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Kurzzusammenfassung 

Bereits seit ihrer Entdeckung während der Mitte des zwanzigsten Jahrhunderts finden Alkylanzien breite 

Anwendung in der Krebstheraphie. Die Stickstoffloste stellen eine Untergruppe dieser Medikamente dar 

und zeichnen sich durch ihre charakteristische 2-Chlorethylamin Einheit aus. Diese funktionelle Gruppe 

ermöglicht die Ausbildung eines extrem elektrophilen Aziridinium Ions, welches leicht von intrazellulären 

Nukleophilen, wie beispielsweise DNA Basen, angegriffen werden kann. Die hierbei entstehenden 

kovalenten Addukte können Depurinierungen und DNA-Strangbrüche zur Folge haben, wodurch es zu 

einer Inhibierung der Zellteilung und letztlich zur Apoptose der behandelten Tumorzellen kommen kann. 

Allerdings ist diese Reaktivität nicht nur auf Krebszellen beschränkt, was zu schwerwiegenden 

Nebenwirkungen und daher zu einer eingeschränkten therapeutischen Anwendbarkeit dieser 

Substanzen führt. 

Während der letzten Jahrzehnte wurden verschiedene Stickstofflost-Derivate entwickelt, um diese 

Nebenwirkungen zu verringern und die Selektivität oder Zellaufnahme dieser Substanzklasse zu 

verbessern. Ein Beispiel hierfür stellt die Einführung von unterschiedlichen aromatischen 

Stickstoffsubstituenten, im Gegensatz zu den ursprünglichen aliphatischen Derivaten dar. Der 

elektronenziehende Effekt dieser aromatischen Einheiten reduziert dabei die Nukleophilie des 

Stickstoffatoms, was zu einer verlangsamten Bildung des Aziridinium Ions und damit zu einer 

verringerten Reaktivität führt. Ein weiterer Ansatz, um die Reaktivität solcher Substanzen zu verringern, 

wurde in unserer Arbeitsgruppe entwickelt. Hierzu wurde die 2-Chlorethylamin Einheit in ein 

heterocyclisches Piperidinsystem integriert, was aufgrund der erhöhten Ringspannung des 

entstehenden bicyclischen Systems zu einer verlagsamten Bildung des Aziridinium Ions führt. Die so 

entwickelten 3-Chlorpiperidine zeigten in vorherigen Studien vielversprechende DNA 

Alkylierungsaktivitäten und werden daher im Zuge dieser Arbeit genauer analysiert. 

Die Publikationen dieser Arbeit zeigen, dass die Reaktivität der untersuchten 3-Chlorpiperidine durch 

die Einführung verschiedener Substituenten sowohl am Stickstoffatom, als auch in der C5 Position des 

cyclischen Piperidinsystems beeinflusst werden kann. Weiterführende biologische Studien mono- und 

bifunktioneller 3-Chlorpiperidine zeigten außerdem eine außergewöhnliche Selektivität aromatischer 

Derivate für pankreatische Tumorzellen, welche später auf eine unzureichende zelluläre Antwort dieser 

spezifischen Zelllinie zurückgeführt werden konnte. Außerdem wurden aliphatische und aromatische 

3-Chlorpiperidine durch NMR-kinetische Methoden untersucht und so die Einwirkung des C5 

Ringsubstituenten entdeckt. Die An- oder Abwesenheit einer geminalen C5-Methylierung zeigte 

signifikanten Einfluss auf die Bildung des reaktiven bicyclischen Aziridinium Intermediats und damit auf 

den geschwindigkeitsbestimmenden Schritt des DNA Alkylierungsmechanismus. Außerdem konnte die 

bicyclische, bootartige Struktur des intermediären Aziridinium Ions durch Einkristall-

Röntgenstrukturanalyse verifiziert und die verringerte Reaktivität unserer cyclischen Verbindungen im 

Vergleich zu aliphatischen Stickstofflosten bestätigt werden. 

Weitere Untersuchungen der geminal C5 methylierten 3-Chlorpiperidine führten zu dem Schluss, dass 

die Erhöhung der Reaktionsgeschwindigkeit, verglichen mit dem entsprechenden unsubstituierten 

Derivat, durch einen klassischen, winkelabhängigen Thorpe-Ingold Effekt bedingt wird. 
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Dementsprechend führten sterisch anspruchsvolle Substituenten in der C5 Position zu kleineren 

Innenwinkeln und beschleunigten die Bildung des bicyclischen Aziridinium Ions. Im Gegensatz dazu, 

führte die Verwendung von gespannten Cycloalkan-Substituenten zu einer Erweiterung des 

Innenwinkels, was die Bildung des bicyclischen Systems verlangsamte. Neben der bereits etablierten 

Variation des Stickstoffsubstituenten konnte diese neu entdeckte Struktur-Aktivitätsbeziehung als 

weitere Möglichkeit zur Anpassung der Reaktivität von 3-Chlorpiperidinen eingesetzt werden.  
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Abstract 

Alkylating agents have been widely used in cancer treatment since their discovery during the mid-

twentieth century. Nitrogen mustards represent a subclass of these medical agents and are 

characterized by their unique 2-chloroethylamine moiety. This functional group enables the 

intramolecular formation of a highly electrophilic aziridinium ion, which is readily attacked by cellular 

nucleophiles such as DNA bases. The resulting covalent adducts might cause depurination and DNA 

strand cleavage, leading to inhibition of DNA replication and eventually apoptosis of the treated cancer 

cells. However, this reactivity is not limited to malignant tissue, resulting in severe side effects and 

therefore limited therapeutic application of these drugs. 

Over the last decades, several nitrogen mustard derivatives have been developed to reduce side effects 

and enhance their respective selectivity or cellular uptake. One example is the introduction of various 

aromatic nitrogen substituents instead of the early aliphatic derivatives. The electron-withdrawing effect 

of these aromatic moieties reduces the nucleophilicity of the nitrogen atom, consequently decreasing 

the rate of aziridinium ion formation and therefore lowering their reactivity. Another approach to reduce 

their reactivity was applied in our group by including the 2-chloroethylamine functional group into a 

heterocyclic piperidine system, leading to a reduced rate of aziridinium ion formation due to the 

increased ring strain of the emerging bicyclic system. The resulting 3-chloropieridines showed promising 

DNA alkylating activities in previous studies and are therefore analyzed in more detail during this work. 

The publications included in this work demonstrate, that the reactivity of the examined 3-chloropiperidine 

derivatives could be adjusted by introduction of different substituents on the nitrogen atom as well as 

the C5 position of the cyclic piperidine system. Further biological evaluation of mono- and bifunctional 

3-chloropiperidines revealed a remarkable selectivity of aromatic nitrogen substituents for pancreatic 

cancer cells, which could be later attributed to an inappropriate cellular response of this specific cell line. 

In addition, we studied aliphatic and aromatic 3-chloropiperidines using NMR kinetic methods, revealing 

the importance of the C5 ring substituents. The presence or absence of the C5 geminal methylation had 

a significant effect towards the formation of the reactive bicyclic aziridinium intermediate, and therefore 

the rate-determining step of the DNA alkylation mechanism. The study also verified the bicyclic, boat-

like structure of the intermediate aziridinium ions by single crystal X-ray analysis and confirmed the 

decreased reactivity of our cyclic compounds in comparison with aliphatic nitrogen mustards. 

Further investigations of the C5 geminal methylated 3-chloropierdines concluded that the acceleration 

of the reaction rate, compared to the corresponding unsubstituted derivatives, is a result of a classic, 

angle dependent Thorpe-Ingold effect. Accordingly, bulky substituents in C5 position lead to decreased 

internal angles and therefore accelerate the formation of the bicyclic aziridinium ion. In contrast, strained 

cycloalkyl substituents result in enlarged internal angles and retard the cyclization reaction. Beside the 

already established variation of the nitrogen substituent, this new structure-activity relationship 

demonstrated to be another useful tool to modulate the reactivity of 3-chloropiperidines.  
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Preface 

The present work is prepared as a cumulative dissertation and incorporates the scientific publications 

I was able to achieve during my doctoral studies in the organic chemistry working group of Prof. Dr. 

