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Summary 

The sequence selective cleavage of RNA and DNA offers a generic therapeutic 

approach to influencing protein activity by controlling its expression. This exploits the 

predictable recognition of the primary structure of DNA and RNA through base pairing 

compared to the unpredictable recognition of proteins based on their primary structure. 

Whilst systems based on biological components have been used to achieve this, 

creating wholly artificial systems remains a challenge. This thesis describes efforts to 

combine artificial catalysts for RNA cleavage with sequence selective units to make 

artificial nucleases, and work towards enhancing the reactivity of the catalytic centres. 

Initially, a series of mononuclear complexes based on a core bis 2-pyridylmethylamine 

ligand were attached to a peptide nucleic acid sequence to create a PNAzyme. These 

contained H, Me and NH2 in the 2ô position of the pyridyl unit, which show relative 

reactivity of 1:3.3:100 towards the artificial substrate HPNPP. This relative reactivity is 

largely reflected within the PNAzymes (estimated as 1:6:100 relative rates), showing 

that the additional activity is translated to this different context and that the model 

studies are a suitable guide. As the monuclear complexes are not sufficiently reactive 

for practical purposes, a synthetic strategy to allow the conjugation of a highly reactive 

dinuclear analogue was designed and largely completed, although the final 

conjugation could not be attempted. A much more convenient route for creating a key 

6-amino-2-pyridyl methyl alkylating reagent based on a key Curtius rearrangement 

was developed, avoiding the scalability problems and tortuous separation involved in 

previous methods. 

A complementary approach was taken by conjugating 2,9 diaminophenanthroline to 

the PNAzyme, which also showed enhanced activity compared to the previously 

described 2,9 dimethylphenanthroline analogue. Cu(II) and Zn(II) complexes showed 

2.3 and 1.5 increases in activity respectively, with the Zn(II) complex showing enhance 

site selectivity. This modification was designed into a demethylated phenazine 

derivative where the Zn(II) complex is almost reactive enough to consider therapeutic 

applications. The synthesis of the diamino analogue has been completed, but awaits 

the result of conjugation and testing. The syntheses of these amino analogue utilised 

the same approach as for the building blocks used in chapters 2 and 3, solving a 
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different synthetic challenge in introducing amino groups to these bicyclic systems 

under much milder conditions than have been previously employed. 

To potentially enhance the overall catalytic properties of Zn complexes, the 

introduction of a thiol to replace a bridging alcohol was considered. The lower charge 

density was hypothesised to reduce unfavourable charge interactions, and the 

differing size and bond lengths may enhance the formation of the active complexes.  

A series of mononucleating ligands were prepared where the bridging amine of the bis 

2-pyridylmethylamino unit was replaced by oxygen and sulfur. These were analysed 

as Zn(II) complexes and showed subtle changes in properties. A pendant thiol was 

introduced into the complex, and kinetic analysis suggested that the thiolate may be 

less deactivating than a pendant alcohol, despite the negative charge of the sulfur. 

This led to the design of a dinucleating ligand with a critical bridging alcohol changed 

to a thiol on the principle that the thilate would facilitate formation of the dinuclear 

complex but be less deactivating than the oxyanion bridge. The synthesis encountered 

a series of challenges, and was completed for one analogue. 

The work in the thesis is summarised and final conclusions drawn from it in the final 

chapter, with the detailed experimental procedures given in the relevant chapters.  
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1.1 Watson and Crick and Antisense therapy 

 

The central dogma of biology describes how DNA is transcribed into RNA and how the 

RNA is further translated into peptide chains which can fold up into a final active 

protein. The natural recognition process to decode genetic information is based on 

base recognition, and has also been applied in artificial systems. This allows the direct 

use of the principles behind Watson and Crick base pairing for the development of 

antisense therapy for treatment of diseases on a generic, genetic level.  

In 1953 Watson and Crick published their findings and suggestions for the structure of 

the double helix DNA as we know it today[1]. Earlier that year, an alternative structure 

was published by Pauling and Corey[2]. Their model was based on three molecular 

chains having the nucleic bases sticking out from the structure and with the phosphate 

groups near to the inner axis[2]. 

 

Figure 1 DNA structure by Pauling and Corey VS Watson and Crick [1], [2] 

In contrast, Watson and Crick reported the principle that we now know as base pairing 

and identified the specific pairing of adenine (purine) with thymine (pyrimidine), and 

guanine (purine) with cytosine (pyrimidine). In addition to the principles of base pairing, 

they also described how the two nucleotide strands were held together by hydrogen 

bonds between the individual bases[1]. In RNA uracil (pyrimidine) is present instead 

of thymine[3]. 
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Figure 2 Base pairing  

Looking at the principles behind the Watson and Crick base paring, this system is a 

perfect example on how selectivity is achieved in Nature based on the recognition of 

a complementary strand. This type of recognition and selectivity is found in nature to 

recruit and guide naturally occurring nucleases towards their target sequences, but 

have also formed the basis of the recognition unit for completely artificial systems 

which is the principles behind the PNAzymes described in the following chapters.    

In 1991 Peter E. Nielsen and co-workers developed the polyamide nucleic acid (PNA) 

structure as a synthetic analogue to DNA. This structure had the same ability to form 

hydrogen bonds via Watson and Crick base pairing like DNA but had a peptide amide 

backbone instead of the phosphodiester backbone [4].  

 

Figure 3 DNA, PNA and RNA oligomers. Recognition by base pairing  
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PNAs can hybridise to complementary sequences of DNA and RNA in both parallel 

and antiparallel structures where the antiparallel is the preferred orientation. The PNA 

backbone consists of neutrally charged amides in contrast to the negatively charged 

phosphate backbone of DNA and gives PNAs different properties. PNA/DNA dimers 

form stronger duplexes than DNA/DNA dimers due to the lack of electrostatic repulsion 

in the PNA/DNA structure. This also means that the stability of PNA/DNA duplexes 

are barely affected by the ionic strength of the media while duplexed structures of RNA 

and DNA show weaker hybridisation at lower ion strength. The ability of PNAs to 

hybridise strongly with DNA and RNA sequences means that duplexes of PNA and 

RNA or DNA have been an efficient way to block gene expression by steric hindrance 

[5]. This way of blocking gene expression is one of the approaches for antisense 

therapy.   

Antisense therapy is based on the principles of interfering with the central dogma and 

blocking the expression of genetic information [6]. Two different strategies for 

antisense therapy are known. One strategy is based on activation by hybridisation of 

the target RNA sequence with an AntiSense Oligonucleotide (ASO) which recruits the 

naturally occurring ribonuclease (RNase) H1 enzyme which selectively cleaves the 

target RNA. The RNase H1 can be found both inside and outside the cell nucleus and 

can target hybridised non-coding RNA (ncRNA), precursor messenger RNA (preRNA) 

as well as the final messenger RNA (mRNA) sequence [6]ï[8].  

 

Figure 4 Antisense strategies. The antisense therapeutic can function inside and outside the 
cell nucleus [7] 
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Another strategy is based on deactivation by blocking via steric hindrance. The 

translational process can be blocked by disrupting the correct assembling of the 40S 

and 60S ribosomal subunits involved in protein expression or by blocking the 

introduction of 5ô cap unit required for translation of the mRNA. Finally, blocking can 

also occur by blocking the natural original splicing site of preRNA in the process of 

creating mRNA which can prevent splicing factors from reaching their original target 

or lead to expression of mutated proteins [6], [7]. 

In regard to the cleavage approach facilitated by RNaseH1, studies have shown that 

the potency of ASOs is highly dependent on the expression of RNaseH1 which makes 

the levels of RNaseH1 the rate limiting factor in the cleavage strategy [9].  

The principles of antisense therapy is already being used in the clinic and to date at 

least eight ASO based drugs have been approved by the U.S. Food and Drug 

Administration (FDA). These include the first approved example, Formivisen (1998) 

used to treat cytomegalovirus retinitis in AIDS patients, Mipomersen (2013) used for 

treatment of homozygous familial hypercholesterolemia which leads to abnormal 

levels of low density lipoprotein (LDL) cholesterol and Inotersen (2018) used to treat 

transthyretin amyloidosis which is responsible for the formation of amyloid fibrils which 

deposit and eventually damage organs of the patient [7], [10]. Formivisen, Mipomersen 

and Inotersen are all examples of therapies based on the recruitment of RNaseH1. In 

addition to these three, five other ASO-drugs, Nusinersen (2016), Eteplirsen (2016), 

Golodirsen (2019), Viltolarsen (2020) and Casimersen (2021) based on the splicing 

strategy have been approved by the FDA [7], [10].  

Suppression of gene expression promoted by cleavage of mRNA by ribozymes and 

DNAzymes have shown half-life times of the target mRNA in the range of single 

minutes. This efficiency resulted in gene suppression comparable to the RNaseH1 

recruitment strategy [11], [12].   

The RNase H1 enzyme responsible for RNA cleavage is a metallo enzyme which 

make use of Mg(II) ions in the active site. Upon binding to the DNA/RNA dimer the 

DNA interactions are distorted which allow proper interactions with the phosphate 

diester bond which is the natural target for this type of catalytic RNA cleavage [13].  
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This approach which leads to the cleavage of RNA involve reactions that cleave the 

phosphate diester backbone, which is a very slow reaction when it is uncatalyzed ï 

one of the reasons Nature chose phosphates. 

 

1.2The phosphodiester bond 

 

Phosphates is a common class of chemical compounds which can be found in nature 

as well as in synthetic laboratories. Simple phosphates can be divided into the 

following three subgroups depending on their degree of esterification: 

phosphotriesters, phosphodiesters and phosphomonoesters.  

 

 

Figure 5 Different types of phosphates 

The genetic material deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are both 

examples of where phosphates can be found in nature. In both cases, the 

macromolecules consists of a sugar moiety and a base. Together, this forms the unit 

known as a nucleoside. The nucleosides are linked together via a phosphate moiety 

giving rise to the phosphodiester bond. As the two names indicate, deoxy-ribonucleic  

and ribonucleic, the structures differs mainly by a single hydroxyl group. However, this 

hydroxyl group has a large impact on the stability of the phosphodiester and thereby 

the overall stability of the two types of macromolecules [14]. 

The half-life for the spontaneous hydrolysis of the phosphodiester bond in di-neopentyl 

phosphate at 25 ÅC in water at neutral pH has been estimated to be  around 30,000,000 

years. This number has been used to give an indication of the half life time of the 
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phosphodiester P-O bond in DNA[15]. In contrast, the half life time of the P-O bond in 

the phosphodiester in UpU at pH 7 and 25 °C has been estimated to be around 110 

years giving an indication of the typical stability of the phosphodiester bond in RNA. 

This big difference in stability can be attributed to the 2ô-hydroxyl group in the RNA 

structure and its ability to undergo transphosphorylation [16], [17].   

 

Figure 6 Structure and stability of DNA and RNA  

Cleavage of the phosphodiester bond can happen in different ways. In the case of 

DNA the nucleophile has to come externally from the environment. This gives the 

possibility of hydrolysing the phosphodiester with the 3ô end or the 5ô alcohol as the 

leaving group[14] (Scheme 1). Studies on dineopentyl phosphate have shown that the 

hydrolysis of the P-O bond is pH independent in the range of pH 7-12 [15].  

 

Scheme 1 Hydrolysis leading to two different products 
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In the case of RNA, the nucleophile is already present within the substrate molecule 

giving rise to an intramolecular transphosphorylation/transesterification reaction 

forming a cyclic phosphodiester initially. Only the second step, the ring opening 

reaction, is the actual hydrolysis of a phosphodiester. In the second step, two isomers 

of the phosphomonoester product can be formed having the phosphate group in the 

2ô or the 3ô  position of the ribose sugar[14] (scheme 2).   

 

 

Scheme 2 {ǇƻƴǘŀƴŜƻǳǎ ƘȅŘǊƻƭȅǎƛǎ ƻŦ wb! ƭŜŀŘƛƴƎ ǘƻ ǘƘŜ ŦƻǊƳŀǘƛƻƴ нΩ ŀƴŘ оΩ ƛǎƻƳŜǊǎ  

The mechanism for the buffer and pH independent transesterification of the 2ô hydroxyl 

group is based on intramolecular proton transfers forming a monoanionic 

pentacoordinate intermediate which collapses under another intramolecular proton 

transfer, giving the cyclic 2ô, 3ô phosphodiester and 5ô hydroxyl group[14] (scheme 3).  

 

 

Scheme 3 Buffer and pH independent transesterification of the 2Ω hydroxyl   
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In contrast to the hydrolysis of the phosphodiester in DNA which is pH independent 

over a wide pH range the cleavage of RNA is highly sensitive to pH. Under acidic 

conditions pH < 2 the monoanionic phosphate can become protonated which 

facilitates the attack from the 2ô hydroxyl group onto the phosphorus[17]. The 

pentacoordinate intermediate can then undergo proton transfers which can lead to 

isomerisation between the 2ô and 3ô hydroxyl group. The proton transfer can also 

happen from the uncharged pentacoordinate intermediate and onto protonation of the 

5ô P-O bond which then facilitates the departure of the 5ô hydroxyl group and formation 

of the 2ô,3ô cyclic phosphodiester[17] (Scheme 4).    

 

Scheme 4 Acid catalysed cleavage of RNA  
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At slightly higher pH, between 4 and 7, the reaction proceeds predominantly via the 

uncatalyzed mechanism[14], [17] described in scheme 3. However, even at pH 5 the 

hydroxide-ion catalysed reaction starts to contribute[14], [17].    

At pH > 7.5, the reaction is dominated by the hydroxide catalysed cleavage. The 

cleavage proceeds via a deprotonation of the 2ô hydroxyl group giving the 2ô alkoxide 

anion which acts as the nucleophile in the attack on the phosphorus. At this stage, the  

phosphodiester is already at a monoanionic stage giving rise to the dianionic 

phosphorane. This phosphorane is very unstable and quickly collapses to form the 2ô, 

3ô cyclic phosphodiester[14], [17] (Scheme 5).    

 

 

Scheme 5 Base catalysed cleavage of RNA  

 

In regard to different cleavage mechanisms it should be noted that other ways of 

cleaving DNA and RNA also exist.  Oxidative cleavage of DNA has been described as 

a very efficient method in the literature. However, hydrolytic cleavage is more 

compatible with biological systems because the products formed in the hydrolytic 

cleavage may become substrates for further enzymatic manipulations[18].   

Furthermore, it is also worth noting that cleavage can also occur at other sites to the 

phosphodiester and its P-O bonds, and examples of DNA cleavage of the sugar moiety 

or the bases has also been reported induced by UV light[19], radiation[20] and free 

radicals[21]. However, the cleavage of interest for this project has been the hydrolytic 

cleavage of the P-O bond in phosphodiesters and especially the phosphodiester found 

in RNA substrates. 
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1.3 Natural substrates and model substrates  

 

The cleavage of the phosphodiester bond in DNA is clearly different from the cleavage 

of the same phosphodiester in RNA. As already mentioned the two types of cleavage 

differ in the type of nucleophile, being either intermolecular in the case of DNA or 

intramolecular in the case of RNA.  

The cleavage of the phosphodiester bond in RNA and DNA can be studied in different 

ways. Obviously, the most accurate studies of cleavage is achieved when the actual 

RNA or DNA sequence of interest is used as a substrate. The most simple and most 

natural substrate is a dinucleotide. Even when dinucleotides seem to be the ideal 

substrate, the natural structure comes with a price, with analytical methods usually 

limited to HPLC analysis [14]. This usually limits the number of data points that can be 

obtained in a time course, which limits the number of parameters that can be fitted to 

a reaction scheme. 

 

Figure 7 RNA and DNA and their model substrates   
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An alternative to the more natural substrates are the 4-nitrophenol derivatives 2-

hydroxypropyl p-nitrophenyl phosphate (HPNPP) and bisȤpȤnitrophenyl phosphate 

(BNPP), both examples of artificial substrates often used for the study of 

phosphodiester cleavage (figure 7). In contrast to the more natural substrates, when 

they react, the 4-nitrophenol derivatives produce the yellow 4-nitro phenolate ion which 

can be followed by UV/vis absorption at 400 nm. This monitoring process allows many 

more data points to be gathered conveniently. For this reason, HPNPP and BNPP are 

very often used as model substrates for studies of RNA and DNA cleavage, 

respectively [14].  

As illustrated in figure 8 HPNPP has been designed to contain a secondary alcohol, 

mimicking the secondary alcohol in RNA working as the intramolecular nucleophile for 

the transesterification of the phosphodiester bond. The major differences between the 

two substrates can be attributed to the leaving group, the nucleophile and the 

structural and conformational behaviour of the two phosphodiesters.   

As shown in figure 8 the transesterification of a dinucleotide and HPNPP leads to a 

cyclic phosphodiester and the release of an alcohol in the form of the 5´-hydroxyl group 

on the nucleoside in case of a dinucleotide and phenol, respectively.  

Due to the difference in pKa values between the two leaving groups, the p-

nitrophenoxy group is 108 times better leaving group than the 5´-hydroxyl group [14]. 

At the same time, the flexibility of the HPNPP and its isomer and a nucleotide 

sequence may be different.  This means that the HPNPP may form a rotamer of the 

intramolecular nucleophile upon ligand binding which facilitates the cyclic phosphate 

formation. The same influence from a small ligand catalyst is likely to be much lower 

on a RNA substrate [14]. Finally, the possible interactions between a metal ion 

complex and the groups on both sides on the phosphodiester may be disrupted or 

completely missing when substrates other than the natural one are used. One of the 

differences between HPNPP and its regioisomer is the difference between the 

intramolecular nucleophile in the shape of a secondary and a primary hydroxyl group, 

respectively (figure 8).  
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Figure 8 Typical model substrates for the study of phosphodiester cleavage   

From this point of view, the secondary hydroxyl group in HPNPP does look more 

similar to the natural nucleotide backbone which may also be the reason why the 

popularity of HPNPP as a model substrate exceeds the one of its regioisomer. 

The influence of the 2ô-hydroxy group and the absence of it has been compared in the 

literature among model substrates. A 105 time increase in reactivity between the 

methyl derivative (figure 9, left) and HPNPP has been found at 25 °C. When the 2-

hydroxy group was turned into the 2ô-hydroxy group in a ribose model (figure 9, right), 

even faster rates were observed with the ribose derivative being 3 x 109 times faster 



22 
 

than the methyl derivative at 25 °C [16].  Interestingly, the relative rate accelerations 

were found to be similar with good and poor leaving groups [16].  

 

 

Figure 9 Relative reactivities of model substrates 

 

1.4 A model substrate found in nature 

 

One example of a naturally occurring substrate which has been studied in artificial 

systems is the RNA sequence 5ô-AGAGUUCAAAAGCCC-3ô. The occurrence of the 

RNA sequence comes from a gene translocation which fuses two unrelated genes 

together, the ABL (chromosome 9) and BCR (chromosome 22). Expression of this 

hybrid gene leads to proteins with increased phosphorylation properties which again 

results in reduced apoptosis and increased oncogenic activity [22].   

 

Figure 10 The fusion of the ABL gene (chromosome 9) and BCR gene (chromosome 22)   
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The gene fusion leading to the oncologic BCR/ABL hybrid is overrepresented in 

patients with chronic myeloid leukemia found in almost all cases and in about 1/3 of 

all adults with acute lymphoblastic leukemia [22]. 

Antisense-like strategies to ñturn offò the expression of the BCR/ABL have been 

demonstrated based on RNA interference [22]. This RNA target sequence has also 

been used as a ñrealò model substrate in the development of artificial nucleases for 

selective cleavage phosphodiesters in RNA targets [12] which also forms the bases 

for the PNAzyme studies described in chapter 2,4 and 5.    

 

1.5 Natural enzymes for cleavage of phosphates 

 

Having established the reactivity of the phosphate esters in RNA and DNA, it is clear 

that very efficient catalysis is required to cleave them on a practical timescale to have 

a therapeutic effect. In nature, several enzymes are able catalyse the cleavage of the 

P-O bond in phosphates. In snake venom several different enzymes which have 

phosphates as their target substrates can be found. These include phosphatases, 

nucleases like phosphodiesterases,  deoxyribonucleases and ribonucleases [23], [24].  

Phosphatases are responsible for the cleavage of phosphomonoesters. The 

phosphatases can exist as alkaline and acid phosphor mono esterases. An example 

of the catalytic cycle for alkaline phosphatase found in E. coli is shown in Scheme 6. 

The active site contains two Zn(II) centres which are involved in the catalytic process 

and substrate binding. The reaction proceeds via a nucleophilic attack from Ser102 

which forms the intermediate which allows the cleavage of the original monoester. 

After subsequently addition of a water molecule activated by coordination to one of the 

Zn(II) centres, the Ser102 departs and inorganic phosphate is formed as the catalytic 

sequence is completed [25]. Alkaline phosphatase has been found to hydrolyse many 

different types of phosphomonoesters including 5`AMP, 5`-dAMP, 3`AMP. 

Phosphorylated ribose 3-phosphate, deoxy-dinucleotide phosphates and RNA and 

DNA nucleotides are also substrates for the family of alkaline phosphatases[23], [26]. 
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Scheme 6 catalytic cycle for alkaline phosphatase (E. coli) and the hydrolysis of 

phosphomonoesters. The enzyme makes use of Zn(II) ion centre and cleaves the substrate as 

a covalently linked phosphodiester [25] 

In contrast to the phosphatases which have phosphomonoesters as their natural 

substrates, phosphodiesterases are enzymes which have phosphodiesters as their 

natural targets.  

Phospholipase C and phospholipase D are examples of phosphodiesterases which 

are responsible for the cleavage of the phosphodiester bond in phospholipids. The C 

and D refer to the two sides of the phosphate and to the selective cleavage obtained 

by either the C or the D version of the enzyme (figure 11)[27].  

 

Figure 11, cleavage sites of Phospholipase C and D 



25 
 

The phospholipase C from Bacillus cereus is an example of a metalloenzyme 

containing three Zn(II) centres in the active site of the binding pocket. In regard to the 

mechanistic understanding of how this enzyme works, two mechanistic explanations 

exist. In both mechanisms Asp55 play an important role as a base in a proton transfer. 

In mechanism A (figure 12) the Zn(II) centres play a role of stabilising the tertiary and 

secondary structure of the enzyme while the Asp55 residue works as a base for 

deprotonation of the nucleophilic water molecule for the hydrolysis of the 

phosphodiester. In mechanism B (figure 12), a water molecule is bridge in between 

Zn1 and Zn3 which facilitates the nucleophilic hydroxide which is responsible for the 

attack on the phosphorus while another water molecule coordinated to Zn(II) is 

responsible for the protonation and thereby activation of the leaving group of the 

reaction[28], [29]. A computational study in 2010 provided further support for this 

mechanism B [29].   

 

Figure 12 Two possible mechanisms for the activity of phospholipase C from Bacillus cereus  

[29] 

Another type of phosphodiesterase is the group of nucleases, responsible for cleavage 

of oligonucleotides. Nucleases can be divided into two groups, endonucleases and 

exonucleases. Endonucleases are characterised by cleaving nucleotide sequences 

within the sequences resulting in the formation of polynucleotides while  exonucleases 

are characterised by cleaving nucleotides from the 3ô to the 5ô end, one nucleotide at 

the time[25]. The nucleases responsible for cleavage of DNA sequences are called 

deoxyribonucleases or DNases. In a similar way, nucleases responsible for cleavage 

of RNA sequences are called ribonucleases or RNases. The members of these types 
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of nucleases are usually dependent on divalent metal ions like Mn(II), Ca(II), Mg(II) or 

Zn(II) as cofactors[25].  

The P1 nuclease from Penicillium Citrinum is a relatively unspecific nuclease which 

cleaves at the 3ô site of single stranded DNA and RNA. It is a metalloenzyme 

accommodating three Zn(II) centres in the active site. The active site of  P1 nuclease 

from Penicillium citrinum has been found to be surprisingly similar to the active site of 

phospholipase C found in Bacillus cereus.[30] Even though the overall structure of the 

two substrates (phospholipid vs. oligonucleotide) may look like very different the 

substrates, the actual mechanism and function of the three Zn(II) centres and their 

interactions with the target phosphodiester in the substrates are remarkable similar. A 

similar mechanistic explanation as described for the hydrolysis of the phospholipid by 

phospholipase C (mechanism B) was found for the hydrolysis of the phosphodiester 

in DNA for the P1 nuclease[30]. Again, two of the Zn(II) ions (Zn2 and Zn3, figure 13) 

were responsible for the activation and binding of the nucleophilic hydroxide derived 

from water and supported by Asp45 and again the third Zn(II) ion (Zn2, figure 13) were 

involved in the stabilisation of the O3ô leaving group [30]. 

 

Figure 13 The active site of P1 nuclease cleaving DNA  [30] 

The discovery that RNA sequences could catalyse the cleavage of other RNA 

sequences meant that Thomas R. Cech and Sidney Altman in 1989 won the Nobel 

Prize in chemistry for their "discovery of catalytic properties of RNA" [31]. 

https://www.chemeurope.com/en/encyclopedia/Thomas_R._Cech.html
https://www.chemeurope.com/en/encyclopedia/Sidney_Altman.html
https://www.chemeurope.com/en/encyclopedia/Chemistry.html
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Ribonucleic acid enzymes are a group of enzymes which do not base their structures 

on proteins but on RNA sequences instead. For this reason, ribonucleic acid enzymes 

are also referred to as ribozymes[25]. Ribozymes can be divided into four types; the  

hammerhead type, the hairpin type, the group I intron type and the group II intron 

type[25]. A detailed understanding of the function of the active site of the group I intron 

type has been achieved by Mary R. Stahley and Scott A. Strobel [32] through 

crystallography data of the complexed macromolecule. The active site was found to 

accommodate two Mg(II) ions involved in the mechanistic cleavage of the RNA 

substrate. The structure supports the suggested mechanism where the one Mg(II)  is 

responsible for activation of the 3ô hydroxide nucleophile and the other Mg(II) is 

involved in stabilising the leaving group. In addition, both Mg(II) centres contribute to 

neutralise the negatively charged phosphate group [32].  

 

 

 

Figure 14 The group I intron Ribonucleic acid enzyme studied by Mary R. Stahley and Scott A. 

Strobel   [32] 

 

In 1971 Kathleen Danna and Daniel Nathans reported for the first time the specific 

fragments of simian virus 40 DNA obtained after incubation with endonuclease R and 

the time of restriction enzymes was born [33], [34].  

Restriction enzymes are endonucleases which are capable of recognising specific 

sequences of the target DNA for specific cleavage of the target DNA strand. This class 

of nucleases are capable of cleaving single stranded and double stranded DNA [25].  
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The first generation of restriction enzymes now known as type I systems recognise 

specific sequences but also cleave DNA randomly which limits the applications of 

these systems.[33] The type II systems are based on systems like endonuclease R 

which were the first type II restriction enzyme to be recognised[33]. The high specificity 

of the type II restriction enzymes meant that biotechnologies like gene mapping and 

cloning became available techniques. Also determination and mapping of the genetic 

origin and relation of different species and individuals became available with the 

discovery of the restriction enzymes. This application is of great importance in regard 

to solving crimes by DNA analysis and determining the genetic relationships within 

families [35].  

Among all the nucleases, the Cas9 nucleases have attract special attention recently 

due to the remarkable achievements in gene editing. This has been known as the 

CRISPR Cas technology. 

 

1.6  The CRISPR Cas technology  

 

In 2020  Jennifer Doudna and Emmanuelle Charpentier were awarded the Nobel Prize 

in Chemistry for their work on gene editing technology based on the Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR) Cas nucleases [36], [37]. 

In this context the Cas stands for CRISPR-associated and covers a group of different 

nucleases. As the name indicates, CRISPR is repetitive sequence of DNA and was 

first found in bacteria. CRISPR was found to constitute a defence mechanism for the 

bacteria against invading virus DNA. The relevant bacterial CRISPR DNA sequences 

code for RNA sequences which guide the Cas nuclease by binding to the viral DNA to 

selectively cleave and destroy the invading DNA [38].  

In 2012, the first example of a controlled recruitment of CRISPR Cas9 by a human 

constructed guide RNA was successfully demonstrated. This finding founded the basis 

of the CRISPR Cas technology. By being able to design specific guide RNA (sgRNA) 

sequences to recruit the cas9 nuclease to cleave the complementary DNA sequence, 

any DNA sequence could in principle be cleaved [38].  

The CRISPR Cas complex binds to double stranded DNA and unzips the double helix 

by base pairing with the interrupting guide RNA (figure 15, top).   
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Figure 15 The CRISPR Cas technology allow selective gene editing by recognition RNA units 

[38] 

The Cas9 nuclease contains two active centres, the HNH-like nuclease domain and 

the RuvC-like nuclease domain. These nuclease domains work in an independent 

manner and are individually responsible for the cleavage of the unzipped DNA 

sequences. The RuvC domain shares structural similarities with a RNase H fold and 

a bimetallic cleavage mechanism of the non-complementary DNA target is suggested. 

In contrast, a mono metallic catalytic site is suggested for the HNH Domaine (figure 

15, middle) [38].  
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Mutation experiments have shown that mutations in one of the two domains turn Cas9 

into a nickase, while mutations in both domains kills the catalytic activity and turn Cas9 

into a so-called dead Cas9 [38]. 

Having achieved the selective cleavage of the double stranded DNA, random 

mutations or precise gene modifications can occur depending on the specific 

circumstances and nucleotide sequences present. Under controlled conditions, this 

gives the scope of editing DNA with the potential for deleting genetic sequences of 

DNA related to specific genetic diseases. It also has the scope of inducing specific 

features by choice in organisms [37].    

The CRISPR technology is a new but very powerful technology which has already had 

great impact. Very recently during the current pandemic, the CRISPR technology has 

been used in the development of quick lateral flow tests for identifying and confirming 

the presence of viral RNA from SARS-CoV-2 [39].   

The examples of natural enzymes involved in phosphodiester catalysis shows how 

enzymatic activity is an elegant balance between enzymatic structure and target 

recognition in order to facilitate highly specific interactions between substrate and 

metal ions in the catalytic site. Natural enzymes make use of different metals including 

Mg(II) and Zn(II) which are some of the more common once. The large variety of 

enzymes being involved in phosphodiester bonds may very well induce different metal 

ion interactions with the substrate and in that way facilitate phosphodiester cleavage 

in different ways.   

 

1.7 Metal Ions as Lewis acids in phosphodiester catalysis 

 

As described in the following sections and chapters, transition metals have been 

shown to play an important role as cofactors in natural metalloenzymes as well as in 

the development of artificial catalysts for breaking phosphodiester bonds.  

The transition metals can accelerate the rate of cleavage by Lewis acid activation of 

the phosphorus oxygen bonds and thereby making the phosphorus more prone to 

nucleophilic attack by increasing the electrophilicity of the phosphorus. The Lewis acid 

metal can also activate and bind water, increasing the nucleophilicity of the water in 
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the shape of a hydroxide and/or it can active the leaving group of the phosphate ester, 

making it a better leaving group for the cleavage reaction (figure 16) [16]. 

 

 

Figure 16, Primary sphere interactions [16] 

It is also possible to imagine the transition metal ion having an indirect effect on the 

substrate by making the hydroxide bound to the metal work as an effective base and 

interacting with the surrounding water molecules of the phosphate. A more acid like 

catalysis of the phosphate ester is also possible where a combination of phosphate 

oxygen Lewis activation and protonation of the leaving group adds to the increased 

reactivity (figure 17) [16].  

 

Figure 17, Secondary sphere interactions [16] 

When two metal ions are involved in the cleavage process combinations of the 

different ways the Lewis acid can catalyse the reaction as described above can take 

place. This type of double Lewis activation could proceed via a double activation from 

both metals on the same phosphate ester, a combination of activation by binding to 

the phosphate and at the same time activating the water/hydroxide/nucleophile, or by 

activating the phosphate ester and stabilising the leaving group from the cleavage [16] 

(figure 18). 
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Figure 18, Double Lewis acid activation [16] 

 

In the presence of 0.5 mM ZnCl2 at 37 °C and pH 7, the pseudo-first-order rate constant 

for the cyclisation and cleavage of HPNPP (0.18 mM) is 1.17×102 hr-1, 150 fold faster 

than the uncatalyzed reaction. In comparison, cleavage promoted by MgCl2 and CaCl2   

under the same conditions was accelerated by 46 and 3-fold compared to the 

uncatalyzed reaction [40]. Much higher cleavage rates can be achieved by 

lanthanides. Compared to the uncatalyzed reaction, EuCl3 increases the cleavage rate 

by 7,700 fold, and TbCl3 and YbCl3 by 9,500 fold [40]. Even higher activities have been 

observed in combination with amine ligands [40].   

Metal chelating ligands do not just bind and deliver a specific metal ion but also 

influence the properties of the metal ion as well as having an impact on the 

environment around the metal ion. These factors will all depend on the type of metal 

as well as the type of ligand.  

 

1.8 Metal complexes for phosphodiester cleavage 

 

Just like in active site of Natural enzymes, the interactions between ligand and metal, 

and between ligand and substrate/environment are both factors which can influence 

the catalytic activity and geometrical structure of a metal complex. As described in the 

previous section, metal ion activation of a substrate can happen in the inner 

coordination sphere by direct influence of the ligand coordination and structure. In 

addition to this, creation of a highly reactive environment which stabilises the 

complex/substrate interactions has been demonstrated in the literature by changing 

substituents on various metal ligands [25]. This strategy is comparable to how natural 

enzymes create an environment in order to bind and orientate a substrate in order to 

catalyse a reaction.    
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Overall, ligands can be categorised according to the number of metal ions they can 

occupy and the number of interactions they are capable of forming. They can be 

bidentate like in the case of bipyridine, phenanthroline and dipyrido [3,2-a:2',3'-

c]phenazine. Especially the two later ligands are of great interest for this project and 

are described in more details in chapter 4 and 5, respectively. 

 

 

Figure 19 Dinuclear ligands with and without bridging oxyanion.  
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Members of the tridentate ligands include the bis(2-picolyl)amine type complexes 

which forms five coordinated complexes with Zn(II) ions [41]. This type of ligands have 

been a focus of this project and is covered in more details in chapter 2.    

The group of metal ligands which can occupy two metal ions is known as dinuclear 

ligands and cover some of the most reactive metal complexes for phosphodiester 

catalysis known to date [42]. The dinuclear ligands can be designed in a way where 

the two metal centres are not directly linked together but behave more like two 

individual mono nuclear complexes linked together (figure 19, A). By introduction of 

an oxygen bridge the two metal centres can be broad together and a tighter metal 

binding can be achieved (figure 19, B). The bridging effect in methanol has been 

studied by M. F. Mohamed, A. A. Neverov, and R. S. Brown [43]. Studies showed that 

the effect of a phenoxyl bridge in the dinuclear Zn(II) complex of 2B  (figure 19) 

reduced the activity in regard to cleavage of HPNPP by 160 fold compared to 1A, in 

methanol [43]. The same reduction in activity was observed for  the Zn(II) dinuclear 

complex of 4B (figure 20) which were found to be 3.7×104 times less reactive in regard 

to methanolysis of HPNPP  compared to the non-bridged analogue 3A (figure 19) [43]. 

This reducing effect of the oxygen bridge in regard to catalytic activity of 2B and 4B is 

in very big contrast to the bridging effect seen for complex 6B and 8B in water (figure 

19). In both of these cases, the bridging oxygen anion is promoting cooperativity 

between the two metal centres which leads to much higher catalytic activities 

compared to the individual metal centres [44], [45]. This has been explained by the 

shielding effect of the oxyanion in regard to cation repulsion between the two centres 

[45].     

In a very recent study by J. Czescik, cooperativity between two metal centres was 

achieved by forcing the two metal centres in a bimetallic ligand together by 

conformational changes of the linker. The aliphatic linker was embedded into 

cyclodextrin. This organisation of this bimetallic construct resulted in about 30 fold 

increase in the reactivity compared to the ligand not embedded in the cyclodextrin 

(figure 20) [46]. 
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Figure 20 Induced activity by conformation change  

 

As already mentioned, the environment around the metal centre, the second sphere 

interactions, has been found to affect the catalytic activity dramatically. Introduction of 

small substituents like methyl, amine and acetamide groups in the structure of 5A 

Zn(II) complex (figure 19) was found to increase the catalytic rate constant of the 

complex by 25-50 fold compared to 1A (R1=H)(figure 20) in methanol [47]. 

Interestingly, despite being more reactive, the hydrogen bonding properties of the  

amine and acetamide group did not seem to affect the binding constant of phosphate 

to the metal complex [47] under the apparent conditions. Even bigger relative 

differences in the second order rate constants were found for the Zn(II) complex of 5A 

when the substituents in the 2-position constituted methyl groups. In this case the 

methyl group resulted in a 1000 fold increase of activity compared to the hydrogen 

derivative [47].  

The possible benefit of creating a hydrophobic pocket around the metal centre has 

been studied by extending the pyridine system. When the pyridine groups in 1A (figure 

19) was exchanged to quinoline  a 47 fold increase of kcat for the cleavage of HPNPP 

in methanol was observed [47].  

Constructing highly active metal complexes for catalysis mimics in many ways the 

primary and second sphere interactions taking place in the active site of naturally 

occurring enzymes. The high catalytic activity found in natural enzymes towards 

specific target substrates is based on combining catalytical active units with 
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recognition based elements. In order to introduce this recognition feature, conjugation 

of various metal complexes to recognition units have been described in the literature. 

 

 

1.9 Metal complex conjugates for selective cleavage- Recognition and 

activation 

 

One way to achieve specific cleavage of nucleotide sequences is to conjugate the 

active chelating agent to a nucleotide sequence the delivers the catalytic centre to one 

specific site in order to get cleavage of the complementary strand upon duplex 

formation. This idea has been implemented in a number of examples.  

The first example of a selective artificial nuclease for cleavage of DNA achieved by a 

fully artificial nucleotide conjugate was published in 1994, exploiting the observation 

that cerium(IV) was found to catalyse the hydrolysis of DNA very efficiently [48]. The 

cleavage was promoted by iminodiacetate conjugated to the 5ô end of a 15-mer DNA 

fragment duplexed with a 40-mer DNA substrate and used cerium(IV) as a cofactor. 

This system promoted selective cleavage of the single stranded DNA. The cleavage 

was found to be hydrolytic (figure 21A).[49] 

The terminal conjugation of iminodiacetate complexes of lutetium, europium, thulium 

and lanthanum to the 5ô end of a DNA 15-mer also showed selective hydrolytic 

cleavage of a complementary RNA 39-mer sequence. The conjugate cleaved the 

single stranded target RNA, 3 and 4 bases away from the duplex and cleaved the 3'-

sides of C20 and U21 in the ratio 3:1, respectively. At 37 °C in a pH 8 tris buffer and 

with 1 eq Lu(III), 17 mol% total cleavage was observed after 8 h of incubation (figure 

21, B) [50].   
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Figure 21 Selective DNA and RNA cleavers of  iminodiacetate complexes 

The first conjugate with a transition state metal chelate which showed selective 

cleavage of RNA was reported in 1994 by James K. Bashkin et al.[51](figure 22,  left). 

This complex was based on a terpyridine ligand with CuCl2 as the metal source and 

showed selective cleavage of the complementary RNA strand within the associated 

duplex state[51]. The target sequence was an HIV mRNA sequence which was 

cleaved mainly at one specific site. 11% of the RNA target were cleaved after 72 h at 

pH 7.5 (HEPES) at 37 °C and 18-25% at 45 °C[51]. 

The second generation of this type of conjugate was published in 1998 and was also 

based on Cu(II) ions as a cofactor and keeping the same type of ligand in the construct 

but changing the type of linkage used to conjugate the ligand. Increased activity was 

observed, possible due to more flexible binding of the complementary 17-mer RNA 

region of the 159-mer fragment of the HIV gag gene mRNA substrate in the region 

around the chelate due to the disrupted base pairing in that region [52] (figure 22, 

right). The highest activity obtained for this type of system cleaved 84% of its target 

after 3 days at 45 °C at pH 7.5 [52].  

 

 

Figure 22 The first selective RNA cleavers based on transition metals 
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In 2001 further studies and updates to the systems were studied. By keeping the same 

type of linkage, but changing the chelating groups to phenanthroline and neocuproine, 

the target RNA sequence was found to be cleaved around three time slower (5% 

cleaved, 15 h, 37 °C) and five times faster (65% cleaved, 15 h, 37 °C) respectively, 

compared to the terpyridine based ligand (14% cleaved, 15 h, 37 °C)[53] (figure 23, 

left). When the longer 159-mer RNA substrate was used, the phenanthroline and 

neocuproine systems were about half as fast (3% cleaved, 10 h, 37 °C) and ten times 

faster (80% cleaved, 10 h, 37 °C) respectively, compared to the terpyridine based 

ligand (8% cleaved, 10 h, 37 °C)[53]. 

In 2003, further optimisation of delivering the catalytic warhead towards reactive single 

stranded RNA sequences was made. By keeping the neocuproine chelate but 

changing the type of metal to Zn(II) ions and changing the type of conjugation and 

introducing bulges in the complementary target oligonucleotide sequence, the activity 

of the best conjugate was about 14 times faster than the previous described 

neocuproine conjugate with a kobs of 17.1 ± 0.4·10-6 s-1 (pH 7.4, at 37 °C) [25], [54] 

(figure 23, right).  

 

 

Figure 23 The Selective RNA cleavers based on Neocuproine 

This study will be described in more detail due to the direct relevance for this project. 

The considerations and findings in the study founded the basis of more recent 

PNAzymes described in chapter 4 and 5, including the novel PNAzymes developed in 

this thesis.  

In the study by Åström, Williams and Strömberg, the development of a synthetic 

artificial nuclease enzyme has been shown in practice [54]. In addition to specific 

cleavage, the conjugates also showed real enzymatic activity behaviour towards their 

target substrates. For the development of an oligonucleotide based artificial nuclease, 

some different factors were considered. On one hand, the chelating group needs to 
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be efficient enough to catalyse the wanted transesterification of the phosphodiester 

bond, but at the same time a too high activity could let to uncontrolled cleavage of non-

hybridised RNA. Therefore, the optimal chelating group is able to catalyse the RNA 

cleavage efficiently but only when the duplex of the complementary RNA strand is 

formed. Furthermore, factors like the substrate RNA sequence, the type of linkers and 

conjugation site may also affect how well the substrate is cleaved. Finally, the position 

of the nucleotide bearing the metal chelate in the oligonucleotide sequence is 

important to ensure catalytic behaviour of the conjugate. Because activity of the 

chelate is wanted only when the duplex is formed, the duplex needs to be stable 

enough for the reaction to occur, but at the same time the product from the cleavage 

needs to be able to dissociate in order to release the artificial enzyme from the product 

and ensure a high turnover[54].      

Three different oligonucleotide based artificial nucleases (OBANs), based on the 2,9-

dimethylphenanthroline metal chelating system were synthesized (figure 24, right). 

The OBANs were based on nucleotides where most of the 2ô-hydroxy groups were 

changed to the methylated version, 2ô-O-Me. The three OBAN derivatives were based 

on different conjugation approaches. The oligonucleotide sequence used for the 

conjugation was the same for all three compounds and contained 11 +1 nucleotides. 

The complementary sequence was used as the target substrate and bulges with the 

sizes from 0 (completely complementary sequence) to 5 nucleotides, were 

incorporated in the area corresponding to the position of the metal chelating group[54] 

(figure 24, left).   
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 Figure 24 The Oligonucleotide Based Artificial Nuclease (OBAN) construct [54] 

All three conjugates were able to cleave the complementary strand. However, the 

OBAN 1 turned out to have the highest activity. From the study of the different bulge 

sizes, a bulge size of 3 and 4 nucleotides were found to be better for OBAN 1 than the 

bulge size of 2 and 5 nucleotides. In contrast, OBAN 2 did show higher activity towards 

smaller bulges than OBAN 1, while OBAN 3 showed the highest activity towards the 

bulge formed by 5 nucleotides. Nonetheless, all three OBAN can be considered real 

artificial enzymes displaying Michaelis-Menten behaviour[54]. For both bulges, the 

highest percentage of cleavage was made after the first adenosine nucleotide in the 

bulge, counting from the 5ô end [54].  

In the experiment described above, all complexes were based on Zn(II) as the metal 

ion. One of the problems that the authors faced during their studies of the activity of 

the OBAN conjugates was the background reaction from Zn(II). Due to the relatively 

weak binding of Zn(II) to the neocuproine ligand, an excess of Zn(II) ions were needed 

in order to keep the ligand saturated.  In the paper, Zn(II) was chosen due to 

precipitation problems with Cu(II)[54]. 

Further studies of two new but very much related OBAN systems were published in 

2004. By shortening the linker used for OBAN1 but keeping the neocuproine and the 

conjugation site the same, OBAN 4 was made. The reactivity was still highest for the 

4n bulge but slower (13.4 ± 0.5 x 10-6 s-1 at pH 7.4 and 37 °C) compared to the OBAN1 
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(17.1 ± 0.4 x 10-6 s-1 at pH 7.4 and 37 °C). In general, higher reactivity was observed 

for the smaller bulge sizes[55]. 

