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1.1 The neuropeptide Y peptide family 

1.1.1 General information 

With over 100 identified and characterized variants, neuropeptides represent the most diverse 

group among endogenous neurochemically active molecules compared to the group of 

“gasotransmitters” (NO, CO and H2S) and the group of small molecule (classical) 

neurotransmitters, which include biogenic amines (dopamine, adrenaline, noradrenaline, 

serotonin, acetylcholine, histamine), amino acids (glycine, glutamate, GABA), 

endocannabinoids (anandamide, 2-arachidonoylglycerol), and ATP.1-3 Neuropeptides regulate 

a myriad of physiological processes by exerting neurotransmitter-like interneuronal signaling, 

controlling the synaptic activity of neurotransmitters or effecting the endocrine system as 

peptide hormones.1, 4-6 Thus, they are – in a state of regulatory imbalance – considered key 

role players in the pathogenesis of many diseases.  

Based on structural homologies, neuropeptides can be subgrouped into families.7 

Neuropeptide Y (NPY) belongs to the neuropeptide Y family of peptide hormones together with 

peptide YY (PYY) and the pancreatic polypeptide (PP), which are each composed of 36 amino 

acids, featuring a characteristic amidated C-terminal tyrosine and significant sequential 

homology in humans (Figure 1.1).8, 9 NPY in particular also shows remarkable homology 

between many species among not only mammals, but vertebrates in general (at least 61% 

among investigated species), which is why it is considered a “phylogenetically ancient” 

neuropeptide.10, 11  

 

Figure 1.1. Primary sequences of NPY, PYY and PP in humans, displaying homologies of 64% (PYY) and 50% 

(PP) compared to NPY. 

Whereas the gut hormones PYY and PP are mainly produced in and secreted by 

gastrointestinal epithelial cells and PP cells of the pancreas, respectively,12 and show – in the 

case of PYY – only moderate expression rates in few brain regions,13 NPY is abundantly 

present in the mammalian CNS and PNS.14, 15 Centrally, high NPY expression levels were 

found in hypothalamic nuclei, hippocampus, neocortex, striatum, amygdala and thalamus.11, 13, 

16, 17 In the periphery, NPY is expressed in postganglionic, sympathetic nerve fibers innervating 

organs and surrounding blood vessels, in chromaffin cells of the adrenal gland and in 

platelets.14, 18, 19 
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1.1.2 The NPY receptors 

1.1.2.1 Signal transduction and binding profile of NPY, PYY and PP 

In humans, NPY, PYY and PP, as endogenous agonists, address four class-A rhodopsin-like 

GPCRs, Y1R, Y2R, Y4R and Y5R, which convey a multitude of physiological functions 

depending on their expression site in the body.20 Throughout all subtypes, receptor activation 

by agonist binding predominantly induces the stimulation of pertussis toxin-sensitive Gi/o-type 

G proteins and subsequently a decrease in intracellular cAMP levels by inhibition of adenylyl 

cyclase activity.21-23 Depending on cell type and receptor subtype, G protein activation may 

also lead to intracellular mobilization of Ca2+ independent,24 or dependent on Gq-mediated 

synthesis of inositol trisphosphate (IP3),25-27 modulation of Ca2+ channels,28, 29 and activation of 

G protein-coupled inwardly rectifying K+ channels (GIRKs).30, 31 A fifth NPY receptor, the y6R, 

has been identified as a functional GPCR in mice and rabbits, however with so far no or 

unknown function in primates.23, 32-34  

Generally, NPY and PYY bind to the NPY receptors with comparable affinities, although some 

receptor binding studies suggest a slight preference of NPY for the Y1R and lowest affinity for 

the Y4R, and a preference of PYY for the Y2R (Table 1.1). PP on the other hand shows clear 

selectivity for the Y4R (Table 1.1). In addition to the three 36 residue endogenous peptides, 

certain metabolites, most notably the N-terminally truncated versions of NPY and PYY, 

NPY(3-36) and PYY(3-36), also display significant pharmacological activity with an altered 

selectivity profile. The N-terminal truncation of NPY and PYY is catalyzed by the ubiquitously 

present membrane-bound dipeptidylpeptidase IV (DPP4), resulting in decreased Y1R affinity, 

but retained or increased Y2R binding (Table 1.1).35-38  

Table 1.1. NPY receptor affinity and selectivity profiles of endogenous agonists; pKi values suggesting 

selectivity for a particular receptor subtype are highlighted. 

endogenous agonist 
 

pKi
a 

hY1R hY2R hY4R hY5R 

NPY  
10.1b 

9.3c 

9.3b 

8.9c 
8.7d 

8.2c 
9.1e 

8.9b 

PYY  
9.8b 
8.9f 

9.5b 
10.9f 

9.1d 
9.0f 

9.0g 
9.2f 

PP  
6.3h 
7.3f 

<6b,f,h 
9.3h 
11.1f 

7.8h 
8.1f 

PYY(3-36)  7.3b 9.2b 7.9d 8.1g 

NPY(3-36)f  7.3 9.7 6.6 7.9 

aData, previously reported as Ki, were converted to pKi values. bGerald et al.;39 cParker et al.;40 dBard et al.;41 

eHu et al.;42 fMcCrea et al.;43 gBorowski et al.;44 hBerlicki et al.45 
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1.1.2.2 Physiological effects mediated by NPY receptors and therapeutic potential as 

drug targets 

Whereas the Y1R, Y2R and Y5R are expressed in many areas of the brain and in peripheral 

tissues, central Y4R expression is limited to few brain regions as hypothalamic nuclei, the 

postrema region and the nucleus solitary tract, but is high in peripheral tissues as in the 

gastrointestinal tract and the pancreas.20, 46-53 Hence, the importance of the Y4R in centrally 

regulated physiological processes is still subject to investigation.54-56 

NPY receptors play an imperative role in regulation of food intake and energy homeostasis, 

originating from the hypothalamic “feeding center”, where food intake is strongly promoted by 

activation of Y1Rs and Y5Rs. Thus, they are considered important mediators in the 

pathogenesis of diseases like obesity and diabetes, increasingly prevalent in “westernized” 

societies and thus rendering Y1R and Y5R antagonists potential drugs to reduce food intake.57 

Recent studies however revealed that NPY only exerts a complementary role in a complex 

neuroendocrine circuit controlling appetite and metabolism, involving centrally released 

peptide hormones like the stress-related hormone corticotropin, but also peripherally released 

metabolism-related peptide hormones like leptin, insulin, ghrelin and PYY(3-36).58-61  

As part of the HPA-axis (hypothalamic-pituitary-adrenal axis), the central control system for 

stress, NPY regulates stress signaling by increasing the activity of CRH (corticotropin-

releasing hormone), a peptide hormone initially released from the hypothalamic paraventricular 

nucleus as a biological stress response, and eventually leading to increased glucocorticoid 

plasma levels.62-64 Interestingly, these elevated glucocorticoid levels are in turn capable of 

upregulating hypothalamic NPY expression, thus potentiating the stimulatory effect of NPY on 

the HPA-axis.65 On the other hand, NPY also attenuates the anxiogenic effect of CRH in the 

limbic system, presumably independent on HPA-axis activity, by activation of Y1Rs and Y5Rs, 

whereas Y2R activation leads to anxiogenesis.66-71 As the orexigenic effects of NPY are also 

originating from the hypothalamus, participation of NPY in developing obesity as a 

consequence of stress-induced “emotional eating” was suggested.72-74 In combat veterans 

suffering from PTSD, baseline NPY levels both in plasma and cerebrospinal fluid were 

consistently low compared to unaffected control groups, indicating that high NPY levels 

correlate with stress resilience.75-77  

Whereas NPY through its anxiolytic effects generally functions as a "brake" against stressors 

in the CNS, it is released in the PNS from postganglionic sympathetic neurons projecting 

towards vascular smooth muscle cells in various tissues, including the myocardium. Following 

a central stress response, postsynaptic Y1Rs induce vasoconstriction through activation of 

postsynaptic Y1Rs and successive release of noradrenaline and ATP, promoting the 
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sympathetic “fight-or-flight” response.78-80 In this context, specific single nucleotid 

polymorphisms (SNPs) in the NPY gene, causing a slight increase of NPY production in 

peripheral neurons, were recently associated with early onset arteriosclerosis, which could be 

reduced in mice models by administration of Y1R antagonists.81 

NPY also stimulates neurogenesis from neural precursors in the subventricular zone, the 

olfactory epithelium and in hippocampal areas, predominantly via the Y1R, and additionally 

upregulates levels of brain-derived neurotrophic factor (BDNF), a protein essential for survival 

and development of newly formed neurons.82, 83 Hence, NPY can induce neuron proliferation 

and is involved in the development of spatial memory, but can also provide trophic support for 

neurons in neurodegenerative diseases as Alzheimer’s and Huntington’s, where BDNF is 

pathologically downregulated.84-86  

The anxiolytic properties of NPY may be used to control comorbidities often associated with 

chronic stress, PTSD, and neurodegenerative diseases, which are anxiety, fear, and 

depression. Therefore, Y1R agonists and Y2R antagonists have been suggested as modulators 

for psychological disorders.87, 88 

In some hippocampal regions, Y2R expression was found to be enriched presynaptically in 

glutamatergic and GABAergic terminals and the activation of the Y2R inhibited the Ca2+-

dependent synaptic release of glutamate, decreasing the excitatory firing rate of these 

neurons.89-91 Therefore, Y2R selective agonists could support the suppression of epileptic 

seizures.92 

Other pathological CNS-related conditions where NPY is involved are chronic pain,93 

migraine,94 bone diseases,95 and addictions,96 all associated to at least two NPY receptors 

(comprising Y1R, Y2R and/or Y5R) and linked to different brain areas, emphasizing the quantity 

of physiological processes where the NPY system is involved. 

1.1.2.3 Selective NPY Y1 receptor ligands 

The use of receptor-specific agonists and antagonists in in vitro and in vivo models constitutes 

a common approach to identify the physiological functions of individual receptors. 

A frequently pursued strategy to gain access to agonists selective towards not only the Y1R, 

but each of the respective subtypes was the modification of residues and truncation of the 

endogenous peptides NPY, PP and PYY. As it proved to be crucial for receptor binding 

throughout all NPY receptor subtypes, the amidated C-terminal segment -Arg35-Tyr36-NH2 was 

conserved throughout.97, 98 The porcine NPY (pNPY) analogue [Phe7,Pro34]pPNY99 was 

presented as one of the first NPY analogues with excellent Y1R selectivity over the Y2R and 

the Y5R, while maintaining subnanomolar Y1R affinity (Table 1.2) (note: porcine NPY contains 

residue Leu17 instead of Met17 in hNPY).99 A modified C-terminal fragment of NPY, 
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[Pro30,Nle31,Bpa32,Leu34]NPY(28–36),100 displaying slight preference for the Y1R, was 

presented as a Y1R agonist with significantly decreased molecular weight, however at the cost 

of a drastic decrease in affinity (Table 1.2). So far, nonpeptidic Y1R-selective agonists, 

considered advantageous over peptidic ligands in terms of molecular weight and proteolytic 

stability, have not been reported. 

Concerning antagonists, a number of peptidic and nonpeptidic Y1R selective ligands have been 

developed: The heterodimeric peptidic Y1R antagonist 1229U91101 (Figure 1.2, panel A), 

derived from the C-terminal region of NPY, presents an interesting pharmacological profile, as 

it shows high Y1R binding affinity and subtype selectivity, but also functions as a weak partial 

agonist at the Y4R (pEC50 = 7.43102) (Table 1.2). As the Y1R represents an attractive target due 

to its regulatory role in controlling food intake, pharmaceutical companies were in search for 

nonpeptidic small molecule (MW < 600 Da) antagonists featuring a suitable bioavailability 

profile for oral application. As such, dihydropyridine BMS-193885103 and pyrazolopyrimidine 

CP-671906104 were developed by Bristol-Myers-Squib (BMS) and Pfizer, respectively, 

representing Y1R antagonists with binding affinities in the one-digit nanomolar range and no 

significant binding to the other subtypes (Table 1.2). However, even though the compounds 

were able to penetrate across the blood-brain barrier, none of the antagonists were considered 

as a candidate for clinical studies, mainly due to insufficient gastrointestinal absorption and 

therefore, bioavailability.57 A 18F-labeled analogue of the 2,4-diaminopyridine Y1-973105 (Figure 

1.2, panel B) with a promising selectivity profile was developed by Merck (previously Banyu 

Pharmaceuticals, Japan) and has been successfully applied to visualize Y1R expression in 

rhesus monkey brain in PET experiments upon intravenous administration (Table 1.2).57, 106 

By mimicking the C-terminal dipeptide of NPY, -Arg35-Tyr36-NH2, and inverting the 

stereoconfiguration at the arginine, BIBP3226 (Figure 1.2, panel C) was developed as the first 

argininamide-type Y1R antagonist exhibiting one-digit nanomolar binding affinity and excellent 

subtype selectivity (Table 1.2).107 The introduction of a short Nω-carbamoyl substituent, an 

approach initially pursued to decrease the basicity of the guanidino group potentially resulting 

in improved bioavailability of argininamide-type compounds,108 led to compounds with 

unprecedented subnanomolar binding affinity, e.g. UR-MK299 (Table 1.2).109  

The therapeutical potential of Nω-carbamoylated argininamide-type Y1R ligands such as UR-

MK299 to combat Y1R-related disorders originating from the CNS remains unclear due to the 

lack of data on blood-brain permeability and bioavailability. However, due to the resulting high 

Y1R affinity, subtype selectivity and high stability, Nω-carbamoylation enabled the development 

of several tool compounds for the Y1R, e.g. radioligands, fluorescent ligands and PET-

tracers.110-115 
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Figure 1.2. (A) Structure of the peptidic Y1R antagonist 1229U91. (B) Structures of nonpeptidic Y1R antagonists: 

dihydropyridine BMS-193885, 2,4-diaminopyridine Y1-973 and triazaindene CP-671906. (C) Structures of the 

argininamide-type Y1R antagonists BIBP3226 and UR-MK299, and their structural analogy to the C-terminus of 

NPY. 

Table 1.2. NPY receptor binding data of described Y1R-selective agonists and antagonists. 

agonist 
 

pKi (pIC50)a 

hY1R hY2R hY4R hY5R 

[Phe7,Pro34]pNPYb  11.05 7.49 ndc 7.47 

[Pro30,Nle31,Bpa32,Leu34]NPY(28-36)d,e  (7.53) (<6) (<6) (<6) 

antagonist   

1229U91  8.99f 6.15g 7.05f <6h 

BMS193885  8.48i <6j <6j <6j 

Y1-973k  (9.89)  (<5)  (<5)  (<5)  

CP-671906l  8.82 <5 ndc <5 

BIBP3226  8.80m <5n <5.3o <6p 

UR-MK299q  10.27 <5.5 <5 <5 

aData, previously reported as Ki and IC50, were converted to pKi and pIC50 values, respectively. bSöll et al.;99 
cnot determined. dNle: norleucine ((2S)-2-aminohexanoic acid); Bpa: (S)-4-benzoyl-phenylalanine. 
eZwanziger et al.;100 fRichardson et al.;102 gKanatani et al.;116 hBalasubramaniam et al.;117 iPoindexter et al.;103 
jAntal-Zimanyi et al.;118 kHostetler et al.;106 lGriffith et al.; 104 mKeller et al.;112 nRudolf et al.;107 oKeller et al.;119 
pHu et al.;42 qKeller et al.109 
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1.1.2.4 Structural insights on NPY Y1 receptor-ligand binding interactions 

Elucidation of Y1R structures by X-ray crystallography was achieved in collaborative research 

projects led by the working group of Prof. Beili Wu (Yang et al., 2018)120 in complex with the 

argininamide-type Y1R antagonist UR-MK299 (PDB ID: 5ZBQ, Figure 1.3, bottom right) and 

the 1,4-dihydropyridine-type Y1R antagonist BMS-193885 (PDB ID: 5ZBH, data not shown), 

respectively. The crystal structure of the Y2R (Tang et al., 2021)121 was resolved in complex 

with the Y2R antagonist JNJ-31020028 (PDB ID: 7DDZ). Very recently, Tang et al. provided 

cryo-EM structures of the Y1R, the Y2R and the Y4R in complex with the respective endogenous 

ligand, i.e. NPY for the Y1R (Figure 1.3, top left, Gi1 protein not shown, PDB ID: 7X9A) and the 

Y2R (PDB ID: 7X9B) or PP for the Y4R (PDB ID: 7X9C), and the coupled trimeric Gi1 protein.122 

This enables the direct comparison of the Y1R binding modes of the endogenous agonist NPY 

and the argininamide-type antagonist UR-MK299 (Figure 1.3). 

The C-terminal tetrapeptide of the hairpin-like folded NPY, -Arg33-Gln34-Arg35-Tyr36-NH2, 

occupies the orthosteric binding pocket, which is formed by residues from all transmembrane 

helices, except for helix I (Figure 1.3, top left). Amidated C-terminal Tyr36, which was identified 

pivotal for ligand binding throughout all NPY receptor subtypes,97 is stabilized by interactions 

with residues from helices II, III, V and VII: The terminal amido group makes polar contacts to 

T972.61, Q1203.32 and H3067.39, which are complemented by an additional polar contact of the 

phenolic hydroxyl group to Q2195.46 (Figure 1.3, top right) (superscripts on receptor residues 

represent Ballesteros–Weinstein nomenclature123). Arg35 is oriented towards helices V and VI 

and associates to residues N2836.55, D2876.59 and T2125.39 via its highly polar guanidino group. 

Furthermore, the carbonyl group of Arg35 contributes a polar contact to N2836.55. The amido 

group in Gln34 interacts with T972.61 and Arg33 is stabilized by a polar contact to N2836.55, which 

is supported by a π–cation-π complex formed between the charged guanidinium group and 

the aromatic side chains of F3027.35 and F2866.58. A characteristic feature of NPY binding to 

the Y1R compared to the Y2R is the strong involvement of the N-terminal tyrosine, which is 

bound to a cavity in the extracellular region formed by residues of helices V and VI as well as 

extracellular loop 2 (ECL2). These stabilizing interactions are not as pronounced in the Y2R-

NPY complex and provide an explanation for the decreased Y1R binding affinity observed for 

N-terminally truncated peptides, e.g. NPY(3-36), while the Y2R affinity remains largely 

unaffected (Table 1.1).122 The interaction of protonated N-terminal Tyr1 of NPY with D2055.32 is 

demonstrated in Figure 1.3 (top right). 

In the case of the Y1R-UR-MK299 complex (Figure 1.3, bottom right), in particular the Nω-

carbamoylated arginine side chain displays a strikingly similar orientation in the binding pocket 

compared to amino acid Arg35 of NPY in the Y1R-NPY complex. In analogy to Arg35 in NPY, 

the Nω-carbamoylguanidino group undergoes multiple polar interactions with residues D2876.59 
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and T2125.39 and is further stabilized by interaction of the backbone carbonyl group of the Nω-

carbamoylated arginine with residue N2836.55. The carbamoyl substituent of the arginine side 

chain, i.e. the propionamide moiety, reaches deeper into the binding pocket, finding another 

polar contact to Q2195.46, which, in the Y1R-NPY complex, interacts with the phenolic hydroxyl 

group of Tyr36 instead. Consequently, the hydroxybenzylamide moiety is pushed away from 

helices III and V towards helix IV, where it associates to the highly conserved W2766.48, which 

was identified as a pivotal contributor to high affinity binding of UR-MK299 (replacement of 

W276 by alanine led to a 2000-fold loss in Y1R affinity). Furthermore, the interaction of W2766.48 

with the 4-hydroxybenzylamido moiety in UR-MK299 is assumed to stabilize the inactive 

conformation of the receptor, explaining the antagonistic nature of UR-MK299, and beyond 

that, possibly of all argininamide-type Y1R antagonists.120 This interaction potentially leads to 

one of the most noticeable conformational differences between the active state (Y1R-NPY 

complex) and the inactive state (Y1R-UR-MK299 complex) Y1R structures, as helix VI is 

oriented in a more vertical position in the active state compared to its position in the inactive 

state (not shown in Figure 1.3). 

With regard to exploiting the Y1R-UR-MK299 complex as a structural basis for the synthesis of 

new Y1R antagonists bearing e.g. a fluorescent or radioactive tag, the diphenylacetyl moiety in 

UR-MK299 represents the most promising site for a chemical modification: While one of the 

phenyl rings is stabilized in a π-π stack with F2826.54, the other one projects towards the 

extracellular region of the receptor (Figure 1.3, bottom left). Addressing this phenyl ring with a 

spacer of suitable length, the receptor surface can be reached without impairing the key 

interactions between UR-MK299 and the Y1R. 
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Figure 1.3. Cryo-EM structure of the Y1R-NPY complex122 (top, PDB ID: 7X9A) and X-ray crystal structure of the 

Y1R-UR-MK299 complex120 (bottom, PDB ID: 5ZBQ). Contacts between the ligand (green sticks) and the receptor 

are presented in the boxes. Receptor residues interacting with the ligand are shown as beige sticks. Polar contacts 

between ligand and receptor residues are shown as yellow dashes, π–π and π–cation interactions are shown as 

dashes in magenta. For clarity, the Gi proteins are not displayed. 
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1.1.2.5 NPY receptor dimerization 

Among class A rhodopsin-like GPCRs, numerous types have been reported to form 

homodimers, heterodimers or higher-order oligomers, including neuropeptide receptors, e.g. 

in Gal1R-5-HT1A (galanin 1 receptor-serotonin 1A receptor) or NTS1R-D2R (neurotensin 1 

receptor-dopamine D2 receptor) heterodimers.124-126 The formation of dimers or oligomers, 

which is based on noncovalent allosteric interactions between receptor protomers, can occur 

already at an ontogenic level in the ER, where dimerization ensures correct folding of the 

GPCR protomers prior to their transport to the cell membrane.127-129 It can also occur at the 

cell surface, for instance as a response to ligand binding, or spontaneously, resulting in 

receptor protomers toggling between monomeric and multimeric states in rapid succession.130  

For many GPCRs, functional consequences of dimerization remain elusive, although several 

observations indicating a (patho)physiological significance have been reported:131 Among 

them are κ-δ-opioid receptor heteromers, associated with an attenuated development of drug 

tolerance,132, 133 5-HT2AR-CB1R (serotonin 2A receptor-cannabinoid 1 receptor) heterodimers, 

whose dissociation might result in a reduction of short-term memory loss after cannabis 

consumption,134 or pathologically decreased levels of TXA2 (thromboxane 2) receptor 

homodimers, leading to platelet function defects in affected patients.135  

In principle, NPY receptors are also able to dimerize, as the hY1R, hY2R and hY5R subtypes136 

and also the Y4R from rhesus macaques (rhY4R)137 have been reported to form homodimers 

in vitro, as elucidated in FRET or BRET assays. Inspired by the observed co-localization in 

certain brain areas and by the overlapping physiological effects, the formation of heterodimers 

between Y1Rs and Y5Rs was examined and demonstrated.138-140 Altered functions of dimerized 

NPY receptors regarding receptor internalization or signal transduction could not be observed 

in homodimers, however, allosteric interactions effecting the structures of the orthosteric 

binding sites within the Y1R-Y5R heterodimer led to altered efficacy of described agonists and 

significantly delayed the inhibitory effect of antagonists on agonist-stimulated receptor 

internalization. This indicates that potentially more (hetero)dimers among NPY receptors exist, 

mediating different physiological effects in comparison to the respective monomers.  

1.1.2.6 Overexpression of NPY receptors in endocrine tumors 

In the last two centuries, the working group around Prof. Dr. Jean Claude Reubi from the 

University of Bern made outstanding contributions to the NPY research field by identifying NPY 

receptor overexpression, in particular of Y1Rs and Y2Rs, in various peripheral tumor tissues 

and tumor tissue-associated blood vessels.141-146 High receptor incidence and expression 

levels were found in breast carcinomas,147 ovarian sex cord-stromal tumors,148 Ewing’s 

sarcoma149 and adrenal cortical tumors.150 Other tumors with moderate and low NPY receptor 
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density and incidence include neuroblastic tumors,151 pheochromocytomas, paragangliomas, 

renal cell carcinomas150 and gastrointestinal stromal tumors.152 Localization of high NPY 

receptor densities in tumor-associated blood vessels by autoradiography is often masked by 

the respective tumoral receptor overexpression. However, in tumors with low incidence and 

density as renal carcinomas and gastrointestinal stromal tumors, vascular Y1R receptor 

overexpression was consistent and high.152 These findings suggest Y1Rs and Y2Rs as targets 

for tumor diagnosis and even therapy, as selective high-affinity Y1R ligands can be labeled 

with radioisotopes suited for imaging or endoradiotherapy. 

Functional autoradiography studies revealed G protein binding of intracellular [35S]GTPγS 

upon receptor activation by agonist binding in Y1R- and Y2R-expressing tumors, indicating an 

intact machinery for downstream signaling and, therefore, potentially a regulatory role of these 

receptors in tumor proliferation.143 It is known that NPY, mainly through Y1Rs and Y2Rs, is a 

positive modulator of cell proliferation, as in vascular smooth muscle cells,153 in endothelial 

cells, leading to angiogenesis,154, 155 and in sympathetic neuroblasts,156 but also of cell growth, 

as in cardiomyocytes.157 In the neuroblastoma cell line SK-N-BE(2), receptor activation by Y2R 

selective agonists induced mitogenic effects and the increased constitutive release of NPY in 

this cell line promoted proliferation of human dermal microvascular endothelial cells, 

suggesting a key role of Y2Rs in tumor vascularization.156 On the other hand, in SK-N-MC cells, 

a cell line derived from an Ewing’s sarcoma family tumor (ESFT) and to some extent also in 

PC12 cells from pheochromocytoma, NPY was shown to exert antiproliferative and pro-

apoptotic effects, presumably via Y1R activation.147, 156, 158 Additionally, it was demonstrated on 

PC-3 prostate cancer cells that NPY does not promote cell migration and metastatic spread 

into reconstituted basement membranes and even inhibited migration of colon 

adenocarcinoma cells.159-161 This leads to the conclusion that the functional roles of NPY 

receptors overexpressed in the respective tumor tissue exhibit similar complexity compared to 

the manifold physiological functions of NPY in non-tumoral tissue and therefore need to be 

further explored.146 

Among the investigated NPY receptor-containing tumor tissues, breast carcinomas, located in 

the periphery, stand out in terms of Y1R-targeted tumor imaging as they not only exhibit the 

highest density and incidence of Y1R receptors, the Y1R/Y2R expression ratio was also found 

to be shifted from almost exclusively Y2R-dominated in non-affected healthy mammary tissue 

to a prevalent Y1R expression upon neoplastic transformations.147, 162 This renders the Y1R a 

promising marker for abnormal breast tissue growth and therefore, targeting peripheral Y1R 

with radiolabeled ligands harbors the potential to detect and monitor breast cancer even in 

early stages.142, 163, 164 Remarkably, Y1R overexpression in breast carcinomas and related 

lymph node metastases coincides with the overexpression of gastrin-releasing peptide 
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receptors (GRPRs). This gives rise to the development of heterodimeric radiolabeled ligands 

targeting GRPRs and Y1Rs.162, 165 It should be noted, that the (over)expression of Y1Rs was 

demonstrated to be dependent on the presence of estradiol in MCF-7 mammary carcinoma 

cells and corresponding nude mice xenografts, as the treatment with antiestrogens completely 

abolished Y1R expression.166 

1.2 Fluorescent GPCR ligands as pharmacological tools 

A broad portfolio of binding assays is available to determine GPCR-ligand binding affinities 

and binding kinetics, both on a fluorometric and a radiochemical basis. These assays can be 

categorized by different characteristics, for example comparing heterogenous assay formats, 

that require separation of the free from the receptor-bound probe before readout, and 

homogenous assay formats, where the presence of the free tracer does not impair signal 

readout. The first category comprises radioligand binding assays, since non-bound radioactive 

tracer must be removed to enable the quantification of receptor-bound ligand. This separation, 

however, is not required for most fluorescence-based binding assays, including flow cytometric 

assays, microscopy-based methods (confocal microscopy, total internal reflection 

fluorescence (TIRF) microscopy, fluorescence lifetime imaging microscopy (FLIM)), RET-

based assays (BRET- and FRET-assays) and fluorescence polarization (FP)- and anisotropy 

(FA)-based assays, not only facilitating assay performance on a practical level, but also 

enabling a time-resolved monitoring of binding processes.167-170  

Fluorometric flow cytometry has been implemented as a tool to examine GPCR ligand binding 

almost four centuries ago,171 and has since also been used to characterize NPY receptors.110, 

111, 172-174 Confocal microscopy contributes a unique feature among fluorescence-based 

methods allowing the localization of GPCRs in membranes of live cells in a visible spatial 

context, but has also been applied for time-resolved receptor binding studies and compound 

characterization by high-content imaging.175-179 The NanoBRET assay format has been 

successfully utilized to conveniently characterize ligand binding kinetics for several GPCRs, 

including the histamine receptor family (H1R,180 H2R,181 H3R,182 and H4R183), the adenosine 

receptor family (A1R,184 A2BR185 and A3R186), the β2-adrenoceptor,187 the angiotensin II type 1 

receptor, 188 and very recently also the Y1R.189 FP-/FA-based assays, measuring orientational 

changes of a fluorophore in its excited state after irradiation with linearly polarized light, were 

applied to examine the binding kinetics of fluorescent dopamine D1 receptor ligands,190 

melanocortin 4 receptor ligands,191 and histamine H3 receptor ligands192 (note: the terms FP 

and FA describe the same process, but can be interpreted mathematically in two ways, 

depending on user preferences193). Furthermore, a systematic study comparing the 

NanoBRET and FA method was conducted for the M2 muscarinic acetylcholine receptor.194  
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While the number of GPCR binding studies involving fluorescence-based assays is steadily 

rising, the imperative premise for the success of these methods must be pointed out: They 

require fluorescently labeled receptor ligands with suitable pharmacological properties. 

Conserving high receptor affinity after introduction of a fluorescent dye to a nonlabeled parent 

compound is detrimental for several reasons: The amount of fluorescent ligand required for 

binding assays is reduced, which can be a relevant cost factor owed to the high prices for 

many of available fluorescent dyes. Also, as nonspecific binding generally rises with increasing 

concentrations of the applied fluorescent probe, the use of high-affinity fluorescent ligands, 

requiring low concentrations of the same, can considerably improve the signal-to-noise ratio 

of the respective fluorescence-based assay. In addition, some of the aforementioned methods, 

e.g. the ratiometric FP-/FA-based assays, are not at all compatible with low affinity ligands (KD 

> 10 nM).193 However, as fluorescent dyes feature a hydrophobic core element containing an 

extended π-system, which increases the size of the labeled ligand considerably, the decrease 

in binding affinity compared to the labeling precursor is unavoidable in most cases.195, 196 The 

most effective measure to minimize the expected drop in binding affinity consists in ligand 

design based on the knowledge of the ligand binding mode, preferably accessible from a 

crystal or cryo-EM structure of the respective receptor in complex with the parent ligand. This 

way, time consuming SAR-based screening for the most suitable linker length and attachment 

site in the parent compound may become obsolete as demonstrated in Chapter 2. 

To conclude, fluorescence-based assays excel radiochemical methods in many facets, not 

only concerning the high safety requirements to prevent radiation exposure and the costs 

involved in radioactive disposal, but also with respect to the broad applicability of fluorescent 

ligands and a less time-intensive conduction of fluorescence-based assays. However, for 

certain situations, radiolabeled ligands are still invaluable tools, e.g. if a suitable fluorescent 

ligand or the biochemically engineered receptor constructs, required e.g. for RET-based 

assays, are not available, or for experiments that require the outstanding sensitivity of 

radioactively labeled ligands such as the autoradiographic detection of a certain receptor in 

tissues. 

1.3 GPCR PET ligands as diagnostic tools in nuclear medicine  

1.3.1 The principle of PET and its diagnostic applications 

PET (positron-emission tomography), often coupled to CT (computer tomography) to combine 

functional and anatomic imaging, represents an indispensable, non-invasive diagnostic tool in 

modern nuclear medicine to visualize biochemical processes throughout the body. It is 

especially used to identify tissues with abnormal metabolic activity or altered expression of 
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certain proteins including membrane receptors, which can serve as markers for the detection 

of tumor tissue or for the diagnosis of neurodegenerative diseases.197 

PET tracers – in most cases administered intravenously to the patient – bear a “proton-rich” 

positron-emitting nuclide, which decays into a nuclide with its atomic number reduced by one 

(Table 1.3197). For this type of radioactive decay, a proton dissimilates into an electron neutrino 

and a positron. The emitted positron dissipates almost all of its kinetic energy by interactions 

with atoms of the medium it passes through before it is annihilated together with an electron, 

resulting in the back-to-back emission of two 511 keV photons in opposite directions (note: the 

mass energies of a positron and an electron correspond to 511 keV each, according to E = m 

c2). These photons can be detected quasi-simultaneously by circularly arranged PET scanning 

units, which allows the construction of a three-dimensional image, displaying the amount of 

radioactivity measured in certain region of interest.197 

Table 1.3. Decay products, half-lives, and maximum positron kinetic energies (Emax β+) for common nuclides 

used in PET. 

nuclide  decay product t1/2 [min] Emax β+ [keV] 

11C  11Be 20 970 

13N  13C 10 1190 

15O  15N 2 1720 

18F  18O 110 635 

68Ga  68Zn 68 1900 

 
Due to their short half-lives, 13N and 15O can only be administered in chemical forms, which 

are obtained directly from the cyclotron or linac (linear particle accelerator), e.g. 13NH3, H2
15O 

and 15O2. If chemical transformations need to be carried out, nuclides with higher half-lives are 

preferred. Among them, 18F is considered advantageous for PET tracers requiring multiple 

reaction and/or purification steps. 68Ga represents another indispensable positron-emitting 

nuclide for PET, which however requires a bulky chelator such as DOTA in the target 

compound, effecting the physicochemical profile and potentially also the bioactivity of the 

probe. Additionally, positrons emitted by 68Ga exhibit high energy (cf. Table 1.3), resulting in 

decreased image resolution as these positrons travel several millimeters from the site of 

positron emission before they reach the low energy state required to trigger the annihilation 

event (Table 1.3). Nevertheless, 68Ga is still the most used PET nuclide, since the nuclide 

source, a 68Ge/68Ga-generator, constitutes a highly affordable alternative to cyclotrons or 

linacs. Moreover, the bifunctional chelators feature flexibility as they can also be used to bind 

other radiometals, e.g. 177Lu, 161Tb, and 90Y as radiotherapeutic nuclides, or 111In for SPECT 

(single photon emission computed tomography) imaging.198 
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Whether one of the two most frequently used non-invasive imaging techniques, PET/CT or 

SPECT, is superior to the other one, largely depends on the infrastructure of the respective 

nuclear medical department. In SPECT, gamma photons with weaker energy compared to 511 

keV are directly emitted from unstable heavy nuclides such as 123I, 99mTc or 111In. Several 

comparative studies favor PET/CT over SPECT due to higher spatio-temporal resolution, 

resulting in higher sensitivity and image quality.199, 200 On the other hand, SPECT offers a wider 

range of radiopharmaceuticals with half-lives from several hours to several days, which 

enables the delivery of SPECT tracers from commercial cyclotron facilities to hospitals. For the 

next decades, both imaging modalities will be of relevance in the clinic and likely even 

complemented with the rise of other imaging methods, e.g. magnetic particle imaging using 

ultra-small superparamagnetic iron oxide nanoparticles (SPIONs).201-203 

1.3.2 PET ligands based on GPCR ligand-receptor interactions as clinical research 

tools 

Aminergic GPCRs such as dopamine and serotonin receptors, and opioid receptors have been 

targeted with suitable PET ligands to study the expression of these receptors in individuals 

suffering from neurodegenerative diseases, e.g. Parkinson’s disease, Alzheimer’s disease or 

dementia, or from mental disorders, e.g. schizophrenia, depression, anxieties and drug 

addictions.204 These PET ligands usually represent radiolabeled analogues of already 

characterized receptor subtype selective agonists or antagonists, for example the 5-HT2AR 

antagonist 18F-altanserin (associated with depression),205 the D2R antagonist 11C-raclopride 

(associated with Parkinson’s disease and schizophrenia)206, 207 or the MOR agonist 11C-

carfentanil (associated with depression, addictions, and the social distress and reward 

system)208-211 (Figure 1.4, panel A). Regarding the synthesis of the PET ligands, the 

radionuclides 11C (e.g. as 11CH3OTf or 11CH3I in SN2 reactions) or 18F (as K18F in SN2 reactions 

or as 18F2 in aromatic substitutions) are preferably incorporated in the last synthetic step, 

followed by quick and convenient purification.  

As various GPCRs are overexpressed in different types of neoplasia, selective PET ligands 

targeting these GPCRs can in principle serve as radiopharmaceuticals for tumor diagnosis and 

therapy. However, only one GPCR PET ligand has been approved for routine tumor diagnosis 

and monitoring to date: The somatostatin analogue 68Ga-DOTATATE (structure see Figure 

5.1, Chapter 5) is used in nuclear medicine for the diagnosis of somatostatin receptor-

expressing neuroendocrine tumors.212 However, other GPCR PET ligands are currently 

evaluated in clinical studies, for example 68Ga-pentaxifor213 (Figure 1.4, panel B), a ligand for 

the chemokine 4 receptor (CXCR4), which is associated with numerous cancer types like 

multiple myeloma,214 glioblastoma,215 and neuroendocrine tumors,216 or the GRPR ligand 68Ga-

RM2217 (Figure 1.4, panel B), a potential diagnostic agent for prostate cancer.218, 219 Concerning 
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NPY receptors, few Y1R PET ligands have been described as potential radiopharmaceuticals 

for breast cancer diagnosis and evaluated in vivo. These include a 18F-labeled high-molecular-

weight glycopeptide derived from NPY,220 18F-labeled BIBP3226-derived argininamides,114, 115 

and also a heterobivalent peptidic ligand bearing pharmacophores recognized by the Y1R and 

the GRPR.165 However, many more efforts are required to establish a Y1R PET ligand 

approved for tumor imaging in the clinic. 

 

Figure 1.4. (A) GPCR PET ligands used for receptor expression studies in patients suffering from 

neurodegenerative diseases and mental disorders. (B) GPCR PET ligands evaluated as tools for tumor diagnosis. 

aSta: statine ((3S,4S)-4-amino-3-hydroxy-6-methylheptanoic acid). 

1.4 Scope of the thesis 

The neuropeptide Y Y1 receptor, a class A GPCR and a member of the NPY receptor family, 

is involved in the regulation of many physiological processes such as energy homeostasis, 

stress regulation, anxiolysis and the regulation of blood pressure. Moreover, elevated Y1R 

levels were found in various types of cancer tissue. Therefore, the Y1R represents an 

interesting drug target and a potential tumor marker, in particular for the diagnosis of mammary 

carcinoma.  
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In search for pharmacological tools, argininamide-type Y1R ligands, representing small 

molecule peptidomimetics of the C-terminus of NPY, were identified as highly selective Y1R 

antagonists. Structural modifications of the lead structure BIBP3226 (pKi (Y1R) = 8.80112), i.e. 

the introduction of an Nω-carbamoyl substituent at the guanidino group, resulted in the 

radiolabeled tool compound [3H]UR-MK299, showing high Y1R affinity (pKD = 10.36).109, 113 

However, the attachment of bulky fluorescent dyes at the carbamoylated guanidine moiety 

caused a marked decrease in binding affinity (pKi < 8).109, 111 

This work focused on the structure-based development of fluorescently labeled argininamide-

type Y1R ligands displaying considerably higher Y1R affinity than previously reported probes. 

To achieve this aim, the structural information provided by the newly reported crystal structure 

of the Y1R in complex with UR-MK299 had to be exploited. As the diphenylacetyl moiety in UR-

MK299 was located closest to the receptor surface in the crystal structure, analogues of UR-

MK299 had to be synthesized, containing an amine-functionalized linker at one of the phenyl 

rings of the diphenylacetyl moiety. Subsequently, the amine-functionalized derivatives of UR-

MK299 had to be conjugated to different fluorophores yielding fluorescent Y1R ligands, which 

had to be pharmacologically characterized with respect to Y1, Y2, Y4 and Y5 receptor binding 

(radioligand competition binding studies) and Y1R antagonism (Fura-2 Ca2+ assay). Most 

importantly, the fluorescent ligands had to be investigated in flow cytometry- and fluorescence 

anisotropy-based assays, comprising saturation binding, kinetic studies, and competition 

binding experiments. Moreover, this project included the exploration of the probes by different 

fluorescence microscopy techniques to visualize and localize Y1Rs in live MCF-7-Y1 mammary 

carcinoma cells. 

Using the same amine-functionalized precursor compounds as for the synthesis of the 

fluorescent ligands, fluorinated and Ga3+-containing potential Y1R PET ligands had to be 

synthesized. After the pharmacological evaluation of the PET ligand candidates regarding NPY 

receptor binding, two selected compounds had to be radiochemically labeled with 18F and one 

with 68Ga3+ (collaboration with Prof. O. Prante and Dr. S. Maschauer at the University Hospital 

in Erlangen, and with Prof. D. Hellwig at the University Hospital in Regensburg). The obtained 

PET tracers had to be characterized in vitro, to examine, e.g. their physicochemical properties, 

and in vivo with respect to their biodistribution and the PET imaging of subcutaneous MCF-7-

Y1 tumors in nude mice. 

Additionally, the amine-functionalized precursors had to be used to synthesize a set of 

homobivalent Y1R ligands, exhibiting different linker lengths between the two pharmacophoric 

entities, as potential tools to investigate Y1R homodimerization. 
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Finally, a synthetic route towards a fluorinated and chelator-carrying prototypic Y1R 

“radiohybrid” ligand, a compound that can be transformed to either a cancer diagnostic tool or 

a therapeutic agent, had to be developed. 
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Y1 receptor 

 

 

 

 

 

 

 

Note: This chapter (except for the characterization of compound 2.40 in section 2.2.6) was published in collaboration with 

cooperation partners prior to the submission of this thesis (Figure 2.5 and Table 2.3 differ from the published version 

due to the addition of flow cytometric binding data of 2.40):  
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2.1 Introduction 

In humans, the neuropeptide Y (NPY) receptor family comprises four subtypes (Y1R, Y2R, Y4R 

and Y5R), which are all members of the superfamily of G protein-coupled receptors. NPY 

receptors are endogenously targeted by the linear 36-amino acid peptides neuropeptide Y, 

peptide YY (PYY), and pancreatic polypeptide (PP).1 The regulation of various physiological 

processes has been attributed to the NPY receptor family. For instance, the Y1R mediates 

increased food intake and anxiolytic effects. It is also involved in the regulation of the 

cardiovascular system, learning and cognitive processes, sexual behavior as well as alcohol 

and drug addiction.2-8 The Y1R and Y2R are expressed in various malign tumors such as 

mamma carcinoma (Y1R) and pancreatic adenocarcinoma (Y1R, Y2R). Thus, labeled Y1 and 

Y2 receptor ligands represent potential tools for tumor diagnosis.9-16 Previous structure-activity 

relationship studies with (R)-argininamide-type Y1R antagonists derived from BIBP3226 (2.117, 

Figure 2.1, panel A), focusing on the modification of the arginine side chain (Nω-acylation and 

Nω-carbamoylation),18, 19 yielded the high-affinity Y1R antagonist UR-MK299 (2.2, Figure 2.1, 

panel A) and its tritiated analogue [3H]UR-MK299.20 However, the attachment of fluorescent 

dyes via the modified arginine side chain (e.g. 2.3-2.520-22) resulted in fluorescent ligands with 

markedly lower Y1R affinity (pKi < 8) compared to 2.1 and 2.2 (Figure 2.1, panel A). 

Noteworthily, Nω-carbamoylated derivatives of 2.1 are chemically stable in aqueous media in 

contrast to Nω-acylated argininamides such as 2.3, which are prone to hydrolytic cleavage 

(acylguanidine moiety).19, 21 In addition to the nonpeptidic fluorescent Y1R ligands derived from 

antagonist 2.1,21, 22 several fluorescence-labeled peptidic Y1R ligands were reported, typically 

featuring low receptor subtype selectivity.23-27 

The recently reported crystal structure of the human Y1R (hY1R) in complex with 2.2 (PDB ID: 

5ZBQ28) provided an explanation for the decrease in Y1R binding affinity when bulky 

fluorescent dyes are attached via the acylated or carbamoylated guanidine moiety: the 

Nω-carbamoyl substituent is deeply buried in the binding pocket (Figure 2.1, panel B), revealing 

that bulky attachments to the guanidino group are incompatible with the binding mode of 2.2. 

Taking advantage of this insight, we identified the diphenylacetyl moiety, which is facing the 

receptor surface according to the crystal structure, as the most beneficial position for the 

attachment of bulky moieties such as fluorescent dyes (Figure 2.1, panel B). We hypothesized 

that attachment of a fluorophore via a spacer to one of the two phenyl rings in 2.2 should not 

considerably impair Y1R binding due to location of the fluorescent label outside of the binding 

pocket. As this structural modification generated a second chiral center (methine carbon of the 

diphenylacetyl moiety), the presented approach included the elucidation of the absolute 

stereochemistry of the new stereocenter and the investigation of (R,R)- and (S,R)-configured 

diastereomers with respect to Y1, Y2, Y4 and Y5 receptor affinity and Y1R antagonism. 
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Additionally, Y1R binding of selected probes was investigated by flow cytometry (FC), widefield 

and total internal reflection fluorescence (TIRF) microscopy and in fluorescence anisotropy 

(FA)-based assays. 

 

Figure 2.1. (A) Structures and Y1R affinities (pKi values) of BIBP3226 (2.117), UR-MK299 (2.220) and the previously 

reported fluorescent ligands 2.3,22 2.421 and 2.5,20 where the fluorescent dye (pyrylium/pyridinium dye Py1 in 2.3 

and 2.4, Red Mega 480 in 2.5) was attached to the guanidino group via an Nω-acyl (2.3) or an Nω-carbamoyl (2.4, 

2.5) linker. (B) Binding site of 2.2 in the human Y1R as identified by crystallization of the Y1R in complex with 2.2 

(PDB ID: 5ZBQ28) and rationale of the present study, i.e. the introduction of amine-functionalized substituents in 

meta or para position at one of the phenyl rings of 2.2 followed by the preparation and characterization of fluorescent 

Y1R ligands. aKeller et al.;18 bKeller et al.;20 cSchneider et al.;22 dKeller et al.21 Y1R binding data of 2.1-2.5, previously 

reported as Ki, were re-evaluated to obtain the pKi values. 
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2.2 Results and discussion 

2.2.1 Synthesis and stereochemical discrimination of (R)-2.14 and (S)-2.14 

The synthetic route towards amine-functionalized NPY Y1 receptor ligands derived from 

argininamide 2.2, needed as precursors for fluorescence labeling, included the preparation of 

two key intermediates: isothiourea derivative 2.10 and (R)-configured ornithinamide 2.13, 

which were converted to Nω-carbamoylated argininamide 2.14 by a mercury(II)-assisted 

guanidinylation reaction (Scheme 2.1). For the synthesis of the guanidinylating agent 2.10, 

isothiourea derivative 2.6 (cf. section A.2.1 and supplementary Scheme A2.1) was deprotected 

under acidic conditions to obtain amine 2.7. Subsequent propionylation at the primary amino 

group using succinimidyl ester 2.8 resulted in propionamide 2.9, which was Boc-protected to 

obtain 2.10. Nα-acylation of ornithinamide 2.11 using racemic diphenylacetic acid derivative 

2.12 (cf. section A.2.1 and supplementary Scheme A2.1) gave a 1:1 mixture of the 

diastereomers (S,R)-2.13 and (R,R)-2.13 (Scheme 2.1). Hydrogenolytic cleavage of the Cbz 

protecting group in 2.13 followed by guanidinylation using 2.10 in the presence of mercury(II) 

chloride and subsequent treatment with TFA to remove acid-labile protecting groups afforded 

a mixture of (S,R)-2.14 and (R,R)-2.14. The latter were separated by achiral preparative RP-

HPLC, at this stage with unknown stereochemistry with respect to the chiral center of the 

diphenylacetyl moiety.  

 

Scheme 2.1. Synthesis of the amine-functionalized argininamide-type Y1R antagonists (S,R)-2.14 and (R,R)-2.14. 

The asterisks in 2.12 and 2.13 indicate racemic and diastereomeric mixtures, respectively. The wavy bond in 2.14 

indicates either configuration, S or R. Reagents and conditions: a) TFA, CH2Cl2, 900 mbar, rt, 16 h, 91%; b) Et3N, 

CH2Cl2, rt, 1 h, 79%; c) di-tert-butyldicarbonate, DMAP, Et3N, CH2Cl2, rt, 2 h, 73%; d) HBTU, HOBt, DIPEA, DMF, 

0 °C, 15 min, 64%; e) H2, Pd/C, trifluoroethanol, rt, 3 h; f) (1) mercury(II) chloride, DIPEA, CH2Cl2, rt, 30 min; (2) 

TFA, CH2Cl2, 900 mbar, rt, 3 h, 23% ((S,R)-2.14), 8% ((R,R)-2.14). Note: (S,R)-2.14 and (R,R)-2.14 were separated 

and isolated by preparative RP-HPLC. 

Efforts to obtain crystals of (S,R)-2.14 or (R,R)-2.14 as well as derivatives of (S,R)-2.14 (e.g. 

conjugates with camphorsulfonic acid and 1-naphtoic acid) suitable for X-ray crystallography 
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were unsuccessful. Therefore, to explore the stereochemistry of the diphenylacetyl moiety in 

2.14, a racemic mixture of carboxylic acid 2.16 (obtained from nitrile 2.15) was subjected to 

repeated fractional crystallization using (R)-(+)-1-phenylethylamine as a base to yield (R)-2.16 

in 90% ee (Scheme 2.2), as determined by 1H-NMR spectroscopy of (R)-2.16 in the presence 

of (−)-cinchonidine (supplementary Figure A2.1 in section A.2.3). The stereochemistry of (R)-

2.16 could be solved by X-ray diffraction analysis of single crystals of the free carboxylic acid 

obtained after separation from the chiral base by extraction (Figure 2.2, for crystallographic 

data cf. section A.2.4). 

 

 

Figure 2.2. Molecular structure of (R)-2.16 (CCDC 2905892) obtained by X-ray crystallography. The unit cell 

contained two molecules of (R)-2.16 with different conformations. Intermolecular hydrogen bond interactions are 

shown as dashed lines. 

(R)-2.16 (free acid) served as a starting material for the synthesis of diastereomerically 

enriched (R,R)-2.19 (Scheme 2.2). (R)-2.16 was converted to (R)-2.17 by cleavage of the 

methyl ether using BBr3. Noteworthily, during this reaction the proton of the methine group in 

(R)-2.16 was prone to deprotonation/proton exchange, leading to (R)-2.17 with a decreased 

enantiomeric purity (74% ee) compared to that of (R)-2.16 (Scheme 2.2 and supplementary 

Figure A2.2 in section A.2.3). Likewise, the proton of the methine group in (R)-2.17 was prone 

to deprotonation/proton exchange during the synthesis of (R,R)-2.19 by formation of an amide 

bond between (R)-2.17 and (R)-configured ornithine derivative 2.18 using DCC as an active 

ester forming coupling reagent. These conditions gave (R,R)-2.19 with a diastereomeric 

excess of 56%. It should be noted that this reaction had to be performed strictly in the absence 

of base and CH2Cl2 had to be used as solvent instead of DMF to preclude a complete loss of 

stereoinformation with respect to the chiral center of the diphenylacetyl moiety. The synthesis 

of diastereomerically enriched (R,R)-2.19 provided the basis for the assignment of the 
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stereochemistry to (R,R)-2.19 and (S,R)-2.19, separated by achiral RP-HPLC (chromatograms 

in Scheme 2.2). As the synthesis of (R,R)-2.19 and (S,R)-2.19 via (R)-2.16 was performed only 

on a small scale (no preparative workup), the two diastereomers of 2.19 were prepared on a 

larger scale from racemic carboxylic acid 2.17 (obtained from nitrile 2.15), which was converted 

to succinimidyl ester 2.20 (Scheme 2.2). Treatment of ornithine derivate 2.21 with 2.20 resulted 

in an equimolar ratio of (S,R)-2.19 and (R,R)-2.19, which were separated by preparative HPLC. 

To assign the absolute stereochemistry to the two diastereomers of 2.14, pure (S,R)-2.19 (cf. 

supplementary Figure A2.3, panel A in section A.2.3) served as a starting material for the 

synthesis of (S,R)-2.14 following a different route compared to the synthetic strategy shown in 

Scheme 2.1. (S,R)-2.19 was converted to (S,R)-2.23 by amidation with 2.22, using EDC × HCl 

as a coupling reagent under base-free conditions to minimize epimerization (cf. supplementary 

Figure A2.3, panel B in section A.2.3). Alkylation of (S,R)-2.23 using alkyl bromide 2.24 yielded 

phenol ether (S,R)-2.13. These conditions required the use of a strong base (cesium 

carbonate) and led to partial epimerization, which became obvious from RP-HPLC monitoring 

of the reaction (cf. supplementary Figure A2.3, panel C in section A.2.3). Conversion of 

diastereomerically enriched (S,R)-2.13 to 2.14 according to the procedure shown in Scheme 

2.1 yielded (S,R)-2.14 in a diastereomeric excess of 50% over (R,R)-2.14 (cf. supplementary 

Figure A2.3, panel D in section A.2.3), allowing the assignment of the absolute stereochemistry 

to both diastereomers of 2.14. 
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Scheme 2.2. Synthesis of the key-intermediates (S,R)-2.19 and (R,R)-2.19 for assignment of the absolute 

stereochemistry to the (S,R)- and (R,R)-configured diastereomers of 2.14. The asterisks in 2.15, 2.17 and 2.20 

indicate racemic mixtures. The wavy bond in 2.19 indicates either configuration, S or R. Reagents and conditions: 

a) (1) conc. H2SO4, glacial acetic acid, H2O, 120 °C, 16 h, 76%; (2) repeated fractional crystallization of a 

diastereomeric salt of 2.16 and (R)-(+)-1-phenylethylamine from chloroform/hexane 45:55 v/v, 5%; b) BBr3, CH2Cl2, 

−84 °C, 1 h, 68%; c) (1) DCC, HOBt, CH2Cl2, 4 °C, 3 h; (2) TFA, CH2Cl2, 4 °C, 10 min, products not isolated; d) aq. 

HBr (47%), glacial acetic acid, H2O, reflux, 16 h, 75%; e) NHS, DCC, THF, 0 °C to rt, 16 h, 37%; f) DIPEA, DMF, rt, 

2 h, 17% ((S,R)-2.19), 15% ((R,R)-2.19); note: (S,R)-2.19 and (R,R)-2.19 were separated and isolated by 

preparative RP-HPLC; g) HOBt, EDC × HCl, DMF, 4 °C, 16 h, 57%; h) Cs2CO3, DMF, 40 °C, 16 h, 84%; i) H2, Pd/C, 

trifluoroethanol, rt, 1 h; j) (1) mercury(II) chloride, DIPEA, CH2Cl2, rt, 30 min; (2) TFA, CH2Cl2, rt, 24 h, 16%. The 

inset Figure shows the RP-HPLC chromatograms of crude (S,R)-2.19/(R,R)-2.19 with a diastereomeric excess of 

56% for (R,R)-2.19, obtained via reaction c) (black line) and a co-analysis of equal amounts of (S,R)-2.19 and (R,R)-

2.19, obtained via reaction f) (blue line). The synthesis of (R,R)-2.19 from (R)-2.16 (a-c), yielding 56% 

diastereomeric excess of (R,R)-2.19, and the subsequent synthesis of (S,R)-2.14 from diastereomerically pure 

(S,R)-2.19 (g-j), yielding 50% diastereomeric excess of (S,R)-2.14, served to assign the correct configuration to the 

diastereomers of 2.14. The identity of 2.19 was confirmed by HRMS. 

