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1.1  G protein-coupled receptors (GPCRs) 

The superfamily of G protein-coupled receptors (GPCRs) with over 800 members represents the largest 

family of membrane proteins in the human genome.1 All GPCRs share the common structural motif of 

seven transmembrane helices (TM), that are connected by three intra- (IL) and three extracellular loops 

(EL).2 The highest structural homology between GPCRs is found in the transmembrane region.3 

Whereas the intracellular carboxyl terminus, the IL connecting TM5 and TM6, and especially the 

extracellular amino terminus are the most diverse fragments of GCPRs.4 Based on phylogenetical 

analyses, vertebrate GPCRs are divided into five families; the glutamate, rhodopsin, adhesion, 

frizzled/taste2, and secretin family (GRAFS system).1 Among these, the rhodopsin family is by far the 

largest and most diverse with a total of 701 members divided into 13 sub-branches.1 

GPCRs mediate the cellular response to a wide range of external stimuli, including 

neurotransmitters, odorants, growth factors, lipids, ions, and even photons.2 Despite the fact, that half 

of the GPCRs are part of the olfactory system, they are involved in a plethora of (patho)physiological 

processes.5,6 Therefore, they represent an important therapeutical target class for the treatment of 

many disorders and diseases,5,6 with 35 % of all FDA-approved small molecule drugs targeting GPCRs 

in 2017.7 Despite the extensive GPCR research, the endogenous ligands of approximately 30 % of the 

non-olfactory GPCRs are still unknown.8,9 These so-called “orphan-receptors” were in the center of 

research in the past decade, as they could be the key to novel drugs and therapies.10 

 

1.1.1   GPCR signaling 

In the most basic sense, GPCRs are communicators, which trigger a cellular response to an external 

stimulus.11 To induce signaling, GPCRs couple and interact with different transducer proteins, for 

example G proteins.12 These G proteins were long believed to be the only way in which GPCRs exert 

signaling, and therefore are responsible for the name of G protein-coupled receptors.13,14 GPCR 

research in the past decades however, powered by advances in cloning, sequencing and the first crystal 

structures, revealed that GPCR signaling is far more complex and diverse as initially thought.12,15,16 

Instead of a two-state model, in which the GPCR is either in an active state or inactive state, it is clear 

now, that GPCRs can exist in a variety of different conformations.17,18 In these different conformations 

they can couple and interact with distinct transducer and scaffold proteins, leading to diverse biological 

effects in the cell.12,16 Beside the G proteins, GPCRs interact with regulatory and scaffold proteins, e.g. 

arrestins, GPCR kinases (GRK), PDZ-domain-containing scaffolds and non-PDZ scaffolds, for example A 

kinase anchor proteins (AKAPs).12,16,19–22  
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1.1.1.1 G protein-dependent signaling 

The “classical” GPCR signaling pathway is mediated by the receptor-induced activation of 

heterotrimeric G proteins.16 These G proteins, short for guanidine nucleotide binding proteins, consist 

of three subunits, Gα, Gβ, and Gγ.23 The activation of a GPCR leads to an outward movement of TM 

helices 5 and 6, which enables the association of a G protein (Figure 1.1).24 The activated receptor acts 

as a guanidine nucleotide exchange factor at the Gα subunit of the G protein, leading to the loss of 

GDP and binding of GTP.25 This exchange causes a structural change at the Gα subunit, which results 

in the dissociation of the Gα and Gβγ subunits, which then interact with effector proteins.15 Due to the 

intrinsic GTPase activity of the Gα subunit GTP is hydrolyzed to GDP, which leads to the reassembly of 

the heterotrimeric G protein and terminates the cellular response.16 This activation cycle is however 

just the first step in a signal cascade leading to the biological response of the cell. The G protein 

subunits regulate different effector proteins, leading to the modulation of the concentration of so 

called “second-messengers”, which then influence other proteins and subsequently the gene-

expression.26 

There are 16 different Gα, 5 Gβ, and 13 Gγ subunits and the G proteins are divided into four 

families (Gs, Gi/o, Gq, and G12/13) based on the subtype of the Gα-subunit.12,27 Each family of Gα subtype 

has different target effector proteins that they regulate (Figure 1.1). Gαs subunits activate the adenylyl 

cyclases (AC) 1-9, which leads to an increase of the second messenger cyclic adenosine 

monophosphate (cAMP).28 cAMP activates the protein kinase A (PKA) as well as mitogen-activated 

protein kinases (MAPK) leading to a change in gene expression.28 Gαi/o subunits inhibit the ACs and 

have the contrary effect of Gαs subunits on the cell.29 Gαq subunits mainly activate the phospholipase 

C (PLC) which cleaves phosphatidyl-inositol-4,5-bisphosphate, resulting in the formation of the two 

second messengers diacyl glycerol (DAG) and inositol trisphosphate (IP3).29,30 IP3 activates Ca2+ channels 

at the sarcoplasmic reticulum leading to an Ca2+ influx to the cytosol, whereas DAG in combination 

with Ca2+ activates the Protein kinase C (PKC).30 Gα12/13 mainly interact with RhoGEFs (ras homology 

guanosine nucleotide exchange factors), inducing an GDP/GTP exchange at the small G protein Rho, 

activating the MAPK signal cascade.28 While these are the main effector proteins of the different 

G protein families, different isoforms of each family can interact with other effector proteins as well, 

leading to a more complex biological response of the cell.28 The Gβγ subunit forms a constitutive 

heterodimer and effects and regulates a great variety of different proteins,31 including inwardly 

rectifying K+ channels (GIRK1/GIRK2, GIRK1/GIRK4),32,33 GPCR kinases (GRK) 2 and 3,34 adenylyl 

cylcases35 and many more.36 
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Figure 1.1: Schematic illustration of the G protein-activation cycle and signaling pathways: Activation 
of the GPCR leads to the recruitment of a heterotrimeric G protein. A GDP-GTP-exchange at the α-
subunit leads to the dissociation of the Gα- and Gβγ-subunits, which then activate signal cascades. The 
α-subunit hydrolyzes GTP leading to the reassembly of the heterotrimeric G protein. Created with 
BioRender.com. 

 

1.1.1.2 G protein-independent signaling 

Besides the classical G protein activation cycle, GPCRs can exert biological effects independent of G 

proteins. The most extensively studied G protein-independent signaling pathway is that of β-

arrestins.37 Other proteins involved in GPCR signaling are regulators of G protein signaling (RGS), 

receptor activity modifying proteins (RAMPs) or calmudolin.38 
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Figure 1.2: Schematic illustration of β-arrestin recruitment: Activation of the GPCR leads to intracellular 
phosphorylation by GRKs, followed by the recruitment of β-arrestin. Besides the regulation of 
internalization the β-arrestins can interact with different proteins, initiating signal cascades. Created 
with BioRender.com. 

 

Receptor activation induces the intracellular phosphorylation of the GPCR by GRKs or second 

messenger-dependent kinases, leading to the association of β-arrestins to the GPCR (Figure 1.2).37,39 

When bound to a GPCR these β-arrestins can induce desensitization (inhibition of G protein binding to 

the receptor) depending on the way they are bound to the GPCR.40 Furthermore they regulate the 

internalization of the receptor into clathrin-coated pits and its degradation.41 Besides this negative 

regulating effect on G protein-dependent signaling, which prevents the cell from excessive stimulation, 

the β-arrestins can interact with a wide range of different proteins influencing many 

(patho)physiological processes.42 For example, the β-arrestins couple the GPCR to the MAPK ERK1/2 

pathway by interaction with tyrosine kinases of the Src family.43 The extracellular signal-regulated 

kinase (ERK) MAPK pathway consists of multiple kinases and is associated with basic cellular functions 

such as proliferation, survival, differentiation, and motility.44–46  

 

1.1.1.3 Biased agonism 

The growing knowledge about the complex functionality of GPCRs also had an impact on the way 

ligands are viewed and characterized. While affinity (the ability to bind the receptor) and efficacy (the 

ability to trigger a cellular response) are still the most important properties of a receptor ligand, there 

are more parameters to consider.47 In the classical way, ligands were classified as full agonists, partial 
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agonists, antagonists or inverse agonists (Figure 1.3A).48 Full agonists bind the receptor and achieve 

100 % efficacy, which is usually determined as the maximal biological response by the endogenous 

ligand. Partial agonists on the other hand activate the receptor, but do not achieve 100 % efficacy.48 

Antagonists don’t have any effect on the receptor signaling, but they compete with other ligands for 

the binding site, hence block the receptor.48 Inverse agonists lower the ligand-independent activity, 

also called constitutive activity,49 of a receptor.48 Given the fact that a GPCR can induce different 

signaling pathways, besides the classical G protein-dependent signaling, the concept of biased agonism 

or functional selectivity has gained in importance.50–52  

 

Figure 1.3: Exemplary dose-response curves of an agonist, partial agonist, antagonist, and inverse 
agonist (A). Exemplary dose-response curve of a G protein-biased ligand (B).  

 

Biased agonism describes the ability of a ligand to selectively stabilize one conformation of a 

receptor and thereby activate one specific of multiple possible signaling pathways of the receptor 

(Figure 1.3B).53 Driven by the promise of finding drugs that specifically activate therapeutic pathways 

and do not lead to undesirable side effects, great efforts have been made to find biased agonists.54 

However, until now only one biased GPCR-ligand gained FDA approval, while many others failed in 

clinical trials.54,55 The reason for this may be the great focus on finding biased ligands for either the G 

protein- or the β-arrestin-dependent pathway.54 These are by far the most extensively studied 

signaling pathways (see chapters 1.1.1.1 and 1.1.1.2) but a biased biological response is caused by 

more than just a biased ligand.54 For example, “receptor-bias” describes the preferential signaling of a 

receptor through one pathway.56 An unbiased ligand can lead to a biased response in different cell 

types, which is called “system-bias”.57 Other aspects of biased signaling are different protein 

conformations58 or isoforms,59 location of the receptor,60 kinetic aspects,51 or GPCR di- and 

oligomerization61,62 (see chapter 1.1.2).  

Conclusively GPCRs are more than simple “on-off” switches, but instead receive and process 

external stimuli and induce a specific biological response through a vast network of interactions with 

a plethora of different modulating, transducer, and effector proteins. 
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1.1.2  GPCR di- and oligomerization 

For a long time class A GPCRs were believed to exist and signal exclusively as monomers.63 Although 

it’s proven that they do exist and are fully functional as monomers, in the last two decades the 

formation of class A GPCR homo- and heterodimers, as well as oligomers of a higher order, were 

described for many different receptors.64 Nevertheless, there is still controversy about the validity of 

the proven dimers and there actual biological relevance.63 

A great variety of different GPCR homo- and heteromers has been proven to exist in 

heterologous cell systems, but only some of them have also been validated in vivo (for overview see 

Gomes et al.).64 Receptors can be forced to interact with each other by overexpression in artificial cell 

systems, which may not represent the biological reality.65 Therefore, especially the in vivo existence of 

GPCR heteromers (Hets) is of biological and pharmaceutical relevance. To prove the existence of a 

GPCR Het in vivo, three criteria have been established, that should be fulfilled.64 First, the protomers 

of the Het must colocalize and physically interact in native tissue, which is often shown by co-

immunoprecipitation, proximity-based fluorescence techniques (FRET/BRET), or proximity ligation 

assays (PLA).64 The second criteria is the exhibition of different properties from those of the protomers, 

for example changes in ligand binding, signaling, or receptor trafficking.64 Examples for these changes 

are the ability of a Het to bind a different G protein than its protomers,66 the influence of one receptor 

ligand on the efficacy of the other ligand,67 cross-antagonism and others.68 The third criteria is that this 

unique biochemical fingerprint is reversed by the interruption of the receptor heteromer.64 For this 

purpose, in recent years disruptor proteins have been developed and applied.68 These proteins mimic 

a TM helix of one receptor. If this domain is required for receptor dimerization, they can interfere the 

interaction of both receptors and inhibit the formation of a dimer.69,70 These proteins can help to 

identify the interface between both receptors, which is useful for molecular modelling studies of GPCR 

dimers.68 Moreover, they’re being investigated as a possible drug themselves, inhibiting potential 

pathological GPCR dimerization.68  

Advances in recent years in fluorescence microscopy, especially in single-molecule imaging, 

enabled a more direct way of detecting GPCR di- and oligomers in native tissue.71 Single-molecule 

microscopy revealed a complex behavior of GPCRs at the membrane, including the formation of ‘hot 

spots’ for GPCR signaling and interactions.71 It also proved the transient formations of GPCR di- and 

oligomers and for some receptors even a ratio of dimer to monomer could be determined.72,73 

Nevertheless, these studies only proof the existence of a dimer, but reveal nothing about its functional 

behavior.63 Therefore, a combination of different techniques is needed for the detailed investigation 

of a receptor dimer and its potential use as a novel pharmacological target. 
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1.2 Dopamine receptors 

The biogenic catecholamine dopamine (DA) acts as a neurotransmitter in the central nervous system 

(CNS) and in the periphery.74 It’s produced in the cytosol by a two-step biosynthesis starting from L-

tyrosine (Scheme 1.1).75 First the tyrosine hydroxylase (TYH) converts L-tyrosine into levodopa (L-

DOPA) which is then decarboxylated by the aromatic L-amino acid decarboxylase (AADC) yielding 

dopamine.76 Dopamine is then released from dopaminergic neurons, which are expressed in different 

areas of the brain, but mostly in the substantia nigra.74  

 

Scheme 1.1: Biosynthesis of dopamine. 

 

Dopamine mediates its biological effects via five different GPCRs. These dopamine receptors 

are divided into two groups, D1-like (D1 and D5) and D2-like receptors (D2, D3, and D4).77 The D1-like 

receptors are mainly coupled to Gαs proteins, thus activating the AC and leading to an increase in 

cytosolic cAMP. The D2-like receptors mainly couple to Gαi/o proteins and therefore have the contrary 

effect on the cell.77 The dopamine receptors are abundantly expressed in the CNS, but are also found 

in the periphery.74 They are involved in almost all physiological processes in the brain74 and 

dopaminergic impairment is associated to many diseases and disorders, for example Parkinson’s 

Disease (PD),78 schizophrenia,79 hyperprolactinaemia, Tourette syndrome,80 attention 

deficit/hyperactivity disorder (ADHD),81 Huntington’s disease,82 and addiction.83 The dopaminergic 

system and signaling is very complex because of the many interactions the dopamine receptors engage 

among each other or with different proteins.74 For example, it has been reported that the D1R and D2R 

receptor can form a dimer which is then able to bind and signal via a Gαq protein.84 Although there are 

many drugs on the market for the treatment of different diseases targeting the dopamine receptors, 

their complex signaling and network is not completely understood and requires more research.85 

 

1.2.1  D1-like receptors 

The D1R is the most abundant receptor of the dopamine receptor family in the CNS. It’s expressed 

exclusively postsynaptic in multiple regions of the CNS, with the highest expression in nigrostriatal, 

mesolimbic, and mesocortical areas, including the striatum, frontal cortex, nucleus accumbens and the 
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olfactory bulb.86 The D5R is expressed at low levels in different brain regions, such as pyramidal neurons 

in the prefrontal cortex, the premotor cortex, the cingulated cortex, substantia nigra, hypothalamus 

and hippocampus.86 In contrast to the D2-like receptors, there are no introns in the coding regions for 

the D1-like receptors, so there are no splice variants.86 The D1R plays an important role in synaptic 

plasticity,87 the reward system,75 locomotor activity,88 and the process of learning and memory.87 

Therefore, it’s implicated in different diseases such as PD, Alzheimer’s disease (AD), and mild cognitive 

impairment.85,87,89  

 

Figure 1.4: Chemical structures of fenoldopam, SCH-23390, SKF-81297, SKF-38393 and dihydrexidine. 

 

Beside the Gαs signaling the D1R can activate different signal cascades, mostly by interacting 

with other receptors.75 For example, the D1R can induce Ca2+-release in the cytosol by activating the 

PLC which leads to a modulation of neurotransmitter release.90 Furthermore, multiple studies revealed 

the interaction between the D1R and NMDA-receptors, coupling the D1R to the MAPK/ERK signal 

pathway.91,92 The D1R is only able to activate this signaling in the presence of glutamate, but not in the 

absence.93 The complex interactions between these receptors are described in Klein, M. O. et al. and 

will not be explained in detail in this thesis.75  

Despite the long-known existence of the D1R, there is only one drug on the market targeting 

selectively the D1-like receptors: Fenoldopam as emergency treatment for hypertensive crisis (Figure 

1.4).87,94,95 For a long time, selective D1R agonists were thought to be a suitable drug for the treatment 

of PD,87 but the first benzazepine based agonists (e.g. SKF-38393; Figure 1.4) had poor intrinsic activity 

and therefore failed for the treatment.96 The search led however to the discovery of compound SCH-

23390 (Figure 1.4) by Schering-Plough, which is the most commonly used reference ligand for the D1R 

and is also used as a [3H]-radiolabeled ligand.87,97,98 The first central active, selective, full D1R agonist 

was dihydrexidine (DHX),99 but failed in clinical phase IIa studies due to severe side effects.100 Since 

then, the focus shifted to non-catechol compounds targeting the orthosteric binding sites87 and 

positive allosteric modulators (PAMs), targeting an allosteric binding site at the IL-2 of the 
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receptor.87,101,102 Nevertheless, no new candidate entered the market highlighting the need for further 

research and better understanding of the complex D1R mediated signaling to develop more efficient 

and secure drugs. 
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1.3 Histamine receptors 

The biogenic amine histamine (Figure 1.5) has been detected over a century ago and acts as a 

neurotransmitter and tissue hormone.103–105 It’s formed by decarboxylation of the amino acid L-

histidine by the histidine decarboxylase (HDC).106 Histamine is expressed ubiquitously in the human 

body with especially high concentrations in the lungs, skin and gastrointestinal tract.105 Histamine 

mediates its biological effects by the activation of four different GPCRs, the histamine receptors.107 The 

histamine H1 receptor (H1R) was first described in 1937, is coupled to Gαq/11 proteins and is the target 

of the classical antihistamines for the treatment of allergic reactions.105,108 Furthermore, CNS-

penetrant H1R antagonists have a sedative effect and are used as sleeping drugs (for example 

doxylamine).109 The H2R was described in 1972, is Gαs-coupled and mainly expressed in the stomach 

and CNS.110,111 Its antagonists revolutionized the treatment of gastric ulcers in the 1970s, but are now 

mostly replaced by proton-pump-inhibitors, like omeprazole or pantoprazole.105 The H3R (in 1983) and 

H4R (in 2000), both mainly Gαi/o-coupled, are the most recently found histamine receptors and revived 

the histamine research.112,113 The H4R is mostly related to inflammatory and immunological processes, 

but there’s no drug on the market yet targeting specifically the H4R.105 

 

1.3.1  The histamine H3 receptor (H3R) 

The H3R was first pharmacologically characterized in 1983 as an autoreceptor, inhibiting the histamine 

release into the synaptic cleft.112 The discovery of the selective agonist R-α-methylhistamine (RAMH) 

and the selective antagonist thioperamide confirmed the existence of the new histamine receptor 

subtype (Figure 1.5).114 In 1999 the H3R was successfully cloned.115 Multiple introns in the encoding 

region lead to over 20 different functional isoforms of the receptor.105,116 The largest one containing 

445 amino acids is also the most dominant one.117  

The H3R is expressed pre- and postsynaptic in the peripheral nervous system and extensively 

in the CNS, especially in the cerebral cortex, the thalamus, the basal ganglia, the striatum, and the 

substantia nigra.118 Due to the high expression in the CNS the H3R is being related to multiple 

neuropsychiatric diseases, for example AD,119 PD,120 sleep disorders,121 tic disorders,122 ADHD,123 and 

others.124 Until now, the only FDA-approved drug is pitolisant (Figure 1.5)124 for the treatment of 

narcolepsy, which is also in clinical studies for the treatment of the Prader-Willi-syndrome.125  
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Figure 1.5: Chemical structures of histamine, RAMH, thioperamide, and pitolisant. 

 

The H3R has a high constitutive activity and binds a pertussis toxin-sensitive Gαi/o protein, 

leading to a decrease in cytosolic cAMP upon activation.105 Beside the G protein-dependent signaling, 

the H3R mediates the release of different neurotransmitters, e.g. biogenic amines, acetylcholine, γ-

amino butyric acid (GABA), and glutamate.105 Furthermore, activation of the H3R leads to the activation 

of MAPK pathways,126 the activation of the phosphatidylinositol 3-kinases (PI3K)105 or modulation of 

the Na+/H+ exchange (NHE) system.127 Interactions and dimerization with different GPCRs105 and biased 

signaling by different isoforms128 further broaden the signaling portfolio of the H3R. Therefore, the 

modulation of the H3R leads to a complex biological response and despite decades of research its 

complex network is not yet completely understood. 

 

   



General introduction 

13 

1.4 The D1-H3 receptor heteromer (D1-H3 Het) 

The formation of the D1-H3 Het was first described by the group of Rafael Franco in 2009.129 In this 

work they proved a close proximity of both receptors in transfected HEK-293T cells via a 

bioluminescence energy transfer (BRET) assay and a crosstalk between both receptors. The activation 

of the H3R with RAMH led to a decrease in affinity for D1R agonist binding in transfected human 

blastoma cells (SK-N-MC cells). They also showed that the selective H3R agonist RAMH is only able to 

induce ERK1/2 phosphorylation in D1R-H3R co-expressing cells, but not in the absence of the D1R. This 

activation could be blocked by the selective D1R antagonist SCH-23390, as well as the SKF-81297-

induced (D1R agonist; Figure 1.4) ERK1/2 phosphorylation could be blocked by the H3R antagonist 

thioperamide. This phenomenon is called cross-antagonism (Figure 1.6). At last, they showed that in 

D1R-H3R co-expressing cells D1R activation led to a decrease in forskolin induced cAMP production, 

indicating a dimer-induced Gαi/o protein dependent signaling. This pharmacological fingerprint (cross-

antagonism and H3R agonist-induced ERK1/2 phosphorylation) was then used to prove the existence 

of D1-H3 Het in vivo in the rat striatum.130 In the same publication the authors showed the colocalization 

of both receptors by co-immunostaining and co-immunoprecipitation in the GABAergic neurons of the 

direct striatal pathway in rat tissue. 

 

Figure 1.6: Schematic illustration of the cross-antagonism at the D1-H3 Het. Created with 
BioRender.com. 

 

In 2017, the existence of the D1-H3 Het in the rat cortex was published.131 In the same work the 

authors describe the formation of a macromolecular complex formed by the D1R, H3R, and NR1A and 

NR2B subunits of the NMDA receptor in transfected HEK-293T cells. To show the formation of this 

complex they used a combination of BRET and bimolecular fluorescence complementation (BiFC) 

techniques. Proximity ligation assays (PLA) suggested the formation of this complex in the rat cortex. 



Chapter 1 

14 

Furthermore, they showed, that NMDA-, dopamine-, or amyloid-β protein-induced cell death could be 

decreased by the selective H3R antagonist thioperamide (Figure 1.7). This phenomenon was observed 

in wild type mice as well as in mice, that exhibit an accelerated AD phenotype (APP/PS1 mice), and 

probably is mediated by the formation of a D1-H3-NMDA heteromeric complex. Because of these 

neuroprotective properties this complex could be an attractive target in the treatment of 

neurodegenerative diseases such as AD. 

Furthermore, the D1-H3 Het is reported to form a complex with the σ1-receptor132 and is 

proposed as a target for the treatment of Huntington’s disease.133 The complex biological functions of 

GPCR heteromers in general and the D1-H3 Het in specific are yet not fully understood. Selective 

pharmacological tools and new assay systems are needed to further elucidate their biological 

relevance and their suitability as a drug target. 

 

Figure 1.7: Schematic illustration of the neuroprotective effects of thioperamide mediated by the D1-
H3-NMDA receptor complex. Adapted from Rodriguez-Ruiz, M. et al.131 Created with BioRender.com. 
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1.5 Bivalent ligands 

Bivalent ligands are a prominent pharmacological tool for the investigation of GPCR dimers. The 

concept of bivalent ligands was first introduced by Philip S. Portoghese in 1982. 134,135 A bivalent ligand 

consists of two recognition units, also called pharmacophores (e.g. receptor ligands), that are 

connected by a spacer.136 Both pharmacophores can be identical (homo-bivalent ligand) or different 

(hetero-bivalent ligands). If the spacer allows the simultaneous binding of two adjacent binding sites, 

the bivalent ligand can show an increased affinity towards a receptor dimer, leading to a selectivity 

over the respective protomers.136 The enhanced affinity is based on the model that after the first 

pharmacophore is bound to one receptor the second one is pushed in the vicinity of the second binding 

site.136 Thus, there is an increased local concentration of the second recognition unit in close proximity 

to its respective binding site leading to a higher affinity (Figure 1.8).136 This model explains the 

successful use of bivalent ligands but does not reflect the whole picture of bivalent binding. Other 

aspects must be considered as well, such as cooperativity between both receptors of the dimer and 

the different kinetics of bivalent ligands.137 The ligand binding of one receptor of a dimer can lead to a 

decrease in affinity of the second receptor for its ligand. Due to this negative cooperativity the overall 

affinity of the bivalent ligand for the second receptor can be lower or equal, although it’s bound in a 

bivalent manner.137  

 

Figure 1.8: Schematic illustration of the sequential binding steps of a bivalent ligand to a receptor 
dimer (bivalent binding mode on the bottom). Created with BioRender.com. 
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Nevertheless, the bivalent ligand approach has been successfully applied to target selectively 

a variety of GPCR dimers, as shown in several reviews.138–140 These bivalent ligands include structures 

targeting two orthosteric binding sites of the same or different receptors or the orthosteric and the 

allosteric binding sites of the same receptor (often called bitopic ligands).140 Bivalent ligands are mostly 

used as pharmacological tools to investigate the biological behavior of a specific GPCR dimer, but have 

not made it to the market yet.138 The nature of the bivalent ligands, especially their large size and high 

molecular weight, results in different adsorption, distribution, metabolism and excretion (ADME) 

problems impeding their in vivo use for now.140 Especially, the plasma life-time, their ability to cross 

the blood brain barrier (BBB), and the complicated synthesis are to mention here.140 Fortunately, the 

spacer region can be easily modified and adjusted to tackle some of this specific issues, since its main 

purpose is the connection of both pharmacophores. Promising attempts in this direction have been 

made including reports of BBB-penetrating bivalent ligands.141,142 Nevertheless, there is still a long way 

to go towards a clinical applicable bivalent ligand.  
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1.6 Fluorescent ligands 

Technological advances in the last two decades opened up a wide field of fluorescent-based 

approaches to study different aspects of GPCRs, such as ligand-binding and kinetics, receptor 

mobilization, trafficking and degradation as well as protein-protein interactions.143,144 Fluorescent 

ligands are the key to many of these approaches.145 They consist of a pharmacophore, a selective 

antagonist or agonist for the receptor of interest, which is labeled with a fluorescent dye.146 This dye 

can be attached directly to the pharmacophore or separated from the pharmacophore by the insertion 

of a linker region.145 The latter approach tends to have less influence on the binding behavior of the 

fluorescent ligand.147 Although the aim of every fluorescent ligand is to retain the affinity, selectivity 

and efficacy of the parent ligand, a fluorescent labeled ligand constitutes a novel pharmacological 

entity.144 All those parameters have to be determined again, as they can differ significantly from those 

of the parent ligand caused by the modification of the pharmacophore and the addition of the 

fluorophore.148,149  

A multitude of fluorescent ligands for many different receptors have been published, that 

contain a great variety of different fluorescent dyes.143–145 Based on the intended use of the fluorescent 

ligand its fluorescence properties can be tailor-made by choosing one of the hundreds of commercially 

available fluorescent dyes.144,145,150 Once a fluorescent ligand was successfully synthesized, it can be 

used for many different approaches to elucidate GPCRs, for example to study ligand-binding to the 

receptor of interest.144,151 In recent years, fluorescence-based techniques such as flow cytometry, 

fluorescence polarization, fluorescence anisotropy, and Förster resonance energy transfer- (FRET) or 

BRET-based techniques, have substituted many radioligand binding assays.151,152 These techniques 

avoid the use of radioisotopes and their implicated costs and effort for radioactive authorization and 

disposal.145 Especially the NanoBRET assay is a popular method for competitive ligand binding 

assays.152 For this technique the Nano luciferase (NLuc), a genetically engineered, bright, and small 

luciferase, is fused to the extracellular site of the receptor.153 After addition of a substrate the NLuc 

catalyzes an oxidation reaction which leads to the emission of blue light (λem. max ≈ 460 nm).153,154 If the 

fluorescent ligand is in close proximity, has the correct orientation and a spectral overlap with the 

NLuc, the fluorophore is excited by BRET and emits light of a higher wavelength (Figure 1.9).152 Since 

BRET is highly distance dependent it only takes place when the fluorescent ligand is bound to the 

receptor. Therefore, the BRET efficiency correlates with the amount of bound ligand and can be used 

as a read out in competitive binding assays.152 This method yields a very high signal-to-noise ratio 

because nonspecific binding events of the fluorescent ligands are usually not detected due to the larger 

distance to the NLuc.152 Furthermore, this assay allows the detection of the ligand-binding in real-time 
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providing kinetic information and has no need to separate bound from unbound ligand as it’s the case 

in radioligand binding assays.152 

 

Figure 1.9: Schematic illustration of the NanoBRET principle. Created with BioRender.com. 

 

Next to the use as a tracer in binding assays, fluorescent ligands can be used for fluorescent 

microscopy.144 They allow the fluorescent labeling of receptors in vitro and in vivo without the need to 

genetically modify the receptor.150,150 Using advanced techniques such as laser scanning confocal 

microscopy (LSCM) or total internal reflection microscopy (TIRF) the localization, mobilization, 

trafficking and degradation of receptors can be visualized and studied with the use of fluorescent 

ligands.155,156 Especially, TIRF microscopy was successfully used for single-molecule imaging of 

receptors labeled with a fluorescent ligand.157,158  

Because of their diverse applications ranging from single-molecule imaging to high-throughput 

screening fluorescent ligands are powerful tools for the investigation of GPCRs in vitro and in vivo.144 
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1.7 Alzheimer’s disease (AD) 

Alzheimer’s disease is named after Alois Alzheimer, a german psychiatrist, who was the first to discover 

the disease in a patient over a century ago.159 He documented the progressive illness in a patient 

showing increasing paranoia, sleep disorders, aggressiveness, and memory loss.159 After the death of 

the patient an autopsy of the brain showed major histological alterations later known as plaques and 

neurofibrillary tangles, which he related to the symptoms prior to the death.159 

Today, AD is the most common cause of dementia with over 55 million people worldwide 

suffering from this disease.160 AD is most prevalent in people over 65 years and women are statistically 

more affected than men.160 With approximately 10 million new cases every year the number of total 

cases is expected to rise up to 139 million by 2050.160 Apart from the enormous impact the disease has 

on the quality of life of the patients and their families AD poses a major challenge for the medicinal 

and care systems. In 2019, the estimated global societal cost of dementia was 1.3 trillion US dollars 

and is expected to rise over 2.8 trillion US dollars by 2030.160  

AD is a progressing, neurodegenerative disease. Early symptoms are usually forgetfulness and 

confusion in familiar places, which get worse in time leading to behavioral changes, loss of memory, 

cognitive impairment and loss of functional abilities.160,161 Ultimately, these symptoms lead to the 

inability of living an independent life and the need for full time care.160 The pathogenesis and 

mechanism of the progression of AD is still not fully understood but the formation of extracellular 

amyloid β (Aβ) plaques and intracellular neurofibrillary tangles (NFT) are considered as 

neuropathological indicators of AD.161,162 While the pathological origin of AD is not known yet, there 

are general risk factors that increase the probability of obtaining AD.160 Besides age and genetic 

implications a healthy lifestyle can help to lower the risk of obtaining AD, especially physical exercise, 

no smoking and excessive drinking, healthy blood pressure, blood sugar, and cholesterol levels.160 

Treatment of AD was mostly symptomatic with four different approved drugs, three 

acetylcholine esterase inhibitors and one NMDA antagonist.163 These drugs only achieve a modest 

improvement of the symptoms but do not cure AD or prevent neuronal degeneration.161 In 1992, the 

so-called amyloid-hypothesis was published, which is the assumption that the main symptoms of AD 

are caused by the aggregation of Aβ.164 This led to enormous effort of the scientific community and 

pharmaceutical industry to develop drugs that could reduce the Aβ-levels in the brain. Despite many 

promising candidates all of them failed in clinical studies mostly due to lack of clinical efficacy.165 Finally 

in 2021 aducanumab, a monoclonal antibody for the Aβ protein, was approved by the FDA.166 

Aducanumab is the first Aβ-targeting drug entering the market, which successfully clears the brain of 

Aβ. Nevertheless, there is controversy about its clinical efficacy highlighted by the rejection of 

aducanumab by the European Medicines Agency (EMA) due to efficacy and safety concerns.167  
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While the scientific community is divided on the subject of the Aβ hypothesis the lack of 

success targeting Aβ led to a shift of focus towards other potential targets, for example tau-proteins161 

and to the detection of biomarkers.168 The belief that the Aβ targeting drugs would have efficacy but 

are just administered too late in the disease led to an increasing effort to detect AD before the patient 

show any symptoms.169 Much effort was invested to find universally applicable biomarkers and to 

standardize the diagnosis of AD.168 There are several well-established central spinal fluid (CSF) 

biomarkers, e.g. Aβ42 and the ratio of total tau and phosphorylated tau proteins, that are used to 

diagnose and classify AD.170 Nevertheless, the research is still ongoing for biomarkers that can better 

predict the progression of the disease, for example synaptic biomarkers.171 In recent years the 

detection of blood biomarkers is gaining more attention since they would have the advantage of 

avoiding a lumbar puncture and would facilitate continuous screenings during clinical trials.168 

Conclusively, AD is one of the most urgent medical challenges in our time. The controversy 

about the Aβ hypothesis indicates that AD is a multicausal disease and many different factors and 

proteins play a role in its pathogenesis.172 Nevertheless, recent advancements in drug design and 

especially in the detection of biomarkers give hope. Maybe an early detection of the disease long 

before the patients display clinical symptoms and better predictions of its progression with novel 

biomarkers allow individual therapies for each patient. However, there is still a long way to go to reach 

that point and understand the complex pathology of AD. 
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1.8 Scope of the thesis 

The investigation and elucidation of the biological behavior of GPCR dimers poses a great challenge in 

modern pharmacology. Because there are no assay systems available that measure exclusively 

signaling by a GPCR dimer most of the results published about the functionality of GPCR complexes 

were obtained by indirect approaches. The most commonly used method is the detection of 

differences in signaling or ligand binding behavior of one receptor in the presence and absence of the 

second one.64 These results are usually supported by evidence for co-localization and physical 

interaction of both receptors.64 Bivalent ligands with a higher affinity towards the receptor dimer, 

compared to its protomers, can help to target receptor complexes selectively and further elucidate 

their functional behavior. Therefore, they are an important pharmacological tool in GPCR research. 

The primary aim of this thesis was the synthesis and pharmacological characterization of 

bivalent ligands for the D1-H3 Het. Before the start of the synthesis, the design of the bivalent ligands 

had to be planned carefully. High affinity and selective ligands for both receptors had to be selected 

as lead structures for the pharmacophores. Based on structure activity relationships and molecular 

modelling results, suitable attachment points for the spacers had to be chosen as well as synthetically 

accessible ways of connecting the pharmacophores to the spacer. Furthermore, the spacers had to be 

designed as they highly influence the molecular weight and solubility of the final bivalent ligands. 

Molecular modelling of the D1-H3 Het by cooperation partners (Leonardo Pardo, Universitat Autònoma 

de Barcelona) gave insights into the appropriate length of the spacer but nevertheless spacers of 

different length and chemical composition had to be synthesized. Finally, a protocol for the effective 

synthesis of a set of different bivalent ligands had to established (see chapters 2.1 and 2.2). 

Once the bivalent ligands were successfully synthesized, they had to be characterized 

pharmacologically. The first step in this process had to be the determination of the affinity towards 

both receptor protomers, using already established competitive radioligand or NanoBRET binding 

assays. The next step was the functional characterization of the bivalent ligands using a cAMP 

detection assay. Finally, the most promising ligand was analyzed for its neuroprotective properties at 

primary mouse cortex cells (see chapter 2.3). 

The second part of the thesis was the synthesis of fluorescently labeled ligands for the D1R and 

H3R. These structures had to be designed carefully as well. The same pharmacophores that were 

synthesized for the bivalent ligands could be used as lead structures for the fluorescent ligands. 

Especially, the choice of the fluorescent dye is crucial for the design of a fluorescent ligand and depends 

mainly on the intended use of the final compound. After the successful synthesis the fluorescent 

ligands had to be characterized pharmacologically and regarding their fluorescence properties. For the 

determination of the affinity of the fluorescence ligands NanoBRET and radioligand binding assays 
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were used. After the determination of the excitation and emission spectra and the quantum yield, the 

fluorescent ligands could be used in different experimental setups including competitive NanoBRET 

binding assays, confocal microscopy, and single molecule TIRF imaging (see chapters 3 and 4).  
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The following experimental work was performed by co-authors: 

 

preparation of primary mouse embryonal cortex cells: Iu Raich, Jaume Lillo (Universidad de 

Barcelona) 
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2.1  Design of the bivalent ligands 

Bivalent ligands are an entity of three parts: the two pharmacophores, one for each binding site, and 

the spacer. 138,140,173 To obtain the desired result of a functional bivalent ligand all three parts as well 

as their connection must be designed carefully before starting with the synthesis. 

The first step is the choice of the pharmacophores. The lead structures should be high-affinity 

and selective compounds with the desired intrinsic activity. Once the lead structure has been selected 

the right position and structural moiety for the connection of the pharmacophore and the spacer must 

be chosen. Structure-activity relationships (SAR) or docking results can help to find the best 

attachment point in order to retain affinity, selectivity, and biological activity of the parent ligand.140,173 

Agonistic and antagonistic pharmacophores were chosen for both receptors, in order to 

synthesize bivalent ligands with different combinations of intrinsic activities at both receptors. These 

ligands could be tools for investigation of the functional behavior of the D1-H3 Het, as they would allow 

the activation or inhibition of both receptors as well as selective activation of one and simultaneous 

inhibition of the other receptor.  

As a lead structure for the D1R pharmacophore SCH-23390 (SCH; Figure 2.1), a high-affinity and 

selective D1-like receptor antagonist, was chosen.97,174 SARs showed that the introduction of structural 

diverse groups at the 4’-position is well tolerated, whereas modifications at the tertiary amine or the 

phenolic hydroxy group can lead to significant changes in activity and affinity.175 Furthermore, the 

introduction of a sulfonamide group at the 4’-position seemed to be beneficial for receptor binding 

and was therefore chosen as connecting functional group for the linker to the pharmacophore (Figure 

2.1). 176 SKF-75760 (SKF) is structurally similar to SCH, but has a second phenolic hydroxy-group instead 

of the chlor-substituent at the aromatic moiety of the benzazepine.177 In contrast to SCH, SKF acts as 

an agonist at the D1R and was therefore used as a agonistic lead structure for the bivalent ligand using 

the same attachment point and mode as for SCH-23390 (Figure 2.1).177  

For the H3R pharmacophore JNJ-5207852 (JNJ) was chosen as the lead structure. This 

compound displays sub-nanomolar affinity towards the H3R and exhibits an outstanding selectivity 

within the histamine receptor family and towards other GPCRs. 157,178 SARs showed that the 

introduction of an additional functional group at the para-position of the benzylic piperidine moiety is 

well tolerated.157,179 Therefore, an amide group was inserted at this position to couple the 

pharmacophore to the linker (Figure 2.1). As an agonistic lead structure immepip was chosen, a high 

affinity and potent H3R agonist.116 For connection to the spacer the secondary amine was chosen due 

to the synthetic accessibility and the importance of the imidazole structure for receptor binding. 
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Figure 2.1: Lead structures for the pharmacophores with the chosen attachment points and the 
connecting functional groups to the linkers. 

 

Regarding the spacer, length, flexibility, and solubility are among the most important criteria 

designing a bivalent ligand.140,173 There is no general rule for the optimal length of a spacer for bivalent 

ligands because it depends mainly on the targeted receptor dimer. Therefore, a series of polyethylene 

glycol-based (PEG-based) spacers with different lengths was synthesized. The final distance between 

both pharmacophores was in the range from 39 to 57 atoms. PEG-based spacers are often used for 

bivalent ligands because they are chemically stable, increase the water solubility and are very flexible 

allowing the pharmacophores to turn into the right position for receptor binding.140,180–183 Additionally, 

two spacers based on aliphatic carbon chains were synthesized as hydrophobic counterparts. 

All spacers were terminally functionalized with azide groups. On the other hand, small aliphatic 

linkers with terminal C-C triple bonds were added to all pharmacophores (Figure 2.2). This combination 

of functional groups allows the final connection of spacer and pharmacophores by a cupper catalyzed 

azide-alkyne click (CuAAC) reaction. This reaction is a prime example for click-chemistry because of its 

high yields, regiospecificity, tolerance of additional functional groups, and the cheap and accessible 

catalyst.184 For these reasons, it’s a commonly used reaction in many different research areas and was 

chosen to connect all three parts of the bivalent ligand.184  
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Figure 2.2: Chemical structure of 45 as an example for the schematic design of a bivalent ligand. 

 

Docking experiments of the proposed SKF- and JNJ-based lead structures at both receptors 

confirmed the chosen attachment points as well suited as they are perfectly pointing out of the binding 

pockets. For these experiments homology models of both receptors based on the crystal structures of 

the H1R (3RZE) and D2R (6CM4) were used. Modelling experiments by the group of Prof. Leonardo 

Pardo (Universitat Autònoma de Barcelona) of the D1-H3 Het with a TM5-6 interface suggested a 

minimal necessary spacer length of 32 atoms to cover the shortest distance between both binding 

sites. However, additional length would increase the flexibility and allow a better connection of both 

binding sites. Therefore, the main focus was set on spacers with a total length of 39 to 47 atoms 

between both pharmacophores. 
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2.2  Synthesis of bivalent ligands for the D1-H3 Het 

For the synthesis of the bivalent ligands, the pharmacophores and the spacers were synthesized 

separately and then connected by a CuAAC reaction. Based on previously published literature and 

retrosynthetic approaches, considering availability of the starting materials, yields, and the number of 

reaction steps, a synthetic route for each pharmacophore and spacer was developed and executed. 

The detailed experimental procedures, the analytical data, and the literature, if the structures were 

previously published, are presented in chapter 6.1.  

 

2.2.1  Synthesis of the D1R building blocks 

The synthesis of the D1R pharmacophores 13 and 15 was carried out following the synthetic route of 

1-phenyl-2,3,4,5-tetrahydro-benzazepines by Neumayer et al. and Shen et al. (Scheme 2.1).185,186 The 

epoxide 3 was synthesized in a three-step synthesis starting from the commercially available 4-

nitroacetophenone.186 An acid-catalyzed α-bromination reaction using N-bromosuccinimide (NBS) 

yielded 1 followed by a reduction of the carbonyl moiety with sodium borohydride affording the α-

bromo alcohol 2. This product was transformed via a base-catalyzed intramolecular SN2 reaction into 

the epoxide 3 in excellent yields. 

An aromatic chlorination of commercially available 4-methoxybenzaldehyde using sulfuryl 

chloride resulted in product 4 in high yields. A Henry-type reaction (5) followed by a reduction with 

LiAlH4 yielded the primary amine 6. For the selective mono-methylation of the amine, a Boc-protecting 

group was introduced (7), followed by the reduction with LiAlH4. This reaction sequence selectively 

afforded the mono-methylated amine 8a in excellent yields. 8a as well as the commercially available 

2-(3,4-Dimethoxyphenyl)-N-methylethylamine (8b) were coupled to the epoxide 3 in a SN2 reaction 

generating α-amino alcohols 9a,b in high yields. The key step in the synthesis is an acid catalyzed ring-

closure using polyphosphoric acid (PPA) or Eaton`s reagent affording the 1-phenylbenzazepine 

derivatives 10a and 10b. The dimethoxy-substituted structure 9b could be converted into 10b with 

PPA at 100 °C in one hour. Applying the same reaction conditions for 9a only resulted in a partial 

conversion of the starting material, whereas an increase in reaction time led to a deprotection of the 

methoxy-group. The purification of the free phenol derivative from the pure PPA resulted to be very 

complex because of the amphoteric nature of the molecule, which made it very difficult to extract it 

from the aqueous to the organic phase. The low conversion was probably caused by the chlorine 

substituent which deactivates the aromatic ring for electrophilic substitution reactions. Therefore, 

regarding the conversion of 9a a different synthetic approach was chosen. 72 h at room temperature 

in Eaton’s Reagent (10 wt % phosphoric pentoxide in methanesulfonic acid) generated 10a in moderate 
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yields but without the cleavage of the methoxy group. Demethylation of the phenolic methoxy groups 

using boron tribromide (BBr3; 11a,b) followed by the protection with triisopropylsilyl (TIPS) chloride 

and tert-butyldimethylsilyl (TBS) chloride, respectively, afforded structures 12 and 14. Reductive 

hydrogenation of the nitro group using palladium on charcoal as a catalyst yielded the anilines 13 and 

15. 

