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,,Phantasie ist wichtiger als Wissen, denn Wissen ist begrenzt‘‘ 
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Zusammenfassung 

Die Visualisierung von Zellprozessen ist für das Verstehen von biochemischen Vorgängen 

unerlässlich. Eine der wichtigsten Methoden für die Visualisierung ist die bioorthogonale 

Chemie. Diese wurde 2003 von Bertozzi eingeführt und mit einem Nobelpreis 2022 geehrt. 

Die Coronapandemie zeigte das Potential von Impfstoffen auf mRNA-Basis, was in einem 

verstärkten Forschungsinteresse an Therapeutika auf Nucleinsäuren-Basis resultierte.  

Die vorliegende Doktorarbeit ist in zwei Hauptteile gegliedert. Im ersten Projekt wurden 

fünf verschiedene Sydnonfarbstoffe synthetisiert und anschließend charakterisiert. Der 

verwendete Cyanin-Styryl-Farbstoff weist eine sehr hohe Photostabilität und eine hohe 

Stokes-Verschiebung von bis zu 0.52 eV auf. Die Farbstoffe wurden mit zwei 

Bicyclo[6.1.0]non-4-in-Nucleisiden auf deren Kinetik und Fluoreszenzsteigerung 

untersucht. Die drei Sydnonfarbstoffe mit der größten Fluoreszenzsteigerung wurden mit 

Bicyclo[6.1.0]non-4-in-modifizierter DNA umgesetzt, dabei wurde ein starker Anstieg der 

Kinetik und Fluoreszenzsteigerung im Vergleich zur Reaktion mit den Nukleosiden 

beobachtet. Im Vergleich zum Nucleosid war der Fluoreszenzanstieg ein bis zu 8-facher 

Anstieg und die Kinetik vertausendfachte sich nahezu. Des Weiteren zeigte einer der 

Sydnonfarbstoffe eine Verschiebung des Fluoreszenzmaximums um 123 nm bei Reaktion 

mit Bicyclo[6.1.0]non-4-in-modifizierter DNA im Vergleich zur Fluoreszenz mit einem 

Bicyclo[6.1.0]non-4-in-Nukleosid. Anschließend wurden die Ergebnisse der 

ringspannungsgetriebenen Sydnon-Alkin-Cycloaddition der drei vielversprechendsten 

Sydnonfarbstoffe auf fixierte HeLa Zellen übertragen. 

Im zweiten Teil der Arbeit wurden zwei diarylsydnonmodifizierte Nukleoside hergestellt. 

Die beiden Nukleoside wurden jeweils mit N-Methylmaleimid durch Belichtung mit in einer 

Photoclickreaktion umgesetzt. Dabei konnten diese in hoher Geschwindigkeit in ein 

Pyrazolin überführt werden. Mit N-Methylmaleimid wurde bei der Photoclickreaktion auch 

ein starker Fluoreszenzanstieg beobachtet. Des Weiteren wurden die beiden Nukleoside in 

einer ringspannungsgetriebenen Sydnon-Alkin-Cycloaddition mit Bicyclo[6.1.0]non-4-in als 

Alkoholkonjugat umgesetzt. Dabei zeigte sich, dass diarylsydnonmodifizierte Nukleoside 

deutlich langsamer reagieren und ihre Reaktionszeit über 12 Stunden länger ist als die von 



 

 

 

sydnonmodifizierten Nukleosiden. Zudem wurden diarylsydnonmodifizierte DNA-Stränge 

durch postsynthetische Modifikation synthetisiert. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

XIII 

 

Table of Contents 

1. Introduction ................................................................................................................. 1 

2. Aim of the work ........................................................................................................... 3 

3. Theoretical Background ............................................................................................... 5 

3.1. Bioorthogonality ........................................................................................................ 5 

3.2 Bioorthogonal labeling reactions ................................................................................ 7 

3.3. Copper-free labeling methods ................................................................................... 8 

3.3.1 Strain-promoted azide-alkyne cycloaddition (SPAAC) .......................................... 8 

3.3.2 Strain-promoted sydnone-alkyne cycloaddition (SPSAC) ................................... 13 

3.3.3 Photoinduced labeling methods ........................................................................ 17 

3.4 Dual bioorthogonal labeling ..................................................................................... 24 

3.5 Metabolic Labeling ................................................................................................... 25 

4. Fluorogenic sydnone-dyes for bioorthogonal labeling of DNA..................................... 29 

4.1 Synthesis of the sydnone-modified cyanine-styryle dye 3 ........................................ 29 

4.2 Synthesis of BCN-modified Nucleosides ................................................................... 33 

4.3 Bioorthogonal labeling experiments with BCN-Nucleosides .................................... 37 

4.3.1 UV/Vis and fluorescence experiments ............................................................... 37 

4.4 Further development of the sydnone dye 3 ............................................................. 40 

4.5 Synthesis of BCN-modified oligonucleotides ............................................................ 49 

4.6 Optical spectroscopy of BCN-modified oligonucleotides .......................................... 51 

4.7 Cell experiments ....................................................................................................... 55 

5. Diarylsydnone-modified oligonucleotides for bioorthogonal labeling.......................... 60 

5.1 Synthesis of the diarylsydnones................................................................................ 60 

5.2 Synthesis of diarylsydnone-modified DNA ................................................................ 65 

5.3 Bioorthogonal Labeling Experiments ........................................................................ 66 



 

XIV 

5.3.1 Photoclick experiments ...................................................................................... 66 

5.3.2 SPSAC experiments ............................................................................................ 69 

6. Summary and Outlook ............................................................................................... 72 

7. Experimental Section ................................................................................................. 74 

7.1 Materials and devices ............................................................................................... 74 

7.2 Synthetic Procedures ................................................................................................ 80 

7.3 DNA synthesis ......................................................................................................... 166 

7.4 HPLC- and LC-MS methods ..................................................................................... 175 

7.5 In vitro ,,Click’’ - Experiments ................................................................................. 177 

7.6 Cell culture .............................................................................................................. 182 

8. Additional spectra .................................................................................................... 184 

9. References .............................................................................................................. 186 

Appendix ..................................................................................................................... 193 

Publications .................................................................................................................. 193 

Conferences .................................................................................................................. 193 

Grants ........................................................................................................................... 193 

Ehrenwörtliche Erklärung ............................................................................................. 194 

 

 

 

 

 

 

 

 

 



   

XV 

 

Abbreviations 

ACN   acetonitrile 

BARAC   biarylazacyclooctyne 

BCN   bicyclononyne 

Bz   benzoyl 

COMBO  carboxymethylmonobenzocyclooctyne 

CuAAC   copper-catalyzed azide-alkyne cycloaddition 

d   doublet 

dd   doublet of doublet 

dt   doublet of triplet 

DCM   dichloromethane 

DIBAC   dibenzoazacyclooctyne 

DIBO   dibenzocyclooctyne 

DIFBO   difluorobenzocyclooctyne 

DIFO   difluorocyclooctyne 

DIPEA   N,N-diisopropylethylamine 

DMF   N,N-dimethylformamide 

DMSO   dimethylsulfoxide 

DNA   deoxyribonucleic acid 

DMTr   4,4’-dimethoxytrityl 

Em.   emission 

ESI   electron-spray ionization 

Exc.   excitation 

FRET   Förster resonance energy transfer 

HeLa   human cervical cancer cells 

HOMO   highest occupied molecular orbital 

HPLC   high performance liquid chromatography 

HRMS   high resolution mass spectrometry 

I   intensity 

iEDDA   inverse electron-demand Diels-Alder cycloaddition 



 

XVI 

LUMO   lowest unoccupied molecular orbital 

m   multiplet 

MALDI   matrix-assisted laser desorption ionization 

MeOH   methanol 

mRNA   messenger ribonucleic acid 

NHS   N-hydrocysuccinimide 

NMM   N-methylmaleimide 

OCT   cyclooctyne 

PBS   phosphate buffered saline 

q   quartet 

Quant.   quantitative 

r.t.   room temperature 

RNA   ribonucleic acid 

ROS   reactive oxygen species 

s   singlet 

SPAAC   strain-promoted azide-alkyne cycloaddition 

SPSAC   strain-promoted sydnone-alkyne cycloaddition 

t   triplet 

TBDMS   tert-butyldimethylsilyl 

TBTA   tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amine 

TCO   trans cyclooctene 

THF   tetrahydrofuran 

THPTA   tris(hydroxypropyltrazolyl)-methylamine 

TLC   thin-layer chromatography 

TOF   time of flight 

UV   ultraviolet (light) 

Vis   visible (light) 

 

 

 



   

XVII 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





   

1 

 

1. Introduction 

All cells in the human body contain the same chromosomes and thus the same set and 

number of genes. Despite this, different cell types, such as muscle and nerve cells, exhibit 

distinct characteristics and functions. This differentiation is achieved through gene 

regulation, a process that ensures only specific genes are expressed in a given cell type. 

There are different pathways of gene regulation, one is that only specific genes are 

expressed based on epigenetic modifications to the DNA, the other path is the regulation 

by microRNA.[1,2] MicroRNA are short non-coding RNA strands, which have the ability to 

regulate the gene expression very precisely on the post-transcriptional level. As microRNAs 

play an essential role in modulating protein production, they influence nearly all biological 

processes.[3] A misregulation of microRNA can play a role in several illnesses, like cancer 

and diabetes, highlighting microRNA’s potential as therapeutic targets. Advances in 

microRNA research have opened the door to innovative treatment strategies.[2] Victor 

Ambros and Gary Ruvkun were honored with the 2024 Nobel Prize in medicine for their 

significant insights into gene regulation via microRNA.[1] This emphasizes the importance 

of understanding gene regulation in cells and cell processes in general. To follow those 

processes in their natural enviroment, the bioorthogonal chemistry is nowadays a crucial 

tool.[4] The method is based on adapting chemical reactions so that they can take place in 

a living organism without negatively affecting or disturbing them. Despite the complexity 

of biological systems, a series of chemical reactions have been developed since the 

introduction of bioorthogonal chemistry in 2003 that are suitable for use in living cells.[5,6] 

Especially fluorescent probes have proven to be useful for elucidating such processes. 

Despite the progress made so far, fluorescent probes often have a large signal-to-noise 

ratio and low photostability.[6–8] Often the fluorophores need to be used in excess to ensure 

an efficient conversion of the reaction with the target molecule in the cell. The excess of 

unreacted dye results in a strong background fluorescence which makes the visualization 

via fluorescence microscopy difficult. It is a common practice to wash the excess dye away 

several times to reduce background fluorescence. However, this is very difficult to 

implement in small cell samples and impossible in vivo.[9] Fluorogenic probes are a new 

approach to solve this problem. These probes are dyes which have a functional group 

attached on the dye core that quenches their fluorescence. After a bioorthogonal reaction 
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with a target molecule, the structure of the quenching moiety changes, and the 

fluorescence of the dye is restored.[10] A prominent example of fluorescent probes are 

tetrazine-modified dyes.[11,12] They are widely used because of their fast click reactions with 

a lot of different chemical reporters. Less prominent examples are fluorogenic sydnone 

dyes.[13] Those sydnone dyes are used only for the labeling of proteins, but like tetrazine 

dyes they also have beneficial properties like high stability and fast reaction rates.[13] 

Another tool to investigate cell processes is the photoclick reaction which enables high 

spatiotemporal control of the reaction, for which fluorescent tetrazole dyes, but also 

recently diarylsydnones are often used.[14,15] All the above-mentioned bioorthogonal 

labelling tools are mostly developed for the labeling of proteins. The labeling of other 

biomolecules like DNA and RNA has been investigated much less than that of proteins.[6] 

The number of publications on nucleic acids corresponds to only about one fifth of the 

publications on proteins. Nevertheless, nucleotides play a key role in all organisms, and 

recent developments, like the mRNA vaccine against Covid-19 or the development of 

SpiranzaTM, an antisense oligonucleotide for treating spinal muscle atrophies, show the 

high potential of nucleic acids in medicines and the need for further investigation. 

The present work deals with the development of fluorogenic sydnone dyes for selective 

visualization of nucleic acids in biological systems and the development of diarylsydnones 

as chemical reporters for postsynthetic labeling methods of nucleic acids. 
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2. Aim of the work 

This work is divided into two chapters. The first chapter focuses on the development of 

fluorogenic sydnone dyes. The dye moieties are based on cyanine-styryle dyes which are 

already established in the Wagenknecht group. The fluorescence quenching sydnone 

moiety is attached to the dyes via a vinyl bridge to ensure effective fluorescence quenching 

via conjugation (figure 1). The sydnone dyes are first analyzed for their spectroscopic 

properties and for their stability in aqueous solutions. In a next step, the sydnone dyes are 

examined in regard to their reactivity with BCN-modified nucleosides and compared with 

each other in terms of kinetics and fluorescence enhancement (turn-on). The three most 

promising sydnone dyes are chosen to react with BCN-modified DNA and their ability to 

label BCN-modified DNA in HeLa cells. 

 

Figure 1: Schematic representation of the strain-promoted sydnone-alkyne cycloaddition (SPSAC) with 

fluorogenic sydnone dyes on oligonucleotides. 

 

The focus of the second chapter is the synthesis of diarylsydnones for bioorthogonal 

labeling. The two synthesized diarylsydnones are used to prepare diarylsydnone-modified 

nucleosides (figure 2). In a next step, they are employed in either a photoclick reaction or 

a strain-promoted sydnone alkyne cycloaddition. The reactions were monitored via 

absorption and fluorescence spectroscopy. Additionally, diarlysydnone-modified DNA is 

prepared, followed by utilizing them in a photoclick reaction. 
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Figure 2: Structure of the diarylsydnone-modified nucleosides 1 and 2. 
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3. Theoretical Background 

3.1. Bioorthogonality 

Bioorthogonal chemistry has revolutionized biological research by enabling to mark and 

track molecules such as proteins, nucleic acids, and glycans within living cells and even in 

living organisms.[16] This has led to a better understanding of complex biological systems, 

pathogenic mechanisms and to the development of targeted therapeutics. 

Bioorthogonality refers to chemical reactions that can take place within living cells or 

organisms without disrupting natural biochemical processes.[16,17] 

The strategy of biorthogonal labeling consists of two steps (figure 3): In the first step a 

monomer of the biopolymer of interest is equipped with a chemical moiety that does not 

naturally occur in biological systems. Methods such as metabolic incorporation are used to 

introduce the monomer into the biopolymer. In the second step, the modified biopolymer 

is reacted with a suitable reaction partner, that selectively reacts with it. This probe usually 

contains a fluorescent tag or another functional group allowing the visualization of the 

labeled biomolecule.[16,18] 

 

 

Figure 3: Schematic representation of the concept of bioorthogonal labeling. First, a chemical reporter 
modified monomer is integrated into the biomolecule via metabolic or enzymatic incorporation. The next 
step is selective labeling with a reaction partner that carries a label (e.g. a fluorescent dye). 
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Important for the first step is that the introduced chemical reporter does not alter the 

function of the biomolecule or interacts or reacts with other chemical groups of 

biomolecules of the biological system. Another important requirement is that the modified 

monomer is accepted by the enzymes which carry out the metabolic incorporation.[19] 

Wagenknecht et al. showed how the size of the chemical moiety influences the 

incorporation efficiency of the modified 2’-deoxynucleosides into cellular DNA (figure 4).[20] 

 

 

 

 

 

Furthermore, there are the following criteria which must be fulfilled to call a labeling 

reaction bioorthogonal: The labeling reaction must be biocompatible, which means that 

the reaction must proceed under physiological conditions such as a water milieu, neutral 

pH, physiological temperature, normal pressure and O2 atmosphere.[4,16,21] Both the 

chemical moiety and the probe must be stable in the biological environment, resisting 

degradation, hydrolysis, or other side reactions that could compromise their reactivity. The 

formed product should be stable to enable multiple analyses and long-term studies.[21] The 

chemoselectivity of the reaction is critical: The used functional groups should only react 

with each other and not form any side products or react with naturally occurring 

nucleophiles in cells to avoid unspecific labeling. Additionally, the used functional group 

and the resulting product should also show no cell toxicity.[21] Another important criteria is 

the rate constant of the used reaction.[5,22] Typically, biological labeling reactions follow 

second-order kinetics, so they depend on both the reaction rate constant and the 

concentration of both reactants. High rate constants enable the efficient labeling of 

biological processes that occur on very short timescales, down to the microsecond range 

reactivity 

incorporation 

Figure 4: Overview over important dienophiles for bioorthogonal labeling and their correlation of efficient 
metabolic incorporation into DNA and their reactivity in iEDDA reactions.[19] 
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and also allow the use of low concentrations of the reaction partners.[23] This helps to 

minimize problems like cell toxicity or solubility problems of the reaction partners.[4,24,25] In 

recent years, new reactions have emerged, which meet many of the outlined criteria.[6] The 

following chapter will present a selection of these ’’Click’’ reactions 

3.2 Bioorthogonal labeling reactions 

Bioorthogonal reactions are often classified under the concept of ’’click chemistry’’, a term 

introduced by Sharpless.[26] This concept comprises reactions characterized by high yields, 

mild reaction conditions, broad applicability, and high specificity. The most well-known 

example of a ’’click’’ reaction is the copper-catalyzed azide-alkyne cycloaddition (CuAAC). 

The CuAAC was developed by Sharpless and Meldal in the early 2000s and is a 1,3-dipolar 

cycloaddition for the formation of 1,2,3-triazoles starting from azides and terminal alkynes 

(figure 5).[26,27]  

 

 

Figure 5: Schematic representation of the copper(I)-catalyzed azide-alkyne cycloaddition. The terminal alkyne 
reacts with an azide to form a 1,2,3-triazole. 

 

The CuAAC shows high stereoselectivity and regioselectivity and is easily performed. 

Furthermore, it has a high efficiency and a high tolerance towards functional groups. Based 

on the previously presented properties, it becomes apparent that this reaction completely 

fulfills the criteria of click chemistry established by Sharpless. A big advantage of using 

azides in bioorthogonal reactions is that they are absent in living systems and are non-toxic 

to cells. Additionally, the reaction can be performed under mild conditions like room 

temperature and shows high conversions of various azides and alkynes to the resulting 

triazoles. Also, it is one of the fastest methods for bioorthogonal labeling with up to 

k2 = 200 M-1s-1. Furthermore, the reaction generates only 1,4-disubstituted triazoles.[26,27] 

However, the use of Cu(I) salts, which are needed to carry out the reaction under mild 

conditions, is a big disadvantage for in vivo experiments. Copper (I) promotes the formation 
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of reactive oxygen species (ROS) through redox reactions, which in turn leads to oxidative 

damage withing the cells and is therefore considered cell toxic.[28–30] However, Cu(I) can 

form a complex with water-soluble ligands such as tris(benzyltriazolylmethyl)amine (TBTA), 

tris(3-hydroxypropyltriazolmethyl)amine (THPTA) or 2-[4-((Bis[1-tert-butyl-1H-1,2,3-

triazol-4-yl)methyl]-amino)-methyl)-1H-1,2,3-triazol-1-yl]ethylhydrogensulfate (BTTES).[31–

33] TBTA and THPTA increase the electron density of the Cu(I) and thus additionally 

accelerate the reaction. Nevertheless, in the case of TBTA the ligand complexes showed a 

higher toxicity towards cells compared to free copper. When BTTES was used for the 

CuAAC, Wu et al. were able to create images of glycan biosynthesis during early zebrafish 

development.[34] In the past years, various methods have been established in the field of 

copper-free ’’click chemistry’’. The most common of these include the strain-promoted 

azide-alkyne Cycloaddition (SPAAC)[35], the strain-promoted sydnone-alkyne Cycloaddition 

(SPSAC)[36], the Diels-Alder reaction with inverse electron demand reaction (iEDDA)[37] and 

the photoclick reaction.[38,39] 

 

3.3. Copper-free labeling methods 

3.3.1 Strain-promoted azide-alkyne cycloaddition (SPAAC) 

The strain-promoted azide-alkyne cycloaddition (SPAAC) is a copper-free variant of the 

CuAAC, developed by the nobel laureate Bertozzi to overcome the limitations of the CuAAC 

in living systems.[40] The reaction is like the CuAAC a [3+2]-dipolar cycloaddition of an azide 

and a strained alkyne, for example a cyclooctyne (COT), under formation of triazoles. 

However, the activating barrier is lowered by the ring tension of the used alkyne eliminating 

the need for additional catalysts. Bertozzi used a biotinylated cyclooctyne derivate by 

reaction with an azido-modified sugar for glycan labeling. Furthermore, the rate constant 

of the SPAAC compared to the CuAAC is lower. The rate constant depending on the used 

azide was between k2 = 1.1 ∙ 10-3 M-1 s-1 – 2.4 ∙ 10-3 M-1s-1, which is significantly lower than 

the rate constants of the CuAAC.[5,41] Although this circumstance can be partly 

compensated, for example by adjusting the alkyne concentration, there are more efficient 

possibilities through corresponding modifications of the COT core. Also, the reaction rate 

is strongly influenced by the solvent utilized for the reaction, as water was reported to 
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speed up 1,3-dipolar cycloadditions, compared to acetonitrile or methanol used as a 

solvent, which makes it hard to compare reaction rates of different strain alkynes with each 

other.[42] The COT’s reactivity can be increased by modifying the cyclooctyne (COT) with 

electron-withdrawing substituents such as geminal difluoro groups in the case of 

Difluorocyclooctyne (DIFO, k2 = 7.6 ∙ 10-2 M-1s-1)[43,44] and Difluorobenzocyclooctyne (DIFBO, 

k2 = 2.2 ∙ 10-1 M-1s-1).[45] Also, through benzylanellation like in the case of 

carboxymethylbenzocyclooctyne (COMBO, k2 = 0.24 ∙ 100 M-1s-1)[46], dibenzocyclooctyne-

1,4-dione (DIBO, k2 = 1.7 ∙ 10-1 M-1s-1)[47], azadibenzocyclooctyne (DIBAC, k2 = 3.1 ∙ 10-1 M-

1s-1)[48] and biarlyazacyclooctyne (BARAC, k2 = 9.6 ∙ 10-1 M-1s-1)[49] an increase of the rate 

constant could be achieved through additional ring strain (figure 6). 

 

 

Figure 6:  Structures of various cyclooctynes as reaction partner for the strain-promoted azide-alkyne-
cycloaddition (SPAAC). Cyclooctyne (OCT), Carboxymethylbenzocyclooctyne (COMBO), Dibenzocyclooctynol 
(DIBO), Difluorocyclooctyne (DIFO), Difluorobenzocyclooctyne (DIFBO), Bicyclo[6.1.0]nonin (BCN), 
Azadibenzocyclooctyne (DIBAC), Biarylazacyclooctyne (BARAC), Tetramethylthiacycloheptyne (TMTH). 

 

The reactivity can be further enhanced by additionally introducing heteroatoms like 

nitrogen (N) into the cyclooctyne ring, as in BARAC and DIBAC, which is reflected in the 

reaction kinetics compared to DIBO.[50] The disadvantage of this concept is that the steric 

hindrance is higher, and the water solubility decreases which makes the reaction in 
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aqueous, living systems difficult.[51] The reactivity is also influenced by the ring size, that is 

why cyclononynes are usually too unreactive whereas cycloheptynes are highly reactive 

but correspondingly unstable. Bertozzi et al. could achieve the highest reaction rates by 

synthesizing a cycloheptyne in which one carbon atom is substituted by a sulfur atom to 

slightly reduce the ring tension. This enabled them to develop a 

tetramethylthiacycloheptyne (TMTH) that is stable but still exhibits a high reaction rate  

(k2 = 4.0 ∙ 100 M-1s-1).[50] Nevertheless, the stability of TMTH is insufficient to make it suitable 

for the bioorthogonal labeling of biomolecules. A compromise must be found between 

reactivity and size. This compromise is realized in bicyclo[6.1.0]nonyne (BCN,  

k2 = 0.14 ∙ 100 M-1s-1) by obtaining the necessary reactivity from the fused cyclopropyl ring, 

although bulky aromatic ring systems are avoided.[46,52] 

The principle of bioorthogonal labeling of modified DNA and RNA via SPAAC is based on 

markers that have a complementary functionalization. For this purpose, both the azide and 

the cyclooctyne moiety can be inserted into the nucleic acids. Heaney et al. reported a 

conjugation method for the postsynthetic modification of DNA at the 5’ -end of 

oligonucleotides using a non-fluorinated cyclooctyne I (figure 7). I reacted successfully with 

a variety of azides, each with different steric and electronic properties.[53] Moreover, it was 

discovered that cyclooctynes are reactive towards other dipoles, such as nitrile oxides. 

Madder et al. showed that nitrile oxides can react fast with cyclooctyne under mild and 

aqueous conditions, achieving full conversion in 10 min.[54] Building on this, Filippov et al. 

extended this approach by using a phosphoramidite building block II (figure 8) to 

incorporate a more reactive cyclooctyne: DIBAC, at the 5’-end of single stranded RNA. II 

enabled a rapid and quantitative reaction with various reaction partners such as 

fluorescent dyes and showed an even higher reaction rate compared to I, achieving 

complete conversion in just one minute.[55] 
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Figure 7: Example cyclooctyne building blocks I and II for the postsynthetic conjugation of DNA and RNA using 
strain-promoted-azide-alkyne cycloaddition (SPAAC). 

 

Fluorogenic probes have been developed for SPAAC to enhance their potential for 

biological applications. In particular Boons et al. synthesized a novel dibenzocyclooctyne 

derivate with a cyclopropenone group (FI-DIBO).[56] Upon reacting with suitable 

dipolarophiles, FI-DIBO undergoes a significant enhancement in fluorescence properties, 

exhibiting up to a 160-fold increase in quantum yield and a remarkable 13000-fold boost 

in fluorescence intensity (figure 8). Like other cyclooctynes, FI-DIBO can react not only with 

azides but also with mono- or disubstituted diazo compounds, nitrons and nitriloxides. 

Among these, reactions with monosubstituted diazo compounds proved especially 

promising, leading to the formation of aromatic pyrazoles via tautomerization. Although 

these reactions proceeded more slowly compared to those with azides, they offered 

distinct advantages due to their physical properties.[57] Additionally, cycloalkynes can 

engage in various cycloaddition reactions with different functional groups, such as [1+2] 

cycloadditions with carbenes, [2+2+2] cycloadditions with nitriles, [2+2] cycloadditions 

with ketenes, and [4+2] cycloadditions with tetrazines.[51] 
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Figure 8: Dibenzocyclooctyne derivate with cyclopropenone group (FI-DIBO) for use as a fluorogenic probe 
for SPAAC with diazocompounds and azides.[56,57]  

 

Brown et al. took a different approach by employing DIBO for the functionalization of 

nucleosides instead of a dye modification (figure 9). They developed derivates modified 

with DIBO or BCN that could be attached to either the 5-position of the nucleobase or to 

the 2’-position of the ribose. The 5-position modifications were incorporated into 

oligonucleotides as phosphoramidite or triphosphate and were used to label the major 

groove of DNA.[58] On the other hand, modifications at the 2’-position were designed for 

selective labeling in the minor groove, those building blocks could only be incorporated 

chemically via solid-phase synthesis.[59] 

 

Figure 9: Selected example of cyclooctyne-modified nucleic acids.[58–60] 

 

Wagenknecht et al. successfully incorporated a COMBO-modified nucleoside (COMBO-dU) 

as phosphoramidite into oligonucleotides via solid phase synthesis. The COMBO-dU shown 

in figure 9 is linked via a flexible alkyl linker to the nucleoside. The flexible linker showed 

superior optical properties compared to one with a rigid alkyne linker, which underscored 

the significance of how a chemical reporter is linked to a building block.[60] Furthermore, 

the modified oligonucleotides shown in figure 9 were transported into cells and labeled 
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with fluorescent dyes in vivo. As the above-mentioned examples show, researchers have 

made significant progress in using DIBO to modify nucleic acids. Furthermore, Taton et al. 

showed that DIBO-modified groups can endure both the rough conditions of solid phase 

synthesis and the high temperatures required for PCR.[61] Overall, these studies highlight 

that cyclooctynes are reliable and stable for bioorthogonal labeling of nucleic acids with 

SPAAC, and in most cases, polymerases will tolerate these modifications. However, 

challenges can arise dealing with bulkier, more lipophilic compounds such as benzyl-fused 

cyclooctynes.[62] Furthermore, nucleic acids can be modified with azide groups, expanding 

the scope of bioorthogonal applications. 