 

 

Figure 25 Optimised OBAN systems. Left: OBAN 1. Right: OBAN 4 

From the study in 2004 the possible contributing effect from ḯ́  interaction between 

neocuproine and an adenine containing bulge was found to have only a limited effect, 

and that the correct length and orientation of the linker is more important for the 

activity[55]. It was also found that the new OBANS had a more unselective cleavage 

pattern compared to the one observed for OBAN1. In general the cleavage rates 

obtained for all the OBANs tested turned out to be fairly similar and differed by about 

an order of magnitude at most. One possible explanation for this similarity could be 

the flexible nature of the bulge and thereby the difficulty of benefitting from the 

intramolecularity of a constrained system[55]. It is suggested that one way to improve 

the intramolecularity of the system could be to rigidify the bulge region and the linker 

for the conjugation of the ligand in combination with achieving the optimal positioning 

of the linker. The interaction between phosphate and the metal is not believed to be 

efficient enough to obtain this fixed conformation[55].  Under the conditions used, the 

fastest OBAN systems had a half-life time of about 11-14 hours [55].  

Terminal conjugation of ligands for chelation of transition metals have also been 

investigated. In 1998, the first sequence-selective system for selective cleavage of an 

RNA target based on Zn(II) was reported [56].  A pyridine based ligand containing two 

metal centres was conjugated to the 5ô terminus of a 20-mer DNA oligomer for 

selective cleavage of a complementary 36-mer RNA sequence (figure 26, left). When 

the RNA sequence was hybridized with the DNA conjugate at U4-C23, cleavage was 

observed at the  3' side of C24. When the section U2-A21 was hybridized selective 

cleavage at the 3' side of U22 was observed and when the section A1-G20 was 

hybridized, selective cleavage at the 3' side of A21 and U22 was observed. No activity 
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was observed when only 1eq of Zn(II) was present but 5% of cleavage was detected 

after 3 h at 37 °C, pH 7.0 when 2 eq of Zn(II) were present. Apparently, a mononuclear 

ligand based on the N,N-bis(2-pyridylmethyl)amine moity has also been conjugated to 

the DNA sequence for the same experiment and was found to be ñvirtually inactive at 

pH 7.0 and 37 °C ò [56]. However, no data for this conjugate is shown and no kinetic 

data was reported for any of the conjugates studied.  

In 2004, the Zn(II) chelating 1,5,9-triazacyclododec-3-yl group was conjugated to the 

3ô end of an oligonucleotide sequence for selective cleavage of an RNA target (Figure 

26, right) [57]. Two different types of linkers were use, one containing a disulfide and 

one containing an amide. The disulfide conjugate cleaved the target RNA 8 times 

faster than the amide conjugate and was found to cleave the target RNA with a half-

life time of about  20 h at 35 °C [57]. However, the pH for this cleavage experiment 

was not specified. 

 

Figure 26  Zn(II) based systems used for selective cleavage of RNA  

In recent years, more systems for the selective cleavage of RNA targets have been 

developed. Fine-tuned systems based on PNA as the complementary sequence to the 

natural RNA target have been developed and impressive results have been obtained 

with Neocuproine as the chelating agent.  These systems will be described in more 

details in the chapters 4 and 5.  

 

1.10 Limitations and future challenges 

 

The development of artificial nucleases is a long and difficult process which may face 

many and different complications which have to be overcome before a system that is 

competitive with the enzymes found in nature can be achieved. In the early days of 

artificial nuclease engineering, the two main issues to be overcome was activation of 

relevant and accessible metal ions and selective cleavage in their presence. As 
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described in the previous sections different metal ions have provided cleavage of RNA. 

Especially, the Lanthanides showed to be very efficient.  However, in many ways, their 

biological relevance is very limited in vivo. In contrast, Zn(II) and Mg(II) ions are much 

more common in vivo [58]  but efficient systems based on these metal ions have been 

limited. 

Another challenge for the in vivo application of metal conjugates is the accessibility of 

the metal ion and stability of the metal ion complex. Efficient systems (in vitro) have 

been developed but the systems are usually tested under conditions were an excess 

of Zn(II) ions is present at concentration much higher than found inside a cell.   Metal 

ions like Zn(II) and Cu(II) are both found in nature as cofactors in biological systems. 

However, they are typically highly regulated and accessible metal ions may be very 

limited. The concentrations of free Zn(II) ions inside a cell is in the picomolar range 

[58]. Competing processes with natural enzymes using the same cofactors may form 

another challenge which comes down to the binding affinity of the metal chelate [58]. 

For this reason, highly active ligands at minimum concentration of metal ions are of 

the most interest.  

 

Figure 27 Levels of available metal ions in vivo [58] 

Elevated Zn(II) levels are found in malaria infected red blood cells which makes this 

a target of particular interest for artificial nuclease systems [59], [60] based on Zn(II) 

ions as cofactors.  

If the metal ion cannot be found and picked up in vivo, formation of the metal complex 

prior to the administration of the therapeutic/drug may serve as an option. Again, the 

metal ion has to be bound tightly to the chelate in order not to dissociate when the 

concentration of the metal complex is dropped upon administration of the therapeutic.  

The use of PNA in the shape of PNAzymes may also serve as a challenge for the 

application of PNAzymes in vivo. PNAs are known for having very limited 

bioavailability. Unmodified PNA oligomer structures have close to no cellular uptake 
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when administered to cells in vitro and is excreted in vivo in mice models in less than 

30min [61].     

Even though efficient systems have been developed, artificial nucleases have only just 

reached a catalytic efficiency which is of potential biological relevance compared to 

existing natural systems. As already mentioned, catalytic systems which can bring 

down the half-life times of target RNA sequence to the single minute range is a 

reasonable minimum requirement for a system in order to justify considering its 

therapeutic relevance [11].     

Many of these problems can be overcome when the artificial nucleases are used as 

molecular tools in vitro. In this case, administration of the macromolecule is no longer 

relevant and high concentrations of metal ions can be used if needed. Also the 

cytotoxic nature of some metals like Cu(II) ions is not an issue.   

In regard to administration of oligonucleotides, the current COVID-19 pandemic has 

shown how development and use of efficient delivery systems of oligonucleotide 

therapeutics is possible [62]. Even though these delivery systems have been 

optimised for negatively charged mRNA oligomers, the general concept may lead to 

better delivery systems for ASOs, oligonucleotide based artificial nucleases or even 

PNAzymes which may bring these advanced systems one step closer to clinical 

applications.   

 

1.11 The aims of the project 

 

Differences in substrate reactivity, effective concentrations and steric effects are all 

important variables which are likely to have an impact when translating the catalytic 

activity of metal complexes for phosphodiester cleavage observed in solution phase 

experiments with simple complexes into the final macromolecular recognition systems. 

There is an important question whether the activity observed using model substrates 

is a useful indicator for the activity of artificial nucleases. In particular, second sphere 

interactions in Zn(II) complexes have a significant impact on how effectively HPNPP 

is cleaved, but it is not known whether the same effects are observed for RNA targets 

in the context of a PNAzyme. Thus, our first target was to assess the relative impact 

of the same systematic variations in the local coordination sphere on the catalytic 
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activity of a mononucleating head group within a PNAzyme and for HPNPP. These 

aims are addressed in chapter 2.  

Although the mononuclear complexes identified in the first aim allow an assessment 

of how second sphere interactions can be translated from model studies to 

PNAzymes, they are not reactive enough to be viable for potential therapeutic use. 

Hence, a second aim is to incorporate more reactive catalytic centres into these 

systems. Several approaches were taken. 

Analogous dinuclear pyridine based Zn(II) complex with amines in the 2-position of the 

pyridine rings are much more reactive with both HPNPP and UpU, so we aimed to 

modify the structure to allow these ligands to be incorporated into PNAzymes. Due to 

the structure of the ligands, this modification is more challenging than for the 

monucleating ligands, and the synthetic challenges and approaches towards 

introducing a handle to the ligand structure are described in chapter 3. 

The existing reports on utilising neocuproine as an effective ligand for PNAzymes 

show that effective systems can be created. To be potentially practical, a relatively 

small improvement is required. That improvement may come from the use of amino 

groups in the second coordination sphere, and so we aimed to synthesise a 2,9-

diamino phenanthroline derivative which can be conjugated in an identical way to 

previous neocuproine based PNAzymes. The synthesis and activity of these new 

PNAzymes are described in chapter 4. 

In the case of Zn(II) cofactors, a 3,9-dimethyl DPPZ based PNAzyme has shown the 

most effective performances in selective and efficient cleavage of RNA targets. The 

binding site of this ligand is structurally the same as for neocuproine, so following the 

same logic as described for other Zn(II) complexes, introduction of amino groups in 

the 3 and 9 position could potentially lead to an even more effective system. The 

synthesis of an analogue which can be conjugated to PNAzymes is described in 

chapter 5. 

A final aim was to explore whether the coordination sphere of this type of Zn(II) 

complexes can be modified to create more reactive species with more convenient 

binding properties.  Both factors are important in converting active dinulcear 

complexes into useful components novel PNAzymes. The introduction of sulphur in 

place of oxygen for the essential bridging role in a dinuclear complex may decrease 



46 
 

the negative impact of the bridging atom by lowering the charge density, and may 

enhance the binding of Zn(II) so that it can be sequestered at lower concentrations. 

Initial studies with mononuclear studies to test how thioethers and thiolates can affect 

the metal binding, complex stability, complex geometry and catalytic activity of mono 

nuclear metal complexes in regard to phosphodiester cleavage are described in 

chapter 6. This complements the aim of introducing a bridging thiolate ion into the 

coordination sphere of a dinuclear Zn(II) complex, and synthetic efforts to achieve this 

are described in chapter 7.   
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Chapter 2  

 

Tridentate mononuclear ligands for PNA 
conjugation  
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2.1 Introduction 

 

The chelating moiety N,N-bis(2-picolyl)amine consists of two pyridines and one tertiary 

amine which together form a tridentate ligand capable of coordinating one metal ion 

and forming a mononuclear complex. 

 

 

Figure 1 The N,N-bis(2-picolyl)amine headgroup 

The metal binding properties of the N,N-bis(2-picolyl)amine head group have been 

extensively studied for various applications and the 4-((bis(pyridin-2-

ylmethyl)amino)methyl)benzoic acid ligand (figure 2) has been found to coordinate 

many different metal ions like Mo(0), Co(II), Cu(II) and Zn(II) [41].   

Ligand 2.F2 (figure 2) has  been conjugated to the neuropeptide leucine-enkephalin 

for complexation with Mo for labelling purposes[63]. The same research group have 

prepared bioconjugates of the ligand and cellular localization signal peptides. In the 

study the ligands abilities to coordinate Zn(II) and Cu(II) have been used for the 

purpose of creating artificial metallochaperones[64].  

 

 

Figure 2 

Ligand 2.F2 has also been tested in vivo in rats for its potential applications as a ligand 

for Cu(II) to enable the urinary excretion of copper. The ligand showed a 5.5 fold 

increased excretion capacity compared to untreated animals and did not trigger the 

immune system (antigen response), which makes the ligand an interesting candidate 

for treatment of Wilsonôs disease[65].   
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Ligand 2.F2 has also previously been conjugated to PNAs in order to study the steric 

influence on DNA/PNA hybridization stability. In 2006, T. Kersebohm and co-workers 

conjugated ligand 2.F2  to PNA oligomers, but due to solubility issues the Tm of the 

PNA conjugate could not be determined.[66]    

In another study, the cellular uptake of the Co(II) complex of the ligand 2.F2 conjugated 

to PNAs, nuclear localization signal peptides, and combinations of both have been 

studied. This was done in order to achieve increased uptake of PNA into the cell 

nucleus. It was found that the contribution of the nuclear localization signal peptide 

was relatively small compared to the contribution from the PNA part but enhanced 

uptake was observed for the metal complex conjugates of the PNA oligomer[67].  

The catalytic activity of the N,N-bis(2-picolyl)amine head group complexed with 

various metals like Co(II), Ni(II), Cu(II) and Zn(II) has also been studied for its ability 

to cleave double stranded plasmid DNA (figure 3)[68]. After incubation at pH 7.5 at 

37°C for 24 h no cleavage of the plasmid was observed for the Zn(II) and Ni(II) metal 

complexes. In contrast, the Co(II) nicked about 50% of the super coiled plasmid giving 

the open circular DNA structure while the Cu(II) complex was found to nick more than 

80% of the plasmid within 24h. The study does not exclude that the big difference in 

reactivity between the Zn(II) and the Cu(II) complex may be due to two different 

catalytic pathways being hydrolysis and oxidative cleavage, respectively [68].   

 

 

Figure 3 Metal complex promoted cleavage of DNA plasmid [68]  

 

More evidence that the high activity observed for the Cu(II) complex is due to oxidative 

cleavage rather than hydrolytic catalysis was described by Wei Wang et al.[69]. Cu(II), 

complexed with ligands of the type shown in figure 2, where the position for the 
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carboxylic acid were substituted with -OCH3, -CH3, -H, -F or -NO2 was studied. It was 

found that electron donating groups in the para position of the benzyl group resulted 

in enhanced cleavage activity and electron withdrawing groups resulted in decreased 

cleavage activity. The study concludes that the  superoxide radical O2 ī· is one of the 

main species of ROS involved in the cleavage of super coiled DNA together with 

singlet oxygen both induced by the Cu complexes. However, the exact mechanism for 

the generation of the Cu(I) needed for the oxidative cleavage from Cu(II) was unclear 

as well as the origin of the singlet oxygen [69]. One suggested mechanism for the 

degradation/ cleavage of DNA facilitated by ROS is shown in figure 3, Chapter 4.  

 

2.1.1 Catalysis 

 

The catalytic activity of the N,N-bis(2-picolyl)amine head group towards hydrolytically 

cleavage of phosphodiesters have shown to be highly affected by second sphere 

interactions. 

Jik Chin et al. showed how a 2-amino pyridine complex of Co(III) was able to hydrogen 

bond to the phosphate oxygen of dimethyl phosphate and how this hydrogen bonding 

dramatically increases the binding constant of the phosphate from 6.2 M-1 to 210M-11. 

Also the Lewis acidity of the complexed metal ion was affected by this change in the 

second sphere of the complex. It was found that the presence of the hydrogen bonding 

2-amino group lowered the pKa of the water bound metal complex by 2.1 pKa units 

[70].     

In 2005 a tetradentate mono nuclear ligand complex based on Zn(II) bearing hydrogen 

bond donating 2-amino groups on the pyridines capable of catalysing the  

transesterification of HPNPP was published by G. Feng et al.[44]. The introduction of 

the 2-amino groups increased the catalytic rate compared to the non-substituted Zn(II) 

complex by an impressive 750 fold. A first order dependence on complex 

concentration for the two complexes was found and no reaction was observed when 

methyl 4-nitrophenyl phosphate was used as the substrate, lacking the internal 

nucleophile present in HPNPP. For the tetradentate complexes the aqua form of the 

complex was suggested to be the active form and not the equivalent hydroxide form 

[44].        
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Figure 4 The impact of 2-amino groups in tetradente ligands 

 

When the systems pictured in figure 5 were studied for the same reaction a similar 

effect from the 2-amino groups were observed and an approximately 200 fold 

difference in reactivity was seen between the ligand not having hydrogen bonding 

groups (figure 5, left) (second order rate constant, pH 7.4, 3.0±0.3 x 10-4 M-1s-1) and 

the one bearing 2-amino pyridines (figure 5, right) (second order rate constant, pH 7.4, 

4.6±0.4 x 10-2 M-1s-1)[71]. 

 

Figure 5  The impact of 2-amino groups 

 

The N,N-bis(2-picolyl)amine derivative (figure 6, right) with methyl substituents Ŭ to 

the pyridine nitrogen and with an intramolecular nucleophile build into the ligand 

structure has been studied for its ability to cleave the DNA model substrate BNP. The 

methyl groups were introduced to reflect the steric effect of the 2-amino pyridines, but 

without the ability to form hydrogen bonds [72]. From the kinetic analysis using BNP it 

was found that the steric effect from the methyl groups had a 5 fold enhancing effect 

on the reaction rate compared to the complex with no substituents. Hence, it was 

suggested that some of the impressive enhancement in activity obtained by 

introduction of hydrogen bonding amines may be attributed to the steric effect of the 

amines and not just the ability to form hydrogen bonds[72].    
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Figure 6 The impact of methyl substituents studied by E. Y. Tirel [72] 

 

In 2007, M. Livieri et al. studied the effect of having an intramolecular nucleophile 

associated with the  N,N-bis(2-picolyl)amine head group in regard to the catalytic 

cleavage of the model substrates BNP and HPNPP. A series of mono nuclear ligands 

were synthesised and the ability to bind Zn(II) and catalyse phosphodiester cleavage 

was studied [73]. 

 

 

Figure 7 Selection of ligands studied by M. Livieri et al. [73] 

 

The cleavage rate of BNP was highly affected by the presence of an intramolecular 

nucleophile and the order of reactivity of the  Zn(II) complexes (figure 7) followed 

D>CåB>A. In combination with the findings from the titration data and analysis of the 

products from the cleavage reaction, it was found that the alkoxide functioned as an 
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intracomplex nucleophile instead of water/hydroxide which was the case for the Zn(II) 

complexes of A and C which do not have the propyl hydroxyl group [73], [74]. 

In contrast to the study on BNP, no effect of the presence of the alkoxide group on the 

reaction rate for the cleavage of HPNPP was observed and similar and identical 

second-order rate constants were found for the Zn(II) complexes of ligand A and B 

and ligand C and D, respectively. In the case of HPNPP cleavage with the metal 

complexes, the cyclic phosphate and p-nitro phenol were identified as the only 

products formed in the reaction. This also showed how the nucleophile in the metal 

complex structure didnôt serve as a nucleophile but just as a spectator in the reaction 

due to the presence of the intramolecular nucleophile in the HPNPP substrate.  The 

cleavage of HPNPP was found to follow a first order dependence with respect to the 

complex and substrate concentrations [73].     

 

 

Figure 8. pH rate profile for Zn(II) complexes of A, B, C and D (figure 7) studied by M. Livieri 
and co-workers [73]. Reaction conditions:  ὤὲὍὍὅέάὴὰὩὼπȢυ ρȢπ ρπὓ, 
Ὄὖὔὖὖς ρπM, ὄόὪὪὩὶυȢπ ρπὓ. B: (closed box) C: (open circle)               

D: (closed circle)  

 

The metal binding of the complexes were also determined by potentiometric titrations 

(table 1) and the following parameters were found for ligand A and C. The strong 

binding observed for all the ligands studied meant that above pH 7 more than 95% of 

the ligand exists as the Zn(II) complex under the given reaction conditions[73] (figure 

8).   
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Table 1 pKa values and binding constants reported by M. Livieri et al. [73]. pK3 referes to the 

first deprotonation of the triple protonated ligand, pK2 to the second deprotonation and pK1 

to the last third deprotonation of the ligand. Kf referes to the formation constant for the metal 

complex and and pKa1 and pKa2 for the first and second deprotonation of the metal complex 

(bound water).  

H3L3+ [Zn(II)(L)]2+ 

Ligand pK1 pK2 pK3 Log Kf pKa1 pKa2 

A 7.04 2.59 <2 7.82 8.55 10.59 

B 6.57 3.06 <2 7.64 8.57 10.70 

C 8.14 5.04 2.01 6.92 8.01 10.18 

D 7.72 5.33 1.95 6.68 7.94 9.96 

 

 

From the kinetic studies found in the literature and mentioned above, the following 

order of reactivity was to be expected from the  N,N-bis(2-picolyl)amine Zn(II) complex 

systems towards the catalytic activity of the phosphodiester bond found in RNA. 

 

 

 

Figure 9 Expected relative reactivity based on substitution 

 

2.2 The structural design 

As documented above, the catalytic behaviour of the N,N-bis(2-picolyl)amine Zn(II) 

complexes and derivatives hereof  has been well described in the literature. However, 

detailed kinetic data for the conjugates of the N,N-bis(2-picolyl)amine type ligands and 

the activity of the Zn(II) mononuclear complex for selective cleavage of RNA targets 

in the form of artificial nucleases have not been studied. In addition, translation of the 

effect of the substitution pattern Ŭ to the pyridine nitrogen on the pyridine ring of metal 

complexes in solution and into the conjugated forms in the shape of artificial nucleases 

has not been studied as a direct comparative study   
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Based on the principle of introducing hydrogen bonding amine groups in the 2 position  

of the pyridyl system for enhanced activity and methyl groups as the corresponding 

ligand with a similar three dimensional size but with the lack of hydrogen bonding 

properties the three ligands (figure 10)  were designed. A benzyl linker was chosen for 

potential beneficial pi-pi stacking with the nucleotide sequence. The ligands were 

studied for their ability to cleave the RNA model HPNPP and as the catalytic head 

group in a new series of PNAzymes. 

 

Figure 10 Target structures for central PNA-conjugation 

By changing the type of linker to a propyl chain, more flexible ligands were expected 

to be obtained. Since the influence of the linker between ligand and oligomer in the 

PNAzyme is largely unknown these ligands served as series of ligands for comparison 

to the series having a more rigid benzyl linker. The ligands containing a propyl linker 

(figure 11) were expected to be conjugated to PNA sequences via Click chemistry to 

an alkyne containing PNA oligomer giving rise to the triazole containing linker. In 

contrast to the benzyl type ligands, the propyl type were supposed to be conjugated 

via the PNA terminus while the benzyl type ligands were conjugated to the centre of 

the PNA oligomer.   

 

 

Figure 11 Target structures for terminal PNA conjugation via click chemistry 
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2.3 Synthesis 

The synthesis of the bis pyridyl amine ligands containing two pyridine rings linked 

together via a tertiary amine in which the third substituent represents the linker of the 

ligand was based on an alkylation of a primary amine with pyridyl alkyl halides. The 

retro synthesis of the bis pyridyl amine ligands is shown in scheme 1. 

 

Scheme 1 Retro synthesis of N,N-bis(2-picolyl)amine head group 

 

Different pyridyl halides were prepared and used depending on the substitution pattern 

on the pyridine ring. In the case of ligands with non-substituted pyridine in the 6-

position, 2-(bromomethyl)pyridine hydrobromide was used as the halide salt.  

Thionyl chloride was used to synthesise the chloro derivative with a methyl group in 

the 6-position of the pyridine ring starting from (6-methylpyridin-2-yl)methanol. Despite 

a very successful formation of the alkyl halide salt, the reactivity and alkylating 

properties of the 2-(chloromethyl)-6-methylpyridine turned out to be inefficient. 

Instead, a more reactive iodo derivative 2.2 was made from the mesylate 2.1 via a 

Finkelstein reaction with NaI in THF (Scheme 2).  

 

 

Scheme 2 

While 2-(bromomethyl)pyridine hydrobromide and (6-methylpyridin-2-yl)methanol are 

relatively cheap commercially available starting materials, the introduction of the 2-

amino group was more challenging. In order to follow the same synthetic approach as 
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described in scheme 2, an efficient synthesis of the building block in figure 12 was of 

major interest as a stable precursor for the final alkylating agent. 

 

Figure 12 General building block for 2-amino pyridine ligands 

 

Previous ways to get to the tert-butyl (6-(hydroxymethyl)pyridin-2-yl)carbamate (figure 

12) have focused on the Boekelheide rearrangement, in which the 2-amino 

functionality is already present in the starting material. This strategy is  based on the 

6-methylpyridin-2-amine as a commercial available starting material. However, 

formation of unwanted side product and low yields (22%) have been reported for this 

strategy (scheme 3) [75]. 

 

Scheme 3 Synthesis by Z. Abdulkarim[75] 

 

Halogenation of the methyl functionality of 6-methylpyridin-2-amine is also a known 

pathway directly to respective alkyl halide (scheme 4) [76]. However, this approach 

did not look appealing due to the possible side products and the need of CCl4  as the 

solvent. 

 

Scheme 4 Synthesis by J. A. Drewry et al. [76] 

 

 In 2007, J. Yin et al. [77] described the introduction of the 2-amino functionality on 

pyridines via a direct amination of an activated N-oxide on pyridine derivatives by use 
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of p-toluenesulfonic anhydride as the activating agent and tert-butyl amine as a small, 

bulky nucleophilic amine (Scheme 15).  

 

Scheme 15 Synthesis by J. Yin et al. [77]  

 

Attempts to use this approach on various pyridines were made. When trifluoro toluene 

was substituted with toluene a complete lack of product formation was observed. 

When the same procedure as described by Jingjun Yin et al.[77] was followed, the 

target compound was obtained but in significantly lower yield than reported in the 

literature. For this reason, this strategy was abandoned. 

A much more reliable way of obtaining the 2-amino building block (figure 12) turned 

out to be based on a completely different approach which became of significant 

importance for the introduction of aryl amines in this project.    

In 2000, Morihiro Mitsuya et al.[78] described the synthetic route related to the 

development of a new Muscarinic M3 Receptor Antagonist. As a part of this work, the 

use and synthesis of the building block shown in figure 12 was described. The 

synthetic approach described by Morihiro Mitsuya et al.[78] is outlined in scheme 16. 

Starting from commercially available pyridine-2,6-dicarboxylic acid, the carboxylic 

acids were converted into the corresponding ethyl esters 2.3 in ethanol, catalysed by 

concentrated sulfuric acid. The molecule was made asymmetric by hydrolysis of just 

one of the ethyl esters with sodium hydroxide to give 2.4. The carboxylic acid was 

turned into the 2-amino pyridine derivative 2.5 by use of diphenyl phosphoryl azide 

and tert-butanol in a Curtius rearangement. After this key step, the ethyl ester was 

reduced to the primary alcohol by use of NaBH4 in the presence of CaCl2 in ethanol 

giving 2.6. Activation of the alcohol was achieved by  mesylation with mesyl chloride 

and the resulting mesylate 2.7 was turned into the iodide derivative 2.8 by a Finkelstein 

reaction with sodium iodide in THF prior to alkylation and final ligand formation. 
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The procedure described by  Morihiro Mitsuya et al.[78] was based on a relative small 

scale reaction for the Curtius rearrangement step, reacting  500 mg of the carboxylic 

acid derivative 2.4. By repeating the synthesis of the building block 2.6 as described 

above, an efficient upscaled procedure for the synthesis of 2.6 was developed. This 

allowed the production of 2.6 on a scale which were sufficient for the later synthesis 

of various 2-amino functionalised pyridine ligands.        

 

 

Scheme 16 

 

With the different alkyl halides available, the three different bis pyridyl amine ligands 

(Scheme 17) were synthesised for later conjugation with PNA sequences. The 

structural design of these three ligands were agreed between our group, (The 

University of Sheffield) and our collaborators at the Karolinska institute in Stockholm.  

To avoid potential side reaction by alkylation of the carboxylic acid functionality of 4-

(aminomethyl)benzoic acid and to help solubility and purification properties, the methyl 

ester of the carboxylic acid and the hydrochloric salt of the amine 2.9 was formed by 

reaction with thionyl chloride in methanol. The HCl salt could easily be purified by 
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crystallisation and stored as a white solid. The HCl salt was neutralized in situ by 

addition of additional base during the following double alkylation step with the relevant 

alkyl halides to form the three ligands (Scheme 17).   

 

 

Scheme 17 

In the final step before conjugation of the three ligands to PNA, the carboxylic acid 

was deprotected by hydrolysis of the methyl ester with NaOH followed by 

neutralisation with HCl. The carboxylic acid functionality facilitated convenient 

purification by crystallisation and with no need of chromatography giving 2.13, 2.14 

and 2.15 (scheme 18).    
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Scheme 18 

 

In order to examine the three ligands in solution the methyl amide derivatives of the 

three ligands 2.16,2.17 and 2.18 were synthesised. The amide was formed by a direct 

amidation from the methyl ester in the presence of a high concentration of methyl 

amine over several days (Scheme 19).  

 

 

Scheme 19 

 

Having the methyl amide 2.18, the boc groups were removed by use of TFA in DCM 

giving the free primary amine 2.19 in 84% yield (Scheme 20).  

 

 

Scheme 20 
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In a similar way as described for the ligands containing a benzyl linker, three different 

bis pyridyl amine ligands containing a short propyl linker with a terminal primary azide 

group for later ñclick-reactionò with PNA sequences were synthesised. The azide 

functionality and the conjugation strategy based on ñclick-chemistryò was agreed 

between our group at The University of Sheffield and the Goethe University, Frankfurt, 

Germany.  

Starting from 1,3-dibromopropane, 1,3-diazidopropane 2.20 was synthesised by two 

nucleophilic substitutions with sodium azide in DMF under elevated temperatures. In 

the following step, one of the two azides were selectively reduced by a Staudinger 

reduction with triphenyl phosphine in a two phase system based on diethyl ether and 

HCl (2M). In this reaction the protonation of the first reduced amine transfers the mono 

reduced amine into the water phase which reduces the risk of reducing both azides. 

Having the 3-azidopropan-1-amine 2.21, the three different pyridyl amine ligands with 

azide linkers could be synthesised by double alkylation in DMF in the presence of a 

non-nucleophilic base (Scheme 21). The three azides 2.22, 2.23, and 2.24  were all 

successfully synthesised and sent to our collaborators in Germany  at the Goethe 

University.  

 

Scheme 21 
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As a result of discoveries by Valerio Viali in our research group, two anisidine 

derivatives were synthesised for potential conjugation to PNA sequences. Starting 

from (6-bromopyridin-2-yl)methanol generously donated by Valerio Viali, the mesylate 

2.25 and alkylating iodo agent 2.26 was made in the same way as described for 2.1 

and 2.2. The alkylation of 2.9 gave 2.27 and the precursor for the azide derivative was 

made by double alkylation of the primary amine of 3-aminopropan-1-ol giving 

compound 2.28.       

 

Scheme 22 

 

The p-anisidine functionality was introduced via a double Buchwald-Hartwig amination 

of the 2-bromo derivatives 2.27 and 2.28. This gave the ligands 2.29 and 2.30 in 55% 

and 59% yield, respectively (scheme 23).   

 

Scheme 23 
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The final step for the hydrolysis of the methyl ester 2.29 with sodium hydroxide gave 

the sodium salt 2.31. The sodium salt of the carboxylate precipitated during the 

reaction and could be isolated as a white powder (Scheme 24).    

 

 

Scheme 24 

 

The primary alcohol in compound 2.30 was turned into the azide 2.32 in a single step 

by reaction with diphenyl phosphoryl azide (DPPA). DPPA was used to avoid possible 

side reactions in the presence of the two secondary amines from the anisidine. This 

strategy were deemed more likely than a strategy based on mesylation of the alcohol 

followed by substitution with sodium azide.  

The azide product 2.32 was isolated in 29% yield on a 50 mg scale and the azide 

compound could easily be visualised by the azide TLC stain method developed by 

Tina Schröder et al. [79].   

 

 

 

Scheme 25 
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2.4 Synthesis of model substrate HPNPP 

 

The synthesis of the RNA model substrate HPNPP was done in accordance with the 

procedure described by C. Pezzato et al.[80] with only very few changes. The benefit 

of this synthetic strategy is the formation of pure regio-isomeric product in contrast to 

the synthesis described by M. D. Brown and D. A. Usher which is based on the ring 

opening reaction of 1,2-epoxypropane giving rise to regio-isomers [81]. 

 Starting from ethyl L-lactate the secondary alcohol was protected by reaction with 

TBDMSCl in DMF with imidazole as the proton scavenger to give 2.33. The ethyl ester 

functionality was reduced down to the primary alcohol 2.34 by use of LiBH4 in diethyl 

ether in the presence of a small amount of methanol. The primary alcohol was 

phosphorylated by use of one equivalent of p-nitrophenyl phosphorodichloridate in the 

presence of TEA and a catalytic amount of pyridine in order to substitute just one of 

the two chlorides. After this reaction, the second phosphorus chloride bond was 

hydrolysed by addition of excess water in order to form the phosphodiester 2.35. The 

TBDMS protection group was easily removed under relatively mild conditions by 

addition of TEA·3HF complex at RT giving the triethyl ammonium salt of HPNPP 2.36. 

Finally, the sodium salt was obtained by cation exchange to the final HPNPP 2.37.  
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Scheme 26 

 

2.5 PNA Synthesis and ligand conjugation  

The PNA sequence used to study the central PNA-ligand conjugates was synthesised 

by use of a Biotage peptide synthesiser using classical solid phase peptide chemistry 

(SPPS). The PNA sequence which was synthesised had the following sequence; 3ôC-

NH2-Lys-TCT-CAA-GXT-GGG-Ac-N5ô, where X refer to the conjugation site of the 

ligands being 2,3-diaminopropionic acid. 

The synthesis of the PNA was based on a Fmoc strategy using a Rink amide linker on 

resin. The coupling reactions were based on standard carboxylic acid activations by 

N,N'-Diisopropylcarbodiimide (DIC) and ethyl 2-cyano-2-(hydroxyimino)acetate 

(oxyma) for peptide couplings [82] and deprotection of Fmoc groups with piperidine. 

The PNA sequence was synthesised from the 3ô-C terminal towards the 5ôC terminal.  
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Figure 13 Biotage peptide synthesiser used for PNA synthesis, Karolinska Institutet, 
Stockholm 

 

 

The 4-Methyltrityl (Mtt) protecting group used to protect the central amine for later 

ligand conjugation was deprotected with a deprotection mixture consisting of 1% TFA 

in DCM. The progress of the deprotection could be qualitatively monitored due to the 

change of the colour from colourless to yellow upon the deprotection reaction. The 

synthesised PNA on the solid support was washed multiple times with the deprotection 

mixture.  When the deprotection solution didnôt turn yellow, the deprotected amine and 

the rest of the PNA was washed with N-methylmorpholine in NMP to remove any 

residues of TFA and the resin was washed multiple times with DCM, and NMP.   
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Scheme 27 Mtt deprotection of PNA. This was done manually, as a post-modification after 
end PNA-synthesis. 

 

The conjugation of the ligand to the central primary amine was carried out by activation 

of the carboxylic acid functionality of the ligand using the coupling reagent 1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium3-oxide 

hexafluorophosphate (HATU).  

The first attempt to conjugate the ligands 2.13, 2.14 and 2.15 to the free primary amine 

in the PNA was based on the same DIC/oxyma peptide bond formation strategy used 

for the PNA synthesis. However, almost none of the PNA was turned into the conjugate 

by this strategy. A much better result was achieved when HATU in the presence of 

DIPEA was used instead of the DIC/oxyma. 

One possible explanation for the low yielding conjugation could be due to the 

zwitterionic nature of the ligands. Because of the basic nature of the tertiary amine of 

the ligand, protonation of the carbodiimide nitrogen in DIC is less likely to occur which 

results in a less electrophilic carbodiimide carbon compared to the protonated 

carbodiimide. When the HATU strategy was used which require the presence of a 
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base, and excess DIPEA was used, complete conversion and conjugation was 

achieved.    

  

 

 

 

 

A 

B 
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Figure 14 Top(A) Functionalisation of PNA on solid support. Middle (B) The ligands were 
conjugated to the PNAoligomer via a HATU strategy with DIPEA and in NMP. Bottom (C) 

Picture of functionalisation of PNA on solid support.   

 

The final PNA conjugates was cleaved from the solid resin support by use of TFA 

cleavage solution (TFA/H2O/TIS; 95:2.5:2.5). All of the Boc groups on the nucleotide 

bases were removed at the same time under these conditions. Triisopropylsilane (TIS) 

was used as a cation scavenger for the Boc group deprotection.    

 

Scheme 28 Removal of Boc groups and cleavage of PNA from solid support 

C 
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After the PNA conjugate was released from the solid support, excess TFA was 

removed in vacuo, the residue was taken up in Milli-Q water and the aqueous phase 

was washed with diethyl ether. After concentration of the water phase, the PNA 

conjugates were purified by Reverse Phase High Performance Liquid 

Chromatography (RP-HPLC). The three chromatograms for the purified central PNA 

conjugates are shown in figure 15. Between 33-39 nmol of material were isolated as 

shown in table 2. This material were taken up in MilliQ water (300 µl) giving a 

concentration of the PNAzyme in the range of 0.11-0.13 mM. These solutions were 

used for the later kinetic studies of the different complementary RNA sequences.  

 

Figure 15 RP-HPLC chromatograms showing purity of the three synthesised PNAzymes 
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Table 2 Purified PNAzyme material 

 PNAzyme 1 

  

PNAzyme 2 

 

PNAzyme 3 

 
 

Mw: 
4156.15 g/mol 4184.20 g/mol 4186.19 g/mol 

Volume: 
 

300 µl 300 µl 300 µl 

Conc. : 
(stock 
solution) 

0.13 mM 0.12 mM 0.11 mM 

Purified 
material: 

39 nmol 36 nmol 33 nmol 

 0.16 mg 0.15 mg 0.14 mg 

 

 

2.6 Metal complexation, conformation and pH titration 

 

The three ligands 2.16, 2.17 and 2.19 were synthesised as the methyl amide 

derivatives as reference compounds. These ligands were mixed with ZnCl2 and the 

[L(Zn(II)]Cl2 complexes were crystallised (as described in the experimental section) 

and isolated. The crystals were used for X-ray analysis in order to investigate the 

conformational differences and similarities between the different ligands.    
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             [2.16(Zn(II))]Cl2                                                        [2.17(Zn(II))]Cl2 

 

[2.19(Zn(II))]Cl2 

Figure 16 X-ray structures of the three Zn(II) complexes  [2.16(Zn(II))]Cl2, [2.17(Zn(II))]Cl2 

and [2.19(Zn(II))]Cl2 

 

From the X-ray studies the L(Zn(II))Cl2 complexes were found to pack in different ways. 

The [2.16(Zn(II))]Cl2 complex was found to pack in a perpendicular conformation in 

contrast to the [2.17(Zn(II))]Cl2 complex and the [2.19(Zn(II))]Cl2 complex  which do 

pack in a triclinic way.  

The bond lengths around the metal centre is summarised in figure 17. A comparison 

of Zn-N1 and Zn-N2 between three ligands shows that   [2.16(Zn(II))]Cl2 and 

[2.19(Zn(II))]Cl2 both have shorter bond distances compared to complex 

[2.17(Zn(II))]Cl2 which had longer bond lengths between the Zn(II) centre and the two 

pyridines. The distance between the tertiary amine and the Zn(II) Zn-N3 were shorter 

for [2.17(Zn(II))]Cl2 compared to  [2.16(Zn(II))]Cl2 and more similar to  [2.19(Zn(II))]Cl2. 

(Figure 17). 
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Figure 17 Bond lenght around the Zn(II) centre 
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In order to quantify the metal complexation parameters, complex formation was 

studied by potentiometric titrations. The ligands were titrated in the presence and in 

the absence of Zn(II) and the respective binding constants were calculated using 

Hyperquard 2013. The titrations were carried out by titrating NaOH (0.2 M) solution 

into a solution of L:Zn(II) in a 1:1 ratio (2.0 mM) + 2 eq of HCl.  

From the titrations it was confirmed that all three ligands formed strong metal 

complexes and that the metal complex was fully formed at pH 7 at 2.0 mM 

concentrations. Introduction of the 2-amino group increased the deprotonation 

constant (pKa) for the first and second deprotonation of the ligand by 2.26 and 1.70 

pKa units, respectively. Increase in pKa values by introduction of a 2-amino substituent 

was also observed by Livieri et al. [73] who reported an increase by 2.45 and 1.1 pKa 

units for a similar ligand (figure 7, A and C). This can be expected based on the 

electron donating properties of the amine. Also a slight decrease in the formation 

constant for [2.19(Zn(II))]Cl2 compared to [2.16(Zn(II))]Cl2  was observed which is in 

agreement with the observation by Livieri et al. [73]. The formation constant for 

[2.17(Zn(II))]Cl2 is significantly lower than for the other two complexes. The pKa values 

pKa1 and pKa2 for the Zn(II) complex given in table 3 are interpretated as the 

deprotonation constants for the water bound Zn(II) complex. The pKa of Zn(II)(H2O)6
2+ 

has previously been reported to be pKa = 9.5. In comparison to this value for free 

Zn(II)(H2O)6
2+ the ligand complexation lowered the pKa of the Zn(II) bound water by 

1.00 and 1.35 pKa units for  [2.16(Zn(II))]Cl2  and [2.19(Zn(II))]Cl2 respectively. These 

pKa values for the first and second deprotonation are both in good agreement with 

Livieri et al. [73].  

Table 3 pKa values and formation constants 

 
Ligand.H 2 Zn.Ligand.(H 2O)2 

 pKa1 pKa2 Log K f pKa1 pKa2 

2.16 3.28 5.89 6.31±0.02 8.50 10.8 

2.17 4.15 6.54 4.65±0.07 7.29 9.07 

2.19 5.54 7.59 6.07±0.03 8.15 10.8 

 

The speciation distributions for the three ligands are given in figure 18-20. In the case 

of ligand 2.16, the strongest Zn(II) binding among the three ligands is observed. At pH 
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7 the fitting from the potentiometric titration suggests that the dominating species is 

the [2.16(Zn(II))](H2O)2  and only a very small amount of unbound free ligand is 

present. This is in good agreement with the findings of M. Livieri et al.[73] 

 

 

 

Figure 18 Top: Speciation curve for [2.16(Zn(II))]Cl2  at [2.16]=[ZnCl]=2.0 mM in [NaCl]=0.1 M, 
25 °C. Bottom: Relevant speciation distribution at pH 7 

 

A significant reduction in the Zn(II) binding was observed for the ligand 2.17 having 

methyl substituents in the 2-position (figure 18). The fitting suggests that more of the 

free ligand L is present at pH 7. The titration did also suggest that a bigger ratio of the 

mono deprotonated species 2.17(Zn(II))](H2O)(OH) is present at pH 7 compared to 

the 2.16Zn(II) complex. The lower binding of Zn(II) for methyl substituted ligands has 

been reported in the literature [72].  

2.19 shows Zn(II) binding which is stronger than the binding observed for ligand 2.17 

and more similar to that observed for the ligand 2.16. Again, the titration confirmed 

that the majority of the ligand is bound to Zn at pH 7 and that the dominant species at 

this pH is the [2.19(Zn(II))](H2O)2 complex having two water molecules coordinated to 

the Zn(II) centre.  
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Figure 19 Top: Speciation curve for [2.17(Zn(II))]Cl2  at [2.17]=[ZnCl]=2.0mM in [NaCl]=0.1M, 
25 °C. Bottom: Relevant speciation distribution at pH 7 

 

 

 

Figure 20 Top: Speciation curve for Speciation curve for [2.19(Zn(II))]Cl2  at [2.19]=[ZnCl]=2.0 
mM in [NaCl]=0.1 M, 25 °C. Bottom: Relevant speciation distribution at pH 7 
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In scheme 29, our model of the different equilibria is shown. The doubly protonated 

species is expected to be the dominant species at the beginning of the titration after 

addition of 2 eq of HCl to the pyridine/amine containing ligand. After addition of NaOH 

by titrating in aliquots, the stepwise deprotonation of the ligand is observed. When 

neutralisation of the  second proton starts to happen, the free ligand species is able to 

coordinate and bind the Zn(II) ions. After additional addition of NaOH aliquots, removal 

of a third proton starts to happen. Since the ligands do not contain any obvious labile 

protons, this deprotonation is believed to happen on the water coordinated to the Zn(II) 

centre. When a fourth equivalent of NaOH was added precipitation started to occur 

which was a result of the formation of insoluble Zn(II)(OH)2. Having described the 

protonation/deprotonation process as a stepwise sequence, it is important to mention 

that dynamic, coupled equilibria between all species exists and that a static 

interpretation of the data from the titrations is misleading.  

 

 

Scheme 29 Stepwise protonation/deprotonation and complex formation 

 

2.7 Kinetic analysis 

The catalytic activity of the Zinc(II) complexes of the three ligands 2.16, 2.17 and 2.19 

were studied for their ability to catalyse the transesterification of HPNPP. The kinetic 

experiments were done at pH 7.0 (50 mM HEPES buffer), 37 °C in NaCl (I= 0.1 M). 

The metal complex was formed in situ by mixing a 1:1 molar ratio of ligand : Zn(II) and 

the reaction followed at varying complex concentrations. The reaction was followed by 

monitoring the absorbance from the 4-nitrophenolate ion formed in the reaction at 400 
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nm.  A first order curve was fitted to the observed change in absorbance with time and 

the observed rate constants were plotted against the concentration of complex in a 

second order plot. 

 

Scheme 30 catalytic cleavage of HPNPP 

 

The observed rate constants for the three Zinc complexes and the background Zn(II) 

reaction showed a linear growth with increasing complex concentration confirming a 

first order dependence on the complex concentration.  The gradient of the linear 

dependence gave the second order rate constants (figure 21). 

From the kinetic analysis it was found that ligand 2.16 and ligand 2.17 had second 

order rate constants of 1.2±0.1 × 10-3 and 3.90±0.09 × 10-3 M-1s-1 , respectively. 

These two complexes are less effective than ZnCl2 itself which had  a second order 

rate constant of 4.6±0.1 × 10-3 M-1s-1. This behaviour is in good agreement with the 

literature [71]. From the relative rate constants it can be seen that 2.16 is about 4 times 

slower than the background reaction of ZnCl2 and 2.17 being comparable to ZnCl2. 

Significantly higher activity was observed for the Zn(II) complex of 2.19. The complex 

with hydrogen bond donating groups had a second order rate constant of  1.18±0.03 

× 10-1 M-1 s-1 making the 2-amino complex the fastest among the three complexes 

tested. In comparison with the other two Zn complexes and ZnCl2, 2.19 catalysed the 

transesterification of HPNPP 26 times faster than ZnCl2 and 30 and 100 times faster 

than 2.17 and 2.16 respectively. These data are all in good agreement with the data 

published for similar metal complexes [71], [72].  
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Figure 21 Second order plot showing first order dependence in regard to complex 
concentration. pH 7.0 (50 mM HEPES buffer), 37 °C in NaCl (I= 0.1 M). [HPNPP]= 

πȢπυρπ άὓ, [LZn] = 0.2-8.0 mM 

 

Table 4 kinetic data for solution studies 

Species 2nd order rate constant M -1 s-1 k rel 

Zn(II)  4.6±0.1 × 10-3 1 

2.16 Zn(II)  1.2±0.1 × 10-3 0.26 

2.17 Zn(II)  3.90±0.09 × 10-3 0.85 

2.19 Zn(II)  1.18±0.03 × 10-1 26 

 

 

Attempts to study the catalytic activity of the ligands in the presence of Cu(II) ions were 

also made, as Cu(II) complexes have been studied in the context of PNAzymes. 