2.2.2 Synthesis and stereochemical discrimination of (R)-2.30 and (S)-2.30 

In addition to (S,R)-2.14 and (R,R)-2.14, containing a 4-aminobutoxy linker at the meta position 

at the diphenylacetyl moiety, a second pair of diastereomers, (S,R)-2.30 and (R,R)-2.30, 

bearing the 4-aminobutoxy linker at the para position, was synthesized (Scheme 2.3). (S,R)-

2.30 and (R,R)-2.30 were synthesized by solid phase synthesis according to the Fmoc strategy 

starting with the treatment of commercially available 2-chlorotrityl (2-ClTrt) resin (2.25) with 

phenol 2.26 to obtain polymer-bound Fmoc-protected amine 2.27. After Fmoc deprotection, 

(R)-configured arginine derivative 2.28 (cf. section A.2.1 and supplementary Scheme A2.1) 

was coupled to 2.27 using HBTU/HOBt as coupling reagents, followed by Fmoc deprotection 

and coupling of para-substituted diphenylacetic acid derivative 2.29 (cf. section A.2.1 and 

supplementary Scheme A2.1) to afford the polymer-bound Boc-protected precursor of 

compound 2.30. Acidic cleavage from the resin and removal of the protecting groups resulted 

in a 1:1 mixture of (S,R)-2.30 and (R,R)-2.30, which were separated by achiral preparative RP-

HPLC (Scheme 2.3). 
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Scheme 2.3. Synthesis of the amine-functionalized argininamide-type Y1R antagonists (S,R)-2.30 and (R,R)-2.30. 

The asterisk in 2.29 indicates a racemic mixture. The wavy bond in 2.30 indicates either configuration, S or R.  

Reagents and conditions: a) DMAP, DIPEA, 40 °C, 3 h, 44%; b) (1) piperidine, DMF, 35 °C, 2 h (procedure repeated 

once), (2) HBTU, HOBt, DIPEA, DMF, 35 °C, 16 h; c) (1) piperidine, DMF, 35 °C, 2 h (procedure repeated once), 

(2) HBTU, HOBt, DIPEA, DMF, 35 °C, 16 h; (3) TFA, CH2Cl2, rt, 20 min; overall yields: 10% ((R,R)-2.30), 13% 

((S,R)-2.30). Note: (S,R)-2.30 and (R,R)-2.30 were separated and purified by preparative RP-HPLC. 

The absolute stereochemistry of (S,R)-2.30 and (R,R)-2.30 was determined by CD 

spectroscopy employing a combinatorial approach taking advantage of the known 

stereochemistry of the structurally closely related constitutional isomers (S,R)-2.14 and (R,R)-

2.14. In brief, the spectra of (S,R)-2.14, (R,R)-2.14 and the two diastereomers of 2.30, 

preliminarily labeled 2.30a and 2.30b (Figure 2.3, panel A), were subjected to singular-value 

decomposition (SVD), affording three “abstract spectra” that were different from noise (Figure 

2.3, panel B). Each of these spectra represents spectral components that are present in all 

four spectra, irrespective of intensity and sign. Reversion of this deconvolution using only the 

three SVD components from Figure 2.3 (panel B) and their corresponding coefficients afforded 

the spectra in Figure 2.3 (panel C). The close resemblance to Figure 2.3 (panel A) 

demonstrates that each of the four CD spectra can be regarded as a combination of only three 

linearly independent spectral components, putatively being associated with the 

stereochemistry of the argininamide moiety, the stereochemistry of the diphenylacetyl moiety, 

and the regiochemistry (para or meta) of the amine-functionalized substituent. The contribution 

of SVD component 1 to each CD spectrum is shown in Figure 2.3 (panel D).  
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As all four spectra exhibited the same sign, we attributed component 1 to the configuration of 

the argininamide moiety (R for all isomers). The contributions of component 2 (Figure 2.3, 

panel E) to the spectra of (S,R)-2.14 and (R,R)-2.14 have the opposite sign. Therefore, a 

minimum at 234 nm and a maximum at around 210 nm indicate the S-configuration at the 

diphenylacetyl moiety, while an inverse spectrum corresponds to R-configuration. This allowed 

the assignment of 2.30a to (S,R)-2.30 and 2.30b to (R,R)-2.30. The contributions of component 

3 (Figure 2.3, panel F) correlated with the regiochemistry of the amine-functionalized 

substituent: consistent with the assignments from above, contributions to the CD-spectra of 

meta-substituted isomers and to the spectra of para-substituted isomers have the opposite 

sign. 

                  

Figure 2.3. Assignment of the absolute configuration to the diastereomers of 2.30 through spectral deconvolution 

and assignment of linearly independent spectral features to stereo- and regiochemical properties. (A) CD spectra 

of all four isomers. (B) Linearly independent components (“abstract spectra”) from SVD, shared by all 4 isomers 

(rescaled by a factor of 30 for better comparison). (C) Reconstruction of full spectra from linear combination of the 

“abstract spectra” in panel B. (D) Contributions of component 1 to the full spectra in panel A or C correlating with 

the configuration at the argininamide moiety. (E) Contributions of component 2 correlating with the configuration at 

the diphenylacetyl moiety. (F) Contributions of component 3 correlating with the regiochemistry of the amine-

functionalized substituent. 
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2.2.3 Synthesis of fluorescent ligands 2.35-2.40 

Finally, a set of six fluorescent ligands was prepared using four different amine-reactive dyes: 

the pyridinium cyanine dye Py5 (2.31) and succinimidyl esters of the indolinium cyanine dye 

S0387 (2.32), the boron dipyrromethene-type dye BODIPY 630/650 (2.33) and the rhodamine 

dye 5’-TAMRA (2.34) (Scheme 2.4). Fluorescent probes 2.35 and 2.37-2.39 were prepared by 

treatment of (S,R)-2.14 with 2.31-2.34, respectively. The (R,R)-configured counterpart of 2.35, 

compound 2.36, was synthesized from (R,R)-2.14 and 2.31. Fluorescent ligand 2.40, 

representing a constitutional isomer of 2.39 (para vs. meta substitution pattern at the 

diphenylacetyl moiety) was prepared from (S,R)-2.30 and 2.34. Fluorescence dye coupling to 

the amines was performed at rt in DMF in the presence of DIPEA throughout, affording the 

fluorescent ligands in moderate to high yields (21-69%) and high purities (≥ 96%, RP-HPLC 

analysis at 220 nm) after purification by preparative HPLC. The investigation of the chemical 

stability in PBS pH 7.4 at 22 °C revealed high chemical stability for compounds 2.35-2.37, 2.39 

and 2.40 (≥ 95% purity after 24 h) and a slow decomposition for fluorescent probe 2.38 (90% 

purity after 24 h) (for RP-HPLC chromatograms see section A.2.5). 
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Scheme 2.4. Synthesis of the fluorescent Y1R ligands 2.35-2.40. Reagents and conditions: a) DIPEA, DMF, rt, 

0.5-4 h, 21-69%.  
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2.2.4 NPY receptor binding and Y1R antagonism 

Y1R binding affinities of the amine-functionalized precursor compounds (S,R)-2.14, (R,R)-2.14, 

(S,R)-2.30 and (R,R)-2.30, and fluorescently labeled compounds 2.35-2.40 were determined 

in Y1R competition binding experiments using [3H]2.2 as the radioligand. For these 

experiments, human Y1R-expressing SK-N-MC neuroblastoma cells, being well established 

for Y1R binding studies, were used. The obtained pKi values are listed in Table 2.1 and for 

2.35-2.40, the corresponding radioligand displacement curves are displayed in supplementary 

Figure A2.4 (section A.2.3). (S,R)-2.14, (R,R)-2.14, (S,R)-2.30 and (R,R)-2.30 exhibited very 

high Y1R affinities (pKi = 10.30-10.89), in the case of (R,R)-2.30 6-fold higher compared to the 

parent compound 2.2. It is rather a matter of speculation, if this increase in affinity is caused 

by an additional attractive interaction of the primary amino group in 2.14 and 2.30 with the 

receptor or if it is due to an entropically favored binding process. 

Whereas the Y1R affinities of the two diastereomers of 2.14 were not distinguishable (pKi = 

10.61 and 10.62), the Y1R affinity of (R,R)-2.30 was 4-fold higher compared to (S,R)-2.30. 

Even though the fluorescently labeled ligands showed lower Y1R affinities compared to the 

amine precursor compounds, five of them (2.35-2.39) exhibited subnanomolar Y1R affinity (pKi 

= 9.36-9.95), a very promising result for fluorescence-tagged nonpeptidic receptor ligands. For 

the fluorescent ligands derived from (S,R)-2.14 (2.35, 2.37-2.39), the decrease in Y1R affinity 

compared to that of (S,R)-2.14 correlated with the molecular weight of the introduced 

fluorescent dye (2.31 < 2.34 < 2.33 < 2.32, cf. Scheme 2.4), ranging from 4-fold (2.35) to 

17-fold (2.37). Py5-labeled diastereomers 2.35 and 2.36, prepared from (S,R)-2.14 and (R,R)-

2.14, respectively, exhibited comparable Y1R affinities (pKi = 9.95 and 9.74, respectively) as 

also observed for (S,R)-2.14 and (R,R)-2.14. This confirmed that the type of stereochemistry 

at the diphenylacetyl moiety has an insignificant effect on Y1R binding. For this reason, only 

(S,R)-2.14 was labeled with S0387 (37), BODIPY 630/650 (2.38) and 5’-TAMRA (2.39). 

Interestingly, the Y1R affinities of the 5’-TAMRA-labeled derivatives 2.39 and 2.40, varying only 

with respect to the position of the 4-aminobutoxy linker (meta in 2.39 and para in 2.40, cf. 

Scheme 2.4), differed by a factor of 9 (pKi = 9.77 and 8.82, respectively). In contrast, the 

difference in Y1R binding of the precursor compounds of 2.39 and 2.40, i.e. (S,R)-2.14 and 

(S,R)-2.30, respectively, was less pronounced (≈ 2-fold, cf. Table 2.1). As previously reported 

for the argininamide-type Y1R antagonists 2.1 and 2.2, all synthesized Y1R ligands showed an 

excellent preference for the Y1R (>1000-fold) over the other NPY receptor subtypes (Table 

2.1). 
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Table 2.1. NPY receptor binding data of 2.2, 2.14, 2.30 and fluorescent ligands 2.35-2.40. 

compound 

stereochemistry 
 

diphenylacetyl/ 
argininamide moiety 

pKi ± SEM / Ki [nM]a  pKi ± SEMa 

Y1Rb  Y2Rc Y4Rd Y5Re 

2.2 -/R 10.27 ± 0.17 / 0.077f  <5.5 f <5 f <5 f 

(S,R)-2.14 S/R 10.61 ± 0.08 / 0.026  <5 <5 <5 

(R,R)-2.14 R/R 10.62 ± 0.02 / 0.024  <5 <5 <5 

(S,R)-2.30 S/R 10.30 ± 0.11 / 0.054  <5 <5 <5 

(R,R)-2.30 R/R 10.89 ± 0.08 / 0.013  <5 <5 <5 

2.35 S/R 9.95 ± 0.01 / 0.11  <5.5 <5.5 6.38 ± 0.01 

2.36 R/R 9.74 ± 0.07 / 0.17  <5.5 <5.5 <5.5 

2.37 S/R 9.36 ± 0.06 / 0.44  <5.5 <5.5 <5.5 

2.38 S/R 9.52 ± 0.10 / 0.31  <5.5 <5.5 <5.5 

2.39 S/R 9.77 ± 0.12 / 0.19  <5.5 6.22 ± 0.15 <5.5 

2.40 S/R 8.82 ± 0.07 / 1.6  <5.5 <5.5 <5.5 

aData represent mean values ± SEM (pKi) or mean values (Ki) from at least three independent experiments 

performed in triplicate. bDetermined by competition binding with [3H]2.2 (Kd = 0.044 nM,22 c = 0.15 nM) at intact SK-

N-MC neuroblastoma cells. cDetermined by competition binding with [3H]propionyl-pNPY (Kd = 0.14 nM,29 

c = 0.5 nM) at intact CHO-hY2R cells. dDetermined by competition binding with [3H]UR-KK200 (Kd = 0.67 nM,30 

c = 1 nM) at intact CHO-hY4-Gqi5-mtAEQ cells. eDetermined by competition binding with [3H]propionyl-pNPY 

(Kd = 11 nM,31 c = 5 nM) at intact HEC-1B-hY5 cells. fKeller et al. (data, previously reported as Ki, were re-evaluated 

to afford the pKi values).20 

The Y1R antagonistic activities of precursor compounds (S,R)-2.14, (R,R)-2.14, (S,R)-2.30 and 

(R,R)-2.30 and fluorescently labeled compounds 2.35-2.40 were determined in a Fura-2 

calcium flux assay using Y1R-expressing HEL cells32 and pNPY as the agonist. All compounds 

were capable of fully inhibiting the pNPY-stimulated cellular response (increase in cytosolic 

Ca2+ concentration) as demonstrated by the sigmoidal inhibition curves displayed in Figure 2.4. 

The resulting pIC50 values, ranging from 9.53 (2.40) to 10.77 ((R,R)-2.30), were comparable to 

the pKi values obtained from radioligand competition binding. It should be noted that pIC50 

values were not converted to pKb values as the Ca2+ assay is incompatible with equilibrium 

conditions. 
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Figure 2.4. Investigation of the nonlabeled Y1R antagonists 2.14 and 2.30 (top), and fluorescent Y1R antagonists 

2.35-2.40 (bottom) in a Fura-2 Ca2+ assay using human erythroleukemia (HEL) cells. The inhibition curves resulted 

from the inhibition of the pNPY (10 nM)-induced intracellular Ca2+ mobilization by the antagonists. Data represent 

mean values ± SEM from three independent experiments. An impairment of the optical readout of the assay 

(excitation: 340 and 380 nm, emission: 510 nm)33 by the indolinium-type cyanine dye present in 2.37 was excluded 

previously within the used concentration range.34 Likewise, the pyridinium cyanine dye (present in 2.35 and 2.36) 

and the rhodamine dye 5’-TAMRA (present in 2.39 and 2.40) did not significantly affect the optical readout (cf. 

supplementary Figure A2.5, panels A and C in section A.2.3). Note: the pEC50 value of pNPY amounted to 8.29 ± 

0.12 (mean ± SEM from three individual experiments; for the concentration-effect curve see supplementary Figure 

A2.5, panel B in section A.2.3). 
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2.2.5 Fluorescence spectroscopy 

For all fluorescent ligands (2.35-2.40), excitation and emission spectra were recorded in PBS 

supplemented with 1% BSA (maxima summarized in Table 2.2). Additionally, excitation and 

emission spectra of fluorescent probes 2.35, 2.37 and 2.39 were recorded in the media used 

for the respective fluorescence-based assay (λmax given in Table 2.2). Excitation and emission 

spectra are depicted in supplementary Figures A2.6 and A2.7 (section A.2.3). Compounds 

2.35 and 2.36, labeled with the pyrylium/pyridinium dye Py5 (2.31) exhibited excitation maxima 

close to the argon laser line of 488 nm. As reported previously for Py5-labeled fluorescent 

ligands,21, 35 the Stokes shift of 2.35 and 2.36 was less pronounced in BSA-containing buffer 

than in BSA-free media (Table 2.2). The fluorescent ligands 2.37 and 2.38, labeled with the 

red-emitting indolinium cyanine dye 2.32 and BODIPY 630/650 2.33, respectively, exhibited 

maxima close to the emission wavelength of red diode lasers (633-640 nm). Therefore, 

fluorescent probes 2.35-2.38 were predestined for flow cytometry-based Y1R binding studies 

using flow cytometers equipped with an argon and a red diode laser. 5’-TAMRA labeled 

compounds 2.39 and 2.40 showed excitation maxima in the range of 556-563 nm (Table 2.2). 

These probes can still be excited with an argon laser (488 nm), as present in the flow cytometer 

used in this study, but were mainly prepared for the purpose of FA-based assays as the 5’-

TAMRA dye exhibits a fluorescence lifetime (τ ≈ 2.3 ns in H2O) that is ideal for FA 

measurements in aqueous media.36, 37 

Fluorescence quantum yields were determined for fluorescent ligands 2.35-2.37, 2.39 and 2.40 

in PBS (pH 7.4) and PBS supplemented with 1% BSA. The fluorescence quantum yield in PBS 

with 1% BSA is supposed to represent the quantum yield of the receptor-bound fluorescent 

ligand. All investigated fluorescent ligands showed a higher quantum yield in PBS with 1% 

BSA compared to PBS alone (Table 2.2). This observation can be explained by albumin 

binding of the fluorescent probe and the resulting rigidization of the fluorophore.38 This effect 

was most pronounced for the Py5-labeled ligands 2.35 and 2.36, being consistent with 

previous reports on Py5-labeled fluorescent ligands.21, 35 Interestingly, compound 2.40, 

containing a para substitution pattern at the diphenylacetyl moiety, exhibited a markedly higher 

quantum yield in PBS with 1% BSA compared to that of its meta-substituted congener 2.39 

(37% vs. 23%). This might be attributed to differences in albumin binding between 2.39 and 

2.40. Fluorescent quantum yields of the BODIPY-labeled ligand 2.38 were not determined as 

2.38 showed strong adsorption to the cuvette material. 
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Table 2.2. Fluorescence quantum yields of 2.35-2.37, 2.39 and 2.40 determined in neat PBS pH 7.4 and PBS 

containing 1% BSA as well as excitation and emission maxima determined in PBS supplemented with 1% BSA 

(2.35-2.40) and in the media used for fluorescence-based Y1R binding studies (2.35, 2.37 and 2.39). 

compd. dye 

 Φ (%)a  λex/λem
b 

 PBS 
PBS + 1% 

BSA 

 
PBS +1% 

BSA 

L15 
(FC) 

FA binding 
bufferc

 

MEMO 
(microscopy) 

2.35 pyridinium cyanine 
(Py5) 

 2.1 ± 0.1 29 ± 5  

 

491/661 458/706 459/707 456/708 

2.36 
pyridinium cyanine 

(Py5) 
 2.8 ± 0.2 29 ± 6 

 

495/658 ndd ndd ndd 

2.37 
indolinium cyanine 

(S0387) 
 24 ± 5 60 ± 6 

 

657/672 650/667 651/668 650/668 

2.38 
boron 

dipyrromethene 
(BODIPY 630/650)  

 ndd ndd 

 

641/647 ndd ndd ndd 

2.39 
rhodamine 
(5’-TAMRA) 

 19 ± 2 23 ± 3 

 

559/581 557/585 557/585 556/586 

2.40 
rhodamine 
(5’-TAMRA) 

 13 ± 2 37 ± 1 

 

563/587 ndd ndd ndd 

aFluorescence quantum yield. Data represent mean values ± SEM from at least two independent determinations. 

bWavelengths at the maxima of the excitation and corrected emission spectra.  c20 mM HEPES buffer (pH 7.4) 

containing CaCl2 (1 mM), NaCl (135 mM) and 0.1% Pluronic F-127. dNot determined. 

2.2.6 Flow cytometry-based receptor binding studies  

For the characterization of Y1R binding of fluorescent ligands 2.35, 2.37, 2.39 and 2.40 by FC, 

saturation binding as well as association and dissociation experiments were performed at 

intact mamma carcinoma MCF-7-Y1 cells. Compared to SK-N-MC cells, the canonical cell line 

for radiochemical Y1R binding assays, MCF-7-Y1 cells display a higher level of Y1R 

expression,19 a favorable feature for fluorescence-based flow cytometric receptor binding 

studies. Moreover, MCF-7 cells are useful for xenograft mouse models with respect to Y1R-

mediated in vivo tumor imaging.39 

The BODIPY 630/650 labeled ligand 2.38, being compatible with a red-laser excitation, was 

also investigated by flow cytometry (saturation binding). However, as this fluorescent ligand 

showed strong adsorption to vessel materials (HPLC vial inlets, sample tubes, etc.) and high 

nonspecific binding at cells, results were not reproducible (data not shown). Saturation binding 

studies with 2.35, 2.37, 2.39 and 2.40, carried out using a cell density of 1.0 × 106 cells/mL, 

afforded saturable specific binding of 2.35, 2.37, 2.39 and 2.40 to the Y1R (Figure 2.5, panel 

A). Data fitting according to an equation describing equilibrium binding of a labeled ligand to a 
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single receptor population (hyperbolic saturation isotherm, equation 1) yielded the dissociation 

constants (Kd values), which were converted to pKd values (negative logarithm of dissociation 

constants Kd in molar). 

  

 (1) 

 

B: receptor-bound fluorescence (specifically bound fluorescent ligand); Bmax: maximum of receptor-bound 

fluorescence, [L]: concentration of nonbound (free) fluorescent ligand at equilibrium; Kd: dissociation constant of the 

labeled receptor ligand.  

The obtained apparent pKd values of 2.35, 2.37, 2.39 and 2.40, ranging from 8.88 to 9.87, were 

in good agreement with the respective pKi values determined in radioligand competition 

binding experiments (cf. Tables 2.1 and 2.3). A requirement for the determination of accurate 

Kd values by this type of saturation binding experiment is a large excess of labeled ligand over 

the amount of receptor, assuring a negligible reduction of the free ligand in solution ([L]) upon 

receptor-ligand binding. However, ligands with high affinities (typically Kd < 1 nM, which is the 

case for 2.35, 2.37 and 2.39) require the use of low ligand concentrations (<< 0.5 nM) for 

binding experiments, resulting in a marked decrease in the free fluorescent ligand 

concentration upon binding of the ligand to the receptor, a phenomenon termed ligand 

depletion.40, 41 To reduce the extent of ligand depletion, the amount of receptor or receptor 

source must be reduced relative to the amount of the labeled ligand, or the amount of ligand 

must be increased relative to the amount of receptor. However, for each method with its 

technical setup, there is a limit for this kind of optimization. In the case of FC-based binding 

assays, the amount of receptor is determined by the cellular expression level and the cell 

density of the cell suspension. The latter must be high enough to enable an adequate sample 

measurement time and reasonable statistical precision (a cell density of 1.0-2.0 × 105 cells per 

mL is considered the lower limit). Whereas radiochemical binding assays allow a convenient 

determination of the free radioligand concentration, which can be involved in the data analysis, 

the quantification of free fluorescent ligand at equilibrium ([L]) is not conveniently feasible within 

the scope of a FC-based saturation binding experiment. To verify whether the determination 

of the dissociation constants was affected by ligand depletion, saturation binding experiments 

with 2.35, 2.37 and 2.39 were also performed using a 10-fold lower cell density of 1.0 × 105 

cells/mL (higher excess of fluorescent ligand over Y1R; saturation isotherms see 

supplementary Figure A2.8 in section A.2.3). In these experiments, 2.35, 2.37 and 2.39 

showed higher apparent Y1R affinities (Table 2.3, largest difference found for 2.35: pKd = 9.87 

(high cell density) vs. 10.38 (low cell density)), suggesting a moderate underestimation of the 

Y1R affinity of 2.35, 2.37 and 2.39 determined by FC-based saturation binding. It should be 
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noted that, for the aforementioned reasons, the data acquired for the reference experiments 

with a lower cell density were statistically less precise, particularly in the case of the 5’-TAMRA-

labeled derivative 2.39 (supplementary Figure A2.8 in section A.2.3).  

The association of 2.35, 2.37, 2.39 and 2.40 to the Y1R was investigated at cell densities of 

1.0 × 106 cells/mL and 1.0 × 105 cells/mL, resulting in observed association rate constants 

(kobs) (data only shown for the higher cell density, Table 2.3). Among the studied fluorescent 

ligands, 2.35 showed the fastest association to the Y1R (Figure 2.5 (panel B), Table 2.3). 

The analysis of the association binding data by a monophasic fit (yielding kobs(mono)) and a 

biphasic fit (kobs(bi,fast) and kobs(bi,slow) showed a stronger correlation for the biphasic fit for all 

studied ligands (Figure 2.5, panel B). A biphasic association can be explained, for example, 

by the presence of more than one receptor state with distinct binding properties. Dissociation 

experiments with 2.35, 2.37, 2.39 and 2.40, which should not be affected by ligand depletion 

at all, gave monophasic dissociation curves and suggested a complete dissociation of the 

fluorescent probes from the Y1R with half-lives ranging from 0.5 h (2.40) to 5.5 h (2.35) (Figure 

2.5, panel C). Based on the dissociation rate constants (koff), the apparent kobs values from 

association experiments, and the fluorescent ligand concentrations used in association 

experiments, the respective association rate constants (kon(mono), kon(bi,fast) and kon(bi,slow)) were 

calculated (Table 2.3). The kinetically derived dissociation constants Kd(kin), defined as koff/kon 

for systems acting according to the law of mass action, were calculated, as an approximation, 

from koff and kon(mono). The respective pKd(kin) values of 2.35, 2.37, 2.39 and, notably, also 2.40, 

the ligand with the lowest binding affinity, i.e. least affected by ligand depletion, were 

considerably higher than their pKd values obtained from saturation binding experiments (Table 

2.3). In view of the fact that kinetic binding studies are less affected by ligand depletion due to 

the use of higher ligand concentrations, this supported the hypothesis that Y1R affinities of 

2.35, 2.37, 2.39 and 2.40 were underestimated when determined by FC-based saturation 

binding experiments.  
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Figure 2.5. Characterization of Y1R binding of the fluorescent ligands 2.35, 2.37, 2.39 and 2.40 in FC-based assays 

performed with intact human MCF-7-Y1 mamma carcinoma cells (cell density: 1.0 × 106 cells/mL) at 22 °C. (A) 

Representative hY1R binding isotherms of fluorescent ligands 2.35, 2.37, 2.39 and 2.40 obtained from FC-based 

saturation binding (performed in duplicate). Nonspecific binding was determined in the presence of 2.1 (10 µM). 

Total and nonspecific binding data represent mean values ± SEM. Specific binding data represent calculated values 

± propagated error. (B) Association of 2.35 (0.25 nM), 2.37 (0.5 nM), 2.39 (0.5 nM) and 2.40 (1 nM) with the hY1R. 

Nonspecific binding was determined in the presence of 2.2 (1 µM). Data (means ± SEM from at least three 

independent experiments performed in duplicate) were analyzed by a two-parameter equation describing a 

monophasic exponential rise to a maximum (dashed lines) and by a four-parameter equation describing a biphasic 

exponential rise to a maximum (solid lines). (C) Dissociation of 2.35, 2.37, 2.39 and 2.40 from the hY1R 

(preincubation at 1 nM (2.35, 2.37, 2.39) or 2 nM (2.40) for 2 h) initiated by the addition of 2.2 (1 µM). Nonspecific 

binding was determined by the addition of 2.2 (1 µM) already during preincubation. Data (mean values ± SEM from 

three independent experiments performed in duplicate) were analyzed by a two-parameter equation describing a 

monophasic exponential decline.  
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Interestingly, the comparison of 2.39 and 2.40, only different in the substitution pattern at the 

diphenylacetyl moiety (meta vs. para) reveals comparable association rate constants (kon(2.39) 

= 0.81 [nM−1 min−1] vs. kon(2.40) = 0.58 [nM−1 min−1]). Therefore, the lower binding affinity of 

2.40 compared to 2.39 (ca. 5-fold, Figure 2.5, panel A) can be attributed to a markedly higher 

residence time at the Y1 receptor for 2.39, as is obvious from the big discrepancy in the 

dissociation half-lives (t1/2 (2.39) = 3.6 h, t1/2 (2.40) = 0.5 h). 

The applicability of fluorescent probes 2.35, 2.37 and 2.39 as molecular tools to determine the 

affinity of nonlabeled NPY Y1R ligands was studied by competition binding with the 

argininamide-type Y1R antagonists 2.1 and 2.2 and the agonist pNPY (supplementary Figure 

A2.9 in section A.2.3). To reduce ligand depletion, all displacement experiments were 

performed at a cell density of 1.0 × 105 cells/mL. As large peptidic NPY receptor agonists such 

as PP derivatives show comparatively slow binding kinetics,31 we chose a longer incubation 

time for the FC-based competition binding experiments with pNPY compared to experiments 

involving the antagonists 2.1 and 2.2 (4 h vs. 2 h). In the case of antagonists 2.1 and 2.2, the 

obtained pKi values were in good agreement with reported Y1R binding data. However, the 

determined Y1R affinity of pNPY was markedly lower than the literature data (Table 2.4). 

Noteworthily, the lowest discrepancy (≈ 1 log unit) was observed when fluorescent probe 2.37, 

which showed the fastest dissociation from the Y1R (cf. Figure 2.5, panel C), was used. This 

demonstrated that a labeled probe, which is used for the determination of binding affinities of 

nonlabeled receptor ligands, should not dissociate too slowly from the receptor, i.e., should not 

exhibit a long target residence time. Therefore, compound 2.37, which also displayed the 

highest signal-to-noise ratio among the investigated set of tracers (Figure 2.5), can be 

considered the most promising candidate as a potential replacement for radioactively labeled 

analogues, e.g. [3H]2.2, in this specific application. 
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Table 2.3. Parameters characterizing Y1R binding of the fluorescent ligands 2.35, 2.37, 2.39 and 2.40 determined 

in FC-based assays at a temperature of 22 °C. 

 saturation binding  binding kinetics 

cmpd. 
pKd

a 

1×106 
cells/mL 

pKd
a 

1×105 
cells/mL 

 association  dissociation 

pKd(kin)e 

 c [nM] 
kobs(mono) 
[min−1]b 

kobs(bi,fast) 
kobs(bi,slow) 

[min−1]b 

kon(mono) 
[nM−1min−1]c 

kon(bi,fast) 
kon(bi,slow) 

[nM−1min−1]c 

 
koff 

[min−1]d 

2.35 
9.87 ± 
0.12 

10.38 ± 
0.04 

 0.25 1.2 ± 0.3 
1.85 ± 0.13 
0.20 ± 0.06 

4.9 ± 1.3 
7.4 ± 0.5 
0.8 ± 0.2 

 
0.0021 ± 
0.0001 

12.37 ± 
0.14 

2.37 
9.57 ± 
0.05 

9.81 ± 
0.05 

 0.5 0.31 ± 0.05 
0.52 ± 0.01 
0.07 ± 0.01 

0.60 ± 0.10 
1.03 ± 0.08 
0.13 ± 0.01 

 
0.0072 ± 
0.0001 

10.92 ± 
0.09 

2.39 
9.64 ± 
0.15 

9.93 ± 
0.15 

 0.5 0.41 ± 0.04 
1.21 ± 0.08 
0.13 ± 0.01 

0.81 ± 0.07 
2.4 ± 0.2 

0.25 ± 0.01 
 

0.0032 ± 
0.0002 

11.40 ± 
0.08 

2.40 
8.88 ± 
0.05 

ndf  1 0.69 ± 0.14 
1.14 ± 0.21 
0.13 ± 0.10 0.58 ± 0.08 

1.06 ± 0.23 
0.14 ± 0.06 

 
0.0257 ± 
0.0005 

10.34 ± 
0.06 

aApparent pKd value determined by FC-based saturation binding at MCF-7-Y1 cells using the given cell densities. 

Data represent mean values ± SEM from at least three individual experiments performed in duplicate. bObserved 

association rate constant obtained by monophasic (kobs(mono)) or biphasic (kobs(bi,fast) and kobs(bi,slow)) fitting; mean 

values ± SEM from at least three individual experiments performed in duplicate. cAssociation rate constant ± 

propagated error calculated from kobs(mono), kobs(bi,fast) or kobs(bi,slow), the respective koff value and the applied ligand 

concentration. dDissociation rate constants obtained from monophasic fits; mean values ± SEM from three individual 

experiments performed in duplicate; corresponding half-lives t1/2 are displayed in Figure 2.5 (panel C). eKinetically 

derived dissociation constants (expressed as pKd(kin) ± SEM) calculated from koff and kon(mono). For all association 

and dissociation experiments, a cell density of 1.0 × 106 cells/mL was used. fNot determined. 

2.2.7 Fluorescence anisotropy-based receptor binding studies  

Compound 2.39, bearing a 5’-TAMRA label, was also investigated in a FA-based Y1R binding 

assay using budded baculovirus particles (BBVs) as the Y1R source (note that BBVs are 

favorable for FA measurement compared to whole cells and membrane preparations with 

respect to uniform shape, size, homogenous distribution, and stability42). Unlike the FC-based 

binding assay, requiring a large excess of the labeled ligand relative to the receptor 

concentration, FA measurements necessitate approximately equal concentrations of the 

fluorescent ligand and receptor. Consequently, ligand depletion is an unavoidable feature of 

FA assays. However, the mathematical analysis of the experimental data accounts for the 

occurring ligand depletion. For a detailed introduction into FA binding assays, see e.g. Rinken 

et al.37 For FA Y1R binding studies, 2.39 (used at two fixed concentrations: 0.5 and 3 nM) was 

incubated with increasing concentrations of Y1R-displaying BBVs and the FA signal was 

measured in real time (for ≤ 15 h). In contrast to the FC-based assay setup, the FA assay 

setup enables the acquisition of kinetic data (association and dissociation rate constants) and 

equilibrium binding data (dissociation constant Kd) in one experiment. Moreover, this method 

allows an estimation of the receptor concentration for each experiment. To obtain kon, koff and 
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pKd values of 2.39, data from FA-based Y1R binding studies were analyzed using a previously 

reported global model.42 Both the association and dissociation of 2.39, analyzed by global 

fitting, appeared to be monophasic (Figure 2.6 (panel A), for the purpose of illustration, data 

for only three receptor concentrations and one ligand concentration (0.5 nM) are shown). The 

obtained kon and koff values (caption of Figure 2.6) were in excellent agreement with kon(mono) 

and koff from FC-based kinetic binding studies (Table 2.3). Consequently, the corresponding 

pKd(kin) values of 2.39 (11.17 (FA) and 11.40 (FC)) were also in good agreement. Extracted 

FA data after completed association (30 min), representing equilibrium binding (Figure 2.6, 

panel B), gave a pKd value of 11.02, which was in good agreement with the kinetically derived 

pKd(kin) values of 2.39 obtained from either FA- or FC-based experiments but differed from 

the pKd value from FC-based saturation binding experiments (lower cell density) by 

approximately 1 log unit (Table 2.3). These results suggest that the FA assay, taking into 

account ligand depletion, is better suited for the investigation of high-affinity probes. 
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Figure 2.6. Binding of 2.39 to human Y1 receptors, 

displayed on BBVs, studied at 27 °C by FA 

measurement. (A) Association and dissociation of 

2.39 (0.5 nM) determined in real time for three 

different Y1 receptor concentrations (green, red, 

and blue symbols). Total binding is represented by 

circles, and nonspecific binding (determined in the 

presence of 500 nM 2.2) is represented by 

diamonds; data represent mean values ± SEM from 

one representative experiment performed in 

duplicate. Global fitting of the data from four 

individual association and three individual 

dissociation experiments, each involving six 

different receptor concentrations and two different 

concentrations of 2.39 (data not shown), yielded 

the following kinetic parameters: kon = 0.52 ± 0.09 

min−1nM−1, koff = 0.0032 ± 0.0001 min−1, t1/2 = 3.60 

± 0.05 h, pKd(kin) = 11.17 ± 0.09 (mean values ± 

SEM). (B) Binding isotherms of 2.39 obtained from 

experiments using fixed concentrations of 2.39 

(0.5 nM or 3 nM) and increasing amounts of Y1R. 

Total binding is represented by circles, and 

nonspecific binding (determined in the presence of 

0.5 µM or 3 µM 2.2) by diamonds. Depicted data 

(mean values ± SEM from one representative 

experiment performed in duplicate) represent 

snapshots after 30 min incubation from a total 

monitoring period of 15 h; global fitting of the data 

from three individual experiments yielded the 

following parameters: pKd = 11.02 ± 0.04, c(Y1R) 

(estimated binding site concentration of the applied 

BBV stock) = 63 ± 5 nM (mean values ± SEM). Y1R 

concentrations displayed on the abscissa in panel 

B were calculated after global analysis of the data. 

Note: the signal cutoff value in panel B of ≈ 0.32 is 

mainly attributed to the theoretical limit for FA 

measurements.43 

 

The determination of Y1R binding data of the nonlabeled Y1R ligands 2.2, BIBO3304, BVD10 

and pNPY in FA-based competition binding experiments using 2.39 as the fluorescent probe 

yielded Y1R affinities, which were, except for that of pNPY, in good agreement with both the 

reported binding data, and the Y1R affinities determined in FC-based competition binding 

studies (Table 2.4, supplementary Figure A2.10 in section A.2.3). As also observed in FC-
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based competition binding experiments, 2.39 could be displaced by pNPY only at high pNPY 

concentrations yielding considerably lower Y1R affinities compared to reported binding data. 

This indicated that these discrepancies cannot be attributed to the used methods, but rather 

to peculiarities of ligand-receptor interactions.  

Table 2.4. Overview and comparison of Y1R binding affinities of reported Y1R ligands determined in FC- and 

FA-based competition binding assays using 2.35, 2.37 and 2.39 as fluorescent probes.  

  pKi (hY1R) 

compound 

 FCa  FAb  

literaturec 

 2.35 2.37 2.39  2.39  

2.1  8.77 ± 0.14 8.36 ± 0.10 8.55 ± 0.15 

 

7.96 ± 0.10 

 

8.82d 
8.14e 

2.2  11.01 ± 0.17 10.23 ± 0.15 10.64 ± 0.03 10.75 ± 0.23 10.27d 

BIBO3304  ndh ndh ndh 8.86 ± 0.07 9.60f 

BVD10  ndh ndh ndh 7.39 ± 0.01 7.59g 

pNPY  7.58 ± 0.24 8.15 ± 0.09 7.33 ± 0.15 < 6 9.30d 
9.70e 17 

aDetermined by FC-based competition binding using 2.35, 2.37 or 2.39 as the fluorescent ligand (incubation 

period of 4 h (pNPY) or 2 h (2.1 and 2.2)). Mean values ± SEM from at least three independent experiments 

performed in duplicate. bDetermined in FA-based competition binding assays using 2.39 as the fluorescent 

ligand (incubation period: 10 h). Mean values ± SEM from at least three independent experiments performed 

in duplicate. cReported Ki values were converted to pKi values. dKeller et al.;20 eRudolf et al.;17 fWieland et 

al.;44 gBalasubramaniam et al.45 hNot determined. 

2.2.8 Fluorescence microscopy 

Y1R binding of 2.35, 2.37 and 2.39 to live MCF-7-Y1 cells was also studied by fluorescence 

microscopy (widefield epifluorescence and TIRF). Association of the ligand with the plasma 

membrane could be visualized with high contrast (Figure 2.7, widefield fluorescence). This 

membrane-localized fluorescence represented Y1R binding as it could be abolished by the 

addition of the selective Y1R ligand BIBO3304. Unlike the indolinium cyanine (2.37)- and 5'-

TAMRA (2.39)-labeled ligands, the Py5-labeled ligand 2.35 was capable of entering the cells 

in a Y1R-independent manner (intracellular fluorescence observed for total and nonspecific 

binding, Figure 2.7). This might be explained by the unfavorable physicochemical properties 

of the positively charged pyridinium dye in 2.35, which was supported by the TIRF images: a 

strong adsorption of 2.35 to the cover glass was obvious, resulting in depletion and low 

membrane binding of 2.35 (Figure 2.7, panel C).  
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Figure 2.7. Visualization of fluorescent ligand binding to Y1R-expressing MCF-7 mamma carcinoma cells using 

widefield fluorescence and TIRF microscopy. Shown are representative images acquired after incubation of the 

cells with (A) 1 nM 2.35, (B) 1 nM 2.37, or (C) 1 nM 2.39 at 37 °C for (B) 30 min or (A and C) 60 min. Nonspecific 

binding was determined in the presence of 10 µM BIBO3304. In widefield fluorescence images, the two-color 

composite of individual focal planes after Z-stack deconvolution is shown with green pseudocolor for fluorescent 

ligand channels (2.37: 638 nm excitation; 2.35 and 2.39: 515 nm excitation) and blue pseudocolor for nuclear stain 

channels (Hoechst 34580 (B), 405 nm excitation; SiR-DNA (A and C), 638 nm excitation). In TIRF images, 

fluorescent ligand channels are shown in white pseudocolor. Scale bar of 10 µm. 

In contrast, the TIRF images of 2.37 and 2.39 (panels A and B, respectively, of Figure 2.7) 

revealed clear plasma membrane binding, suggesting 2.37 and 2.39 as suitable tools for more 

detailed studies also at the single-molecule level, such as single-particle tracking46, 47 or single-

molecule FRET.48 However, for this kind of experiment, 2.39 is considered more favorable than 

2.37, as indolinium cyanine dye labeled compound 2.37 showed fast photobleaching. This is 

demonstrated in a TIRF video sequence (recorded and shown at 10 Hz resolution, provided 

with the online full text of the publication), which displays the interactions of 2.39 (left panel) 

and 2.37 (right panel) with the basal plasma membrane of adherent MCF-7-Y1 cells 

(experimental conditions as described in the caption of Figure 2.7 and under experimental 

procedures; scale bar of 10 µm). 
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2.3 Conclusion 

We identified a position for linker attachment at the diphenylacetyl moiety in the high-affinity 

Y1R antagonist UR-MK299 (2.2), which resulted in amine-functionalized labeling precursors 

with two-digit picomolar binding constants (pKi (Y1R) = 10.30-10.89). Conjugation of different 

fluorophores to the precursors was well tolerated with respect to Y1R binding, yielding probes 

with three-digit picomolar binding constants (pKi (Y1R) = 9.36-9.95) and pronounced subtype 

selectivity (at least 1000-fold over the Y2R, Y4R and Y5R). Until now, such a markedly high 

receptor affinity and selectivity have not been achieved for fluorescent probes targeting NPY 

receptors. Application of the fluorescent probes in flow cytometry- and fluorescence 

anisotropy-based receptor binding assays confirmed the high Y1R affinity and revealed, with 

the exception of 2.40 (t1/2 = 0.5 h), long receptor residence times (t1/2 = 1.6-5.5 h). As 

demonstrated by widefield and, in the case of 2.39, TIRF microscopy studies, these properties 

render the fluorescent ligands excellent tools for the imaging of Y1Rs in live cells. Most 

importantly, the presented approach suggests that the synthesized amine-functionalized 

precursors are useful building blocks not only for the preparation of various fluorescent probes, 

but also for the synthesis of, for instance, radiotracers suitable for in vivo imaging of Y1R-

expressing tumors. 

2.4 Experimental section 

2.4.1 General experimental conditions 

Chemicals. Standard chemicals, solvents, and buffer components were purchased from 

commercial suppliers (Sigma-Aldrich, München, Germany; Merck, Darmstadt, Germany; 

Fisher Scientific, Schwerte, Germany; TCI, Eschborn, Germany; ABCR, Karlsruhe, Germany; 

Iris Biotech, Marktredwitz, Germany) and used without further purification. Gradient grade 

acetonitrile for HPLC was purchased from Sigma Aldrich (München, Germany). 

(R)-(+)-1-phenylethylamine was from Sigma-Aldrich (München, Germany). Fura-2/AM and 

BSA were from Merck (Darmstadt, Germany) and SERVA (Heidelberg, Germany), 

respectively. Succinimidyl ester-activated dyes 2.32, 2.33 and 2.34 were from FEW Chemicals 

(Wolfen, Germany), Lumiprobe (Hannover, Germany), and ABCR, respectively. Porcine NPY 

was obtained from SynPeptide (Shanghai, China). BVD10 was from Tocris Bioscience (Bristol, 

U.K.). Compounds 2.8,20 2.11,18 2.21,18 and 2.2218 and the pyrylium dye 2.3149 were prepared 

as described previously. The synthesis of BIBO3304 was described elsewhere.21 [3H]propionyl-

pNPY (specific activity of 37.5 Ci/mmol, radiochemical purity of 99%) was prepared according 

to a previously reported procedure20 with minor modifications (DMF/NMP/H2O/DIPEA 

45:20:32:3 v/v/v/v (60 μL) as solvent) instead of 0.1 M sodium borate buffer (pH 8.5, 135 µL); 

propionyl-pNPY was used instead of pNPY for the determination of the molarity and specific 
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activity; radiochemical yield of 26%). Reactions requiring anhydrous conditions were carried 

out in oven-dried (24 h at 120 °C) Schlenk flasks under an atmosphere of dry nitrogen using 

anhydrous solvents. Anhydrous DMF was from Sigma-Aldrich (München, Germany). 

Anhydrous CH2Cl2 and anhydrous benzene were prepared by storage over desiccants (3 Å 

molecular sieves, 20% m/v) for at least 2 days under an atmosphere of dry nitrogen. The 

molecular sieves were predried for 4 h at 300 °C immediately before use.50 Purifications by 

column chromatography were carried out using technical grade solvents and Geduran Si 60 

silica gel (pore size of 60 Å, particle size of 40-63 or 63-200 µm, Merck). Thin layer 

chromatography (TLC) was performed on ALUGRAM Xtra SIL G/UV254 TLC sheets from 

Macherey-Nagel GmbH & Co. KG (Düren, Germany). 

Optical rotation. The optical rotation of (R)-16 at 589 nm (Na D line) was measured on model 

P8000-T polarimeter equipped with an electronic Peltier thermostat PT31 (A. KRÜSS Optronic, 

Hamburg, Germany) using a thermostated (20 °C) microcuvette (layer thickness of 1 dm, 

volume of 0.9 mL). 

NMR spectroscopy. NMR spectra were recorded on a Bruker Avance 300 (1H, 300 MHz, 13C, 

75 MHz), an Avance 400 (1H, 400 MHz, 13C, 100 MHz) or an Avance 600 (1H, 600 MHz, 13C, 

150 MHz) spectrometer (Bruker, Karlsruhe, Germany). The 1H-NMR spectra of compounds 

2.35-2.40 were recorded in 10:1 (v/v) DMSO-d6/D2O resulting in a total H-D exchange of the 

phenolic OH proton and NH protons of the (carbamoylated) guanidino groups and no or a 

partial H-D exchange of amide NH protons (Note: Spectra were recorded at least 2 h after the 

preparation of the samples). Because only very small amounts (< 0.5 µmol) of the fluorescent 

ligands were used for 1H-NMR spectroscopy, characteristic system signals were apparent in 

the 1H-NMR (0.81-0.87 ppm and 1.20-1.30 ppm), most likely originating from impurities in the 

solvents used for preparative HPLC (cf. supplementary Figure A2.11 in section A.2.3).  

Mass spectrometry. Low-resolution mass spectrometry (MS) analysis was performed on an 

AccuTOF GCX (Jeol, Freising, Germany) (EI-MS, FD-MS), a Finnigan ThermoQuest TSQ 

7000 (Thermo Scientific, Waltham, MA) (ESI-MS) or on a Finnigan SSQ 710 A (Thermo 

Scientific) (EI-MS) instrument. High-resolution mass spectrometry (HRMS) analysis was 

performed on an Agilent 6540 UHD AccurateMass Q-TOF LC/MS system (Agilent 

Technologies, Santa Clara, CA) (ESI-MS). LC analyses were performed using the following 

method: column: ZORBAX RRHD Eclipse Plus C18, 1.8 μm, 50 × 2.1 mm (Agilent 

Technologies, Santa Clara, CA), column temperature: 40 °C, flow: 0.6 mL/min, solvent/linear 

gradient: 0-4 min: 0.1% aqueous HCOOH/0.1% HCOOH in MeCN 95:5-2:98, 4-5 min: 2:98 

(isocratic). 
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Analytical RP-HPLC. Reaction controls, purity controls, and investigations of compound 

stability were carried out by analytical HPLC (RP-HPLC) using an 1100 series system from 

Agilent Technologies (herein termed system A) consisting of a degasser (G1379A), a binary 

pump (G1312A), a diode array detector (G1315A), a thermostated column compartment 

(G1316A), and an autosampler (G1329A), or on an identically composed 1100 series system 

from Agilent Technologies, except for a variable wavelength detector (G1314A) instead of the 

diode array detector (herein termed system B). A Phenomenex Kinetex XB-C18 100A (5 µm, 

250 mm × 4.6 mm, Phenomenex, Aschaffenburg, Germany) was used as the stationary phase. 

The flow rate was 0.8 mL min−1, the oven temperature was set to 30 °C, and the injection 

volume was 40 μL. Mixtures of solvents A (0.05% aqueous TFA) and B (acetonitrile) were used 

as the mobile phase. The following gradient was applied: 0-30 min: A/B 90:10 to 5:95, 30-40 

min: A/B 5:95 (isocratic). For the reaction control of (R,R)-2.14 and (S,R)-2.14 (cf. 

supplementary Figure A2.3 in section A.2.3), the following gradient was applied: 0-9 min: A/B 

90:10 to 75:25, 9-19 min: A/B 75:25 to 65:35, 19-33 min: A/B 65:35 to 5:95, 33-40 min: A/B 

5:95 (isocratic). The detection wavelength was set to 220 nm throughout. Retention factor k 

was calculated according to the following equation k = (tR-t0)/t0 (where t0 is the dead time of 2.6 

min for systems A and B). Chromatograms of the RP-HPLC purity controls of the target 

compounds (R,R)-2.14, (S,R)-2.14, (R,R)-2.30, (S,R)-2.30, and 2.35-2.40 are provided in 

section A.2.6. The purities of these compounds were >95%. 

Preparative HPLC. Purifications by preparative HPLC were performed with a system from 

Knauer (Berlin, Germany), composed of two K-1800 pumps and a K-2001 detector (herein 

termed system C), or with a Prep 150 LC system from Waters (Eschborn, Germany) consisting 

of a 2545 binary gradient module, a 2489 UV/visible detector and a Waters Fraction Collector 

III (herein termed system D). A Kinetex-XB C18 (5 μm, 250 mm × 21 mm, Phenomenex), a 

Gemini-NX C18 110A (5 µm, 250 mm × 21 mm, Phenomenex) or a YMC-Actus Triart C18 

(5 µm, 150 mm × 20 mm, YMC, Dinslaken, Germany) were used as the stationary phase. The 

mobile phase was composed of the solvents C (0.1% aqueous TFA with 5% acetonitrile) and 

B (acetonitrile). Lyophilization of the eluates containing the products was performed with a 

Scanvac CoolSafe 100-9 freeze-drying apparatus (Labogene, Allerød, Denmark) equipped 

with a RZ 6 rotary vane vacuum pump (Vacuubrand, Wertheim, Germany). Compound 2.38 

was purified by analytical HPLC using system A and a semipreparative YMC-Triart C18 column 

(5 µm, 250 mm × 6.0 mm, YMC) as the stationary phase at a flow rate of 1.5 mL/min. 
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2.4.2 Experimental synthetic protocols and analytical data 

N-(2-Aminoethyl)aminocarbonyl-S-methylisothiourea bis(hydrotrifluoroacetate) (2.7) 

A solution of TFA (10.0 mL, 130 mmol) in CH2Cl2 (10 mL) was added dropwise to a solution of 

2.6 (3.3 g, 8.7 mmol) in CH2Cl2 (80 mL) at rt over a period of 30 min. The mixture was stirred 

at rt at 900 mbar for 16 h followed by rotary evaporation of the volatiles. CH2Cl2 (50 mL) was 

added, the volatiles were removed by rotary evaporation, and the process was repeated twice. 

The resulting oily residue was taken up in H2O (50 mL) followed by lyophilization yielding 2.7 

as a white fluffy solid (3.2 g, 8.1 mmol, 91%), which was used without further purification. 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 2.28 (s, 3H), 2.96-3.11 (m, 4H), 7.34-7.50 (br s, 1H), 

7.74 (br s, 3H), 8.88-9.28 (m, 3H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 13.25, 38.24, 

40.12, 157.70, 167.12. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for [C5H13N4OS]+ 177.0805, 

found 177.0806. C5H12N4OS × C4H2F6O4 (404.28). 

N-(2-Propionylaminoethyl)aminocarbonyl-S-methylisothiourea (2.9) 

Triethylamine (9.6 mL, 69.5 mmol) and a solution of 2.8 (1.5 g, 8.7 mmol) in CH2Cl2 (10 mL) 

were added to a suspension of 2.7 (3.2 g, 8.1 mmol) in CH2Cl2 (150 mL) and the reaction 

mixture was stirred at rt for 1 h. The white precipitate was filtered off, and the solvent was 

removed by rotary evaporation. The product was purified by column chromatography (ethyl 

acetate to ethyl acetate/methanol 4:1 v/v) to yield 2.9 as a white solid (1.5 g, 6.4 mmol, 79%). 

TLC (ethyl acetate/methanol 6:1 v/v): Rf = 0.45. 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 0.98 

(t, J = 7.6 Hz, 3H), 2.05 (q, J = 7.6 Hz, 2H), 2.30 (s, 3H), 3.00-3.13 (m, 4H), 6.97 (s, 1H), 7.77 

(s, 1H), 8.48 (br s, 2H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 10.34, 13.57, 28.96, 158.29, 

165.86, 174.01. Note: the carbon signals of the ethylene group were not apparent due to 

interference with the solvent residual peak. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for 

[C8H17N4O2S]+ 233.1067, found 233.1068. C8H16N4O2S (232.30). 

N-tert-Butoxycarbonyl-N'-(2-propionylaminoethyl)aminocarbonyl-S-methylisothiourea 

(2.10) 

A solution of di-tert-butyldicarbonate (3.8 g, 17.2 mmol) in CH2Cl2 (30 mL) was added in small 

portions to a stirred suspension of 2.9 (1.5 g, 6.4 mmol), DMAP (0.78 g, 6.4 mmol) and 

triethylamine (2.4 mL, 17.2 mmol) in CH2Cl2 (100 mL) at rt over a period of 2 h. The mixture 

was washed with H2O (2 × 100 mL) and dried over Na2SO4, and the solvent was removed by 

rotary evaporation. The product was purified by column chromatography (light petroleum/ethyl 

acetate 1:4 v/v to ethyl acetate/methanol 5:1 v/v) to yield 2.10 as a white solid (1.6 g, 4.7 mmol, 

73%). TLC (ethyl acetate): Rf = 0.50. 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 0.98 (t, 

J = 7.6 Hz, 3H), 1.44 (s, 9H), 2.06 (q, J = 7.6 Hz, 2H), 2.28 (s, 3H), 3.05-3.15 (m, 4H), 7.72-

7.94 (m, 2H), 12.30 (s, 1H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 9.86, 13.58, 27.59, 28.49, 
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37.93, 39.08, 82.17, 150.18, 161.60, 164.82, 173.07 (the signals at 37.93 and 39.08 ppm, 

interfering with the solvent residual peak, were identified by 1H-13C HSQC). MS (LC-HRMS, 

ESI): m/z [M+H]+ calcd for [C13H25N4O4S]+ 333.1591, found 333.1594. C13H24N4O4S (332.42). 

N-Benzyloxycarbonyl-N'-(4-tert-butoxybenzyl)-Nα-(((S)-3-(4-((tert-butoxycarbonyl)-

amino)butoxy)phenyl)(phenyl)acetyl)-(R)-ornithinamide ((S,R)-2.13) and N-

Benzyloxycarbonyl-N'-(4-tert-butoxybenzyl)-Nα-(((R)-3-(4-((tert-butoxycarbonyl) 

amino)butoxy)phenyl)(phenyl)acetyl)-(R)-ornithinamide ((R,R)-2.13) 

A solution of 2.12 (1.36 g, 3.4 mmol), HOBt (0.52 g, 13.6 mmol), HBTU (1.29 g, 3.4 mmol) and 

DIPEA (2.3 mL, 13.6 mmol) in DMF (50 mL) was stirred at 0 °C for 5 min. 2.11 (1.46 g, 

3.4 mmol) was added, and stirring was continued at 0 °C for 15 min. H2O (200 mL) was added, 

and the mixture was treated with ethyl acetate (100 mL). The organic layer was separated, 

washed with H2O (3 × 100 mL), and dried over Na2SO4. The solvent was removed by rotary 

evaporation, and the product was purified by column chromatography (light petroleum/ethyl 

acetate 5:2 v/v to light petroleum/ethyl acetate 1:1 v/v) to yield 2.13 as a white solid (1.77 g, 

2.19 mmol, 64%). Analytical RP-HPLC (system A): tR = 31.0 min, k = 10.9. Note: the two 

diastereomers (S,R)-2.13 and (R,R)-2.13 could not be separated on the used nonchiral HPLC 

column (cf. supplementary Figure A2.3, panel C in section A.2.3). TLC (light petroleum/ethyl 

acetate 1:1 v/v): Rf = 0.40. 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 1.26 (s, 9H), 1.30-1.44 (m, 

11H), 1.45-1.70 (m, 6H), 2.89-2.99 (m, 4H), 3.85-3.90 (m, 2H), 4.15-4.31 (m, 3H), 4.99 (s, 2H), 

5.06 (s, 1H), 6.75-6.89 (m, 6H), 7.06-7.11 (m, 2H), 7.15-7.38 (m, 12H), 8.36-8.46 (m, 2H). 