Scheme 2.1: Synthesis of 1-phenylbenzazepine derivatives 13 and 15 as D1R pharmacophores. 

 

a Reagents and conditions: i) NBS, pTsOH, DCM, reflux, overnight, 64 %; ii) NaBH4, MeOH, rt, 1 h, 66 %; iii) K2CO3, 
THF, reflux, overnight, 87 %; iv) SO2Cl2, AcOH, rt, overnight, 86 %; v) MeNO2, NH4OAc, AcOH, reflux, 4 h, 68 %; vi) 
LiAlH4, THF, reflux, 3 h, 94 %; vii) Boc2O, DCM, rt, overnight, 98 %; viii) LiAlH4, THF, reflux, 3 h, 90 %; ix) 3, MeCN, 
reflux, overnight, 90 %; x) a) 9a, Eaton’s reagent, rt, 72 h, 45 %, b) 9b, PPA, 100 °C, 1 h, 69 %; xi) BBr3, DCM, -
78 °C, overnight, 84 %; xii) TIPSCl, imidazole, NEt3, DMF, rt, overnight, 90 %; xiii) H2, Pd/C, THF/MeOH, rt, 
overnight, 95 %; xiv) 11b, TBSCl, DMAP, NEt3, DCM/DMF, rt, overnight, 57 %. 

 

To couple the pharmacophore with the spacer via a CuAAC reaction an alkyne group needed 

to be added. In a first attempt, propargyl amine was added to succinic anhydride and the product was 

connected to the aniline 11a using HATU as a peptide coupling reagent to afford the alkyne-

functionalized building block 18 (Scheme 2.2B). The insertion of a sulfonamide moiety instead of a 
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peptide group at the 4’-position of the 1-phenyl-2,3,4,5-tetrahydro-benzazepines was reported to 

increase affinity at the D1R.176 To achieve this goal two different sulfonyl chlorides were required 

(17a,b; Scheme 2.2A), which were synthesized from the respective alkyl bromides using thiourea and 

N-chlorosuccinimide (NCS).187 The reaction of sulfonyl chloride 17a to 13 in the presence of pyridine 

afforded structure 19. Ester hydrolysis in basic conditions followed by a peptide coupling reaction using 

HATU with propargylamine yielded the final building block 20 (Scheme 2.2B). The reaction of 15 with 

17b afforded structure 21. Hydrogenolytic ester cleavage using palladium on charcoal as a catalyst 

followed by a peptide coupling with propargylamine using HATU allowed the insertion of the alkyne 

group while retaining the tert-butyl-dimethyl silyl (TBS) protecting groups (22; Scheme 2.2C). 

Scheme 2.2: Synthesis of final alkyne-functionalized D1R building blocks 18, 20, and 22.a 

 

a Reagents and conditions: i) BnOH, DMAP, DCC, DCM, rt, overnight, 89 %; ii) 1. Thiourea, EtOH, overnight, reflux, 
2. NCS, MeCN, 2N HCl, 30 min, 5 °C, 87 %; iii) 1. succinic anhydride, propargyl amine, DMF, rt, 3h; 2. 11a, HATU, 
DIPEA, DMF, rt, overnight, 48 % ; iv) 17b, pyridine, CHCl3, 50 °C, overnight, 56 %; v) 1. LiOH, H2O/THF, rt, 
overnight, 2. propargylamine, HATU, DIPEA, DMF, rt, overnight, 92 %; vi) 17a, pyridine, CHCl3, 50 °C, overnight, 
59 %; vii) 1. Pd/C, H2, MeOH, 60 °C, 3h; 2. propargylamine, HATU, DIPEA, DMF, rt, overnight, 62 %. 
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2.2.2  Synthesis of the H3R building blocks 

The synthesis of the antagonistic H3R building block 27 was performed following previously described 

protocols by Apodaca et al. and Wingen et al.178,188 The commercially available 4-hydroxybenzaldehyde 

was converted in a SN2 reaction with 1-bromo-3-chloropropane to produce 23 (Scheme 2.3A). A second 

SN2 reaction with piperidine afforded compound 24, which was converted to 25 by a reductive 

amination with sodium triacetoxyborohydride. Acid catalyzed ester hydrolyzation (26) followed by a 

HATU catalyzed peptide coupling to propargyl amine generated the final JNJ-based building block 27 

in good yields. 

Immepip (29) was synthesized following the procedures of Kitbunnadaj et al.189 N-Boc-4-

piperidineacetaldehyde was converted to the imidazole in a Van Leusen reaction.190 First the aldehyde 

was stirred with toluenesulfonyl methyl isocyanide and NaCN for 2 h at room temperature. The 

resulted product was heated in a microwave in saturated ammonia in ethanol to 120 °C (approx. 10 

bar) affording the imidazole 28 in moderate yields (Scheme 2.3B). Deprotection of the Boc-protecting 

group followed by a nucleophilic substitution with commercially available propargyl bromide yielded 

structure 30. As an alternative building block a longer alkyl linker was introduced (32). Therefore, 5-

hexyn-1-ol was converted to the bromide (31) in an Appel-reaction using triphenylphosphine and 

carbon tetrabromide as a brominating agent.191 Nucleophilic substitution of 31 with immepip (29) 

yielded the building block 32 (Scheme 2.3B). 

Scheme 2.3: Synthesis of the alkyne-functionalized H3R building blocks 27, 30, and 32.a 

 

a Reagents and conditions: i) 1-Br-3-Cl-propane, K2CO3, MeCN, reflux, 18 h, 89 %; ii) piperidine, Na2CO3, KI, MeCN, 
reflux, 20 h, 76 %; iii) ethyl isonipecotate, NaBH(OAc)3, CHCl3, rt, overnight, 95 %; iv) 2 N aq. HCl, THF, rt, 
overnight, 92 %; v) EDC*HCl, HOBt, DIPEA, propargylamine, 30 min, 100 °C, MW, 72 %; vi) 1. p-
toluenesulfonylmethyl isocyanide, NaCN, EtOH, rt, 2h; 2. NH3, EtOH, 120 °C, MW, 2 h, 60 %; vii) TFA, DCM, rt, 
overnight; viii) Na2CO3, propargyl bromide, EtOH, rt, overnight, 35 %; ix) PPh3, CBr4, DCM, rt, 2 h, 88 %; x) K2CO3, 
EtOH, rt, overnight, 80 %. 
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The nucleophilic substitution reaction of the alkylic bromides with 29 could theoretically occur 

at the imidazole moiety or at the secondary aliphatic amine. The latter should be more reactive due to 

its higher basicity and nucleophilicity. To prevent substitutions at the imidazole moiety as a side 

product, the reaction was carried out at room temperature. Although it was expected that the reaction 

would take place exclusively at the secondary aliphatic amine 2D NMR analysis was performed to 

assure the correct product formation. A 1H/1H Nuclear Overhauser Effect Spectroscopy (NOESY) 

spectrum of structure 30 was recorded. This 2D NMR spectroscopy method enables the detection of 

non-scalar correlations between protons that are in close proximity to each other by measuring the 
1H/1H Nuclear Overhauser Effect (NOE).192 On both axis a 1H-spectrum is shown (Figure 2.3).193 The red 

signals on the diagonal depict cross-signals between the same cores and are not evaluated.193 The blue 

signals represent the NOE between two different cores.193 In this spectrum no signal was detected 

indicating a close proximity between the aromatic hydrogens of the imidazole and those of the 

propargylic side chain. However, after assigning the different signals to their respective hydrogens 

based on their 1H NMR shifts and coupling constants, a proximity between the hydrogen atoms of 

carbon atom 13 and the hydrogen atoms of carbons 1 and 3 could be detected. The hydrogens of the 

carbons 1 and 3 respectively split into two different signals (1,3 and 1’3’) due to the different 

confirmations of the ring system.194 These results confirm the structural identity of 30. For structure 

32 the same results were obtained but are not shown in this thesis. 
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2.2.3  Synthesis of the spacers 

The polyethylene glycol spacers were synthesized starting from the commercially available tri-, tetra-, 

penta- and hexaethylene glycol following the reaction protocol published by Iyer, S. et al. (Scheme 

2.4A).195 After the introduction of the mesylate moieties (33a-d) as good leaving groups the terminal 

azide groups were inserted under SN2 conditions (34a-d). A selective Staudinger-type reduction of one 

azide group in a heterogenous mixture of 1 N aqueous HCl and ethyl acetate yielded the primary 

amines (35a-d). This reaction allows the selective reduction of one azide group without using an excess 

of the diazides. Once the amine is formed in the reaction mixture it is directly protonated by the 

hydrochloric acid and transferred into the aqueous phase. Therefore, the second azide group is not 

available in the organic phase for a second reduction step. After the reaction of these amines with 

glutaryl chloride the final spacers 36a-d with terminal azide groups were obtained in good yields. 

 

 

Figure 2.3: NOESY spectrum of 30. The cross signals of the protons are depicted in red, whereas NOE 
interactions are depicted in blue. The different signals were assigned to the respective hydrogens based 
on the 1H NMR shifts and coupling constants. The blue dots at the crossing of the lines from 13 and 1,3 
or 1’,3’ respectively indicate a close proximity between the hydrogens.  

NOE between 13 and 
1’,3’ 

NOE between 13 and 1,3 

no NOE between 13 and 9 
and 11 
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Scheme 2.4: Synthesis of the spacers 36a-d and 39a,b.a 

 

a Reagents and conditions: i) methanesulfonyl chloride, NEt3, DCM, rt, overnight, 78-97 %; ii) NaN3, EtOH/DMF 
(4:1), reflux, overnight, 92-99 %; iii) PPh3, 1 N HCl/THF/EtOAc (5:1:5), rt, overnight, 47-77 %; iv) glutaryl chloride, 
NEt3, DCM, rt, overnight; 34-92 %; v) NaN3, EtOH/DMF (4:1), reflux, overnight, 93-97 %; vi) PPh3, THF, rt, 
overnight, 33-38 %; vii) glutaryl chloride, NEt3, DCM, rt, overnight; 54-81 %. 

 

The alkylic spacers (39a,b) were synthesized following the same synthetic route starting from 

the commercially available 1,10-dibromodecane and 1,12-dibromododecane (Scheme 2.4B). The 

selective Staudinger type reduction of one azide group resulted in very low yields (< 10 %), most likely 

because of the poor water solubility of the protonated alkylic amines (38a,b). Therefore, this reaction 

was performed in THF with an excess (3 eq) of the diazides (37a,b) and slow addition of PPh3. By using 

this synthetic approach the yield was improved to 33 % and 38 %, respectively. The last step could then 

be performed in the same manner as for the PEG-based counterparts affording the final alkylic spacers 

39a,b in good yields. 

 

2.2.4  Synthesis of bivalent ligands in a one-pot reaction 

The synthesis of the final bivalent ligands was achieved by a one-pot CuAAC reaction. For this reaction 

equimolar amounts of both building blocks and the spacer were dissolved in a mixture of DCM and 

MeOH (1:1). Copper(II)sulfate pentahydrate in combination with ascorbic acid to form the reactive 

copper(I)-species in situ were used as catalyst. Using the one-pot approach lowered the expected 

maximum yield of the reaction but had the advantage of a single purification step. Furthermore, it 

allowed the accessible synthesis of a set of different bivalent ligands by interchanging just one of the 

three components. For example, bivalent ligands 40-43 could all be synthesized with the same building 
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blocks by adding a different spacer (Scheme 2.5A). This synthetic approach avoided the need for an 

individual building block for each bivalent ligand making the synthesis of a broad variety of final 

compounds more accessible. As side products the homo-bivalent ligands containing two D1R or two 

H3R pharmacophores were formed. Isolation and purification of the desired products was achieved by 

preparative HPLC. Because of the similar chemical structure of the different products in the reaction 

mixture the purification of the desired hetero-bivalent ligands was difficult in some cases. This led to 

lower yields despite high conversion rates of the starting compounds.  

Scheme 2.5: Synthesis of bivalent ligands 40-47.a 

 

a Reagents and conditions: i) CuSO4, ascorbic acid, DCM/MeOH (1:1), rt, 72 h, 4-25 %. 
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The antagonistic building blocks 27 (H3R) and 18 (D1R) were combined with the spacers 36a-d 

to form bivalent ligands 40-43 with a linker range from 39 to 57 atoms between both pharmacophores 

(Scheme 2.5A). The same reaction was performed with the modified D1R building block 20 and the 

linkers 36a and 36b to yield structures 44 and 45 (Scheme 2.5B). Only these two spacers were chosen 

because they yielded bivalent ligands with a distance between both pharmacophores of 41 and 47 

atoms, respectively. These lengths should suffice to allow simultaneous binding based on the modeling 

results of the D1-H3 Het. Bivalent ligands 44 and 45 containing the alkylic linkers were synthesized in 

the same way using compounds 27, 18, and 39a,b (Scheme 2.5C). 

 

2.2.5  Sequential synthesis of bivalent ligands 

The one-pot approach turned out to be unsuccessful for the synthesis of the SKF-based bivalent 

ligands. A one-pot synthesis with a SKF-based building block with deprotected phenolic hydroxy groups 

afforded a mixture of the homo- and hetero-bivalent ligands that could not be separated by 

preparative HPLC. As an alternative the reaction was performed with the TBS-protected D1R building 

block 22. This approach was expected to facilitate the separation of the different products because the 

bulky, aliphatic silyl groups increase the difference in lipophilicity of the homo- and hetero-bivalent 

ligands. Unfortunately, this approach yielded almost exclusively homo-bivalent ligands. A reason for 

this could be different reaction velocities of both pharmacophores due to different solubility profiles. 

Structure 53 with an immepip-based H3R-pharmacophore was also synthesized in a one-pot reaction 

but afforded a very low yield of 3 % (Scheme 2.6B).  

Therefore, a different synthetic approach for the other immepip-based (54-56) and the SKF-

based bivalent ligands (49,50) had to be applied. The first step was the connection of one building 

block to the spacer followed by the coupling of the purified product to the second building block. To 

reduce the formation of homo-bivalent ligands in the first reaction a fivefold excess of the spacer was 

used, which could be recovered after the reaction. The JNJ-based building block 27 was coupled to 

spacers 36a and 36b resulting in compounds 48a,b (Scheme 2.6A). In a second CuAAC reaction with 

SKF-based building block 22, 48a,b were converted into the final bivalent ligands 49 and 50. Prior to 

the purification by preparative HPLC the TBS protecting groups were removed by the addition of 10 % 

aq. TFA.  

The immepip-based building block 30 was coupled to the spacer 36b affording product 51, 

which was converted to the bivalent ligand 54 (Scheme 2.6B). 54 is the equivalent, with a longer spacer 

(36b instead of 36a), to bivalent ligand 53, which was synthesized in a one-pot reaction.  

The reaction of SCH-based pharmacophore 20 with spacers 36a and 36b afforded products 52a 

and 52b, which were then coupled to the immepip-based building block with a longer alkylic linker (32) 
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yielding bivalent ligands 55 and 56 (Scheme 2.6B). All of these CuAAC reactions were performed in a 

mixture of tert-butanol and water (1:1) using copper sulfate pentahydrate and ascorbic acid as catalyst 

and tris-(benzyltriazolylmethyl)-amine (TBTA) as a copper(I)-chelating ligand. This synthetic protocol 

accelerated the reaction time from 72 h to an overnight reaction. 

Scheme 2.6: Synthesis of bivalent ligands 49, 50, and 53-56 in a two-step synthesis.a 

 

a Reagents and conditions: i) 5 eq of 36a,b, CuSO4, ascorbic acid, TBTA, H2O/tBuOH (1:1), rt, 15 h, 27-53 %; ii) 1. 
CuSO4, ascorbic acid, TBTA, H2O/tBuOH (1:1), rt, 15 h; 2. 10 % aq. TFA, MeCN/H2O, rt, 1 h, 12-69 %; iii) for product 
53: 51, 20, CuSO4, ascorbic acid, TBTA, H2O/tBuOH (1:1), rt, 15 h, 12 %; for product 54 (one-pot reaction): 20, 30, 
36b, CuSO4, ascorbic acid, DCM/MeOH, rt, 72 h, 3 %; for product 55: 52a, 32, CuSO4, ascorbic acid, TBTA, 
H2O/tBuOH (1:1), rt, 15 h, 16 %; for product 56: 52b, 32, CuSO4, ascorbic acid, TBTA, H2O/tBuOH (1:1), rt, 15 h, 
12 %. 
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2.2.6  Synthesis of the endcapped ligands 

As a negative control, to prove that a possible change in binding behavior of a bivalent ligand is indeed 

caused by a bivalent binding mode, so-called endcapped ligands were synthesized. These ligands 

consist of just one pharmacophore, which is attached to the same spacer as the bivalent ligand but 

without the second pharmacophore. In order to achieve this, propargyl amine was acetylated (57) and 

subsequently coupled to the spacer 36a yielding product 58 (Scheme 2.7). For the synthesis of the final 

endcapped ligands 59-62 the different building blocks were attached to 58 in a CuAAC reaction. 

Scheme 2.7: Synthesis of the endcapped ligands 59-62.a 

 

a Reagents and conditions: i) acetyl chloride, NEt3, DCM, rt, overnight, 80 %; ii) 36a, CuSO4, ascorbic acid, TBTA, 
H2O/tBuOH (1:1), rt, overnight, 83 %; iii) CuSO4, ascorbic acid, TBTA, H2O/tBuOH (1:1), rt, overnight, 20-30 %. 

 

2.2.7  Synthesis of D1R ligands 

As an additional control the SCH- and SKF-based pharmacophores were synthesized without the 

spacers, with only a mesylate group. These compounds can be used as reference compounds to 

determine the effect on the binding behavior caused by the attachment of the spacer. For this purpose, 

methanesulfonyl chloride was added to compounds 13 and 15 to add a methanesulfonyl group at the 

aromatic amino moiety (Scheme 2.8). Deprotection of the silyl protecting groups using 

tetrabutylammonium fluoride and purification by preparative HPLC afforded the final products 63 and 
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64. For the H3R pharmacophores the ethyl ester (25) was used as a reference for the JNJ-based bivalent 

ligands. The pharmacological properties of immepip are well established,189,196,197 therefore no 

additional reference compound was synthesized and tested.  

An overview of all synthesized bivalent, endcapped, and reference ligands with their respective 

spacer length and pharmacophore combination is given in Table 2.1 together with the results of 

competition binding experiments at the D1R and H3R (chapter 2.3.1 ).  

Scheme 2.8: Synthesis of D1R ligands 63 and 64 as reference compounds.a 

 

a Reagents and conditions: i) 1. MsCl, NEt3, DCM, rt, overnight; 2. TBAF, THF, rt, 30 min, 33 %; ii) 1. MsCl, pyridine, 
CHCl3, rt, overnight; 2. TBAF, THF, rt, 30 min, 26 %. 

 

The purity and stability of all bivalent, endcapped, and reference ligands was determined by 

HPLC (HPLC runs are presented in the Appendix; chapter 8.1). The chemical structure of all synthesized 

compounds was proven by 1H and 13C NMR as well as HRMS. The chemical structures and 1H NMR 

spectra of the bivalent, endcapped, and reference ligands are presented in the Appendix (chapter 8.2).  

 

2.2.8  1H NMR spectra of 1-phenyl-2,3,4,5-tetrahydro-1H-benzazepines 

Analyzing the 1H NMR spectra of the synthesized compounds, a peculiarity was observed for the 

compounds containing the 1-phenyl-2,3,4,5,tetrahydro-1H-benzazepine partial structure of the D1R 

pharmacophore. In Figure 2.4 cutouts of two NMR spectra of compound 18 are presented. The upper 

spectrum (black) was recorded after purification of 18 by flash chromatography resulting in the free 

base of 18. The singlet peak at 6.16 ppm was assigned to the hydrogen atom bound to carbon 3 (see 

chemical structure in Figure 2.4) based on its chemical shift and multiplicity. The lower spectrum (blue) 

was recorded of structure 18 after purification by preparative HPLC yielding the TFA salt of 18 

(protonated at the tertiary amine). The peak at 6.16 ppm of this spectrum integrates to only 0.72 

hydrogens in reference to the other aromatic peaks. An additional peak at 6.71 ppm was detected with 

an integral of 0.28 hydrogens. Therefore, it was suspected, that both signals can be assigned to the 

same nucleus (hydrogen bound to carbon 3). 
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Figure 2.4: Chemical structure and aromatic region of the 1H NMR spectrum of 18 (free base) in CD3OD 
(top, black). Aromatic region of the 1H NMR spectrum of 18 (TFA salt) in CD3OD (bottom, blue). 

 

In order to validate this hypothesis an additional 1H-1H rotating frame overhauser 

enhancement specroscopy (ROESY) spectrum was recorded. Similar to NOESY this NMR method allows 

the detection of the proximity of protons by detecting an NOE in a rotating frame198. The aromatic 

region of the 1H-1H ROESY spectrum of the TFA salt of 18 is presented in Figure 2.5. Similar to NOESY 

spectra along the diagonal the cross signals of the distinct protons are visible in red and have always a 

positive phase (red) in ROESY spectra.198,199 ROE dipolar relaxation signals of two protons in close 

proximity are indicated by blue signals (negative phase).198 For the signals of interest at 6.16 and 6.71 

ppm cross peaks could be detected in the ROESY spectrum. Because these cross-peaks are in the same 

phase as the diagonal (red), they don’t represent ROE cross relaxation between two distinct nuclei but 

are cross peaks due to chemical exchange of the same nucleus.198 Chemical exchange means that a 

nucleus is changing between two different environments leading to a change in the chemical shift.200 

In the case of 18 the different environments can be caused by different enantiomers and/or ring 

conformations of the seven membered heterocycle. 



Chapter 2 

40 

 

The phenomena of the split-up signal could be observed for all compounds containing this 

structural motif if they were purified by preparative HPLC, hence the tertiary amine was protonated. 

The split of one signal into two distinct signals and the broadening of the other aromatic peaks indicate 

a dynamic process, probably the interchange between two distinct conformations. However, no 

further efforts were made to determine the exact conformations of the compounds that cause the 

different signals in the 1H NMR spectra or why this phenomenom can only be observed after 

protonation, because the focus was to prove the general chemical structure of the compounds. This 

was achieved with NMR spectra in combination with HRMS. Whenever this split-up peak pattern was 

observed for a compound it was denoted as d* in the chemical experimental section (chapter 6.1.2 ) 

with the coupling constant J. 

It has to be noted that the NMR signals of the aliphatic hydrogens of the seven-membered ring 

are most likely also affected by the protonation and different conformations. However, a separation 

of one signal into two could not be detected as easily because of the already complex and overlapping 

signals of the different nuclei. The complex scalar coupling between the different hydrogens of the ring 

Figure 2.5: Aromatic region of the 1H-1H ROESY spectrum of 18 (TFA salt). 

ROE between 16/20 and 17/19 

chemical exchange of 3 
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system, as well as the high density of signals in that area of the spectrum, make it very difficult to 

assign distinct peaks to specific hydrogens.  
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2.3 Pharmacological characterization 

All of the bivalent ligands, endcapped ligands, and reference ligands mentioned in chapter 2.2. were 

characterized pharmacologically for their binding properties at the D1R and H3R. For the determination 

of pKi values at the D1R, radioligand binding assays at homogenates of HEK-293T cells stably expressing 

the human (h) D1R were performed.201 Radioligand binding assays (RLBs) are a well-established method 

to determine the affinity of an unlabeled ligand towards a receptor. In these assays the decrease in 

receptor-bound radioactivity, caused by the displacement of a constant concentration of the 

radioligand by an unlabeled ligand, is measured. For the determination of the affinity towards the H3R 

the newly established NanoBRET binding assay was used (see chapter 1.6 and 4).157 This fluorescence-

based alternative avoids the use of radioisotopes, which makes the handling of the assay easier and 

safer. The assay was performed using live HEK-293T cells stably expressing the NLuc-hH3R.202 To prove 

the validity of this assay a set of seven bivalent ligands was additionally tested in a standard radioligand 

binding assay for the H3R using live HEK-293T cells stably expressing the hH3R.157 Furthermore, some 

selected bivalent ligands were tested for their selectivity within the dopamine and histamine receptor 

families, as well as for their intrinsic activity using a commercially available cAMP detection kit from 

PerkinElmer. The most promising compound 45 was additionally analyzed for its neuroprotective 

effect in primary mouse embryonal cortex cells. All data were analyzed using Prism GraphPad (version 

9.4.0). The detailed experimental procedures and cell biological methods are described in chapter 6.2. 

 

2.3.1  Competition binding experiments at the D1R and H3R 

The first step of the pharmacological characterization of the novel bivalent ligands was the 

determination of their binding affinity towards their primary targets, the D1R and H3R. The results of 

these assays as well as the composition of the bivalent ligands are presented in Table 2.1.  

The first set of ligands (40-43) possesses the same pharmacophores but have increasingly 

longer spacers (39-57 atoms). Therefore, this set is well suited for the analysis of the influence of the 

spacer on the receptor binding. Notably an increasing spacer length decreases the affinity of the 

bivalent ligand towards both receptors (pKi (D1R): from 8.10 to 7.39; pKi (H3R): from10.08 to 9.71). This 

was to be expected and is reported for a variety of bivalent ligands, but nevertheless 40-43 show an 

exceptional affinity in the low nanomolar range at the D1R and sub-nanomolar range at the H3R.140 

Because of the increasing size and molecular weight of these compounds, they are sterically more 

hindered, making it more difficult for the pharmacophores to obtain the right conformation for the 

receptor binding. 
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For the bivalent ligands with alkylic spacers 46 and 47 a big difference in binding affinity at 

both receptors was observed. The pKi values of 46 (pKi (D1R) = 8.41; pKi (H3R) = 10.09) at both receptors 

are in the same range as those of 40 (pKi (D1R) = 8.10; pKi (H3R) = 10.08) and 41 (pKi (D1R) = 7.77; pKi 

(H3R) = 9.97), including a higher affinity at the D1R. These compounds have PEG-based spacers of similar 

lengths. Surprisingly, 47 (pKi (D1R) = 6.59; pKi (H3R) = 7.16), which only differs structurally from 46 by 

two more carbon atoms in both aliphatic chains of the spacer, loses up to 100-fold affinity at both 

receptors compared to 46. This huge loss of affinity is not likely to be caused by the slightly increased 

size of the bivalent ligand. Especially when 46 and 47 are compared to 40-43, which have a larger 

difference in size but a smaller change in affinity. Possible reasons for this drastic change in receptor 

binding could be, that, due to the longer aliphatic chain, 47 has a higher lipophilicity. This could lead 

to adhesion at the plastic of the assay plate or the plastic cups that are used for the preparation of the 

dilutions leading to a decrease of the actual free ligand concentration in the well. Another problem 

could be a higher unspecific binding at cell membranes or other proteins. However, no further 

experiments were conducted to determine the reasons of this phenomenon because the other 

bivalent ligands showed more promising binding data. Moreover, the PEG-based bivalent ligands are 

better water-soluble making them more suitable for in vitro and in vivo assays.  

Comparing the binding data at the D1R of 40 (pKi (D1R) = 8.10; pKi (H3R) = 10.16) and 41 (pKi 

(D1R) = 7.77; pKi (H3R) = 9.97) to those of 44 (pKi (D1R) = 8.88; pKi (H3R) = 10.21) and 45 (pKi (D1R) = 

8.67; pKi (H3R) = 10.00) it can be noted that the insertion of the sulfonamide group led to an increase 

in D1R affinity and had, as expected, no influence on H3R binding affinity. Despite their size 44 and 45 

show exceptional Ki-values in the one-digit nanomolar range for the D1R and sub-nanomolar range at 

the H3R. Comparing the pKi-values to those of the reference compound 63 (pKi (D1R) = 8.99) and JNJ 

(pKi (H3R) = 10.22)157 there is only a small loss in affinity towards both receptors (less than 10-fold), 

despite the addition of the large spacers and the second pharmacophore. Compounds 49 (pKi (D1R) = 

8.39; pKi (H3R) = 10.02) and 50 (pKi (D1R) = 7.83; pKi (H3R) = 9.99) with the SKF-based D1R 

pharmacophores showed a lower affinity towards the D1R than 44 and 45, which was expected since 

the reference compound 64 (pKi (D1R) = 8.33) also has a lower pKi value than 63.  

Compounds 40-43 and 45-47 were additionally tested in a H3R radioligand binding assay to 

validate the results of the newly established NanoBRET binding assay. All values are in good agreement 

with those from the NanoBRET assay confirming that the addition of the NLuc to the receptor does not 

interfere with the binding of large ligands.  
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Table 2.1: Composition of the bivalent ligands and binding data at the D1R and H3R. 

cmpd D1R building 
blocka  

H3R building 
blockb 

linker length 
(atoms)c 

pKi ± SEM 

 D1R (RLB)d N  H3R (NanoBRET)e  N H3R (RLB)f  N 

40 SCH-1 JNJ 39 8.10 ± 0.06 3 10.08 ± 0.04 3 10.16  ± 0.01 2 

41 SCH-1 JNJ 45 7.77 ± 0.06 3 9.97 ± 0.13 3 9.87  ± 0.11 2 

42 SCH-1 JNJ 51 7.69 ± 0.09 3 9.84  ± 0.03 3 9.98 ± 0.06 2 

43 SCH-1 JNJ 57 7.39 ± 0.02 3 9.71 ± 0.06 3 9.67  ± 0.08 2 

44 SCH-2 JNJ 41 8.88 ± 0.07 3 10.21 ± 0.08 3 n.d. --- 

45 SCH-2 JNJ 47 8.67 ± 0.10 4 10.00 ± 0.03 3 10.11 ± 0.10 2 

46 SCH-1 JNJ 43 (alkyl) 8.41 ± 0.07 3 10.09 ± 0.04 3 10.03 ± 0.02 2 

47 SCH-1 JNJ 47 (alkyl) 6.59 ± 0.02 3 7.16 ± 0.19 3 7.74 ± 0.06 2 

49 SKF JNJ 41 8.39 ± 0.01 3 10.02 ± 0.08 4 n.d. --- 

50 SKF JNJ 47 7.83 ± 0.05 3  9.99 ± 0.11 3 n.d. --- 

53 SCH-2 immepip short 38 8.58 ± 0.06 3 5.89± 0.03 3 n.d. --- 

54 SCH-2 immepip short 44 8.39 ± 0.12 3 5.66 ± 0.00 2 n.d. --- 

55 SCH-2 immepip long 41 8.45 ± 0.11 3 6.09 ± 0.17 3 n.d. --- 
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56 SCH-2 immepip long 47 8.28 ± 0.03 3 6.07 ± 0.10 4 n.d. --- 

59 endcapped JNJ --- < 5 3 9.99 ± 0.04 3 n.d. --- 

60 endcapped immepip long --- 5.42 ± 0.08 3 6.02 ± 0.06 3 n.d. --- 

61 SCH-2 endcapped --- 7.91 ± 0.09 3 6.30 ± 0.06 3 n.d. --- 

62 SKF endcapped --- 7.26 ± 0.13 3 5.88 ± 0.08 3 n.d. --- 

63 SCH-2 D1R reference 
compound --- 8.99 ± 0.10 3 5.54 ± 0.05 3 n.d. --- 

64 SKF D1R reference 
compound --- 8.33 ± 0.15 4 < 5 3 n.d. --- 

aSCH-1: SCH-based building block with amide linkage to the linker (18), SCH-2: SCH-based building block with sulfonamide linkage to the linker (20), SKF: SKF-based building block 
(22). bJNJ: JNJ-based building block (27), immepip short: immepip-based building block with short alkylic linker (30), immepip long: immepip-based building block with long alkylic 
linker (32). cNumber of atoms between both pharmacophores. dCompetition binding experiments at HEK-293T cell homogenates stably expressing the hD1R201; displacement of 
0.2 nM, 0.4 nM or 1 nM [3H]N-Methyl-SCH-23390 (Kd = 0.4 nM). eCompetition binding experiments at HEK-293T cells stably expressing NLuc-hH3R202; displacement of 0.5 nM UR-
NR266157 (Kd = 0.16 nM). fComepetition binding assays at HEK293T-SP-FLAG-hH3R cells157; displacement of [3H]UR-PI294203 (Kd = 3 nM). 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 four parameter sigmoidal concentration-response 
curves.  
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Unfortunately, the compounds 53 (pKi (D1R) = 8.58; pKi (H3R) = 5.89) and 54 (pKi (D1R) = 8.39; 

pKi (H3R) = 5.66) with the immepip-based H3R pharmacophores lost affinity towards the H3R receptor. 

This indicates that the addition of the spacer interferes heavily with the receptor binding. It was 

suggested that due to the short aliphatic linker the basic triazole moiety was too close to the secondary 

amine and maybe inhibited ligand binding to the receptor. Therefore, two derivatives with longer 

aliphatic linkers 55 (pKi (D1R) = 8.45; pKi (H3R) = 6.09) and 56 (pKi (D1R) = 8.28; pKi (H3R) = 6.07) were 

synthesized and tested. Although, this led to a small increase in affinity towards the H3R, there was still 

a huge loss in affinity compared to immepip (pKi (H3R)= 9.32).190 These results suggest that the 

secondary amine is not a well-suited attachment point for the connection to a linker. An alternative 

would be the coupling of the linker to the carbon atom that connects the imidazole and piperidine 

rings. Efforts in this direction were not made due to the lack of time to design and execute a new 

synthesis. 

Surprisingly, the endcapped ligands with the SCH and SKF pharmacophore 61 (pKi (D1R) = 7.91; 

pKi (H3R) = 6.30) and 62 (pKi (D1R) = 7.26; pKi (H3R) = 5.88) showed lower affinities towards their 

respective receptors than their bivalent counterparts, despite their lower molecular weight and size. 

A reason could be their lower water-solubility or negative influencing interactions with the cell-

membrane or other proteins. Nevertheless, they possess a sufficiently high affinity towards the 

receptors to be used as negative controls. Furthermore, they displayed some moderate binding affinity 

towards the H3R, including a higher affinity than the reference compounds 63 (pKi (H3R) = 5.54) and 64 

(pKi (H3R) = < 5). Apparently, the addition of the linkers and spacer increase the affinity of these 

compounds towards the H3R. Nevertheless, they are still selective for the D1R. The endcapped ligands 

with the JNJ and immepip pharmacophores 59 (pKi (H3R) = 9.99) and 60 (pKi (H3R) = 6.02) possess pKi 

values in the same range as the bivalent ligands. 

 

2.3.2  Selectivity within the dopamine and histamine receptor families 

Besides the affinity towards a specific receptor the selectivity of a ligand for a specific target is of great 

importance. Especially inside a receptor family many ligands don’t discriminate between the different 

receptor subtypes, for example the endogenous ligands. Although highly selective compounds were 

chosen as lead structures the selectivity profile must be determined for the bivalent ligands, because 

of the structural modification and the addition of a second pharmacophore. Due to the structural 

similarity of the different compounds not all the bivalent ligands were tested. 44 and 45 as most 

promising structures were tested at both receptor families. Additionally, 49 and 50 were analyzed as 

SKF-based bivalent ligands for their selectivity inside the dopamine receptor family. Because of the 

limited access to D4R-expressing cells, only 45 and 50 could be tested at this receptor. Furthermore, 
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no bivalent ligand with an immepip-based pharmacophore was evaluated for the selectivity inside the 

histamine receptor family, because of the already low affinity towards the H3R. The results of these 

binding studies are represented in Table 2.2 and Figure 2.6.  

All four compounds showed at least a 1,000-fold selectivity for the D1-like receptors compared 

to the D2R and D4R receptors (Table 2.2; Figure 2.6A-D). The affinity of these compounds for the D3R 

(pKi (D3R) = 5.15-5.60) is higher than for the D2R (pKi (D2R) < 5) and D4R (pKi (D4R) < 5), but they still 

have at least a 300-fold selectivity for the D1R. As expected, none of the ligands showed a significant 

difference (two-tailed t-test; p-value > 0.05) within the D1-like receptors (Table 2.2), except 44 (pKi 

(D1R) = 8.88; pKi (D5R) = 7.80; p-value < 0.05) which has a 10-fold higher affinity towards the D1R. In 

general, there are no compounds published, that possess a high selectivity for the D1R over the D5R. 

As SCH is not selective for the D1R over the D5R and SKF hasn’t been tested at the D5R no preference 

for one of those receptors was expected for any of the bivalent ligands.204  
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Table 2.2: Selectivity of compounds 44, 45, 49 and 50. 

cmpd 
pKi ± SEMa   D1R selectivity     pKi ± SEMb   H3R 

selectivity 

D1Rc N D2Rd N D3Re N D4Rf N D5Rg N   Ki(D2,4R) 
/ Ki(D1R)  

Ki(D3R) / 
Ki(D1R)      H1Rh N H2Ri N H3Rk N H4Rl N   Ki(H1,2,4R) 

/ Ki(H3R)  

44 
8.88 

± 
0.07 

3 < 5 3 
5.15 

± 
0.18 

3 n.d. --- 
7.80 

± 
0.08 

3  > 40,000 > 6,000   < 5 3 < 5 3 
10.21 

± 
0.08 

3 < 5 3  > 100,000 

45 
8.67 

± 
0.10 

4 < 5 3 
5.60 

± 
0.03 

3 < 5 3 
8.32 

± 
0.09 

3   > 4,500 > 950     < 5 3 < 5 3 
10.00 

± 
0.03 

3 < 5 3   > 100,000 

49 
8.58 

± 
0.06 

3 < 5 3 
5.30 

± 
0.19 

3 n.d. --- 
8.25 

± 
0.17 

3  > 7,500 > 1,500   n.d. --- n.d. --- n.d. --- n.d. ---   

50 
8.39 

± 
0.12 

3 < 5 3 
5.46 

± 
0.19 

3 <5  3 
7.66 

± 
0.07 

3   > 2,000 > 300      n.d. --- n.d. --- n.d.  --- n.d. ---     

aCompetition binding experiments at HEK-293T cell homogenates stably expressing the hD1R, hD2longR, hD3R, hD4.4R, or hD5R.201,205 bCompetition binding assay at HEK293-SP-
FLAG-hH1R, HEK293-SP-FLAG-hH2R, HEK293-SP-FLAG-hH3R or HEK293-SP-FLAG-hH4R cells.4,157,202 cDisplacement of 0.2 nM, 0.4 nM or 1 nM [3H]SCH-23390 (Kd = 0.4 nM). 
dDisplacement of 0.05 nM [3H]N-Methylspiperone (Kd = 0.014 nM). eDisplacement of 0.05 nM [3H]N-Methylspiperone (Kd = 0.014 nM). fDisplacement of 0.10 nM [3H]N-
Methylspiperone (Kd = 0.078 nM). gDisplacement of 1 nM [3H]-SCH-23390 (Kd = 0.4 nM). hDisplacement of 5 nM [3H]mepyramine (Kd = 3 nM). iDisplacement of 50 nM [3H]UR-DE-
257206 (Kd = 66.9 nM). kDisplacement of 4 nM [3H]UR-PI-294203 (Kd = 5 nM). lDisplacement of 4 nM [3H]UR-PI-294 (Kd = 5 nM). 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 a four parameter sigmoidal concentration-response curves. 
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Figure 2.6: Representative competition binding curves of 44 (A), 45 (B), 49 (C) and 50 (D) at the 
dopamine receptors. Representative competition binding curves of 44 (E) and 45 (F) at the histamine 
receptors. 

 

44 and 45 were chosen as JNJ-based compounds to test the affinity inside the histamine 

receptor family, because they show the best overall binding profile at both receptors. Fortunately, 

both compounds retained the extraordinary selectivity of the JNJ lead compound. As no affinity 

towards any of the other histamine receptors could be detected (Figure 2.6E, F) they are at least 

100,000-fold selective towards the H3R compared to the H1R, H2R, and H4R.  

These results prove the compounds, especially 44 and 45, to be selective and high-affinity 

bivalent ligands for the D1R and H3R. 



Chapter 2 

50 

2.3.3  Functional characterization of selected bivalent ligands 

After determining the affinity and selectivity of the bivalent ligands it was important to verify their 

biological mode of action (efficacy). The structural changes caused by the addition of the large spacers 

can lead to a change in biological activity, even if the affinity towards a receptor is maintained.140,173 

Because of the structural similarity regarding the pharmacophores and their linkers not all the 

compounds were tested, but only those with the highest affinity to the receptor of each 

pharmacophore using the LANCE Ultra cAMP detection kit (PerkinElmer).  

 

2.3.3.1 LANCE Ultra cAMP detection assay 

Activation or inhibition of Gαs- or Gαi-coupled GPCRs modulates the intracellular cAMP levels by the 

activation or inhibition of the ACs. Therefore, the cAMP concentration is a suitable marker for the 

distinction between GPCR agonists and antagonists.  

The LANCE Ultra cAMP detection kit (PerkinElmer, Germany) allows the detection of 

intracellular cAMP concentrations by time-resolved fluorescence resonance energy transfer (TR-FRET). 

The FRET between Europium-labelled cAMP (FRET donor) and cAMP-specific monoclonal antibodies 

labelled with the ULightTM dye (FRET-acceptor) is measured. After addition and incubation with the 

agonist or antagonist both FRET-components are added to the cells. The biogenic cAMP from the cells 

competes with the Eu-labelled cAMP for the binding sites at the antibody (Figure 2.7). Therefore, the 

cAMP concentration correlates with the FRET intensity (the higher the cAMP concentration the lower 

the FRET intensity). 

 

Figure 2.7: Schematic principle of the LANCE Ultra cAMP detection kit. On the left side FRET takes place 
between the antibody-bound Eu-labelled cAMP and the fluorophore of the antibody. At the right 
unlabelled cAMP displaced the Eu-labelled cAMP, therefore no FRET takes place. Created with 
BioRender.com. 
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2.3.3.2 Results of the cAMP detection assay 

The easiest setup for this assay is the agonist mode at a Gαs-coupled GPCR (e.g. D1R). The addition of 

an agonist leads to an increase of intracellular cAMP levels, which can be measured and transformed 

into a dose-response curve. To perform the assay in the antagonist mode the cells are treated with a 

constant concentration of an agonist and increasing concentrations of the antagonist, to measure the 

decrease of the cAMP levels.  

First the bivalent ligands with SKF-based pharmacophores (49 and 50), the endcapped ligand 

62, and the reference compound 64 were tested. Unfortunately, none of the compounds showed a 

pronounced agonistic effect at the D1R (Figure 2.8A). Only at high concentrations of 10 μM an efficacy 

of 20 % was observed. The effect caused by 500 nM of the full agonist SKF-81297 (Figure 1.4)177 was 

set as 100 % efficacy. Surprisingly, the reference compound 64 didn’t act as an agonist as well, despite 

only small modifications compared to the lead structure SKF-75760. These results indicate that the 

chosen lead structure is not suited for the synthesis of a bivalent ligand with an agonistic 

pharmacophore for the D1R. The same experiments were conducted at D1R and H3R co-expressing cells. 

The total levels of cAMP upon activation with 500 nM of SKF-81297 were lower than in cells only 

expressing the D1R. This suggests a negative cross-talk between both receptors, which was previously 

described.61 Nevertheless, no difference in the ligands mode of action was observed (Figure 2.8B).  
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Figure 2.8: Dose-response curves of 44, 45, 49, 50, 61, 62, 63, and 64 in the functional cAMP assays. A: 
Dose-response curves at HEK-293T cells transiently expressing the hD1R (agonist mode). B: Dose-
response curve at HEK-293T cells transiently expressing the hD1R and hH3R (agonist mode). C: Dose-
response curves at HEK-293T cells transiently expressing the hD1R. Inhibition of 500nM SKF-81297 
(antagonist mode). D: Dose-response curves at HEK-293T cells transiently expressing the hD1R and 
hH3R. Inhibition of 500nM SKF-81297 (antagonist mode). The cAMP concentration induced by 500 nM 
of SKF-81297 is set as 100 %. Graphs represent the means of three independent experiments each 
performed in triplicate. Data were analyzed by nonlinear regression and were best fitted to four 
parameter sigmoidal concentration-response curves. 