Several azide-modified building blocks have been successfully used to label 

oligonucleotides via SPAAC with various cyclooctynes, although some challenges had to be 

overcome.[59,63–66] The main problem being the reactivity of azides with phosphorus(III), 

which is crucial in phosphoramidite synthesis. During the phosphoramidite synthesis the 

azides undergo a Staudinger-like reaction with the phosphorus (III) which prevent the 

building blocks from being incorporated into nucleic acids.[65,67–71] Rentmeister et al., who 

developed a method for labeling RNA, found a promising solution to this problem.[72] They 

synthesized several different azide-modified guanosine building blocks and transferred 

their azide groups chemoenzymatically onto the 5’ cap of eukaryotic mRNAs using 

methyltransferases. In the next step, the modified mRNA was labeled with DIBO-modified 

dyes.[72–74] This method was also used to transfer the azide group to the poly(A) tail of 

mRNA for the bioorthogonal labeling in living cells.[75] A big advantage of the azide function 

is its small size compared to cyclooctynes groups. The small size enables a better 

acceptation of the modified nucleoside by for example kinases. Luedtke et al. were able to 

integrate an azide-modified 2’-deoxyuridine metabolically into cellular DNA and then label 

it in vivo using BCN-modified  AlexaFluor488 dyes.[76] 

3.3.2 Strain-promoted sydnone-alkyne cycloaddition (SPSAC) 

Another copper-free labeling method is the strain-promoted sydnone-alkyne cycloadditon 

(SPSAC). Sydnones were discovered by Early and Mackney in 1935 and got in focus for 

bioorthogonal labeling due to their high stability under physiological conditions. Sydnones 

are mesoionic compounds. Mesoionic structures are heterocycles that have a dipolar 
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character in which the charge is delocalized. The most frequently used resonance structure 

in the literature has a negative charge on the exocyclic oxygen atom, and a positive charge 

on the 3- nitrogen atom (figure 10).[77] 

 

Figure 10: Resonance structures of sydnones.[78] 

 

Sydnones react in SPSAC with various cycloocytynes and also with terminal alkynes in 

CuAAC reactions under extrusion of CO2 (figure 11).[79,80] Taran et al. investigated how 

different substitutions on the sydnone core influence the rate constants of the SPSAC 

(table  1). Substitutions at the 4-position had varying effects, halogens increased the 

reaction rate, while electron withdrawing groups like CF3 groups reduced it (entries 1-3 vs. 

4). The reaction rates correlate with the electronegativity of the halogens (Cl>Br>I). 

Modification on the 3-N position with electron-donating groups compared to an 

unmodified phenyl sydnone (entry 5 vs 6) slowed down the reaction. In contrast, electron-

withdrawing groups such as trifluoromethyl, nitro and carboxyl groups significantly 

increased the reaction rates by 2- to 10-fold (entries 7 - 9). By combining those beneficial 

properties, a 10-fold faster reaction rate was observed with SPSAC, compared to azides.[36] 
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Figure 11: Strain-promoted sydnone alkyne cycloaddition (SPSAC). Reaction of a sydnone and BCN-OH. 

 

Table 1: Influence of different substituents on the reaction rate constants of SPSAC with BCN-OH. Reaction 
conditions: [Sydnone] = 100 µM, [BCN-OH] = 150 µM, 0.10 M (pH 7.4) PBS with 10 % DMSO, 25 °C.[36,81] 

Experiment number R X k2 [M-1s-1] 

1 C6H5 Cl 0.872 

2 pCO2HC6H5 Cl 1.593 

3 C6H5 I 0.306 

4 C6H5 CF3 0.008 

5 pOMeC6H5 H 0.006 

6 C6H5 H 0.027 

7 pCF3C6H5 H 0.059 

8 pCO2C6H5 H 0.199 

9 pNO2C6H5 H 0.289 

 

Houk and Murphy investigated sydnone-alkyne cycloadditions by calculating activation free 

energies and confirmed their results experimentally. The most promising results were 

achieved by the reaction of phenyl sydnone with BARAC and DIBAC with reaction rate 

constants of k2 = 1.46 ∙ 100 M-1s-1 and k2 = 9.02 ∙ 10-1 M-1s-1.[82] Fluorinating the sydnone 

instead of chlorinating it significantly accelerated the reactions, enhancing the rate 

constants to 42 M-1s-1 with BCN, 900 M-1s-1 with DIBAC, and 1500 M-1s-1 with TMTH.[83] The 

results of the fluorination show the changeability of the reactivity of the sydnones through 

substitution at the sydnone ring and demonstrate the potential of the sydnones as 

chemical reporters for the bioorthogonal labeling of biomolecules. In the past few years, 

great progress has been made in terms of fluorogenic labeling with sydnones. Friscourt et 

al. investigated the quenching behavior of sydnones and observed a strong quenching 

effect on the dye coumarin.[84] Coumarin is known in literature to be quenched by several 
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functionalities, such as alkynes and azides.[85–87] The quantum yield of coumarin compared 

to coumarin-sydnone is six times higher, which shows the quenching effect of the sydnone 

(ΦF (Coumarinsydnone) = 0.005, ΦF (Coumarin) = 0.03). In the case of a reaction with the 

opposite functionality, like BCN, the quenching was reversed and leads in the case of BCN 

as a reaction partner to a 132-fold fluorescence enhancement.[84] Another approach 

investigated 3,4-disubstituted sydnones for highly fluorescent turn-on SPSAC reactions 

with the already mentioned fluorogenic dibenzocyclooctyne FI-DIBO (figure 12).[56] The 

resulting pyrazole cycloadducts were found to be highly fluorescent with good 

photophysical properties including excellent fluorescence enhancement (up to 240-fold), 

quantum yields over 45% and large Stokes shifts. Additionally, their high stability makes 

them excellent chemical reporters for the detection of proteins in cellular extract. 

Therefore, they modified the proteins of interest with a sydnone via an NHS-ester coupling 

and incubated the modified proteins with FI-DIBO. The labeled protein could be easily 

detected through in gel visualization due to the high turn-on.[79] Taran et al. also showed 

that sydnones can be used as fluorogenic probes for no-wash protein labeling and in-cell 

imaging. Consequently, a sydnone profluorophore was synthesized that after the 

bioorthogonal reaction has taken place, is unquenched leading to a high fluorescence 

enhancement and enabled the labeling of DIBAC-modified myoprotein.[13]  

 

 

Figure 12: Reaction between a chlorinated sydnone and FI-DIBO.[79]  

 

Wagenknecht et al. were the first group that successfully modified DNA and nucleosides 

with a sydnone moiety in 2021.[88] The postsynthetic sydnone-modified DNA was used for 

bioorthogonal labeling with cyclooctynes in vitro and in vivo. For the first time, two 

different sydnones were modified with 2’-deoxyuridine and 7-deaza-2’-deoxyadenosine 
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(figure 13). The difference between the two sydnones is that one is bearing a chlorine atom 

on the sydnone-core. As Taran et al. earlier reported chloro-modified sydnones show a 

higher reaction rate than unsubstituted sydnones, those results are in line with the 

observed reaction rates of the sydnone-modified nucleosides: The non-halogenated 

sydnone-modified nucleosides (k2 = 7.0 ∙ 10-2 M-1s-1) were significantly slower than the 

chlorosydnone-modified nucleosides (k2 = 4.4 ∙ 100 M-1s-1). To modify DNA with the two 

sydnones, solid-phase synthesized DNA was postsynthetically modified with the 

corresponding NHS-sydnone ester. Labeling the chlorosydnone-modified DNA with five 

equivalents of DIBAC-modified Cy3 could be achieved in two minutes. Subsequently, in vivo 

experiments with fixed HeLa cells showed distinct fluorescence of the cells through 

SPSAC.[81,88]  

 

 

Figure 13: Structures of the sydnone-modified nucleosides.[88] 

 

3.3.3 Photoinduced labeling methods 

In nature, many organisms harness light energy for the biosynthesis of complex 

biomolecules. The most prominent example in nature is photosynthesis where plants 

convert carbon dioxide and water into carbohydrates. The light-absorbing chlorophyll plays 

a crucial role in this process by acting as a photosynthesizer and by capturing light.[89] A big 

advantage of photoactivated reactions is that no additional substances like transition 

metals, acids or bases are needed, which makes these types of reactions interesting for 
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applications in organic synthesis. By combining photoactivation with the principles of click 

chemistry, the new class of the so called ’’photoclick’’ reactions has emerged.[90,91] A big 

advantage compared to the previously mentioned methods is that the photoclick reaction 

enables a high spatiotemporal control of the reaction, which means that this type of 

reaction allows the determination of the exact time and place at which the reaction is to 

be started. Another advantage is that the modified monomers can be introduced into the 

targeted system, for example the cell, and are unreactive until the reaction is triggered by 

irradiation with light of a suitable wavelength.[92] An overview of selected photoactivatable 

labeling methods is shown in figure 14. 

 

 

Figure 14: Overview of various photoactivatable reactions: a) photoclick reactions with tetrazoles, b) 
photoactivatable reactions SPAAC with cyclopropenones, c) photoclick reactions with diarylsydnones (R1, R2 
= Ph). 

 

The most prominent example of photoactivable reactions is the 1,3-dipolar cycloaddition 

between photoactivated tetrazoles and alkenes. Huisgen et al. reported first that exposing 

2,5-diphenyltetrazole to mercury lamp irradiation in the presence of various alkenes results 

in the formation of pyrazolines.[39,93,94] The mechanism of this reaction was described as a 

two-step mechanism. In the first step, a photoinduced cycloreversion of the tetrazole 
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under extrusion of nitrogen takes place forming a nitrile imine. The in situ generated nitrile 

imine immediately undergoes a 1,3-dipolar cycloadditon with dipolarophiles (e. g. alkenes) 

leading to pyrazoline photoclick products (figure 15).[95,96] The described reaction is known 

for high reaction rates (k2 = 58 M-1s-1).[97] Holm et al. examined the formation of the nitrile 

imine spectroscopically.[98] The results of their experiments showed that ring opening of 

the 2,5-diaryltetrazoles only occurred when exposed to light at an excitation wavelength 

of approximately λ = 290 nm, with the electronic properties of the substituents appearing 

to have only minimal influence. Further studies of Liu et al. showed that the rate-

determining step in the photoinduced 1,3-dipolar cycloaddition is the formation of the 

nitrile imine.[99]  

 

Figure 15: Schematic representation of the photoclick reaction. As a result of photoinduced cycloreversion, 
the corresponding nitrile imine is formed with elimination of elemental nitrogen. In a 1,3-dipolar 
cycloaddition, the nitrile imine reacts with a dipolarophil (e.g. alkene) to form the pyrazoline. 

 

A limiting factor is the chemoselectivity of the reactants. The nitrile imine is highly reactive 

and shows cross reactivity with different moieties that are present in cellular environments, 

like water, amines[100], thiols[101] and carboxylic acids[102,103] (figure 16). One approach to 

prevent undesired nucleophilic addition reactions is to use sterically hindered nitrile imines 

favoring the 1,3-cycloaddition.[104] Another approach used by Yu et al. is to protect the 

nitrile imine from a nucleophilic attack through static and electrostatic effects by 
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introducing two negative partial charged trifluoromethyl groups.[105] Furthermore, Lin et al. 

were able to show that a regioselective reaction in a protic solvent (EtOH/H2O 1:1) is 

possible with high yields.[106]  

 

Figure 16: Overview of possible side reactions of nitrile imine with certain nucleophiles. Nitrile imines can 
react with nucleophiles present in biological systems, such as water, thiols, carboxylic acids and amines. 

 

Optimizing the activation wavelength is in addition to selectivity a major focus of current 

research in photoclick chemistry.[107,108] The first described tetrazoles can only be activated 

by irradiation in the UV range; for activation in in vivo applications, visible light or near 

infrared light is favored more because longer wavelengths can better penetrate tissue 

layers and skin.[37,108,109] A bathochromic shift of the excitation wavelength can be achieved 

by embedding the tetrazole scaffold in larger aromatic systems. For instance, Lin et al. 

synthesized naphthalene-substituted tetrazoles with an excitation wavelength of 365 

nm.[110,111] Another example for visible light activation is a tetrazole with two naphthyl 

substituents which can be activated by a two-photon femtosecond laser system at 700 nm. 

This tetrazole was used to stain microtubuli in living cells.[112] Furthermore, Barner-Kowollik 

synthesized an N,N-dimethylaminopyrenylated tetrazole which can be activated by green 
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light (λ = 515 nm) The advantage of this tetrazole is that no laser is needed, which would 

be much more expensive than the use of LEDs. Drawbacks for the pyrenyltetrazole is its 

poor water solubility, which makes it unusable in living systems.[113,114]  

Aside from protein modification, tetrazoles have also been used for oligonucleotide 

labeling. Wagenknecht et al. were the first to explore this application by synthesizing 

several different tetrazole-modified 2’-deoxyuridine building blocks and successfully 

incorporate them into DNA and RNA using phosphoramidite synthesis, enzymatic methods 

or postsynthetic modification. The tetrazole-modified DNA strand was subsequently 

labeled via a photoclick reaction using irradiation between λexc. = 300 - 405 nm, followed 

by reaction with sulfo-Cy3 maleimide.[115,116] This allowed for the determination of rate 

constants ranging from k2 = 23 M-1s-1 to k2 = 89 M-1s-1.[115] In a reverse approach, Zhang et 

al. were able to successfully incorporate a vinyl-modified 2’-deoxyuridine metabolically 

into DNA and label it with a water-soluble coumarin- fused tetrazole at an excitation 

wavelength of λexc. = 350 nm, leading to a high fluorescence both in living cells and 

zebrafish.[117] The first example of RNA labeling by photoclick reaction was investigated by 

Rentmeister et al. by incorporating a guanosine modified with a vinyl group into an 

oligonucleotide as a 5’-mRNA cap and subsequently performed a photoclick reaction with 

a diaryltetrazole.[118] In 2023, Wagenknecht et al. developed an N,N-dimethylaminopyrene-

modified tetrazole that could be used to label cellular DNA and was excited in the visible 

range at 450 nm.[14]  

Another photoactivatable labeling reaction can be performed with cyclopropenones. 

Cyclopropenones are cyclopropene-masked dibenzyl-substituted cyclooctynes, which can 

react after elimination of carbon monoxide through irradiation in a strain-promoted azide 

alkyne reaction with azides. In 2003, Popik et al. investigated the behavior of different 

cyclopropenone derivatives under UV irradiation, discovering that they quantitatively 

convert to their corresponding alkynes with the elimination of carbon monoxide.[119] For 

some of the diphenylcyclopropenones, quantum yields of over 70 % were achieved due to 

photoinduced decarbonylation.[120] This approach to bioorthogonal labeling is essentially a 

photoinduced variant of SPAAC. The cyclopropene modification acts as a protecting group 

to mask the reactive alkyne. Unlike previously described labeling methods, this labeling 
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method enables a spatiotemporal control of the reaction because only through exposure 

to specific wavelengths a reactive species is build (figure 17). 

 

 

Figure 17: Schematic representation of photoinduced SPAAC: The first step is the decarbonylation through 
exposure of light to form the corresponding cyclooctyne. The formed cyclooctyne can react in a second step 
with an azide in a SPAAC to form a triazole. 

 

Substituents at the cyclopropenones significantly influence their spectroscopic properties 

and also their stability.[121] Nevertheless, the reaction rates of the SPAAC are mainly 

determined by the specific SPAAC reaction. Popik et al. reported reaction rate constants of 

up to k2 = 7.6 ∙ 10-2 M-1s-1  for the reaction between cyclopropene-masked dibenzyl-

substituted cyclooctynes (photo-DIBO) and benzyl azide, with further improvements 

achieved by incorporating heteroatoms into the cyclooctyne ring (see figure 18, photo-

ODIBO).[120] A special case is the photo-DIBOD, a dual cyclopropenone: In a first step, a 

selective decarbonylation could be achieved, this selectivity is made possible by 

significantly lower quantum yield for the double decarbonylation compared to the single 

decarbonylation. After the reaction with an azide, the second decarbonylation can be 

carried out. The resulting cyclooctyne has an additional ring strain cause by the triazole. 

The second cycloaddition proceeds with a substantially faster reaction rate of 

k2 = 34 M-1s-1 compared to the reaction rate of the first cycloaddition  

k2 = 1.66 ∙ 10-2 M-1s-1.[122,123] There are also cyclopropenone structures which are based on 

cycloheptynes. For example, Bertozzi et al. synthesized a selenium cycloheptyne, which is 

unfortunately unsuitable for bioorthogonal reactions due to the instability of the alkyne 

formed by decarbonylation.[124] The dibenzosilacyclohept-4-yne investigated by Klàn et al. 

showed high reactivity towards azides and showed good quantum yields.[125] Popik and 

Boons showed that a cyclopropenone-masked dibenzocyclooctyne biotin conjugate can be 

used for the labeling of glycoproteins in vivo. Through photodecarbonylation, a ring 

strained alkyne is received and reacts in a next step with an azide-modified glycoprotein. 
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This is followed by the detection of the product with an avidin-modified Alexa Fluor 488 

dye.[120] Furthermore, Spitale et al. used cyclopropenones to label azide-modified RNA in 

cellular environment.[126] Moreover, there are no further applications in the field of nucleic 

acid labeling. Nevertheless, due to their high stability and biocompatibility, these offer 

great potential for biological application. 

 

Figure 18: Structures of selected cyclopropenones for photo-induced SPAAC. 

 

Another class of molecules for photoactivatable labeling are diarylsydnones. By irradiation 

of the sydnone with light, a nitrile imine is generated through extrusion of carbon dioxide. 

The in situ generated nitrile imine immediately undergoes a 1,3-dipolar cycloaddition with 

dipolarophiles (e.g. alkenes) leading to a pyrazoline photoclick product.[127–129] Compared 

to the strain promoted-sydnone-alkyne cycloaddition (SPSAC) the photoclick reaction of 

sydnones lead to an increase in the rate constants of up to five times. As shown in figure 

19, it should be noted that in the SPSAC, a 1,5-substituted pyrazole is generated, whereas 

in the photoclick reaction a 1,3-substituted pyrazoline is generated. 
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Figure 19: Formation of differently substituted pyrazole products depending on the used reaction conditions. 
In the SPSAC reaction the 1,5-pyrazole is generated and in the photoclick reaction the 1,3-pyrazoline is build. 

 

In 2018, Yu et al. developed a small library of diarylsydnones based on aryl-pairing 

combinations and investigated the photoclick reaction with alkenes. Furthermore, they 

used a diarylsydnone for highly fluorescent turn-on ligation of TCO-modified proteins.[15] 

Another approach from Yu et al. in 2019 showed that the reaction of diarylsydnones with 

strained alkynes under photoclick conditions can also be used for the labeling of Cetu-BCN 

on the cell surface.[130]  

 

3.4 Dual bioorthogonal labeling 

Biological processes are often based on complex interactions between different 

biomolecules. The visualization of those interactions makes it necessary to visualize two or 

more components simultaneously. With the help of several probes in a single biomolecule 

it is also possible to follow conformational changes or molecular dynamics. Also, in medical 

drug development, there are approaches that simultaneously have diagnostic and 

therapeutic functions.[131,132] To track interactions between for example proteins and 

oligonucleotides it is feasible to use more than one bioorthogonal reaction within the same 

system. Therefore, the chosen reactions must not only be bioorthogonal to the cellular 

environment, but also orthogonal to each other. Many known bioorthogonal reactions are 

not compatible with each other and a wide range of possible side reactions can occur. 

Several approaches currently exist to identify orthogonal bioorthogonal reactions or to 

modify the reactants of the respective reactions to create orthogonality.[133–135] One 
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approach is to combine two bioorthogonal reactions with different mechanisms of 

bioorthogonality. Burley et al. found that the combination of SPAAC and CuAAC is possible 

due to the controlled modulation of the copper-glutathione ratio. The glutathione 

concentration acts as an activator for the CuAAC as it regulates the oxidation state of the 

copper.[136] Another approach on dual labeling is from Jäschke et al., who used the CuAAC 

and the inverse electron demand Diels-Alder reaction (IEDDA) for the dual labeling of 

alkyne-modified DNA in vivo. Nevertheless, both reactions are based on the same 

cycloaddition mechanism. Both react orthogonally with different alkynes. For the CuAAC, 

alkynes with HOMOs of lower energy are used, whereas for the IEDDA reaction, alkynes 

with HOMOs of high energy are utilized. Another possibility to modulate reaction specificity 

is to utilize sterically hindered groups.[137] Hildebrand et al. combined SPAAC and IEDDA as 

orthogonal reactions by using a sterically hindered cyclooctyne. Due to the steric 

hinderance the side reaction between the cyclooctyne and tetrazine was slowed down 

successfully, so that a dual orthogonal labeling was possible even in vivo in mice and 

enabled fluorescence-guided tumor resection.[132,138]  

In 2024, Wagenknecht et al. developed a dual bioorthogonal labeling strategy using 

photoclick and IEDDA for the metabolic labeling of DNA. In this approach, a 1-

methylcyclopropene nucleoside (1-MCP) and a 3-methylcyclopropene nucleoside (3-MCP) 

were incorporated into cellular DNA in vitro or in cells using metabolic labeling in 

combination with an SNT-transporter.[139,140] In a second step, the 3-MCP was labeled with 

a tetrazole via photoclick reaction and 1-MCP was labeled with a tetrazine dye via IEDDA 

reaction. The orthogonality is given due to the 3-methyl group of the cyclopropene which 

introduces steric hinderance in the transition state and effectively impedes the IEDDA 

reaction. This approach provides a versatile tool for potential applications in labeling 

cellular RNA.[140]  

 

3.5 Metabolic Labeling 

For the metabolic labeling of nucleic acids, chemically modified natural nucleosides are 

used. In a first step, the chemically modified nucleosides are put into the medium of the 

cells and the cellular uptake of them takes place via nucleoside transporters in the cell 
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membrane. In the cell within an endogenous enzyme cascade, the nucleosides are 

phosphorylated via three nucleotide kinases. The corresponding triphosphates are 

subsequently incorporated by the cellular DNA or RNA polymerases into DNA or RNA (see 

figure 20). The limiting process for metabolic labelling of nucleic acids is often the substrate 

specificity of the enzymes, especially of the nucleoside monophosphate kinase (NMP) of 

the phosphorylation step.[141,142]  

 

Figure 20: Schematic representation of the metabolic labelling of DNA by means of 2’-deoxynucleosides 
modified with a chemical reporter. 

 

Spitale et al. investigated the crystal structure of the NMP kinase of the different 

nucleosides and found out that, for example, the adenosine kinase has free spaces for 

modification at the C2, N6 and N7 positions on the nucleobase. Nevertheless, these spaces 

are limited, which is why it is often not possible to use nucleosides that have already been 

modified with fluorescence probes due to their big size.[143] For this reason, mainly small 

modifications are used, which can react after incorporating into the DNA with for example 

a fluorescent probe, to achieve fluorescent labeling in this way.[141] Another approach to 

enable the incorporation of nucleoside with bigger moieties is the use of genetically 

modified HeLa cell lines that express a kinase of the herpes simplex virus I, which is less 

specific than the nucleoside monophosphate kinase of the HeLa cells.[76] However, often 

small modifications are used as mentioned before. For instance, Salic and Mitchison 
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investigated the metabolic incorporation of 5-ethynyl-2’-deoxyuridine (EdU) into DNA 

enabling bioorthogonal labeling through CuAAC using azide-modified fluorescent dyes.[145] 

Unfortunately, EdU exhibits antimetabolic and cytotoxic properties, which can negatively 

affect DNA stability, and the activity of enzymes involved in metabolic processes. Less toxic 

options can be employed by using alternative analogs such as ethynyl-modified 2’-

deoxycytidine, 7-deaza-2’-deoxyadenosine, and 7-deaza-2’-deoxyguanosine.[146–150] The 

use of azide-modified nucleoside is also an alternative for use in metabolic labeling  

(figure 21).[76,151]  

 

Figure 21: Overview of modified 2’-deoxynucleosides that were introduced into cellular DNA via metabolic 
labeling. 

 

Also, IEDDA reactions can be used by means of metabolic labeling. To this end, vinyl-

modified nucleosides e.g. 5-vinyl-2’-deoxyuridine (VdU) are incorporated metabolically and 

subsequently labeled by using a tetrazine-dye (figure 22).[149,152]  

 

Figure 22: Vinyl-modified building blocks used for IEDDA for the metabolic labeling of nucleic acids. 
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Wagenknecht et al. showed that the efficiency of metabolic labeling decreases with 

increasing size of the chemical reporter. To enhance the metabolic incorporation, a cell 

medium without the addition of natural nucleosides is used. Thus, it was possible to 

improve the incorporation rate into the DNA by this method. However, sterically hindered 

chemical moiety, for example norbonene-modified nucleosides, could not be effectively 

labeled.[20] To bypass one or more phosphorylation steps to enable metabolic labeling with 

larger functional groups, one strategy is to use the triphosphates of chemically modified 

nucleosides.  An advantage of this method is that all the phosphorylation steps, notably 

also the first highly selective phosphorylation step, can be bypassed. Unfortunately, the 

triphosphate cannot be taken up by the cell due to its highly negative charge. Kraus et al. 

developed a synthetic nucleoside triphosphate transporter (SNTT) enabling the transport 

of triphosphates through the cell membrane. The transporter is already commercially 

available and is composed of a cyclodextrin unit which can selectively include triphosphates 

and a long arginine-caproic acid chain as a cell penetrating agent. After crossing the cell 

membrane, the modified triphosphate, initially complexed with SNTT, can be replaced by 

natural nucleotides that are within the cell and is then incorporated into the DNA.[139]  
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4. Fluorogenic sydnone-dyes for bioorthogonal labeling of DNA 

4.1 Synthesis of the sydnone-modified cyanine-styryle dye 3 

Visualization is crucial for understanding of cellular processes bioorthogonal labeling 

methods are often employed for this purpose. As mentioned in chapter 3.2, most of these 

methods and applications have been primarily developed for proteins. Based on their 

successful application, the development of bioorthogonal methods for other biomolecules 

has increasingly become a focus of research. Of particular interest is DNA as the carrier of 

genetic information, along with RNA, which performs a variety of functions within cells. 

Visualization of transfected DNA is often realized by postsynthetic modification with a 

chemical reporter and subsequent reaction with a suitable reaction partner that carries a 

fluorescent dye. However, in cellular applications an excess of dye is typically required. This 

excess must be washed out after the reaction, which allows its use in fixed cells but severely 

limits its use in vivo. As a result, the development of fluorogenic dyes is of great interest, 

because they show a significant increase in fluorescence upon reacting with a chemical 

reporter, compared to the unreacted dye. This chapter focuses on the development of 

fluorogenic sydnone dyes, with the aim of synthesizing the sydnone-dye conjugate 3 shown 

in figure 23, and, if necessary, empirically improving its basic structure to increase its 

fluorogenicity. 

 

Figure 23: Structure of the sydnone dye 3. 
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The basic structure of the sydnone-dye conjugate was chosen based on a tetrazine-dye 

conjugate that had already been established in the Wagenknecht group. The sydnone 

functionality was conjugated via a vinyl bridge to the cyanine-styryl fluorophore to enable 

effective fluorescence quenching of the dye.[12]  

Figure 24 shows a potential synthetic route for the preparation of the sydnone-dye 

conjugate 3, achieved by coupling the sydnone building block 5 with the cyanine-styryl dye 

4 via a Heck coupling. The cyanine-styryl dye 4 can be synthesized from a picoline and 

indole, while the sydnone precursor 5 can be prepared in four steps from 4-iodoaniline (8). 

 

 

Figure 24: Retrosynthesis of the sydnone-dye conjugate 3. 

 

The synthesis of the cyanine-styryl dye 4 was realized in a three-step approach. The 

preparation of 4 started from the commercially available 4-picoline (6) and 5-bromo-1H-

indole-3-carboxaldehyde (7) as shown in figure 25.  
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Figure 25: Synthesis strategy of the cyanine-styryl dye 4: a) MeI, acetone, reflux, 1.5 h, 93 %; b) K2CO3, 
dimethyl carbonate, DMF, 130 °C, 18 h, 71 %; c) piperidine, EtOH, 80 °C, 18 h, 88 %. 

 

A method established by the Wagenknecht group was used for the N-methylation of 4-

picoline (6).[153,154] After 1.5 h of reaction and work-up by precipitation, 10 was isolated as 

a white solid in a yield of 93 %. Similarly, the commercially available 5-bromo-1H-indole-3-

carboxaldehyde (7) was N-methylated using dimethyl carbonate as a methylation reagent 

to enhance the photostability of the indole 11.  The two building blocks were coupled via 

an aldol-like condensation using piperidine as base and ethanol as reaction to form the 

cyanine-styryl dye (4). The reaction was worked up by precipitation and washing of the dye 

with diethyl ether. The orange solid was obtained in a yield of 88%. 

The sydnone building block 5 was prepared following the procedure published by Taran et 

al. (figure 26).[13] 
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Figure 26: Synthesis strategy of the sydnone 5: a) 1) K2CO3, ethyl bromoacetate (9), DMF, r.t., 16 h, 2) Et2NH, 
DMF, r.t., 1 h, 71 %; b) LiOH, THF/water (1:1, v/v), 0 °C, 0.5 h, r.t., 1h, 79 %; c) 1) tBuONO, THF, r.t., 0.5 h, 2) 
TFAA, THF, r.t., 3 h, 21 %; d) (CH2=CH)4Sn, Pd(PPh3)2Cl2, DMF, r.t, 16 h, 60 %.   

 

Commercially available 4-iodoaniline (8) underwent N-alkylation with ethyl bromoacetate 

(9) to yield the N-4-iodophenylglycine ester 12. The ethyl group was cleaved using LiOH, 

with the reaction proceeding in a THF/water mixture. The reaction was kept at 0 °C for 30 

min and subsequently at room temperature for an additional 1 hour. 13 was obtained as a 

light brown solid with a yield of 79 %. The sydnone was synthesized starting from the N-

glycine derivative 13 by a two-step reaction. The nitrogen of the N-glycine derivative was 

nitrosylated using tert-butyl nitrite, followed by the addition of trifluoroacetic anhydride in 

THF, which led to the formation of the sydnone by cyclodehydration. 14 could be obtained 

as a brown solid with a yield of 21 %. 14 was utilized with tetravinyltin using Pd(PPh3)2Cl2 

as a catalyst, to give 3 in a Stille coupling reaction. After reacting overnight at room 

temperature and purification by column chromatography, 5 was isolated as a light brown 

solid with a yield of 60 %. 