However, due to precipitation of the Cu(II) complexes at all concentrations no reliable 

data for the catalytic cleavage of HPNPP was obtained. 
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2.8 PNAzymes with central conjugation site 

 

The three ligands were conjugated to the synthesised PNA sequence as previously 

describe giving the three PNAzymes1 (Pyr), PNAzymes2 (CH3Pyr) and PNAzymes3 

(NH2Pyr). 

The kinetic analysis of the PNAzymes were done under the same conditions as 

described for the solution based kinetics. The majority of the kinetic studies were 

undertaken during the secondment at Karolinska Institutet. Single repeat experiments 

and chromatogram analysis were done by Olivia Luige, Karolinska Institutet after the 

end of the secondment.    

The first substrate tested was the RNA sequence 5ô-AGAGUUCAAAGCCC-3ô with a 

triple A bulge. The kinetic evaluation of the three PNAzymes studied was done at 37 

°C at pH 7.0 in a buffered system (HEPES,10mM) and with an ionic strength of 0.1 M 

NaCl.  These are identical conditions to those used for the neocuproine based 

PNAzymes described in the literature [83] in order to make the evaluation of the three 

novel PNAzymes direct comparable with existing PNAzyme data. The PNAzymes 

were incubated at 37 °C in the buffered system for 15min before the metal ion and the 

RNA substrate were added.  The RNA substrate concentration in all experiments was 

4.0 uM (0.48 nmol, 1.0 eq) and a slight excess of the PNAzyme of 1.3 eq  (5.2 uM, 

0.62 nmol) was used to ensure complete hybridization of the RNA substrate. The two 

metal ions Zn(II) (100 uM) and Cu(II) (10 uM) were used in excess compared to the 

ligand. Identical concentrations and ligand : metal ion ratios were used for the 

neocuproine systems [83]. 25 eq (12 nmol) of Zn(II) was used for each RNA substrate 

and 2.5 eq (1.2nmol) Cu(II) ions. Aliquots were taken after 3 h, 6 h, 24 h, 48 h, 72 h 

and 96 h and the sample taken was quenched immediately with a large excess of 

EDTA (70 nmol,0.37 mM). The samples were then analysed by IE-HPLC. 

 

Figure 22 RNA substrate/PNAzyme construct for -AAA- bulge 
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The kinetic data obtained for the cleavage of the -AAA- bulge in the presence of Zn(II) 

as the cofactor is shown in figure 23, and a clear difference between PNAzyme 3 and 

the two other PNAzyme 1 and PNAzyme 2 can be seen. Under the assumption that 

the reactions follow first order kinetics and that the cleavage of the bulge will eventually 

go to completion a first order equation was fitted to the data (equation 1). 
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Figure 23 first order plot of PNAzyme 1-3 and -AAA- bulge target. 37 °C, pH 7.0 (HEPES, 10 
mM), I =0.1 M NaCl, [PNA/RNA] =4.0 µM, [Zn(II)] = 100 µM 

 

Table 5 Observed rate constants for the -AAA- bulge and Zn(II) 

 

 

Species kobs (h-1) kobs (s-1) krel T1/2 (h) 
  PNAzyme 1 (R=H) 4.46 Ö 10-4 1.24±0.03 Ö 10-7 1 1554 

PNAzyme 2 (R=CH3) 1.1 Ö 10-3 3.1±0.2 Ö 10-7 2.5 624 

PNAzyme 3 (R=NH2) 1.3 Ö 10-2 3.5±0.3 Ö 10-6 29 54 
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PNAzyme 3 with -NH2 groups in the 2 position of the pyridine ligand was found to be 

29 times faster than PNAzyme 1 with no substituents. In comparison, the 2-methyl 

derivative, PNAzyme 2 was just 2.5 times faster than the unsubstituted  derivative. 

Hence, the relative reactivity of the three PNAzymes closely follows the same pattern 

as observed for the cleavage of HPNPP in solution. 

A significantly lower activity was observed for the PNAzyme3 when Cu(II) was used 

as a cofactor (figure 24), just 3.5 times faster than PNAzyme 1 (table 6). A slight 

inversion of the reactivity of PNAzyme1 and PNAzyme2 was observed where the 

PNAzyme2 appears to be slightly slower than PNAzyme 1.  
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Figure 24 First order plot of PNAzyme 1-3 and -AAA- bulge target. 37 °C, pH 7.0 
(HEPES,10mM), I =0.1M NaCl, [PNA/RNA] =4.0 µM, [Cu(II)] = 10 µM 

 

Table 6 Observed rate constants for the -AAA- bulge and Cu(II) 

 

 

Species Kobs (h-1) Kobs (s-1) krel T1/2 (h) 
 PNAzyme 1 (R=H) 1.3  Ö 10-3 3.5±0.2 Ö 10-7 1 546 

PNAzyme 2 (R=CH3) 9.8  Ö 10-4 2.7±0.3 Ö 10-7 0.77 712 

PNAzyme 3 (R=NH2) 4.47 Ö 10-3 1.24±0.01 Ö 10-6 3.5 155 
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From similar systems described in the literature it is known that the size and the 

sequence of the bulge can affect the reactivity significantly  [83] . Hence, the activity 

of the three PNAzymes were also tested towards a -AAAA- bulge (figure 25).   

 

Figure 25 RNA substrate/PNAzyme construct for -AAAA- bulge 

 

The results from the kinetic analysis of the catalytic behavior of the three PNAzymes 

on the -AAAA- bulge is shown in figure 26. All three systems react faster than the 

corresponding -AAA- systems. Just as for the -AAA- bulge the PNAzyme 3 turned out 

to be significantly faster than the two other PNAzymes 1 and 2, and the same trend of 

reactivity was observed. For the -AAAA- bulge systems less of a difference between 

the fastest and the slowest system is seen, with the PNAzyme 3 being 16 times faster 

than the slowest PNAzyme 1. Also, in the case of the -AAAA- bulge systems a minimal 

difference between PNAzyme 1 and PNAzyme 2 was observed with a relative rate 

constant of just 1.6 (table 7).  

 

Figure 26 First order plot of PNAzyme 1-3 and -AAAA- bulge target. 37 °C, pH 7.0 (HEPES,10 
mM), I =0.1 M NaCl, [PNA/RNA] =4.0 µM, [Zn(II)] = 100 µM 
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Table 7 Observed rate constants for the -AAAA- bulge and Zn(II) 

 

A similarly reduced effect compared to Zn(II) was found when the -AAAA- bulge RNA 

substrate was incubated with the three PNAzymes in the presence of Cu(II) ions. The 

kinetic results from the -AAAA-  bulge substrate in the presence of Cu(II) ions are 

shown in figure 27. Like in the previous three cases the PNAzyme 3 was significantly 

faster than the PNAzymes 1 and 2. Interestingly, the same inversion of the reactivity 

between PNAzyme 1 and 2 was observed, although the reactivity differences are very 

small. For these two systems the observed rate constants were higher than those 

found for the -AAA- bulge systems. Overall, very similar relative rate constants for all 

three PNAzymes were found in comparison with the -AAA- bulge systems and 

cleavage of the -AAAA- bulge just being slightly enhanced in the case of PNAzyme 3. 

 

Figure 27 First order plot of PNAzyme 1-3 and -AAAA- bulge target. 37 °C, pH 7.0 (HEPES,10 
mM), I =0.1 M NaCl, [PNA/RNA] =4.0 µM, [Cu(II)] = 10 µM 

 

 

 

0

20

40

60

80

100

0 50 100 150 200

Bulge -AAAA-, Cu(II)

PNA-NH2
PNA-Me

PNA-H

C
le

a
v

a
g

e
 (

%
)

Time (h)

y = m1 + 100*(1 - exp(-m3*x)...

ErrorValue

0.519910.63049m1 

0.000187470.0087288m3 

NA1.9235Chisq

NA0.99961R

y = m1 + 100*(1 - exp(-m3*x)...

ErrorValue

0.181010.42545m1 

3.7021e-50.0011902m3 

NA0.30585Chisq

NA0.99828R

y = m1 + 100*(1 - exp(-m3*x)...

ErrorValue

0.701810.82996m1 

0.000193290.001698m3 

NA2.9996Chisq

NA0.98334R

Species kobs (h-1) kobs (s-1) krel T1/2 (h) 
PNAzyme 1 (R=H) 1.4Ö 10-3 3.7±0.3 Ö 10-7 1 513 

PNAzyme 2 (R=CH3) 2.2Ö 10-3 6.0±0.1 Ö 10-7 1.6 322 

PNAzyme 3 (R=NH2) 2.1Ö 10-2 5.9±0.2 Ö 10-6 15.6 33 
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Table 8 Observed rate constants for the -AAAA- bulge and Cu(II) 

 

 

Instead of looking at the cleavage of the RNA sequence as the reaction progresses in 

terms of accumulation of products, the reaction can be seen as the decay of intact 

RNA substrate over time. In order to give a more visual presentation of this decay, the 

data was fitted to the following equation with the only difference of showing an 

exponential decay instead of an exponential rise.  
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Figure 27 Product decay for the -AAA- and -AAAA- bulge 
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Species kobs (h-1) kobs (s-1) krel T1/2 (h) 
PNA-H 1.7Ö 10-3 4.7±0.5 Ö 10-7 1 408 

PNA-Me 1.2Ö 10-3 3.3±0.1 Ö 10-7 0.70 582 

PNA-NH2 8.73Ö 10-3 2.42±0.05 Ö 10-6 5.1 79 
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Of all the three PNAzymes tested in combination with the two RNA substrates the 

PNAzyme 3 was the fastest system in all cases. The overall fastest system is the 

PNAzyme 3 in combination with the 4 nucleotide -AAAA- bulge in the presence of 

Zn(II) ions. This system had a half life time of 33 h which can be compared to the 

neocuproine systems previously described which have half-lives of 1h for Cu(II) [84] 

and 11h for Zn(II) at pH 7.4 [12]. Compared with the half-life of the neocuproine-Cu(II) 

system, the half life time of 33 h doesnôt look impressive, but Cu(II) presents toxicity 

challenges in a biological context. Compared to the half-life of the neocuproine-Zn(II) 

system with a half-life of 11 h, PNAzyme 3 is more comparable but not competitive in 

terms of reactivity.  

 

2.9 Specificity 

 

One of the very characteristic features of the neocuproine PNAzyme is the high 

specificity in regards to cleavage site observed for the cleavage of various RNA bulge 

substrates. In many cases a clean cut is seen giving rise to just two products indicating 

a single cleavage site for the neocuproine PNAzyme  [84] 

In figure 28 the chromatogram of the cleavage products after 24 h for the cleavage of     

-AAAA- is shown. In case of PNAzyme1 and 2 only 4% and 5% of total cleavage was 

observed respectively, and so no insights into selectivity can be made. However, in 

the case of PNAzyme 3, 41% of substrate is cleaved after 24 h. From the 

chromatogram eight main fragments were observed indicating four cleavage sites and 

a relatively unselective cleavage within the bulge area.  
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Figure 28 IE-HPLC chromatograms showing formation of cleavage products after 24h 

 

The 3 nucleotide bulge was cleaved at 3 sites while the 4 nucleotide bulge was cleaved 

at 4 cleavage sites. The cleavage was relatively unselective within the bulge and 

roughly equally distributed over 3 and 4 cleavage sites. This means that the actual 

rate of cleavage for each site can be found by the kobs/n where n is the bulge size. This 

means that for the 4N bulge that the actual rate of cleavage for the RNA is four times 

smaller than the overal kobs value giving a kobs for PNAzyme3/-AAAA- in the presence 

of Zn(II) of υȢσ ρπ Ὤ  and a half-life of about 132 h for each phosphodiester bond. 

The systems with Zn(II) were in general faster than the systems with Cu(II). However, 

it is important to mention that the difference in M(II) concentration may have an impact 

on the observed rate since the metal concentration may influence the binding and 

saturation of the metal complex. Having efficient systems with a minimum of M(II) 

present is highly desirable since the requirement of high metal concentrations for 

sufficient activities may limit the applications of the metal complexes in vivo. The 

reduced metal concentration may also reduce the possible background cleavage for 

the single stranded RNA target which is also beneficial. 
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The activity of PNAzyme 3 is clearly significantly faster than any possible background 

reaction. In this context, PNAzyme1 and PNAzyme2 serves as an internal control in 

the experiments since a clear difference in reactivity is observed for PNAzyme3 and 

the two remaining PNAzymes and the only way these systems differs is in the 2-amino 

substitution of the pyridine. This means that all external factors like bulge interactions, 

possible intercalation of the benzyl linker and pyridine rings with the nucleotide bases 

and background cleavage from the excess amount of uncoordinated Zn(II) and Cu(II) 

should be more or less similar in the three cases. 

How big the actual effect of the methyl substituents in PNAzyme 2 is compared to the 

unsubstituted ligand in PNAzyme1 is more difficult to investigate. One control 

experiment for the contribution from unbound metal ions could be the hybridised 

scenario forming a bulge but with a capped conjugation sitting in the middle of the 

systems as a substitute of the ligand (figure 29). This control experiment excludes the 

possible direct contribution from the conjugated ligand, but doesnôt take into account 

that the reactivity of the bulge may be affected by the presence or absence of the 

aromatic ligand conjugate which may result in unrealistic high or unrealistic low 

reactivity of the ñfreeò bulge compared the one interacting with the ligand structure. 

Site specific cleavage by activation of substrate RNA with PNA-acridine conjugates in 

the presence of Lu(III) has been shown, which suggests that the planar acridine 

system interacts with the bases of the RNA substrate leading to site selective cleavage 

facilitated by the impact of the bulge interactions [85].  

 

Figure 29 Possible control experiment by capping of conjugation site 

Instead of capping the primary amine at the conjugation site, conjugation of a structure 

similar to the ligand structure but without the metal coordinating propertiers could be 

used. This type of control experiment would give a more realistic picture of how the 

background reaction of Zn(II) would affect the bulge structure since the steric effect 

from the -non-ligand conjugate would be taken into account. This strategy has 
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previously been used for the metal chelate neocuproine where phenanthrene were 

conjugated to the PNA sequence as a substitute for neocuproine and incubated with 

the hybridized RNA target (Cu(II) (10 uM), 37 °C, pH 7.0, HEPES (10 mM), NaCl (0.1 

M)). After 24 h no cleavage was observed which were in big contrast to the reaction 

with the neocuproine system which promoted 71% cleavage after 1 h [83].   

With this in mind, PNAzyme 2 (-Me) may constitute the perfect control compound in 

regard to physical size, charge and orientation in the bulge.  

 

 

Figure 30 Possible control experiment based on non-chelating structure 

 

Instead, in order to study the influence of background cleavage and to conclude if 

PNAzyme1 and PNAzyme2 are both in the region of background reaction or 

significantly different from the background cleavage, a titration experiment with Zn(II) 

could be performed. If the same activity of the PNAzymes are observed at significantly 

lower Zn(II) concentrations, the activity observed for the two PNAzymes are likely to 

come from chelated Zn(II) coordinated rather than free Zn(II) interacting with the bulge 

in solution. 

In considering the observed activity for the two metal systems it is important to note 

the different Cu(II) and Zn(II) concentrations, which were 10 uM and 100 uM, 

corresponding to 2.5 eq and 25 eq, respectively. These conditions were chosen to be 

identical to ones use for the previous published neocuproine systems [60], [83].  

A Zn(II) titration experiment of the PNAzyme would be the most useful control 

experiment to compensate for the effect of background Zn(II) ions. Based on the 

formation constant determined from the potentiometric titrations, speciation curves 

can be generated for the PNAzyme concentrations of 4 µM, corresponding to the 

concentration of PNA/RNA complex when all RNA substrate is hybridised (figure 31, 
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left), in the presence of 100 µM Zn(II). At pH 7, the PNAzyme3 Zn(II) complex exists 

mainly as the diaqua form and about 6.6% exist as the mono hydroxy form. When the 

Zn(II) concentration is reduced to half the concentration (50 µM) (figure 31, right), only 

a slight decrease in Zn(II) complex formation is observed and about 6.3% of the 

PNAzyme still exists as the mono hydroxy form LZn(OH)(H2O).  

 

 

 

 

 

 

 

 

 

 

 

Figure 31 Simulated speciation curves under PNA concentration conditions, 25 °C. Left: 
[PNAzyme]= 4 uM,[Zn(II)]=100 uM; Right: [PNAzyme]= 4 uM,[Zn(II)]=50 uM 

When the Zn(II) concentration is reduced to 10% (10 µM), the dominating species at 

pH 7 is still the LZn(H2O)2 form and about 4.0% of the Zn(II) complex exist as the mono 

hydroxy form, LZn(OH)(H2O) (figure 32, left). In the extreme case, where an equal 

ratio of PNA/RNA duplex : Zn(II) is present at 4 µM (figure 32, right), the Zn(II) bound 

complex is no longer the dominating species at pH 7. However, at this low 

concentration still about 2.8% of the PNAzyme will be in the mono hydroxy form, 

LZn(OH)(H2O) which is about half of what is expected at 25 fold higher Zn(II) 

concentration. 
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Figure 32 Simulated speciation curves under PNA concentration conditions, 25 °C.. Left: 
[PNAzyme]= 4 uM,[Zn(II)]=10 uM; Right: [PNAzyme]= [Zn(II)]=4 uM 

 

The speciation distributions described above predict what can be expected from a 

titration experiment of the PNAzymes.  

Due to the negligible impact on the speciation distribution at pH 7 when the Zn(II) 

concentration is reduced from 100 µM to 50 µM the speciation curve suggest that 

approximately the same concentration of catalytic complex species will be present at 

this lower Zn(II) concentration. If the excess free Zn(II) in solution has a major catalytic 

impact on the bulge cleavage, a significant reduction in catalytic activity will be 

expected. 

Since the impact of the background reaction from free Zn(II) in solution is expected to 

be the same for all three PNAzymes, a possible reduction in the observed rate 

constant by a constant amount is expected. In fact, a reduction of the observed rates 

due to a constant contribution from free Zn(II) will only lead to bigger relative rates. 

This principle is illustrated in figure 33.  
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Figure 33 relative rates become bigger if a constant background reaction is subtracted  

If the observed rate for the slowest system is mainly due to the contribution from free 

Zn(II) ions in solution, the measured relative rates (observed krel, table 9) may be 

smaller than the actual relative rates.  

Table 9 Comparing relative rates for the -AAA- bulge (Zn(II)) 

 

If we assume that the background contribution from Zn(II) equals 1 and this 

contribution is subtracted from the relative rates for PNAzyme 2 and PNAzyme 3, the 

krel HPNPP HPNPP AAA Bulge AAA Bulge AAA Bulge AAA Bulge 

   Observed  

krel 

PNAzyme 1 

= Zn(II) 

H:NH2 

(1:100) 

New       

krel 

Zn(II) 1 3.8  1 0.72 2.6 

-H 

(PNAzyme 1) 

0.26 1 1 nd 0.28 1 

-Me 

(PNAzyme 2) 

0.85 3.3 2.5 1.5 1.78 6.4 

-NH2 

(PNAzyme 3) 

26 100 29 28 28.28 100 
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ratio between Zn(II) background : PNAzyme 2 :PNAzyme 3 will be 1:1.5:28. If the 

same relative rate between the contribution from -H and -NH2  (1:100) from the HPNPP 

study is applied to the PNAzymes, the relative rates between PNAzyme 3 and 

PNAzyme 1 will be 28:0.28. If the contribution from PNAzyme 1 equals 0.28, the 

contribution of free Zn(II) must be 1 - 0.28 = 0.72. When this contribution is subtracted 

from the original observed relative rate constants (-Me: 2.5-0.72 = 1.78; -NH2: 29-0.72 

= 28.28) a new set of relative rate constants are generated. If these values are 

compared with the slowest system, PNAzyme 1,the relative rates (new krel, table 9) for 

the contribution of -H, -Me and -NH2  is 1:6.4:100. This ratio is reasonably close to the 

one observed for HPNPP, but is based on assuming the 1:100 ratio as observed for 

the HPNPP data. 

If the same principles were applied to the PNAzyme data for the -AAAA- bulge the 

relative rates for -H:-Me: -NH2 would be 1:5:99 (table 10). 

Table 10 Comparing relative rates for the -AAAA- bulge (Zn(II)) 

krel HPNPP HPNPP AAAA Bulge AAAA 

Bulge 

AAAA 

Bulge 

AAAA 

Bulge 

   Observed  

krel 

PNAzyme 1 

= Zn(II) 

H:NH2 

(1:100) 

New       

krel 

Zn(II) 1 3.8  1 0.85 5.7 

-H 

(PNAzyme 1) 

0.26 1 1 nd 0.15 1 

-Me 

(PNAzyme 2) 

0.85 3.3 1.6 0.6 0.75 5 

-NH2 

(PNAzyme 3) 

26 100 15.6 14.6 14.8 99 
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2.10 PNAzymes with terminal conjugation site 

 

The ligands 2.22, 2.23 and 2.24 were also synthesised for terminal conjugation to PNA 

oligomers. The terminal conjugation of ligand to PNA was based on a slightly different 

strategy. Instead of conjugating via an amide bond from a peptide coupling on solid 

phase as described for the central linkage, the terminal conjugation was supposed to 

be based on ñclickò chemistry in solution. The PNA oligonucleotide intended for the 

terminal ligand conjugation has the following sequence  3ôC-NH2-Lys-AAC- AGT -CCT 

-C -X-N5ô where x refers to the site of conjugation. The PNA oligomer has been 

synthesised previously by collaborators from Goethe University in Frankfurt in a similar 

way to the PNA described previously in this chapter. Again, the major role of the lysine 

is to increase the water solubility of the PNAzyme. The ligands were supposed to be 

studied in a different way based on gel electrophoresis which gives efficient insight to 

the specific cleavage patten of the target sequence [86].  

The ligands for the terminal conjugation have all been synthesised and characterised, 

and been sent to Goethe University, Frankfurt, Germany. The conjugation of the 

ligands and the kinetic studies were planned to place as a part of a secondment. Due 

to the current pandemic this secondment was made impossible and the ligands were 

not conjugated in time for the submission deadline of this thesis. The conjugation of 

the ligand are expected to take place in the near future by collaborators from the 

research group of Prof. Michael Göbel.   
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Scheme 31 Terminal functionalisation of PNA oligimer via click reaction 

 

 

Figure 34 Final PNAzyme based on terminal conjugation 
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2.11 Conclusion 

 

In total eight different mononuclear ligands for central and terminal conjugation to PNA 

oligonucleotides and three ligands for solution studies were synthesised. The three 

ligands 2.13, 2.14 and 2.15 bearing a benzyl linker and having the substitution pattern 

-H, -CH3 and -NH2 on the pyridine ring Ŭ to the pyridine nitrogen was successfully 

conjugated to PNA oligomers. Binding studies and kinetic studies of 2.16, 2.17 and 

2.19 suggested that ligand 2.16 and 2.19 had a much stronger binding to Zn(II) than 

ligand 2.17. The ligands were tested for their ability to catalyse the transesterification 

of the RNA model substrate HPNPP. The difference in reactivity followed the 

substitution dependent trend described in the literature being that -NH2 >-CH3 > -H. 

The three ligands tested had the relative rate constants 100:3:1. It was found that the 

data obtained for the Zn(II) systems could be translated to the PNA conjugate systems 

and a similar trend based on the ligand substitution was found. The 2-amino group 

clearly increased the cleavage rate in all systems tested for different bulge sizes and 

metals. The Zn(II) systems did in all cases result in unselective cleavage within the 

bulge. The fastest system among them all turned out to be the PNAzyme 3 in 

combination with an -AAAA- bulge and Zn(II) which had the observed rate constant 

kobs of  5.9±0.2 × 10-6 s-1 and a half-life time of 33 h. In general, the -AAAA- bulge 

promoted faster cleavage rates for all systems compared to the -AAA- bulge. The 

difference in relative rates obtained for the cleavage of HPNPP were in general bigger 

compared to the relative rates obtained from the PNAzymes experiments. The 

cleavage rate for PNAzyme 3 in combination with Cu(II) were slower for both bulge 

sizes compared to the respective Zn(II). The relative rates for the Cu(II) systems were 

in general lower than the relative rates for the Zn(II) for all conjugates and both bulges.  

Cleavage for the Cu(II) systems initiated by formation of ROS leading to oxidative 

cleavage of the RNA strand cannot be ruled out since nothing was done to prevent it, 

nor initiate it.  

This study shows that kinetic data obtained for different ligands based on the model 

substrate HPNPP in solution can to some extend be translated into the reactivity of 

conjugated systems like artificial nucleases and PNAzymes.     

The observed rate ratios of the different PNAzymes represent the minimum 

differences in activity.  It is likely that Zn(II) ions in solution contribute to the observed 
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reactions, which would mean that the differences are greater.  Thus, the substituents 

do have a comparable effect on the rate of cleavage for an RNA target in this context 

to the much simpler reaction with HPNPP. 
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2.12 Experimental 

 

Chemicals were bought from commercial suppliers and used without any further 

purification unless otherwise stated. All solvents were HPLC grade. For column 

chromatography, silica gel from Merc (40-63 µm) was used. Triethylamine was dried 

over potassium hydroxide and dry solvents were obtained from The University of 

Sheffield dry solvent system. TLC analysis was performed on aluminia silica gel plates 

(Silicagel 60 F254) unless otherwise stated in the procedure. NMR data was collected 

on a Bruker Advance III HD 400 or a Bruker Avance 400 operating at 400.23 and 

400.13 MHz. Chemical shifts were reported in ppm with multiplicity given as: singlet 

(s), doublet (d), triplet (t), quartet (q), quintet (qn), multiplet (m), doublet of doublet (dd). 

IR-spectra were collected on a PerkinElmer FTIR and signals reported as: Very strong 

(vs), strong (v), medium (m), weak (w), broad (br). Solution phase kinetics was 

performed on a Agilent Technologies Cary Series UV spectrophotometer (Cary 300 

UV-Vis) with temperature controlled cell blocks. Reactions were followed at 400 nm in 

Quartz cuvettes (l=1 cm), 3ml. Mass analysis and X-ray analysis were performed by 

technical staff at The University of Sheffield. LCMS analysis was performed on an  

Agilent Technologies 6530 Accurate Mass LC-MS QToF using a C18 reverse phase 

column and acetonitrile / water mixtures (5:95 gradient to 95:5 over 12 minutes) with 

0.1 % formic acid as the mobile phase. 

   

Synthetic procedures for: 

 
(6-Methylpyridin-2-yl)methyl methanesulfonate 2.1 

(6-methylpyridin-2-yl)methanol (3.00 g; 24.4 mmol) was dissolved in THF (40 ml) and 
cooled on an ice bath. TEA (2.96 g; 29.3 mmol) was added followed by 
methanesulfonyl chloride (3.21 g; 28.0 mmol). The reaction was left to stir overnight. 
The reaction mixture was poured into aqueous NH4Cl (sat) (150 ml) and extracted with 
diethyl ether (3x50 ml). The combined ether phase was dried over MgSO4, filtered and 
evaporated in vacuo giving an orange oil. Yield: 4.64 g (95%)   

1H NMR (400 MHz, CDCl3) ŭ 7.66 (t, J = 7.7 Hz, 1H), 7.29 (d, J = 7.6 Hz, 1H), 7.17 
(d, J = 7.7 Hz, 1H), 5.31 (s, 2H), 3.10 (s, 3H), 2.57 (s, 3H).  

13C NMR (101 MHz, CDCl3) ŭ 158.6, 152.8, 137.5, 123.5, 119.6, 71.9, 38.2, 24.4. 

HRMS (ESI): m/z [M+H]+ calcd. for [C8H11NO3S +H+]: 202.0532; found: 202.0532 
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FT-IR (Vmax/cm-1): 3383(w), 3023(w), 2932(w), 1596(m), 1577(w), 1460(m), 1347(s), 
1334(s), 1171(s), 1028(m), 966(s), 945(s) 

 

2-(Iodomethyl)-6-methylpyridine 2.2 

(6-methylpyridin-2-yl)methyl methanesulfonate 2.1 (2.00 g; 9.94 mmol) was dissolved 
in THF (30 ml) and LiI (2.86 g; 21.4 mmol) was added. The reaction was heated to 
50°C for 90 min. The THF solution was poured into aqueous NH4Cl (sat.) (100 ml) and 
extracted with chloroform (3x50 ml). The combined organic phase was washed with 
Na2S2O3 (10% W/W solution) (50 ml) and dried over MgSO4, filtered and evaporated 
in vacuo, giving an orange oil. Yield: 2.24 g (97%)    

1H NMR (400 MHz, CDCl3) ŭ 7.50 (t, J = 7.7 Hz, 1H), 7.19 (d, J = 7.7 Hz, 1H), 6.99 
(d, J = 7.7 Hz, 1H), 4.46 (s, 2H), 2.52 (s, 3H).  

13C NMR (101 MHz, CDCl3) ŭ 158.4, 157.6, 137.3, 122.3, 120.0, 24.6, 6.8. 

HRMS (ESI): m/z [M+H]+ calcd. for [C7H8IN +H+]: 233.9774; found: 233.9771 

FT-IR (Vmax/cm-1): 3230(w), 2966(w), 2924(w), 2870(w), 1591(s), 1575(s), 1452(s), 
1159(s), 1035(m), 989(m), 790(m) 

 

Diethyl pyridine-2,6-dicarboxylate 2.3 [78] 

Pyridine-2,6-dicarboxylic acid (30.00 g; 179.5 mmol) was taken up in EtOH (200 ml). 
A catalytic amount of conc. H2SO4 (95%) (2 ml) was added and the mixture was 
refluxed for 24 h. The ethanol phase was concentrated in vacuo and NaHCO3 (sat.) 
(200 ml) was added. The aqueous phase was extracted with CHCl3 (2x200 ml) and 
the combined organic phase was dried over MgSO4, filtered and evaporated in vacuo 
giving a colourless oil which crystallised giving a colourless crystalline solid. Yield: 
30.83 g (77%), Mp: 40-42 °C  

1H NMR (400 MHz, CDCl3) ŭ 8.23 (d, J = 7.8 Hz, 2H), 7.96 (t, J = 7.8 Hz, 1H), 4.43 
(q, J = 7.1 Hz, 4H), 1.40 (t, J = 7.1 Hz, 6H). 
13C NMR (101 MHz, CDCl3) ŭ 164.6, 148.6, 138.3, 127.8, 62.3, 14.2. 
HRMS (ESI): m/z [M+H]+ calcd. for [C11H13NO4 +H+]: 224.0917; found: 224.0921 

FT-IR (Vmax/cm-1): 3100(w), 3062(w), 2985(m), 2944(w), 2907(w), 1742(vs), 1238(vs)  

 

6-(Ethoxycarbonyl)picolinic acid 2.4 [78] 

Diethyl pyridine-2,6-dicarboxylate 2.3 (30.22 g; 135.4 mmol) was dissolved in a 
mixture of EtOH (50ml) and dioxane (400 ml). NaOH (5.42 g; 135.5 mmol; 1 eq) was 
dissolved in EtOH (150 ml) and added to the first solution. The combined mixture was 
heated to 100 °C for 5 h. The solvent was removed in vacuo and the residue was taken 
up in water (400 ml). The aqueous phase was washed with CHCl3 (3x100ml) before 
the pH was lowered to pH 1 with conc. HCl. The aqueous phase was then extracted 
with CHCl3 (4x150 ml) and the combined organic phase was dried over MgSO4,filtered 
and evaporated in vacuo giving a white solid. Yield: 15.07 g  (57%). Mp: 120-122 °C 
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1H NMR (400 MHz, CDCl3) ŭ 10.25 (s, 1H), 8.39 (dd, J = 7.7, 1.1 Hz, 1H), 8.35 (dd, J 
= 7.8, 1.1 Hz, 1H), 8.11 (t, J = 7.8 Hz, 1H), 4.48 (q, J = 7.1 Hz, 2H), 1.44 (t, J = 7.1 
Hz, 3H). 
13C NMR (101 MHz, CDCl3) ŭ 163.8, 147.2, 146.5, 139.7, 128.9, 126.8, 62.6, 14.3. 
HRMS (ESI): m/z [M+H]+ calcd. for [C9H9NO4 +H+]: 196.0604; found: 196.0603 

FT-IR (Vmax/cm-1):3064(w), 2987(w), 2816(w), 2675(w), 2548(w), 1737(vs), 1698(vs), 
1575(s), 1245(vs), 1151(s), 1023(m), 759(s), 709(s), 694(s), 650(s) 

 

Ethyl 6-((tert-butoxycarbonyl)amino)picolinate 2.5 [78] 

6-(Ethoxycarbonyl)picolinic acid 2.4 (7.00 g; 35.9mmol) was dissolved in toluene (150 
ml) and TEA (9.80 ml; 70.7mmol) was added. Diphenylphosphoryl azide (11.42 g; 
41.5mmol) was added and the reaction was stirred at RT for 10min before t-BuOH 
(15ml; 157mmol) was added. The reaction mixture was heated to 100°C for 24h. The 
reaction was allowed to cool down to RT and EtOAc (200 ml) was added. The organic 
phase was washed with NaHCO3 (sat.) (2x100 ml) and NaCl (sat.)(100 ml). The 
organic phase was dried over MgSO4, filtered and evaporated in vacuo giving a dark 
brown oil which was purified by column chromatography (Eluent: EtOAc/Hex, 20:80) 
to give a clear colourless oil. Yield 6.35 g, (66%).   

1H NMR (400 MHz, CDCl3) ŭ 8.13 (dd, J = 7.2, 1.9 Hz, 1H), 7.82 ï 7.74 (m, 2H), 7.64 
(s, 1H), 4.43 (q, J = 7.1 Hz, 2H), 1.49 (s, 9H), 1.40 (t, J = 7.1 Hz, 3H). 
13C NMR (101 MHz, CDCl3) ŭ 164.9, 152.4, 152.0, 139.2, 120.0, 116.1, 81.4, 62.0, 
28.3, 14.4. 
HRMS (ESI): m/z [M+H]+ calcd. for [C13H18N2O4 +H+]: 267.1339; found: 267.1351 

 

Tert-butyl (6-(hydroxymethyl)pyridin-2-yl)carbamate 2.6 [78] 

Ethyl 6-((tert-butoxycarbonyl)amino)picolinate 2.5 (9.63 g; 36.2mmol) was taken up in 
EtOH (150 ml) and CaCl2 (8.03 g; 72.4 mmol) was added. The suspension was cooled 
to 0°C and NaBH4 (6.84 g; 181mmol) was added. The mixture was stirred for 5 h and 
allowed to rise to RT. The reaction mixture was concentrated in vacuo and water (500 
ml) was added. The aqueous phase was extracted with CHCl3 (4x100 ml). The organic 
layer was dried over MgSO4, filtered and evaporated in vacuo giving a yellow oil. The 
residue was purified by column chromatography (Eluent: EtOAc/Hex, 1:2) giving a 
colourless oil. Yield: 6.87g (78%) 

1H NMR (400 MHz, CDCl3) ŭ 7.82 (d, J = 8.3 Hz, 1H), 7.65 (dd, J = 8.1, 7.6 Hz, 1H), 
7.49 (s, 1H), 6.90 (d, J = 7.4 Hz, 1H), 4.64 (s, 2H), 1.52 (s, 9H) 

13C NMR (101 MHz, CDCl3) ŭ 157.5, 152.3, 151.2, 139.2, 115.1, 110.8, 81.4, 63.9, 
28.4. 

HRMS (ESI): m/z [M+H]+ calcd. for [C11H16N2O3 +H+]: 225.1234; found: 225.1231 

FT-IR (Vmax/cm-1):3222(w), 2980(w), 2934(w), 1727(s), 1582(m), 1522(s), 1457(s), 
1367(m), 1225(s), 1149(vs), 1083(s), 878(m), 792(m) 

 

(6-((Tert-butoxycarbonyl)amino)pyridin-2-yl)methyl methanesulfonate 2.7 [78] 
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Tert-butyl (6-(hydroxymethyl)pyridin-2-yl)carbamate 2.6 (2.00 g; 8.96 mmol) was 
dissolved in EtOAc (50 ml) and TEA (2.27 g; 22.4 mmol) was added. The mixture was 
cooled on an ice bath and MsCl (2.57 g; 22.4 mmol) was added. The reaction was 
stirred at RT for 2 h. The solution was poured out in NaHCO3 (sat.) (100 ml) and the 
organic phase was separated and washed with additional NaHCO3 (sat.)(100 ml), 
water (2x100 ml) and NaCl (sat.) (50 ml). The organic phase was dried over MgSO4, 
filtered and evaporated in vacuo giving a colourless oil. Yield: 2.60 g (96%) 

1H NMR (400 MHz, CDCl3) ŭ 7.92 (d, J = 8.4 Hz, 1H), 7.70 (t, J = 7.9 Hz, 1H), 7.58 (s, 
1H), 7.08 (d, J = 7.4 Hz, 1H), 5.17 (s, 2H), 3.03 (s, 3H), 1.50 (s, 9H). 

13C NMR (101 MHz, CDCl3) ŭ 152.3, 151.9, 151.7, 139.4, 117.1, 112.4, 81.4, 71.2, 
38.2, 28.3 

HRMS (ESI): m/z [M+H]+ calcd. for [C12H18N2O5S+H+]: 303.1009; found: 303.1014; 
m/z [M+Na]+ calcd. for [C12H18N2O5S+Na+]: 325.0829; found: 325.0833 

FT-IR (Vmax/cm-1): 3222(w), 2980(w), 2938(w), 1727(s), 1582(m), 1522(m), 1463(m), 
1354(s), 1223(m), 1168(s), 1152(s), 1083(m), 955(s), 800(m) 

 

Tert-butyl (6-(iodomethyl)pyridin-2-yl)carbamate 2.8 

(6-((Tert-butoxycarbonyl)amino)pyridin-2-yl)methyl methanesulfonate 2.7 (2.48 g; 
8.20 mmol) was dissolved in THF(75 ml) and NaI (2.46 g; 16.4 mmol) was added. The 
reaction mixture was heated to 50 °C and stirred for 90 min. The reaction mixture was 
allowed to cool to RT and poured into aqueous NH4Cl (sat.) (50 ml) and extracted with 
CHCl3 (2x40 ml). The combined organic phase was washed with Na2S2O3 (aq) 
(10w/w%) (25 ml) and the combined organic phase was dried over MgSO4, filtered 
and evaporated in vacuo to give a yellow oil. Yield: 2.28 g (83%) 

1H NMR (400 MHz, CDCl3) ŭ 7.79 (d, J = 8.4 Hz, 1H), 7.57 (t, J = 7.9 Hz, 1H), 7.51 
(s, 1H), 7.00 (d, J = 7.4 Hz, 1H), 4.36 (s, 2H), 1.49 (s, 9H). 

13C NMR (101 MHz, CDCl3) ŭ 156.4, 152.3, 151.7, 139.2, 117.3, 111.3, 81.1, 28.3, 
6.1. 

HRMS (ESI): m/z [M+H]+ calcd. for [C11H15IN2O2 +H+]: 335.0251; found: 335.0252; 
m/z [M+Na]+ calcd. for [C11H15IN2O2 +Na+]: 357.0070; found: 357.0076  

FT-IR (Vmax/cm-1): 3226(w), 2980(w), 2934(w), 1727(s), 1580(s), 1517(s), 1452(s), 
1402(m), 1365(m), 1279(m), 1223(m), 1149(s), 986(m), 886(m), 796(m) 

 

Methyl 4-(aminomethyl)benzoate hydrochloride 2.9 

4-(aminomethyl)benzoic acid (1.20 g; 7.93 mmol) was suspended in methanol (90 ml) 
and thionyl chloride (9.0 ml; 124 mmol) was added dropwise. The solution was allowed 
to cool to RT and the flask was equipped with a stopper and left to stir overnight. The 
methanolic solution was evaporated in vacuo and the white salt was triturated in diethyl 
ether. The ether phase was decanted off and the white salt was dried in vacuo. Yield: 
1.53 g (96%)  mp: 234-236 °C  
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1H NMR (400 MHz, DMSO) ŭ 8.72 (s, 3H), 7.97 (d, J = 8.3 Hz, 2H), 7.66 (d, J = 8.4 
Hz, 2H), 4.09 (s, 2H), 3.86 (s, 3H). 
13C NMR (101 MHz, DMSO) ŭ 165.9, 139.5, 129.5, 129.2, 129.2, 52.3, 41.7. 
HRMS (ESI): m/z [M+H]+ calcd. for [C9H11NO2 +H+]: 166.0863; found: 166.0869 

FT-IR (Vmax/cm-1): 3005(s,Br), 2961(s,Br), 2881(s,Br), 1720(vs), 1597(w), 1478(m), 
1466(m), 1436(m), 1381(w), 1315(w), 1281(vs), 1190(m), 1117(s), 1110(s), 1077(m), 
963(m), 854(m), 863(m), 854(m), 835(m), 763(s), 703(s), 625(m), 532(m)  

 

Methyl 4-((bis(pyridin-2-ylmethyl)amino)methyl)benzoate 2.10 

2-(bromomethyl)pyridine hydrobromide (0.56 g; 2.2 mmol) and methyl 4-
(aminomethyl)benzoate hydrochloride (0.20 g; 0.99 mmol) was added to a flame dried 
flask and the flask was equipped with a rubber septum. The atmosphere was changed 
to argon and DMF (dry) (10 ml) was added via a syringe. DIPEA (0.71 g; 5.5 mmol) 
was added and the flask was equipped with an argon balloon. The stirred reaction 
mixture was heated to 70 °C overnight. The reaction mixture was poured into water 
(75ml) and extracted with diethyl ether (3x30 ml). The combined ether phase was dried 
over MgSO4, filtered and evaporated in vacuo. The residue was purified by column 
chromatography (Eluent: EtOAc/EtOH, 9:1; Rf: tailing) giving a yellow oil. Yield: 0.24 
g (71%)   

1H NMR (400 MHz, CDCl3) ŭ 8.50 (ddd, J = 5.0, 1.7, 1.0 Hz, 2H), 7.97 (d, J = 8.3 Hz, 
2H), 7.65 (td, J = 7.7, 1.7 Hz, 2H), 7.54 (d, J = 7.8 Hz, 2H), 7.48 (d, J = 8.2 Hz, 2H), 
7.13 (ddd, J = 7.3, 4.9, 0.9 Hz, 2H), 3.87 (s, 3H), 3.79 (s, 4H), 3.72 (s, 2H). 
13C NMR (101 MHz, CDCl3) ŭ 167.1, 159.4, 149.1, 144.7, 136.6, 129.7, 129.0, 128.7, 
122.9, 122.2, 60.2, 58.3, 52.1. 
HRMS (ESI): m/z [M+H]+ calcd for [C21H21N3O2 +H+]: 348.1707; found: 348.1703.  

 

Methyl 4-((bis((6-methylpyridin-2-yl)methyl)amino)methyl)benzoate 2.11 

2-(iodomethyl)-6-methylpyridine (1.00 g; 4.29 mmol) and the methyl 4-
(aminomethyl)benzoate hydrochloride (0.35 g; 1.74 mmol) was added to a flame dried 
flask and the flask was equipped with a rubber septum. The atmosphere was changed 
to argon and DMF (10 ml) was added via a syringe. DIPEA (1.12 g; 8.67 mmol) was 
added and the flask was equipped with an argon balloon. The stirred reaction mixture 
was heated to 70 °C overnight. The reaction mixture was poured into water (75 ml) 
and extracted with diethyl ether (3x30 ml). The combined ether phase was washed 
with NaCl (sat.) (2x20 ml), dried over MgSO4, filtered and evaporated in vacuo. The 
residue was purified by column chromatography (Eluent: EtOAc/EtOH, 9:1; Rf: tailing) 
to give a yellow oil. Yield: 0.54 g (83%)   

1H NMR (400 MHz, CDCl3) ŭ 7.96 (d, J = 8.1 Hz, 2H), 7.54 (t, J = 7.6 Hz, 2H), 7.48 
(d, J = 8.1 Hz, 2H), 7.40 (d, J = 7.7 Hz, 2H), 6.99 (d, J = 7.6 Hz, 2H), 3.88 (s, 3H), 
3.77 (s, 4H), 3.71 (s, 2H), 2.50 (s, 6H). 
13C NMR (101 MHz, CDCl3) ŭ 167.1, 159.0, 157.7, 145.0, 136.8, 129.7, 128.9, 128.7, 
121.6, 119.5, 60.3, 58.3, 52.1, 24.5. 
HRMS (ESI): m/z [M+H]+ calcd for [C23H25N3O2 +H+]: 376.2020; found: 376.2003.  
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FT-IR (Vmax/cm-1): 3062(w), 2996(w), 2951(w), 2923(w), 2829(w), 1718(vs), 1579(m), 
1577(m), 1456(m), 1435(m), 1275(vs), 1155(s), 786(m), 756(m), 732(m) 

 

Methyl 4-((bis((6-((tert-butoxycarbonyl)amino)pyridin-2-yl)methyl)amino)methyl)-
benzoate 2.12 

Tert-butyl (6-(iodomethyl)pyridin-2-yl)carbamate (0.38g; 1.14 mmol) and the methyl 4-
(aminomethyl)benzoate hydrochloride (0.10g; 0.50 mmol) was added to a flame dried 
flask and the flask was equipped with a rubber septum. The atmosphere was changed 
to argon and DMF (4 ml) was added via a syringe. DIPEA (0.33g; 2.6 mmol) was 
added and the flask was equipped with an argon balloon. The stirred reaction mixture 
was heated to 70 °C overnight. The reaction mixture was poured into water (25 ml) 
and extracted with diethyl ether (3x15 ml). The combined ether phase was washed 
with NaCl (sat.) (2x10 ml), dried over MgSO4, filtered and evaporated in vacuo. The 
residue was purified by column chromatography (Eluent: Hex/EtOAc, 80:20; Rf:0.20, 
tailing) to give a colourless oil which crystallised to give a white solid. Yield: 0.22 g 
(76%) mp: 134-136 °C  

1H NMR (400 MHz, CDCl3) ŭ 7.97 (d, J = 8.2 Hz, 2H), 7.77 (d, J = 8.2 Hz, 2H), 7.63 (t, J = 
7.9 Hz, 2H), 7.49 ï 7.42 (m, 4H), 7.16 (d, J = 7.4 Hz, 2H), 3.89 (s, 3H), 3.69 (s, 2H), 3.65 (s, 
4H), 1.48 (s, 18H). 
 
