-hH2R-qs5-HA cells. Non-specific binding was recorded in 

the presence of famotidine (300-fold excess compared to 3.40). Images were acquired with a 

Zeiss Axiovert 200M microscope equipped with LSM 510 Laser scanner. A 63x/1.40 oil 

immersion objective was used [excitation: 633 nM (7.0%), filter: LP650, pinhole: 248 µm].  
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App2.7 Bias Analysis 

To test for biased agonism, we calculated bias factors (BF). To calculate the BF`s we either 

used efficacy BF (eBF) or potency BF (pBF).7 Using this method, a biased agonist is defined 

as an agonist that has a statistically-significant different BF compared to the BF of the 

endogenous agonist histamine. The eBF for an agonist is calculated as the ratio between 

maximal responses (Emax) of two different signaling pathways (pathway1:pathway2).
7 The pBF 

of an agonist is calculated as the ratio between EC50 of two different signaling pathways 

(pathway1:pathway2).
7 However, for analysis of statistic difference between pBF of histamine 

and pBF of the agonist of interest we used the negative logarithm of the pBF or: 

ppBF(pathway1:pathway2) = pEC50(pathway1) – pEC50(pathway2).
7 This is necessary since 

statistic information of SEM is only available for pEC50 and not for EC50. 

 

Table App2.2. Efficacy Bias Factors (eBF) and Negative Logarithm of the Potency Bias 

Factors (ppBF) 

compd. / G protein assay eBF ppBF 

His / [35S]GTPγS 1.00 ± 0.00 1.52 ± 0.06 

His / mGs 1.00 ± 0.00 0.59 ± 0.07 

3.32 / [35S]GTPγS 8.63 ± 0.34 0.51 ± 0.14 

3.32 mGs 6.35 ± 0.33 0.93 ± 0.11 

3.33 / [35S]GTPγS 10.16 ± 0.27 0.33 ± 0.30 

3.34 / [35S]GTPγS 2.96 ± 0.08 0.45 ± 0.11 

3.34 / mGs 3.74 ± 0.07 0.47 ± 0.06 

3.35 / mGs 1.47 ± 0.06 0.60 ± 0.10 

3.39 / [35S]GTPγS 2.46 ± 0.14 1.31 ± 0.17 

3.39 / mGs 2.15 ± 0.14 0.42 ± 0.17 

eBF`s comparing efficacy and ppBF`s comparing potency in Gs and β-arrestin2 signaling 

pathways. The eBF for an agonist is calculated as the ratio between maximal responses (Emax) 

of Gs pathway and β-arrestin2 pathway [eBF = Emax (mGs or [35S]GTPγS) / Emax (β-arrestin2)]. 

The ppBF of an agonist is calculated as the difference between pEC50 values between Gs 

pathway and β-arrestin2 pathway [ppBF = pEC50 (mGs or [35S]GTPγS) – pEC50 (β-arrestin2)]. 

The Emax and pEC50 values used for these calculations are depicted in the Table 3.2 in the 

chapter 3. 
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Figure App2.41. Histograms comparing the efficacy bias factors (eBF, A) and the negative 

logarithm of the potency bias factors (ppBF, B). Statistical comparison of values was performed 

by using a one-way ANOVA of BF for each agonist and Dunnett’s post-tests were used to 

compare BF for 3.1 to BF`s for all other agonists (ns: not significant, ***p <0.001, **p<0.01, 

*p <0.05, as described by Thomsen et al.7). 
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4 Synthesis and Pharmacological Characterization of 2-

Arylbenzimidazole Derivatives as Histamine H2 Receptor Ligands 

 

(E)-N-(2-((3-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-

methylphenoxy)propyl)amino)ethyl)-3-(1H-imidazol-4-yl)acrylamide (PB513) is a high 

affinity (H2R: pKi = 7.84) 2-arylbenzimidazole-type histamine H2 receptor (H2R) inverse 

agonist / antagonist, showing a selectivity over the H4R and the dopamine D1-5 receptors, but 

only a preference over the H3R. Aiming at an improved subtype selectivity for the H2R, a series 

of 27 analogues related to PB513 was synthesized by variation of the linker and the basic head 

group. These new derivatives were investigated in radioligand binding and several functional 

assays ([35S]GTPγS binding, mini-G and β-arrestin2 recruitment). The structural elements of 

PB513: 2-arylbenzimidazole, the secondary amine, the double bond, and the imidazole were 

identified as important for the H2R affinity. On the other hand, the amide group was not of great 

importance for the affinity, but mainly influenced the subtype selectivity. Most of the 

synthesized compounds acted as inverse agonists / antagonists at the H2R (like PB513), but also 

a few (biased) agonists were identified. Indeed, the mode of action [(inverse) agonist / 

antagonist] seemed to depend mainly on the basic head group. Although 27 analogues of PB513 

were prepared and characterized, it was not possible to achieve a sufficient subtype selectivity 

[factor 100; compound with the best selectivity profile: 4.110; H2R: pKi = 7.30; 

Ki(H1,3,4)/Ki(H2): H1: 87; H3: 19; H4: 131]. In addition, PB513’s previously reported selectivity 

for the H4R (Ki (H4) / Ki (H2): reported: 148, obtained: 14) and preference for the H3R (Ki (H3) 

/ Ki (H2): reported: 47, obtained: 6) could not be reproduced. For this reason, the synthesized 

molecules were not employed in further studies at dopamine receptors. 
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4.1 Introduction 

2-Arylbenzimidazole derivatives were published as high affinity hH4R ligands by Lee-Dutra 

et al. (cf. Figure 4.1).1 Structural variations of these molecules by Dr. P. Baumeister resulted in 

a H4R ligand series including compound PB513 (Figure 4.1).2 Surprisingly, PB513 bound to 

the hH2R-GsαS with high affinity (pKi = 7.8) and had a 47-fold preference over the hH3R 

(pKi = 6.2) and a 148-fold selectivity over the hH4R (pKi = 5.7).2 In the [35S]GTPγS assay at 

hH2R-GsαS PB513 revealed a pKb value of 7.7 (α = -0.202).2 

Since our group is interested in subtype selective H2R ligands, which are also selective over 

dopamine receptors, we tested PB513 for its affinity to dopamine receptors. PB513 bound to 

the dopamine receptors only with low affinity (pKi 5.10-5.97, Figure 4.1), turning it into a 

promising starting point in the search for novel and selective (agonistic) H2R ligands. 

The aim of this work was to synthesize a small library of compounds related to PB513 

(Figure 4.2A & B) and elucidate the structure-activity (H2R) and structure-selectivity 

relationships (H2R versus H1R, H3R and H4R) using [35S]GTPγS binding-, mini-G protein 

recruitment- and β-arrestin2 recruitment assays, as well as radioligand binding experiments. 

Furthermore, we investigated the feasibility to turn 2-arylbenzimidazoles from antagonistic into 

agonistic H2R ligands. 

To explore the structural requirements for hH2R affinity and selectivity of PB513, the 

functional groups (secondary (sec.) amine, amide, double bound, heterocycle etc.) which 

deemed important, were gradually removed, replaced by a bioisoster, or rigidified by 

incorporation into a ring (Figure 4.2A). Moreover, the number and the nature 

(carbamoylguanidine, squaramide, amine) of basic centers was varied (Figure 4.2B). We did 

not include the acylguanidine group into the series (cf. UR-AK243, Figure 4.2B), because 

acylguanidines undergo hydrolytic cleavage upon long term storage in aqueous solution.4 The 

imidazole-bearing moiety was modified with respect to typical H2R ligand motifs which were 

published previously (cf. UR-AK243, UR-KAT5235, BMY253686, Figure 4.2B), aiming at 

improved H2R selectivity compared to the other histamine receptors. Moreover, the secondary 

amine in the spacer of PB513 was methylated to investigate this class of compounds for its 

potential application as radioligands. 

 



4 Synthesis and Pharmacological Characterization of 2-Arylbenzimidazole Derivatives as 

Histamine H2 Receptor Ligands 

148 

 

Figure 4.1. Structures of selected 2-arylbenzimidazole derivatives, including PB513 and their 

binding and functional data at histamine H1-4 receptors and in case of PB513 also at dopamine 

D1-5 receptors.  The terminal amino moiety (shown in light blue) influences the HR selectivity. 

aData from Savall et al.7 bData from the Ph.D. thesis of Dr. P. Baumeister.2 cLuciferase reporter 

gene assay using SK-N-MC cells expressing the hH4R. dData from Dr. H. Hübner (Friedrich-

Alexander University Erlangen-Nürnberg). e[35S]GTPγS binding assay on membrane 

preparations of Sf9 insect cells expressing the hH2R-GsαS fusion protein. n.d.: not dertermined. 
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Figure 4.2. A: Overview of the performed structural variations of PB5132. B: Further 

variations, including modification of known H2R ligands with a 2-arylbenzimidazole or 

urocanic acid amide moiety. aData from Kraus et al.3 bData from Biselli et al.5 cData from 

Baumeister et al.8 a,bAgonism measured on guinea pig right atrium. cAgonism measured in the 

steady-state GTPase assay. 

 

4.2 Results and Discussion 

4.2.1 Chemistry 

Many different building blocks were synthesized as ligand precursors in multistep syntheses. 

Figure 4.3 offers an overview of these building blocks and is subdivided into sections 

containing the respective carboxylic acids, amines and mixed squaramates which were fused 

together with the corresponding O-alkylated 2-arylbenzimidzoles to form the desired bioactive 

compounds.
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Figure 4.3. Structures of the synthesized carboxylic acid-, amine- and mixed squaramate building blocks and overview of their coupling reaction with 

O-alkylated 2-arylbenzimidazoles.
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4.2.1.1 Synthesis of the Amine Building Block 4.4 

Compound 4.2 was obtained from the reaction of histamine dihydrochloride (4.1) with 

Nefkens`reagent. Trityl (Trt) protection of the imidazole 4.2, followed by hydrazinolysis of the 

phthalimide group afforded the 2-(1-trityl-1H-imidazol-4-yl)ethanamine (4.4). 

 

Scheme 4.1. Synthesis of 4.4a 

 

aReagents and conditions: (a) Nefkens` reagent, K2CO3, H2O, rt, 2 h, 97%; (b) Trt-Cl, NEt3, 

MeCN, rt, 16 h, 97%; (c) hydrazine monohydrate (N2H4 x H2O), EtOH, reflux, 2 h, 98%. 

 

4.2.1.2 Synthesis of the Amine Building Blocks 4.17-4.19 

The methyl ketones 4.8 and 4.9 were obtained from the reaction of either 5-chloro-2-

pentanone (4.5) or 6-chloro-2-hexanone (4.6) with phthalimide (4.7). In case of 4.8, 

regioselective bromination was achieved by employing Br2, and glacial acetic acid as solvent 

according to Black et al.9 In contrast, compound 4.9 was α-brominated with Br2 in 1,4-dioxane 

and CH2Cl2 according to von Angerer et al.10 Cyclization of the α-bromoketones 4.10 or 4.11 

with thiourea gave the thiazoles 4.12 and 4.13.11 After trityl (4.14-4.15) or Boc (4.16)12 

protection of the aromatic amine function, the phthalimide group was cleaved by hydrazinolysis 

to give 5-(2-aminoethyl)-4-methyl-N-tritylthiazol-2-amine (4.17), 5-(3-aminopropyl)-4-

methyl-N-tritylthiazol-2-amine (4.18) and tert-butyl 5-(3-aminopropyl)-4-methylthiazol-2-

ylcarbamate (4.19), respectively (Scheme 4.2). Although the Boc protecting group is commonly 

employed,3-4, 13-14 we decided to synthesize the Trt-protected derivatives, because the Trt 

protecting group proved to be more stable under the conditions of the nucleophilic substitution 

reaction in the microwave (this observation is based on personal and literature experience15). 

  



4 Synthesis and Pharmacological Characterization of 2-Arylbenzimidazole Derivatives as 

Histamine H2 Receptor Ligands 

152 

Scheme 4.2. Synthesis of 4.17-4.19a 

 

aReagents and conditions: (a) K2CO3, KI (cat.), DMF, 95-110 °C, 12-24 h, 4.8: 50% and 4.9: 

74%; (b1) Br2, glacial acetic acid, 10 °C to rt, 1 h, 4.10: 57%; (b2) Br2, 1,4-dioxane/CH2Cl2, rt, 

4 h, 4.11: 93%; (c1) (1) thiourea, DMF, 100 °C, 3 h, (2) MeOH/1 N HCl in MeOH, rt, 72 h, 

4.12: 79% over two steps; (c2) thiourea, DMF, 100 °C, 3 h, 4.13: 29%; (d1) Trt-Cl, NEt3, MeCN, 

rt, 16 h, 4.14: 62% and 4.15: 27%; (d2) Boc2O, NEt3, DMAP (cat.), chloroform, rt, overnight, 

4.16: 69%; (e) N2H4 x H2O, EtOH, n-BuOH or EtOH/n-BuOH, rt, 16-24 h, 4.17: 99%, 4.18: 

68% and 4.19: 100%. 

 

4.2.1.3 Synthesis of the Amine Building Block 4.26 

A synthetic approach similar to that described by Griffith et al.16 was employed to prepare 

the τN-Trt-protected amine 4.26 (Scheme 4.3). Potassium phthalimide (4.20) was first 

converted to N-(5-bromopentyl)phthalimide (4.22) using an excess of 1,5-dibromopentane 

(4.21). Treatment of 4.22 with Ph3P in MeCN provided the corresponding phosphonium salt 

4.23, which was coupled with the τN-Trt-protected imidazole aldehyde 4.24 to give the Wittig 

olefination product 4.25. The following liberation of the primary amine with hydrazine 

provided the τN-Trt-protected amine 4.26. 
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Scheme 4.3. Synthesis of 4.26a 

 

aReagents and conditions: (a) 1,5-dibromopentane (4.21), DMF, rt, 24 h, 31%; (b) Ph3P, 

MeCN, reflux, 48 h, 100%; (c) aldehyde 4.24, t-BuOK, THF, 0 °C to reflux, 18 h; (d) 

N2H4 x H2O, EtOH, rt, 48 h, 7% over 2 steps. 

 

4.2.1.4 Synthesis of the Carboxylic Acid Building Block 4.32 and Amine Building Block 

4.35 

The carboxylic acid 4.32 and the amine 4.35 were prepared from commercially available γ-

acetobutyric acid (4.27, Scheme 4.4). 4.27 was converted to ethyl γ-acetobutyrate (4.28) by 

esterification with EtOH. In an one pot reaction, 4.28 was α-brominated using Br2, and the ring 

closure reaction was carried out with thiourea under solvent-free conditions as described by 

Dodson et al.17 Subsequent Boc (4.30) or Trt (4.31) protection and ethyl ester hydrolysis gave 

the carboxylic acids 4.32 or 4.33. The Trt-protected carboxylic acid 4.33 was coupled to mono-

phthalimide protected ethylenediamine (4.49) using EDC/HOBt. The phthalimide group was 

removed using hydrazine to give the amine 4.35. 
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Scheme 4.4. Synthesis of 4.32 and 4.35a 

 

aReagents and conditions: (a) (1) oxalyl chloride, DMF (cat.), CH2Cl2, 0 °C to rt, 2 h; (2) 

EtOH, NEt3, rt, 30 min, 34%; (b) Br2, thiourea, steam-bath, 3 h, 13%; (c1) Boc2O, NEt3, DMAP 

(cat.), CH2Cl2, rt, 16 h, 4.30: 63%; (c2) Trt-Cl, NEt3, DMF, rt, 16 h, 4.31: 68%; (d) KOH, 

EtOH/H2O, 0 °C to rt, 16 h, 4.32: 89% and 4.33: 100%; (e) 2-(2-aminoethyl)isoindoline-1,3-

dione (4.49, Scheme 4.5C), EDC x HCl, HOBt x H2O, DIPEA, DMF, 0 °C to rt, 16 h, 21%; (f) 

N2H4 x H2O, EtOH, rt, 16 h, 89%. 

 

4.2.1.5 Synthesis of the Amine Building Blocks 4.66-4.72 

The carboxybenzyl (Cbz)- or phthalimide-protected amines 4.42-4.43, 4.46 and 4.49 were 

synthesized as shown in Scheme 4.5. The synthesis started from the commercially available 

(RS)-3-hydroxypiperidine (4.36) or piperidin-4-ol (4.37, Scheme 4.5A). These compounds 

were transformed into the corresponding N-Boc derivatives and subsequently mesylated giving 

4.38 and 4.39. Compounds 4.38 and 4.39 were used for nucleophilic substitution with 

phthalimide. Cleavage of the Boc protecting group with TFA led to the free secondary amines 

(4.42-4.43). 

The amines 4.46 and 4.49 were synthesized from mono-Boc-protected piperazine (4.44) or 

ethane-1,2-diamine (4.47) by Cbz (4.45) and phthalimide (4.48) protection and subsequent 

acidic Boc deprotection (Scheme 4.5B & C). 
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Scheme 4.5. Synthesis of Cbz- or Phthalimide-Protected Amines 4.42-4.43, 4.46 and 4.49a

 

aReagents and conditions: A: (a) (1) Boc2O, NEt3, CH2Cl2, 0 °C, 2 h; (2) mesityl chloride, 

NEt3, 0 °C to rt, 3 h, 4.38: 75% and 4.39: 74%; (b) potassium phthalimide, DMF, 75 °C, 24 h, 

4.40: 10% and 4.41: 21%; (c) TFA, CH2Cl2, rt, 8-16 h, 4.42 and 4.43: 100%; B: (a) benzyl 

chloroformate, NEt3, CH2Cl2, 0°C to rt, overnight, 61%; (b) TFA, CH2Cl2, rt, 7 h, 99%; C: (a) 

Nefkens`reagent, K2CO3, H2O, rt, 16 h, 22%; (b) TFA, CH2Cl2, rt, 48 h, 100%. 

 

The amine building blocks 4.66-4.72 were prepared as highlighted in Scheme 4.6. The 

carboxylic acid 4.54 was obtained via Horner-Wadsworth-Emmons reaction18 of the Trt-

protected aldehyde 4.51 with triethyl phosphonoacetate followed by saponification of the ethyl 

ester 4.52 with KOH in EtOH/H2O. To obtain the hydrogenated derivative 4.55 the C=C double 

bound of 4.52 was reduced with H2 and Pd/C.19 To synthesize the non-methylated precursors 

(4.57 and 4.58), the imidazole of urocanic acid was N-Trt-protected. The corresponding reduced 

derivative (4.58) was obtained by hydrogenation of the C=C double bound. Then, the Cbz- or 

phthalimide-protected amines (4.43-4.43, 4.46 and 4.49, cf. Scheme 4.5) were coupled to 

carboxylic acids 4.54-4.58 using EDC/HOBt followed by Cbz deprotection with H2 and Pd/C 

(4.63) or phthalimide deprotection with N2H4 (4.59-4.65, except 4.63) to give the amine 

building blocks 4.66-4.72. 
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Scheme 4.6. Synthesis of Amine Building Blocks 4.66-4.72a 

 

aReagents and conditions: (a) Trt-Cl, NEt3, MeCN, rt, 16 h, 43%; (b) NaH, triethyl 

phosphonoacetate, THF, reflux, 16 h, 18%; (c) Pd/C, H2 (1 atm), EtOH, rt, overnight, 81%; (d) 

KOH, EtOH/H2O, 0 °C to rt, 16-48 h, 4.54: 79% and 4.55: 54%; (e) Pd/C, H2 (1 atm), MeOH, 

rt, 5 h, 100%; (f) Trt-Cl, NEt3, DMF, rt, 14 h, 4.57: 42% and 4.58: 40%; (g) 4.42, 4.43, 4.46 or 

4.49, EDC x HCl, HOBt x H2O, DIPEA, DMF, 0 °C to rt, 16 h, 4.59: 34%, 4.60: 48%, 4.61: 

98%, 4.62: 79%, 4.63: 100%, 4.64: 99% and 4.65: 55%; (h1) N2H4 x H2O, EtOH, rt, 16 h, 4.66: 

50%, 4.67: 60%, 4.68: 43%, 4.69: 88%, 4.71: 80% and 4.72: 34%; (h2) Pd/C, H2 (1 atm), 

MeOH/THF, rt, 6 h, 4.70: 62%. sb: single bond. db: double bond. n.a.: not available. 

 

4.2.1.6 Synthesis of the Mixed Squaramate Building Blocks 4.75 and 4.76, the Amine 

Building Block 4.78 and the Squaramide 4.117 

The synthesis of the mixed squaramates 4.75 and 4.76 was adapted from published 

procedures.8, 20 The precursors 4.18 or 4.74 (synthesized as described previously21) and 3,4-

diethoxycyclobut-3-ene-1,2-dione (4.73) were stirred in EtOH at rt for 3 h or overnight yielding 

the mixed squaramates 4.75 and 4.76 in very good to excellent yields (Scheme 4.7). The 
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following reaction, leading to squaramides 4.77 (Boc-protected) or 4.117, was performed in 

EtOH at rt using tert-butyl 2-aminoethylcarbamate or propylamine. Cleavage of the Boc group 

with TFA led to the corresponding squaramide 4.78 (Scheme 4.7). 

 

Scheme 4.7. Synthesis of Mixed Squaramates 4.75-4.76 & Squaramides 4.78 and 4.117a 

 

aReagents and conditions: (a) EtOH, rt, 3 h or overnight, 4.75: 90% and 4.76: 100%; (b) tert-

butyl 2-aminoethylcarbamate, EtOH, rt, overnight, 4.77: 61%; (c) TFA, CH2Cl2, rt, overnight, 

100%; (d) propylamine, EtOH, 70 °C, overnight, 69%. 

 

4.2.1.7 Coupling of the Building Blocks with O-Alkylated 2-Arylbenzimidazoles 

As shown in Scheme 4.8, the 2-arylbenzimidazoles 4.82-4.96 were synthesized according to 

the procedure of Savall et al.22 The nucleophilic substitution reaction of the iodine derivatives 

(4.79-4.81) with the respective Trt-protected imidazole- (4.4, 4.26 and 4.66-4.72), Trt-protected 

thiazole- (4.17-4.18 and 4.35), squaramide- (4.78) building blocks or 3‐(3‐(piperidin‐1‐

ylmethyl)phenoxy)propan‐1‐amine (4.74) in the presence of K2CO3 in MeCN gave the 

secondary or tertiary amines. The iodine derivatives (4.79-4.81) were synthesized as published 

previously.2 If necessary, the Trt protecting group was removed under acidic conditions. The 

purification by preparative HPLC led to the 2-arylbenzimidazoles 4.82-4.96 as TFA salts with 

purities ≥95%. The isolated yields were poor to moderate, ranging from 2-44%. The tertiary 
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amine 4.97 was synthesized from the secondary amine 4.86 by Eschweiler-Clarke reaction 

using an excess of formic acid and formaldehyde (Scheme 4.9). 

 

Scheme 4.8. Synthesis of 2-Arylbenzimidazoles 4.82-4.96 a 

 

aReagents and conditions: (a) K2CO3, MeCN, microwave, 130 °C, 20 min; (b) in case of 4.82-

4.93, TFA, CH2Cl2, rt, 7-18 h. db = double bound. sb = single bound. Isolated yields over one 

or two steps are given in brackets. 
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Scheme 4.9. Synthesis of 2-Arylbenzimidazole 4.97.a 

  

 

aReagents and conditions: (a) formic acid, formaldehyde solution (37%, aq), 95 °C, 4 h. 

Isolated yield is given in brackets. 

 

The synthesis of 4.102 and 4.103 followed the same alkylation principle (Scheme 4.10). O-

Alkylation with Boc-protected 6-bromohexanamine 4.100 or Boc-protected 3-

bromopropanamine 4.101 and the subsequent acidic deprotection of the Boc group yielded 

4.102 and 4.103, which were used as building blocks for further synthesis. 

 

Scheme 4.10. Synthesis of 2-Arylbenzimidazoles 4.102-4.103.a 

 

aReagents and conditions: (a) HBr (48%, aq), reflux, 3 h, 83%; (b) Boc2O, NaOH, 

H2O/CH2Cl2, rt, 3 h, 42%; (c) 4-(5-fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-

methylphenol2, Cs2CO3, MeCN, microwave, 130 °C, 15 min; (d) TFA, CH2Cl2, rt, 7 h, 4.102: 

32%, 4.103: 51%, over 2 steps. 
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The amines 4.102 and 4.103 were coupled to carboxylic acids 4.32 or 4.57 using EDC/HOBt 

followed by Trt- or Boc deprotection using TFA to give the amides 4.104-4.107 as TFA salts 

(cf. Scheme 4.11). 

The amine 4.102 was treated with triphosgene to give the corresponding diisocyanate, which 

was allowed to react with mono-Boc-protected S-methylisothiourea3 yielding the 

guanidinylating reagent 4.113 (cf. Scheme 4.11). The carbamoylguanidine-type ligands 4.114-

4.116 were prepared by treating 3-(1-trityl-1H-imidazol-4-yl)-propylamine, 4.4 or 4.18 with the 

guanidinylating reagent 4.113 in the presence of HgCl2 and NEt3. The following acidic 

deprotection led to the 2-arylbenzimidazoles 4.114-4.116 as TFA salts (cf. Scheme 4.11). 

The squaramides 4.108-4.110 were synthesized from the amines 4.102 or 4.103 and mixed 

squaramates 4.75 or 4.76 in EtOH at elevated temperature (Scheme 4.11). The reaction was 

very slow, so that the reaction mixture had to be stirred for up to 12 days to get the products in 

only acceptable yields (6-28%). 4.112 was synthesized in reverse. First, the amine 4.102 was 

reacted with 4.73 to the corresponding mixed squaramate 4.111, which was then reacted with 

the propylamine. The reverse approach did not improve the yield over two steps (14%), and 

also did not shorten the reaction time. 

  

http://www.molbase.com/cas/195053-89-5.html
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Scheme 4.11. Synthesis of 2-Arylbenzimidazoles 4.104-4.110, 4.112 and 4.114-4.116.a 

 
aReagents and conditions: (a1) 4.32 or 4.57, EDC x HCl, HOBt x H2O, DIPEA, DMF, 0 °C 

to rt, 14-18 h; (a2) 4.75 or 4.76, NEt3, EtOH, 60 °C, 7-12 d; (b) TFA, CH2Cl2, rt, 7 h; (c) 4.73, 

NEt3, EtOH, rt, 18 d; (d) propylamine, EtOH, 70 °C, 24 h; (e) (1) triphosgene, DIPEA, CH2Cl2, 

0 °C, 1 h; (2) N-tert-butoxycarbonyl-S-methylthiourea3, CH2Cl2, 0 °C to rt, 3.5 h; (f) HgCl2, 

NEt3, CH2Cl2, rt, 4-18 h; (g) TFA, CH2Cl2, rt, 7-18 h. Isolated yields over one or two steps are 

given in brackets. 
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4.2.1.8 Synthesis of the Carbamoylguanidine 4.120 

The protected carbamoylguanidine-type intermediate 4.119 was prepared by treating the 

building block PB5062 (synthesized as described by Dr. Paul Baumeister2) with the 

guanidinylating reagent 4.118 (synthesized as described by Biselli et al.5) in the presence of 

HgCl2 and NEt3 (Scheme 4.12). Treating the protected carbamoylguanidine-type intermediate 

4.119 first with H2 and Pd/C and second with TFA gave compound 4.120. 

 

Scheme 4.12. Synthesis of Carbamoylguanidine-Type Ligand 4.120a 

 

aReagents and conditions: (a) NEt3, HgCl2, CH2Cl2, overnight, rt, 32%; (b) H2 (8 bar), Pd/C, 

THF/MeOH, rt, 2 h; (c) TFA, CH2Cl2, 8 h, rt, 11% over 2 steps. 

 

4.2.2 Covalent Binding Experiments 

Bioactive compounds (e.g. afatanib, ibrutinib, AMG 510, VUF14480, cf. Figure 4.4) containing 

Michael acceptors are known to form irreversible addition products with cysteine residues in 

specific proteins.23-30 Since PB513 also contains a Michael acceptor we wanted to investigate 

whether it is able to form a covalent adduct with glutathione or less sterically demanding L-

cysteine in binding buffer at pH 7.4 (same conditions as in the binding assay) in a preliminary 

experiment. This is a literature known screening method to identify covalent modifiers.25 For 

this purpose, PB513 was mixed with glutathione or L-cysteine in a 1:1 molar ratio and incubated 

for 5 h at 37 °C with shaking. Afterwards, the incubated mixtures were analyzed by LC-MS. 

PB513 did not react with either glutathione or L-cysteine in a covalent manner (Figures 4.5 & 

4.6). Surprisingly, we observed a small peak with a mass of 479.2570 Da after the incubation 

of PB513 with L-cysteine, which equals the mass of the hydrogenated PB513 (cf. Figure 4.5B). 

This might be a side-product of the oxidation of L-cysteine to cystine (this was not investigated 

further). The reaction is known to occur in neutral to alkaline aqueous solution when air is 

admitted via a radical mechanism (thio-ene-reaction).31-32 
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Figure 4.4. Published covalent ligands containing Michael acceptors.23-25 aKaragiorguo et al.33 

& Liu et al.34 EGFR: epidermal growth factor receptor. Btk: Brutons`s tyrosine kinase. 

KRASG12C: Kirsten rat sarcoma protein p.G12C mutant. 
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Figure 4.5. Reaction control of the L-cysteine addition to PB513 by LC-MS. A: + ESI total 

ion current scan. B: + ESI scan (tR = 0.918-0.959 min). C: + ESI scan (tR = 0.955-1.063 min). 
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Figure 4.6. Reaction control of the glutathione addition to PB513 by LC-MS. A: + ESI total 

ion current scan. B: + ESI scan (tR = 0.958-1.099 min). 

 

4.2.3 Pharmacological Studies 

The synthesized target compounds 4.82-4.97, 4.104-4.110, 4.112, 4.114-4.117 and 4.120 (cf. 

Figure 4.7) were characterized with respect to binding at H1-4 receptors (cf. Table 4.1). 

Moreover, functional activity of compounds having a pKi >6 was determined at the hH2R using 

[35S]GTPγS binding assay as well as mini-G protein and β-arrestin2 recruitment assays (cf. 

Table 4.2). Not all compounds (pKi >6) could be investigated using the [35S]GTPγS binding 

assay, because the [35S]GTPγS reagent was no longer commercially available in sufficient 

purity and at an affordable price throughout the timeframe of this project.35 
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Figure 4.7. Structural overview of investigated 2-arylbenzimidazoles 4.82-4.97, 4.104-4.110, 

4.112, 4.114-1.116, the squaramide 4.117, and the carbamoylguanidine 4.120. 
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4.2.3.1 H2R Affinities and Receptor Subtype Selectivities 

To study the subtype selectivity, the compounds 4.82-4.97, 4.104-4.110, 4.112, 4.114-4.117 

and 4.120 were tested at the hH1-4R in competition binding studies using membrane 

preparations of Sf9 insect cells expressing the hH1R + RGS4, hH2R-GsαS fusion protein, 

hH3R + Gαi2 + Gβ1γ2 or hH4R + Gαi2 + Gβ1γ2, respectively.4 The results are summarized in Table 

4.1. Moreover, the resynthesized compound PB513 (H2R-GsαS: pKi: 7.35, cf. Table 4.1) was 

investigated again in the same assays, but it was not possible to reproduce the results obtained 

from Dr. P. Baumeister exactly (H2R−GsαS: pKi: 7.842). The affinity of PB513 to the H3R (pKi: 

6.57) and particularly to the H4R (pKi: 6.19) was higher as reported previously (H3R pKi: 6.162, 

H4R pKi: 5.672). Nonetheless, due to the high H2R-GsαS affinity it was worth to further explore 

the SAR of 2-arylbenzimidazoles as H2R ligands. 

Removing (4.105, pKi: <5) or methylation (4.97, pKi: 5.98) of the secondary amine in the 

aliphatic chain of 4.86 (PB513, pKi: 7.35) resulted in a dramatic affinity drop at the hH2R-Gsαs 

fusion protein. Therefore, the synthesis of a radioligand by methylation the secondary amine of 

PB513 would not be advised. The same observation regarding the H2R-Gsαs affinity was made 

by removing the double bound (4.87, pKi: 6.18). The removal of the amide moiety (4.85) did 

not change the H2R-Gsαs affinity (pKi: 7.55) but increased the hH3- (pKi: 7.50) and hH4- 

(pKi: 7.38) receptor affinities. The incorporation of the ethyl linker into an aliphatic ring 4.91 

(piperazine, pKi: 5.25), 4.92 (4-aminopiperidine, pKi: 6.33), 4.93 (3-aminopiperidine, 

pKi: 6.48) and the exchange of imidazole ring by 4-methylimidazole (4.88 (pKi: 6.30), 4.89 

(pKi: 6.42)) or 2-aminothiazole (4.90, pKi: 5.60) had also a negative effect on the H2R-GsαS 

affinity. For a better visualization of the effects of the structural changes of PB513 on the H2R 

affinity and subtype selectivity, the obtained results are also shown in a bar chart (Figure 4.8).  

Moreover, introduction of 3-[3-(piperidin-1-ylmethyl)phenoxy)propan-1-amine (4.74, a 

well-known substructure of H2R ligands, e.g. (iod)aminopotentidine36, BMY253686, UR-

DE2578) resulted in compounds 4.94 (propyl-spacer, pKi: 6.39) and 4.95 (hexyl-spacer, 

pKi: 6.77) with three-digit nanomolar affinity. The introduction of the squaramide- (e.g. 4.96, 

4.109, 4.110) or carbamoylguanidine-group (4.114-4.116) in the linker was well tolerated and 

resulted in some compounds with two-digit nanomolar affinity (pKi: 7.07-7.76). In conclusion, 

squaramide 4.110 showed the best subtype selectivity profile (Ki H1,3,4R/Ki H2R; H1:H3:H4 

87:19:131), while having two-digit nanomolar H2R-GsαS affinity (pKi: 7.30). However, since all 

of the compounds did not show acceptable (selectivity ratios > 100) subtype selectivity, we did 

not further investigate them for their binding affinity towards dopamine receptors. 
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Table 4.1. Binding Data (pKi values) at Histamine Receptor Subtypesa 

compd. 

pKi H2R selectivity 

Ki(H1,3,4R)/Ki(H2R) 
hH1Ra N 

hH2R-

GsαS
b 

N hH3Rc N hH4Rd N 
H1 H3 H4 

His 5.62 ± 

0.0337 
3 6.58 ± 

0.0413 
48 7.59 ± 

0.0113 
42 7.60 ± 

0.0113 
45 9 0.1  

4.82 5.13 ± 

0.16* 

2 6.32 ± 

0.16 

4 5.98 ± 

0.08* 

2 7.32 ± 

0.13 

3 16 2 0.1 

4.83 <5 2 6.21 ± 

0.17 

4 5.66 ± 

0.16* 

2 6.06 ± 

0.07 

3 >16 4 1 

4.84 4.96 ± 

0.09* 

2 6.53 ± 

0.12 

3 6.03 ± 

0.02* 

2 6.64 ± 

0.13 

3 37 3 0.8 

4.85 5.49 ± 

0.03* 

2 7.55 ± 

0.11 

3 7.50 ± 

0.08 

3 7.38 ± 

0.04 

3 115 1 1 

4.86 

(PB5132) 

<5 2 7.35 ± 

0.09 

3 6.57 ± 

0.07 

3 6.19 ± 

0.11 

3 >223 6 14 

4.87 <5 2 6.18 ± 

0.14 

3 7.37 ± 

0.10 

3 6.24 ± 

0.13 

3 >15 0.1 0.9 

4.88 5.08 ± 

0.10* 

2 6.30 ± 

0.15 

3 6.60 ± 

0.04 

3 5.21 ± 

0.01* 

2 17 0.5 12 

4.89 5.16 ± 

0.01* 

2 6.42 ± 

0.04 

3 6.04 ± 

0.17* 

2 6.23 ± 

0.11 

3 18 2 2 

4.90 <5 2 5.60 ± 

0.09 

3 5.31 ± 

0.14* 

2 5.02 ± 

0.12 

3 >4 2 4 

4.91 5.41 ± 

0.12* 

2 5.25 ± 

0.04 

3 6.55 ± 

0.04 

3 6.19 ± 

0.14 

3 0.7 0.1 0.1 

4.92 4.98 ± 

0.12* 

2 6.33 ± 

0.06 

3 5.82 ± 

0.02* 

2 5.04 ± 

0.03* 

2 22 3 19 

4.93 <5 2 6.48 ± 

0.10 

3 6.32 ± 

0.08 

3 5.04 ± 

0.10 

3 >30 1 28 

4.94 5.66 ± 

0.12 

4 6.39 ± 

0.17 

4 7.38 ± 

0.10 

3 5.35 ± 

0.19 

3 5 0.1 11 

4.95 6.29 ± 

0.01 

3 6.77 ± 

0.17 

4 7.45 ± 

0.09 

3 5.66 ± 

0.12* 

2 3 0.2 13 

4.96 5.66 ± 

0.11 

4 7.51 ± 

0.11 

3 7.13 ± 

0.10 

3 5.32 ± 

0.03* 

2 70 2 155 

4.97 <5 2 5.98 ± 

0.10 

3 6.64 ± 

0.11 

3 5.80 ± 

0.03* 

2 >10 0.2 1.5 

4.104 <5 2 <5 2 4.92 ± 

0.17* 

2 5.06 ± 

0.22* 

2 - - - 

4.105 <5 2 <5 2 <5 2 5.12 ± 

0.19* 

2 - - - 

4.106 <5 2 5.35 ± 

0.15 

3 4.96 ± 

0.10* 

2 <5 2 >2 2 >2 

4.107 <5 2 5.31 ± 

0.12 

3 4.97 ± 

0.20* 

2 <5 2 >2 2 >2 

4.108 <5 2 6.45 ± 

0.13 

3 <5 2 <5 3 >28 >28 >28 

4.109 5.35 ± 

0.12* 

2 7.38 ± 

0.10 

3 6.57 ± 

0.10 

3 5.48 ± 

0.15* 

2 107 6 79 
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Table 4.1. (continued) 

4.110 5.36 ± 

0.04* 

2 7.30 ± 

0.14 

3 6.02 ± 

0.10* 

2 5.18 ± 

0.04* 

2 87 19 131 

4.112 <5 2 <5 2 <5 2 4.90 ± 

0.16* 

2 - - - 

4.114 5.89 ± 

0.13 

3 7.76 ± 

0.10 

3 8.24 ± 

0.07 

3 6.53 ± 

0.16 

3 74 0.3 17 

4.115 6.06 ± 

0.01* 

2 7.76 ± 

0.09 

3 8.22 ± 

0.01 

3 7.34 ± 

0.09 

3 50 0.3 3 

4.116 5.64 ± 

0.06* 

2 7.07 ± 

0.09 

3 6.02 ± 

0.07 

3 5.97 ± 

0.14* 

2 26 11 13 

4.117 <5 3 7.55 ± 

0.04 

3 n.d.  n.d.  >355 - - 

4.120 n.d.  5.36 ± 

0.12* 

2 n.d.  n.d.  - - - 

 

aCompetition binding assay on membrane preparations of Sf9 insect cells expressing the 

hH1R + RGS4, the hH2R-GsαS, the hH3R + Gαi2 + Gβ1γ2 or the hH4R + Gαi2 + Gβ1γ2. 
bDisplacement of [3H]mepyramine (Kd = 4.5 nM4, c = 5 nM). cDisplacement of [3H]UR-

DE2578 (Kd = 12.1 nM38, c = 20 nM). dDisplacement of [3H]UR-PI29439 (Kd = 3 nM40, 

c = 2 nM). eDisplacement of [3H]histamine (Kd = 47.5 nM41, c = 30 nM). Presented are mean 

values ± SEM (N ≥3) or SE (N = 2, indicated with *) of N (2-3 for pKi values ≤ 6.25 or 3-4 for 

pKi values > 6.25) independent experiments (each performed in duplicate or triplicate). n.d.: 

not determined. Displacement curves of representative 2-arylbenzimidazoles 4.85, 4.86 

(PB513), 4.88, 4.108, 4.110 and 4.114 are shown in Appendix 3 (Figure App3.97). 
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Figure 4.8. Selectivity profiles of selected 2-arylbenzimidazoles. *Binding data from PhD 
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4.2.3.2 Role of a 2-Arylbenzimidazole Motif for the hH2R Affinity in 4.109, 4.110 and 

PB513 

 

Figure 4.9. An investigation into the importance of the role of a 2-arylbenzimidazole motif for 

the hH2R affinity of 4.109-4.110 (A) & PB513 (B). aData from the Ph.D. thesis of Dr. P. 

Baumeister.2 

In order to investigate whether the 2-arylbenzimidazole motif in compounds 4.109 and 4.110 

has any influence on H2R-GsαS affinity and subtype-selectivity, we synthesized and tested the 

two control compounds 4.112 and 4.117 (Figure 4.9A). The binding data indicate that the 2-

arylbenzimidazole residue does apparently not contribute to the H2R-GsαS affinity because the 

control substance 4.117 (pKi: 7.55), without the 2-arylbenzimidazole, had a slightly higher 
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affinity at the H2R-GsαS fusion protein (cf. pKi: 4.109: 7.38; 4.110: 7.30). In addition, the 

substance 4.112 without the 3-(piperidin-1-ylmethyl)phenol showed no affinity within the 

investigated concentration range at the H2R-GsαS. (pKi <5). 

In contrast to these observations, the combined molecule PB513 possessed a double-digit 

nanomolar affinity for H2R-GsαS (pKi: 7.35), while the individual components PB416 and 

PB419 had no or only low affinity for the H2R-GsαS (pKi: <5) (Figure 4.9B). Moreover, the 

urocanic acid amide PB416 was introduced in the general structure of a typical 

carbamoylguanidine-type ligand (4.120, cf. Figure 4.9B and Scheme 4.12). The resulting 

antagonist 4.120 showed also only low affinity for the H2R-GsαS (pKi: 5.36, cf. Table 4.1 or 

Figure 4.9B). These results indicate that both the 2-arylbenzimidazole and the urocanic acid 

amide moiety are necessary for the high H2R affinity of PB513 to the H2R. 

 

4.2.3.3 Functional Characterization of Selected 2-Arylbenzimidazoles at the Human 

H2R in the [35S]GTPγS Binding, mini-G Protein and β-Arrestin2 Recruitment Assays 

The potencies (pEC50), efficacies (Emax) and dissociation constants (pKb, in case of 

antagonists or inverse agonists) of the selected 2-arylbenzimidazoles (pKi >6) are presented in 

Table 4.2. Most of the synthesized 2-arylbanzimidazoles were antagonists (4.85-4.86, 4.93-

4.96, 4.109-4.110 and 4.117) in the [35S]GTPγS binding and the β-arrestin2 recruitment assays 

(Table 4.2). In the mini-G protein assay the same compounds showed inverse agonism. For this 

reason, both pEC50 (agonist mode) and the pKb (antagonist mode) values were determined for 

these molecules (Table 4.2). However, due to the low signal to noise (S/N) ratio of 1.5 in the 

[35S]GTPγS binding assay (cf. S/N 12 in the mini-G protein recruitment assay),42 potential 

inverse agonism might not be detectable. The determined pKb values of the antagonists 

([35S]GTPγS or β-arrestin2) or inverse agonists (mGs) were in good agreement with the pKi 

values obtained from the radioligand competition binding assay (cf. Table 4.1). Exceptions 

were the squaramide-containing compounds 4.109-4.110, which showed pKb values (pKb: 8.54-

8.59, cf. Table 4.2) higher than the pKi values (pKi: 7.30-7.38, cf. Table 4.1) in the mini-G 

protein recruitment assay by more than one order of magnitude. It is likely that due to the above-

mentioned low S/N, compounds 4.82-4.84 and 4.88 are antagonists in [35S]GTPγS binding 

assay and at the same time show partial agonistic behavior in the mini-G protein recruitment 

assay. Compound 4.88 is specifically interesting since its additional methyl group in the 4-

position of imidazole reverses inverse agonism (cf. PB513, Table 4.2) to weak agonism in mini-

G protein recruitment assay. 4.89 and 4.92 were inactive in the mini-G protein and β-arrestin2 

recruitment assays. The carbamoylguanidines 4.114-4.116 were agonists. Finally, the 
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synthesized aryl benzimidazole series incorporates a few G-protein biased H2R partial agonists 

[e.g. 4.108: Emax = 0.56 ([35S]GTPγS), Emax = 0.73 (mGs), Emax = 0.06 at c = 10 µM (β-

arrestin2), cf. Table 4.2] which could not be exploited further due to the lack of subtype 

selectivity. 

As a result, (inverse) agonism or antagonism seem to depend on the basic head group and not 

on the 2-arylbenzimidazole or the type of basic center in the spacer. This observation could be 

confirmed since the introduction of a head group, which already lead to agonism in a different 

H2R ligand class series, also results in agonists in this ligand class (4.108, cf. Table 4.2). The 

same is true for antagonism (4.109 and 4.110, cf. Table 4.2). 

 

Table 4.2. H2R Agonist Potencies (pEC50) and Efficacies (Emax) or Antagonism (pKb) 

 [35S]GTPγS bindinga mGs recruitmentb β-arrestin2 

recruitmentc 

compd. 

(pKb) 

or 

pEC50 

N Emax N (pKb) 

or 

pEC50 

N Emax N (pKb) or 

pEC50 

N Emax N 

His 5.85 ± 

0.064 

 1.004 4 6.94 ± 

0.0642 

9 1.0042 9 5.42 ± 

0.0243 

4 1.0043 4 

UR-

DE2578 

(7.42)8 - 0.088 - 7.28 ± 

0.08 

(7.97 ± 

0.10) 

3 

 

4 

-0.11 ± 

0.02 

3 (8.03 ± 

0.06) 

3 0.00 ± 

0.01† 

3 

4.82 (5.96 ± 

0.29*) 

2 -0.03 ± 

0.17†* 

2 5.73 ± 

0.04 

3 0.22 ± 

0.01 

3 (6.31 ± 

0.17) 

7 -0.02 ± 

0.01† 

3 

4.83 (5.98 ± 

0.11*) 

2 -0.04 ± 

0.07†* 

2 5.51 ± 

0.16 

3 0.32 ± 

0.04 

3 (6.06 ± 

0.09) 

5 -0.04 ± 

0.01† 

3 

4.84 n.d. - n.d. - 6.15 ± 

0.04 

3 0.14 ± 

0.02 

3 (6.34 ± 

0.06) 

3 -0.02 ± 

0.01† 

3 

4.85 (7.95 ± 

0.05) 

3 -0.12 ± 

0.03† 

3 6.55 ± 

0.08 

(6.95 ± 

0.04) 

3 

 

3 

-0.11 ± 

0.02 

3 (7.30 ± 

0.05) 

3 -0.03 ± 

0.02† 

3 

4.86 

(PB5132) 

(7.73)2 - -0.202 - 6.80 ± 

0.09 

(6.99 ± 

0.09) 

3 

 

3 

-0.09 ± 

0.01 

3 (7.59 ± 

0.09) 

3 -0.00 ± 

0.01† 

3 

4.87 (5.27 ± 

0.14) 

3 -0.18 ± 

0.01†* 

2 (<5) 3 -0.03 ± 

0.01† 

3 (5.77 ± 

0.03) 

3 -0.02 ± 

0.01† 

3 

4.88 n.d. - -0.19 ± 

0.10†* 

2 5.76 ± 

0.10 

3 0.16 ± 

0.04† 

3 (5.94 ± 

0.07) 

4 n.a. 3 

4.89 n.d. - n.d. - (<5) 3 

 

-0.03 ± 

0.01† 

4 (<5) 3 

 

-0.05 ± 

0.02† 

3 

4.92 n.d. - n.d. - (<5) 3 

 

-0.02 ± 

0.02†. 

3 (<5) 3 

 

0.00 ± 

0.01† 

3 
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Table 4.2. (continued) 

4.93 (6.15 ± 

0.29*) 

2 -0.14 ± 

0.05†* 

2 6.25 ± 

0.08 

(6.62 ± 

0.04) 

4 

 

3 

-0.13 ± 

0.02 

4 (7.06 ± 

0.04) 

3 -0.01 ± 

0.02† 

3 

4.94 (6.48 ± 

0.06) 

3 0.01 ± 

0.17†* 

2 <5 

(6.18 ± 

0.02) 

3 

3 

-0.10 ± 

0.02† 

3 (6.25 ± 

0.09) 

3 -0.01 ± 

0.01† 

3 

4.95 (6.78 ± 

0.27) 

3 -0.05 ± 

0.08†* 

2 5.87 ± 

0.01 

(6.25 ± 

0.05) 

4 

 

3 

-0.14 ± 

0.01 

3 (6.56 ± 

0.13) 

5 -0.04 ± 

0.02† 

3 

4.96 (7.55 ± 

0.04) 

3 -0.03 ± 

0.01†. 

3 6.87 ± 

0.08 

(7.77 ± 

0.06) 

4 

 

3 

-0.12 ± 

0.02 

4 (7.75 ± 

0.11) 

3 -0.05 ± 

0.03† 

3 

4.108 7.09 ± 

0.05 

3 0.56± 

0.06 

3 7.18 ± 

0.04 

3 0.73 ± 

0.03 

3 (6.80 ± 

0.13) 

4 0.06 ± 

0.02† 

5 

4.109 (7.39 ± 

0.13) 

3 -0.14 ± 

0.06†* 

2 7.28 ± 

0.17 

(8.59 ± 

0.05) 

3 

 

3 

-0.10 ± 

0.01 

3 (7.73 ± 

0.11) 

3 -0.03 ± 

0.04† 

3 

4.110 (7.80 ± 

0.10) 

3 -0.12 ± 

0.06†* 

2 7.03 ± 

0.15 

(8.54 ± 

0.09) 

5 

 

3 

-0.13 ± 

0.01 

5 (7.50 ± 

0.16) 

5 -0.02 ± 

0.01† 

3 

4.114 n.d. - n.d. - 6.59 ± 

0.07 

3 0.83 ± 

0.03 

3 6.38 ± 

0.13 

3 0.10 ± 

0.02 

4 

4.115 7.53 ± 

0.05 

4 0.64 ± 

0.04  

4 7.70 ± 

0.21 

3 0.94 ± 

0.04 

3 6.58 ± 

0.14 

5 0.56 ± 

0.10 

5 

4.116 7.45 ± 

0.26 

4 0.58 ± 

0.09 

4 7.36 ± 

0.20 

3 0.91 ± 

0.05 

3 6.68 ± 

0.09 

4 0.18 ± 

0.04 

4 

4.117 n.d. - n.d. - 7.16 ± 

0.05 

(8.13 ± 

0.11) 

3 

 

4 

-0.10 ± 

0.01 

3 (8.08 ± 

0.02) 

3 -0.02 ± 

0.01† 

3 

 

Presented are mean values ± SEM (N ≥ 3) or SE (N = 2, indicated with *) of N independent 

experiments (each performed in duplicate or triplicate). Data were analyzed by nonlinear 

regression and best fitted to sigmoidal concentration-response curves. a[35S]GTPγS binding 

assays on membrane preparations of Sf9 insect cells expressing the hH2R-GsαS.4, 44 Antagonism 

was determined in the presence of 1 µM histamine. bMini-G protein recruitment assay was 

performed using HEK293T NlucN-mGs/hH2R-NlucC cell line.42 Antagonism was determined 

in the presence of 1 µM histamine. cβ-Arrestin2 recruitment assay was performed using 

HEK293T-ARRB2-hH2R cell line.38, 43 Antagonism was determined in the presence of 8 µM 

histamine. Emax: maximum response relative to histamine (Emax = 1.00 and buffer control 

(Emax = 0.00). †Emax at c = 10 µM; four-parameter logistic fits of the data from individual 

experiments failed. pKb = -logKb. The Kb value was calculated from the corresponding IC50 

values by using the Cheng-Prusoff equation.45 n.d.: not determined. Concentration-response 

curves of representative 2-arylbenzimidazoles 4.85, 4.86 (PB513), 4.88, 4.108, 4.110 and 4.114 

are shown in Appendix 3 (Figure App3.98-App3.100). 
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4.3 Summary and Conclusion 

In search for new H2R ligands which should not bind to dopamine receptors, we synthesized 

and tested 27 new 2-arylbenzimidazoles based on the recently reported high affinity H2R 

antagonist PB513. The synthesized compounds showed low to high affinity to the H2R-GsαS 

fusion protein (pKi: <5-7.76), depending on their structural features. We found that the 

following structural motifs in PB513 are important for the H2R affinity: 2-arylbenzimidazole, 

sec. amine, double bond, and the imidazole. The amide group in PB513 is not important for 

H2R affinity but for the subtype selectivity. We also observed that the mode of action ((inverse) 

agonism / antagonism) is strongly dependent on the basic head group. The squaramide 4.110 

showed the best subtype selectivity profile (H1:H2:H3:H4 87:1:19:131), while having two-digit 

nanomolar H2R affinity (pKi = 7.30). However, 4.110 turned out to be an antagonist as expected 

from its basic head group. The synthesized series also contains some (biased) agonists, which 

are not subtype selective. Due to this overall lack of subtype selectivity we did not investigate 

these compounds for their selectivity at dopamine receptors. These results may contribute to a 

better understanding of the structure-activity and structure-selectivity relationships of H2R 

ligands. 

 

4.4 Experimental Section 

4.4.1 General Experimental Section 

Unless otherwise stated, chemicals and solvents were purchased from standard commercial 

suppliers (Merck, Sigma-Aldrich, Acros, Alfa, abcr) and were used as received. 3-(1-Trityl-

1H-imidazol-4-yl)-propylamine was synthesized like published previously and kindly provided 

by Dr. S. Pockes.46 tert-Butyl (E)-(2-(3-(1H-imidazol-4-yl)acrylamido)ethyl)carbamate was 

synthesized like published previously and kindly provided by Dr. M. Keller.47 All of the 

solvents were of analytical grade or distilled prior to use. For column chromatography silica gel 

60 (0.04-0.063 mm, Merck, Darmstadt, Germany) was used. Flash chromatography was 

performed on an Intelli Flash-310 workstation from Varian Deutschland GmbH (Darmstadt, 

Germany) with SuperFlash (SF) columns (Si50, 4-40 g) from Agilent Technologies (Santa 

Clara, CA, USA). Reactions were monitored by thin layer chromatography (TLC) on Merck 

silica gel 60 F254 aluminium sheets, and spots were visualized with UV light at 254 nm or 

ninhydrin staining. Melting points were determined with a B-540 apparatus (BÜCHI GmbH, 

Essen, Germany). NMR spectra were recorded on a Bruker Avance 300 (1H: 300 MHz, 13C: 

75 MHz), 400 (1H: 400 MHz, 13C: 101 MHz) or 600 (1H: 600 MHz, 13C: 151 MHz) (Bruker, 

http://www.molbase.com/cas/195053-89-5.html
http://www.molbase.com/cas/195053-89-5.html
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Karlsruhe, Germany) with deuterated solvents from Deutero (Kastellaun, Germany). 

Multiplicities are specified with the following abbreviations: s (singlet), d (doublet), t (triplet), 

q (quartet), quint (quintet), m (multiplet), dd (doublet of doublet), and br (broad). The 

multiplicity of carbon atoms (13C-NMR) was determined by distortionless enhancement by 

polarization transfer (DEPT) 135 and DEPT 90: “+” primary and tertiary carbon atom (positive 

DEPT signal), “-“ secondary carbon atom (negative DEPT signal), “quat” quaternary carbon 

atom. In certain cases 2D-NMR techniques (COSY, HSQC, and HMBC) were used to assign 

1H and 13C chemical shifts. The NMR spectra of target compounds are depicted in the 

Appendix 3, App3.1 1H-and/or 13C-NMR Spectra of 4.82-4.97, 4.104-4.110, 4.112, 4.114-

4.117 and 4.120. HRMS was performed on a Q-TOF 6540 UHD LC/MS system (Agilent 

Technologies) using an ESI source or on an AccuTOF GCX GC/MS system (Jeol, Peabody, 

MA, USA) using an EI source.  Preparative HPLC was performed with a system from Waters 

(Milford, Massachusetts, USA) consisting of a 2524 binary gradient module, a 2489 detector, 

a prep inject injector, fraction collector III and the column was a Phenomenex Kinetex 

(250 x 21 mm, 5 µm) (Phenomenex, Aschaffenburg, Germany). As mobile phase mixtures of 

MeCN and 0.1% aqueous TFA were used. The UV detection was carried out at 220 nm. Freeze-

drying was carried out using a ScanVac CoolSafe 4-15L freeze dryer from Labogene (LMS, 

Brigachtal, Germany), equipped with a RZ 6 rotary vane vacuum pump (Vacuubrand, 

Wertheim, Germany). Analytical HPLC experiments were performed on a 1100 HPLC system 

from Agilent Technologies equipped with Instant Pilot controller, a G1312A Bin Pump, a 

G1329A ALS autosampler, a G1379A vacuum degasser, a G1316A column compartment and 

a G1315B DAD detector. The column was a Phenomenex Kinetex XB-C18 column 

(250 x 4.6 mm, 5 µm) (Phenomenex, Aschaffenburg, Germany), tempered at 30 °C. As mobile 

phase, mixtures of MeCN and 0.05% aqueous TFA were used. Gradient mode: MeCN/TFA 

(0.05%) (v/v) 0 min: 10:90, 30 min: 90:10, 33 min: 95:5, 40 min: 95:5; flow rate: 0.8 mL/min, 

t0 = 3.21 min; capacity factor k = (tR-t0)/t0. Absorbance was detected at 220 nm. Compounds 

purities were calculated as the percentage peak area of the analyzed compound by UV detection 

at 220 nm. The purities of the ligands used for pharmacological investigation were ≥95% 

(exception: 4.117 (purity = 93%); chromatograms are shown in the Appendix 3, App3.2 RP-

HPLC Chromatograms of 4.82-4.97, 4.104-4.110, 4.112, 4.114-4.117 and 4.120). 

 

4.4.2 General Procedures 

General Procedure A (Amide Coupling). The respective amine (1.2 equiv) was dissolved 

in anhydrous DMF (0.2-0.8 mL) and the solution was cooled to 0 °C. DIPEA (2 equiv) and 
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EDC x HCl (1 equiv, dissolved in 0.1-0.4 mL anhydrous DMF) as well as HOBt x H2O 

(1 equiv, dissolved in 0.1-0.4 mL anhydrous DMF) were added. Subsequently, the respective 

carboxylic acid (1 equiv) and DIPEA (3 equiv) dissolved in anhydrous DMF (0.5-1 mL) were 

added in one portion. The solution was stirred for 14-18 h and was allowed to warm to rt. The 

solvent was evaporated under reduced pressure, the residue was purified by flash 

chromatography [eluent: CH2Cl2/(0.5% NH3 in) MeOH] and dried under reduced pressure. If 

necessary, deprotection was performed by stirring with 20-40% TFA in CH2Cl2 at rt for 7-18 h 

(TLC control). After evaporation of the solvent under reduced pressure, the crude product was 

purified by preparative RP-HPLC. 

 

General Procedure B (Hydrazinolysis of the Phthalimides). To a suspension of the 

respective phthalimide (1 equiv) in EtOH (10 mL) was added N2H4 x H2O (5-6.8 equiv). After 

stirring at rt for 16-48 h, the mixture was cooled with an ice bath. The formed precipitate was 

removed by filtration and the filtrate was concentrated to dryness. If necessary, the crude 

product was subjected to flash chromatography (eluent: CH2Cl2/0.5% NH3 in MeOH). 

 

General Procedure C (Nucleophilic Substitution). The respective iodinated compound 

(1 equiv), the respective amine (1.8-3.0 equiv) and K2CO3 (6 equiv) in MeCN (2.5 mL) were 

heated under microwave irradiation at 130 °C for 20 min. Subsequently, the solvent was 

removed under reduced pressure. The crude, Boc- or Trt-protected intermediate was pre-

purified by flash chromatographie (eluent: CH2Cl2/MeOH) and dried under reduced pressure. 

The residue was dissolved in CH2Cl2, TFA was added and the reaction mixture was stirred until 

the protection group was removed (approx. 7 h, TLC control). After evaporation of the solvent 

under reduced pressure, the crude product was purified by preparative RP-HPLC. 

 

General Procedure D (Preparation of Squaramides). The respective mixed squaramate 

(1.0-1.1 equiv) was dissolved in EtOH (2 mL). After addition of the respective amine (1-

1.1 equiv, dissolved in 3 mL EtOH), the solution was stirred at rt to 70 °C for overnight to 

18 days (TLC control). The solvent was evaporated, and the residue was pre-purified by flash 

chromatography (eluent: CH2Cl2/0.5% NH3 in MeOH). After evaporation of the solvent under 

reduced pressure, the crude product was purified by preparative RP-HPLC. 

 

General Procedure E (Preparation of NG-Carbamoylated Guanidines). 4.113 (1-

1.1 equiv) and the respective amine (1-1.1 equiv) were dissolved in anhydrous CH2Cl2 (3 mL). 
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NEt3 (2.5 equiv) and HgCl2 (2 equiv) were added. The reaction mixture was stirred at rt for 4-

18 h. The resulting suspension was filtered through Celite 545 in order to remove the mercury 

salt and the crude product was pre-purified by flash chromatography (eluent: PE/EtOAc). 

Removal of the solvent under reduced pressure afforded the Trt-/Boc-protected intermediate. 

Subsequently, the deprotection was performed by stirring the intermediate in a mixture of 

CH2Cl2 and TFA overnight at rt. The solvent was removed under reduced pressure and the 

product was purified by preparative HPLC. 

 

4.4.3 Preparation of 2-(1-Trityl-1H-imidazol-4-yl)ethan-1-amine (4.4) 

 

2-(2-(1H-Imidazol-4-yl)ethyl)isoindoline-1,3-dione (4.2).41, 48 Nefkens` reagent (4.3 g, 

19.6 mmol, 1.2 equiv) was added to a stirred solution of histamine dihydrochloride (4.1, 3.0 g, 

16.3 mmol, 1 equiv) and K2CO3 (6.8 g, 48.9 mmol, 3 equiv) in H2O (30 mL) at rt. The resulting 

white suspension was stirred vigorously at rt for 2 h. The solid was filtered off and thoroughly 

washed with ice-cold H2O (3 x 5 mL). The solid was collected and dried under high vacuum to 

give the product as white solid (3.8 g, 97%). Rf = 0.21 (CH2Cl2/MeOH 9:1). M. p.: 189-191 °C 

(lit.: 189-191 °C)49. 1H-NMR (300 MHz, DMSO-d6) δ 11.88 (s, 1H), 7.89-7.76 (m, 4H), 7.50 

(d, J = 1.2 Hz, 1H), 6.80 (s, 1H), 3.78 (t, J = 8.1 Hz, 2H), 2.82 (t, J = 7.4 Hz, 2H). 13C-NMR 

(75 MHz, DMSO-d6) δ 167.58 (2C), 134.79, 134.15 (2C), 133.87, 131.47 (2C), 122.81 (2C), 

116.21, 37.60, 25.63. NMR data matches literature reference.41 HRMS (ESI-MS): calcd. for 

C13H12N3O2
+: 242.0924, found: 242.0936. MF: C13H11N3O2. MW: 241.25. 

 

 

2-(2-(1-Trityl-1H-imidazol-4-yl)ethyl)isoindoline-1,3-dione (4.3).41, 48 A mixture of 4.2 

(1.75 g, 7.25 mmol, 1 equiv), NEt3 (4.0 mL, 29.0 mmol, 4 equiv) and Trt-Cl (3.0 g, 10.9 mmol, 

1.5 equiv) in MeCN (150 mL) was stirred at rt for 16 h. The solvent was removed by 

evaporation and the residue was purified by column chromatography (PE/EtOAc 50:50). The 

product was obtained as light-yellow solid (3.4 g, 97%). Rf = 0.22 (PE/EtOAc 1:1). 1H-NMR 

(300 MHz, CDCl3) δ 7.84-7.75 (m, 2H), 7.72-7.64 (m, 2H), 7.34-7.30 (m, 1H), 7.30-7.20 (m, 

9H), 7.10-7.00 (m, 6H), 6.52 (d, J = 1.4 Hz, 1H), 3.97 (t, J = 7.0 Hz, 2H), 2.94 (t, J = 7.0 Hz, 
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2H). 13C-NMR (75 MHz, CDCl3) δ 168.23 (2C), 142.52 (3C), 138.79, 137.75, 133.83 (2C), 

132.24 (2C), 129.83 (6C), 128.03 (6C), 128.00 (3C), 123.25 (2C), 118.74, 75.14, 38.10, 27.42. 

NMR data matches literature reference.41 HRMS (ESI-MS): calcd. for C32H26N3O2
+: 484.2020, 

found: 484.2054. MF: C32H25N3O2. MW: 483.57. 

 

 

2-(1-Trityl-1H-imidazol-4-yl)ethan-1-amine (4.4).41, 48, 50 A mixture of 4.3 (3.33 g, 

6.9 mmol, 1 equiv) and N2H4 x H2O (1.7 mL, 34.4 mmol, 5 equiv) in EtOH (70 mL) was 

refluxed for 2 h. After removal of insoluble material, the filtrate was evaporated giving a light-

yellow solid, which was purified by column chromatography (CH2Cl2/MeOH 100:0-92:8) and 

afforded a yellow oil (2.4 g, 98%). Rf = 0.83 (CH2Cl2/MeOH 9:1). 1H-NMR (400 MHz, MeOD) 

δ 7.40 (d, J = 1.4 Hz, 1H), 7.39-7.32 (m, 9H), 7.19-7.12 (m, 6H), 6.76-6.71 (m, 1H), 2.87 (t, 

J = 7.1 Hz, 2H), 2.66 (t, J = 7.0 Hz, 2H). 13C-NMR (101 MHz, MeOD) δ 143.99 (3C), 140.06, 

139.93, 131.13 (6C), 129.61 (3C), 129.53 (6C), 120.67, 77.09, 42.44, 32.12. NMR data matches 

literature reference.41 HRMS (ESI-MS): calcd. for C24H24N3
+: 354.1965, found: 354.1965. MF: 

C24H23N3. MW: 353.47. 