Subsequently, the two building blocks 4 and 5 were linked to each other in a Heck coupling 

(figure 27). The reaction conditions were based on those used for the synthesis of tetrazine 

dyes, as reported by Wagenknecht et al.[12] The reaction was performed in a crimp vial 

using tris(dibenzylideneacetonedi)dipalladium(0) (Pd2(dba)3) as catalyst and 1,2,3,4,5-

pentaphenyl-1'-(di-tert-butylphosphino)ferrocene (QPhos) as ligand, 4 and excess 5 (2.00 

eq.) were added. The reactants were dissolved in DMF and triethylamine was added as 

base. The reaction was carried out at 80 °C overnight in a heating block. The product was 

precipitated by the adding diethyl ether and was washed several times with it. 3 was 

obtained as a reddish-brown solid with 49 % yield.  
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Figure 27: Synthesis of the sydnone dye 3 via Heck coupling: a) Pd2(dba)3, QPhos, Et3N, DMF, 80 °C, 18 h, 

49 %. 

4.2 Synthesis of BCN-modified Nucleosides 

The reactivity of the dyes, their kinetics and turn-on were investigated with the BCN-

modified nucleosides 15 and 16. BCN was selected as a reaction partner due to its high 

reactivity. 7-deaza-2’-deoxyadenosine and 7-deaza-adenosine were chosen as nucleosides, 

as previous studies demonstrated that 7-deaza-2’-deoxyadenosine has shown positive 

effects on turn-on efficiency and kinetics compared to deoxyuridine as nucleobase. The 

structure of the linker used to attach the BCN to the nucleoside has also been shown in 

earlier studies to significantly influence the reaction kinetics and fluorescence turn-on.[155] 

Based on these previous studies by Philipp Geng, an aminopropyl linker with a rigid propyne 

was selected (figure 28). The BCN was attached to the linker through a carbamate group. 

 

 

Figure 28: Structures of the synthesized BCN-nucleosides 15 and 16. 
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The preparation of 15 was performed starting with the commercially available 2'-

deoxyribose (17) and 6-chloro-7-iododeazapurine (21) (figure 29). The artificial 7-deaza-

derivative can be synthesized by glycosylation with an amine component. For this purpose, 

the α-chlorosugar 20 was first prepared according to a synthesis described in literature.[156–

158] The synthesis was performed in three steps. The anomeric center of the 2'-deoxyribose 

was methyl-protected by reaction with acetyl chloride in methanol. The 3'- and 5'-hydroxy 

group of 18 were protected with para-toluoyl protective groups. 19 was treated with 4M 

HCl in dioxane, leading to substitution at the anomeric center and formation of the α-

chlorosugar in a yield of 86 %. 

 

Figure 29: Synthesis of 7-iodo-7-deaza-2’-deoxyadenosine (21): a) Acetyl chloride, MeOH, r.t., 20 min, quant.; 
b) p-toluoyl chloride, Et3N, acetone, r.t., 18 h, 42 %; c) 4M HCl/dioxane, acetic acid, 0 °C, 2 h, 86 %; d) TDA-I, 
KOH, MeCN, r.t., 1 h; e) 7N NH3 in MeOH, 120 °C, 24 h, 58 % (in two steps). 

 

The chlorosugar 20 was coupled with 6-chloro-7-iodo-7-deazapurine (21) using a 

glycosylation method established by Seela et al.[159,160] The reaction was catalyzed by TDA-

I and resulted in the stereoselective formation of the β-nucleoside 22. The deprotection of 

the p-toluoyl groups and the amination were carried out without further purification by 
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substitution of the chlorine atom with 7 M ammonia solution in methanol in a pressure 

tube at 120 °C for 24 h. In this way, 23 could be isolated as a colorless solid in a yield of 

58% in two steps.[161]  

 

Figure 30: Synthesis of BCN-modified 7-deaza-2’-deoxyadenosine 13: a) ethyltrifluoroacetat (23), MeOH, r.t., 
24 h, 72 %; b) CuI, Et3N, Pd(PPh3)4, DMF, r.t., 24 h, 95 %; c) conc. NH4OH, r.t., 16 h; d) BCN-NHS ester, Et3N, 
DMF, r.t., 16 h, 95 % (in two steps). 

 

The synthesis of the linker 26 was performed according to a literature procedure starting 

from the commercially available propargylamine (24).[162] The amino-propargyl linker was 

coupled with nucleoside 23 in a Sonogashira reaction using Pd(PPh3)4 as catalyst. After 18 h 

reaction time and subsequent purification by column chromatography, the linker-modified 

nucleoside 27 was obtained with a 95 % yield (figure 30). The trifluoroacetyl protecting 

group was removed using concentrated ammonium hydroxide solution. The residue was 

reacted in DMF with commercially available, activated BCN-NHS ester under basic 

conditions. The BCN-modified 7-deaza-2'-deoxyadenosine 15 was obtained in a yield of 

95 % in two steps. 

To exclude the influence of the additional hydroxy groups for a future application in RNA, 

a BCN-modified 7-deazaadenosin was synthesized in six steps (figure 31). Following a 

procedure developed by Spitale et al., the glycosylation of β-D-ribofuranose-1-acetate-

2,3,4-tribenzoate (28) and 6-chloro-7-iododeazapurine (21) was carried out, and 29 was 

obtained as a colorless foam with a yield of 60 %.[143] The deprotection of the benzoyl 
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groups and the amination by substitution of the chlorine atom were carried out in a 

pressure tube with 7M ammonia solution in methanol at 120 °C for 24 h. The linker 

synthesis followed a literature procedure[162], and linker 26 was attached to the nucleoside 

30 using a Sonogashira reaction. After the work-up, 31 was obtained as a light brown solid 

in a yield of 70 %. The propargyl linker was deprotected using a concentrated ammonium 

hydroxide solution and the crude product obtained was reacted without further 

purification with the activated BCN-NHS ester in DMF. The reaction of the free amino 

groups and NHS esters is pH-dependent, which is the reason why the reaction was carried 

out using triethylamine. The basic pH prevents amine protonation and enable the 

nucleophilic attack. After column chromatography, 16 was isolated as a colorless foam with 

a yield of 80 % in two steps. 

 

 

Figure 31: Synthesis of BCN-modified 7-deazaadenosine (16): a) 1) BSA, MeCN, r.t., 20 min, 2) 26, TMSOTf, 
80 °C, 2.5 h, 60 %; b) 7N NH3 in MeOH, 120 °C, 24 h, 82 %; c) ethyltrifluoroacetat (25), MeOH, r.t., 24 h, 72 
%; d) CuI, Et3N, Pd(PPh3)4, DMF, r.t., 24 h, 70 %; e) conc. NH4OH, r.t., 16 h; f) BCN-NHS ester, Et3N, DMF, r.t., 
16 h, 80 % (in two steps). 
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4.3 Bioorthogonal labeling experiments with BCN-Nucleosides  

Previous studies have demonstrated that variously modified sydnones can react rapidly 

with BCN. The reaction can be described as a [3+2] cycloaddition, which results in the 

formation of pyrazoles under the release of CO2.[36,79–82,84] In the following section, the 

reaction between sydnone dye 3 and the BCN-Nucleosides 15 and 16 will be investigated. 

The synthesized sydnone dye 3 was employed in a SPSAC to assess its potential as a 

fluorogenic dye for bioorthogonal DNA labeling. Various methods were used to study the 

reaction, such as UV-Vis-, fluorescence spectroscopy and LC-MS analysis. The reaction was 

characterized in terms of its reaction rate constants and fluorescence turn-on. 

4.3.1 UV/Vis and fluorescence experiments 

To study the reaction between the sydnone dye 3 (c = 20 µM) and the dienophiles (15 or 

16) (c = 100 µM), a five-fold excess of the dienophile was used, ensuring complete 

conversion of the sydnone fluorophore. As a result, a pseudo-first-order reaction can be 

assumed for the evaluation due to the excess of the dienophiles rather than second-order 

kinetics. The reaction rate and the turn-on of the SPSAC reaction could then be determined 

from the measurements.  

For potential application in cellulo, the reaction was conducted in water. Due to the limited 

solubility of the reactants in water, stock solutions of the reactants were first prepared in 

DMSO. After adding the reactants into the reaction solution, the final DMSO amount was 

1 vol.%. Figure 32 shows the reaction and the UV-Vis- and fluorescence spectra of the 

reaction between 3 and 15. Additionally, a picture of the cuvettes illuminated by a UV-

Lamp is shown in figure 32. On the left is the cuvette before the reaction started and on 

the right is the cuvette shown after complete conversion. The absorbance was measured 

at certain time intervals in order to follow the course of the reaction spectroscopically. The 

absorption band of the sydnone 3 decreases at 385 nm continuously, while a band at 315 

nm increases at equal time intervals. This indicates the formation of the pyrazole 32. The 

spectrum also showed a bathochromic shift and several isosbestic points at 297 nm, 338 

nm and 441 nm, indicating the formation of only one product without any by-product in 

one step. 
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Figure 32: Example of SPSAC between 3 and 15. A) changes in the absorption spectra during the SPSAC 
between 1 (20 µM, 1.00 eq.) and 15 (100 µM, 5.00 eq.) in H2O/DMSO 99:1. B) Increase in fluorescence 
intensity during SPSAC C) visible turn-on: t0: fluorescene of 3 at the start of the reaction, tend: fluorescence 
after complete conversion with 15. 

 

The turn-on F of the reaction was determined by measuring the increase in fluorescence 

intensity. The absorption maximum of the dye was chosen as the excitation wavelength. 

The emission was measured from λexcitation + 15 nm – 800 nm. For 3, a fluorescence 

maximum at λ = 546 nm was observed. First, the fluorescence spectrum of the sydnone 

dye 3 was recorded as a zero measurement. Subsequently, a sample was prepared with 

the reaction partner 15 and the SPSAC reaction was followed by fluorescence spectroscopy 

at defined time intervals (figure 32). A continuous increase in fluorescence intensity was 

observed over a period of 241 min. To determine the turn-on F, the integrals under the 

fluorescence spectra were determined. The integral of the end point It was set in relation 

to the integral of the zero measurement I0 and calculated using the following formula 

(eq.1). 
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𝐹 =
𝐼𝑡

𝐼0
      (eq.1) 

 

 

 

By recording the increase in fluorescence at regular time intervals, the reaction rate 

constant k2 can be calculated by plotting the integrated fluorescence intensities against 

time. The constant k2 was then obtained from the curvature of the mono-exponential fit 

function (chapter 7.5). For the reaction between 3 and 15 a reaction rate constant of  

k2 = 2.7 ± 0.1 M-1s-1 and a turn-on factor F = 1 could be determined. The formation of the 

click product 32 was also examined using LC-MS. In this case, a 1:5 ratio was again selected 

as the ratio of the two reaction partners. However, the reaction partners were each used 

in a concentration that was five times higher to enable better detection. The final 

concentration of the reaction partners in the reaction solution corresponded to 100 µM 3 

to 500 µM 15 in water/DMSO (92.5:7.5). The HPLC chromatogram showed a high purity of 

all reaction partners and a clean formation of the click product 32. The click product was 

further identified by ESI-MS. The kinetics of SPSAC reaction were consistent with typical 

reaction rates of these type of reaction. However, due to the low fluorescence turn-on, 

sydnone dye 3 is not suitable for use as a fluorogenic dye. Currently, there is only a limited 

understanding of the quenching properties of sydnones, as the number of known 

fluorogenic sydnone dyes is too small to establish a general theory of their quenching 

behavior. Therefore, in the following chapter, sydnone dye 3 was empirically further 

developed. 

 

 

 

 

 

It = integrated area below the obtained fluorescence spectra after time t 

I0 = integrated area below the obtained fluorescence spectra at time t = 0 
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4.4 Further development of the sydnone dye 3 

In order to improve quenching and thereby enhance the fluorescence turn-on, the effect 

of altering the steric arrangement of the sydnone dye was investigated. For this purpose, 

the structure was changed to bring the sydnone closer to the dye molecule. This was 

achieved by binding the sydnone to the 4-position of the indole moiety via a vinyl bridge 

(figure 33). 

 

Figure 33: Structure of sydnone dye 33. 

 

This modification was chosen, because it has already been shown that a rigid linker in the 

structures of the dienophiles, has a positive influence on turn-on and kinetics due to steric 

hindrance.[155] Applied to the sydnone dye, the proposed modification would provide more 

spatial restriction through closer proximity of the sydnone to the dye, potentially 

enhancing its quenching efficiency and reaction rate constants.  

The synthesis was carried out in the same way as for sydnone dye 3, only the different 

indole building block 34 was used (figure 34). 
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Figure 34: Synthesis of the sydnone-dye conjugate 33: a) K2CO3, dimethyl carbonate, DMF, 130 °C, 18 h, 70 
%; b) piperidine, EtOH, 80 °C, 18 h, 80 %; c) Pd2(dba)3, QPhos, Et3N, DMF, 80 °C, 18 h, 45 %. 

 

The 4-bromo-1H-indole-3-carboxaldehyde (34) was N-methylated using dimethyl 

carbonate as methylation reagent. The two building blocks 35 and 10 were combined 

through an aldol-like condensation reaction using piperidine as a base to form the 

brominated cyanine-styryl dye. The reaction was worked up by precipitation and 

subsequent washing of the dye with diethyl ether. The orange solid was isolated in a yield 

of 72 %. In the last step, the Heck reaction was carried out with 36 under the same 

conditions as for the synthesis of 3. After precipitation of the product 33 through adding 

diethyl ether, the sydnone dye 33 was purified by preparative HPLC. During the purification, 

the iodide was exchanged with TFA because it was carried out in a solvent of 

water/acetonitrile 20 – 80 % with 0.1 % TFA as an additive. The sydnone dye 33 could be 

obtained with a yield of 45 %. 

The absorption and fluorescence spectroscopic investigations were carried out under the 

same conditions as in section 4.2. Figure 35 shows an example of the reaction of 33 with 

nucleoside 15. 
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Figure 35: Example of SPSAC between 33 and 15. A) changes in the absorption spectra during the SPSAC 
between 3 (20 µM, 1.00 eq.) and 15 (100 µM, 5.00 eq.) in H2O/DMSO 99:1. B) Increase in fluorescence 
intensity during SPSAC C) visible turn-on: t0: fluorescene of 1 at the start of the reaction, tend: fluorescence 
after complete conversion with 15. 

 

The UV-Vis spectroscopic analysis showed a bathochromic shift during the reaction, and 

that the absorption band at 417 nm decreases continuously while a band at 355 nm, 

increases, indicating the formation of the pyrazole. The spectrum shows several isosbestic 

points at 340 nm, 364 nm and 490 nm. After 247 min no change in the absorption spectra 

can be observed. Fluorescence spectroscopic analysis revealed that, in comparison to 

sydnone dye 3, the turn-on did not improve, and the kinetics are in the same range as for 

the reaction of 3 with 15. The fluorescence maximum of the dye was at 551 nm and did 

not increase further after 211 min which marks the end of the reaction.  As a reaction rate 

constant k2 = 3.6 ± 0.8 M-1s-1 could be determined. The turn-on of 33 was 2 and is in the 

same range as the turn-on of 3. The gained results showed that the increased steric 



   

43 

 

hindrance in the sydnone dye 33 does not appear to have a strong effect on the turn-on 

and kinetics. 

Another possible way to further develop the sydnone dye is to modify the sydnone moiety 

itself. For this purpose, the naphthylsydnone 43 was used instead of a phenylsydnone 

(figure 36), allowing the synthesis of dyes 44 and 45. The synthesis of these two sydnone 

dyes is shown in figure 37. 

 

Figure 36: Synthesis of the  naphthylsydnone 43: a) NIS, DMSO, r.t., 72 h, 50 %; b) 1) K2CO3, ethyl 
bromoacetate, DMF, r.t., 16 h, 2) Et2NH, DMF, r.t., 1 h, 20 %; c) LiOH, THF/water (1:1, v/v), 0 °C, 0.5 h, r.t., 1h, 
95 %; d) 1) tBuONO, THF, r.t., 0.5 h, 2) TFAA, THF, r.t., 3 h, 90 %; e) (CH2=CH)4Sn, Pd(PPh3)2Cl2, DMF, r.t, 16 h, 
72 %.   

 

Starting with commercially available 1-naphthylamine (38), the iodination was carried out 

with NIS in DMSO. After purification by column chromatography, 4-iodo-1-naphthylamine 

(39) was obtained in a yield of 50 %. 39 was N-alkylated with ethyl bromoacetate to give 

the N-4-iodonaphthylglycine ester 40. The ethyl group was then cleaved with LiOH to give 

compound 41 as a light brown solid with a yield of 95 %. The synthesis of the sydnone was 

initiated from the N-glycine derivative 41 in a two-step reaction. In the first step, the 

nitrogen of the N-glycine derivative was nitrosylated with tert-butyl nitrite, followed by the 

addition of trifluoroacetic anhydride in THF, which promoted cyclodehydration and formed 

the sydnone ring. Compound 42 was isolated as a reddish-brown solid with a yield of 90 %. 

42 undergo a Stille coupling reaction with tetravinyltin using Pd(PPh3)2Cl2 as a catalyst. 
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After the reaction ran overnight at room temperature and subsequent purification by 

column chromatography, compound 43 was obtained as a reddish-brown solid with a yield 

of 72 %. The two building blocks 4/36 and 43 were then coupled using a Heck reaction 

(figure 37), following reaction conditions similar to those used for the synthesis of 3. Upon 

completion of the reaction, the product was precipitated by adding diethyl ether. The 

crude product was further purified by preparative RP-HPLC. Compounds 44 and 45 were 

obtained in yields of 60 % and 45 %, respectively. 

 

Figure 37: Synthesis of the sydnone-dyes conjugates 44 and 45 via Heck coupling: a) Pd2(dba)3, QPhos, Et3N, 
DMF, 80 °C, 18 h, 44: 60 %, 45: 45 %. 

 

In addition to compound 44 and 45, another sydnone dye was synthesized, as shown in the 

synthetic route of figure 38. Sydnone building block 5 was converted to compound 46 

following a procedure by Taran et al.[13] 4-Methylchinoline (47) was N-methylated using 

methyl iodide, yielding 48 as a yellow solid in quantitative yield. 46 and 44 undergoes an 

aldol-like reaction to form sydnone-dye conjugate 49. The reaction conditions were 

adapted from a procedure from Taran et al.[13] The product was precipitated using diethyl 

ether and isolated as a dark brown solid with a yield of 50 %. 
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Figure 38: Synthesis of the sydnone-dye conjugate 49: a) 1) NMO, OsO4, acetone/water, r.t., 4 h, 2) NaIO4, 
acetone/water, r.t., 6 h, 48 %; b) MeI, acetone, reflux, 2 h, 93 %; c) piperidine, MeOH, 75 °C, 24 h, 50 %. 

 

The reactivity of the three synthesized sydnone dyes with nucleoside 16 was evaluated via 

UV-VIS and fluorescence spectroscopy. Figure 39 shows the fluorescence spectra of the 

dyes. The reactions were performed under the same conditions as used for 3 and 33. The 

spectra were recorded at specific time intervals to follow the progress of the reaction. 
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Figure 39: A) Increase in fluorescence during the SPSAC of fluorophore 44 and BCN-nucleoside (16) in 
H2O/DMSO (99:1 V/V%) at λexc = 448 nm between 463 – 800 nm. B) Increase in fluorescence during the SPSAC 
of fluorophore 45 and BCN-nucleoside (16) in H2O/DMSO (99:1 V/V%) at λexc = 424 nm between 439 – 750 
nm. C) Increase in fluorescence during the SPSAC of fluorophore 49 and BCN-nucleoside (16) in H2O/DMSO 
(99:1 V/V%) at λexc = 372 nm between 387 – 710 nm. D) Time-resolved kinetic representation of the 
fluorescence intensity of the measured fluorescence of 44 with 16 with exponential fitting function:  
y = a + b∙exp(-kx). 

 

The fluorescence spectra showed a continuous increase in fluorescence for all dyes over 

the course of the reaction with nucleoside 16. The turn-ons F of the dyes with the 

nucleoside could be determined using the formula shown in chapter 4.3.1. An 8-fold 

improvement in fluorescence turn-on efficiency was observed when comparing 33 to 49. 

The reaction rate constants of the three dyes were also higher than for 3 and 33. 44 showed 

the fastest kinetics. Nevertheless, the reaction rate constants were still in the same kinetic 

range of 100 M-1s-1. To determine these values, integrated fluorescence intensities were 

plotted against time and then an exponential fit was calculated. As an example, the graph 

of the time-resolved kinetic representation of sydnone dye 44 is shown in figure 39. 

Furthermore, the fluorescence spectrum of 49 exhibits a distinctive feature, with a local 
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maximum at 570 nm in addition to the global maximum at 444 nm. For better 

comparability, the reaction rate constants k2 and turn-ons were summarized in table 2.  

Table 2: Photophysical properties of sydnone modified fluorophores after complete conversion with BCN-
modified nucleosides 15 and 16 in H2O/DMSO (99:1 V/V%). 

 

 

The kinetics are in the same range regardless of which nucleoside is measured with one of 

the dyes. Consequently, it can be concluded that the hydroxyl-group at the 2'-end has no 

effect on the reaction rate constants k2 and that the kinetics will not differ in a later RNA 

Fluorophor Dienophile Product λem 

[nm] 
Δλ   

[nm] 

Turn-on k2 

[M-1s-1] 

3 15 32 547 118 1 2.7 ± 0.1 

16 50 547 118 1 2.2 ± 0.1 

33 15 37 549 125 2 3.6 ± 0.8 

16 51 549 125 1 1.2 ± 0.1 

44 15 52 543 95 4 7,0 ± 0.3 

16 53 543 95 3 5.3 ± 0.2 

45 15 54 568 144 4 2.5 ± 0.2 

16 55 568 144 3 0.6 ± 0.03 

49 15 56 444 72 8 1.3 ± 0.1 

16 57 444 72 7 0.4 ± 0.05 
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application compared to DNA. Also, no conclusions can be drawn about the turn-on F either 

as this also appears to be unaffected by the presence of the 2'OH group. Furthermore, 

large Stokes shifts between 72 nm and 144 nm were observed, which is very advantageous 

for biochemical applications, as it ensures sufficient separation between the excitation 

wavelength and emission band. Figure 40 shows the optically detectable fluorescence of 

sydnone-modified fluorophores after complete conversion with 16 when the cuvettes are 

illuminated by a UV-lamp (395 nm). Comparing 3 and 33 with 44, 45 and 49, a significant 

increase in optically detectable fluorescence can be seen, although the turn-on's maximum 

only is 8-fold higher, compared to the least efficient dyes 3 and 33, but the optically 

detectable fluorescence, i.e. the observed brightness, is not only related to the turn-on, it 

is also based on the product of the extinction coefficient and the fluorescence quantum 

yield. The fluorescence increase is thus only used to evaluate the fluorescence restored 

after the SPSAC and provides a value for quantifying the efficiency of the fluorophore 

system. 

 

 

Figure 40: Visible fluorescence turn-on of 3, 33, 44, 45 and 49 after complete conversion with 16. 

 

The three dyes with the highest visible turn-on should then be examined regard to their 

kinetics and their turn-on when reacting with BCN-modified DNA. 
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4.5 Synthesis of BCN-modified oligonucleotides 

After in vitro characterization of dyes 44, 45 and 49 with nucleosides 15 and 16, BCN-

modified DNA was synthesized to study the reaction with the dyes both in vitro and later 

in cellulo. For this purpose, 7-deaza-2'-deoxyadenosine was incorporated with a rigid linker 

system in a short-chain DNA of 17 base pairs using standard solid-phase synthesis. The 

artificial nucleoside was incorporated as a phosphoramidite. For successful solid-phase 

synthesis, the building blocks first had to be modified by introducing a series of protecting 

groups. The phosphoramidite was synthesized starting from nucleoside 27. Initially, the 

free amine of the nucleoside was protected with a dimethylformamide dimethyl acetal 

(DMF-DMA) group, as this would interfere with the activation of the phosphoramidite 

during the activation step in the solid-phase synthesis. The 5'-position was protected with 

a dimethoxytrityl (DMT) group according to the method of Seela et al.[160] The 3'-hydroxide 

group was converted to the phosphoramidite by reaction with 2-cyanoethyl-N,N-

diisopropylchlorophosphoramidite with DIPEA as base. 60 was obtained in quantitative 

yield (figure 41). 
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Figure 41: Synthesis of phosphoramidite 60: a) DMF-DMA, MeOH, 40 °C, 16 h, 74 %; b) DMTr-Cl, pyridine, 
MeOH, r.t., 16 h, 80 %; c) 2-Cyanonethyl-N,N-diisopropylchlorophosphoramidite, DIPEA, DCM, r.t., 4 h, quant.  

 

Subsequently, 60 was converted into DNA1 by automated DNA synthesis (figure 42). The 

DNA sequence was taken from earlier work by the Wagenknecht group.[155]  

 

Figure 42: Synthesis of the amine-functionalized oligonucleotide (DNA1) after standard solid-phase synthesis 
with subsequent post synthesis of the amine functionalized oligonucleotide with BCN-NHS ester to give the 
BCN-modified oligonucleotide DNA2. 
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The synthesized oligonucleotide was cleaved from the solid support and purified using a 

DMT affinity column. The BCN-modified oligonucleotides were modified post-synthetically. 

For this, DNA1 was reacted with the BCN-NHS ester using DIPEA as a base in DMSO. The 

resulting BCN-oligonucleotide was purified using high-performance liquid chromatography 

(HPLC). The synthesized oligonucleotide DNA2 was identified using MALDI-TOF mass 

spectrometry (chapter 7.3, table 7). The concentration of the purified oligonucleotide was 

determined using UV/Vis spectroscopy and the Lambert-Beer’s law. 

 

4.6 Optical spectroscopy of BCN-modified oligonucleotides 

The BCN-modified DNA prepared in chapter 4.5 was used to analyze the sydnone-modified 

fluorophores. A significantly smaller amount of DNA2 was available for the SPSAC 

experiments, which is the reason why the batch size was adjusted. The concentrations 

were diluted with a ratio of 1:10. To ensure comparability with the nucleoside experiments, 

the ratio between fluorophore and dienophile and the DMSO content of 1% were not 

altered. The experiments were performed and analyzed in the same way as the nucleoside 

experiments. The resulting fluorescence spectra are shown in figure 43. 
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Figure 43: A) Increase in fluorescence during the SPSAC of fluorophore 44 and DNA2 in H2O/DMSO (99:1 
V/V%) at λexc = 448 nm between 463 – 750 nm. B) Increase in fluorescence during the SPSAC of fluorophore 
45 and DNA2 in H2O/DMSO (99:1 V/V%) at λexc = 424 nm between 439 – 720 nm. C) Increase in fluorescence 
during the SPSAC of fluorophore 49 and DNA2 in H2O/DMSO (99:1 V/V%) at λexc = 372 nm between 387 – 710 
nm. D) Time-resolved kinetic representation of the fluorescence intensity of the measured fluorescence of 
49 and DNA2 with exponential fitting function: y = a + b∙exp(-kx). 

 

An examination of the spectra shows that the fluorescence intensities of 44 and 45 increase 

very rapidly and then decrease again over the course of the reaction, indicating that the 

dyes are interacting with the DNA as templates. The negatively charged DNA backbone 

allows the positively charged dyes to pre-coordinate with the DNA backbone. The template 

formation of dye 4 has already been investigated in an earlier work, where it was shown 

that template formation can be attributed to an up to tenfold increase in fluorescence.[154] 

This pre-coordination is reversed by the reaction with the reaction partner, causing the 

fluorescence to decrease again because the turn-on of the formed pyrazoline product does 

not exceed that of the template. Nevertheless, a turn-on of 11 (44) and 17 (45) can be 

observed during the formation of the click product, which is for 45 more than eight times 

higher than for the nucleoside. To verify this hypothesis, a reaction with BCN-modified DNA 
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(10 µM) and dye 44 and 45 in excess (20 µM)) was carried out. The results are shown in 

figure 44.  

 

Figure 44: A) Increase in fluorescence during the SPSAC of fluorophore 44 (20 µM) and DNA2 (10 µM) in 
H2O/DMSO (99:1 V/V%) at λexc = 448 nm between 463 – 750 nm. B) Increase in fluorescence during the SPSAC 
of fluorophore 45 (20 µM) and DNA2 (10 µM) in H2O/DMSO (99:1 V/V%) at λexc = 424 nm between 439 – 720 
nm. C) Time-resolved kinetic representation of the fluorescence intensity of the measured fluorescence of 
44 and DNA2 with exponential fitting function: y = a + b∙exp(-kx). D) Time-resolved kinetic representation of 
the fluorescence intensity of the measured fluorescence of 45 and DNA2 with exponential fitting function:  
y = a + b∙exp(-kx). 

 

A turn-on of 17 (44) and 21 (45) was observed. Due to the fact that the dye is used in excess, 

unreacted dye remains and continues to form DNA-templated non-covalent adducts. This 

confirms the assumption from an earlier study by Philipp Geng that template formation 

affects the turn-on.[155] However, the turn-on has increased compared to the reaction with 

nucleosides. This can be attributed to the fact that DNA further restricts the rotational 

freedom of the fluorophores through intercalation or binding to DNA which is different 

with the nucloeoside, thus further reducing vibronic relaxation from the first excited state. 

