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ABSTRACT 
 

Based on the fact that the monoamine oxidase B and the norepinephrine transporter are 

involved in a variety of diseases, such as Alzheimer’s disease, Parkinson’s disease, or attention 

deficit hyperactivity disorder, the investigation of their underlying dysregulation mechanisms is 

of major interest.  

The aim of this thesis was the computational evaluation, the development of reliable syntheses 

and the spectroscopic characterization as well as first preclinical experiments of suitable 

precursors and reference compounds for the MAO-B- and NET system. These compounds serve 

for the development of adequate PET radiotracers, since positron emission tomography 

represents the most suitable and accurate technique today to gain information about 

enzyme/transporter abundance and density in vivo. 
 

 

 
 

 

A total of 16 new reference compounds (1, 3, 4, 6, 7, 9, 10, 12, 14-18, 20, 21, 23) has been 

synthesized characterized, and evaluated in silico/in vitro, which will be tested regarding their 

affinity and selectivity towards MAO-B or NET at the Medical University of Vienna. The 

precursors (2, 5, 8, 11, 13, 19, 22) of the most suitable ligands will serve as starting materials for 

radiolabeling. In continuative studies these tracers will be subjected to biodistribution and 

micro-PET experiments for the investigation of MAO-B and the NET as well as for the 

determination of their dysregulation mechanisms in several diseases.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

ZUSAMMENFASSUNG 
 

Da sowohl die Monoaminoxidase B als auch der Noradrenalintransporter bei unzähligen 

Erkrankungen, wie etwa Alzheimer, Parkinson, oder Aufmerksamkeitsdefizitsyndrom, eine 

wichtige Rolle spielen, ist die Untersuchung ihres zugrundeliegenden 

Dysregulationsmechanismus von großem Interesse. 

Ziel der vorliegenden Arbeit waren in silico-Experimente, die Entwicklung zuverlässiger 

Synthesewege, die Charakterisierung, und erste präklinische Tests von Precursoren und 

Referenzsubstanzen für das MAO-B- und NET-System. Diese Verbindungen dienen der 

Entwicklung von adäquaten PET Tracern, da die Positronen-Emissions-Tomographie heute eines 

der geeignetsten Verfahren zur Darstellung von Enzym/Transporter-Dichten und 

physiologischen Vorgängen in vivo repräsentiert. 
 

 

 
Insgesamt wurden 16 neue Referenzverbindungen (1, 3, 4, 6, 7, 9, 10, 12, 14-18, 20, 21, 23) 

synthetisiert, spektroskopisch analysiert, und in silico/in vitro evaluiert, welche in 

weiterführenden Studien an der Medizinischen Universität Wien hinsichtlich ihrer MAO-B/NET 

Affinität und Selektivität getestet werden. Die Precursoren (2, 5, 8, 11, 13, 19, 22) der 

vielversprechendsten Liganden dienen als Ausgangsmaterial für radiochemische Synthesen zur 

Herstellung von PET-Tracern. In anknüpfenden Biodistributions- und Mikro-PET-Studien sollen 

die Tracer zukünftig nicht nur Auskunft über MAO-B und NET geben, sondern auch ihre 

Dysregulationsmechanismen bei unterschiedlichen Erkrankungen aufzeigen. 
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1 INTRODUCTION  
 

1.1 Monoamine Oxidase B  
 

1.1.1 General Background 

 

Monoamine oxidase (MAO) is an ubiquitous, flavin adenine dinucleotide (FAD) 

containing enzyme, localized in the outer mitochondrial membrane of cells in the 

nervous system and peripheral tissue. As it catalyzes the oxidative deamination of 

dietary amines and monoamine neurotransmitters, MAO is regarded as a key enzyme in 

the regulation of monoaminergic homeostasis and neurotransmission.1,2 

 

Currently, two distinct enzymatic isoforms of MAO have been characterized, namely 

MAO-A and MAO-B. Although an amino acid sequence identity of about 70% was detected 

by cloning the full-length cDNAs encoding for human liver MAO-A and MAO-B,3 the 

enzymes show diversity in their tissue distribution. In humans, both isoenzymes are 

described in peripheral tissues and organs. As MAO-A is mostly expressed in placental 

tissues and fibroblasts, MAO-B is prevalent in lymphocytes and platelets. In the human 

brain, MAO-A shows high levels in catecholaminergic neurons whilst MAO-B mainly 

predominates in serotonergic and histaminergic neurons, as well as in astrocytes.4 

 

Since MAO-B is implicated in a variety of neurological disorders, such as Alzheimer’s 

disease (AD) and Parkinson’s disease (PD),5 its three-dimensional structure (figure 1) is of 

major interest:  
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Figure 1:6 (modified) Overall three-dimensional structure of a human MAO-B monomeric unit in complex with 1,4-

diphenyl-2-butene; blue: FAD-binding domain, red: substrate-binding domain, green: C-terminal membrane-binding 

region, yellow and black ball-and-stick models: FAD cofactor and inhibitor  

 

The enzyme is anchored in the outer mitochondrial membrane through a C-terminal 

polypeptide segment, which traverses the protein surface and then folds into an α-helix. 

Two non-polar loops, both located on different positions in the segment, form two 

hydrophobic areas on the protein’s surface and are considered to be involved in 

membrane binding.7 Another significant feature of the MAO-B structure is the presence 

of two adjacent cavities in the interior of the protein. Both cavities are lined by aromatic 

and aliphatic residues, which create a highly non-polar environment for substrate 

binding. The larger cavity is directly located in front of the covalent flavin ring and 

forms the substrate-binding site. A substrate, entering this cavity though must first bind 

to an “entrance”, the second cavity, which is located near the point, where the protein 

surface intersects with the surface of the outer mitochondrial membrane.8 

 

1.1.1.1 Biochemical basis 

 

By using oxygen as an electron acceptor, both MAO isoenzymes are involved in the 

oxidative degradation of primary, secondary and (some) tertiary amines to aldehydes via 

imine intermediates (figure 2). Thereby, the reduced FAD cofactor reacts with oxygen to 

generate oxidized flavin and hydrogen peroxide,9 which can trigger the production of 
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reactive oxygen species (ROS) and thus induce neuronal apoptosis and mitochondrial 

damage.4  

 

 
 

Figure 2: Oxidative deamination of primary amines 

 

MAO-A and MAO-B have been identified on the basis of their substrate preference and 

inhibitory selectivity. While MAO-A displays higher affinity for indolamines (5-

hydroxytryptamine, 5-HT) and catecholamines (norepinephrine, NE), MAO-B 

preferentially metabolizes trace amines (beta-phenylethylamine, PEA). Dopamine and 

monoamines like tyramine and tryptamine are degraded by both isoforms.4 Selective 

MAO-A inhibitors, such as moclobemide and clorgyline are proven beneficial for the 

treatment of neurological disorders, like anxiety and depression. Selective and 

irreversible MAO-B inhibitors, such as selegiline and rasagiline, on the other hand, are 

employed in the treatment of AD and PD.1 

 

1.1.1.2 Physiological and Pathophysiological basis 

 

As a degradation enzyme, MAO-B is involved in a variety of neurological diseases, such as 

attention deficit hyperactivity disorder (ADHD), Tourette’s syndrome, amyotrophic 

lateral sclerosis (ALS), Huntington’s disease and age-related neurological disorders like 

PD and AD.4 

 

AD is one of the most common neurodegenerative disorders, affecting more than 26.6 

million people worldwide.11 It is a frequent cause of dementia in the elderly, accompa-

nied by changes in personality and progressive loss of cognition, as well as the fourth 

leading cause of death after heart disease, cancer and stroke.12 As a result of the aging 

population incidence rates are estimated to increase. Thus, according to the United Na-
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tions Population Division, the worldwide prevalence is predicted to quadruple to 106.2 

million by 2050, meaning 1 in 85 persons worldwide will be living with AD.11 

Although the etiology of AD is not yet well established, epidemiological and molecular 

research suggest that both, environmental (e.g. aluminum) and genetic (e.g. mutations, 

susceptibility genes) factors eventually lead to deposits of beta amyloid (Aβ) plaques and 

neurofibrillary tangles (NFTs).13  

 

Recent studies14,15 have shown that formation of Aβ plaques in the brain and 

accumulation of misfolded proteins go parallel with neuroinflammatory processes, 

which mostly affect the astrocytes and the microglia. Both are regarded as the main 

cellular elements of the brain’s immune system. As a consequence of increased activation 

of astrocytes in AD, MAO-B, highly abundant in activated astrocytes, is up-regulated as 

well, especially in early stages of AD.14,16-18 Other studies, however, suggest that increased 

MAO-B levels may be associated with cholinergic disruption,19 glucocorticoid elevation20 

or enhanced by aluminum ions.21 However, alterations in MAO-B activity have been 

reported in several AD brain areas including the temporal lobe, white matter, frontal 

lobe, parietal lobe, substantia nigra and hippocampus14,16 as well as in platelets of 

Alzheimer patients.22,23 By using the imaging biomarker [11C]-L-deprenyl, significantly 

higher binding in AD brains, compared to age matched control brains14,24 could be shown 

in the regions mentioned above, especially in the temporal lobe and the white matter 

and markedly higher binding in the hippocampus and the parietal and frontal lobes.14  

 

1.1.2 Relevance 

 

Today, the diagnosis of AD is based on the detection of Aβ plaques and NFTs in 

postmortem brains and on the application of SPECT (single photon emission computed 

tomography) and PET (positron emission tomography) tracers for Aβ imaging.25 

However, these cerebral changes seem not specific for AD, as they have also been 

reported in brains of cognitively unimpaired elderly individuals and in many other 
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chronic neurodegenerative disorders. Furthermore, the sensitivity of biomarkers, used 

in SPECT and PET so far, is unsatisfactory and therefore of limited value for monitoring 

pathological alterations in the human brain.26  

Since high MAO-B levels are present even in early stages of AD,14,16-18,22,23 the MAO-B 

system can be designated as an appropriate and prospective tracer target of molecular 

imaging biomarkers for AD.14,23,27,28 Although all studies have shown that MAO-B 

concentrations are significantly increased in lower Braak grades, compared to age 

matched control groups, opinions differ whether they stay the same,16,23 increase 

sharply,27 or decrease14,22 as the disease progresses. Nevertheless, various research groups 

around the world (e.g. Hungary,14 California,16 Japan,17 Switzerland,18 Sweden,19 Croatia,22,23 

Austria,27 etc.) study the MAO-B system and its application in PET regarding AD, which 

clearly demonstrates that there is demand for new, potent and selective tracer 

molecules. 

 

L-Deprenyl or selegiline (24) (figure 3), discovered in the seventies, was first described as 

a selective and irreversible MAO-B inhibitor, by covalently binding to the enzyme.14 Since 

then, it has been successfully employed in the treatment of early PD, 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP)-induced parkinsonism,29 and especially AD, in which it 

has been shown to protect neuronal cells from the consequences of oxidative stress.2  

 

 
Figure 3: Chemical structure of L-Deprenyl and 11C radiolabeled L-Deprenyl 

 

Soon, the irreversible inhibitor was considered not only to be useful as an adjuvant 

therapeutic, but also to serve as a potential tracer for the in vivo investigation of MAO-B, 

if labeled with a suitable radionuclide. Thus, L-deprenyl has been labeled with 11C (25) 

(figure 3) and studied in the human brain with PET.30 Although [11C]-L-deprenyl is the 
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most commonly used PET tracer for MAO-B studies today, its quantification of cerebral 

binding is rather difficult due to the fast and irreversible binding of this ligand. 

Therefore, several radioligands have been developed for PET MAO-B activity and density 

studies in the human brain: [11C]-L-deprenyl and [11C]pargyline are both irreversible 

inhibitors, whereas [11C]SL25.1188 and [11C]MD-230254 are reversible inhibitors of MAO-

B.31 Since 11C is a rather short-lived radionuclide (20 minutes), which can only be used in 

a completely equipped PET center comprising of a cyclotron, radiochemistry, and a PET 

scanner, 18F, featuring a half-life of 110 minutes, represents the nuclide of choice for a 

satellite PET center. However, only a few 18F radioligands, such as the reversible MAO-B 

inhibitor [18F]N-(2-aminoethyl)-5-fluoro-2-pyridinecarboxamide30 and the irreversible 

MAO-B inhibitors 18F-FHMP32 and (S)-1-[18F]fluoro-N-4-dimethyl-N-(prop-2-ynyl)pentan-

2-amines33 have been synthesized so far. While both irreversible MAO-B inhibitors 

exhibit proper characteristics for a potentially useful PET radiotracer,32,33 the former 

proves to have reduced brain uptake due to high polarity of the compound.30 

 

The results of the above described investigations display the diagnostic efficacy of 

radiolabeled analogs of L-deprenyl in CNS diseases and especially in AD.14 As the 

population ages and incidence rates of AD are predicted to increase within the next 40 

years, the demand for suitable molecular imaging biomarkers for the diagnosis of AD 

seems indispensable. 

 

1.1.3 Preceding Investigations 

 

On the basis of the results of Mishra et al,34 5-(anthracen-9-yl)-3-phenyl-4,5-dihydro-1H-

pyrazoles 26 (figure 4) are highly selective and extremely potent reversible MAO-B 

inhibitors. In vitro evaluations suggest that they do not only display a superior affinity 

towards MAO-B, but also provide a high MAO-B/A selectivity ratio. Additionally, these 

compounds show superior docking scores (> - 12.5) and predicted Ki values in nanomolar 
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ranges for human MAO-B, what makes them at least 100 times more potent than the 

positive control selegiline. 

 

 
Figure 4: Chemical structure of highly potent, highly selective, and reversible MAO-B binding 5-(anthracen-9-yl)-3-

phenyl-4,5-dihydro-1H-pyrazoles  

 

As MAO-A and MAO-B differ in their active site loop conformation, the pyrazoline 

derivatives display higher affinity towards the compressed, spanned inside the active 

site, MAO-B loop. They perfectly fit into the large aromatic cavity (figure 5, pocket-1) of 

the active site loop due to the bulkiness of the anthracene ring and accommodate well 

the other hydrophobic cavity (figure 5, pocket-2) due to the molecule’s benzene ring.34  

 

 
Figure 5:34 Pyrazoline derivatives docked in the MAO-B active site 

 

Since to date, there exist no proper reversible radiolabeled MAO-B inhibitors, as 

explained above, the present findings according to Gulyás et al14 and Nag et al33 suggest 

further studies aiming at the development of more potent and preferentially 18F labeled 
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molecular imaging biomarkers for human diagnostic PET studies.14 Given the excellent 

findings of Mishra et al,34 we hypothesized that 11C and 18F labeled pyrazoline derivatives 

may serve as high potential and promising molecular imaging biomarkers for the 

diagnosis of AD, since all unlabeled compounds presented by this research group34 

feature excellent characteristics of selective and potent reversible MAO-B inhibitors.34 

Therefore, the presented PhD-thesis aimed at the synthesis of a compound library of 

reversible methyl and fluoroethyl substituted 5-(anthracen-9-yl)-4,5-dihydro-1H-

pyrazole derivatives by applying bioisosteric principles to 5-(anthracen-9-yl)-3-phenyl-

4,5-dihydro-1H-pyrazoles, which have been proven very potent towards MAO-B.  

 

Bioisosterism is a strategy of medicinal chemistry for rational drug design, applied to a 

lead compound to modify its biological profil.35 This principle was employed to improve 

compound properties of pyrazoline derivatives regarding the octanol/water partition 

coefficient P (logP) value, which should lie below 5 for optimal blood brain barrier (BBB) 

penetration of the PET tracer without excessive unspecific binding.36 Since 5-(anthracen-

9-yl)-3-phenyl-4,5-dihydro-1H-pyrazoles perfectly fit into the large, aromatic cavity of 

MAO-B due to the bulky anthracene ring, bioisosteric modifications were only conducted 

on the benzene ring of the molecule. 

 

Hence, according to Lima et al,35 modifications on the benzene ring (27, 28), based on 

classic bioisosterism, can be carried out by substitution of a =CH- group by =N- (29, 30 

and 33, 34) or -S- (31, 32). Based on ring bioisosterism, pyridine (29, 30) can be further 

replaced by isoxazole (35, 36) or furan (37, 38), respectively and an isoxazole (35, 36) in 

turn can be substituted by 1H-pyrrole (39, 40) (scheme 1).  
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Scheme 1: Bioisosteric principles applied to pyrazoline derivatives 

 

Additionally, an ester moiety, which serves as a linker for a stable connection between 

the core structure and the positron emitting radionuclide, was introduced and placed 

exactly at the position of the molecule, where bioisosteric changes were performed, 

always taking into account the logP value (logP < 5).  

In the course of the preparation of compounds 27 and 31, however, instability problems 

concerning the pyrazoline ring (cf. chapter 2.2.1) have arisen. Thus, the target 

compounds were modified by inserting an additional acetyl moiety at position 1 of the 

pyrazoline ring. Not only should this modification lead to stability of the pyrazoline 

ring,37-39 but moreover enhance MAO-B inhibitory activity, as described by several 

authors for other compounds.38  
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1.2 Norepinephrine and the Norepinephrine Transporter 
 

1.2.1 General Background and Biochemical Basis 

 

1.2.1.1 The Norepinephrine Transporter 

 

The human norepinephrine or noradrenaline transporter (NET) is a high affinity, 

substrate specific, sodium/chloride-dependent transporter, which belongs to the family 

of amino acid, monoamine and GABA transporters.40 It is located presynaptically in the 

plasma membrane of noradrenergic neurons and is regulated by extrinsic signals as well 

as receptor- and kinase-linked pathways.41 As a key enzyme, the NET is primarily 

responsible for the reuptake of synaptically released norepinephrine (NE) into the 

presynaptic nerve terminals and is also involved in the homeostasis of NE in the nervous 

system.42 By utilizing transmembrane sodium and chloride gradients, the transporter 

incorporates NE accumulation into presynaptic terminals, where the neurotransmitters 

are either encased in storage vesicles or degraded biochemically.43,44 This electrogenetic 

process is the primary mechanism by which the biological effects of NE in the synaptic 

cleft are terminated. It is also regarded as a critical step, since the NET prevents the brain 

from excessive adrenergic neurotransmission through this process and additionally 

removes NE from the heart and other peripheral organs.45,46 Lee et al47 were the first who 

demonstrated that the NET is up- and down-regulated in response to the availability of 

NE in and around the synaptic cleft. Therefore, it seems reasonable that inadequate 

levels of NE through changes in the levels of NET lead to a variety of neurological 

disorders. However, the NET is not only responsible for the reuptake of NE, but also 

regulates the dopamine (DA) homeostasis in the frontal cortex, whereas DA reuptake in 

the striatum depends primarily on the dopamine transporter (DAT).48 

The human NET is a 617 amino acid protein, which shows 66% overall identity in amino 

acid sequence with the human DAT and 48% identity with the human serotonin 
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transporter (SERT).49 Furthermore, it consists of twelve transmembrane-spanning 

domains (TMDs) with a large extracellular loop between TMD 3 and 4, and comprises an 

intracellular NH2- and COOH-terminus (figure 6).50 
 

 
Figure 6:51 (modified) Topology of the norepinephrine transporter, embedded in the cytoplasma membrane (green), 

depicting 12 transmembrane domains (light violet) connected by intracellular and extracellular loops (dark violet). 

 

In the brain, low densities of the NET can be found in the cerebellum, the striatum and 

the human insular cortex, whilst the immediate region of the locus coerulus and the 

dorsal raphe nuclei display NET-rich regions.52-59 

 

The NET is also an important target for tricyclic antidepressants,41 various 

psychostimulants60 and drugs of abuse, such as cocaine and amphetamine.49 Like 

antidepressants and psychostimulants, cocaine and amphetamine interact with the NET, 

thereby elevating extracellular NE concentrations and potentiating the activation of 

postsynaptic receptors.61 

 

1.2.1.2 Norepinephrine  

 

NE belongs to the group of catecholamines and is a key neurotransmitter in the central 

as well as in the peripheral nervous system. It is biosynthesized primarily in the 

brainstem neurons of the locus coeruleus and subcoeruleus along an enzymatic cascade 
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that starts from the amino acid tyrosine.60,43 Once released into the synaptic cleft, NE acts 

through four different adrenergic receptors (α1, α2, β1, β2), and is therefore regarded a 

crucial neurochemical messenger in the CNS (figure 7). The NET -as described above- is 

responsible for the reuptake of NE and thus triggers the termination of its action.45 
 

 
Figure 7:62 (modified) Diagram of the noradrenergic system 

 

NE plays a pivotal modulatory role in physiological functions and pathological 

conditions.61 It is involved in processes like alertness, arousal, mood regulation, sleep 

regulation, and expression of behavior and has major influence on the endocrine as well 

as the autonomic nervous system.45 Given the global role of NE in the nervous system, its 

abnormal regulation may result in various pathological conditions such as 

neurodegenerative, psychiatric and cardiovascular disorders.42 

 

1.2.2 Physiological and Pathophysiological Basis 

 

Abnormal regulation of the NET or NET dysfunction, respectively, cause either increased 

or decreased levels of NE in the synaptic cleft. Since NE represents a fundamental 

neurochemical messenger, its accurate regulation is of major importance. Thus the NET, 
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responsible for the NE equilibrium in the synaptic cleft, is considered to be involved in a 

variety of neurological/psychiatric disorders,41,42 but also plays a pivotal role in 

cardiovascular,41,42,63 and metabolic diseases.63-65 Reduced NET levels go along with 

neurological disorders like major depression,49,61 PD, AD,45-56 and cardiovascular diseases 

such as hypertension, cardiomyopathy, and heart failure.51,65 Furthermore, a dysfunction 

of the NE system was reported in ADHD,46,55,66 suicide,41,50,67 substance abuse (cocaine 

dependence),54 and schizophrenia.47 A more recent discovery is the involvement of the 

NET in diseases like diabetes and obesity, due to its presence in brown adipose tissue 

(BAT) and the activation thereof via NE.64,65,68 

 

Since the Department of Biomedical Imaging and Image-guided Therapy at the Medical 

University of Vienna analyzes the NET in relation to brain related disorders -in 

particular ADHD and substance abuse (cocaine dependence)- and the activation of brown 

adipose tissue for the time being, the focus of this thesis will be brought especially to 

these fields of interest: 

 

1.2.2.1 Attention Deficit Hyperactivity Disorder  

 

ADHD is one of the most common cognitive, emotional, and behavioral disorders in 

children,69,70 with an estimated worldwide prevalence of 8-12%.71 According to the 

Diagnostic and Statistical Manual of Mental Disorders (DSM-V)72 it goes along with 

impairing and pervasive symptoms of inattention, hyperactivity, and impulsivity. These 

behavioral deficits arise relatively early in childhood, usually before the age of seven, 

and persist into adolescence in 50-80% and into adulthood in 30-50%.73 Over 

development, ADHD is not only associated with several comorbid neuropsychiatric and 

neurodevelopmental disorders, such as anxiety, conduct or developmental coordination 

disorder,74 but is accompanied by language, communication, and learning disorders75 as 

well. This often leads to a serious financial burden to families and society,76 which 

characterizes the disorder as a major public health problem.77 
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Although, ADHD is one of the most thoroughly researched disorders in child psychiatry 

worldwide,70,78 its etiology and underlying mechanisms are not yet completely 

ascertained. Several studies75,79-82 suggest that genetic (especially abnormalities in genes 

linked to the dopaminergic and noradrenergic pathways) and environmental (e.g. stroke, 

traumatic brain injury, maternal smoking during pregnancy, environmental toxins) 

factors are involved in ADHD, thereby affecting one another and interacting with each 

other.74,83 

 

Neurobiological and pharmacological evidence, illustrate that a dysregulation of the 

central catecholaminergic system,74,75,84 which is responsible for the regulation of motor 

function, attention, and executive functions in the fronto-subcortical regulatory 

circuitry,87,88 may contribute to the underlying neurochemical pathophysiology of ADHD. 

In this context, the neurotransmitters DA, but especially NE42,66,75 gained attention over 

the last years, since several drugs, exhibiting noradrenergic and dopaminergic 

pharmacological effects, are proven beneficial for the improvement of ADHD 

symptoms.74,84 The NET, which is responsible for the NE uptake into the presynaptic 

terminals and the DA reuptake in the frontal cortex, turned out to play a pivotal role in 

the pathophysiology of ADHD. Therefore, its malfunction may lead to abnormal NE and 

DA levels, respectively, thereby increasing the risk for psychiatric disorders, such as 

ADHD.42,74  

 

Several studies and clinical observations74,83,85-90 pinpointed a decrease in volume and 

significant alterations in different brain regions of ADHD patients. Amongst them are 

regions where particularly high NET densities could be detected in control brains: 

Altered activation patterns for example could be observed in the frontostriatal 

circuitry,89,90 leading to hypoactivity in the frontal brainregions in AHDH patients. 

Morphological alterations were discovered in the cerebellum74 and the dorsolateral 

prefrontal cortex (reductions in density)73 and alterations in different phases of 
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information processing83,91 could be monitored in the fronto-subcortical regulatory 

circuitry. 

 

Today the diagnosis of ADHD is based on careful examination of a patient’s clinical 

history92 and documentation of the individual profile of ADHD symptoms by rating 

scales.93 The use of imaging techniques in the diagnosis of ADHD, though, is still absent. 

Nevertheless, there exist several studies, which demonstrate the application of 

functional magnetic resonance imaging (fMRI),94-96 PET97,98 and diffusion tensor imaging 

(DTI)99,100 in ADHD analysis. Even though these neuroimaging techniques currently lack 

adequate specificity and sensitivity, they still appear beneficial for the investigation and 

analysis of the pathophysiology of ADHD.101 Thus, there still exists demand for adequate, 

selective, and potent molecular imaging biomarkers. Since the NET plays a fundamental 

role in the pathophysiological events of this disorder, it could be considered an 

appropriate and prospective tracer target for future analysis in PET, regarding ADHD. 

 

1.2.2.2 Cocaine Dependence 

 

Cocaine is one of the most strongly reinforcing drugs of abuse due to its powerful 

psychomotor stimulatory effects.102 Its usage does not only mediate increased locomotor 

activity and elevated mood with rewarding euphoria,103 but also generates fearful and 

nervous aversive effects. Like other addictive drugs, cocaine induces neuroadaptations in 

the brain, which are presumed to play a role in the induction and persistence of drug 

dependence.104,105 

 

Cocaine dependence is a chronic, relapsing disorder, which goes along with somatic, 

psychological, socio-economic and legal complications. It is considered a significant 

worldwide public health problem, as major risks include infectious diseases as well as 

increased crime and violence rates.106  
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Since the reinforcing effects of cocaine were traced back to its interaction with the DA 

system quite early,107-110 much attention has been paid to elevated DAT and DA receptor 

levels during long-term exposure to cocaine.111-115 Also behavioral effects, locomotor 

stimulation, and reward have long been thought to be mediated by the effect of cocaine 

on the DA-system. However, cocaine was proven not only to inhibit neurotransmitter 

uptake of human DAT, but of SERT and NET as well and showed ligand- and voltage-gated 

channel blockade with lower potencies.102 

 

So far, very little is known about the NET, its function and regulation in cocaine 

dependence. However, several studies47,116-120 investigated on the NET in vitro and in vivo, 

thereby focusing primarily on the response of NET to cocaine: Although rodent NET116,117 

and HEK-293 cells transfected with human NET cDNA47 seemed rather unresponsive to 

cocaine exposure, NET mRNA in rodents118 was revealed to increase in response to 

cocaine. Also, brain areas of non-human primates119,120 showed alterations in NET 

concentrations when exposed to cocaine. NET alterations in the human brain as a result 

of cocaine dependence have further been discussed: Since the bed nucleus of the stria 

terminalis (BNST) contains one of the highest regional densities of noradrenergic fiber 

inputs121 and NET binding sites,57 several studies119,57 refer to the BNST as a major target in 

drug reinforcement processes. Also brain areas like the midbrain regions, the thalamus, 

and the basal ganglia as well as the occipital cortex showed cocaine-induced alterations 

of the NET.122,123  

 

Noradrenergic functions have also been extensively studied in the context of cocaine’s 

aversive effects,124-126 which as well as the reinforcing/rewarding effects of the drug seem 

to be important parameters of cocaine self-administration,127 as an increase of NET 

binding sites was determined in the brain of cocaine self-administering non-human 

primates.119 Furthermore, reinstatement of drug seeking could be mediated by NET 

inhibition via cocaine, which was demonstrated in a study using NET knockout mice.128 
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Due to the lack of NET, the mice continued self-administration of cocaine, concurrently 

responding with increased sensitivity to the locomotor effects of the drug.60  

 

Although the NET is a site of action of many drugs and definitely plays an important role 

in cocaine dependence, knowledge of the molecular and cellular mechanisms of NET 

alterations caused by cocaine remain poorly understood.129-131 Cocaine-induced changes 

in the DAT, dopamine receptors, glucose metabolism and distribution of radiolabeled 

cocaine, however, have been excessively analyzed in PET experiments.132,133 The primary 

reason for the lacking data regarding the human NET system in relation to cocaine 

dependence, is the current deficiency of adequate PET radioligands.134 Thus, for better 

understanding of the function and molecular and cellular mechanisms of NET in cocaine 

dependence, new radiotracers need to be developed. As long term exposure to cocaine is 

known to cause significant changes in information perceiving and processing, and given 

the role of NE in arousal and attention,120 associated NET alterations cannot be neglected 

and therefore require further investigation in vivo. 

 

1.2.2.3 Activation of Brown Adipose Tissue  

 

BAT is a highly metabolically active organ, which represents a unique tissue not only in 

humans, but in all mammals. As an extremely specialized thermogenic tissue, it is 

capable of oxidizing lipids and successfully transforming the resulting energy into 

heat.135 Therefore, the main role of this unique organ is the regulation of body 

temperature in newborns and hibernating mammals. Through this process, mammals 

are able to be active during periods of hibernal cold, survive the cold stress of birth, and 

live a life despite diets low in essential macronutrients (proteins). Whilst rodents seem to 

maintain BAT during lifetime, it is rapidly lost postnatally in humans, but still exists in 

adult humans to a small percentage (figure 8).136 
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Figure 8:135 (modified) BAT location in adults (1-5) and infants (A+B): 1) thyroid/tracheal, 2) mediastinal, 3) 

paracervical/supraclavicular, 4) parathoracical, 5) supra and perirenal, A) kite-shaped thin layer of BAT between 

shoulder blades, B) BAT deposits alongside the spine 

 

Although, BAT and its appearance in hibernating marmots was first described by the 

Swiss naturalist Konrad Gessner in 1551, from the scientific point of view, this tissue is 

regarded a relatively new discovery, since its function and activation mechanisms were 

not exposed until the 20th century.137  

 

BAT is very rich in vascularization, highly innervated and displays a high density of 

mitochondria.95 These features are not only responsible for the unique mechanism and 

brownish color of BAT but distinguish it from white adipose tissue (WAT) at once.138 

Whilst WAT is primarily responsible for the storage of energy, BAT burns energy for 

thermogenesis.139  

 

The heat generating process in BAT can be stimulated by pharmacological agents,135 by 

hyperadrenergic stimulation in pheochromocytoma as reported by Lean et al,140 and 

other tumors,139 but most of all by acute food intake and exposure to cold environment in 

a process called non-shivering thermogenesis.135 In almost all cases, the process of heat 
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generation is triggered by the sympathetic nervous system (figure 9). NE released from 

the sympathetic nerve terminals interacts with β3-adrenergic receptors on the surface of 

BAT cells and subsequently provokes a cascade of activation processes: In a cyclic 

adenosine monophosphate (cAMP)-mediated process, the enzyme hormone-sensitive 

lipase (HSL) initiates the degradation of triglycerides, thereby generating free fatty acids. 

These again are channeled into the mitochondria, where they are chemically altered by 

undergoing β-oxidation,141 and activate the -normally by purine nucleotides (notably 

ATP) inhibited-68 uncoupling protein UCP 1. UCP 1 is a protein unique to BAT cells, which 

dissipates the intermembrane proton-motive force and generates heat instead of ATP.141  
 

 
Figure 9: Norepinephrine (NE) released from the synaptic nerve terminal binds to β3-adrenergic receptors (β3AR) on 

the surface of BAT cells and induces cyclic adenosine monophosphate (cAMP) release. Subsequently, activated 

hormone sensitive lipase (HSL) transforms triglycerides (TG) into free fatty acids (FFA), which enter the mitochondria 

through a transporter. In the mitochondria, FFA undergo β-oxidation. The resulting substrate activates uncoupling 

protein UCP 1, which generates heat. 
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As already mentioned above, one important factor, mediating thermogenesis in BAT is 

acute food intake. Especially diets low in protein indicate recruitment of BAT and an 

increase in UCP 1.142,143 In this regard, questions have recently been raised, if BAT plays a 

role in obesity and even can be adducted a therapeutic option in the treatment of obesity 

and diabetes. BAT recruitment has been shown to positively correlate with the resting 

metabolic rate and inversely correlate with the body mass index (BMI) and fat.144-147 

Furthermore, small and large population studies indicate an inverse correlation between 

BAT activity and obesity.148-150  

The reduction of body weight by activating thermogenesis though, is not a new idea. 

Several drugs, affecting the sympathetic nervous system, have been developed for BAT 

activation over the last years. Nevertheless, their application was rather omitted, due to 

various side effects, which mostly affected the cardiovascular system.141 However, the 

detection of BAT activity as well as the underlying mechanism of BAT in obesity and 

diabetes in humans would be rather interesting, since generated data to date just apply 

to rodent experiments.  

 

Since BAT activity is necessarily coupled to BAT activation via the sympathetic nervous 

system, NE, being the main trigger, represents a significant transmitter in this system. It 

has a primary role in the activation mechanism, as it is a key modulator for UCP 1 and 

therefore, an activator for the thermogenesis in BAT. It is further fundamental for the 

expression of the UCP 1 gene and inhibits apoptosis in brown adipocytes. In addition, NE 

directly regulates the proliferation of brown preadipocytes and promotes the 

differentiation of mature brown adipocytes.141  

 

As the NET regulates synaptic NE concentrations in sympathetically innervated tissues 

and recycles excess NE, major attention has to be paid to the transporter in the process 

of BAT activation. Thus, for a better characterization and for understanding the role of 

NET in BAT, regarding obesity and diabetes in humans, a suitable and non-invasive 

imaging approach -namely PET- is required. Recent PET experiments65 suggest the 
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feasibility of NET as an imaging target in BAT and since this approach is a rather new 

one, further studies are definitely required to gain more information about this 

transporter and its implication in BAT. 

 

1.2.3 Relevance 

 

Based on the fact that the NET is involved in a variety of diseases, such as ADHD and 

cocaine dependence and furthermore plays a pivotal role in the activation of BAT,41,42,63-65 

the investigation of the underlying dysregulation-mechanism of the NE system is of 

major interest. For this purpose, information about the transporter abundance and 

density in healthy and pathological living human brains is required. The most suitable 

and accurate technique to gain this information is PET. As a non-invasive molecular 

imaging technique, it represents a suitable approach towards the collection of lacking 

data in the living organism and direct quantification of receptor/transporter densities in 

vivo. To fully gain insight in the molecular changes of the noradrenergic system via PET, 

however, suitable NET-PET radioligands first need to be developed. 

 

A major problem in the context of NET-PET radiotracer production is the fact that not 

only the NET, but also the monoamine transporters DAT and SERT are involved in 

neurological, cardiovascular, and metabolic diseases.49,50,54,151,152 Since the NET displays 

high similarity to the DAT and SERT, but shows a significantly lower density in the 

human brain,57,153,154 several potential compounds for radiolabeling do not specifically 

bind to the NET, but to the DAT and SERT as well.69 Therefore, selective NET radiotracers 

with high affinity and low unspecific binding are required. Also, considering the spatial 

limitations of regions such as the locus coeruleus, which is 4-8 fold richer in NET than 

the human insular cortex, for which a Bmax value of 4.4 nM for NET has been detected, the 

affinity of candidate NET-PET ligands must be high enough for a suitable 

visualization.53,55,57,123  
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To this date, several radiotracers for the visualization of the NET have yet been 

established. Many of them are reboxetine analogs, since reboxetine is known for its 

characteristics as a selective NET-inhibitor.155 11C-methylated tracer [11C]-(S,S)-MeNER 

([11C]MRB, (S,S)-2-(α-(2-[11C]methoxyphenoxy)benzyl)morpholine), for instance, was 

introduced in studies, examining alterations in NET concentrations due to chronic 

cocaine abuse.134 Furthermore, it was employed to determine the existence of NET in 

BAT.65 Also, 18F-fluoroethylated reboxetine analogs, such as (S,S)-[18F]FMeNER and (S,S)-

[18F]FMeNER-D2 have been synthesized. However, of all radiolabeled reboxetine analogs, 

so far, just (S,S)-[18F]FMeNER-D2 showed positive preliminary results in the monkey 

brain.156 In addition, also 11C-methylated derivatives [11C]nisoxetine and [11C]desipramine 

were synthesized. [11C]Nisoxetine was applied in NET distribution studies, investigating 

the effect of cocaine exposure in non-human primates120 and also served as a 

radiomarker in interscapular BAT studies in rodents.157 Whilst [11C]nisoxetine only 

displayed moderate specific binding in mice,158 [11C]desipramine showed low binding in 

the monkey brain and thus did not allow accurate NET visualization.159 Moreover, several 
18F-labeled benzylguanidine analogs, such as [18F]MFBG and [18F]PFBG have been 

synthesized, which were tested in neuroendocrine tumors.160 Further compounds for the 

visualization of NET are [123I]iodo- and [76Br]bromo-radiolabeled derivatives, such as (R)-

[123I]MIPP, (S,S)-[123I]IPBM or [76Br]MBBG, which were primarily designed for the 

employment in SPECT. Whereas [76Br]MBBG showed potential for imaging NET-

expressing neuroendocrine tumors, the iodo derived compounds may exhibit properties 

for imaging brain noradrenergic nervous functions with SPECT.161-163 Another approach 

for examining the role of NET in BAT is by evaluating the uptake of 2-[18F]fluoro-2-deoxy-

D-glucose ([18F]FDG) after BAT stimulation by cold exposure.64,164,165 Even though these 

experiments suggest a correlation between BAT metabolic activity, age, gender, body 

mass index, cold exposure, and medication, the [18F]FDG-PET approach seems not 

suitable for specifically imaging BAT.148 Glucose is not the primary substrate for BAT heat 

production and thus, [18F]FDG will not address regulatory mechanisms, which are related 

to the specific sympathetic nervous system modulatory features of BAT.65 
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Considering the fact that of all radioligands, mentioned above, only (S,S)-[18F]FMeNER-D2 

appears feasible for the investigation of NET in PET studies, the development of new, 

high affine, and selective NET-PET radioligands seems inevitable. Furthermore, and as 

already mentioned above, to this date, to the best of our knowledge, there exists no 

radiolabeled compound, suitable for the detection of NET concentrations in ADHD 

patients and also, the detection of NET in cocaine dependence and BAT activation 

currently lack adequacy. Thus, in order to depict the role of the NET in ADHD and 

cocaine dependence and fully understand the underlying mechanism of BAT regulation, 

new, selective and reliable NET-PET tracers need to be developed. 

 

1.2.4 Preceding Investigations  

 

1.2.4.1 Fluorine substituted 1-(3-(methylamino)-1-phenylpropyl)-3-phenyl-

1,3-dihydro-2H-benzimidazol-2-one (FAPPI) derivatives  

 

In the context of finding new, potent monoamine transporter inhibitors with improved 

metabolic and pharmacological properties, Mahaney et al166 reported the development of 

a series of 3-(1H-indol-1-yl)-3-arylpropan-1-amines (e.g. 42). The series was designed on 

the basis of atomoxetine (41), a selective NE reuptake inhibitor for the treatment of 

ADHD, with minor modifications in the core structure. Generated candidate compounds 

(e.g. 42) emerged as dual acting NE and 5-HT reuptake inhibitors. In the effort of 

identifying new and selective compounds for NET inhibition, Zhang et al167 adapted the 

model of Mahaney et al, by substituting the indole ring with an oxindole or 

benzimidazolone ring, respectively. Whilst oxindole based propanamines (e.g. 43) with 

high NET activity mostly displayed increased human serotonin transporter (hSERT) 

potency,168 benzimidazolone derived propanamines (e.g. 44) showed excellent NET 

activity and a higher selectivity of NET over SERT.167 
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The evaluation of synthesized benzimidazolone based propanamines at the human 

norepinephrine transporter (hNET) in vitro suggested that compounds containing a 

phenyl moiety directly at the benzimidazolone ring (e.g. 44) were the most potent, 

representing a half maximal inhibitory concentration (IC50) below 10 nM (IC50 < 10 nM). 

Furthermore, hNET selectivity over hSERT turned out (> 300-fold) superior to those of 

reboxetine and atomoxetine (16- and 81-fold).167  

 

Fluorination at position 7 of the benzimidazolone core structure and position 2 of the 

phenyl moiety, attached to the benzimidazolone ring (45), indicated similar hNET 

potency, comparable to its non-fluorine analogs (e.g. 44) and additionally exhibited hNET 

selectivity over hSERT (80-fold) similar to atomoxetine.167  
 

 
 

Both benzimidazolone derived propanamines with a phenyl moiety (e.g. 44), as well as a 

fluorinated core and phenyl moiety (45) indicated excellent hNET selectivity over hDAT 

with < 50% inhibition of the cocaine analog [3H]WIN-35,428, binding to hDAT at a 

concentration of 10 µM.167  

 

Given those findings, both described benzimidazolone based propanamines represent 

excellent candidates for selective and potent NET inhibition with high affinity and low 
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unspecific binding. Thus, on the basis of the results of Zhang et al167 the methylamino 

moiety of core compound 44 has been radiolabeled with 11C and tested by our research 

group.169 All investigated preclinical parameters, such as affinity, BBB penetration, 

lipophilicity, metabolic degradation, and selectivity showed excellent results, thus 

suggesting excellent suitability of 11C radiolabeled 1-(3-(methylamino)-1-phenylpropyl)-

3-phenyl-1,3-dihydro-2H-benzimidazole-2-one ([11C]Me@APPI) (46) as a NET radioligand 

for the employment in PET.  

 
 

Due to successful preclinical testing of [11C]Me@APPI (46) and given the excellent in vitro 

results of the fluorinated analog of core compound 44, shown by Zhang et al,167 the aim of 

this thesis, amongst others (cf. chapters 1.1.3. and 1.2.4.2.), were the computational 

evaluation and successful synthesis of several fluorinated analogs of compound 44. In 

cooperation with the Medical University of Vienna, the resulting derivatives were 

subjected to continuative lipophilicity studies and BBB penetration experiments, for the 

evaluation of those compounds as suitable and future NET-PET radiotracers. 

 

1.2.4.2 Substituted 1-((3S,4S)-4-phenoxy-3,4-dihydro-1H-isochromen-3-

yl)methanamine (PHOXI) derivatives 

 

Atomoxetine (41) and (S,S)-reboxetine (47) both feature NE reuptake inhibitory 

properties and can be characterized by their high affinity for the NET.170,171 Based on 

these findings, both substances often serve as model structures for the development of 

new NET inhibitors. In this regard, Wu et al172 developed a series of potent NET inhibitors 

(e.g. 47), thereby applying three main structural requirements, derived from the 
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literature:173 Atomoxetine (41) exhibits a basic site A, a secondary amine, which is 

responsible for the potent inhibition of the NET, and a hydrophobic site B, which forms 

an aromatic ring. Furthermore, it consists of an additional aromatic ring C, which -by 

substitution- leads to significant changes in DAT, NET, and SERT selectivity. However, 

the main drawback of atomoxetine is its overall molecular flexibility, resulting in 

metabolism and clearance impairment,174,175 which gave Wu et al reason for developing a 

series of improved, new compounds (e.g. 48). 

 

 
 

Of all compounds synthesized, isomer 48, featured the best activity and selectivity for 

NET over SERT and DAT, equivalent to atomoxetine (41) and showed a decrease in 

flexibility. Additionally, it was 5-fold more potent than 41 regarding cytochrome 2D6 

(CYP2D6) inhibition, which however, was also expected to cause drug-drug interactions 

with other CNS agents.172 In the context of improving the pharmacological properties of 

48, as well as considering already described substance 49, which has been prepared as an 

analog of selective 5-HT reuptake inhibitor fluoxetine (50), a new series of molecules (e.g. 

51) has been developed by Hudson et al:176 Potent and selective NET inhibitor 51 featured 

properties, very similar to atomoxetine (41) and also exhibited elevated flexibility in 

regard to 48, but reduced flexibility in regard to 41. Also, CYP2D6 inhibition and 

oxidative stability were similar to 41, which led to the objective of modifying shape and 

geometry of 51 just enough to improve these properties, without losing potency or 

selectivity at the NET.176 
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Hence, the cyclopentane ring of 51 was substituted by a cyclohexane ring or a 

tetrahydro-2H-pyran ring in order to generate the chromane or isochromane, 

respectively. Tetralin analogs were less potent than the similar indane and although 

chromane based compounds exhibited a 2-fold improvement in potency, isochromane 

derived compounds (e.g. 52) trended toward higher potency,176 thereby suggesting an 

interaction between the isochromane oxygen and the NET.177 The greater potency was 

also correlated with the size and hydrophobicity of the aryloxy substitution, especially 

when a CF3 group was substituted for the methyl moiety (52) at position 2 of the phenyl 

ring. Additional fluoro substitution at position 3, 4, 5, or  6 of the phenyl ring even led to 

further amplification of the effect, with single-digit nM activity for the NET.176  

 

Selectivity was discovered to be a result of fluorine positioning. Additional fluorination 

of 52 at position 6 of the phenyl moiety for instance, not only augmented NET affinity, 

but also showed a significant increase in NET selectivity over SERT and DAT. In addition, 

comparison of cis and trans diastereomers suggested that the cis diastereomer displayed 

higher affinity and selectivity towards the NET than the trans diastereomer.176 Although, 

no improvement regarding CYP2D6 inhibition could be achieved (52 showed similar 

results to 51), in the microsomal clearance assay, 52 revealed advantageous stability 

compared with atomoxetine (41).177    
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Figure 10:177 (modified) Overlay of crystal structures of (S,S) reboxetine 47 (gray), derivative 48 (teal) and compound 52 

(blue)  

 

Compound 52 as well as some of its fluorinated analogs, discussed earlier, exhibit 

excellent properties, regarding NET affinity and selectivity. As depicted in figure 10, 

overall conformations of 47, 48, and 52 are relatively similar to each other, except for the 

positioning of the N-methyl moiety.  Due to the pseudoequatorial position of 

aminomethyl sidechains and pseudoaxial aryloxy groups, the aryl ring as well as the 

amino group with its attached methyl moiety is positioned at the same distance and 

orientation in all compounds, which results in the complete overlap of 

aminopropoxyaryl chains of 47 and 52. Furthermore, not only the second aromatic ring 

of 52 is in the common plane and shifted position as 48, but also, the isochromane 

oxygen of 52 occupies the same space as the morpholine oxygen of 47, assuming a 

specific interaction of this oxygen with the NET.177  

 

Since compound 52 and its fluorinated analogs feature excellent NET binding properties 

and high selectivity for NET over SERT and DAT, in addition (cf. chapters 1.1.3. and 

1.2.4.1.), the aim of this thesis was the synthesis of compound 52 and several already 

known analogs thereof. Furthermore, an additional fluoroethyl moiety was introduced at 

the methylaminomethane side chain of all molecules prepared, as described in chapters 

3.4.3.2.4 and 3.4.3.3.3. N,N-Dimethyl substituted derivatives as well as compounds 

featuring an N,N-methylfluoroethyl moiety serve as reference compounds for their later 

prepared 11C and 18F radiolabeled analogs and underwent preclinical testing at the 
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Medical University of Vienna. Lipophilicity experiments and BBB penetration studies 

determine the suitability of these compounds for the later employment of radiolabeled 

analogs in PET studies, for the in vivo examination of the NET in ADHD, cocaine 

dependence, and BAT.   

 

1.3 Positron Emission Tomography 
 

1.3.1 General Background 

 

PET is a powerful non-invasive imaging modality and represents an important 

component of molecular imaging techniques. It is the most sensitive method for the 

purpose of functional imaging and permits the in vivo measurement and quantification of 

molecular interaction, gene expression, signal transduction, and metabolic processes at 

the molecular level in the living organism.187,179 Therefore, it is successfully employed 

today as a diagnostic tool in the field of cardiology, oncology, and neurology/psychiatry, 

but also finds its use in research, where it serves for direct drug quantification in 

laboratory animals and humans.180 

 

PET comprises two main principles, the tracer principle and the tomographic principle, 

which have been both awarded with the Nobel Prize.181 The key element of PET forms the 

PET radiotracer, a chemical compound which is labeled with a suitable short-lived 

positron emitter.182 Today, 11C (t1/2 = 20 min), 13N (t1/2 = 10 min), and 15O (t1/2 = 2 min) 

represent the radionuclides of choice for radiolabeling, since these isotopes are naturally 

occurring elements in living systems, drugs, and food ingredients. However, since there 

exists no positron emitting isotope of hydrogen, which is also a main constituent of 

molecules of biological importance, 18F (t1/2 = 110 min) is commonly used to isosterically 

replace a hydrogen atom in a molecule.183 Moreover, nowadays several novel drugs 

contain fluorine atoms, which can simply be replaced by its 18F isotope without affecting 
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biological properties.184,185 The choice of the appropriate radionuclide and labeling 

position represent important aspects in the design of suitable and novel PET 

radiotracers. 
Subsequent to radionuclide production, radiosynthesis, and adequate purification, the 

resulting radiotracer is administered to a laboratory animal or a patient. Thereby, 

injected quantities of the PET tracers are in the nano- or picomolar range, which enables 

the application of highly potent compounds without triggering any pharmacological 

effect.179,186 The fate of the emitted positron culminates with the annihilation event and 

the emission of gamma quanta in opposite directions, which can be detected and 

transformed into tomographic images using coincidence detection.  

 

By the employment of unique data acquisition protocols, the high end technique of PET 

enables a wide variety of data analyses187 and thus differs from other techniques used in 

nuclear medicine such as SPECT. PET provides a significantly higher sensitivity, which 

allows the acquisition of high quality 2D and 3D PET images as well as quantitative PET 

data.188,189 

 

Over the years, PET has become a powerful scientific and clinical tool for probing 

biochemical processes in the human body. Therefore, it has not only been employed in 

diagnostic clinical studies, basic in vivo research, or preclinical studies, but lately also 

finds its use in drug development, where PET technology assists in gaining 

understanding of drug actions, establishing dosage regimens or treatment strategies.190 

 

1.3.2 Physical Principles of PET Imaging and Data Acquisition 

 

The underlying principle of PET is the β+ decay, which naturally occurs in neutron-

deficient isotopes.191 A PET radiotracer consists of a target specific chemical compound 

and such a neutron-deficient positron emitting nuclide. Its nucleus is proton rich and in 

the attempt of achieving stability, a proton in its core turns into a neutron by nuclear 
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transmutation.192 During this process, a positively charged particle, the positron (e+), is 

emitted with high kinetic energy and a neutrino (νe) escapes, which however does not 

interact with the surrounding material.193   

 
Figure 11: Annihilation event 

 

After emission, the positron travels a short distance (also known as the positron range) 

and thereby loses kinetic energy by the interaction with the surrounding tissue. The 

complete or almost complete loss of energy results in the fusion with a free electron and 

thus the subsequent formation of a positronium particle. The positronium, being a short-

lived positron-electron composition, is eventually annihilated, thereby converting its 

mass into energy in the form of two γ-rays of 511 keV. These γ-quants are simultaneously 

emitted in opposite directions at an angle of approximately 180 degrees (figure 11) and 

can be captured in coincidence by opposing detectors.182,193,194  

 

Ideally speaking, only true coincidence events should be detected by a PET scanner. 

These occur if both γ-rays result from one annihilation event and are detected between 

two parallel, opposite detectors within a narrow time window. The annihilation event is 

assumed to have taken place somewhere along the “line of response” (LOR) in between 



INTRODUCTION      52 

 

 

the two detectors.193 However, there also exist accidental or random events, where 

detectors capture γ-rays resulting from different annihilation events, and scatter 

coincidences, emerging from two photons being diverted form their original direction 

and reaching the detector to incorrectly determine the coincidence event. Since 

accidental events and scatter coincidences frequently occur during PET scans, causing 

increased background and affecting overall contrast in the final image, mathematical 

correction techniques are required for appropriate annihilation detection.195  

 

 
Figure 12: PET-procedure: Injection of the radiotracer into the patient, annihilation of the emitted positron with an 

electron and detection of the resulting γ-rays by scintillation detectors, data conversion and reconstruction of the PET 

image. 

 

In a typical PET scanner hundreds of detector banks are arranged in a ring-like pattern, 

surrounding the laboratory animal or patient. Thus, millions of coincidence events can 

be detected simultaneously, as each pair of parallel and opposite detectors produces a 

coincidence line, which is unique in terms of location and direction. The γ-quanta, 

striking the scintillation detectors, which usually consist of bismuth germinate (BGO) or 

lutetium oxyorthosilicate (LSO), are converted into visible light. Light photons are then 

transformed into electronic signals by a photo detector, such as a photomultiplier tube 

(PMT).194 The electronic signals are stored as two-dimensional matrix, also referred to as 
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“sinogram”, and undergo image reconstruction algorithms in order to recover the 

underlying radioactivity distribution and eliminate tissue alterations as well as detector 

non-uniformities. Today, iterative reconstruction algorithms have become the method of 

choice for data transformation in PET technology, since they provide superior image 

quality compared to traditional filtered background methods.196 The fully converted two-

dimensional data thus enable image reconstruction with information on the spatial 

distribution of radioactivity as a function of time (figure 12).190  

 

A state of the art PET system acquires coincidence data in a so-called 3D mode. Thereby, 

image quality is tremendously improved, even by the administration of relatively low 

radiopharmaceutical activities.195 Furthermore, the spatial resolution of a PET scanner 

used in clinical practice today is between 4 and 7 mm, while micro-PET scanners offer a 

spatial resolution between 0.5 and 2 mm.197 Amongst other factors, like positron range, 

detector size or noncolinearity of the annihilation photons, the spatial resolution (and 

therefore image quality) is influenced by the detector crystals.198 Since BGO crystals meet 

the desired characteristics for the employment in PET, such as a high effective atomic 

number, high density and high stopping power, they represented the crystals of choice 

for the last several years. However, LSO or lutetium yttrium orthosilicate (LYSO) possess 

very similar properties, compared to BGO, but additionally features a higher light output 

and faster decay times.187 The drawback of these crystals though is their high prize and 

the intrinsic background radioactivity, due to the occurrence of the natural isotope of 

lutetium (176Lu) within the crystals. Despite this drawback, they are already employed in 

several animal PET scanners today.188,194  

Since PET primarily yields functional and physiological information, it is frequently 

combined with other non-invasive imaging modalities, such as Computed Tomography 

(CT) or Magnetic Resonance Imaging (MRI). CT as well as MRI provide anatomical infor-

mation and thus permit accurate localization of the PET signal and allow improvement in 

the quantitative accuracy thereof.198 Figure 13 shows a PET image, an MR image, and a 

combined PET/MR image. 
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Figure 13:199 (modified) From left to right: PET image of the cannabinoid CB1 receptor with 18F-FMPEP-d2 in the human 

brain, MR image of the human brain, PET and MR image overlay. 