 

4.4.4 Preparation of the Amine Building Blocks 4.17-4.19 

 

2-(4-Oxopentyl)isoindoline-1,3-dione (4.8).51-52 A mixture of phthalimide (4.7, 27.3 g, 

0.186 mol, 1 equiv), 5-chloropentan-2-one (4.5, 22.3 g, 0.185 mol, 1 equiv), ground K2CO3 

(25.57 g, 0.185 mol, 1 equiv) and KI (0.1 g, cat.) in DMF (200 mL) was heated while stirring 

for a period of 12 h at 110°C. After cooling down the inorganic solids were filtered off and the 

filtrate was concentrated in vacuum. The residue was dissolved in EtOAc (50 mL) and after 

standing overnight in refrigerator the unreacted phthalimide was filtered off, the filtrate was 

concentrated in vacuum and the residue was purified by column chromatography 

(CH2Cl2/MeOH 95:5) yielding a light brown solid (21.4 g, 50%). Rf = 0.63 (PE/EtOAc 1:1). 

M. p.: 70 °C (lit.: 68-74 °C)51-52. 1H-NMR (300 MHz, CDCl3) δ 7.83-7.61 (m, 4H), 3.66 (t, 

J = 6.7 Hz, 2H), 2.46 (t, J = 7.2 Hz, 2H), 2.10 (s, 3H), 1.91 (quint, J = 7.0 Hz, 2H). 13C-NMR 

(75 Hz, CDCl3) δ 207.58, 168.48 (2C), 134.02 (2C), 132.02 (2C), 123.25 (2C), 40.55, 37.19, 
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29.98, 22.68. NMR data matches literature reference.52 HRMS (ESI-MS): calcd. for 

C13H14NO3
+: 232.0968, found: 232.0973. MF: C13H13NO3. MW: 231.25. 

 

 

2-(5-Oxohexyl)isoindoline-1,3-dione (4.9).3, 12, 52 6-Chlorohexan-2-one (5.88 g, 43.7 mmol, 

1 equiv), phthalimide (4.7, 6.55 g, 43.7 mmol, 1 equiv), K2CO3 (9.24 g, 65.6 mmol, 1 equiv) 

and KI (0.1 g, cat.) were dissolved in DMF (100 mL). The mixture was heated at 95 °C for 

24 h. After cooling to rt, the solvent was evaporated in vacuum. The residue was suspended in 

H2O (500 mL) and extracted with chloroform (2 x 200 mL). The combined organic layers were 

dried over Na2SO4 and evaporated in vacuum. The crude product was purified by column 

chromatography (CH2Cl2/MeOH 100:0-95:5) yielding the product as white solid (7.93 g, 74%). 

Rf = 0.78 (PE/EtOAc 1:1). M. p.: 58 °C (lit. 58-59 °C). 1H-NMR (300 MHz, CDCl3) δ 7.81-

7.57 (m, 4H), 3.62 (t, J = 6.8 Hz, 2H), 2.43 (t, J = 7.0 Hz, 2H), 2.07 (s, 3H), 1.69-1.45 (m, 4H). 

13C-NMR (75 MHz, CDCl3) δ 208.37, 168.35 (2C), 133.93 (2C), 132.02 (2C), 123.16 (2C), 

42.82, 37.45, 29.95, 27.89, 20.74. NMR data matches literature reference. 3, 12, 52 HRMS (ESI-

MS): calcd. for C14H16NO3
+: 246.1125, found: 246.1152. MF: C14H15NO3. MW: 245.28. 

 

 

2-(3-Bromo-4-oxopentyl)isoindoline-1,3-dione (4.10).53 A solution of 4.8 (5.0 g, 

21.62 mmol, 1.08 equiv) in glacial acetic acid (55 mL) was cooled to 10 °C and Br2 (1.01 mL, 

20.02 mmol, 1 equiv) was added dropwise under stirring. The reaction mixture was allowed to 

warm up to rt and was stirred for additional 1 h. A mixture of ice-cold water (1 L)/chloroform 

(333 mL)  was added to the reaction mixture. The organic phase was separated and concentrated 

in vacuum. The crude product was obtained as a brown oil (3.55 g, 57%) and used in the next 

step without further purification. Rf = 0.63 (PE/EtOAc 1:1). M. p.: 75-79 °C (lit. 73-75 °C)53. 

1H-NMR (300 MHz, CDCl3) δ 7.82-7.75 (m, 2H), 7.71-7.63 (m, 2H), 4.30-4.22 (m, 1H), 3.76-

3.70 (m, 2H), 2.53-2.38 (m, 2H), 2.33 (s, 3H). NMR data matches literature reference.53 HRMS 

(ESI-MS): calcd. for C13H13BrNO3
+: 310.0073, 312.0053, found: 310.0078, 312.0059. MF: 

C13H12BrNO3. MW: 310.15. 
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2-(4-Bromo-5-oxohexyl)-1,3-dihydro-2H-isoindol-1,3-dione (4.11).3 To a solution of 4.9 

(10.55 g, 43.0 mmol, 1.1 equiv) in 1,4-dioxane (218 mL) and CH2Cl2 (141 mL), Br2 (2.00 mL, 

39.1 mmol, 1 equiv) was added so that the brown color always disappeared and then stirred for 

4 h at rt. Subsequently, the mixture was washed with H2O (2 x 300 mL) and extracted with 

EtOAc (3 x 200 mL). The organic layer was dried over Na2SO4, and the solvent was removed 

in vacuum. The crude product was obtained as a yellow oil (11.78 g, 93%) and used in the next 

step without further purification. Rf = 0.55 (PE/EtOAc 2:1). 1H-NMR (300 MHz, CDCl3) δ 

7.90-7.79 (m, 2H), 7.77-7.67 (m, 2H), 4.39-4.29 (m, 1H), 3.74 (t, J = 6.7 Hz, 2H), 2.37 (s, 3H), 

2.09-1.54 (m, 4H). NMR data matches literature reference3. HRMS (ESI-MS): calcd. for 

C14H15BrNO3
+: 324.0230, 326.0209, found: 324.0233, 326.0214. MF: C14H14BrNO3. MW: 

324.17. 

 

 

2-(2-(2-Amino-4-methylthiazol-5-yl)ethyl)isoindoline-1,3-dione (4.12).54 To a stirred 

solution of 4.10 (1.5 g, 4.84 mmol, 1 equiv) in DMF (15 mL), a solution of thiourea (368 mg, 

4.84 mmol, 1 equiv) in DMF (15 mL) was added and the mixture was heated at 100 °C for 3 h. 

After cooling and removing the solvent in vacuum, the crude product was purified by flash 

chromatography (gradient: 0-40 min: CH2Cl2/MeOH 100:0-90:10, SF 25 g) to obtain the 

formylated intermediate as yellow foam (1.23 g, 81%). 1H-NMR (300 MHz, DMSO-d6) δ 12.00 

(s, 1H), 8.37 (s, 1H), 7.98-7.66 (m, 4H), 3.74 (t, J = 6.8 Hz, 2H), 3.02 (t, J = 6.8 Hz, 2H), 2.06 

(s, 3H). 13C-NMR (75 MHz, DMSO-d6) δ 167.67 (q, 2C), 159.21 (+), 152.88 (q), 143.16 (q), 

134.53 (+, 2C), 131.43 (q, 2C), 123.12 (+, 2C), 120.53 (q), 38.06 (-), 23.98 (-), 14.21 (+). HRMS 

(ESI-MS): calcd. for C15H14N3O3S
+: 316.0750, found: 316.0755. MF: C15H13N3O3S. MW: 

315.35. The formylated intermediate (1.23 g, 3.9 mmol) was suspended in MeOH (22.3 mL), 

1 N HCl in MeOH (14.5 mL) was added and the mixture was stirred at rt for 72 h. The mixture 

was neutralized (pH 7-8) using 1 N NaOH in MeOH, filtrated and the solvent was removed in 

vacuum. The crude product was purified by column chromatography (CH2Cl2/MeOH 90:10) 

yielding the product as yellow oil (1.1 g, 98%). Rf = 0.60 (CH2Cl2/MeOH 9:1). 1H-NMR 

(300 MHz, DMSO-d6) δ 7.93-7.78 (m, 4H), 6.60 (br s, 2H), 3.67 (t, J = 6.8 Hz, 2H), 2.85 (t, 
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J = 6.8 Hz, 2H), 1.88 (s, 3H). 13C-NMR (75 MHz, DMSO-d6) δ 167.69 (q, 2C), 165.23 (q), 

143.59 (q), 134.50 (+, 2C), 131.50 (q, 2C), 123.09 (+, 2C), 112.96 (q), 38.36 (-), 24.18 (-), 

14.31 (+). NMR data matches literature reference.54 HRMS (ESI-MS): calcd. for 

C14H14N3O2S
+: 288.0801, found: 288.0818. MF: C14H13N3O2S. MW:287.34. 

 

 

2-[3-(2-Amino-4-methylthiazol-5-yl)propyl]-1,3-dihydro-2H-isoindol-1,3-dione (4.13).11 

To a stirred solution of 4.11 (11.75 g, 36.25 mmol, 1 equiv) in DMF (50 mL), a solution of 

thiourea (2.76 g, 36.25 mmol, 1 equiv) in DMF (50 mL) was added and the mixture was heated 

at 100 °C for 3 h. After cooling and removing the solvent in vacuum, a mixture of 

EtOAc/MeOH (1:1 (v/v), 40 mL) was added, and the suspension was stirred for 30 min. 

Subsequently, the precipitate was filtered off, washed with EtOAc and diethyl ether and the 

solid was dried in vacuum (3.2 g, 29%). Rf = 0.45 (PE/EtOAc 1:4). 1H-NMR (300 MHz, 

CDCl3) δ 7.84 (m, 4H), 3.61 (t, J = 7.0 Hz, 2H), 2.71 (t, J = 7.5 Hz, 2H), 2.14 (s, 3H), 1.97-

1.77 (m, 2H). NMR data matches literature reference.11,55 HRMS (ESI-MS): calcd. for 

C15H16N3O2S
+: 302.0958, found: 302.0962. MF: C15H15N3O2S. MW: 301.36. 

 

 

2-(2-(4-Methyl-2-(tritylamino)thiazol-5-yl)ethyl)isoindoline-1,3-dione (4.14). Trt-Cl 

(652 mg, 2.34 mmol, 1.2 equiv) was dissolved in MeCN (60 mL) and was added dropwise to a 

suspension of 4.12 (560 mg, 1.95 mmol, 1 equiv) and NEt3 (487 µL, 3.51 mmol, 1.8 equiv) in 

MeCN (60 mL) at rt under stirring. After the addition, stirring was continued for 16 h. The 

solvent was removed in vacuum and the resulting solid was purified by flash chromatography 

(gradient: 0-20 min: PE/EtOAc 100:0-67:33, SF 12 g) yielding the product as yellow foam 

(0.64 g, 62%). Rf = 0.50 (PE/EtOAc 1:1). 1H-NMR (300 MHz, CDCl3) δ 7.84-7.75 (m, 2H), 

7.74-7.65 (m, 2H), 7.38-7.16 (m, 15H), 6.79 (s, 1H), 3.65 (t, J = 7.2 Hz, 2H), 2.77 (t, J = 7.2 Hz, 

2H), 2.08 (s, 3H). 13C-NMR (75 MHz, CDCl3) δ 168.02 (q, 2C), 165.74 (q), 143.68 (q, 3C), 

142.76 (q), 133.97 (+, 2C), 132.08 (q, 2C), 129.31 (+, 6C), 128.18 (+, 6C), 127.46 (+, 3C), 

123.35 (+, 2C), 116.21 (q), 71.77 (q), 38.65 (-), 24.85 (-), 14.28 (+). HRMS (ESI-MS): calcd. 

for C33H28N3O2S
+: 530.1897, found: 530.1902. MF: C33H27N3O2S. MW: 529.66. 
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2-(3-(4-Methyl-2-(tritylamino)thiazol-5-yl)propyl)isoindoline-1,3-dione (4.15).5 4.13 

(4.56 g, 15.1 mmol, 1 equiv) was dissolved in MeCN (120 mL) and Trt-Cl (5.07 g, 18.2 mmol, 

1.2 equiv) and NEt3 (3.77 mL, 27.2 mmol, 1.8 equiv) were added. The mixture was stirred for 

16 h at rt. The solvent was removed in vacuum. The crude product was purified by flash 

chromatography (gradient: 0-20 min: PE/EtOAc 100:0-75:25, 40 min: 75:25, 60 min: 30:70 SF 

12 g) to obtain the product as a yellow foam (2.18 g, 27%). 1H-NMR (300 MHz, CDCl3) δ 7.88-

7.79 (m, 2H), 7.75-7.68 (m, 2H), 7.36-7.18 (m, 15H), 3.59 (t, J = 7.3 Hz, 2H), 2.49-2.41 (m, 

2H), 2.07 (s, 3H), 1.77-1.65 (m, 2H). 13C-NMR (75 MHz, CDCl3) δ 168.33 (q, 2C), 165.10 (q), 

143.81 (q, 3C), 134.03 (+, 2C), 132.13 (q, 2C), 129.28 (+, 6C), 128.18 (+, 6C), 127.44 (+, 3C), 

123.30 (+, 2C), 120.02 (q), 71.84 (q), 37.53 (-), 30.36 (-), 23.83 (-), 14.47 (+), 1 C signal is 

missing. HRMS (ESI-MS): calcd. for C34H30N3O2S
+: 544.2053, found: 544.2082. MF: 

C34H29N3O2S. MW: 543.69. 

 

 

tert-Butyl 4-methyl-5-[3-(1,3-dioxo-1,3-dihydro-2H-isoindol-2-yl)propyl]thiazol-2-

ylcarbamate (4.16).3, 12 4.13 (3.14 g, 10.4 mmol, 1 equiv) was dissolved in chloroform 

(100 mL) and Boc2O (2.45 g, 11.2 mmol, 1.08 equiv), NEt3 (1.68 mL, 12.09 mmol, 1.16 equiv) 

and DMAP (0.1 g, cat.) were added. The mixture was stirred overnight at rt. The mixture was 

extracted with CH2Cl2, washed with 0.1 N HCl (2 x 50 mL), brine (50 mL) and H2O (50 mL), 

dried over Na2SO4 and the solvent removed in vacuum. The crude product by purified by flash 

chromatography (gradient: 0-20 min: PE/EtOAc 100:0-66:34, 40 min: 66:34, SF 25 g) to obtain 

the product as a colorless foam (2.87 g, 69%). 1H-NMR (300 MHz, CDCl3) δ 7.81-7.73 (m, 

2H), 7.69-7.60 (m, 2H), 3.74 (t, J = 7.1 Hz, 2H), 2.71 (t, J = 7.6 Hz, 2H), 2.22 (s, 3H), 1.98 (m, 

2H), 1.51 (s, 9H). NMR data matches literature reference.12,55 HRMS (ESI-MS): calcd. for 

C20H24N3O4S
+: 402.1482, found: 402.1486. MF: C20H23N3O4S. MW: 401.48. 

 

 



4 Synthesis and Pharmacological Characterization of 2-Arylbenzimidazole Derivatives as 

Histamine H2 Receptor Ligands 

184 

 

5-(2-Aminoethyl)-4-methyl-N-tritylthiazol-2-amine (4.17). To a suspension of 4.14 

(0.64 g, 1.21 mmol, 1 equiv) in n-BuOH (25 mL) was added N2H4 x H2O (293 µL, 6.04 mmol, 

5 equiv). After stirring for 16 h at rt, the mixture was cooled in an ice bath, the precipitate was 

removed by filtration and the filtrate concentrated to dryness. The crude product (0.48 g, 99%) 

was used in the next step without further purification. Rf = 0.1 (CH2Cl2/MeOH). 1H-NMR 

(300 MHz, MeOD) δ 7.43-7.15 (m, 15H), 2.64-2.52 (m, 4H), 2.05 (s, 3H). 13C-NMR (75 MHz, 

MeOD) δ 167.80 (q), 145.38 (q, 3C), 143.52 (q), 130.53 (+, 6C), 129.21 (+, 6C), 128.56 (+, 

3C), 118.79 (q), 73.24 (q), 43.55 (-), 29.29 (-), 14.41 (+). HRMS (ESI-MS): calcd. for 

C25H26N3S
+: 400.1842, found: 400.1841. MF: C25H25N3S. MW: 399.56. 

 

 

5-(3-Aminopropyl)-4-methyl-N-tritylthiazol-2-amine (4.18).5 A mixture of 4.15 (1.73 g, 

3.18 mmol, 1 equiv) and N2H4°x°H2O (772 µL, 15.91 mmol, 5 equiv) in EtOH/n-BuOH (5:2 

(v/v), 35 mL) was stirred at rt for 24 h. After removal of insoluble material, the filtrate was 

evaporated giving a pale yellowish oil (0.90 g, 68%), which was used in the next step without 

further purification. Rf = 0.33 (CH2Cl2/MeOH 9:1). 1H-NMR (300 MHz, MeOD) δ 7.39-7.18 

(m, 15H), 2.70 (t, J = 7.6 Hz, 2H), 2.52-2.41 (m, 2H), 2.01 (s, 3H), 1.69-1.54 (m, 2H). 13C-

NMR (75 MHz, MeOD) δ 161.18 (q), 145.23 (q, 3C), 142.44 (q), 130.34 (+, 6C), 129.04 (+, 

6C), 128.38 (+, 3C), 120.82 (q), 73.03 (q), 40.47 (-), 31.97 (-), 23.87 (-), 14.26 (+). HRMS 

(ESI-MS): calcd. for C26H28N3S
+: 414.1998, found: 414.1995. MF: C26H27N3S. MW: 413.58. 

 

 

tert-Butyl 5-(3-aminopropyl)-4-methylthiazol-2-ylcarbamate (4.19).3, 12 To a suspension 

of 4.16 (2.87 g, 7.15 mmol, 1 equiv) in EtOH (35 mL) was added N2H4 x H2O (1.73 mL, 

35.74 mmol, 5 equiv) and the solution was stirred at rt for 16 h. The mixture was cooled by 

using an ice bath, the precipitate was removed by filtration and the filtrate concentrated to 

dryness. The crude product (1.94 g, 100%) was used in the next step without further 

purification. 1H-NMR (400 MHz, MeOD) δ 2.93-2.87 (m, 2H), 2.74 (t, J = 7.6 Hz, 2H), 2.15 

(s, 3H), 1.94-1.83 (m, 2H), 1.51 (s, 9H). 13C-NMR (101 MHz, MeOD) δ 159.01, 154.69, 
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143.52, 124.42, 83.03, 40.83, 32.17, 28.78 (3C), 24.19, 14.76. NMR data matches literature 

reference.12,55 HRMS (ESI-MS): calcd. for C12H22N3O2S
+: 272.1427, found: 272.1428; calcd. 

for C24H42N6NaO4S2
+: 565.2601, found: 565.2602. MF: C12H21N3O2S. MW: 271.38. 

 

4.4.5 Preparation of the Amine Building Block 4.26 

 

2-(5-Bromopentyl)isoindoline-1,3-dione (4.22).56 To a solution of 1,5-dibromopentane 

(4.21, 5.0 mL, 36.71 mmol, 1 equiv) dissolved in DMF (50 mL) was added potassium 

phthalimide (4.20, 6.80 g, 36.71 mmol, 1 equiv) at rt, and the reaction mixture was stirred for 

24 h. The solvent was removed in vacuum, and the residue was subjected to flash 

chromatography (gradient: 0-20 min: PE/EtOAc 100:0 to 75:25, SF 80 g) to give the product 

as transparent oil (3.37 g, 31%). Rf = 0.57 (PE/EtOAc 4:1). 1H-NMR (300 MHz, CDCl3) δ 

7.83-7.76 (m, 2H), 7.71-7.64 (m, 2H), 3.65 (t, J = 7.2 Hz, 2H), 3.36 (t, J = 6.7 Hz, 2H), 1.95-

1.80 (m, 2H), 1.76-1.60 (m, 2H), 1.55-1.39 (m, 2H). 13C-NMR (75 MHz, CDCl3) δ 168.38 (q, 

2C), 133.95 (+, 2C), 132.10 (q, 2C), 123.22 (+, 2C), 37.67 (-), 33.47 (-), 32.22 (-), 27.76 (+), 

25.42 (-). NMR data matches literature reference.56 HRMS (ESI-MS): calcd. for C13H15BrNO2
+: 

296.0281, found: 296.0284. MF: C13H14BrNO2. MW: 296.16. 

 

 

(5-(1,3-Dioxoisoindolin-2-yl)pentyl)triphenylphosphonium bromide (4.23).57 To a 

solution of 4.22 (3.37 g, 11.38 mmol, 1 equiv) in MeCN (21 mL) was added PPh3 (3.00 g, 

11.42 mmol, 1 equiv). The mixture was refluxed for 48 h, and the solvent was removed at 

reduced pressure to give the phosphonium bromide (6.45 g, 100%) as beige foam. The product 

was used in the next step without further purification. Rf = 0.47 (CH2Cl2/MeOH 95:5). 1H-NMR 

(300 MHz, MeOD) δ 7.94-7.69 (m, 19H), 3.63 (t, J = 6.7 Hz, 2H), 3.50–3.36 (m, 2H), 1.80-

1.64 (m, 4H), 1.63-1.51 (m, 2H). 13C-NMR (75 MHz, MeOD) δ 169.89 (2C), 136.33 (+, d, 

J = 3.1 Hz, 3C), 135.49 (+, 2C), 134.89 (+, d, J = 10.0 Hz, 6C), 133.36 (q, 2C), 131.61 (+, d, 

J = 12.60 Hz, 6C), 124.18 (+, 2C), 120 (q, d, J = 86.26 Hz, 3C), 38.17 (-), 28.73 (-, d, 

J = 3.6 Hz), 28.53 (-), 23.05 (-, d, J = 3.52 Hz), 22.35 (-). NMR data matches literature 
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reference.57 HRMS (ESI-MS): calcd. for C31H29NO2P
+: 478.1930, found: 478.1937. MF: 

C31H29BrNO2P. MW: 558.46. 

 

 

1-Trityl-1H-imidazole-4-carbaldehyde (4.24).58 To a solution of 1H-imidazole-4-

carbaldehyde (2.35 g, 24.5 mmol, 1.0 equiv) and Trt-Cl (7.50 g, 26.9 mmol, 1.1 equiv) in 

MeCN (80 mL), NEt3 (6.11 mL, 44.1 mmol, 1.8 equiv) was added dropwise. After 20 h, n-

hexane (8 mL) and H2O (80 mL) were added and the mixture was stirred for 30 min. The 

precipitated product was filtered and washed with H2O (2 x 20 mL). Recrystallization from 

EtOAc/n-hexane yielded a beige solid (8.11 g, 98%). Rf = 0.68 (CH2Cl2/0.5% NH3 in MeOH 

9:1). M. p.: 163-168 °C (lit. 162-165)19. 1H-NMR (300 MHz, CDCl3) δ 7.16-7.06 (m, 6H), 7.41-

7.31 (m, 9H), 7.53 (d, J = 1.3 Hz, 1H), 7.61 (d, J = 1.3 Hz, 1H), 9.88 (s, 1H). 13C-NMR 

(75 MHz, CDCl3) δ 186.61 (q), 141.56 (q, 3C), 140.90 (q), 140.65 (+), 129.69 (+, 6C), 128.57 

(+, 6C), 128.42 (+, 3C), 126.80 (+), 76.39 (q). NMR data matches literature reference.58 HRMS 

(ESI-MS): calcd. for C23H18N2NaO+: 361.1311, found: 361.1319. MF: C23H18N2O. MW: 

338.41. 

 

 

(E)-6-(1-Trityl-1H-imidazol-4-yl)hex-5-en-1-amine (4.26). The title compound was 

synthesized according to the procedure of Griffith et al.16 To a stirred suspension of 4.23 (3.0 g, 

5.37 mmol, 1 equiv) and 4.24 (1.82 g, 5.37 mmol, 1 equiv) in anhydrous THF (25 mL) under 

N2 atmosphere at 0 °C was added t-BuOK (0.60 g, 5.37 mmol, 1 equiv) in one portion. The 

mixture was refluxed for 18 h and then filtered. The solvent was evaporated in vacuum and the 

residue was purified by flash chromatography (gradient: 0-20 min: CH2Cl2/EtOAc 100:0-95:5, 

SF 40 g) to afford mixture of product and the aldehyde as light beige solid (1.38 g). Rf = 0.7 

(CH2Cl2/EtOAc 85:15). HRMS (ESI-MS): calcd. for C36H32N3O2
+: 538.2489, found: 538.2490. 

MF: C36H31N3O2. MW: 537.66. This mixture was dissolved in EtOH (50 mL) and N2H4 x H2O 

(0.62 mL) was added. The reaction mixture was stirred at rt for 48 h. Then, the solvent was 

evaporated, and the residue was purified by flash chromatography (gradient: 0-20 min: 

CH2Cl2/MeOH 100:0-95:5, 35 min: 95:5, 55 min: 90:10, SF 12 g). The product was obtained 

as transparent oil (160 mg, 7% over 2 steps). Rf = 0.25 (CH2Cl2/MeOH 9:1). 1H-NMR 

(300 MHz, CDCl3) δ 7.46-7.40 (m, 1H), 7.37-7.29 (m, 9H), 7.18-7.09 (m, 7H), 6.77-6.70 (m, 
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1H), 6.24-6.16 (m, 1H), 2.72-2.57 (m, 2H), 2.41-2.29 (m, 2H), 1.52-1.41 (m, 4H). 13C-NMR 

(75 MHz, CDCl3) δ 142.27 (q, 3C), 138.71 (q), 138.50 (+), 130.53 (+), 129.77 (+, 6C), 

128.08(+, 9C), 121.23 (+), 120.60 (+), 75.36 (q), 41.30 (-), 31.99 (-), 28.51 (-), 26.40 (-). HRMS 

(ESI-MS): calcd. for C28H30N3
+: 408.2434, found: 408.2438. MF: C28H29N3. MW: 407.56. 

 

4.4.6 Preparation of the Building Blocks 4.32 and 4.35 

 

Ethyl 5-oxohexanoate (4.28).59 Oxalyl chloride (1.98 mL, 23.1 mmol, 3 equiv) was added 

dropwise to a solution of 5-oxohexanoic acid (4.27, 0.92 mL, 7.7 mmol, 1 equiv), and DMF 

(0.2 mL, cat.) in anhydrous CH2Cl2 (10 mL) at 0 °C under stirring in an argon atmosphere. 

After a period of 2 h at rt, the solution was evaporated in vacuum, the yellowish liquid residue 

was taken up in CH2Cl2 (20 mL) and added dropwise to a mixture of EtOH (1.08 mL, 

18.4 mmol, 2.4 equiv) and NEt3 (3.20 mL, 23.1 mmol, 3 equiv) at rt. After stirring for 30 min, 

the mixture was concentrated in vacuum, taken up in Et2O (100 mL) and extracted successively 

with aqueous HCl (2 x 70 mL), brine (50 mL). The organic layers were dried over Na2SO4, 

filtered and the filtrate was concentrated in vacuum. The residue was purified by flash 

chromatography (gradient: 0-20 min: PE/EtOAc 100:0-95:5, SF 12 g) yielding the product as 

yellow oil (0.41 g, 34%). Rf = 0.86 (PE/EtOAc 1:1, KMnO4 stain). 1H-NMR (300 MHz, CDCl3) 

δ 4.07 (q, J = 6.7 Hz, 2H), 2.46 (t, J = 6.7 Hz, 2H), 2.27 (t, J = 6.7 Hz, 2H), 2.09 (s, 3H), 1.82 

(quint, J = 7.7 Hz, 2H), 1.19 (t, J = 6.7 Hz, 3H). 13C-NMR (75 MHz, CDCl3) δ 207.94 (q), 

172.66 (q), 60.23 (+), 42.42 (+), 33.17 (+), 29.80 (-), 18.71 (+), 14.16 (-). NMR data matches 

literature reference.59 HRMS (EI-MS): calcd. for C8H14O3
+∙: 158.0937, found: 158.0942. MF: 

C8H14O3. MW: 158.20. 

 

 

Ethyl 3-(2-amino-4-methylthiazol-5-yl)propanoate (4.29).60 To a suspension of 4.28 

(2.58 g, 16.3 mmol, 1 equiv) and thiourea (2.48 g, 32.6 mmol, 2 equiv) was added Br2 (835 µL, 

16.3 mmol, 1 equiv) under stirring. After Br2 was added, the mixture was warmed on the steam 

bath for 3 h under stirring. The reaction mixture was cooled at rt and purified using flash 

chromatography (gradient: 0-20 min: PE/EtOAc 100:0 to 50:50, 40 min: 40:60, 60 min: 40:60, 

SF 12 g) yielding the product as greenish oil (0.45 g, 13%). Rf = 0.51 (CH2Cl2/0.5% NH3 in 
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MeOH) 1H-NMR (300 MHz, CDCl3) δ 8.21 (br s, 2H), 4.07 (q, J = 6.9 Hz, 2H), 2.79 (t, 

J = 6.9 Hz, 2H), 2.47 (t, J = 7.0 Hz, 2H), 2.13 (s, 3H), 1.19 (t, J = 7.6 Hz, 3H). HRMS (ESI-

MS): calcd. for C9H15N2O2S
+: 215.0849, found: 215.0881. MF: C9H14N2O2S. MW: 214.28. 

 

 

Ethyl 3-(2-((tert-butoxycarbonyl)amino)-4-methylthiazol-5-yl)propanoate (4.30). 4.29 

(0.29 g, 1.35 mmol, 1 equiv) was dissolved in CH2Cl2 (10 mL). NEt3 (218 µL, 1.56 mmol, 

1.16 equiv), DMAP (25 mg, cat.) and Boc2O (319 mg, 1.46 mmol, 1.08 equiv) were added. The 

reaction mixture was stirred at rt for 16 h. The solvent was removed in vacuum and the residue 

was purified by flash chromatography (gradient: 0-20 min: PE/EtOAc 100:0 to 75:25, SF 8 g) 

yielding the product as yellow oil (270 mg, 63%). Rf = 0.89 (CH2Cl2/0.5% NH3 in MeOH 9:1). 

1H-NMR (300 MHz, CDCl3) δ 10.55 (br s, 1H), 4.13 (q, J = 7.1 Hz, 2H), 3.02-2.93 (m, 2H), 

2.61-2.52 (m, 2H), 2.25 (s, 3H), 1.51 (s, 9H), 1.24 (t, J = 7.2 Hz, 3H).13C-NMR (75 MHz, 

CDCl3) δ 172.35 (q), 158.00 (q), 152.84 (q), 142.43 (q), 122.43 (q), 82.35 (q), 60.75 (-), 35.94 

(-), 28.40 (+, 3C), 21.62 (-), 14.61 (+), 14.33 (+). HRMS (ESI-MS): calcd. for C14H23N2O4S
+: 

315.1373, found: 315.1381. MF: C14H22N2O4S. MW: 314.40. 

 

 

Ethyl 3-(4-methyl-2-(tritylamino)thiazol-5-yl)propanoate (4.31). Trt-Cl (3.1 g, 

11.2 mmol, 1.2 equiv) was dissolved in DMF (25 mL) and added dropwise to a solution of 4.29 

(2.0 g, 9.3 mmol, 1 equiv) and NEt3 (3.9 mL, 27.9 mmol, 3 equiv) in DMF (25 mL). After the 

addition, the mixture was stirred at rt for 16 h. The solvent was removed in vacuum and the 

crude product was purified by flash chromatography (gradient: 0-30 min: PE/EtOAc 100:0-

80:20, 50 min: 50:50, SF 12 g) yielding the product as yellow solid (2.9 g, 68%). Rf = 0.39 

(PE/EtOAc 3:1). 1H-NMR (300 MHz, CDCl3) δ 7.36-7.22 (m, 15H), 6.51 (bs, 1H), 4.19-3.99 

(m, 2H), 2.72 (t, J = 7.2 Hz, 2H), 2.37-2.29 (m, 2H), 2.10 (s, 3H), 1.29-1.13 (m, 2H). 13C-NMR 

(75 MHz, CDCl3) δ 172.84 (q), 165.25 (q), 143.90 (q, 3C), 142.11 (q), 129.36 (+, 6C), 128.24 

(+, 6C), 127.51 (+, 3C), 119.29 (q), 71.81 (q), 60.63 (-), 51.80 (+), 35.84 (-), 21.76 (-), 14.52 

(+). HRMS (ESI-MS): calcd. for C28H29N2O2S
+: 457.1944, found: 457.1945. MF: 

C28H28N2O2S. MW: 456.60. 
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3-(2-((tert-Butoxycarbonyl)amino)-4-methylthiazol-5-yl)propanoic acid (4.32). To an 

ice-cold solution of KOH (145 mg, 2.58 mmol, 3 equiv) in EtOH/H2O (95:5 (v/v), 7 mL) was 

added 4.30 (270 mg, 0.86 mmol, 1 equiv). The reaction mixture was stirred for 16 h during 

which it warmed to rt. The mixture was neutralized with 1 M HCl in MeOH. The solvent was 

removed in vacuum. The residue was taken up in H2O (20 mL) and the solution was acidified 

to pH 3-4 with 1 M HCl in H2O. The aqueous solution was extracted with EtOAc (2 x 20 mL) 

and CH2Cl2 (2 x 20 mL), the combined organic phases were dried over MgSO4 and evaporated 

to dryness yielding the product as while solid (220 mg, 89%). 1H-NMR (300 MHz, MeOD) δ 

2.96 (t, J = 7.2 Hz, 2H), 2.56 (t, J = 7.3 Hz, 2H), 2.19 (s, 3H), 1.52 (s, 9H). 13C-NMR (75 MHz, 

MeOD) δ 175.96 (q), 158.90 (q), 154.34 (q), 143.31 (q), 124.10 (q), 82.73 (q), 36.53 (-), 28.47 

(+, 3C), 22.37 (-), 14.40 (+). HRMS (ESI-MS): calcd. for C12H19N2O4S
+: 287.1060; found: 

287.1080. MF: C12H18N2O4S. MW: 286.35. 

 

 

3-(4-Methyl-2-(tritylamino)thiazol-5-yl)propanoic acid (4.33). To an ice-cold solution of 

KOH (320 mg, 5.72 mmol, 3 equiv) in EtOH/H2O (95:5 (v/v), 21 mL) was added 4.31 (870 mg, 

1.91 mmol, 1 equiv). The reaction mixture was stirred for 16 h during which it warmed to rt. 

The mixture was neutralized with 1 M HCl in MeOH. The solvent was removed in vacuum. 

The residue was taken up in H2O (20 mL) and the solution was acidified to pH 3-4 with 1 M 

HCl in H2O. The precipitated white solid was filtered off, washed with H2O (5 mL) and dried 

in vacuum (820 mg, 100%). Rf = 0.60 (CH2Cl2/MeOH 9:1). 1H-NMR (300 MHz, DMSO-d6) δ 

12.14 (br s, 1H), 8.42 (br s, 1H), 7.34-7.18 (m, 15H), 2.61 (t, J = 7.3 Hz, 2H), 2.26 (t, J = 7.3 

Hz, 2H), 1.85 (s, 3H). 13C-NMR (75 MHz, DMSO-d6) δ 173.29 (q), 163.69 (q), 144.29 (q, 4C), 

128.90 (+, 6C), 127.64 (+, 6C), 126.71 (+, 3C), 118.15 (q), 71.52 (q), 35.40 (-), 20.95 (-), 14.17 

(+). HRMS (ESI-MS): calcd. for C26H25N2O2S
+: 429.1631; found: 429.1662. MF: 

C26H24N2O2S. MW: 428.55. 
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N-(2-(1,3-Dioxoisoindolin-2-yl)ethyl)-3-(4-methyl-2-(tritylamino)thiazol-5-

yl)propenamide (4.34). The title compound was prepared from 4.33 (235 mg, 0.55 mmol), 

4.49 (200 mg, 0.66 mmol), EDC x HCl (126 mg, 0.66 mmol), HOBt x H2O (101 mg, 

0.66 mmol) and DIPEA (466 µL, 2.74 mmol) in DMF (2.6 mL) according to the general 

procedure A. The crude product was purified by flash chromatography (gradient: 0-20 min: 

CH2Cl2/0.5% NH3 in MeOH 100:0 to 95:5, 40 min: 95:5, SF 8 g) yielding the product as yellow 

oil (70 mg, 21%). Rf = 0.12 (CH2Cl2/0.5% NH3 in MeOH 9:1). 1H-NMR (300 MHz, CDCl3) δ 

7.77-7.57 (m, 4H), 7.30-7.11 (m, 15H), 3.74-3.65 (m, 2H), 3.41-3.29 (m, 2H), 2.61-2.54 (m, 

2H), 2.07-2.01 (m, 2H), 1.96 (s, 3H). HRMS (ESI-MS): calcd. for C36H33N4O3S
+: 601.2268, 

found: 601.2277. MF: C36H32N4O3S. MW: 600.74. 

 

 

N-(2-Aminoethyl)-3-(4-methyl-2-(tritylamino)thiazol-5-yl)propenamide (4.35). 4.34 

(70 mg, 0.12 mmol, 1 equiv) was dissolved in EtOH (5 mL) and N2H4 x H2O (28 µL, 

0.59 mmol, 5 equiv) was added. The mixture was stirred at rt for 16 h and then heated at 60 °C 

for 2 h. The mixture was cooled with an ice-bath, the precipitate was removed by filtration and 

the filtrate was concentrated to dryness yielding 4.35 as a yellow oil (50 mg, 89%). Rf = 0.12 

(CH2Cl2/0.5% NH3 in MeOH 9:1). The crude product was used in the next step without further 

purification. 1H-NMR (400 MHz, MeOD) δ 7.41-7.23 (m, 15H), 3.29 (t, J = 6.2 Hz, 2H), 2.87-

2.83 (m, 2H), 2.74 (t, J = 7.4 Hz, 2H), 2.26 (t, J = 7.4 Hz, 2H), 2.07 (s, 3H). HRMS (ESI-MS): 

calcd. for C28H31N4OS+: 471.6425, found: 471.2210. MF: C28H30N4OS. MW: 470.64. 

 

4.4.7 Preparation of the Cbz- or Phthalimide-Protected Amines 4.42-4.43, 4.46 and 

4.49 

 

tert-Butyl 3-((methylsulfonyl)oxy)piperidine-1-carboxylate (4.38).61 Piperidin-3-ol (4.36, 

2 g, 19.8 mmol, 1 equiv) was dissolved in CH2Cl2 (25 mL). NEt3 (2.74 mL, 19.8 mmol, 

1 equiv) was added and the mixture was cooled to 0 °C by using an ice-bath. Boc2O (4.15 g, 
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19.0 mmol, 0.96 equiv) was dissolved in CH2Cl2 (15 mL) and added dropwise to the ice-cold 

piperidin-3-ol/NEt3 mixture while stirring. The resulting mixture was stirred at 0 °C for 2 h. 

After 2 h, NEt3 (3.27 mL, 24.0 mmol, 1.19 equiv) and mesityl chloride (2.31 g, 20.0 mmol, 

1.02 equiv) were added. The ice-bath was removed, and the reaction mixture was stirred at rt 

for 3 h. After 3 h, the mixture was diluted with EtOAc/PE (1:1, 200 mL) and washed 

successively with aqueous citric acid (100 mL), saturated, aqueous NaHCO3 (100 mL) and 

brine (100 mL). The combined organic phases were dried over Na2SO4. Na2SO4 was filtered 

off and the filtrate was evaporated. The product was purified by flash chromatography 

(gradient: 0-20 min: PE/EtOAc 100:0 to 80:20, 40 min: 60:40, SF 12 g). The product was 

obtained as a white solid (4.0 g, 75%). Rf = 0.76 (PE/EtOAc 1:1). 1H-NMR (300 MHz, CDCl3) 

δ 4.80-4.63 (m, 1H), 3.78-3.25 (m, 4H), 3.04 (s, 3H), 2.00-1.67 (m, 3H), 1.61-1.38 (m, 10H). 

13C-NMR (75 MHz, CDCl3) δ 154.87 (q), 80.36 (q), 75.58 (+), 47.9 (-), 43.5 (-), 38.96 (+), 

30.61 (-), 28.50 (+, 3C), 21.81 (-). NMR data matches literature reference.62 HRMS (ESI-MS): 

calcd. for C22H42N2NaO10S2
+: 581.2173, found: 581.2176. MF: C11H21NO5S. MW: 279.35. 

 

 

tert-Butyl 4-((methylsulfonyl)oxy)piperidine-1-carboxylate (4.39).61 Piperidin-4-ol (4.37, 

2 g, 19.8 mmol, 1 equiv) was dissolved in CH2Cl2 (25 mL). NEt3 (2.74 mL, 19.8 mmol, 1 equiv) 

was added and the mixture was cooled to 0 °C by using an ice-bath. Boc2O (4.15 g, 19.0 mmol, 

0.96 equiv) was dissolved in CH2Cl2 (15 mL) and added dropwise to the ice-cold piperidin-4-

ol/NEt3 mixture while stirring. The resulting mixture was stirred at 0 °C for 2 h. After 2 h, NEt3 

(3.27 mL, 24.0 mmol, 1.19 equiv) and mesityl chloride (2.31 g, 20.0 mmol, 1.02 equiv) were 

added. The ice-bath was removed, and the reaction mixture was stirred at rt for 3 h. After 3 h, 

the mixture was diluted with EA/PE 1:1 (200 mL) and washed successively with aqueous citric 

acid (100 mL), saturated, aqueous NaHCO3 (100 mL) and brine (100 mL). The combined 

organic phases were dried over Na2SO4. Na2SO4 was filtered off and the filtrate was evaporated. 

The product was purified by flash chromatography (gradient: 0-20 min: PE/EtOAc 100:0 to 

80:20, 40 min: 60:40, SF 12 g). The product was obtained as a white solid (3.93 g, 74%). 

Rf = 0.54 (PE/EtOAc 1:1). 1H-NMR (300 MHz, CDCl3) δ 4.91-4.81 (m, 1H), 3.76-3.61 (m, 

2H), 3.34-3.22 (m, 2H), 3.02 (s, 3H), 2.00-1.73 (m, 4H), 1.44 (s, 9H). 13C-NMR (75 MHz, 

CDCl3) δ 154.69 (q), 80.11 (q), 60.51 (-), 40.61 (-, 2C), 38.96 (+), 31.77 (-, 2C), 28.51 (+, 3C). 

NMR data matches literature reference.63-64 HRMS (ESI-MS): calcd. for C22H42N2NaO10S2
+: 

581.2173, found: 581.2172. MF: C11H21NO5S. MW: 279.35. 
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tert-Butyl 3-(1,3-dioxoisoindolin-2-yl)piperidine-1-carboxylate (4.40). 4.38 (3.9 g, 

14.0 mmol, 1 equiv) and potassium phthalimide (3.1 g, 16.52 mmol, 1.18 equiv) were dissolved 

in DMF (70 mL). The mixture was stirred at 75 °C for 24 h. After 24 h, the mixture was diluted 

with H2O (300 mL) and extracted with EtOAc (3 x 150 mL). The combines organic phases 

were extracted successively with H2O (2 x 100 mL), brine (100 mL) and dried over Na2SO4. 

Na2SO4 was filtered off and the filtrate was evaporated. The product was purified by flash 

chromatography (gradient: 0-20 min: PE/EtOAc 100:0-90:10, SF 12 g) to give the product as 

oily solid (465 mg, 10%). Rf = 0.85 (PE/EtOAc 1:1). 1H-NMR (400 MHz, CDCl3) δ 7.87-7.77 

(m, 2H), 7.76-7.66 (m, 2H), 4.26-3.89 (m, 3H), 3.48 (t, J = 12.1 Hz, 1H), 2.81-2.62 (m, 1H), 

2.42-2.23 (m, 1H), 1.90-1.72 (m, 2H), 1.64-1.51 (m, 1H), 1.45 (s, 9H). 13C-NMR (101 MHz, 

CDCl3) δ 168.08, 154.61 (2C), 133.99 (2C), 131.79 (2C), 123.21 (2C), 79.82, 47.89, 46.07, 

43.24, 28.37 (3C), 27.85, 24.95. HRMS (ESI-MS): calcd. for C18H22N2NaO4
+: 353.1472, found: 

353.1472. MF: C18H22N2O4. MW: 330.38. 

 

 

tert-Butyl 4-(1,3-dioxoisoindolin-2-yl)piperidine-1-carboxylate (4.41).65 4.39 (2.1 g, 

7.52 mmol, 1 equiv) and potassium phthalimide (1.64 g, 8.87 mmol, 1.18 equiv) were dissolved 

in DMF (70 mL). The mixture was stirred at 75 °C for 24 h. After 24 h, the mixture was diluted 

with H2O (300 mL) and extracted with EtOAc (3 x 150 mL). The combines organic phases 

were extracted successively with H2O (2 x 100 mL), brine (100 mL) and dried over Na2SO4. 

Na2SO4 was filtered off and the filtrate was evaporated. The product was purified by flash 

chromatography (gradient: 0-20 min: PE/EtOAc 100:0-80:20, SF 12 g) to give the product as 

white solid (530 mg, 21%). Rf = 0.83 (PE/EtOAc 1:1). 1H-NMR (300 MHz, CDCl3) δ 7.86-

7.65 (m, 4H), 4.36-4.14 (m, 3H), 2.77 (t, J = 13.4 Hz, 2H), 2.50-2.28 (m, 2H), 1.72-1.60 (m, 

2H), 1.47 (s, 9H). 13C-NMR (75 MHz, CDCl3) δ 168.29 (q), 154.74 (q), 134.13 (+, 2C), 131.99 

(q, 2C), 123.34 (+, 2C), 79.87 (q), 49.19 (+), 43.51 (-, 2C), 29.08 (-, 2C), 28.59 (+, 3C). HRMS 

(ESI-MS): calcd. for C18H22N2NaO4
+: 353.1472, found: 353.1472. MF: C18H22N2O4. MW: 

330.38. 
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2-(Piperidin-3-yl)isoindoline-1,3-dione hydrotrifluoroacetate (4.42). 4.40 (465 mg, 

1.41 mmol) was dissolved in CH2Cl2 (4 mL) and TFA (1 mL) was added under stirring at rt. 

After stirring for 16 h, the solvent was removed in vacuum. The product was obtained as beige 

solid (485 mg, 100%). 1H-NMR (400 MHz, MeOD) δ 7.91-7.73 (m, 4H), 4.57-4.46 (m, 1H), 

3.71 (t, J = 11.9 Hz, 1H), 3.50-3.35 (m, 2H), 3.11-2.99 (m, 1H), 2.45-2.32 (m, 1H), 2.15-2.05 

(m, 1H), 2.03-1.94 (m, 1H), 1.93-1.80 (m, 1H). 13C-NMR (101 MHz, MeOD) δ 169.14 (2C), 

135.67 (2C), 132.94 (2C), 124.34 (2C), 46.23, 45.72, 44.83, 27.37, 22.93. HRMS (ESI-MS): 

calcd. for C13H15N2O2
+: 231.1128, found: 231.1138. MF: C13H14N2S2 x C2HF3O2. MW: 

(230.27 + 114.02). 

 

 

2-(Piperidin-4-yl)isoindoline-1,3-dione hydrotrifluoroacetate (4.43). 4.41 (520 mg, 

1.57 mmol) was dissolved in CH2Cl2 (4 mL) and TFA (1 mL) was added under stirring at rt. 

After stirring for 16 h, the solvent was removed in vacuum. The product was obtained as beige 

solid (540 mg, 100%). Rf = 0.57 (CH2Cl2/0.5% NH3 in MeOH 9:1). 1H-NMR (300 MHz, 

MeOD) δ 7.89-7.73 (m, 4H), 4.54-4.37 (m, 1H), 3.59-3.44 (m, 2H), 3.29-3.07 (m, 2H), 2.77-

2.58 (m, 2H), 2.09-1.93 (m, 2H). 13C-NMR (75 MHz, CDCl3) δ 169.20 (q, 2C), 160.09 (q, 

J = 39.6 Hz, TFA), 135.48 (+, 2C), 132.98 (q, 2C), 124.19 (+, 2C), 116.64 (q, J = 286.4 Hz, 

TFA), 47.16 (+), 45.01 (-, 2C), 22.16 (-, 2C). HRMS (ESI-MS): calcd. for C13H15N2O2
+: 

231.1128, found: 231.1144. MF: C13H14N2O2 x C2HF3O2. MW: (230.27 + 114.02). 

 

 

1-Benzyl 4-(tert-butyl) piperazine-1,4-dicarboxylate (4.45). tert-Butyl piperazine-1-

carboxylate (4.44, 0.29 g, 1.02 mmol, 1 equiv) and NEt3 (156 µL, 1.12 mmol, 1.1 equiv) were 

dissolved in CH2Cl2 (10 mL) and cooled to 0 °C by using an ice-bath. A solution of benzyl 

chloroformate (147 µL, 1.03 mmol, 1.01 equiv) in CH2Cl2 (5 mL) was added dropwise while 

stirring. After stirring the mixture overnight, the solvent was removed in vacuum and the 

residue was purified by flash chromatography (gradient: 0-20 min: PE/EtOAc 100:0-80:20, SF 

8 g) to give the product as transparent oil (200 mg, 61%). Rf = 0.56 (PE/EtOAc 4:1). 1H-NMR 
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(300 MHz, CDCl3) δ 7.44-7.28 (m, 5H), 5.13 (s, 2H), 3.54-3.28 (m, 8H), 1.46 (s, 9H). 13C-

NMR (75 MHz, CDCl3) δ 155.12 (q), 154.52 (q), 136.40 (q), 128.45 (+, 2C), 128.05 (+), 127.89 

(+, 2C), 80.08 (q), 67.25 (-), 43.58 (-, 4C), 28.30 (+, 3C). HRMS (ESI-MS): calcd. for 

C17H28N3O4
+: 338.2074, found: 338.2076. MF: C17H24N2O4. MW: 320.39. 

 

 

Benzyl piperazine-1-carboxylate hydrotrifluoroacetate (4.46). 4.45 (200 mg, 0.63 mmol) 

was dissolved in CH2Cl2 (3 mL) and TFA (2 mL) was added. The mixture was stirred for 7 h 

at rt. The solvent was evaporated to give the product as brown oil (208 mg, 99%.). Rf = 0.54 

(CH2Cl2/0.5% NH3 in MeOH 9:1). 1H-NMR (300 MHz, MeOD) δ 7.44-7.19 (m, 5H), 5.14 (s, 

2H), 3.73 (t, J = 4.3 Hz, 4H), 3.20 (t, J = 5.5 Hz, 4H). 13C-NMR (75 MHz, MeOD) δ 156.30 

(q), 137.59 (q), 129.59 (+, 2C), 129.33 (+), 129.16 (+, 2C), 68.92 (-), 44.22 (-, 2C), 41.78 (-, 

2C). HRMS (ESI-MS): calcd. for C12H17N2O2
+: 221.1285, found: 221.1288. MF: 

C12H16N2O2 x C2HF3O2. MW: (220.27 + 114.02). 

 

 

tert-Butyl (2-(1,3-dioxoisoindolin-2-yl)ethyl)carbamate (4.48). A mixture of tert-butyl (2-

aminoethyl)carbamate (4.47, 0.8 g, 5.0 mmol, 1 equiv), Nefkens` reagent  (1.32 g, 6.0 mmol, 

1.2 mmol) and K2CO3 (2.07 g, 15 mmol, 3 equiv) in H2O (30 mL) was stirred at rt for 16 h. The 

precipitate was filtered off, washed with H2O, and dried in vacuum (0.33 g, 22%). Rf = 0.22 

(PE/EtOAc 3:1). 1H-NMR (300 MHz, CDCl3) δ 7.88-7.80 (m, 2H), 7.75-7.67 (m, 2H), 3.88-

3.77 (m, 2H), 3.42 (q, J = 5.8 Hz, 2H), 1.33 (s, 9H). 13C-NMR (75 MHz, CDCl3) δ 168.61 (q, 

2C), 156.09 (q), 134.10 (+, 2C), 132.19 (q, 2C), 123.44 (+, 2C), 79.55 (q), 39.70 (-), 38.21 (-), 

28.36 (+, 3C). HRMS (ESI-MS): calcd. for C15H18N2NaO4
+: 313.1159, found: 313.1157. MF: 

C15H18N2O4. MW: 290.32. 

 

 

2-(2-Aminoethyl)isoindoline-1,3-dione hydrotrifluoroacetate (4.49). To a solution of 4.48 

(1.93 g, 6.6 mmol) in CH2Cl2 (10 mL) was added TFA (5 mL) and the mixture was stirred at rt 

for 48 h. Subsequently, the solvent was removed in vacuum yielding a yellow oil (2.0 g, 100%). 

Rf = 0.55 (CH2Cl2/0.5% NH3 in MeOH 9:1). 1H-NMR (300 MHz, MeOD) δ 7.94-7.78 (m, 4H), 
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4.05-3.95 (m, 2H), 3.30-3.21 (m, 2H). 13C-NMR (75 MHz, MeOD) δ 169.76 (q, 2C), 135.53 

(+, 2C), 133.36 (q, 2C), 124.34 (+, 2C), 39.85 (-), 36.46 (-). HRMS (ESI-MS): calcd. for 

C10H11N2O2
+: 191.0815, found: 191.0820. MF: C10H10N2O2 x C2HF3O2. MW: 

(190.20 + 114.02). 

 

4.4.8 Preparation of the Amine Building Blocks 4.66-4.72 

 

5-Methyl-1-trityl-1H-imidazole-4-carbaldehyde (4.51).19, 66 To a solution of 5-methyl-1-

trityl-1H-imidazole-4-carbaldehyde (4.50, 2.0 g, 18.2 mmol, 1 equiv) and Trt-Cl (5.6 g, 

19.98 mmol, 1.1 equiv) in MeCN (80 mL), NEt3 (4.54 mL, 32.8 mmol, 1.8 equiv) was added 

dropwise. After stirring at rt for 16 h, n-hexane (8 mL) and H2O (80 mL) were added and the 

mixture was stirred for 30 min. The precipitated product was filtered and washed with H2O. 

Recrystallization from EtOAc/n-hexane yielded a beige solid (2.75 g, 43%). Rf = 0.63 

(PE/EtOAc 1:1). M. p.: 162-165 °C. 1H-NMR (300 MHz, CDCl3) δ 9.11 (s, 1H), 7.39-7.30 (m, 

10H), 7.21-7.12 (m, 6H), 2.55 (s, 3H). 13C-NMR (75 MHz, CDCl3) δ 181.17 (q), 151.86 (q, 

3C), 141.58 (q), 141.53 (+), 129.59 (+, 6C), 128.58 (q), 128.47 (+, 6C), 128.43 (+, 3C), 76.19 

(q), 15.77 (+). NMR data matches literature reference.19 HRMS (ESI-MS): calcd. for 

C24H21N2O
+: 353.1648, found: 353.1681. MF: C24H20N2O. MW: 352.44. 

 

 

(E)-Ethyl 3-(5-methyl-1-trityl-1H-imidazol-4-yl)acrylate (4.52).18-19 To a solution of 

triethyl phosphonoacetate (1.69 mL, 8.51 mmol, 1.5 equiv) in anhydrous THF (35 mL), NaH 

(60% dispersion in mineral oil, 204 mg, 8.51 mmol, 1.5 equiv) was added in portions. After 

stirring for 1 h at rt, a solution of 4.51 (2.0 g, 5.67 mmol, 1 equiv) in anhydrous THF (20 mL) 

was added dropwise. The mixture was refluxed for 16 h. The solvent was evaporated, and the 

crude product was dissolved in EtOAc (100 mL) and washed with water (3 x 100 mL). The 

organic layer was dried over Na2SO4, evaporated and the crude product purified by flash 

chromatography (gradient: 0-20 min: PE/EtOAc 100:0-90:10; 40 min: 90:10, SF 12 g) yielding 

the product as white solid (0.43 g, 18%). Rf = 0.24 (PE/EtOAc 4:1). M. p.: 175-176 °C. 1H-

NMR (300 MHz, CDCl3) δ 7.56 (d, J = 15.4 Hz, 1H), 7.41-7.28 (m, 10H), 7.19-7.09 (m, 6H), 

6.58 (d, J = 15.4 Hz, 1H), 4.22 (q, J = 7.1 Hz, 2H), 1.57 (s, 3H), 1.29 (t, J = 7.1 Hz, 3H). 13C-
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NMR (75 MHz, CDCl3) δ 167.95 (q), 141.38 (q, 3C), 139.43 (+), 136.40 (q), 135.11 (+), 132.90 

(q), 129.99 (+, 6C), 128.21 (+, 6C), 128.15 (+, 3C), 115.36 (+), 75.40 (q), 60.12 (-), 14.44 (+), 

11.99 (+). NMR data matches literature reference.19 HRMS (ESI-MS): calcd. for C28H27N2O2
+: 

423.2067, found: 423.2072. MF: C28H26N2O2. MW: 422.53. 

 

 

Ethyl 3-(5-methyl-1-trityl-1H-imidazol-4-yl)propanoate (4.53).19 To a solution of 4.52 

(430 mg, 1.02 mmol) in EtOH (10 mL), Pd/C (10 wt%, 50 mg) was added. After stirring 

overnight at rt under a hydrogen atmosphere (1 atm), the catalyst was removed by filtration 

over Celite 545 and the solvent was evaporated. The product was obtained as a white solid 

(350 mg, 81%). The crude product was used in the next reaction without further purification. 

Rf = 0.38 (PE/EtOAc 3:1). M. p.: 94-95 °C. 1H-NMR (300 MHz, CDCl3) δ 7.37-7.28 (m, 9H), 

7.22 (s, 1H), 7.17-7.08 (m, 6H), 4.11 (q, J = 7.1 Hz, 2H), 2.79 (t, J = 7.4 Hz, 2H), 2.68 (t, 

J = 7.4 Hz, 2H), 1.39 (s, 3H), 1.24 (t, J = 7.1 Hz, 3H). 13C-NMR (75 MHz, CDCl3) δ 173.45 

(q), 142.04 (q, 3C), 138.54 (q), 137.42 (+), 130.11 (+, 6C), 127.95 (+, 6C), 127.81 (+, 3C), 

125.22 (q), 74.78 (q), 60.22 (-), 34.25 (-), 22.73 (-), 14.31 (+), 11.63 (+). NMR data matches 

literature reference.19 HRMS (ESI-MS): calcd. for C28H29N2O2
+: 425.2224, found: 425.2224. 

MF: C28H28N2O2. MW: 424.54. 

 

 

(E)-3-(5-Methyl-1-trityl-1H-imidazol-4-yl)acrylic acid (4.54). To an ice-cold solution of 

KOH (120 mg, 2.13 mmol, 3 equiv) in EtOH/H2O (95:5 (v/v), 7 mL) was added 4.52 (300 mg, 

0.71 mmol, 1 equiv). The resulting mixture was stirred for 48 h, meanwhile the mixture was 

allowed to warm up to rt. The mixture was neutralized with 1 M HCl in MeOH. The solvent 

was removed in vacuum. The residue was taken up in H2O (20 mL) and the solution was 

acidified to pH 3-4 with 1 M HCl in H2O. The precipitated white solid was filtered off, washed 

with H2O (5 mL), and dried in vacuum (220 mg, 79%). Rf = 0.80 (CH2Cl2/MeOH 9:1). 1H-

NMR (300 MHz, CDCl3) δ 7.60 (d, J = 15.4 Hz, 1H), 7.47 (s, 1H), 7.38-7.30 (m, 9H), 7.19-

7.09 (m, 6H), 6.62 (d, J = 15.5 Hz, 1H), 1.57 (s, 3H). 13C-NMR (75 MHz, CDCl3) δ 171.83 (q), 

141.11 (q, 3C), 139.46 (+), 135.94 (+), 135.77 (q), 133.32 (q), 129.90 (+, 6C), 128.20 (+, 6C), 
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128.17 (+, 3C), 115.48 (+), 75.56 (q), 11.98 (+). HRMS (ESI-MS): calcd. for C26H23N2O2
+: 

395.1754, found: 395.1751. MF: C26H22N2O2. MW: 394.47. 

 

 

3-(5-Methyl-1-trityl-1H-imidazol-4-yl)propanoic acid (4.55). To an ice-cold solution of 

KOH (190 mg, 3.39 mmol, 3 equiv) in EtOH/H2O (95:5 (v/v), 11.7 mL) was added 4.53 

(480 mg, 1.13 mmol, 1 equiv) and stirred for 16 h and the reaction mixture was allowed to 

warm up to rt. The mixture was neutralized with 1 M HCl in MeOH. The solvent was removed 

in vacuum. The residue was taken up in H2O (20 mL) and the solution was acidified to pH 3-4 

with 1 M HCl in H2O. The precipitated white solid was filtered off, washed with H2O (5 mL), 

and dried in vacuum (240 mg, 54%). Rf = 0.44 (CH2Cl2/MeOH 9:1). 1H-NMR (300 MHz, 

CDCl3) δ 7.39-7.32 (m, 10H), 7.16-7.07 (m, 6H), 2.86-2.68 (m, 4H), 1.38 (s, 3H). 13C-NMR 

(75 MHz, CDCl3) δ 175.37 (q), 141.06 (q), 137.21 (q), 135.83 (+), 129.91 (+, 6C), 128.26 (+), 

128.20 (+, 9C), 125.37 (q), 75.56 (q), 35.17 (-), 21.13 (-), 11.48 (+). HRMS (ESI-MS): calcd. 

for C26H25N2O2
+: 397.1911, found: 397.1920. MF: C26H24N2O2. MW: 396.49. 

 

 

(E)-3-(1-Trityl-1H-imidazol-4-yl)acrylic acid (4.57). Trt-Cl (2.0 g, 7.17 mmol, 1 equiv) 

was dissolved in DMF (25 mL) and added dropwise to a mixture of urocanic acid (4.56, 1.0 g, 

7.17 mmol, 1 equiv) and NEt3 (2.97 mL, 21.7 mmol, 3 equiv) in DMF (25 mL). After the 

addition, the mixture was stirred for 14 h at rt. The solvent was removed in vacuum and the 

crude product was purified by flash chromatography (gradient: 0-20 min: PE/EtOAc 100:0-

50:50, 30 min: 30:70, 40 min: 30:70, 60 min: 10:90, SF 12 g) to give white solid (1.14 g, 42%). 

Rf = 0.44 (CH2Cl2/MeOH 9:1). 1H-NMR (300 MHz, CDCl3) δ 12.08 (s, 1H), 7.51-7.33 (m, 

12H), 7.17-7.08 (m, 6H), 6.30 (d, J = 15.6 Hz, 1H). 13C-NMR (75 MHz, CDCl3) δ 169.70 (q), 

141.88 (q, 3C), 140.29 (+), 137.03 (q), 136.42 (+), 129.66 (+, 6C), 128.30 (+, 6C), 128.22 (+, 

3C), 127.07 (+), 123.85 (q), 81.74 (q). HRMS (ESI-MS): calcd. for C25H20N2NaO2
+: 403.1417, 

found: 403.1412. MF: C25H20N2O2. MW: 380.45. 
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3-(1-Trityl-1H-imidazol-4-yl)propanoic acid (4.58).67-68 Urocanic acid (4.56, 1.0 g, 

7.24 mmol) was dissolved in MeOH (30 mL) and Pd/C (10 wt%, 217 mg) was added. H2 gas 

was bubbled though the suspension for 5 h under stirring at rt. The mixture was filtered over 

Celite 545 and the solvent was evaporated to yield 3-(1H-imidazol-4-yl)propanoic acid (1.01 g, 

100%). 1H-NMR (300 MHz, DMSO-d6) δ 14.70 (s, 2H), 9.02 (s, 1H), 7.39 (s, 1H), 2.84 (t, 

J = 7.1 Hz, 2H), 2.66 (t, J = 7.1 Hz, 2H). 13C-NMR (75 MHz, DMSO-d6) δ 172.97 (q), 133.21 

(-), 132.27 (q), 115.42 (-), 32.26 (+), 19.55 (+). NMR data matches literature reference.67 HRMS 

(ESI-MS): calcd. for C6H9N2O2
+: 141.0659, found: 141.0672. MF: C6H8N2O2. MW: 140.14. 

Trt-Cl (2.61 g, 9.35 mmol, 1 equiv) was dissolved in DMF (25 mL) and added dropwise to a 

mixture of 3-(1H-imidazol-4-yl)propanoic acid (1.31 mg, 9.35 mmol, 1 equiv) and NEt3 

(3.89 mL, 28.05 mmol, 3 equiv) in DMF (50 mL). After the addition, the mixture was stirred 

for 14 h at rt. The solvent was removed in vacuum and the crude product was purified by flash 

chromatography (gradient: 0-20 min: PE/EtOAc 100:0-50:50, 30 min: 30:70, 40 min: 10:90, 

SF 12 g) to give the product as beige solid (1.44 g, 40%). M. p.: 185 °C (ref. 188-190 °C). 