Richard Göttlich at the Justus-Liebig-University Gießen. In the first chapter the general theoretical 

background of my research topic is presented, while the second chapter deals with previous studies in 

this area and includes my contribution to the aforementioned findings. In addition, these chapters 

describe the relationship between the individual publications and the scientific problems they tackled. 

Some of these publications were prepared in cooperation with the pharmaceutical working group of Prof. 

Dr. Barbara Gatto from the University of Padova. The following chapter includes the original peer-

reviewed publications, reprinted with permission of the respective copyright owners. The corresponding 

Supporting Information are publicly available on the publishers´ website. 
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1. Introduction 

Over the last 80 years alkylating agents, especially nitrogen mustards, have been extensively used in 

cancer therapy.[1,2] The application of these therapeutic agents afforded a new strategy for the treatment 

of cancer diseases, commonly known as chemotherapy. The term refers to the medication of malignant 

cells with special cytostatic agents, intending to inhibit their cell division. In contrast to local methods like 

surgery and radiation therapy, chemotherapy represents a systemic approach to cancer treatment, 

owing to the unselective nature of the applied chemotherapeutic agents. On the other hand, this lack of 

site specificity represents a major drawback of these drugs, leading to severe side effects due to harming 

of normal tissue, especially highly proliferating cells.[3,4] Furthermore, administration of high doses of 

anticancer drugs is usually required, resulting in the rapid development of resistance phenomena.[5] 

Nonetheless, chemotherapy remains an important aspect in today´s cancer treatment. Emerging from 

the discovery of alkylating agents during the First and Second World War, a multitude of different 

nitrogen mustard analogues have been prepared and tested in clinical trials, designed to reduce their 

side effects and make use of several transport or activation mechanisms.[1,2] Successfully introduced 

anticancer agents, like Chlorambucil and Cyclophosphamide, are nowadays usually combined with 

other cytotoxic drugs, such as antimetabolites, cytoskeletal drugs and topoisomerase inhibitors.[6] This 

combination therapy, alongside radiation therapy, surgical operations and hyperthermia therapy 

represents a common strategy for the treatment of many cancer types.[7] Therefore, further research in 

this area is still required, possibly leading to drug candidates with reduced side effects and improved 

uptake profiles, which might surpass common resistance phenomena. 

1.1.  History of Alkylating Agents 

The discovery of alkylating agents, and therefore the origin of modern chemotherapy, can be traced 

back to the use chemical warfare agents during the First and Second World War.[8] Beside the acute 

blistering effects, some victims of the chemical weapon “mustard gas” (bis(2-chloroethyl) sulphide; 

Figure 1) showed a significantly reduced number of white blood cells (leukopenia).[9] Accordingly, such 

sulphur mustards were clinically tested against leukemia, but could not be used therapeutically due to 

their strong acute toxicity. Instead, nitrogen-containing analogues of these compounds were developed 

as less toxic alternatives. In 1942 Goodman and Gilman started the first clinical trials of the nitrogen 

mustards tris(2-chloroethyl) amine and bis(2-chloroethyl) methylamine (Figure 1).[10,11] In the end, the 

bifunctional derivative, named Mechlorethamine, was found to be the more effective medical agent and 

is still used under the brand name Mustargen® for the treatment of Hodgkin´s disease.[12] In this early 

stage of development, Gilman already correctly postulated the mode of action for these compounds as 

alkylation of cellular nucleophiles connected with cell proliferation (compare Chapter 1.2).[10] 
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Figure 1: Chemical structures of the chemical warfare agent mustard gas and its nitrogen mustard analogues. 

Aliphatic nitrogen mustards like mechlorethamine suffer from severe side effects, since they show a 

high tendency to form a highly reactive aziridinium ion (compare Scheme 2), that might react with other 

cell components, such as different proteins and enzymes. To overcome this problem, a series of 

analogues with aromatic substituents were synthesized, which should exhibit a lower electrophilicity. 

Indeed, kinetic studies of these compounds showed a reduced reactivity and accordingly a lower toxicity 

in animal studies.[13] By exchanging the substituents of the aromatic moiety, finally a sufficiently water 

soluble compound with desirable activity was obtained by Everett, Roberts and Ross, that was later 

entitled Chlorambucil (Figure 2).[14] A huge advantage of this compound was the possibility of oral 

administration in contrast to aliphatic alkylating agents, which had to be applied intravenously. Following 

this successful approach, efforts were made to synthesize aromatic nitrogen mustards inspired by 

nature, that should for instance be able to use amino acid transporters or act as antimetabolites in 

addition to their alkylating abilities.[15] Some successful candidates of these investigations were 

Melphalan or Sarcolysine and Bendamustine (Figure 2), which are still used in clinical applications.[16] 

 

Figure 2: Chemical structures of the aromatic nitrogen mustards Chlorambucil, Melphalan and Bendamustine. 

Another attempt to reduce the electrophilicity of nitrogen mustards was the introduction of a 

phosphonamide bond to the nitrogen atom, which should be cleaved by cellular phosphoamidases.[17] 

But the initially synthesized phosphoramide mustard E (Scheme 1) could not be used clinically, despite 

encouraging in vitro results.[18] Further research in this area provided the cyclic phosphorylated nitrogen 

mustard cyclophosphamide A, that showed significant therapeutic potential and excellent patient 

tolerance.[19] The compound itself serves as a prodrug, which is activated by oxidation of the enzyme 

cytochrome P450 (CYP450).[20] The resulting 4-hydroxycyclophosphamide B can isomerize to the open-

chain form aldophosphamide C. This can either be further oxidized by the aldehyde dehydrogenase 

(ALDH) to the inactive carboxycyclophosphamide D or spontaneously eliminate acrolein, releasing the 

active metabolite phosphoramide mustard E (Scheme 1).[18,21,22] Cyclophosphamide actually represents 

the most used alkylating agent in clinical application today due to this unique mechanism of activation, 

while the basic reactivity of its active metabolite is identical to earlier mentioned nitrogen mustards.[22] 
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Scheme 1: Metabolic activation of the nitrogen mustard Cyclophosphamide A. 

1.2.  Alkylation Mechanism of Nitrogen Mustards 

The cytotoxicity of nitrogen mustards arises from their ability to alkylate cellular components such as 

proteins or DNA, as already hypothesized shortly after their discovery in the mid-20th century.[10,23,24] 

Due to their ability of transferring an alkyl group to DNA under physiological conditions, these 

compounds are categorized as DNA alkylating agents.[6] However, this reaction is not limited to 

malignant cells and other highly proliferative cell types are also impaired, resulting in a vast amount of 

adverse side effects like bone marrow depression, hair loss and gastrointestinal distress.[4,6,7,25] 

Generally, the alkylation mechanism of all nitrogen mustard derivatives F is a two-step process starting 

with an intramolecular SN2-like substitution of one chloride leaving group by nucleophilic attack of the 

nitrogen atom (Scheme 2).[26,27] The highly electrophilic aziridinium ion G is generated, which is quickly 

attacked by cellular nucleophiles such as DNA bases and the monoalkylation adduct H is formed.[28] 

This reaction preferentially occurs at the N7-position of the guanine nucleobase and can procced again 

with the second reactive 2-chloroethyl moiety, resulting in a covalent bisalkylation adduct I 

(Scheme 2).[29] The second alkylation can either take place on the same or the complementary DNA 

strand, resulting in intrastrand or interstrand crosslinks respectively. Nitrogen mustards have been found 

to form interstrand crosslinks predominantly at 5´-GNC sequences.[30] The resulting DNA alkylation 

adducts inhibit cellular replication processes and are highly cytotoxic. They might also cause different 

follow-up reactions including depurination and DNA strand cleavage, which can ultimately lead to 

apoptosis (programmed cell death).[9,31] 
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Scheme 2: General alkylation mechanism of nitrogen mustards F. 

