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1. Introduction 

1.1 G protein-coupled receptors (GPCRs) 

G protein-coupled receptors (GPCRs), a superfamily of biological receptors, represent the 

largest group of proteins in the human genome.[1] These membrane-bound receptors transmit 

extracellular stimuli to the interior of the cell by interacting with guanosinetriphosphate-

binding proteins (G proteins).[2] Until now approximately 800 different GPCRs have been 

identified which are divided into to two different groups.[3] Chemosensory GPCRs (csGPCRs) 

react to signals of external origins, such as odors, tastes, or pheromones, while endoGPCRs 

respond to endogenous ligands like lipids, peptides or neurotransmitters.[4] Despite intense 

research and remarkable progress concerning GPCR research in recent years the endogenous 

ligands for roughly 120 GPCRs have not been identified yet which is why these receptors are 

referred to as “orphan receptors”.[5] Since GPCRs are involved in numerous physiological and 

pathophysiological processes GPCR based drug research plays a crucial role concerning 

indications like psychiatric, neurodegenerative, metabolic, oncologic, and cardiovascular 

diseases.[6] The importance of GPCRs for modern medicine and drug development is 

highlighted by the fact that about 34 % of FDA approved drugs target 108 GPCRs and generate 

a global sales volume worth 180 billion US dollars.[7] Especially orphan receptors have 

attracted a great deal of attention and are currently taking center stage concerning research 

and development of drugs for rare diseases.[8,9]  

1.1.1 Structure and classification 

All GPCRs exhibit a common structure. They feature seven alpha-helical transmembrane 

helices (TM 1 – TM 7) consisting of 25-30 amino acids each.[10] These helices are connected by 

three intracellular (IL 1-3) and three extracellular loops (EL 1-3), which vary greatly in size.[11,12] 

Furthermore, all GPCRs possess an extracellular N-terminus as well as an intracellular C-

terminal domain.[13] There are two main possibilities for ligands to target their desired GPCR. 

While some ligands address an extracellular binding site around the N-terminus others head 

for a binding pocket formed by the transmembrane helices within the lipidlayer.[14] The C-

terminal region is responsible for the transmission of the signal as this part of the receptor as 

well as IL 2,3 represent binding sites for the G proteins.[15] Recent publications have also 

described novel binding pockets within the intracellular domain of certain GPCRs such as the 
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chemokine receptors CCR2 and CCR9.[16,17] These lately discovered binding sites represent 

highly interesting targets for further GPCR research in the future.[18] After the exact structure 

of GPCRs had remained unclear for a long time the year 2000 marked a milestone in GPCR 

research when the X-ray structure of a GPCR (bovine rhodopsine) was published.[19] For the 

very first time scientists from all over the world got better insight into the three dimensional 

structure of GPCRs. Seven years later the first structure of a human GPCR was discovered 

(β2)[20], followed by the publication of the β1 receptor in 2008.[21] The importance and impact 

of research on crystal structures of GPCRs was highly appreciated when Brian K. Kobilka and 

Robert Lefkowitz were awarded the nobel price of chemistry in 2012.[22] To this date more 

than 100 structures of 25 class A GPCRs have been published.[23] Their discovery has 

streamlined the research and development of GPCR targeting drugs. Based on modern 

techniques like “Molecular Modeling” promising lead structures can be identified more easily 

which rationalizes the early stages of drug development.[24] 

Several systems have been established to classify GPCRs.[25] One conventional classification 

ranks GPCRs of vertebrate and invertebrate according to their functional characteristics in 

families from A to F.[26] Classes A (rhodopsin like), B (secretin like), and C (glutamate like) 

characterize vertebrate GPCRs while Classes D (fungal pheromone receptors ), E (cAMP 

receptors in Nematodes), and F (olfactory receptors of insects) mainly apply to invertebrate 

species.[27] In contrast the most commonly used method is the “GRAFS-System” which 

categorizes mammalian GPCRs based on their phylogenetic and structural differences into the 

following five families: glutamate, rhodopsine, adhesion, frizzled/taste2, and secretin.[28] The 

rhodopsine-family represents by far the majority with 701 members and is again subdivided 

into subgroups α, β, γ, δ.[25,28] Additionally, this group can also be classified in olfactory and 

non-olfactory receptors.[25,29] The frizzled/taste2 family is formed by 11 frizzled and 25 taste2 

receptors. This family is mainly involved in sensing bitter taste and furthering cell 

development.[30,31] The adhesion family is named after the fact that its giant N-termini play a 

crucial role concerning cell-adhesion.[32] These N-termini vary largely in size and consist of 200 

to 3000 amino acids.[33] The glutamate family is known for its characteristic binding 

mechanism which is also referred to as “venus flytrap module” according to the insect eating 

plant.[14] The N-terminus forms two distinct lobes that are separated by a cavity in which 

glutamate binds. As soon as the binding happens the lobes close around the ligand in a 

comparable manner to the aforementioned plant.[34,35] The secretin family includes 50 
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members and binds primarily hormones and neuropeptides such as corticotropin-releasing 

factor (CRF), glucagon-like peptide (GLP), and calcitonin gene-related peptide (CGRP).[36] 

1.1.2 GPCR activation 

In recent years several models have been established to characterize ligand-receptor 

interaction and to explain the following cascade of signal transduction. One of the first 

commonly accepted models was the ternary complex model (TCM) established by De Lean et 

al. in 1980 (cf. Figure 1.1, A).[37] According to their approach binding of an agonist to the 

receptor induces interaction with transducer proteins, later identified as G proteins.[37,38] 

However, it was soon found that several GPCRs display a certain amount of activity in the 

absence of agonists. This phenomenon is described as constitutive activity.[39] Thereupon, the 

“extended ternary complex model” (ETCM) (cf. Figure 1.1, B) was established according to  

Figure 1.1: Different models of GPCR signaling: A: ternary complex model (TCM); B: extended ternary 
complex model (ETCM); C: cubic ternary complex model (CTCM); (adapted from [40]). 
 

which the receptor exists in an inactive conformation (R) and an active conformation (R*) 

which couples to transducer proteins and sets the signaling cascade in motion.[38,41] Both 

conformations can isomerize into their corresponding counterpart without the presence of 

ligands which explains the aforementioned phenomenon of constitutive activity.[42] The “cubic 

ternary complex model” (CTCM) (cf. Figure 1.1, C) represents an advancement to the ETCM 

because it also includes interactions between the inactive receptor and the transducer protein 

which raises the number of possible conformations.[43] Accordingly, ligands can be 

subclassified based on their pharmacological profile (cf. Figure 1.2). A full agonist shifts the 

equilibrium entirely towards the active conformation (R*).[44] Partial agonists also favor R* but 

are not able to display full level of activity.[45] Full inverse agonists shift the equilibrium 

towards the inactive state (R) and reduce the constitutive activity of the receptor entirely.[46] 

A partial inverse agonist also diminishes the constitutive activity but not to that extent of a full 
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inverse agonist.[46] Antagonists have no impact on the equilibrium at all and therefore do not 

influence the constitutive activity. By simply blocking the orthosteric binding site they prevent 

agonists or inverse agonists from shifting the equilibrium.[47] Yet, recent studies have indicated  

Figure 1.2: Ligand classification based on their influence on the equilibrium between both active and 
inactive receptor state and functional activity upon binding (adapted from [48]). 

 

that this model also strongly simplifies actual mechanisms in the receptor.[45] The three-state 

model portrays GPCRs as switches that are either turned on or off but neglects the fact these 

receptors are also able to process external stimuli resulting in different signaling cascades. 

Information can be passed on through receptor activity modifying proteins (RAMPs), 

arrestines, and G proteins.[49,50] These findings support the theory that there are way more 

receptor conformations than the above-quoted models suggest.[51] In this context so called 

“biased ligands” have gained more and more importance in recent years.[52] They are defined 

as ligands that selectively trigger certain signaling cascades leading to a phenomenon called 

“functional selectivity”.[53,54] Taking advantage of this functional selectivity is believed to lead 

to the development of more effective drugs with less side effects.[52,54] 
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1.1.3 G protein signaling cascade 

After an agonist binds to the receptor the signal is transported to the interior of the cell. This 

leads to a change of conformation in the intracellular compartment (cf. Figure 1.3).[15] 

Heterotrimeric G proteins consisting of a Gα-unit, a Gβγ-unit and GDP can now bind to the C-

terminus or the IL domains and form a ternary complex together with the agonist and the 

receptor.[55] This process is immediately followed by the dissociation of GDP which is replaced 

by GTP. GTP then induces a cleavage of the G protein which splits into the βγ-unit and the α-

unit/GTP complex.[56] Both aggregates are able to interact with effector proteins such as 

adenylylcylase C (AC) and phospholipase C (PLC) (especially α-unit/GTP complex) or ion 

channels and G protein-coupled receptor kinases (GRKs; especially βγ-unit) to induce a cellular 

response.[57,58] Simultaneously the cleavage of the G protein causes a change conformation 

which reduces the affinity of the agonist towards the receptor resulting in a dissociation of 

the ligand.[59] After a certain amount of time the intrinsic GTPase activity of the Gα-unit 

hydrolyzes GTP to GDP and phosphate which terminates the Gα-unit induced signal.[56]  

Figure 1.3: G protein cycle (adapted from [60]). 

This is also necessary for the reconstruction of the initial heterotrimeric G protein with the βγ-

unit.[61] The signaling cascade is now complete and can start again from the beginning.  
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The cellular response is continued by the aforementioned effector proteins. Upon activation 

these proteins produce “second messengers” like cAMP, NO, Ca²+, IP3, and cGMP (cf. Figure 

1.4).[55] Their purpose is to transfer the original signal form the “first messenger” (agonist) to 

protein kinases whose stimulation leads to effects on gene expression.[55,57] The G proteins are 

subclassified based on the structural and pharmacological properties of their Gα-unit. Four 

families exist; Gαs, Gαi/o, Gαq11, Gα12/13. Gαs-units activate AC 1-9 which leads to increased 

levels of the second messenger cAMP.[62,63] cAMP stimulates protein kinase A (PKA) as well as 

mitogen-activated protein kinase (MAPK) which effects gene expression in the cell.[64] This 

process is terminated by enzymes that hydrolyze cAMP, so called phosphodiesterases.[65]  

 

 

 

Figure 1.4: Signaling pathways of different G proteins (adapted from [66]). 

Gene expression 
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In contrast, Gαi/o units  inhibit AC and therefore have the contrary effect.[55] Gαq11 units 

activate phospholipase β (PLCβ). This protein hydrolyzes phosphatidylinositol-4,5-

bisphosphate (PIP2) into inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG).[67] Raised 

IP3 levels increase Ca2+ release from the endoplasmic reticulum which together with DAG 

activates protein kinase C (PKC). PKC then phosphorylates further proteins in the cell.[68]  

This signaling cascade is shut down by IP3 phosphatases that metabolize IP3 or lipases that 

inactivate DAG.[69] Gα12/13 units interact with RhoGEFs (Ras homology guanosine nucleotide 

exchange factors). After GDP is replaced by GTP Rho-GTP activates the rho kinase.[70] This 

enzyme deactivates myosinphosphatase and phosphorylates myosin light chain (MLC) which 

increases contraction in smooth muscle.[71] 

1.2 Dopamine  

1.2.1 Dopamine as a neurotransmitter and its receptors 

Dopamine (DA) represents a prominent member among the group of catecholamine 

neurotransmitters. This family shares a dihydroxyphenyl moiety that is linked to an amino 

function by an ethylene bridge as common structural composition.[72] DA and its biosynthetic 

pathway were discovered in 1957.[73] In a first step L-tyrosine hydroxylase (TH) converts L-

tyrosine into L-DOPA. Subsequently, the aromatic amino acid decarboxylase (AADC) demerges 

CO2 which leads to DA (cf. Figure 1.5).[72] DA targets five different GPCRs to pass on its signal. 

They are subclassified into D1-like (D1R and D5R) and D2-like receptors (D2R, D3R and D4R) 

depending on sequence homology and intracellular signaling pathways.[74] D1-like receptors 

are coupled to Gαs proteins. Their stimulation activates adenylyl cyclase (AC) and therefore 

leads to increased cyclic adenosine monophosphate (cAMP) levels.[75,76] In contrast, D2-like 

receptors are coupled to Gαi/o proteins. In this case, activation blocks AC and thus leads to 

lower cAMP levels.[77] DA receptors are highly expressed in the mesocortical, 

tuberoinfundibular, mesolimbic, and nigrostriatal system which leads to the fact that DA is the 

most dominant neurotransmitter in the human brain.[78] Unsurprisingly, DA highly affects 

various body functions such as feeding, attention, sleep, reward, and voluntary movement.[79] 

Peripheral dopaminergic pathways are important for renale, cardiovascular, and 

gastrointestinal processes.[80] Due to the involvement of DA in all these physiological 

mechanisms DA receptors represent major targets for a multitude of diseases like depression, 
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dyskinesias, Huntington`s disease, schizophrenia, and Parkinson`s disease.[81] Especially 

Parkinson`s disease (PD) is mainly treated by DA receptor-targeting drugs. After realizing that 

PD is caused by a lack of dopamine activity due to cell death in the substantia nigra L-DOPA 

was the first FDA approved drug to treat PD in the 1960s.[82] Over the years more and more 

alternatives like D2R agonists (pramipexole, ropinirole, rotigotine), monoamine oxidase B 

(MAO-B) inhibitors (rasagiline, selegiline), and acetylcholine receptor antagonists (budipine) 

have emerged.[83] Yet to this day, L-DOPA in combination with L-dopa decarboxylase inhibitors 

(carbidopa, benserazide) and catechol O-methyltransferase inhibitors (entacapone, 

tolcapone) remains the most effective treatment for PD.[84]
 

Figure 1.5: Biosynthesis of dopamine. 

1.2.2 Dopamine D2 receptor 

Within the scope of research on antipsychotics for the treatment of schizophrenia scientists 

discovered the D2R in 1975.[85] In search for the specific receptor which was responsible for 

antipsychotic effect of the drugs used at the time they successfully marked the receptor with 

[3H]haloperidol and could inhibit binding of the radioactive probe with the then used 

antipsychotics.[86,87] Successful cloning of the D2R was achieved by Grandy et al. in 1990.[88] 

Additionally, it was soon discovered that the D2R exists in form of two variants caused by 

alternative splicing, D2 long (D2L) and D2 short (D2S). The third loop of the D2L consists of 29 

additional amino acids producing inherent pharmacological and physiological 

characteristics.[89] Due to its function as autoreceptor the D2S is primarily expressed 

presynaptically.[89] In contrast, the D2L is mostly expressed on the postsynapse.[89,90] Apart 

from its inhibitory effect on cAMP accumulation in the cell the D2R can activate other G 

protein-dependent and also G protein-independent processes, e.g. β-arrestins, ion channels, 

and receptor tyrosine kinases (cf. Figure 1.6).[91] Especially the β-arrestin-mediated control of 

serine/threonine protein kinases AKT and GSK-3 has been described to effect responses in 

vivo.[92,93]  

Note: From this point the abbreviation “D2R” refers to the D2 long receptor and the abbreviation “D4” refers to the D4.4 receptor. Other 

polymorphic variants of the receptors will be mentioned explicitly. 



Introduction 

9 
 

Figure 1.6: Signaling pathway of the D2R. Upon stimulation the D2R reduces the activity of AC leading 

to reduced cAMP levels. 

As the D2R represents a highly interesting target for numerous diseases due to its involvement 

in several physiological processes a great number of synthetic approaches have been made to 

target the desired receptor. Bioisosteric derivatives of dopamine, homobivalent ligands,  

 

Figure 1.7: Selected D2R antagonists and agonists. 
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peptidomimetic ligands, and bitopic ligands have been synthesized to further characterize the 

receptor.[94–97] The publication of the D2R crystal structure bound to risperidone further 

supported synthetic approaches for selective D2R ligands.[98] The great clinical relevance of the 

receptor is reflected by the huge number of diseases in which drugs targeting the D2R are 

counted among first line medication, e.g. L-DOPA (PD), clozapine (schizophrenia), and 

metoclopramide (nausea) to name a few (cf. Figure 1.7).[99–101] 

1.3 Histamine  

1.3.1 Histamine as a neurotransmitter and its receptors 

Histamine research dates back to the early 1910s. The first successful synthetic approach in 

1907 was followed by the isolation out of ergot (Claviceps purpurea) in 1910.[102] After the 

H1R, H2R, and H3R the H4R was discovered as the latest member of the histamine receptor 

family[103–106] and the preliminary pinnacle was reached in 2011 when the first crystal structure 

of the H1R was published.[107] 

Histamine is a biogenic amine which is biosynthesized from the amino acid L-histidine by the 

enzyme histidine decarboxylase (HDC) (cf. Figure 1.8).[108] Looking at the structure shows that 

histamine possesses two basic centers, the amino moiety (pKs = 9.4) and the imidazole cycle 

(pKs =5.8).[109] The pKs values suggest that histamine exists as mono cation under physiological 

conditions. Moreover, histamine can exist in form of two different tautomers, N(π)-histamine 

and N(τ)-histamine. Under physiological conditions the N(τ)-tautomer is the preferred 

form.[110] High concentrations of histamine can be found in tissues of the lungs, the 

gastrointestinal tract, and the skin and the neurotransmitter is stored in endothelial cells, 

neurons, basophil granulocytes and mast cells.[102] Due to the great dispersion of histamine 

and its receptors in the human body it plays an important role in a great number of 

physiological and pathophysiological processes like immune responses, regulation of 

gastrointestinal functions, and inflammatory reactions.[111] 

 

Figure 1.8: Biosynthesis of histamine. 
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The H1R is Gαq/11-coupled and is expressed in various tissues like smooth muscle, 

gastrointestinal tract, as well as lungs and mediates allergic and inflammatory processes.[112] 

It represents the primary target for antiallergics. The early generation of H1-antihistamines 

however showed unwanted sedative side effects caused by the lipophilic structure enabling 

them to pass the blood-brain barrier (BBB).[113] By introduction of more hydrophilic functions 

(alcohols, carboxylic acids) this ability was removed which led to notably reduced levels of side 

effects.[114] The Gαs-coupled H2R is amongst others located in brain, lungs, heart, and gastric 

parietal cells. Activation of the H2R causes positive inotropic and positive chronotropic effects 

in pericardial tissues.[115–118] As this receptor is also responsible for the transmission of 

histamine-induced acid secretion in parietal cells it was targeted for the treatment of gastro-

oesophogal reflux disease and peptic ulcer.[116] H2R antagonists like cimetidine and improved 

versions like ranitidine and famotidine were very popular in the 1970s and 1980s but have 

massively lost relevance since the approval of proton pump inhibitors like omeprazole and 

pantoprazole.[119] The H4R receptor is mainly expressed in cells of the immune system, as well 

as mast cells and is Gαi/o coupled. Its primary purpose is the control of immunological and 

inflammatory processes in the human body.[102] Although no drugs targeting the H4R have yet 

been approved, its pharmacological profile makes it a potential target for diseases such as 

lupus or rheumatoid arthritis.[120] 

1.3.2 Histamine H3 receptor 

The H3R was pharmacologically identified in 1983 when burimamide, a known H2R antagonist, 

decreased histamine induced [3H]histamine release in nanomolar range while it only 

possesses micromolar affinity to the H2R.[103] The existence of the H3R was then finally proved 

by the development of the selective H3R ligands R-α-methylhistamine (RAMH) and 

thioperamide and the first successful cloning of the receptor in 1999.[121] Because of introns 

and exons in the H3R encoding gene 20 isoforms have been identified so far. The 

physiologically most dominant form of the receptor, composed of 445 amino acids, exists both 

in the CNS and PNS.[122] It exhibits a high level of constitutive activity which was proven by 

lowering basal G protein activation by administration of inverse agonists.[123] Regarding the 

CNS, the H3R is primarily expressed in basal ganglia, hippocampus, and cortical area while the 

main peripheral tissues for H3R expression are the lungs, the gastrointestinal tract as well as 



Chapter 1 

12 
   

the cardiovascular system.[124] This explains why it plays a crucial role in pathophysiological 

processes like pain, obesity, and cognitive disorders.[124,125] 

 As a presynaptic autoreceptor and heteroreceptor its main function is the control of the 

release of histamine and non-histaminergic neurotransmitters like acetylcholine, dopamine, 

GABA, and serotonine.[126] The receptor couples to pertussis-toxin sensitive Gαi/o proteins 

which inhibits AC and leads to lower cAMP levels (cf. Figure 1.9).[127] In addition, the receptor 

also blocks the Na+/H+ exchanger and disables Ca2+ influx.[128,129] MAPK, phospholipase A2 

(PLA2) and phosphatidylinositol-3-kinase (PIK3) are activated upon H3R stimulation.[130,131]  

Figure 1.9: Signaling pathways of the H3R. Upon stimulation the H3R reduces activity of AC leading to 
lower cAMP levels. 

All H3R agonists share an imidazole moiety as crucial structural feature with examples like 

RAMH or immepip (cf. Figure 1.10).[132] High sequence homology between the H3R and the 

H4R caused several problems in the early stage of the development of selective H3R 

agonists.[133] Structural improvement of the aforementioned compounds led to immethridine 

and methimmepip that displayed high selectivity towards the H3R.[134] H3R antagonists are 

classified into imidazole-like and non-imidazole-like compounds. Well known imidazole-like 

ligands are thioperamide and clobenpropit that have also high affinity towards the H4R due to 

high homology between the two receptors.[133] The most prominent member of the non-

imidazole-like ligands is the inverse agonist/antagonist pitolisant. 
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Figure 1.10: Selected H3R agonists and antagonists. 

Despite the high expression of the H3R in the brain and the resulting relevance for CNS related 

diseases pitolisant is the only approved drug for this receptor. Sold under the brand name 

Wakix© it is used to treat narcolepsy.[135] All in all, it can be stated that the H3R represents a 

very promising target for neurodegenerative diseases but due to the complexity of the 

receptor further research is necessary. 

1.4 Receptor dimerization 

The long-lasting belief that GPCRs only act single-handedly as isolated entities has been 

overruled in recent years. The development of new techniques such as FRET, BRET, 

crosslinking, Western Blot, and co-immoprecipitation has led to the identification of GPCR 

structures of higher order, so called dimers or oligomers.[136–139] These structures can either 

consist of the same GPCR which results in the formation of homodimers and -oligomers or 

they can be composed of different receptors resulting in newly formed heterodimers or -

oligomers.[140] To this date dimerization for many class A GPCR`s has been reported, e.g. 

homodimerization of opioid receptors,[141] serotonin receptors,[142] histamine receptors,[143] 
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and dopamine receptors.[144] Heterodimerization has been proven amongst others for 

D2/NTS1, D2/mGLU5, muOP/CXCR4 D1/H3, and D2/H3.[145–148] Regarding the dimerization of 

receptors on the membrane level three different regions are possible to interact with each 

other, namely the extracellular loops, transmembrane regions as well as intercellular loops 

with the transmembrane regions being the most common option.[149,150] With respect to 

dimerization within the transmembrane region two different modes of interaction have been 

identified (cf. Figure 1.11).[151] Contact dimerization describes the phenomenon when the 

involved helices from one receptor contact the helices from the other monomer in order to 

stabilize the dimer pair. Domain swapping on the other hand means that helices from each 

receptor are exchanged in the dimer which means that one monomer within the dimer 

contains helices shared by both receptors.[151]  

 

 

 

 

Figure 1.11: Different modes of dimerization. Regarding domain swapping the functional monomers 
within the complex contain proteins provided by both receptors (adapted from [151]). 

Especially heterodimerization has caught more and more attention in recent years since this 

kind of interaction does not only expose altered ligand binding but also modified signaling 

pathways compared to the parent monomeric receptors.[138,140] To further characterize and 

standardize the topic of possible receptor heterodimerization Gomez et al. have introduced 

three criteria necessary for the formation of heteromers (Het).[152] First the receptors are co-

localized in order to have the possibility to interact with each other. This can be verified by 

techniques like PLA, co-immunoprecipitation, or resonance-energy based approaches like 

FRET or BRET.[153–155] Second, the receptordimer possesses different properties and 

characteristics than the individual receptors.[152] On the one hand this includes modified 

binding affinity of compounds for the dimer compared to the monomeric receptors. On the 

other hand, functionality is highly affected by the formation of dimers.[152,156] This involves the 

amplification or reduction of signaling pathways or even the activation of completely different 

pathways.[157,158] In this context the cross-antagonism has to be mentioned. This phenomenon 

describes the fact that Het stimulation by an agonist of one monomeric part can be blocked 
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by the addition of an antagonist for the other half of the receptor dimer.[159,160] Third, these 

complexes and their individual signaling pathway can be stimulated selectively compared to 

the monomeric receptors. Possible compounds for this purpose are het-selective antibodies 

or bivalent ligands.[161–164] It should be stated that all three criteria should be met not only in 

artificial cell systems but also in vivo to finally proof the existence of the proposed 

heterodimer.[152] Since only little is known about the change in signaling caused by receptor 

dimerization further research on this topic is necessary to better understand its involvement 

in physiological and pathophysiological processes.[159] 

1.4.1 Bivalent ligands 

Heterobivalent ligands are defined as molecules that consist of two different pharmacophores 

connected by a linker which allows the ligand to simultaneously bind to the two orthosteric 

binding sites present in GPCR heterodimers. Compounds containing a linker of optimal length 

are envisioned to show higher affinity than that stemmed from the two monovalent 

pharmacophores.[165] Following the binding of the first pharmacophore to the receptor 

monomer the second pharmacophore is dragged into the proximity of the other orthosteric 

binding site, which results in an increased local concentration (cf. Figure 1.12).[165,166] This may 

enable the targeting of selected heteromeric subtypes, resulting in increased selectivity of 

drug action. This concept has been successfully demonstrated by Qian et al.[148] They described 

heterobivalent ligands for the mGluR5−D2R Het that showed highly increased binding affinities 

compared to their monovalent counterparts. Yet synthesis of such ligands is ambitious and 

requires a huge amount of preparation as several requirements have to be met. First, selective 

and very affine pharmacophores for each receptor need to be found. Second, appropriate 

attachment points must be selected which allow facile connection to the linker without 

resulting in a loss of affinity for the desired receptor. Third, a linker has to be synthesized that 

covers enough space for both pharmacophores to reach the orthosteric binding site without 

interfering with the receptor itself which would most likely result in a loss of affinity. 

Additional problems are caused by pharmacokinetic aspects of bivalent ligands. 
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Figure 1.12: Suggested binding mode of bivalent ligands. As soon as the first pharmacophore binds to 
the respective receptor monomer the second pharmacophore gets dragged into the vicinity of the 
other orthosteric binding site, raising the local concentration (adapted from [166]). 

These ligands are known for their huge size and tend to possess mostly lipophilic 

characteristics which is contrary to requirements for acceptable bioavailability.[167] 

Furthermore, these ligands would have to pass the BBB to reach their target which turns out 

to be very difficult due to their size.[168] 

1.4.2 D2-H3 heteroreceptor dimer 

The existence of the D2-H3 heterodimer has first been described by Ferrada et al. in 2008.[145] 

Using different techniques, they could detect interactions between the two receptors in 

artificial cells as well as in vivo. On the one hand, they performed radioligand binding assays 

with the D2 receptor antagonist [3H] YM-09151-2 as radioligand and increasing concentrations 

of the D2R agonist quinpirole as displacer in sheep striatal membranes.[145] They could observe 

that competition binding curves were right shifted in the presence of H3R agonists RAMH, 

immepip, or imetit.[145] This effect could be reversed by addition of the H3R antagonist 

thioperamide. Furthermore, they performed BRET experiments to detect heterodimerization. 

Cells transiently co-transfected with constant amounts of D2-Rluc and increasing amounts of 

H3-YFP showed a saturable binding curve while cells co-transfected with D2-Rluc and H4-YPF, 

used as a negative control, showed no saturable signal.[145] Moreover, they investigated the 

effect of the H3R on locomotor activation in reserpinized mice induced by quinpirole. They 

could observe that locomotor activation produced by 0.5 mg/kg quinpirole was highly 

potentiated by previous administration of H3R antagonist thioperamide.[145] In contrast, H3R 

agonist imetit reduced locomotor activation of the same dose of quinpirole.[145] According to 
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Ferrada et al. all these results indicate that there is a strong interaction between the two 

receptors which can only be explained by the formation of receptor dimerization. Because of 

the fact that these dimers are prominently expressed in the striatum and have a huge impact 

on locomotor activation they seem to play an important role in the progression of PD. 

Therefore, there is a need of bivalent ligands selectively targeting this receptor complex to get 

a better understanding of its pathophysiological significance. 

1.5 Fluorescent ligands 

Fluorescent ligands have emerged as powerful tools to further develop GPCR research in 

recent years. Their broad field of application has made them essential for numerous 

experimental setups. For instance, imaging experiments like total internal reflection 

microscopy (TIRFM) or confocal microscopy have become increasingly important to further 

study receptor characteristics. TIRFM has been successfully used for single molecule imaging 

of GPCRs at the cell membrane.[169,170] This technique is based on the principle that totally 

internally reflected excitation light creates an electromagnetic field at the interface between 

a transparent solid and liquid.[171] This so-called evanescent field has the same frequency as 

the excitation light and the decline of its intensity is exponential to the distance from the 

surface to the solid.[171] This makes TIRFM a powerful technique for single molecule imaging 

since solely fluorescent molecules within only hundreds of nanometers of the solid are 

efficiently excited.[171] Confocal microscopy is a popular method for generating high resolution 

pictures even of thick specimen. In contrast to a normal fluorescence microscope a confocal 

microscope does not take one picture of the whole specimen but uses a procedure called   

optical sectioning.[172] By adding a pinhole directly after the light source and a second pinhole 

in front of the photodetector, out-of-focus light, also called “flare”, in the specimen is 

eliminated by areal filtering. That way sharp pictures can be taken.[172,173] 

Fluorescent ligands have also been crucial for the development of non-radioactivity-based 

assays to determine receptor affinities of unlabeled compounds. For the NanoBRET binding 

assay the NanoLuc, a genetically engineered luciferase, is attached to the N-terminus of the 

desired GPCR.[174] After the substrate is added an oxidation reaction is catalyzed by the fused 

enzyme which results in the emission of blue light.[175] When an appropriate fluorescent ligand 
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binds to the tagged receptor bioluminescence resonance energy transfer (BRET) makes the 

ligand fluoresce (cf. Figure 1.13).[174] Short distance between ligand and bioluminescent donor 

Figure 1.13: Schematic illustration of the principle of the NanoBRET binding assay. Upon binding the 
fluorescent ligand and the luciferase are close enough so that the fluorescent dye can be excited by 
BRET leading to the emission of red light. 
 

is an indispensable requirement for BRET to take place.[176] As a result, only little unspecific 

binding is detected. Another positive aspect is the possibility to monitor the binding 

mechanism in real time which gives additional information about kinetic characteristics of 

tested compounds.[177] Fluorescent ligands share a common structure consisting of a 

pharmacophore, a linker region, and a fluorescent dye (cf. Figure 1.14). Each of these parts 

has a considerable impact on the intended use of the fluorescent probe which is why they 

have to be chosen carefully. The pharmacophore must have high affinity for the desired 

receptor since only a very small amount of the compound is usually synthesized. Additionally, 

a suitable attachment point for the linker has to be found. The addition of bulky structures is 

prone to result in a loss of affinity which is why an attachment point directing out of the 

binding pocket needs to be selected. Linker length is also a very important feature of a 

fluorescent ligand. On the one hand short linkers are desirable as the overall size of the 

compound should be kept as small as possible to reduce the aforementioned loss of affinity. 

On the other hand, certain applications require larger linkers. For a NanoBRET assay for 

example the linker has to enable the fluorescent ligand to reach the fused NLuc for interaction 

in order to generate a signal. These longer linkers are commonly based on polyethylene glycol 

(PEG) units as they are chemically stable, show only little interaction with cell membranes and 

increase water solubility.[148] The choice of the fluorescent dye depends on the intended use. 

For microscopy experiments the dye must be compatible with available lasers and filters. For 

the development of a NanoBRET assay an overlap between the emission spectrum of the used 
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luciferase and the excitation spectrum of the fluorescent dye is necessary to generate a 

detectable signal.  

Figure 1.14: Schematic illustration of fluorescent ligands containing a pharmacophore, linker, and 
fluorescent dye. 

 

1.6 Parkinson`s Disease 

Parkinson`s Disease (PD) is a chronic progressive neurodegenerative disorder and affects 

about 2-3% of the population > 65 years of age which makes it the second most common 

neurodegenerative disorder in the world.[178] Mostly the elderly are affected with the mean 

on-set age being 55. Only in 5 % the on-set occurs under 40.[179] PD is mainly caused by 

dopamine deficiency as a result of a severe loss of nigrostriatal dopaminergic neurons in the 

substantia nigra pars compacta (SNpc) and by intracellular depositions of aggregates 

containing α-synuclein, so-called “Lewy-Bodies”.[84,178,180] Resting tremor, postural instability, 

rigidity, and bradykinesia as clinical manifestations have become inglorious hallmarks for 

PD.[84] Yet unfortunately, symptoms exceed movement disorders and also include autonomic 

dysfunction, hyposmia, cognitive impairment, disorders of sleep, and depression.[178] 

Although the first description of PD dates back to 1817 when James Parkinson published “An 

Essay of the Shaking Palsy”, more than 200 years of research have not yet led to a curative 

treatment of PD.[179] Modern therapy mainly focuses on symptom control and improving 

quality of live. For this purpose, a great variety of different drugs are available (cf. Figure 1.15). 

L-DOPA is the most important one and has been the gold standard for more than 50 years.[181] 

However, the use of L-DOPA is kind of tricky because motor complications like motor response 

oscillations and drug-induced dyskinesias need to be considered.[182] The mechanisms behind 

these phenomena are not yet fully understood. However, discontinuous drug delivery caused 

by the short half-life of L-DOPA and inconstant gastrointestinal absorption as well as variability 

of blood-brain barrier penetration are believed to play a crucial role.[181] To tackle these 

problems novel sustained release formulations are being developed.[183] To potentiate its 
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effect, L-DOPA is combined with inhibitors of AADC (carbidopa and benserazide) and/or 

inhibitors of catechol-O-methyltransferase (COMT, tolcapone). AADC inhibitors avert 

peripheral decarboxylation of L-DOPA while COMT inhibitors prevent metabolism of 

dopamine in the CNS.[184] Combinations of L-DOPA together with AADC inhibitors and COMT 

inhibitors are used to increase bioavailability and to extend the duration of effects of L-

DOPA.[185,186] Another possibility to increase dopamine levels in the CNS is the use of 

monoamine oxidase type B-inhibitors. Substances like rasagiline or selegiline act as 

irreversible suicide inhibitors for MAO-B and consequently extend dopamine levels.[187] In 

recent years, D2R agonists have emerged as effective alternative to the aforementioned 

compounds. Drugs like pramipexole, ropinirole, or rotigotine show a longer half-life time than 

L-DOPA which makes them ideal for adjunct therapies for patients with motor fluctuations.[188]  

Figure 1.15: Dopaminergic drug targets in Parkinson’s Disease (adapted from [84]). 

It is also reported that D2R agonists as initial monotherapy have a lesser risk for motor 

complications.[189] As disadvantages lower effect compared to L-DOPA and the potential to 

cause drowsiness and impulse dyscontrol have occurred.[190]  

Although targeting the dopaminergic pathway has led to effective ways to treat the symptoms 

of PD, the mentioned disadvantages and side effects have made it clear that there is a need 

for alternative strategies and drugs. This has led to the development of compounds addressing 

different pharmacological systems such as glutamatergic, serotonergic, GABAergic, 

noradrenergic, and cholinergic pathways.[191] One example is amantadine which acts as a N-

methy-d-aspartate (NMDA) antagonist and is used to treat L-DOPA induced dyskinesia.[186,189] 

Autonomic dysfunction which mainly occur in late-stage PD are typically treated by drugs 
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aiming at the autonomic nervous system. Corticoids like fludrocortisone and noradrenaline 

precursor droxidopa are used to treat orthostatic hypotension, anti-muscarinics such as 

tolterodine or trospium chloride address urinary urgency, incontinence or sialorrhea.[192,193] 

All in all, it can be stated that finding new ways for effective therapy of PD is one of the main 

challenges for the future which is highlighted by the fact that the number of patients suffering 

from PD is expected to reach 9.3 million in 2030 which represents a rise of about 100 % 

compared to 4.6 million in 2005.[178,194] 
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2. Scope and objectives 

2.1 Bivalent ligands 

One goal of this thesis was the design and synthesis of selective bivalent ligands for the D2-H3 

Het. For that purpose, pharmacophores with high affinity for the D2R and H3R were selected, 

derivatized, and then connected by an appropriate linker that should cover enough distance 

to enable both pharmacophores to reach both orthosteric binding pockets simultaneously. 

Only that way a bivalent binding mode can be achieved.  

Figure 2.1: Used lead structures and selected attachment points (blue) of D2R and H3R 
pharmacophores. 

To address the D2R protomer, five different lead structures were selected. Agonists as well as 

antagonists were selected to find out how different functionalities might influence a possible 

bivalent binding mode. The first scaffold was the known D2R antagonist L-471,626 (cf. Figure 

2.1). Structure activity relationship studies performed by Vangvervong et al. showed that 

substitution of the halogen atom of the phenyl ring resulted in a huge loss of affinity while 

addition of alkyl ethers to position five of the indole moiety was well tolerated.[195] Therefore, 

this position was selected as attachment point for derivatization. 

The second scaffold was a 1,4-disubstituted aromatic piperazine (1,4-DAP) (cf. Figure 2.1). Its 

antagonistic mode of action is caused by the aromatic head group and the amine moiety, 

which enables the compound to form a firm hydrogen bond with Asp3.32.[148] Addition of 

lipophilic moieties to this amino function can ameliorate affinity which is why this part was 

selected as attachment point.[95] A phenyl ring was added to create a kind of spacer between 
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pharmacophore and linker to allow the pharmacophore to reach the orthosteric binding site 

while the rest of the molecule can reach out of the binding pocket.[148] 

The third scaffold was the D2R agonist 5-OH-DPAT (cf. Figure 2.1). Site-directed mutagenesis 

has shown that D2R activation is caused by interactions between the 2-aminotetralin and an 

agonist binding domain connecting TM3 and TM5. The OH group and the basic amino function 

have also been shown to be crucial for binding affinity.[148] Therefore the same approach as 

mentioned before was applied for the synthesis of the precursor. 

The fourth lead structure was a N-propylaminoindane (cf. Figure 2.1). It follows the common 

structure of D2R ligands of an aromatic headgroup and an amino function to interact with 

Asp3.32. Once again, a lipophilic appendage containing a phenyl ring was added as a spacer 

between the pharmacophore and the rest of the ligand.[95] The arene moiety as part of the 

spacer is important because it is described to interact with a hydrophobic microdomain at the 

extracellular end of TM2, TM3, and TM7. An interaction with parts of the extracellular loop 2 

(EL2) is also reported.[196]  

The fifth pharmacophore was the potent antagonist spiperone (cf. Figure 2.1). In a recent 

study Im et al. published the structure of the D2R in complex with spiperone (cf. Figure 2.2).[197] 

It was shown that the compound is surrounded by residues of TM2, 3, 5, 6, and 7 and EL2. The 

triazaspiro moiety with its tertiary amine is able to form a salt bridge with Asp3.32.[197] On the 

opposite side there is a hydrophobic contact between Phe6.51 and the ligand. Additional 

interactions between the triazaspiro moiety and Ile45.51, Ile45.52, and Cys45.50 on EL2 were 

detected, which seem to be essential for the antagonistic activity.[197] On the extracellular side 

of this salt bridge, an extended binding pocket (EBP) is formed between TM2 and TM3 which 

binds the phenyl ring of spiperone.[197] The amino acids Val2.57, Trp2.60, Val2.61, Leu2.64, Trp23.50, 

Phe3.28, Val3.29, and Cys45.50 build this EBP which is necessary for the binding of spiperone.[197] 

The fluorephenyl part reaches deeply into the ligand-binding pocket with its hydrophobic cleft. 

CH-π interactions with Cys3.36 can be observed in this cleft.[197] Additional hydrophobic 

interactions with Thr3.37, Ile3.40, Ser5.46, Phe5.47, and Phe6.44 as well as edge-to-face π 

interactions with Trp6.48 and Phe6.52 were shaped. [197] All these findings indicate that amide 

function within the triazaspiro ring was the most suitable attachment point for spacer and 

linker. 
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Figure 2.2: Schematic illustration of the complex of D2R and spiperone. As shown the amide nitrogen 
of the imidazolidinone points out of the binding pocket making it the perfect attachment point for 
bulky structures. (adapted from [197]). 

 

As mentioned before H3R ligands can be classified into imidazole-based and non-imidazole-

based subgroups. The imidazole moiety is often accompanied by pharmacological drawbacks 

such as potential interactions with CYP enzymes.[198] That`s why the structure JNJ-5207852  

(cf. Figure 2.2) was selected as H3R scaffold. Besides the fact that it does not contain an 

imidazole structure it shows a high affinity for the H3R (pKi = 9.24) and possesses an 

exceptional selectivity profile against the other histamine receptors.[199] The non-imidazole-

based H3R ligands share a common structure of a basic, central amino moiety and an aromatic 

ring surrounded by two basic amino functions. Hence, the para-position of one of the two 

piperazines was selected as attachment point in order to maintain the structural integrity of 

the scaffold.  
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Great importance is also attached to the design of the linkers. Not only is it crucial to cover 

the distance between the pharmacophores and provide enough flexibility but it also highly 

influences physicochemical and pharmacokinetic properties of the final compounds (cf. Figure 

2.3). Therefore, especially the long linkers should consist of polyethylene glycol (PEG) units 

because they come along with several advantages. PEG linkers are known to be chemically 

stable, show only little interaction with cell membranes, and highly increase water 

solubility.[200,201] Since several different linker lengths from 22 to 80 atoms have been reported 

for bivalent ligands, our aim was to cover a broad spectrum of distances between the two 

pharmacophores.[148,196,202] Special attention was paid to the most appropriate size of about 

50 atoms according to docking studies performed by our collaborator Marc Gomez under the 

supervision of Leonardo Pardo. Terephthalic acid, isophthalic acid and glutaric acid were used 

as central dicarbonic acids to find out how flexibility and rigidity influence binding affinities. 

All in all, it was intended to keep the overall weight of the bivalent ligands as small as possible 

to avoid negative size effects on bioavailability. 

After selecting the scaffolds and designing the linkers an easy and efficient way to effortlessly 

synthesize various bivalent ligands had to be found. A one-pot copper catalyzed click reaction 

(CuAAC) was the most convenient approach for that purpose. The pharmacophores had to be 

derivatized to contain either a terminal alkyne or azide function and the linkers had to possess 

the respective counterpart. Equimolar amounts of the two precursors and the linker should 

then be mixed with catalytic amounts of ascorbic acid and CuSO4 x 5∙H2O. After several 

different attempts failed to add the respective pharmacophores selectively to the linker this 

one-pot approach was the easiest way to synthesize a great variety of bivalent ligands by 

simply exchanging the precursors and delivered homobivalent compounds as side products as 

well as the desired heterobivalent ligands in low to moderate yields. 

 

 

 

Figure 2.3: Illustration of synthesized bivalent ligands. 

All final compounds should then be tested for their binding affinities towards the monomeric 

D2R and H3R. After evaluating these results, the most promising compounds should then be 
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chosen to be tested in assay systems with cells co-expressing both receptors which is part of 

the PhD thesis of co-worker Denise Mönnich in our group. That way a bivalent binding mode 

which is typically accompanied by a shifted and biphasic shaped binding curve should be 

detected. Additionally, these ligands should also be tested for their mode of action in cAMP 

assays. 

2.2 Fluorescent ligands 

Another goal of this thesis was the synthesis of fluorescent ligands that should be used for the 

development of NanoBRET assays for all D2-like receptors and should also serve as powerful 

tracers in microscopy experiments. Spiperone was selected as a pharmacophore as it 

combines excellent affinity among D2-like receptors and high selectivity compared to D1-like 

receptors. Its antagonistic mode of action makes it highly appropriate for the development of 

a NanoBRET assay since agonists might lead to receptor internalization. Moreover, additions 

of bulky structures to the aniline moiety have been described to be well tolerated regarding 

affinity which makes this part of the molecule a perfect attachment point for the linker.[203] 

The choice of the attachment point has also been confirmed by computational studies 

performed with the pharmacophore spiperone as mentioned before. As spacers two different 

linkers were designed to gain more information about the necessary distance between 

pharmacophore and dye. A brief linker based on γ-aminobutyric acid was built to cover a 

rather short distance of 5 atoms to reduce the overall size of the ligand. The long linker 

covering a length of 18 atoms was based on polyethylene glycole (PEG) units for the same 

reasons as mentioned before for the bivalent ligands. Since our goal was to design a 

fluorescent probe for microscopy as well as for the development of a NanoBRET assay we had 

to choose multilaterally usable dyes. In recent publications very positive results with the 5-

TAMRA dye in NanoBRET assays were obtained.[200,204] Additionally, this dye has also been 

reported to be suitable for confocal microscopy and TIRF microscopy for single molecule 

imaging.[200,205,206] As an alternative we have selected DY-549P1. Based on its excitation and 

emission spectrum it can be used for the NanoBRET assay and has also been used in several 

publications regarding single molecule imaging.[207,208] The synthesized compounds should be 

pharmacologically characterized in radioligand binding assays and then be checked for their 

capability to serve as tools for the development of NanoBRET assays. Fluorescence properties 

such as emission and excitation spectra or quantum yields should also be determined for 



Chapter 2 

28 
   

further characterization of the compounds. Finally, microscopic experiments should be 

performed with a selected compound to visualize binding and receptor expression. 
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3. Bivalent ligands targeting the D2-H3 receptor dimer 

Mounting evidence for the existence of interactions between class A GPCRs has emerged in 

recent years. Although the formation of the D2-H3 Het and the resulting impact on diseases 

like PD was first mentioned more than 10 years ago there has been a lack of heterobivalent 

compounds specifically targeting the formed dimer ever since. That’s why the goal of this 

chapter was the synthesis and biological evaluation of bivalent ligands targeting the D2-H3 Het. 

For this purpose, suitable scaffolds had to be selected and derivatized and were then 

connected by linkers of appropriate lengths. Biological evaluation in radioligand binding 

studies and in cAMP assays should identify the most promising compounds for further 

biological characterization. 

3.1 Synthesis 

In the first step precursors of the lead structures mentioned in chapter 2.1 had to be 

synthesized and derivatized in a way to be suitable for the final coupling reaction. Therefore, 

terminal azide or alkyne functions were necessary. After that, different linkers were designed 

and synthesized containing the respective counterpart for a CuAAC. In a final step precursors 

and linkers reacted in a one-pot reaction to yield final bivalent compounds. Materials and 

methods for the following reactions can be found in chapter 7. 

3.1.1 Precursors for the D2R 

3.1.1 L-471,626 

Precursors of L-471,626 were synthesized from commercially available 5-(benzyloxy)indole 

(cf. Scheme 3.1). After cleavage of the benzyl-group with H2 and Pd/C 1 was alkylated with 

propargyl bromide or 1-bromo-3-chloropropane to yield 2a or 2b. Addition of the 

corresponding hydroxypiperidine derivative via Mannich reaction delivered 3a-4b. 4a and 4b 

were then converted into 5a and 5b by azide-exchange with NaN3 in DMF. Additionally, 

monovalent compounds were synthesized in the same manner from commercially available 

5-(methoxy)indole and the respective hydroxypiperidines via Mannich reaction to yield 6a and 

6b. 

 

 



Chapter 3 

32 
   

Scheme 3.1: Synthesis of L-471,626 derivatives 4a, 4b, 5a, 5b, 6a, and 6ba 

 

 

 

aReagents and conditions: (i) ammoniumformiate, Pd/C, MeOH, 55 °C, 4 h (99%); (ii) 1-bromo-3-chloropropane 
or 3-bromoprop-1-yne, acetone, K2CO3, reflux, overnight (66-81%); (iii) 4-(4-bromophenyl)piperidin-4-ol or 4-(4-
chlorophenyl)piperidin-4-ol, formaldehyde (aq. 37%), HOAc, rt, 14 h (62-65%); (iv) NaN3, DMF, 65 °C, 10 h (87-
91%). 
 
 

3.1.1.2 1,4-DAP 

The precursor for 1,4-DAP was synthesized according to a previously described procedure (cf. 

