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1 Introduction 
1.1 1,4-Dihydropyridines 
The 1,4-dihydropyridine (1,4-DHP) scaffold 1 is a structural element present in a 

multitude of drugs, synthetic intermediates and natural products. The importance of 

1,4-DHPs can be highlighted by two major discoveries – the identification of the 

1,4-DHP scaffold in nicotinamide adenine dinucleotide (NADH) (2) and the finding 

of the antihypertensive effect of many 1,4-DHPs.1  

NADH (2) is an essential coenzyme which together with its phosphorylated 

counterpart NADPH and their oxidized forms, i.e. NAD+ and NADP+, takes part in 

cellular metabolism and energy production. Being responsible for many enzymatic 

redox reactions, NADH (2) and NAD+ play a vital role as hydride-donating or 

hydride-accepting coenzymes, respectively.2 

The possibility to treat cardiovascular diseases with compounds inheriting a 

1,4-DHP nucleus was recognized by Bossert and Vater at Bayer AG and has led to 

the development of a multitude of drugs such as Nifedipine (3) or Nimodipin (4).1a,3 

Nifedipine (3) (Adalat®),  the first generation of DHP-based calcium channel 

blockers, is still in use for the treatment of angina pectoris.4 Later on, with the second 

and third generation of dihydropyridine type calcium antagonists including 

Nimodipine (4), drugs with improved pharmacokinetics were introduced to address 

angina pectoris, hypertension, posthemorrhagic cerebral vasospasm and 

supraventricular tachycardia.1a,3a  
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Figure 1   Structures of 1,4-dihydropyridine (1), NADH (2), the drug Nifedipine (3) and 

Nimodipine (4). 
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Besides their use as cardiovascular agents, 1,4-DHPs have been suggested as 

promising multidrug-resistance-reversing agents in cancer chemotherapy, as 

antimycobacterial and anticonvulsant agents. Even neurodegenerative diseases as 

Parkinson’s disease (PD) and dementia may be treated with highly lipophilic 

1,4-DHPs, for instance with Nimodipin (4), which can enter the brain and prevent 

cerebral ischemia.1b,3a 

Already in 1882 the first syntheses of 1,4-dihydropyridines were reported by 

Hantzsch.5 A simple condensation reaction of an aldehyde (5), a β-ketoester (6) and 

ammonia led to the desired polysubstituted 1,4-dihydropyridine. For the synthesis 

of a symmetric Hantzsch-type 1,4-DHP such as Nifedipine (3) simply two 

equivalents of the β-ketoester are used in this one pot multicomponent condensation 

reaction. The selective synthesis of asymmetric 1,4-DHPs can be achieved by the 

reaction of precondensed intermediates (8 + 9)  formed from aldehyde 5 and 

β-ketoester 6 (→ 8) or ammonia and another β-ketoester 7 (→ 9) structurally 

different from the first one.1b,4  

 
 
Scheme 1   General scheme for Hantzsch-type dihydropyridine syntheses. 

 

Another common approach to access 1,4-DHPs is the addition of nucleophiles to 

pyridinium salts 13. To obtain these, initially pyridines (11) have to be reacted with 

an electrophile. Commonly N-acylpyridinium or N-alkylpyridinium salts are 

generated which are then reacted with organometallics, often organocuprates, to 

ensure a preferred addition of the nucleophile to the 4-position (→ 14) of the former 

pyridine (11). However, also organozinc, organotin and organomagnesium 
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compounds have been employed in syntheses of 1,4-DHPs from pyridinium salts. 

The selectivity for the nucleophilic 4-addition to the pyridinium salt depends on the 

activating agent, the substitution pattern of the pyridine ring and the nature of the 

organometallic species. With substituents in the 3-position of the pyridinium species 

serving as chiral auxiliaries even diastereoselective syntheses of 1,4-DHPs have 

been exploited.6 

 
 
Scheme 2   1,4-Addition of an organometallic reagent to a pyridinium salt (13) 

(Act = activator). 

 

1.1.1 N-Silyl protected 1,4-dihydropyridines 
A variation of the aforementioned possibilities to access 1,4-DHPs via pyridinium 

salts, although far less explored, is the synthesis of 1,4-DHPs starting from N-silyl 

pyridinium ions. Subsequent trapping of these with nucleophiles may grant access 

to N-silyl protected 1,4-DHPs. A first example for the preparation of such a 1,4-DHP 

can be found in the synthesis of 1,4-bis(trimethylsilyl)-1,4-dihydropyridine (15) by 

Sulzbach. By the addition of pyridine (11) to a trimethylsilyl chloride/ lithium 

dispersion the 1,4-DHP 15 could be obtained which was easily oxidized to 

4-trimethylsilylpyridine (16) by oxygen in the next step.7 The usefulness of 

1,4-DHP 15 was later on demonstrated by Tsuge et al. who used 1,4-DHP 15 as 

starting material in syntheses of 3-substituted pyridine derivatives (17).8  
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Scheme 3   Synthesis and applications of 1,4-bis(trimethylsilyl)-1,4-dihydropyridine (15). 

With the discovery of Akiba et al. that by the reaction of pyridine (11) via the 

corresponding pyridinium ion 18 generated in situ upon treatment with silyl triflate 

with grignard reagents 4-substituted pyridine derivatives 20 can be accessed in high 

yields and with high regioselectivities, for the first time a convenient synthetic 

approach towards 4-substituted pyridines 20 via N-silyl 1,4-DHPs was found. As the 

for the activation initially used trimethylsilyl triflate was prone to attack by the 

employed nucleophile and therefore could not adequately serve its function as 

pyridine activator, leading to low yields and excessive side product formation, for 

subsequent reactions sterically more demanding tert-butyldimethylsilyl triflate 

(TBDMSOTf) was used. Thus, Pyridine (11) activated by TBDMSOTf was reacted 

with a variety of alkyl and aryl grignard reagents to form 4-monosubstituted 

N-silyl-1,4-DHPs 19, which were then oxidized by oxygen to the corresponding 

4-substituted pyridine derivatives 20.9 

 
 
Scheme 4   Preparation of 4-substituted pyridines (20) via 4-monosubstituted 

N-silyl-1,4-DHPs (19) according to Akiba et al.9  
  

Analogously, Bennasar et al. activated methyl nicotinate by reaction with 

TBDMSOTf and added a phenyl residue to the formed pyridinium ion via a grignard 
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reagent to obtain a 4-phenyl substituted N-silyl-1,4-DHP, which was then further 

processed to an asymmetrically substituted Hantzsch dihydropyridine.10 The 

concept of activating a nitrogen containing heterocycle with a silyl triflate was 

extended by Mani et al. on quinoline. They generated several quinolinium salts with 

different silyl triflates and studied the addition of ethylmagnesium bromide to these.11 

During studies on the diastereoselective 2-addition of ethylmagnesium bromide to 

4-phenylpyridine (21), after its activation by reaction with a chiral acid chloride (22) 

to give N-acyl pyridinium ion 24, Bräckow observed an unexpected formation of a 

4,4-disubstituted N-silyl 1,4-DHP 28. The silyl species triisopropylsilyl triflate 

(TIPSOTf, 23), originally added to promote the formation of the N-acylpyridinium 

salt 24 by an equilibrium shift, had given rise to the formation of N-silyl pyridinium 

salt 27 in a side reaction. The addition of the grignard reagent to this pyridinium 

salt 27 had then finally led to the formation of the 4,4-disubstituted N-silyl 

1,4-DHP 28.12  

 

Scheme 5   Studies on the alkylation of N-acyl pyridinium salts in presence of TIPSOTf 

by Bräckow et al.12 
 

Further investigation of this side reaction revealed that also n-butyl and benzyl 

grignards could be added to pyridinium salt 27 leading to the corresponding 

4,4-disubstituted N-silyl 1,4-DHPs whereas the alkylation of 27 failed with methyl- 

and phenyl grignards, organocuprates, organolithium and organozinc compounds. 

With the application of bisorganomagnesium compounds instead of grignard 

reagents and hence an exclusion of halide ions, which were assumed to shift the 
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equilibrium of the pyridinium salt formation to the side of the pyridine because of 

their higher nucleophilicity as compared to triflate, this type of reaction could finally 

be developed to a convenient method for the alkylation of 4-substituted pyridinium 

salts. After an initial activation of the 4-substituted pyridine derivates 29 with 

TIPSOTf followed by trapping of the intermediate pyridinium ions 30 with 

bisorganomagnesium compounds for the first time many 4,4-disubstituted N-silyl 

1,4-DHPs 31 could be obtained in high yields and with a good regioselectivity for 

the addition of the nucleophile. However, allyl, methyl and phenyl derived 

bisorganomagnesium compounds led predominantly to the formation of 

2,4-disubstituted 1,2-DHPs (32) and their oxidized pyridine counterparts as main 

products.13     

 
 
Scheme 6   Synthesis of 4,4-disubstituted 1,4-DHPs (31) according to Bräckow et al.13  

 

The described method was later successfully applied by Sperger et al. to the 

synthesis of 4-mono and 4,4-disubstituted 1,4-dihydronicotinates starting from 

methyl nicotinate14 and with the work of Schmaunz et al. the scope of the method 

was further broadened.15 Finally Rappenglück et al. used the method to introduce a 

tert-butyl residue in the 4-position of varying 3-substituted pyridine derivatives 

employing bis(tert-butyl)magnesium as nucleophile. The initially obtained 

3,4-disubstituted N-silyl 1,4-DHPs were then transferred in a successive oxidation 

reaction with sulfur in naphthalene to the desired 3,4-disubstituted pyridines with a 

tert-butyl moiety in 4-position.16   
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1.2 Fused and bridged polycyclic compounds 
Polycycles are ubiquitous structural elements involved in almost every aspect of life. 

Prominent polycyclic compounds with fused cycles are the nucleobases adenine 

and guanine, as part of the DNA essential for the storage of the genetic information, 

or cholesterol which is an important component of cell walls and serves as precursor 

for all steroid hormones.17 Also in medicine and drug development polycycles are of 

considerable importance. Due to the protruding relevance of nitrogen containing 

heterocycles in bioactive substances, in many pharmaceutically applied polycyclic 

compounds N-heterocyclic subunits can be found. In 2014 out of 1100 FDA 

approved small molecule drugs 640 substances contained a N-heterocycle, with the 

latter being part of a polycyclic scaffold in approximately 200 cases.18 

 
 

NH2

 

pentacycloundecane 

derivative (33) 
amantadine (34) memantine (35) 

    
Figure 2   Structures of polycyclic compounds applied in medicine or as pharmacological 

tool. 
 