13C-NMR (100 MHz, DMSO-d6): δ (ppm) 26.00, 26.11, 26.15, 28.27, 28.53, 29.65, 39.47 (two 

merging carbon signals, as identified by 1H-13C HSQC), 41.48, 52.55, 55.84, 65.13, 66.98, 

77.37, 77.73, 112.10, 115.05, 120.70, 123.56, 126.53, 127.66, 127.70, 127.74, 128.11, 128.34, 

128.55, 129.19, 133.73, 137.23, 140.25, 141.93, 153.76, 155.62, 156.08 158.46, 170.82, 

171.41. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for [C47H61N4O8]+ 809.4484, found 809.4495. 

C47H60N4O8 (809.02). 

N-Benzyloxycarbonyl-N-(4-tert-butoxybenzyl)-Nα-((S)-2-(3-(4-((tert-butoxycarbonyl)-

amino)butoxy)phenyl)-2-phenylacetyl)-(R)-ornithinamide ((S,R)-2.13) 

A solution of 2.24 (108 mg, 0.42 mmol) in anhydrous DMF (5 mL) was added to a heated 

(40 °C) stirred suspension of (S,R)-2.23 (135 mg, 0.21 mmol) and cesium carbonate (135 mg, 

0.42 mmol) in anhydrous DMF (5 mL). Stirring was continued at 40 °C for 16 h. The mixture 

was diluted with H2O/acetonitrile 1:1 v/v (15 mL) and subjected to preparative HPLC (system 

B, column: Actus Triart C18, gradient: 0-20 min: C/B 40:60-5:95, tR = 12 min) yielding 

(S,R)-2.13 as a white solid (142 mg, 0.18 mmol, 84%). Analytical RP-HPLC (system A): 

tR = 31.0 min, k = 10.9. Note: NMR data of 2.13 are provided under the description of the 
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nondiastereoselective synthesis of 2.13. As (S,R)-2.13 and (R,R)-2.13 could not be separated 

on the used nonchiral HPLC column, the diastereomeric excess of (S,R)-2.13 could not be 

determined. However, the diastereomeric excess of (S,R)-2.14 (de = 50%), which was 

prepared from (S,R)-2.13, revealed that the ratio of (S,R)-2.13/(R,R)-2.13 consequently was 

≥ 3:1. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for [C47H61N4O8]+ 809.4484, found 809.4478. 

C47H60N4O8 (809.02). 

Nα-(((S)-3-(4-Aminobutoxy)phenyl)(phenyl)acetyl)-Nω-((2-(propionyl)-

aminoethyl)aminocarbonyl)-N'-(4-hydroxybenzyl)-(R)-argininamide 

bis(hydrotrifluoroacetate) ((S,R)-2.14) and Nα-(((R)-3-(4-

Aminobutoxy)phenyl)(phenyl)acetyl)-Nω-((2-(propionyl)-aminoethyl)aminocarbonyl)-N'-

(4-hydroxybenzyl)-(R)-argininamide bis(hydrotrifluoroacetate) ((R,R)-2.14) 

Palladium on activated charcoal (10 wt %, 100 mg) was suspended in a stirred solution of 2.13 

(0.58 g, 0.72 mmol) in trifluoroethanol (30 mL). The vigorously stirred mixture was set under 

an atmosphere of hydrogen (1 bar) at rt for 3 h followed by centrifugation. The solvent of the 

supernatant was removed by rotary evaporation and the residue was dissolved in CH2Cl2 

(30 mL). 2.10 (0.24 g, 0.72 mmol), mercury(II) chloride (0.29 g, 1.08 mmol) and DIPEA 

(0.49 mL, 2.87 mmol) were added, and the mixture was stirred at rt for 30 min. The mixture 

was centrifuged, the supernatant was collected, and the pellet was washed with CH2Cl2 

(2 × 30 mL, each followed by centrifugation). The supernatants were combined, and the 

solvent was removed by rotary evaporation. A solution of TFA (2.5 mL) in CH2Cl2 (10 mL) was 

added, the mixture was stirred at rt at 900 mbar for 3 h and the volatiles were removed in 

vacuo. The residue was subjected to preparative HPLC (system C, column: Gemini-NX C18, 

gradient: 0-15 min: C/B 88:12-83:17, 15-40 min: C/B 83:17, tR((R,R)-2.14) = 28 min, 

tR((S,R)-2.14) = 32 min) yielding (R,R)-2.14 (53 mg, 0.06 mmol, 8%) and (S,R)-2.14 (152 mg, 

0.16 mmol, 23%) as white fluffy, hygroscopic solids. Analytical data of (R,R)-2.14: RP-HPLC 

(system B, 220 nm): 96%, tR = 11.8 min, k = 3.5. 1H-NMR (600 MHz, DMSO-d6): δ (ppm) 0.98 

(t, J = 7.7 Hz, 3H), 1.36-1.58 (m, 3H), 1.63-1.76 (m, 5H), 2.06 (q, J = 7.7 Hz, 2H), 2.80-2.87 

(m, 2H), 3.13-3.24 (m, 6H), 3.92 (t, J = 6.1 Hz, 2H), 4.10-4.18 (m, 2H), 4.29-4.34 (m, 1H), 5.09 

(s, 1H), 6.64-6.70 (m, 2H), 6.78-6.82 (m, 1H), 6.83-6.88 (m, 2H), 6.98-7.03 (m, 2H), 7.17-7.24 

(m, 2H), 7.26-7.32 (m, 4H), 7.51 (br s, 1H), 7.71-7.91 (m, 4H), 8.34-8.54 (m, 4H), 9.00 (s, 1H), 

9.34 (br s, 1H), 10.47 (s, 1H). 13C-NMR (150 MHz, DMSO-d6): δ (ppm) 9.84, 23.97, 24.62, 

25.69, 28.49, 29.43, 38.09, 38.66, 39.10 (interfering with the solvent residual signal, as 

identified by 1H-13C HSQC), 40.34, 41.65, 52.33, 55.79, 66.63, 112.03, 115.04, 115.14, 115.98 

(TFA), 118.95 (TFA), 120.95, 126.65, 128.21, 128.41, 128.47, 129.10, 129.19, 140.32, 141.78, 

153.68, 153.95, 156.31, 158.37, 170.94, 171.06, 173.29. MS (LC-HRMS, ESI): m/z [M+H]+ 

calcd for [C37H51N8O6]+ 703.3926, found 703.3935. Analytical data of (S,R)-2.14: RP-HPLC 
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(system B, 220 nm): 99%, tR = 11.9 min, k = 3.6. 1H-NMR (600 MHz, DMSO-d6): δ (ppm) 0.98 

(t, J = 7.6 Hz, 3H), 1.38-1.58 (m, 3H), 1.64-1.76 (m, 5H), 2.06 (q, J = 7.6 Hz, 2H), 2.81-2.87 

(m, 2H), 3.12-3.23 (m, 6H), 3.91 (t, J = 6.1 Hz, 2H), 4.10-4.19 (m, 2H), 4.28-4.34 (m, 1H), 5.08 

(s, 1H), 6.66-6.69 (m, 2H), 6.78-6.81 (m, 2H), 6.87-6.90 (m, 1H), 6.98-7.02 (m, 2H), 7.19-7.25 

(m, 2H), 7.26-7.31 (m, 4H), 7.51 (br s, 1H), 7.69-7.91 (m, 4H), 8.35 (t, J = 5.8 Hz, 1H), 8.39-

8.54 (m, 3H), 9.00 (s, 1H), 9.33 (br s, 1H), 10.46 (s, 1H). 13C-NMR (150 MHz, DMSO-d6): 

δ (ppm) 9.81, 23.96, 24.63, 25.69, 28.49, 29.36, 38.08, 38.66, 39.12 (interfering with the 

solvent residual signal, as identified by 1H-13C HSQC), 40.37, 41.64, 52.40, 55.81, 66.63, 

111.96, 115.30, 115.70, 116.65 (q, J = 295 Hz, TFA), 120.86, 126.62, 128.19, 128.42, 128.48, 

129.12, 129.25, 140.18, 141.91, 153.69, 153.94, 156.30, 158.37, 158.65 (q, J = 33 Hz, TFA), 

170.90, 171.00, 173.30. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for [C37H51N8O6]+ 703.3926, 

found 703.3936. C37H50N8O6 × C4H2F6O4 (930.90). 

Nα-(((S)-3-(4-Aminobutoxy)phenyl)(phenyl)acetyl)-Nω-((2-(propionyl)-

aminoethyl)aminocarbonyl)-N'-(4-hydroxybenzyl)-(R)-argininamide 

bis(hydrotrifluoroacetate) ((S,R)-2.14, 50% de) 

The three-step synthesis was carried out in analogy to the nondiastereoselective synthesis of 

(S,R)/(R,R)-2.14, but diastereomerically enriched (S,R)-2.13 (142 mg, 0.18 mmol) was used 

as starting material. (S,R)-2.14 was obtained in a diastereomeric excess (de) of 50% over 

(R,R)-2.14 (cf. supplementary Figure A2.3, panel D in section A.2.3). Separation from 

(R,R)-2.14 by preparative HPLC yielded pure (S,R)-2.14 as a white hygroscopic solid (27 mg, 

0.03 mmol, 16%). Analytical RP-HPLC (system A, 220 nm, applied gradient see general 

experimental section): tR((R,R)-2.14) = 16.2 min, k = 5.2, tR((S,R)-2.14 = 16.7 min, k = 5.4. 

Note: NMR data of 2.14 are provided under the description of the nondiastereoselective 

synthesis of (S,R)-2.14 and (R,R)-2.14. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for 

[C37H51N8O6]+ 703.3926, found 703.3935. C37H50N8O6 × C4H2F6O4 (930.90). 

((R)-3-Methoxyphenyl)(phenyl)acetic acid ((R)-2.16) 

Concentrated sulfuric acid (80 mL) was added carefully to a stirred and cooled (0 °C) 

suspension of 2.15 (7.2 g, 32.2 mmol) in H2O (100 mL) and glacial acetic acid (30 mL). The 

reaction mixture was refluxed for 16 h. The cooled mixture (rt) was diluted with H2O (200 mL) 

and treated with CH2Cl2 (300 mL). The organic layer was separated, and the solvents were 

removed by rotary evaporation. The product was purified by column chromatography (light 

petroleum/ethyl acetate 4:1 v/v to light petroleum/ethyl acetate 1:1 v/v) to yield (rac)-2.16 as a 

yellow solid. A solution of (rac)-2.16 (29.8 g, 123 mmol) and (R)-(+)-1-phenylethylamine 

(15.6 mL, 123 mmol) in chloroform/hexane 45:55 v/v (1.3 L) was heated to reflux and slowly 

cooled down to rt. After 1 h, the white crystalline precipitate was separated by filtration, dried 
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in vacuo, and subjected to recrystallization from chloroform/hexane 45:55 v/v. The 

recrystallization procedure was repeated six times (in each step, the used volume of the 

solvent was reduced according to the reduction of the feed). The final precipitate was dissolved 

in ethyl acetate (50 mL) and the mixture was treated with aqueous HCl (0.1 N, 100 mL). The 

organic layer was separated, and the volatiles were removed in vacuo to yield (R)-2.16 as a 

white crystalline solid (690 mg, 2.8 mmol, 5%, mp 89 °C, ee = 90%, as determined by 1H-NMR, 

cf. supplementary Figure A2.1 in section A.2.3). TLC (light petroleum/ethyl acetate 4:1 v/v): Rf 

= 0.30. [α]20
D −11.2 (c 4.9 g/100mL, methanol). 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 3.71 

(s, 3H), 5.04 (s, 1H), 6.81-6.85 (m, 1H), 6.88-6.93 (m, 2H), 7.21-7.27 (m, 2H), 7.29-7.35 (m, 

4H), 12.63 (br s, 1H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 54.99. 56.19, 111.91, 114.65, 

120.74, 126.88, 128.38, 128.49, 129.46, 139.44, 140.96, 159.23, 173.32. MS (LC-HRMS, ESI): 

m/z [M+H]+ calcd for [C15H15O3]+ 243.1016, found 243.1012. C15H14O3 (242.70). 

((R)-3-Hydroxyphenyl)(phenyl)acetic acid ((R)-2.17) 

Boron tribromide (1 M in hexanes, 590 µL, 0.59 mmol) was added to a stirred cooled (−84 °C) 

solution of (R)-2.16 (24 mg, 0.10 mmol) in CH2Cl2 (5 mL). The mixture was stirred at −84 °C 

for 1 h, allowed to warm to rt, and stirring was continued for an additional 30 min. The reaction 

was quenched by the addition of ice-cold aqueous HCl (1 N, 5 mL). The reaction mixture was 

treated with ethyl acetate (20 mL) and the solvents were removed by rotary evaporation. The 

crude product was purified by preparative (system D, column: Actus Triart C18, gradient: 0-

30 min: C/B 80:20-50:50, tR((R)-2.17) = 15 min) to yield (R)-2.17 as a white solid (15 mg, 

0.07 mmol, 68%, ee = 74%, as determined by 1H-NMR, cf. supplementary Figure A2.2 in 

section A.2.3). Note: NMR and MS data are provided under the description of the synthesis of 

(rac)-2.17. 

((rac)-3-Hydroxyphenyl)(phenyl)acetic acid ((rac)-2.17) 

A stirred suspension of 2.15 (10.0 g, 44.8 mmol) in glacial acetic acid (20 mL) and aq. 

hydrobromic acid (47%, 30 mL) was refluxed for 16 h. The mixture was diluted with H2O 

(200 mL) and treated with CH2Cl2 (2 × 150 mL). The combined organic layers were dried over 

Na2SO4, and the volatiles were removed in vacuo to yield (rac)-2.17 as a green solid (7.7 g, 

33.7 mmol, 75%), which was used without further purification. TLC (light petroleum/ethyl 

acetate/acetic acid 66:33:1 v/v/v): Rf = 0.25. 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 4.94 (s, 

1H), 6.61-6.65 (m, 1H), 6.70-6.74 (m, 2H), 7.07-7.12 (m, 1H), 7.21-7.27 (m, 1H), 7.28-7.35 (m, 

4H), 9.36 (br s, 1H), 12.64 (br s, 1H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 56.18, 113.85, 

115.35, 119.15, 126.81, 128.31, 128.52, 129.31, 139.49, 140.75, 157.31, 173.37. C14H12O3 

(228.25). MS (LC-MS, ESI): m/z (%) 229.1 (100) [M+H]+. C15H13NO (223.28). 
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(R)-N-Benzyloxycarbonylornithine tert-butyl ester51 (2.18) 

Aq. perchloric acid (72%, 244 µL, 2.9 mmol) was added to a stirred cooled (0 °C) suspension 

of 2.21 (0.69 g, 2.6 mmol) in tert-butyl acetate (50 mL). The mixture was allowed to warm to rt 

and stirring was continued for 16 h. H2O (50 mL) and ethyl acetate (50 mL) were added, and 

the pH value of the aqueous layer was adjusted to 9 by the dropwise addition of saturated 

aqueous NaHCO3. The organic layer was separated and dried with Na2SO4, and the volatiles 

were removed in vacuo to yield 2.18 as a colorless resin (0.82 g, 2.5 mmol, 98%), which was 

used without further purification. 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 1.38-1.66 (m, 13H), 

2.94-3.06 (m, 2H), 3.40-3.53 (m, 1H), 4.98-5.06 (m, 2H), 7.26-7.40 (m, 5H). Note: NH signals 

of the amino group and the carbamate protecting group were not apparent. 13C-NMR (100 

MHz, DMSO-d6): δ (ppm) 25.40, 27.62, 30.29, 39.96 (interfering with the solvent residual peak, 

as identified by 1H-13C HSQC), 53.41, 65.13, 81.06, 127.72, 127.77, 128.35, 137.24, 156.11, 

172.04. MS (LC-MS, ESI): m/z (%) 323.2 (100) [M+H]+. C17H25N2O4 (322.41). 

N-(((R)-3-Hydroxyphenyl)(phenyl)acetyl)-(R)-N-benzyloxycarbonylornithine ((R,R)-

2.19, 56% de)  

DCC (50 µL of a 20 mM solution in CH2Cl2, 1 µmol) was added to a cooled (4 °C) mixture of 

HOBt (50 µL of a 20 mM solution in CH2Cl2, 1 µmol), 2.18 (50 µL of a 20 mM solution in CH2Cl2, 

1 µmol) and (R)-2.17 (200 µL from a 5 mM solution in CH2Cl2, 1 µmol, 74% ee) in a 1.5-mL 

polypropylene reaction vessel and the mixture was stirred at 4 °C for 1 h. TFA (200 µL) was 

added and stirring was continued for 1 h. The mixture was analyzed by analytical RP-HPLC 

and LC-HRMS, and the target compound (R,R)-2.19 and its epimer (S,R)-2.19 were identified 

in a diastereomeric ratio of 78:22 (56% de of (R,R)-2.19 over (S,R)-2.19, cf. Scheme 2.2). 

Analytical RP-HPLC (system B, 220 nm): tR((S,R)-2.19) = 19.2 min, k = 6.4, tR((R,R)-2.19) 

= 19.6 min, k = 6.5. MS (LC-HRMS, ESI): m/z ((S,R)-2.19) [M+H]+ calcd for [C27H29N2O6]+ 

477.2020, found 477.2024. m/z [M+H]+ ((R,R)-2.19) calcd for [C27H29N2O6]+ 477.2020, found 

477.2028. C27H28N2O6 (476.53). Note: NMR data of 2.19 are provided under the following 

description of the nondiastereoselective synthesis of (R,R)-2.19 and (S,R)-2.19. 

N-(((S)-3-Hydroxyphenyl)(phenyl)acetyl)-(R)-N-benzyloxycarbonylornithine ((S,R)-

2.19) and N-(((R)-3-Hydroxyphenyl)(phenyl)acetyl)-(R)-N-benzyloxycarbonylornithine 

((R,R)-2.19)  

A suspension of 2.21 (0.39 g, 1.48 mmol) and DIPEA (0.25 mL, 1.48 mmol) in DMF (25 mL) 

and H2O (25 mL) was added to a solution of 2.20 (0.48 g, 1.48 mmol) in DMF (50 mL) and the 

mixture was stirred at rt for 2 h. Aq. HCl (1 N, 100 mL) and ethyl acetate (100 mL) were added, 

and the mixture was vigorously shaken. The organic layer was separated and washed with 

H2O (2 × 100 mL), and the solvent was removed by rotary evaporation. The products were 
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purified by preparative HPLC (system B, column: Gemini-NX C18, gradient: 0-30 min: C/B 

70:30-60:40, tR((S,R)-2.19) = 21 min, tR((R,R)-2.19) = 22 min) to yield (S,R)-2.19 (122 mg, 

0.26 mmol, 17%) and (R,R)-2.19 (105 mg, 0.22 mmol, 15%) as white, fluffy hygroscopic solids. 

Analytical data of (S,R)-2.19: RP-HPLC (system A, 220 nm): 95%, tR((S,R)-2.19) = 20.3 min, 

k = 6.8 (cf. supplementary Figure A2.3, panel A in section A.2.3). RP-HPLC (system B, 220 

nm): 95%, tR((S,R)-2.19) = 19.2 min, k = 6.4 (cf. Scheme 2.2). 1H-NMR (600 MHz, DMSO-d6): 

δ (ppm) 1.36-1.48 (m, 2H), 1.52-1.64 (m, 1H), 1.66-1.77 (m, 1H), 2.93-3.03 (m, 2H), 4.14-4.22 

(m, 1H), 4.97 (s, 1H), 5.01 (s, 2H), 6.58-6.63 (m, 1H), 6.67-6.72 (m, 2H), 7.03-7.10 (m, 1H), 

7.18-7.39 (m, 11H), 8.53 (d, J = 7.5 Hz, 1H), 9.28 (br s, 1H), 12.54 (br s, 1H). 13C-NMR (150 

MHz, DMSO-d6): δ (ppm) 26.52, 28.94, 39.52 (interfering with the solvent residual peak, as 

identified by 1H-13C HSQC), 52.44, 55.32, 65.60, 114.08, 116.03, 119.68, 126.95, 128.17, 

128.21, 128.52, 128.82, 129.01, 129.52, 137.73, 140.82, 142.13, 156.58, 157.62, 171.59, 

173.93. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for [C27H29N2O6]+ 477.2020, found 477.2027. 

Analytical data of (R,R)-2.19: RP-HPLC (system A, 220 nm): 95%, tR((R,R)-2.19) = 20.6 min, 

k = 6.9 (cf. supplementary Figure A2.3, panel A in section A.2.3). Analytical RP-HPLC (system 

B, 220 nm): 95%, tR((R,R)-2.19) = 19.6 min, k = 6.5 (cf. Scheme 2.2). 1H-NMR (600 MHz, 

DMSO-d6): δ (ppm) 1.33-1.46 (m, 2H), 1.50-1.62 (m, 1H), 1.66-1.77 (m, 1H), 2.92-3.02 (m, 

2H), 4.14-4.24 (m, 1H), 4.97 (s, 1H), 5.00 (s, 2H), 6.58-6.63 (m, 1H), 6.69-6.75 (m, 2H), 7.04-

7.11 (m, 1H), 7.17-7.39 (m, 11H), 8.52 (d, J = 7.7 Hz, 1H), 9.27 (br s, 1H), 12.54 (br s, 1H). 

13C-NMR (150 MHz, DMSO-d6): δ (ppm) 26.00, 28.56, 39.53 (interfering with the solvent 

residual peak, as identified by 1H-13C HSQC), 51.85, 55.86, 65.12, 113.53, 115.62, 119.27, 

126.53, 127.69, 127.74, 128.13, 128.35, 129.45, 128.97, 137.26, 140.46, 141.53, 156.09, 

157.12, 171.04, 173.42. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for [C27H29N2O6]+ 477.2020, 

found 477.2025. C27H28N2O6 (476.53). 

(3-Hydroxyphenyl)(phenyl)acetic acid succinimidyl ester (2.20) 

A solution of DCC (0.98 g, 4.7 mmol) in THF (15 mL) was added to a cooled (0 °C) solution of 

(rac)-2.17 (0.90 g, 3.9 mmol) and N-hydroxysuccinimide (0.54 g, 4.7 mmol) in THF (15 mL). 

The mixture was allowed to warm to rt and stirring was continued for 16 h. The white precipitate 

was filtered off, and the solvent of the filtrate was removed by rotary evaporation. The product 

was purified by column chromatography (light petroleum/ethyl acetate 2:1 v/v) to yield 2.20 as 

a yellow solid (0.48 g, 1.5 mmol, 37%). TLC (light petroleum/ethyl acetate/acetic acid 75:25:1 

v/v/v): Rf = 0.25. 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 2.81 (s, 4H), 5.61 (s, 1H), 6.69 (d, 

J = 8.0 Hz, 1H), 6.74-6.76 (m, 1H), 6.82 (d, J = 7.7 Hz, 1H), 7.16 (t, J = 7.7 Hz, 1H), 7.28-7.43 

(m, 5H), 9.50 (s, 1H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 25.49, 52.36, 114.64, 115.42, 

118.99, 127.61, 128.40, 128.69, 129.67, 137.38, 138.52, 157.33, 168.27, 170.10. Note: due to 
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rapid hydrolysis of 2.20 in diluted aqueous solutions of formic acid or TFA, identification via 

standard LC-MS was unsuccessful. C18H15NO5 (325.32). 

N-Benzyloxycarbonyl-N'-(4-tert-butoxybenzyl)-Nα-((S)-2-(3-hydroxyphenyl)-2-

phenylacetyl)-(R)-ornithinamide ((S,R)-2.23) 

HOBt (120 mg, 0.40 mmol), 2.22 (70 mg, 0.40 mmol) and a suspension of EDC × HCl 

(0.15 mg, 0.40 mmol) in anhydrous DMF (1 mL) were added to an ice-cold (0 °C) solution of 

(S,R)-2.19 (190 mg, 0.40 mmol) in anhydrous DMF (8 mL) in an oven-dried Schlenk. The 

mixture was stirred at 0 °C for 16 h. 0.5% aq. TFA/acetonitrile 80:20 v/v (8 mL) was added, 

and the mixture was subjected to preparative HPLC (system B, column: Actus Triart C18, 

gradient: 0-30 min: C/B 50:50-25:75, tR(2.23) = 12 min) yielding 2.23 as a white fluffy solid 

(142 mg, 0.22 mmol, 57%). Analytical RP-HPLC (system A, 220 nm): tR(2.23) = 26.1 min. 

Note: (S,R)-2.23 could not be isolated from residual (R,R)-2.23 formed by epimerization during 

the synthesis of (S,R)-2.23 (cf. supplementary Figure A2.3, panel B in section A.2.3). 1H-NMR 

(400 MHz, DMSO-d6): δ (ppm) 1.26 (s, 9H), 1.29-1.46 (m, 2H), 1.47-1.59 (m, 1H), 1.60-1.70 

(m, 1H), 2.92-3.00 (m, 2H), 4.15-4.34 (m, 3H), 4.98-5.03 (m, 3H), 6.58-6.62 (m, 1H), 6.68-6.72 

(m, 2H), 6.84-6.88 (m, 2H), 7.03-7.17 (m, 3H), 7.18-7.38 (m, 11H), 8.34-8.43 (m, 2H), 9.27 

(br s, 1H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 26.01, 28.53, 29.67, 39.72 (interfering with 

the solvent residual peak, as identified by 1H-13C HSQC), 41.47, 52.52, 55.85, 65.13, 77.73, 

113.55, 115.53, 119.15, 123.55, 126.45, 127.65, 127.69, 127.74, 128.04, 128.34, 128.58, 

129.03, 133.72, 137.23, 140.42, 141.83, 153.75, 156.08, 157.13, 170.90, 171.42. MS (LC-

HRMS, ESI): m/z [M+H]+ calcd for [C38H44N3O6]+ 638.3225, found 638.3237. C38H43N3O6 

(637.78). 

4-((tert-Butoxycarbonyl)amino)butyl bromide52 (2.24) 

A solution of PPh3 (6.7 g, 25.4 mmol) in CH2Cl2 (50 mL) was added to a stirred solution of NBS 

(4.5 g, 25.4 mmol) in CH2Cl2 (50 mL) at rt. Pyridine (1.0 mL, 12.75 mmol) was added dropwise 

over a period of 10 min followed by the addition of a solution of 4-((tert-butoxycarbonyl)amino)-

1-butanol (1.6 g, 8.5 mmol) in CH2Cl2 (60 mL) and stirring was continued at rt for 3 h. The 

mixture was treated with saturated NaHCO3 (100 mL). The organic layer was separated, dried 

over Na2SO4 and the solvent was removed by rotary evaporation. The product was purified by 

column chromatography (light petroleum/ethyl acetate 4:1 v/v) to yield 2.24 as yellow needles 

(1.99 g, 7.9 mmol, 93%, mp 30-32 °C (lit.52 31-34 °C). TLC (light petroleum/ethyl acetate 

4:1 v/v): Rf = 0.50; 1H-NMR (400 MHz, CDCl3): δ (ppm) 1.34 (s, 9H), 1.49-1.58 (m, 2H), 1.74-

1.83 (m, 2H), 3.01-3.08 (m, 2H), 3.29-3.36 (m, 2H), 4.43 (br s, 1H). 13C-NMR (100 MHz, 

CDCl3): δ (ppm) 28.56, 28.94, 30.07, 33.41, 45.39, 77.36, 156.09. MS (LC-HRMS, ESI): m/z 

[M(79Br)+H-C4H8]+ calcd for [C5H11
79BrNO2]+ 195.9968, found 195.9969. C9H18BrNO2 (252.15). 
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N-Fmoc-4-hydroxybenzylamine (2.26) 

A solution of (9H-fluoren-9-yl)methyl succinimidyl carbonate (11.3 g, 33.4 mmol) in dioxane 

(120 mL) was added dropwise to a stirred solution of 2.22 (5.0 g, 27.8 mmol) and Na2CO3 

(3.0 g, 27.8 mmol) in H2O/dioxane 2.5:1 v/v (200 mL) over a period of 1 h and the mixture was 

stirred at rt for 16 h. Dioxane was removed by rotary evaporation and the aqueous residue was 

treated with diethyl ether (3 × 100 mL). The combined organic layers were dried over MgSO4, 

and the volatiles were removed in vacuo to yield crude N-Fmoc-4-tert-butoxybenzylamine as 

a yellow solid, which was suspended in CH2Cl2 (225 mL) and the suspension was cooled to 

0 °C. HCl (6 N in isopropanol, 225 mL, 1.35 mol) was added dropwise under vigorous stirring 

over a period of 1 h. The mixture was allowed to warm to rt and stirring was continued for 12 h. 

After careful addition of ice-cold H2O (500 mL), the organic layer was separated, washed with 

saturated brine (2 × 250 mL), and dried over MgSO4. The solvent was removed by rotary 

evaporation and the product was purified by column chromatography (light petroleum/ethyl 

acetate 3:1 v/v) to yield 2.26 as an orange solid (7.5 g, 21.6 mmol, 78%). TLC (light 

petroleum/ethyl acetate 3:1 v/v): Rf = 0.25. 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 4.06 (d, 

J = 6.0 Hz, 2H), 4.21 (t, J = 6.7 Hz, 1H), 4.32 (d, J = 6.7 Hz, 2H), 6.68 (d, J = 8.4 Hz, 2H), 7.02 

(d, J = 8.4 Hz, 2H), 7.32 (t, J = 7.5 Hz, 2H), 7.41 (t, J = 7.5 Hz, 2H), 7.69 (d, J = 7.5 Hz, 2H), 

7.89 (d, J = 7.5 Hz, 2H), 9.25 (s, 1H). Note: the proton signal of the NH group was not apparent. 

13C-NMR (100 MHz, DMSO-d6): 43.33, 46.79, 65.24, 114.95, 120.10, 125.17, 127.02, 127.58, 

128.92, 129.93, 140.74, 143.90, 156.22, 156.25. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for 

[C22H20NO3]+ 346.1438, found 346.1440. C22H19NO3 (345.40). 

4-(N-Fmoc-aminomethyl)phenoxy-(2-chlorophenyl)-diphenylmethane (polymer bound) 

(2.27)53, 54 

2-ClTrt resin 2.25 (4 g, 6.4 mmol, maximal loading of 1.6 mmol/g, 200-400 mesh, 

1% divinylbenzene) was allowed to swell in anhydrous CH2Cl2 (20 mL, pretreated with K2CO3) 

in a 50-mL polypropylene tube at rt for 10 min. 2.26 (4.4 g, 12.8 mmol), DMAP (50 mg, 

0.38 mmol) and DIPEA (6.8 mL, 38.4 mmol) were added, and the tube was shaken at 40 °C 

for 3 h. The resin was transferred into a 20-mL syringe (BD Discardit II, Becton Dickinson, 

Heidelberg, Germany) equipped with a polyethylene frit (35 µm), the liquid was removed by 

filtration and the resin was washed with CH2Cl2 and DMF (40 mL each). For end capping, the 

resin was allowed to swell in CH2Cl2 (20 mL) in a 50-mL polypropylene tube and methanol 

(770 µl, 19.4 mmol) was added. The tube was shaken at 40 °C for 30 min, the resin was 

transferred to a syringe and the solvent was sucked off. The resin was washed with CH2Cl2, 

DMF and methanol (40 mL each) followed by removal of residual volatiles in vacuo to yield 

4.2 g of the yellow-colored loaded resin 2.27. To determine the loading of the resin according 

to a reported procedure,54 a small amount of dried resin was treated with piperidine/DMF 1:4 
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v/v (1 mL) at rt for 1 h. 50 µL of the supernatant were diluted with DMF (950 µL). This solution 

was further diluted with piperidine/DMF 1:99 v/v (1:100, 1:200, 1:400 and 1:500) and the 

absorbances of the samples were measured at 301 nm using piperidine/DMF 1:99 v/v as a 

reference solution. The concentration of the quantitatively formed dibenzofulvene-piperidine 

adduct was calculated via its absorption coefficient and the loading of the resin was determined 

to be 0.67 mmol/g (2.8 mmol, 44%). 

Nα-(((S)-4-(4-Aminobutoxy)phenyl)(phenyl)acetyl)-Nω-((2-(propionyl)-

aminoethyl)aminocarbonyl)-N'-(4-hydroxybenzyl)-(R)-argininamide 

bis(hydrotrifluoroacetate) ((S,R)-2.30) and Nα-(((R)-4-(4-

aminobutoxy)phenyl)(phenyl)acetyl)-Nω-((2-(propionyl)-aminoethyl)aminocarbonyl)-N'-

(4-hydroxybenzyl)-(R)-argininamide bis(hydrotrifluoroacetate) ((R,R)-2.30) 

In a 20 mL syringe (BD Discardit II, Becton Dickinson, Heidelberg, Germany) equipped with a 

polyethylene frit (35 µm), 2.27 (266 mg, 0.179 mmol) was allowed to swell in anhydrous 

DMF/NMP 4:1 v/v (2 mL) at rt for 15 min. Fmoc deprotection was carried out by sucking off the 

solvent, adding piperidine/DMF 1:4 v/v (3 mL) and shaking the reaction vessel at 35 °C for 2 h. 

This procedure was repeated once. The resin was washed with CH2Cl2 and DMF/NMP 4:1 v/v 

(3 × 3 mL each), and the liquid was sucked off. In a separate vessel, 2.28 (114 mg, 

0.179 mmol), HBTU (115 mg, 0.304 mmol) and DIPEA (103 µL, 0.607 mmol) were added to a 

solution of HOBt (41 mg, 0.304 mmol) in anhydrous DMF/NMP 4:1 v/v (2 mL), the mixture was 

incubated at rt for 5 min, then added to the resin and the reaction vessel was shaken at 35 °C 

for 16 h. Fmoc deprotection was carried out as described above followed by washing of the 

resin and coupling of 2.29 (72 mg, 0.179 mmol) using the same procedure with identical 

amounts of reagents as for the aforementioned coupling of 2.28. To cleave off the product, the 

resin was incubated in CH2Cl2/TFA 95:5 v/v (2 mL) at rt for 20 min, the liquid was collected, 

and the resin was washed with CH2Cl2/TFA 99:1 v/v (4 × 2 mL). After removal of the volatiles 

from the combined filtrates by rotary evaporation, the residue was taken up in CH2Cl2, followed 

by rotary evaporation. TFA/H2O 95:5 v/v (2 mL) was added, and the mixture was incubated at 

rt for 3 h. CH2Cl2 (30 mL) was added, and the volatiles were removed by rotary evaporation. 

H2O (100 mL) was added followed by lyophilization. The product was purified by preparative 

HPLC (system C, column: Kinetex-XB C18, gradient: 0-20 min: C/B 80:20-70:30, tR((S,R)-

2.30) = 9 min, tR((R,R)-2.30) = 10 min) to yield (S,R)-2.30 (21.8 mg, 0.023 mmol, 13%) and 

(R,R)-2.30 (16.8 mg, 0.018 mmol, 10%) as white fluffy, hygroscopic solids. Analytical data of 

(S,R)-2.30: RP-HPLC (system B, 220 nm): 98%, tR = 11.2 min, k = 3.3. 1H-NMR (600 MHz, 

DMSO-d6): δ (ppm) 0.98 (t, J = 7.6 Hz, 3H), 1.36-1.50 (m, 2H), 1.50-1.58 (m, 1H), 1.64-1.78 

(m, 5H), 2.06 (q, J = 7.6 Hz, 2H), 2.82-2.89 (m, 2H), 3.12-3.25 (m, 6H), 3.95 (t, J = 6.0 Hz, 2H), 

4.11-4.18 (m, 2H), 4.29-4.34 (m, 1H), 5.05 (s, 1H), 6.67-6.70 (m, 2H), 6.82-6.86 (m, 2H), 6.99-
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7.03 (m, 2H), 7.18-7.22 (m, 3H), 7.24-7.30 (m, 4H), 7.51 (br s, 1H), 7.72-7.90 (m, 4H), 8.35 (t, 

J = 5.7 Hz, 1H), 8.38-8.58 (m, 3H), 9.00 (br s, 1H), 9.35 (br s, 1H), 10.49 (br s, 1H). 13C-NMR 

(150 MHz, DMSO-d6): δ (ppm) 9.82, 23.98, 24.60, 25.67, 28.48, 29.44, 38.08, 38.65, 39.10 

(interfering with the solvent residual signal, as identified by 1H-13C HSQC), 40.34, 41.64, 52.26, 

55.10, 66.78, 114.08, 115.02, 126.49, 128.16, 128.35, 128.44, 129.13, 129.60, 132.32, 140.89, 

153.68, 153.94, 156.31, 157.21, 171.04, 171.32, 173.27. MS (LC-HRMS, ESI): MS (LC-HRMS, 

ESI): m/z [M+H]+ calcd for [C37H51N8O6]+ 703.3926, found 703.3938. Analytical data of (R,R)-

2.30: RP-HPLC (system B, 220 nm): 97%, tR = 11.8 min, k = 3.5. 1H-NMR (600 MHz, DMSO-

d6): δ (ppm) 0.98 (t, J = 7.6 Hz, 3H), 1.37-1.58 (m, 3H), 1.63-1.78 (m, 5H), 2.06 (q, J = 7.6 Hz, 

2H), 2.81-2.88 (m, 2H), 3.11-3.25 (m, 6H), 3.94 (t, J = 5.9 Hz, 2H), 4.09-4.19 (m, 2H), 4.29-

4.34 (m, 1H), 5.05 (s, 1H), 6.65-6.70 (m, 2H), 6.82-6.87 (m, 2H), 6.98-7.02 (m, 2H), 7.17-7.23 

(m, 3H), 7.24-7.30 (m, 4H), 7.51 (br s, 1H), 7.74-7.89 (m, 4H), 8.35 (t, J = 5.7 Hz, 1H), 8.37-

8.57 (m, 3H), 9.00 (br s, 1H), 9.33 (br s, 1H), 10.44 (br s, 1H). 13C-NMR (150 MHz, DMSO-d6): 

δ (ppm) 9.80, 23.96, 24.57, 25.66, 28.46, 29.35, 38.05, 38.65, 39.10 (interfering with the 

solvent residual signal, as identified by 1H-13C HSQC), 40.34, 41.61, 52.28, 55.08, 66.74, 

114.09, 114.99, 126.44, 128.10, 128.36, 128.39, 129.10, 129.56, 132.49, 140.71, 153.66, 

153.90, 156.26, 157.23, 170.99, 171.30, 173.27. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for 

[C37H51N8O6]+ 703.3926, found 703.3938. C37H50N8O6 × C4H2F6O4 (930.90). 

4-((1E,3E)-4-(4-(Dimethylamino)phenyl)buta-1,3-dien-1-yl)-1-(4-(3-((1S,4R)-4-((4-

hydroxybenzyl)carbamoyl)-9-imino-2,11,16-trioxo-1-phenyl-3,8,10,12,15-pentaazaocta-

decyl)phenoxy)butyl)-2,6-dimethylpyridin-1-ium hydrotrifluoroacetate trifluoroacetate 

(2.35) 

DIPEA (3.6 µL, 17.6 µmol) and a solution of 2.31 (2.60 mg, 5.6 µmol) in anhydrous DMF 

(80 µL) were added to a stirred solution of (S,R)-2.14 (3.30 mg, 2.8 µmol) in anhydrous DMF 

(100 µL) and the mixture was stirred at rt in the dark for 30 min. 10% aqueous TFA (27 µL) 

was added and the mixture was subjected to preparative HPLC (system C, column: Kinetex-

XB C18, gradient: 0-25 min: C/B 70:30-50:50, tR = 14 min) yielding 2.35 (1.47 mg, 1.23 µmol, 

35%) as a dark red fluffy solid, which was stored at −20 °C under protection from light. RP-

HPLC (system B, 220 nm): 96%, tR = 17.6 min, k = 5.8. 1H-NMR (600 MHz, DMSO-d6/D2O 

10:1 v/v): δ (ppm) 0.98 (t, J = 7.6 Hz, 3H), 1.36-1.57 (m, 3H), 1.62-1.71 (m, 1H), 1.83-1.93 (m, 

4H) 2.06 (q, J = 7.6 Hz, 2H), 2.74 (s, 6H), 2.98 (s, 6H), 3.12-3.16 (m, 4H), 3.17-3.22 (m, 2H), 

3.96-4.02 (m, 2H), 4.08-4.19 (m, 2H), 4.28-4.33 (m, 1H), 4.35-4.42 (m, 2H), 5.07 (s, 1H), 6.58 

(d, J = 15.3 Hz, 1H), 6.65-6.68 (m, 2H), 6.71-6.74 (m, 2H), 6.81-6.85 (m, 2H), 6.88-6.91 (m, 

1H), 6.94-7.03 (m, 4H), 7.20-7.25 (m, 2H), 7.26-7.32 (m, 4H), 7.44-7.48 (m, 2H), 7.69 (dd, 

J1 = 15.3 Hz, J2 = 10.0 Hz, 1H), 7.83 (s, 2H), 8.35 (t, J = 5.7 Hz, 1H), 8.44 (d, J = 8.0 Hz, 1H). 
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MS (LC-HRMS, ESI): m/z [M]+ calcd for [C56H70N9O6]+ 965.5444, found 965.5457. 

C56H70N9O6
+ × C4HF6O4

− (1192.27).  

4-((1E,3E)-4-(4-(Dimethylamino)phenyl)buta-1,3-dien-1-yl)-1-(4-(3-((1R,4R)-4-((4-

hydroxybenzyl)carbamoyl)-9-imino-2,11,16-trioxo-1-phenyl-3,8,10,12,15-pentaazaocta-

decyl)phenoxy)butyl)-2,6-dimethylpyridin-1-ium hydrotrifluoroacetate trifluoroacetate 

(2.36) 

DIPEA (3.6 µL, 17.6 µmol) and a solution of 2.31 (2.60 mg, 5.6 µmol) in anhydrous DMF 

(80 µL) were added to a stirred solution of (R,R)-2.14 (3.30 mg, 2.8 µmol) in anhydrous DMF 

(100 µL) and the mixture was stirred at rt in the dark for 30 min. 10% aqueous TFA (27 µL) 

was added and the mixture was subjected to preparative HPLC (system C, column: Kinetex-

XB C18, gradient: 0-25 min: C/B 70:30-50:50, tR = 14 min) yielding 2.36 (1.82 mg, 1.52 µmol, 

43%) as a dark red fluffy solid, which was stored at −20 °C under protection from light. RP-

HPLC (system B, 220 nm): 97%, tR = 17.5 min, k = 5.7. 1H-NMR (600 MHz, DMSO-d6/D2O 

10:1 v/v): δ (ppm) 0.97 (t, J = 7.6 Hz, 3H), 1.35-1.56 (m, 3H), 1.61-1.69 (m, 1H), 1.81-1.90 (m, 

4H) 2.06 (q, J = 7.6 Hz, 2H), 2.70 (s, 6H), 2.96 (s, 6H), 3.11-3.19 (m, 6H), 3.96-4.00 (m, 2H), 

4.06-4.17 (m, 2H), 4.25-4.30 (m, 1H), 4.35-4.42 (m, 2H), 5.04 (s, 1H), 6.57 (d, J = 15.3 Hz, 

1H), 6.61-6.64 (m, 2H), 6.69-6.74 (m, 2H), 6.80-6.85 (m, 2H), 6.88-6.91 (m, 1H), 6.94-6.99 (m, 

4H), 7.18-7.24 (m, 2H), 7.25-7.31 (m, 4H), 7.42-7.46 (m, 2H), 7.67 (dd, J1 = 15.3 Hz, 

J2 = 10.3 Hz, 1H), 7.74-7.77 (m, 2H), 8.35 (t, J = 5.8 Hz, 1H), 8.48 (d, J = 8.0 Hz, 1H). MS 

(LC-HRMS, ESI): m/z [M]+ calcd for [C56H70N9O6]+ 965.5444, found: 965.5455. 

C56H70N9O6
+ × C4HF6O4

− (1192.27). 

4-(2-((1E,3E)-5-((Z)-1-(6-((4-(3-((1S,4R,Z)-9-Amino-4-((4-hydroxybenzyl)carbamoyl)-

2,11,16-trioxo-1-phenyl-3,8,10,12,15-pentaazaoctadec-9-en-1-yl)phenoxy)butyl)amino)-

6-oxohexyl)-3,3-dimethyl-5-sulfoindolin-2-ylidene)penta-1,3-dien-1-yl)-3,3-dimethyl-3H-

indol-1-ium-1-yl)butane-1-sulfonate hydrotrifluoroacetate (2.37) 

DIPEA (3.6 µL, 17.6 µmol) and a solution of 2.32 (2.7 mg, 2.8 µmol) in anhydrous DMF (50 µL) 

were added to a stirred solution of (S,R)-2.14 (3.3 mg, 2.8 µmol) in anhydrous DMF (100 µL) 

and the mixture was stirred at rt in the dark for 30 min. 10% aqueous TFA (27 µL) was added 

and the mixture was subjected to preparative HPLC (system C, column: Kinetex-XB C18, 

gradient: 0-25 min: C/B 80:20-55:45, tR = 22 min) yielding 2.37 (0.9 mg, 0.58 µmol, 21%) as a 

blue fluffy solid, which was stored at −20 °C under protection from light. RP-HPLC (system B, 

220 nm): 99%, tR = 16.2 min, k = 5.2. 1H-NMR (600 MHz, DMSO-d6/D2O 10:1 v/v): δ (ppm) 

0.96 (t, J = 7.6 Hz, 3H), 1.28-1.33 (m, 2H), 1.36-1.56 (m, 8H), 1.61-1.80 (m, 22H), 2.00-2.07 

(m, 4H), 3.01-3.05 (m, 2H), 3.08-3.19 (m, 6H), 3.84-3.88 (m, 2H), 3.98-4.17 (m, 6H), 4.27-4.32 

(m, 1H), 5.06 (s, 1H), 6.24 (d, J = 14.1 Hz, 1H), 6.37 (d, J = 14.1 Hz, 1H), 6.52-6.60 (m, 1H), 
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6.63-6.67 (m, 2H), 6.73-6.77 (m, 1H), 6.79-6.84 (m, 2H), 7.15 (t, J = 7.9 Hz, 1H), 7.17-7.21 (m, 

1H), 7.22-7.28 (m, 6H), 7.35-7.43 (m, 2.6H*), 7.59-7.64 (m, 2H), 7.76-7.80 (m, 2H), 7.81-7.86 

(m, 1H), 8.27-8.36 (m, 2.3H*), 8.44 (d, J = 7.9 Hz, 0.5H*). *Residual NH proton signals due to 

incomplete deuterium/proton exchange. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for 

[C72H93N10O13S2]+ 1369.6360, found: 1369.6377. C72H92N10O13S2 (1369.71). 

6-(2-(4-((E)-2-(5,5-Difluoro-7-(thiophen-2-yl)-5H-4λ4,5λ4-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinin-3-yl)vinyl)phenoxy)acetamido)-N-(4-(3-((1S,4R)-4-((4-

hydroxybenzyl)carbamoyl)-9-imino-2,11,16-trioxo-1-phenyl-3,8,10,12,15-

pentaazaoctadecyl)phenoxy)butyl)hexanamide hydrotrifluoroacetate (2.38) 

DIPEA (3.5 µL, 20.4 µmol) and a solution of 2.33 (2.25 mg, 3.4 µmol) in DMF (50 µL) were 

added to a stirred solution of (S,R)-2.14 (3.2 mg, 3.40 µmol) in DMF (50 µL) and the mixture 

was stirred at rt in the dark for 1 h. 10% aqueous TFA (40 µL) was added and the product was 

subjected to semipreparative HPLC (system A, gradient: 0-20 min: A/B 55:45-32:68, tR 

= 17 min) to yield 2.38 (3.17 mg, 2.33 µmol, 68%) as a dark blue fluffy solid, which was stored 

at −20 °C under protection from light. RP-HPLC (system B, 220 nm): 96%, tR = 22.2 min, k = 

7.5. 1H-NMR (600 MHz, DMSO-d6/D2O 10:1 v/v): δ (ppm) 0.97 (t, J = 7.6 Hz, 3H), 1.17-1.21 

(m, 2H), 1.37-1.54 (m, 9H), 1.62-1.69 (m, 3H), 2.00-2.08 (m, 4H), 3.03-3.06 (m, 2H), 3.08-3.14 

(m, 6H), 3.16-3.20 (m, 2H), 3.86 (t, J = 6.3 Hz, 2H), 4.08-4.18 (m, 2H), 4.28-4.33 (m, 1H), 4.52 

(s, 2H), 5.05 (s, 1H), 6.64-6.67 (m, 2H), 6.75-6.77 (m, 1H), 6.79-6.80 (m, 1H), 6.84 (d, 

J = 7.8 Hz, 1H), 6.94 (d, J = 4.2 Hz, 1H), 6.97-7.00 (m, 2H), 7.04-7.07 (m, 2H), 7.18 (t, 

J = 8.0 Hz, 1H), 7.20-7.23 (m, 1H), 7.24-7.29 (m, 7H), 7.35-7.38 (m, 1.4H*), 7.39-7.41 (m, 

0.5H*), 7.58-7.61 (m, 3H), 7.72 (d, J = 16.4 Hz, 1H), 7.75-7.78 (m, 0.3H*), 7.80-7.82 (m, 1H), 

7.83-7.86 (m, 0.6H*), 8.00-8.03 (m, 1H), 8.12 (t, J = 5.5 Hz, 1H), 8.34 (t, J = 6.0 Hz, 1H), 8.44 

(d, J = 7.9 Hz, 1H). *Residual NH proton signals due to incomplete deuterium/proton 

exchange. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for [C66H77
10BF2N11O9S]+ 1247.5718, found: 

1247.5727. C66H76BF2N11O9S × C2HF3O2 (1362.29). 

5-((4-(3-((1S,4R,Z)-9-Amino-4-((4-hydroxybenzyl)carbamoyl)-2,11,16-trioxo-1-phenyl-

3,8,10,12,15-pentaazaoctadec-9-en-1-yl)phenoxy)butyl)carbamoyl)-2-(6-

(dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl)benzoate hydrotrifluoroacetate 

(2.39) 

DIPEA (4.1 µL, 23.8 µmol) and a solution of 2.34 (1.74 mg, 3.3 µmol) in DMF (100 µL) were 

added to a stirred solution of (S,R)-2.14 (3.1 mg, 3.30 µmol) in DMF (100 µL) and the mixture 

was stirred at rt in the dark for 1 h. 10% aqueous TFA (40 µL) was added and the mixture was 

subjected to preparative HPLC (system D, column: Kinetex-XB C18, gradient: 0-20 min: C/B 

82:18-55:45, tR = 18 min) yielding 2.39 (1.92 mg, 1.56 µmol, 43%) as a pink fluffy solid, which 
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was stored at −20 °C under protection from light. RP-HPLC (system B, 220 nm): 99%, tR = 16.6 

min, k = 5.4. 1H-NMR (600 MHz, DMSO-d6): δ (ppm) (600 MHz, DMSO-d6/D2O 10:1 v/v): 

δ (ppm) 0.98 (t, J = 7.6 Hz, 3H), 1.38-1.57 (m, 3H), 1.64-1.80 (m, 5H), 2.06 (q, J = 7.6 Hz, 2H), 

2.90-3.04 (m, 2H), 3.12-3.16 (m, 4H), 3.17-3.22 (m, 2H), 3.23-3.32 (br s, 12H), 3.95 (t, 

J = 6.1 Hz, 2H), 4.09-4.19 (m, 2H), 4.29-4.34 (m, 1H), 5.07 (s, 1H), 6.53 (br s, 1H) 6.65-6.68 

(m, 2H), 6.80-6.84 (m, 2H), 6.87 (d, J = 7.8 Hz, 1H), 6.94-7.10 (m, 7H), 7.19-7.24 (m, 2H), 

7.26-7.30 (m, 4H), 7.55-7.60 (m, 1H), 7.82-7.88 (m, 0.6H*), 8.25-8.32 (m, 1H), 8.35 (t, 

J = 5.7 Hz, 1H), 8.45 (d, J = 7.9 Hz, 1H), 8.64-8.72 (m, 1H), 8.87-8.94 (m, 1H). *Residual NH 

proton signals due to incomplete deuterium/proton exchange. MS (LC-HRMS, ESI): m/z 

[M+H]+ calcd for [C62H71N10O10]+ 1115.5349, found: 1115.5367. C62H70N10O10 × C2HF3O2 

(1229.32). 

5-((4-(4-((1R,4R,Z)-9-Amino-4-((4-hydroxybenzyl)carbamoyl)-2,11,16-trioxo-1-phenyl-

3,8,10,12,15-pentaazaoctadec-9-en-1-yl)phenoxy)butyl)carbamoyl)-2-(6-

(dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl)benzoate hydrotrifluoroacetate 

(2.40) 

DIPEA (4.3 µL, 25.2 µmol) and a solution of 2.34 (2.2 mg, 4.2 µmol) in DMF (50 µL) were 

added to a stirred solution of (R,R)-2.30 (4.30 mg, 4.6 µmol) in DMF (100 µL) and the mixture 

was stirred at rt in the dark for 4 h. 10% aqueous TFA (40 µL) was added and the product was 

isolated by preparative HPLC (system C, column: Kinetex-XB C18, gradient: 0-25 min: C/B 

75:25-40:60 tR = 18 min) to yield 2.40 (3.53 mg, 2.90 µmol, 69%) as a pink fluffy solid, which 

was stored at −20 °C under protection from light. RP-HPLC (system B, 220 nm): 98%, 

tR = 16.5 min, k = 5.3. 1H-NMR (600 MHz, DMSO-d6/D2O 10:1 v/v): δ (ppm) 0.98 (t, J = 7.6 Hz, 

3H), 1.36-1.56 (m, 3H), 1.63-1.82 (m, 5H), 2.06 (q, J = 7.6 Hz, 2H), 2.86-3.04 (m, 2H), 3.13-

3.16 (m, 4H), 3.17-3.21 (m, 2H), 3.22-3.32 (br s, 12H), 3.99 (t, J = 6.4 Hz, 2H), 4.10-4.18 (m, 

2H), 4.29-4.35 (m, 1H), 5.04 (s, 1H), 6.51 (br s, 1H) 6.66-6.70 (m, 2H), 6.83-6.88 (m, 2H), 6.94-

7.11 (m, 7H), 7.17-7.22 (m, 3H), 7.24-7.30 (m, 4H), 7.54-7.61 (m, 1H), 7.84-7.88 (m, 0.2H*), 

8.26-8.31 (m, 1H), 8.34 (t, J = 5.6 Hz, 1H), 8.43 (d, J = 8.1 Hz, 1H), 8.66-8.72 (m, 1H), 8.88-

8.95 (m, 1H). *Residual NH proton signals due to incomplete deuterium/proton exchange. MS 

(LC-HRMS, ESI): m/z [M+H]+ calcd for [C62H71N10O10]+ 1115.5349, found: 1115.5352. 

C62H70N10O10 × C2HF3O2 (1229.32). 

