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Abstract 

Nucleic acids are one of the important classes of biomolecules together with carbohydrates, proteins 

and lipids. Both deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are most well known for their 

respective roles in the storage and expression of genetic information.  

Over the course of the last decades, nucleic acids with a variety of other functions have been 

discovered in biological organisms or created artificially. Examples of these functional nucleic acids 

are riboswitches, aptamers and ribozymes. In order to gain information regarding their function, 

several analytical methods can be used. 

Electron paramagnetic resonance (EPR) spectroscopy is one of several techniques which can be used 

to study nucleic acid structure and dynamics. However, EPR spectroscopy requires unpaired 

electrons and because nucleic acids themselves are not paramagnetic, the incorporation of spin 

labels which carry a radical is necessary. 

Here, three new spin labels for the analysis of nucleic acids by EPR spectroscopy are presented. All of 

them share two important design features. First, the paramagnetic center is located at a nitroxide, 

flanked by ethyl groups to prevent nitroxide degradation, for example during solid phase synthesis. 

Furthermore, they were designed with rigidity as an important quality, in order to be useful for 

applications like pulsed electron double resonance (PELDOR) spectroscopy, where independent 

motion of the spin labels relative to the macromolecule has a noticeable negative effect on the 

precision of the measurements. 

Benzi-spin (1) is a spin label which differs from most previous examples of rigid spin labels in that 

rather than being based on a canonical nucleoside, with a specific base pairing partner, it is supposed 

to be a universal nucleoside which is sufficiently rigid for EPR measurements when placed opposite 

to a number of different nucleosides. Benzi-spin was successfully incorporated into a 20 nt 

oligonucleotide and its base pairing behavior with seven different nucleosides was examined by 

UV/VIS thermal denaturation and continuous wave (CW) EPR experiments. The results show only 

minor differences between the different nucleosides, thus confirming the ability of benzi-spin to act 

as a universally applicable spin label. 

Lumi-spin (2) is derived from lumichrome. It features a rigid scaffold, as well as a free 2'-hydroxy 

group, which should make it well suited for PELDOR experiments once it is incorporated into RNA 

oligonucleotides. 
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EÇr (3) is based on the Ç family of spin labels, which contains the most well known rigid spin labels 

for nucleic acids to this day. It is essentially a version of EÇm with a free 2'-hydroxy group. It was 

converted to triphosphate EÇrTP (55) and used for primer extension experiments to test the viability 

of enzymatic incorporation of rigid spin labels into oligonucleotides as an alternative to solid-phase 

synthesis. Incorporation into DNA by Therminator III DNA polymerase in both single-nucleotide and 

full-length primer extensions was achieved.  

All three of these spin labels represent further additions to the expanding toolbox of EPR 

spectroscopy on nucleic acids and might prove valuable for future research. 
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Zusammenfassung 

Nukleinsäuren sind neben den Kohlenhydraten, Proteinen und Lipiden eine der wichtigen Klassen 

von Biomolekülen. Sowohl Deoxyribonukleinsäure (DNA) und Ribonukleinsäure (RNA) sind am besten 

für ihre Funktionen bei der Speicherung und Expression der genetischen Informationen bekannt.   

Während der letzten Jahrzehnte wurden Nukleinsäuren mit einer Vielzahl von Funktionen in 

biologischen Organismen entdeckt oder künstlich hergestellt. Beispiele für diese funktionellen 

Nukleinsäuren sind Riboswitches, Aptamere und Ribozyme. Um Informationen über ihre 

Funktionsweisen zu erhalten, können verschiedene analytische Methoden verwendet werden.  

Elektronenspinresonanzspektroscopie (ESR) ist eine Analysetechnik, die Aufschluss über Struktur und 

Dynamik von Nukleinsäuren geben kann. Für ESR Messungen werden ungepaarte Elektronen 

benötigt, sodass nicht paramagnetische Verbindungen mit einem Spinmarker modifiziert werden 

müssen, der ein Radikal trägt.  

In dieser Arbeit werden drei neue Spinmarker für die ESR Analyse von Nukleinsäuren vorgestellt. 

Allen liegen zwei Designprinzipien zugrunde. Erstens wird als paramagnetische Verbindung ein 

Nitroxid verwendet, welches von Ethylgruppen flankiert wird um das Radikal zu stabilisieren, zum 

Beispiel gegen Reagenzien, die in der Festphasensynthese verwendet werden. Zweitens sind die 

Nitroxide Teil starrer Ringsysteme. Dies ist besonders wichtig für Anwendungen wie 

Abstandsmessungen mittels Pulselektronendoppelresonanzspektroskopie (PELDOR), wo die 

Genauigkeit der Messung von Bewegungen der Spinmarker relativ zum Makromolekül beeinträchtigt 

wird.  