13C NMR (101 MHz, CDCl3) ŭ 167.1, 157.7, 152.5, 151.3, 144.6, 138.7, 129.8, 129.1, 128.8, 
117.6, 110.5, 81.0, 59.5, 58.0, 52.2, 28.4. 
 

HRMS (ESI): m/z [M+H]+ calcd. for [C31H39N5O6 +H+]: 578.2973; found: 578.2979; 
m/z [M+Na]+ calcd. for [C31H39N5O6 +Na+]: 600.2793; found: 600.2795 

FT-IR (Vmax/cm-1): 3198(w), 2978(w), 2928(w), 2824(w), 1724(s), 1579(m), 1525(m), 
1456(s), 1276(s), 1228(s), 1149(s), 1068(m), 991(m), 800(m)  

 

4-((bis(pyridin-2-ylmethyl)amino)methyl)benzoic acid 2.13 

Methyl 4-((bis(pyridin-2-ylmethyl)amino)methyl)benzoate (0.91 g; 2.6 mmol) was 
dissolved in a minimum volume of methanol. NaOH (2 M) (10 ml) was added, and the 
mixture was stirred at RT for 5 h. HCl (1M) (20ml) was added and the solution was 
evaporated in vacuo. DCM (50ml) was added, followed by Na2SO4 and the suspension 
was stirred for 5 min. The suspension was filtered and the filtrate was concentrated in 
vacuo. The residue was taken up in hot acetonitrile (15 ml) and allowed to cool to RT 
before being left at 4 °C overnight. The solvent was pipetted off and the crystals was 
washed with additional acetonitrile to give a white solid. Yield: 0.56 g (64%) mp.: 168-
170 °C  

1H NMR (400 MHz, DMSO) ŭ 12.90 (s, 1H), 8.49 (ddd, J = 4.8, 1.7, 0.9 Hz, 2H), 7.90 
(d, J = 8.2 Hz, 2H), 7.78 (td, J = 7.7, 1.8 Hz, 2H), 7.57 (d, J = 7.8 Hz, 2H), 7.53 (d, J = 
8.2 Hz, 2H), 7.25 (ddd, J = 7.4, 4.7, 0.8 Hz, 2H), 3.71 (s, 4H), 3.70 (s, 2H). 

13C NMR (101 MHz, DMSO) ŭ 167.3, 158.9, 148.9, 144.2, 136.7, 129.5, 129.4, 128.7, 
122.6, 122.2, 59.2, 57.2. 

HRMS (ESI): m/z [M+H]+ calcd. for [C20H19N3O2 +H+]: 334.1550; found: 334.1551 
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FT-IR (Vmax/cm-1): 3064(w), 2881(w), 2814(w), 2463(b), 1897(b), 1692(m), 1599(m), 
1571(m), 1433(m), 1273(s), 1247(s) 1013(m), 763(s), 753(s)  

 

4-((bis((6-methylpyridin-2-yl)methyl)amino)methyl)benzoic acid 2.14 

methyl 4-((bis((6-methylpyridin-2-yl)methyl)amino)methyl)benzoate (1.12g; 3.0 mmol) 
was dissolved in a minimum volume of methanol. NaOH (2 M) (10 ml) was added, and 
the mixture was stirred at RT for 5 h. HCl (1 M) (20 ml) was added and the solution 
was evaporated in vacuo. DCM (50ml) was added, followed by Na2SO4 and the 
suspension was stirred for 5 min. The suspension was filtered and the filtrate was 
concentrated in vacuo. The residue was taken up in hot acetonitrile (15 ml) and 
allowed to cool to RT before being left at 4°C overnight. The solvent was pipetted off 
and the crystals were washed with additional acetonitrile to give a white solid. Yield: 
0.41 g (38%) mp.: 146-148°C  

1H NMR (400 MHz, DMSO) ŭ 12.90 (s, 1H), 7.91 (d, J = 8.2 Hz, 2H), 7.64 (t, J = 7.7 
Hz, 2H), 7.53 (d, J = 8.2 Hz, 2H), 7.38 (d, J = 7.7 Hz, 2H), 7.08 (d, J = 7.6 Hz, 2H), 
3.66 (s, 2H), 3.65 (s, 4H), 2.41 (s, 6H). 

13C NMR (101 MHz, DMSO) ŭ 167.3, 158.3, 157.0, 144.3, 136.9, 129.5, 129.4, 
128.6, 121.4, 119.3, 59.3, 57.2, 24.0. 

HRMS (ESI): m/z [M+H]+ calcd. for [C22H23N3O2 +H+]: 362.1863; found: 362.1860 

FT-IR (Vmax/cm-1): 3061(w), 2920(w), 2834(w), 2441(w),1692(s), 1601(m), 1591(m), 
1578(s), 1458(s), 1275(vs), 1244(vs), 1122(m), 1013(m), 973(m), 795(vs), 778(vs), 
756(vs)  

 

4-((bis((6-((tert-butoxycarbonyl)amino)pyridin-2-yl)methyl)amino)methyl)benzoic acid 
2.15 

methyl 4-((bis((6-((tert-butoxycarbonyl)amino)pyridin-2 yl)methyl)amino)methyl)-
benzoate (0.20g; 0.35 mmol) was dissolved in EtOH (10 ml) and NaOH(s) (0.40 g; 10 
mmol) was added and left to dissolve and react on sonication for 1.5h. HCl (1M) (10ml) 
was added and the clear mixture was concentrated in vacuo. The residue was taken 
up in DCM (25 ml), and MgSO4 was added. After 5 min of stirring, the suspension was 
filtered and the filtrate was concentrated in vacuo. The residue was recrystallized from 
hot ethyl acetateto give a white crystalline solid. Yield: 0.13g (67%) Mp: 128-130°C  

1H NMR (400 MHz, MeOD) ŭ 8.01 (d, J = 8.2 Hz, 2H), 7.77 ï 7.71 (m, 4H), 7.66 (d, J 
= 8.2 Hz, 2H), 7.04 (dd, J = 5.9, 2.2 Hz, 2H), 4.57 (s, 2H), 4.43 (s, 4H), 1.57 (s, 18H). 

13C NMR (101 MHz, MeOD) ŭ 168.9, 154.2, 153.6, 150.4, 141.1, 136.9, 133.1, 
132.3, 131.1, 119.4, 113.6, 82.2, 59.1, 58.2, 28.6. 

HRMS (ESI): m/z [M+H]+ calcd. for [C30H37N5O6 +H+]: 564.2817; found: 564.2818; 
m/z [M+Na]+ calcd. for [C30H37N5O6 +Na+]: 586.2636; found: 586.2640 

FT-IR (Vmax/cm-1):3202(w), 2982(w), 2928(w), 2591(w), 1727(s), 1708(s), 1585(m), 
1525(m), 1463(m), 1226(s), 1151(vs), 1082(m) 
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4-((bis(pyridin-2-ylmethyl)amino)methyl)-N-methylbenzamide 2.16 

 

Methylamine hydrochloride (6.70g; 99.2 mmol) was dissolved in methanol (15 ml) and 
NaOH(s)(3.86 g; 96.5 mmol) was added and the reaction mixture cooled on an ice bath. 
The mixture was stirred for 10 min at RT. Methyl 4-((bis(pyridin-2-
ylmethyl)amino)methyl)benzoate (0.74 g; 2.1 mmol) was dissolved in methanol (5 ml) 
and added to the first suspension (final conc. 20% w/w % methyl amine). The reaction 
mixture was stirred at RT for 2 days in a sealed system with a balloon attached. The 
methanolic mix was filtered and the filtrate was evaporated over N2 stream overnight. 
The solid was taken up in water (40 ml) and extracted with DCM (3x25 ml). The 
combined DCM phase was dried over MgSO4 , filtered and evaporated in vacuo to 
give a colourless oil. The oil was further purified by column chromatography (Eluent: 
90:10, EtOAc/EtOH, Rf: 0.10) to give a colourless oil. Yield: 0.48 g (65%) 

1H NMR (400 MHz, CDCl3) ŭ 8.49 (ddd, J = 4.9, 1.6, 1.0 Hz, 2H), 7.70 (d, J = 8.2 Hz, 
2H), 7.64 (td, J = 7.7, 1.7 Hz, 2H), 7.53 (d, J = 7.8 Hz, 2H), 7.42 (d, J = 8.2 Hz, 2H), 
7.13 (ddd, J = 7.2, 4.7, 0.9 Hz, 2H), 6.55 ï 6.49 (m, 1H), 3.76 (s, 4H), 3.67 (s, 2H), 
2.95 (d, J = 4.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3) ŭ 168.3, 159.4, 149.1, 142.7, 136.6, 133.6, 129.0, 127.0, 
122.9, 122.2, 60.1, 58.2, 26.9. 

HRMS (ESI): m/z [M+H]+ calcd. for [C21H22N4O +H+]: 347.1866; found: 347.1881 

FT-IR (Vmax/cm-1):3449(w), 3280(m), 3063(w), 2931(w), 2818(w), 1637(s), 1547(s), 
1432(m), 1302(s), 758(vs)  

 

4-((bis((6-methylpyridin-2-yl)methyl)amino)methyl)-N-methylbenzamide 2.17 

Methylamine hydrochloride (6.70 g; 99.2 mmol) was dissolved in methanol (15 ml) and 
NaOH(s) (3.86 g; 96.5 mmol) was added. The reaction mixture cooled on an ice bath 
and stirred for 10 min at RT. Methyl 4-((bis((6-methylpyridin-2-
yl)methyl)amino)methyl)benzoate (0.85 g; 2.3 mmol) was dissolved in methanol (5 ml) 
and added to the suspension (final conc. 20% w/w % methyl amine). The reaction 
mixture was stirred at RT for 2 days in a sealed system with a balloon attached. The 
methanolic mix was filtered and the filtrate was evaporated over N2 stream overnight. 
The solid was taken up in water (40 ml) and extracted with DCM (3x25 ml). The 
combined DCM phase was dried over MgSO4 , filtered and evaporated in vacuo to 
give an orange oil. The oil was further purified by column chromatography (Eluent: 
90:10, EtOAc/EtOH, Rf: 0.21) to give a colourless oil. Yield: 0.57 g (67%) 

1H NMR (400 MHz, CDCl3) ŭ 7.69 (d, J = 8.2 Hz, 2H), 7.53 (t, J = 7.7 Hz, 2H), 7.42 
(d, J = 8.2 Hz, 2H), 7.38 (d, J = 7.7 Hz, 2H), 6.97 (d, J = 7.5 Hz, 2H), 6.58 ï 6.50 (m, 
1H), 3.72 (s, 4H), 3.66 (s, 2H), 2.94 (d, J = 4.8 Hz, 3H), 2.48 (s, 6H). 

13C NMR (101 MHz, CDCl3) ŭ 168.3, 159.0, 157.6, 143.0, 136.8, 133.5, 128.9, 127.0, 
121.6, 119.5, 60.2, 58.1, 26.8, 24.5. 

HRMS (ESI): m/z [M+H]+ calcd. for [C23H26N4O +H+]: 375.2179; found: 375.2197 



107 
 

FT-IR (Vmax/cm-1): 3454(w), 3317(w), 3062(w), 2922(w), 2823(w), 1639(s), 1578(m), 
1547(s), 1455(s), 1302(m), 787(m), 751(s) 

 

Di-tert-butyl ((((4-(methylcarbamoyl)benzyl)azanediyl)bis(methylene))bis(pyridine-
6,2-diyl))dicarbamate 2.18 

Methylamine hydrochloride (6.70 g; 99.2 mmol) was dissolved in ethanol (15 ml) and 
NaOH(s) (3.86 g; 96.5 mmol) was added and the reaction mixture cooled on an ice 
bath. The mixture was stirred for 10 min at RT. Methyl 4-((bis((6-((tert-
butoxycarbonyl)amino)pyridin-2-yl)methyl)amino)methyl)-benzoate (0.260 g; 0.450 
mmol) was dissolved in ethanol (5 ml) and added to the first suspension (final conc. 
20% w/w % methyl amine) The reaction mixture was stirred at 40 °C for 4 days in a 
sealed system with a balloon attached. The ethanolic mix was filtered and the filtrate 
was evaporated under a N2 stream overnight. The residual solid was taken up in water 
(40 ml) and extracted with DCM (3x25 ml). The combined DCM phase was washed 
with brine (20 ml), dried over MgSO4 , filtered and evaporated in vacuo to give a white 
solid. The solid was further purified by column chromatography (Eluent: EtOAc/Hex, 
60:40, Rf: 0.23) to give a white solid. Yield: 0.115 g (44%) mp: 105-107 °C 

1H NMR (400 MHz, CDCl3) ŭ 7.76 (d, J = 8.2 Hz, 2H), 7.68 ï 7.59 (m, 4H), 7.45 (s, 
2H), 7.41 (d, J = 8.1 Hz, 2H), 7.15 (d, J = 7.4 Hz, 2H), 6.27 ï 6.17 (m,1H), 3.66 (s, 
2H), 3.64 (s, 4H), 2.99 (d, J = 4.8 Hz, 3H), 1.48 (s, 18H). 

13C NMR (101 MHz, CDCl3) ŭ 168.3, 157.8, 152.5, 151.3, 142.7, 138.7, 133.6, 129.0, 
127.0, 117.7, 110.5, 81.0, 59.5, 57.9, 28.4, 26.9. 

HRMS (ESI): m/z [M+H]+ calcd. for [C31H40N6O5 +H+]: 577.3133; found: 577.3143; 
m/z [M+Na]+ calcd. for [C31H40N6O5 +Na+]: 599.2952; found: 599.2953 

FT-IR (Vmax/cm-1):3448-3153(w), 2977(w), 2928(w),2805(w), 1726(s), 1642(w), 
1579(m), 1518(m), 1456(s), 1407(m), 1366(m), 1277(m), 1226(s), 1150(vs), 
1082(m), 797(m), 753(m) 

 

4-((bis((6-aminopyridin-2-yl)methyl)amino)methyl)-N-methylbenzamide 2.19 

Methyl 4-((bis((6-((tert-butoxycarbonyl)amino)pyridin-2-yl)methyl)amino)methyl)-
benzoate (109 mg; 0.189 mmol) was taken up in 20% TFA in DCM (1:4) (5 ml) and 
the reaction mixture was stirred at 25°C for 16h. The reaction mixture was evaporated 
over an N2 stream and the residue was taken up in DCM (20 ml). The DCM solution 
was washed with NaHCO3 (sat.) (2x20 ml) and the combined water phases were 
extracted with DCM (20 ml). The combined organic phase was dried over MgSO4, 
filtered and evaporated in vacuo to give a white solid. Yield: 59.8 mg (84%) Mp: 94-96 
°C  

1H NMR (400 MHz, MeOD) ŭ 7.75 (d, J = 9.9 Hz, 2H), 7.48 (d, J = 8.2 Hz, 2H), 7.42 
(t, J = 7.8 Hz, 2H), 6.88 (d, J = 7.3 Hz, 2H), 6.42 (d, J = 8.2 Hz, 2H), 3.66 (s, 2H), 
3.53 (s, 4H), 2.90 (s, 3H). 

13C NMR (101 MHz, MeOD) ŭ 170.6, 160.4, 158.2, 144.3, 139.7, 134.3, 129.9, 
128.2, 112.7, 108.4, 60.6, 59.1, 26.9. 

HRMS (ESI): m/z [M+H]+ calcd. for [C21H24N6O +H+]: 377.2084; found: 377.2095 
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FT-IR (Vmax/cm-1):3441(w), 3322(m), 3188(w),2813(w), 1614(s), 1598(m), 1570(s), 
1460(s), 1294(m)  

 

1,3-Diazidopropane 2.20 [75] 

1,3-dibromopropane (3.00 g; 14.9 mmol) was dissolved in dry DMF (20 ml) and 
NaN3 (2.13 g; 32.8 mmol) was added. The flask was equipped with a reflux 
condenser and heated to 80 °C for 16 h. The DMF solution was poured into water 
(200ml) and extracted with diethyl ether (4x50 ml). The combined ether phase was 
washed with NaCl (sat.) (3x50 ml), dried over MgSO4, filtered and evaporated in 
vacuo to give a colourless oil. Yield: 1.50 g (80%)   

1H NMR (400 MHz, MeOD) ŭ 3.41 (t, J = 6.6 Hz, 4H), 1.81 (p, J = 6.6 Hz, 2H).  

13C NMR (101 MHz, MeOD) ŭ 49.6, 29.3. 

HRMS (EI): m/z [M+H]+ calcd. for [C3H6N6]: 126.0648; found: 126.0646 

FT-IR (Vmax/cm-1): 2940(w), 2876(w), 2085(vs), 1454(w),1254(m), 1093(w), 1017(w), 
893(w), 853(w), 634(w), 557(w).  

 

3-Azidopropan-1-amine  2.21 [75] 

1,3-diazidopropane 2.20 (1.00 g; 7.93 mmol) was dissolved in diethyl ether (25 ml) 
and cooled on an ice bath. HCl (2 M) (25 ml) was added and followed by 
triphenylphosphine (2.08 g; 7.93 mmol) in small portions over 30 min. The reaction 
was left to stir vigorously overnight for 16 h.  The white precipitate was filtered off and 
the filter cake was washed with additional water (20 ml). The water phase was washed 
with diethyl ether (4x50 ml) and basicified to pH 12 with NaOH. The primary amine 
was extracted with diethyl ether (3x50 ml) and the combined ether phase was dried 
over MgSO4, filtered and evaporated in vacuo to give a clear colourless oil. Yield: 0.48 
g (61%) (positive ninhydrin test) 

1H NMR (400 MHz, MeOD) ŭ 3.38 (t, J = 6.8 Hz, 2H), 2.71 (t, J = 6.8 Hz, 2H), 1.73 
(p, J = 6.8 Hz, 2H).  

13C NMR (101 MHz, MeOD) ŭ 50.3, 39.9, 32.9.  

HRMS (ESI): m/z [M+H]+ calcd. for [C3H8N4 +H+]: 101.0822; found: 101.0825 

FT-IR (Vmax/cm-1): 3326(m), 2925(m), 2871(m), 2767(w), 2092(vs), 1566(s), 1472(s), 
1295(s), 1261(s), 1149(w), 1066(w), 818(w), 557(w)   

 

3-azido-N,N-bis(pyridin-2-ylmethyl)propan-1-amine 2.22 

2-(bromomethyl)pyridine hydrobromide (1.70 g; 6.72 mmol) and the 3-azidopropan-1-
amine 2.21 (0.30 g; 3.0 mmol) was added to a flame dried flask and the flask was 
equipped with a rubber septum. The atmosphere was changed to argon and DMF (10 
ml) was added via a syringe. DIPEA (2.61 g; 20.2 mmol) was added and the flask was 
equipped with an argon balloon. The stirred reaction mixture was heated to 70 °C 
overnight (16 h). The reaction mixture was poured into water (75 ml) and extracted 
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with diethyl ether (3x30 ml). The combined ether phase was washed with NaCl (sat.) 
(3x20 ml), dried over MgSO4, filtered and evaporated in vacuo. The residue was 
purified by column chromatography (Eluent: EtOAc/EtOH, (90:10), Rf: tailing) to give 
a yellow oil. Yield: 0.31 g (37%) 

1H NMR (400 MHz, CDCl3) ŭ 8.51 (d, J = 4.5 Hz, 2H), 7.64 (td, J = 7.7, 1.6 Hz, 2H), 
7.47 (d, J = 7.8 Hz, 2H), 7.13 (dd, J = 6.8, 5.4 Hz, 2H), 3.79 (s, 4H), 3.28 (t, J = 6.8 
Hz, 2H), 2.61 (t, J = 6.9 Hz, 2H), 1.76 (p, J = 6.8 Hz, 2H). 
13C NMR (101 MHz, CDCl3) ŭ 159.5, 149.2, 136.5, 123.0, 122.1, 60.5, 51.3, 49.5, 
26.6. 
HRMS (ESI): m/z [M+H]+ calcd. for [C15H18N6 +H+]: 283.1666; found: 283.1659 

FT-IR (Vmax/cm-1): 3056(w), 3010(w), 2933(w), 2820(w), 2092(vs),1589(s), 1569(s), 
1473(m), 1432(s), 1361(w), 1296(w), 1253(m), 1146(m), 1047(m), 995(m), 897(w), 
841(w), 755(vs), 635(w), 615(m), 557(w). 

 

3-azido-N,N-bis((6-methylpyridin-2-yl)methyl)propan-1-amine 2.23 

2-(iodomethyl)-6-methylpyridine (1.00 g; 4.29 mmol) and the 3-Azidopropan-1-amine 
2.21 (0.23 g; 1.7 mmol) was added to a flame dried flask and the flask was equipped 
with a rubber septum. The atmosphere was changed to argon and DMF (10 ml) was 
added via a syringe. DIPEA (2.22 g; 17.2 mmol) was added and the flask was 
equipped with an argon balloon. The stirred reaction mixture was heated to 70 °C 
overnight (16 h). The reaction mixture was poured out in water (75ml) and extracted 
with diethyl ether (3x30 ml). The combined ether phase was washed with NaCl (sat.) 
(3x30 ml), dried over MgSO4, filtered and evaporated in vacuo. The residue was 
purified by column chromatography (Eluent: EtOAc/EtOH, 9:1; Rf: 0.58, tailing) giving 
a colourless oil. Yield: 0.25 g (48%) 

1H NMR (400 MHz, CDCl3) ŭ 7.55 (t, J = 7.7 Hz, 2H), 7.33 (d, J = 7.7 Hz, 2H), 7.00 
(d, J = 7.6 Hz, 2H), 3.77 (s, 4H), 3.29 (t, J = 6.8 Hz, 2H), 2.61 (t, J = 6.8 Hz, 2H), 
2.52 (s, 6H), 1.77 (p, J = 6.9 Hz, 2H). 
13C NMR (101 MHz, CDCl3) ŭ 159.2, 157.7, 136.8, 121.6, 119.6, 60.8, 51.3, 49.6, 
26.7, 24.6. 
HRMS (ESI): m/z [M+H]+ calcd. for [C17H22N6 +H+]: 311.1979; found: 311.1974 

 

di-tert-butyl ((((3-azidopropyl)azanediyl)bis(methylene))bis(pyridine-6,2-
diyl))dicarbamate 2.24 [75] 

Tert-butyl (6-(iodomethyl)pyridin-2-yl)carbamate (1.00 g; 2.99 mmol) and the 3-
Azidopropan-1-amine (0.14 g; 1.4 mmol) was added to a flame dried flask and the 
flask was equipped with a rubber septum. The atmosphere was changed to argon and 
DMF (10 ml) was added via a syringe. DIPEA (0.77 g; 6.0 mmol) was added and the 
flask was equipped with an argon balloon. The stirred reaction mixture was heated to 
70 °C overnight (16 h). The reaction mixture was poured out in water (75 ml) and 
extracted with diethyl ether (3x30 ml). The combined ether phase was washed with 
NaCl (sat.) (3x20 ml), dried over MgSO4, filtered and evaporated in vacuo. The residue 
was crystalized from Hex/EtOAc, (80:20) mixture giving a white solid. Yield: 0.35 g 
(49%) mp: 122-124 °C  
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1H NMR (400 MHz, CDCl3) ŭ 7.77 (d, J = 8.2 Hz, 2H), 7.62 (t, J = 7.9 Hz, 2H), 7.34 
(s, 2H), 7.08 (d, J = 7.4 Hz, 2H), 3.66 (s, 4H), 3.29 (t, J = 6.8 Hz, 2H), 2.58 (t, J = 6.9 
Hz, 2H), 1.76 (p, J = 6.8 Hz, 2H), 1.50 (s, 18H). 
13C NMR (101 MHz, CDCl3) ŭ 157.8, 152.5, 151.3, 138.7, 117.7, 110.4, 81.0, 59.9, 
51.1, 49.6, 28.4, 26.6. 
HRMS (ESI): m/z [M+H]+ calcd. for [C25H36N8O4 +H+]: 513.2932; found: 513.2932 

FT-IR (Vmax/cm-1): 3347(w), 3181(w), 3127(w), 2980(w), 2932(w), 2824(w), 2093(s), 
1729(s), 1580(m), 1524(m), 1459(s), 1366(m), 1316(w), 1222(m), 1151(vs), 
1074(m), 967(w), 878(w), 798(m), 754(w), 731(w), 658(w), 614(w). 

 

(6-bromopyridin-2-yl)methyl methanesulfonate 2.25 

(6-bromopyridin-2-yl)methanol (3.00 g; 16.0 mmol) was dissolved in THF(60 ml) and 
TEA(1.94 g; 19.2 mmol) was added. The reaction mixture was cooled on an ice bath 
and  MsCl (2.63 g; 18.2 mmol) was added. The reaction was left to stir at RT for 16 h. 
The THF mixture was poured out in NH4Cl (sat.) (150 ml) and the aqueous phase was 
extracted with Et2O (3x75 ml). The combined ether phase was dried over MgSO4, 
filtered and evaporated in vacuo giving a clear oil which solidifies upon standing. Yield: 
4.20 g (99%). Mp: 22-24 °C  

1H NMR (400 MHz, CDCl3) ŭ 7.61 (t, J = 7.8 Hz, 1H), 7.46 (d, J = 7.8 Hz, 1H), 7.43 
(d, J = 7.6 Hz, 1H), 5.26 (s, 2H), 3.11 (s, 3H). 
13C NMR (101 MHz, CDCl3) ŭ 155.0, 141.8, 139.6, 128.2, 121.1, 70.4, 38.2. 
HRMS (ESI): m/z [M+H]+ calcd. for [C7H8BrNO3S +H+]: 265.9481; found: 267.9490; 
m/z [M+H]+ calcd. for [C7H8BrNO3S +H+]: 267.9460; found: 267.9470 
FT-IR (Vmax/cm-1): 3021(w), 2936(w), 1582(m), 1559(s), 1439(m), 1411(m), 1349(vs), 
1333(s), 1272(w), 1229(w), 1171(vs), 1121(s), 1083(w), 1013(m), 952(s,br), 829(s), 
813(s), 787(m), 751(m), 718(m), 674(m), 620(w), 528(m), 511(m) 

 

2-bromo-6-(iodomethyl)pyridine 2.26 

(6-bromopyridin-2-yl)methyl methanesulfonate (2.26 g; 8.49 mmol) was taken up in 
THF(50 ml). NaI(2.55 g; 17.0 mmol) was added and the reaction was stirred for 90 min 
at 50°C. The mixture was poured out in NH4Cl(sat.)(100ml) and extracted with CHCl3 
(3x50 ml). The combined organic phase was washed with Na2S2O3 (aq) (10w/w%) (50 
ml) and the combined organic phase was dried over MgSO4, filtered and evaporated 
in vacuo giving a yellow solid. Yield: 2.52 g (99%). Mp: 60-62 °C 

1H NMR (400 MHz, CDCl3) ŭ 7.48 (t, J = 7.7 Hz, 1H), 7.35 (d, J = 3.1 Hz, 1H), 7.33 
(dd, J = 4.0, 0.7 Hz, 1H), 4.45 (s, 2H). 
13C NMR (101 MHz, CDCl3) ŭ 159.8, 141.5, 139.3, 127.1, 122.0, 4.4. 
HRMS (ESI): m/z [M+H]+ calcd. for [C6H5BrIN +H+]: 297.8723; found: 297.8732  
FT-IR (Vmax/cm-1): 3078(w), 3040(w), 2982(w), 1577(s), 1550(s), 1479(w), 1440(m), 
1423(m), 1402(s), 1336(w), 1290(w), 1265(w), 1168(s), 1155(s), 1132(s), 1097(m), 
1068(m), 983(s), 868(s), 827(w), 789(vs) 

methyl 4-((bis((6-bromopyridin-2-yl)methyl)amino)methyl)benzoate 2.27 

2-bromo-6-(iodomethyl)pyridine (1.50 g; 5.03 mmol) was taken up in DMF (20 ml) and 
methyl 4-(aminomethyl)benzoate hydrochloride (0.457 g; 2.27 mmol) was added 
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followed by K2CO3 (1.57 g; 11.4 mmol). The mixture was stirred at 70 °C for 16 h. The 
DMF mixture was poured out in water (150 ml) and the aqueous phase was extracted 
with Et2O (3x75 ml). The combined ether phase was washed with NaCl (sat.) (50 ml), 
dried over MgSO4, filtered and evaporated in vacuo giving a brown oil which was 
purified by column chromatography (eluent: EtOAc/Hex, 20:80, Rf: 0.38) giving a white 
solid. Yield: 0.386 g (34%) mp: 58-60 °C  

1H NMR (400 MHz, CDCl3) ŭ 7.98 (d, J = 8.3 Hz, 2H), 7.55 ï 7.44 (m, 6H), 7.34 (dd, 
J = 7.3, 1.3 Hz, 2H), 3.89 (s, 3H), 3.79 (s, 4H), 3.74 (s, 2H). 
13C NMR (101 MHz, CDCl3) ŭ 167.1, 160.9, 144.2, 141.5, 138.9, 129.8, 129.3, 128.8, 
126.6, 121.6, 59.5, 58.4, 52.2. 
HRMS (ESI): m/z [M+H]+ calcd. for [C21H19Br2N3O2 +H+]: 505.9896; found: 505.9894 

FT-IR(Vmax/cm-1): 3045(w), 2953(w), 2828(w), 2800(w), 1735(w), 1718(s), 1610(w), 
1579(m), 1555(m), 1442(m), 1404(m), 1370(w), 1358(w), 1308(w), 1274(s), 1245(m), 
1193(w), 1159(w), 1125(w), 1106(m), 1020(w), 986(w), 965(m), 859(m), 833(m), 
794(s), 761(s), 739(w), 727(w), 708(w), 679(m), 629(w), 547(w), 519(w), 483(w)  

 

3-(bis((6-bromopyridin-2-yl)methyl)amino)propan-1-ol 2.28 

3-aminopropanol (251 mg; 3.34 mmol) was dissolved in DMF (30 ml) and added to 2-
bromo-6-(iodomethyl)pyridine (2.19 g; 7.35 mmol) followed by K2CO3 (1.85 g; 13.4 
mmol). The mixture was stirred at 70 °C for 16 h. The reaction mixture was poured out 
in water (150 ml) and extracted with Et2O (3x75 ml). The combined ether phase was 
washed with NaCl (sat.) (50 ml), dried over MgSO4, filtered, and concentrated in vacuo 
giving a yellow oil. The oil was purified by column chromatography (Eluent: 
EtOAc/Hex, 60:40 to 70:30, Rf: 0.45 (EtOAc/Hex 70:30)) giving a clear colourless oil 
which crystallises to give a white solid. Yield: 753 mg (55%). Mp: 86-88 °C  

1H NMR (400 MHz, CDCl3) ŭ 7.51 (t, J = 7.7 Hz, 2H), 7.39 (d, J = 7.4 Hz, 2H), 7.35 
(d, J = 7.8 Hz, 2H), 4.43 (s, 1H), 3.77 (s, 4H), 3.75 ï 3.68 (m, 2H), 2.75 (t, J = 6.0 
Hz, 2H), 1.78 (td, J = 10.7, 5.8 Hz, 2H). 
13C NMR (101 MHz, CDCl3) ŭ 160.5, 141.6, 139.1, 126.7, 122.0, 62.8, 59.5, 53.5, 
28.9. 
HRMS (ESI): m/z [M+H]+ calcd. for [C15H17Br2N3O +H+]: 413.9811; found: 413.9822 

FT-IR(Vmax/cm-1): 3466(w), 3041(w), 2947(w), 2923(w), 2880(w), 2825(w), 1579(s), 
1552(s), 1444(s), 1400(s), 1361(w), 1247(w), 1225(w), 1161(m), 1121(s), 1068(m), 
1045(w), 988(m), 942(m), 846(m), 797(s), 736(w), 724(w), 679(s), 624(w), 565(w), 
543(w)  

 

Methyl 4-((bis((6-((4-methoxyphenyl)amino)pyridin-2-
yl)methyl)amino)methyl)benzoate 2.29 

Methyl 4-((bis((6-bromopyridin-2-yl)methyl)amino)methyl)benzoate (150 mg; 0.297 
mmol), Pd(OAc)2 (4.8 mg; 0.021 mmol), BINAP (20.0 mg; 0.0321 mmol), CsCO3 (387 
mg; 1.19 mmol), 4-methoxyaniline (91.4 mg; 0.742 mmol) and a stirrer bar was added 
to a two necked round bottomed flask. The flask was equipped with a reflux condenser 
and a rubber septum and the atmosphere was changed to argon. Degassed toluene 
(10 ml) was added and the reaction mixture was stirred at 100 °C for 18 h. The reaction 
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was cooled to RT and DCM (20 ml) was added. The slurry was filtered through a sinter 
funnel with celite and the sinter funnel was washed with additional DCM. The filtrate 
was concentrated in vacuo and the residue was purified by column chromatography 
(eluent: Hex/EtOAc, 80:20 to Hex/EtOAc, 50:50, Rf: tailing, positive ninhydrin test 
(brown spot)) giving a slightly brown oil which solidifies upon standing. Yield: 96.2 mg 
(55%) (positive ninhydrin test)  

1H NMR (400 MHz, CDCl3) ŭ 7.99 (d, J = 8.3 Hz, 2H), 7.51 (d, J = 8.3 Hz, 2H), 7.45 
ï 7.37 (m, 2H), 7.26 ï 7.19 (m, 4H), 7.00 (d, J = 7.3 Hz, 2H), 6.90 ï 6.83 (m, 4H), 
6.78 (s, 2H), 6.53 (d, J = 8.2 Hz, 2H), 3.89 (s, 3H), 3.78 (s, 6H), 3.72 (s, 2H), 3.66 (s, 
4H). 
13C NMR (101 MHz, CDCl3) ŭ 167.1, 158.3, 156.8, 156.1, 145.2, 138.1, 133.5, 129.6, 
128.7, 128.6, 124.0, 114.5, 112.8, 105.3, 60.0, 58.2, 55.5, 52.1. 
HRMS (ESI): m/z [M+H]+ calcd. for [C35H35N5O4 +H+]: 590.2762; found: 590.2779 

FT-IR(Vmax/cm-1): 3391(w), 3215(w), 3180(w), 3100(w), 3023(w), 2955(w), 2916(w), 
2836(w), 1721(s), 1709(s), 1595(s), 1577(s), 1506(s), 1453(s), 1437(s), 1395(w), 
1357(w), 1330(w), 1279(s), 1240(s), 1227(s), 1175(m), 1108(m), 1032(m), 986(m), 
911(m), 892(w), 830(m), 783(s), 758(w) 

 

3-(bis((6-((4-methoxyphenyl)amino)pyridin-2-yl)methyl)amino)propan-1-ol 2.30 

3-(bis((6-bromopyridin-2-yl)methyl)amino)propan-1-ol (370 mg; 0.740 mmol), 
Pd(OAc)2 (14.4 mg; 0.0641 mmol), BINAP (60.0 mg; 0.0964 mmol), CsCO3 (1.16 g; 
3.56 mmol), 4-methoxyaniline (659 mg; 5.35 mmol) and a stirrer bar was added to a 
two necked round bottomed flask. The flask was equipped with a reflux condenser and 
a rubber septum and the atmosphere was changed to argon. Degassed toluene (20ml) 
was added and the reaction mixture was stirred at 100 °C for 18 h. The reaction was 
cooled to RT and DCM (20 ml) was added. The slurry was filtered through a sinter 
funnel with celite and the sinter funnel was washed with additional DCM. The filtrate 
was concentrated in vacuo and the residue was purified by column chromatography 
(eluent: Hex/EtOAc, 50:50 to Hex/EtOAc, 10:90, Rf: tailing from baseline, positive 
ninhydrin test (brown spot)) giving a slightly brown oil. Yield: 264 mg (59%).   

1H NMR (400 MHz, CDCl3) ŭ 7.37 (t, J = 7.8 Hz, 2H), 7.21 (d, J = 8.9 Hz, 4H), 6.87 
(d, J = 8.9 Hz, 4H), 6.78 (d, J = 7.3 Hz, 2H), 6.62 (s, 2H), 6.56 (d, J = 8.3 Hz, 2H), 
3.83 ï 3.74 (m, 8H), 3.67 (s, 4H), 2.74 (t, J = 5.7 Hz, 2H), 2.04 (s, 1H), 1.79 (dt, J = 
10.4, 5.3 Hz, 2H). 
13C NMR (101 MHz, CDCl3) ŭ 157.8, 157.0, 156.2, 138.2, 133.4, 124.1, 114.6, 113.2, 
105.1, 62.6, 59.8, 55.5, 53.0, 28.7. 
HRMS (ESI): m/z [M+H]+ calcd. for [C29H33N5O3 +H+]: 500.2656; found: 500.2677 

FT-IR(Vmax/cm-1): 3385(w), 3314(w), 3216(w), 2938(w), 2832(w), 1593(s), 1576(s), 
1507(s), 1454(s), 1437(s), 1393(w), 1352(w), 1333(w), 1293(w), 1241(s), 1229(s), 
1178(w), 1154(w), 1074(w), 1033(m), 984(w), 825(w), 778(m), 733(w), 617(w), 
553(w), 514(m) 

 

sodium 4-((bis((6-((4-methoxyphenyl)amino)pyridin-2-yl)methyl)amino)methyl) 
benzoate 2.31 
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The Methyl 4-((bis((6-((4-methoxyphenyl)amino)pyridin-2-yl)methyl)amino)-
methyl)benzoate (90.0 mg; 0.153 mmol) was taken up in EtOH (6 ml) and NaOH (1 
M) (500 ul; 0.500 mmol) was added. The reaction was left to stir at RT for 16h. A white 
crystalline solid was formed and isolated and washed with additional EtOH. The 
residues of ethanol was removed in vacuo giving the sodium salt as a white crystalline 
soild. Yield:29.7 mg (33%) mp: 250-252 °C  

1H NMR (400 MHz, DMSO-d6) ŭ 8.82 (s, 2H), 7.83 (d, J = 8.0 Hz, 2H), 7.61 (d, J = 
9.0 Hz, 4H), 7.49 (t, J = 7.8 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 6.92 (d, J = 7.3 Hz, 
2H), 6.83 (d, J = 9.0 Hz, 4H), 6.60 (d, J = 8.3 Hz, 2H), 3.70 (s, 6H), 3.67 (s, 2H), 3.59 
(s, 4H). 
13C NMR (101 MHz, DMSO-d6) ŭ 169.6, 157.1, 155.8, 153.5, 139.6, 139.4, 135.2, 
129.0, 127.3, 119.8, 113.9, 111.8, 108.0, 59.3, 57.5, 55.2. 
HRMS (ESI): m/z [M+H]+ calcd. for [C34H33N5O4 +H+]: 576.2605; found: 576.2617 

FT-IR(Vmax/cm-1): 3580(w), 3260(w), 3050(w), 2837(w), 1595(s), 1576(m), 1545(w), 
1507(s), 1454(s), 1391(s), 1344(w), 1294(w), 1237(s), 1175(w), 1159(m), 1109(w), 
1033(m), 990(m), 830(m), 770(m), 613(w), 557(w), 516(m) 

 

6-(((3-azidopropyl)((6-((4-methoxyphenyl)amino)pyridin-2-yl)methyl)amino)methyl)-
N-(4-methoxyphenyl)pyridin-2-amine 2.32 

The 3-(bis((6-((4-methoxyphenyl)amino)pyridin-2-yl)methyl)amino)propan-1-ol (50 
mg; 0.10 mmol) was dissolved in dry THF (1 ml) and DPPA (23.7 ul; 0.110 mmol) and 
DBU(18.0 ul; 0.120 mmol) was added. The reaction was heated to 75 °C for 6 h. The 
THF was removed and a yellow oil was obtained. The residual oil was purified by 
column chromatography (eluent: Hex/EtOAc, 50:50, Rf: tailing, positive ninhydrin and 
azide stain) giving a clear colour less oil. Yield: 15.4 mg (29%) 

1H NMR (400 MHz, CDCl3) ŭ 7.44 (dd, J = 8.0, 7.6 Hz, 2H), 7.29 ï 7.24 (m, 4H), 6.94 
ï 6.87 (m, 6H), 6.58 (d, J = 8.2 Hz, 2H), 6.41 (s, 2H), 3.83 (s, 6H), 3.72 (s, 4H), 3.37 
(t, J = 6.9 Hz, 2H), 2.69 (t, J = 6.9 Hz, 2H), 1.84 (p, J = 6.9 Hz, 2H). 
13C NMR (101 MHz, CDCl3) ŭ 158.5, 156.8, 156.2, 138.2, 133.6, 124.0, 114.7, 113.4, 
105.3, 60.5, 55.7, 51.3, 49.7, 26.8. 
HRMS (ESI): m/z [M+H]+ calcd. for [C29H32N8O2 +H+]: 525.2721; found: 525.2745 

FT-IR(Vmax/cm-1): 3387(w), 3210(w), 3006(w), 2935(w), 2833(w), 2094(s), 1591(s), 
1577(s), 1508(s), 1453(s), 1351(m), 1334(m), 1294(m), 1239(s), 1229(s), 1180(m), 
1155(m), 1108(w), 1035(m), 988(w), 909(w), 828(m), 785(m), 760(m), 732(m), 
620(w), 555(w), 516(w)  

 

Synthesis of HPNPP: 

 

Ethyl (S)-2-((tert-butyldimethylsilyl)oxy)propanoate 2.33 

Ethyl (L)-lactate (6.00 g; 50.8 mmol) was dissolved in DMF (40 ml) and TBDMSCl 
(11.48 g; 76.2 mmol) was added followed by imidazole (8.64 g; 127 mmol). The 
atmosphere was changed to argon and the reaction was left to stir for 16 h. The 
reaction mixture was poured into water (200 ml) which was acidified to pH 4 and the 
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aqueous phase was extracted with Et2O (3x75 ml). The combined ether phase was 
washed with sat. NaHCO3 (100 ml) and dried over MgSO4, filtered and concentrated 
in vacuo to give a clear oil. The oil was purified by column chromatography (eluent: 
Pet. Ether. 40-60/ EtOAc; 90:10 ) to give a clear colourless oil. Yield: 11.71 g (99%) 

1H NMR (400 MHz, CDCl3) ŭ 4.27 (q, J = 6.7 Hz, 1H), 4.19 ï 4.07 (m, 2H), 1.36 (d, J 
= 6.8 Hz, 3H), 1.24 (t, J = 7.1 Hz, 3H), 0.87 (s, 9H), 0.07 (s, 3H), 0.04 (s, 3H). 
13C NMR (101 MHz, CDCl3) ŭ 174.2, 68.5, 60.8, 25.8, 21.4, 18.4, 14.3, -4.9, -5.2. 
HRMS (ESI): m/z [M+H]+ calcd. for [C11H24O3Si +H+]: 233.1567; found: 233.1555; 
m/z [M+Na]+ calcd. for [C11H24O3Si +Na+]: 255.1387; found: 255.1378 

FT-IR (Vmax/cm-1): 2986(w), 2953(m), 2932(m), 2895(m), 2853(m), 1751(s), 1734(s), 
1473(m), 1463(m), 1446(m), 1390(w), 1373(m), 1361(m), 1253(s), 1190(m), 
1140(vs, br), 1114(m), 1060(m), 1022(w), 974(m), 939(w), 889(w), 860(w), 831(s), 
814(m), 777(s 

 

(S)-2-((tert-butyldimethylsilyl)oxy)propan-1-ol 2.34 [75] 

To a mixture of Ethyl (S)-2-((tert-butyldimethylsilyl)oxy)propanoate 2.33 (1.96 g; 8.43 
mmol) and MeOH (0.44 ml; 10.9 mmol) in Et2O (45 ml) was added LiBH4 (0.24 g; 11 
mmol) at 0 °C. The reaction was allowed to warm to RT and stirred for 16 h. The 
reaction mixture was cooled on an ice bath and quenched with water (10 ml). The 
ether phase was separated and kept and the  aqueous phase was extracted with Et2O 
(3x30 ml). The combined organic phase was washed with brine (20 ml) and dried over 
Na2SO4, filtered and concentrated in vacuo, giving a clear colourless oil. Yield: 1.34 g 
(83%) 

1H NMR (400 MHz, CDCl3) ŭ 3.94 ï 3.83 (m, 1H), 3.52 ï 3.42 (m, 1H), 3.39 ï 3.29 
(m, 1H), 2.07 (t, J = 5.7 Hz, 1H), 1.10 (d, J = 6.2 Hz, 3H), 0.88 (s, 9H), 0.07 (s, 6H). 
13C NMR (101 MHz, CDCl3) ŭ 69.2, 68.3, 25.9, 19.9, 18.2, -4.3, -4.7. 
HRMS (ESI): m/z [M+H]+ calcd. for [C9H22O2Si +H+]: 191.1462; found: 191.1464;  
m/z [M+H]+ calcd. for [C9H22O2Si +Na+]: 213.1281; found: 213.1285 

FT-IR (Vmax/cm-1): 3381(br), 2953(m), 2928(m), 2886(m), 2857(m), 1473(m), 
1461(m), 1375(m), 1361(m), 1255(s), 1147(m), 1093(s), 1047(s), 1004(m), 981(s), 
939(w), 872(w), 832(s), 807(m), 774(s) 

 

Triethylammonium 2-((tert-butyldimethylsilyl)oxy)propyl (4-nitrophenyl) phosphate 
2.35 [75] 

(S)-2-((tert-butyldimethylsilyl)oxy)propan-1-ol 2.34 (1.00 g; 5.25 mmol) was taken up 
in dry THF (40 ml) and Et3N (2.00 ml; 14.2 mmol) was added. This solution was added 
dropwise to a solution of p-nitrophenyl phosphorodichloridate (1.16 g; 4.53 mmol) and 
pyridine (50 µl; 0.62 mmol) in dry THF (40 ml) at 0 °C. The reaction was allowed to 
warm up to RT and left to stir for 16 h. The reaction mixture was cooled on an ice bath 
and water (2 ml) was added. The reaction was left to stir for 1h at RT. The solution 
was filtered and concentrated in vacuo. The residue was taken up in water (30 ml) and 
extracted with DCM (3x50 ml). The combined DCM phase was dried over MgSO4, 
filtered and evaporated in vacuo giving a brown oil. Yield: 2.44 g (95%) 
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1H NMR (400 MHz, CDCl3) ŭ 8.12 (d, J = 9.1 Hz, 2H), 7.39 (d, J = 9.0 Hz, 2H), 3.93 
ï 3.86 (m, 1H), 3.86 ï 3.78 (m, 1H), 3.67 (dt, J = 9.8, 6.3 Hz, 1H), 3.05* (qd, J = 7.2, 
3.5 Hz, 6H), 1.30* (t, J = 7.3 Hz, 9H), 1.08 (d, J = 6.1 Hz, 3H), 0.81 (s, 9H), -0.00 (s, 
3H), -0.01 (s, 3H). (* signals from Et3N) 
13C NMR (101 MHz, CDCl3) ŭ 159.1, 159.0, 142.8, 125.4, 120.1, 120.1, 71.3, 71.3, 
67.8, 67.7, 45.8*, 25.9, 20.7, 18.2, 8.6*, -4.6, -4.7. (* signals from Et3N) 
31P NMR (162 MHz, CDCl3) ŭ -5.67. 
HRMS (ESI): m/z [M-]- calcd. for [C15H25NO7PSi]: 390.1143; found: 390.1137 

 

Triethylammonium 2-hydroxypropyl (4-nitrophenyl) phosphate 2.36 [75] 

The Triethylammonium 2-((tert-butyldimethylsilyl)oxy)propyl (4-nitrophenyl) 
phosphate 2.35 (0.62 g; 1.26 mmol) was dissolved in THF (15 ml) and a solution of 
TEA·3HF (820 µl; 5.03 mmol) in THF (5 ml) was added slowly. The reaction was left 
to stir for 16 h at RT. Water (20 ml) was added and the pH was adjusted to pH 5 with 
TEA. The THF was removed by evaporation over an N2 stream and the residual water 
phase was washed with Et2O (3x20 ml) and the ether phase was discarded. The water 
phase was evaporated over an open N2 stream giving a yellow oil which was used in 
the next step without any further purificaton. Yield: 1.03 g 

1H NMR (400 MHz, MeOD) ŭ 8.22 (d, J = 9.1 Hz, 2H), 7.41 (d, J = 8.8 Hz, 2H), 3.96 
ï 3.86 (m, 1H), 3.86 ï 3.77 (m, 2H), 3.18* (q, J = 7.3 Hz, 38H), 1.31* (t, J = 7.3 Hz, 
58H), 1.14 (d, J = 6.3 Hz, 3H). (* signals from Et3N) 
13C NMR (101 MHz, MeOD) ŭ 159.9, 154.4, 144.5, 126.3, 121.5, 121.5, 72.5, 72.4, 
67.7, 67.6, 47.7*, 19.5, 9.1*.(* signals from Et3N) 
31P NMR (162 MHz, MeOD) ŭ -5.66. 
 

