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1 Alzheimer’s Disease 
 

The German psychiatrist Alois Alzheimer first described Alzheimer’s disease (AD) in 

1907.1 In 1901, he started investigating the case of 51-year-old Auguste Deter after 

her admission to a mental health hospital. The patient's condition was characterized 

by rapidly deteriorating memory and psychiatric disturbances like paranoia, 

aggressiveness, and disorientation.1 After her death in 1906, the autopsy of the brain 

revealed significant histological deviations from the normal brain, later known as 

amyloid β plaques and neurofibrillary tangles.1 Alzheimer associated these 

pathological variations as a cause of the until then unknown Alzheimer’s disease. 

 
Alzheimer's disease is a progressing neurodegenerative disease. It is symptomatically 

manifested by the loss of memory and cognitive impairments (e.g., forgetting recent 

events and people's names), behavioral changes (e.g., aggressiveness and paranoia), 

and the loss of functional abilities (e.g., increasing difficulty with communication and 

impaired mobility).2,3 Even though the exact pathological cause is not yet fully clarified, 

it is characterized by two neuropathological hallmarks: extracellular deposition of 

amyloid β (Aβ) plaques and intracellular neurofibrillary tangles (NFTs).2 

 
The prevalence rate of Alzheimer's disease in the population is about 3% in persons 

aged 65 to 74 years and 19% in persons aged 75 to 84 years. A prevalence of 

approximately 47% was found for the population over 84 years of age, revealing a 

strong correlation between the onset of the disease and the age of the affected 

persons.4 Additional risk factors for the onset of the disease are smoking, alcohol 

abuse, overweight, high blood pressure, low educational attainment, social isolation, 

cognitive inactivity, and air pollution.3 With about 60-70% of all cases, Alzheimer's 

disease is the leading cause of dementia affecting elderly individuals.3,5 Other major 

dementia forms include vascular dementia, Lewy body dementia, dementia from 

physical injuries to the brain, and dementia resulting from strokes or from certain 

infections (e.g., HIV).3 Worldwide, around 55 million people have dementia. Due to the 

rapidly aging population, the prevalence is expected to rise to 78 million cases in 2030 

and 139 million cases in 2050, indicating a major impact on public health and the 

healthcare system.3 The estimated total global societal cost of dementia in 2019 was 
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about 1.3 trillion US dollars. These costs are expected to reach 2.8 trillion US dollars 

by the year 2030.3 

 

Only a limited number of drugs exist for the treatment of Alzheimer's disease. To date, 

the established treatments for the disease are only of symptomatic nature, all 

attempting to neutralize the neurotransmitter disturbance.6 The approved treatments 

are not able to cure or prevent Alzheimer's disease and demonstrate solely minor 

improvements in the patient's condition.6 The first group of drugs are the 

cholinesterase inhibitors with donepezil (Pfizer), rivastigmine (Novartis), and 

galantamine (Janssen) as approved drugs.6,7 These drugs are authorized for the 

treatment of mild to moderate forms of AD and are referred to as the standard and first-

line treatment.6 The cholinesterase inhibitors are supposed to prevent the loss of 

acetylcholine neurons and the impairment of enzymatic function for acetylcholine 

synthesis and degradation. The loss of cholinergic neurons in the basal forebrain 

during the progression of AD has been associated with memory loss and the 

deterioration of several cognitive and non-cognitive functions.6 Another pharmaceutical 

is memantine (Lundbeck), a N-methyl-D-aspartate receptor (NMDA) antagonist 

approved for the treatment of moderate to severe AD.6,7 Memantine normalizes the 

increased activity of NMDA receptors reported for AD by acting as a non-competitive, 

fast off-rate NMDA receptor antagonist that binds to the open state of the NMDA 

receptor channel.7 In addition, antidepressants (e.g., sertraline) and antipsychotics 

(e.g., risperidone) are used to treat depression and behavioral disorders of the 

patients.6 Drugs that do not simply improve the patient's condition but stop or at least 

effectively modify the disease are referred to as disease-modifying drugs.6 To halt 

progress, drugs must influence pathogenic processes responsible for the clinical 

symptoms of the disease. Namely, these are the deposition of extracellular amyloid β 

plaques and the formation of intracellular neurofibrillary tangles.6 Aβ originates from 

the amyloid precursor protein (APP) by proteolytic processing through β-secretase in 

the extracellular domain and γ-secretase in the transmembrane region.6 The amplified 

formation, accumulation, and aggregation of Aβ is identified as one of the factors of 

the clinical manifestation of Alzheimer's disease.6,7 This was first described in 1992 by 

Hardy and Higgins in the so-called amyloid hypothesis.8 Aβ is capable of forming 

oligomer clusters which are held responsible for neurotoxicity. The Aβ oligomers can 

form Aβ-fibrils and protofibrils, which are subsequently converted to amyloid plaques6. 
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The amyloid plaques are considered as non-toxic. It is the Aβ oligomer that triggers 

the amyloid cascade, resulting in local inflammation, oxidation, excitotoxicity, and tau 

hyperphosphorylation. Subsequently, tau hyperphosphorylation leads to the formation 

of intraneuronal tangles causing cell death.6 The advancing neuronal destruction leads 

to an imbalance of neurotransmitters (e.g., acetylcholine) and to the characteristic 

cognitive deficits.6 Therefore, significant efforts have been made by the pharmaceutical 

industry to develop new drugs that can normalize the Aβ-level in the brain.6,7,9 In 2021, 

aducanumab (Biogen) received accelerated approval by the US Food and Drug 

Administration (FDA) for the treatment of mild forms of AD.10 It is the first approved 

drug on the market targeting the underlying pathophysiological processes of AD. 

Aducanumab is an Aβ directed human immunoglobulin gamma 1 (IgG1) monoclonal 

antibody that is capable of crossing the blood-brain barrier. Subsequently, 

aducanumab selectively targets and binds aggregated soluble oligomers and insoluble 

fibril conformations of Aβ plaques in the brain.10 Aducanumab as a drug is 

controversially debated in the scientific community due to a lack of efficacy and safety 

reservations. The approval of the drug resulted in the resignation of three members of 

the FDA advisory committee, which advised against the authorization.11 In January 

2023, lecanemab (Biogen and Eisai) was approved as the second drug on the market, 

targeting and reducing the Aβ-levels in the brain.12 However, several concerns remain 

regarding the actual clinical relevance and safety of this novel class of drugs.13 Another 

promising approach is the development of β-secretase inhibitors (e.g., verubecestat 

(Merck) in clinical phase II/III)2 or γ-secretase inhibitors (e.g., semagacestat (Eli Lilly) 

in clinical phase III)2 that mediate the formation of Aβ from APP.9 Nevertheless, there 

are still some enigmatic aspects left of the Aβ cascade, and additional findings on how 

Aβ aggregates cause AD might lead to new therapeutic approaches.9 While most of 

the (candidate) drugs targeting Aβ could not demonstrate clinical efficacy, another 

encouraging approach can be found in the development of tau-targeting therapies. The 

tau protein can be more closely associated with cognitive decline than Aβ.2 Promising 

therapeutic strategies targeting the tau protein are drugs that prevent the abnormal tau 

hyperphosphorylation (e.g., tideglusib (Noscira), failed in clinical phase II)2 or the tau 

aggregation (e.g., methylthioninium chloride, improvement in cognitive performance 

was determined in clinical phase II)2. Further promising anti-tau agents in clinical phase 

II are the monoclonal antibodies gosuranemab (Biogen), tilavonemab (AbbVie), 
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semorinemab (Genentech/AC Immune), and zagotenemab (Eli Lilly) and the anti-tau 

vaccine AADvac1 (Axon Neuroscience).2  

 

Even though great efforts have been made in the last decades to understand the 

pathology of Alzheimer's disease and to discover effective and safe drugs, there is still 

a long way to go to discover a treatment with high efficacy and clinical benefit. Another 

important challenge in this context is the search for a reliable (peripheral) biomarker, 

allowing the predictive diagnosis of AD. As of today, a biomarker that allows early 

identification of AD before symptoms onset has not been found yet.14,15 A final 

histological examination of the brain is still required to make a definitive diagnosis.14,15 
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Chapter 2 
 

Design and Biological Evaluation of Selective Caspase-2 
Inhibitors 
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2 Design and Biological Evaluation of Selective Caspase-2 Inhibitors 
 

Results of this chapter have been published in: 

Bresinsky, M.; Strasser, J. M.; Vallaster, B.; Liu, P.; McCue, W. M.; Fuller, J.; 

Hubmann, A.; Singh, G.; Nelson, K. M.; Cuellar, M. E.; Wilmot, C. M.; Finzel, B. C.; 

Ashe, K. H.; Walters, M. A.; Pockes, S. Structure-Based Design and Biological 

Evaluation of Novel Caspase-2 Inhibitors Based on the Peptide AcVDVAD-CHO and 

the Caspase-2-Mediated Tau Cleavage Sequence YKPVD314. ACS Pharmacol. 

Transl. Sci. 2022, 5 (1), 20–40.  

 

Singh, G.; Liu, P.; Yao, K. R.; Strasser, J. M.; Hlynialuk, C.; Leinonen-Wright, K.; 

Teravskis, P. J.; Choquette, J. M.; Ikramuddin, J.; Bresinsky, M.; Nelson, K. M.; Liao, 

D.; Ashe, K. H.; Walters, M. A.; Pockes, S. Caspase-2 Inhibitor Blocks Tau Truncation 

and Restores Excitatory Neurotransmission in Neurons Modeling FTDP-17 Tauopathy. 

ACS Chem. Neurosci. 2022, 13 (10), 1549–1557.  

 

Bresinsky, M.; Strasser, J. M.; Hubmann, A.; Vallaster, B.; McCue, W. M.; Fuller, J.; 

Singh, G.; Nelson, K. M.; Cuellar, M. E.; Finzel, B. C.; Ashe, K. H.; Walters, M. A.; 

Pockes, S. Characterization of Caspase-2 Inhibitors Based on Specific Sites of 

Caspase-2-mediated Proteolysis. Archiv der Pharmazie 2022, 355 (9), 2200095.  

 

M.B. synthesized compounds 2.009-2.013, 2.015, 2.017, 2.019-2.035, 2.037-2.058, 

2.060-2.065, 2.067-2.073, 2.075-2.088, 2.093-2.100, 2.107-2.111, 2.114, and 2.116-

2.126. A.H. synthesized compounds 2.014, 2.036, 2.112, 2.113, and 2.115. S.P. 
synthesized compounds 2.008, 2.018, 2.059, 2.066, and 2.074. G.S. synthesized 

compounds 2.101 and 2.106. M.B., K.M.N., and J.M.S. performed the fluorescence-

based enzyme inhibition assay for the caspases. J.F., B.C.F., and W.M.M. performed 

the crystallographic experiments. M.A.W. performed the computational docking of the 

ligands. P.L. performed the in vitro caspase-2-catalyzed tau cleavage assay, 

immunoprecipitation/western blotting, and mess spectrometry. Electrophysiology was 

performed by K.R.Y., P.J.T., J.I., and J.M.C. Tau accumulation assay: C.H.. Animal 

care and usage: K.L.W. and C.H. Conceptualization: D.L., K.H.A., M.A.W., and S.P..  
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2.1 Introduction Caspases 

2.1.1 Proteolytic Enzymes 
 
Proteases (also referred to as peptidases) demonstrate several physiological functions 

such as general protein digestion or more specified functions like activation of 

zymogens, blood coagulation and the lysis of fibrin clots, hormone release, processing 

precursor of pharmacologically active peptides, and the transport of secretory proteins 

across membranes.16 A variety of hormones and physiologically active proteins are 

synthesized as inactive precursors (zymogens) and are first activated by the 

corresponding protease (cf. Figure 2.001A and 2.001B). The activation is performed in 

either one step or in multiple steps (cascade) (cf. Figure 2.002B). 

 

 
Figure 2.001. (A) Schematic diagram of the different pathways of protein formation: (a) 
Transcription and translation control the building of different proteins out of the amino acid 
pool. (b) Degradation of proteins to amino acids. (c) Zymogen activation mechanism to active 
proteins. (d) Reversible conformational changes that affect the activity of the protein (allosteric 
transition or covalent modification). Figure adapted from Figure 1 of Neurath and Walsh 
(1976)17. (B) Activation of zymogen (inactive state) to active proteins (active state) by the 
corresponding protease. Figures created with BioRender.com.  
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The promotion of zymogens is a vital control element that can initiate new physiological 

processes. Proteolytic cascades are enzymatic amplification systems where a small 

stimulus is converted to a major physiological response (e.g., blood coagulation). The 

investigation of specific zymogen reactions can be challenging because the precursor 

is activated prior to isolation.17 The regulation of physiological functions is affected by 

the specificity and efficiency of the individual activation processes.17 

 
A striking feature of proteases is that they exhibit a large variety of biological functions 

by employing solely basic mechanisms; they exert their functions by selectively 

catalyzing the truncation of specific proteins. Thereby the amide bond between two 

amino acids is hydrolyzed. The underlying physiological mechanism is characterized 

by the polarization of the peptide bond by a nucleophilic attack on the carbonyl group. 

This can occur either by a water molecule or directly by the protease. The process is 

accompanied by the donation of a proton to the neighboring nitrogen 

(cf. Figure 2.002A).16,18  

 

 
Figure 2.002. (A) Mechanisms of enzymatic cleavage of amide bonds. Nucleophiles (Nuc) or 
bases (BH) (indirectly by water) attack the carbonyl carbon atom. The process is supported by 
the donation of a proton through a donor (HA) to the neighboring nitrogen (B) Schematic 
demonstration of cascade activation of zymogens: Physiological signal (trigger) initiates the 
cascade by activating zymogen X, which results in the formation of protease intermediate Xa. 
Subsequently, zymogen Y is cleaved, and protease intermediate Ya is formed. These steps 
are repeated until the active protein is released. Figure A is adapted from Figure 1 of Neurath 
(1984)16 and Figure B from Figure 1 of Neurath and Walsh (1976)17. Figures created with 
BioRender.com.  
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Specific functional residues in the binding site of the protease serve either as a 

nucleophilic group or as a proton donator. The proteases are distinguished according 

to specific functional groups in the active site of the enzyme, 3D structures, and the 

enzymatic reaction they execute (cf. Table 2.01). Every group of peptidases is 

characterized by specific amino acids or metals arranged in a particular configuration 

in the active site of the enzyme. Members of a protease group are descending from 

mutual ancestors by deviating evolutionary paths. The serin proteases and the 

metalloproteases comprise two families that have emerged from a separate 

predecessor.16,17 

 
Table 2.01. Protease families, with corresponding examples and enzymes involved in the 
active site.16,19–22  

Family Representative proteases 
Characteristic active 
site residues 

Serine proteases I Chymotrypsin Asp102, Ser195, His57 

Serine proteases II Subtilisin Asp32, Ser221, His64 

Cysteine proteases Caspase-1 Cys285, His237 

Threonine proteases 20S proteasome Thr1, Asp17, Lys33 

Aspartic proteases Penicillopepsin Asp33, Asp213 

Glutamic proteases Scytalidocarboxyl peptidase B Gln53, Glu136 

Metalloproteases I Bovine carboxypeptidases A Zn, Glu270, Tyr248 

Metalloproteases II Thermolysin Zn, Glu143, His231 

Asparagine peptide 

lyases 

Tsh-associated self-cleaving 

domain 
Asn1100, Lys1201, Tyr1227 

 

2.1.2 Caspases: A Family of Cysteine-Aspartic Proteases 
 

Caspases (cysteine-dependent aspartate-directed proteases) are a family of protease 

enzymes that cleave target proteins on the C-terminal side of aspartic acid and are 

typically subdivided into three major groups: initiator caspases (e.g., caspase-2, -8, -9, 

-10), effector/executioner caspases (e.g., caspase-3, -6, -7), and inflammatory 

caspases (e.g., caspase-1, -4, -5) (cf. Figure 2.003).23,24 Caspase-2 is classified 

differently depending on the literature, as it combines the functions of both initiator 

caspases and executioner caspases.24,25 Therefore, it is also referred to as caspase 

being responsible for the cell cycle.23 There are findings about 11 humans, 10 murine, 
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4 avians, 4 fish, 8 amphibians, 7 insects, and 3 nematode caspases. In total, 14 

different mammalian caspases have been detected (cf. Figure 2.003).26,27 In terms of 

structure, most caspases possess a prodomain (CARD or DED) at the N-terminal side 

that promotes the recruitment and activation of multiprotein complexes 

(cf. Figure 2.003). Inflammatory caspases (e.g., caspase-1, -4, -5) all possess a CARD 

domain (= caspase recruitment domain).  

 

 
Figure 2.003. Functional classification and domain organization of murine and human 
caspases: The caspases are classified into three different groups, initiator caspases (e.g., 
caspase-2, -8, -9, -10), effector/executioner caspases (e.g., caspase-3, -6, -7), and 
inflammatory caspases (e.g., caspase-1, -4, -5). In total, 14 different mammalian caspases 
have been detected: within the human, there are 11 different caspases. m, murine and h, 
human. Figure adapted from Figure 1 of Opdenbosch and Lamkanfi (2019)23. Figure created 
with BioRender.com.  
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Within the initiator caspases caspase-8 and caspase-10 share a DED domain (= death 

effector domain) and caspase-9 a CARD domain. In contrast, executioner caspases 

do not exhibit a prodomain. Furthermore, all caspases have large (∼20 kDa) and small 

(∼10 kDa) catalytic subunit that together form the protease domain (cf. Figure 2.003).23 

Caspase zymogens are activated in active proteases by a proximity-induced 

autoactivation that is driven by a conformational change due to dimerization. This 

causes proteolytic cleavage of the flexible linker regions separating the prodomain 

from the large and small catalytic subunit. In contrast, effector caspases do not 

possess a prodomain and need to be activated by the cleavage of initiator caspases 

(cf. Figure 2.003).28 All caspase catalytic domains share a similar dimeric quaternary 

structure, with two identical monomers associated about two-fold rotation axis to form 

one large beta sheet of twelve strands. The monomers adopt a highly homologous 

fold, with highly variable loops (L1-L4) that lead to the specific and varying substrate 

selectivity of the different caspases (cf. Figure 2.004). Following proteolytic cleavage 

in the L2 loop, a rearrangement of the L2 and L3 loops occurs resulting in a 

repositioning of the active site cysteine and enzyme activation. Substrates and 

inhibitors bind in a cleft formed atop the L3 loop, with L2 and L4 on either side of this 

cleft (cf. Figure 2.004).  
Figure 2.004. The Caspase folds. 
All caspase catalytic domains share 
a similar fold, with highly variable 
loops (L1-L4) that afford selectivity 
by different caspases. 
Rearrangement of L2 and L3 occurs 
following proteolytic cleavage in the 
L2 loop, resulting in enzyme 
activation.29 Peptidic inhibitors bind 
cradled in the groove above L3 
pinched between L2 and L4. The 
structure shown is the 
Casp2/AcVDVAD complex 
described by Tang et al. 
(PDBid:3r5j).30 
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2.1.3 Apoptotic Pathways of Caspases 
 

Caspases are synthesized as zymogens and first have to be activated by a variety of 

internal and external triggers.24,31 They are classically associated as an enzyme 

cascade during the initiation and execution of apoptotic cell death and the processing 

and maturation of inflammatory cytokines. After the perception of an apoptotic stimuli, 

initiator caspases (e.g., Casp2, Casp8, and Casp9) are enabled. The extrinsic pathway 

is triggered by the binding of extracellular death ligands (e.g., Fas L) to death receptors 

(e.g., Fas) (cf. Figure 2.005).32–34 A death-inducing signaling complex (DISC) is formed 

by the binding of a death ligand to the death receptor and the recruitment of a death 

domain-containing adaptor protein. The death-inducing signaling complex recognizes 

death domains on the procaspases, initiates the recruitment of procaspases, and 

thereby activates the initiator caspases Casp8 and Casp10 (cf. Figure 2.005).24 Those 

catalytically cleave effector caspases (e.g., Casp3, Casp6, and Casp7) out of the 

inactive precursor (procaspases). Effector caspases cleave a variety of substrates, 

which are responsible for inducing cell death (cf. Figure 2.005). Casp8 additionally can 

advance the intrinsic apoptotic pathway by the release of Bcl-2 homology 3 (BH3)-only 

protein Bid. This is further converted to truncated Bid (tBid), which activates the Bcl-2 

proteins Bax and Bak. Mitochondrial outer membrane permeabilization (MOMP) is 

activated by the Bcl-2 proteins Bax and Bak, resulting in the release of proapoptotic 

mitochondrial messengers (e.g., cytochrome c) into the cytoplasm (cf. Figure 2.005).35 

The apoptotic pathway of the BH3-only protein Bid is in balance with anti-apoptotic Bcl-

2 family proteins.35 Cytochrome c leads to the oligomerization of the caspase 

recruitment domain-containing adaptor protein (Apaf-1), resulting in the activation of 

Casp9 by Apaf-1 from the zymogenic form (procaspase-9). Casp9 then again enables 

effector caspases.24 The precise apoptotic mechanism of caspase-2 initiation remains 

largely unclear, but it is assumed that a variety of stress factors may be 

responsible.24,36 Therefore, it is difficult to classify caspase-2 as an initiator or an 

executioner caspase as it demonstrates features of both.25 Further intrinsic factors for 

caspase activation are endoplasmic reticulum (ER) stress, metabolic stress, response 

to DNA damage, and a variety of other factors.36–40 
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Figure 2.005. Extrinsic and intrinsic apoptotic pathways.24,33 Extrinsic pathway: A death ligand 
(e.g., Fas L) binds to a death receptor (e.g., Fas). Thereby, a death-inducing signaling complex 
(DISC) is formed consisting of the death receptor and the death domain-containing adaptor 
protein (e.g., Fas-associated death domain (FADD)). This causes the activation of Casp8 and 
Casp10 from the procaspase-8 and procaspase-10. The active proteins Casp8 and Casp10 
promote the activation of effector caspases (e.g., Casp3 and Casp7) and/or the BH3-only 
protein Bid. Casp3 and Casp7 are responsible for the initiation of apoptosis. Bid leads to the 
activation of the intrinsic apoptotic pathway. Intrinsic pathway: The intrinsic pathway is 
promoted by the BH3-only protein Bid (activated by Casp2 or Casp8). Bid is truncated to tBid, 
which causes the activation of Bax/Bak. The proapoptotic proteins Bax and Bak promote the 
release of cytochrome c from the mitochondria to the cytoplasm. Cytochrome c enables the 
adaptor protein Apaf-1, which recruits and activates caspase-9. Casp9, in turn, activates the 
effector caspases. Figure adapted from Figure 1 of Kurokawa et al. (2009)24. Figure created 
with BioRender.com.  
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2.1.4 Cellular Substrates of Caspase-2  
 
To date, a variety of cellular substrates of Casp2 are known, as it is present in different 

organelles (e.g., nucleus, Golgi body, cytoplasm, and mitochondrion), even though a 

greater part of them is processed by multiple caspases (e.g., caspase-3).41,42 The 

listing of all substrates is not sufficient to draw a conclusion about the actual 

preference. The crucial parameter is the catalytic efficiency for a more precise 

identification of the preference of substrate cleavage within the caspases. This was 

analyzed by Julien et al. (2016) in an extensive study.43  

 
Table 2.02. Selected Casp2 substrates indicating their cleavage site, Casp2 selectivity, and 
cleavage efficiency. Table adapted from Table 1 of Miles et al. (2017)41. 

Substrate Cleavage Site Casp2 Selectivity 
Cleavage 
Efficiency 
(M-1 S-1) 

CUX-144 SEGD½S and/or 
DSCD½G 

No 6.2 x 105 

Prothymosin α43 M(init)SD½A Yes 1.5 x 105 

Golgin-16045 ESPD½G Yes 3.3 x 104 

Nucleosome 
assembly 
protein 1-like 4 
(NAP1L4)43 

SFSD½G Yes 1.3 x 104 

Protein transport 
protein 
Sec16A43 

VHPD½S Yes 8.3 x 103 

DRAD½S Yes 5.4 x 103 

Bid46,47 LQTD½G No 3.2 x 103 

Rho GDI 243 DTKD½G No 2.6 x 103 

Guanine 
nucleotide-binding 
protein-like 143 

DIND½G Yes 2.0 x 103 

Scaffold attachment 
factor 
B243 

DSRD½G Yes 2.0 x 103 

Runx147 DVPD½G Yes 1.8 x 103 
BAG-643 DEQD½G Yes 1.6 x 103 
Transcriptional 
regulating 
factor 143 

DTRD½G Yes 1.3 x 103 
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Table 2.02 (continued) 

Substrate Cleavage Site Casp2 Selectivity 
Cleavage 
Efficiency 
(M-1 S-1) 

eIF-4H43 DEPD½A No 1.3 x 103 
Histone deacetylase 
643 DMAD½S No 1.3 x 103 

Holliday junction 
recognition protein43 DRTD½G No 1.2 x 103 

Deubiquitinating 
protein 
VCIP13543 

ETTD½G Yes 1.2 x 103 

Ubinuclein-143 DESD½S No 1.1 x 103 
Scaffold attachment 
factor 
B243 

DGTD½G Yes 1.1 x 103 

Protein PRRC2B43 DQAD½S Yes 1.1 x 103 
Serine/arginine-
related 
protein 5343 

IESD½S No 1.1 x 103 

GEM-interacting 
protein43 DTSD½G Yes 1.1 x 103 

Ral GTPase-
activating 
protein subunit alpha-
143 

TVKD½G Yes 1.1 x 103 

C18orf2543 VQKD½G Yes 1.0 x 103 
eIF-4B48 DRKD½G Yes n.a 
MDM-249 DVPD½C Yes n.a 
Tau50,51 KPVD½L No n.a 

 

For many substrates, the physiological role of the cleavage remains obscure. The best-

examined substrates are Bid (causing the release of cytochrome c of the 

mitochondrion), Golgin-160 (causing the Golgi body dissolution), and MDM-2 (causing 

cell cycle arrest and p53 stabilization).50 Golgin-160 can also be cleaved by caspase-

3 in vitro at a different site, but because of its localization in the Golgi organelle, Casp2 

has better access to it.41,52 Further notable substrates of caspase-2 are CUX-1, 

huntingtin (Htt), αll-spectrin, Rho kinases-2 (Rock-2), PKCδ, plakin, HDAC4, ICAD, 

PARP, DNp63a, and tau. Most of the substrates are processed by a variety of other 

proteases.42,45,49 Table 2.02 shows a selection of known substrates, their cleavage site, 

cleavage efficiency, and the selectivity for caspase-2 over other caspases.  
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2.1.5 Physiological Functions of Caspase-2 and Associated Diseases 
 

A variety of caspases also possess nonapoptotic physiological features such as cell 

cycle regulation and DNA repair.40 Analysis of the Casp2 protein sequence revealed 

that it is the evolutionarily most conserved caspase.53 Nevertheless, it is the most 

enigmatic member of the family.52–56 While the exact biological role and mechanism of 

caspase-2 are still unclear, it is associated with various processes of cell death by 

cleaving BH3-only protein Bid.41,57 Furthermore, it is linked with metabolic syndrome, 

obesity, and nonalcoholic fatty liver disease.58 Metabolic benefits of Casp2 loss were 

demonstrated in a study by Machado et al. (2016)58. Casp2 deficient mice exhibit less 

susceptibility for dyslipidemia, diabetes mellitus, and hepatic steatosis.58 This was 

impressively demonstrated by wild-type mice that were fed a high sugar/fat diet.58 They 

had almost twice as much body fat as Casp2 deficient mice with the same diet or as 

wild-type mice that were fed ordinary food.58 Additionally, wild-type mice showed 

impaired glucose tolerance compared to the Casp2-deficient mice.41,58 Caspase-2 is 

known for the protection of retinal ganglion cells (RGCs), indicating that inhibitors can 

be used for the treatment of optic nerve injuries.59 Optic nerve damage causes the 

apoptosis of RGCs.59 Ahmed et al. (2011)59 demonstrated that the clamping of the 

axon of rat RCGs led to a 60% reduction of retinal ganglion cells (RGCs) within seven 

days. However, this process was diminished by the intravitreal injection of siRNA 

targeting Casp2.41,59 Besides, Casp2 is involved in cytoskeleton protein degradation 

during cell death.42  Vakifahmetoglu-Norberg et al. (2013)42 discovered four 

cytoskeleton proteins (tropomyosin, profilin, stathmin-1, and myotrophin) that were 

degraded during DNA damage, cytoskeleton disruption, or endoplasmic reticulum 

stress-induced apoptosis. Although the cleavage of this protein was not directly 

induced by Casp2, the degradation was prevented by using siRNA for downregulating 

caspase-2 or through pharmacological inhibition of Casp2.41,42,60 Additionally, 

caspase-2 amplifies the harm to CNS neurons under stress, e.g., excitotoxicity, 61 

increased ROS, exposure to Aβ or MPTP, neonatal stroke,61 retinal ischemia and 

transgenic expression of mutant APP,62 huntingtin63 or tau51. This leads to the 

conclusion that targeting Casp2 may be beneficial for various neurological indications 

(cf. Table 2.03).51,59,62–68 Casp2 −/− mice show no perceptible physiological 

abnormalities and the same life expectancy as their wild-type littermates, strengthening 
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the assumption that pharmacological inhibition of Casp2 could be a safe and effective 

therapeutic strategy.69 
 

Table 2.03. CNS indications that may benefit from Casp2 inhibition.51,59,62–68 
Indication Model System 

Alzheimer’s disease (AD) Transgenic mouse (J20) 

Huntington disease (HD) Transgenic mouse (YAC128) 

Frontotemporal dementia (FTD) Transgenic mouse (Tg4510) 

Parkinson’s disease (PD) MPTP (mouse) 

Excitotoxicity Ibotenic acid (mouse) 

Neuro-ophthalmology Crush, glaucoma (rat) 

Stroke Neonatal (wt, Casp2 null) 

Neuroblastoma Transgenic mouse (TH-MYCN) 

 

2.1.6 Truncation of Tau and Physiological Role of Caspase-2 in Tauopathies like 
Alzheimer’s Disease 

 

Two physiological functions for Casp2 are disclosed in the healthy brain: During 

development, Casp2 likely mediates neuronal apoptosis.70,71 In the mature brain, 

Casp2 facilitates long-term depression, a synapse-weakening form of long-lasting 

synaptic plasticity.72 However, in recent years, the caspase-2 (Casp2) enzyme has 

been increasingly associated with neurodegenerative diseases, in particular 

tauopathies like Alzheimer’s disease (AD), Huntington's disease (HD), frontotemporal 

dementia (FTD), and Lewy body dementia (LBD).51,62,63,73–75 Fibrillar tau has been 

dissociated from neuronal death and network dysfunction, implying the contribution of 

non-fibrillar species in the mediation of cognitive anomalies.76,77 Post-translational 

modifications (PTMs) of tau, such as phosphorylation and acetylation, play a crucial 

role in the normal physiological conditions of neurons. Phosphorylation serves as a 

regulator of tau functions such as the stimulation and stabilization of microtubule 

assembly.78,79 In AD and other tauopathies, the tau protein undergoes 

hyperphosphorylation, which promotes the accumulation and mistargeting of abnormal 

tau in dendritic spines (cf. Figure 2.006).80,81 Casp2 cleavage of tau at Asp314 

generates the cleavage product ∆tau314 and leads to synaptic dysfunction and 
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impaired cognition by enabling tau to mislocalize to dendritic spines and dislocates 

glutamate receptors on the postsynaptic membrane (cf. Figure 2.006). 

 

Figure 2.006. Mechanism for synaptic dysfunction and impaired cognition prompted by 
excessive Δtau314 accumulation.51,80 (1) hyperphosphorylation and disassociation of tau from 
microtubules. (2) Casp2 mediated truncation of full-length tau to Δtau314 (3) mislocalization of 
Δtau314 and full-length tau to dendritic spines. (4) accumulated Δtau314 in dendritic spines 
impairs glutamatergic synaptic transmission by lowering the number of functional AMPA and 
NMDA receptors on the surface of the neuronal membrane by internalization and diminished 
anchoring of the glutamate receptors. Figure is adapted from Figure 2 of Pockes et al. (2022)82. 
Figure created with BioRender.com. 
 
The synapses affected by this are referred to as "silent synapses" since the number is 

not decreasing. 51,80 The Δtau314 fragment may be a biomarker of impaired cognition, 

as ∆tau314 was increased approximately threefold in brain samples from patients with 

mild cognitive impairment (MCI) and Alzheimer's disease (AD) compared to cognitively 

intact subjects.51,74 Zhao et al. (2016)51 revealed that mutant tau, not cleaved by 

caspase-2, hinders tau from hyperaccumulating into dendritic spines, dislocating 

glutamate receptors and impairing synaptic function in cultured neurons. It prevented 

memory deficits and neurodegeneration in mice. Furthermore, lowering the level of 

caspase-2 restored long-term memory in mice with existing deficits. Therefore, 



Design and Biological Evaluation of Selective Caspase-2 Inhibitors 

 21  

blocking this truncation can be a promising therapeutic approach for AD or other 

tauopathies like Huntington's disease (HD) and Lewy body dementia.51,75,83  

 

2.1.7 Lowering Casp2 Enhances Synaptic Function: Catalytical or Non-
catalytical Pathway? 

 

Most cellular events of caspases are of non-apoptotic nature,84 albeit being discovered 

due to the search for genes that are responsible for apoptotic processes of cells.85 

Caspase-2 possesses biological activity through catalytical or non-catalytical cellular 

pathways. For instance, it has been proven that some non-apoptotic events are 

conducted via a non-catalytic process. Although the exact mechanism is unclear, dead 

Casp2 with its mutated catalytic active cysteine negatively impacts cellular 

autophagy.86 One hypothesis is that catalytically dead Casp2 acts as a translational 

co-factor to produce cyclin-dependent kinase inhibitor p2187. This can verifiably 

downregulate autophagy in various cell types under stress conditions.88,89 Zhao et al. 

(2016) demonstrated that lowering the level of Casp2 restored synaptic functions.51 

The basic assumption is that pathological effects of Casp2 on synaptic functions are 

caused by the catalytical pathway of Casp2. Casp2 hydrolyzes tau at Asp314. Thereby, 

Δtau314 is formed, which excessively accumulates in dendritic spines.51 Nevertheless, 

it is also possible that a non-catalytical mechanism of dead Casp2 is the cause of 

impaired synaptic functions since there is proof of at least one relevant cellular process, 

i.e., autophagy by catalytical dead Casp2.86 It might be possible to rescue 

neurotransmission by stimulating autophagy and thereby decreasing the amount of 

misfolded and aggregated forms of tau. In order to do so, it must be deciphered 

whether the pathological cellular processes of Casp2 on synaptic functions are due to 

its catalytic or non-catalytic properties to justify the potential use of selective Casp2 

inhibitors as a treatment for tauopathies like Alzheimer’s disease. The biological 

experiments in chapters 2.4.2.3, 2.4.2.4, and 2.4.2.5 are intended to verify whether 

Casp2 exerts synaptic dysfunction through catalytical or non-catalytical cellular 

processes.  
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2.1.8 Amino Acid Motif Preferences of Substrates within the Caspase Family 
 

Extensive success in the structural biology of caspases has provided a wealth of 

information regarding enzyme architecture, activation, and the basis for selectivity of 

these enzymes for different substrates.29 Within the caspase family, only Casp2 

requires a motif of five amino acids, instead of four, as a specific recognition sequence 

for efficient substrate cleavage.30,90 The closest similarities to the cleavage specificity 

of Casp2 are found with Casp3, 7, and 8 where an aspartic acid is also favored at 

position P1 and P4 for effective binding (cf. Figure 2.007). This close homology 

between Casp2 and Casp3 makes the design of selective Casp2 inhibitors challenging. 

All caspases conduct substrate cleavage by the same mechanism, using a catalytic 

Cys/His dyad architecture in their active site. The aspartic acid of substrates is deeply 

buried in the basic S1 pocket, where it interacts with two arginines and one glutamine 

residue (e.g., Arg202, Arg361, and Gln301 Casp2). Casp3, 6, and 7 are limited to 

smaller aliphatic residues at P2 (e.g., alanine and valine; cf. Figure 2.007), as their S2 

binding sites show a narrower spatial shape recognition than other caspases. Notably, 

Casp2 accommodates larger substrates in S2, and also contains a negatively charged 

Glu52 as a unique structural feature.32,91 Therefore, it was hypothesized that the 

introduction of sterically demanding P2 residues, as recently shown by Maillard et al. 

(2011)92 , and/or the use of positively charged amino acids (e.g., lysine, arginine) at P3 

could lead to enhanced potency at Casp2 over Casp3. The S3 binding site of all 

caspases is characterized by a conserved arginine which can provide ionic interactions 

with negatively charged amino acids (e.g., glutamic acid) of the substrates at P3 

(cf. Figure 2.007).91 Casp8 and Casp9 are characterized by a second arginine, 

allowing a tighter binding of ionic groups in its S3 pocket.91 The S4 binding site of the 

caspase family can be subdivided into three groups.91 Casp1, 4, 5, and 11 consist of 

an extended, shallow hydrophobic binding pocket, favorably engaging aromatic amino 

acids (e.g., tryptophan; cf. Figure 2.007).32,91 In contrast, Casp2, 3, and 7 have a 

significantly smaller hydrophilic binding site, typically preferring an aspartic acid 

(cf. Figure 2.007).32,91 Recent work has demonstrated that a homoglutamic acid P4 

sidechain can confer excellent selectivity for Casp2 versus other caspases.93 S4 

structures of Casp6, 8, 9, and 10 show little selectivity toward specific amino acids and 

represent a hybrid between the two binding sites mentioned above.91 Casp2 is the only 

caspase that prefers an occupied binding subsite S5 for activity, e.g., valine or 
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tryptophan.93 This unique requirement for its substrate guarantees efficient substrate 

cleavage and a substrate-selectivity preference for Casp2 over other caspases.32,94  

 
Figure 2.007. Peptide substrate preferences for Casp1, 2, 3, 4, 5, 6, 7, 8, 9, 10.95,96 P1-P5 
represent the respective amino acid position of the peptidic substrate or inhibitor. P1 always 
marks the position of the aspartic acid (D) cleavage site. P4 and P5 (for Casp2) represent the 
N-terminal position, respectively. 
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2.2 Scope and Objectives  
 

Fibrillar tau has been dissociated from neuronal death and network dysfunction, 

implying the contribution of non-fibrillar species in the mediation of cognitive 

anomalies.76,77 ∆tau314, a 35-kDa tau cleavage product of tau, can reversibly impair 

cognitive and synaptic function in animal and cellular models of tauopathies.51 ∆tau314 

is formed by truncation of tau at Asp314 by Casp2.51 The accumulation of this cleavage 

product in the dendritic spines is being held responsible for synaptic dysfunction and 

impaired cognition by reducing AMPA receptors in the post-synaptic membrane.51 

Down-regulating or genetically shutting off the level of caspase-2 preserves synaptic 

functions in mouse models of frontotemporal dementia,51 Alzheimer’s disease,62 and 

Huntington’s disease.63 Most in vivo studies revealed that Casp2 expression levels 

mediate neurodegeneration, but no certain proof of the exact mechanism was 

revealed. As Casp2 can process its biological functions, catalytically or non-

catalytically, it is of great relevance to evolving selective Casp2 inhibitors to verify that 

the impaired cognitive and synaptic function is caused by catalytically hydrolyzing tau 

at Asp314 since catalytically dead caspase-2 is also capable of acting as a translational 

co-factor that downregulates autophagy in various cell types. Therefore, lowering 

caspase-2 in different models might also exhibit positive effects on synaptic functions 

due to enhanced autophagy. 

 

The goal of this study was the exploration of the caspase-2 binding pocket to elucidate 

the interactions of Casp2 inhibitors and the target enzyme. This allows understanding 

the specific features of the active site to achieve the goal of discovering selective and 

potent Casp2 inhibitors. A particular focus was on the development of selective Casp2 

inhibitors against Casp3, since the canonical inhibitor AcVDVAD-CHO (2.016) 

provides equally high affinities for Casp2 and Casp3 (cf. Table 2.06 & Maillard et al. 

(2011)92). A further reason is the high concentration of active Casp3, compared to other 

caspases, which is present in almost all tissues.95 Ultimately, the neuroprotective 

effects of a Casp3 inhibitor have already been demonstrated in an HD model.97 

Therefore, strengthening the case for targeting Casp2-mediated proteolysis by 

developing a series of selective inhibitors is indispensable to prove the benefits of 

inhibiting Casp2 for synaptic functions. The high degree of homology observed 

between Casp2 and Casp3 makes the design of selective Casp2 inhibitors challenging. 
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The inhibitors are supposed to serve as pharmacological tools in planned in vivo 

studies and as lead compounds for the design of bioavailable and more drug-like small 

molecules that potentially can treat Alzheimer’s disease and other tauopathies. 

 

The design of the reversible covalent inhibitors is hereby influenced by previously 

published structure-activity-relationship (SAR) studies92,93,98,99, computational docking 

methods, and the crystallographic examination of caspase/inhibitor co-crystals. The 

design strategy of the Casp2 inhibitors consists of three different concepts: 1) 

Structure-based design of Casp2 inhibitors evolved from natural proteolysis sequences 

and the canonical inhibitor AcVDVAD-CHO; 2) Addressing Glu52 in the binding site of 

Casp2 and introducing previously published structural features; 3) Improvement of the 

physicochemical properties of Casp2 inhibitors to increase bioavailability. After every 

series was synthesized and biologically evaluated the favored structural features were 

analyzed and used for the design of further Casp2 inhibitors. 
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2.3 Structure-Based Design of Casp2 Inhibitors Derived from Natural 
Proteolysis Sequences and the Canonical Inhibitor AcVDVAD-CHO  

 

 
Since the discovery of the caspase-2 (Casp2)-mediated ∆tau314 cleavage product and 

its associated impact on tauopathies such as Alzheimer's disease, the design of 

selective Casp2 inhibitors has become a focus in medicinal chemistry research. In the 

search for new lead structures with respect to Casp2 selectivity and drug-likeness, a 

promising approach is looking more closely at the specific sites of Casp2-mediated 

proteolysis and the canonical inhibitor AcVDVAD-CHO. Using eight selected protein 

cleavage sequences, a peptide series of 54 novel molecules was designed and 

investigated using in vitro pharmacology, molecular modeling, and crystallography. 

  

AcVDV(Dab)D-CHO (24)
pKi (Casp2) = 7.26

AcVDVAD-CHO
(non-selective canonical Casp2 inhibitor)

Structure-based design based

on AcVDVAD-CHO & YKPVD314

Y-K-P-V-D314 I L-S-K

(Casp2-mediated tau cleavage sequence, 
D314 I L = cleavage site)

• > 27-fold selectivity against Casp1/3
• > 440-fold selectivity against Casp6/7/9

• canonical
inhibitor

• 8 specific sites
of caspase-2 
mediated
proteolysis

Structure-based
design

Concentration-response curves at Casp2
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2.3.1 Design Rationale 
 

The first approach in the search for new lead structures with respect to Casp2 

selectivity and drug-likeness is based on looking more closely at the specific sites of 

Casp2-mediated proteolysis (cf. Table 2.04) and the canonical inhibitor AcVDVAD-

CHO (2.016). This enables the revealing of new peptide sequences that might offer 

clues to the structural elements that could be beneficial in the design of Casp2 enzyme 

inhibitors. A detailed examination of structural data describing complexes of 

AcVDVAD-CHO (2.016) bound to both Casp3 (PDBid; 2h65)100 and Casp2 

(PDBid:3r6g)30 provides an excellent basis for understanding the high potency of this 

inhibitor scaffold toward both Casp2 and Casp3 and helps to identify some of the 

challenges and opportunities for selective inhibitor design. AcVDVAD-CHO (2.016) 

binds to Casp2 and Casp3 almost identically (cf. Figure 2.008). Reaction with the C-

terminal aldehyde results in the formation of a covalent bond to the catalytic cysteine 

(Cys163 in Casp3; Cys155 in Casp2). The P1 aspartic acid is firmly anchored in the 

S1 subsite by H-bonds and ionic interactions with Arg207, Arg64, and Gln161 (Casp3 

numbering). The remainder of the inhibitor lies stretched out over the L3 loop, with the 

peptide backbone of the P3 valine and P5 valine making H-bonds with the backbone 

of L3 at Arg207 and Ser209 that resemble those of an antiparallel b-sheet 

(cf. Figure 2.008C). All these interactions are largely conserved in complexes of most 

caspases with peptidic inhibitors and substrates; they confer broad potency but not 

selectivity. AcVDVAD-CHO (2.016) also exploits the P4 aspartic acid to increase 

affinity for Casp3 and Casp2. In both complexes, the Asp carboxylate forms a bridge 

connecting L3 to L4, with H-bonds to Asn208 of L3 and Phe250 of L4. The L4 loop is 

quite different in other caspases, and the L3 asparagine is only conserved in caspases-

2, -3, and -8 in humans. A comparison of the binding sites of the two structures exposes 

other differences not exploited by the AcVDVAD-CHO (2.016) scaffold. The most 

noticeable difference noted by Tang et al. (2011)30 is the presence of Glu52 in Casp2, 

which introduces a negatively charged functional group in the proximity of the S2 and 

S3 subsites (cf. Figure 2.008B). This amino acid is an uncharged threonine in Casp3 

(cf. Figure 2.008A). Another significant difference is the presence of a much smaller 

alanine (Ala228) in Casp2 in place of the tyrosine (Tyr204) of Casp3. This difference 

results in a significant expansion of the S2 subsite, which potentially can be targeted 

with larger P2 substituents. 



Design and Biological Evaluation of Selective Caspase-2 Inhibitors 

 28  

 
Figure 2.008. A comparison of experimentally determined Casp3 and Casp2 complexes with 
the same peptidic inhibitor (AcVDVAD-CHO). (A) The complex with Casp3 (PDB-id 2h65). (B) 
The complex with Casp2 (PDB-id 3r6g). Sequence differences Y204-A and T62-E result 
(Casp3 numbering) in an expansion of the P2 subsite (encircled with dashed line), and a 
change in the electrostatic environment there. (C) An overlay of AcVDVAD-CHO complexes 
with Casp3 (yellow) and Casp2 (cyan). Only the Casp3 backbone and sidechains are shown 
for clarity. Although most H-bonds are conserved in peptidic complexes with all caspases, H-
bonds to the backbone of the L4 loop at Phe250 (Casp3 numbering) from the P4 aspartic acid 
are also present in Casp2 but are likely not conserved to any great extent. Both complexes are 
also stabilized by H-bonds from the P4 Asp carboxylate to L3 Asn208 (Asn232 in Casp2), and 
the P5 valine carbonyl O to the backbone of L3 at Ser209/Thr233. (D) An overlay of models of 
AcVDVAD-CHO binding derived by docking into Casp3 and Casp2. Peptidic inhibitors were 
docked into respective protein targets (Casp3, salmon, yellow inhibitor; Casp2-gray, cyan 
inhibitor). The RMS deviation in modeled vs experimentally observed ligand atom positions is 
0.78 and 0.84 Å, respectively. 
 

The design strategy arose out of consideration of the cleavage site of the tau protein 

(GSVQIVYKPVD|LSKVTSKCG-; D|L cleavage site), which creates the ∆tau314 

associated with Alzheimer's disease. Since Casp2 is the only caspase to catalyze this 

cleavage, it was anticipated that AcYKPVD-CHO (2.008) might be a selective inhibitor. 

Upon applying covdock protocols, however, AcYKPVD-CHO docking scores predict 

that binding to both Casp2 and Casp3 enzymes would be significantly weaker (-9.561 
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(Casp2), -10.126 (Casp3) than binding predicted for the canonical inhibitor AcVDVAD-

CHO (2.016) (cf. Table 2.05). It was hoped that systematic investigation of hybrid 

pentapeptides that incorporate some features of 2.008 onto the potent scaffold of 2.016 

could lead to more potent and selective inhibitors. AcYKPVD-CHO (2.008), AcVDVAD-

CHO (2.016), and the hybrid molecule AcVDPVD-CHO (2.017) (cf. Figure 2.009) 

served as starting points in the design of a new pentapeptide series by which the gaps 

in SAR between the three lead compounds can be explored. A series was developed 

that provides the motifs V(P5)D(P4), Y(P5)K(P4), V(P5)K(P4), or Y(P5)D(P4) for the amino acid 

positions P5-P4 and the motifs P(P3)V(P2)D(P1), K(P3)V(P2)D(P1) or V(P3)K(P2)D(P1) for the 

positions P3-P1 (cf. Figure 2.009). To complete the series, individual changes were 

subsequently made at various positions. 

 

 
Figure 2.009. (A) Caspase-2 lead compounds AcYKPVD-CHO (2.008), AcVDVAD-CHO 
(2.016), and AcVDPVD-CHO (2.017). (B) Substitution pattern of the peptide series derived 
from AcYKPVD-CHO, AcVDVAD-CHO, and the hybrid peptide AcVDPVD-CHO. 
 
Additionally, seven other selected protein cleavage sequences (cf. Figure 2.010), like 

Golgin-16045, Protein transport protein Sec16A43, Transcriptional-regulating factor 143, 

Ral GTPase-activating protein subunit alpha-143, Holliday junction recognition 

protein43, and MDM2 (mice/human)49 were used as starting point for the inhibitor 

development. The appearance of Casp2 within the nucleus, Golgi, and mitochondria 
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enables access to other cellular substrates located in these organelles.52 Many of 

these cleavage events can also be mediated by Casp3 or other caspases, but some 

of these peptide sequences have also been reported to be cleaved under physiological 

conditions only or preferentially by Casp2.41 These specific sites were selected 

because of three reasons: (1) specificity of Casp2 cleavage (except for Holliday 

junction recognition protein which will serve as a control and SAR point), (2) the interest 

in characterizing arginine-containing sequences since there is evidence due to 

computational methods that this basic amino acid will interact with Glu52 in the Casp2 

binding site, and (3) non-canonical sequences (sequence ¹ -DXXD-) containing lysine 

at P2 (cf. Table 2.04). The strategy is to start with peptides that represent the cleavage 

sequences at these sites (cf. Figure 2.010) and modify them to exploit specific features 

in the Casp2 binding pocket. The presumption that the selected protein cleavage 

sequences are a good basis for the design of highly active inhibitors is supported by 

computational docking scores. All of them exhibit a better docking score for Casp2 

relative to compound 2.008 (AcYKPVD-CHO). However, no significant trend of Casp2 

selectivity can be predicted for the inhibitors (cf. Table 2.05). Shortening the 

pentapeptides to tetra- and tripeptides is supposed to give more information about the 

importance of the P5 and P4 positions and the possibility of decreasing molecular 

weight for small molecules. All inhibitors contain an aldehyde (-CHO) that serves as 

an electrophilic warhead that reacts with the proteolytic cysteine in the active site in a 

reversible covalent mechanism. These findings could be eligible to improve the peptide 

inhibitors with respect to selectivity and pharmacokinetic properties toward 

peptidomimetic structures.  
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Table 2.04. Cleavage sequences of selected substrates specifically and/or efficiently cleaved 
by Caspase-2 and initial synthetic targets. 

Protein Name, 

UniProt designation 

Sub-Sequence/Sequence 
D|X indicates cleavage site 

Initial 
Synthetic 

Target 
Casp2* 

kcat/Km 
(M-1 s-1)** 

Ref. 

Tau 

A0A024RA17 

(A0A024RA17_HUMAN) 

YKPVD|L 

GSVQIVYKPVD|LSKVTSKCGSLGNI 

AcYKPVD-

CHO (2.008) 
YES 

 

ND 

 

51 

Golgin subfamily A member 3 

Q08378 (GOGA3_HUMAN) 

GESPD|G 
NRASTEGESPD|GPGQGGLCQNGPTP 

AcGESPD-

CHO (2.009) 
YES 

 

3.3×104 

 

45 

Protein Transport Protein 

Sec16A 

O15027 (SC16A_HUMAN) 

WDRAD|S 
SEAPPGWDRAD|SGPTQPPLSLSPAP 

AcWDRAD-

CHO (2.010) 
YES 

 

5.4×103 

 

43 

Transcriptional-regulating 

factor 1 

Q96PN7 (TREF1_HUMAN) 

QDTRD|G 
ISPHFPQDTRD|GLGLPVGSKNLGQM 

AcQDTRD-

CHO (2.011) 
YES 

 

1.3×103 

 

43 

Holliday junction recognition 

protein 

Q8NCD3 (HJURP_HUMAN) 

ADRTD|G 
DSSMKPADRTD|GSVQAAAWGPELPS 

AcADRTD-

CHO (2.012) 

Casp3 

8.3× 

 

1.2×103 

 

43 

E3 ubiquitin-protein ligase 

Mdm2 P23804 

(MDM2_MOUSE) 

LDVPD|G 
AQAEEGLDVPD|GKKLTENDAKEPCA 

 

AcLDVPD-

CHO (2.013) 
YES ND 49 

E3 ubiquitin-protein ligase 

Mdm2 Q00987 

(MDM2_HUMAN) 

FDVPD|C 
TQAEEGFDVPD|CKKTIVNDSRESCV 

 

AcFDVPD-

CHO (2.014) 
YES ND 49 

Ral GTPase-activating 

protein subunit alpha-1 

Q6GYQ0 (RGPA1_HUMAN) 

ITVKD|G 
NECLEDITVKD|GLSLQFKRFRETVP 

AcITVKD-

CHO (2.015) 
YES 

 

1.1×103 

 

43 

*Is the protein sequence cleaved specifically by casp2? 2.012 is cleaved by Casp2 but 8.3× more efficiently by Casp3. **kcat/Km 

represents the catalytic efficiency of Casp2. ND = not determined. 

 



 

 

 
Figure 2.010. Specific Casp2 cleavage sequences of selected natural proteins and the proposed inhibitors: AcYKPVD-CHO (2.008), AcGESPD-
CHO (2.009), AcWDRAD-CHO (2.010), AcQDTRD-CHO (2.011), AcADRTD-CHO (2.012), AcLDVPD-CHO (2.013), AcFDVPD-CHO (2.014), and 
AcITVKD-CHO (2.015). 

 304 GSVQIV  LSKVTSKCGSLGNIHHKPGGGQVEVKSEK 343YKPVD

AcYKPVD-CHO (2.008) AcGESPD-CHO (2.009)

AcADRTD-CHO (2.012)

AcWDRAD-CHO (2.010)

AcQDTRD-CHO (2.011) AcLDVPD-CHO (2.013)

AcFDVPD-CHO (2.014)

49 NRASTE  GPGQGGLCQNGPTPPFPDPPSSLDPTTSP 88GESPD  2062 SEAPPGWDRAD SGPTQPPLSLSPAPETKRPGQAAKKETKE  2101

  53 ISPHFP  GLGLPVGSKNLGQMDTSRQGGWGSHAGPG 102QDTRD 81 DSSMKP  GSVQAAAWGPELPSHRTVLGADSKSGEVD 120ADRTD

 1645 NECLED  GLSLQFKRFRETVPTWDTIRDEEDVLDEL 1684ITVKD

AcITVKD-CHO (2.015)

 351 AQAEEGLDVPD GKKLTENDAKEPCAEEDSEEKAEQTPLSQ 390

 351 TQAEEGFDVPD CKKTIVNDSRESCVEENDDKITQASQSQE  390

Tau A0A024RA17 (A0A024RA17_HUMAN) Golgin subfamily A member 3 Q08378 (GOGA3_HUMAN) Protein Transport Protein Sec16A O15027 (SC16A_HUMAN) 

Transcriptional‑regulating factor 1 Q96PN7 (TREF1_HUMAN)  Holliday junction recognition protein Q8NCD3 (HJURP_HUMAN) E3 ubiquitin‑protein ligase Mdm2 P23804 (MDM2_MOUSE) 

E3 ubiquitin‑protein ligase Mdm2 Q00987 (MDM2_HUMAN) Ral GTPase‑activating protein subunit alpha‑1 Q6GYQ0 (RGPA1_HUMAN) 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Table 2.05. Molecular Modeling of Casp2 and Casp3 and the ligands 2.008-2.015, 2.043, 
2.059, and 2.060. 

Sequence Comp. 
Casp2 

cdock affinity 

Casp3 

cdock affinity 

AcYKPVD-CHO 2.008 -9.561 -10.126 

AcGESPD-CHO 2.009 -13.073 -12.564 

AcWDRAD-CHO 2.010 -13.771 -12.706 

AcQDTRD-CHO 2.011 -15.376 -13.369 

AcADRTD-CHO 2.012 -13.113 -12.475 

AcLDVPD-CHO 2.013 -13.080 -13.271 

AcFDVPD-CHO 2.014 -12.728 -13.634 

AcITVKD-CHO 2.015 -15.328 -13.100 

AcDVPD-CHO 2.043 -11.856 -11.896 

AcVDKVD-CHO 2.059 -14.613 -13.274 

AcDKVD-CHO 2.060 -12.641 -11.952 

Reference compounds    

AcVDVAD-CHO 2.016 -13.614 -12.148 

AcLDESD-CHO 2.127 -13.519 -13.369 

AcDEVD-CHO 2.128 -13.439 -12.218 

Calculation using covalent docking in Schrödinger 2021.3. Casp2 = PDBid: 1pyo, Casp3 = 
PDBid: 3edq. Proteins and ligands prepared as described in the section Computational 
Chemistry. cdock affinity = covalent docking affinity (kcals/mol). 
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2.3.2 Results and Discussion 

2.3.2.1 Chemistry 
 

Preparation of aspartic acid loaded semicarbazide amino-Merrifield resin  

The synthesis of the aspartic acid loaded semicarbazide amino-Merrifield resin was 

realized according to the specifications of Marlowe et al. (1998)101 and Black et al. 

(2001)102 with minor modifications in the sequence of the synthesis steps in order to 

improve the yield (cf. Scheme 2.01). 

 

 
Scheme 2.01. Preparation of the resin: (a) Dean-Stark conditions, benzyl alcohol (7.6 eq), p-
toluenesulfonic acid (2.3 eq), toluene, 150 °C, 3 h; (b) CDI (1.2 eq), tert-butylcarbazate (1.2 
eq), triethylamine (4.2 eq), DMF, argon, 10 h, rt; (c) Pd/C (10%), H2 (5 bar), MeOH, rt, 15 h; 
(d) (1) EDCI (1.2 eq), HOBt (1.2 eq), amino-Merrifield resin (0.6 eq), DMF, rt, 12 h; (2) 
trifluoroacetic acid/dichloromethane 1/2 v/v, rt, 2 h; (e) N-methylmorpholine (1.10 eq), isobutyl 
chloroformate (1.05 eq), sodium borohydride (2.10 eq), THF, MeOH, 0 °C → -78 °C; (f) oxalyl 
chloride (1.2 eq), dimethyl sulfoxide (2.2 eq), DIPEA (3.0 eq), DCM, -78 °C, 2 h; (g) acetic acid 
(0.6 eq), THF, rt, 12 h. 
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Initially, the carboxyl group of (1r,4r)-4-(aminomethyl)cyclohexane-1-carboxylic acid 

was esterified with benzyl alcohol using a Dean-Stark trap to collect water formed 

during the reaction. Subsequently, tert-butylcarbazat was coupled to 2.001 using 1,1′-

carbonyldiimidazole, leading to the formation of the desired semicarbazide (2.002). 

After hydrogenation of the benzyl group, the semicarbazide linker (2.003) was coupled 

to the amino-Merrifield resin (chloromethylpolystyrene-resin) utilizing 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimid (EDCI) and 1-hydroxybenzotriazole (HOBt). 

Eventually, the tert-butyloxycarbonyl protecting group was eliminated from the 

semicarbazide partial structure by using a mixture of trifluoroacetic 

acid/dichloromethane. Subsequently, the semicarbazide amino-Merrifield resin (2.004) 

was loaded with an alpha-modified aspartic acid by acetic acid catalyzed reaction of 

the reactive aldehyde with the semicarbazide. The aldehyde at the alpha position was 

introduced by reducing aspartic acid to tert-butyl (S)-3-((((9H-fluoren-9-

yl)methoxy)carbonyl)amino)-4-hydroxybutanoate (2.005) with sodium borohydride. 

This was followed by a Swern oxidation using oxalyl chloride and dimethyl sulfoxide to 

form tert-butyl (S)-3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-oxobutanoate 

(2.006). 

 

Solid-phase peptide synthesis (SPPS) of the penta-, tetra-, and tripeptides 
 

The peptides were synthesized by manual solid-phase peptide synthesis (SPPS) on 

an aspartic acid-loaded amino-Merrifield resin in accordance with the standard Fmoc 

strategy (cf. Scheme 2.02). The Fmoc protection group of the N-terminal amino acid 

was deprotected with piperidine 20% in DMF (a). The amino acids were coupled to the 

amino-Merrifield resin by using HATU/DIPEA or Oxyma/DIC (b). The deprotecting and 

coupling steps were repeated until the desired tri-, tetra-, or pentapeptide was built up. 

Finally, the N-terminus was acetylated by using acetic anhydride (c). Subsequently, 

the peptides were cleaved from the resin, and the side chains of the amino acids were 

deprotected by treatment with trifluoroacetic acid (90%) in water (d). The chemical 

stability of selected peptides was analyzed at room temperature for 28 days and is 

illustrated in chapter 2.7.2.2 (cf. Figures 2.269-2.274). 
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Scheme 2.02. Preparation of the peptides on the modified amino-Merrifield resin: (a) piperidine 
20% in DMF, 35 °C ,15 min; (b) amino acid (5 eq), HATU/DIPEA (5/5 eq) or Oxyma/DIC (5/5 
eq), DMF/NMP (8/2 v/v), 35 °C, 45 min (single coupling); (c) acetic anhydride (10 eq), DIPEA 
(10 eq), DMF, rt, 30 min; (d) trifluoroacetic acid (90% in water), rt, 1 h. 
 

2.3.2.2 Inhibitory Affinity of Compound 2.008-2.062 in a Fluorometric Enzyme 
Assay  

 

The peptide inhibitors were investigated in a fluorescence-based enzyme inhibition 

assay using Casp1, Casp2, Casp3, Casp6, Casp7, and Casp9 to elucidate their 

structure-activity relationships and selectivity profile. The results are presented as 

binding constants (pKi values) in Table 2.06 and Table 2.07. 

The assumption that AcYKPVD-CHO (2.008), derived from the cleavage site of the tau 

protein (GSVQIVYKPVD|LSKVTSKCG-; D|L cleavage site), potentially is a highly 

active and selective inhibitor for Casp2 was disproved. 2.008 demonstrates no activity 

for Casp2 (pKi: 4.56) and Casp3 (pKi: 4.73). Further pentapeptide inhibitors based on 

natural proteins (cf. Figure 2.010) cleaved by Casp2 resulted in a series of inhibitors 

with distinct affinities. While the peptides AcLDVPD-CHO (2.013) and AcFDVPD-CHO 

(2.014) derived from the MDM2 protein (mouse/human) show high affinities for both 

Casp2 (pKi: 7.88/7.66 and 8.15/8.03) and Casp3 (pKi: 8.16 and 8.52), the inhibitors 

based on the protein Golgin subfamily A member 3 AcGESPD-CHO (2.009) and Ral 

GTPase-activating protein subunit alpha-1 AcITVKD-CHO (2.015) demonstrate lower 

affinities for Casp2 (pKi: 5.23 and 6.40) and Casp3 (pKi: 6.73 and 6.05) (cf. Table 2.06). 

Interestingly, 2.015 is the first Casp2 inhibitor within the series with the absence of 
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aspartic acid (Asp) at position 4, showing a moderate affinity for Casp2. The inhibitors 

AcWDRAD-CHO (2.010) (based on Protein Transport Protein Sec16A), AcQDTRD-

CHO (2.011) (based on Transcriptional-regulating factor 1), and AcADRTD-CHO 

(2.012) (based on Holliday junction recognition protein) have a moderate inhibitory 

affinity for Casp2 (pKi value of 6.73-7.34) with approximately the same affinity for 

Casp3 (pKi value of 7.00-7.34) (cf. Table 2.06). All natural proteins were selected 

because of their specificity of Casp2 cleavage except for the Holliday junction 

recognition protein, which serves as a control and SAR point. Apart from this, 

compounds 2.009-2.014 show a lack of selectivity for Casp2 (selectivity ranging from 

0.03 to 1.00), as already seen for the canonical inhibitor AcVDVAD-CHO (2.016, Casp2 

pKi: 7.85; Casp3 pKi: 7.73) (cf. Table 2.06 and Figure 2.011). Only AcITVKD-CHO 

(2.015) exhibits a marginal tendency for Casp2 with a selectivity factor of 2 (cf. Table 

2.06 and Figure 2.011). 

 

 
Figure 2.011. Concentration-response curves of AcYKPVD-CHO (2.008), AcGESPD-CHO 
(2.009), AcWDRAD-CHO (2.010), AcQDTRD-CHO (2.011), AcADRTD-CHO (2.012), 
AcLDVPD-CHO (2.013), AcFDVPD-CHO (2.014), and AcITVKD-CHO (2.015) at Casp2 (A) 
and Casp3 (B) in the fluorometric enzyme assay. Data points represent mean values ± SD 
from representative experiments, each performed in duplicate. 
 

The alternation of valine in position 5, coming from the canonical inhibitor AcVDVAD-

CHO (2.016), with tyrosine and isoleucine, resulted in a series of peptides that 

demonstrate no significant changes with respect to affinity. AcVDVKD-CHO (2.061), 

AcYDVKD-CHO (2.028), and AcIDVKD-CHO (2.058) have high inhibitory affinity at 

Casp2 (pKi value of 7.63-7.83) with a slight tendency toward selectivity for Casp2 

(selectivity ranging from a factor of 5.06-7.53) as opposed to Casp3. Furthermore, 

AcVDKVD (2.059) and AcYDKVD-CHO (2.027) show high affinity at Casp2 (pKi: 7.40 

and 7.39/7.18). However, they have a lack of selectivity (factor of 1.32 and 0.44/0.27) 

in comparison to the before mentioned peptides (cf. Table 2.06). This suggests that 
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valine at position 5 is not crucial for the inhibitor and can be exchanged with tyrosine 

and isoleucine, whereas the substitution of aspartic acid at position 4 by lysine, coming 

from the tau cleavage sequence YKPVD leads to a loss of affinity at Casp2 and Casp3 

for all peptides. AcVKVVD-CHO (2.022), AcVKKVD-CHO (2.023), and AcVKVKD-CHO 

(2.024) show no affinity at Casp2 in comparison to AcVDVVD-CHO (2.018), 

AcVDKVD-CHO (2.059), and AcVDVKD-CHO (2.061) (cf. Table 2.06). The same 

applies to AcYKKVD-CHO (2.020) and AcYKVKD-CHO (2.021) in contrast to 

AcYDKVD-CHO (2.027) and AcYDVKD-CHO (2.028) (cf. Table 2.06). Moreover, the 

peptides AcYKVVD-CHO (2.026) and AcVKPVD-CHO (2.025) demonstrate no affinity 

for Casp2 (cf. Table 2.06). AcYDVVD-CHO (2.036) on the other hand, reveals a high 

affinity for Casp2 (pKi: 7.50) and Casp3 (pKi: 8.43), with no trend for Casp2 selectivity. 
The peptide AcYKPVD-CHO (2.008), emanated from the optimal cleavage sequence 

of Casp2 for the tau protein, as well as the peptides AcVDPVD-CHO (2.017), 

AcVKPVD-CHO (2.025), AcYDPVD-CHO (2.029), AcVDPPD-CHO (2.034), and 

AcVDPKD-CHO (2.035) indicate that proline at position 3 is also not tolerated at Casp2 

and Casp3 (cf. Table 2.06). For example, AcVDKPD-CHO (2.033) (Casp2 pKi: 

7.66/7.38; Casp3 pKi: 7.70) has a high affinity at Casp2 and Casp3, whereas 

AcVDPKD-CHO (2.035) (Casp2 pKi: < 4; Casp3 pKi: < 4) leads to a significant loss in 

affinity by switching proline from position 2 to position 3. In addition, it was unveiled 

that the exchange of valine at P2 and/or P5 by threonine, phenylalanine, alanine, and 

isoleucine of compound 2.059 is tolerated. AcTDKTD-CHO (2.030), AcVDKID-CHO 

(2.031), AcVDKAD-CHO (2.019), and AcVDKFD-CHO (2.032) exhibit high affinity at 

Casp2 and Casp3, without any notable trend toward selectivity (cf. Table 2.06).  

 

The inhibitors derived from the natural cleavage sequences (except AcYKPVD-CHO 

(2.008) and AcGESPD-CHO (2.009)) were truncated to verify the extent to which this 

affects the affinities for Casp2 and Casp3. The purpose of shortening was to make the 

molecules more drug-like with respect to Lipinski’s rule of 5103 and to pave the way for 

future small molecules. Truncations of 2.010 resulted in the tetrapeptide AcDRAD-

CHO (2.037) and the tripeptide AcRAD-CHO (2.038). While 2.037 continues to show 

affinity for Casp2 (pKi: 6.39/5.97) and Casp3 (pKi: 6.59), 2.038 evidenced a sharp loss 

in affinity for Casp2 (pKi: < 4) and Casp3 (pKi: < 4). The same can be observed for the 

tetrapeptides AcDTRD-CHO (2.039), AcDRTD-CHO (2.041), and AcDVPD-CHO 

(2.043) (Casp2 pKi: 6.35/6.16, 5.80/5.60, and 6.44/6.33; Casp3 pKi: 7.09, 7.09, and 
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8.18) and the respective tripeptides AcTRD-CHO (2.040), AcRTD-CHO (2.042), and 

AcVPD-CHO (2.044) (Casp2 pKi: <4; Casp3 pKi: < 4, 4.96, and 5.24) (cf. Table 2.06). 

The peptide AcTVKD-CHO (2.045) represents a slightly lower affinity for Casp2 (pKi: 

5.11) and Casp3 (pKi: 4.95) compared to the other tetrapeptides, which can be 

explained by the absence of aspartic acid at position 4. In turn, the tripeptide AcVKD-

CHO (2.046) completely loses its affinity for Casp2 (pKi: < 4) and Casp3 (pKi: < 4) (cf. 

Table 2.06). It can be summarized that the truncation of the pentapeptides by one 

amino acid is tolerated for all tetrapeptides (2.037, 2.039, 2.041, and 2.043) containing 

an aspartic acid at position 4. The loss of affinity for Casp2 and Casp3 is somewhat 

greater for tetrapeptides having threonine at position 4 (e.g., AcTVKD-CHO (2.045)). 

However, the truncation by a further amino acid is accompanied by a sharp loss in 

affinity for all tripeptides (2.038, 2.040, 2.042, 2.044, and 2.046). Overall, a more 

significant decrease in Casp2 affinity (ranging from 0.67-1.70 logarithmic units) than 

Casp3 (ranging from 0.20-0.75 logarithmic units) can be observed for all tetrapeptides. 

In the case of AcDRTD-CHO (2.041) and AcDVPD-CHO (2.043) even a slight increase 

(ranging from 0.02-0.09 logarithmic units) in Casp3 affinity can be observed compared 

to AcADRTD-CHO (2.012) and AcLDVPD-CHO (2.013) (cf. Table 2.06). These 

observations go hand in hand with the assumption that a motif of five amino acids is 

required for efficient Casp2 inhibition. Regarding the tetrapeptide’s selectivity between 

Casp2 and Casp3, it can be observed that 2.037, 2.039, 2.041, and 2.043 are showing 

a trend toward Casp3 selectivity (2-71-fold), whereas 2.045 demonstrates no trend in 

selectivity (cf. Table 2.06). AcDVKD-CHO (2.062) and AcDKVD-CHO (2.060) are the 

corresponding tetrapeptides of the peptides AcVDVKD-CHO (Casp2 pKi: 7.63; Casp3 

pKi: 6.91) and AcVDKVD-CHO (Casp2 pKi: 7.40; Casp3 pKi: 7.28). While AcDVKD-

CHO (2.062) and AcDKVD-CHO (2.060) show a significant decrease in affinity for 

Casp2 (pKi: 6.05 and 5.61/5.22), the affinity for Casp3 (pKi: 6.61 and 7.79) conserves. 

In the case of 2.060, the affinity for Casp3 even increases, making the tetrapeptide a 

selective Casp3 inhibitor with a selectivity factor of 151 or 371, respectively. Since 

AcITVKD-CHO (2.015) shows the best Casp2 selectivity profile within the inhibitors 

derived from natural proteolysis sequences of Casp2, further inhibitors based on 2.015 

were developed to gain more insight into the structure-activity relationships between 

the inhibitors and the Casp2/Casp3 binding site. Moreover, 2.015 is the only 

reasonably active Casp2 inhibitor that does not contain an aspartic acid at the P4 

position, which should be beneficial for its pharmacokinetic properties. 
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Valine at position P3 was replaced by glycine and alanine. At the same time, the 

peptides were shortened to tetra- and tripeptides. This resulted in AcITGKD-CHO 

(2.049), AcTGKD-CHO (2.050), AcGKD-CHO (2.051), AcITAKD-CHO (2.052), 

AcTAKD-CHO (2.053), and AcAKD-CHO (2.054). The pentapeptide 2.049 (Casp2 pKi: 

5.57; Casp3 pKi: 5.75) shows slightly lower affinity for Casp2 and Casp3 than 2.015 
(Casp2 pKi: 6.40; Casp3 pKi: 6.05), whereas the affinities maintained for 2.052 (Casp2 

pKi: 6.63; Casp3 pKi: 6.27). Tetrapeptides 2.050 (Casp2 pKi: 4.96; Casp3 pKi: 5.47) 

and 2.053 (Casp2 pKi: 5.79; Casp3 pKi: 5.92) show lower affinities for Casp2 and 

Casp3 than the corresponding pentapeptides (cf. Table 2.06) but the affinity decrease 

is more pronounced for Casp2 (0.61 and 0.84) than for Casp3 (0.28 and 0.37). The 

tripeptides 2.051 and 2.054 demonstrate no affinity for Casp2 (pKi: < 4) and Casp3 

(pKi: < 4). Furthermore, isoleucine at position P5 was replaced by alanine resulting in 

AcATVKD-CHO (2.055, Casp2 pKi: 5.86; Casp3 pKi: 5.93). Additionally, serine was 

installed at position P2, but the expected selectivity advantage for Casp2 described by 

Poreba et al. (2019)93 could not be determined for AcITVSD-CHO (2.056, Casp2 pKi: 

6.01; Casp3 pKi: 6.24) (cf. Table 2.06). To elucidate further structure-activity 

relationships, modifications starting from the canonical inhibitor AcVDVAD-CHO 

(2.016, Casp2 pKi: 7.85; Casp3 pKi: 7.73) were carried out. First, the pentapeptide was 

truncated to a tetra- and tripeptide, resulting in AcDVAD-CHO (2.047) and AcVAD-

CHO (2.048). 2.047 demonstrates a massive loss of affinity for Casp2 (pKi: 5.95) by 2 

logarithmic units, while the affinity for Casp3 (pKi: 7.37) is almost completely preserved 

(cf. Table 2.06). Thus, AcDVAD-CHO (2.047) shows a selectivity factor of 26 for Casp3 

over Casp2. The tripeptide 2.048 completely loses its inhibitory affinity for Casp2 (pKi: 

< 4) and Casp3 (pKi: < 4). In another attempt to gain selectivity for Casp2, serine at 

position P2 of the canonical inhibitor was incorporated, but once again, the desired 

effect could not be detected for AcVDVSD-CHO (2.057, Casp2 pKi: 7.26; Casp3 pKi: 

7.29) (cf. Table 2.06). 
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Table 2.06. Binding data (pKi values) and selectivity ratios of peptides 2.008-2.062 at Casp2 
and Casp3. 

Sequence Comp. 

pKi ± SEM Selectivity 
ratios of 

Ki (Casp2: 
Casp3) 

Casp2 N Casp3 N 

AcYKPVD-CHO 2.008 4.56 ± 0.22a 3 4.73 ± 0.05 4 1:1 

AcGESPD-CHO 2.009 5.23 ± 0.12a 4 6.73 ± 0.14 3 32:1 

AcWDRAD-CHO 2.010 7.34 ± 0.04a 2 
7.34 ± 0.05 4 

1:1 
6.99 ± 0.05b 2 2:1 

AcQDTRD-CHO 2.011 7.02 ± 0.06a 3 7.14 ± 0.16 3 1:1 

AcADRTD-CHO 2.012 6.73 ± 0.05a 3 7.00 ± 0.09 3 2:1 

AcLDVPD-CHO 2.013 7.88 ± 0.01a 2 8.16 ± 0.04 4 2:1 
7.66 ± 0.02b 2 3:1 

AcFDVPD-CHO 2.014 8.15 ± 0.09a 2 8.52 ± 0.06 4 2:1 
8.03 ± 0.07b 2 3:1 

AcITVKD-CHO 2.015 6.40 ± 0.16a 4 6.05 ±0.06 4 1:2 

AcVDVAD-CHO 2.016 7.85 ± 0.03a 5 7.73 ± 0.04 5 1:1 

AcVDPVD-CHO 2.017 4.82 ± 0.08a 2 5.70 ± 0.03 2 8:1 

AcVDVVD-CHO 2.018 7.77 ± 0.06a 4 7.81 ± 0.07 4 1:1 

AcVDKAD-CHO 2.019 7.35a 1 7.22 ± 0.13 3 1:1 
7.09 ± 0.08b 2 1:1 

AcYKKVD-CHO 2.020 < 4a 2 < 4.5 2 - 

AcYKVKD-CHO 2.021 < 4a 1 < 4 2 - < 4b 1 

AcVKVVD-CHO 2.022 < 4b 2 5.16 ± 0.04 2 > 14:1 

AcVKKVD-CHO 2.023 < 4a 1 4.78 ± 0.02 2 > 6:1 < 4b 1 

AcVKVKD-CHO 2.024  < 4a 2 < 4 2 - 

AcVKPVD-CHO 2.025 < 4a 2 4.88 ± 0.03 2 > 8:1 
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Table 2.06 (continued) 

Sequence Comp. 
pKi ± SEM Selectivity 

ratios of 
Ki (Casp2: 

Casp3) 
Casp2 N Casp3 N 

AcYKVVD-CHO 2.026 < 4b 2 5.31 ± 0.05 2 > 20:1 

AcYDKVD-CHO 2.027 7.39 ± 0.01a 2 7.75 ± 0.07 3 2:1 
7.18b 1 4:1 

AcYDVKD-CHO 2.028 7.83 ± 0.02a 4 7.13 ± 0.01 4 1:5 

AcYDPVD-CHO 2.029 < 4a 1 5.61 ± 0.03 2 > 40:1 
< 4b 1 

AcTDKTD-CHO 2.030 6.84 ± 0.12a 2 7.03 ± 0.04 3 1:2 
6.53b 1 3:1 

AcVDKID-CHO 2.031 7.57 ± 0.03a 2 7.57 ± 0.11 3 1:1 
7.16b 1 3:1 

AcVDKFD-CHO 2.032 7.24 ± 0.04a 2 7.34 ± 0.04 3 1:1 
6.78b 1 4:1 

AcVDKPD-CHO 2.033  7.66 ± 0.02a 2 7.70 ± 0.14 3 1:1 
7.38b 1 2:1 

AcVDPPD-CHO 2.034  < 4a 2 < 4.5 2 - 

AcVDPKD-CHO 2.035  < 4a 1 < 4 2 - < 4b 1 

AcYDVVD-CHO 2.036  7.50 ± 0.02b 3 8.43 ± 0.04 3 8:1 

AcDRAD-CHO 2.037  6.39a 1 6.67 ± 0.08 3 2:1 
5.99 ± 0.02b 2 5:1 

AcRAD-CHO 2.038  < 4a 1 < 4 2 - 
< 4b 2 - 

AcDTRD-CHO 2.039  6.35 ± 0.03a 2 7.09 ± 0.05 3 5:1 
6.32 ± 0.16b 2 5:1 

AcTRD-CHO 2.040  < 4a 2 < 4  2 - 

AcDRTD-CHO 2.041  5.80 ± 0.02a 2 
7.09 ± 0.05 3 

18:1 
5.49 ± 0.11b 2 39:1 

AcRTD-CHO 2.042  < 4b 2 4.96 ± 0.09 2 > 9:1 

AcDVPD-CHO 2.043  6.44 ± 0.01a 2 8.18 ± 0.12 4 55:1 
6.33 ± 0.03b 2 71:1 

AcVPD-CHO 2.044  < 4b 2 5.24 ± 0.04 2 > 17:1 

AcTVKD-CHO 2.045  5.11 ± 0.04a 2 4.95 ± 0.04 2 1:1 
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Table 2.06 (continued) 

Sequence Comp. 
pKi ± SEM Selectivity 

ratios of 
Ki (Casp2: 

Casp3) 
Casp2 N Casp3 N 

AcVKD-CHO 2.046  < 4a 2 < 4 2 - 

AcDVAD-CHO 2.047  5.95 ± 0.19b 3 7.37 ± 0.11 3 26:1 

AcVAD-CHO 2.048  < 4b 2 < 4 2 - 

AcITGKD-CHO 2.049  5.57 ± 0.01a 2 5.75 ± 0.22 2 2:1 

AcTGKD-CHO 2.050  4.96 ± 0.03a 2 5.47 ± 0.02 2 3:1 

AcGKD-CHO 2.051  < 4a 1 < 4 2 - 
< 4b 2 - 

AcITAKD-CHO 2.052  6.63 ± 0.04a 3 6.27 ± 0.05 3 1:2 

AcTAKD-CHO 2.053  5.79 ± 0.10a 2 5.92 ± 0.01 2 1:1 

AcAKD-CHO 2.054  < 4a 1 
< 4 2 

- 
< 4b 2 - 

AcATVKD-CHO 2.055  5.86 ± 0.03b 2 5.93 ± 0.05 2 1:1 

AcITVSD-CHO 2.056  6.01 ± 0.10b 3 6.24 ± 0.04 3 2:1 

AcVDVSD-CHO 2.057  7.26 ± 0.06b 3 7.29 ± 0.03 3 1:1 

AcIDVKD-CHO 2.058  7.68 ± 0.02a 4 6.80 ± 0.05 4 1:8 

AcVDKVD-CHO 2.059  7.40 ± 0.01a 5 7.28 ± 0.09 4 1:1 

AcDKVD-CHO 2.060  5.61 ± 0.06a 2 7.79 ± 0.02 4 151:1 
5.22 ± 0.03b 2 371:1 

AcVDVKD-CHO 2.061  7.63 ± 0.02a 4 6.91 ± 0.04 4 1:5 

AcDVKD-CHO 2.062  6.05 ± 0.07b 3 6.61 ± 0.03 3 4:1 

Data shown are mean values ± SEM of N independent experiments, each performed in 
duplicate or triplicate. Data were analyzed by nonlinear regression and and were best fitted to 
sigmoidal concentration−response curves using 4PL regression using GraphPad Prism. aData 
represent pKi values determined with Casp2. bData represent pKi values determined with 
cpCasp2. Saturation binding curves of the enzymes can be seen in chapter 2.7.5 
(cf. Figures 2.286, 2.287, and 2.288). 
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Table 2.07. Binding data (pKi values) of selected peptides (2.008-2.016, 2.018, 2.028, 2.043, 
2.052, 2.058, 2.059, 2.060, and 2.061) at Casp1, Casp6, Casp7, and Casp9.  

Sequence Comp. pKi ± SEM 
Casp1 N Casp6 N Casp7 N Casp9 N 

AcYKPVD-CHO 2.008 < 4 2 < 4 2 4.53 ± 
0.14a 2 < 4.5a 2 

AcGESPD-CHO 2.009 6.52 ± 
0.10 2 < 4 2 5.72 ± 

0.01 2 5.61 ± 
0.11 2 

AcWDRAD-
CHO 2.010 6.48 ± 

0.02 2 4.64 ± 
0.03 2 6.83 ± 

0.01 2 4.96 ± 
0.05 2 

AcQDTRD-CHO 2.011 5.51 ± 
0.01 2 < 4 2 6.55 ± 

0.03 2 < 4 2 

AcADRTD-CHO 2.012 5.83 ± 
0.07 2 < 4 2 6.93 ± 

0.07 2 4.81 ± 
0.14 2 

AcLDVPD-CHO 2.013 7.30 ± 
0.02 2 4.57 ± 

0.08 2 7.68 ± 
0.01 2 5.66 ± 

0.10 2 

AcFDVPD-CHO 2.014 7.34 ± 
0.07 2 4.85 ± 

0.04 2 8.07 ± 
0.11 2 5.98 ± 

0.57 2 

AcITVKD-CHO 2.015 6.35 ± 
0.06 2 5.48 ± 

0.07 2 5.25 ± 
0.14 2 4.46 ± 

0.35 2 

AcVDVAD-CHO 2.016 7.06 ± 
0.04a 2 < 4a 2 7.08 ± 

0.04a 2 5.57 ± 
0.22a 2 

AcVDVVD-CHO 2.018 6.61 ± 
0.09 2 4.93 ± 

0.01 2 7.63 ± 
0.05 2 5.52 ± 

0.51 2 

AcYDVKD-CHO 2.028 6.34 ± 
0.01 2 < 4 2 7.04 ± 

0.01 2 4.72 ± 
0.02 2 

AcDVPD-CHO 2.043 7.15 ± 
0.05 2 < 4 2 7.74 ± 

0.07 2 6.32 ± 
0.08 2 

AcITAKD-CHO 2.052 5.84 ± 
0.04 2 4.69 ± 

0.02 2 5.48 ± 
0.02 2 4.59 ± 

0.12 2 

AcIDVKD-CHO 2.058 6.05 ± 
0.02 2 < 4 2 6.25 ± 

0.08 2 < 4.5 2 

AcVDKVD-CHO 2.059 5.97 ± 
0.08 2 < 4 2 7.28 ± 

0.07 2 4.77 ± 
0.35 2 

AcDKVD-CHO 2.060 6.17 ± 
0.06 2 < 4 2 7.51 ± 

0.10 2 5.41 ± 
0.05 2 

AcVDVKD-CHO 2.061 6.18 ± 
0.14 2 < 4 2 6.25 ± 

0.05 2 < 4.5 2 

Data shown are mean values ± SEM of N independent experiments, each performed in 
duplicate or triplicate. Data were analyzed by nonlinear regression and were best fitted to 
sigmoidal concentration−response curves using 4PL regression using GraphPad Prism. 
Saturation binding curves of the enzymes can be seen in chapter 2.7.5 
(cf. Figures 2.285 and 2.289-2.291). 
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In addition, a panel assay at Casp1, Casp6, Casp7, and Casp9 (cf. Table 2.07) was 

carried out for selected peptides (2.008-2.016, 2.018, 2.028, 2.043, 2.052, 2.058, 

2.059, 2.060, and 2.061). The peptide AcYKPVD-CHO (2.008) shows no major affinity 

for Casp1, Casp6, Casp7, and Casp9, while the canonical inhibitor AcVDVAD-CHO 

(2.016) is active at Casp1 (pKi: 7.06), Casp7 (pKi: 7.08), and Casp9 (pKi: 5.57) (cf. 

Table 2.07 and Figure 2.012). The pentapeptides AcGESPD-CHO (2.009) and 

AcADRTD-CHO (2.012) display moderate inhibitory affinities for Casp1 (pKi: 6.52 and 

5.83), Casp7 (pKi: 5.72 and 6.93), and Casp9 (pKi: 5.61 and 4.81) and no affinity for 

Casp6 (pKi: < 4). AcWDRAD-CHO (2.010) and AcQDTRD-CHO (2.011) exhibit 

moderate affinities for Casp1 (pKi: 6.48 and 5.51) and Casp7 (pKi: 6.83 and 6.55) and 

low affinities for Casp6 (pKi: 4.64 and < 4) and Casp9 (pKi: 4.96 and < 4) (cf. Table 

2.07 and Figure 2.012). AcLDVPD-CHO (2.013, Casp1 pKi: 7.30; Casp6 pKi: 4.57; 

Casp7 pKi: 7.68; Casp9 pKi: 5.66) and AcFDVPD-CHO (2.014, Casp1 pKi: 7.34; Casp6 

pKi: 4.85; Casp7 pKi: 8.07; Casp9 pKi: 5.98) derived from the MDM2 protein 

(mouse/human) are highly active for Casp1 and Casp7. The affinity for Casp9 is lower, 

while for Casp6 no noticeable affinity can be observed (cf. Table 2.07 and 

Figure 2.012). The peptide AcITVKD-CHO (2.015) exhibits moderate to low affinity for 

Casp1 (pKi: 6.35), Casp6 (pKi: 5.48), Casp7 (pKi: 5.25), and Casp9 (pKi: 4.46). The 

tetrapeptide AcDVPD-CHO (2.043, Casp1 pKi: 7.15; Casp6 pKi: < 4; Casp7 pKi: 7.74; 

Casp9 pKi: 6.32) shows a similar affinity profile as AcLDVPD-CHO (2.013) and 

AcFDVPD-CHO (2.014) (cf. Table 2.07). Finally, AcITAKD-CHO (2.052) demonstrates 

moderate to low affinities for Casp1 (pKi: 5.84), Casp6 (pKi: 4.69), Casp7 (pKi: 5.48), 

and Casp9 (pKi: 4.59) (cf. Table 2.07 and Figure 2.012) and AcDKVD-CHO (2.060) 

displays high affinity for Casp7 (pKi: 7.51), moderate affinity for Casp1 (pKi: 6.17), 

Casp9 (pKi: 5.41), and low affinity for Casp6 (pKi: < 4) (cf. Table 2.07). AcVDKVD-CHO 

(2.059) and AcVDVKD-CHO (2.061) exhibit inhibitory affinity at Casp1 (pKi: 5.97 and 

6.18), Casp7 (pKi: 7.28 and 6.25), and Casp9 (pKi: 4.77 and < 4.5), and no affinity at 

Casp6 (pKi: < 4). Further panel results are summarized in Table 2.07 Displacement 

curves from representative competition binding experiments (Casp1, Casp2, Casp3, 

Casp6, Casp7, and Casp9) are displayed in chapter 2.7.6 (cf. Figures 2.292-2.327). 
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Figure 2.012. Selectivity profile within the caspase family (A) AcYKPVD-CHO (2.008), (B) 
AcGESPD-CHO (2.009), (C) AcWDRAD-CHO (2.010), (D) AcQDTRD-CHO (2.011), (E) 
AcADRTD-CHO (2.012), (F) AcFDVPD-CHO (2.014), (G) AcITVKD-CHO (2.015), and (H) 
AcVDVAD-CHO (2.016). The dashed line indicates an at least 100-fold selectivity for Casp2. 
No dashed line is displayed for the inhibitor 2.008 as the activity for all caspases is relatively 
low. Bars represent the mean ± SEM of at least two individual experiments each performed in 
duplicate or triplicate.  
 
2.3.2.3 Site-Directed Mutagenesis of Tau Protein: The Role of P5-P2 Residues in 

Caspase-2-Mediated Tau Cleavage 
The engineering and expression of a series of recombinant tau mutants in addition to 

the wild-type form are supposed to understand better the contributions of amino acid 

residues at P5, P4, P3, and P2 to caspase-2-catalyzed cleavage of tau, one of its 

naturally occurring substrates. The time-dependent in vitro cleavage assay 

demonstrates that while a K-to-D mutation at P4 or a P-to-V mutation at P3 is not 

altering tau cleavage, combining these two mutations leads to a 25-fold increase in the 

cleavage product after a 4 h reaction. Meanwhile, a triple mutation of tau at P5−P3 

(i.e., YKP-to-VDV) results in a 6-fold increase in the cleavage product after a 4 h 

reaction (cf. Figure 2.013). These findings are consistent with the results of the in vitro 

characterization of peptidic inhibitors (cf. AcYKPVD-CHO (2.008), AcVDVAD-CHO 
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(2.016), AcVDVVD-CHO (2.018), AcYKVVD-CHO (2.026), AcYDPVD-CHO (2.029), 

and AcYDVVD-CHO (2.036)) observed in the pharmacological experiments.  

 

 
Figure 2.013. The contributions of P5-P2 residues to in vitro Casp2-catalyzed tau cleavage. 
(A) Representative Western blots (tau-13) showing in vitro Casp2-catalyzed cleavage of a 
variety of tau mutants in a time-dependent manner. The emergence and yield of the ~35-kDa 
cleavage product (ending at D314, arrow) differed among investigated tau mutants. (B) 
Quantification. Levels of the cleavage product were normalized to levels of full-length tau 
(asterisk in A) at T = 0; Experiments were performed in duplicates; Means (open symbols), 
and standard deviations (SDs, error bars) are shown; Repeated measures ANOVA was 
performed to compare effects of tau mutants (F (5, 6) = 279.60, P < 0.0001), followed by 
Tukey’s post hoc test (***, p < 0.001, tau Y310V K311D P312V V313A vs. tau WT, tau K311D, 
or tau P213V; #, p = 0.05-0.06, tau K311D P312V vs. tau WT, tau K311D, or tau P213V). 
 
2.3.2.4 Crystallography 
 

Novel complexes of peptidic covalent inhibitors with Casp3 have been 

crystallographically characterized in the course of this work. These are complexes with 

compounds 2.008, 2.017, 2.043, and 2.059. Different unique crystal forms (space 

groups P21 and P212121) arise from identical crystallization conditions. Each form 

includes an activated heterotetramer in the crystallographic asymmetric unit. 

Diffraction quality varies within this collection of structures from 2.11 to 2.73 Å. Even 

though the diffraction quality varies, unequivocal confirmation of the covalent bond 

between the C-terminal aspartic acid of the peptides and the catalytic cysteine 

(Cys163) exists. 
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Figure 2.014. An overlay of AcDVPD-CHO (pink) and AcVDVAD-CHO. The P2 proline does 
not alter the conformation or H-bonding in subsites S1-S4. 
 

In most structures, clear electron density identifies the position of each bound peptide 

across its entire length (see omit maps included in Table 2.08). The only exceptions 

are complexes with the peptides AcYKPVD-CHO (2.008) and AcVDPVD-CHO (2.017) 

containing proline at P2. For compound 2.008, no density is present to permit the 

positioning of any of the peptides upstream of the P3 proline. From the absence of 

density, it can be inferred that the peptide has no preferred conformation for the AcYK 

moieties. Some density exists to allow for positioning of the P3 proline and P4 aspartic 

acid in the complex with 2.017, but the P4 aspartic acid sidechain and the P5 valine 

backbone have exchanged places, presumably necessitated by conformational 

limitations imposed by the P3 proline. There is no density for the N-terminal acetate. 

The absence of order is not entirely unexpected, given the very low affinity (25−52 μM) 

of the peptides with the P3 proline. A comparison of the complex of compound 

AcDVPD-CHO (2.043) and the canonical inhibitor AcVDVAD-CHO is provided in 

Figure 2.014. Backbone H-bonds are conserved in both complexes, illustrating that 

truncation of pentapeptides to tetrapeptides does not affect the backbone binding 

conformation. Interestingly, a proline in the tetrapeptide sequence does not alter the 

backbone binding confirmation either, leading to the hypothesis that the ring in the 

proline structure locks the peptide into the binding confirmation. Limiting the number of 

possible binding confirmations creates a more favorable enthalpy of binding (Gibbs 

free energy of binding) and could help explain the increase in potency of compound 

AcDVPD-CHO (2.043) at both Casp2 and Casp3 as compared to other tetrapeptides 
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in the series (e.g., AcDVAD-CHO (2.047) and AcDVKD-CHO (2.062)). Further 

crystallographic data and refinement statistics are provided in Table 2.08. 
 
 
Table 2.08. Crystallographic data and refinement statistics for Casp3 co-crystal Structures with 
compounds 2.008, 2.017, 2.043, and 2.059. 

Data collection and processing 
Compound 2.008 2.017 2.043 2.059 
Ligand AcYKPVD-CHO AcVDPVD-CHO   AcDVPD-CHO   AcVDKVD-CHO 

PDB ID code 7rne 7rnd 7usq 7rnf 

Omit Map (3s) 

  

 

 

Resolution range 
(Å) 

63.38-2.73 
(2.83-2.73) 

40.9-2.15 
(2.23-2.15) 

36.28-2.71 
(2.81-2.71) 

33.54-2.11 
(2.19-2.11) 

Space group P 212121 P 21 P 21 P 21 

a, b, c (Å) 
68.10 84.16 

96.33 
50.31 68.61 

81.80 
50.171 67.821 

82.641 
50.34 67.08 

82.18 

a, b, g (°) 90 90 90 90 90.45 90 90 90.146 90 90 91.14 90 

Observations 30366 (2948) 57475 (5421) 28232 (2039) 59043 (6105) 

Unique 

reflections 
15215 (1471) 29662 (2924) 14731 (1222) 30149 (3101) 

Multiplicity 2.0 (2.0) 1.9 (1.9) 1.9 (1.7) 2.0 (2.0) 

Completeness 

(%) 
99.43 (99.59) 97.35 (96.79) 96.52 (79.70) 95.41 (99.81) 

Mean I/s(I) 10.85 (2.95) 12.15 (4.49) 15.89 (3.10) 9.26 (2.28) 

Wilson B-factor 

(Å2) 
42.48 26.45 46.99 30.85 

Rmerge 0.0387 (0.2103) 0.0383 (0.1936) 0.02661 (0.1783) 0.0450 (0.3021) 

CC1/2 0.998 (0.946) 0.998 (0.931) 0.999 (0.926) 0.998 (0.861) 

CC* 1.00 (0.986) 0.999 (0.982) 1 (0.981) 0.999 (0.962) 
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Table 2.08 (continued) 
Structure Refinement 
Compound 2.008 2.017 2.043 2.059 

Ligand AcYKPVD-CHO AcVDPVD-CHO   AcDVPD-CHO   AcVDKVD-CHO 

Reflections used 15156 (1471) 29638 (2924) 14717 (1221) 30132 (3102) 

Rfree reflections 

(5%) 
737 (76) 1421 (145) 721 (35) 1497 (179) 

Rwork 0.1904 (0.2870) 0.1687 (0.2033) 0.1633 (0.2252) 0.1782 (0.2066) 

Rfree 0.2535 (0.3852) 0.2218 (0.2778) 0.2410 (0.3343) 0.2368 (0.2630) 

CCwork 0.961 (0.890) 0.965 (0.935) 0.958 (0.904) 0.966 (0.924) 

CCfree 0.920 (0.796) 0.945 (0.806) 0.907 (0.750) 0.926 (0.814) 

Non-hydrogen 
atoms 

3798 4021 3905 3977 

Solvent 
molecules 

33 151 47 124 

Protein residues 471 475 474 472 

Bonds (Å2) 0.008 0.007 0.009 0.008 

Angles (°) 0.95 1.37 1.08 0.95 

Ramachandran Analysis 

Favored (%) 96.95 97.41 96.32 97.61 

Allowed (%) 3.05 2.16 3.68 2.39 

Outliers (%) 0 0.43 0 0 

Rotamer outliers  4 1 1.87 0 

Clashscore 7.91 3.92 8.1 4.57 

Mean B-factor 
(Å2) 

42.48 28.92 46.92 34.62 

#Values in parenthesis refer to the highest resolution shell. 
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2.3.3 Conclusion 
 

Within this approach, it was aimed to elucidate the caspase-2 binding site by a series 

of new peptides and the resulting SAR. In particular, the differences with respect to 

caspase-3 should be investigated to get closer to the goal of highly potent and selective 

caspase-2 inhibitors. Besides the classic key motif of caspase-2 inhibitors, consisting 

of five amino acids, the inhibitors were truncated to tetrapeptides and tripeptides, which 

should result in a better bioavailability and a more drug-like character of the ligands 

with respect to Lipinski's rule of 5 (Ro5).103 For this purpose, 54 peptides were 

synthesized and tested for their inhibitory affinity at Casp2 and Casp3. Selected 

inhibitors were subjected to a panel assay screening to investigate affinities at Casp1, 

Casp6, Casp7, and Casp9 to get more information about the selectivity within the 

caspase family. The ligands are structurally derived from the canonical inhibitor 

AcVDVAD-CHO (2.016), the tau cleavage sequence YKPVD, and other specific sites 

of caspase-2-mediated proteolysis (e.g., Golgin-160 and Transcriptional-regulating 

factor 1). The inhibitor AcYKPVD-CHO (2.008) deriving from the optimal tau cleavage 

sequence has not shown to be an active Casp2 inhibitor. The same applies to all other 

inhibitors containing proline at position 3 (e.g., AcVDPVD-CHO (2.017) and AcVDPKD-

CHO (2.035)) or lysine at position 4 (e.g., AcVKVKD-CHO (2.024) and AcYKVKD-CHO 

(2.021)). The best inhibitory affinity at Casp2 (pKi value of 7.63-7.83) and selectivity 

over Casp3 (selectivity ranging from a factor of 5.06-7.53) is demonstrated by the 

hybrid peptides (combination of AcVDVAD-CHO and AcYKPVD-CHO), AcVDVKD-

CHO (2.061), AcYDVKD-CHO (2.028), and AcIDVKD-CHO (2.058). Within the other 

cleavage sequences, the inhibitors AcLDVPD-CHO (2.013) and AcFDVPD-CHO 

(2.014) demonstrate the highest affinity for Casp2 (pKi: 7.88/7.66 and 8.15/8.03). 

Nevertheless, it must be noted that 2.013 and 2.014 display no selectivity for Casp2 

over Casp3. Truncation of 2.013 and 2.014 resulted in the tetrapeptide AcDVPD-CHO 

(2.043, Casp2 pKi: 6.44/6.33; Casp3 pKi: 8.18) with 2.043 showing Casp3 selectivity. 

Overall, the truncation of pentapeptides to tetra- and tripeptides do not lead to Casp2 

selectivity. In the case of tripeptides, even a total collapse of Casp2 and Casp3 

activities can be observed. These findings support the assumption that a motif of five 

amino acids is required for efficient Casp2 inhibition in this class of peptidic, reversible 

inhibitors. The pentapeptide AcITVKD-CHO (2.015, Casp2 pKi: 6.40) is the only 

inhibitor derived from the natural cleavage sequences to show marginal selectivity for 
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caspase-2 (2-fold selectivity). Interestingly, it does not contain aspartic acid at position 

P4. Regarding Casp3 selectivity AcDKVD-CHO (2.060) (Casp2 pKi: 5.61/5.22; Casp3 

pKi: 7.79), the corresponding tetrapeptide of AcVDKVD-CHO (2.059, Casp2 pKi: 7.40; 

Casp3 pKi: 7.28), proves to be the most selective Casp3 inhibitor in this series with a 

selectivity factor of 151 or 371, respectively. Furthermore, an in vitro cleavage assay 

with a series of recombinant tau mutants [e.g., K311D P312V (YDVVD314)] was 

performed and showed results that coincide with the results of the in vitro Casp2 

binding data. In summary, the results of this study provide an extensive knowledge of 

the structure−activity relationships (SAR) of a large number of peptides with various 

activities and selectivities within the caspase family. These findings provide a 

reasonable basis for the development of selective Caspase-2 inhibitors. 
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2.4 Development of Highly Selective Casp2 Inhibitors by Introducing Basic 
Amino Acids at P2/P3 to Address Glu52 in the Binding Pocket of Casp2 and 
by Using Literature-known Structural Features that are Linked to Casp2 
Selectivity 

 
Casp2 is an essential component of a pathological cascade, causing synaptic and 

cognitive deficits by a disproportionate accumulation of the neuronal protein tau in 

dendritic spines. The design of highly selective and potent Casp2 inhibitors is of 

immense relevance to deciphering whether the pathological effects of Casp2 on 

synaptic function are due to its catalytic or noncatalytic properties. The peptides that 

have been developed in the course of this work did not demonstrate the desired 

selectivity so far. Hence, another series of peptides was developed by combining two 

design strategies. First of all, by targeting Glu52 in the binding pocket of Casp2. 

Secondly, by introducing literature-known structural features known for Casp2 activity 

and selectivity. This resulted in a series of highly selective and active Casp2 inhibitors 

(e.g., 2.101, 2.106, 2.107, and 2.108). In an in vitro assay based on Casp2-mediated 

cleavage of tau, compound 2.106 blocked the production of Δtau314. Moreover, 

compound 2.106 prevented tau from accumulating excessively in dendritic spines and 

rescued excitatory neurotransmission in cultured primary rat hippocampal neurons 

expressing the P301S tau variant linked to FTDP-17, a familial tauopathy. 
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2.4.1 Design Rationale  
 

As already mentioned, Casp2 and Casp3 reveal structural differences in their binding 

site. Whereas Casp2 is characterized by the presence of Glu52 in proximity to the S2 

and S3 subsite, Casp3 features an uncharged threonine instead. (see chapter 2.3.1, 

Figure 2.008A and 2.008B).30 This diversity is of particular interest because it allows 

addressing exclusively Casp2 over Casp3, by introducing basic amino acids at P2 and 

P3 of the peptide scaffold that interact with the negatively charged Glu52 in the binding 

pocket. To reinforce the hypothesis and to accelerate the lead optimization process, a 

covalent inhibitor docking protocol employing CovDock of the Schrödinger Software 

Suite was implemented. This aims to predict relative binding affinities for Casp2 and 

Casp3. To confirm that computational methods can recapitulate a reasonable binding 

pose, covalent docking studies were first performed with ligands AcVDVAD-CHO 

(2.016), AcLDESD-CHO (2.127), and AcDEVD-CHO (2.128), previously co-

crystallized with caspases 2 and 3.96,104 The resulting docking scores reflect the 

expected high affinity that these peptide inhibitors show experimentally for both 

caspases (cf. Table 2.09). Moreover, the predicted poses recapitulate the 

crystallographically determined structures with good fidelity (cf. Figure 2.008D). This 

docking protocol was then applied to pentapeptides related to AcVDVAD-CHO that 

include a positively charged amino acid in place of the P3 valine or the P2 alanine to 

virtually quantify any potential benefit in Casp2 affinity or selectivity of installing a group 

that can make a favorable ionic interaction with the Glu52 unique to Casp2 

(cf. Figure 2.008A). The scoring suggests that AcVDKVD-CHO (2.059), but in 

particular AcVDRVD-CHO (2.066) and AcVDV(Dab)D-CHO (2.069) might have a 

higher affinity for Casp2 (cf. Table 2.09). Significant affinity enhancement was not 

predicted in modeling with Casp3, suggesting that this may indeed be a viable 

approach to achieve more selective inhibition. Therefore, peptides analogs of 

AcVDKVD-CHO (2.059), AcVDVKD-CHO (2.061), AcITVKD-CHO (2.015), and 

AcATVKD-CHO (2.055) (all synthesized in the first series) with amino acids arginine, 

ornithine, diaminobutyric acid (Dab), and diaminopropionic acid (Dap) were 

synthesized (cf. Figure 2.015). In order to test the hypothesis that the charge is 

beneficial and not just the larger sidechains, inhibitors AcVD(AcK)VD-CHO (2.067), 

AcVDV(AcK)D-CHO (2.073), and AcITV(AcK)D-CHO (2.084) were also synthesized 

as negative controls with a non-basic terminal amide (cf. Figure 2.015). All peptides 
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within this approach were shortened to tetra- and/or tripeptides to give insights into the 

SAR and to verify if a decrease of the molecular weight is feasible to make the 

molecules more drug-like with respect to Lipinski’s rule of 5.103  

 
Table 2.09. Molecular Modeling of Casp2 and Casp3 and the ligands 2.066, 2.069, 2.078, and 
2.081. 

Sequence Comp. Casp2 

cdock affinity 

Casp3 

cdock affinity 

AcVDRVD-CHO 2.066 -15.055 -12.768 

AcVDV(Dab)D-CHO 2.069 -15.523 -13.871 

AcITV(Dab)D-CHO 2.078 −12.972 −12.876 

AcITV(Dap)D-CHO 2.081 −14.278 −12.721 

Reference compounds    

AcVDVAD-CHO 2.016 -13.614 -12.148 

AcLDESD-CHO 2.127 -13.519 -13.369 

AcDEVD-CHO 2.128 -13.439 -12.218 

Calculation using covalent docking in Schrödinger 2021.3. Casp2 = PDBid: 1pyo, Casp3 = 
PDBid: 3edq. Proteins and ligands prepared as described in the section Computational 
Chemistry. cdock affinity = covalent docking affinity (kcals/mol). 



Design and Biological Evaluation of Selective Caspase-2 Inhibitors 

 56  

 
Figure 2.015. Substitution of AcVDVXD-CHO at P2, AcVDXVD-CHO at P3, and AcITVXD-
CHO at P2 with various basic amino acids and interaction with Glu52 in the active site of 
Casp2; negative control with acetylated lysine. 
 

In addition, known structural elements of previous structure-activity-relationship (SAR) 

studies that demonstrated good selectivity and activity were combined for a rational-

design strategy (cf. Figure 2.017).105 Maillard et al. (2011) modified the canonical 

inhibitor AcVDVAD-CHO (2.016) by installing the racemic 6-

methyltetrahydroisoquinoline-1-carboxylic acid (6-Me-THIQ-COOH) at P2 position, 

resulting in an inhibitor with a slight selectivity trend toward Casp3.92 The results of this 

study revealed that sterically demanding amino acids preferably fit into the S2 subunit 

of Casp2. Therefore, enantiopure (R)-6-Me-THIQ-COOH and (S)-6-Me-THIQ-COOH 

were introduced as structural features, leading to AcVDV(S-Me-THIQ)D-CHO (2.093) 

and AcVDV(R-Me-THIQ)D-CHO (2.094). This enables the evolution of even more 

selective and active peptides for Casp2. The R-enantiomer serves both as a negative 

control and to estimate the influence of the stereochemical properties of amino acids 

at P2. hL-glutamic acid (hE), with its extended side chain, accurately fits in the S4 

subsite of Casp2, while the cyclic (S)-indoline-2-carboxylic acid (Idc) perfectly embeds 

in the S5 subsite. Casp2 inhibitors containing these structural features are 

characterized by a significantly increased selectivity over Casp3.93 Taking AcVDV(S-

Me-THIQ)D-CHO (2.093) as a lead compound, hL-glutamic acid (hE) and (S)-indoline-

2-carboxylic acid (Idc) were introduced in P4 and P5, resulting in Idc(hE)V(S-Me-

THIQ)D-CHO (2.101). In addition, quinaldic acid (derived from TRP601 of Chauvier et 
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al. (2011)99), another sterically demanding group, was incorporated in place of the N-

acetyl moiety, leading to (Quin)VDV(S-Me-THIQ)D-CHO (2.097). 

 
Figure 2.016. Structures of pharmaceutical drugs voxelotor (A), nirmatrelvir (B), atazanavir 
(C), and marimastat (D). 
 

All of the previously mentioned Casp2 inhibitors are characterized by their reversible 

covalent mechanism containing an aldehyde (-CHO). Conducting early SAR studies 

using an aldehyde as a reactive group is popular because of the fast and easy 

accessibility of inhibitors using solid phase synthesis. Nevertheless, the R-CHO 

warhead is seen as unfavorable due to its high electrophilicity and its susceptibility to 

oxidative metabolism, even though there are approved drugs on the market as an 

exception (e.g., voxelotor, used for the treatment of sickle cell anemia 

(cf. Figure 2.016A)).106 Featuring nitrile-based covalent inhibitors can eliminate these 

disadvantages. Moreover, they are clinically validated and known for their safety and 

efficacy in humans (e.g., nirmatrelvir, used as a covalent inhibitor of the SARS-CoV-2 

main protease (cf. Figure 2.016B)).107 Furthermore, Boxer et al. (2010) proved that a 

nitrile-based reactive group can be an excellent structural feature for the inhibition of 

caspases (NCGC00183434, inhibition of caspase-1).98 Therefore, a nitrile was 

introduced to Idc(hE)V(S-Me-THIQ)D-CHO (2.101), leading to 
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Idc(hE)V(S-Me-THIQ)D-CN (2.106) (cf. Figure 2.017). In addition, position P2 (S)-6-

Me-THIQ-COOH) was replaced by diaminobutyric acid (Dab), another amino acid that 

confers a selectivity advantage over caspase-3, resulting in Idc(hE)V(Dab)D-CHO 

(2.107). Further, valine at position P3 was replaced by L-α-tert-leucine (Tle), leading 

to Idc(hE)(Tle)(Dab)D-CHO (2.108). Tert-leucine (Tle), as a non-natural amino acid, 

may confer better stability toward drug-metabolizing enzymes due to its sizeable steric 

hindrance. L-α-tert-leucine is widely used as a structural feature of various 

pharmaceuticals, such as protease inhibitors for the treatment of HIV (e.g., atazanavir 

(cf. Figure 2.016C)), SARS-CoV-2 main protease (e.g., nirmatrelvir), or as tumor-

fighting agents (e.g., marimastat (cf. Figure 2.016D)).108 Finally, fine-tuning with 

respect to Casp2 activity and selectivity was performed by investigating the role of P3, 

resulting in Idc(hE)(BnT)(Dab)D-CHO (2.109). 

 
Figure 2.017. The rational design strategy of compound 2.106 (Idc(hE)V(S-Me-THIQ)D-CN). 
(S)-indoline-2-carboxylic acid (Idc) at P5 was introduced based on a publication from Poreba 
et al. (2019)93. A nitrile was established based on the publication of Boxer et al. (2010)98 as a 
covalent reactive group (CRG) (also referred to as a warhead) due to stability advantages. 
Using enantiopure (S)-6-Me-THIQ-COOH at position P2 is supposed to enable Casp2 activity 
and selectivity due to the sterically demanding amino acid.92 S1-S5 represents the respective 
subsite where the amino acids P1-P5 are embedded. Figure created with BioRender.com.  
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2.4.2 Results and Discussion 
 

2.4.2.1 Chemistry 
 

Preparation of aspartic acid loaded semicarbazide amino-Merrifield resin  
 

For the synthetic route see chapter 2.3.2.1. 

 

Solid-phase peptide synthesis (SPPS) of the penta-, tetra-, and tripeptides 
 
For the synthetic route see chapter 2.3.2.1. 

 

Peptides 2.101, 2.107, 2.108, and 2.109 were not acetylated N-terminally but were 

cleaved from the resin directly after removing the N-Fmoc protecting group. 

Additionally, they were cleaved from the resin under milder conditions (trifluoroacetic 

acid (90%) in water, 15 minutes, room temperature).  

 

Fmoc protection of (S)- and (R)-tetrahydrosioquinoline carboxylic acids 
 
Racemic 6-methyl-tetrahydroisoquinoline-1-carboxylic acid (6-Me-THIQ-COOH) and 

6-bromo-tetrahydroisoquinoline-1-carboxylic acid (6-Br-THIQ-COOH) were acquired 

from a commercial supplier and were outsourced for chiral resolution by supercritical 

fluid chromatography (SFC). The enantiopure amino acids P1 and P2 (see chapter 

2.7.3, Figures 2.279 and 2.280) were N-Fmoc protected with N-(Fluorenyl-9-

methoxycarbonyloxy)-succinimide (Fmoc-OSu) in a mixture of tetrahydrofuran and 

10% (aq.) sodium carbonate to obtain 2.089 (R-enantiomer) and 2.090 (S-enantiomer), 

as well as 2.091 (R-enantiomer) and 2.092 (S-enantiomer) (cf. Scheme 2.03). The 

absolute configurations of the amino acids were determined by comparison with 

reported specific rotation of the commercially available enantiopure N-Fmoc-

tetrahydroisoquinoline-1-carboxylic acids. 
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Scheme 2.03. Fmoc protection of (S)- and (R)-tetrahydrosioquinoline carboxylic acids: (a) 
Fmoc-OSu (1eq), THF, 10% (aq.), Na2CO3, rt, overnight. 
 

Preparation of compound 2.016 through solid-phase and liquid-phase synthesis  
 

 
Scheme 2.04. Synthesis of caspase-2 Inhibitor 2.106: (a) 2-Chlorotrityl chloride resin, collidine, 
DCM; (b) 20% piperidine in DMF; (c) Fmoc-hGlu(OtBu)-OH, HATU, DMF; (d) 20% piperidine 
in DMF; (e) (S)-Fmoc-IdcOH, HATU, DMF; (f) 20% HFIP in DCM; (g) H3PO4; DCM (h) Fmoc-
(S)-6-Me-THIQ-COOH, HATU, collidine, acetonitrile; (i) 30% diethylamine in acetonitrile; (j) 
2.103, HATU, collidine; (k) H3PO4; DCM (l) 30% diethylamine in acetonitrile; (m) 10% Pd/C.  
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glutamic acid (c) and (S)-indoline-2-carboxylic acid (e). The coupling was performed 

with HATU and collidine in DMF, while the N-Fmoc deprotection was carried out with 

20% piperidine in DMF (b and d). However, (S)-indoline remains Fmoc protected N-

terminally. The cleavage of the tripeptide 2.103 from the resin was accomplished with 

20% hexafluoroisopropanol (HFIP) in dichloromethane (f). The dipeptide 2.105, 

consisting of the alpha-modified aspartic acid and (S)-6-methyltetrahydroisoquinoline-

1-carboxylic acid was prepared using classical liquid-phase synthesis. 2.104 was N-

Boc deprotected under mild conditions using phosphoric acid (85%) in 

dichloromethane to prevent hydrolyzation of the nitrile (g). Subsequently, 2.104 was 

coupled with (S)-6-methyltetrahydroisoquinoline-1-carboxylic acid by using HATU and 

collidine in acetonitrile (h). This resulted in the dipeptide 2.105, which was N-Fmoc 

deprotected (i) with 30% diethylamine in acetonitrile and subsequently coupled (j) to 

the tripeptide 2.103. The resulting pentapeptide was deprotected in a series of steps 

(N-Boc deprotection (k), N-Fmoc deprotection (l), and benzyl deprotection (m)), 

leading to Casp2-inhibitor 2.106. 

 

2.4.2.2 Inhibitory Affinity of Compound 2.063-2.088 and 2.093-2.109 in a 
Fluorometric Enzyme Assay  

 

To characterize the potential Glu52 interaction in the subsite of Casp2 demonstrated 

by covalent docking, an additional peptide series based on AcVDKVD-CHO (2.059) 

and AcVDVKD-CHO (2.061) was designed. Starting with 2.059 (Casp2 pKi: 7.40; 

Casp3 pKi: 7.28), the chain length of the basic amino acid Lys was shortened 

piecewise. This resulted in AcVD(Orn)VD-CHO (2.063) and AcVD(Dab)VD-CHO 

(2.064), which show almost the same affinity as 2.059 for Casp2 (pKi : 7.37/6.92 and 

7.44) and Casp3 (pKi: 7.52 and 7.54). In contrast, AcVD(Dap)VD-CHO (2.065) 

demonstrates a significantly lower affinity at Casp2 (pKi: 6.53/6.18), while the affinity 

at Casp3 (pKi: 7.38) remains. The exchange of Lys at position 3 by Arg resulted in 

AcVDRVD-CHO (2.066), which displays a similar affinity (Casp2 pKi: 7.38, Casp3 pKi: 

7.21). Likewise, the acetylation of Lys in position 3, resulting in 2.067, demonstrates 

no shift in affinity (Casp2 pKi: 7.70/7.41; Casp3 pKi: 7.96). The same variations of the 

chain length were performed with Lys at position 2 of compound 2.061. AcVDV(Orn)D-

CHO (2.068) (Casp2 pKi: 7.45; Casp3 pKi: 6.60) and AcVDV(Dab)D-CHO (2.069) 

(Casp2 pKi: 7.26; Casp3 pKi: 5.82) show comparable affinities at Casp2, while Casp3 
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affinity decreases with further shortening of the chain length (cf. Table 2.10 and Figures 

2.018 and 2.019). In contrast, AcVDV(Dap)D-CHO (2.071) shows a loss in affinity at 

Casp2 (same as for 2.065), while affinity at Casp3 slightly increases (Casp2 pKi: 6.77; 

Casp3 pKi: 6.14) in comparison to 2.069 (cf. Table 2.10 and Figures 2.018 and 2.019). 

Truncation of 2.069 led to AcDV(Dab)D-CHO (2.070), which shows a low affinity for 

Casp2 (pKi: 4.93) and Casp3 (pKi: 5.48) (cf. Table 2.10). Substitution of Lys by Arg 

resulted in 2.072, which displays nearly the same affinity as 2.061 at Casp2 and Casp3 

(cf. Table 2.10). Acetylation of the Lys side chain of 2.061 resulted in AcVDV(AcK)D-

CHO (2.073), which shows the same affinity at Casp2 and a slightly higher affinity at 

Casp3 (Casp2 pKi: 7.53/7.30; Casp3 pKi: 7.60). Since the two peptides with acetylated 

lysine side chains (2.067 and 2.073) exhibit high affinity, both at Casp2 and at Casp3, 

the hypothesis of ionic interactions between Lys at position 2 or 3 and Glu52 in the 

subsite of Casp2 must be doubted. This was additionally confirmed by exchanging Lys 

with Phe, resulting in AcVDFVD-CHO (2.074) that displays no drastic loss in Casp2 

affinity (pKi: 7.00/6.50). Due to these negative controls, it must be assumed that the 

interactions in the S2 and S3 subsites of Casp2 are not mainly due to ionic interactions. 

The shift from Lys at position 3 to position 2 goes hand in hand with a moderate gain 

in Casp2 selectivity. Compound 2.061 demonstrates a selectivity ratio of 5.16, whereas 

2.059 shows no selectivity (cf. Table 2.10). This effect increased with shorter chains, 

whereas 2.068 has a selectivity factor of 7.07 compared to 2.063 (0.70/0.25-fold). The 

maximum gain in selectivity was reached for 2.069 (27.7-fold) (cf. Table 2.10 and 

Figure 2.019), featuring diaminobutyric acid, at position P2. Further shortening leads 

to a loss of selectivity, as demonstrated for 2.071 (4.30-fold) (cf. Table 2.10 and 

Figure 2.019). Interestingly, the gain in selectivity is not achieved by an increase in 

Casp2 affinity, but by a steady decrease of Casp3 affinity (cf. Figure 2.019). In 

molecular modeling studies of Casp2 and Casp3, the trends for Casp2 selectivity are 

relatively well confirmed for 2.069 (cf. Table 2.09 and 2.10), whereas the docking 

scores for 2.059 and 2.066 are not entirely consistent with the in vitro data (cf. Table 

2.05, 2.06, 2.09, and 2.10). 
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Figure 2.018. Concentration-response curves of AcVDVKD-CHO (2.061), AcVDV(Orn)D-CHO 
(2.068), AcVDV(Dab)D-CHO (2.069), AcVDV(Dap)D-CHO (2.071), and AcVDV(AcK)D-CHO-
CHO (2.073) at Casp 2 (A) and Casp3 (B) in the fluorometric enzyme assay. Data points 
represent mean values ± SD from representative experiments, each performed in duplicate. 
 

 
Figure 2.019. Selectivity profile within the caspase family (A) AcVDVKD-CHO (2.061), (B) 
AcVDV(Orn)D-CHO (2.068), (C) AcVDV(Dab)D-CHO (2.069), and (D) AcVDV(Dap)D-CHO 
(2.071). From left to right, the basic side chain of the amino acid at positon P2 (Lys, Orn, Dab, 
and Dap) is shortened piecewise. The dashed line indicates an at least 100-fold selectivity for 
Casp2. Bars represent the mean ± SEM of at least two individual experiments each performed 
in duplicate or triplicate.  
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natural proteolysis sequences of Casp2. The aim was to gain selectivity over Casp3 
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the amino acids arginine, ornithine (Orn), diaminopropionic acid (Dap), and acetylated 

lysine (AcK). This modifications led to the peptides AcITV(Orn)D-CHO (2.075; Casp2 

pKi: 6.14; Casp3 pKi: 5.68), AcITV(Dab)D-CHO (2.078; Casp2 pKi: 5.85/5.38; Casp3 

pKi: 5.04), AcITV(Dap)D-CHO (2.081; Casp2 pKi: 5.93/5.48; Casp3 pKi: 5.32), and 

AcITV(AcK)D-CHO (2.084; Casp2 pKi: 6.30/6.24; Casp3 pKi: 7.34), all of them showing 

lower affinities for Casp2 (cf. Table 2.10). While 2.075, 2.078, and 2.081 demonstrate 

lower affinities for Casp3, AcITV(AcK)D-CHO (2.084) has a higher affinity for Casp3 

than the lead structure 2.015. In terms of selectivity, a selectivity advantage for Casp2 

over Casp3 can be detected due to the stepwise shortening of the lysine sidechain. 

While 2.015 (containing lysine) has a selectivity factor of 2, 2.075 (containing ornithine) 

exhibits a factor of 3, 2.078 (containing diaminobutyric acid) of 6 or 2, respectively, and 

2.081 (containing diaminopropionic acid) of 4 or 1, respectively (cf. Table 2.10). The 

acetylation of lysine (AcITV(AcK)D-CHO, 2.084) generates a selectivity shift toward 

Casp3 (Casp2/Casp3 selectivity 11-fold or 13-fold, respectively). The inhibitors 2.075, 

2.078, 2.081, and 2.084 were also truncated to get a deeper understanding of the 

structure-activity relationship of shortened peptides. This resulted in the tetrapeptides 

AcTV(Orn)D-CHO (2.076; Casp2 pKi: 4.62; Casp3 pKi: 4.77), AcTV(Dab)D-CHO 

(2.079; Casp2 pKi: 4.21; Casp3 pKi: 4.43), and AcTV(Dap)D-CHO (2.082; Casp2 pKi: 

< 4; Casp3 pKi: 4.43) which show slightly lower affinities for Casp2 and Casp3 relative 

to AcTVKD-CHO (2.045) (cf. Table 2.06 and 2.10). While AcTV(AcK)D-CHO (2.085, 
Casp2 pKi: 4.70/4.68; Casp3 pKi: 6.65) shows a low affinity for Casp2, the affinity for 

Casp3 remains almost unchanged. Thus, the peptide displays selectivity for Casp3 

over Casp2 (Casp3/(cp)Casp2 selectivity 89-fold or 93-fold) (cf. Table 2.10). The 

corresponding tripeptides of this series AcV(Orn)D-CHO (2.077), AcV(Dab)D-CHO 

(2.080), AcV(Dap)D-CHO (2.083), and AcV(AcK)D-CHO (2.086) do not show notable 

affinity for Casp2 (pKi values < 4) nor Casp3 (pKi values < 4 - 5.02) (cf. Table 2.10). 

Furthermore, Dab was introduced in AcATVKD-CHO (2.055, Casp2 pKi: 5.86; Casp3 

pKi: 5.93), leading to AcATV(Dab)D-CHO (2.087, Casp2 pKi: 4.72; Casp3 pKi: 4.68). 

However, 2.087 was an unsuccessful approach to gain selectivity for Casp2 by 

exchanging lysine at P2 with diaminobutyric acid (Dab). AcTDTAD-CHO (2.088) 

represents a precursor for stapled peptides. It demonstrates high affinities for Casp2 

(pKi: 7.48/7.04) and Casp3 (pKi: 7.22) with no distinct selectivity trend. 
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Based on the canonical pentapeptide structure AcVDVAD-CHO (2.016, Casp2 pKi: 

7.85; Casp3 pKi: 7.73), a new series of inhibitors was designed that included the best 

structural features of previously published structure-activity relationship studies. The 

canonical inhibitor shows high Casp2 potency but, unfortunately, no selectivity over 

Casp3. The integration of sterically demanding (S)-6-Me-THIQ-COOH, derived from 

Maillard et al. (2011)92, at position P2 of the canonical pentapeptide structure resulted 

in compound AcVDV(S-Me-THIQ)D-CHO (2.093, Casp2 pKi: 7.89; Casp3 pKi: 6.04). 

AcVDV(S-Me-THIQ)D-CHO shows both high potency at caspase-2 and a reasonable 

selectivity over caspase-3 (Casp3/cpCasp2 selectivity 60-fold) (cf. Table 2.10 and 

Figures 2.020 and 2.021). The exchange of (S)-6-Me-THIQ-COOH to (S)-6-Br-THIQ-

COOH at position P2 led to the peptide AcVDV(S-Br-THIQ)D-CHO (2.095, Casp2 pKi: 

7.96; Casp3 pKi: 6.52). The caspase-2 activity is maintained with respect to 

pentapeptide 2.093, while selectivity over caspase-3 is about half as high 

(Casp3/cpCasp2 selectivity 28-fold) (cf. Table 2.10). Starting from 2.093, the sterically 

demanding quinaldic acid was incorporated in place of the N-acetyl group, leading to 

(Quin)VDV(S-Me-THIQ)D-CHO (2.097). The inhibitor demonstrates a slight 

deterioration with respect to caspase-2 activity (Casp2 pKi: 7.50), while the activity at 

caspase-3 increases (Casp3 pKi: 6.45) (cf. Table 2.10). (Quin)VDV(S-Br-THIQ)D-CHO 

(2.099, Casp2 pKi: 7.41; Casp3 pKi: 6.66) shows almost the same activity at 

Casp2/Casp3 and selectivity as 2.097. As already anticipated, the peptides AcVDV(R-

Me-THIQ)D-CHO (2.094), AcVDV(R-Br-THIQ)D-CHO (2.096), (Quin)VDV(R-Me-

THIQ)D-CHO (2.098), and (Quin)VDV(R-Br-THIQ)D-CHO (2.100) containing an amino 

acid with R conformation ((R)-6-Me-THIQ-COOH or (R)-6-Br-THIQ-COOH) at position 

P2 are (almost) inactive against Casp2 and Casp3 (cf. Table 2.10). It must be 

concluded that the peptides cannot be embedded in the S2 subsite of Casp2 and 

Casp3 due to their inverted structural conformation. 

 

The replacement of alanine at position P2 of the canonical inhibitor AcVDVAD-CHO 

(2.016) with (S)-Me-THIQ-COOH in comparison to (S)-Br-THIQ-COOH delivered more 

promising results in terms of caspase-2 activity and selectivity. Therefore, for the 

creation of further inhibitors, (S)-Me-THIQ-COOH was retained as a structural feature 

of the pentapeptides. The exchange of the N-acetyl at position P5 of the canonical 

inhibitor so far showed no increase in selectivity (e.g., (Quin)VDV(S-Me-THIQ)D-CHO 

(2.097)). In a recent study Poreba et al. (2019)93, demonstrated a significant increase 
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of affinity and selectivity for Casp2 by the sterically demanding non-acylated indoline-

2(S)-carboxylic acid at position P5. In addition, this publication revealed that the 

incorporation of h-L-glutamic acid at position P4 causes a great increase of potency 

and selectivity. These modifications ultimately resulted in the Casp2 inhibitor 

Idc(hE)V(S-Me-THIQ)D-CHO (2.101, Casp2 pKi: 7.40; Casp3 pKi: <4.5). 2.101 is 

characterized by high activity toward caspase-2, low activity toward caspase-3, and an 

excellent selectivity profile (Casp3/cpCasp2 selectivity 794-fold). Therefore, 

Idc(hE)V(S-Me-THIQ)D-CHO (2.101) served as a model for the optimization of the 

reactive warhead. As already mentioned, aldehydes are considered unfavorable due 

their high electrophilicity and their susceptibility to oxidative metabolism.105 Idc(hE)V(S-

Me-THIQ)D-CN (2.106, Casp2 pKi: 8.12; Casp3 pKi: 6.03) was created by the insertion 

of a nitrile as a reversible covalent reactive group in place of the aldehyde. Inhibitors 

featuring nitrile as a reactive warhead are clinically proven and known for their safety 

and efficacy in humans (e.g., nirmatrelvir).105 Despite the exchange of the warhead, 

2.106 demonstrates high potency for Casp2 and a good selectivity profile 

(Casp3/cpCasp2 selectivity 123-fold). In the course of this study Idc(hE)V(S-Me-

THIQ)D-CN (2.106) was used for further biological experiments examinating the 

pathophysiological role of Casp2 in the emergence of tauopathies like Alzheimer’s 

disease and to find out whether the inhibition of Casp2 in the cellular cascade could 

be a potential treatment (see chapter 2.4.2.3, 2.4.2.4, and 2.4.2.5).105 Idc(hE)V(Dab)D-

CHO (2.107, Casp2 pKi: 7.18; Casp3 pKi: < 4) was designed to examine whether the 

exchange of (S)-6-Me-THIQ with diaminobuyric acid (Dab) at position P2 of 

Idc(hE)V(S-Me-THIQ)D-CHO causes a loss of activity and selectivity for the Casp2 

inhibitor. Fortunately, the activity (pKi: 7.18 vs. pKi: 7.40) and the selectivity 

(Casp3/cpCasp2 selectivity 1514-fold vs. 794-fold) for Casp2 are preserved. For the 

selectivity, it is even possible to observe a greater increase. The introduction of L-α-

tert-leucine (Tle) for a better enzymatic stability of the peptide resulted in 

Idc(hE)(Tle)(Dab)D-CHO (2.108, Casp2 pKi: 6.76; Casp3 pKi: < 4). The affinity of 2.108 

for Casp2 drops by 0.4 log units relative to 2.107, while an affinity for Casp3 cannot be 

determined. In the inhibitor Idc(hE)(BnT)(Dab)D-CHO (2.109), O-benzyl-L-threonin 

(BnT) was implemented as a structural feature at position P3 to further elucidate 

structure-activity relationships for subsite 3 of Casp2. 2.109 shows a high affinity for 

Casp2 (pKi: 7.40) and an excellent selectivity profile over Casp3 (Casp3/cpCasp2 

selectivity 2512-fold). As postulated earlier, by inserting (S)-indoline-2-carboxylic acid 
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(Idc) at position P5 and hL-glutamic acid (hE) at position P4 in combination with 

diaminobutyric acid (Dab) or (S)-6-methyltetrahydroisoquinoline-1-carboxylic acid ((S)-

Me-THIQ-COOH) at P2, a series of highly selective peptides (2.101-2.109) were 

synthesized. These insights are helpful for the ongoing efforts to design peptides with 

better drug-like properties, to pave the way for small molecule Casp2 inhibitors. 

 

 
Figure 2.020. Concentration-response curves of (A) AcVDV(Dab)D-CHO-CHO (2.069), (B) 
AcVDV(S-Me-THIQ)D-CHO (2.093), (C) Idc(hE)V(S-Me-THIQ)D-CN (2.106), and (D) 
Idc(hE)(BnT)(Dab)D-CHO (2.109) at Casp1, Casp2, Casp3, Casp6, Casp7, and Casp9 in the 
fluorometric enzyme assay. Data points represent mean values ± SD from representative 
experiments, each performed in duplicate. 
 

The peptides within this series were also subjected to a panel assay screening for 

Casp1, Casp6, Casp7, and Casp9 (cf. Table 2.11). As a reminder, the lead structures 

for the Glu52 engagement, AcVDKVD-CHO (2.059) and AcVDVKD-CHO (2.061), 

demonstrate a decent inhibitory affinity for Casp1 (pKi: 5.97 and 6.18) and Casp7 (pKi: 

7.28 and 6.25), a low affinity for Casp9 (pKi: 4.77 and < 4.5), and no affinity for Casp6 
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(pKi: < 4) (cf. Table 2.07). AcVD(Dab)VD-CHO (2.064) shows almost the same 

affinities in the panel as the respective lead compound 2.059, whereas AcVDV(Orn)D-

CHO (2.068), AcVDV(Dab)D-CHO (2.069), and AcVDV(Dap)D-CHO (2.071) 

demonstrate lower affinities at Casp1, Casp6, Casp7, and Casp9 compared to lead 

compound 2.061 (Casp1 pKi: 5.82, 5.43, and 5.48; Casp7 pKi: 5.92, 4.61, and 5.12; 

Casp9 pKi: < 4.5, < 4, and < 4) (cf. Table 2.07 and 2.11). Within the peptides targeting 

amino acid Glu52 in the Casp2 subsite, 2.069 shows the best selectivity profile for 

Casp2 (cf. Tables 2.10 and 2.11 and Figures 2.018 and 2.019), displaying a 27.7-fold 

selectivity over Casp3, 67.3-fold selectivity over Casp1, 444-fold selectivity over 

Casp7, and at least 1827-fold selectivity over Casp6 and Casp9. 

Idc(hE)V(S-Me-THIQ)D-CHO (2.101), Idc(hE)V(S-Me-THIQ)D-CN (2.106), and 

Idc(hE)(BnT)(Dab)D-CHO (2.109) are characterized by an excellent selectivity profile 

within the Caspase family (cf. Figures 2.020 and 2.021). 2.106 shows a > 2000-fold 

selectivity versus Casp1, Casp6, Casp7, and Casp9 (cf. Tables 2.10 and 2.11 and 

Figures 2.020 and 2.021), whereas 2.109 demonstrates a > 28-fold selectivity over 

Casp1 and > 2500-fold selectivity over Casp6, Casp7, and Casp9 (cf. Tables 2.10 and 

2.11 and Figures 2.020 and 2.021). Further panel results are summarized in Table 

2.11. Displacement curves from representative competition binding experiments 

(Casp1, Casp2, Casp3, Casp6, Casp7, and Casp9) are displayed in chapter 2.7.6 (cf. 

Figures 2.292-2.327). 

 

 
Figure 2.021. Selectivity profile within the caspase family (A) AcVDV(S-Me-THIQ)D-CHO 
(2.093), (B) Idc(hE)V(S-Me-THIQ)D-CHO (2.101), (C) Idc(hE)V(S-Me-THIQ)D-CN (2.106), 
and (D) Idc(hE)(BnT)(Dab)D-CHO (2.109). The dashed line indicates an at least 100-fold 
selectivity for Casp2. Bars represent the mean ± SEM of at least two individual experiments 
each performed in duplicate or triplicate. 
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Table 2.10. Binding data (pKi values) and selectivity ratios of peptides 2.063-2.088 and 2.093-
2.109 at Casp2 and Casp3. 

Sequence Comp. 

pKi ± SEM Selectivity 
ratios of 

Ki (Casp2: 
Casp3) 

Casp2 N Casp3 N 

AcVD(Orn)VD-CHO 2.063 7.37 ± 0.04a 2 7.52 ± 0.04 3 1:1 
6.92b 1 4:1 

AcVD(Dab)VD-CHO 2.064  7.44 ± 0.04a 4 7.54 ± 0.01 4 1:1 

AcVD(Dap)VD-CHO 2.065  6.53 ± 0.05a 2 7.38 ± 0.09 3 7:1 
6.18b 1 16:1 

AcVDRVD-CHO 2.066  7.38 ± 0.07a 3 7.21 ± 0.05 3 1:1 

AcVD(AcK)VD-CHO 2.067  7.70 ± 0.01a 2 7.96 ± 0.13 3 2:1 
7.41b 1 4:1 

AcVDV(Orn)D-CHO 2.068  7.45 ± 0.04a 4 6.60 ± 0.04 4 1:7 

AcVDV(Dab)D-CHO 2.069  7.26 ± 0.04a 4 5.82 ± 0.09 4 1:28 

AcDV(Dab)D-CHO 2.070  4.93 ± 0.07b 2 5.48 ± 0.03 2 4:1 

AcVDV(Dap)D-CHO 2.071  6.77 ± 0.09a 4 6.14 ± 0.04 4 1:4 

AcVDVRD-CHO 2.072  7.37 ± 0.03a 2 7.12 ± 0.17 3 1:2 
7.07b 1 1:1 

AcVDV(AcK)D-CHO 2.073  7.53 ± 0.13a 2 7.60 ± 0.12 3 1:1 
7.30b 1 2:1 

AcVDFVD-CHO 2.074  7.00 ± 0.12a 2 8.02 ± 0.15 3 10:1 
6.50b 1 33:1 

AcITV(Orn)D-CHO 2.075  6.14 ± 0.12a 2 5.68 ± 0.11 2 1:3 
6.14 ± 0.04b 2 1:3 

AcTV(Orn)D-CHO 2.076   4.62 ± 0.14a 2 4.77 ± 0.01 2 1:1 

AcV(Orn)D-CHO 2.077  < 4a 2 < 4 2 - 

AcITV(Dab)D-CHO 2.078  5.85 ± 0.04a 2 
5.04 ± 0.11 3 

1:6 
5.38 ± 0.18b 2 1:2 
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Table 2.10 (continued) 

Sequence Comp. 
pKi ± SEM Selectivity 

ratios of 
Ki (Casp2: 

Casp3) 
Casp2 N Casp3 N 

AcTV(Dab)D-CHO 2.079  4.21 ± 0.11a 2 4.43 ± 0.21 2 2:1 

AcV(Dab)D-CHO 2.080  4.28 ± 0.18a 2 < 4 2 > 1:2 

AcITV(Dap)D-CHO 2.081  5.93 ± 0.58a 2 5.32 ± 0.17 3 1:4 
5.48 ± 0.01b 2 1:1 

AcTV(Dap)D-CHO 2.082  < 4a 2 4.43 ± 0.21 2 3:1 

AcV(Dap)D-CHO 2.083  < 4a 2 < 4 2 - 

AcITV(AcK)D-CHO 2.084  6.30 ± 0.06a 2 7.34 ± 0.12 3 11:1 
6.24 ± 0.01b 2 13:1 

AcTV(AcK)D-CHO 2.085  4.70 ± 0.18a 2 6.65 ± 0.10 3 89:1 
4.68 ± 0.03b 2 93:1 

AcV(AcK)D-CHO 2.086  < 4a 2 5.02 ± 0.15 2 > 10:1 

AcATV(Dab)D-CHO 2.087  4.72 ± 0.02b 2 4.68 ± 0.09 2 1:1 

AcTDTAD-CHO 2.088  7.48 ± 0.14a 2 7.22 ± 0.12 3 1:2 
7.19 ± 0.15b 2 1:1 

AcVDV(S-Me-
THIQ)D-CHO 2.093 7.89 ± 0.02a 5 6.04 ± 0.06 5 1:60 

AcVDV(R-Me-
THIQ)D-CHO 2.094 4.98 ± 0.20a 5 < 4.0 4 > 1:9 

AcVDV(S-Br-
THIQ)D-CHO 2.095 7.96 ± 0.04a 3 6.52 ± 0.02 3 1:28 

AcVDV(R-Br-
THIQ)D-CHO 2.096 4.74 ± 0.50a 2 4.42 ± 0.17 2 1:2 

(Quin)VDV(S-Me-
THIQ)D-CHO 2.097 7.50 ± 0.07a 4 6.45 ± 0.09 4 1:11 

(Quin)VDV(R-Me-
THIQ)D-CHO 2.098 5.33 ± 0.54a 3 4.32 ± 0.32 3 1:10 

(Quin)VDV(S-Br-
THIQ)D-CHO 2.099 7.41 ± 0.05a 4 6.66 ± 0.08 4 1:6 

(Quin)VDV(R-Br-
THIQ)D-CHO 2.100 5.38 ± 0.04a 3 4.58 ± 0.14 3 1:6 
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Table 2.10 (continued) 

Sequence Comp. 
pKi ± SEM Selectivity 

ratios of 
Ki (Casp2: 

Casp3) 
Casp2 N Casp3 N 

Idc(hE)V(S-Me-
THIQ)D-CHO 2.101 7.40 ± 0.11a 3 < 4.5 3 > 1:794 

Idc(hE)V(S-Me-
THIQ)D-CN 2.106 8.12 ± 0.10a 3 6.03 ± 0.06 3 1:123 

Idc(hE)V(Dab)D-
CHO 2.107 7.18 ± 0.04b 4 < 4 3 > 1:1514 

Idc(hE)(Tle)(Dab)D-
CHO 2.108 6.76 ± 0.04b 4 < 4 3 > 1:575 

Idc(hE)(BnT)(Dab)D-
CHO 2.109 7.40 ± 0.04b 3 < 4 3 > 1:2512 

Data shown are mean values ± SEM of N independent experiments, each performed in 
duplicate or triplicate. Data were analyzed by nonlinear regression and were best fitted to 
sigmoidal concentration−response curves using 4PL regression using GraphPad Prism. aData 
represent pKi values determined with Casp2. bData represent pKi values determined with 
cpCasp2. Saturation binding curves of the enzymes can be seen in chapter 2.7.5 
(cf. Figures 2.286, 2.287, and 2.288). 
 