Based on their molecular properties polycycles inheriting bridges or displaying cage 

like structures are especially interesting for drug development and application. 

Bridges reduce the flexibility of polycyclic scaffolds and in consequence also of the 

attached substituents, leading to structures of high rigidity with well-defined 

three-dimensional geometries. This improves binding to a target as due to a 

decrease of the structural flexibility the conformational entropy penalty is lowered.19 

Furthermore, the stiffening brings about structures of high stability what may slow 

down their metabolic degradation. Polycyclic cages are often hydrocarbon rich 

structures with high lipophilicity and thus can facilitate the crossing of the blood brain 

barrier (BBB), which makes them particularly appealing as structural element in 

drugs addressing neurological diseases. Hence, polycyclic cage compounds may 

be used as carrier molecules to deliver drugs to the brain. A pharmacological tool 

prepared for this purpose is the pentacycloundecane derivative 33, which was 
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designed as a prodrug for an in-brain ibuprofen release to counteract inflammation 

which often plays an important role in neurodegenerative diseases.19a,19b,20 

However, bridged polycycles are also applied to address neurodegenerative 

diseases directly. For instance, the structurally simple cage compound 

amantadine (34) is used to lessen symptoms of Parkinson’s disease or the 

structurally closely related memantine (35), bearing two additional methyl groups at 

the bridge heads, is applied to treat neurodegenerative symptoms of Alzheimer 

disease (AD).21  

 

1.2.1 2-Azabicyclo[2.2.2]octanes 
The occurrence of the isoquinuclidine {2-azabicyclo[2.2.2]octane} ring system 36 in 

many natural products with interesting pharmacological properties has drawn 

considerable attention to this bridged bicyclic scaffold.22 Important representatives 

of substances incorporating a 2-azabicyclo[2.2.2]octane skeleton are the alkaloids 

dioscorine (37) and ibogaine (38). The toxic alkaloid dioscorine (37) can be found in 

tropical yam tuber and shows antifeedant and insecticidal properties, most likely due 

to its interaction with the nicotinic acetylcholine receptor leading to a suppression of 

the respective neuronal signal transduction.23 Ibogaine (38), a psychoactive 

alkaloid, has been extensively investigated for its antiaddictive properties and might 

offer new perspectives in the development of pharmacotherapies countering drug 

addiction.24  

 
  

36 37 38 
   

Figure 3   Structures of 2-azabicyclo[2.2.2]octane (36), dioscorine (37) and 

ibogaine (38). 
 

As a consequence of the biological importance of the isoquinuclidine scaffold, a 

multitude of synthetic routes for its construction were developed, mostly relying on 

an intramolecular ring closure or a Diels-Alder cycloaddition reaction.22,25 In case of 

the construction of 2-azabicyclo[2.2.2]octanes via cycloaddition reactions 
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pyridines,26 pyridones,27 1,2-dihydropyridines28 or 1,4-dihydropyridines15a,29 were 

employed as starting material for the generation of 2-azabutadienes serving as 

reaction intermediates.  

An example for the formation of an isoquinuclidine scaffold via a Diels-Alder reaction 

of a 1,2-dihydropyridine derivative can be found in the total synthesis of 

catharanthine (42) by Raucher and Bray from 1985. They employed 

N-methoxycarbonyl-5-ethyl-1,2-dihydropyridine (39) as diene and methyl 

2-chloroacrylate (40) as dienophile in a cycloaddition reaction to access the 

2-azabicyclo[2.2.2]octane core 41 of catharanthine (42).30  As the Iboga alkaloid 

catharanthine (42) can be employed as precursor for the synthesis of vinblastine 

and vincristine, two strong anticancer chemotherapeutic agents, synthetic ways to 

access this alkaloid with its bridged skeleton continue to be investigated.30-31 

 
 

Scheme 7   Preparation of the 2-azabicyclo[2.2.2]octane core 41 of catharanthine (42) 

according to Raucher and Bray.30 
 

The isoquinuclidine scaffold also proved to be a highly useful and versatile 

intermediate in the synthesis of the antiviral drug oseltamivir (47) (Tamiflu®) 

reported by Fukuyama et al. The 2-azabicyclo[2.2.2]octane intermediate 46 was 

obtained similar to the synthesis of catharanthine (42), via an Diels-Alder reaction 

of the 1,2-dihydropyridine 43 with acroleine (44) as the dienophile. In order to 

access the formation of the desired enantiomer, Fukuyama et al. performed an 

asymmetric Diels-Alder reaction employing imidazolidinone 45 (MacMillan) as 

catalyst.32  
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Scheme 8   Application of an 2-azabicyclo[2.2.2]octane intermediate in the synthesis of 

oseltamivir (47) by Fukuyama et al.32 (Cbz ≡ benzyloxycarbonyl) 
 

Diels-Alder reactions to build up an isoquinuclidine scaffold starting from 1,4-DHPs 

require an activation of the 1,4-DHP system to a 2-azadiene before the cycloaddition 

reaction can take place. Hartman et al. described a variety of inter- and 

intramolecular Diels-Alder reactions with 4-aryl substituted Hantzsch type 

1,4-DHPs.29a,29b 

 

 
 

Scheme 9   Inter- and intramolecular Diels-Alder reactions with Hantzsch type 1,4-DHPs 

performed by Hartman et al.29  
 

To activate the 1,4-DHPs (48 or 51) and generate the required 2-azadiene 

intermediates, they employed either Brönsted (HCl) or Lewis acids (TiCl4, AlCl3, 

BF3 ∙ OEt2). For intermolecular cycloaddition reactions dienophiles like styrene and 

cyclopentadiene but also heteroaromatics as furan or thiophene were used.29c,29d 
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To carry out intramolecular cyclization reactions first suitable precursors such as 51 

were prepared, e.g. 4-aryl substituted 1,4-DHPs that carried either a heteroaromatic 

or an alkenyl function in the ortho-position of the 4-aryl residue, which then gave 

access to highly substituted 2-azabicyclo[2.2.2]octanes 52.29a,29b 

Further inter- and intramolecular Diels-Alder reactions with 1,4-DHPs were carried 

out by Schmaunz in our group. She employed 4,4-disubstituted N-silyl-1,4-DHPs as 

31 or 55 as starting material and generated the necessary 2-azadiene system by 

adding HCl in ethanol. For the successive cycloaddition reaction either 

cyclopentadiene or an ω-alkenyl moiety attached to the 4-position of the former 

1,4-DHP were utilized as dienophile. That way several tricyclic compounds, 53 or 
56, inheriting a 2-azabicyclo[2.2.2]octane skeleton could be obtained, of which 

compounds 53 served as excellent precursors in subsequent intramolecular 

Friedel-crafts type cyclization reactions to access polycycles 54 containing a 

7,8-benzomorphane subunit.15a  

 

 
 
Scheme 10   Inter- and intramolecular Diels-Alder reactions with N-silyl-1,4-DHPs 

performed by Schmaunz.15a  
 

1.2.2 1,5-Ring-fused Imidazoles 
The heterocyclic motif of imidazoles is a basic structural element in chemistry that 

is found in almost every aspect of life.33 Hence it is not surprising that also 

1,5-ring-fused imidazole derivatives 57 are quite common. A search on imidazoles 

fused to another ring system in 1- and 5-position, without restrictions to composition 

and size of the second cycle, revealed more than half a million hits on this structural 
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motif in the SciFinder® database.34 An important substance incorporating a 

1,5-ring-fused imidazole substructure is the imidazo-benzodiazepine drug 

Flumazenil (58). In contrast to structurally related benzodiazepine pharmaceuticals 

Flumazenil (58) acts as an antagonist at the benzodiazepine receptor and 

consequently is able to attenuate or suspend the effects of drugs binding to the 

same target. As a result, Flumazenil (58) is used to antagonize the sedative effect 

of benzodiazepines post operational or in case of an intoxication. It further may help 

to reduce benzodiazepine tolerance and consequently could be used to manage 

benzodiazepine withdrawal.35 

   
 
Figure 4   Structures of a 1,5-ring-fused imidazole 57, Flumazenil (58) and 

Fadrozole (59). 
 

Another example for a drug with a 1,5-ring-fused imidazole is the non-steroidal 

aromatase inhibitor Fadrozole (59) used in the treatment of hormone-responsive 

breast cancer. As Fadrozole (59) is a highly potent reversible inhibitor of the enzyme 

complex responsible for the aromatization of the estrogen precursors, it may 

effectively suppress estrogen production in postmenopausal women and 

accordingly inhibit the growth of hormone receptor-sensitive breast cancer.36  

Though the many synthetic methods addressing the preparation of 1,5-ring-fused 

imidazoles are highly variable, usually the synthetic approaches either demand the 

construction of the second cycle that is fused to the imidazole ring or, vice versa, 

the imidazole ring is to be attached to a given ring system. An example for the 

construction of the second cycle starting from an imidazole derivative can be found 

in the work of Chen et al. and Pierre et al.37 They employed 1-aryl substituted 

5-ethoxycarbonylimidazole derivatives 60 as starting material. Upon reduction of the 

ortho-nitro group of the aryl substituent this compound, 60, could be cyclized via an 

intramolecular aminolysis of the ester function yielding 62. 
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Scheme 11   Construction of 1,5-ring-fused imidazoles via an intramolecular reductive 

cyclization reaction according Chen et al. and Pierre et al.37 

The construction of the anellated cycle of 1,5-ring-fused imidazoles via 

intramolecular cyclization of 1,5-disubstituted imidazole derivatives was studied 

extensively by Gracias et al. For instance, they used imidazole derivatives 

substituted in 1- and 5-position with moieties carrying a terminal alkene function, 63, 

for ring-closing metathesis reactions giving 64.38 In further studies 1,5-disubstituted 

imidazoles displaying an alkynyl and an ω-alkenyl moiety were employed for enyne 

metathesis reactions.39 Other approaches to access 1,5-ring-fused imidazoles 

starting from 1,5-disubstituted imidazoles included intramolecular Heck reactions or 

alkyne-azide cycloaddition reactions.40 By the described methods the imidazole 

precursors could be efficiently transformed into 1,5-ring-fused imidazoles exhibiting 

diversely substituted 6-, 7- and 8-membered ring systems.  

 
 
Scheme 12   Application of ring-closing metathesis reactions for the construction of 

1,5-ring-fused imidazoles according to Gracias et al.38 
 

One among the many methods describing the preparation of the imidazole subunit 

within 1,5-ring-fused imidazole derivatives starting from nitrogen containing cyclic 

precursors was presented by Charette and Pelletier. They used 

N-(2-pyridylmethyl)amides 65 as starting materials in an intramolecular 

cyclodehydration/ aromatization reaction. After an initial activation of the amide by 

triflic acid anhydride a nucleophilic attack of the pyridine nitrogen on the former 

carbonyl carbon atom led to a cyclized intermediate, which finally reacted to 66. 
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Applying this method a multitude of imidazo[1,5-a]pyridines 66 were synthesized. 