Benzi-spin (1) unterscheidet sich von vielen anderen starren Spinmarkern dadurch, dass es nicht auf 

einem kanonischen Nukleosid mit einem spezifischen Bindungspartner basiert. Stattdessen handelt 

es sich um ein universelles Nukleosid, das unabhängig vom gegenüberliegenden Nukleosid starr 

genug für ESR Messungen ist. Benzi-spin wurde erfolgreich in ein Oligonucleotid eingebaut und seine 

Basenpaarung mit sieben verschiedenen Nukleosiden mittels UV/VIS Schmelzkurven und Continuous 

Wave (CW) ESR Experimenten untersucht. Die Ergebnisse zeigen nur geringe Unterschiede zwischen 

den verschiedenen Nukleosiden, was die Einsetzbarkeit von Benzi-spin als universeller Spinmarker 

bestätigt.   

Lumi-spin (2) ist vom Lumichrom abgeleitet. Es zeichnet sich durch ein starres Gerüst und eine freie 

2'-Hydroxygruppe aus, wodurch es gut für PELDOR Messungen in RNA geeignet sein sollte.   
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EÇr (3) gehört zur Ç Familie, welche die am besten bekannten starren Spinmarker für Nukleinsäuren 

enthält. Es handelt sich um eine Version von EÇm mit einer freien 2'-Hydroxygruppe. EÇr wurde zum 

Triphosphat EÇrTP (55) konvertiert und für Primer Extension Experimente verwendet um die 

Möglichkeit des enzymatischen Einbaus starrer Spinmarker in Oligonukleotide als Alternative zur 

Festphasensynthese zu prüfen. Der Einbau in DNA mit Therminator III DNA Polymerase in Primer 

Extensions war erfolgreich.  

Alle drei Spinmarker erweitern die Möglichkeiten der ESR-spektroskopischen Untersuchung von 

Nukleinsäuren und können sich für zukünftige Forschung als nützlich erweisen.  
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1 Introduction 

1.1 Nucleic acids 

Nucleic acids are an essential part of living organisms. Their genetic information is stored in the 

deoxyribonucleic acid (DNA). In order for the genetic information to be expressed into proteins, 

ribonucleic acid (RNA) is required to fulfill several important roles. A template of DNA, which 

contains the necessary information for the desired protein, is first transcribed into messenger RNA 

(mRNA). The mRNA is then translated into the protein by the ribosome, which is made of both 

proteins and ribosomal RNA (rRNA). This requires transfer RNA (tRNA), which is used for delivering 

specific amino acids to the ribosome, where they are incorporated into the protein. 

In addition to these well known examples, nucleic acids can also fulfill other functions, like binding of 

certain molecules or catalysis of chemical reactions. The following chapters will provide an 

introduction to three classes of functional nucleic acids, namely riboswitches, aptamers and 

ribozymes. 

1.2 Functional nucleic acids 

1.2.1 Riboswitches 

Riboswitches are a class of functional nucleic acids first discovered in the year 20021-4, which perform 

a regulatory function, mostly in bacteria. Most riboswitches act in one of two different ways, by 

aborting transcription or preventing translation (Fig. 1). In the first case, the riboswitch is transcribed 

ahead of the part of the gene which codes for the protein and can, as a response to an outside 

stimulus, adopt a terminator structure which inhibits the RNA polymerase, causing transcription to 

end (Fig. 1A). In the second case, the riboswitch can, again in response to a certain stimulus, adopt a 

conformation called sequestrator, which makes the Shine-Dalgarno sequence, the binding site of the 

ribosome, inaccessible, thus preventing the ribosome from binding to the mRNA for translation 

(Fig. 1B).  
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Fig. 1: Regulation of gene expression by riboswitches by transcription attenuation (A) and translation initiation (B). (A) 
The physiological signal causes a terminator structure to form, which prevents the RNA polymerase (RNAP) from 
continuing transcription (left). In absence of the physiological signal, an antiterminator structure is formed and the 
transcription can proceed (right). (B) The physiological signal causes a sequestrator structure to form which prevents the 
ribosome from binding to the Shine-Dalgarno (SD) sequence (left). In absence of the physiological signal, an 
antisequestrator structure is formed, the ribosome can bind to the SD-sequence and the translation can take place 
(right). The figure was reproduced based on [5]. 

To perform their function, riboswitches need two parts, one for recognition of the stimulus triggering 

the structural change and one for interfering with the gene expression, called the expression 

platform5, 6. As far as the stimuli are concerned, there are different factors which can trigger the 

structural change of the riboswitches, but most riboswitches are triggered by binding of a target 

molecule. There is a wide range of substrates for riboswitches, but the majority of riboswitches 

identified to date are triggered by small molecules, usually the products of synthetic pathways. The 

riboswitches prevent overproduction of these molecules by downregulation of the expression of 

proteins involved in their synthesis. There are about 40 classes of riboswitches7, which target many 

different substances. 

With riboswitches performing important functions in living organisms, it was seen as desirable to also 

use them for various other applications, which requires engineering8, for example by adapting the 

recognition domain of a riboswitch to recognize a different compound than the original. Hereby it 

was possible to create artificial riboswitches that recognize different non-natural molecules9. 