Sodium 2-hydroxypropyl (4-nitrophenyl) phosphate (HPNPP) 2.37 [75], [87] 

The Triethylammonium 2-hydroxypropyl (4-nitrophenyl) phosphate 2.36 (1.02 g) was 
taken up in water (15 ml) and passed through an ion exchange  column (Amberlite IR-
120, Na+ form, resin) and a white solid was obtained. The white solid was taken up in 
EtOH and the ethanol solution was filtered. The filtrate was concentrated over an open 
N2 stream giving a white powder. The white powder was triturated several times with 
acetone giving a bright white solid powder. Yield: 0.15 g (41% (over two steps)) Mp: 
133-135 °C 

1H NMR (400 MHz, MeOD) ŭ 8.21 (d, J = 9.1 Hz, 2H), 7.41 (d, J = 8.7 Hz, 2H), 3.97 
ï 3.86 (m, 1H), 3.85 ï 3.77 (m, 2H), 1.14 (d, J = 6.3 Hz, 3H). 
13C NMR (101 MHz, MeOD) ŭ 164.9, 159.2, 126.2, 121.5, 121.5, 72.4, 72.4, 67.8, 
67.7, 19.4. 
31P NMR (162 MHz, MeOD) ŭ -5.33. 
HRMS (ESI): m/z [M-]- calcd. for [C9H11NO7P]: 276.0279; found: 276.0279 

 

Metal complex formation 

4-((bis(pyridin-2-ylmethyl)amino)methyl)-N-methylbenzamide·ZnCl2 Complex 

The ligand (1 eq) was taken up in a small vial and a small amount of methanol was 
added to dissolve the ligand. ZnCl2 (1.1 eq) was weighed out in a small vial and 
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dissolved in a small amount of methanol. This solution was slowly added to the first 
solution. The methanolic mixture was placed in a closed system containing diethyl 
ether and left to crystallise (diffusion crystallisation).The white crystals were isolated 
and washed with Et2O to give crystals suitable for X-ray-studies.  

 

4-((bis((6-methylpyridin-2-yl)methyl)amino)methyl)-N-methylbenzamide ·ZnCl2 
Complex 

The ligand (1 eq) was taken up in a small vial and a small amount of methanol was 
added to dissolve the ligand. ZnCl2 (1.1 eq) was weighed out in a small vial and 
dissolved in a small amount of methanol. This solution was slowly added to the first 
solution giving a white crystalline solid within seconds after addition. The solid was 
isolated and washed with Et2O to give crystals suitable for X-ray-studies.  

 

4-((bis((6-aminopyridin-2-yl)methyl)amino)methyl)-N-methylbenzamide ·ZnCl2 
Complex 

The ligand (1 eq) was taken up in a small vial and a small amount of methanol was 
added to dissolve the ligand. ZnCl2 (1.1 eq) was weighed out in a small vial and 
dissolved in a small amount of methanol. This solution was slowly added to the first 
solution. The methanolic mixture was placed in a closed system containing diethyl 
ether and left to crystallise (diffusion crystallisation).The slightly yellow crystals were 
isolated and washed with Et2O to give crystals suitable for X-ray-studies.  

 

Titrations 

For the titration experiments, the following standard conditions were used for all 
experiments. All solutions used were freshly made from chemicals of analytical 
grade and using miliQ water.   

For titration of the ligand itself, the ligand (1 eq; 0.02 mmol) was taken up in NaNO3 
(0.10 M) (10 000 µl). HCl (1 M) (40 µl; 2 eq) was added and the solution was placed 
in a water bath at 25 °C. The solution was titrated with NaOH (0.2 M) (10 µl aliquots; 
1/10 eq.). The stirring was turned on after each addition, but turned off before each 
measurement to allow the pH meter to stabilize.    

For titration of the ligand in presence of metal ion, the ligand (1 eq; 0.02 mmol) was 
taken up in NaNO3 (0.10 M) + Zn(NO3)2 (2.0 mM; 1 eq) (10 000 µl). HCl (1 M) (40 µl; 
2 eq) was added and the solution was placed in a water bath at 25 °C. The solution 
was titrated with NaOH (0.2 M) (10 µl pr. Addition; 1/10 eq.). The stirring was turned 
on after each addition and the pH was allowed to stabilize before each measurement 
without stirring.    

For every titration, any visual observation of precipitation was noted down at the 
respective base addition. 
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UV-kinetics 

Stock-solutions of HPNPP (5.0 mM), HEPES Buffer (0.1 M), Zn(II)Cl2 or Zn(NO)2 (50 
mM) and the ligand respective ligand (50 mM, DMSO) were prepared. Reaction 
mixtures were prepared directly in the cuvette by adding, ligand, Zn(II), buffer and 
water giving a total volume of 2 mL. and final concentrations of [HPNPP]= 0.05 mM, 
[HEPES]= 50 mM and [L:Zn]= 0.2-8 mM. The cuvettes were placed in the UV cell block 
to equilibrate. HPNPP was added as the last component and the complete reaction 
was followed at 400 nm.  

Initial rate experiments followed the same procedure but with use of HPNPP stock-
solution of 50 mM and final concentrations of 5.0 mM. 2-5% of the reaction was 
followed. Data was fitted to straight lines and divided by the extinction coefficient ὑ = 
9575 at, pH 7.0 taken from [75]   

 

PNA synthesis 

The fully protected PNA sequence was synthesised by use of a Biotage peptide 
synthesiser. The PNA was synthesised on a 0.01 mmol scale using a Rink amide 
ChemMatrix resin with a loading capacity of 0.47 mmol/g.  

The resin (0.021 g; 0.01 mmol) was transferred to the reactor vial and inserted into the 
synthesiser. All the relevant Fmoc and Boc protected PNA amino acids (4 eq pr. 
coupling) were weighed out and dissolved in NMP (aided by sonication) into 
concentrations of 0.2 M. All individual solutions were then loaded onto the synthesiser. 
DIC (0.2 M in NMP; )     

Step A: òSwelling NMPò 

ü NMP, 1.50 ml, 70 deg.C. , 20 min, inert gas on 

Step B: òFmoc deprotectionò 

ü 20% piperidine in NMP, 1.00 ml, RT, 3 min, inert gas on 

ü 20% piperidine in NMP, 1.00 ml, RT, 10 min, inert gas on 

ü 4x NMP (2.60 ml) (wash), 45 s 

Step C: òCoupling reactionò 

ü Monomer, oxyma(0.2 M) in NMP, DIC(0.2 M) in NMP, 75 deg.C, 6 min, inert 
gas on 

ü 4x NMP(1.50 ml) (wash) 45 s 

Step D: òCappingò  

ü Acetic anhydride/lutidine/NMP; (5:6:89), 0.50 ml, RT, 2 min, inert gas on 

ü 4x NMP(2.50 ml) (wash) 45 s 

Step E: òWashò 

ü NMP(1.60 ml) 45 s 

Step F: òPre-cleavage washò 
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ü 6xDCM (2.0 ml) 45 s 

 

Synthesis Cycles: 
 
     1. A, B, C, D, D 

2. B, C, D 

3. B, C, B, D, D, E, E, F 

 

Synthesis of PNA conjugates 

PNAzyme 3: (-NH2) 
 
The resin-PNA (5.7 mg; 1 eq) was placed in a reactor containing a bottom filter, and 
the MTT group was removed by repetitive washes of the resin with TFA/DCM (1:99) 
solution. The wash was continued for approximately 1min until a clear and colourless 
cleaved phase was observed (bright yellow becoming colourless). The resin was 
then washed with DCM, NMP and NMP+NMM followed by NMP.  

The ligand 2.15 (9.5 mg; 0.017 mmol 25 eq) and HATU (5.9 mg; 0.016 mmol; 23 eq) 
were taken up in NMP (80 ul) and DIPEA (5.4 ul; 46 eq) was added. The pre-activation 
was left to react for 1h at RT. The preactivated solution was added to the washed and 
deprotected resin and left to react for 1.5 h at RT. The resin was then washed with 
NMP (10x2 ml) and DCM (10x2 ml).  

The PNA conjugate was cleaved off the solid support by use of a cleavage mixture 
containing TFA/H2O/TIS (95:2.5:2.5) (1 ml) for 90min at RT. The cleavage mixture was 
collected and evaporated in vacuo under a N2 stream. Water (1.5ml) was added and 
the water phase was washed with Et2O (2x1.5 ml). The water phase was then 
evaporated in vacuo before taken up in MilliQ water and purified by RP-HPLC.  

MALDI: m/z [M+H]+ calcd for [C150H188N74O38 + H+]: 3635.5160; Found: 3637.4154 

 

PNAzyme 2 (-Me) 
 
The resin-PNA (5.8 mg; 1 eq) was placed in a reactor containing a bottom filter, and 
the MTT group was removed by repetitive washes of the resin with TFA/DCM (1:99) 
solution. The wash was continued for approximately 1min until a clear and colourless 
cleaving phase was observed (bright yellow becoming colourless). The resin was 
then washed with DCM, NMP and NMP+NMM followed by NMP.  

The ligand 2.14 (6.3 mg; 0.017 mmol; 25 eq) and HATU (5.9 mg; 0.016 mmol; 23 eq) 
were taken up in NMP (80ul) and DIPEA (5.4ul; 46eq) was added. The pre-activation 
was left to react for 1 h at RT. The preactivated solution was added to the washed and 
deprotected resin and left to react for 1.5 h at RT. The resin was then washed with 
NMP (10x2 ml) and DCM (10x2 ml).  

The PNA conjugate was cleaved off the solid support by use of a cleavage mixture 
containing TFA/H2O/TIS (95:2.5:2.5) (1 ml) for 90min at RT. The cleavage mixture was 
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collected and evaporated in vacuo over N2 stream. Water (1.5 ml) was added and the 
water phase was washed with Et2O (2x1.5 ml). The water phase was then evaporated 
in vacuo before taken up in MilliQ water and purified by RP-HPLC.  

MALDI: m/z [M+H]+ calcd for [C152H190N72O38 + H+]: 3633.5255; Found: 3634.2500 

 

PNAzyme 1 (-H) 
 
The Resin-PNA (5.6 mg; 1eq) was placed in a reactor containing a bottom filter, and 
the MTT group was removed by repetitive washes of the resin with TFA/DCM (1:99) 
solution. The wash was continued for approximately 1min until a clear and colourless 
cleaving phase was observed (bright yellow becoming colourless). The resin was 
then washed with DCM, NMP and NMP+NMM followed by NMP.  

The ligand 2.13 (5.6 mg; 0.017 mmol; 25eq) and HATU (5.9 mg; 0.016 mmol; 23eq) 
were taken up in NMP (80 ul) and DIPEA (5.4 ul; 46 eq) was added. The pre-activation 
was left to react for 1h at RT. The preactivated solution was added to the washed and 
deprotected resin and left to react for 1.5 h at RT. The resin was then washed with 
NMP (10x2 ml) and DCM (10x2 ml).  

The PNA conjugate was cleaved off the solid support by use of a cleavage mixture 
containing TFA/H2O/TIS (95:2.5:2.5) (1 ml) for 90 min at RT. The cleavage mixture 
was collected and evaporated in vacuo over N2 stream. Water (1.5ml) was added and 
the water phase was washed with Et2O (2x1.5 ml). The water phase was then 
evaporated in vacuo before taken up in MilliQ water and purified by RP-HPLC.  

MALDI: m/z [M+H]+ calcd for [C150H186N72O38 + H+]: 3605.4942; Found: 3606.2969 

 

 

PNAzyme purification procedures as described by [83] 

PNAzymes were purified on Ascentis Express Supelco PeptideES-C18 column (2.7 
µm, 150 × 4.6 mm) with a linear gradient elution of 0% to 40% buffer B over 30 min at 
60 ǓC, using a flow rate of 1.0 mL/min and UV detection at 260 nm. Solvent system 
used: solvent A: 0.1% TFA in water; solvent B: 50% MeCN: water containing 0.1% 
TFA. Collected products were evaporated to dryness and lyophilised from water (×3). 
The final products were analysed by MALDI-MS in positive ion-mode using a sinapic 
acid matrix (10 mg/mL in 0.1% TFA/milliQ and MeCN (2:1, v/v)  

 

PNAzyme kinetics as described by [83] 

RNA cleavage reactions were carried out in sealed tubes immersed in a thermostated 
water bath (37 ǓC). Experiments were performed at pH 7.0 in HEPES buffer (10 mM 
HEPES, 0.1 M NaCl). RNA targets (4 µM final concentration 1eq) were equilibrated in 
appropriate amounts of water and HEPES buffer over a 15-minute period at 37 ǓC prior 
to the addition of Cu(II) solution (10 µM final concentration) or Zn(II) solution (100 µM 
final concentration) and the PNAzyme, 1.3 eq. The reaction mixtures were then 
allowed to incubate at 37 ǓC. Aliquots (40 µL) were withdrawn at specified time points 
and immediately quenched ,70 µL of  1.0 mM EDTA in 30% MeCN/milliQ. The samples 
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were analysed by anion exchange HPLC (IE-HPLC) using a Dionex NucleoPac PA-
100 (4 × 250 mm) column with a linear gradient elution of 0ï45% buffer B over 30 min 
at 60 ǓC. A flow rate of 1.5 mL/min was used and UV detection was carried out at 260 
nm. The following solvent system was used: (A) 20 mM NaOAc in 30% aq. MeCN; 
and (B) 20 mM NaOAc, 0.4 M LiClO4 in 30% aq. MeCN. Cleavage of RNA substrates 
was obtained by quantification of the remaining RNA and the sum of the formed 
fragments detected in the IE-HPLC analysis 
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Chapter 3 

 

Dinuclear ligands for PNA conjugation 
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3.1 Introduction 

 

The aim of chapter 3 was to take one of the most reactive Zn(II) based dinuclear 

complexes and turn it into a PNAzyme. Since the dinuclear complex of the type shown 

in figure 1A  show promising catalytic activities towards model substrates in solution, 

we wanted to investigate if this activity could be translated into a highly active 

PNAzyme and if selective cleavage of a target RNA strand could be achieved.  In order 

to do so, introduction of a linker in the ligand structure is necessary.   

The PNA sequences for the dinuclear ligand are different from the central conjugated 

PNAzymes mentioned in chapter 2,4 and 5. The PNA sequences to be used for the 

conjugation were pre-defined and contain an alkyne which could be used for attaching 

azide containing ligands by click chemistry. This defined our synthetic approach and 

target structure in regard to the design of the linker (figure 1).   

 

Figure 1 A: Parent ligand for solution studies. B: initial Ligand design for PNA conjugation 

 

For the dinuclear ligand, a terminal PNA conjugation was chosen. In contrast to the 

PNAzymes described in chapter 2, this would allow cleavage of a different RNA target. 

Instead of being in a constrained bulge shape, the target RNA would be in a flexible 

non-hybridized conformation. In both cases the RNA is single stranded (non-

hybridised) which has a higher reactivity compared to hybridised RNA. As mentioned 

the cleavage in the bulge has the advantage of being constrained which may increase 

the reactivity of the RNA target. In the case of the terminal RNA substrate the target 

sequence has the advantage of being more flexible and may have  the possibility of 
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obtaining the optimal conformation for easier cleavage and interaction with the metal 

complex. However, the exact knowledge on how big an effect the two types of 

conjugation has is not fully understood which is what this study hopes to shine light 

on.  

One of the very big differences between the terminal conjugation and the central 

conjugation is the type of products formed and the effect on the hybridised RNA/PNA 

complex which is left after end cleavage. In case of the central conjugation the 

formation of significantly shorter fragments of the cleaved RNA products compared to 

the intact RNA substrates has a huge effect on the binding and hybridization to the 

PNA. When the short RNA fragments are formed, the weaker interaction and binding 

to the PNA makes them more likely to dissociate and the single stranded PNA more 

likely to hybridize with another intact RNA sequence, which again behaves like a 

substrate for the PNAzyme. In this way, the PNAzyme is showing a catalytic turnover 

behaviour. In case of a terminal conjugation where a cleavage takes place outside the 

hybridized region (figure 2), the  products formed is not expected to have an impact 

on the PNA/RNA binding and the PNAzyme is less likely to show catalytic turnover 

behaviour.  

 

 

Figure 2 Final target PNA construct with terminal conjugation 

 

3.1.1 Dinuclear ligands 

As described in chapter 1, many enzymes responsible for the cleavage of 

phosphodiester bonds contain more than one metal ion in their active sites. The metal 

centres usually act cooperatively and can bind anionic phosphate groups. This 

property has been exploited for a number of different purposes in the form of the 

dinuclear ligand shown in figure 3, including tagging of phosphorylated peptides[88], 

[89] and gene delivery systems [90].  This introduction describes key examples of 
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dinuclear Zn(II) complexes that have been designed and studied based on these 

principles. 

 

Figure 3  

In 1995, M. Yashiro and co-workers reported how the Zn(II) complex 3.F2 was able to 

catalyse the transesterification of  adenylyl(3ô-5ô)adenosine (ApA). It was observed that 

the catalysis depended on the ratio between ligand L and Zn(II) with the highest rate 

being at a ratio of 1:2. The authors described the role of the two metal centres being 

to: facilitate deprotonation of the 2ô-hydroxyl group; to stabilise and facilitate the 

departure of the 5ô leaving group; and to stabilise the pentacoordinate intermediate 

involved in the transesterification [91]. 

In 2004, a comparative study between three types of dinuclear pyridine based ligands 

and the mononuclear moiety ligand were published [92]. The Zn(II) ligands were tested 

towards different RNA dinucleoside monophosphates including ApA, GpG, CpC,  and 

UpU. The cleavage reactions were studied at 50 °C and pH 7.0. In general, complex 

3.F3 (figure 4, right) showed higher kobs values compared to complex 3.F2 (figure 4, 

left). The complex 3.F3 without the bridging oxygen did also show less selectivity in 

regard to substrates (ApA(2ô,5ô), ApU, ApC, ApC(2ô,5ô), 2ô,3ô-cAMP and UpA) 

compared to complex 3.F2. One explanation for this selectivity was suggested to be 

due to the more flexible nature of complex 3.F3 compared to the more rigid structure 

in 3.F2 due to the bridging secondary oxygen [92].  

 

Figure 4 Dinuclear ligands studied by M. Yashiro et al.  [92] 
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Potentiometric titrations of the Zn(II) complexes suggested that deprotonation of one 

water molecule occurred in case of complex 3.F2. In contrast, the titration of 3.F3 

suggested that three water molecules were involved in the Zn(II) binding. Based on 

this observation, two different reaction mechanisms for the two Zn(II) complexes and 

their interactions with ApA was suggested [92]. The mechanisms are shown in  figure 

5.  

 

Figure 5 Suggested active complex structures for 3.F2 and 3.F3 [92] 

 

In 2006, G. Feng et al. [71] showed how a mononuclear Zn(II) complex with 2-

aminopyridine groups (figure 6, 3.F5, left) catalysed the transesterification of the model 

substrate HPNPP with a similar rate as the dinuclear complex 3.F2 with unsubstituted 

pyridyl units (figure 6, right). The study showed that the effect of having 2-amino 

groups was comparable to an extra Zn(II) centre. However, the mononuclear ligand 

was suggested to have a higher catalytic activity when saturated by substrate 

compared to the dinuclear ligand. This is because the second order rate constants for 

the complexes are similar, but the dinuclear complex binds the ground state more 

tightly [71].   

 

Figure 6 Ligand structures studied by G. Feng et al. [71] 
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In 2006 one of the most active dinuclear Zn(II) complexes used for phosphodiester 

cleavage was reported. This was based on the dinuclear ligand structure 3.F2, in 

combination with having primary amines in the 2-position of the pyridine rings (figure 

7) [42].   

 

 

 

 

Figure 7 Dinuclear ligand studied by G. Feng et al. [42] 

The activity of the Zn(II) complex  3.F6  was studied by G. Feng et al. [42] for its ability 

to cleave the RNA model substrate, HPNPP.  When the Zn(II) complex of 3.F6   

(0.2mM) was incubated with HPNPP (0.05 mM) at pH 7.4 and 25 °C the half life time of 

the phosphodiester bond in HPNPP was found to be just about 1 minute. The effect of 

the 2-amino groups compared to the ligand without the hydrogen bonding ability was 

found to enhance the reactivity by nearly three orders of magnitude [42]. 

 The reaction was found to be inhibited by the cyclic phosphate mono anion formed in 

the reaction with HPNPP. This inhibition by the monoanion was confirmed by 

incubation with dimethyl phosphate which showed how the strong phosphate binding 

not just increased reactivity but also was responsible for inhibition of the reaction [42].    

 

Figure 8 X-ray crystal structure of 3.F6 bound to p-nitro phenyl phosphate [42] 
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The ability of the Zn(II) complex 3.F6 to cleave the dinucleotide UpU has also been 

studied [42], [93]. The dinuclear Zn(II) complex 3.F6 (1.0 mM) catalysed the cleavage 

of UpU (0.05mM) via transesterification of the 2ôhydroxyl group at pH 6.5 and 25 ÁC 

with an observed rate constant (kobs) of ςφ σ ρπ ί   corresponding to a half life 

time of about 7 hours. Zn(II) ions as cofactors in complex 3.F6 promoted significantly 

faster cleavage rates compared to Cu(II)( Ὧ σȢω πȢρ ρπ ί  and Ni(II) 

Ὧ πȢχπ πȢπυρπ ί  but are 4 fold slower than Co(II) (Ὧ ωυ

ς ρπ ί ). In addition to the high activity in regard to cleavage, isomerisation 

between the 2ô hydroxyl and 3ô hydroxyl group was observed with the fastest 

isomerisation rate promoted by Zn(II) and Co(II) ions [93].   The strong interaction 

between the dinuclear metal centre and the phosphodiester of the substrate has been 

suggested to be the reason behind both the efficient phosphodiester cleavage and the 

isomerisation. The high cleavage rate has been suggested to be related to the 

electrophilic nature of the catalyst and the neutralisation of the negative charge of the 

reacting phosphate in combination with the acid catalysed stabilisation of the leaving 

group by protonation promoted by water bound to the Zn(II) centre [94]. In fact, this 

suggested mechanism is very similar to the one suggested for many natural enzymes 

promoting cleavage of phosphodiesters via two Zn(II) centres.  

The strong stabilising effect of the dianionic cyclic phosphorane by the dimetallic Zn(II) 

centre which allow the pseudorotation needed in order to isomerise is also the possible 

explanation for the observed isomerisation of RNA substrates for this particular metal 

complex [94].   

The advantages provided by the presence of the 2-amino groups in 3.F6 have also 

led to additional potential applications for these complexes, such as sensing of 

monophosphates in lipopolysaccharides found in bacteria membranes [95] and for 

selective and increased binding affinity of  inorganic PPi [96]. 

 

3.1.2 The Phos-tag ligands 

 

Phos-tagTM is a commercially available group of purification and analytical materials 

for analysis and studies of phosphorylated proteins [97]. The group responsible for the 

binding of the phosphates is based on the pyridine type dinuclear ligand showed in 
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figure 9. This ligand has been conjugated to acrylamide, agarose and biotin with 

different purposes but all related to the binding of phosphate anions. The Phos-tagTM 

ligand made for conjugation is attached via an amide linker as shown in figure 9 [97]. 

 

Figure 9 The phos-tag ligand structure 

The Phos-TagTM ligand has been conjugated to Sepharose in order to create an affinity 

chromatography material with high affinity for phosphate monoester dianions and 

selective purifications of phosphorylated proteins at physiological pH [98]. The 

dissociation constant Kd of the dianionic p-nitrophenyl phosphate bound to the 

dinuclear Zn(II) complex was found to be 25 nM [98]. The Phos-TagTM ligand has also 

been conjugated and incorporated via the acrylamide linker to polyacrylamide gels for 

polyacrylamide gel electrophoresis for selective purification of phosphorylated proteins 

[97], and conjugation of Phos-TagTM to biotin has been used to tag phosphorylated 

proteins [99] (figure 10). 

 

 

Figure 10 Different Phos-tag constructs all based on an amide linker [100] 

The synthetic strategy for the Phos-TagTM ligand described in the patent for the 

invention ñPolyacrylamide gels for electrophoresisò [101] was based on reductive 

aminations to create the unsymmetrical ligand containing three pyridines and 

introduction of the last pyridine moiety containing the linker site via an alkylation 

(scheme 1). 
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Scheme 1 Retro synthesis of the phos-tag ligand structure [101] 

Except for the Phos-TagTM only very little is mentioned in the literature about 

conjugation of the dinuclear ligands of the type shown in figure 9 to any other 

component. Structures that would allow conjugating via a 4-amino group (figure 11, A) 

[102], via a 3-carboxyl group (figure 11, B) [103] and a 3-azido group (figure 11, 

C)[102] have been described in patents but no scientific literature has been published 

with conjugation via these functional groups.    

The symmetrical ligand with a hydroxyl in the 3 position of two pyridines (figure 11, D) 

have been characterised and described as the respective Zn(II) complex [104]. 

However, no examples of linking this type of ligand via the hydroxyl group has been 

reported.  

 

 

Figure 11 ligands with possible conjugation sites known from the literature 

An alkyne linker (figure 12) was introduced by N. P. Tilmans et al. [105] as an 

alternative route to previous covalent linkages. The dinuclear ligand was conjugated 

via ñclick-chemistryò via the alkyne to azide functionalised  Sepharose resin and azido-

acrylamide for affinity chromatography and gel electrophoresis of phosphorylated 

proteins. The dinuclear ligand conjugated via a triazole was found to have a similar 
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binding affinity to phosphates compared to the well-known Phos-TagTM conjugated via 

an amide [105]. 

 

Figure 12 Dinuclear ligand with alkyne linker described by N. P. Tilmans et al. [105] 

The synthetic strategy behind the alkyne containing ligand was based on the reaction 

of two secondary amines with epichlorohydrin (scheme 2) to obtain the unsymmetrical 

dinuclear ligand containing a linker site. 

 

Scheme 2 Retro synthesis described by N. P. Tilmans et al. [105] 

 

The high catalytic activity towards hydrolytic cleavage of RNA model substrates of 

complex 3.F6 [42], [93] makes it a promising candidate for conjugation to recognition 

units like PNA sequences for selective cleavage of RNA targets. This should also be 

seen in the light of the activities found for the mononuclear ligands used for the 

PNAzymes studied in chapter 2. To date, selective cleavage of RNA by conjugation of 

the dinuclear ligand of this type has not been studied. 

For this reason, synthesis of a dinuclear ligand bearing 2-amino groups on all four 

pyridines and a linker site which would allow conjugation to PNA sequences was 

targeted. 
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3.2 Synthesis 

 

The synthesis of a dinuclear ligand which could be covalently attached to PNA 

sequences to form similar constructs to those described in chapter 2 turned out to be 

a more challenging and extensive process than expected.  

In the following section, a stepwise description of the different strategies attempted to 

create a ligand which can be conjugated to the target PNA sequences is provided.  

These address initial attempts to create a ligand that is connected through a central 

point to create a symmetrical system, and are followed by a subsequent design where 

a pyridyl ring is the attachment point for a linker (giving an asymmetric system). 

 

 

 

 

 

 

 

Figure 13 Symmetrical and unsymmetrical target structures 

 

 

3.2.1 The symmetrical approach 

 

The first strategy for the synthesis of a symmetrical dinuclear ligand for PNA 

conjugation can be divided into two phases. The first phase is the synthesis of the 

ligand core. To make the final ligand and the ligand core symmetrical the linker for 

conjugation was attached to the central carbon of the core, turning the secondary 

alcohol (figure 14, left) into a tertiary alcohol (figure 14, right). In contrast to the 

commercially available ligand 1,3-diaminopropan-2-ol which was used in the synthesis 

of the original dinuclear ligands, the inner core of the dinuclear ligands for PNA 

conjugation is not commercially available and has to be synthesised.  
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Figure 14 The parent dinuclear linker and the new linker construct 

The synthesis of the core was inspired by the work by A. Zambrano-Huerta et 

al.[106] where a tertiary alcohol was formed as a product from the reaction between 

a ketone and a Grignard reagent.  

Starting from propane-1,3-diol, one of the hydroxy groups was protected as the benzyl 

ether by reaction with benzyl chloride giving 3.1. The primary alcohol of 3-

(benzyloxy)propan-1-ol 3.1 was turned into the bromo alkyl halide 3.2 by reaction with 

NBS and triphenyl phosphine in DCM. The triphenyl phosphine oxide formed could be 

removed easily by precipitation in hexane and the residual oil purified by vacuum 

distillation giving the ((3-bromopropoxy)methyl)benzene 3.2. The bromo alkyl halide 

was then turned into the corresponding Grignard reagent by reaction with solid 

magnesium turnings in dry THF. To the freshly made Grignard reagent was added a 

solution of the ketone 1,3-diazidopropan-2-one 3.3 synthesised from sodium azide and 

dichloroacetone.  
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Scheme 3 synthetic strategy towards ligand core 3.5 

In contrast to the procedure described by Armando Zambrano-Huerta et al.[106] ,the 

isolated yields from the Grignard reaction were significant lower. It was noticed that 

the yields could be increased and the purification made more simple with fewer 

unwanted side products when the reaction time was shortened from 16h to 8h. Due to 

the difficulty in interpreting the very complicated TLC analysis, the right spot on the 

TLC plate could be identified by selective azide TLC stain as described by T. Schröder 

et al.[79] and the 1-azido-2-(azidomethyl)-5-(benzyloxy)pentan-2-ol 3.4 was 

successfully isolated by column chromatography. Attempts to reduce the azides and 

the benzyl ether with Pd/C and hydrogen were unsuccessful and led to selective 

reduction of the azides, but left the benzyl ether intact. Previous reports on selective 

hydrogenations have stated that the presence of ammonia is an efficient inhibitor of 

the Pd/C catalyst which reduced azides completely to the amine and leaves benzyl 

ethers intact [107], which may explain this outcome.  Removal of the benzyl ether was 

crucial at this step, since it is possible that a selective reduction of the benzyl ether in 
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the presence of the four benzylic pyridine groups on a later stage would be difficult to 

achieve. A complete reduction of both azides and the benzyl ether was achieved by 

catalytic reduction with hydrogen over Pd/C under mildly acid conditions giving the 

acetic acid salt of the diamino-dihydroxyl core 3.5.    

As already highlighted, one of the big differences between the two types of cores 

shown in figure 13 is the formation of a tertiary alcohol as a function of the addition of 

the linker. This tertiary alcohol turned out to make the final core sensitive towards acids 

and heat in the presence of the primary amines, possible due to elimination. The use 

of acetic acid for the reduction step resulted in a much less clean reaction and 

formation of different side products which were difficult to identify. Furthermore, the 

very high polarity and the acid and heat sensitivity made this compound very difficult 

to purify. For this reason, the acetic acid salts were neutralised in situ and used directly 

in the following double alkylation of the primary amines. 

The initial alkylation of the primary amines was intended to be done with the same 

alkyl halides used in chapter 2. Since the formation of a dinuclear ligand is based on 

four subsequent alkylations of the same ligand core, each alkylation has to work in 

high yields in order to succeed. For example, the yield of each alkylation has to work 

in around 85% in order to yield about 52% of the final compound. The balance between 

having enough of the alkyl halides to achieve the four alkylations required for every 

core and to avoid over alkylation, quaternarization and ether formation, depends on 

the right stoichiometry. The hygroscopic nature of the core made this alkylation even 

more challenging and even lower yields were isolated.    

Despite the difficulties in the alkylation step, compound 3.6 was successfully 

synthesised despite a very low yield of just 8%  (scheme 4, top). Attempts to 

synthesise the boc protected amino version (scheme 4, bottom) under the same 

conditions were unsuccessful and no indications of the product was found. 
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Scheme 4  

The final step of the dinuclear ligand synthesis was the replacement of the primary 

alcohol with an azide. Two strategies were considered for this transformation.  The 

first was the more traditional activation of the alcohol by mesylation with mesylchloride 

followed by a nucleophilic substitution with azide. The second was the reaction 

between the primary hydroxyl group with diphenyl phosphoryl azide in the presence 

of a nonnucleophilic base in a Mitsunobu azidation reaction [108]. 

The first strategy based on mesylation was attempted. The reaction was monitored by 

LC-MS and surprisingly a mass of 551.35 was observed instead of the expected mass 

of the product being [M+H+]=594.37. Due to incomplete reaction,  more MsCl was 

added. The peak corresponding to the compound with M+H+ = 551.35 mass was 

observed increasing gradually with increasing addition of MsCl and the peak 

corresponding to the starting material were decreasing. Only trace amounts of the final 

compound could be identified which made this synthetic strategy fail at the very last 

step.   
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Scheme 5 suggested side products 

As indicated in scheme 5, several different compounds corresponding to the observed 

mass of 551.35 are possible. Possible mechanistic suggestions to the formation of 

these products are given in scheme 6. Route A suggests that the mesylation takes 

place at the primary and most accessible alcohol. The basic nature of the tertiary 

amines surrounding the tertiary alcohol may increase the nucleophilicity of the tertiary 

alcohol. The formation of a favourable five membered ring may be the driving force 

which facilitate the formation of the substituted tetrahydrofuran ring. Route B and C is 

based on the mesylation of the tertiary alcohol over the primary alcohol. In route B an 

elimination is suggested for the formation of the alkene derivative. Route C suggests 

that a quaternarization of one of the tertiary amines is possible which leads to the 

formation of an aziridinium ion. The positively charged molecule does also have the 

molecular mass [M]+ =  551.35. Possible elimination of this compound could also lead 

to the formation of the same alkene product as described for route B 
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Scheme 6 suggested explanation for side product formation 

In addition to the problematic reduction step and the critical substitution step with 

sodium azide, this strategy also revealed the weakness of having an acid sensitive 

tertiary alcohol in the ligand. This could be a potential problem in a later conjugation 

to a boc protected PNA sequence as the deprotection requires treatment with TFA; 

this is also true in the case of the ligand with boc protected amine groups in the 2 

position of the pyridines (Scheme 4, bottom). Furthermore, the labile nature of the 

tertiary alcohol could turn out to be a problem for characterization of the final 

PNAzyme, since dehydration of the tertiary alcohol would result in a conjugate without 

the ability to bind two Zn(II) ions in a cooperative dinuclear manner as described in 

previous chapters. In addition to that, identification of the eliminated product could 

potentially be challenging as the final conjugates are analysed by MS, and under the 

usual ESMS conditions loss of water may occur anyway.  

These potential problems combined with the inconvenient synthetic problems already 

encountered meant that it was necessary to design  ligand that could be synthesised 

and incorporated with more confidence.        



138 
 

3.2.2 The asymmetrical approach 

 

Due to the problematic steps discussed above, an alternative way to introduce a linker 

onto the dinuclear system was developed with inspiration from the paper published by 

N. P. Tilmans et al. [105]. Instead of having a symmetrical molecule with the linkage 

point in the middle of the molecule giving raise to the problematic tertiary alcohol, the 

linkage was positioned on one of the four pyridine systems in the dinuclear structure 

(figure 15).   

 

 

Figure 15 asymmetrical target construct  

The individual building blocks (scheme 8) were designed from the same retrosynthesis 

published by N. P.Tilmans et al. [105], which results in a convergent strategy based 

on the synthesis of two secondary amines, one symmetrical and the other 

unsymmetrical (scheme 8).  

 

 

Scheme 8 Retro synthesis based on the procedure by N. P. Tilmans et al. [105] 

 

The secondary amines shown in scheme 8 was synthesised via the Fukuyama Amine 

Synthesis where nosyl amine is doubly alkylated to give 3.7 in 68% yield followed by 

a deprotection of the sulfonamide with thiophenol under basic conditions to give the 

secondary amine. The symmetrical secondary amine 3.8 could easily be purified by a 

silica plug giving the secondary amine in 62% yield (scheme 9). 
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Scheme 9  

In order to introduce an attachment point directly on the pyridine system a similar 

approach to the one described for the synthesis of 2.5 in chapter 2 was used. Instead 

of using pyridine-2,6-dicarboxylic acid as the starting material, chelidamic acid was 

used in combination with PBr5 or PCl5 in carbon tetrachloride which gave the 

corresponding acid halide in situ which were turned into the ethyl ester by quench of 

the reaction with an excess of ethanol. The low yield of 3.9 and 3.15 is likely to be a 

result of impure starting material from the commercial supplier. The chelidamic acid 

purchased was a light to dark brown powder. The product obtained for the synthesis 

of 3.9 and 3.15  was dark brown, and the following steps gave dark brown to black 

solutions and products. When chelidamic acid was recrystallised from hot water a 

golden crystalline solid could be obtained and a dark oil was removed by hot filtration. 

However, use of the recrystalised material did not resolve the problem completely. It 

was found that a completely white solid could be obtained when 3.9 and 3.15  was 

dissolved in chloroform and filtered through a silica plug. This gave the pure 

compound. The subsequently single hydrolysis of one of the ethyl esters gave 3.10 

and 3.16. The following Curtius rearrangement by used of diphenyl phosphorylazide 

in the presence of tert-butanol gave compound 3.11 and 3.17. The reduction of the 

ethyl ester to the primary alcohol gave compound 3.12 and 3.18. All these steps 

including the following mesylation and substitution with iodide were done in a similar 

way as described in chapter 2 with similar yield (scheme 10). For stability reasons, the 

alcohol 3.12 and 3.18.  was kept as the stable building block and only turned into the 

corresponding mesylate and iodide just before the subsequently alkylation.  
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Scheme 10  

 

To introduce the unsymmetrical component in an easy and controlled way, a single 

alkylation of nosyl amine was carried out in the presence of 2.8 in order to form 3.21. 

Despite a ratio of nosyl amine compared to the iodo compound 2.8  of 2:1, a 

surprisingly low yield of 31% was isolated and a surprisingly high yield of the double 

alkylated sulphonamide 3.7 was obtained in 34% yield as the only side product formed.  

 

Scheme 11 
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The sulphonamide 3.21 was then alkylated with the 2,4,6- functionalised pyridine 3.14 

and 3.20 giving the double alkylated unsymmetrical sulphonamide 3.22 and 3.24 in 

similar yields of 66% and 70%, respectively. The double substituted sulphonamides 

3.22  and 3.24  were then deprotected with thiophenol as described for 3.7 giving the 

unsymmetrical secondary amine 3.23 and 3.25 in 81% and 75% yield, respectively. 

 

 

 

Scheme 12  

 

Reaction of 3.8 with epichlorohydrin gave the tertiary amine 3.26 in 86% yield and the 

tertiary amine could easily be purified using a silica plug to give a white foam. 

 

 

Scheme 13  

 

With the two building blocks 3.25 and 3.26 in hand, attempts were made to combine 

them by reaction at elevated temperatures with DIPEA as base and the solvent as 

described by N. P.Tilmans et al. [105]. Only low conversions were achieved even when 

an excess of 3.26 was used. Furthermore, isolation of unreacted 3.26 from the reaction 

mixture was relatively easy but separation of 3.25 from 3.27 by column 
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chromatography turned out to be difficult. The same observation was described by N. 

P.Tilmans et al. [105] for the unsubstituted ligand in figure 12. N. P.Tilmans and co-

workers  [105] suggested to purify the dinuclear ligand at a later stage. For this reason, 

the impure 3.27 was converted into 3.28 by a Sonogashira cross coupling with 

trimethylsilyl acetylene followed by  deprotection of the TMS group with TBAF giving 

3.29. Purification of 3.28 and 3.29 was no easier than purification of 3.27, and the 

triphenyl phosphine oxide obtained after the Sonogashira cross coupling complicated 

the purification even further. The existence of the compounds were identified by LC-

MS  and HRMS but as the majority of material was not the target compound 

identification of the compounds by NMR was impossible  

 

 

Scheme 14  

 

For the purpose of converting the alkyne 3.29 into an azide which could be conjugated 

to the alkyne containing PNA, bis azide 3.30 was synthesised. Starting from 1,6-

dibromo hexane the 1,6 diazido-hexane 3.30 could be isolated in 93% yield.  

 

Scheme 15  
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The very small amount of material left after the Sonogashira coupling and TMS 

deprotection was insufficient for final conjugation to PNA. However, the last step to 

convert the alkyne into an azide was performed in order to screen for reaction 

conditions for the ñclick reactionò. A large excess of the di-azide 3.30 was used in order 

to avoid possible dimerization. An excess of CuI was also used in order to prevent 

inhibition of the Cu(I) by binding to the dinuclear ligand. The click reaction was 

analysed by LC-MS which showed that no starting material was left and the mass 

corresponding to the desired product was observed.  

 

 

Scheme 16 

 

Even though the final compound 3.31 was not isolated and fully characterised, the 

observation that the final compound could be made via the synthetic route described 

above did highlight the strength and weaknesses of the individual steps. The most 

critical steps to the synthetic route described above turned out to be the alkylation step 

in which 3.26 and 3.25 were combined.  