Yet, the method also proved to be suitable for the preparation of 

imidazo[1,5-a]pyrazines, imidazo[1,5-a]quinolines and imidazo[1,5-a]iso-

quinolines.41  

N
H
N R2

O

R1

N
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N
R2

Tf2O
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65 66  
 
Scheme 13   Synthesis of Imidazo[1,5-a]pyridines 66 according to Charette and 

Pelletier.41  
 

For the synthesis of 1,5-ring-fused imidazoles by attaching the imidazole unit to an 

aromatic N-heterocycle also 2-methylquinolines 67, 1-methylisoquinolines or 

2-methylpyridines may serve as starting materials. Reddy et al. employed these 

substances in copper-promoted double oxidative C-H amination reactions with 

aliphatic amines to obtain the desired 1,5-ring-fused imidazole derivatives 68. The 

method gave access to a great variety of 1,5-annulated imidazoles carrying an 

additional aromatic, heteroaromatic or aliphatic residue in 2-position and a halide in 

4-position allowing further modification.42 

 
 
Scheme 14   Method for the synthesis of 1,5-ring-fused imidazole derivatives according 

to Reddy et al.42  
 

The van Leusen imidazole synthesis is a common, well-known method for the 

preparation of imidazoles. Consequently, it was also utilized for the preparation of 

1,5-ring-fused imidazoles. For the construction of an imidazole ring via the van 

Leusen imidazole synthesis besides the reagent tosylmethyl isocyanide (TosMIC) 

in combination with a base an imine is required. Thus for the preparation of the 
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1,5-ring-fused imidazoles 70 cyclic imines 69 had to been employed as starting 

materials.43 As cyclic imines are relatively rare as compared to their acyclic 

counterparts relatively few syntheses of the described ring-fused imidazoles were 

conducted via the van Leusen methodology.44 By means of these syntheses 

imidazobenzodiazepine derivatives,45 imidazo β-carboline derivatives46 or 

imidazopyrazinones47 were obtained, the latter of which served as intermediates in 

the synthesis of inhibitors for potential cancer treatment.  

 
 
Scheme 15   General scheme for a van Leusen imidazole synthesis starting from a cyclic 

imine 70.  
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1.3 GABAergic neurotransmission and treatment of GABA related diseases 
The proper functioning of the mammalian central nervous system (CNS) is highly 

dependent on the fine-tuned interaction of excitatory and inhibitory 

neurotransmitters. As a result, an imbalance within this system may lead to severe 

neurological disorders. The most important inhibitory neurotransmitter in the CNS is 

γ-aminobutyric acid (71) (GABA, Figure 5)48 and a malfunction in GABAergic 

neurotransmission is associated with a multitude of neurological diseases like 

Alzheimer’s disease (AD),49 Parkinson’s disease (PD),50 depression51 or epilepsy.52 

An isolated view on epilepsy alone demonstrates the importance of GABA related 

disorders as in 2019 more than 50 million people worldwide were affected by 

epileptic seizures. Though up to 70% of these sick people could become seizure 

free in case of an appropriate and low-cost medical supply with antiepileptic drugs 

still 30% of the patients continue to have seizures.53 As even those patients who are 

responsive to the treatment of their epilepsy are often affected by complex 

psychiatric, behavioral, cognitive or social problems the development of more potent 

pharmaceuticals with less side-effects remains an ongoing task in pharmaceutical 

industry and research.53b 

The neurotransmitter GABA (71) is synthesized in the presynaptic neurons via 

enzymatic decarboxylation of glutamate by glutamic acid decarboxylase (GAD) and 

successively stored in synaptic vesicles. Responsible for the transportation into 

these vesicles is the vesicular neurotransmitter transporter (VGAT). With an arriving 

action potential, the increasing calcium concentration in the presynaptic neuron 

triggers the release of GABA (71) from the storage vesicles into the synaptic cleft 

by exocytosis.48,54 In the synaptic cleft GABA (71) can bind to two GABA receptors 

denominated as GABAA and GABAB which can be found in the membrane of the 

pre- and the postsynaptic neuron.  However, the GABAA receptor is predominantly 

localized on post-synaptic neurons and mediates upon GABA-binding a chloride ion 

influx into the neuron consequently leading to a hyperpolarization of the neuron that 

inhibits neural signal transmission. In contrast, GABAB receptors can be found in the 

membrane of pre- and postsynaptic neurons. They are G-protein coupled receptors 

(GPCR) and their function varies depending on the membrane they are located on. 

Pre-synaptic GABAB receptors provoke a reduction in the calcium current at the 

nerve terminal upon GABA binding and hence reduce the probability for further 

calcium dependent GABA exocytosis. Contrary to this, an activation of GABAB 
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receptors located on the post-synaptic neuron leads to the hyperpolarization of the 

neuron by a downstream activation of potassium ion channels resulting in a 

facilitated efflux of this ion.48,54-55 

 
Figure 5   Schematic representation of the GABAergic neurotransmission. 

 

The inactivation of the GABAergic neurotransmission is mainly accomplished by 

removal of GABA (71) from the synaptic cleft into the presynaptic neuron or 

neighboring astrocytes. This is realized by high-affinity GABA transporters (GATs) 

located in the plasma membrane. GABA is mostly transported back into the 

presynaptic neuron where the majority is reutilized as neurotransmitter after 

reuptake into vesicles, though GABA may here also be metabolized into succinic 

semialdehyde by GABA transaminase (GABA-T) and then further degraded. This 

GABA (71) 
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degradation process likewise takes place in the glia cells surrounding the synaptic 

cleft.54,56 

The above described pathways involved in the GABAergic neurotransmission offer 

several possibilities to influence the GABA mediated inhibitory effect and 

consequently they were addressed to treat neurological diseases connected with a 

reduced GABAergic signaling. For instance, benzodiazepines, such as 

Diazepam (72), act as allosteric modulators of the GABAA receptors and enhance 

the chloride-ion dependent hyperpolarization by a structural change of the GABAA 

receptor that increases the agonist efficacy of GABA.57 The drug Baclofen (73) acts 

as a GABAB receptor agonist and thus is used to reduce the excitability of excitatory 

neurons in people suffering from spasticity. In order to keep up and enhance the 

GABAergic neurotransmission also the degradation of GABA may be blocked which 

can be achieved with Vigabitrin (74) which irreversibly binds to GABA transaminase 

(GABA-T)55b. Finally, the removal of GABA from the synaptic cleft may be 

suppressed by inhibition of the GABA transporters and thus a prolonged effect of 

GABA can take place. Yet, so far only the GAT inhibitor Tiagabine (75) has been 

introduced to the market and is used as add-on therapy in the management of 

epileptic seizures.58 

  
 

 
72 73 74 75 

 
Figure 6   Drugs interfering with the GABAergic neurotransmission and enhancing 

GABAergic signaling. 
 

1.3.1 GABA transporters  
GABA transporters exist in form of four subtypes which are termed GAT1, BGT1, 

GAT2 and GAT3 according to the nomenclature proposed by the Gene 

Nomenclature Committee of the Human Genome Organization (HUGO).59 In 

addition to this species independent denomination system also species specific 
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denotations of the GABA transporters can be frequently found in literature in which 

a prefix indicating the species of origin, such as r for rat, is added to the transporter 

name.60 However, the nomenclature of GATs originating from mouse tissue differs 

from the above-mentioned system as they are entitled mGAT1 (≡ GAT1), mGAT2 

(≡ BGT1), mGAT3 (≡ GAT2) and mGAT4 (≡ GAT3).60d As the GATs in the biological 

test system used for my study were cloned from mice, for the sake of consistency 

the denomination mGAT1-mGAT4 will be applied in this dissertation.  

For the understanding of the function of mGAT1-mGAT4 within the body the 

expression pattern of the GATs is of utter importance. It was found that the GABA 

transporter subtypes mGAT2 and mGAT3 are only weakly expressed in the brain 

but occur in high concentrations in kidney and liver. Based on their low expression 

in the brain, mGAT2 and mGAT3 are considered to play no significant role in the 

termination of the GABAergic signaling.61 In contrast, mGAT1 can be found in all 

parts of the brain were it is predominately located on presynaptic GABAergic 

neurons.60c,61c Also mGAT4 is expressed throughout the CNS albeit at lower 

concentrations as compared to mGAT1. As mGAT4 is located on the membranes 

of astrocytes neighboring GABAergic neurons it mediates glial GABA uptake and 

consequently GABA metabolization whereas mGAT1 is responsible for the reuptake 

of GABA into presynaptic neurons which is predominantly followed by GABA 

recycling.60b,61c,62 Hence mGAT1 and mGAT4 remain as promising targets for the 

treatment of diseases involving a reduced GABAergic signalling.  

As member of the solute carrier family 6 (SLC6) the four GATs employ the 

co-transport of sodium and chloride ions as driving force to translocate their 

substrate GABA through the cell membrane. In consequence, they and the 

remaining 16 members of this gene family, who likewise make use of the 

co-transport of sodium ions as driving force, are also termed neurotransmitter 

sodium symporters (NSS).63 For the  transport of GABA by GATs a stoichiometry of 

two sodium ions and one chloride ion per equivalent of GABA was assumed for a 

long time, yet more recent findings suggest a stoichiometry of 3:1:1 

(Na+:Cl-:GABA).64 

Though so far no three-dimensional structure of the GATs was elucidated the 

structure and functioning of these SLC6 transporters is generally well understood. 

After the initial isolation of rGAT1 from rat brain and subsequent sequencing and 
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cloning by Guastella et al. the remaining GATs were cloned and sequenced and 

showed a high degree of amino acid identity among each other (52%-68%).62a,65 A 

high degree of amino acid sequence identity was also observed for the substrate 

binding site of prokaryotic leucine transporter LeuTAa from the bacteria Aquifex 

aeolicus with the substrate binding site of the transporters of the SLC6 family. 