Scheme 3.2).[95] Starting from commercially available 2-(piperazin-1-yl)phenol the secondary 

amino function was protected with di-tert-butyl dicarbonate to yield 7. In a second step the 

phenol group was O-methylated with CH3I in acetonitrile overnight to obtain 8. After cleavage 

of the protection group under acidic conditions 9 reacted with intermediate 10b, which was 

synthesized by alkylation of vanilin with 3-bromoprop-1-yne, in a reductive amination using 

NaBH(OAc)3 as reductive agent yielding final precursor 11b. For the synthesis of the 

monovalent compound vanilin was methylated with CH3I to yield 10a, followed by a reductive 

amination with 9 using the same procedure as described before to obtain 11a. 
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Scheme 3.2: Synthesis of 1,4 – DAP derivatives 11a and 11ba 

 

aReagents and conditions: (i) di-tert-butyl dicarbonate, Et3N, DCM, 10 h, rt (99%); (ii) CH3I, K2CO3, MeCN, reflux, 
overnight (71%); (iii) TFA/DCM, rt, overnight (63%); (iv) CH3I, K2CO3, MeCN, reflux, overnight (91%), or 3-
bromoprop-1-yne, K2CO3, MeCN, 80 °C, 14 h (98%) (v) NaBH(Oac)3, DCM, rt, 20 h (52%). 

 

 

3.1.1.3 5-OH-DPAT 

Synthesis of the precursor based on the scaffold of 5-OH-DPAT was carried out according to 

Soriano et al. with minor modifications (cf. Scheme 3.3).[209] In a first step naphthalene-1,6-

diol was methylated with dimethyl sulfate after attempts with CH3I failed to yield the desired 

intermediate 12. A Birch reduction with Na in EtOH delivered 13 containing a ketone moiety. 

Reductive amination with N-propylamine using NaBH(OAc)3 resulted in 14. In the next step, 

amide coupling with 2-(4-nitrophenyl)acetic acid was carried out in the presence of EDC and 

HOBt to get 15. The resulting amide function was converted into the corresponding tertiary 

amine with BH3∙THF to yield 16. This step was followed by the reduction of the nitro group 

with N2H4∙H2O and Raney-Ni as catalyst to obtain 17. Intermediate 18 was synthesized by 

demethylation with BBr3 in DCM to obtain a free phenol. In a final step the aniline moiety was 

reacted with succinic anhydride to yield a free carboxylic acid which was then coupled to 

propargylamine in the presence of HATU and DIPEA for the synthesis of precursor 19. 
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Scheme 3.3: Synthesis of 5-OH-DPAT derivative 19a 

 

aReagents and conditions: (i) dimethyl sulfate, K2CO3, acetone, reflux, 3 h (94%); (ii) Na, EtOH, reflux, 3 h (59%); 
(iii) propylamine, NaBH(Oac)3, DCE, rt, overnight (63%); (iv) 2-(4-nitrophenyl)acetic acid, EDC, HOBt, DCM, rt, 
overnight (89%); (v) BH3∙THF, THF, reflux, 4 h (39%); (vi) N2H4∙H2O, Raney-Ni, EtOH, 50 °C, 3 h (95%); (vii) BBr3, 
DCM, rt, overnight (47%); (viii) (1) succinic anhydride DMF, rt, overnight; (2) propargylamine, HATU, DIPEA, DMF, 
rt, overnight (51 %). 

 

3.1.1.4 N-propylaminoindane 

The synthesis of precursors based on a N-propylaminoindane scaffold was carried out 

following previous publications by Kühhorn and Tschammer (cf. Scheme 3.4).[196,210] First 

intermediate 20 was synthesized. Therefore, a reductive amination with indanone and N-

propylamine in the presence of NaBH3CN was performed. The resulting secondary amine was 

alkylated with bromobutyronitrile using KI as catalyst to acquire 21. The nitrile moiety was 

then reduced with LiAlH4 to obtain the primary amine 22. Simultaneously, ethyl 4-hydroxy-3-

methoxybenzoate was alkylated with either CH3I, 1-bromo-3-chloropropane, or 3-bromoprop-

1-yne to get 23a-c followed by the hydrolysis of the ester under basic conditions to yield 

compounds 24a-c. Amide coupling with 22 was carried out in the presence of HATU and DIPEA 

in DMF to obtain 25a-c. An azide exchange using NaN3 was performed with 25a to get 

precursor 26. 
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Scheme 3.4: Synthesis of N-propylaminoindane derivatives 25b, 25c and 26a 

 

aReagents and conditions: (i) propanamine, NaBH3CN, HOAc, DCM, rt, overnight (80%); (ii) bromobutyronitrile, 
K2CO3, KI, MeCN, reflux, 24 h (66%); (iii) LiAlH4, THF, reflux, overnight (95%); (iv) 1-bromo-3-chloropropane or 3-
bromoprop-1-yne, K2CO3, MeCN, reflux, 14 h (94-96%); (v) KOH, H2O, MeOH, rt, overnight (86-88%); (vi) HATU, 
DIPEA, DMF, rt, overnight (80-82%); (vii) NaN3, DMF, 70 °C, 16 h (97%). 

 

3.1.1.5 Spiperone 

The synthesis of the spiperone based precursor 37 was based on a publication by Pulido et al. 

with minor modifications (cf. Scheme 3.5).[203] In a first step intermediate 27 was synthesized 

from commercially available aniline and N-benzylpiperidin-4-one in the presence of HOAc and 

TMSCN. Subsequently the formed nitrile moiety was converted into an amide function using 

concentrated sulfuric acid leading to compound 28. Reaction with DMF∙DMA in methanol 

resulted in cyclisation to obtain 29. Reduction of the imidazolinone moiety with NaBH4 led to 

30. Cleavage of the benzyl group with ammoniumformiate in presence of Pd/C yielded 31. 

Subsequently, an alkylation with 4-chloro-1-(4-fluorophenyl)butan-1-one in the presence of KI 

was performed to get 32. At the same time, 2-(4-aminophenyl)ethan-1-ol was Boc-protected 

to deliver 33 followed by a bromination with NBS to obtain 34. Compound 35 was synthesized 

by N-alkylation of 32 with 34 in the presence of KOH and TBAB in toluene. TFA in DCM was 

used for deprotection of the aniline group to yield 36. For the last step the resulting aniline 

function was reacted with succinic anhydride to generate a free carboxylic acid which was 

then coupled to propargylamine in the presence of HATU and DIPEA for the synthesis of 

precursor 37. The monovalent compound 38 was obtained by acetylation of 36 with acetyl 

chloride in the presence of triethylamine. 

 



Chapter 3 

36 
   

Scheme 3.5: Synthesis of spiperone derivatives 37 and 38a 

 

aReagents and conditions: (i) TMSCN, HOAc, rt, 4 h (99%); (ii) H2SO4, rt, 18 h (94%); (iii) DMF-DMA, MeOH, 55 °C, 
16 h (75%); (iv) NaBH4, MeOH, rt, 4 h (70%); (v) ammoniumformiate, Pd/C, MeOH, 55 °C, 10 h (97%); (vi) 4-chloro-
1-(4-fluorophenyl)butan-1-one, Et3N, NaI, MeCN, reflux, 24 h (55%); (vii) di-tert-butyl dicarbonate, AcOEt, rt, 16 
h (86%); (viii) NBS, PPh3, DCM, 0 °C, 3 h (88%); (ix) KOH, TBAB, K2CO3, toluene, 90 °C, 48 h (35%); (x) TFA/DCM 
1:4, rt, overnight (83%); (xi) succinic anhydride, propargylamine, HATU, DIPEA, DMF, rt, overnight (61%); (xii) 
acetyl chloride, Et3N, DCM, rt, overnight (26%). 

 

3.1.2 Precursors for the H3R 

The synthesis of the histamine precursor was performed according to a publication by 

Apodaca et al. in a slightly modified version (cf. Scheme 3.6a).[211] The commercially available 

4-hydroxybenzaldehyde was converted into 39 in a nucleophilic substitution reaction with 1-

bromo-3-chloropropane. In the next step, piperidine was introduced yielding the 

corresponding aldehyde 40. Subsequently, a reductive amination with ethyl isonipecotate and 

NaBH(OAc)3 in chloroform was performed to obtain 41. Ester hydrolysis in aqueous HCl (2 N) 
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delivered the free acid 42. In the final step 42 was coupled with propargylamine using 

EDC/HOBt under microwave irradiation to afford 43. 

Scheme 3.6a: Synthesis of JNJ-5207852 derivative 43a 

 

aReagents and conditions: (i) 1-bromo-3-chloropropane, K2CO3, MeCN, reflux, 14 h (85%); (ii) piperidine, Na2CO3, 
NaI, n-butanol, 105 °C, 20 h (88%); (iii) ethyl piperidine-4-carboxylate, NaBH(OAc)3, DCM, rt, 14 h (86%); (iv) 2 N 
HCl, THF, rt, overnight (91%); (v) propargylamine, EDC, HOBt, DIPEA, microwave 100 °C, 30 min (40%). 
 
 

The histamine precursor for the smallest bivalent compounds was slightly differently 

synthesized as predicted in Scheme 3.6b. Compounds 44-47 were synthesized as described by 

Yakukhnov et al.[212] Reaction of N-benzylpiperidin-4-one with hydroxylamine in ethanol 

yielded oxime 44 which was reduced with LiAlH4 to obtain the primary amine 45. 

Scheme 3.6b: Synthesis of JNJ-5207852 derivative 51a 

 
aReagents and conditions: (i) hydroxylamine hydrochloride, K2CO3, EtOH, reflux, 3 h (86%); (ii) LiAlH4, THF, reflux, 
16 h (84%); (iii) di-tert-butyl dicarbonate, Et3N, DCM, rt, 12 h (91%); (iv) H2, Pd/C, MeOH, 70 °C, 16 h (97%); (v) 
39, NaBH(OAc)3, DCM, rt, overnight (72%); (vi) TFA/DCM 1:4 (73%); (vii) 2-chloroacetyl chloride, Et3N, DCM, rt, 5 
h (82%); (viii) NaN3, DMF, 75 °C, 15 h (quant.).  
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Boc protection to yield 46 was followed by cleavage of the benzylgroup in H2 atmosphere with 

Pd/C as catalyst to acquire 47. Subsequent reductive amination of 40 with 47 using 

NaBH(OAc)3 in chloroform yielded 48, followed by boc deprotection to obtain the primary 

amine 49. Addition of 2-chloroacetly chloride delivered 50 which was converted into 51 by 

azide exchange in DMF. 

3.1.3 Linker structures  

One of the main goals of this work was to find out how different linker length and orientation 

can influence a possible bivalent binding mode. Hence, a great variety of linkers differing in 

size or central dicarbonic acid were synthesized. According to docking studies performed in 

the group of Prof. Pardo in Barcelona, 50 atoms was the most appropriate length which is why 

special focus was put on this particular size. Linkers were synthesized from commercially 

available diamines and dicarbonic acids. Only central dicarbonic acid 55 was synthesized 

separately (cf. Scheme 3.7). Therefore, isopthtalic acid was esterified into 52. Alkaline 

hydrolysis yielded 53 which was then connected by 3,3'-((oxybis(ethane-2,1-diyl))bis(oxy))bis-

propan-1-amine to deliver intermediate 54. 55 was obtained by subsequent saponification.  

Scheme 3.7: Synthesis of dicarbonic acid 55a 

 

 

 

 

 

aReagents and conditions: (i) MeOH, H2SO4, 14 h, reflux (94%); (ii) KOH, H2O, MeOH, 10 h, rt (50%); (iii) (1) SOCl2, 
DMF, 65 °C, 5 h (quant.); (2) 3,3'-((oxybis(ethane-2,1-diyl))bis(oxy))bis(propan-1-amine), Et3N, DCM, 11 h, rt 
(99%); (iv) KOH, MeOH, 14 h, rt (95%). 

 

Final linker synthesis is depicted in Scheme 3.8. Mono Boc protection of 3,3'-(ethane-1,2-

diylbis(oxy))bis-propan-1-amine and 3,3'-((oxybis(ethane-2,1-diyl))bis(oxy))bis-propan-1-

amine yielded 56 and 57 which were connected to the corresponding diacyl chloride or 

dicarbonic acid to obtain 58a-e. Boc deprotection of 58a-e with TFA in DCM afforded 59a-e. 

Subsequently, 2-chloroacetyl chloride was added to yield intermediates 60a-e. In the last step 
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azide functions were introduced using NaN3 in DMF to obtain final linker structures 61a-e. For 

the shortest, most rigid linker terephthalic acid was converted into the acyl chloride 62 and 

then coupled to propargylamine in the presence of triethylamine to obtain 63. 

Scheme 3.8: Synthesis of linker 61a-e and 63a 

aReagents and conditions: (i) di-tert-butyl dicarbonate, Et3N, DCM, rt, 5 h; (ii) (1) respective acyl chloride, Et3N, 
DCM, rt, 6 h (56-87%) or (2) 55, HATU, DIPEA, DMF, rt, overnight (91%); (iii) TFA/DCM 1:4, 14 h, rt, (67-93%); (iv) 
2-chloroacetyl chloride, Et3N, DCM, rt, 10 h (75-91%); (v) NaN3, DMF, 70 °C, overnight (82-91%); (vi) SOCl2, DMF, 
65 °C, 5 h (quant.); (vii) propargylamine, Et3N, DCM, rt, overnight (95%). 

 

3.1.4 Precursor for endcapped ligands 

To further investigate a possible bivalent binding mode endcapped ligands containing only 

one pharmacophore were synthesized. These compounds should verify that the bivalent 

binding mode is indeed caused by the simultaneous binding of both pharmacophores and not 

by one pharmacophore itself. For the synthesis of these compounds propargylamine was 

acetylated with acetyl chloride (cf. Scheme 3.9). 
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Scheme 3.9: Synthesis of precursor 64a 

 

 

 

aReagents and conditions: (i) acetyl chloride, Et3N, DCM, rt, overnight (94%). 

 

3.1.5 Final bivalent compounds 

After several different attempts failed to add the respective pharmacophores selectively to 

the linker the final bivalent compounds were synthesized in a one-pot copper-catalyzed click 

reaction (CuAAC) (cf. Scheme 3.10). Therefore, equimolar amounts of each precursor, the 

linker, catalytic amounts of CuSO4∙5H2O and ascorbic acid were stirred at room temperature 

for 72 h. Purification with preparative HPLC yielded homobivalent ligands as side products and 

the desired heterobivalent ligands as final compounds.  

Scheme 3.10: Synthesis of linker structuresa 

 

aReagents and conditions: (i) CuSO4∙5H2O, ascorbic acid, DCM/MeOH 4:1, rt, 72 h. 

Precursors based on L-471,626 were used for the synthesis of twelve bivalent compounds (65-

76) and two monovalent compounds (6a and 6b). Because of facile synthesis and high yields 

of the derivatives 4a, 4b, 5a, and 5b a broad spectrum of bivalent compounds with different 

linker length or orientation was synthesized. Since preliminary pharmacological results were 

not satisfactory the synthesis of an endcapped compound to further investigate a possible 

bivalent binding mode was dispensed. 1,4-DAP-based precursor was used for the synthesis of 

three bivalent compounds (84-86) and the monovalent compound 11a. As early 

pharmacological characterization indicated that these ligands did not show any particular 

increase of affinity compared to ligands 65-76 further synthesis of compounds with different 

lengths/orientations or monovalent compounds was neglected. N-propylaminoindane based 

precursors were used for the synthesis of six bivalent (77–82), one endcapped (83), and one 
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monovalent compound (25c). Preliminary pharmacological characterization showed improved 

binding affinities with this precursor which is why a broader set of compounds was 

synthesized. As compound 80 was the most interesting compound for further testing in co-

expressing systems an endcapped ligand was also synthesized. OH-DPAT based precursor was 

used for the synthesis of one bivalent (92) and its corresponding endcapped ligand (93). Due 

to synthetic reasons and to the results form docking studies only these two compounds were 

synthesized. Since no pronounced improvement compared to N-propylaminoindane based 

ligands was achieved the synthesis of further compounds with shorter/longer linkers or 

different linker orientations was dispensed to save resources. Spiperone-based precursor was 

used for the synthesis of four bivalent (87-90), one monovalent (38), and one endcapped 

ligand (91). Since compound 90 was the most promising candidate for further testing in co-

expressing systems its corresponding endcapped ligand 91 was also synthesized. Due to 

synthetic reasons and to the results from docking studies only these five compounds were 

made. Further compounds with the shortest and the longest linker were let of to save 

resources. Synthesized final compounds are summarized in Figure 3.1 and Table 3.1.
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Figure 3.1: Structural design of synthesized compounds. 
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Table 3.1: Overview of synthesized bivalent and endcapped compounds. 

No. D2 Linker X H3 Type 

65 U, R = Cl L1  Y bivalent 

66 U, R = Cl L2, n = 2 isopthalic acid Y bivalent 

67 U, R = Cl L2, n = 3 isopthalic acid Y bivalent 

68 U, R = Cl L2, n = 3 terephthalic acid Y bivalent 

69 U, R = Cl L2, n = 3 glutaric acid Y bivalent 

70 U, R = Cl L2, n = 3 55 Y bivalent 

71 U, R = Br L1  Y bivalent 

72 U, R = Br L2, n = 2 isopthalic acid Y bivalent 

73 U, R = Br L2, n = 3 isopthalic acid Y bivalent 

74 U, R = Br L2, n = 3 terephthalic acid Y bivalent 

75 U, R = Br L2, n = 3 glutaric acid Y bivalent 

76 U, R = Br L2, n = 3 55 Y bivalent 

77 V L1  Y bivalent 

78 V L2, n = 2 isopthalic acid Y bivalent 

79 V L2, n = 3 isopthalic acid Y bivalent 

80 V L2, n = 3 terephthalic acid Y bivalent 

81 V L2, n = 3 glutaric acid Y bivalent 

82 V L2, n = 3 55 Y bivalent 

83 V L2, n = 3 terephthalic acid CH3 endcapped 

84 W L2, n = 3 isopthalic acid Y bivalent 

85 W L2, n = 3 terephthalic acid Y bivalent 

86 W L2, n = 3 glutaric acid Y bivalent 

87 Z L2, n = 2 isopthalic acid Y bivalent 

88 Z L2, n = 3 isopthalic acid Y bivalent 

89 Z L2, n = 3 terephthalic acid Y bivalent 

90 Z L2, n = 3 glutaric acid Y bivalent 

91 Z L2, n = 3 glutaric acid CH3 endcapped 

92 T L2, n = 3 glutaric acid Y bivalent 

93 T L2, n = 3 glutaric acid CH3 endcapped 

94 CH3 L2, n = 3 terephthalic acid Y endcapped 

95 CH3 L2, n = 3 glutaric acid Y endcapped 
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3.2 Biological evaluation  

3.2.1 Radioligand binding assay to determine binding affinities 

Binding affinities of synthesized compounds were determined in radioligand binding assays 

which is a well-established method in medicinal chemistry. The principle of these assays is the 

competition between increasing amounts of an unlabeled ligand and a constant amount of a 

radioactively marked tracer. Displacement of the tracer leads to lower detection of 

radioactivity within the cells which gives information about the affinity of the tested 

compound towards the desired receptor. 

Evaluation of binding affinities of the final compounds for the D2R and the H3R was performed 

with competition assays. Affinities of all compounds were measured by the displacement of 

[3H]N-methylspiperone from the D2R stably expressed in homogenates of HEK293T cells or by 

displacement of [3H]UR-PI294 in living HEK293T cells stably expressing the H3R (cf. Table 3.2 

and Figure 3.2). 

Ligands 65-76 based on L-471,626 exhibited moderate affinities for the D2R with pKi values 

from 6.47 to 7.45. It could be observed that bromine as halogen substituent in the phenyl ring 

was better tolerated than chlorine for all compounds. Additionally, terephthalic acid as center 

part of the linker structures resulted in the highest affinities with this D2R scaffold while 

glutaric acid was least favorable showing that a certain amount of rigidity within the ligands 

was beneficial for binding to the D2R. Unfortunately, all ligands showed a noticeable loss of 

affinity of one order of magnitude compared to their monovalent control compounds 6a and 

6b. This indicates that the addition of the linker was not well tolerated and caused steric 

hindrance leading to lower affinities. All pKi values for the H3R were exceptionally high ranging 

from 9.05 to 10.19 indicating that the attachment point was well chosen since no loss of 

affinity compared to the parent structure JNJ-5207852 was observed. Concerning the choice 

of the central dicarbonic acid, glutaric acid delivered the best results indicating that a 

maximum amount of flexibility was beneficial for binding to the H3R, followed by terephthalic 

acid. For both receptors it could be observed that compounds 70 and 76 containing the longest 

linker showed the lowest affinities.  

Compounds 84-86 based on 1,4-DAP possessed slightly higher pKi values for the D2R and a 

better tolerance concerning the addition of the linker as monovalent ligand 11a showed 
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comparable results. Affinities for all bivalent ligands and the monovalent control compound 

were in the range of 7.0 to 7.5 showing that the attachment point was well chosen. Once again 

terephthalic acid was the best choice for the synthesis of the linker as ligand 85 showed the 

highest affinity for the D2R. Affinities for the H3R were once again very high with pKi values 

ranging from 9.52 to 9.73. Within this set of ligands only a marginal difference concerning the 

H3R affinity was detected. 

Ligands 77–83 based on the N-propylaminoindane moiety showed slight improvements 

concerning binding towards the D2R. Affinities were in the range of the monovalent compound 

25c with a pKi of 7.19 showing the suitability of the selected attachment point. Compound 77 

with the shortest, most rigid linker and compound 80 with terepthtalic acid as central part 

showed the highest affinities with pKi of 7.72 and 7.96, respectively. H3R affinities were slightly 

lower than for the previously described compounds yet still very high ranging from 9.17 to 

9.69. As described before elongation of the linker was not beneficial for binding as 82 

demonstrated a pronounced loss of pKi values for both receptors. Compound 80 showed the 

best results as pKi values of 7.96 for the D2R and 9.69 for H3R were detected which is why this 

compound was selected for further testing. Additionally, the respective endcapped ligands 83 

and 94 were tested and showed notably lower affinities compared to 80, which was 

unexpected. A possible reason could be some kind of interaction with cell membranes. 

OH-DPAT based bivalent ligand 92 showed comparable results to 80 with affinities of 7.78 for 

D2R and 9.24 for the H3R. As seen before, the endcapped ligand 93 exhibited a lower pKi value 

compared to its bivalent counterpart 92 which is probably caused by the same reasons as 

described before.  

Spiperone-based ligands 87-91 exhibited a pronounced increase of affinities for the D2R with 

pKi values from 9.02 to 10.03. Compared to monovalent compound 38 the bivalent 

compounds 87, 88, and 91 as well as the endcapped ligand 93 showed a loss of nearly one 

order of magnitude. In contrast, ligand 90 which features glutaric acid in the center tolerated 

the addition of the linker much better and displayed a pKi value of 9.58 for the D2R. Following 

the tendencies observed before the endcapped ligand 91 showed a lower affinity than its 

corresponding bivalent compound. Affinities for the H3R were expectedly very high ranging 

from 9.59 to 9.83 showing once again only little influence of the selected linker structure. 
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All these results highlight compound 90 as the best structure with subnanomolar affinities for 

both receptors (pKi D2R: 9.58 and pKi H3R: 9.83). 

Table 3.2: Binding affinities of tested compounds.c 

 pKi ± SEM 

No. D2Ra N H3Rb N 

6a 8.01 ± 0.05 3 n.d. - 

65 7.08 ± 0.03 3 9.43 ± 0.01 3 

66 6.95 ± 0.02 3 9.48 ± 0.13 3 

67 6.83 ± 0.01 3 9.59 ± 0.06 3 

68 7.09 ± 0.04 3 9.83 ± 0.06 3 

69 6.68 ± 0.06 3 10.19 ± 0.09 3 

70 6.47 ± 0.07 3 9.27 ± 0.06 3 

6b 8.58 ± 0.08 3 n.d. - 

71 7.45 ± 0.05 3 9.48 ± 0.60 3 

72 7.20 ± 0.07 3 9.72 ± 0.01 3 

73 7.18 ± 0.04 3 9.47 ± 0.09 3 

74 7.33 ± 0.05 3 9.62 ± 0.05 3 

75 6.87 ± 0.03 3 9.94 ± 0.08 3 

76 6.81 ± 0.08 3 9.05 ± 0.10 3 

25c 7.19 ± 0.07 3 n.d. - 

77 7.72 ± 0.10 3 9.47 ± 0.06 3 

78 7.30 ± 0.06 3 9.26 ± 0.04 3 

79 7.33 ± 0.09 3 9.17 ± 0.12 3 

80 7.96 ± 0.06 3 9.69 ± 0.07 3 

81 6.87 ± 0.05 3 9.62 ± 0.05 3 

82 7.14 ± 0.05 3 9.20 ± 0.12 3 

83 6.43 ± 0.10 3 n.d. - 

11a 7.10 ± 0.08 3 n.d. - 

84 7.06 ± 0.05 3 9.73 ± 0.02 3 

85 7.34 ± 0.08 3 9.51 ± 0.09 3 

86 7.23 ± 0.09 3 9.52 ± 0.09 3 
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38 10.03 ± 0.07 3 n.d. - 

87 9.12 ± 0.02 3 9.82 ± 0.01 3 

88 9.15 ± 0.02 3 9.59 ± 0.04 3 

89 9.15 ± 0.02 3 9.63 ± 0.02 3 

90 9.58 ± 0.04 3 9.83 ± 0.05 3 

91 9.02 ± 0.03 3 n.d. - 

92 7.78 ± 0.10 4 9.24 ± 0.14 3 

93 7.30 ± 0.09 4 n.d. - 

JNJ-5207852 n.d. - 9.2[211] 3 

94 < 5 3 9.30 ± 0.04 3 

95 < 5 3 9.62 ± 0.11 3 

aDetermined by competition binding at homogenates of HEK293T cells stably expressing the D2R using [3H]N-
methylspiperone (Kd = 14.4 pM and c = 50 pM). bDetermined by competition binding at HEK293-SP-FLAG-hH3R 
cells using [3H]UR-PI294 (Kd = 3 nM and c = 4 nM). cData represent mean values ± SEM of at least three 

independent experiments each performed in triplicate. 
 

Figure 3.2: Displacement curves of selected compounds 80, 88, 89, and 90 from radioligand 
competition binding experiments performed at the D2R and H3R. Data represent mean values ± SEM 
from at least three independent experiments, each performed in triplicate. 

 

(continued) 
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Additionally, selected compounds 80, 84, 90, and 92 were tested for their selectivity among 

the histamine and dopamine receptor families to find out whether addition of the linker or 

the second pharmacophore changed the binding behavior among the respective receptor 

families. 

All compounds displayed exceptional selectivity for the H3R which was no surprise given the 

fact that such a pharmacological profile has also been described for the parent scaffold JNJ-

5207852.[211] All compounds showed more than 10000-fold preference for the H3R which 

makes them ideal candidates to target the D2-H3 heteromer selectively (cf. Table 3.3, Figure 

3.3). 

 

Table 3.3: Selectivity profile of bivalent ligands 90 and 92 within the histamine receptor 
family.a 

 pKi ± SEM H3R selectivity 

No. H1Rb H2Rc H3Rd H4Re Ki (H1,2,4R) / Ki (H3R) 

90 < 5 < 5 9.83 ± 0.05 < 5 > 10000 

92 < 5 < 5 9.24 ± 0.14 < 5 > 10000 

aCompetition binding assay at HEK293-SP-FLAG-hH1R, HEK293-SP-FLAG-hH2R, HEK293-SP-FLAG-hH3R,or 
HEK293-SP-FLAG-hH4 R cells. bDisplacement of 5 nM [3H]mepyramine (Kd = 4.5 nM). cDisplacement of 50 nM 
[3H]UR-DE257 (Kd = 66.9 nM). dDisplacement of 4 nM [3H]UR-PI294 (Kd = 5nM). eDisplacement of 15 nM 

[3H]histamine (Kd = 15.88 nM). Data represent mean values ± SEM from three independent experiments each 

performed in triplicate. 

 

 

 

 

Figure 3.3: Displacement curves from radioligand competition binding experiments performed with 90 
or 92 and the respective radioligand. Data represent mean values ± SEM from three independent 
experiments each performed in triplicate. 
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Among the dopamine receptors selectivities were not as distinct as for the H3R. As expected, 

most of the selected compounds displayed no to little affinities for the D1-like receptors. Only 

compound 90 showed moderate affinity towards the D1R with a pKi value of 7.17 which still 

results in 250-fold selectivity towards the D2R. Concerning the D2-like receptors compounds 

90 and 92 showed a pronounced loss of affinity for the D4R leading to approx. 10-fold 

preference for the D2R. Unsurprisingly, only little to no selectivity was observed for the D3R. 

Both receptors share 46% amino acid homology (overall) and 78% identity in the 

transmembrane region which has caused problems to target one of the receptors selectively 

ever since.[213] As a result none of the compounds possessed a pleasant selectivity profile for 

the D2R. While compounds 84 and 90 displayed almost identical affinities for both receptors 

80 and 92 even showed a slight preference for the D3R (cf. Table 3.4 and Figure 3.4). 

Table 3.4: Selectivity profile of bivalent ligands 80, 84, 90, and 92 within the dopamine 
receptor family.a 

 pKi ± SEM 

No. D1Rb D2Rc D3Rd D4Re D5Rf 

80 < 5.5 7.96 ± 0.06 8.88 ± 0.12 n.d. < 5.5 

84 < 5.5 7.06 ± 0.05 6.99 ± 0.06 n.d. < 5.5 

90 7.17 ± 0.04 9.58 ± 0.04 9.47 ± 0.07 8.47 ± 0.08 6.22 ± 0.08 

92 5.94 ± 0.04 7.78 ± 0.10 8.42 ± 0.05 6.47 ± 0.23 6.46 ± 0.07 

aDetermined by competition binding at homogenates of HEK293T cells stably expressing the DxR. bDisplacement 
of 1 nM [3H]SCH-23390 (Kd = 0.4 nM). cDisplacement of 50 pM [3H]N-methylspiperone (Kd = 14.4 pM). 
dDisplacement of 50 pM [3H]N-methylspiperone (Kd= 25 pM). eDisplacement of 100 pM [3H]N-methylspiperone 
(Kd = 77 pM). fDisplacement of 1 nM [3H]SCH-23390 (Kd = 0.4 nM). Data represent mean values ± SEM from three 
independent experiments each performed in triplicate. 

 

 

 
Figure 3.4: Displacement curves from radioligand competition binding experiments performed with 90 
or 92 and the respective radioligand. Data represent mean values ± SEM from three independent 
experiments each performed in triplicate. 
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3.2.2 cAMP assay to determine pharmacological mode of action 

Selected compounds were also tested for their functional characteristics. Sometimes the 

addition of large and bulky structures to certain parts of a pharmacophore can change the 

mode of action of the respective molecule. This phenomenon mainly affects agonists which 

are then turned into antagonists and has already been described, e.g for immepip at the H3R 

or morphine at the µ-opioid receptor.[47,122] Based on the results obtained from radioligand 

binding assays the most interesting compounds were chosen and tested for their ability to 

inhibit or induce G protein-dependent signaling. For this purpose, the LANCE Ultra cAMP Kit 

from Perkin Elmer was purchased. This immunoassay uses time-resolved fluorescence 

resonance energy transfer (TR-FRET) and gives us the opportunity to measure cAMP produced 

upon modulation of adenylyl cyclase activity by GPCRs. The principle of the assay depends on 

the competition between a europium (Eu) chelate-labeled cAMP tracer and cellularly 

(endogenously) produced cAMP for binding sites on cAMP-specific monoclonal antibodies 

labeled with the ULight™ dye. Upon binding of the antibodies to the Eu-labeled cAMP tracer, 

light pulse at 320 or 340 nm excites the Eu chelate molecule of the tracer. FRET transfers the 

energy emitted by the excited Eu chelate to ULight molecules on the antibodies which then 

on their part emit light at 665 nm (cf. Figure 3.5). 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Schematic illustration of the cAMP assay principle. 
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3.2.2.1 Monoexpressing systems 

Since both the D2R and the H3R are Gαi/o coupled no direct impact on G protein-dependent 

signaling could be measured. Instead, forskolin (0.5 µM) as activator of AC was added to 

induce intrinsic production of cAMP. Increasing concentrations of D2R agonists activate the 

receptor which leads to the inhibition of AC resulting in lower cAMP concentrations and 

therefore higher detectable signals. To measure the effect of antagonists an addition of 

standard agonists (sumanirole 250 nM for the D2R; imetit 500 nM for the H3R) was necessary. 

As a result of displacement of the agonist by increasing concentrations of the tested 

antagonists the inhibition of AC is blocked resulting in higher cAMP concentrations and 

therefore lower detectable signals. All synthesized compounds maintained the 

pharmacological profile described for their respective precursor for both receptors (cf. Table 

3.5 and Figure 3.6). Ligands based on the N-propylaminoindane and 5-OH-DPAT scaffolds 

acted as D2R agonists while compounds containing the spiperone structure displayed D2R 

antagonism. All compounds acted as H3R antagonists which was expected since all compounds 

derived from the same parent structure. For D2R agonists, potencies (pEC50) proved to be 

consistently slightly higher than their pKi values but trends observed in radioligand binding 

assays were reflected. This phenomenon is common for cAMP assays with the D2R and has 

already been described in the literature.[148] With efficacies (α) ranging from 95–99 % the 

tested compounds were identified as very strong partial agonists. All tested antagonists were 

able to fully inhibit the effect induced by sumanirole and showed pIC50 values that reflected 

trends observed in radioligand binding assays. Concerning the H3R all compounds could 

entirely block the effect induced by imetit. Apart from compound 92, which was more potent 

than expected, ligands 80, 90, and 95 confirmed tendencies observed in binding assays. 
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Table 3.5: Functional data of selected compounds.a,b 

 pIC50 ± SEM or (pEC50 ± SEM) 

No. D2R  N α [%] ± SEM H3R 
N 

80 (9.19 ± 0.08) 5 99 ± 7 7.80 ± 0.19 3 

83 (7.38 ± 0.02) 2 99 ± 3 n.d. - 

88 6.77 ± 0.20 3 - n.d. - 

89 6.85 ± 0.12 3 - n.d. - 

90 7.14 ± 0.10 3 - 8.59 ± 0.08 3 

91 6.50 ± 0.13 2 - n.d. - 

92 (8.88 ± 0.27) 4 96 ± 5 8.84 ± 0.07 3 

93 (8.37 ± 0.20) 4 95 ± 13 n.d. - 

95 n.d. - n.d. 7.97 ± 0.08 3 

aData represent mean values ± SEM of N independent experiments each performed in triplicate. α relative to the 
effect of the reference agonist sumanirole. bTested using the experimental protocol described in the 
experimental section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Dose response curves in HEK293T cells expressing the D2R or H3R. (A) Stimulation curves of 
selected D2R agonists; (B) Inhibition curves of selected D2R antagonists after activation with 250 nM 
sumanirole; (C) Inhibition curves of selected H3R antagonistst after activation with 500 nM immetit.  
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3.2.2.2 Co-expressing systems  

In a next step the effects of the selected agonists in cells that were transiently transfected 

with both receptors, the D2R and the H3R, should be investigated. Attempts to measure the 

effect induced by the dopaminergic pharmacophore were not successful since no effect was 

detectable, neither for selected agonistic compounds, nor for sumanirole as standard ligand 

(cf. Figure 3.7). Such a behaviour that one protomer within a dimer loses its activity has 

already been described.[214] According to Lohse the formation of a dimer can lead to changes 

in distance between the receptors and their subunits.[140] In this case, the minimal functional 

unit of a dimer consits of the two protomers and only one G protein which is why only one of 

the two receptors can be activated and signal to the G protein.[140] Accordingly, antagonists 

could not be tested over the dopaminergic pathway either.  

 

 

 

 

Figure 3.7: D2R agonists in cells co-expressing the D2R and H3R with no detectable signal. 

Therefore, we wanted to analyze the effect of our compounds on the histaminergic part of 

the receptor complex. All the tested ligands were able to fully block the signal induced by 500 

nM imetit yet no significant difference in potencies compared to mono-expressing cells was 

detected (cf. Table 3.6).  

Table 3.6: Comparison of functional data in mono- and coexpressing cells. a,b 

 pIC50 ± SEM 

No. H3R  N D2-H3  N 

80 7.80 ± 0.19 3 7.88 ± 0.21 3 

90 8.59 ± 0.08 3 8.31 ± 0.13 2 

92 8.84 ± 0.07 3 8.63 ± 0.05 2 

95 7.97 ± 0.08 3 8.28 ± 0.24 3 

aData represent mean values ± SEM of N independent experiments each performed in triplicate. bTested using 
the experimental protocol described in the experimental section. 
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3.3 Conclusion 

After a long-lasting belief that GPCRs only act separately as isolated entities clear evidence has 

emerged in recent years that they also have the ability to interact with each other by forming 

homo- or heteromers.[215] Ferrada et al. reported this formation of Hets between the D2R and 

H3R in striatal membranes. They could observe that this interaction influences locomotor 

activation which makes this Het a possible target for Parkinson`s disease.[145] 

The aim of this project was to synthesize bivalent ligands which selectively target the D2-H3 

Het. Considering the enormous synthetic effort to get to the desired final compounds a 

synthetic approach had to be designed which enables the easy synthesis of a broad variety of 

compounds. Despite the fact that purification difficulties led to low yields a one-pot CuAAC 

was the most effective strategy, as several different attempts to add the respective 

pharmacophores selectively to the linker failed. Therefore, the selected pharmacophores and 

designed linkers were derivatized to contain either terminal alkyne or azide functions which 

were then connected to each other resulting in the synthesis of 26 bivalent compounds. 

Constant evaluation of pharmacological results and improvement of used structures and 

scaffolds led to the synthesis of compound 90 which showed subnanomolar binding affinities 

to both receptors. This is quite remarkable considering the overall size of the molecule and 

has not yet been achieved so far to the best of our knowledge. Additionally, functional assays 

were performed to find out whether derivatization of chosen pharmacophores led to any kind 

of change in their mode of action. This phenomenon could not be observed and all tested 

compounds maintained their pharmacological profile.  

Currently, co-workers in our group are working on the development of assay systems co-

expressing both receptors simultaneously. Selected compounds as well as their endcapped 

counterparts will be tested in these systems to identify the most selective compounds for the 

Het and to confirm their bivalent binding mode. Preliminary results are promising.
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4. Fluorescent ligands 

The goal of this chapter was the design and synthesis of fluorescent ligands for the D2-like 

receptors based on the spiperone scaffold described in chapter 3. A small set of fluorescent 

ligands differing in selected dye or attached linker length should be synthesized to find out 

how these variations affect binding affinities and fluorescence properties. After determination 

of the pharmacological characteristics of all compounds the most promising molecule should 

then be used for the establishment of NanoBRET assays and as tracers in microscopy 

experiments. 

4.1 Synthesis 

One of the main aims of this project was to find out how selection of the respective dye and 

variation of linker length between the pharmacophore and the dye influence binding 

characteristics and intensity of the BRET-signal. Therefore, three different fluorescent ligands 

(99, 100, and 103) differing in either the dye and/or linker length were designed (cf. Scheme 

4.1). The synthesis of precursor 36 was carried out from commercially available aniline and 

benzylpiperidinone as described before. For fluorescent ligands 99 and 100 succinic anhydride 

was added to this scaffold forming a terminal carbonic acid. Coupling of 57 and 36 using 

HATU/DIPEA in DMF yielded intermediate 97. Deprotection of the Boc group with TFA/DCM 

delivered precursor 98. The precursor for fluorescent ligand 103 was synthesized in a slightly 

different manner. Boc protection of γ-aminobutyric acid yielded 96 which was directly coupled 

to 36 using HATU/DIPEA in DMF to obtain 101. Cleavage of the Boc group gave scaffold 102. 

In a final step, precursors 98 and 102 and the commercially available NHS-ester of 5-TAMRA 

or DY-549P1 were coupled in DMF in the presence of triethylamine. Purification with 

preparative HPLC afforded highly pure products 99, 100, and 103 (>98%) in good to excellent 

yields (60-90 %). 
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Scheme 4.1: Synthesis of spacers 57 and 96 (A and B) and of fluorescent ligands 99, 100, and 

103 (C)a 

 

aReagents and conditions: (i) di-tert-butyl dicarbonate, Et3N, DCM, rt, 5 h; (ii) di-tert-butyl dicarbonate, Et3N, 
DCM, rt, 10 h; (iii) 1) succinic anhydride, DMF, rt, 10 h; 2) 57, HATU, DIPEA, DMF, rt, overnight; (iv) TFA/DCM 1:4, 
rt, 12 h; (v) 5-TAMRA NHS ester or DY-549P1 NHS ester, Et3N, DMF, rt, 4 h; (vi) 96, HATU, DIPEA, DMF, overnight, 
rt; (vii) TFA/DCM 1:4, rt, 6 h. 
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4.2 Biological evaluation  

4.2.1 Binding affinities 

In a first step synthesized compounds were tested for their binding properties for the D2R. 

While 5-TAMRA labeled probes 100 and 103 showed very high affinity (pKi = 8.25 and 8.24) 

towards the desired receptor in single-digit nanomolar range the addition of DY-549P1 to the 

pharmacophore resulted in a loss of affinity of 1.5 orders of magnitude (pKi = 6.67) for 99. 

Subsequently, selectivity of ligands 100 and 103 among the whole dopamine receptor family 

was determined. As expected, the selected compounds showed moderate to high affinity for 

the other D2-like receptors D3R (pKi = 8.29 and 8.58) and D4R (pKi = 7.53 and 7.78) whereas 

only low affinity towards the D1-like receptors was determined (cf. Figure 4.1; Table 4.1). In 

general, it could be observed that variations concerning the fluorescent dye had much more 

influence on binding affinities than different spacer lengths.  

Table 4.1: Binding data of fluorescent ligands 99, 100, and 103 at the dopamine receptors.a 

 pKi ± SEM 

No. D1Ra D2Rb D3Rb D4Rb D5Ra 

99 n.d. 6.67 ± 0.07 n.d. n.d. n.d. 

100 6.48 ± 0.13 8.25 ± 0.03 8.29 ± 0.06 7.53 ± 0.04 < 5.5 

103 7.17 ± 0.09 8.24 ± 0.05 8.58 ± 0.16 7.78 ± 0.08 6.48 ± 0.04 

aData represent mean values ± SEM of twoa or threeb independent experiments each performed in triplicate. 

 

Figure 4.1: Displacement curves from radioligand competition binding experiments performed with 
100 (A) and 103 (B). Data represent mean values ± SEM from at least two independent experiments 
each performed in triplicate. 
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4.2.2 Functional characterization 

*experiments performed and data provided by Dr. Hannes Schihada. 

As described earlier, knowing the ligand`s mode of action is very important as agonists, for 

example, could strain binding affinities of competitive compounds because of internalization 

processes as well as formation of ternary complex formation (ligand/D2,3,4R/G Protein). That`s 

why it was necessary to get more information about the functional behavior of 103. Hence, a 

lately employed BRET-based Go1 biosensor which detects G protein activation in form of a 

decrease in BRET between NLuc-tagged Go1 and cp Venus-tagged Gγ2 was used to determine 

the ligand´s mode of action.[216] Unsurprisingly, 103 displayed neutral antagonism. No decline 

of the BRET signal was detected when tested in agonist mode while the signal induced by 

dopamine was effectively blocked (cf. Figure 4.2). The observed pIC50 values confirmed 

tendencies observed form radioligand binding assays with 103 showing the highest potency 

for the D3R followed by the D2R and D4R (cf. Table 4.2). 

 

 

 

 

Figure 4.2: Concentration-response curves for G protein activation of 103 in the absence (agonist 
mode) or presence (antagonist mode) of 1 µM dopamine at HEK293A cells transiently expressing the 
Go1 BRET sensor along with the wild-type D2,3,4R. 

 

 

Table 4.2: pIC50 values of G protein activation at D2-like receptors induced by dopamine. 

 pIC50  

No. D2R D3R D4R 

103 7.36 8.39 7.25 
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4.3 Fluorescence properties 

Excitation and emission spectra were recorded in order to further analyze the final compounds 

(in PBS containing 1% bovine serum albumin (BSA)) for their fluorescence properties. The 5-

TAMRA-labeled ligands 100 and 103 showed excitation maxima at 559/562 nm and emission 

maxima at 583/584 nm. Excitation maximum at 562 nm and emission maximum at 576 nm 

were recorded for the Dyomics-labeled compound 99 (cf. Figure 4.3). The excitation spectra 

of all compounds showed an overlap with the emission spectrum of the NanoLuc making them 

perfectly suitable for the development of NanoBRET assays. These spectra also indicate that 

in microscopy experiments green lasers are best suited to excite the compounds. Nowadays 

green lasers belong to the standard equipment of commonly used fluorescence microscopes 

which makes the synthesized compounds ideal for experimental setups without upgrading the 

existing equipment. 

Figure 4.3: Excitation and emission spectra of fluorescent compounds 99, 100, and 103. 

Quantum yields were determined in PBS + 1% BSA with cresyl violet perchlorate as a red 

fluorescent standard according to a previously described procedure and are all in a good range 

at 36-39% (cf. Table 4.3).[217] 

Table 4.3: Excitation/emission maxima and quantum yields Φ of 99, 100, and 103 determined 
in PBS + 1% BSA at 22 °C with cresyl violet perchlorate as a reference. 
 

No. Dye λex, max/λem, max  (nm) Φ 

99 DY-549P1 562/576 37.48% 

100 5-TAMRA 559/583 38.47% 

103 5-TAMRA 562/584 36.27% 

 

 

99 100 103 
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Confocal microscopy imaging was used to visualize binding behavior of compound 103. 

Therefore, HEK293T cells were transiently transfected with DNA of the D2R fused to GFP2. The 

receptor fused to a green fluorescent protein was used to easily identify cells expressing huge 

amounts of the receptor. After a suitable cell was identified, 103 (c = 50 nM) was added and 

pictures were taken after 3 min. The dissociation of the fluorescent ligand was induced by the 

addition of D2R antagonist raclopride (c = 50 µM). Raclopride was able to entirely displace 103 

as no fluorescent signal was detected after 1 min demonstrating reversible receptor binding 

of our probe to the D2R (cf. Figure 4.4).  

Figure 4.4: Confocal microscopy images: (A) Identification of cells expressing the D2R-GFP2 receptor; 
(B) Fluorescence observed 3 min after addition of 103; (C) Displacement of 103 detected 1 min after 
addition of the D2R antagonist raclopride. 
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4.4 Development of NanoBRET assays for D2-like receptors 

*experiments performed and data provided by Denise Mönnich as part of her PhD thesis 

To test the synthesized compounds for their applicability in NanoBRET binding assays 

saturation binding experiments were performed at live HEK293T cells, stably expressing the 

NLuc-D2R fusion protein. Saturable binding curves with very low nonspecific binding 

determined in the presence of haloperidole (500-fold excess) were acquired for all three 

ligands. For compound 100 the obtained pKd value (8.40) was in excellent agreement with the 

pKi value from the radioligand binding assay while probes 99 and 103 showed higher pKd (8.06 

and 9.34) values (cf. Table 4.4, Figure 4.5). Deviation between pKd and pKi have been 

previously reported[218–220] and can be attributed to differences between chole cells and 

homogenates as well as different temperatures during the respective assay (37 °C for 

NanoBRET, 20 °C for radioligand binding assay). In order to take advantage of the high affinity 

of 103 to the other D2-like receptors the procedure was repeated for the D3R. Saturation 

binding experiments performed at live HEK293T cells, stably expressing the NLuc-D3R revealed 

a very high pKd value of 8.55 for the D3R which is in excellent agreement with obtained pKi 

values from radioligand binding assays (cf. Table 4.4 and Table 4.1). This proves the suitability 

of compound 103 for the establishment of NanoBRET assays for the D3R besides the D2R. 

Currently the experiments are performed with NLuc-hD4R cells to characterize 103 on all D2-

like receptors. 

Table 4.4: pKd values of fluorescent ligands at NLuc-hD2,3R. 

  pKd ± SEM  

No. D2Ra N D3Ra N 

99 8.06 ± 0.03 3 n.d. - 

100 8.40 ± 0.06 4 n.d. - 

103 9.34 ± 0.08 4 8.55 ± 0.05 4 

aData represent mean values ± SEM from at least three independent experiments each performed in triplicate. 
NanoBRET binding experiments with live HEK293T cells stably expressing the NLuc-hD2,3R. 
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Figure 4.5: Representative isotherms form saturation binding experiments with 103 performed at 
NLuc-hD2R (A) and NLuc-hD3R (B) both stably expressed in HEK293T cells. 