The same low reactivity of the two starting materials was observed when the chloro 

derivative 3.23 was used under similar conditions. Both starting materials were present 

after 48 h at 70 °C. Even when 1.5eq of 3.26 was used in combination with 1 eq of 

3.23 no increased conversion was observed and both starting materials were found in 

the reaction mixture after 48 h at 70 °C.    
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Scheme 17  

 

Isolation and identification of the chloro derivative 3.26 by NMR and LCMS analysis 

after the reaction was complete showed that the reaction conditions applied in the 

experiment as described by N. P.Tilmans et al. [105] did not convert 3.26 into the 

respective epoxide.  

The polar nature of the dinuclear ligands makes them adhere to silica and relatively 

polar eluents are required for successful purification. Furthermore their tailing 

behaviour makes them difficult to purify if many and similar impurities are present in 

the reaction mixture. This proved the need for a shorter and cleaner strategy with fewer 

purification steps  

In an attempt to shorten and simplify the process of introducing the azide functionality, 

the 4-azido derivative shown in scheme 18 was attempted to be synthesised by a 

direct nucleophilic aromatic substitution with sodium azide in refluxing ethanol. Many 

examples of direct nucleophilic aromatic substitutions in the 4 positions of pyridines 

with azides can be found in the literature with yield being around 60-95% [109]ï[113]. 

However, attempts to substitute directly on 3.12 with sodium azide were unsuccessful 

and did not result in any formation of the 4-azido pyridine compound (scheme 18). 

Only starting material could be isolated and identified by NMR and LC-MS analysis. 

 

 

Scheme 18  
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Attempts to introduce a simpler alkyl linker which did not require conversion of the 

alkyne to an azide was made based on the Sonogashira cross coupling with 5-Chloro-

1-pentyne as described by X. Luo and co-workers [114]. 

 

 Scheme 19 Retro synthesis of incorporation of azide linker   

 

Compound 2.27 from chapter 2 was used as a model for the reaction (scheme 20). 

The Sonogashira coupling was carried out under the same mild conditions as 

described for compound 3.27 (30 °C, 16 h) and gave a clean and complete conversion 

of the starting material to the alkyne containing product 3.32. To avoid any internal or 

external 1,3- dipolar cycloaddition to the alkyne in the final dinuclear ligand, the triple 

bond had to be reduced. However, the possible benzylic nature of the pyridine systems 

could be a potential problem in a reduction by catalytic hydrogenation. According to 

the literature [115], [116] selective reduction of alkynes could be achieved in the 

presence of benzylic groups when the Pd/C catalyst was inhibited by the presence of 

very small amount (0.01mol%) of diphenyl sulfide. In the case of reduction of the 

alkyne a quantitative yield was achieved after 24h of reaction [116].  When the same 

reduction was performed (RT, 1atm) on compound 3.32 a clear impact on the aromatic 

region in the 1H-NMR was observed giving a complicated NMR spectrum which 

indicated a variety of different aromatic species in the reaction mixture. New signals 

of what appeared to be dd signals in the region of 5.4ppm-5.8pmm (CDCl3) could 

indicate only partial reduction of the alkyne giving rise to double bonds. This could also 

explain the chaotic NMR in both the high and low field end of the spectrum. Due to the 

complexity of the final ligand structure, the requirements for the reductive 

hydrogenation were high, and had to work in a quantitative and selective way. This 

didnôt seem to be the case from the test reaction and for this reason, reduction of the 

final ligand structure was abandoned.   
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Scheme 20 Test reaction for the selective reduction   

 

3.2.3 Alternative unsymmetrical approach 

 

Instead of introducing the unsymmetrical element in the molecule relatively late in the 

sequence, an alternative approach was attempted. The synthetic strategy was based 

on the successful elements from the first unsymmetrical approach and based on the 

reliable quadruple alkylation of amines. This strategy was developed very late in the 

project and wasnôt completed before the submission date of this thesis. In Scheme 21 

the strategy is outlined. The steps marked in black indicate steps which have been 

tried and the grey parts indicates steps which are still to be done. 
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Scheme 21  

 

Starting from the commercial available 1,3-diaminopropan-2-ol one of the amines 

could be modified with nosyl chloride. Interestingly when a ratio of 1:1 of nosyl chloride 

and 1,3-diaminopropan-2-ol  was reacted by adding the nosyl chloride in THF   to the 

diamine in water in the presence of potassium carbonate only the N,Nô-bis sulfonamide 

(N,N'-(2-hydroxypropane-1,3-diyl)bis(2-nitrobenzenesulfonamide)) was isolated. The 

reason for this preference over a statistical distribution between the N,Nô-bis product, 

the mono sulphonamide and unreacted 1,3-diaminopropan-2-ol is possibly due to the 

solubility of the initial product in the solvent. As a consequence of its low solubility in 

water, a separate phase was formed, so an explanation for the high selectivity could 

be the formation of insoluble product which could dissolve the nosyl chloride added to 

the reaction mixture giving rise to preferential formation of the N,Nô-bis sulfonamide 

product. 

In order to overcome this problem, the same reaction was repeated but this time a 

solution of the nosyl chloride in dichloromethane was slowly added via syringe pump 
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(addition speed 0.5ml/min) to an excess of the 1,3-diaminopropan-2-ol in ethanol. This 

followed by purification by column chromatography afforded the mono sulphonamide 

3.33 in 61% yield. 

 

 

Scheme 22  

 

Having the mono protected dinuclear ligand core 3.33, a complete alkylation with 3 

equivalents of 2.8 could be done. This strategy is similar to previous procedures 

described for the synthesis of the 2-amino dinuclear ligand as described by [75].  

 

 

Scheme 23  

 

As described for the synthesis of the secondary amine in compound 3.8, the nosyl 

group can easily be removed by thiophenol in the presence of potassium carbonate in 

DMF. The removal of the nosyl group is typically a very clean and high yielding reaction 

which made this way of obtaining selectivity between the different pyridines very 

desirable. 
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Scheme 24  

3.3 Future work 

 

As a further advantage of this strategy, the introduction of the functionalised pyridine 

in the very last step of the synthesis allows the introduction of various types of linkers 

and types of conjugation. Another type of handle for the conjugation could be the 

alkyne as describe previously. This could either allow direct conjugation to an azide or 

invert the conjugation site from the alkyne  to an azide by a 1,3-dipolar cycloaddition 

with a bis azide.   

 

 

Scheme 25  

 

With a shorter shorter synthetic route to an asymmetric dinuclear structure, the third 

strategy seems like the most promising one among the three synthetic routes 

explored. The third route benefits from very few reaction steps being performed on the 

actual dinuclear ligand structure which may be one of the key factors in successful 

synthesis and isolation of the final ligand which can be conjugated to PNA (scheme 

26).   

 

 



150 
 

 

 

Scheme 26 final PNA construct  
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3.4 Conclusion 

 

Many attempts to synthesise a 2-amino dinuclear ligand which could be conjugated to 

PNA sequences were made. The synthesis of this ligand turned out to be more difficult 

than first estimated due to the asymmetrical nature of the conjugation site, the high 

number of synthetic steps required and the unexpected side reactions observed during 

the synthesis. The first synthetic approach was an asymmetric design which turned 

out to problematic in the very last step. It is still unknown if an azide could be 

introduced in the initial target structure by use of diphenyl phosphoryl azide. Due to 

stability concerns, another synthetic route were developed based on linkage via one 

of the pyridine rings. This synthetic approach was based on a convergent strategy 

where the dinuclear core was assembled late in the synthesis. This step turned out to 

be the limiting step for this synthetic strategy. Identification of the final ligand was made 

by HRMS analysis, but due to insufficient amounts and high contamination, the final 

compound were not fully characterised and used for conjugation. This approach 

showed the strength and weaknesses of the synthetic strategy and formed the basis 

for a third strategy. The third methodology provided a significantly shorter way to the 

target ligand. In addition, changes in the structural design around the linker site can 

be introduced in the very last step of the reaction which makes this strategy look much 

more appealing compared to the previous two strategies attempted. Also, this strategy 

is mainly based on well-working synthetic steps already known from the synthetic work 

in strategy 2. Altogether, the new synthetic approach may be the key to an efficient 

synthesis of a final ligand which can be conjugated to PNA  sequence.      
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3.5 Experimental 

 

Synthetic procedures for: 

The symmetrical approach 
 
3-(benzyloxy)propan-1-ol 3.1  

1,3-propanediol (15.20 g; 0.200 mol) was dissolved in THF (80 ml) and added 
dropwise to a stirred suspension of NaH (60% in mineral oil) (4.00 g; 0.100 mol) in 
THF (60 ml). The mixture was stirred at RT for 1 h.  A solution of benzyl chloride (12.66 
g; 0.100 mol) in THF (80 ml) was added quickly, and the mixture was refluxed for 16 
h. The reaction mixture was allowed to cool to RT and filtered through a glass frit. The 
filtrate was evaporated in vacuo and the residue was taken up in water (200 ml) and 
DCM (200 ml). The organic phase was separated and the aqueous layer was extracted 
with additional DCM (2x100 ml). The combined organic phase was washed with 
brine(100 ml) and dried over MgSO4. The solution was filtered and the filtrate was 
concentrated in vacuo. The yellow oil was purified by column chromatography (eluent: 
Hex/EtOAc; 60:40, Rf: 0.48) giving a colourless oil. Yield: 10.39 g (31%) 

1H NMR (400 MHz, CDCl3) ŭ 7.28 ï 7.16 (m, 5H), 4.42 (s, 2H), 3.66 (t, J = 5.8 Hz, 
2H), 3.55 (t, J = 5.9 Hz, 2H), 2.64 (s, 1H), 1.76 (p, J = 5.9 Hz, 2H). 
13C NMR (101 MHz, CDCl3) ŭ 138.1, 128.5, 127.7, 127.7, 73.2, 69.1, 61.5, 32.2. 
HRMS (EI): m/z [M]+ calcd. for [C10H14O2]: 166.0988; found: 166.0996 

FT-IR (Vmax/cm-1): 3366 (s, br), 2950(m), 2866(m), 1719(m), 1700(m), 1454(m), 
1366(w), 1313(w), 1275(s), 1204(w), 1174(w), 1095(s), 1071(s), 1048(s), 1025(s), 
971(w), 920(w) 

 

((3-bromopropoxy)methyl)benzene 3.2 

3-(benzyloxy)propan-1-ol 3.1 (10.40 g; 62.6 mmol) was dissolved in DCM (125 ml) and 
triphenylphosphine (19.69 g; 75.1 mmol) was added in one portion. N-
bromosuccinimide (13.36 g; 75.1 mmol) was added in small portions over a period of 
30 min (very exothermic reaction). After end addition, the reaction was left to stir over 
night at RT,16 h. The reaction was poured out in water (100 ml) and the organic layer 
was separated and washed with additional water (2x80 ml) and brine (40 ml) before 
dried over MgSO4. The solution was filtered and concentrated in vacuo. The 
concentrate was added to vigorously stirred hexane (150 ml). The precipitate was 
filtered off and the filtrate was concentrated in vacuo. The residual oil was purified by 
vacuum distillation (bp. 87 °C; 0.75 mbar) giving a clear colourless oil. Yield: 10.84 g 
(76%) 

 
1H NMR (400 MHz, CDCl3) ŭ 7.41 ï 7.29 (m, 5H), 4.55 (s, 2H), 3.63 (t, J = 5.8 Hz, 
2H), 3.56 (t, J = 6.6 Hz, 2H), 2.16 (p, J = 6.2 Hz, 2H). 
13C NMR (101 MHz, CDCl3) ŭ 138.3, 128.5, 127.7, 127.7, 73.2, 67.7, 33.0, 30.8. 
HRMS (EI): m/z [M]+ calcd. for [C10H13BrO]: 228.0144; found: 228.0145 
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FT-IR (Vmax/cm-1): 3024(w), 2945(w), 2857(w), 2794(w), 1496(w), 1454(w), 1361(m), 
1286(w), 1256(m), 1206(m), 1153(w), 1101(s), 1067(s), 1027(s), 905(w), 880(w), 
750(s)  

1,3-diazidopropan-2-one 3.3 

1.3-dichloroacetone 3.2 (2.00 g; 15.8 mmol) was dissolved in acetone (40 ml) while 
stirring and sodium azide (5.20 g; 80.0 mmol) was added . The reaction was left to stir 
over night (16 h) at RT. The yellow solution was filtered and concentrated in vacuo. 
The residue was taken up in water (30 ml) and extracted with  tert-butyl methyl ether 
(3x20 ml). The combined ether phase was dried over Na2SO4 and filtered. The yellow 
solution was concentrated in vacuo giving a yellow oil. Yield: 1.77 g (80%) 

1H NMR (400 MHz, CDCl3) ŭ 4.09 (s, 4H). 
13C NMR (101 MHz, CDCl3) ŭ 199.3, 56.0 
HRMS (EI): m/z [M]+ calcd. for [C3H4N6O]: 140.0441; found: 140.0443 

FT-IR (Vmax/cm-1): 2097(vs), 1736(s), 1413(m), 1278(s), 1137(w), 1071(m), 892(w), 
604(w), 554(m) 

 

1-azido-2-(azidomethyl)-5-(benzyloxy)pentan-2-ol 3.4 

Magnesium turnings (0.255 g; 10.5 mmol) were grinded and transferred to a flame 
dried two necked flask. ((3-bromopropoxy)methyl)benzene 3.2 (1.80 g; 7.86 mmol) 
was dissolved in dry THF (12 ml) and added to the solid magnesium. The mixture was 
refluxed for 30 min until a grey suspension was formed and the magnesium turnings 
were consumed. The mixture was cooled down to -78 °C and a solution of 1,3-
diazidopropan-2-one 3.3 (1.22 g; 8.71 mmol) in dry THF(12 ml) was added dropwise. 
The reaction was stirred at  -78 °C for 4 h and then at RT for additional 8 h.  The 
reaction was quenched with NH4Cl (sat.) (40 ml) and the mixture was stirred for 10 
min. Additional water (40 ml) was added and the aqueous mixture was extracted with 
Et2O (3x100 ml). The combined ether phase was dried over MgSO4 and filtered. The 
filtrate was concentrated in vacuo and purified by column chromatography (Eluent: 
Hex/EtOAc 80:20, Rf: 0.36) giving a clear colourless oil. Yield: 0.470 g (21%)    

1H NMR (400 MHz, CDCl3) ŭ 7.40 ï 7.28 (m, 5H), 4.54 (s, 2H), 3.76 (s, 1H), 3.52 (t, J = 5.4 
Hz, 2H), 3.32 (q, J = 12.4 Hz, 4H), 1.78 ï 1.64 (m, 4H). 
13C NMR (101 MHz, CDCl3) ŭ 137.5, 128.6, 128.0, 128.0, 73.8, 73.4, 70.5, 56.4, 
33.3, 23.4. 
HRMS (ESI): m/z [M+Na]+ calcd. for [C13H18N6O2 +Na+]: 313.1383; found: 313.1380 

FT-IR (Vmax/cm-1): 3379(s,br), 2930(m), 2863(m), 2095(vs), 1453(m), 1361(w), 
1280(s), 1207(w), 1093(s), 1028(w), 947(m), 914(m), 737(s), 698(s)  

 

2-hydroxy-2-(3-hydroxypropyl)propane-1,3-diaminium acetate 3.5 

1-azido-2-(azidomethyl)-5-(benzyloxy)pentan-2-ol 3.4 (370 mg; 1.27 mmol) was 
dissolved in a mixture of EtOH/H2O/AcOH (2.5:2.5:5)(10 ml) and added to a 
hydrogenation flask containing Pd/C (10%) (75 mg). The flask was sealed with a 
rubber septum and the atmosphere was changed to H2. The reaction mixture was 
hydrogenated at atm. pressure (hydrogen balloon) for 72 h. The mixture was filtered 
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over a sinter funnel with Celite and the filtrate was concentrated in vacuo. Excess 
AcOH was removed by co-evaporation with EtOH at RT giving a brown oil which turns 
into a sticky solid when stored under high vacuum. Yield: 307 mg (100%) 

HRMS (ESI): m/z [M+H]+ calcd. for [C6H16N2O2 +H+]: 149.1285; found: 149.1281 

 

5-(bis((6-methylpyridin-2-yl)methyl)amino)-4-((bis((6-methylpyridin-2-
yl)methyl)amino)methyl)pentane-1,4-diol 3.6 

2-hydroxy-2-(3-hydroxypropyl)propane-1,3-diaminium acetate 3.5 (0.280 g; 1.04 
mmol) was taken up in DMF (15 ml) and the 2-(iodomethyl)-6-methylpyridine (1.46 g; 
6.26 mmol) was added. K2CO3 (1.27 g; 9.19 mmol) was added and the reaction was 
stirred at 70 °C for 24 h. The DMF was removed in vacuo and the residue was purified 
by column chromatography (eluent: EtOAc -> EtOAc:MeOH) (80:20, Rf: 0.25, tailing). 
Yield: 47 mg (8%) 

1H NMR (400 MHz, CDCl3) ŭ 7.40 (t, J = 7.7 Hz, 4H), 7.07 (d, J = 7.7 Hz, 4H), 6.92 
(d, J = 7.6 Hz, 4H), 3.87 (dd, J = 32.4, 14.7 Hz, 8H), 3.53 (t, J = 5.7 Hz, 2H), 2.71 
(dd, J = 44.7, 14.1 Hz, 4H), 2.46 (s, 12H), 1.72 (t, J = 7.3 Hz, 2H), 1.50 ï 1.41 (m, 
2H). 
13C NMR (101 MHz, CDCl3) ŭ 159.1, 157.5, 136.6, 121.5, 120.2, 75.7, 63.3, 62.2, 
61.6, 34.7, 27.1, 24.3. 
HRMS (ESI): m/z [M+H]+ calcd. for [C34H44N6O2 +H+]: 569.3599; found: 569.3623.  

FT-IR (Vmax/cm-1): 3277(s,br), 3058(w), 2932(m), 2840(m), 1592(s), 1575(s), 1456(s), 
1374(w), 1262(w), 1155(w), 1089(m), 1058(m), 1005(m), 975(w), 910(w), 788(s), 
757(w), 728(s), 645(m), 546(m)   

 

asymmetrical synthesis: 

 

Di-tert-butyl (((((2-nitrophenyl)sulfonyl)azanediyl)bis(methylene))bis(pyridine-6,2-
diyl))dicarbamate 3.7 

Nosylamine (0.57 g; 2.82 mmol), tert-butyl (6-(iodomethyl)pyridin-2-yl)carbamate 
(1.91 g; 5.72 mmol) and K2CO3 (1.18 g; 8.54 mmol) were taken up in DMF(25 ml) and 
the mixture was stirred at 45 °C for 48 h under argon atmosphere. The solution was 
poured out in water (150 ml) and extracted with Et2O (3x75 ml) and the combined 
ether phase was washed with NaCl(3x50 ml). The organic phase was dried over 
MgSO4, filtered and concentrated in vacuo and a white solid was formed. The white 
solid was triturated with Et2O and the yellow ether phase was pipetted off leaving a 
white solid. Yield:  1.17 g  (68%)   Mp:  99-101 °C  

1H NMR (400 MHz, CDCl3) ŭ 7.98 (d, J = 7.7 Hz, 1H), 7.71 (d, J = 8.3 Hz, 2H), 7.68 
ï 7.59 (m, 2H), 7.59 ï 7.47 (m, 3H), 7.29 (s, 2H), 6.87 (d, J = 7.4 Hz, 2H), 4.62 (s, 
4H), 1.51 (s, 18H). 
13C NMR (101 MHz, CDCl3) ŭ 153.8, 152.2, 151.6, 147.8, 139.1, 133.3, 131.7, 131.4, 
124.1, 116.8, 111.1, 81.2, 52.1, 28.4 
HRMS (ESI): m/z [M+H]+ calcd for [C28H34N6O8S +H+]: 615.2232; found: 615.2243; 
m/z [M+H]+ calcd for [C28H34N6O8S +Na+]: 637.2051; found: 637.2075. 
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FT-IR (Vmax/cm-1): 3356(w), 3200(w), 2978(w), 2934(w), 1725(s), 1583(m), 1541(m), 
1520(s), 1461(s), 1366(m), 1344(m), 1227(m), 1152(vs), 1084(m), 736(m), 540(m) 

 

Di-tert-butyl ((azanediylbis(methylene))bis(pyridine-6,2-diyl))dicarbamate 3.8 

di-tert-butyl (((((2-nitrophenyl)sulfonyl)azanediyl)bis(methylene))bis(pyridine-6,2-
diyl))dicarbamate 3.7 (1.00 g; 1.63 mmol) and K2CO3 (0.68 g; 4.92 mmol) was taken 
up in DMF(15 ml) and thiophenol (370 ul; 3.63 mmol) was added. The reaction was 
stirred at 45 °C for 24 h. The mix was poured out in water and a precipitate was formed. 
The water phase containing the precipitate was washed with Et2O (3x25 ml). The 
yellow ether phase was discarded and the water phase was concentrated in vacuo 
and the residue was taken up in DCM (100 ml). The organic phase was washed with 
NaCl (sat.)(3x25 ml), dried over MgSO4, filtered and evaporated in vacuo giving a 
white soild. Yield: 0.43 g (62%) Mp: 146-148 °C 

1H NMR (400 MHz, CDCl3) ŭ 7.84 (s, 2H), 7.76 (d, J = 8.3 Hz, 2H), 7.60 ï 7.53 (m, 
2H), 6.91 (d, J = 7.4 Hz, 2H), 3.83 (s, 4H), 3.25 (s, 1H), 1.49 (s, 18H). 
13C NMR (101 MHz, CDCl3) ŭ 157.2, 152.6, 151.8, 138.7, 117.0, 110.6, 80.9, 53.9, 
28.4. 
HRMS (ESI): m/z [M+H]+ calcd for [C22H31N5O4 +H+]: 430.2449; found: 430.2466. 

FT-IR (Vmax/cm-1): 3355(w), 3207(br), 3041(w), 2979(w), 2933(w), 2810(w), 1727(s), 
1714(s), 1669(m), 1599(m), 1578(m), 1523(m), 1459(s), 1449(s), 1364(m), 1279(m), 
1230(s), 1223(s), 1148(vs), 1082(m), 1073(m), 1064(m), 991(m), 876(w), 805(m), 
797(m), 754(m), 716(m), 621(m)  

 

The chloro strategy:  

Diethyl 4-chloropyridine-2,6-dicarboxylate 3.9 

Chelidamic acid monohydrate (3.00 g; 16.4 mmol) and PCl5 (13.65 g; 65.55 mmol) in 
CCl4 (25 ml) was heated to reflux (80 °C) for 16 h. EtOH (abs.) (30 ml) was added 
dropwise and the reaction was left to react at 80 °C for additional 30 min before the 
reaction mix was allowed to cool to RT and concentrated in vacuo. The remaining 
black oil was treated with ice water (200 ml). The suspension was stirred for 1 h and 
the light brown solid was collected by vacuum filtration. The solid was washed with 
additional water and dried by high vacuum. The brown solid was taken up in CHCl3 
and the black solution was filtered over a silica plug giving a white solid. Yield: 2.42 g 
(57%) Mp: 61-63 °C 

1H NMR (400 MHz, CDCl3) ŭ 8.24 (s, 2H), 4.47 (q, J = 7.1 Hz, 4H), 1.43 (t, J = 7.1 Hz, 6H). 
13C NMR (101 MHz, CDCl3) ŭ 163.7, 149.9, 146.7, 128.2, 62.8, 14.3. 

HRMS (ESI): m/z [M+H]+ calcd. for [C11H12ClNO4 +H+]: 258.0528; found: 258.0536; 
m/z [M+Na]+ calcd. for [C11H12ClNO4 +Na+]: 280.0347; found: 280.0359 

FT-IR (Vmax/cm-1): 3077(w), 2984(w), 2939(w), 2913(w), 2874(w), 1716(vs), 1571(m), 
1471(w), 1426(w), 1371(m), 1323(br,s), 1265(m), 1248(s), 1184(m), 1148(s), 
1110(w), 1019(s), 990(w), 942(w), 887(m), 865(m), 781(s), 755(s), 735(m), 690(m), 
532(s), 410(w)   
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4-chloro-6-(ethoxycarbonyl)picolinic acid 3.10 

Diethyl 4-chloropyridine-2,6-dicarboxylate 3.9 (2.40 g; 9.31 mmol) was dissolved in a 
mix of EtOH (60 ml) and DCM (6 ml) and NaOH(s) (grinded pellets) (0.373 g; 9.30 
mmol) was added. The mix was stirred at RT for 6 h.  The ethanolic solution was 
concentrated in vacuo and Et2O (100 ml) was added to precipitate the sodium salt. 
The suspension was stirred for 30 min. The precipitate was filtered off and washed 
with Et2O. The precipitate was redissolved in water (40 ml) and acidified to pH 2 with 
HCl (2 M). The precipitate was collected by filtration and washed with H2O and Et2O 
and dried in vacuo giving a white solid. 1.18 g (55%) Mp: 64-66 °C 

1H NMR (400 MHz, CDCl3) ŭ 8.38 (d, J = 1.9 Hz, 1H), 8.31 (d, J = 1.9 Hz, 1H), 4.50 (q, J = 
7.1 Hz, 2H), 1.46 (t, J = 7.1 Hz, 3H). 
13C NMR (101 MHz, CDCl3) ŭ 162.9, 162.9, 148.4, 148.2, 147.9, 129.1, 127.3, 63.1, 14.3. 

HRMS (ESI): m/z [M+H]+ calcd. for [C9H8ClNO4 +H+]: 230.0215; found: 230.0219; 
m/z [M+Na]+ calcd. for [C9H8ClNO4 +Na+]: 252.0034; found: 252.0036 

FT-IR (Vmax/cm-1): 3432(br), 3342(br), 3081(w), 2994(w), 2874(w), 1916(br), 
1710(vs), 1568(s), 1461(m), 1403(w), 1384(w), 1316(s), 1271(vs), 1248(vs), 
1187(m), 1152(m), 1097(w), 1016(m), 997(w), 894(w), 868(w), 855(m), 781(m), 
748(m), 710(s), 690(m), 584(w), 526(s), 503(w), 426(w) 

 

Ethyl 6-((tert-butoxycarbonyl)amino)-4-chloropicolinate 3.11 

4-chloro-6-(ethoxycarbonyl)picolinic acid 3.10 (1.17 g; 5.10 mmol) was taken up in 
toluene (25 ml) and Et3N (1410 ul; 10.2 mmol) was added. Diphenylphosphoryl azide 
(1420 ul; 6.61 mmol) was added and the reaction was stirred at RT for 10 min. t-BuOH 
(4.0 ml) was added and the reaction was left to stir at 100 °C for 16 h. EtOAc (50 ml) 
was added and the organic phase was washed with NaHCO3(sat) (2x25 ml) and 
NaCl(sat.) (25 ml). The organic phase was dried over MgSO4, filtered and evaporated 
in vacuo. The dark brown oil was purified by column chromatography (eluent: 
EtOAc/Hex, 20:80, Rf: 0.51) giving a white crystalline solid. Yield: 0.693 g (45%) Mp: 
82-84 °C 

1H NMR (400 MHz, CDCl3) ŭ 8.21 (d, J = 1.7 Hz, 1H), 7.80 (s, 1H), 7.73 (d, J = 1.7 Hz, 1H), 
4.41 (q, J = 7.1 Hz, 2H), 1.48 (s, 9H), 1.38 (t, J = 7.1 Hz, 3H). 
13C NMR (101 MHz, CDCl3) ŭ 163.9, 152.9, 152.2, 147.3, 146.8, 120.5, 115.7, 81.9, 62.3, 
28.2, 14.3. 

HRMS (ESI): m/z [M+H]+ calcd. for [C13H17ClN2O4 +H+]: 301.0950; found: 301.0958; 
m/z [M+Na]+ calcd. for [C13H17ClN2O4 +Na+]: 323.0769; found: 323.0784 

FT-IR (Vmax/cm-1): 3203(w), 3113(w), 3042(w), 2984(w), 2936(w), 1719(vs), 1568(s), 
1532(s), 1436(m), 1409(w), 1390(w), 1368(m), 1323(m), 1271(m), 1229(s), 1145(vs), 
1077(w), 1019(m), 994(m), 956(w), 903(w), 871(w), 853(m), 774(s), 750(s), 629(w), 
519(w), 461(w) 

tert-butyl (4-chloro-6-(hydroxymethyl)pyridin-2-yl)carbamate 3.12 

To a suspension of Ethyl 6-((tert-butoxycarbonyl)amino)-4-chloropicolinate 3.11 (633 
mg; 2.10 mmol) and CaCl2 (467 mg; 4.21 mmol) in EtOH (15 ml) cooled in an ice bath 
was added NaBH4 (398 mg; 10.5 mmol) and the reaction mixture was stirred at 0 °C 
and allowed to reach RT. The reaction was stirred at RT for 12 h. The reaction mixture 
was poured out in water (70 ml) and extracted with CHCl3 (4x40 ml). The combined 
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organic phase was washed with NaCl(sat) (30 ml) and dried over MgSO4, filtered and 
evaporated in vacuo. The residue was purified by column chromatography (eluent: 
EtOAc/Hex, 1:2, Rf: 0.37) giving a colourless oil. Yield: 430 mg (79%) 

1H NMR (400 MHz, CDCl3) ŭ 7.90 (d, J = 1.0 Hz, 1H), 7.67 (s, 1H), 6.95 (d, J = 1.6 Hz, 1H), 
4.60 (s, 2H), 3.42 (s, 1H), 1.51 (s, 9H). 
13C NMR (101 MHz, CDCl3) ŭ 159.2, 152.1, 152.1, 146.7, 115.6, 111.0, 81.9, 63.8, 28.3. 

HRMS (ESI): m/z [M+H]+ calcd. for [C11H15ClN2O3 +H+]: 259.0844; found: 259.0854 

FT-IR (Vmax/cm-1): 3407(br), 3232(br), 3116(w), 2984(w), 2936(w), 1729(s), 1571(s), 
1522(br,s), 1426(s), 1390(w), 1368(m), 1307(w), 1258(m), 1223(s), 1148(vs), 
1090(s), 1052(w), 987(w), 955(w), 897(w), 848(s), 771(s), 652(w), 597(w), 532(w), 
458(w)   

 

(6-((tert-butoxycarbonyl)amino)-4-chloropyridin-2-yl)methyl methanesulfonate 3.13 

tert-butyl (4-chloro-6-(hydroxymethyl)pyridin-2-yl)carbamate 3.12 (383 mg; 1.48 
mmol) was dissolved in EtOAc (15ml) and Et3N (411 ul; 2.97 mmol) was added. MsCl 
(231 ul; 2.96 mmol) was added and the reaction was stirred at RT for 2 h. EtOAc (50 
ml) was added and the suspension was poured out in NaHCO3(sat.) (25 ml). The 
organic phase was separated and washed with additional NaHCO3 (25 ml), water 
(2x25 ml) and NaCl(25 ml). The organic phase was dried over MgSO4, filtered and 
evaporated in vacuo giving a white solid. Yield: 440 mg (88%) Mp: 82-84 °C  

1H NMR (400 MHz, CDCl3) ŭ 8.02 (d, J = 1.4 Hz, 1H), 7.48 (s, 1H), 7.10 (d, J = 1.6 Hz, 1H), 
5.14 (s, 2H), 3.08 (s, 3H), 1.52 (s, 9H). 
13C NMR (101 MHz, CDCl3) ŭ 153.1, 152.7, 152.0, 147.0, 117.2, 112.3, 82.1, 70.1, 38.2, 
28.3. 

HRMS (ESI): m/z [M+H]+ calcd. for [C12H17ClN2O5S +Na+]: 359.0439; found: 
359.0452 

FT-IR (Vmax/cm-1): 3213(w), 3116(w), 3023(w), 2981(w), 2942(w), 1726(s), 1590(m), 
1577(s), 1532(m), 1432(m), 1416(w), 1358(s), 1342(m), 1319(w), 1268(w), 1226(s), 
1177(s), 1148(vs), 1090(s), 1039(w), 1019(m), 974(m), 948(m), 906(w), 855(m), 
832(s), 768(s), 655(w), 600(w), 548(w), 529(m), 510(s), 490(m), 461(w)   

 

tert-butyl (4-chloro-6-(iodomethyl)pyridin-2-yl)carbamate 3.14 

(6-((tert-butoxycarbonyl)amino)-4-chloropyridin-2-yl)methyl methanesulfonate  3.13 
(435 mg; 1.29 mmol) was taken up in THF (20 ml) and NaI (387 mg; 2.58 mmol) was 
added. The reaction was left to stir at 50 °C for 1 h. The cooled solution was poured 
out in NH4Cl(sat) (50 ml) and extracted with CHCl3 (3x25 ml). The combined organic 
phase was washed with Na2S2O3 (10% w/w) (25 ml) and the organic phase was dried 
over MgSO4, filtered and evaporated in vacuo, giving a yellow oil. Yield: 461 mg (97%) 

1H NMR (400 MHz, CDCl3) ŭ 7.89 (d, J = 1.4 Hz, 1H), 7.58 (s, 1H), 7.00 (d, J = 1.6 Hz, 1H), 
4.30 (s, 2H), 1.50 (s, 9H). 
13C NMR (101 MHz, CDCl3) ŭ 157.7, 152.6, 152.1, 146.3, 117.6, 111.4, 81.7, 28.3, 4.5. 

HRMS (ESI): m/z [M+H]+ calcd. for [C11H14ClIN2O2 +H+]: 368.9861; found: 368.9865 
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FT-IR (Vmax/cm-1): 3239(br), 2977(w), 2932(w), 2881(w), 1774(m), 1729(s), 1574(s), 
1519(s), 1429(s), 1400(w), 1368(w), 1310(w), 1268(m), 1226(m), 1148(vs), 1074(m), 
1032(m), 987(w), 968(w), 910(w), 855(s), 774(m), 639(w), 571(w), 526(w) 

 

The Bromo strategy: 

Diethyl 4-bromopyridine-2,6-dicarboxylate 3.15 

Chelidamic acid monohydrate (4.00 g; 21.8 mmol) and PBr5 (34.40 g; 79.91 mmol) in 
CCl4 (25 ml) was heated to reflux (80 °C) for 16 h. EtOH (abs.) (30 ml) was added 
dropwise and the reaction was left to react at 80 °C for additional 30 min before the 
reaction mix was allowed to cool to RT and concentrated in vacuo. The remaining 
black oil was treated with ice water (200 ml). The suspension was stirred for 1 h and 
the light brown solid was collected by vacuum filtration. The solid was washed with 
additional water and dried by high vacuum. The brown solid was taken up in CHCl3 
and the black solution was filtered over a silica plug giving a white solid. Yield: 3.21 g 
(49%) Mp: 65-67 °C 

1H NMR (400 MHz, CDCl3) ŭ 8.42 (s, 2H), 4.48 (q, J = 7.1 Hz, 4H), 1.45 (t, J = 7.1 
Hz, 6H). 
13C NMR (101 MHz, CDCl3) ŭ 163.7, 149.6, 135.1, 131.2, 62.9, 14.3. 
HRMS (ESI): m/z [M+H]+ calcd. for [C11H12BrNO4 +H+]: 302.0022 and 304.0003; 
found: 302.0035 and 304.0015. 

FT-IR (Vmax/cm-1): 3071(w), 2987(w), 2974(w), 2939(w), 2874(w), 1716(vs), 1565(m), 
1471(w), 1416(w), 1368(m), 1319(br,s), 1361(m), 1242(m), 1177(w), 1152(m), 
1110(w), 1016(s), 939(w), 900(w), 874(m), 865(m), 781(m), 726(s), 687(m), 516(s) 
406(w) 

 

4-Bromo-6-(ethoxycarbonyl)picolinic acid 3.16 

Diethyl 4-bromopyridine-2,6-dicarboxylate 3.15 (2.81 g; 9.30 mmol) was dissolved in 
a mix of EtOH (60 ml) and DCM (6 ml) and NaOH(s) (grinded pellets) (0.372 g; 9.30 
mmol) was added. The mix was stirred at RT for 6 h.  The ethanolic solution was 
concentrated in vacuo and Et2O (100 ml) was added to precipitate the sodium salt. 
The suspension was stirred for 30 min. The precipitate was filtered off and washed 
with Et2O. The precipitate was redissolved in water (40 ml) and acidified to pH 2 with 
HCl (2 M). The precipitate was collected by filtration and washed with H2O and Et2O 
and dried in vacuo giving a white solid. 1.77 g (69%) Mp: 97-99 °C 

1H NMR (400 MHz, CDCl3) ŭ 8.55 (d, J = 1.6 Hz, 1H), 8.46 (d, J = 1.6 Hz, 1H), 5.53 
(s, 1H), 4.50 (q, J = 7.1 Hz, 2H), 1.46 (t, J = 7.1 Hz, 3H). 
13C NMR (101 MHz, CDCl3) ŭ 163.1, 163.0, 147.8, 147.8, 136.4, 131.9, 130.6, 63.2, 
14.3. 
HRMS (ESI): m/z [M+H]+ calcd. for [C9H8BrNO4 +H+]: 273.9709 and 275.9690; 
found: 273.9711 and 275.9690; m/z [M+Na]+ calcd. for [C9H8BrNO4 +Na+]: 295.9529 
and 297.9509; found: 295.9526 and 297.9510 

FT-IR (Vmax/cm-1): 3448(br), 3361(br), 3094(w), 2990(w), 1929(br), 1723(s), 1684(m), 
1558(s), 1461(w), 1400(w), 1368(w), 1274(vs), 1252(vs), 1177(m), 1094(w), 



159 
 

1016(m), 997(w), 890(m), 861(w), 835(m), 781(m), 735(w), 710(m), 690(m), 584(w), 
516(m), 494(m), 416(m) 

 

Ethyl 4-bromo-6-((tert-butoxycarbonyl)amino)picolinate 3.17 

4-Bromo-6-(ethoxycarbonyl)picolinic acid 3.16 (0.70 g; 2.6 mmol) was taken up in 
toluene (18 ml) and Et3N (708 ul; 5.14 mmol) was added. Diphenylphosphoryl azide 
(714 ul; 3.31 mmol) was added and the reaction was stirred at RT for 10 min. t-BuOH 
(2.0 ml) was added and the reaction was left to stir at 100 °C for 16 h. EtOAc (40 ml) 
was added and the organic phase was washed with NaHCO3(sat) (2x25 ml) and 
NaCl(sat.) (25 ml). The organic phase was dried over MgSO4, filtered and evaporated 
in vacuo. The dark brown oil was purified by column chromatography (eluent: 
EtOAc/Hex, 20:80, Rf: 0.46) giving a white solid. Yield: 0.52 g (59%) Mp: 97-99 °C 

1H NMR (400 MHz, CDCl3) ŭ 8.38 (d, J = 1.2 Hz, 1H), 7.89 (d, J = 1.5 Hz, 1H), 7.81 
(s, 1H), 4.41 (q, J = 7.1 Hz, 2H), 1.48 (s, 9H), 1.38 (t, J = 7.1 Hz, 3H). 
13C NMR (101 MHz, CDCl3) ŭ 163.8, 152.7, 152.1, 147.0, 135.3, 123.3, 118.7, 81.9, 
62.3, 28.2, 14.3. 
HRMS (ESI): m/z [M+H]+ calcd. for [C13H17BrN2O4 +H+]: 345.0444 and 347.0425; 
found: 345.0450 and 347.0431 m/z [M+Na]+ calcd. for [C13H17BrN2O4 +Na+]: 
367.0264 and 369.0245; found: 367.0281 and 369.0262 

FT-IR (Vmax/cm-1): 3197(w), 3110(w), 3039(w), 2984(w),2934(w), 1719(vs), 1569(s), 
1532(m), 1430(m), 1410(w), 1390(w), 1367(m), 1322(m), 1271(m), 1234(s), 
1145(vs), 1081(m), 1022(m), 988(m), 871(m), 844(m), 782(m), 774(m), 733(m), 
629(w), 510(w), 461(w) 

 

tert-Butyl (4-bromo-6-(hydroxymethyl)pyridin-2-yl)carbamate 3.18 

To a suspension of Ethyl 4-bromo-6-((tert-butoxycarbonyl)amino)picolinate 3.17 (0.43 
g; 1.2 mmol) and CaCl2 (0.28 g; 2.5 mmol) in EtOH (10 ml) cooled in an ice bath was 
added NaBH4 (0.24 g; 6.3 mmol) and the reaction mixture was stirred at 0 °C and 
allowed to reach RT. The reaction was stirred at RT for 12 h. The reaction mixture was 
poured out in water (70 ml) and extracted with CHCl3 (4x40 ml). The combined organic 
phase was washed with NaCl(sat) (30 ml) and dried over MgSO4, filtered and 
evaporated in vacuo. The residue was purified by column chromatography (eluent: 
EtOAc/Hex, 1:2, Rf: 0.44) giving a colourless oil. Yield: 0.27 g (71%) 

1H NMR (400 MHz, CDCl3) ŭ 8.08 (s, 1H), 7.59 (s, 1H), 7.11 (s, 1H), 4.61 (s, 2H), 
3.50 (s, 1H), 1.52 (s, 9H). 
13C NMR (101 MHz, CDCl3) ŭ 158.9, 152., 151.9, 135.4, 118.5, 113.9, 81.9, 63.7, 
28.3. 
HRMS (ESI): m/z [M+H]+ calcd. for [C11H15BrN2O3 +H+]: 303.0339 and 305.0319; 
found: 303.0353 and 305.0334 

FT-IR (Vmax/cm-1): 3410(br), 3290(br), 2981(w), 2936(w), 2877(w), 1729(s), 1568(s), 
1516(s), 1419(s), 1394(w), 1368(w), 1300(w), 1255(w), 1223(m), 1148(vs), 1094(s), 
1061(w), 984(w), 952(w), 845(w), 832(m), 764(m), 642(w), 526(w), 461(w) 
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(4-bromo-6-((tert-butoxycarbonyl)amino)pyridin-2-yl)methyl methanesulfonate 3.19 

tert-Butyl (4-bromo-6-(hydroxymethyl)pyridin-2-yl)carbamate 3.18 (0.57 g; 1.9 mmol) 
was dissolved in EtOAc (15 ml) and Et3N (520 ul; 3.75mmol) was added. MsCl (293 
ul; 3.75 mmol) was added and the reaction was stirred at RT for 2 h. EtOAc (50 ml) 
was added and the suspension was poured out in NaHCO3(sat.) (25 ml). The organic 
phase was separated and washed with additional NaHCO3 (25 ml), water (2x25 ml) 
and NaCl(25 ml). The organic phase was dried over MgSO4, filtered and evaporated 
in vacuo giving a white solid. Yield: 0.68 g (94%) Mp: 71-73 °C  

1H NMR (400 MHz, CDCl3) ŭ 8.18 (s, 1H), 7.54 (s, 1H), 7.25 (s, 1H), 5.13 (s, 2H), 
3.08 (s, 3H), 1.51 (s, 9H). 
13C NMR (101 MHz, CDCl3) ŭ 152.9, 152.4, 152.0, 135.5, 120.1, 115.3, 82.1, 70.0, 
38.2, 28.3. 
HRMS (ESI): m/z [M+Na]+ calcd. for [C12H17BrN2O5S +Na+]: 402.9934; found: 
402.9941; m/z [M+Na]+ calcd. for [C12H17BrN2O5S +Na+]: 404.9914; found: 404.9921 

FT-IR (Vmax/cm-1): 3207(br), 3113(w), 3087(w), 3026(w), 2987(w), 2942(w), 1726(m), 
16714(w), 1636(w), 1587(m), 1574(m), 1526(m), 1429(m), 1361(m), 1342(m), 
1225(s), 1176(m), 1148(vs), 1087(m), 1040(w), 1017(m), 971(m), 944(m), 843(s), 
826(s), 762(s), 648(m), 599(m), 552(w), 528(s), 515(s), 486(m)   

 

tert-Butyl (4-bromo-6-(iodomethyl)pyridin-2-yl)carbamate 3.20 

(4-bromo-6-((tert-butoxycarbonyl)amino)pyridin-2-yl)methyl methanesulfonate 3.19 
(0.61 g; 1.6 mmol) was taken up in THF (20 ml) and NaI (0.48 g; 3.2 mmol) was added. 
The reaction was left to stir at 50 °C for 1 h. The cooled solution was poured out in 
NH4Cl(sat) (50 ml) and extracted with CHCl3 (3x25 ml). The combined organic phase 
was washed with Na2S2O3 (10% w/w) (25 ml) and the organic phase was dried over 
MgSO4, filtered and evaporated in vacuo, giving a yellow oil. Yield: 0.65 g (98%) 

1H NMR (400 MHz, CDCl3) ŭ 8.06 (s, 1H), 7.70 (s, 1H), 7.15 (d, J = 1.4 Hz, 1H), 4.29 
(s, 2H), 1.49 (s, 9H). 
13C NMR (101 MHz, CDCl3) ŭ 157.5, 152.4, 152.1, 134.9, 120.5, 114.4, 81.7, 28.3, 
4.4. 
FT-IR (Vmax/cm-1): 3240(w), 2976(w), 2933(w), 2877(w), 1771(m), 1724(m), 1569(s), 
1516(m), 1420(m), 1391(w), 1364(w), 1259(w), 1226(m), 1150(vs), 1037(w), 991(w), 
836(m), 760(m), 631(w), 568(w),    

 

tert-butyl (6-(((2-nitrophenyl)sulfonamido)methyl)pyridin-2-yl)carbamate 3.21 

tert-butyl (6-(iodomethyl)pyridin-2-yl)carbamate (3.19 g; 9.55 mmol) was taken up in 
DMF(80 ml) and nosylamine (3.86 g; 19.1 mmol) was added followed by K2CO3 (3.96 
g; 28.7 mmol). The reaction was stirred at 45 °C for 48 h. The reaction mixture was 
concentrated in vacuo and the concentrated solution was poured out in water (250 ml) 
and extracted first with Et2O (200 ml) and then Et2O (2x100 ml). The combined ether 
phase was washed with NaCl (sat.) (3x70 ml). The organic phase was dried over 
MgSO4, filtered and evaporated in vacuo. The brown oil was purified by column 
chromatography (EtOAc/Hex ; 50:50, Rf: 0.68) giving a yellow oil which crystalises 
over time giving a white solid. Yield: 1.20 g (31%) Mp: 80-82 °C 
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1H NMR (400 MHz, CDCl3) ŭ 8.06 ï 7.97 (m, 1H), 7.83 (dd, J = 7.5, 1.7 Hz, 1H), 7.71 
(d, J = 8.3 Hz, 1H), 7.68 ï 7.58 (m, 2H), 7.53 (t, J = 7.9 Hz, 1H), 7.02 (s, 1H), 6.82 
(d, J = 7.4 Hz, 1H), 6.57 (t, J = 5.3 Hz, 1H), 4.32 (d, J = 5.5 Hz, 2H), 1.51 (s, 9H). 
13C NMR (101 MHz, CDCl3) ŭ 152.6, 152.1, 151.4, 147.8, 139.1, 134.0, 133.5, 132.9, 
131.0, 125.4, 116.4, 111.1, 81.5, 47.8, 28.3. 
HRMS (ESI): m/z [M+H]+ calcd. for [C17H20N4O6S +H+]: 409.1176; found: 409.1195 

FT-IR (Vmax/cm-1): 3374(w), 3303(w), 3100(w), 2977(w), 2929(w), 1723(s), 1581(m), 
1532(s), 1516(s), 1461(m), 1403(m), 1368(m), 1332(m), 1223(w), 1155(vs), 
1126(m), 1084(m), 1061(m), 852(m), 781(m), 735(s), 671(s), 613(m), 577(m), 
545(w), 510(m), 465(w) 

 

tert-butyl (6-(((N-((6-((tert-butoxycarbonyl)amino)pyridin-2-yl)methyl)-2-
nitrophenyl)sulfonamido)methyl)-4-chloropyridin-2-yl)carbamate 3.22 

tert-butyl (4-chloro-6-(iodomethyl)pyridin-2-yl)carbamate 3.14 (450 mg; 1.22 mmol) 
and tert-butyl (6-(((2-nitrophenyl)sulfonamido)methyl)pyridin-2-yl)carbamate 3.21 
(499 mg; 1.22 mmol) was taken up in DMF(10 ml) and K2CO3 (337 mg; 2.44 mmol) 
was added. The reaction mixture was stirred at 45 °C for 48 h. The reaction mixture 
was poured out in water (100 ml) and extracted with Et2O (150 ml + 2x50 ml). The 
combined ether phase was washed with NaCl (sat.) (3x50 ml). The organic phase was 
dried over MgSO4, filtered and evaporated in vacuo. The residue was taken up in a 
small amount of Et2O and a white crystalline solid was obtained. The yellow ether 
phase was pipette off and the solid washed with additional ether giving a white solid. 
Yield: 524 mg (66%) Mp: 108-110 °C 

1H NMR (400 MHz, CDCl3) ŭ 7.97 (d, J = 7.7 Hz, 1H), 7.78 (d, J = 1.1 Hz, 1H), 7.72 (d, J = 
8.3 Hz, 1H), 7.68 ï 7.60 (m, 2H), 7.60 ï 7.49 (m, 2H), 7.48 ï 7.39 (m, 1H), 7.37 (s, 1H), 6.89 
(d, J = 7.4 Hz, 1H), 6.85 (d, J = 1.5 Hz, 1H), 4.63 (s, 2H), 4.59 (s, 2H), 1.51 (s, 9H), 1.51 (s, 
9H). 
13C NMR (101 MHz, CDCl3) ŭ 155.4, 153.6, 152.5, 152.2, 152.0, 151.7, 147.8, 146.5, 139.2, 
134.3, 133.6, 131.7, 131.4, 124.2, 116.9, 111.3, 111.1, 81.7, 81.3, 52.3, 51.9, 28.4, 28.3. 