Accordingly, this transporter accounts as valuable model for the comprehension of 

the three-dimensional structure and functioning of the eukaryotic 

SLC6-transporters, especially as LeuTAa has been crystallized in presence of its 

substrate and two sodium ions by Yamashita et al. in 2005.66 With the more recently 

conducted successful crystallizations and X-ray structure analyses of the dopamine 

transporter from Drosophila melanogaster (dDAT) and the human serotonin 

transporter (hSERT), both being eukaryotic SLC6-transporters, the solidity of 

LeuTAa as homology model for the understanding of SLC6-transporters was 

confirmed.67 

The structure of the LeuTAa transporter is determined by twelve transmembrane 

helices (TM1-TM12) that are connected by loops in the intra- and extracellular 

space. Both the amino- and the carboxy-terminus are located intracellularly and 

within the first ten helices an internal structural repeat occurs among TM1-5 and 

TM6-10. These two sets of helices are arranged in a C2-pseudosymmetric manner 

leading to an antiparallel orientation of TM6-10 as compared to TM1-5.66b  

Figure 7   Secondary structure of the LeuTAa transporter. The position of the binding site 

(S1) is indicated by the substrate leucine (yellow triangle) and two sodium ions 

(blue circles).66b  
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The primary substrate binding site (S1) is located roughly in the middle of the 

membrane bilayer within the four transmembrane helices TM1, TM3, TM6 and TM8. 

Two of these helices, TM1 and TM6, are unwound halfway across the membrane 

allowing additional hydrogen bonding and ion coordination with the substrate and 

the sodium ions at the binding site.66b 

With the crystallization of LeuTAa by Yamashita et al.66b and subsequent 

crystallographic analyses of this transporter in different states with and without a 

substrate or inhibitor bound by Gouaux et al.68 the for a long time assumed transport 

mechanism according to the “alternating access model” for the SLC6-transporters 

could be verified.69 According to the findings the transporter first displays an 

outward-open conformation with a funnel-like cavity allowing the substrate and 

co-substrates to access the central binding site (S1). A direct passage through the 

transporter is blocked by a closed intracellular gate consisting of amino acids from 

TM1, TM6 and TM8 within this state. Upon substrate binding conformational 

changes mediate the closure of the extracellular gate, trapping the substrate and 

sodium ions in the binding site. Starting from this outward-occluded state further 

conformational changes lead to the opening of the intracellular gate resulting in an 

inward-open state of the transporter finally allowing substrate release.66b,68  

Figure 8   Schematic of the transport mechanism in LeuTAa according to Gouaux et al.68a 
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In addition to the substrate binding site (S1) at the bottom of the extracellular 

vestibule above the extracellular gate a second binding site (S2) in LeuTAa exists.63b 

This binding site (S2) is assumed to be able to accommodate another substrate 

molecule which upon binding could trigger conformational changes that are 

responsible for the release of the substrate from the central binding site (S1) into 

the cytoplasm.70 Though the hypothesis of the second binding site being responsible 

for the allosteric release of the substrate is still under debate,71  the importance of 

S2 in LeuTAa as binding pocket for non-competitive inhibitors was unequivocally 

proven.71a,72 Recently, with the crystallization of hSERT, an allosteric binding site 

located above the extracellular gate was identified in the structure of a transporter 

of the SLC6-family directly.67c  

 

1.3.2 GAT inhibitors 
Seeing that a dysregulation in GABAergic neurotransmission is involved in a 

multitude of neurological disorders the possibility to influence GABA concentrations 

by inhibition of the GABA transporters and hence to restore a proper function of the 

GABAergic system was intensively investigated. 

One of the first compounds identified to inhibit the GABA uptake was the alkaloid 

muscimol (76) from the fly agaric mushroom. Muscimol (76) acts as a GABA 

analogue and binds not only to GATs but also to GABAA where it displays potent 

receptor agonist activity. Attempts to retain the GAT activity of muscimol (76) and 

selectively address the GAT transporters led to the first selective, yet still only mildly 

potent GABA reuptake inhibitor THPO (77). Within THPO (77) the amino function 

was rigidized in a ring and its spatial orientation relative to the isoxazol-3-ol was 

altered.58b A further conversion of this isoxazol-3-ol subunit in THPO (77) to a 

bioisosteric carboxylic acid function led to the generation of nipecotic acid (78) and 

guvacine (79), two reasonably potent GAT inhibitors. These conformationally 

restricted small amino acids display almost the same inhibitory potency as the 

natural substrate GABA (71) at the four different GABA transporters 

mGAT1-mGAT4. However, they do not show any subtype selectivity except for 

mGAT2 which is not as efficiently inhibited as the remaining GATs, mGAT1, mGAT3 

and mGAT4. Among the two enantiomers of nipecotic acid (78), the (R)-enantiomer 
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(R)-78 exhibits significantly higher inhibitory potencies at all four GATs as compared 

to the (S)-enantiomer (S)-78.58b,73 

Table 1   Low molecular weight GAT inhibitors and their inhibitory potencies (pIC50). 

 
GABA (71) 

 
muscimol (76) 

 
THPO (77) 

 
(R,S)-nipecotic 

acid (78) 

 
(R)-nipecotic 

acid [(R)-78] 

 
(S)-nipecotic 

acid [(S)-78] 
 

guvacine (79) 

compound 
GABA uptake inhibition (pIC50 ± SEM)a 

mGAT1 mGAT2 mGAT3 mGAT4 

GABA (71) 5.14 ± 0.09 4.56 ± 0.06 4.94 ± 0.09 5.18 ± 0.13 

(R,S)-(78)b 4.88 ± 0.10 3.10 ± 0.09 4.64 ± 0.07 4.70 ± 0.07 

(R)-(78)b 5.19 ± 0.03 3.39 ± 0.05 4.76 ± 0.05 4.95 ± 0.05 

(S)-(78)b 4.24 ± 0.05 3.13 ± 0.14 3.83 ± 0.04 3.63 ± 0.06 

guvacine (79)b 4.87 ± 0.06 3.31 ± 0.03 4.59 ± 0.05 1.1  0.05 
(a) pIC50 ± SEM have been determined in [3H]GABA uptake assays in our group and are the result 

of three individual experiments each performed in triplicate. (b) Reference literature 73. 

 

The above-mentioned small GAT inhibitors are all highly polar and exist either in a 

cationic or in a zwitterionic state at physiological pH thus making them unable to 

pass the blood brain barrier (BBB). To improve their therapeutic potential and turn 

them into systemically active compounds, lipophilic aromatic side chains have been 

linked to them, especially to the cyclic amino acids 78, (R)-78, (S)-78 and 79. With 

this modification not only an increased permeation of the BBB but also improved 

inhibitory potencies and subtype selectivity came along in many cases.58b The 

lipophilic side chains usually constituted of di-, tri- or biaryl units and were connected 

to the amino nitrogen atom of the cyclic amino acids via a flexible linker of varying 

composition.74 Examples for GAT inhibitors of such a structure and their inhibitory 

potencies are shown in Table 2.  

The most prominent GAT inhibitor is Tiagabine (75) (Gabitril®), used for the 

treatment of epileptic seizures and the only inhibitor approved as therapeutic drug 
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so far.58,63b It is a selective inhibitor of mGAT1 and displays a pIC50 value of 

6.88 ± 0.12 at this GABA transporter whereas the other GATs are virtually 

unaffected.75 By modeling studies, it was shown that Tiagabine (75) occupies the 

substrate binding site of mGAT1 with its nipecotic acid subunit while the lipophilic 

aromatic residue is accommodated in a hydrophobic pocket (S2) in the vestibule 

facing towards the extracellular space. With the known importance of this 

hydrophobic pocket (S2) for the binding of other lipophilic inhibitors in homology 

models of mGAT1 and the evidence from the described modeling studies a similar 

binding mode of the mGAT1 inhibitors NO-711 (80) and DDPM-2571 (81) can be 

assumed.76 Deviating from Tiagabine (75) these two substances employ 

guvacine (79) as amino acid subunit, which is linked to the aromatic residues via an 

oxime function.  

Table 2   Inhibitory potencies of GAT inhibitors with a lipophilic side chain. 

  
  

N

O
OMe

OMe

MeO

OH

O

 
Tiagabine 

(75) 
NO-711 

(80) 
DDPM-2571 

(81) 
NCC05-2090 

(82) 
(S)-SNAP-5114 

(83) 

Compound GABA uptake inhibition (pIC50 ± SEM)a 

 mGAT1 mGAT2 mGAT3 mGAT4 

Tiagabine (75)b 6.88 ± 0.12 52% 64% 73% 

NO-711 (80) b 6.83 ± 0.06 3.20 ± 0.09 3.62 ± 0.04 3.07 ± 0.05 

DDPM-2571 (81)c 8.27 ± 0.03  4.31  4.35  4.07 
NCC05-2090 (82)d 4.72e 5.85e  4.39e 4.82e 
(S)-SNAP-5114 (83) b 4.07 ± 0.09 56% 5.29 ± 0.04 5.81 ± 0.10 
(a) pIC50 ± SEM have been determined in [3H]GABA uptake assays in our group and are the result 
of three individual experiments each performed in triplicate. Percent values indicate 
remaining [3H]GABA uptake in presence of 100 µM test compound. (b) Reference literature 75. (c) 
Reference literature 77. (d) Reference literature 78. (e) pKi  values. 

 

Within NO-711 (80) similar to Tiagabine (75) the lipophilic domain is formed by a 

diaryl residue whereas in DDPM-2571 (81) it is described by a biaryl moiety. The 

inhibitory potency of NO-711 (80, pIC50 = 6.83 ± 0.06) at mGAT1 is comparable to 
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Tiagabine (75) yet DDPM-2571 (81) is significantly more potent and displays the 

highest known inhibitory potency to date with a pIC50 value of 8.27 ± 0.03 at this 

target.75,77 

So far, good subtype selectivity in combination with a high inhibitory potency has 

only been achieved for mGAT1 selective GAT inhibitors such as the substances 

described above. Compounds selectively targeting the remaining GATs, 

mGAT2-mGAT4, therefore are of high demand to clarify the physiological role of 

these.63b Examples showing at least decent subtype selectivity or inhibitory potency 

for these targets are the GAT2 selective inhibitor NNC05-2090 (82) developed by 

Thomsen et al.78 and the compound (S)-SNAP-5114 (83) which was developed by 

Dhar et al.79 NNC05-2090 (82) exhibits at least a tenfold selectivity over mGAT1, 

mGAT3 and mGAT4 but it is only moderately potent and does not incorporate a 

carboxylic acid function thus setting it apart from most other GAT inhibitors. The 

nipecotic acid derivative (S)-SNAP-5114 (83) is one of the most potent mGAT4 

inhibitors and constitutes of (S)-nipecotic acid linked to a triaryl methyl moiety via an 

ethyleneoxy linker. However (S)-SNAP-5114 (83) demonstrates also moderate 

inhibitory potency at mGAT3 and therefore can be considered a mixed 

mGAT3/mGAT4 inhibitor. Unlike with unsubstituted nipecotic acid, for 

(S)-SNAP-5114 (83) the (S)-enantiomer is significantly more potent than the 

(R)-enantiomer. 