 

Multimodality imaging is widely used in oncology today and enables accurate 

diagnosis/detection of diseases and analysis of the reconstructed simultaneous 

tomography.181,188,200 Since medicine is evolving towards personalized care, the application 

of combined imaging techniques is assumed to expand, not only in the field of research 

for the study of pharmacokinetics and pharmacodynamics of new therapeutics, but also 

in diagnosis and individual patient treatment.201  

 

1.3.3 Radiopharmaceuticals 

 

Radiopharmaceuticals are radiolabeled medicinal formulations, which are designed for 

the mapping of physiological function and metabolic activity in vivo. They consist of a 

molecular structure, which is responsible for the chemical and biochemical interactions 

and determines the fate of the radiopharmaceutical within the living organism. In addi-

tion, radiopharmaceuticals comprise a short-lived positron emitting isotope responsible 

for a signal, which can be detected by the use of nuclear medical methods. Often, a linker 

has to be introduced as a stable connection between the core structure and the positron 

emitting radionuclide.202,203 

Since a non-radioactive compound and its radioactive analog feature identical chemical 

properties, the living organism metabolizes them in the exact same way. Thus, 

radiopharmaceuticals can be employed to directly visualize functional and metabolic 
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processes in vivo, which allows the imaging of pathological changes on the molecular 

level long before morphological manifestation.202  

 

In general, radiopharmaceuticals are classified by their field of application, which is 

either diagnosis or therapy.203 Given the growing demand for mapping biological 

processes in the living organism, a series of PET tracers already found their way into 

clinical routine. Several PET imaging agents are therefore frequently used for 

cardiological as well as neurological and psychiatric purposes. The main application area 

however is oncology.180,202  

One of the first radiodiagnostics, which finds its main use in the field of oncology 

today,204 is 2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG) (53). The molecule was first 

synthesized in 1978 by Ido et al,205 but only the significant improvements made by 

Hamacher et al206 at the research center Juelich (Germany) led to the continued success of 

this compound. Since the organism metabolizes [18F]fluoride radiolabeled glucose like the 

endogenous, non-radioactive analog, evaluation of the glucose metabolism can be 

studied easily, which makes [18F]FDG the most successful commercial PET 

radiopharmaceutical today. Furthermore, [18F]FDG uptake in tumor cells, due to their 

high glycolytic metabolic rate, was already studied in the 1980s by Di Chiro et al.207,208 

These investigations indicated the increased metabolic demand of tumors for glucose 

and also opened the path towards precise tumor localization in initial staging and 

monitoring of therapy response.209  
 

 
 

Eligible radiopharmaceuticals, like the previously discussed 18F-radiolabeled analog of 

glucose, are the key elements to successful molecular imaging and thus have to fulfill a 

number of different criteria, in order to assure accurate applicability as well as broad 
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availability for the employment in PET. Therefore, several prerequisites, derived from 

years of empirical research, are necessary, which will be discussed in the following 

chapter. 

 

1.3.3.1 Prerequisites for PET Imaging Probes 

 

The development of a useful PET imaging probe for the application in laboratory animals 

or patients usually represents a multistep procedure and requires interdisciplinary 

collaboration of radiochemists, pharmacologists, and clinicians. Thus, several 

prerequisites for the development and evaluation of appropriate PET radiotracers have 

to be considered and validated to ensure maximum reliability and efficiency thereof, in 

order to achieve successful in vivo suitability. Since no single method today can 

adequately predict the in vivo behavior of a PET radiopharmaceutical, a combination of 

different assays is required to evaluate a promising candidate compound.210  

 

Most importantly, a suitable radiopharmaceutical is characterized by its high affinity, 

high selectivity, and specificity towards the dedicated target site.211 Only if the site-

specific radiotracer has a high affinity for its binding site, specific binding will be 

observed.212 Therefore, adequate binding affinities for PET imaging probes should lie 

below 10 nM or even in the subnanomolar range.190 
 

Another important factor in the development of new PET tracers is the ability of the 

compound to cross the blood brain barrier (BBB). The BBB is formed by a thight layer of 

capillary endothelial cells, which act as a physical barrier, thereby impeding the 

penetration of hydrophilic molecules such as peptides or proteins. Small molecules like 

O2 or CO2 as well as lipophilic compounds however are able to enter the central nervous 

system via BBB by passive diffusion.213  

Several methods for the prediction of a compound’s suitability to penetrate the BBB are 

available and only a combination of different methods assures accurate prediction. 
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Lipinski et al36 for instance, suggest the application of the “rule of 5”, which indicates 

several guidelines, such as a molecular weight below 500 or a logP < 5, for a certain 

permeability of a radiopharmaceutical. Since the evaluation of the octanol/water 

partition coefficient P (logP) is the most commonly used index of compound 

lipophilicity, one of the first analysis for a suitable PET radiotracer refers to the logP 

evaluation. However, in the literature the range assessed for the logP of appropriate PET 

tracer compounds varies tremendously. Therefore, the logP value is often not reliable.214 

Pike215 for example limits the range from 2.0 to 3.5, but also refers to suitable PET tracers, 

which have been tested a logP over 5.0, like the radiotracer [11C]MePPEP for the 

cannabinoid sub-type-1 (CB1) receptor, or [11C]NNC 112 for the dopamine D1 receptor. 

Since the logP value alone does not assure for a compound’s certain BBB penetration, 

further methods for BBB permeability are required. Therefore, Tavares et al216 and 

Abraham et al217 do not only include logP evaluation as a measure of lipophilicity into 

their experiments, but also suggest immobilized artificial membrane (IAM) HPLC 

experiments, which provide information on compound-membrane interactions, and 

plasma protein binding assays (using HSA coated HPLC columns) for determining the 

percentage of a molecule binding to plasma proteins, as a measure for the potential of a 

radioligand to penetrate the BBB. 

 

Besides the affinity, selectivity/specifity, and the BBB permeability, a suitable 

radioligand is also characterized by the absence of interfering radioactive metabolites in 

the target tissue. Metabolization or degradation of the desired radiopharmaceutical, 

respectively, leads to radioactive metabolites, which can interfere with the target itself 

and lead to undesirable enhanced binding signals.  

 

Furthermore, a suitable PET tracer features low non-specific binding.211 Only if a 

radiopharmaceutical shows low binding to plasma proteins, it is available for diffusion 

out of the vascular space. Moreover, merely if the non-specific binding of the radio PET 
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tracer is low, a high target to background ratio and consequently accurate detection of 

the coincidence signal can be achieved.212 

 

Another important prerequisite in PET radiotracer production is broad availability as 

well as reliable preparation. Therefore, several factors regarding substance planning and 

tracer preparation have to be taken into consideration: 

 

Criteria for a new PET radiotracer:218  

 

 the expected clinical outcome of the PET study 

 chemical aspects 

 stereochemical aspects 

 position of label 

 specific radioactivity 

 choice of cyclotron generated primary precursor and related online produced 

secondary precursor 

 choice of solvent for the final formulation (physiological) 

 

1.3.3.2 Short Introduction to the Preparation of Radionuclides 

 

A wide range of positron emitting radionuclides for the incorporation into biomolecules 

is available today. However, only a few of them are actually employed in PET, since a 

radionuclide has to meet certain requirements, such as (1) a half-life, which allows 

radiotracer preparation and minimizes unnecessary radiation time on the subject of 

interest, or (2) reproducible production in sufficient amounts and under simple 

conditions.219 The nuclides 11C and 18F are the most frequently employed radionuclides in 

PET today, since both meet the above mentioned requirements.220 Due to their favorable 

properties, 11C as well as 18F will also be used for the future radiolabeling of the precursor 

molecules, prepared within the scope of this thesis.  
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11C represents an ideal radionuclide for PET, since the isotope decays rapidly and thus 

allows repeated investigation in the same subject within short time intervals.190 18F 

decays almost exclusively by positron transition (97%) to the ground state of the stable 

daughter nuclide 18O; 3% undergo electron capture. It also provides an ideal time frame 

for PET investigations due to its convenient half-life (110 min) and shows excellent 

physical characteristics for imaging because of its low β+ energy.221 Besides 11C and 18F, 

also other radionuclides find their application in PET. Some of the most employed 

radionuclides in PET as well as their production methods are listed in table 1. 

 
 

Nuclide 
 

 

Production 
 

Half-life 

18F (F-) 18O (p,n) 18F 109.7 min 

18F (F2) 

20Ne (d,α) 18F 109.7 min 

11C  

14N (p,α) 11C 20.4 min 

13N  

16O (p,α) 13N 10.0 min 

15O  

14N (d,n) 15O 2.0 min 

64Cu 

64Ni (p,n) 64Cu 12.7 h 

86Y  

86Sr (p,n) 86Y 14.7 h 

76Br  

76Se (p,n) 76Br 16.0 h 

68Ga  

68Ge/68Ga generator 67.6 min 

 

Table 1:180 Important PET radionuclides for clinical application 

 

In general, there exist three different radionuclide production methods, which include 

the preparation via generator, accelerator (cyclotron), and reactor: 
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- Generator derived radionuclides 

 

The most convenient method is the radionuclide preparation by a generator. This 

technique is not only the most inexpensive but also grants ready availability of the 

radionuclide of choice.191 Generator systems include a relatively long-lived parent 

nuclide, attached to a matrix in a column, from which the usually much shorter-lived 

daughter nuclide can be eluted. Due to consecutive decay of the mother isotope a 

radioactive equilibrium, responsible for a gradual buildup of daughter nuclide, is reached 

within some time, that provides constant availability and hence immediate elution of the 

daughter nuclide at any time.222 Based on the different chemical or physical state of 

mother and daughter isotope, separation of both radionuclides can easily be achieved. 

Thus, due to the longevity of the mother isotope, radionuclide generators can be 

transported and the daughter nuclide eluted directly at the desired location. The most 

common generator system is available for 99Mo/99mTc. Other systems for instance 

comprise 68Ge, 81Rb or 188W as mother isotope and yield 68Ga, 81mKr, or 188Re, respectively as 

daughter nuclide.191  

 

- Cyclotron derived radionuclides 

 

Particle accelerators, like cyclotrons, are the method of choice for radionuclide 

production and employed for the preparation of neutron-deficient radioisotopes.223 In 

the center of a cyclotron, hydrogen (H2) or deuterium (D2) is introduced, which is 

converted either into 1H- or 2H- particles, respectively. Under the effect of a strong 

magnetic field, 1H- or 2H- particles gain energy, which forces the anions to travel in a 

spiral path until they hit a stripping foil. Due to change of charge, resulting protons (1H+) 

or deuterons (2H+) deflect out of the acceleration chamber to collide with the target 

material, which can either be a gas, solid, or liquid.222,224 This process leads to a nuclear 

reaction (mostly (p,n), (d,n), (p,α) or (d, α) reactions),223 subsequently yielding the desired 
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positron-emitting radionuclide. The most common positron emitters, produced within a 

medical cyclotron are 11C, 13N, 15O and 18F.224 

Although a wide variety of nuclear reactions is available, only one or two are employed 

in clinical routine. 11C for instance is prepared by the 14N(p,α)11C reaction via proton 

bombardment of natural nitrogen. The proton interacts with stable 14N, thereby yielding 
11C and a neutron. Traces of oxygen in the nitrogen target material ensure conversion 

into [11C]CO2, which serves as initiator for several precursors of radiotracers.227 For 18F, 

more than twenty nuclear reactions are known, but the most effective one is the 
18O(p,n)18F reaction on 18O-enriched water. [18F]Fluoride of high molar radioactivity can 

thus be produced in cyclotrons, even with low energy and within less than 1 h of 

irradiation time.225 

 

- Reactor derived radionuclides 

 

Since there exists a large number of currently used isotopes, that cannot be made 

accessible by accelerators, reactors find their application in radionuclide production. 

This method is generally used for radionuclide generation from stable mother isotopes 

and yields neutron-rich isotopes with a relatively longer half-life.226  

 

Nuclear reactions are the key element to generate an elevated neutron flux, which leads 

to the production of neutrons. These are employed for the bombardment of a carrier 

material, placed in the reactor, which yields the desired radionuclides after the 

irradiation process.191 The standard reaction for thermal (slow) neutrons is the (n,γ) 

reaction, mostly generating radionuclides, which decay by β- reaction and are therefore 

especially suitable for radiotherapy.227,228 Such radionuclides are 188W resulting from 187W, 

or 99Mo produced from 98Mo.191 However, since only a small fraction of the target atoms is 

activated, the material removed from the reactor will always contain stable isotopes of 

the nuclide, which represents the major drawback of reactor nuclides produced by 

neutron activation. Furthermore, natural impurities in the target material cause the 
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production of other radionuclides, which limits the ability to concentrate the 

radionuclide of interest and results in lower specific activity.191,227 For this reason, many 

of the clinically used radionuclides (e.g. 131I or 99Mo), derived from the reactor, are 

instead produced by nuclear fission to maximize specific activity.227  

 

1.3.3.3 Radiolabeling with 11C and 18F 

 

Radiolabeling standard operation techniques require viability and reproducibility of the 

selected production method to assure adequacy of the radiolabeled end product. 

Therefore, synthesis time as well as purification periods should remain as short as 

possible and radiolabeling strategies should aim to introduce the label in the synthetic 

sequence as late as possible.190 A diverse array of reactions has been developed for the 

introduction of 11C and 18F into target molecules. However, the ideal labeling technique 

does still not exist to accommodate all necessary requirements, since every method 

carries some drawbacks.182 Challenges for the incorporation of 11C into the molecular 

target for example constitute rapid, reliable, and versatile labeling techniques, whereas 

incorporation of 18F isotopes into target molecules is rather challenging, due to limited 

chemical introduction methods in comparison to 11C.220 

 

Nevertheless, 11C as well as 18F are the most widely used radionuclides in PET today.220 The 

employment of synthesis modules, supercritical fluids, solid-phase synthesis and 

automated “loop” synthesis in radiolabeling strategies with 11C and 18F has enhanced the 

speed, safety, efficiency, and reliability of radiosyntheses, which guarantees rapid 

preclinical evaluation, Phase 1 studies, and possible distribution to satellite PET centers 

without an on-site production unit.220,229  
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1.3.3.3.1 11C-Methylation Reactions 

 

A relatively large quantity of 11C radiolabeling precursors is available, but only a selected 

number finds large-scale application in routine labeling of biomolecules. Most of them 

can be produced directly in the target or obtained by chemical reactions from 11CO2 or 
11CH4. With current available 11C-radiolabeling techniques, 11CO2 is by far the most 

versatile primary labeling precursor today.190 It is commonly prepared in the cyclotron 

and either converted into [11C]methyl iodide for the further utilization in methylation 

reactions, transformed into [11C]HCN, [11C]COCl2, and [11C]CHO for special applications, or 

directly employed in the synthesis of carbonyl or carboxyl compounds using the 

appropriate Grignard reactions.180  

 

[11C]Methyl iodide is the most widespread methylating agent and can be prepared by the 

reduction of [11C]CO2 into [11C]methanol via LiAlH4 or catalytic hydrogenation and 

subsequent treatment with a source of HI. Separation from non-volatile impurities is 

easily achieved by distillation or gas chromatography, due to the volatility of the methyl 

halide, CO2, or methanol.180 [11C]CH3I holds the advantage of conducting relatively 

straightforward methylation reactions. Thereby, it is simply trapped in a solution of the 

target precursor and heated for a short time.220  

Beside the application of [11C]ethyl-, [11C]propyl-, [11C]butyl- and [11C]benzyl-iodide230,231 in 

labeling reactions, also [11C]methyl triflate, represents an important methylating agent. 

It has gained more prominence over the recent years due to its greater reactivity and 

volatility,232 which both represent ideal properties for rapid methylation reactions.233-236  

 

Generally speaking, most methylation methods applied in basic organic chemistry can 

also be utilized in PET radiochemistry. Thereby, and particularly in the case of [11C]CH3I, 

amine, alcohol, or thiol groups serve as suitable precursors to form the respective amine, 

ether, or thioether.220 Due to impurities, such as non-radioactive CO, CO2, CH4, or other 

sources of carbon, the theoretical achievable maximum specific radioactivity however is 
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never reached. Nevertheless, attained specific radioactivity is sufficient enough for PET 

investigations of enzymes, receptors, or transporters in the living organism.190 

 

1.3.3.3.2 18F Radiolabeling Reactions 

 

Variable chemical forms of [18F]fluoride are obtained, depending on the nuclear reaction, 

employed for its production. Thus, several target materials find their use in [18F]fluorine 

labeling reactions.237 The main synthetic strategies for 18F labeling include direct 

fluorination, which can be subdivided into nucleophilic and electrophilic 18F-fluorination 

reactions, and indirect fluorination, with fluoroalkylations and fluoroethylations as the 

most important class thereof. Mostly, nucleophilic 18F-fluorination reactions are 

employed for the preparation of 18F-labeled radiopharmaceuticals, since they prove 

greater selectivity and capability to give compounds with high specific radioactivity.180,220 

However, fluoroalkylations, especially fluoroethylations gained more importance over 

the last years, as 18F-fluoroalkylated tracers show valuable alternatives for 11C-labeled 

compounds, with the same biologic activity.238,239  

 

- Nucleophilic 18F-Fluorination Reactions 

 

In general, [18F]fluoride is employed in nucleophilic 18F-labeling reactions, which is 

produced according to the 18O(p,n)18F reaction and obtained from aqueous medium.190 

Usually, positively charged counterions, leached from the target surface during the 

irradiation process, form co-resident particles in the aqueous solution, beside 18F 

anions.240 Thus, ion-exchange columns are employed for the recovery of [18O]H2O and fast 

separation from positively charged counterions.220 However, the aqueous fluoride 

obtained from the column is a poor nucleophile due to its high degree of solvation, and 

rather unreactive due to the high charge density of the anion.182 Therefore, [18F]fluoride 

ions require activation for the nucleophilic attack, before the application in radiolabeling 

reactions. The addition of positively charged counterions in terms of alkali salts and 
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cryptands before the removal of water has proven to be crucial for improving the 

reactivity of [18F]fluoride ions for nucleophilic substitution reactions. The metal ion (Rb, 

Cs, K) is readily obtained from its respective carbonate, bicarbonate or hydroxide, and 

used in combination with a cryptand for activation. Most commonly, the aminopolyether 

Kryptofix 2.2.2. (4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane, K222) is used 

as cryptand in combination with potassium carbonate, since CO3
2- does not evoke base 

catalyzed side reactions.206,241 K222 and the potassium cation form a strong complex, which 

leaves the fluoride ion exposed and highly nucleophilic, when dissolved in a polar 

nonprotic solvent (e.g. DMF, DMSO, or acetonitrile).220 Alternatively, also 

tetrabutylammonium salts are employed for the activation of 18F-, which do not only give 

greater yields of fluorinated products but also reduce reaction times.242  

The substitution of a suitable leaving group with [18F]fluoride has been proved an 

excellent method for the preparation of aliphatic C-18F bonds.243 Thereby, the leaving 

group is selected in regard to accessibility, precursor stability, reagents, solvents, 

method of 18F- separation from precursors, and formation of side products. Especially, 

sulfonates (mesylate, tosylate or triflate), which are particularly reactive, represent 

prominent leaving groups and provide excellent yields in nucleophilic [18F]fluorination 

reactions, like in the synthesis of [18F]FDG. Besides sulfonates, also halides are adequate 

leaving groups for aliphatic, nucleophilic substitution reactions with [18F]fluoride.206,244,245 

 

Also aromatic nucleophilic substitutions are frequently employed for the preparation of 

biomolecules. Thereby, a proton in the aromatic ring is often substituted with a 

[18F]fluoride atom, since fluoride and hydrogen feature a similar atom size. However, 

significant changes in the character of the aromatic ring system occur, due to the higher 

electronegativity of the fluoride atom.218,246 

 

 

 

 

http://webbook.nist.gov/cgi/cbook.cgi?ID=23978-09-8&Units=SI
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- Electrophilic 18F-Fluorination Reactions 

 

[18F]F2 gas appeared as one of the first reagents for electrophilic fluorination and is made 

accessible by the bombardment of a target gas, mainly consisting of neon.247 Due to its 

high reactivity, [18F]F2 preparation requires extensive cooling or the utilization of highly 

diluted [18F]fluoride solutions to prevent heavy exothermic reactions. Another approach 

is the direct conversion of [18F]F2 into less reactive and more selective 18F-labeled 

fluorination agents, such as acetyl hypofluorite,248 xenon difluoride,249 or 

fluorosulfonamides.250 

 

Electrophilic 18F-fluorination reactions give end products with rather low specific 

activity and low radiochemical yields in comparison to nucleophilic 18F-fluorination 

reactions, since the reagents are prepared from carrier added (i.e. unlabeled 19F2 gas) 
18F2.182 Nevertheless, electrophilic approaches for the radiolabeling of PET 

radiopharmaceutics still represent a key method, on which the preparation of several 

important PET tracers, such as [18F]fluoro-L-DOPA244,251 and 2-L-[18F]fluorotyrosine,252 

relies. 

 

- [18F]Fluoroethylation and [18F]Fluoroalkylation Reactions 

 

Numerous biologically active compounds contain alkyl side chains, such as methyl and 

ethyl functions, which serve as basis for radiolabeling reactions. A variety of 

fluoroalkylating agents, such as [18F]bromofluoromethane,253,254 [18F]fluoroiodomethane,255 

2-[18F]bromofluoroethane,256,257 2-[18F]tosyloxyfluoroethane,243,258 3-[18F]bromofluoro-

propane,259-261 3-[18F]fluoroiodopropane,261,262 and 3-[18F]tosyloxyfluoropropane,263 has 

been developed. Mostly, small alkyl chains are employed in the preparation of 18F-

fluoroalkylated tracers, not only to minimize structural differences in regard to the 

precursor molecule but also to preserve physiological parameters as well as biologic 

activity.238,239 
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[18F]Fluoroethylation reactions represent the most important class amongst 

[18F]fluoroalkylations, since [18F]fluoroethyl groups are comparable with methyl and 

ethyl groups in steric and electronic properties. In addition, fluoroethylations are simple 

reactions, as [18F]fluoroethylating agents can be easily produced form commercially 

available sources.229 Usually, reagents like 2-[18F]tosyloxyfluoroethane,264 or 2-

[18F]bromofluoroethane,265 which are easy to prepare, very stable, and suitable for a 

variety of compounds, find their use in [18F]fluoroethylation reactions. Wadsak et al229 

describe ten different approaches for the preparation and purification of 2-

[18F]bromofluoroethane and 2-[18F]tosyloxyfluoroethane, in which the combination of  2-

[18F]bromofluoroethane and its purification via distillation proved advantageous. Targets 

for [18F]fluoroethylations are amine,266-271 hydroxylic,272,273 mercapto,274,275 and carboxyl 

moieties.238,239,276-279 

 

1.3.4 Recent Advances in the Field of PET Technology 

 

As PET is a relatively young discipline, numerous technical innovations have taken place 

over the years, not only in regard to the PET facility itself, but also in the field of 

radionuclide production as well as radiopharmaceutical preparation.  

 

Increasing interest in hybrid PET/MR systems has emerged over the last few years, since 

the combination of MR and PET measurements provides numerous advantages:  A recent 

report from the research institute Juelich280 discussed an improvement in the field 

strength of MRI scanners, which provides higher spatial resolution, higher functional 

contrast, and enhanced image contrast thus significantly facilitating structural imaging. 

In addition the study pointed out the advantage for PET image reconstruction and the 

negligible need of performing scans in two separate machines when using integrated 

PET/MR technology. Lately, Shah et al281 also discovered a better image quality by the 

employment of a hybrid PET/MR system. The presence of a large static magnetic field 

leads to the reduction of the positron range of PET radionuclides, thereby improving PET 
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image resolution and contrast. Jadvar and Colletti282 pinpointed the advantage of 

PET/MRI over PET/CT and referred to better diagnostic evaluation, clinical decision-

making, as well as patient management and patient outcome by the combination of PET 

and MRI. In their paper282 they summarize the current evidence on use of PET/MRI in 

several disease processes, such as neuropsychiatric, cardiac, and oncologic diseases. By 

providing unparalleled structural, metabolic and functional information, PET/MRI 

enables opportunities for novel paradigms for brain function, accurate receptor density 

mapping, and metabolic imaging, which according to the authors characterizes PET/MRI 

as the perfect tool for paving the way towards personalized care. 

New developments in PET technology were made by Okamoto et al.283 The research group 

generated an animal PET scanner, using flat-panel position-sensitive PMTs, which 

provide high resolution as well as a large field of view (FOV). This PET scanner enables 

the investigation of non-human primates under conscious condition and acquires data in 

a 2D or 3D mode. Recently, also Lu et al284 reported improvements in small animal PET 

scanners by the incorporation of Silicon Photomultipliers (SiPMs). Due to superior 

attributes of SiPM detectors, such as compact size, high photon detection efficiency, 

insensitivity to magnetic fields, and low operating voltage, they find application in 

compact, lightweight SiPM-based PET imaging systems. 

Casella et al285 recently reported progress in the development of novel detector systems 

for a high resolution Time Of Flight-PET (TOF-PET) facility. The employment of LYSO 

crystals together with digital Silicon Photomultipliers (dSiPMs) enables excellent 

intrinsic time resolution and a high level of integration, which makes this device 

unprecedentedly compact and particularly attractive for TOF-PET detector systems. 

Pizzichemi286 describes the development of a TOF-PET system in the context of designing 

a multi-modal imaging device (EndoTOFPET-US)287 that combines ultrasound endoscopy 

with TOF-PET for the detection of prostate and pancreatic cancer. Therefore, excellent 

spatial resolution as well as a good signal to noise ratio are required in order to detect 

small lesions and ensure early cancer diagnosis. 
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By developing a novel cyclotron, which is currently installed at the research institute 

Juelich, IBA Technologies recently contributed to the field of radionuclide production.288 

Besides 30 MeV protons and 15 MeV deuterons also 30 MeV alphas can be produced, 

which gives the opportunity of augmenting the number of medically employed 

radionuclides. Additionally, the cyclotron comprises a dual-beam technique, which 

enables simultaneous radiation of radionuclides for radiopharmaceutical production as 

well as for research purposes. 

Bengel et al289 recently described several newly prepared radiotracers and give an 

excellent overview of their application in the field of cardiology, oncology, and 

neurology. Within this review,289 also several prostate specific membrane antigen (PSMA) 

ligands for the imaging of prostate cancer were discussed. 68Ga and 99mTc labeled tracers 

as well as 68Ga, 177Lu, and 131I labeled chelator-conjugated ligands showed high affinity for 

PSMA and might open new perspectives for therapeutic and diagnostic approaches in 

prostate cancer imaging. Bengal et al289 further described the first clinical PET results for 
68Ga-CPCR4.2, a new PET imaging agent for CXCR4. Since CXCL12/CXCR4 is involved in 

the signaling pathway of various pathophysiological phenomena, this novel tracer opens 

a new and exciting field of clinical research, as it exhibits excellent imaging 

characteristics, high affinity and selectivity, as well as high uptake in various tumors, 

and especially lymphoproliferative diseases. A new approach in the field of NET imaging 

was recently reported by Zhang et al.290 [18F]-MFBG was identified as a promising 

radiopharmaceutical for specifically imaging NET-expressing neuroblastomas. Since it 

showed higher sensitivity, fast pharmacokinetics, and better detection of small lesions, 

even with low NET expression, [18F]-MFBG is preferred over 131I/123I-MIBG in NET related 

imaging studies. 

 

 

Within the scope of this organic preparative thesis, also in silico studies and first 

experiments concerning substance lipophilicity and BBB penetration were performed at 

the Medical University of Vienna. The described PET methods as well as methylation and 
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fluoroethylation radiolabeling reactions though were not part of this thesis. However, 

these methods, which will be used for the continuation of this project, are discussed to 

assure the understanding of the purpose of the presented thesis. After preclinical testing 

and the selection of the most potent reference compounds, their respective precursors 

will be radiolabeled with 11C and/or 18F (derived from the cyclotron) for the investigation 

of MAO-B and NET in the living organism via PET imaging. 
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2 DISCUSSION 
 

2.1 Aim 
 

The aim of this thesis was the computational evaluation, synthesis, NMR-spectroscopic 

characterization, and preclinical testing of MAO-B and NET binding precursors and 

reference compounds for the development of 11C- and 18F-radiolabeled PET tracers, which 

allow in vivo investigation of MAO-B and NET related (dys)regulation mechanisms via 

positron emission tomography. 

 

 

 

For the MAO-B system, a compound library of new, reversible PET tracer precursors (2, 5, 

8, 11, 14) and reference compounds (1, 3, 4, 6, 7, 9, 10, 12, 13) should be prepared by 

applying principles of bioisosterism to 5-(anthracen-9-yl)-3-phenyl-4,5-dihydro-1H-

pyrazole (cf. chapter 1.1.3), a compound which was recently reported a highly selective 

and extremely potent reversible MAO-B inhibitor.34 In silico evaluations of the envisaged 

compound library should allow first conclusions to be drawn with respect to the affinity 

to MAO-B. 
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For PET based investigations of the NET, new reference compounds as well as precursors 

of two different substance classes should be synthesized and tested within the scope of 

this thesis: 

Based on the previously described and evaluated NET affine derivative 1-(3-

(methylamino)-1-phenylpropyl)-3-phenyl-1,3-dihydro-2H-benzimidazol-2-one 

(Me@APPI)167,169 (cf. chapter 1.2.4.1), several fluorinated analogs (FAPPI:1-3, 15-17) should 

be subjected to in silico studies for first affinity and selectivity evaluations in respect of 

NET, DAT, and SERT, prior to synthesis. 
 

 

 

Furthermore, recently reported, highly NET affine 4-phenoxy-3,4-dihydro-1H-

isochromen derivatives (Me@PHOXI:1, 18; PHOXI:1, 19; Me@PHOXI:2, 21; PHOXI:2, 22)176 

should be made accessible as well as the fluoroethyl-methyl-amine analogs 

(FE@PHOXI:1, 20; FE@PHOXI:2, 23) thereof. 

 

 

 

All developed precursors and references should be examined and characterized by 

employing spectroscopic as well as spectrometric analytical methods. In addition, they 
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were planned to be subjected to first preclinical studies (logP analyses and IAM 

experiments), which serve for the evaluation of the envisaged compounds in regard to 

the lipophilicity and BBB penetration potential via passive diffusion.  

Since MAO-B (1, 3, 4, 6, 7, 9, 10, 12, and 13) and NET (15-18, 20, 21, and 23) references 

feature identical chemical properties in comparison to their radioactive analogs, they 

serve as standards for radiochemical evaluation and will be subjected to further 

preclinical experiments at the Medical University of Vienna. The most promising 

candidates among these compounds regarding their suitability as potential MAO-B or 

NET ligands will then be selected for further in vivo investigations of the MAO-B or NET 

system, respectively. 

 

For this purpose, MAO-B (2, 5, 8, 11, and 14) and NET (19 and 22) precursors will be 

employed as starting materials for the synthesis of radiolabeled [11C] and [18F] based PET 

tracers, respectively, which in continuative studies, will serve as probes for the 

visualization, detection, and investigation of MAO-B enzymes and NE transporters in the 

living organism. 
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2.2 Reversible MAO-B Inhibitors 
 

On the basis of the excellent binding properties of the highly selective and reversible 

MAO-B inhibitors previously described by Mishra et al,34 a compound library of methyl- 

and fluoroethyl-substituted 5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazole derivatives was 

prepared by applying principles of bioisosterism (cf. chapter 1.1.3) to the benzene ring of 

the molecule. After the synthesis, all compounds were subjected to lipophilicity and BBB 

penetration studies at the Medical University of Vienna for the determination of their 

suitability as future radioligands for the MAO-B system. 

 

2.2.1 Preceding Syntheses 

 

2.2.1.1 Preparation attempt of 5-(anthracen-9-yl)-3-phenyl-4,5-dihydro-1H-pyrazole  

 (57) 

 

In preparation for the development of methyl ester derived reference compounds (27, 

29, 31, 33, 35, 37, and 39), the previously described reversible MAO-B inhibitor 57 should 

have been prepared according to the synthesis protocol of Mishra et al,34 in order to 

evaluate suitability as well as applicability of the procedure.  

 

 

 

Scheme 2 
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Therefore, anthracene-9-carbaldehyde (54) was reacted in an aldol condensation 

reaction with acetophenone (55) under mild basic conditions (scheme 2). The first step, 

the generation of the kinetic enolate of keton 55, was performed by using sodium 

hydroxide, thus enabling the addition to anthracene-9-carbaldehyde (54). In the second 

step the resulting addition product was deprotonated at the α-carbon to form an enolate 

which subsequently formed an α, β-unsaturated carbonyl with the loss of hydroxide (via 

1,2-elimination) to give chalcone 56. By pouring the crude reaction product on ice and 

pH adjustment (pH=2) of the resulting solution, desired compound 56 was easily 

separated from by-products, which dissolved in the aqueous medium. Filtration and 

subsequent recrystallization assured high purity and excellent yields of 56. 

The cyclization of 56 into 57 was envisaged to be performed in one step consisting of two 

parts: In an aza-Michael addition, the nucleophile hydrazine monohydrate should have 

attached to the β-position of the α, β-unsaturated carbonyl compound (56). Although 

amines are strong nucleophiles and usually react readily with Michael acceptors without 

acid or base catalysis, several addition methods attempted failed, even under acidic or 

alkaline conditions (scheme 3).   

The second part of this one step reaction would have comprised an addition-elimination 

reaction, where the free amine group of hydrazine monohydrate should have added 

intramolecularly to the carbonyl carbon in 56 and subsequent dehydration should have 

yielded the C=N double bond, since the elimination of oxygen in form of water is 

thermodynamically favored.  

 

Although several methods for the preparation of 57 have been attempted (scheme 3) the 

desired product could not be obtained and it is unclear whether product formation did 

not occur or if the product decayed during the purification process due to instability of 

the pyrazoline ring.  

In literature several reports refer to the stability of some pyrazoline derivatives,291-293 

however, several authors indicate the issue of pyrazoline instability.37,294 Despite untiring 
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efforts and numerous synthetic methods attempted derivative 57, which was allegedly 

synthesized by Mishra et al,34 could not be reproduced. 

 

 

 

Scheme 3 

 

Neither heating under acidic (scheme 3, methods 1-12) or basic reaction conditions 

(scheme 3, methods 14, 19), nor microwave irradiation (scheme 3, methods 4-7, 11, 12), 

nor refluxing under pressure (scheme 3, method 21) led to the successful preparation of 

57. Also, exclusion of light (scheme 3, method 22), gradual removal of water (scheme 3, 

methods 2, 3, 18), variation of solvents, and exclusion of oxygen (scheme 3, methods 17 

and 22) did not provide the desired product (57). Extended reaction times caused gradual 

decomposition but never afforded cyclization and also, the integration of a tert-

butyloxycarbonyl protecting group at position 1 of the pyrazoline ring (58) followed by 

the subsequent cleavage thereof employing hydrochloric acid (scheme 4) was 

unsuccessful and did not yield desired pyrazoline derivative 57. 
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Scheme 4 

 

As compound 57 could not be made accessible by varying several methods (scheme 3), 

another synthetic approach had to be developed: Since Mishra et al34 accomplished the 

cyclization reaction mostly with compounds, featuring strong electron withdrawing 

groups (e.g. NO2) at the phenyl ring, instability of 57 may be ascribed to the bare phenyl 

ring. Hence, an electron withdrawing moiety was introduced at position 4 of the phenyl 

ring in order to acquire compound stability. 

 

2.2.1.2 Preparation attempt of 4-((2E)-3-(anthracen-9-yl)prop-2-enoyl)benzoic acid 

(59) and 5-((2E)-3-(anthracen-9-yl)prop-2-enoyl)thiophene-2-carboxylic acid 

(60) 

 

In the attempt of improving compound stability, a carboxylic acid group, which features 

strong electron withdrawing effects, was introduced at the ring where bioisosteric 

changes were performed (scheme 5). The introduction of this group should not only 

improve compound stability, but furthermore should serve as a prerequisite for later 

radiolabeling with 11C and 18F as well as for the preparation of non-radiolabeled methyl 

and fluoroethyl esters.  

Hence, commercially available anthracene-9-carbaldehyde (54) was subjected to an aldol 

condensation reaction with 4-acetylbenzoic acid or 5-acetylthiophene-2-carboxylic acid, 

respectively (scheme 5). Following the synthesis protocol of Mishra et al,34 the reaction 

was carried out at 0°C, by employing an aqueous sodium hydroxide solution as base. 

Since however no product formation could be detected by thin-layer chromatography 
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(TLC) after two days, the procedure was altered (scheme 5): On the one hand, 

conventional refluxing was employed to achieve the conversion of 54 into 59 or 60, and 

on the other hand, a microwave assisted approach in methanol was performed. Both 

methods however only yielded a multi-component mixture, but did not provide the 

desired products.  

Therefore, a method of Badawy et al295 was adapted in which the binary reagent 

tetrachlorosilane/zinc chloride should have catalyzed the reaction of 54 with 4-

acetylbenzoic acid or 5-acetylthiophene-2-carboxylic acid, respectively (scheme 5). After 

isolation of the formed products however, NMR (nuclear magnetic resonance) 

spectroscopic analysis also ruled out product formation.  

 

Scheme 5 

 

Since chalcones 59 and 60 could not be made accessible by reacting anthracene-9-

carbaldehyde (54) with the above mentioned reagents containing free carboxylic acid 

groups (scheme 5), another approach for the preparation of the aldol condensation 

products was developed, which should assure the successful conversion into the desired 

products.  
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2.2.1.3 Preparation attempt of methyl 4-(5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-

3-yl)benzoate (27) and methyl 5-(5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-

3-yl)thiophene-2-carboxylate (31) 

 

Derivatives 61, 63, 74, 75, 88, and 97, bearing a methyl ester function were selected to be 

reacted with anthracene-9-carbaldehyde (54) in order to successfully prepare chalcones 

62, 64, 76, 77, 89, and 98 which represent essential intermediates for the subsequent 

cyclization reaction to furnish the desired methyl ester based target compounds 27, 29, 

31, 33, 35, 37, and 39 in only two reaction steps.    

 

For the aldol condensation, a method of Basnet et al296 was adapted, in which dropwise 

addition of an aqueous potassium hydroxide solution at 0°C led to deprotonation of 61 

and enabled the reaction with aldehyde 54. After 2 days of stirring at room temperature, 

TLC monitoring revealed almost complete conversion of 54 into desired product 62 

(scheme 6). NMR spectroscopic analysis confirmed the formation of methyl 4-((2E)-3-

(anthracen-9-yl)prop-2-enoyl)benzoate (62), which could be easily separated from its by-

products by filtration and was isolated as yellow crystals. 

 

 

Scheme 6 
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Since 5-(anthracen-9-yl)-3-phenyl-4,5-dihydro-1H-pyrazole (57) could not be obtained by 

varying numerous reaction methods (schemes 3 and 4), it was investigated, if the 

introduction of a methyl ester moiety changed molecule properties and led to 

cyclization. Therefore, three different approaches (scheme 6) were selected for the 

formation of 27, but neither conventional heating in acetic acid/sulfuric acid, nor 

refluxing in a Dean Stark trap with acetic acid/sulfuric acid, nor a microwave assisted 

preparation method in acetic acid yielded desired product 27.  

 

By analogy with 62, also methyl 5-((2E)-3-(anthracen-9-yl)prop-2-enoyl)thiophene-2-

carboxylate (64) was synthesized (scheme 7). Thereby, aldehyde 54 was reacted with 

methyl 5-acetylthiophene-2-carboxylate (63), which could straightforwardly be prepared 

from 5-acetylthiophene-2-carboxylic acid in a simple and rapid esterification reaction 

with trimethylsilyldiazomethane. Chalcone 64 could be obtained in the form of yellow 

crystals in the same manner as 62 (scheme 6), and was attempted to be cyclized with 

hydrazine monohydrate by employing three different reaction methods (scheme 7). 

 

 

Scheme 7 
 

Similar to the cyclization attempt of 56 and 62 to 57 and 27, respectively (schemes 3, 4, 

and 6), neither acidic nor basic reaction conditions afforded the desired product 31 

(scheme 7). Close TLC monitoring revealed decomposition, which was confirmed after 

NMR spectroscopic analysis of the isolated fractions. 
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In summary, it was discovered that chalcones (62 and 64) can be made accessible by 

introducing a methyl ester moiety instead of the free carboxylic acid function, which did 

not only allow straightforward work up due to the simple separation of by-products, but 

also provided the compounds (62 and 64) in good yields. Additionally, the introduction of 

the ester moiety is a crucial prerequisite, which serves as a linker for a stable connection 

between the core structure and the later introduced positron emitting radionuclide. The 

ester moiety was placed at the ring of the molecule, which was subjected to bioisosteric 

changes, always taking into account the logP value, which should lie below 5 for proper 

BBB penetration.36 

 

The preparation of cyclization products 27 and 31 however, remained unsuccessful. 

Thereby, it is rather unknown, whether the conversion into the desired compounds (27 

and 31) failed or the products decomposed during the purification process.  

 

Due to several failed cyclization attempts, which may be ascribed to the instability of the 

pyrazoline ring, the original compounds were altered: Since the incorporation of an 

acetyl moiety37,38,39 was reported in the literature to improve overall chemical stability of 

pyrazoline derivatives and additionally enhance MAO-B inhibitory activity,38 the core 

structure of the molecules (e.g. scheme 2, compound 57) was modified by attaching an 

additional acetyl moiety at position 1 of the pyrazoline ring. Table 2 lists the envisaged 

compound library, which depicts molecules with ester residues, featuring an acetyl 

group at the pyrazoline ring, and the corresponding calculated logP values. 
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Table 2: Calculated logP values of the envisaged acetyl derived pyrazoline methl esters (1, 4, 7, 10, and 12) and 

fluoroethyl esters (3, 6, 9, 65, and 14) 

 

 

 

 

 

 

 

 

 

 
compound 

 
 

 
calc. logP 

 

 
compound 

 
calc. logP 

 

 
 

 4.66 

 

 
 

4.85 

 

 
 

4.70 

 

 
 

4.89 

 

 
 

3.33 

 

 
 

3.52 

 

 
 

2.83 

 

 
 

3.02 

 

 
 

4.17 

 

 
 

4.36 
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2.2.2 Docking Studies 

 

Docking studies were performed in cooperation with the Pharmacoinformatics Research 

Group at the University of Vienna, Faculty of Life Sciences.  

 

In order to estimate the binding affinity of the modified compounds, they were docked 

into the crystal structure of the human MAO-B enzyme in complex with FAD and non-

covalently bound p-nitro-benzylamine (PDB code 2C70) (cf. chapter 3.2.1). Methyl esters 

(1, 4, 7, 10, and 12) and fluoroethyl esters (3, 6, 9, and 14), as well as reference compounds 

66 and 67 (the most active compounds in the report of Mishra et al,34 figure 14), were 

prepared for a physiological pH using LigPrep (LigPrep, version 2.5, Schrödinger, LLC, 

New York, NY, 2012). 
 

 
 

Figure 14: Chemical structure of reference compounds 5-(anthracen-9-yl)-3-(3-nitrophenyl)-4,5-dihydro-1H-pyrazole 

(66) and 5-(anthracen-9-yl)-3-(4-methoxyphenyl)-4,5-dihydro-1H-pyrazole (67) 

 

As the acetyl substituent on the pyrazoline ring had to be accommodated within a 

relatively narrow binding pocket, side chains of the residues in the hydrophobic pocket 

(Ile198 and Tyr435) were allowed to take possible rotamer orientations defined within 

the GOLD docking software.297 A maximum of ten poses per ligand was allowed, primarily 

ranked by the default scoring function, ChemPLP.298 In order to reduce strain energies 

caused by the placement algorithm, the complexes were energy minimized using a 

stepwise relaxation protocol within the MOE software package (Molecular Operating 

Environment (MOE) version 2013.0801, Chemical Computing Group, Montreal, Canada). 
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Subsequently, the binding free energy of the minimized complexes was estimated by 

external rescoring using X-Score,299 as the original scoring values of ChemPLP are per se 

dimensionless. Ki values were further calculated from ΔG values of the best scored pose 

per ligand, using equation 1. 

)exp(
TR

G
Ki




  

Equation 1: R = 8.3144621 J/mol*K; T = 298.15 Kelvin 

       

Analysis of the docking results indicates 

that the novel compounds (1, 3, 4, 6, 7, 9, 

10, 12, and 14) are able to be 

accommodated in a similar way as 

described for the reference compounds 

66 and 67 (figures 15, 16, and 17).  

As expected, introduction of bulky 

groups on the central heteroaromatic 

linker enforced a slightly different 

orientation of the synthesized 

compounds. Figure 15 shows the most 

prominent interaction among the 

observed poses, a pi stacking interaction 

between Tyr435 and ring A or C of the 

anthracene moiety.  

 
Figure 15: MAO-B binding pocket in complex with 

references (66 and 67) and exemplary docking poses 

of methyl and fluoroethyl ester derivatives (6 and 12).  

Key residues are highlighted in orange. A: References 

66 (cyan) and 67 (green) in superposition; B: Docking 

poses of 66 (cyan) and 12 (purple); C: Docked 

complexes of 66 (cyan) and 6 (purple) 
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Simultaneously, the phenolic hydroxyl group of the aromatic side chain of Tyr435 was 

frequently observed to stabilize the substituted heteroaromatic linker (acetyl moiety).  

 

 
Figure 16: Benzene based reference compounds (D: 1, E: 3) and electron-deficient reference compounds (F: 10, G: 12, H: 

14) docked in the MAO-B active site 

 

Potentially less favorable side chain orientations caused by the bulky substituents hence 

could be compensated. In analogy to the nitro group of compound 66, the carbonyl 

oxygen of the distal ester function among the investigated molecules sporadically acted 

as hydrogen bond acceptor for the side chain of Tyr326. Due to the absence of an 
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acceptor atom in the corresponding position, reference compound 67 is unable to form 

this particular interaction, which could be an explanation for the inferior experimentally 

determined Ki value.  

 

 
Figure 17: Docking poses of electron-rich reference compounds (J: 4, K: 6, L: 7, M: 9) 

 

In general, the calculated Ki values were about an order of magnitude larger than the 

literature values of 66 and 67. However, as demonstrated in table 3, it can be assumed 

that the activity of methyl esters (1, 4, 7, 10, and 12) and fluoroethyl esters (3, 6, 9, and 

14) is in the range of the reference compounds (66 and 67). As the significant activity 

difference between 66 and 67 was at least indicated by the calculated ΔG values, the 

energy estimates could as well be used for prioritizing new members of this compound 

class prior to in vitro testing. 
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Table 3: Calculated Ki value of methyl esters (1, 4, 7, 10, and 12) and fluoroethyl esters (3, 6, 9, and 14) as well as refer-

ence compounds (66 and 67) 

 

2.2.3 Syntheses 

 

2.2.3.1 Preparation of 1-(5-(anthracen-9-yl)-3-phenyl-4,5-dihydro-1H-pyrazol-1-

yl)ethanone (68) 

 

Since docking studies indicated potential binding of the new, envisaged compound 

library to MAO-B (table 3), chalcone 56 was reacted with hydrazine monohydrate and 

acetic acid as an experiment to verify if cyclization to 68 was possible (scheme 8).  

The synthesis of this trisubstituted pyrazoline derivative was accomplished by 

employing two different approaches: According to the literature,38,39 heating is required 

for the preparation of pyrazoline derivatives. Thus, the first method included refluxing 

of 56 with acetic acid in toluene in a Dean Stark trap to remove formed water. In the 

following TLC, product formation could be observed as typical fluorescence at 366 nm of 

the aromatic system. However, emerging by-products necessitated repeated purification 

of 68.  

 

 

Scheme 8 

 

 

Compound 
 

 

 

1 

 

 

3 

 

 

4 

 

 

6 

 

 

7 

 

 

9 

 

 

10 

 

 

12 

 

 

14 

 

 

66 

 

 

67 

 

calc. Ki (nM) 
 

 

2.44 
 

3.36 
 

4.96 
 

4.26 
 

5.58 
 

9.73 
 

7.06 
 

2.79 
 

5.97 
 

4.19 
 

7.18 
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The second approach was carried out by employing a microwave assisted preparation 

method. This kind of synthesis permits rapid heating of the reagents to 85°C in low 

boiling solvents like methanol and avoids the application of high boiling solvents such as 

N,N-dimethylformamide (DMF) or dimethyl sulfoxide (DMSO). As is generally known, 

DMF and DMSO are difficult to remove from the reaction mixture and therefore proved 

unsuitable for this method, especially as it was found that workup had to be conducted 

quickly due to rapid decomposition of 68. Methanol was also chosen for this reaction 

approach due to its favorable microwave absorbing properties (loss factor (tanδ) = 0.659), 

which enabled efficient absorption and therefore rapid heating.300 Thus, the microwave 

assisted approach, which gave very good yields in short reaction times, was favored over 

the preparation by conventional heating. 

 

Successful synthesis and isolation of 68 demonstrated suitability of both cyclization 

methods, which may also serve as reliable preparation approaches for the synthesis of 

the envisaged methyl ester derived references (1, 4, 7, 10, and 12). 

 

2.2.3.2 Preparation of methyl 4-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-

pyrazol-3-yl)benzoate (1) 

 

For the synthesis of methyl 4-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-

yl)benzoate (1), several preparation approaches (schemes 9 and 10) were  investigated in 

order to achieve maximum yields, as compound 1 represents a reference compound for 

MAO-B investigations and was to be employed in preclinical studies. Since methyl ester 1 

was also applied as starting material for further syntheses, a larger scale production of 

this compound was necessary. Therefore, a simple and fast preparation route was 

required. Additionally, several analogs of lead compound 1 (e.g. 4, 7, 10, and 12) had to be 

made accessible within the scope of this thesis, thus evaluation of different preparation 

methods should facilitate their production and allow their synthesis in a fast and 

uncomplicated manner. 
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Since heating in a Dean Stark trap already gave 1-(5-(anthracen-9-yl)-3-phenyl-4,5-

dihydro-1H-pyrazol-1-yl)ethanone (68) in moderate yields (scheme 8), the first method 

for the preparation of 1 was conducted by heating chalcone 62 with acetic acid in toluene 

(scheme 9). Although the resulting product (1) could be successfully separated from 

several by-products, it could only be obtained in poor yields, which necessitated a 

different preparation approach. Thus, the cyclization was carried out by combining the 

reactants at 0°C followed by conventional heating (scheme 9). However, this method also 

gave the desired compound (1) only in poor yields. 

For the next preparation approach (scheme 9) a synthesis protocol of Mahé et al37was 

adapted, which involved the reaction of methyl 4-((2E)-3-(anthracen-9-yl)prop-2-

enoyl)benzoate (62) with acethydrazide and triazabicyclo[4.4.0]dec-5-ene (TBD). As TBD 

selectively activates the N-H bond of acethydrazide, it catalyzes its conjugate addition of 

the secondary amine moiety, thereby giving rise to the formation of the cyclization 

product. However, after 24 h of stirring, starting material (62) could still be detected to a 

large percentage. Further refluxing neither provided the desired product but led to the 

formation of by-products, which proved this method unsuitable for the preparation of 1.   

Also refluxing of acetylhydrazide with methyl 4-((2E)-3-(anthracen-9-yl)prop-2-

enoyl)benzoate (61) in ethanol did not yield the desired product (1) (scheme 9).  

 

 

Scheme 9 
 

Thus, the microwave assisted preparation method of 68 (scheme 8) was adapted by 

adding one drop of sulfuric acid as catalyst to acetic acid, which represented the solvent 
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and the reactant at once (scheme 10). Although, microwave absorbing properties of 

acetic acid (tanδ = 0.174) are inferior to those of methanol (tanδ = 0.659),300 this method 

demonstrated to improve yields of 1 in comparison to the other preparation approaches 

(scheme 9). After only five minutes, TLC analysis showed formation of product 1, but 

unfortunately also indicated the emergence of several by-products, which had to be 

removed chromatographically.  

In the attempt of reducing the formation of by-products and increasing yields, a last 

effort for the preparation of methyl 4-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-

pyrazol-3-yl)benzoate (1) was made (scheme 10): Refluxing chalcone 62 with acetic acid 

in acetonitrile turned out to improve the yield by 2% in comparison to the microwave 

assisted method, however, a decrease in by-product formation could not be detected.  

 

 
Scheme 10 

 

In conclusion, six different synthetic approaches were performed for the preparation of 

methyl 4-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)benzoate (1). A side-

by-side comparison in figure 18 demonstrates that method 5 as well as method 6 proved 

more suitable for the synthesis of reference compound 1 than methods 1 and 2.   
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Figure 18: Diagram of direct yield comparison for cyclization methods 1, 2, 5, and 6 for the preparation of methyl 4-(1-

acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)benzoate (1) 

 
 

Although refluxing of chalcone 62 with acetic acid in acetonitrile (method 6) provided 1 

in higher yields (58%), the microwave assisted preparation approach (method 5) was 

favored for the cyclization of 62 into 1, as only a difference of 2% in yield was 

determined. Since direct microwave heating reduces the reaction time from hours to 

minutes, increases reaction rates, and additionally improves reproducibility,300,301 the 

microwave assisted preparation approach was chosen for the larger scale synthesis of 

reference compound 1 as well as for the synthesis of several analogs thereof.  

 

 

 

 

 

Method 1: AcOH, toluene, Dean Stark trap, 45min (33%)  
Method 2: AcOH, reflux, 7h (17%) 
Method 5: AcOH/1 drop of sulfuric acid, MW, 700W, 85°C, 5min (56%) 
Method 6: AcOH, acetonitrile, reflux, 24h (58%) 
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2.2.3.3 Preparation of 4-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-

yl)benzoic acid (2) and 2-fluoroethyl-4-(1-acetyl-5-(anthracen-9-yl)-4,5-

dihydro-1H-pyrazol-3-yl)-benzoate (3) 

 

Since precursor compound 2 could not be made accessible by alkaline hydrolysis of 1 

with potassium hydroxide, and also a preparation approach with lithium hydroxide 

monohydrate at 5°C failed to succeed, a method of Siddiqui et al302 was adapted (scheme 

11). By employing a solvent mixture of methanol/water/tetrahydrofuran and lithium 

hydroxide monohydrate, conversion of 1 into 2 could be detected by TLC analysis after 

stirring the reaction mixture for 4 h at 50°C. However, the formation of several by-

products complicated purification due to their similar Rf values to 2. Therefore, not only 

normal phase chromatography, but also reversed phase chromatography had to be 

employed several times for proper purification of compound 2. 