When 49 reacts with DNA, a turn-on of 6 is achieved, which means that there is no increase 
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in turn-on compared to the nucleoside. Furthermore, the turn-on of 49 is significantly 

lower compared to dyes 44 and 45 upon reaction with DNA. In contrast to the other two 

dyes, 49 is less strongly pre-coordinated due to its smaller size and greater flexibility 

resulting from the smaller dye unit. The turn-on does not change significantly. When 

looking at the kinetics of the dyes, it is apparent that the kinetics of the dyes 44 and 45 

have increased 219- and 975-fold. The immense increase is also explained by the pre-

coordination of the dyes with the DNA, since in the case of 49, the dye probably had only 

low pre-coordination, the reaction rate constant only increased 27-fold compared to dyes 

44 and 45. Table 3 summarizes the results of the SPSAC experiments. 

 

Table 3: Photophysical properties of sydnone modified fluorophores after complete conversion with BCN-
modified DNA in H2O/DMSO (99:1 V/V%). 

 

 

 

Comparing the fluorescence spectra of reaction 49 with the nucleoside and 49 with DNA2, 

it was observed that the fluorescence maximum for DNA was at 567 nm, while for the 

Fluorophor Dienophile Product 
λem 

[nm] 

Δλ   

[nm] 
Turn-on 

k2∙103 

[M-1s-1] 

44 DNA2 61 534 86 11 1.5   

45 DNA2 62 564 140 17 2.3 

49 DNA2 63 567 195 6 0.1 
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nucleoside the fluorescence maximum was at 444 nm. The shift of the fluorescence 

maximum is 123 nm. Such shifts in the fluorescence maximum due to the presence of DNA 

have hardly been observed in the literature. In the course of the research, only two 

publications by Tokar et al.[163] and Ustimova et al.[164] could be found that deal with 

fluorescence shift studies of styryl dye-DNA complexes. Due to the limited data available, 

the exact mechanism of this fluorescence shift is not yet understood and requires further 

investigation. Nevertheless, the property of the dye is of great interest for example in the 

field of metabolic labeling, because the fluorescence shift could be used to distinguish 

whether the nucleoside supplied to the cell was accepted by the polymerases and 

incorporated into the DNA or is just present in the cell unincorporated. 

 

4.7 Cell experiments 

As a final step, transfection experiments were carried out to determine whether the three 

dyes 44, 45 and 49 were suitable for labelling transfected BCN-modified DNA in cells. 

Initially, DNA2 was transfected into HeLa cells using LipofectamineTM 2000 and endoporter. 

After the transfection was complete, the cells were fixed with 4 % PFA and then incubated 

with the respective dye. After an incubation period of 2 h, the cells were washed twice with 

PBS and the cell nucleus was stained with DRAQ5. The cells were then examined under a 

fluorescence microscope. At the same time, a negative control was carried out with only 

cells to exclude autofluorescence of the cells. As a further negative control, only the dyes 

were incubated without DNA2 to exclude false positive results due to the background 

fluorescence of the dyes. In order to have a positive control, in vitro converted DNA2+44, 

DNA2-45 and DNA2+49 were used for transfection. All controls were examined under the 

same conditions as the in cellulo experiments. Upon examining the cell images of the 

different dyes (see figure 45-47), it is noticeable that 45 is significantly more difficult to 

detect than 44 and 49. The reason could be that excitation took place with a λexc = 488 nm 

laser and fluorophore 45 differs by 64 nm from the excitation wavelength of the laser with 

its absorption maximum and is therefore no longer effectively excited. Another reason 

could be that the transfection was less efficient, but this is very unlikely given the analogous 

procedure. However, BCN-modified oligonucleotides were successfully introduced into the 
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cell by transfection and successfully labelled in situ with fluorophores 44, 45 and 49 in an 

SPSAC reaction. 

 

Figure 45: Fluorescence microscopic images of fixed HeLa cells treated for 2 h with fluorophore 44. Negative 
control: untreated HeLa cells and fluorphore 44 without transfected DNA.  λexc = 488 nm (10 % intensity),  
λem. = 500-600 nm, Scale bar: 10 µm. 
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Figure 46: Fluorescence microscopic images of fixed HeLa cells treated for 2 h with fluorophore 45. Negative 
control: untreated HeLa cells and fluorphore 45 without transfected DNA.  λexc = 488 nm (10 % intensity),  
λem. = 500-600 nm, Scale bar: 10 µm. 
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Figure 47: Fluorescence microscopic images of fixed HeLa cells treated for 2 h with fluorophore 49. Negative 
control: untreated HeLa cells and fluorphore 49 without transfected DNA.  λexc = 405 nm (10 % intensity), 
 λem. = 500-600 nm, Scale bar: 10 µm. 
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In summary, the sydnone-modified dyes developed in this work represent a useful addition 

to the range of fluorescent probes for in cellulo applications, because they show a high 

affinity in the bioorthogonal SPSAC reaction with modified oligonucleotides. 
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5. Diarylsydnone-modified oligonucleotides for bioorthogonal labeling 

The second part of this work focuses on the synthesis of diarylsydnone-modified DNA. 

Sydnones have gained increasing interest in bioorthogonal chemistry due to their stability 

and their ability to react with chemical reporters via both SPSAC or photoclick reactions. By 

further modifying the sydnone ring with an aryl group, Yu et al. were able to synthesize 

diarylsydnones which, due to steric hindrance, only react under photoclick conditions, as 

the product of the SPSAC hardly forms due to steric hindrance. The use of diarylsydnones, 

similar to tetrazoles, allows a strong spatiotemporal control compared to conventional 

sydnones.[15] 

 

5.1 Synthesis of the diarylsydnones 

The synthesis of diarylsydnone 71 was carried out starting from 4-aminobenzoic acid ethyl 

ester (64). 64 was reacted with ethyl bromoacetate and DIPEA to form 65. The ethyl group 

was then cleaved with 1M NaOH in ethanol at room temperature to avoid cleaving off the 

second ethyl group.[165] The sydnone was synthesized in two steps. First, the nitrogen was 

nitrosylated using tert-butyl nitrite. The sydnone ring of 67 was then formed by adding 

trifluoroacetic anhydride. The sydnone 67 was obtained with a yield of 75 %.[83] The 

sydnone was converted into the diarylsydnone by C-H activation. Therefore, 67 was 

reacted together with K2CO3 as a base and Pd(OAc)2 in DMF together with 68 at 100 °C 

overnight.[130] After purification by column chromatography, the product could be isolated 

as a light brown solid with a yield of 45 %. In the next step, the ethyl group was cleaved 

with LiOH in water/THF mixture and then the resulting carboxylic acid was converted to 

the NHS ester using EDC as activating reagent. The NHS ester 71 was obtained as a light 

brown solid with a yield of 49 % (figure 48). 
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Figure 48: Synthesis of the diarylsydnone 71: a) K2CO3, ethyl bromoacetate, DMF, 70 °C, 15 h, 89 %; b) 1N 
NaOH, ethanol, r.t., 3h, quant.; c) 1) tBuONO, THF, r.t., 1 h, 2) TFAA, THF, r.t., 3 h, 75 %; d) K2CO3, 68, Pd(OAc)2, 
DMF, 100 °C, 19 h, 45 %; e) LiOH, THF/water (1:1, v/v), r.t., 2 h; f) NHS, EDC, DMF, r.t, 16 h, 49 % (in two 
steps).   

 

For the second diarylsydnone 79, the synthesis was carried out starting from 4-

methoxyaniline (72). It was reacted with ethyl bromoacetate and sodium acetate to afford 

73. Subsequently, the ethyl group was cleaved with NaOH in ethanol under reflux. The 

synthesis of the sydnone proceeded in two steps. First, the nitrogen was nitrosylated using 

tert-butyl nitrite. Subsequently, cyclization to the sydnone was carried out by adding 

trifluoroacetic anhydride. The sydnone 75 was isolated in a yield of 71 %. The synthesis to 

the diarylsydnone was carried out by C-H activation. For this purpose, 76 was reacted 

together with K2CO3 as a base and Pd(OAc)2 in DMF together with 75 at 120 °C overnight. 

After purification by column chromatography, 77 was obtained as a yellow solid with a yield 

of 58 %.[130] The ethyl group was cleaved with LiOH and subsequently 78 was then 

converted to the NHS ester. The NHS ester 79 could be isolated as a yellow solid with a 

yield of 29 % in two steps (figure 49). 
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Figure 49: Synthesis strategy of the diarylsydnone 79: a) sodium acetate, ethyl bromoacetate, ethanol, reflux, 
15 h, 76 %; b) NaOH, ethanol, reflux, 1.5 h, 77 %; c) 1) tBuONO, THF, r.t., 1 h, 2) TFAA, THF, r.t., 3 h, 70 %; d) 
K2CO3, 76, Pd(OAc)2, DMF, 120 °C, 19 h, 58 %; e) LiOH, THF/water (1:1, v/v), r.t., 2 h; f)NHS, EDC, DMF, r.t, 
16 h, 29 % (over two steps).   

 

In parallel, the aminopropyl-modified nucleoside 81 and DNA building block 84 was 

synthesized (figure 50). The triple bond of 27 was hydrogenated with triethylsilane and 

Pd(OH)2/C, followed by the removal of the trifluoroacetyl protecting group using 

concentrated ammonium hydroxide solution. 81 was obtained in quantitative yield. In 

addition, nucleoside 84 was synthesized by protecting the amine group using a DMF-DMA 

protecting group and further protecting the 5‘-position of nucleoside 80 with 4,4’-

dimethoxytrityl chloride, which resulted in 83 in a yield of 65 %. The phosphoramidite was 

synthesized by reaction with 2-cyanoethyl N,N-diisopropyl chlorophosphoramidite and 

DIPEA to yield building block 84 in 65 % yield.[166] 
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Figure 50: Synthesis of aminopropyl-modified nucleoside 81 and DNA building block 84: a) triethylsilane, 
Pd(OH)2/C, MeOH, r.t., 16 h, 80 %; b) conc. NH4OH, r.t., 16 h, quant.; c) DMF-DMA, MeOH, 40 °C, 16 h, 66 %; 
d) DMTr-Cl, pyridine, MeOH, r.t., 16 h, 65 %; e) 2-Cyanonethyl-N,N-diisopropylchlorophosphoramidite, 
DIPEA, DCM, r.t., 4 h, 65 %.  

 

The nucleoside 1 and 2 were synthesized by reaction of the NHS-esters 71 and 79 with 81 

under basic conditions. The diarylsydnone-modified nucleosides were obtained in yields of 

40 % (1) und 11 % (2) (figure 51). 
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Figure 51: Synthesis of diarylsydnone-modified nucleosides 1 and 2: a) triethylamine, DMF, r.t., 16 h, 1 40 %, 

2 11 %. 

 

 

 

 

 

 

 

 

 

 

 

 



   

65 

 

5.2 Synthesis of diarylsydnone-modified DNA  

First, the phosphoramidite building block 84 was incorporated into DNA3 using standard 

solid-phase synthesis protocol (figure 52). 

 

Figure 52: Synthesis of DNA3. 

 

The synthesized DNA was cleaved from the solid support with ammonia and purified on a 

DMTr affinity column. The DNA3 was detected by Maldi-TOF mass spectroscopy. The 

diarylsydnones 71 and 79 were postsynthetically introduced into the DNA. For this 

purpose, the DNA and the respective NHS ester were dissolved in DMSO and reacted with 

DIPEA in a microreaction tube (figure 53). After purification of the modified strands via 

HPLC, the success of the reaction was verified by Maldi-analysis (Chapter 7.3, table 7). 
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Figure 53: Sequences of DNA4 and DNA5. 

 

5.3 Bioorthogonal Labeling Experiments 

5.3.1 Photoclick experiments 

Photoclick labeling experiments were performed on the nucleosides 1 and 2 to gain insight 

into the changes in fluorescence and absorption properties for future cell applications. As 

a reaction partner N-methylmaleimide (NMM) was chosen. In order to perform the 

photoclick experiments, stock solutions of the reactants were prepared. Due to the limited 

solubility in water, DMSO was used as a solvent. The reaction was carried out in 

water/DMSO 99:1, with the final concentrations of the two reactants being 1/2 25 µM and 

that of NMM 250 µM. A tenfold excess of NMM allowed the assumption of pseudo-first-

order kinetics. The samples were irradiated with λ = 405 nm LEDs, and the intensity of the 

LED was measured before each experiment. The experiments were carried out with 25 µM 

1 and 250 µM NMM (10.0 eq.) by irradiation with λ = 405 nm light (43.8 mW) in 

water/DMSO (99:1 V/V%). Absorbance and emission spectra were collected at defined 

times after irradiation (figure 54).  
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Figure 54: Photoclick reaction between 1 and NMM by irradiation with λ = 405 nm. A) changes in the 
absorption spectra during the photoclick reaction between 1 (25 µM, 1.00 eq.) and NMM (250 µM, 10.0 eq.) 
in H2O/DMSO 99:1. B) Increase in fluorescence intensity during photoclick reaction (λexc. = 380 nm) C) visible 
turn-on: t0: fluorescence of 1 at the start of the reaction, tend: fluorescence after complete conversion with 
NMM.  

 

In the UV-Vis spectrum, a new band at 382 nm can be observed, which can be assigned to 

the formation of fluorescent pyrazoline. At the same time, a decrease in absorbance of the 

sydnone at 328 nm was observed. Furthermore, isosbestic points at 256 nm, 293 nm and 

344 nm were observed. After 540 s, the reaction appears to be complete, as no significant 

change in the absorption spectrum is visible. This observation also coincides with the 

fluorescence spectrum, where the fluorescence hardly changes after 480 s. In the 

fluorescence spectrum, a strong increase in fluorescence of 25 times is observed. This 

increase in fluorescence is also visible when the cuvette is illuminated with a handheld UV 

lamp. The success of the reaction of nucleoside 1 with NMM was verified by ESI-MS 

(chapter 7.4, table 13). 
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The same experiment was carried out with the diarylsydnone nucleoside 2. Compared to 

diarylsydnone nucleoside 1, the fluorescence increases more strongly; a 32-fold 

fluorescence increase was observed. Furthermore, the fluorescence spectrum is 

bathochromically shifted compared to 1. On closer inspection, an increasing shoulder at 

477 nm can be seen in the fluorescence spectrum after an irradiation time of 120 s. This 

could indicate the formation of a by-product or the degradation of the formed click 

product. The reaction rate at which the pyrazoline is formed is quite similar to that of 1 

(figure 55). 

 

 

Figure 55: Photoclick reaction between 2 and NMM by irradiation with λ = 405 nm. A) changes in the 
absorption spectra during the Photoclick reaction between 2 (25 µM, 1.00 eq.) and NMM (250 µM, 10.0 eq.) 
in H2O/DMSO 99:1. B) Increase in fluorescence intensity during Photoclick reaction (λexc. = 400 nm) C) visible 
turn-on: t0: fluorescene of 2 at the start of the reaction, tend: fluorescence after complete conversion with 
NMM.  

 

When examining the absorption spectrum, it is noticeable that the sydnone band is at 

λ = 333 nm and the pyrazoline band at λ = 403 nm. Compared to 1, both bands are 

bathochromically shifted. The spectrum shows isosbestic points at 264 nm and 353 nm. 
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The bathochromic shift compared to 1 is also visible when the cuvette is illuminated with 

a handheld UV lamp. The success of the reaction of nucleoside 2 with NMM was verified 

by ESI-MS (chapter 7.4, table 13). To determine the reaction rate constants k2 of the two 

photoclick reactions, the integrated fluorescence intensities were plotted against time. 

Based on the tenfold excess, pseudo-first-order kinetics were assumed and therefore a 

monoexponential fit was performed. The resulting graphs are shown in figure 56: 

 

Photoclick-reaction k2 [M-1s-1] 

1 + NMM 44 ± 4 

2 +NMM 61 ± 3 

 

Figure 56: Application of integrated areas against time. The click reactions between A) 1 + NMM and B) 2 + 
NMM are considered. The table shows the calculated reaction rate constants of the photoclick reaction.  

 

The calculated reaction rate constants of the photoclick reactions under consideration are 

within the range characteristic of photoclick reactions (101 – 102 M-1s-1).  

5.3.2 SPSAC experiments  

It has been reported in the literature that diarylsydnone, due to steric hindrance, hardly 

reacts with a dienophile in an SPSAC but only by photoclick reaction.[130] To test this, 1 and 

2 were reacted with BCN-OH. Every 20 minutes, a UV-Vis spectrum was recorded to check 

the progress of the reaction. Figure 57 shows the obtained spectra: 
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Figure 57: SPSAC reaction between 1 and BCN-OH and 2 and BCN-OH. UV-Vis spectra of the SPSAC between 
A) 1 + BCN-OH and B) 2 + BCN-OH. 

 

Considering the obtained absorption spectra, there is almost no change in the absorption 

spectrum of 1 over a period of two hours. A significant change in the spectrum is only seen 

after 16 hours, which indicates the course of the SPSAC as a decrease in the sydnone band 

at λ = 333 nm is observed and a band at λ = 396 nm is formed, indicating the formation of 

the pyrazole. The absorption spectrum of 2 with BCN-OH also shows no change over a 
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period of 6 hours. Thus, the diarylsydnones prepared in this work also exhibit the reduced 

reactivity towards SPSAC described in the literature.[130]  

 

 

 

 

 

 



 

72 

6. Summary and Outlook 

The first challenge of this work was based on the synthesis of new fluorescent sydnone 

dyes. The synthetic research produced five sydnone dyes through empirical development, 

of which three met the required criterion of a turn-on effect (figure 58). The sydnone dyes 

developed showed high Stokes shifts, making them well suited for biochemical applications 

since the excitation wavelength is separate from the emission band. SPSAC reactions were 

carried out with the sydnon dyes produced with the BCN-modified nucleosides 15 and 16. 

On the one hand, the influence of the 2‘-OH group on the kinetics of the fluorophores with 

the nucleosides was to be investigated, as well as the turn-on. It was found that the 2’-OH 

group has no significant influence on the aforementioned factors, which is why it can be 

assumed that similar results to those obtained with DNA labelling can be expected for 

labelling RNA. The strongest turn-on could be achieved with 49. Fluorophore 44 showed 

the fastest kinetics. However, the kinetics all moved in a similar range, namely 100 M-1s-1. 

Furthermore, the experiments were used to preselect the empirically developed dyes 

based on their properties with the nucleosides in order to examine only the most successful 

fluorophores with BCN-modified DNA. 

 

Figure 58: Overview of the developed fluorogenic sydnone dyes. 

 

The results of the SPSAC reaction with BCN-modified DNA show a strong acceleration of 

the reaction rate constants, in the range of k2 ≥ 103 M-1s-1. The turn-on was also improved 

up to eightfold. This indicates that the increase in fluorescence intensity is not only due to 

the reaction with the pyrazole product, but also due to structural fluorogenicity. This can 

be explained by the formation of non-covalent templates with the DNA, whereby the DNA 
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restricts the rotational freedom of the fluorophore more strongly than the nucleoside and 

thus reduces the vibronic relaxation from the first excited state. Thus, the sydnone 

fluorophores show a strong affinity towards modified oligonucleotides and are therefore 

suitable for fluorescent imaging for the detection of cellular DNA in cells. In subsequent cell 

experiments, it was shown that previously transfected BCN-modified DNA could be 

detected with dyes 44, 45 and 49 in fixed HeLa cells. The sydnone fluorophore 44 showed 

the best results. As a next step, the sydnone dyes could be used to detect BCN-modified 

DNA in living cells. 

The second part of this work deals with the development of diarylsydnones as chemical 

reporters in nucleosides and DNA. So far, only Wagenknecht et al. have synthesized a 

phenyl diarylsydnone-modified nucleoside, but it has never been incorporated into 

DNA.[167] The diarylsydnones produced in the work could be successfully attached to the 

nucleoside using an NHS ester and could also be post-synthetically integrated into the DNA. 

The photoclick experiments with NMM showed fast reaction rate constants in the range k2 

> 101 M-1s-1. In addition, exposure was possible in the visible range at 405 nm, which is 

advantageous for later cell applications. In the reaction of the diarylsydnone-modified 

nucleosides with NMM, a 25- to 32-fold increase in fluorescence intensity was observed 

and the fluorescence maximum of the diarylsydnone-modified nucleosides were at 480 nm 

and 550 nm. Furthermore, it was observed that diarylsydnone-modified nucleosides react 

only very slowly compared to sydnones with BCN-OH in an SPSAC; after 6 h, almost no 

conversion is observed. As a next step, the prepared diarylsydnone-modified DNA should 

be investigated in photoclick reactions. For this purpose, for example, the DNA could be 

reacted with AF555-maleimide to investigate the reaction as part of a FRET system. 

Furthermore, diarylsydnones and sydnones could be used as chemical reporters for dual 

bioorthogonal labeling. Due to the low reactivity of diarylsydnones without light, it would 

be possible to first detect sydnone-modified DNA with a BCN- or DIBAC-modified dye and 

then diarylsydnone-modified DNA with a maleimide dye. 
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7. Experimental Section 

The experimental methods used in this work are explained below. 

7.1 Materials and devices 

Reagents and solvents 

The reagents used for synthesis were purchased from ABCR, ALFA AESAR, CARBOLUTIONS, 

FLUKA, MERCK, SIGMA ALDRICH, BLDpharm, TCI and VWR and used without further 

purification.  

For syntheses, solvents were purchased from SIGMA ALDRICH, ACROS ORGANICS and 

FISCHER, which were at least quality level pro analysi (p.A.). Absolute solvents were also 

purchased and stored and used under argon. Technical solvents were used for work-up and 

for chromatographic purification, unless otherwise specified. Double deionised water 

(Milli-Q® Direct 8/16 system from Merck Millipore) and high purity solvents (HPLC grade) 

were used for HPLC separations. Buffers used were filtered before. 

Deuterated solvents were bought from EURISO-TOP. 

 

Chemical Synthesis 

Air- and water-sensitive reactions were carried out using Schlenk technique under an argon 

atmosphere (Argon 5.0, Air Liquide, 99.999 % purity). The glass equipment used was 

previously heated several times in a high vacuum and flushed with argon several times. 

Liquids were taken utilizing plastic syringes and cannulas or pipettes of the Eppendorf 

brand. If required, the solvents were degassed by passing in argon or by applying the 

freeze-pump-thaw method. Solids were transferred using weighing paper. 

For reactions at low temperatures, the following cooling mixtures were used: 

●   0 °C  ice in water 

● -21 °C sodium chloride in ice 

● -78 °C dry ice in isopropanol 
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Solvents were removed under reduced pressure on a rotary evaporator at a water bath 

temperature of 45 °C. 

NMR Spectroscopy 

Nuclear magnetic resonance analyses were performed in deuterated solvents of the 

company EURISO-TOP. The measurements were performed on a BRUKER Advance 400 

(400 MHz 1H -NMR or 101 MHz 13C-NMR) or BRUKER Advance 500 (500 MHz 1H-NMR or 

126 MHz 13C-NMR).  

For the measurement, 5-10 mg of the sample were dissolved in approx. 0.5 ml of 

deuterated solvent in a measuring tube with a diameter of 5 mm. The deuterated solvents 

employed were [d6]-DMSO, [d1]-CDCl3 and [d4]-MeOD. The measured chemical shifts (δ) 

were given in parts per million (ppm) and refer to tertramethylsilane as zero point. The 

spectrum was calibrated to the signals of the not fully deuterated solvent used. 

[d6]-DMSO:  1H-NMR: δ = 2.50 ppm  13C-NMR: δ = 39.52 ppm 

[d1]-CDCl3: 1H-NMR: δ = 7.26 ppm 13C-NMR: δ = 77.16 ppm 

[d4]- MeOD:  1H-NMR: δ = 3.31 ppm  13C-NMR: δ = 49.00 ppm  

The measured coupling constants J were given in Hertz (Hz). The multiplicities of the signals 

were labelled with the abbreviations s (singlet), d (doublet), dd (doublet of doublet), t 

(triplet), q (quartet), quin (quintet) and m (multiplet) and br (broadened signal). The spectra 

were evaluated with the help of the software MESTRENOVA. The chemical shifts of known 

solvents were taken from known literature sources for example Fulmer et al.[168] 

 

Thin-layer chromatography 

For thin-layer chromatography, aluminum plates coated with silica gel (silica gel 60, F254, 

layer thickness 0.250 mm) from MERCK were used. For the detection of the spot samples, 

UV-active samples were detected with UV light, by fluorescence quenching at λ = 254 nm 

or fluorescence excitation at λ = 366 nm. UV-inactive samples were stained with potassium 

permanganate solution (1.50 g KMnO4, 10.0 g K2CO3, 1.25 mL 10 % NaOH solution, 200 

mL H2O) or Seebach solution. Saccharides were stained with a solution of sulfuric acid in 
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methanol (5 % H2SO4) and amines with a ninhydrin solution (3.00 g ninhydrin in 200 mL 

EtOH). 

 

Column chromatography 

Column chromatography was used to purify the crude products. Silica gel 60 (pore size 60 

Å, particle size 40-63 µm) from SIGMA ALDRICH served as stationary phase. The raw 

products were adsorbed on Celite S, dry loaded or applied as a solution. Elution was carried 

out with overpressure generated by a hand pump. 

 

High-performance liquid chromatography (HPLC) 

Reversed-phase high-performance liquid chromatography (HPLC) of oligonucleotides was 

carried out on a THERMO SCIENTIFIC HPLC instrument (Dionex UltiMate3000 autosampler, 

pump module, column oven, multidiode array, RS fluorescence detector, fraction collector, 

Chromeleon 7 software). The separation was performed on a semi-preparative column 

(VDSpehr OptiBio PUR 300 S18-SE column (250 x 10 mm, 5 µm)). The analytes were applied 

to the column with an injection volume of 300 µL and a flow rate of 3.50 mL/min, unless 

otherwise stated. The column was equilibrated with 0.05 M ammonium acetate buffer in 

water and eluted with various gradients of acetonitrile. The signals were measured using a 

UV diode array detector at wavelengths of 260 nm, 290 nm and the characteristic 

absorption of the respective artificial building blocks. For the monitoring of the SPSAC 

reactions and Photoclick-reactions between the nucleosides and their corresponding click 

partners via HPLC-MS an analytical column (VDSpehr OptiBio PUR 300 S18-SE column (250 

x 4.6 mm, 5 µm)) was used. A solvent gradient of acetonitrile and double-distilled water 

was used. The analytes were applied on the column with an injection volume of 20 µL and 

a flow rate of 1.00 ml/min, unless otherwise stated. For the analytical runs with the 

sydnone fluorophores 0.1 % TFA was additionally added to the solvents. The signals were 

measured using a UV diode array detector at wavelengths of 260 nm, 290 nm and the 

characteristic absorption of the respective artificial building blocks. 
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Irradiation Setup 

The LEDs used in the irradiation setup were purchased from Roithner Laser Technik GmbH 

(405 nm: 5P4FCA). The irradiation setup was designed and manufactured by the University 

of Regensburg and the workshop of the Institute of Physical Chemistry at KIT. The setup is 

shown in figure 59. A Lauda Alpha R8-thermostat was used to cool the system (in vitro 

experiments, 20 °C).  

 

Figure 59: Irradiation setup. 

 

Sublimation drying 

Aqueous solutions were dried in a CHRIST Alpha RVC vacuum concentrator or after freezing 

in liquid nitrogen on a CHRIST Alpha 1-2 LD Plus lyophilization unit. 

Mass Spectrometry 

MALDI-TOF measurements were carried out on an AXIMA Confidence spectrometer from 

SHIMADZU. A standard plate made of stainless steel from the company Bruker with 386 

application points was used as the target. A matrix of 3- hydroxypicolinic acid (saturated 

solution in acetonitrile/water=1:1) and diammonium hydrogen citrate (0.44 M in water) in 

a 9:1 mixture was used for DNA mass measurements. The signals were reported by their 

mass to charge ratio (m/z). 
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Small molecule masses were recorded on a Q Exactive Orbitrap and an LTQ Orbitrap XL 

from THERMO FISHER SCIENTIFIC using electron spray ionization (ESI). The signals were 

given in mass/charge ration (m/z) and the molecular ion was shown as [M]+ or in 

protonated form as [M+H]+ or [M-H]+ in positive mode. 

 

Combination of liquid chromatography and mass spectroscopy (LC-MS) 

LC-MS analyses were performed using an UltiMate 3000 Dionex system coupled with an 

LTQ Orbitrap Elite ESI mass analyzer (Thermo Scientific). 

 

Determining the concentration of oligonucleotides 

For the determination of the concentration of single strand DNA, the strands were solved 

in aqueous solution and the concentration was examined with an ND-100 

spectrophotometer from NanodropTM. For this, the absorption was measured at 260 nm in 

’’Nucleic Acid’’ mode. A sample volume of 1 µL was applied and the concentration was 

calculated using Lambert-Beer’s law. 

 

Optical spectroscopy 

The examination of the synthesized substances was carried out in quartz glass cuvettes 

from STARNA path length 1 cm, sample volume 1 mL or 0.5 mL) at a temperature of 20 °C. 

All spectra were baseline-corrected using a blank. 