Despite the progress made so far in the development of GAT inhibitors there is still 

a demand for further development of substances with improved properties. By that 

for instance the adverse side effects of Tiagabine (75) might be overcome58a and 

highly selective and potent inhibitors of mGAT2-mGAT4 could be obtained. In 

addition, this would allow to study the physiological role of these three GAT inhibitors 

in more detail and help to estimate the potential of mGAT4 as possible target for the 

treatment of neuronal diseases. 
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2 Aims and Scope 
The importance and utility of 1,4-dihydropyridines, the 2-azabicyclo[2.2.2]octane 

scaffold and GAT inhibitors in chemistry and medicine is well known. Hence, in this 

study we aimed at the development of methods for the construction of 

2-azabicyclo[2.2.2]octane derivatives from 4,4-disubstituted 1,4-dihydropyridines 

and their use as lipophilic domains in potential GABA uptake inhibitors. In doing so 

we intended to emphasize and link the synthetic value of the individual components 

and study their performance as part of GAT inhibitors in addressing the GATs as 

potential targets for the treatment of neurological diseases. 

First, the synthesis of 1,4-dihydropyridines with an ω-alkenyl substituent in 

4-position was aimed for. The known methods for the preparation of such molecules 

yet displayed several disadvantages as poor regioselectivities, elaborate reagent 

preparation or the need for specially tailored pyridines.80 Hence, based on the 

method for the synthesis of 4,4-disbubstituted 1,4-dihydropyridines developed by 

Bräckow in our group,13 dihydropyridines of the same kind displaying an ω-alkenyl 

moiety in 4-position should be synthesized. As previous attempts for the synthesis 

of the desired structures with the procedure described only led to low amounts of 

products,13-15 the method should be optimized in respect to the obtained yields.  

Starting from 4-substituted pyridine derivatives the introduction of ω-alkenyl 

residues of varying chain length by means of bisorganomagnesium compounds into 

intermediately generated pyridinium ions was planned.  
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Scheme 16   General approach for the synthesis of 4,4-disubstituted 

1,4-dihydropyridines bearing an ω-alkenyl residue in 4-position following 

the method of Bräckow.13 

 

Besides plain ω-alkenyl moieties also substituted ω-alkenyl moieties carrying 

another rest at the internal alkene carbon center should be used, allowing a further 

variation of the final products. Moreover, the regioselectivity of the nucleophilic 
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addition in the course of this reaction should be studied to explore the capability of 

the new method, also in comparison to literature known methods. 

In a previous study carried out by Schmaunz in our group the applicability of 4-allyl 

substituted 1,4-dihydropyridines as starting materials to access polycyclic cage 

compounds containing a 2-azabicyclo[2.2.2]octane scaffold was demonstrated with 

few examples.15a  The above aspired 1,4-dihydropyridines 84 likewise should be 

further converted to get access to a multitude of differently substituted tricycles 85 

inheriting a 2-azabicyclo[2.2.2]octane skeleton, ideally also by means of an acid 

catalyzed intramolecular hetero-Diels Alder reaction. In doing so, a uniform method 

should be employed in order to achieve a broad applicability. 

 
                84                              85 

  
Scheme 17   Planned construction of tricycles containing a 2-azabicyclo[2.2.2]octane 

scaffold via an intramolecular hetero-Diels-Alder reaction of 

1,4-dihydropyridines 84. 
 

As the polycyclic imines 85 can be considered as valuable building blocks for drug 

development, their potential should be broadened. To expand the versatility of these 

compounds the C=N subunit should be used for further chemical manipulation and 

consequently diversification. The anellation of an imidazole ring by application of the 

van Leusen imidazole synthesis (→ 86) as well as an oxidation to the corresponding 

lactams 87 was intended.  

 
                              87                                               85                     86 

  
Scheme 18   Synthesis of 1,5-ringfused imidazoles 86 and lactams 87 from cyclic 

imines 85.  
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Finally, the new tricyclic compounds should be employed in the construction of novel 

GAT inhibitors to overcome existing problems of known GAT inhibitors like 

unsatisfactory inhibitory potency, poor subtype selectivity or unfavorable side 

effects. A modification of the, as lipophilic domain commonly used, polyaryl residues 

towards polycyclic cage structures should also be implemented due to the often 

advantageous pharmacokinetic and pharmacodynamic properties of the latter and 

the possibility to achieve a well-defined orientation of attached residues. Hence, 

GAT inhibitors 88 exhibiting the tricyclic scaffold of imines 85 after reduction to 

amines as lipophilic residue should be synthesized (Figure 9). With the structural 

diversity of the previously obtained tricyclic imines 85, the introduced scaffolds 

should be varied with regard to the bridge sizes used and the residues attached. 

Additionally, the plain alky-chain linker, by which the polycycles were intended to be 

connected to nipecotic acid, should display a variable length. The obtained 

structures would enable to obtain first structure activity relationships (SAR) for this 

new kind of GAT inhibitors. 

 
 88 

 
Figure 9   General structure of the aspired GAT inhibitors 88 and overview of the planned 

structural modifications. 
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3 Summuary of Manuscripts and Published Results 
3.1 First publication: “Accessing Tricyclic Imines Comprising a 

2-Azabicyclo[2.2.2]octane Scaffold by Intramolecular Hetero-Diels–
Alder Reaction of 4-Alkenyl-Substituted N-Silyl-1,4-dihydropyridines” 

Although the 1,4-dihydropyridine (1,4-DHP) scaffold is frequently found in nature 

and medicine, the knowledge about 1,4-DHPs with an alkenyl moiety in 4-position 

is limited. Yet, by means of a cyclization reaction, 1,4-DHPs of such kind provide 

the opportunity of easy access to molecules with an isoquinuclidine 

{2-azabicyclo[2.2.2]octane} ring system, that can be found in alkaloids. Therefore, 

the development of a method which would give access to a multitude of 

4,4-disubstituted 1,4-DHPs carrying an ω-alkenyl residue in 4-position was aimed 

at. A subsequent intramolecular cyclization should then provide polycycles 

comprising a 2-azabicyclo[2.2.2]octane skeleton .  

The construction of the desired 1,4-DHPs was carried out following a method of 

Bräckow, starting with the activation of 4-substituted pyridines with triisopropylsilyl 

triflate to give intermediate pyridinium salts, which were trapped with 

bisorganomagnesium compounds.13 In an effort to increase the yields obtained so 

far, initially the reaction conditions were studied and optimized for a model system 

comprising the structurally simple pyridine derivative 4-methylpyridine and 

bis(homoallyl)magnesium. In doing so, the course of the reaction was analyzed at 

varying concentrations of bisorganomagnesium reagent, temperatures or reaction 

times. This led to the identification of reaction conditions allowing the formation of 

significantly improved amounts of product. Next the optimized reaction conditions 

were applied to other pyridines with 4-substituents such as phenyl, benzyl, 

4-methoxyphenyl or 4-methoxybenzyl. To further expand the scope of this method, 

besides homoallyl also ω-alkenyl substituents of differing chain length, i.e. allyl and 

pent-4-en-1-yl residues, were added to the pyridinium ions of the aforementioned 

pyridine derivatives thereby employing the corresponding organomagnesium 

compounds. That way a broad range of differently 4,4-disubstituted 1,4-DHPs with 

a ω-alkenyl residue of varying chain length as one of the 4-substituents was 

produced.  

During the reaction optimization and the synthesis of the various 1,4-DHPs, the 

regioselectivity for the addition of the ω-alkenyl substituents to the pyridinium ions 
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was studied continuously by 1H NMR spectroscopy. For the addition of the 

long-chained homoallyl and pent-4-en-1-yl residues good regioselectivities with a 

preferred 4-addition leading to the formation of the desired 1,4-DHPs were 

observed. However, the regioselectivity decreased with increasing steric demand of 

the 4-substituent of the pyridine derivative used as starting material. When 

bisallylmagnesium was used as nucleophile the allyl residue added preferentially to 

the 2-position leading to large amounts of the undesired 1,2-DHPs. However, 

compared to literature known syntheses, considerable improvements in 

regioselectivity in favor of the 1,4-DHPs were achieved. 

The subsequent cyclization of some 1,4-DHPs equipped with different alkenyl 

residues based on a method developed by Schmaunz in our group,15a provided only 

access to some of the desired tricyclic imines with a 2-azabicyclo[2.2.2]octane 

scaffold. In order to get access to all tricyclic imines via an acid catalyzed 

intramolecular hetero-Diels-Alder reaction, diverse acids and solvents were tested. 

Thereby, reaction conditions were found which enabled the cyclization of all of the 

previously synthesized 1,4-DHPs. The new cyclization method proofed to be broadly 

applicable, quick and highly efficient. By this means access to various substituted 

tricyclic imines all containing a 2-azabicyclo[2.2.2]octane skeleton with an additional 

bridge of variable length was granted.    

 

Declaration of contributions: The synthesis of the 4,4-disubstituted 1,4-DHPs, the 

tricyclic imines and their precursor molecules was done by myself, including the 

evaluation of the analytical data. I carried out all experiments necessary for the 

development of the described synthetic methods. I wrote the manuscript of the 

publication and generated all schemes, tables and graphics supported by Prof. Dr. 

Klaus T. Wanner. The manuscript was corrected by Prof. Dr. Klaus T. Wanner. 
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3.2 Second Publication: “Synthesis of 1,5-Ring-Fused Imidazoles from 
Cyclic Imines and TosMIC – Identification of in situ Generated 
N-Methyleneformamide as a Catalyst in the van Leusen Imidazole 
Synthesis” 

To expand the synthetic value and the potential use of the 2-azabicyclo[2.2.2]octane 

derivatives, the synthesis of which has been described before,81 these compounds 

should be transformed into 1,5-ring-fused imidazole derivatives.  

One tricyclic imine was chosen as model compound to identify reaction conditions 

that would allow an efficient access to the 1,5-ring-fused imidazoles via the van 

Leusen imidazole synthesis. First concentrations of the reagent 

p-toluenesulfonylmethyl isocyanide (TosMIC), the base tert-butylamine and reaction 

times were varied. In doing so, by serendipity a decomposition product of the 

reagent TosMIC, namely N-(tosylmethyl)formamide, was found to significantly 

improve the yield of the 1,5-ring-fused imidazole. When the reaction conditions were 

further adapted, i.e. N-(tosylmethyl)formamide was added as a catalyst, an excellent 

yield of the reaction product could be achieved.  