 

The next step was the analysis of the bivalent ligands with a SCH-based D1R pharmacophore 

(44 and 45), the respective endcapped ligand 61, and the reference ligand 63. To measure the 

antagonistic effect of these compounds, the D1R was activated with 500 nM of SKF-81297 (100 % 

efficacy). All four compounds could completely inhibit the activation of the receptor at high 

concentrations at both D1R and D1R-H3R co-expressing cells (Figure 2.8A,B). The pIC50 values are 

presented in Table 2.3. As expected, because of the higher binding affinity, the reference compound 

64 has a higher pIC50 value than the bivalent and endcapped ligands. Furthermore, for 45 a significantly 

higher pIC50 value at the D1R-H3R co-expressing cells was measured compared to the D1R expressing 

cells (two-tailed t-test, p = 0.047). This could be an indication for a higher binding affinity of 45 at D1-

H3 Hets. For compounds 44, 62, and 64 no significant difference between both cell types was observed.  
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Table 2.3: Functional data of compounds 44, 45, 49, 50, 55, 59, 61, 62, 63, 64 and imetit. 

cmpd 
  pIC50   pEC50 

  D1Ra N D1R 
H3Rb N H3Rc N   H3Rd α [ %]e  

(H3R)  N D1Rf α [ %]e 

(D1R) N 

44  6.23 ± 
0.19 3 6.24 ± 

0.22 3 7.84 ± 
0.44 3  n.d. n.d. --- n.d. n.d. --- 

45   5.83 ± 
0.04 3 6.36 ± 

0.11 3 8.08 ± 
0.16 3   n.d. n.d. --- n.d. n.d. --- 

49  n.d. --- n.d. --- n.d. ---  n.d. n.d. --- n.a. n.a. 3 

50   n.d. --- n.d. --- n.d. ---   n.d. n.d. --- n.a. n.a. 3 

55  n.d. --- n.d. --- n.d. ---  7.36 ± 
0.32 

72.4 ± 
9.0 3 n.d. n.d. --- 

59   n.d. --- n.d --- 7.21 ± 
0.53 3   n.d. n.d. --- n.d. n.d. --- 

61  6.24 ± 
0.30 2 6.29± 

0.06 2 n.d. ---  n.d. n.d. --- n.d. n.d. --- 

62   n.d. --- n.d. --- n.d. ---   n.d. n.d. --- n.a. n.a. 3 

63  7.27 ± 
0.32 3 7.22 ± 

0.17 2 n.d. ---  n.d. n.d. --- n.d. n.d. --- 

64   n.d. --- n.d. --- n.d. ---   n.d. n.d. --- n.a. n.a. 3 

imetit  n.d. --- n.d. --- n.d. ---  8.62 - 
9.90207,208 100 --- n.d. n.d. --- 

acAMP assay performed at HEK-293T cells transiently expressing the hD1R; inhibition of 500 nM SKF-81297. 
bcAMP assay performed at HEK-293T cells transiently expressing the hD1R and the hH3R; inhibition of 500 nM 
SKF-81297. ccAMP assay performed at HEK-293T cells transiently expressing the hH3R; cAMP production was 
stimulated with forskolin; inhibition of 500 nM imetit. dcAMP assay performed at HEK-293T cells transiently 
expressing the hH3R; cAMP production was stimulated with forskolin; pEC50 values of imetit were taken from 
literature. eIntrinsic activity α; effect of 500 nM imetit (H3R) or SKF-81297 (D1R) was set as 100 %. fcAMP assay 
performed at HEK-293T cells transiently expressing the hD1R. 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 four parameter sigmoidal concentration-response curves. n.d. = not determined: n.a. = not active. 

 

The same experiments were performed activating the H3R instead of the D1R. Because the H3R 

is Gαi-coupled, the activation of this receptor with an agonist does not lead to a detectable change in 

intracellular cAMP levels. Therefore, forskolin, an agonist for the ACs, is used to induce intracellular 

cAMP production. The agonistic effect at the H3R could then be determined by measuring the decrease 

in intracellular cAMP levels, thus the inhibition of the forskolin-activated ACs by the activated Gαi 

protein. This leads to an inversion of the dose-response curves compared to the D1R. While agonists 

lower the cAMP levels, antagonists counteract this effect, leading to an increase of the cAMP 

concentrations.  
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Bivalent ligands 44 and 45, as well as the endcapped ligand 59 were tested in the antagonist 

mode. All three ligands could completely inhibit the agonistic effect of the H3R selective full agonist 

imetit209 (c = 500 nM; Figure 2.9A). In accordance with the binding data, the pIC50 values of 44 and 45 

are higher compared to the endcapped ligand 59 (Table 2.3). Additionally, the immepip-based bivalent 

ligand 55 was tested for an agonistic effect at the H3R. A concentration-dependent decrease of the 

intracellular cAMP levels could be observed (Figure 2.9B). 55 was characterized as a partial agonist 

with an intrinisic activity α of 72 % compared to imetit and a pEC50 value of 7.36. The higher pEC50 value 

compared to the the pKi value (6.09) can be explained by the different assay systems, which can lead 

to an amplification of the signal because of measuring further downstream. 

 

Figure 2.9: Dose-response curves of 44, 45, 55, and 59 in the functional cAMP assays. A: Dose-response 
curves at HEK-293T cells transiently expressing the hH3R; inhibition of 500nM Imetit (antagonist 
mode). B: Dose-response curve at HEK-293T cells transiently expressing the hH3R (agonist mode). The 
cAMP concentration induced by 500 nM forskolin was set as 100 % and the concentration with imetit 
(500 nM) added was set as 0 %. Graphs represent the means of three independent experiments each 
performed in triplicate. Data were analyzed by nonlinear regression and were best fitted to three 
parameter sigmoidal concentration-response curves. 

 

Unfortunately, the selective full H3R agonist imetit (pEC50 = 8.62-9.90)207,208 could only reduce 

the forskolin-induced cAMP generation by a small margin, which made the determination of pIC50 

values for the JNJ-based bivalent ligands more difficult and increased the errors. One reason for the 

small effect of imetit could be a low receptor expression leading to a weak cellular response, not strong 

enough to efficiently antagonize forskolin. Additionally, forskolin activates all of the transmembrane 

adenylyl cyclases (AC 1-8)210,211 except AC9,212,213 whereas Gαi-subunits mainly inhibit AC1, AC5, and 

AC6.214,215 This selective inhibition could also lead to a lower inhibitory response upon H3R activation. 

Using D1R and H3R co-expressing cells imetit could not reduce the cAMP levels in a significant manner, 

again indicating a negative cross-talk between both receptors.61 Therefore, no dose-response curves 

could be recorded using these cells activating the H3R.  
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2.3.4  In vitro neuroprotection of 45 

The D1-H3 Het was reported to have neuroprotective properties and its inhibition by H3R antagonists 

led to a reduction of excitotoxic cell death (see chapter 1.4).131 Based on these results, the antagonistic 

bivalent ligands should be able to reduce the Aβ-induced cell death in neurons. To test this hypothesis, 

cortex cells from mice embryos were extracted and cultivated. After seven days Aβ (c = 500 nM) and 

the respective compounds were added. After an additional seven days the cells were detached from 

the culture plate and the percentage of live cells versus total cells was determined by trypan blue 

staining. The results are depicted in (Figure 2.10). Because of the limited number of available cells only 

the most promising compound 45 was tested. Additionally, the endcapped ligands 59 and 61 were 

used as negative controls to determine if the bivalent ligand has a more pronounced neuroprotective 

effect, due to a possible higher affinity towards the receptor dimer. 

All three compounds were able to reduce the Aβ-induced cell death, with 45 showing the most 

pronounced effect at concentrations of 10 and 100 nM (Figure 2.10A). Focusing on 45, a concentration-

dependent neuroprotective effect was observed with a significant reduction in cell death at 

concentrations of 10 and 100 nM compared to the addition of Aβ alone (Figure 2.10B). The strongest 

neuroprotective effect was observed at 100 nM, significantly higher compared to the lower 

concentrations of 10 and 100 pM. An increase of the concentration up to 1 μM led to a lower 

percentage of live cells. This is probably caused by an overdose effect, a neurotoxic effect of the 

compound itself at high concentrations. This was observed for all three compounds and confirmed by 

the fact that the addition of 1 μM of the compounds alone without Aβ had a neurotoxic effect 

compared to the blank control. Comparing the three compounds at the concentration of 100 nM a 

stronger neuroprotective effect of 45 was observed, although only compared to 59 the difference was 

statistically significant (Figure 2.10C).  

Overall, this data supports the hypothesis of a neuroprotective potential for the D1-H3 Het and 

indicates a higher binding affinity and stronger neuroprotective effect of the bivalent ligands compared 

to the endcapped controls.  
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Figure 2.10: Cell death assay at mouse embryonal cortex cells. A: Results of compounds 45, 59 and 61. 
B: Isolated results of 45. C: Comparison of the three compounds at a concentration of 100 nM. Data 
represent mean values ± SEM of two (59 and 61) or four (45) different experiments on two different 
days, each performed in triplicate or quadruplicate. One-way ANOVA followed by Bonferroni’s post 
hoc test showed significant effects between different concentrations (* p < 0.5; ** p < 0.01; *** p < 
0.001; **** p < 0.0001). 
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2.4 Conclusion 

The project of the bivalent ligands started by designing them on paper. Based on SAR and modeling 

results connection points and functional groups were chosen to attach the linkers to the 

pharmacophores. After designing the ligands, the synthesis had to be developed and executed. All 

pharmacophores could be synthesized with the desired linker that added a C-C triple bond, forming 

building blocks for the final bivalent ligands. Additionally, a set of spacers with different lengths with 

terminal azide-groups was synthesized. This allowed the connection of the building blocks and spacers 

by the CuAAC reaction. The synthetic approach of connecting all parts at the end allowed a synthesis 

of 16 bivalent and four endcapped ligands without the need for an individual pharmacophore for each 

target structure. Bivalent ligands with the same pharmacophores but different spacer lengths were 

synthesized because the needed length for a bivalent binding mode was unknown. 

All final compounds were tested in competition binding assays for their affinity towards the 

D1R and H3R and fortunately they retained a high affinity towards both receptors. Only for the 

immepip-based bivalent ligands a big loss in affinity was observed towards the H3R. Especially 

compounds 44 and 45 showed exceptional high affinity at both receptors in the low nanomolar (D1R) 

and sub-nanomolar (H3R) range, which is remarkable for ligands of that size. Additionally, selected 

compounds were tested for their selectivity inside the dopamine and histamine receptor family. A high 

selectivity was achieved for all tested ligands, except for the D5R. This was to be expected since the 

lead structures SCH and SKF aren’t selective within the D1-like receptor sub-family. Functional analysis 

of selected compounds revealed that all pharmacophores retained their mode of action, except the 

SKF-based ligands. Instead of activating the D1R they acted as silent antagonists in a cAMP detection 

assay.  

Finally, 45, the most promising compound based on the previous results, was tested in an in 

vitro neuroprotection assay using primary cortex cells of mice embryos. A significant reduction in Aβ-

induced cell death was observed, which was higher than the effect of the endcapped ligands 59 and 

61. These results highlight the neuroprotective properties of the D1-H3 Het and the potential of bivalent 

ligands to target this receptor complex with a higher affinity than monovalent ligands. 

Radioligand competition binding assays at cells co-expressing the D1R and H3R, to prove a 

bivalent binding mode, are currently ongoing as part of the PhD project of Denise Mönnich. Preliminary 

results are very promising and indicate that the bivalent ligands are indeed able to bind simultaneously 

both receptors, but different control experiments are still needed to confirm this hypothesis. 
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3. Fluorescent ligands for the D1R 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The following experimental work was performed by co-authors: 

 

NanoBRET studies:   Denise Mönnich (University of Regensburg, Germany) 

Gi2-BRET sensor and assays:  Hannes Schihada (Phillips-University Marburg, Germany) 

Confocal microscopy: Steffen Pockes (University of Regensburg, Germany),  

Irene Reyes-Resina (University of Barcelona, Spain) 

 



Chapter 3 

60 

3.1 Design of the fluorescent ligands 

Fluorescent ligands can be considered as an entity of three distinct parts: the pharmacophore, the 

linker, and the fluorescent dye (Figure 3.1). Each of the three parts must be chosen individually based 

on the intended use of the final fluorescent ligand.143,145,216 

 

Figure 3.1: Chemical structure of 76 as an example for the schematic design of a fluorescent ligand. 

 

The same lead structure that was chosen for the bivalent ligands was used for the fluorescent 

ligands (SCH-23390). Besides the high affinity and selectivity the antagonistic mode of action was 

important, because agonists can induce receptor internalization and degradation which could be 

disadvantageous for binding studies.145,174 Furthermore, the same attachment point and functional 

connecting group, that proved to be successful for the bivalent ligands, were used for the connection 

of the pharmacophore to the linker.  

Based on previously described D1R fluorescent ligands, which had the fluorescent dye directly 

attached to the ligand, two compounds with a short alkylic linker were synthesized.217 Additionally, 

fluorescent ligands with longer PEG-based linkers were prepared, which should allow the fluorophore 

to reach outside the binding pocket and therefore have less influence on the ligand binding. PEG-based 

linkers are commonly used in fluorescent ligands because they usually don’t interact with cell 

membranes, are chemically stable and well soluble in water.218 The connection of the pharmacophore 

with the PEG-unit was performed in three steps. First a short alkylic spacer was attached to the 

pharmacophore which was then connected via a peptide coupling reaction to propargylamine. This 
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product was coupled via a CuAAC reaction to a PEG-2 or PEG-3 unit, which were orthogonally 

functionalized with a primary amine and an azide group (70, 34a).  

The choice of the fluorescent dye is crucial and depends mainly on the intended use of the final 

fluorescent ligand. Important criteria to consider are spectral properties, quantum yield, solubility, 

solvatochromic effects, chemical stability, photostability, commercial availability, and an efficient 

coupling to the pharmacophore.145 The 5-TAMRA fluorescent dye was chosen to label the ligands, 

because it is known to yield excellent results in the NanoBRET binding assay and is also suited for 

fluorescent microscopy and single-molecule TIRF imaging.152,157,219–222 Additionally, DY549-P1 (Dyomics 

GmbH, Jena, Germany) was used, as it possesses similar spectral properties as 5-TAMRA and therefore 

should be suitable for the NanoBRET assay as well. Furthermore, it was reported to yield excellent 

results in single molecule microscopy.223 Both dyes are hydrophilic, which makes them less prone to 

interactions with cell membranes than, for example, BODIPY fluorescent dyes, leading to lower 

nonspecific binding.224 
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3.2 Chemistry 

The synthesis of the fluorescent ligands can be separated into three parts: the synthesis of the 

pharmacophore, the linkers and the connection of the different structures including labeling with a 

fluorescent dye.  

The synthesis of the pharmacophore for the fluorescent ligands followed the same synthetic 

route as for the bivalent ligands. In order to synthesize the fluorescent ligands with the short alkylic 

linkers, an acetyl instead of a triisopropyl silyl protecting group was introduced at the phenolic hydroxy 

group of 11a yielding 65 which was subsequently reduced by palladium catalyzed hydrogenation to 

afford the aniline 66 (Scheme 3.1A). To introduce the sulfonamide moiety the commercially available 

N-(3-bromopropyl)phthalimide was converted to the sulfonyl chloride 67 (Scheme 3.1B). Coupling of 

67 with 66 in the presence of pyridine afforded 68 in good yields. Simultaneous deprotection of the 

acetyl and phthalimide groups with hydrazine in ethanol afforded the final precursor for the 

fluorescent ligands (69), which was purified by preparative HPLC.  

Scheme 3.1: Synthesis of fluorescent ligand precursor 69.a 

 

a Reagents and conditions: i) AcCl, NEt3, DCM, rt, overnight, 77 %; ii) H2, Pd/C, MeOH/DCM (1:1), rt, overnight, 
95 %; iii) 67, pyridine, CHCl3, 50 °C overnight, 62 %; iv) hydrazine hydrate, EtOH, 80 °C, overnight, 23 %; v) 1. 
thiourea, EtOH, 80 °C, 1 h, 2. NCS, MeCN, HCl (2 N), 10 °C, 30 min, 89 %. 

 

For the synthesis of the fluorescent ligands with the PEG-based linkers the same building block 

that was synthesized for the bivalent ligands (20) could be used, as well as the linker 35a. An additional 

PEG-linker of shorter length was synthesized (72 via 70 and 71) using the same reaction protocol that 

was used previously for the bivalent ligands (Scheme 3.2A).195 The linkers were connected to 20 using 

the CuAAC reaction, affording the fluorescent ligand precursor molecules 73a and 73b (Scheme 3.2B).  
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Scheme 3.2: Synthesis of precursor molecules 73a and 73b.a 

 

a Reagents and conditions: i) MsCl, NEt3, DCM, rt, overnight, 96 %; ii) NaN3, EtOH/DMF (4:1), reflux, overnight, 
98 %; iii) PPh3, EtOAc/THF/1N aq. HCL (5:1:5), rt, overnight, 60 %; iv) 72 or 35a, CuSO4*H2O, ascorbic acid, 
DCM/MeOH (4:1), rt, 72h, 8-14 %. 

 

Most of the commercial fluorescent dyes are available as N-hydroxy succinimidyl (NHS) esters. 

These activated esters are ideally suited for labeling at primary amino groups. Therefore, the precursor 

molecules were designed and synthesized accordingly. To synthesize the final fluorescent ligands an 

excess of precursor and NEt3 was dissolved in DMF. The fluorescent dye NHS ester was added and the 

reaction vessel was shaken at room temperature for 3 h under the exclusion of light. After quenching 

the reaction with aqueous TFA the fluorescent ligands could be purified by preparative HPLC. This 

reaction protocol allowed the synthesis of six different fluorescent ligands (74-79) in satisfactory yields 

(Scheme 3.3). 

Scheme 3.3: Synthesis of fluorescent ligands 74-79.a 

 

a Reagents and conditions: i) 5-TAMRA-NHS ester or DY549-P1-NHS ester, NEt3, DMF, rt, 3 h, 39-89 %. 
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The purity and stability of all fluorescent ligands was determined by HPLC (HPLC runs are 

presented in the Appendix; chapter 8.1). The chemical structure of all synthesized compounds was 

proven by 1H and 13C NMR as well as HRMS. The final fluorescent ligands were only characterized by 

HRMS because of the small amount obtained from these compounds. The chemical structures of the 

fluorescent ligands are presented in the Appendix (chapter 8.3). 
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3.3 Fluorescence properties 

The fluorescence properties are usually not affected heavily by the addition of a ligand, if the 

fluorophore is chemically not changed, as it’s the case for the 5-TAMRA and DY549-P1 dye. 

Nevertheless, the absorption and emission spectra and the quantum yield should be determined for 

new fluorescent ligands. The knowledge of the excitation and emission spectra and a high quantum 

yield are essential for their use in pharmacological assays and fluorescence microscopy. Because of the 

similar fluorescent dyes emission and excitation spectra of only 76-79 were recorded, as they were 

thought to be the most affine ligands (Figure 3.2). The spectra were recorded in PBS buffer containing 

1 % of BSA because most of the pharmacological assays and fluorescence microscopy experiments are 

performed in aqueous media. The excitation and emission maxima are presented in Table 3.1. 

 

Figure 3.2: Excitation and emission spectra of 76 (A), 77 (B), 78 (C), and 79 (D). 

 

The quantum yield of these compounds were determined in PBS buffer containing 1 % BSA for 

all four compounds and additionally in PBS buffer for compounds 77 and 78 following a previously 

published protocol.225 77 and 79 weren’t analyzed in both media due to the limited amount of the 

DY549-P1-labeled fluorescent ligands. To determine the quantum yield of the novel ligands, the 

absorption at the maximal excitation wavelength (λexc,max) was determined. Afterwards, the emission 
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spectrum was recorded and corrected by the subtraction of the blank spectra and multiplication with 

a lamp correction factor. The quantum yield was then calculated by the following formula:225 

𝛷! =	
𝐴"
𝐴!

×
𝐹!
𝐹"
× '

𝜂!
𝜂"
)
#
× 𝛷" 

with A being the absorption, F the integral of the emission spectra, η the refractive indices of 

the solvents, and Φ the quantum yield. The denominator s refers to the reference fluorescent dye 

cresyl violet perchlorate with a known quantum yield in ethanol of 54 %, whereas x refers to the 

unknown fluorescent ligand. The results are presented in Table 3.1. The 5-TAMRA-labeled compounds 

(76 and 78) have a higher quantum yield of approximately 36 % in PBS buffer compared to the DY549-

P1-labeled ligands (77 and 79; approx. 19 %). Furthermore, it was observed that the addition of 1 % 

BSA led to a decrease in the quantum yield of the 5-TAMRA-labeled fluorescent ligands, but they still 

have a satisfactory quantum yield of 30 %.  

Based on these results all four ligands, but especially 76 and 78, should be suitable for the use 

in NanoBRET assays as well as in fluorescence microscopy. 

Table 3.1: Fluorescence properties of compounds 76-79. 

cmpd λexc,max/λem,max (nm) absorbance 
Φ ( %)a 

PBS PBS + 1 % BSA 

76 559 / 586 0.20 36.77 ± 0.41 29.47 ± 0.35 

77 561 / 575 0.16 n.d. 19.06 ± 0.26 

78 559 / 585 0.14 36.52 ± 0.44 30.77 ± 0.43 

79 560 / 574 0.15 n.d. 18.00 ± 0.33 

a Data shown are mean values ± SEM three different slit adjustments (exc./em.): 5/5 nm, 5/10 nm, 10/10 nm. 
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3.4 Pharmacological characterization 

Because of the structural modifications of the lead structure and the addition of the fluorescent dye 

the fluorescent ligand represents a new pharmacological entity and has to be analyzed carefully, 

before it can be used in different experimental setups. To test the affinity towards the D1R and D5R 

and the suitability for the NanoBRET assay, saturation binding assays at cells stably expressing the 

NLuc-hD1R and NLuc-hD5R-Nluc were performed. Additionally, competition radioligand binding studies 

at all wild type receptors of the dopamine receptor family were executed. Thereby, the influence of 

the genetical modification of the receptor on ligand binding at the D1-like receptors and the selectivity 

towards the D2-like receptors could be determined. The most promising compound was analyzed for 

its biological mode of action and suitability for confocal microscopy. 

 

3.4.1  NanoBRET binding assays 

The first step in the pharmacological characterization of a novel compound is the determination of its 

affinity towards the target protein. To achieve this and simultaneously assess the suitability of the 

fluorescent ligands for the NanoBRET assay, saturation binding experiments with all compounds were 

performed at cells stably expressing the NLuc-hD1R fusion protein. If the ligand binds the receptor and 

the fluorophore is in the right orientation towards the NLuc it’s excited by BRET and the BRET ratio can 

be determined (see chapter 1.6).  

Preliminary results by Denise Mönnich showed a saturable BRET signal for all compounds 

except 75 and representative saturation binding curves could be recorded (Figure 3.3). Based on these 

saturation binding curves pKd values were calculated (Table 3.2). Generally, the 5-TAMRA-labeled 

ligands (pKd (D1R) = 7.79-8.20) showed higher affinity and higher BRET ratios at the D1R compared to 

the DY549-P1-labeled ligands (pKd (D1R) = 7.19-7.39), with 76 exhibiting the highest pKd value of 8.20 

and the highest BRET signal. Furthermore, for all ligands a low nonspecific binding was observed, which 

is usually the case in NanoBRET assays, because all binding events, that are not in close proximity to 

the NLuc, are not detected. The absence of a BRET signal using 75 as a fluorescent ligand can be caused 

by the lack of binding to the receptor or by an unfavorable orientation of the fluorophore towards the 

NLuc. Therefore, saturation binding experiments at higher concentration need to be performed to 

determine if the concentration of 50 nM is not sufficient for ligand binding. Additionally, radioligand 

binding assays should be performed at the same receptor to measure ligand binding even if no BRET 

signal can be detected due to an unfavorable orientation of the fluorophore and NLuc. 
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Figure 3.3: Representative isotherms from saturation binding experiments with 76 (A) and 78 (B) at 
the NLuc-hD1R stably expressed in HEK293T cells. 

 

Table 3.2: Binding data of 74-79 from NanoBRET saturation binding experiments at the D1R. 

cmpd pKd D1R (NanoBRET)a N 

74 7.79 ± 0.05 2 

75 no BRET signal 1 

76 8.20 ± 0.04 2 

77 7.19 1 

78 7.96 1 

79 7.33 1 

aExperiments were performed at HEK293T cells stably expressing the NLuc-hD1R. Data represent mean ± SEM of 
N independent experiments, each performed in triplicate. Data were analyzed by nonlinear regression and were 
best fitted to saturation binding curves. 

 

3.4.2  Radioligand binding studies 

The NanoBRET assay possesses various advantages over radioligand binding assays (see 

chapter 1.6) but a possible disadvantage is the genetical modification of the receptor by the addition 

of the NLuc. Radioligand binding studies at all five wild type dopamine receptors were performed to 

investigate a potential influence of the receptor modification and to determine the selectivity of the 

fluorescent ligands inside the dopamine receptor family (Figure 3.4). Comparing these results (Table 
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3.3) with the binding constants from the NanoBRET saturation binding experiments (Table 3.2) a big 

difference was observed for compound 74 (pKi (D1R) = 6.40; pKd (D1R) = 7.79). For the other 5-TAMRA 

labeled ligands 76 (pKi (D1R) = 8.34; pKd (D1R) = 8.20) and 78 (pKi (D1R) = 8.02; pKd (D1R) = 7.96) both 

experiments are in good agreement, whereas the DY549-P1-labeled ligands 77 (pKi (D1R) = 6.54; pKd 

(D1R) = 7.19) and 79 (pKi (D1R) = 6.85; pKd (D1R) = 7.33) show a higher affinity in the NanoBRET setup. 

Generally, it seems that the addition of the NLuc to the receptor only has a major effect on the binding 

of 74. However, additional saturation and competition binding assays using the NanoBRET setup 

should confirm its validity as an alternative to radioligand binding studies. Additionally, the radioligand 

binding results confirm the fact that the 5-TAMRA labeled ligands show a higher affinity towards both 

the D1R and D5R comparing them to their DY549-P1-labeled counterparts.  

The selectivity of the most affine ligands 76 (pKi (D1R) = 8.34; pKi (D5R) = 7.62) and 78 (pKi (D1R) 

= 8.02; pKi (D5R) = 7.65), compared to the D2-like receptors, was determined (Figure 3.4C, D). Both 

compounds are over 1,000-fold selective compared to the D2R and D4R. Analogous to the bivalent 

ligands they display a lower selectivity comparing the D1-like receptors to the D3R but still have at least 

a 100-fold selectivity for the D1R and D5R. 

Because of their high affinity, selectivity, and quantum yield 76 and 78 are promising structures 

for additional studies at the D1-like receptors. 

Table 3.3: Data from radioligand binding assays at the dopamine receptors. 

cmpd 

pKi ± SEMa   D1,5R selectivity 

D1Rb N D2Rc N D3Rd N D4Re N D5Rf N   
Ki (D2,4R) 

/ 
Ki (D1,5R)  

Ki (D3R)  
/ 

Ki(D1,5R)  

74 6.40 ± 
0.39 3 n.d. --- n.d. --- n.d. --- n.d. --- 

 
  

75 8.00 ± 
0.18 4 n.d. --- n.d. --- n.d. --- n.d. --- 

 
  

76 8.34 ± 
0.21 3 < 5 3 5.67 ± 

0.06 3 < 5 3 7.62 ± 
0.03 3 

 
> 1,000 > 100 

77 6.54 ± 
0.23 3 n.d. --- n.d. --- n.d. --- 6.03 ± 

0.12 3 
 

  

78 8.02 ± 
0.14 3 < 5 3 5.57 ± 

0.03 3 < 5 3 7.65 ± 
0.14 3 

 
> 1,000 > 100 

79 6.85 ± 
0.07 3 n.d. --- n.d. --- n.d. --- 6.06 ± 

0.10 3 
   

aCompetition binding experiments at HEK-293T cell homogenates stably expressing the hD1R, hD2longR, hD3R, 
hD4.4R, or hD5R. bDisplacement of 1 nM [3H]SCH-23390 (Kd = 0.4 nM). cDisplacement of 0.05 nM [3H]N-
methylspiperone (Kd = 0.014 nM). dDisplacement of 0.05 nM [3H]N-methylspiperone (Kd = 0.014 nM). 
eDisplacement of 0.10 nM [3H]N-methylspiperone (Kd = 0.078 nM). fDisplacement of 1 nM [3H]SCH-23390 (Kd = 
0.4 nM). 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. 
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Figure 3.4: Representative competition binding curves of the fluorescent ligands at the D1R (A) and D5R 
(B). Representative displacement curves of 76 (C) and 78 (D) at the D1-5R.  

 

3.4.3  Functional characterization of the fluorescent ligands 

The knowledge of the fluorescent ligand’s mode of action is of utmost importance for the different 

possible applications. For example, as a tracer in the NanoBRET binding assay an antagonist is preferred 

because agonists can induce receptor internalization, which could alter the results and lead to wrong 

interpretations of the obtained data. To determine the functional activity of the novel fluorescent 

ligands, 76 was tested by Dr. Hannes Schihada (Phillips-University Marburg, Germany) in a previously 

published G protein biosensor assay.226 For this assay, the Gαs-subunits are tagged with the NLuc as 

BRET donor and the Gγ-subunits with the circulary permuted Venus (cpVenus173) yellow fluorescent 

protein as a BRET acceptor. If the G protein is in its heterotrimeric form a BRET signal can be detected. 

Activation of the GPCR of interest leads to the dissociation of the Gα-subunit from the Gβγ-subunit 

(see chapter 1.1.1.1.) and therefore to a decrease of the BRET signal.226 Since all of the fluorescent 

ligands contain the same pharmacophore only 76 was analyzed as the most promising compound. 

76 was tested in cells transiently expressing the D1R or D5R together with the Gαs NanoBRET 

biosensor. First, the experiments were performed in the agonist mode to analyze if the addition of the 

fluorescent ligand leads to a decrease in the BRET signal, thus activates the receptor (Figure 3.5A). Only 
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at high concentrations of 1 μM a slight decrease could be observed, which is most likely an optical 

artefact, because receptor binding should already take place at lower concentrations (see Table 3.3). 

Additionally, it was tested if 76 could counteract the dopamine-induced activation of the D1R and D5R 

(Figure 3.5B). For this purpose, both receptors were incubated with increasing concentrations of 76 

and then 1 μM of dopamine was added. Indeed, 76 could completely inhibit the dopamine induced 

activation of both receptors (IC50 (D1R) = 117 nM; IC50 (D5R) = 11 nM). These results confirmed that 76 

acts as a neutral antagonist at the D1-like receptors and should therefore be suitable as a fluorescent 

tracer in the NanoBRET binding assay. 

 

Figure 3.5: Dose-response curves of 76 at the Gαs biosensor assay. A: Dose-response curves of 76 in 
the agonist mode. B: Inhibition of 1 μM dopamine by 76. Graphs represent the means of three 
independent experiments each performed in duplicate. Data were analyzed by nonlinear regression 
and were best fitted to sigmoidal concentration-response curves.  
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3.5 Fluorescence Microscopy 

Fluorescence microscopy is a useful tool to detect and visualize the localization, trafficking, interaction, 

and degradation of fluorescently labeled proteins, membranes, or other parts of living cells. In its 

simplest way fluorescence microscopy detects fluorophores in a probe by exciting them with light of a 

specific wavelength and detecting the emitted light of a higher wavelength.227 The proteins of interest 

can be labeled by genetical insertion of fluorescent proteins or with fluorescent ligands or 

antibodies.157,228,229 The key feature of fluorescence microscopy is the selective detection of the 

emitted light separated from the excitation light, usually achieved by the use of transmission filters 

and or dichroic mirrors.227 In these traditional wide-field fluorescence microscope the whole probe is 

excited at once and the fluorescence detected by the camera includes a lot of background and out of 

focus fluorescence leading to low contrast and spatial resolution.230 Advanced fluorescence 

microscopy techniques such as laser scanning confocal microscopy (LSCM) and total internal reflection 

fluorescence (TIRF) microscopy tackle these disadvantages and lead to images of higher resolution and 

contrast.230 

 

3.5.1  Laser scanning confocal microscopy 

For LSCM a laser instead of a lamp is used to excite the fluorophores and the excitation light is focused 

by an objective lens on the cell or specimen of interest.231 By using a pinhole in front of a light detector 

only the fluorescence of the confocal point is detected, while the background fluorescence is rejected. 

Since only one point of the sample is excited at a time the region of interest is then scanned 

systematically leading to a high resolution 2D image of the cell.230 By scanning multiple planes at 

different depths of the cell so called z-stacks can be generated that can be transformed in a 3D image 

of the cell.231  
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Figure 3.6: Association of 76 to the hD1R at HEK-293T cells using LSCM. Time-lapse confocal microscopy 
images of 76 (c = 50 nM) at HEK-293T cells transiently expressing the hD1R (A). Representative 
association curve of 76 (c = 50 nM) at HEK-293T cells transiently expressing the hD1R (B). Data 
represent mean ± SEM of four independent cells of one experiment. 

 

To test the suitability of 76 for LSCM and to visualize the binding of 76 to the D1R, HEK-293T 

cells were transiently transfected with the hD1R. 48 hours after transfection confocal microscopy 

images were recorded (Figure 3.6A). After addition of 50 nM of 76 a rapid accumulation of fluorescence 

at the cell surface was observed. This is caused by the fast association of 76 to the D1Rs expressed on 

the cell membrane reaching saturation binding in less than one minute. Based on the fluorescence 

intensity of individual cells, a time-dependent association curve could be obtained illustrating the fast 

binding of 76 to the D1R (Figure 3.6B). Based on the association and dissociation rates a kinetic pKd 
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value of 8.07 was calculated (Table 3.4), which is in excellent agreement with the pKd value of 8.20 

obtained from the NanoBRET saturation binding assays (Table 3.2). 

Table 3.4: Kinetic binding constants of 76 at the hD1R in confocal microscopy. 

cmpd 
confocal microscopy 

kobs
a (min-1) τass

b (min) koff
c (min-1) τdiss

d (min) kon
e (min-1) pKd (kin)f 

76 5.24 ± 0.43 0.21 ± 0.03 0.76 ± 0.16 1.76 ± 0.88 0.09 ± 0.01 8.07 ± 0.01 

a17 cells from four independent experiments were analyzed. Data represent mean values ± SEM. Experiments 
were performed at HEK293T cells transiently expressing the hD1R. bData represent mean values ± CI (95 %). 
Association time constant: τass = 1/kobs. c5 cells from one experiment were analyzed. Data represent mean values 
± SEM. Experiments were performed at HEK293T cells transiently expressing the hD1R. d bData represent mean 
values ± CI (95 %). Dissociation time constant: τass = 1/koff. eAssociation rate constant: kon = (kobs – koff) / c(76). 
Indicated errors were calculated according to the Gaussian law of error propagation. f Kd (kin) = koff/kon; pKd (kin) 
= −log Kd (kin). Indicated errors were calculated according to the Gaussian law of error propagation. 

 

These results demonstrate the suitability of 76 for the use in fluorescence microscopy as a 

labeling agent to visualize D1R in live cells. 
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3.6 Conclusion 

A set of six different fluorescent ligands, containing linkers of different lengths and chemical 

compositions and two different fluorescent dyes, was designed and synthesized. The previously 

designed and synthesized D1R pharmacophore for the bivalent ligands could be used as a 

pharmacophore for the fluorescent ligands. Two fluorescent dyes, 5-TAMRA and DY549-P1, were 

chosen because of their proposed suitability as a fluorescent tracer for the NanoBRET assay. After the 

successful synthesis and purification of the ligands their fluorescent and pharmacological properties 

were determined. Saturation binding experiments using the NanoBRET setup confirmed their 

suitability for this assay as well as their affinity towards the D1R, with 76 showing the highest BRET 

signal and affinity. In order to study the influence of the genetical modification of the receptor and the 

selectivity of the ligands, radioligand binding studies were performed revealing 76 and 78 as D1-like 

receptor selective fluorescent ligands with binding affinity in the one-digit nanomolar range. As 76 

showed the best overall results regarding affinity, selectivity, quantum yield, and BRET signal it was 

used as an exemplary compound to determine the mode of action. A G protein biosensor assay 

confirmed the suspected silent antagonism of 76. These results make 76 a promising candidate for the 

use as a fluorescent tracer in NanoBRET competition binding assays, which will soon be performed by 

Denise Mönnich as part of her PhD project. 

Furthermore, 76 was used successfully to label D1Rs in live cells for LSCM demonstrating its 

suitability for fluorescence microscopy and can possibly be used as a labeling agent for TIRF single-

molecule imaging of the D1R as well. 

All in all, the set of fluorescent ligands, especially 76, represent a versatile tool for different 

experimental setups for further investigations at the D1-like receptors. 
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4. Fluorescent ligand for the H3R 

 

Note: Prior to the submission of this thesis, the content of this chapter (with additional data) was 

published in collaboration with partners:  

 

Rosier, N., Grätz, L., Schihada, H., Möller, J., Isbilir, A., Humphrys, L. J., Nagl, M., Seibel, U., Lohse M. J., 

Pockes, S. (2021). A Versatile Sub-Nanomolar Fluorescent Ligand Enables NanoBRET Binding Studies 

and Single-Molecule Microscopy at the Histamine H3 Receptor. Journal of Medicinal Chemistry, 64(15), 

11695-11708.157 

 

 

 

 

The following experimental work was performed by co-authors: 

 

NanoBRET studies:   Lukas Grätz 

Gi2-BRET sensor and assays:  Hannes Schihada 

Confocal microscopy:   Ali Isbilir 

TIRF microscopy:   Jan Möller 

Off-target screening:   Lukas Grätz and Laura J. Humphrys 

HEK293-SP-FLAG-hH3R cell line:  Ulla Seibel 

Radioligand binding assays:  Martin Nagl 
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4.1 Design 

Similar to the D1R fluorescent ligands the three parts of the H3R bivalent ligand had to be designed 

carefully.216  

The same lead structure that was used for the bivalent ligands was chosen as well for the 

fluorescent ligand. The H3R antagonist JNJ-5207852 is one of the most affine H3R ligands reported so 

far. Besides its high H3R affinity it shows an excellent selectivity not only within the histamine receptor 

family but also with respect to 50 other different targets.178 These properties combined with the 

synthetic accessibility and good water solubility make it an excellent pharmacophore for a fluorescent 

ligand. Structure activity relationships showed a high tolerance of the ligand towards structural 

changes at the para position of the benzylic piperidine moiety.179 Thus, this position of the molecule 

has been chosen to attach the linker via an amide group.  

In terms of the linker moiety, a flexible polyethyleneglycole-based (PEG-based) structure with 

a length of 13 atoms was used, which we assumed would be sufficient to reach outside the binding 

pocket, thus reducing the probability of a negative impact of the linker on ligand binding. PEG-based 

linkers are often used in fluorescent ligands, as they are chemically stable, show higher water solubility 

than alkylic structures and are less susceptible to interact with cell membranes.218 

The choice of the fluorescent dye must be taken carefully for any fluorescent ligand and 

depends mainly on the intended application of the ligand. With the aim of a versatile fluorescent ligand 

for the use in the NanoBRET binding assay and fluorescence microscopy the 5-TAMRA fluorescent dye 

was chosen. The suitability of this dye for the NanoBRET binding has been shown for different 

receptors,152,220 as it led to a better signal to noise ratio and less adhesion to the plastic vessel than, 

e.g. BODIPY labelled ligands at the H2R.219 Furthermore, 5-TAMRA was reported as a fluorescent dye 

for single-molecule imaging in TIRF microscopy221,222 and, due to its hydrophilicity, it is less prone to 

interact with cell membranes than BODIPY224, resulting in a lower nonspecific binding in fluorescence 

microscopy techniques. 
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4.2 Chemistry 

The synthesis of the fluorescent ligands can be separated into three parts: the synthesis of the 

pharmacophore, the linkers and the connection of the different parts including labeling with a 

fluorescent dye. The syntheses of the H3R pharmacophore (26) and the linker (35b) were performed 

analogous to the synthetic protocols described in chapters 2.2.2 . and 2.2.3 . 

Scheme 4.1: Synthesis of the H3R fluorescent ligand 82.a 

 

aReagents and conditions: i) 1. 26, EDC x HCl, HOBt, DIPEA, DCM/DMF (1:1), rt, 30 min; 2. 35b, 100 °C MW, 30 
min, 65 %; ii) 1. PPh3, THF, 4 h, 45 °C; 2. H2O, 2 h, 45 °C, 60 %; iii) 1. 5-TAMRA NHS ester, NEt3, DMF, rt, 2.5 h; 2. 
10 % aq. TFA, rt, 15 min, 82 %. 

 

The H3R pharmacophore 26 was coupled with 35b using EDC/HOBt as coupling reagents under 

microwave irradiation to afford product 80, which was reduced to the primary amine 81 by a 

“Staudinger” reaction (Scheme 4.1). In the final step, 81 was coupled with the 5-TAMRA-NHS ester in 

DMF to afford fluorescent ligand 82.219 After preparative HPLC purification, 82 was obtained with high 

purity (99 %) and yield (82 %). The fluorescent ligand was further examined for its chemical stability in 

aqueous solution and showed no decomposition within an incubation period of six months (HPLC 

purity controls are shown in the appendix, chapter 8.1).  

The chemical structure of all synthesized compounds was proven by 1H and 13C NMR as well as 

HRMS. The chemical structure and 1H NMR spectra of 82 are presented in the appendix (chapter 8.3). 
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4.3 Fluorescence properties of 82 

Fluorescence properties of 82 (in PBS containing 1 % BSA) were ascertained by recording excitation 

and emission spectra shown in Figure 4.1. The 5-TAMRA-labeled ligand exhibited an excitation 

maximum at 555 nm and an emission maximum at 585 nm (Table 4.1). The quantum yield of 82 was 

determined as described in chapter 3.3. Analogous to the 5-TAMRA labeled D1R fluorescent ligands 76 

and 78, 82 has a quantum yield in the same range (35 %) and the addition of BSA to the aqueous media 

led to a slight decrease of Φ.  

Table 4.1: Fluorescence properties of compound 82. 

cmpd λexc,max/λem,max (nm) absorbance 
Φa ( %) 

PBS PBS + 1 % BSA 

82 555 / 585 0.16 35.09 ± 0.35 33.31 ± 0.55 

aData shown are mean values ± SEM for three different slit adjustments (exc./em.): 5/5 nm, 5/10 nm, 10/10 nm. 
 

 

Figure 4.1: Excitation and emission spectra of 82. 
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4.4 Pharmacological characterization 

The first step in the pharmacological characterization of the fluorescent ligand 82, structurally derived 

from the H3R antagonist JNJ-5207852178 (Figure 2.1), was the investigation of the binding behavior in 

different assays. To achieve one of our main goals the compound was tested for suitability in the 

NanoBRET binding assay at the NLuc-hH3R stably expressed in HEK293 cells. BRET saturation binding 

experiments provided a binding constant for 82 in the sub-nanomolar range (pKd = 9.80 ± 0.07, Figure 

4.2A, Table 4.2) and very low nonspecific binding. In order to investigate a potential influence of the 

receptor modification on ligand binding, 82 was additionally examined in flow cytometry using wild-

type hH3R cells (HEK293-SP-FLAG-hH3R) (Figure 4.2B). 

 

Figure 4.2: Representative isotherms from saturation binding experiments with 82 at the NLuc-hH3R 
(A, NanoBRET) and at the wild-type hH3R (B, flow cytometry), both stably expressed in HEK293 cells. 