 

UV/VIS spectroscopy 

The absorption spectra were recorded on a Cary3500 spectrometer from AGILANT with 

Peltier element from AGILENT. The samples were prepared using 1 cm quartz glass cuvettes 

(Starna) with a volume of 1 mL at 25 °C. To determine the extinction coefficients, different 

concentrations were measured and applied to Lambert-Beer’s law. 
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Fluorescence spectroscopy 

Fluorescence spectra were recorded on a Fluoromax-4 spectrofluorometer from HORIBA-

SCIENTIFIC with a Peltier element from Horiba Scientific at 20 °C. The spectrometer was 

calibrated using the Raman scatter of water as a reference to ensure accurate wavelength 

measurement. 
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7.2 Synthetic Procedures 

 

Compound 10 

 

 

 

In a round bottom flask 2.09 mL 4-Methylpyridin (2.00 g, 21.4 mmol, 1.00 eq.) was 

dissolved in 7 mL acetone (V = 3,33 mL/10 mmol). 4.01 mL iodomethane (9.14 g, 64.4 

mmol, 3.00 eq.) was added and the reaction mixture was stirred at 56 °C oil bath 

temperature for 2 hours. After cooling down the reaction to room temperature the 

precipitate was filtered off and washed three times with diethyl ether. The solid was dried 

overnight under reduced pressure. The product was obtained as a colorless solid with a 

yield of 4.10 g (17.4 mmol, 81 %). 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 8.83 (d, J = 6.6 Hz, 2H, arom.), 7.96 (d, J = 6.4 Hz, 

2H, arom.), 4.28 (s, 3H, N-CH3), 2.60 (s, 3H, C-CH3). 

HR-MS (ESI): m/z (calculated for C7H10N+): 108.0808 [M]+; found: 108.0809 [M]+. 

The spectroscopic data is in agreement with literature.[12] 
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Compound 11 

 

 

 

In a round bottom flask 3.00 g 5-Bromoindol-3-carbaldehyde (13.3 mmol, 1.00 eq.) and 

2.04 g potassium carbonate (14.7 mmol, 1.10 eq.) were suspended in 19 mL DMF. 4.50 mL 

dimethyl carbonate (4.82 g, 53.5 mmol, 4.00 eq.) was added and the reaction mixture was 

stirred for 19 hours at 137 °C oil bath temperature. After letting the reaction cool down to 

room temperature, the reaction mixture was poured on 50 mL ice. The water phase was 

extracted three times with ethyl acetate. The combined organic phases were washed with 

water and brine solution. The organic layer was dried over sodium sulfate and the solvent 

was removed under reduced pressure. The product was obtained as a beige solid with a 

yield of 2.26 g (9.49 mmol, 71 %). 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.89 (s, 1H, R-CHO), 8.33 (s, 1H, arom.), 8.23 (d, J 

= 1.9 Hz, 1H, arom.), 7.58 (d, J = 8.7 Hz, 1H, arom.), 7.47 (dd, J = 8.7 Hz, 2.0 Hz, 1H, arom.), 

3.89 (s, 3H, N-CH3). 

The spectroscopic data is in agreement with literature.[12] 
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Compound 4 

 

 

 

In a schlenk flask under argon atmosphere 0.700 g 1,4-dimethylpyridiniumiodid (10) (2.97 

mmol, 1.00 eq.) was dissolved in 35 mL ethanol and stirred for 10 minutes. 1.06 g of the 

indole 11 (4.46 mmol, 1.50 eq.) and 1.76 mL piperidine (17.8 mmol, 6.00 eq.) were added 

to the reaction mixture. The reaction was stirred overnight at 85 °C oil bath temperature. 

After letting the reaction mixture cool down to room temperature, diethyl ether was added 

until no further precipitate was formed. The precipitate was filtered off and washed three 

times with diethyl ether and dried under reduced pressure. The product was obtained as 

an orange solid with a yield of 1.07 g (2.35 mmol, 79 %). 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 8.71 (d, J = 6.9 Hz, 2H, arom.), 8.36 (d, J = 1.7 Hz, 

1H, arom.), 8.21 (d, J = 16.3 Hz, 1H, R-CH=CH-R), 8.16 (d, J = 6.9 Hz, 2H, arom.), 8.02 (s, 1H, 

arom.), 7.56 (d, J = 8.7 Hz, 1H, arom.), 7.44 (dd, J = 8.7, 1.8 Hz, 1H, arom.), 7.25 (d, J = 16.3 

Hz, 1H, R-CH=CH-R), 4.18 (s, 3H, R-CH3), 3.88 (s, 3H, R-CH3). 

HR-MS (ESI): m/z (calculated for C17H16
79BrN2

+): 327.0491 [M]+; found: 327.0485 [M]+; m/z 

(calculated for C17H16
81BrN2

+): 329.0471 [M]+; found: 329.0461 [M]+. 

The spectroscopic data is in agreement with literature.[12]  
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Compound 35 

 

 

 

In a round bottom flask 2.01 g 4-Bromoindol-3-carbaldehyd (13.3 mmol, 1.00 eq.) and 2.04 

g potassium carbonate (14.7 mmol, 1.10 eq.) were suspended in 19 mL DMF. 4.50 mL 

dimethylcarbonate (4.82 g, 53.5 mmol, 4.00 eq.) was added and the reaction mixture was 

stirred for 19 hours at 137 °C oil bath temperature. After letting the reaction cool down to 

room temperature, the reaction mixture was poured on 50 mL ice. The water phase was 

extracted three times with ethyl acetate. The combined organic phases were washed with 

water and brine solution. The organic layer was dried over sodium sulfate and the solvent 

was removed under reduced pressure. The product was obtained as a beige solid with a 

yield of 2.26 g (9.49 mmol, 86 %). 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 10.67 (s, 1H, R-CHO), 8.35 (s, 1H, arom.), 7.66 (d, 

J = 8.2 Hz, 1H, arom.), 7.52 (d, J = 7.7 Hz, 1H, arom.), 7.24 (t, J = 8.0 Hz, 1H, arom.), 3.91 (s, 

3H, N-CH3). 

HR-MS (ESI): m/z (calculated for C10H9
79BrNO+): 237.9862 [M+H]+; found: 237.9859 [M+H]+; 

m/z (calculated for C10H9
81BrNO+): 239.9842[M+H]+; found: 239.9835 [M+H]+. 

The spectroscopic data is in agreement with literature.[12] 
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Compound 36 

 

 

 

In a schlenk flask under argon atmosphere 0.500 g 1,4-dimethylpyridiniumiodid (10) (2.13 

mmol, 1.00 eq.) was dissolved in 30 mL ethanol and stirred for 10 minutes. 0.760 g of the 

indole 35 (3.19 mmol, 1.50 eq.) and 1.05 mL piperidine (10.6 mmol, 5.00 eq.) were added 

to the reaction mixture. The reaction was stirred overnight at 85 °C oil bath temperature. 

After letting the reaction mixture cool down to room temperature, diethyl ether was added 

until no further precipitate was formed. The precipitate was filtered off and washed three 

times with diethyl ether and dried under reduced pressure. The product was obtained as 

an orange solid with a yield of 0.696 g (1.53 mmol, 72 %). 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 8.75 (d, J = 16.1 Hz, 1H, R-CH=CH-R), 8.68 (d, J = 

6.8 Hz, 2H, arom.), 8.34 (s, 1H, arom.), 8.00 (d, J = 6.9 Hz, 2H, arom.), 7.62 (d, J = 7.8 Hz, 

1H, arom.), 7.43 (d, J = 7.5 Hz, 1H, arom.), 7.22-7.18 (m, 1H, arom.), 7.17 (d, J = 3.4 Hz, 1H, 

R-CH=CH-R), 4.21 (s, 3H, R-CH3), 3.91 (s, 3H, R-CH3). 

HR-MS (ESI): m/z (calculated for C17H16
79BrN2

+): 327.0491 [M]+; found: 327.0487 [M]+; m/z 

(calculated for C17H16
81BrN2

+): 329.0471 [M]+; found: 329.0463 [M]+. 

The spectroscopic data is in agreement with literature.[12]  
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Compound 12 

 

 

 

In a heated Schlenk flask under argon 10.0 g 4-iodoaniline (45.6 mmol, 1.00 eq.) was 

dissolved in 80 mL DMF. 7.57 g Potassium carbonate (54.7 mmol, 1.20 eq.) was added. 6.05 

mL ethyl bromoacetate (9.15 g, 54.7 mmol, 1.20 eq.) was then added in portions for 10 

minutes. The reaction mixture was allowed to stir overnight for 16 hours at room 

temperature. 9.92 mL diethylamine (7.01 g, 95.8 mmol, 2.10 eq.) was added in portions for 

5 min and the reaction solution was allowed to stir for another hour. The solid was filtered 

off. The solvent of the filtrate was removed. The residue was purified by automated column 

chromatography (cyclohexane/ethylacetate 0-50 %). The product was obtained as a 

colorless solid with a yield of 11.0 g (36.0 mmol, 79 %). 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.34 (d, J = 8.8 Hz, 2H, arom.), 6.41 (d, J = 8.8 Hz, 

2H, arom.), 6.22 (t, J = 6.4 Hz, 1H, R-NH-R), 4.10 (q, J = 7.1 Hz, 2H, R-CH2), 3.87 (d, J = 6.4 

Hz, 2H, R-CH2), 1.19 (t, J = 7.1, 3H, R-CH3). 

13C-NMR (126 MHz, DMSO-d6): δ (ppm) = 171.0, 147.9, 137.1 (2C), 114.8 (2C), 76.9, 60.3, 

44.4, 14.1. 

HR-MS (ESI): m/z (calculated for C10H13INO2
+): 305.9986 [M+H]+; found: 305.9982 [M+H]+. 

The spectroscopic data is in agreement with literature.[13] 
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Compound 13 

 

 

 

In a Schlenk flask under argon, 15.0 g 12 (49.1 mmol, 1.00 eq.) was placed and dissolved in 

28 mL THF. The solution was cooled to 0 °C with an ice bath. Meanwhile, 2.35 g lithium 

hydroxide (98.3 mmol, 2.00 eq.) was dissolved in 35 mL water and then added to the 

reaction solution. The solution was allowed to stir at 0 °C for 30 minutes and then at room 

temperature for one hour. The THF was evaporated off. The remaining basic aqueous 

solution was washed once with ethyl acetate (discard the organic phase). A pH of 1 was 

then adjusted with HCl and the aqueous phase was washed three times with ethyl acetate. 

The combined organic phases were washed with Brine solution and then dried over sodium 

sulfate. The solvent was removed. The product was obtained as a light brown solid with a 

yield of 12.0 g (43.3 mmol, 88 %). 

 

1H-NMR (400 MHz, MeOD-d4): δ (ppm) = 7.37 (d, J = 8.9 Hz, 2H, arom.), 6.43 (d, J = 8.9 Hz, 

2H, arom.), 3.85 (s, 2H, R-CH2). 

13C-NMR (101 MHz, MeOD-d4): δ (ppm) = 174.7, 149.2, 138.7 (2C), 116.1 (2C), 78.3, 45.8. 

HR-MS (ESI): m/z (calculated for C8H9INO2
+): 277.9672 [M+H]+; found: 277.9668 [M+H]+.  

The spectroscopic data is in agreement with literature.[13] 
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Compound 14 

 

 

 

In a heated Schlenk flask under argon, 5.61 g 13 (20.2 mmol, 1.00 eq.) was introduced and 

dissolved in 40 mL dry THF. Slowly 2.64 mL tert-butyl nitrite (2.30 g, 22.2 mmol, 1.10 eq.) 

was added to the reaction solution over 10 minutes. The reaction mixture was allowed to 

stir for 1 hour at room temperature. 3.10 mL Trifluoroacetic anhydride (4.68 g, 22.2 mmol, 

1.10 eq.) was then added over 10 minutes and the reaction solution was allowed to stir at 

room temperature for another hour. Ethyl acetate was added and the solution is quenched 

with saturated sodium bicarbonate solution. The aqueous phase was extracted three times 

with ethyl acetate. The combined organic phases were dried over sodium sulfate and the 

solvent was removed. The crude product was purified by automated column 

chromatography (cyclohexane/ethyl acetate 10-70 %). The product was obtained as a 

brown solid with a yield of 4.90 g (17.0 mmol, 84 %). 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 8.08 (d, J = 8.8 Hz, 2H, arom.), 7.79 (s, 1H, sydnone 

core), 7.73 (d, J = 8.8 Hz, 2H, arom.). 

HR-MS (ESI): m/z (calculated for C8H6IN2O2
+): 288.9468 [M+H]+; found: 288.9464 [M+H]+.   

The spectroscopic data is in agreement with literature.[13] 
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Compound 5 

 

 

 

In a heated Schlenk flask under argon, 1.00 g 14 (3.47 mmol, 1.00 eq.) was introduced and 

dissolved in 70 mL DMF. To the reaction solution, 0.441 g lithium chloride (10.4 mmol, 

3.00 eq.), 0.121 g Pd(PPh3)2Cl2 (0.173 mmol, 0.05 eq.) and 0.866 g tetravinyltin (3.82 mmol, 

1.10 eq.) were added. The reaction mixture was allowed to stir overnight at room 

temperature. The solvent was then removed. The residue was dissolved in DCM and 1M 

NaOH solution and allowed to stir for one hour. The aqueous phase was extracted with 

DCM three times. The combined organic phases were dried over sodium sulfate. The 

solvent was removed. The crude product was purified by automated column 

chromatography (cyclohexane/ ethyl acetate 15 – 80 %). The product was obtained as a 

light brown solid with a yield of 0.596 g (3.16 mmol, 91 %). 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.92 (d, J = 8.7 Hz, 2H, arom.), 7.79 (d, J = 8.6 Hz, 

2H, arom.), 7.79 (s, 1H, sydnone core), 6.86 (dd, J = 17.7, 11.0 Hz, 1H, R-CH=CH2), 6.06 (d, 

J = 17.7 Hz, 1H, R-CH=CH2), 5.47 (d, J = 11.0 Hz, 1H, R-CH=CH2). 

HR-MS (ESI): m/z (calculated for C10H9N2O2
+): 189.0659 [M+H]+; found: 189.0656 [M+H]+.   

The spectroscopic data is in agreement with literature.[13] 
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Compound 3 

 

 

 

In a heated 10 mL crimp vial under argon, 0.100 g 4 (0.220 mmol, 1.00 eq.), 0.010 g 

Pd2(dba)3 (0.010 mmol, 0.05 eq.), 0.031 g Qphos (0.040 mmol, 0.20 eq.) and 0.083 g 5 

(0.440 mmol, 2.00 eq.) dried under high vacuum. The solids were then dissolved with 

2.00 mL dry DMF and 0.15 mL triethylamine (0.111 g, 1.10 mmol, 5.00 eq.) was added. The 

reaction was stirred for 18 hours in a metal heating block at 80 °C. After the solution had 

cooled to room temperature diethyl ether was added until no further precipitate was 

formed. The suspension was transferred into reaction tubes. The solution was centrifuged 

and the supernatant was pipetted off and discarded. Subsequently, diethyl ether was 

added and the suspension was vortexed and centrifuged again in the next step and the 

supernatant discarded. This was carried out two more times. The residue was dried in high 

vacuum. The product was obtained as a brown solid with a yield of 0.062 g (0.110 mmol, 

49 %). 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 8.72 (d, J = 6.4 Hz, 2H, arom.), 8.42 (s, 1H, arom.), 

8.24 (d, J = 16.2 Hz, 1H, R-CH=CH-R), 8.17 (d, J = 6.5 Hz, 2H, arom.), 8.02 – 7.96 (m, 3H, 

arom., R-CH=CH-R), 7.93 (d, J = 8.6 Hz, 2H, arom.), 7.82 (s, 1H, arom.), 7.73 – 7.61 (m, 3H, 

arom.), 7.48 (d, J = 16.5 Hz, 1H, R-CH=CH-R), 7.35 (d, J = 16.2 Hz, 1H, R-CH=CH-R), 4.19 (s, 

3H, R-CH3), 3.91 (s, 3H, R-CH3). 
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13C-NMR (126 MHz, DMSO-d6): δ (ppm) = 168.5, 154.0, 144.3, 141.7, 138.1, 136.1, 135.3, 

132.8, 130.2, 127.4, 125.8, 124.8, 121.8, 119.8, 117.2, 113.0, 111.5, 94.5, 46.3, 33.3.  

HR-MS (ESI): m/z (calculated for C27H23N4O2
+): 435.1816 [M]+; found: 435.1811 [M]+. 
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Compound 33 

 

 

 

In a heated 10 mL crimp vial under argon, 0.100 g 36 (0.220 mmol, 1.00 eq.), 0.010 g 

Pd2(dba)3 (0.010 mmol, 0.05 eq.), 0.031 g Qphos (0.040 mmol, 0.20 eq.) and 0.083 g 5 

(0.440 mmol, 2.00 eq.) dried under high vacuum. The solids were then dissolved with 

2.00 mL dry DMF and 0.15 mL triethylamine (0.111 g, 1.10 mmol, 5.00 eq.) was added. The 

reaction was stirred for 18 hours in a metal heating block at 80 °C. After the solution had 

cooled to room temperature diethyl ether was added until no further precipitate was 

formed. The suspension was transferred into reaction tubes. The solution was centrifuged 

and the supernatant was pipetted off and discarded. Subsequently, diethyl ether was 

added and the suspension was vortexed and centrifuged again in the next step and the 

supernatant discarded. This was carried out two more times. The residue was dried in high 

vacuum and purified via reversed-phase column chromatography. The product was 

obtained as a brown solid with a yield of 0.056 g (0.099 mmol, 45 %). 

 

1H-NMR (500 MHz, DMSO-d6): δ (ppm) = 8.68 (d, J = 6.8 Hz, 2H, arom.), 8.41 (d, J = 15.8 Hz, 

1H, R-CH=CH-R), 8.26 (d, J = 16.1 Hz, 1H, R-CH=CH-R), 8.21 (s, 1H, arom.), 8.04 (d, J = 8.7 

Hz, 2H, arom.), 7.98 (t, J = 7.9 Hz, 4H, arom.), 7.82 (s, 1H, arom.), 7.57 (d, J = 8.1 Hz, 1H, 

arom.), 7.51 (d, J = 7.4 Hz, 1H, arom.), 7.33 (t, J = 7.8 Hz, 1H, arom.), 7.28 (d, J = 16.1 Hz, 

1H, R-CH=CH-R), 7.14 – 7.09 (m, 1H, R-CH=CH-R),  4.17 (s, 3H, R-CH3), 3.91 (s, 3H, R-CH3). 
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13C-NMR (126 MHz, DMSO-d6): δ (ppm) = 168.6, 153.3, 144.5, 141.3, 138.0, 136.0, 133.2, 

132.6, 130.8, 130.4, 129.1, 128.0, 123.9, 122.8, 121.8, 119.8, 118.6, 113.2, 111.2, 94.6, 

46.5, 33.4.  

HR-MS (ESI): m/z (calculated for C27H23N4O2
+): 435.1816 [M]+; found: 435.1811 [M]+ 
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KMU 60 #1-20 RT: 0.02-0.36 AV: 20 NL: 3.39E8
T: FTMS + p ESI Full ms [100.0000-800.0000]
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Compound 39 

 

 

 

In a flask under air 5.23 g 1-Naphtylamine (36.5 mmol, 1.00 eq.) was solved in 314 mL 

DMSO and 8.22 g N-iodosuccinimide (36.5 mmol, 1.00 eq.) was added. The reaction 

mixture was stirred for 72 hours at room temperature. 5 g batch: divided reaction mixture 

into two 500 mL flask. The preparation of NaHCO3 solution: amount of NaHCO3 (4 eq.) 

solved in 600 mL water. (The reaction mixture gets warm when NaHCO3 solution is added. 

Wait till the mixture is cooled down (product starts to participate).) The reaction mixture 

was extracted four times with 200 mL ethyl acetate. The combined organic phases were 

washed with a little amount of brine solution (200 mL - 300 mL) and dried over sodium 

sulfate. The solvent was removed under reduced pressure and the residue was purified via 

column chromatography (cyclohexane/ethyl acetate 0-20 %). The product was obtained as 

a violet-blue solid with a yield of 7.00 g (26.0 mmol, 71 %). 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 8.07 (d, J = 8.2 Hz, 1H, arom.), 7.83 (d, J = 8.0 Hz, 

1H, arom.), 7.73 (d, J = 8.0 Hz, 1H, arom.), 7.54 (ddd, J = 8.3, 6.9, 1.0 Hz, 2H, arom.), 7.43 

(ddd, J = 8.1, 6.9, 1.1 Hz, 2H, arom.), 6.52 (d, J = 8.1 Hz, 1H, arom.), 6.00 (s, 2H, R-NH2). 

The spectroscopic data is in agreement with literature.[169]  
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Compound 40 

 

 

 

In a heated Schlenk flask under argon 6.50 g 39 (24.2 mmol, 1.00 eq.) was dissolved in 45 

mL DMF. 4.01 g Potassium carbonate (28.9 mmol, 1.20 eq.) was added. 3.21 mL ethyl 

bromoacetate (4.84 g, 28.9 mmol, 1.20 eq.) was then added in portions for 10 minutes. 

The reaction mixture was allowed to stir overnight at room temperature. 5.25 mL 

diethylamine (3.71 g, 50.7 mmol, 2.10 eq.) was added in portions for 5 minutes and the 

reaction solution was allowed to stir for another hour. The solid was filtered off. The solvent 

of the filtrate was removed. The residue was purified by automated column 

chromatography (cyclohexane/ethyl acetate 0-40 %). The product was obtained as a red 

brown solid with a yield of 3.20 g (9.01 mmol, 37 %). 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 8.15 (d, J = 8.3 Hz, 1H, arom.), 7.89 (dd, J = 8.0, 

1.3 Hz, 1H, arom.), 7.82 (d, J = 8.2 Hz, 1H, arom.), 7.60 (t, J = 7.2, 1H, arom.), 7.52 (t, J = 7.1 

Hz, 1H, arom.), 6.94 (t, 1H, R-NH-R), 6.20 (d, J = 8.2 Hz, 1H, arom.), 4.13 (q, J = 7.1 Hz, 2H, 

R-CH2-CH3), 4.08 (d, J = 6.2 Hz, 2H, R-NH-CH2-R), 1.20 (t, J = 7.1 Hz, 3H, R-CH2-CH3). 

13C-NMR (126 MHz, DMSO-d6): δ (ppm) = 170.8, 144.6, 137.6, 133.7, 131.6, 127.8, 125.2, 

124.1, 122.2, 105.3, 82.4, 60.4, 44.8, 14.1. 

HR-MS (ESI): m/z (calculated for C14H15INO2
+): 356.0142 [M+H]+; found: 356.0140 [M+H]+. 
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KMU87 #1-20 RT: 0.02-0.36 AV: 20 NL: 2.44E7
T: FTMS + p ESI Full ms [103.0000-500.0000]
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Compound 41 

 

 

 

In a Schlenk flask under argon, 4.48 g 40 (12.6 mmol, 1.00 eq.) was placed and dissolved in 

16 mL THF. The solution was cooled to 0 °C with an ice bath. Meanwhile, 0.604 g lithium 

hydroxide (25.2 mmol, 2.00 eq.) was dissolved in 16 mL water and then added to the 

reaction solution. The solution was allowed to stir at 0 °C for one hour and then at room 

temperature for one hour. The THF was evaporated off. A pH of 2 was then adjusted with 

HCl (2M) and the resulting precipitate was filtered off and washed with a small amount of 

water. The residue was dried under reduced pressure. The product was obtained as a light 

violet solid with a yield of 3.99 g (12.2 mmol, 97 %). 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 12.66 (s, 1H, R-COOH), 8.13 (d, J = 8.3 Hz, 1H, 

arom.), 7.89 (d, J = 8.3 Hz, 1H, arom.), 7.82 (d, J = 8.2 Hz, 1H, arom.), 7.59 (t, J = 7.3, 1H, 

arom.), 7.51 (t, J = 7.6 Hz, 1H, arom.), 6.83 (s, 1H, R-NH-R), 6.21 (d, J = 8.2 Hz, 1H, arom.), 

3.98 (s, 2H, R-NH-CH2-R). 

13C-NMR (126 MHz, DMSO-d6): δ (ppm) = 172.2, 144.8, 137.7, 133.7, 131.5, 127.7, 125.1, 

124.1, 122.2, 105.3, 82.1, 44.7. 

HR-MS (ESI): m/z (calculated for C12H11INO2
+): 327.9829 [M+H]+; found: 327.9827 [M+H]+. 
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KMU88 #1-20 RT: 0.02-0.36 AV: 20 NL: 8.19E6
T: FTMS + p ESI Full ms [103.0000-500.0000]
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Compound 42 

 

 

 

In a heated Schlenk flask under argon, 3.99 g 41 (12.2 mmol, 1.00 eq.) was introduced and 

dissolved in 55 mL THF. Slowly 1.60 mL tert-butyl nitrite (1.38 g, 13.4 mmol, 1.10 eq.) was 

added to the reaction solution over 10 min. The reaction mixture was allowed to stir for 

1 hour at room temperature. 1.87 mL Trifluoroacetic anhydride (2.82 g, 13.4 mmol, 

1.10 eq.) was then added over 10 minutes and the reaction solution was allowed to stir at 

room temperature for another hour. Ethyl acetate was added and the solution was 

quenched with saturated sodium bicarbonate solution. The aqueous phase was extracted 

three times with EE. The combined organic phases were dried over sodium sulfate and the 

solvent was removed. The crude product was purified by automated column 

chromatography (DCM/MeOH 0-20 %). The product was obtained as a red-brown solid 

with a yield of 3.42 g (10.1 mmol, 83 %). 

 

1H-NMR (400 MHz, CDCl3-d1): δ (ppm) = 8.28 (d, J = 7.9 Hz, 2H, arom.), 7.81 – 7.66 (m, 3H, 

arom.), 7.42 (d, J = 7.8 Hz, 1H, arom.), 6.68 (s, 1H, sydnone core). 

13C-NMR (126 MHz, CDCl3-d1): δ (ppm) = 168.7, 136.5, 135.3, 133.5, 132.1, 130.1, 129.9, 

127.3, 124.0, 105.5, 98.6, 77.4. 

HR-MS (ESI): m/z (calculated for C12H8IN2O2
+): 338.9625 [M+H]+; found: 338.9624 [M+H]+. 
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KMU89 #1-20 RT: 0.02-0.36 AV: 20 NL: 1.14E8
T: FTMS + p ESI Full ms [100.0000-500.0000]
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Compound 43 

 

 

 

In a heated Schlenk flask under argon, 1.02 g 42 (3.00 mmol, 1.00 eq.) was introduced and 

dissolved in 70 mL DMF. To the reaction solution, 0.382 g LiCl (9.01 mmol, 3.00 eq.), 0.105 g 

Pd(PPh3)2Cl2 (0.15 mmol, 0.05 eq.) and 0.60 mL tetravinyltin (0.750 g, 3.31 mmol, 1.10 eq.) 

were added. The reaction mixture was allowed to stir overnight at 65 °C. The solvent was 

then removed. The residue was dissolved in DCM and 1M NaOH solution and allowed to 

stir for 1 hour. The aqueous phase was extracted with DCM three times. The combined 

organic phases were dried over sodium sulfate. The solvent was removed. The crude 

product was purified by automated column chromatography (DCM/MeOH 0-10 %). The 

product was obtained as an orange solid with a yield of 0.715 g (3.00 mmol, 100 %). 

 

1H-NMR (400 MHz, CDCl3-d1): δ (ppm) = 8.29 – 8.21 (m, 1H, arom.), 7.78 – 7.73 (m, 1H, 

arom.), 7.72 (s, 1H, arom.), 7.69 (tt, J = 5.6, 3.0 Hz, 3H, arom.), 7.49 (dd, J = 17.3, 11.0 Hz, 

1H, R-CH=CH2), 7.47 (d, J = 11.0 Hz, 1H, arom.), 6.67 (s, 1H, sydnone core), 5.91 (dd, J = 

17.3, 0.9 Hz, 1H, R-CH=CH2), 5.69 (dd, J = 11.0, 0.9 Hz, 1H, R-CH=CH2). 

13C-NMR (126 MHz, CDCl3-d1): δ (ppm) = 168.9, 141.0, 133.2, 131.8, 129.0, 128.1, 127.1, 

125.0, 123.4, 122.7, 121.5, 120.7, 98.6, 77.4. 

HR-MS (ESI): m/z (calculated for C14H11N2O2
+): 239.0815 [M+H]+; found: 239.0825 [M+H]+. 
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KMU90.1 #1-20 RT: 0.02-0.36 AV: 20 NL: 3.44E8
T: FTMS + p ESI Full ms [103.0000-500.0000]
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Compound 44 

 

 

In a heated 10 mL crimp vial under argon, 0.100 g 4 (0.220 mmol, 1.00 eq.), 0.010 g 

Pd2(dba)3 (0.010 mmol, 0.05 eq.), 0.031 g Qphos (0.040 mmol, 0.20 eq.) and 0.105 g 43 

(0.440 mmol, 2.00 eq.) dried under high vacuum. The solids were then dissolved with 

2.00 mL dry DMF and 0.15 mL triethylamine (0.111 g, 1.10 mmol, 5.00 eq.) was added. The 

reaction was stirred in a metal heating block at 80 °C for 18 hours. After the solution had 

cooled to room temperature, diethyl ether was added until no further precipitate was 

formed. The suspension was transferred into reaction tubes. The solution was centrifuged 

and the supernatant was pipetted off and discarded. Subsequently, diethyl ether was 

added and the suspension was vortexed and centrifuged again in the next step and the 

supernatant discarded. This was carried out two more times. The residue was dried in high 

vacuum and purified via reversed-phase column chromatography. The product was 

obtained as a brown solid with a yield of 0.079 g (0.132 mmol, 60 %). 