 
Table 2.11. Binding data (pKi values) of selected peptides (2.064, 2.068, 2.069, 2.071, 2.081, 
2.084, 2.093-2.095, 2.097-2.099, 2.101, 2.106, and 2.109) at Casp1, Casp6, Casp7, and 
Casp9. 

Sequence Comp. pKi ± SEM 
Casp1 N Casp6 N Casp7 N Casp9 N 

AcVD(Dab)VD-
CHO 2.064 6.04 ± 

0.01 2 < 4 2 7.34 ± 
0.08 

2 5.17 ± 
0.14 

2 

AcVDV(Orn)D-
CHO 2.068 5.82 ± 

0.03 
2 < 4 2 5.92 ± 

0.01 
2 < 4.5 2 

AcVDV(Dab)D-
CHO 

2.069 5.43 ± 
0.11 2 < 4 2 4.61 ± 

0.26 
2 < 4 2 

AcVDV(Dap)D-
CHO 2.071 5.48 ± 

0.05 
2 < 4 2 5.12 ± 

0.06 
2 < 4 2 

AcITV(Dap)D-
CHO 2.081 5.82 ± 

0.29 2 4.42 ± 
0.37 2 4.61 ± 

0.47 2 4.68 ± 
0.02 2 

AcITV(AcK)D-
CHO 2.084 6.74 ± 

0.19 2 6.01 ± 
0.39 2 6.65 ± 

0.05 2 5.33 ± 
0.04 2 

AcVDV((S)-Me-
THIQ)D-CHO 2.093 5.62 ± 

0.05 3 < 4 3 4.37 ± 
0.15 3 4.31 ± 

0.25 3 

AcVDV(R-Me-
THIQ)D-CHO 2.094 < 4 3 < 4 3 < 4.0 3 < 4.0 3 
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Table 2.11 (continued) 

Sequence Comp. 
pKi ± SEM 

Casp1 N Casp6 N Casp7 N Casp9 N 

AcVDV(S-Br-
THIQ)D-CHO 2.095 5.84 ± 

0.03 2 < 4 2 4.84 ± 
0.05 2 4.48 ± 

0.05 2 

(Quin)VDV(S-
Me-THIQ)D-

CHO 
2.097 6.94 ± 

0.11 2 < 4 2 5.12 ± 
0.17 2 4.68 ± 

0.34 2 

(Quin)VDV(R-
Me-THIQ)D-

CHO 
2.098 5.04 1 < 4 1 < 4 1 < 4 1 

(Quin)VDV(S-
Br-THIQ)D-

CHO 
2.099 6.85 ± 

0.04 2 < 4 2 5.24 ± 
0.03 2 4.83 ± 

0.01 2 

Idc(hE)V(S-Me-
THIQ)D-CHO 2.101 6.41 ± 

0.12 2 < 4 2 < 4.0 2 5.12 ± 
0.04 2 

Idc(hE)V(S-Me-
THIQ)D-CN 2.106 < 4 2 < 4 2 4.80 ± 

0.06 2 4.40 ± 
0.40 2 

Idc(hE)(BnT)(D
ab)D-CHO 2.109 5.95 ± 

0.01 2 < 4 2 < 4 2 < 4 2 

Data shown are mean values ± SEM of N independent experiments, each performed in 
duplicate or triplicate. Data were analyzed by nonlinear regression and were best fitted to 
sigmoidal concentration−response curves using 4PL regression using GraphPad Prism. 
Saturation binding curves of the enzymes can be seen in chapter 2.7.5 (cf. Figures 2.285 and 
2.289-2.291). 
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2.4.2.3 In vitro Cleavage Assay: Measuring the Enzyme-catalyzed Formation of 
Δtau314 by Casp2 in the Presence of 2.093, 2.094, and 2.106 

 
Figure 2.022. (A) Lower panel: Inhibitors 2.093, 2.094, and 2.106 were investigated in an in 
vitro cleavage assay, measuring the formation of Δtau314 by Casp2. Quantification of the 
inhibition of enzyme-catalyzed Δtau314 production by the peptides, reveals different efficacies 
of the inhibitors. The level of Δtau314 produced in the absence of any tested compound was 
defined as 100% (dotted line). Experiments were repeated six times. Individual values (open 
circles), means (histograms), and standard deviations (SDs, error bars) are shown. A single-
sample t-test was performed to compare the effect of each compound to that of no compound 
(####, p < 0.0001). One-way ANOVA was performed to compare effects of tested compounds 
(F(2, 15) = 48.50, P < 0.0001), followed by Tukey’s post hoc test (*, p < 0.05; ****, p < 0.0001). 
Upper panel: A representative immunoprecipitation (IP, 4F3)/Western blotting (WB, tau-5-
biotin) showing Δtau314 formation in the presence of inhibitors at 10 µM. Δtau314 formation in 
the absence of any compound (positive control) and a reaction in the absence of an enzyme 
(negative control). (B) Lower panel: Amount of Δtau314 formation (normalized to the no-
compound control) in the presence of various concentrations of 2.106 were analyzed and fitted 
to a dose-response curve. Experiments were performed in duplicate. Means (open circles) and 
SDs (error bars) are shown. Upper panel: a representative IP (4F3)/WB (tau-5-biotin) showing 
Δtau314 in the presence of various concentrations of compound 2.106. 
 

Compounds 2.093, 2.094 (served as negative control), and 2.106 were evaluated in 

an in vitro Casp2 cleavage assays using purified recombinant proteins.105 Mass 

spectrometry (MS) was used to determine the formation of Δtau314, the soluble 

truncated tau fragment ending C-terminally at D31451. The level of Δtau314 produced 
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in the absence of any inhibitor is defined as 100%. At 10 µM, compounds 

AcVDV((S)-Me-THIQ)D-CHO (2.093) and Idc(hE)V((S)-Me-THIQ)D-CN (2.106) 

diminish tau cleavage by 68% and 96%, respectively. In comparison, the epimer of 

2.093 AcVDV(R)-Me-THIQ)D-CHO (2.094) demonstrates no inhibition of Δtau314 

formation (cf. Figure 2.022A). The level of Δtau314 formation by Casp2 was 

determined for various concentrations of compound 2.106. The results were fitted to a 

dose-response curve to determine an IC50 of 2.02 µM for Idc(hE)V((S)-Me-THIQ)D-CN 

(cf. Figure 2.022B). 

 

2.4.2.4 Preventing the Accumulation of P301S Tau in Dendritic Spines of 
Cultured Rat Hippocampal Neurons 

 

Frontotemporal dementia with parkinsonism-17 (FTDP-17) is an autosomal tauopathy 

linked with a mutation in the tau gene.109 The excessive accumulation in dendritic 

spines of mutant tau is linked to FTDP-17. This hyper-accumulation has been shown 

to depend on tau truncation by caspase-2.51 A P301S tau mutation linked to 

FTDP-17109,110 was performed to investigate whether 2.106 can prevent tau from 

accumulating in the spines. Dissociated hippocampal neurons from postnatal day 0-1 

rat puppies were cultured. After 5-7 days in vitro (DIV) culturing, the neurons were co-

transfected with plasmids encoding DsRed (to label neuronal morphology) and 

GFP-tagged wild-type or P301S mutant tau proteins.80 Neurons at 17-18 DIV were 

incubated with 10 μM compound 2.106 for 3 days, and live neurons were imaged at 

20-21 DIV. Only few dendritic spines of neurons co-expressing DsRed and wild-type 

tau contained GFP-tagged tau proteins (cf. Figure 2.023A, top row). In contrast, 

neurons co-expressing DsRed and GFP-tagged P301S tau accumulated GFP-tagged 

tau (cf. Figure 2.023A, middle row). Only a few dendritic spines of neurons co-

expressing DsRed and GFP-tagged P301S tau accumulated GFP-tagged tau in the 

presence of Idc(hE)V((S)-Me-THIQ)D-CN (2.106). The amount of accumulated 

GFP-tagged tau in the dendritic spines of hippocampal neurons was 21.9% in neurons 

expressing wild-type tau. For neurons expressing P301S tau, the number increased to 

75.5%. 2.106 is capable to normalize the amount of GFP-tagged tau in neurons 

expressing P301S tau (24.8% (with 2.106) vs. 75.5% (no 2.106)) (cf. Figure 2.023B).
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Figure 2.023. Inhibitor 2.106 blocks the hyper-accumulation of tau caused by the P301S 
mutation in dendritic spines. (A) Untreated neurons co-expressing DsRed and GFP-tagged 
wild-type tau (top row) were compared with neurons co-expressing DsRed and GFP-tagged 
P301S tau in the absence (middle row) or presence of compound 2.106 (bottom row). Arrows 
denote dendritic spines containing tau. Triangles denote spines without tau. (B) Comparison 
of the average percentage of dendritic spines labeled by DsRed containing GFP-tagged tau 
between the three groups. n = 8 neurons in each group; ANOVA, ***, p < 0.001. (C) 
Comparison of the density of dendritic spines (the number of DsRed-labeled dendritic 
spines/100 μm length of dendrites) between the three groups. n = 8 neurons in each group; 
ANOVA, NS (not significant), P > 0.05.  
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2.4.2.5 Efficacy of Casp2 Inhibitors 2.093, 2.094, and 2.106 on P301S Tau-
induced Functional Deficits in Dendritic Spines 

 

 
 
Figure 2.024. Treatment with 2.106 rescues synaptic dysfunction caused by the P301S 
mutation. (A) Representative traces of mEPSCs recorded in Tau−/+ and Tau−/− neurons that 
were treated with 2.093, 2.094, and 2.106. B and C) Comparisons between the means of 
mEPSC amplitude (B) or frequency (C) between the abovementioned six groups. n = 31 
neurons in Compound 2.106 treated groups (−/− and −/+); n = 41 in Compound 2.093 treated 
groups; n = 39 in Compound 2.094 treated groups; ANOVA, *, p < 0.05; **, p < 0.01. (D) 
Comparisons of cumulative curves of mEPSC amplitudes recorded in the abovementioned six 
groups. (E) Comparison of the rescuing efficacy between 2.106 and 2.093 in Tau −/+ neurons. 
For D and E: Mann-Whitney U Test, *, p < 0.05; ***, p, 0.001. For B-E, orange circles, blue 
circles, and blue triangles denote treatment with 2.093, 2.094, and 2.106, respectively. Closed 
shapes denote Tau−/+ mice, and open shapes denote Tau−/− mice.  
 

Models of various tauopathies revealed that hyper-accumulation of tau in dendritic 

spines is related to a reduction in postsynaptic excitatory neurotransmission due to the 

internalization of AMPA receptors.51,80,111–114 2.093, 2.094, and 2.106 were examined 

in order to find out whether they are able to rescue functional synaptic deficits in a 

cellular model of tauopathy. For these examinations, PS19 transgenic mice expressing 

P301S mutant tau were used. Primary hippocampal neurons from heterozygous 

transgenic mice overexpressing P301S115,116 and littermate controls (labeled as Tau 

−/+ and Tau −/− respectively) (cf. Figure 2.024). To reveal functional deficits, miniature 
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excitatory synaptic currents (mEPSCs) of the neurons were recorded. The Casp2 

inhibitors 2.093, 2.094, or 2.106 were added to the culture media in a final 

concentration of 10 μM and incubated for 3 days. The average amplitudes of mEPSC 

responses in Tau −/+ and Tau −/− neurons treated with 2.106 did not differ significantly, 

suggesting that the Casp2 inhibitor rescues impaired mEPSC amplitudes (ANOVA, F 

= 3.3, P > 0.05). In contrast, neurons treated with 2.094 (epimer of 2.093, which serves 
as negative control) demonstrate a significantly smaller amplitude of mEPSC 

responses in Tau −/+ neurons than that in Tau −/− neurons (cf. Figure 2.024B, ANOVA, 

F = 3.3; Bonferroni post hoc test: P < 0.05). 2.093 cannot rescue post-synaptic 

neurotransmission in Tau −/+ to the same extent as 2.106. This leads to the conclusion 

that the expression of P301S tau impaired postsynaptic function of the excitatory 

synapses by reducing the number of functional AMPA receptors on post-synaptic 

membranes and that 2.106 and 2.093 (significantly less) can compensate the 

decrease, while 2.094 is not able. The average amplitudes of mEPSC responses of 

Tau −/+ neurons treated with 2.106 are markedly larger than those treated with 2.094 

(cf. Figure 2.024B, F = 3.3; Bonferroni after test: P < 0.01) or 2.093 (cf. Figure 2.024B, 

F = 3.3; Bonferroni post-hoc test: P < 0.05). To confirm the biological effects observed, 

the cumulative curves of mEPSC amplitudes were analyzed. The cumulative curve of 

mEPSC amplitudes of 2.106 treated neurons from Tau −/+ compared with Tau −/− 

mice is not significantly shifted (cf. Figure 2.024D, Mann-Whitney U test: P > 0.05). 

This implies that 2.106 completely blocks the synaptic impairment caused by the 

P301S mutation. Meanwhile, the cumulative curve of mEPSC amplitudes of 2.094 

treated neurons from Tau −/+ compared with Tau −/− mice is shifted to the left (cf. 

Figure 2.024D, Mann-Whitney U test: P < 0.001), suggesting that the P301S mutation 

reduces the amplitudes of mEPSCs. The cumulative curve of mEPSC amplitudes of 

2.093 treated neurons from Tau −/+ compared with Tau −/− mice is shifted to the left 

but less markedly (cf. Figure 2.024D, Mann-Whitney U test: P < 0.001), indicating that 

2.093 partially blocks the synaptic impairment caused by the P301S mutation. 

Comparison of the cumulative curves of Tau −/+ neurons treated with each compound 

displays that 2.106 is the most active compound since it was eligible to shift the 

cumulative curve of mEPSC amplitudes more to the right than all other compounds (cf. 

Figure 2.024E, Mann-Whitney U test: P < 0.001). No changes in presynaptic functions 

were noticed since there were no significant differences in the average frequency of 

mEPSCs between the six groups (cf. Figure 2.024C, ANOVA, F = 0.6, P > 0.05).  
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2.4.2.6 Crystallography 
 

While there has been some exploration of the structural consequences of variation of 

the P4 amino acid from the preferred aspartic acid in complexes with Casp3117 and 

Casp7118,119, these have been limited to tetrapeptide inhibitors, and none have 

specifically involved the P4 threonine found to be preferred in this series. In addition, 

the binding principle of the peptides designed for the Glu52 engagement, as well as 

the negative controls, should be determined. Motivated by curiosity regarding details 

of how the threonine substitutes for the well-characterized aspartic acid and how amino 

acids installed for the Glu52 engagement of Casp2 actually embed in the Casp3 

binding site, crystallographic studies were initiated, and complexes of seven inhibitors 

with caspase-3 were obtained: one with compound AcVD(Orn)VD-CHO (2.063), 

AcVDRVD-CHO (2.066), AcVD(AcK)VD-CHO (2.067), AcVDV(Dab)D-CHO (2.069), 

AcVDFVD-CHO (2.074), AcITV(Orn)D-CHO (2.075), and one with AcITV(Dab)D-CHO 

(2.078). Various unique crystals (space groups P21, P 212121, and P63) resulted from 

identical crystallization conditions. Each form includes an activated heterotetramer in 

the crystallographic asymmetric unit. Diffraction quality varies within this collection of 

structures from 1.67 to 3.25 Å.  

 

In the 1.9 Å complex with AcITV(Dab)D-CHO (2.078), the position of the N-terminal 

acetyl group is not resolved, whereas in other structures, the ligand backbone 

geometry is otherwise well-defined by electron density across the length of the 

pentapeptide. As to be expected, the -CHO leaving group is displaced, and a covalent 

bond joins the P1 Asp to Cys163. The P4 threonine sidechain occupies the same 

position and engages in similar H-bonding in all threonine-containing structures. A 

comparison of the complex of compound AcITV(Dab)D-CHO with the canonical 

inhibitor is provided in Figure 2.025. Backbone H-bonds observed in the two complexes 

are the same, but the lone hydroxyl group of the threonine sidechain (T4) is not capable 

of accepting hydrogen bonds from both Phe250 and Asn208 as can a D4 carboxylate. 

Only the hydrogen bond from the T4 OH to Phe250 NH is observed. It was imagined 

that this might cause either the inhibitor to slide away from L4 toward Asn208 and L3, 

or L4 to move in tighten packing against the inhibitor with a smaller footprint, but neither 

change has occurred. The threonine seems to be an isosteric substitute for aspartic 

acid in P4, albeit with a predictable loss in potency due to the loss of one H-bond.  
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Figure 2.025. A comparison of experimentally determined Casp3 complexes with the 
canonical Casp2 inhibitor (AcVDVAD-CHO) and non-canonical inhibitor AcITV(Dab)D-CHO. 
(A) The complex with covalently bound AcVDVAD-CHO (PDB-id 2h65). Hydrogen bonding 
involving the P1 Asp (D1) to Gln161, Arg64, and Arg207 is universally conserved in all caspase 
complexes with peptidic substrates, as are the antiparallel H-bonds between the P2 (A2) and 
P3 (V3) amino acids and the backbone of Arg207. In this and other Casp-2/3 structures, the 
sidechain carboxylate of the aspartic acid in P4 (D4) generates H-bonds that span the gap 
between the L4 loop backbone at Phe250 and the sidechain amide of Asn207. The P5 amino 
acid also accepts an H-bond from the backbone amide of Ser209. (B) In the complex with 
AcITV(Dab)D-CHO (PDB-id 7rna), all the same H-bonds are preserved. However, the P4 
threonine sidechain (T4) can only accept the H-bond from the Phe250. An H-bond from this 
sidechain to Asn208 is not possible, perhaps accounting for the lower inhibitory potency. (C) 
An overlay of proteins and inhibitors involved in these two complexes reveals how little the 
protein conformation is altered upon binding of the different inhibitors (AcVDVAD-CHO orange, 
Casp3 tan; AcITV(Dab)D-CHO cyan, Casp3 blue). Peptidic inhibitors bind cradled in a groove 
above L3 (residues 209-213) and between L4 (residues 248-263) and L1 (residues 53-65; 
largely omitted for clarity). While the L4 loop has been shown to move in response to the 
binding of different inhibitors, little movement is revealed by the comparison of these two 
complexes. 
 
The complexes with the basic structure AcVDXXD-CHO are all broadly similar, despite 

variations in the P3 or P2 amino acid. All complexes conserve the constellation of H-

bonds around the P1 aspartic acid involving Arg64, Arg207, and Gln161. The anti-
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parallel H-bonds between the peptide backbone at P3 and the Arg207 mainchain are 

exactly as seen in the complex with AcVDVAD-CHO (2.016, cf. Figure 2.025). As these 

peptides also preserve the P4 aspartic acid, H-bonds joining the P4 Asp to the 

backbone of the L4 loop at Phe250 are also strictly conserved. None of these 

interactions involve sidechains varied in the different inhibitors. The only significant 

difference in the complexes is a shift in a portion of the L4 loop of Casp3, specifically 

residues 251-255 (cf. Figure 2.025). The effect of this shift is to widen the cavity 

between the L3 and L4 loops where the S5 subsite resides. The shift was first observed 

in the complex with AcVDPVD-CHO (2.017), where it can be attributed to the absence 

of the H-bonds from P4 Asp to Phe250 and the need for a broader S5 pocket to 

accommodate the P5 valine in its place (cf. Figure 2.026). However, the L4 shift is 

actually most pronounced in the AcVDRVD-CHO (2.066) and AcVD(AcK)VD-CHO 

(2.067) complexes, where Phe252 has moved 1.6 Å from its position in the AcVDVAD-

CHO complex (cf. Figure 2.026). The hydrophobic contacts between the P5 valine and 

Phe250 and Phe252 are lost with the movement, but hydrogen bonds to both Phe250 

and Asn208 by the P4 aspartic acid of L3 are preserved (and even improved), as the 

P5 valine moves 1.6 Å in the opposite direction to more closely contact L3, which does 

not move. Two conclusions may be drawn from the examination of these complexes: 

(1) single amino acid substitution in the peptide inhibitors can induce changes in 

binding unrelated to direct contacts between the amino acid and the subsite in which 

it resides, and (2) the protein itself is at least as flexible and responsive to ligand binding 

as the ligands. This should serve as a cautionary tale when attempting to dock ligands 

into these proteins using protocols that essentially assume the protein conformation is 

fixed.  
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Figure 2.026. L4 loop movements in Casp3-inhibitor complexes. Three complexes are shown 
to represent the magnitude of the shift that occurs in L4 upon ligand binding (AcVDPVD-CHO 
(2.017), gray; AcVDRVD-CHO (2.066), salmon; AcVDFVD-CHO (2.074), blue). Inhibitors differ 
only in the P3 amino acid; although the P3 alpha-carbon position is essentially unchanged in 
these complexes, the L4 loop shifts significantly. Changes are also observed in P4-P5 of 
ligands as the gap between L3 and L4 loops widens; ligands seem to prefer to associate more 
closely with L3 as hydrophobic contacts with L4 are lost. None of the structures resulting during 
this study show significant movement in Phe256. 
 

For compound (AcVD(AcK)VD-CHO (2.067), no density for the acetyl group at the end 

of the lysine sidechain of P2 can be observed (cf. Table 2.12). This group is essentially 

dangling into solvent and not held in any specific position. The complex with compound 

AcVDV(Dab)D-CHO (2.069) is interesting as it reveals a structural basis for the 

selectivity of this compound for Casp2 over Casp3. Diffraction data for this complex 

are the poorest of all those determined in this work (3.25 Å), but it is nevertheless 

sufficient to show that the inhibitor binds with the P1 aspartic acid anchored as 

expected, and the ligand backbone positioned as in all other complexes to make H-

bonds along the entire length toward the valine at P5, but sidechains (Phe256 and 

Tyr204) lining the P2 subsite limit extension of the diaminobutyric acid (Dab), forcing it 

to adopt a strained conformation (cf. Figure 2.027). These findings are consistent with 

the Casp2 and Casp3 results from the fluorescence-based in vitro assay in chapter 

2.4.2.2. Further crystallographic data and refinement statistics are provided in Table 

2.12 and 2.13. 
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Figure 2.027. The Casp3/AcVDV(Dab)D-CHO (2.069) complex. Backbone interactions 
conserved throughout the peptide complexes anchor the ligand in the expected position, but 
sidechains (Phe256 and Tyr204) lining the P2 subsite limit extension of the Dab, forcing it to 
adopt a strained conformation. Solvent-accessible surfaces of both Casp3 (gray) and the 
ligand are shown to illustrate the tight packing that exists against the ceiling of the P2 subsite 
(dashed red line). 
 
Table 2.12. Crystallographic data and refinement statistics for Casp3 co-crystal Structures with 
compounds 2.063, 2.066, 2.067, and 2.069. 

Data collection and processing 
Compound 2.063 2.066 2.067 2.069 
Ligand AcVD(Orn)VD-CHO AcVDRVD-CHO AcVD(AcK)VD-CHO AcVDV(Dab)D-CHO 

PDB ID code 7rn8 7rnb 7rn7 7seo 

Omit Map (3s) 

    

Resolution range 
(Å) 

43.28-2.4 
(2.49-2.4) 

56.22-1.75 
(1.81-1.75) 

43.28-2.4 
(2.49-2.4) 

19.90-3.25 
(3.37-3.25) 

Space group P 21 P 63 P 21 P 21 

a, b, c (Å) 50.51 68.04 
82.49 

129.83 129.83 
60.42 

50.51 68.04 
82.49 

50.46 66.13 
83.47 

a, b, g (°) 90 90.61 90 90 90 120 90 90.61 90 90 90.87 90 

Observations 41458 (4026) 112174 (11468) 41458 (4026) 14243 (1147) 
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Table 2.12 (continued) 
Data collection and processing 

Compound 2.063 2.066 2.067 2.069 

Ligand AcVD(Orn)VD-CHO AcVDRVD-CHO AcVD(AcK)VD-CHO AcVDV(Dab)D-CHO 

Unique 
reflections 

21706 (2160) 56317 (5772) 21706 (2160) 8170 (702) 

Multiplicity 1.9 (1.9) 2.0 (2.0) 1.9 (1.9) 1.7 (1.6) 

Completeness 
(%) 

98.36 (98.18) 95.92 (98.68) 98.36 (98.18) 92.41 (79.39) 

Mean I/s(I) 4.44 (2.19) 17.08 (4.43) 4.44 (2.19) 5.33 (3.41) 

Wilson B-factor 
(Å2) 

30.39 22.28 30.39 47.94 

Rmerge 0.1175 (0.3766) 0.0208 (0.1348) 0.1175 (0.3766) 0.0612 (0.1046) 

CC1/2 0.965 (0.718) 0.999 (0.943) 0.965 (0.718) 0.993 (0.978) 

CC* 0.991 (0.914) 1.00 (0.985) 0.991 (0.914) 0.998 (0.994) 

Structure Refinement 
Reflections used 21693 (2161) 56310 (5772) 21693 (2161) 8144 (701) 

Rfree reflections 

(5%) 
1107 (133) 2816 (284) 1107 (133) 432 (42) 

Rwork 0.1878 (0.2272) 0.1668 (0.1945) 0.1878 (0.2272) 01883 (0.1977) 

Rfree 0.2515 (0.3158) 0.2018 (0.2507) 0.2515 (0.3158) 0.2691 (0.3534) 

CCwork 0.946 (0.877) 0.969 (0.916) 0.946 (0.877) 0.937 (0.936) 

CCfree 0.919 (0.655) 0.959 (0.844) 0.919 (0.655) 0.875 (0.670) 

Non-hydrogen 
atoms 

3915 4150 3915 3931 

Solvent 
molecules 

105 260 105 59 

Protein residues 473 478 473 478 

Bonds (Å2) 0.008 0.007 0.008 0.002 

Angles (°) 1.09 0.95 1.09 0.55 

Ramachandran Analysis 

Favored (%) 96.48 97.85 96.48 95.45 

Allowed (%) 3.52 2.15 3.52 4.33 

Outliers (%) 0 0 0 0.22 

Rotamer outliers  0 0 0 0 

Clashscore 5.18 3.37 5.18 8.33 

Mean B-factor 
(Å2) 

30.12 24.96 30.12 48.5 

#Values in parenthesis refer to the highest resolution shell. 
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Table 2.13. Crystallographic data and refinement statistics for Casp3 co-crystal Structures with 
compounds 2.074, 2.075, and 2.078. 

Data collection and processing 
Compound 2.074 2.075 2.078 
Ligand AcVDFVD-CHO AcITV(Orn)D-CHO AcITV(Dab)D-CHO 

PDB ID code 7rn9 7usp 7rna 

Omit Map (3s) 

 

 
 

Resolution range 
(Å) 

42.35-1.67 
(1.73-1.67) 

43.2-2.85  
(2.95-2.85) 

43.2-1.9  
(1.97-1.90) 

Space group P 212121 P 21 P 21 

a, b, c (Å) 67.47 85.20 97.61 50.117 66.133 83.044  50.05 66.17 83.22 

a, b, g (°) 90 90 90 90 90.881 90 90 90.93 90 

Observations 127065 (10909) 22247 (1822) 68436 (6860) 

Unique 
reflections 

64162 (5853) 12015 (1080) 41044 (4176) 

Multiplicity 2.0 (1.9) 1.9 (1.7) 1.7 (1.6) 

Completeness 
(%) 

97.13 (89.45) 93.38 (83.58) 95.42 (97.80) 

Mean I/s(I) 14.75 (2.46) 13.18 (4.52) 11.02 (2.30) 

Wilson B-factor 
(Å2) 

21.75 46.5 30.54 

Rmerge 0.0221 (0.2335) 0.03575 (0.1317) 0.0323 (0.419) 

CC1/2 0.999 (0.921) 0.997 (0.964) 0.999 (0.731) 

CC* 1.00 (0.979) 0.999 (0.991) 1.00 (0.919) 

Structure Refinement 
Reflections used 64072 (5853) 12003 (1079) 41013 (4176) 

Rfree reflections 

(5%) 
3259 (283) 616 (66) 1991 (186) 

Rwork 0.1831 (0.2943) 0.1776 (0.2338) 0.1945 (0.2817) 

Rfree 0.2099 (0.3383) 0.2539 (0.3660) 0.2099 (0.3268) 

CCwork 0.969 (0.907) 0.948 (0.902) 0.963 (0.867) 
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Table 2.13 (continued) 
Structure Refinement 
Compound 2.074 2.075 2.078 

Ligand AcVDFVD-CHO AcITV(Orn)D-CHO AcITV(Dab)D-CHO 

CCfree 0.962 (0.844) 0.917 (0.664) 0.935 (0.789) 

Non-hydrogen 

atoms 
4130 3855 3945 

Solvent 
molecules 

289 16 130 

Protein residues 472 473 475 

Bonds (Å2) 0.008 0.008 0.008 

Angles (°) 0.93 1.05 1 

Ramachandran Analysis 

Favored (%) 98.04 96.06 98.26 

Allowed (%) 1.96 3.94 1.74 

Outliers (%) 0 0 0 

Rotamer outliers  0 0.71 1 

Clashscore 4.99 11 5.94 

Mean B-factor 
(Å2) 

24.23 40.9 34.56 

#Values in parenthesis refer to the highest resolution shell. 
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2.4.3 Conclusion 
 

Within this series of peptides, an attempt was made to exclusively target Casp2 over 

Casp3 by inserting basic amino acids as structural features in P2 and P3 of the 

peptides, which are supposed to interact with the negatively charged Glu52 in the 

binding pocket of Casp2. The presence of Glu52 in proximity to the S2 and S3 subsite 

of Casp2 is unique within the family of caspases. Casp3 is distinguished by an 

uncharged threonine at this site. Starting from AcVDKVD-CHO, AcVDKVD-CHO, and 

AcITVKD-CHO, various basic amino acids with different chain lengths were introduced 

at the position of lysine to improve affinity and selectivity for Casp2. In addition, 

different negative controls were implemented by introducing acetylated lysine and 

phenylalanine instead of basic amino acids to verify whether an ionic interaction is 

involved in the binding. AcVDV(Dab)D-CHO (2.069) (Casp2 pKi: 7.26; Casp3 pKi: 5.82) 

demonstrates the best results within the approach, displaying a 27.7-fold selectivity 

over Casp3, 67.3-fold selectivity over Casp1, 444-fold selectivity over Casp7, and at 

least 1827-fold selectivity over Casp6 and Casp9. Since AcVD(AcK)VD-CHO (2.067), 
AcVDV(AcK)D-CHO (2.073), AcITV(AcK)D-CHO (2.084), and AcVDFVD-CHO (2.074) 

demonstrate affinity, both at Casp2 and at Casp3, the hypothesis of ionic interactions 

between a basic amino acid at position 2 or 3 and Glu52 in the subsite of Casp2 must 

be doubted. Even if an ionic interaction between Glu52 and basic amino acids of the 

peptides can be excluded, this series provides important insights into amino acids (e.g., 

diaminobutyric acid (Dab)) that can offer a selectivity advantage over caspase-3. 

These findings and others from already published structure-activity relationship (SAR) 

studies served as a fundament for the rational design of optimized inhibitors with 

respect to affinity and selectivity. Poreba et al. (2019) reported the excellent properties 

of (S)-indoline-2-carboxylic acid (Idc) at position P5 and hL-glutamic acid (hE) at 

position P4.93 (S)-6-Me-THIQ-COOH was installed at position 2 as a structural motif, 

derived from the findings of Maillard et al.92 A nitrile was introduced as a reactive 

warhead, since Boxer et al. (2011)98 proved, that they are an excellent structural 

feature for the inhibition of caspases. This resulted in highly active and selective Casp2 

inhibitors such as Idc(hE)V(S-Me-THIQ)D-CHO (2.101, Casp2 pKi: 7.40; Casp3 pKi: 

<4.5), Idc(hE)V(S-Me-THIQ)D-CN (2.106, Casp2 pKi: 8.12; Casp3 pKi: 6.03), and 

Idc(hE)V(Dab)D-CHO (2.107, Casp2 pKi: 7.18; Casp3 pKi: < 4). An in vitro Casp2 

cleavage assay proved that 2.106 inhibits the formation of Δtau314, the soluble 
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truncated tau fragment, by 96%. Compound 2.106 blocked the excessive accumulation 

of tau in the dendritic spines in a P301S tau mutation model linked to FTDP-17 

(cf. Figure 2.023). Furthermore, Idc(hE)V(S-Me-THIQ)D-CN (2.106) restored 

excitatory neurotransmission in neurons modeling FTDP-17 tauopathy (cf. Figure 

2.024). The tau-induced synaptic dysfunction by the excessive accumulation of tau in 

dendritic spines was proven to induce synaptic dysfunction in models of tauopathy like 

Alzheimer’s disease, Lewy body dementia, FTDP-17, and chronic traumatic 

encephalopathy. The dysfunctional process is caused by the redistribution of tau from 

axons to dendrites, initiated by various pathological triggers.120,121 The findings exhibit 

that Casp2 exerts its pathological effects on synaptic function catalytically by truncation 

of tau at aspartate-314. It can therefore be excluded that the rescue of synaptic 

functions by the lowering of Casp2, demonstrated by Zhao et al. (2016)51 is caused by 

non-catalytically enhancing autophagy and thereby reducing the levels of misfolded 

and aggregated forms of tau. These are important results to strengthen the case for 

the development of bioavailable caspase-2 inhibitors for the treatment of tauopathies, 

such as Alzheimer’s disease. 
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2.5 Design of Casp2 Inhibitors with Improved Physicochemical Properties by 
Introducing Spacer into the Peptide Backbone 

 
 

In previous investigations, highly selective and active caspase-2 inhibitors (e.g., 2.107) 

have been developed. To tackle neurodegenerative diseases like Alzheimer's disease, 

it is essential that the drugs reach the desired target site. The blood-brain barrier (BBB) 

consists of the very dense brain capillary endothelium that is able to prevent the 

uncontrolled crossing of substances from the blood to the central nervous system 

(CNS). This study is aimed to improve the physiochemical properties of the Casp2 

inhibitors to ensure drug-likeness and CNS penetration. To achieve this, various linkers 

(5-aminovalerianic acid, glycine, or para-aminobenzoic acid) were inserted into the 

peptide backbone in order to reduce the molecular weight and the number of hydrogen 

bonds with respect to Lipinski's rule of five. This resulted in a series of 17 peptides that 

were tested for their Casp2 activity and selectivity. Moreover, an in silico study 

predicting several crucial physicochemical and pharmacokinetic parameters of 

representative Casp2 inhibitors was carried out. 
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2.5.1 Design Rationale  
 

The first two series of inhibitors provided essential insights into the influence of different 

peptide sequences on the selectivity and activity of Casp2 inhibitors. The approach of 

truncating the inhibitors to tetra- and tripeptides to improve the drug-likeness following 

Lipinski’s rule of 5 (Ro5)103 did not achieve the desired results in terms of activity for 

caspase-2. 

 

 
Figure 2.028. Schematic diagram of Casp2 binding site (created with BioRender.com).122,123 
P1-P5 represents the respective amino acid position of the Casp2 inhibitor. S1-S5 represents 
the respective subsite in the enzyme binding pocket at Casp2. The preferred amino acids for 
each position, as well as the effect on affinity or selectivity for Casp2 are shown. The blue 
arrow indicates an increase in affinity for Casp2. The green arrow indicates an increase in 
selectivity for Casp2. 
 

The findings of the first two series are particularly supposed to facilitate the design of 

future inhibitors with improved drug-like properties. In the following, the findings are 

briefly summarized (cf. Figure 2.028): diaminobutyric acid (Dab) at position P2 

increases selectivity over Casp3, while (S)-6-Me-THIQ-COOH is capable to enhance 

    Position P5(S)‑indoline‑2‑carboxylic acid        Position P3
   

    Position P4hL‑glutamic acid  
   Position P2(S)‑6‑Me‑THIQ‑COOH
 (S)‑diaminobutryic acid

    Position P1
 

= Increased selectivity for Casp2

No preferential amino acid Aspartic acid with a covalent reversible warhead (R) 

= Increased affinity for Casp2
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selectivity and activity toward Casp2. h-L-glutamic acid (hE) as a structural feature at 

position P4 is responsible for a substantial increase in Casp2 selectivity. 

(S)-indoline-2-carboxylic acid (Idc) causes a sharp increase in potency. No specific 

amino acid preference can be determined for position P3. Hence, this position can be 

designed variable. An Aspartic acid with a reversible covalent warhead at position P1 

is a prerequisite for active Casp2 inhibition. 

 

The blood-brain barrier (BBB) consists of the brain capillary endothelium and can 

prevent the uncontrolled crossing of substances from blood to the central nervous 

system (CNS).124 This distinctive feature makes it challenging to design drugs with 

sufficient blood-brain barrier penetration. The BBB is capable of excluding almost 

100% of large-molecule neurotherapeutics and more than 98% of all small-molecule 

drugs. The challenges of designing blood-brain barrier permeable drugs lead to the 

situation that only a few effective treatments for the majority of CNS disorders are 

known. Due to their size, most large-molecule biotechnology products, like monoclonal 

antibodies, recombinant proteins, antisense, or gene therapeutics, are not capable of 

crossing the BBB. Small molecule drugs targeting CNS disorders are characterized by 

an average molecular mass of 357 Da.125 This peptide series strives to design Casp2 

inhibitors with superior physicochemical and pharmacokinetic properties, especially in 

terms of enhanced bioavailability, blood-brain barrier penetration, and cell penetration. 

 

To accomplish this, lowering the molecular weight is a feasible choice since the 

literature relates poorer intestinal and blood-brain barrier permeability with higher 

molecular weight. The molecular mass for BBB penetrating drugs ought to be beneath 

the range of 400-500 Da. In addition, the compounds should display a high lipid 

solubility.125 The crossing of the BBB reduces exponentially with the addition of every 

hydrogen bond donor/acceptor group to the scaffold of the drug.125 Consequently, the 

number of amino acids with functional groups (NH and OH bonds) in the side chain 

must be kept to a minimum to guarantee permeability across a membrane bilayer.103 

The total number of hydrogen bonds should not exceed 8-10; otherwise, the crossing 

of the BBB is reduced to a minimum.125 These rules are well summarized with the so-

called rule of 5 (Ro5), which implies that for sufficient absorption or permeation, the 

structural features of the molecule should not exceed: more than 5 H-bond donors, 

more than 10 H-bond acceptors, a molecular weight of 500, a LogP of 5 



Design and Biological Evaluation of Selective Caspase-2 Inhibitors 

 91  

(cf. Figure 2.031).103 For a more precise prediction of the blood-brain barrier 

penetration of potential drugs the CNS MPO score can be applied. It is expected that 

the score will enable the prospective development of small-molecule drugs in medicinal 

chemistry with superior CNS properties. The algorithm of the tool combines six 

fundamental physicochemical properties. Namely, these are lipophilicity (ClogP), 

calculated partition coefficient at pH 7.4 (ClogD), molecular weight (MW), topological 

polar surface area (TPSA), number of hydrogen-bond donors (HBDs), and the most 

basic center (pKa) (cf. Figure 2.029). Each parameter is weighted equally in the 

calculation. The score ranges from 0 to 6, whereby higher scores are preferred for 

good BBB crossing (MPO desirability score ≥ 4). The advantage of the tool is the use 

of a flexible, multiparameter approach as opposed to individual hard cutoffs (e.g., 

Lipinski’s rule of 5) for individual physicochemical properties.126,127  

 

 
Figure 2.029. Structural overview of the blood-brain barrier (BBB) and the influences of the 
CNS MPO score. The ability of drugs to cross the BBB is characterized by the MPO score. 
The MPO score is a dynamic value which is influenced by lipophilicity (ClogP), calculated 
partition coefficient at pH 7.4 (ClogD), molecular weight (MW), topological polar surface area 
(TPSA), number of hydrogen-bond donors (HBDs), and the most basic center (pKa). CNS MPO 
score of ≥ 4 is desired for BBB crossing. Figure adapted from Figure 1 of Pardridge (2005)125 
and Figure 1 of Arvanitis et al. (2020)128. Figure created with BioRender.com. 
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Figure 2.030. Schematic illustration of the implementation of spacers (G, GG, AVA, and pAbz) 
at several positions in the backbone of Idc(hE)V(S-Me-THIQ)D-CHO (2.101) and 
Idc(hE)V(Dab)D-CHO (2.107). Idc: (S)-indoline-2-carboxylic acid, Dab: diaminobutyric acid, 
THIQ: (S)-6-methyltetrahydroisoquinoline-1-carboxylic acid, pAbz: para-aminobenzoic acid, 
hE: hL-glutamic acid. 
 

The starting point were Idc(hE)V(S-Me-THIQ)D-CHO (2.101) and Idc(hE)V(Dab)D-

CHO (2.107), inhibitors that combine all essential structural features for effective 

Casp2 inhibition. The decrease of molecular weight and hydrogen bond 

donor/acceptor groups was achieved by bridging single or multiple amino acids in the 

backbone of the peptide. Spacers (5-aminovalerianic acid, glycine, or para-

aminobenzoic acid) were successively inserted at specific positions of the peptide. 

Thus, it was determined at which sites of the backbone linkers are tolerated without 

losing Casp2 activity. Initially, amino acid P2 (diaminobutyric acid or (S)-6-

methyltetrahydroisoquinoline-1-carboxylic acid) and P3 (valine) were bridged, resulting 

in the Casp2 inhibitors Idc(hE)GGD-CHO (2.116), Idc(hE)(AVA)D-CHO (2.118), and 

Idc(hE)(pAbz)D-CHO (2.119) (cf. Figure 2.030). The distinct spacers have 

approximately the same length (5-aminovalerianic acid: 7.4 Å, glycine-glycine: 7.3 Å, 

and para-aminobenzoic acid: 5.5 Å) but differ in their rigidity. The flexibility of 5-

aminovalerianic acid is somehow greater than that of glycine-glycine or para-

aminobenzoic acid. The rigidity could cause differing affinities for Casp2, by the varied 

arrangement of the inhibitors in the binding pocket of the target. Additionally, position 
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Idc hE V G D CHO
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3 (valine) and position 4 (hL-glutamic acid) were bridged, resulting in the Casp2 

inhibitors IdcGG(Dab)D-CHO (2.110), Idc(AVA)(Dab)D-CHO (2.111), IdcGG(S-Me-

THIQ)D-CHO (2.112), and Idc(AVA)(S-Me-THIQ)D-CHO (2.113) (cf. Figure 2.030). 

The implementation of glycine at position P3 (valine) resulted in the peptides 

Idc(hE)G(Dab)D-CHO (2.114) and Idc(hE)G(S-Me-THIQ)D-CHO (2.115) 

(cf. Figure 2.030). Bridging only position P2 resulted in the Casp2 inhibitor 

Idc(hE)VGD-CHO (2.117) (cf. Figure 2.030). Bridging single or multiple amino acids 

directs to a decreased molecular weight (e.g., 2.107 (604.66) vs. 2.116 (519.50)) and 

a lower number of hydrogen bond donor/acceptor groups (e.g., 2.107 

(H-bond donors: 8 and H-bond acceptors: 10) vs. 2.116 (H-bond donors: 7 and 

H-bond acceptors: 9)). Furthermore, for the bridged Casp2 inhibitor an enhancement 

of the CNS MPO score can be determined (cf. Table 2.15). The changes in the 

physicochemical properties of Idc(hE)V(Dab)D-CHO (2.107) and Idc(hE)GGD-CHO 

(2.116) are contrasted exemplarily for all bridged Casp2 inhibitors in Figure 2.031. 

 

 
Figure 2.031. Relevant physicochemical properties for Lipinski’s rule of 5 (Ro5).103 In silico 
determined properties for Idc(hE)V(Dab)D-CHO (2.107) and Idc(hE)GGD-CHO (2.116) 
including bioavailability radars (calculated with SwissADME web tool).129 
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For Casp2 inhibitors containing indoline (e.g., 2.107 and 2.114), a chemical instability 

due to oxidation was observed (for further information see chapter 2.5.2.2). In this 

process, the indoline heterocycle is oxidized to indole. Hence, at position P5 (S)-5-

fluoro-3,3-dimethylindoline-2-carboxylic acid (Idc*) was incorporated in place of (S)-

indoline-2-carboxylic acid (Idc). The insertion of the 3,3-dimethyl group in the indoline 

heterocycle is believed to prevent aromatization due to the absence of hydrogens. 

These modifications led to the peptides Idc*(hE)G(Dab)D-CHO (2.120), 

Idc*(hE)V(Dab)D-CHO (2.121), Idc*(hE)GGD-CHO (2.122), Idc*(hE)VGD-CHO 

(2.123), Idc*(hE)(AVA)D-CHO (2.124), and Idc*(hE)(pAbz)D-CHO (2.125). In the case 

of Idc(hE)(BnT)(Dab)D-CHO (2.109), the degradation product Ind(hE)(BnT)(Dab)D-

CHO (2.126, cf. Scheme 2.05B) was isolated and analytically characterized by mass 

spectrometry and HPLC purity control. 2.126 was then also investigated for its 

inhibitory affinity for Casp2 and Casp3. 

 
2.5.2 Results and Discussion 
 

2.5.2.1 Chemistry 
 

Preparation of aspartic acid loaded semicarbazide amino-Merrifield resin  
 

For the synthetic route see chapter 2.3.2.1. 

 

Solid-phase peptide synthesis (SPPS) of the penta-, tetra-, and tripeptides 
 

For the synthetic route see chapter 2.3.2.1. 

 

Peptides 2.110-2.119 were not acetylated N-terminally but were cleaved from the resin 

directly after removing the N-Fmoc protecting group. Peptides 2.120-2.125 were 

directly cleaved from the resin after coupling (S)-5-fluoro-3,3-dimethylindoline-2-

carboxylic acid. The N-Boc protecting group of amino acid P5 was removed through 

the cleavage from the resin. Peptides 2.110-2.125 were cleaved from the resin under 

milder conditions (trifluoroacetic acid (90%) in water, 15 minutes, room temperature). 
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2.5.2.2 Stability of (S)-Indoline-2-carboxylic Acid Containing Casp2 Inhibitors 
 
Casp2 inhibitors with (S)-indoline-2-carboxylic acid (Idc) at position P5 demonstrated 

significant degradation within a few days. The exact same decomposition process was 

analyzed for all these peptides (e.g., 2.107 and 2.109; cf. Scheme 2.05B). The indoline 

heterocycle at P5 tends to be oxidized to indole under various conditions (in solution 

or as dry powder; confirmed by mass spectrometry and NMR). Hence, the stability of 

several peptides containing Idc (dissolved in water (1 mM) or dimethyl sulfoxide 

(5 mM)) was tested over a period of 14 days at room temperature (e.g., 2.107; 

cf. Figures 2.032A and 2.032C). Significant degradation was observed in both water 

and dimethyl sulfoxide, although in dimethyl sulfoxide degradation was slightly less 

pronounced. The trend that the peptides are more stable in dimethyl sulfoxide was 

confirmed by additional HPLC measurements (see chapter 2.7.2.3; cf. Figures 2.275 

and 2.276).  

 
Figure 2.032. Chemical stability of indoline containing peptides in solution (DMSO or water). 
(A) RP-HPLC analysis (stability control) of peptide Idc(hE)V(Dab)D-CHO (2.107) in water 
(1 mM) at rt for 7 days. (B) RP-HPLC analysis (stability control) of peptide Idc*(hE)V(Dab)D-
CHO (2.121) in water (1 mM) at rt for 21 days. (C) RP-HPLC analysis (stability control) of 
peptide Idc(hE)V(Dab)D-CHO (2.107) in DMSO (5 mM) at rt for 7 days. (D) RP-HPLC analysis 
(stability control) of peptide Idc*(hE)V(Dab)D-CHO (2.121) in DMSO (5 mM) at rt for 21 days. 
Intensities of the different HPLC measurements may differ due to inaccuracies of the HPLC 
during the injection of the sample.  
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Moreover, the stability of the peptides as dry powder was tested at several 

temperatures (room temperature, -20 °C, and -80 °C). At room temperature, it was 

observed that over a period of 114 days, a certain amount of the peptides 2.107 and 

2.108 was oxidized to the corresponding indole-containing peptide (cf. Figures 2.033 

and 2.034). In contrast, the stability of 2.107 and 2.108 at -20 °C and -80 °C was 

excellent; only a small amount of oxidation product was detected after 114 days. 

 

 
Figure 2.033. Chemical stability of Idc(hE)V(Dab)D-CHO (2.107) stored as dry powder at 
different temperatures. (A) Stored at room temperature in the dark. (B) Stored at -20 °C. (C) 
Stored at -80 °C. For each point in time (0 h, 14 days, 41, days, and 114 days) 2.107 was 
dissolved in DMSO (5 mM) for the HPLC measurements. Intensities of the different HPLC 
measurements may differ due to inaccuracies of the HPLC during the injection of the sample. 
 

 
Figure 2.034. Chemical stability of Idc(hE)(Tle)(Dab)D-CHO (2.108) stored as dry powder at 
different temperatures. (A) Stored at room temperature in the dark. (B) Stored at -20 °C. (C) 
Stored at -80 °C. For each point in time (0 h, 14 days, 41, days, and 114 days) 2.108 was 
dissolved in DMSO (5 mM) for the HPLC measurements. Intensities of the different HPLC 
measurements may differ due to inaccuracies of the HPLC during the injection of the sample. 
 

Finally, the stability of the frozen stock solutions (dissolved in water and stored at 

- 20 °C) was determined to guarantee the accuracy of the various in vitro assay results 

of the Casp2 inhibitors. Within 115 days, the stock solutions of peptides 2.107 and 

2.108 were thawed and refrozen several times to mimic the procedures during the in 

vitro testing. Fortunately, the Casp2 inhibitors displayed good stability under these 

conditions, ensuring the accuracy and reproducibility of the in vitro results obtained 

(cf. Figure 2.035). Nonetheless, it was attempted to increase the stability of the Casp2 
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inhibitors to provide the basis for their use as pharmaceuticals. Thus, (S)-5-fluoro-3,3-

dimethylindoline-2-carboxylic acid (Idc*) was incorporated in place of (S)-indoline-2-

carboxylic acid (Idc). The insertion of the 3,3-dimethyl group into the indoline 

heterocycle at position 3 is believed to prevent oxidation due to the absence of 

hydrogens. This approach has proven to decrease the degradation of the peptides by 

measuring the stability of Casp2 inhibitor 2.121 over a period of 21 days at room 

temperature (cf. Figures 2.032B and 2.032D). Only a small amount of the degradation 

product was detected (confirmed by mass spectrometry and HPLC). The 

decomposition product of the Casp2 inhibitors bearing the 3,3-dimethyl group at the 

indoline ring was identified as 3,3-dimethyl-3H-indole (cf. Scheme 2.05A). Thus, it was 

confirmed that the oxidation of the indoline still occurs, although to a significantly lower 

extent. The introduction of (S)-2-methylindoline-2-carboxylic acid at position P5 is 

intended to eliminate this entirely (cf. Scheme 2.05A). 

 
Figure 2.035. (A) Chemical stability of the stock solution (1 mM in water) of Idc(hE)V(Dab)D-
CHO (2.107). (B) Chemical stability of the stock solution (1 mM in water) of 
Idc(hE)(Tle)(Dab)D-CHO (2.108). The stock solutions were stored at -20 °C. During the 
storage, the solution was thawed and refrozen several times (1 x freezing cylce (stored for 22 
days at -20 °C), 2 x freezing cylce (stored for 43 days at -20 °C), 3 x freezing cylce (stored for 
114 days at -20 °C)). Intensities of the different HPLC measurements may differ due to 
inaccuracies of the HPLC during the injection of the sample. 
 

 
Scheme 2.05A. Chemical stability of (S)-5-fluoro-3,3-dimethylindoline-2-carboxylic acid and 
(S)-2-methylindoline-2-carboxylic acid at position P5 of the Casp2 inhibitors.  
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Scheme 2.05B. Chemical instability of Casp2 inhibitor Idc(hE)V(Dab)D-CHO (2.107) and 
Idc(hE)(BnT)(Dab)D-CHO (2.109). In solution (DMSO or water), the oxidation of indoline to 
indole occurs within a short period of time. The reactions are illustrated exemplarily for all 
Casp2 inhibitors containing indoline. Ind: degraded (S)-indoline-2-carboxylic acid = indole-2-
carboxylic acid. 
 

2.5.2.3 Inhibitory Affinity of Compound 2.110-2.126 in a Fluorometric Enzyme 
Assay  

 

The insertion of spacers (5-aminovalerianic acid and glycine-glycine) at positions P3 

and P4 into the backbone of Idc(hE)V(S-Me-THIQ)D-CHO (2.101) and 

Idc(hE)V(Dab)D-CHO (2.107) is not tolerated. The peptides IdcGG(Dab)D-CHO 

(2.110), Idc(AVA)(Dab)D-CHO (2.111), IdcGG(S-Me-THIQ)D-CHO (2.112), and 

Idc(AVA)(S-Me-THIQ)D-CHO (2.113) demonstrate no affinity for Casp2 (pKi < 4) and 

Casp3 (pKi < 4) (cf. Table 2.14). In contrast, if only valine at position P3 is bridged by 

glycine, the affinity for the target is preserved. Idc(hE)G(Dab)D-CHO (2.114) is 

characterized by a high affinity toward Casp2 (pKi 7.51) and an excellent selectivity 

profile over Casp3 (Casp3/cpCasp2 selectivity 933-fold) (cf. Table 2.14). The same 

applies to Idc(hE)G(S-Me-THIQ)D-CHO (2.115, Casp2 pKi: 7.77; Casp3 pKi: 5.26; 

Casp3/cpCasp2 selectivity 324-fold). These findings indicate that position P4 (hL-
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glutamic acid) is not bridgeable by a spacer, whereas position P3 (valine) of the peptide 

is not crucial for Casp2 affinity. Idc(hE)VGD-CHO (2.117, Casp2 pKi: 7.39; Casp3 pKi: 

4.87) is characterized by the replacement of diaminobutyric acid/(S)-6-

methyltetrahydroisoquinoline-1-carboxylic acid at position P2 by glycine. Contrary to 

expectations, the Casp2 inhibitor shows a high affinity for Casp2 and high selectivity 

over Casp3 (Casp3/cpCasp2 selectivity 331-fold) similar to the peptides Idc(hE)V(S-

Me-THIQ)D-CHO (2.101, Casp2 pKi: 7.40; Casp3 pKi: < 4.5) and Idc(hE)V(Dab)D-

CHO (2.107, Casp2 pKi: 7.18; Casp3 pKi: < 4) it was derived from (cf. Tables 2.10 and 

2.14). Previously, it was assumed that diaminobutyric acid (Dab) or (S)-6-

methyltetrahydroisoquinoline-1-carboxylic acid ((S)-6-Me-THIQ) at position P2 were 

indispensable for a high affinity and selectivity toward Casp2. The inhibitor 2.117 has 

disproved this assumption, thus allowing greater diversity in the design of upcoming 

peptides, in particular in terms of enhancing physicochemical properties. Hereafter, an 

effort was made to bridge positions P2 and P3 with glycine-glycine, para-aminobenzoic 

acid, and 5-aminovalerianic acid spacer. This resulted in Idc(hE)GGD-CHO (2.116), 

Idc(hE)(AVA)D-CHO (2.118), and Idc(hE)(pAbz)D-CHO (2.119). Idc(hE)GGD-CHO 

exhibits a high affinity for Casp2 with a pKi value of 7.29, while the affinity for Casp3 

(pKi: 5.46) is consistently low (cf. Table 2.14). Idc(hE)(AVA)D-CHO is inactive for 

Casp2 and Casp3; the inhibitor possesses pKi values of < 4 (Casp2) and < 4 (Casp3). 

Idc(hE)(pAbz)D-CHO likewise lacks activity for Casp2 and Casp3. As already 

hypothesized, 2.116, 2.118, and 2.119 differ in their inhibitory caspase-2 activity, which 

can be ascribed to the distinct rigidity of the spacers. Additionally, the glycine-glycine 

linker demonstrates a peptide character in contrast to para-aminobenzoic acid and 5-

aminovalerianic acid. (S)-5-fluoro-3,3-dimethylindoline-2-carboxylic acid (Idc*) was 

inserted in place of (S)-indoline-2-carboxylic acid (Idc) to enhance the stability of the 

Casp2 inhibitors. This led to Idc*(hE)G(Dab)D-CHO (2.120), Idc*(hE)V(Dab)D-CHO 

(2.121), Idc*(hE)GGD-CHO (2.122), Idc*(hE)VGD-CHO (2.123), Idc*(hE)(AVA)D-CHO 

(2.124), and Idc*(hE)(pAbz)D-CHO (2.125). The stability of the indoline heterocycle 

was successfully increased (cf. Figure 2.032). Simultaneously, the activity and 

selectivity for caspase-2 was preserved (cf. Table 2.14). Idc*(hE)V(Dab)D-CHO 

(2.121, Casp2 pKi: 7.18; Casp3 pKi: < 4) demonstrates the same activity and selectivity 

for Casp2 as Idc(hE)V(Dab)D-CHO (2.107, Casp2 pKi: 7.18; Casp3 pKi: < 4). 

Idc*(hE)G(Dab)D-CHO (2.120, Casp2 pKi: 6.99; Casp3 pKi: 4.89) and Idc*(hE)VGD-

CHO (2.123, Casp2 pKi: 7.02; Casp3 pKi: 5.34) demonstrate a slightly lower activity 
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for Casp2 than Idc(hE)G(Dab)D-CHO (2.114, Casp2 pKi: 7.51; Casp3 pKi: 4.54) and 

Idc(hE)VGD-CHO (2.117, Casp2 pKi: 7.39; Casp3 pKi: < 5) (cf. Figure 2.036). The 

most significant decrease in Casp2 activity by a logarithmic value of 0.7 can be 

determined for Idc*(hE)GGD-CHO (2.122, Casp2 pKi: 6.59; Casp3 pKi: 5.57) and 

Idc(hE)GGD-CHO (2.116, Casp2 pKi: 7.29; Casp3 pKi: 5.46) (cf. Figure 2.036). The 

peptides Idc*(hE)(AVA)D-CHO (2.124), Idc(hE)(AVA)D-CHO (2.118), and 

Idc(hE)(pAbz)D-CHO (2.119) all demonstrate no remarkable activity for Casp2 and 

Casp3. Idc*(hE)(pAbz)D-CHO (2.125, Casp2 pKi: 5.66; Casp3 pKi: < 4), in contrast to 

Idc(hE)(pAbz)D-CHO (2.119) displays a slight affinity for Casp2, while the affinity for 

Casp3 is consistently low. The degradation product Ind(hE)(BnT)(Dab)D-CHO (2.126; 

Casp2 pKi: 5.97; Casp3 pKi: 4.55) shows significantly reduced activity for Casp2 

compared to Idc(hE)(BnT)(Dab)D-CHO (2.109; Casp2 pKi: 7.40; Casp3 pKi: < 4), while 

the low activity for Casp3 is maintained. Thus, the selectivity of the peptide over 

caspase-3 decreases substantially by two orders of magnitude compared to the 

original inhibitor (26-fold (2.126) vs. 2512-fold (2.109)). Displacement curves from 

representative competition binding experiments (Casp1, Casp2, Casp3, Casp6, 

Casp7, and Casp9) are displayed in chapter 2.7.6 (cf. Figures 2.292-2.327). 

 
Figure 2.036. Concentration-response curves of Idc(hE)G(Dab)D-CHO (2.114), 
Idc(hE)GGD-CHO (2.116), Idc*(hE)G(Dab)D-CHO (2.120), and Idc*(hE)GGD-CHO (2.122), at 
Casp2 (A) and Casp3 (B) in the fluorometric enzyme assay. Data points represent mean 
values ± SEM from representative experiments, each performed in duplicate. 
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Table 2.14. Binding data (pKi values) and selectivity ratios of peptides 2.110-2.126 at Casp2 
and Casp3. 

Sequence Comp. 

pKi ± SEM Selectivity 
ratios of Ki 

(Casp2: 
Casp3) 

Casp2 N Casp3 N 

IdcGG(Dab)D-CHO 2.110 < 4b 2 < 4 2 - 

Idc(AVA)(Dab)D-CHO 2.111 < 4b 2 < 4 2 - 

IdcGG(S-Me-THIQ)D-
CHO 2.112 < 4b 2 < 4 2 - 

Idc(AVA)(S-Me-
THIQ)D-CHO 2.113 < 4b 2 < 4 2 - 

Idc(hE)G(Dab)D-CHO 2.114 7.51 ± 0.12b 3 4.54 ± 0.16 3 1:933 

Idc(hE)G(S-Me-
THIQ)D-CHO 2.115 7.77 ± 0.11b 2 5.26 ± 0.24 2 1:324 

Idc(hE)GGD-CHO 2.116 7.29 ± 0.07b 4 5.46 ± 0.14 3 1:68 

Idc(hE)VGD-CHO 2.117 7.39 ± 0.09b 4 4.87 ± 0.18 3 1:331 

Idc(hE)(AVA)D-CHO 2.118 < 4b 3 < 4 3 - 

Idc(hE)(pAbz)D-CHO 2.119 < 4b 3 < 4 3 - 

Idc*(hE)G(Dab)D-
CHO 2.120 6.99 ± 0.10b 3 4.89 ± 0.04 3 1:126 

Idc*(hE)V(Dab)D-
CHO 2.121 7.18 ± 0.11b 3 < 4 3 1:1514 

Idc*(hE)GGD-CHO 2.122 6.59 ± 0.10b 3 5.57 ± 0.19 3 1:10 

Idc*(hE)VGD-CHO 2.123 7.02 ± 0.10b 3 5.34 ± 0.17 3 1:48 

Idc*(hE)(AVA)D-CHO 2.124 4.97 ± 0.01b 2 5.06 ± 0.01 2 1:1 

Idc*(hE)(pAbz)D-CHO 2.125 5.66 ± 0.05b 3 < 4 3 > 1:46 

Ind(hE)(BnT)(Dab)D-
CHO 2.126 5.97b 1 4.55 1 1:26 

Data shown are mean values ± SEM of N independent experiments, each performed in 
duplicate or triplicate. Data were analyzed by nonlinear regression and and were best fitted to 
sigmoidal concentration−response curves using 4PL regression using GraphPad Prism. aData 
represent pKi values determined with Casp2. bData represent pKi values determined with 
cpCasp2. Saturation binding curves of the enzymes can be seen in chapter 2.7.5 
(cf. Figures 2.286, 2.287, and 2.288).  
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2.5.2.4 In Silico Determined Physicochemical and Pharmacokinetic Properties 
(ADME) of Peptides 2.107, 2.110, 2.111, 2.114, and 2.116-2.119 

 
Table 2.15. In silico determined physicochemical and pharmacokinetic properties (ADME) of 
pentapeptides 2.107, 2.110, 2.111, 2.114, and 2.116-2.119. 

Properties 2.107 2.110 2.111 2.114 2.116 2.117 2.118 2.119 

MW/g/mol 604.65 476.48 461.51 562.57 519.50 561.58 504.53 524.53 

Rotatable bonds 22 17 17 21 19 20 19 16 

HBA 10 8 7 10 9 9 8 8 

HBD 8 7 6 8 7 7 6 6 

Molar refractivity 156.1 120.7 122.5 141.7 129.4 143.8 131.2 138.3 

TPSA/Åa 246.1 208.8 179.7 246.1 220.1 220.1 191.0 191.0 

Lipophilicity, logPb -1.06 -2.04 -0.64 -1.82 -0.93 -0.24 0.34 0.78 

Solubility, logSc -0.48 -0.98 0.26 0.57 -1.09 -2.13 -1.80 -2.78 

Distribution, logDd -7.31 -6.27 -4.19 -8.71 -9.15 -7.80 -6.76 -6.00 

% human oral 

absorptione 
24 37 47 24 33 33 43 43 

BBB permeant No No No No No No No No 

Bioavailabilityf 0.11 0.17 0.17 0.11 0.11 0.11 0.11 0.11 

Drug-likenessg No No No No No No No No 

CNS MPO scoreh 2.24 2.41 2.52 2.24 3.00 3.00 3.00 3.00 
aTPSA: topological polar surface area: this parameter correlates with human intestinal 
absorption (empirical data suggest a value < 140).130 bConsensus logP129: average of five 
predictions (iLOGP131, XLOGP3132, WLOGP133, MLOGP134,135 and SILICOS-IT129). cLogS 
values were calculated with ESOL136: insoluble < –10 < poorly < –6 < moderately < –4 < –
soluble < –2 < very < 0 < highly. dLogD137 were calculated with CDD Vault utilizing ChemAxon’s 
method. eThe percentage of human oral absorption was calculated using the TPSA by the 
formula, % human oral absorption = 109 – (0.345 x TPSA), > 89%: high, < 25%: poor138. fAbbot 
bioavailability score; 0.55: 55% of the neutral, zwitterionic, or cationic compounds that pass 
the Lipinski criteria have >10% bioavailability; 0.17: 17% of those that fail have > 10% 
bioavailability139. gLipinski criteria103 (molecular weight (MW) 500, H-bond donors (HBD) 5, H-
bond acceptors (HBA) 10, logP 5); Ghose criteria140 (160 ≤ MW ≤ 480, –0.4 ≤ logP ≤ 5.6, 40 ≤ 
molar refractivity ≤ 130, 20 ≤ atom number ≤ 70). hCNS MPO score126,127was calculated with 
CDD Vault (MPO desirability score for BBB crossing ≥ 4). The bioavailability radars generated 
with SwissADME web tool are shown in chapter 2.7.4 (cf. Figures 2.281-2.284). 
 

An in silico study was performed to calculate various crucial physicochemical and 

pharmacokinetic parameters of peptides 2.107, 2.110, 2.111, 2.114, and 2.116-2.119. 

The SwissADME web tool129 and CDD Vault were employed, and the results are 

summarized in Table 2.15. The lead peptide 2.107 suffers from several violations of 

Lipinski’s rule of five103 and Ghosen’s extension140, while the peptides 2.110, 2.111, 
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2.114, and 2.116-2.119 demonstrate improved properties, e.g., reduced molecular 

weight and fewer H-bond donors/acceptors. In addition, the bridged peptides exhibit 

other favorable properties compared to the lead structure 2.107, including a lower 

topological polar surface area (TPSA) (246.1 Å2 (2.107) vs. 208.8 Å2 (2.110), 179.7 Å2 

(2.111), 220.1 Å2 (2.116 and 2.117), and 191.0 Å2 (2.118 and 2.119); cf. Table 2.15) 

and a higher CNS MPO score126,127 (2.24 (2.107) vs. 2.41 (2.110), 2.52 (2.111), and 

3.00 (2.116-2.119); cf. Table 2.15). Moreover, the calculated human oral absorption 

(%) of the peptides was increased (e.g., 24 (2.107) to 33 (2.116 and 2.117)). 

Nevertheless, it must be pointed out that no Casp2 inhibitor within this series exhibits 

drug-likeness or the desired CNS MPO value of ≥ 4 for BBB crossing (cf. Table 2.15). 

The in silico data obtained indicate that the physicochemical and pharmacokinetic 

properties of the bridged peptides (2.110, 2.111, 2.114, and 2.116-2.119) were 

enhanced. However, for 2.110, 2.111, 2.118, and 2.119, the improvement of 

physicochemical properties resulted in a decline in Casp2 activity. Nonetheless, the 

modifications of this series are an excellent starting point for the development of CNS-

active Casp2 inhibitors (e.g., prodrugs). 
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2.5.3 Conclusion and Outlook 
 

The introduction of glycine-glycine (GG) or 5-aminovaleric acid (AVA) at positions P3 

and P4 demonstrated that the anionic hL-glutamic acid (hE) is crucial for inhibitory 

Casp2 affinity. The Casp2 inhibitor Idc(hE)VGD-CHO revealed that glycine can be 

introduced at amino acid position P2 (instead of (S)-6-Me-THIQ or Dab), without losing 

affinity and selectivity for Casp2 compared to the lead structures Idc(hE)V(S-Me-

THIQ)D-CHO (2.101) and Idc(hE)V(Dab)D-CHO (2.107). The bridging of amino acid 

positions P2 (Dab or (S)-6-Me-THIQ) and P3 (valine) resulted in Idc(hE)GGD-CHO 

(2.116), a highly active and selective Casp2 inhibitor. The bridging of positions P2 and 

P3 with 5-aminovaleric acid (AVA) and para-aminobenzoic acid (pAbz) did not deliver 

the desired results regarding Casp2 activity. This can be explained by the different 

rigidity of the spacers and the absent peptide character of 5-aminovaleric acid and 

para-aminobenzoic acid. The oxidative stability of the Casp2 inhibitors was optimized 

by installing (S)-5-fluoro-3,3-dimethylindoline-2-carboxylic acid (Idc*) in place of (S)-

indoline-2-carboxylic acid (Idc). Within this approach, the molecular weight of the 

Casp2 inhibitors was successfully lowered while affinity and selectivity for Casp2 were 

maintained. Likewise, the number of H-bond donors/acceptors was lowered. The 

altered physicochemical properties are apparent in the shift of the CNS MPO scores. 

The most promising results were delivered by Idc(hE)GGD-CHO (2.116). While 

maintaining affinity (Casp2 pKi: 7.29) and selectivity (Casp3/cpCasp2 selectivity > 195-

fold), molecular mass was reduced to 519.50 Da, and the CNS MPO score was 

improved from 2.24 (2.107) to 3.00 (2.116). However, the peptides do still not exhibit 

the desired properties for guaranteeing passive diffusion through the BBB and the 

distribution in the CNS. The calculated CNS MPO score of all Casp2 inhibitors still fails 

to reach the required value of ≥ 4 for BBB crossing (cf. Table 2.15). However, the 

Casp2 inhibitors served as excellent in vitro pharmacological tool, strengthening the 

case for targeting caspase-2 as a novel target for treating Alzheimer’s disease. In vitro 

experiments revealed that Casp2 inhibitors could restore synaptic dysfunctions and 

prevent Δtau314 from accumulating in the dendritic spines. In addition, it was 

established that these beneficial effects were achieved by inhibition of the catalytic 

pathway of Casp2. The insights of this structure-activity relationship study pave the 

way toward peptidomimetic and small molecule Casp2 inhibitors with superior 

physicochemical and pharmacokinetic properties to ensure better bioavailability and 
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blood-brain barrier permeability. Furthermore, this study provides a reasonable basis 

for developing prodrugs processed by the fatty acid amide hydrolase (FAAH). All active 

and selective Casp2 inhibitors feature carboxylic acids at position P1 (aspartic acid) 

and P4 (hL-glutamic acid). These carboxylic acids are a prerequisite for high-affinity 

target engagement; however, the anionic functionality is a drawback for blood-brain 

barrier crossing because of charge repulsion at the barrier surface and the unfavorable 

electrostatic energetics of the cellular membrane potential.141 

 

 
Figure 2.037. (A) Fatty acid amide hydrolase (FAAH) prodrug strategy (created with 
BioRender.com). Amide or ester prodrugs are metabolized to the active form in the CNS by 
the membrane-bound hydrolase FAAH. The prodrugs possess superior physicochemical 
properties, allowing the passive diffusion through the endothelia cells of the blood-brain barrier. 
FAAH combines both esterase and amidase activity. (B) Exemplary design of potential 
prodrugs (amides and esters) for the Casp2 inhibitor Idc*(hE)VGD-CHO (2.123). Figure (A) is 
adapted from Figure 1A of Ferrara and Scanlan (2020)141. 
 

A strategy to enhance blood-barrier crossing in order to achieve therapeutic exposure 

levels in the CNS is the development of prodrugs.141–143 The carboxylic acids at 

positions P1 and P4 can be masked by the design of ester and amide prodrugs 

(cf. Figure 2.037B).141,142 The prodrugs impart superior physicochemical properties, 

thus facilitating sufficient passive diffusion through the endothelial cells of the BBB from 

a peripherally administered systemic dose.141,142 Once in the CNS, the prodrugs are 

processed by fatty acid amide hydrolase (FAAH) into the active form 

(cf. Figure 2.037A).141–143 The fatty acid amide hydrolase (FAAH) demonstrates high 

expression levels in the CNS and belongs to a large class of hydrolytic enzymes, 

showing esterase and amidase activity.141–145  
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2.6 Experimental Part  

2.6.1 Chemistry  

2.6.1.1 General Experimental Conditions 
 

Chemicals and solvents 
 
Unless otherwise listed, chemicals and solvents were purchased from commercial 

suppliers and used as received. Canonical inhibitor AcVDVAD-CHO (2.016), 

AcLDESD-CHO, and AcDEVD-CHO were purchased from Bachem (Torrance/CA, 

USA). All the solvents were of analytical grade or distilled prior to use. 

Dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), and L-homoglutamic acid 

(hE) were purchased from Iris Biotech (Marktredwitz, Germany). Sodium borohydride, 

oxalyl chloride, methanol, dichloromethane, diethyl ether, toluene, ethyl acetate, 

tetrahydrofuran, and hydrochloric acid 37% were obtained from Fisher Scientific/Acros 

Organics (Schwerte, Germany). If lower concentrations of hydrochloric acid were 

required, these were diluted accordingly. Isobutyl chloroformate, tert-butyl carbazate, 

p-toluenesulfonic acid, trans-4-(aminomethyl)cyclohexanecarboxylic acid, N,N′-

diisopropylcarbodiimide (DIC), Oxyma and N-methylmorpholine were purchased from 

TCI (Eschborn, Germany). 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI), 1-

hydroxybenzotriazole hydrate (HOBt), 1-[bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate (HATU), N,N-

diisopropylethylamine (DIPEA), and trifluoroacetic acid (TFA) were obtained from 

ABCR (Karlsruhe, Germany). 1,1'-Carbonyldiimidazole was purchased from 

Fluorochem (Derbyshire, United Kingdom). Aminomethylated polystyrene HL (100-200 

mesh), acetic anhydride, and triethylamine were purchased from Merck (Darmstadt, 

Germany). Benzyl alcohol, dimethylsulfoxide, acetic acid, quinoline-2-carboxylic acid 

(quinaldic acid), Fmoc-5-Ava-OH (AVA), Fmoc-L-indoline-2-carboxylic acid (Idc), and 

acetonitrile for high-performance liquid chromatography (HPLC) were obtained from 

Sigma-Aldrich (Taufkirchen, Germany). Protected amino acids Fmoc-Tyr(tBu)-OH, 

Fmoc-Arg(Pbf)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Phe-OH, Fmoc-Pro-OH, Fmoc-Val-

OH, Fmoc-Asp(OtBu)-OH, Fmoc-Ala-OH, Fmoc-Orn(Boc)-OH, Fmoc-Dab(Boc)-OH, 

Fmoc-Dap(Boc)-OH, Fmoc-Lys(Ac)-OH, Fmoc-Thr(tBu)-OH, Fmoc-Ile-OH, Fmoc-

Glu(OtBu)-OH, Fmoc-Gly-OH, Fmoc-Ser(tBu)-OH, Fmoc-Trp(Boc)-OH, Fmoc-Gln-

OH, Fmoc-Tle-OH, and Fmoc-Leu-OH were procured from Carbolution Chemicals (St. 
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Ingbert, Germany). Racemic 6-methyl-tetrahydroisoquinoline-1-carboxylic acid (6-Me-

THIQ-COOH) and 6-bromo-tetrahydroisoquinoline-1-carboxylic acid (6-Br-THIQ-

COOH) was purchased from a commercial supplier and was outsourced for chiral 

resolution by supercritical fluid chromatography (SFC). The enantiopure amino acids 

P1 and P2 (see chapter 2.7.3, Figures 2.279 and 2.280) were subjected to N-Fmoc 

protection to obtain (S)-6 and (R)-6, respectively. The absolute configurations of (S)-6 

and (R)-6 were determined by comparison with the reported specific rotation of the 

commercially available enantiopure N-Fmoc-tetrahydroisoquinoline-1-carboxylic 

acids. The synthesis of (S)-1-(tert-butoxycarbonyl)-5-fluoro-3,3-dimethylindoline-2-

carboxylic acid was commissioned from Pharmaron. The absolute configuration was 

determined by comparison with the reported specific rotation of the commercially 

available enantiopure Fmoc-L-indoline-2-carboxylic acid. Deuterated solvents for 

nuclear magnetic resonance (NMR) spectroscopy were purchased from Deutero 

(Kastellaun, Germany). The orbital shaker (Multi Reax) was from Heidolph 

(Schwabach, Germany). The frits had a pore size of 35 µm and were procured from 

Roland Vetter Laborbedarf (Ammerbuch, Germany). The infrared lamp was from 

Medisana (Neuss, Germany), and the thermostat was from PEARL.GmbH (Buggingen, 

Germany). As syringes were used Injekt Luer Solo from Braun (Melsungen, Germany). 

For the preparation of stock solutions, buffers, and HPLC eluents millipore water was 

used. 

 
Thin layer chromatography  
 
Reactions were monitored by thin layer chromatography (TLC) on silica gel 60 F254 

aluminium sheets (Merck), and compounds were detected with UV light at 254 nm.  

 
NMR spectra  
 
NMR spectra (1H NMR, 13C NMR, 19F NMR, DEPT, 1H COSY, HSQC, HMBC) were 

recorded on a Bruker Avance-300 (7.05 T, 1H: 300 MHz, 13C: 75.5 MHz, 19F: 188) or 

Avance-400 (9.40 T, 1H: 400 MHz, 13C: 100.6 MHz, 19F: 282) NMR spectrometer 

(Bruker, Karlsruhe, Germany). All chemical shifts are reported in the δ-scale as parts 

per million (ppm) relative to the solvent's residual peaks as the internal standard. 

Moreover, the multiplicity, coupling constant (J), and number of protons are stated. 
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Multiplicities are specified with the following abbreviations: s (singlet), d (doublet), t 

(triplet), q (quartet), p (pentet), m (multiplet), as well as combinations thereof. 
 
High-resolution mass spectrometry  
 
(HRMS) was performed on a Q-TOF 6540 ultrahigh definition (UHD) LC/MS system 

(Agilent Technologies) using an electrospray ionization (ESI) source or on an AccuTOF 

GCX GC/MS system (Jeol, Peabody, MA) using an electron ionization (EI) source. 
 
Preparative HPLC 
 
Preparative HPLC was performed with a system from Waters (Eschborn, Germany) 

consisting of a Waters 2545 binary gradient module, a Waters 2489 UV/vis-detector, a 

Waters Fraction Collector 3, and the column was a YMC Triart C18 (150 x 10 mm, 

5 μm) (YMC, Dinslaken, Germany) at a flow rate of 20 mL/min or a HPLC from Knauer 

(Berlin, Germany) consisting of two K-1800 pumps, a K-2001 detector, and the column 

was a Phenomenex Gemini (250 x 21 mm, 5 μm) (Phenomenex, Aschaffenburg, 

Germany) at a flow rate of 15 mL/min. As a mobile phase, mixtures of MeCN and 0.1% 

aqueous (aq) TFA were used. The UV detection was carried out at 220 nm. For sample 

preparation, all compounds were dissolved in a mixture of water/acetonitrile (95/5 v/v) 

and filtered with PTFE filters (25 mm, 0.2 μm) (Phenomenex, Aschaffenburg, 

Germany). The purified peptides were lyophilized using a CHRIST Alpha 2-4 LD freeze 

dryer (Osterode am Harz, Germany) equipped with a RZ 6 rotary vane vacuum pump 

(Vacuubrand, Wertheim, Germany). 
 
Analytical HPLC  
 

Analytical purity and stability control were performed on a 1100 HPLC system from 

Agilent Technologies equipped with an Instant Pilot controller, a G1312A binary pump, 

a G1329A ALS autosampler, a G1379A vacuum degasser, a G1316A column 

compartment, and a G1315B diode array detector (DAD). The column was a 

Phenomenex Kinetex XB-C18 column (250 x 4.6 mm, 5 μm) (Phenomenex, 

Aschaffenburg, Germany) or a Phenomenex Gemini NX-C18 column (250 x 4.6 mm, 

5 μm). The oven temperature during HPLC analysis was 30 °C. As a mobile phase, 
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mixtures of MeCN/aqueous TFA were used. Absorbance was detected at 220 nm. The 

injection volume was 20-80 μL at compound concentrations of 1 mM. The following 

linear gradient was applied: MeCN/TFA (0.05%) (v/v) 0 min: 10:90, 25 min: 95:5, 35 

min: 95:5; flow rate: 1.0 mL/min, t0 (Kinetex XB-C18) = 2.75 min, t0 (Gemini NX-C18) = 

3.00 min (t0 = dead time). Retention (capacity) factors k were calculated from the 

retention times tR according to k = (tR − t0)/t0. The dead time was experimentally 

determined by injecting a sample of unretained thiourea (200 µM, 10 µL) and recording 

of the retention time (cf. Figure 2.038). The purities of the compounds were calculated 

by the percentage peak area of the chromatograms. 

 
Figure 2.038. Measured retention time (tR) of 10 µL of a 200 µM thiourea solution at a flow 
rate of 1.0 mL/min for (A) Phenomenex Gemini (250 x 4.6 mm, 5 μm) and (B) Phenomenex 
Kinetex XB-C18 column (250 x 4.6 mm, 5 μm). 
 

2.6.1.2 Compound Characterization 
 
The peptides were characterized using the following methods: HRMS, 1H NMR 

spectroscopy and 13C NMR spectroscopy (see chapter 2.7.1, Figures 2.041-2.214). 

Additionally, for several compounds two-dimensional (2D) NMR spectra like HSQC 

were made. For purity control, HPLC (RP-HPLC) analysis was performed with a 

minimum purity standard of ≥ 95% (chromatograms are shown in chapter 2.7.2.1, 

Figures 2.215-2.268). 
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2.6.1.3 Preparation and Analytical Data of Aspartic Acid Loaded Semicarbazide 
Amino-Merrifield Resin 

 

Benzyl (1r,4r)-4-(aminomethyl)cyclohexane-1-carboxylate (2.001)101  
Trans-4-(aminomethyl)cyclohexanecarboxylic acid (30.0 g, 1 eq), benzyl 

alcohol (150 mL, 7.60 eq), and p-toluensulfonic acid (75.3 g, 2.30 eq) were 

dissolved in 210 mL toluene. The mixture was heated to 150 °C under Dean-

Stark conditions. After 3 h of continuously stirring, the mixture was allowed to 

cool down to room temperature. The precipitated solid was filtrated and washed with 

diethyl ether (3 x 100 mL), yielding 76.3 g (95%) of a white solid. The product was used 

without any further purification. NMR data matches the literature reference.101 HRMS 

(ESI-MS): m/z [M+H+] calculated for C15H22NO2+: 248.1645, found 248.1650; 
C15H21NO2 x p-toluensulfonic acid (419.54). 

 

tert-Butyl 2-((((1r,4r)-4-
((benzyloxy)carbonyl)cyclohexyl)methyl)carbamoyl)hydrazine-1-carboxylate 
(2.002)101  

1,1'-Carbonyldiimidazole (14.49 g, 89.36 mmol, 1.2 eq) was 

dissolved in 200 mL DMF. The flask was flooded with argon. 

Afterward, a solution of tert-butyl carbazate (11.84 g, 89.36 mmol, 

1.2 eq) dissolved in 200 mL of DMF was added dropwise over 40 

min. After addition, the resultant solution was stirred for 10 min at rt. 2.001 (32.0 g, 

76.27 mmol, 1 eq) dissolved in 200 mL DMF was added to the mixture over a period 

of 60 min. Triethylamine (44.61 mL, 320 mmol, 4.2 eq) was quickly dropped to the 

mixture, and stirring at rt was continued for 10 h. Subsequently, the mixture was 

acidified with 10% HCl, and the product was extracted with ethyl acetate. The 

combined organic layers were washed with saturated brine and dried over Na2SO4. 
The solvent was concentrated under reduced pressure, yielding 30.8 g (100%) of a 

white foam. The product was used without any further purification. NMR data matches 

the literature reference.101 HRMS (ESI-MS): m/z [M+H+] calculated for C21H32N3O5+: 

406.2336, found 406.2337; C21H31N3O5 (405.50). 

  



Design and Biological Evaluation of Selective Caspase-2 Inhibitors 

 111  

(1r,4r)-4-((2-(tert-Butoxycarbonyl)hydrazine-1-
carboxamido)methyl)cyclohexane-1-carboxylic acid (2.003)101  

The cleavage of the benzyl protecting group was performed by 

palladium-on-carbon (Pd/C)-catalyzed hydrogenation. Therefore, 

Pd/C 10% (3.08 g) was added to a solution of 2.002 (30.8 g, 75.96 

mmol, 1 eq) in 400 mL methanol. The mixture was hydrogenated 

at 5 bar for 15 h. After completion, the solution was filtrated over celite, and the solvent 

was concentrated under reduced pressure. The procedure afforded 20.2 g (84%) of 

the product as a white solid. HRMS (ESI-MS): m/z [M+H+] calculated for C14H26N3O5+: 

316.1867, found 316.1863; C14H25N3O5 (315.37). 

 
Semicarbazide amino-Merrifield resin (2.004)102  

2.003 (4.10 g, 13.00 mmol, 1.0 eq), 1-Hydroxybenzotriazole (2.10 g, 

15.54 mmol, 1.2 eq) and 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (2.98 g, 15.54 mmol, 1.2 eq) were 

dissolved in 180 mL DMF, then the amino-Merrifield resin (ca. 1.00 

mmol/g, 8.20 g, 8.20 mmol, 0.6 eq) was added to the flask. The 

suspension was continuously stirred at rt for 15 h. Subsequently, the 

suspension was filtrated, the residual resin was washed with DMF, methanol, and with 

dichloromethane. The resin was dried under vacuum. Then the protecting groups of 

the semicarbazide were removed by resuspending the resin in a mixture of 

trifluoroacetic acid/dichloromethane (1/2 v/v). After continuously stirring for 2 h at rt, 

the suspension was filtered, and washed alternately with dichloromethane, methanol, 

and dichloromethane. The resin was dried under vacuum overnight to yield 10.80 g 

(approx. 0.76 mmol/g) of the semicarbazide loaded amino-Merrifield resin as a 

trifluoroacetic acid salt. 

 

tert-Butyl (S)-3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-
hydroxybutanoate (2.005)102  

N-Fmoc-L-aspartic acid β-tert-butyl ester (10.0 g, 24.3 mmol, 1 eq) 

was dissolved in 100 mL tetrahydrofuran, after cooling to 0 °C using 

an ice bath, N-methylmorpholine (2.97 mL, 26.73 mmol, 1.1 eq) and 

isobutyl chloroformate (3.32 mL, 25.55 mmol, 1.05 eq) were added to the solution. 

After 45 min of stirring at 0 °C the mixture was cooled to -78 °C. Subsequently, sodium 
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borohydride (1.93 g, 51.03 mmol, 2.1 eq) and 20 mL methanol were added to the 

solution. After 2 h of continuous stirring at -78 °C, the reaction was quenched with 50 

mL of saturated aqueous ammonium chloride. The product was extracted with ethyl 

acetate, washed with brine, dried over Na2SO4, and concentrated under reduced 

pressure. The residue was purified by column chromatography (EtOAc/PE 1/3 → 

EtOAc/PE 1/2), yielding 7.45 g (77%) of a white solid. NMR data matches the literature 

reference.102 HRMS (ESI-MS): m/z [M+H+] calculated for C23H28NO5+: 398.1962, found 

398.1963; C23H27NO5 (397.47). 

 

tert-Butyl (S)-3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-oxobutanoate 
(2.006)102  

A solution of oxalyl chloride (1.93 mL, 18.74 mmol, 1.2 eq) in 100 mL 

dichloromethane was cooled to -78 °C. Dimethyl sulfoxide (2.93 mL, 

22.49 mmol, 2.2 eq) was added to the solution. After 20 min of 

continuously stirring 2.005 (7.45 g, 18.74 mmol, 1 eq) in 30 mL dichloromethane was 

added dropwise to the mixture. Subsequently, the solution was stirred for 1 h at -78 °C, 

then N,N-diisopropylethylamine (9.79 mL, 56.23 mmol, 3 eq) was added. Stirring at -

78 °C was continued for 1 h, then the mixture was allowed to warm up to -15 °C. 1M 

HCl was poured into the mixture and the product was extracted with dichloromethane. 

The combined organic layers were dried over Na2SO4 and evaporated. This provided 

8.63 g of a crude yellow oil. Synthesis of the aspartic acid-loaded semicarbazide 

amino-Merrifield resin (2.007) was performed without further purification of the title 

compound. HRMS (ESI-MS): m/z [M+Na+] calculated for C23H25NNaO5+: 418.1625, 

found 418.1624; C23H25NO5 (395.46). 

 

Aspartic acid loaded semicarbazide amino-Merrifield resin (2.007)102   
2.006 (8.63 g, 21.82 mmol, 2.7 eq) was dissolved in 100 mL 

tetrahydrofuran thereafter 2.004 (10.80 g, 8.20 mmol, 1 eq) and 

acetic acid (271 µL, 4.73 mmol, 0.6 eq) were added to the flask. 

The suspension was stirred for 12 h at rt. Then the resin was 

filtered off and sequentially washed with tetrahydrofuran, 

dichloromethane, and diethyl ether. The resin was dried under 

vacuum overnight to yield 13.12 g (ca. 0.63 mmol/g) of the 

aspartic acid-loaded semicarbazide amino-Merrifield resin.  
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2.6.1.4 Preparation and Analytical Data for Penta-, Tetra-, and Tripeptides 2.008-
2.101 and 2.107-2.126 

 

General Procedure for the synthesis of the peptides 
 

The aspartic acid loaded semicarbazide amino-Merrifield resin (300 mg, 0.188 mmol, 

1 eq) was weighed into a fritted 10 mL syringe. Subsequently, 5 mL of a mixture of 

piperidine 20% in DMF was drawn to remove the N-terminal Fmoc protecting group. 

The syringe was shaken on an orbital shaker at 35 °C for 15 min. The orbital shaker 

was covered with a box, which was insulated from the inside with aluminum foil. An 

infrared lamp was placed on an aperture on top. To keep the temperature constant at 

35 °C the lamp was controlled by a thermostat. The liquid was then removed with the 

aid of a vacuum flask and the residual resin was washed with DMF (3 x 8 mL). The 

coupling of the amino acids to the N-terminus was performed by two different methods. 

The corresponding amino acid (5 eq) and HATU (357 mg, 0.94 mmol, 5 eq) (Method 

A) or Oxyma (134 mg, 0.94 mmol, 5 eq) (method B) were weighed in two separate 

Erlenmeyer flasks. Subsequently, both were dissolved in 3-4 mL of a mixture of 

DMF/NMP (8/2 v/v). Then N,N-diisopropylethylamine (164 µL, 0.94 mmol, 5 eq) 

(method A) or N,N'-diisopropylcarbodiimide (151 µL, 0.94 mmol, 5 eq) (method B) was 

added to the solution of HATU (procedure A) / Oxyma (procedure B). Subsequently, 

both solutions were drawn into the resin-loaded syringe and shaken at 35 °C for 

45 min. The liquid was then removed with the aid of a vacuum flask and the residual 

resin was washed with DMF (3 x 8 mL). 

 
The coupling and deprotection steps were repeated until the desired tri-, tetra-, or 

pentapeptide was built up. Then the N-terminal Fmoc protecting group was removed 

using piperidine in DMF (20%). Subsequently, the N-terminus of the peptide was 

acetylated by dissolving acetic anhydride (178 µL, 1.88 mmol, 10 eq) and N,N-

diisopropylethylamine (328 µL, 1.88 mmol, 10 eq) in 6-8 mL DMF. The solution was 

drawn into the syringe and shaken for 30 min at room temperature. After completion, 

the liquid was removed, and the resin was washed with DMF (2 x 8 mL), methanol (2 

x 8 mL), dichloromethane (2 x 8 mL), and finally with diethyl ether (2 x 8 mL). The 

peptide was cleaved off the resin, and the side chains were deprotected by drawing up 

6 mL of trifluoroacetic acid 90% in water. The syringe was shaken for 1 h at room 
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temperature. The liquid was then poured into a round-bottomed flask. The step was 

repeated and then the cleavage cocktail was diluted with 50 mL water and freeze-dried. 

The crude product was purified by HPLC, yielding the corresponding peptide. 

 
(S)-3-((S)-2-((S)-1-(Acetyl-L-tyrosyl-L-lysyl)pyrrolidine-2-carboxamido)-3-
methylbutanamido)-4-oxobutanoic acid hydrotrifluoroacetate (2.008) 
(Synthesized by Steffen Pockes) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(15.2 mg, 3%): RP-HPLC: 99%, (tR = 6.83, k = 

1.28). 1H NMR (400 MHz, D2O) δ 6.99 (d, J = 8.0 

Hz, 2H), 6.70 (d, J = 8.5 Hz, 2H), 4.92 (dd, J = 4.6, 

3.2 Hz, 1H), 4.42 (t, J = 6.5 Hz, 1H), 4.35 (t, J = 

7.9 Hz, 1H), 4.26 – 4.20 (m, 1H), 4.20 – 4.09 (m, 1H), 3.92 (dd, J = 7.6, 4.7 Hz, 1H), 

3.52 – 3.40 (m, 2H), 2.93 – 2.82 (m, 3H), 2.81 – 2.64 (m, 2H), 2.53 – 2.35 (m, 1H), 

2.27 – 2.11 (m, 1H), 1.95 – 1.74 (m, 7H), 1.66 – 1.42 (m, 4H), 1.29 – 1.20 (m, 2H), 

0.91 – 0.77 (m, 6H). 13C NMR (101 MHz, D2O) δ 173.96, 173.93, 172.96, 172.89, 

170.73, 170.72, 154.45, 130.46, 127.86, 115.36, 89.68, 60.16, 59.81, 55.52, 51.54, 

50.68, 47.92, 46.72, 39.22, 36.17, 34.54, 30.48, 30.23, 29.38, 27.45, 26.36, 24.55, 

21.68, 21.56. HRMS (ESI-MS): m/z [M+H+] calculated for C31H47N6O9+: 647.3399, 

found 647.3413; C31H46N6O9 x C2HF3O2 (760.77). 

 

(S)-4-(2-Acetamidoacetamido)-5-({(S)-1-[(S)-2-{[(S)-1-carboxy-3-oxopropan-2-
yl]carbamoyl}pyrrolidin-1-yl]-3-hydroxy-1-oxopropan-2-yl}amino)-5-
oxopentanoic acid (2.009) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(16.7 mg, 17%): RP-HPLC: > 99%, (tR = 3.67, k = 

0.22). 1H NMR (400 MHz, D2O) δ 4.95 – 4.85 (m, 

1H), 4.66 – 4.60 (m, 1H), 4.42 – 4.04 (m, 3H), 3.80 (s, 2H), 3.77 – 3.54 (m, 4H), 2.71 

– 2.38 (m, 2H), 2.35 (t, J = 7.3 Hz, 2H), 2.23 – 1.94 (m, 2H), 1.93 (s, 3H), 1.91 – 1.74 

(m, 4H). 13C NMR (101 MHz, D2O) δ 177.05, 175.24, 174.94, 174.27, 173.77, 173.25 

(d, J = 3.5 Hz), 171.70, 170.38, 89.67, 60.93, 60.74, 53.51, 52.77, 51.59, 48.09, 42.50, 
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33.96, 29.89, 29.42, 26.20, 24.46 (d, J = 27.4 Hz), 21.73. HRMS (ESI-MS): m/z [M+H+] 

calculated for C21H32N5O11+: 530.2093, found 530.2100; C21H31N5O11 (529.50). 

 
(4S,7S,10S,13S,16S)-4-[(1H-Indol-3-yl)methyl]-7-(carboxymethyl)-16-formyl-10-
(3-guanidinopropyl)-13-methyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-
pentaazaoctadecan-18-oic acid hydrotrifluoroacetate (2.010) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(12.0 mg, 8%): RP-HPLC: 98%, (tR = 7.48, k = 

1.49). 1H NMR (300 MHz, D2O) δ 7.50 – 7.30 (m, 

2H), 7.17 – 6.94 (m, 3H), 4.87 (dd, J = 4.6, 2.7 

Hz, 1H), 4.42 (t, J = 6.9 Hz, 1H), 4.34 (t, J = 6.3 Hz, 1H), 4.17 – 3.91 (m, 3H), 3.09 (d, 

J = 7.0 Hz, 2H), 2.97 (t, J = 6.8 Hz, 2H), 2.65 – 2.28 (m, 4H), 1.83 (s, 3H), 1.71 – 1.46 

(m, 2H), 1.45 – 1.30 (m, 2H), 1.25 – 1.16 (m, 3H). HRMS (ESI-MS): m/z [M+H+] 

calculated for C30H42N9O10+: 688.3049, found 688.3058; C30H41N9O10 x C2HF3O2 

(801.73). 

 

(4S,7S,10S,13S,16S)-4-(3-Amino-3-oxopropyl)-7-(carboxymethyl)-16-formyl-13-
(3-guanidinopropyl)-10-[(R)-1-hydroxyethyl]-2,5,8,11,14-pentaoxo-3,6,9,12,15-
pentaazaoctadecan-18-oic acid hydrotrifluoroacetate (2.011) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(15.0 mg, 10%): RP-HPLC: > 99%, (tR = 3.43, k = 

0.14). 1H NMR (300 MHz, D2O) δ 4.88 (d, J = 2.2 

Hz, 1H), 4.24 – 4.03 (m, 5H), 3.04 (t, J = 6.9 Hz, 

2H), 2.90 – 2.27 (m, 5H), 2.22 (t, J = 7.5 Hz, 2H), 

1.98 – 1.77 (m, 5H), 1.72 – 1.55 (m, 2H), 1.52 – 1.39 (m, 2H), 1.04 (d, J = 6.3 Hz, 3H). 

13C NMR (75 MHz, D2O) δ 177.77, 175.19, 174.51, 174.30, 173.64, 173.50, 173.01, 

172.68, 171.89, 171.62, 156.72, 89.68, 66.84, 59.33, 53.54, 53.46, 51.51, 50.22, 

40.48, 35.21, 31.04, 28.08, 26.70, 25.84, 24.34, 21.64, 18.79. HRMS (ESI-MS): m/z 

[M+H+] calculated for C25H42N9O12+: 660.2947, found 660.2947; C25H41N9O12 x 

C2HF3O2 (773.68). 
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(4S,7S,10S,13S,16S)-7-(Carboxymethyl)-16-formyl-10-(3-guanidinopropyl)-13-
[(R)-1-hydroxyethyl]-4-methyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-
pentaazaoctadecan-18-oic acid hydrotrifluoroacetate (2.012) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(12.2 mg, 9%): RP-HPLC: > 99%, (tR = 3.21, k = 

0.07). 1H NMR (300 MHz, D2O) δ 4.93 – 4.87 (m, 

1H), 4.56 – 4.49 (m, 1H), 4.28 – 4.20 (m, 1H), 4.17 

– 3.99 (m, 4H), 3.06 (t, J = 6.8 Hz, 2H), 2.84 – 2.35 (m, 4H), 1.87 (s, 3H), 1.83 – 1.59 

(m, 2H), 1.54 – 1.41 (m, 2H), 1.21 (d, J = 7.2 Hz, 3H), 1.09 – 1.00 (m, 3H). 13C NMR 

(75 MHz, D2O) δ 176.37, 175.47, 175.34, 174.61, 174.35, 173.52, 172.54, 171.41, 

171.29, 156.72, 89.66, 67.06, 59.47, 53.45, 51.60, 50.23, 50.04, 40.47, 35.44, 34.23, 

28.08, 24.30, 21.59, 18.80, 16.30. HRMS (ESI-MS): m/z [M+H+] calculated for 

C23H39N8O11+: 603.2733, found 603.2741; C23H38N8O11 x C2HF3O2 (716.63). 

 

(S)-3-[(S)-2-Acetamido-4-methylpentanamido]-4-{[(S)-1-((S)-2-{[(S)-1-carboxy-3-
oxopropan-2-yl]carbamoyl}pyrrolidin-1-yl)-3-methyl-1-oxobutan-2-yl]amino}-4-
oxobutanoic acid (2.013) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid 

(17.4 mg, 55%): RP-HPLC: > 99%, (tR = 9.35, k = 

2.12). 1H NMR (300 MHz, D2O) δ 4.99 – 4.84 (m, 

1H), 4.57 (t, J = 6.8 Hz, 1H), 4.40 – 3.90 (m, 4H), 3.78 – 3.31 (m, 2H), 2.90 – 2.27 (m, 

4H), 2.44 – 2.01 (m, 1H), 2.00 – 1.63 (m, 7H), 1.54 – 1.32 (m, 3H), 0.91 – 0.61 (m, 

12H). 13C NMR (75 MHz, D2O) δ 175.33, 175.21, 174.74, 174.26, 174.01, 173.77, 

171.71, 171.66, 171.60, 89.62, 60.77, 57.12, 52.56, 51.51, 51.39, 49.92, 48.25, 39.86, 

35.00, 34.05, 33.86, 29.94, 29.66, 29.48, 24.69, 24.54, 24.32, 22.01, 21.59, 20.84, 

18.42, 18.34, 17.36. m/z [M+H+] calculated for C26H42N5O10+: 584.2926, found 

584.2934; C26H41N5O10 (583.64). 
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(S)-3-[(S)-2-Acetamido-3-phenylpropanamido]-4-{[(S)-1-((S)-2-{[(S)-1-carboxy-3-
oxopropan-2-yl]carbamoyl}pyrrolidin-1-yl)-3-methyl-1-oxobutan-2-yl]amino}-4-
oxobutanoic acid (2.014) (Synthesized by Alexander Hubmann) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(51.6 mg, 45%): RP-HPLC: > 99%, (tR = 10.04, k = 

2.35). 1H NMR (300 MHz, D2O) δ 7.31 – 6.93 (m, 

5H), 4.91 (dd, J = 5.3, 4.4 Hz, 1H), 4.52 – 4.35 (m, 2H), 4.27 – 4.17 (m, 2H), 4.17 – 

3.99 (m, 1H), 3.79 – 3.24 (m, 2H), 3.06 – 2.27 (m, 6H), 2.17 – 2.02 (m, 1H), 2.01 – 

1.62 (m, 7H), 0.90 – 0.64 (m, 6H). 13C NMR (75 MHz, D2O) δ 175.32, 175.20, 174.00, 

173.88, 173.73, 172.98, 171.79, 171.71, 171.65, 171.43, 136.18, 129.12, 128.78, 

127.22, 89.61, 60.79, 57.20, 55.05, 51.51, 51.38, 49.86, 48.27, 36.97, 35.04, 34.06, 

33.85, 29.89, 29.64, 29.47, 24.54, 21.60, 18.39, 18.29, 17.51. HRMS (ESI-MS): m/z 

[M+H+] calculated for C29H40N5O10+: 618.2770, found 618.2779; C29H39N5O10 (617.66). 

 

(4S,7S,10S,13S,16S)-13-(4-Aminobutyl)-4-[(S)-sec-butyl]-16-formyl-7-[(R)-1-
hydroxyethyl]-10-isopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-
pentaazaoctadecan-18-oic acid hydrotrifluoroacetate (2.015) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(30.0 mg, 22%): RP-HPLC: > 99%, (tR = 6.86, k = 

1.29). 1H NMR (400 MHz, D2O) δ 4.94 (t, J = 4.8 

Hz, 1H), 4.43 – 3.94 (m, 6H), 2.88 (t, J = 7.6 Hz, 

2H), 2.69 – 2.32 (m, 2H), 1.94 (s, 4H), 1.80 – 1.51 (m, 5H), 1.43 – 1.23 (m, 3H), 1.16 

– 1.03 (m, 4H), 0.90 – 0.72 (m, 12H). 13C NMR (101 MHz, D2O) δ 176.01, 175.64, 

174.46, 174.24, 173.15, 172.91, 171.64, 171.57, 89.74, 67.14, 59.46, 58.98, 58.71, 

53.59, 51.66, 39.20, 36.18, 34.62, 30.68, 30.12, 26.27, 24.64, 21.95, 21.66, 18.86, 

18.43, 17.84, 14.88, 10.32. HRMS (ESI-MS): m/z [M+H+] calculated for C27H49N6O9+: 

601.3556, found 601.2558; C27H48N6O9 x C2HF3O2 (714.74). 
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(S)-3-((S)-2-Acetamido-3-methylbutanamido)-4-((S)-2-(((S)-1-(((S)-1-carboxy-3-
oxopropan-2-yl)amino)-3-methyl-1-oxobutan-2-yl)carbamoyl)pyrrolidin-1-yl)-4-
oxobutanoic acid (2.017) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(17.4 mg, 16%): RP-HPLC: 97%, (tR = 7.27, k = 

1.42). 1H NMR (400 MHz, D2O) δ 4.94 – 4.85 (m, 

2H), 4.37 – 4.28 (m, 1H), 4.21 – 4.08 (m, 1H), 4.02 

– 3.84 (m, 2H), 3.76 – 3.58 (m, 2H), 2.90 – 2.78 (m, 1H), 2.73 – 2.53 (m, 2H), 2.56 – 

2.37 (m, 1H), 2.21 – 2.04 (m, 1H), 2.00 – 1.73 (m, 8H), 0.97 – 0.71 (m, 12H). 13C NMR 

(101 MHz, D2O) δ 175.27, 175.16, 174.37, 173.91, 173.44, 173.11, 173.03, 170.31, 

170.24, 89.71, 60.60, 60.54, 59.87, 59.81, 59.56, 51.52, 51.47, 48.28, 48.06, 35.23, 

33.94, 33.78, 29.98, 29.41, 24.55, 21.62, 18.33, 17.57. HRMS (ESI-MS): m/z [M+H+] 

calculated for C25H40N5O10+: 570.2770, found 570.2776; C25H39N5O10 (569.61). 

 

(4S,7S,10S,13S,16S)-7-(Carboxymethyl)-16-formyl-4,10,13-triisopropyl-
2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid (2.018) 
(Synthesized by Steffen Pockes) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(32.5 mg, 18%): RP-HPLC: 99%, (tR = 8.88, k = 

1.96). 1H NMR (400 MHz, CD3OD) δ 4.78 – 4.67 

(m, 1H), 4.61 – 4.51 (m, 1H), 4.35 – 4.24 (m, 1H), 4.23 – 4.07 (m, 3H), 2.97 – 2.83 (m, 

1H), 2.83 – 2.59 (m, 2H), 2.57 – 2.42 (m, 1H), 2.20 – 2.02 (m, 3H), 2.00 (s, 3H), 1.06 

– 0.85 (m, 18H). 13C NMR (101 MHz, CD3OD) δ 173.67, 172.72, 172.41, 172.26, 

172.05, 171.82, 170.98, 97.00, 59.45, 59.29, 59.18, 50.56, 47.88, 34.92, 33.03, 30.35, 

30.24, 30.19, 21.02, 18.31, 17.40, 17.26. HRMS (ESI-MS): m/z [M+H+] calculated for 

C25H42N5O10+: 572.2926, found 572.2933; C25H41N5O10 (571.63). 
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(4S,7S,10S,13S,16S)-10-(4-Aminobutyl)-7-(carboxymethyl)-16-formyl-4-
isopropyl-13-methyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic 
acid hydrotrifluoroacetate (2.019) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid 

(45.1 mg, 35%): RP-HPLC: > 99%, (tR = 4.81, k = 

0.60). 1H NMR (300 MHz, D2O) δ 4.89 (dd, J = 4.5, 

3.1 Hz, 1H), 4.60 – 4.54 (m, 1H), 4.19 – 4.00 (m, 

3H), 3.88 (dd, J = 7.1, 2.3 Hz, 1H), 2.91 – 2.78 (m, 3H), 2.75 – 2.32 (m, 3H), 1.97 – 

1.82 (m, 4H), 1.77 – 1.45 (m, 4H), 1.34 – 1.17 (m, 5H), 0.82 – 0.75 (m, 6H). 13C NMR 

(75 MHz, D2O) δ 175.25, 175.16, 174.64, 174.09, 173.74, 173.23, 173.17, 172.31, 

172.19, 89.70, 59.94, 53.65, 51.46, 50.04, 49.86, 39.15, 35.08, 34.01, 30.33, 29.84, 

26.22, 21.94, 21.65, 18.27, 17.62, 16.61. HRMS (ESI-MS): m/z [M+H+] calculated for 

C24H41N6O10+: 573.2879, found 573.2886; C24H40N6O10 x C2HF3O2 (686.64). 

 

(4S,7S,10S,13S,16S)-7,10-Bis(4-aminobutyl)-16-formyl-4-(4-hydroxybenzyl)-13-
isopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 

dihydrotrifluoroacetate (2.020) 
The title compound was synthesized according 

to general procedure B yielding a fluffy white 

solid (75.2 mg, 44%): RP-HPLC: 99%, (tR = 

5.42, k = 0.97). 1H NMR (300 MHz, D2O) δ 7.00 

– 6.91 (m, 2H), 6.71 – 6.60 (m, 2H), 4.87 (dd, 

J = 6.8, 4.7 Hz, 1H), 4.31 (t, J = 7.6 Hz, 1H), 

4.19 – 3.86 (m, 4H), 2.90 – 2.75 (m, 6H), 2.69 – 2.30 (m, 2H), 1.95 – 1.77 (m, 4H), 

1.73 – 1.37 (m, 8H), 1.34 – 1.07 (m, 4H), 0.83 – 0.71 (m, 6H). 13C NMR (75 MHz, D2O) 

δ 175.33, 175.25, 174.07, 173.67, 173.49, 173.41, 173.35, 173.25, 173.19, 172.87, 

172.74, 154.46, 130.47, 127.92, 115.44, 89.69, 59.61, 59.56, 55.51, 53.67, 53.61, 

52.99, 51.59, 51.49, 39.18, 36.15, 34.25, 34.01, 30.62, 30.31, 26.35, 26.27, 22.06, 

21.90, 21.60, 18.31, 17.70, 17.62. HRMS (ESI-MS): m/z [M+H+] calculated for 

C32H52N7O9+: 678.3821, found 678.3824; C32H51N7O9 x C4H2F6O4 (905.85). 
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(4S,7S,10S,13S,16S)-7,13-Bis(4-aminobutyl)-16-formyl-4-(4-hydroxybenzyl)-10-
isopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
dihydrotrifluoroacetate (2.021) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid 

(66.3 mg, 39%): RP-HPLC: 99%, (tR = 5.48, k = 

0.83). 1H NMR (300 MHz, D2O) δ 6.99 – 6.92 (m, 

2H), 6.70 – 6.63 (m, 2H), 4.91 – 4.86 (m, 1H), 4.33 

(t, J = 7.5 Hz, 1H), 4.18 – 4.03 (m, 3H), 3.90 – 3.81 (m, 1H), 2.86 – 2.73 (m, 6H), 2.68 

– 2.31 (m, 2H), 1.94 – 1.77 (m, 4H), 1.69 – 1.39 (m, 8H), 1.33 – 1.10 (m, 4H), 0.79 (t, 

J = 6.1 Hz, 6H). 13C NMR (75 MHz, D2O) δ 175.26, 175.06, 174.04, 173.69, 173.18, 

173.07, 163.21, 162.74, 154.44, 130.46, 127.90, 115.47, 89.64, 59.65, 55.48, 53.66, 

53.05, 51.49, 39.17, 36.15, 34.23, 33.89, 30.51, 30.06, 26.30, 26.24, 21.94, 21.60, 

18.40, 18.34, 18.00, 17.94. HRMS (ESI-MS): m/z [M+H+] calculated for C32H52N7O9+: 

678.3821, found 678.3831; C32H51N7O9 x C4H2F6O4 (905.85). 

 

(4S,7S,10S,13S,16S)-7-(4-Aminobutyl)-16-formyl-4,10,13-triisopropyl-
2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
hydrotrifluoroacetate (2.022) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(54.9 mg, 42%): RP-HPLC: > 99%, (tR = 7.23, k = 

1.41). 1H NMR (300 MHz, D2O) δ 4.87 (dd, J = 9.0, 

4.7 Hz, 1H), 4.22 (t, J = 7.4 Hz, 1H), 4.18 – 4.02 

(m, 1H), 3.98 – 3.84 (m, 3H), 2.82 (t, J = 7.6 Hz, 2H), 2.69 – 2.29 (m, 2H), 2.00 – 1.75 

(m, 6H), 1.72 – 1.44 (m, 4H), 1.39 – 1.10 (m, 2H), 0.86 – 0.70 (m, 18H). 13C NMR (75 

MHz, D2O) δ 175.62, 175.47, 174.40, 173.74, 173.45, 173.31, 173.16, 173.05, 172.76, 

172.64, 89.68, 59.74, 59.67, 59.57, 53.22, 51.56, 39.19, 34.19, 30.40, 30.25, 30.15, 

29.96, 26.23, 22.05, 21.57, 18.38, 18.02, 17.97, 17.80, 17.74. HRMS (ESI-MS): m/z 

[M+H+] calculated for C27H49N6O8+: 585.3606, found 585.3617; C27H48N6O8 x C2HF3O2 

(698.74). 
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(4S,7S,10S,13S,16S)-7,10-Bis(4-aminobutyl)-16-formyl-4,13-diisopropyl-
2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
dihydrotrifluoroacetate (2.023) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid 

(76.0 mg, 48%): RP-HPLC: > 99%, (tR = 5.23, k = 

0.90). 1H NMR (300 MHz, D2O) δ 4.88 (dd, J = 6.0, 

4.7 Hz, 1H), 4.25 – 4.04 (m, 3H), 3.97 – 3.85 (m, 

2H), 2.84 (t, J = 7.6 Hz, 4H), 2.71 – 2.32 (m, 2H), 

1.98 – 1.78 (m, 5H), 1.72 – 1.45 (m, 8H), 1.41 – 1.14 (m, 4H), 0.84 – 0.72 (m, 12H). 

13C NMR (75 MHz, D2O) δ 175.25, 175.15, 174.43, 173.83, 173.48, 173.36, 172.89, 

172.76, 89.68, 59.79, 59.64, 59.59, 53.49, 53.43, 53.27, 51.58, 51.47, 39.18, 33.92, 

30.45, 30.36, 30.27, 29.93, 26.25, 22.06, 22.02, 21.60, 18.36, 17.79, 17.70, 17.62. 

HRMS (ESI-MS): m/z [M+H+] calculated for C28H52N7O8+: 614.3872, found 614.3871; 
C28H51N7O8 x C4H2F6O4 (841.80). 

 

(4S,7S,10S,13S,16S)-7,13-Bis(4-aminobutyl)-16-formyl-4,10-diisopropyl-
2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
dihydrotrifluoroacetate (2.024) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid 

(91.0 mg, 58%): RP-HPLC: > 99%, (tR = 5.02, k = 

0.67). 1H NMR (400 MHz, D2O) δ 4.95 – 4.91 (m, 

1H), 4.34 – 4.07 (m, 3H), 4.02 – 3.86 (m, 2H), 2.88 

(t, 4H), 2.74 – 2.36 (m, 2H), 2.00 – 1.84 (m, 5H), 1.78 – 1.50 (m, 8H), 1.40 – 1.19 (m, 

4H), 0.87 – 0.77 (m, 12H). 13C NMR (101 MHz, D2O) δ 175.15, 174.47, 173.93, 173.88, 

173.73, 173.70, 173.10, 173.04, 89.70, 59.87, 59.54, 53.71, 53.29, 51.53, 39.23, 

39.19, 34.29, 30.31, 30.21, 29.92, 26.32, 26.20, 22.11, 22.02, 21.60, 18.40, 17.81. 

HRMS (ESI-MS): m/z [M+H+] calculated for C28H52N7O8+: 614.3872, found 614.3877; 
C28H51N7O8 x C4H2F6O4 (841.80). 
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(S)-3-((S)-2-((S)-1-(Acetyl-L-valyl-L-lysyl)pyrrolidine-2-carboxamido)-3-
methylbutanamido)-4-oxobutanoic acid hydrotrifluoroacetate (2.025) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid 

(59.9 mg, 46%): RP-HPLC: > 99%, (tR = 6.26, k = 

1.28). 1H NMR (300 MHz, D2O) δ 4.88 (dd, J = 4.6, 

1.4 Hz, 1H), 4.52 – 4.45 (m, 1H), 4.36 – 4.24 (m, 

1H), 4.17 – 4.06 (m, 1H), 3.93 – 3.83 (m, 2H), 3.78 – 3.66 (m, 1H), 3.55 – 3.44 (m, 

1H), 2.85 (t, J = 7.4 Hz, 2H), 2.71 – 2.32 (m, 2H), 2.27 – 2.07 (m, 1H), 1.98 – 1.49 (m, 

12H), 1.44 – 1.21 (m, 2H), 0.88 – 0.72 (m, 12H). 13C NMR (75 MHz, D2O) δ 175.24, 

175.18, 174.34, 173.98, 173.95, 173.73, 173.15, 173.04, 171.74, 89.68, 60.30, 60.27, 

59.90, 59.85, 59.61, 51.53, 51.44, 51.28, 48.07, 39.21, 33.94, 33.85, 29.93, 29.42, 

26.34, 24.68, 21.87, 21.58, 18.37, 17.77. HRMS (ESI-MS): m/z [M+H+] calculated for 

C27H47N6O8+: 583.3450, found 583.3454; C27H46N6O8 x C2HF3O2 (696.72). 

 

(4S,7S,10S,13S,16S)-7-(4-Aminobutyl)-16-formyl-4-(4-hydroxybenzyl)-10,13-
diisopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
hydrotrifluoroacetate (2.026) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(58.8 mg, 41%): RP-HPLC: 98%, (tR = 7.33, k = 

1.44). 1H NMR (300 MHz, D2O) δ 6.99 – 6.90 (m, 

2H), 6.70 – 6.63 (m, 2H), 4.87 (dd, J = 9.1, 4.7 Hz, 

1H), 4.34 (t, J = 9.0 Hz, 1H), 4.19 – 4.04 (m, 2H), 3.97 – 3.84 (m, 2H), 2.90 – 2.30 (m, 

6H), 1.81 (s, 5H), 1.66 – 1.39 (m, 4H), 1.25 – 1.03 (m, 2H), 0.85 – 0.68 (m, 12H). 13C 

NMR (75 MHz, D2O) δ 175.33, 175.15, 173.99, 173.21, 173.08, 173.04, 172.75, 

172.63, 154.44, 130.45, 127.89, 115.47, 89.66, 59.76, 59.53, 55.38, 52.95, 51.50, 

39.17, 36.21, 33.98, 30.66, 30.28, 30.02, 26.27, 21.88, 21.59, 18.37, 17.74. HRMS 

(ESI-MS): m/z [M+H+] calculated for C31H49N6O9+: 649.3556, found 649.3566; 
C31H48N6O9 x C2HF3O2 (762.78). 
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(4S,7S,10S,13S,16S)-10-(4-Aminobutyl)-7-(carboxymethyl)-16-formyl-4-(4-
hydroxybenzyl)-13-isopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-
pentaazaoctadecan-18-oic acid hydrotrifluoroacetate (2.027) 

The title compound was synthesized 

according to general procedure A yielding a 

fluffy white solid (17.4 mg, 27%): RP-HPLC: > 

99%, (tR = 6.27, k = 1.09). 1H NMR (400 MHz, 

D2O) δ 7.03 – 6.98 (m, 2H), 6.75 – 6.68 (m, 

2H), 4.91 (dd, J = 6.3, 4.7 Hz, 1H), 4.52 – 4.45 (m, 1H), 4.36 (t, J = 7.5 Hz, 1H), 4.25 

– 4.06 (m, 2H), 3.96 (dd, J = 7.8, 1.6 Hz, 1H), 2.93 – 2.37 (m, 8H), 1.99 – 1.87 (m, 1H), 

1.85 (s, 3H), 1.74 – 1.49 (m, 4H), 1.34 – 1.17 (m, 2H), 0.85 – 0.75 (m, 6H). 13C NMR 

(101 MHz, D2O) δ 175.21, 175.10, 174.21, 173.90, 173.41, 173.36, 173.27, 172.96, 

172.85, 171.67, 171.60, 154.50, 130.48, 127.93, 115.50, 89.70, 59.73, 55.55, 53.63, 

53.56, 51.58, 51.49, 49.91, 39.20, 36.00, 35.07, 33.91, 30.26, 30.11, 26.26, 22.00, 

21.95, 21.67, 18.33, 18.29, 17.72, 17.67. HRMS (ESI-MS): m/z [M+H+] calculated for 

C30H45N6O11+: 665.3141, found 665.3155; C30H44N6O11 x C2HF3O2 (778.70). 

 

(4S,7S,10S,13S,16S)-13-(4-Aminobutyl)-7-(carboxymethyl)-16-formyl-4-(4-
hydroxybenzyl)-10-isopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-
pentaazaoctadecan-18-oic acid hydrotrifluoroacetate (2.028) 

The title compound was synthesized according 

to general procedure B yielding a fluffy white 

solid (38.6 mg, 26%): RP-HPLC: > 99%, (tR = 

6.28, k = 1.09). 1H NMR (400 MHz, D2O) δ 7.04 

– 6.99 (m, 2H), 6.75 – 6.70 (m, 2H), 4.92 (dd, J 

= 4.6, 1.5 Hz, 1H), 4.52 (t, J = 6.7 Hz, 1H), 4.38 (t, J = 7.6 Hz, 1H), 4.24 – 4.07 (m, 

2H), 3.96 – 3.85 (m, 1H), 2.93 – 2.37 (m, 8H), 2.00 – 1.87 (m, 1H), 1.85 (s, 3H), 1.79 

– 1.46 (m, 4H), 1.42 – 1.18 (m, 2H), 0.83 – 0.74 (m, 6H). 13C NMR (101 MHz, D2O) δ 

175.29, 175.11, 174.18, 174.15, 173.78, 173.39, 173.36, 173.28, 173.20, 171.87, 

171.78, 154.51, 130.49, 127.93, 115.53, 89.71, 59.87, 55.46, 53.56, 51.50, 49.91, 

39.21, 36.07, 35.12, 34.20, 33.90, 29.89, 26.19, 22.00, 21.95, 21.63, 18.40, 17.81. 

HRMS (ESI-MS): m/z [M+H+] calculated for C30H45N6O11+: 615.3141, found 665.3146; 
C30H44N6O11 x C2HF3O2 (778.74). 
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(S)-3-((S)-2-Acetamido-3-(4-hydroxyphenyl)propanamido)-4-((S)-2-(((S)-1-(((S)-1-
carboxy-3-oxopropan-2-yl)amino)-3-methyl-1-oxobutan-2-
yl)carbamoyl)pyrrolidin-1-yl)-4-oxobutanoic acid (2.029) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid 

(55.3 mg, 47%): RP-HPLC: 99%, (tR = 7.69, k = 

1.80). 1H NMR (300 MHz, D2O) δ 7.00 – 6.89 (m, 

2H), 6.72 – 6.59 (m, 2H), 4.86 (dd, J = 4.6, 2.1 Hz, 

1H), 4.73 (t, J = 7.0 Hz, 1H), 4.32 (t, J = 7.9 Hz, 1H), 4.20 – 4.00 (m, 2H), 3.86 (d, J = 

7.7 Hz, 1H), 3.54 – 3.09 (m, 2H), 2.85 – 2.29 (m, 6H), 2.11 – 1.90 (m, 1H), 1.96 – 1.66 

(m, 7H), 0.87 – 0.69 (m, 6H). 13C NMR (75 MHz, D2O) δ 175.24, 175.12, 174.00, 

173.84, 173.06, 172.98, 172.53, 169.59, 169.49, 154.44, 130.49, 127.79, 115.37, 

89.68, 60.50, 60.43, 59.83, 59.77, 55.20, 51.48, 51.43, 47.74, 47.61, 36.16, 35.45, 

33.90, 29.87, 29.30, 24.36, 21.57, 17.73, 17.69. HRMS (ESI-MS): m/z [M+H+] 

calculated for C29H40N5O11+: 634.2719, found 634.2727; C29H39N5O11 (633.66). 

 

(4S,7S,10S,13S,16S)-10-(4-Aminobutyl)-7-(carboxymethyl)-16-formyl-4,13-
bis((R)-1-hydroxyethyl)-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-
oic acid hydrotrifluoroacetate (2.030) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(21.0 mg, 16%): RP-HPLC: > 99%, (tR = 3.11, k = 

0.04). 1H NMR (300 MHz, D2O) δ 4.93 – 4.88 (m, 

1H), 4.60 – 4.52 (m, 1H), 4.25 – 3.98 (m, 6H), 2.90 

– 2.59 (m, 5H), 2.48 – 2.35 (m, 1H), 1.95 (d, J = 4.1 Hz, 3H), 1.74 – 1.49 (m, 4H), 1.31 

– 1.21 (m, 2H), 1.12 – 0.99 (m, 6H). HRMS (ESI-MS): m/z [M+H+] calculated for 

C24H41N6O12+: 605.2777, found 605.2783; C24H40N6O12 x C2HF3O2 (718.64). 
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(4S,7S,10S,13S,16S)-10-(4-Aminobutyl)-13-((S)-sec-butyl)-7-(carboxymethyl)-16-
formyl-4-isopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic 
acid hydrotrifluoroacetate (2.031) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(95.0 mg, 69%): RP-HPLC: 98%, (tR = 7.06, k = 

1.35). 1H NMR (400 MHz, D2O) δ 4.94 – 4.89 (m, 

1H), 4.63 – 4.55 (m, 1H), 4.27 – 4.09 (m, 2H), 4.06 

– 3.96 (m, 1H), 3.93 (d, J = 6.9 Hz, 1H), 2.94 – 2.38 (m, 6H), 2.01 – 1.86 (m, 4H), 1.81 

– 1.66 (m, 2H), 1.66 – 1.61 (m, 1H), 1.60 – 1.51 (m, 2H), 1.42 – 0.99 (m, 4H), 0.91 – 

0.65 (m, 12H). 13C NMR (101 MHz, D2O) δ 175.17, 175.08, 174.63, 173.90, 173.71, 

173.53, 173.21, 172.96, 171.99, 89.69, 59.98, 58.52, 53.55, 51.51, 50.10, 39.20, 

35.97, 35.12, 33.89, 30.33, 29.82, 26.23, 24.49, 21.95, 21.70, 18.31, 17.63, 14.71, 

10.01. HRMS (ESI-MS): m/z [M+H+] calculated for C27H47N6O10+: 615.3348, found 

615.3353; C27H46N6O10 x C2HF3O2 (728.72). 

 

(4S,7S,10S,13S,16S)-10-(4-Aminobutyl)-13-benzyl-7-(carboxymethyl)-16-formyl-
4-isopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
hydrotrifluoroacetate (2.032) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(90.5 mg, 60%): RP-HPLC: > 99%, (tR = 7.72, k = 

1.57). 1H NMR (400 MHz, D2O) δ 7.28 – 7.11 (m, 

5H), 4.89 – 4.80 (m, 1H), 4.59 – 4.42 (m, 2H), 4.14 

– 4.02 (m, 2H), 3.90 (dd, J = 7.0, 1.8 Hz, 1H), 3.11 – 2.37 (m, 8H), 1.99 – 1.86 (m, 4H), 

1.62 – 1.40 (m, 4H), 1.20 – 1.02 (m, 2H), 0.81 (t, J = 1.1 Hz, 6H). 13C NMR (101 MHz, 

D2O) δ 175.02, 174.58, 174.02, 173.69, 173.28, 173.12, 172.56, 172.48, 172.21, 

129.24, 128.80, 128.74, 127.13, 89.65, 59.96, 54.85, 53.80, 51.46, 49.99, 39.13, 

36.80, 35.05, 33.85, 30.11, 29.83, 26.17, 21.81, 21.72, 21.67, 18.28, 17.63. HRMS 

(ESI-MS): m/z [M+H+] calculated for C30H45N6O10+: 649.3192, found 649.3197; 
C30H44N6O10 x C2HF3O2 (762.70). 
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(S)-3-((S)-2-Acetamido-3-methylbutanamido)-4-(((S)-6-amino-1-((S)-2-(((S)-1-
carboxy-3-oxopropan-2-yl)carbamoyl)pyrrolidin-1-yl)-1-oxohexan-2-yl)amino)-4-
oxobutanoic acid hydrotrifluoroacetate (2.033) 

The title compound was synthesized according to general 

procedure A yielding a fluffy white solid (25.4 mg, 19%): 

RP-HPLC: > 99%, (tR = 4.91, k = 0.64). 1H NMR (400 

MHz, D2O) δ 4.97 – 4.88 (m, 1H), 4.60 (dd, J = 8.0, 5.8 

Hz, 1H), 4.53 – 4.45 (m, 1H), 4.37 – 4.24 (m, 1H), 4.24 – 

4.06 (m, 1H), 3.94 (d, J = 7.0 Hz, 1H), 3.75 – 3.45 (m, 2H), 2.94 – 2.35 (m, 6H), 2.21 

– 2.07 (m, 1H), 1.98 – 1.89 (m, 5H), 1.89 – 1.26 (m, 8H), 0.82 (dd, J = 6.8, 1.9 Hz, 6H). 

13C NMR (101 MHz, D2O) δ 175.31, 175.23, 174.52, 173.91, 173.84, 173.65, 171.71, 

171.63, 171.57, 89.69, 60.75, 60.70, 60.53, 59.82, 51.50, 51.45, 49.99, 47.93, 39.21, 

35.18, 34.10, 29.87, 29.66, 29.48, 26.38, 24.67, 24.53, 21.75, 21.67, 18.30, 17.57. 

HRMS (ESI-MS): m/z [M+H+] calculated for C26H43N6O10+: 599.3035, found 599.3047; 
C26H42N6O10 x C2HF3O2 (712.67). 

 
(S)-3-((S)-2-Acetamido-3-methylbutanamido)-4-((S)-2-((S)-2-(((S)-1-carboxy-3-
oxopropan-2-yl)carbamoyl)pyrrolidine-1-carbonyl)pyrrolidin-1-yl)-4-
oxobutanoic acid (2.034) 

The title compound was synthesized according to general 

procedure A yielding a fluffy white solid (28.1 mg, 26%): 

RP-HPLC: > 99%, (tR = 6.30, k = 1.10). 1H NMR (400 MHz, 

D2O) δ 4.96 – 4.91 (m, 1H), 4.91 – 4.84 (m, 1H), 4.61 – 

4.53 (m, 1H), 4.34 – 3.98 (m, 2H), 3.94 (d, J = 7.3 Hz, 1H), 

3.80 – 3.21 (m, 4H), 2.94 – 2.37 (m, 4H), 2.28 – 2.07 (m, 

2H), 2.04 – 1.69 (m, 10H), 0.86 – 0.76 (m, 6H). 13C NMR (101 MHz, D2O) δ 175.33, 

175.27, 174.33, 173.91, 173.79, 173.41, 172.19, 171.93, 169.55, 89.66, 60.65, 60.55, 

59.56, 58.95, 51.48, 51.41, 48.38, 47.94, 47.74, 35.09, 34.06, 29.99, 29.30, 28.25, 

24.61, 24.51, 21.62, 18.33, 17.53. HRMS (ESI-MS): m/z [M+H+] calculated for 

C25H37N5O10+: 568.2613, found 568.2624; C25H37N5O10 (567.60). 
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(S)-3-((S)-2-Acetamido-3-methylbutanamido)-4-((S)-2-(((S)-6-amino-1-(((S)-1-
carboxy-3-oxopropan-2-yl)amino)-1-oxohexan-2-yl)carbamoyl)pyrrolidin-1-yl)-4-
oxobutanoic acid hydrotrifluoroacetate (2.035) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid 

(66.3 mg, 50%): RP-HPLC: 99%, (tR = 5.43, k = 

0.97). 1H NMR (300 MHz, D2O) δ 4.91 – 4.87 (m, 

1H), 4.87 – 4.79 (m, 1H), 4.30 – 4.20 (m, 1H), 4.16 

– 4.03 (m, 2H), 3.90 (d, J = 7.3 Hz, 1H), 3.78 – 3.47 (m, 2H), 2.91 – 2.32 (m, 6H), 2.21 

– 2.05 (m, 1H), 1.97 – 1.73 (m, 7H), 1.73 – 1.46 (m, 4H), 1.39 – 1.19 (m, 2H), 0.84 – 

0.71 (m, 6H). 13C NMR (75 MHz, D2O) δ 175.24, 175.11, 174.38, 174.21, 174.02, 

173.96, 173.56, 173.49, 173.43, 170.43, 89.69, 60.72, 60.61, 59.58, 53.72, 53.68, 

51.48, 51.44, 48.32, 48.27, 48.09, 39.20, 35.28, 34.13, 30.17, 29.94, 29.44, 26.14, 

24.54, 22.08, 21.59, 18.31, 17.58. HRMS (ESI-MS): m/z [M+H+] calculated for 

C26H43N6O10+: 655.3661, found 655.3668; C26H42N6O10 x C2HF3O2 (768.75). 

 

(4S,7S,10S,13S,16S)-7-(Carboxymethyl)-16-formyl-4-(4-hydroxybenzyl)-10,13-
diisopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
(2.036) (Synthesized by Alexander Hubmann) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(32.1 mg, 27%): RP-HPLC: 99%, (tR = 8.88, k = 

1.96). 1H NMR (300 MHz, D2O) δ 7.03 – 6.91 (m, 

2H), 6.74 – 6.60 (m, 2H), 4.87 (dd, J = 6.8, 4.7 Hz, 1H), 4.48 (t, J = 6.7 Hz, 1H), 4.35 

(t, J = 7.5 Hz, 1H), 4.18 – 4.03 (m, 1H), 3.97 – 3.86 (m, 2H), 2.96 – 2.28 (m, 6H), 1.96 

– 1.76 (m, 5H), 0.83 – 0.67 (m, 12H). 13C NMR (75 MHz, D2O) δ 175.33, 175.16, 

174.10, 174.05, 173.39, 173.34, 173.11, 172.88, 172.78, 171.66, 171.59, 154.48, 

130.48, 127.95, 115.51, 89.69, 59.81, 59.69, 55.35, 51.51, 49.94, 36.10, 35.16, 33.94, 

29.97, 21.62, 18.37, 17.88, 17.75. HRMS (ESI-MS): m/z [M+H+] calculated for 

C29H42N5O11+: 636.2875, found 636.2887; C29H41N5O11 (635.67). 
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(4S,7S,10S,13S)-4-(Carboxymethyl)-13-formyl-7-(3-guanidinopropyl)-10-methyl-
2,5,8,11-tetraoxo-3,6,9,12-tetraazapentadecan-15-oic acid hydrotrifluoroacetate 
(2.037) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid (17.6 

mg, 15%): RP-HPLC: > 99%, (tR = 3.66, k = 0.22). 1H 

NMR (400 MHz, D2O) δ 4.93 (t, J = 3.8 Hz, 1H), 4.56 (d, 

J = 6.7 Hz, 1H), 4.28 – 4.07 (m, 3H), 3.10 (t, J = 6.9 Hz, 

2H), 2.87 – 2.37 (m, 4H), 1.92 (s, 3H), 1.84 – 1.44 (m, 4H), 1.30 – 1.20 (m, 3H). 13C 

NMR (101 MHz, D2O) δ 175.30, 175.23, 174.66, 174.51, 174.25, 174.16, 173.03, 

172.98, 172.90, 172.80, 156.79, 89.72, 53.35, 53.20, 51.49, 50.24, 49.89, 49.83, 

40.51, 35.38, 34.12, 34.07, 28.08, 27.98, 24.31, 21.72, 16.81, 16.64. HRMS (ESI-MS): 

m/z [M+H+] calculated for C19H32N7O9+: 502.2257, found 502.2256; C19H31N7O9 x 

C2HF3O2 (615.52). 

 

(S)-3-{(S)-2-[(S)-2-Acetamido-5-guanidinopentanamido]propanamido}-4-
oxobutanoic acid hydrotrifluoroacetate (2.038) 

The title compound was synthesized according to general 

procedure B yielding a fluffy white solid (9.6 mg, 10%): RP-

HPLC: > 99%, (tR = 3.74, k = 0.25). 1H NMR (400 MHz, D2O) 

δ 4.94 (dd, J = 4.5, 3.0 Hz, 1H), 4.28 – 4.05 (m, 3H), 3.10 (t, 

J = 6.8 Hz, 2H), 2.72 – 2.36 (m, 2H), 1.94 – 1.88 (m, 3H), 1.78 – 1.46 (m, 4H), 1.35 – 

1.19 (m, 3H). 13C NMR (101 MHz, D2O) δ 175.34, 175.30, 174.66, 174.50, 174.42, 

174.36, 173.56, 156.80, 89.72, 53.44, 53.33, 51.51, 49.77, 49.68, 40.57, 34.18, 28.22, 

24.27, 21.65, 16.83, 16.67. HRMS (ESI-MS): m/z [M+H+] calculated for C15H27N6O6+: 

387.1987, found 387.1985; C15H26N6O6 x C2HF3O2 (500.43). 
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(4S,7S,10S,13S)-4-(Carboxymethyl)-13-formyl-10-(3-guanidinopropyl)-7-[(R)-1-
hydroxyethyl]-2,5,8,11-tetraoxo-3,6,9,12-tetraazapentadecan-15-oic acid 
hydrotrifluoroacetate (2.039) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid (26.2 

mg, 22%): RP-HPLC: > 99%, (tR = 3.75, k = 0.25). 1H 

NMR (400 MHz, D2O) δ 4.92 (dd, J = 4.6, 2.3 Hz, 1H), 

4.35 – 4.04 (m, 4H), 3.15 – 3.04 (m, 2H), 2.89 – 2.37 

(m, 4H), 1.94 (s, 3H), 1.84 – 1.39 (m, 4H), 1.14 – 1.05 (m, 3H). 13C NMR (101 MHz, 

D2O) δ 175.24, 175.17, 174.40, 174.24, 173.21, 173.13, 173.05, 171.66, 171.57, 

156.77, 89.71, 89.66, 66.89, 59.23, 59.13, 53.54, 53.48, 51.54, 51.51, 50.24, 40.50, 

35.41, 34.21, 33.99, 28.33, 28.12, 24.35, 24.31, 21.76, 18.78. HRMS (ESI-MS): m/z 

[M+H+] calculated for C20H34N7O10+: 532.2362, found 532.2366; C20H33N7O10 x 

C2HF3O2 (645.55). 

 

(S)-3-{(S)-2-[(2S,3R)-2-Acetamido-3-hydroxybutanamido]-5-
guanidinopentanamido}-4-oxobutanoic acid hydrotrifluoroacetate (2.040) 

The title compound was synthesized according to general 

procedure B yielding a fluffy white solid (16.0 mg, 16%): RP-

HPLC: > 99%, (tR = 3.36, k = 0.22). 1H NMR (400 MHz, D2O) 

δ 4.98 – 4.90 (m, 1H), 4.32 – 4.21 (m, 1H), 4.19 – 4.00 (m, 

2H), 3.17 – 3.02 (m, 2H), 2.73 – 2.34 (m, 2H), 2.05 – 1.88 

(m, 3H), 1.83 – 1.43 (m, 4H), 1.32 – 1.04 (m, 3H). HRMS (ESI-MS): m/z [M+H+] 

calculated for C16H29N6O7+: 417.2092, found 417.2093; C16H28N6O7 x C2HF3O2 

(530.46). 

 

(4S,7S,10S,13S)-4-(Carboxymethyl)-13-formyl-7-(3-guanidinopropyl)-10-[(R)-1-
hydroxyethyl]-2,5,8,11-tetraoxo-3,6,9,12-tetraazapentadecan-15-oic acid 
hydrotrifluoroacetate (2.041) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid 

(17.4 mg, 14%): RP-HPLC: 97%, (tR = 3.62, k = 0.21). 

1H NMR (300 MHz, D2O) δ 4.90 (dd, J = 4.6, 1.6 Hz, 

1H), 4.53 (t, J = 6.2 Hz, 1H), 4.36 – 3.93 (m, 4H), 3.06 
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(t, J = 6.9 Hz, 2H), 2.84 – 2.35 (m, 4H), 1.87 (s, 3H), 1.82 – 1.38 (m, 5H), 1.11 – 0.97 

(m, 3H). HRMS (ESI-MS): m/z [M+H+] calculated for C20H34N7O10+: 532.2362, found 

532.2364; C20H33N7O10 x C2HF3O2 (645.55). 