2.4.3 X-ray crystallographic analysis of (R)-2.16 

A single crystal of 2.16 was mounted using a nylon loop on a STOE STADI VARI Diffractometer 

with EIGER 2 CdTe Detector (STOE & CIE GmbH, Darmstadt, Germany). Assuming a 

noncentrosymmetric space group, the necessary Friedel Pairs were collected with CuKα 

radiation. The absolute configuration was proofed by Flack parameter and Bayesian statistic. 
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The unit cell contained two independent molecules. During refinement of the crystal structure, 

the hydrogen atom of the carboxyl group was refined and assigned to the respective oxygen 

atom without constrains and/or restraints applying isotropic displacement parameters. 

2.4.4 Circular dichroism analysis 

CD spectra of 0.2 mM solutions of the S,R- and R,R-configured diastereomers of 2.14 and 

2.30 in methanol were recorded in a 2 mm path length cuvette at 20 °C with a Jasco J-810 

spectropolarimeter (Jasco, Tokyo, Japan) equipped with a PTC-423S Peltier temperature 

controller (Jasco). Instrumental parameters: spectral range of 200–500 nm, bandwidth of 1 nm, 

scanning speed of 500 nm/min. The CD spectra shown in Figure 2.3 (panel A) represent the 

average of five measurements after solvent subtraction. The “economy-size” singular-value 

decomposition (SVD) of the spectra in Figure 2.3 (panel B) (matrix A) was calculated in 

MATLAB (MathWorks, Natick, MA) as A = U × S × VT, where U is a matrix in which columns 1 

to 3 represent the “abstract spectra” shown in Figure 2.3 (panel B), S is a diagonal matrix 

containing the singular values, and VT is the transpose of matrix V, which contains the linear 

coefficients associated with the columns of U. The spectra in Figure 2.3 (panel C) were 

obtained from U × S × VT considering only the first 3 columns of U and V and the corresponding 

singular values, respectively. For panels D-F of Figure 2.3, either the first, the second, or the 

third column of U and V was combined with the corresponding singular values. 

2.4.5 Investigation of the chemical stability of compounds 2.35-2.40 

The chemical stability of 2.35-2.40 was investigated in PBS (pH 7.4) at 22 °C. Incubation was 

started by the addition of 2.5 µL of a 2 mM stock solution (in DMSO) of each investigated 

compound to 47.5 µL of PBS to give a final concentration of 100 µM. For each compound, this 

sample was prepared three times. In the case of 2.35-2.37, 2.39 and 2.40, incubation was 

stopped by the addition of 50 µL 1% aq. TFA/acetonitrile 1:1 v/v after 0 min, 4 h and 24 h. 80 

µL of the resulting solutions were analyzed by analytical RP-HPLC (system A). As 2.38 showed 

strong adsorption to the sample tube, a different solvent composition was used (addition of 50 

µL of 1% TFA in acetonitrile). 

2.4.6 Cell culture 

Cells were cultured in 75-cm2 or 175-cm2 flasks (Sarstedt, Nümbrecht, Germany) in a 

humidified atmosphere (95% air, 5% CO2) at 37 °C. SK-N-MC neuroblastoma cells (obtained 

from the American Type Culture Collection, ATCC HTB-10) were maintained in Eagle’s 

minimum essential medium (EMEM) (Sigma-Aldrich) containing 10% fetal calf serum (FCS) 

(Sigma-Aldrich). Human erythroleukemia (HEL) cells (HEL 92.1.7 from the American Type 

Culture Collection, ATCC TIB-180) were maintained in RPMI (Sigma) supplemented with 6.5% 

FCS. MCF-7-Y1 cells19 were cultivated in EMEM containing 5% FCS. CHO-hY2R cells 
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(PerkinElmer, Rodgau, Germany) were cultured in Ham’s F12 medium (Sigma Aldrich, 

München, Germany) supplemented with 5% FCS and G418 (400 μg/mL) (Fisher Scientific). 

CHO-hY4-Gqi5-mtAEQ cells55 were cultured in Ham’s F12 medium containing 10% FCS, G418 

(400 μg/mL) (Sigma-Aldrich), hygromycin (400 μg/mL) (A.G. Scientific Inc, San Diego, CA, 

USA) and zeocin (250 μg/mL) (InvivoGen, San Diego, CA). HEC-1B-hY5R cells56 were 

maintained in EMEM containing 7.5% FCS and G418 (400 μg/mL). 

2.4.7 Radioligand competition binding 

Y1R binding: radioligand competition binding experiments at the hY1R were performed at intact 

hY1R-expressing SK-N-MC neuroblastoma cells at 22 ± 1 °C as previously described, using 

[3H]2.2 (Kd = 0.044 nM, c = 0.15 nM) as radioligand.20 Nonspecific binding was determined in 

the presence of BIBO3304 (75 nM). Y2R binding: radioligand competition binding experiments 

at the hY2R were performed at CHO-hY2R cells (purchased from PerkinElmer, product no. 

ES352-C, lot no. 460-167-A) at 22 ± 1 °C as previously described, using [3H]propionyl-pNPY 

(Kd = 0.14 nM, c = 0.5 nM) as radioligand.29 Nonspecific binding was determined in the 

presence of BIIE0246 and JNJ31020028 (5 µM each). Y4R binding: radioligand competition 

binding experiments at the hY4R were performed at CHO-hY4RGqi5-mtAEQ cells at 22 ± 1 °C 

as previously described, using [3H]UR-KK200 (Kd = 0.67 nM,30 c = 1 nM) as radioligand.57 

Nonspecific binding was determined in the presence of hPP (1 µM). Y5R binding: radioligand 

competition binding at the hY5R was performed at intact HEC-1B-hY5R cells at 22 ± 1 °C as 

previously described, using [3H]propionyl-pNPY (Kd = 11 nM,31 c = 5 nM) as radioligand.30 

Nonspecific binding was determined in presence of pNPY (2 µM). For each compound and 

each receptor subtype, at least three individual experiments were performed in triplicate. For 

Y1R binding, specific binding data (nonspecific binding subtracted from total binding) were 

normalized (100% = specifically bound radioligand in the absence of competitor), plotted as % 

over log(concentration of competitor) and analyzed by a four-parameter logistic equation 

(log(inhibitor) vs. response - variable slope, GraphPad Prism 9, GraphPad Software, San 

Diego, CA) to obtain pIC50 values, which were converted into pKi values according to the 

Cheng-Prusoff equation (logarithmic form).58 In the case of compound 2.35 (Y5R) and 

compound 2.39 (Y4R), radioligand displacement at the highest concentration of 2.35 or 2.39 

amounted to 60-80%. To obtain pIC50 values, log(B/(B0 − B)) (Hill plot; B denotes specifically 

bound radioligand in the presence of competitor (values between 10 and 90%), B0 = specifically 

bound radioligand in the absence of competitor (B0 = 100%)) was plotted against 

log(competitor concentration) followed by linear regression (pIC50 corresponds to the intercept 

with the x-axis, log(B/(B0 – B)) = 0). For the other compounds, investigated with respect to Y2R, 

Y4R and Y5R binding, radioligand displacement was < 50% for the highest competitor 

concentration (3 or 10 µM), i.e. pIC50 values could not be determined. 
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2.4.8 Fura-2 Ca2+ assay 

The Y1R Fura-2 Ca2+ assay was performed at hY1R-expressing HEL cells at 22 ± 1 °C as 

previously described.33 In antagonist mode, Ca2+ mobilization was induced by the addition of 

pNPY (10 nM) after preincubation of the cells with the antagonists for 15 min. At least three 

independent experiments were performed in a singlet. In the case of the fluorescent dummy 

ligands 2.57 and 2.58 (cf. supplementary Figure A2.5 in section A.2.3), the preincubation 

period was 2 min and six individual determinations were performed in a singlet. Cytosolic Ca2+ 

concentrations obtained from the investigation of pNPY in agonist mode (concentration-effect 

curves) were plotted against log(concentration of pNPY) and analyzed by a four-parameter 

logistic equation (log(agonist) vs response−variable slope, GraphPad Prism 9). Subsequently, 

data were normalized (100% = “top” of the four-parameter logistic fit, 0% = “bottom” of the four-

parameter logistic fit) followed by plotting of the normalized data against log(concentration of 

pNPY) and analysis according to a four-parameter logistic equation (log(agonist) vs response 

− variable slope, GraphPad Prism 9) to obtain pEC50 values. Net Ca2+ responses (basal 

cytosolic Ca2+ concentration subtracted from the measured peak Ca2+ concentration) obtained 

from the investigation of the antagonists 2.14, 2.30, and 2.35-2.40 in antagonist mode 

(inhibition of the effect elicited by 10 nM pNPY) were normalized (100% = Ca2+ response 

induced by 10 nM pNPY) and plotted against log(concentration of antagonist) followed by 

analysis according to a four-parameter logistic equation (log(inhibitor) vs response − variable 

slope, GraphPad Prism 9) to obtain pIC50 values.  

2.4.9 Fluorescence excitation and emission spectra 

Excitation and emission spectra were recorded with a Cary Eclipse spectrofluorimeter (Varian 

Inc., Mulgrave, Victoria, Australia) using acryl cuvettes (10 mm × 10 mm, Ref. 67.755, 

Sarstedt). Sample solutions (2 mL) were prepared in the cuvettes. Spectra in PBS (pH 7.4) 

supplemented with 1% BSA were obtained for all fluorescent ligands (2.35-2.40) using the 

following concentrations: 6 µM for 2.35 and 2.36 and 2 µM for 2.37-2.40. Excitation spectra 

(cf. supplementary Figure A2.6 in section A.2.3) were recorded with a slit adjustment of 10/10 

nm (excitation/emission) (2.37) or 5/10 nm (2.35, 2.36, 2.38-2.40). The slit adjustments applied 

for the emission spectra were 10/10 nm (excitation/emission) for 2.37 and 10/5 nm for 2.35, 

2.36 and 2.38-2.40. Spectra in Leibovitz’s L15 medium (Gibco/Fisher Scientific), HEPES buffer 

(pH 7.4) (20 mM HEPES, 1 mM CaCl2, 135 mM NaCl and 0.1% Pluronic F-127) and MEMO 

(Cell Guidance Systems, UK) were recorded for compounds 2.35 (6 µM), 2.37 (2 µM) and 2.39 

(8 µM) (cf. supplementary Figure A2.7 in section A.2.3). A slit adjustment of 10/10 

(excitation/emission) was applied for both excitation and emission spectra. Net spectra were 

obtained by subtracting the respective vehicle reference spectrum, and corrected emission 
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spectra were calculated by multiplying the net emission spectra with the respective lamp 

correction spectrum. 

2.4.10 Determination of fluorescent quantum yields 

The quantum yields (compounds 2.35-2.37, 2.39 and 2.40) were determined with the 

aforementioned Cary Eclipse spectrofluorimeter (emission spectra) and a Lambda 650 UV/vis 

spectrophotometer (PerkinElmer) (absorption spectra) according to a described procedure 

with minor modifications.21 The following compound concentrations, resulting in absorbances 

between 0.08 and 0.12 at the respective excitation wavelength, were applied: 6 µM for 2.35 

and 2.36, 2 µM for 2.37 and cresyl violet perchlorate (Acros Organics, Geel, Belgium) and 8 

µM for 2.39 and 2.40. The excitation wavelength was set close to the absorption maximum 

(2.35 and 2.36) or at the shoulder to the left of the absorption maximum (2.37, 2.39 and 2.40) 

enabling recording of full emission spectra. Emission spectra of cresyl violet perchlorate in 

EtOH were recorded at an excitation wavelength of 575 nm. Sample solutions (2 mL) were 

prepared in polystyrene cuvettes (10 mm × 10 mm, Ref. 67.742, Sarstedt), immediately 

followed by measurement of the absorption spectra, transfer of the solutions into acryl cuvettes 

(10 mm × 10 mm, Ref. 67.755, Sarstedt) and measurement of the emission spectra. At least 

two independent determinations were performed each comprising fluorescence spectra at the 

slit adjustments (excitation/emission) 5/10, 10/5 nm and 10/10 nm. The obtained quantum 

yields were averaged (slit adjustments, independent determinations). 

2.4.11 Flow cytometry-based binding experiments 

Flow cytometry (FC)-based Y1R binding studies with the fluorescent ligands 2.35, 2.37, 2.39 

and 2.40 were performed at intact MCF-7-Y1 mamma carcinoma cells19 with a FACSCantoII 

flow cytometer (Becton Dickinson, Heidelberg, Germany), equipped with an argon laser (488 

nm) and a red diode laser (640 nm). All experiments were performed in duplicate. The following 

gain settings for forward and sideward scatter were applied throughout: FSC: 0 V, SSC: 252 

V. Fluorescence was recorded using the following settings: compound 2.35: excitation: 488 

nm, emission: >670 nm (PerCP-Cy5.5 channel), gain: 390-490 V, compound 2.37: excitation: 

640 nm, emission: 660 ± 10 nm (APC channel), gain: 525-555 V, compounds 2.39 and 2.40: 

excitation: 488 nm, emission: 585 ± 21 nm (PE channel), gain: 300-370 V. For all 

measurements, the medium flow rate was used. Measurements for saturation binding and 

competition binding experiments were stopped after counting of 5000-10000 (cell density: 1.0 

× 106 cells/mL) or 500-1000 (cell density: 1.0 × 105 cells/mL) gated events. Measurements for 

kinetic binding studies (association and dissociation) were stopped after counting of at least 

1000 (cell density: 1.0 × 106 cells/mL) or 200 (cell density: 1.0 × 105 cells/mL) gated events, 

but latest after 10 seconds of data acquisition. 
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Two to three days prior to the experiment, cells were seeded in 75-cm2 or 175-cm2 culture 

flasks and 24-48 h prior to the experiment, estradiol (1 nM) was added to the culture medium 

(added to stimulate Y1R expression18, 19). On the day of the experiment, cells were detached 

by trypsinization, suspended in culture medium and centrifuged. The cell pellet was 

resuspended in phenol red-free Leibovitz’s L15 medium and the cell density was adjusted to 

1.0 × 105 or 1.0 × 106 cells/mL. All samples were prepared and incubated in 1.5-mL or 2-mL 

polypropylene reaction vessels (Sarstedt) and were transferred into 75 mm × 12 mm 

polystyrene sample tubes (Sarstedt) shortly before the measurement. Solutions of fluorescent 

and nonlabeled ligands were prepared in DMSO/H2O 1:1 v/v. For saturation binding 

experiments, reaction vessels were prefilled with 2.5 µL of a 100-fold concentrated (compared 

to the final concentration) solution of the fluorescent ligand and 2.5 µL of DMSO/H2O 1:1 v/v 

(total binding) or were prefilled with 2.5 µL of the same fluorescent ligand solution and 2.5 µL 

of a 100-fold concentrated solution of 2.1 (nonspecific binding). The final concentration of 2.1 

was 10 µM throughout. The incubation was started by the addition of 245 µL of cell suspension 

followed by gentle shaking of the reaction vessels under protection from light at 22 ± 2 °C for 

2 h and subsequent data acquisition. For association experiments with 2.37, 2.39 and 2.40, 2-

mL reaction vessels were prefilled with 1780 µL of cell suspension (adjusted to the respective 

cell density) and association was started by the addition of DMSO/H2O 1:1 v/v (1.8 µL) and 18 

µL of a 50 nM solution (2.37 or 2.39, final concentrations: 0.5 nM each) or 18 µL of a 100 nM 

solution (2.40, final concentration: 1 nM) to the cell suspension, followed by short mixing and 

gentle shaking under protection from light at 22 ± 2 °C. To determine nonspecific binding, 1.8 

µL of a 1 mM solution of 2.2 were added instead of 1.8 µL of the vehicle (final concentration of 

2.2: 1 µM). After different periods of time (2.37: 0.5-45 min, 2.39: 0.5-60 min, 2.40: 0.5-30 min) 

aliquots (100 µL) were withdrawn and subjected to measurement. For association experiments 

with 2.35, the cell suspension (495 µL) was placed directly into a polystyrene sample tube and 

the experiment was started by the addition of 5 µL of a 25 nM solution of 2.35 (final 

concentration: 0.25 nM), followed by short mixing and immediate data acquisition (after 

approximately 5 s). Additional measurements were conducted after different periods of time 

(0-20 min) using the same sample tube. To determine nonspecific binding, 0.5 µL of a 1 mM 

solution of 2.2 were added to the cell suspension (final concentration of 2.2: 1 µM) shortly 

before the addition of 2.35. For dissociation experiments, 2-mL reaction vessels were prefilled 

with 1778 µL of cell suspension. Pre-incubation was started by the addition of DMSO/H2O 1:1 

v/v (1.8 µL) and 18 µL of a 100 nM solution (2.35, 2.37 or 2.39, final concentrations: 1 nM 

each) or 18 µL of a 200 nM solution (2.40, final concentration: 2 nM). The samples were gently 

shaken in the dark at 22 ± 2 °C for 2 h. For the determination of nonspecific binding, 1.8 µL of 

a 1 mM solution of 2.2 were added instead of 1.8 µL of the vehicle (final concentration of 2.2: 

1 µM). Dissociation was initiated by the addition of 1.8 µL of a 1 mM solution of 2.2. After 
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different periods of time (2.35 and 2.39: 5-600 min, 2.37: 1-300 min, 2.40: 1-90 min), aliquots 

(100 µL) were withdrawn and subjected to measurement. In contrast to saturation binding and 

association experiments, dissociation experiments were only performed at a cell density of 1.0 

× 106 cells/mL. For competition binding experiments, reactions vessels were prefilled with cell 

suspension (245 µL) followed by the addition of 2.5 µL of a 100-fold concentrated solution of 

the competing (nonlabeled) ligand and gentle shaking in the dark. After 10 min (2.1 and 2.2) 

or 1 h (pNPY) of pre-incubation, 2.5 µL of the fluorescent ligand solution (100-fold 

concentrated) were added and shaking under protection from light at 22 ± 2 °C was continued 

for 2 h (2.1 and 2.2) or 4 h (pNPY). The final concentrations of the fluorescent ligands were 

0.25 nM (2.35) or 0.5 nM (2.37 and 2.39). For the determination of nonspecific and total 

binding, 2.5 µL of a 0.5 mM solution of BIBO3304 (final concentration: 5 µM) and 2.5 µL of 

DMSO/H2O 1:1 v/v, respectively, were initially added, followed by the addition of fluorescent 

ligand after the pre-incubation period as described above. Competition binding experiments 

were only performed at a cell density of 1.0 × 105 cells/mL. 

Specific binding data were obtained by subtracting nonspecific binding from total binding. 

Nonspecific binding data, depicted in Figure 2.5 (panel A) and supplementary Figure A2.8 

(section A.2.3), are autofluorescence corrected. Specific binding data from saturation binding 

experiments were analyzed by an equation describing a hyperbolic isotherm (Binding - 

Saturation: One site - Specific binding, GraphPad Prism 9) yielding Kd values, which were 

converted to pKd values (cf. Table 2.3). Specific binding data from association experiments 

were analyzed by a two-parameter equation describing a monophasic exponential rise to a 

maximum (yielding kobs(mono)) and by a four-parameter equation describing a biphasic 

exponential rise to a maximum (yielding kobs(bi,fast) and kobs(bi,slow)) (GraphPad Prism 9) (cf. Table 

2.3). 

Specific binding data from FC-based dissociation experiments were analyzed by a two-

parameter equation describing a monophasic exponential decline (GraphPad Prism 9) yielding 

koff . The association rate constants kon(mono), kon(bi,fast) and kon(bi,slow) were calculated from the 

individually determined observed association rate constants kobs(mono), kobs(bi,fast) and kobs(bi,slow), 

respectively (three independent experiments for each fluorescent ligand), the mean values of 

the corresponding dissociation rate constants koff (cf. Table 2.3) and the fluorescent ligand 

concentrations used for the association experiments (2.35: 0.25 nM, 2.37: 0.5 nM, 2.39: 0.5 

nM, 2.40: 1 nM) according to kon = (kobs − koff)/[fluorescent ligand]. The kinetically derived 

dissociation constants Kd(kin) were calculated from individual kon(mono) values and the mean 

value of the dissociation rate constants koff (cf. Table 2.3) according to Kd(kin) = koff/kon. Kd(kin) 

values were converted to pKd(kin) values, which were averaged to obtain mean pKd(kin) values 
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± SEM. Error propagation for the calculation of kon values and Kd(kin) values was performed 

as described previously.34 

Specific binding data from competition binding experiments were normalized (100% = 

specifically bound fluorescent ligand in the absence of competitor), plotted as % over 

log(competitor concentration) and analyzed by a four-parameter logistic equation (log(inhibitor) 

vs response−variable slope, GraphPad Prism 9) to obtain pIC50 values, which were converted 

to pKi values according to the Cheng-Prusoff equation58 (logarithmic form) using the following 

Kd values of the fluorescent ligands: 2.35: Kd = 0.042 nM, 2.37: Kd = 0.159 nM, 2.39: Kd = 0.138 

nM (mean Kd values from three individual saturation binding experiments performed with a cell 

density of 1.0 × 105 cells/mL). 

2.4.12 Fluorescence anisotropy-based Y1R binding assays 

Fluorescence anisotropy-based (FA-based) Y1R binding studies with fluorescent ligand 39 

were performed at hY1R displaying budded baculovirus particles (termed BBVs below), which 

were prepared as described previously.59 The obtained viruses were collected by 

centrifugation at 1600 g for 10 min and the virus titer was determined with an image-based 

cell-size estimation assay as described elsewhere.60 The viruses were amplified using a 

multiplicity of infection (MOI) between 0.01-0.1 until a high titer baculovirus stock (virus 

concentration of at least 1.0 × 108 infectious viral particles/mL) was acquired. To produce BBV 

preparations with high receptor density, Sf9 cells with a density of 1.9 × 106 cells/mL were 

infected with a MOI of 3 and the BBVs were collected by centrifugation 63 h after the infection, 

when the cell viability was below 30%. The BBVs were concentrated 40-fold by centrifugation 

at 48,000 g for 40 min at 4 °C, washed with ice-cold buffer (consisting of 0.1% Pluronic F-127, 

20 mM HEPES, 1 mM CaCl2, 135 mM NaCl and cOmplete EDTA-free Protease Inhibitor 

Cocktail (used according to manufacturer’s protocol), pH 7.4), resuspended and homogenized. 

Aliquots of the BBV preparations were stored at −90 °C until use. 

FA measurements were carried out using a Synergy NEO multimode plate reader (BioTek, 

Winooski, VT) and black, half-area, flat bottom polystyrene NBS (non-binding surface) 96-well 

plates (Corning, Corning, NY, product no. 3993). Polarizing excitation (530 ± 15 nm) and dual 

emission (590 ± 17.5 nm) filters with a dichroic mirror were used, allowing the simultaneous 

detection of parallelly and perpendicularly polarized fluorescence emission. All measurements 

were performed at 27 °C. For extended measurements (>3 h), the 96-well plates were covered 

with a custom-made glass lid to avoid excessive evaporation. Saturation binding experiments, 

association and dissociation experiments as well as competition binding experiments were 

performed in duplicate, following a previously described protocol with minor modifications.61 

All ligand dilutions were prepared in binding buffer (20 mM Na-HEPES, 1 mM CaCl2, 135 mM 
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NaCl, 0.1% Pluronic F-127 and cOmplete EDTA-free Protease Inhibitor Cocktail (pH 7.4)). The 

final total volume per well was 100 µL. Frozen preparations of hY1R displaying BBVs were 

thawed and thoroughly resuspended using a 1 mL syringe (Norm-Ject-F, B. Braun Melsungen 

AG) with a 0.3 mm diameter needle (Sterican, Braun Melsungen AG). For association 

experiments, 30 µL of a 3.33-fold concentrated (compared to the final concentration) solution 

of 2.39 (used at final concentrations of 0.5 nM and 3 nM) and 20 µL of binding buffer were 

premixed in the 96-well plate followed by the addition of 50 µL of BBV suspension (used at at 

least 6 different dilutions) to initiate total binding. To determine nonspecific binding, the 

procedure was the same, but instead of neat binding buffer, 20 µL of a five-fold concentrated 

solution of 2.2 (final concentration: 1000-fold compared to the concentration of 2.39) were 

added. For blank measurement, 50 µL of BBV suspension were added to 50 µL of neat binding 

buffer. Note: Due to the very fast association of 2.39 with the Y1R (most pronounced for the 

combination of high receptor concentrations with the lower concentration of 2.39), 

measurements were not performed simultaneously for all BBV dilutions. Instead, to enable 

short time intervals between the readout cycles, separate measurements (for at least 7 min) 

were performed for the high BBV concentrations combined with the lower concentration of 2.39 

(0.5 nM). For each combination of receptor and ligand concentration, binding equilibrium was 

reached within less than 30 min. Therefore, FA signals for each combination of BBV and 

fluorescent ligand concentration, acquired after 30 min, were used to analyze equilibrium 

binding (see below). For dissociation experiments, the preincubation was set up as the 

association experiments (final concentrations of 2.39: 0.5 nM or 3 nM) and started by the 

addition of the BBV suspensions to the wells. After the preincubation period (1 h), dissociation 

was initiated by the addition of 2 µL of a 50-fold concentrated solution of 2.2 (final 

concentration: 1000-fold compared to the concentration of 2.39) and the FA signal was 

measured for 15 h. An incubation period of 30 min was sufficient for each receptor:ligand ratio 

to reach binding equilibrium. Note: In principle, association, equilibrium binding and 

dissociation experiments can be performed consecutively in one plate. However, to enable a 

quasi-simultaneous readout for all combinations of BBV and fluorescent ligand concentrations 

without the time delay as required for association experiments (see above), equilibrium binding 

and dissociation experiments were performed separately. 

For competition binding experiments, 20 µL of a 5-fold concentrated (compared to the final 

concentration) solution of the competitive ligand (used at varying concentrations) and 20 µL of 

a 5-fold concentrated solution of 2.39 (final concentrations: 0.1 nM or 0.2 nM) were premixed 

in the 96-well plate followed by the addition of 60 µL of the BBV suspension (used at one fixed 

dilution) to initiate total binding. To determine total binding in the absence of competitor and 

nonspecific binding, the same procedure was used, but instead of the addition of competing 
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ligand, neat binding buffer (20 µL) and 20 µL of a 5-fold concentrated solution of 2.2 (final 

concentration: 1 µM), respectively, were added. FA signals were measured for 15 h. 

Data processing for FA binding assays was assisted by the software Aparecium 2.0.20 

developed in house (http://www.gpcr.ut.ee/software.html). Before the calculation of FA using 

equation 2 as previously described,42 the measured parallel (I∥(t)) and perpendicular (I⊥(t)) 

fluorescence intensities were blank corrected on the basis of values obtained from wells 

containing BBVs but no receptor ligand. 

 

                                 (2) 

 

I∥(t), I⊥(t): blank corrected parallel and perpendicular fluorescence intensities, respectively, measured at the time t; 

FA(t): calculated fluorescence anisotropy at the time t 

FA association binding data were globally fitted to obtain association rate constants kon and 

pKd values using a previously presented user-defined GraphPad Prism-compatible binding 

model, which takes ligand depletion into account (koff constrained to 5.35 × 105 s−1).42 

Association rate constant kon and the pKd value presented in Figure 2.6 were calculated as 

mean values ± SEM from individual kon and pKd values, respectively, obtained from at least 

three individual FA association binding experiments using six different BBV concentrations and 

two different concentrations of 2.39. The kinetically derived dissociation constant Kd(kin) was 

calculated from individual (n = 7) kon values and the corresponding koff value (koff = 5.35 × 105 

s−1) according to the equation Kd(kin) = koff/kon. The obtained Kd(kin) values were converted to 

pKd(kin) values, which were averaged to obtain the mean pKd(kin) value ± SEM. The mean value 

± SEM of the dissociation rate constant koff was calculated from individual koff values obtained 

from three independent FA dissociation experiments each using six different BBV 

concentrations and two different concentrations of 2.39 (GraphPad Prism 9). Data from FA 

competition binding experiments using 2.39 as the fluorescent probe (Kd = 0.010 nM, mean 

value from three individual FA equilibrium binding experiments) were analyzed using a 

previously presented user-defined GraphPad Prism-compatible binding model, which takes 

into account fluorescent ligand depletion and includes the calculation of pKi values of the 

competing, nonlabeled ligands (GraphPad Prism 9).42 

2.4.13 Fluorescence microscopy 

For fluorescence ligand binding imaging experiments, human MCF-7-Y1 mamma carcinoma 

cells19 were seeded at a density of 20,000 cells per well into eight-well CG imaging chambers 

(Zell Kontakt GmbH, Nörten-Hardenberg, Germany). After incubation for 24 h in EMEM 

(Sigma) supplemented with 1 nM estradiol, FCS (Sigma) and a solution containing penicillin 
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(100 units/mL), streptomycin (0,1 mg/mL), amphotericin B (0,25 μg/mL) (Sigma) and nuclear 

stains (5 µg/ml Hoechst 34580 (Chemodex Ltd., St. Gallen, Switzerland) or 1 µM SiR-DNA 

(Spirochrome AG, Stein am Rhein, Switzerland)) were added and incubation was continued 

for 1 h. The culture medium was replaced by LiveLight MEMO imaging medium (Cell Guidance 

Systems, Cambridge, U.K.) (200 µL, supplemented with Supplement A according to the 

manufacturer’s protocol). After incubation for 2 h at 37 °C in a humidified atmosphere 

containing 5% CO2, compounds 2.35, 2.37 or 2.39 (1 nM final concentrations) were added and 

cells were imaged for up to 60 min (37 °C, atmosphere with 5% CO2). Imaging was carried out 

with the TIRF microscopy setup as described previously.62 Briefly, widefield epifluorescence 

and TIRF imaging was conducted using an inverted microscope connected to a Till iMIC body 

(Till Photonics/FEI, Munich, Germany), equipped with a TIRF APON 60× oil (NA 1.49) objective 

(Olympus Corp., Tokyo, Japan). The samples were sequentially excited using PhoxX laser 

diodes (Omicron-Laserage) combined with the SOLE-6 light engine (Omicron-Laserage): 515 

nm (80 mW) (compounds 2.35 and 2.39) and 638 nm (150 mW) (SiR-DNA); or 405 nm (120 

mW) (Hoechst 34580) and 638 nm (150 mW) (2.37). Excitation light was launched into a Yanus 

scan head, which, along with a Polytrope galvanometric mirror (Till Photonics/FEI), was used 

to position the laser for widefield epifluorescence or TIRF (approximately 100 nm depth) 

illumination. Excitation and emission light were spectrally separated with imaging filter cubes 

containing a 390/40 BrightLine exciter filter (Semrock, West Henrietta, NY), a zt 405 rdc 2 mm 

beam splitter (Chroma Technology Corp), and an ET 460/50 emitter filter (Chroma) for Hoechst 

34580 or containing a zt 514/640 rpc 2 mm dual-line beam splitter (Chroma) and a 577/690/25 

BrightLine dual-band bandpass emission filter (Semrock) for compounds 2.35, 2.37, 2.39 or 

SiR-DNA. Additionally, the brightfield channel was used for the determination of cell borders. 

The electron multiplying charge-coupled device Ultra 897 camera (Andor Technology, Belfast, 

U.K.) was mounted to the microscope through a TuCam adapter with 2-fold magnification 

(Andor Technology). The camera was cooled down to −100 °C with the assistance of a liquid 

recirculating chiller Oasis 160 (Solid State Cooling Systems, Wappingers Falls, NY). All 

measurements were performed in the eight-well CG imaging chambers, and at least five 

selected areas per well were captured as 16-bit OME-TIFF multicolor Z-stacks (100 frames, 

with 200 nm piezo-focusing increment), with 100 ms exposure time and EM gain 300 in the 

case of widefield epifluorescence imaging or one-color time-stacks (1000 frames at 10 Hz) in 

the case of TIRF. For different fluorescent ligands and stains, the laser powers were varied to 

enable optimal signal levels (the absence of a detectable crosstalk signal in the channels was 

ensured). The widefield epifluorescence Z-stacks were deconvolved with an EpiDEMIC 

plugin.63 For each fluorescent ligand, at least three independent experiments were performed. 
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Steffen Lüdecke. Compound 3.25 was synthesized by Diana Braun. Radiosynthesis of compounds [18F]3.11, [18F]3.12 
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3.1 Introduction 

Neuropeptide Y (NPY), a 36 amino acid-residue neuropeptide abundantly found in the CNS 

and PNS, is involved in the regulation of central processes such as food intake and energy 

homeostasis, stress response, anxiety, spatial memory and learning, and the addiction-related 

reward system, but also exerts vasoconstrictive effects in the periphery in response to central 

stress signals. In humans, the effects of NPY and the other two members of the NPY family, 

peptide YY (PYY) and pancreatic polypeptide (PP), are mediated by four class A G protein-

coupled receptors, designated Y1R, Y2R, Y4R and the Y5R.1-5  

In the past two decades, several studies revealed that the Y1R and Y2R are (over)expressed 

in various types of tumors, including ovarian sex cord-stromal tumors,6 Ewing’s sarcoma,7 

adrenal cortical tumors,8 and mammary carcinoma.9 Hence, radiolabeled Y1R and Y2R ligands 

can potentially be used as radiopharmaceuticals (e.g. 18F-labeled PET tracers for cancer 

diagnosis and 177Lu-labeled compounds for radioendotherapy).10-12 Among the investigated 

tumors, high incidence and density of Y1R expression was found in mammary carcinoma, 

suggesting the Y1R as a marker for the diagnosis of breast cancer.9, 13 

Different approaches, based on peptidic or nonpeptidic Y1R ligands, have been pursued to 

develop 18F- or 68Ga-labeled Y1R-specific PET tracers.14 Concerning peptidic tracers, the 

difficulties disclosed by the study of a fluoroglycosylated 18F-labeled NPY derivative15 and a N-

terminally truncated 68Ga-labeled NPY analogue,16 used for the imaging of xenografted Y1R-

positive tumors in nude mice, were a low tumor-to-background ratio and proteolytic 

degradation.  

In contrast to peptidic PET tracers, nonpeptidic Y1R PET ligands, representing Y1R 

antagonists, exhibit lower molecular weight and potentially higher in vivo stability. A 18F-labeled 

2,4-diaminopyridine-type Y1R antagonist was used to localize Y1 receptors in rhesus monkey 

brains, but an application of this tracer for tumor imaging was not reported so far.17, 18 

Furthermore, 18F-labeled argininamide-type Y1R antagonists derived from BIBP3226 (2.1, 

Figure 3.1) were investigated with respect to in vivo imaging of Y1R-positive MCF-7 tumors in 

nude mice ([18F]3.1-[18F]3.4, Figure 3.1, panel A).19, 20 Although the [18F]2-fluoropropionylated 

PET tracer [18F]3.1, exhibiting high Y1R affinity and high in vivo stability, enabled the imaging 

of the subcutaneous tumor, the study also revealed an unfavorable high accumulation of this 

lipophilic tracer (logD7.4 = 2.34) in the hepatobiliary system.19 In a follow-up study, less lipophilic 

18F-labeled Y1R antagonists [18F]3.2-[18F]3.4 were investigated using the same mouse 

xenograft model. [18F]3.2 and [18F]3.3, containing a 18F-fluoroethoxy and 18F-fluoro-PEG 

moiety, respectively, showed displaceable Y1R binding in the tumor, but tumor-to-background 

ratios were low due to rapid degradation of these PET tracers.20 In contrast, imaging of the 
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tumor was not possible with the low-affinity (pKi(Y1R) = 6.55) fluoroglycosylated tracer [18F]3.4. 

Worth mentioning, despite the lower lipophilicity of [18F]3.2-[18F]3.4 compared to [18F]3.1, the 

majority of the injected radioactivity was still present in the bile.20 

The recent elucidation of the Y1R binding mode of the high-affinity Y1R antagonist UR-MK299 

(2.2, Figure 3.1, panel A), which is structurally closely related to 3.1-3.4, revealed that the 

carbamoyl residue attached at the guanidino group is deeply buried in the receptor binding 

pocket (Figure 3.1, panel B) (PDB ID: 5ZBQ21). This provided an explanation for the markedly 

decreased affinity of 3.3 and 3.4, which both contain a large Nω-carbamoyl substituent (cf. 

Figure 3.1, panel A) causing, in contrast to 2.2, a steric clash in the binding pocket, as also 

recently demonstrated by computational chemistry for a series of Nω-carbamoylated 

argininamide-type Y1R antagonists.22 Taking advantage from the reported crystal structure of 

the Y1R in complex with 2.2, the synthesis of a derivative of 2.2, compound (S,R)-2.14 (Figure 

3.1, panel A), which contains an amine-functionalized linker at the receptor surface-facing 

diphenylacetyl moiety, and the successive attachment of bulky fluorescent dyes yielded 

fluorescent Y1R ligands with picomolar binding affinities.23  

In the present study, we applied this structure-based approach to develop argininamide-type 

Y1R PET ligands with considerably higher Y1R affinity compared to 3.1-3.4. For this purpose, 

the amine-functionalized precursor (S,R)-2.14 was conjugated to a fluorinated glycosyl moiety 

or a Ga3+-binding chelator. Additionally, a fluorinated PET ligand derived from 2.1, not 

containing a carbamoylated guanidino group, was prepared. After in vitro characterization of 

the respective “cold” ligands, 18F- and 68Ga-labeled derivatives were synthesized and 

subjected to in vivo studies in nude mice bearing subcutaneous MCF-7 breast cancer 

xenografts. 
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Figure 3.1. (A) Structures and Y1R affinities (pKi values) of compounds 2.1, 3.1-3.4, 2.2 and (S,R)-2.14, and 

experimental logD7.4 values of the potential Y1R PET ligands 3.1-3.4, where radionuclide-carrying moieties (2-

fluoropropionyl in 3.1, fluoroethoxy in 3.2 and 3.3, and fluoroglycosyl in 3.4) were attached to the Nω-

carbamoylguanidine residue. (B) Structure of UR-MK299 (2.2) positioned in a schematically depicted Y1R binding 

pocket. The binding mode of 2.2 suggests an attachment of radionuclide carrying entities to the diphenylacetyl 

moiety in 3.5. aLogD7.4 values were determined using the respective radioactively labeled analogues; bKeller et al.;24 

cKeller et al.;19 dMaschauer et al.;20 eKeller et al.;25 fThe additional stereocenter at the diphenyl acetyl moiety in 

(S,R)-2.14 is (S)-configured; gMueller et al.;23 Y1R binding data of 2.1, 2.2 and 3.1-3.4, previously reported as Ki, 

were converted to the respective pKi values. 
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3.2 Results and discussion 

3.2.1 “Cold” synthesis of potential NPY Y1 PET ligands 

In addition to the amine-functionalized precursor (S,R)-2.1423 (Figure 3.1, panel A), an 

analogue devoid of a carbamoyl substituent in Nω-position, compound (S,R)-3.6, was 

synthesized (Scheme 3.1) and used as starting material for the synthesis of fluoroglycosylated 

PET tracers. 2ClTrt-resin-bound Fmoc-protected hydroxybenzylamine (2.2723) was 

deprotected and coupled to commercially available D-arginine derivative 3.5 using 

HOBt/HBTU, followed by Fmoc deprotection and acylation with racemic carboxylic acid 2.12.23 

TFA-mediated cleavage from the resin and removal of the acid-labile protecting groups yielded 

the diastereomers (S,R)-3.6 and (R,R)-3.6 in a 1:1 ratio, which were separated by preparative 

HPLC.  

 

Scheme 3.1. Synthesis of the amine-functionalized argininamide-type Y1R antagonists (S,R)-3.6 and (R,R)-3.6. 

The asterisk in 2.12 indicates a racemic mixture. The wavy bond in 3.6 indicates either configuration, S or R. 

Reagents and conditions: a) (1) piperidine, DMF, 35 °C, 2 h (procedure repeated once), (2) HBTU, HOBt, DIPEA, 

DMF, 35 °C, 16 h; b) (1) piperidine, DMF, 35 °C, 2 h (procedure repeated once), (2) HBTU, HOBt, DIPEA, DMF, 

35 °C, 16 h; (3) TFA, CH2Cl2, rt, 20 min; (4), TFA, H2O, rt, 16 h; overall yields: 23% ((S,R)-3.6), 14% ((R,R)-3.6). 

Note: (S,R)-3.6 and (R,R)-3.6 were separated and purified by preparative RP-HPLC. 

The assignment of the absolute stereochemistry to the methine carbon of the substituted 

diphenylacetyl moiety in the synthesized diastereomers of 3.6 was achieved by comparison of 

the 1H-NMR spectra of compounds (S,R)-2.14 and (R,R)-2.14 (known stereochemistry) with 

the 1H-NMR spectra of (S,R)-3.6 and (R,R)-3.6 (Figure 3.2). Characteristic 1H-NMR signal 

splitting pattern of three aromatic protons of the meta-substituted benzene ring (Figure 3.2, 

red) and the benzylic protons of the 4-hydroxybenzylamide moiety (Figure 3.2, blue), 

considerably differing between (S,R)- and (R,R)-configured compounds, allowed the 

assignment of the absolute configuration to the diastereomers of 3.6. The assignment was 

confirmed by CD-spectrometric analysis using (S,R)-2.14 and (R,R)-2.14 as reference 

compounds (Figure 3.3). 
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Figure 3.2. Assignment of the absolute stereochemistry to (S,R)-3.6 and (R,R)-3.6 using 1H-NMR spectroscopy 

(600 MHz, DMSO-d6). The 1H-NMR signal splitting patterns of three aromatic protons (highlighted in red) and of the 

two benzylic protons (highlighted in blue) were coherent for reference compound (S,R)-2.14 and (S,R)-3.6, and for 

reference compound (R,R)-2.14 and (R,R)-3.6. 
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Figure 3.3. CD (A) and parent absorption spectrum (B) of a methanolic solution (0.2 mg/mL) of one of the two 

diastereomers of 3.6 (blue) in comparison to spectra recorded for (S,R)-2.14 (red) and (R,R)-2.14 (green). The 

strong CD-maximum at 226 nm indicates the S-configuration at the diphenylated carbon and is absent in the R,R-

diastereomer (R,R)-2.14 (cf. Mueller et al.23). As it is obviously not affected by substitution of the guanidino group 

(demonstrated by the absorption spectra in B), the blue spectrum can be assigned to (S,R)-3.6. All spectra are 

shown in molar absorptivity units. 

Compounds (S,R)-3.6 and (S,R)-2.14 were treated with succinimidyl ester 3.7 under basic 

conditions to yield the alkyne precursors 3.8 and 3.9, respectively. In a Cu(I)-catalyzed azide-

alkyne cycloaddition (CuAAC), 3.8 and 3.9 were conjugated to 6-deoxy-6-fluoroglucosyl azide 

(3.10)26 resulting in the potential Y1R PET ligands 3.11 and 3.12, respectively (Scheme 3.2).  

For the synthesis of the fluoroglycosylated potential PET ligand 3.16, containing an extended 

linker with an ethylene glycol dialkyl ether moiety, (S,R)-2.14 was coupled to N-Boc,N'-

succinyl-3,6-dioxaoctane-1,8-diamine (3.13) using HBTU/HOBt, followed by acidic removal of 

the Boc protecting group, resulting in amine 3.14. The latter was converted to alkyne 3.15 by 

treatment with 3.7 in the presence of DIPEA. CuAAC-mediated conjugation of 3.10 to 3.15 

gave 3.16 (Scheme 3.2). 

The synthesis of the potential PET ligand 3.22, containing, for reasons of increased 

hydrophilicity, a maltosyl residue in addition to the fluoroglycosyl moiety, started with the 

CuAAC-mediated conjugation of azide 3.17 to N-Boc-propargyl glycine (3.18) to afford the 

Boc-protected amino acid 3.19. HBTU/HOBt were used to link (S,R)-2.14 with 3.19 by amide 

bond formation yielding Boc-protected amine 3.20. Removal of the Boc protecting group in 

3.20 and treatment with succinimidyl ester 3.7 followed by Zemplén deacetylation of the 

maltosyl moiety gave alkyne 3.21, which was finally “clicked” to 3.10 affording compound 3.22 

(Scheme 3.2).  

The PET ligand candidate 3.25 was synthesized by treatment of (S,R)-2.14 with DOTA-

succinimidyl ester 3.23, yielding 3.24, followed by the incorporation of Ga3+ under moderately 

acidic conditions (pH 4.2) at 100° C (Scheme 3.2). 
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The chemical stability of the potential Y1R PET ligands 3.11, 3.12, 3.16, 3.22 and 3.25 was 

assessed by incubation in PBS pH 7.4 at 22 °C for up to 24 h. Under these conditions, the 

studied compounds showed no decomposition (cf. section A.3.1). 

 

Scheme 3.2. Synthesis of the potential Y1R PET ligands 3.11, 3.12, 3.16, 3.22 and 3.25. Reagents and conditions: 

a) DIPEA, DMF, rt, 1 h, 63% (3.8), 64% (3.9), 67% (3.15), 53% (3.24); b) CuSO4 × 5 H2O, sodium ascorbate, 

H2O/ethanol, rt, 30-60 min, 57% (3.11), 44% (3.12), 62% (3.16), 51% (3.22); c) (1) HBTU, HOBt, DIPEA, DMF, rt, 

5 min; (2) TFA, CH2Cl2, rt, 1 h, 51%; d) CuSO4 × 5 H2O, sodium ascorbate, H2O/ethanol, rt, 1 h, 25%; e) HBTU, 

HOBt, DIPEA, DMF, rt, 2 h, 31%; f) (1) TFA, CH2Cl2, rt, 16 h; (2) 3.7, DIPEA, DMF, rt, 1 h; (3) sodium methoxide, 

methanol, rt, 30 min, 29%; g) Ga(NO3)3 × H2O, HEPES pH 4.2, aq. HCl, 100 °C, 10 min, 33%. 
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3.2.2 NPY receptor binding and Y1R antagonism 

Y1R binding affinities of the amine-functionalized BIBP3226 (2.1)-derived compounds (S,R)-

3.6 and (R,R)-3.6, and the potential PET ligands 3.11, 3.12, 3.16, 3.22 and 3.25 were 

determined in Y1R competition binding experiments using [3H]2.2 as the radioligand and 

human Y1R-expressing SK-N-MC neuroblastoma cells as the receptor source. The obtained 

pKi values are listed in Table 3.1. For 3.11, 3.12, 3.16, 3.22 and 3.25, the corresponding 

radioligand displacement curves are displayed in Figure 3.4.  
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Figure 3.4. Radioligand displacement curves obtained from competition binding studies with [3H]2.2 

(KD = 0.044 nM, c = 0.15 nM)25 and compounds 3.11, 3.12, 3.16, 3.22 and 3.25 performed at intact SK-N-MC 

neuroblastoma cells. Data represent mean values ± SEM from at least three independent experiments performed 

in triplicate. 

Interestingly, (S,R)-3.6 and (R,R)-3.6 exhibited increased Y1R affinity compared to parent 

compound 2.1 (pKi = 9.95 and 9.41, respectively), 10-fold in the case of (S,R)-3.6 (Table 3.1). 

A similar increase in binding affinity compared to the respective parent compound was also 

observed for the Nω-carbamoylated congeners of (S,R)-3.6 and (R,R)-3.6, i.e. (S,R)-2.14 and 

(R,R)-2.14 (pKi = 10.62 and 10.61, respectively; pKi of the parent compound 2.2 = 10.27, cf. 

Chapter 2). This suggests beneficial interactions of the primary amine groups in (S,R)-2.14, 

(S,R)-3.6, (R,R)-2.14 and (R,R)-3.6 with the Y1 receptor. The presence of the 

fluoroglycosyltriazolyl moiety in the (S,R)-3.6-derived compound 3.11 leads to a tenfold 

decrease in affinity (pKi = 8.87) compared to (S,R)-3.6. Consequently, 3.11 exhibits a Y1R 

affinity comparable to that of parent compound 2.1 (pKi = 8.80) and the previously reported 

PET ligand 3.1 (pKi = 8.89).  

The Nω-carbamoylated argininamides 3.12, 3.16 and 3.25 displayed very high Y1R affinities in 

the two-digit picomolar range (pKi = 10.10-10.20), irrespective of the attached residue at the 

diphenylacetyl moiety, being either a fluoroglycosyl residue (3.12 and 3.16) or a Ga3+-
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containing DOTA chelator (3.25). The slightly decreased Y1R binding affinity of 3.22 (pKi = 

9.55), bearing the bulkiest residue at the diphenylacetyl moiety, is in agreement with previous 

observations made in the case of fluorescently labeled Y1R ligands derived from (S,R)-2.14, 

where the size of the attached fluorescent dye correlated inversely with Y1R binding affinity (cf. 

Chapter 2).  

As previously reported for the argininamide-type Y1R antagonists 2.1 and 2.2, compounds 

3.11, 3.12, 3.16, 3.22 and 3.25 showed an excellent preference for the Y1R (> 1000-fold) over 

the other NPY receptor subtypes (Table 3.1). 

Table 3.1. NPY receptor binding data of parent compounds 2.1 and 2.2, amine-functionalized argininamides (S,R)-

2.14, (S,R)-3.6 and (R,R)-3.6, and potential PET ligands 3.11, 3.12, 3.16, 3.22 and 3.25. 

compd. 

pKi ± SEM / Ki [nM]a  pKi ± SEMa 

Y1Rb  Y2Rc Y4Rd Y5Re 

2.1 8.80 / 1.3f  <5g <5.3h <6i 

2.2 10.27 ± 0.17 / 0.077i  <5.5 j <5 j <5 j 

(S,R)-2.14 10.62 ± 0.02 / 0.024  <5 <5 <5 

(S,R)-3.6 9.95 ± 0.01 / 0.11  ndk ndk ndk 

(R,R)-3.6 9.41 ± 0.06 / 0.39  ndk ndk ndk 

3.11 8.87 ± 0.02 / 1.3  <5.5 <5.5 <5.5 

3.12 10.20 ± 0.06 / 0.065  <5.5 <5.5 <5.5 

3.16 10.10 ± 0.10 / 0.083  <5.5 <5.5 <5.5 

3.22 9.55 ± 0.02 / 0.28  <5.5 <5.5 <5.5 

3.25 10.20 ± 0.05 / 0.060  <5.5 <5.5 <5.5 

aData represent mean values ± SEM (pKi) or mean values (Ki) from at least three independent experiments 

performed in triplicate. bDetermined by competition binding with [3H]2.2 (Kd = 0.044 nM,22 c = 0.15 nM) at intact SK-

N-MC neuroblastoma cells. cDetermined by competition binding with [3H]propionyl-pNPY (Kd = 0.14 nM,27 

c = 0.5 nM) at intact CHO-hY2R cells. dDetermined by competition binding with [3H]UR-KK200 (Kd = 0.67 nM,28 

c = 1 nM) at intact CHO-hY4-Gqi5-mtAEQ cells. eDetermined by competition binding with [3H]propionyl-pNPY 

(Kd = 11 nM,29 c = 5 nM) at intact HEC-1B-hY5 cells. fKeller et al.;24 gRudolf et al.;30 hKeller et al.;31 iHu et al.;32  jKeller 

et al.25 Data, previously reported as Ki, were re-evaluated to afford the pKi values. kNot determined. 
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As determined in a Fura-2 calcium flux assay using Y1R-expressing HEL cells, 3.11, 3.12, 3.16, 

3.22 and 3.25 exhibited Y1R antagonistic activities being capable of fully inhibiting the increase 

in cytosolic Ca2+ elicited by pNPY. The resulting pIC50 values, ranging from 7.87 (3.11) to 9.92 

(3.25) were in the same range as the pKi values obtained from radioligand competition binding, 

except for compound 3.11, where the pIC50 was considerably lower than the respective pKi 

value (Figure 3.5 and Table 3.1). 
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3.11 7.87 ± 0.04

3.12 9.70 ± 0.08

3.16 9.75 ± 0.08

3.22 9.44 ± 0.18

3.25 9.92 ± 0.21

 

Figure 3.5. Investigation of compounds 3.11, 3.12, 3.16, 3.22 and 3.25 in a Fura-2 Ca2+ assay using human 

erythroleukemia (HEL) cells. The inhibition curves resulted from the inhibition of the pNPY-induced (10 nM) 

intracellular Ca2+ mobilization by the antagonists. Data represent mean values ± SEM from three independent 

experiments performed in singlet.  

The previously reported argininamide-type Y1R PET ligand [18F]3.1,19 being structurally closely 

related to e.g. 2.2, 3.12 and 3.25, showed strong hepatobiliary clearance in mice. As the ABC 

transporter P-glycoprotein (P-gp) mediates hepatobiliary excretion, preferentially of cationic, 

lipophilic compounds,33, 34 in particular the most lipophilic Nω-carbamoylated compound 3.12 

represents a potential substrate of P-gp. Hence, 2.2, 3.12 and 3.25 were investigated in a flow 

cytometric calcein efflux assay, developed to indicate whether a compound of interest is 

capable of (competitively) inhibiting the P-gp mediated efflux of intracellular calcein.35, 36 As 

demonstrated in Figure 3.6, none of the studied compounds displayed an inhibitory effect on 

the P-gp mediated efflux of calcein suggesting that 2.2, 3.12 and 3.25 are neither substrates 

nor inhibitors of P-gp. However, the involvement of other hepatobiliary clearance mechanisms 

independent on the P-gp-mediated efflux, e.g organic anion transporters in the case of 3.25, 

cannot be precluded.37 
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Figure 3.6. Investigation of the Y1R antagonists 2.2, 3.12 and 3.25 in a flow cytometric calcein-AM efflux assay 

using P-gp expressing (induced by doxorubicin) murine P388 leukemia cells.38 The P-gp inhibitor tariquidar was 

used as positive control (pIC50 = 8,30 ± 0.09, mean ± SEM from four independent determinations performed in 

triplicate). Compounds 2.2, 3.12 and 3.25 showed no inhibiting effect up to a concentration of 30 µM. Cells were 

preincubated with tariquidar, 2.2, 3.12 or 3.25 for 15 min followed by incubation for 1 min with calcein-AM (1 µM), 

and flow cytometric analysis. Data represent mean values ± SEM from four independent experiments performed in 

triplicate.  

3.2.3 Synthesis and in vitro characterization of the PET ligands [18F]3.11, [18F]3.12 and 

[68Ga]3.25 

From the synthesized set of PET ligand candidates (3.11, 3.12, 3.16, 3.22, 3.25) we chose 

3.11, 3.12 and 3.25 for radiolabeling and in vivo studies. The selection included two 18F-labeled 

ligands ([18F]3.11 and [18F]3.12), differing in the absence or presence of the carbamoyl 

substituent at the guanidino group (absent in 3.11 and present in 3.12), and the 68Ga-labeled 

ligand [68Ga]3.25. According to the order of elution obtained from RP-HPLC analysis, 3.22 and 

3.25 are the most polar compounds with almost equal retention time, with 3.25 exhibiting higher 

binding affinity compared to 3.22 (pKi = 10.20 and 9.55, respectively). On the other hand, 3.12, 

exhibiting identical binding affinity compared to 3.25, constitutes the most lipophilic member 

within the series of prepared PET ligand candidates (see chromatograms and ligand retention 

times of the HPLC purity controls, section A.3.3). Thus, with [18F]3.11, [18F]3.12 and [68Ga]3.25, 

the full span of hydrophilicity within the synthesized set of potential PET ligands was covered, 

and the most commonly used radionuclides for PET, 18F and 68Ga, were included. 

The PET ligands [18F]3.11 and [18F]3.12 were prepared from the alkyne-functionalized 

precursors 3.8 and 3.9 and the previously described fluoroglycosyl azide [18F]3.1039 by Cu(I)-

mediated alkyne-azide cycloaddition in aqueous solution using the reagents Cu(II) acetate, 
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sodium ascorbate and THPTA. After purification by semipreparative reversed phase HPLC, 

[18F]3.11 and [18F]3.12 were obtained in activity yields between 250 and 300 MBq (Table 3.2). 