 

 

Scheme 11 

 

Fluoroethyl ester 3, which represents a reference compound for the investigation of 

MAO-B, could be made accessible in a Steglich esterification in one single step under 

mild reaction conditions. Thereby, the conversion of the free carboxylic acid (2) with 

fluoroethanol into 3 was catalyzed by N,N'-dicyclohexylcarbodiimide (DCC)/4-
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dimethylaminopyridine (DMAP) (scheme 11). Since workup had to be carried out rapidly 

due to fast decomposition of 3, dichloromethane was chosen as a low boiling point 

reaction medium, which could be easily removed after completion of the reaction.  

 

2.2.3.4 Preparation attempt of 2-(2-(((4-methylphenyl)sulfonyl)oxy)ethoxy)ethyl 4-

(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)benzoate (72) and 

2-(2-((methylsulfonyl)oxy)ethoxy)ethyl 4-(1-acetyl-5-(anthracen-9-yl)-4,5-

dihydro-1H-pyrazol-3-yl)benzoate (73) 

 

In addition to methyl 4-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-

yl)benzoate (1) and 2-fluoroethyl-4-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-

3-yl)-benzoate (3), also their mesyl and tosyl polyethylene glycol analogs (72 and 73) 

should have been prepared. In the last few years, polyethylene glycol (PEG) 

modifications in biomolecules have been demonstrated to exhibit superior clinically 

useful properties in comparison to their corresponding unmodified parent molecules.303 

The polymer does not only feature ideal pharmacological properties like low toxicity, 

reduced immunogenicity, and antigenicity, but also exhibits excellent pharmacokinetic 

(longer in vivo circulating half-lives, lower clearance, enhancing efficacy) and 

biodistribution behavior.304,305 Since several authors306,307 also refer to better BBB 

penetration by attaching a polyethylene glycol chain to a molecule, mesylate 72 and 

tosylate 73 should have served as starting points for methylation and fluoroethylation, 

respectively.  

Compounds 72 and 73 should have been made accessible via intermediate 71, which was 

prepared in two different manners (scheme 12): For the first one, derivative 69 was 

synthesized by deprotonation of diethylene glycol with imidazole, followed by its 

subsequent attack of t-butyl(chloro)diphenylsilane. Instead of DMF, which was employed 

as solvent in literature,308 dichloromethane was used due to its good removability.  
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Compound 70 could then be made accessible by reacting free carboxylic acid 2 with 

silylether 69 in a Steglich esterification. Since mild reaction conditions (25°C) did not 

lead to the desired conversion, the reaction mixture was refluxed for three days.  

In the next reaction step, the tetrabutylammonium salt of alcohol 71 was generated by 

fluoro-induced cleavage of the t-butyldiphenylsilyl moiety with TBAF. Final hydrolysis 

then provided desired alcohol 71. Since both reaction steps resulted in rather low yields 

and repeated purification did not provide the desired compound (71) in sufficient purity 

due to similar Rf values of the starting material (70) and the product (71), another 

approach for the preparation of 71 was investigated. 

 

 

Scheme 12 
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The second synthesis method was accomplished in one single step, by employing the 

unprotected diethylene glycol in the esterification reaction directly. Free carboxylic acid 

2 readily underwent the conversion into alcohol 71 in 24 h under mild conditions. 

Similar to method 1, chromatographic purification of the target product proved to be 

difficult and repeated separation attempts remained unsuccessful. Although the identity 

of 71 could be determined by mass spectrometric analysis, the compound was used for 

proceeding synthetic experiments without further purification.  

 

 
Scheme 13 
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Alcohol 71 should have been converted into mesylate 72, which on the one hand should 

have served as a precursor for radioactive methylation or fluoroethylation, and on the 

other hand should have been employed in the further synthesis of the respective 

reference compounds, namely the methyl and fluoroethyl ether. 

Since however, an adapted nucleophilic substitution method of Zhang et al309 did not 

succeed, probably due to decomposition of 72 during the purification procedure, the 

more stable tosylate 73 should have been synthesized (scheme 13). 

Therefore, a common nucleophilic tosylation, employing triethylamine and toluene-4-

sulfonyl chloride, as well as a silver oxide mediated reaction with potassium iodide and 

toluene-4-sulfonyl chloride,310 were employed. Unfortunately, after purifying the crude 

reaction product, NMR spectroscopic analysis revealed product decomposition for both 

approaches. 

 

Since the isolation of both, mesylate 72 as well as tosylate 73 could not be accomplished 

due to structural instability of 72 and 73, and also milder purification methods 

(chromatographc purification with ALOX) did not provide the desired products, the 

synthesis of the pegylated analogs of compound 1 was not further pursued. 

 

2.2.3.5 Preparation of thiophene based derivatives (methyl ester 4, ethyl ester 79, 

carboxylic acid 5, fluoroethyl ester 6) and furan based derivatives (methyl 

ester 7, carboxylic acid 8, fluoroethyl ester 9) 

 

In order to enlarge the compound library for potential MAO-B PET tracer precursors and 

reference compounds, also thiophene substituted pyrazoline derivatives (4, 5, and 6) and 

furan substituted pyrazoline derivatives (7, 8, and 9) were synthesized. Ethyl ester based 

thiphene derivative 78 was prepared as trial compound. All compounds were synthesized 

by employing the same reaction pathway, which is depicted in scheme 14.  
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For the initial step, the synthesis of chalcones 64, 76, and 77, their respective precursors, 

esters 63, 74, and 75, first had to be made accessible. Therefore, 5-acetylthiophene-2-

carboxylic acid was reacted with either ethanol in a Fischer esterification to yield ethyl 

ester 74 or with trimethylsilyldiazomethane, to give methyl ester 63. Methyl 5-

acetylfuran-2-carboxylate (75) was synthesized in an autoclave by employing the iron 

derivative Fe(acac)3 as catalyst.311  

Since an aldol condensation attempt according to Aginagalde et al312 with thionyl 

chloride turned out unsuccessful, the potassium hydroxide based method, already 

described for compound 62 (scheme 6), was employed for the synthesis of chalcones 64, 

76, and 77. Other than ethyl ester 75, which was purified by column chromatography, 

chalcones 64 and 77 could be used directly in the next reaction step after filtration, 

without further purification. Due to decomposition under atmospheric oxygen, however, 

chalcones 64, 76, and 77 had to be converted rapidly into their corresponding cyclization 

products. Therefore, the microwave assisted approach, already applied to lead 

compound 1 (scheme 10), proved efficient, since compounds 4, 7, and 78 could be made 

accessible in only five minutes. Interestingly, the yields of thiophene derived methyl and 

ethyl esters 4 and 78 were considerably lower than the one of furan based methyl ester 7. 

A possible explanation for the decreased yields of 4 and 78 could be the huge atome size 

of the sulfur atom of the thiophene ring in comparison to the smaller oxygen atom of the 

furan cycle shielding the nucleophilic attack of the hydrazine molecule. However, 4 and 

78 were obtained in sufficient amounts for the employment in the next reaction step. 

Alkaline hydrolysis of methyl esters (4, 7, and 78) into free carboxylic acids (5 and 8) was 

achieved in the presence of lithium hydroxide monohydrate. A mixture of 

water/tetrahydrofuran/methanol in a ratio of 1/2/2.2 was chosen as solvent, since its 

use allowed almost complete conversion of the starting materials (4, 7, and 78) into 

desired products 5 and 8 with good to very good yields.  

With the precursor compounds in hand, the reaction of 5 and 8 into the respective 

fluoroethyl esters (6 and 9) was then carried out under mild reaction conditions using 

DCC, DMAP, and 2-fluoroethanol. In an addition reaction, DCC binds to the carboxylic 
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acid and forms an O-acyl isourea, which features the same reactivity as the 

corresponding acid anhydride. In order to avoid side-product formation and increase 

yields, DMAP is added to the reaction. It also accelerates the reaction process by 

interacting with the O-acyl isourea thereby generating a reactive N-acyl pyridinium ion. 

This intermediate compound is unable to form intramolecular side-products, however, it 

reacts fast with alcohols and therefore serves as acyl transfer-reagent for the synthesis 

of the respective fluoroethyl esters (6 and 9).  

 

Scheme 14 

 

For model compound 4 the crucial HMBC correlations (left) as well as some important 

NOEs (right) are depicted in figure 19, unambiguously confirming the given structure. 

Full and unambiguous assignment of all 1H, 13C, 15N, and 19F-NMR resonances was 

achieved by combining standard NMR techniques,313  such as fully 1H-coupled 13C-NMR 

spectra, APT, gs-HSQC, gs-HMBC, COSY, TOCSY, and NOESY experiments.  
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The location of the N-acetyl group and thus the position of the C=N double bond in the 

dihydropyrazole system is supported by HMBC correlations between pyrazole H-4 and H-

4’ to anthranyl C-9, from pyrazole H-5 to anthranyl C-8a, C-9, and C-9a and from 

thiophene H-4 to pyrazole C-3. An interesting phenomenon was observed for the 9-

anthranyl system, in which corresponding positions 1 and 8, 2 and 7, 3 and 6, 8a and 9a, 

etc. were found to be non-equivalent. A possible explanation for this phenomenon would 

be restricted rotation of the anthranyl system around the pyrazole C-5 - anthranyl C-9 

single bond. Thus, for instance, protons of the pyrazole system show different through-

space interactions to corresponding protons of the anthranyl system: whereas a stronger 

NOE between pyrazole H-5 (6.88 ppm) and anthranyl H-8 (7.73 ppm) is detected, the 

appropriate effect is considerably smaller between pyrazole H-5 and anthranyl H-1 (8.47 

ppm). Moreover, a distinct NOE between the acetyl-H protons and anthranyl H-8 is 

evident, in contrast, the interaction between acetyl protons and anthranyl H-1 is very 

small. The relatively large chemical shift difference between accordant anthranyl 

protons H-1 (8.47 ppm) and H-8 (7.73 ppm) can be explained by the magnetic anisotropy 

effect of the acetyl C=O group which obviously influences H-1 considerably more than H-

8 in the preferred rotameric status at hand. In the NOESY spectrum of 4 the signals -due 

to anthranyl H-1 and H-8- exhibit a characteristic cross peak resulting from chemical 

exchange (different phase property compared to the cross peaks originating from NOEs), 

thus giving a hint to a slow rotation of the anthranyl unit compared to the NMR 

timescale. 
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Figure 19: Atom numbering, important HMBC correlations (left), and NOEs (right) of compound 4 (in CDCl3 solution)
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Methyl esters 4 and 7 as well as fluoroethyl esters 6 and 8 will be subjected to preclinical 

studies and serve as references for their later prepared radiolabeled analogs. Free 

carboxylic acids 5 and 8 on the other hand will be object of radiochemical and nuclear 

medicinal investigations and are employed as starting materials for the preparation of 

radiolabeled 11C and 18F pyrazoline based MAO-B PET tracers. 

 

2.2.3.6 Preparation attempt of methyl 4-((2E)-3-(anthracen-9-yl)prop-2-enoyl)-1H-

pyrrole-2-carboxylate (85), methyl 4-((2E)-3-(anthracen-9-yl)prop-2-enoyl)-

1-(phenylsulfonyl)-1H-pyrrole-2-carboxylate (86), and methyl 4-((2E)-3-

(anthracen-9-yl)prop-2-enoyl)-1-methyl-1H-pyrrole-2-carboxylate (87) 

 

In order to complete the series of electron-rich heteroaromatic compounds, also pyrrole 

based pyrazoline derivatives should have been synthesized. Unfortunately, their prepa-

ration turned out rather difficult due to product instability and enormous by-product 

formation. 

The original aim was to prepare methyl 4-((2E)-3-(anthracen-9-yl)prop-2-enoyl)-1H-

pyrrole-2-carboxylate (85) (scheme 16), which should have been further reacted with 

hydrazine monohydrate to obtain the respective acetyl-pyrazine methyl ester. Hence, 4-

acetyl-1H-pyrrole-2-carboxylic acid (81) was made accessible by a Friedl Crafts acylation 

of 79 and the subsequent transformation of acetylated intermediate 80 via alkaline 

treatment. Methyl ester 82 could then be obtained by employing a Steglich esterification 

(scheme 15). 

 

 

Scheme 15 
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Anthracene-9-carbaldehyde (54) was reacted in the following step with 82 in an alkaline 

mediated aldol condensation reaction (scheme 16). Although this method proved 

beneficial for the synthesis of benzene based chalcone 62 (scheme 6) as well as electron 

rich heteroaromatic chalcones 64, 76, and 77 (scheme 14), desired product 85 could not 

be made accessible. Thus, the temperature of the reaction mixture was slowly increased 

under close TLC monitoring. Since still no conversion could be detected and also stirring 

at 50°C for 2 hours as well as refluxing did not lead to the formation of desired product 

85, another approach for the preparation of pyrrole based derivatives had to be 

developed. 

 

 
Scheme 16 

 

The second preparation method (scheme 17) included the introduction of a besylate 

group at position 1 of the pyrrole ring (83), which should have been cleaved subsequent 

to successful condensation with anthracene-9-carbaldehyde (54). However, after 

performing the aldol condensation (scheme 16) under the usual reaction conditions 

(dropwise addition of aqueous potassium hydroxide solution at 0°C and stirring for 2 

days at room temperature, cf. scheme 6), NMR spectroscopic analysis indicated the 

absence of the desired product 86, but cleavage of the besylate moiety of 83 during the 

reaction process as well as enormous side-product formation.  
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Scheme 17 

 

Given the instability of the besylate group during the aldol condensation reaction, a last 

synthesis attempt was made: By using trimethylsilyldiazomethane, methyl 4-acetyl-1-

methyl-1H-pyrrole-2-carboxylate (84) was prepared (scheme 17), which was reacted with 

anthracene-9-

carbaldehyde (54) for the preparation of chalcone 87 (scheme 16). Despite N-methyl 

substitution at position 1 of the pyrrole ring, which should increase the stability of 

chalcone 87 during the aldol condensation, only by-product formation could be detected 

via TLC analysis. Following NMR spectroscopic analysis confirmed the failure of this 

procedure.  

 

Since none of the three discussed methods provided the desired pyrrole based chalcones 

(85, 86, and 87), further synthesis attempts were omitted and the focus was shifted to-

wards the preparation of electron-deficient heteroaromatic compounds. 

 

2.2.3.7  Preparation of pyrazine based derivatives (methyl ester 10, carboxylic acid 

11), preparation attempt of 2-fluoroethyl 3-(1-acetyl-5-(anthracen-9-yl)-4,5-

dihydro-1H-pyrazol-3-yl)pyrazine-2-carboxylate (65) 

 

Compound 10, which represents a bioisosteric analog of methyl 4-(1-acetyl-5-(anthracen-

9-yl)-4,5-dihydro-1H-pyrazol-3-yl)benzoate (1), was synthesized in two reaction steps. 
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Primarily, methyl 3-acetylpyrazine-2-carboxylate (88) was prepared by the esterification 

of pyrazine-2-carboxylic acid, followed by a regioselective Minisci reaction. The latter is 

depicted in scheme 18 and represents a radical substitution to aromatic compounds, in 

particular a heteroaromatic base, which enables the introduction of alkyl as well as acyl 

groups,314 by using a mixture of water, glacial acetic acid, and sulfuric acid as solvent.315  

For the Minisci reaction of methyl pyrazine-2-carboxylate into 88, the radical was made 

accessible from acetaldehyde under Fenton-conditions, using tert-butyl hydroperoxide 

and iron(II)salts in an acetic acid media. Collateral N-protonation, which additionally 

increases electron-deficient effects of the heteroaromatic system, enhances the 

reactivity towards nucleophilic reagents, such as carbon radicals. The reaction is 

completed by the substitution of the radical to the protonated heteroaromatic ring, 

followed by subsequent rearomatization of the formed radical cation. A major drawback 

of the Minisci reaction however, is the formation of regioisomeric products, since several 

positions of the heteroaromatic ring are open to radical attack.316 Therefore, the desired 

end product is often isolated only in poor yields, and also product 88 could only be 

obtained in 22% yield. 

 

 

Scheme 18318  

 

Methyl 3-acetylpyrazine-2-carboxylate (88) was employed in an alkaline mediated aldol 

condensation reaction to afford chalcone 89. This intermediate compound (89) was then 

reacted with hydrazine monohydrate in a microwave assisted reaction approach, which 

led to cyclization. Enormous by-product formation was detected by TLC analysis after the 

synthesis, which necessitated repeated purification of methyl ester 10 (scheme 19). 
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Scheme 19 

 

Starting from methyl 3-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-

yl)pyrazine-2-carboxylate (10), which represents a reference compound for biological 

evaluation experiments, also free carboxylic acid 11 as well as fluoroethyl ester 65 should 

have been made accessible.  

As an initial method, the preparation of 3-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-

pyrazol-3-yl)pyrazine-2-carboxylic acid (11) was attempted in the same manner as 

described for  electron-rich heteroaromatic compounds 5 and 8 (scheme 14), by 

employing lithium hydroxide monohydrate in a mixture of 

methanol/water/tetrahydrofuran (scheme 20). Unfortunately, after acidification of the 

lithium salt (90) and purification by column chromatography, NMR spectroscopic 

analysis of the isolated fractions indicated product decomposition.  

Thus, a synthesis method of Bartlett and Johnson317 was adapted, which envisaged the 

application of freshly prepared lithium n-propyl mercaptide for the alkaline hydrolysis 

of methyl esters (scheme 20). Although the reactants were stirred under mild conditions, 

also this procedure proved unsuitable for the preparation of 11, since only side-products, 

but not the desired compound (11) could be isolated. 

Since neither of the described methods to cleave the methyl ester proved successful for 

the preparation of free carboxylic acid 11, allyl ester 91 was prepared and served as 

intermediate for the synthesis of 11. The transesterification of methyl ester 10 into allyl 

ester 91 was performed in toluene, using sodium methoxide as catalyst (scheme 20). 
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Formed methanol was removed by distillation, in order to shift the reaction equilibrium 

towards the product (91), and thus achieve better yields (cf. Chooekawong318). 

 

 

Scheme 20 

Since allyl ester 91 was only obtained in poor yields by employing this method, it was 

explored whether compound 91 could be prepared by total synthesis (scheme 21). For 

achieving maximum yields of 93, pyrazine-2-carboxylic acid (92) was reacted by three 

different methods with either allyl alcohol or allyl bromide. In a radical Minisci reaction, 

the resulting product (93) was then converted into 94, using the same reaction 

conditions as described for compound 88. Allyl 3-acetylpyrazine-2-carboxylate (94) could 

only be prepared in poor yields, however the amount was sufficient for the subsequent 

reaction with anthracene-9-carbaldehyde (54). Since only side-product formation but not 

desired product 95 was determined by NMR spectroscopic analysis after stirring the 

reaction mixture for two days (cf. Chooekawong318), the total synthesis approach of 91 

was omitted for a more straightforward approach. 
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Scheme 21 

 

In the attempt of increasing the yield of allyl ester 91, a procedure of Ilankumaran and 

Verkade319 was adapted, which aimed for the transesterification of 10 by applying a 

nonionic superbase (scheme 20). 2,8,9-Trimethyl-2,5,8,9-tetraaza-1-

phosphabicyclo[3.3.3]undecane proved to be a suitable catalyst for transesterification 

processes, since its chemoselectivity is considerably higher than the one of other 

catalysts such as Ti(O-iPr)4, DMAP, or NaOMe. Also, achievable product yields are 

excellent and often comparable to those obtained by conventional procedures.319  

Thus, by employing this method, not only the reaction could be carried out under milder 

conditions in regard to the temperature, but also the yield could be improved by 54%, 

compared to the approach with sodium methoxide.  

 

For the preparation of precursor 11, cleavage of the allyl ester function of 91 was 

performed selectively with tetrakis(triphenylphosphine)palladium and morpholine as 

nucleophile (scheme 20) (cf. Joksch320). An outline of the reaction mechanism is given in 

scheme 22, which shows that resonance stabilization of the carboxylate anion activates 

the allyl ester to nucleophilic attack by palladium catalysts. Accordingly, a π-allyl 

palladium complex forms, which can be trapped by mild nucleophiles, such as dimedone, 

barbituric acid, or morpholine and subsequently yields the free carboxylic acid. 
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Scheme 22321 

 

Fluoroethyl ester 65 should have been made accessible, either by direct fluoroalkylation 

or preparation of the corresponding acid chloride and subsequent substitution thereof 

by 2-fluoroethanol (scheme 23):  

The first synthetic approach for the preparation of 65 included a conventional Steglich 

esterification of 11 with 2-fluoroethanol, by employing the same reaction conditions as 

described for electron-rich heteroaromatic compounds 6 and 9 (scheme 14). Since 

Steglich esterifications are conducted under mild reaction conditions, decomposition of 

the molecule should have been avoided. However, after 48 h of stirring, the detection of 

multiple zones via TLC analysis forced to termination and immediate work up of the 

reaction. Although the crude reaction product was repeatedly purified, only by-products 

were detected by NMR spectroscopic analysis of the isolated fractions.  

Thus, another direct fluoroalkylation method was applied, which aimed for the 

conversion of the lithium salt (90) with bromofluoroethane into 65 (scheme 23). Again, 

only side-product formation, but not the desired product (65) could be detected by NMR 

analysis. 

Since both direct fluorination attempts failed, an indirect method via the preparation of 

acid chloride 96 was carried out in order to synthesize fluoroethyl ester 65. Hence, a 

method of Cynamon and Klemens322 was adopted, but instead of thionyl chloride, which 

often requires harsh reaction conditions (refluxing), a milder chlorination method was 

chosen. By employing oxalyl chloride, the conversion into 96 was performed at 0°C and 

the resulting acid chloride was directly introduced in the fluorination step without 

further purification. Although several spots could be detected via TLC analysis after the 

reaction, NMR spectroscopy ruled out formation of the desired product (65) (cf. 

Joksch320).   
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Scheme 23 

 

Also a transesterification procedure of methyl ester 10 with sodium methoxide and 

fluoroethanol did not lead to the successful preparation of fluoroethyl ester 65, and an 

access via total synthesis failed, since 2-fluoroethyl pyrazine-2-carboxylate could not be 

acetylated in a Minisci reaction (cf. Chooekawong318).  

 

Due to the failure of all five synthetic approaches, the rather time consuming effort of 

the preparation of fluoroethyl ester 65 was discontinued. However, it remains unclear 

whether the reaction procedures were unsuccessful or the desired target compound (65) 

could not be isolated due to structural instability. 

 

2.2.3.8 Preparation of pyridine based derivatives (methyl ester 12, carboxylic acid 

13, fluoroethyl ester 14) 

 

Initial difficulties regarding the preparation of methyl 6-acetylpyridine-2-carboxylate 

(97) starting from pyridine-2,6-dicarboxylic acid and 2,6-dibromopyridine, respectively, 

could be overcome by employing dimethyl pyridine-2,6-dicarboxylate as precursor.  

Reference compound 12 was made accessible in an aldol condensation of 54 and 97 

followed by subsequent cyclization of 98 with hydrazine monohydrate (scheme 24), 

according to the procedure, already described for electron-rich heteroaromatic 
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compounds 4, 7, and 78 (scheme 14) and methyl 3-(1-acetyl-5-(anthracen-9-yl)-4,5-

dihydro-1H-pyrazol-3-yl)pyrazine-2-carboxylate (10) (scheme 19).  

 

 

Scheme 24 

 

Since an alkaline hydrolysis of 12 could not be performed with lithium hydroxide and 

also an iron(III) chloride mediated reaction in carbon tetrachloride failed, free carboxylic 

acid 13 had to be made accessible via intermediate compound 99 (scheme 25). In a 

sodium methoxide catalyzed transesterification reaction, 12 was reacted with allyl 

alcohol while formed methanol was removed by distillation, in order to shift the reaction 

equilibrium towards the product (99) (cf. Chooekawong318). As this method provided 99 

only in poor yields, an attempt was carried out, in which the allyl ester (99) should have 

been synthesized via total synthesis. However, as allyl 6-acetylpyridine-2-carboxylate 

could not be reacted with anthracene-9-carbaldehyde (54) in an aldol condensation 

reaction, this preparation attempt was omitted.  

In the next step, free carboxylic acid 13 was synthesized, which on the one hand 

represents a precursor molecule for further radiochemical syntheses and on the other 

hand served as starting material in the preparation of fluoroethyl ester 14.  

Cleavage of the allyl ester function of 99 to obtain free carboxylic acid 13 was conducted 

with tetrakis(triphenylphosphine)palladium and morpholine (scheme 25) in the same 

way as already described for pyrazine based carboxylic acid 11 (scheme 20). Surprisingly, 

the conversion of allyl ester 99 into 13 afforded better yields than the same reaction with 

electron deficient heteroaromatic allyl ester 91. Additionally, remaining starting 
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material 99 could be readily separated from the product (13), which enabled its 

reapplication in the reaction process and therefore led to increased yields.  

 

 

 

Scheme 25 

 

To afford fluoroethyl ester 14, several preparation attempts were performed (scheme 

25): Starting from 13, a Steglich esterification with fluoroethanol was carried out, which 

however only led to side-product formation. Thus 12 was employed as starting material 

and subjected to two transesterification procedures: The first one aimed for the 

synthesis of 14 by applying fluoroethanol and the catalyst sodium methoxide. Since only 

by-product formation was detected after TLC analysis, the transesterification procedure 

was modified by employing a macro reticular ion exchange resin, namely Amberlyst-



                                                                                          DISCUSSION     111 

 

 

15.323 This method should have improved the yields of 14 and reduced the reaction time 

tremendously. However, since no conversion could be detected even after stirring the 

mixture for 24 h, the reaction was terminated and the focus was shifted towards another 

preparation approach.  

Hence, 6-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)pyridine-2-carbonyl 

chloride (100) was made accessible by reacting free carboxylic acid 13 under mild 

reaction conditions with oxalyl chloride and catalytic amounts of N,N-

dimethylformamide. The subsequent conversion of the crude reaction product (100) with 

fluoroethanol finally led to the formation of fluroethyl ester 14, which was confirmed by 

the detection of a fluorine signal in the 19F-NMR spectrum (figure 20). Since the isolation 

of the obtained product turned out challenging, several purification methods had to be 

applied, unfortunately to the detriment of the yield.  

 

 

 

 
 
 

 

Figure 20: 19F-NMR spectrum of 2-fluoroethyl 

6-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-

1H-pyrazol-3-yl)pyridine-2-carboxylate (14) 
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2.2.4 Comparison of Approaches and Yields 

 

Figure 21 is giving an overview of the reactions and corresponding yields, whereas 

scheme 26 summarizes the synthesis pathway to the above discussed derivatives. 

 

 
Figure 21: Overview of the reactions and corresponding yields of MAO-B binding compounds 

 

Generally, in almost all synthesis steps, benzene based compounds (1-3) as well as 

electron-rich heteroaromatic derivatives (4-9) were achieved in better yields than 

electron-deficient heteroaromatic derivatives (10-14). Especially the preparation of 

benzene, thiophene, and furan based chalcones (62, 64, and 77), as well as their 

respective fluoroethylation products (3, 6, and 9) resulted in considerably higher yields 

than the preparation of electron-deficient heteroaromatic compounds (89, 98, and 14).  

Since chalcones decompose relatively fast under atmospheric oxygen, they had to be 

converted rapidly into the corresponding cyclization products. Hence, purification by 

M1 

M1 

M2 
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column chromatography, which had to be performed for pyrazine based chalcone 89, led 

to partial decomposition and therefore to an enormous decrease in yields. 

 

 
Scheme 26 

 

It is also interesting to note that benzene and electron-rich heteroaromatic compounds 

(1-9) could be synthesized by using the same reaction pathway (scheme 26), whereas free 

carboxylic acids (11 and 13) and the fluoroethyl ester (14) of electron-deficient 

heteroaromatic compounds had to be prepared via the corresponding allyl esters (91 and 

99) or acid chloride, respectively.  

Whilst the transesterification procedure of electron-deficient heteroaromatic derivatives 

10 and 12 with sodium methoxide resulted in poor yields (figure 21, method 1 (M1)), the 

yield of pyrazine based allyl ester 91 could be enormously increased by employing the 

catalyst 2,8,9-trimethyl-2,5,8,9-tetraaza-1-phosphabi-cyclo[3.3.3]undecane (figure 21, 

method 2 (M2)). 
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Since docking studies already indicated analogous binding of methyl esters (1, 4, 7, 10, 

and 12) and fluorethyl esters (3, 6, 9, and 14) in comparison to reference compounds 66 

and 67,34 those derivatives are promising candidates for biological testing. Thus, methyl 

esters (1, 4, 7, 10, and 12) and fluorethyl esters (3, 6, 9, and 14), which serve as reference 

compounds for their later radiolabeled analogs, as well as precursors (2, 5, 8, 11, and 13), 

were subjected to first preclinical investigations, which will be described in the following 

chapter. 

 

2.2.5 Preclinical testing 

 

As already discussed earlier, one of the prerequisites for a newly developed PET tracer is 

its ability to cross the BBB effectively. Today, there exist several in silico, in vitro and in 

vivo methods (logP evaluation,324 molecular polar surface area (PSA) investigation,325 

surface tension,326 micro-dialysis,327 cerebrospinal fluid sampling,328 autoradiography,329 

cultured cells applications,330-333  parallel artificial membrane assay (PAMPA)334 or 

immobilized artificial membrane (IAM) chromatography335) to assess the BBB penetration 

potential of a potential PET radiotracer. Within the scope of this PhD thesis first BBB 

penetration analyses were undertaken by subjecting all compounds synthesized to logP 

analyses as well as IAM experiments:  

 

Although logP determination provides a measure of polarity interactions (such as 

liphophilicity) and hydrophobicity, it however does not reflect ionic bonding, which is 

involved in compound-membrane interactions as well.336-339 Thus, also new HPLC 

methods, like IAM chromatography, were employed as a prediction for BBB crossing. 

IAM surfaces mimic the lipid environment of fluid cell membranes on a solid matrix and 

hence give a more accurate prediction of passive diffusion into the brain.340 

 



                                                                                          DISCUSSION     115 

 

 

Lipophilicity studies and IAM experiments were performed in cooperation with the 

research group for Radiopharmaceutical Sciences, Department of Nuclear Medicine at 

the Medical University of Vienna. 

 

2.2.5.1 LogP analyses 

 

In order to determine the lipophilicity of the candidate compounds (1-14), a standardized 

HPLC method according to Donovan and Prescatore341 was applied (cf. chapter 3.5.1). The 

obtained data were compared with those derived from DASB (logP 3.85±0.13), β-CIT (logP 

3.03±0.01), PIB (logP 4.05±0.16), PE2I (logP 4.63±0.26), Raclopride (logP 1.48±0.28), and 

Elacridar (logP 4.85±0.30), compounds known to penetrate the blood brain barrier.342 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

Table 4: Calculated and experimental logP values of methyl ester derived references 1, 4, 7, 10, and 12 

 

 

 

 

 

 

 

 

methyl esters 
 

 
 
 

compound 
 

 

 

 

 

 

 

 

 

 

 
 

 
calc. logP 

 

 

4.66 
 

4.70 
 

3.33 
 

2.83 
 

4.17 

 

 

exp. logP 
 

 

4.91±0.31 
 

 

4.87±0.29 
 

4.26±0.20 
 

4.18±0.18 
 

4.15±0.18 
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fluoroethyl esters 
 

 
 
 

compound 
 

 
 
 
 
 

 

 

 

 
 

 

 

 

 
 

 

 
calc. logP 

 

 

4.85 
 

4.89 
 

3.52 
 

4.36 

 

 

exp. logP 

 

4.95±0.28 
 

 

4.88±0.30 
 

4.40±0.22 
 

4.31±0.24 

 

Table 5: Calculated and experimental logP values of fluoroethyl ester derived references 3, 6, 9, and 14 

 

For completeness, not only methyl and fluoroethyl derived reference compounds (1, 3, 4, 

6, 7, 9, 10, 12, and 14) were subjected to logP studies (tables 4 and 5), but also precursors 

2, 5, 8, 11, and 13 were evaluated for their logP values (table 6). 

 
 

carboxylic acids 
 

 
 
 

compound 
 

 

 
 

 

 

 

 

 

 

 

 
 

 
calc. logP 

 

 

4.40 
 

4.43 
 

3.07 
 

2.57 
 

3.91 

 

 

exp. logP 

 

2.22±0.15 
 

 

2.24±0.15 
 

1.86±0.21 
 

1.80±0.22 
 

1.69±0.24 

 

Table 6: Calculated and experimental logP values of precursors 2, 5, 8, 11, and 13 
 

It was determined that the lipophilicity expressed as logP for methyl and fluoroethyl 

esters (1, 3, 4, 6, 7, 9, 10, 12, and 14), is located between 4.15 and 4.95 (tables 4 and 5) and 

therefore lies in an acceptable range compared to the references. The logP values for the 

additionally tested free carboxylic acids (2, 5, 8, 11, and 13), which are depicted in table 6, 
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lie between 1.69 and 2.24 and therefore in a slightly more favorable range than the 

respective methyl and fluoroethyl esters.  

 

As logP values were reported to be poor predictors for BBB penetration,343 IAM 

experiments were additionally performed for a more accurate prediction of BBB 

crossing. 

 

2.2.5.2  IAM experiments 

 

IAM chromatography was performed, modifying a protocol according to Taillardat-

Bertschinger et al344 (cf. chapter 3.5.2). Obtained Km values (membrane partition 

coefficient) and Pm values (permeability) were compared with those of external 

standards DASB (Km=71.38, Pm=0.25), β-CIT (Km=91.34, Pm=0.24), PIB (Km=654.05, Pm=2.55), 

PE2I (Km=648.21, Pm=1.52), Raclopride (Km=41.89, Pm=0.12), and Elacridar (Km=2332.50, 

Pm=4.14).342  

 
 

methyl esters 
 

 
 
 

compound 
 

 

 
 

 

 

 

 

 

 

 

 
 

 
Km 

 

 

38107.93 
 

19979.60 
 

2604.37 
 

1986.48 
 

1620.16 

 
Pm 

 

 

85.04±12.00 
 

46.63±5.18 
 

6.31±1.90 
 

4.68±1.26 
 

8.22±2.17 

 
variation 

 

 

14.11 
 

11.10 
 

30.08 
 

26.90 
 

26.37 

 

Table 7: Membrane partition coefficient (Km), permeability (Pm), and variation coefficient of methyl ester derived ref-

erences 1, 4, 7, 10, and 12 
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Table 8: Membrane partition coefficient (Km), permeability (Pm), and variation coefficient of fluoroethyl ester derived 

references 3, 6, 9, and 14 

 

In addition to methyl and fluoroethyl ester derived reference compounds (1, 3, 4, 6, 7, 9, 

10, 12, and 14), IAM experiments were also performed for precursors 2, 5, 8, 11, and 13. 

Preliminary results of methyl esters and fluoroethyl esters are depicted in tables 7 and 8, 

respectively. For carboxylic acids, preliminary data are shown in table 9. 

 

 

 

 

 

 

 

 

 

 
 

Table 9: Membrane partition coefficient (Km), permeability (Pm), and variation coefficient of precursors 2, 5, 8, 11,  

and 13 

 

fluoroethyl esters 
 

 
 
 

compound 
 

 

 

 

 
 

 

 

 

 
 

 
Km 

 

 

19498.03 
 

11040.94 
 

3464.72 
 

5395.95 

 
Pm 

 

 

42.90±9.14 
 

23.97±4.82 
 

7.80±2.60 
 

11.85±2.44 

 
variation 

 

 

21.30 
 

20.12 
 

33.41 
 

20.63 

 

carboxylic acids 
 

 
 
 

compound 
 

 

 

 

 

 

 

 

 
 

 
Km 

 

 

199.96 
 

188.43 
 

133.82 
 

159.66 

 
Pm 

 

 

0.48±0.08 
 

0.38±0.06 
 

0.33±0.03 
 

0.39±0.06 

 
variation 

 

 

15.78 
 

15.61 
 

10.20 
 

14.52 
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Although logP studies were quite promising, IAM-chromatography experiments (n=8) 

revealed a rather unsatisfactory outcome for reference compounds comprising methyl 

and fluoroethyl esters. The Pm of derivatives 1, 3, 4, 6, and 14 is located in a much higher 

range than the Pm value of references 7, 9, 10, and 12. However, today to the best of our 

knowledge the database with the most popular tested reference compounds comprises 

only twenty derivatives, which range from a Pm value of 0.01 to 4.21.345 This database so 

far represents a preliminary assortment of references, which will be significantly 

extended in the future. Thus, the Pm range might have to be adapted. Also, considering 

the high variation coefficients of the investigated derivatives (1, 3, 4, 6, 7, 9, 10, 12, and 

14), which reflect possible molecular interactions that occur in bioaffinity 

chromatography like IAM chromatography, BBB penetration via passive diffusion of 

compounds 7, 9, 10 and 12 seems not impossible.   

As passive diffusion is only one mechanism for penetrating the BBB, further experiments 

regarding BBB crossing will definitely be performed in future. As already discussed 

above, there exist various other in silico, in vitro, and in vivo methods325-335 for predicting 

the BBB penetration behavior of a compound. Some of these approaches will be the 

subject of the continuing studies of the Radiopharmaceutical Sciences group at the 

Medical University of Vienna in order to evaluate the BBB crossing potential of methyl 

and fluoroethyl based pyrazoline esters (1, 3, 4, 6, 7, 9, 10, 12, and 14) more accurately.   

In contrast to the reference compounds, precursor derivatives 2, 5, 8, 11, and 13 exhibit 

much better IAM-results. With a Pm ranging from 0.33 to 0.48, those substances are 

situated well in between of DASB (Km=71.38, Pm=0.25) and PE2I (Km=648.21, Pm=1.52). On 

the basis of these results which are suggesting only passive diffusion, a BBB penetration 

prediction for derivatives 2, 5, 8, 11, and 13 seems probable.  
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2.3 NET ligands 
 

2.3.1 FAPPI derivatives 

 

Given the excellent in vitro results of fluorinated benzimidazolone 45, shown by Zhang et 

al,167 and also considering the positive outcome of the preclinical experiments of 

[11C]Me@APPI (46)169 (cf. chapter 1.2.4.1), further fluorinated NET-binding analogs of 44 

were evaluated computationally, synthesized, and tested regarding their lipophilicity 

and BBB penetration properties.   

 

2.3.1.1 Docking studies 

 

Docking studies were performed in cooperation with the Pharmacoinformatics Research 

Group at the University of Vienna, Faculty of Life Sciences.  

 

Since compounds 15-17 comprise a novel fluoro substitution, a computational docking 

study was performed to assess if these compounds still would fit in the binding site of the 

NET. Furthermore, a binding mode hypothesis was created which allows gaining insights 

into the molecular basis of binding and selectivity towards the monoamine transporters. 

The ligands were docked in the substrate binding site (S1) of the outward-open 

conformation of the transporter models (cf. chapter 3.2.2), since related inhibitors, such 

as nortriptyline (101, figure 22), sertraline, mazindol, etc. were also shown to fit in the S1 

of the Drosophila DAT (dDAT) and the “SERT”-ized leucine transporter (“LeuBAT”) in the 

same protein conformation.346,347 Interestingly, the co-crystallized ligand in dDAT 

(nortriptyline 101) has the same ranking of human NET, SERT, and DAT activity as 

reference compound 44, i.e. 4.4, 18, and 1149 nM KD vs. 9, 2995 and >10000 nM IC50, 

respectively.167,348 Additionally, nortriptyline (101) shares important structural features 

file:///I:/shanab/Downloads/Benzimidazoles_COMP-part%20(1).docx%23_ENREF_2
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with the benzimidazolones (15-17), which are two aromatic moieties and an N-

methylalkyl side chain. Therefore their binding mode can be expected to be similar. 
 

 
 

Figure 22: Chemical structure of nortriptyline (co-crystallized ligand from the template (PDB code 4M48),346 and 

assignment of ring numbers to FAPPI:1-3 (15-17) 

 

Common scaffold clustering349 revealed two binding hypotheses (cf. chapter 3.2.2), which 

indicated that compounds 15-17 fit in the S1 of all three transporters. Hence, additional 

fluorination does not seem to cause steric clashes. In both hypotheses, the most 

prominent protein-ligand interaction was the cationic nitrogen atom placed in the A sub 

pocket,350 located between the central Asp75/98/79 side chain as a salt-bridge and the 

Phe72/95/76 side chain as a cation-pi interaction in NET/SERT/DAT, respectively. This is 

well in accordance with the X-ray structures of the templates. Additional pi-pi stacking 

interactions with Phe152/176/156 and Phe323/355/341 further promote the binding in 

both hypotheses obtained. 

Hypothesis 1: the benzimidazolone heterocycle (ring 2) is placed in the B sub pocket and 

ring 3 in the C pocket, whereas ring 1 is solvent exposed (figures 22 and 23).  
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    NET                              SERT                 DAT  

 

 

Figure 23: Overlay of compounds 44, 45, and 15-17 (maroon) in binding hypothesis 1 and comparison with the co-

crystal pose of nortriptyline (101) (green). In NET, V148 allows more space than I172 in SERT. The angle between ligand 

ring 2 and 3 is ca. 60° in all poses. The extracellular space is located above in all figures. 
 

Hypothesis 2: Ligand ring 1 is placed in the B pocket whereas ring 2 is placed at the same 

height (measured from the membrane-water interface) and both overlap with the rings 

of nortriptyline (101). The solvent exposed Tyr151/Tyr175/Phe155 in NET/SERT/DAT, 

respectively T-stacks with ring 2 whereas ring 3 points extracellularly (Table 10, Figure 

24). 

 

 
Table 10:  Sequence alignment of all distinct monoamine transporter residues located in sub sites in the vicinity of the 

docked compounds. Red: hydrophilic side chain, green: lipophilic side chain, bold: bulkier side chain. 
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Figure 24: Overlay of compounds 44, 45, and 15-17 (maroon) in binding hypothesis 2 in hNET, showing agreement with 

the co-crystal pose of nortriptyline (101) (green). Val148 and Asp473 allow more space than Ile172 and Glu439 in 

hSERT, respectively, whereas Tyr151 might induce a more potent stacking interaction as compared to Phe155 in hDAT. 

The angle between ligand ring 2 and 3 is almost 90° in all poses. The extracellular space is located above. 

 

As binding hypothesis 2 is in close agreement with the co-crystallized ligands in dDAT 

and LeuBAT, further analysis focused on this proposed binding mode. 

Binding hypothesis 2 indicates the reason for weaker affinity of the investigated 

compounds (15-17) towards SERT and DAT than towards the NET (figures 24 and 25): 

lower SERT affinity may be due to Ile172 and Glu439, allowing less space for the ligand to 

be accommodated as compared to in NET, that comprises a valine and an aspartate at the 

homologous positions, respectively. Lower DAT affinity could be ascribed to weaker T 

stacking interactions of Phe155 as compared to Tyr151 in NET, based on previous 

findings that a Tyr-Phe pair has a stronger binding energy than a Phe-Phe pair.351 
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SERT                 DAT 

 

 

 

 

 

 

 
Figure 25: Overlay of compounds 44, 45, and 15-17 (maroon) in binding hypothesis 2 and comparison with the co-

crystal pose of nortriptyline (101) (green). DAT lacks a more potent stacking interaction due to F155 as compared to 

NET[Y151] and SERT[Y175]. Binding mode 2 poses are more in agreement with the co-crystal pose. The angle between 

ligand ring 2 and 3 is almost 90° in all poses. The extracellular space is located above in both figures. 

 

2.3.1.2 Syntheses 

 

2.3.1.2.1 Preparation of 1-(3-amino-1-(4-fluorophenyl)propyl)-3-phenyl-1,3-dihydro-

2H-benzimidazol-2-one (APPI) (109) and 1-(1-(4-fluorophenyl)-3-

(methylamino)propyl)-3-phenyl-1,3-dihydro-2H-benzimidazol-2-one (FAPPI) 

(15) 

 

The synthesis of precursor compound 109 (APPI:1) and reference compound 15 (FAPPI:1) 

was initiated by preparing side chain 104. Therefore, commercially available 3-chloro-1-

(4-fluorophenyl)-1-propanone (102) was reduced with sodium borohydride and the 

resulting alcohol (103) was subsequently brominated in a substitution reaction with 

aqueous hydrogen bromide. Since the reduction as well as the bromination afforded both 

products (103 and 104) in high purity, they could each be subjected directly to the next 

reaction step without further purification. 

Core compound 106, which was straightforwardly made accessible by ring closure of 

commercially available N-phenylbenzene-1,2-diamine (105) with 1,1’-carbonyldiimidazol, 

was reacted in the next step with prior synthesized side chain 104 in a nucleophilic 
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substitution reaction. Although complete conversion of the starting materials was 

detected by TLC analysis, product 107 could only be obtained in poor yields after 

purification, due to enormous side-product formation (scheme 27). 

 

 

Scheme 27 

 

The conversion of the chloro group of 107 into a iodo group (108) was carried out in a 

Finkelstein reaction with two equivalents of sodium iodide during 24 h of refluxing in 

aceton (scheme 27). Thereby, substitution of the chloroalkane side chain (107) led cleanly 

to the desired iodoalkane product (108), since the resulting salt was insoluble in acetone 

and therefore, consequently removed from the reaction equilibrium. Thus, crude 

iodoalkylbenzimidazolone 108 was not only obtained in high purity but also in excellent 
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yields, which allowed the use of 108 in the next reaction step without further 

purification.  

Free amine 109 and secondary amine 15 were made accessible by applying the same 

reaction conditions (scheme 27): Compound 108 was dissolved in a solution of ammonia 

in isopropanol or a solution of methylamine in EtOH, respectively and heated in a sealed 

tube. Since starting material could still be detected by TLC in both reactions after three 

hours of stirring, and also by-product formation started to appear, the reactions were 

stopped before all of the starting material was completely consumed. Target compounds 

109 and 15 were isolated and successfully separated from remaining precursor 108, 

which was reused for increased yields. 

 

2.3.1.2.2 Preparation of 1-(4-fluorophenyl)-3-(3-(methylamino)-1-phenylpropyl)-1,3-

dihydro-2H-benzimidazol-2-one (FAPPI:2) (16) and 1-(2-fluorophenyl)-3-(3-

(methylamino)-1-phenylpropyl)-1,3-dihydro-2H-benzimidazol-2-one 

(FAPPI:3) (17) 

 

Non-radioactive reference compounds 16 (FAPPI:2) and 17 (FAPPI:3) were prepared in a 

similar manner to 109 and 15 (scheme 27), however, in contrast to these compounds, the 

fluorinated N-phenylbenzene-1,2-diamine core structure (118 and 119) had to be 

synthesized prior to cyclization with 1,1’-carbonyldiimidazol (scheme 28). 

Initially, 1-fluoro-2-nitrobenzene (113) reacted with commercially available 4-

fluoroaniline (114) in two different ways to give intermediate compound 116. The first 

method involved a solvent-free microwave assisted synthesis approach with potassium 

fluoride and potassium carbonate for the conversion. However, since better yields were 

achieved by conventional heating, the second method (conventional heating) was not 

only selected for the larger scale synthesis of 116 but also for the preparation of 117, 

which was made accessible by reacting 1-fluoro-2-nitrobenzene (113) with 2-

fluoroaniline (115).   
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Both of the fluorinated 2-nitro-N-phenylanilines (116 and 117) were then reduced with 

zinc in acetic acid. Due to relatively fast oxidation of the resulting products (118 and 

119), work up had to be carried out rapidly in order to provide the desired compounds in 

excellent yields.  

The cyclization of 118 and 119 with 1,1’-carbonyldiimidazol was conducted in 

tetrahydrofuran, according to literature.167 However, it was discovered that yields could 

be increased by 20% (for 120) and 10% (for 121) respectively, if compounds 118 and 119 

were instead heated in N,N-dimethylformamide. Thus, by employing the latter 

cyclization procedure (heating in N,N-dimethylformamide), the reaction could be 

performed within two hours (instead of 24 h) and also work up was readily achieved: 

After evaporation of the solvent and addition of water, impurities dissolved and could be 

decanted, thereby providing the products (120 and 121) as brownish resin. 

 

Side chain 112 was synthesized in the same manner as side chain 104 (scheme 27), 

starting from 3-chloro-1-phenylpropan-1-one (110). Initially, the keto group of 110 was 

reduced with sodium borohydride, giving intermediate alcohol 111 (scheme 28). 

Subsequent bromination of 111 with aqueous hydrogen bromide solution then led to the 

formation of 112, which did not require purification due to its high purity after the 

reaction. 
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Scheme 28 

 

With the key compounds in hand, benzimidazolones 120 or 121 were reacted with prior 

synthesized side chain 112 in a nucleophilic substitution reaction (scheme 28). Although 

this reaction was carried out under the same conditions for 106 (scheme 27), 120, and 

121, the corresponding products 122 and 123, which are bearing a fluorosubstituted 

phenyl moiety that is directly attached to the benzimidazolone core structure, were 

obtained in better yields than product 107 (scheme 27). After purification, the chloro 
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group of derivatives 122 and 123 was converted into a iodo group (124 and 125) in a 

Finkelstein reaction. Therefore, each 122 and 123 were refluxed for 24 h with two 

equivalents of sodium iodide in acetone to give compounds 124 and 125 in good yields. 

Reference compounds 16 and 17 were then synthesized by dissolving 124 and 125 in a 

solution of methylamine in ethanol and heating the reactants in a sealed tube for 3 h. 

Due to by-product formation, the reactions were again terminated before all of the 

starting material was completely consumed. However, the yields of isolated products 16 

and 17 were sufficient for further preclinical investigations.  

 

2.3.1.3 Preclinical testing 

 

2.3.1.3.1 LogP analyses 

 

LogP values were determined using an HPLC based assay according to Donovan and 

Pescatore341 (cf. chapter 3.5.1). Thereby, standard conditions were applied to NET affine 

derivatives 15-17 (FAPPI:1-3). Tracers known to penetrate the BBB (DASB, β-CIT, PIB, 

PE2I, Raclopride, and Elacridar)342 served as external standards. 

 
 

FAPPI derivatives 
 

 
 
 

compound 
 

 

 

 

 

 

 
 

 
calc. logP 

 

 

4.21 
 

4.21 
 

4.21 

 

 

exp. logP 
 

 

3.50±0.07 
 

 

3.47±0.06 
 

3.18±0.02 

 

Table 11: Calculated and experimental logP values of FAPPI derivatives 15-17 
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Resulting logP data, obtained from lipophilicity tests are depicted in table 11 and indicate 

lower logP values for FAPPI derivatives 15-17, than originally predicted. In this regard, 

all investigated compounds are expected to penetrate the BBB in a similar way to β-CIT 

(logP 3.03±0.01) and DASB (logP 3.85±0.13), as logP values of FAPPI:1-3 (15-17) lie in the 

range of these tracers. However, to achieve more certainty about the BBB penetration 

behavior of 15-17, also IAM experiments were performed. 

 

2.3.1.3.2 IAM experiments 

 

By adapting a protocol of Taillardat-Bertschinger et al,344 IAM chromatography was 

carried out for derivatives 15-17 (cf. chapter 3.5.2). Again, known BBB penetrating 

tracers (DASB, β-CIT, PIB, PE2I, Raclopride, and Elacridar)342 served as external standards 

and were compared with resulting Km and Pm values of compounds 15-17. 

 
 

FAPPI derivatives 
 

 
 
 

compound 
 

 

 

 

 

 

 
 

 
Km 

 

 

273.79 
 

1014.22 
 

778.44 

 

 

Pm 

 

 

0.73±0.03 
 

 

2.70±0.69 
 

2.07±0.37 

 
variation 

 
 

 

4.36 
 

25.68 
 

17.80 

 

Table 12: Membrane partition coefficient (Km), permeability (Pm), and variation coefficient of FAPPI derivatives 15-17 

 

IAM experiments (n=7) confirm the assumption that derivative 15 (FAPPI:1) has a high 

probability to penetrate the BBB via passive diffusion, which lipophilicity studies already 
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suggested. With a Pm of 0.73 (table 12), reference compound 15 is situated well in 

between DASB (Km=71.38, Pm=0.25) and PE2I (Km=648.21, Pm=1.52).  

Despite acceptable lipophilicity, derivatives 16 and 17 feature higher Pm values in 

comparison to 15, and also showed more interactions during the runs (n=7), which is 

expressed by a high variation coefficient. Nevertheless, with Pm values of 2.70 and 2.07 

(table 12), respectively, derivatives 16 and 17 are likely to penetrate the BBB via passive 

diffusion, since also several reference compounds known to cross the BBB, which have 

already been tested by this method, exhibit Pm values in the range between 0.01 and 

4.21.345 

However, for more certainty regarding the BBB penetration behavior of FAPPI 

derivatives 1-3 (15-17), further experiments are planned, which will be subject of 

continuative studies at the Medical University of Vienna. 
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2.3.2 PHOXI derivatives 

 

In regard to the high selectivity and excellent NET binding properties of above described 

compound 52 and its fluorinated analogs,176,177 compound 52, several already known 

derivatives thereof, as well as a number of compounds with an additional N,N-

methylfluoroethyl moiety were synthesized. All substances were subjected to 

lipophilicity and BBB penetration studies at the Medical University of Vienna in order to 

determine their suitability as future radioligands for PET based NET studies. 