 

Table 4.2: Comparison of thermodynamic and kinetic binding constants of 82 at the wild-type hH3R 
and the NLuc-hH3R. 

cmpd 

Flow 
cytometry   NanoBRET binding 

pKd (sat)a   pKd 
(sat)b 

kobs
c / 

min-1 
τass

d / 
min 

koff
c / 

min-1 
τdiss

e / 
min 

kon
f / 

min-1 
nM-1 

pKd 
(kin)g 

82 9.71 ± 
0.04 

 9.80 ± 
0.07 

0.51 ± 
0.02 

1.97 ± 
0.14 

0.16 ± 
0.01 

6.45 ± 
0.62 

0.71 ± 
0.04 

9.66 ± 
0.15 

aData represent mean values ± SEM from three independent experiments each performed in duplicate. Flow 
cytometric measurements performed with HEK293-SP-FLAG-hH3R (wild-type hH3R) cells. bData represent mean 
values ± SEM from three independent experiments each performed in triplicate. NanoBRET binding experiments 
performed with live HEK293 cells stably expressing the NLuc-hH3R. cData represent mean values ± SEM or d,e ± CI 
(95 %)  from four independent experiments. dAssociation time constant: τass = 1/kobs.  eDissociation time constant: 
τdiss = 1/koff. fAssociation rate constant: kon = (kobs-koff)/c(12). gKd (kin) = koff/kon; pKd (kin) = -log Kd (kin). f,gIndicated 
errors were calculated according to the Gaussian law of error propagation. 
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The receptor affinity of 82 to wild-type H3Rs (pKd = 9.71 ± 0.04, Table 1) was in the same range 

as for the NLuc-hH3Rs showing no significant difference (p < 0.05, two-tailed t-test). Fortunately, this 

experimental setup further confirmed the minimal nonspecific binding of this ligand observed in the 

BRET assay. 

To further characterize the fluorescent tracer radioligand competition binding experiments 

were performed at the H1-4R providing information on receptor subtype selectivity within the 

histamine receptor family. The ligand exhibited receptor affinity to the H3R in a sub-nanomolar range 

with a pKi of 9.52 ± 0.08 and an outstanding selectivity profile being at least 100,000-fold selective 

towards the human H1R, H2R and H4R (Figure 4.3; Table 4.3). 

Table 4.3: Binding and functional data of 82 on human histamine receptor subtypes. 

cmpd 

Radioligand competition bindinga H3R 
selectivity   Gi2 

activationb 

pKi 
Ki (H1,2,4R)/ 

Ki (H3R)   pKb 

hH1Rc N hH2Rd N hH3Re N hH4Rf N hH1,2,4R   hH3Rg N 

82 < 4 3 < 4 3 9.52 ± 
0.08 3 < 4 3 > 100.000  9.04 ± 

0.03 3 

aCompetition binding assay at HEK293-SP-FLAG-hH1R, HEK293-SP-FLAG-hH2R, HEK293-SP-FLAG-hH3R or HEK293-
SP-FLAG-hH4R cells. bCompetition binding experiment at HEK293A cells stably expressing the Gi2 BRET sensor with 
the wild-type hH3R. cDisplacement of 5 nM [3H]mepyramine (Kd = 4.5 nM). dDisplacement of 20 nM [3H]UR-
DE257206 (Kd = 66.9 nM). eDisplacement of 2 nM [3H]UR-PI294203 (Kd = 5 nM). fDisplacement of 15 nM 
[3H]histamine (Kd = 15.88 nM). gInhibition of imetit-induced (c = 1 nM, EC50 = 0.85 nM) Gi2 activation. 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. Displacement curves are 
presented in Figure 4.3. 

 

Figure 4.3: Displacement curves from radioligand competition binding experiments performed with 
compound 82 and the respective radioligands (Table 4.3 footnotes). 
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Being aware of the fact that the fluorescent ligand’s pharmacological mode of action is crucial, 

e.g., since an agonist might distort apparent affinities of competitive ligands due to internalization 

processes and induction of ternary complex formation (ligand/H3R/G-protein), we wanted to gain 

insights into the functional behavior of 82. Therefore, we employed a recently developed BRET-based 

Gi2 biosensor detecting G protein activation as a decrease in BRET between NLuc-tagged Gαi2 and 

cpVenus-tagged Gγ2.226 As a BRET acceptor we used cpVenus, which was fused C-terminally to Gγ2. 

After agonist stimulation, the receptor activation and subsequent dissociation of the heterotrimeric G 

protein results in a decrease in BRET (for details see Rosier, N. et al.157). As expected, 82 acted as a 

neutral antagonist (Figure 4.4A) revealing a pKb value of 9.04 ± 0.03 in competition experiments with 

the selective H3R agonist imetit (Figure 4.4B). 

 

Figure 4.4: Concentration-response curves (CRCs) for Gi activation of 82 in the absence (A) and 
presence (B) of 1 nM imetit at HEK293A cells transiently expressing the Gi2 BRET sensor along with the 
wild-type hH3R. 

 

However, before using 82 as a molecular tool to characterize other H3R ligands the kinetic 

behavior of the fluorescent ligand should be determined first. The NanoBRET setup is ideally suited for 

this purpose due to its ability to perform real-time kinetic measurements. 500 pM of 82 were used to 

measure ligand association at the H3R (Figure 4.5). Ligand binding to the receptor saturated after about 

15 minutes (τass = 1.97 ± 0.14) and the ligand fully dissociated with a tau (τ) value of 6.45 ± 0.62 min 

upon addition of an excess of clobenpropit (c = 250 nM, Figure 4.5; Table 4.2). All kinetic parameters 

describing the binding of 82 in the BRET binding assay are presented in Table 4.2. 
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The complete reversibility of receptor binding makes the fluorescent ligand a suitable tool for 

the use in competition binding studies, in our case performed with a selection of standard H3R agonists 

and antagonists. We selected histamine (his),232 imetit (imet),233 (R)-(-)-α-methylhistamine (RAMH),114 

(S)-(+)-α-methylhistamine (SAMH)114 as agonists and clobenpropit (clob),234 Z27743747 (Z-cmpd),235 

thioperamide (thio),114 pitolisant (pito)236 and JNJ-5207852 (JNJ)178 represented the inverse 

agonists/antagonists. For all ligands, total displacement could be determined with Hill slopes around 

1 (Figure 4.6). Overall, our data are in good agreement with data from literature (Table 4.4), apart from 

RAMH and SAMH showing larger deviations. However, it is remarkable that the assay can distinguish 

between the two enantiomers RAMH and SAMH, a phenomenon that has been described several times 

at the hH3R (Table 3).114,237–239  

  

Figure 4.5: BRET-based specific binding kinetics of the fluorescent ligand 82 at the NLuc-hH3R, stably 
expressed in HEK293 cells. (A) Graph shows association of 82 (c = 500 pM) to the receptor and 
dissociation of 82 induced by addition of clobenpropit (c = 250 nM, 500-fold excess) from a 
representative experiment. (B) Scatter dot plot displaying the quantification of tau (τ) values for 
association/dissociation of the fluorescent ligand. Data were analyzed from four independent 
experiments represented with mean ± SD. 
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Table 4.4: Binding data (pKi values) of standard H3R ligands determined at the human H3R in the 
NanoBRET binding assay.a 

cmpd 
NanoBRET (82) references 

 
pKi N pKi  

his 6.23 ± 0.08 4 6.3240; 6.5202; 
7.6241; 8.0239 

 

imet 7.90 ± 0.11 3 8.3240; 8.8239  

RAMH 7.20 ± 0.02 3 8.4238; 8.2239; 
8.3237 

 

SAMH 5.79 ± 0.11 3 6.4240; 7.6238; 
7.2239; 7.3237 

 

clob 9.30 ± 0.08 3 9.6240; 9.5202; 
8.6239 

 

Z-cmpd 7.71 ± 0.01 3 7.4235; 7.3237  

thio 7.28 ± 0.18 3 7.3240; 7.4202; 
7.3239 

 

pito 9.04 ± 0.12 3 8.6240; 8.6236  

JNJ 10.22 ± 0.02 3 9.225  

aData represent mean values ± SEM from N independent experiments, each performed in triplicate. NanoBRET 
experiments were performed at live HEK293 cells stably expressing the NLuc-hH3R as described in the 
Experimental Section. Used abbreviations: histamine (his), imetit (imet), (R)-(-)-α-methylhistamine (RAMH), (S)-
(+)-α-methylhistamine (SAMH), clobenpropit (clob), Z27743747 (Z-cmpd), thioperamide (thio), pitolisant (pito) 
and JNJ-5207852 (JNJ). 

 

Figure 4.6: Displacement curves from BRET competition binding experiments of the fluorescent ligand 
82 (c = 500 pM) and reported H3 receptor ligands at HEK293 cells, stably expressing the NLuc-hH3R. 
“Vehicle” denotes for the condition where the cells were not incubated with 82. Used abbreviations: 
histamine (his), imetit (imet), (R)-(-)-α-methylhistamine (RAMH), (S)-(+)-α-methylhistamine (SAMH), 
clobenpropit (clob), Z27743747 (Z-cmpd), thioperamide (thio), pitolisant (pito) and JNJ-5207852 (JNJ). 
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4.5 Fluorescence microscopy 

To visualize the binding and dissociation kinetics of the fluorescent ligand, we used confocal 

microscopy imaging. In this experiment, time-lapse images of HEK293-SP-FLAG-hH3R cells were 

acquired (Figure 4.7).  

 

Compared to the kinetic NanoBRET experiments we used ten times higher concentrations of 

82 to facilitate visualization with the confocal microscope. After the addition of 82 (c = 5 nM), the 

Figure 4.7: Time-lapse confocal microscopy images of the fluorescent ligand 82: Imaging of the 
HEK293-SP-FLAG-hH3R cells treated with 5 nM fluorescent ligand displayed a time-dependent increase 
of the fluorescence signal on the cell surface, indicating ligand binding to the H3R. Competing 82 with 
the unlabeled H3R antagonist clobenpropit decreased the fluorescence signal in a time-dependent 
manner (addition of clobenpropit after 220 seconds). 
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fluorescence signal on the cell surface increased and reached a plateau within 4 minutes (Figure 4.8A). 

The fluorescent ligand’s dissociation was initiated by the addition of 2.5 µM clobenpropit (500-fold 

excess). The addition of clobenpropit (after 220 seconds) decreased the fluorescent signal indicating 

the dissociation of 82 (Figure 4.8B). We observed a τ value of 0.48 ± 0.07 min for the association and 

3.50 ± 0.46 min for the dissociation of the fluorescent ligand (Table 4.5).  

 

These experiments demonstrated that the binding of the fluorescent ligand to the H3R occurs 

very rapidly and that the bound ligand can be displaced completely. Due to the use of different 

concentrations (see above) a difference in kobs values was to be expected (Table 4.2 and Table 4.5). 

However, the kon and koff values, which would be expected to be the same, differ by a factor of nearly 

two (Table 4.2 and Table 4.5). This could be a result of the receptor’s modification with the NanoLuc 

which maybe influence the binding kinetics. Consequently, the kinetic pKd values from the NanoBRET 

(pKd = 9.66 ± 0.15) and confocal experiments (pKd = 9.10 ± 0.06) differ but are still in good agreement, 

so both assays can be considered complementary (Table 4.2 and Table 4.5). Additionally, we tested 

the photobleaching properties of 82 by immobilizing the fluorescent ligand in 0.5 % agarose film in 

1µM final concentration. In these experiments the ligand shows a negligible photobleaching (4 %, N = 

4) after 20 minutes which is unlikely to affect the observed association and dissociation kinetics of 82.  

 

 

Figure 4.8: Association and dissociation kinetics of the fluorescent ligand: (A) Representative graph 
displaying the quantification of the fluorescence signal obtained from experiments as in Figure 4.2. 
The fluorescence signal (in arbitrary units) was plotted as a function of time and 
association/dissociation kinetics were calculated by fitting an exponential decay function on the signal 
(from baseline to saturation, and from saturation to decay to the baseline). Addition of the competitor 
clobenpropit after 220 seconds. (B) Scatter dot plot displaying the quantification of tau (τ) values for 
association/dissociation of the fluorescent ligand. Five cells from three independent experiments were 
analyzed. Data were represented with mean ± SD. 



Chapter 4 

88 

Table 4.5: Kinetic binding constants of 82 at the wild-type hH3R in confocal microscopy. 

cmpd 

Confocal microscopy 

kobs
a / 

min-1 
τass

b / 
min 

koff
a / 

min-1 
τdiss

c / 
min 

kon
d / 

min-1 
nM-1 

pKd (kin)e 

82 2.13 ± 
0.14 

0.48 ± 
0.07 

0.29 ± 
0.02 

3.50 ± 
0.46 

0.37 ± 
0.03 

9.10 ± 
0.06 

a,b,cFive cells from three independent experiments were analyzed. aData represent mean values ± SEM or b,c ± CI 
(95 %). Confocal microscopy measurements performed at HEK293-SP-FLAG-hH3R (wild-type hH3R) cells. 
bAssociation time constant: τass = 1/kobs. cDissociation time constant: τdiss = 1/koff.  Association rate constant: kon = 
(kobs-koff)/c(82). eKd (kin) = koff/kon; pKd (kin) = -log Kd (kin). d,eIndicated errors were calculated according to the 
Gaussian law of error propagation. 

 

Due to the low nonspecific binding and the high affinity of our compound we wondered about 

its suitability for total internal reflection fluorescence (TIRF) single-molecule microscopy as shown 

previously for a few other fluorescent GPCR ligands.158,242,243 Indeed, its favorable properties were 

confirmed in microscopy experiments and allowed the acquisition of single-molecule TIRF movies in 

the presence of 3 nM 82 in the imaging buffer with negligible background fluorescence (Figure 4.9A). 

We further tested the labeling efficiency under these conditions by using a H3R control construct, 

which was C-terminally tagged with the photostable fluorescent protein mNeonGreen. Dual color 

acquisition revealed colocalization, a labeling efficiency of 96.1 ±	2.1	% and a nonspecific binding of 

2.5 ± 0.8 under these conditions (Figure 4.9B). Single-particle tracking of the acquired TIRF movies and 

subsequent diffusion analysis of the receptor tracks (Figure 4.9C, D) showed similar receptor dynamics 

for the H3R (diffusion coefficient of 0.085 ± 0,006 µm2/s) as shown previously for other class A 

GPCRs.242,243  
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Figure 4.9: (A) Top panel: wild-type H3 receptors labeled with 3 nM 82; Bottom panel: Single particle 
tracking of individual wild-type H3 receptors and classification of diffusion classes (magenta = directed 
diffusion, blue = confined diffusion, cyan = Brownian motion and brown = immobile). Shown images 
are representative of four independent experimental days. (B) Labeling efficiency measured by 
colocalization of the two colors in their corresponding detection channels (GFP/Cy3) as shown in the 
representative image. Labeling efficiencies are for the unlabeled control 2.5 ± 1.8 % and 96.1 ± 5.2 % 
at 3 nM of 82, respectively. Data are mean ± SD and originate from three independent experiments. 
Each datapoint refers to one cell. (C) Diffusion analysis based on single-particle tracking gives a 
diffusion coefficient of 0.085 ± 0,006 µm2/s. The diffusion type classification (D) is composed by 6.9 ± 
0.8% immobile, 13.5 ± 0.7% confined, 73.3 ± 1.3% Brownian motion and 6.3 ± 0.3% directed tracks 
undergoing the corresponding type of diffusion. Data are mean ± SD and originate from three 
independent experiments. Each datapoint refers to one cell. 
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4.6 Off-target screening of 82 

Once selectivity within the histamine receptor family was established we sought to identify any binding 

of 82 to other GPCR members. We performed an off-target screen using 14 different GPCRs. Therefore, 

we used the BRET-based binding assay with transient NLuc-receptor expression. Unfortunately, the 

capacity of the unpublished Nluc-receptor constructs to bind their endogenous ligands could not be 

thoroughly controlled given the lack of validated fluorescent ligands. Instead, it was only presumed 

based on sufficient surface expression of these constructs and based on the experience that N-terminal 

insertion of the nano luciferase usually does not affect the binding ability of class A GPCRs.220,244–247 

Receptor cell surface expression was confirmed by an ELISA using a NanoLuc antibody (Cat. No. 

MAB100261, Bio-Techne, Minneapolis, MN, USA; results see Rosier, N. et al.157). We determined that 

at 200 nM of 82 there was little off-target binding with only the muscarinic hM2R and hM4R displaying 

mild but significant affinity (13.2 ± 4.5 % and 6.7 ± 5.3 % of hH3R response, respectively; Figure 4.10). 

Some ligand binding at the hM2R and hM4R was unsurprising as the binding sites of these receptors 

share features with the hH3R and several characteristics of known H3R ligands have proved useful in 

developing muscarinic antagonists.248,249 It should be noted that BRET signals from binding experiments 

to different Nluc-GPCR constructs can only be compared with caution given the different N-terminal 

lengths and localisations of orthosteric binding pockets. Therefore, the low BRET signals observed at 

hM2R and hM4R (only ~ 10 % of the BRET signal detected with Nluc-hH3R) do not provide a quantitative 

value but rather an estimate for the binding of 82 to the receptors. Nevertheless, we believe that the 

low BRET signals for the muscarinic receptors using a maximal concentration of 200 nM do not indicate 

any off-target issues as 82 has sub-nanomolar affinity for the target hH3R. 
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Figure 4.10: Off-target affinity in BRET binding experiments of the fluorescent ligand 82 (c = 200 nM) 
in HEK293T cells transiently expressing NLuc-receptor constructs. Data were normalized to the hH3R 
(100%) and empty vector control (0%). Transfection with an empty pcDNA vector backbone is 
expressed as ‘pcDNA’. Receptor abbreviations are as follows: H3, histamine H3; β1, β1 adrenoceptor; 
CB1/2, cannabinoid receptor type 1/2; A3, adenosine A3; mSMO, mouse smoothened; D1/2long/3, 
dopamine D1/2long/3; M1/2/3/4/5, muscarinic acetylcholine M1/2/3/4/5; AT1, angiotensin II type 1. All receptor 
sequences are human, save the smoothened receptor originating from mouse. Lines represent mean 
± SD of four experiments, with each experimental condition performed in duplicate. Statistical 
significance was assessed by one-way ANOVA followed by Fisher’s LSD post-hoc test against ‘pcDNA’; 
*: P < 0.05; ****: P < 0.0001. 
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4.7 Conclusion 

In 82, we described a sub-nanomolar affinity fluorescent ligand at the H3R with an outstanding 

selectivity profile within the histamine receptor family. The 5-TAMRA-labeled neutral antagonist was 

broadly characterized analytically, pharmacologically and showed excellent kinetic and fluorescence 

properties. These results ensure excellent suitability for the recently described NanoBRET assay. The 

successful use as a fluorescent probe in the NanoBRET binding assay highlights the versatility of 82 and 

its suitability as a powerful tool in the urgently needed research for new drug candidates at the H3R. A 

comprehensive off-target screening at 14 different receptors reveals 82 as a selective compound. 

Due to its high affinity, an exceptional receptor selectivity combined with a high brightness and 

the proven low nonspecific binding 82 shows remarkable results in fluorescent microscopy and is the 

first fluorescent ligand to enable single-molecule imaging of the H3R. Furthermore, it allows the 

presence of saturating concentrations in the imaging buffer during single-molecule image acquisition. 

This accounts for the obvious advantage of continuous labeling of receptors in the course of the 

experiment and compensates fluorophore photobleaching. Thus, 82 is a versatile tool suitable for 

binding and also imaging studies at the H3R. To the best of our knowledge this is unique within the 

panel of available H3R fluorescent ligands lifting the study of H3R-dependent disease-related functions 

onto another level. Especially the suitability in TIRF and confocal microscopy makes 82 a valuable tool 

to further investigate the role of the H3R in the central nervous system as the H3R was reported to form 

heteroreceptor complexes in combination with other GPCRs and ion channels.61,131,133 This could be of 

great interest for neurodegenerative diseases, e.g. Alzheimer’s disease, as these receptor complexes 

have arisen as promising targets to prevent neuronal cell death.131 
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Although G protein-coupled receptors (GPCRs) are already among the most targeted protein class by 

FDA-approved drugs there are still a lot of unsolved question about them. In recent years, with growing 

evidence for GPCR di- and oligomerization the conviction manifested in the research community that 

GPCR do not function exclusively as monomers. Many research groups described changes in ligand 

binding, signaling behavior, and receptor trafficking upon di- or oligomerization, raising the question 

of the pharmaceutical potential of GPCR di- and oligomers. Nevertheless, responding this question is 

far from easy and requires novel pharmacological assays system as well as pharmacological tool 

compounds, such as bivalent ligands. The concept of bivalent ligands has been introduced decades ago 

and consists of the idea of connecting two pharmacophores for two distinct binding sites in a way that 

both can bind their recognition site simultaneously. Due to this bivalent binding mode a higher affinity 

and selectivity for the receptor dimer, compared to the protomers, can be achieved. 

The aim of this thesis was the synthesis and pharmacological characterization of bivalent 

ligands for the D1-H3 receptor heteromer (D1-H3 Het), which was published first in 2009 and was linked 

to neuronal cell death. Prior to starting the synthesis, the bivalent ligands had to be designed carefully 

choosing appropriate lead structures for the pharmacophores and suitable attachment points to 

connect them to the spacer. Molecular modeling studies gave an insight into the probable distance of 

both binding pockets and an indication of appropriate spacer lengths. Based on literature and 

retrosynthetic approaches a synthesis for the bivalent ligands was designed and executed. By 

introducing C-C triple bonds to all pharmacophores and azide groups to all spacers a variety of different 

bivalent ligands could be synthesized using CuAAC reaction from the same building blocks. This 

approach avoided the need of an individual pharmacophore or spacer for each bivalent ligand. 

After the successful synthesis of 16 bivalent ligands, four endcapped ligands and two reference 

compounds all novel structures were analyzed for their affinity towards the D1R and H3R. Fortunately, 

most of the ligands maintained the affinity of the lead structures with 44 and 45 showing the highest 

binding affinities at both receptors in the sub-nanomolar range at the H3R and one-digit nanomolar 

range at the D1R. For compounds of that size such high binding affinities are remarkable. Therefore, 

these compounds were used to determine the selectivity of the bivalent ligands inside the histamine 

and dopamine receptor family as well as their mode of action. Both compounds proved to be selective 

and acted as silent antagonists at both receptors.  

Finally, 45 was analyzed for its neuroprotective properties in primary mouse cortex cells upon 

Aβ-induced cell death. Indeed, a significant, concentration dependent neuroprotective effect was 

observed after the treatment of these cells with Aβ in the presence of different concentrations of 45. 

Furthermore, a visibly higher reduction of cell death was observed for 45 compared to the endcapped 

ligands 59 and 61. These results underlined the neuroprotective potential of the D1-H3 Het.  
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All these results demonstrate the high affinity of these ligands and indirectly indicate a bivalent 

binding mode. Modelling results support this hypothesis by confirming that the spacers should be of 

sufficient length. Nevertheless, to confirm a true bivalent binding mode additional competition binding 

studies at D1R-H3R co-expressing cells need to be performed. These experiments are currently in 

progress as part of the doctoral thesis of Denise Mönnich, but preliminary results are very promising. 

As previously shown for other bivalent ligands 45 afforded a biphasic binding curve demonstrating a 

high affinity and low affinity binding state in competitive radioligand binding experiments at the H3R 

in D1R-H3R co-expressing cells. These results are indicating that 45 is indeed a bivalent ligand for the 

D1-H3 Het but these results have yet to be confirmed by additional experiments. Once a working assay 

system is established additional bivalent ligands with high affinity agonistic pharmacophores could be 

synthesized to study the effect they have on the D1-H3 Het. Therefore, a new agonistic lead structure 

for the D1R should be chosen, as well as a different attachment point for the linker to the immepip-

base pharmacophore (H3R) in order to retain the high affinity of immepip. 

In addition to the bivalent ligands, fluorescent ligands for both the D1-like and the H3 receptor 

were designed and synthesized. For this purpose, the same pharmacophores and linkers that were 

already synthesized for the bivalent ligands were used. Two different red fluorescent dyes (5-TAMRA 

and DY549-P1) were used to label the ligands. A set of six different fluorescent ligands for the D1R and 

one fluorescent ligand for the H3R were successfully synthesized. For the D1R especially 76 showed a 

high affinity and BRET signal in NanoBRET saturation binding studies performed by Denise Mönnich. 

The high affinity and selectivity of 76 for the D1-like receptors was confirmed by radioligand 

competition binding assays. Additionally, 76 was successfully used to label the D1R for laser scanning 

confocal microscopy highlighting its diverse possible applications to study the D1R. Currently ongoing 

experiments by Denise Mönnich are determining the suitability of 76 as a fluorescent tracer for 

NanoBRET competition binding studies for the screening of novel ligands at the D1-like receptors. 

Furthermore, single-molecule TIRF imaging experiments of the D1R by labeling the receptor with 76 

are currently ongoing by a cooperation partner. 

The H3R fluorescent ligand 82 possesses a high affinity in the sub-nanomolar range and an 

exceptional selectivity for the H3R inside the histamine receptor family. An additional off-target 

screening confirmed its selectivity towards 14 different GPCRs. Furthermore, 82 can be used as a 

fluorescent tracer for the competition NanoBRET binding assay and for the visualization of receptor 

binding by LSCM and even single-molecule studies using TIRF microscpopy. Due to the high affinity and 

diverse applications these fluorescent ligands represent powerful tools for further investigations at 

their respective receptors. 
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6.1 Chemistry 

The following sections describe the experimental and analytical procedures and data for all compounds 

mentioned in this work.  

6.1.1  General conditions 

The references for all previously published compounds are cited at the synthetic procedures. All 

commercially available compounds (not labeled with a number) and solvents were purchased from the 

following commercial suppliers: Merck (Darmstadt, Germany), Sigma-Aldrich (Munich, Germany), 

Acros Organics (Geel, Belgium), Alfa Aesar (Karlsruhe, Germany), abcr (Karlsruhe, Germany), or TCI 

Europe (Zwijndrecht, Belgium). All compounds were used as received. All solvents were of analytical 

grade, except for column and flash chromatography. Dry sovlents were generated by the addition of 

4 Å molecular sieve. All reactions with dry solvents were carried out under argon atmosphere. 

Microwave assisted reactions were performed on an Initiator 2.0 synthesizer (Biotage, Uppsala, 

Sweden). Reactions were monitored by thin layer chromatography (TLC) on Merck silica gel 60 F254 

aluminum sheets and spots were visualized under UV light at 254 nm, by potassium permanganate, or 

ninhydrin staining. Column chromatography was accomplished using Merck Silica gel Geduran 60 

(0.063-0.200 mm). Flash chromatography was performed with a 971-FP Flash Purification System 

(Agilent Technologies, Santa Clara, USA) using PF-30SIHP-F0012, PF-30SIHP-F0024, or PF-30SIHP-F0120 

columns (Interchim, Montluçon Cedex, France). Composition of the mobile phase (column 

chromatography) or gradient (flash chromatography) is specified for each compound in the synthetic 

protocol. 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, and a fraction 

collector III. A YMC-Triart C18 (150 x 20 mm, 5 μm; YMC Co. Ltd., Kyoto, Japan) or a Gemini 5 μm NX-

C18 110 Å LC column (250 x 21.2 mm; Phenomenex Ltd. Aschaffenburg, Germany) was used. As a 

mobile phase 0.1 % TFA or NH3 in Millipore water and acetonitrile was used. The temperature was 

25 °C, the flow rate 20 ml/min, and UV detection was performed at 220 nm. Lyophilization was done 

with a Christ alpha 2-4 LD equipped with a Vacuubrand RZ 6 rotary vane vacuum pump. Deuterated 

solvents for nuclear magnetic resonance (1H NMR and 13C NMR) spectra were purchased from Deutero 

GmbH (Kastellaun, Germany). Nuclear magnetic resonance (1H NMR and 13C NMR) spectra were 

recorded on a Bruker (Karlsruhe, Germany) Avance 300 (1H: 300 MHz, 13C: 75 MHz), 400 (1H: 400 MHz, 
13C: 101 MHz), or 600 (1H: 600 MHz,). The chemical shift δ is given in parts per million (ppm). 

Multiplicities were specified with the following abbreviations: s (singlet), d (doublet), t (triplet), q 

(quartet), m (multiplet) and br (broad signal). d* is used for compounds were one proton is split into 

two separate singlets with a large coupling constant (J; see chapter2.2.8 . NMR spectra were processed 
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with Mestre Nova 11.0 (Mestrelab Research, Compostela, Spain). 1H NMR and 13C NMR spectra of final 

compounds are presented in the appendix. 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 Ltd. Aschaffenburg, Germany) or a Phenomenex Gemini 5 μm NX-C18 110 Å LC column 

(250 x 4.6 mm), tempered at 30 °C. As mobile phase, mixtures of MeCN and aqueous TFA or NH3 were 

used (linear gradient: MeCN/TFA (0.1 %) (v/v) 0 min: 10:90, 25-35 min: 95:5, 36-45 min: 10:90; flow 

rate = 1.00 mL/min, t0 = 3.21 min). Capacity factors were calculated according to k = (tR - t0)/t0. 

Detection was performed at 220 nm. Furthermore, a filtration of the stock solutions with PTFE filters 

(25 mm, 0.2 µm, Phenomenex Ltd., Aschaffenburg, Germany) was carried out before testing. 

Compound purities determined by HPLC were calculated as the peak area of the analyzed compound 

in % relative to the total peak area (UV detection at 220 nm). The HPLC purity and stability analysis of 

final compounds are presented in the appendix. High-resolution mass spectrometry (HRMS) was 

performed on an Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS system (Agilent Technologies, Santa 

Clara, CA) using an ESI or APCI source or on a Jeol AccuTOF GCX LC/MS system (Jeol, Akishima, Japan) 

using an EI source. Chemical structures and names were generated with ChemBioDraw 20.0 

(Cambridgesoft). Figures 1.1, 1.2, 1.6, 1.7, 1.8, 1.9, and 2.7 were created with BioRender.com. 

 

6.1.2  Synthesis and analytical data 

2-Bromo-1-(4-nitrophenyl)ethan-1-one (1)250 

4-Nitroacetophenone (10.00 g, 60.54 mmol, 1 eq) was dissolved in DCM and added to a 

suspension of N-bromosuccinimide (12.92 g, 72.64 mmol, 1.2 eq) and p-toluenesulfonic acid (1.14 g, 

6.06 mmol, 0.1 eq) in DCM at room temperature. The reaction was heated to reflux overnight. The 

reaction was poured on water and the organic phase was separated. The aqueous phase was extracted 

with DCM, the combined organic phases washed with saturated bicarbonate solution and brine, dried 

over Na2SO4 and the solvent was removed under reduced pressure. The crude product was purified by 

column chromatography (DCM/PE 1:1). A pale-yellow solid was obtained (9.41 g, 64 %). Rf = 0.61 

(PE/DCM 4:6). 1H NMR (300 MHz, CDCl3) δ 8.48 – 8.26 (m, 2H), 8.21 – 8.07 (m, 2H), 4.47 (s, 2H). 13C NMR 

(75 MHz, CDCl3) δ 189.92, 150.71, 138.37, 130.11, 124.08, 30.18. HRMS (EI-MS): m/z M●+ calculated 

for C8H6NO3Br●+: 242.9526, found 242.9522; C8H6NO3Br (244.04). 
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2-Bromo-1-(4-nitrophenyl)ethan-1-ol (2)251 

1 (3.34 g, 13.70 mmol, 1 eq) was dissolved in MeOH. NaBH4 (0.18 g, 4.80 mmol, 0.35 eq) was 

added in portions at 0 °C. The reaction was stirred for 1 h at room temperature. The solvent was 

removed under reduced pressure and the crude product was dissolved in water. The aqueous phase 

was extracted with diethyl ether. The combined organic phases were washed with saturated 

ammonium chloride solution and brine, dried over Na2SO4 and the solvent was removed under 

reduced pressure. A slightly yellow solid was obtained (2.23 g, 66 %). The product was used without 

further purification. 

 

2-(4-Nitrophenyl)oxirane (3)252 

2 (0.5 g, 2.03 mmol, 1 eq) and K2CO3 (0.56 g, 4.06 mmol, 2 eq) were dissolved in THF and heated 

to reflux overnight. The solid was filtered off and the solvent was removed under reduced pressure. 

The crude product was purified by column chromatography (PE/EtOAc 8:2). A yellow solid was 

obtained (0.29 g, 87 %). Rf = 0.78 (PE/EtOAc 7:3). 1H NMR (300 MHz, CDCl3) δ 8.29 – 8.13 (m, 2H), 7.56 

– 7.36 (m, 2H), 3.96 (dd, J = 4.1, 2.5 Hz, 1H), 3.23 (dd, J = 5.5, 4.1 Hz, 1H), 2.78 (dd, J = 5.5, 2.5 Hz, 1H). 
13C NMR (75 MHz, CDCl3) δ 145.26, 126.24, 123.85, 51.71, 51.48. HRMS (EI-MS): m/z M●+ calculated for 

C8H7NO3
●+: 164.0342, found 164.0339; C8H7NO3 (165.15). 

 

3-Chloro-4-methoxybenzaldehyde (4)253 

Sulfuryl chloride (2.41 ml, 29.38 mmol, 2 eq) was added to a solution of 4-

methoxybenzaldehyde (2.00 g, 14.69 mmol, 1 eq) in acetic acid. The reaction was stirred overnight at 

room temperature and poured onto a mixture of ice and water. The white solid was filtered off, 

washed with ice cold water and hexanes and dried in vacuo. A white solid was obtained (2,15 g, 86 %). 

Rf = 0.68 (PE/EtOAc 7:3). 1H NMR (300 MHz, CDCl3) δ 9.85 (s, 1H), 7.91 (d, J = 2.0 Hz, 1H), 7.78 (dd, J = 

8.5, 2.0 Hz, 1H), 7.05 (d, J = 8.5 Hz, 1H), 3.99 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 189.8, 159.9, 131.3, 

130.6, 130.3, 123.7, 111.7, 56.5. HRMS (APCI-MS): m/z [M+H]+ calculated for C8H8ClO2
+: 171.0207, 

found 171.0207; C8H7ClO2 (170.59). 

 

2-Chloro-1-methoxy-4-(2-nitrovinyl)benzene (5)254 

4 (6.40 g, 37.52 mmol, 1 eq), nitromethane (6.03 ml, 112.56 mmol, 3 eq) and ammonium 

acetate (2.40 g, 93.80 mmol, 2.5 eq) were dissolved in acetic acid and heated to reflux for 4 h. Water 

was added and the reaction was extracted with DCM. The combined organic phases were washed with 

1 N aq. NaOH solution and brine, dried over Na2SO4 and the solvent removed under reduced pressure. 

The crude product was purified via column chromatography (PE/EtOAc 8:2). A yellow solid was 

obtained (5.49 g, 68 %). Rf = 0.67 (PE/EtOAc 7:3). 1H NMR (300 MHz, CDCl3) δ 7.90 (d, J = 13.6 Hz, 1H), 
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7.58 (d, J = 2.2 Hz, 1H), 7.50 (d, J = 13.6 Hz, 1H), 7.44 (dd, J = 8.7, 2.3 Hz, 1H), 6.98 (d, J = 8.6 Hz, 1H), 

3.97 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 158.08, 137.69, 136.02, 130.48, 129.83, 123.83, 123.33, 112.36, 

56.46. HRMS (EI-MS): m/z M●+ calculated for C9H8ClNO3
●+: 213.0180, found 213.0187; C9H8ClNO3 

(213.67). 

 

2-(3-Chloro-4-methoxyphenyl)ethan-1-amine (6)254 

5 (5.43 g, 25.42 mmol, 1 eq) was dissolved in THF and added slowly to a suspension of LiAlH4 

(2.89 g, 76.26 mmol, 3 eq) in THF at room temperature. The reaction was heated to reflux for 3 h. After 

cooling to room temperature water (10 ml) and 20 % aq. KOH-solution were added carefully at 0 °C 

and the reaction was stirred for 30 min at room temperature. The white solid was filtered off and the 

filtrate was dried under reduced pressure. The crude product was dried in vacuo. A yellow oil was 

obtained (4.44 g, 94 %). Rf = 0.05 (DCM/MeOH 98:2). 1H NMR (300 MHz, CDCl3) δ 7.20 (d, J = 2.1 Hz, 

1H), 7.05 (dd, J = 8.3, 2.2 Hz, 1H), 6.86 (d, J = 8.4 Hz, 1H), 3.87 (s, 3H), 2.92 (t, J = 6.8 Hz, 2H), 2.66 (t, J 

= 6.8 Hz, 2H), 1.49 (bs, 2H). 13C NMR (75 MHz, CDCl3) δ 153.45, 132.98, 130.47, 128.03, 122.26, 112.13, 

56.20, 43.46, 38.78. HRMS (ESI-MS): m/z [M+H]+ calculated for C9H13ClNO+: 186.0680, found 186.0679; 

C9H12ClNO (185,65). 

 

tert-Butyl (3-chloro-4-methoxyphenethyl)carbamate (7) 

Di-tert-butyldicarbonate (3.23 g, 14.82 mmol, 1.1 eq) was dissolved in DCM and added slowly 

to a solution of 6 (2.50 g, 13.47 mmol, 1 eq) in DCM at room temperature. The reaction was stirred at 

room temperature overnight. The solvent was removed under reduced pressure and the crude product 

was dried in vacuo. A slightly yellow solid was obtained (3.79 g, 98 %). Rf = 0.48 (PE/EtOAc 8:2). 1H NMR 

(400 MHz, CDCl3) δ 7.19 (d, J = 2.1 Hz, 1H), 7.03 (dd, J = 8.4, 2.1 Hz, 1H), 6.85 (d, J = 8.4 Hz, 1H), 3.87 (s, 

3H), 3.31 (t, J = 7.0 Hz, 2H), 2.70 (t, J = 7.0 Hz, 2H), 1.42 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 155.90, 

153.61, 132.15, 130.49, 127.98, 122.33, 112.22, 56.18, 40.89, 35.11, 28.39, 23.86. HRMS (ESI-MS): m/z 

[M+H]+ calculated for C14H21ClNO3
+: 286.1204, found 286.1204; C14H20ClNO3 (285.77). 

 

2-(3-Chloro-4-methoxyphenyl)-N-methylethan-1-amine (8a)255 

7 (6.2 g, 21.70 mmol, 1 eq) was dissolved in THF and added slowly to a suspension of LiAlH4 

(2.47 g, 65.10 mmol, 3 eq) in THF at room temperature. The reaction was heated to reflux for 3 h. After 

cooling to room temperature water (10 ml) and 20 % aq. KOH-solution were added carefully at 0 °C 

and the reaction was stirred for 30 min at room temperature. The white solid was filtered off and the 

filtrate was dried under reduced pressure. The crude product was dried in vacuo. A yellow oil was 

obtained (3.88 g, 90 %). Rf = 0.16 (DCM/MeOH + 1 % NH3 95:5). 1H NMR (300 MHz, CDCl3) δ 7.21 (d, J 

= 2.1 Hz, 1H), 7.05 (dd, J = 8.4, 2.2 Hz, 1H), 6.85 (d, J = 8.4 Hz, 1H), 3.87 (s, J = 3.9 Hz, 3H), 2.84 – 2.76 
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(m, 2H), 2.76 – 2.68 (m, 2H), 2.43 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 153.42, 133.24, 130.34, 127.92, 

122.27, 112.13, 77.48, 77.06, 76.63, 56.20, 53.13, 36.38, 35.03. HRMS (ESI-MS): m/z [M+H]+ calculated 

for C10H15ClNO+: 200.0837, found 200.0839; C10H14ClNO (199.69). 

 

2-((3-Chloro-4-methoxyphenethyl)(methyl)amino)-1-(4-nitrophenyl)ethan-1-ol (9a)186 

8a (2.44 g, 12.22 mmol, 1 eq) and 3 (2.02 g, 12.22 mmol, 1 eq) were dissolved in acetonitrile 

and heated to reflux overnight. The solvent was removed under reduced pressure and the crude 

product was purified by column chromatography (DCM/MeOH + 1 % NH3 98:2). A brown oil was 

obtained (4.00 g, 90 %). Rf = 0.16 (DCM/MeOH + 1 % NH3 98:2). 1H NMR (300 MHz, CDCl3) δ 8.23 – 8.12 

(m, 2H), 7.57 – 7.47 (m, 2H), 7.20 (d, J = 2.2 Hz, 1H), 7.05 (dd, J = 8.4, 2.2 Hz, 1H), 6.86 (d, J = 8.4 Hz, 

1H), 4.78 (dd, J = 10.4, 3.5 Hz, 1H), 4.19 (bs, 1H), 3.87 (s, 3H), 2.90 – 2.57 (m, 5H), 2.52 – 2.41 (m, 4H). 
13C NMR (75 MHz, CDCl3) δ 153.54, 149.73, 147.33, 132.59, 130.34, 127.85, 126.52, 123.64, 122.32, 

112.16, 68.56, 65.26, 59.18, 56.19, 41.73, 32.47. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C18H22ClN2O4
+: 365.1263, found 365.1268; C18H21ClN2O4 (364.83). 

 

2-((3,4-Dimethoxyphenethyl)(methyl)amino)-1-(4-nitrophenyl)ethan-1-ol (9b)256 

3 (6.70 g, 40.57 mmol, 1 eq) and 2-(3,4-dimethoxyphenyl)-N-methylethan-1-amine (8b; 7.92 g, 

40.57 mmol, 1 eq) were dissolved in acetonitrile and the reaction was heated to reflux overnight. The 

solvent was evaporated under reduced pressure and the crude product was purified by column 

chromatography (DCM/MeOH + 1 % NH3 98:2). A brown oil was obtained (12.60 g, 90 %). Rf = 0.60 

(DCM/MeOH + 1 % NH3 95:5). 1H NMR (300 MHz, CDCl3) δ 8.25 – 8.12 (m, 2H), 7.58 – 7.44 (m, 2H), 6.83 

– 6.78 (m, 1H), 6.76 – 6.68 (m, 2H), 4.74 (dd, J = 10.4, 3.6 Hz, 1H), 3.88 (s, 3H), 3.86 (s, 3H), 2.85 – 2.56 

(m, 5H), 2.52 – 2.36 (m, 4H). 13C NMR (75 MHz, CDCl3) δ 149.99, 148.94, 147.52, 147.29, 132.28, 126.47, 

123.62, 120.56, 111.92, 111.30, 68.61, 65.33, 59.46, 55.93, 55.90, 41.74, 33.47. HRMS (ESI-MS): m/z 

[M+H]+ calculated for C19H25N2O5
+: 361.1758, found 361.1757; C19H24N2O5 (360.17). 

 

7-Chloro-8-methoxy-3-methyl-1-(4-nitrophenyl)-2,3,4,5-tetrahydro-1H-benzo[d]azepine (10a) 

9a (2.49 g, 7.65 mmol, 1 eq) was dissolved in Eaton's reagent (40 ml) and stirred for 72 h at 

room temperature. The reaction was poured onto ice water and basified with 20 % aqueous KOH-

solution. The aqueous phase was extracted with DCM. The combined organic phases were washed 

with water, dried over Na2SO4 and the solvent was removed under reduced pressure. The crude 

product was purified by column chromatography (DCM/MeOH + 1 % NH3 98:2). A red solid was 

obtained (1.20 g, 45 %). Rf = 0.18 (DCM/MeOH + 1 % NH3 98:2). 1H NMR (300 MHz, CDCl3) δ 8.22 – 8.10 

(m, 2H), 7.37 – 7.28 (m, 2H), 7.14 (s, 1H), 6.39 (s, 1H), 4.42 – 4.27 (m, 1H), 3.71 (s, 3H), 3.26 – 3.13 (m, 

1H), 2.96 – 2.75 (m, 2H), 2.73 – 2.52 (m, 3H), 2.38 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 153.29, 149.94, 
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146.48, 141.87, 134.37, 131.64, 129.06, 123.72, 120.27, 113.44, 61.34, 57.29, 56.15, 50.27, 47.93, 

34.98. HRMS (ESI-MS): m/z [M+H]+ calculated for C18H20ClN2O3
+: 347.1157, found 347.1162; 

C18H19ClN2O3 (346.81). 