 

To confirm the established assay system competition binding experiments with different 

standard agonistic and antagonistic D2R ligands were performed. Ligands were selected to 

cover a wide range of affinities (lit. pKi from 5.7-9.7) in order to prove the suitability of the 

developed assay for compounds with moderate to very high affinities. Comparison with 

literature data showed that obtained pKi values are in good agreement with previously 

reported affinities (cf. Table 4.5). This procedure with the same ligands was repeated for the 

D3R with experiments revealing pKi values which are in good agreement with literature data. 

These findings indicate that 103 is indeed a very useful tool for the determination of binding 

affinities of new ligands for D2R and D3R as this fluorescent ligand can be used for the two 

mentioned receptors in low amounts due to its excellent affinities for the D2R and D3R. 

Table 4.5: Binding Data (pKi values) of standard D2,3R ligands determined at the respective 
receptor in the NanoBRET binding assay. 

 pKi ± SEM 

Cpd. D2Ra N Ref. D3Ra N Ref. 

Pramipexole 6.51 ± 0.20 2 5.7-7.4[221,222] 6.39 ± 0.05 3 6.10[222] 

Spiperone 9.83 ± 0.07 4 9.70[223] 9.64 ± 0.03 3 9.52[223] 

Quinpirole 6.07 ± 0.22 2 5.97[224];6.71[223] 6.42 ± 0.06 2 7.36[225] 

Dopamine 5.10 1 4.7-7.2[224,226,227] 6.08 ± 0.17 4 7.37[224] 

Haloperidole 8.03 ± 0.06 4 8.20[228];8.58[226] 8.56  1 8.21[228];8.82[226] 

Butaclamole 9.09 ± 0.10 4 9.15[224];9.36[226] n.d. -  

aData represent mean values ± SEM from N independent experiments, each performed in triplicate. NanoBRET 
experiments were performed at live HEK293T cells stably expressing the NLuc-hD2,3R. 
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4.5 Conclusion  

Fluorescent ligands have emerged as powerful instruments for investigating GPCRs. Either as 

tracer for microscopy experiments such as confocal microscopy or TIRFM or as a tool for the 

development of non-radioactive competition assays, fluorescent ligands have secured their 

place in modern GPCR research. 

The aim of this project was the synthesis of a versatile fluorescent ligand which can be used 

for imaging experiments as well as for the development of NanoBRET assays for all D2-like 

receptors. The antagonist spiperone was the most suitable scaffold to choose as it combines 

exceptional affinity towards all D2-like receptors with high selectivity against the D1-like 

receptors. Design of two linkers differing in length and coupling with different dyes (5-TAMRA 

or Dyomics DY-549P1) led to the synthesis of three different fluorescent dyes. 

Pharmacological evaluation revealed that coupling with 5-TAMRA was well tolerated while 

addition of the Dyomics dye led to a high decrease in affinity. Determination of 

emission/excitation spectra and quantum yields proved that the synthesized compounds are 

suitable for microscopy experiments. Excitation and emission spectra are well compatible with 

standard lasers and filters in microscopes and quantum yields are high enough for single-

molecule imaging. Taking into account all these results 103 was selected to be used for further 

experiments. Microscopy experiments were successfully performed and could visualize the 

binding of the ligand. NanoBRET assays for the D2R and D3R have been successfully established 

and experiments with the D4R are currently ongoing. That way 103 can serve as a powerful 

tool for the determination of binding affinities of new compounds for all D2-like receptors.  
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5. Bivalent fluorescent ligands 

In this chapter the two previous projects were combined to synthesize a bivalent fluorescent 

ligand. Therefore, a promising molecule form chapter 3 should be slightly modified to enable 

the attachment of fluorescent dyes. Biological evaluation of binding affinities and 

determination of fluorescence properties should identify the most promising molecule which 

could then serve as powerful tool to visualize heterodimerization. 

5.1 Synthesis 

Due to synthetic reasons a slightly different linker had to be designed and synthesized for a 

bivalent fluorescent ligand (cf. Scheme 5.1). Starting from commercially available 2,2'-

((oxybis(ethane-2,1-diyl))bis(oxy))bis(ethan-1-ol) (PEG-4), mesyl chloride as good leaving 

group was introduced to obtain 104. Azide exchange with NaN3 in DMF yielded 105. 

Scheme 5.1: Synthesis of the linker 111a 

 

 

 

 

 

 

 

 

 

 

aReagents and conditions: (i) MsCl, Et3N, DCM, room temp, 15 h (99 %); (ii) NaN3, EtOH/DMF 1:4, 80 °C, 15 h 
(98%); (iii) HCl (5 % aq.), PPh3, Et2O, room temp, 24 h (99 %); (iv) di-tert-butyl dicarbonate, dioxane/H2O 2:1, 
room temp, overnight (98 %); (v) HATU, DIPEA, DMF, room temp, 14 h (87 %); (vi) TFA/DCM 1:4, room temp, 12 h 
(75 %); (vii) di-tert-butyl dicarbonate, NaOH, dioxane/H2O 1:1, room temp, overnight (64 %); (viii) 96, HATU, 
DIPEA, DMF, room temp, 16 h (33 %); (ix) TFA/DCM 1:4, room temp, 14 h (78 %). 
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In a Staudinger-type reaction one of the two azide functions was selectively reduced to get 

primary amine 106. Subsequent amide coupling in the presence of HATU and DIPEA with 107, 

which was obtained from Boc protection of 5-aminoisophthalic acid, delivered intermediate 

108. After cleavage with TFA the resulting aniline 109 was connected to 96 via peptide 

coupling leading to compound 110. Boc deprotection yielded final linker structure 111. 

A one-pot CuAAC was performed with 37, 43, and the linker 111 according to the general 

procedure. Subsequent purification via preparative HPLC afforded final precursor 112 (cf. 

Scheme 5.2). Fluorescent compounds 113 and 114 were then synthesized and purified 

according to the procedure described in chapter 4.1. 

Scheme 5.2: Synthesis of precursor 112 and final bivalent fluorescent ligands 113 and 114a 

 

aReagents and conditions: (i) CuSO4∙5H2O, ascorbic acid, DCM/MeOH 4:1, rt, 72 h; (ii) DY-549P1 NHS ester (113) 
or 5-TAMRA NHS ester (114), Et3N, DMF, rt, 4 h. 
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5.2 Biological evaluation  

As described in chapter 3.2 binding affinities of the final compounds for the D2R were 

determined with competition assays using homogenates of HEK293T cells stably expressing 

the D2R (cf. Table 5.1). The results showed once again a high preference for 5-TAMRA as 

fluorescent label and were very similar to the affinities obtained for the D2R fluorescent 

ligands, presented in chapter 4.2. Coupling with the Dyomics dye led to a huge loss in affinity 

for the D2R with a pKi value of only 6.74 for ligand 113. In contrast, compound 114 which was 

labeled with 5-TAMRA showed a pKi value of 8.41. Because of its poor affinity for the D2R 

further investigation for compound 113 was discarded to save resources. Further 

characterization of ligand 114 revealed a very high pKi value for the H3R of 9.60 which was 

comparable to those observed for unlabeled bivalent ligands (cf. Table 5.1; Figure 5.1). These 

results indicate that compound 114 is highly suitable for further microscopic investigations on 

dimerization between the D2R and H3R. 

Table 5.1: Binding affinities of bivalent fluorescent ligands 113 and 114. 

  pKi ± SEM 

No. Dye D2R H3R 

113 DY-549P1 6.74 ± 0.04 n.d. 

114 5-TAMRA 8.41 ± 0.08 9.60 ± 0.23 

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

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: Displacement curves performed with 114 in radioligand competition binding experiments 
at the D2R and H3R. Data represent mean values ± SEM from three independent experiments each 
performed in triplicate. 
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5.3 Fluorescence properties 

Excitation and emission spectra were recorded in order to further analyze the final compounds 

(in PBS containing 1% bovine serum albumin (BSA)) for their fluorescence properties (cf. Figure 

5.2). The 5-TAMRA-labeled compound 114 showed an excitation maximum at 559 nm and an 

emission maximum at 583 nm. Excitation maximum at 562 nm and emission maximum at 576 

nm were recorded for the Dyomics-labeled compound 113. As described in chapter 4.3 the 

spectra also indicate that in microscopy experiments green lasers are best suited to excite the 

compounds. The suitability of the dyes with commonly used fluorescence microscopes has 

already been mentioned in chapter 4.3 and applies in this case as well. 

Figure 5.2: Excitation and emission spectra of bivalent fluorescent compounds 113 and 114. 

 

Quantum yields were determined in PBS + 1% BSA with cresyl violet perchlorate as a red 

fluorescent standard according to a previously described procedure and are all in a good range 

at 24-26%.[217] 

 

Table 5.2: Excitation/emission maxima and quantum yields Φ of 113 and 114 determined in 
PBS + 1% BSA at 22 °C with cresyl violet perchlorate as a reference. 

Compound Dye λex, max/λem, max  (nm) Φ 

113 DY-549P1 562/576 24.63% 

114 5-TAMRA 559/583 25.68% 

 

 

114 113 
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5.4 Conclusion 

The aim of this project was the synthesis of a bivalent fluorescent ligand. For this goal the 

pharmacophores 37 and 43 from chapter 3 were used. Due to synthetic reasons the linker had 

to be designed alternatively which led to the synthesis of structure 111. Pharmacological 

evaluation confirmed tendencies observed in chapter 4 regarding the choice of fluorescent 

dyes. Compound 114 containing the 5-TAMRA dye showed very high affinities for both 

receptors indicating that the addition of the fluorescent dye was well tolerated. 

Determination of emission/excitation properties exhibited spectra that are suitable for 

standard lasers and filters in common microscopes. Determination of quantum yields revealed 

values of about 25%. All in all, it can be stated that compound 114 combines all characteristics 

needed for a microscopy tracer to detect and visualize receptor dimerization. Experimental 

setups for further tests are currently finalized and will be performed by our collaboration 

partners in Barcelona. 
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6. Summary  

For many years there was an established assumption that rhodopsin-like class A GPCRs could 

only operate discretely as independent units. However, in recent years mounting evidence has 

come up claiming that GPCRs also have the capability to interact with each other by forming 

complexes of higher order like homo- or heterodimers.[141,144,149] Ferrada et al. reported this 

kind of interaction for the D2-H3 Het.[145] According to their results the formed Het is highly 

involved in the regulation of motor function which makes it a very interesting target for new 

ways to treat PD. However, detailed physiological consequences of this heterodimerization 

remain unclear which is why further research on this particular target is necessary.  

The aim of this thesis was to selectively target the D2-H3 Het by synthesizing heterobivalent 

ligands. For this purpose, different D2R ligand scaffolds with high affinity and a JNJ-5207852-

based H3R pharmacophore were selected and derivatized to contain either a terminal C-C 

triple bond or alkyne function. Regarding linker design the goal was to cover a great variety of 

different distances between the two pharmacophores as varying linker lengths for bivalent 

ligands have been published, ranging from 20 to 80 atoms.[95,146,148] Since molecular modeling 

indicated that 50 atoms might be the most appropriate size a special focus was laid on linkers 

spanning that length. Isophthalic acid, terephthalic acid, and glutaric acid were selected as 

central dicarbonic structures to get more insight on how rigidity and flexibility can increase or 

downgrade affinities. After 26 final compounds were synthesized in a one-pot copper 

catalyzed CuAAC their pharmacological profile was evaluated. Binding affinities and selectivity 

among the respective receptor families were determined in radioligand binding assays and 

the pharmacological mode of action was measured in a cAMP assay. All these results identified 

the spiperone-based compound 90 as the most interesting ligand. Despite its huge size this 

molecule shows subnanomolar binding affinities for both receptors (pKi D2R: 9.58; pKi H3R: 

9.83) which has not yet been achieved for any bivalent ligand to the best of my knowledge. 

cAMP assays revealed that 90 maintains the mode of action of its parent scaffolds and acts as 

antagonist for both receptors. All these findings indicate that 90 is the ideal candidate for 

further tests in co-expressing assays systems which are currently being developed in our group 

by Denise Mönnich as part of her PhD thesis. That way a possible binding mode can be 

detected which would make 90 a powerful tool for further research on the D2-H3 Het. 
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In a second project the spiperone pharmacophore was used for the synthesis of fluorescent 

ligands for D2-like receptors. The design of different spacers and the addition of different dyes 

led to a final set of three different fluorescent ligands. Radioligand binding studies and 

saturation binding experiments revealed compound 103 as the most interesting compound. 

This molecule was then used for the successful establishment of NanoBRET assays for D2-like 

receptors by Denise Mönnich as part of her PhD thesis. Additional microscopy experiments 

were performed which led to the successful visualization of the binding process of the 

compound. 

In a final add-on project one of the spiperone-based bivalent compounds was further 

developed to enable the attachment of a fluorescent dye. After linker synthesis was slightly 

adjusted bivalent precursor 112 was obtained which was then connected to two different 

dyes. Pharmacological characterization and determination of fluorescence properties 

identified 114 as possible powerful tool to visualize the formed receptor complex. Appropriate 

experiments are being developed with our collaborators in Barcelona and respective 

experiments will be part of future PhD projects. All in all, this PhD thesis describes the 

successful synthesis of a broad variety of different pharmacological tools to further investigate 

the processes and consequences regarding the formation of the D2-H3 receptor heterodimer. 

Future scientists will hopefully benefit from this toolbox to gain new insights into the Het 

which might lead to new ways for the treatment of PD. 
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7. Experimental section  

7.1 General chemical procedures 

Commercially available chemicals and solvents were purchased from standard 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) and were used as received. All solvents were of analytical grade. The 

fluorescent dye 5-TAMRA NHS ester was purchased from Lumiprobe (Hannover, Germany), 

the fluorescent dye DY-549P1 NHS ester was purchased form Dyomics GmbH (Jena, Germany). 

Deuterated solvents for nuclear magnetic resonance (1H NMR and 13C NMR) spectra were 

purchased from Deutero GmbH (Kastellaun, Germany). All reactions carried out with dry 

solvents were accomplished in dry flasks under nitrogen or argon atmosphere. For the 

preparation of buffers, HPLC eluents, and stock solutions millipore water was used. Column 

chromatography was accomplished using Merck silica gel Geduran 60 (0.063-0.200 mm) or 

Merck silica gel 60 (0.040-0.063 mm) (flash column chromatography). The reactions were 

monitored by thin layer chromatography (TLC) on Merck silica gel 60 F254 aluminium sheets 

and spots were visualized under UV light at 254 nm, by potassium permanganate, or ninhydrin 

staining. Lyophilization was done with a Christ alpha 2-4 LD equipped with a vacuubrand RZ 6 

rotary vane vacuum pump. 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, 13C: 151 MHz) spectrometer using perdeuterated 

solvents. 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), quin (quintet), 

m (multiplet), and br (broad signal) as well as combinations thereof. 13C NMR-Peaks were 

determined by DEPT 135 and DEPT 90 (distortionless enhancement by polarization transfer). 

NMR spectra were processed with MestReNova 11.0 (Mestrelab Research, Compostela, 

Spain). 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 

source. Preparative HPLC was performed with a system from Waters (Milford, Massachusetts, 

USA) consisting of a 2524 binary gradient module, a 2489 detector, a prep inject injector and 

a fraction collector III. A Phenomonex Gemini 5 µm NX-C18 column (110 Å, 250 x 21.2 mm, 

Phenomenex Ltd., Aschaffenburg, Germany) served as stationary phase. As mobile phase, 
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0.1% TFA (Method A) or 0.1% NH3 (Method B) in millipore water and acetonitrile (MeCN) were 

used. The temperature was 25 °C, the flow rate 20 mL/min and UV detection was performed 

at 220 nm or at 560 nm for fluorescent ligands. 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 Gemini 5 µm NX-

C18 column (110 Å, 250 x 4.6 mm, Phenomenex Ltd., Aschaffenburg, Germany), tempered at 

30 °C. As mobile phase, mixtures of MeCN and aqueous TFA (Method A) or aqueous NH3 

(Method B) were used (linear gradient: MeCN/TFA or NH3 (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 or at 254 nm for 

fluorescent ligands. 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 or 254 nm for 

fluorescent ligands). The HPLC purity of the final compounds was >95%.  
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7.2 Synthetic procedures and analytical data 

 

1H-Indol-5-ol (1) [229] 

To a solution of 5-(benzyloxy)-1H-indole (5.00 g, 22.4 mmol, 1 eq) in 

MeOH (100 mL) ammoniumformiate (5.62 g, 89.0 mmol, 4 eq) and a 

catalytic amount of palladium on activated charcoal (10 % Pd basis) were 

added. The reaction was stirred at 55 °C for 2 h and then filtered through celite. The filtrate 

was concentrated under reduced pressure and dried in vacuo to give 1 (2.95 g, 99%) as a 

brown oil. 1H NMR (300 MHz, CD3OD) δ 7.27 – 7.15 (m, 1H), 7.13 (d, J = 3.1 Hz, 1H), 6.92 (dd, 

J = 2.4, 0.5 Hz, 1H), 6.65 (dd, J = 8.7, 2.4 Hz, 1H), 6.26 (dd, J = 3.1, 0.9 Hz, 1H). 13C NMR (75 

MHz, CD3OD) δ 168.45, 149.85, 131.24, 128.73, 124.78, 111.05, 110.83, 103.84, 100.16. HRMS 

(EI-MS): m/z [M∙+] calculated for C8H7NO∙+: 133.0528, found 133.0520; C8H7NO (133.15). 

5-(3-Chloropropoxy)-1H-indole (2a) [230] 

K2CO3 (6.22g, 45.0 mmol, 6.0 eq) and 1-bromo-3-

chloropropane (3.54 g, 22.5 mmol, 3 eq) were added to a 

solution of 1 (1.00g, 7.5 mmol, 1 eq) in ethanol (75 mL). The 

reaction was heated to reflux and continued stirring overnight. After the solvent was 

evaporated the residue was dissolved in DCM (40 mL) and washed three times with water (3 

x 30 mL). The organic phase was dried over Na2SO4 and concentrated under reduced pressure. 

The crude product was purified by column chromatography (DCM/MeOH 99/1) to yield 2a 

(0.95 g, 66%) as a brown oil. 1H NMR (300 MHz, CDCl3) δ 8.04 (s, 1H), 7.33 – 7.23 (m, 1H), 7.18 

(t, J = 2.8 Hz, 1H), 7.15 (d, J = 2.4 Hz, 1H), 6.89 (dd, J = 8.8, 2.4 Hz, 1H), 6.50 – 6.42 (m, 1H), 4.17 

(t, J = 5.9 Hz, 2H), 3.80 (t, J = 6.4 Hz, 2H), 2.34 – 2.18 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 

153.25, 131.16, 128.33, 125.01, 112.84, 111.75, 103.74, 102.42, 65.24, 41.88, 32.55. HRMS 

(EI-MS): m/z [M∙+] calculated for C8H15N2Cl2∙+: 209.0607, found 209.0607; C8H15N2Cl2 (209.67). 
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5-(Prop-2-yn-1-yloxy)-1H-indole (2b) [231] 

K2CO3 (6.00 g, 45.0 mmol, 3 eq) and 3-bromoprop-1-yne (1.96 g, 

16.5 mmol, 1.1 eq) were added to a solution of 1 (2.00 g, 15.0 mmol, 

1 eq) in acetone (75 mL). The reaction was stirred at room 

temperature overnight. After the solvent was evaporated the residue was dissolved in EtOAc 

(40 mL) and washed three times with water (3 x 30 mL). The organic phase was dried over 

Na2SO4 and concentrated under reduced pressure. The crude product was purified by column 

chromatography (DCM/MeOH 99/1) to yield 2b (1.72 g, 66%) as a brown solid. 1H NMR (300 

MHz, CDCl3) δ 8.09 (s, 1H), 7.30 (d, J = 8.8 Hz, 1H), 7.22 (d, J = 2.5 Hz, 1H), 7.20 (t, J = 2.8 Hz, 

1H), 6.93 (dd, J = 8.8, 2.4 Hz, 1H), 6.53 – 6.47 (m, 1H), 4.73 (d, J = 2.4 Hz, 2H), 2.52 (t, J = 2.4 

Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 152.20, 131.54, 128.19, 125.10, 113.05, 111.76, 104.52, 

102.59, 79.35, 75.13, 56.91. HRMS (EI-MS): m/z [M∙+] calculated for C11H9NO∙+: 171.0684, 

found 171.0676; C11H9NO (171.20). 

4-(4-Chlorophenyl)-1-((5-(3-chloropropoxy)-1H-indol-3-yl)methyl)piperidin-4-ol (3a) 

A mixture of 4-(4-chlorophenyl)piperidin-

4-ol (0.38 g, 1.8 mmol, 1.3 eq) and aqueous 

formaldehyde (37% solution, 0.17 g, 1.43 

mmol, 1.5 eq) in AcOH (15 mL) was stirred 

at room temperature for 15 min. Then, 2a 

(0.29 g, 1.38 mmol, 1 eq) was added and the reaction was stirred overnight. The solution was 

basified with NaOH (1 M aqueous solution) and extracted with DCM (3 x 30 mL). The organic 

layer was dried over Na2SO4 and concentrated under reduced pressure. The crude product 

was purified by column chromatography (DCM/MeOH 95/5) to yield 3a (0.23 g, 50%) as a red 

solid. 1H NMR (300 MHz, CD3OD) δ 7.48 – 7.42 (m, 2H), 7.33 – 7.22 (m, 4H), 7.19 (d, J = 2.3 Hz, 

1H), 6.80 (dd, J = 8.8, 2.3 Hz, 1H), 4.15 (t, J = 5.9 Hz, 2H), 3.85 (s, 2H), 3.78 (t, J = 6.4 Hz, 2H), 

2.95 (d, J = 13.1 Hz, 2H), 2.77 – 2.64 (m, 2H), 2.22 (p, J = 6.1 Hz, 2H), 2.09 (td, J = 13.5, 4.3 Hz, 

2H), 1.73 (d, J = 12.7 Hz, 2H). 13C NMR (101 MHz, CD3OD) δ 152.97, 132.09, 131.93, 128.43, 

127.76, 126.14, 125.95, 111.86, 111.61, 101.67, 69.94, 65.06, 52.52, 48.63, 41.16, 37.19, 

32.41. HRMS (ESI-MS): m/z [M+H]+ calculated for C23H27Cl2N2O2
+: 433.1444, found 433.1449; 

C23H26Cl2N2O2 (433.37). 
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4-(4-Bromophenyl)-1-((5-(3-chloropropoxy)-1H-indol-3-yl)methyl)piperidin-4-ol (3b) 

A mixture of 4-(4-bromophenyl)piperidin-4-

ol (0.38 g, 1.24 mmol, 1.3 eq) and aqueous 

formaldehyde (37% solution, 0.12 g, 1.43 

mmol, 1.5 eq) in AcOH (15 mL) was stirred 

at room temperature for 15 min. Then, 2a 

(0.20 g, 0.95 mmol, 1 eq) was added and the reaction was stirred overnight. The solution was 

basified with NaOH (1 M aqueous solution) and extracted with DCM (3 x 30 mL). The organic 

layer was dried over Na2SO4 and concentrated under reduced pressure. The crude product 

was purified by column chromatography (DCM/MeOH 95/5) to yield 3b (0.23 g, 50%) as a red 

solid. 1H NMR (300 MHz, CD3OD) δ 7.46 – 7.41 (m, 2H), 7.40 – 7.34 (m, 2H), 7.28 – 7.22 (m, 

2H), 7.19 (d, J = 2.2 Hz, 1H), 6.80 (dd, J = 8.8, 2.4 Hz, 1H), 4.14 (t, J = 5.9 Hz, 2H), 3.84 (s, 2H), 

3.77 (t, J = 6.4 Hz, 2H), 2.93 (d, J = 11.3 Hz, 2H), 2.70 (td, J = 12.2, 2.1 Hz, 2H), 2.27 – 2.15 (m, 

2H), 2.14 – 2.00 (m, 2H), 1.71 (d, J = 12.6 Hz, 2H). 13C NMR (75 MHz, CD3OD) δ 153.00, 148.04, 

131.89, 130.80, 128.40, 126.50, 126.13, 120.11, 111.89, 111.68, 108.57, 101.59, 69.91, 64.99, 

62.90, 52.42, 41.19, 37.00, 32.40. HRMS (ESI-MS): m/z [M+H]+ calculated for C23H27BrClN2O2
+: 

477.0939, found 477.0944; C23H26BrClN2O2 (477.82). 

4-(4-Chlorophenyl)-1-((5-(prop-2-yn-1-yloxy)-1H-indol-3-yl)methyl)piperidin-4-ol (4a) 

A mixture of 4-(4-chlorophenyl)piperidin-4-ol 

(0.64 g, 3.0 mmol, 1.3 eq) and aqueous 

formaldehyde (37% solution, 0.29 g, 3.5 mmol, 

1.5 eq) in AcOH (15 mL) was stirred at room 

temperature for 15 min. Then, 2b (0.39 g, 2.3 

mmol, 1 eq) was added and the reaction was stirred overnight. The solution was basified with 

NaOH (1 M aqueous solution) and extracted with DCM (3 x 30 mL). The organic layer was dried 

over Na2SO4 and concentrated under reduced pressure. The crude product was purified by 

column chromatography (DCM/MeOH 95/5) to yield 4a (0.57 g, 63%) as a yellow oil. 1H NMR 

(300 MHz, CD3OD) δ 7.49 – 7.40 (m, 2H), 7.34 – 7.20 (m, 5H), 6.82 (dd, J = 8.8, 2.3 Hz, 1H), 4.76 

– 4.69 (m, 2H), 3.82 (s, 2H), 2.95 – 2.82 (m, 3H), 2.73 – 2.58 (m, 2H), 2.09 (td, J = 13.4, 4.5 Hz, 

2H), 1.71 (d, J = 12.3 Hz, 2H). 13C NMR (101 MHz, CD3OD) δ 151.90, 142.84, 132.20, 132.07, 

128.37, 127.74, 126.15, 126.01, 111.99, 111.55, 102.56, 77.85, 74.85, 70.00, 56.33, 52.45, 
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48.63, 37.27. HRMS (ESI-MS): m/z [M+H]+ calculated for C23H24ClN2O2
+: 395.1521, found 

395.1528; C23H23ClN2O2 (394.90). 

4-(4-Bromophenyl)-1-((5-(prop-2-yn-1-yloxy)-1H-indol-3-yl)methyl)piperidin-4-ol (4b) 

A mixture of 4-(4-bromophenyl)piperidin-4-ol 

(0.97 g, 3.8 mmol, 1.3 eq) and aqueous 

formaldehyde (37% solution, 0.36 g, 4.5 mmol, 

1.5 eq) in AcOH (15 mL) was stirred at room 

temperature for 15 min. Then, 2b (0.51 g, 2.92 

mmol, 1 eq) was added and the reaction was stirred overnight. The solution was basified with 

NaOH (1 M aqueous solution) and extracted with DCM (3 x 30 mL). The organic layer was dried 

over Na2SO4 and concentrated under reduced pressure. The crude product was purified by 

column chromatography (DCM/MeOH 95/5) to yield 4b (0.78 g, 62%) as a yellow oil. 1H NMR 

(300 MHz, CD3OD) δ 7.49 – 7.43 (m, 2H), 7.41 – 7.36 (m, 2H), 7.31 – 7.25 (m, 3H), 6.84 (dd, J = 

8.9, 2.3 Hz, 1H), 4.74 (d, J = 2.4 Hz, 2H), 3.93 (s, 2H), 3.00 (d, J = 11.9 Hz, 2H), 2.90 (t, J = 2.4 Hz, 

1H), 2.85 – 2.74 (m, 2H), 2.11 (td, J = 13.5, 4.5 Hz, 2H), 1.74 (d, J = 12.7 Hz, 2H). 13C NMR (75 

MHz, CDCl3) δ 155.98, 136.12, 134.78, 132.21, 130.44, 124.14, 116.09, 115.64, 112.00, 106.36, 

74.26, 73.66, 71.75, 60.22, 56.22, 52.41, 40.81. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C23H24BrN2O2
+: 439.1016, found 439.1019; C23H23BrN2O2 (439.35). 

1-((5-(3-Azidopropoxy)-1H-indol-3-yl)methyl)-4-(4-chlorophenyl)piperidin-4-ol (5a) 

To a solution of 3a (0.52 g, 1.1 mmol, 1 eq) 

in DMF (25 mL) NaN3 (0.12 g, 1.73 mmol, 

1.5 eq) was added, the reaction was 

heated to 80 °C and continued stirring for 

8 h. After the solvent was removed under 

reduced pressure the resulting residue was dissolved in diethylether (35 mL) and washed 

three times with brine (3 x 20 mL). The organic layer was dried over Na2SO4 and concentrated 

in vacuo. The crude product was purified by column chromatography (DCM/MeOH 9/1 + 0.1% 

TEA) to give 5a (0.15 g, 51%) as a brown oil. 1H NMR (300 MHz, CDCl3) δ 8.32 (s, 1H), 7.46 – 

7.39 (m, 2H), 7.31 – 7.25 (m, 3H), 7.17 (dd, J = 16.4, 2.4 Hz, 2H), 6.85 (dd, J = 8.8, 2.4 Hz, 1H), 

4.10 (t, J = 5.9 Hz, 2H), 3.74 (s, 2H), 3.55 (t, J = 6.7 Hz, 2H), 2.94 – 2.88 (m, 2H), 2.49 (td, J = 

12.1, 2.3 Hz, 2H), 2.17 – 2.03 (m, 4H), 1.70 (d, J = 11.7 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 
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153.13, 146.84, 132.77, 131.54, 128.54, 128.40, 126.14, 125.02, 112.58, 111.84, 102.66, 71.10, 

65.50, 53.40, 49.17, 48.46, 38.34, 29.04. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C23H27ClN5O2
+: 440.1848, found 440.1860; C23H26ClN5O2 (439.94). 

1-((5-(3-Azidopropoxy)-1H-indol-3-yl)methyl)-4-(4-bromophenyl)piperidin-4-ol (5b) 

To a solution of 3b (0.30 g, 0.6 mmol, 1 eq) 

in DMF (25 mL) NaN3 (0.08 g, 1.2 mmol, 2 

eq) was added, the reaction was heated to 

80 °C and stirring continued for 8 h. After 

the solvent was removed under reduced 

pressure the resulting residue was dissolved in diethylether (35 mL) and washed three times 

with brine (3 x 20 mL). The organic layer was dried over Na2SO4 and concentrated in vacuo. 

The crude product was purified by column chromatography (DCM/MeOH 9/1 + 0.1% TEA) to 

give 5b (0.15 g, 51%) as a brown oil. 1H NMR (300 MHz, CDCl3) δ 8.17 (s, 1H), 7.48 – 7.42 (m, 

2H), 7.39 – 7.34 (m, 2H), 7.26 (d, J = 8.8 Hz, 1H), 7.18 (dd, J = 16.3, 2.4 Hz, 2H), 6.86 (dd, J = 

8.7, 2.4 Hz, 1H), 4.11 (t, J = 5.9 Hz, 2H), 3.75 (s, 2H), 3.56 (t, J = 6.7 Hz, 2H), 2.90 (d, J = 9.4 Hz, 

2H), 2.49 (td, J = 12.1, 2.4 Hz, 2H), 2.13 – 2.04 (m, 4H), 1.71 (d, J = 11.6 Hz, 2H). 13C NMR (101 

MHz, CDCl3) δ 153.12, 147.41, 131.54, 131.37, 128.55, 126.53, 124.90, 120.91, 112.58, 111.82, 

102.72, 71.21, 65.51, 53.48, 49.22, 48.46, 38.40, 29.05. HRMS (ESI-MS): m/z [M+H]+ calculated 

for C23H27BrN5O2
+: 484.1343, found 484.1350; C23H26BrN5O2 (484.40). 

4-(4-Chlorophenyl)-1-((5-methoxy-1H-indol-3-yl)methyl)piperidin-4-ol 

hydrotrifluoroacetate (6a) [195] 

To a suspension of 5-methoxygramine (0.05 g, 0.24 

mmol, 1 eq) in toluene (15 mL) 4-(4-

chlorophenyl)piperidin-4-ol (0.06 g, 0.29 mmol, 1.2 

eq) was added and the reaction was heated to 120 °C 

and stirring continued overnight. Then, the solvent 

was evaporated and the crude product was purified by preparative HPLC to yield 6a (95 mg, 

82%) as a red solid. 1H NMR (300 MHz, CD3OD) δ 7.51 (s, 1H), 7.48 – 7.42 (m, 2H), 7.38 – 7.31 

(m, 3H), 7.26 (d, J = 2.2 Hz, 1H), 6.87 (dd, J = 8.9, 2.4 Hz, 1H), 4.56 (s, 2H), 3.86 (s, 3H), 3.52 (d, 

J = 7.0 Hz, 4H), 2.28 – 2.15 (m, 2H), 1.96 (d, J = 12.7 Hz, 2H). 13C NMR (101 MHz, CD3OD) δ 

154.90, 145.68, 132.82, 131.68, 128.59, 128.08, 127.87, 126.00, 112.38, 112.33, 102.13, 99.68, 
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67.96, 54.89, 51.64, 47.69, 35.19. HRMS (ESI-MS): m/z [M+H]+ calculated for C21H24ClN2
+: 

371.1521, found 371.1527. Anal. RP-HPLC (220 nm): 99% (tR = 12.51 min, k = 3.04) C21H23ClN2 

x C2HF3O2 (370.87 + 114.02).  

4-(4-Bromophenyl)-1-((5-methoxy-1H-indol-3-yl)methyl)piperidin-4-ol (6b) [232] 

To a suspension of 5-methoxygramine (0.10 g, 0.49 

mmol, 1 eq) in toluene (15 mL) 4-(4-

bromophenyl)piperidin-4-ol (0.15 g, 0.59 mmol, 1.2 

eq) was added and the reaction was heated to 120 

°C and stirring continued overnight. Then, the 

solvent was evaporated and the crude product was purified by column chromatography to 

give 6b (0.19 g, 95%) as a white foam. 1H NMR (400 MHz, CD3OD) δ 7.47 – 7.37 (m, 4H), 7.28 

– 7.21 (m, 2H), 7.16 (d, J = 2.4 Hz, 1H), 6.78 (dd, J = 8.8, 2.4 Hz, 1H), 3.83 (s, 3H), 3.80 (s, 2H), 

2.90 (d, J = 11.4 Hz, 2H), 2.65 (td, J = 12.3, 2.2 Hz, 2H), 2.08 (td, J = 13.5, 4.4 Hz, 2H), 1.72 (d, J 

= 12.2 Hz, 2H). 13C NMR (101 MHz, CD3OD) δ 153.83, 148.17, 131.73, 130.78, 128.44, 126.52, 

125.83, 120.05, 111.60, 111.25, 109.17, 100.31, 70.14, 54.97, 52.49, 48.61, 37.20. HRMS (ESI-

MS): m/z [M+H]+ calculated for C21H24BrN2O2
+: 415.1016, found 415.1016. Anal. RP-HPLC (220 

nm): 98% (tR = 12.72 min, k = 3.06). C21H23BrN2O2 (415.33). 

tert-Butyl 4-(2-hydroxyphenyl)piperazine-1-carboxylate (7) [233] 

To a solution of 2-(piperazin-1-yl)phenol (1.00 g, 5.6 mmol, 1 eq) and 

triethylamine (0.74 g, 7.3 mmol, 1.3 eq) in DCM (30 mL) di-tert-butyl 

dicarbonate (1.35 g, 6.2 mmol, 1.1 eq) was added. The reaction was 

stirred at room temperature overnight. After the solvent was removed 

under reduced pressure the residue was dissolved in DCM (20 mL) and washed three times 

with water (3 x 20 mL). The organic phase was dried over Na2SO4 and concentrated under 

reduced pressure. Column chromatography (DCM/MeOH 99/1) yielded 7 (1.56 g, 99%) as a 

brown solid. 1H NMR (300 MHz, DMSO-d6) δ 8.92 (s, 1H), 6.92 – 6.68 (m, 4H), 3.51 – 3.41 (m, 

4H), 2.89 – 2.82 (m, 4H), 1.42 (s, 9H). 13C NMR (101 MHz, DMSO-d6) δ 154.55, 150.56, 140.01, 

123.89, 120.02, 119.56, 116.01, 79.54, 50.67 (2C), 31.11 (2C), 28.50. HRMS (ESI-MS): m/z 

[M+H]+ calculated for C15H23N2O3
+: 279.1703, found 279.1710; C15H22N2O3 (278.35). 
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tert-Butyl 4-(2-methoxyphenyl)piperazine-1-carboxylate (8) [234] 

CH3I (1.17 g, 8.25 mmol, 1.5 eq), 7 (1.5 g, 5.5 mmol, 1 eq) and CsCO3 

(5.36 g, 16.5 mmol, 3 eq) were suspended in DMF (30 mL) and heated 

at 120 °C for 10 h. Then, the solvent was evaporated and the residue 

was dissolved in DCM (20 mL). The organic phase was washed three times with brine (3 x 30 

mL) and dried over Na2SO4. The solvent was removed under reduced pressure and the 

resulting crude product was purified by column chromatography (DCM/MeOH 98/2) to give 8 

(1.14 g, 70.6%) as a yellow oil. 1H NMR (300 MHz, CDCl3) δ 7.08 – 6.84 (m, 4H), 3.87 (s, 3H), 

3.67 – 3.55 (m, 4H), 3.09 – 2.92 (m, 4H), 1.48 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 154.84, 152.27, 

141.14, 123.34, 121.04, 118.39, 111.27, 79.73, 55.43, 53.46, 50.74, 28.48. HRMS (ESI-MS): m/z 

[M+H]+ calculated for C16H25N2O3
+: 293.1860, found 293.1863; C16H24N2O3 (292.38). 

1-(2-Methoxyphenyl)piperazine (9) [235] 

To a solution of 8 (1.15 g, 5.0 mmol) in DCM (20 mL) TFA (4 mL) was 

added. The mixture was stirred at room temperature until the starting 

material was consumed, monitored by TLC. Then, the solution was 

basified with aqueous KOH (20%). The organic layer was separated and dried over Na2SO4. The 

solution was concentrated under reduced pressure and purified by column chromatography 

(DCM/MeOH 95/5) to yield 9 as a yellow oil (0.60 g, 63%). 1H NMR (300 MHz, CDCl3) δ 6.98 – 

6.91 (m, 1H), 6.89 – 6.84 (m, 2H), 6.82 – 6.77 (m, 1H), 3.79 (s, 3H), 3.06 – 2.95 (m, 8H). 13C 

NMR (75 MHz, CDCl3) δ 206.50, 152.27, 141.37, 123.22, 121.01, 118.34, 111.23, 55.37, 51.48, 

50.42, 45.89. HRMS (ESI-MS): m/z [M+H]+ calculated for C11H17N2O+: 193.1335, found 

193.1338; C11H16N2O (192.26). 

3,4-Dimethoxybenzaldehyde (10a) [236] 

A suspension of vaniline (0.20 g, 1.3 mmol, 1 eq), CH3I (0.20 g, 1.4 mmol, 1.1 

eq) and K2CO3 (0.54 g, 3.9 mmol, 3 eq) in MeCN (35 mL) was heated to reflux 

and stirring continued overnight. After the solvent was removed under 

reduced pressure the residue was dissolved in water (20 mL) and extracted 

three times with DCM (3 x 30 mL). The organic layers were combined and dried 

over Na2SO4. The solvent was evaporated and the residue was purified by column 

chromatography (DCM/MeOH 99/1) to give 10a as a white solid (0.20 g, 91%). 1H NMR (300 
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MHz, CDCl3) δ 9.81 (s, 1H), 7.42 (dd, J = 8.2, 1.9 Hz, 1H), 7.36 (d, J = 1.9 Hz, 1H), 6.94 (d, J = 8.2 

Hz, 1H), 3.92 (s, 3H), 3.90 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 190.91, 154.46, 149.59, 130.10, 

126.89, 110.38, 108.88, 56.17, 55.98. HRMS (EI-MS): m/z [M∙+] calculated for C9H10O3
∙+: 

166.0625, found 166.0622; C9H10O3 (166.18). 

3-Methoxy-4-(prop-2-yn-1-yloxy)benzaldehyde (10b) [237] 

A suspension of 4-hydroxy-3-methoxybenzaldehyde (1.00 g, 6.6 mmol, 1 eq), 

K2CO3 (2.70 g, 19.7 mmol, 3 eq) and 3-bromoprop-1-yne (0.86 g, 7.2 mmol, 1.1 

eq) in MeCN (50 mL) was heated to reflux and stirring continued overnight. 

After the solvent was evaporated the residue was diluted with water (20 mL) 

and extracted with DCM (30 mL). The organic layer was dried over Na2SO4 and 

concentrated under reduced pressure. The crude product was purified by 

column chromatography (DCM/MeOH 99/1) to give 10b as a yellow solid (1.24 g 98%). 1H NMR 

(300 MHz, CDCl3) δ 9.87 (s, 1H), 7.47 (dd, J = 8.1, 1.9 Hz, 1H), 7.43 (d, J = 1.8 Hz, 1H), 4.86 (d, J 

= 2.4 Hz, 2H), 3.94 (s, 3H), 2.56 (t, J = 2.4 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 206.50, 190.95, 

152.12, 150.04, 130.94, 126.33, 118.16, 112.56, 109.43, 56.62, 56.07. HRMS (EI-MS): m/z [M∙+] 

calculated for C11H10O3
∙+: 190.0630, found 190.0622; C11H10O3 (190.20).  

1-(3,4-Dimethoxybenzyl)-4-(2-methoxyphenyl)piperazine  dihydrotrifluoroacetate (11a) [238] 

 NaBH(OAc)3 (0.19 g, 0.9 mmol, 2 eq) was added to a solution of 

10a (75 mg, 0.45 mmol, 1 eq) and 9 (0.13 g, 0.7 mmol, 1.5 eq) in 

DCM (30 mL). After the reaction was stirred at room temperature 

overnight the solvent was removed under reduced pressure and 

the residue was purified by preparative HPLC to yield 11a (65 mg, 

12%) as a white solid. 1H NMR (400 MHz, CD3OD) δ 7.14 (d, J = 2.0 

Hz, 1H), 7.10 – 7.00 (m, 3H), 6.98 – 6.93 (m, 2H), 6.93 – 6.87 (m, 1H), 4.32 (s, 2H), 3.86 (s, 3H), 

3.85 (s, 3H), 3.84 (s, 3H), 3.64 – 3.24 (m, 6H), 3.24 – 2.91 (m, 2H). 13C NMR (101 MHz, CD3OD) 

δ 152.57, 150.69, 149.55, 139.06, 124.24, 124.15, 120.95, 120.81, 118.57, 114.04, 111.56, 

60.11, 55.11, 55.05, 54.61, 51.58, 47.45. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C20H27N2O3
+: 343.2016, found 343.2020. Anal. RP-HPLC (220 nm): 99% (tR = 10.84 min, k = 

2.38). C20H26N2O3 x C4H2F6O4 (342.44 + 228.05). 
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1-(3-Methoxy-4-(prop-2-yn-1-yloxy)benzyl)-4-(2-methoxyphenyl)piperazine (11b) [95] 

A solution of 9 (0.60 g, 3.12 mmol, 1.5 eq), 10b (0.40 g, 2.1 mmol, 

1 eq) and NaBH(OAc)3 (0.89 g, 4.2 mmol, 2 eq) in DCM (35 mL) was 

stirred at room temperature overnight. Then, saturated NaHCO3 

(20 mL) was added and the aqueous phase was extracted with 

DCM three times (3 x 30 mL). The combined organic layers were 

dried over Na2SO4 and the solvent was removed under reduced 

pressure. The crude product was purified by column 

chromatography (DCM/MeOH 95/5) to give 11b (0.40 g, 52%) as a 

yellow oil. 1H NMR (300 MHz, CDCl3) δ 7.02 – 6.83 (m, 7H), 4.75 (d, J = 2.4 Hz, 2H), 3.89 (s, 3H), 

3.85 (s, 3H), 3.53 (s, 2H), 3.20 – 2.96 (m, 4H), 2.76 – 2.58 (m, 4H), 2.51 (t, J = 2.4 Hz, 1H).13C 

NMR (101 MHz, CDCl3) δ 152.26, 149.66, 146.01, 141.28, 122.95, 121.38, 120.99, 118.25, 

114.04, 112.91, 111.17, 78.72, 75.72, 62.78, 56.84, 56.00, 55.35, 53.24, 50.48. HRMS (ESI-MS): 

m/z [M+H]+ calculated for C22H27N2O3
+: 367.2016, found 367.2023; C22H26N2O3 (366.46). 

1,6-Dimethoxynaphthalene (12) [209] 

To a suspension of naphthalene-1,6-diol (1.00 g, 6.25 mmol, 1 eq) and 

K2CO3 (3.20 g, 23 mmol, 3.7 eq) in acetone (50 mL) was added dimethyl 

sulfate (2.77 g, 22 mmol, 3.5 eq) dropwise over 15 min. The mixture was 

then heated to reflux for 3 h. Afterwards the solid was removed by 

filtration and the filtrate was concentrated under reduced pressure. The crude product was 

purified by column chromatography (PE/EA 99/1 to 95/5) to yield 12 as a white solid (1.10 g, 

94%). 1H NMR (300 MHz, CDCl3) δ 8.29 (t, J = 50.4 Hz, 1H), 7.41 – 7.25 (m, 2H), 7.17 – 7.11 (m, 

2H), 6.70 (dd, J = 6.5, 2.1 Hz, 1H), 3.99 (s, 3H), 3.93 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 158.15, 

155.68, 135.93, 126.71, 123.75, 120.79, 119.28, 117.56, 105.72, 102.02, 55.46, 55.28, 29.78. 

HRMS (EI-MS): m/z [M∙+] calculated for C12H12O2
∙+: 188.0832, found 188.0837; C12H12O2 

(188.26). 
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5-Methoxy-3,4-dihydronaphthalen-2(1H)-one (13) [209] 

Small pieces of Na (1.10 g, 50 mmol, 8.5 eq) were added to a solution of 12 

(1.10 g, 5.85 mmol, 1 eq) in EtOH (50 mL) at 50 °C over 30 min. After 

complete dissolution the reaction was heated to reflux for 4 h. The reaction 

was then quenched by the addition of conc. HCl to set pH < 1 and heated to 

reflux for another hour. After the solution was cooled to room temperature water (35 mL) was 

added and the mixture was extracted with DCM (3 x 30 mL). The organic phases were 

combined, dried over Na2SO4 and concentrated under reduced pressure. The crude product 

was purified by column chromatography (PE/EA 99/1 to 95/5) to obtain 13 as a yellow oil (0.62 

g, 60 %). 1H NMR (300 MHz, CDCl3) δ 7.18 (t, J = 7.9 Hz, 1H), 6.76 (dd, J = 14.3, 7.9 Hz, 2H), 3.85 

(s, 3H), 3.57 (s, 2H), 3.08 (t, J = 6.8 Hz, 2H), 2.57 – 2.48 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 

211.13, 156.42, 134.99, 127.54, 125.01, 120.47, 108.48, 77.50, 77.08, 76.65, 55.49, 44.71, 

37.92, 20.94. HRMS (EI-MS): m/z [M∙+] calculated for C11H12O2
∙+: 176.0832, found 176,0835: 

C11H12O2 (176.21).  