Rf = 0.77 (CH2Cl2/MeOH 9:1). 1H-NMR (300 MHz, CDCl3) δ 11.55 (s, 1H), 7.48 (d, 

J = 1.43 Hz, 1H), 7.38-7.28 (m, 9H), 7.15-7.06 (m, 6H), 6.58 (s, 1H), 2.87 (t, J = 6.96 Hz, 2H), 

2.67 (t, J = 7.19 Hz, 2H). 13C-NMR (75 MHz, CDCl3) δ 175.6 (q), 141.89 (q, 3C), 139.25(q), 

137.50 (+), 129.66 (+, 6C), 128.16 (+, 3C), 128.09 (+, 6C), 118.09 (+), 75.62 (q), 34.92 (-), 

22.74 (-). NMR data matches literature reference.55 HRMS (ESI-MS): calcd. for C25H23N2O2
+: 

383.1754, found: 383.1762 MF: C25H22N2O2. MW: 382.46. 

 

 

(E)-N-(2-(1,3-Dioxoisoindolin-2-yl)ethyl)-3-(1-trityl-1H-imidazol-4-yl)acrylamide 

(4.59). The title compound was prepared from 4.57 (261 mg, 0.69 mmol), 4.49 (250 mg, 

0.82 mmol), EDC x HCl (158 mg, 0.82 mmol), HOBt x H2O (126 mg, 0.82 mmol) and DIPEA 

(699 µL, 4.11 mmol) in DMF (2.2 mL) according to the general procedure A. The crude 

product was purified by flash chromatography (gradient: 0-20 min: CH2Cl2/0.5% NH3 in 

MeOH 100:0-95:5; 40 min: 95:5, SF 12 g) yielding yellow oil (130 mg, 34%). Rf = 0.87 

(CH2Cl2/0.5% NH3 in MeOH 9:1). 1H-NMR (300 MHz, CDCl3) δ 7.97 (s, 1H), 7.80-7.73 (m, 

2H), 7.69-7.62 (m, 2H), 7.45-7.18 (m, 16H), 6.91 (s, 1H), 6.49 (d, J = 15.2 Hz, 1H), 3.86 (t, 
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J = 5.4 Hz, 2H), 3.64-3.56 (m, 2H), NH signal is missing. HRMS (ESI-MS): calcd. for 

C35H29N4O3
+: 553.2234, found: 553.2238. MF: C35H28N4O3. MW: 552.63. 

 

 

(E)-N-(2-(1,3-Dioxoisoindolin-2-yl)ethyl)-3-(5-methyl-1-trityl-1H-imidazol-4-

yl)acrylamide (4.60). The title compound was prepared from 4.54 (216 mg, 0.55 mmol), 4.49 

(200 mg, 0.66 mmol), EDC x HCl (126 mg, 0.66 mmol), HOBt x H2O (101 mg, 0.66 mmol) 

and DIPEA (466 µL, 2.74 mmol) in DMF (2.2 mL) according to the general procedure A. The 

crude product was purified by flash chromatography (gradient: 0-20 min: CH2Cl2/0.5% NH3 in 

MeOH 100:0-95:5; 40 min: 95:5, SF 8 g) yielding yellow oil (150 mg, 48%). Rf = 0.79 

(CH2Cl2/0.5% NH3 in MeOH 9:1). 1H-NMR (300 MHz, CDCl3) δ 8.73 (br s, 1H), 7.72-7.65 

(m, 2H), 7.61-7.54 (m, 2H), 7.44 (d, J = 15.3 Hz, 1H), 7.31 (s, 1H), 7.28-7.20 (m, 15H), 6.56-

6.49 (m, 1H), 3.85-3.75 (m, 2H), 3.61-3.52 (m, 2H), 1.43 (s, 3H). HRMS (ESI-MS): calcd. for 

C36H31N4O3
+: 567.2391, found: 567.2402. MF: C36H30N4O3. MW: 566.66. 

 

 

N-(2-(1,3-Dioxoisoindolin-2-yl)ethyl)-3-(1-trityl-1H-imidazol-4-yl)propanamide (4.61). 

The title compound was prepared from 4.58 (346 mg, 0.90 mmol), 4.49 (330 mg, 1.09 mmol), 

EDC x HCl (208 mg, 1.09 mmol), HOBt x H2O (166 mg, 1.09 mmol) and DIPEA (768 µL, 

4.52 mmol) in DMF (2.2 mL) according to the general procedure A. The crude product was 

purified by flash chromatography (gradient: 0-20 min: CH2Cl2/0.5% NH3 in MeOH 100:0-95:5; 

40 min: 95:5, SF 8 g) yielding yellow oil (490 mg, 98%). Rf = 0.70 (CH2Cl2/0.5% NH3 in 

MeOH 9:1). 1H-NMR (300 MHz, CDCl3) δ 11.05 (br s, 1H), 7.77-7.70 (m, 2H), 7.66-7.57 (m, 

2H), 7.45-7.40 (m, 1H), 7.34-7.23 (m, 9H), 7.07-6.97 (m, 6H), 6.50 (d, J = 1.4 Hz, 1H), 3.80-

3.74 (m, 2H), 3.44-3.32 (m, 2H), 2.74 (t, J = 5.6 Hz, 2H), 2.44 (t, J = 7.2 Hz, 2H). HRMS (ESI-

MS): calcd. for C35H31N4O3
+: 555.2391, found: 555.2404. MF: C35H30N4O3. MW: 554.65. 
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N-(2-(1,3-Dioxoisoindolin-2-yl)ethyl)-3-(5-methyl-1-trityl-1H-imidazol-4-

yl)propanamide (4.62). The title compound was prepared from 4.54 (217 mg, 0.55 mmol), 

4.49 (200 mg, 0.66 mmol), EDC x HCl (126 mg, 0.66 mmol), HOBt x H2O (101 mg, 

0.66 mmol) and DIPEA (466 µL, 2.74 mmol) in DMF (2.2 mL) according to the general 

procedure A. The crude product was purified by flash chromatography (gradient: 0-20 min: 

CH2Cl2/0.5% NH3 in MeOH 100:0-95:5; 40 min: 95:5, SF 8 g) yielding yellow oil (247 mg, 

79%). Rf = 0.62 (CH2Cl2/0.5% NH3 in MeOH 9:1). 1H-NMR (300 MHz, CDCl3) δ 10.97 (br s, 

1H), 7.85 (s, 1H), 7.70-7.53 (m, 4H), 7.38-7.28 (m, 9H), 7.14-7.02 (m, 6H), 3.79-3.70 (m, 2H), 

3.56-3.45 (m, 2H), 2.87 (t, J = 7.0 Hz, 2H), 2.61 (t, J = 7.2 Hz, 2H), 1.45 (s, 3H). HRMS (ESI-

MS): calcd. for C36H33N4O3
+: 569.2547, found: 569.2560. MF: C36H32N4O3. MW: 568.68. 

 

 

Benzyl 4-(3-(1-trityl-1H-imidazol-4-yl)propanoyl)piperazine-1-carboxylate (4.63). The 

title compound was prepared from 4.58 (199 mg, 0.52 mmol), 4.46 (209 mg, 0.63 mmol), 

EDC x HCl (120 mg, 0.63 mmol), HOBt x H2O (96 mg, 0.63 mmol) and DIPEA (532 µL, 

3.13 mmol) in DMF (2.2 mL) according to the general procedure A. The crude product was 

purified by flash chromatography (gradient: 0-20 min: CH2Cl2/0.5% NH3 in MeOH 100:0-95:5, 

40 min: 90:10, SF 8 g) yielding the product as a yellow foam (305 mg, 100%). Rf = 0.83 

(CH2Cl2/0.5% NH3 in MeOH 9:1). 1H-NMR (300 MHz, CDCl3) δ 7.61 (s, 1H), 7.39-7.28 (m, 

14H), 7.15-7.02 (m, 6H), 6.66 (s, 1H), 5.14 (s, 2H), 3.58-3.33 (m, 8H), 2.89 (t, J = 7.6 Hz, 2H), 

2.65 (t, J = 7.6 Hz, 2H). 13C-NMR (75 MHz, CDCl3) δ 170.59 (q), 155.23 (q), 143.66 (q, 3C), 

141.48 (q), 137.29 (+), 136.52 (q), 129.75 (+), 128.69 (+), 128.62 (+), 128.44 (+), 128.32 (+), 

128.17 (+), 126.32 (+), 124.12 (+), 119.40 (+), 109.91 (+), 76.50 (q), 67.56 (-), 45.29 (-), 44.06 

(-), 43.65 (-), 41.48 (-), 32.47 (-), 22.79 (-). HRMS (ESI-MS): calcd. for C37H37N4O3
+: 

585.2860, found: 585.2909. MF: C37H36N4O3. MW: 584.72. 
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(E)-2-(1-(3-(1-Trityl-1H-imidazol-4-yl)acryloyl)piperidin-4-yl)isoindoline-1,3-dione 

(4.64). The title compound was prepared from 4.57 (249 mg, 0.65 mmol), 4.43 (270 mg, 

0.79 mmol), EDC x HCl (150 mg, 0.79 mmol), HOBt x H2O (120 mg, 0.79 mmol) and DIPEA 

(556 µL, 3.27 mmol) in DMF (2.2 mL) according to the general procedure A. The crude 

product was purified by flash chromatography (gradient: 0-20 min: CH2Cl2/0.5% NH3 in 

MeOH 100:0-90:10, SF 8 g) yielding the product as yellowish oil (380 mg, 99%). Rf = 0.69 

(CH2Cl2/0.5% NH3 in MeOH 9:1).  1H-NMR (300 MHz, CDCl3) δ 7.83-7.74 (m, 2H), 7.72-

7.63 (m, 2H), 7.52-7.44 (m, 1H), 7.43-7.40 (m, 1H), 7.36-7.28 (m, 9H), 7.16-7.06 (m, 7H), 6.95 

(d, J = 1.3 Hz, 1H), 4.44-4.23 (m, 2H), 3.19-3.03 (m, 1H), 2.51-2.28 (m, 2H), 1.82-1.66 (m, 

2H). 13C-NMR (75 MHz, CDCl3) δ 168.12, 165.83, 142.03, 139.99 (+), 137.75, 134.31 (+), 

134.09 (+, 2C), 131.89, 129.75 (+, 6C), 128.35 (+, 3C), 128.29 (+, 6C), 123.79 (+), 123.30 (+, 

2C), 115.19 (+), 75.76, 49.05 (+), 36.58 (+), 31.51 (+). HRMS (ESI-MS): calcd. for 

C38H33N4O3
+: 593.2547, found: 593.2553. MF: C38H32N4O3. MW: 592.70. 

 

 

(E)-2-(1-(3-(1-Trityl-1H-imidazol-4-yl)acryloyl)piperidin-3-yl)isoindoline-1,3-dione 

(4.65). The title compound was prepared from 4.57 (223 mg, 0.59 mmol), 4.42 (162 mg, 

0.70 mmol), EDC x HCl (135 mg, 0.70 mmol), HOBt x H2O (108 mg, 0.70 mmol) and DIPEA 

(498 µL, 2.93 mmol) in DMF (2.2 mL) according to the general procedure A. The crude 

product was purified by flash chromatography (gradient: 0-40 min: CH2Cl2/MeOH 100:0-

90:10, SF 8 g) yielding 4.65 as yellowish oil (190 mg, 55%). Rf = 0.71 (CH2Cl2/MeOH 95:5). 

1H-NMR (400 MHz, CDCl3) δ 7.87-7.65 (m, 4H), 7.52-7.30 (m, 10H), 7.29-7.28 (m, 1H), 7.26-

7.25 (m, 1H), 7.18-7.03 (m, 6H), 6.96 (s, 1H), 4.84-4.65 (m, 1H), 4.30-4.07 (m, 2H), 3.58-3.34 

(m, 1H), 3.17-3.00 (m, 1H), 2.46-2.28 (m, 1H), 1.97-1.78 (m, 2H), 1.68-1.52 (m, 1H). 13C-

NMR (101 MHz, CDCl3) δ 167.97 (2C), 165.84, 141.89 (3C), 137.54, 134.18, 133.99 (2C), 

131.76 (2C), 129.64 (6C), 128.69, 128.16 (6C), 127.81 (3C), 126.85, 123.72, 123.22 (2C), 

81.90, 48.61, 45.66, 43.91, 28.21, 25.90. HRMS (ESI-MS): calcd. for C38H33N4O3
+: 593.2547, 

found: 593.2562. MF: C38H32N4O3. MW: 592.70. 
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(E)-N-(2-Aminoethyl)-3-(1-trityl-1H-imidazol-4-yl)acrylamide (4.66). The title 

compound was prepared from 4.59 (180 mg, 0.33 mmol) and N2H4 x H2O (79 µL, 1.63 mmol) 

in EtOH (10 mL) according to the general procedure B. The crude product was purified by flash 

chromatography (gradient: 0-40 min: CH2Cl2/0.5% NH3 in MeOH 100:0-80:20, SF 12 g) 

yielding 4.66 as a white solid (70 mg, 50%). Rf = 0.21 (CH2Cl2/0.5% NH3 in MeOH 9:1). 1H-

NMR (300 MHz, MeOD) δ 7.58 (d, J = 1.3 Hz, 1H), 7.46-7.36 (m, 12H), 7.26 (d, J = 1.3 Hz, 

1H), 7.23-7.13 (m, 7H), 6.60 (d, J = 15.5 Hz, 1H), 3.50 (t, J = 6.1 Hz, 2H), 2.99 (t, J = 6.1 Hz, 

2H). HRMS (ESI-MS): calcd. for C27H27N4O
+: 423.2179, found: 423.2190. MF: C27H26N4O. 

MW: 422.53. 

 

 

(E)-N-(2-Aminoethyl)-3-(5-methyl-1-trityl-1H-imidazol-4-yl)acrylamide (4.67). The title 

compound was prepared from 4.60 (150 mg, 0.27 mmol) and N2H4 x H2O (64 µL, 1.32 mmol) 

in EtOH (10 mL) according to the general procedure B yielding 4.67 as a yellow oil (71 mg, 

60%). The crude product was used in the next step without further purification. Rf = 0.11 

(CH2Cl2/0.5% NH3 in MeOH 9:1). 1H-NMR (400 MHz, MeOD) δ 8.03-8.00 (m, 1H), 7.50 (d, 

J = 15.3 Hz, 1H), 7.44-7.35 (m, 9H), 7.20-7.12 (m, 6H), 6.62 (d, J = 15.3 Hz, 1H), 3.59 (t, 

J = 6.0 Hz, 2H), 3.13 (t, J = 5.9 Hz, 2H), 1.59 (s, 3H). HRMS (ESI-MS): calcd. for C28H29N4O
+: 

437.2336, found: 437.2348. MF: C28H28N4O. MW: 436.56. 

 

 

N-(2-Aminoethyl)-3-(1-trityl-1H-imidazol-4-yl)propanamide (4.68). The title compound 

was prepared from 4.61 (460 mg, 0.83 mmol) and N2H4 x H2O (202 µL, 4.15 mmol) in EtOH 

(10 mL) according to the general procedure B. The crude product was purified by flash 

chromatography (gradient: 0-30 min: CH2Cl2/0.5% NH3 in MeOH 100:0-90:10, 50 min: 80:20, 

SF 4 g) yielding 4.68 as a yellow oil (150 mg, 43%). Rf = 0.22 (CH2Cl2/0.5% NH3 in MeOH 

9:1). 1H-NMR (400 MHz, MeOD) δ 7.40 (d, J = 1.4 Hz, 1H), 7.37-7.30 (m, 9H), 7.16-7.07 (m, 

6H), 6.68 (d, J = 1.4 Hz, 1H), 3.38-3.33 (m, 2H), 2.89 (t, J = 6.0 Hz, 2H), 2.83 (t, J = 7.2 Hz, 

2H), 2.48 (t, J = 7.2 Hz, 2H). 13C-NMR (101 MHz, MeOD) δ 176.10 (q), 143.61 (q, 3C), 140.93 
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(q), 139.36 (+), 130.80 (+, 6C), 129.31 (+, 3C), 129.22 (+, 6C), 119.80 (+), 76.74 (q), 41.49 (-

), 39.99 (-), 36.76 (-), 24.94 (-). HRMS (ESI-MS): calcd. for C27H29N4O
+: 425.2336, found: 

425.2340. MF: C27H28N4O. MW: 424.55. 

 

 

N-(2-Aminoethyl)-3-(5-methyl-1-trityl-1H-imidazol-4-yl)propanamide (4.69). The title 

compound was prepared from 4.62 (247 mg, 0.43 mmol) and N2H4 x H2O (144 µL, 2.97 mmol) 

in EtOH (10 mL) according to the general procedure B. The crude product was purified by flash 

chromatography (gradient: 0-20 min: CH2Cl2/0.5% NH3 in MeOH 100:0-90:10, SF 8 g) 

yielding 4.69 as a yellow oil (167 mg, 88%). Rf = 0.19 (CH2Cl2/0.5% NH3 in MeOH 9:1). 1H-

NMR (400 MHz, MeOD) δ 7.44-7.37 (m, 9H), 7.35 (s, 1H), 7.21-7.12 (m, 6H), 3.53 (t, 

J = 5.7 Hz, 2H), 3.13 (t, J = 5.7 Hz, 2H), 2.85 (t, J = 7.1 Hz, 2H), 2.54 (t, J = 7.1 Hz, 2H), 1.45 

(s, 3H). 13C-NMR (101 MHz, MeOD) δ 176.96 (q), 143.16 (q, 3C), 139.27 (q), 138.36 (+), 

131.40 (+, 6C), 129.55 (+, 9C), 127.62 (q), 76.86 (q), 41.46 (-), 38.27 (-), 37.14 (-), 23.98 (-), 

12.25 (+). HRMS (ESI-MS): calcd. for C28H31N4O
+: 439.2492, found: 439.2494. MF: 

C28H30N4O. MW: 438.58. 

 

 

1-(Piperazin-1-yl)-3-(1-trityl-1H-imidazol-4-yl)propan-1-one (4.70). Pd/C (10 wt%, 

60 mg) was added to a solution of 4.63 (280 mg, 0.48 mmol) in THF/MeOH (1 mL:1.5 mL), 

and the mixture was stirred under a H2 atmosphere (1 amt) at rt for 6 h. The mixture was filtered 

through Celite 545, the filtrate was evaporated, and the residue was purified by flash 

chromatography (gradient: 0-40 min: CH2Cl2/0.5% NH3 in MeOH 100:0-90:10, SF 4 g) to give 

the product as a yellow oil (134 mg, 62%). Rf = 0.35 (CH2Cl2/0.5% NH3 in MeOH 9:1). 1H-

NMR (300 MHz, MeOD) δ 7.35 (d, J = 1.4 Hz, 1H), 7.34-7.25 (m, 9H), 7.14-7.05 (m, 6H), 

6.67 (d, J = 1.4 Hz, 1H), 3.56-3.39 (m, 4H), 2.83-2.61 (m, 8H). 13C-NMR (75 MHz, MeOD) δ 

172.99 (q), 143.75 (q, 3C), 141.12 (q), 139.36 (+), 130.96 (+, 6C), 129.43 (+, 3C), 129.37 (+, 

6C), 120.03 (+), 76.84 (q), 47.60 (-), 46.82 (-), 46.38 (-), 43.50 (-), 33.51 (-), 24.96 (-). HRMS 

(ESI-MS): calcd. for C29H31N4O
+: 451.2492, found: 451.2498. MF: C29H30N4O. MW: 450.59. 
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(E)-1-(4-Aminopiperidin-1-yl)-3-(1-trityl-1H-imidazol-4-yl)prop-2-en-1-one (4.71). The 

title compound was prepared from 4.64 (321 mg, 0.54 mmol) and N2H4 x H2O (180 µL, 

3.71 mmol) in EtOH (10 mL) according to the general procedure B. The crude product was 

purified by flash chromatography (gradient: 0-20 min: CH2Cl2/0.5% NH3 in MeOH 100:0-

90:10, 25 min: 90:10, 40 min: 80:20, SF 4 g) yielding 4.71 as a yellow oil (220 mg, 80%). 

Rf = 0.21 (CH2Cl2/0.5% NH3 in MeOH 9:1). 1H-NMR (300 MHz, MeOD) δ 7.56-7.53 (m, 1H), 

7.42 (s, 1H), 7.40-7.30 (m, 9H), 7.26 (d, J = 1.3 Hz, 1H), 7.20-7.07 (m, 6H), 6.71 (d, J = 1.4 Hz, 

1H), 4.65-4.51 (m, 2H), 4.32-4.12 (m, 2H), 3.13-3.03 (m, 1H), 2.07-1.83 (m, 2H), 1.50-1.21 

(m, 2H). HRMS (ESI-MS): calcd. for C30H31N4O
+: 463.2492, found: 463.2488. MF: 

C30H30N4O. MW: 462.60. 

 

 

(E)-1-(3-Aminopiperidin-1-yl)-3-(1-trityl-1H-imidazol-4-yl)prop-2-en-1-one (4.72). The 

title compound was prepared from 4.65 (190 mg, 0.32 mmol) and N2H4 x H2O (82 µL, 

1.69 mmol) in EtOH (10 mL) according to the general procedure B. The crude product was 

purified by flash chromatography (gradient: 0-20 min: CH2Cl2/0.5% NH3 in MeOH 100:0-

90:10, SF 8 g) yielding 4.72 as a white solid (50 mg, 34%). Rf = 0.55 (CH2Cl2/0.5% NH3 in 

MeOH 9:1). 1H-NMR (400 MHz, MeOD) δ 7.55 (s, 1H), 7.44-7.32 (m, 10H), 7.26 s (1H), 7.20-

7.05 (7H), 4.53-3.79 (m, 4H), 3.02-2.76 (m, 1H), 2.14-1.35 (m, 4H). HRMS (ESI-MS): calcd. 

for C30H31N4O
+: 463.2492, found: 463.2495. MF: C30H30N4O. MW: 462.60. 
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4.4.9 Preparation of the Mixed Squaramate Building Blocks 4.75 and 4.76 as well as 

the Amine Building Block 4.78 

 

3-Ethoxy-4-((3-(4-methyl-2-(tritylamino)thiazol-5-yl)propyl)amino)cyclobut-3-ene-1,2-

dione (4.75). The title compound was synthetized according to the procedure of Dr. D. 

Erdmann.20 Diethoxycyclobut‐3‐ene‐1,2‐dione (4.73, 187 mg, 1.1 mmol, 1.1 equiv) was 

dissolved in EtOH (10 mL) and slowly added to a solution of 4.18 (414 mg, 1.0 mmol, 1 equiv) 

in EtOH (10 mL). The yellow solution was stirred at rt overnight. The solvent was evaporated 

under reduced pressure. The residue was dissolved in EtOAc (30 mL) and washed with H2O 

(3 x 20 mL). After drying over Na2SO4, EtOAc was evaporated and the product dried in vacuum 

to give brown foam (484 mg, 90%). Rf = 0.86 (CH2Cl2/0.5% NH3 in MeOH 9:1). 1H-NMR 

(300 MHz, CDCl3) δ 7.36-7.21 (m, 15H), 4.77-4.67 (m, 2H), 3.41-3.14 (m, 2H), 2.45 (t, 

J = 7.5 Hz, 2H), 2.06 (s, 3H), 1.65 (quint, J = 7.2 Hz, 2H), 1.47 (t, J = 7.1 Hz, 3H). 13C-NMR 

(75 MHz, CDCl3) δ 184.40 (q, 2C), 172.50 (q), 171.39 (q), 165.37 (q), 143.86 (q, 3C), 141.68 

(q), 129.41 (+, 6C), 128.32 (+, 6C), 127.62 (+, 3C), 119.51 (q), 71.97 (q), 69.91 (-), 60.62 (-), 

44.01 (-), 23.02 (-), 15.82 (+), 14.57 (+). HRMS (ESI-MS): calcd. for C32H32N3O3S
+: 538.2159, 

found: 538.2186. MF: C32H31N3O3S. MW: 537.68. 

 

 

3-Ethoxy-4-((3-(3-(piperidin-1-ylmethyl)phenoxy)propyl)amino)cyclobut-3-ene-1,2-

dione (4.76).20 The title compound was synthetized according to the procedure of Dr. D. 

Erdmann.20 3,4-Diethoxycyclobut-3-ene-1,2-dione (4.73, 0.24 g, 0.97 mmol, 1 equiv), 

dissolved in EtOH (10 mL), was slowly added to a solution of 4.74 (0.18 g, 1.1 mmol, 

1.1 equiv) in EtOH (10 mL). The yellow solution was stirred at rt for 3 h before the solvent was 

evaporated under reduced pressure. The residue was dissolved in EtOAc (30 mL) and washed 

with H2O (3 x 20 mL). After drying over Na2SO4, the EtOAc phase was evaporated and dried 

in vacuum to give the product as sticky yellow oil (0.36 g, 100%). Rf = 0.66 (CH2Cl2/0.5% NH3 

in MeOH 9:1). 1H-NMR (300 MHz, CDCl3) δ 7.21 (t, J = 8.0 Hz, 1H), 6.95-6.86 (m, 2H), 6.80-
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6.73 (m, 1H), 4.72 (q, J = 7.1 Hz, 2H), 4.12-4.01 (m, 2H), 3.98-3.80 (m, 1H), 3.75-3.62 (m, 

1H), 3.47 (s, 2H), 2.49-2.33 (m, 4H), 2.10 (quint, J = 6.06 Hz, 2H), 1.59 (quint, J = 5.5 Hz, 

4H), 1.50-1.36 (m, 5H). 13C-NMR (101 MHz, CDCl3) δ 188.52, 182.03, 176.66, 171.67, 

157.60, 139.59, 128.31, 121.23, 114.13, 112.11, 68.83, 64.13, 62.86, 53.69 (2C), 41.63, 29.20, 

25.08 (2C), 23.49, 14.97. NMR data matches literature reference.20 HRMS (ESI-MS): calcd. 

for C21H29N2O4
+: 373.2122, found: 373.2136. MF: C21H28N2O4. MW: 372.47. 

 

 

3-((2-Aminoethyl)amino)-4-((3-(3-(piperidin-1-

ylmethyl)phenoxy)propyl)amino)cyclobut-3-ene-1,2-dione dihydrotrifluoroacetate (4.78). 

20 The title compound was synthetized according to the procedure of Dr. D. Erdmann.20 4.76 

(0.23 g, 0.62 mmol, 1 equiv) and tert-butyl 2-aminoethylcarbamate (0.12 g, 0.73 mmol, 

1.1 equiv) were dissolved in EtOH (30 mL) and stirred at rt overnight. After evaporation of the 

solvent the product was purified by flash chromatography (eluent CH2Cl2/0.5% NH3 in MeOH; 

gradient: 0-20 min: CH2Cl2/MeOH 100:0 to 97:3, 40 min: 95:5, 60 min: 95:5; 80 min: 90:10, 

SF 8 g) leading to a yellow foam (4.77, 184 mg, 61%). Rf = 0.49 (CH2Cl2/0.5% NH3 in MeOH 

9:1).  1H-NMR (300 MHz, CDCl3) δ 7.17 (t, J = 7.8 Hz, 1H), 6.95-6.81 (m, 2H), 6.74 (dd, 

J = 8.2, 2.5 Hz, 1H), 4.04 (t, J = 5.9 Hz, 2H), 3.92-3.75 (m, 2H), 3.73-3.52 (m, 1H), 3.40 (s, 

2H), 3.34-3.22 (m, 2H), 2.44-2.26 (m, 4H), 2.20-2.04 (m, 2H), 1.55 (quint, J = 5.4 Hz, 4H), 

1.48-1.33 (m, 11H). 13C-NMR (75 MHz, CDCl3) δ 167.86, 158.66, 140.10, 129.06, 121.91, 

115.42, 112.81, 64.86, 63.80, 54.52 (2C), 41.66, 30.71 (2C), 28.36 (3C), 25.86, 24.30, 2 C`s 

not detected. NMR data matches literature reference.20 HRMS (ESI-MS): calcd. for 

C26H39N4O5
+: 487.2915, found: 487.2927. MF: C26H38N4O5. MW: 486.61. The Boc-protected 

intermediate (180 mg, 0.37 mmol) was dissolved in CH2Cl2 (4 mL) and TFA (1 mL) was added. 

The solution was stirred at rt overnight. The solvent was evaporated to give the product as 

yellow solid (230 mg, 100%). Rf = 0.18 (CH2Cl2/0.5% NH3 in MeOH 9:1). 1H-NMR 

(300 MHz, MeOD) δ 7.37 (dd, J = 8.4, 7.2 Hz, 1H), 7.09-7.00 (m, 3H), 4.23 (s, 2H), 4.13 (t, 

J = 5.9 Hz, 2H), 3.85 (t, J = 6.0 Hz, 4H), 3.49-3.38 (m, 3H), 3.18 (t, J = 6.0 Hz, 2H), 3.03-2.87 

(m, 2H), 2.11 (quint, J = 6.4 Hz, 2H), 2.00-1.65 (m, 4H), 1.59-1.45 (m, 2H). 13C-NMR 

(75 MHz, MeOD) δ 161.27 (2C), 132.21, 131.92 (2C), 124.95, 120.66, 118.91, 117.62, 115.75, 

66.64, 62.21, 54.57 (2C), 42.95, 41.99, 32.13, 28.23, 24.61 (2C), 23.24. NMR data matches 
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literature reference.20 HRMS (ESI-MS): calcd. for C21H31N4O3
+: 387.2391, found: 387.2396. 

MF: C21H30N4O3 x C4H2F6O4. MW: (386.50 + 228.05). 

 

4.4.10 Preparation of the 2-Arylbenzimidazoles 4.82-4.97, 4.104-4.110, 4.112 and 4.114-

4.116, the Squaramide 4.117 as well as Carbamoylguanidine 4.120 

 

5-(3-((3-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-

methylphenoxy)propyl)amino)propyl)-4-methylthiazol-2-amine trihydrotrifluoroacetate 

(4.82). The title compound was synthesized from 4.79 (50 mg, 0.115 mmol), K2CO3 (95 mg, 

0.684 mmol) and 4.18 (109 mg, 0.264 mmol) in MeCN (2.5 mL) according to the general 

procedure C. Deprotection in CH2Cl2 (3 mL) and TFA (2 mL) followed by preparative RP-

HPLC afforded a white, foamlike and hygroscopic solid (5.34 mg, 5.8%). Rf = 0.10 

(CH2Cl2/MeOH 9:1). RP-HPLC (220 nm): 100% (tR = 9.3 min, k = 1.90). 1H-NMR (300 MHz, 

MeOD) δ 7.76-7.54 (m, 2H), 7.33 (dd, J = 10.1, 9.0 Hz, 1H), 7.16-7.01 (m, 2H), 4.22 (t, 

J = 5.8 Hz, 2H), 3.30-3.23 (m, 2H, overlapped with MeOH signal), 3.18-3.01 (m, 2H), 2.74 (t, 

J = 7.7 Hz, 2H), 2.64-2.48 (m, 6H), 2.34-2.13 (m, 5H), 1.96 (quint, J = 8.1 Hz, 2H). 1H-NMR 

(600 MHz, DMSO-d6) δ 9.04 (s, 2H), 8.64 (s, 2H), 7.72 (d, J = 8.3 Hz, 1H), 7.51-7.43 (m, 1H), 

7.14 (t, J = 9.6 Hz, 1H), 7.02-6.95 (m, 2H), 4.15 (t, J = 6.1 Hz, 2H), 3.14-3.07 (m, 2H), 3.00-

2.93 (m, 2H), 2.65 (t, J = 7.5 Hz, 2H), 2.57 (s, 3H), 2.49 (d, J = 1.7 Hz, 3H, overlapped with 

DMSO signal), 2.12–2.07 (m, 5H), 1.80 (quint, J = 7.7 Hz, 2H). 13C-NMR (151 MHz, DMSO-

d6) δ 167.75, 159.63 (HMBC), 159.0 (q, J = 32.8 Hz, TFA),156.90 (HMBC), 152.11, 141.24, 

139.30, 134.65 (HMBC), 131.60, 126.31, 120.46 (HMBC), 117.03, 116.68 (q, J = 296.7 Hz, 

TFA), 115.93, 112.01, 111.31 (HSQC), 110.75 (HMBC), 64.80, 45.92, 44.27, 26.74, 25.53, 

21.97, 20.75, 11.55, 9.38, 1 C signal is missing. HRMS (ESI-MS): calcd. for C25H31FN5OS+: 

468.2228, found: 468.2227. MF: C25H30FN5OS x C6H3F9O6. MW: (467.61 + 342.07). 
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5-(3-((4-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-

methylphenoxy)butyl)amino)propyl)-4-methylthiazol-2-amine trihydrotrifluoroacetate 

(4.83). The title compound was synthesized from 4.80 (50 mg, 0.114 mmol), K2CO3 (95 mg, 

0.684 mmol) and 4.18 (141 mg, 0.341 mmol) in MeCN (2.5 mL) according to the general 

procedure C. Deprotection in CH2Cl2 (3 mL) and TFA (2 mL) followed by preparative RP-

HPLC afforded a white, foamlike and hygroscopic solid (2.0 mg, 2.2%). Rf = 0.10 

(CH2Cl2/MeOH 9:1). RP-HPLC (220 nm): 97% (tR = 9.9 min, k = 2.08). 1H-NMR (300 MHz, 

MeOD) δ 7.67 (d, J = 8.5 Hz, 1H), 7.60 (dd, J = 8.9, 4.2 Hz, 1H), 7.40-7.29 (m, 1H), 7.11-7.00 

(m, 2H), 4.19-4.12 (m, 2H), 3.16-3.05 (m, 4H), 2.74 (t, J = 7.7 Hz, 2H), 2.56 (d, J = 1.8 Hz, 

3H), 2.51 (s, 3H), 2.19 (s, 3H), 2.01-1.88 (m, 6H). HRMS (ESI-MS): calcd. for C26H33FN5OS+: 

482.2384, found: 482.2386. MF: C26H32FN5OS x C6H3F9O6. MW: (481.63 + 342.07). 

 

 

5-(2-((4-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-

methylphenoxy)butyl)amino)ethyl)-4-methylthiazol-2-amine trihydrotrifluoroacetate 

(4.84). The title compound was synthesized from 4.80 (50 mg, 0.114 mmol), K2CO3 (95 mg, 

0.684 mmol) and 4.17 (137 mg, 0.342 mmol) in MeCN (2.5 mL) according to the general 

procedure C. Deprotection in CH2Cl2 (3 mL) and TFA (2 mL) followed by preparative RP-

HPLC afforded a white, foamlike and hygroscopic solid (2.4 mg, 2.6%). Rf = 0.13 

(CH2Cl2/MeOH 9:1). RP-HPLC (220 nm): 96% (tR = 10.5 min, k = 2.27). 1H-NMR (300 MHz, 

MeOD) δ 7.71-7.58 (m, 2H), 7.35 (dd, J = 10.1, 9.0 Hz, 1H), 7.11-7.00 (m, 2H), 4.19-4.11 (m, 

2H), 3.28-3.21 (m, 2H), 3.19-3.11 (m, 2H), 3.06-2.97 (m, 2H), 2.57 (d, J = 1.8 Hz, 3H), 2.50 

(s, 3H), 2.25-2.20 (m, 3H), 2.00-1.89 (m, 4H). HRMS (ESI-MS): calcd. for C25H31FN5OS+: 

468.2228, found: 468.2228. MF: C25H30FN5OS x C6H4F9O6. MW: 467.61 + 342.07. 
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(E)-N-(3-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-methylphenoxy)propyl)-

6-(1H-imidazol-4-yl)hex-5-en-1-amine trihydrotrifluoroacetate (4.85). The title compound 

was synthesized from 4.79 (40 mg, 0.094 mmol), K2CO3 (78 mg, 0.57 mmol) and 4.26 

(115 mg, 0.28 mmol) in MeCN (2.5 mL) according to the general procedure C. Deprotection in 

CH2Cl2 (3 mL) and TFA (2 mL) followed by preparative RP-HPLC afforded a white, foamlike 

and hygroscopic solid (27.3 mg, 34%). Rf = 0.21 (CH2Cl2/0.5% NH3 in MeOH 9:1). RP-HPLC 

(220 nm): 98% (tR = 10.7 min, k = 2.33). 1H-NMR (300 MHz, MeOD) δ 8.87 (d, J = 1.3 Hz, 

1H), 7.74-7.54 (m, 3H), 7.34 (dd, J = 10.2, 9.0 Hz, 1H), 7.14-6.99 (m, 2H), 6.44-6.28 (m, 1H), 

6.10-5.96 (m, 1H), 4.22 (t, J = 5.8 Hz, 2H), 3.30-3.19 (m, 2H, overlapped with MeOH signal), 

3.15-3.03 (m, 2H), 2.56 (d, J = 1.8 Hz, 3H), 2.51 (s, 3H), 2.48-2.34 (m, 2H), 2.30-2.15 (m, 2H), 

1.89-1.71 (m, 2H), 1.71-1.55 (m, 2H). 1H-NMR (600 MHz, DMSO-d6) δ 9.06 (d, J = 1.2 Hz, 

1H), 8.77 (br s, 2H), 7.75-7.70 (m, 2H), 7.56 (dd, J = 8.9, 4.3 Hz, 1H), 7.23 (t, J = 9.5 Hz, 1H), 

7.05-6.98 (m, 2H), 6.34-6.30 (m, 1H), 5.95-5.88 (m, 1H), 4.17 (t, J = 6.1 Hz, 2H), 3.17-3.06 

(m, 2H), 3.03-2.95 (m, 2H), 2.55 (s, 3H), 2.50 (s, 3H, overlapped with DMSO signal), 2.34-

2.28 (m, 2H), 2.14-2.08 (m, 2H), 1.67 (quint, J = 7.7 Hz, 2H), 1.53 (quint, J = 7.4 Hz, 2H), 2 H 

signals missing. 13C-NMR (151 MHz, DMSO-d6) δ 160.20, 158.63 (q, J = 32.9 Hz, TFA), 

157.23 (d, J = 236.0 Hz), 151.69, 139.55, 136.29, 135.55, 133.78, 132.05, 131.07, 129.27, 

118.90, 117.06, 116.70 (q, J = 296.3 Hz, TFA), 116.69, 114.60, 112.52–111.77 (m, 3C), 110.75 

(d, J = 22.8 Hz), 64.95, 46.68, 44.16, 28.35, 25.48, 25.42, 25.21, 20.41, 9.35. HRMS (ESI-MS): 

calcd. for C27H33FN5O
+: 462.2664, found: 462.2665. MF: C27H32FN5O x C6H3F9O6. MW: 

(461.59 + 342.06). 
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(E)-N-(2-((3-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-

methylphenoxy)propyl)amino)ethyl)-3-(1H-imidazol-4-yl)acrylamide 

trihydrotrifluoroacetate (4.86, PB513). The title compound was synthesized from 4.79 

(35 mg, 0.083 mmol), K2CO3 (69 mg, 0.50 mmol) and 4.66 (70 mg, 0.17 mmol) in MeCN 

(2.5 mL) according to the general procedure C. Deprotection in CH2Cl2 (3 mL) and TFA (2 mL) 

followed by preparative RP-HPLC afforded a white, foamlike and hygroscopic solid (17.5 mg, 

26%). Rf = 0.3 (CH2Cl2/0.5% NH3 in MeOH 8:2). RP-HPLC (220 nm): 97% (tR = 10.0 min, 

k = 2.12). 1H-NMR (600 MHz, DMSO-d6) δ 9.03-8.93 (m, 1H), 8.87-8.69 (m, 2H), 8.57 (t, 

J = 5.8 Hz, 1H), 7.91 (s, 1H), 7.72 (d, J = 8.4 Hz, 1H), 7.55 (dd, J = 8.8, 4.3 Hz, 1H), 7.40 (d, 

J = 15.9 Hz, 1H), 7.25-7.18 (m, 1H), 7.08-6.97 (m, 2H), 6.66 (d, J = 15.8 Hz, 1H), 4.17 (t, 

J = 6.1 Hz, 2H), 3.51 (q, J = 6.2 Hz, 2H), 3.23–3.07 (m, 4H), 2.54 (s, 3H), 2.50 (3H, overlapped 

with DMSO signal), 2.15–2.07 (m, 2H), 1 NH signal is missing. 13C-NMR (151 MHz, DMSO-

d6) δ 165.14, 160.12, 158.55 (q, J = 32.7 Hz, TFA), 157.18 (d, J = 236.0 Hz), 151.73, 139.50, 

136.36, 135.78, 131.98, 131.22, 129.93, 125.58, 123.01, 120.39, 119.09, 117.09, 116.69 (q, 

J = 297.3 Hz, TFA), 110.66 (d, J = 21.9 Hz), 112.41–112.09 (m, 2C), 111.88 (d, J = 26.4 Hz), 

65.00, 46.52, 44.46, 35.64, 25.47, 20.45, 9.37. HRMS (ESI-MS): calcd. for C26H30FN6O2
+: 

477.2409, found: 477.2405; calcd. for C26H31FN6O2
2+: 239.1241, found: 239.1247; calcd. for 

C26H32FN6O2
3+: 159.7518, found: 159.7522. MF: C26H29FN6O2 x C6H3F9O6. MW: 

(476.56 + 342.06). 
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N-(2-((3-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-

methylphenoxy)propyl)amino)ethyl)-3-(1H-imidazol-4-yl)propanamide 

trihydrotrifluoroacetate (4.87). The title compound was synthesized from 4.79 (50 mg, 

0.118 mmol), K2CO3 (98 mg, 0.71 mmol) and 4.68 (150 mg, 0.35 mmol) in MeCN (2.5 mL) 

according to the general procedure C. Deprotection in CH2Cl2 (3 mL) and TFA (2 mL) followed 

by preparative RP-HPLC afforded a white, foamlike and hygroscopic solid (9.8 mg, 10%). 

Rf = 0.20 (CH2Cl2/0.5% NH3 in MeOH 9:1). RP-HPLC (220 nm): 99% (tR = 9.9 min, k = 2.08). 

1H-NMR (300 MHz, MeOD) δ 8.78 (d, J = 1.4 Hz, 1H), 7.67 (d, J = 8.6 Hz, 1H), 7.58 (dd, 

J = 8.9, 4.1 Hz, 1H), 7.40-7.23 (m, 2H), 7.19-6.97 (m, 2H), 4.23 (t, J = 5.7 Hz, 2H), 3.53 (t, 

J = 5.9 Hz, 2H), 3.30-3.24 (m, 2H), 3.21 (t, J = 5.9 Hz, 2H), 3.03 (t, J = 7.3 Hz, 2H), 2.66 (t, 

J = 7.3 Hz, 2H), 2.56 (d, J = 1.8 Hz, 3H), 2.51 (s, 3H), 2.24 (quint, J = 6.1 Hz, 2H). 1H-NMR 

(600 MHz, DMSO-d6) δ 14.39 (s, 1H), 8.97 (d, J = 1.4 Hz, 1H), 8.79-8.64 (m, 2H), 8.26 (t, 

J = 5.7 Hz, 1H), 7.72 (d, J = 8.4 Hz, 1H), 7.56-7.48 (m, 1H), 7.37 (s, 1H), 7.18 (t, J = 9.6 Hz, 

1H), 7.05-6.97 (m, 2H), 4.15 (t, J = 6.0 Hz, 2H), 3.37 (q, J = 6.2 Hz, 2H), 3.13 (quint, 

J = 6.1 Hz, 2H), 3.04 (t, J = 5.9 Hz, 2H), 2.89 (t, J = 7.5 Hz, 2H), 2.56 (s, 3H), 2.51-2.53 (m, 

2H, overlapped with DMSO signal), 2.50 (s, 3H, overlapped with DMSO signal), 2.14-2.05 (m, 

2H). 13C-NMR (151 MHz, DMSO-d6) δ 171.35, 159.85, 158.34 (q, J = 32.8 Hz, TFA), 157.02 

(d, J = 237.2 Hz), 151.92, 139.38, 133.68, 132.70, 131.77, 119.94 (HMBC), 117.06, 116.63 (q, 

J = 296.5 Hz, TFA), 115.50, 112.08 (2C, HSQC), 111.46 (2C, HSQC), 110.73, 64.92, 46.43, 

44.34, 35.22, 33.46, 25.47, 20.61, 19.83, 9.38, 1 C signal is missing. HRMS (ESI-MS): calcd. 

for C26H32FN6O2
+: 479.2565, found: 479.2563. MF: C26H31FN6O2 x C6H3F9O6. MW: 

(478.57 + 342.06). 
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(E)-N-(2-((3-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-

methylphenoxy)propyl)amino)ethyl)-3-(5-methyl-1H-imidazol-4-yl)acrylamide 

trihydrotrifluoroacetate (4.88). The title compound was synthesized from 4.79 (17 mg, 

0.039 mmol), K2CO3 (32 mg, 0.23 mmol) and 4.67 (31 mg, 0.071 mmol) in MeCN (2.5 mL) 

according to the general procedure C. Deprotection in CH2Cl2 (3 mL) and TFA (2 mL) followed 

by preparative RP-HPLC afforded a white, foamlike and hygroscopic solid (3.6 mg, 11%). 

Rf = 0.10 (CH2Cl2/0.5% NH3 in MeOH 9:1). RP-HPLC (220 nm): 99% (tR = 9.9 min, k = 2.08). 

1H-NMR (600 MHz, DMSO-d6) δ 8.90 (s, 1H), 8.63 (s, 2H), 8.51 (t, J = 5.8 Hz, 1H), 7.71 (d, 

J = 8.3 Hz, 1H), 7.50-7.43 (m, 1H), 7.36 (d, J = 5.8 Hz, 1H), 7.13 (t, J = 9.6 Hz, 1H), 7.02-6.97 

(m, 2H), 6.56 (d, J = 15.8 Hz, 1H), 4.16 (t, J = 6.0 Hz, 2H), 3.50 (q, J = 6.2 Hz, 2H), 3.21-3.07 

(m, 4H), 2.57 (s, 3H), 2.48 (d, J = 1.6 Hz, 3H), 2.38 (s, 3H), 2.14-2.07 (m, 2H), 1 NH signal is 

missing. HRMS (ESI-MS): calcd. for C27H32FN6O2
+: 491.2565, found: 491.2561; calcd. for 

C27H33FN6O2
2+: 246.1319, found: 246.1326; calcd. for C27H34FN6O2

3+: 164.4237, found: 

164.4244. MF: C27H31FN6O2 x C6H3F9O6. MW: (490.58 + 342.06). 

 

 

N-(2-((3-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-

methylphenoxy)propyl)amino)ethyl)-3-(5-methyl-1H-imidazol-4-yl)propanamide 

trihydrotrifluoroacetate (4.89). The title compound was synthesized from 4.79 (70 mg, 

0.166 mmol), K2CO3 (138 mg, 0.996 mmol) and 4.69 (167 mg, 0.381 mmol) in MeCN 

(2.5 mL) according to the general procedure C. Deprotection in CH2Cl2 (3 mL) and TFA (2 mL) 

followed by preparative RP-HPLC afforded a white, foamlike and hygroscopic solid (22.5 mg, 

16%). Rf = 0.1 (CH2Cl2/0.5% NH3 in MeOH 9:1). RP-HPLC (220 nm): 97% (tR = 10.1 min, 
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k = 2.15). 1H-NMR (300 MHz, MeOD) δ 8.66 (s, 1H), 7.75-7.57 (m, 2H), 7.36 (dd, J = 10.1, 

9.0 Hz, 1H), 7.16-7.04 (m, 2H), 4.23 (t, J = 5.8 Hz, 2H), 3.52 (t, J = 5.8 Hz, 2H), 3.33-3.25 (m, 

2H, overlapped with MeOH signal), 3.20 (t, J = 5.9 Hz, 2H), 2.97 (t, J = 7.2 Hz, 2H), 2.64-2.55 

(m, 5H), 2.52 (s, 3H), 2.33-2.17 (m, 5H). 1H-NMR (600 MHz, DMSO-d6) δ 14.29 (s, 2H), 8.89-

8.76 (m, 3H), 8.27 (t, J = 5.7 Hz, 1H), 7.73 (d, J = 8.5 Hz, 1H), 7.56 (dd, J = 8.9, 4.3 Hz, 1H), 

7.22 (t, J = 9.5 Hz, 1H), 7.05-6.99 (m, 2H), 4.16 (t, J = 6.1 Hz, 2H), 3.36 (q, J = 6.2 Hz, 2H), 

3.17-3.09 (m, 2H), 3.05-2.99 (m, 2H), 2.83 (t, J = 7.4 Hz, 2H), 2.55 (s, 3H), 2.50 (s, 3H), 2.45 

(t, J = 7.4 Hz, 2H), 2.21 (s, 3H), 2.14-2.06 (m, 2H). 13C-NMR (151 MHz, DMSO-d6) δ 171.45, 

160.16, 158.60 (q, J = 32.5 Hz, TFA), 157.21 (d, J = 236.3 Hz), 151.72, 139.52, 135.81, 

132.08, 132.00, 131.13, 127.57, 124.62, 119.03, 117.08, 116.76 (q, J = 296.4 Hz, TFA), 

112.61–111.74 (m, 3C), 110.70 (d, J = 16.7 Hz), 64.98, 46.39, 44.31, 35.22, 34.05, 25.46, 

20.44, 18.88, 9.36, 8.51. HRMS (ESI-MS): calcd. for C27H34FN6O2
+: 493.2722, found: 

493.2728; calcd. for C27H35FN6O2
2+: 247.1397, found: 247.1407; calcd. for C27H36FN6O2

3+: 

165.0956, found: 165.0967. MF: C27H33FN6O2 x C6H3F9O6. MW: (492.60 + 342.06). 

 

 

3-(2-Amino-4-methylthiazol-5-yl)-N-(2-((3-(4-(5-fluoro-4-methyl-1H-benzo[d]imidazol-

2-yl)-3-methylphenoxy)propyl)amino)ethyl)propanamide trihydrotrifluoroacetate (4.90). 

The title compound was synthesized from 4.79 (24 mg, 0.056 mmol), K2CO3 (46 mg, 

0.336 mmol) and 4.35 (50 mg, 0.106 mmol) in MeCN (2.5 mL) according to the general 

procedure C. Deprotection in CH2Cl2 (3 mL) and TFA (2 mL) followed by preparative RP-

HPLC afforded a white, foamlike and hygroscopic solid (6.0 mg, 12%). Rf = 0.10 

(CH2Cl2/0.5% NH3 in MeOH 9:1). RP-HPLC (220 nm): 95% (tR = 10.4 min, k = 2.24). 1H-

NMR (300 MHz, MeOD) δ 7.68 (d, J = 8.5 Hz, 1H), 7.60 (dd, J = 8.9, 4.1 Hz, 1H), 7.33 (dd, 

J = 10.1, 8.9 Hz, 1H), 7.15-7.04 (m, 2H), 4.23 (t, J = 5.7 Hz, 2H), 3.52 (t, J = 5.8 Hz, 2H), 3.30-

3.25 (m, 2H, overlapped with MeOH signal), 3.20 (t, J = 5.9 Hz, 2H), 2.91 (t, J = 7.0 Hz, 2H), 

2.61-2.46 (m, 7H), 2.24 (quint, J = 6.3 Hz, 2H), 2.17 (s, 3H). 1H-NMR (600 MHz, DMSO-d6) 

δ 8.95 (s, 2H), 8.57 (s, 2H), 8.21 (t, J = 5.6 Hz, 1H), 7.72 (d, J = 8.3 Hz, 1H), 7.45 (s, 1H), 7.17-

7.06 (m, 1H), 7.03-6.95 (m, 2H), 4.15 (t, J = 6.0 Hz, 2H), 3.36 (q, J = 6.3 Hz, 2H), 3.13 (quint, 
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J = 6.8 Hz, 2H), 3.02 (quint, J = 6.3 Hz, 2H), 2.78 (t, J = 7.0 Hz, 2H), 2.58 (s, 3H), 2.48 (d, 

J = 1.6 Hz, 3H), 2.37 (q, J = 7.0 Hz, 2H), 2.08 (d, J = 7.6 Hz, 5H). HRMS (ESI-MS): calcd. for 

C27H34FN6O2S
+: 525.2442, found: 525.2441; calcd. for C27H35FN6O2S

2+: 263.1258, found: 

263.1266; calcd. for C27H36FN6O2S
3+: 175.7529, found: 175.7538. MF: 

C27H33FN6O2S x C6H3F9O6. MW: (524.66 + 342.06). 

 

 

1-(4-(3-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-

methylphenoxy)propyl)piperazin-1-yl)-3-(1H-imidazol-4-yl)propan-1-one 

trihydrotrifluoroacetate (4.91). The title compound was prepared from 4.79 (50 mg, 

0.12 mmol), K2CO3 (98 mg, 0.71 mmol) and 4.70 (134 mg, 0.30 mmol) in MeCN (2.5 mL) 

according to the general procedure C. Deprotection in CH2Cl2 (4 mL) and TFA (2 mL) followed 

by preparative RP-HPLC afforded the product as a white, foamlike and hygroscopic solid 

(22.2 mg, 22%). Rf = 0.18 (CH2Cl2/1.75°N NH3 in MeOH 9:1). RP-HPLC (220 nm): 99%, 

(tR = 10.1 min, k = 2.15). 1H-NMR (300 MHz, MeOD) δ 8.77 (d, J = 1.5 Hz, 1H), 7.68 (d, 

J = 8.5 Hz, 1H), 7.60 (dd, J = 8.9, 4.1 Hz, 1H), 7.38-7.29 (m, 2H), 7.11-6.99 (m, 2H), 4.23 (t, 

J = 5.7 Hz, 2H), 4.14-3.55 (br s, 4H), 3.46-3.36 (m, 4H), 3.35-3.28 (m, 2H, overlapped with 

MeOH signal), 3.04 (t, J = 7.0 Hz, 2H), 2.88 (t, J = 7.0 Hz, 2H), 2.56 (d, J = 1.9 Hz, 3H), 2.52 

(s, 3H), 2.38-2.26 (m, 2H). 1H-NMR (400 MHz, DMSO-d6) δ 14.40 (br s, 2H), 10.39 (br s, 1H), 

8.96 (d, J = 1.2 Hz, 1H), 7.72 (d, J = 8.3 Hz, 1H), 7.52 (dd, J = 8.7, 4.1 Hz, 1H), 7.42 (s, 1H), 

7.26-7.13 (m, 1H), 7.06-6.95 (m, 2H), 4.69-2.69 (m, 16H), 2.54 (s, 3H), 2.49 (s, 3H, overlapped 

with DMSO signal), 2.24-2.12 (m, 2H). 13C-NMR (101 MHz, DMSO-d6) δ 169.89, 160.39, 

157.57 (d, J = 248.4 Hz, HMBC), 152.27, 139.94, 136.54 (HMBC), 133.93, 133.68 (HMBC), 

133.34, 132.36, 119.96 (HMBC), 117.53, 116.15, 112.59, 112.07 (HSQC), 111.28 (HMBC), 

65.48, 53.60, 51.44, 51.22, 42.18, 38.66, 31.05, 23.84, 21.00, 20.00, 9.83 (d, J = 3.2 Hz), 1 C 

signal is missing. HRMS (ESI-MS): calcd. for C28H34FN6O2
+: 505.2722, found: 479.2563; 

calcd. for C28H35FN6O2
2+: 253.1397, found: 253.1406; calcd. for C28H36FN6O2

3+: 169.0956, 

found: 169.0961. MF: C28H33FN6O2 x C6H3F9O6. MW: (504.61 + 342.06). 
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(E)-1-(4-((3-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-

methylphenoxy)propyl)amino)piperidin-1-yl)-3-(1H-imidazol-4-yl)prop-2-en-1-one 

trihydrotrifluoroacetate (4.92). The title compound was synthesized from 4.79 (67 mg, 

0.159 mmol), K2CO3 (131 mg, 0.951 mmol) and 4.71 (220 mg, 0.476 mmol) in MeCN 

(2.5 mL) according to the general procedure C. Deprotection in CH2Cl2 (4 mL) and TFA (2 mL) 

followed by preparative RP-HPLC afforded a white, foamlike and hygroscopic solid (12.3 mg, 

9%). Rf = 0.20 (CH2Cl2/0.5% NH3 in MeOH 9:1). RP-HPLC (220 nm): 99% (tR = 10.2 min, 

k = 2.18). 1H-NMR (300 MHz, MeOD) δ 8.88 (d, J = 1.0 Hz, 2H), 7.83 (d, J = 1.0 Hz, 1H), 

7.69 (d, J = 8.4 Hz, 1H), 7.62 (dd, J = 8.6, 3.8 Hz, 1H), 7.55-7.47 (m, 1H), 7.40-7.29 (m, 2H), 

7.13-7.03 (m, 2H), 4.83-4.68 (m, 1H), 4.45-4.33 (m, 1H), 4.24 (t, J = 5.8 Hz, 3H), 3.58-3.45 

(m, 1H), 3.37-3.13 (m, 3H), 2.92-2.75 (m, 1H), 2.56 (d, J = 1.6 Hz, 3H), 2.52 (s, 3H), 2.34-2.15 

(m, 4H), 1.72-1.49 (m, 2H). 1H-NMR (600 MHz, DMSO-d6) δ 9.08 (s, 1H), 8.93-8.79 (br s, 

2H), 7.97 (s, 1H), 7.73 (d, J = 8.4 Hz, 1H), 7.55-7.50 (m, 1H), 7.45-7.35 (m, 2H), 7.20 (t, 

J = 9.5 Hz, 1H), 7.04-6.97 (m, 2H), 4.60-4.50 (m, 1H), 4.29-4.14 (m, 3H), 3.47-3.38 (m, 1H), 

3.24-3.12 (m, 3H), 2.79-2.68 (m, 1H), 2.50 (s, 3H, overlapped with DMSO signal), 2.18-2.04 

(m, 4H), 1.56-1.38 (m, 2H). 13C-NMR (151 MHz, DMSO-d6) δ 163.38, 159.99, 158.48 (q, 

J = 32.4 Hz, TFA), 157.15 (d, J = 235.8 Hz), 151.83, 139.47, 136.16, 131.89, 131.54 (HMBC), 

129.97, 127.13, 120.58, 119.78, 119.53, 117.06, 116.72 (q, J = 298.2 Hz, TFA), 112.11 (2C, 

HSQC), 111.67 (d, J = 28.7 Hz), 110.60, 64.88, 53.97, 43.18, 41.18, 39.92 (HSQC), 28.90, 

27.83, 25.62, 20.53, 9.37, 1 C signal is missing. HRMS (ESI-MS): calcd. for C29H34FN6O2
+: 

517.2722, found: 517.2721. MF: C29H33FN6O2 x C6H3F9O6. MW: (516.62 + 342.06). 
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(E)-1-(3-((3-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-

methylphenoxy)propyl)amino)piperidin-1-yl)-3-(1H-imidazol-4-yl)prop-2-en-1-one 

trihydrotrifluoroacetate (4.93). The title compound was synthesized from 4.79 (19 mg, 

0.057 mmol), K2CO3 (50 mg, 0.36 mmol) and 4.72 (50 mg, 0.11 mmol) in MeCN (2.5 mL) 

according to the general procedure C. Deprotection in CH2Cl2 (4 mL) and TFA (2 mL) followed 

by preparative RP-HPLC afforded a white, foamlike and hygroscopic solid (3.8 mg, 8%). 

Rf = 0.1 (CH2Cl2/0.5% NH3 in MeOH 9:1). RP-HPLC (220 nm): 98% (tR = 10.3 min, k = 2.21). 

1H-NMR (300 MHz, MeOD) δ 8.72 (s, 1H), 7.78 (s, 1H), 7.69 (d, J = 8.5 Hz, 1H), 7.64-7.47 

(m, 2H), 7.40-7.30 (m, 1H), 7.31-7.23 (m, 1H), 7.15-7.03 (m, 2H), 4.51-4.41 (m, 1H), 4.25 (t, 

J = 5.7 Hz, 2H), 4.03-3.91 (m, 1H), 3.59-3.34 (m, 5H), 2.57 (d, J = 1.9 Hz, 3H), 2.52 (s, 3H), 

2.35-2.19 (m, 3H), 2.01-1.59 (m, 3H). 1H-NMR (600 MHz, DMSO-d6) δ 8.92 (s, 1H), 8.77-

8.58 (m, 2H), 7.90 (s, 1H), 7.71 (d, J = 8.3 Hz, 1H), 7.50-7.38 (m, 2H), 7.29 (d, J = 15.5 Hz, 

1H), 7.10 (t, J = 9.6 Hz, 1H), 7.04-6.90 (m, 2H), 4.39 (d, J = 12.3 Hz, 1H), 4.16 (t, J = 6.0 Hz, 

2H), 3.88 (d, J = 13.5 Hz, 1H), 3.38-3.29 (m, 1H), 3.28-3.11 (m, 4H), 2.57 (s, 3H), 2.47 (d, 

J = 1.5 Hz, 3H), 2.15-2.04 (m, 3H), 1.91-1.80 (m, 1H), 1.71-1.62 (m, 1H), 1.55-1.40 (m, 1H), 

1 NH signal is missing. HRMS (ESI-MS): calcd. for C29H34FN6O2
+: 517.2722, found: 

517.2720; calcd. for C29H35FN6O2
2+: 259.1397, found: 259.1404; calcd. for C29H36FN6O2

3+: 

173.0956, found: 173.0963. MF: C29H33FN6O2 x C6H3F9O6. MW: (516.62 + 342.06). 

 

 

3-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-methylphenoxy)-N-(3-(3-

(piperidin-1-ylmethyl)phenoxy)propyl)propan-1-amine trihydrotrifluoroacetate (4.94). 

The title compound was prepared from 4.79 (50 mg, 0.12 mmol), K2CO3 (100 mg, 0.72 mmol) 
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and 4.76 (90 mg, 0.36 mmol) in MeCN (2.5 mL) according to the general procedure C. The 

crude product was purified by preparative RP-HPLC and afforded a white, foamlike and 

hygroscopic solid (3.4 mg, 3.2%). Rf = 0.23 (CH2Cl2/MeOH 95:5). RP-HPLC (220 nm): 99% 

(tR = 12.4 min, k = 2.86). 1H-NMR (300 MHz, MeOD) δ 7.69 (d, J = 8.5 Hz, 1H), 7.61 (dd, 

J = 8.9, 4.2 Hz, 1H), 7.48-7.30 (m, 2H), 7.21-7.03 (m, 5H), 4.38-4.10 (m, 6H), 3.52-3.38 (m, 

2H), 2.95 (t, J = 12.1 Hz, 2H), 2.69-2.47 (m, 6H), 2.40-2.17 (m, 4H), 2.02-1.41 (m, 6H), 4 H´s 

are overlapped with MeOH signal. 1H-NMR (600 MHz, DMSO-d6) δ 9.69 (s, 1H), 8.71 (s, 2H), 

7.72 (d, J = 8.2 Hz, 1H), 7.50–7.35 (m, 2H), 7.15–7.07 (m, 3H), 7.06–7.02 (m, 1H), 7.00–6.95 

(m, 2H), 4.24 (d, J = 4.6 Hz, 2H), 4.17 (t, J = 6.0 Hz, 2H), 4.10 (t, J = 6.0 Hz, 2H), 3.30 (d, 

J = 12.2 Hz, 2H), 3.18–3.12 (m, 4H), 2.91–2.81 (m, 2H), 2.58 (s, 3H), 2.48 (d, J = 1.6 Hz, 3H, 

overlapped with DMSO signal), 2.15–2.08 (m, 4H), 1.85–1.76 (m, 2H), 1.72-1.60 (m, 3H). 

HRMS (ESI-MS): calcd. for C33H42FN4O2
+: 545.3286, found: 545.3289; calcd. for 

C33H43FN4O2
2+: 273.1680, found: 273.1688; calcd. for C33H44FN6O2

3+: 182.4477, found: 

182.4485. MF: C33H41FN4O2 x C6H3F9O6. MW: (544.72 + 342.07). 

 

 

6-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-methylphenoxy)-N-(3-(3-

(piperidin-1-ylmethyl)phenoxy)propyl)hexan-1-amine trihydrotrifluoroacetate (4.95). 

The title compound was prepared from 4.81 (50 mg, 0.11 mmol), K2CO3 (89 mg, 0.64 mmol) 

and 4.76 (80 mg, 0.32 mmol) in MeCN (2.5 mL) according to the general procedure C. The 

crude product was purified by preparative RP-HPLC and afforded a white, foamlike and 

hygroscopic solid (44.9 mg, 44%). Rf = 0.21 (CH2Cl2/MeOH 9:1). RP-HPLC (220 nm): 99% 

(tR = 13.1 min, k = 3.08). 1H-NMR (300 MHz, MeOD) δ 7.71-7.58 (m, 2H), 7.43-7.31 (m, 2H), 

7.14-6.98 (m, 5H), 4.25 (s, 2H), 4.18-4.06 (m, 4H), 3.50-3.38 (m, 2H), 3.24 (t, J = 7.6 Hz, 2H), 

3.13-3.02 (m, 2H), 3.01-2.86 (m, 2H), 2.57 (d, J = 1.8 Hz, 3H), 2.52 (s, 3H), 2.27-2.14 (m, 2H), 

2.01-1.68 (m, 9H), 1.65-1.37 (m, 5H). 1H-NMR (600 MHz, DMSO-d6) δ 10.02 (s, 1H), 8.80 

(quint, J = 6.1 Hz, 2H), 7.70 (d, J = 8.5 Hz, 1H), 7.57 (dd, J = 8.8, 4.3 Hz, 1H), 7.37 (t, 

J = 7.9 Hz, 1H), 7.27-7.22 (m, 1H), 7.11 (t, J = 2.0 Hz, 1H), 7.09-7.05 (m, 1H), 7.04-6.98 (m, 

3H), 4.24 (d, J = 4.2 Hz, 2H), 4.07 (t, J = 6.3 Hz, 4H), 3.30 (d, J = 12.0 Hz, 2H), 3.12-3.06 (m, 
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2H), 2.99–2.93 (m, 2H), 2.90-2.81 (m, 2H), 2.53 (s, 3H), 2.13-2.05 (m, 2H), 1.84-1.72 (m, 4H), 

1.70-1.60 (m, 5H), 1.50-1.31 (m, 5H). 13C-NMR (151 MHz, DMSO-d6) δ 160.72, 158.56 (q, 

J = 33.1 Hz, TFA), 158.42, 157.29 (d, J = 236.5 Hz), 151.71, 139.56, 135.42, 132.10, 131.20, 

130.82, 129.96, 123.49, 117.10, 117.05, 116.74 (q, J = 297.5 Hz, TFA), 115.45, 112.54–111.83 

(m, 3C), 110.67 (d, J = 19.61 Hz), 67.59, 64.70, 58.91, 51.76 (2C), 46.79, 44.17, 28.35, 25.66, 

25.50, 25.46, 25.01, 22.28 (2C), 21.34, 20.33, 9.34. HRMS (ESI-MS): calcd. for C36H48FN4O2
+: 

587.3756, found: 587.3758. MF: C36H47FN4O2 x C6H3F9O6. MW: (586.80 + 342.06). 