 

7,8-Dimethoxy-3-methyl-1-(4-nitrophenyl)-2,3,4,5-tetrahydro-1H-benzo[d]azepine (10b) 

9b (9.48 g, 27.53 mmol, 1 eq) was dissolved in polyphosphoric acid (50 ml) and stirred at 100 °C 

for 3 h. After cooling to room temperature, the reaction was poured onto water and basified. The 

aqueous phase was extracted with DCM, the combined organic phases were washed with brine, dried 

over Na2SO4 and the solvent was removed under reduced pressure. The crude product was purified by 

column chromatography (DCM/MeOH + 1 % NH3 98:2). A brown solid was obtained (6.51 g, 69 %). Rf 

= 0.32 (DCM/MeOH + 1 % NH3 98:2). 1H NMR (300 MHz, CDCl3) δ 8.24 – 8.10 (m, 2H), 7.40 – 7.27 (m, 

2H), 6.69 (s, 1H), 6.35 (s, 1H), 4.30 (d, J = 6.9 Hz, 1H), 3.88 (s, 3H), 3.71 (s, 3H), 3.29 – 3.13 (m, 1H), 2.96 

– 2.47 (m, 5H), 2.38 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 150.84, 147.42, 146.99, 146.35, 134.09, 133.70, 

129.04, 123.64, 113.81, 113.19, 61.71, 57.51, 56.00, 50.16, 48.10, 35.91. HRMS (EI-MS): m/z M●+ 

calculated for C19H22N2O4
●+: 342.1574, found 342.1577; C19H22N2O4 (342.40). 

 

8-Chloro-3-methyl-5-(4-nitrophenyl)-2,3,4,5-tetrahydro-1H-benzo[d]azepin-7-ol (11a)186 

10a (0.80 g, 2.31 mmol, 1 eq) was dissolved in DCM and cooled to -78 °C under Ar-atmosphere. 

BBr3 (0.33 ml, 3.45 mmol, 1.5 eq) dissolved in DCM was added at -78 °C and the reaction was stirred 

for 1 h at this temperature. Subsequently, the reaction was stirred at room temperature overnight. 

MeOH (5 ml) was added at -78 °C and the reaction was stirred for 1 h at room temperature. The solvent 

was removed under reduced pressure and the product was dried in vacuo. A brown solid was obtained 

(0.80 g, 84 %). The product was used without further purification. HRMS (ESI-MS): m/z [M+H]+ 

calculated for C17H18ClN2O3
+: 333.1000, found 333.1004; C17H17ClN2O3*HBr (413.70). 

 

3-Methyl-1-(4-nitrophenyl)-2,3,4,5-tetrahydro-1H-benzo[d]azepine-7,8-diol (11b)  

10b (2.00 g, 5.84 mmol, 1 eq) was dissolved in DCM and cooled to -78 °C under Ar-atmosphere. 

BBr3 (1.66 ml, 17.52 mmol, 3 eq) was added slowly and the reaction was stirred for 30 min at -78 °C 

and afterwards overnight at room temperature. The reaction was cooled to -78 °C and quenched with 

methanol. The reaction was stirred at room temperature for 1 h and the solvent was evaporated under 

reduced pressure. A brown solid was obtained (1.80 g, 78 %). The product was used without further 

purification. HRMS (ESI-MS): m/z [M+H]+ calculated for C17H19N2O4
+: 315.1339, found 315.1345; 

C17H18N2O4*HBr (395.25). 
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7-Chloro-3-methyl-1-(4-nitrophenyl)-8-((triisopropylsilyl)oxy)-2,3,4,5-tetrahydro-1H-

benzo[d]azepine (12) 

Triisopropylsilyl chloride (309 µl, 1.46 mmol, 2 eq) and imidazole (0.10g, 1.46 mmol, 2 eq) were 

dissolved in DMF. 11a (0.30 g, 0.73 mmol, 1 eq) and NEt3 (513 µl, 3.65 mmol, 5 eq) dissolved in DMF 

were added at room temperature under Ar-atmosphere. The reaction was stirred overnight at room 

temperature and subsequently poured onto water. The aqueous phase was extracted with diethyl 

ether. The combined organic phases were washed with saturated ammonium chloride solution and 

brine, dried over Na2SO4 and the solvent was removed under reduced pressure. The crude product was 

purified by flash chromatography (SiO2, 0 min to 20 min, 100:0 to 95:5 DCM/MeOH). Rf = 0.40 

(DCM/MeOH 95:5). A slightly yellow solid was obtained (0.32 g, 90 %). 1H NMR (300 MHz, CDCl3) δ 8.29 

– 8.15 (m, 2H), 7.38 – 7.28 (m, 1H), 7.12 (s, 1H), 6.06 (s, 1H), 4.53 – 4.28 (m, 1H), 3.13 – 2.83 (m, 4H), 

2.78 – 2.63 (m, 1H), 2.50 – 2.35 (m, 4H), 1.05 – 0.88 (m, 21H). 13C NMR (75 MHz, CDCl3) δ 150.35, 

150.15, 146.69, 142.27, 134.19, 131.25, 129.22, 123.85, 122.65, 120.20, 61.91, 57.25, 49.02, 47.66, 

34.92, 17.77, 12.71. HRMS (ESI-MS): m/z [M+H]+ calculated for C26H38ClN2O3Si+: 489.2335, found 

489.2342; C26H37ClN2O3Si (488.23). 

 

4-(7-Chloro-3-methyl-8-((triisopropylsilyl)oxy)-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-yl)aniline 

(13) 

12 (0.42 g, 0.86 mmol, 1 eq) and Pd/C (10 %) (0.04 g, 10 wt %) were dissolved in a mixture of 

THF and MeOH (1:1) and the reaction was stirred overnight under H2-atmosphere. The reaction was 

filtered over celite and the solvent was removed under reduced pressure. The crude product was dried 

in vacuo. A brown oil was obtained (0.38 g, 96 %). The product was used without further purification. 

HRMS (ESI-MS): m/z [M+H]+ calculated for C26H40ClN2OSi+: 459.2593, found 459.2598; C26H39ClN2OSi 

(459.15). 

 

7,8-Bis((tert-butyldimethylsilyl)oxy)-3-methyl-1-(4-nitrophenyl)-2,3,4,5-tetrahydro-1H-

benzo[d]azepine (14)  

11b (1.27 g, 2.40 mmol, 1 eq), NEt3 (1.69 ml, 12.00 mmol, 5 eq) and N,N-dimethylaminopyridine 

(DMAP) (29 mg, 0.24 mmol, 0.1 eq) were dissolved in DCM/DMF (9:1). tert-Butyldimethylsilyl chloride 

(1.81 g, 12.00 mmol, 5 eq) was added at room temperature and the reaction was stirred overnight. 

The solvents were removed under reduced pressure and the residue was dissolved in Et2O. The organic 

phase was washed with water, saturated NH4Cl solution and brine, dried over Na2SO4 and the solvent 

was removed under reduced pressure. The crude product was purified by column chromatography 

(DCM/MeOH 98:2). A white solid was obtained (0.74 g, 57 %). Rf = 0.34 (DCM/MeOH 98:2). 1H NMR 

(300 MHz, CDCl3) δ 8.28 – 8.16 (m, 2H), 7.42 – 7.31 (m, 2H), 6.63 (s, 1H), 6.02 (s, 1H), 4.48 (bs, 1H), 3.32 
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– 2.98 (m, 3H), 2.82 – 2.27 (m, 6H), 0.99 – 0.93 (m, 9H), 0.87 – 0.77 (m, 9H), 0.21 – 0.13 (m, 6H), 0.04 

– -0.08 (m, 6H). 13C NMR (75 MHz, CDCl3) δ 148.17, 147.38, 146.25, 146.02, 132.45, 129.46, 124.49, 

122.72, 59.57, 57.78, 42.81, 25.81, 25.73, 18.38. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C29H47N2O4Si2+: 543.3069, found 543.3082; C29H46N2O4Si2 (542.87). 

 

4-(7,8-Bis((tert-butyldimethylsilyl)oxy)-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-yl)aniline 

(15) 

14 (0.30 g, 0.55 mmol, 1 eq) was dissolved in THF/MeOH (1:1). Pd/C (10 %; 0.03 g, 10wt %) was 

added and the reaction was stirred overnight under H2-atmosphere. The reaction was filtered through 

celite and the solvent was removed under reduced pressure. The crude product was purified by column 

chromatography (DCM/MeOH 98:2). A white solid was obtained (0.26 g, 93 %). Rf = 0.26 (DCM/MeOH 

98:2). 1H NMR (300 MHz, CDCl3) δ 7.03 – 6.89 (m, 2H), 6.73 – 6.62 (m, 2H), 6.58 (s, 1H), 6.12 (s, 1H), 

4.15 (d, J = 8.8 Hz, 1H), 3.88 – 3.48 (m, 2H), 3.18 – 2.90 (m, 3H), 2.75 – 2.61 (m, 2H), 2.42 – 2.23 (m, 

4H), 1.02 – 0.95 (m, 10H), 0.89 – 0.80 (m, 9H), 0.20 – 0.13 (m, 7H), 0.04 – -0.10 (m, 6H). 13C NMR (75 

MHz, CDCl3) δ 144.74, 144.34, 143.81, 138.18, 133.79, 133.63, 129.19, 122.21, 121.02, 115.33, 63.71, 

57.53, 47.97, 47.64, 35.60, 25.91, 18.42, 18.36. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C29H49N2O2Si2+: 513.3327, found 513.3336; C29H48N2O2Si2 (512.89). 

 

Benzyl 5-bromopentanoate (16) 257  

5-Bromopentanoic acid (1.50 g, 8.29 mmol, 1.1 eq), benzyl alcohol (784µl, 7.54 mmol, 1 eq) 

and DMAP (0.09 g, 0.75 mmol, 0.1 eq) were dissolved in DCM. Dicyclohexylcarbodiimide (1.87 g, 9.05 

mmol, 1.2 eq) dissolved in DCM was added slowly at room temperature and the reaction was stirred 

overnight. The white solid was filtered off and the filtrate was concentrated under reduced pressure. 

The crude product was purified by column chromatography (PE/EtOAc 9:1). A clear oil was obtained 

(2.00 g, 89 %). Rf = 0.74 (PE/EtOAc 8:2). 1H NMR (300 MHz, CDCl3) δ 7.46 – 7.27 (m, 5H), 5.12 (s, 2H), 

3.40 (t, J = 6.4 Hz, 2H), 2.40 (t, J = 7.1 Hz, 2H), 1.97 – 1.72 (m, 4H). 13C NMR (75 MHz, CDCl3) δ 172.98, 

135.93, 128.62, 128.31, 128.27, 66.33, 33.30, 33.04, 31.97, 23.50. HRMS (APCI-MS): m/z [M+H]+ 

calculated for C12H16BrO2
+: 271.0328, found 271.0324; C12H15BrO2 (271.15). 

 

Benzyl 5-(chlorosulfonyl)pentanoate (17a)187,258  

16 (0.50 g, 1.84 mmol, 1 eq) and thiourea (0.14 g, 1.84 mmol, 1 eq) were heated in MeCN to 

reflux overnight. The solvent was removed under reduced pressure and the remaining white solid was 

added at 5 °C to a suspension of N-chlorosuccinimide (1.23 g, 9.20 mmol, 5 eq) in MeCN and 2 N aq. 

HCl (1 ml). The reaction was stirred for 1 h maintaining the temperature below 10 °C. Water and Et2O 

were added and the organic phase was separated, washed with brine, dried over Na2SO4 and the 
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solvent removed under reduced pressure. The crude product was purified by column chromatography 

(PE/EtOAc 9:1). A clear oil was obtained (0.35 g, 65 %). Rf = 0.21 (PE/EtOAc 9:1). 1H NMR (300 MHz, 

CDCl3) δ 7.46 – 7.29 (m, 5H), 5.14 (s, 2H), 3.72 – 3.60 (m, 2H), 2.45 (t, J = 7.2 Hz, 2H), 2.17 – 1.98 (m, 

2H), 1.94 – 1.73 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 172.34, 135.73, 128.69, 128.45, 128.36, 66.58, 

64.90, 33.32, 23.82, 22.82. HRMS (APCI-MS): m/z [M+H]+ calculated for C12H16ClO4S+: 291.0452, found 

291.0451; C12H15ClO4S (290.76). 

 

Ethyl 5-(chlorosulfonyl)pentanoate (17b)187,258 

Ethyl 5-bromovalerate (3.00 g, 14.35 mmol, 1 eq) and thiourea (1.08 g, 14.35 mmol) were 

dissolved in EtOH and heated to reflux overnight. The solvent was removed under reduced pressure 

and the obtained solid was added at 5 °C to a suspension of N-chlorosuccinimide (9.58 g, 71.75 mmol, 

5 eq) in acetonitrile and 2 N aq. HCl (5 ml). The reaction was stirred for 20 min below 10 °C and poured 

onto water. The aqueous phase was extracted with diethyl ether. The combined organic phases were 

washed with brine, dried over Na2SO4 and the solvent was removed under reduced pressure. The crude 

product was purified by column chromatography (PE/EtOAc 8:2). A clear oil was obtained (2.86 g, 

87 %). Rf = 0.45 (PE/EtOAc 8:2). 1H NMR (300 MHz, CDCl3) δ 4.14 (q, J = 7.1 Hz, 2H), 3.77 – 3.61 (m, 2H), 

2.39 (t, J = 7.1 Hz, 2H), 2.16 – 1.98 (m, 2H), 1.91 – 1.74 (m, 2H), 1.30 – 1.21 (m, 3H). 13C NMR (75 MHz, 

CDCl3) δ 172.52, 64.96, 60.72, 33.32, 23.83, 22.84, 14.23. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C7H14ClO4S+: 229.0296, found 229.0295; C7H13ClO4S (228.69). 

 

N1-(4-(7-Chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-yl)phenyl)-N4-(prop-2-

yn-1-yl)succinimide (18) 

Succinic anhydride (0.16 g, 1.60 mmol, 1 eq) and propargylamine (0.10 ml, 1.60 mmol, 1 eq) 

were dissolved in DMF and stirred for 3 h at room temperature. HATU (0.67 g, 1.76 mmol, 1.1 eq), 

DIPEA (0.83 ml, 4.80 mmol, 3 eq), and 11a (0.48 g, 1.60 mmol, 1 eq) were added and the reaction was 

stirred at rt overnight. The solvent was removed under reduced pressure and the crude product was 

purified by column chromatography (DCM/MeOH 95:5). A yellow sticky solid was obtained (0.34 g, 

48 %). Rf = 0.13 (DCM/MeOH 95:5). 1H NMR (400 MHz, CD3OD) δ 7.76 – 7.53 (m, 2H), 7.33 – 7.05 (m, 

3H), 6.43 (d*, J = 220.5 Hz, 1H), 4.66 – 4.48 (m, 1H), 3.96 (d, J = 2.5 Hz, 2H), 3.92 – 3.42 (m, 3H), 3.40 – 

3.31 (m, 1H), 3.12 – 2.86 (m, 5H), 2.74 – 2.63 (m, 2H), 2.63 – 2.52 (m, 3H). 13C NMR (101 MHz, CD3OD) 

δ 172.80, 171.64, 151.98, 142.09, 138.14, 130.52, 129.43, 128.52, 120.45, 118.40, 116.27, 79.19, 70.76, 

60.62, 56.13, 44.56, 31.23, 30.42, 30.04, 28.09. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C24H27ClN3O3
+: 440.1735, found 440.1741; C24H26ClN3O3 (439.94). 
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Ethyl 5-(N-(4-(7-chloro-3-methyl-8-((triisopropylsilyl)oxy)-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)sulfamoyl)pentanoate (19)  

13 (0.50 g, 1.01 mmol, 1 eq) and pyridine (245 µl, 3.03 mmol, 3 eq) were dissolved in CHCl3. 

17b (0.46 g, 2.02 mmol, 2 eq) was added and the reaction was stirred at 50 °C overnight. DCM was 

added to the reaction and the organic phase was washed with water and brine, dried over Na2SO4 and 

the solvent was removed under reduced pressure. The crude product was purified by flash 

chromatography (SiO2, 0 min to 5 min to 25 min, 98:2 to 98:2 to 9:1, DCM/MeOH). A pale-yellow solid 

was obtained (0.37 g, 56 %). Rf = 0.20 (DCM/MeOH 95:5). 1H NMR (400 MHz, CDCl3) δ 7.33 – 7.27 (m, 

2H), 7.11 – 7.02 (m, 3H), 6.11 (s, 1H), 4.76 – 4.53 (m, 1H), 4.07 (d, J = 7.1 Hz, 2H), 3.63 – 3.30 (m, 3H), 

3.16 – 2.95 (m, 3H), 2.86 – 2.73 (m, 1H), 2.73 – 2.52 (m, 4H), 2.34 – 2.23 (m, 2H), 1.91 – 1.62 (m, 4H), 

1.20 (t, J = 7.1 Hz, 3H), 0.95 – 0.86 (m, 21H). 13C NMR (101 MHz, CDCl3) δ 172.99, 150.47, 142.51, 

137.16, 136.69, 132.18, 130.91, 129.31, 122.63, 120.87, 120.13, 61.86, 60.50, 56.73, 51.24, 46.36, 

45.59, 33.62, 23.46, 22.99, 17.76, 14.20, 12.56. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C33H52ClN2O5SSi+: 651.3049, found 651.3060; C33H51ClN2O5SSi (651.38). 

 

5-(N-(4-(7-Chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)sulfamoyl)-N-(prop-2-yn-1-yl)pentanamide (20)  

19 (0.34 g, 0.52 mmol, 1 eq) was dissolved in THF and LiOH (37 mg, 1.56 mmol, 3 eq) dissolved 

in water was added and the reaction was stirred at room temperature overnight. 0.1 N HCl (32 ml, 3.12 

mmol, 6 eq) was added slowly at 0 °C. The solvent was removed by lyophilization and the residue was 

dissolved in DMF. HATU (236 mg, 0.62 mmol, 1.2 eq), DIPEA (269 µl, 1.56 mmol, 6 eq) and 

propargylamine (50 µl, 0.78 mmol, 1.5 eq) were added and the reaction was stirred at room 

temperature overnight. The solvent was removed under reduced pressure and the crude product was 

purified by flash chromatography (SiO2, 0 min to 5 min to 6 min to 25 min, 100:0 to 100:0 to 95:5 to 

8:2, DCM/MeOH). A yellow solid was obtained (0.24 g, 92 %). Rf = 0.18 (DCM/MeOH 9:1). 1H NMR (400 

MHz, CD3OD) δ 7.30 – 7.23 (m, 2H), 7.19 – 7.10 (m, 3H), 6.23 (s, 1H), 4.51 (d, J = 9.6 Hz, 1H), 3.87 (d, J 

= 2.5 Hz, 2H), 3.63 – 3.36 (m, 3H), 3.25 – 3.16 (m, 1H), 3.14 – 3.05 (m, 2H), 2.97 – 2.85 (m, 2H), 2.82 – 

2.74 (m, 3H), 2.53 (t, J = 2.6 Hz, 1H), 2.24 – 2.13 (m, 2H), 1.83 – 1.71 (m, 2H), 1.71 – 1.57 (m, 2H). 13C 

NMR (101 MHz, CD3OD) δ 173.62, 151.81, 141.96, 137.39, 130.66, 130.42, 129.14, 120.47, 118.31, 

116.68, 79.22, 70.86, 60.74, 56.28, 50.55, 45.41, 44.97, 34.63, 31.15, 28.04, 23.84, 22.80. HRMS (ESI-

MS): m/z [M+H]+ calculated for C25H31ClN3O4S+: 504.1718, found 504.1722; C25H30ClN3O4S (504.04). 
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Benzyl 5-(N-(4-(7,8-bis((tert-butyldimethylsilyl)oxy)-3-methyl-2,3,4,5-tetrahydro-1H-

benzo[d]azepin-1-yl)phenyl)sulfamoyl)pentanoate (21)  

15 (0.48 g, 0.94 mmol, 1 eq) and pyridine (228 µl, 1.88 mmol, 3 eq) were dissolved in CHCl3. 

17a (0.54 g, 1.88 mmol, 2 eq) was added and the reaction was stirred at 50 °C overnight. DCM was 

added to the reaction and the organic phase was washed with water and brine, dried over Na2SO4 and 

the solvent was removed under reduced pressure. The crude product was purified by flash 

chromatography (SiO2, 0 min to 5 min to 25 min, 98:2 to 98:2 to 9:1, DCM/MeOH). A pale-yellow solid 

was obtained (0.42 g, 59 %). Rf = 0.70 (DCM/MeOH 95:5). 1H NMR (400 MHz, CDCl3) δ 7.38 – 7.31 (m, 

5H), 7.28 – 7.23 (m, 2H), 7.08 (t, J = 10.1 Hz, 2H), 6.61 (s, 1H), 5.98 (s, 1H), 5.11 (s, J = 6.4 Hz, 2H), 4.88 

(bs, 1H), 3.88 – 3.43 (m, 3H), 3.20 – 3.00 (m, 3H), 2.94 – 2.64 (m, 5H), 2.44 – 2.31 (m, 2H), 1.95 – 1.69 

(m, 5H), 0.96 (s, J = 2.9 Hz, 9H), 0.79 (s, 9H), 0.15 (s, J = 8.0 Hz, 6H), -0.07 (s, 6H). 13C NMR (101 MHz, 

CDCl3) δ 172.72, 135.86, 129.36, 128.61, 128.30, 128.27, 122.53, 120.99, 66.38, 51.05, 33.61, 25.83, 

23.39, 23.04, 18.40, 18.34, -4.17, -4.21. HRMS (ESI-MS): m/z [M+H]+ calculated for C41H63N2O6SSi2+: 

767.3940, found 767.3962; C41H62 N2O6SSi2 (767.19). 

 

5-(N-(4-(7,8-Bis((tert-butyldimethylsilyl)oxy)-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)sulfamoyl)-N-(prop-2-yn-1-yl)pentanamide (22) 

Pd/C (10 %; 0.04g, 10wt %) was added to a solution of 21 (0.40 g, 0.52 mmol, 1 eq) in MeOH 

and the reaction was heated to 60 °C under H2-atmosphere. After 3 h the reaction was filtered over 

celite and the solvent was removed under reduced pressure. The residue was dissolved in DMF and 

HATU (0.24 g, 0.62 mmol, 1.2 eq), DIPEA (269 µl, 1.56 mmol, 3 eq) and propargyl amine (50 µl, 0.78 

mmol, 1.5 eq) were added and the reaction was stirred at room temperature overnight. DCM was 

added and the organic phase was washed with water and brine, dried over Na2SO4 and the solvent 

removed under reduced pressure. The crude product was purified by flash chromatography (SiO2, 0 

min to 20 min, 100:0 to 9:1 DCM/MeOH). A pale-yellow solid was obtained (0.23 g, 62 %). Rf = 0.48 

(DCM/MeOH 9:1). 1H NMR (400 MHz, CDCl3) δ 7.29 – 7.23 (m, 2H), 7.22 – 7.12 (m, 2H), 6.62 (s, 1H), 

6.10 (s, 1H), 6.00 – 5.89 (m, 1H), 4.23 (d, J = 8.5 Hz, 1H), 4.10 – 4.04 (m, 2H), 3.22 – 3.00 (m, 4H), 2.98 

– 2.79 (m, 2H), 2.75 – 2.64 (m, 1H), 2.48 – 2.33 (m, 4H), 2.31 – 2.23 (m, 3H), 1.96 – 1.80 (m, 4H), 1.01 

(s, J = 2.9 Hz, 9H), 0.88 (s, J = 2.7 Hz, 9H), 0.20 (s, 6H), 0.08 – -0.03 (m, 6H). 13C NMR (101 MHz, CDCl3) 

δ 171.77, 158.70, 144.40, 144.23, 140.77, 136.94, 134.96, 133.84, 129.56, 122.48, 121.24, 121.15, 

79.51, 71.70, 63.03, 57.53, 50.89, 50.84, 48.38, 47.70, 35.54, 35.34, 29.22, 25.91, 25.89, 23.64, 23.16, 

18.41, 18.35, -4.15, -4.21. HRMS (ESI-MS): m/z [M+H]+ calculated for C37H60N3O5SSi2+: 714.3787, found 

714.3799; C37H59 N3O5SSi2 (714.13). 
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4-(3-Chloropropoxy)benzaldehyde (23)178 

A suspension of 4-hydroxybenzaldehyde (5.00 g, 40.94 mmol, 1 eq), 1-bromo-3-chloropropane 

(8.06 ml, 81.88 mmol, 2 eq) and K2CO3 (16.85 g, 121.92 mmol, 3 eq) in MeCN was heated to reflux for 

18 h. After cooling to room temperature, the solid was filtered off and the filtrate was dried in vacuo. 

The resulting residue was dissolved in EtOAc and washed with water and brine, dried over Na2SO4 and 

the solvent was removed under reduced pressure. The crude product was purified by column 

chromatography (PE/EtOAc 9:1). 23 (7.26 g, 89 %) was obtained as a yellow oil. Rf = 0.40 (PE/EtOAc 

8:1). 1H NMR (300 MHz, CDCl3) δ 9.89 (s, 1H), 7.95 – 7.75 (m, 2H), 7.09 – 6.91 (m, 2H), 4.21 (t, J = 5.9 

Hz, 2H), 3.76 (t, J = 6.2 Hz, 2H), 2.36 – 2.18 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 190.8, 163.7, 132.0, 

130.1, 114.8, 64.6, 41.2, 32.0. HRMS (ESI-MS): m/z [M+H+] calculated for C10H12ClO2
+: 199.0520, found 

199.0516; C10H11ClO2 (198.65). 

 

4-(3-(Piperidin-1-yl)propoxy)benzaldehyde (24)178 

23 (7.22 g, 36.34 mmol, 1 eq), piperidine (5.38 ml, 54.51 mmol, 1.5 eq), Na2CO3 (5.78 g, 54,51 

mmol, 1.5 eq) and KI (0.30 g, 1.82 mmol, 5 mol %) were heated to reflux in MeCN for 20 h. The solvent 

was removed under reduced pressure and the residue was dissolved in DCM. The organic phase was 

washed with water and brine, dried over Na2SO4 and the solvent was removed under reduced pressure. 

Column chromatography (DCM/MeOH 9/1 + 0.1 % NEt3) afforded 24 (6.79 g, 76 %) as a yellow oil. Rf = 

0.48 (DCM/MeOH/7N NH3 in MeOH 95:4:1). 1H NMR (400 MHz, CDCl3) δ 9.87 (s, 1H), 7.88 – 7.74 (m, 

2H), 7.06 – 6.92 (m, 2H), 4.09 (t, J = 6.4 Hz, 2H), 2.51 – 2.31 (m, 6H), 2.06 – 1.94 (m, 2H), 1.63 – 1.54 

(m, 4H), 1.50 – 1.38 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 190.8, 164.2, 132.0, 129.8, 114.8, 66.9, 55.7, 

54.7, 26.7, 26.0, 24.4. HRMS (ESI-MS): m/z [M+H+] calculated for C15H22NO2
+: 248.1645, found 

248.1673; C15H21NO2 (247.34). 

 

Ethyl 1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxylate (25)188 

Sodium triacetoxyborohydride (5.35 g, 25.23 mmol, 1.3 eq) was added to a solution of 24 (4.80 

g, 19.41 mmol, 1 eq) and ethyl isonipecotate (3.29 ml, 21.35 mmol, 1.1 eq) in CHCl3 at room 

temperature and the reaction was stirred for 20 h. A saturated solution of sodium bicarbonate was 

added and the organic phase was separated. The aqueous phase was extracted with DCM, the 

combined organic phases were washed with brine, dried over Na2SO4 and the solvent was removed 

under reduced pressure. Column chromatography (DCM/MeOH 95/5 + 0.1 % NH3) afforded 25 (7.18 g, 

95 %) as a yellow oil. Rf = 0.28 (DCM/MeOH/7N NH3 in MeOH 95:4:1). 1H NMR (300 MHz, CDCl3) δ 7.22-

7.16 (m, 2H), 6.87 – 6.78 (m, 2H), 4.12 (q, J = 7.1 Hz, 2H), 3.99 (t, J = 6.4 Hz, 2H), 3.41 (s, 2H), 2.83 (d, J 

= 11.6 Hz, 2H), 2.53 – 2.36 (m, 6H), 2.32 – 2.18 (m, 1H), 2.05 – 1.90 (m, 4H), 1.91 – 1.68 (m, 4H), 1.65-

1.54 (m, 4H), 1.50 – 1.39 (m, 2H), 1.24 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 175.3, 158.1, 130.3, 
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114.2, 66.5, 62.7, 60.3, 56.1, 54.6, 52.8, 41.3, 28.3, 26.8, 25.9, 24.4, 14.2. HRMS (ESI-MS): m/z [M+H+] 

calculated for C23H37N2O3
+: 389.2799, found 389.2800; C23H36N2O3 (388.55). 

 

1-(4-(3-(Piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxylic acid dihydrochloride (26)188  

2 N aqueous HCl was added to a solution of 25 (2.06 g, 5.30 mmol, 1 eq) in THF and stirred at 

room temperature overnight. The solvent was evaporated, and the product was dried in vacuo. A sticky 

brown oil was obtained (26, 2.10 g, 92 %). 1H NMR (300 MHz, CD3OD) δ 7.55-7.47 (m, 2H), 7.07-6.98 

(m, 2H), 4.27 (s, 2H), 4.14 (t, J = 5.8 Hz, 2H), 3.64-3.44 (m, 4H), 3.14 – 2.92 (m, 4H), 2.72 – 2.57 (m, 1H), 

2.34 – 1.77 (m, 12H). 13C NMR (101 MHz, CD3OD) δ 173.6, 159.9, 132.8, 121.2, 114.8, 64.9, 59.7, 54.4, 

53.1, 51.0, 38.2, 25.3, 23.8, 22.9, 21.3. HRMS (ESI-MS): m/z [M+H+] calculated for C21H33N2O3
+: 

361.2486, found 361.2490; C21H32N2O3*2 HCl (433.42). 

 

1-(4-(3-(Piperidin-1-yl)propoxy)benzyl)-N-(prop-2-yn-1-yl)piperidine-4-carboxamide (27)188 

26 (0.57 g, 1.44 mmol, 1 eq), HOBt (0.21 g, 1.58 mmol, 1.1 eq), EDC*HCl (0.30 g, 1.58 mmol, 

1.1 eq) and DIPEA (0.98 ml, 5.76 mmol, 4 eq) were dissolved in a mixture of DCM and DMF (1:1) and 

stirred at room temperature for 30 min. Propargylamine (92 µl, 1.44 mmol, 1 eq) was added and the 

reaction was heated to 100 °C for 30 min in a microwave. Water was added to the reaction and the 

organic phase was separated. The aqueous phase was extracted with DCM, the combined organic 

phases were washed with brine, dried over Na2SO4 and the solvent removed under reduced pressure. 

Column chromatography (DCM/MeOH 9:1 + 0.1 % NH3) afforded 27 as a yellow solid (0.57 g, 72 %). Rf 

= 0.42 (DCM/MeOH 9:1). 1H NMR (300 MHz, CDCl3) δ 7.22 – 7.16 (m, 2H), 6.87 – 6.80 (m, 2H), 5.64 (bt, 

J = 4.9 Hz, 1H), 4.04 (dd, J = 5.1, 2.6 Hz, 2H), 3.98 (t, J = 6.4 Hz, 2H), 3.42 (s, 2H), 2.96 – 2.86 (m, 2H), 

2.52 – 2.32 (m, 6H), 2.22 (t, J = 2.6 Hz, 1H), 2.16 – 2.04 (m, 1H), 2.02 – 1.89 (m, 4H), 1.85 – 1.77 (m, 4H), 

1.64 – 1.54 (m, 4H), 1.48 – 1.38 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 174.76, 158.16, 130.24, 130.12, 

114.19, 79.69, 71.63, 66.52, 62.57, 56.07, 54.66, 52.91, 43.20, 29.14, 28.80, 26.87, 25.98, 24.45. HRMS 

(ESI-MS): m/z [M+H+] calculated for C24H36N3O2
+: 398.2802, found 398.2810; C24H35N3O2 (397.56). 

 

tert-Butyl 4-((1H-imidazol-4-yl)methyl)piperidine-1-carboxylate (28)259  

N-Boc-4-piperidineacetaldehyde (0.50 g, 2.20 mmol, 1 eq) and p-toluenesulfonyl methyl 

isocyanide (0.47 g, 2.42 mmol, 1.1 eq) were dissolved in EtOH and sodium cyanide (10 mg, 0.22 mmol, 

0.1 eq) was added and the reaction was stirred for 2 h at room temperature. The solvent was removed 

under reduced pressure and the residue was suspended in CHCl3. The solid was filtered off and the 

filtrate was concentrated under reduced pressure. The residue was dissolved in sat. NH3 in EtOH and 

the reaction was heated in a microwave for 2 h at 120 °C (7-10 bar). The solvent was removed under 

reduced pressure and the product was purified by column chromatography (DCM/MeOH 9:1). A brown 
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solid was obtained (0.35 g, 60 %). Rf = 0.44 (DCM/MeOH 9:1). 1H NMR (300 MHz, CDCl3) δ 7.65 – 7.53 

(m, 1H), 6.77 (s, 1H), 4.17 – 4.01 (m, 2H), 2.73 – 2.58 (m, 2H), 2.53 (d, J = 6.9 Hz, 2H), 1.84 – 1.55 (m, 

3H), 1.43 (s, 9H), 1.20 – 1.02 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 154.97, 135.22, 134.31, 117.37, 79.44, 

50.65, 36.46, 33.63, 31.93, 28.48. HRMS (ESI-MS): m/z [M+H]+ calculated for C14H24N3O2
+: 266.1863, 

found 266.1865; C14H23N3O2 (265.36). 

 

4-((1H-Imidazol-4-yl)methyl)piperidine (Immepip; 29)259 

28 (0.30 g, 1.13 mmol, 1 eq) was stirred overnight at room temperature in a mixture of DCM 

and TFA (4:1, 15 ml). The solvent was removed under reduced pressure and the product was dried in 

vacuo. A brown solid was obtained. The product was used without further purification. 

 

4-((1H-Imidazol-4-yl)methyl)-1-(prop-2-yn-1-yl)piperidine (30)  

29 (0.44 g, 1.13 mmol, 1 eq) was dissolved in EtOH and Na2CO3 (0.60 g, 5.65 mmol, 5 eq) was 

added and the reaction was stirred at room temperature. After 30 min propargyl bromide (80 % in 

toluene; 189 µl, 1.70 mmol, 1.5 eq) was added and the reaction was stirred at room temperature 

overnight. The white solid was filtered off and the filtrate was concentrated under reduced pressure. 

The crude product was purified by column chromatography (DCM/MeOH 9:1). A pale brown solid was 

obtained (80 mg, 35 %). Rf = 0.45 (DCM/MeOH + 1 % NH3 9:1). 1H NMR (400 MHz, CD3OD) δ 8.66 – 8.59 

(m, 2H), 7.39 (s, 1H), 3.99 (d, J = 2.5 Hz, 2H), 3.63 – 3.53 (m, 2H), 3.30 (t, J = 2.5 Hz, 1H), 3.06 – 2.93 (m, 

2H), 2.87 (d, J = 6.6 Hz, 2H), 2.12 – 1.99 (m, 3H), 1.77 – 1.60 (m, 2H). 13C NMR (101 MHz, CD3OD) δ 

167.61, 133.82, 132.56, 116.58, 77.71, 73.80, 51.48, 45.31, 33.75, 30.58, 29.22. HRMS (ESI-MS): m/z 

[M+H]+ calculated for C12H18N3
+: 204.1490, found 204.1493; C12H17N3 (203.29). 

 

6-Bromohex-1-yne (31)191 

Triphenylphosphine (2.23 g, 8.49 mmol, 1 eq) was added to a solution of 5-Hexyn-1-ol (1.10 

ml, 10.19 mmol, 1.2 eq) in DCM and the reaction was stirred for 5 min at room temperature. Carbon 

tetrabromide (2.82 g, 8.49 mmol, 1 eq) was added and the reaction was stirred for 2 h. The solvent 

was removed under reduced pressure and the crude product was purified by column chromatography 

(PE/EtOAc 98:2). A clear oil was obtained (1.21 g, 88 %). 1H NMR (300 MHz, CDCl3) δ 3.44 (t, J = 6.6 Hz, 

2H), 2.24 (td, J = 6.9, 2.6 Hz, 2H), 2.06 – 1.93 (m, 3H), 1.74 – 1.63 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 

83.65, 68.92, 33.17, 31.53, 26.82, 17.61. HRMS (EI-MS): m/z [M-C2H4] ●+ calculated for C4H5Br●+: 

131.9569, found 131.9577; C6H9Br (161.04). 
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4-((1H-Imidazol-4-yl)methyl)-1-(hex-5-yn-1-yl)piperidine (32) 

29 (0.10 g, 0.25 mmol, 1 eq) was dissolved in EtOH and K2CO3 (0.17 g, 1.25 mmol, 5 eq) was 

added and the reaction was stirred at room temperature. After 30 min 31 (45 mg, 0.28 mmol, 1.1 eq) 

was added and the reaction was stirred overnight at room temperature. The white solid was filtered, 

and the filtrate was concentrated under reduced pressure. The crude product was purified by column 

chromatography (DCM/MeOH 9:1). A pale brown solid was obtained (50 mg, 80 %). Rf = 0.23 

(DCM/MeOH 8:2). 1H NMR (400 MHz, CD3OD) δ 8.81 (s, 1H), 7.37 (s, 1H), 3.70 – 3.49 (m, 2H), 3.14 – 

3.05 (m, 2H), 3.00 – 2.83 (m, 2H), 2.74 (d, J = 6.6 Hz, 2H), 2.31 – 2.22 (m, 3H), 2.00 – 1.81 (m, 5H), 1.64 

– 1.46 (m, 4H). 13C NMR (101 MHz, CD3OD) δ 133.59, 131.23, 116.49, 82.49, 69.11, 56.37, 52.30, 33.19, 

29.70, 28.68, 25.12, 22.79, 17.10. HRMS (ESI-MS): m/z [M+H]+ calculated for C15H24N3
+: 246.1965, 

found 246.1967; C15H23N3 (245.37). 

 

General procedure A 

Ethylene glycol derivative (1 eq) and NEt3 (2.5 eq) were dissolved in DCM. Methanesulfonyl 

chloride (2 eq) was added at 0 °C and the reaction was stirred at room temperature overnight. The 

white solid was filtered off and the filtrate was washed with saturated bicarbonate solution and brine, 

dried over Na2SO4 and the solvent was removed under reduced pressure. The crude product was 

purified by column chromatography (DCM/MeOH 98:2).  

 

(Ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl) dimethanesulfonate (33a)260 

The product was synthesized following general procedure A from triethylene glycol (7.00 g, 

46.61 mmol, 1 eq), methanesulfonyl chloride (7.21 ml, 93.22 mmol, 2 eq) and NEt3 (16.24 ml, 116.53 

mmol, 2.5 eq). A yellow oil was obtained (13.48 g, 94 %). Rf = 0.80 (DCM/MeOH 98:2). 1H NMR (300 

MHz, CDCl3) δ 4.38 – 4.28 (m, 4H), 3.75 – 3.69 (m, 4H), 3.63 (s, 4H), 3.03 (s, 6H). 13C NMR (75 MHz, 

CDCl3) δ 70.51, 69.25, 68.99, 37.62. HRMS (ESI-MS): m/z [M+H]+ calculated for C8H19O8S2
+: 307.0516, 

found 307.0516; C8H18O8S2 (306.34). 

 

((Oxybis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl) dimethanesulfonate (33b)261 

The product was synthesized following general procedure A from tetraethylene glycol (10.00 

g, 51.49 mmol, 1 eq), methanesulfonyl chloride (8.05 ml, 103.98 mmol, 2 eq) and NEt3 (128.73 ml, 

116.53 mmol, 2.5 eq). A yellow oil was obtained (14.03 g, 78 %). Rf = 0.70 (DCM/MeOH 98:2). 1H NMR 

(300 MHz, CDCl3) δ 4.42 – 4.29 (m, 4H), 3.80 – 3.70 (m, 4H), 3.68 – 3.58 (m, 8H), 3.06 (s, 6H). 13C NMR 

(75 MHz, CDCl3) δ 70.64, 70.51, 69.28, 69.02, 37.67. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C10H23O9S2
+: 351.0778, found 351.0783; C10H22O9S2 (350.40). 
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3,6,9,12-Tetraoxatetradecane-1,14-diyl dimethanesulfonate (33c)262  

The product was synthesized following general procedure A from pentaethylene glycol (3.00 

g, 12.59 mmol, 1 eq), methanesulfonyl chloride (1.95 ml, 25.18 mmol, 2 eq) and NEt3 (4.38 ml, 31.47 

mmol, 2.5 eq). A yellow oil was obtained (4.68 g, 94 %). Rf = 0.65 (DCM/MeOH 98:2). 1H NMR (300 

MHz, CDCl3) δ 4.41 – 4.32 (m, 4H), 3.79 – 3.71 (m, 4H), 3.67 – 3.61 (m, 12H), 3.07 (s, 6H). 13C NMR (75 

MHz, CDCl3) δ 70.64, 70.59, 70.52, 69.36, 69.03, 37.73. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C12H27O10S2
+: 395.1040, found 395.1045; C12H26O10S2 (394.45). 

 

3,6,9,12,15-Pentaoxaheptadecane-1,17-diyl dimethanesulfonate (33d)262 

The product was synthesized following general procedure A from hexaethylene glycol (3.00 g, 

10.63 mmol, 1 eq), methanesulfonyl chloride (1.65 ml, 21.26 mmol, 2 eq) and NEt3 (3.71 ml, 26.58 

mmol, 2.5 eq). A yellow oil was obtained (4.51 g, 97 %). Rf = 0.68 (DCM/MeOH 98:2). 1H NMR (300 

MHz, CDCl3) δ 4.38 – 4.31 (m, 4H), 3.77 – 3.70 (m, 4H), 3.65 – 3.57 (m, 16H), 3.06 (s, 6H). 13C NMR (75 

MHz, CDCl3) δ 70.60, 70.56, 70.49, 69.43, 68.99, 37.72. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C14H31O11S2
+: 439.1302, found 439.1305; C14H30O11S2 (438.50). 

 

General procedure B  

The di-mesylate product or dibromide (1 eq) and sodium azide (4 eq) were dissolved in a 

mixture of EtOH and DMF (4:1) and the reaction was heated to reflux overnight. The solvents were 

removed under reduced pressure and the crude product was dissolved in diethyl ether. The organic 

phase was washed with saturated ammonium chloride solution and brine, dried over Na2SO4 and the 

solvent removed under reduced pressure. The product was dried in vacuo. 

 

1,2-Bis(2-azidoethoxy)ethane (34a)263 

The product was synthesized following general procedure B from 33a (6.00 g, 19.59 mmol, 1 

eq) and sodium azide (5.09 g, 78.36 mmol, 4 eq). A yellow oil was obtained (3.97 g, 99 %). Rf = 0.26 

(DCM/MeOH 98:2). 1H NMR (300 MHz, CDCl3) δ 3.72 – 3.65 (m, 8H), 3.43 – 3.34 (m, 4H). 13C NMR (75 

MHz, CDCl3) δ 70.76, 70.17, 50.71. HRMS (APCI-MS): m/z [M+H]+ calculated for C6H13N6O2
+: 201.1095, 

found 201.1096; C6H12N6O2 (200.20). 

 

1-Azido-2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethane (34b)195 

The product was synthesized following general procedure B from 33b (5.75 g, 16.41 mmol, 1 

eq) and sodium azide (4.27 g, 65.64 mmol, 4 eq). A clear oil was obtained (3.70 g, 92 %). Rf = 0.23 

(DCM/MeOH 98:2). 1H NMR (300 MHz, CDCl3) δ 3.71 – 3.62 (m, 12H), 3.43 – 3.33 (m, 4H). 13C NMR (75 
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MHz, CDCl3) δ 70.74, 70.07, 50.70. HRMS (ESI-MS): m/z [M+H]+ calculated for C8H17N6O3
+: 245.1357, 

found 245.1359; C8H16N6O3 (244.26). 

 

1,14-Diazido-3,6,9,12-tetraoxatetradecane (34c)264 

The product was synthesized following general procedure B from 33c (4.68 g, 11.86 mmol, 1 

eq) and sodium azide (3.08 g, 47.44 mmol, 4 eq). A clear oil was obtained (3.23 g, 93 %). Rf = 0.20 

(DCM/MeOH 98:2). 1H NMR (300 MHz, CDCl3) δ 3.70 – 3.62 (m, 16H), 3.41 – 3.33 (m, 4H). 13C NMR (75 

MHz, CDCl3) δ 70.71, 70.69, 70.64, 70.04, 50.69. HRMS (ESI-MS): m/z [M+Na]+ calculated for 

C10H20N6O4Na+: 311.1438, found 311.1437; C10H20N6O4 (288.31). 