 

(S)-3-{(2S,3R)-2-[(S)-2-Acetamido-5-guanidinopentanamido]-3-
hydroxybutanamido}-4-oxobutanoic acid hydrotrifluoroacetate 
(2.042)  

The title compound was synthesized according to general 

procedure B yielding a fluffy white solid (5.3 mg, 5%): RP-

HPLC: > 99%, (tR = 3.60, k = 0.20). 1H NMR (400 MHz, D2O) 

δ 4.97 – 4.91 (m, 1H), 4.30 – 4.01 (m, 4H), 3.11 (t, J = 6.8 Hz, 

2H), 2.73 – 2.39 (m, 2H), 1.93 (s, 3H), 1.77 – 1.61 (m, 2H), 

1.60 – 1.48 (m, 2H), 1.16 – 1.01 (m, 3H). HRMS (ESI-MS): m/z [M+H+] calculated for 

C16H29N6O7+: 417.2092, found 417.2096; C16H28N6O7 x C2HF3O2 (530.46). 

 

(S)-3-Acetamido-4-{[(S)-1-((S)-2-{[(S)-1-carboxy-3-oxopropan-2-
yl]carbamoyl}pyrrolidin-1-yl)-3-methyl-1-oxobutan-2-yl]amino}-4-oxobutanoic 
acid (2.043) 

The title compound was synthesized according to general 

procedure A yielding a fluffy white solid (41.7 mg, 47%): 

RP-HPLC: 99%, (tR = 6.17, k = 1.06). 1H NMR (400 MHz, 

D2O) δ 5.01 – 4.89 (m, 1H), 4.61 – 4.55 (m, 1H), 4.37 – 

4.31 (m, 1H), 4.30 – 4.19 (m, 1H), 4.18 – 4.04 (m, 1H), 3.83 – 3.29 (m, 2H), 2.87 – 

2.34 (m, 4H), 2.28 – 2.06 (m, 1H), 2.05 – 1.69 (m, 7H), 0.90 – 0.73 (m, 6H). 13C NMR 

(101 MHz, D2O) δ 175.36, 175.24, 174.18, 173.96, 173.79, 172.38, 171.84, 171.77, 

171.69, 89.65, 60.83, 60.80, 57.08, 57.01, 51.55, 51.43, 50.12, 48.34, 35.39, 34.08, 

33.92, 30.08, 30.03, 29.69, 29.52, 24.68, 24.56, 21.69, 18.42, 18.35, 17.30, 17.28. 

HRMS (ESI-MS): m/z [M+H+] calculated for C20H31N4O9+: 471.2086, found 471.2093; 
C20H30N4O9 (470.48). 
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(S)-3-[(S)-1-(Acetyl-L-valyl)pyrrolidine-2-carboxamido]-4-oxobutanoic acid 
(2.044) 

The title compound was synthesized according to general 

procedure A yielding a fluffy white solid (26.2 mg, 39%): RP-

HPLC: > 99%, (tR = 6.66, k = 1.22). 1H NMR (400 MHz, D2O) δ 

4.98 – 4.92 (m, 1H), 4.35 – 4.19 (m, 2H), 4.17 – 4.03 (m, 1H), 3.85 – 3.72 (m, 1H), 

3.64 – 3.34 (m, 1H), 2.71 – 2.34 (m, 2H), 2.24 – 2.08 (m, 1H), 2.04 – 1.68 (m, 7H), 

0.94 – 0.75 (m, 6H). 13C NMR (101 MHz, D2O) δ 175.37, 175.26, 174.21, 173.87, 

172.51, 172.44, 172.36, 89.65, 60.86, 60.82, 57.30, 57.24, 51.56, 51.43, 48.31, 34.10, 

33.92, 29.76, 29.69, 29.65, 29.48, 24.75, 24.61, 21.51, 18.35, 18.28, 17.36. HRMS 

(ESI-MS): m/z [M+H+] calculated for C16H26N3O5+: 356.1816, found 356.1821; 
C16H25N3O5 (355.39). 

 

(4S,7S,10S,13S)-10-(4-Aminobutyl)-13-formyl-4-[(R)-1-hydroxyethyl]-7-
isopropyl-2,5,8,11-tetraoxo-3,6,9,12-tetraazapentadecan-15-oic acid 
hydrotrifluoroacetate (2.045) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid 

(18.8 mg, 25%): RP-HPLC: > 99%, (tR = 3.45, k = 0.15). 

1H NMR (300 MHz, D2O) δ 4.89 (dd, J = 4.6, 2.0 Hz, 

1H), 4.21 – 3.91 (m, 5H), 2.83 (t, J = 7.6 Hz, 2H), 2.72 – 

2.33 (m, 2H), 2.00 – 1.81 (m, 4H), 1.73 – 1.47 (m, 4H), 1.38 – 1.17 (m, 2H), 1.05 (d, J 

= 6.4 Hz, 3H), 0.79 (t, J = 6.5 Hz, 6H). HRMS (ESI-MS): m/z [M+H+] calculated for 

C21H38N5O8+: 488.2715, found 488.2724; C21H37N5O8 x C2HF3O2 (601.58). 

 

(S)-3-{(S)-2-[(S)-2-Acetamido-3-methylbutanamido]-6-aminohexanamido}-4-
oxobutanoic acid hydrotrifluoroacetate (2.046) 

The title compound was synthesized according to general 

procedure B yielding a fluffy white solid (20.0 mg, 32%): RP-

HPLC: > 99%, (tR = 3.50, k = 0.17).1H NMR (300 MHz, D2O) 

δ 4.88 (dd, J = 4.6, 2.3 Hz, 1H), 4.25 – 3.82 (m, 3H), 2.83 (t, 

J = 7.6 Hz, 2H), 2.70 – 2.30 (m, 2H), 1.96 – 1.80 (m, 4H), 1.75 

– 1.46 (m, 4H), 1.39 – 1.15 (m, 2H), 0.80 (t, J = 5.5 Hz, 6H). 13C NMR (75 MHz, D2O) 

δ 206.60, 175.42, 174.44, 173.77, 173.27, 173.16, 89.66, 59.77, 53.50, 51.51, 39.17, 
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34.28, 30.51, 29.91, 26.19, 21.96, 21.56, 18.33, 17.75. HRMS (ESI-MS): m/z [M+H+] 

calculated for C17H31N4O6+: 387.2238, found 387.2243; C17H30N4O6 x C2HF3O2 

(500.47). 

 
(4S,7S,10S,13S)-4-(Carboxymethyl)-13-formyl-7-isopropyl-10-methyl-2,5,8,11-
tetraoxo-3,6,9,12-tetraazapentadecan-15-oic acid (2.047) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(45.5 mg, 55%): RP-HPLC: > 99%, (tR = 5.36, k = 0.79). 

1H NMR (400 MHz, D2O) δ 4.93 (dd, J = 4.5, 3.0 Hz, 

1H), 4.61 (t, J = 6.8 Hz, 1H), 4.27 – 4.07 (m, 2H), 4.11 – 3.94 (m, 1H), 2.87 – 2.35 (m, 

4H), 2.05 – 1.92 (m, 1H), 1.91 (s, 3H), 1.32 – 1.19 (m, 3H), 0.87 – 0.75 (m, 6H). 13C 

NMR (101 MHz, D2O) δ 175.27, 175.15, 174.97, 174.56, 174.40, 174.18, 174.08, 

172.89, 172.80, 172.70, 89.69, 59.48, 59.30, 51.46, 50.13, 49.79, 35.32, 34.06, 33.89, 

30.23, 30.13, 21.69, 18.42, 18.36, 17.43, 16.82, 16.70. HRMS (ESI-MS): m/z [M+H+] 

calculated for C18H29N4O9+: 445.1929, found 445.1933; C18H28N4O9 (444.44). 

 

(S)-3-{(S)-2-[(S)-2-Acetamido-3-methylbutanamido]propanamido}-4-
oxobutanoic acid (2.048) 

The title compound was synthesized according to general 

procedure A yielding a fluffy white solid (35.8 mg, 58%): RP-

HPLC: > 99%, (tR = 5.37, k = 0.79). 1H NMR (400 MHz, D2O) 

δ 4.93 (dd, J = 4.6, 2.2 Hz, 1H), 4.30 – 4.05 (m, 2H), 4.00 – 3.93 (m, 1H), 2.71 – 2.37 

(m, 2H), 2.02 – 1.88 (m, 4H), 1.33 – 1.21 (m, 3H), 0.83 (dd, J = 6.8, 3.0 Hz, 6H). 13C 

NMR (101 MHz, D2O) δ 175.28, 175.18, 174.59, 174.52, 174.42, 173.65, 173.49, 

89.70, 89.67, 59.67, 59.52, 51.48, 51.45, 49.74, 49.65, 34.09, 33.95, 30.08, 30.02, 

21.66, 18.38, 17.53, 16.85, 16.73. HRMS (ESI-MS): m/z [M+H+] calculated for 

C14H24N3O6+: 330.1660, found 330.1666; C14H23N3O6 (329.35). 
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(4S,7S,13S,16S)-13-(4-Aminobutyl)-4-[(S)-sec-butyl]-16-formyl-7-[(R)-1-
hydroxyethyl]-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
hydrotrifluoroacetate (2.049) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid 

(25.4 mg, 30%): RP-HPLC: 98%, (tR = 5.81, k = 

0.94). 1H NMR (300 MHz, D2O) δ 4.86 (d, J = 4.2 

Hz, 1H), 4.44 – 3.99 (m, 5H), 3.90 – 3.72 (m, 2H), 

2.83 (t, J = 7.4 Hz, 2H), 2.47 – 2.16 (m, 1H), 1.89 (s, 3H), 1.78 – 1.17 (m, 9H), 1.07 (d, 

J = 6.4 Hz, 4H), 0.80 – 0.68 (m, 6H). 13C NMR (75 MHz, D2O) δ 206.60, 174.62, 174.40, 

173.18, 172.39, 172.30, 170.80, 170.34, 90.02, 67.08, 59.17, 58.73, 58.48, 53.58, 

52.39, 42.57, 42.40, 39.19, 36.02, 30.84, 26.25, 24.58, 21.81, 21.66, 18.71, 14.86, 

10.31. HRMS (ESI-MS): m/z [M+H+] calculated for C24H43N6O9+: 559.3086, found 

559.3088; C24H42N6O9 x C2HF3O2 (672.66). 

 

(4S,10S,13S)-10-(4-Aminobutyl)-13-formyl-4-[(R)-1-hydroxyethyl]-2,5,8,11-
tetraoxo-3,6,9,12-tetraazapentadecan-15-oic acid (2.050) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid (27.5 

mg, 39%): RP-HPLC: > 99%, (tR = 3.08, k = 0.12). 1H 

NMR (300 MHz, D2O) δ 4.92 – 4.85 (m, 1H), 4.31 – 4.02 

(m, 4H), 3.89 – 3.72 (m, 2H), 2.83 (t, J = 7.5 Hz, 2H), 

2.73 – 2.29 (m, 2H), 1.95 (s, 3H), 1.73 – 1.47 (m, 4H), 1.32 – 1.04 (m, 5H). HRMS 

(ESI-MS): m/z [M+H+] calculated for C18H32N5O8+: 446.2245, found 446.2251; 
C18H31N5O8 x C2HF3O2 (559.50). 

 

(S)-3-{(S)-2-[2-Acetamidoacetamido]-6-aminohexanamido}-4-oxobutanoic acid 
hydrotrifluoroacetate (2.051) 

The title compound was synthesized according to general 

procedure B yielding a fluffy white solid (35.1 mg, 41%): RP-

HPLC: > 99%, (tR = 2.58, k = -0.14). 1H NMR (400 MHz, D2O) 

δ 4.92 (t, J = 4.6 Hz, 1H), 4.35 – 4.01 (m, 2H), 3.89 – 3.71 

(m, 2H), 2.91 – 2.81 (m, 2H), 2.74 – 2.56 (m, 1H), 2.54 – 2.30 

(m, 1H), 1.93 (s, 3H), 1.88 – 1.47 (m, 4H), 1.44 – 1.17 (m, 2H). 13C NMR (101 MHz, 
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D2O) δ 175.51, 175.25, 175.23, 175.01, 174.92, 173.60, 171.68, 89.67, 53.61, 53.57, 

52.33, 51.57, 51.52, 42.55, 42.46, 39.22, 34.22, 33.99, 29.97, 26.22, 26.13, 22.02, 

21.69. HRMS (ESI-MS): m/z [M+H+] calculated for C14H25N4O6+: 345.1769, found 

345.1769; C14H24N4O6 x C2HF3O2 (458.39). 

 

(4S,7S,10S,13S,16S)-13-(4-Aminobutyl)-4-[(S)-sec-butyl]-16-formyl-7-[(R)-1-
hydroxyethyl]-10-methyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-
18-oic acid hydrotrifluoroacetate (2.052) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid 

(26.9 mg, 31%): RP-HPLC: 96%, (tR = 5.98, k = 

0.99). 1H NMR (300 MHz, D2O) δ 4.90 – 4.81 (m, 

1H), 4.32 – 3.83 (m, 6H), 2.84 (t, J = 7.4 Hz, 2H), 

2.73 – 1.98 (m, 2H), 1.88 (s, 3H), 1.75 – 1.45 (m, 5H), 1.37 – 1.21 (m, 5H), 1.05 (d, J 

= 6.4 Hz, 4H), 0.80 – 0.66 (m, 6H). 13C NMR (75 MHz, D2O) δ 206.60, 178.81, 174.71, 

174.51, 174.37, 174.31, 173.24, 173.13, 171.48, 171.29, 90.08, 67.26, 67.11, 58.83, 

58.72, 53.84, 53.70, 52.48, 49.76, 49.57, 39.18, 36.08, 30.75, 30.49, 26.27, 24.62, 

21.83, 21.64, 18.81, 16.56, 14.84, 10.27. HRMS (ESI-MS): m/z [M+H+] calculated for 

C25H45N6O9+: 573.3243, found 573.3246; C25H44N6O9 x C2HF3O2 (686.68). 

 

(4S,7S,10S,13S)-10-(4-Aminobutyl)-13-formyl-4-[(R)-1-hydroxyethyl]-7-methyl-
2,5,8,11-tetraoxo-3,6,9,12-tetraazapentadecan-15-oic acid hydrotrifluoroacetate 
(2.053) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid (17.6 

mg, 24%): RP-HPLC: > 99%, (tR = 3.09, k = 0.11). 1H 

NMR (300 MHz, D2O) δ 4.88 (dd, J = 4.6, 1.9 Hz, 1H), 

4.33 – 3.94 (m, 5H), 2.83 (t, J = 7.5 Hz, 2H), 2.73 – 2.25 

(m, 2H), 2.01 – 1.88 (m, 3H), 1.75 – 1.45 (m, 4H), 1.36 – 1.03 (m, 8H). HRMS (ESI-

MS): m/z [M+H+] calculated for C19H34N5O8+: 460.2402, found 460.2408; C19H33N5O8 

x C2HF3O2 (573.52). 
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(S)-3-{(S)-2-[(S)-2-Acetamidopropanamido]-6-aminohexanamido}-4-oxobutanoic 
acid hydrotrifluoroacetate (2.054) 

The title compound was synthesized according to general 

procedure B yielding a fluffy white solid (46.2 mg, 52%): RP-

HPLC: > 99%, (tR = 3.25, k = 0.19). 1H NMR (400 MHz, D2O) 

δ 4.92 (dd, J = 4.6, 2.5 Hz, 1H), 4.33 – 4.02 (m, 3H), 2.87 (t, 

J = 6.0 Hz, 2H), 2.73 – 2.58 (m, 1H), 2.51 – 2.33 (m, 1H), 1.89 

(s, 3H), 1.86 – 1.48 (m, 4H), 1.43 – 1.18 (m, 5H). 13C NMR (101 MHz, D2O) δ 175.51, 

175.44, 175.36, 175.25, 175.16, 174.22, 174.09, 173.52, 173.45, 89.65, 53.50, 52.27, 

51.49, 49.79, 49.72, 39.23, 34.14, 33.95, 29.95, 26.20, 26.11, 22.01, 21.54, 16.45. 

HRMS (ESI-MS): m/z [M+H+] calculated for C15H27N4O6+: 359.1925, found 359.1929; 
C15H26N4O6 x C2HF3O2 (472.42). 

 
(4S,7S,10S,13S,16S)-13-(4-Aminobutyl)-16-formyl-7-[(R)-1-hydroxyethyl]-10-
isopropyl-4-methyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic 
acid hydrotrifluoroacetate (2.055) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(35.8 mg, 28%): RP-HPLC: > 99%, (tR = 3.98, k = 

0.33). 1H NMR (400 MHz, D2O) δ 4.93 (dd, J = 4.6, 

2.3 Hz, 1H), 4.33 – 3.90 (m, 6H), 2.87 (t, J = 7.6 

Hz, 2H), 2.75 – 2.35 (m, 2H), 2.01 – 1.86 (m, 4H), 1.79 – 1.46 (m, 4H), 1.33 – 1.18 (m, 

5H), 1.08 (d, J = 6.4 Hz, 3H), 0.82 (t, J = 6.3 Hz, 6H). 13C NMR (101 MHz, D2O) δ 

175.73, 175.27, 175.08, 174.28, 173.73, 173.23, 173.13, 173.02, 171.87, 171.81, 

89.70, 67.11, 59.63, 59.49, 58.98, 53.63, 53.54, 51.51, 49.92, 49.89, 39.20, 34.19, 

33.89, 30.63, 30.57, 30.17, 30.11, 26.24, 22.00, 21.96, 21.61, 18.86, 18.41, 18.36, 

17.85, 17.81, 16.55. HRMS (ESI-MS): m/z [M+H+] calculated for C24H43N6O9+: 

559.3086, found 559.3093; C24H42N6O9 x C2HF3O2 (672.66). 
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(4S,7S,10S,13S,16S)-4-[(S)-sec-Butyl]-16-formyl-7-[(R)-1-hydroxyethyl]-13-
(hydroxymethyl)-10-isopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-
pentaazaoctadecan-18-oic acid (2.056) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(36.7 mg, 36%): RP-HPLC: 99%, (tR = 8.30, k = 

1.77). 1H NMR (400 MHz, D2O) δ 4.95 (d, J = 4.4 Hz, 1H), 4.41 – 4.23 (m, 2H), 4.22 – 

3.98 (m, 4H), 3.81 – 3.62 (m, 2H), 2.73 – 2.35 (m, 2H), 2.07 – 1.85 (m, 4H), 1.81 – 

1.67 (m, 2H), 1.47 – 1.27 (m, 1H), 1.19 – 0.99 (m, 4H), 0.88 – 0.69 (m, 12H). HRMS 

(ESI-MS): m/z [M+H+] calculated for C24H42N5O10+: 560.2926, found 560.2932; 
C24H41N5O10 (559.62). 

 

(4S,7S,10S,13S,16S)-7-(Carboxymethyl)-16-formyl-13-(hydroxymethyl)-4,10-
diisopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
(2.057) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(45.2 mg, 43%): RP-HPLC: > 99%, (tR = 7.17, k = 

1.39). 1H NMR (400 MHz, D2O) δ 4.94 (d, J = 4.5 Hz, 

1H), 4.65 – 4.64 (m, 1H), 4.39 – 4.28 (m, 1H), 4.19 – 3.89 (m, 3H), 3.87 – 3.64 (m, 

2H), 3.07 – 2.38 (m, 4H), 2.11 – 1.87 (m, 5H), 0.90 – 0.76 (m, 12H). 13C NMR (101 

MHz, D2O) δ 175.25, 175.17, 174.51, 174.18, 173.62, 173.36, 173.32, 172.35, 172.31, 

171.18, 171.10, 89.65, 61.18, 61.09, 59.78, 59.66, 55.81, 55.62, 51.59, 50.08, 35.19, 

34.09, 33.95, 29.94, 21.65, 18.45, 18.34, 17.61, 17.44. HRMS (ESI-MS): m/z [M+H+] 

calculated for C23H38N5O11+: 560.2562, found 560.2572; C23H37N5O11 (559.57). 

 

(4S,7S,10S,13S,16S)-13-(4-Aminobutyl)-4-((S)-sec-butyl)-7-(carboxymethyl)-16-
formyl-10-isopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic 
acid hydrotrifluoroacetate (2.058) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid 

(22 mg, 16%): RP-HPLC: 95%, (tR = 7.05, k = 

1.35). 1H NMR (400 MHz, D2O) δ 4.94 – 4.91 (m, 

1H), 4.67 – 4.60 (m, 1H), 4.37 – 4.08 (m, 2H), 4.05 
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– 3.90 (m, 2H), 2.92 – 2.81 (m, 3H), 2.78 – 2.38 (m, 3H), 1.92 (s, 4H), 1.78 – 1.49 (m, 

5H), 1.43 – 1.21 (m, 3H), 1.16 – 1.00 (m, 1H), 0.90 – 0.71 (m, 12H). 13C NMR (101 

MHz, D2O) δ 175.30, 175.12, 174.53, 174.51, 174.17, 174.15, 173.80, 173.69, 173.29, 

173.22, 173.15, 173.13, 172.16, 172.06, 89.70, 59.81, 58.75, 53.59, 51.50, 50.04, 

39.22, 36.10, 35.17, 34.19, 33.90, 30.56, 30.44, 29.93, 26.20, 24.62, 22.01, 21.97, 

21.65, 18.46, 18.41, 17.70, 14.75, 10.34. HRMS (ESI-MS): m/z [M+H+] calculated for 

C27H47N6O10+: 615.3348, found 615.3360; C27H46N6O10 x C2HF3O2 (728.72). 

 

(4S,7S,10S,13S,16S)-10-(4-Aminobutyl)-7-(carboxymethyl)-16-formyl-4,13-
diisopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
hydrotrifluoroacetate (2.059) (Synthesized by Steffen Pockes) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(45.1 mg, 20%): RP-HPLC: 99%, (tR = 6.53, k = 

1.18). 1H NMR (400 MHz, D2O) δ 4.91 (dd, J = 6.0, 

4.7 Hz, 1H), 4.62 – 4.58 (m, 1H), 4.26 – 4.08 (m, 

2H), 3.99 – 3.89 (m, 2H), 2.92 – 2.79 (m, 3H), 2.76 – 2.63 (m, 2H), 2.51 – 2.35 (m, 

1H), 2.00 – 1.86 (m, 5H), 1.77 – 1.49 (m, 4H), 1.39 – 1.16 (m, 2H), 0.80 (dt, J = 9.5, 

5.4 Hz, 12H). 13C NMR (101 MHz, D2O) δ 175.23, 175.13, 174.62, 173.95, 173.72, 

173.59, 173.44, 173.36, 173.30, 172.98, 172.87, 172.02, 171.96, 89.70, 59.95, 59.92, 

59.76, 53.56, 53.50, 51.58, 51.50, 50.07, 39.19, 35.14, 34.08, 33.91, 30.38, 30.15, 

30.10, 29.84, 26.24, 21.93, 21.68, 18.30, 17.61. HRMS (ESI-MS): m/z [M+H+] 

calculated for C26H45N6O10+: 601.3192, found 601.3201; C26H44N6O10 x C2HF3O2 

(714.69). 

 

(4S,7S,10S,13S)-7-(4-Aminobutyl)-4-(carboxymethyl)-13-formyl-10-isopropyl-
2,5,8,11-tetraoxo-3,6,9,12-tetraazapentadecan-15-oic acid hydrotrifluoroacetate 
(2.060) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid 

(47.6 mg, 41%): RP-HPLC: > 99%, (tR = 3.67, k = 0.22). 

1H NMR (400 MHz, D2O) δ 4.91 (dd, J = 6.4, 4.8 Hz, 1H), 

4.55 (t, J = 6.8 Hz, 1H), 4.28 – 4.20 (m, 1H), 4.20 – 4.08 

(m, 1H), 3.95 (d, J = 7.9 Hz, 1H), 2.87 (t, J = 7.6 Hz, 2H), 2.83 – 2.36 (m, 4H), 1.99 – 
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1.84 (m, 4H), 1.78 – 1.47 (m, 4H), 1.39 – 1.19 (m, 2H), 0.88 – 0.72 (m, 6H). 13C NMR 

(101 MHz, D2O) δ 175.25, 175.15, 174.22, 173.98, 173.66, 173.45, 173.38, 172.99, 

172.88, 172.71, 172.68, 172.63, 172.57, 89.81, 89.69, 59.73, 53.50, 53.44, 51.58, 

51.50, 50.21, 39.22, 35.41, 34.08, 33.92, 30.26, 30.15, 30.11, 26.21, 21.98, 21.93, 

21.72, 18.39, 18.33, 18.29, 17.71, 17.65. HRMS (ESI-MS): m/z [M+H+] calculated for 

C21H36N5O9+: 502.2508, found 502.2514; C21H35N5O9 x C2HF3O2 (615.56). 

 

(4S,7S,10S,13S,16S)-13-(4-Aminobutyl)-7-(carboxymethyl)-16-formyl-4,10-
diisopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
hydrotrifluoroacetate (2.061) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(39.9 mg, 30%): RP-HPLC: 98%, (tR = 6.29, k = 

1.10). 1H NMR (400 MHz, D2O) δ 4.94 – 4.90 (m, 

1H), 4.65 – 4.61 (m, 1H), 4.31 – 4.02 (m, 2H), 4.00 

– 3.89 (m, 2H), 2.91 – 2.79 (m, 3H), 2.74 – 2.56 (m, 2H), 2.51 – 2.34 (m, 1H), 2.02 – 

1.88 (m, 5H), 1.77 – 1.49 (m, 4H), 1.39 – 1.22 (m, 2H), 0.87 – 0.76 (m, 12H). 13C NMR 

(101 MHz, D2O) δ 175.31, 175.13, 174.58, 174.19, 173.65, 173.29, 173.22, 173.14, 

173.12, 172.20, 172.11, 89.70, 59.87, 59.65, 53.59, 51.50, 50.06, 39.22, 35.24, 30.45, 

29.90, 26.20, 22.01, 21.65, 18.46, 18.40, 18.33, 17.70, 17.62. HRMS (ESI-MS): m/z 

[M+H+] calculated for C26H45N6O10+: 601.3192, found 601.3198; C26H44N6O10 x 

C2HF3O2 (714.69). 

 

(4S,7S,10S,13S)-10-(4-Aminobutyl)-4-(carboxymethyl)-13-formyl-7-isopropyl-
2,5,8,11-tetraoxo-3,6,9,12-tetraazapentadecan-15-oic acid hydrotrifluoroacetate 
(2.062) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid (42.4 

mg, 37%): RP-HPLC: > 99%, (tR = 3.77, k = 0.26). 1H 

NMR (400 MHz, D2O) δ 4.92 (dd, J = 4.6, 1.5 Hz, 1H), 

4.59 (t, J = 6.4 Hz, 1H), 4.27 – 4.06 (m, 2H), 4.04 – 3.94 

(m, 1H), 2.86 (t, J = 7.6 Hz, 2H), 2.85 – 2.35 (m, 4H), 2.02 – 1.85 (m, 4H), 1.77 – 1.48 

(m, 4H), 1.40 – 1.18 (m, 2H), 0.86 – 0.75 (m, 6H). 13C NMR (101 MHz, D2O) δ 175.24, 

175.07, 174.18, 174.06, 173.77, 173.38, 173.28, 173.18, 173.15, 172.71, 172.63, 
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89.69, 59.65, 59.51, 53.62, 53.56, 51.49, 50.15, 39.22, 35.33, 34.18, 33.88, 30.57, 

30.45, 30.14, 30.07, 26.21, 26.18, 22.00, 21.95, 21.70, 18.43, 18.40, 17.62. HRMS 

(ESI-MS): m/z [M+H+] calculated for C21H36N5O9+: 502.2508, found 502.2513; 
C21H35N5O9 x C2HF3O2 (615.56). 

 

(4S,7S,10S,13S,16S)-10-(3-Aminopropyl)-7-(carboxymethyl)-16-formyl-4,13-
diisopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
hydrotrifluoroacetate (2.063) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(72.5 mg, 55%): RP-HPLC: > 99%, (tR = 5.91, k = 

0.97). 1H NMR (400 MHz, D2O) δ 4.90 (dd, J = 4.7, 

1.9 Hz, 1H), 4.62 – 4.55 (m, 1H), 4.30 – 4.06 (m, 2H), 4.00 – 3.86 (m, 2H), 2.95 – 2.36 

(m, 6H), 1.98 – 1.84 (m, 5H), 1.79 – 1.48 (m, 4H), 0.84 – 0.74 (m, 12H). 13C NMR (101 

MHz, D2O) δ 175.20, 175.13, 174.65, 173.85, 173.76, 173.41, 172.86, 172.69, 171.99, 

89.70, 59.95, 59.78, 53.14, 53.05, 51.58, 51.45, 50.09, 38.86, 35.11, 34.09, 33.88, 

30.08, 29.80, 27.90, 23.11, 21.66, 18.37, 18.28, 17.75, 17.57. HRMS (ESI-MS): m/z 

[M+H+] calculated for C25H43N6O10+: 587.3035, found 587.3042; C25H42N6O10 x 

C2HF3O2 (700.67). 

 

(4S,7S,10S,13S,16S)-10-(2-Aminoethyl)-7-(carboxymethyl)-16-formyl-4,13-
diisopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
hydrotrifluoroacetate (2.064) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(69.7mg, 54%): RP-HPLC: > 99%, (tR = 5.93, k = 

0.98). 1H NMR (400 MHz, D2O) δ 4.91 (d, J = 4.9 

Hz, 1H), 4.58 (t, J = 1.6 Hz, 1H), 4.40 – 4.09 (m, 2H), 3.99 – 3.88 (m, 2H), 2.96 – 2.37 

(m, 6H), 2.12 – 2.01 (m, 1H), 2.00 – 1.87 (m, 6H), 0.86 – 0.75 (m, 12H). 13C NMR (101 

MHz, D2O) δ 175.11, 174.70, 173.83, 173.39, 172.85, 172.27, 172.20, 171.96, 171.69, 

89.70, 59.93, 51.60, 51.49, 51.13, 50.16, 36.18, 35.10, 33.92, 30.01, 29.79, 28.74, 

21.67, 18.37, 18.30, 17.74, 17.54. HRMS (ESI-MS): m/z [M+H+] calculated for 

C24H41N6O10+: 573.2879, found 573.2886; C24H40N6O10 x C2HF3O2 (686.64). 
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(4S,7S,10S,13S,16S)-10-(Aminomethyl)-7-(carboxymethyl)-16-formyl-4,13-
diisopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 

hydrotrifluoroacetate (2.065) 
The title compound was synthesized according to 

general procedure B yielding a fluffy white solid 

(52.3 mg, 41%): RP-HPLC: 95%, (tR = 6.12, k = 

1.04). 1H NMR (400 MHz, D2O) δ 4.93 (d, J = 4.7 

Hz, 1H), 4.65 – 4.55 (m, 2H), 4.23 – 4.10 (m, 1H), 4.04 – 3.90 (m, 2H), 3.44 – 3.14 (m, 

2H), 2.94 – 2.59 (m, 4H), 2.02 – 1.90 (m, 5H), 0.87 – 0.76 (m, 12H). 13C NMR (101 

MHz, D2O) δ 175.21, 174.90, 174.10, 173.95, 172.88, 172.83, 172.49, 169.50, 169.45, 

89.76, 89.68, 60.06, 59.90, 51.64, 51.54, 50.70, 50.38, 39.81, 35.11, 34.12, 33.96, 

29.71, 21.69, 18.37, 18.29, 17.73, 17.55. HRMS (ESI-MS): m/z [M+H+] calculated for 

C23H39N6O10+: 559.2722, found 559.2732; C23H38N6O10 x C2HF3O2 (672.61). 

 

(4S,7S,10S,13S,16S)-7-(Carboxymethyl)-16-formyl-10-(3-guanidinopropyl)-4,13-
diisopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
hydrotrifluoroacetate (2.066) (Synthesized by Steffen Pockes) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(4.0 mg, 2%): RP-HPLC: 96%, (tR = 6.71, k = 

1.90). 1H NMR (400 MHz, CD3OD) δ 4.68 – 4.60 

(m, 1H), 4.58 – 4.51 (m, 1H), 4.42 – 4.34 (m, 1H), 

4.33 – 4.24 (m, 1H), 4.17 – 4.09 (m, 1H), 4.09 – 4.02 (m, 1H), 3.22 – 3.12 (m, 2H), 

2.95 – 2.87 (m, 1H), 2.84 – 2.76 (m, 1H), 2.73 – 2.62 (m, 1H), 2.53 – 2.44 (m, 1H), 

2.23 – 2.02 (m, 2H), 2.01 (d, J = 1.3 Hz, 3H), 1.96 – 1.82 (m, 1H), 1.82 – 1.68 (m, 1H), 

1.62 (p, J = 6.9 Hz, 2H), 1.01 – 0.89 (m, 12H). HRMS (ESI-MS): m/z [M+H+] calculated 

for C26H45N8O10+: 629.3253, found 629.3262; C26H44N8O10 x C2HF3O2 (742.71). 
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(4S,7S,10S,13S,16S)-10-(4-Acetamidobutyl)-7-(carboxymethyl)-16-formyl-4,13-
diisopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
(2.067) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid 

(72.9 mg, 60%): RP-HPLC: 99%, (tR = 7.38, k = 

1.46). 1H NMR (400 MHz, D2O) δ 4.93 – 4.87 (m, 

1H), 4.60 (t, J = 2.0 Hz, 1H), 4.24 – 4.03 (m, 2H), 

3.93 (dd, J = 11.8, 7.4 Hz, 2H), 3.02 (t, J = 6.9 Hz, 

2H), 2.91 – 2.35 (m, 4H), 2.01 – 1.85 (m, 5H), 1.85 (s, 3H), 1.75 – 1.51 (m, 2H), 1.38 

(p, J = 7.3 Hz, 2H), 1.32 – 1.09 (m, 2H), 0.85 – 0.73 (m, 12H). 13C NMR (101 MHz, 

D2O) δ 175.09, 174.56, 173.95, 173.91, 173.80, 173.59, 173.56, 173.36, 172.81, 

172.03, 89.68, 59.90, 59.74, 53.83, 51.50, 50.02, 39.24, 35.10, 33.89, 30.53, 30.06, 

29.91, 27.67, 22.40, 21.83, 21.67, 18.40, 18.31, 17.70, 17.65. HRMS (ESI-MS): m/z 

[M+H+] calculated for C28H47N6O11+: 643.3297, found 643.3312; C28H46N6O11 (642.71). 

 

(4S,7S,10S,13S,16S)-13-(3-Aminopropyl)-7-(carboxymethyl)-16-formyl-4,10-
diisopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
hydrotrifluoroacetate (2.068) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(60.9 mg, 46%): RP-HPLC: > 99%, (tR = 6.19, k = 

1.06). 1H NMR (400 MHz, D2O) δ 4.92 (dd, J = 4.6, 

2.2 Hz, 1H), 4.67 – 4.59 (m, 1H), 4.30 – 4.19 (m, 1H), 4.16 – 4.09 (m, 1H), 4.00 – 3.90 

(m, 2H), 3.02 – 2.80 (m, 3H), 2.76 – 2.53 (m, 2H), 2.47 – 2.37 (m, 1H), 2.03 – 1.87 (m, 

5H), 1.81 – 1.50 (m, 4H), 0.86 – 0.77 (m, 12H). 13C NMR (101 MHz, D2O) δ 175.30, 

175.07, 174.55, 174.19, 173.64, 173.37, 173.15, 172.78, 172.69, 172.21, 172.14, 

89.70, 89.64, 59.85, 59.79, 59.69, 53.20, 51.52, 51.51, 51.50, 50.04, 38.89, 35.20, 

34.23, 33.90, 29.91, 28.16, 28.05, 23.27, 23.20, 21.67, 18.46, 18.41, 18.33, 17.73, 

17.63. HRMS (ESI-MS): m/z [M+H+] calculated for C25H43N6O10+: 587.3035, found 

587.3043; C25H42N6O10 x C2HF3O2 (700.67). 
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(4S,7S,10S,13S,16S)-13-(2-Aminoethyl)-7-(carboxymethyl)-16-formyl-4,10-
diisopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
hydrotrifluoroacetate (2.069) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(10.5 mg, 8%): RP-HPLC: 95%, (tR = 6.20, k = 

1.07). 1H NMR (400 MHz, D2O) δ 4.94 (t, J = 4.6 

Hz, 1H), 4.65 – 4.62 (m, 1H), 4.40 – 4.30 (m, 1H), 4.19 – 4.10 (m, 1H), 4.01 – 3.92 (m, 

2H), 3.00 – 2.80 (m, 3H), 2.76 – 2.55 (m, 2H), 2.49 – 2.39 (m, 1H), 2.12 – 1.89 (m, 

7H), 0.87 – 0.78 (m, 12H). 13C NMR (101 MHz, D2O) δ 175.40, 175.10, 174.59, 174.40, 

173.68, 173.39, 173.35, 172.77, 172.35, 172.30, 171.67, 89.68, 59.87, 59.82, 59.74, 

51.59, 51.54, 51.26, 51.18, 50.07, 36.26, 36.22, 35.34, 34.36, 29.89, 29.03, 28.90, 

21.65, 18.43, 18.39, 18.31, 17.74, 17.61. HRMS (ESI-MS): m/z [M+H+] calculated for 

C24H41N6O10+: 573.2879, found 573.2883; C24H40N6O10 x C2HF3O2 (686.64). 

 

(4S,7S,10S,13S)-10-(2-Aminoethyl)-4-(carboxymethyl)-13-formyl-7-isopropyl-
2,5,8,11-tetraoxo-3,6,9,12-tetraazapentadecan-15-oic acid hydrotrifluoroacetate 
(2.070) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid (76.1 

mg, 69%): RP-HPLC: 99%, (tR = 3.68, k = 0.23). 1H NMR 

(400 MHz, D2O) δ 4.93 (t, J = 4.7 Hz, 1H), 4.59 (t, J = 

6.4 Hz, 1H), 4.39 – 4.30 (m, 1H), 4.17 – 4.09 (m, 1H), 4.04 – 3.94 (m, 1H), 3.00 – 2.86 

(m, 2H), 2.84 – 2.37 (m, 4H), 2.13 – 1.87 (m, 6H), 0.87 – 0.77 (m, 6H). 13C NMR (101 

MHz, D2O) δ 175.26, 174.98, 174.21, 174.12, 173.41, 173.36, 172.81, 172.78, 171.77, 

171.63, 89.66, 89.59, 59.69, 59.62, 51.55, 51.51, 51.24, 51.14, 50.13, 36.24, 35.34, 

34.29, 33.87, 30.00, 29.04, 28.92, 21.69, 18.40, 18.38, 17.69, 17.65. HRMS (ESI-MS): 

m/z [M+H+] calculated for C19H32N5O9+: 474.2195, found 474.2200; C19H31N5O9 x 

C2HF3O2 (587.51). 
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(4S,7S,10S,13S,16S)-13-(Aminomethyl)-7-(carboxymethyl)-16-formyl-4,10-
diisopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
hydrotrifluoroacetate (2.071) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(47.2 mg, 37%): RP-HPLC: > 99%, (tR = 6.16, k = 

1.05). 1H NMR (400 MHz, D2O) δ 4.94 (dd, J = 9.3, 

4.6 Hz, 1H), 4.67 – 4.60 (m, 2H), 4.20 – 4.09 (m, 1H), 4.07 – 3.97 (m, 1H), 3.96 – 3.89 

(m, 1H), 3.44 – 3.30 (m, 1H), 3.26 – 3.12 (m, 1H), 3.04 – 2.36 (m, 4H), 2.09 – 1.86 (m, 

5H), 0.85 – 0.77 (m, 12H). 13C NMR (101 MHz, D2O) δ 175.36, 174.93, 174.62, 174.59, 

174.46, 174.43, 173.73, 173.56, 172.56, 172.51, 169.83, 169.38, 169.37, 89.62, 89.57, 

59.93, 59.70, 59.68, 51.66, 51.53, 50.85, 50.66, 50.09, 40.11, 39.97, 35.26, 34.34, 

33.94, 29.89, 21.66, 18.46, 18.43, 18.31, 17.65, 17.56, 17.54. HRMS (ESI-MS): m/z 

[M+H+] calculated for C23H39N6O10+: 559.2722, found 559.2731; C23H38N6O10 x 

C2HF3O2 (672.61). 

 

(4S,7S,10S,13S,16S)-7-(Carboxymethyl)-16-formyl-13-(3-guanidinopropyl)-4,10-
diisopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
hydrotrifluoroacetate (2.072) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(42.5 mg, 31%): RP-HPLC: > 99%, (tR = 6.58, k = 

1.39). 1H NMR (300 MHz, D2O) δ 4.89 (d, J = 4.6 

Hz, 1H), 4.60 (t, J = 6.9 Hz, 1H), 4.31 – 4.02 (m, 

2H), 3.98 – 3.84 (m, 2H), 3.06 (t, J = 6.5 Hz, 2H), 2.90 – 2.76 (m, 1H), 2.73 – 2.31 (m, 

2H), 2.02 – 1.73 (m, 6H), 1.82 – 1.37 (m, 4H), 0.84 – 0.73 (m, 12H). 13C NMR (75 MHz, 

D2O) δ 175.09, 174.58, 174.54, 174.09, 174.04, 173.67, 173.28, 171.97, 156.73, 

59.83, 59.70, 53.37, 52.24, 51.47, 50.03, 40.46, 40.41, 35.17, 29.88, 27.69, 24.39, 

21.62, 18.34, 18.30, 17.70, 17.60. HRMS (ESI-MS): m/z [M+H+] calculated for 

C26H45N8O10+: 629.3253, found 629.3258; C26H44N8O10 x C2HF3O2 (742.71). 
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(4S,7S,10S,13S,16S)-13-(4-Acetamidobutyl)-7-(carboxymethyl)-16-formyl-4,10-
diisopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
(2.073) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(49.2 mg, 41%): RP-HPLC: > 99%, (tR = 7.36, k = 

1.68). 1H NMR (300 MHz, D2O) δ 4.88 (dd, J = 4.6, 

0.9 Hz, 1H), 4.60 (t, 1H), 4.19 – 4.00 (m, 2H), 3.98 

– 3.86 (m, 2H), 2.99 (t, J = 6.7 Hz, 2H), 2.90 – 2.31 

(m, 4H), 2.01 – 1.84 (m, 5H), 1.81 (s, 3H), 1.68 – 1.49 (m, 2H), 1.41 – 1.10 (m, 4H), 

0.83 – 0.72 (m, 12H). 13C NMR (101 MHz, D2O) δ 175.19, 175.10, 174.53, 174.51, 

174.03, 173.99, 173.62, 173.53, 173.45, 173.11, 173.07, 172.20, 172.08, 89.68, 59.83, 

59.80, 59.62, 53.83, 51.49, 50.05, 39.18, 35.13, 34.04, 33.84, 30.73, 30.61, 29.93, 

27.71, 22.43, 22.37, 21.88, 21.65, 18.45, 18.42, 18.34, 17.62. HRMS (ESI-MS): m/z 

[M+H+] calculated for C28H47N6O11+: 643.3304, found 643.3297; C28H46N6O11 (642.71). 

 

(4S,7S,10S,13S,16S)-10-Benzyl-7-(carboxymethyl)-16-formyl-4,13-diisopropyl-
2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid (2.074) 
(Synthesized by Steffen Pockes) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(36.4 mg, 18%): RP-HPLC: 97%, (tR = 10.89, k = 

2.63). 1H NMR (400 MHz, CD3OD) δ 7.32 – 7.09 

(m, 5H), 4.66 – 4.61 (m, 1H), 4.61 – 4.50 (m, 2H), 4.36 – 4.23 (m, 1H), 4.17 – 4.10 (m, 

1H), 4.10 – 4.02 (m, 1H), 3.18 (dd, J = 14.2, 4.8 Hz, 1H), 3.05 – 2.93 (m, 1H), 2.87 – 

2.76 (m, 1H), 2.73 – 2.59 (m, 2H), 2.56 – 2.40 (m, 1H), 2.13 – 1.91 (m, 5H), 0.99 – 

0.82 (m, 12H). 13C NMR (101 MHz, CD3OD) δ 173.68, 173.57, 172.62, 172.57, 172.43, 

171.63, 171.32, 137.06, 128.89, 128.11, 126.32, 96.79, 59.45, 55.27, 50.55, 50.12, 

47.89, 36.89, 34.90, 33.06, 30.42, 30.17, 21.09, 18.33, 17.38. HRMS (ESI-MS): m/z 

[M+H+] calculated for C29H42N5O10+: 620.2926, found 620.2931; C29H41N5O10 (619.67). 
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(4S,7S,10S,13S,16S)-13-(3-Aminopropyl)-4-[(S)-sec-butyl]-16-formyl-7-[(R)-1-
hydroxyethyl]-10-isopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-
pentaazaoctadecan-18-oic acid hydrotrifluoroacetate (2.075) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(42.2 mg, 48%): RP-HPLC: > 99%, (tR = 7.07, k = 

1.36). 1H NMR (300 MHz, D2O) δ 4.92 – 4.84 (m, 

1H), 4.40 – 3.85 (m, 6H), 2.85 (t, J = 7.2 Hz, 2H), 2.68 – 2.28 (m, 2H), 2.00 – 1.79 (m, 

4H), 1.77 – 1.23 (m, 6H), 1.13 – 0.95 (m, 3H), 0.86 – 0.64 (m, 12H). 13C NMR (75 MHz, 

D2O) δ 206.59, 175.94, 175.48, 174.45, 174.23, 172.96, 172.56, 171.65, 89.67, 67.12, 

59.60, 58.92, 58.69, 53.15, 51.59, 38.85, 36.13, 34.56, 30.07, 28.16, 24.62, 23.20, 

21.63, 18.83, 18.40, 17.86, 14.84, 10.29. HRMS (ESI-MS): m/z [M+H+] calculated for 

C26H47N6O9+: 587.3399, found 587.3410; C26H46N6O9 x C2HF3O2 (700.71). 

 

(4S,7S,10S,13S)-10-(3-Aminopropyl)-13-formyl-4-[(R)-1-hydroxyethyl]-7-
isopropyl-2,5,8,11-tetraoxo-3,6,9,12-tetraazapentadecan-15-oic acid 
hydrotrifluoroacetate (2.076) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid (21.9 

mg, 30%): RP-HPLC: > 99%, (tR = 3.46, k = 0.15). 1H 

NMR (300 MHz, D2O) δ 4.88 (dd, J = 4.6, 3.1 Hz, 1H), 

4.40 – 3.88 (m, 5H), 2.85 (t, J = 6.1 Hz, 2H), 2.69 – 2.32 

(m, 2H), 1.98 – 1.81 (m, 4H), 1.75 – 1.47 (m, 4H), 1.05 (d, J = 6.4 Hz, 3H), 0.78 (t, J = 

6.7 Hz, 6H). HRMS (ESI-MS): m/z [M+H+] calculated for C20H36N5O8+: 474.2558, found 

474.2561; C20H35N5O8 x C2HF3O2 (587.55). 

 

(S)-3-{(S)-2-[(S)-2-Acetamido-3-methylbutanamido]-5-aminopentanamido}-4-
oxobutanoic acid hydrotrifluoroacetate (2.077) 

The title compound was synthesized according to general 

procedure B yielding a fluffy white solid (36.3 mg, 60%): RP-

HPLC: > 99%, (tR = 3.43, k = 0.14). 1H NMR (300 MHz, D2O) 

δ 4.92 – 4.82 (m, 1H), 4.27 – 4.18 (m, 1H), 4.15 – 4.03 (m, 

1H), 3.92 – 3.79 (m, 1H), 2.85 (t, J = 7.0 Hz, 2H), 2.69 – 2.27 (m, 2H), 1.96 – 1.80 (m, 

4H), 1.78 – 1.44 (m, 4H), 0.78 (t, J = 6.8 Hz, 6H). 13C NMR (75 MHz, D2O) δ 206.60, 
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175.17, 174.52, 173.82, 172.65, 89.66, 59.93, 53.05, 51.51, 38.85, 34.32, 29.89, 

28.12, 23.22, 21.55, 18.37, 17.81. HRMS (ESI-MS): m/z [M+H+] calculated for 

C16H29N4O6+: 373.2082, found 373.2084; C16H28N4O6 x C2HF3O2 (486.45). 

 

(4S,7S,10S,13S,16S)-13-(2-Aminoethyl)-4-[(S)-sec-butyl]-16-formyl-7-[(R)-1-
hydroxyethyl]-10-isopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-
pentaazaoctadecan-18-oic acid hydrotrifluoroacetate (2.078) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(41.0 mg, 48 %): RP-HPLC: > 99%, (tR = 7.11, k = 

1.37). 1H NMR (300 MHz, D2O) δ 4.89 (t, J = 4.9 

Hz, 1H), 4.38 – 3.88 (m, 6H), 2.97 – 2.82 (m, 2H), 2.70 – 2.30 (m, 2H), 2.10 – 1.84 (m, 

6H), 1.77 – 1.25 (m, 2H), 1.04 (d, J = 6.4 Hz, 3H), 0.84 – 0.68 (m, 12H). 13C NMR (75 

MHz, D2O) δ 175.69, 175.26, 174.47, 174.26, 173.13, 172.10, 171.69, 171.55, 89.64, 

67.13, 59.61, 58.84, 58.72, 51.57, 51.10, 36.18, 36.12, 34.52, 30.07, 29.04, 24.62, 

21.63, 18.83, 18.37, 17.88, 14.84, 10.30. HRMS (ESI-MS): m/z [M+H+] calculated for 

C25H45N6O9+: 573.3243, found 573.3246; C25H44N6O9 x C2HF3O2 (686.68). 

 

(4S,7S,10S,13S)-10-(2-Aminoethyl)-13-formyl-4-[(R)-1-hydroxyethyl]-7-
isopropyl-2,5,8,11-tetraoxo-3,6,9,12-tetraazapentadecan-15-oic acid 
hydrotrifluoroacetate (2.079) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid (18.2 

mg, 25%): RP-HPLC: > 99%, (tR = 3.44, k = 0.15). 1H 

NMR (300 MHz, D2O) δ 4.89 (t, J = 4.7 Hz, 1H), 4.40 – 

3.90 (m, 5H), 2.99 – 2.80 (m, 2H), 2.70 – 2.30 (m, 2H), 2.06 – 1.84 (m, 6H), 1.05 (d, J 

= 6.4 Hz, 3H), 0.83 – 0.75 (m, 6H). HRMS (ESI-MS): m/z [M+H+] calculated for 

C19H34N5O8+: 460.2402, found 460.2412; C19H33N5O8 x C2HF3O2 (573.52). 
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(S)-3-{(S)-2-[(S)-2-Acetamido-3-methylbutanamido]-4-aminobutanamido}-4-
oxobutanoic acid hydrotrifluoroacetate (2.080) 

The title compound was synthesized according to general 

procedure B yielding a fluffy white solid (8.9 mg, 15%): RP-

HPLC: 96%, (tR = 3.53, k = 0.18). 1H NMR (400 MHz, D2O) δ 

4.95 (d, J = 4.8 Hz, 1H), 4.44 – 4.29 (m, 1H), 4.18 – 4.10 (m, 

1H), 3.92 (d, J = 7.3 Hz, 1H), 3.04 – 2.86 (m, 2H), 2.72 – 2.37 (m, 2H), 2.16 – 2.01 (m, 

1H), 2.02 – 1.86 (m, 5H), 0.89 – 0.75 (m, 6H). 13C NMR (101 MHz, D2O) δ 175.06, 

174.65, 174.20, 174.01, 172.20, 171.66, 89.68, 59.99, 51.54, 51.07, 36.27, 34.37, 

29.86, 28.99, 21.57, 18.37, 17.84. HRMS (ESI-MS): m/z [M+H+] calculated for 

C15H27N4O6+: 359.1925, found 359.1930; C15H26N4O6 x C2HF3O2 (472.42). 

 

(4S,7S,10S,13S,16S)-13-(Aminomethyl)-4-[(S)-sec-butyl]-16-formyl-7-[(R)-1-
hydroxyethyl]-10-isopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-
pentaazaoctadecan-18-oic acid hydrotrifluoroacetate (2.081) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(24.2 mg, 29%): RP-HPLC: > 99%, (tR = 7.01, k = 

1.34). 1H NMR (300 MHz, D2O) δ 4.91 (dd, J = 8.1, 

4.6 Hz, 1H), 4.64 – 4.57 (m, 1H), 4.50 – 3.92 (m, 5H), 3.41 – 3.05 (m, 2H), 2.77 – 2.27 

(m, 2H), 2.02 – 1.85 (m, 4H), 1.76 – 1.23 (m, 2H), 1.05 (d, J = 6.4 Hz, 3H), 0.86 – 0.68 

(m, 12H). 13C NMR (75 MHz, D2O) δ 175.48, 174.95, 174.92, 174.52, 174.36, 173.56, 

173.39, 171.91, 171.87, 169.73, 169.26, 89.56, 67.16, 67.01, 59.53, 58.81, 58.71, 

58.12, 51.64, 51.52, 50.80, 50.57, 40.02, 36.08, 35.93, 34.40, 30.16, 29.89, 24.65, 

24.52, 21.62, 21.51, 18.81, 18.37, 18.35, 17.73, 17.71, 17.69, 14.84, 14.68, 10.29, 

10.12. HRMS (ESI-MS): m/z [M+H+] calculated for C24H43N6O9+: 559.3086, found 

559.3093; C24H42N6O9 x C2HF3O2 (672.66). 
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(4S,7S,10S,13S)-10-(Aminomethyl)-13-formyl-4-[(R)-1-hydroxyethyl]-7-
isopropyl-2,5,8,11-tetraoxo-3,6,9,12-tetraazapentadecan-15-oic acid 
hydrotrifluoroacetate (2.082) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid (14.6 

mg, 21%): RP-HPLC: > 99%, (tR = 3.44, k = 0.15). 1H 

NMR (300 MHz, D2O) δ 4.91 (dd, J = 8.4, 4.6 Hz, 1H), 4.63 – 4.51 (m, 1H), 4.27 – 3.86 

(m, 4H), 3.41 – 3.04 (m, 4H), 2.73 – 2.29 (m, 1H), 2.02 – 1.82 (m, 4H), 1.06 (d, J = 6.4 

Hz, 3H), 0.89 – 0.74 (m, 6H). HRMS (ESI-MS): m/z [M+H+] calculated for C18H32N5O8+: 

446.2245, found 446.2253; C18H31N5O8 x C2HF3O2 (559.50). 

 

(S)-3-{(S)-2-[(S)-2-Acetamido-3-methylbutanamido]-3-aminopropanamido}-4-
oxobutanoic acid hydrotrifluoroacetate (2.083) 

The title compound was synthesized according to general 

procedure B yielding a fluffy white solid (20.2 mg, 35%): RP-

HPLC: > 99%, (tR = 3.45, k = 0.15). 1H NMR (300 MHz, D2O) 

δ 4.94 – 4.86 (m, 1H), 4.64 – 4.54 (m, 1H), 4.20 – 3.82 (m, 2H), 3.40 – 3.06 (m, 2H), 

2.73 – 2.32 (m, 2H), 2.02 – 1.84 (m, 4H), 0.87 – 0.75 (m, 6H). 13C NMR (75 MHz, D2O) 

δ 206.61, 175.36, 174.90, 174.79, 174.22, 169.41, 89.58, 59.88, 51.47, 50.45, 40.02, 

34.31, 29.89, 21.58, 18.31, 17.66. HRMS (ESI-MS): m/z [M+H+] calculated for 

C14H25N4O6+: 345.1769, found 345.1776; C14H24N4O6 x C2HF3O2 (458.39). 

 

(4S,7S,10S,13S,16S)-13-(4-Acetamidobutyl)-4-[(S)-sec-butyl]-16-formyl-7-[(R)-1-
hydroxyethyl]-10-isopropyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-
pentaazaoctadecan-18-oic acid (2.084) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(26.0 mg, 39%): RP-HPLC: > 99%, (tR = 8.20, k = 

1.73). 1H NMR (400 MHz, D2O) δ 4.93 (d, J = 4.7 

Hz, 1H), 4.32 – 4.24 (m, 1H), 4.22 – 3.95 (m, 5H), 

3.08 – 3.00 (m, 2H), 2.73 – 2.36 (m, 3H), 2.04 – 

1.90 (m, 4H), 1.86 (s, 3H), 1.78 – 1.52 (m, 2H), 1.45 – 1.32 (m, 2H), 1.30 – 1.17 (m, 

2H), 1.07 (d, J = 6.5 Hz, 3H), 0.89 – 0.69 (m, 12H). 13C NMR (75 MHz, DMSO-d6) δ 

206.43, 175.40, 175.40, 172.16, 171.93, 171.92, 171.88, 171.04, 169.47, 169.47, 
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102.87, 66.89, 58.57, 58.01, 57.50, 52.83, 38.75, 36.85, 33.48, 29.22, 24.84, 23.30, 

23.05, 22.89, 20.05, 19.54, 18.28, 15.84, 11.44. HRMS (ESI-MS): m/z [M+H+] 

calculated for C29H51N6O10+: 643.3661, found 643.3670; C29H50N6O10 (642.75). 

 

(4S,7S,10S,13S)-10-(4-Acetamidobutyl)-13-formyl-4-[(R)-1-hydroxyethyl]-7-
isopropyl-2,5,8,11-tetraoxo-3,6,9,12-tetraazapentadecan-15-oic acid (2.085) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid (25.8 

mg, 39%): RP-HPLC: > 99%, (tR = 5.74, k = 0.91). 1H 

NMR (300 MHz, D2O) δ 4.88 (d, J = 4.7 Hz, 1H), 4.20 – 

3.87 (m, 5H), 2.99 (t, J = 2.0 Hz, 2H), 2.79 – 2.30 (m, 

2H), 1.95 – 1.85 (m, 4H), 1.81 (s, 3H), 1.69 – 1.48 (m, 

2H), 1.40 – 1.29 (m, 2H), 1.25 – 1.12 (m, 2H), 1.03 (d, J = 6.4 Hz, 3H), 0.78 (dd, J = 

6.8, 4.6 Hz, 6H). 13C NMR (75 MHz, D2O) δ 175.20, 175.11, 174.52, 173.93, 173.41, 

173.29, 173.01, 172.09, 89.66, 67.10, 59.55, 59.42, 56.09, 53.69, 51.48, 39.15, 34.07, 

30.74, 30.11, 27.70, 22.36, 21.86, 21.69, 18.86, 18.39, 17.77. HRMS (ESI-MS): m/z 

[M+H+] calculated for C23H40N4O9+: 530.2821, found 530.2825; C23H39N4O9 (529.59). 

 

(S)-3-{(S)-6-Acetamido-2-[(S)-2-acetamido-3-methylbutanamido]hexanamido}-4-
oxobutanoic acid (2.086) 

The title compound was synthesized according to general 

procedure A yielding a fluffy white solid (32.6 mg, 61%): RP-

HPLC: > 99%, (tR = 5.50, k = 0.83). 1H NMR (300 MHz, D2O) 

δ 4.88 (d, J = 5.0 Hz, 1H), 4.24 – 4.01 (m, 2H), 3.95 – 3.86 

(m, 1H), 3.00 (t, J = 6.7 Hz, 2H), 2.72 – 2.28 (m, 2H), 1.96 – 

1.85 (m, 4H), 1.81 (s, 3H), 1.71 – 1.47 (m, 2H), 1.43 – 1.29 

(m, 2H), 1.27 – 1.10 (m, 2H), 0.79 (dd, J = 6.8, 3.2 Hz, 6H). 13C NMR (75 MHz, D2O) δ 

206.61, 175.14, 175.07, 174.43, 173.93, 173.66, 173.37, 89.66, 59.82, 53.60, 51.47, 

39.14, 34.05, 30.67, 29.96, 27.70, 22.34, 21.84, 21.61, 18.39, 18.32, 17.68, 17.66. 

HRMS (ESI-MS): m/z [M+H+] calculated for C19H31N4O7+: 427.2198, found 427.2202; 
C19H30N4O7 (428.49). 
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(4S,7S,10S,13S,16S)-13-(2-Aminoethyl)-16-formyl-7-[(R)-1-hydroxyethyl]-10-
isopropyl-4-methyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic 
acid hydrotrifluoroacetate (2.087) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(32.5 mg, 27%): RP-HPLC: > 99%, (tR = 3.68, k = 

0.23). 1H NMR (400 MHz, D2O) δ 4.97 – 4.91 (m, 

1H), 4.44 – 4.30 (m, 1H), 4.30 – 4.04 (m, 4H), 4.11 – 3.94 (m, 1H), 3.03 – 2.86 (m, 

2H), 2.75 – 2.36 (m, 2H), 2.22 – 1.84 (m, 6H), 1.32 – 1.23 (m, 3H), 1.09 (d, J = 6.4 Hz, 

3H), 0.89 – 0.78 (m, 6H). 13C NMR (101 MHz, D2O) δ 175.80, 175.34, 175.02, 174.33, 

173.29, 171.97, 171.76, 89.59, 67.13, 59.60, 58.90, 51.58, 51.23, 49.94, 36.18, 33.90, 

30.09, 29.12, 21.61, 18.86, 18.34, 17.86, 16.54. HRMS (ESI-MS): m/z [M+H+] 

calculated for C22H39N6O9+: 531.2773, found 531.2782; C22H38N6O9 x C2HF3O2 

(644.60). 

 

(4S,7S,10S,13S,16S)-7-(Carboxymethyl)-16-formyl-4,10-bis[(R)-1-hydroxyethyl]-
13-methyl-2,5,8,11,14-pentaoxo-3,6,9,12,15-pentaazaoctadecan-18-oic acid 
(2.088) 

The title compound was synthesized according to 

general procedure B yielding a fluffy white solid 

(9.3 mg, 9%): RP-HPLC: > 99%, (tR = 3.75, k = 

0.25). 1H NMR (400 MHz, D2O) δ 4.92 (t, J = 4.7 

Hz, 1H), 4.78 – 4.68 (m, 1H), 4.33 – 3.94 (m, 6H), 3.24 – 2.29 (m, 4H), 2.03 – 1.92 (m, 

3H), 1.40 – 1.00 (m, 9H). 13C NMR (101 MHz, D2O) δ 175.24, 175.21, 174.78, 174.57, 

174.50, 174.24, 172.68, 172.57, 172.16, 171.41, 171.31, 89.71, 67.00, 59.40, 59.25, 

56.19, 51.51, 50.15, 49.91, 35.17, 34.08, 21.75, 18.82, 16.83, 16.65. HRMS (ESI-MS): 

m/z [M+H+] calculated for C21H39N5O12+: 548.2198, found 548.2198; C21H38N5O12 

(547.52). 
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(S)-3-((S)-2-Acetamido-3-methylbutanamido)-4-(((S)-1-((S)-1-(((S)-1-carboxy-3-
oxopropan-2-yl)carbamoyl)-6-methyl-3,4-dihydroisoquinolin-2(1H)-yl)-3-methyl-
1-oxobutan-2-yl)amino)-4-oxobutanoic acid (2.093) 

The title compound was synthesized according to 

general procedure A (using 2.7 eq of amino acid 

2.090) yielding a fluffy white solid (42.9 mg, 35%): 

RP-HPLC: 99%, (tR = 12.07, k = 3.02). 1H NMR (400 

MHz, DMSO-d6) δ 9.58 – 8.91 (m, 1H), 8.61 – 8.40 (m, 1H), 8.20 – 8.06 (m, 1H), 7.99 

– 7.84 (m, 1H), 7.70 – 7.42 (m, 1H), 7.34 – 7.14 (m, 2H), 6.04 – 5.45 (m, 2H), 4.94 – 

4.84 (m, 1H), 4.84 – 4.72 (m, 1H), 4.40 – 4.30 (m, 2H), 4.26 – 4.17 (m, 2H), 3.97 – 

3.84 (m, 1H), 3.26 – 2.75 (m, 5H), 2.71 – 2.51 (m, 1H), 2.49 (d, J = 2.3 Hz, 3H), 2.32 

– 2.20 (m, 1H), 2.20 – 2.11 (m, 1H), 2.09 (s, 3H), 1.17 – 0.99 (m, 12H). HRMS (ESI-

MS): m/z [M+H+] calculated for C31H44N5O10+: 646.3083, found 646.3096; C31H43N5O10 

(645.71). 

 
(S)-3-((S)-2-Acetamido-3-methylbutanamido)-4-(((S)-1-((R)-1-(((S)-1-carboxy-3-
oxopropan-2-yl)carbamoyl)-6-methyl-3,4-dihydroisoquinolin-2(1H)-yl)-3-methyl-
1-oxobutan-2-yl)amino)-4-oxobutanoic acid (2.094) 

The title compound was synthesized according to 

general procedure A (using 150 mg resin and 2.0 eq 

of amino acid 2.089) yielding a fluffy white solid (39.1 

mg, 65%): RP-HPLC: > 99%, (tR = 13.22, k = 3.41). 
1H NMR (400 MHz, DMSO-d6) δ 9.44 – 8.57 (m, 1H), 8.46 – 8.07 (m, 1H), 8.01 – 7.83 

(m, 1H), 7.79 – 7.62 (m, 1H), 7.44 – 7.21 (m, 1H), 7.07 – 6.91 (m, 2H), 6.00 – 5.16 (m, 

2H), 4.68 – 4.44 (m, 2H), 4.29 – 4.09 (m, 1H), 4.10 – 3.93 (m, 2H), 3.69 – 3.61 (m, 

2H), 3.05 – 2.51 (m, 5H), 2.49 – 2.28 (m, 1H), 2.25 (s, 3H), 2.05 – 1.89 (m, 1H), 1.85 

(s, 3H), 0.91 – 0.71 (m, 12H). HRMS (ESI-MS): m/z [M+H+] calculated for 

C31H44N5O10+: 646.3083, found 646.3085; C31H43N5O10 (645.71). 
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(S)-3-((S)-2-Acetamido-3-methylbutanamido)-4-(((S)-1-((S)-6-bromo-1-(((S)-1-
carboxy-3-oxopropan-2-yl)carbamoyl)-3,4-dihydroisoquinolin-2(1H)-yl)-3-
methyl-1-oxobutan-2-yl)amino)-4-oxobutanoic acid (2.095) 

The title compound was synthesized according to 

general procedure A (using 2.7 eq of amino acid 

2.092) yielding a fluffy white solid (44.8 mg, 34%): 

RP-HPLC: > 99%, (tR = 12.98, k = 3.33). 1H NMR 

(400 MHz, DMSO-d6) δ 9.51 – 8.76 (m, 1H), 8.58 – 8.18 (m, 1H), 7.99 – 7.81 (m, 1H), 

7.77 – 7.59 (m, 1H), 7.53 – 7.23 (m, 3H), 6.16 – 5.16 (m, 2H), 4.69 – 4.58 (m, 1H), 

4.58 – 4.41 (m, 1H), 4.42 – 4.21 (m, 2H), 4.15 – 4.05 (m, 1H), 4.05 – 3.91 (m, 1H), 

3.89 – 3.66 (m, 1H), 3.05 – 2.50 (m, 5H), 2.48 – 2.22 (m, 1H), 2.14 – 1.84 (m, 2H), 

1.85 (s, 3H), 1.07 – 0.53 (m, 12H). HRMS (ESI-MS): m/z [M+H+] calculated for 

C30H41BrN5O10+: 710.2031, found 710.2039; C30H40BrN5O10 (710.58). 

 

(S)-3-((S)-2-Acetamido-3-methylbutanamido)-4-(((S)-1-((R)-6-bromo-1-(((S)-1-
carboxy-3-oxopropan-2-yl)carbamoyl)-3,4-dihydroisoquinolin-2(1H)-yl)-3-
methyl-1-oxobutan-2-yl)amino)-4-oxobutanoic acid (2.096) 

The title compound was synthesized according to 

general procedure A (using 150 mg resin and 2.0 eq 

of amino acid 2.092) yielding a fluffy white solid (25.3 

mg, 38%): RP-HPLC: > 99%, (tR = 14.06, k = 3.69). 
1H NMR (400 MHz, DMSO-d6) δ 9.43 – 8.63 (m, 1H), 8.39 – 8.12 (m, 1H), 7.94 – 7.67 

(m, 2H), 7.59 – 7.25 (m, 3H), 6.08 – 5.16 (m, 2H), 4.67 – 4.53 (m, 2H), 4.50 – 4.22 (m, 

1H), 4.20 – 4.12 (m, 1H), 4.11 – 3.94 (m, 2H), 3.85 – 3.75 (m, 1H), 3.09 – 2.51 (m, 

5H), 2.46 – 2.21 (m, 1H), 2.04 – 1.89 (m, 2H), 1.86 (s, 3H), 0.97 – 0.62 (m, 12H). 

HRMS (ESI-MS): m/z [M+H+] calculated for C30H41BrN5O10+: 710.2031, found 

710.2035; C30H40BrN5O10 (710.58). 
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(S)-4-(((S)-1-((S)-1-(((S)-1-Carboxy-3-oxopropan-2-yl)carbamoyl)-6-methyl-3,4-
dihydroisoquinolin-2(1H)-yl)-3-methyl-1-oxobutan-2-yl)amino)-3-((S)-3-methyl-2-
(quinoline-2-carboxamido)butanamido)-4-oxobutanoic acid 
hydrotrifluoroacetate (2.097) 

The title compound was synthesized 

according to general procedure A (using 150 

mg resin and 2.0 eq of amino acid 2.090) 
yielding a fluffy white solid (23.2 mg, 28%): 

RP-HPLC: > 99%, (tR = 17.05, k = 4.68). 1H NMR (400 MHz, DMSO-d6) δ 9.10 – 8.48 

(m, 4H), 8.29 – 8.02 (m, 3H), 7.94 – 7.65 (m, 3H), 7.53 – 6.85 (m, 3H), 5.83 – 5.25 (m, 

2H), 4.71 – 4.59 (m, 2H), 4.49 (t, J = 1.9 Hz, 1H), 4.31 – 4.15 (m, 1H), 4.06 – 3.92 (m, 

2H), 3.78 – 3.59 (m, 1H), 3.05 – 2.51 (m, 5H), 2.46 – 2.28 (m, 1H), 2.24 (s, 3H), 2.18 

– 1.92 (m, 2H), 1.03 – 0.55 (m, 12H). HRMS (ESI-MS): m/z [M+H+] calculated for 

C39H47N6O10+: 759.3348, found 759.3355; C39H46N6O10 x C2HF3O2 (872.85).  

 
(S)-4-(((S)-1-((R)-1-(((S)-1-Carboxy-3-oxopropan-2-yl)carbamoyl)-6-methyl-3,4-
dihydroisoquinolin-2(1H)-yl)-3-methyl-1-oxobutan-2-yl)amino)-3-((S)-3-methyl-2-
(quinoline-2-carboxamido)butanamido)-4-oxobutanoic acid 
hydrotrifluoroacetate (2.098) 

The title compound was synthesized 

according to general procedure A (using 150 

mg resin and 2.0 eq of amino acid 2.089) 
yielding a fluffy white solid (40.7 mg, 50%): 

RP-HPLC: 99%, (tR = 18.05, k = 5.02). 1H NMR (400 MHz, DMSO-d6) δ 9.43 – 8.46 

(m, 4H), 8.26 – 8.03 (m, 3H), 8.00 – 7.81 (m, 2H), 7.73 (t, J = 1.2 Hz, 1H), 7.47 – 7.18 

(m, 1H), 7.16 – 6.88 (m, 2H), 5.97 – 5.17 (m, 2H), 4.75 – 4.60 (m, 2H), 4.58 – 4.49 (m, 

1H), 4.09 – 3.93 (m, 2H), 3.70 – 3.60 (m, 2H), 3.06 – 2.51 (m, 5H), 2.47 – 2.24 (m, 

1H), 2.25 (s, 3H), 2.17 – 1.86 (m, 2H), 1.05 – 0.62 (m, 12H). HRMS (ESI-MS): m/z 

[M+H+] calculated for C39H47N6O10+: 759.3348, found 759.3362; C39H46N6O10 x 

C2HF3O2 x C2HF3O2 (872.85).  
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(S)-4-(((S)-1-((S)-6-Bromo-1-(((S)-1-carboxy-3-oxopropan-2-yl)carbamoyl)-3,4-
dihydroisoquinolin-2(1H)-yl)-3-methyl-1-oxobutan-2-yl)amino)-3-((S)-3-methyl-2-
(quinoline-2-carboxamido)butanamido)-4-oxobutanoic acid 
hydrotrifluoroacetate (2.099) 

The title compound was synthesized 

according to general procedure A (using 150 

mg resin and 2.0 eq of amino acid 2.092) 
yielding a fluffy white solid (37.2 mg, 42%): 

RP-HPLC: > 99%, (tR = 17.75, k = 4.92). 1H NMR (400 MHz, DMSO-d6) δ 9.21 – 8.44 

(m, 4H), 8.25 – 8.02 (m, 3H), 7.95 – 7.64 (m, 3H), 7.56 – 7.21 (m, 3H), 6.12 – 5.20 (m, 

2H), 4.72 – 4.56 (m, 2H), 4.55 – 4.44 (m, 1H), 4.35 – 4.18 (m, 1H), 4.04 – 3.92 (m, 

2H), 3.78 – 3.68 (m, 1H), 3.07 – 2.51 (m, 5H), 2.44 – 2.22 (m, 1H), 2.19 – 1.83 (m, 

2H), 1.13 – 0.51 (m, 12H). HRMS (ESI-MS): m/z [M+H+] calculated for C38H44BrN6O10+: 

823.2297, found 823.2299; C38H43BrN6O10 x C2HF3O2 (937.72). 

 
(S)-4-(((S)-1-((R)-6-Bromo-1-(((S)-1-carboxy-3-oxopropan-2-yl)carbamoyl)-3,4-
dihydroisoquinolin-2(1H)-yl)-3-methyl-1-oxobutan-2-yl)amino)-3-((S)-3-methyl-2-
(quinoline-2-carboxamido)butanamido)-4-oxobutanoic acid 
hydrotrifluoroacetate (2.100) 

The title compound was synthesized 

according to general procedure A (using 150 

mg resin and 2.0 eq of amino acid 2.091) 
yielding a fluffy white solid (38.6 mg, 44%): 

RP-HPLC: > 99%, (tR = 18.74 k = 5.25). 1H NMR (400 MHz, DMSO-d6) δ 9.21 – 8.45 

(m, 4H), 8.28 – 8.03 (m, 3H), 8.02 – 7.80 (m, 2H), 7.78 – 7.65 (m, 1H), 7.59 – 7.26 (m, 

3H), 6.12 – 5.25 (m, 2H), 4.73 – 4.59 (m, 2H), 4.58 – 4.46 (m, 1H), 4.39 – 4.19 (m, 

1H), 4.17 – 3.88 (m, 2H), 3.88 – 3.57 (m, 1H), 3.07 – 2.50 (m, 5H), 2.45 – 2.21 (m, 

1H), 2.23 – 2.06 (m, 1H), 2.05 – 1.87 (m, 1H), 1.10 – 0.60 (m, 12H). HRMS (ESI-MS): 

m/z [M+H+] calculated for C38H44BrN6O10+: 823.2297, found 823.2297; C38H43BrN6O10 

x C2HF3O2 (937.72). 

 
  

N

Br

O NH

CHOHOOC

OH
N

O
N
H

OH
N

O

COOH

N

N

Br

O NH

CHOHOOC

OH
N

O
N
H

OH
N

O

COOH

N



Design and Biological Evaluation of Selective Caspase-2 Inhibitors 

 155  

(S)-6-(((S)-1-((S)-1-(((S)-1-Carboxy-3-oxopropan-2-yl)carbamoyl)-6-methyl-3,4-
dihydroisoquinolin-2(1H)-yl)-3-methyl-1-oxobutan-2-yl)amino)-5-((S)-indoline-2-
carboxamido)-6-oxohexanoic acid hydrotrifluoroacetate (2.101) (Synthesized by 

Gurpreet Singh) 
The title compound was synthesized according to 

general procedure A (using 150 mg resin) yielding a 

fluffy white solid (19.0 mg, 30%): RP-HPLC: 97%. 1H 

NMR (400 MHz, DMSO-d6) δ12.1 – 11.7 (m, 0.6H), 

9.06 – 8.76 (m, 1H), 7.61 – 6.75 (m, 7H), 6.06 – 4.20 (m, 4H), 4.15 – 2.54 (m, 13H), 

2.93 – 1.67 (m, 4H), 3.11 – 2.57 (m, 4H), 1.43 – 0.28 (m, 7H). HRMS (ESI): m/z [M+H+] 

calculated for C35H44N5O9+: 678.3134, found 678.3133; C35H43N5O9 x C2HF3O2 

(791.78). 

 
(3S,6S,9S,12S)-9-(2-Aminoethyl)-3-(3-carboxypropyl)-12-formyl-1-((S)-indolin-2-
yl)-6-isopropyl-1,4,7,10-tetraoxo-2,5,8,11-tetraazatetradecan-14-oic acid 
dihydrotrifluoroacetate (2.107) 

The title compound was synthesized according 

to general procedure A (using 600 mg resin) 
yielding a fluffy white solid (78.6 mg, 25%): RP-

HPLC: 95%, (tR = 7.69, k = 1.56). 1H NMR (300 

MHz, D2O) δ 7.27 – 7.10 (m, 4H), 4.92 – 4.86 (m, 1H), 4.75 – 4.68 (m, 1H), 4.31 – 4.19 

(m, 2H), 4.13 – 4.05 (m, 1H), 3.96 – 3.87 (m, 1H), 3.64 – 3.48 (m, 1H), 3.20 – 3.08 (m, 

1H), 2.94 – 2.72 (m, 2H), 2.70 – 2.32 (m, 2H), 2.27 (t, J = 7.2 Hz, 2H), 2.03 – 1.77 (m, 

3H), 1.75 – 1.58 (m, 2H), 1.57 – 1.41 (m, 2H), 0.80 – 0.68 (m, 6H). HRMS (ESI-MS): 

m/z [M+H+] calculated for C28H41N6O9+: 605.2930, found 605.2930; C28H40N6O9 x 

C4H2F6O4 (832.71). 
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(3S,6S,9S,12S)-9-(2-Aminoethyl)-6-(tert-butyl)-3-(3-carboxypropyl)-12-formyl-1-
((S)-indolin-2-yl)-1,4,7,10-tetraoxo-2,5,8,11-tetraazatetradecan-14-oic acid 
dihydrotrifluoroacetate (2.108) 

The title compound was synthesized according 

to general procedure A (using 600 mg resin) 
yielding a fluffy white solid (90.0 mg, 28%): RP-

HPLC: 96%, (tR = 8.32, k = 1.77). 1H NMR (300 

MHz, D2O) δ 7.26 – 7.08 (m, 4H), 4.92 – 4.87 (m, 

1H), 4.75 – 4.68 (m, 1H), 4.36 – 4.21 (m, 2H), 4.14 – 4.04 (m, 1H), 4.04 – 3.98 (m, 

1H), 3.64 – 3.47 (m, 1H), 3.20 – 3.05 (m, 2H), 2.95 – 2.71 (m, 2H), 2.68 – 2.31 (m, 

2H), 2.26 (t, J = 7.2 Hz, 2H), 2.09 – 1.74 (m, 2H), 1.73 – 1.57 (m, 2H), 1.55 – 1.39 (m, 

2H), 0.76 (s, 9H). HRMS (ESI-MS): m/z [M+H+] calculated for C29H43N6O9+: 619.3086, 

found 619.3088; C29H42N6O9 x C4H2F6O4 (846.73). 

 
(3S,6S,9S,12S)-9-(2-Aminoethyl)-6-((S)-1-(benzyloxy)ethyl)-3-(3-carboxypropyl)-
12-formyl-1-((S)-indolin-2-yl)-1,4,7,10-tetraoxo-2,5,8,11-tetraazatetradecan-14-
oic acid dihydrotrifluoroacetate (2.109) 

The title compound was synthesized according 

to general procedure A yielding a fluffy white 

solid (62.8 mg, 36%): RP-HPLC: 99%, (tR = 

10.17, k = 2.39). 1H NMR (400 MHz, D2O) δ 7.35 

– 7.07 (m, 9H), 4.90 (d, J = 4.8 Hz, 1H), 4.85 – 

4.77 (m, 1H), 4.47 (d, J = 11.5 Hz, 1H), 4.40 – 

4.27 (m, 4H), 4.14 – 4.06 (m, 1H), 3.96 – 3.83 (m, 1H), 3.65 – 3.51 (m, 1H), 3.24 – 

3.07 (m, 1H), 2.93 – 2.76 (m, 2H), 2.71 – 2.25 (m, 4H), 2.09 – 1.44 (m, 6H), 1.11 – 

0.98 (m, 3H). HRMS (ESI-MS): m/z [M+H+] calculated for C34H45N6O10+: 697.3192, 

found 697.3195; C34H44N6O10 x C4H2F6O4 (924.80). 
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(9S,12S)-9-(2-Aminoethyl)-12-formyl-1-((S)-indolin-2-yl)-1,4,7,10-tetraoxo-
2,5,8,11-tetraazatetradecan-14-oic acid dihydrotrifluoroacetate (2.110) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(55.9 mg, 42%): RP-HPLC: 97%, (tR = 5.79, k = 

0.93). 1H NMR (400 MHz, D2O) δ 7.30 – 7.18 (m, 

2H), 7.17 – 7.10 (m, 2H), 4.95 – 4.90 (m, 1H), 4.80 – 4.72 (m, 1H), 4.39 – 4.31 (m, 

1H), 4.20 – 4.09 (m, 1H), 3.93 (s, 2H), 3.85 (s, 2H), 3.64 – 3.50 (m, 1H), 3.27 – 3.14 

(m, 1H), 2.97 – 2.87 (m, 2H), 2.73 – 2.35 (m, 2H), 2.14 – 1.99 (m, 1H), 1.97 – 1.82 (m, 

1H). HRMS (ESI-MS): m/z [M+H+] calculated for C21H29N6O7+: 477.2092, found 

477.2096; C21H28N6O7 x C4H2F6O4 (704.54). 

 

(S)-3-((S)-4-Amino-2-(5-((S)-indoline-2-carboxamido)pentanamido)butanamido)-
4-oxobutanoic acid dihydrotrifluoroacetate (2.111) 

The title compound was synthesized according 

to general procedure A yielding a fluffy white 

solid (35.6 mg, 28%): RP-HPLC: 95%, (tR = 6.41, 

k = 1.14). 1H NMR (400 MHz, D2O) δ 7.46 – 7.00 

(m, 4H), 4.96 – 4.90 (m, 1H), 4.74 – 4.68 (m, 1H), 4.35 – 4.25 (m, 1H), 4.20 – 4.08 (m, 

1H), 3.65 – 3.52 (m, 1H), 3.26 – 3.08 (m, 3H), 3.02 – 2.84 (m, 2H), 2.74 – 2.36 (m, 

2H), 2.28 – 2.18 (m, 2H), 2.10 – 1.83 (m, 2H), 1.58 – 1.35 (m, 4H). HRMS (ESI-MS): 

m/z [M+H+] calculated for C22H32N5O6+: 462.2347, found 462.2348; C22H31N5O6 x 

C4H2F6O4 (689.57). 

 

(S)-3-((S)-2-(((S)-Indoline-2-carbonyl)glycylglycyl)-6-methyl-1,2,3,4-
tetrahydroisoquinoline-1-carboxamido)-4-oxobutanoic acid 
hydrotrifluoroacetate (2.112) (Synthesized by Alexander Hubmann) 

The title compound was synthesized according to 

general procedure A (using 150 mg resin) yielding a 

fluffy white solid (22 mg, 35%): RP-HPLC: 95%, 

(tR = 12.82, k = 3.27). 1H NMR (300 MHz, DMSO) δ 

9.42 – 9.24 (m, 1H), 8.86 – 8.66 (m, 1H), 8.20 – 8.00 (m, 1H), 7.49 – 6.53 (m, 7H), 

5.88 – 5.15 (m, 2H), 4.62 – 3.75 (m, 7H), 3.34 – 3.27 (m, 2H), 3.15 – 2.57 (m, 6H), 
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2.26 (s, 6H). HRMS (ESI-MS): m/z [M+H+] calculated for C28H32N5O7+: 550.2296, found 

550.2292; C28H31N5O7 x C2HF3O2 (663.61). 

 

(S)-3-((S)-2-(5-((S)-Indoline-2-carboxamido)pentanoyl)-6-methyl-1,2,3,4-
tetrahydroisoquinoline-1-carboxamido)-4-oxobutanoic acid 
hydrotrifluoroacetate (2.113) (Synthesized by Alexander Hubmann) 

The title compound was synthesized according to 

general procedure A (using 150 mg resin) yielding a 

fluffy white solid (17 mg, 28%): RP-HPLC: 95%, (tR 

= 13.82, k = 3.61). 1H NMR (300 MHz, DMSO) δ 9.30 

(d, J = 10.6 Hz, 1H), 8.85 – 8.71 (m, 1H), 8.00 – 7.52 (m, 1H), 7.46 – 6.43 (m, 7H), 

5.88 – 5.18 (m, 1H), 4.57 – 3.60 (m, 2H), 3.32 – 3.21 (m, 2H), 3.19 – 2.82 (m, 6H), 

2.82 – 2.61 (m, 2H), 2.46 – 2.30 (m, 2H), 2.25 (s, 3H), 1.82 – 0.98 (m, 3H). HRMS 

(ESI-MS): m/z [M+H+] calculated for C29H35N4O6+: 535.2551, found 535.2548; 
C29H34N4O6 x C2HF3O2 (648.64). 

 

(3S,9S,12S)-9-(2-Aminoethyl)-3-(3-carboxypropyl)-12-formyl-1-((S)-indolin-2-yl)-
1,4,7,10-tetraoxo-2,5,8,11-tetraazatetradecan-14-oic acid dihydrotrifluoroacetate 
(2.114) 

The title compound was synthesized according 

to general procedure A yielding a fluffy white 

solid (16.2 mg, 11%): RP-HPLC: > 99%, (tR = 

6.67, k = 1.22). 1H NMR (300 MHz, D2O) δ 7.24 

– 7.13 (m, 2H), 7.11 – 7.00 (m, 2H), 4.91 – 4.87 

(m, 1H), 4.63 – 4.60 (m, 1H), 4.32 – 4.24 (m, 1H), 4.23 – 4.16 (m, 1H), 4.14 – 4.07 (m, 

1H), 3.83 – 3.77 (m, 2H), 3.61 – 3.48 (m, 1H), 3.20 – 3.06 (m, 1H), 2.76 (t, J = 7.7 Hz, 

2H), 2.68 – 2.33 (m, 2H), 2.27 (t, J = 7.2 Hz, 3H), 2.00 – 1.86 (m, 1H), 1.81 – 1.62 (m, 

3H), 1.58 – 1.43 (m, 2H). HRMS (ESI-MS): m/z [M+H+] calculated for C25H35N6O9+: 

563.2460, found 563.2464; C25H34N6O9 x C4H2F6O4 (790.63). 
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(S)-6-((2-((S)-1-(((S)-1-Carboxy-3-oxopropan-2-yl)carbamoyl)-6-methyl-3,4-
dihydroisoquinolin-2(1H)-yl)-2-oxoethyl)amino)-5-((S)-indoline-2-carboxamido)-
6-oxohexanoic acid hydrotrifluoroacetate (2.115) (Synthesized by Alexander 

Hubmann)  
The title compound was synthesized according to 

general procedure A (using 150 mg resin) yielding a 

fluffy white solid (34 mg, 48%): RP-HPLC: > 99%, 

(tR = 12.62, k = 3.21). 1H NMR (300 MHz, DMSO-d6) 

δ 9.46 – 9.20 (m, 1H), 9.12 – 8.75 (m, 1H), 8.40 – 8.18 (m, 1H), 8.00 – 7.84 (m, 1H), 

7.47 – 7.24 (m, 1H), 7.20 – 6.90 (m, 5H), 6.84 – 6.51 (m, 2H), 5.99 – 5.21 (m, 2H), 

4.50 – 4.21 (m, 2H), 3.39 – 3.23 (m, 1H), 3.10 – 2.65 (m, 4H), 2.38 – 1.98 (m, 7H), 

1.86 – 1.16 (m, 6H). HRMS (ESI-MS): m/z [M+H+] calculated for C32H38N5O9+: 

636.2591, found 636.2665; C32H37N5O9 x C2HF3O2 (749.70). 

 
(3S,12S)-3-(3-Carboxypropyl)-12-formyl-1-((S)-indolin-2-yl)-1,4,7,10-tetraoxo-
2,5,8,11-tetraazatetradecan-14-oic acid dihydrotrifluoroacetate (2.116) 

The title compound was synthesized according to 

general procedure A (using 600 mg resin) 
yielding a fluffy white solid (42.3 mg, 18%): RP-

HPLC: 95%, (tR = 8.17, k = 1.72). 1H NMR (300 

MHz, D2O) δ 7.32 – 7.10 (m, 4H), 4.87 (d, J = 4.5 

Hz, 1H), 4.84 – 4.74 (m, 1H), 4.28 – 4.17 (m, 1H), 4.11 – 4.02 (m, 1H), 3.92 – 3.45 (m, 

5H), 3.28 – 3.14 (m, 1H), 2.63 – 2.32 (m, 2H), 2.28 (t, J = 7.2 Hz, 2H), 1.81 – 1.41 (m, 

4H). HRMS (ESI-MS): m/z [M+H+] calculated for C23H30N5O9+: 520.2038, found 

520.2045; C23H29N5O9 x C4H2F6O4 (633.53). 

 

(3S,6S,12S)-3-(3-Carboxypropyl)-12-formyl-1-((S)-indolin-2-yl)-6-isopropyl-
1,4,7,10-tetraoxo-2,5,8,11-tetraazatetradecan-14-oic acid hydrotrifluoroacetate 
(2.117) 

The title compound was synthesized according to 

general procedure A (using 600 mg resin) 
yielding a fluffy white solid (39.3 mg, 16%): RP-

HPLC: 95%, (tR = 9.68, k = 2.23). 1H NMR (300 

MHz, D2O) δ 7.35 – 7.18 (m, 4H), 4.89 (t, J = 4.6 
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Hz, 1H), 4.87 – 4.78 (m, 1H), 4.28 (t, J = 7.1 Hz, 1H), 4.17 – 4.06 (m, 1H), 3.99 – 3.73 

(m, 3H), 3.70 – 3.57 (m, 1H), 3.31 – 3.13 (m, 1H), 2.69 – 2.33 (m, 2H), 2.29 (t, J = 7.1 

Hz, 2H), 2.00 – 1.80 (m, 1H), 1.79 – 1.31 (m, 4H), 0.82 – 0.66 (m, 6H). HRMS (ESI-

MS): m/z [M+H+] calculated for C26H36N5O9+: 562.2508, found 562.2518; C26H35N5O9 

x C2HF3O2 (675.62). 

 

(S)-6-((5-(((S)-1-Carboxy-3-oxopropan-2-yl)amino)-5-oxopentyl)amino)-5-((S)-
indoline-2-carboxamido)-6-oxohexanoic acid hydrotrifluoroacetate (2.118) 

The title compound was synthesized according 

to general procedure A (using 600 mg resin) 
yielding a fluffy white solid (29.4 mg, 13%): RP-

HPLC: > 99%, (tR = 8.74, k = 1.91). 1H NMR (300 

MHz, DMSO-d6) δ 9.40 (d, J = 1.6 Hz, 1H), 8.90 

– 8.23 (m, 1H), 8.11 – 7.89 (m, 1H), 7.82 – 7.34 (m, 1H), 7.24 – 6.57 (m, 3H), 6.24 – 

5.24 (m, 1H), 4.84 – 4.47 (m, 1H), 4.42 – 4.27 (m, 2H), 3.52 – 2.61 (m, 6H), 2.38 – 

1.29 (m, 12H). HRMS (ESI-MS): m/z [M+H+] calculated for C24H33N4O8+: 505.2293, 

found 505.2295; C24H32N4O8 x C2HF3O2 (618.56). 
 
(S)-6-((4-(((S)-1-Carboxy-3-oxopropan-2-yl)carbamoyl)phenyl)amino)-5-((S)-
indoline-2-carboxamido)-6-oxohexanoic acid hydrotrifluoroacetate (2.119) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(8.0 mg, 7%): RP-HPLC: 98%, (tR = 10.53, k = 

2.51). 1H NMR (300 MHz, DMSO-d6) δ 10.39 (s, 

1H), 9.51 (d, J = 1.3 Hz, 1H), 9.05 – 8.36 (m, 2H), 

8.50 – 8.07 (m, 1H), 7.94 – 7.80 (m, 2H), 7.75 – 

7.61 (m, 2H), 7.29 – 6.88 (m, 3H), 6.72 – 6.61 (m, 1H), 5.92 – 5.53 (m, 1H), 4.49 – 

4.43 (m, 1H), 4.37 – 4.30 (m, 1H), 3.45 – 3.26 (m, 1H), 3.11 – 2.69 (m, 2H), 2.32 – 

2.18 (m, 2H), 1.89 – 1.35 (m, 6H). HRMS (ESI-MS): m/z [M+H+] calculated for 

C26H29N4O8+: 525.1980, found 525.1984; C26H28N4O8 x C2HF3O2 (638.55). 
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(3S,9S,12S)-9-(2-Aminoethyl)-3-(3-carboxypropyl)-1-((S)-5-fluoro-3,3-
dimethylindolin-2-yl)-12-formyl-1,4,7,10-tetraoxo-2,5,8,11-tetraazatetradecan-14-
oic acid dihydrotrifluoroacetate (2.120) 

The title compound was synthesized according to 

general procedure A (using 600 mg resin) 

yielding a fluffy white solid (42.4 mg, 14%): RP-

HPLC: 99%, (tR = 9.28, k = 0.68). 1H NMR (300 

MHz, D2O) δ 7.14 – 7.05 (m, 1H), 7.03 – 6.88 (m, 

2H), 4.89 (d, J = 4.5 Hz, 1H), 4.39 – 4.25 (m, 3H), 4.18 – 4.05 (m, 1H), 3.81 (s, 2H), 

2.94 – 2.78 (m, 2H), 2.69 – 2.33 (m, 2H), 2.28 (t, J = 7.1 Hz, 2H), 2.07 – 1.89 (m, 1H), 

1.87 – 1.61 (m, 3H), 1.61 – 1.45 (m, 2H), 1.39 (s, 3H), 1.03 (s, 3H). HRMS (ESI-MS): 

m/z [M+H+] calculated for C27H38FN6O9+: 609.2679, found 609.2684; C27H37FN6O9 x 

C4H2F6O4 (836.67). 

 

(3S,6S,9S,12S)-9-(2-Aminoethyl)-3-(3-carboxypropyl)-1-((S)-5-fluoro-3,3-
dimethylindolin-2-yl)-12-formyl-6-isopropyl-1,4,7,10-tetraoxo-2,5,8,11-
tetraazatetradecan-14-oic acid dihydrotrifluoroacetate (2.121) 

The title compound was synthesized according 

to general procedure A (using 600 mg resin) 
yielding a fluffy white solid (54.7 mg, 17%): RP-

HPLC: 97%, (tR = 9.95, k = 2.32). 1H NMR (300 

MHz, D2O) δ 7.21 – 7.10 (m, 1H), 7.04 – 6.92 (m, 

2H), 4.89 (t, J = 4.7 Hz, 1H), 4.43 – 4.24 (m, 3H), 4.14 – 4.04 (m, 1H), 3.98 – 3.89 (m, 

1H), 2.97 – 2.81 (m, 2H), 2.70 – 2.32 (m, 2H), 2.27 (t, J = 7.2 Hz, 2H), 2.08 – 1.78 (m, 

3H), 1.75 – 1.57 (m, 2H), 1.57 – 1.42 (m, 2H), 1.39 (s, 3H), 1.01 (s, 3H), 0.81 – 0.70 

(m, 6H). HRMS (ESI-MS): m/z [M+H+] calculated for C30H44FN6O9+: 651.3148, found 

651.3148; C30H43FN6O9 x C4H2F6O4 (878.75). 
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(3S,12S)-3-(3-Carboxypropyl)-1-((S)-5-fluoro-3,3-dimethylindolin-2-yl)-12-formyl-
1,4,7,10-tetraoxo-2,5,8,11-tetraazatetradecan-14-oic acid hydrotrifluoroacetate 
(2.122) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(34.4 mg, 27%): RP-HPLC: 99%, (tR = 11.28, k = 

2.76). 1H NMR (300 MHz, D2O) δ 7.24 – 7.15 (m, 

1H), 7.09 – 6.95 (m, 2H), 4.90 (d, J = 4.5 Hz, 1H), 

4.48 – 4.42 (m, 1H), 4.33 (t, J = 6.7 Hz, 1H), 4.17 – 4.08 (m, 1H), 3.96 – 3.58 (m, 4H), 

2.67 – 2.35 (m, 2H), 2.31 (t, J = 7.2 Hz, 2H), 1.83 – 1.66 (m, 2H), 1.67 – 1.50 (m, 2H), 

1.46 – 1.40 (m, 3H), 1.05 (s, 3H). HRMS (ESI-MS): m/z [M+H+] calculated for 

C25H33FN5O9+: 566.2257, found 566.2259; C25H32FN5O9 x C2HF3O2 (679.58). 

 
(3S,6S,12S)-3-(3-Carboxypropyl)-1-((S)-5-fluoro-3,3-dimethylindolin-2-yl)-12-
formyl-6-isopropyl-1,4,7,10-tetraoxo-2,5,8,11-tetraazatetradecan-14-oic acid 
hydrotrifluoroacetate (2.123) 

The title compound was synthesized according to 

general procedure A (using 150 mg resin) 
yielding a fluffy white solid (5.4 mg, 8%): RP-

HPLC: 96%, (tR = 12.51, k = 3.17). 1H NMR (300 

MHz, DMSO) δ 9.42 (d, J = 2.7 Hz, 1H), 8.48 – 

7.92 (m, 2H), 7.86 – 7.74 (m, 1H), 6.96 – 6.85 (m, 1H), 6.84 – 6.72 (m, 1H), 6.62 – 

6.53 (m, 1H), 5.51 – 5.43 (m, 1H), 4.57 – 4.41 (m, 1H), 4.16 – 4.03 (m, 2H), 3.88 (s, 

2H), 3.73 – 3.67 (m, 1H), 2.17 (t, J = 7.3 Hz, 2H), 1.97 (s, 1H), 1.68 – 1.57 (m, 2H), 

1.53 – 1.44 (m, 2H), 1.41 (s, 3H), 1.32 – 1.22 (m, 1H), 1.13 – 1.07 (m, 1H), 0.99 (s, 

3H), 0.92 – 0.78 (m, 9H). HRMS (ESI-MS): m/z [M+H+] calculated for C28H39FN5O9+: 

608.2726, found 608.2731; C28H38FN5O9 x C2HF3O2 (721.66). 
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(S)-6-((5-(((S)-1-Carboxy-3-oxopropan-2-yl)amino)-5-oxopentyl)amino)-5-((S)-5-
fluoro-3,3-dimethylindoline-2-carboxamido)-6-oxohexanoic acid 
hydrotrifluoroacetate (2.124) 

The title compound was synthesized according 

to general procedure A yielding a fluffy white 

solid (5.3 mg, 4%): RP-HPLC: > 99%, (tR = 

12.02, k = 3.01). 1H NMR (300 MHz, DMSO-d6) 

δ 9.41 (s, 1H), 8.53 – 8.29 (m, 1H), 8.13 – 8.06 

(m, 1H), 7.82 – 7.71 (m, 1H), 7.02 – 6.86 (m, 1H), 6.84 – 6.74 (m, 1H), 6.62 – 6.54 (m, 

1H), 6.02 – 5.90 (m, 1H), 5.46 (d, J = 6.0 Hz, 1H), 4.38 – 4.27 (m, 1H), 4.12 – 4.04 (m, 

1H), 3.87 (d, J = 3.6 Hz, 1H), 2.22 – 2.04 (m, 6H), 1.69 – 1.52 (m, 3H), 1.47 – 1.36 (m, 

8H), 1.29 (s, 1H), 1.11 (s, 1H), 0.98 (s, 3H). HRMS (ESI-MS): m/z [M+H+] calculated 

for C26H36FN4O8+: 551.2512, found 551.2512; C26H35FN4O8 x C2HF3O2 (664.61). 

 
(S)-6-((4-(((S)-1-Carboxy-3-oxopropan-2-yl)carbamoyl)phenyl)amino)-5-((S)-5-
fluoro-3,3-dimethylindoline-2-carboxamido)-6-oxohexanoic acid 
hydrotrifluoroacetate (2.125) 

The title compound was synthesized according to 

general procedure A yielding a fluffy white solid 

(4.6 mg, 4%): RP-HPLC: 96%, (tR = 13.64, k = 

3.55). 1H NMR (300 MHz, DMSO-d6) δ 10.45 – 

10.34 (m, 1H), 9.52 (s, 1H), 9.05 – 8.69 (m, 1H), 

8.56 – 8.40 (m, 1H), 7.97 (d, J = 8.1 Hz, 1H), 7.90 

– 7.81 (m, 2H), 7.74 – 7.62 (m, 2H), 6.98 – 6.89 (m, 1H), 6.86 – 6.75 (m, 1H), 6.69 – 

6.59 (m, 1H), 5.95 – 5.53 (m, 1H), 4.62 – 4.51 (m, 1H), 4.40 – 4.24 (m, 1H), 3.95 (s, 

1H), 2.23 (t, J = 7.2 Hz, 2H), 1.82 – 1.67 (m, 2H), 1.61 – 1.46 (m, 2H), 1.43 (s, 3H), 

1.32 (s, 1H), 1.13 (s, 1H), 1.03 (s, 3H). HRMS (ESI-MS): m/z [M+H+] calculated for 

C28H32FN4O8+: 571.2203, found 571.2199; C28H31FN4O8 x C2HF3O2 (684.60). 
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(3S,6S,9S,12S)-9-(2-Aminoethyl)-6-((S)-1-(benzyloxy)ethyl)-3-(3-carboxypropyl)-
12-formyl-1-(1H-indol-2-yl)-1,4,7,10-tetraoxo-2,5,8,11-tetraazatetradecan-14-oic 
acid dihydrotrifluoroacetate (2.126) 

2.126 was obtained by isolating the degradation 

product of 2.109 by preparative HPLC yielding a 

fluffy white solid (3.2 mg). RP-HPLC: 96%, (tR = 

11.22, k = 2.74). HRMS (ESI-MS): m/z [M+H+] 

calculated for C34H43N6O10+: 695.3035, found 

695.3035; C34H42N6O10 x C4H2F6O4 (922.79). 

 
 

2.6.1.5 Preparation and Analytical Data for Fmoc Protected 6-Bromo-
tetrahydroisoquinoline-1-carboxylic Acid and 6-Methyl-
tetrahydroisoquinoline-1-carboxylic Acid 

 
(R)-2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-6-methyl-1,2,3,4 
tetrahydroisoquinoline-1-carboxylic acid (2.089) 

A mixture of enantiopure (R)-6-methyl-1,2,3,4-

tetrahydroisoquinoline-1-carboxylic acid (P1) (100 mg, 0.523 mmol) 

was dissolved in 10% aqueous (aq.) Na2CO3 (5 mL). Fmoc-OSu (176 

mg, 0.53 mmol) in THF (5 mL) was added dropwise to the mixture. After completion 

10 mL water was added to the solution and stirring was continued overnight at room 

temperature. The reaction progress was monitored by TLC (Rf= 0.85, DCM/MeOH 

90/10). The mixture was cooled to 0 °C and acidified to pH 3 by addition of aq. HCl 

(1N) and was extracted with ethyl acetate (50 mL x 3). The combined organic layers 

were dried over Na2SO4 and evaporated, yielding a white solid (210 mg, 97%). 1H NMR 

(300 MHz, CDCl3) δ 10.87 (s, 1H), 7.85 – 7.56 (m, 4H), 7.53 – 7.22 (m, 5H), 7.13 – 

6.92 (m, 2H), 5.81 – 5.36 (m, 1H), 4.66 – 4.41 (m, 2H), 4.39 – 4.21 (m, 1H), 4.00 – 

3.70 (m, 2H), 3.08 – 2.74 (m, 2H), 2.34 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 176.21 

(d, J = 8.6 Hz), 156.10 (d, J = 43.5 Hz), 144.03, 143.96, 143.86, 143.76, 141.97 – 

141.11 (m), 138.07 (d, J = 2.3 Hz), 135.25, 135.01, 129.13 (d, J = 21.2 Hz), 128.26 (d, 

J = 17.1 Hz), 127.82 (d, J = 6.3 Hz), 127.21 (d, J = 3.9 Hz), 125.19 (d, J = 7.9 Hz), 

124.97, 120.11, 68.17, 57.85 (d, J = 18.8 Hz), 47.25 (d, J = 2.2 Hz), 40.85 (d, J = 17.7 
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Hz), 28.39 (d, J = 25.0 Hz), 21.14. HRMS (ESI-MS): m/z [M+H+] calculated for 

C26H24NO4+: 414.1700, found 414.1707; C26H23NO4 (413.47). 

 

(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-6-methyl-1,2,3,4 
tetrahydroisoquinoline-1-carboxylic acid (2.090) 

A mixture of enantiopure (S)-6-methyl-1,2,3,4-

tetrahydroisoquinoline-1-carboxylic acid (P2) (200 mg, 1.046 mmol) 

was dissolved in 10% aqueous (aq.) Na2CO3 (10 mL). Fmoc-OSu 

(352 mg, 1.046 mmol) in THF (10 mL) was added dropwise to the mixture. After 

completion 15 mL water was added to the solution and stirring was continued overnight 

at room temperature. The reaction progress was monitored by TLC (Rf= 0.85, 

DCM/MeOH 90/10). The mixture was cooled to 0 °C and acidified to pH 3 by addition 

of aq. HCl (1N) and was extracted with ethyl acetate (50 mL x 3). The combined organic 

layers were dried over Na2SO4 and evaporated, yielding a white solid (430 mg, 99%). 
1H NMR (300 MHz, CDCl3) δ 9.83 (s, 1H), 7.92 – 7.56 (m, 4H), 7.52 – 7.20 (m, 5H), 

7.17 – 6.96 (m, 2H), 5.78 – 5.35 (m, 1H), 4.69 – 4.43 (m, 2H), 4.39 – 4.19 (m, 1H), 

4.01 – 3.71 (m, 2H), 3.13 – 2.75 (m, 2H), 2.36 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 

176.25 (d, J = 12.5 Hz), 156.06 (d, J = 46.1 Hz), 144.05, 143.96, 143.88, 143.77, 

141.42, 138.07, 135.26, 135.02, 129.14 (d, J = 21.7 Hz), 128.27 (d, J = 17.3 Hz), 

127.82 (d, J = 6.2 Hz), 127.21 (d, J = 4.0 Hz), 125.20 (d, J = 8.1 Hz), 125.00, 120.11, 

68.14, 57.85 (d, J = 20.6 Hz), 47.26, 40.84 (d, J = 19.9 Hz), 28.42 (d, J = 25.8 Hz), 

21.22. HRMS (ESI-MS): m/z [M+H+] calculated for C26H24NO4+: 414.1700, found 

414.1710; C26H23NO4 (413.47). 

 

(R)-2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-6-bromo-1,2,3,4-
tetrahydroisoquinoline-1-carboxylic acid (2.091) 

A mixture of enantiopure (R)-6-bromo-1,2,3,4-

tetrahydroisoquinoline-1-carboxylic acid (P2) (268 mg, 1.046 mmol) 

was dissolved in 10% aqueous (aq.) Na2CO3 (10 mL). Fmoc-OSu 

(352 mg, 1.046 mmol) in THF (10 mL) was added dropwise to the mixture. After 

completion 15 mL water was added to the solution and stirring was continued overnight 

at room temperature. The reaction progress was monitored by TLC (Rf= 0.85, 

DCM/MeOH 90/10). The mixture was cooled to 0 °C and acidified to pH 3 by addition 

of aq. HCl (1N) and was extracted with ethyl acetate (50 mL x 3). The combined organic 
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layers were dried over Na2SO4 and evaporated, yielding a white solid (390 mg, 78%). 
1H NMR (300 MHz, CDCl3) δ 10.42 (s, 1H), 7.92 – 7.10 (m, 11H), 5.69 – 5.39 (m, 1H), 

4.62 – 4.34 (m, 2H), 4.30 – 4.15 (m, 1H), 4.07 – 3.79 (m, 2H), 3.09 – 2.62 (m, 2H). 13C 

NMR (75 MHz, CDCl3) δ 172.51 (d, J = 13.5 Hz), 154.75 (d, J = 41.9 Hz), 142.92, 

142.67, 140.21, 136.36, 136.07, 130.21 (d, J = 23.7 Hz), 128.87 (d, J = 25.6 Hz), 

126.72, 126.08, 124.52, 124.02 (d, J = 6.1 Hz), 120.63, 118.98, 66.87, 56.65 (d, J = 

18.3 Hz), 46.14 (d, J = 12.0 Hz), 39.09 (d, J = 26.8 Hz), 29.33. HRMS (ESI-MS): m/z 

[M+H+] calculated for C25H21BrNO4+: 478.0648, found 478.0657; C25H20BrNO4 

(478.34). 

 

(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-6-bromo-1,2,3,4-
tetrahydroisoquinoline-1-carboxylic acid (2.092) 

A mixture of enantiopure (S)-6-bromo-1,2,3,4-

tetrahydroisoquinoline-1-carboxylic acid (P1) (134 mg, 0.523 mmol) 

was dissolved in 10% aqueous (aq.) Na2CO3 (5 mL). Fmoc-OSu 

(176 mg, 0.523 mmol) in THF (5 mL) was added dropwise to the mixture. After 

completion 10 mL water was added to the solution and stirring was continued overnight 

at room temperature. The reaction progress was monitored by TLC (Rf= 0.85, 

DCM/MeOH 90/10). The mixture was cooled to 0 °C and acidified to pH 3 by addition 

of aq. HCl (1N) and was extracted with ethyl acetate (50 mL x 3). The combined organic 

layers were dried over Na2SO4 and evaporated, yielding a white solid (240 mg, 96%). 
1H NMR (300 MHz, CDCl3) δ 9.93 (s, 1H), 7.83 – 7.23 (m, 11H), 5.75 – 5.24 (m, 1H), 

4.66 – 4.39 (m, 2H), 4.36 – 4.16 (m, 1H), 4.01 – 3.63 (m, 2H), 3.00 – 2.70 (m, 2H). 13C 

NMR (75 MHz, CDCl3) δ 175.11 (d, J = 13.4 Hz), 155.91 (d, J = 51.3 Hz), 143.91, 

143.83, 143.71, 143.59, 141.38, 137.53, 137.25, 131.43 (d, J = 20.7 Hz), 130.08 (d, J 

= 13.4 Hz), 127.85 (d, J = 6.2 Hz), 127.21 (d, J = 5.5 Hz), 125.11 (d, J = 7.0 Hz), 124.90 

(d, J = 6.5 Hz), 122.17, 120.14, 68.27, 57.47 (d, J = 17.3 Hz), 47.18, 40.25 (d, J = 24.8 

Hz), 28.21 (d, J = 24.3 Hz). HRMS (ESI-MS): m/z [M+H+] calculated for C25H21BrNO4+: 

478.0648, found 478.0657; C25H20BrNO4 (478.34). 
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2.6.1.6 Preparation and Analytical Data for Compound 2.098 
 
((S)-2-((S)-1-(((9H-Fluoren-9-yl)methoxy)carbonyl)indoline-2-carboxamido)-6-
(tert- butoxy)-6-oxohexanoyl)-L-valine (2.103) (Synthesized by Gurpreet Singh) 

Step 1. Loading of Fmoc-Val-OH on resin: To 1g of 2-

chlorotrityl chloride resin in a polyprep column 50 mL of 

CH2Cl2 was added. After 0.5 h the solvent was pushed out 

from the column under nitrogen flow. A solution of Fmoc-Val-

OH (225 mg, 0.66 mmol) and 2,4,6-collidine (1.0 mL, 7.56 mmol) in 25 mL of CH2Cl2 

was transferred to the resin. The mixture was rocked for 3 h at room temperature. The 

solvent was pushed out under nitrogen flow and the resin was washed with CH2Cl2 (3 

x 50 mL). Then the resin was treated with a capping solution of CH2Cl2/MeOH/DIPEA 

(40 mL/4 mL/2 mL) for 1 h and the solvent was pushed out under nitrogen flow. The 

resin was washed with CH2Cl2 (3 x 50 mL) and DMF (3 x 50 mL).  

Step 2. Fmoc deprotection: The resin from step 1 was treated with piperidine (30 mL, 

20% in DMF) for 0.5 h. The solvent was pushed out under nitrogen flow and the resin 

was washed with DMF (3 x 50 mL).  

Step 3. Coupling of Fmoc-hGlu-OH: A solution of Fmoc-hGlu-OH (308 mg, 0.70 mmol), 

HATU (266 mg, 0.70 mmol), and collidine (0.20 mL, 1.5 mmol) in CH2Cl2 (25 mL) was 

added. The reaction was rocked for 3 h at rt. The solvent was pushed out under 

nitrogen flow and Fmoc deprotection was carried out as described in Step 2. Fmoc-

Idc-OH was coupled as described in Step 3 to complete the tripeptide sequence. The 

resin was sequentially washed with DMF, CH2Cl2, DMF, CH2Cl2 (3 x 50 mL). The 

peptide was cleaved from the resin by treating with 20% HFIP/CH2Cl2 solution for 2 h. 

The peptide solution was collected under nitrogen flow, evaporated, and subjected to 

purification by preparative HPLC. The product was obtained as an amorphous powder 

(210 mg, 0.307 mmol) after lyophilization of the pure fractions. MS (ESI) m/z [M+H+] 

684.4. 1H NMR (400 MHz, CDCl3) δ 7.62 (dd, J = 7.6, 3.9 Hz, 2H), 7.45 (t, J = 8.4 Hz, 

2H), 7.25 (m, 2H), 7.21 – 7.08 (m, 4H), 6.93 (d, J = 7.4 Hz, 1H), 6.78 (m, 1H), 5.61 (m, 

2H), 4.75 (dd, J = 11.1, 4.3 Hz, 1H), 4.65 – 4.01 (m, 4H), 3.54 – 3.13 (m, 1H), 3.02 (d, 

J = 16.1 Hz, 1H), 2.00 (m, 2H), 1.60 (m, 1H), 1.22 (s, 9H), 1.15 – 1.09 (m, 1H), 0.80 – 

0.69 (m, 6H). 
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Benzyl(S)-3-cyano-3-((S)-6-methyl-1,2,3,4-tetrahydroisoquinoline-1-
carboxamido)propanoate (2.105) (Synthesized by Gurpreet Singh) 

To a vigorously stirring phosphoric acid (5 mL, 85%), a solution of 

compound 2.104146 (402 mg, 1.32 mmol) in dichloromethane (2 mL) 

was added dropwise at rt. After 3 h stirring at rt, the reaction mixture 

was cooled to 0 °C in ice-bath and neutralized using sat. aq. NaHCO3 

solution. The resulting aqueous mixture was extracted with ethyl acetate (20 mL x 4) 

and collected over anhyd. Na2SO4. Filtration followed by concentration under reduced 

pressure gave the unprotected amine that was utilized for the next step without further 

purification.  To a solution of 2.090 (275 mg, 0.66 mmol), HATU (250 mg, 0.66 mmol), 

and 2,4,6-collidine (0.26 mL, 1.98 mmol) in anhydrous acetonitrile (10 mL) at 0 °C was 

added a solution of the crude amine (in 5 mL acetonitrile) prepared above and the 

reaction mixture was stirred at room temperature for 4 h. The reaction was 

concentrated under reduced pressure, diluted with water (20 mL), and extracted with 

ethyl acetate (4 x 20 mL). The combined organic layer was sequentially washed with 

sat. aq. NaHCO3 (20 mL), ice-cold 10% aq. KHSO4 (20 mL), and brine (20 mL). The 

organic layer was collected over anhydrous sodium sulfate, filtered, and concentrated 

under reduced pressure to obtain the crude amide. The crude product was dissolved 

in acetonitrile (10 mL) and diethyl amine (5 mL) was added. The reaction mixture was 

stirred at rt for 3 h then concentrated under reduced pressure. The crude residue was 

triturated with hexane and the hexane layer was decanted. The residue was purified 

by silica gel flash chromatography (eluent 1% aq. NH3 in 10% MeOH/DCM) to obtain 

amine 2.105 as light-yellow solid (110 mg, 44% yield). MS (ESI) m/z [M+H+] 378.2. 1H 

NMR (400 MHz, CDCl3) δ 8.39 (d, J = 9.1 Hz, 1H), 7.37 (qd, J = 7.0, 3.8 Hz, 7H), 7.01 

(dd, J = 8.0, 1.9 Hz, 1H), 6.91 (s, 1H), 5.21 (dt, J = 9.0, 5.3 Hz, 1H), 5.15 (s, 2H), 4.57 

(s, 1H), 3.08 – 2.90 (m, 3H), 2.88 (d, J = 5.1 Hz, 1H), 2.80 (d, J = 5.7 Hz, 1H), 2.72 

(ddd, J = 25.5, 13.9, 8.1 Hz, 3H), 2.31 (s, 3H). 
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(S)-6-(((S)-1-((S)-1-(((S)-2-Carboxy-1-cyanoethyl)carbamoyl)-6-methyl-3,4-
dihydroisoquinolin-2(1H)-yl)-3-methyl-1-oxobutan-2-yl)amino)-5-((S)-indoline-2-
carboxamido)-6-oxohexanoic acid (2.106) (Synthesized by Gurpreet Singh) 

To a solution of tripeptide carboxylic acid 2.103 (267 

mg, 0.39 mmol) in 5 mL of acetonitrile were added 

HATU (102 mg, 0.39), 2,4,6-collidine (1.56 mmol, 

0.21 mL), and 2.105 (100 mg, 0.26 mmol). The 

reaction mixture was stirred at rt. for 6 h, and the solvent was evaporated. The crude 

residue was diluted with water (20 mL) and extracted with ethyl acetate (4 × 20 mL). 

The combined organic layer was sequentially washed with sat. aq. NaHCO3 (20 mL), 

ice-cold 10% aq. KHSO4 (20 mL), and brine (20 mL). The organic layer was collected 

over anhyd. Na2SO4, filtered, and concentrated under reduced pressure to obtain the 

crude peptide. The crude residue was dissolved in a minimum volume of 

dichloromethane (3 mL) and transferred to vigorously stirring phosphoric acid (85%, 3 

mL). The completion of the reaction was monitored by UPLC-MS. The reaction mixture 

was diluted with water (5 mL) and extracted with ethyl acetate (4 × 10 mL). The organic 

layer was dried over anhyd. Na2SO4, filtered, and concentrated to obtain the crude 

carboxylic acid. The crude product was dissolved in acetonitrile (10 mL), and diethyl 

amine (3 mL) was added to it. The reaction mixture was stirred at rt. for 3 h and was 

concentrated under reduced pressure. The crude residue was triturated sequentially 

with hexane, diethyl ether, and the solvent decanted. The residue was dried under 

reduced pressure and dissolved in dimethylformamide (DMF, 3 mL). Palladium (10%, 

10 mg) was added, and the reaction mixture was purged with hydrogen gas for 5 min 

and stirred under hydrogen (1 atm). The completion of the reaction was monitored by 

UPLC-MS. The reaction mixture was filtered over a thin layer of celite. The celite layer 

was washed with 2 mL of DMF. The solvent was evaporated, and the residue was 

purified by preparative HPLC. Lyophilization of the pure fractions provided the product 

1 as a colorless amorphous powder (38 mg, 22% yield). RP-HPLC: 99%. 1H NMR (400 

MHz, CD3OD) δ 9.02−8.72 (m, 0.5H), 8.43 (m, 0.7H), 8.13 (m, 1H), 7.64−7.29 (m, 1H), 

7.25−6.43 (m, 7H), 5.58 (s, 0.6H), 5.40 (s, 0.4H), 4.63−4.15 (m, 3H), 4.07−3.83 (m, 

1H), 3.81−3.61 (m, 1H), 3.60−3.3 (m, 1H), 3.13−2.45 (m, 5H), 2.38− 1.96 (m, 5H), 

1.95−1.08 (m, 5H), 0.99−0.67 (m, 5H), 0.55 (d, J = 6.8 Hz 1H). HRMS (ESI) m/z [M+H+] 

calculated for C35H43N6O8+: 675.3137, found 675.3145.; C35H42N6O8 (674.76). 
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2.6.2 Biology 
 

2.6.2.1 Fluorometric Enzyme Assay 
 

384-well protocol: 
 

Compound affinity for caspases were measured in fluorometric assays. Casp2, 

cpCasp2, and Casp3 were produced in house as described below. Human 

recombinant Casp1, 6, 7, and 9 were purchased from BioVision (Milpitas/CA, USA). 

AFC fluorogenic substrates and control peptides (AcYVAD-CHO, AcVDVAD-CHO, 

AcDEVD-CHO, AcVEID-CHO, and AcLEHD-CHO) were purchased from Bachem 

(Torrance/CA, USA). Km values were determined experimentally to be the following: 

Casp1: 5.9 µM; Casp2: 37.1 µM; cpCasp2: 89.2 µM; Casp3: 7.6 µM; Casp6: 43.1 µM; 

Casp7: 13.8 µM; Casp9: 149.1 µM. Enzymes were diluted in buffer: 100 mM MES (pH 

6.5) for Casp2 and cpCasp2 or 100 mM HEPES (pH 7.0) for all other caspases, plus 

150 mM NaCl, 0.1% CHAPS, 1.5% sucrose, 10 mM DTT. Enzyme concentrations were 

0.05 U/well for Casp1, 6, and 7; 0.5 U/well for Casp9, 20 nM/well for Casp2 and 

cpCasp2; and 2 nM/well for Casp3. Enzyme in buffer (19 µL) was added per well in a 

black 384-well Corning 4514 assay plate. Test compounds were serially diluted in 

dimethyl sulfoxide (DMSO) and plated in duplicate into a Corning 3656 transfer plate. 

Test compound was added to assay plates in 0.5 µL aliquots per well and mixed 10 

times using a BiomekFX (Beckman Coulter). Compound and enzyme mixture was 

incubated at 37 °C for 5 min for reversible inhibitors. The BiomekFX was then used to 

add and mix 0.5 µL of the AFC substrate in DMSO from a Corning 3656 transfer plate 

(final assay concentrations: 5 µM AcYVAD-AFC for Casp1, 10 µM Z-VDVAD-AFC for 

Casp2 and cpCasp2, 5 µM AcDEVD-AFC for Casp3, 5 µM Z-VEID-AFC for Casp6, 5 

µM AcDEVD-AFC for Casp7, and 34 µM AcLEHD-AFC for Casp9) to the assay plate 

for a total assay volume of 20 µL. Fluorescence from free AFC was read at 37 °C every 

5 min over an hour using a CLARIOstar (BMG Labtech) plate reader (λex = 400 nm, 

λem = 505 nm). The 40 minute time point was reported, consistent with reported 

literature.92,98,99,147  
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96-well protocol (Casp2/3): 
 

Compound affinity for caspases were measured in fluorometric assays. Casp2, 

cpCasp2, and Casp3 were produced in house as described below. AFC fluorogenic 

substrates Z-VDVAD-AFC and AcDEVD-AFC and control peptides AcVDVAD-CHO 

and AcDEVD-CHO were purchased from Bachem (Torrance/CA, USA). Enzyme was 

diluted in buffer: 100 mM MES (pH 6.5) for Casp2 and cpCasp2 or 100 mM HEPES 

(pH 7.0) for Casp3, plus 150 mM NaCl, 0.1% CHAPS, 1.5% sucrose, and 10 mM DTT. 

Enzyme concentrations were 5 nM/well for Casp2 and cpCasp2; and 2 nM/well for 

Casp3. Enzyme in buffer (96.5 µL) was added per well in a black Corning 3356 96-well 

assay plate. Test compounds were serially diluted in dimethyl sulfoxide (DMSO) and 

plated in triplicate in a Corning 3357 transfer plate. Test compound was added to assay 

plates in 1 µL aliquots per well and mixed 10 times using a BiomekFX (Beckman 

Coulter). Compound and enzyme mixture was incubated at 37 °C for 5 min. The 

BiomekFX was then used to add and mix 2.5 µL of the AFC substrate in DMSO from 

a transfer plate (final assay concentrations: 25 µM Z-VDVAD-AFC for Casp2 and 

cpCasp2, 10 µM AcDEVD-AFC for Casp3) to the assay plate for a total assay volume 

of 100 µL in the assay plate. Fluorescence from free AFC was read at 37 °C every 5 

min over an hour using a CLARIOstar (BMG Labtech) plate reader (λex = 400 nm, λem 

= 505 nm). The 40 minute time point was reported, consistent with reported 

literature.92,98,99,147 

 

Expression and purification of recombinant caspase-2 and tau 
 

The pET23b vector encoding human caspase-2 was a gift from Prof. Dr. Michelle Arkin 

at University of California, San Francisco.30 The htau0N4R-pET28a plasmid51 was 

used as the initial template that encodes wild-type human microtubule-associated 

protein tau N4R isoform (containing four microtubule-binding domains but no amino-

terminal inserts) ORF. Primers used to generate tau mutations were listed in Table 

2.16. The DNA sequences of tau mutants were verified by classic Sanger sequencing 

analyses. Briefly, the Casp2 plasmid was transformed into E. coli Lemo21 DE3 cells 

with 2 mM rhamnose that were cultured at 1 L scale in shake flasks at 37 °C. When 

the culture reached an OD600 = 0.3, incubation temperature was reduced to 28 °C. 

When the OD600 reached 0.6-0.8, protein expression was induced with 0.1 mM IPTG 
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and allowed to shake at 250 RPM and 28 °C overnight. 16 hours post induction, cells 

were harvested through centrifugation (5000 RPM for 20 min at 4 °C), lysed by French 

press (2 passes at 1000 psi), and centrifuged again for 30 min at 20000 RPM at 4 °C. 

Supernatant was resuspended in buffer (100 mM Tris pH 8.0, 100 mM NaCl, 20 mM 

imidazole). Purification was performed on a Cytiva ÅKTA Pure system (Marlborough, 

MA) by nickel-affinity chromatography on a HisTrap FF crude column (Cytiva) followed 

by ion-exchange chromatography on a HiTrap Q FF column (Cytiva). Protein was 

diluted to 0.5 mg/mL, and stored at -80 °C in 100 mM MES (pH 6.5), 150 mM NaCl, 

0.1% CHAPS, 1.5% sucrose, and 10 mM DTT. Typical yield for the expression, 

isolation, and purification was approximately 0.1 mg/L. Expression of recombinant 

Casp2 and tau proteins was induced using 150 µM isopropyl-β-D-

thiogalactopyranoside (IPTG) (Promega, Madison, WI) in the BL21(DE3) E. coli strain 

(MilliporeSigma) at 16 °C for 14 h while shaking at 250 rpm. Cells were then harvested 

via centrifugation at 6,000 g, 4 °C for 15 min, followed by lysis via sonication. Proteins 

were initially purified using HisPur Ni-NTA resin (Thermo Fisher Scientific, Waltham, 

MA) followed by metal chelating chromatography (5 mL HiTrap Chelating HP columns 

(GE Healthcare Life Sciences, Piscataway, NJ)). Further purification was carried out 

using either anion exchange chromatography (5 mL HiTrap Q HP columns (GE 

Healthcare Life Sciences)) for Casp2 or cation exchange chromatography (5 mL 

HiTrap SP HP columns (GE Healthcare Life Sciences)) for tau. Proteins were stored 

in 1X phosphate-buffered saline (pH 7.4) at 10 mg/mL (concentration determined using 

a BCA assay (Thermo Fisher Scientific)), -80 °C until further use. 

 

Expression and purification of circularly permutated caspase-2 (cpCasp2) 
 
A circularly permuted caspase-2 (cpCasp2) based on modifications to Casp2 (UniProt 

P42575) suggested by Cserjan-Puschmann et al. (2020)148 was expressed. The gene 

encoding 6H-Casp2334–452-GS-Casp2170–333 with a D347 → A347 mutation was inserted 

into a pET30a(+) vector (GenScript, Piscataway, NJ, USA) using Ndel and EcoRV 

restriction sites. The transformation into Lemo21 cells was performed as 

recommended by the vendor (New England Biolabs, Ipswich, MA, USA) and the plates 

were incubated overnight at 37 °C. A single colony was picked for primary culture using 

a sterile tip, added to sterile Luria Broth (LB) media containing antibiotics, and 

incubated overnight at 37 °C and 270 rpm. The primary culture was then diluted 1:100 
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into 1 L shake flasks containing sterile LB and the proper antibiotics. The liter cultures 

were incubated at 37 °C and 270 rpm and the OD was monitored until it reached 

between 0.6-0.8. Once the desired OD was reached, the cells were induced overnight 

with 0.1 mM IPTG at 28 °C and 270 rpm. After induction, the cells were harvested 

through centrifugation at 5,000 g for 20 min. Typical yield was about a 3.5 g cell pellet 

per liter. The pellets were stored at -20 °C until purification. 

 

The pellets were resuspended in lysis buffer (Buffer A with 2.5 µM Leupeptin, 5 µM 

Pepstatin, 0.5 µM DNase, 1 mM PMSF, and 10 mM MgCl2) and lysed through 

sonification. The lysate was clarified through centrifugation at 20,000 g for 30 min. The 

supernatant was filtered through a 0.45 µm filter before it was purified on a BioRad 

Biologic DuoFlow Chromatography System. For nickel affinity chromatography a 5 mL 

HisTrap FF column was equilibrated with 100% Buffer A (100 mM Tris, pH 8.0, 100 

mM NaCl, 20 mM imidazole). A gradient of Buffer B (100 mM Tris, pH 8.0, 100 mM 

NaCl, 400 mM imidazole) was then applied from 0-50% to wash and elute the protein. 

cpCasp2 was eluted at about 20% Buffer B. Final purification was achieved on a Hi-

Trap Q anion exchange column in 25 mM Tris, pH 8.0 utilizing a gradient of 0-1 M 

NaCl. cpCasp2 was eluted at about 150 mM NaCl. Final yield was 8-10 mg of cpCasp2 

per liter. After adding 10% glycerol the protein was stored at -80 °C. 

 

Expression and purification of recombinant caspase-3 
 

The pET23b vector encoding human Casp3 was a gift from Prof. Dr. Michelle Arkin at 

University of California, San Francisco. Expression and purification of Casp3 was 

guided by previously described protocols.149 Briefly, the plasmid was transformed into 

E. coli BL21 pLyss DE3 cells that were cultured at 1 L scale in shake flasks flasks at 

37 °C. When the culture reached an OD600 = 0.3, incubation temperature was reduced 

to 30 C. When the OD600 reached 0.6-0.8, protein expression was induced with 0.2 mM 

IPTG. Three hours post induction, cells were harvested through centrifugation (5000 

RPM for 30 min at 4 °C), lysed by sonication, and centrifuged again for 30 min at 20000 

RPM at 4 °C. Supernatant was resuspended in buffer (100 mM Tris pH 8.0, 100 mM 

NaCl, 20 mM imidazole). Purification was performed on a Cytiva ÅKTA Pure system 

(Marlborough, MA) by nickel-affinity chromatography on a HisTrap FF crude column 

(Cytiva) followed by ion-exchange chromatography on a HiTrap Q FF column (Cytiva). 
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Protein was diluted to 0.5 mg/mL, and stored at -80 °C in100 mM HEPES (pH 7.0), 

150 mM NaCl, 0.1% CHAPS, 1.5% sucrose, and 10 mM DTT. Typical yield for the 

expression, isolation, and purification was approximately 3 mg/L. 

 

2.6.2.2 Analyzing Recombinant Tau Mutants in an In vitro Caspase-2-catalyzed 
Tau Cleavage Assay 

 
Procedure 
 

Purified recombinant Casp2 (final concentration: 1 nM) was incubated with purified 

recombinant tau (molar ratio = 1:1) at 37 °C water bath in 1X reaction buffer (25 mM 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 0.1% (w/v) 3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 10 mM 

dithiothreitol (DTT), pH 7.5). Twenty µL of sample was transferred at designated time 

(i.e., 0, 5, 30, 60, 120, and 240 min after the reaction started) and the reaction was 

immediately stopped by adding Laemmli sample buffer (Bio-Rad, Hercules, CA) 

followed by boiling at 95 °C for 5 min. 

 

Western blotting (WB) 
 
The reaction samples were size-fractionated on 10% Criterion Tris-HCl Precast gels 

(Bio-Rad, Hercules, CA), and electrophoretically transferred onto 0.2 μm nitrocellulose 

membranes at a constant current of 0.4 A for 4 h at 4 °C. Membranes were first blocked 

using 5% (w/v) bovine serum albumin (BSA) blocking buffer (BSA dissolved in 1X 

phosphate-buffered saline, 0.1% (v/v) polyoxyethylene (20) sorbitan monolaurate 

(Tween 20), pH 7.4) at room temperature for 1 h, and then incubated with mouse 

monoclonal antibody tau-13 (directed against amino acids 15-25 of human tau; 

1:30,000; BioLegend, San Diego, CA; Cat #835201; RRID: AB_2565341) at 4 °C 

overnight. Following 5 min washes with wash buffer (10 mM Tris-HCl, pH 7.4; 200 mM 

NaCl; 0.1% (v/v) Tween 20)) at room temperature five times, membranes were 

incubated at room temperature in goat-anti-mouse immunoglobulin G-conjugated 

horseradish peroxidase (HRP) (Thermo Fisher Scientific; diluted in wash buffer) for 1 

h. Membranes were then washed again as described above. Western blots were 

developed using the West Pico electrochemiluminescence detection system (Thermo 
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Fisher Scientific). Densitometry-based quantification of the ~35 kDa cleavage product 

was performed using Optiquant (Packard Cyclone, Perkin-Elmer Life Sciences Inc., 

Boston, MA). The levels of proteins were determined from two independent 

experiments. 

 

2.6.2.3 Analyzing Inhibitory Compounds in an In vitro Caspase-2-catalyzed Tau 
Cleavage Assay 

 

In vitro caspase-2-catalyzed tau cleavage assay 
 
Purified recombinant Casp2 (final concentration during pre-incubation: 67 µM) was 

pre-incubated with various concentrations of inhibitory compounds at 4 °C for 72 h. 

Pre-treated enzyme was then incubated with purified recombinant tau at a molar ratio 

of 1:1 in 37 °C water bath, 1x reaction buffer (25 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 0.1% (w/v) 3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 10 mM 

dithiothreitol (DTT), pH 7.5) for 7 h. The final volume of each reaction was 100 µL. At 

the end of the 7-h incubation, 0.1% (v/v) protease inhibitor cocktail (MilliporeSigma) 

was added to stop the reactions. 

 

Immunoprecipitation (IP) / Western blotting (WB) 
 
Immediately after the reaction was stopped, the 100 µL enzyme-product mixture was 

diluted in 400 µL IP buffer (50 mM Tris-HCl (pH 7.4) and 150 mM NaCl, containing 0.1 

mM phenylmethylsulfonyl fluoride, 0.2 mM 1,10-phenanthroline monohydrate, and 

protease inhibitor cocktail (MilliporeSigma)), and then incubated with 10 μg of Δtau314-

specific monoclonal antibody 4F3 and 50 µL of Protein G Sepharose 4 Fast Flow resin 

(GE Healthcare) at 4 °C for 14–16 h. Subsequent resin wash and protein elution were 

performed as described previously.74 WB was performed according to a previously 

published protocol.73 
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Preparation of samples for mass spectrometry  
 

Purified recombinant tau (1 mg) were incubated with purified recombinant caspase-2 

at a molar ratio of 1:1 under the conditions described in the “In vitro caspase-2-

catalyzed tau cleavage assay” section. The resulting material was diluted in an IP 

buffer (final volume: 1 mL) and incubated overnight at 4 °C with 4F3-bound Protein G-

coupled magnetic beads. Following resin wash and protein elution, the 

immunocaptured proteins were size-fractionated, and the gel area containing proteins 

of interest was isolated using a protocol previously described.150 The 4F3 antibody was 

covalently linked to Protein G magnetic beads as previously described.73 

 

Mass spectrometry (MS) 
 
In-gel trypsin digestion, liquid chromatography-MS/MS, mass spectral database 

search, and data interpretation were performed as previously described150, except that 

Peaks Studio Xpro (Bioinformatics Solutions, Inc, Waterloo, Ontario, Canada) was 

used for interpretation of mass spectra (cf. Figure 2.039). 

 

 
Figure 2.039. Mass spectrometry (MS) analysis confirmed the identity of a ~37-kDa tau 
cleavage product as Δtau314. A representative Western blot (WB) of Casp2-cleaved tau 
proteins immunoprecipitated by the Δtau314-specific 4F3 antibody was probed using biotin-
conjugated pan-tau antibody tau-5 (tau-5-biotin). Liquid chromatography-MS/MS analysis 
identified the presence of Δtau314 in the ~37 kDa product as indicated by a representative MS 
spectrum of its trypsinized signature peptide at the C-terminus.  
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Expression and purification of recombinant caspase-2 and tau 

The DNA sequences encoding human caspase-2 p19 and p12 subunits were cloned 

as two separate open reading frames in the pCOLADuet-1 vector (MilliporeSigma, 

Burlington, MA). The DNA sequence encoding human microtubule–associated protein 

tau 0N4R isoform was cloned in the pET28a vector (MilliporeSigma). Expression of 

recombinant human caspase-2 and tau was induced using 150 μM isopropyl-β-D- 

thiogalactopyranoside (IPTG) (Promega, Madison, WI) in the BL21(DE3) E. coli strain 

(MilliporeSigma) at room temperature for 16 h while shaking at 250 rpm. Cells were 

then harvested via centrifugation at 6,000 g, 4 °C for 15 min, followed by lysis via 

sonication. Proteins were purified using HisPur Ni-NTA resin (Thermo Fisher Scientific, 

Waltham, MA) followed by HiTrap Chelating HP columns (GE Healthcare Life 

Sciences, Piscataway, NJ). Proteins were stored in 1x phosphate-buffered saline (pH 

7.4) at 10 mg/mL (determined using a BCA assay (Thermo Fisher Scientific)), -80 °C 

until further use.  

 

2.6.2.4 Plasmids and PCR Mutagenesis  
 

For cultured hippocampal neuron studies human tau and DsRed constructs were 

expressed in the pRK5 vector and driven by the cytomegalovirus promoter (Clontech 

Inc.). Human tau proteins were N-terminally fused to enhance GFP (eGFP). The wild-

type, native human tau construct encoded human four-repeat tau lacking the 

transcriptional- variant N-terminal sequences (0N4R) and contained exons 1, 4, 5, 7, 

9–13, 14, and intron 13 (RRID: Addgene_46904). The P301S mutant was created 

using site-directed mutagenesis (QuikChange SDM Kit, Agilent). PCR primers with 

lengths of 31 and 28 nucleotides were used for mutagenesis (sense: 5’- 

GCCGCCTCCCGaGACGTGTTTGATATTATCC-3’; antisense: 5’- 

TATCAAACACGTCtCGGGAGGCGGCAGT-3’; mutated nucleotide represented as 

lower case letter) (Integrated DNA Technologies). The nucleotide mutation as well as 

plasmid construct integrity were confirmed with Sanger Sequencing (UMN Genomics 

Center). Tau sequence numbering was based on the longest functional human 

isoform: 441-tau (2N4R tau; NCBI reference sequence: NP_005901.2).  
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2.6.2.5 Primary Hippocampal Neuron Cultures 
 

Briefly, a 22 mm diameter glass coverslip (0.09 mm thickness) was silicone-sealant- 

fastened to the bottom of a 35 mm culture dish with a bored hole of 20 mm in diameter 

and sterilized as previously described. Coverslips were coated with poly-D-lysine. 

Hippocampi were dissected from neonatal Sprague-Dawley timed-pregnancy rats 

(Envigo) or appropriate transgenic mice and control littermates at post-natal day 0-1. 

Hippocampi were enzymatically digested in Earle’s Balanced Salt Solution (EBSS) 

supplemented with 1% glucose and cysteine-activated papain. Digestion was blocked 

with dilute BSA (bovine serum albumin) and chicken ovomucoid, and cells were rinsed 

in fresh EBSS and plated in plating medium (minimal essential medium with Earle’s 

salts, 10% fetal bovine serum, 5% horse serum, 2 mM glutamine, 10 mM sodium 

pyruvate, 0.6% glucose, 100 U/mL penicillin and 100 mg/mL streptomycin) at 1 x 106 

cells/dish. After 18 h cell adherence was established. Cells were then grown in a 

neurobasal medium (a 1:5 mixture of NbActiv4 to NbActiv1; BrainBits LLC) and 

incubated at 37 °C in a 5% CO2 biological incubator. 

2.6.2.6 Low Efficiency Calcium-phosphate Transfection 
 

At 5–7 days in vitro (DIV) cells were transfected. DNA plasmid transfection was 

performed using standard calcium phosphate precipitation and incubation as 

previously described.73 Briefly, neurons were transfected with human tau constructs 

and DsRed (2:1 by plasmid DNA mass) for live imaging, and with human tau alone for 

electrophysiology and immunocytochemistry. Precipitated DNA was applied to cells in 

a solution of NbActiv4 neurobasal medium containing 100 μM AP5 ((2R)-amino-5-

phosphovaleric acid) to prevent calcium-induced excitotoxicity. After 3–4 h of 

transfection time, cells were rinsed in a glial conditioned medium and grown in the 

neurobasal medium as described above until mature (21–28 DIV).  