 

 

3-((2-((3-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-

methylphenoxy)propyl)amino)ethyl)amino)-4-((3-(3-(piperidin-1-

ylmethyl)phenoxy)propyl)amino)cyclobut-3-ene-1,2-dione trihydrotrifluoroacetate 

(4.96). The title compound was prepared from 4.79 (40 mg, 0.094 mmol), K2CO3 (78 mg, 

0.566 mmol) and 4.78 (174 mg, 0.283 mmol) in MeCN (2.5 mL) according to the general 

procedure C. The crude product was purified by preparative RP-HPLC and afforded a white, 

foamlike and hygroscopic solid (13.8 mg, 14%). Rf = 0.20 (CH2Cl2/0.5% NH3 in MeOH 9:1). 

RP-HPLC (220 nm): 98% (tR = 11.9 min, k = 2.71). 1H-NMR (300 MHz, MeOD) δ 7.68 (d, 

J = 8.5 Hz, 1H), 7.64-7.56 (m, 1H), 7.43-7.30 (m, 2H), 7.15-6.98 (m, 5H), 4.32-4.18 (m, 4H), 

4.12 (t, J = 5.9 Hz, 2H), 3.95 (t, J = 5.9 Hz, 2H), 3.89-3.74 (m, 2H), 3.50-3.38 (m, 2H), 3.37-

3.30 (m, 4H, overlapped with MeOH signal), 2.94 (t, J = 12.2 Hz, 2H), 2.56 (d, J = 1.8 Hz, 3H), 

2.52 (s, 3H), 2.25 (quint, J = 6.3 Hz, 2H), 2.11 (quint, J = 6.4 Hz, 2H), 2.02-1.43 (m, 6H). 1H-

NMR (600 MHz, DMSO-d6) δ 9.63 (s, 1H), 8.82 (s, 2H), 8.18-7.90 (m, 2H), 7.72 (d, J = 8.5 Hz, 

1H), 7.54 (dd, J = 8.7, 4.3 Hz, 1H), 7.36 (t, J = 7.9 Hz, 1H), 7.21 (t, J = 9.5 Hz, 1H), 7.09 (t, 

J = 2.0 Hz, 1H), 7.06-6.97 (m, 4H), 4.23 (d, J = 4.5 Hz, 2H), 4.16 (t, J = 6.1 Hz, 2H), 4.06 (t, 

J = 6.2 Hz, 2H), 3.81 (q, J = 6.2 Hz, 2H), 3.75-3.63 (m, 2H), 3.34-3.26 (m, 2H), 3.24-3.13 (m, 

4H), 2.91-2.79 (m, 2H), 2.55 (s, 3H), 2.50 (s, 3H, overlapped with DMSO signal), 2.15-2.08 

(m, 2H), 2.01 (quint, J = 6.5 Hz, 2H), 1.86-1.76 (m, 2H), 1.71-1.56 (m, 3H), 1.40-1.29 (m, 1H). 
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13C-NMR (151 MHz, DMSO-d6) δ 182.78, 182.44, 168.50, 167.81, 160.05, 158.59, 158.49 (q, 

J = 33.0 Hz, TFA), 157.12 (d, J = 237.8 Hz), 151.78, 139.49, 135.66 (HMBC), 131.92, 131.05, 

129.95, 123.33, 119.40 (HMBC), 117.34, 117.07, 116.64 (q, J = 296.6 Hz, TFA), 115.31, 

112.13 (2C), 111.90 (HSQC), 110.80 (HMBC), 64.92, 64.75, 58.96, 51.81 (2C), 47.48, 44.38, 

40.49, 39.71 (overlapped with DMSO signal, HSQC), 30.32, 25.44, 22.32 (2C), 21.31, 20.48, 

9.37, 1 C signal is missing. HRMS (ESI-MS): calcd. for C39H48FN6O4
+: 683.3716, found: 

683.3718. MF: C39H47FN6O4 x C6H3F9O6. MW: (682.84 + 342.06). 

 

 

(E)-N-(2-((3-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-

methylphenoxy)propyl)(methyl)amino)ethyl)-3-(1H-imidazol-4-yl)acrylamide 

trihydrotrifluoroacetate (4.97). Formic acid (100 µL) and formaldehyde solution (37% aq, 

100 µL) were added to 4.86 (15.29 mg, 18.7 µmol) and the resulting mixture was stirred at 

95 °C for 4 h. Then, 1 mL MeCN/1% aq TFA (95:5, 1 mL) was added and the resulting solution 

was purified by preparative RP-HPLC and afforded a white, foamlike and hygroscopic solid 

(7.3 mg, 47%). RP-HPLC (220 nm): 98% (tR = 9.6 min, k = 1.99). 1H-NMR (300 MHz, MeOD) 

δ 8.86 (d, J = 1.3 Hz, 1H), 7.80 (d, J = 1.2 Hz, 1H), 7.70 (d, J = 8.5 Hz, 1H), 7.63 (dd, J = 9.0, 

4.1 Hz, 1H), 7.49 (d, J = 15.9 Hz, 1H), 7.37 (dd, J = 10.1, 9.0 Hz, 1H), 7.15-7.04 (m, 2H), 6.72 

(d, J = 15.9 Hz, 1H), 4.24 (t, J = 5.8 Hz, 2H), 3.75 (t, J = 5.9 Hz, 2H), 3.57-3.38 (m, 4H), 3.04 

(s, 3H), 2.57 (d, J = 1.8 Hz, 3H), 2.52 (s, 3H), 2.32 (quint, J = 7.3 Hz, 2H). HRMS (ESI-MS): 

calcd. for C27H32FN6O2
+: 491.2565, found: 491.2560; calcd. for C27H33FN6O2

2+: 246.1319, 

found: 246.1322; calcd. for C27H34FN6O2
3+: 164.4237, found: 164.4241. MF: 

C27H31FN6O2 x C6H3F9O6. MW: (490.58 + 342.06). 

 

 

6-Bromohexan-1-amine hydrobromide (4.99).69 The mixture of 6-aminohexan-1-ol (4.98, 

599 µL, 4.65 mmol) and 48% HBr, aq (5 mL) was refluxed for 3 h with stirring. Evaporating 

of the mixture gave the product (1.0 g, 83%) as a brown oil. Rf = 0.46 (CH2Cl2/MeOH 9:1). 1H-
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NMR (300 MHz, MeOD) δ 3.47 (t, J = 6.7 Hz, 2H), 2.94 (t, J = 7.5 Hz, 2H), 1.97-1.81 (m, 2H), 

1.75-1.61 (m, 2H), 1.59-1.34 (m, 4H). 13C-NMR (75 MHz, MeOD) δ 40.64 (-), 34.22 (-), 33.60 

(-), 28.61 (-), 28.35 (-), 26.56 (-). NMR data matches literature reference.69 HRMS (ESI-MS): 

calcd. for C6H15BrN+: 180.0382, found: 180.0391. MF: C6H14BrN x HBr. MW: 

180.09 + 80.91. 

 

 

tert-Butyl (6-bromohexyl)carbamate (4.100).70 A solution of NaOH (306 mg, 7.66 mmol, 

2 equiv) in H2O (15 mL), was added dropwise to a vigorously stirring biphasic mixture 

consisting of 4.99 (1.0 g, 3.83 mmol, 1 equiv) in H2O (25 mL) and Boc2O (585 mg, 2.68 mmol, 

0.7 mmol) in CH2Cl2 (50 mL). After 3 h, the organic phase was separated and washed with 2 N 

HCl, aqueous (50 mL) and brine (50 mL). The organic phase was dried over Na2SO4 and 

concentrated under reduced pressure. The solvent was removed in vacuum to give the product 

as yellow oil (450 mg, 42%). Rf = 0.95 (CH2Cl2/MeOH 9:1).  1H-NMR (300 MHz, CDCl3) δ 

3.38 (t, J = 6.8 Hz, 2H), 3.09 (q, J = 6.6 Hz, 2H), 1.93-1.73 (m, 2H), 1.53-1.27 (m, 15H). 13C-

NMR (75 MHz, CDCl3) δ 156.07 (q), 79.15 (q), 40.53 (-), 33.88 (-), 32.75 (-), 30.04 (-), 28.52 

(+, 3C), 27.92 (-), 26.04 (-). NMR data matches literature reference.70 HRMS (ESI-MS): calcd. 

for C11H22BrNNaO2
+: 302.0726, found: 302.0724. MF: C11H22BrNO2. MW: 280.21. 

 

 

3-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-methylphenoxy)propan-1-amine 

dihydrotrifluoroacetate (4.102).2 A suspension of 4-(5-fluoro-4-methyl-1H-

benzo[d]imidazol-2-yl)-3-methylphenol (807 mg, 3.15 mmol, 1.5 equiv), and Cs2CO3 (889 mg, 

2.73 mmol, 1.3 equiv) in MeCN (16 mL) was treated with tert-butyl (3-bromopropyl)carbamate 

(4.101, 500 mg, 2.10 mmol, 1 equiv) and heated under microwave irradiation at 130 °C for 

15 min. The reaction mixture was cooled to rt, diluted with chloroform, and filtered through a 

glass fritted funnel to remove inorganic solid. The filtrate was concentrated under reduced 

pressure and purified by flash chromatography (gradient: 0-20 min: PE/EtOAc 100:0-67:33, 

30 min: 67:33) yielding yellow oil (590 mg, 68%). Rf = 0.27 (PE/EtOAc 2:1). 1H-NMR 

(300 MHz, CDCl3) δ 7.24-7.18 (m, 1H), 6.97-6.89 (m, 1H), 6.65-6.55 (m, 1H), 6.51-6.34 (m, 

2H), 3.87 (t, J = 5.9 Hz, 2H), 3.22 (q, J = 6.6 Hz, 2H), 2.52-2.46 (m, 3H), 2.35 (s, 3H), 1.95-

1.77 (m, 2H), 1.41 (s, 9H). HRMS (ESI-MS): calcd. for C23H29FN3O3
+: 414.2187, found: 
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414.2210. MF: C23H28FN3O3. MW: 413.49. The Boc-protected intermediate (560 mg, 

1.35 mmol) was dissolved in CH2Cl2 (3 mL), TFA (1 mL) was added and the reaction mixture 

was stirred at rt until the protection group was removed (7 h, TLC control). After evaporation 

of the solvent in vacuum, the crude product was recrystallized from isopropyl alcohol/diethyl 

ether yielding a beige solid (0.35 g, 48%). Rf = 0.13 (CH2Cl2/MeOH 9:1).  1H-NMR (300 MHz, 

MeOD) δ 7.74-7.60 (m, 2H), 7.37 (dd, J = 10.1, 8.9 Hz, 1H), 7.15-7.04 (m, 2H), 4.24 (t, 

J = 5.8 Hz, 2H), 3.20 (t, J = 7.4 Hz, 2H), 2.58 (d, J = 1.8 Hz, 3H), 2.53 (s, 3H), 2.29-2.14 (m, 

2H). 13C-NMR (75 MHz, MeOD) δ 163.43, 152.62, 141.52, 133.61, 129.45, 118.44, 117.05, 

115.73 (d, J = 27.6 Hz), 113.96, 113.30 (d, J = 10.0 Hz), 112.37 (d, J = 23.7 Hz), 66.57, 38.37, 

28.26, 20.11, 9.36 (d, J = 3.8 Hz), 2C`s are missing. NMR data matches literature reference.2 

HRMS (ESI-MS): calcd. for C18H21FN3O
+: 314.1663, found: 314.1663. MF: 

C18H20FN3O x C4H2F6O4. MW: (313.38 + 228.05). 

 

 

6-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-methylphenoxy)hexan-1-amine 

dihydrotrifluoroacetate (4.103). A suspension of 4-(5-fluoro-4-methyl-1H-benzo[d]imidazol-

2-yl)-3-methylphenol (516 mg, 2.01 mmol, 1.5 equiv), and Cs2CO3 (568 mg, 1.74 mmol, 

1.3 equiv) in MeCN (12 mL) was treated with 4.100 (376 mg, 1.34 mmol, 1 equiv) and heated 

under microwave irradiation at 130 °C for 15 min. The reaction mixture was cooled to rt, diluted 

with CHCl3, and filtered through a glass fritted funnel to remove inorganic solid. The filtrate 

was concentrated under reduced pressure and purified by flash chromatography (gradient: 0-

20 min: PE/EtOAc 100:0-75:25, 30 min: 75:25) yielding yellow oil (410 mg, 67%). Rf = 0.42 

(PE/EtOAc 2:1). 1H-NMR (300 MHz, CDCl3) δ 7.43 (d, J = 8.5 Hz, 1H), 6.95 (dd, J = 10.2, 

8.7 Hz, 1H), 6.76 (d, J = 2.5 Hz, 1H), 6.67 (dd, J = 8.5, 2.5 Hz, 2H), 3.94 (t, J = 6.4 Hz, 2H), 

3.16–3.01 (m, 2H), 2.49 (s, 3H), 2.03 (s, 3H), 1.76 (quint, J = 6.5 Hz, 2H), 1.55–1.29 (m, 15H). 

13C-NMR (75 MHz, CDCl3) δ 159.88, 154.72 (d, J = 225.7 Hz), 138.94, 130.95, 122.53, 

116.98, 111.82, 110.39 (d, J = 27.1 Hz), 79.17, 67.75, 60.44, 30.00, 29.09, 28.43 (3C), 26.51, 

25.71, 21.00, 14.20, 6C`s are missing. HRMS (ESI-MS): calcd. for C26H35FN3O3
+: 456.2657, 

found: 456.2659.  MF: C26H34FN3O3. MW: 455.57. The Boc-protected intermediate (410 mg, 

0.90 mmol) was dissolved in CH2Cl2 (4 mL). TFA (1 mL) was added and the reaction mixture 

was stirred at rt until the protection group was removed (7 h, TLC control). After evaporation 
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of the solvent in vacuum, the crude product was recrystallized from isopropyl alcohol/diethyl 

ether yielding a beige solid (0.40 g, 76%). Rf = 0.21 (CH2Cl2/MeOH 9:1). 1H-NMR (300 MHz, 

MeOD) δ 7.72-7.58 (m, 2H), 7.41-7.32 (m, 1H), 7.09-6.98 (m, 2H), 4.11 (t, J = 6.3 Hz, 2H), 

2.95 (t, J = 7.6 Hz, 2H), 2.58 (d, J = 1.9 Hz, 3H), 2.52 (s, 3H), 1.93-1.81 (m, 2H), 1.78-1.66 

(m, 2H), 1.63-1.41 (m, 4H). 13C-NMR (75 MHz, MeOD) δ 164.11, 152.75, 141.42, 133.58, 

129.31, 118.42, 116.31, 115.76 (d, J = 27.3 Hz), 113.93, 113.25 (d, J = 10.2 Hz), 112.33 (d, 

J = 23.6 Hz), 69.24, 40.65, 29.98, 28.53, 27.21, 26.66, 20.11, 9.35 (d, J = 3.9 Hz), 2C`s are 

missing. HRMS (ESI-MS): calcd. for C21H27FN3O
+: 356.2133, found: 356.2131. MF: 

C21H26FN3O x C4H2F6O4. MW: (355.46 + 228.05). 

 

 

(E)-N-(3-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-methylphenoxy)propyl)-

3-(1H-imidazol-4-yl)acrylamide dihydrotrifluoroacetate (4.104). The title compound was 

prepared from 4.102 (65 mg, 0.12 mmol), 4.57 (38 mg, 0.10 mmol), EDC x HCl (23 mg, 

0.12 mmol), HOBt x H2O (18 mg, 0.12 mmol) and DIPEA (85 µL, 0.50 mmol) in DMF 

(0.9 mL) according to the general procedure A. Deprotection in CH2Cl2 (4 mL) and TFA (1 mL) 

followed by preparative RP-HPLC afforded a white, foamlike and hygroscopic solid (35.4 mg, 

54%). Rf = 0.42 (CH2Cl2/MeOH 9:1). RP-HPLC (220 nm): 99% (tR = 12.2 min, k = 2.80). 1H-

NMR (300 MHz, MeOD) δ 8.86 (d, J = 1.2 Hz, 1H), 7.79 (d, J = 1.2 Hz, 1H), 7.74–7.58 (m, 

2H), 7.52–7.32 (m, 2H), 7.19–7.02 (m, 2H), 6.68 (d, J = 15.8 Hz, 1H), 4.17 (t, J = 6.1 Hz, 2H), 

3.53 (t, J = 6.9 Hz, 2H), 2.67–2.48 (m, 6H), 2.10 (quint, J = 6.4 Hz, 2H). 1H-NMR (600 MHz, 

DMSO-d6) δ 9.05 (s, 1H), 8.44 (t, J = 5.7 Hz, 1H), 7.92 (d, J = 1.6 Hz, 1H), 7.71 (d, J = 8.5 Hz, 

1H), 7.59 (dd, J = 8.8, 4.2 Hz, 1H), 7.36 (d, J = 15.9 Hz, 1H), 7.27 (dd, J = 10.3, 8.8 Hz, 1H), 

7.06–6.99 (m, 2H), 6.67 (d, J = 15.9 Hz, 1H), 4.16–4.10 (m, 2H), 3.37 (q, J = 6.5 Hz, 2H), 2.52 

(s, 3H), 2.50 (s, 3H), 1.96 (quint, J = 6.6 Hz, 2H). 13C-NMR (151 MHz, DMSO-d6) δ 164.20, 

160.81, 158.62 (q, J = 33.3 Hz, TFA), 157.40 (d, J = 236.9 Hz), 151.57, 139.64, 136.10, 

134.79, 132.23, 130.41, 129.72, 124.50, 124.16, 119.91, 117.93, 117.11, 116.68 (q, 

J = 297.0 Hz, TFA), 112.45 (d, J = 26.7 Hz), 112.27 (2C), 110.68 (d, J = 22.5 Hz), 65.61, 

35.92, 28.76, 20.25, 9.36. HRMS (ESI-MS): calcd. for C24H25FN5O2
+: 434.1987, found: 

434.1995. MF: C24H24FN5O2 x C4H2F6O4. MW: (433.49 + 228.05). 
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(E)-N-(6-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-methylphenoxy)hexyl)-3-

(1H-imidazol-4-yl)acrylamide dihydrotrifluoroacetate (4.105). The title compound was 

prepared from 4.103 (74 mg, 0.13 mmol), 4.57 (40 mg, 0.10 mmol), EDC x HCl (24 mg, 

0.13 mmol), HOBt x H2O (19 mg, 0.13 mmol) and DIPEA (90 µL, 0.53 mmol) in DMF 

(0.9 mL) according to the general procedure A. Deprotection in CH2Cl2 (4 mL) and TFA (1 mL) 

followed by preparative RP-HPLC afforded a white, foamlike and hygroscopic solid (14.9 mg, 

21%). Rf = 0.21 (CH2Cl2/MeOH 9:1). RP-HPLC (220 nm): 98% (tR = 14.1 min, k = 3.39). 1H-

NMR (300 MHz, MeOD) δ 8.82 (d, J = 1.3 Hz, 1H), 7.77 (d, J = 1.4 Hz, 1H), 7.72–7.56 (m, 

2H), 7.50–7.30 (m, 2H), 7.14–6.99 (m, 2H), 6.64 (d, J = 15.9 Hz, 1H), 4.10 (t, J = 6.3 Hz, 2H), 

3.37–3.32 (m, 2H, overlapped with MeOH signal), 2.64–2.47 (m, 6H), 1.94–1.78 (m, 2H), 

1.71–1.41 (m, 6H). 1H-NMR (600 MHz, DMSO-d6) δ 9.02 (s, 1H), 8.29 (t, J = 5.7 Hz, 1H), 

7.90 (s, 1H), 7.69 (d, J = 8.5 Hz, 1H), 7.56 (dd, J = 8.8, 4.3 Hz, 1H), 7.34 (d, J = 15.9 Hz, 1H), 

7.28–7.22 (m, 1H), 7.05–6.97 (m, 2H), 6.64 (d, J = 15.9 Hz, 1H), 4.07 (t, J = 6.5 Hz, 2H), 3.19 

(q, J = 6.6 Hz, 2H), 2.52 (s, 3H), 2.50 (s, 3H), 1.75 (quint, J = 6.8 Hz, 2H), 1.55–1.42 (m, 4H), 

1.41–1.32 (m, 2H). 13C-NMR (151 MHz, DMSO-d6) δ 163.95, 160.73, 158.40 (q, J = 33.1 Hz, 

TFA), 158.06, 156.49, 151.73, 139.53, 136.06, 135.29, 132.07, 130.83, 129.85, 124.41, 124.22, 

119.79, 118.26, 117.07, 116.78 (q, J = 298.0 Hz, TFA), 112.65–111.73 (m, 3C), 110.64 (d, 

J = 22.5 Hz), 67.71, 38.80, 29.04, 28.55, 26.23, 25.23, 20.34, 9.37. HRMS (ESI-MS): calcd. 

for C27H31FN5O2
+: 476.2456, found: 476.2462. MF: C27H30FN5O2 x C4H2F6O4. MW: 

(475.57 + 228.05). 

 

 

3-(2-Amino-4-methylthiazol-5-yl)-N-(3-(4-(5-fluoro-4-methyl-1H-benzo[d]imidazol-2-

yl)-3-methylphenoxy)propyl)propanamide dihydrotrifluoroacetate (4.106). The title 
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compound was prepared from 4.102 (72 mg, 0.17 mmol), 4.32 (40 mg, 0.14 mmol), 

EDC x HCl (32 mg, 0.17 mmol), HOBt x H2O (26 mg, 0.17 mmol) and DIPEA (134 µL, 

0.78 mmol) in DMF (1.1 mL) according to the general procedure A. The crude product was 

purified by preparative RP-HPLC and afforded a white, foamlike and hygroscopic solid 

(65.5 mg, 65%). Rf = 0.36 (CH2Cl2/0.5% NH3 in MeOH 9:1). RP-HPLC (220 nm): 95% 

(tR = 12.0 min, k = 2.74). 1H-NMR (300 MHz, MeOD) δ 7.71–7.60 (m, 2H), 7.37 (dd, J = 10.2, 

9.0 Hz, 1H), 7.12–7.00 (m, 2H), 4.12 (t, J = 6.1 Hz, 2H), 3.44-3.36 (d, J = 6.7 Hz, 3H), 2.91 (t, 

J = 6.8 Hz, 2H), 2.63–2.42 (m, 8H), 2.18 (s, 3H), 2.08–1.96 (m, 2H). 13C-NMR (101 MHz, 

MeOD) δ 172.45, 168.99, 162.53, 161.25 (q, J = 34.6 Hz, TFA), 158.80 (d, J = 141.7 Hz), 

151.29 (d, J = 1.6 Hz), 140.07, 132.21, 132.13 (d, J = 9.7 Hz), 131.20, 127.87, 117.09, 116.97, 

116.42 (q, J = 296.5 Hz, TFA), 115.07, 114.43 (d, J = 27.4 Hz), 112.53, 111.87, (d, 

J = 10.1 Hz), 10.98 (d, J = 23.7 Hz), 65.58, 36.05, 35.38, 28.70, 21.01, 18.70, 10.03, 7.95 (d, 

J = 3.8 Hz). HRMS (ESI-MS): calcd. for C25H29FN5O2S
+: 482.2021, found: 482.2027. MF: 

C25H28FN5O2S x C4H2F6O4. MW: (481.59 + 228.05). 

 

 

3-(2-Amino-4-methylthiazol-5-yl)-N-(6-(4-(5-fluoro-4-methyl-1H-benzo[d]imidazol-2-

yl)-3-methylphenoxy)hexyl)propenamide dihydrotrifluoroacetate (4.107). The title 

compound was prepared from 4.103 (89 mg, 0.15 mmol), 4.32 (36 mg, 0.127 mmol), 

HOBt x H2O (23 mg, 0.153 mmol), EDC x HCl (29 mg, 0.153 mmol) and DIPEA (108 µL, 

0.638 mmol) in DMF (1.1 mL) according to the general procedure A. The crude product was 

purified by preparative RP-HPLC and afforded a white, foamlike and hygroscopic solid 

(33.0 mg, 35%). Rf = 0.32 (CH2Cl2/0.5% NH3 in MeOH 9:1). RP-HPLC (220 nm): 95% 

(tR = 14.3 min, k = 3.45). 1H-NMR (300 MHz, MeOD) δ 7.71-7.59 (m, 2H), 7.37 (dd, J = 10.1, 

9.0 Hz, 1H), 7.08-7.00 (m, 2H), 4.10 (t, J = 6.3 Hz, 2H), 3.19 (t, J = 6.9 Hz, 2H), 2.90 (t, 

J = 6.8 Hz, 2H), 2.57 (d, J = 1.8 Hz, 3H), 2.52 (s, 3H), 2.48-2.42 (m, 2H), 2.18 (s, 3H), 1.83 

(quint, J = 7.2 Hz, 2H), 1.61-1.46 (m, 4H), 1.45-1.34 (m, 2H). 13C-NMR (101 MHz, MeOD) δ 

172.18, 168.97, 162.64, 158.66 (d, J = 248.9 Hz), 151.48 (HMBC), 139.95, 132.07 (2C, 

HMBC), 131.27, 128.30, 117.09, 117.01, 115.34, 114.15 (d, J = 28.1 Hz), 112.50, 111.83 (d, 
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J = 10.3 Hz), 110.92 (d, J = 23.3 Hz), 67.99, 39.00, 35.37, 28.93, 28.78, 26.33, 25.41, 21.06, 

18.71, 10.06, 7.94 (d, J = 3.9 Hz). HRMS (ESI-MS): calcd. for C28H35FN5O2S
+: 524.2490, 

found: 524.2498. MF: C28H34FN5O2S x C4H2F6O4 MW: (523.67 + 228.05). 

 

 

3-((3-(2-Amino-4-methylthiazol-5-yl)propyl)amino)-4-((3-(4-(5-fluoro-4-methyl-1H-

benzo[d]imidazol-2-yl)-3-methylphenoxy)propyl)amino)cyclobut-3-ene-1,2-dione 

dihydrotrifluoroacetate (4.108). The title compound was prepared from 4.102 (84 mg, 

0.155 mmol), 4.75 (100 mg, 0.186 mmol) and NEt3 (43 µL, 0.31 mmol) in EtOH (5 mL) 

according to the general procedure D. Deprotection in CH2Cl2 (3 mL) and TFA (2 mL) followed 

by preparative RP-HPLC afforded the product as a white, foamlike and hygroscopic solid 

(7.18 mg, 6%). Rf = 0.17 (CH2Cl2/0.5% NH3 in MeOH 9:1). HPLC: 97% (tR = 12.1 min, 

k = 2.77). 1H-NMR (300 MHz, MeOD) δ 7.69-7.56 (m, 2H), 7.34 (dd, J = 10.1, 8.9 Hz, 1H), 

7.11-6.99 (m, 2H), 4.21 (t, J = 5.8 Hz, 2H), 3.93-3.78 (m, 2H), 3.65 (t, J = 6.8 Hz, 2H), 2.70 (t, 

J = 7.4 Hz, 2H), 2.57 (d, J = 1.8 Hz, 3H), 2.50 (s, 3H), 2.22-2.07 (m, 4H), 1.99-1.80 (m, 2H). 

1H-NMR (600 MHz, DMSO-d6) δ 9.09 (s, 2H), 7.75-7.48 (m, 4H), 7.21 (t, J = 9.6 Hz, 1H), 

7.04-6.97 (m, 2H), 4.14 (t, J = 6.1 Hz, 2H), 3.75-3.64 (m, 2H), 3.57-3.46 (m, 2H), 2.63-2.59 

(m, 2H), 2.53 (s, 3H), 2.07-2.00 (m, 5H), 1.75 (quint, J = 7.1 Hz, 2H), 2 NH signals are missing. 

13C-NMR (151 MHz, DMSO-d6) δ 182.40 (2C), 167.74, 160.31, 158.34 (q, J = 33.6 Hz, TFA), 

157.13 (d, J = 236.1 Hz), 151.83, 139.42, 135.88 (HMBC), 131.88, 131.12, 119.23 (HMBC), 

117.05, 116.69, 112.15 (2C), 111.80 (HSQC), 110.68 (HMBC), 65.03, 42.30, 40.41, 31.26, 

30.32, 21.82, 20.48, 11.33, 9.38, 3 C signals are missing. HRMS (ESI-MS): calcd. for 

C29H32FN6O3S
+: 563.2235, found: 563.2237; calcd. for C29H33FN6O3S

2+: 282.1154, found: 

282.1162. MF: C29H31FN6O3S x C4H2F6O4. MW: (562.66 + 228.05). 
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3-((3-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-

methylphenoxy)propyl)amino)-4-((3-(3-(piperidin-1-

ylmethyl)phenoxy)propyl)amino)cyclobut-3-ene-1,2-dione dihydrotrifluoroacetate 

(4.109). The title compound was prepared from 4.102 (25 mg, 0.067 mmol), 4.76 (30 mg, 

0.055 mmol) and NEt3 (15.4 µL, 0.111 mmol) in EtOH (5 mL) according to the general 

procedure D. The crude product was purified by preparative RP-HPLC and afforded a white, 

foamlike and hygroscopic solid (11.4 mg, 24%). Rf = 0.42 (CH2Cl2/0.5% NH3 in MeOH 9:1). 

RP-HPLC (220 nm): 100% (tR = 14.1 min, k = 3.39). 1H-NMR (600 MHz, DMSO-d6) δ 9.50 

(s, 1H), 7.86-7.65 (m, 3H), 7.54 (dd, J = 8.9, 4.3 Hz, 1H), 7.36 (t, J = 7.9 Hz, 1H), 7.23 (t, 

J = 9.6 Hz, 1H), 7.11-7.08 (m, 1H), 7.06-6.98 (m, 4H), 4.22 (d, J = 3.8 Hz, 2H), 4.14 (t, 

J = 6.2 Hz, 2H), 4.06 (t, J = 6.1 Hz, 2H), 3.69 (s, 4H), 3.30 (d, J = 12.0 Hz, 2H), 2.85 (q, 

J = 11.5, 10.9 Hz, 2H), 2.53 (s, 3H), 2.06-1.98 (m, 4H), 1.85-1.77 (m, 2H), 1.71-1.57 (m, 3H), 

1.42-1.30 (m, 1H). 13C-NMR (151 MHz, DMSO-d6) δ 182.43 (2C), 167.97 (2C), 160.39, 

158.58, 158.25 (q, J = 33.2 Hz, TFA), 157.17 (d, J = 236.6 Hz), 151.78, 139.46, 135.53, 

131.95, 131.02, 129.95, 123.31, 119.36, 117.31, 117.06, 116.65 (q, J = 297.9 Hz, TFA), 115.36, 

112.18 (3C), 100.59, 65.06, 64.81, 58.99, 51.83 (2C), 40.46, 40.41, 30.36, 30.30, 22.33 (2C), 

21.29, 20.43, 9.37. HRMS (ESI-MS): calcd. for C37H43FN5O4
+: 640.3294, found: 640.3294; 

calcd. for C37H44FN5O4
2+: 320.6689, found: 320.6683. MF: C37H42FN5O4x C4H2F6O4. MW: 

(639.77 + 228.05). 

 

 

3-((6-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-

methylphenoxy)hexyl)amino)-4-((3-(3-(piperidin-1-

ylmethyl)phenoxy)propyl)amino)cyclobut-3-ene-1,2-dione dihydrotrifluoroacetate 

(4.110). The title compound was prepared from 4.103 (38 mg, 0.103 mmol), 4.76 (50 mg, 
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0.086 mmol) and NEt3 (23.8 µL, 0.171 mmol) in EtOH (7 mL) according to the general 

procedure D The crude product was purified by preparative RP-HPLC and afforded a white, 

foamlike and hygroscopic solid (21.8 mg, 28%). Rf = 0.40 (CH2Cl2/0.5% NH3 in MeOH 95:5). 

RP-HPLC (220 nm): 100% (tR = 15.9 min, k = 3.95). 1H-NMR (300 MHz, MeOD) δ 7.70-7.58 

(m, 2H), 7.42-7.35 (m, 2H), 7.10-6.99 (m, 5H), 4.23 (s, 2H), 4.19-4.05 (m, 4H), 3.91-3.77 (m, 

2H), 3.68-3.53 (m, 2H), 3.50-3.39 (m, 2H), 2.94 (t, J = 12.6 Hz, 2H), 2.61-2.48 (m, 6H), 2.10 

(quint, J = 6.3 Hz, 2H), 2.02-1.40 (m, 14H). 1H-NMR (600 MHz, DMSO-d6) δ 9.64 (s, 1H), 

7.84-7.67 (m, 3H), 7.60 (dd, J = 8.8, 4.2 Hz, 1H), 7.36 (t, J = 7.9 Hz, 1H), 7.29 (t, J = 9.5 Hz, 

1H), 7.10 (t, J = 2.0 Hz, 1H), 7.06-7.00 (m, 4H), 4.23 (d, J = 4.2 Hz, 2H), 4.06 (q, J = 6.3 Hz, 

4H), 3.74-3.64 (m, 2H), 3.59-3.45 (m, 2H), 3.30 (d, J = 12.0 Hz, 2H), 2.91-2.80 (m, 2H), 2.52 

(s, 3H), 2.50 (s, 3H), 2.01 (quint, J = 6.5 Hz, 2H), 1.84-1.78 (m, 2H), 1.75 (quint, J = 6.7 Hz, 

2H), 1.71-1.51 (m, 5H), 1.49-1.30 (m, 5H). 13C-NMR (151 MHz, DMSO-d6) δ 182.44, 182.24, 

167.98, 167.83, 160.98, 158.60, 158.46 (q, J = 33.2 Hz, TFA), 156.66 (d, J = 238.0 Hz), 

151.51, 139.65, 134.64, 132.27, 131.04, 130.14, 129.93, 123.31, 117.28, 117.08, 116.48 (q, 

J = 296.8 Hz, TFA), 115.39, 112.77–112.05 (m, 3C), 110.60 (d, J = 22.1 Hz), 67.73, 64.80, 

58.99, 51.82 (2C), 43.21, 40.42, 30.73, 30.35, 28.48, 25.60, 25.10, 22.33 (2C), 21.31, 20.18, 

9.36. HRMS (ESI-MS): calcd. for C40H49FN5O4
+: 682.3763, found: 682.3769. MF: 

C40H48FN5O4 x C4H2F6O4. MW: (681.85 + 228.05). 

 

 

3-((3-(4-(5-Fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-

methylphenoxy)propyl)amino)-4-(propylamino)cyclobut-3-ene-1,2-dione 

hydrotrifluoroacetate (4.112). The title compound was synthetized according to the procedure 

of D. Erdmann.20 Diethoxycyclobut‐3‐ene‐1,2‐dione (4.73, 30 µL, 0.203 mmol, 1.1 equiv) was 

dissolved in EtOH (5 mL) and slowly added to a solution of 4.102 (100 mg, 0.185 mmol, 

1 equiv) and NEt3 (28 µL, 0.203 mmol, 1.1 equiv) in EtOH (5 mL). The yellow solution was 

stirred overnight at rt. The solvent was evaporated in vacuum. The residue was purified by flash 

chromatography (gradient: 0-20 min: CH2Cl2/MeOH 100:0-95:5) yielding the mixed 

squaramate 4.111 as a yellow oil (30 mg, 37%). Rf = 0.61 (CH2Cl2/MeOH 9:1). HRMS (ESI-

MS): calcd. for C24H25FN3O4
+: 438.1824, found: 438.1861; calcd. for C48H49F2N6O8

+: 
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875.3574, found: 875.3585. MF: C24H24FN3O4. MW: 437.47. The mixed squaramate 4.111 

(30 mg, 0.069 mmol, 1 equiv) was dissolved in EtOH (1 mL). After addition of propan-1-amine 

(28 µL, 0.34 mmol, 5 equiv), the solution was stirred at 70 °C for 24 h. The solvent was 

evaporated, and the residue was purified by preparative RP-HPLC and afforded a white, 

foamlike and hygroscopic solid (15.1 mg, 39%). Rf = 0.67 (CH2Cl2/0.5% NH3 in MeOH 95:5). 

RP-HPLC (220 nm): 99% (tR = 14.1 min, k = 3.39). 1H-NMR (300 MHz, MeOD) δ 7.71-7.59 

(m, 2H), 7.44-7.34 (m, 1H), 7.10-7.00 (m, 2H), 4.23 (t, J = 5.8 Hz, 2H), 3.86 (t, J = 6.5 Hz, 

2H), 3.62-3.47 (m, 2H), 2.58 (d, J = 1.8 Hz, 3H), 2.51 (s, 3H), 2.24-2.09 (m, 2H), 1.73-1.55 (m, 

2H), 0.97 (t, J = 7.4 Hz, 3H). HRMS (ESI-MS): calcd. for C25H28FN4O3
+: 451.2140, found: 

451.2149; calcd. for C25H29FN4O3
2+: 226.1106, found: 226.1113. MF: 

C25H27FN4O3 x C2HF3O2. MW: (450.51 + 114.02). 

 

 

N-tert-Butoxycarbonyl-N'-[N-(3-(4-(5-fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-

methylphenoxy)propyl)aminocarbonyl]-S-methylisothiourea (4.113). The reaction was 

performed under argon atmosphere. Triphosgene (55 mg, 0.185 mmol, 1 equiv) was dissolved 

in CH2Cl2 (1 mL) and the solution was cooled to 0 °C by using an ice-bath. A solution of 4.102 

(100 mg, 0.185 mmol, 1 equiv) and DIPEA (245 µL, 1.403 mmol, 7.6 equiv) in CH2Cl2 (2 mL) 

was added dropwise to the triphosgene solution over a period of 30 min. Then, the reaction 

mixture was stirred at 0 °C for additional 30 min. After 30 min, N-tert-butoxycarbonyl-S-

methylthiourea (39 mg, 0.204 mmol, 1.1 equiv) was added, the ice-bath was removed, and the 

reaction mixture was stirred at rt for 3.5 h. The solvent was removed in vacuum and the residue 

was purified by flash chromatography (gradient: 0-20 min: PE/EtOAc 100:0-50:50) yielding 

yellow oil (70 mg, 71%). Rf = 0.66 (PE/EtOAc 1:2). 1H-NMR (300 MHz, CDCl3) δ 12.20 (s, 

1H), 7.34-7.21 (m, 3H), 6.93 (dd, J = 10.2, 8.8 Hz, 1H), 6.68 (d, J = 2.6  Hz, 1H), 6.56 (dd, J = 

8.5, 2.6 Hz, 1H), 6.02 (t, J = 6.0 Hz, 1H), 4.02-3.91 (m, 2H), 3.44-3.36 (m, 2H), 2.47 (d, J = 

1.8 Hz, 3H), 2.39 (s, 3H), 2.26 (s, 3H), 2.05–1.95 (m, 2H), 1.44 (s, 9H). HRMS (ESI-MS): 

calcd. for C26H33FN5O4S
+: 530.2232, found: 530.2271; calcd. for C26H34FN5O2S

2+: 215.5890, 

found: 215.5890. MF: C26H32FN5O4S. MW: 529.63. 
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1-(Amino{[2-(1H-imidazol-4-yl)ethyl]amino}methylene)-3-(3-(4-(5-fluoro-4-methyl-

1H-benzo[d]imidazol-2-yl)-3-methylphenoxy)propyl)urea trihydrotrifluoroacetate 

(4.114). The title compound was prepared from 4.113 (117 mg, 0.22 mmol), 4.4 (71 mg, 

0.20 mmol), NEt3 (69 µL, 0.50 mmol) and HgCl2 (109 mg, 0.40 mmol) in CH2Cl2 (3 mL) 

according to the general procedure E. The crude product was purified by preparative RP-HPLC 

and afforded a white, foamlike and hygroscopic solid (24.1 mg, 14%). Rf = 0.26 (CH2Cl2/0.5% 

NH3 in MeOH 9:1). HPLC: 100% (tR = 10.8 min, k = 2.36). 1H-NMR (600 MHz, DMSO-d6) δ 

10.75 (s, 1H), 9.14 (s, 1H), 9.01 (s, 1H), 8.67 (s, 2H), 7.71 (d, J = 8.4 Hz, 1H), 7.66 (s, 1H), 

7.58 (dd, J = 8.9, 4.3 Hz, 1H), 7.51-7.46 (m, 1H), 7.25 (t, J = 9.5 Hz, 1H), 7.05-6.99 (m, 2H), 

4.12 (t, J = 6.1 Hz, 2H), 3.58 (q, J = 6.7 Hz, 2H), 3.31 (q, J = 6.5 Hz, 2H), 2.93 (t, J = 6.8 Hz, 

2H), 2.53 (s, 3H), 2.50 (s, 3H, overlapped with DMSO signal),1.95 (quint, J = 6.5 Hz, 2H), 1 

NH is missing. 13C-NMR (151 MHz, DMSO-d6) δ 160.60, 158.99 (q, J = 33.1 Hz, TFA), 

157.33 (d, J = 236.9 Hz), 154.04, 153.84, 151.66, 139.58, 135.22 (HMBC), 134.03, 132.12, 

130.72, 129.93, 118.39, 117.06, 116.66 (q, J = 296.2 Hz, TFA), 116.62, 112.03–112.51 (m, 

3C), 110.69 (d, J = 19.1 Hz), 65.51, 40.06, 36.49, 28.65, 23.49, 20.31, 9.37 (d, J = 3.4 Hz). 

HRMS (ESI-MS): calcd. for C25H30FN8O2
+: 493.2470, found: 493.2471. MF: 

C25H29FN8O2 x C6H3F9O6. MW: (492.24 + 342.06). 

 

 

1-(Amino{[3-(1H-imidazol-4-yl)propyl]amino}methylene)-3-(3-(4-(5-fluoro-4-methyl-

1H-benzo[d]imidazol-2-yl)-3-methylphenoxy)propyl)urea trihydrotrifluoroacetate 

(4.115). The title compound was prepared from 4.113 (35 mg, 0.066 mmol), 3-(1-trityl-1H-

imidazol-4-yl)-propylamine (27 mg, 0.073 mmol), NEt3 (23 µL, 0.165 mmol) and HgCl2 

(36 mg, 0.132 mmol) in CH2Cl2 (3 mL) according to the general procedure E. The crude 

http://www.molbase.com/cas/195053-89-5.html
http://www.molbase.com/cas/195053-89-5.html
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product was purified by preparative RP-HPLC and afforded a white, foamlike and hygroscopic 

solid (21.3 mg, 38%). RP-HPLC (220 nm): 100% (tR = 11.2 min, k = 2.49). 1H-NMR 

(300 MHz, MeOD) δ 8.80 (d, J = 1.4 Hz, 1H), 7.73-7.56 (m, 2H), 7.4-7.27 (m, 2H), 7.15-6.99 

(m, 2H), 4.16 (t, J = 6.0 Hz, 2H), 3.44 (t, J = 6.7 Hz, 2H), 3.37 (t, J = 6.9 Hz, 2H), 2.84 (t, 

J = 7.7 Hz, 2H), 2.57 (d, J = 1.8 Hz, 3H), 2.51 (s, 3H), 2.13-1.92 (m, 4H). 1H-NMR (600 MHz, 

DMSO-d6) δ 10.74 (s, 1H), 9.14 (s, 1H), 8.99 (d, J = 1.4 Hz, 1H), 8.57 (s, 2H), 7.73-7.61 (m, 

2H), 7.55 (dd, J = 8.9, 4.3 Hz, 1H), 7.44 (d, J = 1.3 Hz, 1H), 7.26-7.19 (m, 1H), 7.05-6.97 (m, 

2H), 4.11 (t, J = 6.1 Hz, 2H), 3.36-3.26 (m, 4H), 2.69 (t, J = 7.6 Hz, 2H), 2.53 (s, 3H), 1.95 

(quint, J = 6.5 Hz, 2H), 1.87 (quint, J = 7.3 Hz, 2H). 13C-NMR (151 MHz, DMSO-d6) δ 160.42, 

158.91 (q, J = 32.7 Hz, TFA), 157.20 (d, J = 236.3 Hz), 153.91, 151.80, 139.50, 135.83, 

133.89, 132.39, 131.97, 131.18, 118.82, 117.06, 116.74 (q, J = 297.4 Hz, TFA), 115.70, 

112.56–111.66 (m, 3C), 110.67 (d, J = 22.0 Hz), 65.49, 40.06, 36.50, 28.67, 26.73, 21.08, 

20.42, 9.38, 1 C signal is missing. HRMS (ESI-MS): calcd. for C26H32FN8O2
+: 507.2627, found: 

507.2630. MF: C26H31FN8O2 x C6H3F9O6. MW: (506.59 + 342.06). 

 

 

1-(Amino{[3-(2-amino-4-methylthiazol-5-yl)propyl]amino}methylene)-3-(3-(4-(5-

fluoro-4-methyl-1H-benzo[d]imidazol-2-yl)-3-methylphenoxy)propyl)urea 

trihydrotrifluoroacetate (4.116). The title compound was prepared from 4.113 (92 mg, 

0.174 mmol), 4.18 (65 mg, 0.158 mmol), NEt3 (55 µL, 0.395 mmol) and HgCl2 (86 mg, 

0.316 mmol) in CH2Cl2 (3 mL) according to the general procedure E. The crude product was 

purified by preparative RP-HPLC and afforded a white, foamlike and hygroscopic solid 

(18.5 mg, 13%). Rf = 0.19 (CH2Cl2/0.5% NH3 in MeOH 9:1). RP-HPLC (220 nm): 96% 

(tR = 11.7 min, k = 2.64). 1H-NMR (300 MHz, MeOD) δ 7.72-7.59 (m, 2H), 7.37 (dd, J = 10.1, 

9.0 Hz, 1H), 7.12-7.01 (m, 2H), 4.17 (t, J = 6.0 Hz, 2H), 3.44 (t, J = 6.7 Hz, 2H), 3.37-3.31 (m, 

2H), 2.72 (t, J = 7.6 Hz, 2H), 2.57 (d, J = 1.8 Hz, 3H), 2.51 (s, 3H), 2.18 (s, 3H), 2.06 (d, 

J = 6.3 Hz, 2H), 1.90 (quint, J = 7.1 Hz, 2H). 1H-NMR (600 MHz, DMSO-d6) δ 10.68 (s, 1H), 

9.26 (s, 2H), 9.06 (s, 1H), 8.57 (s, 2H), 7.70 (d, J = 8.4 Hz, 1H), 7.63 (s, 1H), 7.57 (dd, J = 8.8, 

4.2 Hz, 1H), 7.25 (t, J = 9.5 Hz, 1H), 7.04-7.00 (m, 2H), 4.12 (t, J = 6.1 Hz, 2H), 3.31 (q, 
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J = 6.5 Hz, 2H), 3.25 (q, J = 6.7 Hz, 2H), 2.60 (t, J = 7.5 Hz, 2H), 2.53 (s, 3H), 2.50 (s, 3H, 

overlapped with DMSO signal), 2.09 (s, 3H), 1.95 (quint, J = 6.5 Hz, 2H), 1.73 (quint, 

J = 7.3 Hz, 2H). 13C-NMR (151 MHz, DMSO-d6) δ 168.05, 160.58, 159.08 (q, J = 33.5 Hz, 

TFA), 157.31 (d, J = 237.0 Hz), 153.87 (2C), 151.65, 139.56, 135.21 (HMBC), 132.10, 131.23, 

130.76, 118.41, 117.06, 116.55 (q, J = 295.9 Hz, TFA), 116.28, 112.22 (3C), 110.66 (d, 

J = 20.7 Hz), 65.51, 40.06, 36.48, 28.76, 28.65, 21.96, 20.32, 11.24, 9.36 (d, J = 3.3 Hz). 

HRMS (ESI-MS): calcd. for C27H34FN8O2S
+: 553.2504, found: 553.2507. MF: 

C27H33FN8O2S x C6H3F9O6. MW: (552.67 + 342.06). 

 

 

3-((3-(3-(Piperidin-1-ylmethyl)phenoxy)propyl)amino)-4-(propylamino)cyclobut-3-

ene-1,2-dione hydrotrifluoroacetate (4.117). The title compound was prepared from 4.76 

(130 mg, 0.297 mmol) and propylamine (122 µL, 1.49 mmol) in EtOH (5 mL) according to the 

general procedure D. The crude product was purified by preparative RP-HPLC and afforded a 

white, foamlike and hygroscopic solid (102 mg, 69%). Rf = 0.45 (CH2Cl2/0.5% NH3 in MeOH 

9:1). RP-HPLC (220 nm): 93% (tR = 11.1 min, k = 2.46). 1H-NMR (400 MHz, MeOD) δ 7.42-

7.32 (m, 1H), 7.09-6.97 (m, 3H), 4.22 (s, 2H), 4.11 (t, J = 5.9 Hz, 2H), 3.83 (t, J = 6.4 Hz, 2H), 

3.64-3.48 (m, 2H), 3.48-3.40 (m, 2H), 3.04-2.86 (m, 2H), 2.09 (quint, J = 6.3 Hz, 2H), 2.01-

1.37 (m, 8H), 0.94 (t, J = 7.4 Hz, 3H). 13C-NMR (101 MHz, MeOD) δ 183.61, 183.55, 169.76, 

169.56, 162.28 (q, J = 33.7 Hz, TFA), 160.84, 131.86, 131.47, 124.60, 118.36, 117.84 (q, 

J = 290.9 Hz, TFA), 117.35, 66.39, 61.81, 54.18 (2C), 47.08, 42.58, 31.76, 25.61, 24.21 (2C), 

22.85, 11.28. HRMS (ESI-MS): calcd. for C22H32N3O3
+: 386.2438, found: 386.2451. MF: 

C22H31N3O3 x C2HF3O2. MW: (385.51 + 114.02). 

 

 

(E)-3-(1H-Imidazol-5-yl)-N-(2-((E)-2-(pentylcarbamoyl)guanidino)ethyl)acrylamide 

dihydrotrifluoroacetate (4.120). The guanidinylating reagent 4.118 (50 mg, 0.165 mmol, 

1.0 equiv) and the amine PB506 (53 mg, 0.18 mmol, 1.1 equiv) were dissolved in CH2Cl2 (2 

mL). NEt3 (57 µL, 0.41 mmol, 2.5 equiv) and HgCl2 (90 mg, 0.33 mmol, 2 equiv) were assess 

to the mixture. The mixture was stirred at rt overnight. The reaction mixture was diluted with 
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CH2Cl2 (10 mL). The precipitate was removed by filtration through Celite 545 and washed with 

CH2Cl2 (20 mL) and EtOAc (20 mL). The filtrate was concentrated in vacuum and the crude 

product was purified by column chromatography on silica gel (gradient: 0-20 min: 

CH2Cl2/MeOH 100:0-94:6) to obtain the fully protected intermediate 4.119 as yellow oil 

(30 mg, 32%). Rf = 0.56 (CH2Cl2/MeOH 9:1). HRMS (ESI-MS): calcd. for C28H40N7O2
+: 

570.3035, found: 570.3038. MF: C28H39N7O6. MW: 569.66. To a stirred solution of the fully 

protected intermediate (4.119, 30 mg, 0.053 mmol) in THF/MeOH (1:1 (v/v), 5 mL) was added 

Pd/C (10 wt%, 10 mg). The mixture was stirred in a steel autoclave under a hydrogen 

atmosphere of 8 bar for 2 h at rt. The mixture was diluted with MeOH (10 mL). Pd/C was 

removed by filtration through Celite 545 and washed with MeOH (10 mL) and THF (10 mL). 

The filtrate was concentrated in vacuum. The residue was dissolved in CH2Cl2 (4 mL), TFA 

(1 mL) was added and the mixture was stirred at rt for 8 h. The solvent was removed in vacuum 

and the residue was purified by preparative HPLC to get white, foamlike and hygroscopic solid 

(3.15 mg, 11%). RP-HPLC (220 nm): 96% (tR = 10.1 min, k = 2.15). 1H-NMR (300 MHz, 

MeOD) δ 8.77 (s, 1H), 7.76 (d, J = 1.4 Hz, 1H), 7.48 (d, J = 15.9 Hz, 1H), 6.65 (d, J = 15.8 Hz, 

1H), 3.61-3.41 (m, 4H), 3.18 (t, J = 7.1 Hz, 2H), 1.52 (quint, J = 7.1 Hz, 2H), 1.43-1.21 (m, 

4H), 0.97-0.84 (m, 3H). 1H-NMR (600 MHz, DMSO-d6) δ 9.89 (s, 1H), 9.13-8.91 (m, 1H), 

8.82-8.44 (m, 3H), 8.41 (t, J = 5.4 Hz, 1H), 7.78 (s, 1H), 7.47 (s, 1H), 7.36 (d, J = 15.7 Hz, 1H), 

6.58 (d, J = 15.8 Hz, 1H), 3.42-3.32 (m, 4H), 3.08 (q, J = 6.6 Hz, 2H), 1.43 (quint, J = 7.2 Hz, 

2H), 1.32-1.19 (m, 4H), 0.86 (t, J = 7.1 Hz, 3H). HRMS (ESI-MS): calcd. for C15H26N7O2
+: 

336.2142, found: 336.2144; calcd. for C15H27N7O2
2+: 168.6108, found: 168.6111. MF: 

C15H25N7O2 x C4H2F6O4. MW: (335.21 + 228.05). 

 

4.4.11 Radioligand Binding Experiments 

Competition binding experiments were performed using membrane preparations of Sf9 insect 

cells expressing the hH1R + RGS471, hH2R-GsαS fusion protein72, hH3R + Gαi2 + Gβ1γ2
73 or the 

hH4R + Gαi2 + Gβ1γ2
74. General procedures for the generation of recombinant baculoviruses, 

culture of Sf9 cells and membrane preparations have been described elsewhere.75 The 

competition binding experiments were performed as previously described in detail4, 13 with one 

minor modification: PBS (8 g NaCl, 0.2 g KCl, 1.0 g Na2HPO4 x 2 H2O, 0.15 g 

NaH2PO4 x H2O, 0.1 g KH2PO4 in 1 L Millipore H2O; pH 7.4; 4 °C) was used as washing buffer 

while harvesting instead of the previously used binding buffer4, 13. [3H]mepyramine (specific 

activity: 20.0 or 87 Ci/mmol) was from Hartmann analytics (Braunschweig, Germany) or 

Novandi Chemistry AB (Södertälje, Sweden), [3H]histamine (specific activity: 25.0 Ci/mmol) 
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and [3H]Nα-methylhistamine (specific activity: 85.3 Ci/mmol) were from Hartmann analytics 

(Braunschweig, Germany). [3H]UR-DE2578 (specific activity: 63.0 Ci/mmol) and [3H]UR-

PI29439 (specific activity: 41.8 Ci/mmol) were synthesized and characterized in our 

laboratories. 

 

4.4.12 Functional Assays 

The [35S]GTPγS assay was performed on Sf9 membranes expressing the hH2R-GsαS fusion 

protein as previously described4, 44 with one minor modification: PBS (8 g NaCl, 0.2 g KCl, 

1.0 g Na2HPO4 x 2 H2O, 0.15 g NaH2PO4 x H2O, 0.1 g KH2PO4 in 1 L Millipore H2O; pH 7.4; 

4 °C) was used as washing buffer while harvesting instead of the previously used binding 

buffer. The [35S]GTPγS binding assay was evaluated as described in detail by Biselli et al.44 

Functional studies in the mini-G protein or β-arrestin2 recruitment assays using HEK293T 

NlucN-mGs/hH2R-NlucC42-, HEK293T-ARRB2-H2R
38, 43-, HEK293T-ARRB1-H2R

43 cells 

were performed as previously described. 
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Appendix 3 Synthesis and Pharmacological Characterization of 2-

Arylbenzimidazole Derivatives as Histamine H2 Receptor Ligands 

 

App3.1 1H- and/or 13C-NMR Spectra of 4.82-4.97, 4.104-4.110, 4.112, 4.114-    

4.117 and 4.120 

 

Figure App3.1. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.82. 
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Figure App3.2. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.82. 

 

Figure App3.3. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 4.82. 
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Figure App3.4. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.83. 

 

Figure App3.5. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.84. 
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Figure App3.6. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.85. 

 

Figure App3.7. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.85. 
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Figure App3.8. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 4.85. 

 

Figure App3.9. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.86, PB513. 
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Figure App3.10. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 4.86, PB513. 

 

Figure App3.11. 1H-NMR spectrum (300 MHz, DMSO-d6) of compound 4.87. 
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Figure App3.12. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.87. 

 

Figure App3.13. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 4.87. 
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Figure App3.14. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.88. 

 

Figure App3.15. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.89. 
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Figure App3.16. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.89. 

 

Figure App3.17. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 4.89. 
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Figure App3.18. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.90. 

 

Figure App3.19. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.90. 
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Figure App3.20. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.91. 

 

Figure App3.21. 1H-NMR spectrum (400 MHz, DMSO-d6) of compound 4.91. 
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Figure App3.22. 13C-NMR spectrum (101 MHz, DMSO-d6) of compound 4.91. 

 

Figure App3.23. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.92. 



Appendix 3 

251 
 

 

Figure App3.24. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.92. 

 

Figure App3.25. 1H-NMR spectrum (151 MHz, DMSO-d6) of compound 4.92. 
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Figure App3.26. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.93. 

 

Figure App3.27. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.93. 
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Figure App3.28. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.94. 

 

Figure App3.29. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.94. 
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Figure App3.30. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.95. 

 

Figure App3.31. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.95. 
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Figure App3.32. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 4.95. 

 

Figure App3.33. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.96. 
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Figure App3.34. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.96. 

 

Figure App3.35. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 4.95. 
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Figure App3.36. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.98. 

 

Figure App3.37. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.104. 
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Figure App3.38. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.104. 

 

Figure App3.39. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 4.104. 
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Figure App3.40. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.105. 

 

Figure App3.41. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.105. 
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Figure App3.42. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 4.105. 

 

Figure App3.43. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.106. 
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Figure App3.44. 13C-NMR spectrum (101 MHz, MeOD) of compound 4.106. 
 

 

Figure App3.45. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.107. 
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Figure App3.46. 13C-NMR spectrum (101 MHz, MeOD) of compound 4.107. 

 

Figure App3.47. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.108. 
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Figure App3.48. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.108. 

 

Figure App3.49. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 4.108. 
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Figure App3.50. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.109. 

 

Figure App3.51. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 4.109. 
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Figure App3.52. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.110. 

 

Figure App3.53. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.110. 
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Figure App3.54. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 4.110. 

 

Figure App3.55. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.112. 
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Figure App3.56. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.114. 

 

Figure App3.57. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 4.114. 
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Figure App3.58. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.115. 

 

Figure App3.59. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.115. 
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Figure App3.60. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 4.115. 

 

Figure App3.61. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.116. 
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Figure App3.62. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.116. 

 

Figure App3.63. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 4.116. 
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Figure App3.64. 1H-NMR spectrum (400 MHz, MeOD) of compound 4.117. 

 

Figure App3.65. 13C-NMR spectrum (101 MHz, MeOD) of compound 4.117. 
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Figure App3.66. 1H-NMR spectrum (300 MHz, MeOD) of compound 4.120. 

 

Figure App3.67. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.120. 
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App3.2 RP-HPLC Chromatograms of 4.82-4.97, 4.104-4.110, 4.112, 4.114-4.117 

and 4.120 
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Figure App3.68. RP-HPLC analysis (purity control) of 4.82 (100%, 220 nm). 
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Figure App3.69. RP-HPLC analysis (purity control) of 4.83 (97%, 220 nm). 
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Figure App3.70. RP-HPLC analysis (purity control) of 4.84 (96%, 220 nm). 
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Figure App3.71. RP-HPLC analysis (purity control) of 4.85 (98%, 220 nm). 
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Figure App3.72. RP-HPLC analysis (purity control) of 4.86 (97%, 220 nm). 

 

 

 

0 5 10 15 20 25 30 35 40

0

500

1000

1500

2000

DMSO tR = 9.9 min

time / min

a
b
s
o
rb

a
n
c
e
 a

t 
2
2
0
 n

m
 /
 m

A
U

 

Figure App3.73. RP-HPLC analysis (purity control) of 4.87 (99%, 220 nm). 
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Figure App3.74. RP-HPLC analysis (purity control) of 4.88 (99%, 220 nm). 
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Figure App3.75. RP-HPLC analysis (purity control) of 4.89 (97%, 220 nm). 
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Figure App3.76. RP-HPLC analysis (purity control) of 4.90 (95%, 220 nm). 
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Figure App3.77. RP-HPLC analysis (purity control) of 4.91 (99%, 220 nm). 
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Figure App3.78. RP-HPLC analysis (purity control) of 4.92 (99%, 220 nm). 
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Figure App3.79. RP-HPLC analysis (purity control) of 4.93 (98%, 220 nm). 
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Figure App3.80. RP-HPLC analysis (purity control) of 4.94 (99%, 220 nm). 
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Figure App3.81. RP-HPLC analysis (purity control) of 4.95 (99%, 220 nm). 
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Figure App3.82. RP-HPLC analysis (purity control) of 4.96 (98%, 220 nm). 
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Figure App3.83. RP-HPLC analysis (purity control) of 4.98 (98%, 220 nm). 
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Figure App3.84. RP-HPLC analysis (purity control) of 4.104 (99%, 220 nm). 
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Figure App3.85. RP-HPLC analysis (purity control) of 4.105 (98%, 220 nm). 
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Figure App3.86. RP-HPLC analysis (purity control) of 4.106 (95%, 220 nm). 
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Figure App3.87. RP-HPLC analysis (purity control) of 4.107 (95%, 220 nm). 
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Figure App3.88. RP-HPLC analysis (purity control) of 4.108 (97%, 220 nm). 
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Figure App3.89. RP-HPLC analysis (purity control) of 4.109 (100%, 220 nm). 
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Figure App3.90. RP-HPLC analysis (purity control) of 4.110 (100%, 220 nm). 
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Figure App3.91. RP-HPLC analysis (purity control) of 4.112 (99%, 220 nm). 
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Figure App3.92. RP-HPLC analysis (purity control) of 4.114 (100%, 220 nm). 
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Figure App3.93. RP-HPLC analysis (purity control) of 4.115 (100%, 220 nm). 
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Figure App3.94. RP-HPLC analysis (purity control) of 4.116 (96%, 220 nm). 
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Figure App3.95. RP-HPLC analysis (purity control) of 4.117 (93%, 220 nm). 
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Figure App3.96. RP-HPLC analysis (purity control) of 4.120 (96%, 220 nm). 
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App3.3 Assay Curves of Selected Ligands 4.85, 4.86 (PB513), 4.88, 4.108, 4.110 

and 4.114 (Radioligand Binding-, Mini-G Recruitment-, [35S]GTPγS Binding- 

and β-Arrestin2 Recruitment Assays) 
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Figure App3.97. Displacement curves obtained from competition binding experiments with 

[3H]mepyramine (hH1R, c = 5 nM, Kd = 4.5 nM1), [3H]UR-DE2572 (hH2R, c = 20 nM, Kd = 

11.2 nM3), [3H]UR-PI2944 (hH3R, c = 2 nM, Kd = 3 nM5) or [3H]histamine (hH4R, c = 30 nM, 

Kd = 47.5 nM6) and 4.85, 4.86 (PB513), 4.88, 4.108, 4.110 and 4.114 at membranes of Sf9 cells 

expressing the hH1R + RGS4, the hH2R-GsαS, the hH3R + Gαi2 + Gβ1γ2 or the hH4R + Gαi2 + 

Gβ1γ2. Data represent mean values ± SEM from at least three independent experiments 

(performed in triplicate).   
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Figure App3.98. Concentration-response curves of representative 2-arylbenzimidazoles 4.85, 

4.86 (PB5137), 4.88, 4.108, 4.110 and 4.114 on hH2R determined by mini-G protein recruitment 

assay using HEK293T NlucN-mGs/hH2R-NlucC cells. A: The response was normalized to the 

maximum effect induced by 100 μM histamine (maximum response: 100%) and buffer control 

(maximum response: 0%). B: The response was normalized to the effect induced by 1 μM 

histamine (response: 100%) and buffer control (response: 0%). Data are presented as means ± 

SEM from at least three independent experiments, each performed in duplicate or triplicate. 
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Figure App3.99. Concentration-response curves of representative 2-arylbenzimidazoles 4.85, 

4.108, 4.110 and 4.114 on hH2R determined by [35S]GTPγS binding assay using membrane 

preparations of Sf9 insect cells expressing the hH2R-GsαS fusion protein. A: The response was 

normalized to the maximum effect induced by histamine (maximum response: 100%) and 

buffer control (maximum response: 0%). B: The response was normalized to the effect induced 

by 1 μM histamine (response: 100%) and buffer control (response: 0%). Data are presented as 

means ± SEM from at least three independent experiments, each performed in triplicate. 
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Figure App3.100. Concentration-response curves of representative 2-arylbenzimidazoles 4.85, 

4.86 (PB5137), 4.88, 4.108, 4.110 and 4.114 on hH2R determined by β-arrestin2 recruitment 

assay using HEK293T-ARRB2-hH2R cells. A: The response was normalized to the maximum 

effect induced by 100 μM histamine (maximum response: 100%) and buffer control (maximum 

response: 0%). B: The response was normalized to the effect induced by 8 μM histamine 

(response: 100%) and buffer control (response: 0%). Data are presented as means ± SEM from 

at least three independent experiments, each performed in duplicate or triplicate. 
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5 Abolishing Dopamine D2long/D3 Receptor Affinity of Subtype-

Selective Carbamoylguanidine-Type Histamine H2 Receptor 

Agonists 

 

3-(2-Amino-4-methylthiazol-5-yl)propyl substituted carbamoylguanidines are potent, subtype-

selective histamine H2 receptor (H2R) agonists, but their applicability as pharmacological tools to 

elucidate the largely unknown H2R functions in the central nervous system (CNS) is compromised 

by their concomitantly high affinity towards dopamine D2-like receptors (especially dopamine D3 

receptor (D3R)). To improve the selectivity, a series of carbamoylguanidine-type ligands 

containing various heterocycles, spacers and side residues was rationally designed, synthesized, 

and tested in binding and/or functional assays at histamine H1-4 and dopamine D2long/3 receptors. 