5-Methoxy-N-propyl-1,2,3,4-tetrahydronaphthalen-2-amine (14) [209] 

13 (0.61 g, 3.4 mmol, 1 eq) was dissolved in DCM (40 mL) and 

propylamine (0.30 g, 5.1 mmol, 1.5 eq) was added. After the 

reaction was stirred for 30 min NaBH(OAc)3 (2.21 g, 10.2 mmol, 3 

eq) was added in portions and the resulting mixture was stirred at 

room temperature overnight. After the solvent was evaporated the residue was dissolved in 

aqueous NaOH (1 N, 30 mL) and extracted with EtOAc (3 x 35 mL). The combined organic 

phases were dried over Na2SO4 and the solvent was removed under reduced pressure. The 

crude product was purified by column chromatography (DCM/MeOH 95/5 to 9/1) to afford 14 

as a red oil (0.49 g, 65%). 1H NMR (300 MHz, CDCl3) δ 7.05 (t, J = 7.9 Hz, 1H), 6.64 (t, J = 8.3 Hz, 

2H), 3.76 (s, 3H), 3.06 – 2.93 (m, 2H), 2.92 – 2.82 (m, 1H), 2.74 – 2.39 (m, 4H), 2.18 – 2.05 (m, 

1H), 1.66 – 1.45 (m, 3H), 0.92 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 157.17, 136.11, 

126.31, 124.84, 121.49, 107.16, 55.23, 53.46, 48.54, 35.83, 28.43, 22.69, 22.21, 11.81. HRMS 

(EI-MS): m/z [M∙+] calculated for C14H21NO∙+: 219.1618, found 219.1617; C14H21NO (219.33). 
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N-(5-Methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)-2-(4-nitrophenyl)-N-propylacetamide 

(15) [209] 

A solution of 2-(4-nitrophenyl)acetic acid (0.33 g, 1.8 mmol, 2 eq), 

EDC (0.52 g, 2.7 mmol, 3 eq) and HOBt (0.36 g, 2.7 mmol, 3 eq) DCM 

(30 mL) was stirred at room temperature for 1 h. 14 (0.21 g, 0.9 

mmol, 1 eq) was added and the reaction was stirred at room 

temperature overnight. After the solvent was removed under 

reduced pressure the crude product was purified by column 

chromatography (DCM/MeOH 99/1) to afford 15 as a brown oil 

(0.35 g, 99 %). 1H NMR (400 MHz, CDCl3) δ 8.20 – 8.14 (m, 2H), 7.57 

– 7.30 (m, 2H), 7.17 – 7.03 (m, 1H), 6.72 – 6.61 (m, 2H), 4.62 – 4.51 (m, 1H), 4.06 – 3.92 (m, 

1H), 3.90 – 3.77 (m, 4H), 3.31 – 3.14 (m, 2H), 3.06 – 2.94 (m, 2H), 2.87 – 2.39 (m, 2H), 2.02 – 

1.57 (m, 4H), 1.00 – 0.80 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 170.62, 169.51, 169.09, 157.27, 

157.21, 146.93, 143.22, 143.16, 141.26, 136.56, 135.67, 130.32, 130.11, 129.85, 126.83, 

126.40, 124.32, 123.77, 121.31, 121.17, 107.49, 107.18, 55.28, 54.40, 53.46, 52.42, 51.94, 

46.74, 44.02, 41.12, 40.80, 34.30, 33.03, 28.18, 27.23, 24.84, 23.61, 22.73, 11.66, 11.49. HRMS 

(ESI-MS): m/z [M+H]+ calculated for C22H27N2O4
+: 383.1965, found 383.1972; C22H26N2O4 

(382.46). 

5-Methoxy-N-(4-nitrophenethyl)-N-propyl-1,2,3,4-tetrahydronaphthalen-2-amine (16) [209] 

A solution of 15 (0.35 g, 0.9 mmol, 1 eq) in THF (20 mL) was added 

dropwise to an ice-cold solution of BH3∙THF (2.7 mL, 2.7 mmol) in 

THF (25 mL). The reaction was kept at 0 °C for 5 min and then heated 

to reflux for 4 h. The reaction was quenched by the addition of conc. 

HCl and subsequently basified with aqueous KOH (20 %). The 

mixture was extracted with DCM (3 x 30 mL) and the combined 

organic phases were dried over Na2SO4. The solvent was evaporated 

and the resulting residue was purified by column chromatography (DCM/MeOH 95/5) to give 

a brown oil for 16 (0.25 g, 75%). 1H NMR (300 MHz, CDCl3) δ 8.18 – 8.11 (m, 2H), 7.43 – 7.34 

(m, 2H), 7.09 (t, J = 7.9 Hz, 1H), 6.67 (dd, J = 10.1, 8.0 Hz, 2H), 3.80 (s, 3H), 3.00 – 2.93 (m, 2H), 

2.90 – 2.64 (m, 6H), 2.60 – 2.43 (m, 3H), 2.07 – 1.94 (m, 1H), 1.64 – 1.39 (m, 3H), 0.87 (t, J = 

7.3 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 157.23, 148.97, 146.84, 146.41, 137.64, 129.89, 129.74, 
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126.28, 125.12, 123.71, 123.49, 121.60, 107.01, 62.88, 56.49, 55.26, 52.49, 52.04, 38.92, 

35.74, 32.14, 25.57, 23.79, 21.98, 11.89. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C22H29N2O3
+: 369.2173, found 369.2177; C22H28N2O3 (368.48). 

N-(4-Aminophenethyl)-5-methoxy-N-propyl-1,2,3,4-tetrahydronaphthalen-2-amine (17) 

[209] 

A solution of 16 (0.42 g, 1.14 mmol, 1 eq) was dissolved in EtOH (45 

mL) and heated to 50 °C. Then Raney-Ni slurry (3 mL) and N2H4∙H2O 

(0.86 g, 17.11 mmol, 15 eq) were added and the reaction was stirred 

at 50 °C for 4 h. Thereupon, the reaction was filtered over celite and 

the filtrate was concentrated under reduced pressure. The crude 

product was used without further purification. A yellow oil was 

obtained for 17 (0.41 g, 99%). 1H NMR (300 MHz, CDCl3) δ 7.09 (t, J 

= 7.9 Hz, 1H), 7.05 – 6.96 (m, 2H), 6.71 (d, J = 7.6 Hz, 1H), 6.68 – 6.59 (m, 3H), 3.81 (s, 3H), 3.04 

– 2.45 (m, 11H), 2.12 – 2.03 (m, 1H), 1.69 – 1.44 (m, 3H), 0.87 (t, J = 7.3 Hz, 3H). 13C NMR (101 

MHz, CDCl3) δ 157.20, 144.90, 144.48, 129.89, 129.54, 126.25, 121.64, 115.43, 115.29, 107.01, 

63.93, 55.25, 53.19, 52.67, 38.33, 31.97, 25.54, 23.77, 11.92.HRMS (ESI-MS): m/z [M+H]+ 

calculated for C22H31N2O+: 339.2431, found 339.2438; C22H30N2O (338.35). 

 

6-((4-Aminophenethyl)(propyl)amino)-5,6,7,8-tetrahydronaphthalen-1-ol (18) [209] 

To a cold (-78 °C) solution of 17 (0.45 g, 1.33 mmol, 1 eq) in DCM 

(35 mL) a solution of BBr3 (1.00 g, 4 mmol) in DCM (25 mL) was 

added dropwise under argon atmosphere. The reaction was 

allowed to warm to room temperature and stirred overnight. After 

the reaction was quenched by the addition of methanol (5 mL) the 

solvent was evaporated. The crude residue was dissolved in DCM 

(50 mL) and washed with saturated NaHCO3 solution. The organic 

phase was dried over Na2SO4 and the solution was concentrated under reduced pressure. The 

crude product was purified by column chromatography (DCM/MeOH 95/5) to give a white 

foam for 18 (0.22 g, 51%). 1H NMR (300 MHz, CDCl3) δ 7.04 – 6.92 (m, 3H), 6.71 – 6.59 (m, 4H), 

3.49 (s, 2H), 3.00 – 2.43 (m, 11H), 2.14 – 2.05 (m, 1H), 1.71 – 1.56 (m, 3H), 0.93 (t, J = 7.3 Hz, 
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3H). 13C NMR (75 MHz, CDCl3) δ 153.60, 144.58, 134.58, 129.57, 126.52, 122.70, 121.53, 

115.36, 112.21, 53.08, 52.61, 50.90, 23.42, 11.89. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C21H29N2O+: 325.2274, found 325.2280; C21H28N2O (324.48). 

N1-(4-(2-((5-Hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl)(propyl)amino)ethyl)phenyl)-N4-

(prop-2-yn-1-yl)succinamide (19) 

To a solution of 18 (0.22 g, 0.68 mmol, 1 eq) 

succinic anhydride (0.07 g, 0.68 mmol, 1 eq) 

was added and the reaction was stirred at 

room temperature overnight. After the 

reaction was complete, as indicated by TLC, 

HATU (0.39 g, 1.02 mmol, 1.5 eq), DIPEA 

(0.26 g, 2.04 mmol, 3 eq) and propargylamine (0.05 g, 0.89 mmol, 1.3 eq) were added. Then, 

the mixture was stirred for 10 h at room temperature. The solvent was evaporated and the 

residue was purified by column chromatography (DCM/MeOH 95/5). 19 (0.20 g, 64%) was 

obtained as a yellow oil. 1H NMR (400 MHz, CD3OD) δ 7.44 (d, J = 8.5 Hz, 2H), 7.15 (d, J = 8.5 

Hz, 2H), 6.88 (t, J = 7.8 Hz, 1H), 6.54 (t, J = 8.6 Hz, 2H), 3.94 (d, J = 2.5 Hz, 2H), 2.99 – 2.90 (m, 

2H), 2.88 – 2.69 (m, 6H), 2.69 – 2.59 (m, 4H), 2.58 – 2.43 (m, 4H), 2.14 – 2.04 (m, 1H), 1.62 – 

1.46 (m, 3H), 0.92 (t, J = 7.4 Hz, 3H).13C NMR (101 MHz, CD3OD) δ 172.84, 171.50, 154.67, 

137.64, 133.66, 131.94, 128.88, 126.58, 121.76, 120.26, 119.94, 112.03, 79.20, 70.78, 60.34, 

52.50, 51.96, 31.28, 30.58, 30.13, 29.54, 28.10, 23.65, 22.32, 18.66, 9.91. HRMS (ESI-MS): m/z 

[M+H]+ calculated for C28H36N3O3
+: 462.2751, found 462.2757; C28H35N3O3 (461.61). 

N-Propyl-2,3-dihydro-1H-inden-2-amine (20) [210] 

A solution of 1,3-dihydro-2H-inden-2-one (0.50 g, 3.5 mmol, 1 eq) and 

propan-1-amine (0.28 g, 5.0 mmol, 1.3 eq) in DCM (30 mL) and glacial 

acid (0.5 mL) was stirred at room temperature for 5 min. Then, 

NaBH(OAc)3 (1.20 g, 5.6 mmol, 1.5 eq) was added and the mixture was stirred at room 

temperature overnight. After the solvent was removed the resulting residue was dissolved in 

DCM (50 mL) and washed with saturated aqueous NaHCO3 (30 mL). The organic layer was 

dried over Na2SO4 and concentrated under reduced pressure. Column chromatography 

(DCM/MeOH 9/1 + 0.1 % NH3) afforded 20 (0.5 g, 80%) as a red oil. 1H NMR (300 MHz, CDCl3) 

δ 7.23 – 7.09 (m, 4H), 3.69 – 3.58 (m, 1H), 3.23 – 3.11 (m, 2H), 2.82 – 2.71 (m, 2H), 2.69 – 2.61 
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(m, 2H), 1.57 – 1.47 (m, 2H), 0.95 (t, J = 7.4 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 141.83, 126.39, 

124.71, 59.72, 50.27, 40.08, 23.49, 11.96. 13C NMR (75 MHz, CDCl3) δ 141.83, 126.39, 124.71, 

59.72, 50.27, 40.08, 23.49, 11.96. HRMS (EI-MS): m/z [M∙+] calculated for C12H17N∙+: 175.1361, 

found 175.1353; C12H17N (175.28). 

4-((2,3-Dihydro-1H-inden-2-yl)(propyl)amino)butanenitrile (21) [210] 

To a suspension of 20 (0.50 g, 2.9 mmol, 1 eq), K2CO3 (2.35 g, 17.0 

mmol, 5.5 eq) and NaI (0.38 g, 2.6 mmol, 0.9 eq) in MeCN (75 mL) 4-

bromobutanenitrile (1.00 g, 6.80 mmol, 2.4 eq) was added dropwise. 

The reaction was heated to reflux and continued stirring for 24 h. After 

the mixture was concentrated under reduced pressure the residue was 

dissolved in DCM (50 mL) and washed with NaOH (1 M, 30 mL). The organic phase was 

separated and dried over Na2SO4. The solvent was removed under reduced pressure and the 

crude product was purified by column chromatography (DCM/MeOH 9/1) to afford 21 (0.45 

g, 66%) as a yellow oil. 1H NMR (300 MHz, CDCl3) δ 7.21 – 7.10 (m, 6H), 3.74 – 3.62 (m, 2H), 

3.07 – 2.97 (m, 3H), 2.92 – 2.81 (m, 3H), 2.62 (t, J = 6.7 Hz, 3H), 2.50 – 2.40 (m, 6H), 1.81 (p, J 

= 6.9 Hz, 3H), 1.55 – 1.42 (m, 5H), 0.89 (t, J = 7.3 Hz, 5H). 13C NMR (75 MHz, CDCl3) δ 141.73, 

126.40, 124.51, 120.03, 62.56, 53.24, 49.31, 36.17, 23.82, 20.38, 14.79, 11.93. HRMS (EI-MS): 

m/z [M∙+] calculated for C16H22N2
∙+: 242.1783, found 242. 1772; C16H22N2 (242.36). 

 

N1-(2,3-Dihydro-1H-inden-2-yl)-N1-propylbutane-1,4-diamine (22) [210] 

To a cooled solution of 21 (0.90 g, 3.7 mmol, 1 eq) in THF (40 mL) LiAlH4 

(0.42 g, 11.1 mmol, 3 eq) was added in small portions. The reaction 

was heated to reflux, stirring continued overnight and quenched with 

water (5 mL) the next morning. The mixture was filtered through celite 

and the filtrate was concentrated under reduced pressure. The residue 

was dissolved in DCM (40 mL) and washed three times with aqueous NaOH (1 M, 3 x 30 mL). 

The organic phase was dried over Na2SO4 and dried in vacuo to afford 22 (0.95 g, 95%) as a red 

oil. 1H NMR (300 MHz, CDCl3) δ 7.20 – 7.08 (m, 4H), 3.72 – 3.58 (m, 1H), 3.08 – 2.96 (m, 2H), 

2.93 – 2.81 (m, 2H), 2.71 (t, J = 6.8 Hz, 2H), 2.59 – 2.42 (m, 4H), 1.57 – 1.41 (m, 6H), 0.88 (t, J 

= 7.3 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 141.99, 126.27, 124.46, 63.20, 53.43, 51.31, 42.31, 
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36.68, 31.98, 24.58, 20.28, 12.05. HRMS (ESI-MS): m/z [M+H]+ calculated for C16H27N2
+: 

247.2169, found 247.2172; C16H26N2 (246.40). 

Ethyl 4-(3-chloropropoxy)-3-methoxybenzoate (23a) [239] 

To a suspension of ethyl 4-hydroxy-3-methoxybenzoate (1.00 g, 5.1 

mmol, 1 eq) and K2CO3 (4.30 g, 30.6 mmol, 6 eq) in MeCN (35 mL) 1-

bromo-3-chloropropane (2.40 g, 15.3 mmol, 3 eq) was added, the 

reaction was heated to reflux and stirring continued overnight. The 

solvent was then removed under reduced pressure and the resulting 

residue was dissolved in DCM (30 mL). The organic layer was washed 

three times with brine (3 x 25 mL) and dried over Na2SO4. After the 

solvent was evaporated the crude product was purified by column chromatography 

(DCM/MeOH 99/1) to give 23a as a yellow oil (1.3 g, 93%). 1H NMR (300 MHz, CDCl3) δ 7.66 

(dd, J = 8.4, 2.0 Hz, 1H), 7.54 (d, J = 2.0 Hz, 1H), 6.90 (d, J = 8.5 Hz, 1H), 4.35 (q, J = 7.1 Hz, 2H), 

4.22 (t, J = 6.0 Hz, 2H), 3.90 (s, 3H), 3.77 (t, J = 6.2 Hz, 2H), 2.31 (p, J = 6.1 Hz, 2H), 1.38 (t, J = 

7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 166.42, 152.12, 148.93, 123.43, 123.34, 112.45, 111.78, 

65.44, 60.86, 56.05, 41.46, 32.05, 14.41. HRMS (EI-MS): m/z [M∙+] calculated for C13H17O4Cl∙+: 

272.0810, found 272.0804; C13H17O4Cl (272.72). 

Ethyl 3-methoxy-4-(prop-2-yn-1-yloxy)benzoate (23b)  

A suspension of ethyl 4-hydroxy-3-methoxybenzoate (0.50 g, 2.5 mmol, 1 eq), 

3-bromoprop-1-yne (0.33 g, 2.8 mmol, 1.1 eq) and K2CO3 (1.05 g, 7.6 mmol, 3 

eq) in MeCN (20 mL) was heated to reflux and stirring continued for 15 h. 

After the solvent was evaporated the residue was dissolved in DCM (25 mL) 

and washed with water (25 mL). The organic phase was dried over Na2SO4 and 

concentrated under reduced pressure. Column chromatography 

(DCM/MeOH 99/1) yielded 23b as a yellow oil (1.3 g, 93%). 1H NMR (300 MHz, 

CDCl3) δ 7.67 (dd, J = 8.4, 2.0 Hz, 1H), 7.56 (d, J = 2.0 Hz, 1H), 7.03 (d, J = 8.5 Hz, 1H), 4.81 (d, J 

= 2.4 Hz, 2H), 4.35 (q, J = 7.1 Hz, 2H), 3.92 (s, 3H), 2.53 (t, J = 2.4 Hz, 1H), 1.37 (t, J = 7.1 Hz, 

3H). 13C NMR (75 MHz, CDCl3) δ 166.29, 150.54, 149.07, 124.14, 123.10, 112.58, 112.42, 77.80, 

76.39, 60.91, 56.53, 56.04, 14.41. HRMS (EI-MS): m/z [M∙+] calculated for C13H14O4
∙+: 234.0892, 

found 234.0883; C13H14O4 (234.25). 
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Ethyl 3,4-dimethoxybenzoate (23c) [240] 

A suspension of ethyl 4-hydroxy-3-methoxybenzoate (0.50 g, 2.5 mmol, 1 eq), 

CH3I (0.70 g, 5 mmol, 2 eq) and K2CO3 (2.10 g, 15 mmol, 6 eq) in MeCN (30 

mL) was heated to reflux and stirring continued overnight. After the solvent 

was removed under reduced pressure the crude product was dissolved in 

water (30 mL) and extracted three times with DCM (3 x 30 mL). The organic 

layers were combined, dried over Na2SO4 and concentrated under reduced pressure. The 

residue was purified by column chromatography (DCM/MeOH 99/1) to give 23c (0.49 g, 92%) 

as a yellow oil. 1H NMR (300 MHz, CDCl3) δ 7.67 (dd, J = 8.4, 2.0 Hz, 1H), 7.53 (d, J = 2.0 Hz, 

1H), 6.89 – 6.84 (m, 1H), 4.34 (q, J = 7.1 Hz, 2H), 3.92 (s, 6H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR 

(75 MHz, CDCl3) δ 166.43, 152.86, 148.56, 123.49, 123.02, 111.91, 110.19, 60.83, 56.00, 55.99, 

14.41. HRMS (EI-MS): m/z [M∙+] calculated for C11H14O4
∙+: 210.0887, found 210.0883; C11H14O4 

(210.23). 

4-(3-Chloropropoxy)-3-methoxybenzoic acid (24a) [241] 

KOH (1.30 g, 23.9 mmol, 5 eq) was dissolved in water and added to a 

solution of 23a (1.30 g, 4.8 mmol, 1 eq) in MeOH (40 mL). After the mixture 

was stirred overnight at room temperature the solvent was evaporated. 

The residue was diluted with water and acidified with aqueous HCl (1 N, 

40 mL). The formed precipitate was filtered off and dried in vacuo to give 

24a as a white solid (1.00 g, 86%). 1H NMR (300 MHz, CDCl3) δ 7.76 (dd, J 

= 8.4, 1.9 Hz, 1H), 7.60 (d, J = 1.9 Hz, 1H), 6.95 (d, J = 8.5 Hz, 1H), 4.32 – 4.18 (m, 2H), 3.93 (s, 

3H), 3.78 (t, J = 6.2 Hz, 2H), 2.33 (p, J = 6.0 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 171.40, 152.96, 

149.00, 124.51, 121.90, 112.77, 111.75, 77.46, 77.04, 76.62, 65.45, 56.06, 41.43, 32.01. HRMS 

(ESI-MS): m/z [M+H]+ calculated for C11H14ClO4
+: 245.0575, found 245.0577; C11H13ClO4 

(244.67). 
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3-Methoxy-4-(prop-2-yn-1-yloxy)benzoic acid (24b) [242] 

KOH (0.72 g, 12.8 mmol, 5 eq) was dissolved in water (10 mL) and added to a 

solution of 23b (0.60 g, 2.5 mmol, 1 eq) in MeOH (25 mL). After the mixture 

was stirred overnight at room temperature the solvent was evaporated. The 

residue was diluted with water and acidified with aqueous HCl (1 N, 50 mL). 

The formed precipitate was filtered off and dried in vacuo to give 24b as a 

white solid (0.46 g, 88%). 1H NMR (400 MHz, CD3OD) δ 7.64 (dd, J = 8.4, 2.0 

Hz, 1H), 7.58 (d, J = 1.9 Hz, 1H), 7.10 (d, J = 8.4 Hz, 1H), 4.83 (d, J = 2.4 Hz, 2H), 3.87 (s, 3H), 

2.98 (t, J = 2.4 Hz, 1H). 13C NMR (101 MHz, CD3OD) δ 168.22, 151.03, 149.26, 123.97, 123.15, 

112.98, 112.62, 77.80, 76.01, 56.06, 55.06. HRMS (ESI-MS): m/z [M-H]- calculated for C11H9O4: 

205.0506, found 205.0515; C11H10O4 (206.20). 

3,4-Dimethoxybenzoic acid (24c) [243] 

KOH (0.65 g, 11.5 mmol, 5 eq) was dissolved in water (10 mL), added to a 

solution of 23c (0.49 g, 2.3 mmol, 1 eq) in MeOH (25 mL) and was then stirred 

at room temperature overnight. The solvent was removed under reduced 

pressure and the residue was dissolved in water. Aqueous HCl (2 N) was 

added to set pH < 2 and the mixture was extracted three times with EtOAc (3 

x 30 mL). The organic layers were combined and dried in vacuo to give 24c (0.38 g, 81%) as a 

white powder. 1H NMR (300 MHz, CDCl3) δ 7.78 (dd, J = 8.4, 2.0 Hz, 1H), 7.60 (d, J = 2.0 Hz, 

1H), 6.93 (d, J = 8.5 Hz, 1H), 3.96 (s, 3H), 3.95 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 171.59, 

153.73, 148.69, 124.62, 121.68, 112.30, 110.33, 56.11, 56.04. HRMS (EI-MS): m/z [M∙+] 

calculated for C9H10O4
∙+: 182.0574, found 182.0573; C9H10O4 (182.18). 
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4-(3-Chloropropoxy)-N-(4-((2,3-dihydro-1H-inden-2-yl)(propyl)amino)butyl)-3-

methoxybenzamide (25a) 

24a (0.10 g, 1.0 mmol, 0.4 eq) was dissolved in DMF (15 

mL) at 0 °C and a solution of HATU (0.61 g, 1.6 mmol, 4 

eq) in DMF was added. After 10 min DIPEA (0.16 g, 1.2 

mmol, 3 eq) and a solution of 22 (0.25 g, 1.0 mmol, 2.5 

eq) were added dropwise. The mixture was stirred at 

room temperature overnight. Saturated NaHCO3 (15 

mL) was added and the aqueous layer was extracted 

with DCM (30 mL). The organic layer was washed three 

times with brine, dried over Na2SO4 and concentrated 

under reduced pressure. Column chromatography (DCM/MeOH 95/5) afforded 25a (0.15 g, 

80%) as a sticky brown oil. 1H NMR (300 MHz, CDCl3) δ 7.41 – 7.34 (m, 2H), 7.17 (s, 4H), 7.03 

(t, J = 5.4 Hz, 1H), 6.85 (d, J = 8.2 Hz, 1H), 4.16 (t, J = 6.0 Hz, 2H), 4.00 (t, J = 8.0 Hz, 1H), 3.87 

(s, 3H), 3.75 (t, J = 6.3 Hz, 2H), 3.52 – 3.40 (m, 2H), 3.30 – 3.14 (m, 4H), 3.09 – 2.97 (m, 2H), 

2.92 – 2.87 (m, 2H), 2.27 (p, J = 6.1 Hz, 2H), 1.83 – 1.61 (m, 6H), 0.94 (t, J = 7.3 Hz, 3H). 13C 

NMR (75 MHz, CDCl3) δ 167.68, 150.99, 149.26, 139.08, 137.11, 127.43, 124.54, 120.04, 

112.11, 110.69, 65.47, 63.60, 56.06, 52.94, 51.55, 41.51, 38.97, 38.62, 35.30, 32.07, 28.00, 

26.79, 11.29. HRMS (ESI-MS): m/z [M+H]+ calculated for C27H38ClN2O3
+: 473.2565, found 

473.2574; C27H37ClN2O3 (473.05). 
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N-(4-((2,3-Dihydro-1H-inden-2-yl)(propyl)amino)butyl)-3-methoxy-4-(prop-2-yn-1-

yloxy)benzamide (25b) 

24b (0.20 g, 0.97 mmol, 1 eq) was dissolved in DMF (20 

mL) at 0 °C and a solution of HATU (1.40 g, 3.9 mmol, 4 

eq) in DMF was added. After 10 min DIPEA (0.37 g, 2.9 

mmol, 3 eq) and a solution of 22 (0.60 g, 2.4 mmol, 2.5 

eq) were added dropwise. The mixture was stirred at 

room temperature overnight. Saturated NaHCO3 (15 mL) 

was added and the aqueous layer was extracted with 

DCM (3 x 30 mL). The organic layer was washed three 

times with brine (3 x 30 mL), dried over Na2SO4 and 

concentrated under reduced pressure. Column chromatography (DCM/MeOH 95/5) afforded 

25b (0.35 g, 80%) as a sticky brown oil. 1H NMR (300 MHz, CDCl3) δ 7.43 (d, J = 1.9 Hz, 1H), 

7.29 – 7.21 (m, 1H), 7.18 – 7.06 (m, 4H), 6.91 (d, J = 8.4 Hz, 1H), 6.85 (s, 1H), 4.73 (d, J = 2.3 Hz, 

2H), 3.85 (s, 3H), 3.63 (p, J = 8.2 Hz, 1H), 3.50 – 3.35 (m, 2H), 3.06 – 2.93 (m, 2H), 2.90 – 2.79 

(m, 2H), 2.65 – 2.37 (m, 5H), 1.69 – 1.39 (m, 6H), 0.85 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, 

CDCl3) δ 167.13, 149.47, 149.20, 141.63, 128.77, 126.38, 124.44, 119.06, 112.88, 111.16, 

78.00, 76.28, 63.06, 56.60, 55.99, 53.21, 50.95, 40.05, 36.45 (2C), 27.72, 24.81, 19.70, 11.99. 

HRMS (ESI-MS): m/z [M+H]+ calculated for C27H35N2O3
+: 435.2642, found 435.2652; 

C27H34N2O3 (434.58). 

N-(4-((2,3-Dihydro-1H-inden-2-yl)(propyl)amino)butyl)-3,4-dimethoxybenzamide 

hydrotrifluoroacetate (25c) 

A solution of 24c (0.07 g, 0.4 mmol, 1 eq) and HATU (0.30 g, 

0.8 mmol, 2 eq) in DMF (10 mL) was stirred at 0 °C for 10 min. 

Then, DIPEA (0.16 g, 1.2 mmol, 3 eq) and a solution of 22 (0.25 

g, 1 mmol, 2.5 eq) in DMF (10 mL) were added dropwise. The 

reaction was stirred at room temperature overnight. The 

solvent was removed under reduced pressure and the residue 

was purified by preparative HPLC to yield 25c (0.10g, 48%) as 

a white powder. 1H NMR (400 MHz, DMSO-d6) δ 9.56 (s, 1H), 

8.39 (t, J = 5.6 Hz, 1H), 7.47 (dd, J = 8.4, 2.0 Hz, 1H), 7.43 (d, J = 2.0 Hz, 1H), 7.26 – 7.17 (m, 
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4H), 7.00 (d, J = 8.5 Hz, 1H), 4.28 – 4.17 (m, 1H), 3.79 (s, 3H), 3.78 (s, 3H), 3.34 – 3.27 (m, 4H), 

3.21 – 3.03 (m, 6H), 1.78 – 1.52 (m, 6H), 0.91 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) 

δ 166.32, 151.68, 148.69, 139.51, 127.64, 127.23, 124.84, 120.81, 111.34, 111.07, 63.25, 

56.08, 56.01, 52.52, 50.89, 38.65, 34.82, 26.82, 21.09, 17.23, 11.34. HRMS (ESI-MS): m/z 

[M+H]+ calculated for C25H35N2O3
+: 411.2642, found 411.2648. Anal. RP-HPLC (220 nm): 99% 

(tR = 11.97 min, k = 2.86). C25H34N2O3 x C2HF3O2 (410.56 + 114.02). 

4-(3-Azidopropoxy)-N-(4-((2,3-dihydro-1H-inden-2-yl)(propyl)amino)butyl)-3-

methoxybenzamide (26) 

NaN3 (0.04 g, 0.64 mmol, 2 eq) was added to a solution 

of 25a (0.15 g, 0.3 mmol, 1 eq) in DMF (20 mL) and the 

reaction was stirred at 80 °C for 14 h. After the reaction 

was concentrated under reduced pressure the residue 

was dissolved in diethylether (25 mL) and washed 

three times with saturated NaHCO3 (3 x 20 mL). The 

organic layer was then dried over Na2SO4 and 

concentrated in vacuo. The crude product was purified 

by column chromatography (DCM/MeOH 95/5) to give 

26 as a yellow solid (0.13 g, 95%). 1H NMR (300 MHz, CDCl3) δ 7.42 (d, J = 2.0 Hz, 1H), 7.21 (dd, 

J = 8.3, 2.1 Hz, 1H), 7.18 – 7.09 (m, 4H), 6.80 (d, J = 8.3 Hz, 1H), 6.50 (t, J = 5.1 Hz, 1H), 4.10 (t, 

J = 6.1 Hz, 2H), 3.90 (s, 3H), 3.72 – 3.60 (m, 1H), 3.55 (t, J = 6.6 Hz, 2H), 3.50 – 3.42 (m, 2H), 

3.01 – 2.92 (m, 2H), 2.86 – 2.79 (m, 2H), 2.62 – 2.45 (m, 4H), 2.10 (p, J = 6.3 Hz, 2H), 1.70 – 

1.41 (m, 6H), 0.87 (t, J = 7.3 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 167.20, 150.73, 149.44, 141.81, 

128.06, 126.34, 124.46, 119.05, 111.98, 111.19, 65.72, 63.07, 56.07, 53.28, 50.97, 48.17, 

40.12, 36.56, 28.68, 27.84, 25.03, 19.73, 12.03. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C27H38N5O3
+: 480.2969, found 480.2972; C27H37N5O3 (479.62). 

1-Benzyl-4-(phenylamino)piperidine-4-carbonitrile (27) [203] 

TMSCN (2.97 g, 30.0 mmol, 3 eq) was added dropwise to a 

solution of aniline (0.93 g, 10.0 mmol, 1 eq) and N-benzyl-

piperidone (1.89 g, 10.0 mmol, 1 eq) in glacial acetic acid (15 mL) 

at 0 °C. The reaction was stirred at room temperature for 5 h. After 

the reaction was complete, monitored by TLC, the solution was basified with aqueous KOH 
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20% and extracted with DCM (3 x 30 mL). The combined organic phases were dried over 

Na2SO4 and the solvent was removed under reduced pressure. Column chromatography 

(DCM/MeOH 99/1) afforded 27 (3.01 g, 98%) as a yellow solid. 1H NMR (400 MHz, CDCl3) δ 

7.32 – 7.24 (m, 4H), 7.25 – 7.15 (m, 3H), 6.89 – 6.82 (m, 3H), 3.62 (s, 1H), 3.50 (s, 2H), 2.82 – 

2.67 (m, 2H), 2.47 – 2.36 (m, 2H), 2.32 – 2.21 (m, 2H), 1.93 – 1.81 (m, 2H). 13C NMR (101 MHz, 

CDCl3) δ 143.37, 137.92, 129.33, 129.06, 128.95, 128.40, 127.33, 120.95, 120.74, 117.82, 

62.61, 53.10, 49.32, 36.10. HRMS (ESI-MS): m/z [M+H]+ calculated for C19H22N3
+: 292.1808, 

found 292.1813; C19H21N3 (291.40).  

1-Benzyl-4-(phenylamino)piperidine-4-carboxamide (28) [203] 

27 (3.00 g, 10.0 mmol) was dissolved in 10 mL H2SO4 (96% w/w) 

and stirred at room temperature overnight. The reaction was then 

carefully basified (pH > 10) by dropwise addition of aqueous NaOH 

(30%) while maintaining the temperature below 0 °C. The resulting 

mixture was extracted with DCM (3 x 30 mL). The organic phases 

were combined and dried over Na2SO4. The solvent was removed under reduced pressure to 

yield 28 (2.99 g, 94%) as an orange solid. 1H NMR (300 MHz, DMSO-d6) δ 7.34 – 7.17 (m, 6H), 

7.11 – 7.00 (m, 3H), 6.67 – 6.53 (m, 3H), 5.49 (s, 1H), 3.43 (s, 2H), 2.59 – 2.48 (m, 2H), 2.26 (t, 

J = 10.5 Hz, 2H), 2.10 – 1.95 (m, 2H), 1.93 – 1.77 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ 

178.14, 145.93, 139.16, 129.16, 128.94, 128.61, 127.28, 116.94, 115.17, 62.70, 57.53, 48.94, 

31.84. HRMS (ESI-MS): m/z [M+H]+ calculated for C19H24N3O+: 310.1914, found 310.1912; 

C19H23N3O (309.41). 

8-Benzyl-1-phenyl-1,3,8-triazaspiro[4.5]dec-2-en-4-one (29) [203] 

DMF-DMA (3.44 g, 29.1 mmol, 3 eq) was added to a solution of 28 

(2.99 g, 9.7 mmol, 1 eq) in methanol (40 mL) and the mixture was 

stirred for 16 h at 55 °C. The solvent was evaporated and the crude 

residue was purified by column chromatography (DCM/MeOH 

95/5) to yield 29 (3.01 g, 96%) as a yellow solid. 1H NMR (300 MHz, CDCl3) δ 8.22 (s, 1H), 7.53 

– 7.43 (m, 3H), 7.32 – 7.20 (m, 5H), 7.19 – 7.14 (m, 2H), 3.56 (s, 2H), 3.08 – 2.94 (m, 2H), 2.72 

– 2.59 (m, 2H), 2.05 – 1.93 (m, 2H), 1.84 – 1.71 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 194.06, 

169.16, 135.38, 130.01, 129.58, 129.16, 128.26, 128.06, 127.11, 65.05, 62.62, 46.83, 30.88. 
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HRMS (ESI-MS): m/z [M+H]+ calculated for C20H22N3O+: 320.1757, found 320.1765; C20H21N3O 

(319.41). 

8-Benzyl-1-phenyl-1,3,8-triazaspiro[4.5]decan-4-one (30) [203] 

NaBH4 (0.45 g, 11.8 mmol, 1.25 eq) was added to a solution of 29 

(3.00 g, 9.4 mmol, 1 eq) in methanol (35 mL). The reaction was 

stirred at room temperature whereupon a white solid 

precipitated. After the reaction was complete, monitored by TLC, 

the solid was filtered off to obtain 30 (2.08 g, 70%) as a white 

powder. 1H NMR (300 MHz, DMSO-d6) δ 8.63 (s, 1H), 7.38 – 7.31 (m, 4H), 7.29 – 7.21 (m, 3H), 

6.87 (d, J = 8.1 Hz, 2H), 6.76 (t, J = 7.3 Hz, 1H), 4.57 (s, 2H), 3.52 (s, 2H), 2.76 – 2.67 (m, 4H), 

2.59 – 2.52 (m, 2H), 1.57 (d, J = 13.5 Hz, 2H). 13C NMR (75 MHz, DMSO-d6) δ 176.51, 143.78, 

139.18, 129.53, 129.17, 128.67, 127.30, 118.16, 114.72, 62.62, 58.64, 58.61, 49.71, 28.88. 

HRMS (ESI-MS): m/z [M+H]+ calculated for C20H24N3O+: 322.1914, found 322.1920; C20H23N3O 

(321.42). 

1-Phenyl-1,3,8-triazaspiro[4.5]decan-4-one (31) [203] 

30 (2.08 g, 6.5 mmol, 1 eq) was dissolved in methanol (50 mL) and glacial 

acetic acid (1 mL). To the obtained solution a catalytic amount of palladium 

on activated charcoal (10 % Pd basis) and ammoniumformiate (1.60 g, 26.0 

mmol, 4 eq) was added. The mixture was then stirred at 55 °C until the 

reaction was complete, indicated by TLC. The mixture was filtered through Celite, 

concentrated under reduced pressure, diluted with water and basified with aqueous KOH 

(20%). The aqueous phase was extracted with EtOAc (3 x 30 mL). The combined organic layers 

were dried over Na2SO4 and the solvent was removed under reduced pressure. 31 (1.45 g, 

97%) was obtained as a white solid. 1H NMR (400 MHz, DMSO-d6) δ 8.58 (s, 1H), 7.26 – 7.15 

(m, 2H), 6.88 (d, J = 8.3 Hz, 2H), 6.71 (t, J = 7.3 Hz, 1H), 4.56 (s, 2H), 3.18 – 3.07 (m, 4H), 2.83 

(dd, J = 12.2, 4.9 Hz, 2H), 2.39 (td, J = 13.0, 5.5 Hz, 2H), 1.46 (d, J = 13.4 Hz, 2H). 13C NMR (101 

MHz, DMSO-d6) δ 176.92, 143.89, 129.39, 117.69, 114.39, 59.24, 59.04, 49.06, 42.68, 29.76. 

HRMS (ESI-MS): m/z [M+H]+ calculated for C13H18N3O+: 232.1444, found 232.1449; C13H17N3O 

(231.30). 
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8-(4-(4-Fluorophenyl)-4-oxobutyl)-1-phenyl-1,3,8-triazaspiro[4.5]decan-4-one (32) [203] 

31 (1.40 g, 6.0 mmol, 1 eq), 4-chloro-1-(4-

fluorophenyl)butan-1-one (1.79 g, 9.0 mmol, 1.5 eq), 

NaI (1.35 g, 9.0 mmol, 1.5 eq) and triethylamine 

(0.91 g, 9.0 mmol, 1.5 eq) were suspended in MeCN 

(35 mL) and refluxed under argon atmosphere 

overnight. After cooling to room temperature the solvent was evaporated. The resulting crude 

residue was dissolved in DCM (35 mL) and washed with aqueous KOH (20%, 20 mL). The 

organic layer was dried over Na2SO4 and concentrated under reduced pressure. The residue 

was dissolved in DCM (20 mL) and the solution was added dropwise to cold hexane (120 mL). 

The gray precipitate was filtered and dried in vacuo to give 32 as brown oil (1.31 g, 55%). 1H 

NMR (400 MHz, DMSO-d6) δ 8.58 (s, 1H), 8.10 – 8.01 (m, 2H), 7.39 – 7.29 (m, 2H), 7.24 – 7.10 

(m, 3H), 6.79 – 6.68 (m, 3H), 4.54 (s, 2H), 3.02 (t, J = 6.9 Hz, 2H), 2.75 – 2.59 (m, 4H), 2.48 – 

2.33 (m, 5H), 1.88 – 1.74 (m, 2H), 1.56 – 1.46 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ 199.10, 

176.67, 164.8 (d, J = 251.0 Hz), 143.82, 131.29 (d, J = 9.4 Hz), 129.42, 118.05, 116.10 (d, J = 

21.7 Hz), 114.71, 114.39, 59.09, 58.74, 57.63, 49.68, 36.39, 28.86, 22.05. HRMS (ESI-MS): m/z 

[M+H]+ calculated for C23H27FN3O2
+: 396.2082, found 396.2087; C23H26FN3O2 (395.48).  

tert-Butyl (4-(2-hydroxyethyl)phenyl)carbamate (33) [203] 

Di-tert-butyl dicarbonate (1.75 g, 8.0 mmol, 1.1 eq) was dissolved in EtOAc (20 

mL) and added dropwise to a suspension of 2-(4-aminophenyl)ethan-1-ol (1.00 

g, 7.3 mmol, 1 eq) in EtOAc (10 mL). After the reaction was stirred at room 

temperature overnight the solvent was evaporated. The resulting crude product 

was purified by column chromatography (DCM/MeOH 95/5) to afford 33 (1.48 g, 

86%) as a white foam like solid. 1H NMR (300 MHz, CDCl3) δ 7.33 – 7.25 (m, 2H), 7.17 – 7.07 

(m, 2H), 6.59 (bs, 1H), 3.79 (t, J = 6.6 Hz, 2H), 2.80 (t, J = 6.6 Hz, 2H), 1.51 (s, 9H). 13C NMR (75 

MHz, CDCl3) δ 152.97, 136.80, 133.13, 129.54, 118.99, 80.50, 63.71, 38.49, 28.37. HRMS (ESI-

MS): m/z [M+H]+ calculated for C13H20NO3
+: 238.1438, found 238.1437; C13H19NO3 (237.30).  
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tert-Butyl (4-(2-bromoethyl)phenyl)carbamate (34) [203] 

To a cooled solution of 33 (1.48 g, 6.3 mmol, 1 eq) in DCM (30 mL) triphenyl 

phosphine (2.50 g, 9.5 mmol, 1.5 eq) and N-bromosuccinimide (1.71 g, 9.5 mmol, 

1.5 eq) were added. The mixture was stirred for 2 h while maintaining the 

temperature at 0 °C. Then, the solvent was evaporated and the resulting residue 

was purified by column chromatography (DCM/MeOH 99/1) to afford 34 (1.68 

g, 88%) as a white solid. 1H NMR (300 MHz, CDCl3) δ 7.36 – 7.25 (m, 2H), 7.17 – 7.08 (m, 2H), 

6.47 (bs, 1H), 3.52 (t, J = 7.6 Hz, 2H), 3.10 (t, J = 7.6 Hz, 2H), 1.51 (s, 9H). 13C NMR (101 MHz, 

CDCl3) δ 152.76, 137.17, 133.55, 129.84, 129.23, 124.88, 118.78, 38.77, 33.12, 28.35. HRMS 

(ESI-MS): m/z [M+H]+ calculated for C13H19BrNO2
+: 300.0594, found 300.0593; C13H18BrNO2 

(300.20). 

tert-Butyl (4-(2-(8-(4-(4-fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-

triazaspiro[4.5]decan-3-yl)ethyl)phenyl)carbamate (35) [203] 

A mixture of 32 (0.79 g, 2.0 mmol, 1 eq), 

potassium hydroxide (0.056 g, 1.0 mmol, 0.5 eq), 

potassium carbonate (1.09 g, 8.0 mmol, 4 eq) and 

tetrabutylammonium bisulfate (0.20 g, 0.6 mmol, 

0.3 eq) was suspended in anhydrous toluene (40 

mL) and stirred for 30 min under argon 

atmosphere. Then, a solution of 34 (1.21 g, 4.0 

mmol, 2 eq) in anhydrous toluene (25 mL) was 

added dropwise over 30 min. The reaction was stirred at 90 °C for 2 days. After that, the 

reaction was allowed to cool to room temperature and the solvent was evaporated. The 

resulting crude residue was dissolved in DCM (40 mL) and washed with aqueous KOH (20%, 

20 mL). The organic layer was dried over Na2SO4 and concentrated under reduced pressure. 

The residue was purified by column chromatography (DCM/MeOH 95/5) to afford 35 (0.41 g, 

35%) as a white foam. 1H NMR (400 MHz, CDCl3) δ 8.03 – 7.96 (m, 2H), 7.30 – 7.21 (m, 4H), 

7.16 – 7.08 (m, 4H), 6.90 – 6.80 (m, 3H), 6.48 (s, 1H), 4.52 (s, 2H), 3.63 (t, J = 7.1 Hz, 2H), 3.15 

– 2.49 (m, 12H), 2.09 – 1.96 (m, 2H), 1.54 – 1.49 (m, 2H), 1.48 (s, 9H). 13C NMR (75 MHz, CDCl3) 

δ 198.38, 174.13, 167.37, 163.99, 152.84, 142.80, 137.16, 133.51, 133.47, 132.49, 130.79, 

130.67, 129.30, 129.21, 119.00, 118.86, 115.82, 115.54, 115.37, 80.48, 63.80, 60.28, 57.47, 
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49.43, 42.21, 36.33, 33.02, 28.92, 28.36, 21.32. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C36H44FN4O4
+: 615.3341, found 615.3347; C36H43FN4O4 (614.76). 

3-(4-Aminophenethyl)-8-(4-(4-fluorophenyl)-4-oxobutyl)-1-phenyl-1,3,8-

triazaspiro[4.5]decan-4-one (36) [203] 

35 (0.41 g, 0.7 mmol) was dissolved in DCM (30 mL) 

and TFA (5 mL) was added. The mixture was stirred 

at room temperature overnight. After the reaction 

was complete, as indicated by TLC, the solution was 

basified with aqueous KOH (20%). The organic phase 

was separated, dried over Na2SO4 and concentrated 

under reduced pressure. The residue was purified 

by column chromatography to yield 36 (0.28 g, 83%) 

as a yellow oil. 1H NMR (400 MHz, CDCl3) δ 8.06 – 7.98 (m, 2H), 7.28 – 7.19 (m, 2H), 7.16 – 7.10 

(m, 2H), 7.03 – 6.96 (m, 2H), 6.87 – 6.79 (m, 3H), 6.67 – 6.57 (m, 2H), 4.52 (s, 2H), 3.66 – 3.54 

(m, 2H), 3.04 (t, J = 7.1 Hz, 2H), 2.97 – 2.53 (m, 10H), 2.08 – 1.97 (m, 2H), 1.55 (d, J = 14.1 Hz, 

2H).13C NMR (101 MHz, CDCl3) δ 198.01, 173.84, 165.72 (d, J = 254.5 Hz), 145.17, 142.68, 

133.39, 130.71 (d, J = 9.2 Hz), 129.53, 129.35, 127.62, 119.02, 115.7 (d, J = 21.9 Hz), 115.31, 

115.14, 63.75, 59.96, 57.22, 49.26, 42.31, 36.10, 32.82, 28.56, 20.89. HRMS (ESI-MS): m/z 

[M+H]+ calculated for C31H36FN4O2
+: 515.2817, found 515.2820; C31H35FN4O2 (514.65). 
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N1-(4-(2-(8-(4-(4-Fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-triazaspiro[4.5]decan-3-

yl)ethyl)phenyl)-N4-(prop-2-yn-1-yl)succinamide (37) 

To a solution of 36 (0.14 g, 

0.27 mmol, 1 eq) in DMF (20 

mL) succinic anhydride 

(0.028 g, 0.27 mmol, 1 eq) 

was added and the reaction 

was stirred at room 

temperature overnight. 