 

2.6.2.7 Electrophysiology 
 

Miniature excitatory postsynaptic currents (mEPSCs) were recorded from cultured 

dissociated mouse hippocampal neurons at 17-21 DIV with a glass pipette (resistance 



Design and Biological Evaluation of Selective Caspase-2 Inhibitors 

 179  

~ 5 MΩ) at holding potentials of –65 mV on an Axopatch 200B amplifier (output gain = 

0.5; filtered at 1 kHz) as previously described by Miller et al (2014)113. Input and series 

resistances were assessed and found to have no significant difference before and after 

recording time (5–20 mins). Recording sweeps lasted 200 ms and were sampled for 

every 1 s (pClamp, v10, RRID:SCR_011323). Neurons were bathed in bubble-

oxygenated artificial cerebrospinal fluid (ACSF) at 23 °C with 100 µM APV (NMDA 

receptor antagonist), 1 µM TTX (sodium channel blocker), and 100 µM picrotoxin 

(GABAA receptor antagonist). Passive oxygen perfusion was established with medical-

grade 95% O2–5% CO2. ACSF contained (in mM) 119 NaCl, 2.5 KCl, 5.0 CaCl2, 2.5 

MgCl2, 26.2 NaHCO3, 1 NaH2PO4, and 11 D-glucose. The internal solution of the glass 

pipettes contained (in mM) 100 cesium gluconate, 0.2 EGTA, 0.5 MgCl2, 2 ATP, 0.3 

GTP, and 40 HEPES. The pH of the internal solution was normalized to 7.2 with cesium 

hydroxide and diluted to a trace osmotic deficit in comparison to ACSF (~300 mOsm). 

All analysis of recordings was performed using an automated detection software suit 

(Clampfit, 11.0.3, Molecular Devices, San Jose, CA, USA). Minimum analysis 

parameters were set at greater than 1 min stable recording time and events with 

amplitudes greater than 3 pA and smaller than 40 pA were included. A mEPSC event 

was identified by using a template which included a distinct fast-rising depolarization 

and slow-decaying repolarization. Combined individual events were used to form 

relative cumulative frequency curves; whereas the means of all events from individual 

recordings were treated as single samples for further statistical analysis. Example 

traces were exported from Clampfit and live-traced, simplified, and united in vector 

editing software (Adobe Illustrator CS5 and Affinity Designer). 

 

2.6.3 Computational Chemistry 
 

Molecular Modeling 
 

Covalent docking studies were performed using the “Covalent Docking (CovDock)” 

module within the Schrödinger small-molecule drug discovery software suite 

(Schrödinger, LLC, New York, NY, Version 2021.3 unless otherwise noted. The crystal 

structures of Casp2 (PDBid: 1pyo) and Casp3 (PDBid: 3edq) were prepared using the 

module “Protein Preparation Wizard” in Maestro with the default protein parameters. 

Hydrogen atoms were added and water molecules that were beyond 5 Å from 
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heterocyclic groups were deleted. The covalently bound ligands AcLDESD-CHO:1pyo, 

AcLDESD-CHO:3edq where D-CHO represents “aspartic acid aldehyde” were 

included in the protein structures during their preparation for the covalent docking. In 

the experiments below, the protein structures prepared in this fashion are denoted by 

PP:PDBid, e.g., PP:1pyo. Hydrogen bonds were optimized, the partial charges were 

assigned, and the protein structure was energy-minimized using OPLS3e force field.151 

Following this preparation, the covalent bond connecting the ligand to the protein was 

broken and the now-separated aldehyde (reactive functional group) and cysteine 

(nucleophilic reaction group) were reconstituted by adjusting bond orders, adding 

hydrogens, and minimizing these groups in place. This free ligand (the “Workspace 

Ligand”) was employed to create the covalent docking grid used in the covalent 

docking and scoring (vide infra). The individual target receptors were set up using the 

following reactive cysteine residues (A:155, 1pyo; A:163, 3edq). The “Reaction Type” 

SMARTS string {[H]C=O} was built as a customized nucleophilic addition to a double 

bond. The “Box Center” for the docking grid was set using the “Centroid of (the) 

Workspace Ligand”. Docking was performed in the “Pose Prediction (Thorough)” 

mode. A “Minimization radius” of 3.0 Å was used, “Perform MM-GBSA scoring” was 

selected, and three (3) “Output poses per ligand reaction site” were selected (only the 

lowest energy pose is reported). Ligands for covalent docking experiments were drawn 

with ChemDraw, imported into Maestro as sdf, and refined into 3D structures using the 

“Ligand Preparation” module and its default parameters. These 3D structures, with the 

appropriate tautomers and charges, were directly used in “Covalent Docking” 

experiments and are designated as PL:ligand name, e.g., PL:AcLDESD-CHO.  “Cdock 

Affinity” is reported in kcal/mol. Five starting points for cdock affinity prediction were 

created by the following protocol. These are structures 1-5 (state number) in 

Figure 2.040. (1) Standard input as described above; (2) Prime (module in the 

Schrödinger small-molecule drug discovery software suite) minimization of state 1; (3-
5) states selected from 433 states generated by searching of the conformational space 

of e.g., AcVDVAD-CHO with a 10 kcal/mol energy window (3 = lowest energy state, 4 

= middle energy state, and 5 = highest energy state). 
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Figure 2.040. Cdock affinities (right axis (kcal/mol)) resulting from the docking of five different 
conformations of AcVDVAD-CHO (energies on left axis (kcal/mol)) with PDBid: 1pyo. Energies 
on the left axis calculated with Prime using the OPLS4 forcefield. Energies on the right axis 
calculated using Glide and the Covalent Docking module in Maestro (Schrödinger, 2021.3). 
 

2.6.4 Crystallography 
 

The preparation of Casp3 co-crystal structures with covalently bound inhibitors 

followed previously utilized protocols.117,152 500 mL of Casp3 at 0.5 mg/mL was 

incubated with 500 mM inhibitor for 30 min on ice prior to being concentrated to 4 

mg/mL for crystallization. Crystals were grown by hanging-drop vapor diffusion in 

which 1 mL (protein) +1 mL (well solution) drops were suspended over either 15% PEG 

6000, 5% glycerol (v:v), 100 mM sodium citrate pH 5.3, 10 mM DTT, and 30 mM NaN3, 

or 16% PEG 6000, 5% glycerol, 100 mM sodium citrate pH 6.5, and 10 mM DTT. Plate-

like crystals grew within 24-48 h and were cryoprotected with well solution 

supplemented with 10% PEG 6000 prior to flash freezing. Diffraction data were 

collected at IMCA-CAT beamline 17-ID at the Advanced Photon Source (APS), 

Argonne, Illinois, USA. The collection was completed at 100 K using radiation of 

wavelength 1.00 Ångstroms and a Dectris Eiger2 9M detector. Data were processed 

using autoProc and scaled using aP_scale.153 All structures were solved using 

molecular replacement as implemented in Phenix.154 The Casp3 structure with bound 

AcVDVAD-CHO, PDBid: 2h65, served as a search model. Iterative rounds of 

refinement and model building were conducted using Phenix and Coot.155 Summary 
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data collection and refinement statistics for each of the structures are given in Table 

2.08,2.12, and 2.13. 

 

2.6.5 Data Analysis 
 

Statistical analyses were performed using GraphPad Prism version 8 (GraphPad 

Software, La Jolla, CA). GraphPad Prism version 9 was used to calculate the IC50 by 

fitting the dose-response data with four parameter variable slope nonlinear regression. 

These were transformed into pKi values using the Cheng−Prusoff equation.156 Since 

the compounds are covalent reversible inhibitors, they were characterized using pKi 

values and not “kinact / Ki”, as would be necessary for covalent irreversible inhibitors. P 

< 0.05 was considered statistically significant. See legends of Tables 2.06, 2.07, 2.10, 

and 2.11 and Figures 2.013, 2.022, 2.023, and 2.024 for detailed statistical methods. 
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2.7 Supplementary Material  

2.7.1 NMR Spectra of Peptides 2.008-2.015, 2.017-2.100, and 2.107-2.125 

 
Figure 2.041. 1H NMR spectrum (400 MHz, D2O) of compound 2.008. 

 
Figure 2.042. 13C NMR spectrum (101 MHz, D2O) of compound 2.008.  
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Figure 2.043. 1H NMR spectrum (400 MHz, D2O) of compound 2.009. 

 
Figure 2.044. 13C NMR spectrum (101 MHz, D2O) of compound 2.009. 
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Figure 2.045. 1H NMR spectrum (300 MHz, D2O) of compound 2.010. 

 
Figure 2.046. 1H NMR spectrum (300 MHz, D2O) of compound 2.011. 
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Figure 2.047. 13C NMR spectrum (75 MHz, D2O) of compound 2.011. 

 
Figure 2.048. 1H NMR spectrum (300 MHz, D2O) of compound 2.012. 
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Figure 2.049. 13C NMR spectrum (75 MHz, D2O) of compound 2.012. 

 
Figure 2.050. 1H NMR spectrum (400 MHz, D2O) of compound 2.013. 
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Figure 2.051. 13C NMR spectrum (75 MHz, D2O) of compound 2.013. 

 
Figure 2.052. 1H NMR spectrum (300 MHz, D2O) of compound 2.014. 
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Figure 2.053. 13C NMR spectrum (75 MHz, D2O) of compound 2.014.

 
Figure 2.054. 1H NMR spectrum (400 MHz, D2O) of compound 2.015. 
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Figure 2.055. 13C NMR spectrum (101 MHz, D2O) of compound 2.015. 

 
Figure 2.056. 1H NMR spectrum (400 MHz, D2O) of compound 2.017. 
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Figure 2.057. 13C NMR spectrum (101 MHz, D2O) of compound 2.017. 

Figure 2.058. 1H NMR spectrum (400 MHz, D2O) of compound 2.018. 
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Figure 2.059. 1H NMR spectrum (101 MHz, CD3OD) of compound 2.018. 

Figure 2.060. 1H NMR spectrum (300 MHz, D2O) of compound 2.019. 
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Figure 2.061. 13C NMR spectrum (75 MHz, D2O) of compound 2.019. 

 
Figure 2.062. 1H NMR spectrum (300 MHz, D2O) of compound 2.020. 
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Figure 2.063. 13H NMR spectrum (75 MHz, D2O) of compound 2.020. 

 
Figure 2.064. 1H NMR spectrum (300 MHz, D2O) of compound 2.021. 
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Figure 2.065. 13C NMR spectrum (75 MHz, D2O) of compound 2.021. 

 
Figure 2.066. 1H NMR spectrum (300 MHz, D2O) of compound 2.022. 
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Figure 2.067. 13C NMR spectrum (75 MHz, D2O) of compound 2.022. 

 
Figure 2.068. 1H NMR spectrum (300 MHz, D2O) of compound 2.023. 
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Figure 2.069. 13C NMR spectrum (75 MHz, D2O) of compound 2.023. 

 
Figure 2.070. 1H NMR spectrum (400 MHz, D2O) of compound 2.024. 
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Figure 2.071. 13C NMR spectrum (101 MHz, D2O) of compound 2.024. 

 
Figure 2.072. 1H NMR spectrum (300 MHz, D2O) of compound 2.025. 
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Figure 2.073. 13C NMR spectrum (75 MHz, D2O) of compound 2.025. 

 
Figure 2.074. 1H NMR spectrum (300 MHz, D2O) of compound 2.026. 
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Figure 2.075. 13C NMR spectrum (75 MHz, D2O) of compound 2.026. 

 
Figure 2.076. 1H NMR spectrum (400 MHz, D2O) of compound 2.027. 
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Figure 2.077. 13C NMR spectrum (101 MHz, D2O) of compound 2.027. 

 
Figure 2.078. 1H NMR spectrum (400 MHz, D2O) of compound 2.028. 
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Figure 2.079. 13C NMR spectrum (101 MHz, D2O) of compound 2.028. 

 
Figure 2.080. 1H NMR spectrum (300 MHz, D2O) of compound 2.029. 
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Figure 2.081. 13C NMR spectrum (300 MHz, D2O) of compound 2.029. 

 
Figure 2.082. 1H NMR spectrum (400 MHz, D2O) of compound 2.030. 
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Figure 2.083. 1H NMR spectrum (400 MHz, D2O) of compound 2.031. 

 
Figure 2.084. 13C NMR spectrum (101 MHz, D2O) of compound 2.031. 
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Figure 2.085. 1H NMR spectrum (400 MHz, D2O) of compound 2.032. 

 
Figure 2.086. 13C NMR spectrum (101 MHz, D2O) of compound 2.032. 
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Figure 2.087. 1H NMR spectrum (400 MHz, D2O) of compound 2.033. 
 

 
Figure 2.088. 13C NMR spectrum (101 MHz, D2O) of compound 2.033. 
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Figure 2.089. 1H NMR spectrum (400 MHz, D2O) of compound 2.034. 

 
Figure 2.090. 13C NMR spectrum (101 MHz, D2O) of compound 2.034. 
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Figure 2.091. 1H NMR spectrum (300 MHz, D2O) of compound 2.035. 

 
Figure 2.092. 13C NMR spectrum (75 MHz, D2O) of compound 2.035. 
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Figure 2.093. 1H NMR spectrum (300 MHz, D2O) of compound 2.036.  

 
Figure 2.094. 1H NMR spectrum (75 MHz, D2O) of compound 2.036.  
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Figure 2.095. 1H NMR spectrum (400 MHz, D2O) of compound 2.037. 

 
Figure 2.096. 13C NMR spectrum (101 MHz, D2O) of compound 2.037. 
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Figure 2.097. 1H NMR spectrum (400 MHz, D2O) of compound 2.038. 

 
Figure 2.098. 13C NMR spectrum (101 MHz, D2O) of compound 2.038. 
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Figure 2.099. 1H NMR spectrum (400 MHz, D2O) of compound 2.039. 

 
Figure 2.100. 13C NMR spectrum (101 MHz, D2O) of compound 2.039. 
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Figure 2.101. 1H NMR spectrum (400 MHz, D2O) of compound 2.040. 

 
Figure 2.102. 1H NMR spectrum (300 MHz, D2O) of compound 2.041. 
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Figure 2.103. 1H NMR spectrum (400 MHz, D2O) of compound 2.042. 

 
Figure 2.104. 1H NMR spectrum (400 MHz, D2O) of compound 2.043. 
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Figure 2.105. 13C NMR spectrum (101 MHz, D2O) of compound 2.043. 

 
Figure 2.106. 1H NMR spectrum (400 MHz, D2O) of compound 2.044. 
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Figure 2.107. 13C NMR spectrum (101 MHz, D2O) of compound 2.044. 

 
Figure 2.108. 1H NMR spectrum (300 MHz, D2O) of compound 2.045. 
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Figure 2.109. 1H NMR spectrum (300 MHz, D2O) of compound 2.046. 

 
Figure 2.110.13C NMR spectrum (75 MHz, D2O) of compound 2.046. 
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Figure 2.111. 1H NMR spectrum (400 MHz, D2O) of compound 2.047. 

 
Figure 2.112.13C NMR spectrum (101 MHz, D2O) of compound 2.047. 
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Figure 2.113. 1H NMR spectrum (400 MHz, D2O) of compound 2.048. 

 
Figure 2.114.13C NMR spectrum (101 MHz, D2O) of compound 2.048. 
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Figure 2.115. 1H NMR spectrum (300 MHz, D2O) of compound 2.049. 

 
Figure 2.116. 13C NMR spectrum (75 MHz, D2O) of compound 2.049. 
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Figure 2.117. 1H NMR spectrum (300 MHz, D2O) of compound 2.050. 

 
Figure 2.118. 1H NMR spectrum (400 MHz, D2O) of compound 2.051. 
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Figure 2.119.13C NMR spectrum (101 MHz, D2O) of compound 2.051. 

 
Figure 2.120. 1H NMR spectrum (300 MHz, D2O) of compound 2.052. 
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Figure 2.121. 13C NMR spectrum (75 MHz, D2O) of compound 2.052. 

 
Figure 2.122. 1H NMR spectrum (300 MHz, D2O) of compound 2.053. 
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Figure 2.123. 1H NMR spectrum (400 MHz, D2O) of compound 2.054. 

 
Figure 2.124.13C NMR spectrum (101 MHz, D2O) of compound 2.054. 
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Figure 2.125. 1H NMR spectrum (400 MHz, D2O) of compound 2.055. 

 
Figure 2.126.13C NMR spectrum (101 MHz, D2O) of compound 2.055. 
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Figure 2.127. 1H NMR spectrum (400 MHz, D2O) of compound 2.056. 

 
Figure 2.128. 1H NMR spectrum (400 MHz, D2O) of compound 2.057. 
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Figure 2.129. 13C NMR spectrum (101 MHz, D2O) of compound 2.057. 

 
Figure 2.130. 1H NMR spectrum (400 MHz, D2O) of compound 2.058. 
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Figure 2.131. 1H NMR spectrum (400 MHz, D2O) of compound 2.058. 

 
Figure 2.132. 1H NMR spectrum (400 MHz, D2O) of compound 2.059. 
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Figure 2.133. 13C NMR spectrum (101 MHz, D2O) of compound 2.059. 

 
Figure 2.134. 1H NMR spectrum (400 MHz, D2O) of compound 2.060. 
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Figure 2.135.13C NMR spectrum (101 MHz, D2O) of compound 2.060. 

 
Figure 2.136. 1H NMR spectrum (400 MHz, D2O) of compound 2.061. 
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Figure 2.137. 13C NMR spectrum (101 MHz, D2O) of compound 2.061. 

 
Figure 2.138. 1H NMR spectrum (400 MHz, D2O) of compound 2.062. 
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Figure 2.139. 13C NMR spectrum (101 MHz, D2O) of compound 2.062. 

 
Figure 2.140. 1H NMR spectrum (400 MHz, D2O) of compound 2.063. 
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Figure 2.141. 13C NMR spectrum (101 MHz, D2O) of compound 2.063. 

 
Figure 2.142. 1H NMR spectrum (400 MHz, D2O) of compound 2.064. 
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Figure 2.143. 13C NMR spectrum (101 MHz, D2O) of compound 2.064. 

 
Figure 2.144. 1H NMR spectrum (400 MHz, D2O) of compound 2.065. 
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Figure 2.145. 1H NMR spectrum (400 MHz, D2O) of compound 2.065. 

 
Figure 2.146. 1H NMR spectrum (400 MHz, CD3OD) of compound 2.066. 
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Figure 2.147. 1H NMR spectrum (400 MHz, D2O) of compound 2.067. 

Figure 2.148. 13C NMR spectrum (101 MHz, D2O) of compound 2.067. 
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Figure 2.149. 1H NMR spectrum (400 MHz, D2O) of compound 2.068. 

 
Figure 2.150. 13C NMR spectrum (101 MHz, D2O) of compound 2.068. 
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Figure 2.151. 1H NMR spectrum (400 MHz, D2O) of compound 2.069. 

Figure 2.152. 13C NMR spectrum (101 MHz, D2O) of compound 2.069. 
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Figure 2.153. 1H NMR spectrum (400 MHz, D2O) of compound 2.070. 

 
Figure 2.154. 13C NMR spectrum (101 MHz, D2O) of compound 2.070. 
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Figure 2.155. 1H NMR spectrum (400 MHz, D2O) of compound 2.071. 

Figure 2.156. 13C NMR spectrum (101 MHz, D2O) of compound 2.071. 
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Figure 2.157. 1H NMR spectrum (300 MHz, D2O) of compound 2.072. 

Figure 2.158. 13C NMR spectrum (75 MHz, D2O) of compound 2.072. 
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Figure 2.159. 1H NMR spectrum (300 MHz, D2O) of compound 2.073. 

 
Figure 2.160. 13C NMR spectrum (75 MHz, D2O) of compound 2.073. 
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Figure 2.161. 1H NMR spectrum (400 MHz, CD3OD) of compound 2.074. 

 
Figure 2.162. 1H NMR spectrum (101 MHz, CD3OD) of compound 2.074. 
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Figure 2.163. 1H NMR spectrum (300 MHz, D2O) of compound 2.075. 

 
Figure 2.164.13C NMR spectrum (75 MHz, D2O) of compound 2.075. 
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Figure 2.165. 1H NMR spectrum (300 MHz, D2O) of compound 2.076. 

 
Figure 2.166. 1H NMR spectrum (300 MHz, D2O) of compound 2.077. 
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Figure 2.167. 13CNMR spectrum (75 MHz, D2O) of compound 2.077. 

 
Figure 2.168. 1H NMR spectrum (300 MHz, D2O) of compound 2.078. 

102030405060708090100110120130140150160170180190200210
f1	(ppm)

17
.8
1

18
.3
7

21
.5
5

23
.2
2

28
.1
2

29
.8
9

3
4
.3
2

3
8.
8
5

51
.5
1

53
.0
5

59
.9
3

8
9
.6
6

17
2.
6
5

17
3.
8
2

17
4
.5
2

17
5.
17

20
6
.6
0

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
f1	(ppm)

12
.0
8

3.
0
1

2.
15

6
.0
0

1.
72

2.
19

5.
9
1

0.
72

0.70.80.91.01.1
f1	(ppm)

12
.0
8

3.
0
1

1.21.31.41.51.61.7
f1	(ppm)

2.
15

1.81.92.02.1
f1	(ppm)

6
.0
0

2.32.42.52.62.72.82.93.0
f1	(ppm)

1.
72

2.
19

3.94.04.14.24.34.4
f1	(ppm)

5.
9
1

4.854.904.95
f1	(ppm)

0.
72

solvent

residual

signal



Design and Biological Evaluation of Selective Caspase-2 Inhibitors 

 247  

 
Figure 2.169.13C NMR spectrum (75 MHz, D2O) of compound 2.078. 

 
Figure 2.170. 1H NMR spectrum (300 MHz, D2O) of compound 2.079. 
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Figure 2.171. 1H NMR spectrum (400 MHz, D2O) of compound 2.080. 

 
Figure 2.172.13CNMR spectrum (101 MHz, D2O) of compound 2.080. 
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Figure 2.173. 1H NMR spectrum (300 MHz, D2O) of compound 2.081. 

 
Figure 2.174.13C NMR spectrum (75 MHz, D2O) of compound 2.081. 
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Figure 2.175. 1H NMR spectrum (300 MHz, D2O) of compound 2.082. 

 
Figure 2.176. 1H NMR spectrum (300 MHz, D2O) of compound 2.083. 
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Figure 2.177.13C NMR spectrum (75 MHz, D2O) of compound 2.083. 

 
Figure 2.178. 1H NMR spectrum (400 MHz, D2O) of compound 2.084. 
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Figure 2.179. 13C NMR spectrum (75 MHz, DMSO-d6) of compound 2.084. 

 
Figure 2.180. 1H NMR spectrum (300 MHz, D2O) of compound 2.085. 
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Figure 2.181. 13CNMR spectrum (75 MHz, D2O) of compound 2.085. 

 
Figure 2.182. 1H NMR spectrum (300 MHz, D2O) of compound 2.086. 
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Figure 2.183. 13C NMR spectrum (75 MHz, D2O) of compound 2.086. 

 
Figure 2.184. 1H NMR spectrum (400 MHz, D2O) of compound 2.087. 
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Figure 2.185. 13CNMR spectrum (101 MHz, D2O) of compound 2.087. 

 
Figure 2.186. 1H NMR spectrum (400 MHz, D2O) of compound 2.088. 
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Figure 2.187.13C NMR spectrum (101 MHz, DMSO-d6) of compound 2.088. 

 
Figure 2.188. 1H NMR spectrum (400 MHz, DMSO-d6) of compound 2.093.  
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Figure 2.189. 1H NMR spectrum (400 MHz, DMSO-d6) of compound 2.094.  

 
Figure 2.190. 1H NMR spectrum (400 MHz, D2O) of compound 2.095. 
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Figure 2.191. 1H NMR spectrum (400 MHz, DMSO-d6) of compound 2.096. 

 
Figure 2.192. 1H NMR spectrum (400 MHz, DMSO-d6) of compound 2.097. 
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Figure 2.193. 1H NMR spectrum (400 MHz, DMSO-d6) of compound 2.098. 

 
Figure 2.194. 1H NMR spectrum (400 MHz, DMSO-d6) of compound 2.099. 
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Figure 2.195. 1H NMR spectrum (400 MHz, DMSO-d6) of compound 2.100.  

 
Figure 2.196. 1HNMR spectrum (300 MHz, D2O) of compound 2.107. 
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Figure 2.197. 1H NMR spectrum (300 MHz, D2O) of compound 2.108. 

 
Figure 2.198. 1H NMR spectrum (400 MHz, D2O) of compound 2.109.  
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Figure 2.199. 1H NMR spectrum (400 MHz, D2O) of compound 2.110. 

 
Figure 2.200. 1H NMR spectrum (400 MHz, D2O) of compound 2.111. 
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Figure 2.201. 1H NMR spectrum (300 MHz, DMSO-d6) of compound 2.112.  

 
Figure 2.202. 1H NMR spectrum (300 MHz, DMSO-d6) of compound 2.113.  
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Figure 2.203. 1H NMR spectrum (300 MHz, D2O) of compound 2.114.  

 
Figure 2.204. 1H NMR spectrum (300 MHz, DMSO-d6) of compound 2.115. 
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Figure 2.205. 1H NMR spectrum (300 MHz, D2O) of compound 2.116. 

 
Figure 2.206. 1H NMR spectrum (300 MHz, D2O) of compound 2.117. 
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Figure 2.207. 1H NMR spectrum (300 MHz, DMSO-d6) of compound 2.118.

 
Figure 2.208. 1H NMR spectrum (300 MHz, DMSO-d6) of compound 2.119.  
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Figure 2.209. 1H NMR spectrum (300 MHz, D2O) of compound 2.120. 

 
Figure 2.210. 1H NMR spectrum (300 MHz, D2O) of compound 2.121. 
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Figure 2.211. 1H NMR spectrum (300 MHz, D2O) of compound 2.122.  

 
Figure 2.212. 1H NMR spectrum (300 MHz, DMSO-d6) of compound 2.123.  
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Figure 2.213.1H NMR spectrum (300 MHz, DMSO-d6) of compound 2.124. 

 
Figure 2.214. 1H NMR spectrum (300 MHz, DMSO-d6) of compound 2.125. 
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2.7.2 RP-HPLC Chromatograms: Purity Control and Stability Control 

2.7.2.1 Chemical Purity of Peptides 2.008-2.015, 2.017-2.100, and 2.107-2.126 
 

 

Figure 2.215 RP-HPLC analysis (purity control) of compound 2.008 (A) (99%, 220 nm) and 
compound 2.009 (B) (> 99%, 220 nm). 

 

Figure 2.216. RP-HPLC analysis (purity control) of compound 2.010 (A) (98%, 220 nm) and 
compound 2.011 (B) (> 99%, 220 nm). 

 

Figure 2.217. RP-HPLC analysis (purity control) of compound 2.012 (A) (> 99%, 220 nm) and 
compound 2.013 (B) (> 99%, 220 nm). 
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Figure 2.218. RP-HPLC analysis (purity control) of compound 2.014 (A) (> 99%, 220 nm) and 
compound 2.015 (B) (> 99%, 220 nm).  

 

Figure 2.219. RP-HPLC analysis (purity control) of compound 2.017 (A) (97%, 220 nm) and 
compound 2.018 (B) (99%, 220 nm). 

 

Figure 2.220. RP-HPLC analysis (purity control) of compound 2.019 (A) (> 99%, 220 nm) and 
compound 2.020 (B) (99%, 220 nm). 
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Figure 2.221. RP-HPLC analysis (purity control) of compound 2.021 (A) (99%, 220 nm) and 
compound 2.022 (B) (> 99%, 220 nm). 

 

Figure 2.222. RP-HPLC analysis (purity control) of compound 2.023 (A) (> 99%, 220 nm) and 
compound 2.024 (B) (> 99%, 220 nm). 

 

Figure 2.223. RP-HPLC analysis (purity control) of compound 2.025 (A) (> 99%, 220 nm) and 
compound 2.026 (B) (98%, 220 nm).  
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Figure 2.224. RP-HPLC analysis (purity control) of compound 2.027 (A) (> 99%, 220 nm) and 
compound 2.028 (B) (> 99%, 220 nm).  

 

Figure 2.225. RP-HPLC analysis (purity control) of compound 2.029 (A) (99%, 220 nm) and 
compound 2.030 (B) (> 99%, 220 nm).  

 

Figure 2.226. RP-HPLC analysis (purity control) of compound 2.031 (A) (98%, 220 nm) and 
compound 2.032 (B) (> 99%, 220 nm). 
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Figure 2.227. RP-HPLC analysis (purity control) of compound 2.033 (A) (> 99%, 220 nm) and 
compound 2.034 (B) (> 99%, 220 nm). 

 

Figure 2.228. RP-HPLC analysis (purity control) of compound 2.035 (A) (99%, 220 nm) and 
compound 2.036 (B) (99%, 220 nm). 

 

Figure 2.229. RP-HPLC analysis (purity control) of compound 2.037 (A) (> 99%, 220 nm) and 
compound 2.038 (B) (> 99%, 220 nm). 
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Figure 2.230. RP-HPLC analysis (purity control) of compound 2.039 (A) (> 99%, 220 nm) and 
compound 2.040 (B) (> 99%, 220 nm). 

 

Figure 2.231. RP-HPLC analysis (purity control) of compound 2.041 (A) (97%, 220 nm) and 
compound 2.042 (B) (> 99%, 220 nm). 

 

Figure 2.232. RP-HPLC analysis (purity control) of compound 2.043 (A) (99%, 220 nm) and 
compound 2.044 (B) (> 99%, 220 nm). 
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Figure 2.233. RP-HPLC analysis (purity control) of compound 2.045 (A) (> 99%, 220 nm) and 
compound 2.046 (B) (> 99%, 220 nm). 

 

Figure 2.234. RP-HPLC analysis (purity control) of compound 2.047 (A) (> 99%, 220 nm) and 
compound 2.048 (B) (> 99%, 220 nm). 

 

Figure 2.235. RP-HPLC analysis (purity control) of compound 2.049 (A) (98%, 220 nm) and 
compound 2.050 (B) (> 99%, 220 nm). 
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Figure 2.236. RP-HPLC analysis (purity control) of compound 2.051 (A) (> 99%, 220 nm) and 
compound 2.052 (B) (96%, 220 nm). 

 

Figure 2.237. RP-HPLC analysis (purity control) of compound 2.053 (A) (> 99%, 220 nm) and 
compound 2.054 (B) (> 99%, 220 nm). 

 

Figure 2.238. RP-HPLC analysis (purity control) of compound 2.055 (A) (> 99%, 220 nm) and 
compound 2.056 (B) (99%, 220 nm). 

10 20 30

-200

-100

0

100

200

time / min

ab
so

rb
an

ce
 a

t 2
20

nm
 / 

m
A

U
tR = 2.58

A

10 20 30
-100

0

100

200

time / min

ab
so

rb
an

ce
 a

t 2
20

nm
 / 

m
A

U tR = 5.98B

10 20 30

0

200

400

time / min

ab
so

rb
an

ce
 a

t 2
20

nm
 / 

m
A

U

tR = 3.11
A

10 20 30
-100

0

100

200

300

400

time / min

ab
so

rb
an

ce
 a

t 2
20

nm
 / 

m
A

U
tR = 3.25B

10 20 30

-100

0

100

200

300

time / min

ab
so

rb
an

ce
 a

t 2
20

nm
 / 

m
A

U tR = 3.98
A

10 20 30

-100

0

100

200

300

time / min

ab
so

rb
an

ce
 a

t 2
20

nm
 / 

m
A

U

tR = 8.30

B



Design and Biological Evaluation of Selective Caspase-2 Inhibitors 

 278  

 

Figure 2.239. RP-HPLC analysis (purity control) of compound 2.057 (A) (> 99%, 220 nm) and 
compound 2.058 (B) (95%, 220 nm). 

 

Figure 2.240. RP-HPLC analysis (purity control) of compound 2.059 (A) (99%, 220 nm) and 
compound 2.060 (B) (> 99%, 220 nm). 

 

Figure 2.241. RP-HPLC analysis (purity control) of compound 2.061 (A) (98%, 220 nm) and 
compound 2.062 (B) (> 99%, 220 nm). 
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Figure 2.242. RP-HPLC analysis (purity control) of compound 2.063 (A) (> 99%, 220 nm) and 
compound 2.064 (B) (> 99%, 220 nm). 

 

Figure 2.243. RP-HPLC analysis (purity control) of compound 2.065 (A) (95%, 220 nm) and 
compound 2.066 (B) (96%, 220 nm). 

 

Figure 2.244. RP-HPLC analysis (purity control) of compound 2.067 (A) (99%, 220 nm) and 
compound 2.068 (B) (> 99%, 220 nm). 
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Figure 2.245. RP-HPLC analysis (purity control) of compound 2.069 (A) (95%, 220 nm) and 
compound 2.070 (B) (99%, 220 nm). 

 

Figure 2.246. RP-HPLC analysis (purity control) of compound 2.071 (A) (> 99%, 220 nm) and 
compound 2.072 (B) (> 99%, 220 nm). 

 

Figure 2.247. RP-HPLC analysis (purity control) of compound 2.073 (A) (> 99%, 220 nm) and 
compound 2.074 (B) (97%, 220 nm). 

10 20 30-100

-50

0

50

100

time / min

ab
so

rb
an

ce
 a

t 2
20

nm
 / 

m
A

U
tR = 6.20

A

10 20 30

0

200

400

600

time / min

ab
so

rb
an

ce
 a

t 2
20

nm
 / 

m
A

U

tR = 3.68B

10 20 30
-100

0

100

200

time / min

ab
so

rb
an

ce
 a

t 2
20

nm
 / 

m
A

U

tR = 6.16A

10 20 30
-100

0

100

200

300

400

time / min

ab
so

rb
an

ce
 a

t 2
20

nm
 / 

m
A

U
tR = 6.58

B

10 20 30

0

200

400

600

time / min

ab
so

rb
an

ce
 a

t 2
20

nm
 / 

m
A

U tR = 7.36A

10 20 30
-100

0

100

200

300

time / min

ab
so

rb
an

ce
 a

t 2
20

nm
 / 

m
A

U tR = 10.89
B



Design and Biological Evaluation of Selective Caspase-2 Inhibitors 

 281  

 

Figure 2.248. RP-HPLC analysis (purity control) of compound 2.075 (A) (> 99%, 220 nm) and 
compound 2.076 (B) (> 99%, 220 nm). 

 

Figure 2.249. RP-HPLC analysis (purity control) of compound 2.077 (A) (> 99%, 220 nm) and 
compound 2.078 (B) (> 99%, 220 nm). 

 

Figure 2.250. RP-HPLC analysis (purity control) of compound 2.079 (A) (> 99%, 220 nm) and 
compound 2.080 (B) (96%, 220 nm). 
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Figure 2.251. RP-HPLC analysis (purity control) of compound 2.081 (A) (> 99%, 220 nm) and 
compound 2.082 (B) (> 99%, 220 nm). 

 

Figure 2.252. RP-HPLC analysis (purity control) of compound 2.083 (A) (> 99%, 220 nm) and 
compound 2.084 (B) (> 99%, 220 nm). 

 

Figure 2.253. RP-HPLC analysis (purity control) of compound 2.085 (A) (> 99%, 220 nm) and 
compound 2.086 (B) (> 99%, 220 nm). 
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Figure 2.254. RP-HPLC analysis (purity control) of compound 2.087 (A) (> 99%, 220 nm) and 
compound 2.088 (B) (> 99%, 220 nm). 

 

Figure 2.255. RP-HPLC analysis (purity control) of compound 2.093 (A) (99%, 220 nm) and 
compound 2.094 (B) (> 99%, 220 nm). 

 

Figure 2.256. RP-HPLC analysis (purity control) of compound 2.095 (A) (> 99%, 220 nm) and 
compound 2.096 (B) (> 99%, 220 nm). 
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Figure 2.257. RP-HPLC analysis (purity control) of compound 2.097 (A) (> 99%, 220 nm) and 
compound 2.098 (B) (99%, 220 nm). 

 

Figure 2.258. RP-HPLC analysis (purity control) of compound 2.099 (A) (> 99%, 220 nm) and 
compound 2.100 (B) (> 99%, 220 nm). 

 

Figure 2.259. RP-HPLC analysis (purity control) of compound 2.107 (A) (95%, 220 nm) and 
compound 2.108 (B) (96%, 220 nm). 
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Figure 2.260. RP-HPLC analysis (purity control) of compound 2.109(A) (99%, 220 nm) and 
compound 2.110 (B) (97%, 220 nm). 

 

Figure 2.261. RP-HPLC analysis (purity control) of compound 2.111(A) (95%, 220 nm) and 
compound 2.112 (B) (95%, 220 nm). 

 

Figure 2.262. RP-HPLC analysis (purity control) of compound 2.113 (A) (95%, 220 nm) and 
compound 2.114 (B) (> 99%, 220 nm). 
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Figure 2.263. RP-HPLC analysis (purity control) of compound 2.115 (A) (> 99%, 220 nm) and 
compound 2.116 (B) (95%, 220 nm). 

 

Figure 2.264. RP-HPLC analysis (purity control) of compound 2.117 (A) (95%, 220 nm) and 
compound 2.118 (B) (> 99%, 220 nm). 

 

Figure 2.265. RP-HPLC analysis (purity control) of compound 2.119 (A) (98%, 220 nm) and 
compound 2.120 (B) (99%, 220 nm). 
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Figure 2.266. RP-HPLC analysis (purity control) of compound 2.121 (A) (97%, 220 nm) and 
compound 2.122 (B) (99%, 220 nm). 

 

Figure 2.267. RP-HPLC analysis (purity control) of compound 2.123 (A) (95%, 220 nm) and 
compound 2.124 (B) (> 99%, 220 nm). 

 

Figure 2.268. RP-HPLC analysis (purity control) of compound 2.125 (A) (96%, 220 nm) and 
compound 2.126 (B) (96%, 220 nm). 
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2.7.2.2 Chemical Stability of Peptides 2.013, 2.047, 2.048, 2.055, 2.057, and 2.088 

 
Figure 2.269 RP-HPLC analysis (stability control) of peptide 2.013 in water (1 mM) at rt for 28 
days. 

 

Figure 2.270. RP-HPLC analysis (stability control) of peptide 2.047 in water (1 mM) at rt for 
28 days. 

 

Figure 2.271. RP-HPLC analysis (stability control) of peptide 2.048 in water (1 mM) at rt for 
28 days. 

10 20 30-200

0

200

400

600

time / min

ab
so

rb
an

ce
 a

t 2
20

nm
 / 

m
A

U

2 d
0 h

7 d
14 d
21 d
28 d

0 10 20 30
-100

0

100

200

300

400

time / min

ab
so

rb
an

ce
 a

t 2
20

nm
 / 

m
A

U

0 h
2 d
7 d
14 d
21 d
28 d

0 10 20 30
-100

0

100

200

300

time / min

ab
so

rb
an

ce
 a

t 2
20

nm
 / 

m
A

U

2 d
0 h

7 d
14 d
21 d
28 d



Design and Biological Evaluation of Selective Caspase-2 Inhibitors 

 289  

 
Figure 2.272. RP-HPLC analysis (stability control) of peptide 2.055 in water (1 mM) at rt for 
28 days. 

 

Figure 2.273. RP-HPLC analysis (stability control) of peptide 2.057 in water (1 mM) at rt for 
28 days. 

 

Figure 2.274. RP-HPLC analysis (stability control) of peptide 2.088 in water (1 mM) at rt for 
28 days. 
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2.7.2.3 Chemical Stability of Indoline-containing Peptides 2.108 and 2.120 
 

 
 
Figure 2.275. RP-HPLC analysis (stability control) of peptide 2.108 at rt in DMSO (5 mM) for 
7 days. 

 

Figure 2.276. RP-HPLC analysis (stability control) of peptide 2.108 at rt in water (1 mM) for 
7 days. 

 
Figure 2.277. RP-HPLC analysis (stability control) of peptide 2.120 at rt in DMSO (5 mM) for 
21 days. 
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Figure 2.278. RP-HPLC analysis (stability control) of peptide 2.120 at rt in water (1 mM) for 
21 days. 
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2.7.3 Chiral-SFC Chromatograms of 6-Methyl-tetrahydrosioquinoline-1-
carboxylic Acid  
 

 

Figure 2.279. Chiral separation of (±)-6-methyl-tetrahydroisoquinoline-1-carboxylic acid. 

 

Figure 2.280. Optical purity of (S)-6-methyl-tetrahydroisoquinoline-1-carboxylic acid and (R)-
6-methyl-tetrahydroisoquinoline-1-carboxylic acid. 
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Preparative-SFC conditions:  
Instrument: SFC-200 (Waters) 
Column: CHIRALPAK 20x250mm, 10μm (Daicel) 
Column temperature: 35 °C 
Mobile phase: CO2/MeOH (0.5% Methanol 
Ammonia) = 55/45 
Flow rate: 120g/min 
Back pressure: 100 bar 
Detection wavelength: 214 nm 
Cycle time: 4.9 min 
Sample solution: 5000 mg dissolved in 200mL 
(MeOH+DCM) 
Injection volume: 1.5 mL 

 

Analytical-SFC conditions:  
Instrument: SFC Method Station (Thar, Waters) 
Column: CHIRALPAK OZ 4.6x100mm, 5µm (Daicel) 
Column temperature: 40 °C 
Mobile phase: CO2/MeOH (0.5% Methanol 
Ammonia) = 60/40 
Flow rate: 4.0 mL/min 
Back pressure: 120 bar 
Detection wavelength: 214 nm 
Injection volume: 1.0 µL 
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2.7.4 Bioavailability Radars Generated with SwissADME 
 

Bioavailability radars of peptides 2.107, and 2.110-2.119 were generated by using 

SwissADME web tool.129 Six parameters namely flexibility (FLEX, < 10 rotatable 

bonds), lipophilicity (LIPO, –0.7 ≤ logP (XLOGP132) ≤ 6), size (SIZE, 150 ≤ MW ≤ 500), 

polarity (POLAR, 20 ≤ TPSA ≤ 130;), solubility (INSOLU, logS (ESOL136) < –6) and 

saturation (INSATU, sp3 hybridized carbons / total carbon count ≥ 0.25 ) and their 

critical limits are depicted in the bioavailability radar. Ranges of optimal values are 

depicted as a pink area. The red radar of the compound must be fully encompassed 

by the pink area to consider it as drug-like and orally bioavailable. Any deviation 

signifies a suboptimal property for oral bioavailability. 
 

 
Figure 2.281. Bioavailability Radar of 2.107 (A) and 2.110 (B).  
 
 

 
Figure 2.282. Bioavailability Radar of 2.111 (A) and 2.114 (B).  
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Figure 2.283. Bioavailability Radar of 2.116 (A) and 2.117 (B). 

 

 

 
Figure 2.284. Bioavailability Radar of 2.118 (A) and 2.119 (B). 
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2.7.5 Saturation Binding Experiments in the Fluorometric Enzyme Assay 
 

 

Figure 2.285. Saturation binding experiment (left) and representative fluorescence traces 
(right) of the fluorometric enzyme assay with AcYVAD-AFC and Casp1 (0.05 U/well).  

 

Figure 2.286. Saturation binding experiment (left) and representative fluorescence traces 
(right) of the fluorometric enzyme assay with Z-VDVAD-AFC and Casp2 (20 nM/well). 

 

Figure 2.287. Saturation binding experiment (left) and representative fluorescence traces 
(right) of the fluorometric enzyme assay with Z-VDVAD-AFC and cpCasp2 (20 nM/well). 
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Figure 2.288. Saturation binding experiment (left) and representative fluorescence traces 
(right) of the fluorometric enzyme assay with AcDEVD-AFC and Casp3 (2 nM/well). 

 

Figure 2.289. Saturation binding experiment (left) and representative fluorescence traces 
(right) of the fluorometric enzyme assay with Z-VEID-AFC and Casp6 (0.05 U/well). 

 

Figure 2.290. Saturation binding experiment (left) and representative fluorescence traces 
(right) of the fluorometric enzyme assay with AcDEVD-AFC and Casp7 (0.05 U/well). 
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Figure 2.291. Saturation binding experiment (left) and representative fluorescence traces 
(right) of the fluorometric enzyme assay with AcLEHD-AFC and Casp9 (0.5 U/well). 

 

2.7.6 Competition Binding Experiments of 2.008, 2.013, 2.014, 2.015, 2.059, 
2.061, 2.064, 2.069, 2.093, 2.106 2.109, 2.114 in the Fluorometric Enzyme 
Assay 

 

Figure 2.292. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcYVAD-AFC and AcYKPVD-CHO (2.008) with Casp1 
(0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of Z-VDVAD-AFC and 
AcYKPVD-CHO (2.008) with Casp2 (20 nM/well) at different time points. 
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Figure 2.293. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and AcYKPVD-CHO (2.008) with Casp3 (2 
nM/well) at different time points. (B) Displacement curves from a representative competition 
binding experiment in the fluorometric enzyme assay of Z-VEID-AFC and AcYKPVD-CHO 
(2.008) with Casp6 (0.05 U/well) at different time points. 

 

Figure 2.294. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and AcYKPVD-CHO (2.008) with Casp7 
(0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of AcLEHD-AFC and 
AcYKPVD-CHO (2.008) with Casp9 (0.5 U/well) at different time points. 
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Figure 2.295. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcYVAD-AFC and AcLDVPD-CHO (2.013) with Casp1 
(0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of Z-VDVAD-AFC and 
AcLDVPD-CHO (2.013) with Casp2 (20 nM/well) at different time points. 

 

Figure 2.296. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and AcLDVPD-CHO (2.013) with Casp3 (2 
nM/well) at different time points. (B) Displacement curves from a representative competition 
binding experiment in the fluorometric enzyme assay of Z-VEID-AFC and AcLDVPD-CHO 
(2.013) with Casp6 (0.05 U/well) at different time points. 
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Figure 2.297. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and AcLDVPD-CHO (2.013) with Casp7 
(0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of AcLEHD-AFC and 
AcLDVPD-CHO (2.013) with Casp9 (0.5 U/well) at different time points. 

 

Figure 2.298. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcYVAD-AFC and AcFDVPD-CHO (2.014) with Casp1 
(0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of Z-VDVAD-AFC and 
AcFDVPD-CHO (2.014) with Casp2 (20 nM/well) at different time points. 
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Figure 2.299. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and AcFDVPD-CHO (2.014) with Casp3 (2 
nM/well) at different time points. (B) Displacement curves from a representative competition 
binding experiment in the fluorometric enzyme assay of Z-VEID-AFC and AcFDVPD-CHO 
(2.014) with Casp6 (0.05 U/well) at different time points. 

 

Figure 2.300. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and AcFDVPD-CHO (2.014) with Casp7 
(0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of AcLEHD-AFC and 
AcFDVPD-CHO (2.014) with Casp9 (0.5 U/well) at different time points. 
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Figure 2.301. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcYVAD-AFC and AcITVKD-CHO (2.015) with Casp1 
(0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of Z-VDVAD-AFC and 
AcITVKD-CHO (2.015) with Casp2 (20 nM/well) at different time points. 

 

Figure 2.302. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and AcITVKD-CHO (2.015) with Casp3 (2 
nM/well) at different time points. (B) Displacement curves from a representative competition 
binding experiment in the fluorometric enzyme assay of Z-VEID-AFC and AcITVKD-CHO 
(2.015) with Casp6 (0.05 U/well) at different time points. 
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Figure 2.303. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and AcITVKD-CHO (2.015) with Casp7 
(0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of AcLEHD-AFC and 
AcITVKD-CHO (2.015) with Casp9 (0.5 U/well) at different time points. 

 

Figure 2.304. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcYVAD-AFC and AcVDKVD-CHO (2.059) with Casp1 
(0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of Z-VDVAD-AFC and 
AcVDKVD-CHO (2.059) with Casp2 (20 nM/well) at different time points. 
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Figure 2.305. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and AcVDKVD-CHO (2.059) with Casp3 (2 
nM/well) at different time points. (B) Displacement curves from a representative competition 
binding experiment in the fluorometric enzyme assay of Z-VEID-AFC and AcVDKVD-CHO 
(2.059) with Casp6 (0.05 U/well) at different time points. 

 

Figure 2.306. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and AcVDKVD-CHO (2.059) with Casp7 
(0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of AcLEHD-AFC and 
AcVDKVD-CHO (2.059) with Casp9 (0.5 U/well) at different time points. 
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Figure 2.307. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcYVAD-AFC and AcVDVKD-CHO (2.061) with Casp1 
(0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of Z-VDVAD-AFC and 
AcVDVKD-CHO (2.061) with Casp2 (20 nM/well) at different time points. 

 

Figure 2.308. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and AcVDVKD-CHO (2.061) with Casp3 (2 
nM/well) at different time points. (B) Displacement curves from a representative competition 
binding experiment in the fluorometric enzyme assay of Z-VEID-AFC and AcVDVKD-CHO 
(2.061) with Casp6 (0.05 U/well) at different time points. 
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Figure 2.309. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and AcVDVKD-CHO (2.061) with Casp7 
(0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of AcLEHD-AFC and 
AcVDVKD-CHO (2.061) with Casp9 (0.5 U/well) at different time points. 

 

Figure 2.310. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcYVAD-AFC and AcVD(Dab)VD-CHO (2.064) with 
Casp1 (0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of Z-VDVAD-AFC and 
AcVD(Dab)VD-CHO (2.064) with Casp2 (20 nM/well) at different time points. 
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Figure 2.311. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and AcVD(Dab)VD-CHO (2.064) with 
Casp3 (2 nM/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of Z-VEID-AFC and 
AcVD(Dab)VD-CHO (2.064) with Casp6 (0.05 U/well) at different time points. 

 

Figure 2.312. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and AcVD(Dab)VD-CHO (2.064) with 
Casp7 (0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of AcLEHD-AFC and 
AcVD(Dab)VD-CHO (2.064) with Casp9 (0.5 U/well) at different time points. 
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Figure 2.313. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcYVAD-AFC and AcVDV(Dab)D-CHO (2.069) with 
Casp1 (0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of Z-VDVAD-AFC and 
AcVDV(Dab)D-CHO (2.069) with Casp2 (20 nM/well) at different time points. 

 

Figure 2.314. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and AcVDV(Dab)D-CHO (2.069) with 
Casp3 (2 nM/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of Z-VEID-AFC and 
AcVDV(Dab)D-CHO (2.069) with Casp6 (0.05 U/well) at different time points. 
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Figure 2.315. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and AcVDV(Dab)D-CHO (2.069) with 
Casp7 (0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of AcLEHD-AFC and 
AcVDV(Dab)D-CHO (2.069) with Casp9 (0.5 U/well) at different time points. 

 

Figure 2.316. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcYVAD-AFC and AcVDV(S-Me-THIQ)D-CHO (2.093) 
with Casp1 (0.05 U/well) at different time points. (B) Displacement curves from a 
representative competition binding experiment in the fluorometric enzyme assay of Z-VDVAD-
AFC and AcVDV(S-Me-THIQ)D-CHO (2.093) with Casp2 (20 nM/well) at different time points. 
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Figure 2.317. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and AcVDV(S-Me-THIQ)D-CHO (2.093) 
with Casp3 (2 nM/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of Z-VEID-AFC and 
AcVDV(S-Me-THIQ)D-CHO (2.093) with Casp6 (0.05 U/well) at different time points. 

 

Figure 2.318. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and AcVDV(S-Me-THIQ)D-CHO (2.093) 
with Casp7 (0.05 U/well) at different time points. (B) Displacement curves from a 
representative competition binding experiment in the fluorometric enzyme assay of AcLEHD-
AFC and AcVDV(S-Me-THIQ)D-CHO (2.093) with Casp9 (0.5 U/well) at different time points. 
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Figure 2.319. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcYVAD-AFC and Idc(hE)V(S-Me-THIQ)D-CN (2.106) 
with Casp1 (0.05 U/well) at different time points. (B) Displacement curves from a 
representative competition binding experiment in the fluorometric enzyme assay of Z-VDVAD-
AFC and Idc(hE)V(S-Me-THIQ)D-CN (2.106) with Casp2 (20 nM/well) at different time points. 

 

Figure 2.320. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and Idc(hE)V(S-Me-THIQ)D-CN (2.106) 
with Casp3 (2 nM/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of Z-VEID-AFC and 
Idc(hE)V(S-Me-THIQ)D-CN (2.106) with Casp6 (0.05 U/well) at different time points. 
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Figure 2.321. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and Idc(hE)V(S-Me-THIQ)D-CN (2.106) 
with Casp7 (0.05 U/well) at different time points. (B) Displacement curves from a 
representative competition binding experiment in the fluorometric enzyme assay of AcLEHD-
AFC and Idc(hE)V(S-Me-THIQ)D-CN (2.106) with Casp9 (0.5 U/well) at different time points. 

 

Figure 2.322. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcYVAD-AFC and Idc(hE)(BnT)(Dab)D-CHO (2.109) with 
Casp1 (0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of Z-VDVAD-AFC and 
Idc(hE)(BnT)(Dab)D-CHO (2.109) with cpCasp2 (20 nM/well) at different time points. 
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Figure 2.323. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and Idc(hE)(BnT)(Dab)D-CHO (2.109) with 
Casp3 (2 nM/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of Z-VEID-AFC and 
Idc(hE)(BnT)(Dab)D-CHO (2.109) with Casp6 (0.05 U/well) at different time points. 

 

Figure 2.324. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and Idc(hE)(BnT)(Dab)D-CHO (2.109) with 
Casp7 (0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of AcLEHD-AFC and 
Idc(hE)(BnT)(Dab)D-CHO (2.109) with Casp9 (0.5 U/well) at different time points. 
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Figure 2.325. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcYVAD-AFC and Idc(hE)G(Dab)D-CHO (2.114) with 
Casp1 (0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of Z-VDVAD-AFC 
Idc(hE)G(Dab)D-CHO (2.114) with cpCasp2 (20 nM/well) at different time points. 

 

Figure 2.326. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and Idc(hE)G(Dab)D-CHO (2.114) with 
Casp3 (2 nM/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of Z-VEID-AFC and 
Idc(hE)G(Dab)D-CHO (2.114) with Casp6 (0.05 U/well) at different time points. 
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Figure 2.327. (A) Displacement curves from a representative competition binding experiment 
in the fluorometric enzyme assay of AcDEVD-AFC and Idc(hE)G(Dab)D-CHO (2.114) with 
Casp7 (0.05 U/well) at different time points. (B) Displacement curves from a representative 
competition binding experiment in the fluorometric enzyme assay of AcLEHD-AFC and 
Idc(hE)G(Dab)D-CHO (2.114) with Casp9 (0.5 U/well) at different time points. 

 

2.7.7 Mutagenesis of Tau Protein 
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mutation 

Forward primer Reverse primer 

K311D 5’-CAGTGTGCAAATAGTCTACGATCCAG 

TTGACCTGAGCAAG-3’ 

5’-CTTGCTCAGGTCAACTGGATCA 

CTATTTGCACACTG-3’ 

P312V 5’-GTGTGCAAATAGTCTACAAAGTGGTT 

GACCTGAGCAAGGTGACC-3’ 

5’-GGTCACCTTGCTCAGGTCAACT 

TGTAGACTATTTGCACAC-3’ 

K311D P312V 5’-GTGTGCAAATAGTCTACGATGTGGTT 

GACCTGAGCAAGGTGACC-3’ 

5’-GGTCACCTTGCTCAGGTCAACT 

CGTAGACTATTTGCACAC-3’ 

Y310V K311D 

P312V 

5’-GGCAGTGTGCAAATAGTCGTGGATGT 

GGTTGACCTGAGCAAG-3’ 

5’-CTTGCTCAGGTCAACCACATCA 

CTATTTGCACACTGCC-3’ 
Y310V K311D 

P312V V313A 

5’-CAAATAGTCGTGGATGTGGCGGACCT 

GAGCAAGGTGAC-3’ 
5’-GTCACCTTGCTCAGGTCCGCCC 

ACGACTATTTG-3’ 
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Chapter 3 
 

Design and Biological Evaluation of Histamine H2-Receptor 
Ligands 
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3 Design and Biological Evaluation of Histamine H2-Receptor Ligands 

3.1 Introduction GPCRs and Histamine 

3.1.1 G-Protein Coupled Receptors 

3.1.1.1 GPCRs: Overview and Classification 
 
GPCRs (G-protein-coupled receptors) are a superfamily of biological receptors and 

represent the largest and most precisely investigated class of cell surface receptors. 

GPCRs mediate cellular response after a variety of extracellular stimuli via GTP-

binding proteins. However, for a large number of GPCRs, G-protein-independent 

signaling pathways have been discovered.157,158 GPCRs are responsible for regulating 

various (patho)physiological processes in the organism. Accordingly, targeting GPCRs 

is an established therapeutic approach for the treatment of numerous diseases (e.g., 

cardiovascular, gastrointestinal, metabolic, and CNS diseases).159–161 About 800 

different GPCRs have been discovered in humans.158 They are subdivided into the 

class of chemosensory GPCRs (~ 450 reported GPCRs), which respond to external 

signals like odors, tastes, photons, and pheromones, and the class of endoGPCRs (~ 

350 reported GPCRs), that respond to endogenous ligands, e.g., peptides, lipids, 

prostanoids, neurotransmitters, nucleosides, and nucleotides.158,162,163 There are about 

80-100 endoGPCRs with no identified endogenous ligand (so-called orphan receptors, 

e.g., GPR3).164,165 Based on structural and phylogenetic differences, vertebrate 

GPCRs can be classified into the following groups (GRAFS system): Glutamate 

receptor family, Rhodopsin receptor family, Adhesion receptor family, Frizzled family, 

and Secretin receptor family.158 The International Union of Basic and Clinical 

Pharmacology (IUPHAR) suggests an alternative classification (six different classes) 

for vertebrate and invertebrate GPCRs in their nomenclature guidelines: class A 

(rhodopsin-like), class B (secretin-like), class C (metabotropic glutamate-like), class D 

(pheromone receptors in yeasts), class E (cAMP receptors in nematodes), and class 

F (Frizzled (FZD1-10) and Smoothened (SMO) GPCRs).168 The main difference 

between the GRAFS classification and the A-F classification is the subdivision of class 

B into the Secretin family and the Adhesion family in the GRAFS system.166–168 The 

human GPCR superfamily contains receptors of class A, B, C, and F.169 The Class F 

GPCRs, including ten Frizzleds (FZD1-10) and one Smoothened (SMO), remain one of 

the most enigmatic GPCR families in the human genome.169,170 While the receptor 

activation in Class A, B, and C GPCRs is examined quite well, the activation of class 
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F receptors still needs to be elucidated.169,170 The rhodopsin receptor family (class A) 

represents the largest class of GPCRs with about 680 GPCRs (endo- and csGPCRs) 

and is subdivided into a, b, g, and d.168 Class A GPCRs can also be subdivided into 

olfactory (mainly orphan receptors) and non-olfactory (predominantly non-orphan 

receptors) receptors.168 The secretin-like receptors (class B) contain about 15 

members, and glutamate-like receptors (class C) about 22 members.168 GPCRs 

possess a similar receptor design, with seven transmembrane-spanning a-helices 

(TM1-TM7), all consisting of 25 to 35 amino acids.171,172 The membrane-spanning a-

helices are jointed with three extracellular and three intracellular loops (IL1-3; EL1-

3).171,172 The N-terminus of GPCRs is located at the extracellular site and the C-

terminus at the intracellular site of the plasma membrane.171 Class B and C GPCRs 

are distinguished by more extended C- and N-termini. The ligand binding takes place 

at the extracellular site of the GPCR or in the lipid layer in binding pockets formed by 

the transmembrane helices. GPCRs interact with intracellular heterotrimeric G proteins 

at the C-terminus and at IL2 and IL3.157,158,173–176 

 
3.1.1.2 G-Protein Signaling of GPCRs 
 

G-proteins (guanine nucleotide-binding proteins) are composed of an a-subunit, a b-

subunit, and a g-subunit. The binding of agonists to extracellular or transmembrane 

binding areas of the GPCR causes conformational changes in the intracellular domains 

of the GPCR, inducing the binding of inactive heterotrimeric G proteins to the C-

terminus or to intracellular loops of the GPCR (cf. Figure 3.001). Subsequently, GDP 

is dissociated from the a-subunit of the inactive G protein, resulting in the formation of 

a ternary complex consisting of the agonist, receptor, and nucleotide-free G 

protein.177,178 In the following, GTP binds to the Ga-subunit, leading to a conformational 

change that triggers the separation of the G protein from the ternary complex and the 

dissociation of the Ga-GTP-subunit from the Gbg heterodimer (cf. Figure 3.001). Then 

the cellular transduction of the GPCR is initiated by the interaction of the Ga-GTP-

subunit and the Gbg-subunit with a multitude of signal-effector proteins 

(cf. Figure 3.001). The Ga-GTP-subunit regulates effector proteins such as adenylate 

cyclase, phospholipase C-b, and Rho guanine nucleotide exchange factor. The Gbg 

heterodimer activates effector proteins like ion channels. The specific type of cellular 

signal transduction depends on the isoform of the Ga-subunit (e.g., Gia and Gsa) 
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involved.163,179,180 Simultaneously, the conformational change decreases the affinity of 

the agonist for the GPCR, allowing the ligand to dissociate (cf. Figure 3.001). The 

biological effects induced by Ga-GTP are regulated by the intrinsic GTPase activity of 

Ga. GTP bound to Ga is hydrolyzed to GDP and phosphate, leading to the re-

association of the Ga-subunit and Gbg-subunit, allowing the next G-protein cycle (cf. 

Figure 3.001).181–183 GTPase activity of the Ga-GTP subunit is additionally controlled 

by a family of proteins known as regulators of G-protein signal transduction 

(RGS).181,182,184–186 

 

 
Figure 3.001. The G-protein cycle. Figure adapted from Figure 1.1 of Igel (2008)181. Figure 
created with BioRender.com.  
 
There are four different groups of heterotrimeric G-proteins, each triggering individual 

signal transduction (cf. Figure 3.002). G-proteins of the Gsa family stimulate the 

activation of membrane-bound adenylate cyclases (AC), resulting in the formation of 

the second messenger cyclic adenosine monophosphate (cAMP), which in turn 
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activates protein kinase A (PKA). Protein kinase A can activate a variety of downstream 

effectors (e.g., metabolic enzymes, small G-proteins, and the transcription factor 

cAMP-response element-binding protein (CREB)) via phosphorylation 

(cf. Figure 3.002).187–189 

 
Figure 3.002. Signal transduction pathways of distinct G-proteins. AC: Adenylyl cyclase; 
cAMP: Cyclic adenosine monophosphate; PKA: Protein kinase A; PLC: Phospholipase C; IP3: 
Inositol trisphosphate; CaM: Calmodulin; CaMK: Ca2+/calmodulin-dependent protein kinase; 
DAG: Diglyceride; PKC: Protein kinase C; Rho-GEF: Rho guanine nucleotide exchange 
factors; Rho-GTP: Rho-family GTPases; MAP3K: Mitogen-activated Protein (MAP) kinase 
kinase kinase; MAP2K: Mitogen-activated protein (MAP) kinase kinase; MAPK: Mitogen-
activated protein (MAP) kinase. Figure adapted from Figure 1.2 of Pockes (2015)173. Figure 
created with BioRender.com.  
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G-proteins of the Gia family induce the inhibition of membrane-bound adenylate 

cyclases (AC), resulting in the reduced production of cAMP and thereby impairing the 

cAMP-mediated effects (cf. Figure 3.002).187,190,191 G-proteins of the Gqa family 

activate the phospholipase Cb (PLCb). Phospholipase Cb catalyzes the formation of 

the second messenger’s diacylglycerol (DAG) and inositol trisphosphate (IP3) from 

phosphatidylinositol 4,5-bisphosphate.192 Inositol trisphosphate binds to the inositol 

trisphosphate receptor, causing an increased cytosolic calcium concentration by 

releasing Ca2+ from the endoplasmic reticulum (ER).187,193 Subsequently, calcium 

activates a variety of signaling proteins like Ca2+/calmodulin dependent protein kinases 

(CaMK), protein kinase C (PKC), and several transcription factors.187,194 Diacylglycerol 

enables protein kinase C (PKC), protein kinase D (PKD), the DAG kinases, and the 

MRCK proteins (cf. Figure 3.002).187,195,196 G12α and G13α comprise the fourth family of 

G-proteins, which predominantly mediate their signal transduction cascade through the 

small GTPase Rho (cf. Figure 3.002).187,197 A variety of distinct G-protein isoforms have 

been identified in mammals. For instance, 16 different isoforms have been discovered 

for the Ga-subunit, 5 different for the Gb, and 12 for the Gg-subunit. Receptor 

specificity of the G-protein is predominantly determined by the Ga-subunit.187,198,199 

 

3.1.1.3 Arrestin 
 
The arrestin family includes four isoforms (arrestin 1-4) which display high sequence 

homology. Arrestin 2 and 3 (also referred to as b-arrestin 1 and 2) are ubiquitously 

expressed cytosolic adaptor proteins of mammals, while arrestin 1 and 4 are 

exclusively located in the retina.200 It was demonstrated that b-arrestin 1 and 2 co-act 

with a multitude of GPCRs and play a crucial role in receptor desensitization and 

trafficking.201–203 Besides mediating the G-protein signal transduction, the binding of a 

ligand to the GPCR results in the activation of second messenger-dependent kinases 

and G protein-coupled receptor kinases (GRKs) (cf. Figure 3.003). These kinases 

phosphorylate the GPCR at serine or threonine residues at its third intracellular loop 

and/or its C-terminus,204 which strengthens b-arrestin binding to the receptor (cf. Figure 

3.003). b-Arrestin regulates the GPCR signaling by physically obstructing the G-protein 

binding site of the GPCR and by initiating the internalization of the receptor via clathrin-

coated pits.205–211 After endocytosis, the receptor can be recycled to the plasma 

membrane or degraded (cf. Figure 3.003).212 b-Arrestin is not only known as a negative 
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regulator by the inhibition of the G-protein binding site and the endocytosis of the 

receptor for the G-protein mediated signaling pathway. Nowadays, b-arrestin is also 

known to mediate a variety of G-protein-independent signaling pathways on its own 

(cf. Figure 3.003).213 The functions of arrestins are not only limited to receptor-bound 

arrestin but also to non-receptor-bound arrestin.214 b-Arrestin recruits signaling 

molecules to the GPCRs and thereby connects the receptors to a multitude of 

pathways (e.g., MAPK cascades). Furthermore, b-arrestin regulates the activity of the 

transcription factors p53 and NF-kB by binding to IkBa and MDM2, respectively.215–219 

Moreover, b-arrestin 1 assembles in the nucleus and initiates the transcription of 

several genes by recruiting cofactors such as p300 and increasing histone 

acetylation.220 

 
Figure 3.003. Scheme for the desensitization, internalization, and recycling of GPCRs 
promoted by β-arrestin. The binding of a ligand to the GPCR induces phosphorylation of the 
receptor by GRKs, leading to β-arrestin recruitment. β-arrestin initiates the endocytosis of 
agonist-occupied receptors by the formation of clathrin-coated pits. Subsequently, the clathrin-
coated vesicles turn into endosomes. The GPCRs can be recycled for re-sensitization or 
degraded. β-arrestin also mediates cellular signaling. Figure adapted from Figure 1 of Ma and 
Pei (2006)219 and Figure 3 of Luttrell (2008)190. Figure created with BioRender.com.  
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3.1.1.4 Receptor Binding Model of GPCRs, Classification of Ligands, and the 
Concept of Biased Signaling 

 
In the classic ternary complex model, also referred to as two-state model (active state 

vs. inactive state), the cellular signaling of GPCRs depends on the conformation of the 

receptor. The active state of the GPCR interacts with the G-protein and induces signal 

transduction, while the inactive state is not able to mediate cellular signaling 

(cf. Figure 3.004B).221 GPCRs are also capable of eliciting cellular signaling by a 

ligand-independent interaction of the receptor with the G-protein, also referred to as 

constitutive activity (cf. Figure 3.004B). This basal activity of the receptors resulted in 

the identification of inverse agonists.221 GPCRs in the inactive state can also associate 

with G-proteins but are not able to exert cellular effects (cf. Figure 3.004B). 

 

 
Figure 3.004. A) Ligand classification with respect to their functional activity. B) Extended 
ternary complex model222 describing the interaction between GPCR, agonist, and G-protein. 
R: inactive state of the receptor; R*: active state of the receptor; G: G-protein; A: agonist. Figure 
(A) adapted from Figure 1.4 of Pockes (2015)173 and Figure (B) from Figure 1.3 of Igel 
(2008)181. 
 

Agonists demonstrate an enhanced binding affinity to active receptors, thus shifting 

the equilibrium from the inactive state toward the active state (cf. Figure 3.004A). In 

contrast, inverse agonists reduce the signal transduction of the receptor beneath the 

level of basal activity (cf. Figure 3.004A). Partial (inverse) agonists can only partially 

shift the balance between the active state and inactive state in comparison to a full 

agonist (cf. Figure 3.004A). Neutral antagonists can preserve the unimpaired 

equilibrium between active and inactive receptors (cf. Figure 3.004A).223,224 
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However, GPCR signal transduction is more complex and cannot be described by a 

single-state active model. For instance, cellular signaling of GPCRs can be mediated 

by G-proteins or by GRK phosphorylation of the receptor and a following b-arrestin 

recruitment.213,221 The observation that ligands binding at the same GPCR can stabilize 

multiple active state conformations is commonly referred to as biased agonism.221 The 

cellular signaling pathways can be equally activated by agonists. However, it is also 

possible to preferentially enable one of the signaling pathways or, in some cases, to 

activate one signal pathway exclusively (cf. Figure 3.005).213  

 
Figure 3.005. Schematic illustration of biased agonism. Different ligands (L1–L3) can stabilize 
various receptor conformations. Each receptor-effector complex is able to promote distinct 
cellular signaling pathways. Figure adapted from Figure 1 of Shonberg et al. (2014)221. Figure 
created with BioRender.com.  
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3.1.2 Histamine: Hormone and Neurotransmitter 
 
The chemists Windaus and Vogt successfully synthesized the biogenic amine 

histamine for the first time in 1907.225 Shortly afterward, Henry Dale and George Barger 

were able to isolate histamine from ergot (Secale cornutum).226 At the same time, the 

first essential functions of histamine in the organism were investigated by Patrick 

Laidlaw and Henry Dale.227 These findings successfully provided the basis for decades 

of histamine receptor research. 

 

Histamine possesses a primary aliphatic amine (Na) with a pKa value of 9.4 

(cf. Figure 3.006). In addition, it contains another basic functionality (pKa ~ 5.8) with the 

imidazole heterocycle (Nt). Under physiological conditions, histamine is predominantly 

present as a monocation (Na).228,229 

 

The pyridoxal phosphate (PLP) dependent biosynthesis of histamine in the organism 

occurs by the enzyme L-histidine decarboxylase (HDC) starting from the amino acid L-

histidine (cf. Figure 3.006).230,231 In addition to L-histidine decarboxylase (HDC), a 

minor part of histamine is also generated by nonspecific aromatic L-amino acid 

decarboxylase (AADC).231  

 
 
Figure 3.006. Biosynthesis and tautomerism (Nt-Np) of histamine. 

 
The metabolization of released histamine in the organism proceeds very fast. 

Essentially, two distinct metabolic pathways are involved in the degradation. The first 

pathway is characterized by a two-step enzyme-catalyzed (diamine oxidase (DAO) and 

xanthine oxidase (XO)) oxidation of the primary amine, followed by the ribosylation of 

imidazole-4-acetic acid (cf. Figure 3.007). The second metabolic pathway, and at the 

same time the most important one in the human organism, initiates with the methylation 

of the Nt-nitrogen of the imidazole heterocycle catalyzed by histamine N-

methyltransferase (HNMT) (cofactor S-adenosyl-methionine). Thereafter, Nt-
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methylhistamine is catalytically oxidized to the corresponding carboxylic acid via two 

stages (cf. Figure 3.007).232  

 

 
Figure 3.007. Biotransformation of histamine. HNMT: histamine N-methyltransferase; DAO: 
diamineoxidase; XO: xanthineoxidase. 
 

Histamine is present in nearly all tissues (e.g., lung, skin, gastrointestinal tract, and the 

brain) of the organism and serves as a neurotransmitter and hormone.233,234 It can be 

found in mast cells235, basophils236, platelets236, enterochromaffin-like (ECL) cells of 

the stomach237, endothelial cells238, and neurons239. Histamine released from ECL cells 

is responsible for the regulation of gastric acid secretion from parietal cells.240 

Furthermore, it is responsible for smooth muscle contraction, vasodilatation, and the 

increase of vascular permeability during allergic reactions.241 In the central nervous 

system (CNS), histamine acts as a neurotransmitter that regulates the sleep/waking 

cycle, learning and memory, anxiety, locomotion, and neuroendocrine secretion.242,243 

The various effects of histamine are mediated via the four G-protein coupled histamine 

receptors (H1R, H2R, H3R, and H4R).244,245 

 

3.1.3 Histamine Receptors and their Ligands 
 
The four histamine receptors (H1R, H2R, H3R, and H4R) are part of the class A 

rhodopsin-like GPCRs.244,245 Via the different signaling pathways, histamine receptors 

can exhibit a variety of different biological effects. In 1966 Ash and Schild introduced 

the term histamine H1 receptor (H1R) while investigating the biological effects of 

histamine. However, they postulated the existence of an additional histamine receptor 

(non-H1 receptor, H2R), since there were several biological effects of histamine that 

failed to be antagonized with classical antihistamines.246 A few years later, the 

histamine H2 receptor (H2R) was discovered and characterized by Black et al. 
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(1972).247 The H1R (e.g., cetirizine for allergic reactions) and the H2R (e.g., cimetidine 

to inhibit stomach acid production) became targets for blockbuster drugs for decades. 

Subsequently, the H3R was revealed by Arrang et al. (1983).248 The H3R is expressed 

in the brain and is considered a regulatory factor in the central nervous system. Finally, 

the H4R was uncovered by several research groups at the same time due to its high 

homology to the H3R (Oda et al. (2000), Nakamura et al. (2000), Liu et al. (2001), 

Morse et al. (2001), Nguyen et al. (2001), and Zhu et al. (2001)).245,249–254 

 

3.1.3.1 The Histamine H1 Receptor 
 
The human histamine H1 receptor (H1R) consists of a sequence of 487 amino acids 

and favorably couples to a pertussis toxin-insensitive Gq/11-protein.255. This results in 

the activation of phospholipase C (PLC) and consecutively in the release of the second 

messenger’s inositol trisphosphate (IP3) and diacylglycerol (DAG), which mediate the 

activation of protein kinase C (PKC) and the release of Ca2+ (cf. Figure 3.002).255,256 

Debacker et al. (1993)257 accomplished the first cloning of the H1R in 1993. 

 

The receptor is expressed in the brain, smooth muscles from airways, blood vessels, 

the cardiovascular system, endothelial cells, lymphocytes, and the gastrointestinal 

tract.255 The circadian rhythm, cognitive processes, thermoregulation, and pain are 

regulated by the activation of H1R in the central nervous system.181,258–263 Smooth 

muscle cell contraction is regulated by the H1R-mediated release of calcium from 

intracellular stores.181,264,265 The dilatation of vascular smooth muscles is triggered by 

the H1R activation and the resulting release of nitric oxide from endothelial cells 

(causing the decrease in blood pressure).181,266,267 Furthermore, vascular permeability 

is regulated by the H1R-mediated contraction of endothelial cells.181,268–270 These 

biological effects of the histamine H1 receptor (H1R) are the cause for typical allergic 

reactions like urticaria, bronchoconstriction, and a decrease in blood pressure. Typical 

indications of drugs targeting the H1R are allergic reactions (e.g., cetirizine), sedation 

(e.g., diphenhydramine), and nausea (e.g., dimenhydrinate) (cf. Figure 3.008). The 

drugs can be used in topical administration (e.g., Fenistilã Gel) and systemic 

administration (e.g., Fenistilã Dragée). All approved drugs (except betahistine for the 

treatment of Ménière's disease271 (cf. Figure 3.008)) targeting the H1R are antagonists. 

H1R agonists are mainly used as pharmacological tools (e.g., suprahistaprodifen272) 

(cf. Figure 3.008).  
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Figure 3.008. Structures of selected H1R ligands. 
 

3.1.3.2 The Histamine H2 Receptor 
 
In 1966, Ash and Schild already assumed the presence of another histamine 

receptor.246 Finally, Black et al. (1972) discovered the H2R by using burimamide (first 

know H2R antagonist) to suppress the histamine-induced gastric acid secretion and 

the positive inotropic effects on the heart.247 The human histamine H2 receptor (H2R) 

consists of a sequence of 359 amino acids and couples to the Gas-protein, resulting in 

the activation of adenylyl cyclase (AC).244 That mediates the increased transformation 

of adenosine triphosphate (ATP) in cyclic adenosine monophosphate (cAMP), which 

in turn enables protein kinase A (PKA). PKA realizes enhanced gene expression in the 

nucleus through the phosphorylation of proteins (e.g., CREB: cAMP element-binding 

protein) (cf. Figure 3.002).273 Gantz and colleagues accomplished the first cloning of 

the H2R (dogs and humans) in 1991.274 

 

The H2R is mainly expressed in neurons275, heart276, gastric parietal cells241, uterine277, 

airway278, immune cells241, lungs278, and blood vessels279. Histamine-induced 

activation of cardiac H2R leads to a positive chronotropic and inotropic response of the 

heart.181,247,280,281 Activation of H2R in the parietal cells of the stomach enhances gastric 

acid secretion.247 Furthermore, smooth muscle relaxation in the airway, uterine, and 
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blood vessels is regulated by H2R.181,247,277,278,282 Stimulation of H2R in the central 

nervous system (CNS) mediates and/or potentiates excitatory effects by inhibiting the 

long-lasting afterhyperpolarization after Ca2+ influx and blocking the accommodation 

of action potential after firing.181,275 H2R knockout mice are marked by selective 

cognitive deficits, an impairment in hippocampal potentiation283, as well as 

misperceptions in relation to pain.284–286 The blood-brain barrier crossing of available 

H2R ligands is shallow. Hence, there are still numerous ambiguities as to the function 

of histamine H2 receptors in the brain.233 Nevertheless, due to the prominent 

expression and the variety of functions, the H2R may be a target to tackle 

neurodegenerative diseases. 

 
Figure 3.009. Structures of selected H2R ligands. 
 
H2R agonists can be subdivided into two groups. Agonists of the amine-type are 

structurally very similar to the endogenous ligand histamine. The first H2 agonist 
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4-methylhistamine (cf. Figure 3.009).287,288 Additional representatives of the amine-

type H2 ligands are dimaprite289,290, amthamine291, and amselamine292. (cf. Figure 

3.009) They are all characterized by similar activity for the H2R, but with a more 

favorable selectivity profile within the histamine receptor family compared to the 

endogenous ligand. Further development of the isothiourea partial structure of dimaprit 

to a heterocycle resulted in amthamine, the first H2R agonist with a 2-amino-4-

methylthiazol partial structure serving as a bioisosteric replacement of the imidazole 

ring.291 Another successful approach of bioisosteric replacement was the exchange of 

the sulfur atom by selenium resulting in amselamine.292 The guanidine-type H2 

agonists (e.g., SK&F 91486) are characterized by the replacement of the aliphatic 

amine with guanidine. The prototype of this substance class is the weak partial agonist 

SK&F 91486 designed by Smith, Kline & French (cf. Figure 3.009).293 The ongoing 

refinements of SK&F 91486 progressed to impromidine and arpromidine 

(cf. Figure 3.009).294,295 Both demonstrate outstanding activity and selectivity 

compared to the endogenous ligand. Until today, impromidine is the only H2R agonist 

investigated in clinical trials for the treatment of catecholamine-refractory myocardial 

insufficiency. Impromidine was evaluated as an effective drug, but the unfavorable side 

effect profile (e.g., massive gastric acid production and arrhythmias) prevented the 

compound approval as a potential treatment.296 An unfavorable feature of guanidine-

type H2 agonists is the high basicity (pKa ~ 13) of the compounds, which leads to low 

bioavailability and poor blood-brain barrier crossing.103,297,298 To enhance the 

physicochemical properties of the H2 ligands, acylguanidines (e.g., UR-AK24)298 and 

subsequently (dimeric) carbamoylguanidines (e.g., UR-NK22)299 were successfully 

designed (cf. Figure 3.009). The introduction of an electron-withdrawing group in 

proximity to the guanidine resulted in H2 agonists with lower basicity (pKa ~ 8)298,300 

and thus higher bioavailability while retaining the activity for H2R. The acylguanidines 

UR-AK24298 and UR-PG126298 demonstrate high bioavailability and are capable of 

penetrating the blood-brain barrier after administration to mice. The imidazole 

heterocycle of the guanidines and NG-acylated analogs was bioisosterically replaced 

by 2-amino-4-methylthiazole or 2-aminothiazole rings without losing the H2R agonistic 

activity but gaining selectivity for H2R over H3R (e.g., UR-AK420 and UR-AK477) 

(cf. Figure 3.009).291,301–303 Carbamoylguanidines were developed because 

acylguanidines turned out to undergo hydrolytic cleavage in an aqueous solution.299,304 

At the beginning of the 1970s, antagonists of the H2R (e.g., cimetidine, ranitidine, and 
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famotidine (cf. Figure 3.009)) were designed and turned out to be blockbuster drugs 

for the treatment of gastric and duodenal ulcers.305,306 Nowadays, these drugs have 

been displaced nearly completely by proton pump inhibitors (e.g., omeprazole).307 

Nevertheless, H2R antagonists still have particular relevance as pharmacological tools. 

 

3.1.3.3 The Histamine H3 Receptor 
 
The starting point for the H3R discovery was the identification of histamine as a CNS 

active neurotransmitter. Moreover, histamine was shown to be able to inhibit its own 

release from rat cortex neurons.239,308,309 This finding paved the way for Arrang et al. 

(1983)248 to postulate the existence of the histamine H3 receptor (H3R), as the H2R 

antagonist burimamide (cf. Figure 3.009) suppressed the histamine release at 

nanomolar concentrations, which is substantially below the concentration required to 

block the H2R. The subsequent design of the selective H3R agonist (R)-a-

methylhistamine and the selective H3R inverse agonist thioperamide in 1987 confirmed 

the assumption.310 The first cloning of human H3R was accomplished by Lovenberg et 

al. (1999).311 The H3R demonstrates low sequence homology with the H1R and the 

H2R, which is comparable to other aminergic GPCRs.311 However, referring to the H4R, 

there is a high level of homology (about 40% overall sequence identity and 58% 

sequence identity within the transmembrane), which also enabled the discovery of the 

histamine H4 receptor.249,250,312 The human histamine H3 receptor (H3R) consists of a 

sequence of 445 amino acids and couples to the pertussis toxin-sensitive Gi/o protein, 

resulting in the inhibition of the adenylyl cyclase (AC), activation of mitogen-activated 

protein kinase (MAPK), activation of phospholipase A2 (PLA2), lowering of the 

intracellular Ca2+ levels, and the inhibition of the Na+/H+ exchanger (cf. Figure 3.002). 

Furthermore, a constitutive activity is reported for the H3R.313–316 

 

The H3R mainly occurs in the central nervous system (e.g., hippocampus, cerebral 

cortex, basal ganglia) and the peripheral nervous system (e.g., GI tract, cardiovascular 

system, and lungs).317,318 H3R autoreceptors in the central nervous system control the 

synthesis and release of histamine from histaminergic neurons.181,319,320 Presynaptic 

H3R heteroreceptors are also responsible for the release of neurotransmitters like 

dopamine321, serotonin322, noradrenaline323, acetylcholine324, and γ-aminobutyric 

acid325.181 The histamine H3 receptor regulates sleep-wake rhythms, cognitive 

processes, thermoregulation, obesity, and pain.326–328 The high homology between the 



Design and Biological Evaluation of Histamine H2-Receptor Ligands 

 333  

H3 and H4 receptors makes the design of H3R ligands quite challenging.249,250,312 

Histamine-related H3R agonists are Na-methylhistamine and (R)-a-methylhistamine 

(cf. Figure 3.010). Agonists with more significant structural differences are imetit and 

the very selective methimepip (cf. Figure 3.010). Until now, H3R agonists are only used 

as pharmacological tools, even though they may be helpful for the treatment of 

insomnia329, pain330, inflammation331,332, and migraine333. H3R antagonist/inverse 

agonists are divided into two groups, the imidazole (e.g., thioperamide310 and 

clobenpropit334) and non-imidazole group (e.g., pitolisant335, JNJ-5207852336, and JNJ-

10181457336) (cf. Figure 3.010). The inverse agonist pitolisant (cf. Figure 3.010) is the 

only drug targeting the H3R that was approved for the treatment of narcolepsy (2016)337 

and obstructive sleep apnea (2021)338. Prader-Willi syndrome might also be treated 

with pitolisant, as initial results of studies are encouraging.339 H3R antagonists/inverse 

agonists are also potential drug candidates for the treatment of Alzheimer's disease340, 

schizophrenia316, attention deficit hyperactivity disorder (ADHD), and epilepsy.341–343 

 

 
Figure 3.010. Structures of selected H3R ligands. 
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3.1.3.4 The Histamine H4 Receptor 
 
Raible et al. (1994) postulated the existence of the histamine H4 receptor, as they 

perceived that H1R and H2R antagonists were not able to prevent the histamine-

triggered calcium mobilization in human eosinophils. The H3R inverse agonist 

thioperamide (cf. Figure 3.010) was capable of inhibiting calcium mobilization. 

However, the H3R agonist (R)-a-methylhistamine (cf. Figure 3.010) was only able to 

activate calcium mobilization to a lesser extent than histamine. These findings 

suggested the presence of a fourth histamine receptor in human eosinophils.344,345 

Finally, in 2000 and 2001, a few research groups were able to verify the existence of 

the histamine H4 receptor and clone it successfully.249–254,312 The human histamine H4 

receptor (H4R) consists of a sequence of 390 amino acids and couples to the pertussis 

toxin-sensitive Gi/o-protein, resulting in the inhibition of adenylyl cyclase (AC) and the 

activation of the MAPK pathway.181,249,252 Likewise, phospholipase Cb (PLCb) activation 

and, thus, Ca2+ mobilization was observed as a consequence of H4R stimulation 

(cf. Figure 3.002). These effects are likely related to the Gbg-subunit of the Gi/o-

protein.181,346,347 The G protein-independent b-arrestin signaling pathway was also 

determined for the histamine H4 receptor.348,349 In addition, high constitutive activity is 

reported for the H4R, just as for the H3R.350,351 The H4R occurs in a variety of cells of 

the immune system, like mast cells, basophils, T-lymphocytes, eosinophils, and 

dendritic cells.181,249,251,252,254,346,352 Furthermore, the H4R is also expressed in cells of 

the enteric nervous system (ENS) and central nervous system (CNS).346,353 The exact 

physiological role of the H4R has not yet been definitively revealed. However, 

participation in immunological and inflammatory processes seems evident.354 

Therefore, targeting the H4R appears to be a promising approach for the treatment of 

autoimmune diseases355,356 (e.g., rheumatoid arthritis and multiple sclerosis), 

asthma357, and atopic dermatitits358.  

 

The first selective H4R agonist was the chiral tetrahydrofuran analog OUP-16 (deriving 

from the H3R agonist imifuramine) (cf. Figure 3.011).359 Other known H4R agonists 

include 4-methylhistamine (reported initially as a selective H2 agonist), clozapine249, 

and VUF-8430 (deriving from the H2R agonist dimaprit) (cf. Figure 3.011).360 Another 

class of highly selective H4R agonists are cyanoguanidines (e.g., UR-PI376). 
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Figure 3.011. Structures of selected H4R ligands. 
 
By introducing a non-basic cyanoguanidine group in place of the acylguanidine moiety 

the activity for H2R and H3R drops drastically.181,361,362 Thioperamide, as mentioned 

earlier, is an inverse agonist for the H3R and H4R. JNJ-7777120 (cf. Figure 3.011) is a 

highly selective H4R antagonist, representing an essential pharmacological tool to 

elucidate the biological role of H4R in several animal models.181,354,363–366 Further H4R 

antagonists are of the 2-aminopyrimidine,367,368 quinazoline, and quinoxaline 

types.369,370 
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3.2 Scope and Objectives 
 
The goal of this work was the development and biological evaluation of selective and 

potent histamine H2 receptor agonists, which are supposed to serve as 

pharmacological tools to understand the function of H2R in the central nervous system 

(CNS). The H2 receptor, just as the H3R, is involved in the transmission of histamine 

and other neurotransmitters (e.g., acetylcholine) in the CNS. In previous studies, dual-

acting acetylcholinesterase inhibitors and H3R antagonists were shown to be beneficial 

for learning and memory processes in the CNS by inhibiting H3-autoreceptors.371–373 

The inhibition of H3-autoreceptor results in an increased release of histamine and a 

subsequent stimulation of postsynaptic H2Rs (cf. Figure 3.012). Therefore, targeting 

the H2R could be a potential treatment of neurodegenerative diseases such as 

Alzheimer's. In this context, it is essential to overcome the drawbacks of previous H2 

agonists, especially the poor bioavailability and blood-brain barrier crossing of 

guanidine-type H2 agonists (e.g., arpromidine and impromidine) as well as the stability 

problems of acylguanidine-type H2 agonists (e.g., UR-AK24298). As recently reported, 

H2 agonists of the carbamoylguanidine-typ (e.g., UR-NK22299) can overcome these 

disadvantages. 

 
Figure 3.012. Synaptic gap: Mode of action of H2R agonists (direct stimulation) and H3R 
antagonists (indirect stimulation). Activation of postsynaptic H2 receptors mediates learning 
and memory processes. Figure adapted from Figure 1 of Khan et al. (2016).371  
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The dimeric carbamoylguanidines designed by Kagermeier et al. (2015)299 

demonstrated retained activity for the H2R, reduced basicity, and improved stability 

against hydrolytic cleavage. However, with respect to Lipinski’s rule of five103 dimeric 

H2 agonists are inappropriate as pharmacological tools to elucidate the role of the H2R 

in the CNS. Thus, a series of monomeric carbamoylguanidine H2R agonists with 

variations in the side chain were synthesized to find a centrally active H2R agonist. As 

recently reported, the bioisosteric replacement of the imidazole heterocycle by a 2-

amino-4-methylthiazole group resulted in H2R agonists with improved selectivity over 

the H3R.291,301–303 In the course of this work, further bioisosteric replacements of this 

structural feature were made to get a more profound understanding of the structure-

activity relationship (SAR) and to design H2R agonists with an improved selectivity 

profile, not only within the histamine receptor family but also over other GPCRs (e.g., 

D2R and D3R). The new compounds were tested for H2R agonistic potency on the 

isolated guinea pig right atrium and their binding affinities for the four histamine 

receptors in a radioligand competition binding assay. Selected compounds were also 

investigated for agonism in the β-arrestin2 recruitment assay on HEK293T-β-Arr2-

hH2R cells and for hH2R agonism in the [35S]GTPγS binding assay. Furthermore, they 

were investigated for the binding affinities and the β-arrestin2 recruitment at the 

hD2longR and hD3R. An off-target screening provided insights into the selectivity over 

other GPCRs. The pKa value of selected compounds was determined as the acid-base 

dissociation constant represents a key physicochemical parameter influencing 

bioavailability and blood-barrier crossing of the H2R ligands.297 
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3.3 Pharmacological Characterization of a New Series of Carbamoylguanidines 
Reveals Potent Agonism at the H2R and D3R 

 
Even today, the role of the histamine H2 receptor (H2R) in the central nervous system 

(CNS) is widely unknown. In previous research, many dimeric, high-affinity and 

subtype-selective carbamoylguanidine-type ligands such as UR-NK22 (3.005, pKi = 

8.07) were reported as H2R agonists. However, their applicability to the study of the 

H2R in the CNS is compromised by their molecular and pharmacokinetic properties, 

such as high molecular weight and, consequently, a limited bioavailability. To address 

the need for more drug-like H2R agonists with high affinity, a series of monomeric 

(thio)carbamoylguanidine-type ligands containing various spacers and side-chain 

moieties was synthesized. This structural simplification resulted in potent (partial) 

agonists (guinea pig right atrium, [35S]GTPγS and β-arrestin2 recruitment assays) with 

hH2R affinities in the one-digit nanomolar range (pKi (3.139, UR-KAT523): 8.35; pKi 

(3.157, UR-MB-69)): 8.69). Most of the compounds presented here exhibited an 

excellent selectivity profile towards the hH2R, e.g., 3.157 being at least 3800-fold 

selective within the histamine receptor family. The structural similarities of the 

monomeric ligands to pramipexole (3.006), a dopamine receptor agonist, suggested 

an investigation of the binding behavior at those receptors. The target compounds 

were (partial) agonists with moderate affinity at the hD2longR and agonists with high 

affinity at the hD3R receptor (e.g., pKi (3.139, UR-KAT523): 7.80; pKi (3.157, UR-MB-

69)): 8.06). In summary, a series of novel, more drug-like H2R and D3R agonists was 

developed for the application in recombinant systems in which either the H2R or the 

D3R is solely expressed. Furthermore, the new ligands are promising lead compounds 

in the development of selective H2R agonists for future in vivo studies or experiments 

utilizing primary tissue to unravel the role and function of the H2R in the CNS. 
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3.3.1 Introduction 
 

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

complexes in humans and are composed of seven transmembrane domains with three 

extracellular and three intracellular loops.172,175 Their versatile role in cell signal 

transduction makes these proteins valuable pharmacological targets to be exploited by 

the pharmaceutical industry and in academic research.172,175 A well-studied GPCR 

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

the rhodopsin-like family (class A).244,245,374,375 Among these, the histamine H2 receptor 

(H2R)247 has been the subject of many research investigations due to its occurrence in 

a variety of tissues and cells (e.g., leukocytes, heart, airways, uterus, vascular smooth 

muscles) and in the brain.244,376,377 Therefore, numerous H2R agonists and antagonists 

have been identified. However, only antagonists have found use in the clinic (e.g., for 

the treatment of gastroesophageal reflux disease and gastroduodenal ulcer).244,374 H2R 

agonists, on the other hand, have been employed as pharmacological tools in vitro or 

in vivo to provide further insight into the pharmacological properties of the H2R, 

especially to elucidate its role in the central nervous system (CNS). Within the last 

decades numerous agonists for the H2R were developed (cf. Figure 3.013). However, 

most of these ligands cannot be used to study the role of CNS-located H2Rs in detail 

due to their respective individual drawbacks. The low potency of the endogenous H2R 

ligand histamine (3.001; cf. Figure 3.013) could be improved by compounds of the 

guanidine-type (e.g., arpromidine (3.002); cf. Figure 3.013) with significantly higher 

potency. However, protonation of the strongly basic guanidine group under 

physiological conditions leads to insufficient oral bioavailability and lack of CNS 

penetration.298 During further studies, acylated guanidines with reduced basicity and 

similar potency were developed.298 Subsequent bioisosteric replacement of the 

imidazole ring by an amino(methyl)thiazole moiety, derived from amthamine (3.003; 

cf. Figure 3.013), finally led to the desired selectivity towards the H2R (3.004; 

cf. Figure 3.013).302 The potency of such ligands was further increased by connecting 

two acylguanidine pharmacophores via an alkyl spacer, resulting in dimeric 

ligands.302,378 Recently, dimeric carbamoylguanidine analogues (e.g., UR-NK22 

(3.005); cf. Figure 3.013) with enhanced stability properties with respect to hydrolytic 

cleavage, have been reported.299 However, empirical studies suggest high (oral) 

bioavailability only for ligands which follow the “rule of five”.103,140,379 Despite their high 

potency and stability, dimeric ligands fail to meet most of those criteria. Moreover, 
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studies with radioactively or fluorescently labeled dimeric carbamoylguanidines 

indicated a high unspecific binding and receptor independent uptake in cells.299 

 
Figure 3.013. Structures of histamine (3.001), representative monomeric and dimeric H2R 
agonists (3.002-3.005), and the D2/3R agonists pramipexole (3.006) and (-)-19 (3.007). 

 
The aim of this study was the development of a series of aminothiazole-containing 

carbamoylguanidine-type ligands with improved and enhanced drug-like properties 

while possessing the high H2R subtype selectivity and potency of the dimeric ligands. 

Therefore, the complexity and size of the compounds was reduced to ligands 

consisting of a single pharmacophore and a non-polar side chain. There are significant 

structural similarities between these H2R ligands and dopamine D2/3 receptor (D2/3R) 

agonists (e.g., pramipexole (3.006)380,381, (-)-19 (3.007)382; cf. Figure 3.013). Since 

dopamine receptors play an important role in the brain, the binding behavior of the H2R 

ligands at these receptors was investigated to avoid experimental bias. In this study, 

the synthesis, as well as the chemical and pharmacological characterization 

(competition binding-, [35S]GTPγS-, β-arrestin2 recruitment- and guinea pig (gp) right 

atrium assays) of novel, monomeric carbamoylguanidine type H2R ligands and the first 

investigations (competition binding- and β-arrestin2 recruitment assays) of such 

ligands at the dopamine D2long and D3 receptors are reported. 
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3.3.2 Results and Discussion 

3.3.2.1 Chemistry 
 
The preparation of the monomeric NG-carbamoylated guanidines 3.138-3.172 and 

3.179-3.186 was performed by guanidinylation of the amine building blocks 3.009a/b 

or 3.011-3.012 in analogy with the isocyanate-based procedure developed for the 

dimeric NG-carbamoylated guanidines (cf. Scheme 3.01).299 The 

(thio)carbamoylguanidines 3.173-3.178 were prepared using the guanidine building 

block 3.010 and a slightly modified procedure (cf. Scheme 3.01), due to the less 

reactive isothiocyanates, in comparison to isocyanates.383 The required building blocks 

mono-Boc-protected S-methylisothiourea 3.008, the amines 3.009a/b and 3.011-

3.012, and the guanidine 3.010 were synthesized as previously published or as 

described in chapter 3.5.1.3 (cf. Schemes 3.01, 3.04, and 3.05).302 The Boc-protected 

isothioureas 3.048-3.082 play a central role as guanidinylating reagents in the 

synthesis of the target compounds. They were synthesized by treatment of 3.008 with 

the respective isocyanates in the presence of triethylamine (NEt3) or Hünig’s base 

(DIPEA). The isocyanates were either commercially available (3.034-3.039) or 

prepared by two different strategies starting from the corresponding amines 3.013-

3.033 using triphosgene/phosgene or from the branched carboxylic acids 3.040-3.047 

applying the Curtius rearrangement. The respective amines 3.013-3.016, 3.018, 3.020-

3.023, 3.028, and 3.031-3.033 were commercially available while 3.017, 3.019, 3.024-

3.027, and 3.029-3.030 were synthesized from commercially available ketones (see 

chapter 3.5.1.4, cf. Scheme 3.06). The respective carboxylic acids were synthesized 

as previously described.302 Because of their instability the intermediate isocyanates 

were not isolated, but immediately reacted with 3.008 in a one-pot reaction. The 

protected NG-carbamoylated guanidines 3.089-3.123 and 3.130-3.137 were prepared 

by treating the amine building blocks 3.009a/b or 3.011-3.012 with the respective Boc-

protected isothioureas (3.048-3.082) in the presence of HgCl2 and NEt3. The synthesis 

of the Boc-protected (thio)carbamoylguanidines 3.124-3.129 started with the 

conversion of amines 3.014-3.016 and 3.031-3.033 with thiophosgene to the 

corresponding isothiocyanates 3.083-3.088. In the next step, these isothiocyanates 

were converted with the guanidine building block 3.010 under reflux (dichloromethane 

(DCM)) to give the respective Boc-protected NG-(thio)carbamoylated intermediates 

3.124-3.129. Finally, the resulting precursors 3.089-3.137 were treated with 

trifluoroacetic acid (TFA) to obtain the title compounds 3.138-3.186 with high purity 
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(cf. Figures 3.144-3.168A) after purification with preparative HPLC or recrystallization 

with HCl/1,4-dioxane/diethyl ether. The chemical stability of the representative 

carbamoylguanidines 3.141, 3.142, and 3.161 and related acylguanidines are 

demonstrated in chapter 3.5.1.16 (cf. Figures 3.029-3.034). 

 

Scheme 3.01. Synthesis of the monomeric (thio)carbamoylguanidine-type ligands 3.138-
3.186. Reagents and conditions: (a) 15% phosgene in toluene or triphosgene, DIPEA, DCM, 
(Ar-atmosphere), 5-30 min, 0 °C à 3.008, 2-3 h, room temperature (rt); (b) 3.008, NEt3, DCM, 
overnight, rt; (c) oxalyl chloride, DMF (cat.), DCM, Ar-atmosphere, 0 °C-rt, 25 min à NaN3, 
acetone/H2O, 30 min, 0 °C à DCM, reflux, 30 min à 3.008, NEt3, DCM, rt, overnight; (d) 
thiophosgene, NaHCO3, DCM/H2O, rt, 30 min; (e) HgCl2, NEt3, DCM, (Ar-atmosphere), rt, 
overnight; (f) DCM, reflux, 3-4 days; (g) TFA, DCM, rt or reflux, overnight. 
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3.3.2.2 Determination of pKa Values and In Silico ADME 
 
In vivo behavior, including bioavailability and CNS permeability, of a compound is 

influenced by its physicochemical properties.103,297 In addition, information about the 

substance-specific acid-base properties are of great importance. Empirical studies by 

others have revealed a marked cut off for CNS distribution of bases, since no known 

CNS-penetrable compound has a pKa over 10.5.297 As already explained in the 

introduction, acylguanidines represent a class of compounds with improved 

physicochemical properties (pKa ~ 8) compared to the strongly basic guanidine-type 

ligands (pKa ~ 12-13).298 It is widely assumed, that the more chemically stable 

carbamoylguanidines have a similar basicity to their acylguanidine counterparts, but 

there is no experimental data available to support that assumption. Therefore, the pKa 

values of 3.145 (UR-Po563) containing both a carbamoylguanidine and an 

aminothiazole motif, as well as 3.213 and 3.216 (for synthesis, see chapter 3.5.1.10; 

cf. Scheme 3.07) incorporating solely the carbamoylguanidine motif and the 

aminothiazoles 3.217 and 3.218 were determined (cf. Table 3.01a). 

 
The pKa values were determined by titration of the free base (3.145) with 1 M HCl or 

the titration of the HCl salts (3.213 and 3.216-3.218) with NaOH (0.01 or 0.1 M) in 

aqueous solution or ethanol (EtOH). These titrations were performed in the presence 

of a freshly calibrated glass electrode and the pKa values were determined from the 

half-equivalence point (cf. Figures 3.037-3.039 and 3.189-3.191). Compounds 3.213 

and 3.216-3.218 were used as HCl salts due to their superior solubility in water and 

EtOH compared to the corresponding TFA salts. Apart from the commercially available 

HCl salts of 3.217 and 3.218, TFA salts of compounds 3.213 and 3.216 were prepared 

as hydrochlorides using 5-6 N HCl in 2-propanol and diethyl ether, as described in 

chapter 3.5.1.10. The pKa values were in good agreement with both the published data 

and calculated values (cf. Table 3.01a). These results confirm that the carbamoyl 

guanidine motif possesses a similar pKa compared to the acylguanidine motif. 
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Table 3.01a. Comparison of the determined pKa values with reference data. 

 

Comp. pKaa reference/ predicted pKa 

3.145 
4.68 ± 0.02 (pKa1) 

7.47 ± 0.04 (pKa2) 
- 

3.213 8.31 ± 0.02 - 

3.216 7.96 ± 0.01 - 

3.217 5.77 ± 0.02 5.95b; 4.64c; 5.36 ± 0.10* 

3.218 6.28 ± 0.04 6.29d; 5.97 ± 0.10* 
apKa values were determined by manual titration of the free base (3.145) with 1 M HCl or HCl 
salts (3.213, 3.216-3.217, or 3.218) with 0.01 or 0.1 M NaOH at rt. Data shown are means ± 
SEM of 3 independent experiments. bThe exact titration conditions were not reported in the 
literature. The authors only stated that an aqueous solution was titrated.384,385 cpKa value was 
determined by titration of an aqueous solution of the free base with 0.5 M HCl at rt using a pH 
meter.386 dpKa value was determined by a spectrometric method in aqueous solution containing 
4% EtOH at 26 °C.385,387 *predicted pKa values from SciFinder (conditions: most basic, T = 25 
°C). 

 
In addition to the determination of pKa values an in silico study predicting several 

crucial physicochemical and pharmacokinetic parameters of representative 

monomeric (3.139, 3.157, and 3.163) and dimeric carbamoylguanidines (UR-NK22 

(3.005)299, UR-NK41 (3.219)299, and UR-NK53 (3.220)299 was conducted. Moreover, 

compounds which are reported to be orally bioavailable and CNS penetrable such as 

the anti-Parkinson agent pramipexole (3.006) and the acylguanidines UR-AK24 

(3.221)298 and UR-PG126 (3.222298 were included for comparison. To obtain the data, 

the SwissADME web tool129 was employed and the results are summarized in Table 

3.01b. As expected, the monomeric ligands (3.139, 3.157, and 3.163) match Lipinski’s 

rule of five103 and Ghosen’s extension140, while the dimeric ligands suffer from several 

violations, e.g., due to their molecular size. In addition, the monomeric ligands possess 

more favorable properties including lower topological polar surface area (TPSA) 

(monomeric: 146.66 Å2 vs. dimeric: 293.32 Å2, Table 3.01b) and higher bioavailability 

(Abbot bioavailability score139; monomeric: 0.55 vs. dimeric: 0.17, Table 3.01b) if 

compared with their dimeric counterparts. Surprisingly, all compounds, including 3.006 

and 3.221-3.222, were predicted not to cross the blood-brain barrier (BBB), although 

experimental evidence suggests the contrary.298 These predicted results might indicate 
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a potential limit of this in silico model since ionic transport, which is postulated for 

pramipexole (3.006)388, can probably not be calculated.  

 
Table 3.01b. In silico determined physicochemical and pharmacokinetic properties (ADME). 

 

Properties 3.005 3.006 3.139 3.157 3.163 3.219 3.220 3.221 3.222 
MW / g/mol 594.8 211.3 326.5 378.5 380.6 566.8 608.8 313.4 418.6 
Rotatable bonds 21 3 11 9 10 19 22 9 10 
HBA 6 2 3 4 3 6 6 3 6 
HBD 8 2 4 4 4 8 8 3 3 
Molar refractivity 163.3 61.2 92.3 102.3 109.4 153.6 168.1 91.1 106.4 
TPSA / Å2a 293.3 79.2 146.7 146.7 146.7 293.3 293.3 96.2 137.3 
Lipophilicity, logPb 2.28 1.88 2.10 2.54 3.03 1.70 2.55 2.09 3.08 
Solubility, logSc -4.15 -2.39 -2.96 -3.69 -4.43 -3.66 -4.50 -2.99 -3.87 
% human oral 
absorptiond 

8 82 58 58 58 8 8 76 62 

BBB permeant No No No No No No No No No 
Bioavailabilitye 0.17 0.55 0.55 0.55 0.55 0.17 0.17 0.55 0.55 
Drug-likenessf No Yes Yes Yes Yes No No Yes Yes 

aTPSA: topological polar surface area: this parameter correlates with human intestinal 
absorption (empirical data suggest a value < 140).130 bConsensus logP129: average of five 
predictions (iLOGP131, XLOGP3132, WLOGP133, MLOGP134,135 and SILICOS-IT129). cLogS 
values were calculated with ESOL136: insoluble < -10 < poorly < -6 < moderately < -4 < soluble 
< -2 < very < 0 < highly. dThe percentage of human oral absorption was calculated using the 
TPSA by the formula, % human oral absorption = 109 – (0.345 x TPSA), > 89%: high, < 25%: 
poor.138 eAbbot bioavailability score; 0.55: 55% of the neutral, zwitterionic, or cationic 
compounds that pass the Lipinski criteria have >10% bioavailability; 0.17: 17% of those that 
fail have > 10% bioavailability.139 fLipinski criteria103 (molecular weight (MW) ≤ 500, H-bond 
donors (HBD) ≤ 5, H-bond acceptors (HBA) ≤ 10, logP ≤ 5); Ghose criteria140 (160 ≤ MW ≤ 
480, -0.4 ≤ logP ≤ 5.6, 40 ≤ molar refractivity ≤ 130, 20 ≤ atom number ≤ 70). The bioavailability 
radars generated with SwissADME web tool are shown in chapter 3.6.16 (cf. Figure 3.211). 
 
Since the compounds 3.139, 3.157, and 3.163, containing both an aminothiazole and 

a carbamoylguanidine partial structure, possess appropriate pKa values as well as 

good physicochemical and pharmacokinetic properties, it can be concluded that the 

optimization and simplification strategy was in many cases very successful. The 

obtained in silico data indicate that the compounds 3.139, 3.157, and 3.163 are more 
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drug-like than their dimeric counterparts and should be promising lead structures for 

the elucidation of the role of the H2R in the CNS. 

 
 
3.3.2.3 Binding Affinities at the Human Histamine Receptor Family 
 
The (thio)carbamoylated guanidines 3.138-3.186 were investigated in radioligand 

competition binding experiments to elucidate their structure-affinity relationships at the 

hH2R and their selectivity over the hH1R, hH3R, and hH4R subtypes. The results are 

presented in Table 3.02 as binding constants (pKi values), determined on membrane 

preparations of Sf9 insect cells expressing the hH1-4R, respectively. Radioligand 

displacement curves of representative compounds are shown in Figure 3.014 and 

additional curves are shown in chapter 3.6.7 (cf. Figures 3.196-3.198). In case of the 

aminothiazolylpropyl carbamoylguanidines, a large number of variations of the residue 

R were well tolerated, leading to high affinity hH2R ligands with pKi values over 7 

(compounds: 3.138-3.172). However, there were some exceptions: e.g., a cyclohexyl 

(3.141) or a phenyl (3.142) residue resulted in low to moderate hH2R affinity with pKi 

values of 5.50 and 6.77 (cf. Table 3.02). This leads to the assumption that bulky 

substituents are not well tolerated in very close proximity to the carbamoylguanidine 

function. The hH2R affinity of aminomethylthiazolylpropyl carbamoylated guanidines 

with a terminal n-alkyl residue was dependent on the chain length (3.138-3.140). While 

the n-propyl containing ligand 3.138 showed a moderate affinity with a pKi value of 

6.98, the ligands containing a n-hexyl or n-pentyl residue showed higher affinities with 

pKi values of 7.54 (3.140) and 8.35 (3.139, UR-KAT523) (cf. Table 3.02). Interestingly, 

most of the ligands investigated containing a benzyl residue with or without further 

substituents (3.143-3.157) showed high hH2R affinities with pKi values over 7. Only the 

trifluoromethyl containing ligands 3.147 and 3.155 showed moderate affinities with pKi 

values of 6.64 and 6.90 (cf. Table 3.02). Branched residues were also well-tolerated 

as were the introduction of a phenyl, methyl, ethyl or isopropyl substituents (ligands 

3.144-3.149: pKi: 7.2-7.8) which resulted in no change or even an increase of affinity 

compared to the unbranched analogue (pKi (3.143): 7.16) (cf. Table 3.02). 

Furthermore, substituents in ortho-, meta-, and para-position of the phenyl ring of the 

branched 1-phenyleth-1-yl containing ligands were also well tolerated. Methyl, fluoro-, 

chloro-, bromo-, and methoxy- substituents in the para or a fluoro-substituent in the 

ortho position led to high affinity hH2R ligands with pKi values of 7.3-7.5 (ligands 3.150-

3.154 and 3.156) (cf. Table 3.02). Noteworthily, a fluoro-substituent in the meta position 
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of the phenyl ring of the 1-phenyleth-1-yl residue (3.157, (UR-MB-69)) resulted in an 

increased affinity (pKi: 8.69) compared to the para or ortho fluoro-substituted ligands 

(pKi (3.151): 7.50 and pKi (3.156): 7.54) (cf. Table 3.02). Heteroarene (e.g., fur-2-yl-

methyl, 1-(fur-2-yl)-eth-1-yl or 1-(thiophen-2-yl)-eth-1-yl) containing ligands (3.158-

3.160) showed high hH2R affinities with pKi values of 7.2-8.0 (cf. Table 3.02). A 2-

phenyl-eth-1-yl scaffold as a residue resulted in aminothiazolylpropyl carbamoyl 

guanidines (3.161, 3.162, and 3.164-3.168) with pKi values of around 7. The 

introduction of an aliphatic 2-cyclohexyl-eth-1-yl residue (3.163) resulted in a slightly 

higher affinity with a pKi value of 7.40 compared to the aromatic counterpart (pKi 

(3.164): 7.16) (cf. Table 3.02). Aminothiazolylpropyl carbamoylated guanidines with 

residues containing longer linkers, as represented in 3.169-3.172, showed high 

affinities with pKi values of 7.1-7.2 (cf. Table 3.02), but did not bring a significant 

improvement in ligand affinity at the hH2R. All attempted modifications of the 

aminothiazolylpropyl carbamoylguanidine pharmacophore (3.173-3.186), for example, 

by rigidization of the aminothiazolylpropyl moiety or the bioisosteric replacement of the 

carbamoylguanidine by a thiocarbamoylguanidine, resulted in low to moderate hH2R 

affinity ligands with pKi values of 3.4-6.9 (cf. Table 3.02). All investigated ligands 

showed a low affinity at the other hHR subtypes (hH1,3,4Rs) with pKi values of 4.1-5.9 

(cf. Table 3.02). The high affinity at the hH2R combined with the low affinity at the other 

subtypes led to an excellent subtype selectivity (3 to 4 orders of magnitude) for the 

ligands 3.139 and 3.157-3.159. The ligands 3.139, 3.157, and 3.158 showed similar or 

even higher hH2R affinities (pKi values of 8.35, 8.69, and 7.98) than the already 

described dimeric aminothiazole containing carbamoylguanidine UR-NK22 (3.005)299 

(pKi: 8.07299) (cf. Table 3.02). In addition, the subtype selectivity of these small 

molecules (molecular weight: < 400 g/mol) is improved compared to the bulky dimeric 

ligands like 3.005 and analogues (molecular weight: > 550 g/mol). A summary of the 

structure-affinity relationships based on the H2R affinity of the synthesized 

carbamoylguanidines is presented in Figure 3.015. The influence of the 

stereochemistry on hH2R affinity and subtype selectivity was investigated based on the 

enantiomeric pairs 3.145 and 3.146, 3.164 and 3.165, 3.174 and 3.175, as well as 

3.177 and 3.178. The enantiomeric pairs showed only slight differences in hH2R affinity 

and subtype selectivity. For example, the ligands 3.145 (pKi: 7.75) and 3.174 

(pKi: 6.94) with (R)-configuration tended to show slightly higher hH2R affinities when 

compared to their counterparts 3.146 (pKi: 7.29) and 3.175 (pKi: 6.47) with 
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(S)-configuration (cf. Table 3.02). The enantiomeric purity of 3.145, 3.146, 3.164, 

3.165, 3.174, 3.175, 3.177, and 3.178 was determined as described in chapter 3.5.1.17 

(cf. Figures 3.035 and 3.036). 
  
 

 

Figure 3.014. Displacement of the radioligand [3H]UR-DE25738 (c = 20 nM, Kd = 12.2 nM) by 
increasing concentrations of the respective ligand determined on membrane preparations of 
Sf9 insect cells expressing the hH2R-GsαS fusion protein. Data represent mean values ± SEM 
of 2-3 independent experiments, each performed in triplicate. 

 

 
Figure 3.015. H2R affinity of agonistic carbamoylguanidines: summary of structure-affinity 
relationships. 
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Table 3.02. Affinities of the monomeric (thio)carbamoylated guanidines 3.138-3.186 at the 

hH1-4R, obtained from competition binding studies on membrane preparations of Sf9 insect 

cells expressing the respective histamine receptor subtype. 

 
Comp. R pKi Selectivity 

ratios of Ki 
  hH1Ra N hH2Rb N hH3Rc N hH4Re N H1R / H2R / 

H3R / H4R) 

3.001 - 5.62 ± 
0.03389 3 6.58 ± 

0.04389 48 7.59 ± 
0.01389 

4
2 

7.60 ± 
0.01389 45 9 / 1 / 0.1 / 

0.1 

3.005 - 6.06 ± 
0.05299 2 8.07 ± 

0.05299 3 5.94 ± 
0.16299 3 5.69 ± 

0.07299 4 102 / 1 / 
135 / 240 

3.006 - n.d. - 4.86 ± 
0.07 5 n.d. - n.d. - - 

3.138  
4.54 ± 
0.02 3 6.98 ± 

0.11 3 4.35 ± 
0.01 3 4.06 ± 

0.06 2 275 / 1 / 
427 / 832 

3.139  
4.97 ± 
0.10 3 8.35 ± 

0.08 3 4.98 ± 
0.17 3 5.37 ± 

0.09 3 2399 / 1 / 
2344 / 955 

3.140  
5.11 ± 
0.03 3 7.54 ± 

0.07 4 5.25 ± 
0.02 3 5.09 ± 

0.02 2 269 / 1 / 
195 / 282 

3.141  
4.61 ± 
0.09 3 6.77 ± 

0.27 3 n.d. - 4.50 ± 
0.06 2 145 / 1 / - / 

186 

3.142  n.d. - 5.50 ± 
0.08 3 n.d. - 4.65 ± 

0.05 2 - / 1 / - /7 

3.143  
5.21 ± 
0.02 3 7.16 ± 

0.05 3 4.71 ± 
0.05 3 4.72 ± 

0.09 2 89 / 1 /282 / 
275 

3.144 
 

4.80 ± 
0.02 3 7.36 ± 

0.01 3 5.04 ± 
0.08 3 5.20 ± 

0.04 3 363 / 1 / 
209 / 145 

3.145 
 

5.06 ± 
0.05 3 7.75 ± 

0.05 3 4.36 ± 
0.04 3 4.87 ± 

0.01 3 490 / 1 / 
2455 / 759 

3.146 
 

4.67 ± 
0.06 3 7.29 ± 

0.04 3 4.48 ± 
0.02 3 4.75 ± 

0.01 3 417 / 1 / 
646 / 347 

3.147 
 

4.27 ± 
0.02 3 6.64 ± 

0.02 3 4.50 ± 
0.02 3 4.76 ± 

0.08 3 234 / 1 /138 
/76 
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Table 3.02 (continued) 

 
Comp. R pKi Selectivity 

ratios of Ki 

  hH1Ra N hH2Rb N hH3Rc N hH4Re N H1R / H2R / 
H3R / H4R) 

3.148 
 

4.90 ± 
0.04 3 7.20 ± 

0.04 3 4.66 ± 
0.02 3 4.95 ± 

0.03 3 200 / 1 / 
347 /178 

3.149 
 

4.61 ± 
0.14 3 7.45 ± 

0.02 3 4.72 ± 
0.05 3 5.10 ± 

0.10 3 692 / 1 / 
537 / 224 

3.150 
 

5.29 ± 
0.04 3 7.51 ± 

0.04 3 4.58 ± 
0.03 3 4.95 ± 

0.01 3 166 / 1 / 
851 / 363 

3.151 
 

4.99 ± 
0.03 3 7.50 ± 

0.06 3 4.59 ± 
0.04 3 4.86 ± 

0.04 3 324 / 1 / 
813 / 437 

3.152 
  

5.35 ± 
0.04 3 7.33 ± 

0.03 3 4.75 ± 
0.02 3 5.07 ± 

0.01 3 95 / 1 / 380 
/ 182 

3.153 
 

5.54 ± 
0.01 3 7.52 ± 

0.06 3 4.89 ± 
0.01 3 5.09 ± 

0.03 3 95 / 1 / 427 
/ 269 

3.154 
 

5.23 ± 
0.06 3 7.43 ± 

0.03 3 4.48 ± 
0.04 3 4.70 ± 

0.03 3 158 / 1 / 
891 / 537 

3.155 
  

4.66 ± 
0.13 3 6.90 ± 

0.07 3 4.84 ± 
0.07 3 5.09 ± 

0.07 3 174 / 1 / 
115 / 65 

3.156 
 

4.77 ± 
0.10 3 7.54 ± 

0.02 3 4.51 ± 
0.06 3 4.89 ± 

0.03 3 589 / 1 / 
1072 / 447 

3.157 
 

5.11 ± 
0.10 3 8.69 ± 

0.10 3 4.41 ± 
0.06 3 4.88 ± 

0.01 3 
3802 / 1 / 
19055 / 
6457 

3.158 
 

4.62 ± 
0.09 3 7.98 ± 

0.01 3 4.13 ± 
0.01 3 4.12 ± 

0.06 3 2291 / 1 / 
7079 / 7244 

3.159 
 

4.34 ± 
0.11 3 7.50 ± 

0.08 3 4.36 ± 
0.07 3 4.34 ± 

0.05 3 1445 /1 / 
1380 / 1445 

3.160 
 

4.59 ± 
0.02 3 7.20 ± 

0.03 3 4.23 ± 
0.01 3 4.52 ± 

0.03 3 407 / 1 / 
933 / 479 

3.161  n.d. - 6.80 ± 
0.20 4 n.d. - 4.83 ± 

0.06 2 - / 1 / - / 93 

3.162 
 

5.28 ± 
0.01 3 7.06 ± 

0.04 3 5.00 ± 
0.01 3 5.31 ± 

0.03 3 60 / 1 / 115 
/ 56 

3.163 
  

5.63 ± 
0.06 3 7.40 ± 

0.01 2 5.00 ± 
0.08 3 5.72 ± 

0.05f 3 59 / 1 /251 / 
48 
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Table 3.02 (continued) 

 
Comp. R pKi Selectivity 

ratios of Ki 

  hH1Ra N hH2Rb N hH3Rc N hH4Re N H1R / H2R / 
H3R / H4R) 

3.164 
  

5.06 ± 
0.06 3 7.00 ± 

0.05 3 4.77 ± 
0.05 3 4.92 ± 

0.02 3 87 / 1 / 170 
/ 120 

3.165 
  

5.02 ± 
0.05 3 6.99 ± 

0.06 3 4.57 ± 
0.06 3 4.87 ± 

0.01 3 93 / 1 / 263 
/ 132 

3.166 
 

5.10 ± 
0.08 3 7.11 ± 

0.03 3 4.78 ± 
0.03d 3 5.17 ± 

0.02f 3 102 / 1 / 
214 / 87 

3.167 
 

5.23 ± 
0.03 3 6.99 ± 

0.05 3 4.93 ± 
0.03d 3 5.23 ± 

0.03f 3 58 / 1 / 115 
/ 58 

3.168 
 

5.31 ± 
0.02 3 6.83 ± 

0.08 3 5.10 ± 
0.02d 3 5.58 ± 

0.01 3 33 / 1 / 54 / 
18 

3.169 
 

5.42 ± 
0.07 3 7.15 ± 

0.02 4 5.13 ± 
0.01d 3 5.43 ± 

0.01f 3 54 / 1 / 105 
/ 52 

3.170 
  

 

5.78 ± 
0.13 3 7.14 ± 

0.08 2 5.49 ± 
0.01 3 5.44 ± 

0.02f 3 23 / 1 / 45 / 
50 

3.171 
 

5.87 ± 
0.09 3 7.20 ± 

0.04 3 5.04 ± 
0.04d 3 5.49 ± 

0.08f 3 21 / 1 / 145 
/ 51 

3.172  
5.15 ± 
0.07 3 7.22 ± 

0.05 3 5.64 ± 
0.08 3 6.11 ± 

0.13 3 117 / 1 / 38 
/ 13 

3.173 
 

4.33 ± 
0.01 3 6.22 ± 

0.10 3 4.36 ± 
0.06 3 4.63 ± 

0.02 3 78 / 1 / 72 / 
39 

3.174 
 

3.96 ± 
0.07 3 6.94 ± 

0.08 3 4.19 ± 
0.03 3 4.57 ± 

0.01 3 955 / 1 / 
562 / 234 

3.175 
 

4.11 ± 
0.06 3 6.47 ± 

0.05 3 4.09 ± 
0.07 3 4.26 ± 

0.02 3 229 / 1 / 
240 / 162 

3.176 
 

4.35 ± 
0.01 3 5.84 ± 

0.02 3 4.33 ± 
0.06 3 4.67 ± 

0.02 3 31 / 1 / 32 / 
15 

3.177 
 

4.20 ± 
0.03 3 5.94 ± 

0.06 3 4.16 ± 
0.03 3 4.35 ± 

0.01 3 55 / 1 / 60 / 
39 
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Table 3.02 (continued) 

 
Comp. R pKi Selectivity 

ratios of Ki 

  hH1Ra N hH2Rb N hH3Rc N hH4Re N H1R / H2R / 
H3R / H4R) 

3.178 
 

4.28 ± 
0.01 3 6.37 ± 

0.06 3 4.08 ± 
0.10 3 4.49 ± 

0.02 3 123 / 1 /195 
/ 76 

3.179  n.d. - 5.28 ± 
0.06 4 n.d. - <4.0 2 - / 1 / - / >19 

3.180  n.d. - 6.16 ± 
0.07 4 4.96 ± 

0.07 3 5.02 ± 
0.06 2 - / 1 / 16 / 

14 

3.181  n.d. - 5.35 ± 
0.02 3 n.d. - 4.87 ± 

0.03 2 - / 1 / - / 3 

3.182  n.d. - 3.43 ± 
0.07 3 n.d. - 4.19 ± 

0.10 2 - / 1 / - / 0.2 

3.183  n.d. - 5.70 ± 
0.10 3 n.d. - 4.46 ± 

0.01 2 - / 1 / - / 17 

3.184  n.d. - 5.40 ± 
0.05 3 n.d. - 4.52 ± 

0.13 2 - / 1 / - / 8 

3.185  
5.71 ± 
0.02 3 5.95 ± 

0.06 4 5.82 ± 
0.03 3 4.78 ± 

0.05 2 2 / 1 / 1 / 15 

3.186  
5.92 ± 
0.02 3 6.29 ± 

0.08 3 5.48 ± 
0.06 3 4.52 ± 

0.01 2 2 / 1 / 6 / 59 

Competition binding assay on membrane preparations of Sf9 insect cells: aco-expression of 
the hH1R and RGS4 proteins (radioligand: [3H]mepyramine, c = 5 nM, Kd = 4.5 nM), bexpression 
of the hH2R-GsαS fusion protein (radioligand: [3H]UR-DE257390, c = 20 nM, Kd = 12.2 nM), cco-
expression of the hH3R, Gαi2, and Gβ1γ2 proteins (radioligand: [3H]UR-PI294391 c = 2 nM, Kd = 
1.1 nM or d[3H]histamine c = 15 nM, Kd = 12.1 nM), or eco-expression of the hH4R, Gαi2, and 
Gβ1γ2 proteins (radioligand: [3H]histamine c = 10 nM, Kd = 15.9 nM or f[3H]UR-PI294391 c = 5 
nM, Kd = 5.1 nM). Data were analyzed by nonlinear regression and were best-fitted to four-
parameter sigmoidal concentration-response curves. Data shown are means ± SEM of N 
independent experiments, each performed in triplicate. n.d.: not determined. 
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3.3.2.4 Functional Characterization of Selected (Thio)Carbamoylguanidines at 
the Guinea Pig/Human H2Rs 

 
The aminothiazoles 3.138-3.186 were investigated for gp/hH2R agonism in the guinea 

pig right atrium assay389,392 (gpH2R) (cf. Table 3.03 and Figure 3.192), the [35S]GTPγS 

binding assay299,389,393,394 (hH2R) and/or the β-arrestin2 recruitment assay187,394,395 

(hH2R) (cf. Table 3.04). The aminothiazolylpropyl containing NG-carbamoylated 

guanidines 3.139, 3.140, 3.144-3.154, 3.156-3.160, 3.164, and 3.165 showed high 

agonistic activities at the gpH2R with pEC50 values of 7.3-8.2 and were primarily strong 

partial or even full agonists (e.g., 3.146, 3.149, and 3.159) (cf. Table 3.03). Only the 

carbamoylguanidines 3.155 and 3.162 were moderately active partial agonists with 

pEC50 values of 6.14 and 6.76 (cf. Table 3.03). The NG-thiocarbamoylated guanidines 

3.173-3.178 were partial agonists at the gpH2R with pEC50 values of 6.3-7.2 (cf. Table 

3.03). The bulky ligand 3.176 was inactive at the gpH2R within the concentration range 

of the assay. The highest potencies at the gpH2R were shown by the n-pentyl residue-

containing ligand 3.139 (pEC50: 8.24) and the 2-phenyl-eth-2-yl residue-containing 

ligand 3.145 with (R)-configuration (pEC50 value of 8.12): appearing as strong partial 

agonist or full agonist (α: 0.78 and 0.95, respectively) (cf. Table 3.03). The high affinity 

hH2R ligand 3.157 (pKi: 8.69) was a strong partial agonist (α: 0.85) at the gpH2R with 

a pEC50 value of 7.58 (cf. Table 3.03). The enantiomeric pairs 3.145 and 3.146, 3.164 

and 3.165, 3.174 and 3.175, as well as 3.177 and 3.178 showed only slight differences 

in agonistic potency and efficacy with eudismic ratios (EC50 value of the eutomer 

divided by EC50 value of the distomer) ranging from 2.0-3.3. The ligands 3.145 (pEC50: 

8.12) and 3.174 (pEC50: 7.05) with (R)-configuration tended to possess higher gpH2R 

potencies when compared to their counterparts 3.146 (pEC50: 7.63) and 3.175 (pEC50: 

6.65) with (S)-configuration (cf. Table 3.03). On the other hand, the ligands 3.165 

(pEC50: 7.89) and 3.178 (pEC50: 6.83) with (S)-configuration tended to possess higher 

gpH2R potencies compared to their counterparts 3.164 (pEC50: 7.59) and 3.177 

(pEC50: 6.31) with (R)-configuration (cf. Table 3.03). Noteworthy, due to the side chain 

elongation in 3.164 and 3.177 (one methylene group), the orientation of the methyl 

group in the binding pocket should be identical for all the four eutomers described. 
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Table 3.03. gpH2R agonism and the calculated pEC50 values of the monomeric 

(thio)carbamoylated guanidines determined by organ bath studies (spontaneously beating 

guinea pig right atrium). 

 
Comp. R gpH2R (atrium)c 

  pEC50 α  N 

3.001 - 6.16 ± 0.01389  1.00389 225 

3.139  8.24 ± 0.03 0.78 ± 0.03 3 

3.140  7.80 ± 0.07 0.95 ± 0.06 3 

3.144 

 

7.40 ± 0.13 0.90± 0.06 3 

3.145 
 

8.12 ± 0.07 0.95 ± 0.07 4 

3.146 
 

7.63 ± 0.13 1.08 ± 0.07 3 

3.147 
 

7.32 ± 0.14 0.85 ± 0.06 3 

3.148 
 

7.97 ± 0.09 0.93 ± 0.04 3 

3.149 
 

7.46 ± 0.13 1.04 ± 0.04 3 

3.150 
 

7.65 ± 0.07 0.85 ± 0.05 3 

3.151 
 

7.63 ± 0.05 0.92 ± 0.01 3 

3.152 
 

7.61 ± 0.06 0.93 ± 0.04 3 

3.153 
 

7.26 ± 0.05 0.87 ± 0.04 3 

3.154 
 

7.42 ± 0.07 0.91 ± 0.04 3 

3.155 
 

6.14 ± 0.10 0.61 ± 0.05 3 

3.156 
 

7.91 ± 0.01 0.93 ± 0.03 3 

3.157 
 

7.58 ± 0.14 0.85 ± 0.05 4 
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Table 3.03 (continued) 

 
Comp. R gpH2R (atrium)c 

  pEC50 α  N 

3.158 
 

7.93 ± 0.07 0.58 ± 0.05 3 

3.159 
 

8.01 ± 0.18 1.00 ± 0.04 3 

3.160 
 

8.00 ± 0.05 0.88 ± 0.04 3 

3.162 

 

6.76 ± 0.11 0.76 ± 0.05 3 

3.164 
 

7.59 ± 0.05 0.99 ± 0.07 3 

3.165 
 

7.89 ± 0.10 0.98 ± 0.06 3 

3.173 

 

7.18 ± 0.10 0.67 ± 0.05 4 

3.174 
 

7.05 ±0.16 0.87 ± 0.02 3 

3.175 
 

6.65 ± 0.14 0.65 ± 0.04 3 

3.176 

 

inactive - 3 

3.177 
 

6.31 ± 0.05 0.44 ± 0.03 3 

3.178 
 

6.83 ± 0.06 0.66 ± 0.04 3 

Data were analyzed by nonlinear regression and were best fitted to sigmoidal concentration 
response curves. apEC50 = -log EC50. bpEC50 was calculated from the mean-corrected shift 
ΔpEC50 of the agonist curve relative to the histamine reference (pEC50 = 6.16, N = 225)389 
curve by equation pEC50 = 6.16 + ΔpEC50. cThe intrinsic activity (α) of histamine was set to 
1.00, and α values of investigated compounds were referred to this value. Data represent mean 
values ± SEM of N independent experiments. 

 

The NG-carbamoylated guanidines 3.138, 3.140-3.143, 3.161, 3.163, 3.166-3.171, and 

3.185-3.186 were investigated for hH2R agonism in the [35S]GTPγS binding assay on 

membrane preparations of Sf9 insect cells expressing the hH2R-GsαS fusion protein (cf. 

Table 3.04). Compounds 3.179-3.184 were tested in the antagonistic mode versus 
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histamine to determine their pKb values. The ligands 3.138-3.143, 3.145-3.146, 3.157, 

3.159, 3.161, 3.163, 3.166-3.172, 3.174, and 3.186 were also investigated for agonism 

in the β-arrestin2 recruitment assay on HEK293T-β-Arr2-hH2R cells, stably expressing 

the hH2R-ElucC and βArr2-ElucN fusion constructs.187 Functional testing in the gpH2R 

right atrium and β-arrestin2 recruitment assays ensured a comprehensive 

characterization, at least for the most interesting compounds. The monomeric NG-

carbamoylated amino(methyl)thiazolylpropylguanidines 3.138, 3.140-3.143, 3.161, 

3.163, and 3.166-3.171 were partial to full agonists in the [35S]GTPγS binding assay 

and showed moderate to high hH2R potencies with pEC50 values of 6.3-7.8 (cf. Table 

3.04). The benzyl residue containing ligand 3.143 showed a high potency with a pEC50 

value of 7.54 combined with strong partial agonism. Ligands containing a n-hexyl 

residue (3.140), a branched 2-phenyl-eth-1-yl residue (3.166-3.168, 3.170, and 3.171), 

or a branched 2-cyclohexyl-eth-1-yl residue (3.163 and 3.169) were highly potent 

partial agonists with pEC50 value of 7.2-7.8 (cf. Table 3.04). Interestingly, the 

aminothiazolylphenyl containing ligands 3.179-3.184 appeared as weak antagonists at 

the hH2R with pKb values (4.8-6.1, Table 3.04) which were in good agreement with the 

pKi values obtained (3.4-6.2, Table 3.02). Introduction of the less flexible 2-amino-

4,5,6,7-tetrahydrobenzothiazol-6-yl moiety (3.185 and 3.186) resulted in partial 

agonism (3.186, α: 0.57, pEC50: 6.67) or weak partial agonism (3.185, α: 0.16, pEC50: 

5.57) (cf. Table 3.04). The structurally related dopamine receptor agonist pramipexole 

(3.006) was also a partial agonist at the hH2R (α: 0.66, pEC50: 5.07) (cf. Table 3.04). 

Ligand characterization in the β-arrestin2 recruitment assay showed that compounds 

3.138-3.143, 3.145-3.146, 3.157, 3.159, 3.161, 3.163, 3.166-3.172, 3.174, and 3.186 

were partial agonists with pEC50 values of 5.4-7.3 (cf. Figure 3.193, chapter 3.6.6). The 

data obtained were comparable with the [35S]GTPγS assay data but generally lower 

potencies and efficacies in the β-arrestin2 recruitment assay were observed. The 

enantiopure ligand 3.145 and the 1-(3-fluoro-phenyl)eth-1-yl residue containing ligand 

3.156 showed the highest agonistic potencies resulting in pEC50 values in the two-digit 

nanomolar range (7.34 and 7.19) (cf. Table 3.04). Overall, the (partial) agonists 

investigated in both [35S]GTPγS and β-arrestin2 recruitment assay showed varying 

degrees of bias for G protein activation (cf. Figure 3.209, chapter 3.6.14). This is in 

agreement with the findings for acylguanidines and dimeric carbamoylguanidines.187 
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Table 3.04. hH2R agonism or antagonism and the calculated pEC50 or pKb values of the 

monomeric (thio)carbamoylated guanidines determined by a [35S]GTPγS binding assay and/or 

β-arrestin2 recruitment assay. 

 
 

Comp. R hH2R ([35S]GTPγS)a hH2R (β-arrestin2 
recruitment)b 

  pEC50 (pKb) N α pEC50 N α 

3.001 - 6.01 ± 0.07389  7 1.00389 5.42 ± 0.021

87 3 1.00187 

3.006 - 5.07 ± 0.06 5 0.66 ± 0.08 4.40 ± 0.10 3 0.35 ± 0.03 

3.138  6.75 ± 0.06 3 0.79 ± 0.09* 6.77 ± 0.04 3 0.32 ± 0.01 

3.139  n.d. - n.d. 6.75 ± 0.12 3 0.15 ± 0.02 

3.140  7.41 ± 0.07 3 0.60 ± 0.09* 7.07 ± 0.02 3 0.28 ± 0.03 

3.141  6.83 ± 0.20 3 0.96 ± 0.07 6.41 ± 0.03 3 0.43 ± 0.06 

3.142  6.28 ± 0.24 2 0.59 ± 0.02* 5.47 ± 0.06 3 0.25 ± 0.02 

3.143  7.54 ± 0.12 4 0.91 ± 0.07* 7.00 ± 0.08 3 0.33 ± 0.03 

3.145 
 

n.d. - n.d. 7.34 ± 0.11 4 0.34 ± 0.03 

3.146 
 

n.d. - n.d. 6.48 ± 0.06 4 0.46 ± 0.02 

3.157 
 

n.d. - n.d. 7.19 ± 0.11 4 0.30 ± 0.01 

3.159 
 

n.d. - n.d. 6.63 ± 0.06 3 0.25 ± 0.01 
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Table 3.04 (continued) 

 
 

Comp. R hH2R ([35S]GTPγS)a hH2R (β-arrestin2 
recruitment)b 

  pEC50 (pKb) N α pEC50 N α 

3.161 
 

7.35 ± 0.16 3 0.72 ± 0.06* 6.78 ± 0.03 3 0.29 ± 0.02 

3.163 
 

7.66 ± 0.08 3 0.65 ± 0.03* 6.65 ± 0.09 3 0.40 ± 0.06* 

3.166 
 

7.54 ± 0.14 3 0.60 ± 0.04 6.57 ± 0.08 3 0.16 ± 0.02* 

3.167 
 

7.51 ± 0.06 3 0.52 ± 0.03* 6.80 ± 0.10 3 0.11 ± 0.01* 

3.168 
 

7.46 ±0.03 3 0.59 ± 0.02* 6.55 ± 0.02 3 0.25 ± 0.03* 

3.169  7.76 ± 0.04 3 0.60 ±0.07 6.52 ± 0.07 3 0.22 ± 0.01* 

3.170  7.22 ± 0.1 5 0.68 ± 0.07* 6.88 ± 0.10 3 0.10 ± 0.01* 

3.171 
 

7.53 ± 0.06 3 0.69 ± 0.02* 6.45 ± 0.06 3 0.20 ± 0.02* 

3.172  n.d. - n.d. 5.60 ± 0.11 4 0.14 ± 0.02 

3.174 
 

n.d. - n.d. 6.43 ± 0.06 3 0.11 ± 0.01 

3.179  (4.91 ± 0.09) 3 n.d. n.d. - n.d. 

3.180  (6.14 ± 0.03) 3 n.d. n.d. - n.d. 
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Table 3.04 (continued) 

 
Comp. R 

hH2R ([35S]GTPγS)a hH2R (β-arrestin2 
recruitment)b 

  pEC50 (pKb) N α pEC50 N α 

3.181  (5.40 ± 0.02) 3 n.d. n.d. - n.d. 

3.182  (4.76 ± 0.11) 3 n.d. n.d. - n.d. 

3.183  (5.44 ± 0.02) 3 n.d. n.d. - n.d. 

3.184 
 

(5.52 ± 0.05) 3 n.d. n.d. - n.d. 

3.185  6.83 ± 0.06 3 0.16 ± 0.07* n.d. - n.d. 