We observed that the selectivity of the ligands mainly depended on the heterocycle and on the type 

of the side residue which eventually led to the discovery of two promising candidate molecules 

(UR-KAT505 (5.31) and UR-KAT533 (5.47)). Docking studies suggest that the amino acid 

residues (3.28, 3.32, ECL2.49, ECL2.51, 5.42 and 7.35) are responsible for the different affinities 

at the H2- and D2long/3-receptors. These results provide a solid base for the exploration of the H2R 

functions in the brain in further studies. 
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5.1 Introduction 

The histamine H2 receptor (H2R) has been subject of many research studies due to its versatile 

physiological properties.5-6 The H2R belongs to the class A G-protein-coupled receptors (GPCRs) 

and is expressed throughout the whole human body, most importantly in the stomach, heart, and 

central nervous system (CNS).5-8 Activation of the H2R by its endogenous ligand histamine (5.1, 

Figure 5.1A) leads to adenylyl cyclase activation by coupling to the Gs protein.6 The central role 

of the H2R in the stimulation of gastric acid secretion6, 9 is the basis for the therapeutic use of H2R 

antagonists to treat the gastroesophageal reflux disease and gastroduodenal ulcers.5, 10 The function 

of the H2R in the CNS is largely unknown, but includes, e.g. modulation of cognitive processes 

and circadian rhythm.11 Furthermore, positive effects of the H2-antagonist famotidine (5.2, 

Figure 5.1A) in schizophrenia and an improvement in L-DOPA-induced dyskinesia are reported 

in the literature.11-19 
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Starting from the H2R agonists of the arpromidine (5.3, Figure 5.1A) series, several highly potent 

(up to 3000 times the potency of histamine) monomeric and dimeric H2R agonists with 

acylguanidine or carbamoylguanidine partial structure were developed (5.4-5.6, Figure 5.1A).2, 20-

24 In contrast to acylguanidines, the carbamoylguanidines are chemically stable and possess an 

excellent selectivity over the other three histamine receptors (H1,3,4) if a 2-aminothiazole ring is 

used for bioisosteric replacement of the imidazole ring (5.5-5.6, Figure 5.1A).1, 22-23 Based on the 

existing knowledge about the physicochemical and/or pharmacokinetic properties of acyl- and 

carbamoylguanidines, we assume that carbamoylguanidines are also able to overcome the blood-

brain barrier.2, 20, 23, 25 This advantage over previously reported H2R agonists (cf. guanidines, e.g. 

5.3, Figure 5.1A) should enable access to the H2R in the CNS.2, 20 

However, the 2-aminothiazole structural motif is also part of the dopamine receptor agonist 

pramipexole (5.7, Figure 5.1A), which is employed as a drug for the treatment of Parkinson's 

disease.26-27 Due to these similarities, we assumed that H2R agonists containing the 2-

aminothiazole motif, might also bind to dopamine receptors. Indeed, we could prove this 

assumption during previous studies with radioligand binding experiments and we found that such 

H2R agonists revealed a considerable affinity to dopamine receptors of the D2-like family, in 

particular to the D3 receptor.23-24 

In order to use carbamoylguanidines as pharmacological tools to elucidate the H2R functions in 

the CNS, we addressed the need to develop improved molecules which bind exclusively selective 

to the H2 receptor. Thus, we herein report the synthesis and pharmacological characterization of 

these novel, subtype-selective H2R ligands by variation of the carbamoylguanidine-based scaffold 

with different heterocycles, spacers, and side residues (Figure 5.1B). 

The synthesized compounds were investigated for their functional activity at the H2R and/or 

D2long/3R in minimal G (mini-G) protein- and/or β-arrestin2-recruitment assays as well as on the 

isolated spontaneously beating guinea pig (gp) right atrium in a more complex, but well-

established standard model for the characterization of H2R ligands.5, 28 The selectivity for the 

human (h) H2R over hH1/3/4R and hD2long/3R was evaluated in radioligand competition binding 

experiments. To support our investigations in silico, molecular docking studies were performed. 

We compared the binding of selected (4-methyl)thiazolyl- or thiadiazolyl-containing 

carbamoylguanidines to identify the amino acid residues that might be responsible for the different 

binding affinities of these ligands at the H2- and D2long/3-receptors. 
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Figure 5.1. A: Structures of histamine (5.1), famotidine (5.2), arpromidine (5.3) and related 

prototypical acylguanidine-type (5.4) and carbamoylguanidine-type (5.5-5.6) H2R agonists, as 

well as the D2-like receptor agonist pramipexole (5.7). B: Structural modifications of NG-

carbamoylated guanidines resulting in the title compounds. Het: heterocycle. 
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5.2 Results and Discussion 

5.2.1 Chemistry 

The amines 5.8-5.172, 20, 29-31 (Figure 5.2) and the guanidinylating reagents 5.18-5.2922-25 

(Schemes 5.1 and 5.2) were synthesized as reported in the Appendix 4, App4.1 Experimental 

Details for the Amines 5.8-5.17 and the Guanidinylating Reagent 5.18-5.29 or in the literature. We 

chose several different side residues for the guanidinylating reagents 5.18-5.29, which performed 

well in our recent studies about 2-aminothiazoles.2, 20-25 The monomeric (Scheme 5.1) or dimeric 

(Scheme 5.2) carbamoylguanidine-type ligands were prepared by reacting the amines 5.8-5.17 

with the guanidinylating reagents 5.18-5.29 in the presence of HgCl2 and triethylamine (NEt3).
32 

Finally, the protected carbamoylguanidine-type intermediates were treated with TFA giving 

compounds 5.30-5.36, 5.38-5.57 and 5.59-5.70 (Schemes 5.1 and 5.2), which were purified by 

preparative HPLC (acetonitrile (MeCN)/0.1% TFA in H2O) or column chromatography 

(CH2Cl2/7 N NH3 in MeOH) and subsequent recrystallization into the corresponding HCl salts. 

5.37 and 5.58 were synthesized using a modified synthetic procedure (for details see the 

Experimental Section & the Appendix 4, Scheme App4.11). 

 

 

Figure 5.2. Structures of amines 5.8-5.17 used for the synthesis of monomeric (5.30-5.36, 5.38-

5.57 and 5.59-5.66) and dimeric (5.67-5.70) carbamoylguanidines. Het: heterocycle. For more 

details regarding 5.8-5.17 see Appendix 4, App4.1 Experimental Details for the Amines 5.8-5.17 

and the Guanidinylating Reagent 5.18-5.29. 
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Scheme 5.1. Synthesis of Monomeric Carbamoylguanidines 5.30-5.66a 

 

aReagents and conditions: a) NEt3, HgCl2, CH2Cl2, rt, 4-48 h; (b) 30-70% TFA, CH2Cl2, rt, 7-

18 h, 4-64% over two steps. Isolated yields over two steps are given in brackets. For more details 

regarding 5.8-5.27 see Appendix 4, App4.1 Experimental Details for the Amines 5.8-5.17 and the 

Guanidinylating Reagent 5.18-5.29. *Modified synthetic procedure (see Experimental Section and 

Appendix 4, Scheme App4.11). BB: building block. Het: heterocycle. The target compounds 5.30-

5.52, 5.55 and 5.57-5.66 were obtained as TFA salts and 5.53-5.54 and 5.56 as HCl salts. 
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Scheme 5.2. Synthesis of the Dimeric NG-Carbamoylated Guanidines 5.67-5.70a

 

aReagents and conditions: a) 5.11, 5.15 or 5.16, NEt3, HgCl2, CH2Cl2, rt, 8 h; (b) TFA, CH2Cl2, 

rt, 6-16 h, 7-23% over two steps. Isolated yields over two steps are given in brackets. For more 

details regarding 5.11, 5.15, 5.16 and 5.28-5.29 see Appendix 4, App4.1 Experimental Details for 

the Amines 5.8-5.17 and the Guanidinylating Reagent 5.18-5.29. 

 

5.2.2 Chemical Stability of Carbamoylguanidines 

The chemical stability of selected compounds (5.30-5.35, 5.37, 5.41 and 5.57) was investigated 

in binding buffer22 (pH 7.4) at room temperature (rt) over a time period of two weeks. Under these 

conditions, the investigated NG-carbamoylated guanidines proved to be stable (for graphs see 

Figures 5.3 & 5.4, for details see Experimental Section). 
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Figure 5.3. RP-HPLC chromatograms (chemical stability at room temperature in binding buffer) 

of 5.30-5.35 at 220 nm. 
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Figure 5.4. RP-HPLC chromatograms (chemical stability at room temperature in binding buffer) 

of 5.37, 5.41 and 5.57 at 220 nm. 

5.2.3 H2R Affinity and Receptor Subtype Selectivity 

The pKi values of all target compounds were determined in competition binding studies on 

membrane preparations of Sf9 cells expressing the hH2R-GsαS fusion protein using the radioligand 

[3H]UR-DE25733 (Table 5.1). At first, we investigated the influence of the linker on the binding 

affinity. The conformationally restricted compounds (e.g. 5.33 (para, pKi = 6.34), 5.34 (meta, 

pKi = 6.72) and 5.35 (bicyclic, pKi = 6.81), Table 5.1) bind well to the hH2R albeit with lower 

affinities compared to their flexible (propyl linker) counterparts (e.g. 5.623 (pKi = 8.3223), 

Table 5.1). 
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Next, we investigated the influence of the heterocycle. The replacement of the sulfur atom in the 

2-amino-4-methylthiazole by an oxygen atom resulted in decreased hH2R affinity (e.g. oxazole: 

5.45 (pKi = 6.41) vs. thiazole UR-CH2223-24 (pKi = 7.1623-24), Table 5.1). The omission of the 

methyl group in position 4 of the heterocyclic ring did not cause a significant change in hH2R 

affinity (5.32, 5.48 and 5.59 vs. 5.623, UR-CH2223-24 and UR-SB25723-24, Table 5.1). However, the 

replacement of the amino(methyl)thiazole by a 2-amino-1,3,4-thiadiazole was favorable: the Ki-

values of compounds 5.31 (pKi = 8.52), 5.36 (pKi = 8.29), 5.47 (pKi = 8.30), 5.56 (pKi = 8.09), and 

5.57 (pKi = 8.19) were in the single-digit nanomolar range (cf. Table 5.1). Also in case of the 

diazoles the substitution of the sulfur atom by an oxygen atom resulted in decreased hH2R affinity 

(e.g. oxadiazole: 5.58 (pKi = 6.17) vs. thiadiazole 5.57 (pKi = 8.19), Table 5.1). The replacement 

of the free amine group in the 2-amino-1,3,4-thiadiazole by a methyl group (5.30, 5.38, 5.42 and 

5.46) resulted in a dramatic decrease of hH2R affinity (cf. Table 5.1), indicating that the 

heteroaromatic amine group is extremely important for high affinity. This observation was also 

supported by docking experiments (see molecular docking studies). Finally, using the reported 1H-

1,2,4-triazole31 or a more explorative 4-(dimethylamino)methyl-1,2,3-triazole instead of the 2-

amino-4-methylthiazole resulted in decreased hH2R affinities (1,2,4-triazole 5.54 (pKi = 7.27) and 

1,2,3-triazole 5.55 (pKi = 5.35) vs. thiazole UR-Po56323 (pKi = 7.7523), Table 5.1). 

It is literature known that dimeric ligands possess a significantly increased H2R affinity (human 

or guinea pig).1, 22 Therefore, we also synthesized several dimeric compounds, e.g. the 2-amino-

1,3,4-thiadiazole heterocycle containing ligands 5.69 (hexyl-spacer, pKi = 8.28, Table 5.1) and 

5.70 (octyl-spacer, pKi = 8.32, Table 5.1). However, no further increase in affinity could be 

achieved compared to the monomeric compounds 5.31 (pentyl, pKi = 8.52, Table 5.1) and 5.36 

(hexyl, pKi = 8.29, Table 5.1). 

The pKi values of all synthesized compounds were also determined at the hH1, hH3 and hH4 

receptors on membranes of Sf9 cells expressing the respective histamine receptor using the 

radioligands [3H]mepyramine (hH1R), [3H]Nα-methylhistamine or [3H]UR-PI29434 (hH3R) and 

[3H]5.1 (hH4R, cf. Table 5.1). The imidazole-containing ligand 5.52 was synthesized as control 

compound to showcase that the subtype selectivity is largely influenced by the heterocycle. 

Unsurprisingly, despite a high affinity at the H2R, it bound similarly well or even better to the H3R 

and H4R. In contrast, neither of the 2-amino-1,3,4-thiadiazoles (5.31, 5.36, 5.43, 5.47, 5.53, 5.56, 

5.57, 5.63, 5.69 and 5.70) displayed remarkable affinity to the hH1, hH3, or hH4 receptors leading 
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to at least 100-fold selectivity for the hH2R (cf. Table 5.1). The only exception among the 

thiadiazoles was observed for compound 5.39, which contains the 8-aminooctyl side chain. Within 

the synthesized series, compound 5.31 showed the highest affinity (pKi = 8.52, Table 5.1) and 

subtype selectivity (ratio of Ki H1R/H3R/H4R of 2138 : >3311 : >3311, Table 5.1). 
 

 

Table 5.1. Binding Data of the Compounds 5.30-5.70 on Human Histamine Receptor 

Subtypesa 

 

compd. structure pKi 

H2R selectivity 

Ki(HxR)/Ki(H2R), x=1,3,4 

 BB R hH1R
b N hH2R

c N hH3R
d,e N hH4R

f N H1 H3 H4 

5.1 - - 
5.62 ± 

0.0335 
4 

6.58 ± 

0.0436 
48 

7.59 ± 

0.0135 
42 

7.60 ± 

0.0135 
45 9 0.1 0.1 

5.7 - - n.d. - 
4.86 ± 

0.0723 
- n.d. - n.d. - - - - 

5.623 1b 

 

4.97 ± 

0.1023 
3 

8.35 ± 

0.0823 
3 

4.98 ± 

0.1723 
3 

5.37 ± 

0.0923 
3 2399 2344 955 

5.30 3 <5 3 
5.66 ± 

0.15 
3 <5e 3 <5 3 >5 >5 >5 

5.31 

(UR-

KAT505) 

4 
5.19 ± 

0.05 
3 

8.52 ± 

0.16 
3 <5e 3 <5 3 2138 >3311 >3311 

5.32 

(UR-

KAT583) 

6 
5.02 ± 

0.03 
3 

7.64 ± 

0.07 
3 <5e 3 <5 3 417 >437 >437 

5.33 9 
5.43 ± 

0.09 
3 

6.34 ± 

0.06 
3 

4.94 ± 

0.06 d,e 
3 

5.11 ± 

0.04 
3 8 25 17 

5.34 10 
5.18 ± 

0.09 
3 

6.72 ± 

0.03 
3 

5.02 ± 

0.07e 
3 

5.13 ± 

0.05 
3 35 50 39 

5.35 11 
5.28 ± 

0.10 
3 

6.81 ± 

0.07 
3 

5.18 ± 

0.15d,e 
3 

5.23 ± 

0.04 
3 34 43 38 

UR-

CH2023-

24 

1b 

 

5.11 ± 

0.0323

-24 

3 

7.54 ± 

0.0723

-24 

4 

5.25 ± 

0.0223-

24 

3 

5.09 ± 

0.0223

-24 

2 269 195 282 

5.36 4 
5.30 ± 

0.09 
3 

8.29 ± 

0.20 
3 <5e 3 <5 3 977 >1950 >1950 

5.37 5 
5.05 ± 

0.06 
3 

6.41 ± 

0.01 
3 <5e 3 <5 3 23 >26 >26 
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Table 5.1. (continued) 

5.38 3 

 

6.51 ± 

0.19 
3 

5.74 ± 

0.14 
3 

4.93 ± 

0.18e 
3 <5 3 0.2 7 >5 

5.39 4 
6.28 ± 

0.09 
3 

7.48 ± 

0.14 
3 <5e 3 <5 3 16 >302 >302 

5.40 9  
5.26 ± 

0.17 
3 

6.26 ± 

0.14 
3 

4.91 ± 

0.09 d,e 
3 

5.16 ± 

0.07 
3 10 22 13 

UR-

SB29123-

24 

1b 

 

5.63 ± 

0.0623

-24 

3 

7.40 ± 

0.0123

-24 

2 

5.00 ± 

0.0823-

24 

3 

5.72 ± 

0.0523

-24 

3 59 251 48 

5.41 2 
5.22 ± 

0.04 
3 

6.61 ± 

0.08 
3 

5.08 ± 

0.11e 
3 

5.12 ± 

0.07 
3 25 34 31 

5.42 3 
5.15 ± 

0.01 
3 

5.98 ± 

0.12 
3 

4.94 ± 

0.06 
3 <5 3 7 11 >10 

5.43 4 
5.13 ± 

0.06 
3 

7.71 ± 

0.14 
4 

5.56 ± 

0.10e 
3 

4.90 ± 

0.12 
3 380 141 646 

5.44 9 
5.54 ± 

0.13 
3 

6.51 ± 

0.10 
3 

5.25 ± 

0.05e 
3 

5.11 ± 

0.04 
3 9 18 25 

UR-

CH2223-

24 

1b 

 

5.21 ± 

0.0223

-24 

3 

7.16 ± 

0.0523

-24 

3 

4.71 ± 

0.0523-

24 

3 

4.72 ± 

0.0923

-24 

2 89 282 275 

5.45 2 
5.05 ± 

0.06 
3 

6.41 ± 

0.11 
3 <5e 3 <5 3 23 >26 >26 

5.46 3 
4.97 ± 

0.08 
3 

5.25 ± 

0.15 
3 <5e 3 <5 3 2 >2 >2 

5.47 

(UR-

KAT533) 

4 
5.27 ± 

0.12 
3 

8.30 ± 

0.07 
3 <5e 3 <5 3 1072 >1995 >1995 

5.48 6 
5.25 ± 

0.01 
3 

7.57 ± 

0.07 
3 <5e 3 <5 3 209 >372 >372 

5.49 9 
5.89 ± 

0.03 
3 

6.67 ± 

0.05 
3 

5.07 ± 

0.10d,e 
3 

4.92 ± 

0.14 
3 6 40 56 

5.50 10 
5.14 ± 

0.14 
3 

6.52 ± 

0.13 
3 <5e 3 <5 3 24 >33 >33 

5.51 11 
5.41 ± 

0.12 
3 

6.52 ± 

0.02 
3 

4.95 ± 

0.06d 
3 

5.23 ± 

0.02 
3 13 37 19 

UR-

Po56323 
1b 

 

5.06 ± 

0.0523 
3 

7.75 ± 

0.0523 
3 

4.36 ± 

0.0423 
3 

4.87 ± 

0.0123 
3 490 2455 759 

5.52 1a 
5.40 ± 

0.04 
3 

8.21 ± 

0.09 
3 

8.77 ± 

0.02e 
3 

8.07 ± 

0.06 
3 646 0.3 1 

5.53 

 
4 <5 3 

7.89 ± 

0.06 
3 <5e 3 <5 3 >776 >776 >776 

5.54 7 
5.10 ± 

0.05 
3 

7.27 ± 

0.07 
3 <5e 3 <5 3 148 >186 >186 
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Table 5.1. (continued) 

5.55 8 
 

<5 3 
5.35 ± 

0.02 
3 

4.99 ± 

0.02e 
3 <5 3 >2 2 >2 

UR-MB-

6923 
1b 

 

5.11 ± 

0.1023 
3 

8.69 ± 

0.1023 
3 

4.41 ± 

0.0623 
3 

4.88 ± 

0.0123 
3 3802 19055 6457 

5.56 

(UR-

MB-165) 

4 
4.98 ± 

0.02 
3 

8.09 ± 

0.03 
3 <5e 3 <5 3 1288 >1230 >1230 

UR-

SB25723-

24 

1b 

 

5.78 ± 

0.1323

-24 

3 

7.14 ± 

0.0823

-24 

2 

5.49 ± 

0.0123-

24 

3 

5.44 ± 

0.0223

-24 

3 23 45 50 

5.57 4 
5.87 ± 

0.12 
3 

8.19 ± 

0.11 
3 

5.63 ± 

0.11e 
3 

5.16 ± 

0.11 
3 209 363 1072 

5.58 5 
5.57 ± 

0.09 
3 

6.17 ± 

0.08 
3 

5.04 ± 

0.03e 
3 <5 3 4 13 >15 

5.59 6 
5.60 ± 

0.05 
3 

7.19 ± 

0.14 
3 

5.32 ± 

0.11e 
3 

5.35 ± 

0.11 
3 39 74 69 

5.60 9 
5.74 ± 

0.14 
4 

6.48 ± 

0.04 
3 

5.08 ± 

0.07d,e 
3 

5.20 ± 

0.03 
3 5 25 19 

5.61 10 
5.28 ± 

0.18 
3 

6.63 ± 

0.06 
3 

4.89 ± 

0.13e 
3 

5.13 ± 

0.06 
3 22 45 32 

5.62 11 
6.74 ± 

0.12 
3 

6.97 ± 

0.03 
3 

5.71 ± 

0.10d 
3 

5.47 ± 

0.10 
3 2 18 32 

UR-

KAT5272

3-24 

1b 

 

5.15 ± 

0.0723

-24 

3 

7.22 ± 

0.0523

-24 

3 

5.64 ± 

0.0823-

24 

3 

6.11 ± 

0.1323

-24 

3 117 38 13 

5.63 4 
5.29 ± 

0.08 
3 

7.82 ± 

0.11 
3 

5.40 ± 

0.13e 
3 

5.31 ± 

0.16 
3 339 263 324 

5.64 9 
5.12 ± 

0.11 
3 

6.50 ± 

0.05 
3 

5.10 ± 

0.11d,e 
3 

5.22 ± 

0.03 
3 24 25 19 

5.65 10 
4.88 ± 

0.15 
3 

6.63 ± 

0.07 
3 

4.97 ± 

0.10e 
3 

5.15 ± 

0.03 
3 56 46 30 

5.66 11 
5.41 ± 

0.08 
3 

6.96 ± 

0.19 
3 

5.76 ± 

0.13d,e 
3 

5.39 ± 

0.11 
3 35 16 37 

5.522 1b 

dimeric 

 

6.06 ± 

0.0522 
- 

8.07 ± 

0.0522 
- 

5.94 ± 

0.1622 
- 

5.69 ± 

0.0722 
- 102 135 240 

5.67 9 
5.67 ± 

0.14 
3 

6.46 ± 

0.18 
3 

5.71 ± 

0.09e 
3 

5.67 ± 

0.10 
3 6 6 6 

5.68 10 
5.84 ± 

0.03 
3 

6.42 ± 

0.02 
3 

6.15 ± 

0.04e 
3 

5.63 ± 

0.04 
3 4 2 6 

5.69 4 
5.45 ± 

0.08 
3 

8.28 ± 

0.13 
3 

5.00 ± 

0.06e 
3 <5 3 676 1905 >1905 

5.70 4 
dimeric 

 

5.74 ± 

0.08 
3 

8.32 ± 

0.11 
3 

5.16 ± 

0.06e 
3 

5.05 ± 

0.07 
3 380 1445 1862 
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Table 5.1. (continued) 

aRadioligand competition binding assay using membrane preparations of Sf9 cells expressing 

the hH1R + RGS4, the hH2R-GsαS, the hH3R + Gαi2 + Gβ1γ2 or the hH4R + Gαi2 + Gβ1γ2. Data 

represent mean values ± SEM of N independent experiments, each performed in triplicate. 
bDisplacement of 5 nM [3H]mepyramine (Kd = 4.5 nM22). cDisplacement of 20 nM [3H]UR-

DE25733 (Kd = 12.1 nM37). dDisplacement of 8.6 nM [3H]Nα-methylhistamine (Kd = 3 nM35). 
eDisplacement of 2 nM [3H]UR-PI29434 (Kd = 3 nM25). fDisplacement of 15 nM [3H]5.1 

(Kd = 16 nM35). n.d.: not determined. 

 

5.2.4 D2longR and D3R Affinities of NG-Carbamoylated Guanidines 

NG-carbamoylated guanidines with a pKi value >7.0 at the hH2R were investigated for their 

affinities to the hD2long- and hD3 receptors in radioligand binding assays on homogenates of 

HEK293T-CRE-Luc cells co-expressing the respective receptor (Table 5.2). Compounds 

containing the 2-aminothiazole heterocycle without a methyl group in position 4 (5.32, 5.48 and 

5.59) still showed high to moderate affinities to the hD2long/3 receptors, especially to the hD3R (cf. 

Table 5.2). The determined hD2long/3 receptor affinities were comparable to affinities published for 

2-amino(4-methyl)thiazoles.23 Fortunately, compounds containing the 2-amino-1,3,4-thiadiazole 

or the 1H-1,2,4-triazole heterocycle displayed only low affinity to the hD2long- and hD3 receptors. 

We observed that some of them (5.31, 5.36, 5.47, 5.53-5.54 and 5.57) showed even more than a 

100-fold selectivity for the hH2R over the hD2long and hD3 receptors (cf. Table 5.2). This trend 

indicates that the nitrogen in the 4 position might be responsible for the lower affinity to the hD3R 

(for more details see docking results; Figure 5.6D). In addition to the effect of the heterocycle, the 

side residue played an important role for the dopamine hD2long/3 receptor affinities. For example, 

thiadiazoles 5.43 (2-cyclohexylpropyl side residue) and 5.63 (2-methyl-5-phenylpentyl side 

residue) still had a moderate affinity for the hD2long/3 receptors, which might indicate an additional 

(hydrophobic) interaction in the binding pocket of D2long/3 receptors (not further investigated). 

Finally, the dimeric ligand 5.69 also possessed a high hD2long- and hD3 receptor affinity compared 

to the corresponding monomeric ligands 5.31 and 5.36 (cf. Table 5.2). Therefore, 5.70, being also 

a dimeric ligand, was not further investigated. 5.39 and 5.52 were, despite their high H2R affinity, 

also excluded from additional experiments due to their low subtype selectivity (cf. Table 5.1). 

In summary, although many ligands (5.31, 5.36, 5.47, 5.53-5.54 and 5.57) showed a decent 

selectivity for the hH2R over the hD2long- and hD3 receptors (ratios of Ki >100), 5.31 and 5.47 

turned out to be the most promising candidates due to their excellent selectivity profiles. 
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Table 5.2. Binding Data of the Selected NG-Carbamoylated Guanidines on Human Dopamine 

D2long and D3 Receptorsa 

 

compd. structure pKi 

H2R selectivity 

Ki(DxR)/Ki(H2R) 

x = 2long, 3 

 BB R hD2longR
b N hD3R

c N D2longR D3R 

pramipexole 

(5.7) 
- - 

hi 

7.59 ± 0.1238 

low 

6.00 ± 0.0338 

3 9.18 ± 0.0638 3 0.002* 0.00005 

5.623 1b 

 

6.35 ± 0.0123 3 7.80 ± 0.0923 3 100 4 

5.31 4 5.02 ± 0.15 3 6.10 ± 0.05 4 3162 263 

5.32 6 5.46 ± 0.07 3 7.50 ± 0.02 3 151 1 

5.36 4 
 

<5 3 6.23 ± 0.02 3 >1950 115 

5.43 4 
 

5.79 ± 0.01 3 6.63 ± 0.08 3 83 12 

5.47 4 
 

5.20 ± 0.04 3 5.58 ± 0.17 3 1259 525 

5.48 6 5.34 ± 0.07 3 7.13 ± 0.04 3 170 3 

5.53 4 
 

<5 3 5.49 ± 0.10 3 >776 251 

5.54 7 <5 3 <5 3 >186 >186 

5.56 4 
 

<5 3 6.18 ± 0.10 3 >1230 81 

5.57 4 
 

5.97 ± 0.07 3 5.69 ± 0.11 4 166 316 

5.59 6 6.31 ± 0.07 3 6.64 ± 0.01 3 8 4 

5.63 4  6.35 ± 0.06 3 6.49 ± 0.02 3 30 21 

5.522 1b dimeric 

 

7.09 ± 0.07 3 8.70 ± 0.04 3 10 0.2 

5.69 4 6.02 ± 0.10 3 7.22 ± 0.07 3 182 12 
aData represent mean values ± SEM from N independent experiments, each performed in 

triplicate. Radioligand competition binding assay with [³H]N-methylspiperone (bhD2longR: 

Kd = 0.0149 nM, c = 0.05 nM or chD3R: Kd = 0.0258 nM, c = 0.05 nM) using homogenates of 
bHEK293T-CRE-Luc-hD2longR or cHEK293T-CRE-Luc-hD3R cells.38 *Calculated using pKi high 

value. 
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5.2.5 Functional Studies at the Human H2R 

To get further insights into the general structure activity relationship of the NG-carbamoylated 

guanidines, all target compounds (30-70) and the reference compounds (only mini-G) were 

investigated for hH2R agonism and antagonism in the β-arrestin2- and mini-G protein-recruitment 

assays using genetically engineered HEK293T cells, respectively. The results are presented in 

Table 5.3. The responses in both assays were normalized to the maximum effect induced by 

100 µM histamine (5.1, Emax = 1.00) and buffer control (Emax = 0). Thus, 5.1 is defined as a full, 

unbiased agonist in either readouts. 5.1 exhibits a significantly lower potency in the β-arrestin2 

recruitment assay compared to the mini-G protein recruitment assay (pEC50 (β-arrestin2) = 5.4239; 

pEC50 (mGs (minimal Gαs protein)) = 6.9440; cf. Table 5.3). Similarly, the potencies of the 

investigated NG-carbamoylated guanidines were also lower in the β-arrestin2 recruitment assay 

(cf. Table 5.3). A possible explanation for this trend could be the use of the mGs protein, since it 

is known that mG proteins stabilize active states of GPCRs, which favors the binding of agonists.40-

43 

The most interesting compounds (5.31-5.32, 5.36, 5.43, 5.47-5.48, 5.53-5.54, 5.56-5.57, 5.59, 

5.63 and 5.69) proved to be strong partial agonists (Emax = 0.83 to 0.95, cf. Table 5.3) in the mini-

G protein recruitment assay with pEC50 values >7.0. The determined pEC50 values agree in most 

cases very well with the pKi values from the radioligand binding assay. Compound 5.47, containing 

the benzyl side residue, showed the highest hH2R potency with a pEC50 of 8.48, but also 5.31 

(pentyl side residue, pEC50 = 8.22) showed an excellent potency in the single-digit nanomolar 

range (cf. Table 5.3). The incorporation of a ring system (cf. Scheme 5.1, BB9-11) in the spacer 

resulted in either antagonists or partial agonists depending on the side residue (for details see 

Table 5.3). Surprisingly, some of the tested compounds revealed a completely different functional 

profile in the β-arrestin2 recruitment assay (cf. Table 5.3). Almost all tested 2-aminothiazoles 

5.623, UR-CH2023-24, UR-CH2223-24, UR-Po56323, UR-MB-6923, UR-SB25723-24, UR-KAT52723, 

5.32, 5.48 and 5.59 and some thiadiazoles 5.57 and 5.63, containing a propyl spacer, as well as 

triazole-containing 5.54 exhibited a certain degree of efficacy bias towards G-protein activation. 

The compounds acted as strong partial agonists (Emax = 0.73 to 0.94, cf. Table 5.3) in the mini-G 

protein recruitment assay but were only partial agonists in the β-arrestin2 recruitment assay 

(Emax = 0.10 to 0.73, cf. Table 5.3). The efficacy bias was confirmed by the determination of 

efficacy bias factors (eBF, for details see in the Appendix 4, App4.4 Bias Analysis). The dimeric 
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ligands (e.g. thiazole: 5.522, thiadiazole: 5.69) exhibited similar characteristics as their monomeric 

counterparts. All compounds containing a rigidized spacer (cf. Scheme 5.1, BB9-11) acted as 

antagonists in the β-arrestin2 recruitment assay (see Table 5.3). 

 

Table 5.3. Potencies and Efficacies of the Selected NG-Carbamoylated Guanidines in the β-

Arrestin2 and Mini-G Protein Recruitment Assays at the hH2Ra 

 
compd. structure β-arrestin2 recruitmentb mGs recruitmentc 

BB R pEC50 or 

(pKb)
d 

Emax
e N pEC50 or 

(pKb)
d 

Emax
e N 

5.1 - - 5.42 ± 0.0239 1.0039 3 6.94 ± 0.0640 1.0040 9 

5.7 - - 4.40 ± 0.1023 0.35 ± 0.0323 3 6.78 ± 0.01 0.95 ± 0.01  

5.623 1b 

 

6.75 ± 0.1223 0.15 ± 0.0223 4 8.34 ± 0.05 0.88 ± 0.01 3 

5.30 3 (5.70 ± 0.18) 0.01 ± 0.02‡ 4 5.61 ± 0.02 0.62 ± 0.01 3 

5.31** 4 6.63 ± 0.08 0.94 ± 0.06 6 8.24 ± 0.22 0.93 ± 0.01 3 

5.32 6 7.25 ± 0.04 0.64 ± 0.04 4 8.22 ± 0.04 0.89 ± 0.01 3 

5.33 9 (7.27 ± 0.05) 0.00 ± 0.01‡ 3 (6.96 ± 0.03) 0.00 ± 0.01‡ 3 

5.34 10 (7.27 ± 0.11) 0.00 ± 0.13‡ 3 7.25 ± 0.10 0.43 ± 0.01 3 

5.35** 11 (7.81 ± 0.13) 0.01 ± 0.03‡ 3 7.24 ± 0.05 0.74 ± 0.04 3 

UR-

CH2023-24 
1b 

 

7.07 ± 0.0223-

24 

0.28 ± 0.0323-

24 

3 8.04 ± 0.04 0.87 ± 0.01 3 

5.36 4 5.97 ± 0.04 1.16 ± 0.05 5 8.22 ± 0.06 0.95 ± 0.02 3 

5.37 5 5.78 ± 0.05 0.61 ± 0.02 5 7.00 ± 0.04 0.93 ± 0.02 3 

5.38 3 

 

(5.51 ± 0.10) -0.03 ± 0.01‡ 4 <5 0.34 ± 0.06* 4 

5.39 4 6.70 ± 0.14 0.87 ± 0.04 5 8.13 ± 0.05 0.93 ± 0.01 3 

5.40 9  
(6.65 ± 0.08) -0.02 ± 0.01‡ 3 (6.79 ± 0.02) -0.04 ± 0.01‡ 3 

UR-

SB29123-24 
1b 

 

6.65 ± 0.0923-

24 

0.40 ± 0.0623-

24 

3 7.52 ± 0.11 0.84 ± 0.01 3 

5.41 2 (7.05 ± 0.04) 0.03 ± 0.02‡ 3 7.08 ± 0.05 0.49 ± 0.02 3 

5.42 3 (6.13 ± 0.12) 0.01 ± 0.01‡ 4 5.97 ± 0.02 0.19 ± 0.01 3 

5.43** 4 6.87 ± 0.09 0.90 ± 0.04 6 7.97 ± 0.03 0.88 ± 0.03 3 

5.44 9 (6.87 ± 0.10) -0.02 ± 0.01‡ 4 (6.79 ± 0.03) -0.12 ± 0.02‡ 3 

UR-

CH2223-24 
1b 

 

7.00 ± 0.0823-

24 

0.33 ± 0.0323-

24 

3 8.14 ± 0.03 0.89 ± 0.01 3 

5.45 2 (6.89 ± 0.20) -0.02 ± 0.01‡ 4 7.24 ± 0.07 0.86 ± 0.02 3 

5.46 3 (5.43 ± 0.14) 0.01 ± 0.01‡ 4 5.63 ± 0.07 0.71 ± 0.02 3 

5.47 4 6.86 ± 0.13 0.94 ± 0.06 5 8.48 ± 0.07 0.92 ± 0.01 4 
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Table 5.3. (continued) 

5.48 6 

 

7.31 ± 0.05 0.73 ± 0.03 4 8.31 ± 0.14 0.94 ± 0.03 4 

5.49 9 (7.81 ± 0.11) 0.01 ± 0.01‡ 5 7.30 ± 0.04 0.08 ± 0.01 3 

5.50 10 (7.13 ± 0.10) -0.10 ± 0.09‡ 3 7.16 ± 0.10 0.67 ± 0.02 4 

5.51** 11 (7.35 ± 0.08) 0.03 ± 0.04‡ 3 7.19 ± 0.05 0.73 ± 0.02 3 

UR-

Po56323 
1b 

 

7.34 ± 0.1123 0.34 ± 0.0323 4 8.04 ± 0.01 0.88 ± 0.01 3 

5.52*** 1a 7.13 ± 0.04 0.72 ± 0.06 3 8.17 ± 0.01 0.93 ± 0.01 3 

5.53 4 6.55 ± 0.09 0.87 ± 0.02 5 7.70 ± 0.04 0.91 ± 0.02 3 

5.54 7 6.49 ± 0.10 0.37 ± 0.02 4 7.59 ± 0.04 0.90 ± 0.02 3 

5.55*** 8 (<5) -0.02 ± 0.01‡ 3 <5" 0.03 ± 0.01‡ 3 

UR-MB-

6923 
1b 

 

7.19 ± 0.1123 0.30 ± 0.0123 4 8.07 ± 0.01 0.89 ± 0.01 3 

5.56 4 7.12 ± 0.05 1.04 ± 0.03 6 8.09 ± 0.04 0.95 ± 0.01 3 

UR-

SB25723-24 
1b 

 

6.9 ± 0.123-24 0.10 ± 0.0123-

24 

3 7.43 ± 0.02 0.73 ± 0.02 3 

5.57** 4 6.89 ± 0.17 0.53 ± 0.04 5 7.21 ± 0.09 0.91 ± 0.01 4 

5.58 5 (6.31 ± 0.14) 0.04 ± 0.05‡ 4 6.58 ± 0.05 0.74 ± 0.02 3 

5.59 6 6.63 ± 0.08 0.16 ± 0.01 4 7.11 ± 0.04 0.83 ± 0.01 4 

5.60 9 (6.80 ± 0.06) -0.03 ± 0.02‡ 4 (6.73 ± 0.05) -0.07 ± 0.01‡ 3 

5.61 10 (7.32 ± 0.10) 0.01 ± 0.02‡ 4 (7.09 ± 0.01) -0.08 ± 0.01‡ 3 

5.62** 11 (7.39 ± 0.07) -0.01 ± 0.02‡ 4 (6.96 ± 0.03) 0.02 ± 0.01‡ 3 

UR-

KAT52723 
1b 

 

5.60 ± 0.1123 0.13 ± 0.0223 4 7.28 ± 0.09 0.76 ± 0.04 3 

5.63 4 6.54 ± 0.17 0.38 ± 0.04 5 7.62 ± 0.09 0.84 ± 0.02 4 

5.64 9 (6.57 ± 0.03) -0.00 ± 0.01‡ 3 (6.86 ± 0.03) -0.08 ± 0.01‡ 3 

5.65 10 (7.02 ± 0.11) -0.08 ± 0.11‡ 3 (7.31 ± 0.01) -0.05 ± 0.01‡ 3 

5.66** 11 
(7.30 ± 0.11) -0.01 ± 0.01‡ 3 6.69 ± 0.04 

(6.96 ± 0.03) 

-0.04 ± 0.01 3 

5.522 1b 
dimeric 

 

6.80 ± 0.14 0.30 ± 0.04 6 7.62 ± 0.02 0.89 ± 0.01 3 

5.67 9 (7.86 ± 0.12) -0.03 ± 0.07‡ 4 6.13 ± 0.12 0.44 ± 0.05 4 

5.68 10 (7.10 ± 0.04) -0.05 ± 0.13‡ 3 6.59 ± 0.12 0.19 ± 0.02 3 

5.69** 4 6.39 ± 0.07 0.82 ± 0.06 4 7.70 ± 0.12 0.94 ± 0.01 3 

5.70 4 

dimeric 

 

6.66 ±  0.03 0.81 ± 0.07 4 8.06 ± 0.02 0.94 ± 0.01 3 
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Table 5.3. (continued) 
aData represent mean values ± SEM from N independent experiments, each performed in 

triplicate. bβ-arrestin2 recruitment assay was performed using HEK293T-ARRB2-H2R cells.37, 39 
cMini-G protein recruitment assay was performed using HEK293T NlucN-mGs/hH2R-NlucC 

cells.40 dpKb = -logKb. Kb values were calculated from the IC50 values according to the Cheng-

Prusoff equation.44 The Kb values of antagonists or inverse agonists were determined in the 

antagonist mode versus 5.1 (8 µM 5.1 for the β-arrestin2 recruitment assay or 1 µM 5.1 for the 

mini-G protein recruitment assay). eThe response in both assays was normalized to the maximal 

effect induced by 100 µM 5.1 (Emax = 1.00) and buffer control (Emax = 0.00). n.a.: not applicable, 

silent antagonist. ": inactive as agonist as well as antagonist. ‡Emax at c = 10 µM. **Selected 

compounds were investigated for functional activity in the [35S]GTPγS binding assay at the hH2R-

GsαS fusion protein.122 The response was normalized to the maximal effect induced by 5.1 

(Emax = 1.00) and buffer control (Emax = 0.00). The pIC50 values of antagonists or inverse agonists 

were determined in the antagonist mode versus 5.1 (c = 1 µM, EC50 = 5.85 ± 0.06) and converted 

to the corresponding Kb values by using the Cheng-Prusoff equation44, pKb = -logKb. The obtained 

results were in good agreement with the results from the mini-G protein recruitment assay. 5.31: 

pEC50 = 7.59 ± 0.11, Emax = 0.84 ± 0.04 (N = 3); 5.35: pEC50 = 7.23 ± 0.10, Emax = 0.31 ± 0.05 

(N = 3); 5.43: pEC50 = 7.88 ± 0.09, Emax = 0.78 ± 0.07 (N = 3); 5.51: pEC50 = 6.91 ± 0.07, 

Emax = 0.26 ± 0.03 (N = 3); 5.57: pEC50 = 7.89 ± 0.11, Emax = 0.88 ± 0.06 (N = 4); 5.62: 

pKb = 6.79 ± 0.18 (N = 2, ± SE); Emax = -0.06 ± 0.06‡ (N = 2, ± SE); 5.66: pKb = 6.96 ± 0.04 

(N = 2, ± SE); Emax = -0.07 ± 0.04‡ (N = 2, ± SE). 5.69: pEC50 = 7.46 ± 0.09, Emax = 0.71 ± 0.06 

(N = 3). ***Compounds 5.52 and 5.55 were also investigated on isolated spontaneously beating 

guinea pig right atrium 35: 5.52: pEC50 = 8.88 ± 0.12, Emax = 1.14 ± 0.17 (N = 3); 5.55: not active, 

Emax = 0 (N = 3). 
 

5.2.6 Functional Studies at the Guinea Pig H2R 

Furthermore, a selection of compounds (with a pKi >7.0 at the hH2R and a selectivity over the 

hD2long/3 receptors) was investigated on the isolated spontaneously beating guinea pig right atrium 

as a more complex, well established standard model for the characterization of H2R ligands 

(Table 5.4).5, 28 All compounds turned out to be full agonists in this assay (Emax = 0.98 to 1.15, cf. 

Table 5.4). The obtained data are generally comparable with the results from the gpH2R mini-G 

protein recruitment assay in terms of potency and efficacy (Table 5.4). Noteworthily, 5.53, 5.56 

and 5.57 showed the highest discrepancies regarding the potency in both assays. While 5.53 and 

5.56 showed higher potencies by about one logarithmic unit on the guinea pig right atrium, 5.57 

behaved exactly the opposite (Table 5.4). The thiadiazole 5.56 (pEC50 = 9.04) showed the highest 

potency on the guinea pig right atrium whereas 5.47 was the most potent compound in the mini-G 

protein recruitment assay (pEC50 = 8.66). In general, a comparison of the mini-G protein 

recruitment assay data at the guinea pig and human H2Rs showed that the potencies at the gpH2R 

were slightly better for all substances tested, while the efficacies were pretty much the same. A   

similar observation was already published for the [35S]GTPγS assay and the steady state GTPase 

assay.1-4 
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Table 5.4. Potencies and Efficacies of the Tested NG-Carbamoylated Guanidines Determined 

in the Mini-G Protein Recruitment Assay at the gpH2R or by Organ Bath Studies at the 

Spontaneously Beating Guinea Pig Right Atriuma 

 
compd. structure mGs recruitmentb atriumd 

BB R pEC50 Emax
c N pEC50

e Emax
f N 

5.1 - - 6.60 ± 0.0725 1.0025 3 6.16 ± 0.0135 1.0035 225 

5.623 1b 

 

n.d. n.d. - 8.24 ± 0.0323 0.78 ± 0.0323 3 

5.31 4 8.36 ± 0.07 0.94 ± 0.01 3 8.25 ± 0.11 1.09 ± 0.02 3 

5.36 4 
 

8.64 ± 0.05 0.96 ± 0.01 3 8.32 ± 0.06 1.06 ± 0.05 3 

5.47 4  8.66 ± 0.04 0.94 ± 0.01 3 8.88 ± 0.03 1.05 ± 0.01 3 

5.53 4 

 

7.60 ± 0.03 0.90 ± 0.02 3 8.54 ± 0.09 0.98 ± 0.04 3 

5.54 7 7.79 ± 0.02 0.86 ± 0.03 3 7.42 ± 0.10 1.15 ± 0.11 3 

5.56 4 
 

8.16 ± 0.03 0.93 ± 0.02 3 9.04 ± 0.10 1.10 ± 0.05 3 

5.57 4  7.83 ± 0.09 0.92 ± 0.01 3 7.02 ± 0.08 1.02 ± 0.10 3 
aData represent mean values ± SEM from N independent experiments, each performed in 

triplicate. bMini-G protein recruitment assay was performed using HEK293T NlucN-mGs/gpH2R-

NlucC cells.25 cThe response was normalized to the maximal effect induced by 100 µM 5.1 

(Emax = 1.00) and buffer control (Emax = 0.00). dOrgan bath studies using the isolated, 

spontaneously beating guinea pig right atrium.35 epEC50 was calculated from the mean corrected 

shift ΔEC50 of the agonist curve relative to the histamine reference curve by equation: 

pEC50 = 6.16 + ΔpEC50. 
fEmax: maximal response relative to the maximal increase in heart rate 

induced by 30 µM 5.1 (Emax = 1.00). n.d.: not determined. 

 

5.2.7 Functional Studies at the Human D2long/3 Receptors 

Although the relevant NG-carbamoylated guanidines (5.31-5.32, 5.36, 5.47, 5.53-5.54 and 5.56-

5.57) bind to the hD2long/3 receptors only with low affinity (pKi <6.5 (only 5.32 has a pKi >6.5 at 

the D3R), see Table 5.2), we decided to characterize these ligands in the β-arrestin2 assay which 

is already established in our lab.38 In addition, the data of 5.522, 5.43, 5.48, 5.59, 5.63 and 5.69 

were collected for a broader comparison of the compounds. The measured potencies and efficacies 

are presented in Table 5.5. All tested compounds showed agonistic activities in the β-arrestin2 

recruitment assay at the hD3R. In the β-arrestin2 recruitment assay at the hD2longR, 5.47 and 5.54 

were inactive (up to a tested concentration of 10 µM, cf. Table 5.5). The remaining compounds 
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(5.522, 5.31-5.32, 5.36, 5.43, 5.48, 5.53, 5.56, 5.59 and 5.69) acted as agonists with exception of 

5.57 and 5.63, which were antagonists. Some compounds (5.31, 5.36, 5.43, 5.53 and 5.56 at the 

hD2longR and 5.54 and 5.57 at the hD3R) showed only very weak partial agonism at the highest 

tested concentration of 10 µM, which could not be fitted. In general, thiadiazoles showed lower 

potencies and efficacies at the hD2long/3 receptors than their thiazole counterparts (cf. Table 5.5). 

 

Table 5.5. Potencies and Efficacies of Selected NG-Carbamoylated Guanidines Determined 

in the β-Arrestin2 Recruitment Assay at the hD2longR or hD3Ra 

 
compd. structure hD2longR

b hD3R
c 

BB R pEC50/(pKb)
d Emax

e N pEC50 Emax
e N 

quinpirole - - 7.55 ± 0.0738 1.0038 5 8.75 ± 0.0738 1.0038 6 

5.7 - - 8.19 ± 0.0538 0.86 ± 0.0438 4 9.09 ± 0.0638 0.99 ± 0.0438 4 

5.623 1b 

 

5.98 ± 0.0223 0.41 ± 0.0523 4 7.80 ± 0.0523 0.96 ± 0.0523 3 

5.31 4 <5 0.11 ± 0.01‡ 3 5.55 ± 0.18 0.74 ± 0.08 3 

5.32 6 5.85 ± 0.07 0.56 ± 0.05 4 7.40 ± 0.01 0.87 ± 0.01 3 

5.36 4 
 

<5 0.15 ± 0.01‡ 3 6.09 ± 0.09 0.73 ± 0.07 4 

5.43 4 
 

<5 0.17 ± 0.05‡ 3 5.87 ± 0.10 0.26 ± 0.05 3 

5.47 4 
 

<5 0.05 ± 0.02‡ 5 5.92 ± 0.14 0.43 ± 0.02 4 

5.48 6 5.47 ± 0.08 0.23 ± 0.04 3 7.17 ± 0.03 0.87 ± 0.04 3 

5.53 4 

 

<5 0.06 ± 0.01‡ 3 5.97 ± 0.16 0.71 ± 0.04 3 

5.54 7 <5 0.00 ± 0.01‡ 3 <5 0.18 ± 0.05‡ 3 

5.56 4 
 

<5 0.07 ± 0.01‡ 3 5.72 ± 0.07 0.73 ± 0.11 3 

5.57 4 
 

(5.69 ± 0.01) 0.06 ± 0.03‡ 3 <5 0.12 ± 0.01‡ 3 

5.59 6 5.35 ± 0.06 0.31 ± 0.04 3 5.98 ± 0.02 0.71 ± 0.02 4 

5.63 4  (5.42 ± 0.01) -0.02 ± 0.02‡ 4 6.33 ± 0.07 0.56 ± 0.05 3 

5.522 1b dimeric 

 

6.67 ± 0.09 0.88 ± 0.07 4 7.70 ± 0.08 1.01 ± 0.06 6 

5.69 4 5.95 ± 0.05 0.32 ± 0.05 3 6.53 ± 0.12 0.80 ± 0.03 3 
aData represent mean values ± SEM from N independent experiments, each performed in 

triplicate. β-arrestin2 recruitment assay was performed using HEK293T ElucN-βarr2 hD2longR-

ElucCb or HEK293T ElucN-βarr2 hD3R-ElucCc cells.38 dpKb = -logKb. Kb values were calculated 

according to the Cheng-Prusoff equation.44 The IC50 values of antagonists were determined in the 

antagonist mode versus quinpirole (50 nM, D2longR). eThe response in both assays was normalized  

to the maximal effect induced by 10 µM (Emax = 1.00) and buffer control (Emax = 0.00). ‡Emax at 

c = 10 µM. 
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5.2.8 Molecular Docking Studies 

To shed light on the binding modes of the amino(methyl)thiazole- and the aminothiadiazole-

containing carbamoylguanidines and to get insight into the specific molecular interactions leading 

to the differences in hH2R, hD2R and hD3R affinities, we performed molecular docking studies 

(Figure 5.6). We chose to investigate compounds 5.6 (2-amino-4-methylthiazole), 5.31 (2-

aminothiadiazole) and 5.32 (2-aminothiazole) on the active-state receptor models of the hH2R 

(homology model based on the β2 adrenergic receptor-Gs protein complex crystal structure 

3SN645; sequence identity of about 37%20) and the hD2R (based on the D2R-G protein complex 

crystal structure 6VMS46). Since 5.6, 5.31 and 5.32 act as agonists at the hD3-receptor (β-arrestin2 

assay, Table 5.5), they should be docked into its active-state receptor model. However, to the best 

of our knowledge, an active-state model of the D3R has not been reported yet. To investigate the 

binding mode at the hD3R despite this drawback, we decided to create mutants of the active-state 

hD2R model, containing amino acid(s) (aa(s)) of hD3R. 

First of all, we studied and analyzed literature data regarding mutagenesis studies at aminergic 

GPCRs (primarily histamine and dopamine receptors) focusing onto the different amino acids of 

the orthosteric binding pocket at the hH2R, the hD2R and hD3R. 

At the hD2R, the V2.61F mutation led to an approx. 50-fold decrease in Ki of clozapine, compared 

to the human dopamine D4 receptor (hD4R).47 Furthermore, multiple mutations at the hD2R and 

hD4R suggest that the amino acid at position 2.61 is part of a microdomain (including the amino 

acids at 3.28, 3.29, 7.35), which is partially accountable for the selectivity between hD2R and 

hD4R.47 At the hH1R, the mutation N2.61S (hH1R → gpH1R) had no or only a small influence onto 

the binding affinities of small compounds, like mepyramine, cetirizine or histamine, while the pKi 

of more voluminous partial agonists (e.g. suprahistaprodifen and dimeric histaprodifen) increased 

towards gpH1R.48 However, another study indicates that this amino acid is not the only responsible 

amino acid for the observed species differences between hH1R and gpH1R.49 Besides, the influence 

of distinct amino acids (ECL2.49, ECL2.51 and ECL2.52, Figure 5.5) of the extracellular loop 2 

(ECL2) onto binding affinity of ligands at the hD2R and hD3R was shown by mutagenesis.50-53 The 

position 5.42 is highly important for ligand binding at several aminergic GPCRs: for example, the 

S5.42A mutation at the hD1R
54, mouse D2R, hD2R

55-56 or hD3R
57 led to a ≥10-fold alteration of the 

affinity of different ligands. Additionally, also the S5.46A mutant at several aminergic GPCRs, e.g. 
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at the hD1R, led to a ≥10-fold alteration of affinity for selected ligands54, 58-59 and the amino acid 

at 5.46 is suggested to influence the subtype selectivity.60 Moreover, for other mutants, e.g. N5.46A 

at gpH1R
61-62 or E5.46D,Q at hH4R

63-64 a ≥10-fold alteration of ligand-affinity was reported. 

Although the single mutations S5.42A and S5.46A did not significantly reduce the binding affinity 

for e.g. (-)-epinephrine, the double mutation S5.42A/S5.46A led to an approx. 100-fold reduced 

affinity compared to the wild-type rat (r) α1-adrenergic receptor65, indicating that both amino acids 

affect each other. Furthermore, it was shown that the mutation of the amino acid at position 6.51 

may affect the affinity up to 1000-fold, e.g. for the F6.51A,L,Y mutants at the hD2R.66 The mutation 

I6.53V at hH1R was described to increase the Kd of [3H]mepyramine by approx. 10-fold67, while in 

another study a slight decrease was reported.48 Several further studies showed that mutations of 

the amino acid at position 6.55 may lead to an up to 25-fold alteration of the binding affinity, e.g. 

for the gpH1R-F6.55A68, rD2R-H6.55L69, hD3R-H6.55L70 and rD2R-H6.55N71. However, these studies 

also suggest that the amino acid at position 6.55 may affect the binding affinity not only by a direct 

interaction with the ligand, but also by changing the interaction network within the receptor. Also 

the amino acid 7.35 was described to affect ligand affinity, as shown by the W7.35A,F mutants of 

the human muscarinic receptor M1.
72 

The docking studies of 5.31 and 5.32 suggest that the heterocyclic 5-membered ring (BB4 or 

BB6, respectively), particularly if surrounded by the amino acids C3.36, T3.37, D5.42, T5.46 and F6.55, 

fits well into the orthosteric binding pocket of the hH2R (Figure 5.6A, shown for 5.31). However, 

both heterocycles are suggested to bind in a conformation with the sulfur being located near to 

C3.36 and T3.37. Additionally, 5.31 and 5.32 are stabilized by an electrostatic interaction between 

the aspartate of the D5.42-T5.46 motif and the NH2-group of the heterocycle (Figure 5.6A, shown for 

5.31). The carbamoylguanidine moiety of both 5.31 and 5.32 forms an electrostatic interaction 

network with the amino acids Y3.28, D3.32 and E7.35 (Figure 5.6A, shown for 5.31). 5.31 and 5.32 

could also be docked into the analog binding pocket of the hD2R. In contrast to the hH2R, there is 

a serine instead of an aspartate at position 5.42, which results in a reduced electrostatic interaction 

of the hD2R and the NH2 moiety of the heterocycle (BB4 or BB6, respectively) (Figure 5.6B, 

shown for 5.31). As roughly estimated by calculation of the docking energy between the hH2R or 

the hH2R-D5.42S mutant and 5.31 or 5.32, respectively, the interaction energy is considerably 

reduced for the hH2R-D5.42S mutant. Thus, this missing interaction is probably one reason for the 

reduced affinity of 5.31 or 5.32 at hD2R and hD3R, compared to hH2R. For the hD2R, no compen- 

sating interaction between the heterocycle (BB4 or BB6, respectively) and the receptor could be 

identified. 
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Figure 5.5. Comparison of the amino acid sequence of hH2R, hD2R and hD3R. The amino acid 

sequences are given in the one-letter code. Colored and/or bold letters were used to indicate the 

amino acids, which form and/or are in close proximity to the binding pockets for the heterocycle 

and the carbamoylguanidine. 

 

Next, we performed further investigations to elucidate why the compounds 5.31 and 5.32 have 

a higher affinity to hD3R than to hD2R. Concerning the 5.42-5.46 motif, the situation at the hD3R 

is identical compared to the hD2R. Although a comparison of the amino acid sequence between 

hD2R and hD3R revealed two differences at the positions 4.53 and 4.56 (hD2R: S4.53, I4.56; hD3R: 

A4.53, V4.56), which are in close proximity to the 5.42-5.46 motif, subsequent docking studies at the 

hD2R-S4.53A-I4.56V mutant suggested that these amino acids are not responsible for the subtype 

selectivity between hD2R and hD3R. Therefore, we performed an analysis of the interaction 

between the carbamoylguanidine moiety and the hD2R or hD3R. We observed that at position 7.35 

the glutamate (hH2R) is exchanged into a tyrosine, which is not able to establish an as strong 

electrostatic interaction as the glutamate. Furthermore, the Y3.28, which also interacts at the hH2R 

with the carbamoylguanidine by an electrostatic interaction, is a phenylalanine at the hD2R and 
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hD3R, resulting in a deficit in electrostatic interaction. These two reduced interactions between 

hD2R and the carbamoylguanidine constitute probably another reason for the reduced affinity of 

5.31 or 5.32 at hD2R or hD3R compared to hH2R. An advanced comparison of the amino acid 

sequence between hD2R and hD3R revealed another two differences in the ECL2 in neighborhood 

to the highly conserved cysteine (hD2R: EECL2.49CECL2.50IECL2.51; hD3R: VECL2.49CECL2.50SECL2.51) 

(for amino-acid alignment see Figure 5.5). In case of the hD2R, the EECL2.49 is too far away from 

the carbamoylguanidine moiety of the ligand and is not able to establish an electrostatic interaction 

(Figure 5.6C, right). In contrast, at the hD3R, the SECL2.51 is able to form a hydrogen bond with the 

carbamoylguanidine (cf. hD2R-EECL2.49V-IECL2.51S, Figure 5.6C, center). Thus, the reduced 

interaction between the receptor and the carbamoylguanidine moiety in the series hH2R → hD3R 

→ hD2R will explain the reduced affinity, obtained by competition binding studies, within the 

same sequence. However, this effect could only be observed for the double mutant hD2R-

EECL2.49V-IECL2.51S, not for the single mutant hD2R-IECL2.51S. As suggested by the modelling 

studies, in case of the single mutant, the SECL2.51 interacts with EECL2.49 and not with the 

carbamoylguanidine moiety of the ligand. Thus, the double mutation is suggested to be essential 

for the reduced affinity of the compounds at the hD2R compared to the hD3R. Furthermore, the 

experimental studies show a decrease in affinity to the hD3R in the series 5.6 → 5.32 → 5.31. 

Here, the docking studies suggest that an isoleucine of the ECL2 (IECL2.52) is responsible for that 

trend (Figure 5.6D). This isoleucine is in close contact with the methyl group of the heterocycle 

of compound 6 establishing an additional van-der-Waals interaction between 6 and the receptor 

(Figure 5.6D, right). For 5.32, this contact, and therefore the van-der-Waals interaction, is reduced 

due to the replacement of the methyl group with a proton at the heterocycle (Figure 5.6D, center). 

For 5.31, this interaction is completely missing due to the presence of an additional nitrogen atom 

in the ring (Figure 5.6D, left). In summary, the docking studies at the active state models of the 

hH2R and the hD2R suggest, that the amino acids at the positions 3.28, 3.32, ECL2.49, ECL2.51, 

5.42 and 7.35 are responsible for different affinities of 5.6, 5.31 and 5.32 at hH2R, hD2R and hD3R. 

However, this participation has to be verified in detail by the corresponding mutagenesis 

experiments in futures studies. 
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Figure 5.6. A: Active-state model of the hH2R with 5.31 in the binding pocket. The most important 

amino acids interacting with 5.31 are highlighted. B: Differences between the interaction sites of 

the aminothiadiazole moiety of 5.31 and the hH2R or the hD2R, respectively. C: The most 

important amino acids of hH2R (left), hD2R-EECL2.49V-IECL2.51S (center) and hD2R (right), 

interacting with the carbamoylguanidine moiety of 5.31. D: The influence of the isoleucine at posi- 

tion ECL2.52 of the ECL2 onto the interaction with the heterocycle of 5.31 (left), 5.32 (center) 

and 5.6 (right). 
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5.3 Summary and Conclusion 

In summary, we aimed for the development of novel, subtype-selective H2R ligands, which also 

have a selectivity over dopamine D2long/3 receptors. To achieve this goal, we synthesized and 

characterized a series of 40 compounds containing a carbamoylguanidine as key motif, as well as 

varying heterocycles, spacers, and side residues. We observed that the replacement of the thiazole 

by a thiadiazole ring in NG-carbamoylated thiazolylpropylguanidines resulted in potent H2R 

agonists with affinities in the low one-digit nanomolar range. Furthermore, ligands containing this 

modification possess a significantly increased selectivity for the hH2R over dopamine hD2long/3 

receptors. To identify the molecular interactions leading to this selectivity towards the hD2long/3 

receptors, molecular docking studies with 5.623, 5.31 (UR-KAT505) and 5.32 (UR-KAT583) on 

the active state models of the hH2R and the hD2R were performed. We found that 3.28, 3.32, 

ECL2.49, ECL2.51, 5.42 and 7.35 are most likely the responsible amino acids, which will be 

confirmed in future receptor mutagenesis experiments. Within the synthesized thiadiazole-

containing ligand series, compounds 5.31 and 5.47 (UR-KAT533) turned out to be the most 

promising candidates reaching up to 1000-fold selectivity over the other three receptor subtypes 

(hH1,3,4R). 5.31 showed the highest selectivity for hH2R over hD2longR (>2000-fold) and 260-fold 

selectivity for hH2R over hD3R. 5.47 on the other hand, showed a very good selectivity for hH2R 

over hD2longR (>1000-fold) and the highest selectivity for hH2R over hD3R (>520-fold). These key 

characteristics render 5.31 and 5.47 the most affine and selective monomeric carbamoylguanidine-

type agonists known so far. Therefore, we plan to employ them as pharmacological tools for further 

investigations on the physiological and pathophysiological role of the H2R and hope that those 

studies can contribute to clarify the largely unknown function of H2 receptors in the CNS. 