After the reaction was 

complete, as indicated by 

TLC, HATU (0.16 g, 0.41 mmol, 1.5 eq), DIPEA (0.10 g, 0.8 mmol, 3 eq) and propargylamine 

(0.02 g, 0.353 mmol, 1.3 eq) were added. Then, the mixture was stirred for 10 h at room 

temperature. The solvent was evaporated and the residue was purified by column 

chromatography (DCM/MeOH 95/5). 37 (0.13 g, 73%) was obtained as a brown oil. 1H NMR 

(400 MHz, CD3OD) δ 8.11 – 8.01 (m, 2H), 7.45 (d, J = 8.5 Hz, 2H), 7.25 – 7.16 (m, 6H), 6.91 (d, J 

= 8.1 Hz, 2H), 6.84 (t, J = 7.3 Hz, 1H), 4.57 (s, 2H), 3.93 (d, J = 2.5 Hz, 2H), 3.66 (t, J = 7.0 Hz, 

2H), 3.07 – 2.97 (m, 1H), 2.95 – 2.88 (m, 2H), 2.86 – 2.75 (m, 4H), 2.69 – 2.59 (m, 2H), 2.57 – 

2.35 (m, 7H), 1.99  – 1.87 (m, 2H), 1.49 (d, J = 14.1 Hz, 2H). 13C NMR (101 MHz, CD3OD) δ 

208.75, 198.05, 173.45, 172.82, 172.82, 171.43, 165.89 (d, J=253.3 Hz), 142.61, 137.11, 

133.79, 133.29, 130.67 (d, J = 9.5 Hz), 129.08, 128.98, 120.60, 120.05, 117.77, 115.28 (d, J = 

22.2 Hz), 79.24, 77.91, 70.80, 63.62, 59.37, 56.55, 49.08, 48.46, 42.39, 41.30, 32.28, 31.26, 

30.33, 30.11, 29.29, 28.09, 27.75, 19.12, 18.32, 11.79. HRMS (ESI-MS): m/z [M+H]+ calculated 

for C38H43FN5O4
+: 652.3294, found 652.3305; C38H42FN5O4 (651.78). 
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N-(4-(2-(8-(4-(4-fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-triazaspiro[4.5]decan-3-

yl)ethyl)phenyl)acetamide dihydrotrifluoroacetate (38) 

36 (15 mg, 0.03 mmol, 1 eq) and 

triethylamine (50 mg, 0.05 mmol, 

1.7 eq) were dissolved in DCM (15 

mL) and acetyl chloride (3.5 mg, 

0.045 mmol, 1.5 eq), dissolved in 

DCM (15 mL), was added 

dropwise at 0 °C. After the reaction was stirred at room temperature overnight the solvent 

was evaporated and the crude product was purified by preparative HPLC. A yellow resin was 

obtained for 38 (6.24 mg, 26%). 1H NMR (400 MHz, CD3OD) δ 8.12 – 8.02 (m, 2H), 7.44 (d, J = 

8.4 Hz, 2H), 7.33 – 7.19 (m, 6H), 7.00 – 6.89 (m, 3H), 4.67 (s, 2H), 3.77 – 3.61 (m, 4H), 3.51 – 

3.42 (m, 2H), 3.23 – 3.14 (m, 4H), 2.96 (t, J = 6.8 Hz, 2H), 2.58 (td, J = 14.5, 4.7 Hz, 2H), 2.16 – 

2.05 (m, 5H), 1.76 (d, J = 14.9 Hz, 2H). 13C NMR (101 MHz, CD3OD) δ 197.21, 172.72, 170.23, 

167.24, 142.16, 137.07, 133.94, 133.07, 130.62 (d, J = 9.4 Hz), 129.08, 120.84, 120.24, 117.72, 

115.30 (d, J = 22.2 Hz), 63.44, 58.43, 56.32, 49.17, 41.31, 34.46, 32.26, 27.42, 22.33, 18.20. 

HRMS (ESI-MS): m/z [M+H]+ calculated for C33H38FN4O3
+: 557.2922, found 557.2937. Anal. RP-

HPLC (220 nm): 98% (tR= 13.39 min, k = 3.17). C33H37FN4O3 x C4H2F6O4 (556.68 + 228.05). 

4-(3-Chloropropoxy)benzaldehyde (39) [211] 

4-Hydroxybenzaldehyde (3.00 g, 24.5 mmol, 1 eq), K2CO3 (10.20 g, 73.1 mmol, 

3 eq) and 1-bromo-3-chloropropane (6.70 g, 42.55 mmol, 1.7 eq) were 

suspended in MeCN (100 mL) and stirred at 85 °C overnight. After cooling to 

room temperature the solid was filtered off and the filtrate was concentrated 

under reduced pressure. The residue was dissolved in EtOAc (50 mL) and 

washed with water (2 x 30 mL) and brine (1 x 30 mL). The organic phase was 

dried over Na2SO4 and the solvent was evaporated. The crude product was 

purified by column chromatography (PE/EA 9/1) to yield 39 (4.14 g, 85%) as a yellow oil. 1H 

NMR (300 MHz, CDCl3) δ 9.89 (s, 1H), 7.88 – 7.80 (m, 2H), 7.05 – 6.98 (m, 2H), 4.21 (t, 2H), 3.76 

(t, 2H), 2.32 – 2.22 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 190.83, 163.73, 132.04, 130.11, 114.77, 

64.60, 41.24, 31.99. HRMS (EI-MS): m/z [M∙+] calculated for C10H11ClO2
∙+: 198.0448, found 

198.0443; C10H11ClO2 (198.65). 
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4-(3-(Piperidin-1-yl)propoxy)benzaldehyde (40) [211] 

A suspension of 39 (4.00 g, 20.1 mmol, 1 eq), NaI (1.51 g, 10.1 mmol, 0.5 eq), 

Na2CO3 (3.20 g, 30.2 mmol, 1.5 eq) and piperidine (1.71 g, 20.1 mmol, 1 eq) 

in MeCN (50 mL) was stirred at 85 °C for 20 h. After the solvent was 

evaporated the residue was dissolved in DCM (40 mL) and washed with 

water (3 x 30 mL). The organic layer was dried over Na2SO4 and concentrated 

under reduced pressure. The crude product was purified by column 

chromatography (DCM/MeOH 95/5) to afford 40 (4.50 g, 88%) as a red oil. 

1H NMR (300 MHz, CDCl3) δ 9.87 (s, 1H), 7.86 – 7.76 (m, 2H), 7.04 – 6.93 (m, 

2H), 4.09 (t, J = 6.4 Hz, 2H), 2.57 – 2.35 (m, 6H), 2.08 – 1.97 (m, 2H), 1.65 – 1.57 (m, 4H), 1.49 

– 1.40 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 190.72, 164.19, 131.87, 129.72, 114.79, 66.84, 

55.75, 54.64, 26.43, 25.76, 24.32. HRMS (ESI-MS): m/z [M+H]+ calculated for C15H22NO2
+: 

248.1645, found 248.1647; C15H21NO2 (247.34). 

Ethyl 1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxylate (41) [244] 

To a solution of 40 (4.00 g, 16.0 mmol, 1 eq) in DCM (75 mL) 

ethyl piperidine-4-carboxylate (2,71 g, 17.6 mmol, 1.1 eq) and 

NaBH(OAc)3 (3.72 g, 17.6 mmol, 1.1 eq) were added. After the 

reaction was stirred at room temperature overnight aqueous 

KOH (20%) was added. The organic layer was separated and 

dried over Na2SO4. The solvent was removed under reduced 

pressure and the resulting residue was purified by column 

chromatography (DCM/MeOH 95/5). 41 was obtained as a 

yellow oil (4.21 g, 67%). 1H NMR (300 MHz, CDCl3) δ 7.21 – 7.13 

(m, 2H), 6.86 – 6.76 (m, 2H), 4.09 (q, J = 7.1 Hz, 2H), 3.96 (t, J = 6.4 Hz, 2H), 3.39 (s, 2H), 2.87 – 

2.74 (m, 2H), 2.51 – 2.31 (m, 6H), 2.29 – 2.17 (m, 1H), 2.02 – 1.90 (m, 4H), 1.88 – 1.79 (m, 2H), 

1.79 – 1.68 (m, 2H), 1.61 – 1.51 (m, 4H), 1.48 – 1.36 (m, 2H), 1.21 (t, J = 7.1 Hz, 3H). 13C NMR 

(75 MHz, CDCl3) δ 175.25, 158.12, 130.22, 114.14, 66.43, 62.65, 60.22, 56.04, 54.62, 52.79, 

41.26, 28.29, 26.82, 25.91, 24.40, 14.23. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C23H37N2O3
+: 389.2799, found 389.2800; C23H36N2O3 (388.55). 
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1-(4-(3-(Piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxylic acid dihydrochloride (42) [244] 

41 (2.06 g, 5.3 mmol) was dissolved in THF (40 mL) and 2 N 

aqueous HCl (50 mL) was added. The mixture was stirred at room 

temperature until the starting material was consumed. The 

solvent mas removed under reduced pressure and the residue 

was dried in vacuo. 42 (2.11 g, 91%) was obtained as a brown oil. 

1H NMR (300 MHz, CD3OD) δ 7.55 – 7.46 (m, 2H), 7.09 – 6.98 (m, 

2H), 4.27 (s, 2H), 4.14 (t, J = 5.8 Hz, 2H), 3.64 – 3.56 (m, 2H), 3.56 

– 3.44 (m, 2H), 3.31 – 3.26 (m, 2H), 3.14 – 2.92 (m, 4H), 2.72 – 

2.57 (m, 1H), 2.35 – 1.77 (m, 12H). 13C NMR (101 MHz, CD3OD) δ 

173.56, 159.90, 132.78, 121.16, 114.77, 64.91, 59.74, 54.41, 53.05, 51.02, 38.23, 25.34, 23.76, 

22.90, 21.33. HRMS (ESI-MS): m/z [M+H]+ calculated for C21H33N2O3
+: 361.2486, found 

361.2490; C21H32N2O3 x H2Cl2 (360.50 + 72.92). 

1-(4-(3-(Piperidin-1-yl)propoxy)benzyl)-N-(prop-2-yn-1-yl)piperidine-4-carboxamide (43) 

[244] 

A solution of 42 (0.21 g, 0.5 mmol, 1 eq), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (0.10 g, 0.55 mmol, 1.1 

eq), 1-hydroxybenzotriazole (0.07 g, 0.55 mmol, 1.1 eq) and 

DIPEA (0.25 g, 2.0 mmol, 4 eq) in DMF/DCM (1/1, 20 mL) 

was stirred in a microwave vial at room temperature. After 

25 min propargylamine (32 ul, 0.5 mmol, 1 eq) was added 

and the reaction was stirred in a microwave reactor (sealed 

vial) at 100 °C for 20 min. After the solution was cooled to 

room temperature water (10 mL) was added. The organic 

layer was separated and dried over Na2SO4. The solvent was removed under reduced pressure 

and the crude product was purified by column chromatography (DCM/MeOH 9/1 + 0.1% NH3). 

43 (80 mg, 40%) was obtained as a yellow solid. 1H NMR (3ag00 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, 
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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). 

1-Benzylpiperidin-4-one oxime (44) [212] 

To a suspension of K2CO3 (14.60 g, 105.7 mmol, 2 eq) and hydroxylamine 

hydrochloride (7.34 g, 105.7 mmol, 105.7 eq) in EtOH (120 mL) 

benzylpiperidinone (10.00 g, 52.8 mmol, 1 eq) was added and the 

reaction was heated to reflux and continued stirring for 3 h. The solid 

was filtered off and the filtrate was concentrated under reduced 

pressure. The resulting residue was dissolved in DCM (75 mL) and washed three times with 

aqueous KOH (20%, 3 x 30 mL)). The organic layer was dried over Na2SO4 and the solvent was 

removed under reduced pressure. 44 (9.28 g, 86%) was obtained as a white powder. 1H NMR 

(300 MHz, CDCl3) δ 8.87 (s, 1H), 7.37 – 7.22 (m, 5H), 3.57 (s, 2H), 2.67 (t, J = 5.7 Hz, 2H), 2.61 

– 2.49 (m, 4H), 2.37 (t, J = 5.8 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 158.14, 138.14, 129.10, 

128.33, 127.21, 62.59, 53.51, 52.29, 31.50, 24.43. HRMS (EI-MS): m/z [M∙+] calculated for 

C12H16N2O∙+: 204.1257, found 204.1522; C12H16N2O (204.27). 

1-Benzylpiperidin-4-amine (45) [212] 

A suspension of LiAlH4 (1.93 g, 51.0 mmol, 2.6 eq) in THF (20 mL) was 

added to a solution of 44 (4.00 g, 19.6 mmol, 1 eq) in THF (40 mL) at 0 °C. 

The mixture was heated to reflux and continued stirring overnight. The 

reaction was then quenched with 2 mL aqueous HCl (2 N) while 

maintaining the temperature at 0 °C. The resulting precipitate was 

filtered through celite and the filtrate was concentrated under reduced pressure. The residue 

was dissolved in DCM (40 mL) and washed three times with aqueous KOH (20%, 3 x 20 mL). 

The organic layer was dried over Na2SO4 and the solvent was removed in vacuo to give 45 

(3.13 g, 86%) as a yellow oil. 1H NMR (300 MHz, CDCl3) δ 7.32 – 7.29 (m, 4H), 7.26 – 7.19 (m, 

1H), 3.49 (s, 2H), 2.86 – 2.77 (m, 2H), 2.64 – 2.51 (m, 1H), 2.01 (td, J = 11.6, 2.5 Hz, 2H), 1.82 – 

1.72 (m, 2H), 1.46 – 1.26 (m, 4H). 13C NMR (75 MHz, CDCl3) δ 138.61, 129.15, 128.18, 126.94, 

63.13, 52.50, 48.84, 36.07, 32.75. HRMS (ESI-MS): m/z [M+H]+ calculated for C12H19N2
+: 

191.1543, found 191.1545; C12H18N2 (190.29). 
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tert-Butyl (1-benzylpiperidin-4-yl)carbamate (46) 

Boc2O (4.04 g, 18.5 mmol, 1.1 eq) was added to a solution of 45 

(3.20 g, 16.8 mmol, 1 eq) and TEA (2.57 g, 25.2 mmol, 1.5 eq) in DCM 

(75 mL). After the reaction was stirred overnight aqueous saturated 

NaHCO3  (30 mL) was added and the organic layer was separated and 

washed with brine (30 mL). The organic phase was dried over Na2SO4 

and the solvent was removed under reduced pressure. The residue was purified by column 

chromatography (DCM/MeOH 9/1 + 0.1% NH3) to yield a yellow oil for 46 (4.47 g, 91%). 1H 

NMR (300 MHz, CDCl3) δ 7.35 – 7.21 (m, 5H), 4.45 (d, J = 6.3 Hz, 1H), 3.55 – 3.38 (m, 3H), 2.79 

(d, J = 12.0 Hz, 2H), 2.07 (td, J = 11.7, 2.5 Hz, 2H), 1.95 – 1.87 (m,  2H), 1.52 (s, 2H), 1.44 (s, 9H). 

13C NMR (75 MHz, CDCl3) δ 155.22, 138.47, 129.13, 128.23, 127.03, 79.23, 63.13, 52.38, 47.80, 

32.67, 28.45. HRMS (ESI-MS): m/z [M+H]+ calculated for C17H27N2O2
+: 291.2067, found 

291.2070; C17H26N2O2 (290.41). 

tert-Butyl piperidin-4-ylcarbamate (47) [245] 

A mixture of 46 (4.47 g, 15.4 mmol, 1 eq) and a catalytic amount of palladium 

on activated charcoal (10% Pd basis) in MeOH (50 mL) was stirred at 55 °C for 

12 h under H2-atmosphere. The reaction was then filtered through celite and 

the filtrate was concentrated in vacuo to give 47 (3.00 g, 97%) as a white 

powder. 1H NMR (300 MHz, CDCl3) δ 4.48 (s, 1H), 3.56 – 3.44 (m, 1H), 3.06 (dt, J = 12.5, 3.2 Hz, 

2H), 2.65 (td, J = 12.4, 2.4 Hz, 2H), 1.97 – 1.87 (m, 2H), 1.43 (s, 9H), 1.35 – 1.22 (m, 2H). 13C 

NMR (75 MHz, CDCl3) δ 155.14, 79.20, 48.12, 45.43, 33.92, 28.42. HRMS (ESI-MS): m/z [M+H]+ 

calculated for C10H21N2O2
+: 201.1598, found 201.1601; C10H20N2O2 (200.28). 
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tert-Butyl (1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidin-4-yl)carbamate (48) 

To a solution of 40 (4.50 g, 18.2 mmol, 1 eq) in DCM (50 mL) 47 

(4.00 g, 20.06 mmol, 1.1 eq) and NaBH(OAc)3 (5.01 g, 23.6 mmol, 

1.3 eq) were added. After the reaction was stirred at room 

temperature overnight aqueous KOH (20%, 30 mL) was added. 

The organic layer was separated and dried over Na2SO4. The 

solvent was removed under reduced pressure and the resulting 

residue was purified by column chromatography (DCM/MeOH 

95/5). 48 (5.63 g, 72%) was obtained as a yellow oil. 1H NMR 

(300 MHz, CDCl3) δ 7.21 – 7.15 (m, 2H), 6.86 – 6.80 (m, 2H), 4.42 

(s, 1H), 3.98 (t, J = 6.4 Hz, 2H), 3.50 – 3.41 (m, 1H), 3.40 (s, 2H), 2.77 (d, J = 11.7 Hz, 2H), 2.51 

– 2.34 (m, 6H), 2.10 – 1.93 (m, 4H), 1.93 – 1.85 (m, 2H), 1.62 – 1.54 (m, 4H), 1.46 – 1.35 (m, 

13H). 13C NMR (75 MHz, CDCl3) δ 158.18, 155.35, 130.27, 114.20, 77.23, 73.62, 66.54, 62.51, 

56.07, 54.68, 52.21, 32.67, 28.44, 26.91, 26.02, 24.47. HRMS (ESI-MS): m/z [M+H]+ calculated 

for C25H42N3O3
+: 432.3221, found 432.3226; C25H41N3O3 (431.62). 

1-(4-(3-(Piperidin-1-yl)propoxy)benzyl)piperidin-4-amine (49) 

48 (5.40 g, 12.5 mmol) was dissolved in DCM (100 mL) and TFA 

(20 mL) was added. The reaction was stirred at room 

temperature until the starting material was consumed, 

indicated by TLC. The reaction was then poured into ice water 

and basified with aqueous KOH (20%). The mixture was 

extracted three times with DCM (3 x 30 mL). The organic layers 

were combined and dried over Na2SO4. The solvent was 

removed under reduced pressure and the crude product was 

purified by column chromatography (DCM/MeOH 9/1 + 0.1% 

NH3) to give 49 as a yellow oil (3.00 g, 73%). 1H NMR (300 MHz, CDCl3) δ 7.22 – 7.15 (m, 2H), 

6.89 – 6.78 (m, 2H), 3.98 (t, J = 6.4 Hz, 2H), 3.42 (s, 2H), 2.80 (dt, J = 5.4, 2.4 Hz, 2H), 2.69 – 

2.56 (m, 1H), 2.51 – 2.29 (m, 6H), 2.04 – 1.90 (m, 4H), 1.77 (d, J = 12.8 Hz, 2H), 1.63 – 1.54 (m, 

4H), 1.50 – 1.29 (m, 6H). 13C NMR (75 MHz, CDCl3) δ 158.12, 130.37, 130.32, 114.14, 66.51, 

62.50, 56.08, 54.66, 52.34, 48.86, 36.06, 26.89, 25.99, 24.46. HRMS (ESI-MS): m/z [M+H]+ 

calculated for C20H34N3O+: 332.2696, found 332.2700; C20H33N3O (331.50). 
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2-Chloro-N-(1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidin-4-yl)acetamide (50) 

2-Chloroacetyl chloride (0.20 g, 1.8 mmol, 1.2 eq) was 

dissolved in DCM (20 mL) and added dropwise to a solution 

of 49 (0.50 g, 1.5 mmol, 1 eq) and TEA (0.20 g, 2.0 mmol, 1.3 

eq) in DCM (30 mL). The reaction was stirred at room 

temperature for 4 h. Aqueous NaOH (1 M, 30 mL) was added 

and the organic layer was separated and dried over Na2SO4. 

The solution was concentrated under reduced pressure and 

the residue was purified by column chromatography 

(DCM/MeOH 9/1 + 0.1% NH3) to give 50 as a brown solid 

(0.51 g, 82%). 1H NMR (300 MHz, CDCl3) δ 7.22 – 7.16 (m, 2H), 6.87 – 6.80 (m, 2H), 6.43 (d, J = 

7.4 Hz, 1H), 4.03 (s, 2H), 3.99 (t, J = 6.3 Hz, 2H), 3.90 – 3.76 (m, 1H), 3.49 (s, 2H), 2.80 (dt, J = 

7.1, 3.9 Hz, 2H), 2.63 – 2.38 (m, 6H), 2.15 – 1.99 (m, 4H), 1.91 –  1.80 (m, 2H), 1.68 – 1.60 (m, 

4H), 1.59 – 1.39 (m, 4H). 13C NMR (75 MHz, CDCl3) δ 165.26, 157.94, 130.46, 129.90, 114.20, 

65.78, 62.17, 55.65, 54.05, 51.79, 46.86, 42.70, 31.62, 25.44, 24.37, 23.34. HRMS (ESI-MS): 

m/z [M+2H]2+ calculated for C22H36ClN3O2
2+: 204.6243, found 204.6247; C22H34ClN3O2 

(407.98). 

2-Azido-N-(1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidin-4-yl)acetamide (51) 

NaN3 (0.1 g, 1.4 mmol, 2 eq) was added to a solution of 50 

(0.28 g, 0.7 mmol, 1 eq) in DMF (20 mL) and the mixture was 

stirred at 80 °C for 14 h. The reaction was quenched with 

water and extracted three times with diethylether (3 x 20 

mL). The organic layers were combined and dried over 

Na2SO4. The solvent was removed under reduced pressure 

and the residue was purified by column chromatography 

(DCM/MeOH 9/1 + 0.1% TEA) to afford 51 as an orange solid 

(0.27 g, 95%). 1H NMR (300 MHz, CDCl3) δ 7.23 – 7.14 (m, 2H), 

6.87 – 6.80 (m, 2H), 6.15 (d, J = 8.0 Hz, 1H), 4.02 – 3.93 (m, 4H), 3.89 – 3.72 (m, 1H), 3.42 (s, 

2H), 2.79 (d, J = 12.0 Hz, 2H), 2.51 – 2.31 (m, 6H), 2.09 (td, J = 11.7, 2.2 Hz, 2H), 2.02 – 1.75 (m, 

6H), 1.63 – 1.54 (m, 4H), 1.47 – 1.41 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 165.72, 158.23, 

130.24, 130.18, 114.23, 66.55, 62.42, 56.06, 54.68, 52.77, 51.99, 46.74, 32.09, 26.92, 26.02, 
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24.48. HRMS (ESI-MS): m/z [M+2H]2+ calculated for C22H36N6O2
2+: 208.1444, found 208.1450; 

C22H34N6O2 (414.55).  

Dimethyl isophthalate (52) [246] 

Isophthalic acid (3.00 g, 18.0 mmol) was dissolved in MeOH (50 mL) and 

four drops of H2SO4 (96% w/w) were added. The mixture was heated to 

reflux, continued stirring overnight and was concentrated under reduced 

pressure the next morning. Aqueous HCl (1 N, 30 mL) was added to the 

residue and the aqueous phase was extracted three times with diethylether (3 x 30 mL). The 

organic phase was dried over Na2SO4 and the solvent was removed in vacuo to give 52 as a 

white powder (3.29 g, 94%). 1H NMR (300 MHz, CDCl3) δ 8.72 – 8.64 (m, 1H), 8.23 (dd, J = 7.8, 

1.8 Hz, 2H), 7.53 (t, J = 8.0 Hz, 1H), 3.95 (s, 6H). 13C NMR (75 MHz, CDCl3) δ 166.29, 133.84, 

130.74, 130.60, 128.66, 52.41. HRMS (EI-MS): m/z [M∙+] calculated for C10H10O4
∙+: 194.0579, 

found 194.0570; C10H10O4 (194.19). 

3-(Methoxycarbonyl)benzoic acid (53) [247] 

KOH (0.96 g, 17.0 mmol, 1 eq) was dissolved in water (15 mL) and added 

dropwise to a solution of 52 (3.30 g, 17 mmol, 1 eq) in MeOH (40 mL) at 

0 °C. The mixture was then stirred at room temperature overnight. After 

the solvent was evaporated the residue was dissolved in water and washed 

three times with EtOAc (3 x 30 mL). The aqueous layer was acidified with aqueous HCl (1 N) 

until pH < 1 and extracted with EtOAc (3 x 30 mL). The organic layer was dried over Na2SO4 

and the solvent was removed in vacuo to give 53 (1.51 g, 50%) as a white powder. 1H NMR 

(300 MHz, CDCl3) δ 8.79 – 8.76 (m, 1H), 8.34 – 8.27 (m, 2H), 7.59 (td, J = 7.8, 0.5 Hz, 1H), 3.97 

(s, 3H). 13C NMR (75 MHz, CDCl3) δ 170.34, 166.15, 134.69, 134.37, 131.40, 130.81, 128.84, 

52.49. HRMS (EI-MS): m/z [M∙+] calculated for C9H8O4
∙+: 180.0423, found 180.0417; C9H8O4 

(180.16). 
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Dimethyl 3,3'-(6,9,12-trioxa-2,16-diazaheptadecanedioyl)dibenzoate (54) [248] 

53 (1.50 g, 8.0 

mmol, 2 eq) was 

dissolved in 

SOCl2 (20 mL) and one drop of DMF was added. After the mixture was stirred at 80 °C for 5 h 

the solvent was evaporated under reduced pressure. The residue was dissolved in DCM (20 

mL) and added dropwise to a solution of 3,3'-((oxybis(ethane-2,1-diyl))bis(oxy))bis(propan-1-

amine) (0.88 g, 4.0 mmol, 1 eq) and triethylamine (1.60 g, 16.0 mmol, 4 eq) in DCM (30 mL) at 

0 °C. The mixture was then stirred at room temperature overnight and the solvent was 

evaporated. The residue was purified by column chromatography (DCM/MeOH 9/1) to yield 

54 (2.11 g, 99%) as a yellow oil. 1H NMR (300 MHz, CDCl3) δ 8.41 (t, J = 1.5 Hz, 2H), 8.15 – 8.10 

(m, 2H), 8.08 – 8.02 (m, 2H), 7.53 – 7.46 (m, 2H), 7.32 – 7.26 (m, 2H), 3.92 (s, 6H), 3.66 – 3.45 

(m, 16H), 1.90 – 1.79 (m, 4H). 13C NMR (75 MHz, CDCl3) δ 166.46, 166.27, 135.17, 132.16, 

131.83, 130.37, 128.75, 127.83, 70.58, 70.24, 70.16, 52.35, 39.03, 28.83. HRMS (ESI-MS): m/z 

[M+H]+ calculated for C28H37N2O9
+: 545.2494, found 545.2516; C28H36N2O9 (544.60). 

3,3'-(6,9,12-Trioxa-2,16-diazaheptadecanedioyl)dibenzoic acid (55) [248] 

KOH (1.79 g, 32.0 

mmol, 8 eq) was 

dissolved in 

MeOH (20 mL) and added to a solution of 54 (2.12 g, 4 mmol, 1 eq) in MeOH (35 mL). The 

reaction was then stirred at room temperature overnight. After the solvent was removed 

under reduced pressure the residue was diluted with water. Aqueous HCl (1 N) was added to 

set pH < 1 and the resulting precipitate was filtered off. The solid was dried in vacuo to give 

55 as a white powder (2.04 g, 95%). 1H NMR (300 MHz, DMSO-d6) δ 8.65 (t, J = 5.8 Hz, 2H), 

8.41 (t, J = 1.5 Hz, 2H), 8.06 (dd, J = 7.8, 1.7 Hz, 4H), 7.58 (t, J = 7.7 Hz, 2H), 3.55 – 3.41 (m, 

16H), 1.81 – 1.71 (m, 4H). 13C NMR (75 MHz, DMSO-d6) δ 167.37, 165.87, 135.37, 132.17, 

131.91, 131.33, 129.18, 128.44, 70.22, 70.00, 68.70, 55.34, 37.23, 29.69. HRMS (ESI-MS): m/z 

[M+H]+ calculated for C26H33N2O9
+: 517.2181, found 517.2187; C26H32N2O9 (516.55). 
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 tert-Butyl (3-(2-(3-aminopropoxy)ethoxy)propyl)carbamate (56) [249] 

To a solution of 3,3'-(ethane-1,2-

diylbis(oxy))bis(propan-1-amine) (10.00 g, 56.7 

mmol, 5 eq) in DCM (100 mL) a solution of di-tert-butyl dicarbonate (2.47 g, 11.34 mmol, 1 

eq) in DCM (50 mL) was added dropwise over 30 min. The mixture was stirred at room 

temperature for 16 h. The solvent was evaporated and the residue was purified by column 

chromatography (DCM/MeOH 9/1 + 0.1% NH3) to afford 56 (3.28 g, 91%) as a yellow oil. 1H 

NMR (300 MHz, CDCl3) δ 5.04 (s, 1H), 3.55 – 3.44 (m, 8H), 3.23 – 3.08 (m, 2H), 2.77 (t, J = 6.6 

Hz, 2H), 1.78 – 1.62 (m, 4H), 1.37 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 156.10, 78.94, 70.23, 

70.13, 69.54, 39.62, 38.53, 33.16, 29.66, 28.46. HRMS (EIS-MS): m/z [M+H]+ calculated for 

C13H29N2O4
+: 277.2122, found 277.2128; C13H28N2O4 (276.38).  

tert-Butyl (3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)carbamate (57) [250] 

To a solution of 3,3'-((oxybis(ethane-2,1-

diyl))bis(oxy))bis(propan-1-amine) (1.76 g, 

8.0 mmol, 4 eq) in DCM (35 mL) a solution of di-tert-butyl dicarbonate (0.44 g, 2.0 mmol, 1 eq) 

in DCM (20 mL) was added dropwise over 30 min. The mixture was stirred at room 

temperature for 16 h. The solvent was evaporated and the residue was purified by column 

chromatography (DCM/MeOH 9/1 + 0.1% NH3) to afford 57 (0.61 g, 95%) as a yellow oil. 1H 

NMR (300 MHz, CDCl3) δ 3.89 (s, 2H), 3.67 – 3.56 (m, 10H), 3.56 – 3.49 (m, 2H), 3.30 – 3.16 (m, 

2H), 3.03 (t, J = 6.0 Hz, 2H), 1.97 – 1.84 (m, 2H), 1.82 – 1.70 (m, 2H), 1.42 (s, 9H). 13C NMR (75 

MHz, CDCl3) δ 160.28, 81.30, 70.56, 70.38, 70.13, 70.08, 69.76, 69.40, 39.74, 38.41, 29.70, 

28.48. HRMS (ESI-MS): m/z [M+H]+ calculated for C15H33N2O5
+: 321.2384, found 321.2390; 

C15H32N2O5 (320.43). 

Di-tert-butyl((((((isophthaloylbis(azanediyl))bis(propane-3,1-diyl))bis(oxy))bis(ethane-2,1-

diyl))bis(oxy))bis(propane-3,1-diyl))dicarbamate (58a) 

Isophthalic acid (0.25 g, 1.5 mmol, 1 eq) was dissolved in SOCl2 (30 mL) and one drop of DMF 

was added. After the mixture was stirred at 80 °C for 5 h the solvent was evaporated under 
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reduced pressure. The residue was dissolved in DCM (35 mL) and added dropwise to a solution 

of 56 (0.86 g, 3.15 mmol, 2.1 eq) and triethylamine (0.61 g, 6.2 mmol, 4 eq) in DCM (35 mL) at 

0 °C. The mixture was then stirred at room temperature overnight and the solvent was 

evaporated. The residue was purified by column chromatography (DCM/MeOH 9/1) to yield 

58a (0.95 g, 90%) as a red oil. 1H NMR (300 MHz, CDCl3) δ 8.20 – 8.10 (m, 1H), 7.93 (d, J = 7.2 

Hz, 2H), 7.46 (t, J = 7.7 Hz, 1H), 7.36 (bs, 2H), 4.98 (bs, 2H), 3.68 – 3.53 (m, 16H), 3.46 (t, J = 5.6 

Hz, 4H), 3.15 – 3.05 (m, 4H), 1.95 – 1.85 (m, 4H), 1.67 – 1.57 (m, 4H), 1.45 – 1.38 (m, 18H). 13C 

NMR (75 MHz, CDCl3) δ 166.71, 156.12, 135.08, 129.95, 128.66, 125.26, 79.00, 70.48, 70.24, 

70.06, 69.35, 38.86, 38.30, 29.62, 28.92, 28.43. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C34H59N4O10
+: 683.4226, found 683.4235; C34H58N4O10 (682.86). 

Di-tert-butyl (1,3-phenylenebis(1-oxo-6',9',12'-trioxa-2'-azapentadecane-1,15-

diyl))dicarbamate (58b) 

Isophthalic acid (0.21 g, 1.2 mmol, 1 eq) was dissolved in SOCl2 (30 mL) and one drop of DMF 

was added. After the mixture was stirred at 80 °C for 5 h the solvent was evaporated under 

reduced pressure. The residue was dissolved in DCM (30 mL) and added dropwise to a solution 

of 57 (0.80 g, 2.5 mmol, 2.1 eq) and triethylamine (0.50 g, 4.8 mmol, 4 eq) in DCM (35 mL) at 

0 °C. The mixture was then stirred at room temperature overnight and the solvent was 

evaporated. The residue was purified by column chromatography (DCM/MeOH 9/1) to yield 

58b (0.85 g, 92%) as a yellow oil. 1H NMR (300 MHz, CDCl3) δ 8.18 – 8.14 (m, 1H), 7.98 (dd, J = 

7.7, 1.7 Hz, 2H), 7.48 (t, J = 7.4 Hz, 1H), 7.41 (bs, 2H), 4.98 (bs, 2H), 3.69 – 3.62 (m, 12H), 3.61 

– 3.56 (m, 8H), 3.47 – 3.37 (m, 8H), 3.19 – 3.11 (m, 4H), 1.93 – 1.85 (m, 4H), 1.71 – 1.61 (m, 

4H), 1.41 (s, 18H). 13C NMR (75 MHz, CDCl3) δ 166.50, 156.09, 134.91, 130.22, 128.77, 124.97, 

70.45, 70.29, 70.09, 69.43, 38.89, 38.44, 29.62, 28.95, 28.47. HRMS (ESI-MS): m/z [M+H]+ 

calculated for C38H67N4O12
+: 771.4750, found 771.4764; C38H66N4O12 (770.96). 
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Di-tert-butyl (1,4-phenylenebis(1-oxo-6,9,12-trioxa-2-azapentadecane-1,15-

diyl))dicarbamate (58c) 

Terephthalic acid (0.16 g, 1 mmol, 1 eq) was dissolved in SOCl2 (30 mL) and one drop of DMF 

was added. After the mixture was stirred at 80 °C for 5 h the solvent was evaporated under 

reduced pressure. The residue was dissolved in DCM (20 mL) and added dropwise to a solution 

of 57 (0.67 g, 2.1 mmol, 2.1 eq) and triethylamine (0.30 g, 3.0 mmol, 3 eq) in DCM (30 mL) at 

0 °C. The mixture was then stirred at room temperature overnight and the solvent was 

evaporated. The residue was purified by column chromatography (DCM/MeOH 9/1) to yield 

58c (0.81 g, 99%) as a red oil. 1H NMR (400 MHz, CDCl3) δ 7.85 (s, 4H), 7.35 (s, 2H), 5.02 (s, 2H), 

3.70 – 3.63 (m, 12H), 3.61 – 3.56 (m, 8H), 3.51 – 3.42 (m, 8H), 3.16 (t, J = 6.4 Hz, 4H), 1.94 – 

1.87 (m, 4H), 1.74 – 1.66 (m, 4H), 1.42 (s, 18H). 13C NMR (101 MHz, CDCl3) δ 166.40, 156.11, 

137.15, 127.19, 78.99, 70.87, 70.49, 70.46, 70.35, 70.12, 69.48, 53.42, 39.21, 38.62, 29.65, 

28.74, 28.46. HRMS (ESI-MS): m/z [M+H]+ calculated for C38H67N4O12
+: 771.4750, found 

771.4770; C38H66N4O12 (770.96). 

Di-tert-butyl (15,19-dioxo-4,7,10,24,27,30-hexaoxa-14,20-diazatritriacontane-1,33-

diyl)dicarbamate (58d) 

Glutaric acid (0.13 g, 1.0 mmol, 1 eq) was dissolved in SOCl2 (30 mL) and one drop of DMF was 

added. After the mixture was stirred at 80 °C for 5 h the solvent was evaporated under reduced 

pressure. The residue was dissolved in DCM (20 mL) and added dropwise to a solution of 57 

(0.67 g, 2.1 mmol, 2.1 eq) and triethylamine (0.30g, 3.0 mmol, 3 eq) in DCM (30 mL) at 0 °C. 

The mixture was then stirred at room temperature overnight and the solvent was evaporated. 

The residue was purified by column chromatography (DCM/MeOH 9/1) to yield 58d (0.63 g, 

82%) as a red oil. 1H NMR (300 MHz, CDCl3) δ 6.73 (s, 2H), 5.08 (s, 2H), 3.65 – 3.59 (m, 8H), 

3.59 – 3.55 (m, 8H), 3.54 – 3.48 (m, 8H), 3.37 – 3.27 (m, 4H), 3.24 – 3.13 (m, 4H), 2.21 (t, J = 

7.1 Hz, 4H), 1.90 (p, J = 6.7 Hz, 2H), 1.81 – 1.68 (m, 8H), 1.41 (s, 18H). 13C NMR (75 MHz, CDCl3) 
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δ 172.82, 156.15, 78.97, 70.50, 70.19, 70.14, 69.79, 69.46, 50.65, 38.44, 37.69, 35.42, 29.68, 

28.99, 28.46, 22.09. HRMS (ESI-MS): m/z [M+H]+ calculated for C35H69N4O12
+: 737.4907, found 

737.4926; C35H68N4O12 (736.94). 

Di-tert-butyl (((6,9,12-trioxa-2,16-diazaheptadecanedioyl)bis(3,1-phenylene))bis(1-oxo-

6,9,12-trioxa-2-azapentadecane-1,15-diyl))dicarbamate (58e) 

55 (0.26 g, 0.5 mmol, 1 eq) and HATU (1.14 g, 3.0 mmol, 6 eq) were dissolved in DMF (30 mL) 

at 0 °C. After 20 min DIPEA (0.39 g, 3.0 mmol, 6 eq) and 57 (0.80 g, 2.5 mmol, 5 eq) were 

added. After 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 95/5) to give 58e (0.51 g, 91%) as a brown oil. 1H NMR (300 MHz, CDCl3) δ 8.17 

(s, 2H), 7.91 (d, J = 7.7 Hz, 4H), 7.58 (d, J = 4.7 Hz, 4H), 7.38 (t, J = 7.8 Hz, 2H), 5.01 (s, 2H), 3.64 

– 3.31 (m, 44H), 3.08 – 2.95 (m, 4H), 1.88 – 1.70 (m, 8H), 1.66 – 1.53 (m, 4H), 1.34 (s, 18H). 13C 

NMR (75 MHz, CDCl3) δ 166.66, 156.11, 134.84, 130.33, 128.81, 125.02, 78.97, 70.35, 70.32, 

70.26, 70.16, 70.10, 69.88, 38.74, 38.65, 38.41, 29.64, 29.01, 28.47. HRMS (ESI-MS): m/z 

[M+H]+ calculated for C56H93N6O17
+: 1121.6592, found 1121.6615; C56H92N6O17 (1121.38). 
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N1,N3-bis(3-(2-(3-aminopropoxy)ethoxy)propyl)isophthalamide dihydrotrifluoroacetate 

(59a) 

58a (0.95 g, 1.4 

mmol) was 

dissolved in 

DCM (50 mL) and TFA (10 mL) was added. The mixture was stirred at room temperature until 

the starting material was consumed, indicated by TLC. The solution was concentrated under 

reduced pressure and dried in vacuo to give 59a as a brown oil (0.64 g, 96%). The product was 

used without further purification. HRMS (ESI-MS): m/z [M+H]+ calculated for C24H43N4O6
+: 

483.3177, found 483.3181; C24H42N4O6 x C4H2F6O4 (482.62 + 228.05). 

N1,N3-Bis(3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)isophthalamide (59b) 

58b (0.85 g, 1.1 mmol) was dissolved in DCM (50 mL) and TFA (10 mL) was added. The mixture 

was stirred at room temperature until the starting material was consumed, indicated by TLC. 

The solution was concentrated under reduced pressure. The residue was dissolved in DCM 

(35 mL) and washed with 1 M NaOH three times (3 x 20 mL). The organic layer was dried over 

Na2SO4 and the solvent was removed in vacuo to give 59b (0.62 g, 98%) as a yellow oil. 1H 

NMR (300 MHz, CD3OD) δ 8.30 (t, J = 1.6 Hz, 1H), 7.98 (dd, J = 7.8, 1.8 Hz, 2H), 7.57 (t, J = 7.8 

Hz, 1H), 3.70 – 3.55 (m, 24H), 3.49 (t, J = 7.0 Hz, 4H), 3.10 (t, J = 6.5 Hz, 4H), 1.98 – 1.84 (m, 

8H). 13C NMR (75 MHz, CDCl3) δ 160.46, 159.93, 133.44, 131.02, 129.43, 125.66, 116.99, 

113.19, 70.95, 69.91, 69.61, 69.20, 68.79, 41.21, 28.63, 25.86. HRMS (ESI-MS): m/z [M+H]+ 

calculated for C28H51N4O8
+: 571.3701, found 571.3708; C28H50N4O8 (570.72). 
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N1,N4-Bis(3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)terephthalamide (59c) 

58c (0.81 g, 1.0 mmol) was dissolved in DCM (50 mL) and TFA (10 mL) was added. The mixture 

was stirred at room temperature until the starting material was consumed, indicated by TLC. 

The solution was concentrated under reduced pressure. The residue was dissolved in DCM (30 

mL) and washed with 1 M NaOH three times (3 x 20 mL). The organic layer was dried over 

Na2SO4 and the solvent was removed in vacuo to give 59c (0.57 g, 98%) as a yellow oil. 1H NMR 

(300 MHz, CD3OD) δ 7.89 (s, 4H), 3.67 – 3.45 (m, 30H), 2.79 – 2.70 (m, 4H), 1.96 – 1.84 (m, 4H), 

1.79 – 1.68 (m, 4H). 13C NMR (101 MHz, CD3OD) δ 167.76, 137.08, 127.08, 70.11, 70.08, 69.86, 

69.75, 69.02, 68.78, 38.69, 37.36, 31.45, 29.01. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C28H51N4O8
+: 571.3701, found 571.3705; C28H50N4O8 (570.73). 

N1,N5-Bis(3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)glutaramide (59d) 

58d (0.64 g, 0.85 mmol) was dissolved in DCM (50 mL) and TFA (10 mL) was added. The mixture 

was stirred at room temperature until the starting material was consumed, indicated by TLC. 

The solution was concentrated under reduced pressure. The residue was dissolved in DCM 

and washed with 1 M NaOH three times (3 x 20 mL). The organic layer was dried over Na2SO4 

and the solvent was removed in vacuo to give 59d (0.43 g, 95%) as a yellow oil. 1H NMR (300 

MHz, CD3OD) δ 3.68 – 3.56 (m, 21H), 3.51 (t, J = 6.1 Hz, 5H), 3.25 (t, J = 7.0 Hz, 4H), 2.88 – 2.81 

(m, 4H), 2.20 (t, J = 7.4 Hz, 4H), 1.92 – 1.83 (m, 2H), 1.82 – 1.71 (m, 8H). 13C NMR (75 MHz, 

CD3OD) δ 206.50, 173.98, 69.98, 69.70, 69.64, 69.60, 68.94, 68.26, 38.67, 36.28, 34.90, 29.08, 

26.65, 21.92. HRMS (ESI-MS): m/z [M+H]+ calculated for C25H53N4O6
+: 537.3858, found 

537.3867; C25H52N4O6 (536.71). 
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N1,N1'-(((Oxybis(ethane-2,1-diyl))bis(oxy))bis(propane-3,1-diyl))bis(N3-(3-(2-(2-(3-

aminopropoxy)ethoxy)ethoxy)propyl)isophthalamide dihydrotrifluoroacetate (59e) 

58e (0.35 g, 0.31 mmol) was dissolved in DCM (50 mL) and TFA (10 mL) was added. The mixture 

was stirred at room temperature until the starting material was consumed, indicated by TLC. 

The solution was concentrated under reduced pressure and dried in vacuo to give 59e as a 

brown oil (0.28 g, 98%). The product was used without further purification. 1H NMR (400 MHz, 

CDCl3) δ 8.57 – 8.38 (m, 4H), 8.31 (s, 2H), 8.00 (d, J = 7.3 Hz, 4H), 7.81 (s, 4H), 7.45 (t, J = 6.7 

Hz, 2H), 3.75 – 3.39 (m, 44H), 3.31 – 3.14 (m, 4H), 2.03 – 1.93 (m, 4H), 1.92 – 1.76 (m, 8H). 13C 

NMR (101 MHz, CDCl3) δ 167.69, 167.53, 133.81, 131.10, 128.94, 125.48, 70.46, 70.21, 69.91, 

69.63, 69.54, 69.52, 69.46, 69.39, 68.72, 40.54, 37.51, 29.19, 28.87, 26.18. HRMS (ESI-MS): 

m/z [M+2H]2+ calculated for C46H78N6O13
2+: 461.2808, found 461.2810; C46H76N6O13 x C4H2F6O4 

(921.14 + 228.05). 

N1,N3-Bis(3-(2-(3-(2-chloroacetamido)propoxy)ethoxy)propyl)isophthalamide (60a) 

To a solution of 59a (0.63 g, 1.3 mmol, 1 eq) and triethylamine (0.80 g, 7.8 mmol, 6 eq) in DCM 

(35 mL) a solution of 2-chloroacetyl chloride (0.31 g, 2.73 mmol, 2.1 eq) in DCM (20 mL) was 

added dropwise. The reaction was stirred at room temperature overnight. After the solvent 

was removed under reduced pressure the crude product was purified by column 

chromatography (DCM/MeOH 95/5) to yield 60a as a red oil (0.78 g, 95%). 1H NMR (300 MHz, 
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CDCl3) δ 8.13 (t, J = 1.6 Hz, 1H), 7.89 (dd, J = 7.7, 1.8 Hz, 2H), 7.45 (t, J = 7.7 Hz, 1H), 7.39 (bt, J 

= 5.0 Hz, 2H), 3.99 (s, 4H), 3.66 – 3.53 (m, 16H), 3.49 (t, J = 5.7 Hz, 4H), 3.30 – 3.21 (m, 4H), 

1.94 – 1.86 (m, 4H), 1.68 – 1.61 (m, 4H). 13C NMR (75 MHz, CDCl3) δ 166.81, 166.05, 135.22, 

129.84, 128.69, 125.46, 70.54, 70.36, 70.32, 70.12, 50.70, 42.69, 38.99, 38.40, 28.91, 28.62. 

HRMS (ESI-MS): m/z [M+H]+ calculated for C28H45Cl2N4O8
+: 635.2609, found 635.2620; 

C28H44Cl2N4O8 (635.58).  

N1,N3-Bis(1-chloro-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)isophthalamide (60b) 

To a solution of 59b (0.62 g, 1.1 mmol, 1 eq) and triethylamine (0.67 g, 6.6 mmol, 6 eq) in DCM 

(30 mL) a solution of 2-chloroacetyl chloride (0.26 g, 2.3 mmol, 2.1 eq) in DCM (20 mL) was 

added dropwise. The reaction was stirred at room temperature overnight. After the solvent 

was removed under reduced pressure the crude product was purified by column 

chromatography (DCM/MeOH 95/5) to yield 60b as a red oil (0.75 g, 94%). 1H NMR (300 MHz, 

CDCl3) δ 8.18 (t, J = 1.5 Hz, 1H), 7.97 (dd, J = 7.7, 1.7 Hz, 2H), 7.48 (t, J = 7.8 Hz, 1H), 7.41 (t, J = 

5.1 Hz, 2H), 7.32 – 7.26 (m, 2H), 4.01 (s, 4H), 3.68 – 3.53 (m, 21H), 3.50 – 3.43 (m, 8H), 3.40 – 

3.31 (m, 4H), 1.94 – 1.84 (m, 4H), 1.77 – 1.68 (m, 4H). 13C NMR (75 MHz, CDCl3) δ 166.72, 

166.22, 134.75, 130.25, 128.81, 125.25, 122.72, 120.65, 70.27, 70.04, 53.48, 42.69, 41.15, 

38.90, 38.66, 30.97, 28.92, 28.54, 28.03. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C32H53Cl2N4O10
+: 723.3133, found 723.3143; C32H52Cl2N4O10 (723.68). 