 

2.3.2.1 Syntheses 

 

2.3.2.1.1 Preparation of N,N-dimethyl-1-((3S,4S)-4-(2-methylphenoxy)-3,4-dihydro-1H-

isochromen-3-yl)methanamine (Me@PHOXI1) (18) and N-methyl-1-((3S,4S)-4-

(2-methylphenoxy)-3,4-dihydro-1H-isochromen-3-yl)methanamine 

(PHOXI:1) (19) 

 

Since a Mannich reaction of 1H-isochromen-4(3H)-one (127) with methylamine 

hydrochloride did not furnish desired methylamine 126, a direct synthesis approach for 

the preparation of 19 could not be performed. Thus, reference compound 18 was made 

accessible according to the synthesis protocol of Kiankarimi et al,352 which was then 

converted into precursor compound 19 (cf. Joksch320). The synthetic route towards 

derivative 19 is shown in scheme 29. 
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Scheme 29 

 

Initially, tertiary aminoketone 128 was prepared by aminoalkylation of 127 with 

dimethlyamine hydrochloride and paraformaldehyde in a Mannich reaction. The 

product (128) was subsequently reduced to 129 by using L-Selectride, which is a sterically 

hindered and therefore selective reducing agent. Amino alcohol 129 was obtained in a 

racemic mixture, predominantly favoring the cis isomer (cis:trans 1.4:1.0). By subjecting 

129 to an SNAr-reaction with 1-bromo-2-fluorobenzene, cis isomer 130 was afforded, 

which could be readily separated from its trans counterpart by chromatographic 

purification. Cis isomer 130 was distinguished from the trans isomer by NMR 

spectroscopic analysis, which indicated a stronger NOE between isochromen H-3 (3.95 

ppm) and isochromen H-4 (5.14 ppm) for the cis isomer (130) than for the trans 

configuration, which featured a considerably smaller NOE effect between isochromen H-

3 (4.06 ppm) and isochromen H-4 (5.31 ppm) (figure 26). 

 

 

Figure 26: Illustration of the NOE of cis isomer 130 and its trans counterpart 
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In the next reaction step, a methyl group was substituted for the bromo group of 130 by 

employing palladium and trimethylboroxine. An additional celite treatment after the 

actual reaction allowed removal of major impurities, which proved beneficial for NMR 

spectroscopic analyses of 18, since the desired product could be obtained in higher 

purity after chromatographic purification.  

Despite the high purity of 18, the following demethylation with 1-

chloroethylchloroformate, proton sponge, and N,N-diisopropyl ethylamine led to 

enormous by-product formation, which could not be removed by extraction of the crude 

reaction product (19) in the separating funnel. Hence, not only normal phase 

chromatography but also reversed phase chromatography was employed for proper 

purification of 19, unfortunately to the detriment of the yield. 

 

2.3.2.1.2 Preparation attempt of 1-((3S,4S)-4-(2-methylphenoxy)-3,4-dihydro-1H-

isochromen-3-yl)methanamine (131) 

 

Amine 131 should have been prepared as a precursor for radiosynthesis and furthermore 

should have served as starting material for the preparation of fluoroethylated reference 

compound 132 (scheme 30). 

 

 

Scheme 30 

 

In the effort of preparing amine 131, several synthesis strategies were developed, 

unfortunately none of them led to the successful formation of the desired product 

(scheme 31):  
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Initially, 3-((diallylamino)methyl)-3,4-dihydro-1H-isochromen-4-ol (136) should have 

been prepared, which after substitution by the methylphenyl moiety and cleavage of the 

N,N-diallyl group should have provided compound 131. Therefore, 1H-isochromen-4(3H)-

one (127) was reacted in a Mannich reaction with diallylamine to prepare compound 133. 

However, since only poor yields were achieved by employing this method, 127 was 

converted into primary alcohol 134, which was subsequently reacted with 

trifluoromethanesulfonic anhydride to give intermediate compound 135. In the 

following step, the trifluoromethanesulfonate moiety of 135 was substituted by a diallyl 

moiety, thus providing 133 in better yields than the Mannich reaction. Nevertheless, the 

next reaction step had to be carried out with the crude reaction product (133) due to 

decomposition of 133 during the purification process. For the conversion of ketone 133 

into alcohol 136, L-Selectride was employed according to a protocol of Kiankarimi et al.352 

Although partly conversion of the starting material (133) was detected by TLC analysis, 

diallylamine 136 could not be isolated due to instability of the product and even milder 

reaction conditions or purification methods did not provide desired product 136. 

 

 

Scheme 31 
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Due to instability of alcohol 136, the focus was shifted towards the preparation of 2-((4-

oxo-3,4-dihydro-1H-isochromen-3-yl)methyl)-1H-isoindole-1,3(2H)-dione (137). 

However, it was found that neither an adapted method of Pandey353 with N-

hydroxymethylphthalimide in sulfuric acid nor the pathway via chloride 138 led to the 

successful synthesis of 137 due to disintegration of the isochromene ring during the 

reaction processes. Also, an approach in which the alcohol moiety of 134 should have 

been converted into a tosylate group (139) failed, as only enormous by-product 

formation, but not desired product 139 was detected by NMR spectroscopic analysis. 

 

Since several synthesis methods for the preparation of 131 were unsuccessful, the 

preparation of this compound (131) was not further pursued; instead, the focus was 

shifted towards the synthesis of reference compound 20. 

 

2.3.2.1.3 Preparation of 2-fluoro-N-methyl-N-(((3S,4S)-4-(2-methylphenoxy)-3,4-

dihydro-1H-isochromen-3-yl)methyl)ethanamine (FE@PHOXI1) (20) 

 

For the fluoroethylation of N-methyl-1-((3S,4S)-4-(2-methylphenoxy)-3,4-dihydro-1H-

isochromen-3-yl)methanamine (19) a mild synthesis approach was chosen in order to 

avoid high temperatures (scheme 32). Thus, freshly prepared 2-fluoroethyl 

trifluoromethanesulfonate354 was reacted with the -prior activated- secondary amine (19) 

at 0°C. Due to the high reactivity of triflates, the alkylation was carried out in less than 

ten minutes while the temperature was slowly raised to 25°C. 

 

 

Scheme 32 
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After completion of the reaction, only starting material and product were detected by 

TLC analysis with a significant difference of Rf values, thus allowing facile separation.  

The preparation of 20 with 2-fluoroethyl trifluoromethanesulfonate represents an 

efficient fluoroalkylation technique, which, may also serve as an adequate method for 

the radiochemical [18F]fluoroethylation of 19, since this approach can be performed 

rapidly under mild reaction conditions.  

 

2.3.2.1.4 Preparation of N,N-dimethyl-1-((3S,4S)-4-(2-(trifluoromethyl)phenoxy)-3,4-

dihydro-1H-isochromen-3-yl)methanamine (Me@PHOXI2) (21), N-methyl-1-

((3S,4S)-4-(2-(trifluoromethyl)phenoxy)-3,4-dihydro-1H-isochromen-3-

yl)methanamine (PHOXI:2) (22) and 2-fluoro-N-methyl-N-(((3S,4S)-4-(2-

(trifluoromethyl)phenoxy)-3,4-dihydro-1H-isochromen-3-

yl)methyl)ethanamine (FE@PHOXI2) (23) 

 

By analogy with references 18 and 20 and precursor 19, also the following compounds 

were synthesized (scheme 33):  

In a sodium hydride mediated SNAr-reaction, racemate 127 was reacted with 2-

fluorobenzotrifluoride to afford reference compound 21. Since the yields of the trans 

isomer were extremely low, cis isomer 21 was straightforwardly separated from its trans 

counterpart. Furthermore, only little side-product formation was detected by TLC 

analysis after completion of the reaction, thus product 21 was purified without difficulty 

and was obtained in high purity. 
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Scheme 33 

 

Dealkylation to secondary amine 22 was then achieved under alkaline conditions with 

catalytic amounts of proton sponge. Due to similar Rf values of formed side-products, 

isolation of 22 was hampered. However, by combining different purification methods 

(silica gel 60 and RP-18 silica gel chromatography), N-methylmethanamine 22 could be 

separated from major by-products, although to the detriment of the yield. 

With precursor 22 in hand, reference compound 23 was synthesized under mild reaction 

conditions by employing freshly prepared 2-fluoroethyl trifluoromethanesulfonate.321 

Due to its favorable properties, which are good stability, wide applicability, ease of 

preparation, and suitability for one-pot syntheses,  2-fluoroethyl 

trifluoromethanesulfonate is widely used as a reagent for O,- N,- and S-fluoroalkylations 

and also its 18F analog is often employed for radioactive [18F]fluoroethylation reactions.355  

After only ten minutes completion of the reaction was determined by TLC analysis and 

reaction product 23 was isolated in high purity and good yields, due to its excellent 

separability from starting material 22.  
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2.3.2.2 Preclinical testing 

 

2.3.2.2.1 LogP analyses 

 

Lipophilicity studies were performed according to a standardized HPLC method 

according to Donovan and Prescatore341 (cf. chapter 3.5.1). DASB, β-CIT, PIB, PE2I, 

Raclopride, and Elacridar342 are tracers known to penetrate the BBB and served as 

external standards.  

 
 

PHOXI derivatives 
 

 
 
 

compound 
 

 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 
calc. logP 

 

 

3.63 
 

3.25 
 

3.82 
 

4.06 
 

3.69 
 

4.25 

 
exp. logP 

 

 

3.16±0.01 
 

n.a. 
 

3.65±0.09 
 

3.26±0.03 
 

2.97±0.02 
 

3.62±0.09 

 

Table 13: Calculated and experimental logP values of PHOXI derivatives 18, and 20-23, experimental logP value for 19 is 

not available due to technical issues of the experimental set up, that could not be solved within the time frame of this 

thesis 

 

For completeness, logP analyses were not only performed for references 18, 20, 21, and 

23, but also for precursor 22. The outcome of the lipophilicity experiments for all 

compounds tested (18, 20-23) is shown in table 13, which indicates slightly lower logP 

values for PHOXI derivatives 18, and 20-23 than originally predicted. Thus, the 

investigated compounds are expected to penetrate the BBB in a similar manner to β-CIT 

(logP 3.03±0.01) and PIB (logP 4.05±0.16), as determined logP values of 18, and 20-23 lie in 

the range of these tracers. However, for a more accurate prediction of BBB crossing of 

18-23 additional IAM experiments have been performed. 



 DISCUSSION     140 

 

 

2.3.2.2.2 IAM experiments 

 

For the determination of the BBB penetration behavior of derivatives 18-23, an IAM 

method of Taillardat-Bertschinger et al344 was adapted (cf. chapter 3.5.2). Resulting Km 

and Pm values of products 18-23 were compared with external standards (DASB, β-CIT, 

PIB, PE2I, Raclopride, and Elacridar),342 compounds known to penetrate the BBB. 

 
 

PHOXI derivatives 
 

 
 
 

compound 
 

 

 
 

 

 
 

 
 

 
 

 

 

 

 

 

 

 

 
Km 

 

 

367.66 
 

756.37 
 

1026.39 
 

661.46 
 

483.84 
 

1370.42 

 

 
Pm 

 

 

1.24±0.15 
 

 

3.17±1.94 
 

3.12±0.71 
 

1.88±0.16 
 

1.43±1.01 
 

3.57±1.99 

 
variation 

 
 

 

12.08 
 

61.16 
 

22.71 
 

8.70 
 

70.32 
 

55.76 

 

Table 14: Membrane partition coefficient (Km), permeability (Pm), and variation coefficient of PHOXI derivatives 18-23 

 

IAM experiments (n=7) performed for PHOXI derivatives 18 and 22 revealed Pm values 

which are comparable to those of DASB (Km=71.38, Pm=0.25) and PE2I (Km=648.21, Pm=1.52), 

respectively (table 14). Accordingly, these compounds (18 and 22) are expected to 

penetrate the BBB by passive diffusion. Derivatives 19-21 and 23 however, exhibit higher 

Pm values and also showed more interactions during different runs (n=7), which is 

expressed by higher variation coefficients (table 14). Although the permeability of 

compounds 19-21 and 23 ranges from 1.88 to 3.57 (table 14), PHOXI:1 (19), FE@PHOXI1 

(20), Me@PHOXI2 (21), and FE@PHOXI2 (23) are likely to penetrate the BBB via passive 

diffusion, since also several reference compounds known to cross the BBB showed Pm 

values in the range between 0.01 and 4.21, when tested according to this method.345  
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However, in order to gain more certainty about the BBB penetration behavior of 

derivatives 18-23, further experiments will be performed in continuative studies at the 

Medical University of Vienna. In silico, continuative in vitro, and in vivo experiments325-335 

are planned for an accurate BBB penetration prediction of 18-23, which will reveal 

additional information in this regard, as passive diffusion is only one mechanism for BBB 

crossing.  
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2.4  Summary and Future Perspective 
 

Since MAO-B as well as NET are involved in a variety of diseases, the investigation of 

their underlying dysregulation mechanisms via PET is of major interest. For this purpose, 

several precursors and reference compounds for both, MAO-B and NET, have been 

evaluated (docking studies), synthesized, characterized, and initially tested (logP analysis 

and IAM experiments) within the scope of this thesis.  

 

After the performance of docking studies, a compound library of new, reversible PET 

tracer precursor (2, 5, 8, 11, and 13) and reference compounds (1, 3, 4, 6, 7, 9, 10, 12, and 

14) was prepared for the MAO-B system by applying principles of bioisosterism to 5-

(anthracen-9-yl)-3-phenyl-4,5-dihydro-1H-pyrazole, a compound which was reported to 

be a highly selective and extremely potent reversible MAO-B inhibitor.34 An additional 

acetyl moiety, introduced at position 1 of the pyrazoline ring assured improved 

compound stability and additionally enhanced MAO-B inhibitory activity. Accordingly, a 

synthesis strategy was developed, which allowed the preparation of benzene derived 

MAO-B precursor (2) and references (1 and 3), electron-rich heteroaromatic compounds 

(4-5 and 7-9), and electron-deficient heterocyclic methyl ester derived references (10 and 

12) by applying the same reaction methods. Electron-deficient heteroaromatic 

precursors 11 and 13 and pyridine derived fluoroethyl ester 14 however had to be made 

accessible via the respective allyl esters (91 and 99).  

Preliminary results of logP investigations and IAM experiments of the newly synthesized 

compounds suggested acceptable lipophilicity of the precursors (2, 5, 8, 11, and 13) and 

references (1, 3, 4, 6, 7, 9, 10, 12, and 14). However, high Pm values and multiple 

interactions with the membrane indicated that passive diffusion through the BBB seems 

unlikely for reference compounds 1, 3, 4, 6, 7, 9, 10, 12, and 14. 
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For PET based investigations of the NET, new reference compounds as well as precursors 

of two different substance classes (FAPPI derivatives, PHOXI derivatives) have been 

synthesized and evaluated within the scope of this thesis: 

 

Computational evaluation of FAPPI derivatives (15-17) suggested similar binding of the 

envisaged reference compounds in comparison to previously described 1-(3-

(methylamino)-1-phenylpropyl)-3-phenyl-1,3-dihydro-2H-benzimidazol-2-one 

(Me@APPI, 44).167 Thus, the desired references FAPPI:1-3 (15-17) were prepared by using 

the same synthesis strategies. In the course of the preparation of references 16 and 17, 

different approaches for the synthesis of their intermediates were evaluated and the best 

methods providing the highest yields were ultimately selected for their preparation.  

First investigations of lipophilicity and BBB penetration behavior of the synthesized 

compounds (15-17) revealed suitable logP values and furthermore suggest likely BBB 

penetration by passive diffusion.  

 

Based on the results of Hudson et al,176 PHOXI derivatives (18-23), which are highly affine 

and selective compounds for the NET, were synthesized within the scope of this thesis. 

Thereby, alcohol 129 served as starting material for the preparation of dimethyl amine 

derived references 18 and 21. Cis isomers 130 and 21 could be successfully separated from 

their trans counterparts by chromatographic purification, and were employed for the 

synthesis of precursor compounds 19 and 22. Rapid and efficient fluoroethylation of 19 

and 22 then provided fluoroethyl amine derived references 20 and 23.  

Lipophilicity and IAM studies suggested suitable logP values and probable BBB penetra-

tion via passive diffusion for the investigated compounds (18-23).  

 

Further IAM experiments as well as additional in vitro and in vivo approaches for BBB 

penetration prediction (co-culture models, animal models) of all precursors and 

references synthesized (1-23) will be subject of continuative studies at the Medical 
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University of Vienna, which will reveal more information about the BBB penetration 

behavior of these compounds.  

In continuative studies, all newly prepared reference compounds will not only be 

subjected to further BBB penetration experiments, but will also be analyzed regarding 

their affinity and selectivity towards MAO-B or the NET. The most promising compounds 

regarding their suitability as potential MAO-B or NET ligands will then be selected for the 

development of new PET radiotracers for the MAO-B or NET system, respectively.  

Accordingly, synthesized precursors will be employed as starting materials for the 

preparation of radiolabeled [11C] and [18F] based PET tracers, which will serve for the 

imaging of MAO-B enzymes and NE transporters in the brain. As already discussed in 

chapter 1.3.3.3, there exist several [11C]-methylation and [18F]-fluoroethylation methods, 

which will be evaluated at the Medical University of Vienna in order to standardize the 

most promising radiolabeling approach. 

Subsequent binding studies and in vivo experiments as well as their interpretation and 

detailed evaluation will be the subject of continuative studies at the Medical University 

of Vienna. Additionally, micro-PET experiments, which reveal detailed information 

about MAO-B and NET densities in vivo, will be performed for the investigation of MAO-B 

and NET dysregulation mechanisms in the brain in different pathologies.  

 

Docking studies as well as the organic synthesis of MAO-B (1-14) and FAPPI (15-17) 

derivatives have already been published in Bioorganic & Medicinal Chemistry Letters and 

Molecules, respectively. (cf. 5.4.1 and 5.4.2) A publication on PHOXI derivatives (18-23) is 

currently in progress and will mainly focus on the organic synthesis, enlargement of the 

compound library, as well as NMR based investigations of cis/trans isomer identification 

of these derivatives. 

 

Besides BBB penetration experiments, first affinity studies are currently in progress for 

MAO-B and FAPPI derivatives. Inhibition assays are planned to determine MAO-B binding 

of the synthesized reference compounds (1, 3, 4, 6, 7, 9, 10, 12, and 14), whereas 
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membrane binding experiments are employed for FAPPI derivatives (15-17) as well as 

PHOXI derivatives (18-23) in order to evaluate their affinity towards the NET. The 

outcome of these studies will determine the suitability of the synthesized reference 

compounds as future MAO-B- and NET-PET radioligands. 
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3 EXPERIMENTAL 
 

3.1 General  
 

Recording of spectra: 
 
1H,- 13C,- 19F,- 15N-NMR Spectra: The NMR spectra were recorded from CDCl3 or DMSO-d6 

solutions on a Bruker DPX200 spectrometer (200 MHz for 1H, 50 MHz for 13C) or on a 

Bruker Avance III 400 spectrometer (400 MHz for 1H, 100 MHz for 13C, 40 MHz for 15N, 376 

MHz for 19F) at 25°C. The center of the solvent (residual) signal was used as an internal 

standard which was related to TMS with δ 7.26 ppm (1H in CDCl3), δ 2.49 ppm (1H in 

DMSO-d6), δ 77.0 ppm (13C in CDCl3) and δ 39.5 ppm (13C in DMSO-d6). 15N-NMR spectra (gs-

HMBC, gs-HSQC) were referenced against neat, external nitromethane, 19F-NMR spectra 

by absolute referencing via Ξ ratio. Digital resolutions were 0.25 Hz/data point in the 1H- 

and 0.3 Hz/data point in the 13C-NMR spectra. Coupling constants (J) are quoted in Hz. 

The following abbreviations were used to show the multiplicities: s: singlet, d: doublet, t: 

triplet, q: quadruplet, dd: doublet of doublet, m: multiplet. 

 

Mass spectra were obtained on a Shimadzu QP 1000 instrument (EI, 70 eV) 

 

High-resolution mass spectrometry was carried out on a Finnigan MAT 8230 (EI, 10 eV) 

or Finnigan MAT 900 S (ESI, 4 kV, 3 μA, ACN/MeOH) electrospray ionization mass 

spectrometer with a micro-TOF analyzer. 

 

Chromatographic purification: 

 

Thin-layer chromatography: Merck TLC Silica Gel 60 F254 aluminum sheets, Nr. 

1.05554.0001, 0.2 mm x 20 cm x 20 cm and Merck TLC Silica Gel 60 RP-18 F254s aluminum 

sheets, Nr. 1.05559.0001, 0.2 mm x 20 cm x 20 cm 



EXPERIMENTAL     148 

 

 

Column chromatography: Merck Silica Gel 60 (70-230 mesh ASTM, Nr. 1.07734) or Merck 

LiChroprep RP-18 Silica Gel (40-63 μm) 

 

Preclinical experiments: 

 

Analytical HPLC was performed using an Agilent system (Boeblingen, Germany) 

consisting of an autosampler 1100, a quartenary pump 1200, a diode array detector 1200 

(operated at 254 nm), and a lead-shielded BGO-radiodetector (Raytest). 

 

pH measurement was carried out using a WTW inoLab 740 pH meter (WTW, Weilheim, 

Germany) 

 

Other: 

 

Melting points: were determined on a Reichert-Kofler hot-stage microscope 

 

Microwave experiments were carried out in a Synthos 3000 microwave oven (Anton 

Paar, SXQ80 rotor) with an internal temperature probe. 

 

Chemicals: Sigma Aldrich (www.sigma-aldrich.com), Acros (www.acros.com), VWR 

(www.vwr.com), TCI (www.tcichemicals.com) 
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3.2 Docking Parameters 
 

3.2.1 MAO-B derivatives 

 

The crystal structure of human MAO-B (PDB code 2C70) was initially prepared using the 

Protein Preparation Wizard embedded in the Schrödinger software package.356 One 

redundant protein chain and crystal waters were deleted, the co-factor FAD and p-nitro-

benzylamine were kept. The protein H-Bond network was further optimized for a pH 

value of 7 using PROPKA. Used ligands were prepared with LigPrep in default settings.357 

Side chains of I198 and Y435 were constrained to the internal rotamer library of GOLD,358 

defining the coordinates of the non-covalent inhibitor as the binding site. All other 

settings were kept on default. After docking, the complexes were exported to MOE359 and 

energy minimized using LigX with default parameters. Subsequently, X-Score360 was used 

for rescoring of the minimized complexes. 

 

3.2.2 APPI derivatives 

 

The ligand structures were built in the protonated form using Molecular Operating 

Environment (MOE) 2013.359 Homology models of human NET, SERT, and DAT were 

obtained from the Drosophila dopamine transporter template (dDATcryst, PDB id 4M48361), 

by selecting the model with the most favorable Discrete Optimized Protein Energy 

(DOPE) of 250 generated by Modeller 9.11.362 The co-crystallized inhibitor nortriptyline 

(101) was retained during model generation and the compounds (15-17, 44, and 45) were 

docked in the same site using Genetic Optimization for Ligand Docking (GOLD) 5.2.363 One 

hundred poses per ligand (i.e. five hundred poses per protein target) were generated 

based on the GoldScore scoring function, while keeping the ligand flexible and the 

protein rigid. 

file:///I:/shanab/Downloads/Benzimidazoles_COMP-part%20(1).docx%23_ENREF_8
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The common chemical scaffold, i.e. the reference compound (44), was extracted from the 

resulting poses, analogous to the methods of a previous study.364 Cluster analysis was 

performed based on Euclidian distance and complete linkage of the root-mean square 

deviation of the ligand’s heavy atoms matrix using XLStat.349 The dendrogram was cut at 

eight clusters and the ones containing all five ligands (15-17, 44, and 45) were selected. 

 

3.3 NMR Spectroscopic Investigations 
 

The NMR spectroscopic data of all compounds described in this study are listed in the 

Experimental Section. The corresponding spectra for novel compounds as well as final 

compounds will be displayed in the appendix.  

For important compounds full and unequivocal assignment of 1H-NMR and 13C-NMR 

resonances was carried out by the combined application of various standard NMR 

spectroscopic techniques such as, for instance, APT (attached proton test), HSQC 

(heteronuclear single quantum coherence), HMBC (heteronuclear multiple bond 

coherence), COSY (correlated spectroscopy), TOCSY (totally correlated spectroscopy), 

and NOESY (nuclear overhauser enhancement spectroscopy). 15N-NMR chemical shifts 

were obtained via 1H, 15N-HMBC and 1H, 15N-HSQC experiments and finally referenced 

against external nitromethane (0 ppm). Compounds which were expected to contain 

fluorine atoms were additionally subjected to 19F-NMR spectroscopic measurements in 

order to verify the presence as well as the number of fluorine atoms.  

 

 

 

 

 

 

file:///I:/shanab/Downloads/Benzimidazoles_COMP-part%20(1).docx%23_ENREF_11
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3.4 Syntheses 
 

3.4.1 MAO-B derivatives  

 

3.4.1.1 Preparation of benzene based derivatives 

 

3.4.1.1.1 (2E)-3-(Anthracen-9-yl)-1-phenylprop-2-en-1-one (56) 

 

 
 

To a solution of acetophenone (1.00 g, 8.32 mmol) and anthracene-9-carbaldehyde (1.72 

g, 8.32 mmol) in EtOH (20 ml) was added dropwise an aqueous solution of NaOH (85%, 

1.11 g, 16.65 mmol) at 0°C. The mixture was stirred for 2 days, during which the 

temperature was allowed to rise to 25°C. Thereafter, the solution was poured into an ice 

bath and the pH was adjusted to a pH of 2 with 2N HCl. Prior to recrystallization from 

MeOH, the resulting product was filtered and evaporated to dryness. 

 

Yield: 2.32 g (91%), yellow crystals, mp. 124°C-125°C 

 

Analytical data are in complete accordance with literature values.365 
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Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 7.47-7.66 (m, 8H), 8.01-8.13 (m, 4H), 8.29-8.34 (m, 2H), 

8.47 (s, 1H), 8.81 (d, J = 16.0 Hz, 1H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 125.3, 125.4, 126.4, 128.4, 128.7, 128.7, 131.0, 131.3, 

133.1, 137.8, 141.9 
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3.4.1.1.2 Tert-butyl 5-(anthracen-9-yl)-3-phenyl-4,5-dihydro-1H-pyrazole-1- 

 carboxylate (58) 

 

 
 

To a cooled solution of (2E)-3-(anthracen-9-yl)-1-phenylprop-2-en-1-one (1.00 g, 2.63 

mmol) and tert-butyl carbazate (0.38 g, 2.86 mmol) in THF (20 ml) was added Cs2CO3 (1.10 

g, 3.38 mmol). After 24 h of stirring at 0°C, the mixture was warmed to room tempera-

ture, H2SO4 (1 drop) was added, and the solution was refluxed for another 24 h. The crude 

product was then purified by column chromatography (silica gel 60, PE/EtOAc 8:2).  

 

Yield: 0.31 g (28%), yellow crystals, mp. 166°C-168°C 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 3.72 (s, 9H), 3.53-3.67 (m, 1H), 3.85-4.00 (m, 1H), 6.69-

6.81 (m, 1H), 7.33-7.59 (m, 7H), 7.86-8.06 (m, 5H), 8.35-8.46 (m, 2H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 27.4, 41.8, 57.2, 80.8, 122.8, 123.4, 124.7, 124.9, 126.3, 

126.4, 126.8, 128.0, 128.2, 128.5, 129.3, 129.6, 129.97, 130.0, 131.1, 131.5, 131.8, 132.2, 151.8, 

152.6 

 

MS: m/z (%) 422 (M+, 2), 308 (100), 307 (56), 280 (12), 279 (36), 251 (15), 149 (10), 115 (29), 

93 (13), 65 (11) 

 

HRMS: m/z calculated for C28H26N2O2Na [M + Na]+: 445.1892. Found: 445.1890. 
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3.4.1.1.3 1-(5-(Anthracen-9-yl)-3-phenyl-4,5-dihydro-1H-pyrazol-1-yl)ethan-1-one (68) 

 

 
 

1) Method 1: 3-(Anthracen-9-yl)-1-phenylprop-2-en-1-one (0.20 g, 0.65 mmol) was 

dissolved in toluene (40 ml) and to this mixture were added hydrazine monohydrate 

(0.32 g, 0.3 ml, 6.48 mmol) and CH3COOH (10 ml). The solution was refluxed in a 

Dean-Stark trap overnight. Thereafter, the crude reaction product was evaporated in 

vacuo and purified by column chromatography (silica gel 60, PE/EtOAc 8:2). 

 

Yield: 0.13 g (53%), orange crystals, mp. 199°C-201°C 

 

2) Method 2: 3-(Anthracen-9-yl)-1-phenylprop-2-en-1-one (1.00 g, 3.24 mmol) was 

dissolved in MeOH (12 ml) and CH3COOH (4 ml) and hydrazine monohydrate (0.20 g, 

0.2 ml, 3.89 mmol) were added. The reaction mixture was introduced into a 

microwave vessel and heated in a microwave oven at 700 W and 85°C for 8 min. The 

resulting product was purified twice by column chromatography (silica gel 60, 

PE/EtOAc 9:1 and RP-18 silica gel, ACN/H2O 9:1). 

 

Yield: 0.84 g (88%), orange crystals, mp. 199°C-201°C 
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Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.28 (s, 3H), 3.33 (dd, J = 10.0 Hz and 8.0 Hz, 1H), 3.68 

(dd, J = 14.0 Hz and 4.0 Hz, 1H), 6.95-6.77 (m, 1H), 7.25-7.47 (m, 6H), 7.70-7.83 (m, 3H), 7.87-

7.93 (m, 3H), 8.32-8.37 (m, 2H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 21.7, 41.5, 55.9, 122.7, 123.0, 124.4, 124.7, 126.1, 126.4, 

126.6, 127.8, 128.0, 128.2, 128.4, 127.7, 129.2, 130.2, 131.2, 131.3, 131.4, 131.7, 132.2 

 

MS: m/z (%) 364 (M+, 14), 320 (12), 218 (13), 189 (27), 178 (28), 111 (27), 85 (39), 71 (68), 57 

(91), 43 (100) 
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3.4.1.1.4 Methyl 4-((2E)-3-(anthracen-9-yl)prop-2-enoyl)benzoate (62) 

 

 
 

To a solution of anthracene-9-carbaldehyde (3.47 g, 16.83 mmol) and methyl 4-

acetlybenzoate (3.00 g, 16.83 mmol) in MeOH (50 ml) was added dropwise an aqueous 

solution of KOH (85%, 2.22 g, 33.65 mmol) at 0°C. The mixture was stirred for 48 h during 

which the temperature was allowed to rise to 25°C. Thereafter, the formed yellow crys-

tals were filtered, washed and dried. 

 

Yield: 4.96 g (80%), yellow powder, mp. 170°C-171°C 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 3.94 (s, 3H), 7.46-7.55 (m, 5H), 7.97-8.02 (m, 2H), 8.07-

8.18 (m, 4H), 8.24-7.29 (m, 2H), 8.43 (s, 1H), 8.79 (d, J = 15.9 Hz, 1H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 52.9, 125.6, 125.9, 127.0, 129.0, 129.2, 129.4, 130.1, 130.4, 

131.1, 131.7, 134.2, 141.7, 143.3, 166.7, 189.6 

 

MS: m/z (%) 366 (M+, 12), 203 (100), 176 (3), 163 (35), 138 (10), 120 (3), 104 (4), 76 (6), 59 (3), 

50 (3) 

 

HRMS: m/z calculated for C25H18O3Na [M + Na]+: 389.1154. Found: 389.1148. 
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The compound numbering depicted below was used for the signal assignment of 1H- and 
13C-NMR data of compounds 1-4, 6-14, 78, 91, and 99 in the next chapters: 

 

 

 

3.4.1.1.5 Methyl 4-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)benzoate  

 (1) 

 

 
 

1) Method 1: A mixture of methyl 4-((2E)-3-(anthracen-9-yl)prop-2-enoyl)benzoate 

(0.50 g, 1.36 mmol) in CH3COOH (26 ml) was added dropwise to hydrazine 

monohydrate (0.14 g, 2.73 mmol) at 0°C-5°C under stirring, and the resulting solution 

was refluxed for 7 h. After completion of the reaction, the mixture was poured into a 

saturated NaHCO3 solution. The formed precipitate was collected by filtration, 

washed with H2O, and dried. Thereafter, the crude product was purified by column 

chromatography (silica gel 60, PE/EtOAc 8:2 and RP-18 silica gel, ACN).  

 

Yield: 95 mg (17%), yellow crystals, mp. 279°C-281°C 
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2) Method 2: A solution of methyl 4-((2E)-3-(anthracen-9-yl)prop-2-enoyl)benzoate 

(0.50 g, 1.36 mmol), hydrazine monohydrate (0.68 g, 13.65 mmol), and CH3COOH (12 

ml) in toluene was refluxed for 45 min in a Dean-Stark trap. After the reaction, the 

crude product was purified by column chromatography (silica gel 60, PE/EtOAc 8:2 

and RP-18 silica gel, ACN/H2O 9:1). 

 

Yield: 0.19 g (33%), yellow crystals, mp. 279°C-281°C 

 

3) Method 3: A mixture of methyl 4-((2E)-3-(anthracen-9-yl)prop-2-enoyl)benzoate 

(0.50 g, 1.36 mmol), hydrazine monohydrate (0.68 g, 13.65 mmol), sulfuric acid (1 

drop), and CH3COOH (12 ml) was introduced into a microwave vessel and heated in a 

microwave oven at 700 W and 85°C for 5 min. After completion of the reaction, the 

resulting crystals were filtered, washed and dried, and then subjected to purification 

by column chromatography (silica gel 60, PE/EtOAc 8:2). 

 

Yield: 0.32 g (56%), yellow crystals, mp. 279-281°C 

 

4) Method 4: Hydrazine monohydrate (0.68 g, 13.65 mmol) was added dropwise to a 

solution of methyl 4-((2E)-3-(anthracen-9-yl)prop-2-enoyl)benzoate (0.50 g, 1.36 

mmol) in CH3COOH (7 ml)/ACN (14 ml) and the resulting mixture was refluxed for 24 

h. The formed precipitate was filtered, washed several times with EtOH, and dried, 

prior to chromatographic purification (silica gel 60, PE/EtOAc 8:2 and RP-18 silica 

gel, ACN). 

 

Yield: 0.33 g (58%), yellow crystals, mp. 279°C-281°C 

 

 

 

 



                                                                                   EXPERIMENTAL     159 

 

 

Spectroscopic data: 

 
1H-NMR (400 MHz, CDCl3): δ (ppm) 2.38 (s, 3H, pyr NCOCH3), 3.51 (dd, J = 18.1 Hz and 9.4 

Hz, 1H, pyr 4-CH2), 3.90 (dd, J = 18.1 Hz and 13.1 Hz, 1H, pyr 4-CH2), 3.96 (s, 3H, benz OCH3), 

6.88 (dd, J = 13.1 Hz and 9.4 Hz, 1H, pyr 5-CH), 7.26-7.42 (m, 2H, anth 6-CH, anth 7-CH), 

7.45-7.49 (m, 1H, anth 3-CH), 7.54-7.56 (m, 1H, anth 2-CH), 7.73-7.76 (m, 1H, anth 8-CH), 

7.87-7.89 (m, 2H, benz 3-CH, benz 5-CH), 8.00-8.03 (m, 2H, anth 4-CH, anth 5-CH), 8.11-8.14 

(m, 2H, benz 2-CH, benz 6-CH), 8.43 (s, 1H, anth 10-CH), 8.48-8.50 (m, 1H, anth 1-CH) 

 
13C-NMR (100 MHz, CDCl3): δ (ppm) 21.8 (pyr NCOCH3), 41.5 (pyr 4-CH2), 52.3 (benz OCH3), 

56.3 (pyr 5-CH), 122.6 (anth 8-CH), 123.0 (anth 1-CH), 124.6 (anth 6-CH), 124.9 (anth 3-CH), 

126.2 (anth 7-CH), 126.5 (benz 3-CH, benz 5-CH), 126.6 (anth 2-CH), 128.2 (anth 8a-CH), 

128.6 (anth 10-CH), 129.4 (anth 4-CH), 130.0 (benz 2-CH, benz 6-CH), 130.1 (anth 9a-CH), 

130.2 (anth 5-CH), 131.1 (anth 9-CH), 131.3 (anth 4a-CH), 131.4 (benz 1-C), 131.9 (10a-CH), 

135.5 (benz 4-C), 152.8 (pyr 3-C), 166.4 (benz CO), 169.7 (pyr NCOCH3) 

 

MS: m/z (%) 422 (M+, 100), 379 (64), 363 (24), 349 (18), 289 (31), 276 (10), 218 (73), 203 (72), 

189 (16), 178 (90), 144 (22), 43 (39) 

 

HRMS: m/z calculated for C27H22N2O3Na [M + Na]+: 445.1528. Found: 455.1525. 
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3.4.1.1.6 4-(1-Acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)benzoic acid (2) 

 

 
 

Methyl 4-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)benzoate (0.50 g, 1.18 

mmol) and lithium hydroxide monohydrate (0.20 g, 5.92 mmol) were dissolved in a 

mixture of THF/MeOH/H2O (2/3/1, 12 ml) and stirred at 50°C for 4 h. After completion of 

the reaction, the solution was acidified with 2N HCl and extracted with EtOAc. The 

combined organic layers were dried over MgSO4 and evaporated in vacuo.  

The reaction product was obtained in excellent yields and introduced in the next 

reaction step without further purification. 

 

Yield: 0.43 g (90%), dark yellow crystals, mp. 230°C-231°C 
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Spectroscopic data: 

 
1H-NMR (200 MHz, DMSO-d6): δ (ppm) 2.24 (s, 3H), 3.43 (dd, J = 10.0 Hz and 8.0 Hz, 1H), 4.13 

(dd, J = 12.0 Hz and 6.0 Hz, 1H), 6.86-6.97 (m, 1H), 7.40-7.73 (m, 5H), 7.96-8.12 (m, 6H), 8.57-

8.61 (m, 2H) 

 

Due to limited resolution of the measuring instrument, proton benz COOH could not be 

detected. 

 
13C-NMR (50 MHz, DMSO-d6): δ (ppm) 21.7, 41.4, 56.2, 122.5, 123.8, 124.8, 125.1, 126.2, 126.4, 

126.8, 127.6, 127.8, 129.1, 129.6, 129.8, 130.0, 130.9, 131.4, 132.1, 132.3, 135.0, 135.6, 166.9, 

168.2 

 

MS: m/z (%) 408 (M+, 30), 365 (19), 289 (11), 218 (31), 203 (47), 189 (19), 178 (100), 43 (40) 

 

HRMS: m/z calculated for C26H20N2O3Na [M + Na]+: 431.1372. Found: 431.1367. 

 

 

 

 

 

 

 

 

 

 

 

 

 



EXPERIMENTAL     162 

 

 

3.4.1.1.7 2-Fluoroethyl-4-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)

 benzoate (3) 

 

 
 

Fluoroethanol (0.02 g, 0.25 mmol), DCC (0.06 g, 0.27 mmol), and DMAP (0.03 g, 0.27 mmol) 

were added to a solution of 4-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-

yl)benzoic acid (0.10 g, 0.25 mmol) in absolute CH2Cl2 (4 ml), and the resulting reaction 

mixture was stirred overnight at room temperature. After completion of the reaction, 

the crude product was evaporated in vacuo and purified by column chromatography 

twice (silica gel 60, PE/EtOAc 6:4 and RP- silica gel, ACN/H2O 8:2). 

 

Yield: 28 mg (25%), colorless crystals, mp. 214°C-215°C 
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Spectroscopic data: 

 
1H-NMR (400 MHz, CDCl3): δ (ppm) 2.39 (s, 3H, pyr NCOCH3), 3.55 (dd, J = 18.1 Hz and 9.4 

Hz, 1H, pyr 4-CH2), 3.96 (dd, J = 18.1 Hz and 13.2 Hz, 1H, pyr 4-CH2), 4.56-4.58 (m, 1H, benz 

CH2CH2F), 4.64-4.66 (m, 1H, benz CH2CH2F), 4.69-4.71 (m, 1H, benz CH2CH2F), 4.81-4.83 (m, 

1H, benz CH2CH2F) 6.93 (dd, J = 13.2 Hz and 9.4 Hz, 1H, pyr 5-CH), 7.33-7.42 (m, 2H, anth 6-

CH, anth 7-CH), 7.47-7.51 (m, 1H, anth 3-CH), 7.56-7.60 (m, 1H, anth 2-CH), 7.73-7.76 (m, 

1H, anth 8-CH), 7.90-7.92 (m, 2H, benz 3-CH, benz 5-CH), 8.02-8.04 (m, 2H, anth 4-CH, anth 

5-CH), 8.16-8.18 (m, 2H, benz 2-CH, benz 6-CH), 8.44 (s, 1H, anth 10-CH), 8.51-8.53 (m, 1H, 

anth 1-CH) 

 
13C-NMR (100 MHz, CDCl3): δ (ppm) 21.9 (pyr NCOCH3), 41.6 (pyr 4-CH2), 56.4 (pyr 5-CH), 

64.1 (d, J = 20.1 Hz, benz CH2CH2F), 81.3 (d, J = 171.0 Hz, benz CH2CH2F), 122.7 (anth 8-CH), 

123.0 (anth 1-CH), 124.6 (anth 6-CH), 124.9 (anth 3-CH), 126.3 (anth 7-CH), 126.6 (benz 3-

CH, 5-CH), 126.7 (anth 2-CH), 128.3 (anth 8a-CH), 128.7 (anth 10-CH), 129.4 (anth 4-CH), 

130.2 (anth 5-CH, anth 9a-CH, benz 2-CH, benz 6-CH), 130.9 (benz 1-C), 131.0 (anth 9-CH), 

131.4 (anth 4a-CH), 131.9 (anth 10a-CH), 135.9 (benz 4-C), 152.7 (pyr 3-C), 165.7 (benz CO), 

169.8 (NCOCH3) 

 
19F-NMR (471 MHz, CDCl3): δ (ppm) -224.50 (m, benz CH2CH2F) 

 

MS: m/z (%) 454 (M+, 46), 411 (26), 396 (12), 289 (15), 218 (48), 203 (63), 189 (16), 178 (100), 

145 (20), 43 (33) 

 

HRMS: m/z calculated for C28H23FN2O3Na [M + Na]+: 477.1590. Found: 477.1581. 
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3.4.1.1.8 2-(2-((Tert-butyl(diphenyl)silyl)oxy)ethoxy)ethanol (69) 

 

 
 

Diethylene glycol (3.00 g, 28.27 mmol) and imidazole (1.90 g, 28.27 mmol) were dissolved 

in dry CH2Cl2 (44 ml) and a solution of tert-butylchlorodiphenylsilane (7.80 g, 28.27 mmol) 

in dry CH2Cl2 (10 ml) was added dropwise under argon atmosphere. The reaction mixture 

was stirred for 24 h at room temperature. After completion of the reaction, the solvent 

was evaporated in vacuo and the crude product was purified by column chromatography 

(silica gel 60, PE/EtOAc 9:1  7:3). 

 

Yield: 3.82 g (39%), colorless oil 

 

Analytical data are in complete accordance with literature values.366 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 1.04 (s, 9H), 3.48-3.57 (m, 5H), 3.59-3.65 (m, 2H), 3.75-

3.80 (m, 2H), 7.28-7.35 (m, 6H), 7.63-7.69 (m, 4H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 18.9, 26.6, 61.3, 63.2, 72.0, 72.2, 127.4, 129.4, 133.2, 135.3 
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3.4.1.1.9 2-(2-((Tert-butyl(diphenyl)silyl))oxy)ethoxy)ethyl 4-(1-acetyl-5-(anthracen-9-

yl)-4,5-dihydro-1H-pyrazol-3-yl)benzoate (70) 

 

 
 

4-(1-Acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)benzoic acid (0.65 g, 1.59 

mmol), DCC (0.59 g, 2.86 mmol), and DMAP (catalytic amounts) were dissolved in CH2Cl2 

(64 ml). To this solution was added t-butyldiphenylsilyloxyethoxyethanol (0.55 g, 1.59 

mmol) and the mixture was refluxed for 3 d. Thereafter, the resulting product was 

purified by column chromatography (RP-18 silica gel, MeOH/H2O 8:2). 150 mg of the 

starting material could be regained.  

 

Yield: 0.21 g (18%), yellow powder, mp. 115°C-116°C 

 

Spectroscopic data:  

 

MS: m/z (%) 735 (M+, 2), 435 (100), 349 (13), 291 (22), 203 (54), 178 (64), 57 (29) 

 

HRMS: m/z calculated for C46H46N2O5SiNa [M + Na]+: 757.3074. Found: 757.3070. 
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3.4.1.1.10 2-(2-Hydroxyethoxy)ethyl 4-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-

pyrazol-3-yl)benzoate (71) 

 

1) Method 1:  

 

 
 

2-(2-((tert-Butyldiphenylsilyl))oxy)ethoxy)ethyl 4-(1-acetyl-5-(anthracen-9-yl)-4,5-

dihydro-1H-pyrazol-3-yl)benzoate (0.21 g, 0.29 mmol) was dissolved in THF (4 ml) and a 

solution of tetra-n-butylammonium fluoride (1M in THF, 0.29 ml, 0.29 mmol) was added 

dropwise at room temperature. After stirring the mixture for 2 h at room temperature, 

H2O (1 drop) was added. Evaporation afforded the rude product, which was purified 

repeatedly by column chromatography (RP-18 silica gel, MeOH/H2O 7:3). Due to 

unsatisfactory/unsuccessful separation, the crude reaction product was directly 

employed in the next reaction step. 

 

Yield: 57 mg (40%), colorless crystals, mp. n.d. 
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2) Method 2: 

 

 
 

To a mixture of 4-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)benzoic acid 

(0.10 g, 0.24 mmol) in CH2Cl2 (10 ml), diethylene glycol (0.02 g, 0.22 mmol), DCC (0.10 g, 

0.44 mmol), and DMAP (catalytic amounts) were added and the reaction mixture was 

stirred overnight. Thereafter, the resulting product was purified several times by column 

chromatography (RP-18 silica gel, MeOH/H2O 8:2). Due to unsatisfactory/unsuccessful 

separation, the crude reaction product was directly employed in the next reaction step. 

 

Yield: 87 mg (72%), colorless crystals, mp. n.d. 

 

Spectroscopic data:  

 

MS: m/z (%) 496 (M+, 1), 289 (1), 218 (2), 199 (100), 181 (5), 152 (6), 121 (3), 77 (12) 

 

HRMS: m/z calculated for C30H28N2O5Na [M + Na]+: 519.1896. Found: 519.1891. 
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3.4.1.2 Preparation of thiophene based derivatives 

 

3.4.1.2.1 Ethyl 5-acetylthiophene-2-carboxylate (74) 

 

 
 

To a solution of 5-acetylthiophene-2-carboxylic acid (1.00 g, 5.88 mmol) in toluene were 

added EtOH (0.20 g, 4.41 mmol) and p-toluenesulfonic acid (catalytic amount). The 

solution was refluxed in a Dean Stark trap for 3 h. Thereafter, the crude reaction product 

was washed with H2O, saturated NaHCO3 solution, and again with H2O. The organic layer 

was dried over Na2SO4 and evaporated to dryness to give ethyl 5-acetylthiophene-2-

carboxylate in excellent yields. 

 

Yield: 1.06 g (91%), light beige crystals, mp. 45°C-46°C 

 

Analytical data are in complete accordance with literature values.367 

 

Spectroscopic data: 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 14.0, 26.7, 61.6, 131.6, 133.0, 139.9, 148.4, 161.4, 190.6 
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3.4.1.2.2 Ethyl 5-((2E)-3-(anthracen-9-yl)prop-2-enoyl)thiophene-2-carboxylate (76) 

 

 
 

A mixture of anthracene-9-carbaldehyde (1.04 g, 5.04 mmol) and ethyl 5-

acetylthiophene-2-carboxylate (1.00 g, 5.04 mmol) in EtOH was stirred at 0°C. An aqueous 

solution of NaOH (85%, 0.40 g, 10.09 mmol) was added dropwise and the mixture was 

stirred for 48 h, during which the temperature was allowed to rise to 25°C. Thereafter, 

the reaction mixture was poured into ice-cold H2O and the pH was adjusted to pH 3 with 

2N HCl. The yellow precipitate obtained was filtered, washed, and dried prior to 

purification by column chromatography (silica gel 60, CH2Cl2/MeOH 8:2). The purified 

product was directly employed in the next reaction step. 
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3.4.1.2.3 Ethyl 5-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)thiophene-

2-carboxylate (78) 

 

 
 

A mixture of ethyl 5-((2E)-3-(anthracen-9-yl)prop-2-enoyl)thiophene-2-carboxylate (0.27 

g, 0.69 mmol), hydrazine monohydrate (0.35 g, 6.93 mmol), CH3COOH (12 ml), and sulfuric 

acid (1 drop) was introduced into a microwave vessel and heated in the microwave oven 

at 700 W and 85°C for 5 min. The formed yellow crystals were filtered, washed several 

times with EtOH, and dried, prior to chromatographic separation (silica gel 60, PE/EtOAc 

9:1 and RP-18 silica gel, ACN/H2O 9:1). 

 

Yield: 47 mg (15%), dark yellow crystals, mp. 115°C-117°C 
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Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 1.42 (t, J = 7.2 Hz, 3H, th OCH2CH3), 2.32 (s, 3H, pyr 

NCOCH3), 3.45 (dd, J = 9.5 Hz and 8.5 Hz, 1H, pyr 4-CH2), 3.62-3.92 (m, 1H, pyr 4-CH2), 4.41 

(q, J = 7.0 Hz, 2H, th OCH2CH3), 6.84 (dd, J = 9.5 Hz and 3.5 Hz, 1H, pyr 5-CH), 7.14 (d, J = 4.0 

Hz, 1H, th 4-CH), 7.35-7.59 (m, 4H, anth 7-CH, anth 6-CH, anth 3-CH, anth 2-CH), 7.71-7.75 

(m, 2H, anth 8-CH, th 3-CH), 7.98-8.04 (m, 2H, anth 5-CH, anth 4-CH), 8.42-8.46 (m, 2H, 

anth 10-CH, anth 1-CH) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 14.3 (th OCH2CH3), 21.7 (pyr NCOCH3), 41.9 (anth 4-CH2), 

56.5 (anth 5-CH), 61.5 (th OCH2CH3), 122.5 (anth 8-CH), 122.9 (anth 1-CH), 124.6 (anth 6-

CH), 124.9 (anth 3-CH), 126.3 (anth 7-CH), 126.7 (anth 2-CH), 128.2 (anth 8a-CH), 128.4 (th 

4-CH), 128.7 (anth 10-CH), 129.4 (anth 4-CH), 130.1 (anth 9a-CH), 130.2 (anth 5-CH), 130.7 

(anth 9-CH), 131.3 (anth 4a-CH), 131.8 (anth 10a-CH), 133.4 (th 3-CH), 135.7 (th 2-CH), 

140.7 (th 5-CH), 148.8 (pyr 3-C), 161.8 (th CO), 169.6 (pyr NCOCH3) 

 

MS: m/z (%) 442 (M+, 21), 267 (100), 195 (79), 178 (40), 137 (40), 97 (46), 71 (47), 57 (75), 43 

(73), 41 (60) 

 

HRMS: m/z calculated for C26H22N2O3SNa [M + Na]+: 465.1249. Found: 465.1248. 
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3.4.1.2.4 5-(1-Acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)thiophene-2-

carboxylic acid (5) 

 

 
 

To a mixture of ethyl 5-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-

yl)thiophene-2-carboxylate (0.08 mg, 0.19 mmol) in THF/H2O/MeOH (5/2.5/5.5, 15 ml) 

was added lithium hydroxide monohydrate (0.04 g, 0.92 mmol) under stirring. The 

resulting reaction mixture was heated to 50°C and stirred for 2 h.  

Thereafter, the crude reaction product was acidified with 2N HCl and extracted with 

EtOAc. The combined organic layers were dried over MgSO4, the solvent was evaporated 

in vacuo and the crude product was purified by column chromatography (RP-18 silica gel, 

ACN/H2O 8:2) to give 5-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-

yl)thiophene-2-carboxylic acid as colorless crystals. 

 

Yield: 58 mg (75%), colorless crystals, mp. 280°C-281°C 
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Spectroscopic data: 

 
1H-NMR (200 MHz, DMSO-d6): δ (ppm) 2.17 (s, 3H), 3.32-3.47 (m, 1H), 4.13 (dd, J = 12.0 Hz 

and 6.0 Hz, 1H), 6.91 (dd, J = 10.0 Hz and 2.0 Hz, 1H), 7.35 (d, J = 2.0 Hz, 1H), 7.41-7.51 (m, 

3H), 7.54-7.63 (m, 2H), 7.71-7.76 (m, 1H), 8.09-8.14 (m, 2H), 8.59 (s, 2H) 

 

Due to limited resolution of the measuring instrument, proton th COOH could not be de-

tected. 

 
13C-NMR (50 MHz, DMSO-d6): δ (ppm) 22.0, 42.4, 56.4, 122.9, 124.2, 125.2, 125.5, 126.6, 126.7, 

127.9, 128.1, 129.4, 129.7, 129.9, 130.3, 130.6, 131.3, 131.8, 132.7, 136.1, 148.2, 151.1, 165.4, 

168.1 

 

MS: m/z (%) 414 (M+, 3), 203 (12), 84 (12), 69 (19), 57 (29), 56 (16), 55 (24), 44 (100), 43 (52), 

42 (18) 

 

HRMS: m/z calculated for C24H18N2O3SNa [M + Na]+: 437.0936. Found: 437.0927. 
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3.4.1.2.5 Methyl 5-acetylthiophene-2-carboxylate (63) 

 

 
 

To a solution of 5-acetylthiophene-2-carboxylic acid (1.00 g, 5.52 mmol) in CH2Cl2 (17 ml) 

was added tetrafluoroboric acid (40% in H2O, 0.49 g, 5.52 mmol) at 0°C. Thereafter, 

trimethylsilyldiazomethane (1.76 ml, 1.26 g, 11.04 mmol) was added dropwise in 4 

portions at 0°C under stirring. The first portion was directly added after cooling to 0°C 

and the other 3 portions were introduced in intervals of 30 min. Stirring was continued 

for 30 min after the last addition. Then, the reaction mixture was extracted with 

CH2Cl2/H2O, dried over MgSO4, and evaporated to dryness prior to purification by column 

chromatography (silica gel 60, PE/EtOAc 8:2). 

 

Yield: 0.21 g (11%), light yellow crystals, mp. 127-128°C 

 

Analytical data are in complete accordance with literature values.368 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.56 (s, 3H), 3.88 (s, 3H), 7.62 (d, J = 4.0 Hz, 1H), 7.73 (d, J 

= 4.0 Hz, 1H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 26.9, 52.6, 131.6, 133.3, 139.5, 148.7, 162.0, 190.7 
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3.4.1.2.6 Methyl 5-((2E)-3-(anthracen-9-yl)prop-2-enoyl)thiophene-2-carboxylate (64) 

 

 
 

To a stirred solution of anthracene-9-carbaldehyde (0.26 g, 1.25 mmol) and methyl 5-

acetylthiophene-2-carboxylate (0.23 g, 1.25 mmol) in MeOH (20 ml) was added dropwise 

an aqueous solution of KOH (85%, 0.17 g, 2.5 mmol) at 0°C. After the addition, the 

reaction mixture was allowed to warm to room temperature during 48 h of stirring. The 

formed yellow precipitate was filtered, washed, and dried to afford the product in very 

good yields.  