5.4 Experimental Section 

5.4.1 General Experimental Section 

Unless otherwise stated, chemicals and solvents were from commercial suppliers and were used 

as received. All the solvents were of analytical grade or were distilled prior to use. For column 

chromatography silica gel 60 (0.04-0.063 mm, Merck, Darmstadt, Germany) was used. Flash 

chromatography was performed on an Intelli Flash-310 workstation from Varian Deutschland 

GmbH (Darmstadt, Germany) with SuperFlash (SF) columns (Si50, 4-40 g) from Agilent 

Technologies (Santa Clara, CA, USA). Reactions were monitored by thin layer chromatography 
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(TLC) on Merck silica gel 60 F254 aluminium sheets, and spots were visualized with UV light at 

254 nm or ninhydrin staining. NMR spectra were recorded on a Bruker Avance 300 (1H: 300 MHz, 

13C: 76 MHz), a Bruker Avance 400 (1H: 400 MHz, 13C: 101 MHz) and a Bruker Avance 600 (1H: 

600 MHz, 13C: 151 MHz) (Bruker, Karlsruhe, Germany) NMR spectrometer with deuterated 

solvents from Deutero (Kastellaun, Germany). All chemical shifts are reported in δ-scale as parts 

per million (ppm, multiplicity, coupling constant (J), number of protons) relative to the solvent 

residual peaks as the internal standard.73-74 The spectra were analyzed by first order and coupling 

constants are given in Hertz (Hz). Abbreviations for the multiplicities of the signals are s (singlet), 

d (doublet), t (triplet), q (quartet), quint (quintet), m (multiplet), dd (double of doublets), br s (broad 

singlet). HRMS was performed on a Q-TOF 6540 UHD LC/MS system (Agilent Technologies) 

using an ESI source or on an AccuTOF GCX GC/MS system (Jeol, Peabody, MA, USA) using an 

EI source. Preparative HPLC was performed with a system from Knauer (Berlin, Germany) 

consisting of two K-1800 pumps, a K-2001 detector and the column was a Phenomenex Kinetex 

(250 x 21 mm, 5 µm) (Phenomenex, Aschaffenburg, Germany). As mobile phase mixtures of 

MeCN and 0.1% aqueous TFA were used. The UV detection was carried out at 220 nm. Prior to 

lyophilization (ScanVac CoolSafe 4-15L freeze dryer from Labogene (LMS, Brigachtal, 

Germany), equipped with a RZ 6 rotary vane vacuum pump (Vacuubrand, Wertheim, Germany)), 

MeCN was removed under reduced pressure. Analytical HPLC experiments were performed on a 

1100 HPLC system from Agilent Technologies equipped with Instant Pilot controller, a G1312A 

binary pump, a G1329A ALS autosampler, a G1379A vacuum degasser, a G1316A column 

compartment and a G1315B DAD detector. The column was a Phenomenex Kinetex XB-C18 

column (250 x 4.6 mm, 5 µm) (Phenomenex, Aschaffenburg, Germany), tempered at 30 °C. As 

mobile phase, mixtures of MeCN/aqueous TFA were used. The following linear gradients were 

applied. Compounds 5.30-5.51 and 5.57-5.70: MeCN/TFA (0.05 %) (v/v) 0 min: 10:90, 30 min: 

90:10, 33 min: 95:5, 40 min: 95:5; flow rate: 0.8 mL/min, t0 = 3.21 min. Compounds 5.52-5.56: 

MeCN/TFA (0.05 %) (v/v) 0 min: 10:90, 25 min: 95:5, 35 min: 95:5; flow rate: 1.0 mL/min, 

t0 = 2.67 min. The injection volume was 5-50 µL. Absorbance was detected at 220 nm. Compound 

concentration was between 100-1000 µM. 
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5.4.2 Compound Characterization 

Target compounds (5.30-5.70) were characterized by 1H-NMR, 13C-NMR, and 2D NMR 

(COSY, HSQC, HMBC) spectroscopy, HRMS, and RP-HPLC analysis. The corresponding 1H- 

and 13C-NMR spectra as well as RP-HPLC chromatograms are shown in the Supporting 

Information of the published manuscript (submitted for publication). The purities of the H2R 

ligands used for pharmacological investigation were ≥95%. All stock solutions were prepared in 

DMSO or water/DMSO 1:1 (v/v) or 20 mM HCl/DMSO 1:1 (v/v).  

5.4.3 Synthesis and Analytical Data 

General procedure for the synthesis of the carbamoylguanidine-type ligands (5.30-5.36, 

5.38-5.57 and 5.59-5.70). The reaction was performed in analogy to the published procedure for 

bivalent carbamoylguanidine-type ligands.22 In this general procedure, mercuric chloride (HgCl2) 

is used as a reagent, which is very toxic and potentially carcinogenic. It should be used only in a 

well-ventilated fume hood after reading the safety precautions and wearing proper lab safety 

equipment (gloves, safety googles and lab coat). Future synthetic work should consider 

replacements for HgCl2. The guanidinylating reagents 5.18-5.29 (1-1.1 equiv) and 1-2 equiv of the 

respective amines 5.8-5.17 were dissolved in CH2Cl2 (3-20 mL). NEt3 (2.5-3 equiv) and HgCl2 

(1.1-2 equiv) were added to the mixture and stirring was continued for 4-48 h. The precipitate was 

removed by filtration through Celite 545 or centrifugation (4000 x g, 5 min). In the case of 5.52-

5.56 the reaction was quenched with 7 N NH3 (5 mL) in MeOH prior to filtration. The solvent was 

removed in vacuum. The crude product was purified by flash or column chromatography on silica 

gel (gradient: 0-20 min: petroleum ether/ethyl acetate (PE/EtOAc) 100:0-50:50, SF 8-12 g, 

gradient: CH2Cl2/MeOH 90:10 to CH2Cl2/MeOH/25% NH3 in H2O 50:50:1, or isocratic: 

CH2Cl2/7 N NH3 in MeOH 99:1) and dried in vacuum. The Trt- and/or Boc-protected 

intermediates were analyzed using LC-MS (data not shown). Subsequently, the deprotection was 

performed by stirring the respective compound with 30-70% TFA in CH2Cl2 (5-14 mL) for 7-18 h. 

The obtained carbamoylguanidines (cf. 5.30-5.36, 5.38-52, 55, 57 and 59-70) were purified by 

preparative HPLC. In case of 5.53-5.54 and 5.56, the HCl salts were synthesized according to the 

following procedure. After deprotection with TFA, the ligands were purified by column 

chromatography (isocratic: CH2Cl2/7 N NH3 in MeOH 90:10) yielding the free base. The free base 

was dissolved in 1,4-dioxane (10 mL) and 1-2 N HCl (5 mL) in diethyl ether (Et2O) was added 
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dropwise, so that the HCl salt precipitated. The suspension was concentrated in vacuum and the 

solid was washed with Et2O (3 x 15 mL). After removing of the solvent in vacuum, compounds 

5.53-5.54 and 5.56 were obtained as HCl salts. 

 

 

1-(Amino{[3-(5-methyl-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)-3-(pentyl)urea 

hydrotrifluoroacetate (5.30) was prepared from amine 5.10 (29 mg, 0.19 mmol, 1.1 equiv), 5.18 

(51 mg, 0.17 mmol, 1 equiv), NEt3 (58 µL, 0.42 mmol, 2.5 equiv) and HgCl2 (91 mg, 0.34 mmol, 

2 equiv) according to the general procedure yielding the product as a white, foamlike and 

hygroscopic solid (25 mg, 34%). Rf = 0.01 (PE/EtOAc 3:7). RP-HPLC: 98%, (tR = 13.5 min, 

k = 3.21). 1H-NMR (600 MHz, DMSO-d6): δ 10.46 (br s, 1H), 9.06 (br s, 1H), 8.54 (br s, 2H), 7.51 

(br s, 1H), 3.37-3.29 (m, 2H), 3.12-3.04 (m, 4H), 2.68 (s, 3H), 1.96 (quint, J = 7.4 Hz, 2H), 1.44 

(quint, J = 7.2 Hz, 2H), 1.32-1.20 (m, 4H), 0.86 (t, J = 7.1 Hz, 3H). 13C-NMR (151 MHz, DMSO-

d6): δ 169.15, 165.01, 159.81 (q, J = 31.9 Hz, TFA), 153.89, 153.69, 117.36 (q, J = 299.5 Hz, 

TFA), 40.02, 19.11, 28.61, 28.39, 27.94, 26.31, 21.75, 15.10, 13.85. HRMS (ESI-MS): calcd. for 

C13H25NOS+: 313.1805; found: 313.1827. MF: C13H24N6OS x C2HF3O2. MW: (312.44 + 114.02). 

 

 

1-(Amino{[3-(5-amino-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)-3-(pentyl)urea 

dihydrotrifluoroacetate (5.31) was prepared from amine 5.11 (53 mg, 0.18 mmol, 1 equiv), 5.18 

(50 mg, 0.19 mmol, 1.1 equiv), NEt3 (61 µL, 0.44 mmol, 2.5 equiv) and HgCl2 (96 mg, 

0.35 mmol, 2 equiv) according to the general procedure yielding the product as a white, foamlike 

and hygroscopic solid (19 mg, 19%). Rf = 0.49 (CH2Cl2/MeOH 9:1). RP-HPLC: 99%, 

(tR = 11.4 min, k = 2.55). 1H-NMR (600 MHz, DMSO-d6): δ 10.37 (br s, 1H), 9.04 (br s, 1H), 8.52 

(br s, 2H), 8.10-7.34 (m, 4H), 3.30 (q, J = 6.7 Hz, 2H), 3.09 (q, J = 6.6 Hz, 2H), 2.86 (t, J = 7.5 Hz, 

2H), 1.89 (quint, J = 7.4 Hz, 2H), 1.44 (quint, J = 7.1 Hz, 2H), 1.31-1.22 (m, 4H), 0.86 (t, 

J = 7.0 Hz, 3H). 13C-NMR (151 MHz, DMSO-d6): δ 168.77, 158.93 (q, J = 34.3 Hz, TFA), 157.42, 

153.86, 153.68, 116.45 (q, J = 297.7 Hz, TFA), 40.05, 39.21, 28.60, 28.39, 27.34, 26.52, 21.75, 
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13.86. HRMS (ESI-MS): calcd. for C12H24N7OS+: 314.1758; found: 314.1761. MF: 

C12H23N7OS x C4H2F6O4. MW: (313.42 + 228.05). 

 

 

1-(Amino{[3-(2-aminothiazol-5-yl)propyl]amino}methylene)-3-(pentyl)urea 

dihydrotrifluoroacetate (5.32) was prepared from amine 5.12 (30 mg, 0.12 mmol, 1 equiv), 5.18 

(39 mg, 0.13 mmol, 1.1 equiv), NEt3 (41 µL, 0.29 mmol, 2.5 equiv) and HgCl2 (64 mg, 

0.23 mmol, 2 equiv) according to the general procedure yielding the product as a white, foamlike 

and hygroscopic solid (16.9 mg, 26%). Rf = 0.56 (CH2Cl2/MeOH 9:1). RP-HPLC: 99%, 

(tR = 11.0 min, k = 2.43). 1H-NMR (600 MHz, DMSO-d6) δ 10.45 (br s, 1H), 9.41-8.85 (m, 3H), 

8.50 (br s, 2H), 7.48 (br s, 1H), 7.07 (s, 1H), 3.26 (q, J = 6.6 Hz, 2H), 3.08 (q, J = 6.6 Hz, 2H), 

2.63 (t, J = 7.5 Hz, 2H), 1.77 (quint, J = 7.3 Hz, 2H), 1.42 (quint, J = 7.2 Hz, 2H), 1.32-1.18 (m, 

4H), 0.85 (t, J = 7.0 Hz, 3H). 13C-NMR (151 MHz, DMSO-d6) δ 169.37, 159.06 (q, J = 33.2 Hz, 

TFA), 153.82, 153.68, 123.95, 123.48, 116.62 (q, J = 296.7 Hz, TFA), 39.87, 39.10, 28.60, 28.46, 

28.38, 23.29, 21.75, 13.86. HRMS (ESI-MS): calcd. for C13H25N6OS+: 313.1805; found: 313.1807. 

MF: C13H24N6OS x C4H2F6O4. MW: (312.44 + 228.05). 

 

 

1-(Amino{[4-(2-amino-4-methylthiazol-5-yl)phenyl]amino}methylene)-3-(pentyl)urea 

dihydrotrifluoroacetate (5.33) was prepared from amine 5.15 (60 mg, 0.20 mmol, 1 equiv), 5.18 

(66 mg, 0.22 mmol, 1.1 equiv), NEt3 (68 µL, 0.49 mmol, 2.5 equiv) and HgCl2 (107 mg, 

0.39 mmol, 2 equiv) according to the general procedure yielding the product as a white, foamlike 

and hygroscopic solid (55 mg, 45%). Rf = 0.45 (CH2Cl2/MeOH 9:1). RP-HPLC: 100%, 

(tR = 11.8 min, k = 2.68). 1H-NMR (600 MHz, DMSO-d6) δ 10.72 (br s, 1H), 10.13 (br s, 1H), 

9.33-7.91 (m, 4H), 7.59 (t, J = 5.6 Hz, 1H), 7.51-7.45 (m, 2H), 7.41-7.35 (m, 2H), 3.11 (t, 

J = 7.0 Hz, 2H), 2.25 (s, 3H), 1.44 (quint, J = 7.1 Hz, 2H), 1.33-1.19 (m, 4H), 0.86 (t, J = 7.1 Hz, 

3H). 13C-NMR (151 MHz, DMSO-d6): δ 166.94, 159.14 (q, J = 33.1 Hz, TFA), 153.48, 153.36, 
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138.18, 137.69, 132.72, 130.37, 129.35, 126.20, 116.55 (q, J = 298.0 Hz, TFA), 115.92, 39.20, 

28.53, 28.39, 21.75, 14.43, 13.87. HRMS (ESI-MS): calcd. for C17H25N6OS+: 361.1805; found: 

361.1806. MF: C17H24N6OS x C4H2F6O4. MW: (380.48 + 228.05). 

 

 

1-(Amino{[3-(2-amino-4-methylthiazol-5-yl)phenyl]amino}methylene)-3-(pentyl)urea 

dihydrotrifluoroacetate (5.34) was prepared from amine 5.16 (30 mg, 0.10 mmol, 1 equiv), 5.18 

(33 mg, 0.11 mmol, 1.1 equiv), NEt3 (33 µL, 0.25 mmol, 2.5 equiv) and HgCl2 (53 mg, 

0.20 mmol, 2 equiv) according to the general procedure yielding the product as a white, foamlike 

and hygroscopic solid (28 mg, 48%). Rf = 0.55 (CH2Cl2/MeOH 9:1). RP-HPLC: 100%, 

(tR = 12.0 min, k = 2.74). 1H-NMR (600 MHz, DMSO-d6) δ 10.64 (br s, 1H), 10.00 (br s, 1H), 

9.30-7.78 (m, 4H), 7.57 (t, J=5.6 Hz, 1H), 7.52 (t, J = 7.9 Hz, 1H), 7.39-7.35 (m, 1H), 7.34 (t, 

J = 2.0 Hz, 1H), 7.29-7.24 (m, 1H), 3.11 (t, J = 7.0 Hz, 2H), 2.25 (s, 3H), 1.44 (quint, J = 7.1 Hz, 

2H), 1.34-1.19 (m, 4H), 0.86 (t, J = 7.1 Hz, 3H).13C-NMR (151 MHz, DMSO-d6) δ 166.86, 159.00 

(q, J = 32.8 Hz, TFA), 153.52, 153.34, 134.31, 133.13, 130.40, 127.21, 125.21, 124.28, 116.66 (q, 

J = 296.3 Hz, TFA), 115.89, 39.17, 28.54, 28.38, 21.74, 14.82, 13.88. HRMS (ESI-MS): calcd. for 

C17H25N6OS+: 361.1805; found: 361.1811. MF: C17H24N6OS x C4H2F6O4. MW: 

(360.48 + 228.05). 

 

 

1-(Amino{[(2-amino-4,5,6,7-tetrahydrobenzo[d]thiazol-6-yl)methyl]amino}methylene)-3-

(pentyl)urea dihydrotrifluoroacetate (5.35) was prepared from amine 5.17 (77 mg, 0.18 mmol, 

1.1 equiv), 5.18 (50 mg, 0.17 mmol, 1 equiv), NEt3 (57 µL, 0.41 mmol, 2.5 equiv) and HgCl2 

(90 mg, 0.33 mmol, 2 equiv) according to the general procedure yielding the product as a white, 

foamlike and hygroscopic solid (21 mg, 22%). Rf = 0.59 (CH2Cl2/MeOH 9:1). RP-HPLC: 100%, 

(tR = 10.6 min, k = 2.30). 1H-NMR (600 MHz, DMSO-d6): δ 10.56 (br s, 1H), 9.28-8.81 (m, 3H), 

8.56 (br s, 2H), 7.51 (br s, 1H), 3.36-3.22 (m, 2H), 3.08 (q, J = 6.6 Hz, 2H), 2.67-2.58 (m, 1H), 

2.56-2.50 (m, 1H), 2.47-2.36 (m, 1H), 2.23-2.16 (m, 1H), 2.10-2.00 (m, 1H), 1.92-1.83 (m, 1H), 
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1.50-1.38 (m, 3H), 1.31-1.17 (m, 4H), 0.85 (t, J = 7.1 Hz, 3H). 13C-NMR (151 MHz, DMSO-d6): 

δ 168.63, 159.46 (q, J = 32.8 Hz, TFA), 154.08, 153.83, 134.60, 116.85 (q, J = 296.5 Hz, TFA), 

113.20, 44.62, 40.05, 39.16, 33.22, 28.63, 28.42, 25.52, 24.53, 22.00, 21.78, 13.88. HRMS (ESI-

MS): calcd. for C15H27N6OS+: 399.1962; found: 399.1964. MF: C15H26N6OS x C4H2F6O4. MW: 

(338.47 + 228.05). 

 

 

1-(Amino{[3-(5-amino-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)-3-(hexyl)urea 

dihydrotrifluoroacetate (5.36) was prepared from amine 5.11 (22 mg, 0.086 mmol, 1 equiv), 

5.19 (30 mg, 0.095 mmol, 1.1 equiv), NEt3 (30 µL, 0.215 mmol, 2.5 equiv) and HgCl2 (47 mg, 

0.172 mmol, 2 equiv) according to the general procedure yielding the product as a white, foamlike 

and hygroscopic solid (8.44 mg, 18%). RP-HPLC: 96%, (tR = 12.9 min, k = 3.02). 1H-NMR 

(600 MHz, DMSO-d6) δ 10.15 (br s, 1H), 9.01 (br s, 1H), 8.50 (br s, 2H), 8.03-7.24 (m, 3H), 3.30 

(q, J = 6.7 Hz, 2H), 3.09 (q, J = 6.6 Hz, 2H), 2.86 (t, J = 7.5 Hz, 2H), 1.89 (quint, J = 7.4 Hz, 2H), 

1.43 (quint, J = 6.9 Hz, 2H), 1.31-1.21 (m, 6H), 0.89-0.83 (m, 2H). 13C-NMR (151 MHz, DMSO-

d6) δ 168.77, 157.42, 158.59 (q, J = 34.2 Hz, TFA), 153.79, 153.60, 116.18 (q, J = 293.6 Hz, 

TFA), 39.97, 39.14, 30.87, 28.87, 27.29, 26.52, 25.86, 22.01, 13.87. HRMS (ESI-MS): calcd. for 

C13H26N7OS+: 328.1914; found: 328.1917. MF: C13H25N7OS x C4H2F6O4. MW: 

(327.45 + 228.05). 

 

 

1-(Amino{[3-(5-methyl-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)-3-(8-

aminooctyl)urea dihydrotrifluoroacetate (5.38) was prepared from amine 5.10 (17 mg, 

0.11 mmol, 1.1 equiv), 5.20 (46 mg, 0.1 mmol, 1 equiv), NEt3 (35 µL, 0.25 mmol, 2.5 equiv) and 

HgCl2 (54 mg, 0.2 mmol, 2 equiv) according to the general procedure yielding the product as a 

white, foamlike and hygroscopic solid (22 mg, 37%). Rf = 0.48 (CH2Cl2/MeOH 9:1). RP-HPLC: 

97%, (tR = 9.1 min, k = 1.83). 1H-NMR (600 MHz, DMSO-d6): δ 10.54 (br s, 1H), 9.05 (br s, 1H), 

8.53 (br s, 2H), 7.77 (br s, 3H), 7.52 (br s, 1H), 3.40-3.29 (m, 4H), 3.11-3.05 (m, 4H), 2.76 (t, 
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J = 6.7 Hz, 2H), 2.67 (s, 3H), 1.96 (quint, J = 7.3 Hz, 2H), 1.51 (quint, J = 7.3 Hz, 2H), 1.46-1.39 

(m, 2H), 1.32-1.21 (m, 8H). 13C-NMR (151 MHz, DMSO-d6): δ 169.62, 165.49, 159.38 (q, 

J = 31.3 Hz, TFA), 154.36, 154.18, 117.44 (q, J = 297.3 Hz, TFA), 40.48, 40.52, 39.26, 29.37, 

28.91, 28.89, 28.40, 27.42, 26.77, 26.55, 26.19, 15.57. HRMS (ESI-MS): calcd. for C16H32N7OS+: 

370.2384; found: 370.2388 MF: C16H31N7OS x C4H2F6O4. MW: (369.53 + 228.05). 

 

 

1-(Amino{[3-(5-amino-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)-3-(8-

aminooctyl)urea trihydrotrifluoroacetate (5.39) was prepared from amine 5.11 (15 mg, 

0.054 mmol, 1 equiv), 5.20 (25 mg, 0.05 mmol, 1.1 equiv), NEt3 (19 µL, 0.14 mmol, 2.5 equiv) 

and HgCl2 (29 mg, 0.11 mmol, 2 equiv) according to the general procedure yielding the product 

as a white, foamlike and hygroscopic solid (10 mg, 26%). RP-HPLC: 96%, (tR = 7.9 min, 

k = 1.46). 1H-NMR (600 MHz, DMSO-d6): δ 10.39 (br s, 1H), 9.05 (br s, 1H), 8.54 (br s, 2H), 

7.88-7.29 (m, 6H), 3.32 (q, J = 6.7 Hz, 2H), 3.11 (q, J = 6.6 Hz, 2H), 2.87 (t, J = 7.5 Hz, 2H), 2.82-

2.74 (m, 2H), 1.91 (quint, J = 7.4 Hz, 2H), 1.53 (quint, J = 7.4 Hz, 2H), 1.45 (q, J = 6.7 Hz, 2H), 

1.28 (s, 8H). 13C-NMR (151 MHz, DMSO-d6): δ 168.65, 158.58 (q, J = 33.5 Hz, TFA), 157.35, 

153.84, 153.67, 116.53 (q, J = 296.1 Hz, TFA), 39.94, 39.16, 38.80, 28.90, 28.44, 27.38, 26.96, 

26.49, 26.10, 25.72. HRMS (ESI-MS): calcd. for C15H31N8OS+: 370.2384; found: 370.2388. MF: 

C15H30N8OS x C6H3F9O6. MW: (369.53 + 342.07). 

 

 

1-(Amino{[4-(2-amino-4-methylthiazol-5-yl)phenyl]amino}methylene)-3-(cyclohexyl)urea 

dihydrotrifluoroacetate (5.40) was prepared from amine 5.15 (50 mg, 0.16 mmol, 1 equiv), 5.21 

(57 mg, 0.18 mmol, 1.1 equiv), NEt3 (57 µL, 0.41 mmol, 2.5 equiv) and HgCl2 (89 mg, 

0.33 mmol, 2 equiv) according to the general procedure yielding the product as a white, foamlike 

and hygroscopic solid (51 mg, 53%). Rf = 0.54 (CH2Cl2/MeOH 9:1). RP-HPLC: 100%, 

(tR = 11.6 min, k = 2.61). 1H-NMR (600 MHz, DMSO-d6): δ 10.87 (br s, 1H), 10.18 (br s, 1H), 



 

 

5 Abolishing Dopamine D2long/D3 Receptor Affinity of Subtype-Selective Carbamoylguanidine-

Type Histamine H2R Agonists 

325 

 

9.39-8.20 (m, 4H), 7.64 (d, J = 7.6 Hz, 1H), 7.54-7.48 (m, 2H), 7.43-7.37 (m, 2H), 3.55-3.44 (m, 

1H), 2.27 (s, 3H), 1.86-1.73 (m, 2H), 1.71-1.60 (m, 2H), 1.58-1.48 (m, 1H), 1.36-1.12 (m, 5H). 

13C-NMR (151 MHz, DMSO-d6): δ 167.25, 159.13 (q, J = 33.7 Hz, TFA), 153.55, 152.60, 136.24, 

133.04, 129.92, 129.45, 126.26, 116.57 (q, J = 297.3 Hz, TFA), 115.79, 48.40, 32.05, 24.96, 24.12, 

13.95. HRMS (ESI-MS): calcd. for C18H25N6OS+: 373.1805; found: 373.1804. MF: 

C18H24N6OS x C4H2F6O4. MW: (372.49 + 228.05). 

 

 

1-(Amino{[3-(2-amino4-methyloxazol-5-yl)propyl]amino}methylene)-3-(2-

cyclohexylpropyl)urea dihydrotrifluoroacetate (5.41) was prepared from amine 5.9 (35 mg, 

0.1 mmol, 1 equiv), 5.22 (36 mg, 0.1. mmol, 1 equiv), NEt3 (35 µL, 0.25 mmol, 2.5 equiv) and 

HgCl2 (54 mg, 0.2 mmol, 2 equiv) according to the general procedure yielding the product as a 

white, foamlike and hygroscopic solid (14.1 mg, 24%). Rf = 0.52 (CH2Cl2/MeOH 9:1). RP-HPLC: 

97%, (tR = 15.0 min, k = 3.67). 1H-NMR (600 MHz, DMSO-d6) δ 10.38 (br s, 1H), 9.00 (br s, 3H), 

8.51 (br s, 2H), 7.48 (br s, 1H), 3.28 (q, J = 6.7 Hz, 2H), 3.19-3.12 (m, 1H), 2.99-2.92 (m, 1H), 

2.59 (t, J = 7.3 Hz, 2H), 2.01 (s, 3H), 1.80-1.69 (m, 4H), 1.66-1.56 (m, 4H), 1.51-1.44 (m, 1H), 

1.26-0.91 (m, 7H), 0.81 (d, J = 6.9 Hz, 3H). 13C-NMR (151 MHz, DMSO-d6) δ 158.83 (q, 

J = 32.5 Hz, TFA), 157.40, 153.84, 153.74, 139.03, 120.74, 116.81 (q, J = 295.7 Hz, TFA), 42.87, 

40.06, 39.24, 37.79, 30.29, 27.92, 26.24, 26.17, 26.07, 25.93, 20.21, 14.04, 7.95. HRMS (ESI-

MS): calcd. for C18H33N6O2
+: 365.2660; found: 365.2660. MF: C18H32N6O2 x C4H2F6O4. MW: 

(364.26 + 228.05). 

 

 

1-(Amino{[3-(5-methyl-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)-3-(2-

cyclohexylpropyl)urea hydrotrifluoroacetate (5.42) was prepared from amine 5.10 (22 mg, 

0.14 mmol, 1.1 equiv), 5.22 (46 mg, 0.13 mmol, 1 equiv), NEt3 (43 µL, 0.32 mmol, 2.5 equiv) and 

HgCl2 (70 mg, 0.26 mmol, 2 equiv) according to the general procedure yielding the product as a 

white, foamlike and hygroscopic solid (12 mg, 19%). Rf = 0.54 (CH2Cl2/MeOH 9:1). RP-HPLC: 
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97%, (tR = 17.9 min, k = 4.58). 1H-NMR (600 MHz, DMSO-d6): δ 10.19 (br s, 1H), 9.02 (br s, 

1H), 8.51 (br s, 2H), 7.47 (br s, 1H), 3.35-3.31 (m, 2H), 3.17-3.04 (m, 3H), 2.97-2.89 (m, 1H), 

2.68 (s, 3H), 1.97 (quint, J = 7.4 Hz, 2H), 1.75-1.66 (m, 2H), 1.64-1.53 (m, 3H), 1.51-1.42 (m, 

1H), 1.25-0.90 (m, 6H), 0.80 (d, J = 6.9 Hz, 3H). 13C-NMR (151 MHz, DMSO-d6): δ 169.62, 

165.49, 159.43 (q, J = 32.2 Hz, TFA), 154.23, 154.15, 117.50 (q, J = 296.6 Hz, TFA), 43.35, 

40.51, 38.25, 30.76, 28.38, 26.78, 26.71, 26.64, 26.54, 15.58, 14.52. HRMS (ESI-MS): calcd. for 

C17H31N6OS+: 367.2275; found: 367.2301. MF: C17H30N6OS x C2HF3O2. MW: (366.53 + 114.02). 

 

 

1-(Amino{[3-(5-amino-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)-3-(2-

cyclohexylpropyl)urea dihydrotrifluoroacetate (5.43) was prepared from amine 5.11 (20 mg, 

0.08 mmol, 1 equiv), 5.22 (31 mg, 0.09 mmol, 1.1 equiv), NEt3 (27 µL, 0.20 mmol, 2.5 equiv) and 

HgCl2 (43 mg, 0.16 mmol, 2 equiv) according to the general procedure yielding the product as a 

white, foamlike and hygroscopic solid (8 mg, 17%). RP-HPLC: 99%, (tR = 15.5 min, k = 3.83). 

1H-NMR (600 MHz, DMSO-d6): δ 10.01 (br s, 1H), 8.98 (br s, 1H), 8.48 (br s, 2H), 7.46 (br s, 

3H), 3.29 (q, J = 6.7 Hz, 2H), 3.16-3.09 (m, 1H), 2.96-2.89 (m, 1H), 2.84 (t, J = 7.5 Hz, 2H), 1.88 

(quint, J = 7.3 Hz, 2H), 1.72-1.66 (m, 2H), 1.63-1.53 (m, 3H), 1.50-1.41 (m, 1H), 1.25-0.88 (m, 

6H), 0.79 (d, J = 6.9 Hz, 3H). 13C-NMR (151 MHz, DMSO-d6): δ 168.60, 158.58 (q, J = 33.5 Hz, 

TFA), 157.33, 153.90, 153.68, 116.46 (q, J = 296.2 Hz, TFA), 42.88, 40.01, 39.45, 37.77, 30.28, 

27.91, 27.37, 26.49, 26.24, 26.17, 26.07, 14.06. HRMS (ESI-MS): calcd. for C16H30N7OS+: 

368.2227; found: 368.2230. MF: C16H29N7OS x C4H2F6O4. MW: (367.52 + 228.05). 

 

 

1-(Amino{[4-(2-amino-4-methylthiazol-5-yl)phenyl]amino}methylene)-3-(2-

cyclohexylpropyl)urea dihydrotrifluoroacetate (5.44) was prepared from amine 5.15 (32 mg, 

0.11 mmol, 1.1 equiv), 5.22 (34 mg, 0.10 mmol, 1 equiv), NEt3 (33 µL, 0.24 mmol, 2.5 equiv) and 

HgCl2 (52 mg, 0.19 mmol, 2 equiv) according to the general procedure yielding the product as a 
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white, foamlike and hygroscopic solid (41 mg, 64%). Rf = 0.50 (CH2Cl2/MeOH 9:1). RP-HPLC: 

100%, (tR = 15.6 min, k = 3.86). 1H-NMR (600 MHz, DMSO-d6): δ 10.86 (br s, 1H), 10.42 (br s, 

1H), 9.48-8.14 (m, 4H), 7.61 (t, J = 5.8 Hz, 1H), 7.54-7.47 (m, 2H), 7.43-7.37 (m, 2H), 3.21-3.12 

(m, 1H), 3.01-2.92 (m, 1H), 2.27 (s, 3H), 1.75-1.66 (m, 2H), 1.65-1.55 (m, 3H), 1.52-1.44 (m, 1H), 

1.28-0.90 (m, 6H), 0.81 (d, J = 6.9 Hz, 3H). 13C-NMR (151 MHz, DMSO-d6): δ 167.22, 159.16 

(q, J = 33.8 Hz, TFA), 153.50, 136.35, 133.09, 129.90, 129.43, 126.13, 116.56 (q, J = 297.3 Hz, 

TFA), 115.82, 42.99, 39.71, 37.75, 30.29, 27.92, 26.23, 26.17, 26.06, 14.07, 13.99. HRMS (ESI-

MS): calcd. for C21H31N6OS+: 415.2275; found: 415.2275. MF: C21H30N6OS x C4H2F6O4. MW: 

(414.57 + 228.05). 

 

 

1-(Amino{[3-(2-amino-4-methyloxazol-5-yl)propyl]amino}methylene)-3-(benzyl)urea 

dihydrotrifluoroacetate (5.45) was prepared from amine 5.9 (35 mg, 0.1 mmol, 1 equiv), 5.23 

(32 mg, 0.1 mmol, 1 equiv), NEt3 (35 µL, 0.25 mmol, 2.5 equiv) and HgCl2 (54 mg, 0.2 mmol, 

2 equiv) according to the general procedure yielding the product as a white, foamlike and 

hygroscopic solid (14.9 mg, 27%). Rf = 0.52 (CH2Cl2/MeOH 9:1). RP-HPLC: 96%, 

(tR = 10.4 min, k = 2.24). 1H-NMR (600 MHz, DMSO-d6) δ 10.51 (br s, 1H), 9.14-8.85 (m, 3H), 

8.55 (br s, 2H), 8.00 (br s, 1H), 7.39-7.19 (m, 5H), 4.31 (d, J = 5.8 Hz, 2H), 3.27 (q, J = 6.7 Hz, 

2H), 2.57 (t, J = 7.3 Hz, 2H), 1.99 (s, 3H), 1.75 (quint, J = 7.2 Hz, 2H). 13C-NMR (151 MHz, 

DMSO-d6) δ 158.79 (q, J = 32.4 Hz, TFA), 157.42, 153.82, 153.77, 139.01, 138.68, 128.40, 

127.22, 127.11, 120.81, 116.87 (q, J = 298.7 Hz, TFA), 42.77, 40.06, 25.92, 20.22, 7.98. HRMS 

(ESI-MS): calcd. for C16H23N6O2
+: 331.1877; found: 331.1882. MF: C16H22N6O2 x C4H2F6O4. 

MW: (330.39 + 228.05). 

 

 

1-(Amino{[3-(5-methyl-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)-3-(benzyl)urea 

hydrotrifluoroacetate (5.46) was prepared from amine 5.10 (25 mg, 0.16 mmol, 1.1 equiv), 5.23 

(47 mg, 0.15 mmol, 1 equiv), NEt3 (50 µL, 0.36 mmol, 2.5 equiv) and HgCl2 (79 mg, 0.29 mmol, 
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2 equiv) according to the general procedure yielding the product as a white, foamlike and 

hygroscopic solid (13.5 mg, 20%). Rf = 0.54 (CH2Cl2/MeOH 9:1). RP-HPLC: 98%, 

(tR = 12.6 min, k = 2.93). 1H-NMR (600 MHz, DMSO-d6): δ 10.40-10.08 (m, 1H), 9.03 (br s, 1H), 

8.54 (br s, 2H), 8.05-7.95 (m, 1H), 7.38-7.22 (m, 5H), 4.31 (d, J = 5.8 Hz, 2H), 3.39-3.28 (m, 2H), 

3.07 (t, J = 7.6 Hz, 2H), 2.67 (s, 3H), 1.96 (quint, J = 7.2 Hz, 2H). 13C-NMR (151 MHz, DMSO-

d6): δ 169.62, 165.50, 159.42 (q, J = 30.9 Hz, TFA), 154.24, 139.13, 128.88, 127.70, 127.58, 

117.47 (q, J = 296.9 Hz, TFA), 43.24, 40.55, 28.35, 26.79, 15.58. HRMS (ESI-MS): calcd. for 

C15H21N6OS+: 333.1492; found: 333.1501. MF: C15H20N6OS x C2HF3O2. MW: (332.43 + 114.02). 

 

 

1-(Amino{[3-(5-amino-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)-3-(benzyl)urea 

dihydrotrifluoroacetate (5.47) was prepared from amine 5.11 (48 mg, 0.19 mmol, 1.2 equiv), 

5.23 (50 mg, 0.16 mmol, 1 equiv), NEt3 (54 µL, 0.39 mmol, 2.5 equiv) and HgCl2 (84 mg, 

0.31 mmol, 2 equiv) according to the general procedure yielding the product as a white, foamlike 

and hygroscopic solid (20.8 mg, 23%). RP-HPLC: 98%, (tR = 10.4 min, k = 2.24). 1H-NMR 

(600 MHz, DMSO-d6) δ 10.46 (br s, 1H), 9.06 (br s, 1H), 8.56 (br s, 2H), 8.35-7.51 (m, 2H), 7.36-

7.22 (m, 5H), 4.31 (d, J = 5.8 Hz, 2H), 3.30 (q, J = 6.7 Hz, 2H), 2.86 (t, J = 7.6 Hz, 2H), 1.89 

(quint, J = 7.3 Hz, 2H). 13C-NMR (151 MHz, DMSO-d6) δ 169.07, 158.95 (q, J = 34.7 Hz, TFA), 

157.58, 153.84 (2C), 138.70, 128.41 (2C), 127.24 (2C), 127.10, 116.14 (q, J = 295.1 Hz, TFA) 

42.78, 40.00, 27.16, 26.59. HRMS (ESI-MS): calcd. for C14H20N7OS+: 334.1445; found: 334.1447. 

MF: C14H19N7OS x C4H2F6O4. MW: (333.41 + 228.05). 

 

 

1-(Amino{[3-(2-aminothiazol-5-yl)propyl]amino}methylene)-3-(benzyl)urea 

dihydrotrifluoroacetate (5.48) was prepared from amine 5.12 (30 mg, 0.12 mmol, 1 equiv), 5.23 

(41 mg, 0.13 mmol, 1.1 equiv), NEt3 (41 µL, 0.29 mmol, 2.5 equiv) and HgCl2 (64 mg, 

0.23 mmol, 2 equiv) according to the general procedure yielding the product as a white, foamlike 

and hygroscopic solid (20.4 mg, 30%). Rf = 0.56 (CH2Cl2/MeOH 9:1). RP-HPLC: 100%, 



 

 

5 Abolishing Dopamine D2long/D3 Receptor Affinity of Subtype-Selective Carbamoylguanidine-

Type Histamine H2R Agonists 

329 

 

(tR = 10.2 min, k = 2.18). 1H-NMR (600 MHz, DMSO-d6) δ 10.68 (br s, 1H), 9.10 (br s, 3H), 8.57 

(br s, 2H), 8.01 (br s, 1H), 7.43-7.20 (m, 5H), 7.06 (s, 1H), 4.32 (d, J = 5.9 Hz, 2H), 3.27 (q, 

J = 6.6 Hz, 2H), 2.64 (t, J = 7.5 Hz, 2H), 1.79 (quint, J = 7.3 Hz, 2H). 13C-NMR (151 MHz, 

DMSO-d6) δ 169.35, 159.24 (q, J = 32.7 Hz, TFA), 153.88, 153.83, 138.72, 128.40 (2C), 127.22 

(2C), 127.09, 123.96, 123.88, 116.7 (q, J = 298.4 Hz, TFA), 42.76, 39.94, 28.49, 23.30. HRMS 

(ESI-MS): calcd. for C15H21N6OS+: 333.1492; found: 333.1495. MF: C15H20N6OS x C4H2F6O4. 

MW: (332.43 + 228.05). 

 

 

1-(Amino{[4-(2-amino-4-methylthiazol-5-yl)phenyl]amino}methylene)-3-(benzyl)urea 

dihydrotrifluoroacetate (5.49) was prepared from amine 5.15 (60 mg, 0.20 mmol, 1 equiv), 5.23 

(70 mg, 0.22 mmol, 1.1 equiv), NEt3 (68 µL, 0.49 mmol, 2.5 equiv) and HgCl2 (107 mg, 

0.39 mmol, 2 equiv) according to the general procedure yielding the product as a white, foamlike 

and hygroscopic solid (58 mg, 48%). Rf = 0.46 (CH2Cl2/MeOH 9:1). RP-HPLC: 99%, 

(tR = 10.9 min, k = 2.40). 1H-NMR (600 MHz, DMSO-d6) δ 11.69-10.16 (m, 2H), 9.42-8.58 (m, 

4H), 8.15 (t, J = 5.9 Hz, 1H), 7.54-7.49 (m, 2H), 7.45-7.39 (m, 2H), 7.38-7.25 (m, 5H), 4.35 (d, 

J = 5.8 Hz, 2H), 2.27 (s, 3H). 13C-NMR (151 MHz, DMSO-d6): δ 167.46, 159.52 (q, J = 33.6 Hz, 

TFA), 153.62, 138.52, 135.20, 133.36, 129.52, 128.43, 127.33, 127.17, 126.19, 116.55 (q, 

J = 295.9 Hz, TFA), 115.73, 42.88, 13.63. HRMS (ESI-MS): calcd. for C19H21N6OS+: 381.1492; 

found: 381.1491. MF: C19H20N6OS x C4H2F6O4. MW: (380.47 + 228.05). 

 

 

1-(Amino{[3-(2-amino-4-methylthiazol-5-yl)phenyl]amino}methylene)-3-(benzyl)urea 

dihydrotrifluoroacetate (5.50) was prepared from amine 5.16 (30 mg, 0.10 mmol, 1 equiv), 5.23 

(35 mg, 0.22 mmol, 1.1 equiv), NEt3 (33 µL, 0.25 mmol, 2.5 equiv) and HgCl2 (53 mg, 

0.20 mmol, 2 equiv) according to the general procedure yielding the product as a white, foamlike 
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and hygroscopic solid (27 mg, 44%). Rf = 0.52 (CH2Cl2/MeOH 9:1). RP-HPLC: 100%, 

(tR = 11.1 min, k = 2.46). 1H-NMR (600 MHz, DMSO-d6): δ 10.90 (br s, 1H), 10.54 (br s, 1H), 

8.42-9.20 (m, 4H), 8.11 (t, J = 5.9 Hz, 1H), 7.53 (t, J = 8.0 Hz, 1H), 7.42-7.23 (m, 8H), 4.34 (d, 

J = 5.8 Hz, 2H), 2.26 (s, 3H). 13C-NMR (151 MHz, DMSO-d6): δ 167.32, 159.14 (q, J = 33.5 Hz, 

TFA), 153.64, 153.60, 138.50, 136.81, 134.48, 132.36, 130.47, 128.42, 127.30, 127.16, 125.36, 

124.75, 116.52 (q, J = 295.6 Hz, TFA), 115.65, 42.85, 14.04. HRMS (ESI-MS): calcd. for 

C19H21N6OS+: 381.1492; found: 381.1498. MF: C19H20N6OS x C4H2F6O4. MW: 

(380.47 + 228.05). 

 

 

1-(Amino{[(2-amino-4,5,6,7-tetrahydrobenzo[d]thiazol-6-yl)methyl]amino}methylene)-3-

(benzyl)urea dihydrotrifluoroacetate (5.51) was prepared from amine 5.17 (85 mg, 0.20 mmol, 

1 equiv), 5.23 (71 mg, 0.22 mmol, 1.1 equiv), NEt3 (76 µL, 0.55 mmol, 2.5 equiv) and HgCl2 

(119 mg, 0.44 mmol, 2 equiv) according to the general procedure yielding the product as a white, 

foamlike and hygroscopic solid (45 mg, 38%). Rf = 0.48 (CH2Cl2/MeOH 9:1). RP-HPLC: 100%, 

(tR = 9.8 min, k = 2.05). 1H-NMR (600 MHz, DMSO-d6): δ 10.65 (br s, 1H), 9.27-8.84 (m, 3H), 

8.61 (br s, 2H), 8.03 (br s, 1H), 7.35-7.30 (m, 2H), 7.30-7.23 (m, 3H), 4.31 (d, J = 5.8 Hz, 2H), 

3.28 (q, J = 6.8 Hz, 2H), 2.63 (dd, J = 16.2, 5.0 Hz, 1H), 2.55-2.50 (m, 1H), 2.47-2.36 (m, 1H), 

2.23-2.15 (m, 1H), 2.10-2.01 (m, 1H), 1.91-1.83  (m, 1H), 1.50-1.40 (m, 1H). 13C-NMR 

(151 MHz, DMSO-d6): δ 168.60, 159.33 (q, J = 32.7 Hz, TFA), 154.04, 153.98, 138.73, 134.64, 

128.44, 127.26, 127.14, 116.82 (q, J = 299.9 Hz, TFA), 113.21, 44.67, 42.80, 33.20, 25.53, 24.54, 

22.01. HRMS (ESI-MS): calcd. for C17H23N6OS+: 359.1649; found: 359.1645. MF: 

C17H22N6OS x C4H2F6O4. MW: (358.46 + 228.05). 

 

 

1-(Amino{[3-(1H-imidazol-4-yl)propyl]amino}methylene)-3-((R)-(1-phenylethyl))urea 

dihydrotrifluoroacetate (5.52) was prepared from 5.8 (327 mg, 0.89 mmol, 1 equiv), 5.24 

(300 mg, 0.89 mmol, 1 equiv), HgCl2 (265 mg, 0.98 mmol, 1.1 equiv) and NEt3 (372 µL, 
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2.67 mmol, 3 equiv) according to the general procedure yielding 429.1 mg (73%) of Trt-/Boc-

protected intermediate. 306 mg thereof were deprotected in the next step yielding 5.52 as a white, 

foamlike and hygroscopic solid after purification by preparative HPLC (129.7 mg, 51%). RP-

HPLC: 100%, (tR = 8.3 min, k = 2.11). 1H-NMR (300 MHz, MeOD) δ 8.75 (d, J = 1.4 Hz, 1H), 

7.35-7.18 (m, 6H), 4.94-4.85 (m, 1H), 3.38-3.29 (m, 2H), 2.81 (t, J = 7.3 Hz, 2H), 2.00 (quint, 

J = 7.4 Hz, 2H), 1.47 (d, J = 7.0 Hz, 3H). 13C-NMR (75 MHz, MeOD) δ 161.87 (q, J = 34.4 Hz, 

TFA), 154.56, 153.29, 143.49, 133.46, 132.86, 128.72 (2C), 126.89, 125.56 (2C), 116.7 (q, 

J = 288.2 Hz, TFA), 114.97, 49.71, 39.99, 26.73, 21.29, 21.10. HRMS (ESI-MS): calcd. for 

C16H23N6O
+: 315.1928, found: 315.1932. MF: C16H22N6O x C4H2F6O4. MW: (314.39 + 228.05). 

 

 

1-(Amino{[3-(5-amino-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)-3-((R)-(1-

phenylethyl))urea dihydrochloride (5.53) was prepared from 5.11 (407 mg, 1.47 mmol, 

1 equiv), 5.24 (494 mg, 1.47 mmol, 1 equiv), HgCl2 (438 mg, 1.61 mmol, 1.1 equiv) and NEt3 

(613 µL, 4.40 mmol, 3 equiv) according to the general procedure yielding the product as a white, 

foamlike and hygroscopic solid (50 mg, 8%). RP-HPLC: 100%, (tR = 9.3 min, k = 2.48). 1H-NMR 

(300 MHz, MeOD) δ 7.37-7.20 (m, 5H), 4.89-4.85 (m, 1H), 3.49-3.35 (m, 2H), 3.02 (t, J = 7.2 Hz, 

2H), 2.09 (quint, J = 6.8 Hz, 2H), 1.47 (d, J = 6.9 Hz, 3H). 13C-NMR (75 MHz, MeOD) δ 143.33, 

128.26 (2C), 126.97, 125.65 (2C), 49.80, 40.08, 26.80, 26.63, 21.44, 4 C-signals are missing due 

to the low concentration of the sample. HRMS (ESI-MS): calcd. for C15H22N7OS+: 348.1601, 

found: 348.1605. MF: C15H21N7OS x H2Cl2. MW: (347.44 + 72.92). 

 

 

1-(Amino{[3-(1H-1,2,4-triazol-5-yl)propyl]amino}methylene)-3-((R)-(1-phenylethyl))urea 

dihydrochloride (5.54) was prepared from 5.13 (420 mg, 1.14 mmol, 1 equiv), 5.24 (423 mg, 

1.25 mmol, 1.1 equiv), HgCl2 (340 mg, 1.25 mmol, 1.1 equiv) and NEt3 (474 µL, 3.42 mmol, 

3 equiv) according to the general procedure yielding 560 mg (75%) of Trt-/Boc-protected 

intermediate. 540 mg thereof were deprotected in the next step yielding 5.54 as a white, foamlike 
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and hygroscopic solid after purification by preparative HPLC (200 mg, 63%). RP-HPLC: 100%, 

(tR = 9.1 min, k = 2.41). 1H NMR (300 MHz, MeOD) δ 9.27 (s, 1H), 7.41-7.19 (m, 5H), 4.88 (q, 

J = 6.8 Hz, 1H), 3.56-3.37 (m, 2H), 3.21-3.01 (m, 2H), 2.15 (quint, J = 7.3 Hz, 2H), 1.46 (d, 

J = 7.0 Hz, 3H). 13C-NMR (75 MHz, MeOD) δ 155.98, 155.71, 154.19, 144.64, 143.46, 129.56 

(2C), 128.27, 126.95 (2C), 51.11, 41.42, 26.36, 22.97, 22.84. HRMS (ESI-MS): calcd. for 

C15H22N7O
+: 316,1880, found: 316.1883. MF: C15H21N7O x H2Cl2. MW: (315.38 + 72.92). 

 

 

1-(Amino{[3-(4-((dimethylamino)methyl)-1H-1,2,3-triazol-1-yl)propyl]amino}methylene)-

3-((R)-(1-phenylethyl))urea trihydrotrifluoroacetate (5.55) was prepared from 5.14 (298 mg, 

1.63 mmol, 1 equiv), 5.24 (549 mg, 1.63 mmol, 1 equiv), HgCl2 (486 mg, 1.79 mmol, 1.1 equiv) 

and NEt3 (680 µL, 4.88 mmol, 3 equiv) according to the general procedure yielding the product as 

a white, foamlike and hygroscopic solid (50 mg, 5%). RP-HPLC: 98%, (tR = 8.3 min, k = 2.11). 

1H-NMR (300 MHz, MeOD) δ 8.22 (s, 1H), 7.36-7.20 (m, 5H), 4.90-4.85 (m, 1H), 4.55 (t, 

J = 6.7 Hz, 2H), 4.42 (s, 2H), 3.34 (t, J = 6.7 Hz, 2H), 2.88 (s, 6H), 2.25 (p, J = 6.9 Hz, 2H), 1.47 

(d, J = 7.0 Hz, 3H). 13C-NMR (75 MHz, MeOD) δ 156.03, 144.86, 138.09, 129.63 (2C), 128.33, 

128.05, 126.97 (2C), 52.42, 51.09, 48.65, 42.92 (2C), 39.51, 29.69, 22.70, 1 C signal is missing 

due to the low concentration of the sample. HRMS (ESI-MS): calcd. for C18H29N8O
+: 373.2459, 

found: 373.2463. MF: C18H28N8O x C4H2F6O4. MW: (372.48 + 228.05). 

 

 

1-(Amino{[3-(5-amino-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)-3-(1-(3-

fluorophenyl)ethyl)urea dihydrochloride (5.56) was prepared from 5.11 (130 mg, 0.50 mmol, 

1 equiv), 5.25 (179 mg, 0.50 mmol, 1 equiv), HgCl2 (150 mg, 0.55 mmol, 1.1 equiv) and NEt3 

(211 µL, 1.51 mmol, 3 equiv) according to the general procedure yielding the product as a white, 

foamlike and hygroscopic solid (70 mg, 32%). RP-HPLC: 100%, (tR = 9.8 min, k = 2.67). 1H-

NMR (300 MHz, MeOD) δ 7.40-7.29 (m, 1H), 7.20-7.06 (m, 2H), 7.02-6.92 (m, 1H), 4.91-4.86 

(m, 1H), 3.46-3.38 (m, 2H), 3.03 (t, J = 7.4 Hz, 2H), 2.08 (p, J = 7.1 Hz, 2H), 1.47 (d, J = 7.0 Hz, 
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3H). 13C-NMR (75 MHz, MeOD) δ 172.03, 164.29 (d, J = 244.2 Hz), 159.72, 155.61, 154.34, 

147.72 (d, J = 7.0 Hz), 131.41 (d, J = 8.2 Hz), 122.88 (d, J = 2.7 Hz), 114.92 (d, J = 21.3 Hz), 

113.81 (d, J = 22.2 Hz), 50.76, 41.44, 28.22, 27.50, 22.63. HRMS (ESI-MS): calcd. for 

C15H21FN7OS+: 366.1507, found: 366.1509. MF: C15H20FN7OS x H2Cl2. MW: (365.43 + 72.92). 

 

 

1-(Amino{[3-(5-amino-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)-3-(2-methyl-3-(p-

tolyl)propyl)urea dihydrotrifluoroacetate (5.57) was prepared from amine 5.11 (66 mg, 

0.26 mmol, 1.1 equiv), 5.26 (85 mg, 0.22 mmol, 1 equiv), NEt3 (78 µL, 0.56 mmol, 2.5 equiv) and 

HgCl2 (121 mg, 0.45 mmol, 2 equiv) according to the general procedure yielding the product as a 

white, foamlike and hygroscopic solid (24 mg, 18%). RP-HPLC: 98%, (tR = 15.0 min, k = 3.67). 

1H-NMR (600 MHz, DMSO-d6): δ 10.28 (br s, 1H), 9.01 (br s, 1H), 8.50 (br s, 2H), 7.40-8.03 (s, 

3H), 7.11-6.99 (m, 4H), 3.29 (q, J = 6.7 Hz, 2H), 3.12-3.02 (m, 1H), 2.96-2.89 (m, 1H), 2.85 (t, 

J = 7.5 Hz, 2H), 2.62-2.54 (m, 1H), 2.36-2.27 (m, 1H), 2.25 (s, 3H), 1.93-1.82 (m, 3H), 0.78 (d, 

J = 6.7 Hz, 3H). 13C-NMR (151 MHz, DMSO-d6) δ 168.81, 158.87 (q, J = 34.7 Hz, TFA), 157.45, 

153.77, 136.97, 134.72, 128.81, 128.78, 116.33 (q, J = 294.0 Hz, TFA), 44.05, 40.06, 39.98, 34.86, 

27.30, 26.53, 20.61, 17.08. HRMS (ESI-MS): calcd. for C18H28N7OS+: 390.2071; found: 390.2077. 

MF: C18H27N7OS x C4H2F6O4. MW: (389.52 + 228.05). 

 

 

1-(Amino{[3-(2-aminothiazol-5-yl)propyl]amino}methylene)-3-(2-methyl-3-(p-

tolyl)propyl)urea dihydrotrifluoroacetate (5.59) was prepared from amine 5.12 (37 mg, 

0.15 mmol, 1.1 equiv), 5.26 (50 mg, 0.13 mmol, 1 equiv), NEt3 (46 µL, 0.33 mmol, 2.5 equiv) and 

HgCl2 (72 mg, 0.26 mmol, 2 equiv) according to the general procedure yielding the product as a 

white, foamlike and hygroscopic solid (18.2 mg, 23%). Rf = 0.55 (CH2Cl2/MeOH 9:1). RP-HPLC: 

99%, (tR = 14.5 min, k = 3.52). 1H-NMR (600 MHz, DMSO-d6) δ 10.51 (br s, 1H), 9.46-8.69 (m, 

3H), 8.51 (br s, 2H), 7.56 (br s, 1H), 7.13-6.97 (m, 5H), 3.27 (q, J = 6.6 Hz, 2H), 3.13-3.03 (m, 

1H), 2.98-2.87 (m, 1H), 2.64 (t, J = 7.5 Hz, 2H), 2.60-2.55 (m, 1H), 2.35-2.28 (m, 1H), 2.25 (s, 
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3H), 1.92-1.82 (m, 1H), 1.78 (quint, J = 7.3 Hz, 2H), 0.79 (d, J = 6.7 Hz, 3H). 13C-NMR 

(151 MHz, DMSO-d6) δ 169.30, 159.18 (q, J = 32.9 Hz, TFA) 153.81, 153.77, 136.97, 134.72, 

128.81 (2C), 128.77 (2C), 123.96 (2C), 116.69 (q, J = 297.1 Hz, TFA), 44.64, 40.06, 39.90, 34.87, 

28.52, 23.30, 20.61, 17.07. HRMS (ESI-MS): calcd. for C19H29N6OS+: 389.2118; found: 389.2122. 

MF: C19H28N6OS x C4H2F6O4. MW: (388.53 + 228.05). 

 

 

1-(Amino{[4-(2-amino-4-methylthiazol-5-yl)phenyl]amino}methylene)-3-(2-methyl-3-(p-

tolyl)propyl)urea dihydrotrifluoroacetate (5.60) was prepared from amine 5.15 (50 mg, 

0.16 mmol, 1 equiv), 5.26 (68 mg, 0.18 mmol, 1.1 equiv), NEt3 (57 µL, 0.41 mmol, 2.5 equiv) and 

HgCl2 (89 mg, 0.33 mmol, 2 equiv) according to the general procedure yielding the product as a 

white, foamlike and hygroscopic solid (58 mg, 55%). Rf = 0.64 (CH2Cl2/MeOH 9:1). RP-HPLC: 

100%, (tR = 15.2 min, k = 3.74). 1H-NMR (600 MHz, DMSO-d6): δ 10.88 (br s, 1H), 10.47 (br s, 

1H), 9.29-8.29 (m, 4H), 7.70 (t, J = 5.8 Hz, 1H), 7.55-7.48 (m, 2H), 7.44-7.38 (m, 2H), 7.12-7.02 

(m, 4H), 3.15-3.08 (m, 1H), 3.00-2.93 (m, 1H), 2.60 (dd, J = 13.5, 6.1 Hz, 1H), 2.32 (dd, J = 13.5, 

8.2 Hz, 1H), 2.29-2.24 (m, 6H), 1.93-1.83 (m, 1H), 0.81 (d, J = 6.7 Hz, 3H). 13C-NMR (151 MHz, 

DMSO-d6) δ 167.31, 159.20 (q, J = 33.5 Hz, TFA), 153.55, 153.50, 136.94, 134.75, 133.23, 

129.70, 129.47, 128.81, 128.79, 126.11, 116.59 (q, J = 295.9 Hz, TFA), 115.77, 44.74, 39.60, 

34.83, 20.62, 17.09, 13.82. HRMS (ESI-MS): calcd. for C23H29N6OS+: 437.2118; found: 437.2118. 

MF: C23H28N6OS x C4H2F6O4. MW: (436.58 + 228.05). 

 

 

1-(Amino{[3-(2-amino-4-methylthiazol-5-yl)phenyl]amino}methylene)-3-(2-methyl-3-(p-

tolyl)propyl)urea dihydrotrifluoroacetate (5.61) was prepared from amine 5.16 (20 mg, 

0.07 mmol, 1 equiv), 5.26 (28 mg, 0.073 mmol, 1.1 equiv), NEt3 (23 µL, 0.17 mmol, 2.5 equiv) 

and HgCl2 (36 mg, 0.13 mmol, 2 equiv) according to the general procedure yielding the product 
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as a white, foamlike and hygroscopic solid (16 mg, 34%). Rf = 0.58 (CH2Cl2/MeOH 9:1). RP-

HPLC: 100%, (tR = 15.4 min, k = 3.80). 1H-NMR (600 MHz, DMSO-d6): δ 10.81 (br s, 1H), 10.37 

(br s, 1H), 9.30-8.53 (m, 4H), 7.68 (t, J = 5.8 Hz, 1H), 7.59-7.53 (m, 1H), 7.43-7.38 (m, 2H), 7.35-

7.30 (m, 1H), 3.15-3.06 (m, 1H), 3.00-2.91 (m, 1H), 2.63-2.55 (m, 1H), 2.35-2.20 (m, 7H), 1.93-

1.82 (m, 1H), 0.80 (d, J = 6.7 Hz, 3H). 13C-NMR (151 MHz, DMSO-d6): δ 167.56, 158.84 (q, 

J = 34.5 Hz, TFA), 153.56, 136.92, 134.76, 134.56, 131.80, 130.57, 128.81, 128.79, 127.35, 

125.47, 125.10, 116.83 (q, J = 295.7 Hz, TFA), 115.54, 44.71, 40.06, 34.85, 20.61, 17.07, 13.50. 

HRMS (ESI-MS): calcd. for C23H29N6OS+: 437.2118; found: 437.2116. MF: 

C23H28N6OS x C4H2F6O4. MW: (436.58 + 228.05). 

 

 

1-(Amino{[(2-amino-4,5,6,7-tetrahydrobenzo[d]thiazol-6-yl)methyl]amino}methylene)-3-

(2-methyl-3-(p-tolyl)propyl)urea dihydrotrifluoroacetate (5.62) was prepared from amine 5.17 

(82 mg, 0.19 mmol, 1.1 equiv), 5.26 (80 mg, 0.21 mmol, 1 equiv), NEt3 (67 µL, 0.48 mmol, 

2.5 equiv) and HgCl2 (104 mg, 0.38 mmol, 2 equiv) according to the general procedure yielding 

the product as a white, foamlike and hygroscopic solid (22 mg, 16%). Rf = 0.49 (CH2Cl2/MeOH 

9:1). RP-HPLC: 99%, (tR = 14.1 min, k = 3.39). 1H-NMR (600 MHz, DMSO-d6): δ 10.36 (br s, 

1H), 9.10 (br s, 1H), 8.90-8.32 (m, 4H), 7.58 (br s, 1H), 7.12-7.02 (m, 4H), 3.33-3.26 (m, 2H), 

3.14-3.03 (m, 1H), 2.97-2.86 (m, 1H), 2.67-2.56 (m, 2H), 2.48-2.36 (m, 2H), 2.34-2.28 (m, 1H), 

2.26 (s, 3H), 2.24-2.15 (m, 1H), 2.10-2.01 (m, 1H), 1.93-1.82 (m, 2H), 1.51-1.41 (m, 1H), 0.79 (d, 

J = 6.6 Hz, 3H). 13C-NMR (151 MHz, DMSO-d6) δ 168.13, 158.75 (q, J = 31.4 Hz, TFA), 153.94, 

153.71, 136.95, 134.73, 128.81, 128.77, 117.06 (q, J = 297.8 Hz, TFA), 113.15, 44.66, 40.06, 

34.86, 33.27, 25.59, 24.70, 22.44, 20.61, 17.08. HRMS (ESI-MS): calcd. for C21H31N6OS+: 

415.2275; found: 415.2278. MF: C21H30N6OS x C4H2F6O4. MW: (414.57 + 228.05). 

 

 

1-(Amino{[3-(5-amino-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)-3-(2-methyl-5-

phenylpentyl)urea dihydrotrifluoroacetate (5.63) was prepared from amine 5.11 (20 mg, 
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0.077 mmol, 1 equiv), 5.27 (33.5 mg, 0.085 mmol, 1.1 equiv), NEt3 (27 µL, 0.19 mmol, 2.5 equiv) 

and HgCl2 (42 mg, 0.15 mmol, 2 equiv) according to the general procedure yielding the product 

as a white, foamlike and hygroscopic solid (5.94 mg, 12%). RP-HPLC: 97%, (tR = 16.4 min, 

k = 4.11). 1H-NMR (600 MHz, DMSO-d6) δ 9.92 (br s, 1H), 8.98 (br s, 1H), 8.49 (br s, 2H), 7.62-

7.29 (m, 3H), 7.27-7.22 (m, 2H), 7.16 (d, J = 25.0 Hz, 3H), 3.29 (q, J = 6.7 Hz, 2H), 3.07-3.00 (m, 

1H), 2.95-2.87 (m, 1H), 2.84 (t, J = 7.5 Hz, 2H), 2.58-2.52 (m, 2H), 1.88 (quint, J = 7.4 Hz, 2H), 

1.66-1.48 (m, 3H), 1.36-1.27 (m, 1H), 1.13-1.05 (m, 1H), 0.83 (d, J = 6.7 Hz, 3H). 13C-NMR 

(151 MHz, DMSO-d6) δ 168.58, 158.46 (q, J = 33.9 Hz, TFA), 157.32, 153.69 (2C), 142.12, 

128.23 (2C), 128.20 (2C), 125.62, 44.92, 40.00, 35.31, 33.21, 32.61, 28.31, 27.38, 26.48, 17.41, 

second TFA quartet at approx. 116 ppm was not visible. HRMS (ESI-MS): calcd. for 

C19H30N7OS+: 404.2227; found: 404.2232. MF: C19H29N7OS x C4H2F6O4. MW: 

(403.55 + 228.05). 

 

 

1-(Amino{[4-(2-amino-4-methylthiazol-5-yl)phenyl]amino}methylene)-3-(2-methyl-5-

phenylpentyl)urea dihydrotrifluoroacetate (5.64) was prepared from amine 5.15 (50 mg, 

0.16 mmol, 1 equiv), 5.27 (71 mg, 0.18 mmol, 1.1 equiv), NEt3 (57 µL, 0.41 mmol, 2.5 equiv) and 

HgCl2 (89 mg, 0.33 mmol, 2 equiv) according to the general procedure yielding the product as a 

white, foamlike and hygroscopic solid (45 mg, 41%). Rf = 0.64 (CH2Cl2/MeOH 9:1). RP-HPLC: 

100%, (tR = 16.2 min, k = 4.05). 1H-NMR (600 MHz, DMSO-d6): δ 10.84 (br s, 1H), 10.33 (br s, 

1H), 9.15-8.40 (m, 2H), 7.64 (t, J = 5.8 Hz, 1H), 7.55-7.47 (m, 2H), 7.42-7.38 (m, 2H), 7.30-7.23 

(m, 2H), 7.21-7.14 (m, 3H), 3.11-3.04 (m, 1H), 2.99-2.91 (m, 1H), 2.60-2.52 (m, 2H), 2.27 (s, 3H), 

1.69-1.50 (m, 3H), 1.38-1.29 (m, 1H), 1.17-1.06 (m, 1H), 0.85 (d, J = 6.7 Hz, 3H). 13C-NMR 

(151 MHz, DMSO-d6): δ 167.14, 158.99 (q, J = 34.7 Hz, TFA), 153.54, 153.49, 142.13, 132.98, 

130.03, 129.41, 128.23, 126.16, 125.63, 116.47 (q, J = 295.5 Hz, TFA), 115.83, 45.00, 35.32, 

33.22, 32.58, 28.33, 17.41, 14.10. HRMS (ESI-MS): calcd. for C24H31N6OS+: 451.2275; found: 

451.2274. MF: C24H30N6OS x C4H2F6O4. MW: (450.61 + 228.05). 
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1-(Amino{[3-(2-amino-4-methylthiazol-5-yl)phenyl]amino}methylene)-3-(2-methyl-5-

phenylpentyl)urea dihydrotrifluoroacetate (5.65) was prepared from amine 5.16 (20 mg, 

0.07 mmol, 1 equiv), 5.27 (29 mg, 0.073 mmol, 1.1 equiv), NEt3 (23 µL, 0.17 mmol, 2.5 equiv) 

and HgCl2 (36 mg, 0.13 mmol, 2 equiv) according to the general procedure yielding the product 

as a white, foamlike and hygroscopic solid (18 mg, 38%). Rf = 0.58 (CH2Cl2/MeOH 9:1). RP-

HPLC: 99%, (tR = 16.3 min, k = 4.08). 1H-NMR (600 MHz, DMSO-d6): δ 10.80 (br s, 1H), 10.29 

(br s, 1H), 9.17-8.26 (m, 2H), 7.63 (t, J = 5.8 Hz, 1H), 7.55 (t, J = 7.9 Hz, 1H), 7.42-7.36 (m, 2H), 

7.32-7.24 (m, 3H), 7.21-7.14 (m, 3H), 3.12-3.04 (m, 1H), 2.99-2.92 (m, 1H), 2.62-2.51 (m, 2H), 

2.27 (s, 3H), 1.68-1.50 (m, 3H), 1.37-1.29 (m, 1H), 1.16-1.08 (m, 1H), 0.85 (d, J = 6.7 Hz, 3H). 