N1,N4-Bis(1-chloro-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)terephthalamide (60c) 

To a solution of 59c (0.57 g, 1.0 mmol, 1 eq) and triethylamine (0.21 g, 2.1 mmol, 2.1 eq) in 

DCM (30 mL) a solution of 2-chloroacetyl chloride (0.24 g, 2.1 mmol, 2.1 eq) in DCM (20 mL) 

was added dropwise. The reaction was stirred at room temperature overnight. After the 

solvent was removed under reduced pressure the crude product was purified by column 

chromatography (DCM/MeOH 95/5) to yield a red oil for 60c (0.64 g, 88%). 1H NMR (400 MHz, 
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CDCl3) δ 7.86 (s, 4H), 7.38 – 7.26 (m, 4H), 4.01 (s, 4H), 3.69 – 3.63 (m, 12H), 3.62 – 3.57 (m, 

8H), 3.54 – 3.48 (m, 8H), 3.41 – 3.34 (m, 4H), 1.94 – 1.86 (m, 4H), 1.80 – 1.73 (m, 4H). 13C NMR 

(101 MHz, CDCl3) δ 166.36, 165.98, 137.15, 127.20, 70.93, 70.48, 70.42, 70.34, 70.31, 70.24, 

42.71, 39.29, 38.57, 28.76, 28.66. HRMS (ESI-MS): m/z [M+H]+ calculated for C32H53Cl2N4O10
+: 

723.3145, found 723.3145; C32H52Cl2N4O10 (723.69). 

N1,N5-Bis(1-chloro-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)glutaramide (60d) 

To a solution of 59d (0.53 g, 1.0 mmol, 1 eq) and triethylamine (0.30 g, 3.0 mmol, 3 eq) in DCM 

(30 mL) a solution of 2-chloroacetyl chloride (0.24 g, 2.1 mmol, 2.1 eq) in DCM (20 mL) was 

added dropwise. The reaction was stirred at room temperature overnight. After the solvent 

was removed under reduced pressure the crude product was purified by column 

chromatography (DCM/MeOH 95/5) to yield 60d as a brown oil (0.52 g, 75%). 1H NMR (400 

MHz, CD3OD) δ 3.99 (s, 4H), 3.61 – 3.57 (m, 8H), 3.57 – 3.52 (m, 8H), 3.52 – 3.45 (m, 8H), 3.29 

– 3.24 (m, 8H), 2.16 (t, J = 7.5 Hz, 4H), 1.83 (p, J = 7.5 Hz, 2H), 1.79 – 1.68 (m, 8H). 13C NMR 

(101 MHz, CDCl3) δ 177.82, 171.69, 74.10, 73.83, 73.79, 72.60, 72.44, 45.81, 41.09, 40.36, 

38.87, 32.98, 32.69, 25.86. HRMS (ESI-MS): m/z [M+H]+ calculated for C29H55Cl2N4O10
+: 

689.3290, found 689.3307; C29H54Cl2N4O10 (689.67). 
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N1,N1'-(((Oxybis(ethane-2,1-diyl))bis(oxy))bis(propane-3,1-diyl))bis(N3-(1-chloro-2-oxo-

7,10,13-trioxa-3-azahexadecan-16-yl)isophthalamide) (60e) 

To a solution of 59e (0.25 g, 0.27 mmol, 1 eq) and triethylamine (0.16 g, 1.6 mmol, 6 eq) in 

DCM (30 mL) a solution of 2-chloroacetyl chloride (0.07 g, 0.54 mmol, 2.2 eq) in DCM (20 mL) 

was added dropwise. The reaction was stirred at room temperature overnight. After the 

solvent was removed under reduced pressure the crude product was purified by column 

chromatography (DCM/MeOH 95/5) to yield 60e as a red oil (0.28 g, 96%). 1H NMR (300 MHz, 

CDCl3) δ 8.20 – 8.15 (m, 2H), 7.87 (dd, J = 7.8, 1.2 Hz, 4H), 7.66 (dd, J = 12.5, 5.5 Hz, 4H), 7.40 

– 7.30 (m, 4H), 3.89 (s, 4H), 3.56 – 3.46 (m, 22H), 3.43 – 3.34 (m, 22H), 3.26 – 3.21 (m, 4H), 

1.80 – 1.68 (m, 8H), 1.67 – 1.59 (m, 4H). 13C NMR (75 MHz, CDCl3) δ 167.01, 166.46, 134.54, 

134.46, 130.34, 128.76, 125.49, 70.30, 70.25, 70.20, 70.06, 70.02, 69.93, 69.84, 50.45, 45.75, 

42.64, 38.51, 38.43, 28.95, 28.89, 28.53. HRMS (ESI-MS): m/z [M+2H]2+ calculated for 

C50H80Cl2N6O15
2+: 537.2524, found 537.2533; C50H78Cl2N6O15 (1074.10). 

N1,N3-Bis(3-(2-(3-(2-azidoacetamido)propoxy)ethoxy)propyl)isophthalamide (61a) 

NaN3 (0.34 g, 5.2 mmol, 4 eq) was added to a solution of 60a (0.82 g, 1.3 mmol, 1 eq) in DMF 

(20 mL). The reaction was stirred at 80 °C overnight. Then, the solution was concentrated 

under reduced pressure and purified by column chromatography (DCM/MeOH 95/5) to give 
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61a (0.78 g, 92%) as a yellow oil. 1H NMR (300 MHz, CDCl3) δ 8.12 (t, J = 1.5 Hz, 1H), 7.89 (dd, 

J = 7.7, 1.7 Hz, 2H), 7.46 (t, J = 7.7 Hz, 1H), 7.37 (bt, J = 5.1 Hz, 2H), 7.00 (s, 2H), 3.90 (s, 4H), 

3.69 – 3.53 (m, 16H), 3.50 – 3.44 (m, 4H), 3.25 –  3.16 (m, 4H), 1.97 – 1.83 (m, 4H), 1.69 – 1.56 

(m, 4H). 13C NMR (75 MHz, CDCl3) δ 166.85, 166.81, 135.24, 129.88, 128.74, 125.37, 70.52, 

70.33, 70.24, 69.84, 52.62, 38.98, 37.76, 28.91, 28.81. HRMS (ESI-MS): m/z [M+H]+ calculated 

for C28H45N10O8
+: 649.3416, found 649.3419; C28H44N10O8 (648.72). 

N1,N3-Bis(1-azido-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)isophthalamide (61b) 

NaN3 (0.09 g, 1.4 mmol, 4 eq) was added to a solution of 60b (0.25 g, 0.34 mmol, 1 eq) in DMF 

(20 mL). The reaction was stirred at 80 °C overnight. Then, the solution was concentrated 

under reduced pressure and purified by column chromatography (DCM/MeOH 95/5) to give 

61b (0.78 g, 92%) as a yellow oil. 1H NMR (300 MHz, CDCl3) δ 8.21 – 8.14 (m, 1H), 7.96 (dd, J = 

7.7, 1.5 Hz, 2H), 7.56 – 7.38 (m, 3H), 7.05 (bs, 2H), 3.90 (s, 4H), 3.70 – 3.50 (m, 20H), 3.50 – 

3.39 (m, 8H), 3.36 – 3.27 (m, 4H), 1.95 – 1.80 (m, 4H), 1.77 – 1.63 (m, 4H). 13C NMR (75 MHz, 

CDCl3) δ 166.90, 166.67, 134.86, 130.17, 128.79, 125.15, 70.32, 70.27, 70.15, 70.12, 70.04, 

69.92, 52.59, 38.64, 37.91, 28.97, 28.76. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C32H53N10O10
+: 737.3941, found 737.3961; C32H52N10O10 (736.82). 

N1,N4-Bis(1-azido-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)terephthalamide (61c) 

NaN3 (0.26 g, 4.0 mmol, 4 eq) was added to a solution of 60c (0.72 g, 1.0 mmol, 1 eq) in DMF 

(20 mL). The reaction was stirred at 80 °C overnight. Then, the solution was concentrated 

under reduced pressure and purified by column chromatography (DCM/MeOH 95/5) to give 

61c (0.67 g, 91%) as a brown oil. 1H NMR (400 MHz, CDCl3) δ 7.87 (s, 4H), 7.36 (bt, J = 4.9 Hz, 

2H), 7.07 (bs, 2H), 3.91 (s, 4H), 3.71 – 3.56 (m, 20H), 3.53 – 3.46 (m, 8H), 3.40 – 3.32 (m, 4H), 

1.95 – 1.86 (m, 4H), 1.79 – 1.71 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 166.40, 137.16, 127.21, 

70.93, 70.48, 70.43, 70.32, 70.17, 70.02, 52.65, 39.29, 37.97, 28.81, 28.75. HRMS (ESI-MS): 

m/z [M+H]+ calculated for C32H53N10O10
+: 737.3941, found 737.3959; C32H52N10O10 (736.83). 
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N1,N5-Bis(1-azido-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)glutaramide (61d) 

NaN3 (0.22 g, 3.0 mmol, 4 eq) was added to a solution of 60d (0.52 g, 0.75 mmol, 1 eq) in DMF 

(20 mL). The reaction was stirred at 80 °C overnight. Then, the solution was concentrated 

under reduced pressure and purified by column chromatography (DCM/MeOH 95/5) to give 

61d (0.44 g, 84%) as a brown oil. 1H NMR (300 MHz, CD3OD) δ 3.88 (s, 4H), 3.67 – 3.61 (m, 8H), 

3.61 – 3.56 (m, 8H), 3.56 – 3.48 (m, 8H), 3.32 – 3.21 (m, 8H), 2.20 (t, J = 7.4 Hz, 4H), 1.93 – 1.84 

(m, 2H), 1.83 – 1.70 (m, 8H). 13C NMR (75 MHz, CD3OD) δ 173.84, 168.58, 70.15, 69.86, 69.84, 

68.59, 68.48, 51.63, 36.71, 36.41, 34.91, 29.03, 28.88, 21.91. HRMS (ESI-MS): m/z [M+H]+ 

calculated for C29H55N10O10
+: 703.4097, found 703.4111; C29H54N10O10 (702.81). 

N1,N1'-(((Oxybis(ethane-2,1-diyl))bis(oxy))bis(propane-3,1-diyl))bis(N3-(1-azido-2-oxo-

7,10,13-trioxa-3-azahexadecan-16-yl)isophthalamide) (61e) 

NaN3 (0.07 g, 1.1 mmol, 4 eq) was added to a solution of 60e (0.28 g, 0.26 mmol, 1 eq) in DMF 

(20 mL). The reaction was stirred at 80 °C overnight. Then, the solution was concentrated 

under reduced pressure and purified by column chromatography (DCM/MeOH 95/5) to give 

61e (0.27 g, 95%) as a yellow oil. 1H NMR (300 MHz, CDCl3) δ 8.23 – 8.17 (s, 2H), 7.94 – 7.86 

(m, 4H), 7.64 (bt, J = 5.2 Hz, 4H), 7.39 (t, J = 7.7 Hz, 2H), 7.10 (bt, J = 5.6 Hz, 2H), 3.84 (s, 4H), 

3.62 – 3.42 (m, 44H), 3.30 – 3.23 (m, 4H), 1.88 – 1.60 (m, 12H). 13C NMR (101 MHz, CDCl3) δ 
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167.19, 167.12, 134.38, 134.30, 130.56, 128.88, 125.52, 70.33, 70.28, 70.13, 70.05, 70.00, 

69.87, 52.50, 38.80, 38.15, 28.97, 28.87, 28.67. HRMS (ESI-MS): m/z [M+2H]2+ calculated for 

C50H80N12O15
2+: 544.2928, found 544.2934; C50H78N12O15 (1087.24). 

N1,N3-Di(prop-2-yn-1-yl)isophthalamide (63) [251] 

Isophthalic acid (0.50 g, 3.0 mmol, 1 eq) was dissolved in 

SOCl2 (30 mL) and one drop of DMF was added. After the 

mixture was stirred at 80 °C for 5 h the solvent was then 

evaporated under reduced pressure to give 62. The residue was dissolved in DCM (30 mL) and 

added dropwise to a solution of propargylamine (0.34 g, 6.23 mmol, 2.1 eq) and triethylamine 

(1.22 g, 11.9 mmol, 4 eq) in DCM (30 mL) at 0 °C. The mixture was then stirred at room 

temperature overnight and the solvent was evaporated. The crude product was diluted in 

aqueous HCl (1 N, 20 mL) and extracted three times with EtOAc (3 x 30 mL). The organic phases 

were combined, dried over Na2SO4 and concentrated under reduced pressure. The residue 

was dried in vacuo to give 63 (0.69 g, 95%) as an orange-brown solid. 1H NMR (400 MHz, 

CD3OD) δ 8.29 (t, J = 1.6 Hz, 1H), 7.98 (dd, J = 7.8, 1.8 Hz, 2H), 7.57 (t, J = 7.8 Hz, 1H), 4.16 (d, J 

= 2.5 Hz, 4H), 2.61 (t, J = 2.5 Hz, 2H). 13C NMR (101 MHz, CD3OD) δ 167.49, 134.34, 130.09, 

128.58, 126.12, 79.19, 70.79, 28.62. HRMS (ESI-MS): m/z [M+H]+ calculated for C14H13N2O2
+: 

241.0972, found 241.0972; C14H12N2O2 (240.27). 

N-(Prop-2-yn-1-yl)acetamide (64) [252] 

Acetyl chloride (1.8 g, 23.4 mmol, 1.3 eq) was dissolved in DCM (30 mL) and 

added to a solution of propargylamine (1.0 g, 18 mmol, 1 eq) and 

triethylamine (2.7 g, 27 mmol, 1.5 eq) in DCM (45 mL). 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) to obtain 64 as a white powder 

(1.4 g, 80 %). 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∙+] calculated for C5H7NO∙+: 97.05222, found 97.05218; C5H7NO (97.12). 
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General procedure for final bivalent compounds: 

Ascorbic acid (0.3 eq) and CuSO4∙5H2O (0.1 eq) were added to a solution of the two precursors 

(1.1 eq each) and linker (1 eq) in DCM/MeOH (4/1, 40 mL). The reaction was stirred at room 

temperature for 72 h. The solvent was removed under reduced pressure and the resulting 

crude product was purified by preparative HPLC (MeCN/0.1% aqueous TFA) or (MeCN/10% 

aqueous ammonia). 

N1-((1-(3-((3-((4-(4-Chlorophenyl)-4-hydroxypiperidin-1-yl)methyl)-1H-indol-5-

yl)oxy)propyl)-1H-1,2,3-triazol-4-yl)methyl)-N3-((1-(2-oxo-2-((1-(4-(3-(piperidin-1-

yl)propoxy)benzyl)piperidin-4-yl)amino)ethyl)-1H-1,2,3-triazol-4-yl)methyl)isophthalamide  

pentahydrotrifluoroacetate (65) 

The title compound was prepared from 5a (0.20 g, 0.45 mmol), 51 (0.19 g, 0.45 mmol) and 63 

(0.10 g, 0.41 mmol) according to the general procedure. The product 65 was obtained as a red 

solid (59.9 mg, 8%). 1H NMR (600 MHz, D2O) δ 7.87 – 7.81 (m, 1H), 7.73 (s, 1H), 7.69 – 7.65 (m, 

2H), 7.40 (d, J = 7.8 Hz, 1H), 7.29 – 7.22 (m, 4H), 7.21 – 7.14 (m, 5H), 7.05 – 7.00 (m, 1H), 6.93 

(d, J = 8.6 Hz, 2H), 6.82 (d, J = 1.9 Hz, 1H), 6.53 (dd, J = 11.4, 9.5 Hz, 1H), 5.06 (s, 2H), 4.51 – 

4.47 (m, 4H), 4.39 (s, 2H), 4.18 (s, 2H), 4.07 (s, 2H), 4.04 (t, J = 5.8 Hz, 2H), 3.76 (t, J = 5.3 Hz, 

2H), 3.44 (d, J = 12.2 Hz, 2H), 3.35 (d, J = 12.7 Hz, 2H), 3.25 – 3.13 (m, 7H), 2.86 – 2.78 (m, 4H), 

2.23 – 2.17 (m, 2H), 2.12 – 2.07 (m, 2H), 1.99 – 1.91 (m, 4H), 1.86 – 1.69 (m, 6H), 1.65 – 1.53 

(m, 4H). 13C NMR (151 MHz, D2O) δ 168.70, 166.94, 159.14, 152.53, 144.62, 144.27, 133.24, 

132.97, 132.75, 132.65, 131.16, 130.23, 130.01, 129.28, 128.86, 128.37, 127.23, 125.90, 

125.55, 125.27, 124.51, 121.06, 117.26, 115.36, 115.13, 115.05, 112.94, 112.47, 101.81, 

101.24, 68.50, 65.60, 65.23, 59.78, 54.37, 53.29, 51.91, 51.44, 50.75, 47.57, 44.78, 34.80, 

34.61, 28.71, 28.17, 23.40, 22.79, 21.05. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C59H73ClN13O6
+: 1094.5490, found 1094.5486. Anal. RP-HPLC (220 nm): 97% (tR = 10.28 min, k 

= 2.20). C59H72ClN13O6 x C10H5F15O10 (1094.76 + 570.11). 
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N1-(3-(2-(3-(2-(4-(((3-((4-(4-Chlorophenyl)-4-hydroxypiperidin-1-yl)methyl)-1H-indol-5-

yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)acetamido)propoxy)ethoxy)propyl)-N3-(3-(2-(3-(2-(4-

((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-

triazol-1-yl)acetamido)propoxy)ethoxy)propyl)isophthalamide pentahydrotrifluoroacetate 

(66) 

The title compound was prepared from 3a (0.10 g, 0.25 mmol), 43 (0.10 g, 0.25 mmol) and 

61a (0.15 g, 0.23 mmol) according to the general procedure. The product 66 was obtained as 

a red solid (9.8 mg, 2%). 1H NMR (400 MHz, D2O) δ 7.90 (s, 1H), 7.84 (s, 1H), 7.75 (d, J = 12.1 

Hz, 1H), 7.64 (d, J = 7.7 Hz, 2H), 7.41 (s, 1H), 7.30 (dd, J = 16.2, 8.2 Hz, 5H), 7.24 – 7.16 (m, 4H), 

7.13 (s, 1H), 6.91 (t, J = 10.9 Hz, 2H), 6.79 (d, J = 8.7 Hz, 1H), 5.09 (s, 2H), 5.02 (d, J = 6.9 Hz, 

4H), 4.30 (d, J = 14.4 Hz, 4H), 4.09 (s, 2H), 4.03 – 3.95 (m, 2H), 3.42 (s, 16H), 3.33 (t, J = 6.2 Hz, 

2H), 3.24 –  3.20 (m, 10H), 3.19 – 3.14 (m, 2H), 3.08 (t, J = 6.6 Hz, 2H), 3.03 (t, J = 6.7 Hz, 2H), 

2.90 – 2.77 (m, 4H), 2.43 (tt, J = 12.2, 3.0 Hz, 1H), 2.15 – 2.06 (m, 2H), 2.04 – 1.90 (m, 2H), 1.94 

– 1.46 (m, 20H). 13C NMR (101 MHz, D2O) δ 175.69, 168.95, 167.34, 167.02, 159.21, 152.01, 

144.50, 143.86, 134.06, 132.84, 132.76, 131.77, 130.07, 129.81, 129.13, 129.02, 128.47, 

127.49, 126.25, 126.02, 125.65, 125.10, 121.13, 120.71, 117.81, 115.11, 114.91, 113.28, 

112.01, 102.79, 102.11, 69.33, 68.70, 68.55, 68.21, 68.17, 65.29, 62.01, 60.11, 54.41, 53.34, 

52.17, 52.05, 51.53, 51.06, 47.64, 39.64, 37.41, 37.36, 36.72, 34.73, 34.31, 28.26, 28.06, 27.99, 

25.68, 23.42, 22.83, 21.10. HRMS (ESI-MS): m/z [M+2H]2+ calculated for C75H104ClN15O12
2+: 

720.883, found 720.8844. Anal. RP-HPLC (220 nm): 99% (tR = 10.51 min, k = 2.27). 

C75H102ClN15O12 x C10H5F15O10 (1441.18 + 570.11). 
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N1-(1-(4-(((3-((4-(4-Chlorophenyl)-4-hydroxypiperidin-1-yl)methyl)-1H-indol-5-

yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)-N3-(2-

oxo-1-(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-

1,2,3-triazol-1-yl)-7,10,13-trioxa-3-azahexadecan-16-yl)isophthalamide 

pentahydrotrifluoroacetate (67) 

The title compound was prepared from 3a (0.04 g, 0.11 mmol), 43 (0.05 g, 0.11 mmol) and 

61b (0.07 g, 0.1 mmol) according to the general procedure. The product 67 was obtained as a 

red solid (29.0 mg). 1H NMR (600 MHz, D2O) δ 7.89 – 7.80 (m, 2H), 7.74 – 7.69 (m, 1H), 7.61 

(d, J = 6.1 Hz, 2H), 7.37 – 7.31 (m, 1H), 7.28 – 7.19 (m, 4H), 7.16 – 7.00 (m, 5H), 6.88 (d, J = 8.4 

Hz, 2H), 6.68 (d, J = 7.9 Hz, 1H), 4.98 (s, 6H), 4.33 – 4.18 (m, 4H), 4.04 (s, 2H), 3.98 (t, J = 5.4 

Hz, 2H), 3.48 – 3.33 (m, 24H), 3.29 – 3.26 (m, 4H), 3.25 – 3.15 (m, 10H), 3.14 – 3.11 (m, 2H), 

3.06 (t, J = 6.7 Hz, 2H), 3.01 – 2.94 (m, 2H), 2.86 – 2.72 (m, 4H), 2.40 (t, J = 12.0 Hz, 1H), 2.09 – 

2.02 (m, 2H), 1.87 (d, J = 13.5 Hz, 2H), 1.79 (d, J = 14.7 Hz, 2H), 1.72 – 1.52 (m, 14H), 1.50 – 

1.44 (m, 2H). 13C NMR (151 MHz, D2O) δ 175.55, 168.52, 167.20, 166.78, 159.14, 152.17, 

144.46, 143.72, 133.96, 132.76, 132.44, 130.02, 129.03, 128.30, 125.95, 125.64, 125.02, 

121.02, 119.25, 117.31, 115.38, 115.02, 113.45, 113.05, 102.35, 102.03, 69.50, 69.46, 69.30, 

69.20, 68.62, 68.43, 68.17, 65.17, 60.03, 54.33, 53.26, 51.96, 50.99, 47.57, 39.58, 37.30, 36.66, 

34.70, 34.27, 30.18, 28.30, 28.05, 25.63, 23.36, 22.76, 21.05. HRMS (ESI-MS): m/z [M+2H]2+ 

calculated for C79H112ClN15O14
2+: 764.9095, found 764.9099. Anal. RP-HPLC (220 nm): 95% (tR 

= 10.79 min, k = 2.36). C79H110ClN15O14 x C10H5F15O10 (1529.29 + 570.11). 
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N1-(1-(4-(((3-((4-(4-Chlorophenyl)-4-hydroxypiperidin-1-yl)methyl)-1H-indol-5-

yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)-N4-(2-

oxo-1-(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-

1,2,3-triazol-1-yl)-7,10,13-trioxa-3-azahexadecan-16-yl)terephthalamide 

pentahydrotrifluoroacetate (68) 

The title compound was prepared from 3a (0.07 g, 0.17 mmol), 43 (0.07 g, 0.17 mmol) and 61c 

(0.11 g, 0.15 mmol) according to the general procedure. The product 68 was obtained as a red 

solid (30.1 mg, 10%). 1H NMR (400 MHz, D2O) δ 7.79 (s, 1H), 7.68 (s, 1H), 7.51 (s, 4H), 7.29 (s, 

1H), 7.22 (d, J = 8.6 Hz, 2H), 7.16 (d, J = 10.5 Hz, 1H), 7.10 – 7.02 (m, 3H), 6.97 (d, J = 7.7 Hz, 

2H), 6.85 (d, J = 8.7 Hz, 2H), 6.63 (d, J = 7.9 Hz, 1H), 4.95 (s, 6H), 4.27 – 4.20 (m, 2H), 4.02 (s, 

2H), 3.95 (t, J = 5.3 Hz, 2H), 3.42 – 3.22 (m, 30H), 3.21 – 3.13 (m, 8H), 3.12 – 3.02 (m, 6H), 2.99 

– 2.91 (m, 2H), 2.84 – 2.69 (m, 4H), 2.37 (t, J = 11.9 Hz, 1H), 2.07 – 1.98 (m, 2H), 1.85 (d, J = 

12.9 Hz, 2H), 1.77 (d, J = 14.7 Hz, 2H), 1.69 – 1.49 (m, 14H), 1.48 – 1.40 (m, 2H). 13C NMR (101 

MHz, D2O) δ 175.60, 168.57, 167.25, 166.80, 159.23, 152.36, 144.51, 143.80, 136.48, 132.83, 

132.51, 131.69, 128.32, 127.30, 126.04, 125.10, 121.08, 120.77, 117.87, 115.09, 114.96, 

112.06, 102.09, 69.55, 69.39, 69.29, 68.66, 68.49, 68.25, 65.23, 60.11, 54.41, 53.33, 52.04, 

51.07, 39.66, 37.31, 36.74, 34.32, 28.39, 28.14, 25.71, 23.44, 22.84, 21.13. HRMS (ESI-MS): 

m/z [M+2H]2+ calculated for C79H112ClN15O14
2+: 764.9095, found 764.9103. Anal. RP-HPLC (220 

nm): 96% (tR = 10.30 min, k = 2.21). C79H110ClN15O14 x C10H5F15O10 (1529.29 + 570.11). 
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N1-(1-(4-(((3-((4-(4-Chlorophenyl)-4-hydroxypiperidin-1-yl)methyl)-1H-indol-5-

yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)-N5-(2-

oxo-1-(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-

1,2,3-triazol-1-yl)-7,10,13-trioxa-3-azahexadecan-16-yl)glutaramide 

pentahydrotrifluoroacetate (69) 

The title compound was prepared from 3a (0.05 g, 0.13 mmol), 43 (0.05 g, 0.13 mmol) and 

61d (0.09 g, 0.13 mmol) according to the general procedure. The product 69 was obtained as 

a red solid (29.9 mg, 12%). 1H NMR (400 MHz, D2O) δ 7.89 (d, J = 17.0 Hz, 1H), 7.76 (d, J = 11.5 

Hz, 1H), 7.41 (s, 1H), 7.30 – 7.14 (m, 8H), 6.91 (d, J = 8.7 Hz, 2H), 6.79 (dd, J = 8.9, 2.2 Hz, 1H), 

5.10 (s, 2H), 5.01 (d, J = 10.9 Hz, 4H), 4.30 (d, J = 9.6 Hz, 4H), 4.09 (d, J = 8.2 Hz, 2H), 4.02 (t, J 

= 5.7 Hz, 2H), 3.48 – 3.23 (m, 32H), 3.14 – 3.10 (m, 4H), 3.08 – 3.00 (m, 6H), 2.91 – 2.74 (m, 

4H), 2.43 – 2.31 (m, 1H), 2.13 – 1.97 (m, 8H), 1.96 – 1.87 (m, 2H), 1.82 (d, J = 15.7 Hz, 2H), 1.79 

– 1.52 (m, 18H). 13C NMR (101 MHz, D2O) δ 175.77, 175.42, 167.46, 167.13, 159.25, 152.11, 

144.58, 143.86, 132.88, 132.81, 131.83, 129.87, 128.54, 127.59, 126.37, 126.11, 125.17, 

121.17, 117.86, 115.14, 114.96, 113.36, 102.84, 102.18, 69.57, 69.34, 68.60, 68.38, 68.30, 

65.30, 62.08, 60.15, 54.45, 53.37, 52.16, 52.08, 51.52, 51.10, 47.66, 39.70, 36.76, 36.39, 34.96, 

34.78, 34.37, 28.28, 28.14, 28.10, 25.72, 23.46, 22.87, 21.88, 21.14. HRMS (ESI-MS): m/z 

[M+2H]2+ calculated for C76H114ClN15O14
2+: 747.9174, found 747.9180. Anal. RP-HPLC (220 nm): 

98% (tR = 9.50 min, k = 1.96). C76H112ClN15O14 x C10H5F15O10 (1495.27 + 570.11). 
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N1-(1-(3-((1-(4-(((3-((4-(4-Chlorophenyl)-4-hydroxypiperidin-1-yl)methyl)-1H-indol-5-

yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-

yl)carbamoyl)phenyl)-1-oxo-6,9,12-trioxa-2-azapentadecan-15-yl)-N3-(2-oxo-1-(4-((1-(4-(3-

(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-yl)-

7,10,13-trioxa-3-azahexadecan-16-yl)isophthalamide pentahydrotrifluoroacetat (70) 

The title compound was prepared from 3a (0.13 g, 0.32 mmol), 43 (0.13 g, 0.32 mmol) and 

61e (0.29 g, 0.27 mmol) according to the general procedure. The product 70 was obtained as 

a red solid (33.3 mg, 5%). 1H NMR (600 MHz, D2O) δ 7.86 (s, 2H), 7.80 (s, 1H), 7.73 – 7.68 (m, 

1H), 7.63 – 7.55 (m, 4H), 7.28 (s, 1H), 7.23 – 7.12 (m, 5H), 7.10 – 6.97 (m, 3H), 6.95 – 6.85 (m, 

2H), 6.82 (d, J = 8.1 Hz, 2H), 6.60 (s, 1H), 4.96 (s, 6H), 4.26 – 4.21 (m, 2H), 4.05 – 3.99 (m, 2H), 

3.93 (s, 2H), 3.40 – 3.23 (m, 41H), 3.19 – 3.08 (m, 14H), 3.07 – 2.95 (m, 7H), 2.94 (s, 2H), 2.82 

–  2.74 (m, 2H), 2.71 – 2.61 (m, 2H), 2.44 – 2.34 (m, 1H), 2.04 – 2.00 (m, 2H), 1.86 (d, J = 9.2 

Hz, 2H), 1.75 (d, J = 14.0 Hz, 2H), 1.70 – 1.50 (m, 18H), 1.45 – 1.38 (m, 2H). 13C NMR (151 MHz, 

D2O) δ 175.40, 168.22, 168.00, 167.07, 162.96, 162.72, 162.49, 162.26, 159.12, 144.45, 

133.94, 132.70, 129.97, 125.94, 124.98, 120.97, 119.28, 117.34, 115.40, 114.96, 113.47, 69.49, 

69.30, 69.20, 68.57, 68.34, 68.16, 65.09, 59.99, 54.28, 53.21, 51.93, 50.98, 39.56, 37.26, 36.64, 

34.25, 28.41, 28.09, 25.63, 23.35, 22.74, 21.05. HRMS (ESI-MS): m/z [M+2H]2+ calculated for 

C97H138ClN17O19
2+: 940.0016, found 940.0022. Anal. RP-HPLC (220 nm): 98% (tR = 12.19 min, k 

= 2.80). C97H136ClN17O19 x C10H5F15O10 (1879.71 + 570.11). 
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N1-((1-(3-((3-((4-(4-Bromophenyl)-4-hydroxypiperidin-1-yl)methyl)-1H-indol-5-

yl)oxy)propyl)-1H-1,2,3-triazol-4-yl)methyl)-N3-((1-(2-oxo-2-((1-(4-(3-(piperidin-1-

yl)propoxy)benzyl)piperidin-4-yl)amino)ethyl)-1H-1,2,3-triazol-4-yl)methyl)isophthalamide 

pentahydrotrifluoroacetate (71) 

The title compound was prepared from 5b (0.22 g, 0.45 mmol), 51 (0.19 g, 0.45 mmol) and 63 

(0.10 g, 0.41 mmol) according to the general procedure. The product 71 was obtained as a red 

solid (52.4 mg, 7%). 1H NMR (400 MHz, D2O) δ 7.78 (s, 2H), 7.60 (d, J = 23.8 Hz, 2H), 7.42 (s, 

1H), 7.23 – 6.71 (m, 12H), 6.42 (s, 1H), 4.99 (s, 2H), 4.48 – 4.14 (m, 6H), 4.10 – 3.77 (m, 6H), 

3.74 – 3.49 (m, 3H), 3.48 – 3.17 (m, 6H), 3.16 – 2.93 (m, 7H), 2.80 – 2.61 (m, 4H), 2.15 – 1.69 

(m, 10H), 1.68 – 1.42 (m, 6H). 13C NMR (101 MHz, D2O) δ 168.10, 166.66, 159.15, 152.73, 

144.56, 133.11, 132.70, 131.22, 127.40, 126.23, 125.29, 120.99, 120.74, 117.83, 115.03, 

114.93, 112.02, 101.87, 68.45, 65.18, 59.71, 54.29, 53.23, 50.70, 47.46, 46.67, 44.76, 34.73, 

28.16, 24.29, 23.36, 22.74, 21.05, 17.70, 16.23. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C59H73BrN13O6
+: 1138.4985, found 1138.4971. Anal. RP-HPLC (220 nm): 98% (tR = 10.42 min, k 

= 2.24). C59H72BrN13O6 x C10H5F15O10 (1139.21 + 570.11). 
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N1-(3-(2-(3-(2-(4-(((3-((4-(4-Bromophenyl)-4-hydroxypiperidin-1-yl)methyl)-1H-indol-5-

yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)acetamido)propoxy)ethoxy)propyl)-N3-(3-(2-(3-(2-(4-

((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-

triazol-1-yl)acetamido)propoxy)ethoxy)propyl)isophthalamide pentahydrotrifluoroacetate 

(72)  

The title compound was prepared from 3b (0.11 g, 0.25 mmol), 43 (0.10 g, 0.25 mmol) and 

61a (0.15 g, 0.23 mmol) according to the general procedure. The product 72 was obtained as 

a red solid (33,1 mg, 7%). 1H NMR (600 MHz, D2O) δ 7.87 (s, 1H), 7.85 – 7.80 (m, 1H), 7.71 (s, 

1H), 7.63 – 7.59 (m, 2H), 7.38 (s, 1H), 7.33 – 7.21 (m, 7H), 7.14 – 7.08 (m, 3H), 6.93 – 6.86 (m, 

2H), 6.75 (dd, J = 8.8, 2.1 Hz, 1H), 5.04 (s, 2H), 5.02 – 4.98 (m, 4H), 4.29 (s, 2H), 4.26 (s, 2H), 

4.07 (s, 2H), 4.01 (t, J = 5.7 Hz, 2H), 3.45 – 3.35 (m, 17H), 3.32 – 3.29 (m, 2H), 3.27 – 3.20 (m, 

11H), 3.17 – 3.13 (m, 2H), 3.06 (t, J = 6.9 Hz, 2H), 3.00 (t, J = 6.7 Hz, 2H), 2.86 – 2.76 (m, 4H), 

2.40 (tt, J = 12.2, 3.4 Hz, 1H), 2.12 – 2.05 (m, 2H), 2.00 – 1.92 (m, 2H), 1.88 (d, J = 14.2 Hz, 2H), 

1.82 (d, J = 14.9 Hz, 2H), 1.75 – 1.62 (m, 9H), 1.62 – 1.53 (m, 4H), 1.48 –  1.34 (m, 2H). 13C NMR 

(151 MHz, D2O) δ 175.61, 168.82, 167.26, 166.91, 159.14, 151.96, 144.94, 144.42, 143.77, 

133.96, 132.76, 131.68, 131.35, 130.00, 129.72, 129.05, 127.42, 126.26, 126.16, 125.60, 

125.02, 121.04, 120.88, 119.20, 117.27, 115.33, 115.03, 113.40, 113.20, 102.62, 102.04, 69.27, 

68.63, 68.52, 68.15, 68.11, 65.20, 61.88, 60.04, 54.35, 53.28, 52.08, 51.97, 51.45, 50.99, 47.56, 

39.58, 37.35, 37.29, 36.65, 34.62, 34.25, 28.21, 28.01, 27.94, 25.62, 23.36, 22.78, 21.04. HRMS 

(ESI-MS): m/z [M+2H]2+ calculated for C75H104BrN15O12
2+: 742.8581, found 742.8592. Anal. RP-

HPLC (220 nm): 98% (tR = 10.71 min, k = 2.34). C75H102BrN15O12 x C10H5F15O10 (1485.64 + 

570.11). 
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N1-(1-(4-(((3-((4-(4-Bromophenyl)-4-hydroxypiperidin-1-yl)methyl)-1H-indol-5-

yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)-N3-(2-

oxo-1-(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-

1,2,3-triazol-1-yl)-7,10,13-trioxa-3-azahexadecan-16-yl)isophthalamide 

pentahydrotrifluoroacetate (73) 

The title compound was prepared from 3b (0.05 g, 0.11 mmol), 43 (0.05 g, 0.11 mmol) and 

61b (0.07 g, 0.1 mmol) according to the general procedure. The product 73 was obtained as a 

red solid (34.2 mg, 16%). 1H NMR (400 MHz, D2O) δ 7.88 (s, 1H), 7.82 (s, 1H), 7.73 (d, J = 12.8 

Hz, 1H), 7.67 – 7.57 (m, 2H), 7.33 (s, 1H), 7.29 – 7.22 (m, 3H), 7.22 – 7.17 (m, 1H), 7.17 – 6.93 

(m, 5H), 6.87 (t, J = 9.0 Hz, 2H), 6.66 (s, 1H), 4.98 (s, 6H), 4.26 (s, 4H), 4.02 (d, J = 25.7 Hz, 4H), 

3.69 – 2.88 (m, 44H), 2.87 – 2.72 (m, 4H), 2.41 (t, J = 11.6 Hz, 1H), 2.11 – 1.99 (m, 2H), 1.99 – 

1.82 (m, 4H), 1.80 (d, J = 14.1 Hz, 2H), 1.72 – 1.41 (m, 14H). 13C NMR (101 MHz, D2O) δ 175.51, 

168.39, 167.16, 166.70, 159.17, 152.31, 145.27, 144.47, 143.76, 134.00, 132.76, 132.49, 

131.65, 131.24, 130.03, 129.06, 127.55, 126.33, 125.70, 125.04, 121.03, 120.72, 117.82, 

115.05, 114.92, 113.05, 112.01, 102.05, 69.48, 69.32, 69.23, 68.65, 68.46, 68.20, 65.19, 61.76, 

60.06, 54.33, 53.27, 51.99, 51.02, 47.54, 39.60, 37.32, 36.69, 34.28, 28.36, 28.09, 25.65, 23.38, 

22.77, 21.07. HRMS (ESI-MS): m/z [M+2H]2+ calculated for C79H112BrN15O14
2+: 786.8843, found 

786.8850. Anal. RP-HPLC (220 nm): 96% (tR = 10.91 min, k = 2.40). C79H110BrN15O14 x 

C10H5F15O10 (1573.44 + 570.11). 
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N1-(1-(4-(((3-((4-(4-Bromophenyl)-4-hydroxypiperidin-1-yl)methyl)-1H-indol-5-

yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)-N4-(2-

oxo-1-(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-

1,2,3-triazol-1-yl)-7,10,13-trioxa-3-azahexadecan-16-yl)terephthalamide 

pentahydrotrifluoroacetate (74) 

The title compound was prepared from 3b (0.07 g, 0.17 mmol), 43 (0.07 g, 0.17 mmol) and 

61c (0.11 g, 0.15 mmol) according to the general procedure. The product 74 was obtained as 

a red solid (47.6 mg, 15%). 1H NMR (400 MHz, D2O) δ 7.78 (s, 1H), 7.71 (d, J = 12.8 Hz, 1H), 7.52 

(s, 4H), 7.29 (s, 1H), 7.22 (d, J = 8.5 Hz, 2H), 7.14 (s, 1H), 7.08 – 6.93 (m, 5H), 6.86 (d, J = 8.5 Hz, 

2H), 6.61 (s, 1H), 4.96 (s, 6H), 4.24 (s, 2H), 4.02 (s, 2H), 3.96 (s, 2H), 3.39 – 3.23 (m, 30H), 3.19 

– 3.02 (m, 14H), 2.98 – 2.90 (m, 2H), 2.81 – 2.69 (m, 4H), 2.37 – 2.30 (m, 1H), 2.08 – 1.97 (m, 

2H), 1.86 (d, J = 12.0 Hz, 2H), 1.78 (d, J = 14.7 Hz, 2H), 1.68 – 1.49 (m, 14H), 1.44 (s, 2H). 13C 

NMR (101 MHz, D2O) δ 175.58, 168.48, 167.24, 166.73, 159.23, 152.42, 144.54, 136.49, 

132.83, 131.25, 127.31, 126.40, 125.09, 121.08, 120.85, 117.94, 115.10, 115.04, 112.13, 

102.11, 69.57, 69.40, 69.30, 68.67, 68.52, 68.27, 65.23, 60.14, 54.41, 53.33, 52.03, 51.08, 

39.67, 37.34, 36.75, 34.36, 28.44, 28.17, 25.72, 23.45, 22.85, 21.14. HRMS (ESI-MS): m/z 

[M+2H]2+ calculated for C79H112BrN15O14
2+: 786.8843, found 786.8845. Anal. RP-HPLC (220 

nm): 96% (tR = 10.54 min, k = 2.28). C79H110BrN15O14 x C10H5F15O10 (1573.74 + 570.11). 
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N1-(1-(4-(((3-((4-(4-Bromophenyl)-4-hydroxypiperidin-1-yl)methyl)-1H-indol-5-

yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)-N5-(2-

oxo-1-(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-

1,2,3-triazol-1-yl)-7,10,13-trioxa-3-azahexadecan-16-yl)glutaramide 

pentahydrotrifluoroacetate (75) 

The title compound was prepared from 3b (0.05 g, 0.13 mmol), 43 (0.05 g, 0.13 mmol) and 

61d (0.09 g, 0.13 mmol) according to the general procedure. The product 75 was obtained as 

a red solid (29.3 mg, 11%). 1H NMR (400 MHz, D2O) δ 7.87 (s, 1H), 7.77 – 7.71 (m, 1H), 7.37 (s, 

1H), 7.27 – 7.22 (m, 5H), 7.15 – 7.07 (m, 3H), 6.90 (d, J = 8.6 Hz, 2H), 6.74 (d, J = 9.1 Hz, 1H), 

5.06 – 4.96 (m, 6H), 4.33 – 4.21 (m, 4H), 4.06 (s, 2H), 4.00 (t, J = 5.7 Hz, 2H), 3.49 – 3.26 (m, 

30H), 3.25 – 3.15 (m, 4H), 3.14 – 3.07 (m, 4H), 3.05 – 2.97 (m, 6H), 2.87 – 2.71 (m, 4H), 2.41 (t, 

J = 12.2 Hz, 1H), 2.09 – 2.00 (m, 6H), 1.89 (d, J = 15.1 Hz, 2H), 1.80 (d, J = 14.8 Hz, 2H), 1.74 – 

1.48 (m, 18H). 13C NMR (101 MHz, D2O) δ 175.71, 175.34, 167.39, 167.00, 159.24, 152.24, 

145.22, 144.54, 143.82, 132.88, 131.79, 131.45, 127.62, 126.44, 125.18, 121.14, 117.85, 

115.14, 114.95, 102.17, 69.57, 69.34, 68.63, 68.39, 68.30, 65.29, 61.98, 60.11, 54.44, 53.36, 

52.10, 51.10, 39.68, 36.77, 36.40, 34.97, 34.37, 28.31, 28.15, 25.72, 23.46, 22.87, 21.90, 21.14. 

HRMS (ESI-MS): m/z [M+2H]2+ calculated for C76H114BrN15O14
2+: 769.8921, found 769.8929. 

Anal. RP-HPLC (220 nm): 98% (tR = 9.87 min, k = 2.07). C76H112BrN15O14 x C10H5F15O10 (1539.73 

+ 570.11). 
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N1-(1-(3-((1-(4-(((3-((4-(4-Bromophenyl)-4-hydroxypiperidin-1-yl)methyl)-1H-indol-5-

yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-

yl)carbamoyl)phenyl)-1-oxo-6,9,12-trioxa-2-azapentadecan-15-yl)-N3-(2-oxo-1-(4-((1-(4-(3-

(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-yl)-

7,10,13-trioxa-3-azahexadecan-16-yl)isophthalamide pentahydrotrifluoroacetate (76) 

The title compound was prepared from 3b (0.07 g, 0.17 mmol), 43 (0.07g, 0.17 mmol) and 61e 

(0.16 g, 0.15 mmol) according to the general procedure. The product 76 was obtained as a red 

solid (38.8 mg, 10%). 1H NMR (400 MHz, D2O) δ 7.93 – 7.85 (m, 2H), 7.82 (s, 1H), 7.73 (d, J = 

13.4 Hz, 1H), 7.68 – 7.55 (m, 4H), 7.30 (s, 1H), 7.26 – 7.10 (m, 6H), 7.10 – 6.94 (m, 4H), 6.85 (d, 

J = 7.0 Hz, 2H), 6.62 (s, 1H), 4.98 (s, 6H), 4.32 – 4.22 (m, 2H), 3.99 (d, J = 31.6 Hz, 4H), 3.46 – 

3.03 (m, 60H), 2.99 – 2.89 (m, 2H), 2.83 – 2.67 (m, 4H), 2.43 (t, J = 17.4 Hz, 1H), 2.09 – 2.01 (m, 

2H), 1.88 (d, J = 9.7 Hz, 2H), 1.78 (d, J = 13.7 Hz, 2H), 1.75 – 1.48 (m, 18H), 1.48 – 1.38 (m, 2H). 