The reaction of nitrogen mustards with nucleophiles under non-acidic conditions always involves the 

formation of the highly reactive aziridinium ion G (Scheme 2), independent of aliphatic,[24] aromatic[27,32] 

or phosphonamide[33] residues on the nitrogen atom and its formation has been verified as the rate-

determining step of the DNA alkylation mechanism.[34] Several computational studies have been 

performed to get detailed insights into the reactivity of nitrogen mustards. They confirmed the assumed 

correlation between electrophilicity of the aziridinium intermediate and the activity of the corresponding 

alkylating agent, while also explaining the preference for N7-guanine alkylation by favorable 

thermodynamics.[35] Inspection of the activation energies for the formation of the second aziridinium ion, 

from the respective monoalkylation products, also enabled prediction of the tendency to cross-link DNA 

strands. Understanding the structure and reactivity of the corresponding aziridinium ions therefore 

seems to be crucial for the development of new mustard based alkylating agents. 

1.3.  Chemistry of Aziridinium Ions 

Aziridinium ions are defined as the quaternary, cationic form of the three-membered aza-heterocycle 

aziridine. Activation of the strained aziridine ring by an electrophile, for instance provided by a simple 

protonation, will result in the formation of an aziridinium ion, which is very reactive towards nucleophilic 

attack.[36] The nucleophilic reaction induces C-N bond breaking and opens the small cyclic system, which 

provides a variety of synthetic applications in organic chemistry,[37,38] while also representing the 

fundamental reaction of nitrogen mustards. Furthermore, this enables access to biologically important, 

nitrogen-containing molecules such as different aza-sugars and alkaloids.[39] Depending on the attacking 

nucleophile,[40] the activating electrophile and the substituents of the aziridinium ion,[41] the reaction can 

proceed with specific regio- and stereoselectivity.[42] 

For the ring opening of the aziridinium ion J two distinct pathways exist, the sterically less hindered 

attack at the unsubstituted carbon, resulting in product K or the attack of the nucleophile at the carbon 

atom bearing more substituents, which leads to product L (Scheme 3a). General predictions of the 
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preferred reaction products are problematic, because of various other factors influencing the exact 

product ratio, for instance solvent, temperature and the activating electrophile.[43,44] However, especially 

ring opening reactions with halide nucleophiles have been studied extensively and revealed that hard 

halides, such as fluoride or chloride, prefer the attack on the less substituted carbon atom (kinetic 

product K), while the attack of soft nucleophiles, for instance bromide or iodide, will preferably generate 

the thermodynamic product L.[44,45] In case of bromide and iodide, which are also good leaving groups, 

the aziridinium ion can be regenerated by nucleophilic attack of the nitrogen atom and equilibration 

results in almost exclusive appearance of the thermodynamic product L. For chloride, the equilibration 

is much slower, but can also proceed in the same way. 

 

Scheme 3: Nucleophilic ring opening reaction pathways of mono- (a) and bicyclic aziridinium ions (b). 

Achieving the thermodynamic product O is of particular interest, when bicyclic aziridinium ions M are 

involved in these ring opening reactions (Scheme 3b), since the nucleophilic attack on the sterically 

more hindered carbon atom leads to a ring expansion that provides access to enantiopure aza-

heterocycles, such as piperidines or azepanes.[38,46–50] Again, this reaction is influenced by many factors, 

including the substitution pattern of the non-aziridinium heterocycle,[41,44,51] which leads to a mixture of 

the thermodynamic product O and the kinetic product N. Compared to the monocyclic aziridinium ions J, 

the preparation of bicyclic aziridinium ions M is more complicated due to the increased ring strain in the 

resulting bicyclic system. The second heterocycle is therefore usually generated via intramolecular 

reaction of the nucleophilic nitrogen atom and a leaving group attached to the heterocyclic precursor, 

similar to the aziridinium ion formation of nitrogen mustards (compare Scheme 2). Although, these 

intramolecular reactions are faster in comparison to their intermolecular counterparts, they can be further 

accelerated by the geminal dialkyl effect to facilitate the formation of the desired bicyclic system. 

1.4.  Intramolecular Reactions and the Geminal Dialkyl Effect 

The acceleration of an intramolecular reaction by introduction of a geminal substituent in the connective 

carbon chain is commonly known as the gem-dialkyl or gem-disubstituent effect.[52,53] This phenomenon 

has been used extensively in organic synthesis to promote challenging cyclization reactions, although 

a precise explanation is still lacking.[53–55] The earliest hypothesis about the origin of the observed rate 

enhancements was suggested by Thorpe and Ingold in 1915, thus entitled the “Thorpe-Ingold effect”.[56] 

They speculated, that the introduction of a gem-dialkyl substituent compresses the internal angle θ due 

to increased steric repulsion of these groups compared to the corresponding unsubstituted homologue 

(Figure 3a). Consequently, the closer proximity of the reactive centers accelerates the intramolecular 
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reaction. Several experimental observations, including crystallographic data, later proved their 

assumption,[57] but computational investigations by Schleyer also revealed that the small angle changes 

of 2-3° cannot exclusively explain the observed rate enhancements.[58] An alternative theory was 

therefore established by Bruice and Pandit, who correlated the acceleration by gem-disubstitution with 

a favorable distribution of reactive gauche rotamers.[59] This concept was later termed the “reactive 

rotamer effect” and describes an increase in the population of conformers, in which the correct 

orientation of the reactive centers promotes the intramolecular reaction (Figure 3b).[60] 

 

Figure 3: Angle contraction providing the “Thorpe-Ingold effect” (a) and illustration of the “reactive rotamer effect” (b). 

Both popular theories have been questioned by several authors, while in the majority of cases both 

effects contribute to rate enhancements and are therefore combined in the term geminal dialkyl effect. 

Alternative explanations include the “facilitated transition”,[61] “stereopopulation control”[62] and “relief of 

ground-state strain”[63] hypotheses as well as the consideration of a thermodynamic component for 

small[64] and medium sized rings.[65] Despite the absence of a concluding explanation for the acceleration 

of intramolecular reaction rates by the gem-dialkyl effect, a variety of cyclization reactions have been 

promoted by introduction of geminal substituents.[53–55] 

Gem-methylation is also an important concept in drug design and has been used to increase the stability, 

lipophilicity or activity of several small molecule drugs and biologically active peptides.[66] Another 

interesting application is the design of a prodrug concept by combination of the geminal dialkyl effect 

with the “buttressing effect”,[67] resulting in strong conformational restrictions and thus extreme 

enhancements of reaction rates, known as the “trimethyl lock”.[68] The carboxylic acid function of a 

methylated hydrocoumarinic acid is therefore connected with the selected drug, while the phenol group 

is coupled with an “enzymatic trigger” (compare compound P, Scheme 4). This moiety consists of a 

functional group, which can be cleaved enzymatically, for instance by an esterase or phosphatase. After 

enzymatic hydrolysis of the prodrug P, the nucleophilic phenol of compound Q attacks the ester and 

releases the active drug via formation of the lactone R, accelerated by the “trimethyl lock” (Scheme 4). 

This approach has been successfully applied to several drugs[69] including the anticancer agents Taxol[70] 

and Daunorubicin,[71] demonstrating the importance of mechanistic concepts for drug development. 