3.186  6.67 ± 0.31 3 0.53 ± 0.05* 5.36 ± 0.05 3 0.31 ± 0.03 

a[35S]GTPγS assay performed with membrane preparations of Sf9 insect cells expressing the 
hH2R-GsαS fusion protein.299,389,393,394 bβ-arrestin2 recruitment determined using HEK293T-β-
Arr2-hH2R cells, stably expressing the hH2R-ElucC and βArr2-ElucN fusion constructs.187,394,395 
The intrinsic activity (α) of histamine was set to 1.00, and the α values of investigated 
compounds were referred to this value. The pKb values of 3.179-3.184 were determined in the 
antagonist mode versus histamine (c = 1 µM). Data represent mean values ± SEM of N 
independent experiments, each performed in triplicate ([35S]GTPγS assay) or 
duplicate/triplicate (β-arrestin2 recruitment assay). n.d.: not determined. *At concentrations 
≥ 30 µM a varying degree of depression of the maximum effect was observed. This effect has 
already been reported for several GPCRs in the literature.396–402  
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3.3.2.5 Binding Affinities at the Human D2longR and D3R 
 
Aminothiazole containing ligands such as pramipexole (3.006) and its derivatives (e.g., 

3.007) are described as high affinity dopamine receptor ligands (preferring the D2-like 

family).403 Because of the structural similarity between pramipexole (3.006) and the 

NG-(thio)carbamoylated guanidines that were prepared, selected ligands 3.139, 3.140, 

3.143, 3.145, 3.146, 3.157, 3.159, 3.163, 3.166, 3.169-3.172, 3.174, 3.180, 3.185, and 

3.186 were investigated in competition binding experiments on homogenates of 

HEK293T-CRE-Luc-hD2longR and HEK293T-CRE-Luc-hD3R cells using [³H]N-

methylspiperone as radioligand.404 The results are summarized in Table 3.05 and 

radioligand displacement curves (hD3R) of representative compounds are shown in 

Figure 3.016. For the standard agonist pramipexole biphasic displacement curves 

were reported at the hD2longR with pKi values for high (pKi/high value) and low affinity 

binding (pKi/low value) sites.404 The NG-(thio)carbamoylated guanidines 3.139, 3.140, 

3.143, 3.145, 3.146, 3.157, 3.159, 3.163, 3.166, 3.169-3.172, 3.174, 3.180, 3.185, and 

3.186 showed monophasic displacement curves. The amino(methyl)thiazolylpropyl 

(3.139, 3.140, 3.143, 3.145, 3.146, 3.157, 3.159, 3.163, 3.166, 3.169-3.172, and 

3.174), aminothiazolylphenyl (3.180), and 2-amino-4,5,6,7-tetrahydrobenzothiazol-6-yl 

(3.185 and 3.186) containing ligand(s) showed a weak to moderate affinity for the 

hD2longR (pKi: 5.6-6.6) (cf. Table 3.05 and Figure 3.199 (chapter 3.6.8)). This is in 

contrast to the behavior at the D3R. Apart from the weak H2R agonists 3.180, 3.185, 

and 3.186, the potent H2R ligands showed consistently high affinities at the D3R. The 

two potent H2R agonists 3.145 and 3.157 showed the highest affinity at the D3R (pKi: 

8.21 and 8.06, respectively) (cf. Table 3.05). To obtain further information about the 

functional behavior of the ligands 3.139, 3.140, 3.143, 3.145, 3.146, 3.157, 3.159, 

3.163, 3.166, 3.169-3.172, and 3.174, the recently described β-arrestin2 recruitment 

assay at the hD2longR and hD3R was performed (cf. Figures 3.194 and 3.195, chapter 

3.6.6 ).404 The potencies in both assays are in very good agreement with the respective 

binding affinities, showing again high potencies at the D3R (e.g., pEC50 (3.145): 7.81, 

Table 3.06). While the ligands appeared predominantly as moderate to strong partial 

agonists at the D2longR, several full agonists at the D3R were found (cf. Table 3.06). 
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Figure 3.016. Displacement of the radioligand [³H]N-methylspiperone (c = 0.05 nM, Kd = 
0.0258 nM) by increasing concentrations of the respective ligand at homogenates of 
HEK293T-CRE-Luc-hD3R cells.404 Data represent mean values ± SEM of 3 independent 
experiments, each performed in triplicate. 
 
Table 3.05. Affinities of the monomeric (thio)carbamoylated guanidines to the dopamine 

receptors hD2longR and hD3R, obtained from competition binding studies. 

 

Comp. R pKi Selectivity 
ratios of Ki 

  hD2longRa N hD3Rb N (D2longR / D3R 
/ H2R) 

haloperidol  9.58 ± 0.13404 3 8.95 ± 0.03404 3 - 

3.006 
 (pKi/high: 7.59 

± 0.12 / 
pKi/low: 6.00 ± 

0.03)404 

3 9.18 ± 0.06404 3 0.002* / 
0.00005 / 1 

3.139  6.35 ± 0.01 3 7.80 ± 0.09 3 100 / 4 / 1 

3.140  6.25 ± 0.06 3 7.85 ± 0.08 3 19 / 0.5 / 1 
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Table 3.05 (continued) 

 
Comp. R pKi Selectivity 

ratios of Ki 
  hD2longRa N hD3Rb N (D2longR / D3R 

/ H2R) 
3.143  6.22 ± 0.08 3 7.34 ± 0.02 3 9 / 0.7 / 1 

3.145 
 

6.81 ± 0.13 3 8.21 ± 0.10 3 9 / 0.3 / 1 

3.146 
 

6.10 ± 0.07 3 7.61 ± 0.12 3 15 / 0.5 / 1 

3.157 
 

6.50 ± 0.06 3 8.06 ± 0.10 3 155 / 4 / 1 

3.159 
 

5.77 ± 0.12 3 7.76 ± 0.17 3 54 / 0.5 / 1 

3.163 
 

6.58 ± 0.03 3 7.36 ± 0.04 3 7 / 1 / 1 

3.166 
 

6.28 ± 0.08 3 7.19 ± 0.06 3 7 /0.8 / 1 

3.169 
 6.32 ± 0.08 3 6.88 ± 0.04 3 7 /2 / 1 

3.170 
 6.30 ± 0.10 3 7.07 ± 0.06 3 7 / 1 / 1 

3.171 
 

6.45 ± 0.07 3 7.34 ± 0.04 3 6 / 0.7 / 1 

3.172 
 6.23 ± 0.06 3 7.25 ± 0.06 3 10 / 0.9 / 1 

3.174 
 

5.93 ± 0.08 3 7.22 ± 0.06 3 10 / 0.5 / 1 

3.180  5.60 ± 0.20 3 5.89 ± 0.05 3 4 / 2 / 1 
3.185  5.90 ± 0.10 3 5.90 ± 0.20 3 1 / 1 / 1 
3.186 

 6.26 ± 0.10 3 5.30 ± 0.10 3 1 / 10 / 1 
Determined by displacing [³H]N-methylspiperone (ahD2longR: Kd = 0.0149 nM, c = 0.05 nM or 
bhD3R: Kd = 0.0258 nM, c = 0.05 nM) by increasing concentrations of the respective ligand at 
homogenates of aHEK293T-CRE-Luc-hD2longR or bHEK293T-CRE-Luc-hD3R cells.404 Data 
were analyzed by nonlinear regression and were best fitted to four-parameter sigmoidal 
concentration-response curves. Data shown are means ± SEM of N independent experiments, 
each performed in triplicate. *Calculated using pKi/high value.  
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Table 3.06. hD2long,3R agonism and the calculated pEC50 values of the monomeric 
(thio)carbamoylated guanidines determined by a β-arrestin2 recruitment assay. 

 
Comp. R hD2longR (β-arrestin2 

recruitment)a 
hD3R (β-arrestin2 

recruitment)b 

  pEC50 N α pEC50 N α 

quinpirole - 7.55 ± 
0.07404 5 1.00404 8.75 ± 0.07404 6 1.00404 

3.139  5.98 ± 0.02 4 0.41 ± 0.05 7.80 ± 0.05 3 0.96 ± 0.05 

3.140  5.76 ± 0.06 3 0.44 ± 0.05 7.63 ± 0.12 4 0.95 ± 0.05 

3.143  5.78 ± 0.05 3 0.49 ± 0.03 7.47 ± 0.08 3 0.93 ± 0.03 

3.145 
 

6.47 ± 0.10 4 0.60 ± 0.05 7.81 ± 0.03 4 0.86 ± 0.05 

3.146 
 

5.57 ± 0.28 3 0.36 ± 0.04 6.64 ± 0.07 3 1.05 ± 0.09 

3.157 
 

6.23 ± 0.10 3 0.73 ± 0.05 7.14 ± 0.16 3 0.98 ± 0.05 

3.159 
 

5.97 ± 0.09 3 0.82 ± 0.03 6.99 ± 0.09 3 1.03 ± 0.10 

3.163 
 

5.49 ± 0.15 4 0.39 ± 0.06 6.58 ± 0.05 3 1.09 ± 0.09 

3.166 
 

5.95 ± 0.04 3 0.58 ± 0.02 7.39 ± 0.08 3 0.93 ± 0.04 

3.169  5.77 ± 0.04 3 0.57 ± 0.02 6.52 ± 0.02 3 0.86 ± 0.01 

3.170  5.96 ± 0.05 5 0.92 ± 0.10 6.55 ± 0.13 3 1.01 ± 0.07 

3.171 
 

5.27 ± 0.07 3 0.70 ± 0.08 6.05 ± 0.11 3 0.95 ± 0.11 

3.172  5.53 ± 0.02 3 0.70 ± 0.11 6.38 ± 0.10 3 0.67 ± 0.06 

3.174 
 

5.82 ± 0.06 3 0.66 ± 0.08 6.78 ± 0.09 3 0.84 ± 0.04 

β-arrestin2 recruitment determined using aHEK293T ElucN-βarr2 hD2longR-ElucC cells or 
bHEK293T ElucN-βarr2 hD3R-ElucC cells, stably expressing the hD2longR-ElucC or hD3R-ElucC 
and βarr2-ElucN fusion constructs.404 The intrinsic activity (α) of quinpirole was set to 1.00, and 
α values of investigated compounds were referred to this value. Data represent mean values 
± SEM of 3-4 independent experiments, each performed in duplicate or triplicate.  
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3.3.3 Conclusion 
 
In this study, 49 monomeric, 2-aminothiazolyl ring-containing 

(thio)carbamoylguanidine-type H2R ligands were synthesized and characterized. 

These ligands featured either flexible or rigid spacers and were functionalized with side 

chains (n-alkyl, cyclic, aromatic, branched, with and without defined stereochemistry 

etc.) linked to the carbamoyl guanidine core. The structural simplification of previously 

reported dimeric ligands into monomeric ligands resulted in potent agonists (guinea 

pig right atrium and β-arrestin2 recruitment assays) with H2R affinities in the one-digit 

nanomolar range (pKi (3.139, UR-KAT523): 8.35; pKi (3.157, UR-MB-69)): 8.69). Most 

of the compounds exhibited an excellent selectivity profile towards the H2R, for 

example 3.157 being at least 3800-fold selective within the histamine receptor family. 

These properties turn them into the highest affinity and subtype-selective 

carbamoylguanidine-type H2R agonists known to date. On the other hand, it was 

recognized that the 2-aminothiazole residue, which is responsible for the subtype-

selectivity of monomeric and/or dimeric H2R ligands, is also a known bioisostere of the 

catechol moiety present in some dopamine receptor ligands. Therefore, the dopamine 

receptor affinity in radioligand competition binding studies at the D2long and D3 receptors 

with selected H2R agonists was investigated. The experiments revealed a considerable 

affinity for the respective dopamine receptor subtypes, especially for the D3 receptor. 

Furthermore, functional studies (β-arrestin2 recruitment assays) with these ligands 

showed that they act as partial and full agonists at the dopamine receptors which were 

investigated. These findings limit the application of our ligands to recombinant systems 

in which either the H2R or the D3R is expressed. In summary, the aim of this work was 

the development of a series of H2R agonists with enhanced drug-like properties while 

maintaining the high H2R subtype selectivity and potency of the dimeric ligands. The 

2-aminothiazolyl ring containing (thio)carbamoylguanidine-type H2R ligands represent 

a class of high affinity molecular tools for the application in recombinant systems in 

which the H2R is solely expressed. Furthermore, our ligands establish a solid base of 

small molecule ligands with an improved selectivity profile over previously reported 

ligands, enabling in vivo studies and experiments utilizing primary tissue. 

Consequently, the goal of future work will be the optimization of our reported 

compounds towards exclusive selectivity for the H2R. 
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3.4 Abolishing Dopamine D2long/D3 Receptor Affinity of Subtype-Selective 
Carbamoylguanidine-Type Histamine H2R Agonists 

 

 

3-(2-Amino-4-methylthiazol-5-yl)propyl substituted carbamoylguanidines are potent, 

subtype-selective histamine H2 receptor (H2R) agonists. Nevertheless, their 

applicability as pharmacological tools to elucidate the largely unknown H2R functions 

in the central nervous system (CNS) is compromised by their concomitantly high affinity 

towards dopamine D2-like receptors (especially to the D3R). To improve the selectivity, 

a series of novel carbamoylguanidine-type ligands containing various heterocycles, 

spacers, and side residues was rationally designed, synthesized, and tested in binding 

and/or functional assays at H1-4 and D2long/3 receptors. This study revealed a couple of 

selective candidates (among others 3.239 (UR-KAT505), 3.255 (UR-KAT533), and 
3.264 (UR-MB-165)). The most promising ones were screened at several off-target 

receptors, showing good selectivities. These results provide a solid base for the 

exploration of the H2R functions in the brain in further studies. 

Results of this chapter have been published in: 

Tropmann, K.; Bresinsky, M.; Forster, L.; Mönnich, D.; Buschauer, A.; Wittmann, H.-

J.; Hübner, H.; Gmeiner, P.; Pockes, S.; Strasser, A. Abolishing Dopamine D 2long/D3 

Receptor Affinity of Subtype-Selective Carbamoylguanidine-Type Histamine H2 

Receptor Agonists. J. Med. Chem. 2021, 64 (12), 8684–8709. 
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3.4.1 Introduction 
 

The histamine H2 receptor (H2R) has been the subject of many research studies due 

to its versatile physiological properties.244,374 The H2R belongs to the class A G protein-

coupled receptors (GPCRs) and is expressed throughout the whole human body, most 

notably in the stomach, heart, and central nervous system (CNS).244,374,376,377 

Activation of the H2R by its endogenous ligand histamine (3.001, Figure 3.017A) leads 

to adenylyl cyclase activation by coupling to the Gs protein.374 The central role of the 

H2R in the stimulation of gastric acid secretion247,374 is the basis for the therapeutic use 

of H2R antagonists to treat gastroesophageal reflux disease and gastroduodenal 

ulcers.244,405 The function of the H2R in the CNS is largely unknown but includes, e.g., 

modulation of cognitive processes and circadian rhythm.406 Furthermore, positive 

effects of the H2-antagonist famotidine (3.223, Figure 3.017A) in schizophrenia and an 

improvement in L-DOPA-induced dyskinesia are reported in the literature.406–414 In 

addition, studies are reporting that stimulation of postsynaptic H2R has positive effects 

on learning and memory.371 So far, these effects have only been shown with dual-

acting acetylcholinesterase inhibitors and H3R antagonists, as these molecules initiate 

this process through the inhibition of presynaptic H3-autoreceptors.371–373 Therefore, 

the use of CNS-penetrating H2R agonists is of great interest. 

 

Starting from the H2R agonists of the arpromidine (3.002; cf. Figure 3.017A) series, 

several highly potent (up to 3000 times the potency of histamine) monomeric and 

dimeric H2R agonists with acylguanidine or carbamoylguanidine partial structure were 

developed (3.005, 3.139, and 3.224; cf. Figure 3.017A).298,299,302,304,415,416 In contrast 

to acylguanidines, the carbamoylguanidines are chemically stable and possess an 

excellent selectivity over the other three histamine receptors (H1,3,4) if a 2-

aminothiazole ring is used for bioisosteric replacement of the imidazole ring (3.005 and 
3.139; cf. Figure 3.017A).299,304,378 Based on the existing knowledge about the 

physicochemical and/or pharmacokinetic properties of acyl- and carbamoylguanidines, 

it can be assumed that carbamoylguanidines are also able to overcome the blood-brain 

barrier.298,302,304,417 This advantage over previously reported H2R agonists (cf. 

guanidines, e.g., 3.002; cf. Figure 3.017A) should enable access to the H2R in the 

CNS.298,302 On the other hand, direct injection of the ligand into the brain is also 

possible as means of application in case of insufficient bioavailability and/or BBB 

penetration.418 However, the 2-aminothiazole structural motif is also part of the 
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dopamine receptor agonist pramipexole (3.006; cf. Figure 3.017A), which is employed 

as a drug for the treatment of Parkinson's disease.380,419 Due to these similarities, it 

can be assumed that H2R agonists containing the 2-aminothiazole motif might also 

bind to dopamine receptors. This assumption was approved in previous studies (see 

chapter 3.3) with radioligand binding experiments. It was revealed that such H2R 

agonists exhibit a considerable affinity to dopamine receptors of the D2-like family, 

particularly to the D3 receptor.304,416  

 

In order to enable the use of carbamoylguanidines as pharmacological tools to 

elucidate the H2R functions in the CNS, improved molecules that bind solely to the H2 

receptor are needed. Thus, this study reports the synthesis and pharmacological 

characterization of this novel, subtype-selective H2R ligands. The selectivity was 

achieved by the variation of the carbamoylguanidine-based scaffold with different 

heterocycles, spacers, and side residues (cf. Figure 3.017B). The synthesized 

compounds were investigated for their functional activity at the H2R and/or D2long/3R in 

minimal G (mini-G) protein- and/or β-arrestin2-recruitment assays as well as on the 

isolated spontaneously beating guinea pig (gp) right atrium in a more complex, but 

well-established standard model for the characterization of H2R ligands.244,420 The 

selectivity for the human (h) H2R over hH1/3/4R and hD2long/3R was evaluated in 

radioligand competition binding experiments. Finally, an affinity screening of the best 

compounds at common off-target GPCRs (cf. Table 3.12 and Figure 3.019) was 

performed and the GI absorption and BBB penetration of these ligands was estimated 

by the SwissADME online tool (cf. Table 3.15 and Figure 3.027). 

  



Design and Biological Evaluation of Histamine H2-Receptor Ligands 

 370  

 

Figure 3.017. A: Structures of histamine (3.001), arpromidine (3.002), famotidine (3.223), and 
related prototypical acylguanidine-type (3.224) and carbamoylguanidine-type (3.005 and 
3.139) H2R agonists, as well as the D2-like receptor agonist pramipexole (3.006). B: Structural 
modifications of NG-carbamoylated guanidines resulting in the title compounds. Het: 
heterocycle. 
  

3.001, histamine
3.002, arpromidine

3.223, famotidine

3.224, UR-BIT24

3.005, UR-NK22

3.139, UR-KAT523 3.006, pramipexole
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3.4.2 Results and Discussion 
3.4.2.1 Chemistry 
 
The amines 3.225-3.234298,302,421–423 (cf. Figure 3.018) and the guanidinylating 

reagents 3.049-3.051, 3.053, 3.055, 3.067, 3.073, 3.080, 3.082, and 3.235-

3.237299,304,416,417 (cf. Schemes 3.02 and 3.03) were synthesized as reported in chapter 

3.5.1.5, chapter 3.5.1.11, and chapter 3.5.1.12 or in the literature. Several different 

side residues for the guanidinylating reagents 3.049-3.051, 3.053, 3.055, 3.067, 3.073, 

3.080, 3.082, and 3.235-3.237 were selected, which performed well in recent studies 

about 2-aminothiazoles.298,299,302,304,415–417 The monomeric (cf. Scheme 3.02) or 

dimeric (cf. Scheme 3.03) carbamoylguanidine-type ligands were prepared by reacting 

the amines 3.225-3.234 with the guanidinylating reagents 3.049-3.051, 3.053, 3.055, 

3.067, 3.073, 3.080, 3.082, and 3.235-3.237 in the presence of HgCl2 and triethylamine 

(NEt3).424 Finally, the protected carbamoylguanidine-type intermediates were treated 

with TFA giving compounds 3.238-3.244, 3.246-3.265, and 3.267-3.278 

(cf. Schemes 3.02 and 3.03), which were purified by preparative HPLC (acetonitrile 

(MeCN)/0.1% TFA in H2O) or column chromatography (CH2Cl2/7 N NH3 in MeOH) and 

subsequent recrystallization into the corresponding HCl salts (see chapter 3.6.2 for 

purity control; cf. Figures 3.168B-3.188). 3.245 and 3.266 were synthesized using a 

modified synthetic procedure (for details, see chapter 3.5.1.13 and 3.5.1.15; 

cf. Scheme 3.15). The pKa value of 2-amino-5-methyl-1,3,4-thiadiazole (3.322) was 

determined by acid-base titration (cf. Figure 3.039) to evaluate the acid-base 

dissociation constant of building block 3.228. For details of the procedure and the 

titration curves, see chapter 3.5.1.18. 

 

Figure 3.018. Structures of amines 3.225-3.234 used for the synthesis of monomeric (3.238-
3.244, 3.246-3.265, and 3.267-3.274) and dimeric (3.275-3.278) carbamoylguanidines. Het: 
heterocycle. For more details regarding 3.225-3.234, see chapter 3.5.1.12.  

3.225 3.226 3.227 3.228

3.229 3.230 3.231

3.2333.232

3.234
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Scheme 3.02. Synthesis of monomeric carbamoylguanidines 3.238-3.274. Reagents and 
conditions: a) NEt3, HgCl2, CH2Cl2, rt, 4-48 h; (b) TFA, CH2Cl2, rt, 7-18 h, 4-64% over two steps 
(see chapter 3.5.1.14). Isolated yields over two steps are given in brackets. *Modified synthetic 
procedure (see chapter 3.5.1.15; cf. Scheme 3.15). BB: building block. Het: heterocycle. 
Amines 3.225-3.234: all compounds were used as free bases; guanidinylating reagents 3.049-
3.051, 3.053, 3.055, 3.067, 3.073, 3.080, and 3.082: all compounds were used as mono-Boc 
protected (or di-Boc protected if applicable) intermediates. The target compounds 3.238-3.260, 
3.263, and 3.265-3.274 were obtained as TFA and 3.261-3.262 and 3.264 as HCl salts. 
  

3.049-3.051, 3.053, 
3.055, 3.067, 3.073, 
3.080, 3.082, and 3.235

- : 3.049
BB3: 3.238 (34%)
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BB6: 3.240 (26%)
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BB5: 3.245 (6%)*
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- : 3.051
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BB9: 3.257 (48%)
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BB4: 3.261 (8%)
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Scheme 3.03. Synthesis of the dimeric NG-carbamoylated guanidines 3.275-3.278. Reagents 
and conditions: a) 3.228, 3.232, or 3.233, NEt3, HgCl2, CH2Cl2, rt, 8 h; (b) TFA, CH2Cl2, rt, 6-
16 h, 7-23% over two steps. Isolated yields over two steps are given in brackets. For more 
details regarding 3.228, 3.232, 3.233, and 3.236-3.237 see chapter 3.5.1.11 and 3.5.1.12. 
Amines 3.228, 3.232, and 3.233: all compounds were used as free bases; guanidinylating 
reagents 3.236-3.237: all compounds were used as di-Boc protected intermediates. The target 
compounds 3.275-3.278 were obtained as TFA salts. 
 

3.4.2.2 H2R Affinity and Receptor Subtype Selectivity 
 
The pKi values of all target compounds were determined in competition binding studies 

on membrane preparations of Sf9 cells expressing the hH2R-GsαS fusion protein using 

the radioligand [3H]UR-DE257390 (cf. Table 3.07). First of all, the influence of the linker 

on the binding affinity was investigated. The conformationally restricted compounds 

(e.g., 3.241 (para, pKi = 6.34), 3.242 (meta, pKi = 6.72), and 3.243 (bicyclic, 

pKi = 6.81); cf. Table 3.07) bind well to the hH2R albeit with lower affinities compared 

to their flexible (propyl linker) counterparts (e.g., 3.139304 (pKi = 8.32304); cf. Table 

3.07). 

 

Subsequently, the impact of the heterocycle was determined. The replacement of the 

sulfur atom in the 2-amino-4-methylthiazole by an oxygen atom resulted in decreased 

hH2R affinity (e.g., oxazole: 3.253 (pKi = 6.41; Table 3.07) vs. thiazole 3.143 (UR-

CH22)304,416 (pKi = 7.16304,416; cf. Table 3.02). The omission of the methyl group in 

position 4 of the heterocyclic ring did not cause a significant change in hH2R affinity 

(3.240 (UR-KAT583), 3.256, and 3.267 vs. 3.139304 (cf. Table 3.07), 3.143 (UR-

CH22)304,416, and 3.170 (UR-SB257)304,416 (cf. Table 3.02). However, the replacement 

n = 6: 3.236
n = 8: 3.237

3.275-3.278
n = 6 or 8

n = 6: 3.275 (23%) n = 6: 3.276 (14%) n = 6: 3.277 (34%)
n = 8: 3.278 (7%) 
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of the amino(methyl)thiazole by a 2-amino-1,3,4-thiadiazole was favorable: the Ki-

values of compounds 3.239 (pKi = 8.52), 3.244 (pKi = 8.29), 3.255 (pKi = 8.30), 3.264 

(pKi = 8.09), and 3.265 (pKi = 8.19) were in the single-digit nanomolar range (cf. Table 

3.07). Also, in the case of the diazoles, the substitution of the sulfur atom by an oxygen 

atom resulted in decreased hH2R affinity (e.g., oxadiazole: 3.266 (pKi = 6.17) vs. 

thiadiazole 3.265 (pKi = 8.19); cf. Table 3.07). The replacement of the free amine group 

in the 2-amino-1,3,4-thiadiazole by a methyl group (3.238, 3.246, 3.250, and 3.254) 

resulted in a dramatic decrease of hH2R affinity (cf. Table 3.07), indicating that the 

heteroaromatic amine group is essential for high affinity. Finally, using the reported 1H-

1,2,4-triazole421 or a more explorative 4-(dimethylamino)methyl-1,2,3-triazole instead 

of the 2-amino-4-methylthiazole resulted in decreased hH2R affinities (1,2,4-triazole 

3.262 (pKi = 7.27; cf. Table 3.07) and 1,2,3-triazole 3.263 (pKi = 5.35; cf. Table 3.07) 

vs. thiazole UR-Po563304 (pKi = 7.75304; cf. Table 3.02). It is literature known that 

dimeric ligands possess a significantly increased H2R affinity (human or guinea 

pig).299,378 Therefore, several dimeric compounds, e.g., the 2-amino-1,3,4-thiadiazole 

heterocycle containing ligands 3.277 (hexyl-spacer, pKi = 8.28; cf. Table 3.07) and 

3.278 (octyl-spacer, pKi = 8.32; cf. Table 3.07) were synthesized. However, no 

additional increase in affinity was achieved compared to the monomeric compounds 

3.239 (pentyl, pKi = 8.52; cf. Table 3.07) and 3.244 (hexyl, pKi = 8.29; cf. Table 3.07). 
The pKi values of all synthesized compounds were also determined at the hH1, hH3, 

and hH4 receptors on membranes of Sf9 cells expressing the respective histamine 

receptor using the radioligands [3H]mepyramine (hH1R), [5H]Nα-methylhistamine or 

[3H]UR-PI294391 (hH3R) and [3H]3.001 (hH4R; cf. Table 3.07). The imidazole-

containing ligand 3.260 was synthesized as a control compound to showcase that the 

subtype selectivity is largely influenced by the heterocycle. Unsurprisingly, despite a 

high affinity at the H2R, it bound similarly or even better to the H3R and H4R. In contrast, 

neither of the 2-amino-1,3,4-thiadiazoles (3.239, 3.244, 3.251, 3.255, 3.261, 3.264, 

3.265, 3.271, 3.277, and 3.278) displayed remarkable affinity to the hH1, hH3, or hH4 

receptors leading to at least 100-fold selectivity for the hH2R (cf. Table 3.07). The only 

exception among the thiadiazoles was observed for compound 3.247, which contains 

the 8-aminooctyl side chain. Within the synthesized series, compound 3.239 (UR-

KAT505) showed the highest affinity (pKi = 8.52; cf. Table 3.07) and subtype selectivity 

(ratio of Ki H1R/H3R/H4R of 2138 : > 3311 : > 3311, Table 3.07).  
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Table 3.07. Binding data of the compounds 3.238-3.278 on human histamine receptor 
subtypes.a 

 
Comp. structure pKi H2R selectivity 

Ki(HxR)/Ki(H2R) 

 BB R hH1Rb N hH2Rc N hH3Rd,e N hH4Rf N H1 H3 H4 

3.001 - - 5.62 ± 
0.03389 

4 6.58 ± 
0.04389 48 7.59 ± 

0.01389 
42 7.60 ± 

0.01389 
45 9 0.1 0.1 

3.005299 - - 6.06 ± 
0.05299 - 8.07 ± 

0.05299 - 5.94 ± 
0.16299 - 5.69 ± 

0.07299 - 102 135 240 

3.006 - - n.d. - 4.86 ± 
0.07304 

- n.d. - n.d. - - - - 

3.139304 - 

 

4.97 ± 
0.10304 

3 8.35 ± 
0.08304 

3 4.98 ± 
0.17304 

3 5.37 ± 
0.09304 

3 2399 2344 955 

3.238 3 < 5 3 5.66 ± 
0.15 3 < 5e 3 < 5 3 > 5 > 5 > 5 

3.239 4 5.19 ± 
0.05 3 8.52 ± 

0.16 3 < 5e 3 < 5 3 2138 >3311 >3311 

3.240 6 5.02 ± 
0.03 3 7.64 ± 

0.07 3 < 5e 3 < 5 3 417 > 437 > 437 

3.241 9 5.43 ± 
0.09 3 6.34 ± 

0.06 3 4.94 ± 
0.06 d,e 3 5.11 ± 

0.04 3 8 25 17 

3.242 10 5.18 ± 
0.09 3 6.72 ± 

0.03 3 5.02 ± 
0.07e 3 5.13 ± 

0.05 3 35 50 39 

3.243 11 5.28 ± 
0.10 3 6.81 ± 

0.07 3 5.18 ± 
0.15d,e 3 5.23 ± 

0.04 3 34 43 38 

3.244 4 

 

5.30 ± 
0.09 3 8.29 ± 

0.20 3 < 5e 3 < 5 3 977 > 
1950 

> 
1950 

3.245 5 5.05 ± 
0.06 3 6.41 ± 

0.01 3 < 5e 3 < 5 3 23 > 26 > 26 

3.246 3 

 

6.51 ± 
0.19 3 5.74 ± 

0.14 3 4.93 ± 
0.18e 3 < 5 3 0.2 7 > 5 

3.247 4 6.28 ± 
0.09 3 7.48 ± 

0.14 3 < 5e 3 < 5 3 16 > 302 > 302 

3.248 9  
5.26 ± 
0.17 3 6.26 ± 

0.14 3 4.91 ± 
0.09 d,e 3 5.16 ± 

0.07 3 10 22 13 
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Table 3.07 (continued) 
Comp. structure pKi H2R selectivity 

Ki(HxR)/Ki(H2R) 

 BB R hH1Rb N hH2Rc N hH3Rd,e N hH4Rf N H1 H3 H4 

3.249 2 

 

5.22 ± 
0.04 3 6.61 ± 

0.08 3 5.08 ± 
0.11e 3 5.12 ± 

0.07 3 25 34 31 

3.250 3 5.15 ± 
0.01 3 5.98 ± 

0.12 3 4.94 ± 
0.06 3 < 5 3 7 11 > 10 

3.251 4 5.13 ± 
0.06 3 7.71 ± 

0.14 4 5.56 ± 
0.10e 3 4.90 ± 

0.12 3 380 141 646 

3.252 9 5.54 ± 
0.13 3 6.51 ± 

0.10 3 5.25 ± 
0.05e 3 5.11 ± 

0.04 3 9 18 25 

3.253 2 

 

5.05 ± 
0.06 3 6.41 ± 

0.11 3 < 5e 3 < 5 3 23 > 26 > 26 

3.254 3 4.97 ± 
0.08 3 5.25 ± 

0.15 3 < 5e 3 < 5 3 2 > 2 > 2 

3.255 4 5.27 ± 
0.12 3 8.30 ± 

0.07 3 < 5e 3 < 5 3 1072 > 
1995 

> 
1995 

3.256 6 5.25 ± 
0.01 3 7.57 ± 

0.07 3 < 5e 3 < 5 3 209 > 372 > 372 

3.257 9 5.89 ± 
0.03 3 6.67 ± 

0.05 3 5.07 ± 
0.10d,e 3 4.92 ± 

0.14 3 6 40 56 

3.258 10 5.14 ± 
0.14 3 6.52 ± 

0.13 3 < 5e 3 < 5 3 24 > 33 > 33 

3.259 11 5.41 ± 
0.12 3 6.52 ± 

0.02 3 4.95 ± 
0.06d 3 5.23 ± 

0.02 3 13 37 19 

3.260 1 

 

5.40 ± 
0.04 3 8.21 ± 

0.09 3 8.77 ± 
0.02e 3 8.07 ± 

0.06 3 646 0.3 1 

3.261† 4 < 5 3 7.89 ± 
0.06 3 < 5e 3 < 5 3 > 

776 > 776 > 776 

3.262† 7 5.10 ± 
0.05 3 7.27 ± 

0.07 3 < 5e 3 < 5 3 148 > 186 > 186 

3.263 8 < 5 3 5.35 ± 
0.02 3 4.99 ± 

0.02e 3 < 5 3 > 2 2 > 2 

3.264† 4  
4.98 ± 
0.02 3 8.09 ± 

0.03 3 < 5e 3 < 5 3 1288 > 
1230 

> 
1230 

3.265 4  
5.87 ± 
0.12 3 8.19 ± 

0.11 3 5.63 ± 
0.11e 3 5.16 ± 

0.11 3 209 363 1072 
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Table 3.07 (continued) 
Comp. structure pKi H2R selectivity 

Ki(HxR)/Ki(H2R) 

 BB R hH1Rb N hH2Rc N hH3Rd,e N hH4Rf N H1 H3 H4 

3.266 5 

 

5.57 ± 
0.09 3 6.17 ± 

0.08 3 5.04 ± 
0.03e 3 < 5 3 4 13 > 15 

3.267 6 5.60 ± 
0.05 3 7.19 ± 

0.14 3 5.32 ± 
0.11e 3 5.35 ± 

0.11 3 39 74 69 

3.268 9 5.74 ± 
0.14 4 6.48 ± 

0.04 3 5.08 ± 
0.07d,e 3 5.20 ± 

0.03 3 5 25 19 

3.269 10 5.28 ± 
0.18 3 6.63 ± 

0.06 3 4.89 ± 
0.13e 3 5.13 ± 

0.06 3 22 45 32 

3.270 11 6.74 ± 
0.12 3 6.97 ± 

0.03 3 5.71 ± 
0.10d 3 5.47 ± 

0.10 3 2 18 32 

3.271 4 

 

5.29 ± 
0.08 3 7.82 ± 

0.11 3 5.40 ± 
0.13e 3 5.31 ± 

0.16 3 339 263 324 

3.272 9 5.12 ± 
0.11 3 6.50 ± 

0.05 3 5.10 ± 
0.11d,e 3 5.22 ± 

0.03 3 24 25 19 

3.273 10 4.88 ± 
0.15 3 6.63 ± 

0.07 3 4.97 ± 
0.10e 3 5.15 ± 

0.03 3 56 46 30 

3.274 11 5.41 ± 
0.08 3 6.96 ± 

0.19 3 5.76 ± 
0.13d,e 3 5.39 ± 

0.11 3 35 16 37 

3.275 9 

dimeric 

 

5.67 ± 
0.14 3 6.46 ± 

0.18 3 5.71 ± 
0.09e 3 5.67 ± 

0.10 3 6 6 6 

3.276 10 5.84 ± 
0.03 3 6.42 ± 

0.02 3 6.15 ± 
0.04e 3 5.63 ± 

0.04 3 4 2 6 

3.277 4 5.45 ± 
0.08 3 8.28 ± 

0.13 3 5.00 ± 
0.06e 3 < 5 3 676 1905 > 

1905 

3.278 4 
dimeric 

 

5.74 ± 
0.08 3 8.32 ± 

0.11 3 5.16 ± 
0.06e 3 5.05 ± 

0.07 3 380 1445 1862 

aRadioligand competition binding assay using membrane preparations of Sf9 cells expressing 
the hH2R-GsαS, the hH3R + Gαi2 + Gβ1γ2 or the hH4R + Gαi2 + Gβ1γ2. All compounds were tested 
as TFA salts unless otherwise noted. †Tested as HCl salt instead of TFA salt. Data represent 
mean values ± SEM of N independent experiments, each performed in triplicate. The 
displacement curves of compounds 3.239-3.240, 3.244, 3.251, 3.255, 3.261-3.262, 3.264-
3.265, 3.267, 3.271, and 3.277 are presented in Figures 3.205 and 3.206 in chapter 3.6.11. 
bDisplacement of 5 nM [3H]mepyramine (Kd = 4.5 nM). cDisplacement of 20 nM [3H]UR-
DE257390 (Kd = 12.2 nM). dDisplacement of 8.6 nM [3H]Nα-methylhistamine (Kd = 3 nM). 
eDisplacement of 2 nM [3H]UR-PI294391 (Kd = 3 nM). fDisplacement of 15 nM [3H]3.001 (Kd = 
16 nM). n.d.: not determined. 
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3.4.2.3 D2longR and D3R Affinities of NG-Carbamoylated Guanidines 
 
NG-carbamoylated guanidines with a pKi value > 7.0 at the hH2R were investigated for 

their affinities to the hD2long- and hD3 receptors in radioligand binding assays on 

homogenates of HEK293T-CRE-Luc cells co-expressing the respective receptor (cf. 

Table 3.08). Ligands with pKi values < 7 were not tested, as they are not suitable as 

pharmacological tools to study H2R function in the brain due to their low affinity. 

Compounds containing the 2-aminothiazole heterocycle without a methyl group in 

position 4 (3.240, 3.256, and 3.267) still showed high to moderate affinities to the 

hD2long/3 receptors, especially to the hD3R (cf. Table 3.08). The determined hD2long/3 

receptor affinities were comparable to affinities published for 2-amino(4-

methyl)thiazoles.304 Fortunately, compounds containing the 2-amino-1,3,4-thiadiazole 

or the 1H-1,2,4-triazole heterocycle displayed only low affinity to the hD2long- and hD3 

receptors. Some of them (3.239, 3.244, 3.255, 3.261-3.262, and 3.265) even 

demonstrated more than 100-fold selectivity for the hH2R over the hD2long and hD3 

receptors (cf. Table 3.08). This trend indicates that the nitrogen in the 4 position might 

be responsible for the lower affinity to the hD3R. In addition to the effect of the 

heterocycle, the side residue played an essential role regarding the dopamine hD2long/3 

receptor affinities. For example, thiadiazoles 3.251 (2-cyclohexylpropyl side residue) 

and 3.271 (2-methyl-5-phenylpentyl side residue) still had a moderate affinity for the 

hD2long/3 receptors, which might indicate an additional (hydrophobic) interaction in the 

binding pocket of D2long/3 receptors (not further investigated). Finally, the dimeric ligand 

3.277 also possessed a high hD2long- and hD3 receptor affinity compared to the 

corresponding monomeric ligands 3.239 and 3.244 (cf. Table 3.08). Therefore, 3.278, 

also a dimeric ligand, was not investigated further. 3.247 and 3.260 were, despite their 

high H2R affinity, also excluded from additional experiments due to their low subtype 

selectivity (cf. Table 3.07). 

In summary, although many ligands (3.239, 3.244, 3.255, 3.261-3.262, and 3.265) 

showed a decent selectivity for the hH2R over the hD2long- and hD3 receptors (ratios of 

Ki > 100), 3.239 and 3.255 turned out to be the most promising candidates due to their 

excellent selectivity profiles. 
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Table 3.08. Binding data of the selected NG-carbamoylated guanidines on human dopamine 
D2long and D3 receptors.a 

 

Comp. structure pKi H2R selectivity 
Ki(hDxR)/Ki(hH2R)  

 BB R hD2longRb N hD3Rc N hD2longR hD3R 

pramipexole 
(3.006) - - 

hi 
7.59 ± 0.12404 

low 
6.00 ± 0.03404 

 

3 9.18 ± 0.06404 
 

3 0.002* 0.00005 

3.005299 - - 7.09 ± 0.07 3 8.70 ± 0.04 3 10 0.2 

3.139304 - 

 

6.35 ± 0.01304 3 7.80 ± 0.09304 3 100 4 

3.239 4 5.02 ± 0.15 3 6.10 ± 0.05 4 3162 263 

3.240 6 5.46 ± 0.07 3 7.50 ± 0.02 3 151 1 

3.244 4  < 5 3 6.23 ± 0.02 3 > 1950 115 

3.251 4  5.79 ± 0.01 3 6.63 ± 0.08 3 83 12 

3.255 4 
 

5.20 ± 0.04 3 5.58 ± 0.17 3 1259 525 

3.256 6 5.34 ± 0.07 3 7.13 ± 0.04 3 170 3 

3.261† 4 
 

< 5 3 5.49 ± 0.10 3 > 776 251 

3.262† 7 < 5 3 < 5 3 > 186 > 186 

3.264† 4  < 5 3 6.18 ± 0.10 3 > 1230 81 

3.265 4 
 

5.97 ± 0.07 3 5.69 ± 0.11 4 166 316 

3.267 6 6.31 ± 0.07 3 6.64 ± 0.01 3 8 4 

3.271 4  6.35 ± 0.06 3 6.49 ± 0.02 3 30 21 

3.277 4 
dimeric 

 
6.02 ± 0.10 3 7.22 ± 0.07 3 182 12 

aData represent mean values ± SEM from N independent experiments, each performed in 
triplicate. Radioligand competition binding assay with [³H]N-methylspiperone (bhD2longR: Kd = 
0.0149 nM, c = 0.05 nM or chD3R: Kd = 0.0258 nM, c = 0.05 nM) using homogenates of 
bHEK293T-CRE-Luc-hD2longR or cHEK293T-CRE-Luc-hD3R cells.404 All compounds were 
tested as TFA salts unless otherwise noted. †Tested as HCl salt instead of TFA salt. The 
displacement curves are presented in Figures 3.207 and 3.208 in chapter 3.6.12. *Calculated 
using pKi high value. 
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3.4.2.4 Functional Studies at the Human H2R 
 

To get further insights into the general structure-activity relationship of the NG-

carbamoylated guanidines, all target compounds 3.238-3.278 were investigated for 

hH2R agonism and antagonism in the β-arrestin2- and mini-G protein-recruitment 

assays using genetically engineered HEK293T cells, respectively. Only the functional 

data of the most interesting molecules (3.239-3.240, 3.244, 3.251, 3.255-3.256, 3.261-

3.262, 3.264-3.265, 3.267, 3.271, and 3.277) are shown in Table 3.09 (for functional 

data of the remaining and reference compounds see Table 3.17 in chapter 3.6.13). 

The responses in both assays were normalized to the maximum effect induced by 

100 µM histamine (3.001, Emax = 1.00) and buffer control (Emax = 0). Thus, 3.001 is 

defined as a full, unbiased agonist in either readout. 3.001 exhibits a significantly lower 

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

recruitment assay (pEC50 (β-arrestin2) = 5.42187; pEC50 (mGs (minimal Gαs 

protein)) = 6.94425; cf. Table 3.09). Similarly, the potencies of the investigated NG-

carbamoylated guanidines were also lower in the β-arrestin2 recruitment assay (cf. 

Table 3.09). A possible explanation for this trend could be the use of the mGs protein, 

since it is known that mG proteins stabilize active states of GPCRs, which favors the 

binding of agonists.425–428 The compounds shown in Table 3.09 proved to be strong 

partial agonists or full agonists (Emax = 0.83 to 0.95, cf. Table 3.09) in the mini-G protein 

recruitment assay with pEC50 values > 7.0. The determined pEC50 values agree in 

most cases very well with the pKi values from the radioligand binding assay. 

Compound 3.255, containing the benzyl side residue, showed the highest hH2R 

potency with a pEC50 of 8.48, but also 3.239 (pentyl side residue, pEC50 = 8.22) 

showed an excellent potency in the single-digit nanomolar range (cf. Table 3.09). The 

incorporation of a ring system (cf. Scheme 3.02, BB9-11) in the spacer resulted in 

either antagonists or partial agonists depending on the side residue (cf. Table 3.17). 

Surprisingly, some of the tested compounds revealed a completely different functional 

profile in the β-arrestin2 recruitment assay (cf. Table 3.09 and Table 3.17). Almost all 

tested 2-aminothiazoles 3.139 (UR-KAT523)304, 3.140 (UR-CH20)304,416, 3.143 (UR-

CH22)304,416, 3.145 (UR-Po563)304, 3.157 (UR-MB-69)304, 3.170 (UR-SB257)304,416, 

3.172 (UR-KAT527)304, 3.240, 3.256, and 3.267 and the thiadiazoles 3.265 and 3.271, 

containing a propyl spacer, as well as triazole 3.262 exhibited a certain degree of 

efficacy bias towards G protein activation (cf. Figure 3.210, for details see chapter 

3.6.15). The compounds acted as strong partial agonists or full agonists (Emax = 0.73 
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to 0.94; cf. Table 3.09 and Table 3.17) in the mini-G protein recruitment assay but were 

only partial agonists in the β-arrestin2 recruitment assay (Emax = 0.10 to 0.73; cf. Table 

3.09 and Table 3.17). By contrast, since most of the thiadiazoles (including the most 

promising candidates 3.239 (UR-KAT505) and 3.255 (UR-KAT533)) exhibited no 

significant bias, they behave in a similar way as the endogenous ligand histamine. This 

advantage should enable an authentic examination of the function of the H2R in the 

CNS with these ligands. Finally, the dimeric ligands (e.g., thiazole: 3.005299, 

thiadiazole: 3.277) exhibited similar characteristics as their monomeric counterparts 

and all compounds containing a rigidized spacer (cf. Scheme 3.02, BB9-11) acted as 

antagonists in the β-arrestin2 recruitment assay (cf. Table 3.17 in chapter 3.6.13). 
 
Table 3.09. Potencies and efficacies of the selected NG-carbamoylated guanidines in the β-
arrestin2 and mini-G protein recruitment assays at the hH2R.a 

 

Comp. structure β-arrestin2 recruitmentb mGs recruitmentc 

BB R pEC50 Emaxd N pEC50 Emaxd N 

3.001 - - 5.42 ± 0.02187 1.00187 3 6.94 ± 0.06425 1.00425 9 

3.005299 - - 6.80 ± 0.14 0.30 ± 0.04 6 7.62 ± 0.02 0.89 ± 0.01 3 

3.006 - - 4.40 ± 0.10304 0.35 ± 0.03304 3 6.78 ± 0.01 0.95 ± 0.01  

3.139304 - 

 

6.75 ± 0.12304 0.15 ± 0.02304 4 8.34 ± 0.05 0.88 ± 0.01 3 

3.239* 4 6.63 ± 0.08 0.94 ± 0.06 6 8.24 ± 0.22 0.93 ± 0.01 3 

3.240 6 7.25 ± 0.04 0.64 ± 0.04 4 8.22 ± 0.04 0.89 ± 0.01 3 

3.244 4  5.97 ± 0.04 1.16 ± 0.05 5 8.22 ± 0.06 0.95 ± 0.02 3 

3.251* 4  6.87 ± 0.09 0.90 ± 0.04 6 7.97 ± 0.03 0.88 ± 0.03 3 

3.255 4 
 

6.86 ± 0.13 0.94 ± 0.06 5 8.48 ± 0.07 0.92 ± 0.01 4 

3.256 6 7.31 ± 0.05 0.73 ± 0.03 4 8.31 ± 0.14 0.94 ± 0.03 4 

3.261† 4 
 

6.55 ± 0.09 0.87 ± 0.02 5 7.70 ± 0.04 0.91 ± 0.02 3 

3.262† 7 6.49 ± 0.10 0.37 ± 0.02 4 7.59 ± 0.04 0.90 ± 0.02 3 
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Table 3.09 (continued) 
Comp. structure β-arrestin2 recruitmentb mGs recruitmentc 

 BB R pEC50 Emaxd N pEC50 Emaxd N 

3.264† 4  7.12 ± 0.05 1.04 ± 0.03 6 8.09 ± 0.04 0.95 ± 0.01 3 

3.265* 4 
 

6.89 ± 0.17 0.53 ± 0.04 5 7.21 ± 0.09 0.91 ± 0.01 4 

3.267 6 6.63 ± 0.08 0.16 ± 0.01 4 7.11 ± 0.04 0.83 ± 0.01 4 

3.271 4  6.54 ± 0.17 0.38 ± 0.04 5 7.62 ± 0.09 0.84 ± 0.02 4 

3.277* 4 
dimeric 

 
6.39 ± 0.07 0.82 ± 0.06 4 7.70 ± 0.12 0.94 ± 0.01 3 

aData represent mean values ± SEM from N independent experiments, each performed in 
triplicate. All compounds were tested as TFA salts unless otherwise noted. †Tested as HCl salt 
instead of TFA salt. bβ-arrestin2 recruitment assay was performed using HEK293T-ARRB2-
H2R cells.187,395 cMini-G protein recruitment assay was performed using HEK293T NlucN-
mGs/hH2R-NlucC cells.425 dThe response in both assays was normalized to the maximal effect 
induced by 100 µM 3.001 (Emax = 1.00) and buffer control (Emax = 0.00). The concentration-
response curves are presented in Figure 3.200 (see chapter 3.6.9) and Figure 3.202 (see 
chapter 3.6.10). *Selected compounds were investigated for functional activity in the 
[35S]GTPγS binding assay at the hH2R-GsαS fusion protein299,389,393: 3.239: pEC50 = 7.59 ± 0.11, 
Emax = 0.84 ± 0.04 (N = 3); 3.251: pEC50 = 7.88 ± 0.09, Emax = 0.78 ± 0.07 (N = 3); 3.265: 
pEC50 = 7.89 ± 0.11, Emax = 0.88 ± 0.06 (N = 4); 3.277: pEC50 = 7.46 ± 0.09, 
Emax = 0.71 ± 0.06 (N = 3). The obtained results were in good agreement with the results from 
the mini-G protein recruitment assay. 
 
3.4.2.5 Functional Studies at the Guinea Pig H2R 
 

Furthermore, a selection of compounds (with a pKi > 7.0 at the hH2R and a selectivity 

over the hD2long/3 receptors) was investigated on the isolated spontaneously beating 

guinea pig right atrium as a more complex, well-established standard model for the 

characterization of H2R ligands (cf. Table 3.10).244,420 All compounds turned out to be 

full agonists in this assay (Emax = 0.98 to 1.15; cf. Table 3.10). The obtained data are 

generally comparable with the results from the gpH2R mini-G protein recruitment assay 

in terms of potency and efficacy (cf. Table 3.10). Noteworthily, 3.261, 3.264, and 3.265 

showed the highest discrepancies regarding the potency in both assays. While 3.261 

and 3.264 showed higher potencies by about one logarithmic unit on the guinea pig 

right atrium, 3.265 behaved precisely the opposite (cf. Table 3.10). The thiadiazole 

3.264 (pEC50 = 9.04) showed the highest potency on the guinea pig right atrium 

whereas, 3.255 was the most potent compound in the mini-G protein recruitment assay 

(pEC50 = 8.66). In general, a comparison of the mini-G protein recruitment assay data 

at the guinea pig and human H2Rs showed that the potencies at the gpH2R were 
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slightly better for all substances tested, while the efficacies were pretty much the same. 

A similar observation was already published for the [35S]GTPγS assay and the steady 

state GTPase assay.302,378,393,429 

 
Table 3.10. Potencies and efficacies of the tested NG-carbamoylated guanidines determined 
in the mini-G protein recruitment assay at the gpH2R or by organ bath studies at the 
spontaneously beating guinea pig right atrium.a 

 
Comp. structure mGs recruitmentb atriumd 

BB R pEC50 Emaxc N pEC50e Emaxf N 

3.001 - - 6.60 ± 0.07417 1.00417 3 6.16 ± 0.01389 1.00389 225 

3.139304 - 
 

n.d. n.d. - 8.24 ± 0.03304 0.78 ± 0.03304 3 

3.239 4 8.36 ± 0.07 0.94 ± 0.01 3 8.25 ± 0.11 1.09 ± 0.02 3 

3.244 4  8.64 ± 0.05 0.96 ± 0.01 3 8.32 ± 0.06 1.06 ± 0.05 3 

3.255 4  8.66 ± 0.04 0.94 ± 0.01 3 8.88 ± 0.03 1.05 ± 0.01 3 

3.261† 4 
 

7.60 ± 0.03 0.90 ± 0.02 3 8.54 ± 0.09 0.98 ± 0.04 3 

3.262† 7 7.79 ± 0.02 0.86 ± 0.03 3 7.42 ± 0.10 1.15 ± 0.11 3 

3.264† 4  8.16 ± 0.03 0.93 ± 0.02 3 9.04 ± 0.10 1.10 ± 0.05 3 

3.265 4  7.83 ± 0.09 0.92 ± 0.01 3 7.02 ± 0.08 1.02 ± 0.10 3 

aData represent mean values ± SEM from N independent experiments, each performed in 
triplicate. All compounds were tested as TFA salts unless otherwise noted. †Tested as HCl salt 
instead of TFA salt. bMini-G protein recruitment assay was performed using HEK293T NlucN-
mGs/gpH2R-NlucC cells.417 cThe response was normalized to the maximal effect induced by 
100 µM 3.001 (Emax = 1.00) and buffer control (Emax = 0.00). The concentration-response 
curves are presented in Figure 3.201 (see chapter 3.6.9). dOrgan bath studies using the 
isolated, spontaneously beating guinea pig right atrium.389 epEC50 was calculated from the 
mean corrected shift ΔEC50 of the agonist curve relative to the histamine reference curve by 
equation: pEC50 = 6.16 + ΔpEC50. fEmax: maximal response relative to the maximal increase in 
heart rate induced by 30 µM 3.001 (Emax = 1.00). n.d.: not determined. 
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3.4.2.6 Functional Studies at the Human D2long/3 Receptors 
 

Although the relevant NG-carbamoylated guanidines (3.239-3.240, 3.244, 3.255, 

3.261-3.262, and 3.264-3.265) bind to the hD2long/3 receptors only with low affinity 

(pKi < 6.5 (only 3.240 has a pKi > 6.5 at the D3R), see Table 3.08), the ligands were 

characterized in the β-arrestin2 assay.404 In addition, the data of 3.005299, 3.251, 3.256, 

3.267, 3.271, and 3.277 were collected for a broader comparison of the compounds. 

The measured potencies and efficacies are presented in Table 3.11. All tested 

compounds showed agonistic activities in the β-arrestin2 recruitment assay at the 

hD3R. In the β-arrestin2 recruitment assay at the hD2longR, 3.255 and 3.262 were 

inactive (up to a tested concentration of 10 µM; cf. Table 3.11). The remaining 

compounds (3.005299, 3.239-3.240, 3.244, 3.251, 3.256, 3.261, 3.264, 3.267, and 

3.277) acted as agonists with the exception of 3.265 and 3.271, which were 

antagonists. Some compounds (3.239, 3.244, 3.251, 3.261, and 3.264 at the hD2longR 

and 3.262 and 3.265 at the hD3R) showed only very weak partial agonism at the 

highest tested concentration of 10 µM, which could not be fitted. In general, 

thiadiazoles showed lower potencies and efficacies at the hD2long/3 receptors than their 

thiazole counterparts (cf. Table 3.11).  

Table 3.11. Potencies and efficacies of selected NG-carbamoylated guanidines determined in 
the β-arrestin2 recruitment assay at the hD2longR or hD3R.a 

 
Comp. structure hD2longRb hD3Rc 

BB R pEC50/(pKb)d Emaxe N pEC50 Emaxe N 

quinpirole - - 7.55 ± 0.07404 1.00404 5 8.75 ± 0.07404 1.00404 6 

pramipexole 
(3.006) 

- - 8.19 ± 0.05404 0.86 ± 0.04404 4 9.09 ± 0.06404 0.99 ± 0.04404 4 

3.005299 - - 6.67 ± 0.09 0.88 ± 0.07 4 7.70 ± 0.08 1.01 ± 0.06 6 

3.139304 - 

 

5.98 ± 0.02304 0.41 ± 0.05304 4 7.80 ± 0.05304 0.96 ± 0.05304 3 

3.239 4 < 5 0.11 ± 0.01* 3 5.55 ± 0.18 0.74 ± 0.08 3 

3.240 6 5.85 ± 0.07 0.56 ± 0.05 4 7.40 ± 0.01 0.87 ± 0.01 3 
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Table 3.11 (continued) 
Comp. structure hD2longRb hD3Rc 

 BB R pEC50/(pKb)d Emaxe N pEC50 Emaxe N 

3.244 4  < 5 0.15 ± 0.01* 3 6.09 ± 0.09 0.73 ± 0.07 4 

3.251 4  < 5 0.17 ± 0.05* 3 5.87 ± 0.10 0.26 ± 0.05 3 

3.255 4 
 

< 5 n.a. 5 5.92 ± 0.14 0.43 ± 0.02 4 

3.256 6 5.47 ± 0.08 0.23 ± 0.04 3 7.17 ± 0.03 0.87 ± 0.04 3 

3.261† 4 
 

< 5 0.06 ± 0.01* 3 5.97 ± 0.16 0.71 ± 0.04 3 

3.262† 7 < 5 n.a. 3 < 5 0.18 ± 0.05* 3 

3.264† 4  < 5 0.07 ± 0.01* 3 5.72 ± 0.07 0.73 ± 0.11 3 

3.265 4 
 

(5.69 ± 0.01) n.a.** 3 < 5 0.12 ± 0.01* 3 

3.267 6 5.35 ± 0.06 0.31 ± 0.04 3 5.98 ± 0.02 0.71 ± 0.02 4 

3.271 4  (5.42 ± 0.01) n.a.** 4 6.33 ± 0.07 0.56 ± 0.05 3 

3.277 4 
dimeric 

 
5.95 ± 0.05 0.32 ± 0.05 3 6.53 ± 0.12 0.80 ± 0.03 3 

aData represent mean values ± SEM from N independent experiments, each performed in 
triplicate. β-arrestin2 recruitment assay was performed using HEK293T ElucN-βarr2 hD2longR-
ElucCb or HEK293T ElucN-βarr2 hD3R-ElucCc cells. All compounds were tested as TFA salts 
unless otherwise noted. †Tested as HCl salt instead of TFA salt.404 dpKb = -logKb. Kb values 
were calculated according to the Cheng-Prusoff equation.156 The IC50 values of antagonists 
were determined in the antagonist mode versus quinpirole (50 nM, D2longR). eThe response in 
both assays was normalized to the maximal effect induced by 10 µM (Emax = 1.00) and buffer 
control (Emax = 0.00). *Emax at c = 10 µM. **Silent antagonist. n.a. = not active. The 
concentration-response curves are presented in Figure 3.203 and Figure 3.204 (see chapter 
3.6.10). 
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3.4.2.7 Off-target Studies 
 
In order to be able to differentiate between on-target and off-target effects, the ligands 

should selectively bind to the H2R. Therefore, selected compounds 3.139, 3.239, 

3.255, and 3.262 were additionally investigated in radioligand competition binding 

studies for their ability to bind to other peripheral and central aminergic GPCRs (off-

target studies). Some of these receptors are frequently found anti-target receptors 

(e.g., α1A adrenergic, M1-5 muscarinic). The results are summarized in Table 3.12 and 

indicate that the most promising thiadiazoles 3.239 and 3.255 have a more than 100-

fold higher affinity at the H2R compared to the other tested GPCRs (cf. selectivity 

profiles B and C in Figure 3.019). The thiazole 3.139, tested as a control, also showed 

a moderate affinity to D1 and D4.4 receptors (D1R: pKi = 6.59; D4.4R: pKi = 6.96; cf. 

Table 3.12) in addition to the already published high affinity for the D3R (pKi = 7.80; cf. 

Table 3.08). Although triazole 3.262 showed low affinities (pKi ≤ 6.07) at the 14 

additionally tested aminergic GPCRs, it did not achieve a sufficient selectivity (factor 

< 100, cf. selectivity profile D in Figure 3.019) due to the double-digit nanomolar affinity 

for the H2R (pKi = 7.27; cf. Table 3.07).  

 
Figure 3.019. Selectivity over representative aminergic GPCRs, including histaminergic 
(grey), dopaminergic (blue), muscarinic (green), adrenergic (red), opioid (magenta), and 
serotonergic (orange) receptors, were determined by radioligand competition binding 
experiments and compared to the affinity at the H2R of (A) 3.139, (B) 3.239, (C) 3.255, and (D) 
3.262. The dashed line indicates an at least 100-fold selectivity for the H2R of the respective 
compound. Bars represent the mean ± SEM of 3-4 individual experiments, each performed in 
triplicate.  

3.139 3.239

3.255 3.262
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Table 3.12. Receptor selectivity studies of 3.139, 3.239, 3.255, and 3.262 determined by 
competition binding.  

Receptor 
pKi 

3.139 N 3.239 N 3.255 N 3.262 N 

Dopamine D1
a 6.59 ± 0.05 3 5.61 ± 0.05 3 5.86 ± 0.12 3 5.66 ± 0.05 3 

Dopamine D4.4
b 6.96 ± 0.01 3 5.65 ± 0.04 3 6.17 ± 0.10 3 5.18 ± 0.03 3 

Dopamine D5
c 5.40 ± 0.04 3 4.46 ± 0.05 3 4.95 ± 0.07 3 4.62 ± 0.05 3 

Muscarinic 
acetylcholine M1

d <5 3 <5 3 <5 3 <5 3 

Muscarinic 
acetylcholine M2

e <5 3 <5 3 5.88 ± 0.03 3 <5 3 

Muscarinic 
acetylcholine M3

f <5 3 <5 3 <5 3 <5 3 

Muscarinic 
acetylcholine M4

g <5 3 <5 3 <5.5 3 <5 3 

Muscarinic 
acetylcholine M5

h <5 3 <5 3 <5 3 <5 3 

α1A adrenergici 5.69 ± 0.08 3 5.45 ± 0.11 3 6.07 ± 0.02 3 5.72 ± 0.07 3 

α2A adrenergicj 6.05 ± 0.05 3 5.31 ± 0.02 3 5.90 ± 0.12 3 6.07 ± 0.11 3 

β1 adrenergick 4.66 ± 0.04 3 <4 3 <4 3 4.31 ± 0.05 3 

β2 adrenergicl 4.93 ± 0.04 3 4.20 ± 0.06 3 4.40 ± 0.02 3 4.45 ± 0.03 3 

μ-opioidm 5.99 ± 0.01 3 5.47 ± 0.03 3 5.40 ± 0.02 3 4.76 ± 0.03 3 

Serotonin 5-HT1A
n 5.18 ± 0.05 3 4.49 ± 0.07 3 4.56 ± 0.05 4 4.29 ± 0.08 3 

Determined by competition binding a,cwith [3H]SCH23390 (Kd/applied conc: D1, 0.23/0.4 nM; 
D5, 0.24/0.4 nM) using homogenates from HEK293T-CRE-Luc-hDxR cells (x = 1 or 5),404 bwith 
[3H]N-methylspiperone (Kd/applied conc: D4.4, 0.078/0.1 nM) using homogenates from 
HEK293T ElucN-βarr2 hD4.4R-ELuc cells,404 d-hwith [3H]N-methylscopolamine (Kd/applied conc: 
M1, 0.17/0.2 nM; M2, 0.10/0.2 nM; M3, 0.12/0.2 nM; M4, 0.052/0.1 nM, M5, 0.20/0.3 nM) using 
whole CHO-hMxR cells (x = 1-5).430, with i[3H]prazosin (Kd/applied conc: α1A, 0.25/0.1 nM), 
j[3H]RX821002 (α2A, 0.60/0.1 nM), k-l[3H]CGP12177 (β1, 0.075/0.2 nM; β2, 0.070/0.2 nM), 
m[3H]diprenorphine (5-HT1A, 0.090/0.3 nM), n[3H]WAY600135 (0.080/0.2 nM) using 
membranes from HEK293T cells transiently transfected with cDNA of human adrenoceptors  
iα1A, jα 2A, kβ1, lβ2, human receptor m5-HT1A or human receptor nμOR.431,432 
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3.4.2.8 Cardiac (Side) Effects of Histamine H2 Receptor Ligands 3.145, 3.261, and 
3.262 

 

As already mentioned, stimulation of postsynaptic H2Rs in the CNS might be a 

promising approach for the treatment of Alzheimer’s disease. In previous studies, dual-

acting acetylcholinesterase inhibitors and H3R antagonists showed to be beneficial for 

learning and memory processes in the CNS by inhibiting H3-autoreceptors 

(cf. Figure 3.012).371–373 The inhibition of the H3-autoreceptor results in an increased 

release of histamine and subsequent stimulation of postsynaptic H2Rs. Accordingly, 

the use of CNS-penetrating H2R agonists might be of great interest. Nonetheless, 

peripheral effects of this novel H2R ligands, for instance, on the heart, must be 

examined to justify its possible use as a drug. Histaminergic effects in the heart were 

first described by Dale and Laidlaw (1910)227 and Ackermann and Kutscher (1910)433. 

The expression level of the H1R in the heart is more elevated than that of the H2R;434,435 

nevertheless, the H2 receptors are responsible for the positive inotropic and positive 

chronotropic effects in the human atrium.436,437 The effects of H2 agonists on the heart 

can be diminished by the administration of H2 antagonists (e.g., cimetidine and 

famotidine).374,438 Eventual cardiac (side) effects were investigated in the heart of mice 

that overexpress the human H2 receptor (H2-TG mice, for further information see 

chapter 3.5.2.7)439 and littermate wild type (WT) control mice.440 The human H2R is 

only overexpressed in the cardiomyocytes of the transgenic mice.439 Histamine 

mediates its contractile effects solely in living H2-TG mice, isolated perfused hearts 

from H2-TG mice, isolated cells from H2-TG mice, and isolated atrial preparations from 

H2-TG mice, but not in cells or preparations from WT mice.439,441–443 Hence, the H2-TG 

mouse model is ideally suited to investigate the effects of H2R agonists on the human 

heart. Moreover, muscle preparations from patients undergoing cardiac surgery were 

used for the examination of the H2R agonist’s effects on the heart. 

 

At cumulative dosing, histamine successively increased the force of contraction in 

isolated electrically (1 Hz) driven left atrial preparations (for further information see 

chapter 3.5.2.8) from H2-TG mice (pEC50 value of 6.73)439 (original recording in Figure 

3.021A and 3.021B) but failed to affect the force of contraction in preparations from 

WT mice (cf. Figure 3.021B). Moreover, histamine concentration dependently 

increased the velocity of contraction (maximum rate of tension development: cf. Figure 

3.021C) and decreased the velocity of relaxation (minimum rate of tension 
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development: cf. Figure 3.021D). In spontaneously contracting right atrial preparations 

(for further information see chapter 3.5.2.8) from H2-TG mice histamine was capable 

to increase the beating rate in a time- and concentration-dependent fashion 

(cf. Figure 3.021E), whereas in preparations from WT mice no effect was determined 

(cf. Figure 3.021E). These findings are in line with previous reports.439,441–443 The H2R 

histaminergic effects (an increase of contraction force and beating rate) on 

preparations of H2-TG mice were successfully antagonized by H2R antagonists (e.g., 

cimetidine439 or famotidine442) applied 30 minutes before application of histamine as 

already reported in previous studies. 

 

Comparable to histamine (cf. Figure 3.021), UR-Po563 (3.145) augmented the force 

of contraction in a time- and concentration-dependent manner in atrial preparations 

only from H2-TG, not from WT mice (cf. Figures 3.022A and 3.022B). The respective 

pEC50 value (force of contraction) of UR-Po563 is 8.27. Moreover, UR-Po563 

concentration-dependently increased the velocity of contraction (maximum rate of 

tension development (dF/dt): cf. Figure 3.022D) and decreased the velocity of 

relaxation (minimum rate of tension development (dF/dt): cf. Figure 3.022E). UR-

Po563 also increased the beating rate in right atrial preparations from H2-TG but not 

from WT mice (cf. Figure 3.022C). The respective pEC50 value (beating rate) of UR-

Po563 is 9.01. All effects of UR-Po563 in preparations of H2-TG were antagonized by 

famotidine (cf. Figure 3.022). The same effects were found for UR-MB-158 (3.261) and 

UR-MB-159 (3.262). The H2R agonists increased to a greater extent than histamine 

the force of contraction (UR-MB-158 (pEC50: 9.38) and UR-MB-159 (pEC50: 8.28)) in 

atrial preparations only from H2-TG, while no effect was detected in preparations from 

WT mice (cf. Figures 3.023 and 3.024). Both compounds influenced concentration-

dependently the velocity of contraction (maximum rate of tension development (Figure 

3.023D and Figure 3.024D)) and the velocity of relaxation (minimum rate of tension 

development (cf. Figures 3.023E and 3.024E)). The spontaneous beating of right 

atrium preparations of H2T-mice was raised by cumulative dosing of the compounds, 

revealing a pEC50 of 9.24 (UR-MB-158) and 7.91 (UR-MB-159). No concentration-

dependently increase of effects were detected at preparations from WT mice (cf. 

Figures 3.023 and 3.024). All effects were successfully antagonized with famotidine 

(cf. Figures 3.023 and 3.024). 
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Table 3.13. Effect of UR-Po563 (1 µM) on force of contraction and beating rate in isolated 
perfused Langendorff hearts from H2-TG and WT (n=3–4, each). Hearts were perfused initially 
with buffer for about 30 minutes for stabilization and allowed to beat spontaneously. Then with 
a syringe, driven by an electric pump, UR-Po563 solution was added to the perfusion buffer. 
Force was measured with a hook applied to the apex cordis and fed into a computer. After 5 
minutes of drug perfusion the whole heart was rapidly frozen with Wollenberger clamps 
precooled in liquid nitrogen. 
 WT H2-TG 
 Basal UR-Po563 Basal UR-Po563 
Force (mM) 7.89 ± 1.28 8.95 ± 1.95 11.49 ± 2.07 20.46 ± 2.81* 
Beating rate (bpm) 308 ± 8.60 321 ± 13.2 351 ± 37.3 391 ± 16.2 
dF/dt max (mN/s) 204.6 ± 43.8 220.6 ± 36.1 296 ± 42.5 718 ± 90.9* 
dF/dt min (mN/s) -151 ± 53.2 -172 ± 56.5 -230 ± 39.3 -566 ± 52.7* 

bpm, beats per minute.  
*P < 0.05 versus basal. 
 

Of further interest was investigating the ventricular effects of the H2R ligands; for this 

purpose, spontaneously beating Langendorff preparations (isolated retrogradely 

perfused hearts, for further information see chapter 3.5.2.9) were used. The left 

ventricular force was determined by the recording of the contraction from the apex 

cordis. UR-Po563 at a concentration of 1 μM increased the force of contraction in 

hearts from H2-TG but not WT mice (results are summarized in Table 3.13). The results 

obtained were consistent with previous reports on histamine in Langendorff-perfused 

hearts.439,442–444 

 

 
Figure 3.020. Echocardiography. (A) M-mode pictures of H2-TG or WT injected into the 
peritoneum with 100 μL of a 1 mM solution of UR- Po563. The left ventricle is visible. UR-
Po563 led to an increase in systolic wall motion in H2-TG but not in WT. Pictures were taken 
before (control 5 baseline values) and 5 minutes after injection of UR-Po563 solution. Vertical 
bar indicates the size marker in millimeters, and horizontal bar indicates the time marker in 
seconds. Data are summarized in (B) as well as in Table 3.14. Figure was taken from Gergs 
et al. (2021).440 
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H2R ligands (e.g., compound 3.145 (UR-Po563)) were also investigated in vivo for their 

cardiovascular performance by echocardiography measurements (for further 

information see chapter 3.5.2.11) in H2-TG and WT mice after intraperitoneal injection 

under anesthesia (original M-mode recordings: Figure 3.020A). Intraperitoneally 

injected UR-Po563 increased left ventricular ejection fraction (74.31 % (basal) vs. 

98.21 % (UR-Po563)) and beating rate (499.0 bpm (basal) vs. 626.8 bpm (UR-Po563)) 

in H2-TG mice (cf. Table 3.14 and Figure 3.020B). It must be noted that the effects of 

UR-Po563 were antagonized by famotidine (cf. Table 3.14 and Figure 3.020B). 

Furthermore, using echocardiography, alterations of the left ventricular systolic and 

diastolic diameters of H2-TG mice (but not in WT mice) were detected after UR-Po563 

administration compared to the basal conditions (cf. Figure 3.020A). These results are 

in agreement with previously published ones with histamine.439 Further results are 

summarized in Table 3.14. Finally, the effects of UR-Po563 in the human heart were 

investigated by using electrically driven (1 Hz) isolated right atrial strips obtained from 

routine bypass surgeries (fur further information see chapter 3.5.2.10). In this model, 

UR-Po563 once again demonstrated a concentration-dependently increase of the 

contraction force (cf. Figure 3.025). Furthermore, it increased the velocity of 

contraction and decreased the velocity of relaxation (cf. Figure 3.025).  

 
Table 3.14. Effects of UR-Po563, UR-MB-158, and UR-MB-159 in echocardiography. Mice 
were studied under isoflurane narcosis. Drugs were applied via injection into the peritoneum. 
Transthoracic ultrasound was performed in supine mice. B-mode and M-mode pictures were 
taken before and 5 minutes after injection of UR-Po563 into H2-TG and WT. 
 Heart rate (bpm) Ejection fraction (%) 
 Basal Stimulated Basal Stimulated 
UR-Po563 (3.145) 
WT (n = 5) 436.8 ± 23.2 511.9 ± 113.6 60.14 ± 11.58 72.44 ± 6.40 
H2-TG (n = 5) 499.0 ± 83.3 626.8 ± 64.5* 74.31 ± 7.84 98.21 ± 9.97* 
H2-TG (n = 5) + 
famotidine 

469.8 ± 99.8 517.4 ± 131.2 64.61 ± 8.19 82.47 ± 9.97* 

UR-MB-158 (3.261) 
WT (n = 1) 447.5 596.5 55.83 83.2 
H2-TG (n = 2) 526.3 656.2 62.34 98.15 
UR-MB-159 (3.262) 
WT (n = 1) 417.8 513.0 51.62 82.42 
H2-TG (n = 2) 380.9 686.3 54.04 94.21 

*P < 0.05 versus basal (5 predrug values) 
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In summary, it can be stated, that UR-Po563, UR-MB-158, and UR-MB-159 act as full 

functional agonists (even more potent than histamine) on human cardiac H2 receptors. 

The tested compounds are capable to stimulate human cardiac H2 receptors (e.g., 

increase of contraction force and beating rate) of right and left atrial preparations of H2-

TG but not WT mice. Moreover, in vitro and in vivo models of H2-TG mice demonstrated 

that the novel H2R ligands can stimulate the H2 receptors in ventricles (e.g., increase 

of beating rate, ejection fraction, and contraction force). Finally, investigations on 

isolated right atrial strips of the human revealed that UR-Po563 is able to increase the 

force of contraction in the human heart. Baumann et al. suggested that H2R agonists 

might be a potential treatment for patients suffering from acute heart failure.296,434,445 

Hence, impromidine was investigated in clinical trials; apart from demonstrating 

beneficial effects in intensive care unit patients, the clinical trials revealed severe side 

effects of the probes, like increased gastric acid secretion.296,446 The outcomes from 

this study can justify the clinical application of H2R ligands. Even though initial trials on 

H2R ligands failed due to the side effects, they could be clinically valuable for particular 

patients in intensive care. Therefore, the investigated compounds might have a twofold 

clinical utility. If stimulation of H2 receptors is a valid concept to increase the force of 

contraction in patients, compounds UR-Po563, UR-MB-158, and UR-MB-159 are more 

potent than histamine and older H2R agonists in functional studies on human H2 

receptors. Thus, they may be tested for patients with end-stage heart failure to sustain 

contractility under clinical conditions. Alternatively, previous studies demonstrated that 

stimulation of postsynaptic H2 receptors could be beneficial for the treatment of patients 

with Alzheimer’s disease. If used for the treatment of Alzheimer’s disease, the cardiac 

side effects might be blocked by treating the patients concomitantly with a H2R 

antagonist that does not pass through the blood-brain barrier. 
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Figure 3.021. Histamine increases contractility in H2-TG but not WT. (A) Original recordings 
of the effect of cumulatively applied histamine on force of contraction in isolated electrically 
driven (1 Hz) left atrial preparations. Horizontal bar indicates time in minutes; vertical bar 
indicates developed force in milli-Newtons. (B) Effects of histamine in H2-TG and WT left atrium 
on developed force. (C) Effects of histamine in H2-TG and WT left atrium on time to maximum 
rate of tension development dF/dt in mN/s. (D) Effects of histamine in H2-TG and and WT on 
time to minimum rate of tension development dF/dt in mN/s. (E) Effects of histamine in H2-TG 
and WT in spontaneously beating right atrium on beating rate in beats per minute (bpm). *First 
P < 0.05 versus WT; #first P < 0.05 versus Ctr. Abscissae: negative logarithmic concentrations 
of histamine in moles. Figure was taken from Gergs et al. (2021).440 
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Figure 3.022. Contractile effects of UR-Po563. (A) Original recordings of the effect of 
cumulatively applied UR-Po563 on force of contraction in isolated electrically driven (1 Hz) left 
atrial preparations. Horizontal bar indicates time in minutes; vertical bar indicates developed 
force in milli-Newtons. (B) Effects of UR-Po563 in H2-TG and WT left atrium on developed 
force versus H2-TG and WT in presence of famotidine. (C) Effects of UR-Po563 in H2-TG and 
WT in spontaneously beating right atrium on beating rate in beats per minute (bpm) versus H2-
TG and WT in presence of famotidine. (D) Effects of UR-Po563 in H2-TG and WT left atrium 
on time to maximum rate of tension development dF/dt in mN/s versus H2-TG and WT in 
presence of famotidine. (E) Effects of UR-Po563 in H2-TG and WT left atrium on time to 
minimum rate of tension development dF/dt in mN/s versus H2-TG and WT in presence of 
famotidine. Abscissae: negative logarithmic concentrations of UR-Po563 in moles. #Significant 
effects of UR-Po563 compared with predrug values (Ctr./Fam); *significant effects of UR-
Po563 in H2-TG compared with WT; +significant effects of Po563 in H2-TG compared with H2-
TG in presence of famotidine. Figure was taken from Gergs et al. (2021).440 
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Figure 3.023. Contractile effects of UR-MB-158. (A) Original recordings of the effect of 
cumulatively applied UR-MB-158 on force of contraction in isolated electrically driven (1 Hz) 
left atrial preparations. Horizontal bar indicates time in minutes; vertical bar indicates 
developed force in milli-Newtons. (B) Effects of UR-MB-158 in H2-TG and WT left atrium on 
developed force versus H2-TG and WT in presence of famotidine. (C) Effects of UR-MB-158 
in H2-TG and WT in spontaneously beating right atrium on beating rate in beats per minute 
(bpm) versus H2-TG and WT in presence of famotidine. (D) Effects of UR-MB-158 in H2-TG 
and WT left atrium on time to maximum rate of tension development dF/dt in mN/s versus H2-
TG and WT in presence of famotidine. (E) Effects of UR-MB-158 in H2-TG and WT left atrium 
on time to minimum rate of tension development dF/dt in mN/s versus H2-TG and WT in 
presence of famotidine. Abscissae: negative logarithmic concentrations of UR-MB-158 in 
moles. #Significant effects of UR-MB-158 compared with predrug values (Ctr.); *significant 
effects of UR-MB-158 in H2-TG compared with WT; +significant effects of UR-MB-158 in H2-
TG compared with H2-TG in presence of famotidine. Figure was taken from Gergs et al. 
(2021).440  
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Figure 3.024. Contractile effects of UR-MB-159. (A) Original recordings of the effect of 
cumulatively applied UR-MB-159 on force of contraction in isolated electrically driven (1 Hz) 
left atrial preparations. Horizontal bar indicates time in minutes; vertical bar indicates 
developed force in milli-Newtons. (B) Effects of UR-MB-159 in H2-TG (n=6) and WT (n=8) left 
atrium on developed force (ordinate in milli-Newtons) versus H2-TG (n =4) and WT (n =4) in 
presence of famotidine. (C) Effects of UR-MB-159 in H2-TG (n=5) and WT (n=7) in 
spontaneously beating right atrium on beating rate (ordinate) in beats per minute (bpm) versus 
H2-TG and WT in presence of famotidine. (D) Effects of UR-MB-159 in H2-TG and WT left 
atrium on time to maximum rate of tension development dF/dt in mN/s versus H2-TG and WT 
in presence of famotidine. (E) Effects of UR-MB-159 in H2-TG and WT left atrium on time to 
minimum rate of tension development dF/dt in mN/s versus H2-TG and WT in presence of 
famotidine. Abscissae: negative logarithmic concentrations of UR-MB-159 in moles. 
#Significant effects of UR-MB-159 compared with predrug values (Ctr.); *significant effects of 
UR-MB-159 in H2-TG compared with WT; +significant effects of UR-MB-159 in H2-TG 
compared with H2-TG in presence of famotidine. Figure was taken from Gergs et al. (2021).440 
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Figure 3.025. Human atrial preparations. (A) Original recording of the effect of cumulatively 
applied UR-Po563 on force of contraction in an isolated electrically driven (1 Hz) human right 
atrial preparation. Horizontal bar indicates time in minutes; vertical bar indicates developed 
force in milli-Newtons. (B) Effects of UR-Po563 in human right atrial preparations (n=5) on 
developed force (ordinate in milli-Newtons). (C) Effects of UR- Po563 in human right atrial 
preparations (n=5) on developed force presented as delta milli-Newtons. (D) Effects of UR-
Po563 in human right atrial preparations (n=5) on the maximum rate of tension development 
dF/dt in mN/s (ordinate). (E) Effects of UR-Po563 in human right atrial preparations (n=5) on 
the minimum rate of tension development dF/dt in mN/s (ordinate). #P < 0.05 versus Ctr. 
Abscissae: negative logarithmic concentrations of UR-Po563 in moles. Figure was taken from 
Gergs et al. (2021).440 
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3.4.2.9 Computational Prediction of the Membrane Permeability 
 

The BOILED-egg model447 (integrated in the SwissADME web tool129 was used to 

predict the gastrointestinal (GI) absorption and BBB permeation of compounds 3.139, 

3.157, 3.239, 3.255, 3.262, and 3.264. As control, pramipexole (3.006), the 

acylguanidines UR-AK24 (3.221)298,304 and UR-PG126 (3.222)298,304 (cf. Figure 3.026) 

were used. These molecules were experimentally proven to be GI-absorbable as well 

as BBB-permeable and share structural similarities with our novel ligands. The 

outcome of the BOILED-egg model447 is based on two parameters: log P (according to 

Wildman and Crippen (WLOGP)133 and topological polar surface area (tPSA)448, 

indicating the lipophilicity and polarity of the respective compound (cf. Table 3.15). 

 
Figure 3.026. Chemical structures of the published GI-absorbable and BBB-penetrant 
acylguanidines UR-AK24 (3.221) and UR-PG126 (3.222).298,304 
 
Table 3.15. Overview of predicted GI absorptions and BBB penetrations of selected 

compounds based on calculated WLOGP and tPSA values. 

 3.006 3.139 3.157 3.221 3.222 3.239 3.255 3.262 3.264 
Log P 

(WLO

GP)‡ 

1.59 1.78 2.79 1.97 3.57 0.86 0.72 0.79 1.88 

tPSA/

Å 
79.2 146.7 144.2 96.2 137.3 159.6 159.6 121.1 157.1 

GI 

absor

ption* 

High Low Low High Low Low Low High Low 

BBB 

perme

ant** 

No No No No No No No No No 

WLOGP was calculated using the atomistic method based on the fragmental system of 
Wildman and Crippen.133 Calculated as a sum of fragment-based contributions according to 
Ertl et al.448 *According to the white of the BOILED-egg model.447 **According to the yolk of the 
BOILED-egg model.447  
  

HN

N
N
H

N
H

NH O

UR-AK24

HN

N
N
H

N
H

NH O
NS

F
FUR-PG126

3.221 3.222



Design and Biological Evaluation of Histamine H2-Receptor Ligands 

 399  

Surprisingly, none of the tested compounds (including the experimentally proven GI-

absorbable and BBB-penetrable ones) was predicted to be BBB-penetrable by the 

BOILED-egg model447 (cf. Table 3.15 and Figure 3.027). Moreover, good GI absorption 

was only assumed for 3.262, the acylguanidine UR-AK24 (3.221)298,304, and 

pramipexole (3.006), while no GI absorption was assumed for the other ligands 

(cf. Figure 3.027). 

 
Figure 3.027. Boiled-egg model of 9 screened compounds (pramipexole (3.006), 3.139, 3.157, 
UR-AK24 (3.221)298,304, UR-PG126 (3.222)298,304, 3.239, 3.255, 3.262, and 3.264) obtained by 
SwissADME software. HIA: human passive intestinal absorption. BBB: blood-brain barrier 
penetration. PGP+: actively effluxes by P-glycoprotein (Pgp). PGP-: no substrate of P-
glycoprotein (Pgp). 
 

Since the GI absorption and the BBB penetration of pramipexole, UR-AK24 (3.221), 

and UR-PG126 (3.222) were proven, the Boiled-egg models447 predictions seem to be 

inaccurate for this particular class of compounds. However, the model takes only 

passive transport through GI and BBB into account.447 Since pramipexole is postulated 

to penetrate the BBB via active transport388, the other control compounds, as well as 

our new ones, might be able to enter the brain via a similar pathway. To elucidate this 

phenomenon, the in vivo pharmacokinetics of the ligands will be examined throughout 

future research. Specifically, an in vitro Coco-2 permeability assay449–452 and/or in vivo 

studies in laboratory animals could be performed. The obtained data will help to find 

the appropriate means of application and enable to study the H2 receptors expressed 

in the CNS.  
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3.4.3 Conclusion 
 
In summary, the study aimed the development of novel, subtype-selective H2R ligands, 

which also have a selectivity over dopamine D2long/3 receptors. To achieve this, a series 

of 40 compounds containing a carbamoylguanidine as a key motif, as well as varying 

heterocycles, spacers, and side residues, was synthesized and characterized. It was 

observed that the replacement of the thiazole by a thiadiazole ring in NG-

carbamoylated thiazolylpropylguanidines resulted in potent H2R agonists with affinities 

in the low one-digit nanomolar range. Furthermore, ligands containing this modification 

possess a significantly increased selectivity for the hH2R over dopamine hD2long/3 

receptors. Within the synthesized thiadiazole-containing ligand series, compounds 

3.239 (UR-KAT505), 3.255 (UR-KAT533), and 3.264 (UR-MB-165) turned out to be 

the most promising candidates reaching up to 1000-fold selectivity over the other three 

receptor subtypes (hH1,3,4R). 3.239 showed the highest selectivity for hH2R over 

hD2longR (> 2000-fold) and 260-fold selectivity for hH2R over hD3R. 3.255, on the other 

hand, showed excellent selectivity for the hH2R over hD2longR (>1000-fold) and the 

highest selectivity for the hH2R over hD3R (> 520-fold). 3.264 demonstrated >1000-

fold selectivity for the hH2R over hD2longR and 80-fold selectivity for the hH2R over 

hD3R. Moreover, 3.239 and 3.255 were shown to be selective H2R agonists (> 100-

fold) relative to 14 additional peripheral and central GPCRs (including dopaminergic, 

muscarinic, adrenergic, serotonergic, and opioid receptors). These key characteristics 

render 3.239 and 3.255 the most affine and selective monomeric carbamoylguanidine-

type agonists known so far. The developed H2R ligands might serve as 

pharmacological tools for further investigations on the physiological and 

pathophysiological role of the H2R to elucidate the largely unknown function of H2 

receptors in the CNS. 
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3.5 Experimental Part 
3.5.1 Chemistry 
3.5.1.1 General Experimental Conditions 
 
Chemicals and solvents 
Unless otherwise stated, chemicals and solvents were procured from commercial 

suppliers and used as received. All the solvents were of analytical grade or distilled 

prior to use. Anhydrous solvents were stored over molecular sieves under protective 

gas. Deuterated solvents for nuclear magnetic resonance (NMR) spectroscopy were 

purchased from Deutero (Kastellaun, Germany). For the preparation of buffers and 

HPLC eluents, Millipore-grade water was used.  

 
Thin layer chromatography  
Reactions were monitored by thin layer chromatography (TLC) on silica gel 60 F254 

aluminum sheets (Merck), and compounds were detected with UV light at 254 nm and 

ninhydrin solution (0.8 g ninhydrin, 200 mL n-butanol, 6 mL acetic acid).  

 

Melting points 
Melting points were determined with a B-540 apparatus (BÜCHI, Essen, Germany). 

 

NMR spectra  
NMR spectra (1H NMR and 13C NMR, 19F NMR, DEPT, 2D NMR) were recorded on a 

Bruker Avance-300 (7.05 T, 1H: 300 MHz, 13C: 75.5 MHz, 19F: 188), Avance-400 (9.40 

T, 1H: 400 MHz, 13C: 100.6 MHz, 19F: 282), or Avance-600 (14.1 T; 1H: 600 MHz, 13C: 

150.9 MHz; cryogenic probe) NMR spectrometer (Bruker, Karlsruhe, Germany). 

Multiplicities are specified with the following abbreviations: s (singlet), d (doublet), t 

(triplet), q (quartet), p (pentet), m (multiplet), br (broad), as well as combinations 

thereof. 

 

High-resolution mass spectrometry 
High-resolution mass spectrometry (HRMS) was performed on an AccuTOF GCX 

GC/MS system (Jeol, Peabody, MA, USA) using an EI source or a Q-TOF 6540 UHD 

LC or GC/MS system (Agilent Technologies, Santa Clara, USA) using an ESI (in case 

of LC coupling) or an APCI (in case of GC coupling) source. 
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Polarimetry 
Optical rotations at 589 nm (Na D line) were measured on a polarimeter P8000-T 

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) and methanol (MeOH) as solvent. 

 

Column chromatography 
For column chromatography, silica gel 60 (0.04-0.063 mm, Merck, Darmstadt, 

Germany) was used. 
 
Flash chromatography 
Flash chromatography was performed on an Intelli Flash-310 workstation from Varian 

Deutschland GmbH (Darmstadt, Germany) with SuperFlash (SF) columns (Si50, 4-

40 g) from Agilent Technologies (Santa Clara, CA, USA). 

 

Preparative HPLC 
Preparative HPLC was performed with a system from Knauer (Berlin, Germany) 

consisting of two K-1800 pumps and a K-2001 detector or with a Prep 150 LC system 

from Waters (Eschborn, Germany) consisting of a 2545 binary gradient module, a 2489 

UV/visible detector and a fraction collector III. The following columns were used: 

Nucleodur 100-5 C18 (5 µm, 250 x 21 mm, Macherey-Nagel, Düren, Germany), a 

Kinetex XB-C18 100A (5 µm, 250 x 21.2 mm, Phenomenex, Aschaffenburg, 

Germany), an Interchim PuriFlash PF15 C18 HQ (15 µm, 120 g, Interchim, Montluçon, 

France) and a Gemini-NX C18 (5 µm, 250 mm x 21 mm; Phenomenex). Solvent flow 

rates of either 15-20 mL/min (Nucleodur, Kinetex, and Gemini columns) or 30 mL/min 

(Interchim column) at rt were employed. A detection wavelength of 220 nm and 

mixtures of acetonitrile (MeCN) and 0.05-0.1% aqueous TFA were used as mobile 

phases. MeCN was removed from the eluates under reduced pressure prior to freeze-

drying (Christ Alpha 2-4 LD freeze dryer (Martin Christ, Osterode am Harz, Germany) 

or ScanVac CoolSafe 4-15L freeze dryer from Labogene (LMS, Brigachtal, Germany), 

both equipped with a RZ 6 rotary vane vacuum pump (Vacuubrand, Wertheim, 

Germany)). 
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Analytical HPLC  
Analytical HPLC analysis was performed on a system from Merck Hitachi, composed 

of a D-6000 interface, a L-6200A pump, an AS2000A autosampler, and a L-4000 UV-

VIS detector or with a 1100 HPLC system from Agilent technologies, equipped with an 

Instant Pilot controller, a G1312A binary pump, a G1329A ALS autosampler, a G1379A 

vacuum degasser, a G1316A column compartment, and a G1315B DAD detector. A 

Kinetex XB-C18 100A (5 µm, 250 x 4.6 mm (Phenomenex)) served as the column: 

t0 = 2.90 min (Merck Hitachi, flow: 0.8 mL/min), t0 = 3.16 min (Merck Hitachi, flow: 0.8 

mL/min, different Kinetex XB-C18 100A column), t0 = 2.85 min (Merck Hitachi, flow: 

1.0 mL/min, different Kinetex XB-C18 100A column), t0 = 3.21 min (Agilent, flow: 

0.8 mL/min) or t0 = 2.67 min (Agilent, flow: 1.0 mL/min). As the mobile phase, mixtures 

of MeCN (with (A) or without (B) 0.05% TFA) and 0.05% aqueous TFA (C) were used. 

The following linear gradients were applied. Compounds 3.179-3.180 and 3.182-3.186 

(Merck Hitachi, t0 = 2.90 min): 0-30 min: A/C 5:95-80:20; 30-32 min: 80:20-95:5; 32-42 

min: 95:5; flow rate: 0.8 mL/min. Compounds 3.138, 3.140-143, 3.161, 3.163, 3.166-

3.171, and 3.181 (Merck Hitachi, t0 = 2.90 min): 0-30 min: A/C 10:90-80:20; 30-32 min: 

80:20-95:5; 32-42 min: 95:5; flow rate: 0.8 mL/min. Compounds 3.144-146, 3.162, 

3.164-3.165, and 3.173-3.178 (Merck Hitachi, t0 = 3.16 min): 0-25 min: B/C 20:80-

80:20; 25-26 min: 80:20-95:5; 26-35 min: 95:5; flow rate: 0.8 mL/min. Compounds 

3.149 (Merck Hitachi, t0 = 2.85 min): 0-25 min: B/C 5:95-95:5; 25-35 min: 95:5; flow 

rate: 1.0 mL/min. Compounds 3.139, 3.172, 3.238-3.259, and 3.265-3.278 (Agilent, 

t0 = 3.21 min): 0-30 min: B/C 10:90-90:10; 30-33 min: 90:10-95:5; 33-40 min: 95:5; flow 

rate: 0.8 mL/min. Compounds 3.147-3.148, 3.150-3.160, and 3.260-3.264 (Agilent, 

t0 = 2.67 min): 0-25 min: B/C 10:90-95:5; 25-35 min: 95:5; flow rate: 1.0 mL/min. For 

analytical HPLC runs on the 1100 HPLC system from Agilent Technologies the oven 

temperature was set to 30 °C. At the HPLC system from Merck Hitachi room 

temperature was used. The injection volume was 5-100 μL, and detection was 

performed at 220 nm. Compound concentrations were between 0.1-1 mM. Compounds 

purities were calculated as the percentage peak area of the analyzed compound by 

UV detection at 220 nm.  
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3.5.1.2 Compound Characterization 
 
Compounds 3.139-3.186 and 3.238-3.278 were characterized using the following 

methods: HRMS, 1H NMR spectroscopy, 13C NMR spectroscopy, and 2D NMR (COSY, 

HSQC, HMBC) spectroscopy (see chapter 3.6.1, Figures 3.040-3.143). The purities of 

the target compounds 3.139-3.186 and 3.238-3.278 used for pharmacological 

investigation were ≥ 95% (chromatograms are shown in chapter 3.6.12, Figures 3.144-

3.188). For biological testing, the target compounds (TFA or HCl salts) were dissolved 

in DMSO, DMSO/H2O 1:1 (v/v), or DMSO/20 mM aq HCl 1:1 (v/v) to get a final 

concentration of 10 mM. 

 

3.5.1.3 Synthesis and Analytical Data of the Building Blocks 3.009b, 3.011 and 
3.012 

 

 
Scheme 3.04. Synthesis of the building blocks 3.009b and 3.011. Reagents and conditions: 
A: (a) trityl chloride, NEt3, MeCN, 16 h, rt; (b) hydrazine monohydrate, n-butanol, 16 h, rt. B: 
(a) Br2, HBr in acetic acid (HOAc), CHCl3, 1 h, rt; (b) thiourea, MeCN/EtOH, 3 h, reflux; (c) 
HCl/HOAc (1/1), overnight, reflux.  
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2-(3-(4-Methyl-2-(tritylamino)thiazol-5-yl)propyl)isoindoline-1,3-dione (3.009i) 
(Synthesized by Katharina Tropmann) 

3.009 (2 g, 6.64 mmol), which was prepared as previously described,302,415 was 

dissolved in MeCN (120 mL), and trityl chloride (2.22 g, 7.97 mol) and NEt3 (1.66 mL, 

11.95 mmol) were added. The mixture was stirred for 16 h at rt. The solvent was 

removed under reduced pressure and the crude product was purified by flash 

chromatography on silica gel (EtOAc/PE 0/100 - 2/3 in 20 min, Rf = 0.62 in EtOAc/PE 

1/1) to obtain 3.009i as a yellow foam (1.73 mg, 48%). 1H NMR (300 MHz, CDCl3) δ 

(ppm) 7.86 – 7.79 (m, 2H), 7.74 – 7.67 (m, 2H), 7.36 – 7.22 (m, 15H), 3.58 (t, 

J = 7.3 Hz, 2H), 2.50 – 2.41 (m, 2H), 2.07 (s, 3H), 1.77 – 1.66 (m, 2H). 13C NMR 

(75 MHz, CDCl3) δ (ppm) 168.27, 165.03, 143.75, 133.97, 132.08, 129.23, 128.12, 

127.38, 123.24, 119.96, 71.79, 37.48, 30.30, 23.77, 14.41. HRMS (ESI-MS): m/z 

[M+H+] calculated for C34H30N3O2S+: 544.2053, found 544.2082; C34H29N3O2S 

(543.69). 

 

5-(3-Aminopropyl)-4-methyl-N-tritylthiazol-2-amine (3.009b) (Synthesized by 

Katharina Tropmann) 
A solution of 3.009i (1.73 g, 3.18 mmol) in n-butanol and hydrazine monohydrate 

(772 µL, 15.91 mmol) was stirred at rt for 16 h. After cooling to 0 °C by using an ice-

bath, the reaction mixture was filtered and evaporated to dryness to afford the crude 

product as a yellow oil. The crude product was purified by flash chromatography 

(DCM/MeOH 100/0 - 90/10 in 20 min, Rf = 0.31 in DCM/MeOH 9/1), yielding 3.009b 

as a yellow solid (900 mg, 68%). 1H NMR (300 MHz, CD3OD) δ (ppm) 7.36 – 7.16 (m, 

15H), 2.69 (t, J = 7.6 Hz, 2H), 2.50 – 2.36 (m, 2H), 2.00 (s, 3H), 1.67 – 1.55 (m, 2H). 
13C NMR (75 MHz, CD3OD) δ (ppm) 14.26, 23.87, 31.97, 40.47, 73.03, 120.82, 128.38, 

129.04, 130.34, 142.44, 145.22, 161.18. HRMS (ESI-MS): m/z [M+H+] calculated for 

C26H28N3S+: 414.1998, found 414.1995; C26H27N3S (413.58). 
 

2-Amino-4-(3-phthalimidophenyl)thiazole (3.189) (Synthesized by Sabrina Biselli) 
The title compound was prepared in analogy to the previously described procedure 

described.453 To a solution of 3.187 (2.00 g, 7.54 mmol) in CHCl3 (20 mL) HBr solution 

in acetic acid (45 % w/v, 1 mL) was added under stirring. Bromine (1.20 g, 7.54 mmol) 

in CHCl3 (10 mL) was added dropwise. The reaction mixture was stirred for 1 h at rt. 

Removal of the solvent in vacuo afforded 3.188 as a white solid, which was applied to 



Design and Biological Evaluation of Histamine H2-Receptor Ligands 

 406  

the next step without further purification. Crude 3.188 was dissolved in MeCN (30 mL) 

at 50°C and poured into a warm solution of thiourea (574 mg, 7.54 mmol) in ethanol 

(EtOH, 30 mL). The reaction mixture was stirred under reflux for 3 h. Removal of the 

solvent in vacuo afforded a beige solid, which was recrystallized in EtOAc (100 mL) 

and filtered through a Buchner funnel. 3.189 was afforded as a white solid (2.35 g, 

78%, Rf = 0.70 in DCM/1.75 N NH3 in MeOH 9/1), mp: 269-279°C. 1H-NMR (400 MHz, 

DMSO-d6, hydrobromide): δ (ppm) 8.94 (br s, 3H), 8.01 – 7.98 (m, 2H), 7.96 – 7.93 (m, 

2H), 7.85 – 7.81 (m, 2H), 7.66 (t, J = 7.9 Hz, 1H), 7.54 – 7.51 (m, 1H), 7.26 (s, 1H). 
13C-NMR (100 MHz, DMSO-d6, hydrobromide): δ (ppm) 170.60, 167.30, 139.70, 

135.40, 133.00, 131.90, 130.60, 130.10, 128.70, 125.90, 125.30, 124.00, 104.30. 

HRMS (ESI-MS): m/z [M+H+] calculated for C17H12N3O2S+: 322.0645, found 322.0650; 

C17H11N3O2S x HBr (402.26). 
 

2-Amino-4-(3-aminophenyl)thiazole (3.011)454 (Synthesized by Sabrina Biselli) 
3.189 (1.69 g, 4.20 mmol) was suspended in a mixture of concentrated hydrochloric 

acid (30 mL) and acetic acid (30 mL) and the reaction mixture was stirred under reflux 

overnight. The solvent was removed under reduced pressure and the residue was 

suspended in an aqueous NaOH solution (0.03 M, 30 mL). The resulting precipitate 

(by-product: phthalic acid) was filtered through a Buchner funnel and washed with H2O 

(20 mL). Aqueous layers were combined and part of the solvent was removed under 

reduced pressure. Aqueous NH3 solution (25%, 5 mL) was added and the resulting 

precipitate was filtered off. The solid was washed with H2O (40 mL) and the residual 

solvent was removed under reduced pressure. 3.011 was afforded as a yellow solid 

(560 mg, 60%, Rf = 0.6 in DCM/1.75 N NH3 in MeOH 9/1), mp: 177-178 °C. 1H NMR 

(300 MHz, DMSO-d6): δ (ppm) 7.03 – 6.91 (m, 5H), 6.77 (s, 1H), 6.43 – 6.47 (m, 1H), 

5.05 (br s, 2H). 13C NMR (100 MHz, DMSO-d6): δ (ppm) 168.30, 151.20, 149.10, 

136.00, 129.30, 114.00, 113.50, 111.90, 101.10. HRMS (ESI-MS): m/z [M+H+] 

calculated for C9H10N3S+: 192.0590, found 192.0590; C9H9N3S (191.25). 
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Scheme 3.05. Synthesis of the building block 3.012. Reagents and conditions: (a) N-
(ethoxycarbonyl)phthalimide, K2CO3, H2O, 30 min, rt; (b) PCC, DCM, 3.5 h, rt; (c) Br2, 
dioxane/DCM, 1.5 h, rt. (d) thiourea, DMF, 2 h, 100°C; (e) HCl/HOAc (1/1), overnight, reflux. 
 
2-((1R, 4R)-4-Hydroxycyclohexyl)isoindoline-1,3-dione (3.191)455 (Synthesized by 

Sabrina Biselli) 

K2CO3 (10.50 g, 75.97 mmol) was added to a solution of 3.190 (5.00 g, 43.41 mmol) 

in H2O (50 mL). N-(ethoxycarbonyl)phthalimide (10.24 g, 49.92 mmol) was added 

under stirring and the reaction mixture was stirred for 30 min at room temperature. The 

resulting precipitate was filtered off and washed with H2O (50 mL). Removal of the 

residual solvent in vacuo afforded the product as a beige solid (10.43 g, 98%, Rf = 0.2 

in EtOAc/PE 1/3), mp: 183-185 °C (Lit.455 mp: 177-178 °C). 1H NMR (400 MHz, 

DMSO-d6): δ (ppm) 7.85 – 7.80 (m, 4H), 4.64 (d, J = 4.3 Hz, 1H), 3.99 – 3.91 (m, 1H), 

3.49 – 3.41 (m, 1H), 2.19 – 2.08 (m, 2H), 1.93 – 1.90 (m, 2H), 1.69 – 1.66 (m, 2H), 

1.32 – 1.21 (m, 2H). 13C NMR (100 MHz, DMSO-d6): δ (ppm) 168.30, 134.80, 131.90, 

123.40, 68.50, 49.90, 35.10, 27.80. HRMS (ESI-MS): m/z [M+H+] calculated for 

C14H16NO3+: 246.1125, found 246.1126; C14H15NO3 (245.28). 

 
2-(4-Oxocyclohexyl)isoindoline-1,3-dione (3.192)455 (Synthesized by Sabrina 

Biselli) 

3.191 (2.60 g, 10.61 mmol) was dissolved in anhydrous DCM (70 mL). Under Ar-

atmosphere two spoons of Celite were added followed by pyridinium chlorochromate 

(PCC, 5.58 g, 25.88 mmol). The reaction mixture was stirred for 3.5 h at room 

temperature. 2-Propanol (2 mL) was added and after stirring for additional 30 min the 

solvent was removed under reduced pressure. The residue was purified by automated 

flash chromatography with EtOAc. Removal of the solvent afforded the product as light 

beige solid (1.82 g, 71%, Rf = 0.4 in EtOAc/PE 1/1), mp: 144-145 °C. 1H NMR (300 

MHz, CDCl3): δ (ppm) 7.87 – 7.80 (m, 2H), 7.75 – 7.69 (m, 2H), 4.68 – 4.57 (m, 1H), 
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2.79 – 2.65 (m, 2H), 2.54 – 2.48 (m, 4H), 2.10 – 2.02 (m, 2H).  13C NMR (75 MHz, 

CDCl3): δ (ppm) 209.00, 168.10, 134.10, 131.80, 123.30, 48.30, 39.90, 28.60. HRMS 

(ESI-MS): m/z [M+H+] calculated for C14H14NO3+: 244.0968, found 244.0973; 

C14H13NO3 (243.26). 

 
2-(2-Amino-4,5,6,7-tetrahydrobenzo[d]thiazol-6-yl)isoindoline-1,3-dione 
(3.194)456,457 (Synthesized by Sabrina Biselli) 

3.192 (1.93 g, 7.93 mmol) was dissolved in a mixture of dioxane (22 mL) and DCM 

(14 mL). Bromine (1.40 g, 8.73 mmol) dissolved in DCM (24 mL) was added dropwise 

and the reaction mixture was stirred for 1.5 h at room temperature. The solvent was 

removed under reduced pressure and the residue (crude 3.193) was dissolved in DMF 

(60 mL). After the addition of thiourea (0.60 g, 7.93 mmol) the reaction mixture was 

stirred for 2 h at 100 °C. The solvent was removed under reduced pressure and the 

residue was suspended in EtOAc (50 mL). The precipitate was filtered off and the 

residual solvent was removed in vacuo to afford the product as a beige solid (2.77 g, 

92%, Rf = 0.90 in DCM/1.75 N NH3 in MeOH 9/1, mp: > 300 °C decomposition (Lit.6 

mp: 244-246 °C decomposition). 1H NMR (400 MHz, DMSO-d6): δ (ppm) 7.90 – 7.84 

(m, 4H), 4.49 – 4.41 (m, 1H), 3.36 – 3.11 (m, 1H), 2.93 – 2.88 (m, 1H), 2.77 – 2.60 (m, 

3H), 2.05 – 1.99 (m, 1H). HRMS (ESI-MS): m/z [M+H+] calculated for C15H14N3O2S+: 

300.0801, found 300.0817; C15H13N3O2S (299.35). 

 
4,5,6,7-Tetrahydrobenzo[d]thiazole-2,6-diamine (3.012)456 (Synthesized by Sabrina 

Biselli) 
3.194 (200 mg, 0.53 mmol) was suspended in a mixture of hydrochloric acid (37%, 

w/v, 5 mL) and acetic acid (5 mL). The reaction mixture was stirred overnight at 100 

°C. The solvent was removed under reduced pressure and the residue was dissolved 

in H2O (5 mL). The pH value was adjusted to 6 by the addition of NaOH solution (1 M, 

2 mL). The aqueous layer was washed three times with DCM in order to remove by-

products. Then additional NaOH solution (5 mL) was added until a pH value of 9 was 

reached. The aqueous layer was extracted with DCM (10 mL) and six times with EtOAc 

(10 mL). In order to extract the remaining product from the aqueous layer, NaCl was 

dissolved in the mixture and the layer was again extracted three times with EtOAc 

(10 mL). Water was partly removed under reduced pressure and the aqueous layer 

was again extracted five times with EtOAc (100 mL). All organic layers were combined 
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and dried over Na2SO4. Removal of the solvent in vacuo afforded the product as a 

yellow hygroscopic solid (65 mg, 73%, Rf = 0.13 in DCM/1.75 N NH3 in MeOH 9/1). 1H 

NMR (300 MHz, DMSO-d6): δ (ppm) 6.60 (br s, 2H), 3.03 – 2.94 (m, 1H), 2.67 – 2.60 

(m, 1H), 2.41 – 2.31 (m, 2H), 2.21 – 2.13 (m, 1H), 1.82 – 1.78 (m, 1H), 1.53 – 1.40 (m, 

1H). HRMS (ESI-MS): m/z [M+H+] calculated for C7H12N3S+: 170.0746, found 

170.0747; C7H11N3S (169.25). 

 

3.5.1.4 Synthesis and Analytical Data of the Amines 3.017, 3.019, 3.024-3.027, 
and 3.029-3.030 via Oximes 3.203-3.210 

 

 
Scheme 3.06. Synthesis of the amines 3.017, 3.019, 3.024-3.027, and 3.029-3.030. Reagents 
and conditions: (a) hydroxylamine hydrochloride, Na2CO3, EtOH, overnight, 70 °C; (b) Zn, 
CuSO4, EtOH à 3 N HCl, 3 h, rt. 
 
General procedure for the synthesis of the oximes 3.203-3.210458 

To a mixture of the pertinent ketone (3.195-3.202, 1 eq), hydroxylammonium chloride 

(2 eq), and Na2CO3 (5 eq), ethanol (EtOH, 100 mL) was added. The resulting 

suspension was stirred at 70 °C overnight, cooled to rt, and evaporated under reduced 

pressure. Extraction of the residue with dichloromethane (DCM) gave the pure oxime 

after evaporation of the organic solvent. 
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2,2,2-Trifluoro-1-phenylethan-1-one oxime (3.203) 
The title compound was synthesized from 2,2,2-trifluoroacetophenone (3.195, 

2.02 mL, 14.36 mmol), hydroxylammonium chloride (2.00 g, 28.71 mmol), and Na2CO3 

(7.61 g, 71.79 mmol) in EtOH according to the general procedure (Rf = 0.50 in 

EtOAc/PE 1/9) yielding a mixture of the E- and Z-isomers as colorless solid (2.45 g, 

90%). 1H NMR (400 MHz, CDCl3) δ (ppm) 8.92 (s, 1H), 7.34 – 7.15 (m, 5H). 13C NMR 

(101 MHz, CDCl3) δ (ppm) 148.54 – 147.65 (m), 130.84, 130.58, 128.73 (d, J = 2.3 

Hz), 128.47, 119.57 (ddd, J = 229.8, 222.1, 52.9 Hz). HRMS (EI-MS): m/z [M•+] 

calculated for C8H6F3NO•+: 189.03960, found 189.03954 and 189.03964; C8H6F3NO 

(189.14). 
 

2-Methyl-1-phenylpropan-1-one oxime (3.204) 
The title compound was synthesized from isobutyrophenone (3.196, 2.23 mL, 

14.84 mmol), hydroxylammonium chloride (2.06 g, 29.69 mmol), and Na2CO3 (7.86 g, 

74.16 mmol) in EtOH according to the general procedure (Rf = 0.85 in EtOAc/PE 1/2) 

yielding a mixture of the E- and Z-isomers as a colorless oil (2.05 g, 85%). 1H NMR 

(300 MHz, CDCl3, isomer 1) δ (ppm) 9.73 (s, 1H), δ 7.50 – 7.28 (m, 5H), 2.95 – 2.79 

(m, 1H), 1.16 (d, J = 6.8 Hz, 6H) and 1H NMR (300 MHz, CDCl3, isomer 2) δ (ppm) 

9.73 (s, 1H), δ 7.50 – 7.28 (m, 5H), 3.76 – 3.48 (m, 1H), 1.24 (d, J = 7.1 Hz, 6H). 13C 

NMR (75 MHz, CDCl3, both isomers) δ (ppm) 164.88, 163.26, 135.81, 133.77, 128.55, 

128.50, 128.21, 128.18, 127.77, 127.59, 34.57, 27.73, 20.17, 19.44. HRMS (EI-MS): 

m/z [M•+] calculated for C10H13NO•+: 163.09917, found 163.09885 and 163.09868; 

C10H13NO (163.22). 
 
1-(4-Methoxyphenyl)ethan-1-one oxime (3.205) 
The title compound was synthesized from 4-methoxyacetophenone (3.197, 3.00 g, 

19.98 mmol), hydroxylammonium chloride (2.78 g, 39.96 mmol), and Na2CO3 

(10.60 g, 99.88 mmol) in EtOH according to the general procedure (Rf = 0.71 in 

EtOAc/PE 1/2) yielding a mixture of the E- and Z-isomers as a colorless solid (3.00 g, 

92%). 1H NMR (300 MHz, CDCl3) δ (ppm) 9.65 (s, 1H), 7.62 – 7.55 (m, 2H), 6.97 – 

6.86 (m, 2H), 3.83 (s, 3H), 2.29 (s, 3H). 13C NMR (75 MHz, CDCl3) δ (ppm) 160.49, 

155.51, 129.04, 127.41, 113.91, 55.35, 12.30. HRMS (ESI-MS): m/z [M+H+] calculated 

for C9H12NO2+: 166.0863, found 166.0863 and 166.0862; C9H11NO2 (165.19). 
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1-(4-Trifluoromethoxyphenyl)ethan-1-one oxime (3.206) 
The title compound was synthesized from 4-trifluoromethoxyacetophenone (3.198, 

1.96 g, 12.25 mmol), hydroxylammonium chloride (1.70 g, 24.49 mmol), and Na2CO3 

(6.49 g, 61.23 mmol) in EtOH according to the general procedure (Rf = 0.85 in 

EtOAc/PE 1/2) yielding a mixture of the E- and Z-isomers as a colorless solid (2.36 g, 

88%). 1H NMR (300 MHz, CD3OD) δ (ppm) 7.73 – 7.67 (m, 2H), 7.24 – 7.19 (m, 2H), 

2.20 (s, 2H). 13C NMR (75 MHz, CD3OD) δ (ppm) 153.13, 149.29, 136.13, 127.24, 

120.47 (d, J = 255.8 Hz), 120.32, 10.47. HRMS (EI-MS): m/z [M•+] calculated for 

C9H8F3NO2•+: 219.05016, found 219.05030; C9H8F3NO2 (219.16). 
 

1-(2-Fluorophenyl)ethan-1-one oxime (3.207) 
The title compound was synthesized from 2-fluoroacetophenone (3.199, 2.22 mL, 

18.09 mmol), hydroxylammonium chloride (2.52 g, 33.02 mmol), and Na2CO3 (9.60 g, 

82.55 mmol) in EtOH according to the general procedure (Rf = 0.28 in DCM) yielding 

a mixture of the E- and Z-isomers as a colorless solid (2.49 g, 90%). 1H NMR (300 

MHz, CD3OD) δ (ppm) 7.44 – 7.31 (m, 2H), 7.17 – 7.05 (m, 2H), 2.18 (d, J = 2.4 Hz, 

3H). 13C NMR (75 MHz, CD3OD, both isomers) δ (ppm) 161.84 (d, J = 247.8 Hz), 

154.11, 131.67 (d, J = 8.4 Hz), 130.76 (d, J = 3.5 Hz), 127.09 (d, J = 13.0 Hz), 125.27 

(d, J = 3.6 Hz), 116.88 (d, J = 22.1 Hz), 15.02 (d, J = 4.6 Hz). HRMS (EI-MS): m/z [M•+] 

calculated for C8H8FNO•+: 153.05844, found 153.05827; C8H8FNO (153.16). 
 

1-(3-Fluorophenyl)ethan-1-one oxime (3.208) 
The title compound was synthesized from 3-fluoroacetophenone (3.200, 2.22 mL, 

18.09 mmol), hydroxylammonium chloride (2.52 g, 33.02 mmol), and Na2CO3 (9.60 g, 

82.55 mmol) in EtOH according to the general procedure (Rf = 0.28 in DCM) yielding 

a mixture of the E- and Z-isomers as a colorless solid (2.32 g, 84%). 1H NMR (300 

MHz, CD3OD) δ (ppm) 7.42 – 7.28 (m, 3H), 7.07 – 6.99 (m, 1H), 2.17 (s, 3H). 13C NMR 

(75 MHz, CD3OD) δ (ppm) 164.15 (d, J = 243.8 Hz), 154.58 (d, J = 2.8 Hz), 140.92 (d, 

J = 7.7 Hz), 131.04 (d, J = 8.4 Hz), 122.80 (d, J = 2.9 Hz), 116.34 (d, J = 21.5 Hz), 

113.44 (d, J = 23.1 Hz), 11.80. HRMS (EI-MS): m/z [M•+] calculated for C8H8FNO•+: 

153.05844, found 153.05829 and 153.05869; C8H8FNO (153.16). 
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1-(Furan-2-yl)ethan-1-one oxime (3.209) 
The title compound was synthesized from 2-acetylfuran (3.201, 2.67 mL, 27.25 mmol), 

hydroxylammonium chloride (3.79 g, 54.50 mmol), and Na2CO3 (14.44 g, 

136.25 mmol) in EtOH according to the general procedure (Rf = 0.18 in DCM) yielding 

a mixture of the E- and Z-isomers as a colorless solid (3.16 g, 93%). 1H NMR (400 

MHz, CDCl3, isomer 1) δ (ppm) 9.41 (s, 1H), δ 7.26 (dd, J = 1.8, 0.7 Hz, 1H), 6.44 (dd, 

J = 3.5, 0.7 Hz, 1H), 6.23 (dd, J = 3.4, 1.8 Hz, 1H), 2.03 (s, 3H) and 1H NMR (400 MHz, 

CDCl3, isomer 2) δ (ppm) 9.41 (s, 1H), δ 7.30 – 7.27 (m, 2H), 6.34 (dd, J = 3.5, 1.8 Hz, 

1H), 2.10 (s, 3H). 13C NMR (101 MHz, CDCl3, both isomers) δ (ppm) 150.25, 147.64, 

146.05, 144.42, 143.73, 142.76, 118.13, 112.23, 111.36, 110.12, 17.39, 11.32. HRMS 

(EI-MS): m/z [M•+] calculated for C6H7NO2•+: 125.04713, found 125.04689 and 

125.04687; C6H7NO2 (125.13). 
 

1-(Thiophen-2-yl)ethan-1-one oxime (3.210) 
The title compound was synthesized from 2-acetylthiophene (3.202, 2.57 mL, 

23.78 mmol), hydroxylammonium chloride (3.31 g, 47.56 mmol), and Na2CO3 

(12.60 g, 118.90 mmol) in EtOH according to the general procedure (Rf = 0.10 in DCM) 

yielding a mixture of the E- and Z-isomers as a colorless solid (3.12 g, 93%). 1H NMR 

(400 MHz, CDCl3, isomer 1) δ (ppm) 8.97 (s, 1H), δ 7.31 – 7.24 (m, 1H), 7.04 (dd, J = 

5.1, 3.7 Hz, 0H), 2.33 (s, 1H) and 1H NMR (400 MHz, CDCl3, isomer 2) δ (ppm) 8.97 

(s, 1H), δ 7.62 – 7.53 (m, 2H), 7.13 (dd, J = 5.1, 3.9 Hz, 1H), 2.41 (s, 3H). 13C NMR 

(101 MHz, CDCl3, both isomers) δ (ppm) 151.89, 147.16, 140.22, 132.19, 131.40, 

130.21, 127.27, 126.92, 126.64, 125.80, 19.74, 12.54. HRMS (EI-MS): m/z [M•+] 

calculated for C6H7NOS•+: 141.02429, found 141.02449 and 141.02449; C6H7NOS 

(141.19). 
 

General procedure for the synthesis of the amines 3.017, 3.019, 3.024-3.027, and 
3.029-3.030. 

The general procedure was carried out in analogy to Winthrop et al. (1959)459 with 

minor modifications, using HCl instead of acetic acid and CuSO4. Zinc powder (18 eq) 

and CuSO4 (cat.) were added to a solution of the respective oxime (3.203-3.210, 1 eq) 

in EtOH (50 mL). After the dropwise addition of 3 N HCl (100 mL), the reaction mixture 

was stirred for 3 h at rt. Subsequently, the reaction mixture was filtered, neutralized 

with NH3 (25% in H2O), and extracted with DCM (3 x 30 mL). The combined organic 
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layers were dried over Na2SO4 and evaporated. The crude product was purified by 

column chromatography (DCM/MeOH/7 N NH3 in MeOH 100/0/0 - 50/49/1 or 

EtOAc/PE 1/2 in the case of 3.017) or recrystallized with 2 N HCl in diethyl ether after 

dissolving in dioxane, in the case of 3.019 and 3.025. 

 

2,2,2-Trifluoro-1-phenylethan-1-amine (3.017) 
The amine 3.017 was prepared from 3.203 (2.30 g, 12.16 mmol), zinc powder (14.31 g, 

218.89 mmol), and CuSO4 (0.10 g, cat.) in EtOH according to the general procedure 

(Rf = 0.52 in EtOAc/PE 1/2) yielding 3.017 as a yellow oil (2.01 g, 94%). 1H NMR (300 

MHz, DMSO-d6) δ (ppm) 7.56 – 7.36 (m, 5H), 6.99 (s, 2H), 4.75 (q, J = 8.2 Hz, 1H). 
13C NMR (75 MHz, DMSO-d6) δ (ppm) 134.89, 128.85, 128.44, 128.27, 125.65 (d, J = 

282.0 Hz), 56.14 (q, J = 29.5 Hz). HRMS (EI-MS): m/z [M•+] calculated for C8H8F3N•+: 

175.06022, found 175.06034; C8H8F3N (175.15). 
 
2-Methyl-1-phenylpropan-1-amine hydrochloride (3.019) 
The amine 3.019 was prepared from 3.204 (2.05 g, 12.56 mmol), zinc powder (14.78 g, 

226.08 mmol), and CuSO4 (0.10 g, cat.) in EtOH according to the general procedure 

(Rf = 0.44 in DCM/MeOH/7 N NH3 in MeOH 84/15/1) yielding 3.019-HCl as a colorless 

solid (0.50 g, 21%). 1H NMR (300 MHz, CD3OD, hydrochloride) δ (ppm) 7.48 – 7.35 

(m, 5H), 3.91 (d, J = 9.2 Hz, 1H), 2.29 – 2.10 (m, 1H), 1.12 (d, J = 6.6 Hz, 3H), 0.77 (d, 

J = 6.7 Hz, 3H). 13C NMR (75 MHz, CD3OD, hydrochloride) δ (ppm) 136.71, 128.80, 

128.76, 127.21, 61.70, 32.49, 18.30, 18.06. HRMS (ESI-MS): m/z [M+H+] calculated 

for C10H16N+: 150.1278, found 150.1277; C10H15N x HCl (185.70). 
 

1-(4-Methoxyphenyl)ethan-1-amine (3.024) 
The amine 3.024 was prepared from 3.205 (3.00 g, 18.16 mmol), zinc powder (21.37 g, 

326.88 mmol), and CuSO4 (0.10 g, cat.) in EtOH according to the general procedure 

(Rf = 0.53 in DCM/MeOH/7 N NH3 in MeOH 84/15/1) yielding 3.024 as a colorless oil 

(2.29 g, 83%). 1H NMR (300 MHz, CDCl3) δ (ppm) 7.28 – 7.20 (m, 2H), 6.88 – 6.81 (m, 

2H), 4.04 (q, J = 6.6 Hz, 1H), 3.76 (s, 3H), 1.60 (s, 2H), 1.33 (d, J = 6.6 Hz, 2H). 13C 

NMR (75 MHz, CDCl3) δ (ppm) 158.42, 139.91, 126.74, 113.79, 55.24, 50.67, 25.76. 

HRMS (EI-MS): m/z [M•+] calculated for C10H13N•+: 151.09917, found 150.09952; 

C10H13N (151.21). 
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1-(4-Trifluoromethoxyphenyl)ethan-1-amine hydrochloride (3.025) 
The amine 3.025 was prepared from 3.206 (2.36 g, 10.77 mmol), zinc powder (12.67 g, 

193.83 mmol), and CuSO4 (0.10 g, cat.) in EtOH according to the general procedure 

(Rf = 0.64 in DCM/MeOH/7 N NH3 in MeOH 84/15/1) yielding 3.025-HCl as a colorless 

solid (0.61 g, 23%). 1H NMR (300 MHz, CD3OD, hydrochloride) δ (ppm) 7.62 – 7.55 

(m, 2H), 7.39 – 7.33 (m, 2H), 4.49 (q, J = 6.9 Hz, 1H), 1.62 (d, J = 6.9 Hz, 2H). 13C 

NMR (75 MHz, CD3OD, hydrochloride) δ (ppm) 149.25, 138.22, 128.33, 121.27, 

120.16 (d, J = 298.4 Hz), 50.19, 19.65. HRMS (ESI-MS): m/z [M+H+] calculated for 

C9H11F3NO+: 206.0787, found 206.0790; C9H10F3NO x HCl (241.64). 
 
1-(2-Fluorophenyl)ethan-1-amine (3.026) 
The amine 3.026 was prepared from 3.207 (2.49 g, 12.57 mmol), zinc powder (14.79 g, 

226.28 mmol), and CuSO4 (0.10 g, cat.) in EtOH according to the general procedure 

(Rf = 0.61 in DCM/MeOH/7 N NH3 in MeOH 84/15/1) yielding 3.026 as a yellow oil 

(1.50 g, 86%). 1H NMR (400 MHz, DMSO-d6) δ (ppm) 8.94 (s, 2H), 7.77 (t, J = 6.9 Hz, 

1H), 7.39 – 7.31 (m, 1H), 7.24 – 7.14 (m, 2H), 4.64 – 4.42 (m, 1H), 1.50 (d, J = 6.8 Hz, 

3H). 13C NMR (101 MHz, DMSO-d6) δ (ppm) 159.33 (d, J = 246.2 Hz), 130.64 (d, J = 

8.3 Hz), 128.36 (d, J = 3.0 Hz), 126.46 (d, J = 13.4 Hz), 125.07 (d, J = 3.3 Hz), 115.77 

(d, J = 21.5 Hz), 43.73 (d, J = 4.3 Hz), 20.25. HRMS (ESI-MS): m/z [M+H+] calculated 

for C8H11FN+: 140.0870, found 140.0868; C8H10FN (139.17). 
 
1-(3-Fluorophenyl)ethan-1-amine (3.027) 
The amine 3.027 was prepared from 3.208 (2.28 g, 11.51 mmol), zinc powder (13.55 g, 

207.19 mmol), and CuSO4 (0.10 g, cat.) in EtOH according to the general procedure 

(Rf = 0.41 in DCM/MeOH/7 N NH3 in MeOH 84/15/1) yielding 3.027 as a yellow oil 

(1.60 g, 100%). 1H NMR (400 MHz, CDCl3) δ (ppm) 7.42 – 7.22 (m, 3H), 7.05 (td, J = 

8.4, 2.5 Hz, 1H), 5.95 (s, 2H), 4.31 (q, J = 6.7 Hz, 1H), 1.59 (d, J = 6.6 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) δ (ppm) 163.01 (d, J = 246.5 Hz), 145.17 (d, J = 6.8 Hz), 

130.46 (d, J = 8.2 Hz), 122.14 (d, J = 3.0 Hz), 114.89 (d, J = 21.1 Hz), 113.46 (d, J = 

22.0 Hz), 51.12, 22.99. HRMS (ESI-MS): m/z [M+H+] calculated for C8H11FN+: 

140.0870, found 140.0870; C8H10FN (139.17). 
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1-(Furan-2-yl)ethan-1-amine (3.029) 
The amine 3.029 was prepared from 3.209 (3.16 g, 25.25 mmol), zinc powder (29.72 g, 

454.57 mmol), and CuSO4 (0.10 g, cat.) in EtOH according to the general procedure 

(Rf = 0.61 in DCM/MeOH/7 N NH3 in MeOH 84/15/1) yielding 3.029 as a red oil (0.65 g, 

23%). 1H NMR (300 MHz, CD3OD) δ (ppm) 7.59 (dd, J = 1.9, 0.8 Hz, 1H), 6.54 – 6.45 

(m, 2H), 4.57 (q, J = 6.9, 0.7 Hz, 1H), 1.65 (d, J = 6.9 Hz, 3H). 13C NMR (75 MHz, 

CD3OD) δ (ppm) 152.05, 144.83, 111.80, 109.56, 45.63, 17.69. HRMS (ESI-MS): m/z 

[M+H+] calculated for C6H10NO+: 112.0757, found 112.0755; C6H9NO (111.14). 
 
1-(Thiophen-2-yl)ethan-1-amine (3.030) 
The amine 3.030 was prepared from 3.210 (3.12 g, 22.10 mmol), zinc powder (26.00 g, 

397.76 mmol), and CuSO4 (0.10 g, cat.) in EtOH according to the general procedure 

(Rf = 0.59 in DCM/MeOH/7 N NH3 in MeOH 84/15/1) yielding 3.030 as a red oil (0.40 g, 

14%). 1H NMR (400 MHz, DMSO-d6) δ (ppm) 8.77 (s, 2H), 7.51 (dd, J = 5.1, 1.2 Hz, 

1H), 7.29 (d, J = 3.4 Hz, 1H), 7.01 (dd, J = 5.1, 3.5 Hz, 1H), 4.64 (d, J = 7.1 Hz, 1H), 

1.58 (d, J = 6.8 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ (ppm) 141.76, 127.26, 

126.95, 126.34, 45.48, 21.09. HRMS (ESI-MS): m/z [M+H+] calculated for C6H10NS+: 

128.0528, found 128.0527; C6H9NS (127.21). 
 
3.5.1.5  Synthesis and Analytical Data of the Boc-protected Isothioureas 3.048-

3.082 
 
Method A: A solution of 15% phosgene in toluene or triphosgene (1 eq) was diluted in 

DCM and cooled to 0 °C. Subsequently, a mixture of the respective amine (3.013-

3.033, 1 eq) and diisopropylethylamine (DIPEA, 3 eq) in DCM was added dropwise. 

After the solution was stirred for 5 minutes, a solution of 3.008 (2 eq) in DCM was 

added via a dropping funnel. The reaction was allowed to stir at rt for 2-3 h and washed 

with H2O and brine. The organic layer was dried over Na2SO4, the solvent was 

removed under reduced pressure, and the crude product was purified by column 

chromatography (DCM). 

 

Method B: The respective isocyanate (3.034-3.039, 1 eq) and NEt3 (2.25 eq) were 

added to a solution of 3.008 (1.5 eq) in DCM (20 mL). The reaction mixture was stirred 

overnight at rt. The organic layer was washed three times with H2O (30 mL) and 

subsequently with brine (30 mL). The organic layer was dried over Na2SO4 and the 
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solvent was removed under reduced pressure. The crude product was purified by flash 

chromatography (ethyl acetate (EtOAc)/petroleum ether (PE) 0/100 - 15/85). 

 

Method C: The respective carbonic acid (3.040-3.047, 1 eq) was dissolved in DCM 

(2.5-4.5 mL) and cooled with an ice bath. Dimethylformamide (DMF, 25-45 µL) and 

oxalyl chloride (1.5 eq) were added under argon atmosphere. The reaction mixture was 

stirred for 10 min under cooling. The ice bath was removed and stirring was continued 

for another 15 min at rt. The solvent was carefully removed under reduced pressure 

(water bath temperature below 30 °C). The residue was dissolved in anhydrous 

acetone (2.5-4.5 mL) and added dropwise under cooling to an ice-cold solution of 

sodium azide (2.4 eq) in H2O (1-3 mL). The reaction mixture was stirred for 30 min 

under cooling. Brine (5-10 mL) was added and the acyl azide was extracted three times 

with DCM (10 mL). The organic layers were combined and dried over Na2SO4. A 

molecular sieve was added and the solvent was partially removed under reduced 

pressure. The resulting yellow solution was stirred for 30 min under reflux conditions 

to afford the isocyanate. The solution was cooled to rt followed by the addition of 3.008 

(1 eq) and NEt3 (5 eq). The reaction mixture was stirred overnight at rt. The molecular 

sieve was filtered off and the organic layer was washed three times with H2O (10 mL) 

and three times with brine (10 mL). The organic layers were combined, dried over 

Na2SO4, and the solvent was removed under reduced pressure. The crude product 

was purified by either automated flash chromatography or column chromatography 

(EtOAc/PE). 

 
N’-tert-Butoxycarbonyl-S-methyl-N-propylcarbamoylisothiourea (3.048) 
The title compound was prepared from propylisocyanate (3.034, 149 mg, 1.75 mmol), 

3.008 (500 mg, 2.63 mmol) and NEt3 (0.55 mL, 3.94 mmol) according to the general 

procedure (method B) (EtOAc/PE 0/100-15/85 in 30 min, Rf = 0.72 in EtOAc/PE 1/3) 

yielding a white solid (0.31 g, 64%), mp 56 – 60 °C. 1H NMR (400 MHz, CDCl3): δ 

(ppm) 12.34 (br s, 1H), 3.18 (q, J = 6.9 Hz, 2H), 2.31 (s, 3H), 1.56 (m, 2H), 1.47 (s, 

9H), 0.94 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ (ppm) 167.50, 161.90, 

151.10, 82.60, 41.90, 28.00, 22.90, 14.30, 11.40. HRMS (ESI-MS): m/z [M+H+] 

calculated for C11H22N3O3S+: 276.1376, found 276.1379; C11H21N3O3S (275.37). 
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N’-tert-Butoxycarbonyl-S-methyl-N-pentylcarbamoylisothiourea (3.049) 
(Synthesized by Katharina Tropmann) 

The reaction was carried out with triphosgene (340 mg, 1.15 mmol), pentan-1-amine 

(3.014, 132 µL, 1.15 mmol), DIPEA (0.60 mL, 3.45 mmol), 3.008 (0.44 g, 2.30 mmol) 

and a total of 60 mL DCM according to the general procedure (method A) (Rf = 0.64 in 

EtOAc/PE 1/5) yielding a colorless foamlike solid (0.30 g, 84%). 1H NMR (300 MHz, 

CDCl3): δ (ppm) 12.27 (br s, 1H), 5.51 (s, 1H), 3.15 (q, J = 6.72 Hz, 2H), 2.23 (s, 3H), 

1.58 – 1.42 (m, 2H), 1.41 (s, 9H), 1.34 – 1.19 (m, 4H), 0.91 – 0.75 (m, 3H). 13C NMR 

(75 MHz, CDCl3): δ (ppm) 167.31, 162.05, 151.27, 82.64, 40.28, 29.53, 29.22, 28.16, 

22.52, 14.39, 14.13. HRMS (ESI-MS): m/z [M+H+] calculated for C13H26N3O3S+: 

304.1689, found 304.1713; C13H25N3O3S (303.42). 

 

N’-tert-Butoxycarbonyl-S-methyl-N-hexylcarbamoylisothiourea (3.050) 
(Synthesized by Sabrina Biselli and Claudia Honisch) 

The title compound was prepared from hexylisocyanate (3.035, 223 mg, 1.75 mmol), 

3.008 (500 mg, 2.63 mmol) and NEt3 (0.55 mL, 3.94 mmol) according to the general 

procedure (method B) (EtOAc/PE 0/100-15/85 in 30 min, Rf = 0.67 in EtOAc/PE 1/3) 

yielding a white solid (0.45 g, 81%), mp 56 – 59 °C. 1H NMR (400 MHz, CDCl3): δ 

(ppm) 12.35 (br s, 1H), 3.24 – 3.19 (m, 2H), 2.31 (s, 3H), 1.59 – 1.49 (m, 2H), 1.47 (s, 

9H), 1.37 – 1.26 (m, 6H), 0.90 – 0.85 (m, 3H). 13C NMR (100 MHz, CDCl3): δ (ppm) 

167.70, 161.80, 151.10, 82.60, 40.20, 31.50, 29.70, 28.00, 26.60, 22.60, 14.30, 14.00. 

HRMS (ESI-MS): m/z [M+H+] calculated for C14H28N3O3S+: 318.1846, found 318.1851; 

C14H27N3O3S (317.45). 

 

N’-tert-Butoxycarbonyl-S-methyl-N-cyclohexylcarbamoylisothiourea (3.051) 
(Synthesized by Sabrina Biselli and Claudia Honisch) 

The title compound was prepared from cyclohexylisocyanate (3.036, 219 mg, 1.75 

mmol), 3.008 (500 mg, 2.63 mmol) and NEt3 (0.55 mL, 3.94 mmol) according to the 

general procedure (method B) (EtOAc/PE 0/100-15/85 in 35 min, Rf = 0.63 in 

EtOAc/PE 1/3) yielding a white solid (0.47 g, 85%), mp 150 – 152 °C. 1H NMR (400 

MHz, CDCl3): δ (ppm) 12.43 (br s, 1H), 3.63 – 3.53 (m, 1H), 2.34 (s, 3H), 1.97 – 1.93 

(m, 2H), 1.76 – 1.71 (m, 2H), 1.66 – 1.59 (m, 1H), 1.47 (s, 9H), 1.42 – 1.31 (m, 2H), 

1.26 – 1.12 (m, 3H). 13C NMR (100 MHz, CDCl3): δ (ppm) 167.60, 160.90, 151.00, 
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82.70, 49.10, 33.10, 28.00, 25.50, 24.90, 14.40. HRMS (ESI-MS): m/z [M+H+] 

calculated for C14H26N3O3S+: 316.1689, found 316.1700; C14H25N3O3S (315.43). 

 

N’-tert-Butoxycarbonyl-S-methyl-N-phenylcarbamoylisothiourea (3.052) 
(Synthesized by Sabrina Biselli and Claudia Honisch) 
The title compound was prepared from phenylisocyanate (3.037, 210 mg, 1.75 mmol), 

3.008 (500 mg, 2.63 mmol) and NEt3 (0.55 mL, 3.94 mmol) according to the general 

procedure (method B) (EtOAc/PE 0/100-10/90 in 25 min, Rf = 0.66 in EtOAc/PE 1/3) 

yielding a white solid (0.31 g, 57%), mp 126 – 130 °C. 1H NMR (400 MHz, CDCl3): δ 

(ppm) 12.22 (br s, 1H), 7.51 – 7.49 (m, 2H), 7.42 (br s, 1H), 7.35 – 7.31 (m, 2H), 7.12 

– 7.08 (m, 1H), 2.40 (s, 3H), 1.50 (s, 9H). 13C NMR (100 MHz, CDCl3): δ (ppm) 169.20, 

159.30, 151.00, 137.90, 129.10, 124.00, 119.40, 83.10, 28.00, 14.60. HRMS (ESI-MS): 

m/z [M+H+] calculated for C14H20N3O3S+: 310.1220, found 310.1228; C14H19N3O3S 

(309.38). 

 

N’-tert-Butoxycarbonyl-S-methyl-N-benzylcarbamoylisothiourea (3.053) 
(Synthesized by Sabrina Biselli and Claudia Honisch) 

The title compound was prepared from benzylisocyanate (3.038, 234 mg, 1.75 mmol), 

3.008 (500 mg, 2.63 mmol) and NEt3 (0.55 mL, 3.94 mmol) according to the general 

procedure (method B) (EtOAc/PE 0/100-15/85 in 35 min, Rf = 0.77 in EtOAc/PE 1/3) 

yielding a white solid (0.45 g, 80%), mp 104 – 107 °C. 1H NMR (400MHz, CDCl3): δ 

(ppm) 12.38 (br s, 1H), 7.37 – 7.27 (m, 5H), 6.09 (br s, 1H), 4.43 (d, J = 6.1 Hz, 2H), 

2.34 (s, 3H), 1.49 (s, 9H). 13C NMR (100 MHz, CDCl3): δ (ppm) 168.50, 155.30, 151.00, 

138.20, 128.80, 127.64, 127.56, 83.00, 44.20, 28.00, 14.50. HRMS (ESI-MS): m/z 

[M+H+] calculated for C15H22N3O3S+: 324.1376, found 324.1384; C15H21N3O3S 

(323.41). 

 

N’-tert-Butoxycarbonyl-S-methyl-N-diphenylmethylcarbamoylisothiourea 
(3.054) (Synthesized by Steffen Pockes) 
The reaction was carried out with 15% phosgene in toluene (1.35 mL, 1.89 mmol), 

diphenylmethanamine (3.014, 0.35 g, 1.89 mmol), DIPEA (1.02 mL, 5.67 mmol), 3.008 

(0.72 g, 3.78 mmol) and a total of 60 mL DCM according to the general procedure 

(method A) (Rf = 0.55 in DCM) yielding a colorless foamlike solid (0.25 g, 33%). 1H 

NMR (300 MHz, CDCl3) δ (ppm) 12.32 (br s, 1H), 7.38 – 7.25 (m, 10H), 6.18 (br s, 1H), 
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6.05 (d, J = 7.6 Hz, 1H), 2.33 (s, 3H), 1.46 (s, 9H). 13C NMR (75 MHz, CDCl3) δ (ppm) 

168.65, 160.96, 151.07, 141.43, 128.79, 127.61, 127.40, 82.78, 58.23, 28.03, 14.49. 

HRMS (ESI-MS): m/z [M+H+] calculated for C21H26N3O3S+: 400.1689, found 400.1695; 

C21H25N3O3S (399.51). 

 
(R)-N’-tert-Butoxycarbonyl-S-methyl-N-(1-phenylethyl)carbamoylisothiourea 
(3.055)  
The reaction was carried out with 15% phosgene in toluene (5.89 mL, 8.25 mmol), (R)-

1-phenylethan-1-amine (3.015, 1.00 g, 8.25 mmol), DIPEA (4.46 mL, 24.75 mmol), 

3.008 (3.14 g, 16.50 mmol) and a total of 150 mL DCM according to the general 

procedure (method A) (Rf = 0.50 in DCM) yielding a colorless foamlike solid (1.60 g, 

57%). 1H NMR (300 MHz, CDCl3) δ (ppm) 12.29 (br s, 1H), 7.41 – 7.26 (m, 5H), 5.81 

(br s, 1H), 4.93 (p, J = 7.1 Hz, 1H), 2.32 (s, 3H), 1.52 (d, J = 6.9 Hz, 3H), 1.46 (s, 9H). 
13C NMR (75 MHz, CDCl3) δ (ppm) 167.92, 161.02, 151.13, 143.44, 128.75, 127.39, 

125.98, 82.67, 49.79, 28.04, 22.31, 14.38. HRMS (ESI-MS): m/z [M+H+] calculated for 

C16H24N3O3S+: 338.1533, found 338.1542; C16H23N3O3S (337.44). 
 