13C NMR (101 MHz, D2O) δ 175.45, 168.23, 168.01, 167.12, 166.56, 159.19, 152.50, 144.52, 

134.01, 132.77, 131.63, 131.21, 130.04, 128.95, 125.78, 125.03, 121.02, 120.82, 117.91, 

115.01, 112.10, 102.05, 69.54, 69.36, 68.65, 68.24, 65.16, 60.07, 54.34, 53.27, 52.00, 51.05, 

39.61, 37.34, 36.72, 34.33, 28.49, 28.17, 25.70, 23.41, 22.79, 21.10. HRMS (ESI-MS): m/z 

[M+2H]2+ calculated for C97H138BrN17O19
2+: 961.9764, found 961.9777. Anal. RP-HPLC (220 

nm): 97% (tR = 12.03 min, k = 2.75). C97H136BrN17O19 x C10H5F15O10 (1924.16 + 570.11). 
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N1-((1-(3-(4-((4-((2,3-Dihydro-1H-inden-2-yl)(propyl)amino)butyl)carbamoyl)-2-

methoxyphenoxy)propyl)-1H-1,2,3-triazol-4-yl)methyl)-N3-((1-(2-oxo-2-((1-(4-(3-(piperidin-

1-yl)propoxy)benzyl)piperidin-4-yl)amino)ethyl)-1H-1,2,3-triazol-4-

yl)methyl)isophthalamide pentahydrotrifluoroacetate (77) 

The title compound was prepared from 26 (0.17 g, 0.36 mmol), 51 (0.15 g, 0.36 mmol) and 63 

(0.08g, 0.32 mmol) according to the general procedure. The product 77 was obtained as a 

yellow solid (43,0 mg, 7%). 1H NMR (600 MHz, D2O) δ 7.89 – 7.83 (m, 1H), 7.78 (s, 1H), 7.72 (d, 

J = 7.8 Hz, 1H), 7.68 (s, 1H), 7.53 (d, J = 7.8 Hz, 1H), 7.32 (t, J = 7.8 Hz, 1H), 7.29 – 7.25 (m, 2H), 

7.02 – 6.97 (m, 4H), 6.97 – 6.89 (m, 4H), 6.55 (d, J = 8.3 Hz, 1H), 5.05 (s, 2H), 4.53 – 4.51 (m, 

2H), 4.47 (t, J = 6.1 Hz, 2H), 4.40 (s, 2H), 4.12 – 4.08 (m, 2H), 4.03 (t, J = 5.7 Hz, 2H), 3.95 –  3.88 

(m, 1H), 3.73 – 3.70 (m, 2H), 3.60 (s, 3H), 3.45 (d, J = 12.2 Hz, 2H), 3.36 (d, J = 12.8 Hz, 2H), 

3.25 – 3.21 (m, 2H), 3.19 – 3.14 (m, 2H), 3.13 – 3.00 (m, 7H), 2.99 – 2.90 (m, 4H), 2.90 – 2.78 

(m, 4H), 2.24 – 2.18 (m, 2H), 2.14 – 2.07 (m, 2H), 1.97 (d, J = 13.8 Hz, 2H), 1.83 (d, J = 15.2 Hz, 

2H), 1.67 – 1.47 (m, 10H), 0.78 (t, J = 7.3 Hz, 3H). 13C NMR (151 MHz, D2O) δ 168.97, 168.75, 

166.91, 162.97, 162.74, 159.16, 150.11, 147.82, 144.63, 138.52, 138.45, 133.42, 133.30, 

132.76, 130.27, 129.06, 127.34, 127.30, 125.84, 125.72, 125.29, 124.33, 124.26, 121.07, 

120.58, 117.24, 115.31, 115.03, 111.77, 110.12, 65.22, 65.05, 63.07, 59.78, 55.48, 54.37, 

53.29, 52.92, 51.91, 50.75, 50.43, 47.17, 46.63, 44.80, 38.75, 34.82, 34.76, 34.22, 33.99, 28.32, 

28.16, 25.50, 23.37, 22.78, 21.05, 20.56, 17.23, 10.08, 8.17.HRMS (ESI-MS): m/z [M+2H]2+ 

calculated for C63H85N13O7
2+: 567.8342, found 567.8352. Anal. RP-HPLC (220 nm): 97% (tR = 

10.00 min, k = 2.11). C63H83N13O7 x C10H5F15O10 (1134.44 + 570.11). 
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N1-(3-(2-(3-(2-(4-((4-((4-((2,3-Dihydro-1H-inden-2-yl)(propyl)amino)butyl)carbamoyl)-2-

methoxyphenoxy)methyl)-1H-1,2,3-triazol-1-yl)acetamido)propoxy)ethoxy)propyl)-N3-(3-

(2-(3-(2-(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-

1,2,3-triazol-1-yl)acetamido)propoxy)ethoxy)propyl)isophthalamide 

pentahydrotrifluoroacetate (78) 

The title compound was prepared from 25b (0.11 g, 0.25 mmol), 43 (0.10 g, 0.25 mmol) and 

61a (0.15 g, 0.23 mmol) according to the general procedure. The product 78 was obtained as 

a yellow solid (28,0 mg, 6%). 1H NMR (600 MHz, D2O) δ 7.98 (s, 1H), 7.87 (s, 1H), 7.76 (d, J = 

17.7 Hz, 1H), 7.67 (dd, J = 7.8, 1.4 Hz, 2H), 7.35 (t, J = 7.8 Hz, 1H), 7.28 (d, J = 8.7 Hz, 2H), 7.22 

(dd, J = 8.4, 1.9 Hz, 1H), 7.16 (d, J = 1.9 Hz, 1H), 7.10 – 7.05 (m, 3H), 7.02 (d, J = 6.8 Hz, 1H), 

6.98 (d, J = 8.5 Hz, 1H), 6.94 – 6.90 (m, 2H), 5.12 (s, 2H), 5.05 (s, 2H), 5.02 (s, 2H), 4.31 (d, J = 

13.6 Hz, 2H), 4.12 – 4.05 (m, 3H), 4.03 (t, J = 5.8 Hz, 2H), 3.65 (s, 3H), 3.50 – 3.38 (m, 17H), 3.36 

– 3.32 (m, 4H), 3.31 – 3.27 (m, 6H), 3.25 – 3.12 (m, 6H), 3.12 – 3.08 (m, 6H), 3.07 – 2.97 (m, 

6H), 2.90 – 2.79 (m, 4H), 2.45 (tt, J = 12.2, 3.5 Hz, 1H), 2.14 – 2.08 (m, 2H), 1.93 (d, J = 14.2 Hz, 

2H), 1.84 (d, J = 14.9 Hz, 2H), 1.76 – 1.52 (m, 21H), 0.81 (t, J = 7.3 Hz, 3H). 13C NMR (151 MHz, 

D2O) δ 175.68, 169.25, 169.03, 169.01, 167.34, 167.07, 159.14, 149.52, 148.42, 144.46, 

142.91, 138.64, 134.05, 132.77, 132.51, 130.04, 129.10, 127.41, 127.39, 126.85, 126.50, 

125.60, 125.03, 124.41, 124.33, 121.07, 120.56, 119.19, 117.26, 115.33, 115.08, 115.02, 

113.40, 113.09, 110.53, 69.31, 68.66, 68.18, 68.15, 65.22, 63.16, 61.38, 60.06, 55.58, 54.37, 

53.29, 52.94, 52.20, 51.99, 51.01, 50.49, 46.63, 39.60, 38.74, 37.36, 37.33, 36.69, 36.66, 34.31, 

34.29, 34.09, 28.22, 28.01, 27.94, 25.64, 25.55, 23.38, 22.79, 21.05, 20.65, 17.24, 10.10. HRMS 

(ESI-MS): m/z [M+2H]2+ calculated for C79H115N15O13
2+: 740.9394, found 740.9404. Anal. RP-

HPLC (220 nm): 98% (tR = 10.48 min, k = 2.26). C79H113N15O13 x C10H5F15O10 (1480.87 + 570.11). 
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N1-(1-(4-((4-((4-((2,3-Dihydro-1H-inden-2-yl)(propyl)amino)butyl)carbamoyl)-2-

methoxyphenoxy)methyl)-1H-1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-

yl)-N3-(2-oxo-1-(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-

carboxamido)methyl)-1H-1,2,3-triazol-1-yl)-7,10,13-trioxa-3-azahexadecan-16-

yl)isophthalamide pentahydrotrifluoroacetate (79) 

The title compound was prepared from 25b (0.07g, 0.17 mmol), 43 (0.07g, 0.17 mmol) and 

61b (0.11 g, 0.15 mmol) according to the general procedure. The product 79 was obtained as 

a yellow solid (56.7 mg). 1H NMR (400 MHz, D2O) δ 7.93 (s, 1H), 7.88 (s, 1H), 7.74 (d, J = 13.0 

Hz, 1H), 7.65 (dd, J = 7.8, 1.5 Hz, 2H), 7.32 (t, J = 7.8 Hz, 1H), 7.24 (d, J = 8.2 Hz, 2H), 7.18 (dd, 

J = 8.4, 1.6 Hz, 1H), 7.11 (d, J = 1.4 Hz, 1H), 7.00 (s, 3H), 6.95 (s, 1H), 6.87 (d, J = 7.3 Hz, 3H), 

4.99 (s, 6H), 4.28 (d, J = 10.8 Hz, 2H), 4.07 (d, J = 12.4 Hz, 2H), 3.98 (t, J = 5.0 Hz, 2H), 3.91 (d, J 

= 6.3 Hz, 1H), 3.57 (s, 3H), 3.46 – 3.35 (m, 24H), 3.30 – 3.28 (m, 4H), 3.27 – 3.20 (m, 6H), 3.17 

– 2.89 (m, 15H), 2.88 – 2.74 (m, 4H), 2.49 – 2.35 (m, 1H), 2.12 – 2.01 (m, 2H), 1.90 (d, J = 13.8 

Hz, 2H), 1.80 (d, J = 14.5 Hz, 2H), 1.74 – 1.47 (m, 19H), 0.76 (t, J = 7.1 Hz, 3H). 13C NMR (101 

MHz, D2O) δ 175.64, 168.76, 168.70, 167.29, 166.94, 159.23, 149.71, 148.42, 144.54, 142.86, 

138.61, 134.11, 132.84, 130.15, 129.20, 127.48, 126.81, 126.59, 125.74, 125.13, 124.48, 

124.40, 121.10, 120.65, 117.85, 115.10, 114.95, 112.75, 112.06, 110.50, 69.62, 69.58, 69.42, 

69.32, 68.72, 68.28, 65.25, 63.22, 61.41, 60.12, 55.58, 54.42, 53.35, 52.91, 52.16, 52.08, 51.09, 

50.59, 39.68, 38.85, 37.38, 36.83, 36.76, 34.36, 34.20, 28.41, 28.14, 25.73, 23.45, 22.86, 21.14, 

20.72, 17.22, 10.23. HRMS (ESI-MS): m/z [M+2H]2+ calculated for C83H123N15O15
2+: 784.9656, 

found 784.9668. Anal. RP-HPLC (220 nm): 96% (tR = 10.65 min, k = 2.32). C83H121N15O15 x 

C10H5F15O10 (1568.97 + 570.11). 
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N1-(1-(4-((4-((4-((2,3-Dihydro-1H-inden-2-yl)(propyl)amino)butyl)carbamoyl)-2-

methoxyphenoxy)methyl)-1H-1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-

yl)-N4-(2-oxo-1-(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-

carboxamido)methyl)-1H-1,2,3-triazol-1-yl)-7,10,13-trioxa-3-azahexadecan-16-

yl)terephthalamide pentahydrotrifluoroacetate (80) 

The title compound was prepared from 25b (0.07 g, 0.17 mmol), 43 (0.07 g, 0.17 mmol) and 

61c (0.11 g, 0.15 mmol) according to the general procedure. The product 80 was obtained as 

a yellow solid (31.3 mg, 10%). 1H NMR (400 MHz, D2O) δ 7.95 (s, 1H), 7.77 – 7.70 (m, 1H), 7.57 

(s, 4H), 7.27 – 7.23 (m, 2H), 7.19 (dd, J = 8.4, 2.0 Hz, 1H), 7.12 (d, J = 2.0 Hz, 1H), 7.07 – 7.01 

(m, 3H), 6.99 – 6.96 (m, 1H), 6.94 – 6.86 (m, 3H), 5.07 – 4.97 (m, 6H), 4.30 (d, J = 10.1 Hz, 2H), 

4.09 (d, J = 12.8 Hz, 2H), 4.03 – 3.94 (m, 3H), 3.60 (s, 3H), 3.50 – 3.36 (m, 24H), 3.36 – 3.31 (m, 

4H), 3.29 – 3.21 (m, 6H), 3.17 – 3.08 (m, 8H), 3.05 – 2.91 (m, 6H), 2.89 – 2.74 (m, 4H), 2.43 (tt, 

J = 12.1, 3.4 Hz, 1H), 2.14 – 2.03 (m, 2H), 1.91 (d, J = 16.2 Hz, 2H), 1.82 (d, J = 14.8 Hz, 2H), 1.76 

– 1.47 (m, 20H), 0.78 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, D2O) δ 175.75, 169.07, 168.93, 

167.41, 167.09, 159.24, 149.67, 148.44, 144.54, 142.92, 138.67, 138.61, 136.56, 132.86, 

127.48, 127.34, 126.83, 126.61, 125.14, 124.50, 124.42, 121.14, 120.63, 117.85, 115.11, 

114.95, 112.92, 112.05, 110.52, 69.63, 69.59, 69.43, 69.33, 68.70, 68.33, 68.29, 65.28, 63.23, 

61.42, 60.14, 55.61, 54.45, 53.37, 52.96, 52.20, 52.07, 51.10, 50.57, 48.65, 39.69, 38.85, 37.34, 

36.85, 36.76, 34.37, 34.19, 28.36, 28.13, 25.73, 23.46, 22.87, 21.14, 20.72, 17.27, 10.20. HRMS 

(ESI-MS): m/z [M+2H]2+ calculated for C83H123N15O15
2+: 784.8656, found 784.9665. Anal. RP-

HPLC (220 nm): 99% (tR = 9.97 min, k = 2.11). C83H121N15O15 x C10H5F15O10 (1568.97 + 570.11). 
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N1-(1-(4-((4-((4-((2,3-Dihydro-1H-inden-2-yl)(propyl)amino)butyl)carbamoyl)-2-

methoxyphenoxy)methyl)-1H-1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-

yl)-N5-(2-oxo-1-(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-

carboxamido)methyl)-1H-1,2,3-triazol-1-yl)-7,10,13-trioxa-3-azahexadecan-16-

yl)glutaramide pentahydrotrifluoroacetate (81) 

The title compound was prepared from 25b (0.06 g, 0.14 mmol), 43 (0.06 g, 0.14 mmol) and 

61d (0.09 g, 0.13 mmol) according to the general procedure. The product 81 was obtained as 

a yellow solid (34.3 mg, 13%). 1H NMR (400 MHz, D2O) δ 7.99 (s, 1H), 7.80 – 7.74 (m, 1H), 7.30 

– 7.23 (m, 3H), 7.19 (d, J = 2.0 Hz, 1H), 7.09 – 6.99 (m, 5H), 6.93 – 6.88 (m, 2H), 5.13 (s, 2H), 

5.07 – 5.02 (m, 4H), 4.35 – 4.29 (m, 2H), 4.14 – 3.99 (m, 5H), 3.65 (s, 3H), 3.57 – 3.28 (m, 32H), 

3.28 – 2.90 (m, 22H), 2.90 – 2.75 (m, 4H), 2.45 (tt, J = 12.2, 3.5 Hz, 1H), 2.13 – 2.02 (m, 6H), 

1.98 – 1.89 (m, 2H), 1.87 – 1.77 (m, 2H), 1.76 – 1.51 (m, 22H), 0.79 (t, J = 7.3 Hz, 3H). 13C NMR 

(101 MHz, D2O) δ 175.81, 175.48, 169.25, 167.48, 167.21, 163.02, 159.25, 154.55, 149.70, 

148.56, 142.95, 138.75, 132.88, 127.50, 126.71, 125.19, 124.52, 121.16, 117.83, 115.13, 

113.17, 110.64, 69.60, 69.37, 68.40, 68.32, 65.30, 63.27, 55.70, 54.46, 53.38, 52.23, 52.11, 

51.11, 39.71, 38.86, 36.81, 36.40, 34.97, 34.41, 28.30, 28.14, 25.74, 23.47, 22.88, 21.89, 21.15, 

20.77, 17.29, 10.20. HRMS (ESI-MS): m/z [M+2H]2+ calculated for C80H125N15O15
2+: 767.9734, 

found 767.9741. Anal. RP-HPLC (220 nm): 97% (tR = 9.69 min, k = 2.02). C80H123N15O15 x 

C10H5F15O10 (1534.95 + 570.11). 
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N1-(1-(3-((1-(4-((4-((4-((2,3-Dihydro-1H-inden-2-yl)(propyl)amino)butyl)carbamoyl)-2-

methoxyphenoxy)methyl)-1H-1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-

yl)carbamoyl)phenyl)-1-oxo-6,9,12-trioxa-2-azapentadecan-15-yl)-N3-(2-oxo-1-(4-((1-(4-(3-

(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-yl)-

7,10,13-trioxa-3-azahexadecan-16-yl)isophthalamide pentahydrotrifluoroacetate (82) 

The title compound was prepared from 25b (0.07 g, 0.17 mmol), 43 (0.07g, 0.17 mmol) and 

61e (0.16 g, 0.15 mmol) according to the general procedure. The product 82 was obtained as 

a yellow solid (32.4 mg, 9%). 1H NMR (400 MHz, D2O) δ 7.93 – 7.88 (m, 1H), 7.87 – 7.83 (m, 

2H), 7.75 – 7.69 (m, 1H), 7.65 – 7.58 (m, 4H), 7.30 – 7.13 (m, 5H), 7.09 (s, 1H), 6.97 – 6.80 (m, 

7H), 4.97 (s, 5H), 4.32 – 4.21 (m, 2H), 4.09 – 3.91 (m, 4H), 3.84 (s, 1H), 3.53 (s, 3H), 3.47 – 3.28 

(m, 40H), 3.28 – 3.16 (m, 13H), 3.15 – 2.99 (m, 10H), 2.95 – 2.70 (m, 9H), 2.41 (t, J = 11.7 Hz, 

1H), 2.10 – 1.99 (m, 2H), 1.93 – 1.84 (m, 2H), 1.77 (d, J = 12.1 Hz, 2H), 1.71 – 1.44 (m, 23H), 

0.73 (t, J = 6.2 Hz, 3H). 13C NMR (101 MHz, D2O) δ 175.59, 168.48, 167.22, 166.84, 162.80, 

162.45, 159.22, 158.85, 149.73, 148.39, 144.51, 142.83, 134.06, 134.01, 132.82, 130.12, 

129.14, 126.77, 126.58, 125.75, 125.13, 124.42, 121.08, 120.75, 117.85, 115.08, 114.95, 

112.05, 69.62, 69.58, 69.41, 69.32, 68.70, 68.28, 65.22, 63.22, 60.12, 55.54, 54.40, 53.33, 

52.07, 51.09, 39.67, 37.36, 36.82, 36.75, 34.35, 28.47, 28.17, 25.72, 23.45, 22.85, 21.14, 10.27. 

HRMS (ESI-MS): m/z [M+2H]2+ calculated for C101H149N17O20
2+: 960.0577, found 960.0584. 

Anal. RP-HPLC (220 nm): 97% (tR = 10.91 min, k = 2.40). C101H147N17O20 x C10H5F15O10 (1919.39 

+ 570.11). 
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N1-(1-(4-(Acetamidomethyl)-1H-1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-

16-yl)-N4-(1-(4-((4-((4-((2,3-dihydro-1H-inden-2-yl)(propyl)amino)butyl)carbamoyl)-2-

methoxyphenoxy)methyl)-1H-1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-

yl)terephthalamide (83) 

The title compound was prepared form 64 (9.7 mg, 0.1 mmol, 1 eq), 25b (47.8 mg, 0.11 mmol, 

1.1 eq) and 61c (73.6 mg, 0.1 mmol, 1 eq) according to the general procedure. Purification was 

performed under basic conditions (Method B).  The product 83 was obtained as a white solid 

(13.9 mg, 11 %). 1H NMR (400 MHz, CD3OD) δ 8.10 (s, 1H), 7.86 (s, 5H), 7.42 (dd, J = 10.9, 2.0 

Hz, 2H), 7.19 – 7.09 (m, 5H), 5.23 (s, 2H), 5.14 (s, 2H), 5.09 (s, 2H), 4.57 (s, 1H), 4.41 (s, 2H), 

3.83 (s, 3H), 3.66 – 3.39 (m, 32H), 3.27 (d, J = 6.7 Hz, 2H), 3.17 – 3.04 (m, 2H), 2.97 – 2.91 (m, 

2H), 2.90 – 2.83 (m, 2H), 2.80 – 2.73 (m, 2H), 1.94 (s, 3H), 1.89 – 1.82 (m, 4H), 1.78 – 1.71 (m, 

4H), 1.69 – 1.58 (m, 6H), 0.92 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, CD3OD) δ 168.30, 167.71, 

166.31, 166.23, 165.94, 150.59, 149.46, 144.78, 143.22, 140.16, 137.06, 127.58, 127.09, 

126.56, 125.85, 124.03, 120.13, 113.14, 110.90, 70.12, 69.86, 69.77, 68.83, 68.42, 63.22, 

61.92, 55.08, 52.84, 51.85, 51.77, 50.70, 38.96, 37.41, 36.92, 36.86, 35.63, 34.29, 28.96, 28.75, 

26.90, 22.28, 21.06, 20.65, 18.24, 10.48. HRMS (ESI-MS): m/z [M+3H]3+ calculated for 

C64H96N13O14
3+: 423.5728, found 423.5740; Anal. RP-HPLC (220 nm) 99% (tR = 11.10 min, k = 

2,7). C64H93N13O14 (1268.53). 
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N1-(1-(4-((2-Methoxy-4-((4-(2-methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-1H-

1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)-N3-(2-oxo-1-(4-((1-(4-(3-

(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-yl)-

7,10,13-trioxa-3-azahexadecan-16-yl)isophthalamide hexahydrotrifluoroacetate (84) 

The title compound was prepared from 11b (0.05 g, 0.14 mmol) 43 (0.06 g, 0.14 mmol) and 

61b (0.09 g, 0.13 mmol) according to the general procedure. The product 84 was obtained as 

a yellow solid (35.66 mg, 14%). 1H NMR (400 MHz, D2O) δ 7.95 (s, 1H), 7.90 – 7.85 (m, 1H), 

7.76 – 7.71 (m, 1H), 7.67 (dd, J = 7.8, 1.7 Hz, 2H), 7.35 (t, J = 7.8 Hz, 1H), 7.28 – 7.21 (m, 2H), 

7.11 – 7.06 (m, 1H), 6.99 (d, J = 8.3 Hz, 2H), 6.94 – 6.82 (m, 6H), 5.06 (s, 2H), 5.03 (s, 2H), 5.00 

(s, 2H), 4.31 – 4.25 (m, 2H), 4.18 (s, 2H), 4.10 – 4.04 (m, 2H), 3.99 (t, J = 5.7 Hz, 2H), 3.70 (s, 

3H), 3.64 (s, 3H), 3.49 – 3.21 (m, 40H), 3.15 – 3.07 (m, 6H), 2.87 – 2.73 (m, 4H), 2.42 (tt, J = 

12.2, 3.4 Hz, 1H), 2.06 – 1.97 (m, 2H), 1.90 (d, J = 14.7 Hz, 2H), 1.80 (d, J = 14.8 Hz, 2H), 1.74 – 

1.51 (m, 14H). 13C NMR (101 MHz, D2O) δ 175.73, 168.95, 167.35, 167.14, 159.23, 151.75, 

149.08, 148.01, 144.51, 143.02, 135.02, 134.16, 132.86, 130.19, 129.25, 127.34, 126.66, 

125.74, 125.18, 124.45, 121.71, 121.36, 121.13, 120.70, 119.41, 117.81, 115.11, 114.91, 

114.53, 114.19, 112.36, 112.01, 69.62, 69.57, 69.41, 69.31, 68.74, 68.29, 65.27, 61.57, 60.13, 

55.70, 55.47, 54.43, 53.36, 52.10, 51.09, 50.39, 48.31, 39.68, 37.39, 36.82, 36.75, 34.33, 28.36, 

28.11, 25.72, 23.45, 22.86, 21.13. HRMS (ESI-MS): m/z [M+2H]2+ calculated for 

C78H115N15O15
2+: 750.9343, found 750.9348. Anal. RP-HPLC (220 nm): 99% (tR = 9.44 min, k = 

1.94). C78H113N15O15 x C12H6F18O12 (1500.82 + 684.14). 
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N1-(1-(4-((2-Methoxy-4-((4-(2-methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-1H-

1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)-N4-(2-oxo-1-(4-((1-(4-(3-

(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-yl)-

7,10,13-trioxa-3-azahexadecan-16-yl)terephthalamide hexahydrotrifluoroacetate (85) 

The title compound was prepared from 11b (0.05 g, 0.14 mmol) 43 (0.06 g, 0.14 mmol) and 

61c (0.09 g, 0.13 mmol) according to the general procedure. The product 85 was obtained as 

a yellow solid (42.3 mg, 16%). 1H NMR (400 MHz, D2O) δ 7.97 (d, J = 12.0 Hz, 1H), 7.77 – 7.71 

(m, 1H), 7.60 (s, 4H), 7.26 (q, J = 3.2 Hz, 2H), 7.07 – 6.98 (m, 2H), 6.95 – 6.87 (m, 6H), 6.83 (t, J 

= 7.6 Hz, 1H), 5.07 (d, J = 10.9 Hz, 2H), 5.04 (s, 2H), 5.01 (s, 2H), 4.32 – 4.26 (m, 2H), 4.17 (s, 

2H), 4.09 (d, J = 13.8 Hz, 2H), 4.01 – 3.91 (m, 2H), 3.70 (s, 3H), 3.66 (s, 3H), 3.51 – 3.37 (m, 

28H), 3.36 – 3.31 (m, 6H), 3.27 –  3.21 (m, 6H), 3.17 – 3.07 (m, 8H), 2.89 – 2.75 (m, 4H), 2.49 – 

2.39 (m, 1H), 2.08 – 1.97 (m, 2H), 1.91 (d, J = 14.6 Hz, 2H), 1.86 – 1.79 (m, 2H), 1.76 – 1.55 (m, 

14H). 13C NMR (101 MHz, D2O) δ 175.75, 169.05, 167.41, 167.18, 159.24, 151.86, 149.08, 

147.95, 144.55, 143.05, 136.87, 136.62, 132.87, 127.37, 126.67, 126.20, 125.15, 124.43, 

121.91, 121.30, 121.15, 119.08, 117.84, 115.12, 114.94, 114.56, 114.25, 112.09, 69.63, 69.58, 

69.43, 69.33, 68.71, 68.31, 65.28, 61.61, 60.14, 55.71, 55.33, 54.44, 53.37, 52.08, 51.10, 50.89, 

47.90, 39.69, 37.34, 36.83, 36.76, 34.36, 28.35, 28.12, 25.73, 23.46, 22.87, 21.14. HRMS (ESI-

MS): m/z [M+2H]2+ calculated for C78H115N15O15
2+: 750.9343, found 750.9350. Anal. RP-HPLC 

(220 nm): 99% (tR = 9.69 min, k = 2.02). C78H113N15O15 x C12H6F18O12 (1500.82 + 684.14). 
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N1-(1-(4-((2-Methoxy-4-((4-(2-methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-1H-

1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)-N5-(2-oxo-1-(4-((1-(4-(3-

(piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-yl)-

7,10,13-trioxa-3-azahexadecan-16-yl)glutaramide hexahydrotrifluoroacetate (86) 

The title compound was prepared from 11b (0.05 g, 0.13 mmol), 43 (0.06 g, 0.14 mmol) and 

61d (0.09 g, 0.13 mmol) according to the general procedure. The product 86 was obtained as 

a yellow solid (41.5 mg, 16%). 1H NMR (400 MHz, D2O) δ 8.01 (s, 1H), 7.81 – 7.76 (m, 1H), 7.30 

(d, J = 8.7 Hz, 2H), 7.09 (d, J = 8.3 Hz, 1H), 7.06 – 6.95 (m, 3H), 6.96 – 6.91 (m, 4H), 6.89 – 6.83 

(m, 1H), 5.18 (s, 2H), 5.08 (s, 2H), 5.06 (s, 2H), 4.36 – 4.31 (m, 2H), 4.22 (s, 2H), 4.11 (s, 2H), 

4.05 (t, J = 5.7 Hz, 2H), 3.73 (s, 3H), 3.72 (s, 3H), 3.56 – 3.35 (m, 32H), 3.34 – 3.22 (m, 2H), 3.21 

– 3.11 (m, 8H), 3.08 –  3.00 (m, 4H), 2.84 – 2.74 (m, 4H), 2.47 (tt, J = 12.2, 3.5 Hz, 1H), 2.11 – 

2.02 (m, 6H), 1.95 (d, J = 14.3 Hz, 2H), 1.84 (d, J = 14.8 Hz, 2H), 1.78 – 1.53 (m, 16H). 13C NMR 

(101 MHz, D2O) δ 175.83, 175.52, 167.53, 167.33, 159.27, 151.97, 149.18, 147.92, 144.59, 

143.10, 138.23, 132.91, 126.75, 125.42, 125.18, 124.49, 122.19, 121.29, 121.20, 118.91, 

117.87, 115.15, 114.97, 114.72, 114.54, 111.94, 69.60, 69.37, 68.41, 68.32, 65.32, 61.74, 

60.17, 55.81, 55.26, 54.47, 53.39, 52.21, 52.10, 51.28, 51.12, 47.65, 39.72, 36.81, 36.77, 36.40, 

34.98, 34.40, 28.30, 28.15, 25.75, 23.48, 22.89, 21.90, 21.15. HRMS (ESI-MS): m/z [M+2H]2+ 

calculated for C75H117N15O15
2+: 733.9421, found 733.9433. Anal. RP-HPLC (220 nm): 98% (tR = 

9.14 min, k = 1.85). C75H115N15O15 x C12H6F18O12 (1466.84 + 684.14). 
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N1-(3-(2-(3-(2-(4-((4-((4-(2-(8-(4-(4-Fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-

triazaspiro[4.5]decan-3-yl)ethyl)phenyl)amino)-4-oxobutanamido)methyl)-1H-1,2,3-triazol-

1-yl)acetamido)propoxy)ethoxy)propyl)-N3-(3-(2-(3-(2-(4-((1-(4-(3-(piperidin-1-

yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-

yl)acetamido)propoxy)ethoxy)propyl)isophthalamide hexahydrotrifluoroacetate (87) 

The title compound was prepared from 37 (0.07 g, 0.11 mmol), 43 (0.04 g, 0.11 mmol) and 

61a (0.06 g, 0.1 mmol) according to the general procedure. The product 87 was obtained as a 

yellow solid (22.4 mg, 9%). 1H NMR (400 MHz, CD3OD) δ 8.24 (t, J = 1.6 Hz, 1H), 8.09 – 8.01 (m, 

2H), 7.93 (dd, J = 7.8, 1.8 Hz, 2H), 7.88 (d, J = 3.9 Hz, 2H), 7.53 (t, J = 7.8 Hz, 1H), 7.42 (dd, J = 

8.5, 1.7 Hz, 4H), 7.31 – 7.17 (m, 6H), 7.02 (d, J = 8.6 Hz, 2H), 6.98 – 6.88 (m, 3H), 5.13 – 5.02 

(m, 4H), 4.66 (s, 2H), 4.41 (s, 4H), 4.24 (s, 2H), 4.12 (t, J = 5.7 Hz, 2H), 3.73 (t, J = 6.7 Hz, 2H), 

3.66 – 3.54 (m, 18H), 3.53 – 3.43 (m, 12H), 3.33 – 3.28 (m, 6H), 3.27 – 3.23 (m, 4H), 3.20 – 3.13 

(m, 4H), 2.99 – 2.92 (m, 6H), 2.70 – 2.47 (m, 7H), 2.29 – 2.19 (m, 2H), 2.15 – 2.06 (m, 2H), 2.03 

– 1.61 (m, 20H) 13C NMR (101 MHz, CD3OD) δ 197.30, 167.85, 166.29, 142.20, 137.14, 134.94, 

133.69, 132.60, 130.70, 129.67, 129.21, 129.07, 128.52, 125.92, 124.46, 120.12, 117.55, 

115.41, 115.19, 114.76, 69.89, 69.85, 68.82, 68.33, 64.76, 58.43, 54.37, 53.07, 51.72, 51.13, 

49.12, 48.24, 48.03, 47.89, 47.81, 47.60, 47.39, 47.18, 46.96, 37.40, 36.74, 34.52, 34.33, 30.20, 

29.03, 28.84, 27.33, 25.88, 23.78, 22.93, 21.28, 18.17. HRMS (ESI-MS): m/z [M+2H]2+ 

calculated for C90H123FN18O14
2+: 849.472, found 849.4728. Anal. RP-HPLC (220 nm): 99% (tR = 

10.82 min, k = 2.37). C90H121FN18O14 x C12H6F18O12 (1698.07 + 684.14). 
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N1-(1-(4-((4-((4-(2-(8-(4-(4-Fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-

triazaspiro[4.5]decan-3-yl)ethyl)phenyl)amino)-4-oxobutanamido)methyl)-1H-1,2,3-triazol-

1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)-N3-(2-oxo-1-(4-((1-(4-(3-(piperidin-1-

yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-yl)-7,10,13-trioxa-

3-azahexadecan-16-yl)isophthalamide hexahydrotrifluoroacetate (88) 

The title compound was prepared from 37 (0.07 g, 0.11 mmol), 43 (0.04 g, 0.11 mmol) and 

61b (0.07 g, 0.1 mmol) according to the general procedure. The product 88 was obtained as a 

yellow solid (10.1 mg, 4%). 1H NMR (600 MHz, D2O) δ 7.90 (s, 1H), 7.84 (dd, J = 8.6, 5.4 Hz, 2H), 

7.76 – 7.71 (m, 3H), 7.66 (d, J = 14.1 Hz, 1H), 7.42 (t, J = 7.8 Hz, 1H), 7.28 (t, J = 8.3 Hz, 2H), 

7.23 (dd, J = 14.7, 6.8 Hz, 2H), 7.18 (d, J = 8.3 Hz, 2H), 7.14 (d, J = 8.4 Hz, 2H), 7.09 (t, J = 8.8 

Hz, 2H), 6.96 – 6.90 (m, 3H), 6.84 (d, J = 8.2 Hz, 2H), 5.07 – 5.01 (m, 2H), 4.88 (s, 2H), 4.54 (s, 

2H), 4.34 – 4.30 (m, 2H), 4.29 – 4.24 (m, 2H), 4.14 – 4.09 (m, 2H), 4.04 (t, J = 5.7 Hz, 2H), 3.61 

(t, J = 6.2 Hz, 2H), 3.54 – 3.50 (m, 8H), 3.49 – 3.46 (m, 8H), 3.44 – 3.39 (m, 6H), 3.37 – 3.33 (m, 

4H), 3.31 (t, J = 6.0 Hz, 6H), 3.19 – 3.16 (m, 2H), 3.13 (t, J = 6.9 Hz, 2H), 3.10 (t, J = 6.8 Hz, 2H), 

3.07 – 2.98 (m, 8H), 2.90 – 2.79 (m, 6H), 2.53 – 2.47 (m, 4H), 2.46 – 2.42 (m, 2H), 2.27 – 2.20 

(m, 2H), 2.14 – 2.07 (m, 2H), 1.96 – 1.88 (m, 4H), 1.84 (d, J = 14.8 Hz, 2H), 1.78 – 1.70 (m, 6H), 

1.70 – 1.64 (m, 6H), 1.63 – 1.59 (m, 4H), 1.51 (d, J = 14.4 Hz, 2H). 13C NMR (151 MHz, D2O) δ 

200.66, 175.68, 174.40, 173.21, 172.67, 169.02, 169.01, 167.36, 167.14, 165.07, 159.15, 

144.91, 144.46, 141.60, 135.74, 134.82, 134.13, 132.79, 132.33, 130.94, 130.88, 130.14, 

129.67, 129.55, 129.21, 125.67, 125.05, 124.84, 122.11, 121.11, 119.19, 118.74, 117.26, 

115.81, 115.66, 115.33, 115.04, 113.39, 69.56, 69.50, 69.36, 69.26, 68.70, 68.21, 65.23, 63.37, 
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60.06, 59.16, 56.00, 54.37, 53.30, 52.00, 51.91, 51.02, 48.80, 44.50, 41.36, 39.61, 37.35, 36.69, 

34.80, 34.34, 34.29, 31.94, 31.60, 30.71, 28.27, 28.04, 27.10, 25.65, 23.38, 22.79, 22.16, 21.43, 

21.06, 18.04. HRMS (ESI-MS): m/z [M+3H]3+ calculated for C94H132FN18O18
3+: 596.0012, found 

596.0025. Anal. RP-HPLC (220 nm): 96% (tR = 11.81 min, k = 2.68). C94H129FN18O18 x C12H6F18O12 

(1786.17 + 684.14). 

N1-(1-(4-((4-((4-(2-(8-(4-(4-Fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-

triazaspiro[4.5]decan-3-yl)ethyl)phenyl)amino)-4-oxobutanamido)methyl)-1H-1,2,3-triazol-

1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)-N4-(2-oxo-1-(4-((1-(4-(3-(piperidin-1-

yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-yl)-7,10,13-trioxa-

3-azahexadecan-16-yl)terephthalamide hexahydrotrifluoroacetate (89) 

The title compound was prepared from 37 (0.07 g, 0.11 mmol), 43 (0.04 g, 0.11 mmol) and 61c 

(0.07 g, 0.1 mmol) according to the general procedure. The product 89 was obtained as a 

yellow solid (23.2 mg, 9%). 1H NMR (400 MHz, D2O) δ 7.86 – 7.56 (m, 8H), 7.27 (d, J = 8.6 Hz, 

2H), 7.18 (s, 2H), 7.13 – 7.03 (m, 2H), 7.03 – 6.86 (m, 6H), 6.84 – 6.54 (m, 3H), 5.01 (s, 2H), 4.88 

(s, 2H), 4.45 – 4.16 (m, 5H), 4.08 (s, 2H), 4.01 (t, J = 5.5 Hz, 2H), 3.51 – 3.31 (m, 30H), 3.30 – 

3.23 (m, 6H), 3.19 – 3.01 (m, 8H), 2.99 – 2.91 (m, 2H), 2.90 – 2.75 (m, 6H), 2.73 – 2.56 (m, 2H), 

2.54 – 2.29 (m, 6H), 2.14 – 2.04 (m, 2H), 1.92 (d, J = 13.7 Hz, 2H), 1.82 (d, J = 14.1 Hz, 2H), 1.79 

– 1.64 (m, 8H), 1.63 – 1.49 (m, 6H), 1.44 – 1.27 (m, 2H). 13C NMR (101 MHz, D2O) δ 175.61, 

174.05, 168.62, 167.27, 166.94, 164.47, 159.22, 144.88, 144.53, 136.57, 132.82, 130.86, 

129.43, 127.36, 125.09, 121.11, 120.76, 117.86, 115.09, 114.95, 112.05, 69.56, 69.40, 69.30, 

68.66, 68.26, 65.24, 60.10, 58.68, 54.38, 53.31, 52.04, 51.08, 39.64, 37.31, 36.73, 34.35, 28.41, 

28.14, 25.70, 23.43, 22.82, 21.11. HRMS (ESI-MS): m/z [M+2H2+] calculated for 

C94H131FN18O16
2+: 893.4982, found 893.4989. Anal. RP-HPLC (220 nm): 99% (tR = 10.54 min, k 

= 2.28). C94H129FN18O16 x C12H6F18O12 (1786.17 + 684.14). 
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N1-(1-(4-((4-((4-(2-(8-(4-(4-Fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-

triazaspiro[4.5]decan-3-yl)ethyl)phenyl)amino)-4-oxobutanamido)methyl)-1H-1,2,3-triazol-

1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)-N5-(2-oxo-1-(4-((1-(4-(3-(piperidin-1-

yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-yl)-7,10,13-trioxa-

3-azahexadecan-16-yl)glutaramide hexahydrotrifluoroacetate (90) 

The title compound was prepared from 37 (0.07 g, 0.11 mmol) 43 (0.04 g, 0.11 mmol) and 61d 

(0.07 g, 0.1 mmol) according to the general procedure. The product 90 was obtained as a 

yellow solid (22.0 mg, 9%). 1H NMR (400 MHz, D2O) δ 7.89 – 7.75 (m, 3H), 7.71 (d, J = 9.2 Hz, 

1H), 7.31 (d, J = 8.6 Hz, 2H), 7.27 – 7.13 (m, 4H), 7.06 –  6.97 (m, 4H), 6.94 (d, J = 8.7 Hz, 2H), 

6.80 (d, J = 20.8 Hz, 3H), 5.08 (d, J = 8.0 Hz, 2H), 4.93 (s, 2H), 4.47 (s, 2H), 4.38 – 4.21 (m, 4H), 

4.13 (d, J = 15.6 Hz, 2H), 4.05 (t, J = 5.6 Hz, 2H), 3.58 – 3.36 (m, 32H), 3.31 (s, 2H), 3.24 – 3.05 

(m, 12H), 3.03 – 2.69 (m, 10H), 2.48 – 2.37 (m, 6H), 2.09 (t, J = 7.5 Hz, 6H), 1.95 (d, J = 10.8 Hz, 

3H), 1.84 (d, J = 14.9 Hz, 3H), 1.77 – 1.54 (m, 16H), 1.52 – 1.30 (m, 2H). 13C NMR (101 MHz, 

D2O) δ 200.00, 175.73, 175.38, 174.27, 173.08, 172.50, 167.40, 167.13, 164.59, 159.23, 

144.87, 144.53, 141.92, 136.11, 134.55, 132.86, 132.43, 130.96, 130.88, 129.59, 125.16, 

124.98, 121.16, 120.91, 120.72, 117.82, 115.83, 115.63, 115.12, 114.91, 112.01, 69.57, 69.34, 

68.38, 68.29, 65.29, 60.12, 58.93, 56.07, 54.40, 53.34, 52.09, 51.09, 48.70, 41.64, 39.67, 36.75, 

36.38, 34.96, 34.35, 31.97, 31.64, 30.72, 28.30, 28.16, 28.14, 27.06, 25.71, 23.44, 22.83, 21.87, 

21.11, 18.06. HRMS (ESI-MS): m/z [M+2H]2+ calculated for C91H133FN18O16
2+: 876.5060, found 

876.5072. Anal. RP-HPLC (220 nm): 97% (tR = 10.49 min, k = 2.28). C91H131FN18O16 x C12H6F18O12 

(1752.16 + 684.14). 
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N1-(1-(4-(Acetamidomethyl)-1H-1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-

16-yl)-N5-(1-(4-((4-((4-(2-(8-(4-(4-fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-

triazaspiro[4.5]decan-3-yl)ethyl)phenyl)amino)-4-oxobutanamido)methyl)-1H-1,2,3-triazol-

1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)glutaramide tetrahydrotrifluoroacetate 

(91) 

The title compound was prepared from 64 (2.4 mg, 0.025 mmol, 1 eq), 37 (17.8 mg, 0.0275 

mmol, 1.1 eq) and 61d (18.4 mg, 0.025 mmol, 1 eq) according to the general procedure. The 

product 91 was obtained as a white solid (4.97 mg, 10 %). 1H NMR (600 MHz, CD3OD) δ 8.07 – 

8.04 – 7.97 (m, 2H), 7.88 (s, 2H), 7.43 (d, J = 8.4 Hz, 2H), 7.30 – 7.26 (m, 2H), 7.26 – 7.21 (m, 

4H), 6.97 – 6.92 (m, 3H), 5.11 (s, 2H), 5.07 (s, 2H), 4.68 (s, 2H), 4.42 (d, J = 2.3 Hz, 4H), 3.76 (t, 

J = 6.7 Hz, 2H), 3.63 – 3.60 (m, 10H), 3.58 – 3.54 (m, 10H), 3.53 – 3.45 (m, 12H), 3.25 – 3.18 

(m, 4H), 3.17 – 3.09 (m, 4H), 2.96 (t, J = 6.7 Hz, 2H), 2.64 (t, J = 6.7 Hz, 2H), 2.59 – 2.50 (m, 4H), 

2.18 (t, J = 7.5 Hz, 4H), 2.10 – 2.04 (m, 2H), 1.95 (s, 3H), 1.89 – 1.83 (m, 2H), 1.79 – 1.75 (m, 

4H), 1.73 – 1.69 (m, 4H), 1.65 (d, J = 14.8 Hz, 2H). 13C NMR (151 MHz, CD3OD) δ 197.29, 173.84, 

173.16, 172.66, 171.77, 171.50, 166.31, 166.29, 165.93 (d, J = 253.3 Hz), 145.02, 144.79, 

142.18, 137.12, 133.62, 133.07, 133.05, 130.64 (d, J = 9.4 Hz), 129.23, 129.07, 124.46, 124.44, 

120.91, 120.12, 117.89, 115.30 (d, J = 22.2 Hz), 70.12, 69.80, 69.79, 68.46, 68.43, 63.26, 58.42, 

56.29, 51.77, 49.17, 40.93, 36.93, 36.88, 36.41, 34.92, 34.50, 34.29, 32.19, 31.24, 30.16, 29.01, 

28.79, 27.40, 21.91, 21.08, 18.19. HRMS (ESI-MS): m/z [M+3H]3+ calculated for 

C72H106FN16O15
3+: 484.5997, found 484.6005; Anal. RP-HPLC (220 nm) 99% (tR = 12.01 min, k = 

2.74). C72H103FN16O15 x C8H4F12O8 (1451.72 + 456.01). 
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N1-(1-(4-((4-((4-(2-((5-Hydroxy-1,2,3,4-tetrahydronaphthalen-2-

yl)(propyl)amino)ethyl)phenyl)amino)-4-oxobutanamido)methyl)-1H-1,2,3-triazol-1-yl)-2-

oxo-7,10,13-trioxa-3-azahexadecan-16-yl)-N5-(2-oxo-1-(4-((1-(4-(3-(piperidin-1-

yl)propoxy)benzyl)piperidine-4-carboxamido)methyl)-1H-1,2,3-triazol-1-yl)-7,10,13-trioxa-

3-azahexadecan-16-yl)glutaramide pentahydrotrifluoroacetate (92) 

The title compound was prepared from 19 (0.05 g, 0.11 mmol), 43 (0.04 g, 0.11 mmol) and 

61d (0.07 g, 0.1 mmol) according to the general procedure. The product 92 was obtained as a 

yellow solid (17.4 mg, 8 %). 1H NMR (400 MHz, D2O) δ 7.75 (d, J = 21.7 Hz, 2H), 7.32 – 7.21 (m, 

4H), 7.17 (dd, J = 8.5, 2.9 Hz, 2H), 6.98 – 6.91 (m, 3H), 6.66 – 6.59 (m, 2H), 5.09 – 5.04 (m, 2H), 

4.92 (s, 2H), 4.36 – 4.30 (m, 4H), 4.16 – 4.09 (m, 2H), 4.05 (t, J = 5.7 Hz, 2H), 3.63 – 3.28 (m, 

32H), 3.26 – 2.99 (m, 14H), 2.98 – 2.78 (m, 8H), 2.63 – 2.55 (m, 2H), 2.54 – 2.38 (m, 4H), 2.23 

– 2.04 (m, 7H), 2.00 – 1.90 (m, 2H), 1.84 (d, J = 14.8 Hz, 2H), 1.77 – 1.58 (m, 18H), 0.88 (t, J =  

1.6 Hz, 3H). 13C NMR (101 MHz, D2O) δ 175.85, 175.85, 175.54, 174.73, 173.10, 167.55, 167.42, 

167.42, 163.11, 162.76, 159.26, 153.28, 144.57, 136.26, 134.24, 132.93, 129.44, 127.38, 

125.20, 125.09, 122.18, 121.77, 121.70, 121.29, 121.20, 115.17, 112.90, 69.61, 69.38, 68.42, 

68.31, 65.35, 60.16, 59.79, 54.48, 53.40, 52.10, 51.13, 39.71, 36.76, 36.41, 34.98, 34.52, 31.79, 

30.90, 30.12, 28.31, 28.16, 25.75, 23.49, 22.90, 22.22, 21.91, 21.16, 10.32. HRMS (ESI-MS): 

m/z [M+3H]3+ calculated for C81H127N16O15
3+: 521.3217, found 521.3230; Anal. RP-HPLC (220 

nm) 99% (tR = 8.61 min, k = 1.69). C81H124N16O15 x C10H5F15O10 (1561.90 + 570.12). 
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N1-(1-(4-(Acetamidomethyl)-1H-1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-

16-yl)-N5-(1-(4-((4-((4-(2-((5-hydroxy-1,2,3,4-tetrahydronaphthalen-2-

yl)(propyl)amino)ethyl)phenyl)amino)-4-oxobutanamido)methyl)-1H-1,2,3-triazol-1-yl)-2-

oxo-7,10,13-trioxa-3-azahexadecan-16-yl)glutaramide trihydrotrifluoroacetate (93) 

The title compound was prepared from 64 (9.7 mg, 0.1 mmol, 1 eq), 19 (50.8 mg, 0.11 mmol, 

1.1 eq) and 61d (70.2 mg, 0.1 mmol, 1 eq) according to the general procedure. The product 

93 was obtained as a yellow solid (11.4 mg, 7%). 1H NMR (400 MHz, CD3OD) δ 7.88 (d, J = 3.8 

Hz, 2H), 7.53 (d, J = 7.0 Hz, 2H), 7.26 (d, J = 8.3 Hz, 2H), 6.97 (t, J = 7.8 Hz, 1H), 6.66 – 6.57 (m, 

2H), 5.10 (s, 2H), 5.07 (s, 2H), 4.43 (d, J = 12.4 Hz, 4H), 3.78 (s, 1H), 3.66 – 3.58 (m, 10H), 3.58 

– 3.55 (m, 8H), 3.54 – 3.46 (m, 10H), 3.35 – 3.25 (m, 12H), 3.24 – 3.17 (m, 5H), 3.13 – 3.04 (m, 

4H), 2.70 – 2.61 (m, 2H), 2.58 (t, J = 6.6 Hz, 2H), 2.34 (d, J = 7.1 Hz, 1H), 2.18 (t, J = 7.4 Hz, 4H), 

1.94 (d, J = 8.7 Hz, 3H), 1.86 – 1.83 (m,  4H), 1.82 – 1.68 (m, 10H), 1.05 (t, J = 7.3 Hz, 3H). 13C 

NMR (151 MHz, CD3OD) δ 173.84, 173.23, 171.76, 171.52, 168.58, 166.30, 166.29, 160.28, 

160.03, 154.74, 145.02, 144.78, 137.84, 133.33, 131.52, 128.87, 126.64, 124.47, 124.43, 

121.64, 120.17, 119.83, 112.07, 70.14, 70.12, 69.85, 69.83, 69.80, 69.79, 68.59, 68.48, 68.46, 

68.44, 68.43, 60.60, 60.57, 52.35, 52.09, 51.82, 51.78, 51.65, 36.90, 36.88, 36.72, 36.41, 34.92, 

34.38, 34.29, 31.37, 30.41, 30.26, 29.39, 29.32, 29.01, 28.87, 28.78, 23.55, 23.45, 22.29, 21.91, 

21.09, 18.55, 18.38, 9.91, 9.89. HRMS (ESI-MS): m/z [M+3H]3+ calculated for C62H99N14O14
3+: 

421.2496; found 421,2483; Anal. RP-HPLC (220 nm) 99% (tR = 10.11 min, k = 2.15). 