HRMS (ESI): m/z [M+H]+ calcd. for [C28H33ClN6O8S +H+]: 649.1842; found: 
649.1867; m/z [M+Na]+ calcd. for [C28H33ClN6O8S +Na+]: 671.1661; found: 671.1694 

FT-IR (Vmax/cm-1): 3361(w), 2982(w), 2936(w), 1732(s), 1583(m), 1574(w), 1543(s), 
1519(s), 1463(m), 1433(w), 1426(w), 1409(w), 1367(m), 1346(m), 1249(w), 1223(m), 
1148(vs), 1124(m), 1095(m), 1085(m), 986(w), 926(w), 874(w), 853(m), 820(w), 
770(m), 735(w), 654(w), 611(w), 580(w), 565(w), 544(w), 462(w) 

 

tert-butyl (6-((((6-((tert-butoxycarbonyl)amino)-4-chloropyridin-2-
yl)methyl)amino)methyl)pyridin-2-yl)carbamate 3.23 

tert-butyl (6-(((N-((6-((tert-butoxycarbonyl)amino)pyridin-2-yl)methyl)-2-nitrophenyl)-
sulfonamido)methyl)-4-chloropyridin-2-yl)carbamate 3.22 (475 mg; 0.732 mmol) was 
taken up in DMF(10 ml) and K2CO3 (303 mg; 2.19 mmol) was added followed by 
thiophenol (164 ul; 1.61 mmol). The reaction was stirred at RT for 4 h. The yellow 
reaction mixture was poured out in water (70 ml) and extracted with Et2O (3x50 ml). 
The combined ether phase was washed with NaCl(sat.) (3x30 ml) and the ether phase 
was dried over MgSO4 , filtered and evaporated in vacuo. The yellow oil was purified 



162 
 

by column chromatography (Eluent: EtOAc/Hex 50:50, Rf: 0.31 -> EtOAc (100%), Rf: 
0.55)(ninhydrin: brown spot) giving a white solid. Yield: 275 mg (81%) Mp: 48-50 °C 

1H NMR (400 MHz, CDCl3) ŭ 7.88 (s, 1H), 7.85 (d, J = 1.4 Hz, 1H), 7.77 (d, J = 8.3 
Hz, 1H), 7.74 (s, 1H), 7.61 ï 7.56 (m, 1H), 6.96 (d, J = 1.6 Hz, 1H), 6.91 (d, J = 7.3 
Hz, 1H), 3.83 (s, 2H), 3.80 (s, 2H), 2.93 (s, 1H), 1.50 (s, 9H), 1.50 (s, 9H). 
13C NMR (101 MHz, CDCl3) ŭ 158.8, 157.1, 152.6, 152.5, 152.3, 151.8, 146.1, 138.8, 
117.2, 117.0, 110.7, 81.4, 81.0, 53.9, 53.7, 28.4, 28.4. c 
HRMS (ESI): m/z [M+H]+ calcd. for [C22H30ClN5O4 +H+]: 464.2059; found: 464.2069; 
m/z [M+Na]+ calcd. for [C22H30ClN5O4 +H+]: 486.1879; found: 486.1891 

FT-IR (Vmax/cm-1): 2980(w), 2928(w), 1726(s), 1580(s), 1516(s), 1454(m), 1425(m), 
1408(m), 1392(w), 1367(m), 1254(w), 1224(s), 1150(vs), 1103(w), 1082(m), 986(w), 
969(w), 851(m), 791(w), 770(m), 616(w), 578(w), 544(w), 460(w) 

 

tert-butyl (6-(((N-((4-bromo-6-((tert-butoxycarbonyl)amino)pyridin-2-yl)methyl)-2-
nitrophenyl)sulfonamido)methyl)pyridin-2-yl)carbamate 3.24 

tert-Butyl (4-bromo-6-(iodomethyl)pyridin-2-yl)carbamate 3.20 (0.61 g; 1.5 mmol) and 
tert-butyl (6-(((2-nitrophenyl)sulfonamido)methyl)pyridin-2-yl)carbamate 3.21 (0.54 g; 
1.3 mmol) was taken up in DMF(10 ml) and K2CO3 (0.41 g; 3.0 mmol) was added. The 
reaction mixture was stirred at 45 °C for 48 h. The reaction mixture was poured out in 
water (100 ml) and extracted with Et2O (150 ml + 2x50 ml). The combined ether phase 
was washed with NaCl (sat.) (3x50 ml). The organic phase was dried over MgSO4, 
filtered and evaporated in vacuo. The residue was taken up in a small amount of Et2O 
and a white crystalline solid was obtained. The yellow ether phase was pipette off and 
the solid washed with additional ether giving a white solid. Yield: 0.64 g (70%) Mp: 89-
91 °C 

1H NMR (400 MHz, CDCl3) ŭ 7.97 (d, J = 8.2 Hz, 2H), 7.73 (d, J = 6.8 Hz, 1H), 7.66 
(d, J = 3.7 Hz, 2H), 7.61 ï 7.49 (m, 2H), 7.39 (s, 1H), 7.31 (s, 1H), 6.99 (d, J = 0.9 
Hz, 1H), 6.90 (d, J = 7.1 Hz, 1H), 4.63 (s, 2H), 4.58 (s, 2H), 1.51 (s, 18H). 
13C NMR (101 MHz, CDCl3) ŭ 152.2, 152.1, 152.0, 151.6, 147.8, 135.1, 133.6, 131.7, 
131.3, 124.2, 119.9, 117.0, 114.0, 81.7, 51.8, 28.4, 28.3. 
HRMS (ESI): m/z [M+H]+ calcd. for [C28H33BrN6O8 +H+]: 693.1337 and 695.1320; 
found: 693.1326 and 695.1308; HRMS (ESI): m/z [M+Na]+ calcd. for [C28H33BrN6O8 
+Na+]: 715.1156 and 717.1140; found: 715.1151and 717.1132.  

FT-IR (Vmax/cm-1): 3358(w), 3207(w), 2977(w), 2932(w), 1731(s), 1581(m), 1543(s), 
1519(s), 1463(m), 1408(m), 1368(m), 1345(m), 1286(w), 1247(m), 1223(m), 
1145(vs), 1126(m), 1096(m), 1086(m), 923(w), 874(w), 771(m), 735(w), 654(w), 
611(m), 581(m), 544(s), 461(w)  

 

tert-butyl (6-((((4-bromo-6-((tert-butoxycarbonyl)amino)pyridin-2-
yl)methyl)amino)methyl)pyridin-2-yl)carbamate 3.25 

tert-butyl (6-(((N-((4-bromo-6-((tert-butoxycarbonyl)amino)pyridin-2-yl)methyl)-2-
nitrophenyl)sulfonamido)methyl)pyridin-2-yl)carbamate 3.24 (0.60 g; 0.87 mmol) was 
taken up in DMF(10 ml) and K2CO3 (0.36 g; 2.6 mmol) was added followed by 
thiophenol (194 ul; 1.9 mmol). The reaction was allowed to react under stirring at RT 
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for 4 h. The yellow reaction mixture was poured out in water (70 ml) and extracted with 
Et2O (3x30 ml). The combined ether phase was washed with NaCl(sat.) (3x30 ml) and 
the ether phase was dried over MgSO4 , filtered and evaporated in vacuo. The yellow 
oil was purified by column chromatography (Eluent: EtOAc/Hex 50:50, Rf: 0.31 -> 
EtOAc (100%), Rf: 0.62)(ninhydrin: brown spot) giving a white solid. Yield: 0.329 g 
(75%) Mp: 44-46 °C 

1H NMR (400 MHz, CDCl3) ŭ 8.24 (s, 1H), 8.04 (s, 1H), 8.00 (s, 1H), 7.76 (d, J = 8.3 
Hz, 1H), 7.57 (t, J = 7.9 Hz, 1H), 7.08 (d, J = 0.9 Hz, 1H), 6.89 (d, J = 7.3 Hz, 1H), 
3.82 (s, 2H), 3.78 (s, 2H), 2.90 (s, 1H), 1.49 (s, 9H), 1.48 (s, 9H). 
13C NMR (101 MHz, CDCl3) ŭ 158.7, 157.2, 152.6, 152.5, 152.4, 151.9, 138.8, 134.7, 
120.0, 116.9, 113.6, 110.6, 81.3, 80.9, 53.9, 53.6, 28.4, 28.4. 
HRMS (ESI): m/z [M+H]+ calcd. for [C22H30BrN5O4 +H+]: 508.1554; found: 508.1554; 
m/z [M+H]+ calcd. for [C22H30BrN5O4 +H+]: 510.1537; found: 510.1540; m/z [M+Na]+ 
calcd. for [C22H30BrN5O4 +Na+]: 530.1373; found: 530.1379; m/z [M+Na]+ calcd. for 
[C22H30BrN5O4 +Na+]: 532.1356; found: 532.1359 

FT-IR (Vmax/cm-1): 3437(w), 3312(w), 3200(w), 2979(w), 2926(w), 1727(s), 1579(s), 
1569(s), 1517(s), 1454(m), 1411(m), 1368(w), 1227(s), 1151(vs), 1082(m), 983(w), 
835(w), 792(w), 759(m), 614(w), 459(w) 

 

di-tert-butyl ((((3-chloro-2-hydroxypropyl)azanediyl)bis(methylene))bis(pyridine-6,2-
diyl))dicarbamate 3.26 

di-tert-butyl ((azanediylbis(methylene))bis(pyridine-6,2-diyl))dicarbamate 3.8 (380 mg; 
0.885 mmol) was taken up in EtOH/DCM (50:50) (15 ml) and epichlorohydrin (347 ul; 
4.42 mmol) was added. The reaction was left to stir at 25 °C for 48 h. The reaction 
mixture was concentrated over an N2 stream and the residual oil was purified by 
column chromatography (eluent: EtOAc/Hex; 20:80 -> 50:50, Rf: 0.79 (50:50)), giving 
a white solid. Yield: 0.398 mg (86%) Mp: 42-45 °C 

1H NMR (400 MHz, CDCl3) ŭ 7.80 (d, J = 8.1 Hz, 2H), 7.58 (t, J = 7.8 Hz, 2H), 7.39 
(s, 2H), 6.90 (d, J = 6.9 Hz, 2H), 3.95 (s, 1H), 3.81 (dd, J = 37.0, 14.1 Hz, 4H), 3.51 
(d, J = 5.1 Hz, 2H), 2.93 (d, J = 12.3 Hz, 1H), 2.72 (dd, J = 12.3, 9.1 Hz, 1H), 1.50 (s, 
18H). 
13C NMR (101 MHz, CDCl3) ŭ 152.4, 151.6, 138.9, 117.8, 110.8, 81.2, 68.8, 59.8, 
58.0, 46.8, 28.4. 
HRMS (ESI): m/z [M+H]+ calcd. for [C25H36ClN5O5 +H+]: 522.2478; found: 522.2493 

FT-IR (Vmax/cm-1): 3437(w), 3210(br), 2976(w), 2933(w), 2834(w), 1727(s), 1579(m), 
1520(m), 1457(s), 1408(w), 1368(w), 1276(w), 1223(m), 1151(vs), 1082(m), 990(w), 
881(w), 795(m), 752(w), 733(w), 617(w), 575(w), 463(w) 

 

tert-butyl (6-(((3-(((4-bromo-6-((tert-butoxycarbonyl)amino)pyridin-2-yl)methyl)((6-
((tert-butoxycarbonyl)amino)pyridin-2-yl)methyl)amino)-2-hydroxypropyl)((6-((tert-
butoxycarbonyl)amino)pyridin-2-yl)methyl)amino)methyl)pyridin-2-yl)carbamate 3.27 

Compound 3.26 (347mg; 0.665mmol) and compound 3.25 (293 mg; 0.578 mmol) was 
taken up in freshly distilled DIPEA (302 µl)and the reaction mixture was heated to 70 
°C for 48 h. A lot of starting material was still left, and additional DIPEA (302 µl) was 
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added and left to stir at 70 °C for 24 h. The brown oil was taken up in EtOAc (50 ml) 
and washed with NaOH (0.1 M) (2x30 ml) The organic phase was dried over Na2SO4, 
filtered and evaporated in vacuo giving a brown oil. Purified by column 
chromatography (eluent: EtOAc/Hex 20:80 -> 80:20; Rf: tailing) giving a brown oil. 
Yield: 106 mg (impure) 

LCMS (ESI): m/z [M+H]+ calcd. for [C47H65BrN10O9 +H+]: 993.42; found: 993.4;      
m/z [M+Na]+ calcd. for [C47H65BrN10O9 +Na+]: 1015.40; found: 1015.4; 

 

tert-butyl (6-(((3-(((6-((tert-butoxycarbonyl)amino)-4-((trimethylsilyl)ethynyl)pyridin-2-
yl)methyl)((6-((tert-butoxycarbonyl)amino)pyridin-2-yl)methyl)amino)-2-
hydroxypropyl)((6-((tert-butoxycarbonyl)amino)pyridin-2-
yl)methyl)amino)methyl)pyridin-2-yl)carbamate 3.28 

Compound 3.27 (79 mg; 0.079 mmol), CuI(3.0 mg; 0.016 mmol ;20%) and 
PdCl2(PPh3)2 (11.2 mg; 0.016 mmol ;20%) was taken up in a round bottomed flask 
and the atmosphere was changed to argon. A mixture of ethynyltrimethylsilane (46 µl; 
0.33 mmol) and Et3N (250 µl; 1.79 mmol) in DMF (750 µl) was added and the reaction 
was stirred at 30 °C for 48 h. The dark oil was taken up in Et2O (15 ml) and washed 
with EDTA (0.2 M; pH 8) (5 ml). The ether phase was separated and dried over 
Na2SO4, filtered over celite and the filtrate was concentrated in vacuo. Purification by 
column chromatography (Eluent: Et2O-> EtOAc ; Rf: Tailing). Yield: 30 mg (impure) 

HRMS (ESI): m/z [M+Na]+ calcd. for [C52H74N10O9Si +Na+]: 1033.5302; found: 
1033.5332 

 

tert-butyl (6-(((3-(((6-((tert-butoxycarbonyl)amino)-4-ethynylpyridin-2-yl)methyl)((6-
((tert-butoxycarbonyl)amino)pyridin-2-yl)methyl)amino)-2-hydroxypropyl)((6-((tert-
butoxycarbonyl)amino)pyridin-2-yl)methyl)amino)methyl)pyridin-2-yl)carbamate 3.29 

The TMS-alkyne 3.28 (28.0 mg; 0.028 mmol) was taken up in THF(800 µl) and water 
(200 µl) was added. TBAF in THF (1 M) (1000 µl; 1.00 mmol) was added and the 
reaction was stirred at RT for 4 h. The solvent was removed in vacuo and the residue 
was taken up in water (5 ml). The aquas phase was extracted with Et2O (3x5 ml) and 
the combined ether phase was dried over Na2SO4,filtered and evaporated in vacuo 
giving a brown oil. Yield: 25 mg (impure) 

HRMS (ESI): m/z [M+Na]+ calcd. for [C49H66N10O9 +Na+]: 961.4906; found: 961.4940 

 

1,6-diazidohexane 3.30 

1,6-dibromohexane (2.00 g; 8.20 mmol) was taken up in DMF(25 ml). NaN3 (1.60 g; 
24.6 mmol) was added and the reaction was stirred at 60 °C for 16 h. The reaction 
mixture was poured out in water (150 ml) and extracted with Et2O (2x75 ml). The 
combined ether phase was washed with NaCl(sat.) (2x50 ml). The ether phase was 
dried over Na2SO4, filtered and evaporated in vacuo, giving a clear colourless oil. Yield 
1.29 g (93%) 

1H NMR (400 MHz, CDCl3) ŭ 3.27 (t, J = 6.9 Hz, 2H), 1.66 ï 1.54 (m, 2H), 1.45 ï 
1.34 (m, 2H). 
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13C NMR (101 MHz, CDCl3) ŭ 51.4, 28.8, 26.4. 
MS (ESI): m/z [M+H]+ calcd. for [C6H12N6 +H+]: 169.1; found: 169.1 

FT-IR (Vmax/cm-1): 2937(m), 2861(m), 2085(vs), 1679(w), 1454(w), 1349(w), 
1285(m), 1253(s), 899(w), 730(w), 657(w), 634(w), 555(w) 

 

tert-butyl (6-(((3-(((4-(1-(6-azidohexyl)-1H-1,2,3-triazol-4-yl)-6-((tert-
butoxycarbonyl)amino)pyridin-2-yl)methyl)((6-((tert-butoxycarbonyl)amino)pyridin-2-
yl)methyl)amino)-2-hydroxypropyl)((6-((tert-butoxycarbonyl)amino)pyridin-2-
yl)methyl)amino)methyl)pyridin-2-yl)carbamate 3.31 

The alkyne 3.29 (24 mg; 0.026 mmol) was taken up in a round bottomed flask and 
CuI(14.6 mg; 0.077 mmol) was added. The atmosphere was changed to argon and a 
mix of 1,6-diazidohexane 3.30 (64.5 mg; 0.383 mmol) in DCM (4 ml) was added. The 
mixture was allowed to react at RT in the dark for 48 h. DCM (15 ml) was added 
followed by EDTA solution (0.2 M; pH 8) (15 ml). The biphasic mixture was left to stir 
at RT for 4 h until clear organic phase. The organic phase was separated and dried 
over Na2SO4, filtered and evaporated giving a brown oil. The brown oil was triturated 
in hexane and the hexane phase was pipetted off giving a light brown solid. Yield: 10 
mg (impure) 

LCMS (ESI): m/z [M+Na]+ calcd. for [C55H78N16O9 +Na+]: 1129.60; found: 1129.6; 
m/z [M+2H]+2 calcd. for [C55H78N16O9 +2H+]: 554.31; found: 554.3 

methyl 4-((bis((6-(5-chloropent-1-yn-1-yl)pyridin-2-yl)methyl)amino)methyl)benzoate 
3.32 

methyl 4-((bis((6-bromopyridin-2-yl)methyl)amino)methyl)benzoate (95 mg; 0.188 
mmol), CuI (7.2 mg; 0.0378 mmol; 20 mol%) and PdCl2(PPh3)2 (13.2 mg; 0.0188 
mmol; 10 mol%) was taken up in a round bottomed flask and the atmosphere was 
changed to argon. 5-chloropentyne (46.3 mg; 48 ul; 0.451 mmol) was added together 
with CH3CN (1.0 ml) and Et3N (250 ul) and the reaction was stirred at 30 °C for 16 h. 
The reaction was monitored by TLC (eluent: Hew/EtoAc 80:20). The solvent was 
removed in vacuo and the residue was purified by column chromatography (Eluent: 
Hex/EtOAc, 60:40, Rf: 0.41) giving an amber oil. Yield 60 mg (58%) 

1H NMR (400 MHz, CDCl3) ŭ 7.99 (d, J = 8.0 Hz, 2H), 7.63 (t, J = 7.7 Hz, 2H), 7.52 
(d, J = 7.5 Hz, 2H), 7.47 (d, J = 6.9 Hz, 2H), 7.27 (d, J = 8.1 Hz, 2H), 3.91 (s, 3H), 
3.80 (s, 4H), 3.71 (t, J = 6.3 Hz, 6H), 2.65 (t, J = 6.8 Hz, 4H), 2.10 (q, J = 13.1, 6.6 
Hz, 4H). 
13C NMR (101 MHz, CDCl3) ŭ 167.0, 159.9, 144.6, 136.8, 129.8, 129.1, 128.8, 125.6, 
121.6, 88.8, 81.2, 60.1, 58.3, 52.2, 43.8, 31.1, 17.0. 
MS (ESI): m/z [M+H]+ calcd. for [C31H31N3Cl2N3O2 +H+]: 548.19; found: 548.2 

 

The third strategy 

N-(3-amino-2-hydroxypropyl)-2-nitrobenzenesulfonamide 3.33 

1,3-diaminopropan-2-ol (375 mg; 4.16 mmol) was taken up in EtOH (35 ml). Et3N 
(1153 µl; 8.33 mmol) was added and 2-nitrobenzenesulfonyl chloride (461 mg; 2.08 
mmol) dissolved in DCM (10 ml) was added dropwise via a syringe pump (0.5 ml/min). 
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The reaction was left to stir for 2 days at 25 °C. The ethanolic solution was 
concentrated in vacuo and the residual yellow oil was taken up in DCM/MeOH (80:20). 
A white solid was isolated and discarded. The residual yellow oil organic solution was 
purified by column chromatography (DCM/MeOH 80:20, Rf: 0.12, column high å 5 cm), 
giving a yellow oil. Yield: 348 mg (61%) (positive ninhydrin test) 

1H NMR (400 MHz, MeOD) ŭ 8.13 ï 8.06 (m, 1H), 7.91 ï 7.84 (m, 1H), 7.84 ï 7.78 
(m, 2H), 3.67 (dddd, J = 7.3, 6.4, 5.4, 4.3 Hz, 1H), 3.12 (dd, J = 13.4, 5.4 Hz, 1H), 
3.03 (dd, J = 13.4, 6.4 Hz, 1H), 2.77 (dd, J = 13.2, 4.1 Hz, 1H), 2.62 (dd, J = 13.2, 
7.4 Hz, 1H). 
13C NMR (101 MHz, MeOD) ŭ 149.6, 135.0, 134.6, 133.7, 131.6, 126.0, 71.6, 47.7, 
45.4. 
HRMS (ESI): m/z [M+H]+ calcd. for [C9H13N3O5S +H+]: 276.0649; found: 276.0653; 
m/z [M+Na]+ calcd. for [C9H13N3O5S +Na+]: 298.0468; found: 298.0466 

FT-IR (Vmax/cm-1): 3363(m), 3308(m), 3095(m), 2934(m), 2869(m), 1535(s), 1442(w), 
1411(w), 1362(s), 1335(s), 1160(s), 1126(w), 1096(w), 1058(w), 1023(w), 962(w), 
852(m), 780(m), 739(m), 730(m), 653(m), 583(s), 534(m), 465(w), 412(w) 

 

tert-butyl (6-((((6-((tert-butoxycarbonyl)amino)pyridin-2-yl)methyl)(3-((N-((6-((tert-
butoxycarbonyl)amino)pyridin-2-yl)methyl)-2-nitrophenyl)sulfonamido)-2-
hydroxypropyl)amino)methyl)pyridin-2-yl)carbamate 3.34 

N-(3-amino-2-hydroxypropyl)-2-nitrobenzenesulfonamide 3.33 (165 mg; 0.599 mmol) 
and the tert-butyl (6-(iodomethyl)pyridin-2-yl)carbamate (762 mg; 2.28 mmol) was 
taken up in DMF (10 ml). K2CO3 (331 mg; 2.39 mmol) was added and the reaction was 
allowed to stir for 24 h at 70 °C. The solution was poured out in water (100 ml) and 
extracted with Et2O (3x50 ml). The combined organic phase was washed with 
NaCl(sat) (2x50 ml), dried over Na2SO4 ,filtered and concentrated in vacuo.  

LCMS (ESI): m/z [M+Na]+ calcd. for [C42H55N9O11S +Na+]: 916.36; found: 916.4 
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Chapter 4 

 

Bidentate phenanthroline based ligands as 
PNAzymes  
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4.1 Introduction 

 

1,10-Phenanthroline (Phen) is a tricyclic heterocyclic molecule known for its ability to 

bind various metal ions. The Phen system (figure 1) is often referred to as a ñlockedò 

version of 2,2ô-bipyridine in which the two heterocyclic nitrogens are locked in a flat 

conformation forming a pre-organised coordination bay for various metal ions [117].    

 

Figure 1 The general structure of 1,10-phenanthroline 

The pre-organisation of the nitrogens in the phen ligand results in a high binding affinity 

for various metals which has also been shown to play a significant role in regard to 

inhibition of natural metallo enzymes [118].  The enzyme carboxypeptidase A is a 

metallo enzyme which make use of Zn(II) as a cofactor crucial for its function. In the 

presence of Phen, the activity of the enzyme was reduced significantly. Phen was 

found to be able to extract the Zn(II) from the enzyme in a time and concentration 

dependent manner leaving the Zn(II) free enzyme behind. The activity of the enzyme 

could be restored when Zn(II) was added to the system after incubation with Phen and 

no inhibition was observed when premade Phen metal complexes of Zn(II), Fe(II) and 

Cu(II) was added [118]. The high affinity for metals which can even compete with 

biological occurring metalloenzymes makes the Phen ligand an interesting ligand from 

a therapeutic perspective in vivo.  

The 1,10-phenanthroline structure has also been found in natural metabolites. One 

example is the compound Ascididemin which has been isolated from the marine 

organism okinawan tunicate didemnum sp.[119]. Ascididemin has been found to have 

a potent anticancer activity and cleavage of double stranded DNA by the compound 

has been reported. The mode of action has been controversial and different pathways 

for its cytotoxic activity has been described including Inhibition of topoisomerases 

responsible for DNA repair or binding to -GC- rich DNA sequences [120]. Recently, 

the compounds ability to form ROS and cleave DNA plasmids even in the absence of 
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any metal and any natural enzymes have suggested that Ascididemin is able to trigger 

the formation of ROS by itself and promote cleavage in that way [120].  Also other 

members of the class of Pyridoacridine alkaloids which do not have the 1,10-Phen 

moity like Deoxyamphimedine have shown the ability to cleave DNA by ROS formation 

[121] which suggest that metal binding is not needed for the observed activity of the 

compound.  

 

Figure 2 The natural product Ascididemin  

Phen complexes of Co2+, Mn2+, Ln3+, Ru2+, Rh3+, Os2+, Cu2+ and Zn2+, are all known 

to be able to interact with DNA [122]. The interaction between Phen complexes and 

the DNA double helix is known to depend of the structural conformation of the DNA 

(A, B or Z form). The type of interaction can be insertion of the flat aromatic Phen 

structure in between the bases in the DNA string, known as intercalation. An 

alternative way of interaction between the DNA and the Phen complex does not 

involve intercalation but hydrophobic interactions between Phen and the DNA 

backbone in the major or minor groove of the DNA structure [122].    

The cleavage of single stranded DNA and RNA catalysed by Cu(II) complexes with 

Phen-oligonucleotide conjugates have been reported in the literature. Similar selective 

cleavage patterns have been observed for both substrates under conditions which 

facilitated oxidative cleavage [123]. Based on product identification of cleavage of DNA 

sequences, the possible mechanism for oligonucleotide cleavage catalysed by 

oxidative cleavage has been suggested (figure 3) [123].  
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Figure 3 Suggested mechanism for the degradation of DNA by ROS formation by C. B. Chen et 
al.[123]  

 

In regard to hydrolytic cleavage, the metal chelating properties of the phenanthroline 

systems has also found applications in the selective and specific cleavage of 

phosphodiester bonds in the shape of PNAzymes. One of the most efficient 

PNAzymes known to date has been reported by Strömberg et al. and is based on 2,9-

dimethyl phenanthroline also known as neocuproine (Neo) as the metal chelating unit.  

In 2008 the first report of the catalytic activity of a Neo based PNAzyme which showed 

catalytic turnover was reported [12]. The target RNA sequence was the biologically 

relevant sequence 5ô-AGAGUUCAAAAGCCC-3ô related to chronic myeloid leukemia 

as described in chapter 1. The complementary PNA sequence was used as a guiding 

sequence and conjugated to Neo via two linkers with different length targeting the 

mismatching -AAA- or -AAAA- bulge forming middle of the RNA target (figure 4). The 

experiments were carried out in the presence of Zn(II) (100 µM) at 37 °C and pH 7.4. 

The fastest systems turned out to be the system with the shorter linker in combination 

with an -AAAA- bulge which had kobs of 17.6 ± 0.6 x10-6 s-1 and a half life of 11 h. In 

contrast, the slowest system turned out to be the same PNAzyme in combination with 

an -AAA- bulge target with kobs of 9.2 ± 0.2 x10-6 s-1 and a half life time of 21 h. It was 

also found that the PNA-RNA complex for both bulge sizes in combination with the 

short linker conjugate (in the absence of Zn(II)) had the same thermodynamic stability 

with a melting point Tm = 55 °C [12]. 

Under the same conditions, the single stranded RNA target was found to have a 

spontaneous cleavage rate of 2 x 10-6 s-1 and the hybridised RNA target, forming a 
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bulge but in the absence of a ligand conjugate, had a cleavage rate of  < 1 x 10-6 s-1. 

The system showed turnover behaviour in the presence of excess substrate and 

sequence specificity which resulted in no cleavage activity towards non-

complementary sequences [12].   

 

Figure 4 PNAzyme constructs based on -AAA- and -AAAA- bulges and Neo headgroup [12] 

 

In 2019 a detailed study describing the Neo-PNAzyme systems and the impact of the 

target sequence and composition was published [83]. This time, Cu(II) was used as 

the cofactor. It was found that the cleavage in general was higher for a four nucleotide 

bulge compared to a three nucleotide bulge when Cu(II) was present as the cofactor.  

 

Figure 5 PNAzyme constructs based on different 3N and 4N bulges and Neo headgroup 

 

In the case of the three nucleotide bulge, the highest activity was found for the -AAA- 

bulge (18% cleaved after 3h and 56% after 24 h) and the -UAA- bulge (19% cleaved 

after 3h and 69% after 24 h). Under the same conditions, a significant lower activity 

was found when the uracil was shifted one position towards the 3ô end giving the target 
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sequence -AUA- showing just 6% cleavage of the target after 3 h and 19% after 24 h. 

Many more sequence combinations for the bulge was studied. The results are shown 

in figure 6 This study showed how the target sequence can have a huge influence on 

the overall activity of the PNAzyme and that the activity is not just related to the type 

of ligand and length of the linker [83].     

 

 

Figure 6 Reactivity of target sequences for the 3N bulge [83].  

    

In comparison, at 37 °C and pH 7.0 the cleavage of the -AUAA- bulge showed 58% 

cleavage after just 30 min and the activity was reduced to just 2% cleavage when the 

uracil was shifted just one position to form the target sequence -AAUA-. Under these 

conditions, the -AAAA- bulge showed 36% cleavage after 30 min  [83]. It was also 

shown that the activity of the target sequence could be affected by changes made to 

the complementary PNA sequence outside the bulge region [83].  

The highest activity observed  among all the substrates tested was for the -AUAA- 

bulge with a selective cleavage of the phosphodiester bond between the two 

adenosines. Modification of this cleavage site was also studied by placing the 

methylated version of the 2ô hydroxyl group of the relevant adenosine which reduced 
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the activity from 71% cleavage after 1 h to just 7% after 24 h. The same reduced 

cleavage was observed when the deoxyribose adenosine was present instead of the 

capped 2ô hydroxyl moiety and no activity was observed when phenanthrene, which 

lack the metal chelating properties, was conjugated to the recognition unit [83].      

This study showed that the selective cleavage observed to one specific site did not 

result in cleavage of a different site when the original preferred site was 

blocked/inactivated by the lack of internal nucleophile in the form of the 2ôhydroxyl 

group [83].  

To date these PNAzyme systems are some of the fastest and most selective artificial 

nuclease systems described in the literature. With a half-life down to just 30 min for 

the -AUAA- bulge at 37 °C and pH 7.0  and complete site specific cleavage, this system 

presents the state of the art in regard to the most promising artificial nucleases based 

on a Neo conjugate.   

 

4.1.1 Introduction of second sphere interactions 

 

The introduction of beneficial hydrogen bonding amine groups (as described in chapter 

2) has also been applied to the group of phenanthrolines, and was described for the 

first time in the late 1990s. In regard to the cleavage of phosphodiesters the 2,9-

diamino phenanthroline (2,9-diamino Phen.) ligand (figure 7) has shown some 

promising results compared to Neo.  

 

 

 

Figure 7 Comparison of Phen, Neo and 2,9-diamino Phen 
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In 1999, the use of a Cu(II) complex of 2,9-diamino phenanthroline for the cleavage of 

phosphodiester bonds in DNA models was published by M. Wall et al. [124]  The Cu(II) 

complex of 2,9-diamino Phen was studied in comparison with the Cu(II) complex of 

Neo for the ability to cleave bis(2,4-dinitrophenyl)-phosphate (BDNPP) and 2ǋ,3ǋ-cyclic 

adenosine monophosphate (2ǋ,3ǋ-cAMP). It was found that at pH 5 and 25°C the 2,9-

diamino Phen complex did hydrolyse BDNPP and 2ǋ,3ǋ-cAMP 20 and 600 fold faster 

than the Neo Cu(II) complex, respectively. The increased activity was attributed to the 

hydrogen bonding effect of the amines in the 2 and 9 position and the ability to interact 

with the target phosphate and the water coordinated to the Cu(II) resulting in lowered 

pKa values of the Cu(II) coordinated water molecule [124]. It was found that the 

introduction of the amino group in the 2 and 9 position lowered the pKa value of the 

metal bound water to 5.5 compared to 7.0 for the water bound Cu(II) Neo complex 

[124].  

 

 

Figure 8 Second Sphere interactions of the 2,9-diamino groups [124]. 

 

In 2007 the first steps were taken towards the conjugation of the 2,9-diamino Phen to 

PNA for selective RNA cleavage [125]. Like in the case of Neo, the ligand was 

conjugated to the PNA via the active phenyl carbamate strategy previously reported 

[126]. In contrast to the Neo conjugates previously reported, the 2,9-diamino Phen 

was conjugated via one of the hydrogen bonding amines resulting in an orientation 

towards the PNA and RNA which is different from the one studied for the Neo 

conjugate [125](figure 9). 
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Figure 9 Different conjugation strategies 

 

The ligand was conjugated to the terminus and to the central part of the PNA  

sequence. The same PNA-RNA system described earlier was used for this study 

[125]. At pH 7.4 and 37 °C the terminal conjugated 2,9-diamino ligand showed half-life 

times of 60 h towards an -AAAA- bulge and the corresponding neocuproine derivative 

conjugated via the 5-position a half life time of 140h. In regard to positioning of the 

ligand the central position of the 2,9 diamino phen is the most comparable one to 

previous reported systems. However, no data was reported for this PNA-conjugate 

[125].    

 

 
 

Figure 10 Different conjugation sites of 2,9-diamino Phen [125] 

 

Considering the observations from chapter 2 i.e. that 2-amino groups increased the 

reaction rate significantly and the relative activity based on the model substrate 

HPNPP could be translated into the PNAzyme systems, we made 2,9-diamino Phen 

a candidate for a second generation of PNAzymes in place of the Neo head group.    

Despite the desirable properties of the 2,9-diamino Phen towards phosphodiester 

cleavage described by M. Wall et al. [124], the limited accessibility of a ligand which 

could be conjugated in the same way as the Neo-PNA conjugate studied explains why 
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this ligand has not been studied in more detail before. This formed the basis of our 

interest in the PNAzyme system as shown in figure 11.  

 

 

 

Figure 11 The final target construct for PNAzyme 4  

 

For a fair comparison of the effect of hydrogen bonding amine groups in the 2 and 9 

position and as a direct comparison to the PNAzymes described in literature the 

phenanthroline derivative 4.4 (figure 12) was chosen as the target molecule for later 

conjugation to PNA oligomer. 

 

 

  Figure 12 Target molecule for PNA conjugation 

 

4.2 Synthesis 

 

Despite the wide range of phenanthroline chemistry only very limited ways of 

introducing amine groups in the 2 and 9 position are known. The way to introduce 

amine groups in these positions has usually been by ammonolysis of the 

corresponding dichloro derivative. This way of introducing the amino groups involves 

very harsh conditions of bubbling dry ammonia through a solution of 2,9-dichloro 

phenanthroline  in phenol as the solvent in the presence of sodium amide as the base 
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at 160 °C [127], [128]. To date, this is the only direct way to introduce amine 

functionalities in the 2 and 9 position described in the literature. 

 

Scheme 1 Conventional introduction of 2,9-diamino groups in Phen [127], [128] 

 

The introduction of Boc protected amine groups in the 2 and 9 position of the 

phenanthroline system and a third amine group in the 5 position which can be turned 

into a phenyl carbamate is not a known substitution pattern. However, by combining 

the well-known Curtius rearrangement [129] with known phenanthroline chemistry 

described by C. Blake et all. [130] and H. Åström and R. Strömberg [55] a relatively 

short and efficient synthetic route was planned out.  

Starting from Neo, the tricyclic system can be nitrated in the 5 position by simple 

treatment with conc. nitric acid in the presence of a strong acid like sulfuric acid. This 

step has been described by various groups with varying yields. Some of the highest 

yields reported are based on the simple precipitation of the product in water with no 

further purification. In our hands, this did not result in a pure compound but similar 

yields to those reported in the literature [130]. A significant lower yield was obtained 

when the pure compound was isolated as described by H. Åström and R. Strömberg 

[55]. Having the nitro group in place in compound 4.1, which acts as a masked amine 

group, the two methyl groups in the 2 and 9 position could be oxidised to carboxylic 

acids in a two- step process. This involved going from methyl to aldehyde by treatment 

with the strong oxidising agent selenium dioxide in the presence of water and later 

from aldehyde to carboxylic acid by hydration and oxidation with fuming nitric acid 

(80%), giving 4.2 in 72% yield over two steps. 

Having the dicarboxylic acid 4.2 the Boc protected amines were introduced via the 

Curtius rearrangement by reaction with diphenyl phosphoryl azide in tert butyl alcohol 

as the solvent.  
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Many solvents and solvent combinations were tried out in order to carry out the Curtius 

rearrangement step. However, in most cases no reaction was observed due to the low 

solubility of 4.2 in most solvents.      

Pre-formation of the triethyl ammonium salt in situ resulted in complete solvation of 

the phenanthroline derivative 4.2 which were crucial for a successful outcome of this 

synthetic step and Boc protected 2,9-diamnio derivative 4.3 could be isolated in 50% 

yield by crystallisation from EtOAc/Hexane mixture (scheme 2).   

 

 

Scheme 2  

The reduction of the nitro group to a free amine was achieved by catalytic 

hydrogenation. However, the corresponding primary arylic amine turned out to be very 

unstable and very difficult to isolate.   

This is in contrast to the observations for the nitro group reduction for the simple 

neocuproine system itself described by the Strömberg group [126] where the amine 

could easily be isolated. However, similarly unstable behaviour was observed by Blake 

et al. [130] who carried out the reduction of the nitro group in the presence of two 

carboxylic acid functionalities in the 2 and 9 position. Blake et al. [130] observed a 

similar change of colour and degradation when exposed to air and converted the 

amine into an isocyanate for stability reasons [130]. 

A similar approach was used to solve the problem in our scheme. The reduction 

reaction was followed by TLC and after completion of the reduction, the next step was 

started with no interruption between the two steps except of a vacuum filtration to 

remove insoluble Pd/C after hydrogenation. By using dry THF for the hydrogenation 

and by use of the same dry THF for the following reaction with excess of phenyl 
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chloroformate to form the third and final carbamate group, the final reaction could be 

achieved despite the low reactivity of the arylic amine in the 5-position. 7 equivalents 

of phenyl chloroformate were needed in order to ensure a satisfactory conversion of 

the primary amine into a phenyl carbamate.        

 

 

Scheme 3 

 

One possible explanation for the need of excess phenyl chloroformate may be a 

combination of the low reactivity of the primary amine in combination with the presence 

of the two equivalents of water formed during the reduction of the nitro group. A 

possible way to optimise the procedure may be have a drying agent present in the 

reaction mixture during the catalytic reduction of the nitro group.  

This last step of the synthetic sequence was further complicated by the observed 

sensitivity of the compound towards silica which made purification by column 

chromatography difficult. In the case of the phenyl carbamate derivative of Neo, the 

final phenyl carbamate could be isolated by crystallisation from cold THF [55]. 

Presumably due to the presence of the -NHBoc groups, crystallisation in similar 

organic solvent were unsuccessful.  The solution to this problem became precipitation 

of the compound, first in hexane, then in water which removed all phenol, phenol 

derivatives and salts formed in the reaction but with the cost of a low yield of just 15% 

over two steps. 
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The formation of the phenyl carbamate resulted in a relatively stable compound which 

could be characterised prior to conjugation.   

Having the phenyl carbamate 4.4, the final Boc protected ligand could be used and 

conjugated in the same way as the previous phenyl carbamates synthesised and 

described by H. Åström and R. Strömberg [55]. By using the same conjugation 

strategy on the same PNA sequence, the direct comparison between methyl and 

amine group is possible. In this way, the distances and geometric volume will be similar 

to the studies with Neo and only the impact on PNA/bulge interactions and metal 

binding will be different to the substitution pattern investigated and described in 

chapter 2.  

 

4.3 PNA conjugation 

 

The conjugation of 2,9-diamino phen to PNA and the kinetic experiments for the 

respective PNAzyme was all done by Olivia Luige from the Strömberg Lab, Karolinska 

Insitutet, Stockholm, Sweden. The procedures and analysis all followed procedures 

already described in chapter 2 and in the literature [83]. 

The same PNA sequence for conjugation and RNA targets were used for the 2.9- 

diamino Phen system as described for PNAzyme1, 2 and 3 in chapter 2. 

Again, the trityl group was removed manually from the secondary amine in the centre 

of the PNA sequence resulting in a primary amine ready for ligand conjugation. The 

phenyl carbamate served as the active carbamate and ensured a fast and efficient 

conjugation of the 2,9-diamino Phen to the PNA oligomer (scheme 4).  
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Scheme 4 PNA functionalisation on solid support 

 

The deprotection of the PNA, the release from the solid support and the purification 

of the final PNA were all done in the same way as described for the pyridine based 

ligands in chapter 2. 

In figure 13 the RP-HPLC chromatogram of the purified PNAzyme 4 is shown.  