 

Scheme 4: Graphical illustration of the prodrug concept based on the “trimethyl lock”.
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2. 3-Chloropiperidines as DNA Alkylating Agents 

3-Chloropiperidines can be considered as cyclic analogues of classic nitrogen mustards. Just as their 

acyclic counterparts they have the ability to react with nucleophiles via a highly electrophilic aziridinium 

ion, accomplished by intramolecular substitution of the chloride leaving group.[72] The formation of this 

intermediate is more restricted due to the bicyclic character of the aziridinium ion and therefore reduces 

their reactivity, which has been confirmed by kinetic experiments in comparison with the half-mustard 

2-chloroethyl diethylamine.[73] Inspired by the naturally occurring antibiotic 593A,[74] our working group 

developed a synthetic approach to nitrogen bridged bis-3-chloropiperidines as simplified and possibly 

less reactive analogues of this natural compound (Figure 4). Preliminary studies on double-stranded 

DNA confirmed the ability of these compounds to efficiently fragment the employed DNA plasmid,[75] 

while electrospray ionization mass spectrometry confirmed the anticipated N7-guanosine alkylation 

products.[76] Variation of the linker structure also proved to affect the alkylating abilities of the examined 

compounds and especially aromatic moieties seemed to reduce the activity of 

bis-3-chloropiperidines.[75,77,78] This interesting aspect was examined during studies on different cancer 

cell lines,[79,80] while further mechanistic[73] as well as structure-activity relationship studies[81,82] of these 

promising drug candidates were initiated. Therefore, the following chapters briefly present the results of 

these investigations and provide common strategies for the synthesis of these compounds. 

 

Figure 4: Chemical structures of the natural antibiotic 593A and bis-3-chloropiperidnes as simplified analogues. 

2.1.  Synthesis of 3-Chloropiperidines 

In general, there are two different concepts for the synthesis of 3-chloropiperidines. The formation of the 

piperidine moiety by cyclization of a linear precursor or modification of readily available heterocycles 

such as 3-hydroxypiperidine or proline derivatives. The first approach was used for the synthesis of most 

bis-3-chloropiperidine derivatives in our working group and is based on the iodide catalyzed cyclization 

of unsaturated N-chloroamines 1 (Scheme 5).[83] The proposed mechanism of this reaction involves a 

Finkelstein-type halogen exchange, using an iodide salt such as tetrabutylammonium iodide to generate 

the N-iodoamine 2, which is very reactive and might add to the intramolecular double bond. The resulting 

iodonium ion 3 undergoes rotation around the single bond, generating compound 4, which reacts with 

the intramolecular nitrogen atom in an SN2 ring opening reaction. The obtained 2-iodomethyl pyrrolidine 

5 can then form the bicyclic aziridinium ion 6 and liberate iodide to close the catalytic cycle. Afterwards, 

the 3-chloropiperidine 7 is obtained via ring expansion initiated by nucleophilic attack of a chloride ion 

(compare Scheme 3b). Equilibration towards the thermodynamic piperidine product is promoted by 

elevated temperatures. 
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Scheme 5: Iodide catalyzed cyclization of unsaturated N-chloroamines 1 to 3-chloropiperidines 7. 

The reaction generally works for most unsaturated N-chloroamines, but employment of the accessible 

aldehyde precursor 2,2-dimethylpent-4-enal[84] 10 ensures rapid formation of the desired heterocycle by 

means of the geminal dialkyl effect (Scheme 6). The original strategy for the synthesis of 

bis-3-chloropiperidines was developed for the application of readily available diamine precursors 8 and 

involves a double reductive amination using sodium triacetoxyborohydride to yield the unsaturated 

diamine 12.[75] However, utilization of 2,2-dimethylpent-4-enyl amine 11 allows modification of this 

procedure to grant access to a broad range of precursors (compare Chapter 4.1).[79] The starting material 

9 with a suitable leaving group, for instance a halide or a sulfonate ester, can therefore react with the 

primary amine 11, previously deprotonated by sodium hydride. The obtained unsaturated diamine 12 is 

then converted to the corresponding bis-N-chloroamine 13 in the presence of N-chlorosuccinimide. 

These compounds can be easily purified by column chromatography and are afterwards cyclized to the 

desired bis-3-chloro-5,5-dimethylpiperidines 14 using catalytic amounts of tetrabutylammonium iodide. 

 

Scheme 6: General synthetic approach to bis-3-chloro-5,5-dimethylpiperidines 14 incorporating various linker structures. 
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This concept has been applied for a variety of different linker structures, such as linear and cyclic 

aliphatic compounds,[75] various lysine esters and amides[77,78,85] as well as substituted and unsubstituted 

aromatic systems.[75,79] Furthermore, several monofunctional 3-chloropiperidines[82,83] and the first 

tris-3-chloropiperidine[79] have been obtained by this strategy. Similar approaches to 3-chloropiperidines 

have been published, including cyclization of N-chloroamines using copper(I)[86], Pd(0)[87] and 

samarium(II)[88] catalysts as well as one-pot chlorination/cyclization procedures via iodine,[89] 

Pd(II)acetate[90] and copper(II)chloride.[91] The method using copper(II)chloride proved to be relatively 

mild, since strong oxidizing agents such as N-chlorosuccinimide are omitted, and was therefore used in 

the synthesis of sensitive 5,5-disubstituted 3-chlorobutylpiperidines, designed for a special application, 

using the geminal disubstituent effect (see Chapter 2.3 and Chapter 4.3).[81] The primary amines 15, 

obtained by allylation and subsequent reduction of readily available nitriles,[92] are converted to their 

secondary analogues 16 by a two-step reductive amination procedure (Scheme 7). First, the 

corresponding imine is generated using n-butanal and magnesium sulfate, followed by reduction with 

sodium borohydride. The one-pot chlorination/cyclization of these compounds with anhydrous 

copper(II)chloride or the respective dihydrate affords the desired 3-chloropiperidines 17 after prolonged 

stirring or heating to reflux (Scheme 7). All of these cyclization methods commonly provide isomeric 

mixtures with the exact ratio depending on the substituents of the acyclic precursor, due to the 

unselective addition of the nitrogen atom to the double bond. 

 

Scheme 7: Synthesis of 5,5-disubstituted 3-chlorobutylpiperidnes 17 using the one-pot copper(II)chloride procedure. 

Another possibility to synthesize 3-chloropiperidines is the use of readily available aza-heterocycles like 

3-hydroxypiperidine 18 or proline derivatives 21/22 (Scheme 8). The former approach is rather 

straightforward, starting with the functionalization of the free amine by simple nucleophilic substitution 

to yield amino alcohol 19. Afterwards, the desired chloride group can be obtained either by direct 

reaction of the alcohol with a chlorination reagent, such as thionyl chloride, or conversion into a suitable 

leaving group and subsequent nucleophilic substitution to the 3-chloropiperidine 20, for instance 

provided by methanesulfonyl chloride (Scheme 8a). This concept has been used by Searcey and 

coworkers to synthesize analogues of the anticancer drug Azinomycin, bearing one alkylating 

3-chloropiperidine moiety[93] as a substitute for the unstable bicyclic aziridine, as well as anthraquinone 

based DNA intercalators, which incorporate two alkylating agents such as 3-chloropiperidines, 

2-chloromethylpyrrolidines and 2-chloromethylpiperidines.[94] 
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Scheme 8: General synthesis of 3-chloropiperidines 20/24 from 3-hydroxypiperidine (a) and proline derivatives (b). 

While the aforementioned compounds were all synthesized racemic, the use of enantiopure 

3-hydroxypiperidine could provide access to the corresponding optically active 3-chloropiperidines. 