 

1H-NMR (500 MHz, DMSO-d6): δ (ppm) = 8.76 – 8.70 (m, 3H, arom.), 8.50 (s, 1H, arom.), 

8.24 (dd, J = 16.1, 12.6 Hz, 2H, R-CH=CH-R, arom.), 8.14 (dd, J = 14.5, 7.4 Hz, 3H, R-CH=CH-

R, arom.), 8.06 (d, J = 7.8 Hz, 1H, arom.), 8.00 (s, 1H, arom.), 7.94 (d, J = 8.6 Hz, 1H, arom.), 

7.82 (dtd, J = 16.0, 8.0, 3.8 Hz, 3H, R-CH=CH-R, arom.), 7.74 (s, 1H, arom.), 7.70 – 7.63 (m, 

2H, arom.), 7.38 (d, J = 16.2 Hz, 1H, R-CH=CH-R), 4.19 (s, 3H, R-CH3), 3.93 (s, 3H, R-CH3). 
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13C-NMR (126 MHz, DMSO-d6): δ (ppm) = 168.4, 157.8, 157.6, 154.0, 144.3, 139.7, 138.1, 

136.0, 135.6, 135.2, 131.0, 130.5, 129.7, 128.9, 127.8, 126.9, 125.8, 125.0, 124.2, 122.2, 

121.8, 121.7, 117.3, 113.1, 111.5, 99.8, 46.3, 33.3.  

HR-MS (ESI): m/z (calculated for C31H25N4O2
+): 485.1972 [M]+; found: 485.1968 [M]+ 
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KMU 145 #1-20 RT: 0.02-0.36 AV: 20 NL: 8.68E6
T: FTMS + p ESI Full ms [103.0000-700.0000]
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Compound 45 

 

 

 

In a heated 10 mL crimp vial under argon, 0.100 g 36 (0.220 mmol, 1.00 eq.), 0.010 g 

Pd2(dba)3 (0.010 mmol, 0.05 eq.), 0.031 g Qphos (0.040 mmol, 0.20 eq.) and 0.105 g 43 

(0.440 mmol, 2.00 eq.) dried under high vacuum. The solids were then dissolved with 

2.00 mL dry DMF and 0.15 mL triethylamine (0.111 g, 1.10 mmol, 5.00 eq.) was added. The 

reaction was stirred in a metal heating block at 80 °C for 18 hours. After the solution had 

cooled to room temperature, diethyl ether was added until no further precipitate was 

formed. The suspension was transferred into reaction tubes. The solution was centrifuged 

and the supernatant was pipetted off and discarded. Subsequently, diethyl ether was 

added and the suspension was vortexed and centrifuged again in the next step and the 

supernatant discarded. This was carried out two more times. The residue was dried in high 

vacuum and purified via reversed-phase column chromatography. The product was 

obtained as a brown solid with a yield of 0.059 g (0.099 mmol, 45 %). 

 

1H-NMR (500 MHz, DMSO-d6): δ (ppm) = 8.70 – 8.63 (m, 3H, arom.), 8.48 (d, J = 15.9 Hz, 

1H, R-CH=CH-R), 8.25 (dd, J = 22.0, 7.1 Hz, 3H, R-CH=CH-R, arom.), 8.12 – 8.05 (m, 2H, R-

CH=CH-R, arom.), 8.02 (d, J = 6.9 Hz, 2H, arom.), 7.87 – 7.83 (m, 1H, arom.), 7.80 (d, J = 

7.5 Hz, 1H, arom.), 7.79 – 7.74 (m, 3H, R-CH=CH-R, arom.), 7.60 (d, J = 8.2 Hz, 1H, arom.), 

7.39 (t, J = 7.9 Hz, 1H, arom.), 7.13 (d, J = 15.9 Hz, 1H, R-CH=CH-R), 4.17 (s, 3H, R-CH3), 3.94 

(s, 3H, R-CH3). 
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13C-NMR (126 MHz, DMSO-d6): δ (ppm) = 168.4, 157.7, 157.5, 153.2, 144.4, 139.3, 138.1, 

136.0, 132.8, 132.6, 131.0, 130.8, 130.0, 129.0, 128.0, 126.9, 125.9, 124.8, 124.1, 123.9, 

122.7, 122.5, 122.0, 121.7, 120.2, 118.8, 113.2, 111.2, 99.9, 46.4, 33.4.  

HR-MS (ESI): m/z (calculated for C31H25N4O2
+): 485.1972 [M]+; found: 485.1969 [M]+ 
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KMU 148 #1-20 RT: 0.02-0.36 AV: 20 NL: 6.76E6
T: FTMS + p ESI Full ms [103.0000-700.0000]
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Compound 46 

 

 

 

To a solution of 0.372 g 5 in a mixture acetone/water 3/1 (6 mL) was added 0.400 g NMO 

(2.96 mmol, 1.50 eq.) and OsO4 (2.5 wt% in tBuOH, 1.24 mL, 0.099 mL). The mixture was 

stirred at room temperature for 4 hours. A 25% solution of Na2S2O3 was added and the 

aqueous layer was extracted six times with ethyl acetate. The organic layers were 

combined, dried over sodium sulfate and evaporated under reduced pressure. The residue 

was solubilized in a mixture of acetone/water 3/1 (6 mL) and 0.849 g NaIO4 (3.95 mmol, 

2.00 eq.) was added. The mixture was stirred at room temperature for 6 hours. The 

suspension was filtered through a plug of Celite and washed with ethyl acetate. The 

aqueous layer was extracted three times with ethyl acetate. The organic layers were 

combined, dried over sodium sulfate and evaporated under reduced pressure. The crude 

product was purified by flash chromatography (SiO2, cyclohexane/ethyl acetate 20 – 50 %). 

The product was obtained as a light brown solid with a yield of 0.180 g (0.94 mmol, 48 %). 

 

1H-NMR (400 MHz, CDCl3-d1): δ (ppm) = 10.14 (s, 1H, R-COH), 8.16 (d, J = 8.6 Hz, 2H, arom.), 

7.95 (d, J = 8.5 Hz, 2H, arom.), 6.86 (s, 1H, sydnone core). 

HR-MS (ESI): m/z (calculated for C9H7N2O3
+): 191.0451 [M+H]+; found: 191.0448 [M+H]+. 

The spectroscopic data is in agreement with literature.[13] 
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Compound 48 

 

 

 

In a round bottom flask 9.26 mL 4-Methylchinolin (10.0 g, 69.8 mmol, 1.00 eq.) was 

dissolved in 21 mL acetone (V = 3,33 mL/10 mmol). 13.0 mL iodomethane (29.7 g, 

209.5 mmol, 3.00 eq.) was added and the reaction mixture was stirred at 56 °C oil bath 

temperature for 2 hours. After cooling down the reaction to room temperature the 

precipitate was filtered off and washed three times with diethyl ether. The solid was dried 

overnight under reduced pressure. The product was obtained as a yellow solid with a yield 

of 19.2 g (67.3 mmol, 96 %). 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.39 – 9.31 (m, 1H, arom.), 8.58 – 8.46 (m, 2H, 

arom.), 8.27 (ddd, J = 8.7, 7.0, 1.3 Hz, 1H, arom.), 8.11 – 8.02 (m, 2H, arom), 4.58 (s, 3H, N-

CH3), 3.01 (s, 3H, C-CH3). 

The spectroscopic data is in agreement with literature.[155] 

 

 

 

 

 

 

 

 



 

116 

Compound 49 

 

 

 

In accordance with a literature prescription[13] to a solution of 0.088 g 48 (0.310 mmol, 1.00 

eq.) and 0.065 g 46 (0.340 mmol, 1.10 eq.) in 8 mL MeOH was added three drops of 

piperidine. The mixture was stirred at 75 °C for 24 hours. Diethyl ether was added and the 

mixture was cooled to 0 °C and stirred for 1 hour, after which the precipitate was filtered. 

The precipitate was dried under reduced pressure. The product was obtained as a dark 

violet solid with a yield of 0.071 g (0.155 mmol, 50 %) 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.45 (d, J = 6.4 Hz, 1H, arom.), 9.09 (dd, J = 8.8, 

1.3 Hz, 3H, arom.), 8.59 – 8.47 (m, 3H, arom.), 8.35 – 8.29 (m, 3H, arom.), 8.23 (d, J = 

16.1 Hz, 1H, R-CH=CH-R), 8.16 – 8.09 (m, 3H, arom), 7.90 (s, 1H, sydnone core), 4.59 (s, 3H, 

N-CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) = 168.5, 151.9, 148.6, 140.2, 139.2, 138.8, 135.2, 

130.1 (2C), 129.6, 129.5, 126.60, 126.56, 123.1, 122.0 (2C), 119.5, 117.1, 94.9, 45.0.  

HR-MS (ESI): m/z (calculated for C20H16N3O2
+): 330.1237 [M]+; found: 330.1230 [M]+ 
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KMU66 #1223-1234 RT: 15.08-15.22 AV: 12 NL: 2.98E6
T: FTMS + p ESI Full ms [150.0000-1100.0000]

323.0 323.5 324.0 324.5 325.0 325.5 326.0 326.5 327.0 327.5 328.0 328.5 329.0 329.5 330.0 330.5 331.0 331.5 332.0 332.5 333.0 333.5 334.0 334.5 335.0 335.5 336.0 336.5 337.0 337.5 338.0

m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

330.12299

C 20 H16 O2 N3
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336.00636
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C 20 H14 O2 N3
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C 20 H11 O2 N3
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C 20 H15 O2 N3
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C 20 H10 O2 N3
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C 20 H12 O2 N3

31.06480 mmu 335.21822329.94723 332.25851
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C 20 H9 O2 N3

76.27972 mmu 331.00120 338.02649332.00809
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Compound 18 

 

 

 

5.00 g 2-desoxy-D-ribose (37.3 mmol, 1.00 eq.) was dissolved in 60 mL of dry methanol and 

degassed by introducing argon. For this purpose, 10 mL of a solution of 0.17 mL acetyl 

chloride in 10 mL dry methanol was added dropwise. The reaction mixture was stirred for 

20 minutes at room temperature. Subsequently, NaHCO3 was added, and the mixture was 

stirred for another 10 minutes at room temperature. The resulting solid was filtered off 

and washed with methanol. The filtrate was concentrated and dried in a high vacuum. The 

product was obtained as a brown oil in a quantitative yield.  

 

1H-NMR (400 MHz, CDCl3-d1)(alpha and beta isomer): δ (ppm) = 5.15 – 5.08 (m, 2H), 4.52 

(br s, 1H), 4.17 – 4.10 (m, 2H), 4.09 – 4.04 (m, 1H), 3.75 – 3.58 (m, 4H), 3.46 (s, 1H), 3.37 

(s, 6H), 2.87 – 2.80 (m, 1H), 2.69 (br s, 1H), 2.31 – 2.22 (m, 2H), 2.16 – 2.07 (m, 2H), 2.03 

(s, 1H).  

HR-MS (ESI): m/z (calculated for C6H12O4Na+): 171.0628 [M+Na]+; found: 171.0625 

[M+Na]+. 

The spectroscopic data is in agreement with literature.[156]  
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Compound 19 

 

 

 

5.91 g 18 (39.9 mmol, 1.00 eq.) was dissolved in 20 mL of acetone and 13.2 mL of p-toluoyl 

chloride (15.4 g, 99.7 mmol, 2.50 eq.) was added slowly. Subsequently, 13.9 mL 

triethylamine (10.1 g, 99.7 mmol, 2.50 eq.) was added and the solution was stirred 

overnight at room temperature. The precipitate was filtered off and washed with acetone. 

The solvent was removed under reduced pressure and the residue was purified by column 

chromatography (cyclohexane/ethyl acetate 0 – 15%). The product was obtained as a beige 

colored oil in a quantitative yield. 

 

1H-NMR (400 MHz, CDCl3-d1: δ (ppm) = 7.99 – 7.88 (m, 4H), 7.27 – 7.16 (m, 4H), 5.62 – 5.36 

(m, 1 H), 5.24 – 5.14 (m, 1H), 4.64 – 4.40 (m, 3H), 3.41 (s, 1H), 3.34 (s, 2H), 2.58 – 2.48 (m, 

1H), 2.42 – 2.35 (m, 7H).  

HR-MS (ESI): m/z (calculated for C22H24O6
+): 384.1573 [M]+; found: 384.1520 [M]+.  

The spectroscopic data is in agreement with literature.[157]  
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Compound 20 

 

 

 

In a round bottom flask 15.3 g 19 (39.9 mmol, 1.00 eq.) was dissolved in 90 mL acetic acid 

and then 101.6 mL 4M HCl in dioxan (398.6 mmol, 10.0 eq.) was added dropwise. The 

solution was cooled down to 0 °C and stirred for 2 hours. It was crystallized at -20 °C 

overnight and the precipitate was then filtered off and dried in a high vacuum. The product 

was obtained as a white solid with a yield of 8.00 g (20.6 mmol, 52 %). 

 

1H-NMR (400 MHz, CDCl3-d1: δ (ppm) = 7.99 (d, J = 8.0 Hz, 2H, arom.), 7.89 (d, J = 7.9 Hz, 

2H, arom.), 7.24-7.21 (m, 4H, arom.), 6.46 (d, J = 5.0 Hz, 1H, 1‘-H), 5.56 (dd, J = 7.4, 2.9 Hz, 

1H, 3‘-H), 4.85-4.84 (m, 1H, 4‘-H), 4.68 (dd, J = 12.1, 3.2 Hz, 1H, 5‘-H), 4.60 (dd, J = 12.1, 4.2 

Hz, 1H, 5‘-H), 2.89-2.82 (m, 1H, 2‘-H), 2.75-2.71 (m, 1H, 2‘-H), 2.41 (s, 3H, CH3), 2.40 (s, 3H, 

CH3). 

HR-MS (ESI): m/z (calculated for C21H21O5
+): 353.1384 [M-Cl]+; found: 353.1378 [M-Cl]+.  

The spectroscopic data is in agreement with literature.[159]  
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Compound 22 

 

 

 

In a round bottom flask 1.50 g 6-Chloro-7-iododeazapurine (5.37 mmol, 1.00 eq.) was 

dissolved in 55 mL acetonitrile and then 0.756 g KOH powder (13.5 mmol, 2.51 eq.) and 90 

µL of TDA-I (0.087 g, 0.27 mmol, 0.05 eq.) were carefully added. The solution was stirred 

for 10 minutes at room temperature and then 2.30 g 20 (5.90 mmol, 1.10 eq.) was added. 

The solution was stirred for another hour, the solid was then filtered off and washed with 

hot acetone. The solvent was removed and the residue was dissolved in 50 mL NH3 in 

methanol (7M) and stirred overnight at 120 °C. The solvent was removed and the crude 

product was purified by column chromatography (DCM/MeOH 0 – 10 %). The product was 

obtained as a white solid with a yield of 1.48 g (3.94 mmol, 73 %). 

 

1H-NMR (400 MHz, DMSO-d6: δ (ppm) = 8.09 (s, 1H, H-2), 7.65 (s, 1H, H-8), 6.66 (br s, 2H, 

NH2), 6.48 (dd, J = 8.3, 5.9 Hz, 1H, H-1’), 5.25 (d, J = 4.1 Hz, 1H, 3’-OH), 5.03 (t, J = 5.6 Hz, 

1H, 5’-OH), 4.32 (dq, J = 5.6, 2.7 Hz, 1H, H-3’), 3.80 (td, J = 4.3, 2.3 Hz, 1H, H-4’), 3.60 – 3.45 

(m, 2H, 2xH-5’), 2.44 (dd, J = 8.1, 5.3 Hz, 1H, H-2a’), 2.15 (ddd, J = 13.1, 5.9, 2.8 Hz, 1H, H-

2b’).  

HR-MS (ESI): m/z (calculated for C11H14IN4O3
+): 377.0105 [M+H]+; found: 377.0101 [M+H]+.   

The spectroscopic data is in agreement with literature.[160]  
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Compound 26 

 

 

 

In a round bottom flask under argon atmosphere, 10.4 mL of trifluoroacetic acid ethyl ester 

(12.4 g, 87.2 mmol, 1.20 eq.) was slowly added to an ice-cooled solution of 4.61 mL 

propargylamine (4.00 g, 72.6 mmol, 1.00 eq.) in 50 mL methanol. After 30 minutes, the ice 

bath was removed, and the reaction mixture was stirred at room temperature for 24 hours. 

The solvent was removed under reduced pressure and the residue was dissolved in 55 mL 

DCM. The organic phase was shaken with 100 mL saturated NaHCO3 and then the aqueous 

phase was washed with 35 mL DCM. The combined organic phases were washed with 50 

mL water, which was washed with 25 mL DCM. The combined organic phases were dried 

over Na2SO4 and the solvent was removed under reduced pressure. The residue was 

purified by column chromatography (DCM 100 %). The product was obtained as a colorless 

liquid with a yield of 7.90 g (52.3 mmol, 72 %). 

 

1H-NMR (400 MHz, CDCl3-d1: δ (ppm) = 6.51 (br s, 1H, NH), 4.16 (dd, J = 5.4, 2.6 Hz, 2H, 

CH2), 2.34 (t, J = 2.6 Hz, 1H, CH). 

HR-MS (ESI): m/z (calculated for C5H3F3NO+): 150.0161 [M-H]+; found: 150.0161 [M-H]+.   

The spectroscopic data is in agreement with literature.[162]  
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Compound 27 

 

 

 

In a heated round bottom flask under argon atmosphere, 1.48 g 23 (3.94 mmol, 1.00 eq.), 

1.79 g 26 (11.8 mmol, 3.00 eq.), 0.165 g CuI (0.87 mmol, 0.22 eq.) and 1.10 mL 

triethylamine were dissolved in 24 mL dry DMF. The solution was degassed and then 0.456 

g Pd(PPh3)4 (0.39 mmol, 0.10 eq.) was added. The reaction mixture was stirred at room 

temperature for 24 hours and the solvent was removed under reduced pressure. The 

residue was purified by column chromatography (DCM/MeOH 0 – 10 %). The product was 

obtained as a light brown solid with a yield of 1.32 g (3.30 mmol, 84 %). 

 

1H-NMR (400 MHz, DMSO-d6: δ (ppm) = 10.1 (t, J = 5.5 Hz, 1H, NH), 8.11 (s, 1H, H-2), 7.75 

(s, 1H, H-8), 6.47 (dd, J = 8.1, 5.9 Hz, 1H, H-1’), 5.26 (d, J = 4.0 Hz, 1H, 3’-OH), 5.06 (t, J = 5.6 

Hz, 1H, 5’-OH), 4.34 (dd, J = 3.9, 3.0 Hz, 1H, H-3’), 4.31 (d, J = 5.1 Hz, 2H, CH2), 3.81 (dd, J = 

4.4, 2.4 Hz, 1H, H-4’), 3.60 – 3.50 (m, 2H, 2xH-5’), 2.44 (dd, J = 7.9, 5.5 Hz, 1H, H-2a’), 2.17 

(ddd, J = 13.1, 6.1, 2.8 Hz, 1H, H-2b’).  

HR-MS (ESI): m/z (calculated for C16H17F3N5O4
+): 400.1227 [M+H]+; found: 400.1226 

[M+H]+.    

The spectroscopic data is in agreement with literature.[166]  
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Compound 15 

 

 

 

In a heated flask under argon atmosphere, 0.100 g 27 (0.25 mmol, 1.00 eq.) was dissolved 

in 5 mL of concentrate ammonium hydroxide solution and stirred overnight at room 

temperature. The solvent was removed under reduced pressure and the residue was dried 

in a high vacuum. The product was obtained as a brown solid with a quantitative yield. 

In a heated round bottom flask under argon atmosphere, 0.038 g of the residue (0.13 

mmol, 1.00 eq.), was dissolved in 5 mL dry DMF. Then 0.07 mL triethylamine (0.051 g, 0.50 

mmol, 4.00 eq.) and 0.055 g BCN-NHS-ester (0.19 mmol, 1.50 eq.) were added, and the 

reaction mixture was stirred for 16 hours at room temperature. The solvent was then 

removed under reduced pressure. The residue was dissolved in 25 mL of methanol, approx. 

50 mg of Amberlite IRA 402 bicarbonate was added and stirred for 30 min. The solid was 

filtered off and the solvent was removed under reduced pressure. The crude product was 

purified by column chromatography (SiO2, DCM/MeOH 0 – 15 %). The product was 

obtained as a colorless solid with a yield of 0.061 g (0.12 mmol, 92 %). 

1H-NMR (400 MHz, DMSO-d6): δ = 8.09 (s, 1H, H-2), 7.71 (m, 2H, H-8, NH), 6.46 (dd, J = 7.9, 

6.1 Hz, 1H, H-1’), 5.31 – 5.18 (m, 1H, 3’-OH), 5.06 (t, J = 5.5 Hz, 1H, 5’-OH), 4.41 – 4.26 (m, 

1H, H-3’), 4.10 (d, J = 7.6 Hz, 2H, BCN), 4.02 (d, J = 5.4 Hz, 2H, CH2), 3.84 – 3.78 (m, 1H, H-

4’), 3.53 (dtd, J = 21.6, 11.5, 5.6 Hz, 2H, 2xH-5’), 2.47 – 2.39 (m, 2H, 2xH-2’), 2.23 – 2.11 (m, 
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6H, BCN), 1.55 (q, J = 10.8, 9.5 Hz, 2H, BCN), 1.36 – 1.22 (m, 1H, BCN), 0.87 (t, J = 8.1 Hz, 

2H, BCN). 

13C-NMR (126 MHz, DMSO-d6): δ (ppm) = 157.5, 156.5, 152.7, 149.2, 148.2, 125.9, 102.3, 

99.0, 94.6, 89.3, 87.5, 83.6, 83.2, 75.2, 71.0, 62.0, 61.9, 48.6, 28.6, 20.8, 19.6, 17.6.  

HR-MS (ESI): m/z (calculated for C25H30N5O5
+): 480.2242 [M+H]+; found: 480.2245 [M+H]+.    

The spectroscopic data is in agreement with literature.[12] 
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KMU130.1 #1-20 RT: 0.02-0.37 AV: 20 NL: 2.33E7
T: FTMS + p ESI Full ms [400.0000-600.0000]
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Compound 58 

 

 

 

In a heated round bottom flask under argon atmosphere, 0.500 g 27 (1.25 mmol, 1.00 eq.) 

was dissolved in 20 mL methanol. Then 2.84 mL DMF-DMA (2.54 g, 21.3 mmol, 17.0 eq.) 

was added and the reaction mixture was stirred for 3 hours at 40 °C. The solvent was then 

removed under reduced pressure. The crude product was purified by column 

chromatography (SiO2, DCM/MeOH 0 – 15 %). The product was obtained as a colorless solid 

with a yield of 0.421 g (0.93 mmol, 74 %). 

 

1H-NMR (400 MHz, DMSO-d6: δ (ppm) = 10.1 (s, 1H, NH), 8.80 (s, 1H, CH), 8.33 (s, 1H, H-2), 

7.84 (s, 1H, H-8) 6.58 – 6.48 (m, 1H, H-1’), 5.27 (d, J = 4.0 Hz, 1H, 3’-OH), 5.05 (t, J = 5.5 Hz, 

1H, 5’-OH), 4.38 – 4.32 (m, 1H, H-3’), 4.29 (s, 2H, CH2), 3.86 – 3.80 (m, 1H, H-4’), 3.64 – 

3.46 (m, 2H, 2xH-5’), 3.18 (s, 3H, NCH3), 3.12 (s, 3H, NCH3), 2.46 (m, 1H, H-2a’), 2.19 (ddd, 

J = 13.0, 6.0, 2.8 Hz, 1H, H-2b’).  

HR-MS (ESI): m/z (calculated for C19H22F3N6O4
+): 455.1649 [M+H]+; found: 455.1645 

[M+H]+.   

The spectroscopic data is in agreement with literature.[155]  
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Compound 59 

 

 

In a heated round bottom flask under argon atmosphere, 0.420 g 58 (0.93 mmol, 1.00 eq.) 

was lyophilized and dissolved in 4 mL pyridine. Then 0.376 g DMT-Cl (1.11 mmol, 1.20 eq.) 

was added and the reaction mixture was stirred overnight at room temperature. On the 

following day, another portion DMT-Cl (0.45 eq.) was added and the reaction mixture 

stirred an additional hour. 5 mL methanol was added and the solvent was then removed 

under reduced pressure. The crude product was purified by column chromatography (SiO2, 

DCM/MeOH 0 – 8 % + 0.1 % Et3N). The product was obtained as a light beige foam with a 

yield of 0.560 g (0.74 mmol, 80 %). 

1H-NMR (400 MHz, DMSO-d6): δ = 10.04 (t, J = 5.5 Hz, 1H, NH), 8.79 (s, 1H, CH), 8.32 (s, 1H, 

H-2), 7.69 (s, 1H, H-8), 7.36 (d, J = 7.3 Hz, 2H, DMT), 7.29 – 7.16 (m, 7H, DMT), 6.82 (dd, J 

= 9.0, 2.5 Hz, 4H, DMT), 6.54 (t, J = 6.6 Hz, 1H, H-1’), 5.32 (d, J = 4.5 Hz, 1H, 3’-OH), 4.36 

(dt, J = 9.3, 4.7 Hz, 1H, H-3’), 4.27 (d, J = 5.5 Hz, 2H, CH2), 3.93 (dt, J = 5.8, 3.7 Hz, 1H, H-4’), 

3.72 (s, 6H, 2xOCH3), 3.21 – 3.07 (m, 8H, 2xNCH3, 2xH-5’), 2.62 (dt, J = 13.3, 6.6 Hz, 1H, H-

2a’), 2.28 – 2.21 (m, 1H, H-2b’).  

HR-MS (ESI): m/z (calculated for C40H40F3N6O6
+): 757.2956 [M+H]+; found: 757.2958 

[M+H]+.   

The spectroscopic data is in agreement with literature.[155]  
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Compound 60 

 

 

 

In a heated flask under argon atmosphere, 0.200 g 59 (0.26 mmol, 1.00 eq.) was lyophilized 

and dissolved in 5 mL dry DCM. Then 0.136 mL DIPEA (0.101 g, 0.78 mmol, 3.00 eq.) and 

0.116 mL 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (0.123 g, 0.52 mmol, 2.00 

eq.) were added and the reaction mixture was stirred for 3.5 hours at room temperature. 

The reaction mixture was then directly purified by column chromatography (SiO2, 

DCM/MeOH 50 % +0.1 % Et3N). The product was obtained as a light colorless foam with a 

yield of 0.249 g (0.26 mmol, 100 %). 

 

31P-NMR (162 MHz, DMSO-d6): δ (ppm) = 147.8, 147.1. 

HR-MS (ESI): m/z (calculated for C49H57F3N8O7P+): 957.4034 [M+H]+; found: 957.4011 

[M+H]+.   

The spectroscopic data is in agreement with literature.[155]  
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Compound 80 

 

 

 

In a heated flask under argon atmosphere, 0.200 g 27 (0.50 mmol, 1.00 eq.) and 0.040 g 

Pd(OH)2 (on carbon, 20 w%) (0.05 mmol) were suspended in 10 mL in dry methanol and 

0.80 mL triethylsilane (5.01 mmol, 10.0 eq.) was added. The reaction was stirred for 24 

hours at room temperature. Subsequently, the solid was filtered off over a celite pad, 

eluted with methanol and the solvent was removed under reduced pressure. The crude 

product was purified by column chromatography (SiO2, DCM/MeOH 0 – 12 %). The product 

was obtained as a light beige foam with a yield of 0.162 g (0.40 mmol, 80 %). 

 

1H-NMR (400 MHz, DMSO-d6: δ (ppm) = 9.41 (t, J = 5.9 Hz, 1H, NH), 8.02 (s, 1H, H-2), 7.11 

(s, 1H, H-8), 6.58 (s, 2H, R-NH2), 6.46 (dd, J = 8.4, 5.9 Hz, 1H, H-1’), 5.22 (d, J = 4.0 Hz, 1H, 

3’-OH), 5.04 (t, J = 5.7 Hz, 1H, 5’-OH), 4.31 (h, J = 2.6 Hz, 1H, H-3’), 3.82 – 3.75 (m, 1H, H-

4’), 3.59 – 3.50 (m, 1H, H-5a’), 3.48 – 3.45 (m, 1H, H-5b’), 3.26 (q, J = 6.1 Hz, 2H, CH2-NH), 

2.84 – 2.76 (m, 2H, CH2), 2.45 (dd, J = 8.3, 5.7 Hz, 1H, H-2a’), 2.10 (ddd, J = 12.9, 5.9, 2.6 Hz, 

1H, H-2b’), 1.77 (p, J = 7.8 Hz, 2H, CH2).  

HR-MS (ESI): m/z (calculated for C16H21F3N5O4
+): 404.1540 [M+H]+; found: 404.1533 

[M+H]+.   