[68Ga]3.25 was prepared by incorporation of 68Ga3+ into the chelator moiety of 3.24 at elevated 

temperatures (99-125 °C) using a Scintomics GRP® synthesizer module or applying a manual 

procedure. In both cases, a 68Ge/68Ga-generator served as source of 68Ga3+ (obtained as 

[68Ga]GaCl3 upon elution with 0.1 M HCl). After the incorporation of 68Ga3+, inorganic 

components including free 68Ga3+ were removed by solid phase extraction (C18 cartridge) to 

afford [68Ga]3.25 in activity yields between 120-516 MBq (cf. Table 3.2). 

Table 3.2. Overview of amounts of precursor and activity yields for the radiosynthesis of [18F]3.11, 

[18F]3.12 and [68Ga]3.25. 

PET ligand 
labeling 

precursor 
amount of precursor 

conditions labeling 
reaction (temp., time) 

activity yield [MBq] 

[18F]3.11 3.8 144 µg, 150 nmol 60 °C, 10 mina 250-300b 

[18F]3.12 3.9 165 µg, 150 nmol 60 °C, 10 mina 250-300b 

[68Ga]3.25 3.24 24 µg, 18 nmolc 

5.3 µg, 4 nmold 
125 °C, 6 minc 

99 °C, 5 mind 

225-516c 

120-160d 

aReaction conditions applied for the CuAAC-mediated coupling of priorly synthesized [18F]3.10 

with 3.8 and 3.9, respectively. bActivity yield after two reaction steps (synthesis of [18F[3.10 and 

successive CuAAC), starting with the elution of 18F with 1000 MBq activity. cSynthesis performed 

with a Scintomics GRP® synthesizer module using the ABX Hardware Kits SC-01 and SC-01-H. 

dSynthesis performed manually. 

To assess the lipophilicity of the PET ligands [18F]3.11, [18F]3.12 and [68Ga]3.25, their 

n-octanol/PBS pH 7.4 distribution coefficients (logD7.4) were determined. As expected, 

compound [18F]3.12, containing an Nω-carbamoyl residue, was more lipophilic (logD7.4 = –0.10 

± 0.01, mean ± SD from 3 independent determinations) compared to the non-carbamoylated 

congener [18F]3.11 (logD7.4 = –0.45 ± 0.02, mean ± SD from 3 independent determinations). 

[68Ga]3.25, carrying the highly polar DOTA chelator, represented the least lipophilic PET tracer 

(logD7.4 = –2.60 ± 0.10, mean ± SD from 3 independent determinations). Overall, [18F]3.11, 

[18F]3.12 and [18F]3.25 exhibited markedly decreased lipophilicity in comparison to the 

previously reported PET ligands [18F]3.1-3.4 (logD7.4 values between 0.78 and 2.34), which is 

considered favorable in terms of shifting biliary towards renal excretion.  

For [68Ga]3.25, the chemical stability in human plasma was investigated over a period of 3 h 

revealing that no detectable amounts of radioactive metabolites or degradation products were 

formed (cf. section A.3.2). 

Autoradiographic binding experiments using [68Ga]3.25 as radioligand were performed on 

cryosections of a human MCF-7 and a human SK-N-MC tumor, subcutaneously grown in nude 

mice. For MCF-7 tumors, high Y1R densities were previously confirmed by autoradiography 
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using tritiated Y1R ligands.24, 40 Likewise, the autoradiography with the PET ligand [68Ga]3.25 

revealed high Y1R expression in the MCF-7 tumor as becomes obvious from the marked 

difference between total and nonspecific binding (Figure 3.7). Y1R binding sites could also be 

detected in the SK-N-MC tumor, however in lower quantity only in the peripheral regions of the 

tumor, most likely due to necrotic tissue in the tumor center (Figure 3.7). 

 

Figure 3.7. In vitro autoradiography at MCF-7 (left) and SK-N-MC (right) tumor cryosections (12 µm) using the Y1R 

PET ligand [68Ga]3.25. The sections were incubated with [68Ga]3.25 at rt for 50 min. Blocking experiments were 

performed in presence of 2.1 (15 µM). 

3.2.4 Biodistribution studies with [18F]3.11 and [18F]3.12 

For the 18F-labeled PET ligands [18F]3.11 and [18F]3.12, differing in structure only with respect 

to the absence (3.11) and presence (3.12) of the Nω-carbamoyl substituent, biodistribution 

studies were performed in nude mice bearing a subcutaneous Y1R-negative MDA-MB-231 

tumor and a subcutaneous Y1R-expressing MCF-7 tumor.41 In this xenograft model, the Y1R-

negative tumor serves as a control to verify Y1R-mediated uptake of the PET ligand in the 

MCF-7 tumor. When comparing the activities in the tumors, both tracers showed a higher 

uptake in the MCF-7 tumor compared to the MDA-MB-231 tumor at 90 min p.i. (Figure 3.8, 

Table 3.3). Whereas this difference was statistically significant for [18F]3.12 (p < 0.05, unpaired 

t-test), it was statistically insignificant in the case of [18F]3.11 (p > 0.05, unpaired t-test). With 

PET ligand [18F]3.12, exhibiting higher Y1R affinity than [18F]3.11 (cf. Table 3.1), higher 

absolute %ID/g values were achieved. Likewise, the retention (30 to 90 min) of [18F]3.12 in the 

MCF-7 tumor was more pronounced than for [18F]3.11. 
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Figure 3.8. Biodistribution of the Y1R PET ligands [18F]3.11 and [18F]12 in mice bearing a subcutaneous Y1R-

negative MDA-MB-231 tumor and a subcutaneous Y1R-expressing MCF-7 tumor, studied after 30 and 90 min p.i. 

Data represent mean values ± SD from at least three animals. Statistical analysis of differences between tracer 

accumulation in the MCF-7 tumor and the MDA-MB-231 tumor, and between the MCF-7 tumor and muscle tissue 

was performed by an unpaired two-tailed t-test (p < 0.05 was considered statistically significant, ** p < 0.01, ns: not 

significant). 

Unexpectedly, PET tracer [18F]3.11, being more polar compared to [18F]3.12 (logD7.4 = –0.45 

vs. –0.10), was primarily eliminated hepatobiliary, while the less polar tracer [18F]3.12 mainly 

underwent renal excretion (Figure 3.8, Table 3.3). Possibly, this might be caused by the strong 

difference in basicity between the carbamoylguanidino group (pKs ca. 842) in [18F]3.12 and the 

unsubstituted guanidino group (pKs ca. 12.5). The tumor-to-muscle ratios amounted to 9 and 

3.7 after 90 min p.i. for [18F]3.11 and [18F]3.12, respectively (Table 3.3), constituting an 

improvement over the previously reported PET ligand [18F]3.1.19 
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Table 3.3. Ex vivo biodistribution data and tumor-to-blood ratios of [18F]3.11 and [18F]3.12.a 

tissue 

[18F]3.11  [18F]3.12 

uptake (%ID/g)  uptake (%ID/g) 

30 min p.i. 90 min p.i.  30 min p.i. 90 min p.i. 

blood 0.4 ± 0.3 0.044 ± 0.013  0.025 ± 0.008 0.015 ± 0.012 

lungs 1.26 ± 0.20 0.55 ± 0.26  1.20 ± 0.23 1.6 ± 0.7 

liver 9 ± 5 5.6 ± 3.2  1.0 ± 0.3 0.57 ± 0.09 

kidney 2.5 ± 2.3 0.8 ± 0.4  4.1 ± 1.2 3.2 ± 0.8 

heart 1.0 ± 1.1 0.15 ± 0.09  1.01 ± 0.17 0.66 ± 0.11 

spleen 1.1 ± 0.5 0.9 ± 0.8  1.7 ± 0.5 1.4 ± 0.17 

brain 0.07 ± 0.05 0.019 ± 0.018  0.040 ± 0.013 0.031 ± 0.005 

femur 0.33 ± 0.14 0.19 ± 0.17  0.44 ± 0.12 0.28 ± 0.03 

muscle 0.30 ± 0.21 0.19 ± 0.23  0.54 ± 0.18 0.41 ± 0.06 

MCF-7 1.2 ± 1.3 0.6 ± 0.3  1.6 ± 0.9 1.5 ± 0.4 

MDA-MB-231 0.47 ± 0.29 0.13 ± 0.04  0.73 ± 0.24 0.48 ± 0.21 

MCF-7-to-muscle 4 ± 3 9 ± 8  3.3 ± 2.7 3.7 ± 1.4 

aGiven are mean values ± SD from at least three individual experiments. Organ uptake values were 

obtained at 30 and 90 min p.i. (intravenous) from mice bearing a subcutaneous Y1R-negative MDA-MB-

231 tumor and a subcutaneous Y1R-positive MCF-7 tumor. 

3.2.5 Small animal PET studies with [18F]3.11, [18F]3.12 and [68Ga]3.25 

The PET ligands [18F]3.11 and [18F]3.12 were also investigated by PET imaging (60 min PET 

scans) using the same mouse xenograft model as for the biodistribution studies. PET images 

for the time frames 25-30 min and 50-60 min and the time-activity curves for both tumors are 

displayed in Figure 3.9 (panels A and B, respectively). The PET studies confirmed the Y1R-

specific uptake of the tracers in the MCF-7 tumor and the longer retention of [18F]3.12 in this 

tumor compared to [18F]3.11. In contrast to the biodistribution data, the tumor uptake values of 

[18F]3.11 were higher than those of [18F]3.12. Moreover, unlike the results of the biodistribution 

experiments, the PET data suggested a predominant hepatobiliary excretion of [18F]3.12. 

However, the PET data must be interpreted with caution as the used PET scanner was not 

equipped with a CT modality, hampering the quantitative analysis of the obtained data. 
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Figure 3.9. Representative PET images of nude mice, bearing MCF-7-Y1 (red arrows) and MDA-MB-231 (green 

arrows) tumor xenografts, injected with radioligands (A) [18F]3.11, (B) [18F]3.12 or (C) [68Ga]3.25 (time frames: 25-

30 min and/or 50-60 min post injection), and corresponding time-activity curves of the tumors for the whole PET 

scan. Radioactivity measures are displayed as injected dose per gram tumor (%ID/g). Data in the time-activity 

curves represent mean values ± SD from two ([18F]3.11, [18F]3.12) or three ([68Ga]3.25) independent experiments. 

Note: The MDA-MB-231 tumor in panel A (PET scan) is not visible in the displayed plane. 
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In addition to the 18F-labeled PET ligands [18F]3.11 and [18F]3.12, the 68Ga-labeled ligand 

[68Ga]3.25 was also studied by PET imaging (60 min PET scans) using the same mouse 

xenograft model. As it is obvious from the obtained PET images and the time-activity curves 

of the tumors, the uptake of [68Ga]3.25 in the MCF-7 tumor was high and specific (Y1R-

mediated) (Figure 3.9, panel C). Moreover, [68Ga]3.25 exhibited an excellent retention in the 

MCF-7 tumor. Strikingly, the PET studies revealed that [68Ga]3.25 is predominantly renally 

excreted being in agreement with the considerably higher hydrophilicity of [68Ga]3.25 

compared to [18F]3.11 and [18F]3.12, and previously reported argininamide-type Y1R PET 

ligands such as [18F]3.1-[18F]3.4.19, 20 

3.3 Conclusion 

Compared to previously reported argininamide-type Y1R PET ligands derived from 2.1, which 

were labeled via a carbamoyl residue attached to the guanidino group, the PET ligands 

presented in this study display considerably higher Y1R affinity and hydrophilicity (pKi (Y1R) = 

8.87-10.20, logD7.4 = −0.10 to −2.60). This was achieved by attachment of the label to the 

diphenylacetyl moiety in the parent compound UR-MK299 (2.2). The novel PET ligands, 

[18F]3.11, [18F]3.12, and [68Ga]3.25, representing highly selective Y1R antagonists, showed an 

improved uptake and increased retention in subcutaneous Y1R-expressing MCF-7 tumors. In 

contrast to previous reports on Y1R PET ligands studied with respect to tumor imaging, the 

Y1R-mediated uptake of the PET tracers was confirmed by a Y1R-negative tumor (MDA-MB-

231) present in the same animal. [68Ga]3.25, the most polar PET tracer studied in this work, 

represents a promising argininamide-type Y1R PET ligand, that is mainly excreted via the 

kidneys, which is considered a favorable feature of radioactive tumor imaging agents. With this 

study, we confirmed that the attachment of various bulky moieties to the diphenyl acetyl group 

in 2.2 is well tolerated in terms of Y1R binding. Therefore, based on the presented concept, 

high-affinity Y1R PET ligands, e.g. with optimized pharmacokinetics can be developed 

including 18F-labeled tracers that are renally excreted. 

3.4 Experimental procedures 

3.4.1 General experimental conditions 

Chemicals. Standard chemicals, solvents, and buffer components were purchased from 

commercial suppliers (Sigma-Aldrich, München, Germany; Merck, Darmstadt, Germany; 

Fisher Scientific, Schwerte, Germany; TCI, Eschborn, Germany; ABCR, Karlsruhe, Germany; 

Iris Biotech, Marktredwitz, Germany) and used without further purification. Gradient grade 

acetonitrile for HPLC was purchased from Sigma-Aldrich. 3.5 was from Iris Biotech 

(Marktredwitz, Germany), 3.23 from CheMatech (Dijon, France) and 3.18 was from TCI 

(Eschborn, Germany). Fura-2/AM and BSA were from Merck (Darmstadt, Germany) and 
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SERVA (Heidelberg, Germany), respectively. Ultrapure 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) was obtained from Gerbu (Heidelberg, Germany). 

Calcein-AM was from Biotium (Hayward, CA). The syntheses of 2.27,23 2.12,23 3.1039 and 

[18F]3.1020 were described elsewhere. [3H]propionyl-pNPY (specific activity of 37.5 Ci/mmol, 

radiochemical purity of 99%) was prepared according to a previously reported procedure25 with 

minor modifications (DMF/NMP/H2O/DIPEA 45:20:32:3 v/v/v/v (60 μL) was used as solvent 

instead of 0.1 M sodium borate buffer (pH 8.5, 135 µL); propionyl-pNPY was used instead of 

pNPY for the determination of the molarity and specific activity; radiochemical yield: 26%). 

Reactions requiring anhydrous conditions were carried out in oven-dried (24 h at 120 °C) 

Schlenk flasks under an atmosphere of dry nitrogen using anhydrous solvents. Anhydrous 

DMF was from Sigma-Aldrich (München, Germany). Anhydrous NMP and anhydrous methanol 

was prepared by storage over desiccants (3 Å molecular sieves, 20% m/v) for at least 2 days 

under an atmosphere of dry nitrogen. The molecular sieves were predried for 4 h at 300 °C 

immediately before use.43 Purifications by column chromatography were carried out using 

technical grade solvents and Geduran Si 60 silica gel (pore size of 60 Å, particle size of 40-63 

or 63-200 µm, Merck). Thin layer chromatography (TLC) was performed on ALUGRAM Xtra 

SIL G/UV254 TLC sheets from Macherey-Nagel GmbH & Co. KG (Düren, Germany). 

NMR spectrometry. NMR spectra were recorded on a an Avance 400 (1H, 400 MHz, 13C, 

100 MHz) or an Avance 600 (1H, 600 MHz, 13C, 150 MHz) spectrometer (Bruker, Karlsruhe, 

Germany). NMR spectra of compounds 3.11, 3.12, 3.16, 3.22 and 3.25 were recorded in 10:1 

(v/v) DMSO-d6/D2O resulting in a total H-D exchange of OH protons and NH protons of the 

guanidino groups and no or a partial H-D exchange of amide NH protons (Note: Spectra were 

recorded at least 2 h after the preparation of the samples). Because only very small amounts 

(< 0.9 µmol) were used for for some of the ligands, characteristic system signals were apparent 

in the 1H-NMR spectrum (0.81-0.87 ppm and 1.20-1.30 ppm), originating from impurities in the 

solvents used for preparative HPLC (cf. supplementary Figure A2.11 in section A.2.3).23 

Mass spectrometry. High-resolution mass spectrometry (HRMS) analysis was performed on 

an Agilent 6540 UHD AccurateMass Q-TOF LC/MS system coupled to an Agilent 1290 HPLC 

system (Agilent Technologies, Santa Clara, CA), using an ESI source. Analyses were 

performed using the following LC method: column: ZORBAX RRHD Eclipse Plus C18, 1.8 μm, 

50 × 2.1 mm (Agilent Technologies, Santa Clara, CA), column temperature: 40 °C, flow: 0.6 

mL/min, solvent/linear gradient: 0-4 min: 0.1% aqueous HCOOH/0.1% HCOOH in MeCN 95:5-

2:98, 4-5 min: 2:98. 

Analytical RP-HPLC. Reaction controls, purity controls, and investigations on chemical 

stabilities for non-labeled compounds were carried out using a 1100 series system from Agilent 

Technologies (Santa Clara, CA) consisting of a degasser (G1379A), a binary pump (G1312A), 
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a variable wavelength detector (G1314A), a thermostated column compartment (G1316A), and 

an autosampler (G1329A) (herein termed system A). A Phenomenex Kinetex XB-C18 100A (5 

µm, 250 mm × 4.6 mm, Phenomenex, Aschaffenburg, Germany) was used as the stationary 

phase. The flow rate was 0.8 mL min−1, the oven temperature was set to 30 °C, and the 

injection volume was 90 μL. Mixtures of solvents A (0.05% aqueous TFA) and B (acetonitrile) 

were used as the mobile phase. The following gradient was applied: 0-30 min: A/B 90:10 to 

5:95, 30-40 min: 5:95 (isocratic). The detection wavelength was set to 220 nm throughout. 

Retention factors k were calculated according to k = (tR-t0)/t0 (where t0 is the dead time of 2.6 

min for system A). Chromatograms of the RP-HPLC purity controls of the target compounds 

(S,R)-3.6, (R,R)-3.6, 3.11, 3.12, 3.16, 3.22 and 3.25 are provided in section A.2.2. The purities 

of these compounds were ≥ 95%.  

Preparative HPLC. Purifications by preparative HPLC were performed with a system from 

Knauer (Berlin, Germany), composed of two K-1800 pumps and a K-2001 detector (herein 

termed system B), or with a Prep 150 LC system from Waters (Eschborn, Germany) consisting 

of a 2545 binary gradient module, a 2489 UV/visible detector and a Waters Fraction Collector 

III (herein termed system C). A Kinetex-XB C18 (5 μm, 250 mm × 21 mm, Phenomenex), a 

Gemini-NX C18 110A (5 µm, 250 mm × 21 mm, Phenomenex) or a YMC-Actus Triart C18 

(5 µm, 150 mm × 20 mm, YMC, Dinslaken, Germany) were used as the stationary phase. The 

mobile phase was composed of the solvents C (0.1% aqueous TFA with 5% acetonitrile) and 

B (acetonitrile). Lyophilization of the eluates containing the products was performed with a 

Scanvac CoolSafe 100-9 freeze-drying apparatus (Labogene, Allerød, Denmark) equipped 

with a RZ 6 rotary vane vacuum pump (Vacuubrand, Wertheim, Germany). 

3.4.2 Experimental synthetic protocols and analytical data 

(R)-2-((R)-2-(3-(4-aminobutoxy)phenyl)-2-phenylacetamido)-5-guanidino-N-(4-

hydroxybenzyl)pentanamide bis(trihydrofluoroacetate) ((R,R)-3.6) and (R)-2-((S)-2-(3-(4-

aminobutoxy)phenyl)-2-phenylacetamido)-5-guanidino-N-(4-

hydroxybenzyl)pentanamide bis(trihydrofluoroacetate) ((S,R)-3.6)  

Compounds (R,R)-3.6 and (S,R)-3.6 were prepared by solid-phase synthesis according to a 

reported procedure used for the synthesis of structurally related argininamides.23 In a 20 mL 

syringe (BD Discardit II, Becton Dickinson, Heidelberg, Germany), equipped with a 

polyethylene frit (35 µm), 2.27 (266 mg, 0.18 mmol) was allowed to swell in anhydrous 

DMF/NMP 4:1 v/v (2 mL) at rt for 15 min. Fmoc deprotection was carried out by sucking off the 

solvent, adding piperidine/DMF 1:4 v/v (3 mL) and shaking at 35 °C for 2 h. This procedure 

was repeated once. The resin was washed with CH2Cl2 and DMF/NMP 4:1 v/v (3 × 3 mL) and 

the liquid was sucked off. In a separate vessel, 3.5 (116 mg, 0.18 mmol), HBTU (115 mg, 
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0.30 mmol) and DIPEA (103 µL, 0.61 mmol) were added to a solution of HOBt (41 mg, 

0.30 mmol) in anhydrous DMF/NMP 4:1 v/v (2 mL), the mixture was gently shaken at rt for 

5 min, then added to the resin follwed by shaking at 35 °C for 16 h. Fmoc deprotection was 

carried out as described above followed by washing of the resin and coupling of 2.12 (72 mg, 

0.18 mmol) using the same procedure and identical amounts of reagents as for the 

aforementioned coupling of 3.5. To cleave off the product, the resin was incubated in 

CH2Cl2/TFA 95:5 v/v (2 mL) at rt for 20 min, the liquid (filtrate) was collected, and the resin was 

washed with CH2Cl2/TFA 99:1 v/v (4 × 2 mL). After removal of the volatiles from the combined 

filtrates by rotary evaporation, the residue was taken up in CH2Cl2, followed by rotary 

evaporation. TFA/H2O 95:5 v/v (2 mL) was added, and the mixture was incubated at rt for 16 h. 

CH2Cl2 (30 mL) was added, and the volatiles were removed by rotary evaporation. H2O 

(100 mL) was added followed by lyophilization. The product was purified by preparative HPLC 

(system B, column: Kinetex-XB C18, gradient: 0-30 min: C/B 64:36-59:41, tR 

((R,R)-3.6) = 13 min, tR ((S,R)-3.6) = 15 min) to yield (R,R)-3.6 (7 mg, 9 µmol, 14%) and 

(S,R)-3.6 (14 mg, 18 µmol, 23%) as white fluffy, hygroscopic solids. Analytical data of (R,R)-

3.6: RP-HPLC (system A, 220 nm): 95%, tR = 11.4 min, k = 3.4. 1H-NMR (600 MHz, DMSO-

d6): δ (ppm) 1.32-1.46 (m, 2H), 1.48-1.52 (m, 1H), 1.62-1.78 (m, 5H), 2.81-2.89 (m, 2H), 3.01-

3.11 (m, 2H), 3.92 (t, J = 6.1 Hz, 2H), 4.11-4.19 (m, 2H), 4.28-4.33 (m, 1H), 5.09 (s, 1H), 6.64-

6.71 (m, 2H), 6.78-6.83 (m, 1H), 6.83-6.87 (m, 2H), 6.88-7.48 (m, 12H), 7.63 (t, J = 5.8 Hz, 

1H), 7.77 (br s, 3H), 8.36 (t, J = 5.8 Hz, 1H), 8.47 (d, J = 8.1 Hz, 1H), 9.32 (br s, 1H). 13C-NMR 

(150 MHz, DMSO-d6): δ (ppm) 23.96, 25.15, 25.67, 29.51, 38.65, 40.28, 41.63, 52.38, 55.76, 

66.61, 112.00, 115.03, 115.12, 116.86 (q, J = 298 Hz, TFA), 120.94, 126.64, 128.21, 128.39, 

128.46, 129.11, 129.18, 140.32, 141.79, 156.28, 156.70, 158.32 (q, J = 32 Hz, TFA), 158.35, 

170.87, 171.07. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for [C31H41N6O4]+ 561.3184, found 

561.3185. Analytical data of (S,R)-3.6: RP-HPLC (system A, 220 nm): 99%, tR = 11.7 min, k = 

3.5. 1H-NMR (600 MHz, DMSO-d6): δ (ppm) 1.33-1.47 (m, 2H), 1.49-1.57 (m, 1H), 1.63-1.76 

(m, 5H), 2.81-2.88 (m, 2H), 3.04-3.09 (m, 2H), 3.91 (t, J = 6.0 Hz, 2H), 4.09-4.19 (m, 2H), 4.27-

4.32 (m, 1H), 5.08 (s, 1H), 6.66-6.69 (m, 2H), 6.78-6.82 (m, 2H), 6.86-6.90 (m, 1H), 6.91-7.52 

(m, 12H), 7.70 (t, J = 5.7 Hz, 1H), 7.74-7.89 (m, 3H), 8.35 (t, J = 5.8 Hz, 1H), 8.46 (d, 

J = 7.9 Hz, 1H), 9.33 (br s, 1H). 13C-NMR (150 MHz, DMSO-d6): δ (ppm) 23.97, 25.18, 25.69, 

29.45, 38.65, 40.31, 41.63, 52.47, 55.80, 66.63, 111.98, 115.02, 115.26, 116.74 (q, 

J = 297 Hz, TFA), 120.87, 126.61, 128.18, 128.42, 128.47, 129.14, 129.26, 140.21, 141.93, 

156.29, 156.78, 158.20, 158.51 (q, J = 33 Hz, TFA), 170.86, 171.04. MS (LC-HRMS, ESI): MS 

(LC-HRMS, ESI): m/z [M+H]+ calcd for [C31H41N6O4]+ 561.3184, found 561.3184. 

C31H40N6O4 × C4H2F6O4 (788.75). 
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4-Pentynoic acid succinimidyl ester44 (3.7) 

DCC (4.2 g, 20.4 mmol) was added to a stirred suspension of 4-pentynoic acid (2.0 g, 20.4 

mmol) and N-hydroxysuccinimide (2.4 g, 20.4 mmol) in CH2Cl2 (200 mL) at 4°C and the 

suspension was stirred for 1 h. The suspension was allowed to warm up to rt and stirring was 

continued for 16 h. The white precipitate was separated by filtration and washed with CH2Cl2 

(100 mL). The filtrates were combined, the solvent was removed by rotary evaporation and the 

crude product was purified by column chromatography (light petroleum/ethyl acetate 3:1 v/v to 

light petroleum/ethyl acetate 1:1 v/v) to yield 3.8 as a white solid (3.1 g, 15.9 mmol, 77%). TLC 

(light petroleum/ethyl acetate 1:1 v/v): Rf = 0.50. 1H-NMR (400 MHz, CDCl3): δ (ppm) 2.04 (t, 

J = 2.7 Hz, 1H), 2.60 (m, 2H), 2.83 (s, 4H), 2.87 (m, 2H). 13C-NMR (100 MHz, CDCl3): δ (ppm) 

18.70, 30.68, 34.86, 77.42, 87.23, 172.89, 175.33. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for 

[C9H10NO4]+ 196.0604, found 196.0605. C9H9NO4 (195.17). 

N-(4-(3-((S)-2-(((R)-5-Guanidino-1-((4-hydroxybenzyl)amino)-1-oxopentan-2-yl)amino)-2-

oxo-1-phenylethyl)phenoxy)butyl)pent-4-ynamide hydrotrifluoroacetate (3.8) 

A solution of 3.7 (2.0 mg, 10.5 µmol) in anhydrous DMF (50 µL) was added to a stirred solution 

of (S,R)-3.6 (5.5 mg, 7.0 µmol) and DIPEA (7.1 µL, 42 µmol) in anhydrous DMF (150 µL) and 

the mixture was stirred at rt for 1 h. 0.5% Aq. TFA/acetonitrile 80:20 v/v (1 mL) was added and 

the mixture was subjected to preparative HPLC (system C, column: Gemini-NX C18, gradient: 

0-30 min: C/B 85:15-60:40, tR = 21 min) to yield 3.8 (3.3 mg, 4.4 µmol, 63%) as a white fluffy 

solid. 1H-NMR (600 MHz, DMSO-d6/D2O 10:1 v/v): δ (ppm) 1.31-1.44 (m, 2H), 1.46-1.54 (m, 

3H), 1.60-1.68 (m, 3H), 2.22-2.26 (m, 2H), 2.31-2.35 (m, 2H), 2.66-2.69 (m, 1H), 3.01-3.09 (m, 

4H), 3.87 (t, J = 6.3 Hz, 2H), 4.07-4.17 (m, 2H), 4.24-4.29 (m, 1H), 5.02 (s, 1H), 6.62-6.66 (m, 

2H), 6.75-6.86 (m, 3H), 6.95-7.01 (m, 2H), 7.16-7.31 (m, 6H), 8.33 (t, J = 5.9 Hz, 1H), 8.41 (d, 

J = 8.0 Hz, 1H). MS (LC-HRMS, ESI): m/z [M+H]+ calcd for [C36H45N6O5]+ 641.3446, found: 

641.3457. C36H44N6O5 × C2HF3O2 (755.81). 

N-(4-(3-((1S,4R)-4-((4-Hydroxybenzyl)carbamoyl)-9-imino-2,11,16-trioxo-1-phenyl-

3,8,10,12,15-pentaazaoctadecyl)phenoxy)butyl)pent-4-ynamide hydrotrifluoroacetate 

(3.9) 

A solution of 3.7 (1.4 mg, 7.0 µmol) in anhydrous DMF (50 µL) was added to a stirred solution 

of (S,R)-2.14 (4.3 mg, 4.7 µmol) and DIPEA (4.8 µL, 28.2 µmol) in anhydrous DMF (150 µL) 

and the mixture was stirred at rt for 1 h. 0.5% Aq. TFA/acetonitrile 80:20 v/v (1 mL) was added 

and the mixture was subjected to preparative HPLC (system C, column: Gemini-NX C18, 

gradient: 0-30 min: C/B 85:15-60:40, tR = 23 min) to yield 3.9 (2.7 mg, 3.0 µmol, 64%) as a 

white fluffy solid. 1H-NMR (600 MHz, DMSO-d6/D2O 10:1 v/v): δ (ppm) 0.97 (t, J = 7.6 Hz, 3H), 

1.40-1.56 (m, 5H), 1.61-1.69 (m, 3H), 2.06 (q, J = 7.6 Hz, 2H), 2.21-2.26 (m, 2H), 2.31-2.36 
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(m, 2H), 2.66-2.68 (m, 1H), 3.05-3.09 (m, 2H), 3.12-3.19 (m, 6H), 3.86 (t, J = 6.4 Hz, 2H), 4.08-

4.16 (m, 2H), 4.25-4.29 (m, 1H), 5.02 (s, 1H), 6.64-6.68 (m, 2H), 6.75-6.80 (m, 2H), 6.82-6.86 

(m, 1H), 6.96-7.00 (m, 2H), 7.16-7.23 (m, 2H), 7.24-7.29 (m, 4H), 7.52-7.56 (m, 0.4H*), 7.68-

7.71 (m, 0.4H*), 7.84-7.87 (m, 0.6H*), 7.93-7.97 (m, 0.3H*). *Residual NH proton signals due 

to incomplete deuterium/proton exchange. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for 

[C42H55N8O7]+ 783.4188, found: 783.4210. C42H54N8O7 × C2HF3O2 (896.96). 

(R)-2-((S)-2-(3-(4-(3-(1-(1,6-Bisdeoxy-6-fluoro-β-D-glucopyranos-1-yl)-1H-1,2,3-triazol-4-

yl)propanamido)butoxy)phenyl)-2-phenylacetamido)-5-guanidino-N-(4-

hydroxybenzyl)pentanamide hydrotrifluoroacetate (3.11) 

6-Deoxy-6-fluoro-β-D-glucopyranosyl azide (3.10, 1.3 mg, 6.2 µmol), a solution of CuSO4 

pentahydrate (9.3 µL of a 0.2 M solution in H2O, 1.9 µmol) and a solution of sodium ascorbate 

(9.4 µL of a 0.6 M solution in H2O, 5.6 µmol) were added to a solution of 3.8 (1.2 mg, 1.6 µmol) 

in H2O/ethanol 1:1 v/v (200 µL) and the mixture was stirred at rt for 30 min. The mixture was 

subjected to preparative HPLC (system C, column: Actus Triart C18, gradient: 0-30 min: C/B 

82:18-71:29, tR = 21 min) to yield 3.11 (0.9 mg, 0.9 µmol, 57%) as a white fluffy solid. RP-HPLC 

(system A, 220 nm): 99%, tR = 13.4 min, k = 4.2. 1H-NMR (600 MHz, DMSO-d6/D2O 10:1 v/v): 

δ (ppm) 1.34-1.55 (m, 5H), 1.59-1.69 (m, 3H), 2.41-2.45 (m, 2H), 2.81-2.87 (m, 2H), 3.01-3.09 

(m, 4H), 3.25-3.30 (m, 1H), 3.39-3.44 (m, 1H), 3.70-3.75 (m, 2H), 3.87 (t, J = 6.4 Hz, 2H), 4.07-

4.17 (m, 2H), 4.25-4.30 (m, 1H), 4.45-4.61 (m, 2H), 5.02 (s, 1H), 5.55 (d, J = 9.4 Hz, 1H), 6.64-

6.67 (m, 2H), 6.76-6.86 (m, 3H), 6.97-7.00 (m, 2H), 7.17-7.28 (m, 6H), 7.95 (s, 1H), 8.33 (t, 

J = 5.9 Hz, 0.7H*), 8.41 (d, J = 7.1 Hz, 0.7H*). *Residual NH proton signals due to incomplete 

deuterium/proton exchange. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for [C42H55FN9O9]+ 

848.4101, found: 848.4117. C42H54FN9O9 × C2HF3O2 (961.97). 

(2R)-2-(2-(3-(4-(3-(1-(1,6-Bisdeoxy-6-fluoro-β-D-glucopyranos-1-yl)-1H-1,2,3-triazol-4-

yl)propanamido)butoxy)phenyl)-2-phenylacetamido)-N-(4-hydroxybenzyl)-5-(3-((2-

propionamidoethyl)carbamoyl)guanidino)pentanamide (3.12) 

Compound 3.10 (1.2 mg, 5.8 µmol), a solution of CuSO4 pentahydrate (8.7 µL of a 0.2 M 

solution in H2O, 1.7 µmol) and a solution of sodium ascorbate (8.8 µL of a 0.6 M solution in 

H2O, 5.2 µmol) were added to a solution of 3.9 (1.3 mg, 1.5 µmol) in H2O/ethanol (100 µL 1:1 

v/v) and the mixture was stirred at rt for 30 min. The mixture was subjected to preparative 

HPLC (system B, column: Gemini-NX C18, gradient: 0-30 min: C/B 84:16-60:40, tR = 18 min) 

to yield 3.12 (0.7 mg, 0.6 µmol, 44%) as a white fluffy solid. RP-HPLC (system A, 220 nm): 

99%, tR = 13.7 min, k = 4.3. 1H-NMR (600 MHz, DMSO-d6/D2O 10:1 v/v): δ (ppm) 0.97 (t, 

J = 7.6 Hz, 3H), 1.37-1.55 (m, 5H), 1.60-1.69 (m, 3H), 2.06 (q, J = 7.6 Hz, 2H), 2.41-2.44 (m, 

2H), 2.81-2.87 (m, 2H), 3.04-3.09 (m, 2H), 3.11-3.19 (m, 6H), 3.25-3.30 (m, 1H), 3.39-3.44 (m, 
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1H), 3.66-3.75 (m, 2H), 3.86 (t, J = 6.4 Hz, 2H), 4.08-4.16 (m, 2H), 4.26-4.30 (m, 1H), 4.44-

4.64 (m, 2H), 5.02 (s, 1H), 5.54 (d, J = 9.4 Hz, 1H), 6.64-6.68 (m, 2H), 6.75-6.80 (m, 2H), 6.82-

6.86 (m, 1H), 6.96-7.00 (m, 2H), 7.17-7.23 (m, 2H), 7.24-7.29 (m, 4H), 7.95 (s, 1H). MS 

(LC-HRMS, ESI): m/z [M+H]+ calcd for [C48H65FN11O11]+ 990.4844, found: 990.4865. 

C48H64FN11O11 × C2HF3O2 (1104.51). 

N1-(2-(2-(2-Aminoethoxy)ethoxy)ethyl)-N4-(4-(3-((1S,4R)-4-((4-

hydroxybenzyl)carbamoyl)-9-imino-2,11,16-trioxo-1-phenyl-3,8,10,12,15-

pentaazaoctadecyl)phenoxy)butyl)succinamide bis(hydrotrifluoroacetate) (3.14) 

A freshly prepared solution of 2,2-dimethyl-4,15-dioxo-3,8,11-trioxa-5,14-diazaoctadecan-18-

oic acid (3.13, 7.3 mg, 20 µmol), HOBt (3.4 mg, 22 µmol), HBTU (8.3 mg, 22 µmol) and DIPEA 

(24.2 µL, 160 µmol) in DMF (200 µL) was stirred at rt for 5 min. (S,R)-2.14 (18.8 mg, 20 µmol) 

was added and stirring was continued at rt for 16 h. The solvent was removed in vacuo, 

TFA/CH2Cl2 1:1 v/v (5 mL) was added and the mixture was stirred at rt for 1 h. The volatiles 

were removed in vacuo, 0.5% aq. TFA/acetonitrile 80:20 v/v (1 mL) was added and the mixture 

was subjected to preparative HPLC (system B, column: Gemini-NX C18, gradient: 0-40 min: 

C/B 85:15-70:30, tR = 23 min) to yield 3.14 (11.9 mg, 10 µmol, 51%) as a white fluffy solid. 

1H-NMR (600 MHz, methanol-d4): δ (ppm) 1.11 (t, J = 7.6 Hz, 3H), 1.52-1.76 (m, 4H), 1.68-

1.79 (m, 3H), 1.81-1.89 (m, 1H), 2.20 (q, J = 7.6 Hz, 2H), 2.44-2.50 (m, 4H), 3.09-3.13 (m, 2H), 

3.19-3.28 (m, 4H), 3.34-3.37 (m, 2H), 3.51-3.55 (m, 2H), 3.61-3.66 (m, 4H), 3.67-3.70 (m, 2H), 

3.92-3.95 (m, 2H), 4.21-4.29 (m, 2H), 4.39-4.45 (m, 1H), 5.05 (s, 1H), 6.69-6.73 (m, 2H), 6.79-

6.83 (m, 1H), 6.85-6.89 (m, 2H), 7.04-7.08 (m, 2H), 7.19-7.31 (m, 6H). Note: 4 1H signals were 

not apparent due to interference with the solvent residual peak at 3.27-3.34 ppm, as identified 

by 1H-13C HSQC. 13C-NMR (150 M Hz, methanol-d4): δ (ppm) 10.37, 25.78, 27.11, 27.72, 

30.19, 30.32, 32.11, 32.15, 39.88, 40.13, 40.26, 40.53, 40.68, 41.76, 43.73, 54.33, 58.63, 

67.87, 68.51, 70.61, 71.31, 71.35, 114.14, 116.32, 116.35, 122.25, 128.13, 129.51, 129.83, 

129.97, 130.29, 130.54, 140.71, 142.30, 155.73 (2 merging carbon signals, as identified by 

1H-13C HMBC), 157.85, 161.00, 162.60 (q, J = 35 Hz), 173.32, 174.58, 174.77, 174.85, 177.52. 

MS (LC-HRMS, ESI): m/z [M+H]+ calcd for [C47H69N10O10]+ 933.5193, found: 933.5190. 

C47H68N10O10 × C4H2F6O4 (1161.16). 

N1-(4-(3-((1S,4R)-4-((4-Hydroxybenzyl)carbamoyl)-9-imino-2,11,16-trioxo-1-phenyl-

3,8,10,12,15-pentaazaoctadecyl)phenoxy)butyl)-N4-(2-(2-(2-(pent-4-

ynamido)ethoxy)ethoxy)ethyl)succinamide hydrotrifluoroacetate (3.15) 

3.7 (3.0 mg, 15 µmol) was added to a solution of 3.14 (11.9 mg, 10 µmol) and DIPEA (7.8 µL, 

60 µmol) in DMF (500 µL) and the mixture was stirred at rt for 1 h. 0.5% Aq. TFA/acetonitrile 

80:20 v/v (2 mL) was added and the mixture was subjected to preparative HPLC (system B, 
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column: Gemini-NX C18, gradient: 0-20 min: C/B 85:15-70:40, tR = 18 min) to yield 3.15 

(7.6 mg, 7 µmol, 67%) as a white fluffy solid. 1H-NMR (600 MHz, methanol-d4): δ (ppm) 1.11 

(t, J = 7.6 Hz, 3H), 1.51-1.76 (m, 4H), 1.69-1.79 (m, 3H), 1.81-1.88 (m, 1H), 2.19 (q, J = 7.6 Hz, 

2H), 2.26 (t, J = 2.6 Hz, 1H), 2.36-2.41 (m, 2H), 2.43-2.50 (m, 6H), 3.12-3.38 (m, 10H), 3.50-

3.55 (m, 4H), 3.57-3.62 (m, 4H), 3.93 (t, J = 6.3 Hz, 2H), 4.21-4.29 (m, 2H), 4.41-4.46 (m, 1H), 

5.04 (s, 1H), 6.69-6.72 (m, 2H), 6.79-6.83 (m, 1H), 6.84-6.88 (m, 2H), 7.04-7.08 (m, 2H), 7.19-

7.31 (m, 6H). Note: 2 1H signals were not apparent due to interference with the solvent residual 

peak at 3.29-3.33 ppm, as identified by 1H-13C HSQC. 13C-NMR (150 MHz, methanol-d4): 

δ (ppm) 10.39, 15.70, 25.77. 27.13, 27.69, 30.20, 30.39, 32.24, 32.30, 35.96, 39.88, 40.11, 

40.38, 40.40, 40.63, 41.80, 43.74, 54.19, 58.64, 68.52, 70.33, 70.56, 70.60, 71.33 (2 merging 

carbon signals, as identified by 1H-13C HSQC), 83.54, 114.17, 116.32 (2 merging carbon 

signals, as identified by 1H-13C HSQC), 122.24, 128.14, 129.50, 129.83, 129.98, 130.28, 

130.56, 140.67, 142.29, 155.66 (2 merging carbon signals, as identified by 1H-13C HMBC), 

157.86, 160.60, 173.26, 174.12, 174.63, 174.78, 177.01, 177.54. MS (LC-HRMS, ESI): m/z 

[M+H]+ calcd for [C52H73N10O11]+ 1013.5455, found: 1013.5471. C52H72N10O11 × C2H1F3O2 

(1127.23). 

N1-(2-(2-(2-(3-(1-(1,6-Bisdeoxy-6-fluoro-β-D-glucopyranos-1-yl)-1H-1,2,3-triazol-4-

yl)propanamido)ethoxy)ethoxy)ethyl)-N4-(4-(3-((1S,4R)-4-((4-

hydroxybenzyl)carbamoyl)-9-imino-2,11,16-trioxo-1-phenyl-3,8,10,12,15-

pentaazaoctadecyl)phenoxy)butyl)succinamide hydrotrifluoroacetate (3.16) 

3.10 (1.5 mg, 7.1 µmol), a solution of CuSO4 pentahydrate (10.7 µL of a 0.2 M solution in H2O, 

2.1 µmol) and a solution of sodium ascorbate (10.7 µL of a 0.6 M solution in H2O, 6.4 µmol) 

were added to a solution of 3.15 (2.0 mg, 1.8 µmol) in 180 µL H2O/ethanol 1:1 v/v (180 µL) 

and the mixture was stirred at rt for 1 h. 0.5% Aq. TFA/acetonitrile 80:20 v/v (500 µL) were 

added and the mixture was subjected to preparative HPLC (system B, column: Gemini-NX 

C18, gradient: 0-40 min: C/B 85:15-60:40, tR = 23 min) to yield 3.16 (1.5 mg, 1.1 µmol, 62%) 

as a colorless hygroscopic resin. RP-HPLC (system A, 220 nm): 97%, tR = 13.3 min, k = 4.1. 

1H-NMR (600 MHz, DMSO-d6/D2O 10:1 v/v): δ (ppm) 0.97 (t, J = 7.6 Hz, 3H), 1.38-1.53 (m, 

5H), 1.60-1.69 (m, 3H), 2.06 (q, J = 7.6 Hz, 2H), 2.25-2.31 (m, 4H), 2.42-2.44 (m, 2H), 2.81-

2.86 (m, 2H), 3.02-3.06 (m, 2H), 3.11-3.21 (m, 8H), 3.26-3.30 (m, 1H), 3.35-3.39 (m, 4H), 3.39-

3.43 (m, 1H), 3.47 (s, 4H), 3.70-3.75 (m, 2H), 3.86 (t, J = 6.4 Hz, 2H), 4.08-4.16 (m, 2H), 4.26-

4.30 (m, 1H), 4.45-4.62 (m, 2H), 5.02 (s, 1H), 5.54 (d, J = 9.4 Hz, 1H), 6.63-6.68 (m, 2H), 6.75-

6.80 (m, 2H), 6.82-6.86 (m, 1H), 6.96-7.00 (m, 2H), 7.16-7.23 (m, 2H), 7.24-7.29 (m, 4H), 7.95 

(s, 1H), 8.31-8.35 (m, 0.4H*), 8.41-8.45 (m, 0.4H*). *Residual NH proton signals due to 

incomplete deuterium/proton exchange. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for 

[C58H83FN13O15]+ 1220.6110, found: 1220.6111. C58H82FN13O15 × C2HF3O2 (1334.39). 
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(2R,3R,4S,5R,6R)-2-(Acetoxymethyl)-6-(((2R,3R,4S,5R,6R)-4,5-diacetoxy-2-

(acetoxymethyl)-6-azidotetrahydro-2H-pyran-3-yl)oxy)tetrahydro-2H-pyran-3,4,5-triyl 

triacetate39 (3.17)  

33% HBr in acetic acid (2.5 mL) was added dropwise to a stirred solution of β-maltose 

peracetate (1.3 g, 1.9 mmol) in acetic acid (5 mL) and the mixture was stirred at rt for 3 h. 

CH2Cl2 (20 mL) was added and the mixture was poured into ice cold H2O (20 mL). The organic 

phase was separated, washed with saturated NaHCO3 (20 mL) and dried over Na2SO4. 

Removal of the solvent by rotary evaporation afforded the brominated intermediate, which was 

dissolved in chloroform (10 mL) followed by the addition of saturated NaHCO3 (10 mL). NaN3 

(0.62 g, 9.5 mmol) and TBAHS (0.65 g, 1.9 mmol) were added to the vigorously stirred biphasic 

mixture and stirring was continued at rt for 16 h. The organic phase was separated, washed 

with saturated NaHCO3 (2 × 10 mL) and 1 N aqueous HCl (1 × 10 mL), and the volatiles were 

removed in vacuo to yield 3.17 as a white solid (0.93 g, 1.4 mmol, 73%), which was used 

without further purification. 1H-NMR (400 MHz, CDCl3): δ (ppm) 1.98-2.06 (m, 15H), 2.10 (s, 

3H), 2.15 (s, 3H), 3.73-3.81 (m, 1H), 3.90-3.97 (m, 1H), 3.98-4.07 (m, 2H), 4.20-4.27 (m, 2H), 

4.50 (d, J1 = 12.5 Hz, J2 = 2.4 Hz, 1H), 4.70 (d, J = 8.8 Hz, 1H), 4.77 (t, J = 8.8 Hz, 1H), 4.85 

(dd, J1 = 10.5 Hz, J2 = 4.1 Hz, 1H), 5.05 (t, J = 9.7 Hz, 1H), 5.25 (t, J = 8.8 Hz, 1H), 5.31-5.38 

(m, 1H), 5.40 (d, J = 4.1 Hz, 1H). 13C-NMR (100 MHz, CDCl3): δ (ppm) 20.68, 20.69, 20.71, 

20.73, 20.81, 20.91, 20.98, 61.58, 62.65, 68.10, 68.78, 69.40, 70.13, 71.64, 72.51, 74.40, 

75.22, 87.61, 95.85, 169.54, 169.62, 170.06, 170.23, 170.54, 170.64, 171.55. MS (LC-HRMS, 

ESI): m/z [M+NH4]+ calcd for [C26H39N4O19]+ 679.2304, found: 679.2312. C26H35N3O19 (661.57). 

(S)-2-((tert-Butoxycarbonyl)amino)-3-(1-((2R,3R,4S,5R,6R)-3,4-diacetoxy-6-

(acetoxymethyl)-5-(((2R,3R,4S,5R,6R)-3,4,5-triacetoxy-6-(acetoxymethyl)tetrahydro-2H-

pyran-2-yl)oxy)tetrahydro-2H-pyran-2-yl)-1H-1,2,3-triazol-4-yl)propanoic acid (3.19) 

3.17 (500 mg, 0.76 mmol) was added to a solution of (S)-2-((tert-butoxycarbonyl)amino)pent-

4-ynoic acid (3.18, 135 mg, 0.63 mmol) in H2O/ethanol 1:1 v/v (20 mL). A solution of CuSO4 

pentahydrate (157 mg, 0.63 mmol) and sodium ascorbate (374 mg, 1.89 mmol) in H2O (2 mL) 

was added and the suspension was stirred at rt for 1 h. The suspension was treated with ethyl 

acetate (20 mL) and the organic phase was separated, dried over Na2SO4 and the solvent was 

removed by rotary evaporation. The crude product was subjected to column chromatography 

(light petroleum/ethyl acetate/acetic acid 50:50:1 v/v/v to light petroleum/ethyl acetate/acetic 

acid 25:75:1 v/v/v) to yield 3.19 as a white solid (168 mg, 0.19 mmol, 25%). TLC (light 

petroleum/ethyl acetate/acetic acid 50:50:1 v/v/v): Rf = 0.60. 1H-NMR (400 MHz, DMSO-d6): 

δ (ppm) 1.35 (s, 9H), 1.74 (s, 3H), 1.94-2.06 (m, 18H), 2.89-3.09 (m, 2H), 3.97-4.06 (m, 2H), 

4.09-4.21 (m, 4H), 4.27-4.35 (m, 1H), 4.38-4.45 (m, 1H), 4.92 (dd, J1 = 10.4 Hz, J2 = 3.8 Hz, 

1H), 5.01 (t, J = 9.8 Hz, 1H), 5.25 (dd, J1 = 10.4 Hz, J2 = 9.8 Hz, 1H), 5.36 (d, J = 3.8 Hz, 1H), 
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5.47 (t, J = 9.3 Hz, 1H), 5.56 (t, J = 9.2 Hz, 1H), 6.28 (d, J = 9.2 Hz, 1H), 7.02-7.12 (m, 1H), 

7.98 (s, 1H), 12.61 (br s, 1H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 19.99, 20.27, 20.33, 

20.35, 20.43, 20.54, 20.57, 27.12, 28.13, 53.20, 61.38, 62.93, 67.99, 68.14, 68.93, 69.41, 

70.50, 73.74, 73.86, 74.53, 78.16, 83.16, 95.79, 122.10, 135.69, 155.39, 168.60, 169.17, 

169.52, 169.72, 169.85, 170.00, 170.12, 173.06. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for 

[C36H51N4O21]+ 875.3040, found: 875.3056. C36H50N4O21 (874.80). 

(2R,3R,4S,5R,6R)-2-(Acetoxymethyl)-6-(((2R,3R,4S,5R,6R)-4,5-diacetoxy-2-

(acetoxymethyl)-6-(4-((S)-2-((tert-butoxycarbonyl)amino)-3-((4-(3-((1S,4R)-4-((4-

hydroxybenzyl)carbamoyl)-9-imino-2,11,16-trioxo-1-phenyl-3,8,10,12,15-

pentaazaoctadecyl)phenoxy)butyl)amino)-3-oxopropyl)-1H-1,2,3-triazol-1-yl)tetrahydro-

2H-pyran-3-yl)oxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate hydrotrifluoroacetate (3.20) 

A freshly prepared solution of 3.19 (26.7 mg, 29 µmol), HOBt (4.4 mg, 29 µmol), HBTU 

(11.0 mg, 29 µmol) and DIPEA (20.0 µL, 116 µmol) in DMF (300 µL) was stirred at rt for 5 min. 

(S,R)-2.14 (26.8 mg, 29 µmol) was added and stirring was continued at rt for 2 h. 0.5% Aq. 

TFA/acetonitrile 80:20 v/v (1 mL) was added and the mixture was subjected to preparative 

HPLC (system B, column: Gemini-NX C18, gradient: 0-30 min: C/B 82:18-40:60, tR = 21 min) 

to yield 3.20 (14.0 mg, 9 µmol, 31%) as a white fluffy solid. 1H-NMR (600 MHz, methanol-d4): 

δ (ppm) 1.13 (t, J = 7.6 Hz, 3H), 1.42 (s, 9H), 1.56-1.65 (m, 4H), 1.67-1.78 (m, 3H), 1.82 (s, 

3H), 1.84-1.89 (m, 1H), 2.01-2.03 (m, 6H), 2.04 (s, 3H), 2.05 (s, 3H), 2.07 (s, 3H), 2.08 (s, 3H), 

2.21 (q, J = 7.6 Hz, 2H), 3.00-3.07 (m, 1H), 3.12-3.30 (m, 7H), 3.91-3.96 (m, 2H), 4.08-4.17 

(m, 3H), 4.18-4.31 (m, 5H), 4.32-4.36 (m, 1H), 4.45-4.55 (m, 2H), 4.91 (dd, J1 = 10.5 Hz, 

J2 = 3.9 Hz, 1H), 5.05-5.11 (m, 2H), 5.38-5.43 (m, 1H), 5.46 (d, J = 3.9 Hz, 1H), 5.50 (t, J = 9.3 

Hz, 1H), 5.59 (t, J = 9.3 Hz, 1H), 6.09 (d, J = 9.3 Hz, 1H), 6.71-6.74 (m, 2H), 6.82-6.85 (m, 

1H), 6.86-6.90 (m, 2H), 7.06-7.09 (m, 2H), 7.23 (t, J = 7.9 Hz, 1H), 7.25-7.33 (m, 5H), 7.96 (s, 

1H). Note: 2 1H signals were not apparent due to interference with the solvent residual peak at 

3.31-3.35 ppm, as identified by 1H-13C HSQC. 13C-NMR (150 MHz, methanol-d4): δ (ppm) 

10.40, 20.26, 20.53, 20.55, 20.64, 20.74, 20.76, 21.13, 25.78, 26.97, 27.47, 28.69, 29.25, 

30.20, 30.36, 39.88, 39.98, 40.69, 41.85, 43.74, 54.23, 55.79, 58.64, 63.03, 64.16, 68.47, 

69.66, 69.98, 70.71, 71.67, 72.48, 74.54, 76.41, 76.46, 80.89, 86.12, 97.40, 114.20, 116.33, 

122.26, 123.63, 128.20, 129.56, 129.87, 129.98, 130.29, 130.59, 140.66, 142.37, 145.15, 

155.65, 157.50, 157.85, 160.58, 161.44, 161.81, 170.66, 171.14, 171.59, 171.73, 171.96, 

172.16, 172.28, 173.23, 173.56, 174.75, 177.55. MS (LC-HRMS, ESI): m/z [M+2H]2+ calcd for 

[C73H100N12O26]2+ 780.3430, found: 780.3451. C73H98N12O26 × C2HF3O2 (1559.65). 
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N-((S)-3-(1-((2R,3R,4R,5S,6R)-3,4-Dihydroxy-6-(hydroxymethyl)-5-(((2R,3R,4S,5S,6R)-

3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)tetrahydro-2H-pyran-

2-yl)-1H-1,2,3-triazol-4-yl)-1-((4-(3-((1S,4R)-4-((4-hydroxybenzyl)carbamoyl)-9-imino-

2,11,16-trioxo-1-phenyl-3,8,10,12,15-pentaazaoctadecyl)phenoxy)butyl)amino)-1-

oxopropan-2-yl)pent-4-ynamide hydrotrifluoroacetate (3.21) 

TFA (500 µL) was added to a solution of 3.20 (14.0 mg, 8.4 µmol) in CH2Cl2 (500 µL) and the 

mixture was stirred at rt for 16 h. The solvent was removed by rotary evaporation and the oily 

residue was taken up in H2O/acetonitrile 4:1 v/v (10 mL) followed by lyophilization. The 

resulting white solid was dissolved in DMF (1 mL) followed by the addition of DIPEA (8.6 µL, 

50.3 µmol) and 3.7 (2.0 mg, 10.1 µmol). The mixture was stirred at rt for 1 h and 

H2O/acetonitrile 4:1 v/v (10 mL) was added followed by lyophilization. The resulting white solid 

was dissolved in anhydrous methanol (1 mL) and sodium methoxide (2 µL of a 5.5 M stock 

solution in methanol, 11.0 µmol) was added. The mixture was stirred at rt for 30 min, the 

volatiles were removed in vacuo and the mixture was subjected to preparative HPLC (system 

B, column: Gemini-NX C18, gradient: 0-30 min: C/B 82:18-40:60, tR = 21 min) to yield 3.21 

(3.3 mg, 2.4 µmol, 29%) as a white fluffy solid. 1H-NMR (600 MHz, methanol-d4): δ (ppm) 1.10 

(t, J = 7.7 Hz, 3H), 1.53-1.64 (m, 4H), 1.67-1.75 (m, 3H), 1.81-1.88 (m, 1H), 2.19 (q, J = 7.7 Hz, 

2H), 2.29-2.31 (m, 1H), 2.41-2.46 (m, 4H), 3.08 (dd, J1 = 14.9 Hz, J2 = 7.8 Hz, 1H), 3.15-3.29 

(m, 8H), 3.47 (dd, J1 = 9.1 Hz, J2 = 3.9 Hz, 1H), 3.62-3.74 (m, 5H), 3.80-3.86 (m, 4H), 3.90-

3.95 (m, 3H), 4.22-4.30 (m, 2H), 4.42-4.49 (m, 1H), 4.62 (dd, J1 = 6.4 Hz, J2 = 7.8 Hz, 1H), 

5.05 (s, 1H), 5.22 (d, J = 3.9 Hz, 1H), 5.58 (d, J = 9.1 Hz, 1H), 6.69-6.73 (m, 2H), 6.80-6.85 

(m, 2H), 6.87-6.90 (m, 1H), 7.05-7.08 (m, 2H), 7.19-7.31 (m, 6H), 7.97 (s, 1H). Note: 2 1H 

signals were not apparent due to interference with the solvent residual peak at 3.29-3.33 ppm, 

as identified by 1H-13C HSQC. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for [C59H81N12O18]+ 

1245.5786, found: 1245.5809. C59H80N12O18 × C2HF3O2 (1359.38). 