Subsequent 1H NMR experiments revealed that the addition of 

N-(tosylmethyl)formamide not only significantly improved the yield of the 

1,5-ring-fused imidazole but also accelerated the overall reaction. In additional 
1H NMR experiments a similar promoting effect of N-(tosylmethyl)formamide was 

identified for the transformation of all other tricyclic imines included in this study into 

1,5-ring-fused imidazole derivatives. This effect was furthermore observed, when 

3,4-dihydroisoquinoline was employed as starting material.  

To elucidate the mode of action of N-(tosylmethyl)formamide the reaction course 

was monitored by 1H NMR spectroscopy. It turned out that 

N-(tosylmethyl)formamide decomposes in the presence of the base tert-butylamine 

to p-toluenesulfinate. According to literature the decomposition of 

N-(tosylmethyl)formamide with Cs2CO3 not only leads to p-toluenesulfinate but also 

to N-methyleneformamide.82 Hence, N-methyleneformamide was assumed to be 

generated under the conditions employed by us, as well. In addition to the results of 

mass spectrometric experiments the isolation of a 1,3,5,7-tetraazazoctane ring 

system, formed from two molecules of the employed tricyclic imine and two 

molecules of methyleneformamide provided clear evidence for the formation of 
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methyleneformamide in our experiments. These findings allowed us to develop the 

following rationale for the promoting effect of N-(tosylmethyl)formamide on the van 

Leusen imidazole synthesis. N-(tosylmethyl)formamide serves as a pre-catalyst that 

in the presence of base is decomposed to p-toluenesulfinate and 

N-methyleneformamide. By adding to the latter acting as Michael acceptor the 

tricyclic imine is transformed into the corresponding iminium ion and thus activated 

for the attack of TosMIC. In the next step of the reaction, that is thus accelerated, 

N-methyleneformamide is released and can again act as organocatalyst whereas 

the newly formed imine-TosMIC adduct reacts to the desired 1,5-ring-fused 

imidazole derivative.   

 

Declaration of contributions: The synthesis of the 1,5-ringfused imidazoles and 

their precursor molecules was done by myself, including the evaluation of the 

analytical data. I carried out all experiments necessary for the development of the 

described synthetic method and for the elucidation of the reaction mechanism. One 

symmetrical tricyclic imine was synthesized by Simone Heitsch during her bachelor 

thesis “Synthese neuartiger GAT-Inhibitoren mit symmetrischem lipophilen Rest” 

which was supervised by me. The 1H NMR experiments aiming at the evaluation of 

the promoting effect of N-(tosylmethyl)formamide were performed together with Dr. 

Lars Allmendinger and Claudia Glas. X-ray crystal structures were determined by 

Dr. Peter Mayer. The manuscript of the publication was written and all schemes, 

tables and graphics were generated by myself supported by Prof. Dr. Klaus T. 

Wanner. The manuscript was revised by Prof. Dr. Klaus T. Wanner. 
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3.3 Third Publication: “Synthesis and biological evaluation of novel 

N-substituted nipecotic acid derivatives with tricyclic cage structures in 

the lipophilic domain as GABA uptake inhibitors” 

The GABA transporters constitute highly interesting pharmacological targets, for 

instance for the treatment of neurological diseases. In consequence a multitude of 

structurally diverse GAT inhibitors have been designed many of them exhibiting 

polyaromatic lipophilic side chains. However, inhibitors with polycyclic cage 

structures serving as lipophilic domain are scarce although cage structures often 

display beneficial pharmacokinetic and pharmacodynamic properties. As a result, a 

systematic study aiming at the development and evaluation of GAT inhibitors with 

such a subunit was carried out to assess the potential of the latter. 

In this study polycyclic cage compounds based on a 2-azabicyclo[2.2.2]octane 

scaffold should be connected via a plain hydrocarbon linker originating from the 

nitrogen atom of the polycycle with the amino nitrogen atom of nipecotic acid. For 

this purpose, symmetric tricyclic imines, of which the synthesis had been described 

before,83 comprising the aforementioned polycyclic scaffold were used, as these 

structures allowed a variation of the substituents attached to the polycyclic cage as 

well as a variation of the size of one of the bridges in the polycycle. Thus, not only 

the size of the tricyclic scaffold but also the spatial orientation of the attached 

residues could be altered possibly giving insight on the impact of these structural 

modifications on the biological activity. Furthermore, by a variation of the length of 

the used hydrocarbon spacer additional information should be gained regarding the 

structure activity relationship.  

For the synthesis of the test compounds initially nipecotic acid ester derivatives 

equipped with an N-alkyl substituent with a terminal acetal function were prepared 

serving as precursors for a subsequent reductive amination reaction. Upon acetal 

cleavage nipecotic acid ester derivatives with an N-alkyl substituent displaying a 

terminal aldehyde function were obtained and subjected to reductive amination with 

amines that were generated by reduction of the respective symmetric tricyclic 

imines. The obtained N-substituted nipecotic acid ester derivatives exhibiting a 

tricyclic amine as lipophilic domain were then finally hydrolyzed to the corresponding 

nipecotic acids and evaluated together with the esters for their biological activity at 

all four mGAT subtypes.  
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The results of the biological evaluation revealed upon comparison of the compounds 

among each other, that there was no general correlation between the inhibitory 

potency and the length of the hydrocarbon linker or the size of the bridge in the 

lipophilic domain for the nipecotic acid derivatives with a free carboxylic acid or ester 

function. However, the substituents attached to the polycyclic cage affected the 

biological activity, at least in the case of the nipecotic acid ester derivatives as for 

them almost exclusively higher inhibitory potencies at mGAT1-mGAT4 were 

observed when phenyl instead of methyl residues were present. Interestingly, these 

at the cage subunit phenyl substituted nipecotic acid ester derivatives exhibited also 

higher inhibitory potencies as compared to their corresponding carboxylic acids, 

whereas such an effect could not be observed for the methyl substituted nipecotic 

acid ester derivatives thus highlighting the importance of the ester function and the 

phenyl residues for the biological activity. The phenyl substituted nipecotic acid ester 

derivatives usually displayed equally moderate inhibitory activity at all four GATs, 

yet also in some cases moderate subtype selectivity at mGAT3 and mGAT4 was 

observed. 

 

Declaration of contributions: The syntheses of all N-substituted nipecotic acid 

derivatives and their precursor molecules were done by myself, including the 

evaluation of the analytical data. I carried out all experiments necessary for the 

development of the described synthetic methods. Two N-substituted nipecotic acid 

ester derivatives were synthesized by Simone Heitsch during her bachelor thesis 

“Synthese neuartiger GAT-Inhibitoren mit symmetrischem lipophilen Rest” which 

was supervised by me. Biological testing was performed by the technical assistants 

of the group under supervision of Dr. Georg Höfner. I wrote the manuscript and 

generated all schemes, tables and graphics supported by Prof. Dr. Klaus T. Wanner. 

The manuscript was revised by Prof. Dr. Klaus T. Wanner. 
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4 Further Experiments 
The following section contains results unpublished in one of the formerly presented 

papers. 

4.1 Synthesis of polycyclic lactams 

To further broaden the synthetic value of the tricyclic imines 85 and thus expand the 

potential uses of these valuable building blocks for medicinal chemistry their 

transformation to the corresponding lactams 87 was aimed at. For instance, such 

lactams 87 could offer an interesting alternative to the tricyclic amines that were 

employed as lipophilic domain in GAT inhibitors 88 and are derived from the 

imines 85. In contrast to these tricyclic amines the lactams 87 will not show any 

significant basicity. Accordingly they will not display any charge at physiological pH 

which will make them even better suited for an application in the lipophilic domain 

of GAT inhibitors. 

To access the lactams 87 first appropriate reaction conditions had to be sought. 

Jørgensen et al. had introduced a straightforward oxidation method employing 

potassium permanganate in an acetonitrile/ water solution to synthesize amides 

from acyclic imines that carried sterically demanding residues on either side of the 

carbon-nitrogen double bond.84 As the imine function in the tricyclic imines 85 was 

also carrying sterically demanding substituents and in some cases shielded to some 

extent,83 these conditions seemed promising for the desired transformation. 

However, when employing the reaction conditions to the tricyclic imine 85d (Table 3, 

entry 1), which was chosen as model compound to study the synthesis of the 

lactams 87, no reaction occurred and imine 85d was left unchanged.  

Reaction conditions that had proofed to be suitable for the transformation of a cyclic 

imine to a lactam have been presented by Tomioka et al.85 Although they had only 

oxidized sterically less shielded 3,4-dihydroisoquinoline to 3,4-dihydroiso-

quinolin-1-one using Pinnick oxidation conditions, it seemed worth trying to apply 

their method for the oxidation of the tricyclic imines 85 since only few oxidations of 

cyclic imines to lactams have been described in literature so far. When imine 85d 

was treated with sodium chlorite and 2-methylbut-2-ene in a mixture of 1.0 M 

aqueous sodium dihydrogen phosphate solution and tetrahydrofuran, the desired 

lactam 87d could be obtained in a good yield of 68% after 48 h (Table 3, entry 2).  
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Table 3   Reaction conditions applied for the oxidation of imine 85d. 

 
Entry reagent a conditions a result/ yield 87d 

1 KMnO4 (2 equiv.) MeCN/ H2O (2:1), 50 °C, 64 h no reaction 

2 

NaH2PO4 (aq.) (1.0 M, 1.5 equiv.) 

NaClO2 (5 equiv.) 

2-Methylbut-2-ene (10 equiv.) 

THF, 20 °C, 48 h 68% 

3 
NaH2PO4 (aq.) (1.0 M, 1.5 equiv.) 

NaClO2 (5 equiv.) 
THF, 20 °C, 4 h 68% 

a Reactions according to literature.84-85 
 

Interestingly, the reaction was found to proceed much faster when the radical 

scavenger 2-methylbut-2-ene was omitted (Table 3, entry 3). However, as the yield 

was unchanged and undesired side reactions of the hypochlorous acid which is 

formed as side product should be excluded, the original reaction conditions were 

chosen for the transformation of the remaining tricyclic imines 85a-c and 85e-f to 

the lactams 87a-c and 87e-f despite the longer reaction time.  

 

Table 4   Synthesis of the lactams 87a-f. 

 
Entry R n Imine t [h] Lactam Yield [%] 

1 Me 0 85a 18 87a 28 

2 Ph 0 85b 48 87b 59 

3 Me 1 85c 48 87c 48 

4 Ph 1 85d 48 87d 68a 

5 Me 2 85e 4 87e 46 

6 Ph 2 85f 3.5 87f 35 
a Identical to Table 3, entry 2. 
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With the afore tested reaction conditions in addition to imine 85d the tricyclic 

imines 85a-c and 85e-f could be successfully oxidized to the corresponding 

lactams 87a-c and 87e-f. Though some of the obtained yields were rather low (28%-

35%; Table 4, entries 1,6), most of the lactams were accessed in moderate yields 

(46%-68%; Table 4, entries 2-5) proofing the applied reaction conditions to be 

generally suitable to access the lactams 87a-f. 