(S)-N’-tert-Butoxycarbonyl-S-methyl-N-(1-phenylethyl)carbamoylisothiourea 
(3.056) (Synthesized by Steffen Pockes) 
The reaction was carried out with 15% phosgene in toluene (1.22 mL, 1.71 mmol), (S)-

1-phenylethan-1-amine (3.016, 0.21 g, 1.71 mmol), DIPEA (0.89 mL, 5.12 mmol), 

3.008 (0.65 g, 3.42 mmol) and a total of 40 mL DCM according to the general 

procedure (method A) (Rf = 0.50 in DCM) yielding a colorless foamlike solid (0.44 g, 

76%). 1H NMR (300 MHz, CDCl3) δ (ppm) 12.30 (br s, 1H), 7.41 – 7.27 (m, 5H), 5.81 

(br s, 1H), 4.93 (p, J = 7.1 Hz, 1H), 2.32 (s, 3H), 1.53 (d, J = 7.0 Hz, 3H), 1.46 (s, 9H). 
13C NMR (75 MHz, CDCl3) δ (ppm) 167.95, 161.09, 151.11, 143.43, 128.75, 127.39, 

125.98, 82.70, 49.80, 28.03, 22.32, 14.39. HRMS (ESI-MS): m/z [M+H+] calculated for 

C16H24N3O3S+: 338.1533, found 338.1542; C16H23N3O3S (337.44). 
 

N’-tert-Butoxycarbonyl-S-methyl-N-(2,2,2-trifluoro-1-
phenylethyl)carbamoylisothiourea (3.057) 
The reaction was carried out with 15% phosgene in toluene (2.44 mL, 3.42 mmol), 

3.017 (0.60 g, 3.42 mmol), DIPEA (1.74 mL, 10.26 mmol), 3.008 (1.30 g, 6.84 mmol) 

and a total of 100 mL DCM according to the general procedure (method A) (Rf = 0.84 
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in DCM) yielding a colorless solid (1.01 g, 75%), mp 124 - 128 °C. 1H NMR (300 MHz, 

CDCl3) δ (ppm) 12.08 (s, 1H), 7.46 – 7.31 (m, 5H), 6.20 (d, J = 9.7 Hz, 1H), 5.59 – 5.41 

(m, 1H), 2.33 (s, 3H), 1.47 (s, 9H). 13C NMR (75 MHz, CDCl3) δ (ppm) 170.19, 161.00, 

150.90, 132.99, 129.38, 129.08, 127.95, 124.66 (d, J = 281.8 Hz), 83.17, 55.61 (q, J = 

31.3 Hz), 28.05, 14.54. HRMS (ESI-MS): m/z [M+H+] calculated for C16H21F3N3O3S+: 

392.1250, found 392.1254; C16H20F3N3O3S (391.41). 
 

N’-tert-Butoxycarbonyl-S-methyl-N-(1-phenylpropyl)carbamoylisothiourea 
(3.058) 
The reaction was carried out with 15% phosgene in toluene (1.22 mL, 1.71 mmol), 1-

phenylpropylamine (3.018, 0.23 g, 1.71 mmol), DIPEA (0.89 mL, 5.12 mmol), 3.008 

(0.65 g, 3.42 mmol) and a total of 60 mL DCM according to the general procedure 

(method A) (Rf = 0.75 in DCM) yielding a colorless foamlike solid (0.37 g, 62%). 1H 

NMR (300 MHz, CDCl3) δ (ppm) 12.29 (s, 1H), 7.38 – 7.24 (m, 5H), 5.79 (d, J = 8.2 

Hz, 1H), 4.67 (q, J = 7.5 Hz, 1H), 2.31 (s, 3H), 1.98 – 1.71 (m, 2H), 1.45 (s, 9H), 0.92 

(t, J = 7.4 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ (ppm) 167.91, 161.45, 151.25, 142.42, 

128.80, 127.48, 126.58, 82.69, 56.12, 29.62, 28.13, 14.46, 10.97. HRMS (ESI-MS): 

m/z [M+H+] calculated for C17H26N3O3S+: 352.1689, found 352.1693; C17H25N3O3S 

(351.47). 
 
N’-tert-Butoxycarbonyl-S-methyl-N-(1-phenylisobutyl)carbamoylisothiourea 
(3.059) 
The reaction was carried out with 15% phosgene in toluene (1.54 mL, 2.15 mmol), 

3.019-HCl (0.40 g, 2.15 mmol), DIPEA (1.12 mL, 6.45 mmol), 3.008 (0.82 g, 

4.30 mmol) and a total of 60 mL DCM according to the general procedure (method A) 

(Rf = 0.90 in DCM) yielding a colorless oil (0.61 g, 77%). 1H NMR (300 MHz, CDCl3) δ 

(ppm) 12.29 (s, 1H), 7.38 – 7.22 (m, 5H), 5.86 (d, J = 9.0 Hz, 1H), 4.54 (t, 1H), 2.32 (s, 

3H), 2.11 – 1.98 (m, 1H), 1.44 (s, 9H), 0.99 (d, J = 6.7 Hz, 3H), 0.85 (d, J = 6.7 Hz, 

3H). 13C NMR (75 MHz, CDCl3) δ (ppm) 167.75, 161.49, 151.12, 141.64, 128.49, 

127.20, 126.86, 82.55, 60.25, 33.58, 28.03, 19 .85, 18.87, 14.37. HRMS (ESI-MS): m/z 

[M+H+] calculated for C18H28N3O3S+: 366.1846, found 366.1853; C18H27N3O3S 

(365.49). 
  



Design and Biological Evaluation of Histamine H2-Receptor Ligands 

 421  

N’-tert-Butoxycarbonyl-S-methyl-N-(1-(p-tolyl)ethyl)carbamoylisothiourea 
(3.060) 
The reaction was carried out with 15% phosgene in toluene (1.22 mL, 1.71 mmol), 1-

(-4-methylphenyl)ethylamine (3.020, 0.23 g, 1.71 mmol), DIPEA (0.89 mL, 5.12 mmol), 

3.008 (0.65 g, 3.42 mmol) and a total of 60 mL DCM according to the general 

procedure (method A) (Rf = 0.69 in DCM) yielding a colorless solid (0.43 g, 72%), mp 

108 - 109.5 °C. 1H NMR (300 MHz, CDCl3) δ (ppm) 12.30 (s, 1H), 7.24 (d, J = 8.1 Hz, 

2H), 7.16 (d, J = 8.0 Hz, 2H), 5.77 (s, 1H), 4.89 (p, J = 7.0 Hz, 1H), 2.33 (s, 3H), 2.30 

(s, 3H), 1.50 (d, J = 6.9 Hz, 3H), 1.46 (s, 9H). 13C NMR (75 MHz, CDCl3) δ (ppm) 

167.89, 161.12, 151.25, 140.58, 137.16, 129.51, 126.02, 82.73, 49.66, 28.16, 22.41, 

21.22, 14.48. HRMS (ESI-MS): m/z [M+H+] calculated for C17H26N3O3S+: 352.1689, 

found 352.1692; C17H25N3O3S (351.47). 
 
N’-tert-Butoxycarbonyl-S-methyl-N-(1-(4-
fluorophenyl)ethyl)carbamoylisothiourea (3.061) 
The reaction was carried out with 15% phosgene in toluene (1.22 mL, 1.71 mmol), 1-

(-4-fluorophenyl)ethylamine (3.021, 0.24 g, 1.71 mmol), DIPEA (0.89 mL, 5.12 mmol), 

3.008 (0.65 g, 3.42 mmol) and a total of 60 mL DCM according to the general 

procedure (method A) (Rf = 0.72 in DCM) yielding a colorless foamlike solid (0.35 g, 

58%). 1H NMR (300 MHz, CDCl3) δ (ppm) 12.24 (s, 1H), 7.33 – 7.28 (m, 2H), 7.07 – 

7.00 (m, 2H), 5.76 (d, J = 7.7 Hz, 1H), 4.90 (p, J = 7.1 Hz, 1H), 2.31 (s, 3H), 1.50 (d, J 

= 2.9 Hz, 3H), 1.46 (s, 9H). 13C NMR (75 MHz, CDCl3) δ (ppm) 168.12, 161.98 (d, J = 

245.4 Hz), 161.06, 151.10, 139.28, 127.56 (d, J = 8.0 Hz), 115.52 (d, J = 21.4 Hz), 

82.71, 49.15, 28.02, 22.40, 14.36. HRMS (ESI-MS): m/z [M+H+] calculated for 

C16H23FN3O3S+: 356.1439, found 356.1441; C16H22FN3O3S (355.43). 
 
N’-tert-Butoxycarbonyl-S-methyl-N-(1-(4-
chlorophenyl)ethyl)carbamoylisothiourea (3.062) 
The reaction was carried out with 15% phosgene in toluene (1.22 mL, 1.71 mmol), 1-

(-4-chlorophenyl)ethylamine (3.022, 0.27 g, 1.71 mmol), DIPEA (0.89 mL, 5.12 mmol), 

3.008 (0.65 g, 3.42 mmol) and a total of 60 mL DCM according to the general 

procedure (method A) (Rf = 0.72 in DCM) yielding a colorless oil (0.22 g, 35%). 1H 

NMR (300 MHz, CDCl3) δ (ppm) 12.22 (s, 1H), 7.39 – 7.18 (m, 4H), 5.75 (d, J = 7.6 

Hz, 1H), 4.89 (p, J = 7.1 Hz, 1H), 2.31 (s, 3H), 1.49 (d, J = 6.9 Hz, 3H), 1.46 (s, 9H). 
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13C NMR (75 MHz, CDCl3) δ (ppm) 168.35, 161.21, 151.21, 142.26, 133.15, 128.97, 

127.44, 82.85, 49.38, 28.14, 22.47, 14.49. HRMS (ESI-MS): m/z [M+H+] calculated for 

C16H23ClN3O3S+: 372.1143, found 372.1142; C16H22ClN3O3S (371.88). 
 
N’-tert-Butoxycarbonyl-S-methyl-N-(1-(4-
bromophenyl)ethyl)carbamoylisothiourea (3.063) 
The reaction was carried out with 15% phosgene in toluene (1.22 mL, 1.71 mmol), 1-

(-4-bromophenyl)ethylamine (3.023, 0.34 g, 1.71 mmol), DIPEA (0.89 mL, 5.12 mmol), 

3.008 (0.65 g, 3.42 mmol) and a total of 60 mL DCM according to the general 

procedure (method A) (Rf = 0.72 in DCM) yielding a colorless oil (0.30 g, 42%). 1H 

NMR (300 MHz, CDCl3) δ (ppm) 12.21 (s, 1H), 7.51 – 7.42 (m, 2H), 7.25 – 7.14 (m, 

2H), 5.74 (d, J = 7.6 Hz, 1H), 4.87 (p, J = 7.1 Hz, 1H), 2.31 (s, 3H), 1.49 (d, J = 7.1 Hz, 

3H), 1.46 (s, 9H). 13C NMR (75 MHz, CDCl3) δ (ppm) 168.38, 161.21, 151.21, 142.81, 

131.93, 127.81, 121.24, 82.86, 49.46, 28.15, 22.45, 14.51. HRMS (ESI-MS): m/z 

[M+H+] calculated for C16H23BrN3O3S+: 416.0638, found 416.0638; C16H22BrN3O3S 

(416.33). 
 

N’-tert-Butoxycarbonyl-S-methyl-N-(1-(4-
methoxyphenyl)ethyl)carbamoylisothiourea (3.064) 
The reaction was carried out with 15% phosgene in toluene (2.36 mL, 3.31 mmol), 

3.024 (0.50 g, 3.31 mmol), DIPEA (1.73 mL, 9.92 mmol), 3.008 (1.26 g, 6.62 mmol) 

and a total of 100 mL DCM according to the general procedure (method A) (Rf = 0.36 

in DCM) yielding a colorless oil (0.71 g, 58%). 1H NMR (300 MHz, CDCl3) δ (ppm) 

12.31 (s, 1H), 7.29 – 7.21 (m, 2H), 6.90 – 6.81 (m, 2H), 5.85 (d, J = 7.9 Hz, 1H), 4.87 

(p, J = 7.1 Hz, 1H), 3.77 (s, 3H), 2.28 (s, 3H), 1.48 (d, J = 6.9 Hz, 3H), 1.45 (s, 9H). 
13C NMR (75 MHz, CDCl3) δ (ppm) 167.72, 161.01, 158.79, 151.11, 135.52, 127.17, 

114.04, 82.57, 55.28, 49.17, 28.03, 22.17, 14.31. HRMS (ESI-MS): m/z [M+H+] 

calculated for C17H26N3O4S+: 368.1639, found 368.1640; C17H25N3O4S (367.46). 
 

N’-tert-Butoxycarbonyl-S-methyl-N-(1-(4-
trifluoromethoxyphenyl)ethyl)carbamoylisothiourea (3.065) 
The reaction was carried out with 15% phosgene in toluene (1.19 mL, 1.66 mmol), 

3.025-HCl (0.40 g, 1.66 mmol), DIPEA (0.87 mL, 4.98 mmol), 3.008 (0.63 g, 

3.32 mmol) and a total of 60 mL DCM according to the general procedure (method A) 
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(Rf = 0.80 in DCM) yielding a colorless oil (0.43 g, 62%).  1H NMR (300 MHz, CDCl3) δ 

(ppm) 12.22 (s, 1H), 7.37 – 7.32 (m, 2H), 7.21 – 7.14 (m, 2H), 5.87 (d, J = 7.7 Hz, 1H), 

4.92 (p, J = 7.1 Hz, 1H), 2.30 (s, 3H), 1.49 (d, J = 7.0 Hz, 3H), 1.45 (s, 9H). 13C NMR 

(75 MHz, CDCl3) δ (ppm) 168.28, 161.09, 151.04, 148.25, 142.32, 127.33, 121.19, 

120.46 (d, J = 257.0 Hz), 82.74, 49.16, 27.98, 22.31, 14.32. HRMS (ESI-MS): m/z 

[M+H+] calculated for C17H23F3N3O4S+: 422.1356, found 422.1359; C17H22F3N3O4S 

(421.44). 

 
N’-tert-Butoxycarbonyl-S-methyl-N-(1-(2-
fluorophenyl)ethyl)carbamoylisothiourea (3.066) 
The reaction was carried out with 15% phosgene in toluene (3.08 mL, 4.31 mmol), 

3.026 (0.60 g, 4.31 mmol), DIPEA (2.20 mL, 12.93 mmol), 3.008 (1.64 g, 8.62 mmol) 

and a total of 100 mL DCM according to the general procedure (method A) (Rf = 0.72 

in DCM) yielding a yellow oil (0.93 g, 61%). 1H NMR (400 MHz, CDCl3) δ (ppm) 12.40 

(s, 1H), 7.48 – 7.17 (m, 4H), 6.13 (s, 1H), 5.28 (p, J = 7.1 Hz, 1H), 2.47 (s, 3H), 1.67 

(d, J = 7.0 Hz, 3H), 1.60 (s, 9H). 13C NMR (101 MHz, CDCl3) δ (ppm) 168.11, 160.85, 

160.49 (d, J = 246.0 Hz), 151.06, 130.41 (d, J = 13.3 Hz), 128.89 (d, J = 8.3 Hz), 127.56 

(d, J = 4.8 Hz), 124.33 (d, J = 3.5 Hz), 115.89 (d, J = 21.7 Hz), 82.65, 45.72, 28.01, 

21.62, 14.36. HRMS (ESI-MS): m/z [M+H+] calculated for C16H23FN3O3S+: 356.1439, 

found 356.1445; C16H22FN3O3S (355.43). 
 

N’-tert-Butoxycarbonyl-S-methyl-N-(1-(3-
fluorophenyl)ethyl)carbamoylisothiourea (3.067) 
The reaction was carried out with 15% phosgene in toluene (3.08 mL, 4.31 mmol), 

3.027-HCl (0.60 g, 4.31 mmol), DIPEA (2.20 mL, 12.93 mmol), 3.008 (1.64 g, 

8.62 mmol) and a total of 100 mL DCM according to the general procedure (method A) 

(Rf = 0.76 in DCM) yielding a colorless oil (0.77 g, 51%). 1H NMR (400 MHz, CDCl3) δ 

(ppm) 12.40 (s, 1H), 7.48 – 7.02 (m, 4H), 6.16 (d, J = 7.8 Hz, 1H), 5.06 (p, J = 7.1 Hz, 

1H), 2.44 (s, 3H), 1.61 (d, J = 7.5 Hz, 2H), 1.60 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 

(ppm) 162.96 (d, J = 246.2 Hz), 161.64, 161.01, 150.93, 146.32 (d, J = 6.6 Hz), 130.14 

(d, J = 8.2 Hz), 121.55 (d, J = 2.8 Hz), 114.04 (d, J = 21.1 Hz), 112.80 (d, J = 21.8 Hz), 

82.55, 53.14, 27.89, 22.15, 14.42. HRMS (ESI-MS): m/z [M+H+] calculated for 

C16H23FN3O3S+: 356.1439, found 356.1445; C16H22FN3O3S (355.43). 
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N’-tert-Butoxycarbonyl-S-methyl-N-(1-(2-furanyl)methyl)carbamoylisothiourea 
(3.068) 
The reaction was carried out with 15% phosgene in toluene (4.41 mL, 6.18 mmol), 

furfurylamine (3.028, 0.60 g, 6.18 mmol), DIPEA (3.15 mL, 18.53 mmol), 3.008 (2.35 g, 

12.36 mmol) and a total of 100 mL DCM according to the general procedure (method 

A) (Rf = 0.74 in DCM) yielding a yellow oil (0.56 g, 29%). 1H NMR (400 MHz, CDCl3) δ 

(ppm) 12.15 (s, 1H), 7.25 (d, J = 10.3 Hz, 1H), 6.24 – 6.12 (m, 2H), 5.77 (s, 1H), 4.30 

(d, J = 5.9 Hz, 2H), 2.20 (s, 3H), 1.37 (s, 9H). 13C NMR (101 MHz, CDCl3) δ (ppm) 

168.47, 161.59, 151.45, 142.44, 110.55, 107.51, 82.91, 37.26, 28.16, 14.51. HRMS 

(ESI-MS): m/z [M+H+] calculated for C13H20N3O4S+: 314.1169, found 314.1174; 

C13H19N3O4S (313.37). 
 
N’-tert-Butoxycarbonyl-S-methyl-N-(1-(2-furanyl)ethyl)carbamoylisothiourea 
(3.069) 
The reaction was carried out with 15% phosgene in toluene (2.89 mL, 4.05 mmol), 

3.029 (0.45 g, 4.05 mmol), DIPEA (2.10 mL, 12.15 mmol), 3.008 (1.54 g, 8.10 mmol) 

and a total of 100 mL DCM according to the general procedure (method A) (Rf = 0.60 

in DCM) yielding a colorless oil (0.36 g, 27%). 1H NMR (400 MHz, CDCl3) δ (ppm) 

12.20 (s, 1H), 7.27 – 7.23 (m, 1H), 6.23 – 6.09 (m, 2H), 5.71 (s, 1H), 4.94 (p, J = 7.1 

Hz, 1H), 2.21 (s, 3H), 1.43 (d, J = 7.0 Hz, 3H), 1.38 (s, 9H). 13C NMR (101 MHz, CDCl3) 

δ (ppm) 168.25, 161.70, 155.41, 151.03, 141.95, 110.16, 105.48, 53.24, 43.64, 28.03, 

19.58, 14.35. HRMS (ESI-MS): m/z [M+H+] calculated for C14H22N3O4S+: 328.1326, 

found 328.1334; C14H21N3O4S (327.40). 
 

N’-tert-Butoxycarbonyl-S-methyl-N-(1-(thiophen-2-
yl)ethyl)carbamoylisothiourea (3.070) 
The reaction was carried out with 15% phosgene in toluene (1.85 mL, 2.59 mmol), 

3.030 (0.33 g, 2.59 mmol), DIPEA (1.35 mL, 7.78 mmol), 3.008 (0.99 g, 5.19 mmol) 

and a total of 60 mL DCM according to the general procedure (method A) (Rf = 0.62 in 

DCM) yielding a colorless oil (0.29 g, 33%). 1H NMR (400 MHz, CDCl3) δ (ppm) 12.31 

(s, 1H), 7.23 – 7.18 (m, 1H), 7.03 – 6.91 (m, 2H), 5.91 (s, 1H), 5.22 (p, J = 7.3 Hz, 1H), 

2.41 (s, 3H), 1.62 (d, J = 6.9 Hz, 3H), 1.48 (s, 9H). 13C NMR (101 MHz, CDCl3) δ (ppm) 

173.09, 161.85, 151.10, 147.24, 126.97, 124.44, 124.02, 53.39, 45.60, 28.12, 22.57, 
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14.61. HRMS (ESI-MS): m/z [M+H+] calculated for C14H22N3O3S2+: 344.1097, found 

344.1097; C14H21N3O3S2 (343.46). 

 
N’-tert-Butoxycarbonyl-S-methyl-N-(2-phenylethyl)carbamoylisothiourea (3.071) 
(Synthesized by Sabrina Biselli and Claudia Honisch) 
The title compound was prepared from phenethylisocyanate (3.039, 258 mg, 1.75 

mmol), 3.008 (500 mg, 2.63 mmol) and NEt3 (0.55 mL, 3.94 mmol) according to the 

general procedure (method B) (EtOAc/PE 0/100-15/85 in 35 min, Rf = 0.73 in 

EtOAc/PE 1/3) yielding a white solid (0.43 g, 73%), mp 102 – 104 °C. 1H NMR (400 

MHz, CDCl3): δ (ppm) 12.32 (br s, 1H), 7.34 – 7.17 (m, 5H), 3.52 – 3.47 (m, 2H), 2.86 

(t, J = 7.2 Hz, 2H), 2.29 (s, 3H), 1.49 (s, 9H). 13C NMR (100 MHz, CDCl3): δ (ppm) 

168.90, 161.70, 151.10, 138.80, 128.80, 128.60, 126.50, 82.80, 41.40, 35.90, 28.10, 

14.40. HRMS (ESI-MS): m/z [M+H+] calculated for C16H24N3O3S+: 338.1533, found 

338.1546; C16H23N3O3S (337.44). 
 
N’-tert-Butoxycarbonyl-S-methyl-N-(2,2-diphenylethyl)carbamoylisothiourea 
(3.072) (Synthesized by Steffen Pockes) 
The reaction was carried out with 15% phosgene in toluene (1.22 mL, 1.71 mmol), 2,2-

diphenylethan-1-amine (3.031, 0.34 g, 1.71 mmol), DIPEA (0.92 mL, 5.12 mmol), 

3.008 (0.65 g, 3.42 mmol) and a total of 60 mL DCM according to the general 

procedure (method A) (Rf = 0.60 in DCM) yielding a colorless foamlike solid (0.34 g, 

48%). 1H NMR (300 MHz, CDCl3) δ (ppm) 12.27 (br s, 1H), 7.39 – 7.17 (m, 10H), 5.54 

(br s, 1H), 4.22 (t, J = 7.8 Hz, 1H), 3.88 (dd, J = 7.9, 6.1 Hz, 2H), 2.23 (s, 3H), 1.49 (s, 

9H). 13C NMR (75 MHz, CDCl3) δ (ppm) 167.75, 161.75, 151.10, 141.90, 128.76, 

128.08, 126.85, 82.73, 50.76, 44.61, 28.06, 14.34. HRMS (ESI-MS): m/z [M+H+] 

calculated for C22H28N3O3S+: 414.1846, found 414.1852; C22H27N3O3S (413.54). 
 

N’-tert-Butoxycarbonyl-S-methyl-N-(2-cyclohexylpropyl)carbamoylisothiourea 
(3.073) (Synthesized by Sabrina Biselli) 
3.073 was prepared from 3-cyclohexyl butanoic acid (3.040, 150 mg, 0.88 mmol), 

oxalyl chloride (168 mg, 1.32 mmol), sodium azide (137 mg, 2.11 mmol), 3.008 (167 

mg, 0.88 mmol) and NEt3 (0.61 mL, 4.41 mmol) according to general procedure 

(method C) (Rf = 0.81 in EtOAc/PE 1/3) yielding a colorless oil (210 mg, 67%). 1H NMR 

(300 MHz, CDCl3): δ (ppm) 12.43 (br s, 1H), 3.30 – 3.22 (m, 1H), 3.09-2.99 (m, 1H), 
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2.37 (br s, 3H), 1.76 – 1.62 (m, 6H), 1.48 (s, 9H), 1.30 – 0.97 (m, 6H), 0.89 (d, J = 6.9 

Hz, 3H). 13C NMR (100 MHz, CDCl3): δ (ppm) 167.20, 162.20, 151.30, 82.60, 44.10, 

40.60, 38.70, 30.90, 28.60, 28.10, 26.80, 26.74, 26.67, 14.50, 14.40. HRMS (ESI-MS): 

m/z [M+H+] calculated for C17H32N3O3S+: 358.2159, found 358.2199; C17H31N3O3S 

(357.51). 
 

(R)-N’-tert-Butoxycarbonyl-S-methyl-N-(2-phenylpropyl)carbamoylisothiourea 
(3.074) (Synthesized by Steffen Pockes) 
The reaction was carried out with 15% phosgene in toluene (1.22 mL, 1.71 mmol), (R)-

2-phenylpropan-1-amine (3.032, 0.23 g, 1.71 mmol), DIPEA (0.92 mL, 5.12 mmol), 

3.008 (0.65 g, 3.42 mmol) and a total of 60 mL DCM according to the general 

procedure (method A) (Rf = 0.53 in DCM) yielding a colorless foamlike solid (0.48 g, 

80%). 1H NMR (300 MHz, CDCl3) δ (ppm) 12.28 (br s, 1H), 7.37 – 7.18 (m, 5H), 5.53 

(br s, 1H), 3.57 – 3.21 (m, 2H), 3.05 - 2.93 (m, 1H), 2.33 (s, 3H), 1.50 (s, 9H), 1.30 (d, 

J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ (ppm) 170.10, 162.40, 151.07, 144.09, 

128.69, 127.21, 126.70, 83.35, 46.96, 39.90, 28.02, 19.30, 14.34. HRMS (ESI-MS): 

m/z [M+H+] calculated for C17H26N3O3S+: 352.1689, found 352.1697; C17H25N3O3S 

(351.47). 

 
(S)-N’-tert-Butoxycarbonyl-S-methyl-N-(2-phenylpropyl)carbamoylisothiourea 
(3.075) (Synthesized by Steffen Pockes) 
The reaction was carried out with 15% phosgene in toluene (1.22 mL, 1.71 mmol), (S)-

2-phenylpropan-1-amine (3.033, 0.23 g, 1.71 mmol), DIPEA (0.92 mL, 5.12 mmol), 

3.008 (0.65 g, 3.42 mmol) and a total of 60 mL DCM according to the general 

procedure (method A) (Rf = 0.53 in DCM) yielding a colorless foamlike solid (0.42 g, 

70%). 1H NMR (300 MHz, CDCl3) δ (ppm) 12.29 (br s, 1H), 7.37 – 7.19 (m, 5H), 5.48 

(br s, 1H), 3.58 – 3.23 (m, 2H), 3.05 – 2.91 (m, 1H), 2.25 (s, 3H), 1.48 (s, 9H), 1.30 (d, 

J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ (ppm) 167.53, 161.87, 151.12, 144.10, 

128.70, 127.21, 126.70, 82.64, 46.95, 39.91, 28.05, 19.31, 14.31. HRMS (ESI-MS): 

m/z [M+H+] calculated for C17H26N3O3S+: 352.1689, found 352.1694; C17H25N3O3S 

(351.47). 
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N’-tert-Butoxycarbonyl-S-methyl-N-(2-phenylbutyl)carbamoylisothiourea (3.076) 
(Synthesized by Sabrina Biselli) 
3.076 was prepared from 3-phenyl pentanoic acid (3.041, 150 mg, 0.84 mmol), oxalyl 

chloride (160 mg, 1.26 mmol), sodium azide (131 mg, 2.02 mmol), 3.008 (160 mg, 0.84 

mmol) and NEt3 (0.59 mL, 4.21 mmol) according to general procedure (method C) 

(Rf = 0.71 in EtOAc/PE 1/3) yielding a colorless oil (190 mg, 62%). 1H NMR (300 MHz, 

CDCl3): δ (ppm) 12.53 (br s, 1H), 7.36 – 7.15 (m, 5H), 3.65 – 3.56 (m, 1H), 3.33 – 3.25 

(m, 1H), 2.76 – 2.66 (m, 1H), 2.37 (br s, 3H), 1.85 – 1.48 (m, 11H), 0.82 (t, J = 7.4 Hz, 

3H). 13C NMR (100 MHz, CDCl3): δ (ppm) 167.50, 162.00, 151.30, 142.60, 128.80, 

128.00, 126.80, 82.70, 47.80, 45.70, 28.20, 26.80, 14.40, 12.00. HRMS (ESI-MS): m/z 

[M+H+] calculated for C18H28N3O3S+: 366.1846, found 366.1895; C18H27N3O3S 

(365.49). 
 

N’-tert-Butoxycarbonyl-S-methyl-N-(3-methyl-2-
phenylbutyl)carbamoylisothiourea (3.077) (Synthesized by Sabrina Biselli) 
3.077 was prepared from 4-methyl-3-phenyl pentanoic acid (3.042, 150 mg, 0.78 

mmol), oxalyl chloride (149 mg, 1.17 mmol), sodium azide (122 mg, 1.87 mmol), 3.008 

(148 mg, 0.78 mmol) and NEt3 (0.54 mL, 3.90 mmol) according to general procedure 

(method C) (Rf = 0.81 in EtOAc/PE 1/3) yielding a colorless oil (130 mg, 44%). 1H NMR 

(300 MHz, CDCl3): δ (ppm) 12.36 (br s, 1H), 7.35 – 7.10 (m, 5H), 3.88 – 3.79 (m, 1H), 

3.37 – 3.25 (m, 1H), 2.58 – 2.50 (m, 1H), 2.24 (s, 3H), 1.97 – 1.85 (m, 1H), 1.48 (s, 

9H), 1.02 (d, J = 6.7 Hz, 3H), 0.75 (d, J = 6.7 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 

(ppm) 167.70, 161.40, 151.00, 141.60, 128.54, 128.48, 126.70, 82.80, 52.60, 43.10, 

31.50, 28.00, 20.90, 20.50, 14.40. HRMS (ESI-MS): m/z [M+H+] calculated for 

C19H30N3O3S+: 380.2002, found 380.2034; C19H29N3O3S (379.52). 
 

N’-tert-Butoxycarbonyl-S-methyl-N-(2-(4-prop-2-
ylphenyl)propyl)carbamoylisothiourea (3.078) (Synthesized by Sabrina Biselli) 
3.078 was prepared from 3-(4-prop-2-ylphenyl) butanoic acid (3.043, 150 mg, 0.73 

mmol), oxalyl chloride (138 mg, 1.09 mmol), sodium azide (114 mg, 1.75 mmol), 3.008 

(138 mg, 0.73 mmol) and NEt3 (0.51 mL, 3.64 mmol) according to general procedure 

(method C) (Rf = 0.74 in EtOAc/PE 1/3) yielding a colorless oil (220 mg, 77%). 1H NMR 

(300 MHz, CDCl3): δ (ppm) 12.37 (br s, 1H), 7.21 – 7.12 (m, 4H), 3.53 – 3.44 (m, 1H), 

3.33 – 3.24 (m, 1H), 2.99 – 2.85 (m, 2H), 2.29 (br s, 3H), 1.48 (s, 9H), 1.30 – 1.24 (m, 
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9H). 13C NMR (100 MHz, CDCl3): δ (ppm) 167.50, 162.10, 151.20, 147.30, 141.50, 

127.20, 126.80, 82.70, 47.10, 39.60, 33.80, 28.23, 28.15, 24.10, 19.40, 14.40. HRMS 

(ESI-MS): m/z [M+H+] calculated for C20H32N3O3S+: 394.2159, found 394.2159; 

C20H31N3O3S (393.55). 
 

N’-tert-Butoxycarbonyl-S-methyl-N-(3-cyclohexyl-2-
metylpropyl)carbamoylisothiourea (3.079) (Synthesized by Sabrina Biselli) 
3.079 was prepared from 4-cyclohexyl-3-metyl butanoic acid (3.044, 150 mg, 0.76 

mmol), oxalyl chloride (144 mg, 1.13 mmol), sodium azide (118 mg, 1.82 mmol), 3.008 

(144 mg, 0.76 mmol) and NEt3 (0.53 mL, 3.78 mmol) according to general procedure 

(method C) (Rf = 0.72 in EtOAc/PE 1/3) yielding a colorless oil (110 mg, 38%). 1H NMR 

(300 MHz, CDCl3): δ (ppm) 13.08 (br s, 1H), 3.24 – 2.97 (m, 2H), 2.68 (br s, 2H), 

1.83 – 1.49 (m, 16H), 1.34 – 1.14 (m, 5H), 1.06 – 0.99 (m, 1H), 0.95 – 0.79 (m, 5H). 
13C NMR (75 MHz, CDCl3): δ (ppm) 168.2, 162.0, 150.9, 83.6, 46.6, 42.4, 34.8, 34.2, 

32.9, 30.3, 28.0, 26.7, 26.4, 26.3, 17.9, 14.6. HRMS (ESI-MS): m/z [M+H+] calculated 

for C18H34N3O3S+: 372.2315, found 372.2321; C18H33N3O3S (371.54). 
 

N’-tert-Butoxycarbonyl-S-methyl-N-(2-metyl-3-(4-
methylphenyl)propyl)carbamoylisothiourea (3.080) (Synthesized by Sabrina 

Biselli) 
3.080 was prepared from 3-methyl 4-(4-methylphenyl) butanoic acid (3.045, 100 mg, 

0.52 mmol), oxalyl chloride (99 mg, 0.75 mmol), sodium azide (85 mg, 1.30 mmol), 

3.008 (100 mg, 0.52 mmol) and NEt3 (0.36 mL, 2.60 mmol) according to general 

procedure (method C) (Rf = 0.80 in EtOAc/PE 1/3) yielding a colorless oil (140 mg, 

71%). 1H NMR (400 MHz, CDCl3): δ (ppm) 12.36 (br s, 1H), 7.10 – 7.04 (m, 4H), 

3.22 – 3.08 (m, 2H), 2.68 – 2.63 (m, 1H), 2.44 – 2.39 (m, 1H), 2.33 – 2.31 (m, 6H), 

2.04 – 1.92 (m, 1H), 1.48 (s, 9H), 0.92 (d, J = 6.5 Hz, 3H). 13C NMR (75 MHz, CDCl3): 

δ (ppm) 167.20, 162.00, 151.20, 137.10, 135.50, 129.00, 128.90, 82.60, 46.00, 40.80, 

35.70, 28.00, 21.00, 17.70, 14.30. HRMS (ESI-MS): m/z [M+H+] calculated for 

C19H30N3O3S+: 380.2002, found 380.2009; C19H29N3O3S (379.52). 
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N’-tert-Butoxycarbonyl-S-methyl-N-(2-metyl-4-
phenylbutyl)carbamoylisothiourea (3.081) (Synthesized by Sabrina Biselli) 
3.081 was prepared from 3-methyl 5-phenyl pentanoic acid (3.046, 150 mg, 0.78 

mmol), oxalyl chloride (149 mg, 1.17 mmol), sodium azide (122 mg, 1.87 mmol), 3.008 

(148 mg, 0.78 mmol) and NEt3 (0.54 mL, 3.90 mmol) according to general procedure 

(method C) (Rf = 0.66 in EtOAc/PE 1/3) yielding a colorless oil (220 mg, 74%). 1H NMR 

(300 MHz, CDCl3): δ (ppm) 12.40 (br s, 1H), 7.31 – 7.15 (m, 5H), 3.25 – 3.05 (m, 2H), 

2.77 – 2.55 (m, 2H), 2.35 (br s, 3H), 1.78 – 1.62 (m, 2H), 1.51 – 1.43 (m, 10H), 1.01 

(d, J = 6.6 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ (ppm) 167.40, 162.20, 151.30, 

142.50, 128.49, 128.46, 125.90, 82.70, 46.10, 36.30, 33.40, 33.30, 28.20, 17.70, 

14.40. HRMS (ESI-MS): m/z [M+H+] calculated for C19H30N3O3S+: 380.2002, found 

380.2025; C19H29N3O3S (379.52). 
 

N’-tert-Butoxycarbonyl-S-methyl-N-(2-metyl-5-
phenylpentyl)carbamoylisothiourea (3.082) (Synthesized by Katharina Tropmann) 
3.082 was prepared from 3-methyl 6-phenyl hexanoic acid (3.047, 200 mg, 0.97 mmol), 

oxalyl chloride (185 mg, 1.45 mmol), sodium azide (151 mg, 2.33 mmol), 3.008 (184 

mg, 0.97 mmol) and NEt3 (0.67 mL, 4.85 mmol) according to general procedure 

(method C) (Rf = 0.40 in EtOAc/PE 1/9) yielding a white foam-like solid (300 mg, 79%). 
1H NMR (300 MHz, CDCl3) δ (ppm) 12.33 (s, 1H), 7.32 – 7.12 (m, 5H), 5.56 (t, 

J = 6.3 Hz, 1H), 3.24 – 2.95 (m, 2H), 2.70 – 2.49 (m, 2H), 2.30 (s, 3H), 1.83 – 1.54 (m, 

3H), 1.53 – 1.04 (m, 11H), 0.92 (d, J = 6.7 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ (ppm) 

167.37, 162.20, 151.29, 142.57, 128.50, 128.41, 125.84, 82.67, 46.26, 36.20, 34.04, 

33.52, 28.92, 28.17, 17.73, 14.42. HRMS (ESI-MS): m/z [M+H+] calculated for 

C20H32N3O3S+: 394.2159, found 394.2167; C20H31N3O3S (393.55). 
 

3.5.1.6 Synthesis and Analytical Data of the Isothiocyanates 3.083-3.088 
 

A solution of the respective amine (3.014-3.016 or 3.031-3.033, 1 eq) in DCM was 

added to a saturated solution of NaHCO3 at rt. Subsequently, thiophosgene (1.1 eq) 

was added dropwise and the reaction was stirred vigorously for 30 min at rt. The 

organic layer was washed with H2O and brine and dried over Na2SO4. The solvent was 

removed under reduced pressure and the crude product was purified with column 

chromatography (EtOAc/PE 5/95). 
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(Isothiocyanatomethylene)dibenzene (3.083) (Synthesized by Steffen Pockes) 
The product was prepared from diphenylmethanamine (3.014, 0.31 g, 1.71 mmol) and 

thiophosgene (144 µL, 1.88 mmol) in DCM (20 mL) and a saturated solution of 

NaHCO3 (20 mL) according to the general procedure (Rf = 0.55 in EtOAc/PE 5/95). 

The desired compound 3.083 was isolated as an orange oil (0.37 g, 96%). 1H NMR 

(300 MHz, CDCl3) δ (ppm) 7.43 – 7.29 (m, 10H), 6.00 (s, 1H). 13C NMR (75 MHz, 

CDCl3) δ (ppm) 139.21, 130.11, 128.97, 128.36, 126.63, 64.61. MS (APCI-MS): m/z 

[M+H+-H2] 224.1434; C14H11NS (225.31). 

 

(R)-(1-Isothiocyanatoethyl)benzene (3.084) (Synthesized by Steffen Pockes) 
The product was prepared from (R)-1-phenylethan-1-amine (3.015, 0.21 g, 1.71 mmol) 

and thiophosgene (144 µL, 1.88 mmol) in DCM (20 mL) and a saturated solution of 

NaHCO3 (20 mL) according to the general procedure (Rf = 0.63 in EtOAc/PE 5/95). 

The desired compound 3.084 was isolated as an orange oil (0.17 g, 61%). 1H NMR 

(300 MHz, CDCl3) δ (ppm) 7.44 – 7.29 (m, 5H), 4.92 (q, J = 6.8 Hz, 1H), 1.68 (d, J = 

6.8 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ (ppm) 140.18, 132.30, 128.95, 128.25, 

125.46, 57.07, 25.03. HRMS (EI-MS): m/z [M•+] calculated for C9H9NS•+: 163.0450, 

found 163.0454; C9H9NS (163.24). 

 

(S)-(1-Isothiocyanatoethyl)benzene (3.085) (Synthesized by Steffen Pockes) 
The product was prepared from (S)-1-phenylethan-1-amine (3.016, 0.21 g, 1.71 mmol) 

and thiophosgene (144 µL, 1.88 mmol) in DCM (20 mL) and a saturated solution of 

NaHCO3 (20 mL) according to the general procedure (Rf = 0.62 in EtOAc/PE 5/95). 

The desired compound 3.085 was isolated as an orange oil (0.06 g, 21%). 1H NMR 

(300 MHz, CDCl3) δ (ppm) 7.45 – 7.28 (m, 5H), 4.92 (q, J = 6.8 Hz, 1H), 1.68 (d, J = 

6.8 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ (ppm) 140.18, 132.06, 128.94, 128.25, 

125.46, 57.07, 25.03. HRMS (EI-MS): m/z [M•+] calculated for C9H9NS•+: 163.0450, 

found 163.0454; C9H9NS (163.24). 
 
(2-Isothiocyanatoethane-1,1-diyl)dibenzene (3.086) (Synthesized by Steffen 

Pockes) 
The product was prepared from 2,2-diphenylethan-1-amine (3.031, 0.34 g, 1.71 mmol) 

and thiophosgene (144 µL, 1.88 mmol) in DCM (20 mL) and a saturated solution of 

NaHCO3 (20 mL) according to the general procedure (Rf = 0.52 in EtOAc/PE 5/95). 
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The desired compound 3.086 was isolated as an orange oil (0.40 g, 98%). 1H NMR 

(300 MHz, CDCl3) δ (ppm) 7.42 – 7.19 (m, 10H), 4.38 (t, J = 7.5 Hz, 1H), 4.09 (d, J = 

7.5 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ (ppm) 140.29, 131.82, 128.90, 127.98, 

127.40, 51.43, 49.39. HRMS (EI-MS): m/z [M•+] calculated for C15H13NS•+: 239.0763, 

found 239.0756; C15H13NS (239.34). 
 

(R)-(1-Isothiocyanatopropan-2-yl)benzene (3.087) (Synthesized by Steffen Pockes) 
The product was prepared from (R)-2-phenylpropan-1-amine (3.032, 0.23 g, 1.71 

mmol) and thiophosgene (144 µL, 1.88 mmol) in DCM (20 mL) and a saturated solution 

of NaHCO3 (20 mL) according to the general procedure (Rf = 0.58 in EtOAc/PE 5/95). 

The desired compound 3.087 was isolated as an orange oil (0.18 g, 59%). 1H NMR 

(300 MHz, CDCl3) δ (ppm) 7.42 – 7.17 (m, 5H), 3.72 – 3.54 (m, 2H), 3.20 – 3.08 (m, 

1H), 1.40 (d, J = 7.0 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ (ppm) 142.13, 130.68, 

128.83, 127.34, 127.09, 51.96, 40.63, 18.47. HRMS (EI-MS): m/z [M•+] calculated for 

C10H11NS•+: 177.0607, found 177.0611; C10H11NS (177.27). 
 

(S)-(1-Isothiocyanatopropan-2-yl)benzene (3.088) (Synthesized by Steffen Pockes) 
The product was prepared from (S)-2-phenylpropan-1-amine (3.033, 0.23 g, 1.71 

mmol) and thiophosgene (144 µL, 1.88 mmol) in DCM (20 mL) and a saturated solution 

of NaHCO3 (20 mL) according to the general procedure (Rf = 0.58 in EtOAc/PE 5/95). 

The desired compound 3.088 was isolated as an orange oil (0.25 g, 82%). 1H NMR 

(300 MHz, CDCl3) δ (ppm) 7.47 – 7.17 (m, 5H), 3.75 – 3.52 (m, 2H), 3.19 – 3.08 (m, 

1H), 1.40 (d, J = 6.9 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ (ppm) 142.12, 130.73, 

128.83, 127.34, 127.09, 51.96, 40.63, 18.46. HRMS (EI-MS): m/z [M•+] calculated for 

C10H11NS•+: 177.0607, found 177.0607; C10H11NS (177.27). 
 

3.5.1.7 Synthesis and Analytical Data for the Guanidinylation Reaction of 3.089-
3.123 and 3.130-3.137 

 

The general procedure for the synthesis of 3.089-3.123 and 3.130-3.137 is described 

in the literature.299,460 The precursor amine 3.009a was synthesized as described by 

Kraus et al. (2009)302 For the synthesis of precursor amines 3.009b, 3.011, and 3.012 

see in the Schemes 3.04 and 3.05 (chapter 3.5.1.3). The compounds 3.089-3.094, 

3.112, 3.114, 3.117-3.123, and 3.130-3.137 were directly Boc- or Trt-deprotected as 

described in the general procedure for the preparation of the title compounds without 
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analytical characterization of the Boc-/Trt-protected intermediates. The used amounts 

of the respective substrates and reagents are described in the characterization of 

3.138-3.143, 3.161, 3.163, 3.166-3.172, and 3.179-3.186, respectively. 

 

1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-methylthiazol-5-
yl)propyl)amino)methylene)-3-(diphenylmethyl)urea (3.095) (Synthesized by 

Steffen Pockes) 
Compound 3.095 was prepared from 3.009a (0.14 g, 0.50 mmol), 3.054 (0.21 g, 

0.50 mmol), HgCl2 (0.14 g, 0.50 mmol), and NEt3 (0.21 mL, 1.50 mmol) in DCM 

(10 mL) conforming to the general procedure (Rf = 0.59 in DCM/MeOH/NH3 99/1/0.1) 

yielding a yellow oil (0.12 g, 39%). 1H NMR (300 MHz, CDCl3) δ (ppm) 12.06 (br s, 1H), 

10.45 (br s, 1H), 8.16 (br s, 1H), 7.37 – 7.17 (m, 10H), 6.04 (d, J = 7.6 Hz, 1H), 5.94 

(br s, 1H), 3.36 (q, J = 6.3 Hz, 2H), 2.71 (t, J = 7.3 Hz, 2H), 2.21 (s, 3H), 1.87 (p, J = 

7.1 Hz, 2H), 1.51 (s, 9H), 1.44 (s, 9H). 13C NMR (75 MHz, CDCl3) δ (ppm) 163.83, 

157.55, 154.66, 153.40, 152.72, 142.35, 142.02, 128.61, 127.41, 127.23, 123.17, 

82.50, 82.20, 58.06, 39.69, 30.78, 28.28, 28.06, 23.31, 14.51. HRMS (ESI-MS): m/z 

[M+H+] calculated for C32H43N6O5S+: 623.3010, found 623.3023; C32H42N6O5S 

(622.79). 
 
(R)-1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-
methylthiazol-5-yl)propyl)amino)methylene)-3-(1-phenylethyl)urea (3.096) 
(Synthesized by Steffen Pockes) 
Compound 3.096 was prepared from 3.009a (1.29 g, 4.75 mmol), 3.055 (1.60 g, 

4.75 mmol), HgCl2 (1.29 g, 4.75 mmol), and NEt3 (1.98 mL, 14.25 mmol) in DCM 

(50 mL) conforming to the general procedure (Rf = 0.45 in DCM/MeOH/NH3 99/1/0.1) 

yielding a yellow oil (2.02 g, 76%). 1H NMR (300 MHz, CDCl3) δ (ppm) 12.08 (br s, 1H), 

10.33 (br s, 1H), 8.12 (br s, 1H), 7.42 – 7.13 (m, 5H), 5.59 (br s, 1H), 4.91 (p, J = 7.1 

Hz, 1H), 3.35 (q, J = 6.6 Hz, 2H), 2.71 (t, J = 7.3 Hz, 2H), 2.23 (s, 3H), 1.87 (p, J = 7.2 

Hz, 2H), 1.51 (s, 9H), 1.47 (d, J = 7.0 Hz, 3H), 1.44 (s, 9H). 13C NMR (75 MHz, CDCl3) 

δ (ppm) 163.84, 157.50, 154.45, 153.42, 152.69, 144.52, 142.00, 128.57, 126.95, 

125.92, 123.25, 82.45, 82.22, 49.57, 39.61, 30.76, 28.27, 28.06, 23.27, 22.81, 14.54. 

HRMS (ESI-MS): m/z [M+H+] calculated for C27H41N6O5S+: 561.2854, found 561.2863; 

C27H40N6O5S (560.71). 
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(S)-1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-
methylthiazol-5-yl)propyl)amino)methylene)-3-(1-phenylethyl)urea (3.097) 
(Synthesized by Steffen Pockes) 
Compound 3.097 was prepared from 3.009a (0.14 g, 0.50 mmol), 3.056 (0.17 g, 

0.50 mmol), HgCl2 (0.14 g, 0.50 mmol), and NEt3 (0.21 mL, 1.50 mmol) in DCM 

(10 mL) conforming to the general procedure (Rf = 0.45 in DCM/MeOH/NH3 99/1/0.1) 

yielding a yellow oil (0.22 g, 78%). 1H NMR (300 MHz, CDCl3) δ (ppm) 12.09 (br s, 1H), 

11.02 (br s, 1H), 8.11 (t, J = 5.7 Hz, 1H), 7.39 – 7.13 (m, 5H), 5.65 (d, J = 7.7 Hz, 1H), 

4.90 (p, J = 7.1 Hz, 1H), 3.34 (q, J = 6.6 Hz, 2H), 2.70 (t, J = 7.3 Hz, 2H), 2.23 (s, 3H), 

1.87 (p, J = 7.2 Hz, 2H), 1.51 (s, 9H), 1.46 (d, J = 7.2 Hz, 3H), 1.44 (s, 9H). 13C NMR 

(75 MHz, CDCl3) δ (ppm) 163.86, 157.97, 154.48, 153.43, 152.91, 144.55, 141.94, 

128.56, 126.94, 125.91, 123.07, 82.38, 82.10, 49.55, 39.56, 30.76, 28.29, 28.06, 

23.26, 22.80, 14.51. HRMS (ESI-MS): m/z [M+H+] calculated for C27H41N6O5S+: 

561.2854, found 561.2855; C27H40N6O5S (560.71). 
 

1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-methylthiazol-5-
yl)propyl)amino)methylene)-3-(2,2,2-trifluoro-1-phenylethyl)urea (3.098) 
Compound 3.098 was prepared from 3.009a (0.25 g, 0.92 mmol), 3.057 (0.30 g, 

0.92 mmol), HgCl2 (0.25 g, 0.92 mmol), and NEt3 (0.38 mL, 2.75 mmol) in DCM 

(10 mL) conforming to the general procedure (Rf = 0.14 in DCM/MeOH/NH3 99/1/0.1) 

yielding a colorless oil (0.36 g, 86%). 1H NMR (400 MHz, CDCl3) δ (ppm) 11.81 (s, 1H), 

9.61 (s, 1H), 8.24 (t, J = 5.6 Hz, 1H), 7.43 – 7.33 (m, 5H), 5.87 (d, J = 9.8 Hz, 1H), 5.51 

(p, J = 8.3 Hz, 1H), 3.37 (q, J = 6.6 Hz, 2H), 2.71 (t, J = 7.2 Hz, 2H), 2.21 (s, 3H), 1.87 

(p, J = 7.1 Hz, 2H), 1.51 (s, 9H), 1.46 (s, 9H). 13C NMR (101 MHz, CDCl3) δ (ppm) 

163.58, 157.14, 155.14, 153.24, 152.41, 141.96, 133.74, 128.93, 128.81, 127.93, 

126.97 (d, J = 149.8 Hz),123.23, 82.86, 55.34 (q, J = 32.1 Hz), 39.69, 30.68, 28.21, 

28.03, 23.25, 14.46. HRMS (ESI-MS): m/z [M+H+] calculated for C27H38F3N6O5S+: 

615.2571, found 615.2583; C27H37F3N6O5S (614.69). 
 

1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-methylthiazol-5-
yl)propyl)amino)methylene)-3-(1-(phenyl)propyl)urea (3.099) 
Compound 3.099 was prepared from 3.009a (0.14 g, 0.50 mmol), 3.058 (0.18 g, 

0.50 mmol), HgCl2 (0.14 g, 0.50 mmol), and NEt3 (0.21 mL, 1.50 mmol) in DCM 

(10 mL) conforming to the general procedure (Rf = 0.14 in DCM/MeOH/NH3 99/1/0.1) 
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yielding a colorless oil (60 mg, 21%). 1H NMR (300 MHz, CDCl3) δ (ppm) 12.09 (s, 1H), 

10.47 (s, 1H), 8.11 (s, 1H), 7.27 – 7.07 (m, 4H), 5.61 (s, 1H), 4.65 (q, J = 7.5 Hz, 1H), 

3.34 (t, J = 6.4 Hz, 2H), 2.70 (t, J = 7.3 Hz, 2H), 2.23 (s, 3H), 1.90 – 1.83 (m, 2H), 1.81 

– 1.75 (m, 2H), 1.51 (s, 9H), 1.48 (d, J = 2.0 Hz, 3H), 1.43 (s, 9H), 0.85 (t, J = 6.7 Hz, 

3H). 13C NMR (75 MHz, CDCl3) δ (ppm) 164.06, 157.59, 154.42, 153.42, 152.75, 

143.38, 141.97, 128.49, 126.94, 126.44, 123.20, 82.16, 55.82, 39.56, 30.77, 29.91, 

28.26, 28.05, 23.24, 14.52, 10.95. HRMS (ESI-MS): m/z [M+H+] calculated for 

C28H43N6O5S+: 575.3010, found 575.3021; C28H42N6O5S (574.74). 

 

1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-methylthiazol-5-
yl)propyl)amino)methylene)-3-(1-(phenyl)isobutyl)urea (3.100) 
Compound 3.100 was prepared from 3.009a (0.17 g, 0.61 mmol), 3.059 (0.30 g, 

0.61 mmol), HgCl2 (0.17 g, 0.61 mmol), and NEt3 (0.26 mL, 1.84 mmol) in DCM 

(10 mL) conforming to the general procedure (Rf = 0.21 in DCM/MeOH/NH3 99/1/0.1) 

yielding a colorless oil (0.27 g, 89%). 1H NMR (300 MHz, CDCl3) δ (ppm) 12.09 (s, 1H), 

10.30 (s, 1H), 8.08 (t, J = 5.5 Hz, 1H), 7.35 – 7.13 (m, 5H), 5.62 (d, J = 8.9 Hz, 1H), 

4.61 – 4.47 (m, 1H), 3.46 – 3.30 (m, 2H), 2.71 (t, J = 7.3 Hz, 2H), 2.24 (s, 3H), 2.10 – 

1.95 (m, 1H), 1.87 (p, J = 7.2 Hz, 2H), 1.51 (s, 9H), 1.42 (s, 9H), 0.96 (d, J = 6.7 Hz, 

3H), 0.83 (d, J = 6.8 Hz, 4H).  13C NMR (75 MHz, CDCl3) δ (ppm) 164.31, 157.44, 

154.40, 153.43, 142.63, 142.01, 128.29, 126.89, 126.78, 123.31, 82.29, 59.94, 39.51, 

33.74, 30.80, 28.28, 28.06, 23.26, 19.92, 18.84, 14.55. HRMS (ESI-MS): m/z [M+H+] 

calculated for C29H45N6O5S+: 589.3167, found 589.3177; C29H44N6O5S (588.77). 
 
1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-methylthiazol-5-
yl)propyl)amino)methylene)-3-(1-(p-tolyl)ethyl)urea (3.101) 
Compound 3.101 was prepared from 3.009a (0.14 g, 0.50 mmol), 3.060 (0.18 g, 

0.50 mmol), HgCl2 (0.14 g, 0.50 mmol), and NEt3 (0.21 mL, 1.50 mmol) in DCM 

(10 mL) conforming to the general procedure (Rf = 0.16 in DCM/MeOH/NH3 99/1/0.1) 

yielding a colorless oil (0.10 g, 35%). 1H NMR (300 MHz, CDCl3) δ (ppm) 12.10 (s, 1H), 

10.72 (s, 1H), 8.09 (t, J = 5.5 Hz, 1H), 7.22 (d, J = 8.1 Hz, 2H), 7.12 (d, J = 8.1 Hz, 2H), 

5.60 (d, J = 7.8 Hz, 1H), 4.86 (p, J = 7.0 Hz, 1H), 3.37 – 3.29 (m, 2H), 2.70 (t, J = 7.3 

Hz, 2H), 2.31 (s, 3H), 2.23 (s, 3H), 1.86 (p, J = 7.2 Hz, 2H), 1.51 (s, 9H), 1.48 (d, J = 

2.2 Hz, 3H), 1.44 (s, 9H).  13C NMR (75 MHz, CDCl3) δ (ppm) 163.87, 157.78, 154.44, 

153.44, 152.83, 141.93, 141.60, 136.47, 129.23, 125.83, 123.14, 82.34, 49.32, 39.55, 
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30.76, 23.27, 21.06, 14.50. HRMS (ESI-MS): m/z [M+H+] calculated for C28H43N6O5S+: 

575.3010, found 575.3017; C28H42N6O5S (574.74). 
 

1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-methylthiazol-5-
yl)propyl)amino)methylene)-3-(1-(4-fluorophenyl)ethyl)urea (3.102) 
Compound 3.102 was prepared from 3.009a (0.14 g, 0.50 mmol), 3.061 (0.18 g, 

0.50 mmol), HgCl2 (0.14 g, 0.50 mmol), and NEt3 (0.21 mL, 1.50 mmol) in DCM 

(10 mL) conforming to the general procedure (Rf = 0.12 in DCM/MeOH/NH3 99/1/0.1) 

yielding a colorless oil (60 mg, 21%). 1H NMR (300 MHz, CDCl3) δ (ppm) 12.04 (s, 1H), 

10.51 (s, 1H), 8.14 (s, 1H), 7.30 – 7.25 (m, 2H), 7.02 – 6.95 (m, 2H), 5.65 (s, 1H), 4.87 

(p, J = 7.1 Hz, 1H), 3.33 (t, J = 6.7 Hz, 2H), 2.70 (t, J = 7.3 Hz, 2H), 2.21 (s, 3H), 1.86 

(p, J = 7.1 Hz, 2H), 1.50 (s, 9H), 1.44 (s, 3H), 1.43 (s, 9H). 13C NMR (75 MHz, CDCl3) 

δ (ppm) 163.79, 161.74 (d, J = 244.4 Hz), 157.61, 154.50, 153.37, 141.93, 140.37, 

129.91, 127.42 (d, J = 8.0 Hz), 123.12, 115.27 (d, J = 21.3 Hz), 82.47, 48.93, 39.56, 

30.72, 28.25, 28.04, 23.22, 22.87, 14.51. HRMS (ESI-MS): m/z [M+H+] calculated for 

C27H40FN6O5S+: 579.2759, found 579.2769; C27H39FN6O5S (578.70). 
 

1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-methylthiazol-5-
yl)propyl)amino)methylene)-3-(1-(4-chlorophenyl)ethyl)urea (3.103) 
Compound 3.103 was prepared from 3.009a (0.14 g, 0.50 mmol), 3.062 (0.19 g, 

0.50 mmol), HgCl2 (0.14 g, 0.50 mmol), and NEt3 (0.21 mL, 1.50 mmol) in DCM 

(10 mL) conforming to the general procedure (Rf = 0.12 in DCM/MeOH/NH3 99/1/0.1) 

yielding a colorless oil (0.11 g, 37%). 1H NMR (300 MHz, CDCl3) δ (ppm) 12.04 (s, 1H), 

9.95 (s, 1H), 8.19 (s, 1H), 7.30 – 7.08 (m, 4H), 5.63 (s, 1H), 4.90 (p, J = 7.1 Hz, 1H), 

3.38 (t, J = 6.8 Hz, 2H), 2.75 (t, J = 7.2 Hz, 2H), 2.26 (s, 3H), 1.91 (p, J = 7.1 Hz, 2H), 

1.55 (s, 9H), 1.51 (d, J = 4.4 Hz, 3H), 1.47 (s, 9H). 13C NMR (75 MHz, CDCl3) δ (ppm) 

161.30, 157.24, 154.51, 153.36, 146.55, 143.25, 142.00, 132.51, 128.77, 128.65, 

127.39, 127.26, 123.24, 82.26, 49.08, 32.75, 30.73, 23.23, 22.81, 14.55. HRMS (ESI-

MS): m/z [M+H+] calculated for C27H40ClN6O5S+: 595.2464, found 595.2475; 

C27H39ClN6O5S (595.16). 
  



Design and Biological Evaluation of Histamine H2-Receptor Ligands 

 436  

1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-methylthiazol-5-
yl)propyl)amino)methylene)-3-(1-(4-bromophenyl)ethyl)urea (3.104) 
Compound 3.104 was prepared from 3.009a (0.14 g, 0.50 mmol), 3.063 (0.21 g, 

0.50 mmol), HgCl2 (0.14 g, 0.50 mmol), and NEt3 (0.21 mL, 1.50 mmol) in DCM 

(10 mL) conforming to the general procedure (Rf = 0.14 in DCM/MeOH/NH3 99/1/0.1) 

yielding a colorless oil (70 mg, 22%). 1H NMR (300 MHz, CDCl3) δ (ppm) 11.98 (s, 1H), 

10.03 (s, 1H), 8.14 (s, 1H), 7.45 – 7.40 (m, 2H), 7.23 – 7.18 (m, 2H), 5.60 (s, 1H), 4.83 

– 4.68 (m, 1H), 3.33 (d, J = 6.7 Hz, 2H), 2.70 (t, J = 7.2 Hz, 2H), 2.21 (s, 3H), 1.86 (p, 

J = 7.1 Hz, 2H), 1.50 (s, 9H), 1.44 (d, J = 2.1 Hz, 3H), 1.42 (s, 9H). 13C NMR (75 MHz, 

CDCl3) δ (ppm) 162.68, 157.36, 154.53, 153.35, 152.62, 143.80, 141.96, 131.67, 

131.58, 127.67, 127.63, 123.21, 120.61, 82.54, 50.72, 39.59, 30.72, 28.25, 28.04, 

23.22, 22.75, 14.53. HRMS (ESI-MS): m/z [M+H+] calculated for C27H40BrN6O5S+: 

639.1959, found 639.1960; C27H39BrN6O5S (639.61). 
 

1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-methylthiazol-5-
yl)propyl)amino)methylene)-3-(1-(4-methoxyphenyl)ethyl)urea (3.105) 
Compound 3.105 was prepared from 3.009a (0.16 g, 0.60 mmol), 3.064 (0.22 g, 

0.60 mmol), HgCl2 (0.16 g, 0.60 mmol), and NEt3 (0.25 mL, 1.80 mmol) in DCM 

(10 mL) conforming to the general procedure (Rf = 0.22 in DCM/MeOH/NH3 99/1/0.1) 

yielding a colorless oil (0.22 g, 62%). 1H NMR (300 MHz, CDCl3) δ (ppm) 12.09 (s, 1H), 

10.60 (s, 1H), 8.09 (t, J = 5.5 Hz, 1H), 7.29 – 7.18 (m, 2H), 6.89 – 6.79 (m, 2H), 5.53 

(d, J = 7.8 Hz, 1H), 4.85 (p, J = 7.0 Hz, 1H), 3.77 (s, 3H), 3.33 (q, J = 6.8 Hz, 2H), 2.69 

(t, J = 7.3 Hz, 2H), 2.22 (s, 3H), 1.86 (p, J = 7.1 Hz, 2H), 1.50 (s, 9H), 1.46 (d, J = 4.6 

Hz, 3H), 1.43 (d, J = 1.8 Hz, 9H). 13C NMR (75 MHz, CDCl3) δ (ppm) 163.87, 158.50, 

157.66, 154.42, 153.43, 152.77, 141.95, 136.69, 127.04, 123.18, 113.90, 82.35, 82.18, 

55.27, 48.95, 39.55, 30.76, 28.28, 28.07, 23.28, 22.76, 14.52. HRMS (ESI-MS): m/z 

[M+H+] calculated for C28H43N6O6S+: 591.2959, found 591.2966; C28H42N6O6S 

(590.29). 
 
1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-methylthiazol-5-
yl)propyl)amino)methylene)-3-(1-(4-trifluoromethoxyphenyl)ethyl)urea (3.106) 
Compound 3.106 was prepared from 3.009a (0.21 g, 0.79 mmol), 3.065 (0.33 g, 

0.79 mmol), HgCl2 (0.21 g, 0.79 mmol), and NEt3 (0.33 mL, 2.37 mmol) in DCM 

(10 mL) conforming to the general procedure (Rf = 0.22 in DCM/MeOH/NH3 99/1/0.1) 

yielding a colorless oil (0.26 g, 61%). 1H NMR (300 MHz, CDCl3) δ (ppm) 11.99 (s, 1H), 
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10.71 (s, 1H), 8.14 (t, J = 5.5 Hz, 1H), 7.39 – 7.09 (m, 4H), 5.61 (d, J = 7.7 Hz, 1H), 

4.88 – 4.75 (m, 1H), 3.39 – 3.30 (m, 2H), 2.70 (t, J = 7.2 Hz, 2H), 2.23 (s, 3H), 1.88 

(m, 2H), 1.49 (s, 9H), 1.46 (d, J = 3.0 Hz, 3H), 1.43 (s, 9H). 13C NMR (75 MHz, CDCl3) 

δ (ppm) 163.91, 157.76, 154.59, 153.39, 152.82, 147.98, 143.48, 141.96, 134.97, 

127.21, 123.13, 121.07, 120.46 (d, J = 254.6 Hz), 82.51, 48.96, 39.55, 30.73, 28.25, 

28.04, 23.22, 22.86, 14.51. HRMS (ESI-MS): m/z [M+H+] calculated for 

C28H40F3N6O6S+: 645.2677, found 645.2691; C28H39F3N6O6S (644.71). 

 
1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-methylthiazol-5-
yl)propyl)amino)methylene)-3-(1-(2-fluorophenyl)ethyl)urea (3.107) 
Compound 3.107 was prepared from 3.009a (0.25 g, 0.93 mmol), 3.066 (0.33 g, 

0.93 mmol), HgCl2 (0.25 g, 0.93 mmol), and NEt3 (0.39 mL, 2.79 mmol) in DCM 

(10 mL) conforming to the general procedure (Rf = 0.12 in DCM/MeOH/NH3 99/1/0.1) 

yielding a colorless oil (0.19 g, 33%). 1H NMR (400 MHz, CDCl3) δ (ppm) 12.02 (d, J = 

6.0 Hz, 1H), 10.38 (s, 1H), 8.14 (s, 1H), 7.37 – 6.88 (m, 4H), 5.75 (s, 1H), 5.23 – 5.07 

(m, 1H), 3.41 – 3.31 (m, 2H), 2.71 (t, J = 7.3 Hz, 2H), 2.22 (s, 3H), 1.87 (p, J = 7.1 Hz, 

2H), 1.50 (s, 9H), 1.47 (d, J = 7.2 Hz, 3H), 1.43 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 

(ppm) 164.27, 160.36 (d, J = 245.7 Hz), 157.63, 154.52, 153.38, 152.68, 141.86, 

131.44 (d, J = 13.5 Hz), 128.41 (d, J = 8.1 Hz), 127.36 (d, J = 4.9 Hz), 124.20 (d, J = 

3.4 Hz), 123.18, 115.65 (d, J = 21.7 Hz), 82.53 (d, J = 2.0 Hz), 82.17, 45.12, 39.65, 

30.75, 28.25, 28.04, 23.97, 23.26, 14.47. HRMS (ESI-MS): m/z [M+H+] calculated for 

C28H40FN6O5S+: 579.2759, found 579.2768; C27H39FN6O5S (578.70). 
 
1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-methylthiazol-5-
yl)propyl)amino)methylene)-3-(1-(3-fluorophenyl)ethyl)urea (3.108) 
Compound 3.108 was prepared from 3.009a (0.32 g, 1.19 mmol), 3.067 (0.42 g, 

1.19 mmol), HgCl2 (0.32 g, 1.19 mmol), and NEt3 (0.50 mL, 3.58 mmol) in DCM 

(10 mL) conforming to the general procedure (Rf = 0.12 in DCM/MeOH/NH3 99/1/0.1) 

yielding a colorless oil (0.21 g, 36%). 1H NMR (400 MHz, CDCl3) δ (ppm) 12.02 (s, 1H), 

10.25 (s, 1H), 8.18 (s, 1H), 7.32 – 6.84 (m, 4H), 5.67 (s, 1H), 4.89 (p, J = 7.1 Hz, 1H), 

3.43 – 3.30 (m, 2H), 2.71 (t, J = 7.3 Hz, 2H), 2.22 (s, 3H), 1.88 (p, J = 7.1 Hz, 2H), 1.50 

(s, 9H), 1.46 (d, J = 3.5 Hz, 3H), 1.44 (s, 9H). 13C NMR (101 MHz, CDCl3) δ (ppm) 

163.03 (d, J = 245.7 Hz), 157.54, 154.57, 153.36, 147.43 (d, J = 6.5 Hz), 141.88, 

130.02 (d, J = 8.2 Hz), 123.17, 121.49 (d, J = 2.7 Hz), 113.73 (d, J = 21.2 Hz), 112.79 
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(d, J = 21.8 Hz), 82.61, 82.20, 49.22, 41.01, 30.73, 28.24, 28.04, 23.22, 22.74, 14.47. 

HRMS (ESI-MS): m/z [M+H+] calculated for C27H40FN6O5S+: 579.2759, found 

579.2775; C27H39FN6O5S (578.70). 

 
1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-methylthiazol-5-
yl)propyl)amino)methylene)-3-(1-(2-furanyl)methyl)urea (3.109) 
Compound 3.109 was prepared from 3.009a (0.30 g, 1.12 mmol), 3.068 (0.35 g, 

1.12 mmol), HgCl2 (0.30 g, 1.12 mmol), and NEt3 (0.47 mL, 3.35 mmol) in DCM 

(10 mL) conforming to the general procedure (Rf = 0.12 in DCM/MeOH/NH3 99/1/0.1) 

yielding a yellow oil (0.47 g, 89%). 1H NMR (400 MHz, CDCl3) δ (ppm) 12.00 (d, J = 

16.2 Hz, 1H), 10.31 (s, 1H), 8.08 (t, J = 5.6 Hz, 1H), 7.29 – 7.22 (m, 1H), 6.26 – 6.04 

(m, 2H), 5.75 (s, 1H), 4.31 (d, J = 6.0 Hz, 2H), 3.27 (q, J = 6.4 Hz, 2H), 2.63 (t, J = 7.2 

Hz, 2H), 2.14 (s, 3H), 1.80 (p, J = 7.2 Hz, 2H), 1.44 (s, 9H), 1.40 (s, 9H). 13C NMR (101 

MHz, CDCl3) δ (ppm) 164.35, 157.75, 154.58, 153.38, 152.68, 152.55, 141.82, 141.71, 

123.10, 110.25, 106.62, 82.49, 39.54, 37.09, 30.61, 28.22, 28.05, 23.16, 14.38. HRMS 

(ESI-MS): m/z [M+H+] calculated for C24H37N6O6S+: 537.2490, found 537.2498; 

C24H36N6O6S (536.65). 
 
1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-methylthiazol-5-
yl)propyl)amino)methylene)-3-(1-(2-furanyl)ethyl)urea (3.110) 
Compound 3.110 was prepared from 3.009a (0.25 g, 0.92 mmol), 3.069 (0.30 g, 

0.92 mmol), HgCl2 (0.25 g, 0.92 mmol), and NEt3 (0.38 mL, 2.75 mmol) in DCM 

(10 mL) conforming to the general procedure (Rf = 0.14 in DCM/MeOH/NH3 99/1/0.1) 

yielding a colorless oil (0.36 g, 86%). 1H NMR (400 MHz, CDCl3) δ (ppm) 12.06 (s, 1H), 

9.85 (d, J = 134.2 Hz, 1H), 8.10 (s, 1H), 7.29 – 7.20 (m, 1H), 6.24 – 6.17 (m, 1H), 6.10 

(d, J = 3.2 Hz, 1H), 5.59 (s, 1H), 4.98 (p, 1H), 3.35 – 3.21 (m, 2H), 2.63 (t, J = 7.3 Hz, 

2H), 2.13 (s, 3H), 1.81 (q, J = 7.2 Hz, 2H), 1.45 (s, 9H), 1.42 (d, J = 7.2 Hz, 3H), 1.40 

(s, 9H). 13C NMR (101 MHz, CDCl3) δ (ppm) 163.54, 157.60, 156.43, 154.60, 153.37, 

152.52, 141.63, 141.58, 123.17, 110.02, 104.93, 82.77, 43.46, 30.70, 29.69, 28.21, 

28.04, 23.24, 17.53, 14.35. HRMS (ESI-MS): m/z [M+H+] calculated for C25H39N6O6S+: 

551.2646, found 551.2652; C25H38N6O6S (550.68). 
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1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-methylthiazol-5-
yl)propyl)amino)methylene)-3-(1-(thiophen-2-yl)ethyl)urea (3.111) 
Compound 3.111 was prepared from 3.009a (0.20 g, 0.73 mmol), 3.070 (0.25 g, 

0.73 mmol), HgCl2 (0.20 g, 0.73 mmol), and NEt3 (0.30 mL, 2.18 mmol) in DCM 

(10 mL) conforming to the general procedure (Rf = 0.12 in DCM/MeOH/NH3 99/1/0.1) 

yielding a colorless oil (0.27 g, 64%). 1H NMR (400 MHz, CDCl3) δ (ppm) 12.06 (d, J = 

13.9 Hz, 1H), 9.60 (d, J = 268.9 Hz, 1H), 8.22 (d, J = 31.4 Hz, 1H), 7.18 – 7.12 (m, 

1H), 7.01 – 6.85 (m, 2H), 5.77 – 5.56 (m, 1H), 5.20 (m, 1H), 3.45 – 3.26 (m, 2H), 2.69 

(t, J = 7.3 Hz, 2H), 2.19 (s, 3H), 1.86 (p, J = 7.1 Hz, 2H), 1.57 (d, J = 6.9 Hz, 3H), 1.50 

(s, 9H), 1.46 (s, 9H). 13C NMR (101 MHz, CDCl3) δ (ppm) 157.45, 154.58, 153.36, 

152.48, 148.41, 141.72, 126.68, 123.82, 123.38, 123.21, 82.83, 45.28, 30.72, 29.70, 

28.23, 28.05, 23.24, 20.90, 14.40. HRMS (ESI-MS): m/z [M+H+] calculated for 

C25H39N6O5S2+: 567.2418, found 567.2422; C25H38N6O5S2 (566.74). 
 

1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-methylthiazol-5-
yl)propyl)amino)methylene)-3-(2,2-diphenylethyl)urea (3.113) (Synthesized by 

Steffen Pockes) 
Compound 3.113 was prepared from 3.009a (0.14 g, 0.50 mmol), 3.072 (0.21 g, 

0.50 mmol), HgCl2 (0.14 g, 0.50 mmol), and NEt3 (0.21 mL, 1.50 mmol) in DCM 

(10 mL) conforming to the general procedure (Rf = 0.75 in DCM/MeOH/NH3 99/1/0.1) 

yielding a yellow oil (0.26 g, 82%). 1H NMR (300 MHz, CDCl3) δ (ppm) 12.09 (br s, 1H), 

10.10 (br s, 1H), 8.09 (br s, 1H), 7.35 – 7.14 (m, 10H), 5.32 (br s, 1H), 4.21 (t, J = 7.8 

Hz, 1H), 3.84 (dd, J = 7.8, 6.0 Hz, 2H), 3.28 (q, J = 6.5 Hz, 2H), 2.66 (t, J = 7.4 Hz, 

2H), 2.20 (s, 3H), 1.81 (p, J = 7.4 Hz, 2H), 1.52 (s, 9H), 1.47 (s, 9H). 13C NMR (75 

MHz, CDCl3) δ (ppm) 166.20, 159.89, 157.28, 154.25, 153.39, 142.36, 141.96, 128.61, 

128.16, 126.61, 123.31, 82.55, 82.23, 50.97, 44.56, 39.65, 30.75, 28.29, 28.09, 23.27, 

14.52. HRMS (ESI-MS): m/z [M+H+] calculated for C33H45N6O5S+: 637.3167, found 

637.3174; C33H44N6O5S (636.81). 

 
(R)-1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-
methylthiazol-5-yl)propyl)amino)methylene)-3-(2-phenylpropyl)urea (3.115) 
(Synthesized by Steffen Pockes) 
Compound 3.115 was prepared from 3.009a (0.14 g, 0.50 mmol), 3.074 (0.18 g, 

0.50 mmol), HgCl2 (0.14 g, 0.50 mmol), and NEt3 (0.21 mL, 1.50 mmol) in DCM 



Design and Biological Evaluation of Histamine H2-Receptor Ligands 

 440  

(10 mL) conforming to the general procedure (Rf = 0.47 in DCM/MeOH/NH3 99/1/0.1) 

yielding a yellow oil (0.16 g, 56%). 1H NMR (300 MHz, CDCl3) δ (ppm) 12.13 (br s, 1H), 

10.90 (br s, 1H), 8.07 (t, J = 5.5 Hz, 1H), 7.40 – 7.06 (m, 5H), 5.33 (br s, 1H), 3.52 – 

3.15 (m, 4H), 3.00 – 2.90 (m, 1H), 2.74 – 2.62 (m, 2H), 2.22 (s, 3H), 1.83 (p, J = 7.4 

Hz, 2H), 1.51 (s, 9H), 1.46 (s, 9H), 1.27 (d, J = 6.9 Hz, 3H). 13C NMR (75 MHz, CDCl3) 

δ (ppm) 164.68, 157.88, 154.25, 153.43, 152.88, 144.67, 141.87, 128.53, 127.26, 

126.42, 123.08, 82.37, 82.06, 46.92, 40.10, 39.52, 30.73, 28.29, 28.08, 23.23, 19.33, 

14.51. HRMS (ESI-MS): m/z [M+H+] calculated for C28H43N6O5S+: 575.3010, found 

575.3016; C28H42N6O5S (574.74). 

 
(S)-1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-
methylthiazol-5-yl)propyl)amino)methylene)-3-(2-phenylpropyl)urea (3.116) 
(Synthesized by Steffen Pockes) 
Compound 3.116 was prepared from 3.009a (0.14 g, 0.50 mmol), 3.075 (0.18 g, 

0.50 mmol), HgCl2 (0.14 g, 0.50 mmol), and NEt3 (0.21 mL, 1.50 mmol) in DCM 

(10 mL) conforming to the general procedure (Rf = 0.48 in DCM/MeOH/NH3 99/1/0.1) 

yielding a yellow oil (0.16 g, 90%). 1H NMR (300 MHz, CDCl3) δ (ppm) 12.14 (br s, 1H), 

11.03 (br s, 1H), 8.06 (t, J = 5.5 Hz, 1H), 7.36 – 7.11 (m, 5H), 5.33 (t, J = 6.3 Hz, 1H), 

3.53 – 3.17 (m, 4H), 3.00 – 2.91 (m, 1H), 2.67 (t, J = 7.3 Hz, 2H), 2.23 (s, 3H), 1.83 (p, 

J = 7.1 Hz, 2H), 1.51 (s, 9H), 1.46 (s, 9H), 1.27 (d, J = 6.9 Hz, 3H). 13C NMR (75 MHz, 

CDCl3) δ (ppm) 164.73, 157.95, 154.26, 153.43, 152.91, 144.68, 141.86, 128.53, 

127.26, 126.43, 123.10, 82.35, 82.07, 46.92, 40.11, 39.50, 30.74, 28.30, 28.08, 23.23, 

19.34, 14.49. HRMS (ESI-MS): m/z [M+H+] calculated for C28H43N6O5S+: 575.3010, 

found 575.3012; C28H42N6O5S (574.74). 
 

3.5.1.8 Synthesis and Analytical Data of the Thiocarbamoylation 3.124-3.129 
 
The Boc-protected guanidine 3.010 (1 eq; synthesized as described by Kraus et al.302 

and the respective isothiocyanate 3.083-3.088 (1 eq) were dissolved in DCM and 

refluxed for 3-4 days. After the reaction was complete (TLC monitoring), the solvent 

was evaporated, and the crude product was purified by column chromatography 

(DCM/MeOH 100/0-98/2). The NMR peaks in the 1H and 13C NMR are split due to 

thione-thiol tautomerism, as already described in the literature.460 For 1H NMR each 

pair of peaks was integrated jointly. For 13C NMR just one peak series was taken and 

described.  
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1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-methylthiazol-5-
yl)propyl)amino)methylene)-3-(diphenylmethyl)thiourea (3.124) (Synthesized by 

Steffen Pockes) 
The title compound was prepared from 3.010 (0.12 g, 0.28 mmol) and 3.083 (0.06 g, 

0.28 mmol) in DCM (10 mL) according to the general procedure (Rf = 0.50 in 

DCM/MeOH 99/1). 3.124 was yielded as a yellow oil (0.07 g, 39%). 1H NMR (300 MHz, 

CDCl3) δ (ppm) 13.08 (s, 1H), 8.50 (t, J = 5.7 Hz, 1H), 7.39 – 7.16 (m, 10H), 6.82 (d, J 

= 6.5 Hz, 1H), 6.24 (d, J = 6.4 Hz, 1H), 5.15 – 4.98 (m, 1H), 3.05 (q, J = 6.6 Hz, 2H), 

2.46 (t, J = 7.3 Hz, 2H), 2.18 (s, 3H), 1.97 – 1.74 (m, 2H), 1.52 (s, 9H), 1.48 (s, 9H). 
13C NMR (75 MHz, CDCl3) δ (ppm) 183.56, 157.72, 155.08, 153.99, 153.39, 152.73, 

141.47, 128.65, 127.83, 127.42, 122.93, 83.39, 82.28, 62.05, 39.69, 30.36, 28.30, 

28.03, 23.12, 14.49. HRMS (ESI-MS): m/z [M+H+] calculated for C32H43N6O4S2+: 

639.2782, found 639.2791; C32H42N6O4S2 (638.85). 
 

(R)-1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-
methylthiazol-5-yl)propyl)amino)methylene)-3-(1-phenylethyl)thiourea (3.125) 
(Synthesized by Steffen Pockes) 
The title compound was prepared from 3.010 (0.12 g, 0.28 mmol) and 3.084 (0.05 g, 

0.28 mmol) in DCM (10 mL) according to the general procedure (Rf = 0.48 in 

DCM/MeOH 99/1). 3.125 was yielded as a yellow oil (50 mg, 31%). 1H NMR (300 MHz, 

CDCl3) δ (ppm) 13.00 (s, 1H), 10.48 (br s, 1H), 8.48 (t, J = 5.7 Hz, 1H), 7.38 – 7.26 (m, 

5H), 6.65 (d, J = 7.0 Hz, 1H), 5.16 (q, J = 7.0 Hz, 1H), 3.21 – 3.06 (m, 2H), 2.55 (q, J 

= 7.5 Hz, 2H), 2.19 (s, 3H), 1.91 – 1.79 (m, 2H), 1.51 (s, 9H), 1.51 (s, 3H), 1.47 (s, 9H). 
13C NMR (75 MHz, CDCl3) δ (ppm) 183.54, 157.65, 154.85, 153.71, 153.40, 152.74, 

143.87, 128.52, 126.47, 125.61, 122.91, 83.30, 82.29, 53.28, 39.69, 30.46, 29.72, 

28.29, 28.03, 22.73, 14.49. HRMS (ESI-MS): m/z [M+H+] calculated for C27H41N6O4S2+: 

577.2625, found 577.2631; C27H40N6O4S2 (576.78). 

 

(S)-1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-
methylthiazol-5-yl)propyl)amino)methylene)-3-(1-phenylethyl)thiourea (3.126) 
(Synthesized by Steffen Pockes) 
The title compound was prepared from 3.010 (0.12 g, 0.28 mmol) and 3.085 (0.05 g, 

0.28 mmol) in DCM (10 mL) according to the general procedure (Rf = 0.48 in 

DCM/MeOH 99/1). 3.126 was yielded as a yellow oil (0.08 g, 51%). 1H NMR (300 MHz, 
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CDCl3) δ (ppm) 13.00 (s, 1H), 10.41 (s, 1H), 8.48 (t, J = 5.7 Hz, 1H), 7.39 – 7.25 (m, 

5H), 6.67 (d, J = 6.9 Hz, 1H), 5.16 (q, J = 7.0 Hz, 1H), 3.25 – 3.05 (m, 2H), 2.55 (q, J 

= 7.5 Hz, 2H), 2.19 (s, 3H), 1.98 – 1.72 (m, 2H), 1.51 (s, 9H), 1.50 (s, 3H), 1.47 (s, 9H). 
13C NMR (75 MHz, CDCl3) δ (ppm) 183.53, 157.84, 154.84, 153.71, 153.40, 152.79, 

143.88, 128.52, 126.47, 125.61, 122.85, 83.29, 82.25, 53.28, 39.68, 30.46, 29.71, 

28.29, 28.02, 22.72, 14.48. HRMS (ESI-MS): m/z [M+H+] calculated for C27H41N6O4S2+: 

577.2625, found 577.2625; C27H40N6O4S2 (576.78). 
 

1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-methylthiazol-5-
yl)propyl)amino)methylene)-3-(2,2-diphenylethyl)thiourea (3.127) (Synthesized by 

Steffen Pockes) 
The title compound was prepared from 3.010 (0.12 g, 0.28 mmol) and 3.086 (0.07 g, 

0.28 mmol) in DCM (10 mL) according to the general procedure (Rf = 0.51 in 

DCM/MeOH 99/1). 3.127 was yielded as a yellow oil (0.10 g, 55%). 1H NMR (400 MHz, 

CDCl3) δ (ppm) 13.02 (s, 1H), 10.47 (br s, 1H), 8.41 (t, J = 5.6 Hz, 1H), 7.34 – 7.13 (m, 

10H), 6.52 (t, J = 5.8 Hz, 1H), 4.45 – 4.28 (m, 1H), 4.20 – 4.00 (m, 2H), 3.38 – 3.20 

(m, 2H), 2.63 – 2.53 (m, 2H), 2.15 (s, 3H), 1.87 – 1.73 (m, 2H), 1.50 (s, 9H), 1.48 (d, J 

= 1.7 Hz, 9H). 13C NMR (101 MHz, CDCl3) δ (ppm) 184.51, 157.73, 154.87, 153.56, 

153.44, 152.74, 142.02, 128.79, 127.95, 126.86, 122.84, 83.34, 82.97, 49.66, 39.95, 

39.53, 30.57, 28.30, 28.05, 23.22, 14.45. HRMS (ESI-MS): m/z [M+H+] calculated for 

C33H45N6O4S2+: 653.2948, found 653.2948; C33H44N6O4S2 (652.87). 
 

(R)-1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-
methylthiazol-5-yl)propyl)amino)methylene)-3-(2-phenylpropyl)thiourea (3.128) 
(Synthesized by Steffen Pockes) 
The title compound was prepared from 3.010 (0.12 g, 0.28 mmol) and 3.087 (0.05 g, 

0.28 mmol) in DCM (10 mL) according to the general procedure (Rf = 0.50 in 

DCM/MeOH 99/1). 3.128 was yielded as a yellow oil (0.07 g, 43%). 1H NMR (300 MHz, 

CDCl3) δ (ppm) 13.02 (s, 1H), 10.86 (br s, 1H), 8.42 (t, J = 5.6 Hz, 1H), 7.36 – 7.12 (m, 

5H), 6.52 (t, J = 6.0 Hz, 1H), 3.93 – 3.57 (m, 2H), 3.50 – 3.37 (m, 2H), 3.05 (q, J = 7.1 

Hz, 1H), 2.68 (m, 2H), 2.21 (s, 3H), 1.87 (m, 2H), 1.51 (s, 9H), 1.49 (s, 9H), 1.24 (s, 

3H). 13C NMR (75 MHz, CDCl3) δ (ppm) 184.50, 157.91, 154.69, 153.47, 152.80, 

143.91, 141.89, 128.72, 127.08, 126.73, 122.75, 83.26, 82.93, 50.52, 39.64, 30.62, 
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29.74, 28.30, 28.05, 23.32, 19.30, 14.50. HRMS (ESI-MS): m/z [M+H+] calculated for 

C28H43N6O4S2+: 591.2782, found 591.2777; C28H42N6O4S2 (590.80). 

 
(S)-1-(tert-Butoxycarbonylamino((3-(2-tert-butoxycarbonylamino-4-
methylthiazol-5-yl)propyl)amino)methylene)-3-(2-phenylpropyl)thiourea (3.129) 
(Synthesized by Steffen Pockes) 
The title compound was prepared from 3.010 (0.12 g, 0.28 mmol) and 3.088 (0.05 g, 

0.28 mmol) in DCM (10 mL) according to the general procedure (Rf = 0.50 in 

DCM/MeOH 99/1). 3.129 was yielded as a yellow oil (0.05 g, 30%). 1H NMR (300 MHz, 

CDCl3) δ (ppm) 13.02 (s, 1H), 10.51 (br s, 1H), 8.42 (t, J = 5.6 Hz, 1H), 7.37 – 7.13 (m, 

5H), 6.51 (t, J = 6.0 Hz, 1H), 3.92 – 3.57 (m, 2H), 3.50 – 3.38 (m, 2H), 3.19 – 2.91 (m, 

1H), 2.73 – 2.62 (m, 2H), 2.21 (s, 3H), 1.97 – 1.76 (m, 2H), 1.52 (s, 9H), 1.49 (s, 9H), 

1.25 (s, 3H). 13C NMR (75 MHz, CDCl3) δ (ppm) 184.51, 157.81, 154.70, 153.49, 

152.77, 143.90, 142.07, 128.73, 127.09, 126.73, 122.78, 83.27, 82.93, 50.52, 39.64, 

30.57, 29.72, 28.29, 28.05, 23.33, 19.31, 14.51. HRMS (ESI-MS): m/z [M+H+] 

calculated for C28H43N6O4S2+: 591.2782, found 591.2747; C28H42N6O4S2 (590.80). 

 

3.5.1.9 Synthesis and Analytical Data of the Carbamoylguanidine-type Ligands 
3.138-3.186 

 
The general procedure for the synthesis of 3.138-3.186 by Boc-/Trt-deprotection is 

described in the literature.299,389,460 All compounds, with the exception of 3.149 and 

3.155, were purified by preparative HPLC (MeCN/0.05 or 0.1% aqueous TFA and 

obtained as di-trifluoroacetates (method A). 3.149 and 3.155 were purified as follows: 

The crude product was subjected to column chromatography under basic conditions 

(DCM/MeOH/NH3 90/10/0.1). The free base was dissolved in 2-3 mL dioxane and 

precipitated after the dropwise addition of 2 N HCl in diethyl ether. The resulting 

dihydrochloride was separated and washed with diethyl ether (3 x 5 mL) (method B).  

 
1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-
propyl)urea dihydrotrifluoroacetate (3.138) (Synthesized by Claudia Honisch) 

3.089 was prepared from 3.009a (0.15 g, 0.54 mmol), 3.048 (0.15 g, 0.54 mmol), HgCl2 

(0.29 g, 1.08 mmol), and NEt3 (0.23 mL, 1.62 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.0138 was 

prepared from the Boc-protected intermediate 3.089 in DCM (4.0 mL) and TFA 
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(1.0 mL) according to the general procedure (method A) and obtained as a colorless 

foamlike solid (140 mg, 49%): RP-HPLC: 99%, (tR = 10.92, k = 2.80). 1H NMR (600 

MHz, DMSO-d6, di-trifluoroacetate): δ (ppm) 10.22 (br s, 1H), 8.99 (br s, 1H), 8.87 (br 

s, 2H), 8.49 (br s, 2H), 7.49 (br s, 1H), 3.26 – 3.22 (m, 2H), 3.07 – 3.04 (m, 2H), 2.59 

(t, J = 7.5 Hz, 2H), 2.07 (s, 3H), 1.72 (p, J = 7.2 Hz, 2H), 1.48 – 1.42 (m, 2H), 0.85 (t, 

J = 7.4 Hz, 3H). 13C NMR (150 MHz, DMSO-d6, di-trifluoroacetate): δ (ppm) 167.60, 

153.80, 153.70, 132.60, 116.30, 40.90, 39.30, 28.90, 22.20, 22.00, 11.60, 11.10. 

HRMS (ESI-MS): m/z [M+H+] calculated for C12H23N6OS+: 299.1649, found 299.1651; 

C12H22N6OS x C4H2F6O4 (526.21). 
 

1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-
pentyl)urea dihydrotrifluoroacetate (3.139) (Synthesized by Katharina Tropmann) 
3.090 was prepared from 3.009a (0.05 g, 0.17 mmol), 3.049 (0.05 g, 0.17 mmol), HgCl2 

(0.09 g, 0.34 mmol), and NEt3 (0.07 mL, 0.51 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.139 was prepared 

from the Boc-protected intermediate 3.090 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (140 mg, 49%): RP-HPLC: 99%, (tR = 11.14, k = 2.47). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate) δ (ppm) 10.46 (s, 1H), 9.40 – 8.79 (m, 3H), 8.52 (s, 2H), 

7.48 (s, 1H), 3.24 (q, J = 6.6 Hz, 2H), 3.09 (q, J = 6.6 Hz, 2H), 2.59 (t, J = 7.5 Hz, 2H), 

2.08 (s, 3H), 1.73 (p, J = 7.3 Hz, 2H), 1.43 (p, J = 7.2 Hz, 2H), 1.32 – 1.19 (m, 4H), 

0.86 (t, J = 7.1 Hz, 3H). 13C NMR (151 MHz, DMSO-d6, di-trifluoroacetate) δ (ppm) 

167.82, 159.12 (q, J = 32.4 Hz, TFA), 153.83, 153.69, 131.95, 116.89 (q, J = 298.1 Hz, 

TFA), 116.28, 39.93, 39.16, 28.82, 28.59, 28.37, 21.98, 21.74, 13.86, 11.44. HRMS 

(ESI-MS): m/z [M+H+] calculated for C14H27N6OS+: 327.1962; found 327.1964; 

C14H26N6OS x C4H2F6O4 (554.51). 

 

1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-
hexyl)urea dihydrotrifluoroacetate (3.140) (Synthesized by Claudia Honisch) 
3.091 was prepared from 3.009a (0.15 g, 0.47 mmol), 3.050 (0.15 g, 0.47 mmol), HgCl2 

(0.26 g, 0.94 mmol), and NEt3 (0.20 mL, 1.41 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.140 was prepared 

from the Boc-protected intermediate 3.091 in DCM (4.0 mL) and TFA (1.0 mL) 
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according to the general procedure (method A) and obtained as a colorless foamlike 

solid (50 mg, 19%): RP-HPLC: 99%, (tR = 16.70, k = 4.80). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 10.39 (br s, 1H), 9.00 (br s, 1H), 8.73 (br s,2H), 

8.50 (br s, 2H), 7.49 (br s, 1H), 6.57 (br s, 1H), 3.25 – 3.22 (m, 2H), 3.09 – 3.06 (m, 

2H), 2.58 (t, J = 7.4 Hz, 2H), 2.05 (s, 3H), 1.71 (p, J = 7.3 Hz, 2H), 1.43 – 1.39 (m, 2H), 

1.28 – 1.24 (m, 6H), 0.86 – 0.84 (m, 3H). 13C NMR (150 MHz, DMSO-d6, di-

trifluoroacetate): δ (ppm) 167.40, 153.80, 153.70, 133.50, 116.30, 39.50, 39.30, 30.80, 

29.00, 28.80, 25.80, 22.03, 21.98, 13.80, 11.80. HRMS (ESI-MS): m/z [M+H+] 

calculated for C15H29N6OS+: 341.2118, found 341.2127; C15H28N6OS x C4H2F6O4 

(568.54). 
 

1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-
cyclohexylurea dihydrotrifluoroacetate (3.141) (Synthesized by Claudia Honisch) 
3.092 was prepared from 3.009a (0.13 g, 0.47 mmol), 3.051 (0.15 g, 0.47 mmol), HgCl2 

(0.26 g, 0.94 mmol), and NEt3 (0.20 mL, 1.41 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.141 was prepared 

from the Boc-protected intermediate 3.092 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (99 mg, 37%): RP-HPLC: 99%, (tR = 14.55, k = 4.00). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 10.06 (br s, 1H), 9.12 (br s, 2H), 8.96 (br s, 1H), 

8.47 (br s, 2H), 7.47 (br s, 1H), 3.46 – 3.44 (m, 1H), 3.23 (q, J = 6.3 Hz, 2H), 2.59 (t, J 

= 7.5 Hz, 2H), 2.08 (s, 3H), 1.77 – 1.63 (m, 6H), 1.54 – 1.51 (m, 1H), 1.32 – 1.11 (m, 

5H). 13C NMR (150 MHz, DMSO-d6, di-trifluoroacetate): δ (ppm) 167.90, 153.70, 

152.80, 131.40, 116.30, 48.30, 38.70, 32.00, 28.70, 24.90, 24.10, 21.90, 11.30. HRMS 

(ESI-MS): m/z [M+H+] calculated for C15H27N6OS+: 339.1962, found 339.1970; 

C15H26N6OS x C4H2F6O4 (566.52). 
 

1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-
phenylurea dihydrotrifluoroacetate (3.142) (Synthesized by Claudia Honisch) 
3.093 was prepared from 3.009a (0.09 g, 0.32 mmol), 3.052 (0.10 g, 0.32 mmol), HgCl2 

(0.17 g, 0.64 mmol), and NEt3 (0.13 mL, 0.96 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.142 was prepared 

from the Boc-protected intermediate 3.093 in DCM (4.0 mL) and TFA (1.0 mL) 
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according to the general procedure (method A) and obtained as a colorless foamlike 

solid (63 mg, 38%): RP-HPLC: 99%, (tR = 14.75, k = 4.09). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 10.47 (br s, 1H), 9.05 (br s, 2H), 8.93 (br s, 1H), 

8.56 (br s, 2H), 7.45 – 7.43 (m, 2H), 7.36 – 7.32 (m, 2H), 7.12 – 7.08 (m, 1H), 3.28 (q, 

J = 6.5 Hz, 2H), 2.61 (t, J = 7.5 Hz, 2H), 2.09 (s, 3H), 1.75 (p, J = 7.2 Hz, 2H). 13C NMR 

(150 MHz, DMSO-d6, di-trifluoroacetate): δ (ppm) 167.80, 153.40, 153.36, 137.50, 

133.80, 129.00, 123.90, 119.60, 116.30, 39.70, 28.70, 21.90, 11.40. HRMS (ESI-MS): 

m/z [M+H+] calculated for C15H21N6OS+: 333.1492, found 333.1496; 

C15H20N6OS x C4H2F6O4 (560.48). 
 

1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-
benzylurea dihydrotrifluoroacetate (3.143) (Synthesized by Claudia Honisch) 
3.094 was prepared from 3.009a (0.13 g, 0.47 mmol), 3.053 (0.15 g, 0.47 mmol), HgCl2 

(0.26 g, 0.94 mmol), and NEt3 (0.20 mL, 1.41 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.143 was prepared 

from the Boc-protected intermediate 3.094 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (49 mg, 18%): RP-HPLC: 97%, (tR = 14.89, k = 4.10). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 10.35 (br s, 1H), 9.10 (br s, 2H), 9.01 (br s, 1H), 

8.52 (br s, 2H), 7.98 (br s, 1H), 7.32 – 7.35 (m, 2H), 7.25 – 7.28 (m, 3H), 4.30 (d, J = 

5.8 Hz, 2H), 3.23 (q, J = 6.7 Hz, 2H), 2.58 (t, J = 7.5 Hz, 2H), 2.07 (s, 3H), 1.72 (p, J = 

7.2 Hz, 2H). 13C NMR (150 MHz, DMSO-d6, di-trifluoroacetate): δ (ppm) 167.80, 

153.80, 153.70, 138.60, 131.60, 128.40, 127.20, 127.10, 116.30, 42.70, 40.00, 28.70, 

21.90, 11.30. HRMS (ESI-MS): m/z [M+H+] calculated for C16H23N6OS+: 347.1649, 

found 347.1653; C16H22N6OS x C4H2F6O4 (574.50). 
 

1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-
benzhydrylurea dihydrotrifluoroacetate (3.144) (Synthesized by Steffen Pockes) 
3.144 was prepared from 3.095 (0.12 g, 0.19 mmol) in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (60 mg, 49%): RP-HPLC: 99%, (tR = 14.69, k = 3.65). 1H NMR (300 MHz, 

CD3OD, di-trifluoroacetate) δ (ppm) 7.43 – 7.22 (m, 10H), 6.06 (s, 1H), 3.34 – 3.32 (m, 

2H), 2.69 (t, J = 7.6 Hz, 2H), 2.15 (s, 3H), 1.88 (p, J = 7.2 Hz, 2H). 13C NMR (75 MHz, 
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CD3OD, di-trifluoroacetate) δ (ppm) 170.36, 155.91, 154.47, 142.72, 132.69, 129.75, 

128.66, 128.40, 118.40, 59.02, 41.50, 29.91, 23.57, 11.48. HRMS (ESI-MS): m/z 

[M+H+] calculated for C22H27N6OS+: 423.1962, found 423.1958; 

C22H26N6OS x C4H2F6O4 (650.60). 
 

(R)-1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-
phenylethyl)urea dihydrotrifluoroacetate (3.145) (Synthesized by Steffen Pockes) 
3.145 was prepared from 3.096 (2.02 g, 3.60 mmol) in DCM (16.0 mL) and TFA 

(4.0 mL) according to the general procedure (method A) and obtained as a colorless 

foamlike solid (210 mg, 74%): RP-HPLC: 99%, (tR = 11.14, k = 2.53), ee = 99%, [α]20D 

+26.54 (c 0.31, MeOH). 1H NMR (300 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 7.59 

– 6.96 (m, 5H), 4.88 – 4.84 (m, 1H), 3.34 – 3.25 (m, 2H), 2.69 (t, J = 7.5 Hz, 2H), 2.16 

(s, 3H), 1.87 (p, J = 7.1 Hz, 2H), 1.47 (d, J = 7.0 Hz, 3H). 13C NMR (75 MHz, CD3OD, 

di-trifluoroacetate) δ (ppm) 170.38, 155.99, 154.73, 144.89, 132.62, 129.68, 128.38, 

127.03, 118.40, 51.17, 41.44, 29.89, 23.58, 22.70, 11.45. HRMS (ESI-MS): m/z [M+H+] 

calculated for C17H25N6OS+: 361.1805, found 361.1802; C17H24N6OS x C4H2F6O4 

(588.53). 

 

(S)-1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-
phenylethyl)urea dihydrotrifluoroacetate (3.146) (Synthesized by Steffen Pockes) 
3.146 was prepared from 3.097 (0.22 g, 0.39 mmol) in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (190 mg, 82%): RP-HPLC: 99%, (tR = 11.08, k = 2.51), ee = 99%, [α]20D -24.24 (c 

0.30, MeOH). 1H NMR (300 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 7.39 – 7.18 (m, 

5H), 4.88 (s, 1H), 3.30 – 3.27 (m, 2H), 2.69 (t, J = 7.6 Hz, 2H), 2.15 (s, 3H), 1.87 (p, J 

= 7.2 Hz, 2H), 1.47 (d, J = 7.0 Hz, 3H). 13C NMR (75 MHz, CD3OD, di-trifluoroacetate) 

δ (ppm) 170.39, 156.00, 154.73, 144.89, 132.61, 129.67, 128.38, 127.03, 118.40, 

51.17, 41.44, 29.87, 23.58, 22.69, 11.44. HRMS (ESI-MS): m/z [M+H+] calculated for 

C17H25N6OS+: 361.1805, found 361.1807; C17H24N6OS x C4H2F6O4 (588.53). 
 
1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(2,2,2-
trifluoro-1-phenylethyl)urea dihydrotrifluoroacetate (3.147) 
3.147 was prepared from 3.098 (0.10 g, 0.12 mmol) in DCM (8.0 mL) and TFA (2.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 
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solid (23 mg, 29%): RP-HPLC: 96%, (tR = 10.78, k = 3.04). 1H NMR (300 MHz, 

CD3OD, di-trifluoroacetate) δ (ppm) 7.52 – 7.34 (m, 5H), 5.57 (q, J = 8.0 Hz, 1H), 3.32 

(t, J = 6.9 Hz, 2H), 2.67 (t, J = 7.6 Hz, 2H), 2.14 (s, 3H), 1.95 – 1.78 (m, 2H). 13C NMR 

(75 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 168.90, 153.59, 132.36, 131.18, 129.07, 

128.54, 127.86, 125.21 (d, J = 171.5 Hz), 122.63, 116.91, 54.89 (q, J = 31.0 Hz), 40.15, 

28.38, 22.11, 10.00. HRMS (ESI-MS): m/z [M+H+] calculated for C17H22F3N6OS+: 

415.1522, found 415.1523; C17H21F3N6OS x C4H2F6O4 (642.50). 
 

1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-
phenylpropyl)urea dihydrotrifluoroacetate (3.148) 
3.148 was prepared from 3.099 (60 mg, 0.10 mmol) in DCM (8.0 mL) and TFA (2.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (33 mg, 52%): RP-HPLC: 99%, (tR = 10.06, k = 2.77). 1H NMR (300 MHz, 

CD3OD, di-trifluoroacetate) δ (ppm) 7.34 – 7.14 (m, 5H), 4.60 (t, J = 7.4 Hz, 1H), 3.28 

– 3.25 (m, 2H), 2.64 (t, J = 7.6 Hz, 2H), 2.11 (s, 3H), 1.92 – 1.77 (m, 2H), 1.82 – 1.64 

(m, 2H), 0.86 (t, J = 7.4 Hz, 3H). 13C NMR (75 MHz, CD3OD, di-trifluoroacetate) δ 

(ppm) 170.30, 155.91, 151.26, 143.69, 132.55, 129.54, 128.33, 127.53, 118.30, 57.35, 

41.36, 30.50, 29.83, 23.50, 11.39, 11.16. HRMS (ESI-MS): m/z [M+H+] calculated for 

C18H27N6OS+: 375.1962, found 375.1961; C18H26N6OS x C4H2F6O4 (602.55). 
 

1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-
phenylisobutyl)urea dihydrochloride(3.149) 
3.149 was prepared from 3.100 (0.27 g, 0.45 mmol) in DCM (8.0 mL) and TFA (2.0 mL) 

according to the general procedure (method B) and obtained as a colorless foamlike 

solid (33 mg, 52%): RP-HPLC: 97%, (tR = 13.44, k = 3.72). 1H NMR (300 MHz, 

CD3OD, di-hydrochloride) δ (ppm) 7.46 – 7.13 (m, 5H), 4.57 – 4.44 (m, 1H), 3.40 – 

3.31 (m, 2H), 2.71 (t, J = 7.6 Hz, 2H), 2.17 (s, 3H), 2.11 – 1.99 (m, 1H), 1.87 (p, J = 

7.2 Hz, 2H), 1.17 (t, J = 7.0 Hz, 2H), 0.99 (d, J = 6.7 Hz, 2H), 0.82 (d, J = 6.7 Hz, 3H). 
13C NMR (75 MHz, CD3OD, di-hydrochloride) δ (ppm) 170.25, 168.72, 153.47, 141.34, 

131.03, 127.99, 126.89, 126.75, 117.11, 60.49, 40.16, 33.42, 22.12, 18.80, 17.83, 

14.09, 10.23. HRMS (ESI-MS): m/z [M+H+] calculated for C19H29N6OS+: 389.2118, 

found 389.2123; C19H28N6OS x H2Cl2 (461.45). 
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1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-(p-
tolyl)ethyl)urea dihydrotrifluoroacetate (3.150) 
3.150 was prepared from 3.101 (0.10 g, 0.17 mmol) in DCM (8.0 mL) and TFA (2.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (48 mg, 46%): RP-HPLC: 96%, (tR = 10.11, k = 2.79). 1H NMR (300 MHz, 

CD3OD, di-trifluoroacetate) δ (ppm) 7.15 (d, J = 8.2 Hz, 2H), 7.08 (d, J = 8.0 Hz, 2H), 

4.83 – 4.76 (m, 1H), 2.64 (t, J = 7.5 Hz, 2H), 2.25 (s, 3H), 2.11 (s, 3H), 1.89 – 1.77 (m, 

2H), 1.40 (d, J = 7.0 Hz, 3H). 13C NMR (75 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 

170.30, 155.91, 141.74, 138.03, 136.39, 132.57, 130.16, 126.91, 118.31, 50.81, 41.37, 

29.82, 23.52, 22.63, 21.07, 11.41. HRMS (ESI-MS): m/z [M+H+] calculated for 

C18H27N6OS+: 375.1962, found 375.1962; C18H26N6OS x C4H2F6O4 (602.55). 
 

1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-(4-
fluorophenyl)ethyl)urea dihydrotrifluoroacetate (3.151) 
3.151 was prepared from 3.102 (60 mg, 0.10 mmol) in DCM (8.0 mL) and TFA (2.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (41 mg, 65%): RP-HPLC: 97%, (tR = 9.53, k = 2.57). 1H NMR (300 MHz, CD3OD, 

di-trifluoroacetate) δ (ppm) 7.40 – 7.27 (m, 2H), 7.11 – 6.97 (m, 2H), 2.69 (t, J = 7.5 

Hz, 2H), 2.16 (s, 3H), 1.95 – 1.79 (m, 2H), 1.46 (d, J = 7.1 Hz, 3H). 13C NMR (75 MHz, 

CD3OD, di-trifluoroacetate) δ (ppm) 170.36, 163.41 (d, J = 244.0 Hz), 155.97, 154.72, 

140.94, 132.61, 128.98 (d, J = 8.2 Hz), 118.37, 116.21 (d, J = 21.6 Hz), 50.52, 41.43, 

29.87, 23.57, 22.59, 11.44. HRMS (ESI-MS): m/z [M+H+] calculated for C17H24FN6OS+: 

379.1711, found 379.1711; C17H23FN6OS x C4H2F6O4 (606.52). 
 
1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-(4-
chlorophenyl)ethyl)urea dihydrotrifluoroacetate (3.152) 
3.152 was prepared from 3.103 (0.11 g, 0.19 mmol) in DCM (8.0 mL) and TFA (2.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (24 mg, 21%): RP-HPLC: 96%, (tR = 10.47, k = 2.92). 1H NMR (300 MHz, 

CD3OD, di-trifluoroacetate) δ (ppm) 7.29 (s, 4H), 2.66 (t, J = 7.5 Hz, 2H), 2.13 (s, 3H), 

1.93 – 1.76 (m, 2H), 1.44 (d, J = 7.0 Hz, 3H). 13C NMR (75 MHz, CD3OD, di-

trifluoroacetate) δ (ppm) 170.34, 162.62, 143.81, 136.43, 134.00, 132.65, 129.67, 

128.76, 118.39, 50.62, 41.44, 29.88, 23.58, 22.47, 11.46. HRMS (ESI-MS): m/z [M+H+] 
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calculated for C17H24ClN6OS+: 395.1415, found 395.1416; C17H23ClN6OS x C4H2F6O4 

(622.97). 
 
1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-(4-
bromophenyl)ethyl)urea dihydrotrifluoroacetate (3.153) 
3.153 was prepared from 3.104 (70 mg, 0.11 mmol) in DCM (8.0 mL) and TFA (2.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (24 mg, 34%): RP-HPLC: 96%, (tR = 10.72, k = 3.01). 1H NMR (300 MHz, 

CD3OD, di-trifluoroacetate) δ (ppm) 7.44 (d, J = 8.4 Hz, 2H), 7.23 (d, J = 8.4 Hz, 2H), 

2.66 (t, J = 7.6 Hz, 2H), 2.12 (s, 3H), 1.92 – 1.76 (m, 2H), 1.43 (d, J = 7.0 Hz, 3H). 13C 

NMR (75 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 271.53, 234.74, 218.12, 170.35, 

144.32, 132.68, 129.10, 121.91, 118.39, 50.68, 41.44, 29.87, 23.58, 22.43, 11.45. 

HRMS (ESI-MS): m/z [M+H+] calculated for C17H24BrN6OS+: 439.0910, found 

439.0912; C17H23BrN6OS x C4H2F6O4 (667.42). 
 
1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-(4-
methoxyphenyl)ethyl)urea dihydrotrifluoroacetate (3.154) 
3.154 was prepared from 3.105 (0.22 g, 0.37 mmol) in DCM (8.0 mL) and TFA (2.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (12 mg, 5%): RP-HPLC: 97%, (tR = 9.18, k = 2.44). 1H NMR (300 MHz, CD3OD, 

di-trifluoroacetate) δ (ppm) 7.28 – 7.20 (m, 2H), 6.91 – 6.82 (m, 2H), 3.76 (s, 3H), 2.70 

(t, J = 7.5 Hz, 2H), 2.16 (s, 3H), 1.95 – 1.81 (m, 2H), 1.45 (d, J = 7.0 Hz, 3H). 13C NMR 

(75 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 168.49, 158.97, 154.21, 153.00, 145.90, 

134.98, 126.79, 118.79, 113.50, 54.28, 49.10, 39.97, 28.43, 22.12, 21.13, 10.00. 

HRMS (ESI-MS): m/z [M+H+] calculated for C18H27N6O2S+: 391.1911, found 391.1921; 

C18H26N6O2S x C4H2F6O4 (618.55). 
 
1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-(4-
trifluoromethoxyphenyl)ethyl)urea dihydrochloride (3.155) 
3.155 was prepared from 3.106 (0.25 g, 0.39 mmol) in DCM (8.0 mL) and TFA (2.0 mL) 

according to the general procedure (method B) and obtained as a colorless foamlike 

solid (180 mg, 90%): RP-HPLC: 95%, (tR = 11.42, k = 3.28). 1H NMR (300 MHz, 

CD3OD, di-hydrochloride) δ (ppm) 7.45 (m, 2H), 7.23 (d, J = 8.0 Hz, 2H), 3.35 (m, 2H), 

2.72 (t, J = 7.5 Hz, 2H), 2.17 (d, J = 3.6 Hz, 3H), 1.87 (p, J = 7.0 Hz, 2H), 1.54 – 1.44 
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(m, 3H). 13C NMR (75 MHz, CD3OD, di-hydrochloride) δ (ppm) 168.72, 154.28, 153.00, 

148.09, 142.74, 131.03, 127.47, 120.79, 120.49 (d, J = 255.3 Hz), 117.11, 49.24, 

40.21, 28.56, 22.15, 21.27, 10.25. HRMS (ESI-MS): m/z [M+H+] calculated for 

C18H24F3N6O2S+: 445.1628, found 445.1630; C18H23F3N6O2S x H2Cl2 (517.39). 
 
1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-(2-
fluorophenyl)ethyl)urea dihydrotrifluoroacetate (3.156) 
3.156 was prepared from 3.107 (0.19 g, 0.32 mmol) in DCM (8.0 mL) and TFA (2.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (94 mg, 48%): RP-HPLC: 99%, (tR = 9.46, k = 2.54). 1H NMR (400 MHz, CD3OD, 

di-trifluoroacetate) δ (ppm) 7.39 – 7.03 (m, 4H), 5.16 (q, J = 7.0 Hz, 1H), 2.69 (t, J = 

7.6 Hz, 2H), 1.93 – 1.81 (m, 2H), 1.48 (d, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CD3OD, 

di-trifluoroacetate) δ (ppm) 168.93, 160.06 (d, J = 244.9 Hz), 154.52, 153.22, 131.18, 

130.28 (d, J = 13.5 Hz), 128.75 (d, J = 8.4 Hz), 126.98 (d, J = 4.1 Hz), 124.17 (d, J = 

3.5 Hz), 116.93, 115.05 (d, J = 22.0 Hz), 44.42, 40.00, 28.42, 22.12, 20.23, 10.00. 

HRMS (ESI-MS): m/z [M+H+] calculated for C17H24FN6OS+: 379.1711, found 379.1710; 

C17H23FN6OS x C4H2F6O4 (606.52). 

 

1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-(3-
fluorophenyl)ethyl)urea dihydrotrifluoroacetate (3.157) 
3.157 was prepared from 3.108 (0.21 g, 0.36 mmol) in DCM (8.0 mL) and TFA (2.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (100 mg, 45%): RP-HPLC: 99%, (tR = 9.50, k = 2.56). 1H NMR (400 MHz, 

CD3OD, di-trifluoroacetate) δ (ppm) 7.38 – 7.28 (m, 1H), 7.16 – 6.94 (m, 3H), 4.91 (q, 

1H), 2.69 (t, J = 7.6 Hz, 2H), 2.15 (s, 3H), 1.94 – 1.81 (m, 2H), 1.47 (d, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 168.92, 162.98 (d, J = 244.6 

Hz), 162.07 (q, J = 34.6 Hz, TFA), 154.54, 153.34, 146.50 (d, J = 6.8 Hz), 131.26, 

129.98 (d, J = 8.2 Hz), 121.44 (d, J = 2.9 Hz), 116.95, 116.59 (q, J = 291.7 Hz, TFA), 

113.50 (d, J = 21.3 Hz), 112.42 (d, J = 22.2 Hz), 49.34 (d, J = 1.2 Hz), 48.03, 40.00, 

28.43, 22.13, 21.03, 10.02. 19F NMR (377 MHz, CD3OD, di-trifluoroacetate) δ (ppm) -

75.42 (TFA), -113.47. HRMS (ESI-MS): m/z [M+H+] calculated for C17H24FN6OS+: 

379.1711, found 379.1711; C17H23FN6OS x C4H2F6O4 (606.52). 
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1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-(2-
furanyl)methyl)urea dihydrotrifluoroacetate (3.158) 
3.158 was prepared from 3.109 (0.14 g, 0.26 mmol) in DCM (8.0 mL) and TFA (2.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (29 mg, 19%): RP-HPLC: 99%, (tR = 7.16, k = 1.68). 1H NMR (400 MHz, CD3OD, 

di-trifluoroacetate) δ (ppm) 7.46 – 7.40 (m, 2H), 6.36 – 6.27 (m, 2H), 4.38 (s, 2H), 3.34 

(t, 3H), 2.72 (t, J = 7.5 Hz, 3H), 2.18 (s, 3H), 1.90 (p, J = 7.1 Hz, 2H). 13C NMR (101 

MHz, CD3OD, di-trifluoroacetate) δ (ppm) 168.93, 154.54, 151.17, 142.13, 131.21, 

116.98, 110.00, 107.02, 40.05, 36.04, 28.44, 22.17, 10.02. HRMS (ESI-MS): m/z 

[M+H+] calculated for C14H20N6O2S+: 337.1441, found 337.1442; 

C14H21N6O2S x C4H2F6O4 (564.46). 
 
1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-(2-
furanyl)ethyl)urea dihydrotrifluoroacetate (3.159) 
3.159 was prepared from 3.110 (0.22 g, 0.39 mmol) in DCM (8.0 mL) and TFA (2.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (17 mg, 8%): RP-HPLC: 99%, (tR = 8.24, k = 2.09). 1H NMR (300 MHz, CD3OD, 

di-trifluoroacetate) δ (ppm) 7.40 – 7.38 (m, 1H), 6.33 – 6.21 (m, 2H), 4.98 (q, J = 7.1 

Hz, 1H), 3.30 (t, J = 6.6 Hz, 2H), 2.68 (t, J = 7.5 Hz, 2H), 2.15 (s, 3H), 1.95 – 1.78 (m, 

2H), 1.47 (d, J = 7.0 Hz, 3H). 13C NMR (75 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 

168.90, 154.94, 154.50, 141.83, 131.17, 118.53, 116.95, 109.82, 105.23, 43.41, 40.04, 

28.43, 22.15, 18.15, 10.01. HRMS (ESI-MS): m/z [M+H+] calculated for C15H23N6O2S+: 

351.1598, found 351.1600; C15H22N6O2S x C4H2F6O4 (578.49). 
 
1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-
(thiophen-2-yl)ethyl)urea dihydrotrifluoroacetate (3.160) 
3.160 was prepared from 3.111 (0.21 g, 0.36 mmol) in DCM (8.0 mL) and TFA (2.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (11 mg, 5%): RP-HPLC: 99%, (tR = 8.80, k = 2.30). 1H NMR (400 MHz, CD3OD, 

di-trifluoroacetate) δ (ppm) 7.30 (dd, J = 5.1, 1.2 Hz, 1H), 7.05 – 6.95 (m, 2H), 5.22 (q, 

1H), 3.34 (t, J = 6.8 Hz, 2H), 2.73 (t, J = 7.6 Hz, 2H), 2.19 (s, 3H), 1.96 – 1.86 (m, 2H), 

1.60 (d, J = 6.9 Hz, 3H). 13C NMR (75 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 168.92, 

167.26, 154.53, 146.63, 131.16, 126.34, 123.83, 123.61, 116.90, 45.17, 40.02, 28.43, 
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22.14, 21.16, 10.02. HRMS (ESI-MS): m/z [M+H+] calculated for C15H23N6OS2+: 

367.1369, found 367.1367; C15H22N6OS2 x C4H2F6O4 (594.55). 
 
1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(2-
phenylethyl)urea dihydrotrifluoroacetate (3.161) (Synthesized by Claudia Honisch) 
3.112 was prepared from 3.009a (0.12 g, 0.44 mmol), 3.071 (0.15 g, 0.44 mmol), HgCl2 

(0.24 g, 0.89 mmol) and NEt3 (0.18 mL, 1.33 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.161 was prepared 

from the Boc-protected intermediate 3.112 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (110 mg, 42%): RP-HPLC: 99%, (tR = 15.00, k = 4.20). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 10.29 (br s, 1H), 9.04 (br s, 3H), 8.52 (br s, 2H), 

7.60 (br s, 1H), 7.30 – 7.28 (m, 2H), 7.22 – 7.19 (m, 3H), 3.33 – 3.32 (m, 2H), 3.24 (br 

s, 2H), 2.75 (t, J = 7.2 Hz, 2H), 2.60 – 2.58 (m, 2H), 2.08 (s, 3H), 1.71 (p, J = 7.1 Hz, 

2H). 13C NMR (150 MHz, DMSO-d6, di-trifluoroacetate): δ (ppm) 167.70, 153.70, 

153.60, 138.90, 131.70, 128.60, 128.40, 126.20, 116.30, 40.70, 40.00, 35.00, 28.80, 

21.90, 11.50. HRMS (ESI-MS): m/z [M+H+] calculated for C17H25N6OS+: 361.1805, 

found 361.1812; C17H24N6OS x C4H2F6O4 (588.53). 
 
1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(2,2-
diphenylethyl)urea dihydrotrifluoroacetate (3.162) (Synthesized by Steffen 

Pockes) 
3.162 was prepared from 3.113 (0.26 g, 0.41 mmol) in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (210 mg, 74%): RP-HPLC: 99%, (tR = 15.04, k = 3.76). 1H NMR (300 MHz, 

CD3OD, di-trifluoroacetate) δ (ppm) 7.36 – 7.12 (m, 10H), 4.26 (t, J = 8.1 Hz, 1H), 3.84 

(d, J = 8.1 Hz, 2H), 3.30 – 3.25 (m, 2H), 2.68 (t, J = 7.6 Hz, 2H), 2.16 (s, 3H), 1.86 (p, 

J = 7.1 Hz, 2H). 13C NMR (75 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 170.37, 155.85, 

155.50, 143.40, 132.63, 129.73, 129.16, 127.86, 118.39, 51.99, 45.26, 41.41, 29.89, 

23.57, 11.48. HRMS (ESI-MS): m/z [M+H+] calculated for C23H29N6OS+: 437.2118, 

found 437.2120; C23H28N6OS x C4H2F6O4 (664.62). 
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1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(2-
cyclohexylpropyl)urea dihydrotrifluoroacetate (3.163) (Synthesized by Sabrina 

Biselli) 
3.114 was prepared from 3.009a (0.07 g, 0.25 mmol), 3.073 (0.09 g, 0.25 mmol), HgCl2 

(0.14 g, 0.50 mmol), and NEt3 (0.10 mL, 0.76 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.163 was prepared 

from the Boc-protected intermediate 3.114 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (80 mg, 53%): RP-HPLC: 99%, (tR = 18.61, k = 5.42). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 13.55 (br s, 1H), 10.34 (br s, 1H), 9.07 – 8.98 

(m, 3H), 8.49 (br s, 2H), 7.44 (br s, 1H), 3.25 – 3.22 (m, 2H), 3.14 – 3.10 (m, 1H), 2.94 

– 2.90 (m, 1H), 2.60 – 2.58 (m, 2H), 2.07 (s, 3H), 1.74 – 1.67 (m, 4H), 1.61 – 1.55 (m, 

3H), 1.47 – 1.43 (m, 1H), 1.22 – 0.90 (m, 6H), 0.78 (d, J = 6.8 Hz, 3H). 13C NMR (150 

MHz, DMSO-d6, di-trifluoroacetate): δ (ppm) 167.81, 153.72, 153.68, 131.75, 116.28, 

42.85, 40.05, 39.30, 37.77, 30.27, 28.80, 27.90, 26.23, 26.16, 26.05, 21.96, 14.03, 

11.40. HRMS (ESI-MS): m/z [M+H+] calculated for C18H33N6OS+: 381.2431, found 

381.2436; C18H32N6OS x C4H2F6O4 (608.61). 
 
(R)-1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(2-
phenylpropyl)urea dihydrotrifluoroacetate (3.164) (Synthesized by Steffen Pockes) 
3.164 was prepared from 3.115 (0.16 g, 0.28 mmol) in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (90 mg, 54%): RP-HPLC: 99%, (tR = 12.20, k = 2.86), ee = 99%, [α]20D +25.82 (c 

0.28, MeOH). 1H NMR (300 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 7.35 – 7.12 (m, 

5H), 3.36 (d, J = 7.4 Hz, 2H), 3.31 – 3.27 (m, 2H), 3.01 - 2.91 (m, 1H), 2.69 (t, J = 7.5 

Hz, 2H), 2.16 (s, 3H), 1.87 (p, J = 7.1 Hz, 2H), 1.26 (d, J = 7.0 Hz, 3H). 13C NMR (75 

MHz, CD3OD, di-trifluoroacetate) δ (ppm) 170.40, 155.94, 155.52, 145.43, 132.60, 

129.67, 128.30, 127.72, 118.37, 47.64, 41.41, 41.01, 29.89, 23.59, 19.57, 11.47. 

HRMS (ESI-MS): m/z [M+H+] calculated for C18H27N6OS+: 375.1962, found 375.1966; 

C18H26N6OS x C4H2F6O4 (602.55). 
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(S)-1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(2-
phenylpropyl)urea dihydrotrifluoroacetate (3.165) (Synthesized by Steffen Pockes) 
3.165 was prepared from 3.116 (0.26 g, 0.45 mmol) in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (230 mg, 84%): RP-HPLC: 99%, (tR = 12.16, k = 2.85), ee = 99%, [α]20D -21.71 (c 

0.33, MeOH). 1H NMR (300 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 7.60 – 7.03 (m, 

5H), 3.39 – 3.34 (m, 2H), 3.34 – 3.25 (m, 2H), 3.02 - 2.92 (m, 1H), 2.70 (t, J = 7.5 Hz, 

2H), 2.17 (s, 3H), 1.87 (p, J = 7.1 Hz, 2H), 1.26 (d, J = 7.0 Hz, 3H). 13C NMR (75 MHz, 

CD3OD, di-trifluoroacetate) δ (ppm) 170.40, 163.31, 162.83, 145.43, 132.61, 129.68, 

128.30, 127.73, 118.40, 47.63, 41.41, 41.02, 29.90, 23.59, 19.58, 11.46. HRMS (ESI-

MS): m/z [M+H+] calculated for C18H27N6OS+: 375.1962, found 375.1968; 

C18H26N6OS x C4H2F6O4 (602.55). 

 
1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(2-
phenylbutyl)urea dihydrotrifluoroacetate (3.166) (Synthesized by Sabrina Biselli) 
3.117 was prepared from 3.009a (0.07 g, 0.25 mmol), 3.076 (0.09 g, 0.25 mmol), HgCl2 

(0.14 g, 0.50 mmol), and NEt3 (0.10 mL, 0.76 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.166 was prepared 

from the Boc-protected intermediate 3.117 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (80 mg, 52%): RP-HPLC: 98%, (tR = 16.71, k = 4.76). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 10.37 (br s, 1H), 9.08 (br s, 2H), 8.98 (br s, 1H), 

8.50 (br s, 2H), 7.31 – 7.28 (m, 3H), 7.21 – 7.18 (m, 3H), 3.38 – 3.34 (m, 1H), 3.29 – 

3.20 (m, 3H), 2.67 – 2.62 (m, 1H), 2.58 – 2.56 (m, 2H), 2.06 (s, 3H), 1.73 – 1.64 (m, 

3H), 1.54 – 1.46 (m, 1H), 0.71 (t, J = 7.3 Hz, 3H). 13C NMR (150 MHz, DMSO-d6, di-

trifluoroacetate): δ (ppm) 167.80, 153.69, 153.67, 142.50, 132.00, 128.40, 127.70, 

126.40, 116.30, 46.70, 44.60, 39.40, 28.80, 25.80, 22.00, 11.70, 11.40. HRMS (ESI-

MS): m/z [M+H+] calculated for C19H29N6OS+: 389.2118, found 389.2118; 

C19H28N6OS x C4H2F6O4 (616.58). 
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1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(3-
methyl-2-phenylbutyl)urea dihydrotrifluoroacetate (3.167) (Synthesized by 

Sabrina Biselli) 
3.118 was prepared from 3.009a (0.06 g, 0.24 mmol), 3.077 (0.09 g, 0.24 mmol), HgCl2 

(0.13 g, 0.47 mmol), and NEt3 (0.10 mL, 0.71 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.167 was prepared 

from the Boc-protected intermediate 3.118 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (40 mg, 26%): RP-HPLC: 99%, (tR = 18.31, k = 5.31). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 10.08 (br s, 1H), 9.16 (br s, 2H), 8.93 (br s, 1H), 

8.45 (br s, 2H), 7.30 – 7.28 (m, 2H), 7.22 – 7.19 (m, 1H), 7.16 – 7.11 (m, 3H), 3.60 – 

3.56 (m, 1H), 3.36 – 3.31 (m, 1H), 3.20 – 3.19 (m, 2H), 2.57 – 2.52 (m, 3H), 2.06 (s, 

3H), 1.88 – 1.83 (m, 1H), 1.69 (p, J = 7.2 Hz, 2H), 0.91 (d, J = 6.7 Hz, 3H), 0.66 (d, J 

= 6.7 Hz, 3H). 13C NMR (150 MHz, DMSO-d6, di-trifluoroacetate): δ (ppm) 167.79, 

153.50, 141.39, 131.37, 128.43, 128.09, 126.35, 116.24, 51.50, 41.95, 39.95, 30.38, 

28.70, 21.90, 20.70, 19.99, 11.27. HRMS (ESI-MS): m/z [M+H+] calculated for 

C20H31N6OS+: 403.2275, found 403.2282; C20H30N6OS x C4H2F6O4 (630.61). 
 
1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(2-(4-
prop-2-ylphenyl)propyl)urea dihydrotrifluoroacetate (3.168) (Synthesized by 

Sabrina Biselli) 
3.119 was prepared from 3.009a (0.06 g, 0.23 mmol), 3.078 (0.09 g, 0.23 mmol), HgCl2 

(0.12 g, 0.46 mmol), and NEt3 (0.09 mL, 0.69 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.168 was prepared 

from the Boc-protected intermediate 3.119 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (80 mg, 54%): RP-HPLC: 96%, (tR = 19.33, k = 5.67). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 10.36 (br s, 1H), 9.23 (br s, 2H), 9.01 (br s, 1H), 

8.51 (br s, 2H), 7.38 (br s, 1H), 7.18 – 7.14 (m, 4H), 3.25 – 3.22 (m, 4H), 2.89 – 2.82 

(m, 2H), 2.61 – 2.58 (m, 2H), 2.08 (s, 3H), 1.72 (p, J = 7.1 Hz, 2H), 1.18 – 1.16 (m, 

9H). 13C NMR (150 MHz, DMSO-d6, di-trifluoroacetate): δ (ppm) 168.00, 153.71, 

153.68, 146.40, 141.50, 131.30, 127.00, 126.30, 116.30, 46.00, 38.70, 38.60, 33.00, 

28.70, 23.90, 21.90, 19.10, 11.20. HRMS (ESI-MS): m/z [M+H+] calculated for 

C21H33N6OS+: 417.2431, found 417.2435; C21H32N6OS x C4H2F6O4 (644.64).  
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1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(3-
cyclohexyl-2-methylpropyl)urea dihydrotrifluoroacetate (3.169) (Synthesized by 

Sabrina Biselli) 
3.120 was prepared from 3.009a (0.06 g, 0.22 mmol), 3.079 (0.08 g, 0.22 mmol), HgCl2 

(0.12 g, 0.43 mmol), and NEt3 (0.09 mL, 0.65 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.169 was prepared 

from the Boc-protected intermediate 3.120 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (110 mg, 54%): RP-HPLC: 99%, (tR = 20.10, k = 5.93). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 10.42 (br s, 1H), 9.06 – 9.00 (m, 3H), 8.51 (br 

s, 2H), 7.47 (br s,1H), 3.26 – 3.23 (m, 2H), 3.06 – 3.02 (m, 1H), 2.89 – 2.84 (m, 1H), 

2.61 – 2.58 (m, 2H), 2.08 (s, 3H), 1.75 – 1.59 (m, 8H), 1.31 – 1.26 (m, 1H), 1.23 – 1.07 

(m, 4H), 0.97 – 0.93 (m, 1H), 0.88 – 0.73 (m, 5H). 13C NMR (150 MHz, DMSO-d6, di-

trifluoroacetate): δ (ppm) 167.80, 153.78, 153.77, 131.90, 116.30, 45.30, 41.70, 39.00, 

34.20, 33.50, 32.50, 29.60, 28.80, 26.20, 25.80, 25.70, 22.00, 17.70, 11.40. HRMS 

(ESI-MS): m/z [M+H+] calculated for C19H35N6OS+: 395.2588, found 395.2590; 

C19H34N6OS x C4H2F6O4 (622.63). 
 
1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(2-
methyl-3-(4-methylphenyl)propyl)urea dihydrotrifluoroacetate (3.170) 
(Synthesized by Sabrina Biselli) 
3.121 was prepared from 3.009a (0.06 g, 0.22 mmol), 3.080 (0.08 g, 0.22 mmol), HgCl2 

(0.12 g, 0.43 mmol), and NEt3 (0.09 mL, 0.65 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.170 was prepared 

from the Boc-protected intermediate 3.121 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (30 mg, 22%): RP-HPLC: 98%, (tR = 20.21, k = 5.97). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 10.49 (br s, 1H), 9.14 (br s, 2H), 8.99 (br s, 1H), 

8.51 (br s, 2H), 7.53 (br s, 1H), 7.07 – 7.07 (m, 4H), 3.23 (q, J = 6.5 Hz, 2H), 3.09 – 

3.05 (m, 1H), 2.93 – 2.89 (m, 1H), 2.60 – 2.55 (m, 3H), 2.31 – 2.28 (m, 1H), 2.25 (s, 

3H), 2.07 (s, 3H), 1.88 – 1.82 (m, 1H), 1.72 (p, J = 7.2 Hz, 2H), 0.78 (d, J = 6.7 Hz, 

3H). 13C NMR (150 MHz, DMSO-d6, di-trifluoroacetate): δ (ppm) 167.88, 153.78, 

136.95, 134.70, 131.61, 128.76, 128.75, 116.26, 44.61, 40.93, 38.87, 34.86, 28.79, 
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21.94, 20.58, 17.04, 11.33. HRMS (ESI-MS): m/z [M+H+] calculated for C20H31N6OS+: 

403.2275, found 403.2277; C20H30N6OS x C4H2F6O4 (630.61). 
 

1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(2-
methyl-4-phenylbutyl)urea dihydrotrifluoroacetate (3.171) (Synthesized by 

Sabrina Biselli) 
3.122 was prepared from 3.009a (0.06 g, 0.24 mmol), 3.081 (0.09 g, 0.24 mmol), HgCl2 

(0.13 g, 0.47 mmol), and NEt3 (0.10 mL, 0.71 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.171 was prepared 

from the Boc-protected intermediate 3.122 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (30 mg, 20%): RP-HPLC: 99%, (tR = 18.49, k = 5.38). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 10.32 (br s, 1H), 8.98 (br s, 1H), 8.82 (br s, 2H), 

8.49 (br s, 2H), 7.51(br s, 1H), 7.26 – 7.24 (m, 2H), 7.19 – 7.14 (m, 3H), 3.21 – 3.25 

(m, 2H), 3.09 – 3.05 (m, 1H), 3.01 – 2.96 (m, 1H), 2.65 – 2.51 (m, 4H), 2.05 (s, 3H), 

1.71 (p, J = 7.2 Hz, 2H), 1.63 – 1.56 (m, 2H), 1.39 – 1.33 (m, 1H), 0.89 (d, J = 6.5 Hz, 

3H). 13C NMR (150 MHz, DMSO-d6, di-trifluoroacetate): δ (ppm) 167.50, 153.80, 

153.70, 142.20, 132.90, 128.23, 128.20, 125.60, 116.30, 44.80, 39.80, 35.60, 32.50, 

32.40, 28.90, 22.00, 17.20, 11.70. HRMS (ESI-MS): m/z [M+H+] calculated for 

C20H31N6OS+: 403.2275, found 403.2277; C20H30N6OS x C4H2F6O4 (630.61). 
 
1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(2-
methyl-5-phenylpentyl)urea dihydrotrifluoroacetate (3.172) (Synthesized by 

Katharina Tropmann) 
3.123 was prepared from 3.009b (0.04 g, 0.09 mmol), 3.082 (0.04 g, 0.09 mmol), HgCl2 

(0.05 g, 0.18 mmol), and NEt3 (0.04 mL, 0.27 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.172 was prepared 

from the Boc-/Trt-protected intermediate 3.123 DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (5 mg, 9%): RP-HPLC: 98%, (tR = 15.64, k = 3.87). 1H NMR (600 MHz, DMSO-d6, 

di-trifluoroacetate): δ (ppm) 10.20 (s, 1H), 8.97 (s, 3H), 8.48 (s, 2H), 7.48 (s, 1H), 7.27 

– 7.23 (m, 2H), 7.19 – 7.12 (m, 3H), 3.23 (q, J = 6.6 Hz, 2H), 3.07 – 2.99 (m, 1H), 2.94 

– 2.86 (m, 1H), 2.62 – 2.51 (m, 4H), 2.07 (s, 3H), 1.72 (p, J = 7.3 Hz, 2H), 1.65 – 1.47 

(m, 3H), 1.36 – 1.26 (m, 1H), 1.14 – 1.03 (m, 1H), 0.83 (d, J = 6.7 Hz, 3H). 13C NMR 
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(150 MHz, DMSO-d6, di-trifluoroacetate): δ (ppm) 167.67, 158.81 (q, J = 35.8 Hz, 

TFA), 153.73, 142.13, 128.22 (2C), 128.21 (2C), 125.62, 116.79 (q, J = 298.5 Hz, 

TFA), 116.30, 44.90, 40.06, 35.32, 33.21, 32.62, 28.86, 28.32, 22.00, 17.40, 11.54. 

HRMS (ESI-MS): m/z [M+H+] calculated for C21H33N6OS+: 417.2431, found 417.2435; 

C21H32N6OS x C4H2F6O4 (644.64). 
 
1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-
benzhydrylthiourea dihydrotrifluoroacetate (3.173) (Synthesized by Steffen 

Pockes) 
3.173 was prepared from 3.124 (0.07 g, 0.11 mmol) in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless solid 

(50 mg, 68%), mp 82-85 °C, RP-HPLC: 98%, (tR = 17.49, k = 4.53). 1H NMR (300 MHz, 

CD3OD, di-trifluoroacetate) δ (ppm) 7.43 – 7.17 (m, 10H), 6.64 (s, 1H), 3.37 (t, J = 6.6 

Hz, 2H), 2.74 (t, J = 7.6 Hz, 2H), 2.17 (s, 3H), 1.92 (p, J = 6.9 Hz, 2H). 13C NMR (75 

MHz, CD3OD, di-trifluoroacetate) δ (ppm) 179.62, 170.36, 155.97, 141.57, 132.70, 

129.82, 128.88, 128.67, 118.35, 62.73, 41.82, 29.72, 23.72, 11.54. HRMS (ESI-MS): 

m/z [M+H+] calculated for C22H27N6S2+: 439.1733, found 439.1735; 

C22H26N6S2 x C4H2F6O4 (666.66). 
 