 

Yield: 0.38 g (82%), yellow powder, mp. 160°C-161°C 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 3.93 (s, 3H), 7.36-7.56 (m, 5H), 7.73-7.80 (m, 2H), 7.99-

8.04 (m, 2H), 8.25-8.29 (m, 2H), 8.46 (s, 1H), 8.85 (d, J = 15.8 Hz, 1H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 52.6, 125.0, 125.4, 126.6, 128.86, 128.93, 129.3, 129.6, 

129.7, 131.2, 131.5, 133.6, 139.8, 142.4, 149.6, 162.0, 181.5 

 

MS: m/z (%) 372 (M+, 13), 203 (100), 169 (29), 162 (3), 142 (5), 119 (3), 110 (4), 82 (5), 59 (5), 

53 (5) 

 

HRMS: m/z calculated for C23H16O3SNa [M + Na]+: 395.0718. Found: 395.0716. 
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3.4.1.2.7 Methyl 5-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-

yl)thiophene-2-carboxylate (4) 

 

 
 

A mixture of methyl 5-((2E)-3-(anthracen-9-yl)prop-2-enoyl)thiophene-2-carboxylate 

(0.50 g, 1.34 mmol), hydrazine monohydrate (0.67 g, 13.4 mmol), CH3COOH (12 ml), and 

sulfuric acid (1 drop) was stirred in a microwave oven at 700 W and 85°C for 5 min. After 

completion of the reaction, the yellow crystals were filtered, washed, and dried prior to 

purification by column chromatography (silica gel 60, PE/EtOAc 8:2 and RP-18 silica gel, 

ACN/H2O 9:1). 

 

Yield: 0.15 g (26%), yellow crystals, mp. 266°C-267°C 
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Spectroscopic data: 

 
1H-NMR (400 MHz, CDCl3): δ (ppm) 2.33 (s, 3H, pyr NCOCH3), 3.49 (dd, J = 18.0 Hz and 9.5 

Hz, 1H, pyr 4-CH2), 3.81 (dd, J = 18.0 Hz and 13.2 Hz, 1H, pyr 4-CH2), 3.94 (s, 3H, th OCH3), 

6.88 (dd, J = 13.2 Hz and 9.5 Hz, 1H, anth 5-CH), 7.17 (d, J = 3.9 Hz, 1H, th 4-CH), 7.37-7.49 

(m, 3H, anth 7-CH, anth 6-CH, anth 3-CH), 7.54-7.58 (m, 1H, anth 2-CH), 7.72-7.75 (m, 2H, 

anth 8-CH, th 3-CH), 7.80-8.04 (m, 2H, anth 5-CH, anth 4-CH), 8.43 (s, 1H, anth 10-CH) 8.46-

8.48 (m, 1H, anth 1-CH) 

 
13C-NMR (100 MHz, CDCl3): δ (ppm) 21.8 (pyr NCOCH3), 42.0 (pyr 4-CH2), 52.5 (th OCH3), 

56.6 (pyr 5-CH), 122.6 (anth 8-CH), 122.9 (anth 1-CH), 124.6 (anth 6-CH), 124.9 (anth 3-CH), 

126.4 (anth 7-CH), 126.7 (anth 2-CH), 128.2 (anth 8a-CH), 128.3 (th 4-CH), 128.8 (anth 10-

CH), 129.4 (anth 4-CH), 130.1 (anth 9a-CH), 130.2 (anth 5-CH), 130.7 (anth 9-CH), 131.3 

(anth 4a-CH), 131.9 (anth 10a-CH), 133.6 (th 3-CH), 135.2 (th 2-C), 141.0 (th 5-C), 148.7 (pyr 

3-C), 162.2 (th CO), 169.6 (pyr NCOCH3) 

 

MS: m/z (%) 428 (M+, 97), 385 (70), 370 (33), 239 (25), 218 (59), 203 (79), 189 (22), 178 (100), 

43 (50) 

 

HRMS: m/z calculated for C25H20N2O3SNa [M + Na]+: 451.1092. Found: 451.1087. 
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3.4.1.2.8 5-(1-Acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)thiophene-2-

carboxylic acid (5) 

 

 
 

Methyl 5-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)thiophene-2-

carboxylate (0.11 g, 0.27 mmol) was dissolved in a mixture of THF/H2O/MeOH (5/2.5/5.5, 

15 ml) and lithium hydroxide monohydrate (0.06 g, 1.33 mmol) was added under stirring. 

The reaction mixture was stirred at 50°C for 2 h. After completion of the reaction, the 

mixture was acidified with 2N HCl, washed with EtOAc and dried over MgSO4. The solvent 

was evaporated in vacuo prior to purification by column chromatography (silica gel 60, 

CH2Cl2/MeOH 9:1 and RP-18 silica gel, ACN/H2O 8:2). 

 

Yield: 91 mg (82%), colorless crystals, mp. 280°C-281°C 
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Spectroscopic data: 

 
1H-NMR (200 MHz, DMSO-d6): δ (ppm) 2.17 (s, 3H), 3.32-3.47 (m, 1H), 4.13 (dd, J = 12.0 Hz 

and 6.0 Hz, 1H), 6.91 (dd, J = 10.0 Hz and 2.0 Hz, 1H), 7.35 (d, J = 2.0 Hz, 1H), 7.41-7.51 (m, 

3H), 7.54-7.63 (m, 2H), 7.71-7.76 (m, 1H), 8.09-8.14 (m, 2H), 8.59 (s, 2H) 

 

Due to limited resolution of the measuring instrument, proton th COOH could not be de-

tected. 

 
13C-NMR (50 MHz, DMSO-d6): δ (ppm) 22.0, 42.4, 56.4, 122.9, 124.2, 125.2, 125.5, 126.6, 126.7, 

127.9, 128.1, 129.4, 129.7, 129.9, 130.3, 130.6, 131.3, 131.8, 132.7, 136.1, 148.2, 151.1, 165.4, 

168.1 

 

MS: m/z (%) 414 (M+, 3), 203 (12), 84 (12), 69 (19), 57 (29), 56 (16), 55 (24), 44 (100), 43 (52), 

42 (18) 

 

HRMS: m/z calculated for C24H18N2O3SNa [M + Na]+: 437.0936. Found: 437.0927. 
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3.4.1.2.9 2-Fluoroethyl 5-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-

yl)thiophene-2-carboxylate (6) 

 

 
 

5-(1-Acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)thiophene-2-carboxylic acid 

(0.11 g, 0.25 mmol), DCC (0.06 g, 0.28 mmol), DMAP (0.03 g, 0.28 mmol), and fluoroethanol 

(0.02 g, 0.25 mmol) were dissolved in absolute CH2Cl2 (4 ml) and stirred at room 

temperature for 48 h. 

After completion of the reaction, the resulting crude reaction product was purified by 

column chromatography twice (silica gel 60, PE/EtOAc 7:3 and RP-18 silica gel, 

MeOH/H2O 8:2). 

 

Yield: 0.11 g (93%), light yellow crystals, mp. 130°C-132°C 
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Spectroscopic data: 

 
1H-NMR (400 MHz, CDCl3): δ (ppm) 2.33 (s, 3H, pyr NCOCH3), 3.39 (dd, J = 18.0 Hz and 9.5 

Hz, 1H, pyr 4-CH2), 3.51 (dd, J = 18.0 Hz and 13.3 Hz, 1H, pyr 4-CH2), 4.54-4.56 (m, 1H, th 

OCH2CH2F), 4.61-4.63 (m, 1H, th OCH2CH2F), 4.67-4.69 (m, 1H, th OCH2CH2F), 4.79-4.81 (m, 

1H, th OCH2CH2F), 6.90 (dd, J = 13.3 Hz and 9.5 Hz, 1H, pyr 5-CH), 7.19 (d, J = 3.9 Hz, 1H, th 

4-CH), 7.37-7.44 (m, 2H, anth 7-CH, anth 6-CH), 7.44-7.50 (m, 1H, anth 3-CH), 7.55-7.59 (m, 

1H, anth 2-CH), 7.73 (m, 1H, anth 8-CH), 7.80 (d, J = 3.9 Hz, 1H, th 3-CH), 8.01-8.04 (m, 2H, 

anth 5-CH, anth 4-CH), 8.44 (s, 1H, anth 10-CH), 8.47-8.49 (m, 1H, anth 1-CH) 

 
13C-NMR (100 MHz, CDCl3): δ (ppm) 21.8 (pyr NCOCH3), 42.0 (pyr 4-CH2), 56.6 (pyr 5-CH), 

64.2 (d, J = 20.3 Hz, th OCH2CH2F), 81.2 (d, J = 171.3 Hz, th OCH2CH2F), 122.5 (anth 8-CH), 

122.9 (anth 1-CH), 124.6 (anth 6-CH), 124.9 (anth 3-CH), 126.4 (anth 7-CH), 126.7 (anth 2-

CH), 128.3 (anth 8a-CH), 128.3 (th 4-CH), 128.8 (anth 10-CH), 129.4 (anth 4-CH), 130.1 (anth 

9a-CH), 130.2 (anth 5-CH), 130.6 (anth 9-CH), 131.3 (anth 4a-CH), 131.9 (anth 10a-CH), 

134.1 (th 3-CH), 134.7 (th 2-C), 141.5 (th 5-C), 148.6 (pyr 3-C), 161.5 (th CO), 169.7 (pyr 

NCOCH3) 

 
19F-NMR (471 MHz, CDCl3): δ (ppm) -224.53 (m, th OCH2CH2F)      

                                                                                     

MS: m/z (%) 462 (M+, 4), 460 (34), 418 (23), 218 (37), 203 (55), 178 (85), 166 (29), 97 (28), 71 

(39), 69 (65), 57 (61), 55 (54), 43 (100) 

 

HRMS: m/z calculated for C26H21N2O3FSNa [M + Na]+: 483.1155. Found: 483.1151. 
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3.4.1.3 Preparation of furan based derivatives 

 

3.4.1.3.1 Methyl 5-acetylfuran-2-carboxylate (75) 

 

 
 

2-Acetylfuran (10.00 g, 90.82 mmol), CCl4 (27.94 g, 181.64 mmol), and Fe(acac)3 (3.12 g, 

9.08 mmol) were suspended in MeOH (20 ml) and heated in an autoclave to 120°C under 

constant stirring for 7.5 h. After completion of the reaction, the solution was cooled to 

room temperature and the crude reaction product pre-purified by column 

chromatography (silica gel 60, PE/EtOAc 9:1). Thereafter, recrystallization from diethyl 

ether was performed, which gave the product in poor yields. 

 

Yield: 4.11 g (27%), light yellow crystals, mp. 100.5°C-101°C 

 

Analytical data are in complete accordance with literature values.369 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.52 (s, 3H), 3.90 (s, 3H), 7.15-7.20 (q, J = 3.7 Hz and 2.8 

Hz, 2H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 26.2, 52.3, 116.5, 118.7, 146.1, 154.1, 158.4, 187.4 
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3.4.1.3.2 Methyl 5-((2E)-3-(anthracen-9-yl)prop-2-enoyl)furan-2-carboxylate (77) 

 

 
 

To a solution of anthracene-9-carbaldehyde (1.23 g, 5.95 mmol) and methyl 5-

acetylfuran-2-carboxylate (1.00 g, 5.95 mmol) in MeOH (120 ml) was added an aqueous 

solution of KOH (85%, 0.95 g, 14.43 mmol) at 0°C under continuous stirring. After the 

addition, the reaction mixture was allowed to warm to room temperature followed by 48 

h of stirring. The resulting orange precipitate was filtered, washed, and dried to give the 

product in moderate yields. 

 

Yield: 1.40 g (66%), orange crystals, mp. 198°C-200°C 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 3.91 (s, 3H), 7.30 (d, J = 3.7 Hz, 1H), 7.39 (d, J = 3.7 Hz, 

1H), 7.50-7.58 (m, 5H), 8.01-8.05 (m, 2H), 8.27-8.31 (m, 2H), 8.48 (s, 1H), 8.91 (d, J = 16.0 Hz, 

1H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 52.3, 117.1, 117.8, 118.8, 119.1, 125.1, 125.3, 125.4, 125.9, 

126.6, 127.4, 127.4, 128.5, 128.8, 128.9, 129.6, 130.5, 131.0, 142.6, 145.7, 154.7, 158.5, 178.5 

 

MS: m/z (%) 356 (M+, 17), 239 (9), 203 (100), 176 (4), 153 (10), 119 (10), 95 (4), 69 (9), 55 (6) 

 

HRMS: m/z calculated for C23H16O4Na [M + Na]+: 379.0946. Found: 379.0950. 
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3.4.1.3.3 Methyl 5-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)furan-2-

carboxylate (7) 

 

 
 

Methyl 5-((2E)-3-(anthracen-9-yl)prop-2-enoyl)furan-2-carboxylate (0.30 g, 0.84 mmol), 

hydrazine monohydrate (0.42 g, 0.4 ml, 8.42 mmol), CH3COOH (12 ml), and 1 drop of H2SO4 

were introduced into a microwave vessel. The mixture was stirred in the microwave 

oven at 85°C and 700 W for 10 min.  

After completion of the reaction, the crude product was purified several times by column 

chromatography (silica gel 60, PE/EtOAc 7:3 and 9:1 and RP-18 silica gel, MeOH/H2O 7:3).  

 

Yield: 0.44 g (63%), yellow crystals, mp. 201°C-203°C 
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Spectroscopic data: 

 
1H-NMR (400 MHz, CDCl3): δ (ppm) 2.36 (s, 3H, pyr NCOCH3), 3.53 (dd, J = 18.3 Hz and 9.5 

Hz, 1H, pyr 4-CH2), 3.93 (s, 3H, fur OCH3), 3.94 (dd, J = 18.3 Hz and 13.4 Hz, 1H, pyr 4-CH), 

6.89 (dd, J = 13.4 Hz and 9.5 Hz, 1H, pyr 5-CH), 6.94 (d, J = 3.7 Hz, 1H, fur 4-CH), 7.30 (d, J = 

3.7 Hz, 1H, fur 3-CH), 7.37-7.44 (m, 2H, anth 2-CH, anth 3-CH), 7.46-7.50 (m, 1H, anth 6-

CH), 7.55-7.59 (m, 1H, anth 7-CH), 7.72-7.74 (m, 1H, anth 1-CH), 8.01-8.04 (m, 2H, anth 5-

CH, anth 4-CH), 8.44 (s, 1H, anth 10-CH) 8.47-8.50 (m, 1H, anth 8-CH) 

 
13C-NMR (100 MHz, CDCl3): δ (ppm) 21.8 (pyr NCOCH3), 41.2 (pyr 4-CH2), 52.2 (fur OCH3), 

56.0 (pyr 5-CH), 112.9 (fur 4-CH), 119.4 (fur 3-CH), 122.6 (anth 1-CH), 122.9 (anth 8-CH), 

124.6 (anth 3-CH), 124.9 (anth 6-CH), 126.3 (anth 2-CH), 126.7 (anth 7-CH), 128.2 (anth 9a-

CH), 128.7 (anth 10-CH), 129.4 (anth 5-CH), 130.1 (anth 8a-CH), 130.2 (anth 4-CH), 130.6 

(anth 9-CH), 131.3 (anth 10a-CH), 131.8 (anth 4a-CH), 144.8 (pyr 3-C), 145.4 (fur 2-C), 150.0 

(fur 5-C), 158.6 (fur CO), 169.8 (pyr NCOCH3) 

 

MS: m/z (%) 412 (M+, 100), 369 (70), 339 (45), 252 (60), 218 (41), 203 (77), 178 (92), 43 (56) 

 

HRMS: m/z calculated for C25H20N2O4Na [M + Na]+: 435.1321. Found: 435.1318. 
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3.4.1.3.4 5-(1-Acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)furan-2-

carboxylic acid (8) 

 

 
 

Methyl 5-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)furan-2-carboxylate 

(0.37 g, 0.89 mol) was dissolved in a mixture of MeOH/THF/H2O (11/10/5, 26 ml) and 

lithium hydroxide monohydrate (0.19 g, 4.44 mmol) was added. The solution was heated 

to 50°C and stirred for 2 h at this temperature. After completion of the reaction the crude 

product was acidified with 2N HCl, extracted with EtOAc, dried over MgSO4, and 

evaporated to dryness. The crude reaction product was purified twice by column 

chromatography (RP-18 silica gel, MeOH/H2O 7:3 and 6:4). 

 

Yield: 0.27 g (75%), brown crystals, mp. 287°C-288°C  
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Spectroscopic data: 

 
1H-NMR (200 MHz, DMSO-d6): δ (ppm) 2.21 (s, 3H, pyr NCOCH3), 3.26-3.50 (m, 1H, pyr 4-

CH2), 4.10 (dd, J = 13.2 Hz and 4.8 Hz, 1H, pyr 4-CH2), 6.91 (dd, J = 9.3 Hz and 3.7 Hz, 1H, pyr 

5-CH), 7.12 (d, J = 3.5 Hz, 1H, fur 4-CH), 7.30 (d, J = 3.5 Hz, 1H, fur 3-CH), 7.45-7.72 (m, 5H, 

anth 7-CH, anth 6-CH, anth 3-CH, anth 2-CH, anth 1-CH), 8.10-8.15 (m, 2H, anth 5-CH, 

anth 4-CH), 8.56-8.60 (m, 2H, anth 8-CH, anth 10-CH) 

 

Due to limited resolution of the measuring instrument, proton fur COOH could not be 

detected. 

 
13C-NMR (50 MHz, DMSO-d6): δ (ppm) 21.8 (NCOCH3), 41.1 (pyr 4-CH2), 55.7 (pyr 5-CH), 

115.5 (fur 4-CH), 118.8 (fur 3-CH), 122.4 (anth 1-CH), 123.7 (anth 8-CH), 124.9 (anth 3-CH), 

125.1 (anth 6-CH), 126.3 (anth 2-CH), 126.4 (anth 7-CH), 127.5 (anth 9a-CH), 127.9 (anth 

10-CH), 129.1 (anth 5-CH), 129.6 (anth 8a-CH), 130.0 (anth 4-CH), 130.9 (anth 9-CH), 131.4 

(anth 10a-CH), 131.9 (anth 4a-CH), 145.3 (pyr 3-C), 146.9 (fur 2-C), 148.6 (fur 5-C), 159.3 

(fur CO), 168.2  (NCOCH3) 

 

MS: m/z (%) 398 (M+, 35), 252 (29), 218 (23), 203 (50), 189 (18), 178 (76), 57 (22), 43 (100) 

 

HRMS: m/z calculated for C24H18N2O4Na [M + Na]+: 421.1164. Found: 421.1157. 
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3.4.1.3.5 2-Fluoroethyl 5-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-

yl)furan-2-carboxylate (9) 

 

 
 

Fluoroethanol (0.05 g, 0.77 mmol), DCC (0.17 g, 0.83 mmol), and DMAP (0.10 g, 0.83 mmol) 

were added to a mixture of 5-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-

yl)furan-2-carboxylic acid (0.31 g, 0.77 mmol) in CH2Cl2 (11 ml). The reaction mixture was 

stirred at room temperature overnight prior to purification via column chromatography 

(silica gel 60, PE/EtOAc 7:3 and 9.5:0.5). 

 

Yield: 17 mg (30%), colorless crystals, mp. 157°C-158°C 
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Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.35 (s, 3H, NCOCH3), 3.53 (dd, J = 10.0 Hz and 8.0 Hz, 

1H, pyr 4-CH2), 3.95 (dd, J = 14.0 Hz and 4.0 Hz, 1H, pyr 4-CH2), 4.48-4.52 (m, 1H, fur 

OCH2CH2F), 4.57-4.66 (m, 2H, fur OCH2CH2F, fur OCH2CH2F), 4.81-4.85 (m, 1H, fur 

OCH2CH2F), 6.83-6.90 (m, 1H, pyr 5-CH), 6.95-6.98 (m, 1H, fur 4-CH), 7.35-7.61 (m, 5H, anth 

7-CH, anth 6-CH, anth 3-CH, anth 2-CH, fur 3-CH), 7.70-7.75 (m, 1H, anth 1-CH), 8.01-8.04 

(m, 2H, anth 5-CH, anth 4-CH), 8.44-8.50 (m, 2H, anth 8-CH, anth 10-CH) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 21.9 pyr NCOCH3), 41.2 (pyr 4-CH2), 56.1 (pyr 5-CH), 64.0 

(d, J = 20.0 Hz, fur OCH2CH2F), 81.1 (d, J = 171.0 Hz, fur OCH2CH2F), 112.8 (fur 4-CH), 120.1 

(fur 3-CH), 122.6 (anth 1-CH), 122.9 (anth 8-CH), 124.6 (anth 3-CH), 124.9 (anth 6-CH), 

126.4 (anth 2-CH), 126.7 (anth 7-CH), 128.2 (anth 9a-CH), 128.8 (anth 10-CH), 129.4 (anth 

5-CH), 130.15 (anth 8a-CH), 130.2 (anth 4-CH), 130.6 (anth 9-CH), 131.3 (anth 10a-CH), 

131.9 (anth 4a-CH), 144.8 (pyr 3-C), 144.9 (fur 2-C), 150.5 (fur 5-C), 157.9 (fur CO), 169.9 

(pyr NCOCH3) 

 
19F-NMR (471 MHz, CDCl3): δ (ppm) -224.54 (m, fur CH2CH2F) 

 

MS: m/z (%) 444 (M+, 60), 402 (42), 252 (69), 250 (25), 218 (50), 203 (82), 178 (100), 43 (89) 

 

HRMS: m/z calculated for C26H21FN2O4Na [M + Na]+: 467.1383. Found: 467.1388. 
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3.4.1.4 Preparation of pyrazine based derivatives 

 

3.4.1.4.1 Methyl pyrazine-2-carboxylate (140)a 

 

 
 

To a solution of 2-pyrazinecarboxylic acid (9.33 g, 75.18 mmol) in MeOH (75 ml) was 

added SOCl2 (7 drops), and the resulting mixture was refluxed for 3 days. After 

completion of the reaction, the crude product was purified by column chromatography 

(silica gel 60, PE/EtOAc 7:3) to give methyl pyrazine-2-carboxylate in excellent yields. 

 

Yield: 10.26 g (99%), colorless crystals, mp. 55-56°C 

 

Analytical data are in complete accordance with literature values.370 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 3.93 (s, 3H), 8.62 (q, J = 1.5 Hz and 0.9 Hz, 1H), 8.68 (d, J 

= 2.4 Hz, 1H), 9.20 (d, J = 1.4 Hz, 1H) 

 
13C-NMR (100 MHz, CDCl3): δ (ppm) 52.9, 143.0, 144.2, 146.0, 147.5, 164.1 

 

 

 

 

 

 
acompound number not assigned in the discussion 
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3.4.1.4.2 Methyl 3-acetylpyrazine-2-carboxylate (88) 

 

 
 

To a stirred solution of acetaldehyde (15.35 g, 348.42 mmol), aqueous H2SO4 (50%, 232 ml), 

CH3COOH (99%, 232 ml), and methyl pyrazine-2-carboxylate (16.04 g, 116.14 mmol) were 

added an aqueous solution of tert-BuO2H (70%, 31.40 g, 348.42 mmol) and a saturated 

FeSO4·7H2O solution (96.86 g, 348.42 mmol) simultaneously at -5°C. During the addition 

the temperature was not allowed to exceed 10°C. The resulting solution was stirred for 2 

h, during which the mixture was allowed to warm to 20°C. Then, Na2SO3 was added in 

portions until a starch-iodide paper test was negative. The reaction mixture was 

extracted with EtOAc, the collected organic layers were dried over MgSO4 and 

evaporated to dryness prior to chromatographic purification (silica gel 60, PE/EtOAc 6:4). 

 

Yield: 4.60 g (22%), yellow crystals, mp. 136°C-137°C 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.79 (s, 3H, COCH3), 4.11 (s, 3H, COOCH3), 9.35 (d, J = 8.1 

Hz, 2H, 5-CH, 6-CH) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 25.9 (COCH3), 53.3 (COOCH3), 142.8 (6-CH). 144.9 (5-CH), 

145.1 (2-C), 148.9 (3-C), 163.6 (COOCH3), 198.5 (COCH3) 

 

MS: m/z (%) 194 (M+, 1), 180 (5), 150 (7), 138 (10), 122 (11), 80 (12), 59 (7), 43 (100), 41 (5) 

 

HRMS: m/z calculated for C8H9N2O3 [M + H]+: 181.0608. Found: 181.0608. 
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3.4.1.4.3 Allyl pyrazine-2-carboxylate (93) 

 

 
 

1) Method 1: A solution of  2-pyrazinecarboxylic acid (10.00 g, 80.58 mmol), allyl alcohol 

(59.50 g, 70 ml, 102.44 mmol) and SOCl2 (10 drops) was refluxed for 3 days. After 

completion of the reaction, the crude reaction product was purified by column 

chromatography (silica gel 60, PE/EtOAc 7:3). 

 

Yield: 3.19 g (24%), red-brownish oil 

 

2) Method 2: To a suspension of NaH (0.62 g, 25.79 mmol) in DMF (42 ml) was added a 

solution of 2-pyrazinecarboxylic acid (2.00 g, 16.12 mmol) in DMF (28 ml). This 

mixture was stirred for 30 min. Thereafter, allyl bromide (2.73 g, 1.95 ml, 14.29 

mmol) was introduced dropwise via syringe and the resulting mixture was stirred at 

50°C overnight. The reaction was quenched with H2O and the crude product purified 

by column chromatography (silica gel 60, PE/EtOAc 7:3). 

 

Yield: 1.04 g (39%), red-brownish oil  

 

3) Method 3: A mixture of 2-pyrazinecarboxylic acid (10.00 g, 80.58 mmol) and SOCl2 

(9.59 g, 5.8 ml, 80.58 mmol) in CH2Cl2 (100 ml) was refluxed for 4 h. Thereafter, 

pyridine (6.5 ml, 80.58 mmol) was added to the reaction mixture, which was 

subsequently evaporated to dryness. The obtained pyrazinoyl chloride was directly 

introduced into the next reaction step without further purification.  

Allyl alcohol (3.89 g, 4.6 ml, 67.17 mmol) was suspended in CH2Cl2 (5 ml) and pyridine 

(6.38 g, 6.5 ml, 80.58 mmol) was added to this mixture. Thereafter, the pyrazinoyl 

chloride (11.49 g, 80.61 mmol) was added dropwise at 0°C. The reaction mixture was 
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allowed to warm to room temperature during overnight stirring. The purple mixture 

was extracted twice with a saturated CuSO4 solution, once with H2O, and twice with 

brine. The combined organic layers were dried over MgSO4 and evaporated to 

dryness prior to purification by column chromatography (silica gel 60, PE/EtOAc 

7:3). 

 

Yield: 1.14 g (9%), red-brownish oil 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 4.42 (td, J = 2.0 Hz, 2.0 Hz, and 2.0 Hz, 2H), 4.86 (dq, J = 

2.0 Hz, 8.0 Hz, 14.0 Hz, and 16.0 Hz, 2H), 5.46-5.66 (m, 1H), 8.25-8.33 (m, 2H), 8.77 (s, 1H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 65.4, 118.0, 130.5, 142.2, 143.4, 145.0, 146.8, 162.3 
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3.4.1.4.4 Allyl 3-acetylpyrazine-2-carboxylate (94) 

 

 
 

To a solution of allyl pyrazine-2-carboxylate (1.90 g, 11.57 mmol) and acetaldehyde (1.53 

g, 34.71 mmol) in CH3COOH (99%, 12 ml), an aqueous solution of H2SO4 (50%, 12 ml) was 

slowly added under stirring. After cooling the mixture to -5°C, an aqueous solution of 

tert-BuO2H (70%, 3.13 g, 34.71 mmol) and a saturated FeSO4·7H2O solution (9.65 g, 34.71 

mmol) were added simultaneously to the reaction mixture. During the addition, the 

temperature was not allowed to exceed 10°C. The mixture was stirred for 2 h, during 

which the temperature was allowed to rise to 20°C. After 2 h, Na2SO3 was added in 

portions to the reaction mixture until a starch-iodide paper test was negative.  

Thereafter, the crude reaction product was extracted several times with EtOAc, the 

combined organic layers were dried over MgSO4 and evaporated to dryness. Purification 

by column chromatography (silica gel 60, PE/EtOAc 8:2) afforded the reaction product in 

poor yields. 

 

Yield: 0.22 g (9%), yellow-brownish oil 
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Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.67 (s, 3H, COCH3), 4.88 (d, J = 4.0 Hz, 2H, allyl-

CH2CHCH2), 5.25-5.43 (m, 2H, allyl-CH2CHCH2), 5.89-6.10 (m, 1H, allyl-CH2CHCH2), 9.24 (d, J 

= 10.0 Hz, 2H, 6-CH, 5-CH) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 25.8 (COCH3), 66.9 (allyl-CH2CHCH2), 119.7 (allyl-

CH2CHCH2), 130.9 (allyl-CH2CHCH2), 142.7 (6-CH), 144.8 (5-CH), 145.2 (2-C), 148.8 (3-C), 

162.8 (COO), 198.3 (COCH3) 

 

MS: m/z (%) 206 (M+, 2), 161 (5), 150 (16), 136 (7), 122 (49), 79 (9), 66 (5), 43 (100), 41 (68) 

 

HRMS: m/z calculated for C10H10N2O3Na [M + Na]+: 229.0589. Found: 229.0586. 
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3.4.1.4.5 2-Fluoroethyl pyrazine-2-carboxylate (141)b 

 

 
 

1) Method 1: To a solution of 2-pyrazinecarboxylic acid (2.00 g, 16.11 mmol) in CH2Cl2 

(50 ml) were added DCC (3.60 g, 17.57 mmol), DMAP (2.14 g, 17.57 mmol), and 

fluoroethanol (1.03 g, 0.9 ml, 16.11 mmol). The mixture was stirred for 24 h at room 

temperature and thereafter purified by column chromatography (silica gel 60, 

PE/EtOAc 4:6). 

 

Yield: 1.95 g (71%), light yellow resin 

 

2) Method 2: To a solution of 2-pyrazinecarboxylic acid (2.00 g, 16.11 mmol) in CH2Cl2 

(70 ml) was added SOCl2 (1.92 g, 1.17 ml, 16.11 mmol), and the mixture was refluxed 

for 2 h. Thereafter, the solvent was evaporated in vacuo and the residue was 

dissolved in CH2Cl2 (20 ml) again. To this mixture, fluoroethanol (1.70 g, 1.54 ml, 

26.50 mmol) and TEA (1.63 g, 2.23 ml, 16.11 mmol) were slowly added at 0°C. Stirring 

was further continued for 30 min during which the reaction mixture was allowed to 

warm to room temperature. After completion of the reaction, the crude product was 

extracted with H2O three times, dried over MgSO4, and evaporated to dryness prior 

to purification via column chromatography (silica gel 60, PE/EtOAc 7:3). 

 

Yield: 1.88 g (69%), light yellow resin 

 

 

 

 
bcompound number not assigned in the discussion 
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Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 4.42-4.61 (m, 3H), 4.61-4.75 (m, 1H), 8.57-8.63 (m, 2H), 

9.13 (s, 1H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 64.5 (dd, J = 20.0 Hz, OCH2CH2F), 80.6 (dd, J = 170.0 Hz, 

OCH2CH2F), 142.5 (2-C), 144.2 (3-C), 145.9 (5-CH), 147.5 (6-CH), 163.2 (COO) 

 

MS: m/z (%) 170 (M+, 1), 108 (32), 95 (0.5), 80 (93), 57 (2), 52 (100), 41 (2) 

 

HRMS: m/z calculated for C7H7FN2O2Na [M + Na]+: 193.0389. Found: 193.0388. 
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3.4.1.4.6 Methyl 3-((2E)-3-(anthracen-9-yl)prop-2-enoyl)pyrazine-2-carboxylate (89) 

 

 
 

An aqueous solution of KOH (85%, 0.95 g, 14.43 mmol) was added to a mixture of 

anthracene-9-carbaldehyde (1.49 g, 7.22 mmol) and methyl 3-acetylpyrazine-2-

carboxylate (1.30 g, 7.22 mmol) in MeOH (100 ml) at 0°C. The reaction mixture was 

allowed to warm to room temperature during 48 h of stirring. The formed dark orange 

precipitate was evaporated in vacuo and purified by column chromatography (silica gel 

60, PE/EtOAc 6:4 and RP-18 silica gel, ACN/H2O 8:2). 

 

Yield: 0.49 g (19%), orange crystals, mp. 150°C-151°C 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 4.07 (s, 3H), 7.49-7.57 (m, 4H), 8.00-8.04 (m, 2H), 8.12-

8.20 (m, 1H), 8.30-8.35 (m, 2H), 8.46 (s, 1H), 9.01 (d, J = 16.0 Hz, 1H), 9.29 (s, 1H), 9.52 (s, 1H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 53.4, 125.1, 125.4, 126.7, 128.9, 129.0, 129.3, 129.4, 129.8, 

131.3, 143.7, 144.3, 150.0, 163.8, 187.5 

 

MS: m/z (%) 368 (M+, 13), 231 (8), 203 (100), 154 (11), 138 (12), 101 (4), 88 (3) 

 

HRMS: m/z calculated for C23H16N2O3Na [M + Na]+: 391.1059. Found: 391.1048. 
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3.4.1.4.7 Methyl 3-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)pyrazine-

2-carboxylate (10) 

 

 
 

Methyl 3-((2E)-3-(anthracen-9-yl)prop-2-enoyl)pyrazine-2-carboxylate (0.20 g, 0.54 

mmol) was introduced into a microwave vessel and suspended in CH3COOH (5 ml). 

Hydrazine monohydrate (0.27 g, 0.3 ml, 5.43 mmol) as well as H2SO4 (1 drop) were added 

to the slurry and the suspension was subsequently heated in the microwave oven at 700 

W and 85°C for 5 min. The resulting crude reaction product was purified by column 

chromatography (silica gel 60, PE/EtOAc 6:4 and RP-18 silica gel, ACN/H2O 7:3). 

 

Yield: 46 mg (20%), yellow crystals, mp. 244°C-246°C 
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Spectroscopic data: 

 
1H-NMR (400 MHz, CDCl3): δ (ppm) 2.41 (s, 3H, NCOCH3), 3.66 (dd, J = 19.1 Hz and 9.8 Hz, 

1H, pyr 4-CH2), 4.08 (s, 3H, pyra OCH3), 4.10 (m, 1H, pyr 4-CH2), 6.95 (dd, J = 13.6 Hz and 9.8 

Hz, 1H, pyr 5-CH), 7.34-7.43 (m, 2H, anth 6-CH, anth 7-CH), 7.48-7.52 (m, 1H, anth 3-CH), 

7.57-7.61 (m, 1H, anth 2-CH), 7.67 (d, J = 8.7 Hz, 1H, anth 8-CH), 8.03-8.05 (m, 2H, anth 4-

CH, anth 5-CH), 8.46 (s, 1H, anth 10-CH), 8.50 (d, J = 9.0 Hz, 1H, 1-CH), 9.26 (d, J = 1.5 Hz, 1H, 

pyra 6-CH), 9.60-9.61 (m, 1H, pyra 5-CH) 

 
13C-NMR (100 MHz, CDCl3): δ (ppm) 21.9 (pyr NCOCH3), 41.0 (pyr 4-CH2), 53.3 (pyra OCH3), 

56.9 (pyr 5-CH), 122.4 (anth 8-CH), 122.9 (anth 1-CH), 124.6 (anth 6-CH), 125.0 (anth 3-CH), 

126.3 (anth 7-CH), 126.8 (anth 2-CH), 128.3 (anth 8a-C), 128.9 (anth 10-CH), 129.5 (anth 4-

CH), 130.2 (anth 9a-C), 130.3 (anth 5-CH), 130.5 (anth 9-C), 131.4 (anth 4a-C), 131.9 (anth 

10a-C), 142.2 (pyra 2-C), 142.5 (pyra 5-CH), 145.5 (pyra 6-CH), 149.1 (pyra 3-C), 152.4 (pyr 

3-C), 164.3 (pyra CO), 170.0 (NCOCH3) 

 

MS: m/z (%) 424 (M+, 30), 381 (30), 215 (60), 203 (41), 189 (23), 178 (48), 57 (15), 43 (100) 

 

HRMS: m/z calculated for C25H20N4O3Na [M + Na]+: 447.1433. Found: 447.1431. 

 

 

 

 

 

 

 

 

 

 



                                                                                   EXPERIMENTAL     201 

 

 

3.4.1.4.8 Allyl 3-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)pyrazine-2-

carboxylate (91) 

 

 
 

1) Method 1: To a solution of methyl 3-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-

pyrazol-3-yl)pyrazine-2-carboxylate (0.40 g, 0.10 mmol) in toluene (50 ml) were 

added allyl alcohol (5.80 mg, 0.10 mmol) and NaOMe (0.50 mg, 0.01 mmol). The 

mixture was stirred for 2 days at 80°C and thereafter, evaporated to dryness prior to 

purification by column chromatography (silica gel 60, PE/EtOAc 8:2). 

 

Yield: 15 mg (33%), yellow crystals, mp. 183°C-185°C 

 

2) Method 2: To a stirred solution of 2,8,9-trimethyl-2,5,8,9-tetraaza-1-phosphabi-

cyclo[3.3.3]undecane (2.72 mg, 0.01 mmol) in allyl alcohol (4.25 g, 5 ml, 73.17 mmol) 

was added methyl 3-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-

yl)pyrazine-2-carboxylate (0.04 g, 0.10 mmol) at room temperature. The mixture was 

stirred for 4 h at room temperature prior to evaporation of the solvent and 

chromatographic purification (silica gel 60, PE/EtOAc 7:3).  

 

Yield: 38 mg (87%), yellow crystals, mp. 183°C-185°C 
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Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.40 (s, 3H, pyr NCOCH3), 3.58-3.73 (m, 1H, pyr 4-CH2), 

4.01-4.17 (m, 1H, pyr 4-CH2), 4.96-5.00 (m, 2H, pyra allyl-CH2CHCH2), 5.29-5.53 (m, 2H, pyra 

allyl-CH2CHCH2), 6.00-6.20 (m, 1H, pyra allyl-CH2CHCH2), 6.94 (dd, J = 10.0 Hz and 4.0 Hz, 

1H, pyr 5-CH), 7.29-7.69 (m, 5H, anth 8-CH, anth 7-CH, anth 6-CH, anth 3-CH, anth 2-CH), 

8-02-8.06 (m, 2H, anth 5-CH, anth 4-CH), 8.46-8.52 (m, 2H, anth 10-CH, anth 1-CH), 9.27 (d, 

J = 2.0 Hz, 1H, pyra 6-CH), 9.59 (m, 1H, pyra 5-CH) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 21.9 (pyr NCOCH3), 40.9 (pyr 4-CH2), 56.8 (pyr 5-CH3), 

66.9 (pyra allyl-CH2CHCH2), 119.8 (pyra allyl-CH2CHCH2), 122.4 (anth 8-CH), 122.9 (anth 1-

CH), 124.6 (anth 6-CH), 125.0 (anth 3-CH), 126.3 (anth 7-CH), 126.8 (anth 2-CH), 128.3 

(anth 8a-C), 128.9 (anth 10-CH), 129.5 (anth 4-CH), 130.2 (anth 9a-C), 130.3 (anth 5-CH), 

130.5 (anth 9-C), 131.3 (pyra allyl-CH2CHCH2), 131.4 (anth 4a-C), 131.9 (anth 10a-C), 142.3 

(pyra 2-C), 142.5 (pyra 5-CH), 145.5 (pyra 6-CH), 149.0 (pyra 3-C), 152.4 (pyr 3-C), 163.4 

(pyra CO), 169.9 (pyr NCOCH3) 

 

MS: m/z (%) 450 (M+, 80), 407 (71), 313 (71), 239 (41), 215 (100), 203 (85), 178 (60), 43 (75) 

 

HRMS: m/z calculated for C27H22N4O3Na [M + Na]+: 473.1590. Found: 473.1577. 
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3.4.1.4.9 3-(1-Acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)pyrazine-2-

carboxylic acid (11) 

 

 
 

To a solution of allyl 3-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-

yl)pyrazine-2-carboxylate (0.08 g, 0.18 mmol) in THF (15 ml) were added (PPh3)4)Pd (0.03 

g, 0.02 mmol) and morpholine (0.19 g, 0.18 ml, 2.12 mmol) under argon atmosphere. The 

mixture was stirred for 3.5 h at room temperature and thereafter, evaporated to dryness. 

The crude reaction product was purified by column chromatography twice (RP-18 silica 

gel, MeOH/H2O 7:3 and 6:4). 

 

Yield: 38 mg (51%), yellow crystals, mp. n.d. 
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Spectroscopic data: 

 
1H-NMR (200 MHz, DMSO-d6): δ (ppm) 2.25 (s, 3H, pyr NCOCH3), 3.48 (dd, J = 14.0 Hz and 

4.0 Hz, 1H, pyr 4-CH2), 4.22 (dd, J = 14.0 Hz and 4.0 Hz, 1H, pyr 4-CH2), 6.90-7.01 (m, 1H, pyr 

5-CH), 7.41-7.71 (m, 5H, anth 8-CH, anth 7-CH, anth 6-CH, anth 3-CH, anth 2-CH), 8.10-8.14 

(m, 2H, anth 5-CH, anth 4-CH), 8.60 (s, 2H, anth 10-CH, anth 1-CH), 9.13 (s, 1H, pyra 6-CH), 

9.37 (s, 1H, pyra 5-CH) 

 

Due to limited resolution of the measuring instrument, proton pyra COOH could not be 

detected. 

 
13C-NMR (50 MHz, DMSO-d6): δ (ppm) 21.7 (pyr NCOCH3), 42.8 (pyr 4-CH2), 56.2 (pyr 5-CH), 

122.4 (anth 8-CH), 123.8 (anth 1-CH), 124.8 (anth 6-CH), 125.1 (anth 3-CH), 126.3 (anth 7-

CH), 126.4 (anth 2-CH), 127.5 (anth 8a-C), 127.9 (anth 10-CH), 129.1 (anth 4-CH), 129.7 

(anth 9a-C), 130.0 (anth 5-CH), 130.9 (anth 9-C), 131.4 (anth 4a-C), 131.9 (anth 10a-C), 

144.4 (pyra 2-C), 144.7 (pyra 5-CH), 147.6 (pyra 6-CH), 153.2 (pyra 3-C), 155.5 (pyr 3-C), 

165.9 (pyra CO), 168.5 (pyr NCOCH3) 

 

HRMS: m/z calculated for C24H17N4O3 [M - H]-: 409.1306. Found: 409.1306. 
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3.4.1.5 Preparation of pyridine based derivatives 

 

3.4.1.5.1 Methyl 6-acetylpyridine-2-carboxylate (97) 

 

 
 

Dimethyl pyridine-2,6-dicarboxylate (1.00 g, 5.12 mmol) and NaOMe (0.30 g, 5.63 mmol) 

were introduced into a two-neck flask. EtOAc (4 ml) followed by MeOH (8 ml) were slowly 

added to the mixture and the resulting slurry was refluxed for 12 h under argon 

atmosphere. Concentrated HCl (2 ml) was added dropwise and the mixture was refluxed 

for another 6 h. Thereafter, the reaction was stopped by the addition of H2O (5 ml) and 

the mixture was extracted with CH2Cl2 (4 x 25 ml). The combined organic layers were 

washed with an aqueous Na2CO3 solution (5%, 20 ml), dried over Na2SO4, filtered, and 

evaporated to dryness prior to purification by column chromatography (silica gel 60, 

PE/EtOAc 9:1). 

 

Yield: 0.43 g (47%), colorless crystals, mp. 50°C-51.5°C 

 

Analytical data are in complete accordance with literature values.371  

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.75 (s, 3H), 3.99 (s, 3H), 7.91-7.99 (m, 1H), 8.14-8.26 (m, 

2H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 25.5, 52.9, 124.4, 128.1, 137.9, 147.4, 153.5, 165.1, 199.4 
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3.4.1.5.2 Allyl 6-acetylpyridine-2-carboxylate (142)c 

 

 
 

Allyl alcohol (0.32 g, 0.38 ml, 5.58 mmol) was slowly added to a mixture of methyl 6-

acetylpyridine-2-carboxylate (1.00 g, 5.58 mmol) and NaOMe (0.03 g, 0.56 mmol) in 

toluene (20 ml). The resulting solution was stirred at 70°C for 48 h in a two-neck round 

bottom flask provided with a distillation condenser to remove formed MeOH.  The 

reaction was terminated after 48 h and the crude product was purified by column 

chromatography (silica gel 60, PE/EtOAc 9.5:0.5). 0.36 g of the starting material could be 

recovered and recycled in a new reaction. 

 

Yield: 0.50 g (44%), yellow oil 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.56 (s, 3H, COCH3), 4.68-4.72 (m, 2H, allyl-CH2CHCH2), 

5.08-5.33 (m, 2H, allyl-CH2CHCH2), 5.81-5.97 (m, 1H, allyl-CH2CHCH2), 7.76-7.84 (m, 1H, 5-

CH), 7.92-8.07 (m, 2H, 3-CH, 4-CH) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 25.1 (COCH3), 63.8 (allyl-CH2CHCH2), 118.2 (allyl-

CH2CHCH2), 123.9 (5-CH), 127.7 (3-CH), 131.3 (allyl-CH2CHCH2), 137.6 (4-CH), 147.0 (2-C), 

153.0 (6-C), 163.7 (COO), 198.8 (12-COCH3) 

 

MS: m/z (%) 205 (M+, 27), 162 (25), 148 (7), 121 (37), 105 (12), 77 (15), 43 (100), 41 (49) 

 

HRMS: m/z calculated for C11H11NO3Na [M + Na]+: 228.0637. Found: 228.0632. 
 

ccompound number not assigned in the discussion 
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3.4.1.5.3 Methyl 6-((2E)-3-(anthracen-9-yl)prop-2-enoyl)pyridine-2-carboxylate (98) 

 

 
 

To a solution of anthracene-9-carbaldehyde (1.15 g, 5.58 mmol) and methyl 6-

acetylpyridine-2-carboxylate (1.00 g, 5.58 mmol) in MeOH (200 ml) was added an aqueous 

KOH solution (85%, 0.70 g, 11.16 mmol) at 0°C. The reaction mixture was allowed to warm 

to room temperature and stirred further for 48 h. Thereafter, the resulting product was 

filtered, washed and dried. The reaction product was used in the next step without 

further purification. 

 

Yield: 1.11 g (54%), orange crystals, mp. 189°C-190°C 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 3.95 (s, 3H), 7.46-7.57 (m, 4H), 7.99-8.09 (m, 3H), 8.21-

8.47 (m, 6H), 8.99 (d, J = 16.0 Hz, 1H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 52.8, 125.3, 125.4, 126.0, 126.3, 128.0, 128.6, 128.8, 129.7, 

130.0, 130.1, 131.2, 138.1, 142.7, 147.4, 154.1, 165.2, 188.5 

 

MS: m/z (%) 367 (M+, 19), 307 (7), 278 (14), 203 (100), 137 (74), 101 (32), 77 (12), 59 (8) 

 

HRMS: m/z calculated for C24H17NO3Na [M + Na]+: 390.1106. Found: 390.1106. 
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3.4.1.5.4 Methyl 6-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)pyridine-

2-carboxylate (12) 

 

 
 

Methyl 6-((2E)-3-(anthracen-9-yl)prop-2-enoyl)pyridine-2-carboxylate (0.30 g, 0.82 

mmol), hydrazine monohydrate (0.4 ml, 8.17 mmol), CH3COOH (24 ml), and H2SO4 (2 

drops) were introduced into a microwave vessel. The mixture was heated in the 

microwave oven at 85°C and 700 W for 5 min. Thereafter, the crude reaction product was 

evaporated to dryness and purified by column chromatography (silica gel 60, PE/EtOAc 

8:2 and 6:4). 

 

Yield: 0.32 g (92%), light yellow crystals, mp. 154°C-155°C 
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Spectroscopic data: 

 
1H-NMR (400 MHz, CDCl3): δ (ppm) 2.38 (s, 3H, pyr NCOCH3), 3.75 (dd, J = 19.3 Hz and 9.8 

Hz, 1H, pyr 4-CH2), 3.92 (s, 3H, pyrid OCH3), 4.23 (dd, J = 19.3 Hz and 13.3 Hz, 1H, pyr 4-

CH2), 6.92 (dd, J = 13.3 Hz and 9.8 Hz, 1H, pyr 5-CH), 7.31-7.5 (m, 1H, anth 7-CH), 7.37-7.41 

(m, 1H, anth 6-CH), 7.47-7.50 (m, 1H, anth 3-CH), 7.55-7.59 (m, 1H, anth 2-CH), 7.76-7.78 

(m, 1H, anth 8-CH), 7.97 (‘t’, J = 7.8 Hz, 1H, pyrid 4-CH), 8.02 (d, J = 8.3 Hz, 1H, anth 5-CH), 

8.03 (d, J = 8.4, 1H, anth 4-CH), 8.16 (d, J = 7.7 Hz, 1H, pyrid 3-CH), 8.43 (s, 1H, anth 10-CH), 

8.45 (d, J = 7.9 Hz, 1H, pyrid 5-CH), 8.50 (d, J = 9.2 Hz, 1H, anth 1-CH)  

 
13C-NMR (100 MHz, CDCl3): δ (ppm) 21.6 (pyr NCOCH3), 41.6 (pyr 4-CH2), 52.8 (pyrid OCH3), 

56.8 (pyr 5-CH), 122.9 (anth 8-CH), 123.0 (anth 1-CH), 124.3 (pyr 5-CH), 124.5 (anth 6-CH), 

124.9 (anth 3-CH), 125.7 (pyrid 3-CH), 126.0 (anth 7-CH), 126.6 (anth 2-CH), 128.3 (anth 8a-

C), 128.6 (anth 10-CH), 129.4 (anth 4-CH), 130.1 (anth 9a-C), 130.1 (anth 5-CH), 131.2 (anth 

9-C), 131.4 (anth 4a-C), 131.9 (anth 10a-C), 137.3 (pyrid 4-CH), 148.1 (pyrid 2-C), 151.1 

(pyrid 6-C), 155.0 (pyr 3-C), 165.4 (pyrid CO), 169.8 (pyr NCOCH3) 

 

MS: m/z (%) 423 (M+, 81), 380 (69), 320 (39), 292 (100), 218 (58), 203 (61), 178 (47), 43 (85) 

 

HRMS: m/z calculated for C26H21N3O3Na [M + Na]+: 446.1481. Found: 446.1490. 
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3.4.1.5.5 Allyl 6-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)pyridine-2-

carboxylate (99) 

 

 
 

Methyl 6-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)pyridine-2-

carboxylate (0.20 g, 0.47 mmol) was dissolved in toluene (15 ml) and to this solution were 

added allyl alcohol (0.03 g, 0.47 mmol) and NaOMe (0.003 g, 0.05 mmol). This reaction was 

carried out by stirring the mixture at 80°C for 24 h, using a Liebig condenser to remove 

formed MeOH.  

The crude product was purified by column chromatography (silica gel 60, PE/EtOAc 

9.5:0.5). 69 mg of the starting material could be recovered and recycled in a new reaction. 

 

Yield: 62 mg (29%), colorless to light yellow crystals, mp. 194°C-195°C 

 

 

 

 

 

 

 

 

 

 

 



                                                                                   EXPERIMENTAL     211 

 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.38 (s, 3H, pyr NCOCH3), 3.65-3.81 (m, 1H, anth 4-CH2), 

4.07-4.37 (m, 1H, anth 4-CH2), 4.80-4.84 (m, 2H, pyrid allyl-CH2CHCH2), 5.21-5.43 (m, 2H, 

pyrid allyl-CH2CHCH2), 5.89-6.09 (m, 1H, pyrid allyl-CH2CHCH2), 6.93 (dd, J = 10.0 Hz and 

2.0 Hz, 1H, pyr 5-CH), 7.29-7.62 (m, 4H, anth 7-CH, anth 6-CH, anth 3-CH, anth 2-CH ), 

7.75-7.80 (m, 1H, anth 8-CH), 7.93-8.05 (m, 3H, pyrid 4-CH, anth 5-CH, anth 4-CH), 8.17 

(dd, J = 6.0 Hz and 2.0 Hz, 1H, pyrid 3-CH), 8.44-8.53 (m, 3H, pyrid 5-CH, anth 10-CH, anth 

1-CH) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 21.9 (pyr NCOCH3), 41.5 (pyr 4-CH2), 56.8 (pyr 5-CH), 

66.3 (pyrid allyl-CH2CHCH2), 118.9 (pyrid allyl-CH2CHCH2), 122.9 (anth 8-CH), 123.0 (anth 

1-CH), 124.3 (pyrid 5-CH), 124.5 (anth 6-CH), 124.9 (anth 3-CH), 125.7 (pyrid 3-CH), 126.0 

(anth 7-CH), 126.6 (anth 2-CH), 128.3 (anth 8a-C), 128.6 (anth 10-CH), 129.4 (anth 4-CH), 

130.1 (anth 5-CH), 131.2 (anth 9-CH), 131.4 (anth 4a-C), 131.6 (pyrid allyl-CH2CHCH2) 131.9 

(anth 10a-C), 137.2 (pyrid 4-CH), 148.1 (pyrid 2-C), 151.2 (pyrid 6-C), 155.1 (pyr 3-C), 164.5 

(pyrid CO), 169.8 (pyr NCOCH3) 

 

Due to limited resolution of the measuring instrument, quaternary carbon anth 9a-C 

could not be detected. 

 

MS: m/z (%) 449 (M+, 35), 406 (26), 291 (76), 218 (42), 203 (54), 189 (20), 178 (26), 43 (100) 

 

HRMS: m/z calculated for C28H23N3O3Na [M + Na]+: 472.1637. Found: 472.1638. 
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3.4.1.5.6 6-(1-Acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)pyridine-2-

carboxylic acid (13)  

 

 
 

To a mixture of allyl 6-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-

yl)pyridine-2-carboxylate (0.20 g, 0.44 mmol) in THF (5 ml) were added (PPh3)4Pd (0.06 g, 

0.05 mmol) and morpholine (0.45 g, 0.45 ml, 5.18 mmol) under argon atmosphere. The 

mixture was stirred at room temperature for 2 h. Thereafter, the crude product was 

evaporated in vacuo and purified three times by column chromatography (RP-18 silica 

gel, MeOH/H2O 8:2, 7:3, and 6:4). 