 

Experimental data 

All solvents were distilled prior to use and all purchased chemicals were used 

without further purification. TLC was performed with plates from Merck KGaA (silica 

gel 60 F254 on aluminum sheets). For purification via flash chromatography (FC) 

silica gel 60 (40–63 μm mesh size) from Merck KGaA was employed. All melting 

points were determined with a BÜCHI 510 melting point apparatus and are 

uncorrected. Infrared spectra were recorded with a Perkin Elmer Paragon 1000 and 

a Jasco FT/IR-410. Solid substances were measured as KBr pellets and oils as film 

on NaCl. HRMS were obtained with a Finnigan LTQ FT (ESI). 1H and 13C NMR 

spectra were acquired with a Avance III HD Bruker BioSpin (400 or 500 MHz), 

referenced to the solvent residual peak as internal standard and analyzed with 

MestReNova (Version 12.0.0–20080; Mestrelab Research S.L.; released 

26.09.2017). Nonequivalent protons attached to the same carbon center were 

differentiated by superscript a and b (e.g. NCH2a, NCH2b). 

 

General procedure for the synthesis of symmetric tricyclic lactams 

To a solution of 2-methylbut-2-ene (5.0 equiv.) and NaClO2 (10 equiv.) in THF 

(3.90 mL/mmolimine) an aqueous solution of NaH2PO4 (1.0 M, 1.5 equiv.) was added. 

Subsequently a solution of the imine (1.0 equiv.) in THF (0.5 M) was added 

dropwise to this mixture at 20 °C via a syringe within 5-10 min. The syringe was 

washed twice with THF (0.5 mL/mmolimine) and the washings were added to the 

reaction mixture. The reaction was stirred vigorously until disappearance of the 

starting material was confirmed by MS analysis. Then the reaction mixture was 

diluted with EtOAc (30 mL/mmolimine) and washed with water, aqueous Na2S2O3 

solution (10%) and brine (each 10 mL/mmolimine). The organic layer was dried 
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(Na2SO4), filtered and concentrated under vacuum. The resulting crude was purified 

by FC.  

 

1,7-Dimethyl-4-azatricyclo[3.3.1.02,7]nonan-3-one 87a 

Synthesis according to the general procedure described above from imine 85a 

(0.10 g, 0.67 mmol), 2-methylbut-2-ene (0.47 g, 6.7 mmol, 0.72 mL), NaClO2 

(0.30 g, 3.4 mmol) and an aqueous solution of NaH2PO4 (1.0 M, 1.0 mL). The 

reaction was stopped after 18 h. Purification by FC (SiO2, EtOAc/NEt3 98:2 → 

EtOAc/MeOH/NEt3 88/10/2). 

87a: 31 mg (28%). Colorless amorphous solid. IR (KBr): 𝜐 = 3176, 2949, 2860, 

1672, 1446, 1404, 1313, 1277, 1142, 791, 769, 515, 424 cm-1. 1H NMR (500 MHz, 

CD2Cl2, 25 °C): δ = 1.06 (s, 6 H, CH3), 1.35–1.46 (m, 3 H, CCH2aC, CCH2aCH), 

1.70–1.82 (m, 3 H, CCH2bC, CCH2bCH), 2.24 (d, J = 2.0 Hz, 1 H, CCHC), 3.72 (dp, 

J = 5.3/ 2.6 Hz, 1 H, NHCH), 7.49 (br s, 1 H, NH) ppm. 13C NMR (125 MHz, CD2Cl2, 

25 °C): δ = 26.6 (CH3), 37.5 (CCH3), 42.5 (CH2CH), 48.4 (NHCH), 50.0 (CCH2C), 

55.1 (CHCO), 173.7 (CO) ppm. M (C10H15NO) = 165.24. HRMS (ESI): [M+H+] calcd. 

for C10H16NO 166.1226; found 166.1226. 

 

1,7-Diphenyl-4-azatricyclo[3.3.1.02,7]nonan-3-one 87b 

Synthesis according to the general procedure described above from imine 85b 

(0.10 g, 0.37 mmol), 2-methylbut-2-ene (0.26 g, 3.7 mmol, 0.39 mL), NaClO2 

(0.17 g, 1.8 mmol) and an aqueous solution of NaH2PO4 (1.0 M, 0.55 mL). The 

reaction was stopped after 48 h. Purification by FC (SiO2, EtOAc/NEt3 98:2). 

87b: 62 mg (59%). Colorless amorphous solid. IR (KBr): 𝜐 = 3182, 3026, 2937, 

1672, 1495, 1444, 1350, 1290, 1119, 760, 700 cm-1. 1H NMR (400 MHz, CD2Cl2, 

25 °C): δ = 1.83–1.95 (m, 2 H, CCH2aCH), 2.22–2.35 (m, 3 H, CCH2aC, CCH2bCH), 

2.70 (dt, J = 9.1/ 2.1 Hz, 1 H, CCH2aC), 3.19 (d, J = 2.0 Hz, 1 H, CCHC), 3.99 (dp, 

J = 5.1/ 2.6 Hz, 1 H, NHCH), 7.13–7.24 (m, 6 H, CCHCH, CCHCHCH), 7.26–7.35 

(m, 4 H, CCHCH), 7.88 (d, J = 3.6 Hz, 1 H, NH) ppm. 13C NMR (100 MHz, CD2Cl2, 

25 °C): δ = 44.2 (CCH2), 44.7 (CH2CH), 47.2 (CCH2C), 48.2 (NHCH), 53.3 (CHCO), 

125.4 (CCHCH), 126.8 (CCHCHCH), 129.1 (CCHCH), 147.9 (CCHCH), 173.3 (CO) 
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ppm. M (C20H19NO) = 289.38. HRMS (ESI): [M+H+] calcd. for C20H20NO 290.1539; 

found 290.1540. 

 

3,6-Dimethyl-9-azatricyclo[4.3.1.03,7]decan-8-one 87c 

Synthesis according to the general procedure described above from imine 85c 

(0.10 g, 0.61 mmol), 2-methylbut-2-ene (0.43 g, 6.1 mmol, 0.66 mL), NaClO2 

(0.28 g, 3.1 mmol) and an aqueous solution of NaH2PO4 (1.0 M, 0.92 mL). The 

reaction was stopped after 48 h. Purification by FC (SiO2, EtOAc/NEt3 98:2 → 

EtOAc/MeOH/NEt3 88/10/2). 

87c: 53 mg (48%). Colorless amorphous solid. IR (KBr): 𝜐 = 3188, 3086, 2947, 

2866, 1670, 1454, 1400, 1335, 1167, 1124, 779, 584, 500 cm-1. 1H NMR (400 MHz, 

CD2Cl2, 25 °C): δ = 1.09 (s, 6 H, CH3), 1.45–1.59 (m, 4 H, CH(CH2)2), 1.59–1.70 (m, 

4 H, CCH2CH2C), 1.85 (d, J = 1.8 Hz, 1 H, CHCO), 3.44 (dp, J = 5.5/ 2.7 Hz, 1 H, 

NHCH), 7.43 (br s, 1 H, NH) ppm. 13C NMR (100 MHz, CD2Cl2, 25 °C): δ = 28.2 

(CH3), 40.4 (CH2CH2), 43.1 (CCH3), 46.2 (CH(CH2)2), 46.9 (NHCH), 62.6 (CHCO), 

176.3 (CO) ppm. M (C11H17NO) = 179.26. HRMS (ESI): [M+H+] calcd. for C11H18NO 

180.1383; found 180.1383. 

 

3,6-Diphenyl-9-azatricyclo[4.3.1.03,7]decan-8-one 87d 

Synthesis according to the general procedure described above from imine 85d 

(0.10 g, 0.35 mmol), 2-methylbut-2-ene (0.25 g, 3.5 mmol, 0.37 mL), NaClO2 

(0.15 g, 1.7 mmol) and an aqueous solution of NaH2PO4 (1.0 M, 0.52 mL). The 

reaction was stopped after 48 h. Purification by FC (SiO2, EtOAc/NEt3 98:2). 

87c: 72 mg (68%). Colorless amorphous solid. IR (KBr): 𝜐 = 3180, 3026, 2951, 

1678, 1496, 1444, 1400, 1336, 1172, 1018, 766, 704, 509, 459 cm-1. 1H NMR 

(400 MHz, CD2Cl2, 25 °C): δ = 1.95–2.16 (m, 6 H, CH(CH2a)2, CCH2CH2C), 2.17–

2.25 (m, 2 H, CH(CH2b)2), 3.34 (d, J = 1.9 Hz, 1 H, CHCO), 3.54 (dp, J = 5.6/ 2.8 Hz, 

1 H, NHCH), 7.15–7.21 (m, 2 H, CCHCHCH),  7.27–7.34 (m, 5 H, CCHCH, NH), 

7.39–7.45 (m, 4 H, CCHCH) ppm. 13C NMR (100 MHz, CD2Cl2, 25 °C): δ = 41.6 

(CH2CH2), 47.0 (NHCH), 48.2 (CH(CH2)2), 50.5 (CCH2), 55.3 (CHCO), 125.9 

(CCHCH), 126.4 (CCHCHCH), 129.0 (CCHCH), 150.2 (CCHCH), 176.0 (CO) ppm. 
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M (C21H21NO) = 303.41. HRMS (ESI): [M+H+] calcd. for C21H22NO 304.1696; found 

304.1695. 

 

3,7-Dimethyl-10-azatricyclo[5.3.1.03,8]undecan-9-one 87e 

Synthesis according to the general procedure described above from imine 85e 

(30 mg, 0.17 mmol), 2-methylbut-2-ene (0.12 g, 1.7 mmol, 0.18 mL), NaClO2 

(77 mg, 0.85 mmol) and an aqueous solution of NaH2PO4 (1.0 M, 0.25 mL). The 

reaction was stopped after 4 h. Purification by FC (SiO2, EtOAc/NEt3 98:2 → 

EtOAc/MeOH/NEt3 88/10/2). 