The spectroscopic data is in agreement with literature.[166]  
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Compound 82 

 

 

 

In a heated round bottom flask under argon atmosphere, 0.249 g 80 (0.62 mmol, 1.00 eq.) 

was dissolved in 15 mL methanol. Then 1.40 mL DMF-DMA (1.25 g, 10.5 mmol, 17.0 eq.) 

was added and the reaction mixture was stirred for 3 hours at 40 °C. The solvent was then 

removed under reduced pressure. The crude product was purified by column 

chromatography (SiO2, DCM/MeOH 0 – 15 %). The product was obtained as a colorless solid 

with a yield of 0.187 g (0.41 mmol, 66 %). 

 

1H-NMR (400 MHz, DMSO-d6: δ (ppm) = 9.41 (t, J = 5.9 Hz, 1H, NH), 8.85 (s, 1H, CH), 8.26 

(s, 1H, H-2), 7.24 (s, 1H, H-8), 6.51 (dd, J = 8.4, 5.9 Hz, 1H, H-1’), 5.24 (d, J = 4.1 Hz, 1H, 3’-

OH), 5.04 (t, J = 5.6 Hz, 1H, 5’-OH), 4.33 (h, J = 2.7 Hz, 1H, H-3’), 3.80 (td, J = 4.7, 2.5 Hz, 1H, 

H-4’), 3.52 – 3.45 (m, 1H, H-5a’), 3.44 – 3.36 (m, 1H, H-5b’), 3.24 (q, J = 7.1 Hz, 2H, CH2-NH), 

3.17 (s, 3H, NCH3), 3.09 (s, 3H, NCH3), 2.83(h, J = 7.0 Hz, 2H, CH2), 2.46 (m, 1H, H-2a’), 2.13 

(ddd, J = 13.0, 5.9, 2.6 Hz, 1H, H-2b’), 1.89 (p, J = 7.5 Hz, 2H, CH2).  

HR-MS (ESI): m/z (calculated for C19H26F3N6O4
+): 459.1962 [M+H]+; found: 459.1953 

[M+H]+.   

The spectroscopic data is in agreement with literature.[166]  
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Compound 83 

 

 

In a heated round bottom flask under argon atmosphere, 0.187 g 81 (0.41 mmol, 1.00 eq.) 

was lyophilized and dissolved in 5 mL pyridine. Then 0.166 g DMT-Cl (0.49 mmol, 1.20 eq.) 

was added and the reaction mixture was stirred overnight at room temperature. On the 

following day, another portion DMT-Cl (0.45 eq.) was added and the reaction mixture 

stirred an additional hour. 5 mL methanol was added and the solvent was then removed 

under reduced pressure. The crude product was purified by column chromatography (SiO2, 

DCM/MeOH 0 – 8 % + 0.1 % Et3N). The product was obtained as a colorless solid with a 

yield of 0.204 g (0.27 mmol, 65 %). 

 

1H-NMR (400 MHz, DMSO-d6: δ (ppm) = 9.36 (t, J = 5.9 Hz, 1H, NH), 8.85 (s, 1H, CH), 8.27 

(s, 1H, H-2), 7.40 – 7.33 (m, 2H, DMT), 7.29 – 7.15 (m, 7H, DMT), 7.09 (s, 1H, H-8), 6.82 (dd, 

J = 8.9, 5.6 Hz 4H, DMT), 6.57 (t, J = 6.8 Hz, 1H, H-1’), 5.32 (d, J = 4.5 Hz, 1H, 3’-OH), 4.45 – 

4.36 (m, 1H, H-3’), 3.92 (q, J = 4.0 Hz, 1H, H-4’), 3.71 (s, 6H, 2xOCH3), 3.17 (s, 3H, NCH3), 

3.15 – 3.09 (m, 4H, NH-CH2, H-5’), 3.09 (s, 3H, NCH3), 2.73 (t, J = 7.4 Hz, 2H, CH2), 2.59 – 

2.53 (m, 1H, H-2a’), 2.23 (ddd, J = 13.1, 6.3, 3.6 Hz, 1H, H-2b’), 1.79 (p, J = 7.1 Hz, 2H, CH2).  

HR-MS (ESI): m/z (calculated for C40H44F3N6O6
+): 761.3269 [M+H]+; found: 761.3259 

[M+H]+.   

The spectroscopic data is in agreement with literature.[166]  
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Compound 84 

 

 

 

In a heated flask under argon atmosphere, 0.187 g 82 (0.41 mmol, 1.00 eq.) was lyophilized 

and dissolved in 5 mL dry DCM. Then 0.214 mL DIPEA (0.159 g, 0.78 mmol, 3.00 eq.) and 

0.183 mL 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (0.194 g, 0.82 mmol, 2.00 

eq.) were added and the reaction mixture was stirred for 3.5 hours at room temperature. 

The reaction mixture was then directly purified by column chromatography (SiO2, 

DCM/MeOH 50 % +0.1 % Et3N). The product was obtained as a light colorless foam with a 

yield of 0.204 g (0.27 mmol, 65 %). 

 

31P-NMR (162 MHz, DMSO-d6): δ (ppm) = 147.5, 147.0. 

HR-MS (ESI): m/z (calculated for C49H61F3N8O7P+): 961.4347 [M+H]+; found: 961.4334 

[M+H]+.   

The spectroscopic data is in agreement with literature.[166]  
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Compound 29 

 

 

 

In a heated flask under argon atmosphere, 5.00 g 6-Chloro-7-iodo-7-deazapurine (17.9 

mmol, 1.00 eq.) was suspended in 90 mL dry MeCN. Then 1.33 mL BSA (1.10 g, 19.7 mmol, 

1.10 eq.) was added and the suspension stirred for 20 minutes at room temperature. 9.93 

g ß-D-Ribofuranose-1-acetate-2,3,5-tribenzoate (19.7 mmol, 1.10 eq.) and 3.40 mL 

TMSOTf (4.18 g, 18.8 mmol, 1.05 eq.) were added to the mixture and heated to 80 °C and 

stirred for 2.5 hours. Upon completion, sat. NaHCO3 solution (80 mL) was added to the 

mixture, extracted three times with ethyl acetate (3x50 mL), and dried over Na2SO4. The 

solvent was removed under reduced pressure and the crude product was then purified by 

column chromatography (SiO2, cyclohexane/ethyl acetate 0 – 50 %). The product was 

obtained as a light yellow foam with a yield of 7.75 g (10.7 mmol, 60 %). 

 

1H-NMR (400 MHz, CDCl3-d1: δ (ppm) = 8.57 (s, 1H, H-2), 8.14 – 8.10 (m, 2H, Bz), 8.01 – 

7.97 (m, 2H, Bz), 7.94 – 7.90 (m, 2H, Bz), 7.64 – 7.47 (m, 7H, Bz, H-8), 7.43 – 7.32 (m, 3H, 

Bz), 6.67 (d, J = 5.5 Hz, 1H, H-1’), 6.16 (t, J = 5.6 Hz, 1H, H-3’), 6.11 (dd, J = 5.8, 4.4 Hz, 1H, 

H-4’), 4.90 (dd, J = 12.2, 3.1 Hz, 1H, H-5a’), 4.82 – 4.78 (m, 1H, H-2’), 4.69 (dd, J = 12.3, 3.6 

Hz, 1H, H-5b’). 

HR-MS (ESI): m/z (calculated for C32H24ClIN3O7
+): 724.0342 [M+H]+; found: 724.0341 

[M+H]+.   

The spectroscopic data is in agreement with literature.[143]  
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Compound 30  

 

 

 

In a pressure tube, 3.00 g 29 (4.14 mmol, 1.00 eq.) was suspended in 100 mL 7M NH3 in 

methanol. The reaction mixture was heated to 120 °C and stirred for 24 hours. The solvent 

was removed under reduced pressure. The crude product was purified by column 

chromatography (SiO2, DCM/MeOH 0 – 10 % + 1 % Et3N). The product was obtained as a 

beige solid with a yield of 1.40 g (3.56 mmol, 86 %). 

 

1H-NMR (400 MHz, DMSO-d6: δ (ppm) = 8.10 (s, 1H, H-2), 7.67 (s, 1H, H-8), 6.67 (br s, 2H, 

NH2), 6.02 (dd, J = 6.3 Hz, 1H, H-1’), 5.30 (d, J = 6.4 Hz, 1H, 3’-OH), 5.15 (t, J = 5.6 Hz, 1H, 

5’-OH), 5.10 (d, J = 4.8 Hz, 1H, 2’-OH), 4.35 (dd, J = 11.4, 6.5 Hz, 1H, H-3’), 4.07 (dd, J = 8.3, 

3.3 Hz, 1H, H-4’), 3.88 (q, J = 3.8 Hz, 1H, H-2’), 3.64 – 3.57 (m, 1H, H-5a’), 3.52 (ddd, J = 12.0, 

6.1, 3.8 Hz, 1H, H-5b’).  

HR-MS (ESI): m/z (calculated for C11H14IN4O4
+): 393.0054 [M+H]+; found: 393.0049 [M+H]+.   

The spectroscopic data is in agreement with literature.[143]  
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Compound 31 

 

 

 

In a heated round bottom flask under argon atmosphere, 1.88 g 30 (4.78 mmol, 1.00 eq.), 

2.17 g 26 (14.3 mmol, 3.00 eq.), 0.200 g CuI (1.05 mmol, 0.22 eq.) and 1.33 mL 

triethylamine (0.968 g, 9.56 mmol, 2.00 eq.) were dissolved in 30 mL dry DMF. The solution 

was degassed and then 0.553 g Pd(PPh3)4 (0.48 mmol, 0.10 eq.) was added. The reaction 

mixture was stirred at room temperature for 24 hours and the solvent was removed under 

reduced pressure. The residue was purified by column chromatography (DCM/MeOH 10 – 

50 %). The product was obtained as a light brown solid with a yield of 1.39 g (3.35 mmol, 

70 %). 

 

1H-NMR (400 MHz, DMSO-d6: δ (ppm) = 10.1 (t, J = 5.5 Hz, 1H, NH), 8.11 (s, 1H, H-2), 7.77 

(s, 1H, H-8), 6.84 (br s, 2H, NH2), 6.01 (d, J = 6.1 Hz, 1H, H-1’), 5.33 (d, J = 6.3 Hz, 1H, 3’-OH), 

5.19 (t, J = 5.6 Hz, 1H, 5’-OH), 5.11 (d, J = 4.8 Hz, 1H, 2’-OH), 4.36 (q, J = 6.1 Hz, 1H, H-3’), 

4.31 (d, J = 5.4 Hz, 2H, CH2), 4.10 – 4.03 (m, 1H, H-4’), 3.89 (q, J = 3.6 Hz, 1H, H-2’), 3.66 – 

3.58 (m, 1H, H-5a’), 3.53 (ddd, J = 11.9, 6.1, 3.6 Hz, 1H, H-5b’). 

13C-NMR (126 MHz, DMSO-d6): δ (ppm) = 157.5, 152.7, 149.6, 127.0, 112.2, 102.3, 94.1, 

91.0, 87.3, 86.8, 85.2, 76.1, 74.0, 70.5, 61.5, 29.9.  

HR-MS (ESI): m/z (calculated for C16H17F3N5O5
+): 416.1176 [M+H]+; found: 416.1172 

[M+H]+. 
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KMU107 #1-20 RT: 0.02-0.36 AV: 20 NL: 3.83E7
T: FTMS + p ESI Full ms [100.0000-1100.0000]
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Compound 16 

 

 

 

In a heated flask under argon atmosphere, 0.070 g 31 (0.25 mmol, 1.00 eq.) was dissolved 

in 3 mL of concentrate ammonium hydroxide solution and stirred overnight at room 

temperature. The solvent was removed under reduced pressure and the residue was dried 

in a high vacuum. The product was obtained as a brown solid with a quantitative yield.  

In a heated round bottom flask under argon atmosphere, 0.046 g of the residue 

(0.14 mmol, 1.00 eq.), was dissolved in 5 mL dry DMF. Then 0.08 mL triethylamine (0.058 g, 

0.58 mmol, 4.00 eq.) and 0.063 g BCN-NHS-ester (0.22 mmol, 1.50 eq.) were added, and 

the reaction mixture was stirred for 16 hours at room temperature. The solvent was then 

removed under reduced pressure. The residue was dissolved in 25 mL of methanol, approx. 

50 mg of Amberlite IRA 402 bicarbonate was added and stirred for 30 min. The solid was 

filtered off and the solvent was removed under reduced pressure. The crude product was 

purified by column chromatography (SiO2, DCM/MeOH 0 – 15 %). The product was 

obtained as a colorless solid with a yield of 0.056 g (0.11 mmol, 80 %). 

 

1H-NMR (400 MHz, DMSO-d6): δ = 8.10 (s, 1H, H-2), 7.71 (m, 2H, H-8, NH), 6.00 (d, J = 

6.0 Hz, 1H, H-1’), 5.32 (d, J = 6.3 Hz, 1H, 3’-OH), 5.20 (t, J = 5.5 Hz, 1H, 5’-OH), 5.11 (d, J = 

4.8 Hz, 1H, 2’-OH), 4.35 (q, J = 6.0 Hz, 1H, H-3’), 4.10 (d, J = 8.1 Hz, 2H, BCN), 4.09 – 4.05 
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(m, 1H, H-4’), 4.03 (d, J = 5.5 Hz, 2H, CH2), 3.89 (q, J = 3.4 Hz, 1H, H-2’), 3.62 (dt, J = 11.7, 

4.5 Hz, 1H, H-5a’), 3.54 (dt, J = 5.7, 2.8 Hz, 1H, H-5b’)., 2.27 – 2.08 (m, 6H, BCN), 1.55 (q, J = 

10.4, 9.5 Hz, 2H, BCN), 1.35 – 1.26 (m, 1H, BCN), 0.91 – 0.83 (m, 2H, BCN). 

13C-NMR (126 MHz, DMSO-d6): δ (ppm) = 157.6, 152.7, 149.6, 126.3, 102.4, 99.0, 94.5, 

89.3, 87.2, 85.2, 75.2, 74.0, 70.5, 61.5, 30.9, 28.6, 20.8, 19.6, 17.6.  

HR-MS (ESI): m/z (calculated for C25H30N5O6
+): 496.2191 [M+H]+; found: 496.2186 [M+H]+. 
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KMU131 MeOH #1-20 RT: 0.02-0.35 AV: 20 NL: 2.36E9
T: FTMS + p ESI Full ms [400.0000-600.0000]
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Compound 65 

 

 

 

In a heated Schlenk flask under argon 3.00 g ethyl-4-aminobenzoate (18.2 mmol, 1.00 eq.) 

was dissolved in 27 mL DMF. 2.22 mL ethyl bromoacetate (3.34 g, 20.0 mmol, 1.10 eq.) and 

3.48 mL N,N-diisopropylethylamine (2.58 g, 20.0 mmol, 1.10 eq.) were then added. The 

reaction mixture was allowed to stir overnight for 16 hours at 70 °C. The solvent was 

removed under reduced pressure. The residue was solved in diethylether and the solution 

was washed four times with brine solution. The organic phase was dried over sodium 

sulfate and the solvent was removed under reduced pressure. The residue was purified by 

automated column chromatography (cyclohexane/ethylacetate 0-50 %). The product was 

obtained as yellow crystals with a yield of 4.06 g (16.2 mmol, 89 %). 

 

1H-NMR (400 MHz, CDCl3-d1): δ (ppm) = 7.89 (d, J = 8.9 Hz, 2H, arom.), 6.56 (d, J = 8.9 Hz, 

2H, arom.), 4.67 (s, 1H, R-NH-R), 4.29 (dq, J = 21.1, 7.1 Hz, 4H, 2xR-CH2), 3.94 (s, 2H, R-NH-

CH2), 1.36 (t, J = 7.1, 3H, R-CH3), 1.30 (t, J = 7.1 Hz, 3H, R-CH3). 

13C-NMR (101 MHz, CDCl3-d1): δ (ppm) = 170.5, 166.9, 150.7, 131.7 (2C), 119.8 (2C), 111.9, 

61.7, 60.4, 45.3, 14.6, 14.3. 

HR-MS (ESI): m/z (calculated for C13H18NO4
+): 252.1230 [M+H]+; found: 252.1226 [M+H]+.    

The spectroscopic data is in agreement with literature.[165]  
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Compound 66 

 

 

 

In a round bottom flask 3.00 g 65 (18.2 mmol, 1.00 eq.) was dissolved in 30 mL ethanol. 14 

mL 1N NaOH (4 mL ~ 1 g) was added and the mixture was stirred for 3 hours at room 

temperature. The solvent was removed and the residue was dissolved in water and 14 mL 

1N HCl was added. The formed white precipitate was collected by filtration, washed with 

water, and dried to give 2.08 g KMU157 (9.32 mmol, 76 %) as a white powder.  

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 12.7 (s, 1H, R-COOH), 7.69 (d, J = 8.9 Hz, 2H, 

arom.), 6.73 (s, 1H, R-NH-R), 6.59 (d, J = 8.9 Hz, 2H, arom.), 4.21 (q, J = 7.1 Hz, 2H, R-CH2), 

3.88 (s, 2H, R-NH-CH2), 1.27 (t, J = 7.1 Hz, 3H, R-CH3). 

13C-NMR (126 MHz, DMSO-d6): δ (ppm) = 172.0, 165.8, 152.3, 130.8 (2C), 116.8, 111.2 (2C), 

59.6, 44.1, 14.4. 

HR-MS (ESI): m/z (calculated for C11H12NO4
+): 222.0761 [M-H]+; found: 222.0767 [M-H]+. 

The spectroscopic data is in agreement with literature.[165]  
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Compound 67 

 

 

 

In a heated Schlenk flask under argon 2.08 g 66 (9.31 mmol, 1.00 eq.) was dissolved in 30 

mL THF. 1.22 mL tBuONO (1.06 g, 10.2 mmol, 1.10 eq.) was added dropwise to the reaction 

mixture. The reaction was stirred for 1 hour, then 1.42 mL TFAA (2.15 g, 10.2 mmol, 1.10 

eq.) was added dropwise. The reaction mixture was allowed to stir for 3 hours at room 

temperature. Ethyl acetate was added, and the reaction mixture was quenched with 

saturated NaHCO3 solution. The mixture was extracted three times with ethyl acetate. The 

combined organic phases were dried over sodium sulfate and the solvent was removed 

under reduced pressure. The residue was dried under high vacuum. The product was 

obtained as an orange solid in a quantitative yield. 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 8.23 (d, J = 8.9 Hz, 2H, arom.), 8.10 (d, J = 8.8 Hz, 

2H, arom.), 7.90 (s, 1H, sydnone core), 4.38 (q, J = 7.1 Hz, 2H, R-CH2), 1.35 (t, J = 7.1 Hz, 3H, 

R-CH3). 

13C-NMR (126 MHz, DMSO-d6): δ (ppm) = 168.41, 164.40, 137.6, 133.2, 130.9 (2C), 122.0 

(2C), 95.3, 61.5, 14.1. 

HR-MS (ESI): m/z (calculated for C11H11N2O4
+): 235.0713 [M+H]+; found: 235.0710 [M+H]+. 

The spectroscopic data is in agreement with literature.[83]  
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Compound 73 

 

 

 

In a heated Schlenk flask under argon 3.00 g p-anisidine (24.4 mmol, 1.00 eq.) was dissolved 

in 4 mL ethanol. 2.69 mL ethyl bromoacetate (4.07 g, 24.4 mmol, 1.00 eq.) and 2.10 g 

sodium acetate (25.6 mmol, 1.05 eq.) were added and the reaction mixture was allowed 

to stir overnight for 16 hours at reflux. The solvent was removed under reduced pressure. 

The residue was solved in DCM/Brine. The water phase was extracted three times with 

DCM. The combined organic phase was dried over sodium sulfate and the solvent was 

removed under reduced pressure. The residue was purified by column chromatography 

(cyclohexane/ethylacetate 0-20 %). The product was obtained as yellow solid with a yield 

of 3.89 g (18.6 mmol, 76 %). 

 

1H-NMR (400 MHz, CDCl3-d1): δ (ppm) = 6.79 (d, J = 9.0 Hz, 2H, arom.), 6.59 (d, J = 8.9 Hz, 

2H, arom.), 4.26 – 4.20 (m, 2H, R-CH2), 4.10 (s, 1H, R-NH-R), 3.86 (s, 2H, R-NH-CH2), 3.75 (s, 

3H, R-O-CH3) 1.29 (t, J = 7.1 Hz, 3H, R-CH3). 

The spectroscopic data is in agreement with literature.[130]  
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Compound 74 

 

 

 

In a round bottom flask under argon 3.89 g 73 (18.6 mmol, 1.00 eq.) was dissolved in 54 

mL ethanol/water (v/v, 1/1). 1.12 g NaOH (27.9 mmol, 1.50 eq.) was added and the mixture 

was stirred overnight at reflux. The reaction mixture was cooled to 0 °C and a pH value of 

4 was adjusted with HCl. The formed precipitate was collected by filtration and dried under 

vacuum to give 2.63 g 74 (14.5 mmol, 78 %). 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 8.94 (s, 1H, R-COOH), 6.71 (d, J = 8.9 Hz, 2H, 

arom.), 6.50 (d, J = 9.0 Hz, 2H, arom.), 3.72 (s, 2H, R-NH-CH2), 3.63 (s, 3H, R-O-CH3). 

13C-NMR (126 MHz, DMSO-d6): δ (ppm) = 172.9, 151.0, 142.4, 114.5 (2C), 113.1 (2C), 55.3, 

45.5. 

HR-MS (ESI): m/z (calculated for C9H12NO3
+): 182.0812 [M+H]+; found: 182.0809 [M+H]+. 

The spectroscopic data is in agreement with literature.[130]  

 

 

 

 

 

 



 

148 

Compound 75 

 

 

 

In a heated Schlenk flask under argon 2.63 g 74 (14.5 mmol, 1.00 eq.) was dissolved in 27 

mL THF. 1.90 mL tBuONO (1.65 g, 16.0 mmol, 1.10 eq.) was added dropwise to the reaction 

mixture. The reaction was stirred for 1 hour, then 2.22 mL TFAA (3.36 g, 16.0 mmol, 1.10 

eq.) was added dropwise. The reaction mixture was allowed to stir for 3 hours at room 

temperature. Ethyl acetate was added, and the reaction mixture was quenched with 

saturated NaHCO3 solution. The mixture was extracted three times with ethyl acetate. The 

combined organic phases were dried over sodium sulfate and the solvent was removed 

under reduced pressure. The residue was dried under high vacuum. The product was 

obtained as light pink needle crystals with a yield of 1.26 g (6.56 mmol, 45 %). 

 

1H-NMR (400 MHz, CDCl3-d1): δ (ppm) = 7.68 – 7.60 (m, 2H, arom.), 7.12 – 7.03 (m, 2H, 

arom.), 6.63 (s, 1H, sydnone core), 3.90 (s, 3H, R-O-CH3). 

13C-NMR (101 MHz, CDCl3-d1): δ (ppm) = 169.2, 162.7, 122.9 (2C), 115.4 (2C), 93.5, 56.0. 

HR-MS (ESI): m/z (calculated for C9H9N2O3
+): 193.0608 [M+H]+; found: 193.0605 [M+H]+. 

The spectroscopic data is in agreement with literature.[130]  
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Compound 77 

 

 

 

A mixture of 0.200 g 75 (1.04 mmol, 1.00 eq.), 0.27 mL aryl halide 76 (0.381 g, 1.67 mmol, 

1.60 eq.), 0.012 g Pd(OAc)2 (0.05 mmol, 0.05 eq.), 0.050 g XPhos (0.10 mmol, 0.10 eq.) and 

0.360 g K2CO3 (2.60 mmol, 2.50 eq.) in 3.50 mL DMF was placed in a heated flask under 

argon. The flask equipped with a reflux condenser was heated at 100 °C for 19 h in the 

dark. After completion of the reaction (as monitored by TLC), the mixture was cooled to 

room temperature. Then, H2O (30 mL~57 mg approach) was added and the mixture 

extracted with EtOAc (3 × 20 mL ~57 mg approach or 3 x 20 mL EE/PT 9/1). The combined 

organic layers were dried (Na2SO4), and concentrated under reduced pressure. The 

resulting residue was purified by flash column chromatography (Cyclohexane/EE 10 - 40 % 

or PT/EE 10 - 40 %). The product was obtained as yellow foam with a yield of 0.408 g (1.20 

mmol, 58 %). 

1H-NMR (300 MHz, CDCl3-d1): δ (ppm) = 7.96 (d, J = 8.4 Hz, 2H, arom.), 7.40 (d, J = 7.7 Hz, 

4H, arom.), 7.05 (d, J = 8.9 Hz, 2H, arom.), 4.35 (q, J = 7.1 Hz, 2H, R-CH2), 1.37 (t, J = 7.1, 3H, 

R-CH3). 

13C-NMR (75 MHz, CDCl3-d1): δ (ppm) = 166.9, 165.9, 162.5, 130.0, 129.9 (2C), 129.0, 127.2, 

126.7 (2C), 126.3 (2C), 115.5 (2C), 106.8, 61.3, 55.9, 14.4. 

HR-MS (ESI): m/z (calculated for C18H17N2O5
+): 341.1132 [M+H]+; found: 341.1126 [M+H]+. 

The spectroscopic data is in agreement with literature.[130]  
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Compound 69 

 

 

 

A mixture of 0.200 g 67 (0.85 mmol, 1.00 eq.), 0.24 mL aryl halide 68 (0.400 g, 1.37 mmol, 

1.60 eq.), 0.010 g Pd(OAc)2 (0.04 mmol, 0.05 eq.), 0.041 g XPhos (0.09 mmol, 0.10 eq.) and 

0.295 g K2CO3 (2.13 mmol, 2.50 eq.) in 3.50 mL DMF was placed in a heated flask under 

argon. The flask equipped with a reflux condenser was heated at 100 °C for 19 h in the 

dark. After completion of the reaction (as monitored by TLC), the mixture was cooled to 

room temperature. Then, H2O (30 mL~57 mg approach) was added and the mixture 

extracted with EtOAc (3 × 20 mL ~57 mg approach or 3 x 20 mL EE/PT 9/1). The combined 

organic layers were dried (Na2SO4) and concentrated under reduced pressure. The 

resulting residue was purified by flash column chromatography (Cyclohexane/EE 10 - 40 % 

or PT/EE 10 - 40 %). The product was obtained as brown solid with a yield of 0.225 g (0.50 

mmol, 59 %). 

 

1H-NMR (300 MHz, CDCl3-d1): δ (ppm) = 8.39 – 8.28 (m, 2H, arom.), 7.77 (s, 1H, arom.), 

7.72 (s, 1H, arom.), 7.66 – 7.58 (m, 2H, arom.), 4.46 (q, J = 7.1 Hz, 2H, R-CH2), 1.44 (t, J = 

7.0 Hz, 3H, R-CH3). 

13C-NMR (75 MHz, CDCl3-d1): δ (ppm) = 166.1, 164.4, 137.1, 135.0, 132.8, 132.3, 132.0 (2C), 

126.6, 125.0 (2C), 124.6, 122.1, 121.0, 105.3, 62.3, 14.3. 
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HR-MS (ESI): m/z (calculated for C19H13F6N2O4
+): 447.0774 [M+H]+; found: 447.0765 

[M+H]+. 
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KMU162 #1-20 RT: 0.02-0.36 AV: 20 NL: 3.06E8
T: FTMS + p ESI Full ms [100.0000-600.0000]
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Compound 79 

 

 

 

In a Schlenk flask under argon, 0.408 g 77 (1.20 mmol, 1.00 eq.) was placed and dissolved 

in 5 mL THF. The solution was cooled to 0 °C with an ice bath. Meanwhile, 0.072 g lithium 

hydroxide (3.00 mmol, 2.50 eq.) was dissolved in 5 mL water and then added to the 

reaction solution. The solution was allowed to stir at 0 °C for 30 minutes and then at room 

temperature for 4 hours. The THF was evaporated off. The remaining basic aqueous 

solution was adjusted with 1M HCl to a pH 3-4. The aqueous phase was extracted three 

times with DCM. The combined organic phases were washed with Brine solution and then 

dried over sodium sulfate. The solvent was removed. The combined organic layers were 

dried (Na2SO4) and concentrated under reduced pressure. The residue was used without 

further purification and was solved in 5 mL DMF in a heated flask under argon. 0.084 g 

NHS-ester (0.73 mmol, 1.50 eq.) and 0.141 g EDC were added, and the reaction mixture 

was stirred overnight at room temperature. 20 mL Ethyl acetate was added, and the 

organic phase was extracted three times with 60 mL water and once with 60 mL brine 

solution and then dried over sodium sulfate. The solvent was removed under reduced 

pressure and the residue was purified by column chromatography (SiO2, DCM/MeOH 0 – 5 

%). The product was obtained as a yellow foam with a yield of 0.130 g (0.32 mmol, 65 %). 
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1H-NMR (400 MHz, CDCl3-d1): δ (ppm) = 8.04 (d, J = 8.7 Hz, 2H, arom.), 7.48 (d, J = 8.7 Hz, 

2H, arom.), 7.41 (d, J = 8.7 Hz, 2H, arom.), 7.09 (d, J = 9.0 Hz, 2H, arom.), 3.93 (s, 3H, R-

OCH3), 2.90 (s, 4H, 2xCH2) 

13C-NMR (101 MHz, CDCl3-d1): δ (ppm) = 169.3, 166.7, 162.7, 161.3, 131.3, 131.0 (2C), 

127.1, 126.8 (2C), 126.3 (2C), 124.4, 115.7, 56.0 (2C), 29.8, 25.8 (2C). 