(R)-2-((S)-2-(3-(4-((S)-3-(1-((2R,3R,4R,5S,6R)-3,4-Dihydroxy-6-(hydroxymethyl)-5-

(((2R,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-

yl)oxy)tetrahydro-2H-pyran-2-yl)-1H-1,2,3-triazol-4-yl)-2-(3-(1-(1,6-bisdeoxy-6-fluoro-β-

D-glucopyranos-1-yl)-1H-1,2,3-triazol-4-yl)propanamido)propanamido)butoxy)phenyl)-

2-phenylacetamido)-N-(4-hydroxybenzyl)-5-(3-((2-

propionamidoethyl)carbamoyl)guanidino)pentanamide hydrotrifluoroacetate (3.22) 

3.10 (41 µL of a 43 mM solution in H2O, 1.8 µmol), sodium ascorbate (5.3 µL of a 0.6 M solution 

in H2O) and CuSO4 pentahydrate (5.5 µL of a 0.2 M solution in H2O) were added to a solution 

of 3.21 (1.2 mg, 0.88 µmol) in H2O/ethanol 1:1 v/v (250 µL) and the mixture was stirred at rt 

for 1 h. 1% Aq. TFA/acetonitrile 1:1 v/v (200 µL) was added and the mixture was subjected to 

preparative HPLC (system C, column: Gemini-NX C18, gradient: 0-35 min: C/B 83:17-60:40, 
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tR = 15 min) yielding 3.22 (0.7 mg, 0.45 µmol, 51%) as a white, fluffy solid. RP-HPLC (system 

A, 220 nm): 99%, tR = 12.3 min, k = 3.7. 1H-NMR (600 MHz, DMSO-d6/D2O 10:1 v/v): δ (ppm) 

0.97 (t, J = 7.6 Hz, 3H), 1.38-1.54 (m, 5H), 1.58-1.69 (m, 3H), 2.05 (q, J = 7.6 Hz, 2H), 2.42-

2.47 (m, 2H), 2.79-2.85 (m, 2H), 2.85-2.90 (m, 1H), 3.03-3.10 (m, 4H), 3.11-3.19 (m, 6H), 3.25-

3.30 (m, 2H), 3.37-3.46 (m, 3H), 3.47-3.53 (m, 2H), 3.55-3.82 (m, 9H), 3.85 (t, J = 6.4 Hz, 2H), 

4.08-4.16 (m, 2H), 4.26-4.30 (m, 1H), 4.42-4.61 (m, 3H), 5.02 (s, 1H), 5.07 (d, J = 3.9 Hz, 1H), 

5.53-5.56 (m, 2H), 6.63-6.68 (m, 2H), 6.76-6.80 (m, 2H), 6.83-6.86 (m, 1H), 6.96-7.00 (m, 2H), 

7.16-7.23 (m, 2H), 7.24-7.29 (m, 4H), 7.95 (s, 1H), 8.00 (s, 1H). Note: Due to interference with 

the residual HDO signal (3.60-3.66 ppm), 8 1H-signals (3.55-3.82 ppm) were identified based 

on the 1H-NMR spectrum acquired in neat DMSO-d6 (resulting in a shift of the residual H2O 

signal by ≈ 0.16 ppm), as demonstrated in the 1H-NMR spectrum displayed in section A.2.6. 

MS (LC-HRMS, ESI): m/z [M+H]+ calcd for [C65H91FN15O22]+ 1452.6442, found: 1452.6456. 

C65H90FN15O22 × C2HF3O2 (1566.54). 

2,2',2''-(10-(2-((4-(3-((1S,4R)-4-((4-Hydroxybenzyl)carbamoyl)-9-imino-2,11,16-trioxo-1-

phenyl-3,8,10,12,15-pentaazaoctadecyl)phenoxy)butyl)amino)-2-oxoethyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetic acid bis(hydrotrifluoroacetate) (3.24) 

3.23 (9.8 mg, 12.8 µmol) was added to a solution of (S,R)-2.14 (12.0 mg, 12.8 µmol) and 

DIPEA (18.0 µL, 102 µmol) in DMF (500 µL) and the mixture was stirred at rt for 1 h. 0.5% Aq. 

TFA/acetonitrile 80:20 v/v (4 mL) was added and the mixture was subjected to preparative 

HPLC (system B, column: Gemini-NX C18, gradient: 0-20 min: C/B 85:15-70:30, tR = 14 min) 

to yield 3.24 (9.0 mg, 6.8 µmol, 53%) as a white fluffy solid. 1H-NMR (600 MHz, DMSO-d6/D2O 

10:1 v/v): δ (ppm) 0.97 (t, J = 7.6 Hz, 3H), 1.36-1.56 (m, 5H), 1.62-1.70 (m, 3H), 2.06 (q, 

J = 7.6 Hz, 2H), 2.95-3.40 (m, 24H), 3.63-4.01 (m, 10H), 4.08-4.16 (m, 2H), 4.26-4.30 (m, 1H), 

5.04 (s, 1H), 6.64-6.67 (m, 2H), 6.75-6.84 (m, 3H), 6.96-7.00 (m, 2H), 7.19 (t, J = 8.0 Hz, 1H), 

7.21-7.24 (m, 1H), 7.25-7.30 (m, 4H). MS (LC-HRMS, ESI): m/z [M+H]+ calcd for 

[C53H77N12O13]+ 1089.5728, found: 1089.5738. C53H76N12O13 × C4H2F6O4 (1317.30). 

(Gallium(III))-2,2',2''-(10-(2-((4-(3-((1S,4R)-4-((4-hydroxybenzyl)carbamoyl)-9-imino-

2,11,16-trioxo-1-phenyl-3,8,10,12,15-pentaazaoctadecyl)phenoxy)butyl)amino)-2-

oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid hydrotrifluoroacetate 

(3.25) 

A solution of gallium(III) nitrate monohydrate in 10 mM aqueous HCl (83 µL, 83 µmol) was 

added to a solution of 3.24 (9.9 mg, 8.3 µmol) in HEPES buffer (0.2 M, pH 4.2, 1.05 mL) and 

the mixture was incubated at 100°C for 10 min. The mixture was subjected to preparative 

HPLC (system B, column: Gemini-NX C18, gradient: 0-20 min: C/B 85:15-70:30, tR = 15 min) 

to yield 3.25 (3.5 mg, 2.8 µmol, 33%) as a white fluffy solid. RP-HPLC (system A, 220 nm): 
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99%, tR = 12.4 min, k = 3.8. 1H-NMR (600 MHz, DMSO-d6/D2O 10:1 v/v): δ (ppm) 0.97 (t, 

J = 7.6 Hz, 3H), 1.35-1.57 (m, 5H), 1.61-1.70 (m, 3H), 2.06 (q, J = 7.6 Hz, 2H), 3.07-3.33 (m, 

20H), 3.46 (s, 2H), 3.57-3.63 (m, 4H), 3.67-3.77 (m, 6H), 3.86 (t, J = 6.3 Hz, 2H), 4.08-4.16 

(m, 2H), 4.25-4.29 (m, 1H), 5.02 (s, 1H), 6.64-6.67 (m, 2H), 6.75-6.78 (m, 2H), 6.84-6.87 (m, 

1H), 6.96-7.00 (m, 2H), 7.17-7.24 (m, 2H), 7.25-7.30 (m, 4H). 13C-NMR (150 MHz, DMSO-

d6/D2O 10:1 v/v): δ (ppm) 9.84, 24.60, 25.65, 26.18, 28.49, 29.36, 38.05, 38.16, 39.12 

(interfering with the solvent residual signal, as identified by 1H-13C HSQC), 40.35, 41.62, 52.36, 

53.93, 54.38, 55.80, 56.51, 56.57, 59.64, 60.51, 61.48, 66.86, 111.96, 115.00, 115.27, 116.52 

(q, J = 296 Hz, TFA), 120.74, 126.62, 128.18, 128.42, 128.45, 129.11, 129.23, 140.17, 141.86, 

153.56, 153.80, 156.26, 158.20 (TFA), 158.44, 166.33, 169.28, 169.98, 170.89, 170.95, 

173.31. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for [C53H74
69GaN12O13]+ 1155.4732, found: 

1155.4749. C53H73GaN12O13 × C2HF3O2 (1269.98). 

3.4.3 CD spectroscopic analysis of (S,R)-3.6 

CD and absorbance spectra of 0.2 mg/mL methanolic solutions of (S,R)-3.6 and the S,R- and 

R,R-configured diastereomers of 2.14 were recorded in a 2 mm path length cuvette at 20 °C 

with a Jasco J-810 spectropolarimeter (Jasco, Tokyo, Japan) equipped with a PTC-423S 

Peltier temperature controller (Jasco). Instrumental parameters: spectral range, 200–500 nm, 

bandwidth, 1 nm, scanning speed, 500 nm/min. The CD spectra shown in Figure 3.3 represent 

the average of five measurements after solvent subtraction. 

3.4.4 Investigation of the chemical stability of compounds 3.11, 3.12, 3.16, 3.22 and 

3.25 in PBS 

The chemical stability of 3.11, 3.12, 3.16, 3.22 and 3.25 was investigated in PBS (pH 7.4) at 

22 °C. Incubation was started by the addition of 2.5 µL of a 2 mM stock solution or 5 µL of a 

1 mM stock solution (stock solutions prepared in DMSO) of the investigated compounds to 

47.5 µL or 45 µL of PBS to give a final concentration of 100 µM. For each compound, this 

sample was prepared three times. Incubation was stopped by the addition of 50 µL 1% aq. 

TFA/acetonitrile 1:1 v/v after 0 min, 6 h and 24 h. 90 µL of the resulting solutions were analyzed 

by analytical RP-HPLC (system A) using the conditions (column, eluent, etc.) as described in 

section 3.4.1. 

3.4.5 Cell culture 

Cells were cultured in 75-cm2 or 175-cm2 flasks (Sarstedt, Nümbrecht, Germany) in a 

humidified atmosphere (95% air, 5% CO2) at 37 °C. SK-N-MC neuroblastoma cells (obtained 

from the American Type Culture Collection, ATCC HTB-10) were maintained in Eagle’s 

minimum essential medium (EMEM) (Sigma-Aldrich) containing 10% fetal calf serum (FCS) 

(Sigma-Aldrich). Human erythroleukemia (HEL) cells (HEL 92.1.7 from the American Type 
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Culture Collection, ATCC TIB-180) were maintained in RPMI (Sigma) supplemented with 6.5% 

FCS. MCF-7-Y1 cells, a sub-cell line originating from MCF-7 cells (ATCC HTB 22) featuring 

increased Y1R expression,40 were cultivated in EMEM containing 5% FCS or in DMEM/Ham’s 

F12 (1:1 v/v) (Sigma) containing 10% FCS. MDA-MB-231 mammary carcinoma cells were 

maintained in DMEM containing 10% FCS. CHO-hY2R cells (obtained from PerkinElmer, 

Rodgau, Germany) were cultured in Ham’s F12 medium (Sigma) supplemented with 5% FCS 

and G418 (400 μg/mL) (Fisher Scientific). CHO-hY4-Gqi5-mtAEQ cells45 were cultured in 

Ham’s F12 medium containing 10% FCS, G418 (400 μg/mL) (Sigma), hygromycin (400 μg/mL) 

(A.G. Scientific Inc, San Diego, CA, USA) and zeocin (250 μg/mL) (InvivoGen, San Diego, 

CA). HEC-1B-hY5R cells46 were maintained in EMEM containing 7.5% FCS and G418 (400 

μg/mL). Murine P388 cells, previously treated with doxorubicin to induce P-gp expression,38 

were maintained as suspension cell culture in DMEM supplemented with 10 % FCS. 

3.4.6 Radioligand competition binding 

Y1R binding: radioligand competition binding experiments at the hY1R were performed at intact 

hY1R-expressing SK-N-MC neuroblastoma cells at 22 ± 1 °C as previously described, using 

[3H]2.2 (c = 0.15 nM) as radioligand. Nonspecific binding was determined in the presence of 

BIBO3304 (75 nM). Y2R binding: radioligand competition binding experiments at the hY2R were 

performed at CHO-hY2R cells (purchased from PerkinElmer, product no. ES352-C, lot no. 460-

167-A) at 22 ± 1 °C as previously described, using [3H]propionyl-pNPY (Kd = 0.14 nM, c = 0.5 

nM) as radioligand.27 Nonspecific binding was determined in the presence of BIIE0246 and 

JNJ31020028 (5 µM each). Y4R binding: radioligand competition binding experiments at the 

hY4R were performed at CHO-hY4RGqi5-mtAEQ cells at 22 ± 1 °C as previously described, 

using [3H]UR-KK200 (Kd = 0.67 nM,28 c = 1 nM) as radioligand.47 Nonspecific binding was 

determined in the presence of hPP (1 µM). Y5R binding: radioligand competition binding at the 

hY5R was performed at intact HEC-1B-hY5R cells at 22 ± 1 °C as previously described, using 

[3H]propionyl-pNPY (Kd = 11 nM,29 c = 5 nM) as radioligand.28 Nonspecific binding was 

determined in the presence of pNPY (2 µM). For each compound and each receptor subtype, 

at least three individual experiments were performed in triplicate. For Y1R binding, specific 

binding data (nonspecific binding subtracted from total binding) were normalized (100% = 

specifically bound radioligand in the absence of competitor), plotted as % over 

log(concentration of competitor) and analyzed by a four-parameter logistic equation 

(log(inhibitor) vs. response - variable slope, GraphPad Prism 9, GraphPad Software, San 

Diego, CA) to obtain pIC50 values, which were converted into pKi values according to the 

Cheng-Prusoff equation (logarithmic form).48 In the case of the Y2R, Y4R and Y5R binding, for 

each studied compound, radioligand displacement was < 50% for the highest competitor 

concentration (3 or 10 µM), precluding a determination of pIC50 values. 
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3.4.7 Fura-2 Ca2+ assay 

The Y1R Fura-2 Ca2+ assay was performed at hY1R-expressing HEL cells in antagonist mode 

at 22 ± 1 °C as previously described.49 Ca2+ mobilization was induced by the addition of pNPY 

(pEC50 = 8.29,23 final concentration = 10 nM) after preincubation of the cells with the 

antagonists 3.11, 3.12, 3.16, 3.22 or 3.25 for 15 min. Net Ca2+ responses (basal cytosolic Ca2+ 

concentration subtracted from the measured peak Ca2+ concentration) were normalized (100% 

= Ca2+ response induced by 10 nM pNPY) and plotted against log(concentration of antagonist) 

followed by analysis according to a four-parameter logistic equation (log(inhibitor) vs response 

− variable slope, GraphPad Prism 9) to obtain pIC50 values.  

3.4.8 Calcein-AM assay 

P388 cells previously treated with doxorubicin (for induction of P-gp expression),38 were 

harvested and washed once with PBS. The supernatant was discarded and the cells were 

resuspended in loading buffer (120 mM NaCl, 5 mM KCl, 2 mM MgCl2 × 6 H2O, 1.5 mM CaCl2 

× 2 H2O, 25 mM HEPES, 10 mM glucose, pH 7.4) to give a density of 0.50 × 106 cells/mL. To 

this cell suspension, loading suspension (loading buffer, 20 mg/mL BSA, 5 µL/mL pluronic 

F127 (20 % in DMSO)) was added to reach a final density of 0.38 × 106 cells/mL. 200 µL of 

the cell suspension were added to the wells of a polypropylene round bottom 96 well plate 

(Brand, Wertheim, Germany) prefilled with 2 µL of solutions of tariquidar, 2.2, 3.12 or 3.25 in 

DMSO (100-fold concentrated compared to the final compound concentration), and the plate 

was incubated at 37 °C under shaking in the dark for 15 min. A 40 µM solution of calcein-AM 

in DMSO/H2O 1:3 (5 µL) was added to each well (giving a final calcein-AM concentration of 

1 µM) and the plate was incubated at 37 °C (5% CO2) in the dark for 10 min. The plates were 

centrifuged at 4 °C at 60 g for 5 min, the supernatants were carefully removed by suction, and 

the cells were washed once with ice cold PBS (200 µL) and resuspended in 125 µL loading 

buffer. Calcein fluorescence was determined with a FACSCantoII flow cytometer (Becton 

Dickinson, Heidelberg, Germany). The following gain settings for forward and sideward scatter 

were applied: FSC: 200 V, SSC: 220 V. Fluorescence was recorded using the following 

settings: excitation: 488 nm, emission: 530 ± 15 nm (FITC channel), gain: 230 V. The sample 

volume was 30 µL throughout, corresponding to 2000-3000 gated events. For each compound, 

four individual experiments were performed in triplicate. Fluorescence intensities (arithmetic 

mean) obtained for the reference compound tariquidar were plotted over log(concentration of 

tariquidar) and analyzed by a four-parameter logistic equation (log(inhibitor) vs. response - 

variable slope, GraphPad Prism 9, GraphPad Software, San Diego, CA) to obtain 

concentration-inhibition curves and pIC50 values. Fluorescence intensities obtained for 

tariquidar, 2.2, 3.12 and 3.25 were normalized based on the concentration-inhibition curves of 

tariquidar (100% = “top” of the four-parameter logistic fit, corresponds to the maximal inhibition 
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of calcein efflux by tariquidar; 0% = “bottom” of the four-parameter logistic fit, corresponds to 

the basal fluorescence measured in the absence of tariquidar). For compounds 2.2, 3.12 and 

3.25, no inhibition of the P-gp mediated efflux of calcein was observed for the studied 

concentration range (1-30 µM), i.e. pIC50 values could not be determined.  

3.4.9 Radiosynthesis of [18F]3.11, [18F]3.12 and [68Ga]3.25 

Preparation of fluoroglycosyl azide [18F]3.10 and subsequent CuAAC, yielding [18F]3.11 and 

[18F]3.12 from the alkynylated precursor compounds 3.8 and 3.9, respectively, were performed 

according to a previously described protocol with minor modifications:50 Purification of [18F]3.11 

and [18F]3.12 was performed by semipreparative HPLC (column: Kromasil C8, 125 x 8 

(Nouryon, Amsterdam), gradient: 0-20 min: aq. TFA (0.1%)/acetonitrile with 0.1% TFA 80:20-

50:50). 

The preparation of [68Ga]3.25 for PET imaging and the determination of logD7.4 coefficients 

was performed according to a previously described protocol.51 

The preparation of [68Ga]3.25 for autoradiography and the determination of the stability in 

human plasma was performed on a Scintomics GRP ® synthesizer module (Scintomics GmbH, 

Fürstenfeldbruck, Germany) with the Scintomics Control Center software, the Reagent and 

Hardware Kit SC-01 and SC-01-H (ABX, Radeberg, Germany) and an Isomed 2010 

activimeter (MED Nuklear-Medizintechnik, Dresden, Germany) for activity measurements. 

Crude [68Ga]GaCl3 was eluted from a GalliaPharm 68Ge/68Ga-generator (Eckert&Ziegler, 

Berlin, Germany) using 0.1 M HCl as eluent. Subsequent loading onto a cationic exchange 

resin (CHROMAFIX Clean-up-Cartridge PS-H+, ABX, Radeberg, Germany), followed by 

elution using 5 M aqueous NaCl as eluent yielded purified [68Ga]GaCl3 (9-10 mL). Precursor 

compound 3.24 (0.18 mM in ultrapure H2O (Merck), 100 µL, 18 nmol) was added to a HEPES 

buffer (ABX Kit, 1.5 M, pH 5.5, 3 mL) followed by the addition of the [68Ga]GaCl3 eluate. The 

mixture was incubated at 125 °C for 6 min, cooled down to approximately 120 °C and passed 

through a C18 cartridge (Sep-Pak C18 Plus Short Cartridge, 55-105 µm, Waters, Milford, MA, 

USA). [68Ga]3.25 was eluted from the cartridge with 2 mL EtOH/H2O (1:1 v/v) and diluted with 

PBS to yield ≈ 17 mL “PBS stock” of [68Ga]3.25. The quality control was performed on a 1100 

series system from Agilent Technologies (Santa Clara, CA) consisting of a 1100 Series 

quaternary pump equipped with a 1260 Infinity degasser, a 1100 Series Autosampler, a 1100 

Series Thermostated Column Compartment, a 1100 Series Diode Array Detector, and a GABI 

Star radiometric detector (Raytest Isotopenmessgeräte GmbH, Straubenhardt, Germany) was 

used. A Luna C18(2), 3 μm, 100 × 4.6 mm (Phenomenex) served as stationary phase. The 

flow rate was 0.95 mL min−1, the oven temperature was set to 25 °C, and the injection volume 

was 20 μL. Mixtures of solvents C (0.04% aqueous TFA) and B (acetonitrile) were used as the 
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mobile phase. The following gradient was applied: 0-9 min: C/B 90:10 to 65:35, 9-12 min: 65:35 

to 5:95, 12-16 min: 5:95 (isocratic). For UV detection, the wavelength was set to 220 nm. To 

prove the identity of [68Ga]3.25 in the plasma stability samples, 3.25 (50 µM) was co-injected 

(cf. section A.3.2). Activity yields of [18F]3.11, [18F]3.12 and [68Ga]3.25 are provided in Table 

3.2. An exemplary radiochromatogram (purity control) of [68Ga]3.25 is shown in section A.3.4. 

3.4.10 Determination of the distribution coefficients logD7.4 of [18F]3.11, [18F]3.12 and 

[68Ga]3.25 

The determination of the logD7.4 values was performed according to a previously described 

procedure.20  

3.4.11 Stability of [68Ga]3.25 in human plasma 

150 µL of the stock solution of [68Ga]3.25 in PBS (1.02 MBq) were added to a mixture of human 

plasma (150 µL) and PBS pH 7.4 (150 µL) and the sample was incubated at 37 °C. Aliquots 

of 100 µL were taken after 30, 90 and 180 min. Proteins were precipitated by the addition of 

EtOH/MeCN 1:1 v/v (200 µL) followed by vortexing. After centrifugation (20,000 g, 5 min), 240 

µL of the supernatant were withdrawn and 5 µL aq. TFA (1%) were added. The volatiles were 

removed in a vacuum concentrator (Savant SpeedVac Plus SC110A, Thermo Fisher Scientific) 

at 40 °C, the residue was taken up in 0.04% aq. TFA/acetonitrile 90:10 v/v (50 µL) and 20 µL 

of this solution were analyzed by RP-HPLC using the LC system and conditions as for the 

quality control of [68Ga]3.25 (cf. section A.3.2). To prove the identity of [68Ga]3.25 in the plasma 

stability samples, 3.25 (50 µM) was co-injected (cf. section A.3.2). 

3.4.12 Tumor models 

All mouse experiments were approved by the local animal protection authorities (MCF-7/MDA-

MB-231 xenograft tumor model: Government of Central Franconia, Germany, no. 55.2-2532-

2-279; SK-N-MC xenograft tumor model: Anzeige von Eingriffen und Behandlungen an Tieren 

zu wissenschaftlichen Zwecken an die Regierung der Oberpfalz, Abteilung 621 - 

Veterinärwesen, 12.05.2011). Crl:NMRI-Foxn1nu mice (Charles River, 8-10 weeks old), used 

for the combined MCF-7/MDA-MB-231 xenograft tumor model, were kept as described 

previously.50 Likewise, NMRI nude (nu/nu) mice (in-house breeding at the University of 

Regensburg52), used for the SK-N-MC xenograft tumor model, were kept as previously 

reported.53 Mice used for the combined MDA-MB-231/MCF-7 xenograft model, were 

subcutaneously implanted with a 17β-estradiol pellet (0.72 mg per pellet, 3 mm diameter) with 

a 60-day release time (Innovative Research of America, Sarasota, FL, USA) on the back under 

isoflurane anesthesia 3-5 days prior to injection of the tumor cells. To establish subcutaneous 

MDA-MB-231 tumors and subcutaneous MCF-7 tumors in one animal, cell suspensions (MCF-

7: 2 × 106 cells in 100 µL PBS, MDA-MB-231: 2 × 106 cells in 100 µL PBS) were injected in the 
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upper left and in the upper right flank, respectively. Subcutaneous SK-N-MC tumors for 

autoradiographic binding studies were established in 8-12 weeks old female NMRI (nu/nu) 

mice by subcutaneous injection (right flank) of a SK-N-MC cell suspension in culture medium 

without FCS (3 × 106 cells/100 µL).  

3.4.13 Autoradiography with [68Ga]3.25 

Subcutaneously grown MCF-7 and SK-N-MC tumors (ca. 10 mm diameter) were taken from 

the mice, immediately frozen in Tissue-Tek with the help of dry ice and stored at −78 °C. 

Cryosections (12 µm) were obtained at −16 °C with a 2800 Frigocut E freezing microtome 

(Reichert-Jung/Leica, Germany). Three adjacent tissue sections were mounted on one 

microscopic slide (Superfrost Plus, 75 × 25 × 1 mm), and the slide was immediately put into a 

chamber of 100% humidity. After 1-2 min, the sections were carefully covered with binding 

buffer (HEPES (10 mM), NaCl (150 mM), KCl (5 mM), CaCl2 dihydrate (2.5 mM), KH2PO4 (1.2 

mM), Mg2SO4 heptahydrate (1.2 mM), and NaHCO3 (25 mM), supplemented with bacitracin 

(100 µg/mL) and BSA (0.2%)). After 5-10 min, the binding buffer was removed by putting the 

slides uprightly on a paper towel (ca. 1 min). For the incubation of the tissue sections with 

[68Ga]3.25, the stock solution of [68Ga]3.25 in PBS (cf. section 3.4.9) was 1:10 diluted with 

binding buffer, yielding an activity concentration of 0.97 MBq/mL (at the start of the incubation). 

For total binding, tissue sections were carefully covered with this solution (ca. 1000 µL for one 

slide). To determine nonspecific binding, the same solution was used, but supplemented with 

15 µM 2.1. The sections were incubated in a chamber of 100% humidity at rt for a period of 50 

min. After incubation, the binding buffer was removed, the slides were immersed three times 

into PBS split to 3 vessels (4 °C, 10 s) and finally immersed in a vessel with distilled water (4 

°C, 3 s). The slides were put uprightly on a paper towel for ca. 3 min and then dried for 15 min 

in horizontal position in a desiccator over P4O10. The slides were set in close contact with a 

gamma-sensitive phosphor screen (Super Sensitive Phosphor Screen, PerkinElmer) using an 

X-ray film cassette and stored in the dark overnight. The autoradiographic image was 

generated from the screen using a phosphorimager (Cyclone Storage Phosphor System, 

Packard). 

3.4.14 Biodistribution in MCF-7 tumor-bearing nude mice 

Biodistribution studies with [18F]3.11 and [18F]3.12 (each 3-5 MBq per animal in 100 μL 0.9% 

NaCl), using mice with a subcutaneous MCF-7 and a subcutaneous MDA-MB-231 tumor, were 

performed as described for previously reported Y1R PET ligands.20 The activities of blood 

samples and of the following organs were determined: lung, liver, heart, spleen, kidney, MCF-

7 tumor, MDA-MB-231 tumor, brain, muscle and femur. Based on the injected activity, the 

decay-corrected organ activities and the organ masses %ID/g values were calculated.  



High-affinity 18F- and 68Ga-labeled nonpeptidic NPY Y1 receptor ligands for PET imaging of mammary carcinomas 

 137 

3.4.15 Small-animal PET imaging  

Dynamic PET imaging with [18F]3.11, [18F]3.12 and [68Ga]3.25 (each 3-5 MBq, 100 μL), using 

mice with a subcutaneous MCF-7 and a subcutaneous MDA-MB-231 tumor, was performed 

on an Inveon microPET scanner following a protocol previously reported.50 Note: Blocking 

experiments were not required as the Y1R-negative MDA-MB-231 tumor served as a control. 

After iterative maximum a posteriori image reconstruction of the decay and attenuation-

corrected images, regions of interest (ROIs) were drawn over the tumors using the software 

PMOD (PMOD Technologies LLC, Switzerland). The radioactivity concentration within the 

regions was obtained from the mean value within the multiple ROIs and then converted to 

percentage injected dose per gram organ (%ID/g). 
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4.1 Introduction 

Homo- and heterobivalent ligands targeting G protein-coupled receptors can potentially 

contribute to a better understanding of the physiological meaning of receptor homo- and 

heterodimerization, which have been reported for many of the class A of GPCRs.1 Receptor 

dimerization can affect affinity and selectivity profiles of receptor ligands, influence receptor 

trafficking to the cell membrane and alter physiological functions.2, 3 Therefore, understanding 

the functional role of GPCR dimers and oligomers can promote new therapeutic approaches 

to GPCR-mediated disorders.3-5 Homobivalent GPCR ligands have been developed for opioid 

receptors,6 serotonin receptors,7-9 the dopamine D2 receptor,10-12 cannabinoid receptors,13, 14 

adrenergic receptors,15, 16 and muscarinic receptors.17 In theory, orthosteric binding of one 

pharmacophoric entity is expected to enhance association of the second one, given the small 

containment volume in case a second receptor is in close proximity as a consequence of 

receptor dimerization. This formation of a thermodynamically favored complex – compared to 

binding of two separate ligand molecules to the receptor dimer – should result in sigmoidal 

binding curves with increased slope, implying some extent of positive binding cooperativity, 

and potentially in increased binding affinities.6, 13, 18 Indeed, significant increases in binding 

affinity over the monovalent ligand were rarely noticed for reported homobivalent ligands 

targeting GPCRs, which raises doubts about the hypothesized binding mode of these ligands, 

i.e. a sequential and cooperative occupation of the orthosteric binding sites of two potentially 

dimerized receptors. However, changes in subtype selectivity and ligand activity were stated 

in some cases, most likely involving additional allosteric interactions of the bivalent ligand 

within the same receptor protomer or the adjacent receptor in addition to orthosteric binding.15-

17, 19 

Interestingly, BRET and FRET studies demonstrated that all NPY receptor subtypes are in 

principle capable of forming homodimers in in vitro experimental setups.20, 21 Additionally, the 

formation of Y1R-Y5R heterodimers was suggested, potentially altering the physiological 

functions compared to receptor monomers.22, 23 However, no evidence for homodimerization 

of Y1 receptors could be extracted from pharmacological approaches using homobivalent 

ligands as tools to investigate potential changes in receptor function and binding affinities. 

Previous studies on the synthesis and characterization of homobivalent NPY Y1 receptor 

ligands were based on the connection of two entities of the argininamide-type antagonists 

BIBP3226 (2.1, Figure 4.1, panel A) and BIBO3304 (4.1, Figure 4.1, panel A) by attachment 

of a linker to the guanidino groups in 2.1, either via Nω-acylation (e.g. compound 4.2,24 Figure 

4.1, panel A) or Nω-carbamoylation (e.g. compounds 4.3 and 4.4,25 Figure 4.1, panel A). 

Overall, the bivalent ligands acted as antagonists and exhibited decreased binding affinities in 

comparison to the monovalent ligands, at least fivefold in the case of the homobivalent ligand 
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with the highest Y1R binding affinity, compound 4.2 (pKi = 8.07). Hence, the presented studies, 

which included the synthesis and characterization of homobivalent Y1R antagonists, did not 

provide evidence for the formation of Y1R homodimers.24-26 Interestingly, whereas the 

monovalent ligands 2.1 and 4.1 did not exhibit any binding affinity for the Y4R, some of the 

dimers displayed moderate Y4R affinity, resulting in dimeric compounds with Ki values (Y1R 

and Y4R) in the two- and three-digit nanomolar range, respectively (4.3, Figure 4.1, panel A).  

The recently reported crystal structure of the Y1R in complex with argininamide 2.2 (UR-

MK299), representing an Nω-carbamoylated derivative of 2.1 (BIBP3226), revealed that the 

carbamoylated guanidino group of 2.2 is deeply buried in the orthosteric binding pocket of the 

Y1R. Therefore, an attachment of the linker to the guanidino group as present in previously 

described bivalent Y1R ligands derived from 2.1. (e.g. 4.2 and 4.3), might be disadvantageous 

with respect to a simultaneous occupation of the orthosteric binding pockets of a receptor 

dimer. The knowledge of the Y1R binding mode of 2.2 enables a structure-aided design of 

bivalent Y1R ligands derived from 2.2. As a straightforward approach, (S,R)-2.14, an amine-

functionalized derivative of 2.2 (Figure 4.1, panel A) used for the preparation of fluorescent 

Y1R ligands (cf. Chapter 2), was dimerized via connection to spacer molecules with varying 

lengths (Figure 4.1, panel B). In order to implement the option of a convenient synthesis of 

labeled bivalent ligands (not carried out in this study), most of the linkers contained an amine-

functionalized branch in the center of the molecule. The synthesized bivalent Y1R ligands were 

compared to the monovalent analogues 2.2 (UR-MK299) and (S,R)-2.14, labeled monovalent 

ligands described in Chapters 2 and 3, as well as the previously described homobivalent 

ligands 4.2-4.4 with regard to Y1R binding (pKi values and shape of the sigmoidal radioligand 

displacement curves), potentially providing a hint for Y1R homodimerization. Additionally, NPY 

receptor subtype selectivity, in particular regarding Y4R binding, was investigated.  
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Figure 4.1. (A) Structures and Y1R and Y4R affinities (pKi values) of BIBP3226 (2.127), BIBO3304 (4.128), UR-

MK299 (2.229), (S,R)-2.14 and the previously reported homobivalent NPY Y1R antagonists 4.2,24 4.3,25 and 4.4.25 

(B) Schematic approach to novel homobivalent ligands utilizing the amine-functionalized diphenylacetyl moiety in 

(S,R)-2.14 to attach spacers with different lengths. aNumber of atoms which determine the distance between the 

guanidine entities. bKeller et al.;24 cKeller et al.;25 dKeller et al.;30 eKeller et al;29 fMueller et al.31 Y1R and Y4R binding 

data of 2.1, 2.2 and 4.1-4.4, previously reported as Ki values, were converted to pKi values. 
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4.2 Results and discussion 

4.2.1 Synthesis of the symmetric spacers 4.13 and 4.14 

The synthesis of novel homobivalent NPY Y1R ligands required symmetrical spacer molecules 

with varying spacer lengths, which contained terminal carboxyl groups to enable amide bond 

formation between the respective spacer and two molecules of (S,R)-2.14 (synthesis of (S,R)-

2.14 described in section 2.2.1). The synthesis of the spacer arms started with the treatment 

of benzyl 4-aminobutanoate tosylate 4.5 with succinic anhydride under basic conditions to 

afford benzyl ester 4.6 (Scheme 4.1). An analogue of 4.6, extended by one GABA unit, was 

obtained by coupling of Boc-protected GABA to 4.5, yielding compound 4.7, which was 

converted to free amine 4.8 by acidic cleavage of the Boc protecting group. Treatment of 4.8 

with succinic anhydride gave compound 4.9 in an overall yield of 34% over three steps 

(Scheme 4.1). 

Mono-Boc-protected amine 4.1024 was coupled to 4.6 and 4.9 (used in excess, > 2eq) to afford 

the benzyl-protected dicarboxylic acids 4.11 and 4.12, which were deprotected by 

hydrogenolysis to give the amine-functionalized symmetrical spacer molecules 4.13 and 4.14, 

respectively (Scheme 4.1).  

 

Scheme 4.1. Synthesis of the symmetrical spacer molecules 4.13 and 4.14. Reagents and conditions: a) succinic 

anhydride, Et3N, rt, 16 h, 77% (4.6), 80% (4.9); b) 4-(tert-butoxycarbonyl-amino)-butyric acid, HOBt, HBTU, DIPEA, 

DMF, rt, 1 h, 48%; c) TFA, CH2Cl2, rt, 16 h, 89%; d) EDC, DMAP, CH2Cl2, rt, 16 h, 55% (4.11), 26% (4.12); e) H2, 

Pd/C, methanol, rt, 1 h, 56% (4.13), 41% (4.14). 
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4.2.2 Synthesis of the homobivalent NPY Y1 antagonists 4.17-4.20 

In addition to 4.13 and 4.14, a nonfunctionalized spacer (4.1524) and the previously reported 

short linker 4.1625 were also used to bridge two molecules of (S,R)-2.14, leading to four 

homobivalent NPY Y1R ligands, 4.17-4.20 (Scheme 4.2). 4.17 was synthesized by treatment 

of 4.15 with at least two equivalents of (S,R)-2.14 in the presence of DIPEA (Scheme 4.2). 

4.18-4.20 were synthesized from 4.16, 4.13 and 4.14, respectively, using HBTU/HOBt as 

coupling reagent, followed by acidic cleavage of the Boc protecting group at the branch in the 

center of the molecules (Scheme 4.2). Noteworthily, the use of the NHS ester of suberic acid 

4.15, led to 4.17 in moderate yield (49%), whereas the in situ activation of 4.13, 4.14 and 4.16, 

using HBTU followed by amide bond formation and Boc deprotection, gave the target 

compounds 4.18-4.20 in poor yields (22-29%). The resulting spacer components between the 

diphenylacetyl moieties in the homobivalent compounds contained 20 (4.17) to 47 atoms (4.20) 

(cf. Table 4.1), including the atoms of the 4-aminobutoxy moieties present in the precursor 

(S,R)-2.14. 

 

Scheme 4.2. Structures of compounds 4.15 and 4.16 and synthesis of the homobivalent NPY Y1R antagonists 

4.17-4.20. Reagents and conditions: a) DIPEA, DMF, rt, 1 h, 49%; b) (1) HOBt, HBTU, DIPEA, DMF, rt, 1 h; (2) 

TFA, CH2Cl2, rt, 1 h, 26% (4.18), 29% (4.19), 22% (4.20). 
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4.2.3 Radioligand competition binding and Y1R antagonism 

In analogy to the characterization of the Y1R ligands presented in section 2.2.4 and section 

3.2.2, compounds 4.17-4.20 were analyzed with regard to Y1R binding affinity at SK-N-MC 

cells using [3H]2.2 as the radioligand (Table 4.1, Figure 4.2). Compounds 4.18-4.20, containing 

a primary amine group and several amide bonds between the two pharmacophores, exhibited 

high Y1R affinities (pKi = 10.01-10.13), which were only slightly lower compared to the amine-

functionalized precursor (S,R)-2.14 (pKi = 10.61), and the parent compound 2.2 (pKi = 10.2729). 

The Y1R affinity of 4.17 (pKi = 9.67) was lower by a factor of 2-3 compared to 4.18-4.20, which 

could be attributed to the increased lipophilicity of the spacer entity, devoid of a primary amine 

group, or the decreased linker length. Hence, the at least five-fold drop in affinity compared to 

the respective monovalent ligand, which was observed for the reported homobivalent ligands 

4.2-4.4, was not apparent. Although not as pronounced as e.g. in the case of compound 4.3 

(pKi (Y4R) = 6.92), compounds 4.18 and 4.19 displayed affinity for the Y4R (pKi = 5.79-5.98). It 

should be noted that the monovalent Y1R ligands 2.2 and (S,R)-2.14 did not bind to the Y4R at 

concentrations as high as 10 µM (pKi < 5). Interestingly, compounds 4.2 and 4.17, containing 

a spacer devoid of a primary amine group, did not display any Y4R affinity, suggesting a 

contribution of the amine group in the spacer entities of 4.3, 4.4, 4.18 and 4.19 to Y4R binding. 

However, given the very high Y1R affinities of 4.17-4.20, the selectivity for the Y1R over the 

other subtypes (Y2, Y4, Y5) is still high (at least 11000-fold difference in binding affinity). 
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Figure 4.2. Radioligand displacement curves obtained from competition binding studies with [3H]2.2 

(KD = 0.044 nM, c = 0.15 nM)29 and homobivalent ligands 4.17-4.20 performed at intact SK-N-MC neuroblastoma 

cells. Data represent mean values ± SEM from at least three independent experiments performed in triplicate. 

When looking at the slope of competition binding curves, the slope is expected to be unity (−1) 

in the case that both labeled and competing ligand bind reversibly to the same binding site with 

a simple 1:1 stoichiometry (one pharmacophore addresses one binding site). A slope different 
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from unity can in theory be an indicator for cooperative effects as a consequence of receptor 

dimerization. Therefore, the slope of −1.50 ± 0.03 (mean ± SEM from four independent 

determinations) found for the bivalent ligand 4.19 should be emphasized (Table 4.1, Figure 

4.2). However, while the slopes of most compounds included in Table 4.1 amounted to values 

close to unity, the amine-functionalized precursor compound (S,R)-2.14 and the 

fluoroglycosylated argininamide 3.12 represent exceptions. The increased slope factors of 

(S,R)-2.14 and 3.12 of −1.45 and −1.52, respectively, might be explained by allosteric 

interactions of the polar side chains, i.e. the 4-aminobutoxy group in (S,R)-2.14 and the 

fluoroglycosyl moiety in 3.12, with amino acids at the receptor surface outside the orthosteric 

binding pocket. It should be noted that in some cases (in particular compound (S,R)-2.14), the 

slopes from individual experiments deviated considerably, resulting in high SEM values, 

although the SEM of the respective mean pKi value was low (Table 4.1). 

All investigated compounds exhibited Y1R antagonistic activities being able of fully inhibiting 

the increase in cytosolic Ca2+ elicited by the Y1R agonist pNPY (Fura-2 calcium flux assay 

using Y1R-expressing HEL cells).32 The resulting pIC50 values, ranging from 9.86 to 10.21 

(Figure 4.3) were in the same range as the pKi values obtained from radioligand competition 

binding studies (Table 4.1). 
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Table 4.1. NPY receptor binding data of homobivalent ligands 4.2-4.4, 4.17-4.20, parent compounds 2.2 and 

(S,R)-2.14, fluorescent ligands 2.35, 2.37, 2.39 and “cold” PET-ligands 3.11, 3.12 and 3.25 

compound 
linker 

lengtha 

pKi ± SEM / Ki [nM]b  
hill slopec  pKi ± SEMb 

Y1Rd  Y2Re Y4Rf Y5Rg 

2.2 (UR-MK299) - 10.27 ± 0.17 / 0.077h -0.82 ± 0.04  <5.5h <5h <5h 

(S,R)-2.14 - 10.61 ± 0.08 / 0.026 -1.45 ± 0.34  <5 <5 <5 

4.2 20 8.07 / 8.6i -1.06 ± 0.12i  5.89i 5.62i 5.63i 

4.3 41 7.61 / 24j -1.00 ± 0.18 j  6.04 j 6.92 j <5.3 j 

4.4 37 6.64 / 230 j -1.10 ± 0.12 j  5.40 j 6.54 j <5.3 j 

2.35 - 9.95 ± 0.01 / 0.11 -1.18 ± 0.02   <5.5 <5.5 6.38 ± 0.01 

2.37 - 9.36 ± 0.06 / 0.44 -1.05 ± 0.10  <5.5 <5.5 <5.5 

2.39 - 9.77 ± 0.12 / 0.19 -1.04 ± 0.06  <5.5 6.22 ± 0.15 <5.5 

3.11 - 8.87 ± 0.02 / 1.30 -1.04 ± 0.15  <5.5 <5.5 <5.5 

3.12 - 10.20 ± 0.06 / 0.065  -1.52 ± 0.16  <5.5 <5.5 <5.5 

3.25 - 10.20 ± 0.05 / 0.060 -1.03 ± 0.03   <5.5 <5.5 <5.5 

4.17 20 9.67 ± 0.10 / 0.22 -1.20 ± 0.03  <5.5 <5.5 <5.5 

4.18 27 10.13 ± 0.08 / 0.076 -1.17 ± 0.15  <5.5 5.79 ± 0.06 <5.5 

4.19 37 10.09 ± 0.08 / 0.087 -1.50 ± 0.03  <5.5 5.98 ± 0.13 <5.5 

4.20 47 10.01 ± 0.13 / 0.110 -1.31 ± 0.13  <5.5 <5.5 <5.5 

aNumber of atoms which determine the distance between the guanidine entities (4.2-4.4) or the diphenylacetyl 

moieties (4.17-4.20). bData represent mean pKi values ± SEM (if available) or mean Ki values from at least three 

independent experiments performed in triplicate. cHill slopes of the sigmoidal competition binding curves 

(determined with GraphPad Prism) as mean values ± SEM. dDetermined by competition binding with [3H]2.2 (Kd = 

0.044 nM,22 c = 0.15 nM) at intact SK-N-MC neuroblastoma cells. eDetermined by competition binding with 

[3H]propionyl-pNPY (Kd = 0.14 nM,33 c = 0.5 nM) at intact CHO-hY2R cells. fDetermined by competition binding with 

[3H]UR-KK200 (Kd = 0.67 nM,34 c = 1 nM) at intact CHO-hY4-Gqi5-mtAEQ cells. gDetermined by competition 

binding with [3H]propionyl-pNPY (Kd = 11 nM,35 c = 5 nM) at intact HEC-1B-hY5 cells. hKeller et al.;29 iKeller et al.;24 

jKeller et al.25 (data, previously reported as Ki, were converted to pKi values). Binding data of 2.2, previously reported 

as Ki, were re-evaluated to obtain the pKi values. Binding data of 4.2-4.4, previously reported as Ki values, were 

converted to pKi values. 
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Figure 4.3. Investigation of the homobivalent Y1R antagonists 4.17-4.20 in a Fura-2 Ca2+ assay using human 

erythroleukemia (HEL) cells. The inhibition curves resulted from the inhibition of the pNPY (10 nM)-induced 

intracellular Ca2+ mobilization by the antagonists. Data represent mean values ± SEM from three independent 

experiments.  

4.2.4 Conclusion 

Within the scope of this brief study, homobivalent NPY Y1R antagonists (4.17-4.20), exhibiting 

subnanomolar binding affinity (pKi = 9.67-10.13) and high subtype selectivity, were 

synthesized and characterized as potential tools to investigate the formation of NPY Y1 

receptor dimers. Y1R binding data (pKi values, curve slope factors) obtained from 

radiochemical competition binding studies were not markedly different from that of monovalent 

reference compounds, i.e. did not indicate the presence of Y1R homodimers. To further 

investigate Y1R homodimerization using bivalent ligands, 4.18-4.20, bearing an amine group 

within the spacer moiety, can be used as precursors for the synthesis of fluorescently or 

radiolabeled bivalent molecular tools allowing a direct determination of ligand binding 

(saturation binding, association and dissociation kinetics). Noteworthily, a radiolabeled bivalent 

ligand bears the potential to quantify the ligand-receptor binding stoichiometry by direct 

comparison to binding of a monovalent radiolabeled analogue. 

4.3 Experimental section 

4.3.1 General experimental conditions 

Chemicals. Standard chemicals, solvents, and buffer components were purchased from 

commercial suppliers (Sigma-Aldrich, München, Germany; Merck, Darmstadt, Germany; 

Fisher Scientific, Schwerte, Germany; TCI, Eschborn, Germany) and used without further 

purification. 4-(tert-Butoxycarbonyl-amino)-butyric acid was from ABCR, Karlsruhe, Germany. 

Gradient grade acetonitrile for HPLC was purchased from Sigma-Aldrich (München, 
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Germany). The preparations of compounds 4.1036, 4.15,24 and 4.1625 were described 

elsewhere. The preparation of [3H]propionyl-pNPY was described in section 2.4.1. Purifications 

by column chromatography were carried out using technical grade solvents and Geduran Si 

60 silica gel (pore size of 60 Å, particle size of 40-63 or 63-200 µm, Merck). Thin layer 

chromatography (TLC) was performed on ALUGRAM Xtra SIL G/UV254 TLC sheets from 

Macherey-Nagel GmbH & Co. KG (Düren, Germany). 

NMR spectrometry. NMR spectra were recorded on a Bruker Avance 400 (1H, 400 MHz, 13C, 

100 MHz) or an Avance 600 (1H, 600 MHz) spectrometer (Bruker, Karlsruhe, Germany). The 

1H-NMR spectra of compounds 4.17-4.20 were recorded in methanol-d4 resulting in a total H-

D exchange of all phenolic OH protons and NH protons. Because only small amounts (< 0.6 

µmol) of the bivalent ligands were used for 1H-NMR spectroscopy, characteristic system 

signals were apparent in the 1H-NMR (0.81-0.87 ppm and 1.20-1.30 ppm), most likely 

originating from impurities in the solvents used for preparative HPLC (cf. supplementary Figure 

A2.11 in section A.2.3).  

Mass spectrometry. High-resolution mass spectrometry (HRMS) analysis was performed on 

an Agilent 6540 UHD AccurateMass Q-TOF LC/MS system coupled to an Agilent 1290 HPLC 

system (Agilent Technologies, Santa Clara, CA), using an ESI source. Analyses were 

performed using the following LC method: column: ZORBAX RRHD Eclipse Plus C18, 1.8 μm, 

50 × 2.1 mm (Agilent Technologies, Santa Clara, CA), column temperature: 40 °C, flow: 0.6 

mL/min, solvent/linear gradient: 0-4 min: 0.1% aqueous HCOOH/0.1% HCOOH in MeCN 95:5-

2:98, 4-5 min: 2:98 (isocratic). 

Analytical RP-HPLC. Reaction controls and purity controls were carried out by analytical 

HPLC (RP-HPLC) using an 1100 series system from Agilent Technologies (Santa Clara, CA) 

consisting of a degasser (G1379A), a binary pump (G1312A), a variable wavelength detector 

(G1314A), a thermostated column compartment (G1316A), and an autosampler (G1329A). 

This system is identical to system B, termed in section 2.4.1. A Kinetex XB-C18 100A (5 µm, 

250 mm × 4.6 mm, Phenomenex, Aschaffenburg, Germany) was used as the stationary phase. 

The flow rate was 0.8 mL min−1, the oven temperature was set to 30 °C, and the injection 

volume was 40 μL. Mixtures of solvents A (0.05% aqueous TFA) and B (acetonitrile) were used 

as the mobile phase. The following gradient was applied: 0-30 min: A/B 90:10 to 5:95, 30-40 

min: A/B 5:95 (isocratic). The detection wavelength was set to 220 nm throughout. Retention 

factors k were calculated according to the following equation: k = (tR-t0)/t0 (where t0 is the dead 

time of 2.6 min). Chromatograms of the RP-HPLC purity controls of the target compounds 

4.17-4.20 are provided in section A.4.1. The purities of these compounds were >95%. 
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Preparative HPLC. Purifications by preparative HPLC were performed with a system from 

Knauer (Berlin, Germany), composed of two K-1800 pumps and a K-2001 detector. A Gemini-

NX C18 110A (5 µm, 250 mm × 21 mm, Phenomenex) was used as the stationary phase. The 

mobile phase was composed of solvents C (0.1% aqueous TFA with 5% acetonitrile) and B 

(acetonitrile). Lyophilization of the eluates containing the products was performed with a 

Scanvac CoolSafe 100-9 freeze-drying apparatus (Labogene, Allerød, Denmark) equipped 

with a RZ 6 rotary vane vacuum pump (Vacuubrand, Wertheim, Germany). 

4.3.2 Experimental synthetic protocols and analytical data 

Benzyl 4-aminobutanoate tosylate37 (4.5)  

A suspension of GABA (2.0 g, 18.3 mmol), benzyl alcohol (9.6 mL, 92 mmol) and 4-

toluenesulfonic acid (5.3 g, 18.3 mmol) in toluene (20 mL) was refluxed for 5 h. The mixture 

was cooled to 4 °C and ice-cold ether (10 mL) was added. The precipitate was filtered off, 

washed with ice cold ether (20 mL) and dried in vacuo to yield 4.5 as a white solid (6.3 g, 17.2 

mmol, 94%), which was used without further purification. 1H-NMR (400 MHz, DMSO-d6): 

δ (ppm) 1.76-1.85 (m, 2H), 2.29 (s, 3H), 2.45-2.48 (m, 2H), 2.77-2.87 (m, 2H), 5.10 (s, 2H), 

7.09-7.15 (m, 2H), 7.30-7.41 (m, 5H), 7.46-7.51 (m, 2H), 7.69 (br s, 3H). 13C-NMR (100 MHz, 

DMSO-d6): δ (ppm) 20.78, 22.43, 30.25, 38.22, 65.62, 125.48, 128.01, 128.10, 128.47, 136.10, 

137.74, 145.54, 172.04. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for [C11H16NO2]+ 194.1176, 

found 194.1175. C11H15NO5 × C7H8SO3 (365.44). 

4-((4-(Benzyloxy)-4-oxobutyl)amino)-4-oxobutanoic acid (4.6) 

Succinic anhydride (0.26 g, 2.6 mmol) was added to a solution of 4.5 (0.60 g, 1.6 mmol) and 

Et3N (0.90 mL, 3.3 mmol) in dichloromethane (30 mL) and the mixture was stirred at rt for 16 h. 

The solution was treated with 1 N HCl (30 mL), the organic phase was separated, dried over 

Na2SO4 and the volatiles were removed in vacuo to yield 4.6 as a white solid (0.37 g, 1.3 mmol, 

77%), which was used without further purification. 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 

1.61-1.70 (m, 2H), 2.25-2.43 (m, 6H), 3.02-3.09 (m, 2H), 5.08 (s, 2H), 7.29-7.43 (m, 5H), 7.85 

(t, J = 5.5 Hz, 1H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 24.55, 29.15, 29.98, 30.88, 37.75, 

65.37, 127.90, 127.96, 128.42, 136.24, 170.91, 172.54, 173.84. MS (LC-HRMS, ESI): m/z 

[M+H]+ calcd for [C15H20NO5]+ 294.1336, found 294.1341. C15H19NO5 (293.32). 