13C-NMR (151 MHz, DMSO-d6): δ 167.20, 158.53 (q, J = 32.7 Hz, TFA), 153.55, 142.13, 134.43, 

132.54, 130.47, 128.23, 127.25, 125.63, 125.30, 124.61, 116.53 (q, J = 297.6 Hz, TFA), 115.73, 

44.98, 35.33, 33.21, 32.59, 28.33, 17.40, 14.22. HRMS (ESI-MS): calcd. for C24H31N6OS+: 

451.2275; found: 451.2283. MF: C24H30N6OS x C4H2F6O4. MW: (450.61 + 228.05). 

 

 

1-(Amino{[(2-amino-4,5,6,7-tetrahydrobenzo[d]thiazol-6-yl)methyl]amino}methylene)-3-

(2-methyl-5-phenylpentyl)urea dihydrotrifluoroacetate (5.66) was prepared from amine 5.17 

(81 mg, 0.19 mmol, 1 equiv), 5.27 (83 mg, 0.21 mmol, 1.1 equiv), NEt3 (66 µL, 0.48 mmol, 

2.5 equiv) and HgCl2 (104 mg, 0.38 mmol, 2 equiv) according to the general procedure yielding 

the product as a white, foamlike and hygroscopic solid (18 mg, 14%). Rf = 0.62 (CH2Cl2/MeOH 

9:1). RP-HPLC: 100%, (tR = 15.2 min, k = 3.74). 1H-NMR (600 MHz, DMSO-d6): δ 10.39 (br s, 

1H), 9.12 (br s, 1H), 8.88 (br s, 2H), 8.54 (br s, 2H), 7.52 (br s, 1H), 7.29-7.21 (m, 2H), 7.20-7.11 

(m, 3H), 3.31-3.25 (m, 2H), 3.08-3.00 (m, 1H), 2.95-2.87 (m, 1H), 2.57-2.50 (m, 2H), 2.47-2.37 

(m, 1H), 2.24-2.14 (m, 1H), 2.10-2.01 (m, 1H), 1.92-1.83 (m, 1H), 1.65-1.40 (m, 4H), 1.36-1.26 

(m, 1H), 1.14-1.05 (m, 1H), 0.83 (d, J = 6.7 Hz, 3H). 13C-NMR (151 MHz, DMSO-d6): δ 168.85, 

159.44 (q, J = 30.5 Hz, TFA), 154.38, 142.61, 135.59, 128.70, 128.66, 126.08, 117.35 (q, 
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J =297.5 Hz, TFA), 113.63, 45.39, 45.10, 40.50, 35.79, 33.67, 33.08, 28.79, 26.00, 25.04, 22.62, 

17.87. HRMS (ESI-MS): calcd. for C22H33N6OS+: 429.2431; found: 429.2433. MF: 

C22H32N6OS x C4H2F6O4. MW: (428.60 + 228.05). 

 

 

1-(Amino{[4-(2-amino-4-methylthiazol-5-yl)phenyl]amino}methylene)-3-{6-[3-(amino{[4-

(2-amino-4-methylthiazol-5-yl)phenyl]amino}methylene)ureido]hexyl}urea 

tetrahydrotrifluoroacetate (5.67) was prepared from amine 5.15 (22 mg, 0.073 mmol, 2 equiv), 

5.28 (20 mg, 0.036 mmol, 1 equiv), NEt3 (25 µL, 0.18 mmol, 5 equiv) and HgCl2 (40 mg, 

0.144 mmol, 4 equiv) according to the general procedure yielding the product as a white, foamlike 

and hygroscopic solid (9.3 mg, 23%). Rf = 0.21 (CH2Cl2/MeOH 9:1). RP-HPLC: 98%, 

(tR = 10.3 min, k = 2.21). 1H-NMR (600 MHz, DMSO-d6): δ 11.70-10.09 (m, 4H), 9.54-8.44 (m, 

8H), 7.65 (t, J = 5.7 Hz, 2H), 7.53-7.45 (m, 4H), 7.42-7.33 (m, 4H), 3.12 (q, J = 6.6 Hz, 4H), 2.26 

(s, 6H), 1.46 (t, J = 7.0 Hz, 4H), 1.34-1.25 (m, 4H). 13C-NMR (151 MHz, DMSO-d6): δ 167.93 

(2C), 160.05 (q, J = 33.2 Hz, TFA), 154.07 (2C), 153.96 (2C), 135.55 (2C), 133.83 (2C), 129.97 

(4C), 129.92 (2C), 126.56 (4C), 117.01 (q, J = 294.0 Hz, TFA), 116.17 (2C), 39.65 (2C), 29.26 

(2C), 26.31 (2C), 14.03 (2C). HRMS (ESI-MS): calcd. for C30H39N12O2S2
+: 663.2755; found: 

663.2752. MF: C30H38N12O2S2 x C8H4F12O8. MW: (662.84 + 456.09). 

 

 

1-(Amino{[3-(2-amino-4-methylthiazol-5-yl)phenyl]amino}methylene)-3-{6-[3-(amino{[3-

(2-amino-4-methylthiazol-5-yl)phenyl]amino}tmethylene)ureido]hexyl}urea 

tetrahydrotrifluoroacetate (5.68) was prepared from amine 5.16 (22 mg, 0.073 mmol, 2 equiv), 

5.28 (20 mg, 0.036 mmol, 1 equiv), NEt3 (25 µL, 0.18 mmol, 5 equiv) and HgCl2 (40 mg, 

0.144 mmol, 4 equiv) according to the general procedure yielding the product as a white, foamlike 
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and hygroscopic solid (5.8 mg, 14%). Rf = 0.23 (CH2Cl2/MeOH 9:1). RP-HPLC: 98%, 

(tR = 10.2 min, k = 2.18). 1H-NMR (600 MHz, DMSO-d6): δ 10.72 (br s, 2H), 10.26 (br s, 2H), 

9.08-8.53 (m, 1H), 8.10 (br s, 3H), 7.62 (t, J = 5.7 Hz, 2H), 7.52 (t, J = 7.9 Hz, 2H), 7.39-7.35 (m, 

2H), 7.33 (t, J = 2.0 Hz, 2H), 7.28-7.23 (m, 2H), 3.11 (q, J = 6.1 Hz, 4H), 2.25 (s, 6H), 1.44 (quint, 

J = 6.9 Hz, 5H), 1.32-1.24 (m, 4H). HRMS (ESI-MS): calcd. for C30H39N12O2S2
+: 663.2755; 

found: 663.2747. MF: C30H38N12O2S2 x C8H4F12O8. MW: (662.84 + 456.09). 

 

 

1-(Amino{[3-(5-amino-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)-3-{6-[3-(amino{[3-(5-

amino-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)ureido]hexyl}urea 

tetrahydrotrifluoroacetate (5.69) was prepared from amine 5.11 (53.3 mg, 0.21 mmol, 2 equiv), 

5.28 (57 mg, 0.10 mmol, 1 equiv), NEt3 (71 µL, 0.52 mmol, 5 equiv) and HgCl2 (112 mg, 

0.41 mmol, 4 equiv) according to the general procedure yielding the product as a white, foamlike 

and hygroscopic solid (35 mg, 34%). RP-HPLC: 96%, (tR = 8.6 min, k = 1.68). 1H-NMR 

(600 MHz, DMSO-d6) δ: 10.45 (br s, 2H), 9.05 (br s, 2H), 8.53 (br s, 4H), 8.06 (br s, 4H), 7.52 (br 

s, 2H), 3.30 (q, J = 6.7 Hz, 4H), 3.09 (q, J = 6.6 Hz, 4H), 2.87 (t, J = 7.5 Hz, 4H), 1.89 (quint, 

J = 7.4 Hz, 4H), 1.43 (quint, J = 6.7 Hz, 4H), 1.31-1.22 (m, 4H). 13C-NMR (151 MHz, DMSO-

d6): δ 169.06, 159.16 (q, J = 34.4 Hz, TFA), 157.57, 153.90, 153.71, 39.60, 38.83, 28.88, 27.21, 

26.58, 25.88. HRMS (ESI-MS): calcd. for C20H37N14O2S2
+: 569.2660; found: 569.2660. MF: 

C20H36N14O2S2 x C8H4F12O8. MW: (568.26 + 456.09). 

 

 

1-(Amino{[3-(5-amino-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)-3-{8-[3-(amino{[3-

(5-amino-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)ureido]octyl}urea 

tetrahydrotrifluoroacetate (5.70) was prepared from amine 5.11 (99 mg, 0.38 mmol, 2.2 equiv), 

5.29 (100 mg, 0.17 mmol, 1 equiv), NEt3 (118 µL, 0.85 mmol, 5 equiv) and HgCl2 (185 mg, 

0.68 mmol, 4 equiv) according to the general procedure yielding the product as a white, foamlike 
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and hygroscopic solid (11.9 mg, 6.7%). RP-HPLC: 96%, (tR = 10.3 min, k = 2.21). 1H-NMR 

(600 MHz, DMSO-d6) δ 10.26 (br s, 2H), 9.02 (br s, 2H), 8.50 (br s, 4H), 7.97 (br s, 3H), 7.49 (br 

s, 2H), 3.29 (q, J = 6.7 Hz, 4H), 3.07 (q, J = 6.6 Hz, 4H), 2.85 (t, J = 7.5 Hz, 4H), 1.88 (quint, 

J = 7.3 Hz, 4H), 1.46-1.37 (m, 4H), 1.28-1.22 (m, 8H). 13C-NMR (151 MHz, DMSO-d6) δ 168.97 

(2C), 158.81 (q, J = 35.1 Hz, TFA), 157.53 (2C), 153.83 (2C), 153.64 (2C), 115.98 (q, 

J = 293.8 Hz, TFA), 40.06 (2C), 39.31 (2C), 28.92 (2C), 28.61 (2C), 27.20 (2C), 26.56 (2C), 26.18 

(2C). HRMS (ESI-MS): calcd. for C22H41N14O2S2
+: 597.2973; found: 597.2967. MF: 

C22H40N14O2S2 x C8H4F12O8. MW: (596.78 + 456.09). 

 

General procedure for the synthesis of oxadiazole derivatives 5.37 and 5.58. The oxadiazole 

heterocycle was formed according to a previously published procedure.75 Cyanogen bromine 

(CNBr) is used as a reagent in this procedure, which is acutely toxic and potentially carcinogenic. 

It should be used only in a well-ventilated fume hood after reading the safety precautions and 

wearing proper lab safety equipment (gloves, safety googles and lab coat). Future synthetic work 

should consider replacements for CNBr. The respective acylhydrazine (5.108 or 5.109, 1 equiv, 

for details see Appendix 4, App4.2 Experimental Details for the Acylhydrazides 5.108 and 5.109) 

was dissolved in a mixture of H2O/ethanol (EtOH, 1:1 or 2:3 (v/v), 1-2 mL) and KHCO3 

(3.2 equiv) was added. After addition of BrCN (3 M in CH2Cl2, 1 equiv), the reaction mixture was 

heated at 60 °C for 2 h. The reaction mixture was cooled to rt and stirred for an additional hour. 

EtOH was removed in vacuum and the residue was purified by preparative HPLC. 

 

 

1-(Amino{[3-(5-amino-1,3,4-oxadiazol-2-yl)propyl]amino}methylene)-3-(hexyl)urea 

dihydrotrifluoroacetate (5.37) was prepared from 5.108 (82 mg, 0.16 mmol, 1 equiv), KHCO3 

(51 mg, 0.51 mmol, 3.2 equiv) and BrCN (3 M in CH2Cl2, 53 µL, 0.16 mmol, 1 equiv) in 

H2O/EtOH (1 mL:1.5 mL) according to the general procedure yielding the product as a white, 

foamlike and hygroscopic solid (5.25 mg, 6.1%). RP-HPLC: 99%, (tR = 13.5 min, k = 3.21). 1H-

NMR (600 MHz, DMSO-d6) δ 10.03 (br s, 1H), 9.00 (br s, 1H), 8.50 (br s, 2H), 7.49 (t, J = 5.6 Hz, 

1H), 6.93 (br s, 2H), 3.31 (q, J = 6.7 Hz, 2H), 3.09 (p, J = 6.4 Hz, 2H), 2.68 (t, J = 7.5 Hz, 2H), 
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1.87 (p, J = 7.4 Hz, 2H), 1.43 (p, J = 7.2 Hz, 2H), 1.29-1.24 (m, 6H), 0.91-0.82 (m, 3H). 13C-NMR 

(151 MHz, DMSO-d6) δ 163.52, 158.59 (q, J = 34.5 Hz, TFA), 158.48, 153.76, 153.55, 39.61, 

38.85, 30.86, 28.86, 25.86, 24.71, 22.01, 21.73, 13.88. HRMS (ESI-MS): calcd. for C13H26N7O2
+: 

312.2142; found: 312.2154. MF: C13H25N7O2 x C4H2F6O4. MW: (311.39 + 228.05). 

 

 

1-(Amino{[3-(5-amino-1,3,4-oxadiazol-2-yl)propyl]amino}methylene)-3-(2-methyl-3-(p-

tolyl)propyl)urea dihydrotrifluoroacetate (5.58) was prepared from 5.109 (22 mg, 0.038 mmol, 

1 equiv), KHCO3 (12.2 mg, 0.122 mmol, 3.2 equiv) and BrCN (3 M in CH2Cl2, 15.3 µL, 

0.046 mmol, 1.2 equiv) in H2O/EtOH (0.5 mL:0.5 mL) according to the general procedure 

yielding the product as a white, foamlike and hygroscopic solid (13.97 mg, 61%). RP-HPLC: 

100%, (tR = 15.8 min, k = 3.92). 1H-NMR (600 MHz, DMSO-d6) δ 10.13 (br s, 1H), 9.02 (br s, 

1H), 8.52 (br s, 2H), 7.57 (t, J = 5.8 Hz, 1H), 7.36-7.01 (m, 6H), 3.34 (q, J = 6.7 Hz, 2H), 3.14-

2.90 (m, 2H), 2.71 (t, J = 7.4 Hz, 2H), 2.60 (dd, J = 13.5, 6.1 Hz, 1H), 2.36-2.30 (m, 1H), 2.28 (s, 

3H), 1.95-1.83 (m, 3H), 0.81 (d, J = 6.7 Hz, 3H). 13C-NMR (151 MHz, DMSO-d6) δ 163.17, 

158.59 (q, J = 34.7 Hz, TFA), 158.52, 153.72, 153.68, 136.95, 134.72, 128.80, 128.77, 116.05 (q, 

J = 293.9 Hz, TFA), 44.64, 39.59, 39.39, 34.85, 24.65, 21.73, 20.60, 17.08. HRMS (ESI-MS): 

calcd. for C18H28N7O2
+: 374.2299; found: 374.2300. MF: C18H27N7O2 x C4H2F6O4. MW: 

(373.22 + 228.05). 

 

5.4.4 Control of the Chemical Stability of 5.30-5.35, 5.37, 5.41 and 5.57 

The chemical stability of selected hH2R ligands 5.30-5.35, 5.37, 5.41 and 5.57 was investigated 

at physiological pH in binding buffer22 (12.5 mM MgCl2, 1 mM EDTA and 75 mM Tris/HCl, 

pH 7.4). Incubation was started by addition of 50 μL of a 1 mM (5.30, 5.32-5.35, 5.37 or 5.41) or 

of a 2 mM (5.31 or 5.57) solution of the compounds in DMSO/H2O 1:1, which were freshly 

prepared from a 10 mM stock solution in DMSO, to 950 μL of binding buffer to give a final 

concentration of 50 µM (5.30, 5.32-5.35, 5.37 or 5.41) or 100 μM (5.31 or 5.57). The samples 

were shaken for 2 weeks at 700 rpm. After 0 min, 60 min or 90 min, 2.5 h, 5 h, 10 h or 13 h 45 min, 

24 h, 48 h, 1 week and 2 weeks a 50 μL aliquot was taken and diluted with 50 µL of a mixture of 
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MeCN, H2O and 10% aq. TFA (60:90:1). Prior to HPLC analysis the samples were stored at -

24 °C. 50 μL of the resulting solution were analyzed by HPLC as described before. The absorption 

was detected at 220 nm. The blank HPLC run was performed under identical conditions without 

any ligand. 

 

5.4.5 Cell Culture 

Cells were maintained in 25 or 75 cm² flasks (Sarstedt, Nümbrecht, Germany) in a humidified 

atmosphere (95% air, 5% CO2) at 37 °C. HEK293T-CRE-Luc-hD2longR cells38, HEK293T-CRE-

Luc-hD3R cells38, HEK293T NlucN-mGs/hH2R-NlucC cells40, HEK293T NlucN-mGs/gpH2R-

NlucC cells25, HEK293T-ARRB2-H2R cells39, HEK293T ElucN-βarr2 hD2longR-ElucC cells38, and 

HEK293T ElucN-βarr2 hD3R-ElucC cells38 were cultured as described previously. 

 

5.4.6 Radioligand Binding Experiments 

Histamine H1-4 receptors22, 35: Competition binding experiments were performed with membrane 

preparations of Sf9 insect cells expressing the hH1R + RGS476, hH2R-GsαS fusion protein4, 

hH3R + Gαi2 + Gβ1γ2
77 or the hH4R + Gαi2 + Gβ1γ2

78. General procedures for the generation of 

recombinant baculoviruses, culture of Sf9 cells and membrane preparations have been described 

elsewhere.79 The competition binding experiments were performed as previously described in 

detail22, 35 with one minor modification: PBS (8 g NaCl, 0.2 g KCl, 1.0 g Na2HPO4 x 2 H2O, 0.15 g 

NaH2PO4 x H2O, 0.1 g KH2PO4 in 1 L Millipore H2O; pH 7.4; 4 °C) was used as washing buffer 

while harvesting instead of the previously used binding buffer22, 35. [3H]mepyramine (specific 

activity: 20.0 or 87 Ci/mmol) was from Hartmann analytics (Braunschweig, Germany) or Novandi 

Chemistry AB (Södertälje, Sweden), [3H]1 (specific activity: 25.0 Ci/mmol) and [3H]Nα-

methylhistamine (specific activity: 85.3 Ci/mmol) were from Hartmann analytics (Braunschweig, 

Germany). [3H]UR-DE25733 (specific activity: 63.0 Ci/mmol) and [3H]UR-PI29434 (specific 

activity: 41.8 Ci/mmol) were synthesized and characterized in our laboratories. Histamine 

dihydrochloride and diphenhydramine hydrochloride were from TCI Deutschland GmbH 

(Eschborn, Germany). Famotidine was from Alfa Aesar (Karlsruhe, Germany).  

Dopamine D2long/3 receptors: The competition binding experiments were performed on 

homogenates of HEK293T-CRE-Luc-hD2longR or HEK293T-CRE-Luc-hD3R cells using [3H]N-

methylspiperone (specific activity: 77 Ci/mmol, Novandi Chemistry AB, Södertälje, Sweden) as 
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published previously in detail.38 (+)-Butaclamol was from Sigma (Taufkirchen, Germany). 

General procedure for the homogenate preparation has been described in the same publication.38 

 

5.4.7 Functional Assays 

The [35S]GTPγS assay was performed on Sf9 membranes expressing the hH2R-GsαS fusion 

protein as described previously22, 80 with one minor modification: PBS (8 g NaCl, 0.2 g KCl, 1.0 g 

Na2HPO4 x 2 H2O, 0.15 g NaH2PO4 x H2O, 0.1 g KH2PO4 in 1 L Millipore H2O; pH 7.4; 4 °C) 

was used as washing buffer while harvesting instead of the previously used binding buffer.  

Functional studies in the mini-G protein or β-arrestin2 recruitment assays using HEK293T 

NlucN-mGs/hH2R-NlucC40-, HEK293T NlucN-mGs/gpH2R-NlucC25-, HEK293T-ARRB2-

H2R
37, 39-, HEK293T ElucN-βarr2 hD2longR-ElucC38- or HEK293T ElucN-βarr2 hD3R-ElucC38 

cells were performed as described previously. 

 

5.4.8 Docking 

Models of the active-state hH2R and active-state hD2R: For the receptor modelling, docking 

studies and presentation of the results, the software Sybyl 7.3 (Tripos Inc., St. Louis, MO, USA) 

was used. Since the compounds, for which the interaction with the hH2R should be analyzed, were 

experimentally identified as partial agonists at the hH2R, an active-state model of the hH2R was 

generated by homology modelling, using the crystal structure of the β2 adrenergic receptor-Gs 

protein complex (protein databank code: 3SN6) as template.45 The Gαβγ-subunits (chain A, B, G), 

the endolysin and the camelid antibody VHH fragment (chain N) were deleted. According to an 

appropriate sequence alignment between hβ2R and hH2R, the homology model was generated by 

exchange of amino acids (tool: “Mutate Monomers” of Sybyl) into the corresponding amino acid 

of the hH2R, where necessary. N-Terminus and loops (tool: “Loop Search” of Sybyl) were 

modelled, according to procedures, as described elsewhere.81 The resulting active-state hH2R was 

minimized with the Amber 7 FF99 force field. 

Since the compounds, for which the interaction with the hD2R should be analyzed, were also 

identified as partial agonists at the hD2R by functional studies, an active-state model of the hD2R 

was used. For this purpose, the crystal structure of the dopamine D2 receptor-G protein complex 

(protein databank code: 6VMS) was used as template.46 The Gαβγ-subunits (chain A, B, C) and 
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the scFv16 (chain E) were deleted. This model was refined by exchanging amino acids into the 

corresponding amino acid of the hD2R (tool: “Mutate Monomers” of Sybyl), where necessary. The 

resulting active-state hD2R was minimized with the Amber 7 FF99 force field. The model of the 

hD2R was used to generate the receptor mutant hD2R-EECL2.49V-IECL2.51S, using the same 

procedures, as described above. 

The compounds 5.6, 5.31 and 5.32, provided with the Gasteiger-Hueckel charges, were docked 

manually into the orthosteric binding pocket of the respective receptor. The net charge for 5.6, 

5.31 and 5.32 was 1, with the positive charge being located on the carbamoylguanidine group. The 

resulting ligand-receptor complexes were minimized with the Amber7 FF99 force field. 

 

5.4.9 Data Processing 

Compound purities were calculated as the percentage peak area of the analyzed compound by 

UV detection at 220 nm. Retention (capacity) factors (k) were calculated from retention times (tR) 

according to k = (tR - t0)/t0, t0 = dead time. Data from radioligand competition binding assays (hH1-

4
35 and hD2long/3

38 receptors), from [35S]GTPγS binding assay35, from mini-G protein (hH2R
40, 

gpH2R
25) or β-arrestin2 (hH2

37, 39 and hD2long/3
38 receptors) recruitment assays, and from H2R assay 

on isolated guinea pig right atrium35 were processed as reported previously. Ki values for the 

calculation of relative affinities (H2R selectivity, Tables 5.1 and 5.2) were obtained by 

transforming the pKi mean value to Ki (Ki = 10-pKi). 
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Appendix 4 Abolishing Dopamine D2long/D3 Receptor Affinity of 

Subtype-Selective Carbamoylguanidine-Type Histamine H2 

Receptor Agonists 

App4.1 Experimental Details for the Amines 5.8-5.17 and the Guanidinylating 

             Reagents 5.18-5.29 

The amines 5.81, 5.102, 5.123 and 5.134-5 and the guanidinylating reagents 5.18-5.196, 5.207, 

5.21-5.276 and 5.28-5.298 were synthesized as published previously. 

 

App4.1.1 Synthesis of the Amine 5.9 

The oxazole building block 5.9 was synthesized from urea and N-protected α-bromo-ω-amino 

ketone (5.71, Scheme App4.1). The N-protected α-bromo-ω-amino ketone 5.71 was 

synthesised as published priviosly.3 The ring-closure reaction was carried out with urea in DMF 

(c0mpd. 5.72). After replacement of the formyl group by a Boc-group (5.73), the phtahlimide 

residue was cleaved by hydrazinolysis to give tert-butyl (5-(3-aminopropyl)-4-methyloxazol-

2-yl)carbamate (5.9). 

 

Scheme App4.1. Synthesis of tert-Butyl (5-(3-aminopropyl)-4-methyloxazol-2-

yl)carbamate (5.9)a 

 

aReagents and conditions: (a) urea, DMF, 100 °C, 3 h, 6%; (b) Boc2O, NEt3, DMAP (cat.), 

chloroform, rt, 48 h, 43%; (c) N2H4 x H2O, EtOH, rt, 48 h, 80%. 
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N-(5-(3-(1,3-Dioxoisoindolin-2-yl)propyl)-4-methyloxazol-2-yl)formamide (5.72). To a 

solution of 5.71 (2.59 g, 8.01 mmol, 1 equiv) in DMF (10 mL) a solution of urea (481 mg, 

8.01 mmol, 1 equiv) in DMF (10 mL) was added and the mixture was heated at 100 °C for 3 h. 

After cooling and evaporation under reduced pressure, the crude product was purified by flash 

chromatography on silica gel (gradient: 0-20 min: PE/EtOAc 100:0-50:50, 35 min: 30:70, SF 

12 g) to obtain the product as a yellow solid (150 mg, 6%). Rf = 0.41 (PE/EtOAc 1:4). 1H-NMR 

(400 MHz, CDCl3) δ 8.79 (br s, 1H), 7.88-7.55 (m, 4H), 3.78-3.63 (m, 2H), 2.61 (t, J = 7.4 Hz, 

2H), 2.08-1.91 (m, 5H). 13C-NMR (101 MHz, CDCl3) δ 168.28 (2C), 162.80, 151.46, 142.07, 

134.07 (2C), 131.90 (2C), 130.04, 123.24 (2C), 37.33, 26.56, 22.01, 10.96. HRMS (ESI-MS): 

calcd. for C16H16N3O4
+: 314.1135, found: 314.1136. MF: C16H15N3O4. MW: 313.31. 

 

 

tert-Butyl (5-(3-(1,3-dioxoisoindolin-2-yl)propyl)-4-methyloxazol-2-yl)carbamate 

(5.73). 5.72 (150 mg, 0.48 mmol, 1 equiv) was dissolved in chloroform (10 mL) and di-tert-

butyl dicarbonate (Boc2O, 124 mg, 0.57 mmol, 1.2 equiv), NEt3 (85 µL, 0.61 mmol, 1.3 equiv) 

and 4-dimethylaminopyridine (DMAP, 50 mg, cat.) were added. The mixture was stirred at rt 

for 48 h. The solvent was removed in vacuum and the crude product was purified by flash 

chromatography on silica gel (gradient: 0-20 min: PE/EtOAc 100:0-50:50, 40 min: 50:50, SF 

8 g) to obtain the product as a white solid (80 mg, 43%). Rf = 0.25 (PE/EtOAc 1:1). 1H-NMR 

(300 MHz, CDCl3) δ 10.01 (s, 1H), 7.84-7.74 (m, 2H), 7.71-7.61 (m, 2H), 3.70 (t, J = 7.0 Hz, 

2H), 2.60 (t, J = 7.6 Hz, 2H), 2.04-1.91 (m, 5H), 1.47 (s, 9H). 13C-NMR (75 MHz, CDCl3) δ 

168.32 (2C), 152.35, 151.18, 141.52, 134.00 (2C), 132.05 (2C), 129.12, 123.24 (2C), 81.72, 

37.48, 28.26 (3C), 27.15, 22.28, 11.17. HRMS (ESI-MS): calcd. for C20H24N3O5
+: 386.1710; 

found: 386.1728. MF: C20H23N3O5. MW: 385.42. 
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tert-Butyl (5-(3-aminopropyl)-4-methyloxazol-2-yl)carbamate (5.9). 5.73 (80 mg, 

0.21 mmol, 1 equiv) was dissolved in EtOH (3 mL) and hydrazine hydrate (N2H4 x H2O, 68 µL, 

1.40 mmol, 6.7 equiv) was added. The mixture was stirred at rt for 48 h. The resulting white 

solid was removed by filtration. The solvent was removed in vacuum to obtain the crude product 

as a colorless oil (43 mg, 80%). The crude product was used in the next step without further 

purification. Rf = 0.01 (CH2Cl2/MeOH 9:1). 1H-NMR (300 MHz, MeOD) δ 2.95-2.82 (m, 2H), 

2.64 (t, J = 7.1 Hz, 2H), 2.00 (s, 3H), 1.95-1.75 (m, 2H), 1.49 (d, J = 3.2 Hz, 9H). 13C-NMR 

(75 MHz, MeOD) δ 153.4, 153.06, 142.59, 130.87, 82.46, 40.49, 28.83, 28.40 (3C), 22.21, 

10.92. HRMS (ESI-MS): calcd. for C12H22N3O3
+: 256.1656; found: 256.1661. MF: 

C12H21N3O3. MW: 255.32. 

 

App4.1.2 Synthesis of the Amine 5.11 

Procedure A: The preparation of amine 5.11 was accomplished by a slightly modified 

procedure of the original synthesis (Scheme App4.2).9 γ-Aminobutyric acid (GABA, 5.74) was 

converted to the corresponding phthalimide derivative 5.75 with phthalic anhydride in DMF 

under reflux.10 The corresponding acyl chloride 5.76 was subsequently obtained by reaction of 

75 with SOCl2 in CH2Cl2.
11 Acylation of thiosemicarbazide with the acyl chloride 5.76 in the 

presence of pyridine afforded compound 5.77, which was cyclized in concentrated H2SO4 and 

gave the thiadiazole 5.78.9 In the next step, thiadiazole 5.78 was Boc-protected and after 

hydrazinolysis of intermediate 5.79 the amine 5.11 was obtained. 
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Scheme App4.2. Synthesis of tert-Butyl (5-(3-Aminopropyl)-1,3,4-thiadiazol-2-

yl)carbamate (5.11)a 

 

aReagents and conditions: (a) phthalic anhydride, 170 °C, 5 h, 88%; (b) SOCl2, CH2Cl2, 

reflux, 5 h, 100%; (c) thiosemicarbazide, pyridine, 0 °C, 3 h, 37%; (d) H2SO4, 100 °C, 15 min, 

78%; (e) Boc2O, NEt3, DMAP (cat.), chloroform, rt, 16 h, 12%; (f) N2H4 x H2O, EtOH, reflux, 

2 h, 100%. 

 

 

4-(1,3-Dioxoisoindolin-2-yl)butanoic acid (5.75).10 A mixture of GABA (5.74, 2.0 g, 

19.4 mmol, 1 equiv) and phthalic anhydride (2.9 g, 19.4 mmol, 1 equiv) was stirred at 170 °C 

for 5 h. After cooling to rt, the resulting solid was dissolved in CH2Cl2 (100 mL) and washed 

with 0.1 M HCl (3 x 50 mL). The organic layer was dried over Na2SO4, filtered, and 

concentrated in vacuum to yield the product as a white solid (4.0 g, 88%). Rf = 0.45 (PE/EtOAc 

1:1). 1H-NMR (300 MHz, CDCl3): δ 10.63 (s, 1H), 7.88-7.78 (m, 2H), 7.75-7.65 (m, 2H), 3.74 

(t, J = 6.8 Hz, 2H), 2.40 (t, J = 7.4 Hz, 2H), 1.99 (quint, J = 7.1 Hz, 2H). 13C-NMR (75 MHz, 

CDCl3): δ 178.58, 168.40 (2C), 134.03 (2C), 131.96 (2C), 123.32 (2C), 37.07, 31.27, 23.61. 

NMR data matches literature reference.10 HRMS (ESI-MS): calcd. for C12H11NNaO4
+: 

256.0580; found: 256.0583. MF: C12H11NO4. MW: 233.22. 
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4-(1,3-Dioxoisoindolin-2-yl)butanoyl chloride (5.76).11 5.75 (1.0 g, 4.3 mmol, 1 equiv) was 

dissolved in CH2Cl2 (10 mL) and SOCl2 (2.6 mL, 35.2 mmol, 8.2 equiv) was added. The 

mixture was refluxed for 5 h. After cooling to rt, the solvent and the excess of SOCl2 were 

removed in vacuum. The residue was dissolved in n-hexane and evaporated in vacuum for two 

times to give the crude product as a yellow oil (1.08 g, 100%). The crude product was used in 

the next step without further purification. 1H-NMR (300 MHz, CDCl3): δ 7.88-7.79 (m, 2H), 

7.77-7.67 (m, 2H), 3.75 (t, J = 6.7 Hz, 2H), 2.98 (t, J = 7.3 Hz, 2H), 2.08 (quint, J = 6.9 Hz, 

2H). 13C-NMR (75 MHz, CDCl3): δ 173.30, 168.41 (2C), 134.31 (2C), 132.01 (2C), 123.55 

(2C), 44.53, 36.50, 24.34. NMR data matches literature reference.11 MF: C12H10ClNO3. MW: 

251.67. 

 

 

2-(4-(1,3-Dioxoisoindolin-2-yl)butanoyl)hydrazine-1-carbothioamide (5.77).9 5.76 

(1.05 g, 4.17 mmol, 1 equiv) was treated with thiosemicarbazide (0.40 g, 4.38 mmol, 

1.05 equiv) in pyridine (20 mL) at 0 °C for 3 h. After standing overnight, the mixture was 

poured into ice-water (160 mL). The aqueous phase was extracted three times with EtOAc 

(150 mL). The combined organic layers were washed with H2O (50 mL) and subsequently with 

brine (50 mL), dried over Na2SO4, filtered, and evaporated in vacuum. The crude product was 

purified by flash chromatography (gradient: CH2Cl2/MeOH 100:0-95:5, 40 min: 95:5, SF 12 g) 

yielding the product as a white solid (0.47 g, 37%). Rf = 0.47 (PE/EtOAc 1:1). 1H-NMR 

(300 MHz, DMSO-d6): δ 9.70 (s, 1H), 9.16 (s, 2H), 7.94-7.78 (m, 4H), 7.40 (s, 1H), 3.58 (t, 

J = 6.7 Hz, 2H), 2.15 (t, J = 7.7 Hz, 2H), 1.84 (quint, J = 7.6 Hz, 2H). 13C-NMR (75 MHz, 

DMSO-d6): δ 181.84, 170.90, 168.02 (2C), 134.40 (2C), 131.61 (2C), 123.03 (2C), 37.05, 

30.46, 23.47. HRMS (ESI-MS): calcd. for C13H15N4O3S
+: 307.0859; found: 307.0864. MF: 

C13H14N4O3S. MW: 306.34. 
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2-(3-(5-Amino-1,3,4-thiadiazol-2-yl)propyl)isoindoline-1,3-dione (5.78).9 5.77 (1.6 g, 

5.1 mmol) was dissolved under stirring in 98% H2SO4 (50 mL). The solution was heated to 

100 °C for 15 min. After cooling, the solution was poured oved ice and neutralized with 30% 

NaOH solution to pH = 7.5. The obtained precipitate was filtered and washed with H2O in order 

to remove the coprecipitated Na2SO4 and recrystallized from 1,4-dioxane/H2O (1:1 (v/v)) to 

give the product as a white solid (1.14 g, 78%). Rf = 0.10 (PE/EtOAc 1:1).1H-NMR (300 MHz, 

DMSO-d6) δ 7.93-7.77 (m, 4H), 7.00 (s, 2H), 3.64 (t, J = 7.0 Hz, 2H), 2.84 (t, J = 7.6 Hz, 2H), 

1.96 (quint, J = 7.4 Hz, 2H). 13C-NMR (75 MHz, DMSO-d6) δ 168.23 (2C), 167.95, 157.32, 

134.29 (2C), 131.70 (2C), 122.96 (2C), 36.88, 27.58, 27.04. HRMS (ESI-MS): calcd. for 

C13H13N4O2S
+: 289.0754; found: 289.0757. MF: C13H12N4O2S. MW: 288.33. 

 

 

tert-Butyl (5-(3-(1,3-dioxoisoindolin-2-yl)propyl)-1,3,4-thiadiazol-2-yl)carbamate 

(5.79). 5.78 (1.14 g, 3.95 mmol, 1 equiv) was dissolved in chloroform and Boc2O (0.95 g, 

4.35 mmol, 1.1 equiv), NEt3 (0.66 mL, 4.74 mmol, 1.2 equiv) and DMAP (50 mg, cat.) were 

added. The mixture was stirred for 16 h at rt. The solvent was removed in vacuum and the crude 

product was purified by flash chromatography on silica gel (gradient: 0-20 min: PE/EtOAc 

100:0-50:50, SF 8 g) to obtain the product as a white solid (190 mg, 12%). Rf = 0.28 (PE/EtOAc 

1:1). 1H-NMR (300 MHz, CDCl3): δ 7.89-7.81 (m, 2H), 7.75-7.69 (m, 2H), 3.83 (t, J = 6.9 Hz, 

2H), 3.05 (t, J = 7.6 Hz, 2H), 2.20 (quint, J = 8.0 Hz, 2H), 1.56-1.51 (m, 9H). 13C-NMR 

(101 MHz, CDCl3): δ 168.26 (2C), 162.86, 161.89, 152.40, 134.01 (2C), 132.01 (2C), 123.28 

(2C), 82.95, 37.22, 28.11 (3C), 28.00, 27.46. HRMS (ESI-MS): calcd. for C18H21N4O4S
+: 

389.1278; found: 389.1284. MF: C18H20N4O4S. MW: 388.44. 

 

 

tert-Butyl (5-(3-aminopropyl)-1,3,4-thiadiazol-2-yl)carbamate (5.11). A mixture of 5.79 

(0.19 g, 0.49 mmol, 1 equiv) and N2H4 x H2O (48 µL, 0.98 mmol, 2 equiv) in EtOH (6 mL) was 
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refluxed for 2 h. After cooling down to rt, the resulting white solid was removed by filtration 

and the filtrate was evaporated in vacuum to obtain the crude product as a colorless oil (0.13 g, 

100%). The crude product was used in the next step without further purification. Rf = 0.01 

(CH2Cl2/MeOH 9:1). 1H-NMR (300 MHz, MeOD): δ 3.16-2.96 (m, 4H), 2.13 (quint, 

J = 7.5 Hz, 2H), 1.54 (s, 9H); slightly different chemical shifts than in the product of method 

B, since some EtOAc was left in the product. 13C-NMR (101 MHz, MeOD): δ 163.27, 160.94, 

154.52, 83.60, 40.23, 28.95, 28.46 (3C), 27.54. HRMS (ESI-MS): calcd. for C10H19N4O2S
+: 

259.1223; found: 259.1226. MF: C10H18N4O2S. MW: 258.34. 

 

Procedure B: An alternative synthetic route B for amine 5.11 was developed 

(Scheme App4.3) because the synthetic route A consists of 6 steps and provides a very low 

overall yield (3% over 6 steps). The synthesis route B consists of 4 steps and provides an overall 

yield of 6%. The synthesis of the amine 5.11 started with the cyclocondensation of the 2-

bromobutanoic acid 5.80 with thiosemicarbazide in fuming hydrochloric acid. This reaction 

occurs according to the mechanism published elsewhere.12 In the same step, the bromide in 2-

bromobutanoic acid was exchanged by chloride. After Boc-protection of the aromatic amine 

group (compd. 5.82), the alkyl chloride was converted to the corresponding azide in an SN2 

reaction in DMF (compd. 5.83). In the last step, the azide was reduced to the corresponding 

amine 5.11 by a Staudinger reaction.13 

 

Scheme App4.3. Synthesis of tert-Butyl (5-(3-Aminopropyl)-1,3,4-thiadiazol-2-

yl)carbamate (5.11)a 

 

aReagents and conditions: (a) thiosemicarbazide, HCl (37% in H2O), reflux, 5 h, 83%; (b) 

Boc2O, NEt3, DMAP (cat.), CH2Cl2, rt, 24 h, 23%; (c) NaN3, DMF, 75 °C, overnight; (d) PPh3, 

THF, 45 °C, 5 h; H2O, 45 °C, overnight, 34% over 2 steps. 

 

 

5-(3-Chloropropyl)-1,3,4-thiadiazole-2-amine hydrochloride (5.81). To a solution of 4-

bromobutanoic acid (5.80, 1.73 g, 10.36 mmol, 1.18 equiv) in 5 mL HCl (37% in H2O) 
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thiosemicarbazide (0.80 g, 8.78 mmol, 1 equiv) was added. The mixture was heated under 

reflux for 5 h. After cooling, the solvent was removed in vacuum. The white residue was 

washed with diethyl ether (3 x 20 mL) yielding 1.56 g (83%) of a white solid. The product was 

used without any further purification. HRMS (ESI-MS): calcd. for C5H9ClN3S
+: 178.0200, 

found: 178.0199. MF: C5H8ClN3S x HCl. MW: (177.65 + 36.46). 

 

 

tert-Butyl (5-(3-chloropropyl)-1,3,4-thiadiazol-2-yl)carbamate (5.82). 5.81 (1.56 g, 

7.29 mmol, 1 equiv), NEt3 (2.23 mL, 16.03 mmol, 2.2 equiv) and DMAP (40 mg, cat.) were 

dissolved in 150 mL CH2Cl2. Boc2O (1.59 g, 7.29 mmol, 1 equiv) was slowly added to this 

solution over a period of 1 h. After the addition was complete, the reaction mixture was stirred 

at rt for 24 h. The organic phase was washed with 0.1 N HCl, brine and water. The organic layer 

was dried over Na2SO4 and the solvent was removed in vacuum. The residue was purified by 

column chromatography (PE/EtOAc 1:1) to give 467 mg (23%) of a white solid. Rf = 0.45 

(PE/EtOAc 1:1). 1H-NMR (400 MHz, CDCl3) δ 3.64 (t, J = 6.4 Hz, 2H), 3.14 (t, J = 7.2 Hz, 

2H), 2.29-2.22 (m, 2H), 1.54 (s, 9H). 13C-NMR (101 MHz, CDCl3) δ 162.33, 162.21, 152.58, 

82.98, 43.59, 31.40, 28.11 (3C), 26.81. HRMS (ESI-MS): calcd. for C10H17ClN3O2S
+: 

278.0725, found: 278.0727. MF: C10H16ClN3O2S. MW: 277.77. 

 

 

tert-Butyl (5-(3-aminopropyl)-1,3,4-thiadiazol-2-yl)carbamate (5.11). 5.82 (407 mg, 

1.47 mmol, 1 equiv) was dissolved in DMF (20 mL). NaN3 (95.3 mg, 1.47 mmol, 1 equiv, 

caution - NaN3 is toxic and may explode when shocked, heated, or treated with acid) was added. 

The reaction mixture was heated to 75 C and stirred overnight. The mixture was concentrated 

in vacuum and taken up in CH2Cl2 (20 mL). The organic layer was washed with water, dried 

over Na2SO4, and then concentrated in vacuum resulting in tert-butyl (5-(3-azidopropyl)-1,3,4-

thiadiazol-2-yl) carbamate (83). HRMS (ESI-MS): calcd. for C10H17N6O2S
+: 285.1128, found: 

285.1131. MF: C10H16N6O2S. MW: 284.34. The residue was dissolved in THF (20 mL). 

Triphenylphosphine (PPh3, 577 mg, 2.20 mmol, 1.5 equiv) was added to the solution. The 

mixture was heated to 45 C. After 5 hours of continuously stirring, water (20 mL) was added 

to the solution and the mixture was further stirred at 45 °C overnight. The mixture was 
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concentrated in vacuum and the residue was purified by column chromatography 

(CH2Cl2/MeOH 90:10 → CH2Cl2/MeOH/25% NH3 in H2O 50:50:1) yielding 130 mg (34%) of 

a colorless oil. Rf = 0.21 (CH2Cl2/MeOH/25% NH3 in H2O 50:50:1). 1H-NMR (300 MHz, 

MeOD) δ 2.95 (t, J = 7.6 Hz, 2H), 2.69 (t, J = 7.6 Hz, 2H), 1.95-1.78 (m, 2H), 1.44 (s, 9H). 13C-

NMR (101 MHz, MeOD): δ 164.18, 163.25, 154.49, 81.32, 39.99, 31.37, 27.11 (3C), 26.56. 

HRMS (ESI-MS): calcd. for C10H19N4O2S
+: 259.1223, found: 259.1225. MF: C10H18N4O2S. 

MW: 258.34. 

 

App4.1.3 Synthesis of the Amine 5.14 

The preparation of the amine 5.14 (Scheme App4.4) started with 3-chloropropan-1-ol (5.84). 

In the first step, the chloride in 5.84 was replaced by azide in an SN2 reaction. The so formed 

azide 5.85 was converted in the next step with N,N-dimethylpropargylamine in a copper-

catalyzed click-reaction to the 1,2,3-triazole 5.86. To transform the primary alcohol into an 

amine, a Mitsunobu reaction using phthalimide, PPh3 and diisopropyl azodicarboxylate (DIAD) 

was performed to obtain the N-substituted phthalimide 5.87.14 In the last step, the amine was 

liberated from the phthalimide by hydrazinolysis yielding compound 5.14. 

 

Scheme App4.4. Synthesis of 3-(4-((Dimethylamino)methyl)-1H-1,2,3-triazol-1-

yl)propan-1-amine (5.14)a 

 

aReagents and conditions: (a) NaN3, DMF, 70 °C 16 h, 98%; (b) N,N-

dimethylpropargylamine, sodium ascorbate, CuSO4 x H2O, H2O/tert-butanol (1:1), rt, 16 h, 

68%; (c) phthalimide, PPh3, DIAD, THF, 0 °C to rt, overnight, 32%; (d) N2H4 x H2O, n-butanol, 

rt, overnight, 100%. 

 

 

3-Azidopropan-1-ol (5.85).15 3-Chloropropan-1-ol (5.84, 1.0 g, 10.58 mmol, 1 equiv) and 

NaN3 (1.03 g, 15.86 mmol, 1.5 equiv, caution - NaN3 is toxic and may explode when shocked, 
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heated, or treated with acid) were dissolved in DMF (30 mL). The mixture was stirred at 70 C 

for 16 h. After cooling to room temperature, water (100 mL) was added to the reaction mixture. 

The product was extracted with CH2Cl2. The organic layers were combined, washed 3-times 

with 0.1 M HCl, dried over Na2SO4 and evaporated to dryness under reduced pressure to afford 

the product as a yellowish liquid (1.05 g, 98%). Note for this molecule, (C+O)/N = 1.3, thus 

this compound should be handled with caution and stored in solution below rt and in the dark. 

Rf = 0.69 (PE/EtOAc 1:1).  1H-NMR (300 MHz, CDCl3) δ 3.72 (t, J = 6.0 Hz, 2H), 3.43 (t, 

J = 6.6 Hz, 2H), 2.23 (s, 1H), 1.81 (t, J = 6.1 Hz, 2H). 13C-NMR (75 MHz, CDCl3) δ 59.79, 

48.46, 31.44. NMR data matches literature reference.16-18 Due to its structure, low weight and 

volatility, no HRMS could be performed on this compound. MF: C3H7N3O. MW: 101.11. 

 

 

3-(4-((Dimethylamino)methyl)-1H-1,2,3-triazol-1-yl)propan-1-ol (5.86). 5.85 (810 mg, 

8.01 mmol, 1 equiv), sodium ascorbate (159 mg, 0.80 mmol, 0.1 equiv) and N,N-

dimethylpropargylamine (666 mg, 8.01 mmol, 1 equiv) were dissolved in H2O/tert-butanol (1:1 

(v/v), 60 mL). The flask was set under argon atmosphere and CuSO4 x H2O (40 mg, 0.16 mmol, 

0.02 equiv) was added. After stirring the mixture at rt for 16 h, the solvent was evaporated under 

reduced pressure. The obtained residue was purified by column chromatography 

(CH2Cl2/MeOH/25% NH3 in H2O 50:50:1), which resulted in 1 g (68%) of an orange oil. 

Rf = 0.4 (CH2Cl2/MeOH/25% NH3 in H2O 50:50:1).  1H-NMR (300 MHz, MeOD) δ 7.97 (s, 

1H), 4.53 (t, J = 7.0 Hz, 2H), 3.71 (s, 2H), 3.56 (t, J = 6.1 Hz, 2H), 2.32 (s, 6H), 2.19-2.03 (m, 

2H). 13C-NMR (75 MHz, MeOD) δ 142.46, 124.43, 57.87, 52.76, 46.93, 43.36 (2C), 32.67. 

HRMS (ESI-MS): calcd. for C8H17N4O
+: 185.1397, found: 185.1394. MF: C8H16N4O. MW: 

184.24. 

 

 

2-(3-(4-((Dimethylamino)methyl)-1H-1,2,3-triazol-1-yl)propyl)isoindoline-1,3-dion 

(5.87). 5.86 (950 mg, 5.16 mmol, 1 equiv) was dissolved in THF (70 mL). The flask was set 

under argon atmosphere and cooled to 0 C by using an ice-bath. Phthalimide (1.14 g, 
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7.73 mmol, 1.5 equiv) and triphenylphosphine (2.03 g, 7.73 mmol, 1.5 equiv) were added to 

the mixture. Diisopropyl azodicarboxylate (DIAD, 2.23 mL, 11.34 mmol, 2.2 equiv) dissolved 

in THF (30 mL) was added dropwise over the period of 1.5 h to the solution. The ice-bath was 

removed, and the mixture was stirred overnight. The solvent was removed under reduced 

pressure and the residue was purified by column chromatography (CH2Cl2/MeOH/25% NH3 in 

H2O 50:50:1), which resulted in 510 mg (32%) of a colorless oil. Rf = 0.75 

(CH2Cl2/MeOH/25% NH3 in H2O 50:50:1).  1H-NMR (300 MHz, CDCl3) δ 7.69-7.62 (m, 2H), 

7.61-7.53 (m, 2H), 4.27 (t, J = 7.0 Hz, 2H), 3.57 (t, J = 6.6 Hz, 2H), 3.49 (d, J = 7.1 Hz, 2H), 

2.27-2.14 (m, 2H), 2.13 (s, 6H). 13C-NMR (75 MHz, CDCl3) δ 168.18 (2C), 144.11, 134.16 

(2C), 131.71 (2C), 123.37 (2C), 123.24, 53.85, 47.67, 44.67 (2C), 34.91, 29.26. HRMS (ESI-

MS): calcd. for C16H20N5O2
+: 314.1612, found: 314.1617. MF: C16H19N5O2. MW: 313.36. 

 

 

3-(4-((Dimethylamino)methyl)-1H-1,2,3-triazol-1-yl)propan-1-amine (5.14). 5.87 

(510 mg, 1.63 mmol, 1 equiv) was dissolved in n-butanol (30 mL), N2H4 x H2O (395 L, 

8.14 mmol, 5 equiv) was added and the solution was stirred at rt overnight. The mixture was 

cooled to 0 C, the produced white precipitate was removed by filtration and the solvent was 

evaporated under reduced pressure. The residue was purified by column chromatography 

(CH2Cl2/MeOH 100:10 → CH2Cl2/MeOH/25% NH3 in H2O 50:50:1), which resulted in 298 mg 

(100%) of a white solid. Rf = 0.45 (CH2Cl2/MeOH 100:10).  1H-NMR (300 MHz, MeOD) δ 

8.24 (s, 1H), 4.58 (t, J = 6.8 Hz, 2H), 3.95 (s, 2H), 2.98-2.91 (m, 2H), 2.51 (s, 6H), 2.33 (d, 

J = 7.7 Hz, 2H). 13C-NMR (75 MHz, MeOD) δ 140.89, 125.65, 52.20, 47.05, 42.73 (2C), 36.55, 

27.82. HRMS (ESI-MS): calcd. for C8H18N5
+: 184.1557, found: 184.1557. MF: C8H17N5. MW: 

183.26. 

 

App4.1.4 Synthesis of the Amine 5.15 

The rigidized thiazole building block 5.15 was synthesized as shown in Scheme App4.5. 5.89 

could be directly obtained by refluxing N-anilinothiourea (5.88) and α-chloroacetone in MeOH 

under neutral conditions according to Lee et al.19 The HCl generated in the first step, acts as an 

acid catalyst for a [5,5]-shift of N-phenyl-N`-[2-(4-methyl)thiazolyl]hydrazine.19 The 

subsequent selective protection of the 2-aminothiazole in 5.89 with di-tert-butyl dicarbonate 

gave amine 5.15. 
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Scheme App4.5. Synthesis of tert-Butyl (5-(4-Aminophenyl)-4-methylthiazol-2-

yl)carbamate (5.15)a 

 

aReagents and conditions: (a/b) chloroacetone, MeOH, reflux, 32 h, 49%; (c) Boc2O, NEt3, 

DMAP (cat.), chloroform, 0 °C to rt, 16 h, 30%. 

 

 

5-(4-Aminophenyl)-4-methylthiazol-2-amine (5.89).19 1-Phenylhydrazine-1-

carbothioamide (5.88, 2.0 g, 11.96 mmol, 1 equiv) and chloroacetone (1.2 g, 13.2 mmol, 

1.1 equiv) were dissolved in MeOH (50 mL) and refluxed for 32 h. After 32 h, additional 

MeOH (250 mL) was added. The solid was filtered off and the solvent was removed in vacuum. 

The residue (red-brown solid) was purified by flash chromatography (gradient: 0-20 min: 

PE/EtOAc 100:0-50:50, 40 min: 0:100, 50-60 min: isocratic CH2Cl2/MeOH 90:10, SF 24 g) 

yielding the product as a red-brown solid (1.2 g, 49%). Rf = 0.66 (EtOAc). 1H-NMR (300 MHz, 

DMSO-d6): δ 7.03-6.95 (m, 2H), 6.75 (s, 2H), 6.63-6.52 (m, 2H), 5.26 (br s, 2H), 2.09 (s, 3H). 

13C-NMR (101 MHz, DMSO-d6) δ 165.69, 147.57, 134.51, 129.13 (2C), 118.36, 118.16, 

114.32 (2C), 14.24. NMR data matches literature reference.19 HRMS (ESI-MS): calcd. for 

C10H12N3S
+: 206.0746; found: 206.0752. MF: C10H11N3S. MW: 205.28. 

 

 

tert-Butyl (5-(4-aminophenyl)-4-methylthiazol-2-yl)carbamate (5.15). 5.89 (1.0 g, 

4.87 mmol, 1 equiv), NEt3 (783 µL, 5.65 mmol, 1.16 equiv) and DMAP (50 mg, cat.) were 

dissolved in chloroform (25 mL). The solution was cooled to 0 °C (ice-bath) and a solution of 
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Boc2O (1.06 g, 4.87 mmol, 4.87 mmol) in chloroform (25 mL) was added dropwise. The 

reaction mixture was stirred at rt for 16 h and the solvent was removed in vacuum. The residue 

was purified by flash chromatography (gradient: 0-20 min: PE/EtOAc 1:0-67:33, 20-40 min: 

isocratic 30:70, SF 4 g) yielding an orange solid (0.45 g, 30%). Rf = 0.19 (PE/EtOAc 2:1). 1H-

NMR (300 MHz, DMSO-d6): δ 11.26 (s, 1H), 7.16-6.99 (m, 2H), 6.67-6.54 (m, 2H), 5.34 (br 

s, 2H), 2.23 (s, 3H), 1.47 (s, 9H). 13C-NMR (101 MHz, CDCl3) δ 157.95, 152.57, 145.94, 

140.16, 130.21 (2C), 125.36, 122.35, 115.29 (2C), 82.65, 28.44 (3C), 15.79. HRMS (ESI-MS): 

calcd. for C15H20N3O2S
+: 306.1271; found: 306.1273. MF: C15H19N3O2S. MW: 305.40. 

 

App4.1.5 Synthesis of the Amine 5.16 

5.16 was synthesized in a multistep sequence (Scheme App4.6). In the first step 1-iodo-3-

nitrobenzene (5.90) was used as starting material in a palladium catalyzed cross-coupling to 

yield 5.91. After bromination of the benzylic position (compd. 5.92) cyclisation with thiourea 

in DMF yielded 5.93. Reduction of the nitro group and the subsequent deformylation and Boc 

protection yielded the target amine 5.16. 

 

Scheme App4.6. Synthesis of tert-Butyl (5-(3-Aminophenyl)-4-methylthiazol-2-

yl)carbamate (5.16)a 

 
aReagents and conditions: (a) Pd(OAc)2, PPh3, Cs2CO3, 4-hydroxy-4-methylpentan-2-one, 

toluene, 120 °C, 5 h, 40%; (b) Br2, diethyl ether, rt, overnight, 68%; (c) thiourea, DMF, 100 °C, 

4 h, 79%; (d) Fe, NH4Cl, EtOH/H2O, 90 °C, 4 h, 70%; (e) 1 N HCl in MeOH, MeOH, rt, 48 h, 

100%; (f) Boc2O, NEt3, DMAP (cat.), chloroform, rt, overnight, 17%. 
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1-(3-Nitrophenyl)propan-2-one (5.91).20 Pd(OAc)2 (230 mg, 1.01 mmol, 0.05 equiv), PPh3 

(1.05 g, 4.02 mmol, 0.2 equiv), 1-iodo-3-nitrobenzene (5.90, 5.0 g, 20.1 mmol, 1 equiv) and 

Cs2CO3 (9.82 g, 30.2 mmol, 1.5 equiv) were added to an oven-dried Schlenk tube equipped 

with a stir bar. The tube was then sealed, evacuated, and backfilled with nitrogen three times 

using standard Schlenk techniques. Toluene (150 mL) and 4-hydroxy-4-methyl-pentan-2-one 

(14.9 mL, 120.5 mmol, 6 equiv) were sequentially added by syringe at rt. The resulting mixture 

was vigorously stirred and heated at 120 °C for 5 h. After the mixture was cooled to rt, H2O 

(300 mL) was added. The resulting mixture was extracted three times with 200 mL EtOAc. The 

combined organic layers were then washed with 150 mL brine, dried over Na2SO4, and 

concentrated in vacuum. The residue was purified by flash chromatography on silica gel 

(gradient: 0-20 min: PE/EtOAc 100:0-67:33, SF 40 g) to provide the product as a yellow oil 

(1.45 g, 40%). Rf = 0.40 (PE/EtOAc 2:1). 1H-NMR (300 MHz, CDCl3): δ 8.11-7.97 (m, 2H), 

7.56-7.37 (m, 3H), 3.83 (s, 2H), 2.21 (s, 3H). 13C-NMR (75 MHz, CDCl3): δ 204.53, 148.20, 

136.01, 135.96, 129.44, 124.49, 122.03, 49.55, 29.83. NMR data matches literature reference.20 

HRMS (ESI-MS): calcd. for C9H13N2O3
+: 197.0921; found: 197.0923. MF: C9H9NO3. MW: 

179.18. 

 

 

1-Bromo-1-(3-nitrophenyl)propan-2-one (5.92). To a stirred solution of 5.91 (1.45 g, 

8.1 mmol, 1 equiv) in diethyl ether (50 mL) at rt a solution of Br2 (0.42 mL, 8.1 mmol, 1 equiv) 

in diethyl ether (5 mL) was added dropwise in the dark. After addition, the reaction mixture 

was stirred overnight and then diluted with CH2Cl2 (100 mL) and extracted subsequently with 

H2O (2 x 150 mL), brine (100 mL), dried over Na2SO4, filtered, and concentrated in vacuum. 

The residue was purified by flash chromatography on silica gel (gradient: 0-20 min: PE/EtOAc 

100:0-80:20, SF 12 g) to provide the product as a yellow oil (1.43 g, 68%). Rf = 0.70 

(PE/EtOAc 2:1). 1H-NMR (300 MHz, CDCl3): δ 8.28-8.21 (m, 1H), 8.17-8.08 (m, 1H), 7.80-

7.69 (m, 1H), 7.60-7.47 (m, 1H), 5.53 (s, 1H), 2.38 (s, 3H). 13C-NMR (75 MHz, CDCl3): δ 

198.33, 148.03, 137.12, 135.22, 129.87, 124.02, 123.82, 52.59, 27.01. HRMS (ESI-MS): calcd. 

for C9H12BrN2O3
+: 275.0026; found: 275.0011. MF: C9H8BrNO3. MW: 258.07. 
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N-(4-Methyl-5-(3-nitrophenyl)thiazol-2-yl)formamide (5.93). To a stirred solution of 5.92 

(1.43 g, 5.54 mmol, 1 equiv) in DMF (10 mL), a solution of thiourea (423 mg, 5.54 mmol, 

1 equiv) in DMF (10 mL) was added and the mixture was heated at 100 °C for 4 h. After cooling 

and removing of the solvent in vacuum, a mixture of EtOAc/MeOH (1:1 (v/v)) was added and 

stirred for 30 min. Subsequently, the precipitate was filtered off, washed with EtOAc and 

diethyl ether and the solid was dried in vacuum yielding the product as a yellow solid (1.16 g, 

79%). Rf = 0.74 (CH2Cl2/MeOH 9:1). 1H-NMR (300 MHz, DMSO-d6): δ 12.40 (s, 1H), 8.53 

(s, 1H), 8.24-8.15 (m, 2H), 7.96-7.90 (m, 1H), 7.78-7.70 (m, 1H), 2.40 (s, 3H). 13C-NMR 

(101 MHz, DMSO-d6): δ 159.78, 154.20, 148.09, 144.10, 134.85, 133.56, 130.53, 122.57, 

122.22, 121.92, 15.96. HRMS (ESI-MS): calcd. for C11H10N3O3S
+: 264.0437; found: 264.0441. 

MF: C11H9N3OS. MW: 263.27. 

 

 

N-(5-(3-Aminophenyl)-4-methylthiazol-2-yl)formamide (5.94).21 To a solution of 5.93 

(230 g, 0.87 mmol, 1 equiv) in EtOH/H2O (2:1 (v/v), 13 mL) iron (273 mg, 4.89 mmol, 

5.6 equiv) and NH4Cl (26 mg, 0.49 mmol, 0.56 equiv) were added. The reaction mixture was 

stirred at 90 °C for 4 h. After cooling, the reaction mixture was diluted with EtOAc (50 mL). 

The mixture was filtered through Celite 545 and the solvent was removed in vacuum. The crude 

product was purified by flash chromatography on silica gel (gradient: 0-20 min: CH2Cl2/MeOH 

100:0-98:2, SF 4 g) to provide the product as a white solid (140 mg, 70%). Rf = 0.61 

(CH2Cl2/MeOH 9:1). 1H-NMR (300 MHz, DMSO-d6): δ 12.18 (s, 1H), 8.46 (s, 1H), 7.11-7.03 

(m, 1H), 6.68-6.64 (m, 1H), 6.60-6.49 (m, 2H), 5.23 (s, 2H), 2.33 (s, 3H). 13C-NMR (75 MHz, 

DMSO-d6): δ 159.41, 152.87, 149.10, 141.39, 132.24, 129.38, 125.52, 115.91, 113.73, 112.99, 

16.14. HRMS (ESI-MS): calcd. for C11H12N3OS+: 234.0696; found: 234.0709. MF: 

C11H11N3OS. MW: 233.29. 
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5-(3-Aminophenyl)-4-methylthiazol-2-amine (5.95).22 A solution of 5.94 (130 mg, 

0.56 mmol) in MeOH:1 N HCl in MeOH (1:1.1 (v/v), 2.1 mL) was stirred at rt for 48 h. The 

mixture was neutralized with an equivalent amount of 1 N NaOH in MeOH, filtered and 

concentrated in vacuum yielding the crude product as a light green oil (115 mg, 100%). The 

crude product was used in the next step without further purification. Rf = 0.01 (CH2Cl2/MeOH 

9:1). 1H-NMR (300 MHz, DMSO-d6): δ 7.02-6.94 (m, 1H), 6.90-6.82 (m, 2H), 6.56-6.51 (m, 

1H), 6.48-6.38 (m, 2H), 5.18-5.08 (m, 2H), 2.15 (s, 3H). 13C-NMR (75 MHz, MeOD): δ 168.83, 

149.06, 142.88, 134.78, 130.37, 121.10, 119.62, 116.60, 115.19, 16.11. HRMS (ESI-MS): 

calcd. for C10H12N3S
+: 206.0746; found: 206.0745. MF: C10H11N3S. MW: 205.28. 

 

 

tert-Butyl (5-(3-aminophenyl)-4-methylthiazol-2-yl)carbamate (5.16).23 5.95 (520 mg, 

2.53 mmol, 1 equiv) was dissolved in chloroform (25 mL) and Boc2O (541 µL, 1.53 mmol, 

1 equiv), NEt3 (407 µL, 2.93 mmol, 1.16 equiv) and DMAP (25 mg, cat.) were added. The 

mixture was stirred overnight at rt. The solvent was removed in vacuum and the crude product 

was purified by flash chromatography on silica gel (gradient: 0-20 min: PE/EtOAc 100:0-67:33, 

SF 12 g) to give the product as a yellow foam (130 mg, 17%). Rf = 0.39 (CH2Cl2/MeOH 95:5). 