87e: 15 mg (46%). Yellow solid. Mp.: 137 °C. IR (KBr): 𝜐 = 3199, 3082, 2954, 2926, 

1670, 1439, 1375, 1327, 1153, 1076, 980, 754, 592, 486 cm-1. 1H NMR (500 MHz, 

CD2Cl2, 25 °C): δ = 0.96 (s, 6 H, CH3), 1.04–1.12 (m, 2 H, CCH2aCH2), 1.32–1.59 

(m, 9 H, CCH2bCH2, CCH2CH2, CHCO, CH(CH2)2), 3.50–3.58 (m, 1 H, NHCH), 6.56 

(br s, 1 H, NH) ppm. 13C NMR (125 MHz, CD2Cl2, 25 °C): δ = 19.4 (CCH2CH2), 31.9 

(CH3), 33.1 (CCH3), 37.8 (CCH2CH2), 39.2 (CH(CH2)2), 48.2 (NHCH), 59.5 (CHCO), 

176.9 (CO) ppm. M (C12H19NO) = 193.29. HRMS (ESI): [M+H+] calcd. for C12H20NO 

194.1539; found 194.1539. 

 

3,7-Diphenyl-10-azatricyclo[5.3.1.03,8]undecan-9-one 87f 

Synthesis according to the general procedure described above from imine 85f 
(30 mg, 0.10 mmol), 2-methylbut-2-ene (70 mg, 1.0 mmol, 0.11 mL), NaClO2 

(45 mg, 0.50 mmol) and an aqueous solution of NaH2PO4 (1.0 M, 0.15 mL). The 

reaction was stopped after 3.5 h. Purification by FC (SiO2, EtOAc/NEt3 98:2). 

87f: 11 mg (35%). Colorless solid. Mp.: 241 °C. IR (KBr): 𝜐 = 3172, 3051, 2927, 

2845, 1687, 1497, 1354, 1126, 1030, 754, 696, 596, 540, 498 cm-1. 1H NMR 

(400 MHz, CD2Cl2, 25 °C): δ = 1.38–1.50 (m, 2 H, CCH2aCH2), 1.67–1.92 (m, 4 H, 

CCH2bCH2, CCH2CH2), 1.95–2.07 (m, 2 H, CH(CH2a)2), 2.10–2.22 (m, 2 H, 

CH(CH2b)2), 3.28 (d, J = 1.8 Hz, 1 H, CHCO), 3.54–3.63 (m, 1 H, NHCH), 6.52 (d, 

J = 4.2 Hz, 1 H, NH), 7.14–7.22 (m, 2 H, CCHCHCH),  7.27–7.36 (m, 4 H, CCHCH), 

7.46–7.53 (m, 4 H, CCHCH) ppm. 13C NMR (100 MHz, CD2Cl2, 25 °C): δ = 20.2 

(CCH2CH2), 40.7 (CH(CH2)2), 41.0 (CCH2CH2), 42.2 (CCH2), 48.4 (NHCH), 51.3 
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(CHCO), 126.3 (CCHCHCH), 126.8 (CCHCH), 128.7 (CCHCH), 151.6 (CCHCH), 

175.4 (CO) ppm. M (C22H23NO) = 317.43. HRMS (ESI): [M+H+] calcd. for C22H24NO 

318.1852; found 318.1853. 
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5 Summary of the Thesis 
The abundance of compounds comprising a 1,4-dihydropyridine or a 

2-azabicyclo[2.2.2]octane scaffold in natural products, medicinal drugs or chemical 

compounds nicely highlights the importance of these substances for chemical 

research. Hence, the goal of this study was to provide methods that would give 

access to diverse polycycles incorporating the 2-azabicyclo[2.2.2]octane skeleton, 

which should be accomplished by employing 4,4-disubstituted 1,4-dihydropyridines 

as intermediates. With the respective methods not only a broad variety of different 

polycycles should be made available proofing the versatility and synthetic value of 

the compounds, but also lipophilic building blocks to be integrated in the side chain 

of GAT inhibitors, should be generated. Thus, GAT inhibitors with lipophilic domains 

of so far unprecedented structure should be accessed and studied for their structure 

activity relationship.   

First, 4-ω-alkenyl substituted 1,4-dihydropyridines were synthesized, which should 

serve as starting materials for the construction of the aspired polycycles. In the 

synthetic method, developed for this purpose and optimized for their yields, initially 

4-substituted pyridine derivatives with substituents such as methyl, phenyl, benzyl, 

4-methoxyphenyl or 4-methoxybenzyl were activated to their corresponding N-silyl 

pyridinium salts with triisopropylsilyl triflate. These intermediates were trapped with 

bisorganomagnesium reagents to introduce the 4-ω-alkenyl residues into the 

4-position of the former pyridine derivatives. Besides plain ω-alkenyl residues like 

allyl, homoallyl or pent-4-en-1-yl also ω-alkenyl residues carrying an additional 

residue at the internal alkenyl carbon center were added to the 4-position of the 

pyridinium salts leading to a broad range of differently 4,4-disubstituted 

1,4-dihydropyridines with 4-ω-alkenyl residues of varying chain length. Alongside 

with the synthesis of the 1,4-dihydropyridines the regioselectivity of the addition of 

the ω-alkenyl residues to the pyridinium ions was studied revealing good 

regioselectivities with preferred 4-addition in most cases and considerable 

improvements in regioselectivity as compared to literature known methods.  

With the 4-ω-alkenyl substituted 1,4-dihydropyridines at hand the transformation 

thereof into polycycles, i.e. tricyclic imines, incorporating a 

2-azabicyclo[2.2.2]octane scaffold was attempted in an acid catalyzed 

intramolecular hetero-Diels-Alder reaction. As the literature known procedure for 
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this cyclization failed in some cases to yield the desired cyclization products when 

applied to the newly synthesized 1,4-dihydropyridines a new cyclization method was 

developed. This method proofed to be broadly applicable, quick and highly efficient. 

The new method granted access to various tricyclic imines all including the desired 

2-azabicyclo[2.2.2]octane skeleton with an additional bridge of varying size and 

either one or two substituents attached to the bridgehead atoms.  

To further expand the potential uses of the obtained 2-azabicyclo[2.2.2]octane 

derivatives that are to be considered valuable building blocks for drug development 

the disubstituted tricyclic imines were oxidized under Pinnick oxidation conditions to 

the corresponding lactams. In addition, the same tricyclic imines were used as 

starting materials for the preparation of 1,5-ring-fused imidazole derivatives via the 

van Leusen imidazole synthesis. During optimization of the synthesis of the 

1,5-ring-fused imidazoles, N-(tosylmethyl)formamide, a decomposition product of 

the reagent p-toluenesulfonylmethyl isocyanide (TosMIC), by serendipity was found 

to significantly improve the yield of the reaction. Furthermore, the addition of 

N-(tosylmethyl)formamide considerably reduced the reaction time, a beneficial 

effect that in combination with the improved yield could be observed for all 

syntheses of the 1,5-ring-fused imidazole derivatives starting from the tricyclic 

imines. Mechanistic investigations by 1H NMR spectroscopy to elucidate the 

function of N-(tosylmethyl)formamide revealed a decomposition of 

N-(tosylmethyl)formamide to N-methyleneformamide and p-toluenesulfinate under 

the applied basic reaction conditions. The generated N-methyleneformamide is 

assumed to act as Michael acceptor when attacked by the tricyclic imines which are 

thus transformed into the corresponding iminium ions and thereby activated for the 

attack of TosMIC. After the nucleophilic addition the organocatalyst 

N-methyleneformamide is released again and the TosMIC-imine adducts reacts to 

the 1,5-ring-fused imidazole. 

Finally, the polycycles were used for the construction of potential GAT inhibitors 

exhibiting these units as part of the N-substituent to study how such rigid and 

sterically demanding lipophilic residues effect the biological activity. To access the 

aspired structures, previously obtained symmetric tricycles containing a 

2-azabicyclo[2.2.2]octane scaffold were linked to the amino nitrogen of nipecotic 

acid via a plain hydrocarbon linker originating from the nitrogen atom of the 

polycycle. This was accomplished by a reductive amination reaction of nipecotic 



44 Summary of the Thesis 

acid ester derivatives with N-alkyl substituents displaying a terminal aldehyde 

function and amines, which were synthesized by reduction of the symmetric tricyclic 

imines. The newly synthesized GAT inhibitors differed from each other either by 

variation of the substituents attached to the polycycle or by the size of one of the 

bridges in the polycycle. In addition, GAT inhibitors with hydrocarbon linkers of 

different lengths in between the nipecotic acid subunit and the polycycle were 

produced. Successive hydrolysis of the N-substituted nipecotic acid ester 

derivatives yielded the related nipecotic acid derivatives that were evaluated 

together with the esters for their biological activity at mGAT1-4. Unfortunately, the 

nipecotic acid derivatives with a free carboxylic acid function exhibited only weak 

inhibitory activities at all four mGAT subtypes. In contrast, phenyl-substituted 

nipecotic acid ester derivatives displayed moderate inhibitory potency at mGAT1-4 

and showed even moderate subtype selectivity at mGAT3 and mGAT4 in some 

cases. As it turned out, phenyl residues attached to the polycycle and the ester 

function in the nipecotic acid subunit were essential for reasonable biological 

activity, whereas the length of the hydrocarbon linker or the size of the variable 

bridge in the polycycle did not seem to affect the latter. 

In summary, efficient methods allowing the synthesis of a broad variety of 

4,4-disubstituted 1,4-dihydropyridines with an ω-alkenyl residue in 4-position as well 

as diverse polycycles with a 2-azabicyclo[2.2.2]octane scaffold were developed. 

The prepared polycycles proofed to be highly versatile and enabled to study the 

potential of GAT inhibitors with a bulky and rigid lipophilic domain in the side chain 

for the first time. 
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6 List of Abbreviations 
 

1,4-DHP  1,4-dihydropyridine 

AD   Alzheimer’s disease 

BBB   blood brain barrier 

CNS   central nervous system 

dDAT   dopamine transporter from Drosophila melanogaster 

DNA   deoxyribonucleic acid 

FDA   US Food and Drug Administration 

GABA   γ-aminobutyric acid 

GABA-T  GABA transaminase 

GAD   glutamic acid decarboxylase 

GAT   GABA transporter 

GPCR   G-protein coupled receptor 

hSERT  human serotonin transporter 

HUGO  Human Genome Organization 

LeuTAa  leucine transporter from Aquifex aeolicus 

mGAT   mouse GABA transporter 

NADH   nicotinamide adenine dinucleotide 

NSS   neurotransmitter sodium symporter 

PD   Parkinson’s disease 

SEM   standard error of mean 

SLC 6   solute carrier family 6 

TBDMSOTf  tert-butyldimethylsilyl triflate 

THPO   4,5,6,7-tetrahydroisoxazolo[4,5-c]pyridin-3-ol 
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TIPSOTf  triisopropylsilyl triflate 

TM   transmembrane helices 

TosMIC  tosylmethyl isocyanide 

VGAT   vesicular neurotransmitter transporter 
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