Benzyl 4-(4-((tert-butoxycarbonyl)amino)butanamido)butanoate38 (4.7)  

HOBt (0.30 g, 2.0 mmol), HBTU (0.75 g, 2.0 mmol) and DIPEA (1.0 mL, 5.9 mmol) were added 

to a solution of 4-(tert-butoxycarbonyl-amino)-butyric acid (0.40 g, 2.0 mmol) in DMF (15 mL) 

and the mixture was stirred at rt for 5 min. A solution of 4.5 (0.72 g, 2.0 mmol) and DIPEA (1.0 

mL, 5.9 mmol) in DMF (10 mL) was added and the mixture was stirred at rt for 1 h. H2O (50 mL) 

was added and the mixture was treated with ethyl acetate (50 mL). The organic phase was 
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separated, washed with water (3 × 50 mL), dried over Na2SO4, and the solvent was removed 

by rotary evaporation. The crude product was subjected to column chromatography (ethyl 

acetate/light petroleum 2:1 v/v) to yield 4.7 as a colorless resin (0.36 g, 1.0 mmol, 48%). TLC 

(light petroleum/ethyl acetate 1:1 v/v): Rf = 0.15. 1H-NMR (400 MHz, CDCl3): δ (ppm) 1.42 (s, 

9H), 1.72-1.80 (m, 2H), 1.81-1.89 (m, 2H), 2.13-2.19 (m, 2H), 2.38-2.44 (m, 2H), 3.07-3.17 

(m, 2H), 3.24-3.31 (m, 2H), 4.84 (br s, 1H), 5.11 (s, 2H), 6.46 (br s, 1H), 7.27-7.39 (m, 5H). 

13C-NMR (100 MHz, CDCl3): δ (ppm) 24.72, 26.50, 28.50, 31.84, 33.64, 39.03, 39.80, 66.48, 

79.48, 128.31, 128.38, 128.68, 135.94, 156.67, 172.95, 173.32. MS (LC-HRMS, ESI): m/z 

[M+H]+ calcd for [C20H31N2O5]+ 379.2227, found 379.2232. C20H30N2O5 (378.47). 

Benzyl 4-(4-aminobutanamido)butanoate hydrotrifluoroacetate (4.8) 

TFA (10 mL) was added to a solution of 4.7 (0.36 g, 0.95 mmol) in dichloromethane (30 mL) 

and the mixture was stirred at rt for 16 h. The volatiles were removed in vacuo and the oily 

residue was emulsified in water (50 mL) followed by lyophilization to yield 4.8 as a colorless 

resin (0.33 g, 0.84 mmol, 89%), which was used without further purification. 1H-NMR 

(400 MHz, DMSO-d6): δ (ppm) 1.62-1.80 (m, 4H), 2.13-2.21 (m, 2H), 2.33-2.41 (m, 2H), 2.72-

2.84 (m, 2H), 3.02-3.12 (m, 2H), 5.09 (s, 2H), 7.29-7.42 (m, 5H), 7.70 (br s, 3H), 7.89-7.98 (m, 

1H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 23.22, 24.52, 30.92, 31.97, 37.81, 38.65, 65.42, 

127.03, 128.01, 128.44, 136.22, 171.21, 172.50. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for 

[C15H23N2O3]+ 279.1703, found 279.1706. C15H22N2O3 × C2F3HO2 (392.16). 

4-((4-((4-(Benzyloxy)-4-oxobutyl)amino)-4-oxobutyl)amino)-4-oxobutanoic acid (4.9) 

Succinic anhydride (65 mg, 0.65 mmol) was added to a solution of 4.8 (170 mg, 0.43 mmol) 

and Et3N (0.24 mL, 1.7 mmol) in dichloromethane (5 mL) and the mixture was stirred at rt for 

16 h. The solution was treated with 1 N HCl (5 mL), the organic phase was separated, dried 

over Na2SO4 and the volatiles were removed in vacuo to yield 4.9 as a white solid (0.13 g, 0.34 

mmol, 80%), which was used without further purification. 1H-NMR (400 MHz, DMSO-d6): 

δ (ppm) 1.54-1.70 (m, 4H), 2.01-2.07 (m, 2H), 2.26-2.31 (m, 2H), 2.34-2.43 (m, 4H), 2.96-3.08 

(m, 4H), 5.08 (s, 2H), 7.30-7.41 (m, 5H), 7.75-7.85 (m, 2H), 12.09 (br s, 1H). 13C-NMR 

(100 MHz, DMSO-d6): δ (ppm) 24.56, 25.45, 28.77, 30.01, 30.92, 32.84, 37.72, 38.19, 65.39, 

127.91, 127.98, 128.43, 136.24, 170.79, 171.73, 172.53, 173.86. MS (LC-HRMS, ESI): m/z 

[M+H]+ calcd for [C19H27N2O6]+ 397.1864, found 397.1881. C19H26N2O6 (378.43). 

Dibenzyl 13-(2-((tert-butoxycarbonyl)amino)ethyl)-6,9,17,20-tetraoxo-5,10,13,16,21-

pentaazapentacosanedioate (4.11) 

EDC × HCl (73 mg, 0.38 mmol) was added to a solution of 4.6 (100 mg, 0.34 mmol), 4.10 (34 

mg, 0.14 mmol) and DMAP (5.5 mg, 0.05 mmol) in dichloromethane (2.5 mL) and the mixture 

was stirred at rt for 16 h. The solvent was evaporated by rotary evaporation, the oily residue 



Homobivalent NPY Y1R ligands as potential tools to examine Y1R homodimerization 

 157 

was taken up in brine (3 mL) to yield a suspension, which was carefully acidified to pH 3 using 

1 N aq. HCl followed by treatment with ethyl acetate (3 mL). The organic phase was separated, 

dried over Na2SO4 and the solvent was removed by rotary evaporation. The oily residue was 

subjected to column chromatography (ethyl acetate to ethyl acetate/methanol 2:1 v/v) to yield 

4.11 as a pale-yellow resin (60 mg, 0.075 mmol, 55%). TLC (ethyl acetate/methanol 4:1 v/v): 

Rf = 0.3. 1H-NMR (400 MHz, methanol-d4): δ (ppm) 1.41 (s, 9H), 1.73-1.84 (m, 4H), 2.37-2.43 

(m, 4H), 2.44-2.60 (m, 14H), 3.03-3.10 (m, 2H), 3.17-3.25 (m, 8H), 5.10 (s, 4H), 7.27-7.37 

(m, 10H). 13C-NMR (100 MHz, methanol-d4): δ (ppm) 26.04, 28.81, 32.22, 32.34, 32.80, 38.28, 

39.87, 39.95, 54.69, 54.81, 67.24, 80.24, 129.18, 129.21, 129.54, 137.63, 158.47, 174.65, 

175.01, 177.61. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for [C41H61N6O10]+ 797.4444, found 

797.4471. C41H60N6O10 (796.44). 

Dibenzyl 18-(2-((tert-butoxycarbonyl)amino)ethyl)-6,11,14,22,25,30-hexaoxo-

5,10,15,18,21,26,31-heptaazapentatriacontanedioate (4.12) 

EDC × HCl (43 mg, 220 µmol) was added to a solution of 4.9 (66 mg, 170 µmol), 4.10 (20 mg, 

80 µmol) and DMAP (3.2 mg, 26 µmol) in dichloromethane/DMF 10:1 v/v (2 mL) and the 

mixture was stirred at rt for 16 h. The solvent was removed by rotary evaporation, the oily 

residue was taken up in brine (2 mL) yielding a suspension, which was carefully acidified to 

pH 3 using 1 N aq. HCl and treated with ethyl acetate (2 mL). The organic phase was 

separated, dried over Na2SO4 and the solvent was removed by rotary evaporation. The oily 

residue was subjected to column chromatography (ethyl acetate/methanol 4:1 v/v to ethyl 

acetate/methanol 2:1 v/v) to yield 4.12 as a pale-yellow resin (20 mg, 21 µmol, 26%). TLC 

(ethyl acetate/methanol 3:1 v/v): Rf = 0.6. 1H-NMR (400 MHz, methanol-d4): δ (ppm) 1.42 (s, 

9H), 1.72-1.85 (m, 8H), 2.16-2.22 (m, 4H), 2.37-2.62 (m, 18H), 3.05-3.11 (m, 2H), 3.12-3.27 

(m, 12H), 5.11 (s, 4H), 7.27-7.38 (m, 10H). 13C-NMR (100 MHz, methanol-d4): δ (ppm) 25.77, 

26.83, 28.85, 32.24, 32.26, 32.35, 34.33, 38.67, 39.65, 39.83, 54.84, 55.04, 67.28, 80.14, 

129.19, 129.22, 129.55, 137.66, 155.51, 174.55, 174.69, 174.78, 175.52. MS (LC-HRMS, 

ESI): m/z [M+H]+ calcd for [C49H75N8O12]+ 967.5499, found 967.5515. C49H74N8O12 (967.18). 

13-(2-((tert-Butoxycarbonyl)amino)ethyl)-6,9,17,20-tetraoxo-5,10,13,16,21-

pentaazapentacosanedioic acid (4.13) 

Palladium on activated charcoal (10 wt %, 10 mg) was suspended in a stirred solution of 4.11 

(60 mg, 75 µmol) in methanol (3 mL). The vigorously stirred mixture was set under an 

atmosphere of hydrogen (1 bar) at rt for 1 h. The charcoal was filtered off and the volatiles 

were removed in vacuo to yield 4.13 as a colorless resin (26 mg, 42 µmol, 56%), which was 

used without further purification. TLC (ethyl acetate/methanol 1:1 v/v): Rf = 0.2. 1H-NMR 

(400 MHz, methanol-d4): δ (ppm) 1.39 (s, 9H), 1.69-1.79 (m, 4H), 2.23-2.30 (m, 4H), 2.40-2.53 
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(m, 8H), 2.58-2.70 (m, 6H), 3.06-3.12 (m, 2H), 3.14-3.20 (m, 4H), 3.22-3.29 (m, 4H). 13C-NMR 

(100 MHz, methanol-d4): δ (ppm) 25.79, 28.83, 32.22, 32.29, 32.32, 38.60, 39.33, 39.64, 

54.81, 54.92, 80.13, 158.42, 174.55, 174.65, 174.76. MS (LC-HRMS, ESI): m/z [M+H]+ calcd 

for [C27H49N6O10]+ 617.3505, found 617.3512. C27H48N6O10 (616.71). 

18-(2-((tert-Butoxycarbonyl)amino)ethyl)-6,11,14,22,25,30-hexaoxo-5,10,15,18,21,26,31-

heptaazapentatriacontanedioic acid (4.14) 

Palladium on activated charcoal (10 wt %, 5 mg) was suspended in a stirred solution of 4.12 

(20 mg, 21 µmol) in methanol (1.5 mL). The vigorously stirred mixture was set under an 

atmosphere of hydrogen (1 bar) at rt for 1 h. The charcoal was filtered off and the volatiles 

were removed in vacuo to yield 4.14 as a colorless resin (6.7 mg, 8.5 µmol, 41%), which was 

used without further purification. TLC (ethyl acetate/methanol 1:1 v/v): Rf = 0.15. 1H-NMR 

(400 MHz, methanol-d4): δ (ppm) 1.43 (s, 9H), 1.73-1.83 (m, 8H), 2.16-2.24 (m, 4H), 2.25-2.32 

(m, 4H), 2.40-2.67 (m, 14H), 3.07-3.12 (m, 2H), 3.15-3.29 (m, 12H). MS (LC-HRMS, ESI): m/z 

[M+H]+ calcd for [C35H63N8O12]+ 787.4560, found 787.4572. C35H63N8O12 (786.93). 

N1-(4-(3-((1R,4S)-4-((4-Hydroxybenzyl)carbamoyl)-9-imino-2,11,16-trioxo-1-phenyl-

3,8,10,12,15-pentaazaoctadecyl)phenoxy)butyl)-N8-(4-(3-((1S,4R)-4-((4-

hydroxybenzyl)carbamoyl)-9-imino-2,11,16-trioxo-1-phenyl-3,8,10,12,15-

pentaazaoctadecyl)phenoxy)butyl)octanediamide bis(hydrotrifluoroacetate) (4.17) 

4.15 (0.6 mg, 1.7 µmol) was added to a solution of (S,R)-2.14 (3.7 mg, 4.0 µmol) and DIPEA 

(2.8 µL, 16.7 µmol) in DMF (100 µL) and the mixture was stirred at rt for 1 h. Aq. TFA (0.05 

%)/MeCN 19:1 v/v (1 mL) was added and the mixture was subjected to preparative HPLC 

(gradient: 0-30 min: C/B 85:15-55:45, tR = 25 min) yielding 4.17 (1.4 mg, 0.8 µmol, 49%) as a 

white, fluffy solid. RP-HPLC (220 nm): 98%, tR = 16.7 min, k = 5.4. 1H-NMR (600 MHz, 

methanol-d4): δ (ppm) 1.11 (t, J = 7.7 Hz, 6H), 1.32-1.36 (m, 4H), 1.55-1.66 (m, 12H), 1.69-

1.77 (m, 6H), 1.80-1.88 (m, 2H), 2.13-2.22 (m, 8H), 3.19-3.26 (m, 8H), 3.92 (t, J = 6.4 Hz, 4H), 

4.20-4.29 (m, 4H), 4.40-4.45 (m, 2H), 5.04 (s, 2H), 6.69-6.72 (m, 4H), 6.79-6.82 (m, 2H), 6.83-

6.88 (m, 4H), 7.03-7.07 (m, 4H), 7.18-7.29 (m, 12H). Note: 8 1H signals were not apparent due 

to interference with the solvent residual peak at 3.28-3.33 ppm, as identified by 1H-13C HSQC. 

MS (LC-HRMS, ESI): m/z [M+2H]2+ calcd for [C82H112N16O14]2+ 772.4266, found 772.4277. 

C82H110N16O14 × C4H2F6O4 (1771.92). 
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N1-(2-((2-Aminoethyl)(2-(4-((4-(3-((1R,4S)-4-((4-hydroxybenzyl)carbamoyl)-9-imino-

2,11,16-trioxo-1-phenyl-3,8,10,12,15-pentaazaoctadecyl)phenoxy)butyl)amino)-4-

oxobutanamido)ethyl)amino)ethyl)-N4-(4-(3-((1S,4R)-4-((4-hydroxybenzyl)carbamoyl)-9-

imino-2,11,16-trioxo-1-phenyl-3,8,10,12,15-

pentaazaoctadecyl)phenoxy)butyl)succinamide tris(hydrotrifluoroacetate) (4.18) 

HOBt (1.4 mg, 9.5 µmol), HBTU (3.6 mg, 9.5 µmol) and DIPEA (5.9 µL, 34.6 µmol) were added 

to a solution of 4.16 (2.0 mg, 4.3 µmol) in DMF (200 µL) and the mixture was stirred at rt for 5 

min. A solution of (S,R)-2.14 (8.8 mg, 9.5 µmol) in DMF (200 µL) was added and the mixture 

was stirred at rt for 1 h. Water/acetonitrile 4:1 v/v (5 mL) was added followed by lyophilization. 

The oily residue was dissolved in dichloromethane/TFA 1:1 v/v (500 µL) and the mixture was 

stirred at rt for 1 h. The volatiles were removed in vacuo, the residue was taken up in aq. TFA 

(0.05 %)/MeCN 4:1 v/v (1 mL) and the mixture was subjected to preparative HPLC (gradient: 

0-30 min: C/B 85:15-60:40, tR = 18 min) yielding 4.18 (2.3 mg, 1.1 µmol, 26%) as a white, fluffy 

solid. RP-HPLC (220 nm): 98%, tR = 13.7 min, k = 4.3. 1H-NMR (600 MHz, methanol-d6): 

δ (ppm) 1.11 (t, J = 7.7 Hz, 6H), 1.53-1.64 (m, 8H), 1.67-1.76 (m, 6H), 1.80-1.87 (m, 2H), 2.19 

(q, J = 7.7 Hz, 4H), 2.44-2.52 (m, 8H), 2.56-2.72 (m, 4H), 2.73-2.85 (m, 2H), 2.93-3.03 (m, 2H), 

3.17-3.28 (m, 12H), 3.90 (t, J = 6.3 Hz, 4H), 4.20-4.29 (m, 4H), 4.38-4.44 (m, 2H), 5.05 (s, 2H), 

6.69-6.72 (m, 4H), 6.77-6.81 (m, 2H), 6.82-6.88 (m, 4H), 7.03-7.07 (m, 4H), 7.18-7.29 (m, 

12H). Note: 8 1H signals were not apparent due to interference with the solvent residual peak 

at 3.28-3.33 ppm, as identified by 1H-13C HSQC. MS (LC-HRMS, ESI): m/z [M+3H]3+ calcd for 

[C94H128N20O22]3+ 572.6522, found 572.6534. C88H122N20O16 × C6H3F9O6 (2058.14). 

N1-(3-(2-Aminoethyl)-20-(3-((1R,4S)-4-((4-hydroxybenzyl)carbamoyl)-9-imino-2,11,16-

trioxo-1-phenyl-3,8,10,12,15-pentaazaoctadecyl)phenoxy)-7,10,15-trioxo-3,6,11,16-

tetraazaicosyl)-N4-(4-((4-(3-((1S,4R)-4-((4-hydroxybenzyl)carbamoyl)-9-imino-2,11,16-

trioxo-1-phenyl-3,8,10,12,15-pentaazaoctadecyl)phenoxy)butyl)amino)-4-

oxobutyl)succinamide tris(hydrotrifluoroacetate) (4.19) 

HOBt (2.8 mg, 18.7 µmol), HBTU (7.1 mg, 18.7 µmol) and DIPEA (12.0 µL, 68 µmol) were 

added to a solution of 4.13 (5.0 mg, 8.1 µmol) in DMF (200 µL) and the mixture was stirred at 

rt for 5 min. A solution of (S,R)-2.14 (17.4 mg, 18.7 µmol) in DMF (400 µL) was added and the 

mixture was stirred at rt for 1 h. Water/acetonitrile 4:1 v/v (5 mL) was added followed by 

lyophilization. The oily residue was dissolved in dichloromethane/TFA 1:1 v/v (500 µL) and the 

mixture was stirred at rt for 1 h. The volatiles were removed in vacuo and the mixture was 

subjected to preparative HPLC (gradient: 0-30 min: C/B 85:15-60:40, tR = 17 min) yielding 4.19 

(5.3 mg, 2.4 µmol, 29%) as a white, fluffy solid. RP-HPLC (220 nm): 98%, tR = 13.7 min, k = 

4.3. 1H-NMR (600 MHz, methanol-d6): δ (ppm) 1.11 (t, J = 7.7 Hz, 6H), 1.55-1.66 (m, 8H), 

1.69-1.77 (m, 10H), 1.81-1.87 (m, 2H), 2.16-2.22 (m, 8H), 2.44-2.53 (m, 8H), 2.63-3.02 (m, 
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6H), 3.05-3.27 (m, 16H), 3.92 (t, J = 6.3 Hz, 4H), 4.21-4.30 (m, 4H), 4.39-4.44 (m, 2H), 5.05 

(s, 2H), 6.69-6.72 (m, 4H), 6.79-6.82 (m, 2H), 6.83-6.89 (m, 4H), 7.04-7.08 (m, 4H), 7.18-7.30 

(m, 12H). Note: 10 1H signals were not apparent due to interference with the solvent residual 

peak at 3.28-3.33 ppm, as identified by 1H-13C HSQC. MS (LC-HRMS, ESI): m/z [M+3H]3+ 

calcd for [C96H139N22O18]3+ 629.6885, found 629.6900. C96H136N22O18 × C6F9H3O6 (2228.34). 

N1-(3-(2-Aminoethyl)-25-(3-((1R,4S)-4-((4-hydroxybenzyl)carbamoyl)-9-imino-2,11,16-

trioxo-1-phenyl-3,8,10,12,15-pentaazaoctadecyl)phenoxy)-7,10,15,20-tetraoxo-

3,6,11,16,21-pentaazapentacosyl)-N4-(4-((4-((4-(3-((1S,4R)-4-((4-

hydroxybenzyl)carbamoyl)-9-imino-2,11,16-trioxo-1-phenyl-3,8,10,12,15-

pentaazaoctadecyl)phenoxy)butyl)amino)-4-oxobutyl)amino)-4-oxobutyl)succinamide 

tris(hydrotrifluoroacetate) (4.20) 

HOBt (2.8 mg, 18.7 µmol), HBTU (7.1 mg, 18.7 µmol) and DIPEA (12.0 µL, 68 µmol) were 

added to a solution of 4.14 (6.7 mg, 8.5 µmol) in DMF (200 µL) and the mixture was stirred at 

rt for 5 min. A solution of (S,R)-2.14 (17.4 mg, 18.7 µmol) in DMF (400 µL) was added and the 

mixture was stirred at rt for 1 h. Water/acetonitrile 4:1 v/v (5 mL) was added followed by 

lyophilization. The oily residue was dissolved in dichloromethane/TFA 1:1 v/v (500 µL) and the 

mixture was stirred at rt for 1 h. The volatiles were removed in vacuo and the mixture was 

subjected to preparative HPLC (gradient: 0-30 min: C/B 82:15-70:30, tR = 23 min) yielding 4.20 

(4.5 mg, 1.9 µmol, 22%) as a white, fluffy solid. RP-HPLC (220 nm): 96%, tR = 13.7 min, k = 

4.3. 1H-NMR (600 MHz, methanol-d6): δ (ppm) 1.11 (t, J = 7.7 Hz, 6H), 1.54-1.66 (m, 8H), 

1.70-1.80 (m, 14H), 1.81-1.87 (m, 2H), 2.17-2.22 (m, 12H), 2.45-2.53 (m, 8H), 2.59-2.96 (m, 

6H), 3.01-3.05 (m, 2H), 3.13-3.27 (m, 18H), 3.93 (t, J = 6.3 Hz, 4H), 4.21-4.30 (m, 4H), 4.40-

4.45 (m, 2H), 5.04 (s, 2H), 6.69-6.72 (m, 4H), 6.79-6.82 (m, 2H), 6.83-6.88 (m, 4H), 7.04-7.08 

(m, 4H), 7.19-7.30 (m, 12H). Note: 10 1H signals were not apparent due to interference with 

the solvent residual peak at 3.28-3.33 ppm, as identified by 1H-13C HSQC. MS (LC-HRMS, 

ESI): m/z [M+3H]3+ calcd for [C104H153N24O20]3+ 686.0559, found 686.0574. C104H150N24O20 × 

C6H3F9O6 (2398.55). 

4.3.3 Cell culture 

Cells used for radioligand competition binding assays (SK-N-MC (Y1R), CHO-hY2R (Y2R), 

CHO-hY4-Gqi5-mtAEQ (Y4R) and HEC-1B-hY5R (Y5R)) and for the Fura-2 Ca2+ assay (HEL 

cells) were cultured as described in section 2.4.6.  

4.3.4 Radioligand competition binding assay 

Radioligand competition binding experiments at NPY receptors were performed as described 

in section 2.4.7, using [3H]2.229 (Y1R), [3H]propionyl-pNPY33, 34 (Y2R and Y5R) and [3H]UR-

KK20034 (Y4R) as radioligands. For Y1R binding, specific binding data (nonspecific binding 
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subtracted from total binding) were normalized (100% = specifically bound radioligand in the 

absence of competitor), plotted as % over log(concentration of competitor) and analyzed by a 

four-parameter logistic equation (log(inhibitor) vs. response - variable slope, GraphPad Prism 

9, GraphPad Software, San Diego, CA) to obtain pIC50 values, which were converted into pKi 

values according to the Cheng-Prusoff equation (logarithmic form).39 In the case of compounds 

4.18 and 4.19 (Y4R) radioligand displacement at the highest concentration of amounted to 60-

80%. To obtain pIC50 values, log(B/(B0 − B)) (Hill plot; B denotes specifically bound radioligand 

in the presence of competitor, B0 = specifically bound radioligand in the absence of competitor 

(B0 = 100%)) was plotted against log(competitor concentration) followed by linear regression 

(pIC50 corresponds to the intercept with the x-axis, log(B/(B0 – B)) = 0). For the other 

compounds, investigated with respect to Y2R, Y4R and Y5R binding, radioligand displacement 

was < 50% for the highest competitor concentration (3 µM), i.e. pIC50 values could not be 

determined.  

4.3.5 Fura-2 Ca2+ assay 

The Y1R Fura-2 Ca2+ assay was performed at hY1R-expressing HEL cells at 22 ± 1 °C as 

previously described.40 In antagonist mode, Ca2+ mobilization was induced by the addition of 

pNPY (10 nM) after preincubation of the cells with the antagonists for 15 min. At least three 

independent experiments were performed in singlet. Net Ca2+ responses (basal cytosolic Ca2+ 

concentration subtracted from the measured peak Ca2+ concentration) obtained from the 

investigation of the antagonists 4.17-4.20 in antagonist mode (inhibition of the effect elicited 

by 10 nM pNPY) were normalized (100% = Ca2+ response in the absence of antagonist) and 

plotted against log(concentration of antagonist) followed by analysis according to a four-

parameter logistic equation (log(inhibitor) vs response − variable slope, GraphPad Prism 9) to 

obtain pIC50 values. 
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5.1 Introduction 

In nuclear medicine, the term theranostics (alternatively also called theragnostics) describes 

the use of two almost identical radiopharmaceuticals for two purposes, cancer diagnosis and 

cancer therapy.1 The most common pathway to gain access to a variety of potential theranostic 

agents is the attachment of bifunctional chelators to a bioactive carrier molecule, such as 

receptor ligands or enzyme inhibitors. The chelator allows the complexation of various 

radionuclides with distinct radioactive properties.2, 3 Therefore, 68Ga-labeled PET ligands, 

usually carrying the bifunctional chelator DOTA, naturally can be considered theranostic 

agents and are already established in nuclear medicine as valuable tools, for example 68Ga-

DOTATATE (5.1a), a PET tracer used to localize neuroendocrine tumors.4 68Ga-DOTATATE 

is used as a diagnostic tracer, but can be transformed into the therapeutic agent 177Lu-

DOTATATE (5.1b, Lutathera®) when the β− emitter 177Lu is incorporated instead of the positron 

emitting 68Ga (Figure 5.1, panel A).5, 6 Provided that specificity and selectivity of the chelator-

carrying radiopharmaceutical agent for the respective tumor marker are sufficiently high, 177Lu-

labeled analogues of 68Ga-labeled PET tracers can be used as an effective cargo system to 

the tumor, thereby minimizing radiation exposure to healthy tissue. 

The recently introduced concept of “radiohybrid” ligands has the potential to contribute 

theranostic agents with improved properties for PET imaging compared to 68Ga/177Lu-based 

agents.7 Radiohybrid ligands can potentially contain two different radionuclides at separate 

sites, rather than only one exchangeable radiometal. The widespread use of 68Ga in cancer 

diagnosis is mainly owed to its easy accessibility via 68Ge/68Ga generators and the 

straightforward one-step labeling procedure.8 However, although the synthesis of 18F-labeled 

tracers often involves laborious labeling reactions and manual purification steps, 18F is 

commonly considered superior to 68Ga due to its longer half-life and higher PET imaging 

resolution. Radiohybrid ligands bear the potential to combine 18F-based PET imaging and 

radiotherapy using 177Lu: Lately, a mild synthesis of the PSMA (prostate specific membrane 

antigen) PET ligand 18F/175Lu-rhPSMA-7.3 (5.2a) via silicon-fluoride acceptor (SiFA)-mediated 

19F-to-18F nuclide exchange and its 177Lu-containing radiochemical “twin”, 19F/177Lu-rhPSMA-

7.3 (5.2b), was reported (Figure 5.1, panel B).9 Administration of 5.2a resulted in high-quality 

pretherapeutic PET images of C4-2 prostate tumor xenografts in nude mice, while 

administration of 5.2b led to significant attenuation of tumor growth compared to control mice, 

confirming the promising concept of radiohybrid ligands as potential theranostic agents with 

improved PET imaging capabilities.8, 10 
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Figure 5.1. (A) Structures of the somatostatin analogues 68Ga-DOTATATE (5.1a) and 177Lu-DOTATATE (5.1b), 

used as theranostic agents in diagnosis and radiotherapy of neuroendocrine tumors. (B) Structures of PSMA ligands 

18F/175Lu-rhPSMA-7.3 (5.2a) and 19F/177Lu-rhPSMA-7.3 (5.2b), representing the concept of “radiohybrid” 

theranostics (Figure adapted from Yusufi et al.10). 

In theory, radiohybrid ligands containing 18F/19F and a (radio)metal ion chelator also allow for 

an unbiased comparison of the PET imaging quality achieved with a 18F-labeled and a 68Ga-

labeled tracer. As both radiolabeled variants exhibit identical physicochemical properties and 

consequently also identical systemic distribution, tumor uptake and clearance, differences, e.g. 

with respect to image resolution and sensitivity can only arise from the type of the positron 

emitting nuclide.  
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Prompted by the development of the promising 68Ga- and 18F-labeled Y1R radioligands 

presented in Chapter 3, a synthetic route was worked out to gain access to high affinity 

potential “radiohybrid” Y1R ligands. Precisely, a prototypic argininamide-type precursor for 

"radiohybrid" Y1R ligands equipped with a bifunctional chelator for (radio)metal ion 

complexation and an alkyne functionality for conjugation to 18F/19F-fluoroglycosyl azides11 was 

synthesized. 

5.2 Results and discussion 

5.2.1 Synthesis 

To enable the synthesis of a PET tracer equipped with a complexed trivalent metal cation and 

a fluoroglycosyl residue, building block 5.3, bearing a Boc-protected amine group and an 

alkyne group, was synthesized (Scheme 5.1). (R,R)-2.14, exhibiting identical Y1R binding 

affinity compared to its epimer (S,R)-2.14, which was used as the amine precursor for the 

synthesis of fluorescent ligands (Chapter 2) and PET ligands (Chapter 3), was coupled to 5.3 

using the coupling reagents HBTU and HOBt to afford amine 5.4 after TFA-mediated Boc 

deprotection (Scheme 5.1). Treatment of 5.4 with DOTA succinimidyl ester 3.23 under basic 

conditions gave the DOTA-conjugate 5.5, which represents the precursor for the potential 

synthesis of a Y1R radiohybrid ligand, obtainable by successive labeling of 5.5 with e.g. 177Lu 

and/or a 18F-containing residue, e.g. 18F-fluoroglycosylazide [18F]3.10. To synthesize the 

corresponding “cold” analogue, CuAAC-mediated glycosylation with 3.10 afforded compound 

5.6, which could, however, not be converted to target compound 5.7 under default reaction 

conditions for the incorporation of trivalent metal cations (in this study pursued with Ga3+). 

Mass spectrometry analysis revealed an inclusion of Cu(II) in 5.6, which most likely already 

occurred during the previous CuAAC (involving CuSO4). Obviously, Cu2+ could not be 

displaced by Ga3+ (Scheme 5.1). Considering a putative complexation of trivalent lanthanide 

cations such as Lu3+, which can in principle be coordinated by eight available donor atoms (cf. 

structures in Figure 5.1), the replacement of Cu2+ with Lu3+ under identical reaction conditions 

seems unlikely, as lanthanide(III)-DOTA complexes are considered less stable compared to 

octahedrally coordinated Cu2+-DOTA and Ga3+-DOTA complexes.12, 13 Synthetic routes 

circumventing this issue (drawn in blue, Scheme 5.1), which were not pursued in this study, 

involve the incorporation of the trivalent cation prior to the exposure of 5.5 to Cu(II)-sulfate 

(Scheme 5.1). Alternatively, rather than using succinimidyl ester 3.23 (containing three 

carboxyl groups) for the conjugation of the DOTA to 5.4, a tert-butyl-protected variant can be 

used (masked carboxyl groups) and can be deprotected after successful CuAAC-mediated 

fluoroglycosylation (Scheme 5.1). These synthetic approaches are subject of future studies. 
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Scheme 5.1. Synthesis of compound 5.6, unsuccessful conversion of 5.6 to target compound 5.7 (black), and 

putative alternative synthetic routes to compound 5.7 (blue). Reagents and conditions: a) (1) HBTU, HOBt, DIPEA, 

DMF, rt, 1 h; (2) TFA, CH2Cl2, 900 mbar, rt, 2 h, 85%; b) DIPEA, DMF, rt, 1 h, 35%; c) CuSO4 × 5 H2O, sodium 

ascorbate, H2O/acetonitrile, rt, 1 h, 26%; d) Ga(NO3)3, HEPES pH 4.2, aq. HCl, 100 °C, 10 min, only the starting 

material 5.6 could be isolated.  
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5.3 Experimental section 

5.3.1 General experimental conditions 

Chemicals. Standard chemicals, solvents, and buffer components were purchased from 

commercial suppliers (Sigma-Aldrich, München, Germany; Merck, Darmstadt, Germany; 

Fisher Scientific, Schwerte, Germany; TCI, Eschborn, Germany) and used without further 

purification. Boc-L-Lys-OH was from Iris Biotech (Marktredwitz, Germany). 3.23 was from 

CheMatech (Dijon, France). The synthesis of 3.10 was described elsewhere.11 Gradient grade 

acetonitrile for HPLC was purchased from Sigma-Aldrich (München, Germany). Purifications 

by column chromatography were carried out using technical grade solvents and Geduran Si 

60 silica gel (pore size of 60 Å, particle size of 40-63 or 63-200 µm, Merck). Thin layer 

chromatography (TLC) was performed on ALUGRAM Xtra SIL G/UV254 TLC sheets from 

Macherey-Nagel GmbH & Co. KG (Düren, Germany). 

NMR spectroscopy. NMR spectra were recorded on a Bruker Avance 400 (1H, 400 MHz, 13C, 

100 MHz) or an Avance 600 (1H, 600 MHz, 13C, 150 MHz) spectrometer (Bruker, Karlsruhe, 

Germany). Note regarding the 1H-NMR spectrum of compound 5.6: Due to the presence of 

paramagnetic Cu(II), the resolution of the spectrum was markedly reduced.14 

Mass spectrometry. High-resolution mass spectrometry (HRMS) analysis was performed on 

an Agilent 6540 UHD AccurateMass Q-TOF LC/MS system coupled to an Agilent 1290 HPLC 

system (Agilent Technologies, Santa Clara, CA), using an ESI source. Analyses were 

performed using the following LC method: column: ZORBAX RRHD Eclipse Plus C18, 1.8 μm, 

50 × 2.1 mm (Agilent Technologies, Santa Clara, CA), column temperature: 40 °C, flow: 0.6 

mL/min, solvent/linear gradient: 0-4 min: 0.1% aqueous HCOOH/0.1% HCOOH in MeCN 95:5-

2:98, 4-5 min: 2:98. 

Analytical RP-HPLC. Reaction controls were carried out by analytical HPLC (RP-HPLC) using 

an 1100 series system from Agilent Technologies (Santa Clara, CA) consisting of a degasser 

(G1379A), a binary pump (G1312A), a variable wavelength detector (G1314A), a thermostated 

column compartment (G1316A), and an autosampler (G1329A). This system is identical to 

system B, termed in section 2.4.1. A Kinetex XB-C18 100A (5 µm, 250 mm × 4.6 mm, 

Phenomenex, Aschaffenburg, Germany) was used as the stationary phase. The flow rate was 

0.8 mL min−1, the oven temperature was set to 30 °C, and the injection volume was 90 μL. 

Mixtures of solvents A (0.05% aqueous TFA) and B (acetonitrile) were used as the mobile 

phase. The following gradient was applied: 0-30 min: A/B 90:10 to 5:95, 30-40 min: A/B 5:95 

(isocratic). The detection wavelength was set to 220 nm. Retention factors k were calculated 

according to k = (tR-t0)/t0 (where t0 is the dead time of 2.6 min).  
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Preparative HPLC. Purifications by preparative HPLC were performed with a Prep 150 LC 

system from Waters (Eschborn, Germany) consisting of a 2545 binary gradient module, a 2489 

UV/visible detector and a Waters Fraction Collector III. A Gemini-NX C18 110A (5 µm, 

250 mm × 21 mm, Phenomenex) was used as the stationary phase. The mobile phase was 

composed of solvents C (0.1% aqueous TFA with 5% acetonitrile) and B (acetonitrile). 

Lyophilization of the eluates containing the products was performed with a Scanvac CoolSafe 

100-9 freeze-drying apparatus (Labogene, Allerød, Denmark) equipped with a RZ 6 rotary 

vane vacuum pump (Vacuubrand, Wertheim, Germany). 

5.3.2 Experimental synthetic protocols and analytical data 

(S)-2-((tert-Butoxycarbonyl)amino)-6-(pent-4-ynamido)hexanoic acid15 (5.3) 

A solution of 4-pentynoic acid (40 mg, 0.41 mmol), HOBt (64 mg, 0.41 mmol), HBTU (153 mg, 

0.41 mmol) and DIPEA (280 µL, 1.64 mmol) in DMF (10 mL) was stirred at rt for 5 min. Boc-L-

Lys-OH (100 mg, 0.41 mmol) was added and the suspension was stirred at rt for 16 h. H2O 

(15 mL) was added, the mixture was carefully acidified to pH 3 by the addition of aqueous 1 N 

HCl, and was treated with ethyl acetate (30 mL). The organic layer was separated, washed 

with H2O (3 × 20 mL), and dried over Na2SO4. The solvent was removed by rotary evaporation, 

and the product was purified by column chromatography (light petroleum/ethyl acetate 1:1 v/v 

to light petroleum/ethyl acetate/acetic acid 50:50:1 v/v/v) to yield 5.3 as a yellow resin (59 mg, 

0.18 mmol, 45%). TLC (light petroleum/ethyl acetate/acetic acid 66:33:1 v/v/v): Rf = 0.25. 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 1.21-1.29 (m, 2H), 1.34-1.57 (m, 12H), 1.62-1.70 (m, 

1H), 2.20-2.26 (m, 2H), 2.30-2.36 (m, 2H), 2.74 (t, J = 2.5 Hz, 1H), 2.97-3.04 (m, 2H), 3.62-

3.69 (m, 1H), 7.46-7.54 (m, 1H), 8.31-8.42 (m, 1H), 12.34 (br s, 1H). 13C-NMR (100 MHz, 

DMSO-d6): δ (ppm) 14.20, 21.63, 28.21, 28.31, 30.54, 34.15, 39.72 (interfering with the solvent 

residual signal, as identified by 1H-13C HSQC), 53.41, 70.54, 79.19, 82.29, 152.39, 171.02, 

173.86. MS (LC-HRMS, ESI): m/z [M+Na]+ calcd for [C16H26NaN2O5]+ 349.1739, found: 

349.1734. C16H26N2O5 (326.39). 

(S)-2-Amino-N-(4-(3-((1R,4R,Z)-9-amino-4-((4-hydroxybenzyl)carbamoyl)-2,11,16-trioxo-

1-phenyl-3,8,10,12,15-pentaazaoctadec-9-en-1-yl)phenoxy)butyl)-6-(pent-4-

ynamido)hexanamide bis(hydrotrifluoroacetate) (5.4) 

A solution of 5.3 (11.7 mg, 35.4 µmol), HOBt (5.5 mg, 35.4 µmol), HBTU (13.4 mg, 35.4 µmol) 

and DIPEA (33 µL, 250 µmol) in DMF (300 µL) was stirred at rt for 10 min. (R,R)-2.14 (30.0 mg, 

32.2 µmol) was added and stirring was continued at rt for 1 h. 0.5% Aq. TFA/acetonitrile 80:20 

v/v (1 mL) was added and the mixture was subjected to preparative HPLC (gradient: 0-30 min: 

C/B 80:20-50:50, tR = 20 min), the resulting white solid was dissolved in CH2Cl2 (2 mL) and 

TFA (500 µL) was added. The mixture was stirred at rt at 900 mbar for 2 h followed by rotary 
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evaporation of the volatiles to yield 5.4 (31 mg, 27.2 µmol, 85%) as a colorless resin. RP-HPLC 

(220 nm): tR = 13.1 min, k = 4.0. 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 0.98 (t, J = 7.8 Hz, 

3H), 1.22-1.30 (m, 2H), 1.34-1.48 (m, 4H), 1.50-1.60 (m, 3H), 1.62-1.74 (m, 5H), 2,06 (q, J = 

7.8 Hz, 2H), 2.21-2.27 (m, 2H), 2.31-2.37 (m, 2H), 2.72-2.76 (m, 1H), 2.97-3.05 (m, 2H), 3.10-

3.23 (m, 8H), 3.62-3.70 (m, 1H), 3.87-3.94 (m, 2H), 4.09-4.19 (m, 2H), 4.29-4.35 (m, 1H), 5.08 

(s, 1H), 6.64-6.69 (m, 2H), 6.76-6.87 (m, 3H), 6.96-7.03 (m, 2H), 7.15-7.33 (m, 6H), 7.47-7.54 

(m, 1H), 7.78-7.89 (m, 2H), 8.02-8.18 (m, 3H), 8.33-8.51 (m, 6H), 8.97 (br s, 1H), 10.31 (br s, 

1H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 9.82, 14.26, 21.63, 24.61, 25.56, 26.11, 28.46, 

28.64, 29.43, 30.77, 34.30, 38.04, 38.17, 38.38, 38.77, 40.32, 41.61, 52.26, 52.30, 55.78, 

66.86, 71.24, 83.76, 112.01, 115.00, 115.10, 120.82, 126.64, 128.19, 128.39, 128.45, 129.08, 

129.17, 140.31, 141.69, 153.64, 153.88, 156.25, 158.42, 168.33, 170.08, 170.91, 171.00, 

173.29. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for [C48H67N10O8]+ 911.5138, found 911.5147. 

C48H66N10O8 × C4H2F6O4 (1139.16). 

2,2',2''-(10-(2-(((S)-1-((4-(3-((1R,4R,Z)-9-Amino-4-((4-hydroxybenzyl)carbamoyl)-2,11,16-

trioxo-1-phenyl-3,8,10,12,15-pentaazaoctadec-9-en-1-yl)phenoxy)butyl)amino)-1-oxo-6-

(pent-4-ynamido)hexan-2-yl)amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetic acid bis(hydrotrifluoroacetate) (5.5) 

3.23 (17.0 mg, 22.5 µmol) was added to a solution of 5.4 (25.6 mg, 22.5 µmol) and DIPEA (98 

µL, 180 µmol) in DMF (1 mL) and the mixture was stirred at rt for 1 h. 0.5% Aq. TFA/acetonitrile 

80:20 v/v (1 mL) was added and the mixture was subjected to preparative HPLC (gradient: 0-

20 min: C/B 85:15-70:30, tR = 14 min) to yield 5.5 (12.0 mg, 7.9 µmol, 35%) as a white fluffy 

solid. RP-HPLC (220 nm): tR = 12.6 min, k = 3.8. 1H-NMR (600 MHz, D2O): δ (ppm) 1.06 (t, J 

= 7.8 Hz, 3H), 1.25-1.36 (m, 2H), 1.40-1.88 (m, 12H), 2.21 (q, J = 7.8 Hz, 2H), 2.30-2.36 (m, 

3H), 2.37-2.43 (m, 2H), 2.88-3.42 (m, 26H), 3.50-4.10 (m, 10H), 4.11-4.18 (m, 1H), 4.19-4.28 

(m, 3H), 5.13 (s, 1H), 6.76-6.81 (m, 2H), 6.82-6.86 (m, 2H), 6.87-6.91 (m, 1H), 7.05-7.11 (m, 

2H), 7.23-7.41 (m, 6H). MS (LC-HRMS, ESI): m/z [M+2H]2+ calcd for [C64H94N14O15]2+ 

649.3506, found 649.3521. C64H92N14O15 × C4H2F6O4 (1525.56). 

(Copper(II))-2,2'-(4-(2-((1-((4-(3-((1R,4R,Z)-9-amino-4-((4-hydroxybenzyl)carbamoyl)-

2,11,16-trioxo-1-phenyl-3,8,10,12,15-pentaazaoctadec-9-en-1-yl)phenoxy)butyl)amino)-

6-(3-(1-(1,6-bisdeoxy-6-fluoro-β-D-glucopyranos-1-yl)-1H-1,2,3-triazol-5-

yl)propanamido)-1-oxohexan-2-yl)amino)-2-oxoethyl)-10-(carboxymethyl)-1,4,7,10-

tetraazacyclododecane-1,7-diyl)diacetate hydrotrifluoroacetate (5.6) 

A solution of deoxy-6-fluoro-β-D-glucopyranosyl azide (3.10, 3.5 mg, 17 µmol), CuSO4 

pentahydrate (1.3 mg, 5.0 µmol) and sodium ascorbate (3.0 mg, 15.1 µmol) in H2O (500 µL) 

was added to a solution of 5.5 (6.0 mg, 3.9 µmol) in acetonitrile (500 µL) and the mixture was 
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stirred at rt for 1 h. 0.5% Aq. TFA/acetonitrile 80:20 v/v (1 mL) was added and the mixture was 

subjected to preparative HPLC (gradient: 0-20 min: C/B 85:15-75:25, tR = 18 min) to yield 5.6 

(1.6 mg, 1.0 µmol, 26%) as a light blue fluffy solid. RP-HPLC (220 nm): tR = 12.1 min, k = 3.7. 

1H-NMR (600 MHz, DMSO-d6/D2O 10:1 v/v): δ (ppm) 0.90-0.98 (m, 3H), 1.18-1.24 (m, 2H), 

1.27-1.84 (m, 12H), 1.98-2.07 (m, 2H), 2.38-2.45 (m, 2H), 2.78-2.87 (m, 2H), 2.94-3.47 (m, 

12H), 3.68-3.75 (m, 2H), 3.85-4.00 (m, 2H), 4.05-4.17 (m, 2H), 4.19-4.30 (m, 1H), 4.43-4.62 

(m, 2H), 4.93-5.05 (m, 1H), 5.49-5.59 (m, 1H), 6.59-6.70 (m, 2H), 6.73-6.90 (m, 3H), 6.91-7.03 

(m, 2H), 7.08-7.34 (m, 6H), 7.86-8.02 (m, 1H). Note: 25 1H signals were not apparent due to 

interference with the residual peak of HDO (3.55-3.65 ppm). MS (LC-HRMS, ESI): m/z 

[M+3H]3+ calcd for [C70H103
63CuFN17O19]3+ 522.5627, found 522.5635. C70H100CuFN17O19 

× C2HF3O2 (1680.23). 
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In humans, neuropeptide Y (NPY), a linear 36-amino acid peptide abundantly present in the 

CNS and PNS, is involved in the regulation of numerous physiological processes. NPY exerts 

its actions by activation of four G protein-coupled receptors constituting the neuropeptide Y 

receptor family (Y1R, Y2R, Y4R, Y5R). Several studies revealed an overexpression of Y1Rs in 

different malignant tumors with the highest levels found in breast cancer tissue, suggesting the 

Y1R as a potential target for tumor imaging and cancer therapy. Therefore, fluorescence and 

radiolabeled ligands with high selectivity and affinity for the Y1R are needed as tool compounds 

for the development of functionalized Y1R ligands to study Y1R expression in cells and tissues, 

and as tumor imaging agents themselves.  

This work focused on the design of novel molecular tools for the Y1R with markedly improved 

binding affinity compared to previously reported ligands. The approach was guided by the 

reported X-ray crystal structure of the Y1R in complex with the high-affinity Y1R antagonist UR-

MK299, which represents an Nω-carbamoylated derivative of the argininamide BIBP3226. 

According to the crystal structure, the introduction of bulky substituents at the guanidino group 

in BIBP3226 is incompatible with the binding mode, but the attachment of large substituents 

to the diphenylacetyl moiety of the argininamides should be well tolerated. Therefore, 

derivatives of UR-MK299 (2.14 and 2.30) and BIBP3226 (3.6), containing a 4-aminobutoxy 

substituent at one of the phenyl rings, were synthesized and the absolute stereochemistry of 

the generated second chiral center was determined. The obtained amine precursors exhibited 

similar binding affinity (pKi = 10.30-10.89) as UR-MK299 (pKi = 10.11). Conjugation of (S,R)-

2.14 and (R,R)-2.14 to different fluorophores yielded a set of fluorescently labeled Y1R 

antagonists (2.35-2.39) with subnanomolar affinities (pKi = 9.37-9.95) and excellent Y1R 

selectivity (at least 1000-fold over Y2R, Y4R and Y5R). Flow cytometric saturation binding 

assays performed with intact MCF-7-Y1 mammary carcinoma cells afforded dissociation 

constants (pKD = 9.57-9.87), which were in agreement with the pKi values obtained from 

radioligand competition binding studies. The characterization of the 5’-TAMRA-labeled ligand 

2.39 in fluorescence anisotropy-based binding assays, which take into account ligand 

depletion, suggested an even higher Y1R affinity (pKD = 11.02). The binding kinetics of the 

fluorescent probes at the Y1R were also studied by flow cytometry (2.35, 2.37 and 2.39) and 

fluorescence anisotropy (2.39). Furthermore, 2.37 and 2.39 were successfully used to visualize 

Y1R receptors in the plasma membrane of live MCF-7-Y1 cells using widefield and TIRF 

microscopy. 

Prompted by the promising results of the fluorescent ligand approach, the amine-functionalized 

precursors were also used to synthesize potential Y1R PET ligands, exhibiting higher Y1R 

affinity and increased hydrophilicity than previously reported argininamide-type Y1R PET 

ligands. The PET ligand candidates were obtained by attachment of a fluoroglycosyl moiety 
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via click chemistry (3.11, 3.12, 3.19 and 3.22) or by conjugation to a DOTA chelator and 

subsequent incorporation of Ga3+ (3.25). As anticipated, the potential PET ligands displayed 

high Y1R binding (pKi = 8.87-10.20). Radiosyntheses were performed to afford the PET-tracers 

[18F]3.11, [18F]3.12 and [68Ga]3.25, which were studied in nude mice with subcutaneous MCF-

7-Y1 tumors (PET imaging, biodistribution). All PET ligands enabled the imaging of the tumor 

by PET with [68Ga]3.25 representing the most promising tracer due to a pronounced renal 

clearance. 

To obtain high-affinity homobivalent Y1R antagonists (4.17-4.20, pKi = 9.67-10.13) as potential 

tools to study receptor homodimerization, amine precursor (S,R)-2.14 was dimerized by 

conjugation to spacers with varying lengths (8, 15, 25 and 37 atoms). Notably, the radioligand 

competition binding data, specifically the slopes of the sigmoidal displacement curves, did not 

indicate binding to Y1R homodimers. 

Finally, a synthetic route towards argininamide-type potential “radiohybrid” Y1R ligands was 

explored, which will support the future development of theranostic agents targeting the Y1R. 

In conclusion, this work presents the structure-guided design of amine-functionalized 

argininamide-type Y1R ligands that could be converted to fluorescently labeled ligands, PET 

ligands and homobivalent ligands displaying subnanomolar Y1R affinity and excellent Y1R 

selectivity. Based on the presented approach, a broad variety of specifically functionalized 

tools compounds for the Y1R, including imaging agents for cancer diagnosis, will be accessible 

in future studies. 
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A.2 Chapter 2 

A.2.1 Supplementary Scheme A2.1 and description 

Guanidinylation reagent 2.61 was synthesized from amine 2.41 (prepared according to a 

reported protocol2) and isothiourea derivate 2.42 (synthesized according to a described 

procedure3). For this purpose, amine 2.41 was converted to an isocyanate by the aid of 

triphosgene followed by treatment with 2.42 (Scheme A2.1). For the synthesis of the diphenyl 

acetic acid derivatives 2.12 and 2.29, benzophenones 2.43 and 2.44 were reduced to the 

secondary alcohols 2.45 and 2.46, respectively, using sodium borohydride as reducing agent. 

The racemic alcohol 2.45 was converted to the chloride by the aid of thionyl chloride followed 

by the treatment with trimethylsilyl cyanide in the presence of perchlorostannane to afford the 

nitrile 2.15. Noteworthily, for the conversion of racemic alcohol 2.46 to nitrile 2.47 under the 

same reaction conditions the formation of the chloride intermediate was not necessary. 

Cleavage of the methyl group in 2.15 and 2.47 and concomitant hydrolysis of the cyano group 

under strongly acidic conditions (47% aqueous HBr/glacial acidic acid 1:1 v/v) yielded the 

carboxylic acids 2.17 and 2.48, respectively (Note: the synthesis of 2.17 from nitrile 2.15 is 

also shown in Scheme 2.2). Esterification of 2.17 and 2.48 with methanol gave compounds 

2.49 and 2.50, respectively. Alkylation of 2.49 and 2.50 at the phenolic hydroxy group by 

bromide 2.24 using Cs2CO3 as base yielded 2.51 and 2.52, respectively, which were subjected 

to ester hydrolysis yielding 2.12 and 2.29. Conversion of amine 2.53 to an isocyanate followed 

by the treatment of 2.42 yielded the guanidinylating reagent 2.54. Compound 2.54 was used 

to prepare (R)-arginine derivative 2.56 from (R)-ornithine derivative 2.55 (synthesized 

according to a reported procedure4). Concomitant cleavage of the benzyl ester and removal of 

the Cbz group in 2.56 by hydrogenolysis followed by propionylation at the primary amino group 

using succinimidyl ester 2.8 yielded (R)-arginine derivative 2.28. 
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Scheme A2.1. Synthesis of compounds 2.6, 2.12, 2.15, 2.28 and 2.29. The asterisks in 2.12, 2.15, 2.17, 2.29 and 

2.45-2.52 indicate racemic mixtures. Reagents and conditions: a) (1) triphosgene, NaHCO3, H2O/CH2Cl2, 0 or 4 °C, 

15 or 20 min; (2) DIPEA, rt, 15 min; 51% (2.6), 63% (2.54); b) NaBH4, methanol, 0 °C, 10 or 90 min, 99% (2.45), 

94% (2.46); c) (1) thionyl chloride, CH2Cl2, 0 °C, 3 h; (2) trimethylsilyl cyanide, SnCl4, CH2Cl2, -10 °C to rt, 17 h, 

54%; d) trimethylsilyl cyanide, SnCl4, CH2Cl2, 0 °C, 2.5 h, 89%; e) aq. HBr (47%), glacial acetic acid, H2O, reflux, 

16 or 48 h, 75% (2.17), 55% (2.48); f) conc. H2SO4, methanol, reflux, 2 or 24 h, 96% (2.49), 89% (2.50); g) Cs2CO3, 

DMF, 2 or 24 h, rt; 64% (2.51), 79% (2.52); h) LiOH, methanol/H2O, rt, 16 or 36 h, 84% (2.12), 85% (2.29); i) 

mercury(II) chloride, DIPEA, CH2Cl2, rt, 2 h, 84%; j) (1) H2, Pd/C, trifluoroethanol, rt, 3 h; (2) DIPEA, rt, 1 h, 62%. 

 

 



Appendix 

 187 

A.2.2 Synthesis procedures and analytical data of compounds 2.6, 2.12, 2.15, 2.28, 

2.29, 2.43-2.54 and 2.56-2.58 

N-tert-Butoxycarbonyl-N'-(2-(tert-butyloxycarbonylamino)ethyl)aminocarbonyl-S-

methylisothiourea1 (2.6)  

The previously reported guanidinylation reagent 2.61 was synthesized from amine 2.41 and 

isothiourea derivate 2.42 using an optimized procedure. A solution of NaHCO3 (5.0 g, 

59.5 mmol) in H2O (50 mL) was added to a solution of 2.41 (2.7 g, 17.1 mmol) in CH2Cl2 

(50 mL) and the biphasic mixture was cooled to 0 °C under vigorous stirring. Triphosgene 

(2.2 g, 7.5 mmol) was added and stirring was continued at 0 °C for 20 min. The organic layer 

was transferred into a round-bottom flask followed by the addition of 2.42 (4.2 g, 22.3 mmol) 

and DIPEA (2.9 mL, 17.1 mmol). Stirring was continued for 15 min at rt. The mixture was 

washed with H2O (3 × 50 mL), the organic layer was dried over Na2SO4, and the solvent was 

removed by rotary evaporation. The crude product was purified by column chromatography 

(light petroleum/ethyl acetate 5:1 v/v to light petroleum/ethyl acetate 2:1 v/v) to yield 2.6 as a 

white solid (6.5 g, 8.7 mmol, 51%). TLC (light petroleum/ethyl acetate 2:1 v/v): Rf = 0.55. 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 1.37 (s, 9H), 1.44 (s, 9H), 2.28 (s, 3H), 2.96-3.11 (m, 

4H), 6.83 (t, J = 5.5, 1H), 7.74 (t, J = 5.3 Hz, 1H), 12.32 (br s, 1H). 13C-NMR (100 MHz, 

DMSO-d6): δ (ppm) 13.59, 27.59, 28.22, 39.34, 39.42, 77.66, 82.16, 150.19, 155.64, 161.59, 

164.82. MS (LC-MS, ESI): m/z (%) 377.2 (100) [M+H]+. C15H28N4O5S (376.47). 

(3-(4-((tert-Butoxycarbonyl)amino)butoxy)phenyl)(phenyl)acetic acid (2.12) 

LiOH (960 mg, 40 mmol) was added to a stirred suspension of 2.51 (1.76 g, 4.0 mmol) in 

methanol (30 mL) and H2O (30 mL) and the mixture was vigorously stirred at rt for 16 h. 