1H-NMR (300 MHz, CDCl3): δ 7.22-7.15 (m, 1H), 6.88-6.78 (m, 1H), 6.77-6.71 (m, 1H), 6.69-

6.55 (m, 1H), 2.41 (s, 3H), 1.55 (s, 9H). 13C-NMR (75 MHz, CDCl3) δ 158.75, 152.91, 146.75, 

142.05, 133.60, 129.72, 125.03, 119.37, 115.51, 114.12, 82.59, 28.45 (3C), 16.23. HRMS (ESI-

MS): calcd. for C15H20N3O2S
+: 306.1271; found: 306.1273. MF: C15H19N3O2S. MW: 305.40. 

 

App4.1.6 Synthesis of the Amine 5.17 

The synthesis of bromo ketone 5.100 (Scheme App4.7) started with the preparation of 5.98 

by reductive cyanation of 1,4-cyclohexanedione monoethylene acetal (5.96) with 

tosylmethylisocyanide (TosMIC) and subsequent reduction of the nitrile 5.97 with lithium 

aluminum hydride. After protection of the amino group of 5.98 as phthalimide, cleavage of the 

1,3-dioxolane ring with hydrochloric acid gave 5.99. The ketone 5.99 was α-brominated 

(compd. 5.100). The condensation of the bromo ketone 5.100 with thiourea lead to compound 



Appendix 4 

367 
 

5.101. Finally, 2-aminothiazole 5.101 was trityl protected and after hydrazinolysis of the 

intermediate 5.102 the rigid amine 5.17 was obtained. 

 

Scheme App4.7: Synthesis of 6-(Aminomethyl)-N-trityl-4,5,6,7-

tetrahydrobenzo[d]thiazol-2-amine (5.17)a 

 

aReagents and conditions: (a) TosMIC, t-BuOK, DME/EtOH, 0 °C, 1 h, then rt, 2 h, 75%; (b) 

LiAlH4, THF, reflux, 2 h, then rt, 12 h, 99%; (c) 1) phthalanhydride, 135 °C, 30 min, 2) 1 M aq 

HCl, 135 °C, 2 h, 32% over two steps; (d) 1) Br2, CH2Cl2, reflux, 1 h, 99%, 2) thiourea, EtOH, 

reflux, 2 h, 37%; (e) Trt-Cl, NEt3, MeCN, rt, 16 h, 50%; (f) N2H4 x H2O, EtOH, rt, 16 h, 100%. 

 

 

1,4-Dioxaspiro[4,5]decane-8-carbonitrile (5.97).24 To a cooled (-10 °C) suspension of 1,4-

cyclohexanedione monoethylene acetal (5.96, 5.26 g, 33.7 mmol, 1 equiv) and 

tosylmethylisocyanide (TosMIC, 8.55 g, 43.8 mmol, 1.3 equiv) in DME (105 mL) containing 

abs. EtOH (3.5 mL) was added t-BuOK (8.69 g, 77.5 mmol, 2.3 equiv) portionwise over the 

period of 30 min so that the temperature was maintained at <5 °C. After the addition was 

completed, the reaction mixture was stirred for 1 h at 0 °C and then for 2 h at rt. The mixture 

was concentrated to an orange-brown solid. H2O (100 mL) was added to the residue and the 

aqueous phase was extracted with Et2O (5 x 70 mL). The combined extracts were washed with 

brine (3 x 50 mL) and dried over Na2SO4. Concentration in vacuum gave a yellow oil which 

was purified by column chromatography (isocratic: PE/EtOAc 2:1) to give the product as a 

colorless oil (4.24 g, 75%). Rf = 0.70 (PE/EtOAc 2:1). 1H-NMR (300 MHz, CDCl3): δ 3.97-

3.80 (m, 4H), 2.70-2.57 (m, 1H), 2.01-1.87 (m, 4H), 1.87-1.75 (m, 2H), 1.66-1.54 (m, 2H). 13C-

NMR (75 MHz, CDCl3) δ 121.91, 107.13, 64.53 (2C), 32.79 (2C), 27.05 (2C), 26.73. NMR 
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data matches literature reference.24 HRMS (EI-MS): calcd. for C9H12NO2
+∙: 166.0863; found: 

166.0850. MF: C9H13NO2. MW: 167.21. 

 

 

1,4-Dioxaspiro[4,5]dec-8-ylmethanamine (5.98).24 To an ice-bath-cooled 1 M solution of 

LiAlH4 in THF (44 mL, 44.2 mmol, 1.5 equiv), 5.97 (4.92 g, 29.4 mmol, 1 equiv) was added 

dropwise over 1 h. After the addition was complete, the solution was heated to reflux for 2 h 

and then stirred at rt for 12 h. The reaction mixture was quenched by careful sequential addition 

of distilled H2O (5.6 mL), 15% NaOH (5.6 mL), and H2O (15.7 mL). The initial H2O portion 

was diluted with THF to aid addition and to reduce the exothermicity of the quench. The 

resulting precipitate was removed by filtration. Concentration in vacuum and purification by 

column chromatography (isocratic: CH2Cl2/MeOH 9:1) of the resulting oil gave the product as 

a colorless oil (5.0 g, 99%). Rf = 0.43 (CH2Cl2/MeOH 9:1). 1H-NMR (400 MHz, MeOD): δ 

4.00-3.89 (m, 4H), 2.50 (d, J = 6.5 Hz, 1H), 1.90-1.68 (m, 4H), 1.68-1.58 (m, 1H), 1.58-1.46 

(m, 2H), 1.46-1.27 (m, 1H), 1.27-1.19 (m, 1H). 13C-NMR (101 MHz, MeOD) δ 110.28, 65.26 

(2C), 48.41, 40.60, 35.37 (2C), 28.97 (2C). NMR data matches literature reference.24 HRMS 

(ESI-MS): calcd. for C9H18NO2
+: 172.1259; found: 172.1332. MF: C9H17NO2. MW: 171.24. 

 

 

2-((4-Oxocyclohexyl)methyl)isoindoline-1,3-dione (5.99)25 was prepared from 5.98 

(4.00 g, 23.4 mmol, 1 equiv) and phthalanhydride (3.46 g, 23.4 mmol, 1 equiv). Both 

components were placed in a 20 mL microwave vial. The vial was sealed and heated (behind a 

safety shield) in an oil bath at 135 °C for 30 min while stirring. The vial was then allowed to 

cool to rt and cautiously opened, and 1 M HCl (aq, 9 mL) was added. The flask was resealed 

and heated (behind the safety shield) in an oil bath at 135 °C for 2 h with vigorous stirring. 

After this period, it was allowed to cool to rt and cautiously opened, and CH2Cl2 (100 mL) was 

added in portions. The organic layer was collected, washed with 100 mL 1 M HCl, dried over 

Na2SO4, and then concentrated in vacuum to afford the ketone as an off-white solid (1.91 g, 

32%), which was used for the next reaction without further purification. Rf = 0.37 (PE/EtOAc 

2:1). 1H-NMR (300 MHz, CDCl3): δ 7.85-7.63 (m, 4H), 3.61 (d, J = 7.2 Hz, 2H), 2.41-2.08 (m, 
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5H), 2.05-1.90 (m, 2H), 1.56-1.36 (m, 2H). 13C-NMR (75 MHz, CDCl3): δ 210.98, 168.52 (2C), 

134.16 (2C), 131.89 (2C), 123.37 (2C), 42.42, 40.11 (2C), 35.44, 30.22 (2C). NMR data 

matches literature reference.25 HRMS (ESI-MS): calcd. for C15H16NO3
+: 258.1052; found: 

258.1131. MF: C15H15NO3. MW: 257.29. 

 

 

(±)-2-((2-Amino-4,5,6,7-tetrahydrobenzo[d]thiazol-6-yl)methyl)isoindoline-1,3-dione 

(5.101). A freshly prepared solution of Br2 (1.24 g, 7.74 mmol, 1 equiv) in CH2Cl2 (20 mL) was 

added dropwise over a period of 1 h, to a stirred solution of 5.99 (1.99 g, 7.74 mmol, 1 equiv) 

in CH2Cl2 (38 mL). After the addition was complete, the reaction mixture was refluxed for 1 h. 

The solvent was removed in vacuum to obtain the bromo ketone 5.100 (2.58 g, 99%) as a brown 

foam, which was used without further purification. HRMS (ESI-MS): calcd. for 

C15H14BrNNaO3
+: 358.0049; found: 358.0048. MF: C15H14BrNO3. MW: 336.19. The crude 

bromo ketone 100 (2.58 g, 7.67 mmol) was dissolved in abs. EtOH (40 mL). To this solution, 

thiourea (759 mg, 10.0 mmol, 1.3 equiv) was added and the mixture was heated under reflux 

for 2 h. The solvent was removed in vacuum. H2O (40 mL) was added to the residue, the 

solution was alkalized with 1 M NaOH to pH 10 and the mixture was extracted with EtOAc 

(3 x 20 mL), dried over Na2SO4, and evaporated in vacuum. The product was purified by 

column chromatography (isocratic: PE/EtOAc 1:3) to obtain the product as a yellow solid 

(0.9 g, 37%). Rf = 0.34 (PE/EtOAc 1:4). 1H-NMR (300 MHz, DMSO-d6): δ 7.92-7.79 (m, 4H), 

6.72-6.54 (m, 2H), 3.68-3.49 (m, 2H), 2.64-2.08 (m, 5H, overlapped with DMSO), 1.95-1.76 

(m, 1H), 1.43-1.29 (m, 1H). 13C-NMR (75 MHz, DMSO-d6): δ 168.07 (2C), 165.65, 144.39, 

134.36 (2C), 131.56 (2C), 122.94 (2C), 113.08, 42.11, 34.08, 26.50, 26.39, 25.17. HRMS (ESI-

MS): calcd. for C16H16N3O2S
+: 314.0885; found: 314.0976. MF: C16H15N3O2S. MW: 313.38. 

 

 

(±)-2-((2-(Tritylamino)-4,5,6,7-tetrahydrobenzo[d]thiazol-6-yl)methyl)isoindoline-1,3-

dione (5.102). To a solution of 5.101 (0.9 mg, 2.87 mmol, 1 equiv) and NEt3 (717 µL, 

5.17 mmol, 1.8 equiv) in MeCN (16 mL) a solution of Trt-Cl (0.96 g, 3.45 mmol, 1.2 equiv) in 

MeCN (10 mL) was added dropwise. After stirring the mixture at rt for 16 h, the solvent was 
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removed in vacuum. The crude product was purified by column chromatography (isocratic: 

PE/EtOAc 2:1) yielding a yellow and foamlike solid (0.79 mg, 50%). Rf = 0.72 (PE/EtOAc 

1:4). 1H-NMR (300 MHz, CDCl3) δ 7.90-7.62 (m, 4H), 7.39-7.16 (m, 15H), 6.54 (s, 1H), 3.76-

3.55 (m, 2H), 2.71-2.09 (m, 5H), 1.95-1.83 (m, 1H), 1.39-1.63 (m, 1H). 13C-NMR (75 MHz, 

CDCl3): δ 168.61 (2C), 166.12, 143.88 (3C), 143.84, 134.11 (2C), 132.02 (2C), 129.35 (6C), 

128.19 (6C), 127.46 (3C), 123.39 (2C), 116.78, 71.59, 43.04, 34.87, 27.26, 27.18, 25.58. HRMS 

(ESI-MS): calcd. for C35H30N3O2S
+: 556.1980; found: 556.2067. MF: C35H29N3O2S. MW: 

555.70. 

 

 

(±)-6-(Aminomethyl)-N-trityl-4,5,6,7-tetrahydrobenzo[d]thiazol-2-amine (5.17). A 

mixture of 5.102 (1.14 mg, 2.05 mmol, 1 equiv) and N2H4 x H2O (470 µL, 10.3 mmol, 5 equiv) 

in EtOH (15 mL) was stirred at rt for 16 h. After removal of insoluble material by filtration, the 

filtrate was evaporated in vacuum yielding a colorless and sticky oil (870 mg, 100%), which 

was used in the next step without further purification. Rf = 0.01 (PE/EtOAc 2:1). 1H-NMR 

(300 MHz, MeOD): δ 7.35-7.04 (m, 15H), 2.75-2.34 (m, 6H), 2.11-1.68 (m, 2H), 1.42-1.17 (m, 

1H). 13C-NMR (75 MHz, MeOD): δ 152.97, 145.31 (3C), 144.55, 130.47 (6C), 129.12 (6C), 

128.47 (3C), 118.05, 73.01, 46.85, 37.69, 27.87, 27.62, 26.37. HRMS (ESI-MS): calcd. for 

C27H28N3S
+: 426.1926; found: 426.2006. MF: C27H27N3S. MW: 425.59. 

 

App4.2 Experimental Details for the Acylhydrazides 5.108 and 5.109 

The 1,3,4-oxadiazole derivatives 5.37 and 5.58 were synthesized from carboxybenzyl (Cbz)-

protected GABA 5.103 (Scheme App4.8 or Scheme 5.2 in the chapter 5). The carboxyl group 

of 5.103 was activated using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 

(EDC x HCl) and subsequently coupled with tert-butyl carbazate (compd. 5.104). The Cbz 

group was removed using hydrogen and Pd/C. The exposed primary amine 5.105 was reacted 

with the guanidinylating reagents 5.19 or 5.26 in the presence of HgCl2 and NEt3 giving the 

NG-carbamoylguanidines 5.106 or 5.107. These were treated with TFA to remove the Boc-

protecting group (compd. 5.108 and 5.109). The formation of the heterocycle (compd. 5.37 and 

5.58) was performed using cyanogen bromide and KHCO3 in a H2O/EtOH mixture (for details 

see the Experimental Section in the chapter 5). 
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Scheme App4.8: Synthesis of 1,3,4-Oxadiazole Derivatives 5.37 and 5.58a 

 
aReagents and conditions: (a) tert-butyl carbazate, EDC x HCl, DIPEA, CH2Cl2, rt, 24 h, 

20%; (b) Pd/C, H2 (10 bar), THF/MeOH, rt, 4 h, 100%; (c) 5.19 or 5.26, HgCl2, NEt3, CH2Cl2, 

rt, overnight, 5.106: 46% and 5.107: 89%; (d) TFA, CH2Cl2, rt, 4-6 h, 5.108: 94% and 5.109: 

17%; (e) BrCN, KHCO3, H2O/EtOH, 60 °C, 2 h, 5.37: 6.1% and 5.58: 61%. Experimental 

details for 5.37 and 5.58 are shown in the chapter 5. 

 

 

4-(((Benzyloxy)carbonyl)amino)butanoic acid (5.103).26,27,28 GABA (5.74, 0.77 g, 

7.5 mmol, 1 equiv) was dissolved in H2O (6 mL), and NaHCO3 (0.69 g, 8.2 mmol, 1.1 equiv) 

was added. A solution of benzyl chloroformate (1.0 mL, 7.1 mmol, 0.95 equiv) in 1,4-dioxane 

(6 mL) was added dropwise at 0 °C. The stirring was continued for 18 h at rt. 1,4-Dioxane was 

removed in vacuum. The residue was extracted with diethyl ether (3 x 50 mL). The combined 

organic layers were washed with 1 M NaOH (3 x 50 mL). The aqueous layer was acidified with 

37% HCl (pH = 2) and extracted with diethyl ether (3 x 50 mL). The organic phase was dried 

over Na2SO4, filtered, and the solvent was evaporated in vacuum to obtain 0.95 g (53%) of the 

product as a colorless oil, which solidified upon storage. Rf = 0.33 (PE/EtOAc 1:1). 1H-NMR 

(400 MHz, CDCl3) δ 10.18 (s, 1H), 7.40-7.27 (m, 5H), 5.09 (s, 2H), 5.05-4.93 (m, 1H), 3.31-

3.12 (m, 2H), 2.39 (t, J = 7.3 Hz, 2H), 1.83 (quint, J = 7.1 Hz, 2H). 13C-NMR (101 MHz, 

CDCl3) δ 178.48, 156.62, 136.43, 128.54 (2C), 128.16 (2C), 128.13, 66.82, 40.27, 31.15, 24.95. 

NMR data matches literature reference.28 HRMS (ESI-MS): calcd. for C12H16NO4
+: 238.1074; 

found: 238.1080. MF: C12H15NO4. MW: 237.26. 

 



Appendix 4 

372 
 

 

tert-Butyl 2-(4-(((benzyloxy)carbonyl)amino)butanoyl)hydrazine-1-carboxylate 

(5.104).29 To a stirred solution of 5.103 (0.64 g, 4.94 mmol, 1 equiv) in dry CH2Cl2 (15 mL) 

DIPEA (3.65 mL, 20.9 mmol, 3.6 equiv) and EDC x HCl (1.11 g, 5.82 mmol, 1.2 equiv) were 

added, and the mixture was stirred for 30 min at rt. tert-Butyl carbazate (1.12 g, 8.47 mmol, 

1.75 equiv) was added, and the reaction mixture was stirred for 24 h at rt. The solution was 

diluted with CH2Cl2 (100 mL) and washed with 5% aqueous HCl (2 x 50 mL), saturated 

NaHCO3 (50 mL), and brine (50 mL). The organic phase was dried over Na2SO4, filtered, and 

concentrated in vacuum. The crude product was purified by flash chromatography on silica gel 

(gradient: 0-30 min: CH2Cl2/MeOH 100:0-90:10, 40 min: 80:20, 50 min: 80:20, SF 8 g) to 

obtain the product as a colorless oil (340 mg, 20%). Rf = 0.57 (CH2Cl2/MeOH 9:1). 1H-NMR 

(400 MHz, CDCl3) δ 7.38-7.26 (m, 5H), 5.06 (s, 2H), 3.30-3.11 (m, 2H), 2.28-2.19 (m, 2H), 

1.82 (quint, J = 6.6 Hz, 2H), 1.42 (s, 9H), 3 NH signals are missing. 13C-NMR (101 MHz, 

CDCl3) δ 176.15, 172.76 (2C), 157.13, 136.64, 128.61 (2C), 128.20 (2C), 81.68, 66.80, 40.11, 

31.12, 28.26 (3C), 26.01. NMR data matches literature reference.29 HRMS (ESI-MS): calcd. 

for C17H26N3O5
+: 352.1867; found: 352.1869. MF: C17H25N3O5. MW: 351.40. 

 

 

tert-Butyl 2-(4-aminobutanoyl)hydrazine-1-carboxylate (5.105). The Cbz-protected 

amine 5.104 (130 mg, 0.34 mmol) was dissolved in a mixture of THF/MeOH (1:1 (v/v), 10 mL) 

and Pd/C (10 wt%, 50 mg) was added. The mixture was placed in a Parr bomb. The Parr bomb 

was filled with H2 gas (10 bar) and the mixture was stirred at rt for 4 h. The reaction mixture 

was transferred in a Falkon tube (50 mL) and centrifuged (4000 x g, 5 min). The supernatant 

was decanted. The pellet was resuspended in fresh THF/MeOH 1:1 mixture and centrifuged a 

second time (4000 x g, 5 min). The supernatant was decanted. The combined supernatants were 

concentrated in vacuum yielding the crude product as a yellow foam (74 mg, 100%). The crude 

product was used in the next step without further purification. Rf = 0.01 (CH2Cl2/MeOH 9:1). 

1H-NMR (300 MHz, CDCl3) δ 5.53 (s, 4H), 2.75-2.64 (m, 2H), 2.24 (t, J = 7.2 Hz, 2H), 1.83-

1.65 (m, 2H), 1.46-1.28 (m, 9H). 13C-NMR (75 MHz, CDCl3) δ 172.81, 155.79, 80.94, 40.61, 

31.15, 28.26, 28.04 (3C). HRMS (ESI-MS): calcd. for C9H20N3O3
+: 218.1499; found: 218.1499. 

MF: C9H19N3O5. MW: 217.27. 
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1-(Amino{[4-(hydrazineyl-4-oxo)butyl]amino}methylene)-3-(hexyl)urea 

dihydrotrifluoroacetate (5.108). The guanidinylating reagent 5.19 (117 mg, 0.37 mmol, 

1 equiv) and the amine 5.105 (80 mg, 0.37 mmol, 1 equiv) were dissolved in CH2Cl2 (10 mL). 

NEt3 (128 µL, 0.92 mmol, 2.5 equiv) and HgCl2 (200 mg, 0.74 mmol, 2 equiv) were added to 

the mixture. The mixture was stirred at rt overnight. The reaction mixture was diluted with 

CH2Cl2 (10 mL). The precipitate was removed by filtration through Celite 545 and washed with 

CH2Cl2 (20 mL) and EtOAc (20 mL). The filtrate was concentrated in vacuum and the crude 

product was purified by column chromatography on silica gel (gradient: 0-20 min: 

CH2Cl2/MeOH 100:0-90:10, 30 min: 90:10, SF 8 g) to obtain 5.106 as a yellow oil (82 mg, 

46%). Rf = 0.64 (CH2Cl2/MeOH 9:1). 1H-NMR (300 MHz, CDCl3) δ 12.26 (s, 1H), 8.56 (s, 

1H), 6.19 (s, 1H), 3.52 (q, J = 6.4 Hz, 2H), 3.24-3.08 (m, 2H), 2.45-2.25 (m, 2H), 2.01-1.78 (m, 

2H), 1.57-1.38 (m, 20H), 1.35-1.19 (m, 6H), 0.93-0.78 (m, 3H), 2 NH signals are missing. 

HRMS (ESI-MS): calcd. for C22H43N6O6
+: 487.3239; found: 487.3296. MF: C22H42N6O6. MW: 

486.61. To a stirred solution of Boc-protected hydrazine derivative 5.106 (82 mg, 0.17 mmol) 

in CH2Cl2 (4 mL) TFA (1 mL) was added. The solution was stirred for 4 h at rt. The solvent 

was removed in vacuum to obtain the crude product (5.108) as a yellowish oil (82 mg, 94%). 

The crude product was used in the next step without further purification. Rf = 0.56 

(CH2Cl2/MeOH 9:1). 1H-NMR (400 MHz, MeOD) δ 3.43-3.32 (m, 1H), 3.19 (t, J = 7.1 Hz, 

2H), 2.47-2.35 (m, 2H), 1.97 (quint, J = 7.2 Hz, 2H), 1.58-1.45 (m, 3H), 1.41-1.22 (m, 6H), 

0.97-0.84 (m, 3H). 13C-NMR (101 MHz, MeOD) δ 173.57, 156.00, 155.45, 41.45, 40.79, 32.59, 

30.40, 29.57, 27.50, 24.53, 23.59, 14.32. HRMS (ESI-MS): calcd. for C12H27N6O2
+: 287.2190; 

found: 287.2189. MF: C12H26N6O2 x C4H2F6O4. MW: (286.38+228.05). 

 

 

1-(Amino{[4-(hydrazineyl-4-oxo)butyl]amino}methylene)-3-(2-methyl-3-(p-

tolyl)propyl)urea dihydrotrifluoroacetate (5.109) The guanidinylating reagent 5.26 (100 mg, 

0.26 mmol, 1 equiv) and the amine 5.105 (58 mg, 0.27 mmol, 1.01 equiv) were dissolved in 

CH2Cl2 (5 mL). NEt3 (84 µL, 0.66 mmol, 2.5 equiv) and HgCl2 (143 mg, 0.53 mmol, 2 equiv) 

were added to the mixture. The mixture was stirred at rt overnight. The reaction mixture was 

diluted with CH2Cl2 (10 mL). The precipitate was removed by filtration through Celite 545 and 



Appendix 4 

374 
 

washed with CH2Cl2 (20 mL) and EtOAc (20 mL). The filtrate was concentrated in vacuum and 

the crude product was purified by column chromatography on silica gel (gradient: 0-40 min: 

CH2Cl2/MeOH 100:0-80:20; SF 8 g) to obtain 5.107 as a yellow oil (127 mg, 89%). Rf = 0.68 

(CH2Cl2/MeOH 9:1). 1H-NMR (400 MHz, CDCl3) δ 7.10-6.94 (m 4H), 3.46-3.38 (m, 2H), 

3.15-2.93 (m, 2H), 2.70-2.58 (m, 1H), 2.33-2.20 (m, 6H), 1.89-1.81 (m, 3H), 1.40 (s, 18H), 

0.80 (d, J = 6.7 Hz, 3H). MF: C27H44N6O6. MW: 548.69. To a stirred solution of Boc-protected 

hydrazine derivative 5.107 (127 mg, 0.23 mmol) in CH2Cl2 (3.5 mL) TFA (1.5 mL) was added. 

The solution was stirred for 6 h at rt. The solvent was removed in vacuum to obtain the crude 

product as a yellow oil. The crude product was purified using preparative HPLC yielding 5.109 

as a white solid (22 mg, 17%). Rf = 0.54 (CH2Cl2/MeOH 9:1). 1H-NMR (400 MHz, MeOD) δ 

7.11-7.00 (m, 4H), 3.35 (t, J = 7.0 Hz, 2H), 3.22-2.98 (m, 2H), 2.68-2.59 (m, 1H), 2.44-2.33 

(m, 3H), 2.29 (s, 3H), 1.96 (quint, J = 7.1 Hz, 3H), 0.87 (d, J = 6.7 Hz, 3H). 13C-NMR 

(101 MHz, MeOD) δ 173.48, 155.56, 155.43, 138.44, 136.52, 130.00 (2C), 129.92 (2C), 46.48, 

41.59, 41.37, 36.64, 30.83, 24.77, 21.08, 17.71. HRMS (ESI-MS): calcd. for C17H29N6O2
+: 

349.2347; found: 349.2354. MF: C17H28N6O2 x C4H2F6O4. MW: (348.45+228.05). 
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App4.3 Determination of the pKa Value 

The determination of the negative logarithm of the acid dissociation constant (pKa) value was 

performed as described by Biselli et al.6 2-Amino-5-methyl-1,3,4-thiadiazole hydrochloride 

(9.6 mg, 10.0 mg, or 10.1 mg) was dissolved in Millipore water (20 mL) and titrated with 

0.01 M NaOH solution. The titration was performed using a freshly calibrated glass electrode 

(BlueLine, Schott Instruments, Mainz, Germany; calibration solutions: pH 4,0, 7,0, 9,0 ± 0.02, 

Roth, Fisher), a potentiometer (Lab 850, Schott Instruments) and a burette (10 mL). The pH-

value was recorded after each addition (0.05-0.10 mL) at room temperature. The pKa value was 

determined using the half-equivalence point method (Figure App4.1) and was 3.49 ± 0.01 

(mean ± SE, N = 3; reference: 3.5630). 
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Figure App4.1. A: Representative titration curve of 2-amino-5-methyl-1,3,4-thiadiazole 

hydrochloride with 0.01 M NaOH. B: The first derivative, ΔpH/ΔV, of the titration curve. C: 

The second derivative, Δ(ΔpH/ΔV)/ΔV, which is the derivative of the first derivative. End point 

is taken as zero crossing of the second derivative. Ve: volume of titrant at equivalence point. 
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App4.4 Bias Analysis 

To test for biased agonism, we calculated the bias factors (BF). To calculate the BF’s we 

either used efficacy BF (eBF) or potency BF (pBF).31
 Using this method, a biased agonist is 

defined as an agonist that has a statistically-significant different BF compared to the BF of the 

endogenous agonist histamine (5.1). The eBF for an agonist is calculated as the ratio between 

maximal responses (Emax) of two different signaling pathways (pathway1:pathway2).
31 The pBF 

of an agonist is calculated as the ratio between EC50 of two different signaling pathways 

(pathway1:pathway2).
31 However, for analysis of statistic difference between pBF of histamine 

and pBF of the agonist of interest we used the negative logarithm of the pBF or: 

ppBF(pathway1:pathway2) = pEC50(pathway1) - pEC50(pathway2).
31 This is necessary since 

statistic information of SEM is only available for pEC50 and not for EC50. 

Most compounds (eBFs: 1.29-7.30) possessed significantly higher efficacy bias factors than 

histamine (5.1, eBF: 1.00), which was used as an unbiased reference compound. Only in case 

of UR-SB2916, 32 this efficacy bias was not significant (cf. Table App4.1 and Figure App4.2A). 

Among the propyl spacer containing 2-aminothiazoles, the efficacy bias was most striking for 

UR-SB5276, 32 (eBF: 7.30 ± 0.76; 2-methyl-3-(p-tolyl)propyl side residue, Table App4.1), 

which was a strong partial agonist in the mini-G protein recruitment assay (Emax = 0.73, cf. 

Table 5.3, Chapter 5), but showed only a very weak partial agonistic activity (Emax = 0.10, cf. 

Table 5.3, Chapter 5) in the β-arrestin2 recruitment assay. We also observed that the efficacy 

bias for 2-amino-4-methylthiazoles (UR-KAT523 (5.6)6, UR-CH226, 32 and UR-SB2576, 32) was 

more pronounced than for the corresponding 2-aminothiazoles (5.32, 5.48 and 5.39, cf. 

Table App4.1). 

By contrast, all 2-aminothiadiazoles exhibited no (5.31, 5.39, 5.43, 5.47, 5.53 & 5.56) or a 

less pronounced (5.57 & 5.63, eBF: 1.72-2.21) efficacy bias for G-protein activation. Among 

the 2-aminothiadiazoles, the efficacy bias was most striking for 5.63 (eBF: 2.21 ± 0.24; 2-

methyl-5-phenylpentyl side residue). We observed that the efficacy bias was greatest within a 

series of compounds with the same heterocycle if bulky side residues (e.g. 2-methyl-3-(p-

tolyl)propyl- or 2-methyl-5-phenylpentyl-side residues) were used (cf. Table App4.1 and 

Figure App4.2A). 
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Table App4.1. Efficacy Bias Factors (eBF) and Negative Logarithm of the Potency Bias 

Factors (ppBF) 

compd. eBF (mGs:β-arrestin2) ± SEM ppBF (mGs:β-arrestin2) ± SEM 

5.1 1.00 ± 0.00 1.52 ± 0.06 

5.58 2.97 ± 040 0.82 ± 0.14 

5.66 5.50 ± 0.69 1.59 ± 0.13 

UR-CH206, 32 3.11 ± 0.33 0.97 ± 0.04 

UR-SB2916, 32 2.10 ± 0.32 0.87 ± 0.14 

UR-CH226, 32 2.70 ± 0.25 1.14 ± 0.09 

UR-Po5636 2.59 ± 0.09 0.70 ± 0.11 

UR-MB-696 2.97 ± 0.10 0.88 ± 0.11 

UR-SB2576, 32 7.30 ± 0.76 0.53 ± 0.12 

UR-KAT5276 5.85 ± 0.95 1.68 ± 0.14 

5.31 0.99 ± 0.06 1.61 ± 0.23 

5.32 1.39 ± 0.09 0.97 ± 0.06 

5.36 0.82 ± 0.04 2.25 ± 0.07 

5.37 1.52 ± 0.06 1.22 ± 0.06 

5.39 1.07 ± 0.06 1.73 ± 0.15 

5.43 0.98 ± 0.05 1.10 ± 0.09 

5.47 0.98 ± 0.06 1.62 ± 0.15 

5.48 1.29 ± 0.07 1.00 ± 0.15 

5.52 1.29 ± 0.11 1.00 ± 0.04 

5.53 1.05 ± 0.03 1.15 ± 0.10 

5.54 2.43 ± 0.14 1.10 ± 0.11 

5.56 0.91 ± 0.03 0.97 ± 0.06 

5.57 1.72 ± 0.13 0.32 ± 0.19 

5.59 5.19 ± 0.33 0.48 ± 0.09 

5.63 2.21 ± 0.24 1.08 ± 0.19 

5.69 1.15 ± 0.08 1.31 ± 0.14 

5.70 1.16 ± 0.10 1.40 ± 0.00 

eBF’s comparing efficacy and ppBF’s comparing potency in Gs and β-arrestin2 signaling 

pathways. The eBF for an agonist is calculated as the ratio between maximal responses (Emax) 

of Gs pathway and β-arrestin2 pathway [eBF = Emax (mGs) - pEC50 (β-arrestin2)]. The ppBF of 

an agonist is calculated as the difference between pEC50 values between Gs pathway and β-

arrestin2 pathway [ppBF = pEC50 (mGs) - pEC50 (β-arrestin2)]. The Emax and pEC50 values used 

for these calculations are depicted in the Table 5.3 in the chapter 5. 
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Figure App4.2. Histograms comparing the efficacy bias factors (eBF, A) and the negative 

logarithm of the potency bias factors (ppBF, B). Statistical comparison of values was performed 

by using a one-way ANOVA of BF for each agonist and Dunnett’s post-tests were used to 

compare BF for histamine (His) to BF’s for all other agonists (ns: not significant, ***p <0.001, 

**p<0.01, *p <0.05, as described by Thomsen et al.31).  
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The functional data of the H2R agonists from either the mini-G protein or β-arrestin2 

recruitment assay were also fitted to the operational model as described by van der Westhuizen 

et al.33 As a result, we obtained transduction coefficients (log(τ/KA), Table App4.2), a parameter 

sufficient to describe agonism for a given pathway. The transduction coefficients for the tested 

compounds were normalized to log(τ/KA) of the endogenous ligand, thereby cancelling out 

potential systematic bias generated by the difference in the cellular background and/or signal 

amplification of the chosen readout systems.33-34 The comparison of the normalized 

transduction coefficients of a ligand for different signaling pathways then allow for 

quantification of the ligand bias.33 An unbiased response of given ligand for the two 

investigated pathways would result in a bias factor ΔΔlog(τ/KA) around 0, while positive or 

negative values indicate a bias either for the G-protein (mGs) or β-arrestin2 pathway. Data were 

analyzed in a pairwise manner using a two-tailed unpaired student’s t-test (on the ΔΔlog(τ/KA) 

ratios) to determine the significance of the ligand biases.33 

According to the present bias analysis some of the tested ligands possess a significant 

preference for the G protein (mGs) and some others a preference for the β-arrestin2 pathway 

(Figure App4.3). Unfortunately, we did not find a clear trend which could be unambiguously 

assigned to a specific structure-pathway bias.  
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Table App4.2. Transduction Coefficients (log(τ/KA)), Ratios Towards the mGs and β-

Arrestin2 Pathways in HEK293T Cells and Bias Factors ΔΔlog(τ/KA) 

compd. log(τ/KA)a 

β-arr.2 

Δlog(τ/KA)b 

β-arr.2 

log(τ/KA)a 

mGs 

Δlog(τ/KA)b 

mGs 

ΔΔlog(τ/KA)c 

 

5.1 5.52 ± 0.04 0.00 ± 0.06 6.95 ± 0.05 0.00 ± 0.07 0.00 ± 0.09 

5.58 6.10 ± 0.22 0.59 ± 0.22 7.55 ± 0.01 0.60 ± 0.04 0.01 ± 0.22 

5.66 6.00 ± 0.04 0.49 ± 0.06 8.25 ± 0.04 1.31 ± 0.06 0.82 ± 0.08 

UR-CH226, 32 6.35 ± 0.17 0.83 ± 0.17 8.07 ± 0.02 1.13 ± 0.05 0.30 ± 0.18 

UR-CH206, 32 6.57 ± 0.11 1.05 ± 0.12 7.99 ± 0.04 1.04 ± 0.06 -0.01 ± 0.14 

UR-SB2576, 32 5.86 ± 0.06 0.34 ± 0.07 7.32 ± 0.03 0.37 ± 0.05 0.04 ± 0.09 

UR-KAT5276 4.41 ± 0.12 -1.11 ± 0.13 7.18 ± 0.08 0.24 ± 0.09 1.34 ± 0.16 

UR-SB2916, 32 6.10 ± 0.14 0.58 ± 0.15 7.47 ± 0.07 0.52 ± 0.08 -0.06 ± 0.17 

UR-MB-696 6.66 ± 0.09 1.14 ± 0.10  8.01 ± 0.01 1.07 ± 0.04 -0.07 ± 0.11 

UR-Po5636 6.83 ± 0.07 1.31 ± 0.08 7.98 ± 0.02 1.03 ± 0.05 -0.29 ± 0.09 

5.31 6.73 ± 0.07 1.21 ± 0.08 7.96 ± 0.14 1.01 ± 0.14 -0.20 ± 0.16 

5.32 7.01 ± 0.04 1.57 ± 0.06 8.15 ± 0.04 1.21 ± 0.06 -0.36 ± 0.08 

5.36 6.15 ± 0.03 0.63 ± 0.05 8.20 ± 0.06 1.25 ± 0.07 0.62 ± 0.09 

5.37 5.51 ± 0.04 -0.01 ± 0.06 6.90 ± 0.06 -0.05 ± 0.08 -0.04 ± 0.10 

5.39 6.44 ± 0.12 0.92 ± 0.13 8.10 ± 0.04 1.16 ± 0.06 0.23 ± 0.14 

5.43 6.78 ± 0.07 1.26 ± 0.08 7.91 ± 0.05 0.96 ± 0.06 -0.30 ± 0.10 

5.47 6.86 ± 0.10 1.34 ± 0.11 8.44 ± 0.07 1.49 ± 0.08 0.15 ± 0.14 

5.48 7.17 ± 0.05 1.65 ± 0.06 8.12 ± 0.03 1.17 ± 0.05 -0.48 ± 0.04 

5.52 7.06 ± 0.04 1.54 ± 0.06 8.12 ± 0.01 1.18 ± 0.04 -0.36 ± 0.07 

5.53 6.59 ± 0.03 1.08 ± 0.05 7.63 ± 0.05 0.69 ± 0.07 -0.39 ± 0.08 

5.54 6.10 ± 0.11 0.58 ± 0.11 7.55 ± 0.03 0.60 ± 0.05 0.02 ± 0.12 

5.56 7.17 ± 0.05 1.65 ± 0.06 8.06 ± 0.04 1.12 ± 0.06 -0.53 ± 0.09 

5.57 6.59 ± 0.17 1.07 ± 0.17 7.15 ± 0.08 0.20 ± 0.09 -0.87 ± 0.20 

5.59 5.87 ± 0.11 0.35 ± 0.12 7.11 ± 0.07 0.17 ± 0.08 -0.19 ± 014 

5.63 5.74 ± 0.20 0.22 ± 0.21 7.50 ± 0.08 0.56 ± 0.09 0.34 ± 0.23 

5.69 6.16 ± 0.03 0.64 ± 0.05 7.65 ± 0.12 0.70 ± 0.13 0.06 ± 0.14 

5.70 6.27 ± 0.12 0.75 ± 0.13 8.05 ± 0.04 1.11 ± 0.06 0.35 ± 0.14 

aThe transduction coefficients (log(τ/KA)) were derived from functional data of 3-6 

independent experiments fitted to the operational model of agonism as described by van der 

Westhuizen et al.33 bΔlog(τ/KA) (mGs or β-arrestin2) = log(τ/KA) (ligand) - log(τ/KA) 

(histamine). cΔΔlog(τ/KA) = Δlog(τ/KA) (mGs) - Δlog(τ/KA) (β-arrestin2). Data are given as 

means ± SEMa,b or SEc (calculated as described by van der Westhuizen et al.33).  
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Figure App4.3. Bias analysis for histamine (His), 5.58, 5.66, UR-CH206, 32, UR-SB2916, 32, UR-

CH226, 32, UR-MB-696, UR-Po5636, UR-SB2576, 32, UR-KAT5276, 5.31-5.32, 5.36-5.37, 5.39, 

5.43, 5.47-5.48, 5.52-5.54, 5.56-5.57, 5.59, 5.63 and 5.69-5.79 performed as described by van 

der Westhuizen at al.33, using histamine as reference agonist. A ΔΔlog(τ/KA) ratio = 0 indicate 

an equal activation of the G protein- and β-arrestin2 pathways, while a ΔΔlog(τ/KA) ratio ≠ 0 

indicates a preference for one signal pathway over the other. Data represent mean ± SEM of 3-

6 independent experiments performed in duplicates or triplicates. Data were analyzed in a 

pairwise manner using a two-tailed unpaired student’s t-test to determine the significance of the 

ligand biases (ns: not significant, ***p <0.001; **p <0.01,*p <0.05, as described by van der 

Westhuizen et al.33). 
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6 Summary 

The discovery of the histamine H2 receptor (H2R) happened more than 50 years ago. Although 

it has since been intensively studied by both the pharmaceutical industry and universities, its 

function in the central nervous system (CNS) is still largely unknown. One of the main reasons 

for this is the lack of selective ligands which ideally also have access to the CNS. Before this 

work started, 2-amino-4-methylthiazole-containing carbamoylguanidines were published as 

highly potent and subtype-selective H2R agonists which might be able to access the CNS 

(shown on acylguanidines). However, their applicability to elucidate the function of the central 

H2R is impaired by their high affinity for D2-like (D2/3/4) receptors. This affinity originates most 

likely from the 2-amino-4-methylthiazole motif, which is a vital element of the D2-like receptor 

agonist pramipexole. In addition, the recently published pharmacological tools for the H2R (e.g. 

radio and fluorescent ligands) still possess significant structure-inherent drawbacks (e.g. 

pseudo-irreversible binding), which hamper the correct investigation of the receptor. 

Consequently, the aim of this work was the synthesis of H2R ligands which possess a 

selectivity over D2-like receptors, and which can be used as new molecular tools with e.g. 

improved kinetic properties. 

In the course of this doctoral thesis a new, high affinity, subtype-selective and G-protein-

biased H2R radioligand ([3H]UR-KAT479) was synthesized and characterized. The binding of 

this radioligand to h/gp/mH2R (co) expressing HEK293(T) cells was satiating and highly 

specific. The affinity for h- and gpH2R was high (Kd = 24/28 nM; h/gp) and moderate for mH2R 

(Kd = 98 nM). The most important property of [3H]UR-KAT479 is the complete dissociation 

(60-180 min) from the h/gp/mH2 receptors in kinetic experiments after a rapid association (60 

min), which is good evidence for the reversible binding of this and structurally related ligands 

of the carbamoylguanidine class. The reversible binding enabled the determination of pKi 

values of unlabeled standard ligands on e.g. the h/gp/mH2R in the equilibrium according to the 

Cheng-Prusoff equation. In addition, [3H]UR-KAT479 can be used as a model compound to 

investigate the pharmacokinetic properties (e.g. erythrocyte binding and protein binding) of the 

ligands of the carbamoylguanidine class. 

In another project, fluorescence ligands with varying degrees of efficacy (Emax) in the β-

arrestin1/2 assays were synthesized and their ability to trigger receptor internalization in hH2R 

(co)expressing HEK293T cells was investigated using confocal microscopy. Indeed, no visible 

internalization of the H2R could be observed for a ligand with Emax = 0.09 in the β-arrestin1 and 
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Emax = 0.12 in the β-arrestin2 assays. However, three other fluorescent ligands showed moderate 

to good efficacies in the β-arrestin1/2 assays (Emax: 0.22-0.61) and the internalization of the 

H2R could be observed. These results are a good visual indication that an adequate level of β-

arrestin recruitment is crucial for the internalization process of H2R. Similarly to the structurally 

related radioligand, the fluorescence ligands showed improved kinetic properties and could also 

be used to determine the pKi values of unlabeled ligands. In addition, these ligands can be used 

in the future to elucidate the co-localization of the H2R-ligand complex with other proteins 

involved in the internalization process to get a better understanding of the exact internalization 

of the H2R. 

Two additional projects dealt with the selectivity problem of H2R ligands with respect to D2-

like receptors. Two different strategies were applied in the investigations. In the first project, 

the ligand PB513 (H2R: pKi = 7.84), a 2-arylbenzimidazole derived from H4R ligands, should 

be structurally optimized towards a higher subtype selectivity over the H3R. This was because 

PB513 showed selectivity towards dopamine receptors in a preliminary study. In the second 

project, ligands of the carbamoylguanidine class were structurally modified (linker, 

heterocycle, and side chain variations) to generate a selectivity over the D2-like receptors. 

During the 2-arylbenzimidazole project the following elements of PB513 were identified as 

important for H2R affinity: the 2-arylbenzimidazole, the secondary amine, the double bond, and 

the imidazole. On the other hand, the amide did not seem to be of great importance for the H2R 

affinity, but mainly influenced the subtype selectivity. Although 27 analogues of PB513 were 

synthesized it was not possible to achieve a sufficient subtype selectivity (factor 100). In 

addition, PB513’s previously reported selectivity for the H4R (Ki (H4) / Ki (H2): reported: 148, 

obtained: 14) and preference for the H3R (Ki (H3) / Ki (H2): reported: 47, obtained: 6) could not 

be reproduced. For this reason, the synthesized molecules were not examined at the dopamine 

receptors. 

To improve the selectivity of the carbamoylguanidine class ligands, 40 analogues with 

different heterocycles, spacers and side residues were synthesized. Replacing the problematic 

2-amino-(4-methyl)thiazole ring with a 2-aminothiadiazole led to an increase in the H2R affinity 

(pKi: 8.09-8.52) while maintaining the subtype selectivity (Ki (H1/3/4) / Ki (H2) > 100). In 

addition, these ligands showed selectivity towards the D2-like receptors. The compounds were 

agonists at the h/gpH2R (h: mini-G, [35S]GTPγS, β-arrestin; gp: mini-G, atrium) and showed no 

or a less pronounced G-protein bias compared with their corresponding 2-amino-(4-

methyl)thiazoles. To identify the molecular interactions leading to this selectivity over D2-like 
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receptors, molecular docking studies were carried out with selected thiazole and thiadiazole-

containing compounds. It was found that the amino acids in positions 3.28, 3.34, ELC2.49, 

ELC2.49, ELC2.51, 5.42 and 7.35 are most likely responsible for the selectivity. 

In summary, in this work new, labeled (radioactive or fluorescent) molecular tools for the 

H2R with improved kinetic properties were discovered. In addition, an exchange of thiazole 

with thiadiazole in ligands of the carbamoylguanidine class was found to lead to high-affinity, 

subtype-, and D2-like receptor-selective H2R agonists. The results of this work represent a very 

important step for future studies of H2R agonists of the carbamoylguanidine type in order to get 

a better understanding the cellular mechanisms of the H2R in general and specifically its 

function in the CNS (in vivo). 
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7 Zusammenfassung 

Obwohl die Entdeckung des Histamin H2 Rezeptors (H2R) bereits mehr als 50 Jahre 

zurückliegt und er seitdem auf intensivste Weise sowohl von der pharmazeutischen Industrie 

als auch an Hochschulen erforscht wurde, ist seine Funktion im zentralen Nervensystem (ZNS) 

noch immer weitgehend unbekannt. Eine der wesentlichen Ursachen dafür ist der Mangel an 

geeigneten selektiven Liganden, die idealerweise gleichzeitig ZNS-gängig sind. Die vor Beginn 

dieser Arbeit publizierten 2-Amino-4-methylthiazol-haltigen Carbamoylguanidine sind hoch 

potente, subtypselektive und vermutlich sogar ZNS-gängige (gezeigt an Acylguanidinen) H2R 

Agonisten. Allerdings ist ihre Anwendbarkeit zur Aufklärung der Funktion des zentralen H2R 

durch ihre hohe Affinität zu D2-artigen (D2/3/4) Rezeptoren beeinträchtigt. Diese Affinität 

entsteht sehr wahrscheinlich durch das 2-Amino-4-methylthiazol-Motiv, welches auch ein 

Bestandteil des D2-artigen Rezeptor Agonisten Pramipexol ist. Zudem weisen die kürzlich für 

den H2R publizierten pharmakologischen Werkzeuge (z.B. Radio- and Fluoreszenzliganden) 

immer noch strukturbedingte Nachteile auf (z.B. pseudo-irreversible Bindung), welche eine 

korrekte Untersuchung dieses Rezeptors behindern. 

Das Ziel dieser Arbeit war deshalb die Synthese von H2R-Liganden, welche eine Selektivität 

gegenüber D2-artigen Rezeptoren aufweisen und von neuen molekularen Werkzeugen mit z.B. 

verbesserten kinetischen Eigenschaften. 

Im Laufe dieser Doktorarbeit wurde ein neuer, hoch affiner, subtypselektiver und G-protein-

biased H2R Radioligand ([3H]UR-KAT479) synthetisiert und charakterisiert. Die Bindung 

dieses Radioliganden an h/gp/mH2R (co)exprimierende HEK293(T) Zellen war sättigend und 

sehr spezifisch. Die Affinität am h- und gpH2R war hoch (Kd = 24/28 nM; h/gp) und moderat 

am mH2R (Kd = 98 nM). Die wichtigste Eigenschaft von [3H]UR-KAT479 ist die vollständige 

Dissoziation (60-180 min) von den h/gp/mH2 Rezeptoren in kinetischen Experimenten nach 

einer schnellen Assoziation (60 min), was ein Beweis für das reversible Bindungsverhalten von 

diesem und strukturell verwandten Liganden der Carbamoylguanidin-Klasse ist. Das reversible 

Bindungsverhalten ermöglichte die Bestimmung der pKi Werte unmarkierter Standardliganden 

am z.B. h/gp/mH2R im Gleichgewicht gemäß der Cheng-Prusoff Gleichung. Zudem kann 

[3H]UR-KAT479 als Modelverbindung zur Untersuchung der pharmakokinetischen 

Eigenschaften (z.B. Erythrozyten-Bindung und Protein-Bindung) der Liganden der 

Carbamoylguanidine-Klasse benutzt werden. 
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In einem weiteren Projekt wurden Fluoreszenzliganden mit unterschiedlich stark 

ausgeprägten Wirkungsmaxima (Emax) in den β-arrestin1/2 Assays synthetisiert und deren 

Fähigkeit die Internalisierung in hH2R (co)exprimierenden HEK293T Zellen auszulösen 

konfokal-mikroskopisch überprüft. Tatsächlich konnte für einen Liganden mit Emax = 0.09 im 

β-arrestin1 und Emax = 0.12 im β-arrestin2 Assay keine sichtbare Internalisierung des H2R 

beobachtet werden. Drei weitere Fluoreszenzliganden zeigten jedoch moderate bis gute 

Wirkungsmaxima in den β-arrestin1/2 Assays (Emax: 0.22-0.61) und für diese konnte eine 

Internalisierung des H2 Rezeptors beobachtet werden. Diese Ergebnisse sind ein guter visueller 

Hinweis, dass eine ausreichende Rekrutierung von β-arrestin für den Internalisierungsprozess 

des H2R entscheidend ist. Genau wie der strukturverwandte Radioligand, zeigten die 

Fluoreszenzliganden verbesserte kinetische Eigenschaften und konnten zur Bestimmung von 

pKi Werten unmarkierter Liganden benutzt werden. Darüber hinaus können diese Liganden in 

Zukunft für die Aufklärung der Co-Lokalisierung des H2R-Ligand-Komplexes mit an der 

Internalisierung beteiligten Proteinen benutzt werden, um den genauen Internalisierungsprozess 

des H2R besser zu verstehen. 

In zwei weiteren Projekten wurde versucht das Selektivitätsproblem gegenüber D2-artigen 

Rezeptoren zu beheben. Hierfür wurden zwei unterschiedliche Strategien angewendet. Im 

ersten Projekt wurde versucht, den Liganden PB513 (H2R: pKi = 7.84), ein von den H4R 

Liganden abstammendes 2-Arylbenzimidazol, strukturell so zu optimieren, sodass es eine 

höhere Subtypselektivität gegenüber H3R aufweist. Der Grund dafür war, dass PB513 in einer 

vorläufigen Studie eine Selektivität gegenüber Dopaminrezeptoren gezeigt hat. Im zweiten 

Projekt wurden an Liganden der Carbamoylguanidine-Klasse strukturelle Modifikationen 

vorgenommen (Linker-, Heterozyklus- und Seitenketten-Variationen), um eine Selektivität 

gegenüber des D3Rs zu erzeugen. 

Beim 2-Arylbenzimidazol-Projekt wurden die folgenden Elemente von PB513 als wichtig für 

die H2R Affinität identifiziert: das 2-Arylbenzimidazol, das sekundäre Amin, die 

Doppelbindung und das Imidazol. Das Amid scheint keine große Bedeutung für die Affinität 

am H2R zu haben, sondern hauptsächlich die Subtypselektivität zu beeinflussen. Trotz 

zahlreicher Variationen von PB513 (27 Analoga wurden synthetisiert) ist es nicht gelungen eine 

ausreichende Subtypselektivität (Faktor 100) zu erzielen. Zudem konnte die zuvor berichtete 

Selektivität zum H4R (Ki (H4) / Ki (H2): berichtet: 148, erhalten: 14) und Präferenz für den H3R 

(Ki (H3) / Ki (H2): berichtet: 47, erhalten: 6) von PB513 nicht reproduziert werden. Aus diesem 
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Grund wurden die synthetisierten Substanzen nicht weiter an den Dopamin Rezeptoren 

untersucht. 

Um die Selektivität der Liganden der Carbamoylguanidin-Klasse zu verbessern, wurden 40 

Analoga synthetisiert. Dabei wurden der Heterozyklus, der Spacer und die Seitenkette variiert. 

Der Austausch des problematischen 2-Amino-(4-methyl)thiazol-Rings durch ein 2-

Aminothiadiazol führte zu einer Erhöhung der H2R Affinität (pKi: 8.09-8.52), bei gleichzeitiger 

Erhaltung der Subtypselektivität (Ki (H1/3/4) / Ki (H2) > 100). Zudem zeigten diese Liganden 

eine Selektivität gegenüber den D2-artigen Rezeptoren. Am h/gpH2R wirkten diese Substanzen 

agonistisch (h: mini-G, [35S]GTPγS, β-arrestin2; gp: mini-G, Atrium) und zeigten keinen oder 

einen weniger ausgeprägten G-protein Bias verglichen mit den entsprechenden 2-Amino-(4-

methyl)thiazolen. Um die molekularen Wechselwirkungen zu identifizieren, die zu dieser 

Selektivität gegenüber D2-like Rezeptoren führen, wurden molekulare Docking-Studien mit 

ausgewählten Thiazol- und Thiadiazol-haltigen Verbindungen durchgeführt. Es wurde 

herausgefunden, dass wahrscheinlich die Aminosäuren in Positionen 3.28, 3.34, ECL2.49, 

ECL2.49, ECL2.51, 5.42 und 7.35 für die Selektivität verantwortlich sind. 

Zusammenfassend wurden in dieser Arbeit neue, markierte (radioaktiv oder fluoreszierend) 

molekulare Werkzeuge für den H2R mit verbesserten kinetischen Eigenschaften beschrieben. 

Außerdem wurde gezeigt, dass der Thiazol/Thiadiazol-Austausch in Liganden der 

Carbamoyguanidin-Klasse zu hochaffinen, subtyp- und D2-like Rezeptor-selektiven H2R 

Agonisten führt. Die Ergebnisse dieser Arbeit stellen einen sehr wichtigen Schritt für 

zukünftige Untersuchungen von H2R Agonisten vom Carbamoyguanidin-Typ dar, um die 

zellulären Mechanismen des H2R im Allgemeinen und spezifisch seine Rolle im ZNS (in-vivo) 

besser zu verstehen. 
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8 List of Abbreviations and Acronyms 
 

 δ chemical shift in ppm 

 βarr(.)2 β-arrestin2 protein 

 µ micro 

 °C degree Celsius 

 2D two-demensional 

A aa amino acid 

 abs. absolute, purity of 100% 

 AC adenylyl cyclase 

 aq aqueous 

 approx. approximately 

 ARRBx β-arrestin protein, x = 1,2 

 atm standard atmosphere 

 AU absorption units 

B bar metric unit of pressure 

 BB building block 

 BMY Bristol-Myers Squibb 

 Bq becquerel 

 Bmax maximum specific binding in the same unit as Y 

 Bq becquerel 

 br broad 

 Br2 bromine 

 Boc tert-butyloxycarbonyl 

 Boc2O di-tert-butyl dicarbonate 

 BODIPY dipyrrometheneboron difluoride 

 BRET bioluminescence resonance energy transfer 

 BSA bovine serum albumin 

 Btk Bruton's tyrosine kinase 

 Bu butyl 

C c canine, molar concentration 

 calcd. calculated 

 cAMP 3`,5`-cyclic adenosine monophosphate 

 cat. catalyst 

 Cb drug concentration in whole blood 

 Cbz benzyloxycarbonyl 

 CDCl3 deuterated chloroform 

 Ce drug concentration in RBCs 

 cf. confer/conferatur 

 CH2Cl2 dichloromethane 

 CHO Chinese hamster ovary cell line 

 Ci curie 

 CI confidence interval 

 CNBr cyanogen bromide 

 c(om)pd. compound 

 COSY correlation spectroscopy 

 cpm counts per minute 

 Cp drug concentration in plasma 
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 CRE-Luc cAMP-response element-driven transcriptional luciferase  

  reporter 

 CREB cAMP response element binding protein 

 CNS central nervous system 

 CuSO4 copper(II) sulfate 

D d day(s), doublet (spectral) 

 Da Dalton 

 DAD diode array detector 

 db double bond 

 DEPT distortionless enhancement by polarization transfer 

 DIAD diisopropyl azodicarboxylate 

 DIPEA N,N-diisopropylethylamine 

 DMAP 4-dimethylaminopyridine 

 DME dimethyl ether 

 DMEM Dulbecco’s modified Eagle’s medium 

 DMF dimethylformamide 

 DMSO dimethyl sulfoxide 

 DMSO-d6 deuterated DMSO 

 dpm disintegrations per minute 

 DxR dopamine D receptor subtype x 

E e.g. exampli gratia 

 eBF efficacy bias factor 

 EC50 half maximal effective concentration 

 ECL extracellular loop 

 EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

 EDTA ethylenediaminetetraacetic acid 

 EGFR epidermal growth factor receptor 

 EI electron ionization 

 ELuc Emerald luciferase 

 ELucC C-terminal Eluc fragment 

 ELucN N-terminal Eluc fragment 

 EMA European Medicines Agency 

 Emax maximal inducible receptor response referenced to a  

  standard compound 

 equiv equivalent(s) 

 ESI electrospray ionization 

 Et2O diethyl ether 

 EtOAc ethyl acetate 

 EtOH ethanol 

F FCS  fetal calf serum 

 FDA Food and Drug Administration 

 FLAG polypeptide protein tag with sequence motif DYKDDDDK 

G g gram(s) or number of times the gravitational force 

 G418 geneticin 

 Gαi2 α- subunit of the Gi2 protein that mediates the inhibition of  

  adenyl cyclase 

 Gβ1γ2 G protein β1- and γ2-subunits 

 GABA γ-aminobutyric acid 

 gp guinea pig 

 GPCR(s) G protein coupled receptor(s) 

 GRK G protein-coupled kinase 
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 Gs adenylyl cyclase stimulatory G protein 

 GsαS α-subunit (short splice variant) of the Gs protein that  

  mediates the stimulation of adenylyl cyclase 

 GSK GlaxoSmithKline 

 GsαS α-subunit (short splice variant) of the Gs protein that  

  mediates the stimulation of adenylyl cyclase 

 GTPγS guanosine 5`-O-[gamma-thio]triphosphate 

H h human or hour(s) 

 H2 hydrogen gas 

 H2O water 

 H2SO4 sulfuric acid 

 HBr hydrogen bromide, hydrobromic acid 

 Hc hematocrit 

 HCl hydrogen chloride, hydrochloric acid 

 HCN2 potassium/sodium hyperpolarization-activated cyclic  

  nucleotide-gated channel 2 

 HD-PE high density polyethylene 

 HEK293 human embryonic kidney 293 cell line 

 HEK293T human embryonic kidney 293T cell line, derived from the  

  HEK293 cell line, that expresses a mutant version of the  

  Simian Vacuolating Virus 40 large T antigene 

 HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]-ethanesulfonic acid 

 Het heterocycle 

 HGT-1 human gastric adenocarcinoma cell line  

 HgCl2 mercury(II) chloride 

 His histamine 

 HMBC heteronuclear multiple bond correlation 

 HOBt hydroxybenzotriazole 

 HPLC high-performance liquid chromatography 

 HR histamine receptor, high-resolution 

 HRMS high resolution mass spectrometry 

 HSQC heteronuclear single quantum correlation 

 HxR histamine H receptor subtype x 

 Hz hertz 

I IC50 half-maximum inhibitory concentration 

 IP3 inositol triphosphate 

K k retention (or capacity) factor (HPLC) 

 K clone 

 K2CO3 potassium carbonate 

 Kb dissociation constant obtained from functional assays 

 KCl potassium chloride 

 Kd dissociation constant obtained from a saturation binding  

  Experiment 

 KH2PO4 monopotassium phosphate 

 Ki dissociation constant obtained from a competition binding  

  experiment 

 KI potassium iodide 

 kin kinetic 

 kobs observed association rate constant 

 koff dissociation constant 

 KOH potassium hydroxide 
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 kon association rate constant 

 KRASG12C Kirsten rat sarcoma protein p.G12C mutant 

 Kv3.2 voltage-gated potassium channel 

L L liter(s) 

 L-DOPA levodopa 

 LC liquid chromatography 

 LiAlH4 lithium aluminium hydride 

 log(τ/KA) transduction coefficient 

M m mouse, multiplet (spectral), milli, meter(s) 

 M molar (moles per liter), mega 

 MeCN acetonitrile 

 MF molecular formula 

 MeCN acetonitrile 

 MeOD deuterated methanol 

 MeOH methanol 

 mG /mini-G engineered minimal G protein 

 MgCl2 magnesium chloride 

 mGs engineered guanosine triphosphate hydrolase domain of  

  Gαs subunit (long splice variant) 

 min minute 

 mol mole(s), molecular (as in mol wt) 

 MS mass spectrometry 

 MW molecular weight 

N n length of the linker given as the number of carbon atoms,  

  nano 

 N sodium hydride, number of biological replicates 

 n.a. not applicable 

 n.d. not determined 

 Na2HPO4 disodium phosphate 

 NaCl sodium chloride 

 NaH sodium hydride 

 NaH2PO4 monosodium phosphate 

 NaOH sodium hydroxide 

 n-BuOH n-butanol 

 NanoBRET NanoLuc luciferase-based bioluminescence resonance 

  energy transfer 

 NEt3 triethylamine 

 N2H4 hydrazine 

 NHS N-hydroxysuccinimid 

 Nluc NanoLuc luciferase 

 NlucC C-terminal NanoLuc fragment 

 NlucN N-terminal NanoLuc fragment 

 NMR nuclear magnetic resonance 

 non-sp. non-specific 

P p p-value (level of marginal significance within a statistical  

  hypothesis test, representing the probability of the  

  occurrence of a given event) 

 PAINS pan-assay interference compounds 

 pBF potency bias factor 

 PBS phosphate buffered saline 

 Pd/C palladium on carbon 
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 PDB protein data base 

 PE petroleum ether 

 pEC50 negative logarithm of the half-maximum activity  

  concentration in M 

 pH potential or power of hydrogen 

 Phth phthalimide 

 pKa acid dissociation constant 

 pKb negative logarithm of Kb in M 

 pKi negative logarithm of Ki in M 

 PKA protein kinase A 

 PLC phospholipase C 

 PPh3 triphenylphosphine 

 ppBF negative logarithm of pBF 

 ppm parts per million 

 Py-5 4-((1E,3E)-4-(4-(dimethylamino)phenyl)buta-1,3-dien-1- 

  yl)-2,6-dimethylpyrylium tetrafluoroborate 

R r rat 

 R residue 

 RBC red blood cell 

 RGS4 regulator of G protein signaling 4 

 Rf retention factor (in chromatography) 

 [RL] radioligand concentration 

 RP-HPLC reversed-phase HPLC 

 rt room temperature 

Q q quartet (spectral) 

 Q-TOF quadrupole time of flight 

 qs5-HA chimeric Gαq protein incorporating a hemagglutinin 

  epitope 

 quint quintet 

S s singlet (spectral), seconds 

 S0223 2-[5-[1-(5-carboxypentyl)-1,3-dihydro-3,3-dimethyl-2H- 

  indol-2-ylidene]-penta-1,3-dienyl]-1,3,3-trimethyl-3H- 

  indolium bromide 

 S0436 2-[5-[1-carboxypentyl-1,3-dihydro-3,3-dimethyl-2H- 

  indol-2-ylidene]-penta-1,3-dienyl]-3,3-dimethyl-1-(4- 

  sulfobutyl)-3H-indolium hydroxide, inner salt 

 S0387 2-[5-[1-(5-carboxypencyl)-1,3-dihydro-3,3-dimethyl-5- 

  sulfo-2H-indol-2-ylidene]-penta-1,3-dienyl]-3,3-dimethyl- 

  1-(4- sulfobutyl)-3H-indolium hydroxide, inner salt,  

  sodium salt 

 S/N signal to noise ratio 

 SAR structure-activity relationship 

 sb single bound 

 scFv16 single-chain variable fragment derived from mAb16 

  antibody 

 SE standard error 

 SEM standard error of the mean 

 SF SuperFlash 

 Sf9 Spodoptera frugiperda insect cell line 

 SK small-conductance calcium-activated potassium channel 

 SK-N-MC human Askin’s tumor cell line 
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 SK&F Smith, Kline & French 

 SOCl2 thionyl chloride 

 SP signal peptide: subunit A of the murine type 3 receptor for  

  5-hydroxytryptamine  

T t time, triplet (spectral) 

 t-BuOK potassium tert-butoxide 

 t0 dead time 

 TFA trifluoroacetic acid 

 THF tetrahydrofuran 

 TLC thin-layer chromatography 

 TM transmembrane 

 TosMIC toluenesulfonylmethyl isocyanide 

 tR retention time 

 Tris tris(hydroxymethyl)aminomethane 

 Trt trityl 

 Trt-Cl triphenylmethyl chloride 

U U937 human lymphoblast cell line 

 UHD ultrahigh definition 

 UV ultraviolet 

V VHH variable domain of heavy chain of heavy-chain antibody 

 vs. versus 

W wt% mass fraction (percentage by weight) 
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