 

1,17-Diazido-3,6,9,12,15-pentaoxaheptadecane (34d)260 

The product was synthesized following general procedure B from 33d (4.48 g, 10.22 mmol, 1 

eq) and sodium azide (2.66 g, 40.88 mmol, 4 eq). A clear oil was obtained (3.31 g, 97 %). Rf = 0.19 

(DCM/MeOH 98:2). 1H NMR (300 MHz, CDCl3) δ 3.59 – 3.43 (m, 20H), 3.28 – 3.16 (m, 4H). 13C NMR (75 

MHz, CDCl3) δ 70.57, 70.52, 70.48, 69.94, 50.57. HRMS (ESI-MS): m/z [M+H]+ calculated for C12H25N6O5
+: 

333.1881, found 333.1882; C12H24N6O5 (332.36). 

 

General procedure C 

The diazide product (1 eq) was dissolved in a mixture of EtOAc/THF/1 N aq. HCl (5:1:5). 

Triphenylphosphine (1 eq) dissolved in diethyl ether was added slowly and the reaction was stirred at 

room temperature overnight. The white solid was filtered off. 4 N aq. HCl was added to the filtrate and 

the aqueous phase was washed with diethyl ether, basified with NaOH and subsequently extracted 

with DCM. The organic phase was dried over Na2SO4, and the solvent was removed under reduced 

pressure. The crude product was purified by column chromatography (DCM/MeOH + 1 % NH3 95:5).  

 

2-(2-(2-Azidoethoxy)ethoxy)ethan-1-amine (35a)195 

The product was synthesized following general procedure C from 34a (1.93 g, 9.64 mmol, 1 eq) 

and triphenylphosphine (2.53 g, 9.64 mmol, 1 eq). A clear oil was obtained (1.16 g, 69 %). Rf = 0.32 

(DCM/MeOH + 1 % NH3 95:5). 1H NMR (300 MHz, CDCl3) δ 3.70 – 3.57 (m, 6H), 3.53 – 3.46 (m, 2H), 3.41 

– 3.33 (m, 2H), 2.91 – 2.78 (m, 2H), 1.55 (s, 2H). 13C NMR (75 MHz, CDCl3) δ 73.51, 70.68, 70.32, 70.08, 

50.68, 41.77. HRMS (ESI-MS): m/z [M+H]+ calculated for C6H15N4O2
+: 175.1190, found 175.1188; 

C6H14N4O2 (174.20). 
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2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethan-1-amine (35b)195  

The product was synthesized following general procedure C from 34b (2.00 g, 8.19mmol, 1 eq) 

and triphenylphosphine (2.14 g, 8.19 mmol, 1 eq). A clear oil was obtained (1.37 g, 77 %). Rf = 0.30 

(DCM/MeOH + 1 % NH3 95:5). 1H NMR (300 MHz, CDCl3) δ 3.70 – 3.59 (m, 12H), 3.40 (dd, J = 6.8, 3.3 

Hz, 2H), 3.04 (t, J = 5.0 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 70.49, 70.42, 70.09, 69.93, 69.37, 50.68, 

40.41. HRMS (ESI-MS): m/z [M+H]+ calculated for C8H19N4O3
+: 219.1452, found 219.1452; C8H18N4O3 

(218.26). 

 

14-Azido-3,6,9,12-tetraoxatetradecan-1-amine (35c) 195 

The product was synthesized following general procedure C from 34c (3.53 g, 11.27 mmol, 1 

eq) and triphenylphosphine (2.96 g, 11.27 mmol, 1 eq). A clear oil was obtained (1.38 g, 47 %). Rf = 

0.22 (DCM/MeOH + 1 % NH3 95:5). 1H NMR (400 MHz, CDCl3) δ 3.64 – 3.56 (m, 14H), 3.46 (t, J = 5.2 Hz, 

2H), 3.34 (t, J = 5.1 Hz, 2H), 2.81 (t, J = 5.2 Hz, 2H), 1.45 (s, 2H). 13C NMR (75 MHz, CDCl3) δ 73.35, 70.68, 

70.65, 70.60, 70.58, 70.54, 70.26, 70.01, 50.65, 41.76. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C10H23N4O4
+: 263.1714, found 263.1717; C10H22N4O4 (262.31). 

 

17-Azido-3,6,9,12,15-pentaoxaheptadecan-1-amine (35d)195 

The product was synthesized following general procedure C from 34d (1.50 g, 4.51 mmol, 1 

eq) and triphenylphosphine (1.18 g, 4.51 mmol, 1 eq). A clear oil was obtained (0.94 g, 68 %). Rf = 0.16 

(DCM/MeOH + 1 % NH3 95:5). 1H NMR (300 MHz, CDCl3) δ 3.70 – 3.60 (m, 18H), 3.55 – 3.48 (m, 2H), 

3.43 – 3.33 (m, 2H), 2.91 – 2.81 (m, 2H), 2.00 (s, 2H). 13C NMR (75 MHz, CDCl3) δ 73.08, 70.67, 70.60, 

70.55, 70.28, 70.03, 50.69, 41.71. HRMS (ESI-MS): m/z [M+H]+ calculated for C12H27N4O5
+: 307.1976, 

found 307.1981; C12H26N4O5 (306.36). 

 

General procedure D 

Glutaryl chloride (1 eq) was added at 0 °C to a solution of the amine (2 eq) and NEt3 (5 eq) in 

DCM and the reaction was stirred at room temperature overnight. The solvent was removed under 

reduced pressure and the crude product was purified by column chromatography (DCM/MeOH + 1 % 

NH3 95:5).  

 

N1,N5-Bis(2-(2-(2-azidoethoxy)ethoxy)ethyl)glutaramide (36a)  

The product was synthesized following general procedure D from 35a (1.50 g, 8.61 mmol, 2.2 

eq), glutaryl chloride (501 µl, 3.91 mmol, 1 eq) and NEt3 (2.74 ml, 19.55 mmol, 5 eq). A clear oil was 

obtained (1.59 g, 92 %). Rf = 0.46 (DCM/MeOH + 1 % NH3 95:5). 1H NMR (300 MHz, CDCl3) δ 6.44 (bs, 

2H), 3.70 – 3.61 (m, 12H), 3.60 – 3.54 (m, 4H), 3.48 – 3.33 (m, 8H), 2.21 (t, J = 6.9 Hz, 4H), 2.02 – 1.89 
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(m, 2H). 13C NMR (75 MHz, CDCl3) δ 172.72, 70.50, 70.23, 70.08, 69.80, 50.62, 39.17, 35.19, 21.97. 

HRMS (ESI-MS): m/z [M+H]+ calculated for C17H33N8O6
+: 445.2518, found 445.2525; C17H32N8O6 

(444.49). 

 

N1,N5-Bis(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)glutaramide (36b)  

The product was synthesized following general procedure D from 35b (1.5 g, 6.87 mmol, 2.2 

eq), glutaryl chloride (399 µl, 3.12 mmol, 1 eq) and NEt3 (2.19 ml, 15.60 mmol, 5 eq). A clear oil was 

obtained (1.49 g, 90 %). Rf = 0.40 (DCM/MeOH + 1 % NH3 95:5). 1H NMR (300 MHz, CDCl3) δ 6.54 (bs, 

2H), 3.71 – 3.61 (m, 20H), 3.61 – 3.55 (m, 4H), 3.47 – 3.33 (m, 8H), 2.25 – 2.15 (m, 4H), 2.02 – 1.91 (m, 

2H). 13C NMR (101 MHz, CDCl3) δ 172.65, 70.68, 70.56, 70.26, 70.07, 69.65, 50.67, 39.18, 35.08, 21.96. 

HRMS (ESI-MS): m/z [M+H]+ calculated for C21H41N8O8
+: 533.3042, found 533.3053; C21H40N8O8 

(532.60). 

 

N1,N5-Bis(14-azido-3,6,9,12-tetraoxatetradecyl)glutaramide (36c)  

The product was synthesized following general procedure D from 35c (1.5 g, 5.72 mmol, 2.2 

eq), glutaryl chloride (332 µl, 2.60 mmol, 1 eq) and NEt3 (1.83 ml, 13.00 mmol, 5 eq). A clear oil was 

obtained (0.66 g, 41 %). Rf = 0.36 (DCM/MeOH + 1 % NH3 95:5). 1H NMR (300 MHz, CDCl3) δ 6.67 – 6.44 

(m, 2H), 3.67 – 3.52 (m, 32H), 3.44-3.32 (m, 8H), 2.24 – 2.13 (m, 4H), 1.95 (p, J = 6.4 Hz, 2H). 13C NMR 

(75 MHz, CDCl3) δ 172.71, 70.69, 70.63, 70.60, 70.53, 70.44, 70.23, 70.04, 69.61, 50.66, 39.19, 35.02, 

21.97. HRMS (ESI-MS): m/z [M+H]+ calculated for C25H49N8O10
+: 621.3566, found 621.3579; C25H48N8O10 

(620.71). 

 

N1,N5-Bis(17-azido-3,6,9,12,15-pentaoxaheptadecyl)glutaramide (36d)  

The product was synthesized following general procedure D from 35d (0.94 g, 3.07 mmol, 2.2 

eq), glutaryl chloride (179 µl, 1.40 mmol, 1 eq) and pyridine (1.13 ml, 14.00 mmol, 10 eq) instead of 

NEt3. A clear oil was obtained (0.34 g, 34 %). Rf = 0.30 (DCM/MeOH + 1 % NH3 95:5). 1H NMR (300 MHz, 

CDCl3) δ 6.85 – 6.62 (m, 2H), 3.82 – 3.51 (m, 40H), 3.47 – 3.34 (m, 8H), 2.42 – 2.15 (m, 4H), 2.01 – 1.91 

(m, 2H). 13C NMR (75 MHz, CDCl3) δ 172.88, 70.68, 70.66, 70.59, 70.52, 70.46, 70.19, 70.04, 69.74, 

50.68, 39.19, 35.13. HRMS (ESI-MS): m/z [M+H]+ calculated for C29H57N8O12
+: 709.4090, found 

709.4109; C29H56N8O12 (708.81). 

 

1,10-Diazidodecane (37a)265  

The product was synthesized following general procedure B from 1,10-dibromodecane (5.00 

g, 16.60 mmol, 1 eq) and sodium azide (3.10 g, 49.98 mmol, 3 eq). A clear oil was obtained (3.61 g, 

97 %). 1H NMR (300 MHz, CDCl3) δ 3.26 (t, J = 6.9 Hz, 4H), 1.65 – 1.54 (m, 4H), 1.42 – 1.26 (m, 12H). 13C 
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NMR (75 MHz, CDCl3) δ 51.49, 29.37, 29.12, 28.85, 26.71. HRMS (APCI-MS): m/z [M+H]+ calculated for 

C10H21N6
+: 225.1822, found 225.1825; C10H20N6 (224.31). 

 

1,12-Diazidododecane (37b)265 

The product was synthesized following general procedure B from 1,12-dibromododecane (5.00 

g, 15.24 mmol, 1 eq) and sodium azide (2.97 g, 45.72 mmol, 3 eq). A clear oil was obtained (3.57 g, 

93 %). 1H NMR (300 MHz, CDCl3) δ 3.25 (t, J = 6.9 Hz, 4H), 1.65 – 1.54 (m, 4H), 1.41 – 1.24 (m, 16H). 13C 

NMR (75 MHz, CDCl3) δ 51.50, 29.50, 29.47, 29.16, 28.86, 26.73. HRMS (APCI-MS): m/z [M+H]+ 

calculated for C12H25N6
+: 253.2135, found 253.2141; C12H24N6 (252.37). 

 

10-Azidodecan-1-amine (38a)266 

Triphenylphosphine (1.40 g, 5.35 mmol, 1 eq) dissolved in THF was added dropwise to a 

solution of 37a (3.60 g, 16.05 mmol, 3 eq) in THF. The reaction was stirred overnight. 1 N aq. HCl was 

added and the reaction was stirred for 2 h at room temperature. The organic solvent was removed 

under reduced pressure and the aqueous phase basified and extracted with DCM (3 x). The combined 

organic phases were washed with water and brine, dried over Na2SO4 and the solvent removed under 

reduced pressure. The crude product was purified by flash chromatography (0 min to 20 min, 98:2 

DCM/MeOH to 9:1 DCM/MeOH). A clear oil was obtained (0.40 g, 38 %). Rf = 0.65 (DCM/MeOH + 1 % 

NH3 95:5). 1H NMR (400 MHz, CDCl3) δ 3.18 (t, J = 7.0 Hz, 2H), 2.62 (t, J = 7.0 Hz, 2H), 1.58 – 1.47 (m, 

2H), 1.40 – 1.20 (m, 16H). 13C NMR (101 MHz, CDCl3) δ 51.48, 42.15, 33.60, 29.49, 29.43, 29.41, 29.13, 

28.83, 26.86, 26.70. HRMS (ESI-MS): m/z [M+H]+ calculated for C10H23N4
+: 199.1917, found 199.1920; 

C10H22N4 (198.31). 

 

12-Azidododecan-1-amine (38b)267 

Triphenylphosphine (1.24 g, 4.71 mmol, 1 eq) dissolved in THF was added dropwise to a 

solution of 37b (3.57 g, 14.14 mmol, 3 eq) in THF. The reaction was stirred overnight. 1 N aq. HCl was 

added and the reaction was stirred for 2 h at room temperature. The organic solvent was removed 

under reduced pressure and the aqueous phase basified and extracted with DCM (3 x). The combined 

organic phases were washed with water and brine, dried over Na2SO4 and the solvent removed under 

reduced pressure. The crude product was purified by flash chromatography (0 min to 20 min, 98:2 

DCM/MeOH to 9:1 DCM/MeOH). A clear oil was obtained (0.35 g, 33 %). Rf = 0.65 (DCM/MeOH + 1 % 

NH3 95:5). 1H NMR (400 MHz, CDCl3) δ 3.23 (t, J = 7.0 Hz, 2H), 2.65 (t, J = 7.0 Hz, 2H), 1.62 – 1.51 (m, 

2H), 1.25 (s, 18H). 13C NMR (101 MHz, CDCl3) δ 51.49, 42.27, 33.86, 29.61, 29.56, 29.52, 29.50, 29.47, 

29.15, 28.84, 26.90, 26.71. HRMS (ESI-MS): m/z [M+H]+ calculated for C12H27N4
+: 227.2230, found 

227.2233; C12H26N4 (226.37). 
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N1,N5-Bis(10-azidodecyl)glutaramide (39a) 

The product was synthesized following general procedure D from 38a (0.38 g, 1.91 mmol, 2.2 

eq), glutaryl chloride (111 µl, 0.87 mmol, 1 eq) and NEt3 (0.61 ml, 4.35 mmol, 5 eq). A white solid was 

obtained (0.23 g, 54 %). Rf = 0.43 (DCM/MeOH 98:2). 1H NMR (400 MHz, CDCl3) δ 5.96 (t, J = 5.7 Hz, 

2H), 3.29 – 3.14 (m, 8H), 2.22 (t, J = 7.1 Hz, 4H), 1.91 (p, J = 7.1 Hz, 2H), 1.64 – 1.53 (m, 4H), 1.50 – 1.42 

(m, 4H), 1.36 – 1.22 (m, 24H). 13C NMR (101 MHz, CDCl3) δ 172.52, 51.46, 39.53, 35.42, 29.61, 29.39, 

29.37, 29.23, 29.09, 28.81, 26.91, 26.68, 22.19. HRMS (ESI-MS): m/z [M+H]+ calculated for C25H49N8O2
+: 

493.3973, found 493.3982; C25H48N8O2 (492.71). 

 

N1,N5-Bis(10-azidodecyl)glutaramide (39b) 

The product was synthesized following general procedure D from 38a (0.34 g, 1.50 mmol, 2.2 

eq), glutaryl chloride (86.7 µl, 0.68 mmol, 1 eq) and NEt3 (0.48 ml, 3.41 mmol, 5 eq). A white solid was 

obtained (0.30 g, 81 %). Rf = 0.45 (DCM/MeOH 98:2). 1H NMR (400 MHz, CDCl3) δ 5.94 (t, J = 5.7 Hz, 

2H), 3.30 – 3.14 (m, 8H), 2.22 (t, J = 7.1 Hz, 4H), 1.92 (p, J = 7.1 Hz, 2H), 1.66 – 1.53 (m, 4H), 1.52 – 1.40 

(m, 4H), 1.40 – 1.19 (m, 32H). 13C NMR (101 MHz, CDCl3) δ 172.52, 51.48, 39.55, 35.42, 29.62, 29.51, 

29.48, 29.45, 29.28, 29.13, 28.82, 26.94, 26.70, 22.19. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C29H57N8O2
+: 549.4599, found 459.4612; C29H56N8O2 (548.82). 

 

General Procedure E 

Both pharmacophores (1.1 eq Each) and the spacer (1 eq) were dissolved in DCM/MeOH (1:1). 

Ascorbic acid (0.3 eq) and CuSO4*5 H2O were added and the reaction was stirred for 72 hours at room 

temperature. The solvent was removed under reduced pressure and the crude product was purified 

by preparative HPLC. 

 

N1-(2-(2-(2-(4-((4-((4-(7-Chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)amino)-4-oxobutanamido)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethyl)-N5-(2-(2-(2-

(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethyl)glutaramide pentahydrotrifluoroacetate (40) 

The product was synthesized following general procedure E from 27 (87 mg, 0.22 mmol, 1.1 

eq), 18 (97 mg, 0.22 mmol, 1.1 eq), 36a (89 mg, 0.20 mmol, 1 eq), ascorbic acid (11 mg, 0.06 mmol, 0.3 

eq) and Cu2SO4*5 H2O (5 mg, 0.02 mmol, 0.1 eq). A white solid was obtained (93 mg, 25 %). RP-HPLC: 

> 97 %, (tR = 7.80 min, k = 1.84). 1H NMR (400 MHz, CD3OD) δ 7.94 – 7.83 (m, 2H), 7.72 – 7.50 (m, 2H), 

7.47 – 7.36 (m, 2H), 7.32 – 7.06 (m, 3H), 7.07 – 6.97 (m, 2H), 6.69-6.15 (d*, J = 365.9 Hz, 1H), 4.62 – 

4.47 (m, 4H), 4.46 – 4.37 (m, 4H), 4.31 – 4.21 (m, 2H), 4.12 (t, J = 5.8 Hz, 2H), 3.92 – 3.71 (m, 5H), 3.65 

– 3.41 (m, 17H), 3.38 – 3.24 (m, 9H), 3.14 – 2.87 (m, 9H), 2.78 – 2.43 (m, 5H), 2.33 – 2.13 (m, 6H), 2.10 
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– 1.69 (m, 11H), 1.63 – 1.43 (m, 1H). 13C NMR (101 MHz, CD3OD) δ 174.05, 173.21, 171.64, 159.93, 

144.99, 144.47, 138.22, 135.44, 132.61, 128.56, 123.54, 121.13, 120.33, 116.33, 114.76, 70.05, 70.02, 

69.81, 69.12, 68.93, 64.76, 59.90, 54.36, 53.06, 51.13, 49.97, 44.50, 39.67, 38.95, 34.76, 34.40, 34.22, 

31.34, 30.19, 25.92, 23.77, 22.91, 21.86, 21.29. HRMS (ESI-MS): m/z [M+2H]2+ calculated for 

C65H95ClN14O11
2+: 641.3491, found 641.3502; C65H93ClN14O11*5 TFA (1852.11). 

 

N1-(2-(2-(2-(2-(4-((4-((4-(7-Chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)amino)-4-oxobutanamido)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)-N5-

(2-(2-(2-(2-(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-

triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)glutaramide pentahydrotrifluoroacetate (41) 

The product was synthesized following general procedure E from 27 (87 mg, 0.22 mmol, 1.1 

eq), 18 (97 mg, 0.22 mmol, 1.1 eq), 36b (107 mg, 0.20 mmol, 1 eq), ascorbic acid (11 mg, 0.06 mmol, 

0.3 eq) and Cu2SO4*5 H2O (5 mg, 0.02 mmol, 0.1 eq). A white solid was obtained (97 mg, 25 %). RP-

HPLC: > 99 %, (tR = 8.39 min, k = 1.61). 1H NMR (400 MHz, CD3OD) δ 7.96 – 7.85 (m, 2H), 7.69 – 7.53 

(m, 2H), 7.47 – 7.37 (m, 2H), 7.29 – 7.07 (m, 3H), 7.05 – 6.99 (m, 2H), 6.70-6.15 (d*, J = 221.5 Hz, 1H), 

4.55 – 4.50 (m, 4H), 4.46 – 4.38 (m, 4H), 4.29 – 4.22 (m, 2H), 4.12 (t, J = 5.8 Hz, 2H), 3.87 – 3.73 (m, 5H), 

3.64 – 3.46 (m, 25H), 3.34 – 3.25 (m, 9H), 3.11 – 2.89 (m, 9H), 2.76 – 2.65 (m, 2H), 2.65 – 2.44 (m, 3H), 

2.28 – 2.14 (m, 6H), 2.09 – 1.69 (m, 11H), 1.60 – 1.43 (m, 1H). 13C NMR (101 MHz, CD3OD) δ 174.02, 

173.19, 171.64, 159.93, 144.87, 138.23, 132.61, 130.56, 128.57, 123.60, 121.12, 120.35, 114.76, 70.11, 

70.04, 69.99, 69.86, 69.09, 68.93, 64.77, 60.60, 59.89, 54.37, 53.06, 51.13, 50.01, 44.61, 39.68, 38.94, 

34.73, 34.38, 34.20, 31.35, 30.21, 25.92, 23.76, 22.91, 21.82, 21.29. HRMS (ESI-MS): m/z [M+H]+ 

calculated for C69H102ClN14O13
+: 1369.7434, found 1369.7426; C69H101ClN14O13*5 TFA (1940.22). 

 

N1-(14-(4-((4-((4-(7-Chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)amino)-4-oxobutanamido)methyl)-1H-1,2,3-triazol-1-yl)-3,6,9,12-tetraoxatetradecyl)-N5-

(14-(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-

1-yl)-3,6,9,12-tetraoxatetradecyl)glutaramide pentahydrotrifluoroacetate (42) 

The product was synthesized following general procedure E from 27 (44 mg, 0.11 mmol, 1.1 

eq), 18 (50 mg, 0.11 mmol, 1.1 eq), 36c (62 mg, 0.10 mmol, 1 eq), ascorbic acid (5.3 mg, 0.03 mmol, 

0.3 eq) and Cu2SO4*5 H2O (2.5 mg, 0.01 mmol, 0.1 eq). A white solid was obtained (35 mg, 17 %). RP-

HPLC: > 99 %, (tR = 8.60 min, k = 2.13). 1H NMR (400 MHz, D2O) δ 7.89 – 7.74 (m, 2H), 7.41 – 7.26 (m, 

4H), 7.25 – 7.17 (m, 1H), 7.14 – 7.08 (m, 1H), 7.03 – 6.93 (m, 3H), 6.72 – 6.09 (d*, J = 252.5 Hz, 1H), 

4.55 – 4.33 (m, 8H), 4.19 – 4.12 (m, 2H), 4.08 (t, J = 5.7 Hz, 2H), 3.89 – 3.69 (m, 5H), 3.56 – 3.46 (m, 

33H), 3.28 – 3.15 (m, 7H), 3.11 – 2.79 (m, 10H), 2.71 – 2.44 (m, 5H), 2.20 – 2.09 (m, 6H), 2.04 – 1.93 

(m, 2H), 1.90 – 1.83 (m, 2H), 1.81 – 1.56 (m, 7H), 1.48 – 1.32 (m, 1H). 13C NMR (101 MHz, D2O) δ 175.75, 
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174.54, 173.19, 173.10, 163.06, 162.70, 162.35, 159.24, 150.88, 150.46, 144.77, 144.36, 141.74, 

138.82, 136.66, 136.25, 132.87, 131.91, 130.96, 130.38, 128.88, 128.23, 124.20, 121.97, 121.71, 

121.18, 120.73, 119.21, 118.76, 118.40, 117.83, 116.57, 115.14, 114.93, 112.03, 69.61, 69.56, 69.46, 

69.40, 68.80, 68.74, 68.67, 65.32, 60.15, 59.94, 56.13, 54.43, 53.37, 51.11, 49.97, 48.61, 45.37, 45.15, 

44.55, 39.70, 38.90, 34.85, 34.39, 31.77, 30.84, 30.21, 25.74, 23.45, 22.85, 21.76, 21.12. HRMS (ESI-

MS): m/z [M+2H]2+ calculated for C73H111ClN14O15
2+: 729.4015, found 729.4023; C73H109ClN14O15*5 TFA 

(2028.32). 

 

N1-(17-(4-((4-((4-(7-Chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)amino)-4-oxobutanamido)methyl)-1H-1,2,3-triazol-1-yl)-3,6,9,12,15-

pentaoxaheptadecyl)-N5-(17-(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-

carboxamido)methyl)-1H-1,2,3-triazol-1-yl)-3,6,9,12,15-pentaoxaheptadecyl)glutaramide 

pentahydrotrifluoroacetate (43) 

The product was synthesized following general procedure E from 27 (87 mg, 0.22 mmol, 1.1 

eq), 18 (97 mg, 0.22 mmol, 1.1 eq), 36d (142 mg, 0.20 mmol, 1 eq), ascorbic acid (11 mg, 0.06 mmol, 

0.3 eq) and Cu2SO4*5 H2O (5 mg, 0.02 mmol, 0.1 eq). A white solid was obtained (18 mg, 4 %). RP-HPLC: 

> 98 %, (tR = 8.80 min, k = 1.74). 1H NMR (400 MHz, D2O) δ 7.89 – 7.74 (m, 2H), 7.43 – 7.26 (m, 4H), 

7.25 – 7.15 (m, 1H), 7.14 – 7.08 (m, 1H), 7.06 – 6.90 (m, 3H), 6.72 – 6.09 (d*i, J = 252.5 Hz, 1H), 4.53 – 

4.34 (m, 8H), 4.21 – 4.13 (m, 2H), 4.08 (t, J = 5.7 Hz, 2H), 3.89 – 3.72 (m, 5H), 3.56 – 3.44 (m, 41H), 3.29 

– 3.17 (m, 7H), 3.08 – 2.79 (m, 10H), 2.70 – 2.44 (m, 6H), 2.18 – 2.10 (m, 6H), 2.03 – 1.94 (m, 2H), 1.91 

– 1.83 (m, 2H), 1.79 – 1.55 (m, 7H), 1.49 – 1.30 (m, 1H). 13C NMR (101 MHz, D2O) δ 175.75, 174.54, 

173.19, 173.10, 163.06, 162.70, 162.35, 159.24, 150.88, 150.46, 144.77, 144.36, 141.74, 138.82, 

136.66, 136.25, 132.87, 131.91, 130.96, 130.38, 128.88, 128.23, 124.20, 121.97, 121.71, 121.18, 

120.73, 119.21, 118.76, 118.40, 117.83, 116.57, 115.14, 114.93, 112.03, 69.61, 69.56, 69.46, 69.40, 

68.80, 68.74, 68.67, 65.32, 60.15, 59.94, 56.13, 54.43, 53.37, 51.11, 49.97, 48.61, 45.37, 45.15, 44.55, 

39.70, 38.90, 34.85, 34.39, 31.77, 30.84, 30.21, 25.74, 23.45, 22.85, 21.76, 21.12. HRMS (ESI-MS): m/z 

[M+2H]2+ calculated for C77H119ClN14O17
2+: 773.4278, found 773.4280; C77H117ClN14O17*5 TFA (2116.43). 

 

N1-(2-(2-(2-(4-((5-(N-(4-(7-Chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)sulfamoyl)pentanamido)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethyl)-N5-(2-(2-(2-

(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethyl)glutaramide pentahydrotrifluoroacetate (44) 

The product was synthesized following general procedure E from 27 (47 mg, 118 µmol, 1.1 eq), 

20 (59 mg, 118 µmol, 1.1 eq), 36a (48 mg, 107 µmol, 1 eq), ascorbic acid (6 mg, 36 µmol, 0.3 eq) and 

Cu2SO4*5 H2O (3 mg, 12 µmol, 0.1 eq). A white solid was obtained (19 mg, 9 %). RP-HPLC: > 97 %, (tR = 



Experimental section 

121 

8.07 min, k = 1.51). 1H NMR (400 MHz, D2O) δ 7.85 – 7.73 (m, 2H), 7.35 – 7.28 (m, 2H), 7.24 – 7.15 (m, 

2H), 7.15 – 7.08 (m, 2H), 7.05 – 6.98 (m, 1H), 6.98 – 6.92 (m, 2H), 6.68 – 6.04 (d*, J = 253.7 Hz, 1H), 

4.49 – 4.42 (m, 4H), 4.36 – 4.30 (m, 2H), 4.30 – 4.24 (m, 2H), 4.20 – 4.10 (m, 2H), 4.07 (t, J = 5.7 Hz, 2H), 

3.85 – 3.64 (m, 5H), 3.57 – 3.35 (m, 18H), 3.29 – 3.04 (m, 10H), 3.03 – 2.80 (m, 9H), 2.56 – 2.44 (m, 1H), 

2.21 – 2.07 (m, 8H), 2.01 – 1.92 (m, 2H), 1.91 – 1.82 (m, 2H), 1.81 – 1.51 (m, 11H), 1.47 – 1.31 (m, 1H). 

HRMS (ESI-MS): m/z [M+2H]2+ calculated for C66H99ClN14O12S2+: 673.3483, found 673.3492; 

C66H97ClN14O12S*5 TFA (1916.21). 

 

N1-(2-(2-(2-(2-(4-((5-(N-(4-(7-Chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)sulfamoyl)pentanamido)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)-N5-(2-

(2-(2-(2-(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-

triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)glutaramide pentahydrotrifluoroacetate (45) 

The product was synthesized following general procedure E from 27 (19 mg, 48 µmol, 1.1 eq), 

20 (24 mg, 48 µmol, 1.1 eq), 36b (23 mg, 44 µmol, 1 eq), ascorbic acid (2.6 mg, 15 µmol, 0.3 eq) and 

Cu2SO4*5 H2O (1.3 mg, 5 µmol, 0.1 eq). A white solid was obtained (19 mg, 20 %). RP-HPLC: > 98 %, (tR 

= 8.63 min, k = 1.69). 1H NMR (400 MHz, D2O) δ 7.91 – 7.68 (m, 2H), 7.43 – 7.28 (m, 2H), 7.26 – 6.85 

(m, 7H), 6.69 – 6.05 (d*, J = 254.5 Hz, 1H), 4.50 – 4.41 (m, 6H), 4.35 – 4.25 (m, 4H), 4.16 – 4.05 (m, 4H), 

3.87 – 3.77 (m, 4H), 3.61 – 3.35 (m, 26H), 3.27 – 3.07 (m, 10H), 3.03 – 2.72 (m, 9H), 2.56 – 2.44 (m, 1H), 

2.26 – 2.02 (m, 8H), 2.01 – 1.93 (m, 2H), 1.91 – 1.83 (m, 2H), 1.78 – 1.54 (m, 10H), 1.48 – 1.32 (m, 1H). 
13C NMR (101 MHz, D2O) δ 175.74, 162.75, 159.23, 150.41, 144.35, 136.65, 136.17, 132.87, 130.93, 

129.55, 128.90, 124.18, 124.07, 121.77, 121.62, 121.17, 117.82, 115.13, 69.56, 69.45, 69.39, 68.76, 

68.71, 65.32, 60.15, 54.44, 53.37, 51.10, 50.47, 50.00, 45.17, 44.40, 39.70, 38.90, 34.84, 34.72, 34.39, 

30.25, 25.74, 23.52, 23.45, 22.85, 22.20, 21.76, 21.11. HRMS (ESI-MS): m/z [M+2H]2+ calculated for 

C70H107ClN14O14S2+: 717.3745, found 717.3752; C70H105ClN14O14S*5 TFA (2004.32). 

 

N1-(10-(4-((4-((4-(7-Chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)amino)-4-oxobutanamido)methyl)-1H-1,2,3-triazol-1-yl)decyl)-N5-(10-(4-((1-(4-(3-

(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-

yl)decyl)glutaramide pentahydrotrifluoroacetate (46) 

The product was synthesized following general procedure E from 27 (52 mg, 0.13 mmol, 1.1 

eq), 18 (57 mg, 0.13 mmol, 1.1 eq), 39a (60 mg, 0.11 mmol, 1 eq), ascorbic acid (7.0 mg, 0.03 mmol, 

0.3 eq) and Cu2SO4*5 H2O (2.5 mg, 0.01 mmol, 0.1 eq). A white solid was obtained (12 mg, 5 %). RP-

HPLC: > 97 %, (tR = 11.34 min, k = 2.53). 1H NMR (400 MHz, CD3OD) δ 7.90 – 7.79 (m, 2H), 7.70 – 7.54 

(m, 2H), 7.47 – 7.38 (m, 2H), 7.29 – 7.08 (m, 3H), 7.06 – 6.99 (m, 2H), 6.70 – 6.15 (d*, J = 220.5 Hz 1H), 

4.64 – 4.48 (m, 1H), 4.47 – 4.39 (m, 2H), 4.37 – 4.22 (m, 6H), 4.12 (t, J = 5.8 Hz, 2H), 3.91 – 3.43 (m, 7H), 
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3.40 – 3.26 (m, 12H), 3.16 – 2.89 (m, 13H), 2.76 – 2.65 (m, 1H), 2.64 – 2.46 (m, 3H), 2.28 – 2.15 (m, 6H), 

2.10 – 1.70 (m, 16H), 1.58 – 1.42 (m, 5H), 1.33 – 1.22 (m, 24H). 13C NMR (101 MHz, CD3OD) δ 175.26, 

174.67, 173.07, 161.35, 153.43, 143.47, 139.63, 136.79, 133.98, 131.94, 130.86, 129.92, 129.20, 

124.10, 122.51, 121.76, 119.84, 117.73, 116.17, 66.16, 61.99, 61.31, 57.54, 55.76, 54.48, 52.53, 51.35, 

45.99, 41.08, 40.39, 36.34, 35.78, 35.58, 32.72, 31.83, 31.60, 31.26, 31.22, 30.45, 30.37, 30.29, 29.98, 

27.94, 27.41, 27.28, 25.18, 24.32, 23.48, 22.68. HRMS (ESI-MS): m/z [M+2H]2+ calculated for 

C73H111ClN14O7
2+: 665.4219, found 665.4227; C73H109ClN14O7*5 TFA (1900.33). 

 

N1-(12-(4-((4-((4-(7-Chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)amino)-4-oxobutanamido)methyl)-1H-1,2,3-triazol-1-yl)dodecyl)-N5-(12-(4-((1-(4-(3-

(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-

yl)dodecyl)glutaramide pentahydrotrifluoroacetate (47) 

The product was synthesized following general procedure E from 27 (44 mg, 0.11 mmol, 1.1 

eq), 18 (50 mg, 0.11 mmol, 1.1 eq), 39b (55 mg, 0.10 mmol, 1 eq), ascorbic acid (5.3 mg, 0.03 mmol, 

0.3 eq) and Cu2SO4*5 H2O (2.5 mg, 0.01 mmol, 0.1 eq). A white solid was obtained (27 mg, 14 %). RP-

HPLC: > 97 %, (tR = 12.93 min, k = 3.68). 1H NMR (400 MHz, CD3OD) δ 7.90 – 7.79 (m, 2H), 7.69 – 7.53 

(m, 2H), 7.46 – 7.37 (m, 2H), 7.29 – 7.06 (m, 3H), 7.05 – 6.99 (m, 2H), 6.70 – 6.15 (d*, J = 218.2 Hz, 1H), 

4.64 – 4.50 (m, 1H), 4.46 – 4.39 (m, 4H), 4.37 – 4.22 (m, 6H), 4.12 (t, J = 5.7 Hz, 2H), 3.88 – 3.48 (m, 7H), 

3.33 – 3.26 (m, 7H), 3.13 (t, J = 7.1 Hz, 4H), 3.08 – 2.92 (m, 9H), 2.75 – 2.67 (m, 2H), 2.64 – 2.45 (m, 3H), 

2.28 – 2.16 (m, 6H), 2.06 – 1.72 (m, 15H), 1.59 – 1.44 (m, 5H), 1.32 – 1.23 (m, 32H). 13C NMR (101 MHz, 

CD3OD) δ 180.15, 180.05, 179.46, 177.85, 167.26, 166.12, 158.20, 150.69, 148.30, 144.41, 141.61, 

138.77, 136.74, 135.68, 134.72, 128.90, 127.30, 126.55, 124.61, 122.53, 120.96, 70.96, 66.80, 66.09, 

62.34, 60.55, 59.25, 57.31, 56.15, 50.76, 45.87, 45.20, 41.12, 40.58, 40.40, 37.53, 36.61, 36.41, 36.07, 

36.03, 35.41, 35.37, 35.35, 35.30, 35.28, 35.17, 34.82, 32.78, 32.23, 32.07, 29.95, 29.10, 28.26, 27.48. 

HRMS (ESI-MS): m/z [M+2H]2+ calculated for C77H119ClN14O7
2+: 693.4532, found 693.4544; 

C77H117ClN14O7*5 TFA (1956.44). 

 

General procedure F 

A pharmacophore (1 eq), a spacer (5 eq), ascorbic acid (0.3 eq), CuSO4*5 H2O (0.1 eq) and 

Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA; 0.2 eq) were dissolved in a mixture of tert-

BuOH and water (1:1) and the reaction was stirred at room temperature for 24 h. The solvent was 

removed under reduced pressure and the crude product was purified by preparative HPLC or flash 

chromatography. 
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N1-(2-(2-(2-Azidoethoxy)ethoxy)ethyl)-N5-(2-(2-(2-(4-((1-(4-(3-(piperidin-1-

yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethyl)glutaramide (48a) 

The product was synthesized following general procedure F from 27 (100 mg, 0.25 mmol, 1 

eq), 36a (0.56 g, 1.25 mmol, 5 eq), CuSO4*5 H2O (7.5 mg, 0.03 mmol, 0.1 eq), ascorbic acid (14 mg, 0.08 

mmol, 0.3 eq) and TBTA (27 mg, 0.05 mmol, 0.2 eq). The crude product was purified by flash 

chromatography (DCM/MeOH 9:1). A sticky oil was obtained (70 mg, 32 %). Rf= 0.18 (DCM/MeOH + 

1 % NH3 9:1). 1H NMR (300 MHz, CD3OD) δ 7.87 (s, 1H), 7.29 – 7.15 (m, 2H), 6.93 – 6.77 (m, 2H), 4.58 – 

4.49 (m, 2H), 4.41 (s, 2H), 4.01 (t, J = 6.1 Hz, 2H), 3.91 – 3.81 (m, 2H), 3.69 – 3.42 (m, 16H), 3.39 – 3.27 

(m, 6H), 2.92 (d, J = 11.6 Hz, 2H), 2.72 – 2.46 (m, 6H), 2.21 (t, J = 7.4 Hz, 5H), 2.09 – 1.95 (m, 4H), 1.94 

– 1.82 (m, 2H), 1.81 – 1.58 (m, 8H), 1.56 – 1.43 (m, 2H). 13C NMR (75 MHz, CD3OD) δ 176.25, 174.00, 

173.98, 158.36, 144.89, 130.68, 128.81, 123.50, 113.89, 70.12, 70.04, 69.95, 69.84, 69.73, 69.21, 69.16, 

69.00, 65.74, 62.04, 55.62, 53.97, 52.40, 50.33, 49.96, 42.39, 38.95, 34.78, 34.75, 34.21, 28.07, 25.72, 

24.78, 23.43, 21.89. HRMS (ESI-MS): m/z [M+H]+ calculated for C41H68N11O8
+: 842.5247, found 

842.5250; C41H67N11O8 (842.06). 

 

N1-(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl)-N5-(2-(2-(2-(2-(4-((1-(4-(3-(piperidin-1-

yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethoxy)ethyl)glutaramide (48b) 

The product was synthesized following general procedure F from 27 (100 mg, 0.25 mmol, 1 

eq), 36b (0.67 g, 1.25 mmol, 5 eq), CuSO4*5 H2O (7.5 mg, 0.03 mmol, 0.1 eq), ascorbic acid (14 mg, 

0.08 mmol, 0.3 eq) and TBTA (27 mg, 0.05 mmol, 0.2 eq). The crude product was purified by flash 

chromatography (DCM/MeOH 9:1). A sticky oil was obtained (70 mg, 30 %). Rf= 0.17 (DCM/MeOH+1 % 

NH3 9:1). 1H NMR (300 MHz, CD3OD) δ 7.91 (s, 1H), 7.51 – 7.36 (m, 2H), 7.06 – 6.90 (m, 2H), 4.55 (t, J = 

5.0 Hz, 2H), 4.42 (s, 2H), 4.18 – 4.08 (m, 4H), 3.87 (t, J = 5.0 Hz, 2H), 3.68 – 3.49 (m, 24H), 3.46 – 3.19 

(m, 11H), 2.98 – 2.84 (m, 2H), 2.58 – 2.43 (m, 1H), 2.29 – 2.18 (m, 6H), 2.08 – 1.78 (m, 11H), 1.75 – 1.55 

(m, 2H). 13C NMR (75 MHz, CD3OD) δ 174.36, 174.00, 168.44, 159.63, 132.43, 123.59, 122.29, 114.60, 

70.22, 70.20, 70.12, 70.09, 70.05, 70.00, 69.87, 69.71, 69.12, 68.96, 64.89, 59.67, 54.31, 52.90, 50.74, 

50.36, 49.99, 38.96, 38.93, 34.73, 34.21, 25.81, 23.74, 22.88, 21.85, 21.45. HRMS (ESI-MS): m/z [M+H]+ 

calculated for C45H76N11O10
+: 930.5771, found 930.5769; C45H75N11O10 (930.16). 

 

General Procedure G 

The first pharmacophore which is coupled to the linker (1 eq), the second pharmacophore (1.2 

eq), ascorbic acid (0.3 eq), CuSO4*5 H2O (0.1 eq) and Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine 

(TBTA; 0.2 eq) were dissolved in a mixture of tert-BuOH and water (1:1) and the reaction was stirred 
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at room temperature for 24 h. The solvent was removed under reduced pressure and the crude 

product was purified by preparative HPLC. 

 

N1-(2-(2-(2-(4-((5-(N-(4-(7,8-Dihydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)sulfamoyl)pentanamido)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethyl)-N5-(2-(2-(2-

(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethyl)glutaramide pentahydrotrifluoroacetate (49) 

The product was synthesized following general procedure G from 48a (25 mg, 30 µmol, 1 eq), 

22 (25 mg, 36 µmol, 1.2 eq), CuSO4*5 H2O (1.0 mg, 3 µmol, 0.1 eq), ascorbic acid (2 mg, 9 µmol, 0.3 eq) 

and TBTA (3 mg, 6 µmol, 0.2 eq). The crude product was stirred for 2 h in 10 % aq. TFA, before 

purification by preparative HPLC. A yellow oil was obtained (39 mg, 69 %). RP-HPLC: > 96 %, (tR = 7.52 

min, k = 1.34). 1H NMR (400 MHz, CD3OD) δ 7.87 (s, 2H), 7.44 – 7.39 (m, 2H), 7.33 – 7.22 (m, 2H), 7.21 

– 7.10 (m, 2H), 7.06 – 6.99 (m, 2H), 6.74 – 6.66 (m, 1H), 6.56 – 6.00 (d*, J = 220.9 Hz, 1H), 4.55 – 4.37 

(m, 10H), 4.24 (s, 2H), 4.12 (t, J = 5.7 Hz, 2H), 3.88 – 3.69 (m, 6H), 3.65 – 3.40 (m, 19H), 3.15 – 2.87 (m, 

12H), 2.61 – 2.44 (m, 1H), 2.28 – 2.17 (m, 9H), 2.08 – 1.64 (m, 17H), 1.60 – 1.46 (m, 1H). 13C NMR (101 

MHz, CD3OD) δ 174.06, 159.93, 144.75, 144.45, 143.75, 137.41, 132.61, 129.22, 128.61, 123.53, 

120.37, 116.75, 115.45, 114.76, 70.02, 69.81, 69.11, 68.93, 64.76, 59.90, 54.37, 53.07, 51.14, 50.56, 

49.97, 44.56, 44.35, 39.68, 38.94, 34.77, 34.68, 34.26, 25.92, 23.83, 23.77, 22.92, 22.77, 21.88, 21.29. 

HRMS (ESI-MS): m/z [M+H]+ calculated for C66H99ClN14O13S+: 1327.7231, found 1327.7226; 

C66H98ClN14O13S*5 TFA (1897.77). 