(R)-1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-
phenylethyl)thiourea dihydrotrifluoroacetate (3.174) (Synthesized by Steffen 

Pockes) 
3.174 was prepared from 3.125 (0.05 g, 0.09 mmol) in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure and obtained as a colorless solid (30 mg, 57%), 

mp 75-78 °C, RP-HPLC: 95%, (tR = 14.18, k = 3.49), ee = 99%, [α]20D +20.30 (c 0.34, 

MeOH). 1H NMR (300 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 7.42 – 7.19 (m, 5H), 

5.45 (q, J = 7.5, 7.0 Hz, 1H), 3.36 (t, J = 6.7 Hz, 2H), 2.74 (t, J = 7.6 Hz, 2H), 2.17 (s, 

3H), 1.91 (p, J = 6.9 Hz, 2H), 1.54 (d, J = 7.0 Hz, 3H). 13C NMR (75 MHz, CD3OD, di-

trifluoroacetate) δ (ppm) 179.76, 170.37, 156.02, 143.45, 132.68, 129.70, 128.58, 

127.48, 118.35, 54.90, 41.74, 29.71, 23.71, 21.84, 11.53. HRMS (ESI-MS): m/z [M+H+] 

calculated for C17H25N6S2+: 377.1577, found 377.1578; C17H24N6S2 x C4H2F6O4 

(604.59).  
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(S)-1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-
phenylethyl)thiourea dihydrotrifluoroacetate (3.175) (Synthesized by Steffen 

Pockes) 
3.175 was prepared from 3.126 (0.08 g, 0.14 mmol) in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless solid 

(50 mg, 60%), mp 71-75 °C, RP-HPLC: 99%, (tR = 14.10, k = 3.46), ee = 99%, [α]20D -

17.27 (c 0.28, MeOH). 1H NMR (300 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 7.40 – 

7.18 (m, 5H), 5.45 (q, J = 7.4 Hz, 1H), 3.36 (t, J = 6.7 Hz, 2H), 2.74 (t, J = 7.6 Hz, 2H), 

2.16 (s, 3H), 1.91 (p, J = 6.9 Hz, 2H), 1.54 (d, J = 7.0 Hz, 3H). 13C NMR (75 MHz, 

CD3OD, di-trifluoroacetate) δ (ppm) 179.11, 170.37, 156.03, 143.47, 132.67, 129.70, 

128.57, 127.48, 118.34, 54.90, 41.73, 29.71, 23.71, 21.86, 11.53. HRMS (ESI-MS): 

m/z [M+H+] calculated for C17H25N6S2+: 377.1577, found 377.1577; 

C17H24N6S2 x C4H2F6O4 (604.59). 
 

1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(2,2-
diphenylethyl)thiourea dihydrotrifluoroacetate (3.176) (Synthesized by Steffen 

Pockes) 
3.176 was prepared from 3.127 (0.10 g, 0.15 mmol) in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless solid 

(60 mg, 58%), mp 81-83 °C, RP-HPLC: 99%, (tR = 17.91, k = 4.67). 1H NMR (300 MHz, 

CD3OD, di-trifluoroacetate) δ (ppm) 7.32 – 7.18 (m, 10H), 4.52 (t, J = 8.1 Hz, 1H), 4.17 

(d, J = 8.1 Hz, 2H), 3.34 (t, J = 6.8 Hz, 2H), 2.73 (t, J = 7.6 Hz, 2H), 2.17 (s, 3H), 1.89 

(p, J = 7.0 Hz, 2H). 13C NMR (75 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 180.14, 

170.35, 155.83, 143.04, 132.63, 129.80, 129.15, 128.00, 118.35, 50.27, 49.57, 41.77, 

29.71, 23.71, 11.57. HRMS (ESI-MS): m/z [M+H+] calculated for C23H29N6S2+: 

453.1890, found 453.1891; C23H28N6S2 x C4H2F6O4 (680.69). 

 
(R)-1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(2-
phenylpropyl)thiourea dihydrotrifluoroacetate (3.177) (Synthesized by Steffen 

Pockes) 
3.177 was prepared from 3.128 (0.07 g, 0.12 mmol) in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless solid 

(60 mg, 82%), mp 124-128 °C, RP-HPLC: 99%, (tR = 15.46, k = 3.89), ee = 96%, [α]20D 

+37.06 (c 0.29, MeOH). 1H NMR (300 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 7.34 
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– 7.16 (m, 5H), 3.79 – 3.64 (m, 2H), 3.35 (t, J = 6.6 Hz, 2H), 3.25 – 3.15 (m, 1H), 2.74 

(t, J = 7.5 Hz, 2H), 2.17 (s, 3H), 1.91 (p, J = 6.8 Hz, 2H), 1.29 (d, J = 7.0 Hz, 3H). 13C 

NMR (75 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 180.13, 170.38, 155.95, 145.08, 

132.69, 129.75, 128.24, 127.88, 118.34, 51.95, 41.71, 39.52, 29.70, 23.73, 19.70, 

11.54. HRMS (ESI-MS): m/z [M+H+] calculated for C18H27N6S2+: 391.1733, found 

391.1737; C18H26N6S2 x C4H2F6O4 (618.61). 

 
(S)-1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(2-
phenylpropyl)thiourea dihydrotrifluoroacetate (3.178) (Synthesized by Steffen 

Pockes) 
3.178 was prepared from 3.129 (0.05 g, 0.08 mmol) in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless solid 

(50 mg, 96%), mp 124-128 °C, RP-HPLC: 99%, (tR = 15.43, k = 3.88), ee = 96%, [α]20D 

-25.49 (c 0.31, MeOH). 1H NMR (300 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 7.49 – 

7.04 (m, 5H), 3.79 – 3.62 (m, 2H), 3.35 (t, J = 6.7 Hz, 2H), 3.24 – 3.16 (m, 1H), 2.74 

(t, J = 7.5 Hz, 2H), 2.17 (s, 3H), 1.91 (p, J = 6.8 Hz, 2H), 1.30 (d, J = 7.0 Hz, 3H). 13C 

NMR (75 MHz, CD3OD, di-trifluoroacetate) δ (ppm) 180.13, 170.38, 155.95, 145.08, 

132.70, 129.75, 128.24, 127.88, 118.36, 51.95, 41.72, 39.52, 29.70, 23.73, 19.72, 

11.55. HRMS (ESI-MS): m/z [M+H+] calculated for C18H27N6S2+: 391.1733, found 

391.1736; C18H26N6S2 x C4H2F6O4 (618.61). 
 
1-(Amino((3-(2-aminothiazol-4-yl)phenyl)amino)methylene)-3-(1-propyl)urea 
dihydrotrifluoroacetate (3.179) (Synthesized by Sabrina Biselli) 
3.130 was prepared from 3.011 (0.06 g, 0.29 mmol), 3.048 (0.08 g, 0.29 mmol), HgCl2 

(0.16 g, 0.58 mmol), and NEt3 (0.12 mL, 0.87 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.179 was prepared 

from the Boc-protected intermediate 3.130 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (40 mg, 25%): RP-HPLC: 99%, (tR = 13.87, k = 3.78). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 10.74 (s, 1H), 10.15 (s, 1H), 8.97 (br s, 1H), 

8.62 (br s, 1H), 7.80 – 7.78 (m, 1H), 7.73 – 7.72 (m, 1H), 7.60 (t, 1H, J = 5.56 Hz), 7.49 

(t, J = 7.74 Hz, 1H), 7.24 – 7.23 (m, 1H), 7.15 (s, 1H), 3.10 – 3.06 (m, 2H), 1.49 – 1.43 

(m, 2H), 0.86 (t, J = 7.50 Hz, 3H). 13C NMR (150 MHz, DMSO-d6, di-trifluoroacetate): 

δ (ppm) 168.70, 153.60, 153.50, 147.00, 135.50, 134.00, 130.10, 124.84, 124.81, 
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123.00, 103.00, 41.00, 22.20, 11.20. HRMS (ESI-MS): m/z [M+H+] calculated for 

C14H19N6OS+: 319.1336, found 319.1346; C14H18N6OS x C4H2F6O4 (546.45). 

 

1-(Amino((3-(2-aminothiazol-4-yl)phenyl)amino)methylene)-3-(1-hexyl)urea 
dihydrotrifluoroacetate (3.180) (Synthesized by Sabrina Biselli) 
3.131 was prepared from 3.011 (0.05 g, 0.28 mmol), 3.050 (0.09 g, 0.28 mmol), HgCl2 

(0.15 g, 0.57 mmol), and NEt3 (0.12 mL, 0.85 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.180 was prepared 

from the Boc-protected intermediate 3.131 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (60 mg, 36%): RP-HPLC: 99%, (tR = 19.25, k = 5.64). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 10.80 (s, 1H), 10.26 (s, 1H), 8.97 (br s, 1H), 

8.65 (br s, 1H), 7.79 (d, J = 7.9 Hz, 1H), 7.73 (m, 1H), 7.59 (t, J = 5.5 Hz, 1H), 7.49 (t, 

J = 7.9 Hz, 1H), 7.24 – 7.23 (m, 1H), 7.15 (s, 1H), 3.13 – 3.09 (m, 2H), 1.44 – 1.41 (m, 

2H), 1.30 – 1.22 (m, 6H), 0.87 – 0.84 (m, 3H). 13C NMR (150 MHz, DMSO-d6, di-

trifluoroacetate): δ (ppm) 168.70, 153.57, 153.43, 147.00, 135.46, 134.01, 130.10, 

124.79, 124.75, 122.93, 102.94, 39.14, 30.86, 28.80, 25.86, 22.01, 13.87. HRMS (ESI-

MS): m/z [M+H+] calculated for C17H25N6OS+: 361.1805, found 361.1813; 

C17H24N6OS x C4H2F6O4 (588.53). 

 
1-(Amino((3-(2-aminothiazol-4-yl)phenyl)amino)methylene)-3-cyclohexylurea 
dihydrotrifluoroacetate (3.181) (Synthesized by Sabrina Biselli) 
3.132 was prepared from 3.011 (0.06 g, 0.29 mmol), 3.051 (0.09 g, 0.29 mmol), HgCl2 

(0.16 g, 0.58 mmol), and NEt3 (0.12 mL, 0.87 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.181 was prepared 

from the Boc-protected intermediate 3.132 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (70 mg, 41%): RP-HPLC: 99%, (tR = 16.34, k = 4.60). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 10.74 (s, 1H), 9.93 (s, 1H), 8.96 (br s, 1H), 8.65 

(br s, 1H), 7.81 – 7.79 (m, 1H), 7.73 (m, 1H), 7.59 (d, J = 7.6 Hz, 1H), 7.50 (t, J = 7.9 

Hz, 1H), 7.25 – 7.23 (m, 1H), 7.15 (s, 1H), 3.51 – 3.45 (m, 1H), 1.80 – 1.77 (m, 2H), 

1.66 – 1.63 (m, 2H), 1.54 – 1.51 (m, 1H), 1.32 – 1.14 (m, 5H). 13C NMR (150 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 169.20, 154.10, 153.10, 147.40, 136.00, 

134.40, 130.60, 125.50, 125.30, 123.60, 103.50, 32.50, 48.90, 25.40, 24.60. HRMS 
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(ESI-MS): m/z [M+H+] calculated for C17H23N6OS+: 359.1649, found 359.1649; 

C17H22N6OS x C4H2F6O4 (586.51). 
 
1-(Amino((3-(2-aminothiazol-4-yl)phenyl)amino)methylene)-3-phenylurea 
dihydrotrifluoroacetate (3.182) (Synthesized by Sabrina Biselli) 
3.133 was prepared from 3.011 (0.05 g, 0.26 mmol), 3.052 (0.08 g, 0.26 mmol), HgCl2 

(0.14 g, 0.52 mmol), and NEt3 (0.11 mL, 0.78 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.182 was prepared 

from the Boc-protected intermediate 3.133 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (27 mg, 18%): RP-HPLC: 99%, (tR = 16.20, k = 4.59). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 10.70 (s, 1H), 10.10 (br s, 1H), 9.92 (s, 1H), 

8.92 – 8.76 (m, 3H), 7.83 – 7.81 (m, 1H), 7.78 – 7.77 (m, 1H), 7.51 (t, J = 7.8 Hz, 1H), 

7.46 – 7.45 (m, 2H), 7.37 – 7.34 (m, 2H), 7.28 – 7.26 (m, 1H), 7.14 – 7.10 (m, 2H). 13C 

NMR (150 MHz, DMSO-d6, di-trifluoroacetate): δ (ppm) 168.50, 153.30, 151.10, 

148.00, 137.30, 136.10, 134.00, 130.10, 129.10, 124.80, 124.60, 124.00, 122.90, 

119.50, 102.90. HRMS (ESI-MS): m/z [M+H+] calculated for C17H17N6OS+: 353.1179, 

found 353.1180; C17H16N6OS x C4H2F6O4 (580.46). 
 
1-(Amino((3-(2-aminothiazol-4-yl)phenyl)amino)methylene)-3-(1-
phenylmethyl)urea dihydrotrifluoroacetate (3.183) (Synthesized by Sabrina Biselli) 
3.134 was prepared from 3.011 (0.05 g, 0.26 mmol), 3.053 (0.09 g, 0.26 mmol), HgCl2 

(0.14 g, 0.52 mmol), and NEt3 (0.11 mL, 0.78 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.183 was prepared 

from the Boc-protected intermediate 3.134 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (90 mg, 58%): RP-HPLC: 99%, (tR = 16.57, k = 4.71). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 7.77 – 7.75 (m, 1H), 7.72 – 7.71 (m, 1H), 7.60 

(t, J = 7.8 Hz, 1H), 7.41 – 7.40 (m, 1H), 7.35 – 7.32 (m, 4H), 7.28 – 7.25 (m, 1H), 4.41 

(s, 2H). 13C NMR (150 MHz, DMSO-d6, di-trifluoroacetate): δ (ppm) 172.60, 155.90, 

155.30, 142.10, 139.40, 135.40, 133.30, 132.30, 129.70, 128.60, 128.50, 127.90, 

127.10, 124.80, 104.70, 44.60. HRMS (ESI-MS): m/z [M+H+] calculated for 

C18H19N6OS+: 367.1336, found 367.1341; C18H18N6OS x C4H2F6O4 (594.49). 
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1-(Amino((3-(2-aminothiazol-4-yl)phenyl)amino)methylene)-3-(2-
phenylethyl)urea dihydrotrifluoroacetate (3.184) (Synthesized by Sabrina Biselli) 
3.135 was prepared from 3.011 (0.05 g, 0.26 mmol), 3.071 (0.09 g, 0.26 mmol), HgCl2 

(0.14 g, 0.52 mmol), and NEt3 (0.11 mL, 0.78 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.184 was prepared 

from the Boc-protected intermediate 3.135 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (50 mg, 32%): RP-HPLC: 99%, (tR = 17.32, k = 4.97). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 10.67 (s, 1H), 10.06 (s, 1H), 8.96 (br s, 1H), 

8.62 (br s, 1H), 7.80 – 7.79 (m, 1H), 7.73 – 7.72 (m, 1H), 7.58 (t, J = 5.6 Hz, 1H), 7.48 

(t, J = 7.9 Hz, 1H), 7.31 – 7.29 (m, 2H), 7.23 – 7.20 (m, 4H), 7.13 (s, 1H), 3.39 – 3.36 

(m, 2H), 2.77 (t, J = 7.2 Hz, 2H). 13C NMR (150 MHz, DMSO-d6, di-trifluoroacetate): δ 

(ppm) 168.50, 153.44, 153.40, 147.60, 138.80, 135.9, 133.90, 130.10, 128.70, 128.40, 

126.30, 124.80, 124.70, 122.90, 102.90, 40.70, 34.90. HRMS (ESI-MS): m/z [M+H+] 

calculated for C19H21N6OS+: 381.1492, found 381.1493; C19H20N6OS x C4H2F6O4 

(608.52). 
 
1-(Amino((2-amino-4,5,6,7-tetrahydrobenzo[d]thiazol-6-yl)amino)methylene)-3-
(1-hexyl)urea dihydrotrifluoroacetate (3.185) (Synthesized by Sabrina Biselli) 
3.136 was prepared from 3.012 (0.07 g, 0.44 mmol), 3.050 (0.14 g, 0.44 mmol), HgCl2 

(0.24 g, 0.88 mmol), and NEt3 (0.18 mL, 1.32 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.185 was prepared 

from the Boc-protected intermediate 3.136 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (46 mg, 18%): RP-HPLC: 95%, (tR = 17.10, k = 4.90). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 10.17 (s, 1H), 9.07 (s,1H), 8.67 (br s, 4H), 7.50 

(s, 1H), 4.05 – 4.04 (m, 1H), 3.09 – 3.06 (m, 2H), 2.89 – 2.86 (m, 1H), 2.60 – 2.51 (m, 

3H), 1.97 – 1.83 (m, 2H), 1.42 – 1.39 (m, 2H), 1.29 – 1.24 (m, 6H), 0.86 – 0.84 (m, 

3H). 13C NMR (150 MHz, DMSO-d6, di-trifluoroacetate): δ (ppm) 168.90, 154.20, 

153.70, 136.50, 112.00, 46.90, 39.49, 31.30, 29.30, 28.40, 26.80, 26.30, 22.50, 21.70, 

14.30. HRMS (ESI-MS): m/z [M+H+] calculated for C15H27N6OS+: 339.1962, found 

339.1962; C15H26N6OS x C4H2F6O4 (566.52). 
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1-(Amino((2-amino-4,5,6,7-tetrahydrobenzo[d]thiazol-6-yl)amino)methylene)-3-
(1-phenylmethyl)urea dihydrotrifluoroacetate (3.186) (Synthesized by Sabrina 

Biselli) 
3.137 was prepared from 3.012 (0.10 g, 0.59 mmol), 3.053 (0.19 g, 0.59 mmol), HgCl2 

(0.32 g, 1.18 mmol), and NEt3 (0.25 mL, 1.77 mmol) in DCM (25 mL) conforming to the 

general procedure for the guanidinylation reaction. Subsequently, 3.186 was prepared 

from the Boc-protected intermediate 3.137 in DCM (4.0 mL) and TFA (1.0 mL) 

according to the general procedure (method A) and obtained as a colorless foamlike 

solid (16 mg, 5%): RP-HPLC: 97%, (tR = 14.40, k = 3.97). 1H NMR (600 MHz, 

DMSO-d6, di-trifluoroacetate): δ (ppm) 10.36 (br s, 1H), 9.07 (br s, 1H), 8.74 (br s, 4H), 

8.02 (br s, 1H), 7.34 – 7.32 (m, 2H), 7.28 – 7.24 (m, 3H), 4.30 (d, J = 5.7 Hz, 2H), 4.05 

– 4.03 (m, 1H), 2.89 – 2.86 (m, 1H), 2.60 – 2.53 (m, 3H), 1.97 – 1.95 (m, 1H), 1.89 – 

1.83 (m, 1H). 13C NMR (150 MHz, DMSO-d6, di-trifluoroacetate): δ (ppm) 168.45, 

153.86, 153.18, 140.09, 138.57, 128.38, 127.17, 127.08, 111.51, 46.40, 42.73, 27.86, 

26.25, 21.15. HRMS (ESI-MS): m/z [M+H+] calculated for C16H21N6OS+: 345.1492, 

found 345.1485; C16H20N6OS x C4H2F6O4 (572.49). 

 

3.5.1.10 Synthesis and Analytical Data of Carbamoylguanidines 3.213 and 
 3.216 

 

 

Scheme 3.07. Synthesis of carbamoylguanidines 3.213 (A) and 3.216 (B). Reagents and 
conditions: (a) HgCl2, NEt3, DCM, (Ar-atmosphere), rt, overnight; (b) 5-6 N HCl, 2-propanol, rt, 
overnight. 

1-(tert-Butoxycarbonylamino(ethylamino)methylene)-3-(1-propyl)urea (3.212) 
Compound 3.212 was prepared from 3.211 (0.23 g, 3.90 mmol), 3.048 (1.02 g, 

3.90 mmol), HgCl2 (1.06 g, 3.90 mmol), and NEt3 (1.62 mL, 11.70 mmol) in DCM 

(30 mL) conforming to the general procedure for the guanidinylation reaction (Rf = 0.63 

in DCM/MeOH/NH3 99/1/0.1) yielding a colorless oil (0.74 g, 70%). 1H NMR (300 MHz, 

CDCl3) δ (ppm) 12.15 (s, 1H), 7.98 (s, 1H), 5.22 (d, J = 6.3 Hz, 1H), 3.35 – 3.13 (m, 
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4H), 1.55 (q, J = 7.3 Hz, 2H), 1.43 (s, 9H), 1.10 (t, J = 7.2 Hz, 3H), 0.91 (t, J = 7.4 Hz, 

3H). 13C NMR (75 MHz, CDCl3) δ (ppm) 164.83, 154.28, 153.51, 82.25, 42.39, 34.81, 

28.15, 22.45, 15.24, 11.55. HRMS (ESI-MS): m/z [M+H+] calculated for C12H25N4O3+: 

273.1921, found 273.1927; C12H24N4O3 (272.35). 
 

(R)-1-(tert-Butoxycarbonylamino(3-phenylpropylamino)methylene)-3-(1-
phenylethyl)urea (3.215) 
Compound 3.215 was prepared from 3.214 (0.16 g, 1.19 mmol), 3.055 (0.40 g, 

1.19 mmol), HgCl2 (0.32 g, 1.19 mmol), and NEt3 (0.50 mL, 3.57 mmol) in DCM 

(30 mL) conforming to the general procedure for the guanidinylation reaction (Rf = 0.80 

in DCM/MeOH/NH3 99/1/0.1) yielding a colorless oil (0.35 g, 70%). 1H NMR (300 MHz, 

CDCl3) δ (ppm) 12.06 (s, 1H), 8.09 (t, J = 5.6 Hz, 1H), 7.37 – 7.15 (m, 10H), 5.43 (d, J 

= 7.8 Hz, 1H), 4.91 (p, J = 7.0 Hz, 1H), 3.33 (q, J = 5.9 Hz, 2H), 2.67 (t, J = 7.6 Hz, 

2H), 1.90 (p, J = 7.5 Hz, 2H), 1.48 (d, J = 7.0 Hz, 3H), 1.45 (s, 9H). 13C NMR (75 MHz, 

CDCl3) δ (ppm) 164.06, 154.49, 153.54, 144.58, 141.50, 128.69, 128.57, 128.49, 

127.11, 126.06, 126.03, 82.44, 49.62, 40.04, 33.18, 30.76, 28.20, 22.88. HRMS (ESI-

MS): m/z [M+H+] calculated for C24H33N4O3+: 425.2547, found 425.2554; C24H32N4O3 

(424.55). 
 
1-(Amino(ethylamino)methylene)-3-(1-propyl)urea hydrochloride (3.213) 
Compound 3.212 (660 mg, 2.42 mmol) was stirred in 5-6 N HCl in 2-propanol (25 mL) 

at rt overnight. The solvent was evaporated under reduced pressure and the resulting 

hydrochloride was washed with diethyl ether (3 x 5 mL). 3.213-HCl was yielded as a 

colorless hygroscopic solid (490 mg, 90%): RP-HPLC: 99%, (tR = 9.28, k = 1.93). 1H 

NMR (300 MHz, CD3OD, hydrochloride) δ (ppm) 3.27 – 3.17 (m, 4H), 1.75 – 1.56 (m, 

2H), 1.14 (t, J = 7.2 Hz, 3H), 0.99 (t, J = 7.4 Hz, 3H). 13C NMR (75 MHz, CD3OD, 

hydrochloride) δ (ppm) 154.29, 153.73, 42.70, 34.34, 21.32, 13.54, 9.96. HRMS (ESI-

MS): m/z [M+H+] calculated for C7H17N4O+: 173.1397, found 173.1397; 

C7H16N4O x HCl (224.53). 

 
(R)-1-(Amino(3-phenylpropylamino)methylene)-3-(1-phenylethyl)urea 
hydrochloride (3.216) 
Compound 3.215 (300 mg, 0.71 mmol) was stirred in 5-6 N HCl in 2-propanol (10 mL) 

at rt overnight. The solvent was evaporated under reduced pressure and the resulting 
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hydrochloride was washed with diethyl ether (3 x 5 mL). 3.216-HCl was yielded as a 

colorless solid (250 mg, 98%): RP-HPLC: 99%, (tR = 17.63, k = 4.58). 1H NMR (300 

MHz, CD3OD, hydrochloride) δ (ppm) 7.38 – 7.12 (m, 10H), 4.90 (q, J = 7.1 Hz, 1H), 

3.26 (t, J = 7.0 Hz, 2H), 2.70 (t, J = 7.9 Hz, 2H), 1.93 (m, 2H), 1.48 (d, J = 7.0 Hz, 3H). 
13C NMR (75 MHz, CD3OD, hydrochloride) δ (ppm) 154.18, 153.29, 143.23, 140.63, 

128.26, 128.16, 128.02, 127.00, 125.81, 125.63, 49.74, 40.55, 32.23, 29.55, 21.28. 

HRMS (ESI-MS): m/z [M+H+] calculated for C19H25N4O+: 325.2023, found 325.2028; 

C19H24N4O x HCl (360.89). 
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3.5.1.11 Synthesis of the Guanidinylating Reagents 3.235-3.237 
 

The guanidinylating reagents 3.235417 and 3.236-3.237299 were synthesized as 

published previously. 

 

3.5.1.12 Synthesis and Analytical Data of the Heteroaromatic Building 
 Blocks 3.225-3.234  
 

 
The heteroaromatic building blocks 3.225298, 3.227423 , 3.229302, and 3.230421,422 were 

synthesized as published previously. 

 
3.5.1.12.1 Preparation of the Heteroaromatic Building Block 3.226  
 

The oxazole building block 3.226 was synthesized from urea and N-protected α-bromo-

ω-amino ketone (3.279; cf. Scheme 3.08). The N-protected α-bromo-ω-amino ketone 

3.279 was synthesized as published previously.302 The ring-closure reaction was 

carried out with urea in DMF (comp. 3.280). After the replacement of the formyl group 

by a Boc-group (3.281), the phthalimide residue was cleaved by hydrazinolysis to give 

tert-butyl (5-(3-aminopropyl)-4-methyloxazol-2-yl)carbamate (3.226). The detailed 

experimental procedures and analytical data for compounds 3.280, 3.281 and 3.226 

have already been published and can be found in Tropmann et al. (2021)461 and 

Tropmann (PhD thesis, 2021)284. 

 

 

Scheme 3.08. Synthesis of tert-butyl (5-(3-aminopropyl)-4-methyloxazol-2-yl)carbamate 
(3.226). Reagents and conditions: (a) urea, DMF, 100 °C, 3 h, 6%; (b) Boc2O, NEt3, DMAP 
(cat.), chloroform, rt, 48 h, 43%; (c) N2H4 x H2O, EtOH, rt, 48 h, 80%.  

3.279 3.280 3.281

3.226
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3.5.1.12.2 Preparation of the Heteroaromatic Building Block 3.228 
 
Procedure A: The preparation of amine 3.228 was accomplished by a slightly modified 

procedure of the original synthesis (cf. Scheme 3.09).462 γ-Aminobutyric acid (GABA, 

3.282) was converted to the corresponding phthalimide derivative 3.283 with phthalic 

anhydride in DMF under reflux.463 The corresponding acyl chloride 3.284 was 

subsequently obtained by reaction of 3.283 with SOCl2 in CH2Cl2.464 Acylation of 

thiosemicarbazide with the acyl chloride 3.284 in the presence of pyridine afforded 

compound 3.285, which was cyclized in concentrated H2SO4 and gave the thiadiazole 

3.286.462 In the next step, thiadiazole 3.286 was Boc-protected and after hydrazinolysis 

of intermediate 3.287 the amine 3.228 was obtained. The detailed experimental 

procedures and analytical data for compounds 3.283-3.287 and 3.228 have already 

been published and can be found in Tropmann et al. (2021)461 and Tropmann (PhD 

thesis, 2021)284. 

 
Scheme 3.09. Synthesis of tert-butyl (5-(3-aminopropyl)-1,3,4-thiadiazol-2-yl)carbamate 
(3.228).462–464 Reagents and conditions: (a) phthalic anhydride, 170 °C, 5 h, 88%; (b) SOCl2, 
CH2Cl2, reflux, 5 h, quant.; (c) thiosemicarbazide, pyridine, 0 °C, 3 h, 37%; (d) H2SO4, 100 °C, 
15 min, 78%; (e) Boc2O, NEt3, DMAP (cat.), chloroform, rt, 16 h, 12%; (f) N2H4 x H2O, EtOH, 
reflux, 2 h, quant.. 

 

Procedure B: An alternative synthetic route B for amine 3.228 was developed 

(cf. Scheme 3.10) because synthetic route A consists of 6 steps and provides a very 

low overall yield (3% over 6 steps). The synthesis route B consists of 4 steps and 

provides an overall yield of 6%. The synthesis of the amine 3.228 started with the 

cyclocondensation of the 2-bromobutanoic acid 3.288 with thiosemicarbazide in fuming 

hydrochloric acid. This reaction occurs according to the mechanism published 

3.282 3.284 3.285

3.286 3.228
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elsewhere.465 In the same step, the bromide in 2-bromobutanoic acid was exchanged 

by chloride. After Boc-protection of the aromatic amine group (comp. 3.290), the alkyl 

chloride was converted to the corresponding azide in an SN2 reaction in DMF (comp. 

3.291). In the last step, the azide was reduced to the corresponding amine 3.228 by a 

Staudinger reaction.466 
 

 
Scheme 3.10. Synthesis of tert-butyl (5-(3-aminopropyl)-1,3,4-thiadiazol-2-yl)carbamate 
(3.228). Reagents and conditions: (a) thiosemicarbazide, HCl (37% in H2O), reflux, 5 h, 83%; 
(b) Boc2O, NEt3, DMAP (cat.), CH2Cl2, rt, 24 h, 23%; (c) NaN3, DMF, 75 °C, overnight; (d) PPh3, 
THF, 45 °C, 5 h; H2O, 45 °C, overnight, 34% over 2 steps. 
 

5-(3-Chloropropyl)-1,3,4-thiadiazole-2-amine hydrochloride (3.289) 
To a solution of 4-bromobutanoic acid (3.288, 1.73 g, 10.36 mmol, 1.18 eq) in 5 mL 

HCl (37% in H2O) thiosemicarbazide (0.80 g, 8.78 mmol, 1 eq) was added. The mixture 

was heated under reflux for 5 h. After cooling, the solvent was removed in vacuum. 

The white residue was washed with diethyl ether (3 x 20 mL), yielding 1.56 g (83%) of 

a white solid. The product was used without any further purification. HRMS (ESI-MS): 

m/z [M+H+] calculated for C5H9ClN3S+: 178.0200, found: 178.0199; 

C5H8ClN3S x HCl (214.11). 

 

tert-Butyl (5-(3-chloropropyl)-1,3,4-thiadiazol-2-yl)carbamate (3.290). 
3.289 (1.56 g, 7.29 mmol, 1 eq), NEt3 (2.23 mL, 16.03 mmol, 2.2 eq), and DMAP 

(40 mg, cat.) were dissolved in 150 mL CH2Cl2. Boc2O (1.59 g, 7.29 mmol, 1 eq) was 

slowly added to this solution over a period of 1 h. After the addition was complete, the 

reaction mixture was stirred at rt for 24 h. The organic phase was washed with 0.1 N 

HCl, brine, and water. The organic layer was dried over Na2SO4 and the solvent was 

removed in vacuum. The residue was purified by column chromatography (PE/EtOAc 

1:1), to give 467 mg (23%) of a white solid. Rf = 0.45 (PE/EtOAc 1:1). 1H-NMR 

(400 MHz, CDCl3) δ 3.64 (t, J = 6.4 Hz, 2H), 3.14 (t, J = 7.2 Hz, 2H), 2.29–2.22 (m, 

3.288 3.289 3.290

3.291 3.228
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2H), 1.54 (s, 9H). 13C-NMR (101 MHz, CDCl3) δ 162.33, 162.21, 152.58, 82.98, 43.59, 

31.40, 28.11 (3C), 26.81. HRMS (ESI-MS): m/z [M+H+] calculated for C10H17ClN3O2S+: 

278.0725, found: 278.0727; C10H16ClN3O2S (277.77). 

 

tert-Butyl (5-(3-aminopropyl)-1,3,4-thiadiazol-2-yl)carbamate (3.228) 
3.290 (407 mg, 1.47 mmol, 1 eq) was dissolved in DMF (20 mL). NaN3 (95.3 mg, 

1.47 mmol, 1 eq, caution – NaN3 is toxic and may explode when shocked, heated, or 

treated with acid) was added. The reaction mixture was heated to 75 °C and stirred 

overnight. The mixture was concentrated in vacuum and taken up in CH2Cl2 (20 mL). 

The organic layer was washed with water, dried over Na2SO4, and then concentrated 

in vacuum resulting in tert-butyl (5-(3-azidopropyl)-1,3,4-thiadiazol-2-yl) carbamate 

(3.291). HRMS (ESI-MS): m/z [M+H+] calculated for C10H17N6O2S+: 285.1128, found: 

285.1131. MF: C10H16N6O2S. MW: 284.34. The residue was dissolved in THF (20 mL). 

Triphenylphosphine (PPh3, 577 mg, 2.20 mmol, 1.5 eq) was added to the solution. The 

mixture was heated to 45 °C. After 5 hours of continuous stirring, water (20 mL) was 

added to the solution and the mixture was further stirred at 45 °C overnight. The 

mixture was concentrated in vacuum and the residue was purified by column 

chromatography (DCM/MeOH 90:10 ® DCM/MeOH/25% NH3 in H2O 50:50:1) yielding 

130 mg (34%) of a colorless oil. Rf = 0.21 (DCM/MeOH/25% NH3 in H2O 50:50:1). 1H-

NMR (300 MHz, CD3OD) δ 2.95 (t, J = 7.6 Hz, 2H), 2.69 (t, 2H), 1.95–1.78 (m, 2H), 

1.44 (s, 9H). 13C-NMR (101 MHz, CD3OD): δ 164.18, 163.25, 154.49, 81.32, 39.99, 

31.37, 27.11 (3C), 26.56. HRMS (ESI-MS): m/z [M+H+] calculated for C10H19N4O2S+: 

259.1223, found: 259.1225; C10H18N4O2S (258.34). 

 
3.5.1.12.3 Preparation of the Heteroaromatic Building Block 3.231 
 
The preparation of the amine 3.231 (cf. Scheme 3.11) started with 3-chloropropan-1-

ol (3.292). In the first step, the chloride in 3.292 was replaced by azide in an SN2 

reaction. The so formed azide 3.293 was converted in the next step with N,N-

dimethylpropargylamine in a copper-catalyzed click-reaction to the 1,2,3-triazole 

3.294. To transform the primary alcohol into an amine, a Mitsunobu reaction using 

phthalimide, PPh3 and diisopropyl azodicarboxylate (DIAD) was performed to obtain 

the N-substituted phthalimide 3.295.467 In the last step, the amine was liberated from 

the phthalimide by hydrazinolysis yielding compound 3.231. 
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Scheme 3.11. Synthesis of 3-(4-((dimethylamino)methyl)-1H-1,2,3-triazol-1-yl)propan-1-
amine (3.231). Reagents and conditions: (a) NaN3, DMF, 70 °C 16 h, 98%; (b) N,N-
dimethylpropargylamine, sodium ascorbate, CuSO4 x H2O, H2O/tert-butanol (1:1), rt, 16 h, 
68%; (c) phthalimide, PPh3, DIAD, THF, 0 °C to rt, overnight, 32%; (d) N2H4 x H2O, n-butanol, 
rt, overnight, 100%.  
 

3-Azidopropan-1-ol (3.293)468 

3-Chloropropan-1-ol (3.292, 1.0 g, 10.58 mmol, 1 eq) and NaN3 (1.03 g, 15.84 mmol, 

1.5 eq, caution – NaN3 is toxic and may explode when shocked, heated, or treated with 

acid) were dissolved in DMF (30 mL). The mixture was stirred at 70 °C for 16 h. After 

cooling to room temperature, water (100 mL) was added to the reaction mixture. The 

product was extracted with CH2Cl2. The organic layers were combined, washed 3-

times with 0.1 M HCl, dried over Na2SO4 and evaporated to dryness under reduced 

pressure to afford the product as a yellowish liquid (1.05 g, 98%). Note for this 

molecule, (C+O)/N = 1.3, thus this compound should be handled with caution and 

stored in solution below rt and in the dark. Rf = 0.69 (PE/EtOAc 1:1).  1H-NMR 

(300 MHz, CDCl3) δ 3.72 (t, J = 6.0 Hz, 2H), 3.43 (t, J = 6.6 Hz, 2H), 2.23 (s, 1H), 1.81 

(t, J = 6.1 Hz, 2H). 13C-NMR (75 MHz, CDCl3) δ 59.79, 48.46, 31.44. NMR data 

matches the literature reference.469–471 Due to its structure, low weight and volatility, 

no HRMS could be performed on this compound. C3H7N3O (101.11). 

 

3-(4-((Dimethylamino)methyl)-1H-1,2,3-triazol-1-yl)propan-1-ol (3.294) 
3.293 (810 mg, 8.01 mmol, 1 eq), sodium ascorbate (159 mg, 0.80 mmol, 0.1 eq), and 

diisopropyl azodicarboxylate (DIAD, 666 mg, 8.01 mmol, 1 eq) were dissolved in 

H2O/tert-butanol (60 mL, 1:1). The flask was set under argon atmosphere and 

CuSO4 x H2O (40 mg, 0.16 mmol, 0.02 eq) was added. After stirring the mixture at rt 

for 16 h, the solvent was evaporated under reduced pressure. The obtained residue 

was purified by column chromatography (DCM/MeOH/25% NH3 in H2O 50:50:1), which 

resulted in 1 g (68%) of an orange oil. Rf = 0.4 (DCM/MeOH/25% NH3 in H2O 50:50:1).  

3.292 3.2943.293

3.295 3.231
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1H-NMR (300 MHz, CD3OD) δ 7.97 (s, 1H), 4.53 (t, J = 7.0 Hz, 2H), 3.71 (s, 2H), 3.56 

(t, J = 6.1 Hz, 2H), 2.32 (s, 6H), 2.19–2.03 (m, 2H). 13C-NMR (75 MHz, CD3OD) δ 

142.46, 124.43, 57.87, 52.76, 46.93, 43.36 (2C), 32.67. HRMS (ESI-MS): m/z [M+H+] 

calculated for C8H17N4O+: 185.1397, found: 185.1394; C8H16N4O (184.24). 

 

2-(3-(4-((Dimethylamino)methyl)-1H-1,2,3-triazol-1-yl)propyl)isoindoline-1,3-dion 
(3.295) 
3.294 (950 mg, 5.16 mmol, 1 eq) was dissolved in THF (70 mL). The flask was set 

under argon atmosphere and cooled to 0 °C by using an ice-bath. Phthalimide (1.14 g, 

7.73 mmol, 1.5 eq) and triphenylphosphine (2.03 g, 7.73 mmol, 1.5 eq) were added to 

the mixture. Diisopropyl azodicarboxylate (2.23 mL, 11.34 mmol, 2.2 eq) dissolved in 

THF (30 mL) was added dropwise over a period of 1.5 h to the solution. The ice-bath 

was removed, and the mixture was stirred overnight. The solvent was removed under 

reduced pressure and the residue was purified by column chromatography 

(DCM/MeOH/25% NH3 in H2O 50:50:1), which resulted in 510 mg (32%) of a colorless 

oil. Rf = 0.75 (DCM/MeOH/25% NH3 in H2O 50:50:1).  1H-NMR (300 MHz, CDCl3) δ 

7.69–7.62 (m, 2H), 7.61–7.53 (m, 2H), 4.27 (t, J = 7.0 Hz, 2H), 3.57 (t, J = 6.6 Hz, 2H), 

3.49 (d, J = 7.1 Hz, 2H), 2.27–2.14 (m, 2H), 2.13 (s, 6H). 13C-NMR (75 MHz, CDCl3) δ 

168.18 (2C), 144.11, 134.16 (2C), 131.71 (2C), 123.37 (2C), 123.24, 53.85, 47.67, 

44.67 (2C), 34.91, 29.26. HRMS (ESI-MS): m/z [M+H+] calculated for C16H20N5O2+: 

314.1612, found: 314.1617; C16H19N5O2 (313.36). 

 
3-(4-((Dimethylamino)methyl)-1H-1,2,3-triazol-1-yl)propan-1-amine (3.231) 
3.295 (510 mg, 1.63 mmol, 1 eq) was dissolved in n-butanol (30 mL), N2H4 x H2O 

(395 µL, 8.14 mmol, 5 eq) was added and the solution was stirred at rt overnight. The 

mixture was cooled to 0 °C, the produced white precipitate was removed by filtration 

and the solvent was evaporated under reduced pressure. The residue was purified by 

column chromatography (DCM/MeOH 100:10 ® DCM/MeOH/25% NH3 in H2O), which 

resulted in 298 mg (100%) of a white solid. Rf = 0.45 (DCM/MeOH 100:10).  1H-NMR 

(300 MHz, CD3OD) δ 8.24 (s, 1H), 4.58 (t, J = 6.8 Hz, 2H), 3.95 (s, 2H), 2.98–2.91 (m, 

2H), 2.51 (s, 6H), 2.33 (d, J = 7.7 Hz, 2H). 13C-NMR (75 MHz, CD3OD) δ 140.89, 

125.65, 52.20, 47.05, 42.73 (2C), 36.55, 27.82. HRMS (ESI-MS): m/z [M+H+] 

calculated for C8H18N5+: 184.1557, found: 184.1557; C8H17N5 (183.26).  
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3.5.1.12.4 Synthesis and Analytical Data of the Heteroaromatic Building Block 
 3.232 

 
The rigidized thiazole building block 3.232 was synthesized, as shown in Scheme 3.12. 

3.297 could be directly obtained by refluxing N-anilinothiourea (3.296) and α-

chloroacetone in MeOH under neutral conditions, according to Lee et al.472. The HCl 

generated in the first step acts as an acid catalyst for a [5,5]-shift of N-phenyl-N`-[2-(4-

methyl)thiazolyl]hydrazine.472 The subsequent selective protection of the 2-

aminothiazole in 3.297 with di-tert-butyl dicarbonate gave amine 3.232. The detailed 

experimental procedures and analytical data for compounds 3.297 and 3.232 have 

already been published and can be found in Tropmann et al. (2021)461 and Tropmann 

(PhD thesis, 2021)284. 

 

 

Scheme 3.12. Synthesis of tert-butyl (5-(4-aminophenyl)-4-methylthiazol-2-yl)carbamate 
(3.232).472 Reagents and conditions: (a/b) chloroacetone, MeOH, reflux, 32 h, 49%; (c) Boc2O, 
NEt3, DMAP (cat.), chloroform, 30%, 0 °C to rt, 16 h. 
 
3.5.1.12.5 Synthesis and Analytical Data of the Heteroaromatic Building Block 

 3.233 
 
3.233 was synthesized in a multistep sequence (cf. Scheme 3.13). In the first, step 1-

iodo-3-nitrobenzene (3.298) was used as starting material in a palladium-catalyzed 

cross-coupling to yield 3.299. After bromination of the benzylic position (comp. 3.300), 

cyclization with thiourea in DMF yielded 3.301. Reduction of the nitro group and the 

subsequent deformylation and Boc protection yielded the target amine 3.233. The 

detailed experimental procedures and analytical data for compounds 3.298-3.302 and 
3.233 have already been published and can be found in Tropmann et al. (2021)461 and 

Tropmann (PhD thesis, 2021)284. 

  

3.296 3.297

3.232
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Scheme 3.13. Synthesis of tert-butyl (5-(3-aminophenyl)-4-methylthiazol-2-yl)carbamate 
(3.233).303,473–475 Reagents and conditions: (a) Pd(OAc)2, PPh3, Cs2CO3, 4-hydroxy-4-
methylpentan-2-one, toluene, 120 °C, 5 h, 40%; (b) Br2, diethyl ether, rt, overnight, 68%; (c) 
thiourea, DMF, 100 °C, 4 h, 79%; (d) Fe, NH4Cl, EtOH/H2O, 90 °C, 4 h, 70%; (e) 1 N HCl in 
MeOH, MeOH, rt, 48 h, quant.; (f) Boc2O, NEt3, DMAP (cat.), chloroform, rt, overnight, 17%. 
 
 
 
3.5.1.12.6 Synthesis and Analytical Data of the Heteroaromatic Building Block 

 3.234 
 
The synthesis of the bromo ketone 3.308 (cf. Scheme 3.14) started with the 

preparation of 3.306 by reductive cyanation of 1,4-cyclohexanedione monoethylene 

acetal (3.304) with tosylmethylisocyanide (TosMIC) and subsequent reduction of the 

nitrile 3.305 with lithium aluminum hydride. After protection of the amino group of 3.306 

as phthalimide, cleavage of the 1,3-dioxolane ring with hydrochloric acid gave 3.307. 

The ketone 3.307 was α-brominated (comp. 3.308). The condensation of the bromo 

ketone 3.308 with thiourea led to compound 3.309. Finally, 2-aminothiazole 3.309 was 

trityl protected and after hydrazinolysis of the intermediate 3.310 the rigid amine 3.234 

was obtained. The detailed experimental procedures and analytical data for 

compounds 3.304-3.310 and 3.234 have already been published and can be found in 

Tropmann et al. (2021)461 and Tropmann (PhD thesis, 2021)284.  

3.298 3.299 3.300 3.301

3.302 3.233
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Scheme 3.14. Synthesis of 6-(aminomethyl)-N-trityl-4,5,6,7-tetrahydrobenzo[d]thiazol-2-
amine (3.234).476,477 Reagents and conditions: (a) TosMIC, t-BuOK, DME/EtOH, 0 °C, 1 h, then 
rt, 2 h, 75%; (b) LiAlH4, THF, reflux, 2 h, then rt, 12 h, 99%; (c) 1) phthalanhydride, 135 °C, 
30 min, 2) 1 M HCl, 135 °C, 2 h, 32% over two steps; (d) 1) Br2, CH2Cl2, reflux, 1 h, 99%, 2) 
thiourea, EtOH, reflux, 2 h, 37%; (f) Trt-Cl, NEt3, MeCN, rt, 16 h, 50%; (g) N2H4 x H2O, EtOH, 
rt, 16 h, 100%. 
 

3.5.1.13 Synthesis and Analytical Data of the Acylhydrazides 3.316 and 3.317 
 
The 1,3,4-oxadiazole derivatives 3.245 and 3.266 were synthesized from 

carboxybenzyl (Cbz)–protected GABA 3.311 (cf. Scheme 3.15). The carboxyl group of 

3.311 was activated using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC x HCl) and subsequently coupled with tert-butyl carbazate (comp. 

3.312). The Cbz group was removed using hydrogen and Pd/C. The exposed primary 

amine 3.313 was reacted with the guanidinylating reagents 3.050 or 3.080 in the 

presence of HgCl2 and NEt3, giving the NG-carbamoylguanidines 3.314 or 3.315. These 

were treated with TFA to remove the Boc-protecting group (comp. 3.316 and 3.317). 

The formation of the heterocycle (comp. 3.245 and 3.266) was performed using 

cyanogen bromide and KHCO3 in a H2O/EtOH mixture (for details, see chapter 

3.5.1.15). The detailed experimental procedures and analytical data for compounds 

3.311-3.313, 3.316, and 3.317 have already been published and can be found in 

Tropmann et al. (2021)461 and Tropmann (PhD thesis, 2021)284. 

  

3.304 3.305 3.306 3.307

3.308 3.309 3.310 3.234
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Scheme 3.15. Synthesis of 1,3,4-oxadiazole derivatives 3.245 and 3.266.478–481 Reagents and 
conditions: (a) tert-butyl carbazate, EDC x HCl, DIPEA, CH2Cl2, rt, 24 h, 20%; (b) Pd/C, H2 
(10 bar), THF/MeOH, rt, 4 h, quant.; (c) 3.050 or 3.080, HgCl2, NEt3, CH2Cl2, rt, overnight, 
3.314: 46% and 3.315: 89%; (d) TFA, CH2Cl2, rt, 4-6 h, 3.316: 94% and 3.317: 17%; (e) BrCN, 
KHCO3, H2O/EtOH, 60 °C, 2 h, 3.245: 6.1% and 3.266: 61%. Experimental details for 3.245 
and 3.266 are demonstrated in chapter 3.5.1.15. 
 
3.5.1.14 Synthesis and Analytical Data of the Carbamoylguanidine-type 

 Ligands 3.238-3.244, 3.246-3.265, and 3.267-3.278 
 

The reaction was performed in analogy to the published procedure for bivalent 

carbamoylguanidine-type ligands.299 In this general procedure, mercuric chloride 

(HgCl2) is used as a reagent, which is very toxic and potentially carcinogenic. It should 

be used only in a well-ventilated fume hood after reading the safety precautions and 

wearing proper lab safety equipment (gloves, safety googles, and lab coat). Future 

synthetic work should consider replacements for HgCl2. The guanidinylating reagents 

3.049-3.051, 3.053, 3.055, 3.067, 3.073, 3.080, 3.082, and 3.235-3.237 (1-1.1 eq) and 

1-2 eq of the respective amines 3.225-3.234 were dissolved in CH2Cl2 (3-20 mL). NEt3 

(2.5-3 eq) and HgCl2 (1.1-2 eq) were added to the mixture and stirring was continued 

for 4-48 h. The precipitate was removed by filtration through Celite 545 or 

centrifugation (4000 x g, 5 min). In the case of 3.260-3.264 the reaction was quenched 

with 7 N NH3 (5 mL) in MeOH prior to filtration. The solvent was removed in vacuum. 

The crude product was purified by flash or column chromatography on silica gel 

(gradient: 0-20 min: petroleum ether/ethyl acetate (PE/EtOAc) 100:0-50:50, SF 8-12 g, 

gradient: CH2Cl2/MeOH 90:10 to CH2Cl2/MeOH/25% NH3 in H2O 50:50:1, or isocratic: 

CH2Cl2/7 N NH3 in MeOH 99:1) and dried in vacuum. The isolated Boc-/Trt-protected 

intermediates were characterized by LC-MS (data are shown in Table 3.16). 

3.311 3.312 3.313

R1: 3.314 
R2: 3.315

R1: 3.316 
R2: 3.317

R1: 3.245 
R2: 3.265
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Subsequently, the deprotection was performed by stirring the respective compound 

with 30-70% TFA in CH2Cl2 (5-14 mL) for 7-18 h. The obtained carbamoylguanidines 

(3.238-3.244, 3.246-3.260, 3.263, 3.265, and 3.267-3.278) were purified by 

preparative HPLC. In case of 3.261-3.262 and 3.264, the HCl salts were synthesized 

according to the following procedure. After deprotection with TFA, the ligands were 

purified by column chromatography (isocratic: CH2Cl2/7 N NH3 in MeOH 90:10), 

yielding the free base. The free base was dissolved in 1,4-dioxane (10 mL) and 1-2 N 

HCl (5 mL) in diethyl ether (Et2O) was added dropwise so that the HCl salt precipitated. 

The suspension was concentrated in vacuum and the solid was washed with Et2O 

(3 x 15 mL). After removing the solvent in vacuum, compounds 3.261-3.262 and 3.264 

were obtained as HCl salts. The detailed experimental procedures and analytical data 

for compounds 3.238-3.244, 3.246-3.259, 3.265, and 3.267-3.278 have already been 

published and can be found in Tropmann et al. (2021)461 and Tropmann (PhD thesis, 

2021)284. 

 

1-(Amino{[3-(1H-imidazol-4-yl)propyl]amino}methylene)-3-((R)-(1-
phenylethyl))urea dihydrotrifluoroacetate (3.260) 
3.260 was prepared from 3.225 (327 mg, 0.89 mmol, 1 eq), 3.055 (300 mg, 0.89 mmol, 

1 eq), HgCl2 (265 mg, 0.98 mmol, 1.1 eq) and NEt3 (372 µL, 2.67 mmol, 3 eq) 

according to the general procedure yielding 429.1 mg (73%) of Trt-/Boc-protected 

intermediate. 306 mg thereof were deprotected in the next step yielding 3.260 as a 

white, foamlike and hygroscopic solid after purification by preparative HPLC 

(129.7 mg, 51%). RP-HPLC: > 99%, (tR = 8.3 min, k = 2.11). 1H-NMR (300 MHz, 

CD3OD) δ 8.75 (d, J = 1.4 Hz, 1H), 7.35–7.18 (m, 6H), 4.94–4.85 (m, 1H), 3.38–3.29 

(m, 2H), 2.81 (t, J = 7.3 Hz, 2H), 2.00 (p, J = 7.4 Hz, 2H), 1.47 (d, J = 7.0 Hz, 3H). 13C-

NMR (75 MHz, CD3OD) δ 161.87 (q, J = 34.4 Hz, TFA), 154.56, 153.29, 143.49, 

133.46, 132.86, 128.72 (2C), 126.89, 125.56 (2C), 116.7 (q, J = 288.2 Hz, TFA), 

114.97, 49.71, 39.99, 26.73, 21.29, 21.10. HRMS (ESI-MS): m/z [M+H+] calculated for 

C16H23N6O+: 315.1928, found: 315.1932; C16H22N6O x C4H2F6O4 (542.44). 

 

1-(Amino{[3-(5-amino-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)-3-((R)-(1-
phenylethyl))urea dihydrochloride (3.261) 
3.261 was prepared from 3.228 (407 mg, 1.47 mmol, 1 eq), 3.055 (494 mg, 1.47 mmol, 

1 eq), HgCl2 (438 mg, 1.61 mmol, 1.1 eq), and NEt3 (613 µL, 4.40 mmol, 3 eq) 
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according to the general procedure yielding the product as a white, foamlike and 

hygroscopic solid (50 mg, 8%). RP-HPLC: > 99%, (tR = 9.3 min, k = 2.48). 1H-NMR 

(300 MHz, CD3OD) δ 7.37–7.20 (m, 5H), 4.89–4.85 (m, 1H), 3.49–3.35 (m, 2H), 3.02 

(t, J = 7.2 Hz, 2H), 2.09 (p, J = 6.8 Hz, 2H), 1.47 (d, J = 6.9 Hz, 3H). 13C-NMR 

(75 MHz, CD3OD) δ 143.33, 128.26 (2C), 126.97, 125.65 (2C), 49.80, 40.08, 26.80, 

26.63, 21.44, 4 C-signals are missing due to the low concentration of the sample. 

HRMS (ESI-MS): m/z [M+H+] calculated for C15H22N7OS+: 348.1601, found: 348.1605; 

C15H21N7OS x H2Cl2 (420.36). 

 

1-(Amino{[3-(1H-1,2,4-triazol-5-yl)propyl]amino}methylene)-3-((R)-(1-
phenylethyl))urea dihydrochloride (3.262) 
3.262 was prepared from 3.230 (420 mg, 1.14 mmol, 1 eq), 3.055 (423 mg, 1.25 mmol, 

1.1 eq), HgCl2 (340 mg, 1.25 mmol, 1.1 eq), and NEt3 (474 µL, 3.42 mmol, 3 eq) 

according to the general procedure yielding 560 mg (75%) of Trt-/Boc-protected 

intermediate. 540 mg thereof were deprotected in the next step yielding 3.262 as a 

white, foamlike and hygroscopic solid after purification by preparative HPLC (200 mg, 

63%). RP-HPLC: > 99%, (tR = 9.1 min, k = 2.41). 1H NMR (300 MHz, CD3OD) δ 9.27 

(s, 1H), 7.41–7.19 (m, 5H), 4.88 (q, J = 6.8 Hz, 1H), 3.56–3.37 (m, 2H), 3.21–3.01 (m, 

2H), 2.15 (p, J = 7.3 Hz, 2H), 1.46 (d, J = 7.0 Hz, 3H). 13C-NMR (75 MHz, CD3OD) δ 

155.98, 155.71, 154.19, 144.64, 143.46, 129.56 (2C), 128.27, 126.95 (2C), 51.11, 

41.42, 26.36, 22.97, 22.84. HRMS (ESI-MS): m/z [M+H+] calculated for C15H22N7O+: 

316,1880, found: 316.1883; C15H21N7O x H2Cl2 (388.3). 

 

1-(Amino{[3-(4-((dimethylamino)methyl)-1H-1,2,3-triazol-1-
yl)propyl]amino}methylene)-3-((R)-(1-phenylethyl))urea trihydrotrifluoroacetate 
(3.263) 
3.263 was prepared from 3.231 (298 mg, 1.63 mmol, 1 eq), 3.055 (549 mg, 1.63 mmol, 

1 eq), HgCl2 (486 mg, 1.79 mmol, 1.1 eq), and NEt3 (680 µL, 4.88 mmol, 3 eq) 

according to the general procedure yielding the product as a white, foamlike and 

hygroscopic solid (50 mg, 5%). RP-HPLC: 98%, (tR = 8.3 min, k = 2.11). 1H-NMR 

(300 MHz, CD3OD) δ 8.22 (s, 1H), 7.36–7.20 (m, 5H), 4.90–4.85 (m, 1H), 4.55 (t, 

J = 6.7 Hz, 2H), 4.42 (s, 2H), 3.34 (t, J = 6.7 Hz, 2H), 2.88 (s, 6H), 2.25 (p, J = 6.9 Hz, 

2H), 1.47 (d, J = 7.0 Hz, 3H). 13C-NMR (75 MHz, CD3OD) δ 156.03, 144.86, 138.09, 

129.63 (2C), 128.33, 128.05, 126.97 (2C), 52.42, 51.09, 48.65, 42.92 (2C), 39.51, 
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29.69, 22.70, 1 C-signal is missing due to the low concentration of the sample. HRMS 

(ESI-MS): m/z [M+H+] calculated for C18H29N8O+: 373.2459, found: 373.2463; 

C18H28N8O x C6H3F9O6 (714.55). 

 

1-(Amino{[3-(5-amino-1,3,4-thiadiazol-2-yl)propyl]amino}methylene)-3-(1-(3-
fluorophenyl)ethyl)urea dihydrochloride (3.264) 
3.264 was prepared from 3.228 (130 mg, 0.50 mmol, 1 eq), 3.067 (179 mg, 0.50 mmol, 

1 eq), HgCl2 (150 mg, 0.55 mmol, 1.1 eq), and NEt3 (211 µL, 1.51 mmol, 3 eq) 

according to the general procedure yielding the product as a white, foamlike and 

hygroscopic solid (70 mg, 32%). RP-HPLC: > 99%, (tR = 9.8 min, k = 2.67). 1H-NMR 

(300 MHz, CD3OD) δ 7.40-7.29 (m, 1H), 7.20–7.06 (m, 2H), 7.02–6.92 (m, 1H), 4.91–

4.86 (m, 1H), 3.46-3.38 (m, 2H), 3.03 (t, J = 7.4 Hz, 2H), 2.08 (p, J = 7.1 Hz, 2H), 1.47 

(d, J = 7.0 Hz, 3H). 13C-NMR (75 MHz, CD3OD) δ 172.03, 164.29 (d, J = 244.2 Hz), 

159.72, 155.61, 154.34, 147.72 (d, J = 7.0 Hz), 131.41 (d, J = 8.2 Hz), 122.88 (d, 

J = 2.7 Hz), 114.92 (d, J = 21.3 Hz), 113.81 (d, J = 22.2 Hz), 50.76, 41.44, 28.22, 

27.50, 22.63. HRMS (ESI-MS): m/z [M+H+] calculated for C15H21FN7OS+: 366.1507, 

found: 366.1509; C15H20FN7OS x H2Cl2 (438.35). 

 
3.5.1.15 Synthesis and Analytical Data of the Oxadiazole Derivatives 3.245 

 and 3.266 
 
The oxadiazole heterocycle was formed according to a previously published 

procedure.482 Cyanogen bromine (CNBr) is used as a reagent in this procedure, which 

is acutely toxic and potentially carcinogenic. It should be used only in a well-ventilated 

fume hood after reading the safety precautions and wearing proper lab safety 

equipment (gloves, safety googles, and lab coat). Future synthetic work should 

consider replacements for CNBr. The respective acylhydrazine (1 eq, for details 

regarding compounds 3.316 and 3.317 see chapter 3.5.1.13) was dissolved in a 

mixture of H2O/ethanol (EtOH, 1:1 or 2:3 (v/v), 1-2 mL) and KHCO3 (3.2 eq) was 

added. After the addition of BrCN (3 M in CH2Cl2, 1 eq), the reaction mixture was 

heated at 60 °C for 2 h. The reaction mixture was cooled to rt and stirred for an 

additional hour. EtOH was removed in vacuum and the residue was purified by 

preparative HPLC. The detailed experimental procedures and analytical data for 

compounds 3.245 and 3.266 have already been published and can be found in 

Tropmann et al. (2021)461 and Tropmann (PhD thesis, 2021)284. 
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3.5.1.16 Chemical Stability of Compounds 3.141, 3.142, 3.161, and Related 
 Acylguanidines 

 
Analytical HPLC analysis was performed with an Agilent HPLC 1290 Infinity System, 

composed of a 1260 DAL VL variable wavelength detector, a 1290 TCC thermostated 

column compartment, a 1290 sampler, and a 1290 binary pump (Agilent Technologies, 

Santa Clara, USA). A Kinetex XB-C18 100A (2.6 µm, 100 x 3 mm, Phenomenex, 

Aschaffenburg, Germany) served as a column. Mixtures of MeCN (A) and 0.05% 

aqueous TFA (B) were used as mobile phases. Helium degassing, 25 °C, a flow rate 

of 0.5 mL/min and a detection wavelength of 220 nm were used throughout. The 

samples for stability testing were prepared from stock solutions (10 mM in 20 mM HCl) 

by dilution to 100 µM with PBS (pH 7.4). For the duration of the experiment, the 

samples were stored in the dark at room temperature. After 0 h, 72 h, and 7 days an 

aliquot (20 µL) was further diluted with a mixture of 1% aqueous TFA/Millipore 

water/MeCN 6/3/1 (20 µL). The injection volume was 20 µL. The following linear 

gradient was applied: 0-15 min: A/B 5:95-35:65, 18-23 min: 95:5. 

In order to compare the chemical stability of the monovalent thiazole containing 

carbamoylguanidines with the corresponding acylguanidines (cf. Figure 3.028), 

compounds 3.141, 3.142, and 3.161 as well as the acylguanidines UR-BIT22483, UR-

BIT23302, and UR-BIT29302 were dissolved in phosphate-buffered saline (PBS, pH 7.4) 

and incubated at rt for 7 days. Whereas the carbamoylated guanidines remained stable 

over this period of time (Figures 3.029-3.031), decomposition of the acylated 

guanidines could be observed in all samples (Figures 3.032-3.034). After 7 days, 

approximately 62% of the acylguanidine UR-BIT23302, 51% of UR-BIT29302, and 33% 

of UR-BIT22483 were decomposed. The formation of a decomposition product (tR = 1.97 

min) could be observed over a period 7 days (cf. Figures 3.032-3.034). 

 
Figure 3.028. Selected structures of carbamoylguanidines (3.141, 3.142, and 3.161) and 
acylguanidines (UR-BIT22483, UR-BIT23302, and UR-BIT29302) used for the chemical stability 
test.  
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Figure 3.029. RP-HPLC stability test of 3.141 after incubation in PBS (pH 7.4) at room 
temperature for 7 days. 

 

 

 
Figure 3.030. RP-HPLC stability test of 3.142 after incubation in PBS (pH 7.4) at room 
temperature for 7 days.  
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Figure 3.031. RP-HPLC stability test of 3.161 after incubation in PBS (pH 7.4) at room 
temperature for 7 days.  

 

 

 
Figure 3.032. RP-HPLC stability test of UR-BIT22483 after incubation in PBS (pH 7.4) at room 
temperature for 7 days.  
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Figure 3.033. RP-HPLC stability test of UR-BIT23302 after incubation in PBS (pH 7.4) at room 
temperature for 7 days.  

 

 

 
Figure 3.034. RP-HPLC stability test of UR-BIT29302 after incubation in PBS (pH 7.4) at room 
temperature for 7 days.  
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3.5.1.17 Enantiomeric Purity of 3.145, 3.146, 3.164, 3.165, 3.174, 3.175, 3.177, 
 and 3.178 

 
All compounds were di-trifluoroacetates, prepared as 1 mM stock solutions and were 

sterile filtered with PTFE filter (25 mm, 0.2 μm, Phenomenex, Aschaffenburg, 

Germany). As a solvent, a mixture of Millipore water and DMSO (95:5) was chosen. 

Analytical HPLC analysis was performed on a system from Merck Hitachi, composed 

of a D-6000 interface, a L-6200A pump, an AS2000A autosampler, and a L-4000 UV-

VIS detector (Darmstadt, Germany). For the analyses of the enantiomeric purity, an 

Eurocel 01 (250 x 4.6 mm, 5 μm, Knauer, Berlin, Germany, t0 = 3.47 min) column was 

used for carbamoylguanidines (3.145, 3.146, 3.164, and 3.165, Figure 3.035) and a 

ChiraDex (250 x 4.6 mm, 5μm, Merck, Darmstadt, Germany, t0 = 3.55 min) column for 

thiocarbamoylguanidines (3.174, 3.175, 3.177, and 3.178, Figure 3.036) with a flow 

rate of 1.0 mL/min. The mobile phase used was 0.1% diethylamine in Millipore water 

and MeCN for the Eurocel 01 column and an ammonium formate solution (100 mM, 

pH 3.2) and MeCN for the ChiraDex column. UV detection was performed at 265 nm 

(second UV maximum of carbamoylguanidines besides 220 nm), since the solvent 

additives diethylamine and ammonium formate absorb at 220 nm. For all HPLC 

measurements a sufficient degassing of the eluents with helium was necessary in 

advance. The purity of the samples was indicated by the percentage of area peaks 

(λUV = 265 nm). In the following, the performed methods are described: 

Solvent A: MeCN; Solvent B: H2O + 0.1% diethylamine; Solvent C: ammonium formate 

solution (100 mM, pH 3.2). 

Method A, solvent (A/B): 0-25 min: 35/65, 25-26 min: 35/65 - 90/10, 26-35 min: 90/10. 

flow = 1.0 mL/min. 

Method B, solvent (A/C): 0-40 min: 10/90, 40-41 min: 10/90 - 90/10, 41-45 min: 90/10. 

flow = 1.0 mL/min. 
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Figure 3.035. HPLC chromatograms of the enantiomers 3.145/3.146 and 3.164/3.165 using a 
Eurocel 01 column from Knauer (λUV = 265 nm, method A). (A) Spike run of 3.145 and 3.146 
(ratio: 2/3); (B) enantiomeric purity run of 3.145 (ee = 99%, tR = 8.85 min, k = 1.55); (C) 
enantiomeric purity run of 3.146 (ee = 99%, tR = 10.64 min, k = 2.07); (D) spike run of 3.164 
and 3.165 (ratio: 1:1); (E) enantiomeric purity run of 3.164 (ee = 99%, tR = 14.89 min, k = 3.29); 
(F) enantiomeric purity run of 3.165 (ee = 99%, tR = 13.35 min, k = 2.85). 
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Figure 3.036. HPLC chromatograms of the enantiomers 3.174/3.175 and 3.177/3.178 using a 
ChiraDex column from Merck (λUV = 265 nm, method B). (A) Spike run of 3.174 and 3.175 
(ratio: 1/1); (B) enantiomeric purity run of 3.174 (ee = 99%, tR = 26.81 min, k = 6.55); (C) 
enantiomeric purity run of 3.175 (ee = 99%, tR = 41.89 min, k = 10.80); (D) spike run of 3.177 
and 3.178 (ratio: 1:1); (E) enantiomeric purity run of 3.177 (ee = 96%, tR = 26.75 min, k = 6.54); 
(F) enantiomeric purity run of 3.178 (ee = 96%, tR = 31.19 min, k = 7.79). 
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3.5.1.18 Determination of pKa Values of 3.145, 3.213, 3.216-3.218, and 3.322 
 
General Procedure 
Method A: The corresponding hydrochloride was dissolved in 15-20 mL Millipore 

water or 15 mL EtOH 96%. The pH measurement was performed with a glass electrode 

(Schott pH-Combination Electrode BlueLine 12 pH, Schott, Mainz, Germany), which 

was calibrated before each measurement with calibration solutions: pH= 4, 7, and 9 ± 

0.02 (Roticalipure, Carl Roth, Karlsruhe, Germany). Titration was performed with a 10 

mL precision burette (Brand, Wertheim, Germany) using 0.01 M or 0.1 M NaOH 

(Merck, Darmstadt, Germany). The pKa values were determined by using the half-

equivalence point method (cf. Figures 3.037-3.039). 

 

Method B: The free base was dissolved in 15 mL EtOH 96%. The pH measurement 

was performed with a glass electrode (Schott pH-Combination Electrode BlueLine 12 

pH, Schott, Mainz, Germany), which was calibrated before each measurement 

(calibration solutions: pH = 4, 7, and 9 ± 0.02). Titration was performed with 1 M HCl 

(Merck, Darmstadt, Germany). A defined volume of 5 µL was added successively with 

a piston pipette (Eppendorf, Hamburg, Germany). The pKa values were determined by 

using the half-equivalence point method. 

 
(R)-1-(Amino((3-(2-amino-4-methylthiazol-5-yl)propyl)amino)methylene)-3-(1-
phenylethyl)urea (3.145) 
The pKa values were determined according to the general procedure (method B). 36.92 

mg-57.50 mg of 3.145 were dissolved in 15 mL EtOH 96% and titrated with 1 M HCl. 

 
1-(Amino(ethylamino)methylene)-3-propylurea hydrochloride (3.213) 
The pKa values were determined according to the general procedure (method A). 39.09 

mg-41.13 mg of 3.213-HCl were dissolved in 15 mL EtOH 96% and titrated with 0.1 M 

NaOH. 

 
(R)-1-(Amino((3-phenylpropyl)amino)methylene)-3-(1-phenylethyl)urea 
hydrochloride (3.216) 
The pKa values were determined according to the general procedure (method A). 73.25 

mg-85.31 mg of 3.216-HCl were dissolved in 15 mL Millipore water and titrated with 

0.1 M NaOH. 
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2-Amino-4-methylthiazole hydrochloride (3.217) 
The pKa values were determined according to the general procedure (method A). 9.97 

mg-10.20 mg of 3.217-HCl were dissolved in 20 mL Millipore water and titrated with 

0.01 M NaOH. 

 

 
Figure 3.037. A) Representative titration curve of 2-amino-4-methylthiazole hydrochloride 
(3.217) with 0.01 M NaOH. B) The first derivative, ΔpH/ΔV, of the titration curve. C) The second 
derivative, Δ(ΔpH/ΔV)/ΔV, which is the derivative of the first derivative. End point is taken as 
zero crossing of the second derivative. Ve: volume of titrant at equivalence point. 
 

2-Amino-4,5-dimethylthiazole hydrochloride (3.218) 
The pKa values were determined according to the general procedure (method A). 10.00 

mg-10.30 mg of 3.218-HCl were dissolved in 20 mL Millipore water and titrated with 

0.01 M NaOH. 

 

 

Figure 3.038. A) Representative titration curve of 2-amino-4,5-dimethylthiazole hydrochloride 
(3.218) with 0.01 M NaOH. B) The first derivative, ΔpH/ΔV, of the titration curve. C) The second 
derivative, Δ(ΔpH/ΔV)/ΔV, which is the derivative of the first derivative. End point is taken as 
zero crossing of the second derivative. Ve: volume of titrant at equivalence point. 
 
2-Amino-5-methyl-1,3,4-thiadiazole hydrochloride (3.322) 

The pKa values were determined according to the general procedure (method A). 9.6 

mg-10.1 mg of 3.322-HCl were dissolved in 20 mL Millipore water and titrated with 0.01 

M NaOH. 
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Figure 3.039. A) Representative titration curve of 2-amino-5-methyl-1,3,4-thiadiazole 
hydrochloride (3.322) with 0.01 M NaOH. B) The first derivative, ΔpH/ΔV, of the titration curve. 
C) The second derivative, Δ(ΔpH/ΔV)/ΔV, which is the derivative of the first derivative. End 
point is taken as zero crossing of the second derivative. Ve: volume of titrant at equivalence 
point. 
 
3.5.2 Biology 
 
3.5.2.1 Cell Culture 
 
Cells were cultured in 75 cm2 flasks (Sarstedt, Nümbrecht, Germany) in a humidified 

atmosphere (95% air, 5% CO2) at 37 °C. HEK293T-CRE-Luc-hD2longR cells404, 

HEK293T NlucN-mGs/gpH2R-NlucC cells417, HEK293T-ARRB2-H2R cells187, 

HEK293T ElucN-βarr2 hD2longR-ElucC cells404, and HEK293T ElucN-βarr2 hD3R-

ElucC cells404 were cultured as described previously and regularly monitored for 

mycoplasma infection using the Venor GeM Mycoplasma Detection Kit (Minerva 

Biolabs, Berlin, Germany). 

 

3.5.2.2 Radioligand Binding Assays 
 
3.5.2.2.1  Histamine H1-4 Receptors 
 

Radioligand competition binding experiments using membranes of Sf9 insect cells co-

expressing hH1R and RGS4, expressing hH2R-GsαS, co-expressing hH3R, Gαi2 and 

Gβ1γ2 or co-expressing hH4R, Gαi2 and Gβ1γ2 were performed according to published 

protocols.299,389 The following radioligands were used: [3H]mepyramine (hH1R, specific 

activity: 20 Ci/mmol, Hartmann Analytics, Braunschweig, Germany or specific activity: 

75-87 Ci/mmol, Novandi Chemistry AB, Södertälje, Sweden), [3H]UR-DE257390 (hH2R, 

specific activity: 63.0 Ci/mmol, was synthesized in our laboratories), [3H]Nα-

methylhistamine (specific activity: 85.3 Ci/mmol, Hartmann Analytics) or [3H]UR-

PI294391 (hH3R, specific activity: 41.8 Ci/mmol, was synthesized in our laboratories) 

and [3H]histamine (hH4R, specific activity: 25 Ci/mmol Hartmann Analytics). 
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Modifications were made as follows: the washing steps were performed with PBS (8 g 

NaCl, 0.2 g KCl, 1.0 g Na2HPO4 x 2 H2O, 0.15 g NaH2PO4 x H2O, 0.1 g KH2PO4 in 1 L 

Millipore H2O; pH 7.4; 4 °C) instead of binding buffer. 

 

3.5.2.2.2 Dopamine D1-5 Receptors 
 

The competition binding experiments were performed on homogenates of HEK293T-

CRE-Luc-hDxR (x = 1, 2long, 3 or 5) or HEK293TElucN-βarr2 hD4.4R-ELuc cells using 

[3H]N-methylspiperone (hD2long/3/4.4R, specific activity: 77 Ci/mmol, Novandi Chemistry 

AB) or [3H]SCH23390 (hD1/5R, specific activity: 81 Ci/mmol, Novandi Chemistry AB) 

using the previously published protocol.404 Generation and cell culture of HEK293T-

CRE-Luc cells, expressing the hD1-, hD2long-, hD3- or hD4.4 receptors as well as general 

procedure for the homogenate preparation have been described in the same 

publication.404 The HEK293T-CRE-Luc cell line stably expressing the hD5R was 

generated in an analogous manner as published for hD1R, hD2longR, hD3R or hD4.4R.404 

In brief: 2 µg of the pIRESneo3 SP-FLAG-hD5R vector (generated in an analogous 

manner as described for hD1R, hD2longR, hD3R, and hD4.4R404) were used and selection 

was achieved in the presence of 600 µg/mL of G418. The preparation of cell 

homogenates was performed as previously described404 with the following 

modification: after centrifugation (6 °C, 50,000 x g, 15 min) and resuspension of the 

remaining pellet in Tris-MgSO4 buffer404 homogenization was performed with a Potter 

homogenizer (10 times, ice-cooled) instead of a syringe and needle. Competition 

binding experiments with hD1 and hD5 receptors were performed by incubating 

homogenates in binding buffer404 at a final concentration of 0.3 µg (hD1R) or 0.4 µg 

(hD5R) protein/well together with [3H]SCH23390 (hD1R (Kd = 0.23 nM) and hD5R 

(Kd = 0.2 nM): c = 0.4 nM) and increasing concentrations of the competing ligands 

(3.139, 3.239, 3.255, and 3.262) for 120 min at room temperature. Binding studies at 

hD2longR, hD3R, and hD4.4R were performed in binding buffer404 at a concentration of 

0.3 µg (hD2longR), 0.7 µg (hD3R) or 0.5-1.0 µg (hD4.4R) protein/well together with [3H]N-

methylspiperone (hD2longR (Kd = 0.0149 nM): c = 0.05 nM; hD3R (Kd = 0.0258 nM): 

c = 0.05 nM; hD4.4R (Kd = 0.078 nM): c = 0.1 nM) and varying concentrations of the 

competing ligands (3.139, 3.239-3.240, 3.254, 3.251, 3.255-3.256, 3.261-3.262, 

3.264-3.265, 3.267, 3.271, and/or 3.277) for 60 min in case of hD2longR and hD3R and 

140 min in case of the hD4.4R at room temperature. Non-specific binding was 

determined in the presence of 2 µM (+)-butaclamol (Sigma, Taufkirchen, Germany, 
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hD1R, hD2longR, hD3R) or nemonapride (Tocris Bioscience, Bristol, United Kingdom, 

hD4.4R). 

 

3.5.2.2.3 Muscarinic Acetylcholine M1-5 Receptors 
 

Binding studies at human muscarinic receptors (stably expressed in CHO-hMxR cells, 

x = 1-5) were performed using previously described radioligand competition binding 

assays.430 Binding affinities towards the human adrenoceptors α1A, α 2A, β1, and β2 as 

well as to the human serotonin receptor 5-HT1A and the human opioid receptor μOR 

were determined as described previously.431,432 In brief, membranes were prepared 

from HEK293T cells each transiently transfected with appropriate cDNAs (cDNA of α1A, 

β2, and 5-HT1A from cDNA Resource Center, Bloomsberg, PA, for α2A: gift from the D. 

Yang, Chinese University of Hong-Kong, Shenzhen, China, for μOR: gift from the 

Ernest Gallo Clinic and Research Center, UCSF, CA, for β1: gift from the R. Sunahara, 

UCSD, CA). Receptor density (Bmax value) and specific binding affinities (KD value) for 

α1A were determined as 6500 fmol/mg, and 0.25 nM, respectively ([³H]prazosin 

(specific activity 84 Ci/mmol, PerkinElmer, Rodgau, Germany) at a concentration of 

0.4 nM), for α2A: 1800 fmol/mg, and 0.60 nM, respectively ([³H]RX82102 (spec. act. 52 

Ci/mmol, Novandi Chemistry AB) at 0.5 nM), for β1: 3500 fmol/mg, and 0.075 nM, 

respectively ([³H]CGP12177 (spec. act. 52 Ci/mmol, PerkinElmer) at 0.2 nM), for β2: 

2000 fmol/mg, and 0.070 nM, respectively ([³H]CGP12177 at 0.2 nM), for 5-HT1A: 1100 

fmol/mg, and 0.080 nM, respectively ([³H]WAY600135 (spec. act. 80 Ci/mmol, 

Biotrend, Cologne, Germany) at 0.2 nM), and μOR: 1700 fmol/mg, and 0.090 nM, 

respectively ([³H]diprenorphine (spec. act. 31 Ci/mmol, PerkinElmer) at 0.3 nM). 

Competition binding experiments with α1A, and 5-HT1A were performed by incubating 

membranes in buffer A (50 mM Tris, 5 mM MgCl2, 0.1 mM EDTA, 5 µg/mL bacitracin 

and 5 µg/mL soybean trypsin inhibitor at pH 7.4) at a final protein concentration of 1 

µg/well, and 6 µg/well together with the radioligand and varying concentrations of the 

competing ligands for 60 minutes at 37 °C. Binding at α2A, and μOR were done in buffer 

B (50 mM Tris at pH 7.4) at a protein concentration of 10 µg/well, and 6 µg/well, 

respectively and for β1 and β2 in buffer C (25 mM HEPES, 5 mM MgCl2, 1 mM EDTA, 

and 0.01% BSA at pH 7.4) at a protein concentration of 2 µg/well, and 4 µg/well, 

respectively. Non-specific binding was determined in the presence of 10 µM of 

prazosin (α1A), RX821002 (α2A), CGP12177 (β1, and β2), WAY600135 (5-HT1A), and 

naloxone (μOR). The protein concentration was established using the method of 
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Lowry.484 The resulting competition curves were analyzed by nonlinear regression 

using the algorithms implemented in PRISM 6.0 (GraphPad Software, San Diego, CA) 

to provide an IC50 value, which was subsequently transformed into the Ki value 

employing the equation of Cheng and Prusoff.156 

 

3.5.2.3 [35S]GTPγS Binding Assay 
 
The [35S]GTPγS binding assay was performed using membranes of Sf9 insect cells 

expressing the hH2R-GsαS fusion protein as described in detail by Kagermeier et al.299 

[35S]GTPγS was from PerkinElmer Life Science (Boston, USA) or Hartmann Analytics. 

 

3.5.2.4 β-Arrestin Recruitment Assay 
 
The β-arrestin recruitment assays using HEK293T-β-Arr2-hH2R cells394,395, HEK293T 

ElucN-βarr2 hD2longR-ELucC cells404 or HEK293T ElucN-βarr2 hD3R-ELucC cells404 

were performed as described previously. 

 

3.5.2.5 Mini-G Protein Recruitment Assay 
 

The mini-G protein recruitment assay at the hH2R or gpH2R was performed using 

HEK293T NlucN-mGs/hH2R-NlucC425 or HEK293T NlucN-mGs/gpH2R-NlucC417 cells 

as previously described in detail. Furimazine was from Promega (Mannheim, 

Germany). 
 

3.5.2.6 Histamine H2 Receptor Assay on the Isolated Guinea Pig Right Atrium 
(Spontaneously Beating) 

 
This functional assay was performed as previously described in detail.389 

 

3.5.2.7 Transgenic Mice 
 

The investigation conforms to the Guide for the Care and Use of Laboratory 

Animals (National Research Council Committee for the Update of the Guide for the 

Care and Use of Laboratory Animals, 2011). Animals were maintained and handled 

according to approved protocols of the animal welfare committee of the University of 

Halle-Wittenberg, Germany. The plasmid, containing the human H2 receptor cDNA 
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(GenBank accession number AY136744), was kindly provided by R. Seifert (Institute 

of Pharmacology, Hannover Medical School, Hannover, Germany). Generation of the 

transgenic mice with cardiomyocyte-specific expression of the human H2R was 

performed by the TRAM unit of the Westfälische Wilhelms-Universität, Münster, 

Germany, and has been described before.439 Genotypes were identified by polymerase 

chain reaction analyses of tail tip DNA using the following primers: 5′-

ACCCTTACCCCACATAGACC-3′ and 5′-AGCAGGTCAGTGATAGCCAA-3′. The 

polymerase chain reaction was performed using the Ampliqon Taq DNA polymerase 

(Biomol, Hamburg, Germany) according to the manufacturer’s instructions. For the 

experiments, 3–6-month-old H2-TG mice and WT littermates (age-matched) of both 

sexes (evenly distributed) were used. 

 

3.5.2.8 Preparations of Right and Left Mice Atria   
 

Mice were anesthetized by intraperitoneal injection of pentobarbital sodium 

(50 mg kg- 1), and hearts were excised. Right and left atria were dissected from isolated 

H2-TG and WT mice hearts and mounted in an organ bath. Left atrial preparations were 

continuously electrically stimulated (field stimulation) with each impulse consisting of 1 

Hz, with a voltage of 10–15% above threshold and 5 ms duration. Right atrial 

preparations were allowed to contract spontaneously. The bathing solution contained 

(in mM) NaCl 119.8, KCI 5.4, CaCl2 1.8, MgCl2 1.05, NaH2PO4 0.42, NaHCO3 22.6, 

Na2EDTA 0.05, ascorbic acid 0.28, and glucose 5.0, continuously gassed with 95% O2 

and 5% CO2 and maintained at 35°C resulting in a pH of 7.4. Signals detected via an 

isometric force transducer were amplified and continuously recorded. UR-Po563, UR-

MB-158, or UR-MB-159 was cumulatively applied to the organ bath. After three 

changes of the buffer in the organ bath of the indicated experiments, famotidine was 

applied (1 µM in the organ bath), and then cumulative addition of UR-Po563, UR-MB-

158, or UR-MB-159 to the organ bath was repeated. This was done to assess the 

ability of famotidine to antagonize the contractile effects of the respective agonist in 

the organ bath.  

 

3.5.2.9 Langendorff-Perfused Hearts Preparations 
 

Heart preparations were used as described previously.485 Mice were anesthetized 

intraperitoneally with pentobarbital sodium (50 mg kg-1) and treated with 1.5 units of 
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heparin. The hearts were removed from the opened chest, immediately attached by 

the aorta to a 20-gauge cannula, and perfused retrogradely under constant flow of 2 

mL min-1 with oxygenized buffer solution (37°C) containing (in mM) NaCl 119.8, KCI 

5.4, CaCl2 1.8, MgCl2 1.05, NaH2PO4 0.42, NaHCO3 22.6, Na2EDTA 0.05, ascorbic 

acid 0.28, and glucose 5.0 in an isolated heart system. The heart preparations were 

allowed to equilibrate for 30 minutes before measurements. The developed force was 

measured with a hook applied to the apex cordis that was connected via a return pulley 

to a force transducer. The data were recorded using a Power-Lab system 

(ADInstruments, Oxford, UK). Ventricular contractions were measured and monitored 

continuously. The beating rate and the first derivative of the developed force (+dF/dt 

and -dF/dt) were calculated electronically using the chart software (ADInstruments, 

Oxford, UK).  

 

3.5.2.10 Human Atrium Preparations 
 
Human atrial preparations were used as previously described.442 Right atrial samples 

were obtained from patients who underwent cardiac bypass surgery because of a 

three-vessel coronary artery disease. From these right atrial samples, we cut small 

trabeculae carneae and handled them exactly like mouse atrial samples. In brief, they 

were mounted in organ baths, attached to an isometric force transducer, and 

stimulated electrically at 1 Hz, and the buffer had the same composition as described 

above. The samples were freeze clamped in liquid nitrogen after the experiment to 

stop all biochemical reactions and to maintain the phosphorylation state of the proteins 

of interest. From some atrial samples, small cardiac strips were prepared and 

incubated in 1.5 mL reaction tubes, drugs were added, and then cardiac strips were 

rapidly frozen. These procedures have been reported in detail before.486,487 Here, five 

atrial preparations from three patients could be used. The patient characteristics are 

described as follows: age, 52–72 years old; sex, male; New York Heart Association 

class, III–IV; Canadian Cardiovascular Society angina grading scale, III; left ventricular 

ejection fraction, 40–60%; further diagnoses were arterial hypertension, 

hypercholesterolemia, and diabetes (two of three); and medications included 

anticoagulants, platelet aggregation inhibitors, β-adrenoceptor antagonists, calcium 

channel blockers (dihydropyridines), angiotensin converting enzyme inhibitors or 

angiotensin receptor blockers, diuretics, proton-pump inhibitors, metformin, or insulin. 

The study complied with the Declaration of Helsinki and was approved by the Ethics 
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Committee of the University of Halle-Wittenberg (hm-bü 04.08.2005). All patients gave 

informed consent.  

 
3.5.2.11 Echocardiography 
 
Echocardiography in spontaneously breathing mice was performed under anesthesia 

with 1.5% isoflurane.488 We injected the dihydrochloride salts of UR-Po563, UR-MB-

158, or UR-MB-159 (dissolved in water) or famotidine as 100 μL of a 1 mM stock 

solution into the peritoneum of H2-TG or WT mice. First famotidine was injected, and 

five minutes later UR-Po563, UR-MB-158, or UR-MB-159. This was done to offer 

enough time for the H2R antagonist famotidine to occupy the cardiac H2R. After five 

additional minutes the left ventricle was assessed using B-mode to obtain an overall 

view. The recording was then changed to M-mode to quantify the function of the left 

ventricle by measuring the ejection fraction of the left ventricle using the software 

supplied by the manufacturer (Vevo 2100, Visual Sonic, Toronto, Canada).  

 
3.5.3 Data Processing 
 
Compound purities were calculated as the percentage peak area of the analyzed 

compound by UV detection at 220 nm. Retention factors (k) were calculated from 

retention times (tR) according to k = (tR - t0)/t0, t0 = dead time. Data from radioligand 

competition binding assays (hH1-4389 and hD2long/3404 receptors), from [35S]GTPγS 

binding assay389, from mini-G protein (hH2R425, gpH2R417) or β-arrestin2 (hH2187,395 and 

hD2long/3425 receptors) recruitment assays, and from H2R assay on isolated guinea pig 

right atrium389 were processed as reported previously. 

 

3.5.4 Nomenclature 
 
Due to their importance as lead compounds (structurally or pharmacologically), the 

following compounds receive a special compound code: 3.139 = UR-KAT523, 3.140 = 

UR-CH20, 3.143 = UR-CH22, 3.145 = UR-Po563, 3.157 = UR-MB-69, 3.170 = UR-

SB257, 3.172 = UR-KAT527, 3.239 = UR-KAT505, 3.240 = UR-KAT583, 3.255 = UR-

KAT533, 3.261 = UR-MB-158, 3.262 = UR-MB-159, and 3.264 = UR-MB-165. 
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3.6 Supplementary Material 
3.6.1 NMR Spectra of Representative Target Compounds 3.139, 3.144, 3.145, 

3.157, 3.159, 3.163, 3.167, 3.170, 3.174, 3.180, 3.186, and 3.238-3.278 
 

 

Figure 3.040. 1H NMR spectrum (600 MHz, DMSO-d6) of compound 3.139. 

 

 
Figure 3.041. 13C NMR spectrum (151 MHz, DMSO-d6) of compound 3.139. 
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Figure 3.042. 1H NMR spectrum (300 MHz, CD3OD) of compound 3.144. 

 

 
Figure 3.043. 13C NMR spectrum (75 MHz, CD3OD) of compound 3.144. 
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Figure 3.044. 1H NMR spectrum (300 MHz, CD3OD) of compound 3.145. 

 

 
Figure 3.045. 13C NMR spectrum (75 MHz, CD3OD) of compound 3.145. 
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Figure 3.046. 1H NMR spectrum (400 MHz, CD3OD) of compound 3.157. 

 

 
Figure 3.047. 13C NMR spectrum (101 MHz, CD3OD) of compound 3.157. 
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Figure 3.048. 19F NMR spectrum (377 MHz, CD3OD) of compound 3.157. 
 

 
Figure 3.049. 1H NMR spectrum (300 MHz, CD3OD) of compound 3.159. 
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Figure 3.050. 13C NMR spectrum (75 MHz, CD3OD) of compound 3.159. 
 

 
Figure 3.051. 1H NMR spectrum (600 MHz, DMSO-d6) of compound 3.163. 
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Figure 3.052. 13C NMR spectrum (600 MHz, DMSO-d6) of compound 3.163. 
 

 
Figure 3.053. 1H NMR spectrum (600 MHz, DMSO-d6) of compound 3.167. 
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Figure 3.054. 13C NMR spectrum (600 MHz, DMSO-d6) of compound 3.167. 
 

 
Figure 3.055. 1H NMR spectrum (600 MHz, DMSO-d6) of compound 3.170. 
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Figure 3.056. 13C NMR spectrum (600 MHz, DMSO-d6) of compound 3.170. 
 

 
Figure 3.057. 1H NMR spectrum (300 MHz, CD3OD) of compound 3.174. 
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Figure 3.058. 13C NMR spectrum (75 MHz, CD3OD) of compound 3.174. 
 

 
Figure 3.059. 1H NMR spectrum (600 MHz, DMSO-d6) of compound 3.180. 
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Figure 3.060. 13C NMR spectrum (600 MHz, DMSO-d6) of compound 3.180. 
 

 
Figure 3.061. 1H NMR spectrum (600 MHz, DMSO-d6) of compound 3.186. 
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Figure 3.062. 13C NMR spectrum (600 MHz, DMSO-d6) of compound 3.186. 
 

 
Figure 3.063. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.238. 
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Figure 3.064. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.238. 
 

 
Figure 3.065. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.239. 
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Figure 3.066. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.239. 
 

 
Figure 3.067. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.240. 
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Figure 3.068. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.240. 
 

 
Figure 3.069. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.241. 
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Figure 3.070. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.241. 
 

 
Figure 3.071. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.242. 
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Figure 3.072. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.242. 
 

 
Figure 3.073. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.243. 
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Figure 3.074. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.243. 
 

 
Figure 3.075. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.244. 
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Figure 3.076. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.244. 
 

 
Figure 3.077. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.245. 
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Figure 3.078. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.245. 
 

 
Figure 3.079. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.246. 
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Figure 3.080. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.246. 
 

 
Figure 3.081. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.247. 
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Figure 3.082. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.247. 
 

 
Figure 3.083. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.248. 
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Figure 3.084. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.248. 
 

 
Figure 3.085. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.249. 
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Figure 3.086. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.249. 
 

 
Figure 3.087. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.250. 
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Figure 3.088. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.250. 
 

 
Figure 3.089. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.251. 
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Figure 3.090. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.251. 
 

 
Figure 3.091. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.252. 
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Figure 3.092. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.252. 
 

 
Figure 3.093. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.253. 
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Figure 3.094. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.253. 
 

 
Figure 3.095. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.254. 
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Figure 3.096. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.254. 
 

 
Figure 3.097. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.255. 
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Figure 3.098. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.255. 
 

 
Figure 3.099. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.256. 
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Figure 3.100. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.256. 
 

 
Figure 3.101. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.257. 
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Figure 3.102. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.257. 
 

 
Figure 3.103. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.258. 
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Figure 3.104. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.258. 
 

 
Figure 3.105. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.259. 
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Figure 3.106. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.259. 
 

 
Figure 3.107. 1H-NMR spectrum (300 MHz, CD3OD) of compound 3.260. 



Design and Biological Evaluation of Histamine H2-Receptor Ligands 

 531  

 
Figure 3.108. 13C-NMR spectrum (75 MHz, CD3OD) of compound 3.260. 
 

 
Figure 3.109. 1H-NMR spectrum (300 MHz, CD3OD) of compound 3.261. 
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Figure 3.110. 13C-NMR spectrum (75 MHz, CD3OD) of compound 3.261. 
 

 
Figure 3.111. 1H-NMR spectrum (300 MHz, CD3OD) of compound 3.262. 



Design and Biological Evaluation of Histamine H2-Receptor Ligands 

 533  

 
Figure 3.112. 13C-NMR spectrum (75 MHz, CD3OD) of compound 3.262. 
 

 
Figure 3.113. 1H-NMR spectrum (300 MHz, CD3OD) of compound 3.263. 
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Figure 3.114. 13C-NMR spectrum (75 MHz, CD3OD) of compound 3.263. 
 

 
Figure 3.115. 1H-NMR spectrum (300 MHz, CD3OD) of compound 3.264. 
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Figure 3.116. 13C-NMR spectrum (75 MHz, CD3OD) of compound 3.264. 
 

 
Figure 3.117. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.265. 
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Figure 3.118. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.265. 
 

 
Figure 3.119. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.266. 
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Figure 3.120. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.266. 
 

 
Figure 3.121. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.267. 
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Figure 3.122. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.267. 
 

 
Figure 3.123. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.268. 
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Figure 3.124. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.268. 
 

 
Figure 3.125. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.269. 
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Figure 3.126. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.269. 
 

 
Figure 3.127. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.270. 
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Figure 3.128. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.270. 
 

 
Figure 3.129. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.271. 
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Figure 3.130. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.271. 
 

 
Figure 3.131. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.272. 
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Figure 3.132. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.272. 
 

 
Figure 3.133. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.273. 
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Figure 3.134. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.273. 
 

 
Figure 3.135. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.274. 
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Figure 3.136. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.274. 
 

 
Figure 3.137. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.275. 
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Figure 3.138. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.275. 

 
Figure 3.139. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.276. 
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Figure 3.140. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.277. 
 

 
Figure 3.141. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.277. 
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Figure 3.142. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.278. 
 

 
Figure 3.143. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.278. 
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3.6.2 RP-HPLC Purity Control of Compounds 3.138-3.186 and 3.238-3.278 

 

Figure 3.144. RP-HPLC analysis (purity control) of compound 3.138 (A) (99%, 220 nm) and 
compound 3.139 (B) (99%, 220 nm). 

 

 
Figure 3.145. RP-HPLC analysis (purity control) of compound 3.140 (A) (99%, 220 nm) and 
compound 3.141 (B) (99%, 220nm) 

 

 
Figure 3.146. RP-HPLC analysis (purity control) of compound 3.142 (A) (99%, 220 nm) and 
compound 3.143 (B) (97%, 220 nm). 
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Figure 3.147. RP-HPLC analysis (purity control) of compound 3.144 (A) (99%, 220 nm) and 
compound 3.145 (B) (99%, 220 nm). 

 

 
Figure 3.148. RP-HPLC analysis (purity control) of compound 3.146 (A) (99%, 220 nm) and 
compound 3.147 (B) (96%, 220 nm). 

 
Figure 3.149. RP-HPLC analysis (purity control) of compound 3.148 (99%, 220 nm) and 
compound 3.149 (B) (97%, 220 nm). 
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Figure 3.150. RP-HPLC analysis (purity control) of compound 3.150 (96%, 220 nm) and of 
compound 3.151 (B) (97%, 220 nm). 

 

 

Figure 3.151. RP-HPLC analysis (purity control) of compound 3.152 (A) (96%, 220 nm) and 
compound 3.153 (B) (96%, 220 nm). 

 
Figure 3.152. RP-HPLC analysis (purity control) of compound 3.154 (A) (97%, 220 nm) and 
compound 3.155 (B) (95%, 220 nm). 
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Figure 3.153. RP-HPLC analysis (purity control) of compound 3.156 (A) (99%, 220 nm) and 
compound 3.157 (B) (99%, 220 nm). 

 

 
Figure 3.154. RP-HPLC analysis (purity control) of compound 3.158 (A) (99%, 220 nm) and 
compound 3.159 (B) (99%, 220 nm). 

 

 
Figure 3.155. RP-HPLC analysis (purity control) of compound 3.160 (A) (99%, 220 nm) and 
compound 3.161 (B) (99%, 220 nm). 
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Figure 3.156. RP-HPLC analysis (purity control) of compound 3.162 (A) (99%, 220 nm) and 
compound 3.163 (B) (99%, 220 nm). 

 

 
 

Figure 3.157. RP-HPLC analysis (purity control) of compound 3.164 (A) (99%, 220 nm) and 
compound 3.165 (B) (99%, 220 nm). 

 

 
Figure 3.158. RP-HPLC analysis (purity control) of compound 3.166 (A) (98%, 220 nm) and 
compound 3.167 (B) (99%, 220 nm). 
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Figure 3.159. RP-HPLC analysis (purity control) of compound 3.168 (A) (96%, 220 nm) and 
compound 3.169 (B) (99%, 220 nm). 

 

 
Figure 3.160. RP-HPLC analysis (purity control) of compound 3.170 (A) (98%, 220 nm) and 
compound 3.171 (B) (99%, 220 nm). 

 

 
Figure 3.161. RP-HPLC analysis (purity control) of compound 3.172 (A) (98%, 220 nm) and 
compound 3.173 (B) (98%, 220 nm). 
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Figure 3.162. RP-HPLC analysis (purity control) of compound 3.174 (A) (95%, 220 nm) and 
compound 3.175 (B) (99%, 220 nm). 

 

 
Figure 3.163. RP-HPLC analysis (purity control) of compound 3.176 (A) (99%, 220 nm) and 
compound 3.177 (B) (99%, 220 nm). 

 

 
Figure 3.164. RP-HPLC analysis (purity control) of compound 3.178 (A) (99%, 220 nm) and 
compound 3.179 (B) (99%, 220 nm). 
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Figure 3.165. RP-HPLC analysis (purity control) of compound 3.180 (A) (99%, 220 nm) and 
compound 3.181 (B) (99%, 220 nm). 

 

 
Figure 3.166. RP-HPLC analysis (purity control) of compound 3.182 (A) (99%, 220 nm) and 
compound 3.183 (B) (99%, 220 nm). 

 

 
Figure 3.167. RP-HPLC analysis (purity control) of compound 3.184 (A) (99%, 220 nm) and 
compound 3.185 (B) (95%, 220 nm). 
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Figure 3.168. RP-HPLC analysis (purity control) of compound 3.186 (A) (97%, 220 nm) and 
compound 3.238 (B) (98%, 220 nm). 
 

 
Figure 3.169. RP-HPLC analysis (purity control) of compound 3.239 (A) (99%, 220 nm) and 
compound 3.240 (B) (99%, 220 nm). 
 

 
Figure 3.170. RP-HPLC analysis (purity control) of compound 3.241 (A) (> 99%, 220 nm) and 
compound 3.242 (B) (> 99%, 220 nm). 
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Figure 3.171. RP-HPLC analysis (purity control) of compound 3.243 (A) (> 99%, 220 nm) and 
compound 3.244 (B) (96%, 220 nm). 
 

 
Figure 3.172. RP-HPLC analysis (purity control) of compound 3.245 (A) (99%, 220 nm) and 
compound 3.246 (B) (97%, 220 nm). 
 

 
Figure 3.173. RP-HPLC analysis (purity control) of compound 3.247 (A) (96%, 220 nm) and 
compound 3.248 (B) (> 99%, 220 nm). 
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Figure 3.174. RP-HPLC analysis (purity control) of compound 3.249 (A) (97%, 220 nm) and 
compound 3.250 (B) (97%, 220 nm). 
 

 
Figure 3.175. RP-HPLC analysis (purity control) of compound 3.251 (A) (99%, 220 nm) and 
compound 3.252 (B) (> 99%, 220 nm). 
 

 
Figure 3.176. RP-HPLC analysis (purity control) of compound 3.253 (A) (96%, 220 nm) and 
compound 3.254 (B) (98%, 220 nm). 
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Figure 3.177. RP-HPLC analysis (purity control) of compound 3.255 (A) (98%, 220 nm) and 
compound 3.256 (B) (> 99%, 220 nm). 

 

 
Figure 3.178. RP-HPLC analysis (purity control) of compound 3.257 (A) (99%, 220 nm) and 
compound 3.258 (B) (> 99%, 220 nm). 
 

 
Figure 3.179. RP-HPLC analysis (purity control) of compound 3.259 (A) (> 99%, 220 nm) and 
compound 3.260 (B) (> 99%, 220 nm). 
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Figure 3.180. RP-HPLC analysis (purity control) of compound 3.261 (A) (> 99%, 220 nm) and 
compound 3.262 (B) (> 99%, 220 nm). 

 

 
Figure 3.181. RP-HPLC analysis (purity control) of compound 3.263 (A) (98%, 220 nm) and 
compound 3.264 (B) (> 99%, 220 nm). 

 

 
Figure 3.182. RP-HPLC analysis (purity control) of compound 3.265 (A) (98%, 220 nm) and 
compound 3.266 (B) (> 99%, 220 nm). 
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Figure 3.183. RP-HPLC analysis (purity control) of compound 3.267 (A) (99%, 220 nm) and 
compound 3.268 (B) (> 99%, 220 nm). 
 

 
Figure 3.184. RP-HPLC analysis (purity control) of compound 3.269 (A) (> 99%, 220 nm) and 
compound 3.270 (B) (99%, 220 nm). 

 

 
Figure 3.185. RP-HPLC analysis (purity control) of compound 3.271 (A) (97%, 220 nm) and 
compound 3.272 (B) (> 99%, 220 nm). 
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Figure 3.186. RP-HPLC analysis (purity control) of compound 3.273 (A) (99%, 220 nm) and 
compound 3.274 (B) (> 99%, 220 nm). 

 

 
Figure 3.187. RP-HPLC analysis (purity control) of compound 3.275 (A) (98%, 220 nm) and 
compound 3.276 (B) (98%, 220 nm). 
 

 
Figure 3.188. RP-HPLC analysis (purity control) of compound 3.277 (A) (96%, 220 nm) and 
compound 3.278 (B) (96%, 220 nm). 
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3.6.3 Titration Curves of the pKa Determination of Compounds 3.145, 3.213 and 
3.216 

 
Figure 3.189. Representative pKa titration curve of 3.145 using 1 M HCl. 

 
Figure 3.190. Representative pKa titration curve of 3.213 using 0.1 M NaOH. 

 
Figure 3.191. Representative pKa titration curve of 3.216 using 0.1 M NaOH. 

0.00 0.05 0.10 0.15 0.20 0.25
0

2

4

6

8

10

volume of 1 M HCl [ml]

pH

0 1 2 3 4
4

6

8

10

12

14

volume of 0.1 M NaOH [ml]

pH

0.0 0.4 0.8 1.2 1.6
4

6

8

10

12

14

volume of 0.1 M NaOH [ml]

pH



Design and Biological Evaluation of Histamine H2-Receptor Ligands 

 565  

3.6.4 MS (ESI) Data of the Boc-/Trt-protected Intermediates 3.238-3.244, 3.246-
3.265, and 3.267-3.278 

 
Table 3.16. MS (ESI) data of Boc-/Trt-protected intermediates. 

Comp. MW Structure Calculated for 
[M+H]+ 

Found 

Boc-
3.238 

C18H32N6O3S 
 

413.2329 413.2361 

di-Boc-
3.239 

C22H39N7O5S 
 

514.2806 514.2826 

di-Boc-
3.240 

C23H40N6O5S 
 

513.2854 513.2876 

di-Boc-
3.241 

C27H40N6O5S 
 

561.2854 561.2911 

di-Boc-
3.242 

C27H40N6O5S 
 

561.2854 561.2890 

Boc-
/Trt-
3.243 

C39H48N6O3S 
 

681.3581 681.3588 

di-Boc-
3.244 

C23H41N7O5S 
 

528.2963 528.2973 

di-Boc-
3.246 

C26H47N7O5S 

 

570.3432 570.3430 

tri-Boc-
3.247 

C30H54N8O7S 

 

671.3909 671.3938 

di-Boc-
3.248 

C28H40N6O5S 
 

573.2854 573.2905 

di-Boc-
3.249 

C28H48N6O6 
 

565.3708 565.3714 

Boc-
3.250 

C22H38N6O3S 
 

467.2799 467.2846 

di-Boc-
3.251 

C26H45N7O5S 
 

568.3276 568.3319 

Boc-
/Trt-
3.252 

C31H46N6O5S 
 

615.3323 615.3333 

di-Boc-
3.253 

C26H38N6O6 
 

531.2926 531.2932 

Boc-
3.254 

C20H28N6O3S 

 

433.2016 433.2028 
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Table 3.16. (continued) 

Comp. MW Structure Calculated for 
[M+H]+ 

Found 

di-Boc-
3.255 

C24H35N7O5S 
 

534.2493 534.2515 

di-Boc-
3.256 

C25H36N6O5S 
 

533.2541 533.2558 

di-Boc-
3.257 

C29H36N6O5S 
 

581.2541 581.2574 

di-Boc-
3.258 

C29H36N6O5S 
 

581.2541 581.2570 

Boc-
/Trt-
3.259 

C41H44N6O3S 
 

701.3268 701.3277 

Boc-
/Trt-
3.260 

C40H44N6O3 
 

657.3548 656.3554 

di-Boc-
3.261 

C25H37N7O5S 
 

548.2650 548.2659 

Trt-
3.262 

C39H43N7O3 
 

658.3500 658.3512 

Boc-
3.263 

C23H36N8O3 

 

473.2983 473.2988 

di-Boc-
3.264 

C25H36FN7O5S 
 

566.2555 566.2565 

di-Boc-
3.265 

C28H43N7O5S 
 

590.3119 590.3175 

di-Boc-
3.267 

C29H44N6O5S 
 

589.3167 589.3181 

di-Boc-
3.268 

C33H44N6O5S 

 

637.3167 637.3198 

di-Boc-
3.269 

C33H44N6O5S 
 

637.3167 637.3179 

Boc-
/Trt-
3.270 

C45H52N6O3S 
 

757.3894 757.3905 

di-Boc-
3.271 

C29H45N7O5S 

 

604.3276 604.3289 

di-Boc-
3.272 

C34H46N6O5S 

 

651.3323 651.3366 

di-Boc-
3.273 

C34H46N6O5S 
 

651.3323 651.3348 
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Table 3.16. (continued) 

Comp. MW Structure Calculated 
for [M+H]+ 

Found 

Boc-
/Trt-
3.274 

C46H54N6O3S 
 

771.4051 771.4067 

tetra-
Boc-
3.275 

C50H70N12O10S2 

 

1063.4852 1063.4876 

tetra-
Boc-
3.276 

C50H70N12O10S2 

 

1063.4852 1063.4841 

tetra-
Boc-
3.277 

C40H68N14O10S2 
 

969.4757 969.4770 

tetra-
Boc-
3.278 

C42H72N14O10S2 

 

997.5070 997.5083 
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3.6.5 Concentration-response Curves of Compound 3.139, 3.145, and 3.157-
3.159 on the Guinea Pig Right Atrium Assay 

 

 
Figure 3.192. Concentration-response curves of representative carbamoylguanidines 
determined on the guinea pig right atrium. Data represent mean values ± SEM of 3 
independent experiments. 

3.6.6 Concentration-response Curves of Compound 3.139, 3.145, 3.157, 3.159 
and 3.163 Obtained Using β-arrestin2 at hH2R, hD2longR, and hD3R 

 

 
Figure 3.193. Concentration-response curves of representative carbamoylated guanidines on 
hH2R determined by β-arrestin2 recruitment assay on HEK293T-β-Arr2-hH2R cells187, stably 
expressing the hH2R-ElucC and βArr2-ElucN fusion constructs. Data represent mean values 
± SEM of 3-4 independent experiments, each performed in duplicate or triplicate. 
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Figure 3.194. Concentration-response curves of representative carbamoylated guanidines on 
hD2longR determined by β-arrestin2 recruitment assay on HEK293T ElucN-βarr2 hD2longR-
ELucC cells404, stably expressing the hD2longR-ElucC and βarr2-ElucN fusion constructs. Data 
represent mean values ± SEM of 3 independent experiments, each performed in triplicate. 

 

 
Figure 3.195. Concentration-response curves of representative carbamoylated guanidines on 
hD3R determined by β-arrestin2 recruitment assay on HEK293T ElucN-βarr2 hD3R-ELucC 
cells404, stably expressing the hD3R-ElucC and βarr2-ElucN fusion constructs. Data represent 
mean values ± SEM of 3 independent experiments, each performed in triplicate. 

  

3.139 

3.145 

3.157 

3.159 

3.163 

3.139 

3.145 

3.157 

3.159 

3.163 



Design and Biological Evaluation of Histamine H2-Receptor Ligands 

 570  

3.6.7 Radioligand Displacement Curves of Compound 3.139, 3.145, 3.157-3.159, 
and 3.163 at hH1R, hH2R, hH3R, and hH4R 

 

 
Figure 3.196. Displacement of the radioligand [3H]mepyramine (c = 5 nM, Kd = 4.5 nM) by 
increasing concentrations of the respective ligand determined on membrane preparations of 
Sf9 insect cells co-expressing the hH1R and RGS4 proteins. Data represent mean values ± 
SEM of 3 independent experiments, each performed in triplicate. 

 

 
Figure 3.197. Displacement of the radioligand [3H]UR-PI294391 (c = 2 nM, Kd = 1.1 nM) by 
increasing concentrations of the respective ligand determined on membrane preparations of 
Sf9 insect cells co-expressing the hH3R, Gαi2, and Gβ1γ2 proteins. Data represent mean values 
± SEM of 3 independent experiments, each performed in triplicate. 
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Figure 3.198. Displacement of the radioligand [3H]histamine (c = 10 nM, Kd = 15.9 nM) or 
f[3H]UR-PI294391 (compound 3.163, c = 5 nM, Kd = 5.1 nM) by increasing concentrations of the 
respective ligand determined on membrane preparations of Sf9 insect cells co-expressing the 
hH4R, Gαi2, and Gβ1γ2 proteins. Data represent mean values ± SEM of 3 independent 
experiments, each performed in triplicate. 

 

3.6.8 Radioligand Displacement Curves of compound 3.139, 3.145, 3.157, 3.159, 
and 3.163 at hD2longR 

 

 
Figure 3.199. Displacement of the radioligand [3H]N-methylspiperone (c = 0.05 nM, Kd = 
0.0149 nM) by increasing concentrations of the respective ligand at homogenates of 
HEK293T-CRE-Luc-hD2longR cells404. Data represent mean values ± SEM of 3 independent 
experiments, each performed in triplicate. 
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3.6.9 Concentration-response Curves of Compound 3.005, 3.139, 3.239, 3.240, 
3.244, 3.251, 3.255, 3.256, 3.261, 3.262, 3.264, 3.265, 3.267, 3.271, and 3.277 
Obtained Using mini-G protein Recruitment Assay at hH2R and gpH2R 

 

 
 
Figure 3.200. Concentration-response curves of comp. 3.005299, 3.139304,416, 3.006, 3.239, 
3.240, 3.244, 3.251, 3.255, 3.256, 3.261, 3.262, 3.264, 3.265, 3.267, 3.271, and 3.277 at hH2R 
in the mini-G protein recruitment assay using HEK293T NlucN-mGs/hH2R-NlucC cells425 (A: 
3.239, 3.251, 3.255, and 3.265; B: 3.139304,416, 3.006, 3.240, 3.256, and 3.267; C: 3.005299, 
3.244, 3.271, and 3.277; D: 3.261, 3.262, and 3.264). The response was normalized to the 
maximal effect induced by 100 µM histamine (100%) and buffer control (0%). Data represent 
mean values ± SEM from at least three independent experiments (performed in triplicate). 
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Figure 3.201. Concentration-response curves of comp. 3.239, 3.244, 3.255, 3.261, 3.262, 
3.264, and 3.267 at gpH2R in the mini-G protein recruitment assay using HEK293T NlucN-
mGs/gpH2R-NlucC cells417 (A: 3.239, 3.244, 3.255, and 3.267; B: 3.261, 3.262, and 3.264). 
The response was normalized to the maximal effect induced by 100 µM histamine (maximal 
response: 100%) and buffer control (maximal response: 0%). Data represent mean 
values ± SEM from at least three independent experiments (performed in triplicate). 
 
3.6.10 Concentration-response Curves of Compound 3.005, 3.239, 3.240, 3.244, 

3.251, 3.255, 3.256, 3.261, 3.262, 3.264, 3.265, 3.267, 3.271, and 3.277 
Obtained Using β-arrestin2 at hH2R, hD2longR, and hD3R 

 

 

Figure 3.202. Concentration-response curves of comp. 3.005299, 3.239, 3.240, 3.244, 3.251, 
3.255, 3.256, 3.261, 3.262, 3.264, 3.265, 3.267, 3.271, and 3.277 at hH2R in the β-arrestin2 
recruitment assay using HEK293T-ARRB2-H2R cells187 (A: 3.239, 3.251, 3.255, and 3.265; B: 
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3.240, 3.256, and 3.267; C: 3.005299, 3.244, 3.271, and 3.277; D: 3.261, 3.262, and 3.264). 
The response was normalized to the maximal effect induced by 100 µM histamine (maximal 
response: 100%) and buffer control (maximal response: 0%). Data represent mean 
values ± SEM from at least three independent experiments (performed in triplicate). 
 

 

Figure 3.203. Concentration-response curves of comp. 3.005299, 3.239, 3.240, 3.244, 3.251, 
3.255, 3.256, 3.261, 3.262, 3.264, 3.265, 3.267, 3.271, and 3.277 at hD2longR in the β-arrestin2 
recruitment assay using HEK293T ElucN-βarr2 hD2longR-ElucC cells404 (A: 3.239, 3.251, 3.255, 
and 3.265; B: 3.240, 3.256, and 3.267; C: 3.005299, 3.244, 3.271, and 3.277; D: 3.261, 3.262, 
and 3.264). The response was normalized to the maximal effect induced by 10 µM quinpirole 
(maximal response: 100%) and buffer control (maximal response: 0%). Data represent mean 
values ± SEM from at least three independent experiments (performed in triplicate). The four-
parameter logistic fits of the data from individual experiments failed in case of 3.239, 3.244, 
3.251, 3.255, 3.261, 3.262, 3.264, 3.265, and 3.271. 
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Figure 3.204. Concentration-response curves of comp. 3.005299, 3.239-3.240, 3.244, 3.251, 
3.255-3.256, 3.261-3.262, 3.264-3.265, 3.267, 3.271, and 3.277 at hD3R in the β-arrestin2 
recruitment assay using HEK293T ElucN-βarr2 hD3R-ElucC cells404 (A: 3.239, 3.251, 3.255, 
and 3.265; B: 3.240, 3.256, and 3.267; C: 3.005299, 3.244, 3.271, and 3.277; C: 3.261-3.262 
and 3.264). The response was normalized to the maximal effect induced by 10 µM quinpirole 
(maximal response: 100%) and buffer control (maximal response: 0%). Data represent mean 
values ± SEM from at least three independent experiments (performed in triplicate). The four-
parameter logistic fits of the data from individual experiments failed in case of 3.262 and 3.265. 
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3.6.11 Radioligand Displacement Curves of Compound 3.239, 3.240, 3.244, 3.251, 
3.255, 3.261, 3.262, 3.264, 3.265, 3.267, 3.271, and 3.277 at hH1R, hH2R, 
hH3R, and hH4R 

 
Figure 3.205. Displacement curves obtained from competition binding experiments with 
[3H]mepyramine (hH1R, c = 5 nM, Kd = 4.5 nM), [3H]UR-DE257390 (hH2R, c = 20 nM, 
Kd = 11.2 nM), [3H]UR-PI294391 (hH3R, c = 2 nM, Kd = 3 nM) or [3H]3.001 (hH4R, c =15 nM, 
Kd = 16 nM) and 3.239, 3.240, 3.244, 3.251, 3.255, and 3.261 at membranes of Sf9 cells 
expressing the hH1R + RGS4, the hH2R-GsαS fusion protein, the hH3R + Gαi2 + Gβ1γ2 or the 
hH4R + Gαi2 + Gβ1γ2. Data represent mean values ± SEM from at least three independent 
experiments (performed in triplicate). 
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Figure 3.206 Displacement curves obtained from competition binding experiments with 
[3H]mepyramine (hH1R, c = 5 nM, Kd = 4.5 nM), [3H]UR-DE257390 (hH2R, c = 20 nM, 
Kd = 11.2 nM), [3H]UR-PI294391 (hH3R, c = 2 nM, Kd = 3 nM) or [3H]3.001 (hH4R, c =15 nM, 
Kd = 16 nM) and 3.262, 3.264, 3.265, 3.267, 3.271, and 3.277 at membranes of Sf9 cells 
expressing the hH1R + RGS4, the hH2R-GsαS fusion protein, the hH3R + Gαi2 + Gβ1γ2 or the 
hH4R + Gαi2 + Gβ1γ2. Data represent mean values ± SEM from at least three independent 
experiments (performed in triplicate). 
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3.6.12 Radioligand Displacement Curves of Compound 3.239, 3.240, 3.244, 3.251, 
3.255, 3.256, 3.261, 3.262, 3.264, 3.265, 3.267, 3.271, and 3.277 at hD2longR 
and hD3R  

 

 
Figure 3.207. Displacement curves obtained from competition binding experiments with [3H]N-
methylspiperone (c = 0.5 nM, Kd = 0.014 nM) and 3.005299, 3.239, 3.240, 3.244, 3.251, 3.255, 
3.256, 3.261, 3.262, 3.264, 3.265, 3.267, 3.271, and 3.277 on homogenates of HEK293T-
CRE-Luc-hD2longR cells404 (A: 3.239, 3.251, 3.255, and 3.265; B: 3.240, 3.256, and 3.267; C: 
3.005299, 3.244, 3.271, and 3.277; D: 3.261, 3.262, and 3.264). Data represent mean 
values ± SEM from at least three independent experiments (each performed in triplicate). 
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Figure 3.208. Displacement curves obtained from competition binding experiments with [3H]N-
methylspiperone (c = 0.5 nM, Kd = 0.026 nM) and 3.005299, 3.239, 3.240, 3.244, 3.251, 3.255, 
3.256, 3.261, 3.262, 3.264, 3.265, 3.267, 3.271, and 3.277 on homogenates of HEK293T-
CRE-Luc-hD3R cells404 (A: 3.239, 3.251, 3.255, and 3.265; B: 3.240, 3.256, and 3.267; C: 
3.005299, 3.244, 3.271, and 3.277; D: 3.261, 3.262, and 3.264). Data represent mean 
values ± SEM from at least three independent experiments (each performed in triplicate). 
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3.6.13 Investigation of β-Arrestin2 and mGs Recruitment at HEK293T-hH2R Cells 
for 3.238, 3.241-3.243, 3.245-3.250, 3.252-3.254, 3.257-3.260, 3.263, 3.266, 
3.268-3.270, 3.272-3.276, and 3.278 

 
Table 3.17. Potencies and efficacies of the tested carbamoylated guanidines in the β-arrestin2 
and mini-G protein recruitment assay at the hH2R.a 

Comp. 

β-arrestin2 recruitmentb mGs recruitmentc 

pEC50 or (pKb)d Emax
e N pEC50 or (pKb)d Emax

e N 

3.140304,416 7.07 ± 0.02304,416 0.28 ± 
0.03304,416 3 8.04 ± 0.04 0.87 ± 0.01 3 

3.143304,416 7.00 ± 0.08304,416 0.33 ± 
0.03304,416 3 8.14 ± 0.03 0.89 ± 0.01 3 

3.145304 7.34 ± 0.11304 0.34 ± 0.03304 4 8.04 ± 0.01 0.88 ± 0.01 3 
3.157304 7.19 ± 0.11304 0.30 ± 0.01304 4 8.07 ± 0.01 0.89 ± 0.01 3 

3.163304,416 6.65 ± 0.09304,416 0.40 ± 
0.06304,416 3 7.52 ± 0.11 0.84 ± 0.01 3 

3.170304,416 6.9 ± 0.1304,416 0.10 ± 
0.01304,416 3 7.43 ± 0.02 0.73 ± 0.02 3 

3.172304 5.60 ± 0.11304 0.13 ± 0.02304 4 7.28 ± 0.09 0.76 ± 0.04 3 
3.238 (5.70 ± 0.18) n.a. 4 5.61 ± 0.02 0.62 ± 0.01 3 
3.241 (7.27 ± 0.05) n.a. 3 (6.96 ± 0.03) n.a. 3 
3.242 (7.27 ± 0.11) n.a. 3 7.25 ± 0.10 0.43 ± 0.01 3 
3.243** (7.81 ± 0.13) n.a. 3 7.24 ± 0.05 0.74 ± 0.04 3 
3.245 5.78 ± 0.05 0.61 ± 0.02 5 7.00 ± 0.04 0.93 ± 0.02 3 
3.246 (5.51 ± 0.10) n.a. 4 < 5 0.34 ± 0.06* 4 
3.247 6.70 ± 0.14 0.87 ± 0.04 5 8.13 ± 0.05 0.93 ± 0.01 3 
3.248 (6.65 ± 0.08) n.a. 3 (6.79 ± 0.02) -0.04 ± 0.01* 3 
3.249 (7.05 ± 0.04) n.a. 3 7.08 ± 0.05 0.49 ± 0.02 3 
3.250 (6.13 ± 0.12) n.a. 4 5.97 ± 0.02 0.19 ± 0.01 3 
3.252 (6.87 ± 0.10) n.a. 4 (6.79 ± 0.03) -0.12 ± 0.02* 3 
3.253 (6.89 ± 0.20) n.a. 4 7.24 ± 0.07 0.86 ± 0.02 3 
3.254 (5.43 ± 0.14) n.a. 4 5.63 ± 0.07 0.71 ± 0.02 3 
3.257 (7.81 ± 0.11) n.a. 5 7.30 ± 0.04 0.08 ± 0.01 3 
3.258 (7.13 ± 0.10) n.a. 3 7.16 ± 0.10 0.67 ± 0.02 4 
3.259** (7.35 ± 0.08) n.a. 3 7.19 ± 0.05 0.73 ± 0.02 3 
3.260*** 7.13 ± 0.04 0.72 ± 0.06 3 8.17 ± 0.01 0.93 ± 0.01 3 
3.263*** (< 5) n.a. 3 < 5 n.a." 3 
3.266 (6.31 ± 0.14) n.a. 4 6.58 ± 0.05 0.74 ± 0.02 3 
3.268 (6.80 ± 0.06) n.a. 4 (6.73 ± 0.05) -0.07 ± 0.01* 3 
3.269 (7.32 ± 0.10) n.a. 4 (7.09 ± 0.01) -0.08 ± 0.01* 3 
3.270** (7.39 ± 0.07) n.a. 4 (6.96 ± 0.03) 0.02 ± 0.01* 3 
3.272 (6.57 ± 0.03) n.a. 3 (6.86 ± 0.03) -0.08 ± 0.01* 3 
3.273 (7.02 ± 0.11) n.a. 3 (7.31 ± 0.01) -0.05 ± 0.01* 3 

3.274** (7.30 ± 0.11) n.a. 3 6.69 ± 0.04 
(6.96 ± 0.03) -0.04 ± 0.01 3 

3.275 (7.86 ± 0.12) n.a. 4 6.13 ± 0.12 0.44 ± 0.05 4 
3.276 (7.10 ± 0.04) n.a. 3 6.59 ± 0.12 0.19 ± 0.02 3 
3.278 6.66 ± 0.03 0.81 ± 0.07 4 8.06 ± 0.02 0.94 ± 0.01 3 

aData represent mean values ± SEM from N independent experiments, each performed in 
triplicate. bβ-arrestin2 recruitment assay was performed using HEK293T-ARRB2-H2R 
cells.187,395 cmini-G protein recruitment assay was performed using HEK293T NlucN-
mGs/hH2R-NlucC cells.425 dpKb = -logKb. Kb values were calculated from the IC50 values 
according to the Cheng-Prusoff equation.156 The Kb values of antagonists or inverse agonists 
were determined in the antagonist mode versus histamine (8 µM histamine for the β-arrestin2 
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recruitment assay or 1 µM histamine for the mini-G protein recruitment assay). eThe response 
in both assays was normalized to the maximal effect induced by 100 µM histamine 
(Emax = 1.00) and buffer control (Emax = 0.00). n.a.: not applicable, silent antagonist. ": inactive 
as agonist as well as antagonist. *Emax at c = 10 µM.**Selected compounds were investigated 
for functional activity in the [35S]GTPγS binding assay at the hH2R-GsαS fusion protein299. The 
response was normalized to the maximal effect induced by histamine (Emax = 1.00) and buffer 
control (Emax = 0.00). The pIC50 values of antagonists or inverse agonists were determined in 
the antagonist mode versus histamine (c = 1 µM, EC50 = 5.85 ± 0.06) and converted to the 
corresponding Kb values by using the Cheng-Prusoff equation156, pKb = -logKb. The obtained 
results were in good agreement with the mGs-results. 3.243: pEC50 = 7.23 ± 0.10, 
Emax = 0.31 ± 0.05; 3.259: pEC50 = 6.91 ± 0.07, Emax = 0.26 ± 0.03; 3.270: pKb = 6.79 ± 0.13; 
Emax = n.a.; 3.274: pKb = 6.96 ± 0.03; Emax = n.a.. ***Compounds 3.260 and 3.263 were also 
investigated on isolated spontaneously beating guinea pig right atrium389: 3.260: 
pEC50 = 8.88 ± 0.12, Emax = 1.14 ± 0.17; 3.263: not active, Emax = 0. 

 

3.6.14 Bias Analysis for 3.138, 3.140-3.143, 3.161, 3.163, 3.166-3.171, 3.185, and 
3.186 Using the Data obtained from [35S]GTPγS Binding Assay and β-
Arrestin2 Recruitment Assay 

 

 
Figure 3.209. Bias analysis of 3.138, 3.140-3.143, 3.161, 3.163, 3.166-3.171, 3.185, and 
3.186 using the potencies and efficacies obtained from GTPγS binding assay and β-arrestin2 
recruitment assay at the hH2R, as described by van der Westhuizen et al.489, using histamine 
(3.001) as reference agonist. A ∆∆log (τ/KA) ratio = 0 indicate a balanced bias profile, while a 
∆∆log (τ/KA) ratio ≠ 0 indicates a preference for one signal pathway over the other. Data 
represent mean ± SEM of 2-4 independent experiments performed in duplicates or triplicates. 

 
A bias analysis was performed for 3.138, 3.140-3.143, 3.161, 3.163, 3.166-3.171, 

3.185, and 3.186 using the potencies and efficacies obtained from GTPγS binding 

assay and β-arrestin2 recruitment assay at the hH2R (Figure 3.209). The analysis was 

based on the operational model of agonism490–492 as described by van der Westhuizen 
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et al.489 using histamine (3.001) as reference agonist. The (partial) agonists 3.141-

3.143, 3.161, 3.163, 3.166-3.171, 3.185, and 3.186 exhibited some functional bias 

towards the G-protein activation pathway (ΔΔlog(τ/KA) > 0), whereas 3.138 and 3.140 

showed a balanced bias profile (ΔΔlog(τ/KA) ~ 0). This is in agreement with the findings 

for acylguanidines and bivalent carbamoylguanidines.187  

 

3.6.15 Bias Analysis for 3.005, 3.139, 3.140, 3.163, 3.143, 3.145, 3.157, 3.170, 
3.172, 3.239-3.240, 3.244-3.245, 3.247, 3.251, 3.255-3.256, 3.260-3.262, 
3.264-3.265, 3.267, 3.271, and 3.277-3.278 Using the Data Obtained from 
Mini-G Protein Recruitment Assay and β-Arrestin2 Recruitment Assay 

 

 
Figure 3.210. Bias analysis for histamine (His), 3.005299, 3.139304, 3.140304,416, 3.163304,416, 
3.143304,416, 3.145304, 3.157304, 3.170304,416 , 3.172304, 3.239-3.240, 3.244-3.245, 3.247, 3.251, 
3.255-3.256, 3.260-3.262, 3.264-3.265, 3.267, 3.271, and 3.277-3.278 was performed as 
described by van der Westhuizen at al.489, using histamine (3.001) as reference agonist. A 
ΔΔlog(τ/KA) ratio = 0 indicate an equal activation of the G protein- and β-arrestin2 pathways, 
while a ΔΔlog(τ/KA) ratio ≠ 0 indicates a preference for one signal pathway over the other. Data 
represent mean ± SEM of 3-6 independent experiments performed in duplicates or triplicates. 
Data were analyzed in a pairwise manner using a two-tailed unpaired student’s t-test to 
determine the significance of the ligand biases (ns: not significant, ***p < 0.001; 
**p < 0.01,*p < 0.05, as described by van der Westhuizen et al.489. 
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A bias analysis was performed for 3.005299, 3.139304, 3.140304,416, 3.163304,416, 

3.143304,416, 3.145304, 3.157304, 3.170304,416, 3.172304, 3.239-3.240, 3.244-3.245, 3.247, 

3.251, 3.255-3.256, 3.260-3.262, 3.264-3.265, 3.267, 3.271, and 3.277-3.278 using 

the potencies and efficacies obtained from mini-G protein recruitment assay and β-

arrestin2 recruitment assay at the hH2R (cf. Figure 3.210). The analysis was based on 

the operational model of agonism490–492 as described by van der Westhuizen et al.489 

using histamine (3.001) as reference agonist. According to the present bias analysis 

some of the tested ligands possess a significant preference for the G protein (mGs) 

and some others a preference for the β-arrestin2 pathway (Figure 3.210). 

Unfortunately, no trend was determined, which could be unambiguously assigned to a 

specific structure-pathway bias.  

 

3.6.16 Bioavailability Radars 
 

 
Figure 3.211. Bioavailability radars of 3.005-3.006, 3.139, 3.157, 3.163, and 3.219-3.222 
obtained using SwissADME web tool129. Six parameters namely flexibility (FLEX, < 10 rotatable 
bonds), lipophilicity (LIPO, -0.7 ≤ logP (XLOGP132) ≤ 6), size (SIZE, 150 ≤ MW ≤ 500), polarity 
(POLAR, 20 ≤ TPSA ≤ 130;), solubility (INSOLU, logS (ESOL136) < -6) and saturation (INSATU, 
sp3 hybridized carbons / total carbon count ≥ 0.25) and their critical limits are depicted in the 
bioavailability radar. Ranges of optimal values are depicted as a pink area. The red radar of 
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the compound must be fully encompassed by the pink area to consider it as drug-like and orally 
bioavailable. Any deviation signifies a suboptimal property for oral bioavailability.  
 
Monomeric ligands 3.139, 3.157, and 3.163 fitted better in the bioavailability radar129 

than the dimeric ligands 3.005, 3.219, and 3.220 (cf. Figure 3.211). Compounds 3.139, 

3.157, and 3.163 showed suitable lipophilicity, size, solubility, saturation, and flexibility 

(in case of 3.157) but suboptimal polarity and flexibility (in case of 3.139 and 3.163) 

(cf. Figure 3.211). 
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4 Development of Fluorescent AF64394 Analogues Enables Real-time Binding 
Studies for the Orphan Class A GPCR GPR3 

 

 
The orphan G protein-coupled receptor (oGPCR) GPR3 represents a potential drug 

target for the treatment of, e.g., Alzheimer’s disease and metabolic disorders. 

However, the limited toolbox of pharmacological assays has hampered the 

development of advanced ligands. This study aims the development of a signaling 

pathway-independent readout of compound-GPR3 interaction that is based on 

luciferase-tagged GPR3 and fluorescently labeled ligands. From computational binding 

pose predictions of the most potent currently available GPR3 ligand, a series of 

fluorescent AF64394 analogs were designed and synthesized and assessed their 

suitability for BRET-based binding studies. The best ligand, 4.045 (UR-MB-355), 

bound to GPR3 and the closely related receptors GPR6 and GPR12 with similar 

nanomolar affinity. Co-incubation studies with the GPR3 agonist DPI further revealed 

positive allosteric modulation of 4.045 binding. These insights provide new cues for the 

pharmacological manipulation of GPR3 activity. Furthermore, this novel binding assay 

will foster the development of future drugs acting through these pharmacologically 

attractive oGPCRs.  

 
 
 
 
 
 
  

11 compounds
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4.1 Introduction 
 
The orphan class A G protein-coupled receptor (GPCR) GPR3 is a transmembrane 

(TM) protein that was first described in 1994 and is encoded by the GPR3 gene.493 

GPR3 is predominantly expressed in the brain, but it is also detected in the testis, 

ovary, eye, and other peripheral organs.494,495 Expression of GPR3 results in 

constitutive stimulation of adenylate cyclase (AC) and, thus, elevated levels of the 

second messenger cAMP.494 GPR3, together with GPR6 and GPR12, is part of a 

cluster of class A orphan GPCRs that is phylogenetically related to lipid receptors such 

as CB1/2, LPAR1-5, S1PR1-5, and melanocortin receptors.496–498 Besides constitutive 

activation of heterotrimeric Gs by all three orphan GPCRs, GPR3 and GPR12 have 

also been suggested to activate inhibitory G proteins of the Gi/o family in a ligand-

independent manner.496,499,500  

 

Physiologically, GPR3 is involved in a variety of central and peripheral processes. For 

instance, GPR3 maintains meiotic arrest in oocytes by keeping increased levels of 

cAMP and agonists of this receptor could therefore provide clues to treat reproductive 

disorders.501,502 Likewise, advanced GPR3 agonists could represent promising drugs 

against metabolic disorders because upregulated expression of the receptor in 

adipocytes drives energy expenditure and amplifies the physiological response to 

caloric excess.503 In the central nervous system, GPR3/6/12 – and GPR3 in particular 

– are associated with neurite outgrowth, neuronal cell survival, and axonal 

regeneration.504–507 Furthermore, GPR3 mediates the formation of amyloid-beta 

peptides in neurons by interacting with β-arrestin2 and stimulating γ-secretase activity, 

hinting at the therapeutic potential for tackling Alzheimer's disease with GPR3 

antagonists or inverse agonists.508–510  

 

Although a couple of ligands for the GPR3/6/12 cluster have been described, GPR3 is 

still considered orphan. Sphingosine-1-phosphate (S1P, cf. Figure 4.001), originally 

put forth as the endogenous GPR3 agonist,496 did not elicit a response in later β-

arrestin recruitment and cAMP-based studies.511,512 Instead, diphenyleneiodonium 

chloride (DPI, cf. Figure 4.001) was identified as a synthetic agonist of GPR3.512 

Although GPR3 and GPR6 were claimed to be novel molecular targets for cannabidiol 

(CBD, cf. Figure 4.001),513,514 the inhibitory effect of CBD on pro-inflammatory cytokine 

production was independent of GPR3 expression.515 In 2014, a small molecule screen 
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against GPR3 identified the first compound that inhibits GPR3 function with nanomolar 

potency, the inverse agonist AF64394 (cf. Figure 4.001).516 The activity of AF64394 on 

GPR3 was also recently confirmed in an attempt to develop an HTS-compatible cAMP-

based GPR3 assay.517 

 

The limited number of available GPR3 ligands and their – in part – contradicting 

reported activities (see examples for S1P and CBD mentioned above) indicate the 

need for advanced pharmacological assays detecting compound:GPR3 interaction. 

Due to the fact that the endogenous ligand for GPR3 is still unknown, the overall 

portfolio of intracellular signaling pathways promoted by GPR3 remains elusive. Thus, 

assays detecting compound-GPR3 interaction should preferentially be independent of 

distinct intracellular signaling pathways. However, all previous GPR3 ligand discovery 

studies relied on either measuring changes in cAMP or GPR3-arrestin 

interaction.496,512,516,517  

Conformational GPCR biosensors that have been optimized for microtiter plate assay 

formats,518–522 as well as direct ligand binding assays based on fluorescence 

anisotropy or bioluminescence resonance energy transfer (BRET), provide such 

signaling pathway-independent readouts of compound-receptor engagement.523–526 

The technique of NanoBRET binding assays, relying on fluorescently labeled ligands 

and NanoLuciferase (Nluc)-tagged proteins has gained great importance in recent 

years as it represents an attractive alternative to radioligand binding assays. It offers 

the important advantages of monitoring binding kinetics in real-time on living cells, 

working under non-radioactive conditions and has been successfully adapted for 

numerous GPCRs.527–537  

In the present study, a NanoBRET-based GPR3 ligand binding assay was developed 

by designing, synthesizing, and pharmacologically validating a panel of fluorescently-

labeled GPR3 ligands. This assay provides the first signaling pathway-independent 

readout of compound-GPR3 interaction and enabled to discover an allosteric 

modulatory crosstalk between an AF64394-based fluorescent GPR3 ligand and DPI.  
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Figure 4.001. Chemical structures of sphingosine-1-phosphate (S1P), cannabidiol (CBD), 
diphenyleneiodonium chloride (DPI), and AF64394. 
 
4.2 Design Rationale 
 
This study reports the development of a BRET-based binding assay for the orphan 

receptor GPR3496–498 and the synthesis of eleven fluorescent ligands that are based 

on either 5-TAMRA or DY-549P1 fluorophores and AF64394 as the pharmacophore 

scaffold. Previous molecular docking studies of a close analog of AF64394 to GPR3 

suggested that the phenyl ring of AF64394 points towards the extracellular space from 

the receptor’s binding pocket.538 Based on these studies, this moiety was considered 

the optimal attachment point for a linker to introduce the fluorescent dye. The 

interpretation of the docking poses by Bharathi and Roy indicated that an ortho 

attachment of the linker is most promising to prevent clashes with the receptor.538 

However, to allow for a valid statement about SAR, fluorescent ligands with linkages 

at ortho, meta, and para positions of the phenyl ring were designed. Beside an alkylic 

linker, PEG-based linkers were chosen due to their improved water solubility, chemical 

stability, and reduced interaction with the cell membrane.539  

To ensure that the pose of the fluorescent versions of AF64394 and the pose of the 

molecule depicted in ref. 538 (where the isopropopoxy and chlorine substituents are 

positioned in meta/meta instead of ortho/para on the benzyl ring) are indeed 

consistent, it was decided to repeat the docking calculations. To account for the linked 

fluorophores, close analogs of AF64394 with a methoxy group in ortho, meta, or para 

position on the phenyl ring were docked (cf. Figure 4.002A) to inactive and active 

models of GPR3. In this docking calculations the full-length linkers were not 

considered, as the extraordinary flexibility of this part would essentially lead to random 

conformations and poses. The docking calculations of AF64394, including linker 
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surrogates to the inactive model of GPR3, yielded poses that were similar to the ones 

obtained by Bharathi et al. (2021)538 (cf. Figure 4.002B). In the pose of this study, the 

distance between the secondary amine and the backbone carbonyl of Val187 is larger 

than for a typical hydrogen bond – even after minimization of the ligand and the pocket 

– although the nitrogen does point toward the backbone of Val187. The phenyl moiety 

carrying the linkers is oriented towards the outside of the receptor binding site, 

consistent with expectation. 

 

 
Figure 4.002. Docking poses of AF64394 derivatives to the inactive-state model of GPR3. (A) 
Chemical 2D structures of docked AF64394 derivatives with methoxy substituents in ortho-, 
meta- or para-position of the phenyl ring. (B) Top view of the docking poses of the three 
molecules when docked to the 7yxa-based GPR3 model. Orange: ortho-, green: meta- and 
pink: para-substituted AF64394 derivative. 
 

In this study linkers of different lengths (C6-alkyl, four or six polyethylene glycole units) 

were employed in order to meet the optimal distance between fluorophore and 

pharmacophore. The optimal linker length is distinct for every GPCR and depends on 

the distance between the ligand binding pocket and the receptor’s extracellular N-

terminus. Likewise, the structural flexibility of the employed linker can aid in avoiding 

unfavorable clashes of the receptor and the fluorescent ligand and can thus have a 

decisive influence on the affinity of the fluorescent ligand.  
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The selection of the fluorophore depends on the desired application, i.e., the 

measurement principle of the assay system. In this case, the chosen fluorophore 

should be an appropriate BRET acceptor for the energy donor Nluc. 5-TAMRA has 

been successfully employed as the energy acceptor in numerous NanoBRET 

studies524,532,536,537 and was therefore chosen here for the development of AF64394-

based fluorescent ligands of GPR3. Additionally, due to the similarity of its excitation 

and emission spectra, DY-549P1, as an alternative chromophore, was tested. 

 
4.3 Results  
4.3.1 Chemistry 
 

The synthesis of the fluorescent ligands can be divided into three parts and is shown 

in Schemes 4.01-4.03, starting with the synthesis of the linker building blocks 4.003, 

4.006, and 4.007 (cf. Scheme 4.01). For the synthesis of the PEG linkers 

(cf. Scheme 4.01A), it was started with the reaction of tetraethylene glycol (PEG-4) or 

hexaethylene glycol (PEG-6) with methanesulfonyl chloride to yield the corresponding 

methyl sulfonates 4.001 and 4.004. Reaction with potassium phthalimide yielded 

phthalimides 4.002 and 4.005. This functionality served as a protecting group for the 

primary amine needed later to introduce the fluorophore. The terminal alcohol group of 

4.002 and 4.005 was brominated in a nucleophilic substitution reaction using 

triphenylphosphine and N-bromosuccinimide to yield the PEG linker building blocks 

4.003 and 4.006. In addition, in a one-step synthesis with 1,6-dibromohexane and 

potassium phthalimide, the alkyl linker building block 4.007 was also prepared in a 

substitution reaction (cf. Scheme 4.01B). 