However, less expensive naturally occurring alternatives exist in the amino acids proline 21 and 

4-hydroxyproline 22 (Scheme 8b). In the first step, D- or L-proline 21 is reduced to the respective prolinol 

with lithium aluminum hydride and afterwards functionalized by nucleophilic substitution to yield amino 

alcohol 23a, comparable to the 3-hydroxypiperidine strategy. In case of the 4-hydroxyproline precursors 

22, the carboxylic acid is usually converted into a methyl ester, followed by functionalization of the amine 

as well as protection of the alcohol group and subsequent reduction of the ester to obtain the substituted 

alcohol 23b. The final chlorination reaction, using conditions similar to the 3-hydroxypiperidine approach, 

again makes use of the ring expansion via bicyclic aziridinium ion 6 (compare Scheme 3b), to obtain the 

thermodynamic 3-chloropiperidine products 24a and 24b respectively. The ring opening reaction 

proceeds stereoconvergent,[44,46,48,50] therefore the absolute configuration of the 3-chloropiperidines is 

determined by the corresponding amino acid precursor. 

Using this synthetic strategy, the two enantiomers of monofunctional 3-chloropiperidines have been 

prepared,[73,82] showing significantly different activity against isolated DNA and various cancer cell 

lines.[82] Furthermore, this ring expansion approach has been used in one of the first synthesis of a 

3-chloropiperidine[95] and is still an important strategy to obtain optically active 3-substituted piperidines, 

which represent essential building blocks in natural products with various biological activities.[46–49,96] 

The presented strategies were used in our working group to obtain all biologically and kinetically tested 

derivatives,[73,75–82,85] while literature provides many other synthetic approaches to obtain 3-substituted 

piperidine compounds.[97] 
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2.2.  3-Chloropiperidines: Mechanism of Action 

The reaction of 3-chloropiperidines 25 with nucleophiles, such as DNA bases, is suggested to proceed 

via the bicyclic aziridinium ion 26 (Scheme 9), which has been established by NMR spectroscopy[72] and 

electrospray ionization mass spectrometry.[77] Once this highly electrophilic intermediate is generated 

by nucleophilic attack of the nitrogen atom at the C-3 carbon and liberation of the chloride leaving group, 

it should be rapidly consumed by alkylation reactions with nucleophilic centers of cellular targets, like 

the N7-position of the guanine nucleobase (compare Scheme 2). The ring opening of the bicyclic system 

affords a mixture of six-membered piperidine 27 and five-membered pyrrolidine 28 products, while the 

exact ratio of these compounds depends on the aforementioned factors for reactions of aziridinium ions 

with nucleophiles (compare Chapter 1.3). 

 

Scheme 9: General mechanism for the reaction of 3-chloropiperidines 25 with nucleophiles. 

Since the bicyclic aziridinium ion represents a key-intermediate in the alkylation mechanism of 

3-chloropiperidines, we initiated detailed structural and kinetic studies of such compounds.[73] The 

structure of these highly reactive intermediates was found to be boat-like by computational analysis.[41] 

The crystal structure of a similar aziridinium ion, obtained by cationic tandem cyclization,[98] showed 

comparable results. Through halide abstraction, using silver salts with weakly coordinating anions, we 

were able to isolate the aziridinium ions 30 of different 3-chloropiperidines 29 (Scheme 10) and analyzed 

their reactivity in NMR kinetic studies. Furthermore, we succeeded in crystallization of two compounds, 

confirming the bicyclic, boat-like structure also in case of our intermediates. Examination of their 

respective kinetic behavior revealed remarkable reactivity differences for the formation as well as the 

nucleophilic reactions of C5 gem-methylated and unsubstituted aziridinium ions (see Chapter 4.2). We 

assumed, that the accelerated formation of the gem-methylated intermediates is a result of the geminal 

dialkyl effect (compare Chapter 1.4), which increases the rate of the intramolecular cyclization and 

addressed this interesting observation in a separate study (see Chapter 4.3). 

 

Scheme 10: Reaction conditions for isolation and subsequent nucleophilic reaction of the bicyclic aziridinium ions 30. 
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However, the reaction of all aziridinium ions with imidazole, as a model nucleophile for DNA, proceeded 

immediately at room temperature and preferably afforded the piperidine product 31 for the gem-

methylated compounds, while the pyrrolidine 32 was favored for the unsubstituted aziridinium ions 

(Scheme 10). This preference is in accordance with studies on the ring opening reactions of other 

bicyclic aziridinium ions[46,48,51] and was similarly obtained by direct reaction of the corresponding 

3-chloropiperidines with excess imidazole.[73] 

With this observation we investigated the kinetics of this reaction quantitatively employing Equation 1. 

The bicyclic intermediate is very reactive and will be consumed almost immediately after its generation. 

Therefore, the concentration of the highly reactive aziridinium ion 26 essentially does not change during 

the reaction and the steady-state approximation (
𝑑[𝟐𝟔]

𝑑𝑡
= 0) can be applied to Equation 1. Accordingly, 

the rate law can be rewritten as Equation 2 and with the additional assumption that the reaction with the 

nitrogen nucleophile (Nu) is much faster than the reaction back to the starting material (𝑘2 ≫ 𝑘−1), the 

term can be simplified to Equation 3. Applying this to Equation 4, which represents the rate of formation 

of the ring opening products 27 and 28, ultimately yields Equation 5, showing that the product formation 

is only dependent on the rate of aziridinium ion formation. Accordingly, the formation of the aziridinium 

ion (k1) is the rate-determining step of the reaction depicted in Scheme 9 and we can directly correlate 

the rate of product formation with the decrease in concentration of the 3-chloropiperidine (−
𝑑[𝟐𝟓]

𝑑𝑡
). 

𝑑[𝟐𝟔]

𝑑𝑡
= k1[𝟐𝟓] − k−1[𝟐𝟔] − k2[𝟐𝟔][Nu] = 0 (1) 

[𝟐𝟔] =
k1[𝟐𝟓]

k−1 + k2[Nu]
 (2) 

[𝟐𝟔] ≈
k1[𝟐𝟓]

k2[Nu]
 (3) 

𝑑[𝟐𝟕/𝟐𝟖]

𝑑𝑡
= k2[𝟐𝟔][Nu] (4) 

𝑑[𝟐𝟕/𝟐𝟖]

𝑑𝑡
=
k2/ k1[𝟐𝟓][Nu/ ]

k2/ [Nu/ ]
= k1[𝟐𝟓] = −

𝑑[𝟐𝟓]

𝑑𝑡
 (5) 

Consequently, NMR kinetic studies in aqueous solution with 2´-desoxyguanosine, as a nucleophile 

which appropriately resembles DNA, were performed.[73] The decrease of the 3-chloropiperidine signals 

was monitored by 1H-NMR spectroscopy, resulting in simple first order kinetics for the examined 

compounds. Comparison of the resulting rate constants showed similar results to our established DNA 

cleavage assay[75,77,78,82] and thus provides an effective method for the initial determination of the 

reactivity of 3-chloropiperidine derivatives (see Chapter 4.3). In general, we developed a new approach 

to verify the structure-activity relationship of our alkylating agents and further optimize their reactivity 

prior to complex biological studies. 