 

Yield: 0.14 g (74%), yellow crystals, mp. 279°C-281°C 
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Spectroscopic data: 

 
1H-NMR (200 MHz, DMSO-d6): δ (ppm) 2.22 (s, 3H), 3.43-3.53 (m, 1H), 4.24 (dd, J = 12.0 Hz 

and 4.0 Hz, 1H), 6.88 (dd, J = 8.0 Hz and 4.0 Hz, 1H), 7.34-7.61 (m, 4H), 7.70-7.75 (m, 1H), 

7.82-8.02 (m, 3H), 8.09-8.13 (m, 2H), 8.55-8.58 (m, 2H) 

 

Due to limited resolution of the measuring instrument, proton pyrid COOH could not be 

detected. 

 
13C-NMR (50 MHz, DMSO-d6): δ (ppm) 21.8, 41.3, 56.2, 121.6, 122.6, 123.8, 124.6, 124.8, 125.1, 

126.1, 126.3, 127.5, 127.7, 129.0, 129.5, 129.9, 130.9, 131.4, 132.4, 137.2, 148.4, 155.7, 167.4, 

168.3 

 

HRMS: m/z calculated for C25H18N3O3Na [M + Na]+: 408.1354. Found: 408.1352. 
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3.4.1.5.7 2-Fluoroethyl 6-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-

yl)pyridine-2-carboxylate (14) 

 

 
 

Oxalyl chloride (0.02 g, 0.17 mmol) and DMF (3 drops) were added dropwise to a solution 

of 6-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)pyridine-2-carboxylic acid 

(0.05 g, 0.13 mmol) in CH2Cl2 (10 ml) at 0°C. The mixture was allowed to warm to room 

temperature and was stirred overnight. The resulting yellow solution was evaporated to 

dryness and directly used in the next reaction step without further purification.     

6-(1-acetyl-5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazol-3-yl)pyridine-2-carbonyl chloride 

(0.05 g, 0.13 mmol) was dissolved in CH2Cl2 (10 ml) and fluoroethanol (0.008 g, 0.13 mmol) 

was added dropwise to the solution. The mixure was stirred for 24 h at room 

temperature after which the resulting product was purified several times by column 

chromatography (PE/EtOAc 6:4, 7:3 and RP-18 silica gel, MeOH/H2O 8:2). 

 

Yield: 5 mg (8%), brown resin 
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Spectroscopic data: 

 
1H-NMR (400 MHz, CDCl3): δ (ppm) 2.38 (s, 3H, pyr NCOCH3), 3.71-3.74 (m, 1H, pyr 4-CH2), 

4.23 (dd, J = 19.4 Hz and 13.3 Hz, 1H, pyr 4-CH2), 4.53-4.55 (m, 1H, pyrid OCH2CH2F), 4.60-

4.64 (m, 2H, pyrid OCH2CH2F), 4.73-4.76 (m, 1H, pyrid OCH2CH2F), 6.92 (dd, J = 13.3 Hz and 

9.8 Hz, 1H, pyr 5-CH), 7.31-7.35 (m, 1H, anth 7-CH), 7.37-7.41 (m, 1H, anth 6-CH), 7.47-7.51 

(m, 1H, anth 3-CH), 7.56-7.60 (m, 1H, anth 2-CH), 7.75-7.78 (m, 1H, anth 8-CH), 7.99 (t, J = 

7.8 Hz, 1H, pyrid 4-CH), 8.01-8.04 (m, 2H, anth 5-CH, anth 4-CH), 8.18 (dd, J = 7.8 Hz and 1.0 

Hz, 1H, pyrid 3-CH), 8.43 (s, 1H, anth 10-CH), 8.48 (dd, J = 7.8 Hz and 1.0 Hz, 1H, pyrid 5-

CH), 8.50-8.52 (m, 1H, anth 1-CH) 

 
13C-NMR (100 MHz, CDCl3): δ (ppm) 21.9 (pyr NCOCH3), 41.6 (pyr 4-CH2), 56.8 (pyr 5-CH), 

64.5 (d, J = 20.4 Hz, pyrid OCH2CH2F), 81.1 (d, J = 171.2 Hz, pyrid OCH2CH2F), 122.9 (anth 8-

CH), 123.0 (anth 1-CH), 124.5 (anth 6-CH, pyrid 5-CH), 124.9 (anth 3-CH), 125.8 (pyrid 3-

CH), 126.0 (anth 7-CH), 126.6 (anth 2-CH), 128.3 (anth 8a-CH), 128.6 (anth 10-CH), 129.4 

(anth 4-CH), 130.1 (anth 9a-CH), 130.2 (anth 5-CH), 131.2 (anth 9-CH), 131.4 (anth 4a-CH), 

131.9 (anth 10a-CH), 137.3 (pyrid 4-CH), 147.6 (pyrid 2-C), 151.3 (pyrid 6-C), 155.1 (pyr 3-

C), 164.6 (pyrid CO), 169.8 (pyr NCOCH3) 

 
19F-NMR (471 MHz, CDCl3): δ (ppm) -224.56 (m, pyrid CH2CH2F) 

 

MS: m/z (%) 455 (M+, 37), 412 (31), 320 (26), 292 (90), 236 (21), 218 (53), 203 (58), 189 (21), 

178 (32), 144 (37), 71 (23), 57 (33), 43 (100) 

 

HRMS: m/z calculated for C27H22N3O3FNa [M + Na]+: 478.1543. Found: 478.1554. 

 

 

 

 



EXPERIMENTAL     216 

 

 

3.4.1.6 Preparation of pyrrole based compounds 

 

3.4.1.6.1 1-(4-Acetyl-1H-pyrrol-2-yl)-2,2,2-trichloroethanone (80) 

 

 
 

To a solution of 2-(trichloroacetyl)pyrrole (3.00 g, 14.12 mmol) and AlCl3 (2.32 g, 17.48 

mmol) in nitromethane (15 ml) and CH2Cl2 (15 ml) was added a mixture of acetyl chloride 

(1.37 g, 17.42 mmol) in dry CH2Cl2 (5 ml) at -20°C. The resulting solution was stirred for 18 

h at -20°C. Thereafter, the crude reaction product was poured on ice-water and the 

aqueous layer was extracted several times with diethyl ether. The combined organic 

extracts were dried over Na2SO4 and subsequently evaporated to dryness. The residue 

was then recrystallized from 30-50 ml of EtOH. 

 

Yield: 2.43 g (81%), colorless crystals, mp. 188°C-189°C  

 

Analytical data are in complete accordance with literature values.372 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, DMSO-d6): δ (ppm) 1.25 (s, 3H), 7.33 (s, 2H)  
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3.4.1.6.2 4-Acetyl-1H-pyrrole-2-carboxylic acid (81) 

 

 
 

After slowly adding 1-(4-acetyl-1H-pyrrol-2-yl)-2,2,2-trichloroethanone (2.43 g, 9.55 

mmol) to a solution of NaOH (20% in H2O, 40 ml), the mixture was refluxed for 1 h. Then, 

the solution was cooled and adjusted to pH 2 with 6N HCl. The crude reaction product 

was extracted repeatedly with diethyl ether. The collected organic layers were 

evaporated to dryness to subsequently accomplish purification by reversed phase 

column chromatography (RP-18 silica gel, ACN). 

 

Yield: 1.54 g (63%), light yellow crystals, mp. 213°C-214°C 

 

Analytical data are in complete accordance with literature values.372 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, DMSO-d6): δ (ppm) 2.46 (s, 3H), 7.63 (q, J = 1.3 Hz and 0.9 Hz, 1H), 8.10 

(q, J = 1.3 Hz and 2.1 Hz, 1H), 13.05 (s, 1H) 

 
13C-NMR (50 MHz, DMSO-d6): δ (ppm) 27.4, 119.5, 122.7, 127.2, 132.3, 173.0, 192.4 
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3.4.1.6.3 Methyl 4-acetyl-1H-pyrrole-2-carboxylate (82) 

 

 
 

To a solution of 4-acetyl-1H-pyrrole-2-carboxylic acid (1.82 g, 11.85 mmol) in CH2Cl2 (7 

ml) were added DCC (2.74 g, 13.27 mmol), DMAP (0.07 g, 0.59 mmol), and MeOH (18 ml). 

The mixture was stirred overnight at room temperature. Thereafter, the crude reaction 

product was extracted with CH2Cl2/H2O, dried over MgSO4, and evaporated to dryness 

prior to purification via column chromatography (silica gel 60, PE/EtOAc 7:3). 

 

Yield: 1.78 g (90%), light yellow crystals, mp. 118°C-120°C  

 

Analytical data are in complete accordance with literature values.373 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.48 (s, 3H), 3.91 (s, 3H), 7.33 (d, J = 2.0 Hz, 1H), 7.62 (d, J 

= 2.0 Hz), 10.62 (br s, 1H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 27.3, 51.8, 115.1, 123.8, 126.9, 127.0, 161.5, 193.7 
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3.4.1.6.4 Methyl 4-acetyl-1-(phenylsulfonyl)-1H-pyrrole-2-carboxylate (83) 

 

 
 

To a solution of methyl 4-acetyl-1H-pyrrole-2-carboxylate (1.00 g, 5.98 mmol) in CH2Cl2 

(10 ml) were added TBAHSO4 (0.20 g, 0.57 mmol) and aqueous NaOH (50%, 4.26 g, 5.98 

mmol) under argon atmosphere. Then, a solution of benzenesulfonyl chloride (1.15 g, 

0.83 ml, 6.52 mmol) in dry CH2Cl2 (5 ml) was added dropwise to the mixture under intense 

stirring. After 40 min, the solution was washed with H2O and the organic layers were 

dried over MgSO4 and evaporated to dryness.   

 

Yield: 1.50 g (82%), yellow-brownish crystals, mp. 126°C-128°C 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.51 (s, 3H, COCH3), 3.77 (s, 3H, COOCH3), 7.41 (d, J = 2.0 

Hz, 1H, 4-CH) 7.54-7.74 (m, 3H, benz 3-CH, benz 4-CH, benz 5-CH), 8.03-8.08 (m, 2H, benz 

2-CH, benz 6-CH), 8.29 (d, J = 2.0 Hz, 1H, 2-CH) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 27.2, 52.0, 121.2, 125.6, 125.9, 125.9, 128.4, 128.9, 134.4, 

137.6, 158.6, 192.6  

 

MS: m/z (%) 307 (M+, 35), 292 (26), 228 (8), 141 (48), 120 (56), 77 (100), 51 (14) 
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3.4.1.6.5 Methyl 4-acetyl-1-methyl-1H-pyrrole-2-carboxylate (84) 

 

 
 

Methyl 4-acetyl-1H-pyrrole-2-carboxylate (0.50 g, 2.99 mmol) was dissolved in CH2Cl2 (20 

ml) and cooled to 0°C. Trimethylsilyldiazomethane (1.08 g, 1.5 ml, 9.43 mmol) was added 

dropwise and the resulting solution was stirred for 2 days at room temperature. 

Thereafter, the reaction mixture was eveaporated to dryness and the crude reaction 

product was purified by column chromatography (PE/EtOAc 7:3).  

 

Yield: 0.14 g (26%), light yellow oil 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.37 (s, 3H), 3.81 (s, 3H), 3.92 (s, 3H), 7.28 (d, J = 2.0 Hz, 

1H), 7.37 (d, J = 2.0 Hz, 1H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 26.8, 37.2, 51.2, 117.6, 123.4, 124.2, 132.0, 161.0, 192.7 
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3.4.2  FAPPI derivatives 

 

3.4.2.1 Preparation of 1-(3-Amino-1-(4-fluorophenyl)propyl)-3-phenyl-1,3-

dihydro-2H-benzimidazol-2-one (APPI:1) (109) and 1-(1-(4-

Fluorophenyl)-3-(methylamino)propyl)-3-phenyl-1,3-dihydro-2H-

benzimidazol-2-one (FAPPI:1) (15)  

  

3.4.2.1.1 3-Chloro-1-(4-fluorophenyl)propan-1-ol (103)  

 

 
 

EtOH (30 ml) was introduced into a solution of 3-chloro-1-(4-fluorophenyl)-1-propanone 

(5.00 g, 26.79 mmol) in THF (30 ml). The mixture was cooled to -10°C and NaBH4 (1.06 g, 

28.13 mmol) was slowly added to the mixture at this temperature. The solution was 

stirred at -5°C for 10 min and thereafter, poured into a mixture of saturated aqueous 

ammonium chloride solution (80 ml) and ice (40 g). The product was extracted with 

diethyl ether, dried over Na2SO4, and evaporated to dryness. The crude product was 

employed directly in the subsequent reaction step without further purification. 

 

Yield: 4.78 g (95%), light yellow oil 

 

Analytical data are in complete accordance with literature values.374 
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Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 1.96 (d, J = 4.0 Hz, 1H), 2.02-2.27 (m, 2H), 3.52–3.58 (m, 

1H), 3.71-3.77 (m, 1H), 4.95 (m, 1H), 7.03-7.36 (m, 4H)  

 

13C-NMR (50 MHz, CDCl3): δ (ppm) 41.6, 41.7, 70.9, 115.6 (d, J = 20.6 Hz), 127.6 (d, J = 8.0 Hz), 

139.6 (d, J = 4.1 Hz), 162.5 (d, J = 244.3 Hz) 

 

3.4.2.1.2 1-(1-Bromo-3-chloropropyl)-4-fluorobenzene (104) 

 

 
 

To 3-chloro-1-(4-fluorophenyl)propan-1-ol (4.78 g, 25.34 mmol) was added an aqueous 

HBr solution (48%, 80 ml) and the mixture was stirred for 3 h at room temperature. 

Thereafter, the solution was poured into a mixture of K2CO3 (22 g) and ice (140 g). 

Additional K2CO3 was added for neutralization (pH 7). The crude reaction product was 

extracted with diethyl ether, the combined organic layers were dried over MgSO4 and 

evaporated to dryness. The resulting product was employed directly in the subsequent 

reaction step without further purification. 

 

Yield: 4.10 g (64%), light yellow oil 

 

Analytical data are in complete accordance with literature values.375  
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3.4.2.1.3 1-Phenyl-1,3-dihydro-2H-benzimidazol-2-one (106) 

 

 
 

N-Phenylbenzene-1,2-diamine (1.00 g, 5.43 mmol) and 1,1-carbonyldiimidazol (1.23 g, 

7.60 mmol) were dissolved in THF (10 ml) and stirred under argon atmosphere overnight 

at 25°C. After evaporation of the solvent, the crude reaction product was purified by 

column chromatography (silica gel 60, PE/EtOAc 1:1).  

 

Yield: 0.85 g (74%), pink crystals, mp. 201°C-202°C 

 

Analytical data are in complete accordance with literature values.376 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, DMSO): δ (ppm) 6.85-7.17 (m, 2H), 7.34-7.45 (m, 2H), 7.43-7.69 (m, 5H), 

11.16 (br s, 1H) 

 
13C-NMR (50 MHz, DMSO): δ (ppm) 108.2, 109.2, 121.0, 121.9, 126.0, 127.4, 128.5, 129.5, 

130.1, 134.6, 153.3 
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The compound numbering depicted below was used for the signal assignment of 1H- and 
13C-NMR data of compounds 15-17, 109, and 122-125 in the next chapters: 

 

 
 

3.4.2.1.4 1-(3-Chloro-1-(4-fluorophenyl)propyl)-3-phenyl-1,3-dihydro-2H-

benzimidazol-2-one (107) 

 

 
 

1-Phenyl-1,3-dihydro-2H-benzimidazol-2-one (2.28 g, 10.85 mmol) and K2CO3 (3.00 g, 

21.69 mmol) were suspended in DMF (15 ml) and stirred at 25°C for 30 min. 1-(1-Bromo-3-

chloropropyl)-4-fluorobenzene (4.09 g, 16.27 mmol) was then added and the solution was 

stirred at room temperature overnight. To the mixture were added EtOAc and H2O. The 

aqueous layer was extracted with EtOAc and the combined organic layers were washed 

with brine, dried over MgSO4, and evaporated to dryness. Thereafter, the crude reaction 

product was purified by column chromatography (silica gel 60, PE/EtOAc 8:2). 

 

Yield: 1.31 g (32%), colorless oil 
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Spectroscopic data:  

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.70-2.87 (m, 1H), 3.12-3.30 (m, 1H), 3.60-3.66 (m, 2H), 

5.73 (m, 1H), 7.00-7.11 (m, 6H), 7.38-7.57 (m, 7H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 34.3, 42.0, 53.8, 108.7, 109.0, 115.5, 115.9, 121.7, 122.0, 

126.0, 127.8, 129.2, 129.4, 129.5 

 

MS: m/z (%) 380 (M+, 21), 210 (100), 181 (8), 167 (12), 135 (9), 115 (5), 109 (58), 77 (12)  

 

HRMS: m/z calculated for C22H18ClFN2ONa [M + Na]+: 403.0989. Found: 403.0989. 
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3.4.2.1.5 1-(1-(4-Fluorophenyl)-3-iodopropyl)-3-phenyl-1,3-dihydro-2H-benzimidazol-

2-one (108) 

 

 
 

A solution of 1-(3-chloro-1-(4-fluorophenyl)propyl)-3-phenyl-1,3-dihydro-2H-

benzimidazol-2-one (1.31 g, 3.39 mmol) and NaI (1.03 g, 6.89 mmol) in acetone (25 ml) 

was refluxed for 24 h. The precipitate formed was filtered and the solvent was removed 

in vacuo. The resulting product did not require purification and thus, was employed 

directly in the next reaction step. 

 

Yield: 1.34 g (82%), yellow resin 

 

Spectroscopic data:  

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.77-2.92 (m, 1H), 3.14-3.31 (m, 3H), 5.63-5.70 (m, 1H), 

7.01-7.10 (m, 6H), 7.36-7.56 (m, 7H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 2.3, 35.3, 57.0, 108.8, 108.9, 115.5, 115.9, 121.6, 122.0, 

126.0, 127.7, 128.5, 129.1, 129.3, 129.4, 134.0, 134.1, 134.3, 153.0, 159.9, 164.8 

 

MS: m/z (%) 472 (M+, 32), 210 (100), 181 (11), 167 (23), 135 (43), 109 (34), 77 (15) 

 

HRMS: m/z calculated for C22H18FIN2ONa [M + Na]+: 495.0346. Found: 495.0353. 
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3.4.2.1.6 1-(3-Amino-1-(4-fluorophenyl)propyl)-3-phenyl-1,3-dihydro-2H-

benzimidazol-2-one (APPI:1) (109)  

 

 
 

1-(1-(4-Fluorophenyl)-3-iodopropyl)-3-phenyl-1,3-dihydro-2H-benzimidazol-2-one (0.26 

g, 0.55 mmol) was suspended in a solution of NH3 in isopropanol (2 M, 22.0 ml) and the 

resulting mixture was heated in a sealed tube for 3 h at 80°C. After evaporation of the 

solvent, the crude reaction product was purified by column chromatography (silica gel 

60, CH2Cl2/MeOH 9:1). 

 

Yield: 0.10 g (50%), light brown crystals, mp. 87°C-88°C 
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Spectroscopic data: 

 
1H-NMR (400 MHz, CDCl3): δ (ppm) 2.74-2.84 (m, 3H, 2’-CH2, 3’-CH2), 2.98-3.04 (m, 1H, 3’-

CH2), 5.74-5.78 (m, 1H, 1’-CH), 6.79-6.81 (m, 1H, benzim 7-CH), 6.96-7.01 (m, 5H, benzim 4-

CH, benzim 5-CH, benzim 6-CH, f-phen 3-CH, f-phen 5-CH), 7.30-7.33 (m, 1H, phen 4-CH), 

7.40-7.48 (m, 4H, f-phen 2-CH, f-phen 6-CH, phen 3-CH, phen 5-CH), 7.52-7.54 (m, 2H, 

phen 2-CH, phen 6-CH) 

 

Due to limited resolution of the measuring instrument, protons NH2 could not be detect-

ed. 

 
13C-NMR (100 MHz, CDCl3): δ (ppm) 30.3 (2’-CH2), 37.8 (3’-CH2), 52.7 (1’-CH), 109.2 (benzim 

4-CH), 110.0 (benzim 7-CH), 115.7 (d, J = 21.5 Hz, f-phen 3-CH), 115.7 (d, J = 8.2 Hz, f-phen 

5-CH), 122.0 (benzim 5-CH), 122.3 (benzim 6-CH), 126.4 (phen 2-CH), 126.4 (phen 6-CH), 

127.5 (benzim 7a-C), 128.1 (phen 4-CH), 129.2 (d, J = 8.2 Hz, f-phen 2-CH), 129.2 (d, J = 8.2 

Hz, f-phen 6-CH), 129.5 (benzim 3a-C), 129.7 (phen 3-CH), 129.7 (phen 5-CH), 133.3 (d, J = 

3.2 Hz, f-phen 1-C), 134.0 (phen 1-CH), 153.8 (benzim 2-CO), 162.3 (d, J = 247.4 Hz, f-phen 

4-CF) 

 
19F-NMR (471 MHz, CDCl3): δ (ppm) -113.68 (m, f-phen CF) 

 

MS: m/z (%) 361 (M+, 17), 210 (100), 181 (15), 167 (16), 149 (29), 128 (17), 77 (19), 57 (20) 

  

HRMS: m/z calculated for C22H21FN3O [M + H]+: 362.1669. Found: 362.1674. 
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3.4.2.1.7 1-(1-(4-Fluorophenyl)-3-(methylamino)propyl)-3-phenyl-1,3-dihydro-2H-

benzimidazol-2-one (FAPPI:1) (15)  

 

 
 

1-(1-(4-Fluorophenyl)-3-iodopropyl)-3-phenyl-1,3-dihydro-2H-benzimidazol-2-one (0.20 

g, 0.42 mmol) was dissolved in a solution of methylamine in EtOH (8 M, 5.3 ml) and the 

resulting mixture was heated in a sealed tube for 3 h at 80°C. After evaporation of the 

solvent, the crude reaction product was purified by column chromatography twice (silica 

gel 60, CH2Cl2/MeOH 9:1 and CH2Cl2/EtOAc/MeOH 7:2:1). 

 

Yield: 77 mg (48%), light orange resin 
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Spectroscopic data: 

 
1H-NMR (400 MHz, CDCl3): δ (ppm) 2.42 (s, 3H, NHCH3), 2.57-2.74 (m, 4H, 2’-CH2, 3’-CH2), 

3.15 (br s, 1H, NHCH3), 5.76-5.79 (m, 1H, 1’-CH), 6.88-6.90 (m, 1H, benzim 7-CH), 6.97-7.05 

(m, 4H, benzim 5-CH, benzim 6-CH, f-phen 3-CH, f-phen 5-CH), 7.07-7.10 (m, 1H, benzim 

4-CH), 7.39-7.43 (m, 1H, phen 4-CH), 7.46-7.57 (m, 6H, f-phen 2-CH, f-phen 6-CH, phen 2-

CH, phen 3-CH, phen 5-CH, phen 6-CH) 

 
13C-NMR (100 MHz, CDCl3): δ (ppm) 30.6 (2’-CH2), 35.9 (NHCH3), 48.3 (3’-CH2), 53.1 (1’-CH), 

108.9 (benzim 4-CH), 109.5 (benzim 7-CH), 115.5 (d, J = 21.5 Hz, f-phen 3-CH), 115.5 (d, J = 

21.5 Hz, f-phen 5-CH) 121.4 (benzim 5-CH), 121.8 (benzim 6-CH), 126.0 (phen 2-CH), 126.0 

(phen 6-CH), 127.7 (phen 4-CH), 128.0 (benzim 7a-C), 129.0 (d, J = 8.1 Hz, f-phen 2-CH), 

129.0 (d, J = 8.1 Hz, f-phen 6-CH), 129.4 (benzim 3a-C), 129.5 (phen 3-CH), 129.5 (phen 5-

CH), 134.4 (phen 1-CH), 134.6 (d, J = 3.4 Hz, f-phen 1-CH), 153.5 (benzim 2-CO), 162.1 (d, J = 

246.7 Hz, f-phen 4-CF) 

 
19F-NMR (471 MHz, CDCl3): δ (ppm) -114.36 (m, f-phen 4-CF) 

 

MS: m/z (%) 375 (M+, 16), 210 (57), 167 (12), 109 (22), 97 (16), 71 (27), 57 (78), 44 (100) 

 

HRMS: m/z calculated for C23H23FN3O [M + H]+: 376.1825. Found: 376.1821. 
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3.4.2.2 Preparation of 1-(4-Fluorophenyl)-3-(3-(methylamino)-1-

phenylpropyl)-1,3-dihydro-2H-benzimidazol-2-one (FAPP1:2) (16)  

 

3.4.2.2.1 3-Chloro-1-phenylpropan-1-ol (111) 

 

 
 

A solution of 3-chloro-1-phenylpropan-1-one (4.49 g, 26.60 mmol) in THF (25 ml) was 

diluted with EtOH (35 ml). The solution was cooled to -10°C and NaBH4 (1.06 g, 27.93 

mmol) was added in portions. After stirring the mixture for additional 10 min at -5°C, it 

was allowed to warm to room temperature. The solution was poured into a mixture of 

saturated NH4Cl solution (82 ml) and ice (42 g) and the product was extracted with dieth-

yl ether. The combined organic layers were dried over Na2SO4 and evaporated to dryness. 

 

Yield: 4.61 g (99%), light yellow oil 

 

Analytical data are in complete accordance with literature values.377 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.04-2.35 (m, 2H), 3.40 (br s, 1H), 3.52-3.63 (m, 1H), 

3.70-3.82 (m, 1H), 3.91-3.77 (m, 1H), 4.98 (dd, J = 6.0 Hz and 2.0 Hz, 1H), 7.37-7.51 (m, 5H)  

 

13C-NMR (50 MHz, CDCl3): δ (ppm) 41.4, 41.7, 71.3, 125.7, 127.9, 128.6, 143.7 
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3.4.2.2.2 (1-Bromo-3-chloropropyl)benzene (112) 

 

 
 

A mixture of 3-chloro-1-phenylpropan-1-ol (4.81 g, 28.19 mmol) in aqueous HBr (48%, 92 

ml) was stirred for 3 h at room temperature and then poured into a mixture of saturated 

K2CO3 solution (11 ml) and ice (72 g). The pH of the solution was adjusted to pH 7 by 

adding further K2CO3 to the mixture. Thereafter, the product was extracted with diethyl 

ether, dried over MgSO4, and evaporated to dryness. The crude reaction product was 

employed directly in the next reaction step without further purification. 

 

Yield: 5.64 g (86%), yellow oil 

 

Analytical data are in complete accordance with literature values.377 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.41-2.58 (m, 1H), 2.65-3.82 (m, 1H), 3.54-3.81 (m, 2H), 

5.24 (dd, J = 4.0 Hz and 4.0 Hz, 1H), 7.32-7.46 (m, 5H)  

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 41.8, 42.5, 51.3, 127.1, 128.5, 128.6, 140.6 
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3.4.2.2.3 N-(4-Fluorophenyl)-2-nitroaniline (116) 

 

 
 

1) Method 1: Anhydrous KF (4.13 g, 70.87 mmol), and K2CO3 (9.81 g, 70.87 mmol) were 

well powdered with a mortar and a pestle and added to 4-fluoroaniline (7.89 g, 70.87 

mmol). Then, 1-fluoro-2-nitrobenzene (10.00 g, 70.87 mmol) was added and the 

mixture was irradiated in the microwave oven (900 W, 10 min). Thereafter, H2O (20 

ml) and CH2Cl2 (20 ml) were added and the organic layer was washed with 10% HCl 

(10 ml) and brine (10 ml). The combined organic layers were dried over Na2SO4 and 

evaporated to dryness prior to purification by column chromatography (silica gel 60, 

PE/EtOAc 9.5:0.5). 

 

Yield: 9.51 g (58%), dark orange crystals, mp. 82°C-83°C 

 

1) Method 2: Anhydrous KF (4.28 g, 73.70 mmol), and K2CO3 (10.18 g, 73.70 mmol) were 

well powdered with a mortar and a pestle and added to 4-fluoroaniline (8.19 g, 73.70 

mmol). Then, 1-fluoro-2-nitrobenzene (10.40 g, 73.70 mmol) was added and the 

mixture was stirred for 2 days at 180°C. Thereafter, H2O (20 ml) and CH2Cl2 (20 ml) 

were added and the organic layer was washed with 10% HCl (10 ml) and brine (10 

ml). The combined organic layers were dried over Na2SO4 and evaporated to dryness 

prior to purification by column chromatography (silica gel 60, PE/EtOAc 9:1 and RP-

18 silica gel, MeOH/H2O 7:3). 

 

Yield: 11.59 g (68%), dark orange crystals, mp. 82°C-83°C 

 

Analytical data are in complete accordance with literature values.378 
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Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 6.73-6.77 (m, 1H), 6.78-7.42 (m, 6H), 8.18-8.23 (m, 1H), 

9.41 (br s, 1H)  

 

13C-NMR (50 MHz, CDCl3): δ (ppm) 115.6, 116.3, 116.8, 117.4, 126.6, 126.8, 127.0, 134.5, 

135.7, 143.5, 158.1, 163.0 

 

MS: m/z (%) 233 (M+, 1), 141 (100), 111 (21), 95 (58), 83 (50), 75 (86), 69 (26), 57 (24), 50 (23) 
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3.4.2.2.4 N-(4-Fluorophenyl)benzene-1,2-diamine (118) 

 

 
 

To a solution of N-(4-fluorophenyl)-2-nitroaniline (2.17 g, 9.34 mmol) in abs. CH2Cl2 (15 

ml) were added glacial actic acid (8 ml) and Znø (8.39 g, 128.89 mmol) at 0°C under argon 

atmosphere. After the addition, the mixture was allowed to warm to room temperature 

and was stirred for 2 h. Znø was filtered off and the pH of the solution was adjusted to pH 

9 with 2N NaOH. Thereafter, the aqueous layer was extracted three times with CH2Cl2, the 

combined organic layers were dried over MgSO4, evaporated to dryness, and purified by 

column chromatography (silica gel 60, PE/EtOAc 9:1). 

 

Yield: 1.75 g (93%), dark orange-reddish oil 

 

Analytical data are in complete accordance with literature values.379 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 3.68 (br s, 2H), 5.13 (br s, 1H), 6.65-7.10 (m, 8H)  

 

13C-NMR (50 MHz, CDCl3): δ (ppm) 116.0, 116.5, 116.7, 117.2, 117.4, 119.7, 124.3, 125.9, 

129.8, 141.8, 141.8, 155.0, 159.7 

 

MS: m/z (%) 202 (M+, 100), 187 (13), 181 (9), 154 (5), 139 (6), 100 (5), 80 (5), 53 (5), 43 (7) 
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3.4.2.2.5 1-(4-Fluorophenyl)-1,3-dihydro-2H-benzimidazol-2-one (120) 

 

 
 

1) Method 1: To a solution of N-(4-fluorophenyl)benzene-1,2-diamine (4.50 g, 22.25 

mmol) in THF (25 ml) was added 1,1'-carbonyldiimidazole (5.05 g, 31.22 mmol) under 

argon atmosphere and the mixture was stirred at room temperature overnight. 

Column filtration was carried out to separate major impurities. Thereafter, the 

product was employed directly in the next reaction step. A small sample was 

subjected to further purification by column chromatography (silica gel 60, PE/ethyl 

acetate 9:1) for spectroscopic analysis. 

 

Yield: 3.12 g (61%), brown resin 

 

2) Method 2: N-(4-Fluorophenyl)benzene-1,2-diamine (0.54 g, 2.69 mmol) was dissolved 

in DMF (10 ml) and a solution of 1,1'-carbonyldiimidazole (1.75 g, 10.78 mmol) in 

DMF (10 ml) was slowly added under argon atmosphere. The resulting mixture was 

stirred at 90°C for 2 h. Thereafter, the crude reaction product was evaporated to 

dryness, taken up in H2O, filtered and dried. The product was obtained in sufficient 

purity and did not require further purification. 

 

Yield: 0.49 g (80%), brown resin 
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Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 6.74-6.81 (m, 2H), 6.89-7.11 (m, 2H), 7.14-7.23 (m, 2H), 

7.48-7.59 (m, 1H), 7.73-7.78 (m, 1H), 9.03 (br s, 1H)  

 

13C-NMR (50 MHz, CDCl3): δ (ppm) 108.5, 110.0, 116.3, 116.8, 121.4, 121.7, 122.3, 128.0, 

128.2, 130.4, 135.1, 155.1, 159.3, 164.2 

 

MS: m/z (%) 228 (M+, 100), 199 (31), 172 (8), 114 (9), 95 (10), 75 (17), 51 (10) 

 

HRMS: m/z calculated for C13H10FN2O [M + H]+: 229.0772. Found: 229.0769. 
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3.4.2.2.6 1-(3-Chloro-1-phenylpropyl)-3-(4-fluorophenyl)-1,3-dihydro-2H-

benzimidazol-2-one (122) 

 

 
 

A solution of 1-(4-fluorophenyl)-1,3-dihydro-2H-benzimidazol-2-one (0.69 g, 3.01 mmol) 

and K2CO3 (0.83 g, 6.03 mmol) in DMF (5 ml) was stirred for 30 min at room temperature. 

Thereafter, a solution of (1-bromo-3-chloropropyl)benzene (1.05 g, 4.52 mmol) in DMF 

(0.5 ml) was slowly added and the resulting mixture was stirred at room temperature 

overnight. EtOAc (10 ml) and H2O (10 ml) were added and the organic layer was separated 

from the aqueous layer. The aqueous layer was extracted another three times with 

EtOAc, and the combined organic layers were washed with a saturated NaCl solution, 

dried over MgSO4, and evaporated to dryness prior to purification by column 

chromatography (silica gel 60, PE/EtOAc 9:1 and RP-18 silcia gel, MeOH). 

 

Yield: 0.72 g (63%), dark orange resin 
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Spectroscopic data: 

 
1H-NMR (400 MHz, CDCl3): δ (ppm) 2.80-2.88 (m, 1H, 2’-CH2), 3.17-3.26 (m, 1H, 2’-CH2), 

3.62-3.70 (m, 2H, 3’-CH2), 5.79 (dd, J = 10.0 Hz and 5.6 Hz, 1H, 1’-CH), 7.04-7.09 (m, 4H, ben-

zim 4-CH, benzim 5-CH, benzim 6-CH, benzim 7-CH), 7.21-7.26 (m, 2H, f-phen 3-CH, f-

phen 5-CH), 7.31-7.33 (m, 1H, phen 4-CH), 7.36-7.40 (m, 2H, phen 3-CH, phen 5-CH), 7.52-

7.56 (m, 4H, f-phen 2-CH, f-phen 6-CH, phen 2-CH, phen 6-CH) 

 
13C-NMR (100 MHz, CDCl3): δ (ppm) 34.1 (2’-CH2), 42.0 (3’-CH2), 54.4 (1’-CH), 108.6 (benzim 

4-CH), 109.0 (benzim 7-CH), 116.4 (d, J = 22.9 Hz, f-phen 3-CH), 116.4 (d, J = 22.9 Hz, f-phen 

5-CH), 121.6 (benzim 5-CH), 122.1 (benzim 6-CH), 127.4 (phen 2-CH), 127.4 (phen 6-CH), 

127.9 (d, J = 8.6 Hz, f-phen 2-CH), 127.9 (d, J = 8.6 Hz, f-phen 6-CH), 128.1 (phen 4-CH), 

128.7 (benzim 7a-C), 128.8 (phen 3-CH), 128.8 (phen 5-CH), 129.4 (benzim 3a-C), 130.3 (d, J 

= 3.1 Hz, f-phen 1-C), 138.4 (phen 1-C), 153.2 (benzim 2-CO), 161.6 (d, J = 247.7 Hz, f-phen 

4-CF) 

 
19F-NMR (471 MHz, CDCl3): δ (ppm) -113.31 (m, f-phen 5-CF) 

 

MS: m/z (%) 380 (M+, 2), 228 (100), 199 (11), 185 (16), 153 (6), 117 (14), 91 (73), 75 (8) 

 

HRMS: m/z calculated for C22H19ClFN2O [M + H]+: 381.1170. Found: 381.1176. 
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3.4.2.2.7 1-(4-Fluorophenyl)-3-(3-iodo-1-phenylpropyl)-1,3-dihydro-2H-benzimidazol-

2-one (124) 

 

 
 

To a solution of 1-(3-chloro-1-phenylpropyl)-3-(4-fluorophenyl)-1,3-dihydro-2H-

benzimidazol-2-one (0.60 g, 1.59 mmol) in acetone (12 ml) was added NaI (0.48 g, 3.18 

mmol), and the mixture was refluxed for 24 h. The resulting precipitate was filtered and 

the crude reaction product was evaporated in vacuo prior to purification by column 

chromatography (silica gel 60, PE/EtOAc 9:1). 

 

Yield: 0.56 g (76%), yellow crystals, mp. 39°C-41°C 
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Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.81-2.99 (m, 1H, 2’-CH2), 3.11-3.35 (m, 3H, 2’-CH2, 3’-

CH2), 5.70 (dd, J = 6.0 Hz and 2.0 Hz, 1H, 1’-CH), 7.04-7.09 (m, 4H, benzim 4-CH, benzim 5-

CH, benzim 6-CH, benzim 7-CH), 7.17-7.42 (m, 5H, f-phen 3-CH, f-phen 5-CH, phen 4-CH, 

phen 2-CH, phen 5-CH), 7.51-7.57 (m, 4H, f-phen 2-CH, f-phen 6-CH, phen 2-CH, phen 6-

CH) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 2.4 (2’-CH2), 35.2 (3’-CH2), 57.6 (1’-CH), 108.6 (benzim 4-

CH), 109.2 (benzim 7-CH), 116.4 (d, J = 23.0 Hz, f-phen 3-CH), 116.4 (d, J = 23.0 Hz, f-phen 5-

CH), 121.6 (benzim 5-CH), 122.1 (benzim 6-CH), 127.3 (phen 2-CH), 127.3 (phen 6-CH), 

127.8 (phen 4-CH), 128.1 (d, J = 5.0 Hz, f-phen 2-CH), 128.1 (d, J = 5.0 Hz, f-phen 6-CH), 

128.5 (benzim 7a-C), 128.8 (phen 3-CH), 128.8 (phen 5-CH), 129.4 (benzim 3a-C), 130.3 (d, J 

= 3.0 Hz, f-phen 1-C), 138.1 (phen 1-C), 153.2 (benzim 2-CO), 161.6 (d, J = 247.0 Hz, f-phen 

4-CF) 

 

MS: m/z (%) 472 (M+, 13), 317 (5), 228 (100), 185 (15), 117 (47), 103 (2), 91 (40), 75 (8), 55 (5) 

 

HRMS: m/z calculated for C22H19FIN2O [M + H]+: 473.0526. Found: 473.0506. 
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3.4.2.2.8 1-(4-Fluorophenyl)-3-(3-(methylamino)-1-phenylpropyl)-1,3-dihydro-2H-

benzimidazol-2-one (FAPP1:2) (16)  

 

 
 

1-(4-Fluorophenyl)-3-(3-iodo-1-phenylpropyl)-1,3-dihydro-2H-benzimidazol-2-one (0.29 

g, 0.62 mmol) was dissolved in a solution of methylamine in EtOH (8 M, 7.8 ml) and the 

resulting mixture was stirred in a sealed vessel at 80°C for 3 h. After evaporation of the 

solvent, the crude reaction product was purified by column chromatography (silica gel 

60, CH2Cl2/MeOH 9:1 and RP-18 silica gel MeOH/H2O 9:1 and 7:3). 

 

Yield: 68 mg (29%), light yellow crystals, mp. 100°C-102°C 
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Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.53 (s, 3H, NHCH3), 3.13 (br s, 4H, 2’-CH2, 3’-CH2), 5.77-

5.81 (m, 1H, 1’-CH), 6.96-7.03 (m, 4H, benzim 4-CH, benzim 5-CH, benzim 6-CH, benzim 7-

CH), 7.16-7.34 (5H, f-phen 3-CH, f-phen 5-CH, phen 4-CH, phen 2-CH, phen 5-CH), 7.49-

7.56 (m, 4H, f-phen 2-CH, f-phen 6-CH, phen 2-CH, phen 6-CH) 

 

Due to limited resolution of the measuring instrument, proton NHCH3 could not be de-

tected. 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 27.6 (2’-CH2), 33.1 (NHCH3), 47.0 (3’-CH2), 54.2 (1’-CH), 

108.8 (benzim 4-CH), 109.9 (benzim 7-CH), 116.6 (d, J = 23.0 Hz, f-phen 3-CH), 116.6 (d, J = 

23.0 Hz, f-phen 5-CH), 122.1 (benzim 5-CH), 122.6 (benzim 6-CH), 127.2 (phen 2-CH), 127.2 

(phen 6-CH), 127.7 (phen 4-CH), 128.3 (d, J = 6.0 Hz, f-phen 2-CH), 128.3 (d, J = 6.0 Hz, f-

phen 6-CH), 128.4 (benzim 7a-C), 128.9 (phen 3-CH), 128.9 (phen 5-CH), 129.2 (benzim 3a-

C), 129.7 (d, J = 3.0 Hz, f-phen 1-C), 136.9 (phen 1-C), 153.4 (benzim 2-CO), 161.7 (d, J = 248.0 

Hz, f-phen 4-CF) 

 

MS: m/z (%) 375 (M+, 11), 228 (50), 185 (9), 147 (17), 128 (26), 91 (13), 58 (34), 44 (100) 

 

HRMS: m/z calculated for C23H23FN3O [M + H]+: 376.1825. Found: 376.1828. 
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3.4.2.3 Preparation of 1-(2-Fluorophenyl)-3-(3-(methylamino)-1-

phenylpropyl)-1,3-dihydro-2H-benzimidazol-2-one (FAPPI:3) (17)  

 

3.4.2.3.1 2-Fluoro-N-(2-nitrophenyl)aniline (117) 

 

 
 

After the addition of well powdered anhydrous KF (2.06 g, 35.44 mmol), and K2CO3 (4.90 g, 

35.44 mmol) to 2-fluoroaniline (3.94 g, 35.44 mmol), 1-fluoro-2-nitrobenzene (5.00 g, 

35.44 mmol) was added and the mixture was refluxed for 2 days at 180°C. Thereafter, H2O 

(10 ml) and CH2Cl2 (10 ml) were added and the organic layer was washed with 10% HCl (5 

ml) and brine (5 ml). The combined organic layers were dried over Na2SO4 and 

evaporated to dryness prior to purification by column chromatography (silica gel 60, 

PE/EtOAc 9:1). 

 

Yield: 4.36 g (52%), orange crystals, mp. 79°C-80°C 

 

Analytical data are in complete accordance with literature values.380 
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Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 6.83 (ddd, J = 7.2 Hz, 7.0 Hz, and 1.2 Hz, 1H), 7.08 (dt, J = 

2.9 Hz, 1.5 Hz, and 1.4 Hz, 1H), 7.24−7.18 (m, 3H), 7.44-7.37 (m, 2H), 8.21 (dd, J = 8.7 Hz and 

1.5 Hz, 1H), 9.30 (br s, 1H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 115.9, 115.9, 116.4, 116.8, 118.0, 124.6, 124.7, 125.8, 

125.8, 126.4, 126.7, 126.9, 133.7, 135.7, 142.2, 154.1, 159.0 

 

MS: m/z (%) 232 (M+, 100), 215 (18), 198 (18), 185 (77), 167 (15), 75 (26), 57 (33), 50 (24) 
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3.4.2.3.2 N-(2-Fluorophenyl)benzene-1,2-diamine (119) 

 

 
 

 

To a solution of 2-fluoro-N-(2-nitrophenyl)aniline (2.50 g, 10.76 mmol) in abs. CH2Cl2 (15 

ml) were added glacial acetic acid (5 ml) and Znø (9.71 g, 148.48 mmol) at 0°C under argon 

atmosphere. After the addition, the mixture was stirred for 2 h during which the 

temperature was allowed to warm to 25°C. Znø was filtered off and the pH of the solution 

was adjusted to pH 9 with 2N NaOH. Thereafter, the aqueous layer was extracted with 

CH2Cl2, the combined organic layers were dried over MgSO4 and evaporated to dryness. 

The crude reaction product was directly used in the next reaction step without further 

purification. 

 

3.4.2.3.3 1-(2-Fluorophenyl)-1,3-dihydro-2H-benzimidazol-2-one (121) 

 

 
 

1) Method 1: To a solution of N-(4-fluorophenyl)benzene-1,2-diamine (1.74 g, 8.60 

mmol) in THF (20 ml) was added 1,1'-carbonyldiimidazole (1.95 g, 12.05 mmol) 

under argon atmosphere and the mixture was stirred at room temperature 

overnight. Thereafter, the crude reaction product was purified by column 

chromatography (silica gel 60, PE/EtOAc 9:1). 

 

Yield: 1.35 g (69%), brown resin 
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2) Method 2: A solution of 1,1'-carbonyldiimidazole (8.09 g, 49.98 mmol) in DMF (20 

ml) was slowly added to a mixture of N-(4-fluorophenyl)benzene-1,2-diamine (2.53 

g, 12.51 mmol) in DMF (20 ml) under argon atmosphere. The resulting solution was 

stirred at 90°C for 2 h. After completion of the reaction, the solvent was evapo-

rated in vacuo, the slurry was taken up in H2O, filtered, and dried. The resulting 

product was obtained in sufficient purity and did not require further purification. 

 

Yield: 2.30 g (80%), brown resin 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 6.82-6.85 (m, 1H), 7.00-7.19 (m, 3H), 7.26−7.88 (m, 2H), 

7.43−7.60 (m, 2H), 10.54 (br s, 1H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 108.9, 110.1, 117.0, 117.4, 121.5, 121.9, 122.4, 124.9, 

125.0, 128.2, 129.6, 130.4, 154.8, 155.4, 160.5 

 

MS: m/z (%) 228 (M+, 33), 199 (9), 181 (15), 149 (17), 111 (22), 97 (20), 71 (41), 69 (100) 

 

HRMS: m/z calculated for C13H9FN2NaO [M + Na]+: 251.0597. Found: 251.0592. 
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3.4.2.3.4 1-(3-Chloro-1-phenylpropyl)-3-(2-fluorophenyl-1,3-dihydro-2H-

benzimidazol-2-one (123) 

 

 
 

To a solution of 1-(2-fluorophenyl)-1,3-dihydro-2H-benzimidazol-2-one (1.00 g, 4.38 

mmol) in DMF (5 ml) was added K2CO3 (1.21 g, 8.76 mmol). This mixture was stirred for 30 

min at room temperature. Thereafter, a solution of (1-bromo-3-chloropropyl)benzene 

(1.53 g, 6.57 mmol) in DMF (0.5 ml) was slowly added and the resulting mixture was 

stirred overnight at room temperature. After completion of the reaction, H2O (5 ml) was 

added and the aqueous layer was extracted with EtOAc three times. The combined 

organic layers were washed with a saturated NaCl solution, dried over MgSO4, evaporated 

to dryness, and purified by column chromatography (silica gel 60, PE/EtOAc 9:1). 

 

Yield: 0.82 g (55%), orange resin 
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Spectroscopic data: 

 
1H-NMR (400 MHz, CDCl3): δ (ppm) 2.78-2.86 (m, 1H, 2’-CH2), 3.23 (br s, 1H, 2’-CH2), 3.64-

3.68 (m, 2H, 3’-CH2), 5.79 (br s, 1H, 1’-CH), 6.85-6.87 (m, 1H, benzim 4-CH) 7.05-7.06 (m, 3H, 

benzim 5-CH, benzim 6-CH, benzim 7-CH), 7.28-7.40 (m, 5H, f-phen 3-CH, f-phen 6-CH, 

phen 3-CH, phen 4-CH, phen 5-CH), 7.43-7.48 (m, 1H, f-phen 4-CH), 7.52-7.56 (m, 3H, f-

phen 5-CH, phen 2-CH, phen 6-CH) 

 
13C-NMR (100 MHz, CDCl3): δ (ppm) 34.2 (2’-CH2), 41.9 (3’-CH2), 54.5 (1’-CH), 108.8 (d, J = 1.7 

Hz, benzim 4-CH), 109.0 (benzim 7-CH), 117.1 (d, J = 19.5 Hz, f-phen 3-CH), 121.6 (benzim 

5-CH), 121.9 (f-phen 1-C), 122.0 (benzim 6-CH), 124.8 (d, J = 3.9 Hz, f-phen 6-CH), 127.3 

(phen 2-CH), 127.3 (phen 6-CH), 128.1 (phen 4-CH), 128.8 (phen 3-CH), 128.8 (phen 5-CH), 

129.4 (benzim 3a-C), 129.5 (f-phen 5-CH), 130.2 (d, J = 7.8 Hz, f-phen 4-CH), 138.4 (phen 1-

C), 153.0 (benzim 2-CO), 157.9 (d, J = 253.2 Hz, f-phen 2-CF) 

 

Due to limited resolution of the measuring instrument, quaternary carbon benzim 7a-C 

could not be detected. 

 
19F-NMR (471 MHz, CDCl3): δ (ppm) -118.39 (m, f-phen 2-CF) 

 

MS: m/z (%) 380 (M+, 12), 228 (100), 199 (5), 153 (3), 117 (7), 91 (49), 75 (5) 

 

HRMS: m/z calculated for C22H19ClFN2O [M + H]+: 381.1170. Found: 381.1164. 
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3.4.2.3.5 1-(2-Fluorophenyl)-3-(3-iodo-1-phenylpropyl)-1,3-dihydro-2H-benzimidazol-

2-one (125) 

 

 
 

NaI (0.66 g, 4.40 mmol) was added to a solution of 1-(3-chloro-1-phenylpropyl)-3-(2-

fluorophenyl-1,3-dihydro-2H-benzimidazol-2-one (0.84 g, 2.20 mmol) in acetone (15 ml) 

and the resulting mixture was refluxed for 24 h. Thereafter, the formed precipitate was 

filtered and the crude reaction product was evaporated in vacuo prior to 

chromatographic purification (silica gel 60, PE/EtOAc 9:1). 

 

Yield: 0.55 g (53%), yellow crystals, mp. 38°C-39°C 
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Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.80-2.98 (m, 1H, 2’-CH2), 3.13-3.36 (m, 3H, 2’-CH2, 3’-

CH2), 5.67-5.74 (m, 1H, 1’-CH), 6.85-6.88 (m, 1H, benzim 4-CH) 6.99-7.07 (m, 3H, benzim 5-

CH, benzim 6-CH, benzim 7-CH), 7.26-7.45 (m, 5H, f-phen 3-CH, f-phen 6-CH, phen 3-CH, 

phen 4-CH, phen 5-CH), 7.47-7.58 (m, 4 H, f-phen 4-CH, f-phen 5-CH, phen 2-CH, phen 6-

CH) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 2.3 (2’-CH2), 35.4 (3’-CH2), 57.6 (1’-CH), 108.9 (d, J = 1.5 

Hz, benzim 4-CH), 109.1 (benzim 7-CH), 117.1 (d, J = 19.0 Hz, f-phen 3-CH), 121.6 (benzim 

5-CH), 121.9 (f-phen 1-C), 122.0 (benzim 6-CH), 124.8 (d, J = 3.5 Hz, f-phen 6-CH), 127.3 

(phen 2-CH), 127.3 (phen 6-CH), 128.1 (phen 4-CH), 128.8 (phen 3-CH), 128.8 (phen 5-CH), 

129.5 (f-phen 5-CH), 130.2 (d, J = 8.0 Hz, f-phen 4-CH), 138.2 (phen 1-C), 153.0 (benzim 2-

CO), 157.8 (d, J = 251.5 Hz, f-phen 2-CF) 

 

MS: m/z (%) 472 (M+, 9), 317 (5), 241 (4), 228 (100), 199 (5), 185 (10), 117 (37), 91 (29), 75 (7) 

 

HRMS: m/z calculated for C22H19FIN2O [M + H]+: 473.0526. Found: 473.0532. 
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3.4.2.3.6 1-(2-Fluorophenyl)-3-(3-(methylamino)-1-phenylpropyl)-1,3-dihydro-2H-

benzimidazol-2-one (FAPPI:3) (17)  

 

 
 

1-(2-Fluorophenyl)-3-(3-iodo-1-phenylpropyl)-1,3-dihydro-2H-benzimidazol-2-one (0.30 

g, 0.64 mmol) was dissolved in a solution of methanamine in EtOH (8 M, 8.0 ml) and the 

resulting mixture was stirred in a sealed vessel for 3 h at 80°C. After completion of the 

reaction, the crude product was evaporated in vacuo and purified by column 

chromatography (silica gel 60, CH2Cl2/MeOH 9:1 and RP-18 silica gel MeOH/H2O 9:1 and 

7:3). 

 

Yield: 73 mg (30%), yellow crystals, mp. 92°C-93°C 
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Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.57 (s, 3H, NHCH3), 3.01-3.15 (m, 4H, 2’-CH2, 3’-CH2), 

5.75-5.86 (m, 1H, 1’-CH), 6.83-6.87 (m, 1H, benzim 4-CH) 6.98-7.05 (m, 3H, benzim 5-CH, 

benzim 6-CH, benzim 7-CH), 7.25-7.42 (m, 5H, f-phen 3-CH, f-phen 6-CH, phen 3-CH, phen 

4-CH, phen 5-CH), 7.48-7.61 (m, 4H, f-phen 4-CH, f-phen 5-CH, phen 2-CH, phen 6-CH) 

 

Due to limited resolution of the measuring instrument, proton NHCH3 could not be de-

tected. 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 27.7 (2’-CH2), 33.2 (NHCH3), 46.9 (3’-CH2), 53.5 (1’-CH), 

109.0 (benzim 4-CH), 110.1 (benzim 7-CH), 117.1 (d, J = 19.5 Hz, f-phen 3-CH), 122.2 (ben-

zim 5-CH), 122.7 (benzim 6-CH), 125.1 (d, J = 3.0 Hz, f-phen 6-CH), 127.3 (phen 2-CH), 127.1 

(phen 6-CH), 128.3 (phen 4-CH), 128.9 (phen 3-CH), 128.9 (phen 5-CH), 129.5 (f-phen 5-

CH), 130.7 (d, J = 4.5 Hz, f-phen 4-CH), 136.5 (phen 1-C), 153.6 (benzim 2-CO), 157.6 (d, J = 

250.5 Hz, f-phen 2-CF) 

 

Due to limited resolution of the measuring instrument, quaternary carbon f-phen 1-C 

could not be detected. 