 
Scheme 4.01. Synthesis of the linker building blocks 4.003, 4.006, and 4.007. Reagents and 
conditions: (A) (a) methanesulfonyl chloride, NEt3, DCM, 0 °C, 10 h ® rt, overnight, 35%/44%; 
(b) potassium phthalimide, DMF, 80 °C, overnight, 66%/100%; (c) triphenylphosphine, N-
bromosuccinimide, DCM, 0 °C, 2 h, 69%/64%; (B) (d) potassium phthalimide, DMF, 40 °C, 24 
h, 91%. 
 
Due to the implementation of a linker structure via a phenolic group, the AF64394-like 

pharmacophore had to be prepared in a way contrary to the described syntheses.516 

Starting from 4-chloro-2-fluorobenzonitrile, the first step was to insert the isopropoxy 

side chain with the help of the strong non-nucleophilic base KHMDS for the northern 
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part of the molecule (4.008), followed by reduction of the nitrile function to the primary 

amine 4.009 (cf. Scheme 4.02A).540 In the reaction to 4.009, a slight tendency towards 

chlorine elimination was observed by MS. The synthesis for the southern part of the 

molecule (cf. Scheme 4.02B) was started from 2-, 3- or 4-hydroxy acetophenone, 

respectively, to allow linker attachment in ortho, meta, and para positions. In a first 

step, the phenolic group required for this was benzyl-protected using benzyl bromide 

to afford 4.010-4.012. The subsequent conversion to b-keto ester compounds 4.013-

4.015 was carried out using sodium hydride and diethyl carbonate.541 With the help of 

3-amino-1,2,4-triazole under acidic conditions, the formation of the essential 

[1,2,4]triazolo[1,5-a]pyrimidine bicycle and compounds 4.016-4.018 subsequently 

occurred. After chlorination with POCl3, the 7-chloro-[1,2,4]triazolo[1,5-a]pyrimidines 

4.019-4.021 were ready for simple chloride displacement using 4.009 to afford 4.022-

4.024. Benzyl deprotection to 4.025-4.027 and subsequent Boc protection of the amino 

function yielded AF64394 analogs 4.028-4.030 ready for linker introduction. 

 

These precursors were subsequently converted to 4.031-4.037 with linkers 4.003, 

4.006, or 4.007 (cf. Scheme 4.01), respectively, introducing alkyl- and PEG-based side 

chains of different lengths (cf. Scheme 4.03). Subsequent hydrazinolysis resulted not 

only in cleavage of the phthalimide protecting group but, unexpectedly, also of the Boc-

protecting group, yielding primary amines 4.038-4.044. In the final step, in a 

nucleophilic substitution reaction of the primary amines 4.038-4.044, the fluorophores 

could be introduced using the 5-TAMRA NHS ester and DY-549P1 NHS ester, 

respectively, yielding the fluorescent ligands 4.045-4.055. The fluorescent ligands 

were further tested for purity (cf. Figures 4.021-4.031, chapter 4.6.2) and chemical 

stability (cf. Figures 4.032-4.035, chapter 4.6.3) in aqueous solution or DMSO and 

showed no degradation within an incubation period of 104 days. The fluorescence 

properties of 4.045-4.055 (in DMSO) were determined by recording the excitation and 

emission spectra shown in shown in Figure 4.037 (chapter 4.6.5). The 5-TAMRA-

labeled ligands exhibited an excitation maximum at around 564 nm and an emission 

maximum at around 599 nm, while the DY-549P1-labeled ligands showed maxima at 

around 568 nm and 591 nm, respectively (cf. Table 4.03, chapter 4.6.5). 
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Scheme 4.02. Synthesis of the AF64394 analogs 4.028-4.030 as precursor. Reagents and 
conditions: (A) (a) isopropanol, KHMDS (0.5 M), THF, 0 °C to rt, overnight, 99%; (b) LiAlH4, 
THF, 0 °C, 87%; (B) (c) benzyl bromide, K2CO3, rt, 4 h, 100%/100%/100%; (d) NaH, diethyl 
carbonate, DMF, argon, 0 °C to rt, 8 h, 63%/45%/66%; (e) 3-amino-1,2,4-triazole, HOAc, 
argon, 110 °C, 16 h, 31%/21%/19%; (f) POCl3, 105 °C, 1 h, 58%/69%/63%; (g) 4.009, NEt3, 
DCM, argon, rt, 2 d, 35%/100%/64%; (h) H2 (1 atm), Pd/C, MeOH, reflux, TLC monitoring, 
91%/87%/62%; (i) Boc2O, NEt3, DMAP (cat.), CHCl3, 0 °C, overnight, 64%/77%/80%. 
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Scheme 4.03. Synthesis of the fluorescent ligands 4.045-4.055. Reagents and conditions: (a) 
4.003, 4.006, or 4.007, K2CO3, DMF, 40 °C, 5-6 d, 83%/91%/51%/27%/37%/41%/85%; (b) 
N2H4 x H2O, n-butanol, rt, 16 h, 5%/9%/16%/36%/8%/20%/36%; (c) 1. 5-TAMRA NHS ester or 
DY-549P1 NHS ester, NEt3, DMF, rt, 3 h; 2. 10% aq. TFA, rt, 15 min, 
42%/18%/65%/86%/59%/88%/66%/ 84%/100%/97%/100%. 
 
4.3.2 Pharmacological Characterization 
 
To assess the suitability of synthesized fluorescent AF64394 analogs for BRET-based 

binding studies to GPR3 (cf. Figure 4.003A), a HEK293-based cell line was developed 

stably expressing N-terminally Nluc-tagged GPR3. The luminescence emission 

spectra obtained with this cell line showed the characteristic intensity peak around 460 

nm (cf. Figure 4.037, chapter 4.6.5).   

Stimulation of these cells with the eleven fluorescent AF64394 analogs (cf Figure 

4.003B-L) revealed time- and concentration-dependent increases in BRET for seven 

compounds: 4.046, 4.049, 4.047, 4.050, 4.045, 4.048, and 4.051. Of note, none of the 

compounds bearing the DY-549P1 fluorophore (4.052-4.055) showed increasing 

BRET ratios. In contrast, all 5-TAMRA-labeled compounds induced significant 

increases in BRET at 30 μM or lower concentrations. The time courses of 4.049 and 

4.050 (Figure 4.003C, F) suggested low ligand affinities since no BRET response was 

obtained below 10 μM.  
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Figure 4.003. NanoBRET saturation binding time courses of fluorescent AF64394 analogs. 
(A) Scheme of the assay principle. (B-L) NanoBRET time courses of meta- (B-D), para- (E-G) 
and ortho-labeled (H-L) fluorescent AF64394 analogs. The indicated fluorescent compound 
was added to cells stably expressing Nluc-GPR3 before recording the first time point. Data 
represent mean ± SEM of three independent experiments. Experiments have been conducted 
with HEK293A cells stably expressing Nluc-GPR3. 
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To obtain a tentative estimation of the binding affinities of the five remaining 5-TAMRA-

labeled compounds (4.045, 4.046, 4.047, 4.048, and 4.051), their half maximal 

effective concentrations were analyzed at the peak of the BRET response recorded in 

these total binding experiments in which no unspecific binding control was included (cf. 

Figure 4.004A, Table 4.01). These calculations suggested the lowest affinity for 

compound 4.047 with an alkylic linker in para position, while 4.046 (alkylic linker in 

meta), 4.048 (PEG-4 linker in ortho), and 4.051 (PEG-6 linker in ortho) all had very 

similar pEC50 values indicating binding affinity in the low micromolar range. Compound 

4.045 (UR-MB-355), composed of the AF64394 pharmacophore, an alkylic linker in the 

ortho position of the phenyl ring, and TAMRA revealed the highest affinity for binding 

to stably expressed Nluc-GPR3. The kinetic determination of 4.045’s dissociation 

constant (based on the BRET time course data shown in Figure 4.003H) further 

confirmed the nanomolar affinity of this fluorescent GPR3 ligand (cf. Figure 4.004B) 

and, therefore, this analog of AF64394 was selected for subsequent pharmacological 

characterization. In the docking poses of this study the methoxy-substituted phenyl ring 

points toward the extracellular part of the pocket. However, the resolution of docking 

calculations does not allow to pinpoint exactly why the ortho-substituted 4.045 shows 

the highest affinity. 

To confirm the specificity of the obtained BRET increase, increasing concentrations of 

4.045 were incubated for three hours with HEK293A cells transiently transfected with 

four different N-terminally Nluc-labeled GPCR constructs, which had been validated in 

previous BRET-based ligand binding studies32,44 and compared the resulting BRET 

ratios to those obtained with HEK293A cells transiently expressing Nluc-GPR3. Here, 

the BRET ratios obtained with the Nluc-labeled constructs of the muscarinic 

acetylcholine receptor M1 (M1R), of the b-adrenergic receptors b1AR and b2AR, and of 

the type-1 angiotensin II receptor (AT1R) resembled a linear concentration-response 

correlation. Only the data obtained with Nluc-GPR3 showed an exponential increase 

in BRET with increasing ligand concentrations, confirming the specificity of the BRET 

response observed with 4.045 and its selectivity for GPR3 over other class A GPCRs 

(cf. Figure 4.004C).   

Next, it was determined whether 4.045 preserves the inverse agonistic activity of its 

parent compound, AF64394. Therefore, cyclic AMP response element (CRE) reporter 

gene activity was quantified in cell transiently transfected with wildtype GPR3 or empty 

vector (pcDNA) (cf. Figure 4.004D). The elevated CRE response in vehicle-treated 
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pcDNA- vs. GPR3-transfected cells is in accordance with the high level of constitutive 

GPR3 activity leading to ligand-independent activation of the Gs-adenylyl cyclase-

cAMP signaling cascade. Notably, CRE activity in GPR3-transfected cells was not only 

significantly reduced in the presence of 10 μM AF64394 but also due to incubation with 

10 μM 4.045. These results demonstrate that 4.045 still acts as a (partial) inverse 

agonist on GPR3. Furthermore, this finding indicates that labeling AF64394 in the ortho 

position of its phenyl ring with 5-TAMRA via an alkylic linker does not abolish ligand 

efficacy at GPR3. 

 

 
Figure 4.004. Characterization of 4.045. (A) Concentration-response curves of five fluorescent 
AF64394 analogs (4.045-4.048 and 4.051) binding to Nluc-GPR3. (B) Kinetic Kd determination 
of 4.045 for binding to Nluc-GPR3. (C) Concentration-response curves of 4.045 for binding to 
transiently expressed Nluc-GPCR constructs. (D) Functional characterization of 4.045 in a 
luminescence-based CRE reporter gene assay. Data represent mean ± SEM of three 
independent experiments conducted in stably Nluc-GPR3 (A, B) or transiently transfected 
HEK293A cells. Linear vs. exponential correlation of the data in C was tested using the Extra-
sum-of-squares F-test (p < 0.05). Significance in D was assessed using the Two-way-ANOVA 
followed by Dunnett’s multiple comparison (****p < 0.0001). 
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Following the confirmation that 4.045 specifically binds to GPR3, the suitability of this 

fluorescent GPR3 ligand was probed for the investigation of ligand binding to the 

closely related class A orphan GPCRs GPR6 and GPR12 and quantified the affinity of 

4.045 by including Nluc-β1AR, allowing the correction of unspecific binding. Upon 

transient transfection of either Nluc-GPR3, -GPR6, or -GRP12 and incubation with 

increasing concentrations of 4.045, very similar exponential concentration-response 

correlations for all three orphan GPCRs were obtained (cf. Figure 4.005A). Statistical 

comparison of the computed Kd values indicated that 4.045 exhibits a similar binding 

affinity for GPR3, GPR6, and GPR12 (cf. Table 4.01). Of note, the pKd value measured 

in these (only specific) saturation binding experiments (mean pKd ± SEM = 6.52 ± 0.09) 

was very similar to that obtained from the kinetic pKd (6.99) calculations (cf. Figure 

4.004B).  

Ultimately, it was aimed to investigate whether the developed NanoBRET binding 

assay is suitable to assess in a signaling pathway-independent manner whether 

unlabeled compounds, that, e.g., ranked high in a virtual docking screen or were active 

in a cAMP-based screening campaign, interact with GPR3 in vitro. Therefore, 

competition binding experiments were conducted, in which the stable Nluc-GPR3 cell 

line was co-incubated with 1 μM 4.045, along with increasing concentrations of either 

AF64394 or DPI. 

The experiments with AF64394 revealed a modest (~5%), yet competitor 

concentration-dependent decrease in BRET between 4.045 and Nluc-GPR3 (cf. Figure 

4.005B). The measured inhibitory constant allowed, for the first time, to calculate the 

affinity of AF64394 to GPR3 (pKi = 6.53 ± 0.20). This affinity is almost identical to that 

of its fluorescently labeled analog 4.045 (pKd = 6.52 ± 0.09, see above), indicating that 

the design strategy based on attaching the alkylic linker with TAMRA to the ortho 

position of the phenyl ring of AF64394 had no negative effect on ligand affinity towards 

GPR3.  

 

Surprisingly, the co-incubation experiments with DPI revealed a concentration-

dependent increase in 4.045 binding to Nluc-GPR3 (cf. Figure 4.005C) and the 

obtained potency of DPI in modulating this binding event (mean pEC50 ± SEM = 5.85 

± 0.09) was very similar to its potency in GPR3-mediated cAMP signaling20. These 

findings indicate that DPI has a positive allosteric modulatory effect on the binding of 

fluorescent AF64394 to GPR3.  
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Figure 4.005. Application of 4.045 for NanoBRET binding studies with GPR3/6/12. (A) 
Concentration-response curves of 4.045 for binding to transiently expressed Nluc-GPR3, Nluc-
GPR6, Nluc-GPR12, and Nluc-β1AR after three hours of ligand incubation. The raw BRET 
ratios obtained with Nluc-β1AR were averaged and deducted from raw BRET ratios obtained 
with Nluc-β1AR and Nluc-GPR3/6/12 in order to correct for non-specific effects. Extra-sum-of-
squares F-test revealed no statistical difference between the Kd values obtained with Nluc-
GPR3, -GPR6 or -GPR12 (p < 0.05). (B) Concentration-response curve of AF64394 inhibiting 
BRET between Nluc-GPR3 and 1 μM 4.045. (C) Concentration-response curve of DPI 
enhancing BRET between Nluc-GPR3 and 1 μM 4.045. Data represent mean ± SEM of three 
(A), four (B), or six (C) independent experiments conducted in HEK293A cells transiently (A) 
or cells stably expressing (B, C) the indicated Nluc-GPCR construct.  
 
Table 4.01. Binding affinities of fluorescent AF64394 derivatives  

compound 
pEC50 at Nluc-GPR3  

(total binding)a 
pKd at GPR3/6/12 or (pKi at 

GPR3) 
(specific binding) 

mean ± SEM N mean ± SEM N 

4.045 6.05 ± 0.03 3 
6.52 ± 0.09n.s. /  
7.18 ± 0.04n.s. / 
7.12 ± 0.04n.s. 

3 / 3 / 3 

4.046 5.35 ± 0.07 3 n.d. 
4.047 4.96 ± 0.26 3 n.d. 
4.048 5.47 ± 0.07 3 n.d. 
4.049 < 5 3 n.d. 
4.050 < 5 3 n.d. 
4.051 5.35 ±0.04 3 n.d. 
4.052 < 4.5 3 n.d. 
4.053 < 4.5 3 n.d. 
4.054 < 4.5 3 n.d. 
4.055 < 4.5 3 n.d. 

AF64394 n.d. (6.53 ± 0.20)b 4 
DPI 5.85 ± 0.09b 6 n.d. 

a: Values are derived from the total binding data shown in Figure 4.003A; b: Values derived 
from co-incubation, total binding experiments with 1 μM 4.045. n.s.: No statistical difference 
between pKd values as determined by Extra-sum-of-squares F-test. Values are derived from 
specific binding experiments using Nluc-β1AR as a negative control shown in Figure 4.005A. 
Data shown are mean values ± SEM of N independent experiments. 
 
  

c(4.045) (μM)

specific binding to Nluc-GPR3/6/12 competition binding for Nluc-GPR3 positive modulation of 4.045 binding
to Nluc-GPR3
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4.4 Discussion and Conclusion 
 
Orphan GPCRs provide an immense potential for drug discovery but represent 

challenging targets for pharmacological research. The search for novel ligands of these 

receptors is often hampered by a limited toolset of appropriate screening assays 

because the receptor’s complete signaling portfolio remains elusive for lack of known 

endogenous agonists. Thus, signaling pathway-independent readouts of compound-

receptor interaction (e.g., ligand binding assays or conformational GPCR biosensors) 

provide many advantages due to the unbiased nature of the detection principle. 

GPR3/6/12, in particular, suffer from a very limited assay toolbox. All GPR3-targeting 

small molecule screens have been conducted with either cAMP- or β-arrestin-based 

methods,512–514,516,517 although it is still unknown whether GPR3 also stimulates distinct 

intracellular signaling pathways upon activation.  

 

This study describes the development of a signaling-pathway independent technique 

to assess compound-GPR3 interaction in real-time and in living cells. Starting from the 

most potent currently available GPR3 ligand a series of eleven fluorescent analogs of 

AF64394 was designed and synthesized for BRET-based ligand binding studies to 

Nluc-tagged GPR3. In line with computational predictions of AF64394’s binding pose 

in GPR3, the attachment of a linker with a 5-TAMRA fluorophore to the ligand’s phenyl 

ring was tolerated, best in the ortho variant with an alkylic linker, compound 4.045, 

which exhibits nanomolar affinity for Nluc-GPR3. Compared to attachments of the 

same linker-fluorophore combination in meta (4.046) or para position (4.047), 4.045 

showed a 4- and 24-fold higher binding affinity, respectively. Interestingly, replacing 

the alkylic linker in 4.045 with a PEG-4 (4.048) or PEG-6 (4.051) led to a similar 4- to 

5-fold reduction in affinity indicating that hydrophilic substituents in this position hamper 

ligand engagement with GPR3 or enhance the dissociation rates of these compounds. 

Conversely – and in agreement with this hypothesis – competition experiments showed 

only very modest displacement of 4.045 by AF64394 from GPR3. This suggests that 

the structural modifications in 4.045 serve as a lipophilic anchor that slows down the 

dissociation of this fluorescent ligand from GPR3.   

An interesting observation from the docking calculations was that using a GPR3 model 

built based on an active structure did not deliver the same pose as shown in Figure 
4.002B, but one where the phenyl ring carrying the extension points deeper inside the 

helix bundle in the receptor (cf. Figure 4.036, chapter 4.6.4). Such a pose is 
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incompatible with the attachment of linkers and emphasizes the importance of 

choosing a conformational state of the receptor that is compatible with the 

pharmacological effect of the ligand to be docked (agonist, antagonist, or inverse 

agonist). 

Compound 4.045 further exhibits similar, high nanomolar affinity to Nluc-GPR6 and -

GPR12. This is in accordance with the high sequence similarity of these three orphan 

GPCRs (about 60%497) but surprising in view of the reported about 100-fold reduced 

potency of AF64394 at GPR6 and GPR12516. This discrepancy suggests that the 

attachment of lipophilic moieties in ortho position of the phenyl ring of AF64394 

enhances binding to GPR6 and GPR12 and reduces ligand selectivity for GPR3 over 

GPR6/12. 

From a pharmacological and drug discovery perspective, probably the most intriguing 

finding of this study is the enhanced binding of 4.045 upon co-incubation with DPI. 

Thus far, nothing is known about multiple ligand binding sites in GPR3 and previous 

characterization attempts of the orthosteric binding pocket were solely based on 

computational predictions.538,542 In these in silico studies, DPI and AF64394 were 

docked into the same – supposedly – orthosteric binding pocket of GPR3. These 

results, however, suggest that (i) the AF64394-based ligand 4.045 and DPI engage 

different sites at this receptor and that (ii) DPI binding to GPR3 has a positive effect on 

4.045:GPR3 interaction. Given its planar three-dimensional structure, it can be 

hypothesized that DPI could bind to the outer surface of the transmembrane core by 

engaging one of the shallow groves recently described to compose the allosteric 

pocketome in GPCRs.543 

 

Future studies should aim at exploring these allosteric mechanisms in GPR3 and its 

related orphan GPCRs GPR6 and GPR12 by combining this new NanoBRET binding 

assay with readouts for signaling, site-directed mutagenesis in GPR3/6/12, and blind 

docking (i.e., without a pre-specified binding site). These insights could then be taken 

further to design drug-like orthosteric ligands and allosteric modulators for GPR3/6/12 

which could ultimately aid in the development of future therapies against Alzheimer’s 

disease or metabolic disorders.  
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4.5 Experimental Part 
4.5.1 Chemistry 
4.5.1.1 General Experimental Conditions 
 
Unless otherwise stated, chemicals and solvents were procured from commercial 

suppliers and used as received. All the solvents were of analytical grade or distilled 

prior to use. Anhydrous solvents were stored over molecular sieve under protective 

gas. The fluorescent dye 5-TAMRA NHS ester was purchased from Lumiprobe 

(Hannover, Germany). The fluorescent dye DY-549P1 NHS ester was purchased from 

Dyomics (Jena, Germany). Tetraethylene glycol, N-bromosuccinimide, and diethyl 

carbonate were purchased from Alfa Aesar (Kandel, Germany). Hexaethylene glycole, 

di-tert-butyl dicarbonate, and trifluoroacetic acid were purchased from abcr (Karlsrube, 

Germany). 1,6-Dibromohexane, benzyl bromide, and 4-dimethylamino pyridine were 

purchased from Acros Organics (Geel, Belgium). Acetic acid, isopropanol, 

triethylamine, methanesulfonyl chloride,1-butanol, 0.5 M potassium 

bis(trimethylsilyl)amide solution in toluene, sodium hydride, phosphorylchloride, and 

hydrazine monohydrate were purchased from Sigma-Aldrich (Taufkirchen, Germany). 

Dichloromethane, methanol, tetrahydrofuran, dimethylformamide, diethyl ether, 

chloroform, ethyl acetate, and potassium carbonate were purchased from Fisher 

Scientific Chemicals (Schwerte, Germany). Potassium phthalimide, 4-chloro-2-

fluorobenzonitrile, 2-hydroxy acetophenone, 3-hydroxy acetophenone, 4-hydroxy 

acetophenone, and 3-amino-1,2,4-triazole were purchased from TCI (Eschborn, 

Germany). Triphenylphosphine, lithium aluminium hydride, and 1M hydrochloric acid 

were purchased from Merck (Darmstadt, Germany). Acetonitrile was purchased from 

VWR Chemicals (Darmstadt, Germany), sodium sulfate and ammonia solution 25% 

from Carl Roth (Karlsruhe, Germany). Deuterated solvents for nuclear magnetic 

resonance (NMR) spectroscopy were purchased from Deutero (Kastellaun, Germany). 

For the preparation of buffers and HPLC eluents Millipore-grade water was used. 

Column chromatography was carried out using silica gel 60 (0.040-0.063 mm, Merck 

(Darmstadt, Germany)). Reactions were monitored by thin layer chromatography 

(TLC) on silica gel 60 F254 aluminium sheets (Merck) and compounds were detected 

under UV light at 254 nm by potassium permanganate or ninhydrin staining (0.8 g 

ninhydrin, 200 mL n-butanol, 6 mL acetic acid). NMR spectra (1H NMR and 13C NMR, 
19F NMR, DEPT, 2D NMR) were recorded on a Bruker Avance-300 (7.05 T, 1H: 300 

MHz, 13C: 75.5 MHz, 19F: 188), Avance-400 (9.40 T, 1H: 400 MHz, 13C: 100.6 MHz, 
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19F: 282), or Avance-600 (14.1 T; 1H: 600 MHz, 13C: 150.9 MHz; cryogenic probe) NMR 

spectrometer (Bruker, Karlsruhe, Germany). Multiplicities are specified with the 

following abbreviations: s (singlet), d (doublet), t (triplet), q (quartet), p (pentet), m 

(multiplet), br (broad), as well as combinations thereof. High-resolution mass 

spectrometry (HRMS) was performed on an AccuTOF GCX GC/MS system (Jeol, 

Peabody, MA, USA) using an EI source or a Q-TOF 6540 UHD LC or GC/MS system 

(Agilent Technologies, Santa Clara, USA) using an ESI (in case of LC coupling) or an 

APCI (in case of GC coupling) source. Preparative HPLC was performed with a system 

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

or with a Prep 150 LC system from Waters (Eschborn, Germany) consisting of a 2545 

binary gradient module, a 2489 UV/visible detector and a fraction collector III. The 

following columns were used: Nucleodur 100-5 C18 (5 µm, 250 x 21 mm, Macherey-

Nagel, Düren, Germany), a Kinetex XB-C18 100A (5 µm, 250 x 21.2 mm, 

Phenomenex, Aschaffenburg, Germany), and a Gemini-NX C18 (5 µm, 250 mm x 21 

mm; Phenomenex). Solvent flow rates of either 15-20 mL/min (Nucleodur, Kinetex and 

Gemini columns) or 30 mL/min (Interchim column) at rt were employed. A detection 

wavelength of 220 nm and mixtures of acetonitrile (MeCN) and 0.05-0.1% aqueous 

TFA were used as mobile phases. MeCN was removed from the eluates under reduced 

pressure prior to freeze-drying (Christ Alpha 2-4 LD freeze dryer (Martin Christ, 

Osterode am Harz, Germany) or ScanVac CoolSafe 4-15L freeze dryer from Labogene 

(LMS, Brigachtal, Germany), both equipped with a RZ 6 rotary vane vacuum pump 

(Vacuubrand, Wertheim, Germany)). Analytical purity and stability control was 

performed on a 1100 HPLC system from Agilent Technologies equipped with an Instant 

Pilot controller, a G1312A binary pump, a G1329A ALS autosampler, a G1379A 

vacuum degasser, a G1316A column compartment, and a G1315B diode array 

detector (DAD). The column was a Phenomenex Kinetex XB-C18 column (250 x 4.6 

mm, 5 μm) (Phenomenex, Aschaffenburg, Germany) or a Phenomenex Gemini NX-

C18 column (250 x 4.6 mm, 5 μm). The oven temperature during HPLC analysis was 

30 °C. As a mobile phase, mixtures of MeCN/aqueous TFA or MeCN/aqueous NH3 

were used. Absorbance was detected at 220 nm and 543 nm or 560 nm. The injection 

volume was 20-80 μL at compound concentrations of 1 mM. The following linear 

gradient was applied: MeCN/TFA (0.05%) (v/v) 0 min: 10:90, 25 min: 95:5, 35 min: 

95:5 (compound 4.045-4.051) or MeCN/NH3 (0.05%) (v/v) 0 min: 10:90, 25 min: 95:5, 

35 min: 95:5 (compound 4.052-4.055); flow rate: 1.0 mL/min, t0 (Kinetex XB-C18) =  
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2.75 min, t0 (Gemini NX-C18) = 3.00 min (t0 = dead time). Retention (capacity) factors 

k were calculated from the retention times tR according to k = (tR − t0)/t0. The dead time 

was experimentally determined by injecting a sample of unretained thiourea (200 µM, 

10 µL) and recording of the retention time. The purities of the compounds were 

calculated by the percentage peak area of the chromatograms. 

 
4.5.1.2 Compound Characterization 
 
Compounds 4.045-4.055 were characterized using the following methods: HRMS, 1H 

NMR spectroscopy, 13C NMR spectroscopy, and 2D NMR spectroscopy (see chapter 

4.6.1, Figures 4.006-4.020). The purities of the target compounds 4.045-4.055 used 

for pharmacological investigation were ≥ 95% (chromatograms are shown in chapter 

4.6.2, Figures 4.021-4.031). For biological testing, the target compounds 

(trifluoroacetate or ammonium salts) were dissolved in DMSO to get a final 

concentration of 10 mM. 

 
 
4.5.1.3 Synthesis and Analytical Data of Linker 4.003, 4.006, and 4.007 
 
2-(2-(2-(2-Hydroxyethoxy)ethoxy)ethoxy)ethyl methanesulfonate (4.001)544 

The reaction was carried out by solving tetraethylene 

glycol (PEG-4) (5.60 g, 28.83 mmol, 1 eq) and 

triethylamine (4.02 mL, 28.83 mmol, 1 eq) in 100 mL dichloromethane. The mixture 

was cooled to 0 °C by using an ice bath. Subsequently, methanesulfonyl chloride (2.23 

mL, 28.83 mmol, 1 eq) in 300 mL dichloromethane was added dropwise over a period 

of 10 hours. After addition, the ice bath was removed, and stirring was continued 

overnight. Evaporation of the solvent and purification by column chromatography 

(DCM/Methanol 98/2-95/5) resulted in a yellowish oil (2.76 g, 35%).1H NMR (300 MHz, 

CDCl3) δ 4.31 – 4.22 (m, 2H), 3.69 – 3.43 (m, 14H), 3.05 (bs, 1H), 2.97 (s, 3H). 13C 

NMR (75 MHz, CDCl3) δ 72.45, 70.45, 70.32, 70.17, 69.40, 68.87, 61.45, 37.49. m/z 

[M+H+] calculated for C9H21O7S+: 273.1003, found 273.1005; C9H20O7S (272.31). 

 
2-(2-(2-(2-(2-Hydroxyethoxy)ethoxy)ethoxy)ethyl)isoindoline-1,3-dione (4.002)545 

Potassium phthalimide (2.12 g, 11.46 mmol, 1.2 eq) 

and 4.001 (2.60 g, 9.55 mmol, 1 eq) were dissolved 

in 200 mL anhydrous DMF. The mixture was heated 

to 80 °C, and stirring was continued overnight. Subsequently, the solvent was removed 
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under reduced pressure, and the crude product was purified by column 

chromatography (DCM/Methanol 95/5), yielding a colorless oil (2.05 g, 66%). 1H NMR 

(300 MHz, CDCl3) δ 7.86 – 7.79 (m, 2H), 7.73 – 7.66 (m, 2H), 3.88 (t, J = 5.8 Hz, 2H), 

3.76 – 3.52 (m, 14H), 2.64 (s, 1H). 13C NMR (75 MHz, CDCl3) δ 168.32, 133.95, 132.14, 

123.50, 72.49, 70.66, 70.53, 70.34, 70.10, 67.97, 61.74, 37.28. HRMS (ESI-MS) m/z: 

[M+H+] calculated for C16H22NO6+: 324.1442, found 324.1446; C16H21NO6 (323.35).  

 
2-(2-(2-(2-(2-Bromoethoxy)ethoxy)ethoxy)ethyl)isoindoline-1,3-dione (4.003)546 

4.002 (2.05 g, 6.34 mmol, 1 eq) was dissolved in 

200 mL dichloromethane and cooled by an ice bath 

to 0 °C. Subsequently, triphenylphosphine (2.00 g, 

7.61 mmol, 1.2 eq) in 50 mL dichloromethane was quickly dropped into the solution. 

After 15 minutes, N-bromosuccinimide (1.35 g, 7.61 mmol, 1.2 eq) was added. The 

mixture was now stirred at 0 °C for 2 h. The eeaction progress was monitored by TLC 

(Rf = 0.85, DCM/Methanol 95/5). Evaporation of the solvent and purification by column 

chromatography (DCM/Methanol 95/5) of the resuide resulted in a colorless oil (1.70 

g, 69%). 1H NMR (300 MHz, CDCl3) δ 7.82 – 7.73 (m, 2H), 7.70 – 7.63 (m, 2H), 3.84 

(t, J = 5.8 Hz, 2H), 3.75 – 3.66 (m, 4H), 3.63 – 3.52 (m, 8H), 3.39 (t, J = 6.3 Hz, 2H). 
13C NMR (75 MHz, CDCl3) δ 168.20, 133.95, 132.09, 123.20, 71.13, 70.59, 70.45, 

70.09, 67.89, 37.25, 30.42. m/z [M+H+] calculated for C16H21BrNO5+: 386.0596, found 

386.0598; C16H20BrNO5 (386.24). 

 
17-Hydroxy-3,6,9,12,15-pentaoxaheptadecyl methanesulfonate (4.004)547 

The reaction was carried out by solving 

hexaethylene glycole (PEG-6) (5.60 g, 19.83 

mmol, 1 eq) and triethylamine (2.77 mL, 19.83 mmol, 1 eq) in 100 mL dichloromethane. 

The mixture was cooled to 0 °C by using an ice bath. Subsequently, methanesulfonyl 

chloride (1.53 mL, 19.83 mmol, 1 eq) in 300 mL dichloromethane was added dropwise 

over a period of 10 hours. After addition, the ice bath was removed, and stirring was 

continued overnight. Evaporation of the solvent and purification by column 

chromatography (DCM/Methanol 98/2-95/5) resulted in a yellowish oil (3.14 g, 44%). 
1H NMR (300 MHz, CDCl3) δ 4.41 – 4.35 (m, 2H), 3.80 – 3.56 (m, 22H), 3.08 (s, 3H), 

2.69 (bs, 1H). 13C NMR (75 MHz, CDCl3) δ 72.54, 70.62, 70.58, 70.55, 70.53, 70.32, 

69.39, 69.03, 61.74, 37.76. m/z [M+H+] calculated for C13H29O9S+: 361.1527, found 

361.1531; C13H28O9S (360.42).
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2-(17-Hydroxy-3,6,9,12,15-pentaoxaheptadecyl)isoindoline-1,3-dione (4.005)548  
Potassium phthalimide (1.86 g, 10.02 

mmol, 1.2 eq) and 4.004 (3.01 g, 8.35 

mmol, 1 eq) were dissolved in 200 mL 

anhydrous DMF. The mixture was heated to 80 °C, and stirring was continued 

overnight. Subsequently the solvent was removed under reduced pressure, and the 

crude product was purified by column chromatography (DCM/Methanol 95/5), yielding 

a colorless oil (3.44 g, 100%). 1H NMR (300 MHz, CDCl3) δ 7.87 – 7.78 (m, 2H), 7.75 

– 7.65 (m, 2H), 3.88 (t, J = 5.7 Hz, 2H), 3.76 – 3.54 (m, 22H), 2.69 (s, 1H). 13C NMR 

(75 MHz, CDCl3) δ 168.29, 133.95, 132.15, 123.25, 72.54, 70.61, 70.55, 70.52, 70.35, 

70.07, 67.92, 61.75, 37.26. m/z [M+H+] calculated for C20H30NO8+: 412.1966, found 

412.1970; C20H29NO8 (411.45). 

 
2-(17-Bromo-3,6,9,12,15-pentaoxaheptadecyl)isoindoline-1,3-dione (4.006) 

4.005 (3.44 g, 8.36 mmol, 1 eq) was 

dissolved in 200 mL dichloromethane and 

cooled by an ice bath to 0 °C. 

Subsequently, triphenylphosphine (2.63 g, 10.03 mmol, 1.2 eq) in 50 mL 

dichloromethane was quickly dropped into the solution. After 15 minutes, N-

bromosuccinimide (1.79 g, 10.03 mmol, 1.2 eq) was added. The mixture was now 

stirred at 0 °C for 2 h. The reaction progress was monitored by TLC (Rf = 0.85, 

DCM/Methanol 95/5). Evaporation of the solvent and purification by column 

chromatography (DCM/Methanol 95/5) of the resuide resulted in a colorless oil (2.55 

g, 64%). 1H NMR (300 MHz, CDCl3) δ 7.84 – 7.78 (m, 2H), 7.73 – 7.66 (m, 2H), 3.87 

(t, J = 0.7 Hz, 2H), 3.78 (t, J = 6.3 Hz, 2H), 3.71 (t, J = 6.0 Hz, 2H), 3.67 – 3.52 (m, 

16H), 3.44 (t, J = 6.3 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 168.25, 133.95, 132.14, 

123.24, 71.20, 70.64, 70.62, 70.59, 70.55, 70.53, 70.08, 67.91, 37.25, 30.39. m/z 

[M+H+] calculated for C20H29BrNO7+: 474.1122, found 474.1120; C20H28BrNO7 

(474.35). 
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2-(6-Bromohexyl)isoindoline-1,3-dione (4.007)549 
Potassium phthalimide (3.72 g, 20.09 mmol, 1 eq) and 1,6-

dibromohexane (24.50 g, 100.42 mmol, 5 eq) were dissolved 

in 20 mL anhydrous DMF. The mixture was heated to 40 °C, 

and stirring was continued for 24 hours. The reaction progress was monitored by TLC 

(Rf = 0.80, EtOAc/PE 1/3). Subsequently the solvent was removed under reduced 

pressure, and the crude product was purified by column chromatography (EtOAc/PE 

1/20-1/3), yielding a colorless oil (5.68 g, 91%). 1H NMR (300 MHz, CDCl3) δ 7.83 – 

7.70 (m, 2H), 7.69 – 7.57 (m, 2H), 3.60 (t, J = 7.2 Hz, 2H), 3.31 (t, J = 6.8 Hz, 2H), 1.77 

(p, J = 6.6 Hz, 2H), 1.61 (p, J = 7.6 Hz, 2H), 1.48 – 1.20 (m, 4H). 13C NMR (75 MHz, 

CDCl3) δ 167.37, 132.87, 131.08, 122.14, 36.78, 32.72, 31.56, 27.38, 26.67, 24.98. 

HRMS (ESI-MS) m/z: [M+H+] calculated for C14H17BrNO2+: 310.0437, found 310.0439; 

C14H16BrNO2 (310.19). 

 
 
4.5.1.4 Synthesis and Analytical Data 4-Chloro-2-

isopropoxyphenylmethanamine 
 
4-Chloro-2-isopropoxybenzonitrile (4.008) 

4-Chloro-2-fluorobenzonitrile (3.00g, 19.29 mmol, 1 eq) was dissolved in 

30 mL THF. Subsequently, isopropanol (1.78 mL, 23.14 mmol, 1.2 eq) 

was added to the solution, and the mixture was cooled to 0 °C. 0.5 M 

potassium bis(trimethylsilyl)amide solution in toluene (KHMDS) (46.28 mL, 

23.14 mmol, 1.2 eq) was added dropwise to the stirring solution. After completion, the 

ice bath was removed, and stirring was continued overnight. Subsequently, the 

reaction was quenched with 50 mL of water, and the product was extracted with ethyl 

acetate. The organic layer was washed with brine and dried over Na2SO4. The 

concentration of the organic solvent yielded 4-chloro-2-isopropoxybenzonitrile as a 

yellow solid (3.73 g, 99%). The product was used without further purification. 1H NMR 

(300 MHz, CDCl3) δ 7.43 – 7.39 (m, 1H), 6.94 – 6.88 (m, 2H), 4.58 (hept, J = 6.1 Hz, 

1H), 1.36 (d, J = 6.1 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ 160.42, 140.32, 134.48, 

120.98, 114.33, 101.56, 72.54, 21.73. HRMS (EI-MS) m/z: [M•+] calculated for 

C10H10ClNO•+: 195.0450, found 195.0448; C10H10ClNO (195.65). 
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4-Chloro-2-isopropoxyphenylmethanamine (4.009)550  
4.008 (3.73 g, 19.06 mmol, 1 eq) was dissolved in THF and cooled to 0 °C. 

Subsequently, lithium aluminum hydride (LiAlH4) (2.89 g, 76.26 mmol, 4 

eq) was added stepwise to the solution. The progress of the reaction was 

monitored with TLC (Rf (4.009) = 0.00, Rf (4.008) = 0.80, EtOAc/PE 1/6). 

After completion, the solution was poured into ice water, and the product was extracted 

with ethyl acetate. The organic layer was washed with water, dried over Na2SO4, and 

concentrated under reduced pressure, yielding the title compound as a yellowish oil 

(3.33 g, 87%). The product was used without further purification. 1H NMR (300 MHz, 

CDCl3) δ 7.21 – 7.09 (m, 1H), 6.91 – 6.81 (m, 2H), 4.64 – 4.48 (m, 1H), 3.74 (s, 2H), 

1.58 (bs, 2H), 1.35 (d, J = 6.0 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ 156.28, 133.04, 

131.33, 129.35, 120.16, 113.08, 70.35, 42.38, 22.06. HRMS (ESI-MS) m/z: [M+H+] 

calculated for C10H15ClNO+: 200.0837, found 200.0837; C10H14ClNO (199.68). 

 
4.5.1.5 Synthesis and Analytical Data of Precursors 4.038-4.044 
 
General procedure A 
 
The corresponding hydroxy acetophenone (1 eq) was dissolved in 100 mL DMF. 

Potassium carbonate (3 eq) and benzyl bromide (1.5 eq) was added to the solution. 

After addition, the mixture was stirred for 4 h hours at rt. Subsequently, the reaction 

was quenched with water (50 mL) and acidified with 1 M hydrochloric acid. The product 

was extracted with diethyl ether (3 x 100 mL). The combined organic layers were 

washed with 1M hydrochloric acid and dried over Na2SO4 and the solvent was removed 

under reduced pressure. The product was used in the next step without further 

purification. 
 

1-(2-(Benzyloxy)phenyl)ethan-1-one (4.010)551  
The title compound was synthesized from 2-hydroxy acetophenone 

(4.42 g, 32.49 mmol, 1 eq), benzyl bromide (8.33 g, 5.79 mL, 48.74 

mmol, 1.5 eq), and potassium carbonate (13.47 g, 97.48 mmol, 3 eq) 

in DMF according to the general procedure A (Rf = 0.50 in EtOAc/PE 1/8) yielding a 

colorless oil (7.35 g, 100%). 1H NMR (300 MHz, CDCl3) δ 7.81 – 7.73 (m, 1H), 7.48 – 

7.37 (m, 6H), 7.07 – 6.98 (m, 2H), 5.17 (s, 2H), 2.62 (s, 3H). 13C NMR (75 MHz, CDCl3) 

δ 199.86, 158.04, 136.26, 133.59, 130.48, 128.73, 128.26, 127.59, 120.92, 112.89, 
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70.72, 32.11. HRMS (EI-MS) m/z: [M•+] calculated for C15H14O2•+: 226.09883, found 

226.09916; C15H14O2 (226.28). 

 
1-(3-(Benzyloxy)phenyl)ethan-1-one (4.011)552 

The title compound was synthesized from 3-hydroxy acetophenone 

(4.42 g, 32.49 mmol, 1 eq), benzyl bromide (8.33 g, 5.79 mL, 48.74 

mmol, 1.5 eq), and potassium carbonate (13.47 g, 97.48 mmol, 3 eq) in 

DMF according to the general procedure (Rf = 0.66 in EtOAc/PE 1/4) 

yielding a colorless solid (7.35 g, 100%).1H NMR (300 MHz, CDCl3) δ 

7.62 – 7.55 (m, 2H), 7.49 – 7.36 (m, 6H), 7.22 – 7.17 (m, 1H), 5.12 (s, 2H), 2.59 (s, 

3H). 13C NMR (75 MHz, CDCl3) δ 197.91, 159.00, 138.53, 136.56, 129.70, 128.70, 

128.19, 127.62, 121.38, 120.31, 113.61, 70.19, 26.79. HRMS (ESI-MS): m/z [M•+] 

calculated for C15H14O2•+: 226.09883, found 226.09908; C15H14O2 (226.28). 

 
1-(4-(Benzyloxy)phenyl)ethan-1-one (4.012)553 

The title compound was synthesized from 4-hydroxy 

acetophenone (4.42 g, 32.49 mmol, 1 eq), benzyl bromide (8.33 

g, 5.79 mL, 48.74 mmol, 1.5 eq), and potassium carbonate 

(13.47 g, 97.48 mmol, 3 eq) in DMF according to the general procedure (Rf = 0.66 in 

EtOAc/PE 1/4) yielding a colorless solid (7.35 g, 100%). 1H NMR (300 MHz, CDCl3) δ 

7.97 – 7.90 (m, 2H), 7.46 – 7.29 (m, 5H), 7.05 – 6.95 (m, 2H), 5.10 (s, 2H), 2.53 (s, 

3H). 1H NMR (300 MHz, CDCl3) δ 7.96, 7.96, 7.95, 7.94, 7.93, 7.93, 7.92, 7.91, 7.45, 

7.44, 7.44, 7.42, 7.42, 7.41, 7.40, 7.40, 7.40, 7.39, 7.38, 7.37, 7.37, 7.37, 7.36, 7.35, 

7.34, 7.33, 7.33, 7.32, 7.32, 7.31, 7.31, 7.30, 7.30, 7.03, 7.02, 7.01, 6.99, 6.99, 6.98, 

5.10, 2.53. HRMS (ESI-MS): m/z [M•+] calculated for C15H14O2•+: 226.09883, found 

226.09829; C15H14O2 (226.28). 

 

General procedure B 
 
Sodium hydride (5 eq) was suspended in 20 mL DMF. The flask was flooded with argon 

and cooled to 0 °C by using an ice bath. The corresponding benzyl-protected hydroxy 

acetophenone (4.010-4.012, 1 eq) was dissolved in 180 mL DMF and slowly added to 

the suspension over a period of 1 hour. After completion, stirring was continued for 

approximately 15 minutes until no more gas was released. Then diethyl carbonate (5 

eq) was added dropwise over a period of 1 hour. After the addition, the ice bath was 
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removed, and the mixture was stirred for another 6 hours at rt. The synthesis was 

stopped by adding 50 mL of 1 M hydrochloric acid. The product was isolated by 

extraction with diethyl ether. The combined organic layers were washed with 1M 

hydrochloric acid and dried over Na2SO4. The crude product was purified by column 

chromatography (EtOAc/PE 1/5 or EtOAc/PE 1/6). For compounds 4.013-4.015 a keto-

enol tautomerism could be observed in the NMR because especially for the three CH2 

and the CH3 groups double peaks were clearly visible. In the aromatic region, a clear 

distinction of the double peaks was not possible. The splitting is indicated accordingly 

in the NMR data. 
 

Ethyl 3-(2-(benzyloxy)phenyl)-3-oxopropanoate (4.013)554  
The β-ketoester 4.013 was prepared from 4.010 (7.35 g, 32.48 

mmol, 1 eq), sodium hydride (6.50 g, 162.41 mmol, 5 eq), and diethyl 

carbonate (19.19 g, 20.53 mL, 162.41 mmol, 5 eq) in DMF according 

to the general procedure B (Rf = 0.8, EtOAc/PE 1/6) yielding a yellowish oil (6.06 g, 

63%). 1H NMR (300 MHz, CDCl3) δ 12.74 (s, 0.1H (enol form)), 7.90 – 7.82 (m, 1H), 

7.49 – 7.27 (m, 6H), 7.07 – 6.92 (m, 2H), 6.13 (s, 0.1H (enol form)), 5.15 (s, 2H), 4.22 

(q, J = 7.1 Hz, 0.2H (keto-enol tautomerism)), 4.08 (q, J = 7.1 Hz, 1.8H (keto-enol 

tautomerism)), 3.99 (s, 1.8H (keto form)), 1.30 (t, J = 7.1 Hz, 0.3H (keto-enol 

tautomerism)), 1.17 (t, J = 7.1 Hz, 2.7H (keto-enol tautomerism)). 13C NMR (75 MHz, 

CDCl3) δ 193.54, 168.08, 158.21, 135.94, 134.52, 131.11, 128.79, 128.37, 127.60, 

126.98, 121.07, 112.98, 92.63, 70.73, 60.90, 50.52, 14.08. HRMS (ESI-MS) m/z: 

[M+H+] calculated for C18H19O4+: 299.1278, found 299.1281; C18H18O4 (298.34). 

 

Ethyl 3-(3-(benzyloxy)phenyl)-3-oxopropanoate (4.014)555  

The β-ketoester 4.014 was prepared from 4.011 (7.35 g, 32.48 

mmol, 1 eq), sodium hydride (6.50 g, 162.41 mmol, 5 eq), and 

diethyl carbonate (19.19 g, 20.53 mL, 162.41 mmol, 5 eq) in DMF 

according to the general procedure B (Rf = 0.5, EtOAc/PE 1/5)  

yielding a yellowish oil (4.35 g, 45%). 1H NMR (300 MHz, CDCl3) δ 

12.63 (s, 0.2H (enol form)), 7.62 – 7.03 (m, 9H), 5.67 (s, 0.2H (enol form), 5.09 (s, 2H), 

4.33 – 4.17 (m, 1.6H (keto-enol tautomerism)), 4.13 (q, J = 7.1 Hz, 0.4H (keto-enol 

tautomerism)), 3.97 (s, 1.6H (keto form)), 1.34 (t, J = 7.1 Hz, 0.6H), 1.26 (t, J = 7.1 Hz, 

2.4H (keto-enol tautomerism)). 13C NMR (75 MHz, CDCl3) δ 192.35, 167.52, 159.09, 
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137.39, 136.41, 129.88, 128.70, 128.21, 127.60, 121.43, 121.02, 113.71, 87.71, 70.20, 

70.10, 61.50, 60.42, 46.10, 14.36, 14.15. HRMS (ESI-MS) m/z: [M+H+] calculated for 

C18H19O4+: 299.1278, found 299.1280; C18H18O4 (298.34).  

 
Ethyl 3-(4-(benzyloxy)phenyl)-3-oxopropanoate (4.015)556 

The β-ketoester 4.015 was prepared from 4.012 (7.35 g, 

32.48 mmol, 1 eq), sodium hydride (6.50 g, 162.41 mmol, 

5 eq), and diethyl carbonate (19.19 g, 20.53 mL, 162.41 

mmol, 5 eq) in DMF according to the general procedure B (Rf = 0.5, EtOAc/PE 1/5) 

yielding a yellowish solid (6.40 g, 66%). 1H NMR (300 MHz, CDCl3) δ 12.75 (s, 0.2H 

(enol form)), 7.90 – 7.65 (m, 2H), 7.40 – 7.25 (m, 5H), 6.99 – 6.90 (m, 2H), 5.57 (s, 

0.2H (enol form)), 5.01 (s, 2H), 4.27 – 4.11 (m, 1.6H (keto-enol tautomerism)), 4.11 – 

4.02 (m, 0.4H (keto-enol tautomerism)), 3.88 (s, 1.6H (keto form)), 1.27 (t, J = 7.1 Hz, 

0.6H (keto-enol tautomerism)), 1.20 (t, J = 7.1 Hz, 2.4H (keto-enol tautomerism)). 13C 

NMR (75 MHz, CDCl3) δ 193.54, 168.08, 158.21, 135.94, 134.52, 131.11, 128.79, 

128.37, 127.60, 126.98, 121.07, 112.98, 92.63, 70.73, 60.90, 50.52, 14.08. HRMS 

(ESI-MS) m/z: [M+H+] calculated for C18H19O4+: 299.1278, found 299.1282; C18H18O4 

(298.34).  

 

General procedure C 
 
The corresponding β-ketoester (4.013-4.015, 1 eq) and 3-amino-1,2,4-triazole (1 eq) 

were weighed into a flask. The flask was set under an argon atmosphere and the 

compounds were dissolved in 10 mL acetic acid. The mixture was stirred for 16 hours 

at 110 °C. The reaction was stopped by adding 30 mL of water. The product was 

extracted with diethyl ether and the crude product was obtained by concentrating the 

organic phase under reduced pressure. The residue was suspended in 4 mL methanol 

and then centrifuged. The supernatant was tipped off. In total, the residue was washed 

three times with methanol. 
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5-(2-(Benzyloxy)phenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7(4H)-one (4.016) 
The title compound was synthesized from 4.013 (6.06 g, 20.31 mmol, 

1 eq) and 3-amino-1,2,4-triazole (1.71 g, 20.31 mmol, 1eq) in acetic 

acid according to the general procedure C (Rf = 0.85 in DCM/Methanol 

95/5) yielding 4.016 as a white solid (2.0 g, 31%). 1H NMR (300 MHz, 

DMSO-d6) δ 8.29 (s, 1H), 7.59 – 7.50 (m, 2H), 7.47 – 7.39 (m, 2H), 7.37 

– 7.24 (m, 4H), 7.12 (t, J = 8.0 Hz, 1H), 6.09 (s, 1H), 5.20 (s, 2H). 13C NMR (75 MHz, 

DMSO-d6) δ 156.43, 156.07, 151.02, 137.11, 132.75, 130.95, 128.85, 128.28, 127.74, 

122.35, 121.39, 113.82, 100.26, 70.27. HRMS (ESI-MS) m/z: [M+H+] calculated for 

C18H15N4O2+: 319.1190, found 319.1192; C18H14N4O2 (318.34). 

 

5-(3-(Benzyloxy)phenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7(4H)-one (4.017)  
The title compound was synthesized from 4.014 (4.06 g, 13.61 mmol, 

1 eq) and 3-amino- 1,2,4-triazole (1.14 g, 13.61 mmol, 1eq) in acetic 

acid according to the general procedure C (Rf = 0.85 in DCM/Methanol 

95/5) yielding 4.017 as a white solid (910 mg, 21%). 1H NMR (300 

MHz, DMSO-d6) δ 13.60 (bs, 1H), 8.42 (s, 1H), 7.61 – 7.53 (m, 1H), 

7.50 – 7.31 (m, 7H), 7.24 – 7.14 (m, 1H), 6.42 (s, 1H), 5.25 – 5.14 (m, 

2H). 13C NMR (75 MHz, DMSO-d6) δ 206.47, 194.29, 159.04, 156.48, 151.23, 137.24, 

130.55, 128.92, 128.37, 128.21, 128.18, 120.40, 118.27, 113.88, 98.10, 69.93. HRMS 

(ESI-MS) m/z: [M+H+] calculated for C18H15N4O2+: 319.1190, 319.1193; C18H14N4O2 

(318.34).  

 

5-(4-(Benzyloxy)phenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7(4H)-one (4.018) 
The title compound was synthesized from 4.015 (2.15 g, 7.19 

mmol, 1 eq) and 3-amino- 1,2,4-triazole (0.61 g, 7.19 mmol, 

1eq) in acetic acid according to the general procedure C (Rf = 

0.85 in DCM/Methanol 95/5) yielding 4.018 as a white solid 

(430 mg, 19%). 1H NMR (300 MHz, DMSO-d6) δ 13.47 (bs, 1H), 8.37 (s, 1H), 7.99 – 

7.81 (m, 2H), 7.50 – 7.32 (m, 5H), 7.21 – 7.07 (m, 2H), 6.31 (s, 1H), 5.28 – 5.13 (m, 

2H). 13C NMR (75 MHz, DMSO-d6) δ 206.48, 192.42, 161.08, 156.48, 137.08, 129.59, 

128.96, 128.43, 128.27, 128.21, 118.15, 115.60, 96.74, 69.86. HRMS (ESI-MS) m/z: 

[M+H+] calculated for C18H15N4O2+: 319.1190, found 319.1201; C18H14N4O2 (318.34). 
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General procedure D 
 
The synthesis was performed by solving 4.016, 4.017, or 4.018 (1 eq) in 3 mL 

phosphoryl chloride and the mixture was heated to 105 °C for 1 hour. Subsequently, 

the solvent was evaporated and the crude product was purified by column 

chromatography (EtOAc/PE 1/1). 

 

5-(2-(Benzyloxy)phenyl)-7-chloro-[1,2,4]triazolo[1,5-a]pyrimidine (4.019) 
4.019 was prepared from 4.016 (1300 mg, 4.08 mmol, 1 eq) in 

phosphoryl chloride according to the general procedure D (Rf = 0.75, 

DCM/Methanol 98/2) yielding a yellowish oil (800 mg, 58%). 1H NMR 

(300 MHz, CDCl3) δ 8.53 (s, 1H), 8.17 (dd, J = 7.8, 1.8 Hz, 1H), 8.04 

(s, 1H), 7.42 – 7.06 (m, 9H), 5.20 (s, 2H). 13C NMR (75 MHz, CDCl3) δ 

161.02, 156.99, 156.17, 155.82, 138.11, 135.93, 132.97, 131.99, 128.79, 128.38, 

127.40, 125.30, 121.85, 113.09, 112.61, 71.02. HRMS (ESI-MS) m/z: [M+H+] 

calculated for C18H14ClN4O+: 337.0851, found 337.0851; C18H13ClN4O (336.78). 

 

5-(3-(Benzyloxy)phenyl)-7-chloro-[1,2,4]triazolo[1,5-a]pyrimidine (4.020)  
4.020 was prepared from 4.017 (900 mg, 2.83 mmol, 1 eq) in 

phosphoryl chloride according to the general procedure D (Rf = 0.50, 

DCM/Methanol 98/2) yielding a yellow solid (660 mg, 69%). 1H NMR 

(300 MHz, CDCl3) δ 8.55 (s, 1H), 7.88 (t, J = 2.1 Hz, 1H), 7.75 – 7.59 

(m, 2H), 7.50 – 7.30 (m, 6H), 7.19 – 7.11 (m, 1H), 5.15 (s, 2H). 13C 

NMR (75 MHz, CDCl3) δ 161.50, 159.50, 156.57, 155.95, 139.64, 

136.64, 136.49, 130.21, 128.66, 128.15, 127.56, 120.42, 119.10, 113.63, 108.03, 

70.26. HRMS (ESI-MS) m/z: [M+H+] calculated for C18H14ClN4O+: 337.0851, found 

337.0861; C18H13ClN4O (336.78). 

 

5-(4-(Benzyloxy)phenyl)-7-chloro-[1,2,4]triazolo[1,5-a]pyrimidine (4.021)  
4.021 was prepared from 4.018 (700 mg, 2.20 mmol, 1 eq) in 

phosphoryl chloride according to the general procedure D (Rf 

= 0.50, DCM/Methanol 98/2) yielding a yellow solid (470 mg, 

63%). 1H NMR (300 MHz, CDCl3) δ 8.50 (s, 1H), 8.19 – 8.06 

(m, 1H), 7.65 – 6.99 (m, 9H), 5.14 (d, J = 9.1 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 
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162.01, 161.27, 156.35, 139.32, 136.17, 131.45, 129.69, 128.77, 128.71, 128.27, 

127.52, 120.87, 115.43, 108.78, 107.30, 70.21. HRMS (ESI-MS) m/z: [M+H+] 

calculated for C18H14ClN4O+: 337.0851, found 337.0852; C18H13ClN4O (336.78). 

 

General procedure E 
 

A solution of 4.019, 4.020, or 4.021 (1 eq), 4-chloro-2-isopropoxyphenylmethanamine 

(4.009) (3 eq), and triethylamine (2.4 eq) was dissolved in 20 mL dichloromethane. 

The reaction was performed under argon atmosphere and stirred at rt for 2 days. The 

monitoring of the reaction progress was carried out by TLC (EtOAc/PE 1/1). The 

solvent was removed by evaporation and the crude product was purified by column 

chromatography (EtOAc/PE 1/1-2/1). 

 

5-(2-(Benzyloxy)phenyl)-N-(4-chloro-2-isopropoxybenzyl)-[1,2,4]triazolo[1,5-
a]pyrimidin-7-amine (4.022)  

Synthesis of 4.022 was performed with 4.019 (388 mg, 1.15 mmol, 1 

eq), (4-chloro-2-isopropoxyphenyl)methanamine (4.009) (690 mg, 3.46 

mmol, 3 eq), and triethylamine (280 mg, 383 µl, 2.77 mmol, 2.4 eq) in 

dichloromethane according to the general procedure E (Rf = 0.45, 

EtOAc/PE 1/1), yielding a yellow oil (200 mg, 35%). 1H NMR (300 MHz, 

CDCl3) δ 8.32 (s, 1H), 7.83 – 7.77 (m, 1H), 7.66 – 7.57 (m, 1H), 7.43 – 

6.87 (m, 11H), 6.62 (d, J = 15.5 Hz, 1H), 5.14 (s, 2H), 4.72 – 4.53 (m, 

3H), 1.36 (d, J = 1.9 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ 160.85, 158.12, 155.24, 

154.74, 153.91, 146.48, 138.32, 135.76, 133.94, 128.96, 128.62, 128.37, 127.55, 

126.98, 126.55, 123.52, 122.19, 119.42, 119.14, 116.31, 112.33, 84.33, 69.11, 39.90, 

20.93. HRMS (ESI-MS) m/z: [M+H+] calculated for C28H27ClN5O2+: 500.1848, found 

500.1850; C28H26ClN5O2 (500.00). 
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5-(3-(Benzyloxy)phenyl)-N-(4-chloro-2-isopropoxybenzyl)-[1,2,4]triazolo[1,5- 
a]pyrimidin-7-amine (4.023) 

Synthesis of 4.023 was performed with 4.020 (470 mg, 1.40 mmol, 1 

eq), (4-chloro-2- isopropoxyphenyl)methanamine (4.009) (836 mg, 4.19 

mmol, 3 eq), and triethylamine (339 mg, 467 μL, 3.35 mmol, 2.4 eq) in 

dichloromethane according to the general procedure E (Rf = 0.45, 

EtOAc/PE 1/1), yielding a yellow oil (700 mg, 100%). 1H NMR (300 

MHz, CDCl3) δ 8.33 – 8.31 (m, 1H), 7.84 – 7.79 (m, 1H), 7.69 – 7.60 

(m, 1H), 7.51 – 7.05 (m, 9H), 6.97 – 6.87 (m, 2H), 6.63 (d, J = 14.7 Hz, 

1H), 5.15 (s, 2H), 4.75 – 4.54 (m, 3H), 1.37 (d, J = 0.6 Hz, 6H). 13C 

NMR (101 MHz, CDCl3) δ 161.90, 159.20, 156.36, 155.75, 155.00, 147.49, 139.42, 

136.82, 135.11, 130.04, 129.70, 129.48, 128.61, 128.04, 127.59, 124.53, 123.17, 

120.48, 120.19, 117.41, 113.41, 85.27, 70.21, 42.08, 21.99. HRMS (ESI-MS) m/z: 

[M+H+] calculated for C28H27ClN5O2+: 500.1848, found 500.1860; C28H26ClN5O2 

(500.00). 

 

5-(4-(Benzyloxy)phenyl)-N-(4-chloro-2-isopropoxybenzyl)-[1,2,4]triazolo[1,5- 
a]pyrimidin-7-amine (4.024) 

Synthesis of 4.024 was performed with 4.021 (470 mg, 1.40 

mmol, 1 eq), (4-chloro-2- isopropoxyphenyl)methanamine 

(4.009) (836 mg, 4.19 mmol, 3 eq), and triethylamine (339 mg, 

467 μL, 3.35 mmol, 2.4 eq) in dichloromethane according to 

the general procedure E (Rf = 0.30, EtOAc/PE 1/1), yielding a 

yellow oil (450 mg, 64%). 1H NMR (300 MHz, CDCl3) δ 8.28 

(s, 1H), 8.05 – 7.97 (m, 2H), 7.42 – 6.81 (m, 11H), 6.53 (d, J 

= 17.3 Hz, 1H), 5.06 (s, 2H), 4.68 – 4.49 (m, 3H), 1.34 (d, J = 3.3 Hz, 6H). 13C NMR 

(75 MHz, CDCl3) δ 161.57, 160.80, 156.26, 155.80, 154.75, 147.49, 136.58, 134.78, 

130.46, 129.96, 129.36, 129.19, 128.64, 128.10, 127.50, 124.82, 123.57, 120.48, 

114.85, 113.38, 112.84, 84.54, 70.03, 41.70, 22.01. HRMS (ESI-MS) m/z: [M+H+] 

calculated for C28H27ClN5O2+: 500.1848, found 500.1850; C28H26ClN5O2 (500.00). 
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General procedure F 
 
The cleavage of the benzyl protecting group was performed by palladium-on-carbon 

(Pd/C)-catalyzed hydrogenation. Pd/C (10%) was added to a solution of 4.022, 4.023, 
or 4.024 in 25 mL methanol. Subsequently, the mixture was heated to reflux under 

continuous stirring. The permanent TLC monitoring (EtOAc/PE 2/1 or EtOAc/PE 3/1) 

of the reaction progress is crucial because chlorine is also eliminated from the aromatic 

ring during hydrogenation, which should be prevented as far as possible. After 

complete cleavage of the protecting group, the mixture was allowed to cool to room 

temperature. Afterward, the catalyst was removed by filtration over celite, and the 

solvent was evaporated. The crude product was used without further purification. 

 

2-(7-((4-Chloro-2-isopropoxybenzyl)amino)-[1,2,4]triazolo[1,5-a]pyrimidin-5-
yl)phenol (4.025) 

Compound 4.025 was obtained by catalyzed hydrogenation of 4.022 
(200 mg, 0.400 mmol, 1 eq) in methanol according to the general 

procedure F (Rf = 0.40, EtOAc/PE 3/1), yielding a yellow solid (150 mg, 

91%). 1H NMR (300 MHz, DMSO-d6) δ 9.02 (t, J = 6.4 Hz, 1H), 8.61 (s, 

1H), 8.06 – 7.96 (m, 1H), 7.23 – 6.79 (m, 7H), 4.77 – 4.65 (m, 3H), 1.26 

(d, J = 6.1 Hz, 6H). 13C NMR (75 MHz, DMSO-d6) δ 159.72, 156.38, 

155.56, 154.49, 153.89, 148.79, 133.16, 130.40, 129.27, 129.20, 128.96, 126.25, 

125.42, 119.43, 118.94, 118.47, 113.86, 85.34, 70.43, 22.31. HRMS (ESI-MS) m/z: 

[M+H+] calculated for C21H21ClN5O2+: 410.1378, found 410.1382; C21H20ClN5O2 

(409.87). 
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3-(7-((4-Chloro-2-isopropoxybenzyl)amino)-[1,2,4]triazolo[1,5-a]pyrimidin-5- 
yl)phenol (4.026)  

Compound 4.026 was obtained by catalyzed hydrogenation of 4.023 

(670 mg, 1.340 mmol, 1eq) in methanol according to the general 

procedure F (Rf = 0.25, EtOAc/PE 2/1), yielding a yellow solid (480 mg, 

87%). 1H NMR (300 MHz, CDCl3) δ 8.37 (s, 1H), 8.02 (s, 1H), 7.76 (s, 

1H), 7.38 – 7.26 (m, 2H), 7.21 – 7.07 (m, 2H), 6.99 – 6.88 (m, 2H), 6.79 

– 6.59 (m, 1H), 4.72 – 4.53 (m, 3H), 1.35 (d, J = 6.0 Hz, 6H). 13C NMR 

(101 MHz, CDCl3) δ 162.79, 157.53, 156.19, 155.64, 151.99, 147.52, 

137.45, 134.78, 129.99, 129.59, 129.39, 124.37, 123.17, 120.54, 118.68, 115.05, 

112.76, 87.69, 70.37, 22.10. HRMS (ESI-MS) m/z: [M+H+] calculated for 

C21H21ClN5O2+: 410.1378, found 410.1389; C21H20ClN5O2 (409.87). 

 

4-(7-((4-Chloro-2-isopropoxybenzyl)amino)-[1,2,4]triazolo[1,5-a]pyrimidin-5- 
yl)phenol (4.027)  

Compound 4.027 was obtained by catalyzed hydrogenation of 

4.024 (450 mg, 0.900 mmol, 1 eq) in methanol according to the 

general procedure F (Rf = 0.25, EtOAc/PE 2/1), yielding a yellow 

solid (230 mg, 62%). 1H NMR (300 MHz, DMSO-d6) δ 8.64 – 8.51 

(m, 1H), 8.46 (s, 1H), 8.02 – 7.94 (m, 1H), 7.36 – 6.67 (m, 7H), 4.88 

– 4.47 (m, 3H), 1.34 – 1.22 (m, 6H). 13C NMR (75 MHz, DMSO-d6) 

δ 160.27, 156.33, 155.81, 155.52, 154.77, 148.23, 133.26, 130.25, 129.44, 129.07, 

128.61, 126.67, 125.85, 120.81, 120.65, 115.86, 113.95, 84.51, 71.06, 22.33. HRMS 

(ESI-MS) m/z: [M+H+] calculated for C21H21ClN5O2+: 410.1378, found 410.1385; 

C21H20ClN5O2 (409.87). 

 

General procedure G 
 
The Boc-protection of the secondary aromatic amines was performed by solving 4.025, 
4.026, or 4.027 (1 eq), triethylamine (1.1 eq) and catalytic amounts of 4-dimethylamino 

pyridine (DMAP) in chloroform. After cooling the mixture to 0 °C di-tert-butyl 

dicarbonate (1.1 eq) in chloroform was slowly added via a dropping funnel. After 

complete addition the ice bath was removed and the mixture was stirred continuously 
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overnight. Subsequently, the solvent was removed and the crude product was purified 

by column chromatography (EtOAc/PE 2/1). 

 
tert-Butyl (4-chloro-2-isopropoxybenzyl)(5-(2-hydroxyphenyl)-[1,2,4]triazolo[1,5-
a]pyrimidin-7-yl)carbamate (4.028) 

The respective N-Boc protected aromatic amine was obtained from 

4.025 (140 mg, 0.342 mmol, 1 eq), DMAP (cat.), triethylamine (38 mg, 

53 µL, 0.376 mmol, 1.1 eq), and di-tert-butyldicarbonat (82 mg, 0.376 

mmol, 1.1 eq) in a total of 50 mL chloroform according to the general 

procedure G (Rf = 0.75, EtOAc/PE 2/1), yielding a colorless oil (122 

mg, 64%). 1H NMR (300 MHz, CDCl3) δ 8.33 – 8.29 (m, 1H), 7.94 – 

7.85 (m, 1H), 7.49 – 7.41 (m, 1H), 7.33 – 7.17 (m, 3H), 6.94 – 6.83 (m, 2H), 6.67 (d, J 

= 13.6 Hz, 1H), 4.71 – 4.51 (m, 3H), 1.42 (s, 9H), 1.34 (d, J = 1.3 Hz, 6H). 13C NMR 

(75 MHz, CDCl3) δ 160.18, 156.30, 155.79, 155.49, 154.90, 151.34, 147.38, 134.98, 

131.82, 131.04, 130.83, 130.04, 129.47, 126.36, 124.41, 123.05, 120.38, 112.58, 

88.37, 83.81, 42.72, 27.59, 22.07. HRMS (ESI-MS) m/z: [M+H+] calculated for 

C26H29ClN5O4+: 510.1903, found 510.1909; C26H28ClN5O4 (509.99). 

 

tert-Butyl (4-chloro-2-isopropoxybenzyl)(5-(3-hydroxyphenyl)-[1,2,4]triazolo[1,5-
a]pyrimidin-7-yl)carbamate (4.029) 

The respective N-Boc protected aromatic amine was obtained from 

4.026 (480 mg, 1.171 mmol, 1 eq), DMAP (cat.), triethylamine (130 mg, 

181 μL, 1.1 eq), and di-tert- butyldicarbonat (281 mg, 1.288 mmol, 1.1 

eq) in a total of 50 mL chloroform according to the general procedure 

G (Rf = 0.78, EtOAc/PE 2/1), yielding a colorless oil (460 mg, 77%). 1H 

NMR (300 MHz, CDCl3) δ 8.32 – 8.29 (m, 1H), 7.99 – 7.87 (m, 2H), 

7.46 (t, J = 0.8 Hz, 1H), 7.33 – 7.23 (m, 2H), 6.96 – 6.87 (m, 2H), 6.60 (d, J = 16.6 Hz, 

1H), 4.71 – 4.55 (m, 3H), 1.57 (s, 9H), 1.36 (d, J = 0.7 Hz, 6H). 13C NMR (75 MHz, 

CDCl3) δ 160.90, 156.31, 155.80, 155.72, 155.00, 151.44, 147.68, 139.55, 130.03, 

129.73, 129.62, 129.46, 124.93, 124.46, 123.31, 120.70, 120.44, 112.79, 85.26, 83.77, 

42.67, 27.75, 22.14. HRMS (ESI-MS) m/z: [M+H+] calculated for C26H29ClN5O4+: 

510.1903, found 510.1910; C26H28ClN5O4 (509.99). 
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tert-Butyl (4-chloro-2-isopropoxybenzyl)(5-(4-hydroxyphenyl)-[1,2,4]triazolo[1,5-
a]pyrimidin-7-yl)carbamate (4.030) 

The respective N-Boc protected aromatic amine was obtained from 

4.027 (200 mg, 0.488 mmol, 1 eq), DMAP (cat.), triethylamine (54 

mg, 75 μL, 0.537 mmol, 1.1 eq), and di-tert-butyldicarbonat (117 

mg, 0.537 mmol, 1.1 eq) in a total of 50 mL chloroform according to 

the general procedure G (Rf= 0.78, EtOAc/PE 2/1), yielding a 

colorless oil (200 mg, 80%). 1H NMR (300 MHz, CDCl3) δ 8.31 (s, 

1H), 8.11 – 8.04 (m, 2H), 7.32 – 7.18 (m, 3H), 6.95 – 6.88 (m, 2H), 6.58 (d, J = 16.6 

Hz, 1H), 4.72 – 4.53 (m, 3H), 1.56 (s, 9H), 1.35 (d, J = 6.0 Hz, 6H). 13C NMR (75 MHz, 

CDCl3) δ 161.19, 156.33, 155.70, 154.94, 152.88, 151.47, 147.57, 135.33, 130.01, 

129.73, 129.45, 128.88, 124.50, 123.16, 121.50, 120.50, 113.44, 85.08, 83.93, 42.04, 

27.72, 22.00. HRMS (ESI-MS) m/z: [M+H+] calculated for C26H29ClN5O4+: 510.1903, 

found 510.1906; C26H28ClN5O4 (509.99). 

 

General procedure H 
 

The coupling of the respective linkers (4.003, 4.006, or 4.007) with the 

pharmacophores 4.028, 4.029, or 4.030 was performed by a nucleophilic substitution 

reaction in DMF. 4.028, 4.029, or 4.030 (1 eq) and 4.003, 4.006, or 4.007 (5 eq), and 

potassium carbonate (5 eq) were dissolved in DMF. The mixture was stirred 

continuously at 40 °C for 5-6 days. Monitoring of the reaction was constantly performed 

by TLC (EtOAc/PE 1/1 or EtOAc/PE 2/1). After completion, the solvent was removed 

under reduced pressure and the crude product was purified by column 

chromatography (DCM/Methanol 99/1-95/5 (method A) or EtOAc/PE 2/1- 6/1 (method 
B)). 

  



Development of Fluorescent AF64394 Analogues Enables Real-time Binding Studies for the GPR3 

 621  

tert-Butyl (4-chloro-2-isopropoxybenzyl)(5-(2-((6-(1,3-dioxoisoindolin-2-
yl)hexyl)oxy)phenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7-yl)carbamate (4.031) 

The synthesis of 4.031 was carried out with 4.028 (150 mg, 

0.294 mmol, 1 eq), 4.007 (456 mg, 1.471 mmol, 5 eq) and 

potassium carbonate (110 mg, 0.794 mmol, 5 eq) in 10 mL 

DMF according to the general procedure H (method A) (Rf 

= 0.20 (EtOAc/PE 1/1), yielding a colorless oil (180 mg, 

83%). 1H NMR (300 MHz, CDCl3) δ 8.34 (s, 1H), 7.93 – 

7.88 (m, 1H), 7.86 – 7.80 (m, 2H), 7.75 – 7.67 (m, 2H), 7.49 – 7.41 (m, 1H), 7.39 – 

7.32 (m, 1H), 7.25 – 7.20 (m, 1H), 7.09 (d, J = 8.6 Hz, 1H), 6.88 – 6.81 (m, 2H), 6.57 

(s, 1H), 5.17 (s, 2H), 4.56 – 4.41 (m, 1H), 3.75 – 3.62 (m, 4H), 1.82 – 1.59 (m, 4H), 

1.39 (s, 13H), 1.14 (d, J = 6.0 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ 168.45, 159.46, 

156.42, 153.85, 151.18, 149.84, 148.77, 134.44, 133.96, 132.12, 131.52, 131.06, 

130.88, 129.88, 126.39, 123.44, 123.22, 123.06, 120.36, 113.22, 93.94, 83.81, 70.53, 

50.90, 49.56, 37.78, 28.50, 27.56, 26.45, 26.34, 21.70. HRMS (ESI-MS) m/z: [M+H+] 

calculated for C40H44ClN6O6+: 739.3005, found 739.3010; C40H43ClN6O6 (739.27). 

 

tert-Butyl (4-chloro-2-isopropoxybenzyl)(5-(3-((6-(1,3-dioxoisoindolin-2-
yl)hexyl)oxy)phenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7-yl)carbamate (4.032) 

The synthesis of 4.032 was carried out with 4.029 (90 mg, 0.177 

mmol, 1 eq), 4.007 (274 mg, 0.882 mmol, 5 eq) and potassium 

carbonate (122 mg, 0.882 mmol, 5 eq) in 10 mL DMF according to 

the general procedure H (method A) (Rf = 0.20 (EtOAc/PE 1/1), 

yielding a colorless oil (118 mg, 91%). 1H NMR (300 MHz, CDCl3) δ 

8.35 (s, 1H), 8.00 – 7.91 (m, 2H), 7.88 – 7.78 (m, 2H), 7.76 – 7.65 

(m, 2H), 7.49 (t, J = 7.9 Hz, 1H), 7.35 – 7.27 (m, 2H), 6.97 – 6.90 (m, 

2H), 6.65 (d, J = 15.7 Hz, 1H), 4.73 – 4.57 (m, 3H), 3.88 – 3.38 (m, 

4H), 2.22 – 1.63 (m, 8H), 1.58 (s, 9H), 1.38 (d, J = 6.1 Hz, 6H). 13C 

NMR (75 MHz, CDCl3) δ 168.08, 160.03, 157.36, 154.51, 152.90, 

151.89, 149.51, 137.50, 133.90, 131.94, 131.62, 129.83, 129.68, 129.61, 129.55, 

123.20, 122.67, 120.47, 118.14, 112.78, 93.89, 83.85, 70.25, 51.40, 48.07, 35.10, 

28.41, 27.76, 25.53, 25.30, 22.15. HRMS (ESI-MS) m/z: [M+H+] calculated for 

C40H44ClN6O6+: 739.3005, found 739.3012; C40H43ClN6O6 (739.27). 
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tert-Butyl (4-chloro-2-isopropoxybenzyl)(5-(4-((6-(1,3-dioxoisoindolin-2-
yl)hexyl)oxy)phenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7-yl)carbamate (4.033) 

The synthesis of 4.033 was carried out with 30 

(80 mg, 0.159 mmol, 1 eq), 4.007 (246 mg, 0.794 

mmol, 5 eq) and potassium carbonate (110 mg, 

0.794 mmol, 5 eq) in 10 mL DMF according to the 

general procedure H (method A) (Rf = 0.20 

(EtOAc/PE 1/1), yielding a colorless oil 

(60 mg, 51%). HRMS (ESI-MS) m/z: [M+H+] calculated for C40H44ClN6O6+: 739.3005, 

found 739.3009; C40H43ClN6O6 (739.27). 

 

tert-Butyl (4-chloro-2-isopropoxybenzyl)(5-(2-(2-(2-(2-(2-(1,3-dioxoisoindolin-2-
yl)ethoxy)ethoxy)ethoxy)ethoxy)phenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7-
yl)carbamate (4.034) 

The synthesis of 4.034 was carried out with 4.028 

(90 mg, 0.176 mmol, 1 eq), 4.003 (341 mg, 0.882 

mmol, 5 eq) and potassium carbonate (122 mg, 

0.882 mmol, 5 eq) in 10 mL DMF according to the 

general procedure H (method B) (Rf = 0.25 

(EtOAc/PE 2/1), yielding a colorless oil (39 mg, 

27%). 1H NMR (400 MHz, CDCl3) δ 8.31 (s, 1H), 

7.86 – 7.82 (m, 1H), 7.82 – 7.78 (m, 2H), 7.69 – 7.65 (m, 2H), 7.46 – 7.40 (m, 1H), 

7.34 – 7.28 (m, 1H), 7.23 – 7.09 (m, 2H), 6.87 – 6.81 (m, 2H), 6.63 (d, J = 4.1 Hz, 1H), 

5.15 (d, J = 11.8 Hz, 2H), 4.56 – 4.43 (m, 1H), 4.11 – 4.03 (m, 2H), 3.85 (t, J = 5.9 Hz, 

2H), 3.68 (t, J = 5.9 Hz, 2H), 3.60 – 3.46 (m, 10H), 1.41 (s, 9H), 1.16 (d, J = 1.5 Hz, 

6H). 13C NMR (75 MHz, CDCl3) δ 168.22, 159.51, 156.34, 155.79, 154.09, 151.27, 

148.73, 133.94, 132.09, 131.54, 130.95, 130.83, 129.71, 128.95, 126.27, 124.46, 

123.21, 123.09, 120.26, 113.15, 94.10, 83.73, 70.57, 70.03, 69.81, 67.89, 37.21, 

29.72, 27.55, 21.89. HRMS (ESI-MS) m/z: [M+H+] calculated for C42H48ClN6O9+: 

815.3166, found 815.3173; C42H47ClN6O9 (815.32). 
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tert-Butyl (4-chloro-2-isopropoxybenzyl)(5-(3-(2-(2-(2-(2-(1,3-dioxoisoindolin-2-
yl)ethoxy)ethoxy)ethoxy)ethoxy)phenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7-
yl)carbamate (4.035) 

The synthesis of 4.035 was carried out with 4.029 (82 mg, 

0.161 mmol, 1 eq), 4.003 (311 mg, 0.804 mmol, 5 eq) and 

potassium carbonate (111 mg, 0.804 mmol, 5 eq) in 10 mL 

DMF according to the general procedure H (method B) (Rf 

= 0.25 (EtOAc/PE 2/1), yielding a colorless oil (49 mg, 

37%). 1H NMR (400 MHz, CDCl3) δ 8.35 – 8.30 (m, 1H), 

7.89 – 7.84 (m, 2H), 7.82 – 7.77 (m, 2H), 7.70 – 7.65 (m, 

2H), 7.47 – 7.39 (m, 1H), 7.25 – 7.19 (m, 2H), 6.90 – 6.83 

(m, 2H), 6.68 (d, J = 8.2 Hz, 1H), 5.11 (d, J = 10.3 Hz, 2H), 

4.61 – 4.48 (m, 1H), 4.27 – 4.06 (m, 2H), 3.87 – 3.78 (m, 

4H), 3.67 (t, J = 5.9 Hz, 2H), 3.58 – 3.47 (m, 8H), 1.56 (s, 

9H), 1.21 (d, J = 6.0 Hz, 6H). 13C NMR (101 MHz, CDCl3) 

δ 168.21, 160.24, 156.25, 155.67, 151.70, 151.45, 150.45, 

139.16, 133.91, 132.10, 129.53, 129.12, 128.78, 124.87, 124.41, 123.40, 123.19, 

120.70, 120.48, 112.85, 91.43, 83.69, 70.66, 70.61, 70.56, 70.26, 70.05, 67.90, 40.87, 

37.24, 29.70, 27.73, 21.99. HRMS (ESI-MS) m/z: [M+H+] calculated for C42H48ClN6O9+: 

815.3166, found 815.3172.; C42H47ClN6O9 (815.32) 

 

tert-Butyl (4-chloro-2-isopropoxybenzyl)(5-(4-(2-(2-(2-(2-(1,3-dioxoisoindolin-2-
yl)ethoxy)ethoxy)ethoxy)ethoxy)phenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7-
yl)carbamate (4.036) 

The synthesis of 4.036 was carried out 

with 4.030 (80 mg, 0.157 mmol, 1 eq), 

4.003 (303 mg, 0.784 mmol, 5 eq) and 

potassium carbonate (108 mg, 0.784 

mmol, 5 eq) in 10 mL DMF according to 

the general procedure H (method B) (Rf 

= 0.25 (EtOAc/PE 2/1), yielding a 

colorless oil (52 mg, 41%). 1H NMR (300 MHz, CDCl3) δ 8.30 (s, 1H), 8.08 – 8.00 (m, 

2H), 7.81 – 7.76 (m, 2H), 7.69 – 7.64 (m, 2H), 7.27 – 7.18 (m, 2H), 6.91 – 6.81 (m, 

2H), 6.63 (d, J = 3.3 Hz, 1H), 5.10 (d, J = 6.4 Hz, 2H), 4.61 – 4.44 (m, 1H), 4.25 – 4.12 
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(m, 2H), 3.87 – 3.78 (m, 4H), 3.67 (t, J = 5.8 Hz, 2H), 3.59 – 3.44 (m, 8H), 1.55 (s, 9H), 

1.20 (d, J = 6.0 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ 168.23, 160.40, 156.22, 155.64, 

152.84, 151.43, 150.34, 134.41, 133.93, 132.08, 129.57, 128.83, 125.62, 125.06, 

124.41, 123.20, 121.44, 120.47, 118.67, 113.35, 91.01, 83.88, 70.67, 70.61, 70.56, 

70.05, 67.91, 50.90, 40.89, 37.22, 29.72, 27.70, 23.89. HRMS (ESI-MS) m/z: [M+H+] 

calculated for C42H48ClN6O9+: 815.3166, found 815.3187; C42H47ClN6O9 (815.32). 

 

tert-Butyl (4-chloro-2-isopropoxybenzyl)(5-(2-((17-(1,3-dioxoisoindolin-2-yl)-
3,6,9,12,15-pentaoxaheptadecyl)oxy)phenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7-
yl)carbamate (4.037) 

The synthesis of 4.037 was carried 

out with 4.030 (200 mg, 0.392 mmol, 

1 eq), 4.006 (930 mg, 1.961 mmol, 5 

eq) and potassium carbonate (271 

mg, 1.961 mmol, 5 eq) in 10 mL DMF 

according to the general procedure H 

(method B) (Rf = 0.25 (EtOAc/PE 

2/1), yielding a colorless oil (300 mg, 85%). 1H NMR (300 MHz, CDCl3) δ 8.37 (s, 1H), 

7.91 – 7.86 (m, 1H), 7.85 – 7.81 (m, 2H), 7.73 – 7.69 (m, 2H), 7.50 – 7.43 (m, 1H), 

7.38 – 7.31 (m, 1H), 7.26 – 7.22 (m, 1H), 7.12 (d, J = 8.6 Hz, 1H), 6.87 – 6.83 (m, 2H), 

6.70 (s, 1H), 5.15 (s, 2H), 4.57 – 4.43 (m, 1H), 4.09 (t, J = 5.3 Hz, 2H), 3.89 (t, J = 5.9 

Hz, 2H), 3.82 (t, J = 5.4 Hz, 2H), 3.72 (t, J = 5.8 Hz, 2H), 3.66 – 3.50 (m, 16H), 1.42 

(s, 9H), 1.17 (d, J = 6.0 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ 168.15, 159.29, 157.76, 

155.76, 154.13, 151.19, 150.19, 133.93, 132.04, 131.69, 130.89, 130.67, 129.74, 

128.93, 126.23, 124.48, 123.15, 123.06, 120.22, 112.57, 93.92, 83.61, 70.63, 70.48, 

70.00, 69.74, 67.83, 51.08, 50.38, 37.18, 27.52, 21.85. HRMS (ESI-MS) m/z: [M+H+] 

calculated for C46H56ClN6O11+: 903.3690, found 903.3704; C46H55ClN6O11 (903.43). 

 
General procedure I 
 

The corresponding phthalimides (4.031-4.037) were deprotected by hydrazinolysis. 

Therefore, 4.031-4.037 (1 eq) and hydrazine monohydrate (5 eq) were dissolved in 1-

butanol. The mixture was stirred at rt for 16 hours. After cooling the mixture to 0 °C 

using an ice bath, the precipitated phthalhydrazide was filtered off over celite. The 
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solvent was evaporated and purification was performed with preparative HPLC 

(MeCN/0.1% aqueous NH3 or MeCN/0.5% aqueous TFA).  

 

5-(2-((6-Aminohexyl)oxy)phenyl)-N-(4-chloro-2-isopropoxybenzyl)-
[1,2,4]triazolo[1,5-a]pyrimidin-7-amine dihydrotrifluoroacetate (4.038) 

The title compound was synthesized from 4.031 (150 mg, 0.203 

mmol, 1 eq) and hydrazine monohydrate (50.79 mg, 49 µL, 

1.015 mmol, 5 eq) in 5 mL 1-butanol according to the general 

procedure I (Rf = 0.15 in DCM/Methanol/NH3 conc. 50/50/1) 

yielding a colorless oil (7.92 mg, 5%). 1H NMR (300 MHz, 

CD3OD) δ 8.44 (s, 1H), 7.83 (d, J = 7.8 Hz, 1H), 7.41 – 7.25 (m, 

2H), 7.06 – 6.85 (m, 5H), 5.28 (s, 2H), 4.64 – 4.52 (m, 1H), 3.89 (t, J = 7.5 Hz, 2H), 

2.89 (t, J = 7.8 Hz, 2H), 1.89 – 1.75 (m, 2H), 1.70 – 1.58 (m, 2H), 1.48 – 1.39 (m, 4H), 

1.06 (d, J = 6.0 Hz, 6H). 13C NMR (75 MHz, CD3OD) δ 160.94, 159.38, 156.63, 155.86, 

151.32, 150.46, 132.74, 129.23, 129.19, 127.92, 124.21, 120.94, 120.10, 119.11, 

118.17, 117.84, 112.66, 90.74, 69.54, 51.11, 39.18, 27.47, 27.10, 25.85, 25.75, 20.70. 

HRMS (ESI-MS) m/z: [M+H+] calculated for C27H34ClN6O2+: 509.2426, found 509.2433; 
C27H33ClN6O2 x C4H2F6O4 (737.10). 

 
5-(3-((6-Aminohexyl)oxy)phenyl)-N-(4-chloro-2-isopropoxybenzyl)-
[1,2,4]triazolo[1,5-a]pyrimidin-7-amine (4.039) 

The title compound was synthesized from 4.032 (118 mg, 0.160 mmol, 

1 eq) and hydrazine monohydrate (39.85 mg, 39 μL, 0.798 mmol, 5 eq) 

in 4 mL 1-butanol according to the general procedure I (Rf = 0.15 in 

DCM/Methanol/NH3 conc. 50/50/1) yielding a colorless oil (11 mg, 9%). 
1H NMR (300 MHz, CD3OD) δ 8.34 (s, 1H), 7.49 – 7.39 (m, 2H), 7.32 – 

7.23 (m, 2H), 7.01 – 6.82 (m, 3H), 6.68 (s, 1H), 5.26 (s, 2H), 4.61 – 4.45 

(m, 1H), 3.79 (t, J = 7.6 Hz, 2H), 2.66 (t, J = 7.1 Hz, 2H), 1.82 – 1.68 

(m, 2H), 1.52 – 1.44 (m, 2H), 1.43 – 1.30 (m, 4H), 1.05 – 0.99 (m, 6H). 
13C NMR (75 MHz, CDCl3) δ 160.53, 159.96, 156.58, 155.81, 154.31, 

152.71, 133.66, 132.98, 131.03, 130.52, 128.84, 124.35, 123.77, 

122.28, 120.58, 120.18, 118.14, 95.61, 73.16, 54.47, 36.31, 31.08, 30.21, 26.73, 

24.54, 21.40. HRMS (ESI-MS) m/z: [M+H+] calculated for C27H34ClN6O2+: 509.2426, 

found 509.2428; C27H33ClN6O2 (509.05).  
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5-(4-((6-Aminohexyl)oxy)phenyl)-N-(4-chloro-2-isopropoxybenzyl)-
[1,2,4]triazolo[1,5-a]pyrimidin-7-amine (4.040) 

The title compound was synthesized from 4.033 (36 

mg, 0.049 mmol, 1 eq) and hydrazine monohydrate 

(12.26 mg, 12 μL, 0.245 mmol, 5 eq) in 4 mL 1-

butanol according to the general procedure I (Rf = 

0.15 in DCM/Methanol/NH3 conc. 50/50/1) yielding a 

colorless oil (3.9 mg, 16%). 1H NMR (300 MHz, 

CD3OD) δ 8.32 (s, 1H), 7.96 – 7.89 (m, 2H), 7.28 (d, J = 8.2 Hz, 1H), 6.99 (d, J = 2.1 

Hz, 1H), 6.93 – 6.85 (m, 3H), 6.69 (s, 1H), 5.23 (s, 2H), 4.57 – 4.49 (m, 1H), 3.83 (t, J 

= 7.4 Hz, 2H), 2.86 (t, J = 7.3 Hz, 2H), 1.86 – 1.72 (m, 2H), 1.68 – 1.56 (m, 2H), 1.41 

(q, J = 4.1 Hz, 4H), 1.02 (d, J = 6.0 Hz, 6H). HRMS (ESI-MS) m/z: [M+H+] calculated 

for C27H34ClN6O2+: 509.2426, found 509.2432; C27H33ClN6O2 (509.05). 

 

5-(2-(2-(2-(2-(2-Aminoethoxy)ethoxy)ethoxy)ethoxy)phenyl)-N-(4-chloro-2-
isopropoxybenzyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7-amine (4.041) 

The title compound was synthesized from 4.034 

(39.00 mg, 0.048 mmol, 1 eq) and hydrazine 

monohydrate (11.97 mg, 12 μL, 0.239 mmol, 5 eq) in 

4 mL 1-butanol according to the general procedure I 

(Rf = 0.35 in DCM/Methanol/NH3 conc. 50/50/1) 

yielding a colorless oil (11.7 mg, 36%). 1H NMR (300 

MHz, CD3OD) δ 8.36 (s, 1H), 7.87 (d, J = 7.9 Hz, 1H), 7.40 – 7.31 (m, 2H), 7.07 (s, 

1H), 7.02 (d, J = 1.9 Hz, 1H), 6.98 – 6.89 (m, 3H), 5.28 (s, 2H), 4.67 – 4.55 (m, 1H), 

4.24 (t, J = 5.1 Hz, 2H), 3.80 (t, J = 5.1 Hz, 2H), 3.58 – 3.53 (m, 2H), 3.51 – 3.43 (m, 

8H), 2.83 (t, J = 5.2 Hz, 2H), 1.12 (d, J = 6.0 Hz, 6H). 13C NMR (75 MHz, CD3OD) δ 

159.92, 156.90, 156.45, 155.39, 152.60, 151.03, 133.28, 132.69, 127.64, 124.67, 

120.08, 118.97, 118.08, 112.72, 90.26, 70.29, 70.20, 70.09, 69.56, 69.20, 51.22, 

49.44, 39.98, 20.73. HRMS (ESI-MS) m/z: [M+H+] calculated for C29H38ClN6O5+: 

585.2587, found 585.2584; C29H37ClN6O5 (585.10). 
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5-(3-(2-(2-(2-(2-Aminoethoxy)ethoxy)ethoxy)ethoxy)phenyl)-N-(4-chloro-2-
isopropoxybenzyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7-amine (4.042) 

The title compound was synthesized from 4.035 (49.10 mg, 

0.060 mmol, 1 eq) and hydrazine monohydrate (15.07 mg, 

15 μL, 0.301 mmol, 5 eq) in 4 mL 1-butanol according to the 

general procedure I (Rf = 0.35 in DCM/Methanol/NH3 conc. 

50/50/1) yielding a colorless oil (2.9 mg, 8%). 1H NMR (300 

MHz, CD3OD) δ 8.35 (s, 1H), 7.52 – 7.43 (m, 2H), 7.35 – 7.27 

(m, 2H), 7.01 (d, J = 2.0 Hz, 1H), 6.95 – 6.88 (m, 3H), 5.24 

(s, 2H), 4.67 – 4.51 (m, 1H), 4.22 (t, J = 5.1 Hz, 2H), 3.79 (t, 

J = 5.0 Hz, 2H), 3.57 – 3.51 (m, 2H), 3.50 – 3.41 (m, 8H), 

2.87 (t, J = 5.0 Hz, 2H), 1.09 (d, J = 6.0 Hz, 6H). HRMS (ESI-

MS) m/z: [M+H+] calculated for C29H38ClN6O5+: 585.2587, 

found 585.2595; C29H37ClN6O5 (585.10). 

 

5-(4-(2-(2-(2-(2-Aminoethoxy)ethoxy)ethoxy)ethoxy)phenyl)-N-(4-chloro-2-
isopropoxybenzyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7-amine (4.043) 

The title compound was synthesized from 

4.036 (51.00 mg, 0.063 mmol, 1 eq) and 

hydrazine monohydrate (15.66 mg, 15 μL, 

0.313 mmol, 5 eq) in 4 mL 1-butanol 

according to the general procedure I (Rf = 

0.35 in DCM/Methanol/NH3 conc. 50/50/1) 

yielding a colorless oil (8.6 mg, 20%). 1H NMR (400 MHz, CD3OD) δ 8.28 (s, 1H), 7.96 

– 7.90 (m, 2H), 7.30 (d, J = 8.1 Hz, 1H), 6.99 (d, J = 1.9 Hz, 1H), 6.92 – 6.82 (m, 4H), 

5.22 (s, 2H), 4.63 – 4.52 (m, 1H), 4.16 (t, J = 5.1 Hz, 2H), 3.77 (t, J = 5.1 Hz, 2H), 3.57 

– 3.51 (m, 2H), 3.50 – 3.38 (m, 8H), 2.74 (t, J = 5.3 Hz, 2H), 1.09 (d, J = 6.0 Hz, 6H). 
13C NMR (101 MHz, CD3OD) δ 161.62, 161.16, 157.56, 156.56, 152.68, 150.78, 

134.23, 130.51, 128.97, 127.84, 124.10, 119.93, 115.54, 113.02, 91.13, 71.03, 70.33, 

70.24, 70.14, 69.81, 69.18, 50.54, 50.33, 40.39, 20.54. HRMS (ESI-MS) m/z: [M+H+] 

calculated for C29H38ClN6O5+: 585.2587, found 585.2591; C29H37ClN6O5 (585.10). 
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5-(2-((17-Amino-3,6,9,12,15-pentaoxaheptadecyl)oxy)phenyl)-N-(2-
isopropoxybenzyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7-amine (4.044) 

The title compound was synthesized from 

4.037 (300.00 mg, 0.332 mmol, 1 eq) and 

hydrazine monohydrate (83.12 mg, 81 μL, 

1.660 mmol, 5 eq) in 10 mL 1-butanol 

according to the general procedure I (Rf = 

0.35 in DCM/Methanol/NH3 conc. 50/50/1) 

yielding a colorless oil (37.0 mg, 36%). 1H NMR (300 MHz, CD3OD) δ 8.34 (s, 1H), 

7.84 (dd, J = 8.1, 1.6 Hz, 1H), 7.39 – 7.27 (m, 2H), 7.08 – 6.84 (m, 5H), 5.28 (s, 2H), 

4.66 – 4.52 (m, 1H), 4.20 (t, J = 5.1 Hz, 2H), 3.80 (t, J = 5.1 Hz, 2H), 3.58 – 3.42 (m, 

18H), 2.80 (t, J = 5.3 Hz, 2H), 1.12 (d, J = 6.1 Hz, 6H). 13C NMR (75 MHz, CD3OD) δ 

161.50, 159.99, 156.51, 155.38, 152.74, 151.09, 134.30, 132.66, 130.43, 127.71, 

123.82, 120.04, 119.00, 118.12, 117.94, 113.08, 90.17, 70.85, 70.32, 70.22, 70.12, 

70.06, 70.04, 69.98, 69.76, 69.24, 50.98, 50.76, 40.37, 20.59. HRMS (ESI-MS) m/z: 

[M+H+] calculated for C33H46ClN6O7+: 673.3111, found 673.3124; C33H45ClN6O7 

(673.21). 

 

4.5.1.6 Synthesis and Analytical Data of Fluorescence Ligands 4.045-4.055 
 
General procedure J 
 
The corresponding fluorophore (5-TAMRA NHS ester (1 eq) or DY-549P1 NHS ester 

(1 eq)) was weighed into an Eppendorf reaction vessel. The amine precursors (4.038-
4.044, var. eq) and triethylamine (11 eq) were dissolved in DMF (100 µL) and added 

to the vessel. The solution was vigorously shaken for 3 hours at rt in the dark. 

Subsequently the reaction was stopped by adding 10% aqueous TFA (100 µL) and 

purified by preparative HPLC (MeCN/0.05% aqueous TFA (Method A) or MeCN/0.1% 

aqueous NH3 (Method B)). Due to the insufficient amount (< 0.5 mg) of DY-549P1 

fluorescent ligands 4.052-4.055 NMR could not be measured. The identity was 

confirmed by HRMS. 
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2-(3,6-Bis(dimethylamino)xanthylium-9-yl)-5-((6-(2-(7-((4-chloro-2-
isopropoxybenzyl)amino)-[1,2,4]triazolo[1,5-a]pyrimidin-5-
yl)phenoxy)hexyl)carbamoyl)benzoate hydrotrifluoroacetate (4.045) 

The title compound was prepared from 

precursor 4.038 (3.96 mg, 0.0054 mmol, 1.3 

eq), 5-TAMRA NHS ester (2.23 mg, 0.0042 

mmol, 1 eq) and triethylamine (6.19 µL, 

0.0465 mmol, 11 eq) according to the general 

procedure J (using method A for purification) 

yielding a fluffy purple solid (1.83 mg, 42%). 

RP-HPLC: 97% (tR = 18.31 min, k = 5.10). 1H NMR (400 MHz, CD3OD) δ 8.74 (d, J = 

1.8 Hz, 1H), 8.38 (s, 1H), 8.20 (dd, J = 7.9, 1.9 Hz, 1H), 7.83 (d, J = 8.1 Hz, 1H), 7.47 

(d, J = 8.0 Hz, 1H), 7.36 – 7.28 (m, 2H), 7.12 – 6.96 (m, 7H), 6.94 – 6.88 (m, 4H), 5.32 

(s, 2H), 4.62 – 4.52 (m, 1H), 3.88 (t, J = 7.7 Hz, 2H), 3.46 (t, J = 6.6 Hz, 2H), 3.30 (s*, 

12H, concealed), 1.87 – 1.79 (m, 2H), 1.72 – 1.65 (m, 2H), 1.52 – 1.46 (m, 4H), 1.05 

(d, J = 6.0 Hz, 6H). HRMS (ESI-MS) m/z: [M+H+] calculated for C52H54ClN8O6+: 

921.3849, found 921.3848; C52H53ClN8O6 x C2HF3O2 (1035.52). 

 

2-(3,6-Bis(dimethylamino)xanthylium-9-yl)-5-((6-(3-(7-((4-chloro-2-
isopropoxybenzyl)amino)-[1,2,4]triazolo[1,5-a]pyrimidin-5-
yl)phenoxy)hexyl)carbamoyl)benzoate hydrotrifluoroacetate (4.046) 

The title compound was prepared from precursor 4.039 (5.40 

mg, 0.0106 mmol, 1.5 eq), 5-TAMRA NHS ester (3.73 mg, 

0.0071 mmol, 1 eq) and triethylamine (10.36 μL, 0.0778 mmol, 

11 eq) according to the general procedure J (using method A for 

purification) yielding a fluffy purple solid (1.993 mg, 18%). RP-

HPLC: 97% (tR = 17.08 min, k = 4.69). 1H NMR (400 MHz, 

CD3OD) δ 8.73 (d, J = 1.7 Hz, 1H), 8.34 (s, 1H), 8.19 (dd, J = 

7.9, 1.8 Hz, 1H), 7.49 – 7.40 (m, 3H), 7.31 – 7.24 (m, J = 8.6 Hz, 

2H), 7.13 – 6.95 (m, 7H), 6.92 – 6.86 (m, J = 7.2, 5.4, 2.2 Hz, 

2H), 6.70 (s, 1H), 5.28 (s, 2H), 4.59 – 4.51 (m, 1H), 3.85 (t, 2H), 

3.48 – 3.43 (m, 2H), 3.30 (s*, 12H, concealed), 1.86 – 1.78 (m, 2H), 1.71 – 1.65 (m, 

2H), 1.52 – 1.45 (m, 4H), 1.02 (d, J = 6.0 Hz, 6H). HRMS (ESI-MS) m/z: [M+H+] 
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calculated for C52H54ClN8O6+: 921.3850, found 921.3849; C52H53ClN8O6 x C2HF3O2 

(1035.52). 

 

2-(3,6-Bis(dimethylamino)xanthylium-9-yl)-5-((6-(4-(7-((4-chloro-2-
isopropoxybenzyl)amino)-[1,2,4]triazolo[1,5-a]pyrimidin-5-
yl)phenoxy)hexyl)carbamoyl)benzoate hydrotrifluoroacetate (4.047) 

The title compound was prepared from precursor 

4.040 (0.65 mg, 0.0013 mmol, 1.4 eq), 5-TAMRA 

NHS ester (0.50 mg, 0.0009 mmol, 1 eq) and 

triethylamine (1.39 μL, 0.0104 mmol, 11 eq) 

according to the general procedure J (using 

method A for purification) yielding a fluffy purple solid (0.635 mg, 65%). RP-HPLC: > 

99% (tR = 15.87 min, k = 4.29). 1H NMR (400 MHz, CD3OD) δ 8.74 (s, 1H), 8.22 – 8.17 

(m, 1H), 7.91 (d, J = 8.7 Hz, 2H), 7.47 (d, J = 7.9 Hz, 1H), 7.28 (d, J = 8.1 Hz, 1H), 

7.11 (d, 2H), 7.05 – 6.97 (m, 5H), 6.91 – 6.84 (m, 4H), 6.70 (s, 1H), 5.26 (s, 2H), 4.57 

– 4.51 (m, 1H), 3.83 (t, J = 7.7 Hz, 2H), 3.47 (m, 2H), 3.30 (s*, 12H, concealed), 1.85 

– 1.77 (m, 2H), 1.71 – 1.66 (m, 2H), 1.50 – 1.45 (m, 4H), 1.02 (d, J = 6.0 Hz, 6H). 

HRMS (ESI-MS) m/z: [M+H+] calculated for C52H54ClN8O6+: 921.3850, found 921.3849; 

C52H53ClN8O6 x C2HF3O2 (1035.52). 

 

2-(3,6-Bis(dimethylamino)xanthylium-9-yl)-5-((2-(2-(2-(2-(2-(7-((4-chloro-2-
isopropoxybenzyl)amino)-[1,2,4]triazolo[1,5-a]pyrimidin-5-
yl)phenoxy)ethoxy)ethoxy)ethoxy)ethyl)carbamoyl)benzoate 
hydrotrifluoroacetate (4.048) 

The title compound was prepared from precursor 

4.041 (1.92 mg, 0.0050 mmol, 3 eq), 5- TAMRA 

NHS ester (0.60 mg, 0.0011 mmol, 1 eq) and 

triethylamine (1.67 μL, 0.0125 mmol, 11 eq) 

according to the general procedure J (using 

method A for purification), yielding a fluffy purple 

solid (1.091 mg, 86%). RP-HPLC: > 99% (tR= 

16.95 min, k = 4.65). 1H NMR (400 MHz, CD3OD) δ 8.71 (d, J = 1.8 Hz, 1H), 8.24 – 

8.19 (m, 2H), 7.75 (dd, J = 8.2, 1.6 Hz, 1H), 7.40 (d, J = 7.9 Hz, 1H), 7.31 – 7.26 (m, 

1H), 7.23 (d, J = 8.2 Hz, 1H), 6.99 (d, J = 9.4 Hz, 2H), 6.95 (d, J = 1.9 Hz, 1H), 6.91 – 
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6.80 (m, 8H), 5.23 (s, 2H), 4.56 – 4.48 (m, 1H), 4.06 (t, J = 5.3 Hz, 2H), 3.71 (t, J = 5.2 

Hz, 2H), 3.63 – 3.56 (m, 4H), 3.54 – 3.48 (m, 8H), 3.22 (s, 12H), 1.02 (d, J = 6.0 Hz, 

6H). HRMS (ESI-MS) m/z: [M+H+] calculated for C54H58ClN8O9+: 997.4010, found 

997.4006; C54H57ClN8O9 x C2HF3O2 (1111.57). 

 

2-(3,6-Bis(dimethylamino)xanthylium-9-yl)-5-((2-(2-(2-(2-(3-(7-((4-chloro-2-
isopropoxybenzyl)amino)-[1,2,4]triazolo[1,5-a]pyrimidin-5-
yl)phenoxy)ethoxy)ethoxy)ethoxy)ethyl)carbamoyl)benzoate 
hydrotrifluoroacetate (4.049) 

The title compound was prepared from precursor 4.042 

(1.35 mg, 0.0023 mmol, 1 eq), 5- TAMRA NHS ester (1.22 

mg, 0.0023 mmol, 1 eq) and triethylamine (3.38 μL, 0.0254 

mmol, 11 eq) according to the general procedure J (using 

method A for purification) yielding a fluffy purple solid 

(1.508 mg, 59%). RP-HPLC: > 99% (tR = 15.20 min, k = 

4.07). 1H NMR (400 MHz, CD3OD) δ 8.70 (s, 1H), 8.25 (s, 

1H), 8.19 (d, J = 7.6 Hz, 1H), 7.44 – 7.38 (m, 3H), 7.27 – 

7.21 (m, 2H), 7.06 (d, J = 9.6 Hz, 2H), 6.99 – 6.83 (m, 7H), 

6.79 (s, 1H), 5.22 (s, 2H), 4.60 – 4.51 (m, 1H), 4.08 (t, J = 

5.3 Hz, 2H), 3.74 (t, J = 5.2 Hz, 2H), 3.68 – 3.60 (m, 4H), 

3.58 – 3.50 (m, 8H), 3.24 (s, 12H), 1.04 (d, J = 6.0 Hz, 6H). 

HRMS (ESI-MS) m/z: [M+H+] calculated for C54H58ClN8O9+: 997.4010, found 997.4020; 

C54H57ClN8O9 x C2HF3O2 (1111.57). 
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2-(3,6-Bis(dimethylamino)xanthylium-9-yl)-5-((2-(2-(2-(2-(4-(7-((4-chloro-2- 
isopropoxybenzyl)amino)-[1,2,4]triazolo[1,5-a]pyrimidin-5- 
yl)phenoxy)ethoxy)ethoxy)ethoxy)ethyl)carbamoyl)benzoate 
hydrotrifluoroacetate (4.050) 

The title compound was prepared from 

precursor 4.043 (2.90 mg, 0.0050 mmol, 

2.2 eq), 5-TAMRA NHS ester (1.20 mg, 

0.0023 mmol, 1 eq) and triethylamine 

(3.33 μL, 0.0250 mmol, 11 eq) according 

to the general procedure J (using method 

A for purification), yielding a fluffy purple 

solid (2.231 mg, 88%). RP-HPLC: > 99% (tR = 15.22 min, k = 4.07). 1H NMR (400 MHz, 

CD3OD) δ 8.75 (d, J = 1.8 Hz, 1H), 8.24 (dd, J = 7.9, 1.8 Hz, 1H), 7.89 (d, 2H), 7.45 

(d, J = 7.9 Hz, 1H), 7.25 (d, J = 8.1 Hz, 1H), 7.04 (d, J = 9.4 Hz, 2H), 6.99 – 6.76 (m, 

10H), 5.21 (s, 2H), 4.60 – 4.50 (m, 1H), 4.04 (t, J = 5.3 Hz, 2H), 3.74 (t, J = 5.2 Hz, 

2H), 3.68 – 3.61 (m, 4H), 3.58 – 3.53 (m, 8H), 3.25 (s, 12H), 1.05 (d, J = 6.0 Hz, 6H). 

HRMS (ESI-MS) m/z: [M+H+] calculated for C54H58ClN8O9+: 997.4010, found 997.4012; 

C54H57ClN8O9 x C2HF3O2 (1111.57). 

 

2-(3,6-bis(Dimethylamino)xanthylium-9-yl)-5-((17-(2-(7-((4-chloro-2-
isopropoxybenzyl)amino)-[1,2,4]triazolo[1,5-a]pyrimidin-5-yl)phenoxy)-
3,6,9,12,15-pentaoxaheptadecyl)carbamoyl)benzoat hydrotrifluoroacetate 
(4.051) 

The title compound was prepared from 

precursor 44 (18.60 mg, 0.0365 mmol, 

3.1 eq), 5-TAMRA NHS ester (6.20 mg, 

0.0118 mmol, 1 eq) and triethylamine 

(17.21 μL, 0.1293 mmol, 11 eq) 

according to the general procedure J 

(using method A for purification) yielding 

a fluffy purple solid (9.34 mg, 66%). RP-HPLC: 98% (tR = 16.80 min, k = 4.60). 1H NMR 

(400 MHz, CD3OD) δ 8.82 (d, J = 1.8 Hz, 1H), 8.40 (s, 1H), 8.32 (dd, J = 7.9, 1.9 Hz, 

1H), 7.85 (d, J = 8.0 Hz, 1H), 7.52 (d, J = 7.9 Hz, 1H), 7.39 – 7.30 (m, 2H), 7.11 (d, J 

= 1.0 Hz, 2H), 7.04 (s, 2H), 7.01 – 6.88 (m, 7H), 5.31 (s, 2H), 4.68 – 4.57 (m, 1H), 4.16 
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(t, J = 5.1 Hz, 2H), 3.80 (t, J = 5.1 Hz, 2H), 3.76 – 3.49 (m, 20H), 3.30 (s, 12H), 1.15 

(d, J = 6.0 Hz, 6H). 13C NMR (101 MHz, CD3OD) δ 166.74, 165.93, 161.35, 159.82, 

157.49, 157.41, 156.53, 152.31, 151.06, 136.64, 136.28, 134.37, 132.73, 131.44, 

131.01, 130.57, 130.43, 130.03, 127.80, 123.72, 120.06, 119.06, 118.08, 114.08, 

113.24, 113.14, 96.04, 90.39, 70.39, 70.31, 70.23, 70.19, 70.11, 70.03, 69.93, 69.09, 

51.05, 50.73, 39.89, 39.52, 20.59. HRMS (ESI-MS) m/z: [M+H+] calculated for 

C58H66ClN8O11+: 1085.4534, found 1085.4548; C58H65ClN8O11 x C2HF3O2 (1199.68). 

 

Triammonium 2-((E)-3-((E)-1-(1-(2-(7-((4-chloro-2-isopropoxybenzyl)amino)-
[1,2,4]triazolo[1,5-a]pyrimidin-5-yl)phenoxy)-13-oxo-3,6,9-trioxa-12-
azaoctadecan-18-yl)-3-methyl-5-sulfo-3-(3-sulfopropyl)indolin-2-ylidene)prop-1-
en-1-yl)-1-(2-methoxyethyl)-3-methyl-5-sulfo-3-(3-sulfopropyl)-3H-indol-1-ium 
(4.052) 

The title compound was prepared 

from precursor 4.041 (8.06 mg, 

0.0138 mmol, 71.6 eq), DY-549P1 

NHS ester (0.20 mg, 0.0002 mmol, 1 

eq) and triethylamine (0.28 μL, 

0.0021 mmol, 11 eq) according to the 

general procedure J (using method B 

for purification) yielding a fluffy purple solid (0.25 mg, 84%). RP-HPLC: > 99% (tR = 

6.44 min, k = 1.34). HRMS (ESI-MS) m/z: [M+H+] calculated for C65H84ClN8O19S4+: 

1443.4419, found 1443.4405; C65H83ClN8O19S4 x 3 NH3 (1495.20). 
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Triammonium 2-((E)-3-((E)-1-(1-(3-(7-((4-chloro-2-isopropoxybenzyl)amino)-
[1,2,4]triazolo[1,5-a]pyrimidin-5-yl)phenoxy)-13-oxo-3,6,9-trioxa-12-
azaoctadecan-18-yl)-3-methyl-5-sulfo-3-(3-sulfopropyl)indolin-2-ylidene)prop-1-
en-1-yl)-1-(2-methoxyethyl)-3-methyl-5-sulfo-3-(3-sulfopropyl)-3H-indol-1-ium 
(4.053) 

The title compound was prepared from precursor 

4.042 (0.58 mg, 0.0010 mmol, 5.2 eq), DY-549P1 

NHS ester (0.20 mg, 0.0002 mmol, 1 eq) and 

triethylamine (0.28 μL, 0.0021 mmol, 11 eq) 

according to the general procedure J (using method 

B for purification) yielding a fluffy purple solid (0.299 

mg, 100%). RP-HPLC: > 99% (tR = 5.70 min, k = 

0.9). HRMS (ESI-MS) m/z: [M-2H]2- calculated for 

C65H81ClN8O19S42-: 720.2100, found 720.2114; 

C65H83ClN8O19S4 x 3 NH3 (1495.20). 
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azaoctadecan-18-yl)-3-methyl-5-sulfo-3-(3-sulfopropyl)indolin-2-ylidene)prop-1-
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(4.054) 

The title compound was 

prepared from precursor 4.043 

(0.45 mg, 0.0008 mmol, 4 eq), 

DY-549P1 NHS ester (0.20 mg, 

0.0002 mmol, 1 eq) and 

triethylamine (0.28 μL, 0.0021 

mmol, 11 eq) according to the 

general procedure J (using method B for purification) yielding a fluffy purple solid 
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(0.290 mg, 97%). RP-HPLC: > 99% (tR = 4.92 min, k = 0.64). HRMS (ESI-MS) m/z: [M-

2H]2- calculated for C65H81ClN8O19S42-: 720.2100, found 720.2109; C65H83ClN8O19S4 x 

3 NH3 (1495.20). 

 

Triammonium 2-((E)-3-((E)-1-(1-(2-(7-((4-chloro-2-isopropoxybenzyl)amino)-
[1,2,4]triazolo[1,5-a]pyrimidin-5-yl)phenoxy)-19-oxo-3,6,9,12,15-pentaoxa-18-
azatetracosan-24-yl)-3-methyl-5-sulfo-3-(3-sulfopropyl)indolin-2-ylidene)prop-1-
en-1-yl)-1-(2-methoxyethyl)-3-methyl-5-sulfo-3-(3-sulfopropyl)-3H-indol-1-ium 
(4.055) 

The title compound was 

prepared from precursor 

4.044 (2.09 mg, 0.0027 

mmol, 14 eq), DY-549P1 

NHS ester (0.20 mg, 0.0002 

mmol, 1 eq) and triethylamine 

(0.28 μL, 0.0021 mmol, 11 

eq) according to the general procedure J (using method B for purification), yielding a 

fluffy purple solid (0.317 mg, 100%). RP-HPLC: > 99% (tR = 6.64 min, k = 1.41). HRMS 

(ESI-MS) m/z: [M+H+] calculated for C69H92ClN8O21S4+: 1531.4943, found 1531.4935; 

C69H91ClN8O21S4 x 3 NH3 (1583.31). 
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4.5.1.7 Recording of Fluorescence Excitation and Emission Spectra of 5-
TAMRA- and DY-549P1-labeled AF64394 Analogs 

 
The fluorescent compounds were diluted in DMSO to a concentration of 20 μM. 100 μL 

of each ligand preparation or DMSO (blank) was added to a well of a black 96-well 

plate and the excitation and emission spectra were recorded using a CLARIOstar plate 

reader with the following measurement settings: Excitation scan: emission wavelength 

610-10 nm; Excitation range 500 – 585 nm with 1 nm increments; Gain 800. Emission 

scan: excitation wavelength 522 nm; emission range 550 – 650 nm with 1 nm 

increments; Gain 800.  

 

4.5.1.8 Homology Modelling 
 
Templates were chosen based on the alignment in GPCRdb.557 Accordingly, 

sphingosine-1-phosphate receptor 5 (S1P5) with 31% identity and 46% similarity to 

GPR3 was chosen as a template. Homology modelling was performed in 

MODELLER.558 Two models, one active based on 7ew1, and one inactive based on 

7yxa, were built. Five hundred model variants were generated based on each template 

and to find representative models, they were clustered in Chimera559. The best five 

representative models were selected, and their quality was investigated by considering 

DOPE (discrete optimized protein energy) score, MODELLER objective function value, 

RMSD (compared to the template) and normalized DOPE values (z-score). Model 

statistics are provided in the Supplementary Information (cf. Table 4.02, chapter 4.6.4). 

 
4.5.1.9 Docking Calculations 
 
The 3D structures of the small molecules in db2 format were generated in 

tldr.docking.org using the newBuild3D module. Docking calculations were performed 

in DOCK3.7560. The obtained poses were then minimized using a variant of MMFF94 

(Merck Molecular force field), MMFF94x561, in the Molecular Operating Environment 

(MOE) software562. In the minimization step, the ligand and the surrounding binding 

pocket residues were subjected to minimization. PyMOL (The PyMOL Molecular 

Graphics System, Version 2.0, Schrödinger, LLC) was used for visualization of the 

poses. 
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4.5.2 Biology 
4.5.2.1 Plasmids and Molecular Cloning 
 

The expression plasmids encoding N-terminally HA-tagged GPR3 (cat. no. 

#GPR003TN00), GPR6 (cat. no. #GPR0060000), and N-terminally HA-tagged GPR12 

(cat. no. #GPR012TN00) all encoded on a pcDNA3.1+ vector were obtained from the 

cDNA resource center (cdna.org). The Nluc insert was amplified with overhangs from 

α2AAR-Nluc/HaloTag518 and inserted between the HA-tag sequence and GPR3 using 

prolonged overlap extension PCR. Nluc-GPR6 and Nluc-GPR12 were cloned using 

restriction enzyme digestion and ligation. Nluc-AT1R, Nluc-β1AR, Nluc-β2AR, and Nluc-

M1R were described previously.536 Plasmid encoding CRE-Fluc 

(pGL4.29[luc2P/CRE/Hygro]) was obtained from Promega. All constructs were verified 

by sequencing (Eurofins genomics).  

 

4.5.2.2 Reagents 
 
Poly-D-lysine was obtained from Sigma Aldrich (Merck KGaA). Dulbecco's Modified 

Eagle's Medium (DMEM) and G-418 (Geneticin) were from Gibco. 

Diphenyleneiodonium chloride (DPI) and AF64394 were purchased from Tocris (Bio-

Techne). The Nluc substrates furimazine (cat. no. N1572) and vivazine (cat. no. 

N2581) were from Promega (Madison). White-wall, white-bottomed 96-well and black-

wall, black bottomed 96-well microtiter plates were from Brand. 

 

4.5.2.3 Cell Culture 
 
HEK293A were used for experiment upon transient transfection and grown in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 2 mM glutamine, 

10% fetal calf serum, streptomycin (0.1 mg/mL), and penicillin (100 U/mL) at 37 °C 

with 5% CO2. For the generation of stable Nluc-GPR3 cells, HEK293A cells grown in 

T75 flasks were transfected at a confluence of 40–50% with 1 μg of DNA. To select for 

stably expressing cells, transfected cells were cultured with 2000 μg/mL of G-418 and 

maintained in fully supplemented DMEM containing 500 μg/mL G-418. Absence of 

mycoplasma contamination was routinely confirmed by PCR. 
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4.5.2.4 Transient Transfection and Plating 
 
Resuspended cells (300,000 cells/mL) were transfected in suspension with a total of 

1 μg DNA/mL suspension using Lipofectamine 2000 (Thermo Fisher Scientific; 2 μL 

Lipofectamine 2000 per μg DNA). For reporter gene experiments, resuspended cells 

were transfected with 500 ng pcDNA or wildtype GPR3 along with 500 ng CRE-Fluc 

plasmid per mL cell suspension. Cells mixed with the transfection reagents were 

seeded onto poly-D-lysine–precoated, white 96-well plates and grown for 48 h at 37 °C 

with 5% CO2. Stable Nluc-GPR3 expressing cells were seeded 24 h prior to the 

experiment at a density of 800,000 cells/mL into white 96-well plates.  

 
4.5.2.5 Recording of Nluc-GPR3 Luminescence Spectrum 
 
HEK293A cells stably expressing Nluc-GPR3 were seeded as described above. 

Luminescence emission was recorded between 400 and 700 nm with 2 nm resolution 

in Hank’s balanced salt solution (HBSS) upon addition of 1:1000 furimazine dilution. 

All experiments were conducted using a CLARIOstar plate reader (BMG, Ortenberg, 

Germany) and spectra were normalized to the donor emission peak. 

 
4.5.2.6 NanoBRET-based Ligand Binding Experiments 
 
HEK293A transiently or stably expressing the indicated Nluc-GPCR constructs were 

grown for 48 or 24 h, respectively, and washed once with HBSS. For time-course 

saturation binding experiments cells were then incubated with 1/100 vivazine solution 

(in HBSS) for 2 h, stimulated with fluorescent compounds or vehicle control and the 

BRET ratios were recorded using a Spark multimode reader (Tecan, Männedorf, 

Switzerland) for 180 minutes with a temporal resolution of one data point per minute. 

For endpoint BRET measurements fluorescent compounds were incubated with or 

without competitor (AF64394) / modulator (DPI) for 3 h in HBSS. Following this 

incubation period, 1/1000 furimazine (in HBSS) was added to the wells and three BRET 

reads were recorded and averaged. All experiments were conducted at 37 °C. Nluc 

emission intensity was quantified between 430 and 530 nm with an integration time of 

50 ms. TAMRA and DY-549P1 emission were quantified between 565 and 620 nm with 

an integration time of 50 ms.  
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4.5.2.7 CRE Reporter Gene Assay 
 
Transfected cells grown in 96-well plates were washed with 100 μL of HBSS 24 h after 

transfection and incubated for another 24 h in fetal bovine serum (FBS)–free, fully 

supplemented DMEM containing either vehicle control, 10 μM AF64394 or 10 μM 

4.045. The day of the experiment, cells were washed with HBSS and lysed in 30 μL of 

Promega’s dual luciferase passive lysis buffer (15 min, room temperature). Then, 

30 μL of luciferase assay reagent (LARII) was added to each well and CRE–dependent 

firefly luciferase (Fluc) intensity was measured at 37 °C using a CLARIOstar microplate 

reader (580/80 nm; 800 ms integration time).  

 

4.5.3 Data Analysis 
 
BRET ratios were defined as acceptor emission/donor emission. The first BRET ratio 

of a time-course experiments was defined as BRET (Ratiobasal). To quantify ligand-

induced changes DBRET was calculated for each well as a percent over basal 

([(Ratiostim − Ratiobasal)/Ratiobasal] × 100). Subsequently, the average DBRET of vehicle 

control was subtracted. Data from BRET experiments were fitted using a three-

parameter fit. Linear vs. exponential correlation for the data obtained from off-target 

binding experiments (cf. Figure 4.004C) was tested using the Extra-sum-of-squares F-

test (p < 0.05). For competition experiments of 4.045 with AF64394 or DPI, the 

preferred model (three vs. four parameter log[agonist] vs. response fit) was determined 

using an Extra-sum-of-squares F-test. Based on the outcome of this test, a three-

parameter fit was used to fit the competition data with AF64394 (cf. Figure 4.005B) and 

a four-parameter fit (variable hill slope) was used to fit the modulation of 4.045 binding 

by DPI (cf. Figure 4.005C). Data shown are mean values ± SEM of N independent 

experiments. Reporter gene experiments were analyzed by plotting the raw intensity 

in the Fluc emission channel and statistical significance was tested using Two-way-

ANOVA followed by Dunnett’s multiple comparison (****p < 0.0001). Data were 

analyzed using Prism 5.0 software (GraphPad, San Diego, CA, USA). 
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4.6 Supplementary Material 
4.6.1 NMR Spectra of Compounds 4.038-4.044 and 4.045-4.051 
 

 
Figure 4.006. 1H NMR spectrum (300 MHz, CD3OD) of compound 4.038. 

 
Figure 4.007. 1H NMR spectrum (300 MHz, CD3OD) of compound 4.039. 
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Figure 4.008. 1H NMR spectrum (300 MHz, CD3OD) of compound 4.040. 

 
Figure 4.009. 1H NMR spectrum (300 MHz, CD3OD) of compound 4.041. 
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Figure 4.010. 1H NMR spectrum (300 MHz, CD3OD) of compound 4.042. 

 
Figure 4.011. 1H NMR spectrum (400 MHz, CD3OD) of compound 4.043. 
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Figure 4.012. 1H NMR spectrum (300 MHz, CD3OD) of compound 4.044. 
 

 
Figure 4.013. 1H NMR spectrum (400 MHz, CD3OD) of compound 4.045. 
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Figure 4.014. 1H NMR spectrum (400 MHz, CD3OD) of compound 4.046. 

 
Figure 4.015. 1H NMR spectrum (400 MHz, CD3OD) of compound 4.047. 
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Figure 4.016. 1H NMR spectrum (400 MHz, CD3OD) of compound 4.048. 

 
Figure 4.017. 1H NMR spectrum (400 MHz, CD3OD) of compound 4.049. 
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Figure 4.018. 1H NMR spectrum (400 MHz, CD3OD) of compound 4.050. 

 
Figure 4.019. 1H NMR spectrum (400 MHz, CD3OD) of compound 4.051. 
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Figure 4.020. 13C NMR spectrum (101 MHz, CD3OD) of compound 4.051. 
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4.6.2 RP-HPLC Purity Control of Compounds 4.045-4.055 
 

 

Figure 4.021. RP-HPLC analysis (purity control) of compound 4.045 (A) (97%, 220 nm) and 
compound 4.045 (B) (97%, 543 nm). 

 

Figure 4.022. RP-HPLC analysis (purity control) of compound 4.046 (A) (97%, 220 nm) and 
compound 4.046 (B) (97%, 543 nm). 

 

Figure 4.023. RP-HPLC analysis (purity control) of compound 4.047 (A) (> 99%, 220 nm) and 
compound 4.047 (B) (> 99%, 543 nm). 
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Figure 4.024. RP-HPLC analysis (purity control) of compound 4.048 (A) (> 99%, 220 nm) and 
compound 4.048 (B) (> 99%, 543 nm). 

 

Figure 4.025. RP-HPLC analysis (purity control) of compound 4.049 (A) (> 99%, 220 nm) and 
compound 4.049 (B) (> 99%, 543 nm). 

 

Figure 4.026. RP-HPLC analysis (purity control) of compound 4.050 (A) (> 99%, 220 nm) and 
compound 4.050 (B) (> 99%, 543 nm). 
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Figure 4.027. RP-HPLC analysis (purity control) of compound 4.051 (A) (98%, 220 nm) and 
compound 4.051 (B) (98%, 543 nm). 

 

Figure 4.028. RP-HPLC analysis (purity control) of compound 4.052 (A) (> 99%, 220 nm) and 
compound 4.052 (B) (> 99%, 560 nm). 

 

Figure 4.029. RP-HPLC analysis (purity control) of compound 4.053 (A) (> 99%, 220 nm) and 
compound 4.053 (B) (> 99%, 560 nm). 
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Figure 4.030. RP-HPLC analysis (purity control) of compound 4.054 (A) (> 99%, 220 nm) and 
compound 4.054 (B) (> 99%, 560 nm). 

 

Figure 4.031. RP-HPLC analysis (purity control) of compound 4.055 (A) (> 99%, 220 nm) and 
compound 4.055 (B) (> 99%, 560 nm). 

 

4.6.3 RP-HPLC Stability Control of Compound 4.046 and 4.048 
 

 
Figure 4.032. RP-HPLC analysis (stability control, 220 nm) of 4.046 at rt for 104 days in 
DMSO. 
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Figure 4.033. RP-HPLC analysis (stability control, 540 nm) of 4.046 at rt for 104 days in 
DMSO.  

 
Figure 4.034. RP-HPLC analysis (stability control, 220 nm) of 4.048 at rt for 104 days in 
aqueous solution. 

 
Figure 4.035. RP-HPLC analysis (stability control, 540 nm) of 4.048 at rt for 104 days in 
aqueous solution. 
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4.6.4 Computational Chemistry 
 
Table 4.02. Model statistics. Model representative colored in gray were used in the docking 
calculations. 

 

 
Figure 4.036. Docking poses of AF64394 derivatives to the active-state model of GPR3. A) 
Chemical 2D structures of docked AF64394 derivatives with methoxy substituents in ortho-, 
meta- or para-position of the phenyl ring. B) Side view of the docking poses of the three 
molecules when docked to the 7ew1-based GPR3 model. Orange: ortho- , green: meta- and 
pink: para-substituted AF64394 derivative.  

Template #Cluster 
Representative 
model #Models DOPE 

MODELLER 
objective 
function 

Normalized 
z-score RMSD 

7ew1     
 0 B99990353.pdb 221 -30928.842 2148.2905 0.987 1.15 
 1 B99990068.pdb 41 -30854.664 1603.4868 1.006 1.17 
 2 B99990011.pdb 34 -31040.699 1660.6511 0.958 1.21 
 3 B99990373.pdb 31 -30775.529 1785.2535 1.026 1.13 
 4 B99990157.pdb 22 -30620.879 1741.6594 1.066 1.2 
7yxa      
 0 B99990364.pdb 155 -35546.75 1798.2273 0.287 1.95 
 1 B99990146.pdb 65 -35827.797 1795.4095 0.219 1.39 
 2 B99990473.pdb 47 -35724.945 1794.1129 0.244 1.88 
 3 B99990165.pdb 25 -35637.68 1760.5212 0.265 1.79 
 4 B99990427.pdb 25 -35887.918 1844.0547 0.205 1.97 
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4.6.5 Fluorescence Properties 
 

 
Figure 4.037. Corrected excitation and emission spectra of 4.045-4.055 overlayed with the 
bioluminescence emission spectrum of NLuc-GPR3 (λem,max = 456 nm). Spectra of 4.045-4.055 
were recorded in DMSO. 
 
Table 4.03. Excitation/emission maxima of 4.045-4.055 determined in DMSO.  

Comp. λexc,max/λem,max (nm) Comp. λexc,max/λem,max (nm) 

4.045 564 / 599 4.051 564 / 599 

4.046 564 / 599 4.052 568 / 591 

4.047 563 / 596 4.053 569 / 591 

4.048 564 / 596 4.054 568 / 591 

4.049 564 / 599 4.055 568 / 592 
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5 Abbreviations 
 
5-HT1A    serotonin 1A receptor  
5-TAMRA  5-carboxy-tetramethylrhodamin 
α1A   adrenoreceptor α1A  
α2A   adrenoreceptor α2A  
β1   adrenoceptor β1  
β2   adrenoceptor β2  
βarr2 or ARRB2 β-arrestin2 gene/protein  
δ    chemical shift in ppm  
μOR   μ opioid receptor 
Aβ    amyloid β   
AADC    aromatic L-amino acid decarboxylase 
AC    adenylate cyclase 
ACSF    artificial cerebrospinal fluid 
AD    Alzheimer's disease 
ADHD    attention deficit hyperactivity disorder 
Apaf-1   Apoptotic Protease-activating Factor 1 
APCI    atmospheric pressure chemical ionization 
APP    amyloid precursor protein 
Ar    argon 
AT1R    angiotensin II receptor type 1 
ATP    adenosine triphosphate 
AU    absorption units  
BB   building block  
BBB    blood-brain barrier 
BH    bases 
Boc    tert-butoxycarbonyl 
Boc2O   di-tert-butyl dicarbonate 
BRET    bioluminescence resonance energy transfer 
BSA    bovine serum albumin 
c    molar concentration  
CaM    calmodulin 
CaMK    Ca2+/calmodulin-dependent protein kinase 
cAMP    cyclic adenosine monophosphate 
CARD    caspase recruitment domain 
Casp    caspase 
cat.    catalyst 
CBD    cannabidiol 
CDCl3    deuterated chloroform;  
CDI    1,1'-carbonyldiimidazole 
cf.    confer/conferatur  
CHAPS   3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate 
CH2Cl2   dichloromethane  
CNS    central nervous system 
Comp.   compound 
CREB    cAMP-response element-binding protein 
CRE-Luc   cAMP-response element driven transcriptional luciferase reporter 
CRG    covalent reactive group 
DAD    diode array detector  
DAG    diglyceride or diacylglycerol 
DAO    diamine oxidase 
DED    death effector domain 
DIC    N,N′-diisopropylcarbodiimide 
DIPEA   N,N-diisopropylethylamine 
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DISC    death-inducing signaling complex 
DIV    days in vitro 
DMAP    4-dimethylamino pyridine 
DMEM   Dulbecco's Modified Eagle's Medium 
DMF    dimethylformamide 
DMSO   dimethyl sulfoxide  
DMSO-d6   deuterated DMSO 
DPI    diphenyleneiodonium chloride  
DxR    dopamine receptor subtype x  
DTT    dithiothreitol 
EBSS    Earle’s Balanced Salt Solution 
ECL    enterochromaffin-like 
EDCI    1-ethyl-3-(3-dimethylaminopropyl)carbodiimid 
e.g.    exempli gratia 
EI    electron ionization 
EL    extracellular loop 
Eluc    Emerald luciferase  
ElucC    C-terminal Eluc fragment 
ElucN    N-terminal Eluc fragment  
Emax    maximal inducible receptor response referenced to a standard  
   compound  
ENS    enteric nervous system 
eq.    equivalent 
ER    endoplasmic reticulum 
ESI    electrospray ionization 
Et2O    diethyl ether  
EtOAc    ethyl acetate  
EtOH    ethanol  
FAAH   fatty acid amide hydrolase 
FADD   Fas-associated death domain 
FBS    fetal bovine serum 
FDA    US Food and Drug Administration 
FTD    Frontotemporal dementia 
FTDP-17   Frontotemporal dementia with parkinsonism-17 
g    gram(s) or number of times the gravitational force  
GABA   γ-aminobutyric acid 
GDP    guanosine diphosphate 
GI    gastrointestinal 
gp    guinea pig  
GPCRs   G-protein-coupled receptors 
GRKs    G protein-coupled receptor kinases 
GTP    guanosine triphosphate 
GTPγS  guanosine 5′-O-[γ-thio]phosphate) 
h   human 
HA    proton donor 
HATU    1-[Bis(dimethylamin)methylen]-1H-1,2,3-triazol[4,5-b]pyridinium-3-oxid-
   hexafluorophosphat 
HBA    H-bond acceptors 
HBD    H-bond donors 
HBSS    Hank’s balanced salt solution 
HD    Huntington disease 
HDC    L-histidine decarboxylase 
HEK293T   human embryonic kidney 293T cells  
HEPES   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
Het    heterocycle  
HFIP    hexafluoroisopropanol 
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HNMT    histamine N-methyltransferase 
HOBt    1-hydroxybenzotriazole 
H1R    histamine H1 receptor 
H2R    histamine H2 receptor 
H3R    histamine H3 receptor 
H4R    histamine H4 receptor 
HRMS   high-resolution mass spectrometry 
HRP    horseradish peroxidase 
HTS    high-throughput screening 
IL   intracellular loop 
IP    immunoprecipitation 
IP3   inositol trisphosphate 
IPTG   isopropyl-β-D- thiogalactopyranoside 
IUPHAR   The International Union of Basic and Clinical Pharmacology 
J    coupling constant (NMR) 
k   retention (or capacity) factor (HPLC)  
Ka   acid dissociation constant  
Kb   dissociation constant obtained from a functional assay  
Kd   dissociation constant obtained from a saturation binding  
   experiment  
KHMDS  potassium bis(trimethylsilyl)amide 
Ki   dissociation constant obtained from a competition binding   
   experiment  
LB    Luria Broth 
LBD    Lewy body dementia 
LC    liquid chromatography 
LiAlH4   lithium aluminum hydride 
MAP   Mitogen-activated protein 
MAPK   Mitogen-activated protein (MAP) kinase 
MAP2K  Mitogen-activated protein (MAP) kinase kinase 
MAP3K  Mitogen-activated Protein (MAP) kinase kinase kinase 
MCI   mild cognitive impairment 
MeCN   acetonitrile  
MeOH    methanol 
mEPSCs   miniature excitatory synaptic currents 
MES    2-(N-morpholino)ethanesulfonic acid 
mG or mini-G  engineered minimal G protein 
mGs    engineered guanosine triphosphate hydrolase domain of Gαs  
   subunit (long splice variant)  
MOE   molecular operating environment 
MOMP   mitochondrial outer membrane permeabilization 
MPTP   1-methyl-4-phenyl-1,2,3,6-tetrahydropyridin 
MS   mass spectrometry 
MW   molecular weight 
MxR   muscarinic receptor subtype x  
m/z   mass-to-charge ratio 
NEt3   triethylamine  
NFTs   neurofibrillary tangles 
NHS   N-hydroxysuccinimide 
Nluc   NanoLuc luciferase  
NlucC   C-terminal Nluc fragment  
NlucN   N-terminal Nluc fragment  
NMP   N-methyl-2-pyrrolidone 
NMR   nuclear magnetic resonance 
Nuc   nucleophiles 
oGPCR  orphan G protein-coupled receptor 



Abbreviations 
 

 659  

PD   Parkinson’s disease 
Pd/C    palladium-on-carbon 
PE   petroleum ether 
pEC50    negative logarithm of the half-maximum activity concentration  
PEG   polyethylene glycol 
PLA2   phospholipase A2 
PLC    phospholipase C 
PLP   pyridoxal phosphate 
pKa   negative logarithm of the Ka in M  
PKA   protein kinase A 
pKb    negative logarithm of the Kb in M  
PKC    protein kinase C 
PKD   protein kinase D 
pKi   negative logarithm of the Ki in M  
ppm   parts per million 
PTMs   post-translational modifications 
Q-TOF   quadrupole time of flight  
r    rats 
R    residue  
RGCs    retinal ganglion cells 
RGS    regulators of G protein signaling 
Rho-GEF   Rho guanine nucleotide exchange factors 
Rho-GTP   Rho-family GTPases 
Ro5    Lipinski's rule of five 
ROS    reactive oxygen species 
RP-HPLC   reversed-phase HPLC  
S1P    sphingosine-1-phosphate 
S1P5    sphingosine-1-phosphate receptor 5 
SAR    structure−activity relationship 
SD    standard deviation 
SEM    standard error of the mean 
SFC    supercritical fluid chromatography 
SPPS    solid-phase peptide synthesis 
t0    dead time  
tBid    truncated Bid 
TFA    trifluoroacetic acid 
TLC   thin layer chromatography 
TM   transmembrane 
TPSA    topological polar surface area 
tR    retention time  
Trt    trityl 
UHD    ultrahigh definition 
WB    western blot 
XO    xanthine oxidase 
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