 

Figure 13 RP-HPLC Chromatogram showing purity of the final PNAzyme 4  
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4.4 Kinetic analysis  

 

As described above, the Neo based PNAzymes show high activity towards the target 

RNA sequence 5ô-AGAGUUCAUAAGCCC-3ô. For this reason the synthesised 2,9-

diamino Phen PNAzyme (PNAzyme 4) were tested with this target sequence in order 

to evaluate the effect of the 2,9 diamino groups (figure 14).  

 

 

 

Figure 14 PNAzyme construct targeting the -AUAA- bulge  

 

Again, the RNA cleavage was studied at 37 °C , pH 7.0 with a slight excess of 

PNAzyme (1.1 eq) compared to RNA substrate (1.0eq) to ensure complete 

hybridisation of all RNA substrate.   

As described previously the phenanthroline systems are known to have a high affinity 

for Cu2+ ions (log(Kf) = 9.25 ([Cu(phen)]2+) [122]). When Cu(II) ions were used as 

cofactors for the enzymatic activity of PNAzyme 4 compared to Neo-PNAzyme, a 

significant increase in activity was observed.   

The reaction for the two PNAzymes were quantified after 5, 10 and 15 min. Again, the 

reaction was quenched with EDTA and analysed by IE-HPLC. 

 

 

Figure 15 Cu(II) mediated cleavage of -AUAA- RNA bulge target at pH 7.0, 37 °C, I = 0.1 
M(NaCl) for Neo-PNAzyme and PNAzyme 4 incubated with 10 µM Cu(II) 
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Under the assumption that the reaction would run to completion and no inhibition of 

the PNAzyme would happen over time, the data (figure 15) was fitted to a first order 

curve. This gave the observed rate constants kobs of 3.9 x 10-4 s-1 and 9.0 x 10-4 s-1 for 

the two PNAzymes.  The fitted data and the first order plot is shown in figure 16. 

Despite being just 2.3 times faster than Neo-PNAzyme, the PNAzyme 4 did bring down 

the half life time T1/2 from 29 min for the Neo-PNAzyme to 13 min which makes this 

PNAzyme one of the fastest to date.  The -AUAA- has shown the highest reactivity 

compared to all other base combinations tested in the literature for the Neo-PNAzyme. 

However, since the new PNAzyme 4 is now more than twice as fast, this now makes 

PNAzyme 4 one of the fastest phenathroline based PNAzymes to date.   
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PNAzyme kobs krel T1/2 

Me 3.9 x 10-4 s-1 1 29min 

NH2 9.0 x 10-4 s-1 2.3 13min 

 

Figure 16 First order plot and kinetic values for the Cu(II)(10 µM) mediated cleavage of -
AUAA- RNA bulge target at pH 7.0, 37 °C, I = 0.1 M (NaCl) for Neo-PNAzyme and PNAzyme 4 

 

As observed for the N,N-bis(2-picolyl)amine based PNAzymes described in chapter 2, 

the only difference between the PNAzyme 4 and Neo-PNAzyme is the hydrogen 

bonding effect of the primary amines. Interestingly, this support the hypothesis that the 

enhanced activity can be attributed to the hydrogen bonding group and the possible 
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hydrogen bonding interactions with the substrate. It also shows that the same 

substituent dependent activity as described in chapter 2 for the N,N-bis(2-

picolyl)amine based PNAzymes can be translated from the pyridine based ligands to 

other types of ligands like phenanthroline and follows the same trend.  

  

One of the characteristics of the Neo-PNAzyme previously described is the high 

selectivity observed for the cleavage when Cu(II) ions were present as cofactor. In 

most cases very simple cleavage patterns with very few products and in some cases 

specific cleavage was observed. In regards to specific cleavage the diamino phen 

PNAzyme did show the same site specific cleavage as observed for the Neo-

PNAzyme (figure 17). Only two fragments were observed indication one single 

cleavage site.   

Because of the single cleavage site, the kobs for the cleavage of the RNA target -AUAA- 

can be attributed entirely to the transesterification of one single phosphodiester bond.  

 

Figure 17 IE-HPLC chromatograms showing site specific Cu(II) mediated -AUAA- cleavage by 
Neo-PNAzyme and PNAzyme 4 after 15 min incubation at 37 °C, pH 7.0, 10 µM Cu(II) 

 

Due to the desirable properties of Zn(II) ions being more biocompatible than Cu(II)   

and due to the ability of phenanthroline to bind Zn(II), the activity of the PNAzyme 4 

Zn(II) complex was studied. As previously described Phen is known to bind Cu(II) but 

also to bind Zn(II). The Neo PNAzymes known in literature do also show generally a 

higher activity with Cu(II) as the cofactor over Zn(II) [83].  
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The cleavage of the same substrate described above was studied in the presence of 

Zn(II) and the reaction progress was followed by HPLC analysis with time points after 

2 h, 4 h and 6 h (figure 18). 

Again, the data points were fitted to a first order curve under the same assumption 

that the reaction would go to completion and no inhibition occurred.  

From the first order plot shown in figure 19, the observed rate constants, kobs for the 

Neo-PNAzyme and PNAzyme 4 was found to be 2.9 x 10-5 s-1 and 4.3 x 10-5 s-1  with 

the relative rate constants krel being 1.0 and 1.5, respectively. Even though the relative 

difference between the two PNAzymes is smaller compared to Cu(II) the beneficial 

effect of the amine groups can still be observed. The half-life for the two systems was 

found to be 6.6 h  and 4.5 h for the Neo-PNAzyme and  PNAzyme 4, respectively.  

 

 

Figure 18 Zn(II) mediated cleavage of -AUAA- RNA bulge target at pH 7.0, 37 °C, I = 0.1 M 
(NaCl) for Neo-PNAzyme and PNAzyme 4 

 

Despite having a longer half life time, the Zn(II) mediated cleavage of the Phen based 

PNAzymes still has a much shorter half life time compared to the N,N-bis(2-

picolyl)amine based PNAzymes described in chapter 2 with a preference for Zn(II) ions 

over Cu(II). 
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PNAzyme kobs krel T1/2 

min h 

Me 2.9 x 10-5 s-1 1.0 393  6.6 

NH2 4.3 x 10-5 s-1 1.5 270 4.5 

 

Figure 19 First order plot and kinetic values for the Cu(II) mediated cleavage of -AUAA- RNA 
bulge target at pH 7.0, 37 °C, I = 0.1 M(NaCl) for Neo-PNAzyme and PNAzyme 4 

Reduced specificity in regard to cleavage site when Zn(II) was used as cofactor was 

observed in the case of the Neo-PNAzyme. Two main fractions were observed 

indicating one main cleavage site. In addition to this at least six other fragments were 

observed indicating some additional cleavage at three other positions in the -AUAA- 

bulge. This is in agreement with previous observed behaviour of these systems [12].  

In the case of PNAzyme 4, an even higher degree of specificity was achieved (figure 

17). Again mainly two fragments were observed indicating mainly just one cleavage 

site. Only very little additional fragments were observed indicating a much higher 

specificity in regard to cleavage site for the PNAzyme 4. After 6 h, the Zn(II) mediated 

cleavage in the case of PNAzyme 4 showed a 89% site specificity for cleavage in a 

single site.  

This observation is in big contrast to the cleavage pattern observed for the Zn(II) 

mediated cleavage for the N,N-bis(2-picolyl)amine based PNAzymes (chapter 2) 
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where eight fragments with close to equal integration were detected indicating bulge 

selectivity but no site specificity.  

 

 

Figure 17 IE-HPLC chromatograms showing site specific Zn(II) mediated -AUAA- cleavage by 
Neo-PNAzyme and PNAzyme 4 after 6 h incubation at 37 °C, pH 7.0, 100 µM Zn(II) 

 

The cleavage fragments observed for both metal systems (Cu(II) and Zn(II)) were 

isolated and characterised by Kristina Druceikaite at Research Institutes of Sweden 

(RISE). For both systems, the major cleavage fragments were  the 5ô-HO-AGCCC-3ô 

hydroxyl and the 5ô-AGAGUUC-AUA-3ô cyclic phosphate identified by MS analysis. 

The masses confirmed the cleavage site to be the phosphodiester between the two 

adenosine nucleotides in the bulge -AUA/A- . The formation and identification of the 

2,3-cyclic phosphodiester supports the previous findings [83] that the cleavage is 

facilitated by transesterification via the 2-hydroxyl group and not by oxidative cleavage 

as described for other phenanthroline based systems [123].    

The effect of a different orientation of the 2,9-diamino phenanthroline systems with 

regard to conjugation via the 2-amino group versus the 5 amino group remain 

unknown due to limited data reported for the 2-amino conjugation site. However, the 

effect of the two free primary amines in comparison with the 2,9 -dimethyl groups is 

directly comparable due to conjugation via the 5 position and the increased reactivity 

for both metal systems can be attributed entirely to the effect of the 2,9-diamino 

groups.      
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4.5 Conclusion 

 

Di-tert-butyl phenyl (1,10-phenanthroline-2,5,9-triyl)tricarbamate was successfully 

synthesised for selective conjugation via the 5-amino functionality and keeping the 

2,9-diamino functionality fully protected until the very last step of the PNA conjugation 

process. A new way to obtain the 2,9-diamino phenanthroline was found and yielded 

the boc protected amine derivative in one step. This gave a PNAzyme which were 

structurally directly comparable to the well-studied Neo-PNAzymes previously 

reported in the literature. The synthesised PNAzyme was tested towards the most 

reactive RNA substrate known to date for the Neo system in the presence of Cu(II) 

and Zn(II) as cofactors. The new PNAzyme 4 cleaved the -AUAA- bulge with an 

observed rate constant of 9.0 x 10-4 s-1  in the presence of Cu(II) ions, 2.3 times faster 

than the fastest cleavage rate for the neocuproine system reported to date. The 

presence of the amine groups reduced the half life time from 29 min to 13 min with 

Cu(II) ions. The cleavage site of PNAzyme 4 was shown to be the phosphodiester 

between the two adenosine nucleotides in the -AUAA- bulge and identical with the 

cleavage site reported for the Neo-PNAzyme.   Less of an effect was observed for the 

Zn(II) system which were slower than the Cu(II) systems in general. The presence of 

Zn(II) made the PNAzyme 4 just 1.5 time faster (4.3 x 10-5 s-1) compared to the Neo-

PNAzyme (2.9 x 10-5 s-1), with half lives of 4.5h and 6.6h, respectively. For the Cu(II) 

system the site specificity was retained and only two products were identified, 

indicating just one cleavage site. In case of the less reactive Zn(II) systems fewer 

cleavage products were observed for PNAzyme 4 compared to the Neo-PNAzyme  

which shows that a higher degree of site specificity can be achieved when Zn(II) is 

used as the metal source.   

 This study shows that introduction of hydrogen bonding amines  in the 2 and 9 position 

of the phenanthroline system improves the cleavage rate compared to the equivalent 

methyl derivative (neocuproine). This supports the findings from chapter 2. The 

improved activity can be achieved without compromising site specificity and cleavage 

mechanism. With a half life of just 13 min the PNAzyme 4 is to date the fastest 

PNAzyme for site specific cleavage based on a 2,9 disubstituted phenanthroline and 

constitute a promising candidate to existing  antisense therapies with half-life of about 

10 min. The high activity related to Cu(II) ions may constitute a limitation for the use 
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of these systems in vivo. However, the in vitro use of the systems still has promising 

applications.     
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4.6 Experimental 

Synthetic procedures for: 

 

2,9-Dimethyl-5-nitro-1,10-phenanthroline 4.1 [55], [130] 

Neocuproine (500 mg; 2.40 mmol) was added to a mix of H2SO4 (conc. 95%) (10 ml) 
and HNO3 (Conc. 68%) (5 ml). The mixture was refluxed for 14 h at 115 °C. The yellow 
solution was poured out on ice and the pH was adjusted to pH 8 with conc. NaOH. 
The aqueous phase was extracted with DCM (3 x 100 ml). The combined organic 
phase was dried over MgSO4 and concentrated in vacuo. The yellow solid was purified 
by column chromatography (eluent: EtOAc/DCM ,50:50; Rf: 0.38). giving a white solid. 
Yield: 293 mg (48%) mp: 180-182 °C  

1H NMR (400 MHz, CDCl3) ŭ 8.92 (d, J = 8.7 Hz, 1H), 8.61 (s, 1H), 8.28 (d, J = 8.2 Hz, 
1H), 7.68 (d, J = 8.8 Hz, 1H), 7.63 (d, J = 8.2 Hz, 1H), 3.00 (s, 3H), 2.99 (s, 3H). 

13C NMR (101 MHz, CDCl3) ŭ 163.7, 161.2, 147.1, 145.6, 143.8, 138.1, 132.7, 125.2, 125.1, 
124.8, 123.9, 119.4, 26.5, 26.0. 

HRMS (ESI): m/z [M+H]+ calcd. for [C14H11N3O2 +H+]: 254.0924; found: 254.0929 

FT-IR (Vmax/cm-1):3467(s,br), 3372(br), 3081(w), 2961(w), 2922(w), 1654(w), 
1609(m), 1590(s), 1515(s), 1488(s), 1390(w), 1342(s), 1200(m), 1151(m), 971(w), 
904(m), 827(m), 776(m), 742(m), 638(m), 547(s), 494(m)  

 

5-Nitro-1,10-phenanthroline-2,9-dicarboxylic acid 4.2 [130] 

2,9-Dimethyl-5-nitro-1,10-phenanthroline (4.1) (570 mg; 2.25 mmol) was dissolved in 
dioxane (15 ml) containing 4% water (600 µl). SeO2 (1.50 g; 13.5 mmol) was added 
and the reaction mixture was refluxed for 3.5 h. The hot dioxane suspension was 
filtered through  a sinter funnel with celite and the celite was washed with additional 
hot dioxane. The red solution was evaporated in vacuo and the solid was washed with 
chloroform. The chloroform phase was discarded and the brown solid was used 
directly in the next step without further purification.  

HRMS (ESI): m/z [M+H]+ calcd. for [C14H7N3O4 +H+]: 282.0509; found: 282.0511; 

 FT-IR (Vmax/cm-1): 3397(br), 3059(br), 2861(br), 2370(br), 1746(s), 1710(s,br), 
1625(w), 1534(m), 1510(w), 1447(w), 1396(w), 1355(s,br), 1273(m), 1235(m), 
1140(m), 1112(m), 846(s,br), 776(m), 658(s,br) 

The brown powder was dissolved in HNO3 (80%) (10 ml) and the reaction was refluxed 
for 3 h. After 3 h the reaction was allowed to cool to RT and poured out on ice. The 
precipitate was filtered off and washed with additional water, giving a white to slightly 
yellow solid. Yield: 523 mg (74%)  Mp: 216-218 °C  

1H NMR (400 MHz, DMSO) ŭ 9.19 (s, 1H), 9.05 (d, J = 8.8 Hz, 1H), 8.96 (d, J = 8.3 
Hz, 1H), 8.52 (d, J = 8.8 Hz, 1H), 8.48 (d, J = 8.3 Hz, 1H). 
13C NMR (101 MHz, DMSO) ŭ 166.1, 165.9, 151.5, 149.4, 146.3, 145.1, 144.8, 
140.5, 134.3, 127.6, 127.3, 124.5, 122.3. 
HRMS (ESI): m/z [M+H]+ calcd. for [C14H7N3O6 +H+]: 314.0408; found: 314.0412; 
m/z [M+Na]+ calcd. for [C14H7N3O6 +Na+]: 336.0227; found: 336.0235 
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FT-IR (Vmax/cm-1): 3597(m), 3356(m,br), 3078(w), 2791(w), 2467(br), 1928(br), 
1697(vs), 1627(m), 1610(m), 1533(s), 1506(m), 1452(w), 1394(w), 1344(vs), 
1313(m), 1294(m), 1247(m), 1222(m), 1184(m), 1151(m), 1136(m), 1099(w), 985(w), 
929(m), 862(m), 798(m), 781(vs) 

 

Di-tert-butyl (5-nitro-1,10-phenanthroline-2,9-diyl)dicarbamate 4.3 

5-Nitro-1,10-phenanthroline-2,9-dicarboxylic acid (4.2) (150 mg; 0.479 mmol) was 
taken up in t-BuOH (5 ml) and TEA (340 µl; 2.44 mmol)was added. The mixture was 
sonicated until clear solution. Diphenylphosphoryl azide (455 µl; 2.12 mmol) was 
added and the reaction was heated to 50 °C for 20 min. Then the temperature was 
increased to 90 °C for 16 h. The reaction mixture was concentrated in vacuo and the 
residue was taken up in a mixture of Hexane/Ethyl acetate (50:50). The yellow mixture 
was filtered through a sinter funnel with silica, and the filtrate was concentrated in 
vacuo. A slightly yellow precipitate was formed and the residues of the solvent mixture 
was decanted off and discarded.  The solid obtained was washed with additional 
Hexane/ Ethyl acetate (80:20), giving a white solid. Yield: 110 mg (50%) mp: >300 °C 
(decomp.)  

1H NMR (400 MHz, CDCl3) ŭ 8.94 (d, J = 9.0 Hz, 1H), 8.67 ï 8.41 (m, 5H), 8.28 (d, J 
= 8.8 Hz, 1H), 1.44 (s, 9H), 1.41 (s, 9H). 
13C NMR (101 MHz, CDCl3) ŭ 154.4, 152.5, 152.5, 152.4, 144.0, 142.3, 140.2, 134.9, 
123.2, 122.5, 118.1, 115.5, 115.4, 28.2. 
HRMS (ESI): m/z [M+H]+ calcd. for [C22H25N5O6 +H+]: 456.1878; found: 456.1875 

FT-IR (Vmax/cm-1): 3294(w), 2976(w), 2935(w),1739(s), 1727(s), 1607(m), 1598(m), 
1573(m), 1518(s), 1486(s), 1456(w), 1413(m), 1393(m), 1365(m), 1318(s), 1226(s), 
1140(vs), 1115(s), 1065(m), 1031(w), 985(w), 937(w), 896(w), 880(w), 864(w), 
837(m), 792(w), 771(m), 744(m), 696(m), 641(m), 587(m), 461(w), 448(w), 423(w) 

 

Di-tert-butyl phenyl (1,10-phenanthroline-2,5,9-triyl)tricarbamate 4.4 

Di-tert-butyl (5-nitro-1,10-phenanthroline-2,9-diyl)dicarbamate (4.3) (105 mg; 0.247 
mmol) was dissolved in dry THF (10 ml) and added to a round bottomed flask 
containing Pd/C (10%) (20 mg). The reaction flask was equipped with a rubber septum 
and the atmosphere was changed to hydrogen. The reaction mixture was 
hydrogenated under atmospheric pressure. After 1 h the reaction was completed 
(monitored by TLC, Eluent: Hex/EtOAc, (2:1), product at baseline). The suspension 
was filtered over a sinter funnel with celite and the filtrate was used directly in the next 
step. 
HRMS (ESI): m/z [M+H]+ calcd. for [C22H27N5O4 +H+]: 426.2136; found: 426.2150 

 

The clear THF solution was cooled on an ice bath and Et3N (173 ul; 1.23 mmol) was 
added followed by Phenyl chloroformate (310 ul; 2.47 mmol). The reaction was left to 
warm up to RT and left for additional 4 h. The precipitate was removed by filtration and 
the filtrate was concentrated in vacuo. The residue was dissolved in a small amount 
of MeOH and dropped out in water (100 ml).The white precipitate was filtered off and 
washed with additional water. The collected precipitate was dried in vacuo and the 
white solide was taken up in Hexane (100 ml). The insoluble material was isolated and 
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washed with additional hexane giving a slightly yellow solid. Yield: 20.4 mg (15%)  Mp: 
>300 °C (decomp.). 

 1H NMR (400 MHz, CDCl3) ŭ 8.64 ï 8.40 (m, 1H), 8.40 ï 8.24 (m, 3H), 8.24 ï 8.12 
(m, 1H), 8.09 (d, J = 8.6 Hz, 1H), 8.04 ï 7.92 (m, 1H), 7.41 (t, J = 7.6 Hz, 2H), 7.32 ï 
7.18 (m, 3H), 1.46 (s, 9H), 1.44 (s, 9H). 

HRMS (ESI): m/z [M+H]+ calcd. for [C29H31N5O6 +H+]: 546.2347; found: 546.2360 

FT-IR (Vmax/cm-1): 3417(w), 3203(w), 2980(w), 2930(w),1805(w), 1725(s,br), 
1598(m), 1573(m), 1502(br), 1422(m), 1390(m), 1368(m), 1322(br), 1229(s), 
1197(m), 1147(vs), 1085(w), 1056(w), 1026(w), 985(w), 880(m), 835(m), 796(w), 
760(m), 719(w), 689(m), 632(m), 578(m), 596(w), 452(w), 418(w) 

 

Synthesis of PNA conjugates and kinetics (work by Olivia Luige, Karolinska 
Institutet) 

The same PNA sequence as described in chapter 2 was used. The conjugation of the 
Di-tert-butyl phenyl (1,10-phenanthroline-2,5,9-triyl)tricarbamate followed the same 
conjugation strategy as previously described in literature [55] 
The Boc deprotection and cleavage from the resin followed the same procedure as 
described in chapter 2. 

RP-HPLC analysis and purification was carried out on a Jasco HPLC system using an 
Ascentis Express SupelcoPeptide ES-C18 column (2.7 ɛm, 150 Ĭ 4.6 mm) with a 
linear gradient elution of 0-40% B over 30 min at 60 °C, using a flow rate of 1.0 ml/min 
and UV detection at 260 nm. Eluent A: water containing 0.1% TFA. Eluent B: 50% 
MeCN: water containing 0.1% TFA (1:1; v/v). 

The purified PNA conjugates were identified by mass spectrometry on a Bruker 
Ultraflex MALDI-TOF mass spectrometer in positive ion mode using a sinapic acid 
matrix (10 mg/mL sinapic acid in acetonitrile-water (1:1,v/v) containing 0.1% TFA). 

Diamino-phenanthroline PNAzyme (PNAzyme 4) 

m/z [M+H]+ calcd. for [C143 H179 N74 O38+H]: 3540.434, obs. 3541.960. 

The kinetic studies followed the same procedure as described in [60] 
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Chapter 5 

 

Bidentate Dipyrido(3,2-a:2ǋ,3ǋ-c)phenazine based 
ligands for PNA conjugation  

 

 

 

 

 

 

 

 

 

 

ñIf we can get this compound, it would be really good. It has been on our wish-list for 
about 20 years now but no one has really succeeded in making itò 

Roger Strömberg, June 2019, Karolinska Institutet. 
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5.1 Introduction 

 

Dipyrido(3,2-a:2ǋ,3ǋ-c)phenazine (DPPZ) is a pentacyclic planar ring system. It can be 

seen as the fused product from either phenanthroline and quinoxaline or phenazine 

and bipyridine as described by Arancibia et. al [131]. While the metal chelating site is 

the dipyrido part, similar to phenanthroline and bipyridine, the extended aromatic 

system is known to affect the metal binding properties of the ligand and to have an 

impact on the potential interactions with neighbouring groups [132]. The nitrogens in 

the 9 and 14 position have been shown to play an important role in the luminescence 

properties of the DPPZ ligand [133]. When both of these nitrogens are involved in 

hydrogen bonding with strong H-bond donors such as water, the DPPZ ligand does 

not show luminescence properties. When hydrogen bonding with water is prevented, 

for example by solvation in organic solvents or by intercalation with oligonucleotide 

constructs, the DPPZ complexes show strong luminescence properties and sequence 

selective intercalation [133], [134].   

 

 

 

 

 

 Figure 1 General structure of DPPZ 
 

Ruthenium complexes of DPPZ ligands are some of the most well studied complexes 

of DPPZ. These have shown promising results related to cancer research [135] and 

as chemical probes [136], [137]. In both cases the ability to interact with hydrophobic 

environments or oligonucleotides is the key factor. Tris complexes of the type 

[Ru(Phen)2(DPPZ)](II) forms chiral complexes (figure 1) which has proven to have 

different binding affinities for DNA and have proved to have antibacterial activities 

against multi resistant bacteria strains which has been explained by the ability to bind 

to bacterial DNA [138]. 

 In regard to luminescence properties, incubation with DNA duplexes 

poly[d(GC)d(GC)] (B form) and poly[d(GC)d(GC)] (Z-form) both resulting in strong 

luminescence responses when incubated with [Ru(bpy)2(DPPZ)(II) complexes  in 
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aqueous buffer solution while the duplex RNA sequence poly[r(AU).r(AU)], (A-form) 

do not result in any emission [134]. Examples of luminescence triggered by binding to 

single stranded DNA has also been reported [139].  

 

Figure 2 chiral structures of DPPZ ligand complexes [133] 

 

Metal complexes of the DPPZ ligand has also found potential applications in the 

cleavage of the phosphodiester bonds in DNA. In a study by S. Arounaguiri and B. G. 

Maiya [140] Ni(II) and Co(III) complexes of DPPZ and phenanthroline was found to 

efficiently bind to DNA targets. From the observed binding of the metal complexes to 

the DNA target the study suggest that the type of binding is highly likely to be the 

possible intercalation of the DPPZ ligand in between the nucleotide bases.[140] The 

activity of the two metal complexes  were also tested for their ability to work as light-

induced nucleases by cleave of supercoiled plasmid pBR 322 DNA. It was found that 

while [Ni(phen)2DPPZ](II) complex did not show any light induced activity, the 

[Co(phen)2DPPZ](III) did cleave the plasmid upon irradiation at 350 nm. Complete 

cleavage (open circular form of DNA, form II) was achieved after 60min of 

irradiation[140]. One suggested way of cleavage could be oxidative cleavage. 

A similar study was described for the [Cu(DPPZ)2Cl]Cl ability to cleave super coiled 

DNA [141]. Both oxidative and hydrolytic cleavage was observed and a stronger 

binding to the DNA target compared to the equivalent phenanthroline complex 

Cu(Phen)2(II). The hydrolytic cleavage showed a pseudo-first order rate constant of 

1.99 h-1 at 55 µM [Cu(DPPZ)2Cl]Cl and 37 °C, pH 7.2 by saturation kinetics (kobs as a 

function of increasing complex concentration). In this study, the observation of 

hydrolytic cleavage was inferred from recovery of the original DNA structure (Nicked 

versus non-nicked) by incubation of the nicked plasmid DNA with a ligase enzyme 

[141]. 
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Only very few Zn(II) complexes of the DPPZ ligand are described in the literature. The  

optical properties of DPPZ Zn(II) have been studied [142], and the ability to degrade 

organic dyes as photo degrative catalysts has been described [143] but only limited 

studies related to interaction and cleavage of oligonucleotides by Zn(II) complexes of 

the DPPZ ligand have been published.  

In 2013 the first examples of Zn(II) based bis DPPZ systems for intercalation was 

described [144]. Zn(II) and Cu(II) complexes both showed strong DNA intercalation 

and groove binding that depended on the concentration of the metal complexes. In 

regard to toxicity, the Zn(II) showed a lower overall cytotoxicity compared to the Cu(II) 

complex which may be explained by oxidative ROS formation caused by the Cu(II) 

complex [144].  

 

5.1.1 Conjugation of DPPZ 

 

As described for the phenanthroline system in chapter 4 the introduction of a chemical 

handle is necessary to covalently attach the ligand to a recognition unit. 

In 2000, Arancibia et al. [131] studied the influence of having different substituents in 

the 11 position of the DPPZ ligand. Electron donating and electron accepting groups 

(R = -NH2, -CH3, -H, -COOH, -NO2) were studied by NMR and UV-vis experiments. 

The conclusion from the study was that substituents in the 11 position (including the 

carboxylic acid) had very limited impact on the coordination properties of the DPPZ 

ligand [131]. 

 

Figure 3 General structure of 11-carboxy-DPPZ 

The effect of the DPPZ moiety on duplex stability have also been studied for DPPZ 

tethered to DNA oligomers [145]. The DPPZ ligand was conjugated via the 5ô, 3ô and 

central part of the DNA oligomer. Different types of linkers were used in order to study 

the influence on hybridization of DNA-DNA duplexes and DNA-RNA duplexes. The 
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study found that conjugation of the DPPZ via the termini had a stabilising effect on the 

duplex. In contrast, conjugation via the central part of the DNA had less of an effect 

and in some cases a slight reduction in the stability of the duplex, due to bulges forming 

opposite the conjugation site [145].   

In a very recent study from 2021 by O. Luige et al. [60], the catalytic activity and ability 

to cleave specific RNA targets by use of the dimethyl dipyridophenazine ligand in the 

shape of a PNAzyme was studied. The dimethyl dipyridophenazine ligand had the 

ability to bind Zn(II) ions and was conjugated to the internal part of the PNA sequence 

opposite the RNA target bulge in a similar way as described in chapter 2 and 4.  

 

 

Figure 4 PNAzyme/RNA construct based on the 3,6-Dimethyl-DPPZ ligand  [60] 

 

The PNA sequence used for this conjugation study was  3ôC-NH2-Lys-TCT-CAA-GXT-

GGG-Ac-N5ô, which is identical to the one used in chapter 2 and 4. Under the same 

conditions used in previous chapters, with a 25 fold excess of Zn(II) ions (100uM) at  

pH 7 and 37°C, the dimethyl DPPZ PNAzyme showed a half-life down to 3 h for the -

AAAA- bulge target and an even shorter half-life of just 1 h for the -AAA- bulge target. 

In addition to the very short half life time, the cleavage of the -AAA- bulge target was 

very site specific with just one cleavage site observed [60]. The activity of this highly 

specific system reached even higher levels when the three nucleotide bulge target 

was changed to either -AUA-, -GUA- or -UUA- (figure 5). The Zn(II) based PNAzyme 

showed half-lives down to 16 min which is faster than any other PNAzymes described 

to date, including those based on Cu(II) [60].  
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Figure 5 Bulge target sequences and cleavage percentages for PNAzyme/RNA constructs [60] 

One explanation for the high activity of this particular PNAzyme is possibly due to 

favourable interactions between the DPPZ moiety and the nucleotide bases of the 

RNA target sequence. These could be responsible for pre-organising the RNA target 

into a conformation preferable for transesterification. [60]  

The pH dependent activity of the PNAzyme was also studied and an optimum for the 

cleavage of the RNA bulge target -AUA- was found at pH 7.4 with a half-life of about 

10 min (figure 6) [60]. 

 

Figure 6 pH rate profile for the cleavage of the -AUA- bulge target [60] 
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The impressive half-lives of the dimethyl DPPZ based PNAzyme under physiological 

pH in combination with Zn(II) ions makes these PNAzymes some of the most efficient 

and promising PNAzyme systems reported to date. As a natural consequence of being 

one of the most efficient RNA cleavers, this system also serves as a lead structure 

and inspiration for further optimization. 

One of the possible strategies to achieve higher activities is based on the findings 

described in chapter 2 where amine groups in the 2-position of the pyridine rings 

showed a significant increase in activity compared to the corresponding methyl 

derivative. The same enhancing effect was observed for 2,9 diaminophenanthroline 

compared to the neocuproine systems as described in chapter 4. 

For this reason, the amino version of the dimethyl DPPZ based PNAzyme (PNAzyme 

4) is a natural choice in the search for further improvement of these systems. For this 

reason the 3,6-bis((tert-butoxycarbonyl)amino)dipyrido[3,2-a:2',3'-c]phenazine-11-

carboxylic acid shown in figure 7 was chosen as a target molecule. 

 

 

Figure 7 Target structure for PNA conjugation 

5.2 Synthesis 

 

The introduction of amino groups in the 3 and 6 position in the DPPZ structure has 

previously been described by Masaki et al. [146]. This procedure was based on harsh 

conditions where the corresponding 3,6-dichlorodipyrido[3,2-a:2',3'-c]phenazine was 

substituted directly with ammonia in phenol at elevated temperatures in the presence 

of sodium amide[146]. These conditions were acceptable in the case of the 

unsubstituted 3,6-dichlorodipyrido[3,2-a:2',3'-c]phenazine structure where substitution 

of the chlorides in the 3 and 6 position was the only likely reaction to happen.  
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In this particular case, conditions as described above are less appealing due to the 

presence of the carbonyl carbon in the linkage site in position 11, especially when the 

carboxylic acid is protected as an ester. For this reason, milder conditions were 

required.  

The first attempts to synthesise ligand 5.16 was based on classical phenanthroline 

chemistry as described by Guo and co-workers [147] (scheme 1). Starting from 1,10-

phenanthroline, the two nitrogens were alkylated with 1,3-dibromopropane in 

chlorobenzene to give the quaternary nitrogens connected via a propane bridge as a 

yellow precipitate (which could be isolated very easily on relatively large scale).  

 

Scheme 1 

The dibromide salt 5.1 was then oxidised by the use of atmospheric oxygen under 

basic conditions in tert-butanol giving 5.2. By reacting the amides with phosphorus 

trichloride in phosphorus oxychloride at elevated temperatures, the 2,9-dichloro 

phenanthroline 5.3 was obtained. The 5 and 6 positions were then oxidised to the bis 

carbonyl compound 5.4 by use of conc. sulfuric acid and conc. nitric acid in the 

presence of KBr as described by M. Yamada et al. [146]. 

3,4-diaminobenzoic acid was used as the starting material for the diamine component 

for the later condensation reaction in order to form the phenazine structure. The 

carboxylic acid group in the 3,4-diaminobenzoic acid was turned into the ethyl ester 

5.5  to increase the solubility of the diamino compound and to facilitate an efficient 

purification of the phenazine product. The condensation reaction between the 

dicarbonyl compound 5.4 and the diamino compound 5.5 was carried out in refluxing 

ethanol and the phenazine 5.6 isolated by filtration in 90% yield (scheme 2).    
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Scheme 2 

The key step in the synthesis of the amino version of the already known DPPZ 

structure (figure 3) is the introduction of the amine groups in the 3 and 6 position of 

the phenazine system. One of the big difficulties with this type of structure is the very 

poor solubility. The best solubility was found in refluxing dioxane; conditions which are 

typical for the palladium assisted amination of aryl halides known as Buchwald Hartwig 

amination [148]. The procedure for the amination was inspired by work by Qin and co-

workers [149] in which the boc protected 2-amino group was introduced directly via 2-

chloropyridines. The boc protected amine was introduced by use of tert-butyl 

carbamate as the nitrogen source and caesium carbonate as the base. Palladium 

acetate was used as the palladium source and the Xphos or Xantphos ligand was 

used as the catalytic ligand for the palladium catalyst. The Xphos ligand is known to 

be an efficient ligand for less reactive aryl halides and bad nucleophiles like 

carbamates [149].     

 

 

Scheme 3 

 

Many attempts to make the Buchwald Hartwig amination work were made and factors 

such as equivalents of nucleophile, phosphine ligand, palladium catalyst, including 
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type of phosphine ligands, palladium source and the reaction time were varied. The 

combination of conditions tried are given in table 1 in the appendix for chapter 5. 

Possible complication related to the ratio of phosphine ligand to palladium source was 

evaluated and different ratios were tried to avoid inactivation as described by 

Klingensmith and co-workers from the Buchwald group as a consequence of 

dimerization of the phosphine ligand around the Pd(0) [150]. 

 

Scheme 4 Dimerization of Xantphos as suggested by the Buchwald group  [150]. 

 However, only trace amounts of the final product could be identified by LCMS. The 

majority of the compound left at the end of the reaction time was insoluble in all the 

available solvents and was hard to identify. The insoluble material obtained was 

believed to be the DPPZ starting material despite a distinct colour change from white 

to orange. In some cases the colour change happened instantly after addition of the 

DPPZ ligand, especially when the ligand was added as a solution to the palladium 

source and the phosphine ligand not already in solution. In this case the reaction 

mixture turned red/orange and no products that could be identified. 

Better conversions were observed when the active palladium phosphine complex was 

prepared in advance and added to the hot DPPZ ligand in solution. However, only 

small amounts of the product were identified in the crude mixture by LCMS and TLC 

analysis and attempts to isolate any of the product by column chromatography and 

preparative HPLC were unsuccessful. The majority of material obtained was still the 

red/orange solid. The NMR of this material was difficult to interpretate. The first 

problem was the low solubility which meant that the NMR did not necessarily represent 

a true picture of the composition of the obtained material. The NMR was characterised 

by broad peaks in the aromatic area which were in very big contrast to the starting 

material 5.6 which has sharp and well defined peaks. No peaks corresponding to the 

Boc groups of the coupled product were observed in the insoluble material. 
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Even though efficient cross coupling of tert-butyl carbamate with arylic chlorides has 

been described in the literature, the 3,6 dibromo version of X was made as a potentially 

better substrate for the Buchwald Hartwig amination as described by Bhagwanth and 

co-workers [151]. However, no improved conversion of the starting material was 

obtained by this change.  

One explanation for the very limited success of introducing amine groups to the PDDZ 

system via a palladium catalysed reaction may be due to the metal chelating properties 

of the PDDZ ligand. The DPPZ ligandôs ability to form dimers with Pd(II) is a known 

phenomenon [152]. Selective ligand systems for Pd(II) over a range of other metals 

have been developed based on the 2,9 disubstituted phenanthroline systems (figure 

8A) [153]. By titrating the ligand (figure 8A) with Pd(II), Xu and co-workers [153] 

observed a colour change from yellow to red/orange and a similar broadening of the 

signals for the aromatic part of the ligand in the 1H-NMR spectrum. Also other 

examples of the Pd(II) binding of the DPPZ ligand have been described in the literature 

[132].  

With this in mind, one possible scenario may be that the product 5.7 formed from the 

amination may serve as a tetradentate ligand for the catalytic amount of Pd(II) (figure 

8B) present in the reaction which thereby inhibits the reaction. This inhibition may be 

in competition with the dimer formation of the original starting material 5.6 and Pd(II) 

(figure 8C), which may also inhibit the reaction. Palladium catalysed reactions 

performed on 1,10-phenanthroline systems have been reported in good yields in the 

literature. These include Suzuki couplings [154] and Sonogashira Couplings[155]  

However, introduction of amine groups and carbonyl groups orientated as pictured in 

figure 8B have not been described in the literature before. No direct evidence for the 

existence of these complexes for the specific reaction have been obtained and the 

suggested Pd(II) complexes can only be seen as speculative suggestions. 
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Figure 8 Possible Pd(II) complexes. A: Selective Pd(II) complex described in the literature 
[153]. B and C: Possible Pd(II) complexes formed in the Buchwald-Hartwig amination 

 

Direct substitution reactions were also tried (scheme 5). Substitution with azide at 

elevated temperatures gave an insoluble material which was difficult to characterise. 

IR showed the presence of azide groups in the molecule, and the existence of the 

disubstituted structure was identified by HR-MS. However, the material obtained after 

the end of the reaction was impure and contained several different substances, all with 

very low solubility which made purification impossible. 

 

 

Scheme 5 

Attempts to substitute the chlorides with t-BuNH2 was made in order to introduce the 

amine group without reacting with the ester group. However, only the monosubstituted 

compound was identified by LCMS analysis and extended reaction time did not result 

in formation of a 3,6-diamino substituted DPPZ structure.   
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Scheme 6 

The many failed attempts to synthesis 5.7 left us in a frustrating position and a 

completely different synthetic approach to this molecule had to be invented.  

The first strategy towards the DPPZ system 5.7 was based on the observations with 

the phenanthroline systems described in chapter 4, where two carboxylic acids in the 

2 and 9 position of the phenanthroline system could be turned into boc protected 

amines via the Curtius rearrangement with diphenyl phosphoryl azide in tert-butanol. 

 Starting from neocuproine, the two methyl groups in the 2 and 9 position and the 

aromatic system in the 5 and 6 position were oxidized. Two different routes to get to 

compound 5.9 was tried out.  Route 1 (scheme 7) has been descried by K. Gislason 

et. al. [156] and serves as a direct way to the fully oxidised compound 5.9. However, 

the reaction turned out to be very sensitive towards very small changes in performing 

the experiment, which made this reaction unreliable in regard to the obtained yields. 

The sensitivity of the oxidation reaction has also been described by others in the 

literature [146] 

A much more reliable way (scheme 7, route 2) turned out to be a sequential oxidation 

of the methyl groups by use of selenium dioxide in wet dioxane followed by oxidation 

of the aldehyde by reflux in fuming nitric acid which gave the dicarboxylic acid 5.10 in 

50% yield over two steps. The last step was an oxidation similar to the one described 

for route 1 but gave reliable yields (83%) and a more pure product could be isolated 

compared to route 1.   
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Scheme 7 

Having the dicarboxylic acid 5.9, a two-step reaction sequence to obtain the final 

compound 5.7 was suggested (scheme 8). However, attempts to transform the two 

carboxylic acids into boc protected amines under similar conditions described for 

compound 4.2 in chapter 4 failed in the presence of the two unprotected carbonyl 

groups mainly due to poor solubility.   

 

 

Scheme 8 

 

The many unsuccessful attempts to synthesise the target ligand indicated the 

challenging properties of this type of molecules. In order to change the properties of 

the compound 5.9, the phenazine formation was introduced at this stage. 
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 Starting from the diacid 5.9, condensation with the diamine 5.5 was carried out in 

refluxing ethanol. When an excess of the diamine 5.5 was used, an impure solid was 

obtained following cooling and isolation of the precipitate by filtration. Use of this 

material in the next step did not work. However, when a 1:1 mixture of 5.9 and 5.11 

was refluxed, the pure phenazine 5.11 was obtained.  

 

 

Scheme 9 

The initial attempts to introduce the 3,6-diamine functionality under similar conditions 

as described for the phenanthroline system in chapter 4 were unsuccessful. This was 

due to incomplete solubility of the triethyl ammonium salt in tert-butanol. Several 

attempts were made but no product were detected by either TLC or LCMS analysis.   

 

Scheme 10 

The diacid 5.11 turned out to have a very low solubility in most solvents. However, 

very good solubility was achieved with the triethyl ammonium salt in chloroform which 

facilitated successful characterisation of the compound in this form. This observation 

of having a bulky group at the end of the flat molecule to prevent the phenazine 

structure potentially stacking formed the basis for doing the first step of the Curtius 

rearrangement in DCM to give the soluble phosphotriester. After 15 min at room 

temperature, tert-butanol was added and the DCM was allowed to evaporate off the 

reaction as the temperature was increased to 90 °C which facilitated the 
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rearrangement to occur. Initially, many attempts were made to avoid halogenated 

solvents in combination with the release and use of the azide [157]. However, this 

combination turned out to be the crucial requirement for the successful introduction of 

the Boc protected amines in the 3 and 6 position of the DPPZ structure.             

 

 

Scheme 11 

Another very big advantage of the Curtius rearrangement turned out to be the 

purification of the final product. In the case of the Buchwald Hartwig cross coupling of 

the 3,6-dichloro DPPZ 5.6, the product from a single reaction with one equivalent of 

tert-butyl carbamide giving the product containing one chloride and one Boc protected 

amine turned out to be very similar to the wanted product which reacted twice. When 

the Curtius strategy was used, based on the dicarboxylic acid, the unreacted mono- 

and bis- triethylammonium carboxylate salt turned out to be significantly different from 

the wanted product. Taking advantage of the poor solubility of these compounds, the 

final product from the Curtius reaction could be separated from the residual salts by a 

silica plug followed be preparative TLC. The preparative TLC of compound 5.12, is 

shown in figure 8.   

As a part of a collaboration with Prof. Thomas, The University of Sheffield, England, 

the ligand shown in scheme 12 was also synthesised based on the same methodology 

as described for ligand 5.12. The ligand is going to be studied in the Prof. Thomas 

group for its ability to intercalate with double stranded DNA as described in the 

introduction in regard to antibiotic properties but do not serve as a key element in 

regard to this project.     
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Scheme 12 

 

 

  Figure 8 Preparative TLC plates for purification of DPPZ ligands at 365 nm (eluent: 

Hex/EtOAc, 70:30). The DPPZ ligand appear as blue areas on TLC plate. Left: Compound 5.12, 

Middle: mono aminated product from the Buchwald-Hartwig reaction. Right: Compound 

5.14.  

 

Finally, the ethyl ester functionality was hydrolysed to the free carboxylic acid by use 

of sodium hydroxide. DMSO was used as the solvent due to the solubility of ligand 

5.12. NaOH in DMSO at a concentration of 125 mM was used and complete hydrolysis 

of the ethyl ester was achieved after 3 h. After neutralisation of the sodium hydroxide 

with hydrochloric acid compounds 5.16 containing a carboxylic acid functionality 

turned out to have a completely different solubility compared to the previous steps 

which created another problem related to characterisation and isolation of the 

compound. Again, formation of the triethyl ammonium salt of the carboxylic acid turned 

out to be the solution to these solubility issues and the compound was successfully 

synthesised and isolated.    
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Scheme 13 

 

The synthesised compound was sent to our collaborators at Karolinska Institutet, 

Stockholm, Sweden for conjugation to the PNA sequence previously synthesised and 

used in chapter 2 an 4.   

 

5.3 PNA synthesis and ligand conjugation 

 

Like in the case of the phenanthroline/neocuproine systems described in chapter 4 

this  conjugate does only differ from the previous tested systems by having primary 

amines in the 3 and 6 position instead of methyl groups, leaving the PNA sequence, 

linker site and the type of linker identical to the previously tested systems (figure 9).     

The DPPZ ligand is expected to be conjugated in a similar way as described for the 

PNAzyme 1,2 and 3 in chapter 2 and purified and analysed in accordance with the 

procedures used in chapter 2 and 4. These studies are currently being undertaken at 

Karolinska Institutet in Stockholm. 
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Figure 9 Top: PNA functionalisation on solid support. Bottom final PNAzyme construct 

 

 

 

 

 

 

 

 

 
































































































































