 

MS: m/z (%) 375 (M+, 17), 318 (10), 228 (82), 147 (16), 128 (35), 91 (20), 58 (43), 44 (100) 

 

HRMS: m/z calculated for C23H23FN3O [M + H]+: 376.1825. Found: 376.1822. 
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3.4.3  PHOXI derivatives 

 

3.4.3.1  Preparation of the core structure 

 

3.4.3.1.1 3-((Dimethylamino)methyl)-1H-isochromen-4(3H)-one (128) 

 

 
 

To a solution of 1H-isochromen-4(3H)-one (5.00 g, 33.75 mmol) in EtOH (22 ml) were 

added paraformaldehyde (2.03 g, 67.50 mmol), dimethylamine hydrochloride (3.03 g, 

37.13 mmol), and aqueous HCl (37%, 2.9 ml). The resulting mixture was refluxed for 6 h. 

The crystals formed were isolated by suction and the crude reaction product was 

recrystallized from isopropyl alcohol twice. 

 

Yield: 2.58 g (32%), colorless crystals 

 
1H-NMR data are in complete accordance with literature values.353 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.85 (s, 6H), 3.38-3.50 (m, 1H), 3.76 (dd, J = 2.0 Hz, and 

2.0 Hz, 1H), 4.97-5.17 (m, 3H), 7.40-7.52 (m, 2H), 7.66-7.74 (m, 1H), 7.90 (d, J = 8.0 Hz, 1H), 

10.97 (br s, 1H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 43.0, 55.4, 66.2, 76.3, 125.1, 126.0, 127.9, 128.2, 134.8, 

142.0, 192.0 
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3.4.3.1.2 3-((Dimethylamino)methyl)-3,4-dihydro-1H-isochromen-4-ol (129) 

 

 
 

To a solution of 3-((dimethylamino)methyl)-1H-isochromen-4(3H)-one (2.58 g, 10.67 

mmol) in THF (57 ml), L-Selectride (1.0 M in THF, 21.3 ml, 21.34 mmol) was added 

dropwise over an hour at -30°C. Thereafter, the solution was allowed to warm to 0°C and 

was diluted with EtOAc (48 ml). The organic layer was washed with a 10% NaOH solution 

(48 ml), H2O (48 ml) and brine (48 ml), followed by extraction with 1N HCl (2 x 48 ml). The 

combined HCl extracts were taken to pH 9 with an aqueous NaOH solution (50% in H2O) 

and were washed with EtOAc (4 x 24 ml). The combined organic layers were dried over 

Na2SO4, filtered, and concentrated in vacuo. The resulting product was obtained in 

sufficient purity and did not require further purification. 

 

Yield: 1.23 g (58%), colorless crystals 

 
1H-NMR data are in complete accordance with literature values.353  

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.39 (s, 6H), 2.72-2.86 (m, 2H), 3.74-3.80 (m, 1H), 4.57-

4.86 (m, 3H), 6.97-7.06 (m, 1H), 7.19-7.34 (m, 2H), 7.59-7 (m, 1H) 

 

MS: m/z (%) 207 (M+, 1), 179 (1), 145 (1), 132 (2), 119 (2), 104 (1), 91 (4), 77 (2), 58 (100) 
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3.4.3.1.3 3-(Hydroxymethyl)-1H-isochromen-4(3H)-one (134) 

 

 
 

To a solution of 1H-isochromen-4(3H)-one (0.50 g, 3.37 mmol) in MeOH (10 ml) were 

added H2O (2 ml), an aqueous formaldehyde solution (35%, 0.32 ml, 4.05 mmol), and K2CO3 

(0.05 g, 0.34 mmol)  to stirr the resulting mixture for 2.5 h at 40°C. H2O (30 ml) was added 

to complete the reaction and the product was extracted three times with EtOAc (50 ml). 

The combined organic layers were dried over Na2SO4 and evaporated to dryness prior to 

purification by column chromatography (silica gel 60, PE/EtOAc 7:3). 

 

Yield: 82 mg (14 %), light yellow oil 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.90 (br s, 1H), 4.08-4.15 (m, 2H), 4.25-4.30 (m, 1H), 4.99 

(s, 1H), 7.18-7.30 (m, 1H), 7.38-7.46 (m, 1H), 7.55-7.63 (m, 1H), 8.04 (d, J = 8.0 Hz, 1H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 61.9, 67.0, 81.8, 124.4, 126.5, 127.8, 129.4, 134.2, 141.7 

 

MS: m/z (%) 178 (M+, 1), 160 (27), 148 (80), 118 (65), 90 (100), 77 (12) 
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3.4.3.1.4 (4-Oxo-3,4-dihydro-1H-isochromen-3-yl)methyl trifluoromethanesulfonate  

 (135) 

 

 
 

To a solution of 3-(hydroxymethyl)-1H-isochromen-4(3H)-one (0.07 g, 0.40 mmol) in 

CH2Cl2 (4 ml), trifluoromethanesulfonic anhydride (0.16 ml, 0.96 mmol) was added 

dropwise at 0°C under argon atmosphere. The resulting reaction mixture was stirred for 

50 min at 0°C. Thereafter, the reaction was completed by the addition of saturated 

Na2CO3 solution (5 ml). The product was extracted three times with CH2Cl2, the organic 

layers were dried over Na2SO4 and evaporated to dryness prior to purification by column 

chromatography (silica gel 60, PE/EtOAc 1:1). 

 

Yield: 72 mg (58%), brown oil 

 

Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 4.52-4.56 (m, 1H), 4.91-4.94 (m, 1H), 4.97-5.11 (m, 3H), 

7.25-7.29 (m, 1H), 7.43-7.50 (m, 1H), 7.60-7.68 (m, 1H), 8.06 (d, J = 8.0 Hz, 1H) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 67.2, 74.3, 79.1, 121.7, 124.6, 126.9, 128.1, 128.7, 134.9, 

141.4, 190.6 
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3.4.3.2  Preparation of PHOXI:1 derivatives 

 

The compound numbering depicted below was used for the signal assignment of 1H- and 
13C-NMR data of compounds 18-23, and 30 in the next chapters: 

 

 

 
 

3.4.3.2.1 1-(3S,4S)-4-(2-Bromophenoxy)-3,4-dihydro-1H-isochromen-3-yl)-N,N-

dimethylmethanamine (130) 

 

 
 

To a solution of NaH (0.17 g, 7.23 mmol) in dry DMSO (16 ml) was added (3S,4S)-3-

((dimethylamino)methyl)-3,4-dihydro-1H-isochromen-4-ol (1.00 g, 4.82 mmol) to stir the 

solution at room temperature for 15 min. Thereafter, potassium benzoate (0.77 g, 4.82 

mmol) was added and the mixture was stirred for additional 15 min. 1-Bromo-2-

fluorobenzene (1.69 g, 1.10 ml, 9.64 mmol) was added after 15 min and the resulting 

mixture was stirred at 65°C overnight. The mixture was diluted with EtOAc (66 ml) and 

washed with a saturated NaHCO3 solution (39 ml) and brine (39 ml). The combined 

organic layers were dried over Na2SO4, filtered, and evaporated to dryness prior to 

purification by column chromatography (silica gel 60, 3% MeOH in CH2Cl2). 
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Yield: 0.85 g (49%), yellow oil 

 
1H-NMR data are in complete accordance with literature values.353 

 

Spectroscopic data: 

 
1H-NMR (400 MHz, CDCl3): δ (ppm) 2.25 (s, 6H, CH2NC2H6), 2.77-2.79 (m, 2H, CH2NC2H6), 

3.94-3.97 (m, 1H, isochr 3-CH), 4.78 (d, J = 15.4 Hz, AB-system, 1H, isochr 1-CH2), 4.96 (d, J = 

15.4 Hz, AB-system, 1H, isochr 1-CH2), 5.14 (d, J = 2.0 Hz, 1H, isochr 4-CH), 6.76-6.82 (m, 

2H, benz 4-CH, isochr 5-CH), 6.96-6.99 (m, 3H, isochr 6-CH, benz 6-CH, isochr 8-CH), 7.09-

7.14 (m, 1H, benz 5-CH), 7.15-7.19 (m, 1H, isochr 7-CH), 7.38-7.40 (m, 1H, benz 3-CH)  

 
13C-NMR (100 MHz, CDCl3): δ (ppm) 45.8 (CH2NC2H6), 59.5 (CH2NC2H6), 67.4 (isochr 1-CH2), 

74.5 (isochr 4-CH), 74.7 (isochr 3-CH), 115.0 (benz 2-CBr), 119.6 (benz 6-CH), 123.3 (benz 4-

CH), 124.0 (isochr 8-CH), 126.1 (isochr 6-CH), 128.0 (benz 5-CH), 128.5 (isochr 7-CH), 129.2 

(isochr 5-CH), 131.0 (isochr 4a-C), 133.1 (benz 3-CH), 134.9 (isochr 8a-C), 154.2 (benz 1-C) 
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3.4.3.2.2 N,N-Dimethyl-1-((3S,4S)-4-(2-methylphenoxy)-3,4-dihydro-1H-isochromen-3-

yl)methanamine (Me@PHOXI1) (18)  

 

 
 

To a solution of 1-((3S,4S)-4-(2-bromophenoxy)-3,4-dihydro-1H-isochromen-3-yl)-N,N-

dimethylmethanamine (0.50 g, 1.38 mmol) in dioxane (4 ml) were added 

trimethylboroxine (50% in THF, 0.38 ml, 1.52 mmol) and K2CO3 (0.52 g, 3.75 mmol). The 

mixture was degassed with argon for 15 min. Thereafter, (PPh3)4Pd (0.12 g, 0.10 mmol) 

was added and the mixture was degassed with argon for another 15 min. Then, the 

reaction mixture was heated in a sealed vessel at 110°C for 2 h. After cooling, the crude 

reaction product was filtered through a plug of celite and washed with EtOH (3 x 9 ml). 

The filtrate was concentrated in vacuo and dissolved in a mixture of 20% EtOAc in hexane. 

The resulting precipitate was removed by filtration and the filtrate was evaporated to 

dryness prior to purification by column chromatography (silica gel 60, 30% THF in PE 

containing 2% triethylamine). 

 

Yield: 0.21 g (52%), yellow oil 

 
1H-NMR data are in complete accordance with literature values.353 
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Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 1.93 (s, 3H, benz CH3), 2.31 (s, 6H, CH2NC2H6), 2.74-2.79 

(m, 2H, CH2NC2H6), 3.96-4.03 (m, 1H, isochr 3-CH), 4.86 (d, J = 14.0 Hz, AB-system, 1H, 

isochr 1-CH2), 5.05 (d, J = 16.0 Hz, AB-system, 1H, isochr 1-CH2), 5.15 (s, 1H, isochr 4-CH), 

6.85-6.96 (m, 2H, isochr 5-CH, benz 4-CH), 7.03-7.09 (m, 3H, isochr 8-CH, isochr 6-CH, benz 

6-CH), 7.16-7.28 (m, 3H, isochr 7-CH, benz 5-CH, benz 3-CH)  

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 16.1 (benz CH3), 46.1 (CH2NC2H6), 59.8 (CH2NC2H6), 67.6 

(isochr 1-CH2), 73.9 (isochr 4-CH), 75.1 (isochr 3-CH), 116.4 (benz 6-CH), 121.6 (benz 4-CH), 

124.0 (isochr 8-CH), 126.2 (isochr 6-CH), 126.6 (benz 5-CH), 128.2 (isochr 7-CH), 128.7 

(isochr 5-CH), 129.4 (benz 2-C), 130.7 (benz 3-CH), 132.4 (isochr 4a-C), 134.8 (isochr 8a-C), 

156.4 (benz 1-C) 

 

MS: m/z (%) 297 (M+, 1), 205 (2), 190 (1), 132 (3), 115 (2), 104 (4), 91 (3), 77 (3), 58 (100) 

 

HRMS: m/z calculated for C19H24NO2 [M + H]+: 298.1802. Found: 298.1754. 
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3.4.3.2.3 N-Methyl-1-((3S,4S)-4-(2-methylphenoxy)-3,4-dihydro-1H-isochromen-3-

yl)methanamine (PHOXI:1) (19)  

 

 
 

N,N-Diisopropyl ethylamine (0.31 g, 0.2 ml, 2.36 mmol), proton sponge (catalytic 

amount), and 1-chloroethylchloroformate (0.34 g, 0.2 ml, 2.36 mmol) were added to a 

solution of N,N-dimethyl-1-((3S,4S)-4-(2-methylphenoxy)-3,4-dihydro-1H-isochromen-3-

yl)methanamine (0.35 g, 1.18 mmol) in 1,2-dichloroethane (5 ml). The mixture was 

heated for 1 h at 40°C and after cooling to room temperature, the mixture was 

evaporated to dryness. The residue was redissolved in MeOH (5 ml) and stirred for 2 h at 

room temperature. The reaction mixture was concentrated in vacuo again and the 

residue dissolved in CH2Cl2 (25 ml). This solution was washed with a saturated NaHCO3 

solution (6 ml) and brine (6 ml). The organic layer was dried over Na2SO4, filtered, and 

evaporated to dryness. The crude reaction product was purified by column 

chromatography (silica gel 60, 7% MeOH in CH2Cl2 and RP-18 silica gel, MeOH/H2O 7:3). 

 

Yield: 80 mg (24%), yellow oil 

 
1H-NMR data are in complete accordance with literature values.353 
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Spectroscopic data: 

 
1H-NMR (400 MHz, CDCl3): δ (ppm) 1.97 (s, 3H, benz CH3), 2.52 (s, 3H, CH2NHCH3), 2.85 (br 

s, 1H, CH2NHCH3), 2.98 (dd, J = 12.5 Hz and 8.8 Hz, 1H, CH2NHCH3), 3.17 (dd, J = 12.5 Hz and 

8.8 Hz, 1H, CH2NHCH3), 4.09 (ddd, J = 8.8 Hz, 3.8 Hz, and 2.3 Hz, 1H, isochr 3-CH), 4.86 (d, J = 

15.2 Hz, AB-system, 1H, isochr 1-CH2), 5.03 (d, J = 15.2 Hz, AB-system, 1H, isochr 1-CH2), 

5.17 (d, J = 2.2 Hz, 1H, isochr 4-CH), 6.90-6.98 (m, 2H, isochr 5-CH, benz 4-CH), 7.06-7.11 (m, 

4H, isochr 8-CH, isochr 6-CH, benz 6-CH, benz 3-CH), 7.16-7.20 (m, 1H, benz 5-CH), 7.25-

7.29 (m, 1H, isochr 7-CH)  

 
13C-NMR (100 MHz, CDCl3): δ (ppm) 16.2 (benz CH3), 36.4 (CH2NHCH3), 52.1 (CH2NHCH3), 

67.7 (isochr 1-CH2), 73.6 (isochr 4-CH), 76.4 (isochr 3-CH), 116.0 (benz 6-CH), 121.8 (benz 4-

CH), 124.1 (isochr 8-CH), 126.4 (isochr 6-CH), 126.7 (benz 5-CH), 128.4 (isochr 7-CH), 129.0 

(isochr 5-CH), 129.5 (benz 2-C), 131.0 (benz 3-CH), 132.3 (isochr 4a-C), 134.8 (isochr 8a-C), 

156.3 (benz 1-C) 

 

MS: m/z (%) 283 (M+, 1), 177 (2), 151 (5), 132 (16), 104 (4), 77 (5), 65 (2), 44 (100) 

 

HRMS: m/z calculated for C18H22NO2 [M + H]+: 284.1645. Found: 284.1621. 
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3.4.3.2.4 2-Fluoro-N-methyl-N-(((3S,4S)-4-(2-methylphenoxy)-3,4-dihydro-1H-

isochromen-3-yl)methyl)ethanamine (FE@PHOXI1) (20)  

 

 
 

To a suspension of N-methyl-1-((3S,4S)-4-(2-methylphenoxy)-3,4-dihydro-1H-

isochromen-3-yl)methanamine (0.07 g, 0.26 mmol) in dry ACN (10 ml) was added 

triethylamine (0.05 ml, 0.33 mmol) under argon atmosphere. The reaction mixture was 

cooled to 0°C and 2-fluoroethyl trifluoromethansulfonate (0.04 ml, 0.31 mmol) was slowly 

added to the mixture. Thereafter, the solution was stirred for 10 min, during which the 

mixture was allowed to warm to room temperature. The crude reaction product was 

evaporated in vacuo and purified by column chromatography (silica gel 60, 7% MeOH in 

CH2Cl2).  

 

Yield: 15 mg (17%), yellow oil 
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Spectroscopic data: 

 
1H-NMR (400 MHz, CDCl3): δ (ppm) 1.91 (s, 3H, benz CH3), 2.56 (s, 3H, CH2NCH3CH2CH2F), 

2.84-3.07 (m, 2H, CH2NCH3CH2CH2F), 3.04-3.13 (m, 2H, CH2NCH3CH2CH2F), 4.22 (m, 1H, 

isochr 3-CH), 4.60 (t, J = 4.8 Hz, 1H, CH2NCH3CH2CH2F), 4.71 (t, J = 4.8 Hz, 1H, 

CH2NCH3CH2CH2F),  4.90 (d, J = 15.2 Hz, AB-system, 1H, isochr 1-CH2), 5.04 (d, J = 15.2 Hz, 

AB-system, 1H, isochr 1-CH2), 5.19 (d, J = 2.1 Hz, 1H, isochr 4-CH), 6.90-6.91 (m, 1H, isochr 

5-CH), 6.92-6.94 (m, 1H, benz 4-CH), 7.04-7.06 (m, 1H, isochr 6-CH), 7.07 (m, 1H,  isochr 8-

CH) , 7.08-7.09 (m, 1H, benz 3-CH), 7.15-7.19 (m, 2H, benz 5-CH, benz 6-CH), 7.25-7.29 (m, 

1H, isochr 7-CH)  

 
13C-NMR (100 MHz, CDCl3): δ (ppm) 16.2 (benz CH3), 43.1 (CH2NCH3CH2CH2F), 57.7 (d, J = 

19.8 Hz, CH2NCH3CH2CH2F), 58.3 (CH2NCH3CH2CH2F), 67.7 (isochr 1-CH2), 73.6 (isochr 4-CH), 

74.9 (isochr 3-CH), 81.4 (d, J = 168.0 Hz, CH2NCH3CH2CH2F), 116.0 (benz 6-CH), 122.0 (benz 

4-CH), 124.2 (isochr 8-CH), 126.4 (isochr 6-CH), 126.8 (benz 5-CH), 128.6 (isochr 7-CH), 

129.1 (isochr 5-CH), 129.8 (benz 2-C), 130.9 (benz 3-CH), 132.0 (isochr 4a-C), 134.6 (isochr 

8a-C), 156.2 (benz 1-C) 

 

MS: m/z (%) 329 (M+, 1), 222 (1), 188 (1), 132 (2), 115 (2), 104 (3), 90 (100), 77 (2), 44 (4) 

 

HRMS: m/z calculated for C20H25FNO2 [M + H]+: 330.1864. Found: 330.1831. 
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3.4.3.3  Preparation of PHOXI:2 derivatives  

 

3.4.3.3.1 N,N-Dimethyl-1-((3S,4S)-4-(2-(trifluoromethyl)phenoxy)-3,4-dihydro-1H-

isochromen-3-yl)methanamine (Me@PHOXI2) (21)  

 

 
 

To a suspension of NaH (0.09 g, 3.62 mmol) in dry DMSO (8 ml) was added 3-

((dimethylamino)methyl)-3,4-dihydro-1H-isochromen-4-ol (0.50 g, 2.41 mmol) and the 

mixture was stirred for 15 min. Potassium benzoate (0.39 g, 2.41 mmol) was added in 

portions and the resulting slurry was stirred for another 15 min. Then, 2-

fluorobenzotrifluoride (0.79 g, 0.6 ml, 4.82 mmol) was added and the mixture was heated 

at 65°C overnight. After completion of the reaction, the solution was diluted with EtOAc 

(33 ml) and washed with a saturated NaHCO3 solution (20 ml) and brine (20 ml). The 

organic layer was dried over Na2SO4, filtered, and evaporated to dryness prior to 

purification by column chromatography (silica gel 60, 3% MeOH in CH2Cl2). 

 

Yield: 0.37 g (44%), colorless crystals, mp. 85°C-87°C 
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Spectroscopic data: 

 
1H-NMR (200 MHz, CDCl3): δ (ppm) 2.34 (s, 6H, CH2NC2H6), 2.74-2.77 (m, 2H, CH2NC2H6), 

4.09-4.16 (m, 1H, benz 3-CH), 4.88 (d, J = 16.0 Hz, AB-system, 1H, isochr 1-CH2), 5.08 (d, J = 

16.0 Hz, AB-system, 1H, isochr 1-CH2), 5.47 (d, J = 2.0 Hz, 1H, isochr 4-CH), 7.00-7.14 (m, 

4H, benz 4-CH, isochr 8-CH, isochr 6-CH, isochr 5-CH), 7.24-7.37 (m, 2H, benz 6-CH, isochr 

7-CH), 7.46-7.58 (m, 2H, benz 5-CH, benz 3-CH) 

 
13C-NMR (50 MHz, CDCl3): δ (ppm) 46.1 (CH2NC2H6), 59.0 (CH2NC2H6), 67.1 (isochr 1-CH2), 

73.3 (isochr 4-CH), 74.4 (isochr 3-CH), 116.5 (benz 6-CH), 120.8 (benz 2-C), 121.3 (benz 4-

CH), 124.2 (isochr 8-CH), 126.5 (isochr 6-CH), 127.1 (q, J = 5 Hz, benz 3-CH), 128.6 (isochr 7-

CH), 128.8 (isochr 5-CH), 131.3 (isochr 4a-C), 132.9 (benz 5-CH), 135.3 (isochr 8a-C) 

 

Due to limited resolution of the measuring instrument, quaternary carbon benz 1-C and 

benz CF3 could not be detected. 

 

MS: m/z (%) 351 (M+, 1), 219 (1), 132 (3), 115 (2), 104 (4), 91 (2), 77 (3), 58 (100), 42 (3) 

 

HRMS: m/z calculated for C19H21F3NO2 [M + H]+: 352.1519. Found: 352.1480. 
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3.4.3.3.2 N-Methyl-1-((3S,4S)-4-(2-(trifluoromethyl)phenoxy)-3,4-dihydro-1H-

isochromen-3-yl)methanamine (PHOXI:2) (22)  

 

 
 

To a solution of N,N-dimethyl-1-((3S,4S)-4-(2-(trifluoromethyl)phenoxy)-3,4-dihydro-1H-

isochromen-3-yl)methanamine (0.19 g, 0.54 mmol) in 1,2-dichloroethane (3 ml), N,N-

diisopropylethylamine (0.14 g, 0.1 ml, 1.08 mmol), proton sponge (catalytic amount), and 

1-chloroethylchloroformate (0.15 g, 0.1 ml, 1.08 mmol) were added. The mixture was 

heated for 1 h at 40°C. After cooling to room temperature, the solution was concentrated 

in vacuo and the residue was redissolved in MeOH (3 ml). The mixture was stirred for 2 h 

at room temperature and thereafter, evaporated to dryness. The resulting residue was 

dissolved in CH2Cl2 (13 ml) and washed with a NaHCO3 solution (3 ml) and brine (3 ml). 

The organic layer was dried over Na2SO4, filtered, and evaporated to dryness. Then, the 

crude reaction product was repeatedly purified by column chromatography (silica gel 60, 

7% MeOH in CH2Cl2, and 2% MeOH in CH2Cl2 and RP-18 silica gel, MeOH/H2O 8:2). 

 

Yield: 22 mg (12%), yellow oil 
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Spectroscopic data: 

 
1H-NMR (400 MHz, CDCl3): δ (ppm) 2.51 (s, 3H, CH2NHCH3), 2.60 (br s, 1H, CH2NHCH3), 2.93-

2.97 (m, 1H, CH2NHCH3), 3.07-3.12 (m, 1H, CH2NHCH3), 4.15-4.18 (m, 1H, isochr 3-CH), 4.85 

(d, J = 15.3 Hz, AB-system, 1H, isochr 1-CH2), 5.03 (d, J = 15.3 Hz, AB-system, 1H, isochr 1-

CH2), 5.43 (d, J = 2.2 Hz, 1H, isochr 4-CH), 7.01-7.12 (m, 4H, benz 4-CH, isochr 8-CH, isochr 

6-CH, isochr 5-CH), 7.21-7.30 (m, 2H, benz 6-CH, isochr 7-CH), 7.44-7.48 (m, 1H, benz 5-

CH), 7.53-7.56 (m, 1H, benz 3-CH)  

 
13C-NMR (100 MHz, CDCl3): δ (ppm) 36.3 (CH2NHCH3), 51.3 (CH2NHCH3), 67.0 (isochr 1-CH2), 

73.1 (isochr 4-CH), 75.6 (isochr 3-CH), 116.5 (benz 6-CH), 120.8 (q, J = 30.6 Hz, benz 2-C), 

121.0 (benz 4-CH), 123.5 (q, J = 272.6 Hz, benz CF3), 124.2 (isochr 8-CH), 126.6 (isochr 6-CH), 

127.3 (q, J = 5.1 Hz, benz 3-CH), 128.7 (isochr 7-CH), 128.9 (isochr 5-CH), 131.0 (isochr 4a-

C), 132.9 (benz 5-CH), 135.2 (isochr 8a-C), 155.6 (q, J = 1.3 Hz, benz 1-C) 

 
19F-NMR (471 MHz, CDCl3): δ (ppm) -61.8 (m, benz CF) 

 

MS: m/z (%) 338 (M+, 1), 205 (3), 145 (2), 132 (34), 115 (2), 104 (7), 91 (2), 77 (4), 44 (100) 

 

HRMS: m/z calculated for C18H19F3NO2 [M + H]+: 338.1362. Found: 338.1344. 
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3.4.3.3.3 2-Fluoro-N-methyl-N-(((3S,4S)-4-(2-(trifluoromethyl)phenoxy)-3,4-dihydro-

1H-isochromen-3-yl)methyl)ethanamine (FE@PHOXI2) (23)  

 

 
 

To a suspension of N-methyl-1-((3S,4S)-4-(2-(trifluoromethyl)phenoxy)-3,4-dihydro-1H-

isochromen-3-yl)methanamine (0.07 g, 0.22 mmol) in dry ACN (5 ml) was added 

triethylamine (0.05 ml, 0.33 mmol) under argon atmosphere. After cooling the mixture to 

0°C, 2-fluoroethyl trifluoromethansulfonate (0.03 ml, 0.26 mmol) was slowly added. The 

solution was stirred for 10 min during which the temperature was allowed to warm to 

20°C. After evaporation of the solvent, the crude reaction product was purified by 

column chromatography (silica gel 60, 7% MeOH in CH2Cl2). 

 

Yield: 55 mg (65%), light yellow oil 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                   EXPERIMENTAL     271 

 

 

Spectroscopic data: 

 
1H-NMR (400 MHz, CDCl3): δ (ppm) 2.42 (s, 3H, CH2NCH3CH2CH2F), 2.73-2.75 (m, 1H, 

CH2NCH3CH2CH2F), 2.85 (dd, J = 13.3 Hz and 6.6 Hz, 1H, CH2NCH3CH2CH2F), 2.88-2.91 (m, 1H, 

CH2NCH3CH2CH2F) 2.98 (dd, J = 13.3 Hz and 6.4 Hz, 1H, CH2NCH3CH2CH2F), 4.12 (dt, J = 2.3 Hz 

and 6.5 Hz, 1H, isochr 3-CH), 4.46 (t, J = 4.9 Hz, 1H, CH2NCH3CH2CH2F), 4.58 (t, J = 4.9 Hz, 1H, 

CH2NCH3CH2CH2F), 4.87 (d, J = 15.3 Hz, AB-system, 1H, isochr 1-CH2), 5.05 (d, J = 15.3 Hz, 

AB-system, 1H, isochr 1-CH2), 5.50 (d, J = 2.3 Hz, 1H, isochr 4-CH), 7.00-7.04 (m, 1H, benz 4-

CH), 7.07-7.12 (m, 3H, isochr 8-CH, isochr 5-CH, isochr 6-CH), 7.26-7.30 (m, 1H, isochr 7-

CH), 7.35-7.37 (m, 1H, isochr-6-CH), 7.46-7.51 (m, 1H, benz 5-CH), 7.52-7.54 (m, 1H, benz 3-

CH)  

 
13C-NMR (100 MHz, CDCl3): δ (ppm) 43.4 (CH2NCH3CH2CH2F), 57.4 (CH2NCH3CH2CH2F), 57.9 

(d, J = 19.8 Hz, CH2NCH3CH2CH2F), 67.3 (isochr 1-CH2), 72.7 (isochr 4-CH), 74.6 (isochr 3-

CH), 81.8 (d, J = 167.8 Hz, CH2NCH3CH2CH2F), 116.4 (benz 6-CH), 120.6 (q, J = 30.5 Hz, benz 2-

C), 120.8 (benz 4-CH), 123.5 (q, J = 272.6 Hz, benz CF3), 124.3 (isochr 8-CH), 126.5 (isochr 6-

CH), 127.2 (q, J = 5.3 Hz, benz 3-CH), 128.7 (isochr 7-CH), 128.9 (isochr 5-CH), 131.2 (isochr 

4a-C), 132.9 (benz 5-CH), 135.3 (isochr 8a-C), 155.9 (q, J = 1.7 Hz, benz 1-C) 

 
19F-NMR (471 MHz, CDCl3): δ (ppm) -61.8 (s, benz CF), -219.3 (m, CH2NCH3CH2CH2F) 

 

MS: m/z (%) 383 (M+, 1), 350 (1), 322 (1), 218 (1), 175 (1), 132 (4), 115 (3), 104 (4), 90 (100) 

 

HRMS: m/z calculated for C20H22F4NO2 [M + H]+: 384.1581. Found: 384.1532. 
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3.5  Preclinical Evaluation 
 

3.5.1  LogP analysis 

 

In order to determine the lipophilicity of the test compounds, a standardized HPLC 

method according to Donovan and Prescatore344 was applied. Briefly, two internal 

standards (toluene and triphenylene) with known logP values were mixed with the 

analytes and 3 µl were injected onto a short polymeric octadecyl-polyvinyl alcohol 

column (Shodex®, Showa Denko Europe GmbH, Munich, Germany). A linear gradient from 

10% methanol and 90% 25 mM phosphate buffer to 100% methanol was used as the eluent 

in 9.4 min, at a constant flow of 1.5 ml/min. Detection was performed at 260 nm and 285 

nm. Equilibration time between the runs was 4 min. From the retention times of the 

known standard compounds and the target molecules, respectively, the so-called HPLClogP 

was determined. The measurements were performed in triplicates from at least 2 

different mixtures. For calculating the experimental logP values, the literature logP 

value, the logP* value from the Pomona College Database,381-384 and the HPLClogP value 

were averaged.  

 

3.5.2  IAM chromatography 

 

IAM chromatography was performed varying a protocol according to Taillardat-

Bertschinger et al,347 thereby using a RegisTech IAM.PC.DD2 (Regis Technologies Inc., 

Morton Grove, USA) column (15 cm x 4.6 mm). For compound analysis, 0.01 M phosphate 

buffer and acetonitrile (in ratios of 35:65, 40:60, 45:55, and 50:50) were used as mobile 

phase at a flow rate of 1ml/min. The pH adjustment to pH 7 of the mobile phase was 

carried out after mixing of acetonitrile and phosphate buffer, to mimic nearly 

physiological conditions. References as well as precursors were injected onto the IAM 

column. Thereby the duration of the runs was variable (3-30 min) and adjusted to the 
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compound and solvent ratios, respectively. By implying a correction factor, Km values 

(membrane partition coefficient) were determined (Vs and Vm), which served for the 

calculation of the Pm values (permeability). Obtained Pm values were compared with 

known BBB penetrating compounds,348 as external standards.  
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5.1 List of Abbreviations 
 

Aβ beta amyloid  

ACN acetonitrile 

AcOH acetic acid 

AD Alzheimer’s disease 

ADHD  attention deficit hyper-

activity disorder 

ALOX aluminum oxide 

ALS amyotrophic lateral 

sclerosis 

anth anthracene 

APT attached proton test 

AR adrenergic receptor 

Asp asparagine 

ATP adenosine triphosphate 

BAT brown adipose tissue 

BBB blood brain barrier 

benz benzene 

benzim benzimidazolone 

β-CIT 2beta-carbomethoxy-

3beta-(4'-iodo-

phenyl)tropane 

BGO bismuth germinate 

Bmax maximum of drug spe-

cifically binding to re-

ceptor 

BMI body mass index 

BNST bed nucleus of the stria 

terminalis 

ca. circa 

calc. calculated 

 

 

cAMP cyclic adenosine mono 

 phosphate 

CB1 receptor cannabinoid 1 receptor 

CDI 1, 1’-

carbonyldiimidazole 

cDNA complementary deoxy 

 ribonucleic acid 

cf. confer 

CNS central nervous system 

COSY correlation spectroscopy 

CT computed tomography 

CXCL12  C-X-C motif chemokine 

12 

CXCR4  C-X-C chemokine recep-

tor type 4 

CYP2D6 cytochrome 2D6 

d deuterium 

D2 deuterium 

2D two-dimensional 

3D three-dimensional 

DA dopamine 

DASB  3-amino-4-(2-dimethyl-

aminomethyl-phenyl-

sulfanyl)benzonitrile 

DAT dopamine transporter 

DCC N,N'-

dicyclohexylcarbodi-

imide 

dDAT drosophila dopamine 

transporter 
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∆G Gibbs free energy 

DIPEA N,N-Diisopropyl- 

 ethylamine 

DMAP dimethylaminopyridine 

DMF dimethylformamid 

DMSO dimethylsulfoxid 

DOPA dihydroxyphenylalanine 

DSM  Diagnostic and Statisti-

cal Manual 

DTI diffusion tensor imaging 

e+ positron 

e- electron 

e.g. exempli gratia 

et al et alii 

etc. etcetera 

exp exponential function 

exp experimental 

FAD flavin adenin dinucleo- 

 tide 

[18F]FDG  2-[18F]-fluoro-D-deoxy-D-

glucose 

Fe(acac)3 Tris(acetylacetonato) 

iron(III) 

FFA free fatty acids 

fig. figure 

fMRI functional magnetic 

resonance imaging 

FOV field of view 

fur furan 

GABA gamma-Aminobutyric 

acid 

Glu glutamic acid 

gs-HMBC gradient-selected het-

eronuclear multiple 

bond correlation 

gs-HSQC gradient-selected het-

eronuclear single quan-

tum coherence 

h hour(s) 

hDAT human dopamine trans-

porter 

HEK human embryonic kid-

ney 

hNET human norepinephrine 

transporter 

HPLC  high performance liquid 

chromatography  

HSA human serum albumin 

hSERT  human serotonin trans-

porter 

HSL hormone-sensitive  

 lipase 

5-HT 5-Hydroxytrpytamine 

IAM  immobilized artificial 

membrane 

IC50 inhibitory concentration  

i.e. id est 

Ile isoleucine 

isochr 4,3-dihydro-1H-

isochromene 

K222 Kryptofix 2.2.2. 

KD dissociation constant 

keV kiloelectron volt 

Ki inhibition constant 
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Km  membrane partition 

coefficient 

L ligand 

LeuBAT “SERT”-ized leucine  

 transporter 

logP partition-coefficient 

LOR line of response 

LSO lutetium oxyorthosili-

cate 

LYSO  lutetium yttrium ortho-

silicate 

M molar 

MAO monoamine oxidase 

MeV megaelectron volt 

min minutes 

ml millilitre 

µl micolitre 

mm millimeters 

mM millimolar  

µM micromolar 

MOE  Molecular Operating 

Environment 

mp. melting point 

MPTP  1-methyl-4-phenyl-

1,2,3,6-

tetrahydropyridine 

MR magnet resonance 

MRI magnetic resonance 

imaging 

mRNA messenger ribonucleic 

acid 

MW microwave  

n neutron 

n.a. not available 

NaOMe sodium methoxide 

n.d. not detectable 

NE norepinephrine 

NET norepinephrine trans- 

 porter 

NFTs neurofibrillary tangles 

nM nanomolar 

NMR  Nuclear Magnetic Reso-

nance 

NOE nuclear overhouser 

effect/enhancement 

NOESY nuclear overhauser 

enhancement spectros-

copy 

Nu nucleophile 

NuH protonated nucleophile 

p proton 

PAMPA parallel artificial  

 membrane assay 

PB potassium benzoate 

PD Parkinson’s disease 

PDB Protein Data Bank 

Pd(0)Ln  palladium(0)-ligand-

complex 

PE petroleum ether 

PE2I N-(3-iodopro-2E-enyl)-

2beta-carbomethoxy-

3beta-(4'-methylphenyl) 

nortropane 

PEA beta-phenylethylamine 
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PEG polyethylene glycole 

PET  positron emission to-

mography 

pH potentia/pondus hydro-

genii 

PhD Doctor of Philosophy 

Phe phenylalanine 

phen phenyl 

PIB Pittsburgh compound B 

PKa scale of acidity 

Pm permeability 

PMT(s) photomultiplier tube(s) 

ppm pars per million 

PSA polar surface area 

PSMA prostate specific mem-

brane antigen 

pyr pyrazole 

pyra pyrazine 

pyrid pyridine 

R gas constant (J mol−1 K−1) 

Rf retardation factor 

ROS reactive oxygen species 

rt room temperature 

SERT serotonin transporter 

SiPM(s) silicon photomultipli- 

 er(s) 

SPECT single photon emission 

computed tomography 

TBAF tetra-n-butylammonium 

fluoride 

TBD triazabicyclo[4.4.0]dec-

5-ene 

TCS tetrachlorosilane 

TEA triethylamine 

TG triglycerides 

th thiophene 

Ti(O-iPr)4 titanisopropoxid 

TLC thin-layer chromatog-

raphy 

TMB trimethylboroxine 

TMD(s) transmembrane-

spanning domain(s) 

TOCSY total correlated spec-

troscopy 

TOV time of flight 

TsCl tosyl chlorid 

Tyr tyrosine 

UCP uncoupling protein 

νe neutrino 

Vm mobile phase volume 

Vs stationary phase volume 

W Watt 

WAT white adipose tissue 

Y yield

t1/2 half-life 

tanδ loss factor 

T temperature (°C or K) 
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5.2 Abbreviations of FAPPI and PHOXI derivatives 
 

APPI:1 1-(3-Amino-1-(4-fluorophenyl)propyl)-3-phenyl-1,3-dihydro-2H-benzimidazol-2-one 

FAPPI:1 1-(1-(4-Fluorophenyl)-3-(methylamino)propyl)-3-phenyl-1,3-dihydro-2H- 

 benzimidazol-2-one 

FAPPI:2 1-(4-Fluorophenyl)-3-(3-(methylamino)-1-phenylpropyl)-1,3-dihydro-2H- 

 benzimidazol-2-one 

FAPPI:3 1-(2-Fluorophenyl)-3-(3-(methylamino)-1-phenylpropyl)-1,3-dihydro-2H- 

 benzimidazol-2-one 

 

Me@PHOXI1 N,N-Dimethyl-1-((3S,4S)-4-(2-methylphenoxy)-3,4-dihydro-1H-isochromen-3-

yl)methanamine 

PHOXI:1 N-Methyl-1-((3S,4S)-4-(2-methylphenoxy)-3,4-dihydro-1H-isochromen-3- 

 yl)methanamine 

FE@PHOXI1 2-Fluoro-N-methyl-N-(((3S,4S)-4-(2-methylphenoxy)-3,4-dihydro-1H-isochromen-3- 

 yl)methyl)ethanamine 

Me@PHOXI2 N,N-Dimethyl-1-((3S,4S)-4-(2-(trifluoromethyl)phenoxy)-3,4-dihydro-1H-isochromen-

3-yl)methanamine 

PHOXI:2  N-Methyl-1-((3S,4S)-4-(2-(trifluoromethyl)phenoxy)-3,4-dihydro-1H-isochromen-3- 

 yl)methanamine 

FE@PHOXI2 2-Fluoro-N-methyl-N-(((3S,4S)-4-(2-(trifluoromethyl)phenoxy)-3,4-dihydro-1H- 

 isochromen-3-yl)methyl)ethanamine 
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      SPECTRA 315 
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a b s t r a c t

Since high MAO-B levels are present in early stages of AD, the MAO-B system can be designated as an
appropriate and prospective tracer target of molecular imaging biomarkers for the detection of early
AD. According to the preceding investigations of Mishra et al. the aim of this work was the development
of a compound library of selective and reversible MAO-B inhibitors by performing bioisosteric modifica-
tions of the core structure of 3-(anthracen-9-yl)-5-phenyl-4,5-dihydro-1H-pyrazoles. In conclusion, 13
new pyrazoline based derivatives have been prepared, which will serve as precursor substances for future
radiolabeling as well as reference compounds for the investigation of increased MAO-B levels in AD.

� 2014 Elsevier Ltd. All rights reserved.

Currently, two distinct enzymatic isoforms of MAO (mono-
amine oxidase) have been characterized, namely MAO-A and
MAO-B. Although they share a high sequence similarity of about
70%, they differ in their tissue distribution, substrate specificity
and inhibitor selectivity.1 MAO-B is prevalent in lymphocytes
and platelets and displays high concentration levels in the human
brain, mostly predominant in serotonergic and histaminergic neu-
rons, as well as in astrocytes. Since MAO-B plays a pivotal role as
degradation enzyme in the human brain, it is involved in a variety
of neurological diseases, such as attention deficit hyperactivity dis-
order (ADHD), Tourette’s syndrome, amyotrophic lateral sclerosis
(ALS), Huntington’s disease and age-related neurological disorders
like Parkinson’s disease (PD) and Alzheimer’s disease (AD).2

As a chronic, progressive neurodegenerative disorder, AD affects
millions of people worldwide, causing loss of mental and physical
functions.3,4 Since increased MAO-B levels are measured even in

early stages of AD,5–10 the MAO-B system exhibits a promising
and prospective tracer target for molecular imaging of AD and
especially early stage AD.10–12 The state of the art method for the
visualization and quantification of receptor and enzyme systems
in vivo is PET (positron emission tomography), a technique which
allows to quantify in vivo processes non-invasively. In the context
of developing new PET radioligands for the detection of MAO-B in
AD, their precursors for radiolabeling, and reference compounds
for preclinical testing, first needed to be prepared.

According to the results of Mishra et al.13 5-(anthracen-9-yl)-3-
phenyl-4,5-dihydro-1H-pyrazoles (Fig. 1) represent highly selec-
tive and extremely potent, reversible MAO-B inhibitors. They do
not only display a superior affinity towards MAO-B, but also pro-
vide a high MAO-B versus MAO-A selectivity ratio. Additionally,
these compounds display docking scores superior > �12.5 and pre-
dicted Ki values in nanomolar ranges, what makes them at least
100 times more potent than the positive control, selegiline.13 It
should be noted that the chemical structure in the original article
of Mishra et al.13 depicts the double bond of the pyrazoline ring
in the false position. Figure 1 shows the correct chemical structure,
which is expected according to the preceding synthesis.

http://dx.doi.org/10.1016/j.bmcl.2014.07.085
0960-894X/� 2014 Elsevier Ltd. All rights reserved.
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This Letter aims at the synthesis and docking studies of a com-
pound library of selective and reversible methyl- and fluoroethyl-
substituted 5-(anthracen-9-yl)-4,5-dihydro-1H-pyrazole MAO-B
inhibitors (16–20 and 28–32) (Scheme 4) by applying bioisosteric
principles to 5-(anthracen-9-yl)-3-phenyl-4,5-dihydro-1H-pyra-
zoles, which have been proven extremely potent towards MAO-B.
Additionally, precursor compounds (23–27) (Scheme 4) for future
radiolabeling were prepared within the scope of this work. Due
to stability issues, the core structure (Fig. 1) had to be modified
by inserting an additional acetyl moiety or thiocarbamoyl moiety,
respectively, at position 1 of the pyrazoline ring. All bioisosteric
methyl- and fluoroethyl-substituted pyrazoline derivatives (16–
20 and 28–32) (Scheme 4) will be subjected to affinity-, selectiv-
ity-, and lipophilicity studies towards MAO-B as well as blood
brain barrier penetration measurements at the General Hospital
of Vienna. The most promising MAO-B ligands will then be selected
for the development of new, selective and reversible PET-tracers
for the MAO-B system.

Scheme 1 is giving a general overview of the envisaged syn-
thetic pathway. The preparation of methyl- and fluoroethyl-substi-
tuted reference compounds (16–20, 32 and 33) as well as precursor
substances (23–27) for 11C and 18F radiolabeling started from

anthracene-9-carbaldehyde 4. A variety of esters 3, 5–9 was
reacted with anthracene-9-carbaldehyde 4 in order to prepare
the respective chalcones 10–15. Cyclization of the respective chal-
cone with hydrazine hydrate gave methyl esters 16–20 and 33,
which were either directly converted into the free carboxylic acids
23–27 or reacted into the corresponding allyl esters. All prepared
allyl esters represent intermediate compounds for the further con-
version into the free carboxylic acids. The free carboxylic acids
were transformed into the respective fluoroethyl esters 28–31,
which will be subjected to preclinical experiments and serve as ref-
erence compounds for the 18F radiolabeled analogs. All reactions
are discussed in detail in the following paragraphs.

Since aldol condensation reactions could not be realized with
molecules bearing a free carboxylic acid moiety, methyl esters 3,
5, 7–9 and ethyl ester 6 served as starting materials, to conduct
the condensation reaction with anthracene-9-carbaldehyde 4.
The preparation of 3 is depicted in Scheme 2 and could be achieved
by a Minisci reaction with tert-BuO2H, FeSO4�7H2O, sulfuric acid
and acetic acid.14 The reaction was completed by the reduction
of excess tert-BuO2H with Na2SO3.

The base catalyzed aldol condensation was performed in meth-
anol under the same reaction conditions for acetyl esters 3, 5 and
7–9 with anthracene-9-carbaldehyde 4 to yield compounds 10
and 12–15 (Scheme 3). Thereby, conversion of 4 with methyl
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4-acetylbenzoate (5) or electron-rich heteroaromatic methyl esters
(7 and 8) into the respective chalcone resulted in better yields than
the same reaction of 4 with electron-deficient heteroaromatic
methyl esters (3 and 9). Aldol condensation of 4 with ethyl ester
6 was carried out in a similar way as described for 3, 5 and 7–9,
by using ethanol as the solvent and sodium hydroxide as base to
yield compound 11.

Chalcones (10–15) had to be converted rapidly into the corre-
sponding cyclization product, due to decomposition under atmo-
spheric oxygen. Since non-substituted dihydropyrazoles (Fig. 1)

had exhibited instability, the pyrazoline ring was substituted with
an additional acetyl moiety (see compounds 16–20 and 33). Sev-
eral authors15,16 discussed pyrazoline derivatives, substituted with
an acetyl moiety as stable and even demonstrated superior MAO-B
inhibitory activity of those compounds. Ring closure of compounds
10–15 (Scheme 4) was achieved under microwave assisted reac-
tion conditions in an acidic medium. Methyl esters 16–18 then
underwent alkaline hydrolysis in the presence of lithium hydrox-
ide monohydrate to give the corresponding acids (23–25). Methyl
esters 19 and 20 had to be first converted into the respective allyl
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esters (21 and 22), in order to obtain free carboxylic acids 26 and
27. The transesterification of methyl esters into allyl esters was
performed in toluene using sodium methoxide as catalyst. Formed
methanol was removed by distillation, in order to shift the reaction
equilibrium towards the product (21 and 22), and thus achieving
better yields. Since this transesterification method gave the desired
products 21 and 22 only in poor yields, a method of Ilankumaran
et al.17 was adapted for the transesterification of 20 into 22, using
the catalyst 2,8,9-trimethyl-2,5,8,9-tetraaza-1-phosphabi-cyclo
[3.3.3]undecane. By employing this method, not only the reaction
could be carried out under milder conditions in regard to the tem-
perature, but also the yield could be improved by 54%.

Cleavage of the allyl moiety of 21 and 22 with tetrakis(triphen-
ylphosphine)palladium and morpholine as the nucleophile was
performed selectively due to the high sensitivity of the allyl ester
function towards transition metals. Resulting acids 23–25 as well
as acid 26 were subjected to an esterification reaction with fluoro-
ethanol. Compounds 28–30 were synthesized under mild reaction
conditions, using dicyclohexlycarbodiimide and dimethylamino-
pyridine. To obtain fluoroethyl ester 31, the reaction of 26 into
the corresponding acid chloride was required, which was subse-
quently converted into the desired product 31 with fluoroethanol.
Following the synthesis protocol of compound 31, carboxylic acid
27 was also transformed into the corresponding acid chloride to

obtain the desired fluoroethyl ester by reaction with fluoroethanol.
Unfortunately, 27 could not be converted into the respective flu-
oroethyl ester and it is unclear whether the reaction procedure
was unsuccessful or the desired target product could not be iso-
lated due to instability of the molecule.

Since it was reported that not only pyrazoline based com-
pounds, containing an acetyl moiety showed enhanced MAO-B
inhibitory activity, but also pyrazoline derivatives substituted with
a thiocarbamoyl moiety,18–20 compound 32 was prepared as well.
As depicted in Scheme 5, excellent yields of 32 were achieved by
cyclization of chalcone 10 with thiosemicarbazide and the catalyst
1,5,7-triazabicyclo[4.4.0]dec-5-ene. However, preliminary logP
evaluations of 32 were rather discouraging as a logP value of
5.66 for substance 32 was determined. Thus, synthesis of this sub-
stance class was discontinued.

In the course of finding an ideal cyclization method for com-
pounds 16–20, compound 33 was also synthesized (Scheme 5).
The cyclization procedure in acetic acid with hydrazine monohy-
drate ameliorated product stability, due to substitution of the pyr-
azoline ring with an acetyl moiety, which additionally improved
the yield of 33. Since good results were achieved by employing this
approach, compounds 16–20 were prepared in the same manner.

For selected compounds full and unambiguous assignment of
all 1H, 13C, 15N and 19F NMR resonances was achieved by combin-
ing standard NMR techniques,21 such as fully 1H-coupled 13C NMR
spectra, APT, gs-HSQC, gs-HMBC, COSY, TOCSY and NOESY
experiments.

For model compound 17 the crucial HMBC correlations (left) as
well as some important NOEs (right) are displayed in Figure 2,
unambiguously confirming the given structure. The location of
the N-acetyl group and thus the position of the C@N double bond
in the dihydropyrazole system is supported by HMBC correlations
between pyrazole H-4 and H-40 to anthranyl C-9, from pyrazole
H-5 to anthranyl C-8a, C-9 and C-9a and from thiophene H-4 to
pyrazole C-3. An interesting phenomenon was observed for the
9-anthranyl system, in which corresponding positions 1 and 8, 2
and 7, 3 and 6, 8a and 9a, etc. were found to be non-equivalent. A
possible explanation for this phenomenon would be restricted rota-
tion of the anthranyl system around the pyrazole C-5–anthranyl
C-9 single bond. Thus, for instance, protons of the pyrazole system
show different through-space interactions to corresponding
protons of the anthranyl system: whereas a stronger NOE between
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pyrazole H-5 (6.88 ppm) and anthranyl H-8 (7.73 ppm) is detected,
the appropriate effect is considerably smaller between pyrazole
H-5 and anthranyl H-1 (8.47 ppm). Moreover, a distinct NOE
between the acetyl-H protons and anthranyl H-8 is evident, in
contrast, the interaction between acetyl protons and anthranyl
H-1 is very small. The relatively large chemical shift difference
between accordant anthranyl protons H-1 (8.47 ppm) and H-8
(7.73 ppm) can be explained by the magnetic anisotropy effect of
the acetyl C@O group which obviously influences H-1 considerably
more than H-8 in the preferred rotameric status at hand. In the
NOESY spectrum of 17 the signals due to anthranyl H-1 and H-8
exhibit a characteristic cross peak resulting from chemical
exchange (different phase property compared to the cross peaks
originating from NOEs), thus giving a hint to a slow rotation of
the anthranyl unit compared to the NMR timescale.

In order to estimate the binding affinity of the synthesized
compounds, they were docked into the crystal structure of the
human MAO-B in complex with FAD and noncovalently bound
p-nitro-benzylamine (PDB code 2C70).

Compounds 16–20 and 28–31, as well as reference compounds
34 and 35, being the most active substances in Mishra and
Sasmal,13 were prepared for a physiological pH using LigPrep
(LigPrep, version 2.5, Schrödinger, LLC, New York, NY, 2012).

As the acetyl- or thiocarbamoyl substituents on the pyrazoline
moiety had to be accommodated within a relatively narrow bind-
ing pocket, side chains of the residues in the hydrophobic pocket
(I198 and Y435) were allowed to take possible rotamer orienta-
tions defined within the GOLD docking software.22 A maximum
of ten poses per ligand was allowed, primarily ranked by the
default scoring function, ChemPLP.23 In order to reduce strain ener-
gies caused by the placement algorithm, the complexes were
energy minimized using a stepwise relaxation protocol within
the MOE software package (Molecular Operating Environment
(MOE) version 2013.0801, Chemical Computing Group, Montreal,
Canada). Subsequently, the binding free energy of the minimized
complexes was estimated by external rescoring using X-Score,24

as the original scoring values of ChemPLP are per se dimensionless.
Ki values were further calculated from DG values of the best scored
pose per ligand, using Eq. 1.

K i ¼ exp
DG

R � T

� �

R ¼ 8:3144621 J=mol � K; T ¼ 298:15 Kelvin ð1Þ

Analysis of the docking results indicates that the novel com-
pounds are able to be accommodated in a similar way as described
for the reference compounds 34 and 35. As expected, introduction
of bulky groups on the central heteroaromatic linker enforced a
slightly different orientation of the synthesized compounds.
Figure 3 shows the most prominent interaction among the
observed poses, a pi stacking interaction between Y435 and ring
A or C of the anthracene moiety. Simultaneously, the phenolic
hydroxy group of the aromatic side chain was frequently observed
to stabilize the substituted heteroaromatic linker (acetyl or
thiocarbamoyl moiety). Potentially less favorable side chain
orientations caused by the bulky substituents hence could be
compensated. In analogy to the nitro group of compound 34, the
carbonyl oxygen of the distal ester function among the investi-
gated molecules sporadically acted as hydrogen bond acceptor
for the side chain of Y326. Due to the absence of an acceptor atom
in the corresponding position, reference compound 35 is unable to
form this particular interaction, which could be an explanation for
the inferior experimentally determined Ki value. In general, the
calculated Ki values were about an order of magnitude larger than
the literature values of 34 and 35. However, as demonstrated in
Table 1, it can be assumed that the activity of compounds 16–20

and 28–31 is in the range of the reference compounds (34 and
35). As the significant activity difference between 34 and 35 was
at least indicated by the calculated DG values, the energy estimates
could as well be used for prioritizing new members of this com-
pound class prior to in vitro testing (Fig. 4).