Structure-Activity Relationship 

13 

2.3.  Structure-Activity Relationship 

In our previous studies on bridged bis-3-chloropiperidines (compare Figure 4) we established a method 

to classify the reactivity of these compounds by their ability to fragment circular double stranded 

DNA.[75,77,78] The alkylating agents were incubated with DNA plasmids for 3 hours at 37 °C in aqueous, 

buffered solution at different concentrations (usually 0.5 µM, 5 µM and 50 µM). Afterwards, a gel 

electrophoretic analysis[99] was performed to determine the alkylating activity of the respective 

compound, judged by the fluorescence intensity of the stained DNA bands (Figure 5a). The naturally 

occurring supercoiled form of the DNA plasmid (SC) is very dense and therefore moves quickly through 

the gel, this is for instance visible as an intense band of unreacted SC-plasmid at the bottom of the gel 

for the control lane (Figure 5a). If a DNA strand break is induced by reaction with the alkylating agent 

(compare Chapter 1.2), the supercoiled plasmid relaxes and an open circular DNA form (OC) is obtained 

(compare Figure 5a). The electrophoretic mobility of this species is reduced compared to the supercoiled 

form.[100] The increase in intensity of the corresponding OC band, as well as the decrease in intensity of 

the supercoiled form, can therefore be correlated with the alkylating activity of the examined 

bis-3-chloropiperidine. From the relative intensities of the bands of supercoiled as well as the open 

circular forms, determined at different compound concentrations, an effective concentration that causes 

conversion of half of the SC-DNA to the OC-DNA can be calculated (using the GeneToolsTM software 

by PerkinElmer®) and expressed as an EC50 value. These values provide easier comparison of the 

different alkylating activities compared to the visual inspection of the corresponding gel electrophoretic 

analyses and will therefore be discussed as results of these DNA cleavage assays in most cases. 

 

Figure 5: DNA cleavage assay of bis-3-chloropiperidines 33-35 (a, modified[79]) and hydrogen bonding in 33 + H+ (b). 

As previously mentioned, the introduction of an aromatic linker[75] or the attachment of an aromatic 

moiety to the bridging lysine linker[77,78] seemed to reduce the alkylating activity of the respective 

bis-3-chloropiperidines compared to similar aliphatic linkers. Since the introduction of an aromatic 

nitrogen substituent was successfully used to reduce the reactivity of nitrogen mustards (compare 

Chapter 1.1), which are still clinically used anticancer drugs, we chose to particularly study aromatic 

bis-3-chloropiperidines. Several questions concerning the aromatic linker structure were addressed in 

this study (see also Chapter 4.1).[79] Since former analyses only examined a para-xylene linker 35, the 
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effect of varying the relative position of the two 3-chloropiperidine units was investigated. Furthermore, 

the influence of different substituents on the aromatic linker as well as the introduction of an aromatic 

heterocycle and finally the impact of a third reactive 3-chloropiperidine unit was explored. 

As a comparison, we added bis-3-chloropiperdines containing a flexible pentyl- and a more rigid 

cyclohexyl-linker to the study, which already showed similar activities in a previous study (EC50 ≈ 1).[75] 

DNA cleavage assays were performed as previously mentioned and Figure 5a illustrates the results for 

the variation of the substitution pattern. Clearly, the ortho-xylene compound 33 is less reactive compared 

to the meta- 34 and para-xylene linkers 35. Even at the highest concentration (50 µM) almost no 

reactivity can be detected (EC50 ≈ 89), while the other two compounds seem to be quiet similar in terms 

of DNA cleavage activity (EC50 ≈ 2). The experiment was repeated using a longer incubation time of 

18 h and showed, that bis-3-chloropiperidine 33 is still able to efficiently fragment the DNA plasmid. This 

delayed reactivity could be explained by the formation of an intramolecular hydrogen bond between the 

two piperidine moieties (see Figure 5b), one being protonated under physiological conditions as shown 

for compound 33 + H+. This would in turn reduce the nucleophilicity and thus the reactivity of this 

compound, while the increased distance of the meta and para analogues prevents such interactions. 

Furthermore, the increased steric hindrance, due to the ortho orientation in bis-3-chloropiperidine 33, 

could prevent an efficient attack of the nucleophilic centers of the DNA plasmid, an effect that has been 

previously observed after introduction of bulky lysine esters.[77] 

The effects of additional substituents on the aromatic linker as well as for the introduction of an aromatic 

heterocycle were more subtle and are therefore evaluated from the respective EC50 values.[79] Although, 

there is no direct conjugation between the aromatic linker and the nucleophilic nitrogen of the 

3-chloropiperidines, the inductive effects provided by the different substituents seem to affect the activity 

of the examined compounds (Figure 6). Similar effects have been observed for nucleophilic reactions of 

substituted benzyl amines,[101] which appears to be a suitable comparison for our system since a 

nucleophilic attack of the benzylic piperidine nitrogen is necessary to generate the reactive aziridinium 

intermediate (compare Chapter 1.2). The methoxy 36 as well as the methyl ester 38 substituents provide 

negative inductive effects, just as the pyridine linker 37, and therefore reduce the reactivity of the 

respective bis-3-chloropiperidines compared to the unsubstituted homologue 34 (Figure 6). The effect 

is small but still detectable, while the introduction of a third 3-chloropiperidine moiety in compound 39 

unintuitively reduces the reactivity by one order of magnitude. As already discussed for the ortho-xylene 

linker 33, steric hindrance, in this case caused by the third 3-chloropiperidine unit, might inhibit the 

nucleophilic attack of the guanine nucleobases and therefore hamper the reactivity of compound 39. 

 

Figure 6: EC50 values of substituted aromatic bis-3-chloropiperidines 34, 36-38 and tris-3-chloropiperidine 39 
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Since the aliphatic, thus electron-donating, pentyl- and cyclohexyl linkers were more reactive (EC50 ≈ 1) 

compared to all aromatic compounds, the DNA cleavage activity of bridged bis-3-chloropiperidines 

seems to correlate with the nucleophilicity, and therefore the electron density, of the nucleophilic 

piperidine nitrogen atom as well as with the steric hindrance provided by the substitution pattern. This 

result supports our investigation about the reaction mechanism of 3-chloropiperidines, considering the 

formation of the bicyclic aziridinium ion 26 (compare Scheme 9) by intramolecular nucleophilic 

substitution as the rate-determining step of the alkylation reaction (compare Chapter 2.2). A reduced 

reactivity of the respective alkylating agent might result in a favorable side effect profile, as successfully 

demonstrated by the development of aromatic nitrogen mustards, such as Chlorambucil (compare 

Chapter 1.1). Encouraged by these results, cytotoxicity studies on different cancer cell lines, namely 

colorectal and pancreatic adenocarcinoma as well as ovarian carcinoma, were initiated with this set of 

aromatic bis-3-chloropiperidines.[79] The investigation demonstrated the potential of our compounds as 

anticancer drugs, while most of them showed an increased cytotoxicity in comparison to Chlorambucil. 

Especially interesting results were obtained against pancreatic cancer cells, as all aromatic 

bis-3-chloropiperidines were about 200 times more cytotoxic compared to Chlorambucil against this 

specific cell line (see Chapter 4.1). This effect was exclusively attributed to the aromatic linker structures 

and was reflected by introduction of different aromatic esters to lysine-bridged bis-3-chloropiperidines[85] 

as well as for monofunctional 3-chloropiperidines.[82] Further examination of this phenomenon could 

exclude a selective transport mechanism for the aromatic compounds, while the cytotoxic effects 

towards cancer cells could be associated with damage to the cellular DNA,[79] which does not 

significantly vary among the tested cell lines. Ultimately, the increased cytotoxicity against pancreatic 

cancer cells could be explained by an insufficient cellular response to the DNA damage induced by 

aromatic 3-chloropiperidines, which was not observed for other cancer cell lines.[80] 

The previously mentioned studies confirm an effect towards the reactivity of 3-chloropiperidines caused 

by the electronic nature, structure and substitution pattern of the linker, while showing neglectable 

effects of the linker length and rigidity. Furthermore, the nitrogen substituent as well as the influence of 

stereochemistry (compare Chapter 2.1) seem to be especially important in studies on cancer cell lines, 

as there are additional effects in cellular environment, such as uptake and metabolism of the alkylating 

agents. Nonetheless, our primary cellular study on monofunctional 3-chloropiperidines revealed an 

unexpected effect of the 5,5-dimethylation of the central piperidine ring.[82] This structural feature was 

originally introduced due to the accessible synthesis of the 2,2-dimethylpent-4-enal precursor and will 

also accelerate the iodide catalyzed cyclization to the desired 3-chloropiperine moiety (compare 