C62H96N14O14 x C6H3F9O6 (1603.60). 
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N1-(1-(4-(Acetamidomethyl)-1H-1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-

16-yl)-N4-(2-oxo-1-(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-

carboxamido)methyl)-1H-1,2,3-triazol-1-yl)-7,10,13-trioxa-3-azahexadecan-16-

yl)terephthalamide tetrahydrotrifluoroacetate (94) 

The title compound was prepared from 64 (9.7 mg, 0.1 mmol, 1 eq), 43 (43.0 mg, 0.11 mmol, 

1.1 eq) and 61c (73.6 mg, 0.1 mmol, 1 eq) according to the general procedure. The product 94 

was obtained as a yellow solid (25.1 mg, 14.8 %). 1H NMR (400 MHz, CD3OD) δ 7.90 – 7.82 (m, 

6H), 7.41 (d, J = 8.6 Hz, 2H), 7.02 (d, J = 8.6 Hz, 2H), 5.13 – 5.06 (m, 4H), 4.46 – 4.40 (m, 4H), 

4.29 – 4.20 (m, 2H), 4.12 (t, J = 5.7 Hz, 2H), 3.66 – 3.55 (m, 18H), 3.54 – 3.42 (m, 14H), 3.30 – 

3.25 (m, 8H), 3.04 – 2.88 (m, 4H), 2.55 – 2.44 (m, 1H), 2.29 – 2.19 (m, 2H), 2.18 – 1.62 (m, 21H). 

13C NMR (101 MHz, CD3OD) δ 173.89, 171.77, 167.71, 166.32, 166.28, 159.95, 137.09, 132.60, 

127.10, 124.48, 121.13, 114.76, 70.12, 69.86, 69.77, 68.82, 68.42, 64.76, 59.89, 54.37, 53.07, 

51.77, 51.73, 51.14, 39.67, 37.42, 36.87, 34.30, 34.19, 28.97, 28.78, 25.88, 23.78, 22.93, 21.29, 

21.10. HRMS (ESI-MS): m/z [M+3H]3+ calculated for C61H97N14O13
3+: 411.2448, found 411.2458; 

Anal. RP-HPLC (220 nm) 99% (tR = 8.36 min, k = 1.60). C61H94N14O13 x C8H4F12O8 (1231.51 + 

456.10). 
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N1-(1-(4-(Acetamidomethyl)-1H-1,2,3-triazol-1-yl)-2-oxo-7,10,13-trioxa-3-azahexadecan-

16-yl)-N5-(2-oxo-1-(4-((1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidine-4-

carboxamido)methyl)-1H-1,2,3-triazol-1-yl)-7,10,13-trioxa-3-azahexadecan-16-

yl)glutaramide tetrahydrotrifluoroacetate (95) 

The title compound was prepared from 64 (2.4 mg, 0.025 mmol, 1 eq), 43 (17.6 mg, 0.0275 

mmol, 1.1 eq) and 61c (17.6 mg, 0.025 mmol, 1 eq) according to the general procedure. The 

product 95 was obtained as a yellow solid (6.4 mg, 21%). 1H NMR (600 MHz, DMSO-d6) δ 8.34 

(t, J = 5.6 Hz, 1H), 8.30 – 8.23 (m, 3H), 7.81 (d, J = 30.3 Hz, 2H), 7.74 (t, J = 5.5 Hz, 2H), 7.16 (d, 

J = 8.5 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 5.01 (d, J = 3.9 Hz, 4H), 4.26 (d, J = 5.7 Hz, 4H), 3.95 (t, 

J = 6.3 Hz, 2H), 3.55 – 3.43 (m, 20H), 3.41 – 3.39 (m, 8H), 3.15 – 3.10 (m, 4H), 3.05 –  2.95 (m, 

4H), 2.78 (d, J = 10.9 Hz, 2H), 2.49 – 2.37 (m, 6H), 2.13 – 2.07 (m, 1H), 2.01 (t, J = 7.5 Hz, 4H), 

1.91 – 1.83 (m, 4H), 1.82 (s, 3H), 1.69 – 1.48 (m, 18H). 13C NMR (151 MHz, DMSO-d6) δ 174.88, 

172.12, 169.61, 165.76, 165.75, 158.02, 145.36, 145.14, 130.49, 124.69, 124.53, 114.51, 70.21, 

70.20, 69.98, 68.55, 68.32, 66.11, 62.14, 55.36, 54.25, 52.92, 52.00, 40.47, 36.55, 36.21, 35.26, 

34.56, 29.83, 29.53, 28.90, 22.91, 22.03. HRMS (ESI-MS): m/z [M+3H]3+ calculated for 

C58H99N14O13
3+: 399.9167, found 399.9174; Anal. RP-HPLC (220 nm) 99% (tR = 7.64 min, k = 

1.38). C58H96N14O13 x C8H4F12O8 (1197.49 + 456.10). 
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4-((tert-Butoxycarbonyl)amino)butanoic acid (96) [253] 

To a mixture of 4-aminobutryric acid (0.30 g, 2.9 mmol, 1 eq) and 

NaOH (0.12 g, 2.9 mmol, 1 eq) in dioxane/water (1/1, 30 mL) a 

solution of Boc2O (0.70 g, 3.2 mmol, 1.1 eq) was added in dioxane (30 mL). After the reaction 

was stirred at room temperature overnight aqueous HCl (1 N) was added to set pH < 1. The 

mixture was extracted three times with EtOAc (3 x 30 mL) and the organic layer was dried over 

Na2SO4. The solvent was removed under reduced pressure and the crude product was purified 

by column chromatography (DCM/MeOH 95/5 to 9/1) to afford 96 as a colorless oil (0.38 g, 

64%). 1H NMR (400 MHz, CDCl3) δ 3.17 (t, J = 6.7 Hz, 2H), 2.39 (t, J = 7.2 Hz, 2H), 1.81 (p, J = 7.0 

Hz, 2H), 1.44 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 178.05, 156.20, 79.53, 39.93, 31.27, 28.37, 

25.17. HRMS (ESI-MS): m/z [M+H]+ calculated for C9H18NO4
+: 204.1230, found 204.1231; 

C9H17NO4 (203.24). 

tert-Butyl (18-((4-(2-(8-(4-(4-fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-

triazaspiro[4.5]decan-3-yl)ethyl)phenyl)amino)-15,18-dioxo-4,7,10-trioxa-14-

azaoctadecyl)carbamate (97) [203] 

To a solution of 36 (0.28 g, 0.54 mmol, 1 eq) in DMF (30 mL) succinic anhydride (0.054 g, 0.54 

mmol, 1 eq) was added and the reaction was stirred at room temperature overnight. After the 

reaction was complete, as indicated by TLC, HATU (0.31 g, 0.82 mmol, 1.5 eq), DIPEA (0.21 g, 

1.62 mmol, 3 eq) and 57 (0.17 g, 0.54 mmol, 1 eq) were added. Then, the mixture was stirred 

for 10 h at room temperature. The solvent was evaporated and the residue was purified by 

column chromatography (DCM/MeOH 95/5). 97 (0.25 g, 47%) was obtained as a brown oil. 1H 

NMR (400 MHz, CDCl3) δ 8.02 – 7.96 (m, 2H), 7.45 (d, J = 8.3 Hz, 2H), 7.30 (t, J = 8.0 Hz, 2H), 

7.18 – 7.10 (m, 4H), 6.97 (d, J = 8.3 Hz, 2H), 6.93 – 6.83 (m, 2H), 5.00 (s, 1H), 4.59 (s, 2H), 4.40 

(s, 1H), 3.76 – 3.64 (m, 4H), 3.64 – 3.59 (m, 4H), 3.59 – 3.42 (m, 10H), 3.39 – 3.30 (m, 2H), 3.28 

– 3.08 (m, 8H), 2.97 – 2.88 (m, 2H), 2.70 – 2.63 (m, 2H), 2.62 – 2.54 (m, 2H), 2.35 – 2.23 (m, 

2H), 1.80 – 1.67 (m, 4H), 1.52 (d, J = 14.1 Hz, 2H), 1.42 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 
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196.67, 172.80, 171.00, 165.98 (d, J = 255.5 Hz), 156.19, 141.80, 137.20, 132.79, 132.75, 

130.78 (d, J = 9.4 Hz)129.75, 129.18, 120.24, 119.62, 115.89 (d, J = 21.9 Hz), 114.80, 79.10, 

70.49, 70.17, 70.04, 69.42, 63.47, 58.48, 56.57, 48.67, 41.58, 38.42, 35.51, 33.02, 32.92, 31.60, 

29.70, 28.64, 28.45, 26.81, 18.21. HRMS (ESI-MS): m/z [M+H]+ calculated for C50H70FN6O6
+: 

917.5183, found 917.5194; C50H69FN6O6 (917.13). 

N1-(3-(2-(2-(3-Aminopropoxy)ethoxy)ethoxy)propyl)-N4-(4-(2-(8-(4-(4-fluorophenyl)-4-

oxobutyl)-4-oxo-1-phenyl-1,3,8-triazaspiro[4.5]decan-3-yl)ethyl)phenyl)succinamide 

trihydrotrifluoroacetate (98) [203] 

 

 

 

 

 

97 (0.05 g, 0.07 mmol) was dissolved in DCM (30 mL) and TFA (5 mL) was added. The mixture 

was stirred at room temperature overnight. After the reaction was complete, as indicated by 

TLC, the solvent was evaporated. The resulting crude product was purified by preparative 

HPLC. 98 (18.1 mg, 22%) was obtained as a yellow solid. 1H NMR (400 MHz, D2O) δ 8.04 – 7.95 

(m, 2H), 7.43 – 7.33 (m, 4H), 7.32 – 7.19 (m, 4H), 7.13 – 6.92 (m, 3H), 4.63 (s, 2H), 3.77 – 3.68 

(m, 2H), 3.66 – 3.55 (m, 8H), 3.54 – 3.50 (m, 2H), 3.50 – 3.03 (m, 14H), 3.00 – 2.88 (m, 2H), 

2.75 – 2.58 (m, 2H), 2.58 – 2.48 (m, 2H), 2.48 – 2.33 (m, 2H), 2.12 – 1.99 (m, 2H), 1.99 – 1.88 

(m, 2H), 1.85 – 1.62 (m, 4H). 13C NMR (101 MHz, D2O) δ 200.77, 174.41, 173.34, 172.89, 165.98 

(d, J = 255.2 Hz), 141.75, 135.86, 135.02, 132.50, 131.05 (d, J = 9.8 Hz), 129.75, 129.66, 122.13, 

121.36, 118.72, 117.86, 115.86 (d, J = 22.2 Hz), 69.52, 69.43, 69.28, 68.31, 63.55, 59.29, 56.08, 

48.88, 41.60, 37.69, 36.29, 34.90, 32.08, 31.91, 31.07, 28.31, 27.17, 26.52, 18.14. HRMS (ESI-

MS): m/z [M+H]+ calculated for C45H62FN6O7
+: 817.4659, found 817.4654; C45H61FN6O7 x 

C6H3F9O6 (817.02 + 342.07). 
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Triammonium 2-((E)-3-((E)-7-(1-((4-(2-(8-(4-(4-fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-

1,3,8-triazaspiro[4.5]decan-3-yl)ethyl)phenyl)amino)-1,4,20-trioxo-9,12,15-trioxa-5,19-

diazapentacosan-25-yl)-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 

(99) 

98 (0.333 mg, 0.288 µmol, 1.5 eq) was dissolved in DMF (30 µL). Triethylamine (0.20 mg, 1.92 

µmol, 10 eq) and Dyomics Dye DY-549P1 NHS ester (0.2 mg, 0.192 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 (Method B). 99 (0.3 mg, 89%) was obtained as a pink solid. Anal. RP-HPLC 

(220 nm) (Method B): 99% (tR = 7.22 min, k = 1.25). HRMS (ESI-MS): m/z [M+3H]3+ calculated 

for C81H110FN8O21S4
3+: 559.2212, found 559.2226; C81H107FN8O21S4 x N3H9 (1673.00 + 54.12). 
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2-(6-(Dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl)-5-((18-((4-(2-(8-(4-(4-

fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-triazaspiro[4.5]decan-3-

yl)ethyl)phenyl)amino)-15,18-dioxo-4,7,10-trioxa-14-azaoctadecyl)carbamoyl)benzoate 

dihydrotrifluoroacetate (100) 

98 (1.8 mg, 1.56 µmol, 1.2 eq) was dissolved in DMF (30 µL). Triethylamine (1.1 mg, 10.4 µmol, 

10 eq) and 5-carboxytetramethylrhodamine succinimidyl ester (5-TAMRA NHS ester) (0.65 mg, 

1.28 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 100 (1.58 mg, 

1.08 µmol, 84%). Anal. RP-HPLC (254 nm): 99% (tR = 13.38 min, k = 3.17). HRMS (ESI-MS): m/z 

[M+H]+ calculated for C70H82FN8O11
+: 1229.6082, found 1229.6092; C70H81FN8O11 x C4H2F6O4 

(1229.46 + 228.05). 

tert-Butyl (4-((4-(2-(8-(4-(4-fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-

triazaspiro[4.5]decan-3-yl)ethyl)phenyl)amino)-4-oxobutyl)carbamate (101) 

A mixture of 96 (23 

mg, 0.11 mmol, 1.1 

eq) and HATU (57 

mg, 0.15 mmol, 1.5 

eq) in DMF (15 mL) 

was stirred at 0 °C for 

10 min. Then, DIPEA (40 mg, 0.3 mmol, 3 eq) and 36 (50 mg, 0.1 mmol, 1 eq) were added 

slowly and the reaction was stirred at room temperature overnight. After the solvent was 

removed under reduced pressure the residue was dissolved in DCM (10 mL) and washed three 

times with aqueous KOH (20%, 3 x 10 mL). The organic layer was dried over Na2SO4 and the 

solution was concentrated in vacuo. The crude product was purified by column 
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chromatography (DCM/MeOH 99/1 to 95/5) to give 101 as a yellow oil (63 mg, 90%). 1H NMR 

(400 MHz, CDCl3) δ 9.01 (d, J = 17.7 Hz, 1H), 8.17 – 8.08 (m, 2H), 7.67 – 7.62 (m, 2H), 7.35 (dd, 

J = 8.4, 7.6 Hz, 2H), 7.28 – 7.20 (m, 4H), 7.04 – 6.90 (m, 3H), 5.11 (t, J = 5.7 Hz, 1H), 4.66 (s, 2H), 

3.77 (t, J = 7.1 Hz, 2H), 3.32 (d, J = 5.3 Hz, 2H), 3.20 – 2.63 (m, 12H), 2.50 – 2.46 (m, 2H), 2.10 

(d, J = 26.2 Hz, 2H), 2.01 – 1.93 (m, 3H), 1.66 (d, J = 14.0 Hz, 2H), 1.55 (s, 9H). 13C NMR (101 

MHz, CDCl3) δ 198.23, 173.98, 171.32, 165.7 (d, J = 254.5 Hz), 157.15, 142.73, 137.28, 136.83, 

134.28, 133.41, 133.31, 130.72 (d, J = 9.2 Hz), 129.40, 129.32, 129.09, 120.19, 120.06, 119.16, 

115.69 (d, J = 21.8 Hz), 115.49, 79.68, 63.77, 63.58, 60.10, 57.35, 53.47, 49.37, 42.09, 39.39, 

38.66, 36.20, 34.56, 33.10, 28.41, 27.09. HRMS (ESI-MS): m/z [M+H]+ calculated for 

C40H51FN5O5
+: 700.3869, found 700.3875; C40H50FN5O5 (699.87). 

4-Amino-N-(4-(2-(8-(4-(4-fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-

triazaspiro[4.5]decan-3-yl)ethyl)phenyl)butanamide trihydrotrifluoroacetate (102) 

101 (63 mg, 0.09 mmol) 

was dissolved in DCM 

(30 mL) and TFA (5 mL) 

was added. The mixture 

was stirred at room 

temperature overnight. 

After the reaction was complete, as indicated by TLC, the solvent was evaporated. The 

resulting crude product was purified by preparative HPLC. 102 (32.1 mg, 60%) was obtained 

as a white solid. 1H NMR (400 MHz, CD3OD) δ 8.10 – 8.04 (m, 2H), 7.47 (d, J = 8.4 Hz, 2H), 7.28 

– 7.18 (m, 6H), 6.97 – 6.86 (m, 3H), 4.65 (s, 2H), 3.79 – 3.64 (m, 4H), 3.54 (d, J = 8.8 Hz, 2H), 

3.25 – 3.14 (m, 4H), 3.06 – 2.92 (m, 4H), 2.76 – 2.63 (m, 2H), 2.51 (t, J = 7.0 Hz, 2H), 2.18 – 2.07 

(m, 2H), 2.05 – 1.94 (m, 2H), 1.74 (d, J = 14.7 Hz, 2H). 13C NMR (101 MHz, CD3OD) δ 197.32, 

172.82, 165.95 (d, J = 253.4 Hz)171.37, 142.18, 136.94, 134.07, 133.07, 130.64 (d, J = 9.5 Hz) 

129.10, 129.06, 120.34, 120.18, 116.90, 115.29 (d, J = 22.2 Hz) 63.45, 58.44, 56.25, 49.04, 

41.40, 39.00, 34.53, 32.96, 32.27, 27.21, 22.86, 18.17. HRMS (ESI-MS): m/z [M+H]+ calculated 

for C35H43FN5O3
+: 600.3344, found 600.3345; C35H42FN5O3 x C6H3F9O6 (599.75 + 342.07). 
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2-(6-(Dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl)-5-((4-((4-(2-(8-(4-(4-

fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-triazaspiro[4.5]decan-3-

yl)ethyl)phenyl)amino)-4-oxobutyl)carbamoyl)benzoate dihydrotrifluoroacetate (103) 

102 (1.8 mg, 1.92 µmol, 1.5 eq) was dissolved in DMF (30 µL). Triethylamine (1.1 mg, 10.4 

µmol, 10 eq) and 5-carboxytetramethylrhodamine succinimidyl ester (5-TAMRA NHS ester) 

(0.65 mg, 1.28 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 103 

(0.84 mg, 0.75 µmol, 59%). Anal. RP-HPLC (254 nm): 99% (tR = 13.20 min, k = 3.15). HRMS (ESI-

MS): m/z [M+H]+ calculated for C60H63FN7O7
+: 10212.4768, found 1012.4764; C60H62FN7O7 x 

C4H2F6O4 (1012.19 + 228.05).  

((Oxybis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl) dimethanesulfonate (104) [254] 

To a solution of 2,2'-((oxybis(ethane-2,1-

diyl))bis(oxy))bis(ethan-1-ol) (3.00 g, 15.0 mmol, 

1 eq) and triethylamine (3.73 g, 37.0 mmol, 2.4 

eq) in DCM (50 mL) MsCl (4.20 g, 37.0 mmol, 2.4 eq) was added and the reaction was stirred 

at room temperature for 15 h. Water (35 mL) was added and the organic phase was separated, 

dried over Na2SO4 and the solvent was removed under reduced pressure. The resulting residue 

was purified by column chromatography (DCM/MeOH 9/1) to give 104 (5.42 g, 99%) as a 

yellow oil. 1H NMR (300 MHz, CDCl3) δ 4.36 – 4.31 (m, 4H), 3.75 – 3.71 (m, 4H), 3.65 – 3.58 (m, 

8H), 3.04 (s, 6H). 13C NMR (75 MHz, CDCl3) δ 70.61, 70.49, 69.34, 69.00, 52.62, 37.65. HRMS 

(ESI-MS): m/z [M+H]+ calculated for C10H23O9S2
+: 351.0778, found 351.0779; C10H22O9S2 

(350.40). 
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1-Azido-2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethane (105) [255] 

NaN3 (3.90 g, 60.0 mmol, 4 eq) was added to a solution 

of 104 (5.42 g, 15.0 mmol, 1 eq) in EtOH/DMF (4/1, 40 

mL) and the reaction was heated to 80 °C and stirring was continued overnight. The solvent 

was removed under reduced pressure and the crude product was dissolved in DCM (40 mL). 

The organic layer was washed with water three times and dried over Na2SO4. The solvent was 

evaporated and the residue dried in vacuo to give 105 (3.60 g, 98%) as colorless oil. 1H NMR 

(300 MHz, CDCl3) δ 3.69 – 3.60 (m, 12H), 3.40 – 3.32 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 

70.68, 70.01, 50.67.  HRMS (ESI-MS): m/z [M+H]+ calculated for C8H17N6O3
+: 245.1357, found 

245.1358; C8H16N6O3 (244.26). 

2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethan-1-amine (106) [255] 

105 (3.50 g, 14.3 mmol, 1eq) was dissolved in 

aqueous HCl (5%, 45 mL) and a solution of 

triphenylphosphine (3.70g, 14.3 mmol, 1eq) in diethylether (50 mL) was added dropwise. Then 

the reaction was stirred at room temperature overnight. The aqueous phase was separated 

and washed with DCM three times (3 x 30 mL). The aqueous layer was then basified with 

aqueous KOH (20%) and extracted with DCM three times (3 x 30 mL). The organic layer was 

dried over Na2SO4 and concentrated in vacuo to yield 106 (3.50 g, 99%) as colorless oil. 1H 

NMR (300 MHz, CDCl3) δ 3.65 – 3.58 (m, 10H), 3.47 (t, J = 5.2 Hz, 2H), 3.38 – 3.32 (m, 2H), 2.82 

(t, J = 5.2 Hz, 2H), 1.45 (s, 2H). 13C NMR (75 MHz, CDCl3) δ 73.26, 70.70, 70.66, 70.63, 70.27, 

70.04, 50.68, 41.71. HRMS (ESI-MS): m/z [M+H]+ calculated for C8H19N4O3
+: 219.1452, found 

219.1455; C8H18N4O3 (218.26). 

5-((tert-Butoxycarbonyl)amino)isophthalic acid (107) [256] 

A solution of Boc2O (0.72 g, 3.3 mmol, 1.2 eq) in dioxane (30 mL) was 

added dropwise to a mixture of 5-aminoisophthalic acid (0.50 g, 2.8 

mmol, 1 eq) and triethylamine (0.58 g, 5.5 mmol, 2.1 eq) in 

dioxane/water (2/1, 30 mL) at 0 °C. After stirring at room temperature 

for 10 h the reaction was carefully acidified by dropwise addition of aqueous HCl (1 N) to set 

pH < 1. A red solid precipitated and was filtered off. The product was dried in vacuo to give 

107 as a red powder (0.76 g, 98%). 1H NMR (300 MHz, DMSO-d6) δ 9.76 (s, 1H), 8.27 (s, 2H), 
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8.07 (s, 1H), 1.47 (s, 9H). 13C NMR (101 MHz, DMSO-d6) δ 167.03, 153.23, 140.74, 132.12, 

123.96, 122.99, 80.19, 28.52. HRMS (ESI-MS): m/z [M-H]- calculated for C13H14NO6
-: 280.0830, 

found 280.0827; C13H15NO6 (281.26). 

tert-Butyl (3,5-bis((2-(2-(2-(2-

azidoethoxy)ethoxy)ethoxy)ethyl)carbamoyl)phenyl)carbamate (108) 

 

A mixture of 107 (0.10 g, 0.33 mmol, 1 eq) and HATU (0.34 g, 0.89 mmol, 2.5 eq) in DMF (20 

mL) was stirred at 0 °C for 10 min. DIPEA (0.18 g, 1.4 mmol, 4 eq) and 106 (0.17 g, 0.8 mmol, 

2.2 eq) were added slowly and the reaction was stirred at room temperature overnight. The 

solvent was removed under reduced pressure and the residue was purified by column 

chromatography to afford 108 as a yellow solid (0.21 g, 87%). 1H NMR (300 MHz, CDCl3) δ 8.07 

(d, J = 1.2 Hz, 2H), 7.87 (s, 1H), 7.55 (s, 1H), 7.17 (s, 2H), 3.72 – 3.55 (m, 28H), 3.40 – 3.27 (m, 

4H), 1.52 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 166.70, 152.90, 139.58, 135.49, 119.92, 119.80, 

80.95, 70.62, 70.54, 70.33, 69.97, 69.80, 50.64, 40.03, 28.36. HRMS (ESI-MS): m/z [M+H]+ 

calculated for C29H48N9O10
+: 682.3519, found 682.3531; C29H47N9O10 (681.75). 

5-Amino-N1,N3-bis(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)isophthalamide 

hydrotrifluoroacetate (109) 

 

 

 

To a solution of 108 (0.21 g, 0.3 mmol) in DCM (50 mL) TFA (10 mL) was added and the reaction 

was stirred at room temperature. After the starting material was consumed, indicated by TLC, 

aqueous KOH (20%) was added and the organic layer was separated. The organic phase was 

dried over Na2SO4 and the solvent was removed under reduced pressure to give 109 (0.13 g, 

75%) as a yellow oil. The product was used without further purification. 1H NMR (400 MHz, 

CDCl3) δ 7.58 (s, 1H), 7.31 (s, 2H), 7.19 – 7.07 (m, 2H), 3.76 – 3.58 (m, 28H), 3.37 – 3.29 (m, 
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4H). 13C NMR (101 MHz, CDCl3) δ 166.98, 146.14, 135.86, 119.33, 117.07, 70.59, 70.51, 70.24, 

69.94, 69.83, 50.64, 39.94. HRMS (ESI-MS): m/z [M+H]+ calculated for C24H40N9O8
+: 582.2994, 

found 582.3004; C24H39N9O8 x C2H1F3O2 (581.63 + 114.02). 

tert-Butyl (4-((3,5-bis((2-(2-(2-(2-

azidoethoxy)ethoxy)ethoxy)ethyl)carbamoyl)phenyl)amino)-4-oxobutyl)carbamate (110) 

 

A mixture of 96 (0.07 g, 0.35 mmol, 1 eq) and HATU (0.20 g, 0.53 mmol, 1.5 eq) in DMF (20 

mL) was stirred at 0 °C for 10min. DIPEA (0.14 g, 1.1 mmol, 3 eq) and 109 (0.20 g, 0.35 mmol, 

2.2 eq) were added slowly and the reaction was stirred at room temperature overnight. The 

solvent was removed under reduced pressure and the residue was purified by column 

chromatography (DCM/MeOH 95/5) to afford 110 as a yellow solid (0.09 g, 33%). 1H NMR (400 

MHz, CDCl3) δ 9.37 (s, 1H), 8.13 (s, 2H), 7.85 (s, 1H), 7.26 (s, 2H), 3.69 – 3.58 (m, 28H), 3.34 – 

3.30 (m, 4H), 3.21 (t, J = 6.3 Hz, 2H), 2.43 (t, J = 6.8 Hz, 2H), 1.87 (p, J = 6.6 Hz, 2H), 1.43 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 171.92, 166.79, 156.88, 139.21, 135.40, 121.19, 120.86, 79.66, 

70.65, 70.61, 70.56, 70.33, 69.95, 69.70, 50.63, 40.09, 34.34, 28.44. HRMS (ESI-MS): m/z 

[M+H]+ calculated for C33H55N10O11
+: 767.4046, found 767.4063; C33H54N10O11 (766.85). 

5-(4-Aminobutanamido)-N1,N3-bis(2-(2-(2-(2-

azidoethoxy)ethoxy)ethoxy)ethyl)isophthalamide hydrotrifluoroacetate (111) 

 

To a solution of 110 (0.09 g, 0.12 mmol) in DCM (50 mL) TFA (10 mL) was added and the 

reaction was stirred at room temperature. After the starting material was consumed, 

indicated by TLC, aqueous KOH (20%) was added and the organic layer was separated. The 
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organic phase was dried over Na2SO4 and the solvent was removed under reduced pressure 

to give 111 (0.06 g, 78%) as a yellow oil. The product was used without further purification. 1H 

NMR (300 MHz, CD3OD) δ 8.17 (d, J = 1.5 Hz, 2H), 7.96 (t, J = 1.5 Hz, 1H), 3.71 – 3.54 (m, 28H), 

3.35 – 3.30 (m, 4H), 3.04 (t, J = 7.5 Hz, 2H), 2.59 (t, J = 7.0 Hz, 2H), 2.10 – 1.95 (m, 2H). 13C NMR 

(75 MHz, CD3OD) δ 171.62, 167.86, 139.09, 135.55, 121.39, 120.77, 70.22, 70.19, 70.05, 69.90, 

69.66, 69.08, 50.32, 39.71, 38.97, 32.92, 22.65. HRMS (ESI-MS): m/z [M+Na]+ calculated for 

C28H46N10O9Na+: 689.3341, found 689.3347; C28H46N10O9 x C2HF3O2 (666.73 + 114.02). 

5-(4-Aminobutanamido)-N1-(2-(2-(2-(2-(4-((4-((4-(2-(8-(4-(4-fluorophenyl)-4-oxobutyl)-4-

oxo-1-phenyl-1,3,8-triazaspiro[4.5]decan-3-yl)ethyl)phenyl)amino)-4-

oxobutanamido)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)-N3-(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)isophthalamide heptahydrotrifluoroacetate (112) 

 

To a solution of 37 (53.0 mg, 0.082 mmol, 1.1 eq), 43 (32.3 mg, 0.082 mmol 1.1 eq) and linker 

111 (50.0 mg, 0.075 mmol, 1 eq) in DCM/MeOH (4/1, 40 mL) ascorbic acid (4.0 mg, 0.0225 

mmol, 0.3 eq) and CuSO4∙5H2O (1.9 mg, 0.0075 mmol, 0.1 eq) were added. The reaction was 

stirred at room temperature for 72 h. The solvent was removed under reduced pressure and 

the resulting crude product was purified by preparative HPLC (MeCN/0.1% aqueous TFA) to 

give 112 (TFA salt, 20.0 mg, 10%) as a yellow shiny solid. 1H NMR (400 MHz, D2O) δ 7.88 – 7.60 

(m, 7H), 7.54 – 7.34 (m, 2H), 7.33 – 7.26 (m, 2H), 7.23 – 7.13 (m, 3H), 7.11 – 6.94 (m, 4H), 6.94 

– 6.86 (m, 2H), 6.86 – 6.68 (m, 2H), 4.54 – 4.46 (m, 2H), 4.39 – 4.14 (m, 8H), 4.14 – 3.95 (m, 

4H), 3.75 – 3.25 (m, 36H), 3.25 – 3.10 (m, 4H), 3.06 – 2.89 (m, 6H), 2.88 – 2.69 (m, 6H), 2.52 – 

2.27 (m, 9H), 2.14 – 2.05 (m, 2H), 2.01 – 1.76 (m, 8H), 1.74 – 1.31 (m, 8H).13C NMR (101 MHz, 

D2O) δ 175.67, 168.51, 163.16, 162.81, 138.20, 134.81, 132.91, 130.98, 130.92, 130.13, 

129.67, 122.89, 118.38, 117.83, 115.89, 115.66, 115.14, 114.93, 69.57, 69.46, 68.75, 67.74, 

65.35, 64.29, 59.22, 54.39, 53.34, 53.06, 51.06, 49.89, 48.81, 39.70, 38.90, 34.92, 34.56, 34.40, 
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33.18, 31.97, 31.62, 25.74, 23.43, 23.36, 22.83. HRMS (ESI-MS): m/z [M+3H]3+ calculated for 

C90H126FN18O15
3+: 572.6539, found 572.6553; C90H123FN18O15 x C14H7F21O14 (1716.08 + 798.16). 

Triammonium 2-((E)-3-((E)-7-(6-((4-((3-((2-(2-(2-(2-(4-((4-((4-(2-(8-(4-(4-fluorophenyl)-4-

oxobutyl)-4-oxo-1-phenyl-1,3,8-triazaspiro[4.5]decan-3-yl)ethyl)phenyl)amino)-4-

oxobutanamido)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)carbamoyl)-5-

((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)carbamoyl)phenyl)amino)-4-

oxobutyl)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 (113) 

112 (0.70 mg, 0.288 µmol, 1.5 eq) was dissolved in DMF (30 µL). Triethylamine (0.19 mg, 2.11 

µmol, 11 eq) and Dyomics Dye DY-549P1 NHS ester (0.2 mg, 0.192 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 NH3 (20 µL) and the crude product was purified by 

preparative HPLC. 113 (0.45 mg, 89%) was obtained as a pink solid. Anal. RP-HPLC (220 nm): 

99% (tR = 9,09 min, k = 1.83). HRMS (ESI-MS): m/z [M+3H]3+ calculated for C126H172FN20O29S4
3+: 

858.7150, found 858.7159; C126H169FN20O29S4 x 3 NH3 (2575.09 + 51.09). 
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2-(6-(Dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl)-5-((4-((3-((2-(2-(2-(2-(4-((4-((4-

(2-(8-(4-(4-fluorophenyl)-4-oxobutyl)-4-oxo-1-phenyl-1,3,8-triazaspiro[4.5]decan-3-

yl)ethyl)phenyl)amino)-4-oxobutanamido)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethoxy)ethyl)carbamoyl)-5-((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)carbamoyl)phenyl)amino)-4-oxobutyl)carbamoyl)benzoate 

hexahydrotrifluoroacetate (114) 

112 (8.1 mg, 3.3 µmol, 1.5 eq) was dissolved in DMF (30 µL). Triethylamine (2.2 mg, 22 µmol, 

11 eq) and 5-TAMRA NHS ester (1.2 mg, 2.2 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. 114 

(2 mg, 32%) was obtained as a pink solid. Anal. RP-HPLC (220 nm): 99% (tR = 11.46 min, k = 

2.57). HRMS (ESI-MS): m/z [M+2H]2+ calculated for C115H145FN20O19
2+: 1064.5484, found 

1064.5486; C115H143FN20O19 x C12H6F18O12 (2128.53 + 684.14). 
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7.3 Fluorescence properties  

Excitation and emission spectra of fluorescent ligands were recorded in PBS (137 mM NaCl, 

2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) containing 1% BSA (Sigma- Aldrich, 

Munich, Germany) using a Cary Eclipse spectrofluorometer (Varian Inc., Mulgrave, Victoria, 

Australia) at 22 °C, in acryl cuvettes (10 ×10 mm, Sarstedt, Nümbrecht, Germany). 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 yields of fluorescent 

ligands were determined according to a previously described procedure with minor 

modifications using a Cary Eclipse spectrofluorometer (Varian Inc., Mulgrave, Victoria, 

Australia) at 22 °C, using acryl cuvettes (10 ×10 mm, Sarstedt, Nümbrecht, Germany) and 

cresyl violet perchlorate (Biomol GmbH −Life Science Shop, Hamburg, Germany) as a red 

fluorescent standard.[203] Absorption spectra were recorded by UV/Vis spectroscopy (350−850 

nm, scan rate: 300 nm/min, slits: fixed 2 nm) at a concentration of 2 μM for cresyl violet (in 

EtOH, λabs,max = 575 nm) and fluorescent ligands (in PBS + 1% BSA, λabs,max = 550 nm). The 

quantum yields were calculated for three different slit adjustments (exc./em.): 5/5, 10/5, and 

10/10 nm. The means of the quantum yields, absorption and emission maxima, and 

absorbance are presented in the respective chapters. 
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7.4 Radioligand binding assays 

7.4.1 Dopamine receptors 

Radioligand binding experiments with homogenates were performed as previously described 

with minor modifications.[257] In brief, ligand dilutions of tested compounds were prepared 

10-fold concentrated in binding buffer (50 mM Tris·HCl, 1 mM EDTA, 5 mM MgCl2 and 100 

μg/mL bacitracin, pH = 7.4), and 20 μL/well was transferred to a flat-bottom polypropylene 

96-well microtiter plate (Greiner Bio-One, Frickenhausen, Germany), as well as 20 μL/well of 

the respective radioligand ([3H]N-methylspiperone was applied at a final concentration of 0.05 

nM for the D2longR and the D3R or 0.1 nM for the D4.4R; [3H]SCH-23390 was applied at a final 

concentration of 1 nM for the D1R and the D5R). Homogenates of HEK cells containing the 

respective dopamine receptor were resuspended in binding buffer and 160 μL/well was added 

to obtain a final concentration of 0.3 μg (D2longR), 0.7 μg (D3R), 0.5–1.0 μg (D4.4R), or 80 

μL/well was added to obtain a final concentration of 0.3 μg (D1R) and 0.5–1.0 μg (D5R) 

protein/well . Incubation time was 60 min for all receptors. Unspecific binding was determined 

in the presence of (+)-butaclamol (2000-fold excess). 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.[258] 

7.4.2 Histamine receptors 

Radioligand competition binding experiments were performed as previously described by 

Pockes et al. with minor modifications.[259] 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.[260] Ligand dilutions of compounds were prepared 10-fold 

concentrated in L-15 with 1% BSA, and 10 µL/well was transferred to a fiat-bottom 

polypropylene 96-well microtiter plate (Greiner Bio-One, Frickenhausen, Germany), as well as 

10 µL/well of the radioligand. The cells were adjusted to a density of 1.25 x 106 cells/mL, and 

80 µL of the cell suspension was added to each well (total volume of 100 µL). 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 valued. These 

were transformed into pKi values using the Cheng-Prusoff equation.[258] 
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7.5 Functional assays 

HEK293T cells were grown in Dulbecco`s modified medium (DMEM) (Gibcro, Paisley, Scotland, 

UK) supplemented with 2 mM L-glutamine, 100 U/mL penicillin/streptomycin, MEM non-

essential amino acids solution (1/100), and 5% (v/v) heat-inactivated fetal bovine serum (FBS) 

(Invitrogen, Paisley, Scotland, UK). Cells were maintained in a humid atmosphere of 5% CO2 at 

37 °C. Cells were transiently transfected with the PEI (polythyleneimine, Sigma-Aldrich) 

method as previously described.[261] For cAMP determination, HEK293T cells were transiently 

transfected with 2 µg of cDNA for H3R, D2R or both with the PEI method. Two hours before 

initiating the experiment, the cell medium was exchanged to the non-supplemented DMEM 

medium. The cells were then detached and suspended in the medium containing 50 µM 

zardaverine. Cells were placed in 384-well plates (2500 cells/well), pretreated with 

antagonists or vehicle (15 min) and stimulated with agonists (15 min) before adding 0.5 µM 

forskolin or vehicle (15 min). Readings were performed after 1 h of incubation at 25 °C. 

Homogenous time-resolved fluorescence energy transfer (HTRF) measurements were carried 

out using the Lance Ultra cAMP kit (Perkin Elmer, Waltham, MA, USA). Fluorescence at 665 

nm was analyzed on a PHERstar Flagship plate reader equipped with an HTRF optical module 

(BMG Lab Technologies, Offenburg, Germany). The reference value (100%) was that achieved 

by 0.5 µM forskolin treatment, 0% was the effect induced by 250 nM sumanirole or 500 nM 

imetit. The effect of ligands is given as a percentage with respect to the reference values. All 

data were analyzed using GraphPad Prism9 software (San Diego, CA, USA). The normalized 

competition binding curves were then fitted with a three-parameter logistic fit yielding pEC50 

-or pIC50-values.  
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9. Appendix 

1H and 13C-NMR spectra of compounds 6a, 6b, 11a, 25c, 38 and 65-95 

 

 

 

 

 

 

 

 

 

Figure 9.1: 1H-NMR spectrum (300 MHz, CD3OD) of compound 6a. 

 

 

 

 

 

 

 

 

      

Figure 9.2: 13C-NMR spectrum (101 MHz, CD3OD) of compound 6a. 
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Figure 9.3: 1H-NMR spectrum (400 MHz, CD3OD) of compound 6b.  

 

 

 

 

 

 

 

 

 

Figure 9.4: 13C-NMR spectrum (101 MHz, CD3OD) of compound 6b. 
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Figure 9.5: 1H-NMR spectrum (400 MHz, CD3OD) of compound 11a. 

 

 

 

 

 

 

 

 

 

Figure 9.6: 13C-NMR spectrum (101 MHz, CD3OD) of compound 11a. 
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Figure 9.7: 1H-NMR spectrum (400 MHz, DMSO-d6) of compound 25c. 

 

 

 

 

 

 

 

 

 

Figure 9.8: 13C-NMR spectrum (101 MHz, DMSO-d6) of compound 25c. 
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Figure 9.10: 1H-NMR spectrum (400 MHz, CD3OD) of compound 38. 

 

 

 

 

 

 

 

 

 

Figure 9.11: 13C-NMR spectrum (101 MHz, CD3OD) of compound 38. 
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Figure 9.12: 1H-NMR spectrum (600 MHz, D2O) of compound 65. 

 

 

 

 

 

 

 

 

 

Figure 9.13: 13C-NMR spectrum (151 MHz, D2O) of compound 65. 



Appendix 

209 
 

 

 

 

 

 

 

 

 

 

 

Figure 9.14: 1H-NMR spectrum (600 MHz, D2O) of compound 66. 

 

 

 

 

 

 

 

 

 

Figure 9.15: 13C-NMR spectrum (151 MHz, D2O) of compound 66. 
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Figure 9.16: 1H-NMR spectrum (600 MHz, D2O) of compound 67. 

 

 

 

 

 

 

 

 

 

Figure 9.17: 13C-NMR spectrum (151 MHz, D2O) of compound 67. 
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Figure 9.18: 1H-NMR spectrum (400 MHz, D2O) of compound 68. 

 

 

 

 

 

 

 

 

 

Figure 9.19: 13C-NMR spectrum (101 MHz, D2O) of compound 68. 
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Figure 9.20: 1H-NMR spectrum (400 MHz, D2O) of compound 69. 

 

 

 

 

 

 

 

 

 

 

Figure 9.21: 13C-NMR spectrum (101 MHz, D2O) of compound 69. 
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Figure 9.22: 1H-NMR spectrum (400 MHz, D2O) of compound 70. 

 

 

 

 

 

 

 

 

 

Figure 9.23: 13C-NMR spectrum (101 MHz, D2O) of compound 70. 
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Figure 9.24: 1H-NMR spectrum (400 MHz, D2O) of compound 71. 

 

 

 

 

 

 

 

 

 

Figure 9.25: 13C-NMR spectrum (101 MHz, D2O) of compound 71. 
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Figure 9.26: 1H-NMR spectrum (600 MHz, D2O) of compound 72. 

 

 

 

 

 

 

 

 

 

Figure 9.27: 13C-NMR spectrum (151 MHz, D2O) of compound 72. 
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Figure 9.28: 1H-NMR spectrum (400 MHz, D2O) of compound 73. 

 

 

 

 

 

 

 

 

 

Figure 9.29: 13C-NMR spectrum (101 MHz, D2O) of compound 73. 



Appendix 

217 
 

 

 

 

 

 

 

 

 

 

 

Figure 9.30: 1H-NMR spectrum (400 MHz, D2O) of compound 74. 

 

 

 

 

 

 

 

 

 

Figure 9.31: 13C-NMR spectrum (101 MHz, D2O) of compound 74. 
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Figure 9.32: 1H-NMR spectrum (400 MHz, D2O) of compound 75. 

 

 

 

 

 

 

 

 

 

Figure 9.33: 13C-NMR spectrum (101 MHz, D2O) of compound 75. 



Appendix 

219 
 

 

 

 

 

 

 

 

 

 

 

Figure 9.34: 1H-NMR spectrum (400 MHz, D2O) of compound 76. 

 

 

 

 

 

 

 

 

 

Figure 9.35: 13C-NMR spectrum (101 MHz, D2O) of compound 76. 
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Figure 9.36: 1H-NMR spectrum (600 MHz, D2O) of compound 77. 

 

 

 

 

 

 

 

 

 

Figure 9.37: 13C-NMR spectrum (151 MHz, D2O) of compound 77. 



Appendix 

221 
 

 

 

 

 

 

 

 

 

 

 

Figure 9.38: 1H-NMR spectrum (400 MHz, D2O) of compound 78. 

 

 

 

 

 

 

 

 

 

Figure 9.39: 13C-NMR spectrum (151 MHz, D2O) of compound 78. 
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Figure 9.40: 1H-NMR spectrum (400 MHz, D2O) of compound 79. 

 

 

 

 

 

 

 

 

 

Figure 9.41: 13C-NMR spectrum (101 MHz, D2O) of compound 79. 
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Figure 9.42: 1H-NMR spectrum (400 MHz, D2O) of compound 80. 

 

 

 

 

 

 

 

 

 

Figure 9.43: 13C-NMR spectrum (101 MHz, D2O) of compound 80. 
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Figure 9.44: 1H-NMR spectrum (400 MHz, D2O) of compound 81. 

 

 

 

 

 

 

 

 

 

Figure 9.45: 13C-NMR spectrum (101 MHz, D2O) of compound 81. 
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Figure 9.46: 1H-NMR spectrum (400 MHz, D2O) of compound 82. 

 

 

 

 

 

 

 

 

 

Figure 9.47: 13C-NMR spectrum (101 MHz, D2O) of compound 82. 
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Figure 9.48: 1H-NMR spectrum (400 MHz, CD3OD) of compound 83. 

 

 

 

 

 

 

 

 

 

Figure 9.49: 13C-NMR spectrum (101 MHz, CD3OD) of compound 83. 
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Figure 9.50: 1H-NMR spectrum (400 MHz, D2O) of compound 84. 

 

 

 

 

 

 

 

 

 

Figure 9.51: 13C-NMR spectrum (101 MHz, D2O) of compound 84. 
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Figure 9.52: 1H-NMR spectrum (400 MHz, D2O) of compound 85. 

 

 

 

 

 

 

 

 

 

Figure 9.53: 13C-NMR spectrum (101 MHz, D2O) of compound 85. 
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Figure 9.54: 1H-NMR spectrum (400 MHz, D2O) of compound 86. 

 

 

 

 

 

 

 

 

 

Figure 9.55: 13C-NMR spectrum (101 MHz, D2O) of compound 86. 
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Figure 9.56: 1H-NMR spectrum (400 MHz, D2O) of compound 87. 

 

 

 

 

 

 

 

 

 

Figure 9.57: 13C-NMR spectrum (101 MHz, D2O) of compound 87. 
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Figure 9.58: 1H-NMR spectrum (600 MHz, D2O) of compound 88. 

 

 

 

 

 

 

 

 

 

Figure 9.59: 13C-NMR spectrum (151 MHz, D2O) of compound 88. 
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Figure 9.60: 1H-NMR spectrum (400 MHz, D2O) of compound 89. 

 

 

 

 

 

 

 

 

 

Figure 9.61: 13C-NMR spectrum (101 MHz, D2O) of compound 89. 
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Figure 9.62: 1H-NMR spectrum (400 MHz, D2O) of compound 90. 

 

 

 

 

 

 

 

 

 

Figure 9.63: 13C-NMR spectrum (101 MHz, D2O) of compound 90. 
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Figure 9.64: 1H-NMR spectrum (400 MHz, CD3OD) of compound 91. 

 

 

 

 

 

 

 

 

 

Figure 9.65: 13C-NMR spectrum (101 MHz, CD3OD) of compound 91. 
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Figure 9.66: 1H-NMR spectrum (400 MHz, D2O) of compound 92. 

 

 

 

 

 

 

 

 

 

Figure 9.67: 13C-NMR spectrum (101 MHz, D2O) of compound 92. 



Chapter 9 

236 
 

 

 

 

 

 

 

 

 

 

 

Figure 9.68: 1H-NMR spectrum (400 MHz, CD3OD) of compound 93. 

 

 

 

 

 

 

 

 

 

Figure 9.69: 13C-NMR spectrum (151 MHz, CD3OD) of compound 93. 
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Figure 9.70: 1H-NMR spectrum (400 MHz, CD3OD) of compound 94. 

 

 

 

 

 

 

 

 

 

Figure 9.71: 13C-NMR spectrum (101 MHz, CD3OD) of compound 94. 
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Figure 9.72: 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 95. 

 

 

 

 

 

 

 

 

 

Figure 9.73: 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 95. 
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RP-HPLC chromatograms of tested compounds 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.74: HPLC purity controls of compounds 6a, 6b, 11a, 25c, 38, and 65. 
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Figure 9.75: HPLC purity controls of compounds 66-71. 
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Figure 9.76: HPLC purity controls of compounds 72-77. 
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Figure 9.77: HPLC purity controls of compounds 78-83. 
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Figure 9.78: HPLC purity controls of compounds 84-89. 
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Figure 9.79: HPLC purity controls of compounds 90-95. 
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Figure 9.80: HPLC purity controls of compounds 99, 100, 103, 113, and 114. 
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Stability of 103 in water/DMSO (1:1) was observed over a period of 24 h after incubation at 

room temperature (cf. Figure 9.81). 

Figure 9.81: RP-HPLC analysis (stability control) of 103 after incubation in water/DMSO 1:1 at rt for up 
to 24 h. Exemplary compound 103 showed no decomposition. 
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