HR-MS (ESI): m/z (calculated for C20H16N3O7
+): 410.0983 [M+H]+; found: 410.0992 [M+H]+. 
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KMU176.3 #1-10 RT: 0.02-0.19 AV: 10 NL: 1.03E6
T: FTMS + p ESI Full ms [300.0000-445.0000]
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Compound 71 

 

 

 

In a Schlenk flask under argon, 0.172 g 69 (0.39 mmol, 1.00 eq.) was placed and dissolved 

in 3 mL THF. The solution was cooled to 0 °C with an ice bath. Meanwhile, 0.061 g lithium 

hydroxide monohydrate (1.45 mmol, 5.00 eq.) was dissolved in 3 mL water and then added 

to the reaction solution. The solution was allowed to stir at 0 °C for 30 minutes and then at 

room temperature for 4 hours. The THF was evaporated off. The remaining basic aqueous 

solution was adjusted with 1M HCl to a pH 3-4. The aqueous phase was extracted three 

times with DCM. The combined organic phases were washed with Brine solution and then 

dried over sodium sulfate. The solvent was removed. The combined organic layers were 

dried (Na2SO4) and concentrated under reduced pressure. The residue was used without 

further purification and was solved in 5 mL DMF in a heated flask under argon. 0.067 g 

NHS-ester (0.58 mmol, 1.50 eq.) and 0.111 g EDC (0.58 mmol, 1.50 eq.) were added, and 

the reaction mixture was stirred overnight at room temperature. 20 mL Ethyl acetate was 

added, and the organic phase was extracted three times with 60 mL water and once with 

60 mL brine solution and then dried over sodium sulfate. The solvent was removed under 

reduced pressure and the residue was purified by column chromatography (SiO2, 

DCM/MeOH 0 – 5 %). The product was obtained as a light brown solid with a yield of 0.100 g 

(0.19 mmol, 49 %). 
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1H-NMR (300 MHz, CDCl3-d1): δ (ppm) = 8.44 – 8.40 (m, 2H, arom.), 7.82 (s, 1H, arom.), 

7.77 – 7.74 (m, 2H, arom.), 7.73 – 7.70 (m, 2H, arom.), 2.95 (s, 4H, 2xCH2). 

13C-NMR (75 MHz, CDCl3-d1): δ (ppm) = 168.8, 166.1, 160.2, 138.6, 132.9 (2C), 132.7, 129.9, 

126.83, 126.80, 126.4, 125.5 (2C), 123.8, 122.5, 121.6, 105.3, 25.8 (2C). 

HR-MS (ESI): m/z (calculated for C21H12F6N3O6
+): 516.0625 [M+H]+; found: 516.0632 

[M+H]+. 
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KMU180.1 #1-20 RT: 0.02-0.36 AV: 20 NL: 9.40E5
T: FTMS + p ESI Full ms [500.0000-600.0000]
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Compound 81  

 

 

 

In a heated flask under argon atmosphere, 0.100 g 80 (0.25 mmol, 1.00 eq.) was dissolved 

in 5 mL of concentrated ammonium hydroxide solution and stirred overnight at room 

temperature. The solvent was removed under reduced pressure and the residue was dried 

in a high vacuum. The product was obtained as a brown solid with a quantitative yield. 

 

The spectroscopic data is in agreement with literature.[166]  
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Compound 1 

 

 

 

In a Schlenk flask under argon, 0.050 g 81 (0.16 mmol, 1.00 eq.) was placed and dissolved 

in 5 mL DMF. 0.09 mL triethylamine (0.07 g, 0.65 mmol, 4.00 eq.) and 0.101 g 71 (0.20 

mmol, 1.20 eq.) were added, and the reaction mixture was stirred over night at room 

temperature. The solvent was removed under reduced pressure and the crude product 

was redissolved in 10 mL methanol. The solution was treated with Amberlite IRA-402 

bicarbonate form for 30 minutes. After filtration, the solvent was evaporated. The crude 

mixture was purified via column chromatography (SiO2, DCM/MeOH 0 – 10 %). The product 

was obtained as a beige foam (0.06 g, 0.08 mmol, 49 %).  

 

1H-NMR (300 MHz, DMSO-d6: δ (ppm) = 8.76 (t, J = 5.3 Hz, 1H, NH), 8.11 (d, J = 8.6 Hz, 3H, 

arom.), 8.02 (s, 1H, H-2), 7.86 (d, J = 8.6 Hz, 2H, arom.), 7.78 (s, 2H, arom.), 7.14 (s, 1H, H-

8), 6.57 (s, 2H, R-NH2), 6.47 (dd, J = 8.3, 6.0 Hz, 1H, H-1’), 5.24 (d, J = 4.1 Hz, 1H, 3’-OH), 

5.07 (t, J = 5.6 Hz, 1H, 5’-OH), 4.38 – 4.25 (m, 1H, H-3’), 3.79 (q, J = 4.3 Hz, 1H, H-4’), 3.59 

– 3.46 (m, 4H, 2xH-5’, CH2-NH), 2.86 – 2.77 (m, 2H, CH2), 2.48 – 2.41 (m, 1H, H-2a’), 2.11 

(ddd, J = 12.8, 5.8, 2.3 Hz, 1H, H-2b’), 1.84 (p, J = 7.5 Hz, 2H, CH2).  
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13C-NMR (75 MHz, DMSO-d6): δ (ppm) = 166.0, 164.6, 157.6, 151.4, 150.5, 138.4, 135.4, 

130.8, 130.3, 129.2 (2C), 127.3, 127.21, 127.17, 125.8 (2C), 118.8, 114.7, 106.3, 102.1, 

87.2, 82.8, 71.2, 62.2, 54.9, 30.1, 23.4. 

HR-MS (ESI): m/z (calculated for C31H28F6N7O6
+): 708.2000 [M+H]+; found: 708.2007 

[M+H]+. 
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KMU183.1 #1-20 RT: 0.02-0.35 AV: 20 NL: 6.91E8
T: FTMS + p ESI Full ms [600.0000-850.0000]
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Compound 2 

 

 

 

In a Schlenk flask under argon, 0.050 g 81 (0.16 mmol, 1.00 eq.) was placed and dissolved 

in 5 mL DMF. 0.09 mL triethylamine (0.07 g, 0.65 mmol, 4.00 eq.) and 0.080 g 79 (0.20 

mmol, 1.20 eq.) were added, and the reaction mixture was stirred over night at room 

temperature. The solvent was removed under reduced pressure and the crude product 

was redissolved in 10 mL methanol. The solution was treated with Amberlite IRA-402 

bicarbonate form for 30 minutes. After filtration, the solvent was evaporated. The crude 

mixture was purified via column chromatography (SiO2, DCM/MeOH 0 – 10 %). The product 

was obtained as a white solid (0.011 g, 0.018 mmol, 11 %).  

 

1H-NMR (500 MHz, DMSO-d6: δ (ppm) = 8.47 (t, J = 5.6 Hz, 1H, NH), 8.01 (s, 1H, H-2), 7.77 

(d, J = 8.6 Hz, 2H, arom.), 7.65 (d, J = 9.0 Hz, 2H, arom.), 7.31 (d, J = 8.6 Hz, 2H, arom.), 7.19 

(d, J = 9.0 Hz, 2H, arom.), 7.13 (s, 1H, H-8), 6.56 (s, 2H, R-NH2), 6.46 (dd, J = 8.3, 5.9 Hz, 1H, 

H-1’), 5.22 (d, J = 4.0 Hz, 1H, 3’-OH), 5.05 (t, J = 5.6 Hz, 1H, 5’-OH), 4.35 – 4.26 (m, 1H, H-

3’), 3.85 (s, 3H, OMe), 3.78 (td, J = 4.6, 2.4 Hz, 1H, H-4’), 3.56 – 3.51 (m, 1H, H-5a’), 3.50 – 

3.47 (m, 2H, CH2-NH), 3.42 (d, J = 5.1 Hz, 1H, H-5b’), 2.78 (t, J = 7.5 Hz, 2H, CH2), 2.48 – 2.42 

(m, 1H, H-2a’), 2.09 (ddd, J = 13.0, 5.9, 2.4 Hz, 1H, H-2b’), 1.84 (p, J = 7.5 Hz, 2H, CH2).  
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13C-NMR (126 MHz, DMSO-d6): δ (ppm) = 166.2, 165.5, 161.7, 157.6, 151.3, 150.4, 134.1, 

127.3 (2C), 127.1 (2C), 126.6 (2C), 115.3 (2C), 114.7, 107.5, 87.1, 82.7, 72.3, 71.1, 62.2, 

60.3, 55.8, 40.1, 39.9, 39.8, 39.6, 39.4, 30.1. 

HR-MS (ESI): m/z (calculated for C30H32N7O7
+): 602.2358 [M+H]+; found: 602.2358 [M+H]+. 
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KMU184 #1-20 RT: 0.02-0.36 AV: 20 NL: 7.01E8
T: FTMS + p ESI Full ms [200.0000-900.0000]
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7.3 DNA synthesis 

Synthesis of the modified oligonucleotides 

General information 

The synthesis of the oligonucleotides were performed using the K&A H-6 DNA/RNA 

synthesizer and was done in the 3’ to 5’ direction. For the solid phase synthesis Controlled 

Pore Glass (CPG) with an occupancy of 1 µmol (500 Å) were employed. The CPG columns 

as well as the reagents required for the synthesis were bought commercially from 

GLENRESEARCH, CHEMGENES, PROLIGO and SIGMA ALDRICH. The synthesis of the 

oligonucleotides was carried out under argon as an inert gas. The synthesized and 

commercially bought phosphoramidites were inserted into the DNA using the standard 

phosphoramidite method. For this purpose, the natural and artificial phosphoramidites 

were dissolved in abs. acetonitrile. The artificial ones were used as 0.1 M solution and the 

natural phosphoramidites as 0.067 M solutions. A standard coupling protocol was used for 

the insertion of the natural building blocks. For the artificial building blocks, the standard 

synthesis protocol was modified to achieve longer coupling times, which should ensure 

more effective insertion of the artificial building blocks. 

Synthesis protocol 

The synthesis protocol enables to define the time sequence of the individual steps during 

the solid phase synthesis as well as the amount of reagent utilized during the individual 

partial steps of the synthesis. Table 4 shows the solvent mixtures of the reagents that were 

applied. 

Table 4: Reagents used. 

Function Solvent mixture 

Deblocker (TCA) 3 % Dichloroacetic acid in dichloromethane 

Washing reagent (ACN) Acetonitrile 

Activator (TET) 0.45 M tetrazole in acetonitrile 

Capping (CP_A) Acetic anhydride in THF/pyridine 

Capping (CP_B) N-Methylimidazol in THF7pyridine 

Oxidizer (OXI) Iodine in water/THF/pyridine 

Phosphoramidite (AMD) Phosphoramidite in acetonitrile 
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Table 5 below shows the standard synthesis protocol and table 6 shows the synthesis 

protocols for the artificial building blocks 60 and 84.  

 

Short table explanation: 

- Time: Duration of the intermediary step, time unit 0.1 s (10 = 1 s). 

- Source: Source from which the reagent is used. 

- Mixed: Source of the second reagent, that is mixed with the first. 

- Destin: Destination of the reagent. 

- S. Col. Ptr.: (single column pointer) indicates the serial execution of the respective part of 

the subroutine. 

- Delay: Time period during which nothing happens. 

- Branch: The branch subroutine is called in this field. 

 

Table 5: Standard synthesis protocol. 
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Table 6: Synthesis protocol for the insertion of 60 and 84. 
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Using the reported synthesis protocols, the following oligonucleotides listed in figure 60 

were prepared. 

 

Figure 60: Synthesized DNA strands. 

 

Cleaving protocol 

After the synthesis was completed, the CPG columns were dried under high vacuum for 

one hour. The CPG column was opened and the column material transferred to a 

microcentrifuge tube. 700 µl ammonium hydroxide solution (> 25 %, trace select, FLUKA) 

was added to cleave the synthesized strands from the solid phase and also to remove 

protective groups. The suspension was vortexed and was heated for 15 hours at 55 °C in a 

heating block. After cooling the suspension, the ammonia was removed using a vacuum 

concentrator (35 min, 35 °C, 100 mbar). The supernatant solution was pipetted off and the 

residue was washed three times with 200 µl HPLC water each time. The united 

centrifugates were lyophilized (25 °C, 0.1 mbar). 

Purification of the modified oligonucleotides 

The cleaved, modified oligonucleotides were purified using DMT affinity columns from 

GLEN RESEARCH (Glen-pakTM DNA Purification Cartridges). The lyophilized crude DNA was 

dissolved in 1 mL dd-H2O. 1 mL NaCl-solution (100 mg/mL) was added to the solution to 

gain an end salt concentration of 50 mg/mL. The affinity column was first pretreated with 

0.5 mL acetonitrile and 1 mL 2M Triethylammoniumacetat buffer (pH7). The 

oligonucleotide-salt solution was applied on to the column in 1 mL aliquots. After that, 1 

mL of TFA solution (2 % in water) was added twice and the column was washed twice with 

1 mL double distilled water. The oligonucleotide was eluted off the column with 1 ml 0.5 % 
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ammonium hydroxide in acetonitrile/water (1:1) and then evaporated to dryness under 

vacuum at 0.1 mbar and 25 °C overnight. 

Postsynthetic modification of DNA1 

Approximately 1 µmol of the oligonucleotide was dissolved in 300 µL dry DMSO. 2.00 mg 

BCN – NHS ester was dissolved in 300 µL dry DMSO and added to the oligonucleotide. The 

solution was then mixed with 5.00 µL triethylamine and shaken on a laboratory shaker at 

room temperature for 16 hours. The solvent was then removed overnight under vacuum 

at 0.1 mbar and 25 °C. 

Postsynthetic modification of DNA3 

Approximately 1 µmol of the oligonucleotide was dissolved in 300 µL dry DMSO. 2.00 mg 

of NHS ester 71 or 79 was dissolved in 300 µL dry DMSO and added to the oligonucleotide. 

The solution was then mixed with 5.00 µL DIPEA and shaken on a laboratory shaker at room 

temperature for 16 hours. The solvent was then removed overnight under vacuum at 0.1 

mbar and 25 °C. 

Purification of the modified oligonucleotides 

A semi-preparative RP-HPLC was used to purify the postsynthetically produced 

oligonucleotides. The separation was carried out on a Dionex Ultimate3000 with 

autosampler, pump module, column oven, multi-diode array, RS fluorescence detector and 

fraction collector from THERMOFISHER SCIENTIFIC using Chromeleon 7 software. For semi-

preparative separation, VDSphere OptiBio PUR 300 C18-SE column (250 x 10 mm, 5 µm) 

from VDS OPTILAB was used with a flow rate of 3.5 mL/min at a temperature of 40 °C. A 

gradient of 0 – 30 % acetonitrile and 0.1 M NH4OAc over 30 minutes served as the mobile 

phase. The modified DNA was solved in 300 µL dd water and was injected via the 

autosampler with an injection volume of 300 µL. The oligonucleotide was detected at a 

wavelength of 260 nm and 280 nm and collected in fractions. The sequences obtained 

DNA2, DNA4, DNA5 are shown in figure 61. 
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Figure 61: Postsynthetically modified DNA strands. 

 

Determination of mass 

The purity of the collected fractions was verified by MALDI-TOF mass spectrometry. The 

identified pure fractions were combined and lyophilised. Table 7 shows the calculated and 

found masses. 

Table 7: Calculated and measured masses. 

DNA Calculated mass [g/mol] Measured mass [g/mol] 

DNA2  5386 [M]+ 5389 [M+H]+ 

DNA4 5508 [M]+ 5512 [M+H]+ 

DNA5 5615 [M]+ 5615 [M+H]+ 

 

Concentration measurement 

The concentration of the DNA samples was calculated by using the Lambert-Beer law. For 

this purpose, the optical density at λ = 260 nm was measured on an ND-1000 

spectrophotometer from NANODROP (in nucleic acid mode). The molar extinction 

coefficient ε260 of an oligonucleotide based only on natural bases at 260 nm in water is 

given by the following equation: 
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ε260= (A · εA + G · εG + C · εC + T · εT) · 0.9 + εChromophor/artificial nucleoside 

A,G,C,T: Number of natural bases  

εA,G,C,T: molar extinction coefficient 260 nm 

0.9: correction factor 

For modified oligonucleotide strands, the molar extinction coefficients of the artificial 

building blocks were added. The molar extinction coefficients of the natural and artificial 

building blocks are shown in table 8. The extinction coefficient of 15 were taken from the 

literature.[155] 

Table 8: Molar extinction coefficients. 

Bases Extinction coefficient ε260 [L M-1 cm-1] 

dA 15.400 

dT 8.800 

dC 7.300 

dG 11.700 

15 4.300 

1 14.400 

2 12.700 

 

7.4 HPLC- and LC-MS methods 

The methods used for the purification of the synthesized DNA and the LC-MS-analyses are 

shown in table 9-12. 

Table 9: HPLC- and LC-MS analysis methods for the bioorthogonal SPSAC reaction on nucleosides. 

Zeit [min] % MeCN + 0.1 % TFA  

0.00 0 

15.00 40 

30.00 40 

40.00 60 

45.00 80 

50.00 90 

55.000 90 



 

176 

55.001 0 

65,000 0 

 

Table 10: LC-MS analysis method for the bioorthogonal SPSAC reaction on oligonucleotides 

Zeit [min] % MeCN  

0.00 0 

30.00 20 

40.00 20 

40.001 80 

50.000 80 

50.001 0 

60.000 0 

 

Table 11: HPLC-MS method for the preparative purification of DNA2. 

Zeit [min] % MeCN  

0.00 0 

30.00 20 

40.00 20 

40.001 20 

50.001 0 

60.000 0 

 

Table 12: HPLC-MS method for the preparative purification of DNA4 and DNA5. 

Zeit [min] % MeCN  

0.00 0 

30.00 30 

40.00 30 

40.001 30 

50.001 0 

60.000 0 
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LC-MS analysis and mass spectroscopic analysis (ESI): 

Table 13 shows the measured masses of the LC-MS analysis and the measured ESI masses 

of the click reactions. 

Table 13: measured masses of the LC-MS analysis and ESI masses. The calculated mass represents the product 

formed in the SPSAC or Photoclick reaction. 

Product Calculated mass [m/z] measured mass [m/z] 

32 870.4086 870.4080 

50 886.4035 886.4007 

37 870.4086 870.4057 

51 886.4035 886.4007 

52 920.4242 920.4204 

53 936.4192 936.4161 

54 920.4242 920.4214 

55 936.4192 936.4161 

56 765.3507 765.3477 

57 781.3457 781.3426 

61 1456.8 (z=4) 1456.05 (z=4) 

62 1456.8 (z=4) 1456.05 (z=4) 

63 1418.05 (z=4) 1417.28 (z=4) 

85 775.2422 775.2423 

86 669.2780 669.2773 

 

7.5 In vitro ,,Click’’ - Experiments 

Spectroscopic investigation of the click and photoclick reaction via UV-Vis spectroscopy 

The absorption spectra were measured on a Cary3500 spectrometer from AGILANT with a 

temperature controller. All spectra were baseline-corrected by using a blank. For the 

measurements, quartz cuvettes with a light path of 10 mm and a probe volume of 0.50 mL 

were used. All reactants were prepared as stock solutions with concentrations as shown in 

table 14. In each case, 2.5 µL were diluted with double-distilled water to a total volume of 
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0.5 mL, resulting in a solvent composition of H2O/DMSO (99:1 V/V%) and a ratio between 

fluorophore/dienophile 1:5 and nucleoside 1 or 2/NMM or BCN 1:10. Every diarylsydnone 

nucleoside was reacted with BCN-OH and NMM in the mentioned conditions and also the 

sydnone dyes were reacted with the BCN-nucleosides in the mentioned conditions. To 

monitor the progression of the reaction, the absorption was measured at regular time 

intervals. The determination of the second-order rate constant was based on the 

absorbance decrease of the sydnone band which correlates with the building of the click 

product. An overview of the batch records is provided in table 15 and 16. 

Table 14: Stock solutions. 

Stock solution Concentration [µM] 

3 4000 

33 4000 

44 4000 

45 4000 

49 4000 

15 20000 

16 20000 

BCN-OH 50000 

NMM 50000 

1 5000 

2 5000 

 

Table 15: Overview of sample preparation for determining the reaction kinetics of the sydnone conjugates 

with the BCN-nucleosides 15 and 16. 

 cflurophore 

[µM] 

VSL fluorophore 

[µL] 

cnucleoside 

[µM] 

VSL 

nucleoside 

[µL] 

VWater 

[µL] 

VDMSO 

[µL] 

Blank 0 0 100 2.5 495 2.5 

SPSAC 20 2.5 100 2.5 495 0 
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Table 16 Overview of sample preparation for determining the reaction kinetics of the diarylsydnone-

nucleosides 1 and 2 with NMM and BCN-OH. 

 cdiarylsydnone 

[µM] 

VSL diarylsydnone 

[µL] 

cBCN/NMM 

[µM] 

VSL 

BCN/NMM 

[µL] 

VWater 

[µL] 

VDMSO 

[µL] 

Blank 0 0 250 2.5 495 2.5 

Click 25 2.5 250 2.5 495 0 

 

Spectroscopic investigation of the SPSAC and photoclick reaction via fluorescence 

spectroscopy 

The fluorescence spectra were measured on a Fluoromax-4 spectrometer of the company 

HORIBA-SCIENTIFIC with a Peltier-element for temperature control. The measurements 

were corrected for Raman scattering of the respective solvent. Quartz cuvettes with a light 

path of 10 mm and a sample volume of 0.5 mL were used for the measurements. To 

monitor the increase in fluorescence intensity during the SPSAC or photoclick reaction by 

spectroscopy and to determine the reaction rate constants, stock solutions of all reactants 

were prepared in DMSO. The concentrations of the stock solutions are listed in table 14. 

Fluorescence spectra were recorded at defined time intervals to monitor the increase in 

fluorescence intensity during the SPSAC or photoclick reaction. For the SPSAC reactions 

between the sydnone dyes and the BCN nucleosides (15/16), 2.5 µL of the stock solutions 

were each adjusted to a final volume of 0.5 mL with double distilled water. This resulted in 

an end concentration of 100 µM nucleoside to 20 µM sydnone dye in H2O/DMSO (99:1 

V/V%) in the cuvette (see table 15). For measuring the SPSAC reaction between DNA2 and 

the sydnone dyes, the concentrations were adjusted due to the smaller quantities available 

of DNA2. The stock solution of the oligonucleotide was prepared in water and the stock 

solutions of the sydnone dyes were diluted 1:10 with DMSO to obtain a concentration of 

400 µM. This resulted in an end concentration of 2.0 µM sydnone dye and 10 µM 

oligonucleotide in water/DMSO 99:1 in the cuvette (table 17). The measured values were 
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also compared against two blank values: Blank H2O/DMSO 99:1 and Blank SPSAC. Blank 

SPSAC was used to consider the excess of dienophile in the reaction solution. Blank 

H2O/DMSO 99:1 was used to correct the starting fluorescence, in which only solvent was 

present in addition to the dye (t0). For the photoclick reaction 2.5 µL of the stock solutions 

were each adjusted to a final volume of 0.5 mL. This resulted in an end concentration of 

25 µM diarylsydnone modified nucleoside (1 or 2) to 250 µM BCN-OH or NMM in 

H2O/DMSO (99:1 V/V%) in the cuvette. A blank was used to consider the excess of BCN-OH 

or NMM. The dyes and diarylsydnone modified nucleosides were excited at their 

absorption maximum (see table 18). The emission spectra were measured with λexc. + 

15 nm - 800 nm to minimize the fluorescence of self-excitation. 

 

Table 17: Overview of sample preparation for determining the reaction kinetics of the sydnone conjugates 
with DNA2. 

 cflurophore 

[µM] 

VSL fluorophore 

[µL] 

cnucleoside 

[µM] 

VSL 

nucleoside 

[µL] 

VWater 

[µL] 

VDMSO 

[µL] 

Blank 

H2O/DMSO 

(99:1 

V/V%) 

 

0 

 

0 

 

0 

 

0 

 

495 

 

5 

Blank 

SPSAC 

0 0 10 10 485 5 

t0 2 2.5 0 0 495 2.5 

SPSAC 2 2.5 10 10 485 2.5 
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Table 18: Overview of excitation wavelengths used in H2O/DMSO (99:1 V/V%) for fluorescence spectroscopy 
and extinction coefficients of the fluorophores in DMSO. 

Fluorophore Excitation wavelength [nm] Extinction coefficient ε      

[M-1 cm-1] 

3 437 33.000 

33 424 10.300 

44 448 33.000 

45 424 17.000 

49 372 16.200 

 

To determine the reaction kinetics from the increase in fluorescence, the fluorescence was 

recorded over several time intervals. The emission spectra obtained were corrected, 

normalized and then integrated over the wavelengths λexc. + 15 nm – 800 nm. A scatter plot 

was created from the obtained values and fitted using a monoexponential function (eq. 2). 

The rate constant k2 can be calculated from the curvature kobs. The rate constant is given 

in M-1s-1. 

𝑦 = 𝑎 + 𝑏𝑒−𝑘𝑜𝑏𝑠𝑥       (eq. 2) 

The turn-on was determined by forming ratios of the fluorescence intensity at the end of 

the reaction and at the start of the reaction. 

F =
𝑎𝑟𝑒𝑎(𝐼𝑓)

𝑎𝑟𝑒𝑎(𝐼0)
       (eq. 1) 

F  Turn-on 

If  integrated area below the obtained fluorescence spectra after time t 

I0  integrated area below the obtained fluorescence spectra at time t = 0 
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7.6 Cell culture 

General information 

All cell experiments were carried out under sterile conditions. The materials and equipment 

used, as well as protective gloves, were disinfected with an 80 % ethanol solution before 

use. Consumables that were not sterile-packaged were first autoclaved before use. 

Cell cultivation 

For transfection experiments, human cervical carcinoma cells (HeLa) from the company 

ATCC, were cultured under sterile conditions in Dulbecco’s modified Eagle medium ([+] 

4.5 g/L D-glucose, L-glutamine, [+] pyruvate, DMEM, GibcoTM), supplemented with 10 % 

fetal calf serum (HI FBS, GibcoTM) and 1 U/mL penicillin-streptomycin (GibcoTM). The cells 

were incubated in a BINDER incubator at 37 °C, 5 % CO2 and humidity of 90 %. The cells 

were passaged at a confluence of approximately 80 %. First the medium was removed and 

the cells washed with 5 mL Dulbecco’s Phosphate Buffered Saline (DPBS, GibcoTM). To 

detach the cells from the bottom of the cell culture flask, 1 mL of a 0.25 % trypsin/EDTA 

solution were put on the cells and the cells were incubated for 3 min at 37 °C. Then 9 mL 

DMEM was put on the cells to stop the trypsination and the cell suspension was transferred 

to a new cell culture flask in the appropriate dilution with fresh medium. For subsequent 

cell experiments, the cell number was determined using a Neubauer counting chamber. In 

a next step, the cells were diluted to the desired cell number and transferred to µ-slides 8-

well (IBIDI). 

Transfection of labeled oligonucleotides 

For the transfection experiments 2∙104 cells per well were seeded in a volume of 200 µL in 

an IBIDI (µ-slide 8 well ibiTreat, IBIDI) plate. Simultaneously, the oligonucleotide was 

transfected using Lipofectamine (LipofectamineTM 2000, Invitrogen). For this purpose, 

0.15 µL LipofectamineTM stock solution was mixed with 4.85 µL Opti-MEMTM (serum-

reduced medium, GibcoTM) per well with 150 nM of the oligonucleotide or the in vitro 

clicked oligonucleotide-sydnone fluorophore (positive control) and incubated for 20 

minutes at room temperature. The formed lipoplex was pipetted into the cell suspension 

in the IBIDI well and 2 µL Endoporter (GENE TOOL) per well was added, and the IBIDI was 

put on the laboratory shaker for 1 minute. After the cells were incubated for 24 hours the 
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cell culture medium was removed and the cells were washed with DPBS. 4.00 % 

paraformaldehyde solution was put on the cells and for 10 minutes incubated on the 

laboratory shaker. The fixation was stopped by adding 50.0 mM glycine and 50.0 mM NH4Cl 

in DPBS for 5 minutes. After washing the cells two times with DPBS 150 nM (44), 300 nM 

(45) and 600 nM (49) (stock solution in DMSO, diluted in DMEM) was added. Two hours 

later the cells were washed twice with DPBS (2 x 15 min). Draq5 was added to stain the cell 

core and the cells were examined using a confocal fluorescence microscope (Leica DMI8, 

TCS SP8 inverted microscope) with a HC PL APO 63x/1.40 OIL CS2 objective. The 

fluorophore conjugates were excited with a 488 nm laser (10 % intensity) (44 and 45) and 

405 nm (10 % intensity) (49) and the emission was measured in the range of 520 – 650 nm. 
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8. Additional spectra 
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Figure 62: Determination of the molar extinction coefficient per decade of the sydnone dyes via linear 
regression. 
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Figure 63: Determination of the molar extinction coefficient per decade of 1 and 2 via linear regression. 
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