Chapter 2.1) via the geminal dialkyl effect (compare Chapter 1.4). The absence of this gem-methylation 

substantially reduced the alkylating activity of the corresponding 3-chloropiperidine, which was also 

shown in NMR kinetic experiments (see also Chapter 4.2).[73] Taken together with our studies about the 

reaction mechanism of these compounds (compare Chapter 2.2), these results indicate the participation 

of the geminal dialkyl effect in the formation of the reactive bicyclic aziridinium ion 26 (compare 

Scheme 9). Since this intramolecular reaction is the rate-determining step for the reaction of 

3-chloropiperidines with nucleophiles (compare Equation 5), the 5,5-dimethylation will accelerate the 

cyclization and therefore enhance the reactivity of the gem-methylated compound in comparison with 

the unsubstituted homologue. The effect of this rate enhancement by geminal ring methylation even 
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exceeded the impact of different nitrogen substituents in DNA cleavage assays as well as in kinetic 

studies of monofunctional 3-chloropiperidines[79] and was therefore further evaluated in another kinetic 

study (see Chapter 4.3). 

The intramolecular reaction of the nucleophilic nitrogen atom and the chloride leaving group in 

3-chloropiperidines takes place in a six-membered heterocycle, which fixes the orientation of the 

reactive centers towards each other. Participation of conformational effects, such as the reactive-

rotamer effect (compare Chapter 1.4), can therefore be excluded and the observed rate acceleration 

should exclusively result from the compression of the internal angle θ (compare Figure 3a and 

Scheme 11). This conclusion was employed in a kinetic study to separate the angle dependent Thorpe-

Ingold effect from the reactive-rotamer effect (see Chapter 4.3) and revealed another interesting 

structure-activity relationship of 5,5-disubstituted 3-chloropiperidines (Scheme 11). The rate of 

methanolysis of the 3-chlorobutylpiperidine 40 was monitored by 1H-NMR, similar to the aforementioned 

NMR kinetics in aqueous solution (see Chapter 2.2 and Chapter 4.2). This reaction rate (k1) can be 

correlated with the formation of the bicyclic aziridinium intermediate 41 and thus the piperidine 42 and 

pyrrolidine methyl ethers 43 by application of the steady-state approximation (compare Chapter 2.2). 

 

Scheme 11: Thorpe-Ingold effect for the methanolysis of 3-chlorobutylpiperidines 40 via bicyclic aziridinium ions 41. 

The results of these examinations are depicted in Scheme 11 and show that the introduction of sterically 

demanding substituents, such as methyl and phenyl groups, accelerate the methanolysis compared to 

the unsubstituted 3-chloropiperidine (R = H). This increase in reaction rate can be explained by 

compression of the internal angle θ due to the increased steric repulsion of the introduced substituents, 

which is commonly known as the Thorpe-Ingold effect (compare Chapter 1.4). Contrarily, the internal 

angle is increased if strained cycloalkyl rings, like cyclopropane and cyclobutane, are chosen as 

substituents. The small bond angles in these substituents cause readjustment of the remaining carbon 

bonds, resulting in larger internal θ angles and therefore a decrease in the rate of aziridinium ion 

formation. These angular distortion effects have been confirmed by single crystal XRD as well as DFT 

calculations for the examined 3-chloropiperidine derivatives.[81] Accordingly, a linear correlation between 

the internal θ angle and the rate of methanolysis k1 was observed, which was also reflected by the 

experimentally determined Gibbs free energies of activation ΔG‡ (see Chapter 4.3). Therefore, adoption 

of this effect would represent another possibility, beyond the exchange of nitrogen substituents, to fine-

tune the reactivity of 3-chloropiperidines for their application as DNA alkylating agents. 
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2.4.  Summary and Perspective 

In the present work, various 3-chloropiperidine derivatives were synthesized as cyclic analogues of 

nitrogen mustards and their reactivity as well as their reaction mechanism were studied in detail. These 

compounds efficiently alkylated DNA in previous studies, just as their acyclic nitrogen mustard 

analogues. The reaction mechanism of these compounds was confirmed to proceed via highly 

electrophilic bicyclic aziridinium ions, which could be isolated and their structure as well as their reactivity 

were studied. These investigations confirmed, that the reactive intermediate is readily consumed by 

attack of different nucleophiles, like imidazole as a model compound for DNA nucleobases. Therefore, 

the formation of the bicyclic aziridinium ion has been verified as the rate-determining step of the DNA 

alkylation mechanism. Further evaluation confirmed, that the reaction rate of 3-chloropiperidines with a 

guanine nucleophile was reduced in comparison to an aliphatic half-mustard, which is most likely due to 

the increased ring strain of the bicyclic aziridinium intermediate (compare Chapter 2.2 and Chapter 4.2). 

The reactivity of 3-chloropiperidines towards DNA was shown to depend on their respective nitrogen 

substituent as well as the C5 piperidine ring substituents and the absolute configuration of the chlorine 

leaving group, leading to in-depth structure-reactivity relationship studies (compare Chapter 2.3). 

Consequently, different methods for the synthesis of such derivatives have been used, such as initial 

construction of the 3-chloropiperidine moiety or rearrangement of existing aza-heterocycles (compare 

Chapter 2.1). Both methods make use of the equilibrium between the bicyclic aziridinium ion and the 

3-chloropiperidine to achieve a clean transformation to the desired heterocycle (compare Scheme 3 and 

Scheme 5). The synthesis of bis-3-chloropiperidine derivatives is commonly carried out by an 

established bidirectional procedure, including the construction of an unsaturated diamine linker which is 

converted to the bis-N-chloroamine and subsequently cyclized to the bridged bis-3-chloropiperidine 

(compare Scheme 6 and Chapter 4.1). This strategy has been used to obtain several derivatives of 

these alkylating agents connected by aliphatic linkers as well as substituted aromatic compounds and 

various lysine esters and amides. A similar approach was used for the synthesis of C5 substituted 

3-chloropiperidines, which combines the chlorination and cyclization steps in a copper(II) catalyzed one-

pot procedure (compare Scheme 7 and Chapter 4.3). In contrast, the synthesis of optically active 

3-chloropiperidines is achieved by stereoconvergent ring expansion of naturally occurring heterocycles, 

such as enantiopure proline derivatives (compare Scheme 8). 

Structure-activity relationship studies of the synthesized 3-chloropiperidines were carried out by two 

different approaches, the first being our well-established in vitro DNA cleavage assay (compare 

Figure 5a and Chapter 2.3). This method evaluates the reactivity of these alkylating agents in terms of 

their ability to convert a supercoiled DNA plasmid into the open circular form, resulting from DNA strand 

breaks after alkylation. Examination of bis-3-chloropiperidines with various linker structures revealed, 

that the reactivity of these compounds is strongly influenced by the electronic nature of the linker as well 

as the steric hindrance provided by different additional substituents and the their relative orientation. 

Sterically demanding substituents or an unfavorable orientation of the 3-chloropiperidine moieties 

reduces their alkylating activity (compare Figure 5a), while the length or rigidity of the linker has a minor 

effect. Furthermore, electron-withdrawing substituents, such as aromatic linkers, also reduced the 

activity of these compounds, similar to the reduced reactivity of aromatic nitrogen mustards compared 
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to their aliphatic analogues (compare Chapter 1.1). This effect was further enhanced by the introduction 

of additional electron-withdrawing substituents to the aromatic linker (compare Figure 6). In addition, 

these bis-3-chloropiperidines with aromatic linker structures as well as those with bridging lysine esters 

and amides, containing appended aromatic substituents, showed an impressive cytotoxicity, in most 

cases much higher than Chlorambucil, especially against pancreatic cancer cells (see Chapter 4.1). 