 

N1-(2-(2-(2-(2-(4-((5-(N-(4-(7,8-Dihydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)sulfamoyl)pentanamido)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)-N5-(2-

(2-(2-(2-(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-

triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)glutaramide pentahydrotrifluoroacetate (50) 

The product was synthesized following general procedure G from 48b (28 mg, 30 µmol, 1 eq), 

22 (25 mg, 36 µmol, 1.2 eq), CuSO4*5 H2O (1.0 mg, 3 µmol, 0.1 eq), ascorbic acid (2 mg, 9 µmol, 0.3 eq) 

and TBTA (3 mg, 6 µmol, 0.2 eq). The crude product was stirred for 2 h in 10 % aq. TFA, before 

purification by preparative HPLC. A yellow oil was obtained (7 mg, 12 %). RP-HPLC: > 96 %, (tR = 7.69 

min, k = 1.40). 1H NMR (600 MHz, CD3OD) δ 7.93 – 7.86 (m, 2H), 7.44 – 7.40 (m, 2H), 7.33 – 7.22 (m, 

2H), 7.21 – 7.10 (m, 2H), 7.04 – 7.01 (m, 2H), 6.73 – 6.67 (m, 1H), 6.56 – 6.01 (d*, J = 331.0 Hz, 1H), 

4.57 – 4.37 (m, 10H), 4.24 (s, 2H), 4.12 (t, J = 5.8 Hz, 2H), 3.90 – 3.70 (m, 6H), 3.60 – 3.49 (m, 28H), 3.16 

– 2.85 (m, 12H), 2.54 – 2.48 (m, 1H), 2.27 – 2.16 (m, 9H), 2.07 – 1.67 (m, 16H), 1.58 – 1.47 (m, 1H). 13C 

NMR (151 MHz, CD3OD) δ 175.42, 175.29, 175.20, 161.34, 146.04, 145.69, 145.17, 138.85, 138.14, 

134.01, 130.60, 129.92, 124.99, 124.97, 122.53, 121.91, 121.75, 116.16, 71.52, 71.51, 71.44, 71.40, 
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71.38, 71.25, 70.49, 70.33, 66.16, 62.28, 61.29, 55.77, 54.52, 54.47, 40.33, 36.14, 35.64, 27.31, 25.22, 

25.18, 24.33, 24.17, 23.23, 22.68. HRMS (ESI-MS): m/z [M+H]+ calculated for C70H107ClN14O15S +: 

1415.7756, found 1415.7754; C70H106ClN14O15S*5 TFA (1985.88). 

 

N1-(2-(2-(2-(4-((4-((1H-Imidazol-5-yl)methyl)piperidin-1-yl)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethyl)-N5-(2-(2-(2-azidoethoxy)ethoxy)ethyl)glutaramide trihydrotrifluoroacetate 

(51) 

The product was synthesized following general procedure F from 30 (30 mg, 0.15 mmol, 1 eq), 

36a (0.33 g, 0.75 mmol, 5 eq), CuSO4*5 H2O (5.0 mg, 0.02 mmol, 0.1 eq), ascorbic acid (9 mg, 0.05 

mmol, 0.3 eq) and TBTA (15 mg, 0.03 mmol, 0.2 eq). The crude product was purified by preparative 

HPLC. A yellow oil was obtained (75 mg, 53 %). 1H NMR (400 MHz, CD3OD) δ 8.84 (s, 1H), 8.25 (s, 1H), 

7.40 (s, 1H), 4.68 – 4.62 (m, 2H), 4.49 (s, 2H), 3.97 – 3.89 (m, 2H), 3.73 – 3.55 (m, 16H), 3.52 (t, J = 5.6 

Hz, 2H), 3.45 – 3.29 (m, 4H), 3.20 – 2.97 (m, 2H), 2.86 – 2.69 (m, 2H), 2.25 (t, J = 7.5 Hz, 4H), 2.04 – 1.86 

(m, 5H), 1.71 – 1.48 (m, 2H). 13C NMR (101 MHz, CD3OD) δ 174.13, 174.07, 133.60, 131.25, 127.26, 

116.53, 70.09, 69.97, 69.93, 69.82, 69.69, 69.17, 69.12, 68.75, 52.01, 50.34, 50.14, 38.96, 38.90, 34.82, 

34.73, 33.01, 28.55, 21.89. HRMS (ESI-MS): m/z [M+H]+ calculated for C29H50N11O6
+: 648.3940, found 

648.3948; C29H49N11O6*3 TFA (989.85). 

 

N1-(2-(2-(2-Azidoethoxy)ethoxy)ethyl)-N5-(2-(2-(2-(4-((5-(N-(4-(7-chloro-8-hydroxy-3-methyl-

2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-yl)phenyl)sulfamoyl)pentanamido)methyl)-1H-1,2,3-

triazol-1-yl)ethoxy)ethoxy)ethyl)glutaramide (52a) 

The product was synthesized following general procedure F from 20 (50 mg, 99 µmol, 1 eq), 

36a (0.22 g, 0.50 mmol, 5 eq), CuSO4*5 H2O (2.5 mg, 10 µmol, 0.1 eq), ascorbic acid (5.3 mg, 30 µmol, 

0.3 eq) and TBTA (10.6 mg, 20 µmol, 0.2 eq). The crude product was purified by flash chromatography 

(DCM/MeOH 9:1). A sticky oil was obtained (30 mg, 32 %). Rf= 0.4 (DCM/MeOH 8:2). 1H NMR (400 MHz, 

CD3OD) δ 7.89 (s, 1H), 7.46 – 7.27 (m, 2H), 7.26 – 7.13 (m, 3H), 6.39 – 6.16 (m, 1H), 4.62 – 4.47 (m, 4H), 

4.42 (s, 2H), 3.98 – 3.81 (m, 3H), 3.70 – 3.45 (m, 18H), 3.39 – 3.31 (m, 6H), 3.17 – 3.01 (m, 3H), 2.28 – 

2.15 (m, 6H), 1.92 – 1.61 (m, 6H). 13C NMR (101 MHz, CD3OD) δ 174.06, 173.87, 151.95, 144.74, 137.54, 

130.74, 130.11, 129.13, 123.56, 120.44, 70.10, 70.03, 69.94, 69.87, 69.83, 69.71, 69.19, 69.14, 68.96, 

50.57, 50.34, 49.99, 44.79, 38.95, 34.78, 34.75, 34.26, 30.81, 23.85, 22.77. HRMS (ESI-MS): m/z [M+H]+ 

calculated for C42H63ClN11O10S+: 948.4163, found 948.4163; C42H62ClN11O10S (948.54). 
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N1-(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl)-N5-(2-(2-(2-(2-(4-((5-(N-(4-(7-chloro-8-hydroxy-3-

methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-yl)phenyl)sulfamoyl)pentanamido)methyl)-1H-

1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)glutaramide (52b) 

The product was synthesized following general procedure F from 20 (50 mg, 99 µmol, 1 eq), 

36b (0.26 g, 0.50 mmol, 5 eq), CuSO4*5 H2O (2.5 mg, 10 µmol, 0.1 eq), ascorbic acid (5.3 mg, 30 µmol, 

0.3 eq) and TBTA (10.6 mg, 20 µmol, 0.2 eq). The crude product was purified by flash chromatography 

(DCM/MeOH 9:1). A sticky oil was obtained (28 mg, 27 %). Rf= 0.4 (DCM/MeOH 8:2). 1H NMR (400 MHz, 

CD3OD) δ 7.88 (s, 1H), 7.38 – 7.22 (m, 2H), 7.20 – 7.13 (m, 2H), 7.10 (s, 1H), 6.21 (s, 1H), 4.54 (t, J = 5.1 

Hz, 2H), 4.41 (s, 2H), 4.31 (d, J = 8.6 Hz, 1H), 3.86 (t, J = 5.0 Hz, 2H), 3.68 – 3.49 (m, 22H), 3.39 – 3.31 

(m, 6H), 3.24 – 2.74 (m, 7H), 2.50 – 2.40 (m, 3H), 2.28 – 2.11 (m, 6H), 2.00 – 1.53 (m, 7H). 13C NMR (101 

MHz, CD3OD) δ 174.04, 173.85, 151.19, 144.64, 138.09, 136.82, 132.30, 130.27, 129.11, 123.57, 

120.43, 117.54, 116.41, 70.22, 70.19, 70.13, 70.10, 70.06, 70.02, 69.87, 69.70, 69.16, 69.13, 68.96, 

62.22, 56.87, 50.43, 50.37, 50.01, 45.95, 38.96, 34.73, 34.25, 33.22, 23.86, 22.79, 21.82. HRMS (ESI-

MS): m/z [M+H]+ calculated for C46H71ClN11O12S+: 1036.4687, found 1036.4683; C46H70ClN11O12S 

(1036.64). 

 

N1-(2-(2-(2-(4-((4-((1H-Imidazol-5-yl)methyl)piperidin-1-yl)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethyl)-N5-(2-(2-(2-(4-((5-(N-(4-(7-chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-

1H-benzo[d]azepin-1-yl)phenyl)sulfamoyl)pentanamido)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethyl)glutaramide pentahydrotrifluoroacetate (53) 

The product was synthesized following general procedure G from 51 (30 mg, 30 µmol, 1 eq), 

20 (15 mg, 30 µmol, 1 eq), CuSO4*5 H2O (1.0 mg, 3 µmol, 0.1 eq), ascorbic acid (2 mg, 9 µmol, 0.3 eq) 

and TBTA (3 mg, 6 µmol, 0.2 eq). A yellow oil was obtained (6 mg, 12 %). RP-HPLC: > 98 %, (tR = 7.80 

min, k = 1.43). 1H NMR (600 MHz, CD3OD) δ 8.82 (d, J = 1.2 Hz, 1H), 8.20 (s, 1H), 7.88 (s, 1H), 7.37 (s, 

1H), 7.34 – 7.28 (m, 2H), 7.26 – 7.18 (m, 3H), 6.70 – 6.17 (d*, J = 304.2 Hz, 1H), 4.62 – 4.60 (m, 2H), 

4.56 – 4.52 (m, 3H), 4.45 (s, 2H), 4.40 (s, 2H), 3.91 – 3.84 (m, 5H), 3.63 – 3.53 (m, 12H), 3.49 – 3.45 (m, 

5H), 3.33 – 3.31 (m, 3H), 3.16 – 3.01 (m, 6H), 2.97 (s, 3H), 2.80 – 2.68 (m, 2H), 2.26 – 2.18 (m, 7H), 1.99 

– 1.93 (m, 3H), 1.88 – 1.83 (m, 2H), 1.82 – 1.76 (m, 2H), 1.74 – 1.68 (m, 2H), 1.63 – 1.43 (m, 2H). 13C 

NMR (151 MHz, CD3OD) δ 175.50, 175.44, 175.25, 163.00, 162.78, 146.13, 139.13, 137.58, 135.05, 

132.65, 130.93, 128.58, 124.91, 121.79, 117.92, 71.42, 71.35, 71.21, 70.52, 70.33, 70.13, 40.34, 40.29, 

36.22, 36.13, 36.08, 35.64, 25.23, 24.16, 23.30. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C54H80ClN14O10S+: 1151.5586, found 1151.5591; C54H79ClN14O10S*5 TFA (1721.94). 
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N1-(2-(2-(2-(2-(4-((4-((1H-Imidazol-5-yl)methyl)piperidin-1-yl)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethoxy)ethyl)-N5-(2-(2-(2-(2-(4-((5-(N-(4-(7-chloro-8-hydroxy-3-methyl-2,3,4,5-

tetrahydro-1H-benzo[d]azepin-1-yl)phenyl)sulfamoyl)pentanamido)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethoxy)ethyl)glutaramide pentahydrotrifluoroacetate (54) 

The product was synthesized following general procedure E from 30 (24 mg, 118 µmol, 1.1 eq), 

20 (59 mg, 118 µmol, 1.1 eq), 36b (57 mg, 107 µmol, 1 eq), ascorbic acid (6 mg, 36 µmol, 0.3 eq) and 

Cu2SO4*5 H2O (3 mg, 12 µmol, 0.1 eq). A white solid was obtained (6 mg, 3 %). RP-HPLC: > 98 %, (tR = 

8.42 min, k = 1.62). 1H NMR (600 MHz, D2O) δ 8.48 (s, 1H), 8.14 (s, 1H), 7.74 (s, 1H), 7.26 – 6.99 (m, 

6H), 6.69 - 6.05 (d*, J = 384.9 Hz, 1H), 4.56 – 4.53 (m, 2H), 4.45 – 4.41 (m, 4H), 4.33 (s, 2H), 4.25 (s, 2H), 

3.88 – 3.84 (m, 2H), 3.83 – 3.76 (m, 4H), 3.70 – 3.35 (m, 28H), 3.31 – 2.95 (m, 9H), 2.96 – 2.87 (m, 4H), 

2.87 – 2.81 (m, 4H), 2.67 – 2.54 (m, 3H), 2.18 – 2.09 (m, 7H), 1.91 – 1.31 (m, 11H). HRMS (ESI-MS): m/z 

[M+2H]2+ calculated for C58H89ClN14O12S2+: 620.3091, found 620.3100; C58H87ClN14O12S*5 TFA 

(1810.05). 

 

N1-(2-(2-(2-(4-(4-(4-((1H-Imidazol-5-yl)methyl)piperidin-1-yl)butyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethyl)-N5-(2-(2-(2-(4-((5-(N-(4-(7-chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-

1H-benzo[d]azepin-1-yl)phenyl)sulfamoyl)pentanamido)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethyl)glutaramide pentahydrotrifluoroacetate (55) 

The product was synthesized following general procedure G from 52a (30 mg, 31.60 µmol, 1 

eq), 32 (9.30 mg, 37.90 µmol, 1.2 eq), ascorbic acid (1.69 mg, 9.60 µmol, 0.3 eq) Cu2SO4*5 H2O (0.80 

mg, 3.20 µmol, 0.1 eq), and TBTA (3 mg, 6 µmol, 0.2 eq). A white solid was obtained (9 mg, 16 %). RP-

HPLC: > 99 %, (tR = 7.81 min, k = 1.43). 1H NMR (600 MHz, CD3OD) δ 7.87 (s, 1H), 7.76 (s, 1H), 7.55 – 

7.53 (m, 1H), 7.28 – 7.22 (m, 2H), 7.17 – 7.13 (m, 2H), 7.07 (s, 1H), 6.76 (s, 1H), 6.19 (s, 1H), 4.54 – 4.50 

(m, 4H), 4.40 (s, 2H), 4.24 (d, J = 8.8 Hz, 1H), 3.86 (t, J = 5.3 Hz, 4H), 3.59 – 3.56 (m, 4H), 3.55 – 3.53 (m, 

4H), 3.49 – 3.45 (m, 4H), 3.34 – 3.31 (m, 2H), 3.12 – 2.88 (m, 7H), 2.84 – 2.68 (m, 4H), 2.50 (d, J = 6.8 

Hz, 2H), 2.46 – 2.40 (m, 2H), 2.36 (s, 3H), 2.34 – 2.15 (m, 8H), 2.10 – 2.01 (m, 2H), 1.90 – 1.84 (m, 2H), 

1.83 – 1.77 (m, 2H), 1.75 – 1.53 (m, 10H), 1.32 – 1.25 (m, 2H). 13C NMR (151 MHz, CD3OD) δ 175.44, 

175.27, 152.56, 148.69, 146.14, 145.47, 140.20, 138.07, 135.76, 134.20, 131.52, 130.49, 124.93, 

123.98, 121.82, 118.74, 117.79, 71.44, 71.24, 71.23, 70.55, 70.54, 70.45, 70.35, 64.14, 59.48, 58.49, 

54.71, 51.76, 51.36, 51.27, 47.68, 40.35, 40.34, 37.17, 36.17, 36.10, 35.66, 35.32, 32.40, 28.55, 26.77, 

26.08, 25.27, 24.19, 23.29. HRMS (ESI-MS): m/z [M+2H]2+ calculated for C57H87ClN14O10S2+: 597.3064, 

found 597.3071; C57H85ClN14O10S*5 TFA (1764.02). 
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N1-(2-(2-(2-(2-(4-(4-(4-((1H-Imidazol-5-yl)methyl)piperidin-1-yl)butyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethoxy)ethyl)-N5-(2-(2-(2-(2-(4-((5-(N-(4-(7-chloro-8-hydroxy-3-methyl-2,3,4,5-

tetrahydro-1H-benzo[d]azepin-1-yl)phenyl)sulfamoyl)pentanamido)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethoxy)ethyl)glutaramide pentahydrotrifluoroacetate (56) 

The product was synthesized following general procedure G from 52b (28 mg, 27.00 µmol, 1 

eq), 32 (7.90 mg, 32.40 µmol, 1.2 eq), ascorbic acid (1.69 mg, 8.1 µmol, 0.3 eq) Cu2SO4*5 H2O (0.67 mg, 

2.70 µmol, 0.1 eq), and TBTA (2.87 mg, 5.40 µmol, 0.2 eq). A white solid was obtained (6 mg, 12 %). 

RP-HPLC: > 99 %, (tR = 8.05 min, k = 1.51). 1H NMR (600 MHz, CD3OD) δ 7.89 (s, 1H), 7.78 (s, 1H), 7.56 

– 7.54 (m, 1H), 7.28 – 7.24 (m, 2H), 7.18 – 7.14 (m, 2H), 7.08 (s, 1H), 6.76 (s, 1H), 6.20 (s, 1H), 4.56 – 

4.50 (m, 4H), 4.41 (s, 2H), 4.25 (d, J = 8.8 Hz, 1H), 3.87 (t, J = 5.1 Hz, 4H), 3.62 – 3.55 (m, 16H), 3.52 (t, 

J = 5.6 Hz, 4H), 3.35 – 3.32 (m, 4H), 3.17 – 2.86 (m, 7H), 2.85 – 2.67 (m, 4H), 2.55 – 2.48 (m, 2H), 2.46 

– 2.39 (m, 2H), 2.39 – 2.35 (m, 3H), 2.25 – 2.18 (m, 6H), 2.10 – 2.00 (m, 2H), 1.90 – 1.78 (m, 4H), 1.75 

– 1.54 (m, 9H), 1.34 – 1.26 (m, 3H). 13C NMR (151 MHz, CD3OD) δ 175.41, 175.25, 152.56, 148.67, 

146.04, 145.48, 140.20, 138.08, 135.76, 134.20, 131.52, 130.50, 124.97, 124.00, 121.82, 118.73, 

117.79, 71.55, 71.49, 71.48, 71.43, 71.28, 71.27, 70.54, 70.52, 70.44, 70.36, 64.15, 59.54, 58.49, 54.73, 

51.76, 51.41, 51.31, 40.35, 37.23, 36.14, 36.10, 35.65, 35.33, 32.46, 28.58, 26.84, 26.11, 25.27, 24.20, 

23.24. HRMS (ESI-MS): m/z [M+H]+ calculated for C61H94ClN14O12S+: 1281.6579, found 1281.6573; 

C61H93ClN14O12S*5 TFA (1850.62). 

 

N-(Prop-2-yn-1-yl)acetamide (57) 

Acetyl chloride (1.80 g, 23.40 mmol, 1.3 eq) was dissolved in DCM and added to a solution of 

propargylamine (1.00 g, 18.00 mmol, 1 eq) and Et3N (2.70 g, 27.00 mmol, 1.5 eq) in DCM. The reaction 

was stirred at room temperature overnight. After the solvent was evaporated the crude product was 

purified by column chromatography (DCM/MeOH 95:5). A white solid was obtained (1.4 g, 80 %). Rf = 

0.82 (DCM/MeOH 9:1). 1H NMR (300 MHz, CDCl3) δ 5.87 (s, 1H), 4.04 (dd, J = 5.3, 2.6 Hz, 2H), 2.23 (t, J 

= 2.6 Hz, 1H), 2.00 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 169.78, 79.53, 71.58, 29.28, 23.03. HRMS (EI-

MS): m/z [M+H·+] calculated for C5H7NO·+: 97.05222, found 97.05218; C5H7NO (97.12). 

 

N1-(2-(2-(2-(4-(Acetamidomethyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethyl)-N5-(2-(2-(2-

azidoethoxy)ethoxy)ethyl)glutaramide (58) 

The product was synthesized following general procedure F from 57 (100 mg, 1.03 mmol, 1 

eq), 36a (2.29 g, 5.15 mmol, 5 eq), CuSO4*5 H2O (7.5 mg, 0.03 mmol, 0.1 eq), ascorbic acid (14 mg, 0.08 

mmol, 0.3 eq) and TBTA (27 mg, 0.05 mmol, 0.2 eq). The crude product was purified by flash 

chromatography (DCM/MeOH 9:1). A pale red solid was obtained (0.46 g, 83 %). Rf = 0.40 (DCM/MeOH 

9:1). 1H NMR (300 MHz, CDCl3) δ 7.67 (s, 1H), 7.14 (t, J = 5.9 Hz, 1H), 6.77 (t, J = 5.6 Hz, 1H), 6.52 (t, J = 
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5.5 Hz, 1H), 4.51 – 4.37 (m, 4H), 3.86 – 3.76 (m, 2H), 3.62 – 3.49 (m, 12H), 3.47 – 3.42 (m, 2H), 3.40 – 

3.30 (m, 6H), 2.23 – 2.09 (m, 4H), 1.97 – 1.81 (m, 5H). 13C NMR (75 MHz, CDCl3) δ 172.97, 172.86, 

170.52, 144.94, 123.43, 70.49, 70.45, 70.18, 70.07, 70.04, 69.78, 69.72, 69.21, 50.59, 50.16, 39.24, 

39.17, 35.22, 34.92, 23.02, 22.00. HRMS (ESI-MS): m/z [M+H]+ calculated for C22H40N9O7
+: 542.3045, 

found 542.3048; C22H39N9O7 (541.61). 

 

N1-(2-(2-(2-(4-(Acetamidomethyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethyl)-N5-(2-(2-(2-(4-((1-(4-(3-

(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethyl)glutaramide tetrahydrotrifluoroacetate (59) 

The product was synthesized following general procedure G from 58 (27 mg, 50.40 µmol, 1 

eq), 27 (20 mg, 50.40 µmol, 1 eq), ascorbic acid (2.70 mg, 15.12 µmol, 0.3 eq) Cu2SO4*5 H2O (1.30 mg, 

5.04 µmol, 0.1 eq), and TBTA (5.30 mg, 10.08 µmol, 0.2 eq). A white solid was obtained (21 mg, 30 %). 

RP-HPLC: > 99 %, (tR = 6.62 min, k = 1.06). 1H NMR (400 MHz, CD3OD) δ 7.98 (s, 2H), 7.48 – 7.38 (m, 

2H), 7.07 – 6.98 (m, 2H), 4.71 – 4.32 (m, 8H), 4.30 – 4.21 (m, 2H), 4.12 (t, J = 5.7 Hz, 2H), 3.92 – 3.82 

(m, 4H), 3.61 – 3.44 (m, 16H), 3.37 – 3.31 (m, 4H), 3.05 – 2.89 (m, 4H), 2.36 – 2.11 (m, 7H), 2.10 – 1.67 

(m, 15H), 1.61 – 1.45 (m, 1H). 13C NMR (101 MHz, CD3OD) δ 174.07, 159.92, 132.60, 121.13, 114.75, 

70.02, 69.82, 69.81, 69.13, 68.92, 64.76, 59.89, 54.36, 53.06, 51.13, 50.10, 38.93, 34.76, 25.92, 23.77, 

22.92, 21.88, 21.29. HRMS (ESI-MS): m/z [M+H]+ calculated for C46H75N12O9
+: 939.5774, found 

939.5780; C46H74N12O9*4 TFA (1395.27). 

 

N1-(2-(2-(2-(4-(4-(4-((1H-Imidazol-5-yl)methyl)piperidin-1-yl)butyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethyl)-N5-(2-(2-(2-(4-(acetamidomethyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethyl)glutaramide tetrahydrotrifluoroacetate (60) 

The product was synthesized following general procedure G from 58 (10.80 mg, 20.00 µmol, 1 

eq), 30 (5 mg, 20.00 µmol, 1 eq), ascorbic acid (1.06 mg, 6.00 µmol, 0.3 eq) Cu2SO4*5 H2O (0.50 mg, 

2.00 µmol, 0.1 eq), and TBTA (2.12 mg, 4.00 µmol, 0.2 eq). A white solid was obtained (6 mg, 24 %). 

RP-HPLC: > 99 %, (tR = 5.95 min, k = 0.85). 1H NMR (600 MHz, CD3OD) δ 8.85 – 8.82 (m, 1H), 7.89 (s, 

1H), 7.80 (s, 1H), 7.41 – 7.36 (m, 1H), 4.55 – 4.52 (m, 4H), 4.41 (s, 2H), 3.88 – 3.85 (m, 4H), 3.61 – 3.54 

(m, 11H), 3.49 – 3.46 (m, 4H), 3.33 – 3.31 (m, 2H), 3.16 – 3.09 (m, 2H), 2.99 – 2.88 (m, 2H), 2.77 – 2.73 

(m, 4H), 2.22 – 2.18 (m, 4H), 2.01 – 1.68 (m, 14H), 1.59 – 1.47 (m, 2H). 13C NMR (151 MHz, CD3OD) δ 

175.46, 175.43, 173.17, 147.97, 146.13, 135.07, 132.63, 124.94, 124.19, 117.93, 71.44, 71.43, 71.24, 

71.21, 70.54, 70.47, 70.37, 57.93, 53.75, 51.37, 51.31, 40.35, 40.34, 36.17, 36.14, 35.69, 34.65, 31.14, 

30.18, 27.44, 25.49, 24.60, 23.29, 22.51. HRMS (ESI-MS): m/z [M+H]+ calculated for C37H63N12O7
+: 

787.4937, found 787.4947; C37H62N12O7*4 TFA (1243.07). 
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N1-(2-(2-(2-(4-(Acetamidomethyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethyl)-N5-(2-(2-(2-(4-((5-(N-

(4-(7-chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)sulfamoyl)pentanamido)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethyl)glutaramide 

trihydrotrifluoroacetate (61) 

The product was synthesized following general procedure G from 58 (27 mg, 50.40 µmol, 1 

eq), 20 (25 mg, 50.40 µmol, 1 eq), ascorbic acid (2.70 mg, 15.12 µmol, 0.3 eq) Cu2SO4*5 H2O (1.30 mg, 

5.04 µmol, 0.1 eq), and TBTA (5.30 mg, 10.08 µmol, 0.2 eq). A white solid was obtained (15 mg, 21 %). 

RP-HPLC: > 99 %, (tR = 9.14 min, k = 1.85). 1H NMR (400 MHz, CD3OD) δ 7.91 – 7.82 (m, 2H), 7.36 – 7.16 

(m, 5H), 6.70 – 6.16 (d*, J = 214.9 Hz 1H), 4.66 – 4.44 (m, 6H), 4.43 – 4.39 (m, 4H), 3.93 – 3.69 (m, 6H), 

3.64 – 3.50 (m, 10H), 3.49 – 3.45 (m, 4H), 3.34 – 3.31 (m, 2H), 3.18 – 3.01 (m, 4H), 2.98 (s, 3H), 2.25 – 

2.17 (m, 6H), 1.98 – 1.63 (m, 10H). 13C NMR (101 MHz, CD3OD) δ 174.05, 173.82, 171.75, 161.79, 

144.70, 137.71, 129.53, 129.25, 123.54, 120.38, 116.17, 70.02, 69.82, 69.13, 68.96, 68.93, 56.10, 50.61, 

49.97, 38.93, 34.76, 34.67, 34.30, 34.25, 23.82, 22.77, 21.87, 21.12. HRMS (ESI-MS): m/z [M+H]+ 

calculated for C47H70ClN12O11S+: 1045.4691, found 1045.4707; C47H69ClN12O11S*3 TFA (1387.72). 

 

N1-(2-(2-(2-(4-(Acetamidomethyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethyl)-N5-(2-(2-(2-(4-((5-(N-

(4-(7,8-dihydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)sulfamoyl)pentanamido)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethyl)glutaramide 

trihydrotrifluoroacetate (62) 

The product was synthesized following general procedure G from 58 (16.10 mg, 29.70 µmol, 1 

eq), 22 (25.40 mg, 35.60 µmol, 1.2 eq), ascorbic acid (2 mg, 8.90 µmol, 0.3 eq) Cu2SO4*5 H2O (1 mg, 

3.00 µmol, 0.1 eq), and TBTA (3.18 mg, 6.00 µmol, 0.2 eq). A white solid was obtained (8 mg, 20 %). 

RP-HPLC: > 99 %, (tR = 7.94 min, k = 1.47). 1H NMR (600 MHz, CD3OD) δ 7.91 – 7.85 (m, 2H), 7.34 – 7.22 

(m, 2H), 7.22 – 7.10 (m, 2H), 6.73 – 6.66 (d*, J = 331.6 Hz, 1H), 6.01 (s, 1H), 4.55 – 4.52 (m, 4H), 4.51 – 

4.42 (m, 1H), 4.41 – 4.37 (m, 4H), 3.88 – 3.82 (m, 5H), 3.76 – 3.70 (m, 1H), 3.61 – 3.50 (m, 10H), 3.48 – 

3.40 (m, 5H), 3.32 – 3.31 (m, 2H), 3.17 – 2.86 (m, 8H), 2.25 – 2.18 (m, 6H), 1.95 (s, 3H), 1.88 – 1.83 (m, 

2H), 1.82 – 1.75 (m, 2H), 1.74 – 1.66 (m, 2H). 13C NMR (151 MHz, CD3OD) δ 175.48, 175.22, 173.18, 

146.10, 146.00, 145.27, 145.22, 138.91, 138.84, 138.09, 134.20, 130.58, 129.92, 129.83, 124.96, 

121.92, 121.75, 119.02, 118.82, 118.13, 116.84, 71.43, 71.23, 71.21, 70.54, 70.37, 70.34, 62.29, 60.76, 

57.84, 51.98, 51.38, 51.37, 45.96, 45.86, 40.34, 36.17, 36.15, 36.06, 35.70, 35.64, 32.33, 25.21, 24.18, 

23.28, 22.51. HRMS (ESI-MS): m/z [M+H]+ calculated for C47H71N12O12S+: 1027.5030, found 1027.5038; 

C47H70N12O12S*3 TFA (1369.28). 
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N-(4-(7-Chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)methanesulfonamide hydrotrifluoroacetate(63)176 

Methanesulfonyl chloride (13.2 μl, 0.17 mmol, 1.2 eq) was added to a solution of 13 (64 mg, 

0.14 mmol, 1 eq) and NEt3 (39.5 μl, 0.28 mmol, 2 eq) in DCM and the reaction was stirred overnight. 

The organic phase was washed with saturated bicarbonate solution and brine, dried over Na2SO4 and 

the solvent was removed under reduced pressure. The crude product was dissolved in THF and TBAF 

(1 M in THF; 210 μl, 0.21 mmol, 1.5 eq) was added and the reaction was stirred at room temperature 

for 30 min. The solvent was removed under reduced pressure and the crude product was purified by 

preparative HPLC. A white solid was obtained (23 mg, 33 %). RP-HPLC: > 98 %, (tR = 9.03 min, k = 1.81). 
1H NMR (400 MHz, CD3OD) δ 7.45 – 7.07 (m, 5H), 6.43 (d*, J = 214.9 Hz, 1H), 4.67 – 4.49 (m, 1H), 3.93 

– 3.31 (m, 4H), 3.24 – 2.94 (m, 8H). 13C NMR (101 MHz, CD3OD) δ 143.27, 139.18, 137.43, 132.00, 

130.84, 130.60, 122.09, 119.90, 117.58, 61.95, 57.51, 45.93, 39.43, 31.80, 9.19. HRMS (ESI-MS): m/z 

[M+H]+ calculated for C18H22ClN2O3S+: 381.1034, found 381.1041; C18H21ClN2O3S*TFA (494.91). 

 

N-(4-(7,8-Dihydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)methanesulfonamide hydrotrifluoroacetate(64) 

Methanesulfonyl chloride (25.5 μl, 0.33 mmol, 1.1 eq) was added to a solution of 15 (154 mg, 

0.30 mmol, 1 eq) and pyridine (72.6 μl, 0.90 mmol, 3 eq) in CHCl3 and the reaction was stirred 

overnight. The organic phase was washed with saturated bicarbonate solution and brine, dried over 

Na2SO4 and the solvent was removed under reduced pressure. The crude product was dissolved in THF 

and TBAF (1 M in THF; 720 μl, 0.72 mmol, 2.4 eq) was added and the reaction was stirred at room 

temperature for 30 min. The solvent was removed under reduced pressure and the crude product was 

purified by preparative HPLC. A white solid was obtained (37 mg, 26 %). RP-HPLC: > 98 %, (tR = 6.13 

min, k = 0.91). 1H NMR (400 MHz, D2O) δ 7.27 – 7.21 (m, 1H), 7.19 – 7.12 (m, 2H), 7.09 – 7.03 (m, 1H), 

6.73 (d, J = 8.3 Hz, 1H), 6.60 – 6.60 (d*, J = 241.0 Hz, 1H), 4.51 – 4.37 (m, 1H), 4.17 – 3.70 (m, 1H), 3.65 

– 3.35 (m, 2H), 3.21 – 2.89 (m, 5H), 2.87 – 2.67 (m, 4H). HRMS (ESI-MS): m/z [M+H]+ calculated for 

C18H23N2O4S+: 363.1373, found 363.1374; C18H22N2O4S*TFA (476.47). 

 

8-Chloro-3-methyl-5-(4-nitrophenyl)-2,3,4,5-tetrahydro-1H-benzo[d]azepin-7-yl acetate (65)  

11a (0.13 g, 0.35 mmol, 1 eq) and NEt3 (98.4 µl, 0.70 mmol, 2 eq) were dissolved in DCM and 

cooled to 0 °C. Acetylchloride (37.8 µl, 0.53 mmol, 1.5 eq) was added slowly and the reaction was 

stirred at room temperature overnight. The solvent was removed under reduced pressure and the 

product was purified by column chromatography (98:2 DCM/MeOH). An orange solid was obtained 

(0.10 g, 77 %). Rf = 0.48 (98:2 DCM/MeOH + 1 % NH3). 1H NMR (300 MHz, CDCl3) δ 8.23 – 8.17 (m, 2H), 

7.37 – 7.30 (m, 2H), 7.24 (s, 1H), 6.41 (s, 1H), 4.37 (d, J = 7.5 Hz, 1H), 3.09 – 2.91 (m, 3H), 2.81 – 2.73 
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(m, 2H), 2.54 – 2.45 (m, 1H), 2.40 (s, 3H), 2.27 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 168.52, 149.57, 

146.74, 145.15, 142.67, 140.44, 131.40, 129.21, 124.78, 123.98, 123.52, 61.67, 56.66, 49.53, 47.77, 

35.57, 20.62. HRMS (ESI-MS): m/z [M+H]+ calculated for C19H20ClN2O4
+: 375.1106, found 375.1113; 

C19H19ClN2O4 (374.82). 

 

5-(4-Aminophenyl)-8-chloro-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-7-yl acetate (66) 

65 (0.14 g, 0.37 mmol, 1 eq) and Pd/C (10 %) (0.01 g, 10 wt %) were dissolved in a mixture of 

THF and MeOH (1:1) and the reaction was stirred overnight under H2-atmosphere. The reaction was 

filtered over celite and the solvent was removed under reduced pressure. The crude product was dried 

in vacuo. A yellow solid was obtained (0.12 g, 95 %). The product was used without further purification. 

HRMS (ESI-MS): m/z [M+H]+ calculated for C19H22ClN2O2
+: 345.1364, found 345.1370; C19H21ClN2O2 

(344.84). 

 

3-(1,3-Dioxoisoindolin-2-yl)propane-1-sulfonyl chloride (67)187 

Thiourea (0.38 g, 5.00 mmol, 1 eq) and 3-bromopropylphthalimide (1.34 g, 5.00 mmol, 1 eq) 

were dissolved in EtOH and heated to reflux for 1 h. The solvent was removed under reduced pressure 

and the resulting white solid was added to a suspension of N-chlorosuccinimide in MeCN and 2 N aq. 

HCl (1.62 ml, 3.24 mmol, 0.65 eq) at 10 °C. The reaction was stirred at 10 °C for 30 min and the reaction 

was quenched with water. The aqueous phase was extracted with diethyl ether. The organic phase 

was washed with brine, dried over Na2SO4 and the solvent was removed under reduced pressure. The 

crude product was purified by column chromatography (3:1 PE/EtOAc). A white solid was obtained 

(1.29 g, 89 %). Rf = 0.80 (1:1 PE/EtOAc). 1H NMR (300 MHz, CDCl3) δ 7.90 – 7.82 (m, 2H), 7.79 – 7.72 (m, 

2H), 3.89 (t, J = 6.5 Hz, 2H), 3.80 – 3.70 (m, 2H), 2.51 – 2.35 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 168.20, 

134.43, 131.74, 123.61, 62.86, 35.55, 24.13. HRMS (ESI-MS): m/z [M+H]+ calculated for C11H11ClNO4S+: 

288.0092, found 288.0092; C11H10ClNO4S (287.71).  

 

8-Chloro-5-(4-((3-(1,3-dioxoisoindolin-2-yl)propyl)sulfonamido)phenyl)-3-methyl-2,3,4,5-

tetrahydro-1H-benzo[d]azepin-7-yl acetate (68) 

66 (0.10 g, 0.29 mmol, 1 eq) and pyridine (70 µl, 0.87 mmol, 3 eq) were dissolved in chloroform. 

67 (0.13 g, 0.44 mmol, 1.5 eq) was added and the reaction was stirred at 50 °C overnight. The solvent 

was removed under reduced pressure and the crude product was purified by column chromatography 

(95:5 DCM/MeOH + 1 % NH3). A yellow oil was obtained (0.11 g, 62 %). Rf = 0.30 (95:5 DCM/MeOH + 

1 % NH3). 1H NMR (400 MHz, CDCl3) δ 7.81 – 7.76 (m, 2H), 7.70 – 7.66 (m, 2H), 7.21 – 7.13 (m, 3H), 7.07 

– 7.00 (m, 2H), 6.38 (s, 1H), 4.23 (d, J = 8.0 Hz, 1H), 3.84 – 3.72 (m, 2H), 3.26 – 2.68 (m, 7H), 2.48 – 2.33 

(m, 4H), 2.29 – 2.13 (m, 5H). 13C NMR (101 MHz, CDCl3) δ 168.68, 168.26, 145.04, 144.16, 140.21, 
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135.37, 134.21, 131.83, 130.89, 129.52, 124.15, 123.43, 123.19, 121.27, 62.38, 56.50, 53.48, 49.17, 

48.48, 47.46, 36.19, 23.24, 20.65. HRMS (ESI-MS): m/z [M+H]+ calculated for C30H31ClN3O6S+: 596.1617, 

found 596.1623; C30H30ClN3O6S (596.10). 

 

3-Amino-N-(4-(7-chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)propane-1-sulfonamide dihydrotrifluoroacetate (69) 

Hydrazine hydrate (83 µl, 1.70 mmol, 10 eq) was added to a solution of 68 (0.1 g, 0.17 mmol, 

1 eq) in EtOH and the reaction was heated to reflux overnight. The reaction was cooled to 0 °C and the 

white solid was filtered off. The solvent of the filtrate was evaporated under reduced pressure and the 

crude product was purified by preparative HPLC. A sticky solid was obtained (25 mg, 23 %). 1H NMR 

(400 MHz, CD3OD) δ 7.46 – 7.09 (m, 5H), 6.82 – 5.80 (m, 1H), 4.57 (d, J = 9.7 Hz, 1H), 3.93 – 3.30 (m, 

4H), 3.28 – 3.18 (m, 2H), 3.14 – 2.87 (m, 7H), 2.26 – 2.06 (m, 2H). HRMS (ESI-MS): m/z [M+H]+ calculated 

for C20H27ClN3O3S+: 424.1456, found 424.1459; C20H26ClN3O3S*2 TFA (652.00). 

 

Oxybis(ethane-2,1-diyl) dimethanesulfonate (70)268 

The product was synthesized following general procedure A from diethylene glycol (5.00 g, 

47.12 mmol, 1 eq), methanesulfonyl chloride (7.29 ml, 94.24 mmol, 2 eq) and NEt3 (16.42 ml, 117.80 

mmol, 2.5 eq). A yellow oil was obtained (11.87 g, 96 %). Rf = 0.80 (DCM/MeOH 98:2). 1H NMR (300 

MHz, CDCl3) δ 4.37 – 4.28 (m, 4H), 3.78 – 3.68 (m, 4H), 3.02 (s, 6H). 13C NMR (75 MHz, CDCl3) δ 69.05, 

68.97, 37.57. HRMS (ESI-MS): m/z [M+H]+ calculated for C6H15O7S2
+: 263.0254, found 263.0254; 

C6H14O7S2 (262.29). 

 

1-Azido-2-(2-azidoethoxy)ethane (71)269 

The product was synthesized following general procedure B from 70 (5.00 g, 19.06 mmol, 1 eq) 

and sodium azide (4.96 g, 76.24 mmol, 4 eq). A yellow oil was obtained (2.91 g, 98 %). Rf = 0.35 

(DCM/MeOH 98:2). 1H NMR (300 MHz, CDCl3) δ 3.72 – 3.64 (m, 4H), 3.45 – 3.36 (m, 4H). 13C NMR (75 

MHz, CDCl3) δ 70.10, 50.76. HRMS (APCI-MS): m/z [M+H]+ calculated for C4H9N6O+: 157.0832, found 

157.0835; C4H8N6O (156.15). 

 

2-(2-Azidoethoxy)ethan-1-amine (72)270 

The product was synthesized following general procedure C from 71 (3.36 g, 21.52 mmol, 1 eq) 

and triphenylphosphine (5.64 g, 21.52 mmol, 1 eq). A clear oil was obtained (1.68 g, 60 %). Rf = 0.38 

(DCM/MeOH + 1 % NH3 95:5). 1H NMR (300 MHz, CDCl3) δ 3.88 (s, 2H), 3.64 – 3.59 (m, 2H), 3.58 – 3.52 

(m, 2H), 3.39 – 3.31 (m, 2H), 2.92 (t, J = 5.1 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 71.47, 69.90, 50.71, 
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41.06. HRMS (ESI-MS): m/z [M+H]+ calculated for C4H11N4O+: 131.0927, found 131.0927; C4H10N4O 

(130.15). 

 

General procedure H  

20 (1 eq) and the linker (1.5 eq) were dissolved in DCM/MeOH (4:1). CuSO4*5 H2O (0.1 eq) and 

ascorbic acid (0.3 eq) were added and the reaction was stirred at room temperature for 72 h. The 

solvents were removed under reduced pressure and the crude product was purified by HPLC. 

 

5-(N-(4-(7-Chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)sulfamoyl)-N-((1-(2-(2-hydroxyethoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)pentanamide 

trihydrotrifluoroacetate (73a) 

The product was synthesized following general procedure H from 20 (25 mg, 49.60 µmol, 1 

eq), 72 (9.7 mg, 74.40 µmol, 1.5 eq), CuSO4*5 H2O (1.2 mg, 4.96 µmol, 0.1 eq) and ascorbic acid (2.62 

mg, 14.88 µmol, 0.3 eq). A white solid was obtained (7 mg, 14 %). RP-HPLC: > 97 %, (tR = 7.34 min, k = 

1.29). 1H NMR (400 MHz, CD3OD) δ 7.89 (s, 1H), 7.41 – 7.09 (m, 5H), 6.16 (s, 1H), 4.65 – 4.48 (m, 3H), 

4.39 (s, 2H), 3.95 – 3.32 (m, 8H), 3.18 – 2.99 (m, 6H), 2.96 (s, 3H), 2.24 (t, J = 6.9 Hz, 2H), 1.87 – 1.61 

(m, 4H). HRMS (ESI-MS): m/z [M+H]+ calculated for C29H41ClN7O5S+: 634.2573, found 634.2578; 

C29H40ClN7O5S*3 TFA (976.26).  