Methanol was removed by rotary evaporation and aqueous 1 N HCl was carefully added until 

precipitation of the product was completed. The product was extracted with ethyl acetate 

(150 mL), the organic layer was dried over Na2SO4, and the volatiles were removed in vacuo 

to yield 2.12 as a yellow solid (1.35 g, 3.4 mmol, 84%), which was used without further 

purification. TLC (light petroleum/ethyl acetate 2:1 v/v): Rf = 0.25. 1H-NMR (400 MHz, 

DMSO-d6): δ (ppm) 1.37 (s, 9H), 1.45-1.55 (m, 2H), 1.62-1.70 (m, 2H), 2.91-2.99 (m, 2H), 3.88-

3.93 (m, 2H), 5.01 (s, 1H), 6.79-6.90 (m, 4H), 7.19-7.27 (m, 2H), 7.30-7.34 (m, 4H), 12.70 (br 

s, 1H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 26.58, 26.61, 28.74, 40.00, 56.60, 67.62, 

77.83, 112.79, 115.57, 121.07, 127.31, 128.82, 128.92, 129.88, 139.89, 141.37, 156.07, 

159.04, 173.74. MS (LC-HRMS, ESI): m/z [M+Na]+ calcd for [C23H29NNaO5]+ 422.1938, found 

422.1939. C23H29NO5 (399.49). 
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(3-Methoxyphenyl)(phenyl)acetonitrile4 (2.15) 

Under an atmosphere of dry nitrogen, a stirred solution of 2.45 (22.2 g, 106.3 mmol) in CH2Cl2 

(250 mL) was cooled to 0 °C in an oven-dried Schlenk flask. Thionyl chloride (11.3 mL, 

155.4 mmol) was added and the mixture was stirred at 0 °C for 3 h. The volatiles were removed 

in vacuo, the resulting red oil (crude 1-(chloro(phenyl)methyl)-3-methoxybenzene) was 

dissolved in anhydrous CH2Cl2 (250 mL) and the mixture was cooled to −10 °C. Trimethylsilyl 

cyanide (13.0 mL, 103.6 mmol) was added followed by the dropwise addition of a solution of 

SnCl4 (6.1 mL, 51.8 mmol) in anhydrous CH2Cl2 (250 mL) over a period of 1 h. The dark red 

solution was allowed to warm up to rt and stirring was continued for 16 h. The reaction was 

quenched by the careful addition of methanol (20 mL) and the mixture was treated with H2O 

(300 mL). The organic layer was separated, washed with H2O (3 × 150 mL) and dried over 

Na2SO4. The solvent was removed by rotary evaporation. The product was purified by column 

chromatography (light petroleum/ethyl acetate 20:1 v/v) to yield 2.15 as a yellow oil (12.6 g, 

56.2 mmol, 54%). TLC (light petroleum/ethyl acetate 4:1 v/v): Rf = 0.65. 1H-NMR (300 MHz, 

DMSO-d6): δ (ppm) 3.74 (s, 3H), 5.77 (s, 1H), 6.89-7.00 (m, 3H), 7.29-7.45 (m, 6H). 13C-NMR 

(75 MHz, DMSO-d6): δ (ppm) 40.70, 55.19, 113.17, 113.49, 119.54, 120.32, 127.45, 128.05, 

129.20, 130.42, 136.56, 138.08, 159.64. MS (GC-MS, EI): m/z (%) 223.1 (100) [M]+˙. C15H13NO 

(223.28). 

Nα-Fluoren-9-ylmethoxycarbonyl-Nω-(2-(propionylamino)ethyl)aminocarbonyl-Nω’-tert-

butoxycarbonyl-(R)-arginine (2.28) 

Palladium on activated charcoal (10 wt %, 200 mg) was added to a stirred solution of 2.56 

(1.8 g, 2.3 mmol) in trifluoroethanol (50 mL). The mixture was vigorously stirred under an 

atmosphere of hydrogen (1 bar) at rt for 3 h. The catalyst was filtered off and washed with 

trifluoroethanol (2 × 20 mL). DIPEA (1.4 mL, 7.9 mmol) and 2.8 (0.42 mg, 2.26 mmol) were 

added and the mixture was stirred at rt for 1 h. The solvent was removed by rotary evaporation 

and the product was purified by column chromatography (acetonitrile/ethanol/acetic acid 

2000:80:1 v/v/v to acetonitrile/ethanol/acetic acid 500:75:1 v/v/v). The eluate was concentrated 

to approx. 100 mL by rotary evaporation and H2O (400 mL) was added. Lyophilisation yielded 

2.28 as a white fluffy solid (0.89 g, 1.39 mmol, 62%). TLC (methanol/ethanol/acetic acid 50:5:1 

v/v/v): Rf = 0.74. 1H-NMR (400 MHz, CDCl3): δ (ppm) 1.11 (t, J = 7.6 Hz, 3H), 1.49 (s, 9H), 

1.69-1.88 (m, 3H), 1.93-2.05 (m, 1H), 2.23 (q, J = 7.6 Hz, 2H), 3.33-3.48 (m, 4H), 3.52-3.62 

(m, 2H), 4.22 (t, J = 6.9 Hz, 1H), 4.27-4.46 (m, 3H), 5.98-6.04 (m, 1H), 6.69-6.78 (m, 1H), 6.79-

6.87 (m, 1H), 7.30 (t, J = 7.5 Hz, 2H), 7.39 (t, J = 7.5 Hz, 2H), 7.57-7.64 (m, 2H), 7.75 (d, J = 

7.5 Hz, 2H), 8.61 (s, 1H), 9.08 (s, 1H), 12.30 (br s, 1H). 13C-NMR (100 MHz, CDCl3): δ (ppm) 

9.98, 25.42, 28.05, 28.09, 29.73, 39.19, 39.23, 40.48, 47.39, 54.21, 66.93, 77.37, 120.21, 
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125.27, 127.19, 127.84, 141.46, 144.13, 152.69, 153.81, 155.25, 156.33, 170.95, 175.37. MS 

(LC-MS, ESI): m/z (%) 639.3 (100) [M+H]+. C32H42N6O8 (638.72). 

(4-(4-((tert-Butoxycarbonyl)amino)butoxy)phenyl)(phenyl)acetic acid (2.29)  

LiOH (185 mg, 7.7 mmol) was added to a suspension of 2.52 (1.1 g, 2.6 mmol) in methanol 

(50 mL) and H2O (50 mL) and the reaction mixture was stirred at rt for 36 h. Methanol was 

removed by rotary evaporation and H2O (100 mL) was added. Under stirring, the mixture was 

carefully acidified to pH 3 by the addition of aqueous 1 N HCl followed by treatment with ethyl 

acetate (3 × 30 mL). The combined organic layers were dried over Na2SO4, and the solvent 

was removed by rotary evaporation. H2O (200 mL) and acetonitrile (50 mL) were added. 

Lyophilisation yielded 2.29 as a white solid (0.87 mg, 2.2 mmol, 85%). TLC (light 

petroleum/ethyl acetate 2:1 v/v): Rf = 0.20. 1H-NMR (300 MHz, DMSO-d6): δ (ppm) 1.36 (s, 

9H), 1.43-1.55 (m, 2H), 1.60-1.71 (m, 2H), 2.90-2.99 (m, 2H), 3.91 (t, J = 6.3 Hz, 2H), 4.97 (s, 

1H), 6.82-6.90 (m, 3H), 7.18-7.34 (m, 7H), 12.68 (br s, 1H). 13C-NMR (75 MHz, DMSO-d6): δ 

(ppm) 26.10, 26.18, 28.30, 39.54, 55.49, 67.12, 77.40, 114.28, 126.74, 128.36, 128.38, 

129.55, 131.45, 140.00, 155.61, 157.49, 173.73. MS (LC-HRMS, ESI): m/z [M+Na]+ calcd for 

[C23H29NNaO5]+ 422.1938, found 422.1937. C23H29NO5 (399.49). 

(3-Methoxyphenyl)(phenyl)methanone5 (2.43) 

A stirred solution of 3-methoxybenzoic acid (30.0 g, 197 mmol) and thionyl chloride (21.5 mL, 

296 mmol) in a mixture of anhydrous DMF (1 mL, 13.0 mmol) and anhydrous CH2Cl2 (150 mL) 

was refluxed in an oven-dried Schlenk flask under an atmosphere of dry nitrogen for 3 h. The 

volatiles were removed in vacuo, the resulting yellow oil (crude 3-methoxybenzoyl chloride) 

was dissolved in anhydrous benzene (150 mL) and the mixture was cooled to 0 °C. Aluminum 

chloride (31.1 g, 256 mmol) was added in small portions over a period of 1 h. The stirred 

suspension was allowed to warm up to rt and stirring was continued for 16 h. The mixture was 

cooled to 0 °C and quenched by the careful addition of ice-cold H2O (150 mL) followed by 

treatment with ethyl acetate (200 mL). The organic layer was washed with brine (200 mL), 

dried over Na2SO4, and the solvent was removed by rotary evaporation. The crude product 

was purified by column chromatography (light petroleum/ethyl acetate 12:1 v/v) to yield 2.43 

as a yellow oil (31.4 g, 148 mmol, 75%). TLC (light petroleum/ethyl acetate 10:1 v/v): Rf = 0.55. 

1H-NMR (300 MHz, DMSO-d6): δ (ppm) 3.86 (s, 3H), 7.22-7.28 (m, 3H), 7.44-7.51 (m, 1H), 

7.53-7.60 (m, 2H), 7.65-7.77 (m, 3H). 13C-NMR (75 MHz, DMSO-d6): δ (ppm) 55.22, 113.99, 

118.51, 122.08, 128.46, 129.50, 129.60, 132.64, 136.87, 138.27, 159.08, 195.42. MS (GC-MS, 

EI): m/z (%) 212.1 (100) [M]+˙.C14H12O2 (212.25). 
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(4-Methoxyphenyl)(phenyl)methanone6 (2.44) 

Under an atmosphere of dry nitrogen, a stirred solution of 4-methoxybenzoic acid (10.0 g, 

66.0 mmol) in thionyl chloride (100 mL) and anhydrous DMF (1 mL, 13.0 mmol) was refluxed 

in an oven-dried Schlenk flask for 16 h. Excess thionyl chloride was removed by distillation 

under reduced pressure. The yellow residue (crude 4-methoxybenzoyl chloride) was 

suspended in anhydrous benzene (100 mL) and the mixture was cooled to 0 °C. Aluminum 

chloride (13.2 g, 99.0 mmol) was added in small portions, the suspension was allowed to warm 

up to rt and stirring was continued for 16 h. The mixture was cooled to 0 °C and the reaction 

was quenched by the careful addition of ice-cold H2O (50 mL). The mixture was treated with 

ethyl acetate (2 × 200 mL), the combined organic layers were washed with saturated NaHCO3 

(200 mL) and dried over Na2SO4. The solvent was removed by rotary evaporation and the 

product was purified by column chromatography (light petroleum/ethyl acetate 9:1 v/v) to yield 

2.44 as a white solid (7.8 g, 36.7 mmol, 56%). TLC (light petroleum/ethyl acetate 4:1 v/v): 

Rf = 0.55. 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 3.86 (s, 3H), 7.07-7.12 (m, 2H), 7.52-7.58 

(m, 2H), 7.63-7.70 (m, 3H), 7.73-7.77 (m, 2H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 55.58, 

113.92, 128.44, 129.23, 129.36, 132.08, 132.16, 137.76, 162.97, 194.42. MS (GC-MS, EI): 

m/z (%) 135.0 (100) [M-C6H5]+, 212.1 (52) [M]+˙. C14H12O2 (212.25). 

(3-Methoxyphenyl)(phenyl)methanol7 (2.45) 

A stirred solution of 2.43 (31.4 g, 148 mmol) in methanol (300 mL) was cooled to 0 °C and 

NaBH4 (6.2 g, 163 mmol) was added in small portions over a period of 30 min. The mixture 

was allowed to warm up to rt and stirring was continued for 1 h. The solvent was removed by 

rotary evaporation, the residue was suspended in brine (300 mL) and the product was 

extracted with CH2Cl2 (2 × 300 mL). The combined organic layers were washed with H2O 

(200 mL) and dried over Na2SO4. The volatiles were removed in vacuo to yield 2.45 as a yellow 

oil (31.5 g, 147 mmol, 99%), which was used without further purification. TLC (light 

petroleum/ethyl acetate 4:1 v/v): Rf = 0.45. 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 3.72 (s, 

3H), 5.67 (d, J = 3.8 Hz, 1H), 5.88 (d, J = 3.9 Hz, 1H), 6.74-6.79 (m, 1H), 6.90-6.95 (m, 1H), 

6.96-6.98 (m, 1H), 7.17-7.24 (m, 2H), 7.26-7.32 (m, 2H), 7.35-7.40 (m, 2H). 13C-NMR (100 

MHz, DMSO-d6): δ (ppm) 54.92, 74.13, 111.85, 111.88, 118.50, 126.21, 126.69, 128.02, 

129.10, 145.60, 147.37, 159.12. MS (GC-MS, EI): m/z (%) 214.1 (100) [M]+˙. C14H14O2 

(214.26). 

(4-Methoxyphenyl)(phenyl)methanol7 (2.46)  

NaBH4 (454 mg, 12.0 mmol) was added in small portions to a cooled (0 °C) stirred solution of 

2.44 (4.0 g, 18.8 mmol) in methanol (100 mL) and the mixture was stirred at 0 °C for 10 min. 

The solvent was removed by rotary evaporation and the residue was suspended in brine 
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(100 mL) followed by treatment with ethyl acetate (2 × 100 mL). The combined organic layers 

were washed with brine (150 mL), dried over MgSO4 and the volatiles were removed in vacuo 

to yield 2.46 as a white solid (3.8 g, 17.6 mmol, 94%), which was used without further 

purification. TLC (light petroleum/ethyl acetate 3:1 v/v): Rf = 0.50. 1H-NMR (400 MHz, 

DMSO-d6): δ (ppm) 3.71 (s, 3H), 5.64 (d, J = 4.1 Hz, 1H), 5.76 (d, J = 4.1 Hz, 1H), 6.83-6.87 

(m, 2H), 7.16-7.21 (m, 1H), 7.24-7.32 (m, 4H), 7.32-7.37 (m, 2H). 13C-NMR (100 MHz, 

DMSO-d6): δ (ppm) 55.00, 73.78, 113.41, 126.11 126.52, 127.42, 127.97, 137.87, 146.00, 

158.06. MS (GC-MS, EI): m/z (%) 109.1 (100), 135.0 (69) [M-C6H7]+, 214.1 (48) [M]+˙. C14H14O2 

(214.26). 

(4-Methoxyphenyl)(phenyl)acetonitrile (2.47) 

Under an atmosphere of dry nitrogen, a stirred solution of 2.46 (3.0 g, 14.0 mmol) in anhydrous 

CH2Cl2 (100 mL) was cooled to 0 °C in an oven-dried Schlenk flask. Trimethylsilyl cyanide 

(2.3 mL, 18.2 mol) was added followed by the dropwise addition of a solution of SnCl4 (3.3 mL, 

28.0 mmol) in anhydrous CH2Cl2 (100 mL) over a period of 1 h. The mixture was stirred at 0 

°C for 1.5 h and then carefully quenched by the addition of methanol (10 mL) and ice-cold H2O 

(100 mL). The organic layer was separated, dried over Na2SO4 and the solvent was removed 

in vacuo to yield 2.47 as a white solid (2.8 g, 12.4 mmol, 89%), which was used without further 

purification. TLC (light petroleum/ethyl acetate 3:1 v/v): Rf = 0.60. 1H-NMR (400 MHz, 

DMSO-d6): δ (ppm) 3.74 (s, 3H), 5.73 (s, 1H), 6.96-6.98 (m, 2H), 7.28-7.44 (m, 7H). 13C-NMR 

(100 MHz, DMSO-d6): δ (ppm) 39.97, 55.18, 114.53, 120.56, 127.31, 127.81, 128.56, 128.68, 

137.00, 158.87. MS (GC-MS, EI): m/z (%) 223.1 (100) [M]+˙. C15H13NO (223.28). 

(4-Hydroxyphenyl)(phenyl)acetic acid (2.48) 

A suspension of 2.47 (2.1 g, 9.4 mmol) in acetic acid (30 mL) and aqueous HBr (47%, 30 mL) 

was refluxed for 48 h. After cooling (rt), the mixture was treated with CH2Cl2 (2 × 50 mL), the 

combined organic layers were dried over Na2SO4 and the volatiles were removed in vacuo to 

yield 2.48 as a red solid (1.3 g, 5.2 mmol, 55%), which was used without further purification. 

TLC (light petroleum/ethyl acetate/acetic acid 67:33:1 v/v/v): Rf = 0.35. 1H-NMR (400 MHz, 

DMSO-d6): δ (ppm) 4.91 (s, 1H), 6.65-6.73 (m, 2H), 7.06-7.35 (m, 7H), 9.33 (s, 1H), 12.54 (br 

s, 1H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 55.23, 114.84, 126.37, 128.01, 128.08, 

129.20, 129.65, 137.72, 156.92, 178.36. MS (LC-MS, ESI): m/z (%) 183.1 (100) [M-H-CO2]-, 

197.1 (23), 455.2 (18) [2M-H]-. C14H12O3 (228.25). 

(3-Hydroxyphenyl)(phenyl)acetic acid methyl ester (2.49) 

A stirred solution of 2.17 (2.0 g, 8.6 mmol) in methanol (30 mL) and conc. H2SO4 (0.75 mL, 

14.1 mmol) was refluxed for 2 h. The mixture was cooled to rt, diluted with H2O (200 mL) and 

treated with CH2Cl2 (2 × 100 mL). The combined organic layers were washed with H2O 
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(100 mL), dried over Na2SO4 and the volatiles were removed in vacuo to yield 2.49 as a brown 

oil (2.0 g, 8.2 mmol, 96%), which was used without further purification. TLC (light 

petroleum/ethyl acetate 3:1 v/v): Rf = 0.75. 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 3.66 (s, 

3H), 5.10 (s, 1H), 6.62-6.73 (m, 1H), 6.69-6.73 (m, 2H), 7.08-7.13 (m, 1H), 7.23-7.36 (m, 5H), 

9.40 (s, 1H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 52.03, 55.58, 114.04, 115.26, 118.99, 

127.00, 128.40, 128.43, 129.42, 138.92, 140.16, 157.39, 172.39. MS (LC-MS, ESI): m/z (%) 

183.1 (100) [M+H-C2H4O2]+, 260.1 (98) [M+NH4]+, 243.1 (82) [M+H]+. C15H14O3 (242.27).  

(4-Hydroxyphenyl)(phenyl)acetic acid methyl ester (2.50)  

A stirred solution of 2.48 (0.94 mg, 4.1 mmol) and conc. H2SO4 (1.0 mL, 18.8 mmol) in 

methanol (100 mL) was refluxed for 24 h. The solvent was removed by rotary evaporation, the 

residue was suspended in H2O (100 mL) and the mixture was treated with ethyl acetate 

(2 × 80 mL). The combined organic layers were dried over Na2SO4, and the solvent was 

evaporated. The product was purified by column chromatography (light petroleum/ethyl 

acetate 4:1 v/v) to yield 2.50 as a yellow oil (1.2 g, 4.6 mmol, 89%). TLC (light petroleum/ethyl 

acetate 3:1 v/v): Rf = 0.35. 1H-NMR (300 MHz, DMSO-d6): δ (ppm) 3.64 (s, 3H), 5.06 (s, 1H), 

6.67-6.73 (m, 2H), 7.06-7.12 (m, 2H), 7.20-7.35 (m, 5H), 9.40 (s, 1H). 13C-NMR (75 MHz, 

DMSO-d6): δ (ppm) 52.04, 54.94, 115.23, 126.60, 128.30, 128.45, 129.18, 129.46, 139.58, 

156.46, 172.84. MS (FD-MS): m/z (%) 242.1 (100) [M]+˙. C15H14O3 (242.27). 

(3-(4-((tert-Butoxycarbonyl)amino)butoxy)phenyl)(phenyl)acetic acid methyl ester (2.51) 

2.24 (1.8 g, 7.0 mmol) was added to a stirred suspension of 2.49 (1.7 g, 7.0 mmol) and Cs2CO3 

(3.4 g, 10.5 mmol) in DMF (15 mL) and the mixture was stirred at rt for 2 h. H2O (200 mL) was 

added followed by the treatment with CH2Cl2 (100 mL). The organic layer was separated, 

washed with H2O (3 × 100 mL) and dried over Na2SO4. The solvent was removed by rotary 

evaporation. The product was purified by column chromatography (light petroleum/ethyl 

acetate 5:1 v/v) to yield 2.51 as a yellow resin (1.78 g, 4.46 mmol, 64%). TLC (light 

petroleum/ethyl acetate/acetic acid 75:25:1 v/v/v): Rf = 0.70. 1H-NMR (400 MHz, DMSO-d6): 

δ (ppm) 1.37 (s, 9H), 1.45-1.55 (m, 2H), 1.62-1.71 (m, 2H), 2.92-3.00 (m, 2H), 3.66 (s, 3H), 

3.88-3.94 (m, 2H), 5.16 (s, 1H), 6.79-6.89 (m, 4H), 7.20-7.36 (m, 6H). 13C-NMR (100 MHz, 

DMSO-d6): δ (ppm) 26.08, 26.12, 28.24, 40.20, 52.04. 55.56, 67.07, 77.34, 112.58, 115.01, 

120.47, 127.05, 128.37, 128.46, 129.53, 138.86, 140.33, 155.60, 158.65, 172.30. MS (LC-

HRMS, ESI): m/z [M+Na]+ calcd for [C24H31NNaO5]+ 436.2094, found 436.2096. C24H31NO5 

(413.51).  

(4-(4-((tert-Butoxycarbonyl)amino)butoxy)phenyl)(pheny)acetic acid methyl ester (2.52) 

Under an atmosphere of dry nitrogen, Cs2CO3 (2.2 g, 6.8 mmol) was added to a stirred solution 

of 2.50 (0.84 mg, 3.3 mmol) in anhydrous DMF (25 mL) in an oven-dried Schlenk flask and the 
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mixture was stirred at rt for 10 min. A solution of 2.24 (0.83 mg, 3.3 mmol) in anhydrous DMF 

(5 mL) was added dropwise over a period of 20 min and stirring was continued at rt for 24 h. 

Brine (100 mL) was added, and the mixture was treated with ethyl acetate (3 × 20 mL). The 

combined organic layers were washed with H2O (3 × 20 mL), dried over Na2SO4 and the 

solvent was removed by rotary evaporation. The crude product was purified by column 

chromatography (light petroleum/ethyl acetate 3:1 v/v) to yield 2.52 as a yellow oil (1.1 g, 

2.6 mmol, 79%). TLC (light petroleum/ethyl acetate 3:1 v/v): Rf = 0.30. 1H-NMR (400 MHz, 

DMSO-d6): δ (ppm) 1.36 (ppm) (s, 9H), 1.45-1.55 (m, 2H), 1.61-1.70 (m, 2H), 2.91-2.99 (m, 

2H), 3.65 (s, 3H), 3.93 (t, J = 6.4 Hz, 2H), 5.12 (s, 1H), 6.76-6.80 (m, 1H), 6.80-6.94 (m, 2H), 

7.18-7.34 (m, 7H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 26.06, 26.13, 28.25, 39.51, 52.03, 

54.58, 67.12, 77.37, 114.38, 126.93, 128.26, 128.44, 129.47, 130.80, 139.38, 155.59, 157.63, 

172.66. MS (LC-HRMS, ESI): m/z [M+Na]+ calcd for [C24H31NNaO5]+ 436.2094, found 

436.2098. C24H31NO5 (413.51).  

N-Benzyloxycarbonyl-1,2-diaminoethane8 (2.53) 

A solution of benzyl O-succinimidyl carbonate (8.7 g, 35.0 mmol) in chloroform (350 mL) was 

added dropwise to a stirred solution of ethylenediamine (28.0 mL, 420 mmol) in chloroform 

(600 mL) at 0 °C over a period of 1 h. The mixture was washed with brine and saturated 

aqueous Na2CO3 (200 mL each). The aqueous layers were combined and treated with 

chloroform (200 mL). The organic layer was dried over MgSO4, and the solvent was removed 

by rotary evaporation. The crude product was purified by column chromatography 

(CH2Cl2/methanol/7 N ammonia in methanol 75:25:1 v/v/v) to yield 2.53 as a yellow oil (4.9 g, 

23.2 mmol, 66%). TLC (CH2Cl2/methanol/7 N ammonia in methanol 75:25:1 v/v/v): Rf = 0.75. 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 2.54-2.60 (m, 2H), 2.96-3.03 (m 2H), 5.02 (s, 2H), 

7.17-7.25 (m, 1H), 7.28-7.40 (m, 7H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 41.56, 44.05, 

65.18, 127.74, 128.33, 128.35, 137.24, 156.24. MS (LC-MS, ESI): m/z (%) 195.1 (100) [M+H]+. 

C10H14N2O2 (194.23). 

N-tert-Butoxycarbonyl-N‘-(2-(benzyloxycarbonylamino)ethyl)aminocarbonyl-S-

methylisothiourea (2.54) 

A solution of NaHCO3 (4.6 g, 55.6 mmol) in H2O (50 mL) was added to a solution of 2.53 (3.6 g, 

18.6 mmol) in CH2Cl2 (50 mL) and the biphasic mixture was cooled to 0 °C under vigorous 

stirring. Triphosgene (4.4 g, 8.4 mmol) was added and stirring was continued at 0 °C for 15 

min. The organic layer was transferred into a round-bottom flask, 2.42 (6.6 g, 37.2 mmol) and 

DIPEA (3.0 mL, 18.6 mmol) was added and stirring was continued at rt for 15 min. The mixture 

was washed with H2O (3 × 50 mL), the organic layer was dried over Na2SO4, and the solvent 

was removed by rotary evaporation. The product was purified by column chromatography (light 
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petroleum/ethyl acetate 4:1 v/v to light petroleum/ethyl acetate 1:1 v/v) to yield 2.54 as a white 

solid (4.8 g, 11.7 mmol, 63%). TLC (light petroleum/ethyl acetate 2:1 v/v) Rf = 0.20. 1H-NMR 

(400 MHz, DMSO-d6): δ (ppm) 1.44 (s, 9H), 2.28 (s, 3H), 3.04-3.16 (m, 4H), 5.01 (s, 2H), 7.27-

7.38 (m, 7H), 7.76-7.85 (m, 1H). 13C-NMR (100 MHz, DMSO-d6): δ (ppm) 13.62, 27.60, 39.41 

(interfering with the solvent residual peak, as identified by 1H-13C HSQC), 39.87 (interfering 

with the solvent residual peak, as identified by 1H-13C HSQC), 65.25, 82.19, 127.73, 127.77, 

128.34, 137.17, 150.19, 156.18, 161.60, 164.95. MS (LC-HRMS, ESI): m/z (%) 411.1764 (100) 

[M+H]+, calcd for [C18H27N4O5S]+ 411.1697. C18H26N4O5S (410.49). 

Nω-(2-(Benzyloxycarbonylamino)ethyl)aminocarbonyl-Nα-fluoren-9-ylmethoxycarbonyl-

Nω’-tert-butoxycarbonyl-(R)-arginine benzyl ester (2.56) 

Mercury(II) chloride (3.5 g, 12.9 mmol) and DIPEA (4.4 mL, 25.8 mmol) were added to a stirred 

solution of 2.55 (5.3 g, 9.5 mmol) and 2.54 (3.5 g, 8.6 mmol) in CH2Cl2 (400 mL). The reaction 

mixture was stirred at rt for 2 h. The precipitate was filtered off and washed with CH2Cl2 (2 × 

100 mL). The solvent was removed by rotary evaporation and the product was purified by 

column chromatography (light petroleum/ethyl acetate 3:1 v/v to light petroleum/ethyl acetate 

1:1 v/v) to yield 2.56 as a white solid (5.9 g, 7.3 mmol, 84%). TLC (light petroleum/ethyl acetate 

2:1 v/v): Rf = 0.48. 1H-NMR (400 MHz, DMSO-d6, at least two rotamers, resulting in signal 

splitting, were evident): δ (ppm) 1.39-1.48 (m, 9H), 1.52-1.79 (m, 4H), 3.03-3.15 (m, 4H), 3.23-

3.31 (m, 2H), 4.09-4.18 (m, 1H), 4.19-4.25 (m, 1H), 4.27-4.35 (m, 2H), 5.00-5.04 (m, 2H), 5.13 

(s, 2H), 6.91-7.00 (m, 1H), 7.26-7.37 (m, 12H), 7.38-7.45 (m, 2H), 7.68-7.74 (m, 2H), 7.82-

7.85 (m, 1H), 7.87-7.91 (m, 2H), 7.92-7.96 (m, 1H), 8.19-8.25 (m, 1H), 9.09-9.17 (m, 1H). 

13C-NMR (100 MHz, DMSO-d6, at least two rotamers, resulting in signal splitting, were 

evident): δ (ppm) 25.33, 27.69/28.09, 27.80, 39.10, 39.20, 39.60 (last three signals interfering 

with the solvent residual peak, as identified by 1H-13C HSQC), 46.72, 53.58, 65.22, 65.29, 

65.71/65.96, 82.03, 120.13, 125.24, 127.07, 127.65, 127.73, 127.74, 127.77, 128.01, 

128.33/128.35, 128.39, 135.95, 137.13/137.20, 140.75, 143.74/143.84, 152.37, 153.21, 

154.73, 156.17/156.21, 164.48, 172.11/172.18. MS (LC-HRMS, ESI): m/z [M+H]+ calcd for 

[C44H51N6O9]+ 807.3712, found 807.3737. C44H50N6O9 (806.92). 

4-((1E,3E)-4-(4-(Dimethylamino)phenyl)buta-1,3-dien-1-yl)-2,6-dimethyl-1-propylpyridin-

1-ium trifluoroacetate (2.57) 

A solution of 2.31 (2.0 mg, 6.0 µmol) in DMF (80 µL) was added to a mixture of DIPEA (2.4 µL, 

18.0 µmol) and propylamine (1.1 µL, 18 µmol) and the mixture was stirred at rt for 30 min. The 

reaction was quenched by the addition of 10% aqueous TFA (40 µL, 41.0 µmol) and the 

product was purified by preparative HPLC (system D, column: Actus Triart C18, 600 nm, 0-30 

min, C/B 80:20-20:80, tR(2.57) = 10 min) to yield 2.57 (0.21 mg, 0.48 µmol, 8%) as a dark 
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orange resin, which was stored at -20 °C under protection from light. MS (LC-HRMS, ESI): m/z 

[M]+ calcd for [C22H29N2]+ 321.2325, found 321.2327. C22H29N2
+ × C2F3O2

- (434.50). 

2-(6-(Dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl)-5-

(propylcarbamoyl)benzoate (2.58) 

A solution of 2.34 (3.0 mg, 6.0 µmol) in DMF (80 µL) was added to a mixture of DIPEA (2.4 µL, 

18.0 µmol) and propylamine (1.1 µL, 18 µmol) and the mixture was stirred at rt for 30 min. The 

reaction was quenched by the addition of 10% aqueous TFA (40 µL, 41.0 µmol) and the 

product was purified by preparative HPLC (system D, column: Actus Triart C18, 550 nm, 0-30 

min, C/B 75:25-50:50, tR(2.58) = 16 min) to yield 2.58 (1.09 mg, 2.3 µmol, 39%) as a pink resin, 

which was stored at −20 °C under protection from light. MS (LC-HRMS, ESI): m/z [M+H]+ calcd 

for [C28H30N3O4]+ 472.2231, found 472.2235. C28H29N3O4 (471.56). 

 

 

 

 

 

 

 

 



Appendix 

196 

A.2.3 Figures A2.1-A2.11 

 

Figure A2.1. 1H-NMR spectrum (400 MHz, CDCl3) of enantiomerically pure (R)-2.16 (bottom) in comparison to 

racemic 2.16 (top) each in the presence of 1 equivalent of (−)-cinchonidine. The presence of (−)-cinchonidine led 

to a separation of the denoted proton signals (1, 2) allowing the determination of an enantiomeric excess of 90% 

for (R)-2.16. 
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Figure A2.2. 1H-NMR spectrum (400 MHz, CDCl3) of (R)-2.17, obtained by treatment of (R)-2.16 with BBr3 (bottom), 

in comparison to racemic 2.17 (top) each in the presence of 3 equivalents of (R)-(+)-1-phenylethylamine. The 

presence of (R)-(+)-1-phenylethylamine led to a separation of the denoted proton signals (1, 2) revealing a decrease 

in enantiomeric purity from 90% ee ((R)-2.16) to 74% ee ((R)-2.17) caused by the BBr3-mediated demethylation of 

(R)-2.16. 
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Figure A2.3. Chromatograms of the RP-HPLC analysis of (S,R)-2.19, 2.23, (S,R)-2.13 and (S,R)-2.14. (A) 

Chromatogram of the RP-HPLC analysis of (S,R)-2.19 (90% de) used for the synthesis of (S,R)-2.23 (step g in 

Scheme 2.2). (B) Chromatogram of the RP-HPLC analysis of crude (S,R)-2.23 (prepared from (S,R)-2.19 according 

to step g in Scheme 2.2) after a reaction time of 16 h, revealing epimerization at the methine carbon atom of the 

diphenyl acetyl moiety both in the starting material (S,R)-2.19 and in the product (S,R)-2.23. (C) Chromatogram of 

the RP-HPLC analysis of crude (S,R)/(R,R)-2.13 (prepared from (S,R)-2.23 according to step h in Scheme 2.2) after 

a reaction time of 16 h, revealing ongoing epimerization of the remaining starting material (S,R)-2.23. Note: The 

diastereomers (S,R)-2.13 and (R,R)-2.13 could not be separated. (D) Chromatogram of the RP-HPLC analysis of 

crude (S,R)-2.14 (prepared from (S,R)-2.13 according to step j in Scheme 2.2) after a reaction time of 24 h, affording 

(S,R)-2.14 and (R,R)-2.14 in a diastereomeric ratio of 3:1 (50% de of (S,R)-2.14 over (R,R)-2.14). 
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Figure A2.4. Radioligand displacement curves obtained from competition binding studies with [3H]2.2 

(KD = 0.044 nM, c = 0.15 nM)1 and the fluorescent ligands 2.35-2.40 performed at intact SK-N-MC neuroblastoma 

cells. Data represent mean values ± SEM from at least three independent experiments performed in triplicate. The 

resulting pKi values of 2.35-2.40 are presented in Table 2.1. 
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Figure A2.5. Y1R Ca2+ assay: concentration-effect curve of pNPY and effect of 10 nM pNPY in the presence and 

absence of the fluorescent dummy ligands 2.57 and 2.58. (A) Structures of the fluorescent dummy ligands 2.57 and 

2.58, representing the fluorescent moieties of the Py5-labeled fluorescent ligands 2.35 and 2.36, and of the 5’-

TAMRA-labeled fluorescent ligands 2.39 and 2.40, respectively. (B) Concentration-effect curve of pNPY obtained 

from a Fura-2 Ca2+ assay using human erythroleukemia (HEL) cells (pEC50 = 8.29 ± 0.12, mean ± SEM from three 

individual experiments). (C) Comparison of the relative Ca2+ responses mediated by 10 nM pNPY in the absence 

(left bar, control experiment) and in the presence of 2.57 and 2.58 (30 nM each, central and right bar) (means ± 

SEM from six individual measurements). The presence of the dyes did not result in a significant change of the 

measured Ca2+ response (P > 0.4, Welch t-test), indicating that the optical readout of the assay (excitation: 340 or 

380 nm, emission: 510 nm) was not impaired by the used dyes. 
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Figure A2.6. Excitation and corrected emission spectra of fluorescent ligands 2.35-2.40 recorded in PBS, pH 7.4, 

supplemented with 1% BSA, at 22 °C using fluorescent ligand concentrations of 6 μM (2.35, 2.36) or 2 μM (2.37-

2.40). 
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Figure A2.8. Representative Y1R binding isotherms of the fluorescent ligands 2.35, 2.37 and 2.39 obtained from 

flow cytometric saturation binding experiments (performed in duplicate at 22 °C) using intact human MCF-7-Y1 

mamma carcinoma cells (cell density: 1.0 × 105 cells/mL). Nonspecific binding was determined in the presence of 

2.1 (10 µM). Total and nonspecific binding data represent mean values ± SEM. Specific binding data represent 

calculated values ± propagated error. 
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Figure A2.9. Displacement curves obtained from flow cytometric competition binding experiments performed at 

intact MCF-7-Y1 cells with the fluorescent Y1R ligands 2.35 (top left), 2.37 (top right) or 2.39 (bottom) displaced by 

2.1 (black dots), 2.2 (blue squares) or pNPY (red triangles). Data represent mean values ± SEM from at least three 

independent experiments performed in duplicate. The concentrations of the probes were 0.25 nM (2.35) or 0.5 nM 

(2.37, 2.39), and the cell density was 1.0 × 105 cells/mL. Cells were preincubated with the nonlabeled competing 

ligands for 10 min (2.1, 2.2) or for 1 h (pNPY) before the addition of the fluorescent ligand. Incubations were 

performed at 22 °C in the dark for 2 h (2.1, 2.2) or 4 h (pNPY). The resulting pKi values of 2.1, 2.2 and pNPY are 

presented in Table 2.4. 
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Figure A2.10. Fluorescent ligand displacement curves from fluorescence anisotropy-based Y1R competition 

binding experiments performed with 2.39 and various Y1R ligands at 26 °C using hY1 receptor displaying BBV 

particles. (A) Displacement curves of 2.39 (0.1 nM) from competition binding experiments with 2.2 (red triangles), 

BIBO3304 (blue squares), 2.1 (black dots), BVD10 (green diamonds) and pNPY (purple triangles). Shown are data 

(mean values ± SEM from two independent experiments performed in duplicate) of snapshots at 10 h incubation 

from a total monitoring period of 15 h. The resulting pKi values of 2.1, 2.2, BIBO3304 and BVD10 are presented in 

Table 2.4. The incomplete sigmoidal curve only allowed an estimation for the pKi value of pNPY (< 6.0). (B) Time 

dependence of the pKi values (calculated according to a previously described procedure9) obtained from the 

experiments described under A. Shown are mean values ± SEM from at least four independent experiments 

(performed in duplicate) carried out using a total fluorescent ligand concentration of 0.1 nM or 0.2 nM. After 10 h of 

incubation, no more change in pKi was observed.  
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Figure A2.11. 1H-NMR spectrum (400 MHz, DMSO-d6) of a vehicle eluate from preparative HPLC (0.1% aq. 

TFA/acetonitrile ca. 40:60 v/v), which was processed (freeze drying, NMR sample preparation) as the eluates 

containing the fluorescent ligands. This control revealed characteristic system signals (0.81-0.87 ppm, 1.20-1.30 

ppm), also present in the 1H-NMR spectra of the fluorescent ligands. 
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A.2.4 X-ray crystallographic data of compound (R)-2.16 

Selected crystallographic and refinement data for the X-ray crystal structure of compound (R)-

2.16 

Empirical formula C15H14O3 

Formula weight 242.26 

Crystal color / habit colorless plate 

T / K 100(2) 

Crystal dimensions / mm3 0.150 x 0.080 x 0.030 

Crystal system orthorhombic 

Space group P 212121 

a / Å 5.5437(2) 

b / Å 8.4551(3) 

c / Å 52.420(3) 

V / Å3 2457.05(17) 

Z 8 

F(000) 1024 

Density (calcd) / g cm-1 1.31 

Absorption coefficient μ / mm-1 739 

Theta range / ° 5.062 - 67.993 

Index ranges -4 ≤ h ≤ 6 

 -10 ≤ k ≤ 7 

 -62 ≤ l ≤ 61 

Reflections collected 35814 

Independent reflections 4448 (Rint = 0.0428) 

Observed reflections 4448 

Parameters/restraints 347/0 

Goodness-of-fit 1.09 

Largest difference peak and hole / eÅ-3 0.178 / -0.203 

R1 (I>2σ(I)) 0.0466 

R1 (all data) 0.0520 

wR2 (I>2σ(I)) 0.1188 

wR2 (all data) 0.1256 

absolute structure parameter -0.19(15) 

corrected for absorption with none 

radiation CuKα 

wavelength 1.54178 

collected with STOE STADI VARI 

CCDC Number 2095892 
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A.2.5 Chemical stability of the fluorescently labeled Y1R ligands 2.35-2.40 in PBS 

 

Chromatograms of the reversed-phase HPLC analysis of 2.35 after incubation in PBS pH 7.4 
for up to 24 h. 2.35 showed no decomposition. 

 

 

Chromatograms of the reversed-phase HPLC analysis of 2.36 after incubation in PBS pH 7.4 
for up to 24 h. 2.36 showed slight decomposition. 
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Chromatograms of the reversed-phase HPLC analysis of 2.37 after incubation in PBS pH 7.4 
for up to 24 h. 2.37 showed no decomposition. 

 

 

Chromatograms of the reversed-phase HPLC analysis of 2.38 after incubation in PBS pH 7.4 
for up to 24 h. 2.38 showed slight decomposition. 
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Chromatograms of the reversed-phase HPLC analysis of 2.39 after incubation in PBS pH 7.4 
for up to 24 h. 2.39 showed no decomposition. 

 

 

Chromatograms of the reversed-phase HPLC analysis of 2.40 after incubation in PBS pH 7.4 
for up to 24 h. 2.40 showed no decomposition. 
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A.2.6 RP-HPLC chromatograms (purity controls) of (S,R)-2.14, (R,R)-2.14, (S,R)-2.30, 

(R,R)-2.30 and the fluorescently labeled compounds 2.35-2.40 

 

Chromatogram of the RP-HPLC analysis of (S,R)-2.14 
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Chromatogram of the RP-HPLC analysis of (R,R)-2.14 
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Chromatogram of the RP-HPLC analysis of (S,R)-2.30 
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Chromatogram of the RP-HPLC analysis of (R,R)-2.30 
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Chromatogram of the RP-HPLC analysis of 2.35 
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Chromatogram of the RP-HPLC analysis of 2.36 
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Chromatogram of the RP-HPLC analysis of 2.37 
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Chromatogram of the RP-HPLC analysis of 2.38 
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Chromatogram of the RP-HPLC analysis of 2.39 
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Chromatogram of the RP-HPLC analysis of 2.40 
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A.2.7 1H-NMR and 13C-NMR spectra of compounds 2.14, 2.19 and 2.30 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound (R,R)-2.14 

 
13C-NMR spectrum (150 MHz, DMSO-d6) of compound (R,R)-2.14 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound (S,R)-2.14 

 

13C-NMR spectrum (150 MHz, DMSO-d6) of compound (S,R)-2.14 



Appendix 

216 

 
1H-NMR spectrum (600 MHz, DMSO-d6) of compound (S,R)-2.19 

 
13C-NMR spectrum (150 MHz, DMSO-d6) of compound (S,R)-2.19 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound (R,R)-2.19 

 

 
13C-NMR spectrum (150 MHz, DMSO-d6) of compound (R,R)-2.19 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound (S,R)-2.30 

 

 
13C-NMR spectrum (150 MHz, DMSO-d6) of compound (S,R)-2.30 
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1H-NMR spectrum (600 MHz, DMSO-d6) of compound (R,R)-2.30 

 

 
13C-NMR spectrum (150 MHz, DMSO-d6) of compound (R,R)-2.30 
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A.2.8 1H-NMR spectra of compounds 2.35-2.40 

 
1H-NMR spectrum (600 MHz, DMSO-d6/D2O 10:1) of compound 2.35 

 

1H-NMR spectrum (600 MHz, DMSO-d6/D2O 10:1) of compound 2.36 
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1H-NMR spectrum (600 MHz, DMSO-d6/D2O 10:1) of compound 2.37 

 

1H-NMR spectrum (600 MHz, DMSO-d6/D2O 10:1) of compound 2.38 
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1H-NMR spectrum (600 MHz, DMSO-d6/D2O 10:1) of compound 2.39 

 

1H-NMR spectrum (600 MHz, DMSO-d6/D2O 10:1) of compound 2.40 
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A.3 Chapter 3 

A.3.1 Chemical stability of compounds 3.11, 3.12, 3.16, 3.22 and 3.25 in PBS 

 

Chromatograms of the reversed-phase HPLC analysis of 3.11 after incubation in PBS pH 7.4 
for up to 24 h. 3.11 showed no decomposition. 

 

 

Chromatograms of the reversed-phase HPLC analysis of 3.12 after incubation in PBS pH 7.4 
for up to 24 h. 3.12 showed no decomposition. 
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Chromatograms of the reversed-phase HPLC analysis of 3.16 after incubation in PBS pH 7.4 
for up to 24 h. 3.16 showed no decomposition. 

 

 

Chromatograms of the reversed-phase HPLC analysis of 3.22 after incubation in PBS pH 7.4 
for up to 24 h. 3.22 showed no decomposition. 
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Chromatograms of the reversed-phase HPLC analysis of 3.25 after incubation in PBS pH 7.4 
for up to 24 h. 3.25 showed no decomposition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix 

 227 

A.3.2 Chemical stability of compound [68Ga]3.25 in human plasma 

 

Radiochromatograms of the reversed-phase HPLC analysis of samples obtained from the 
investigation of the stability of [68Ga]3.25 in human plasma for up to 3 h. Degradation products 
of [68Ga]3.25 were not found. Note: the radiochromatogramm of the quality control is displayed 
in section A.3.4 with full Y-axis scaling. 

 

 

Chromatograms (UV detection) of the reversed-phase HPLC analysis of samples obtained 
from the investigation of the stability of [68Ga]3.25 in human plasma for up to 3 h (corresponding 
radiochromatograms are shown above). 
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A.3.3 RP-HPLC chromatograms (purity controls) of compounds (S,R)-3.6, (R,R)-3.6, 

3.11, 3.12, 3.16, 3.22 and 3.25 
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Chromatogram of the RP-HPLC analysis of (R,R)-3.6 
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Chromatogram of the RP-HPLC analysis of (S,R)-3.6 
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Chromatogram of the RP-HPLC analysis of 3.11 
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Chromatogram of the RP-HPLC analysis of 3.12 
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Chromatogram of the RP-HPLC analysis of 3.16 
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Chromatogram of the RP-HPLC analysis of 3.22 
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Chromatogram of the RP-HPLC analysis of 3.25 
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A.3.4 RP-HPLC chromatogram (quality control) of radiolabeled compound [68Ga]3.25 
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Radiochromatogram of the RP-HPLC analysis of [68Ga]3.25 

 

A.3.5 1H-NMR and 13C-NMR spectra of compounds (S,R)-3.6, (R,R)-3.6 and 3.25 

 

1H-NMR spectrum (600 MHz, DMSO-d6) of compound (S,R)-3.6 
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13C-NMR spectrum (150 MHz, DMSO-d6) of compound (S,R)-3.6 

 

1H-NMR spectrum (600 MHz, DMSO-d6) of compound (R,R)-3.6 
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13C-NMR spectrum (150 MHz, DMSO-d6) of compound (R,R)-3.6 

 

1H-NMR spectrum (600 MHz, DMSO-d6/D2O 10:1) of compound 3.25 
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13C-NMR spectrum (150 MHz, DMSO-d6/D2O 10:1) of compound 3.25 
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A.3.6 1H-NMR spectra of compounds 3.11, 3.12, 3.16 and 3.22 

 

1H-NMR spectrum (600 MHz, DMSO-d6/D2O 10:1) of compound 3.11 

 

1H-NMR spectrum (600 MHz, DMSO-d6/D2O 10:1) of compound 3.12 



Appendix 

 237 

 

1H-NMR spectrum (600 MHz, DMSO-d6/D2O 10:1) of compound 3.16 
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1H-NMR spectrum (600 MHz, DMSO-d6/D2O 10:1) of compound 3.22. In the top of the inset 
box, a section of an 1H-NMR spectrum measured prior to the addition of D2O (neat DMSO-d6) 
is shown. 
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A.4 Chapter 4 

A.4.1 RP-HPLC chromatograms (purity controls) of compounds 4.17-4.20 
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Chromatogram of the RP-HPLC analysis of 4.17 
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Chromatogram of the RP-HPLC analysis of 4.18 
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Chromatogram of the RP-HPLC analysis of 4.19 
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Chromatogram of the RP-HPLC analysis of 4.20 
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A.4.2 1H-NMR spectra of compounds 4.17-4.20 

 

1H-NMR spectrum (600 MHz, methanol-d4) of compound 4.17 

 

1H-NMR spectrum (600 MHz, methanol-d4) of compound 4.18 
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1H-NMR spectrum (600 MHz, methanol-d4) of compound 4.19 

 

 

1H-NMR spectrum (600 MHz, methanol-d4) of compound 4.20 
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A.5 Chapter 5 

A.5.1 1H-NMR spectra of compounds 5.5 and 5.6 

 

1H-NMR spectrum (600 MHz, D2O) of compound 5.5 

 

1H-NMR spectrum (600 MHz, DMSO-d6/D2O 10:1) of compound 5.6 
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A.6 Abbreviations 

2-ClTrt 2-chlorotrityl 

5-HT2AR serotonin 2A receptor 

5`-TAMRA 5’-carboxy-tetramethylrhodamine 

ATP adenosine triphosphate 

BBVs budded baculovirus particles 

Boc tert-butyloxycarbonyl 

BRET/FRET bioluminescence-/fluorescence resonance energy transfer 

cAMP cyclic adenosine monophosphate 

Cbz benzyloxycarbonyl 

CH2Cl2 dichloromethane 

CH3OTf methyl trifluoromethanesulfonate (methyl triflate) 

CHO cells chinese hamster ovary cells 

CNS central nervous system 

cpm counts per minute 

CuAAC Cu(I)-catalyzed alkyne-azide cycloaddition 

D2R dopamine D2 receptor 

DCC N,N'-dicyclohexylcarbodiimide 

DIPEA N,N-diisopropylethylamine 

DMAP 4-dimethylaminopyridine 

DMF N,N-dimethylformamide 

DOTA  2,2′,2′′,2′′′-(1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetrayl)tetraacetic acid 

DVB divinylbenzene 

EDC × HCl 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride  

EM electron microscope 

ER endoplasmatic reticulum 

Et3N triethylamine 
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FA fluorescence anisotropy 

FC flow cytometry 

Fmoc fluorenylmethyloxycarbonyl 

GABA γ-aminobutyric acid 

GPCR G protein-coupled receptor 

GRPR gastrin-releasing peptide receptor 

HBTU  O-(1H-benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 

hexafluorophosphate 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HOBt 1-hydroxybenzotriazole hydrate 

hPP human pancreatic polypeptide 

(HR)MS (high-resolution) mass spectrometry 

hY1R human Y1 receptor 

%ID/g injected dose per gram of tissue in percent 

k retention (or capacity) factor (HPLC) 

Kd dissociation constant obtained from a saturation binding 

experiment 

Ki dissociation constant obtained from a competition binding 

experiment 

logD7.4 n-octanol/PBS distribution coefficient at pH = 7.4 

MCF-7 Michigan cell foundation-7 

MOR µ-opioid receptor 

NHS  N-hydroxysuccinimide 

NMR nuclear magnetic resonance (spectroscopy) 

(p)NPY (porcine) NPY 

PDB protein data bank 

pEC50  negative logarithm of the half maximal effective concentration (in 

 M) 

PET positron emission tomography 
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P-gp P-glycoprotein 

p.i. post injection 

pKd negative logarithm of the Kd (in M) 

pKi  negative decadic logarithm of the dissociation constant Ki (in M) 

obtained from a competition binding experiment 

PNS peripheral nervous system 

(h)PP (human) pancreatic polypeptide 

PPh3 triphenylphosphine 

PSMA prostate-specific membrane antigen 

PTSD post-traumatic stress disorder  

RP reversed phase 

rt room temperature 

SD standard deviation 

SEM standard error of the mean 

SPECT single-photon emission computed tomography 

SSTR2 somatostatin receptor 2 

SVD single value decomposition 

TFA trifluoroacetic acid 

THF tetrahydrofuran 

THPTA tris(3-hydroxypropyltriazolylmethyl)amine 

TIRF microscopy total internal reflection fluorescence microscopy 

tR retention time 

YxR neuropeptide receptor subtype x (x = 1, 2, 4 or 5) 
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A.7 Overview of bold compound numerals and lab codes 

compound lab code compound lab code compound lab code 

2.6 
MC-128 
MC-196 
MC-231 

2.37 CM-139 3.17 MC-246 

2.7 MC-130 2.38 MC-150 3.19 MC-260 

2.8 
MC-029 
MC-204 

2.39 MC-159 3.20 MC-275 

2.9 MC-135 2.40 MC-026 3.21 MC-278 

2.10 
MC-138 
MC-214 
MC-234 

2.41 MC-211 3.22 MC-280 

2.11 MC-200 2.42 MC-101 3.24 
DB81 

MC-235 

2.12 
MC-153 
MC-240 

2.43 MC-001 3.25 DB91 

(S,R)-2.13/(S,R)-2.13 
(1:1) 

MC-207 2.44 
CM-128 
MC-019 

4.5 MC-250 

(S,R)-2.13 MC-137 2.45 
MC-002 
MC-276 

4.6 MC-258 

(S,R)-2.14 
(50% de) 

MC-144 2.46 
CM-129 
MC-021 
MC-037 

4.7 MC-252 

(S,R)-2.14 
CM-123b 
(MC-215, 
MC-229) 

2.47 CM-130 4.8 MC-255 

(R,R)-2.14 
CM-123a 
(MC-215, 
MC-229) 

2.48 
CM-131 
MC-022 
MC-038 

4.9 MC-259 

2.15 

MC-004 
MC-017  
MC-032 
MC-181 
MC-277 

2.49 
MC-053 
MC-179 
MC-233 

4.10 mk154 

(rac)-2.16 MC-034 2.50 CM-132 4.11 MC-261 

(R)-2.16 JG-008 2.51 
MC-141 
MC-239 

4.12 MC-262 

(rac)-2.17 

CM-104 
RUE-009 
MC-044 
MC-183 

2.52 CM-133 4.13 MC-265 

(R)-2.17 JG-009 2.53 
RUE-004 
MC-100 
MC-211 

4.14 MC-266 

2.18 MC-155 2.54 
RUE-005 
MC-222 

4.15 MC-244 

(S,R)-2.19 MC-125a 2.55 CM-078 4.16 mk159 

(R,R)-2.19 MC-125b 2.56 
CM-096 
MC-015 

4.17 MC-247 

(R,R)-2.19 
(56% de) 

MC-284 2.57 MC-285 4.18 MC-251 

2.20 MC-122 2.58 MC-286 4.19 MC-269 

2.22 
MC-051 
MC-212 

(S,R)-3.6 CM-122a 4.20 MC-270 

(S,R)-2.23 MC-131 (R,R)-3.6 CM-122b 5.3 MC-287 

2.24 
MC-134 
MC-158 
MC-238 

3.7 MC-162 5.4 MC-289 

2.26 CM-021 3.8 MC-164 5.5 MC-290 

2.27 CM-101 3.9 MC-165 5.6 MC-291 

2.28 
CM-097 
MC-016 

3.11 MC-167 

2.29 CM-134 3.12 MC-168 

(S,R)-2.30 CM-136a 3.13 MC-245 

(S,R)-2.30 CM-136b 3.14 MC-248 

2.35 CM-138 3.15 MC-263 

2.36 CM-137 3.16 MC-271 
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