In-depth biological studies later showed, that this phenomenon is attributed to an insufficient cellular 

response of this specific cell line against the alkylation of their cellular DNA by these aromatic 

3-chloropiperidines. 

During such DNA cleavage studies on monofunctional 3-chloropiperidines a significant effect of the C5 

gem-methylation of the piperidine heterocycle was noticed, initiating detailed kinetic studies to explain 

this particular issue. Therefore, a new NMR kinetic method was established which utilizes the fact, that 

the formation of the reactive aziridinium ion is the rate-determining step for the reaction of 

3-chloropiperidines with nucleophiles (compare Scheme 9). The consumption of the 3-chloropiperidine 

was monitored by 1H-NMR and the resulting first order kinetics could be compared, showing similar 

results to the aforementioned DNA cleavage assays. These investigations verified, that the geminal 

methyl groups in C5 position accelerate the formation of the bicyclic aziridinium intermediate, and 

therefore the reaction rate of the alkylation via the geminal dialkyl effect (see Chapter 4.2). More specific, 

the observed rate enhancement was confirmed to be the result of an angle dependent Thorpe-Ingold 

effect by additional kinetic studies, in which this effect could be separated from competing 

conformational effects and validated by single crystal XRD as well as DFT calculations (see 

Chapter 4.3). Accordingly, a new structure-activity relationship was established using different gem-

substituents at the C5 carbon of the 3-chloropiperidine ring to decrease or increase the reaction rate, 

compared to the unsubstituted homologue (compare Scheme 11). 

In conclusion, our studies confirm the proposed reaction mechanism of 3-chloropiperidines with 

nucleophiles and show their potential application as cyclic analogues of nitrogen mustards. Their ability 

to efficiently alkylate DNA, even against different cancer cell lines, combined with their accessible 

synthesis and the possibility to fine-tune their reactivity, using various nitrogen and piperidine ring 

substituents, makes them promising candidates for the development of new anticancer drugs. 
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4. Publications 

4.1.  Aromatic Linkers Unleash the Antiproliferative Potential of 3-

Chloropiperidines Against Pancreatic Cancer Cells 

 

As keen as mustard: Aromatic 3-chloropiperidines designed to improve the therapeutic potential of 

mustard-based DNA alkylating agents have been synthesized and evaluated. These small molecules 

exhibited a marked anti-proliferative effect preferentially against BxPC-3 pancreatic adenocarcinoma 

cells in 2D and 3D cultures, thus demonstrating themselves to be promising candidates for the further 

development of sustainable chemotherapeutics active against pancreatic tumors. 

 

Reference 

Tim Helbing, Caterina Carraro, Alexander Francke, Alice Sosic, Michele De Franco, Valentina Gandin, 

Richard Göttlich, Barbara Gatto, ChemMedChem 2020, 15, 2040. (doi: 10.1002/cmdc.202000457) 
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4.2.  Understanding the Alkylation Mechanism of 3-Chloropiperidines 

– NMR Kinetic Studies and Isolation of Bicyclic Aziridinium Ions 

 

In this research, we analyzed the alkylation mechanism of 3-chloropiperidnes by isolation of the 

proposed intermediate aziridinium ions and NMR kinetic investigations. The bicyclic structure of these 

predicted intermediates was confirmed by single crystal XRD, while the kinetic analysis revealed 

remarkable reactivity differences between the gem-methylated compounds and their corresponding 

non-methylated analogues.  
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Göttlich, European Journal of Organic Chemistry 2021, 2021, 5905. (doi: 10.1002/ejoc.202101072) 
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4.3.  Separation of the Thorpe-Ingold and Reactive Rotamer Effect by 

Using the Formation of Bicyclic Aziridinium Ions 

 

A classic, angle dependent Thorpe-Ingold effect in the formation of bicyclic aziridinium ions is presented. 

Kinetic studies, backed up by SC-XRD and DFT calculations, reveal a linear correlation of the internal 

angle β with the rate constant k1. Increased angles result in decreased rate constants and vice versa. 

The cyclic structure of the examined 3-chloropiperidines thereby excludes contribution of the reactive 

rotamer effect towards this cyclization. 

 

Reference (Early View) 
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Anticancer Agents. C. Carraro, A. Francke, A. Sosic, F. Kohl, T. Helbing, , M. De Franco, D. Fabris, R. 

Göttlich, B. Gatto, ACS Medical Chemistry Letters 2019, 10 (4), 552–557. (doi: 

10.1021/acsmedchemlett.8b00580) 

  



Acknowledgment 

55 

5. Acknowledgment 

This work would not have been possible without the help of many different people, especially during the 

challenging crisis times (“JLU offline” and Corona). First and foremost, I would like to thank my 

supervisor Prof. Dr. Richard Göttlich for the opportunity to work in his research group and on this specific 

topic since I started my groundwork with the bachelor thesis. Moreover, I would like to thank Richard for 

his constant support during my doctoral studies and the ability to do basically all the research I wanted 

to do. In addition, I want to thank Prof. Dr. Barbara Gatto and Dr. Caterina Carraro as well as their 

students and co-workers for providing the pharmaceutical evaluation of the synthesized compounds, 

the beneficial cooperation and their hospitality during my trips to Italy. I also thank Prof. Dr. Siegfried 

Schindler for co-examination of this work. 

I would like to show my gratefulness to the current and former members of the AG Göttlich, who shared 

their time in the group with me, for the pleasant working environment and many entertaining evenings. 

Specific credits go to Dr. Alexander Francke, who supervised my bachelor thesis and also supported 

me during my master thesis and the first months of my doctoral studies. Furthermore, I want to thank 

my former apprentice Lena Lipovsek for her assistance as well as her everlasting energy and 

enthusiasm. I would like to as well acknowledge all the students I was allowed to supervise during this 

time, especially Michael Kirchner whose work resulted in the third publication of this dissertation. 

Although not included in this work, I would also like to thank Prof. Dr. Joachim Geyer and Dr. Michael 

Marner for their contribution to my other research projects. 

I also want to express my gratitude to Mats Georg and Max Hasenbeck who have been fantastic friends 

and colleagues, supporting me scientifically as well as emotionally during my doctoral studies and 

providing an enjoyable time also apart from the lab. In addition, I want to thank my friend and former 

fellow student Felix Pfanschilling for his encouragement all along the undergraduate semesters and the 

humorous evenings. The three of you made my academic time much more worthwhile. 

Special thanks go to the members of the analytical department, without whom this work would not have 

been possible. I want to specifically name Steffen Wagner, Stefan Bernhardt, Dr. Raffael Wende, Dr. 

Dennis Gerbig and Dr. Heike Hausmann for their technical and theoretical support concerning the 

measurements. Moreover, I would like to thank Dr. Jörg Neudert, Doris Verch, Michaela Richter and 

Annika Jäger for administrative support, Edgar Reitz for his help with electronic problems and Eike 

Santowski as well as Mario Dauber for their assistance with the chemical supplies and waste disposal. 

By all means, I am grateful for the support that my family granted me during all the time of my academic 

career, starting with my sudden relocation to Gießen. Michael, Petra and Niko Helbing, I will never forget 

your decisive help and moral support, especially during the more challenging times. 

In particular I want to appreciate my wife Jil-Christine Kramer, without your backing I would probably not 

be able to write these lines. Your patience, constant motivation and love were without any doubt the 

strongest support I had during this time. Words cannot express how thankful I am for getting to know 

you during my first semester and for all the cheerful moments we had since then. I hope that we will 

have plenty of these in the future and that our mutual encouragement is never ceasing. 