 

N-((1-(2-(2-(2-Aminoethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)-5-(N-(4-(7-chloro-8-

hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-yl)phenyl)sulfamoyl)pentanamide 

trihydrotrifluoroacetate(73b) 

The product was synthesized following general procedure H from 20 (25 mg, 49.60 µmol, 1 

eq), 36a (13 mg, 74.40 µmol, 1.5 eq), CuSO4*5 H2O (1.2 mg, 4.96 µmol, 0.1 eq) and ascorbic acid (2.62 

mg, 14.88 µmol, 0.3 eq). A white solid was obtained (4 mg, 8 %). RP-HPLC: > 97 %, (tR = 7.50 min, k = 

1.34). 1H NMR (400 MHz, CD3OD) δ 7.87 (s, 1H), 7.42 – 7.08 (m, 5H), 6.16 (s, 1H), 4.63 – 4.46 (m, 3H), 

4.40 (s, 2H), 3.95 – 3.44 (m, 12H), 3.19 – 2.98 (m, 6H), 2.96 (s, 3H), 2.24 (t, J = 6.9 Hz, 2H), 1.85 – 1.66 

(m, 4H). HRMS (ESI-MS): m/z [M+H]+ calculated for C31H45ClN7O6S+: 678.2835, found 678.2841; 

C31H44ClN6O7S*3 TFA (1020.32). 

 

General procedure I  

The primary amine (1.5 eq) was dissolved in DMF (30 μL). NEt3 (10 eq) and the fluorescent dye 

NHS-ester (1 eq) in DMF (60 μL) were added and the reaction was shaken for 2.5 h in the dark at room 

temperature. The reaction was quenched with 10 % aqueous TFA (20 μL), and the crude product was 

purified by preparative HPLC. 
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5-((3-(N-(4-(7-Chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-

yl)phenyl)sulfamoyl)propyl)carbamoyl)-2-(6-(dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-

yl)benzoate hydrotrifluoroacetate (74) 

The product was synthesized following general procedure I from 69 (1.86 mg, 2.85 μmol, 1.5 

eq), NEt3 (2.53 µl, 19 μmol, 10 eq) and 5- carboxytetramethylrhodamine succinimidyl ester (5-TAMRA 

NHS ester) (1.00 mg, 1.90 μmol, 1 eq). A pink solid was obtained (1.6 mg, 89 %). RP-HPLC: > 97 %, (tR = 

11.27 min, k = 2.51). HRMS (ESI-MS): m/z [M+H]+ calculated for C45H47ClN5O7S+: 836.2879, found 

836.2884; C45H46ClN5O7S*TFA (950.28). 

 

Triammonium 2-((E)-3-((E)-1-(6-((3-(N-(4-(7-chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-1H-

benzo[d]azepin-1-yl)phenyl)sulfamoyl)propyl)amino)-6-oxohexyl)-3-methyl-5-sulfonato-3-(3-

sulfonatopropyl)indolin-2-ylidene)prop-1-en-1-yl)-1-(2-methoxyethyl)-3-methyl-3-(3-

sulfonatopropyl)-3H-indol-1-ium-5-sulfonate (75) 

The product was synthesized following general procedure I from 69 (0.25 mg, 0.38 µmol, 2 eq) 

NEt3 (0.25 µl, 1.90 µmol, 10 eq) and DY-549P1-NHS-ester (0.2 mg, 0.19 µmol, 1 eq). A pink solid was 

obtained (0.1 mg, 39 %). RP-HPLC: > 97 %, (tR 3.59 min, k = 0.21). HRMS (ESI-MS): m/z [M-2H]2- 

calculated for C56H70ClN5O17S2-: 639.6535, found 639.6545; C56H72ClN5O17S*3 NH3 (1335.06). 

 

2-(3,6-Bis(dimethylamino)xanthylium-9-yl)-5-((2-(2-(4-((5-(N-(4-(7-chloro-8-hydroxy-3-methyl-

2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-yl)phenyl)sulfamoyl)pentanamido)methyl)-1H-1,2,3-

triazol-1-yl)ethoxy)ethyl)carbamoyl)benzoate dihydrotrifluoroacetate(76) 

The product was synthesized following general procedure I from 73a (3.16 mg, 3.24 μmol, 1.5 

eq), NEt3 (3.04 µl, 21.60 μmol, 10 eq) and 5- carboxytetramethylrhodamine succinimidyl ester (5-

TAMRA NHS ester) (1.14 mg, 2.16 μmol, 1 eq). A pink solid was obtained (1.4 mg, 51 %). RP-HPLC: 

> 98 %, (tR = 10.69 min, k = 2.33). HRMS (ESI-MS): m/z [M+H]+ calculated for C54H61ClN9O9S+: 1046.3996, 

found 1046.3995; C54H60ClN9O9S*2 TFA (1274.68). 
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Triammonium 2-((E)-3-((E)-1-(6-((2-(2-(4-((5-(N-(4-(7-chloro-8-hydroxy-3-methyl-2,3,4,5-tetrahydro-

1H-benzo[d]azepin-1-yl)phenyl)sulfamoyl)pentanamido)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethyl)amino)-6-oxohexyl)-3-methyl-5-sulfonato-3-(3-sulfonatopropyl)indolin-2-

ylidene)prop-1-en-1-yl)-1-(2-methoxyethyl)-3-methyl-3-(3-sulfonatopropyl)-3H-indol-1-ium-5-

sulfonate (77) 

The product was synthesized following general procedure I from 73a (0.28 mg, 0.29 µmol, 1.5 

eq), NEt3 (0.27 µl, 1.90 µmol, 10 eq) and DY-549P1-NHS-ester (0.2 mg, 0.19 µmol, 1 eq). A pink solid 

was obtained (0.14 mg, 47 %). RP-HPLC: > 96 %, (tR = 3.60 min, k = 0.12). HRMS (ESI-MS): m/z [M-2H]2- 

calculated for C65H84ClN9O19S5
2-: 744.7093, found 744.7106; C65H86ClN9O19S5*3 NH3 (1544.29). 

 

2-(3,6-Bis(dimethylamino)xanthylium-9-yl)-5-((2-(2-(2-(4-((5-(N-(4-(7-chloro-8-hydroxy-3-methyl-

2,3,4,5-tetrahydro-1H-benzo[d]azepin-1-yl)phenyl)sulfamoyl)pentanamido)methyl)-1H-1,2,3-

triazol-1-yl)ethoxy)ethoxy)ethyl)carbamoyl)benzoate dihydrotrifluoroacetate (78) 

The product was synthesized following general procedure I from 73b (2.64 mg, 2.59 μmol, 1.5 

eq), NEt3 (2.43 µl, 17.30 μmol, 10 eq) and 5- carboxytetramethylrhodamine succinimidyl ester (5-

TAMRA NHS ester) (0.91 mg, 1.73 μmol, 1 eq). A pink solid was obtained (1.71 mg, 75 %). RP-HPLC: 

> 95 %, (tR = 10.75 min, k = 2.35). HRMS (ESI-MS): m/z [M+H]+ calculated for C56H65ClN9O10S+: 

1090.4258, found 1090.4258; C56H64ClN9O10S*2 TFA (1318.74). 

 

Triammonium 2-((E)-3-((E)-1-(6-((2-(2-(2-(4-((5-(N-(4-(7-Chloro-8-hydroxy-3-methyl-2,3,4,5-

tetrahydro-1H-benzo[d]azepin-1-yl)phenyl)sulfamoyl)pentanamido)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethyl)amino)-6-oxohexyl)-3-methyl-5-sulfonato-3-(3-sulfonatopropyl)indolin-2-

ylidene)prop-1-en-1-yl)-1-(2-methoxyethyl)-3-methyl-3-(3-sulfonatopropyl)-3H-indol-1-ium-5-

sulfonate (79) 

The product was synthesized following general procedure I from 73b (0.30 mg, 0.29 µmol, 1.5 

eq), NEt3 (0.27 µl, 1.90 µmol, 10 eq) and DY-549P1-NHS-ester (0.2 mg, 0.19 µmol, 1 eq). A pink solid 

was obtained (0.14 mg, 47 %). RP-HPLC: > 95 %, (tR = 3.78 min, k = 0.18). HRMS (ESI-MS): m/z [M+2H]2+ 

calculated for C67H92ClN9O20S5
2+: 768.7370, found 768.7386; C67H90ClN9O20S5*3 NH3 (1588.34). 

 

N-(2-(2-Azidoethoxy)ethyl)-1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamide (80) 

26 (100 mg, 0.23 mmol, 1 eq), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (48 mg, 0.25 

mmol, 1.1 eq), 1-hydroxybenzotriazole (34 mg, 0.25 mmol, 1.1 eq), and DIPEA (119 mg, 0.92 mmol, 4 

eq) were dissolved in DMF/DCM (1/1) in a microwave vial and stirred at room temperature for 30 min. 

35b (50 mg, 0.23 mmol, 1 eq) was added and the reaction was stirred for 30 min at 100 °C in a 

microwave reactor (sealed vial). The solvent was removed under reduced pressure and the crude 
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product was purified by column chromatography (DCM/MeOH 95/5 + 0.1 % NH3). A brown oil was 

obtained (85 mg, 65 %). Rf = 0.36 (DCM/MeOH/7N NH3 in MeOH 90:9:1). 1H NMR (300 MHz, CDCl3) δ 

7.20 – 7.12 (m, 2H), 6.84 – 6.75 (m, 2H), 6.08 (t, J = 5.2 Hz, 1H), 3.95 (t, J = 6.4 Hz, 2H), 3.66 – 3.55 (m, 

10H), 3.53 – 3.46 (m, 2H), 3.37 (m, 6H), 2.87 (m, 2H), 2.50 – 2.30 (m, 6H), 2.13 – 1.84 (m, 5H), 1.73 (m, 

4H), 1.56 (m, 4H), 1.47 – 1.33 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 175.1, 158.1, 130.2, 130.2, 114.1, 

70.7, 70.6, 70.6, 70.2, 70.1, 69.9, 66.5, 62.6, 56.0, 54.6, 53.0, 50.7, 43.4, 39.0, 28.9, 26.8, 25.9, 24.4. 

HRMS (ESI-MS): m/z [M+H+] calculated for C29H49N6O5
+: 561.3759, found 561.3767; C29H48N6O5 

(560.74). 

 

N-(2-(2-Aminoethoxy)ethyl)-1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamide 

trihydrotrifluoroacetate (81) 

Triphenylphosphine (60 mg, 0.23 mmol, 1.5 eq) was added to a solution of 80 (85 mg, 0.15 

mmol, 1 eq) in THF and the reaction was stirred for 4 h at 45 °C. Water was added and the reaction 

was stirred for another 2 h at the same temperature. THF was removed under reduced pressure and 

trifluoroacetic acid (200 µl) was added to the aqueous solution. The crude product was purified by 

preparative HPLC. A colorless oil was obtained for 81 (79 mg, 60 %). Rf = 0.22 (DCM/MeOH/7N NH3 in 

MeOH 90:9:1). 1H NMR (400 MHz, DMSO-d6) δ 10.05-9.65 (m, 2H), 8.04 (t, J = 5.4 Hz, 1H), 7.90 (br s, 

3H), 7.45-7.37 m, 2H), 7.06-6.93 (m, 2H), 4.27-4.26 (m, 2H), 4.06 (t, J = 5.9 Hz, 2H), 3.66 – 3.43 (m, 12H), 

3.42 – 3.28 (m, 4H), 3.26 – 3.13 (m, 4H), 3.02 – 2.75 (m, 6H), 2.42 – 2.29 (m, 1H), 2.20 – 2.05 (m, 2H), 

1.92 – 1.54 (m, 9H), 1.46-1.28 (m, 1H). 13C NMR (101 MHz, DMSO-d6) δ 173.3, 159.5, 159.0, 158.7, 

133.3, 122.2, 118.5, 115.6, 115.1, 70.2, 70.1, 70.1, 70.0, 69.4, 67.1, 65.5, 59.0, 53.8, 52.6, 51.0, 39.0, 

38.9, 26.2, 23.9, 23.0, 21.7. HRMS (ESI-MS): m/z [M+H+] calculated for C29H51N4O5
+: 535.3854, found 

535.3855; C29H50N4O5*3 TFA (876.81). 

 

2-(6-(Dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl)-5-((1-oxo-1-(1-(4-(3-(piperidin-1-

yl)propoxy)benzyl)piperidin-4-yl)-5,8,11-trioxa-2-azatridecan-13-yl)carbamoyl)benzoate 

dihydrotrifluoroacetate (82) 

81 (7.89 mg, 9 µmol, 1.5 eq) was dissolved in DMF (30µl). NEt3 (6.68 mg, 66 µmol, 11 eq) and 

5-Carboxytetramethylrhodamine succinimidyl ester (5-TAMRA NHS ester) (3.17 mg, 6 µmol, 1 eq) in 

DMF (60 µl) were added and the reaction was shaken for 2.5 h in the dark at room temperature. The 

reaction was quenched with 10 % aqueous TFA (20 µl) and the crude product was purified by 

preparative HPLC. A pink solid was obtained for 82 (5.7 mg, 4.9 µmol, 82 %). RP-HPLC: 99 %, (tR = 9.84 

min, k = 2.07). 1H NMR (600 MHz, DMSO-d6) δ 9.84 – 9.57 (m, 1H), 9.48 (br s, 1H), 8.95 (t, J = 5.5 Hz, 

1H), 8.65 (br s, 1H), 8.28 (d, J = 7.9 Hz, 1H), 8.01 (t, J = 5.7 Hz, 1H), 7.54 (br s, 1H), 7.45-7.38 (m, 2H), 

7.10-6.97 (m, 4H), 6.94 (br s, 2H), 6.56 (br s, 2H), 4.20 (s, 2H), 4.05 (t, J = 6.0 Hz, 2H), 3.64 – 3.43 (m, 
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18H), 3.29 – 3.04 (m, 16H), 2.94 – 2.82 (m, 4H), 2.39-2.32 (m, 1H), 2.18 – 2.08 (m, 2H), 2.04 – 1.60 (m, 

9H), 1.45 – 1.31 (m, 1H). HRMS (ESI-MS): m/z [M+H+] calculated for C54H71N6O9
+: 947.5277, found 

947.5293; C54H70N6O9*2 TFA (1175.23). 
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6.2 Pharmacological experimental procedures 

In the following chapter the cell biological methods and the procedures for the different assay systems 

are described. 

 

6.2.1  Materials 

Dulbecco’s Modified Eagle’s Medium (DMEM), L-glutamine, fetal calf serum (FCS), trypsin, and HEPES 

were purchased from Sigma-Aldrich (Munich, Germany). Leibovitz’ L-15 medium (L-15), bovine serum 

albumin (BSA), and geneticin (G418) were purchased from Fisher Scientific (Nidderau, Germany). 

Stable transfected cell lines were used as previously published. Radioligands [3H]UR-PI-294203 and 

[3H]UR-DE-257206 were synthesized and characterized at the University of Regensburg. [3H]SCH-23390, 

[3H]N-methylspiperone and [3H]mepyramine were purchased from Novandi Chemistry AB (Södertälje, 

Sweden). Furimazine (Nano-Glo© Live Cell Substrate) was purchased from Promega. All data were 

analyzed using GraphPad Prism 9 software (San Diego, CA, USA). Phosphate-buffered saline solution 

(PBS) was made with Millipore water containing 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 

mM KH2PO4 adjusted to a pH of 7.4. Binding buffer (BB) was prepared with Millipore water containing 

50 mM Tris·HCl, 1mM EDTA, 5 mM MgCl2, and 100 μg/ml bacitracin adjusted to a pH of 7.4. 

 

6.2.2  Radioligand competition binding experiments at the dopamine receptors 

Cell homogenates containing the D2longR, D3R, and D4.4R were kindly provided by Dr. Lisa Forster, 

University of Regensburg. Homogenates containing the D1R and D5R were kindly provided by Denise 

Mönnich, University of Regensburg. Radioligand binding experiments with cell homogenates were 

performed as previously described with minor modifications.201,205 For radioligand competition binding 

assays homogenates were incubated in BB at a final concentration of 0.3 μg (D1R), 0.3 μg (D2longR), 0.7 

μg (D3R), 0.5-1.0 μg (D4.4R), or 0.4 μg (D5R) protein/well. [3H]SCH-23390 (D1R (Kd = 0.23 nM) and D5R 

(Kd = 0.20 nM)) was added in final concentrations of 0.2, 0.4, 1.0 nM (D1R) and 1.0 nM (D5R). [3H]N-

methylspiperone (D2longR (Kd = 0.0149 nM), D3R (Kd = 0.0258 nM), D4.4R (Kd = 0.078 nM)) was added in 

final concentrations of 0.05 nM (D2longR, D3R) or 0.1 nM (D4.4R). Non labelled compounds were added 

in increasing concentrations for the displacement of the radioligands. After incubation of 60 min 

(D2longR, D3R, and D4.4R) or 120 min (D1R and D5R) at room temperature, bound radioligand was 

separated from free radioligand through PEI-coated GF/C filters using a Brandel harvester (Brandel 

Inc., Unterföhring, Germany), Filters were transferred to (flexible) 1450-401 96-well sample plates 

(PerkinElmer, Rodgau, Germany) and after incubation with scintillation cocktail (Rotiszint eco plus, Carl 
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Roth, Karlsruhe, Germany) for at least 3 h, radioactivity was measured using a MicroBeta2 plate 

counter (PerkinElmer, Waltham, MA, USA). Competition binding curves were fitted using a four-

parameter fit (“log(agonist) vs. response-variable slope”). Calculations of pKi values with SEM and 

graphical presentations were conducted with GraphPad Prism 9 software (San Diego, CA, USA). 

 

6.2.3  Radioligand competition binding experiments at the histamine receptors 

Radioligand competition binding experiments were performed as previously described by Pockes et al. 

with minor modifications.157,241 All experiments were carried out on whole HEK cells instead of Sf9 

membranes. Generation of the stable HEK293-SP-FLAG-hH1R and HEK293-SP-FLAG-hH2R cell lines was 

conducted as described for the HEK293-SP-FLAG-hH3R and HEK293-SP-FLAG-hH4R.202 Ligand dilutions 

of unlabeled compounds were prepared 10-fold concentrated in L-15 with 1 % BSA and 10 µL/well 

were transferred to a flat-bottom polypropylene 96-well microtiter plate (Greiner Bio-One, 

Frickenhausen, Germany), as well as 10 µL/well of the respective radioligand ([3H]mepyramine (H1R, 

Kd 4.5 nM); [3H]UR-DE-257 (H2R, Kd 66.9 nM); [3H]UR-PI-294 (H3R, Kd 5.0 nM; H4R, Kd 5.1 nM)). The cells 

were adjusted to a density of 1.25 x 106 cells/mL and 80 µL of the cell suspension were added to each 

well (total volume of 100 µL). After incubation of 60 min at room temperature, bound radioligand was 

separated from free radioligand through PEI-coated GF/C filters using a Brandel harvester (Brandel 

Inc., Unterföhring, Germany), Filters were transferred to (flexible) 1450-401 96-well sample plates 

(PerkinElmer, Rodgau, Germany) and after incubation with scintillation cocktail (Rotiszint eco plus, Carl 

Roth, Karlsruhe, Germany) for at least 3 h, radioactivity was measured using a MicroBeta2 plate 

counter (PerkinElmer, Waltham, MA, USA). All data were analyzed using GraphPad Prism9 software 

(San Diego, CA, USA). The normalized competition binding curves were then fitted with a four-

parameter logistic fit yielding pIC50-values. These were transformed into pKi-values using the Cheng-

Prusoff equation.271  

 

6.2.4  NanoBRET Binding Experiments at the H3R 

All NanoBRET experiments that are presented in chapter 4 were performed by Dr. Lukas Grätz, 

currently Karolinska Institutet, Stockholm, former University of Regensburg as previously published.157 

BRET-based Saturation/Real-Time Kinetic/Competition Binding at the NLuc-H3R were performed as 

previously described by Bartole & Grätz et al. with minor modifications.202 For the determination of 

nonspecific binding, clobenpropit (500-fold excess) was used instead of thioperamide. Dissociation was 

initiated by the addition of 250 nM clobenpropit (500-fold excess) instead of thioperamide. For 

competition binding experiments 82 was used in a concentration of 500 pM. Histamine 
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dihydrochloride (his) was from TCI Chemicals (Tokyo, Japan). Imetit dihydrobromide (imet), (R)-(-)-α-

methylhistamine dihydrobromide (RAMH), (S)-(+)-α-methylhistamine dihydrobromide (SAMH), 

clobenpropit dihydrobromide (clob) and thioperamide maleate (thio) were from Tocris Bioscience 

(Ellisville, MO, USA). Z27743747 (Z-cmpd) was from Enamine Ltd. (Kyiv, Ukraine). Pitolisant 

hydrochloride (pito) was kindly provided by Prof. Dr. Katarzyna Kiec-Kononowicz (Jagiellonian 

University, Krakow). Significant differences between pKd values were assessed using a two-tailed t-test 

(p < 0.05). 

Competition binding experiments of novel bivalent ligands were performed in a similar way 

with minor modifications. Cells for the NanoBRET assays were detached from the cell culture flask 3 h 

prior to the assay by trypsinization and centrifuged (700 RPM, 5 min). The cell pellet was resuspended 

in L-15 medium supplemented with 5 % FCS and 10 mM HEPES. Cell density was adjusted to 1.25 

million cells/ml and 70 μl of the cell solution was seeded in each well of a 96 well plate (Brand, 

Wertheim, Germany). The plates were incubated 3 h at 37 °C in a water-saturated atmosphere 

containing 5 % CO2. Ligand dilutions of unlabeled compounds were prepared 10-fold concentrated in 

L-15 with 1 % BSA and 10 mM HEPES. Subsequently 10 μl of ligand solution, 10 μl fluorescent tracer 

solution (c (82) = 5 nM), and 10 μl of furimazine (dilution 1:1000) were added to each well. BRET signal 

was measured for at least 60 min. pKi values were determined at 60 min after addition of the ligands. 

All data were analyzed using GraphPad Prism9 software (San Diego, CA, USA). The normalized 

competition binding curves were then fitted with a four-parameter logistic fit yielding pIC50-values. 

These were transformed into pKi-values using the Cheng-Prusoff equation.271 

 

6.2.5  cAMP determination 

cAMP determination experiments were performed as previously described with minor midfications.272 

HEK293T cells were grown in DMEM medium supplemented with 2 mM L-glutamine, 100 U/ml 

penicillin/streptomycin, MEM nonessential amino acids solution (1/100) and 5 % (v/v) heat inactivated 

fetal bovine serum (FBS) (all supplements from Invitrogen, Paisley, Scotland, UK). The transfection 

vectors for the hD1R and hH3R were used as previously described.61 Cells were transiently transfected 

as previously described.131,273 Cells growing in 35-mm diameter six-well plates were transiently 

transfected with cDNA by the ramified polyehtylenimine (PEI; Sigma-Aldrich) method. Cells were 

incubated 4 h with cDNAs (2 μg/ well), ramified PEI (5 ml/mg cDNA of 10 mM PEI) and 150 mM of NaCl 

in 1 ml serum-free medium. After 4 h the medium was changed to fresh supplemented DMEM as 

described above. 48 h after transfection the medium was changed to serum-free DMEM and the cells 

were incubated for 2 h at 37 °C in a humid atmosphere containing 5 % CO2. Then, cells were detached, 

suspended in growing medium containing 50 μM zardaverine (phosphodiesterase inhibitor, TOCRIS) 
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and plated in 384-well microplates with a density of 2500 cells/well. Cells were pretreated 15 min with 

the antagonists (or vehicle) before adding the agonist. 15 min later 0.5 μM of forskolin or vehicle was 

added and another 15 min later the components of Lance Ultra cAMP kit (PerkinElmer, Waltham, MA, 

USA) as indicated by the manufacturer. After 1 h fluorescence at 665 nm was analyzed on a PHERAstar 

Flagship microplate reader equipped with an HTRF optical module (BMG Lab technologies, Offenburg, 

Germany). cAMP concentrations were determined using a calibration curve and converted into 

normalized dose-response curves, which were then fitted with a four-parameter logistic fit yielding 

pIC50- or pEC50 values with GraphPad Prism9 software (San Diego, CA, USA). 

 

6.2.6  In vitro neuroprotection experiments 

Primary cortex cells of mouse embryonal fetuses were kindly prepared by Jaume Lillo and Iu Raich as 

previously published.274 

Human amyloid β1-42 (Aβ) was dissolved in 2 μl DMSO by sonication. Ham’s F-10 Nutrient Mix 

(Gibco) was added and the Aβ was stored in the fridge overnight.  

10 days after seeding Aβ (final concentration = 500 nM) and the ligands (solutions in 

Neurobasal-A medium, Gibco) were added to the cells. The cells were incubated for additional seven 

days at 37 °C in a humid atmosphere containing 5 % CO2. Determination of percentage of live cells was 

assessed after seven days by trypan blue staining using a countless II FL automated cell counter 

(Thermo Fisher Scientific, Waltham, MA, USA). Data was analyzed using Prism GraphPad 9.  

 

6.2.7  Flow cytometry 

Flow cytometric saturation binding experiments at the H3 receptor were performed with a FACSCanto 

II flow cytometer (Becton Dickinson, Heidelberg, Germany) equipped with an argon laser (488 nm) and 

a red diode laser (640 and 635 nm) as described previously.157 Fluorescence signals were recorded 

using the following instrument settings: excitation: 488 nm, emission: 585 ± 21 nm (PE channel). All 

samples were prepared and incubated in 1.5 ml cups (Eppendorf, Hamburg, Germany). Cells were 

seeded 5 to 6 days prior to the experiment in cell culture flasks. On the day of the experiment the cells 

were treated with trypsin/EDTA (0.05 %/0.02 %) (Sigma-Aldrich, Munich, Germany), detached and 

suspended in cell culture medium followed by centrifugation. The cells were resuspended in Leibovitz’ 

L-15 medium (Fisher Scientific, Nidderau, Germany)) with 1 % BSA (in the following referred to as L-15 

medium). The cell density was adjusted to 100 000 cells/ml. For the total binding experiments 2.5 µl 

of a solution of the fluorescent ligand (100-fold concentrated to final concentration) in L-15 medium 

and 2.5 µl of L-15 medium were added to 245 µl of the cell suspension. For the nonspecific binding 
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experiments 2.5 µl of solution of the fluorescent ligand (100-fold concentrated to final concentration) 

and 2.5 µl of a 1 mM solution of clobenpropit in L-15 medium were added to 245 µl of the cell 

suspension. UR-NR266 (82) was used at final concentrations of 0.02-10 nm. All samples were incubated 

at 22 °C in the dark under shaking for 1 h. All experiments were performed in duplicate. 

 

6.2.8  Design of the BRET-based Gi2 activity sensor and BRET measurements of ligand-induced 

Gi2 activation 

These experiments were performed by Dr. Hannes Schihada, currently University of Marburg, former 

Karolinska Institutet, Stockholm as described previously.157 The Gi2 BRET sensor was generated by 

fusing cpVenus N-terminally to Gγ2 and inserting Nluc between C112 / E115 in Gαi2, according to the 

design of a previous FRET-based Gi2 sensor.226 These subunits were then cloned into one polycistronic 

vector along with native Gβ1, separated by a T2A self-cleaving peptide sequence and an internal 

ribosome entry site (IRES) (Gβ1-T2A-cpVenus-Gγ2-IRES-Gαi2-Nluc). All constructs were cloned using 

established DNA restriction enzymes and ligases and verified by sequencing (Eurofins genomics). 

For the BRET measurements, HEK293A cells were transiently transfected in suspension with 

wildtype H3R and Gi2 BRET sensor (1:1 plasmid ratio) using Lipofectamine 2000 (Thermofisher Scientific, 

Nidderau, Germany) (2 µl transfection reagent / µg total plasmid) and seeded onto poly-D-lysine-

precoated, white 96-well plates (Greiner Bio-One, Frickenhausen, Germany) (30,000 cells / well). 48 

hours after transfection, cells were washed with HBSS (Gibco/Life technologies, Carlsbad, USA) and 

incubated with a 1/1,000 stock solution of furimazine (Promega, Mannheim, Germany). Five minutes 

later, baseline BRET was recorded in three consecutive reads (4 minutes), 10-fold serial ligand dilutions 

or vehicle control were added, and the ligand-induced BRET ratio was recorded in 17 consecutive reads 

(36 minutes). For competition experiments, cells grown in 96-well plates were washed 48 hours after 

transfection as described above and incubated with the 1/1,000 stock solution of furimazine along 

with the indicated concentrations of compound 82 or ultrapure water (solvent control). After recording 

the basal BRET ratio, all wells pre-incubated with 82 were stimulated with 1 nM imetit. Wells pre-

incubated with ultrapure water were treated with HBSS (vehicle control for imetit treatment). All 

experiments were conducted using a CLARIOstar plate reader (BMG Labtech, Ortenberg, Germany) 

recording Nluc and cpVenus emission intensities with 450/80 nm (Gain 3600) and 530/30 nm (Gain 

4000) monochromator settings, respectively, and an integration time of 0.3 seconds. Raw BRET ratios 

were defined as acceptor emission / donor emission. The three BRET ratios prior ligand / vehicle 

addition were averaged and defined as BRETbasal. To quantify ligand-induced BRET changes, ΔBRET was 

calculated for each well and time point as a percent over basal ([(BRETstim− BRETbasal)/BRETbasal] × 100). 

Subsequently, the average ΔBRET of vehicle-treated control wells was subtracted. Ligand 
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concentration response curves were generated based on vehicle-corrected ΔBRET measured as a mean 

of three subsequent reads, 23 minutes after ligand addition. 

 

6.2.9  Off-target screening using the NanoBRET binding assay 

These experiments were performed by Dr. Lukas Grätz, Karolinska Institutet, Stockholm (former 

University of Regensburg) and Dr. Laura J. Humphrys, University of Regensburg as described 

previously.157 The Nluc construct of the mouse smoothened receptor246 was kindly provided by Prof. 

Dr. Gunnar Schulte (Karolinska Institutet), the adenosine A3 receptor220 by Prof. Dr. Stephen J. Hill 

(University of Nottingham), the β1 adrenoceptor by Dr. Ulrike Zabel (University of Würzburg), the 

muscarinic acetylcholine M2 receptor245 by Dr. Lukas Grätz (University of Regensburg) and the 

dopamine D1 receptor by Denise Mönnich (University of Regensburg). All other constructs were made 

for these purposes by Dr. Lukas Grätz and Dr. Hannes Schihada. For the BRET-based off-target 

screening, HEK293T cells were transiently transfected in suspension with 1 µg of cDNA per mL of cell 

suspension (300,000 cells/mL). The receptors were the histamine H3, β1 adrenoceptor, cannabinoid 

receptor type 1 and 2, adenosine A3, mouse smoothened, dopamine D1/2long/3, muscarinic acetylcholine 

M1/2/3/4/5 and angiotensin II type 1 receptor and were prepared by replacing the receptor sequence of 

the NLuc-A3 construct. After 5 min incubation, the mixtures were combined and incubated at room 

temperature for a further 10min. HEK293T cells were suspended at 300,000 cells/mL in DMEM (10 % 

FCS) and 1 mL of cell suspension was added to each receptor/PEI mix. Seeding consisted of 100 µL 

cDNA/cell/PEI mixture per well on a poly-D-lysine (mol wt 70,000-150,000, Sigma-Aldrich, Taufkirchen, 

Germany) coated white 96 well plate (cellGrade, Brand, Wertheim, Germany), with 4 wells per 

receptor construct. Cells were used 36 hours after transfection. Media was aspirated and washed with 

HBSS/0.5 % BSA, before being replaced with 90 µL HBSS/0.5 % BSA plus furimazine (1:1000 dilution) 

and incubated for 5 min at 37 °C. Bioluminescence and fluorescence were read on the Tecan GENics 

Pro, using the same parameters as the other BRET experiments at 37 °C. The baseline was read for 5 

cycles, and the response post ligand addition for another 10 min. Buffer control and 200 nM 12 were 

used in duplicate for each receptor. 
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6.3 Fluorescence Properties and Microscopy 

In the following chapter the methods and procedures for the recording of excitation and emission 

spectra and the fluorescence microscopy experiments are described. 

 

6.3.1  Excitation and emission spectra and quantum yield 

Excitation and emission spectra of the fluorescent ligands were recorded in PBS and PBS supplemented 

with 1 % BSA using a Cary Eclipse spectrofluorometer (Varian Inc., Mulgrave, Victoria, Australia) at 22 

°C, using acryl cuvettes (10 x 10 mm, Sarstedt, Nümbrecht, Germany) as described previously.157 The 

slit adjustments (excitation/emission) were 5/10 nm for excitation spectra and 10/5 nm for emission 

spectra. Net spectra were calculated by subtracting the respective vehicle reference spectrum and 

corrected emission spectra were calculated by multiplying the net emission spectra with the respective 

lamp correction spectrum. The quantum yield was determined according to previously described 

procedures202,225 with minor modifications using a Cary Eclipse spectrofluorometer (Varian Inc., 

Mulgrave, Victoria, Australia) at 22 °C, using acryl cuvettes (10 x 10 mm, Sarstedt, Nümbrecht, 

Germany) and cresyl violet perchlorate (Biomol GmbH – Life Science Shop, Hamburg, Germany) as a 

red fluorescent standard. Absorption spectra were recorded with UV/Vis spectroscopy (350-850 nm, 

scan rate: 300 nm/min, slits: fixed 2 nm) at concentration of 2 µM for cresyl violet (in EtOH, λabs,max = 

575 nm) and the fluorescent ligands (in PBS buffer and PBS + 1 % BSA). The quantum yields were 

calculated for three different slit adjustments (exc./em.): 5/5 nm, 10/5 nm, 10/10 nm. 

 

6.3.2  Live cell confocal microscopy at the D1R 

Cell culture and transfection was kindly done by Dr. Irene Reyes-Resina, Universidad de Barcelona. 

Confocal images were recorded by Dr. Steffen Pockes, University of Regensburg with kind assistance 

from Manel Bosch, Universidad de Barcelona. HEK293T cells were transfected with the D1R as 

described in chapter 6.2.5 . with minor modifications. Cells were seeded in 35 mm wells containing 1.5 

cover slips. 48 h after transfection medium was changed to OptiMem media (Gibco) supplemented 

with 10 mM HEPES. Imaging was performed using a Zeiss LSM880 Laser Scanning Confocal Microscope 

equipped with a "Plan-Apochromat" 40x/1,3 Oil DIC M27 objective and a photomultiplier tube (PTM) 

detector. For excitation an DPSS laser with a wavelength of 561 nm was used. Fluorescence was 

detected within an emission window of 569-669 nm. Image size was set to 512 x 512 pixels. After 

adjusting the focus, time-lapse images were recorded in intervals between 0.32 and 1 s. 76 was added 
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in a final concentration of 50 nM. Dissociation was induced by the addition of SCH-23390 (1000-fold 

excess).  

Time-lapse confocal images were processed using the ImageJ software. Contrast was adjusted 

for each file to facilitate the visualization of the fluorescence signal. Total fluorescence was plotted as 

a function of time using GraphPad Prism9 software (GraphPad, San Diego, USA). The time of addition 

of 76 was set as 0 min. Data was fitted using the “Association – one conc. of hot ligand” or “association 

then dissociation” functions from Prism9. Kon, Koff and kintetic Kd values were calculated by Prism9. 

 

6.3.3  Live cell confocal microscopy at the H3R 

These experiments were performed by Dr. Ali Isbilir, Max Delbrück Center, Berlin as described 

previously.157 HEK293 cells stably transfected with a vector plasmid for H3R expression were 

maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) (PAN Biotech, Aidenbach, Germany) 

supplemented with 10 % Fetal Bovine Serum (FBS) (PAN, Aidenbach, Germany Biotech), 1 % L-

Glutamine (PAN Biotech, Aidenbach, Germany), penicillin (100 U/mL), and streptomycin (100 μg/mL) 

at 37 °C and 5 % CO2. Cells were passaged every 2-3 days. 

For imaging, 300,000 HEK293-H3R cells were seeded on Poly-D-Lysine coated coverslips in 6-

well plates. 24 hours later, coverslips were transferred to an Attofluor cell chamber (Thermo Fisher 

Scientific, Nidderau, Germany) and supplemented with Fluorobrite DMEM medium (ThermoFisher, 

Nidderau, Germany), and then the chamber was placed on the microscope stage. 

Imaging was performed using a Leica SP8 laser scanning confocal microscope equipped with a 

40X/1.25 NA oil immersion objective, a white light laser (WLL) and photon counting hybrid (HyD) 

detectors. For excitation, the WLL was set to 552 nm at 10 % power. Fluorescence was detected within 

an emission window of 557-764 nm. Image size was set to 512 x 512 pixels, and the scanning speed 

was 700 Hz. After adjusting the focus, time-lapse cell imaging was performed with 1 second interval 

between each image. After imaging 10 seconds of baseline, fluorescence ligand was added by using a 

micropipette at a final concentration of 5 nM. After imaging 4-5 minutes, clobenpropit was added at a 

final concentration of 2.5 µM maintaining the 5 nM fluorescent ligand concentration and imaging was 

completed after 20 minutes. 

Time-lapse confocal images were processed using the ImageJ software. Contrast was adjusted 

for each file to faciliate the visualization of fluorescence signal. Total fluorescence (in arbitrary units) 

was plotted as a function of time using the Origin 2018 software. Association and dissociation kinetics 

were calculated using the “ExpDec” function in the software. Each kinetic data was pooled and plotted 

as a scatter dot-plot using the GraphPad 7 software. 
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Experiments to demonstrate the photobleaching properties were performed according to the 

method described above. The fluorescent ligand was immobilized in 0.5 % agarose film in 1 µM 

final concentration of the fluorescent ligand UR-NR266 (82) and imaged over a period of 20 minutes. 

 

6.3.4  TIRF-Imaging at the H3R 

These experiments were conducted by Dr. Jan Möller, Max Delbrück Center, Berlin as described 

previuosly.157 For single-molecule experiments CHO-cells (ATTC/ LGC Standards,Wesel, Germany, were 

seeded 24 hours before transfection. Transfection was done 4-6 hours before TIRF-imaging using 

Lipofectamine 2000 (Thermofisher Scientific, Nidderau, Germany). For each single well of a 6-well cell 

culture plate (Brand, Wertheim, Germany) 2µg of the desired DNA were diluted in 500µL Opti-MEM 

(Thermofisher Scientific, Nidderau, Germany) and mixed with another dilution containing 6µL 

Lipofectamine 2000 transfection reagent in 500µL Opti-MEM. After incubation at 25 °C for 20 minutes 

this mixture (total = 1 mL) was added to a single well of cell culture plate, containing 1mL of DMEM-

F12 medium (Thermofisher Scientific, Nidderau, Germany). After 4-6 hours expression levels were 

sufficient for single-molecule experiments and the medium got exchanged with new DMEM-F12 

medium. 

All TIRF-imaging experiments were performed with transiently transfected CHO cells as 

described above. To measure image based the labeling efficiency of UR-NR-266 (82) a C-terminally 

mNeonGreen tagged H3R was expressed (H3-mNG). Cells were labeled with 10 nM of 82 for 15 

minutes. After labeling cells were washed once with PBS and taken for imaging to an Attofluor™ Cell 

Chamber (Invitrogen, Carlsbad, USA) in sterile filtered PBS (Sigma-Aldrich, Munich, Germany) 

containing 3 nM of 82. For single-molecule imaging, a TIRF illuminated Nikon Eclipse Ti2 microscope 

(Nikon, Tokyo, Japan) equipped with a 100X 1.49NA automated correction collar objective and 405, 

488, 561, 647 nm laser diodes coupled via an automated N-Storm module and four iXon Ultra 897 

EMCCD cameras (Andor, Tokyo, Japan) was used. Objective and sample were kept at 20 °C during 

imaging. The automated objective collar was on, exposure times were set to 40 ms and the perfect 

focus system (Nikon, Tokyo, Japan) was activated. Emission of TAMRA was recorded using a Cy3 Filter 

(Chroma, Vermont, USA) and mNeonGreen was recorded using a GFP Filter (Chroma, Vermont, USA). 

Image analysis of the obtained TIRF-movies was done by first cropping the image to the desired 

size, region and frame-number using Fiji.275 Afterwards movies were loaded in the Matlab environment 

(Mathworks) using u-Track276 and requested parameters were adjusted according to above mentioned 

imaging conditions. Spot-Detection, Tracking and Motion-Analysis modules were then applied and 

analyzed as previously described, as well as the assignment of diffusion classes.243  
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8.1 HPLC purity and stability analyses  

The HPLC purity and stability runs are presented as follows. 0 min describes the purity control from a 

sample taken directly after purification by preparative HPLC. Stability controls were conducted with 

samples from the stock solutions that were prepared for pharmacological assays. Therefore, some of 

them display a DMSO peak after approximately 3 min and the peak intensity differs from the purity 

sample. Retention time tR is given in minutes. Following abbreviations were used: h (hours), min 

(minutes), d (days), m (months). Differences in intensities are caused by the HPLC injector and don’t 

indicate decomposition of the compounds, as no change in retention time or additional peaks were 

detected. 
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Figure 8.1: HPLC stability and purity controls of compounds 40-45. 
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Figure 8.2: HPLC stability and purity controls of compounds 46, 47, 49, 50 and 53-56. 
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Figure 8.3: HPLC stability and purity controls of compounds 59-64, 74, and 75. 
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Figure 8.4: HPLC stability and purity controls of compounds 76-79 and 82. 
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8.2 Chemical structures and 1H NMR spectra of bivalent, endcapped and reference ligands  

 

 
   

 

Figure 8.5: Chemical structure (upper section) and 1H NMR spectrum (400 MHz, CD3OD; lower section) 
of compound 40. 
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Figure 8.6: Chemical structure (upper section) and 1H NMR spectrum (400 MHz, CD3OD; lower section) 
of compound 41. 
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Figure 8.7: Chemical structure (upper section) and 1H NMR spectrum (400 MHz, D2O; lower section) of 
compound 42. 
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Figure 8.8: Chemical structure (upper section) and 1H NMR spectrum (400 MHz, D2O; lower section) of 
compound 43. 
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Figure 8.9: Chemical structure (upper section) and 1H NMR spectrum (400 MHz, D2O; lower section) of 
compound 44. 
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Figure 8.10: Chemical structure (upper section) and 1H NMR spectrum (400 MHz, D2O; lower section) 
of compound 45. 
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Figure 8.11: Chemical structure (upper section) and 1H NMR spectrum (400 MHz, CD3OD; lower 
section) of compound 46. 
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Figure 8.12: Chemical structure (upper section) and 1H NMR spectrum (400 MHz, CD3OD; lower 
section) of compound 47. 
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Figure 8.13: Chemical structure (upper section) and 1H NMR spectrum (400 MHz, CD3OD; lower 
section) of compound 49. 
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Figure 8.14: Chemical structure (upper section) and 1H NMR spectrum (600 MHz, CD3OD; lower 
section) of compound 50. 
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Figure 8.15: Chemical structure (upper section) and 1H NMR spectrum (600 MHz, CD3OD; lower 
section) of compound 53. 
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Figure 8.16: Chemical structure (upper section) and 1H NMR spectrum (600 MHz, D2O; lower section) 
of compound 54. 
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Figure 8.17: Chemical structure (upper section) and 1H NMR spectrum (600 MHz, CD3OD; lower 
section) of compound 55. 
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Figure 8.18: Chemical structure (upper section) and 1H NMR spectrum (600 MHz, CD3OD; lower 
section) of compound 56. 
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Figure 8.19: Chemical structure (upper section) and 1H NMR spectrum (400 MHz, CD3OD; lower 
section) of compound 59. 
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Figure 8.20: Chemical structure (upper section) and 1H NMR spectrum (600 MHz, CD3OD; lower 
section) of compound 60. 
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Figure 8.21: Chemical structure (upper section) and 1H NMR spectrum (400 MHz, CD3OD; lower 
section) of compound 61. 
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Figure 8.22: Chemical structure (upper section) and 1H NMR spectrum (600 MHz, CD3OD; lower 
section) of compound 62. 
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Figure 8.23: Chemical structure and 1H NMR spectrum (400 MHz, CD3OD) of compound 63. 
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Figure 8.24: Chemical structure and 1H NMR spectrum (400 MHz, D2O) of compound 64. 
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8.3 Chemical structures of fluorescent ligands and 1H NMR spectrum of 82 

 
 

 

Figure 8.25: Chemical structures of fluorescent ligands 74 and 75. 
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Figure 8.26: Chemical structures of fluorescent ligands 76-78. 
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Figure 8.27: Chemical structure of compound 79. 

 

 

 

Figure 8.28: Chemical structure and 1H NMR spectrum (600 MHz, DMSO-d6) of fluorescent ligand 82. 
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