Taken together, thirteen new target compounds have been pre-
pared within the scope of this work, which aimed at the develop-
ment of new, selective and reversible PET tracer precursors and
reference compounds for the imaging of the MAO-B system via
PET. Substitution of the pyrazoline ring with an additional acetyl
moiety at position 1 of the pyrazoline ring has been proven

Figure 3. MAO-B binding pocket in complex with reference compounds and
exemplary docking poses of methyl- and fluoroethyl ester derivatives. Key residues
are highlighted in orange. (A) Reference compounds 34 (cyan) and 35 (green) in
superposition. (B) Docking poses of 34 (cyan) and 19 (purple). (C) Docked
complexes of 34 (cyan) and 29 (purple).
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beneficial for the stability of compounds 16–31 in contrast to non-
stable 5-(anthracen-9-yl)-3-phenyl-4,5-dihydro-1H-pyrazole deriv-
atives. Additionally, compound 32 has been prepared by inserting
an additional thiocarbamoyl moiety. As preliminary investigations
showed rather unsatisfactory results, regarding the logP value, the
synthesis of the substance class containing a thiocarbamoyl moiety,
was not continued. Methyl esters 16–20 and fluorethyl esters 28–31
serve as reference compounds and will be evaluated for affinity and
selectivity towards MAO-B. Docking studies indicate that methyl
esters 16–20 and fluorethyl esters 28–31 might bind in an analogous
way than the reference compounds 34 and 3513 and thus are prom-
ising candidates for biological testing. The most promising com-
pounds regarding their suitability as MAO-B ligands, will then be
selected for the further development of new, selective and reversible
PET-tracers for the MAO-B system. Therefore, free carboxylic acids
23–27 will serve as starting materials for the preparation of radiola-
beled 11C and 18F pyrazoline based MAO-B PET tracers. Hence, it is

conclusive to assume that 11C and 18F labeled pyrazoline based
MAO-B PET tracers may serve as promising molecular imaging bio-
markers for the detection of increased MAO-B levels in early AD.
The results of ongoing studies on affinity, selectivity and lipophilicity
of the discussed compounds, will be published in the following
paper.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bmcl.2014.07.
085.
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31 455.49 8 — 5.97
32 439.53 96 295–296 2.48
34 367.41 — 110 4.19
35 352.44 — 107 7.18
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Figure 4. Chemical structure of 5-(anthracen-9-yl)-3-(3-nitrophenyl)-4,5-dihydro-
1H-pyrazole (34) and 5-(anthracen-9-yl)-3-(4-methoxyphenyl)-4,5-dihydro-1H-
pyrazole (35).
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1. Introduction 36 

Abnormal regulation of the norepinephrine transporter (NET) or NET dysfunction, respectively, 37 

cause either increased or decreased levels of norepinephrine (NE) in the synaptic cleft. Since NE is a 38 

fundamental neurochemical messenger, its accurate regulation is of major importance. Thus, the NET, 39 

responsible for NE equilibrium in the synaptic cleft, is representing the reuptake site and considered to 40 

be involved in a variety of neurological/psychiatric disorders,
1,2

 but also plays a pivotal role in 41 

cardiovascular
1,2,3

 and metabolic diseases.
3-5

 Reduced NET levels go along with neurological disorders 42 

like major depression,
6,7

 Parkinson’s disease (PD), Alzheimer’s disease (AD)
8-18

, and cardiovascular 43 

diseases such as hypertension, cardiomyopathy, and heart failure.
5,13

 Furthermore, a dysfunction of the 44 

NE system was reported in Attention Deficit Hyperactivity Disorder (ADHD),
9,17,19

 suicide,
1,12,20

 45 

substance abuse (cocaine dependence),
16

 and schizophrenia.
10

 A more recent discovery is the 46 

involvement of the NET in diseases like diabetes and obesity, due to its presence in brown adipose 47 

tissue (BAT) and the proposed activation thereof via NE.
4,5,21 

48 

Based on the fact that the NET is involved in such a variety of diseases, the investigation of the 49 

underlying dysregulation-mechanism of the NE system is of major interest. For this purpose, 50 

information about the transporter abundance and density in healthy and pathological living human 51 

brains is required. The most suitable and accurate technique to gain this information is positron 52 

emission tomography (PET). As a non-invasive molecular imaging technique, it represents a suitable 53 

approach towards the collection of missing data in the living organism and direct quantification of 54 

receptor/transporter densities in vivo. To fully gain insight in the molecular changes of the 55 

noradrenergic system via PET, however, prior development of suitable NET PET radioligands is 56 

required. 57 

So far, radiolabeled NET binding reboxetine analogs [
11

C]MeNER, [
11

C]MRB, ((S,S)-2-(α-(2-58 

[
11

C]methoxyphenoxy)benzyl) morpholine) and [
18

 F]FMeNER-D2 ((S,S)-2-(α-(2-[
18

F]Fluoro[
2
H2] 59 

methoxyphenoxy)benzyl) morpholine) have been described, which however display certain limitations 60 

such as metabolic stability, complex radiosynthesis, or late equilibrium.
22-26 

61 

Recently, Zhang et al
26

 evaluated a series of benzimidazolone based propanamines with in vitro 62 

inhibitory activity on the human norepinephrine transporter (hNET). The results of these investigations 63 

suggested that compounds containing a phenyl moiety directly at the benzimidazolone ring (e.g. 1) 64 

(figure 1) were the most potent, representing a half maximal inhibitory concentration (IC50) below 10 65 

nM (IC50 < 10 nM). Furthermore, hNET selectivity over hSERT (human serotonin transporter) turned 66 

out (> 300-fold) superior to those of reboxetine and atomoxetine (16- and 81-fold).
26

 Fluorination at 67 

position 2 of the phenyl moiety, attached to the benzimidazolone ring (e.g. 2) (figure 1), indicated 68 

similar hNET potency, comparable to its non-fluorinated analogs (e.g. 1) and additionally exhibited 69 

hNET selectivity over hSERT (80-fold) similar to atomoxetine.
26

  70 

Both benzimidazolone derived propanamines with a phenyl moiety (1), as well as a fluorinated 71 

phenyl moiety (2) indicated excellent hNET selectivity over hDAT (human dopamine transporter) with 72 

< 50% inhibition of the cocaine analog [
3
H]WIN-35,428, binding to hDAT at a concentration of 10 73 

µM.
26 

74 
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Given those findings, both described benzimidazolone based propanamines (1 and 2) represent 75 

excellent candidates for selective and potent NET inhibition with high affinity and low unspecific 76 

binding. Thus, on the basis of the results of Zhang et al
26

 the methylamino moiety of core compound 1 77 

has been radiolabeled with 
11

C and tested by our research group.
27

 All investigated preclinical 78 

parameters, such as affinity, blood brain barrier penetration, lipophilicity, metabolic degradation, and 79 

selectivity showed excellent results, thus suggesting suitability of 
11

C radiolabeled 1-(3-80 

(methylamino)-1-phenylpropyl)-3-phenyl-1,3-dihydro-2H-benzimidazole-2-one ([
11

C]Me@APPI) (3) 81 

(figure 1) as a NET radioligand for the employment in PET. 82 

Figure 1. Chemical structure of the highly potent and selective NET ligands 1-(3-(methylamino)-1-83 

phenylpropyl)-3-phenyl-1,3-dihydro-2H-benzimidazol-2-one (Me@APPI) (1) and 4-fluoro-1-(2-84 

fluorophenyl)-3-(3-(methylamino)-1-phenylpropyl)-1,3-dihydro-2H-benzimidazol-2-one (2) as well as 85 

radiolabeled analog [
11

C]Me@APPI (3). 86 

 87 

Due to successful preclinical testing of [
11

C]Me@APPI (3) and given the excellent in vitro results 88 

of compound 2, shown by Zhang et al,
26

 the aim of this paper is the synthesis and docking studies of 89 

several fluorinated analogs (4-6) of compound 1 (figure 2) as reference compounds for their later 90 

prepared radioactive analogs. All methylamine derived benzimidazolone derivatives (4-6) will be 91 

subjected to affinity, selectivity, and lipophilicity studies towards the NET as well as blood brain 92 

barrier penetration experiments at the Medical University of Vienna. The most promising NET ligands 93 

will then be selected for the development of new, selective PET tracers for the NET. Thereby, 94 

radiolabeling with both, 
11

C and 
18

F will be subject of further experiments. 95 

Figure 2. Chemical structure of envisaged reference compounds 4-6 (FAPPI: 1-3). 96 

 97 

2. Results and Discussion 98 

The synthesis of reference compounds 4-6 first required the preparation of side chains 11 and 12, as 99 

well as core compounds 16-18. After successful preparation, side chain 11 was merged in a 100 
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condensation reaction with core compound 16, whereas side chain 12 was reacted with core 101 

compounds 17 and 18, prior to halogen exchange and substitution with methylamine (scheme 1).  102 

For the synthesis of side chains 11 and 12, the keto group of commercially available compounds 7 103 

and 8 was reduced with sodium borohydride, in order to obtain intermediate alcohols 9 and 10. 104 

Subsequent bromination of 9 and 10 with aqueous hydrogen bromide led to the formation of products 105 

11 and 12, respectively. 106 

Scheme 1. Reactions and conditions for: (i) THF, EtOH, NaBH4, -10°C  -5°C, 10 min, yields for 107 

9: 95%, 10: 100%; (ii) aqu. HBr, rt, 3 h, yields for 11: 64%, 12: 86%; (iii) 1,1’-carbonyldiimidazol, 108 

anhyd. THF, rt, overnight, yields for 16: 74%, 17: 61%, 18: 69%; (iv) 1,1’-carbonyldiimidazol, anhyd. 109 

DMF, 90°C, 2 h, yields for 17: 80%, 18: 80%; (v) K2CO3, DMF, rt, 30 min  addition of 11 and 12  110 

rt, 30 min, yields for 19: 32%, 20: 63%, 21: 55%; (vi) NaI, acetone, reflux, 24 h, yields for 22: 82%, 111 

23: 76%, 24: 53%; (vii) NH3 in isopropanol, 80°C, 3 h, yield for 25: 50%; (viii) methylamine in EtOH, 112 

80°C, 3 h, yields for 4: 48%, 5: 29%, 6: 30%. 113 

.  114 

Core compound 16 was prepared by the reaction of commercially available N-phenylbenzene-1,2-115 

diamine (13) with 1,1’-carbonyldiimidazole. For the preparation of 17 and 18 however, 14 and 15 first 116 
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had to be made accessible (scheme 2). Thus, 1-fluoro-2-nitrobenzene (26) reacted with commercially 117 

available fluoroanilines 27 and 28, respectively, to obtain disubstituted amines 29 and 30. Therefore, 118 

two different methods were applied (scheme 2): The first method (i) was conducted by heating 26 and 119 

27 with anhydrous potassium fluoride and potassium carbonate in a microwave oven. Since an 120 

alternative method -conventional heating at 180 °C- gave compound 29 in higher yields, this approach 121 

(ii) was chosen for the large scale synthesis of 29 as well as for the preparation of 30.  122 

Scheme 2. Reactions and conditions for (i) anhyd. KF, K2CO3, microwave oven, 900 W, 10 min, 123 

yields for 29: 58%; (ii) anhyd. KF, K2CO3, 180°C, 2 d, yields for 29: 68%, 30: 52%; (iii) Zn, AcOH, 124 

0°C  rt, 2 h, yields for 14: 93%, 15: n.d. 125 

 126 

 127 

In the next reaction step, the nitro groups of both disubstituted amines (29 and 30) were reduced. 128 

For this purpose 29 or 30 were added to a mixture of zinc/acetic acid. The resulting amines 14 or 15 129 

were obtained in excellent yields (scheme 2). 130 

Freshly prepared intermediates 14 and 15 were then subjected to a cyclization reaction with 1,1’-131 

carbonyldiimidazol  in DMF under anhydrous conditions (scheme 1). DMF was preferred over THF in 132 

order to ensure higher yields and shorter reaction times.  133 

Condensation reactions of benzimidazolones 16, 17, and 18 with side chains 11 and 12, respectively 134 

were performed under basic conditions (scheme 1). After purification, the chloro substituted 135 

derivatives 19-21 were converted into the iodo compounds (22-24) in a Finkelstein reaction. Target 136 

compounds 4-6 (FAPPI:1-3) were then made accessible by heating derivatives 22-24 in a solution of 137 

methylamine in ethanol in a sealed tube for 3 h. Additionally to reference compounds 4-6, free amine 138 

25 was synthesized by dissolving 22 in a solution of ammonia in isopropanol and heating the resulting 139 

mixture in a sealed tube for 3 h. As compound 25 features a free amine moiety, it can be considered a 140 

precursor for radiosynthesis.  141 

Since compounds 4 and 5 comprise a novel fluoro substitution, a computational docking study was 142 

performed to assess if these compounds still would fit in the binding site of the NET. Furthermore, we 143 

aimed at creating a binding mode hypothesis which allows gaining insights into the molecular basis of 144 

binding and selectivity towards the monoamine transporters. As the basic scaffold has been shown to 145 

act in an enantioselective manner, the respective (R) enantiomers were used throughout the docking 146 

studies.
26

 The ligands were docked in the substrate binding site (S1) of the outward-open conformation 147 

of the transporter models (see Experimental Section for details), since related inhibitors, such as 148 

nortriptyline, sertraline, mazindol, etc. were also shown to fit in the S1 of the Drosophila DAT 149 

(dDAT) and the “SERT”-ized leucine transporter (“LeuBAT”) in the same protein conformation.
28,29

 150 

file:///I:/shanab/Downloads/Benzimidazoles_COMP-part%20(1).docx%23_ENREF_1
file:///D:/Users/shanab/Downloads/Benzimidazoles_COMP-part%20(1).docx%23_ENREF_2
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Interestingly, the co-crystallized ligand in dDAT, nortriptyline (31), has the same ranking of human 151 

NET, SERT and DAT activity as reference compound 1, i.e. 4.4, 18 and 1149 nM KD vs. 9, 2995 and 152 

>10000 nM IC50, respectively.
26,30 

Additionally, nortriptyline shares important structural features with 153 

the benzimidazolones, i.e. two aromatic moieties and an N-methyl-ethylenamine side chain. Therefore 154 

their binding mode can be expected to be similar. 155 

Figure 3. Chemical structure of nortriptyline (co-crystallized ligand from the template (PDB code 156 

4M48).
28

 157 

 158 

 159 

 160 

 161 

 162 

 163 

Common scaffold clustering
31

 revealed two binding hypotheses (see Experimental Section) which 164 

indicated that compounds 4-6 fit in the S1 of all three transporters. Hence, additional fluorination does 165 

not seem to cause steric clashes. In both hypotheses, the most prominent protein-ligand interaction was 166 

the cationic nitrogen atom placed in the A sub pocket,
32

 located between the central Asp75/98/79 side 167 

chain as a salt-bridge and the Phe72/95/76 side chain as a cation-pi interaction in NET/SERT/DAT, 168 

respectively. This is well in accordance with the X-ray structures of the templates. Additional pi-pi 169 

stacking interactions with Phe152/176/156 and Phe323/355/341 further promote the binding in both 170 

hypotheses obtained. 171 

Hypothesis 1: the benzimidazolone heterocycle (ring 2) is placed in the B sub pocket and ring 3 in 172 

the C pocket, whereas ring 1 is solvent exposed (see figure in Experimental Section).  173 

Hypothesis 2: Ligand ring 1 is placed in the B pocket whereas ring 2 is placed at the same height 174 

(measured from the membrane-water interface) and overlap with the rings of nortriptyline (31).The 175 

solvent exposed Tyr151/Tyr175/Phe155 in NET/SERT/DAT, resp. T-stacks with ring 2 whereas ring 3 176 

points extracellularly (Table 1, Figure 4). 177 

Table 1. Sequence alignment of all distinct monoamine transporter residues located in sub sites 178 

(reference 32) in the vicinity of the docked compounds. Red: hydrophilic side chain, green: lipophilic 179 

side chain, bold: bulkier side chain. 180 

 181 

 182 

 183 

 184 

file:///D:/Users/shanab/Downloads/Benzimidazoles_COMP-part%20(1).docx%23_ENREF_5
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Figure 4. Overlay of compounds 1, 2, and 4-6 (maroon) in binding hypothesis 2 in hNET showing 185 

agreement with the co-crystal pose of nortriptyline (31) (green). Val148 and Asp473 allow more space 186 

than Ile172 and Glu439 in hSERT, resp., whereas Tyr151 might induce a more potent stacking 187 

interaction as compared to Phe155 in hDAT. The angle between ligand ring 2 and 3 is almost 90° in all 188 

poses. The extracellular space is located above. 189 

 190 

 191 

 192 

 193 

 194 

 195 

 196 

 197 

 198 

 199 

 200 

 201 

 202 

As binding hypothesis 2 is in close agreement with the co-crystallized ligands in dDAT and 203 

LeuBAT, we focus further analysis on this proposed binding mode. 204 

Binding hypothesis 2 indicates why the investigated compounds (4-6) show weaker affinity to 205 

SERT and DAT than to NET: lower SERT affinity may be due to Ile172 and Glu439, allowing less 206 

space for the ligand to be accommodated as compared to in NET, that comprises a valine and an 207 

aspartate at the homologous positions, respectively. Lower DAT affinity could be ascribed to weaker T 208 

stacking interactions of Phe155 as compared to Tyr151 in NET, based on previous findings that a Tyr-209 

Phe pair has a stronger binding energy than a Phe-Phe pair.
34

 210 

3. Experimental Section  211 

3.1. General 212 

The NMR spectra were recorded from CDCl3 or DMSO-d6 solutions on a Bruker DPX200 213 

spectrometer (200 MHz for 
1
H, 50 MHz for 

13
C) or on a Bruker Avance III 400 spectrometer (400 214 

MHz for 
1
H, 100 MHz for 

13
C, 40 MHz for 

15
N, 376 MHz for 

19
F) at 25 °C. The center of the solvent 215 

(residual) signal was used as an internal standard which was related to TMS with δ 7.26 ppm (
1
H in 216 

CDCl3), δ 2.49 ppm (
1
H in DMSO-d6), δ 77.0 ppm (

13
C in CDCl3) and δ 39.5 ppm (

13
C in DMSO-d6). 217 

15
N NMR spectra (gs-HMBC, gs-HSQC) were referenced against neat, external nitromethane, 

19
F 218 

NMR spectra by absolute referencing via Ξ ratio. Digital resolutions were 0.25 Hz/data point in the 
1
H 219 

and 0.3 Hz/data point in the 
13

C-NMR spectra. Coupling constants (J) are quoted in Hz. The following 220 

abbreviations were used to show the multiplicities: s: singlet, d: doublet, t: triplet, q: quadruplet, dd: 221 

doublet of doublet, m: multiplet. Mass spectra were obtained on a Shimadzu QP 1000 instrument (EI, 222 

70 eV), high-resolution mass spectrometry was carried out on a Finnigan MAT 8230 (EI, 10 eV) or 223 

file:///D:/Users/shanab/Downloads/Benzimidazoles_COMP-part%20(1).docx%23_ENREF_7
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Finnigan MAT 900 S (ESI, 4 kV, 3 μA, CH3CN/MeOH) electrospray ionization mass spectrometer 224 

with a micro-TOF analyzer. Microwave experiments were carried out in a Synthos 3000 microwave 225 

oven (Anton Paar, SXQ80 rotor) with an internal temperature probe. 226 

3.2. Syntheses 227 

Compound purity: All compounds synthesized featured a purity of at least 95%. 228 

General procedure for the synthesis of 9 and 10 229 

Starting materials 7 or 8, respectively (1 mmol) was dissolved in THF (1 ml) and EtOH (1 ml) was 230 

added. The mixture was cooled to -10°C and NaBH4 (1.05 mmol) was slowly added at this 231 

temperature. The solution was stirred at -5°C for 10 min and thereafter, poured into a mixture of 232 

saturated aqueous ammonium chloride (3 ml) in ice (1.5 g). The product was extracted with diethyl 233 

ether, dried over Na2SO4 and evaporated to dryness. The crude product was employed directly in the 234 

subsequent reaction step without further purification.  235 

3-Chloro-1-(4-fluorophenyl)propan-1-ol (9) Yield: 4.78 g (95%), pale yellow oil, analytical data 236 

are in complete accordance with literature values.
35

 237 

3-Chloro-1-phenylpropan-1-ol (10) Yield: 4.61 g (99%), light yellow oil, analytical data are in 238 

complete accordance with literature values.
36

 239 

General procedure for the synthesis of 11 and 12 240 

To starting material 5 or 6, respectively (1 mmol) was added 48% aqueous HBr (3 ml) and the 241 

mixture was stirred for 3h at room temperature. Thereafter, the solution was poured into a mixture of 242 

K2CO3 (1 g) in ice (5.5 g) and additional solid K2CO3 was added for neutralization (pH 7). The crude 243 

reaction product was extracted with diethyl ether, the combined organic layers were dried with MgSO4 244 

and evaporated to dryness. The crude product was employed directly in the subsequent reaction step 245 

without further purification. 246 

1-(1-Bromo-3-chloropropyl)-4-fluorobenzene (11) Yield: 64%, pale yellow oil, analytical data are 247 

in complete accordance with literature values.
37

  248 

(1-Bromo-3-chloropropyl)benzene (12) Yield: 5.64 g (86%), yellow oil, analytical data are in 249 

complete accordance with literature values.
36

 250 

General procedure for the synthesis of 29 and 30 251 

4-Fluoroaniline or 2-fluoroaniline, respectively (1 mmol), anhydrous KF (1 mmol), and K2CO3 (1 252 

mmol) were well powdered with a mortar and a pestle, then 1-fluoro-2-nitrobenzene (1 mmol) was 253 

added and the mixture was stirred for 2 days at 180°C. Thereafter, water (5 ml) and CH2Cl2 (5 ml) 254 

were added and the organic layer was washed with 10% HCl (5 ml) and brine (5 ml). The combined 255 
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organic layers were dried over Na2SO4 and evaporated to dryness prior to purification by column 256 

chromatography. 257 

N-(4-Fluorophenyl)-2-nitroaniline (29) Yield: 68%, dark orange crystals, mp. 82°C-83°C, 258 

purification: silica gel 60, petrol ether/ethyl acetate 9:1 and RP-18 silica gel, methanol/water 7:3, 259 

analytical data are in complete accordance with literature values.
38

 260 

2-Fluoro-N-(2-nitrophenyl)aniline (30) Yield: 52%, orange crystals, mp. 79°C-80°C, purification: 261 

silica gel 60, petrol ether/ethyl acetate 9:1, analytical data are in complete accordance with literature 262 

values.
39

 263 

Alternative procedure for the synthesis of 29 264 

4-Fluoroaniline (7.89 g, 70.87 mmol), anhydrous KF (4.13 g, 70.87 mmol), and K2CO3 (9.81 g, 265 

70.87 mmol) were well powdered with a mortar and a pestle, then 1-fluoro-2-nitrobenzene (10.00 g, 266 

70.87 mmol) was added and the mixture was irradiated in the microwave (900 W, 10 min). Thereafter, 267 

water and CH2Cl2 were added and the organic layer was washed with 10% HCl and brine. The 268 

combined organic layers were dried over Na2SO4 and evaporated to dryness prior to purification by 269 

column chromatography (silica gel 60, petrol ether/ethyl acetate 9.5:0.5). Yield: 9.51 g (58%), dark 270 

orange crystals, mp. 82°C-83°C 271 

General procedure for the synthesis of 14 and 15 272 

To a solution of Zn
ø
 (13.8 mmol) in glacial acetic acid (1 ml) was added starting material 28 or 29 273 

(1 mmol) at 0°C under argon atmosphere. After the addition, the mixture was allowed to warm to room 274 

temperature and was stirred for 2 h. Zn
ø
 was filtered off and the pH of the solution was adjusted to pH 275 

9 with 2N NaOH. Thereafter, the aqueous layer was extracted three times with CH2Cl2, the combined 276 

organic layers were dried over MgSO4 and evaporated to dryness. 277 

N-(4-Fluorophenyl)benzene-1,2-diamine (14) Yield: 93%, dark orange-reddish oil, purification: 278 

silica gel 60, petrol ether/ethyl acetate 9:1, analytical data are in complete accordance with literature 279 

values.
40

 280 

N-(2-Fluorophenyl)benzene-1,2-diamine (15) The crude reaction product was subjected to the 281 

next reaction step without further purification. 282 

General procedure for the synthesis of 16-18 283 

To a solution of starting materials 13, 14, or 15 (1 mmol) in THF was added 1,1'-284 

carbonyldiimidazole (1.4 mmol) under argon atmosphere and the mixture was stirred at room 285 

temperature overnight. Thereafter, the crude reaction product was purified by column chromatography. 286 
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1-Phenyl-1,3-dihydro-2H-benzimidazol-2-one (16) Yield: 0.85 g (74%), pink crystals, mp. 287 

201°C-202°C, THF: 10 ml, purification: silica gel 60, petrol ether/ethyl acetate 1:1, analytical data are 288 

in complete accordance with literature values.
41

 289 

1-(4-Fluorophenyl)-1,3-dihydro-2H-benzimidazol-2-one (17) Yield: 61%, brown resin, THF: 25 290 

ml, purification: silica gel 60, petrol ether/ethyl acetate 9:1, 
1
H-NMR (200 MHz, CDCl3): δ (ppm) 291 

6.74-6.81 (m, 2H), 6.89-7.11 (m, 2H), 7.14-7.23 (m, 2H), 7.48-7.59 (m, 1H), 7.73-7.78 (m, 1H), 9.03 292 

(br s, 1H),
 13

C-NMR (50 MHz, CDCl3): δ (ppm) 108.5, 110.0, 116.3, 116.8, 121.4, 121.7, 122.3, 293 

128.0, 128.2, 130.4, 135.1, 155.1, 159.3, 164.2, MS: m/z (%) 228 (M
+
, 100), 199 (31), 172 (8), 114 294 

(9), 95 (10), 75 (17), 51 (10), HRMS: m/z calculated for C13H10FN2O [M + H]
+
: 229.0772. Found: 295 

229.0769. 296 

1-(2-Fluorophenyl)-1,3-dihydro-2H-benzimidazol-2-one (18) Yield: 69%, brown resin, THF: 20 297 

ml, purification: silica gel 60, petrol ether/ethyl acetate 9:1, 
1
H-NMR (200 MHz, CDCl3): δ (ppm) 298 

6.82-6.85 (m, 1H), 7.00-7.19 (m, 3H), 7.26−7.88 (m, 2H), 7.43−7.60 (m, 2H), 10.54 (br s, 1H), 
13

C-299 

NMR (50 MHz, CDCl3): δ (ppm) 108.9, 110.1, 117.0, 117.4, 121.5, 121.9, 122.4, 124.9, 125.0, 128.2, 300 

129.6, 130.4, 154.8, 155.4, 160.5, MS: m/z (%) 228 (M
+
, 33), 199 (9), 181 (15), 149 (17), 111 (22), 97 301 

(20), 71 (41), 69 (100), 55 (53), 43 (56), HRMS: m/z calculated for C13H9FN2NaO [M + Na]
+
: 302 

251.0597. Found: 251.0592. 303 

Alternative procedure for the synthesis of 17 and 18 304 

A solution of 1,1'-carbonyldiimidazole (1.4 mmol) in DMF (4 ml) was slowly added to a mixture of 305 

14 or 15 (1 mmol) in DMF (4 ml) under argon atmosphere. The resulting solution was stirred at 90°C 306 

for 2 h. After completion of the reaction, the solvent was evaporated in vacuo, the slurry was taken up 307 

in water, filtered and dried. 308 

1-(4-Fluorophenyl)-1,3-dihydro-2H-benzimidazol-2-one (17) Yield: 80%, brown resin 309 

1-(2-Fluorophenyl)-1,3-dihydro-2H-benzimidazol-2-one (18) Yield: 80%, brown resin 310 

General procedure for the synthesis of 19-21 311 

Starting materials 16-18 (1 mmol) and K2CO3 (2 mmol) were suspended in DMF (1.8 ml) and 312 

stirred at 25°C for 30 min. 11 and 12, respectively (1.5 mmol) were added after 30 min and the 313 

solution was stirred at room temperature overnight. To the mixture was added ethyl acetate (5 ml) and 314 

water (5 ml). The aqueous layer was extracted several times with ethyl acetate and the combined 315 

organic layers were washed with brine, dried over MgSO4 and evaporated to dryness. 316 

1-(3-Chloro-1-(4-fluorophenyl)propyl)-3-phenyl-1,3-dihydro-2H-benzimidazol-2-one (19) 317 

Yield: 32%, white oil, purification: silica gel 60, petrol ether/ethyl acetate 8:2, 
1
H-NMR (200 MHz, 318 

CDCl3): δ (ppm) 2.70-2.87 (m, 1H), 3.12-3.30 (m, 1H), 3.60-3.66 (m, 2H), 5.73 (m, 1H), 7.00-7.11 (m, 319 

6H), 7.38-7.57 (m, 7H), 
13

C-NMR (50 MHz, CDCl3): δ (ppm) 34.3, 42.0, 53.8, 108.7, 109.0, 115.5, 320 



Molecules 2014, 19 11 

 

 

115.9, 121.7, 122.0, 126.0, 127.8, 129.2, 129.4, 129.5, MS: m/z (%) 380 (M
+
, 21), 210 (100), 181 (8), 321 

167 (12), 135 (9), 115 (5), 109 (58), 77 (12), HRMS: m/z calculated for C22H18ClFN2ONa [M + Na]
+
: 322 

403.0989. Found: 403.0989. 323 

1-(3-chloro-1-phenylpropyl)-3-(4-fluorophenyl)-1,3-dihydro-2H-benzimidazol-2-one (20) 324 

Yield: 63%, dark orange resin, purification: silica gel 60, petrol ether/ethyl acetate 9:1 and RP-18 silica 325 

gel, methanol, 
1
H-NMR (400 MHz, CDCl3): δ (ppm) 2.80-2.88 (m, 1H, 2’-CH2), 3.17-3.26 (m, 1H, 2’-326 

CH2), 3.62-3.70 (m, 2H, 3’-CH2), 5.79 (dd, J = 10.0 Hz and 5.6 Hz, 1H, 1’-CH), 7.04-7.09 (m, 4H, 327 

benzim 4-CH, benzim 5-CH, benzim 6-CH, benzim 7-CH), 7.21-7.26 (m, 2H, f-phen 3-CH, f-phen 5-328 

CH), 7.31-7.33 (m, 1H, phen 4-CH), 7.36-7.40 (m, 2H, phen 3-CH, phen 5-CH), 7.52-7.56 (m, 4H, f-329 

phen 2-CH, f-phen 6-CH, phen 2-CH, phen 6-CH), 
13

C-NMR (100 MHz, CDCl3): δ (ppm) 34.1 (2’-330 

CH2), 42.0 (3’-CH2), 54.4 (1’-CH), 108.6 (benzim 4-CH), 109.0 (benzim 7-CH), 116.4 (d, J = 22.9 Hz, 331 

f-phen 3-CH, 116.4 (d, J = 22.9 Hz, f-phen 5-CH), 121.6 (benzim 5-CH), 122.1 (benzim 6-CH), 127.4 332 

(phen 2-CH), 127.4 (phen 6-CH), 127.9 (d, J = 8.6 Hz, f-phen 2-CH), 127.9 (d, J = 8.6 Hz, f-phen 6-333 

CH), 128.1 (phen 4-CH), 128.7 (benzim 7a-C), 128.8 (phen 3-CH), 128.8 (phen 5-CH), 129.4 (benzim 334 

3a-C), 130.3 (d, J = 3.1 Hz, f-phen 1-C), 138.4 (phen 1-C), 153.2 (benzim 2-CO), 161.6 (d, J = 247.7 335 

Hz, f-phen 4-CF), 
19

F-NMR (471 MHz, CDCl3): δ (ppm) -113.31 (m, 5-CF), MS: m/z (%) 380 (M
+
, 336 

2), 228 (100), 199 (11), 185 (16), 153 (6), 117 (14), 91 (73), 75 (8), HRMS: m/z calculated for 337 

C22H19ClFN2O [M + H]
+
: 381.1170. Found: 381.1176. 338 

1-(3-chloro-1-phenylpropyl)-3-(2-fluorophenyl-1,3-dihydro-2H-benzimidazol-2-one (21) Yield: 339 

55%, orange resin, purification: silica gel 60, petrol ether/ethyl acetate 9:1, 
1
H-NMR (400 MHz, 340 

CDCl3): δ (ppm) 2.78-2.86 (m, 1H, 2’-CH2), 3.23 (br s, 1H, 2’-CH2), 3.64-3.68 (m, 2H, 3’-CH2), 5.79 341 

(br s, 1H, 1’-CH), 6.85-6.87 (m, 1H, benzim 4-CH) 7.05-7.06 (m, 3H, benzim 5-CH, benzim 6-CH, 342 

benzim 7-CH), 7.28-7.40 (m, 5H, f-phen 3-CH, f-phen 6-CH, phen 3-CH, phen 4-CH, phen 5-CH), 343 

7.43-7.48 (m, 1H, f-phen 4-CH), 7.52-7.56 (m, 3H, f-phen 5-CH, phen 2-CH, phen 6-CH), 
13

C-NMR 344 

(100 MHz, CDCl3): δ (ppm) 34.2 (2’-CH2), 41.9 (3’-CH2), 54.5 (1’-CH), 108.8 (d, J = 1.7 Hz, benzim 345 

4-CH), 109.0 (benzim 7-CH), 117.1 (d, J = 19.5 Hz, f-phen 3-CH), 121.6 (benzim 5-CH), 121.9 (f-346 

phen 1-C), 122.0 (benzim 6-CH), 124.8 (d, J = 3.9 Hz, f-phen 6-CH), 127.3 (phen 2-CH), 127.3 (phen 347 

6-CH), 128.1 (phen 4-CH), 128.8 (phen 3-CH), 128.8 (phen 5-CH), 129.4 (benzim 3a-C), 129.5 (f-348 

phen 5-CH), 130.2 (d, J = 7.8 Hz, f-phen 4-CH), 138.4 (phen 1-C), 153.0 (benzim 2-CO), 157.9 (d, J = 349 

253.2 Hz, f-phen 2-CF), due to limited resolution of the measuring apparatus, quaternary carbon 350 

benzim 7a-C could not be detected, 
19

F-NMR (471 MHz, CDCl3): δ (ppm) -118.39 (m, f-phen 2-CF), 351 

MS: m/z (%) 380 (M
+
, 12), 228 (100), 199 (5), 153 (3), 117 (7), 91 (49), 75 (5), HRMS: m/z 352 

calculated for C22H19ClFN2O [M + H]
+
: 381.1170. Found: 381.1164. 353 

General procedure for the synthesis of 22-24 354 

A solution of starting materials 19, 20, or 21 (1 mmol) and NaI (1.03 g, 6.89 mmol) in acetone (7 355 

ml) was refluxed for 24 h. The precipitate formed was filtered and the solvent was removed in vacuo. 356 
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1-(1-(4-Fluorophenyl)-3-iodopropyl)-3-phenyl-1,3-dihydro-2H-benzimidazol-2-one (22) Yield: 357 

82%, yellow resin, 
1
H-NMR (200 MHz, CDCl3): δ (ppm) 2.77-2.92 (m, 1H), 3.14-3.31 (m, 3H), 5.63-358 

5.70 (m, 1H), 7.01-7.10 (m, 6H), 7.36-7.56 (m, 7H), 
13

C-NMR (50 MHz, CDCl3): δ (ppm) 2.3, 35.3, 359 

57.0, 108.8, 108.9, 115.5, 115.9, 121.6, 122.0, 126.0, 127.7, 128.5, 129.1, 129.3, 129.4, 134.0, 134.1, 360 

134.3, 153.0, 159.9, 164.8, MS: m/z (%) 472 (M
+
, 32), 317 (8), 210 (100), 181 (11), 167 (23), 140 (3), 361 

135 (43), 115 (8), 109 (34), 77 (15), 51 (7), HRMS: m/z calculated for C22H18FIN2ONa [M + Na]
+
: 362 

495.0346. Found: 495.0353. 363 

1-(4-fluorophenyl)-3-(3-iodo-1-phenylpropyl)-1,3-dihydro-2H-benzimidazol-2-one (23) Yield: 364 

76%, yellow crystals, mp. 39°C-41°C, purification: silica gel 60, petrol ether/ethyl acetate 9:1, 
1
H-365 

NMR (200 MHz, CDCl3): δ (ppm) 2.81-2.99 (m, 1H, 2’-CH2), 3.11-3.35 (m, 3H, 2’-CH2, 3’-CH2), 366 

5.70 (dd, J = 6 Hz and 2 Hz, 1H, 1’-CH), 7.04-7.09 (m, 4H, benzim 4-CH, benzim 5-CH, benzim 6-367 

CH, benzim 7-CH), 7.17-7.42 (m, 5H, f-phen 3-CH, f-phen 5-CH, phen 4-CH, phen 2-CH, phen 5-368 

CH), 7.51-7.57 (m, 4H, f-phen 2-CH, f-phen 6-CH, phen 2-CH, phen 6-CH), 
13

C-NMR (50 MHz, 369 

CDCl3): δ (ppm) 2.4 (2’-CH2), 35.2 (3’-CH2), 57.6 (1’-CH), 108.6 (benzim 4-CH), 109.2 (benzim 7-370 

CH), 116.4 (d, J = 23 Hz, f-phen 3-CH), 116.4 (d, J = 23 Hz, f-phen 5-CH), 121.6 (benzim 5-CH), 371 

122.1 (benzim 6-CH), 127.3 (phen 2-CH), 127.3 (phen 6-CH), 127.8 (phen 4-CH), 128.1 (d, J = 5 Hz, 372 

f-phen 2-CH), 128.1 (d, J = 5 Hz, f-phen 6-CH), 128.5 (benzim 7a-C), 128.8 (phen 3-CH), 128.8 (phen 373 

5-CH), 129.4 (benzim 3a-C), 130.3 (d, J = 3Hz, f-phen 1-C), 138.1 (phen 1-C), 153.2 (benzim 2-CO), 374 

161.6 (d, J = 247 Hz, f-phen 4-CF), MS: m/z (%) 472 (M
+
, 13), 317 (5), 228 (100), 185 (15), 117 (47), 375 

103 (2), 91 (40), 75 (8), 55 (5), HRMS: m/z calculated for C22H19FIN2O [M + H]
+
: 473.0526. Found: 376 

473.0506. 377 

1-(2-fluorophenyl)-3-(3-iodo-1-phenylpropyl)-1,3-dihydro-2H-benzimidazol-2-one (24) Yield: 378 

53%, yellow crystals, mp. 38°C-39°C, purification: silica gel 60, petrol ether/ethyl acetate 9:1, 
1
H-379 

NMR (200 MHz, CDCl3): δ (ppm) 2.80-2.98 (m, 1H, 2’-CH2), 3.13-3.36 (m, 3H, 2’-CH2, 3’-CH2), 380 

5.67-5.74 (m, 1H, 1’-CH), 6.85-6.88 (m, 1H, benzim 4-CH) 6.99-7.07 (m, 3H, benzim 5-CH, benzim 381 

6-CH, benzim 7-CH), 7.26-7.45 (m, 5H, f-phen 3-CH, f-phen 6-CH, phen 3-CH, phen 4-CH, phen 5-382 

CH), 7.47-7.58 (m, 4 H, f-phen 4-CH, f-phen 5-CH, phen 2-CH, phen 6-CH), 
13

C-NMR (50 MHz, 383 

CDCl3): δ (ppm) 2.3 (2’-CH2), 35.4 (3’-CH2), 57.6 (1’-CH), 108.9 (d, J = 1.5 Hz, benzim 4-CH), 109.1 384 

(benzim 7-CH), 117.1 (d, J = 19 Hz, f-phen 3-CH), 121.6 (benzim 5-CH), 121.9 (f-phen 1-C), 122.0 385 

(benzim 6-CH), 124.8 (d, J = 3.5 Hz, f-phen 6-CH), 127.3 (phen 2-CH), 127.3 (phen 6-CH), 128.1 386 

(phen 4-CH), 128.8 (phen 3-CH), 128.8 (phen 5-CH), 129.5 (f-phen 5-CH), 130.2 (d, J = 8 Hz, f-phen 387 

4-CH), 138.2 (phen 1-C), 153.0 (benzim 2-CO), 157.8 (d, J = 251.5 Hz, f-phen 2-CF), MS: m/z (%) 388 

472 (M
+
, 9), 317 (5), 241 (4), 228 (100), 199 (5), 185 (10), 117 (37), 91 (29), 75 (7), HRMS: m/z 389 

calculated for C22H19FIN2O [M + H]
+
: 473.0526. Found: 473.0532. 390 

General procedure for the synthesis of 1-(3-Amino-1-(4-fluorophenyl)propyl)-3-phenyl-1,3-391 

dihydro-2H-benzimidazol-2-one (25)  392 

1-(1-(4-fluorophenyl)-3-iodopropyl)-3-phenyl-1,3-dihydro-2H-benzimidazol-2-one (0.26 g, 0.55 393 

mmol) and a solution of NH3 in isopropanol (2 M, 22 ml) were heated in a sealed tube for 3 h at 80°C. 394 
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After evaporation of the solvent, the crude product was purified by column chromatography (silica gel 395 

60, CH2Cl2/MeOH 9:1). Yield: 0.10 g (50%), light brown crystals, mp. 87°C-88°C 396 

1
H-NMR (400 MHz, CDCl3): δ (ppm) 2.74-2.84 (m, 3H, 2’-CH2, 3’-CH2), 2.98-3.04 (m, 1H, 3’-397 

CH2), 5.74-5.78 (m, 1H, 1’-CH), 6.79-6.81 (m, 1H, benzim 7-CH), 6.96-7.01 (m, 5H, benzim 4-CH, 398 

benzim 5-CH, benzim 6-CH, f-phen 3-CH, f-phen 5-CH), 7.30-7.33 (m, 1H, phen 4-CH), 7.40-7.48 399 

(m, 4H, f-phen 2-CH, f-phen 6-CH, phen 3-CH, phen 5-CH), 7.52-7.54 (m, 2H, phen 2-CH, phen 6-400 

CH), due to limited resolution of the measuring apparatus, protons NH2 could not be detected, 
13

C-401 

NMR (100 MHz, CDCl3): δ (ppm) 30.3 (2’-CH2), 37.8 (3’-CH2), 52.7 (1’-CH), 109.2 (benzim 4-CH), 402 

110.0 (benzim 7-CH), 115.7 (d, J = 21.5 Hz, f-phen 3-CH), 115.7 (d, J = 8.2 Hz, f-phen 5-CH), 122.0 403 

(benzim 5-CH), 122.3 (benzim 6-CH), 126.4 (phen 2-CH), 126.4 (phen 6-CH), 127.5 (benzim 7a-C), 404 

128.1 (phen 4-CH), 129.2 (d, J = 8.2 Hz, f-phen 2-CH), 129.2 (d, J = 8.2 Hz, f-phen 6-CH), 129.5 405 

(benzim 3a-C), 129.7 (phen 3-CH), 129.7 (phen 5-CH), 133.3 (d, J = 3.2 Hz, f-phen 1-C), 134.0 (phen 406 

1-CH), 153.8 (benzim 2-CO), 162.3 (d, J = 247.4 Hz, f-phen 4-CF), 
19

F-NMR (471 MHz, CDCl3): δ 407 

(ppm) -113.68 (m, f-phen CF), MS: m/z (%) 361 (M
+
, 17), 331 (10), 210 (100), 181 (15), 167 (16), 408 

149 (29), 128 (17), 77 (19), 57 (20), 43 (12), HRMS: m/z calculated for C22H21FN3O [M + H]
+
: 409 

362.1669. Found: 362.1674. 410 

General procedure for the synthesis of 4-6 411 

Starting materials 18, 19 or 20 (1 mmol) and a solution of methylamine in EtOH (12.5 ml, 8 M) 412 

were heated in a sealed tube for 3 h at 80°C. After evaporation of the solvent, the crude reaction 413 

product was purified by column chromatography. 414 

1-(1-(4-Fluorophenyl)-3-(methylamino)propyl)-3-phenyl-1,3-dihydro-2H-benzimidazol-2-one 415 

(4) Yield: 48%, light orange resin, purification: silica gel 60, dichloromethane/methanol 9:1 and 416 

dichloromethane/ethyl acetate/methanol 7:2:1, 
1
H-NMR (400 MHz, CDCl3): δ (ppm) 2.42 (s, 3H, 417 

NHCH3), 2.57-2.74 (m, 4H, 2’-CH2, 3’-CH2), 3.15 (br s, 1H, NHCH3), 5.76-5.79 (m, 1H, 1’-CH), 418 

6.88-6.90 (m, 1H, benzim 7-CH), 6.97-7.05 (m, 4H, benzim 5-CH, benzim 6-CH, f-phen 3-CH, f-phen 419 

5-CH), 7.07-7.10 (m, 1H, benzim 4-CH), 7.39-7.43 (m, 1H, phen 4-CH), 7.46-7.57 (m, 6H, f-phen 2-420 

CH, f-phen 6-CH, phen 2-CH, phen 3-CH, phen 5-CH, phen 6-CH), 
13

C-NMR (100 MHz, CDCl3): δ 421 

(ppm) 30.6 (2’-CH2), 35.9 (NHCH3), 48.3 (3’-CH2), 53.1 (1’-CH), 108.9 (benzim 4-CH), 109.5 422 

(benzim 7-CH), 115.5 (d, J  = 21.5 Hz, f-phen 3-CH), 115.5 (d, J = 21.5 Hz, f-phen 5-CH) 121.4 423 

(benzim 5-CH), 121.8 (benzim 6-CH), 126.0 (phen 2-CH), 126.0 (phen 6-CH), 127.7 (phen 4-CH), 424 

128.0 (benzim 7a-C), 129.0 (d, J = 8.1 Hz, f-phen 2-CH), 129.0 (d, J = 8.1 Hz, f-phen 6-CH), 129.4 425 

(benzim 3a-C), 129.5 (phen 3-CH), 129.5 (phen 5-CH), 134.4 (phen 1-CH), 134.6 (d, J = 3.4 Hz, f-426 

phen 1-CH), 153.5 (benzim 2-CO), 162.1 (d, J = 246.7 Hz, f-phen 4-CF), 
19

F-NMR (471 MHz, 427 

CDCl3): δ (ppm) -114.36 (m, f-phen 4-CF), MS: m/z (%) 375 (M
+
, 16), 210 (57), 181 (10), 167 (12), 428 

150 (10), 109 (22), 97 (16), 71 (27), 57 (78), 44 (100), HRMS: m/z calculated for C23H23FN3O [M + 429 

H]
+
: 376.1825. Found: 376.1821. 430 
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1-(4-fluorophenyl)-3-(3-(methylamino)-1-phenylpropyl)-1,3-dihydro-2H-benzimidazol-2-one 431 

(5) Yield: 29%, light yellow crystals, mp. 100°C-102°C, purification: silica gel 60, 432 

dichloromethane/methanol 9:1 and RP-18 silica gel methanol/water 9:1 and 7:3, 
1
H-NMR (200 MHz, 433 

CDCl3): δ (ppm) 2.53 (s, 3H, NHCH3), 3.13 (br s, 4H, 2’-CH2, 3’-CH2), 5.77-5.81 (m, 1H, 1’-CH), 434 

6.96-7.03 (m, 4H, benzim 4-CH, benzim 5-CH, benzim 6-CH, benzim 7-CH), 7.16-7.34 (5H, f-phen 3-435 

CH, f-phen 5-CH, phen 4-CH, phen 2-CH, phen 5-CH), 7.49-7.56 (m, 4H, f-phen 2-CH, f-phen 6-CH, 436 

phen 2-CH, phen 6-CH), due to limited resolution of the measuring apparatus, proton NH could not be 437 

detected, 
13

C-NMR (50 MHz, CDCl3): δ (ppm) 27.6 (2’-CH2), 33.1 (NHCH3), 47.0 (3’-CH2), 54.2 (1’-438 

CH), 108.8 (benzim 4-CH), 109.9 (benzim 7-CH), 116.6 (d, J = 23 Hz, f-phen 3-CH), 116.6 (d, J = 23 439 

Hz, f-phen 5-CH), 122.1 (benzim 5-CH), 122.6 (benzim 6-CH), 127.2 (phen 2-CH), 127.2 (phen 6-440 

CH), 127.7 (phen 4-CH), 128.3 (d, J = 6 Hz, f-phen 2-CH), 128.3 (d, J = 6 Hz, f-phen 6-CH), 128.4 441 

(benzim 7a-C), 128.9 (phen 3-CH), 128.9 (phen 5-CH), 129.2 (benzim 3a-C), 129.7 (d, J = 3 Hz, f-442 

phen 1-C), 136.9 (phen 1-C), 153.4 (benzim 2-CO), 161.7 (d, J = 248 Hz, f-phen 4-CF), MS: m/z (%) 443 

375 (M
+
, 11), 330 (7), 228 (50), 199 (7), 185 (9), 147 (17), 128 (26), 117 (8), 91 (13), 58 (34), 44 444 

(100), HRMS: m/z calculated for C23H23FN3O [M + H]
+
: 376.1825. Found: 376.1828. 445 

1-(2-fluorophenyl)-3-(3-(methylamino)-1-phenylpropyl)-1,3-dihydro-2H-benzimidazol-2-one 446 

(6) Yield: 30%, yellow crystals, mp. 92°C-93°C, purification: silica gel 60, dichloromethane/methanol 447 

9:1 and RP-18 silica gel methanol/water 9:1 and 7:3, 
1
H-NMR (200 MHz, CDCl3): δ (ppm) 2.57 (s, 448 

3H, NHCH3), 3.01-3.15 (m, 4H, 2’-CH2, 3’-CH2), 5.75-5.86 (m, 1H, 1’-CH), 6.83-6.87 (m, 1H, 449 

benzim 4-CH) 6.98-7.05 (m, 3H, benzim 5-CH, benzim 6-CH, benzim 7-CH), 7.25-7.42 (m, 5H, f-450 

phen 3-CH, f-phen 6-CH, phen 3-CH, phen 4-CH, phen 5-CH), 7.48-7.61 (m, 4 H, f-phen 4-CH, f-451 

phen 5-CH, phen 2-CH, phen 6-CH), due to limited resolution of the measuring apparatus, proton 452 

NHCH3 could not be detected, 
13

C-NMR (50 MHz, CDCl3): δ (ppm) 27.7 (2’-CH2), 33.2 (NHCH3), 453 

46.9 (3’-CH2), 53.5 (1’-CH), 109.0 (benzim 4-CH), 110.1 (benzim 7-CH), 117.1 (d, J = 19.5 Hz, f-454 

phen 3-CH), 122.2 (benzim 5-CH), 122.7 (benzim 6-CH), 125.1 (d, J = 3.0 Hz, f-phen 6-CH), 127.3 455 

(phen 2-CH), 127.1 (phen 6-CH), 128.3 (phen 4-CH), 128.9 (phen 3-CH), 128.9 (phen 5-CH), 129.5 456 

(f-phen 5-CH), 130.7 (d, J = 4.5 Hz, f-phen 4-CH), 136.5 (phen 1-C), 153.6 (benzim 2-CO), 157.6 (d, 457 

J = 250.5 Hz, f-phen 2-CF), due to limited resolution of the measuring apparatus, quaternary carbon f-458 

phen 1-C could not be detected, MS: m/z (%) 375 (M
+
, 17), 318 (10), 228 (82), 199 (9), 185 (9), 147 459 

(16), 128 (35), 117 (9), 91 (20), 58 (43), 44 (100), HRMS: m/z calculated for C23H23FN3O [M + H]
+
: 460 

376.1825. Found: 376.1822.  461 

3.3. Computational Methods 462 

The ligand structures were built in the protonated form using Molecular Operating Environment 463 

(MOE) 2013.
42

 Homology models of human NET, SERT and DAT were obtained from the Drosophila 464 

dopamine transporter template (dDATcryst, PDB id 4M48
43

), by selecting the model with the most 465 

favorable Discrete Optimized Protein Energy (DOPE) of 250 generated by Modeller 9.11.
44

 The co-466 

crystallized inhibitor nortriptyline was retained during model generation and the compounds were 467 

docked in the same site using Genetic Optimization for Ligand Docking (GOLD) 5.2.
45

 One hundred 468 
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poses per ligand (i.e. five hundred poses per protein target) were generated based on the GoldScore 469 

scoring function, while keeping the ligand flexible and the protein rigid. 470 

The common chemical scaffold, i.e. the reference compound, was extracted from the resulting 471 

poses, analogous to the methods of our previous study.
46

 Cluster analysis was performed based on 472 

Euclidian distance and complete linkage of the root-mean square deviation of the ligand’s heavy atoms 473 

matrix using XLStat.
47

 The dendrogram was cut at eight clusters and the ones containing all five 474 

ligands were selected. 475 

Figure 5. Left column: Overlay of compounds 1, 2, and 4-6 (maroon) in binding hypothesis 1 and 476 

comparison with the co-crystal pose of nortriptyline (31) (green). In NET, V148 allows more space 477 

than I172 in SERT. The angle between ligand ring 2 and 3 is ca. 60° in all poses. Right column: 478 

Overlay of compounds 1, 2, and 4-6 (maroon) in binding hypothesis 2. In NET, V148 still allows more 479 

space than in hSERT, whereas E439 might disrupt ligand ring 3. DAT lacks a more potent stacking 480 

interaction due to F155 as compared to NET[Y151] and SERT[Y175]. Binding mode 2 poses are more 481 

in agreement with the co-crystal pose. The angle between ligand ring 2 and 3 is almost 90° in all poses.  482 
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4. Conclusions  497 

In conclusion, four new final compounds have been synthesized within the scope of this work, 498 

which aimed at the development of new, selective, high affinity references for the imaging of the NET 499 

system via PET. Whilst methylamines 4-6 (FAPPI:1-3) represent reference compounds for their later 500 

prepared radioactive analogs, additionally prepared free amine 25 (APPI:1) will serve as precursor for 501 

radiolabeling. Compounds 4-6 will be evaluated for affinity and selectivity towards the NET and 502 

additionally will be subject of lipophilicity and blood brain barrier penetration experiments at the 503 

Medical University of Vienna. Docking studies indicate that fluorinated methyl amines 4-6 (FAPPI:1-504 

3) bind in an analogous way to the NET as reference compound 1. Thus these compounds (4-6) are 505 

promising candidates for biological evaluation. The most promising derivatives regarding their 506 

suitability as NET ligands will then be selected for the further development of new and selective PET 507 

tracers for the NET, which will comprise either a [
11

C]methylamine, [
18

F]fluoroalkyl amine or 508 

[
18

F]fluorobenzene radiolabel, respectively. The results of ongoing studies on affinity, selectivity and 509 

lipophilicity of the discussed compounds, will be published in a following paper. 510 
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