Another approach is to engineer the expression platform, which was done to generate a riboswitch 

which can regulate gene expression in vivo based on the presence or absence of theophylline10.  
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1.2.2 Aptamers 

Aptamers are short oligonucleotides which can bind a specific target by folding into a certain tertiary 

structure. Most aptamers are generated by a process called systematic evolution of ligands by 

exponential enrichment (SELEX)11. A library of oligonucleotides containing a region of random 

nucleotides is incubated with the target, non-binding oligonucleotides are removed and binding 

oligonucleotides amplified by PCR. This process has to be repeated multiple times and thus requires a 

lot of time and effort, so improvements are desirable. Recently, an automated version of this process 

was developed, which can perform the selection without manual interference12. Aptamers hold great 

promise for therapeutic uses, as they perform a similar function as antibodies, while offering several 

advantages like faster preparation, larger scope of possible targets and modifiability13. The first 

aptamer, pegaptanib, has been approved for use against ocular vascular disease in the United States 

in 200414. Some clinical aptamers can have a direct therapeutic effect but most are used as drug 

transporters or recognition units to deliver drugs to cells where they are needed15.  

Another important class are fluorogenic aptamers. These can bind a chromophore which will then 

become fluorescent upon being bound while showing little to no fluorescence when being in 

solution, which is useful for fluorescence imaging of RNA in cells. In most cases the fluorescence 

turn-on is achieved by rigidification of the chromophore by the aptamer, which prevents the 

relaxation of the excited chromophore by conformational changes or vibrations16. Early examples of 

aptamers selected for binding of chromophores go back to the 1990s17, 18, with the crystal structure 

of the malachite green (Fig. 2) aptamer being successfully solved in the year 200019, which enabled 

the first insights into how the fluorescence activation by aptamers works. One prominent recent 

example for fluorogenic aptamers is the Mango family, of which there are four members, numbered 

I-IV. Mango I was the result of in vitro selection against the thiazole orange-derived dye TO1-Biotin20 

(Fig. 2). The pool from the selection was later subjected to a microfluidics-based selection, which 

resulted in the other three Mango aptamers21. Another important example of fluorogenic aptamers 

are those which bind various derivatives of 4-hydroxybenzylidene imidazolone (HBI) (Fig. 2), which is 

the chromophore used by the green fluorescent protein (GFP). The first example of these is the 

Spinach aptamer, which was selected for binding DFHBI, a difluorinated derivative of HBI22. More 

examples of aptamers which bind HBI derivatives were developed since then23, including Chili, which 

got its name because of its ability to generate fluorescence of different colors with different 

fluorophores, which are derivatives of 3,5-dimethoxy-4-hydroxybenzylidene imidazolone (DMHBI) 

(Fig. 2)24, 25.  
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Fig. 2: Fluorescent dyes bound and activated by different fluorogenic aptamers. R = 3PEG-biotin. 

1.2.3 Ribozymes and deoxyribozymes 

For a long time it was thought that only proteins are responsible for catalyzing reactions in living 

organisms. However, during the 1980s the first examples of catalytically active RNA were 

discovered26, 27. The class of catalytic RNAs was named ribozymes. There are also catalytically active 

DNA sequences, which are called deoxyribozymes (DNAzymes), but they are so far purely artificial28. 

In nature, the scope of reactions catalyzed by ribozymes is fairly limited. One example is the 

synthesis of peptide bonds by the ribosome. It was discovered in the year 2000 that, while the 

ribosome contains proteins, the peptide bond formation during protein biosynthesis is actually 

catalyzed by the ribosomal RNA which makes it an example of a ribozyme29, 30. Besides the ribosome, 

natural ribozymes usually catalyze either RNA cleavage, like the small self-cleaving ribozymes31-33, or 

ligation34, 35. Figure 3 illustrates different catalytic strategies for RNA cleavage employed by 

ribozymes. 
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Fig. 3: RNA cleavage catalyzed by small self-cleaving ribozymes resulting in a cyclic 2'-3'-phosphate. Greek letters 
correspond to different catalytic strategies: α = in-line nucleophilic attack, β = neutralization of the phosphate, 
γ = deprotonation of 2'-OH, δ = protonation of 5'-oxygen.  B = nucleobase. The figure was reproduced based on [36]. 

When it comes to RNA-cleaving DNAzymes, many examples can be brought up, the earliest one being 

reported in 199437. Early DNAzymes were incapable of cleaving targets made up entirely of RNA, 

instead using a single ribonucleotide in a DNA sequence. Further in vitro selection experiments 

resulted in the 8-17 and 10-23 deoxyribozymes which can cleave RNA substrates38. Recently, 

DNAzymes which can discriminate for or against the modified nucleosides N6-methyladenosine 

(m6A)39 and N6-isopentenyladenosine (i6A)40, have been developed.  

In addition to cleavage, ligation of nucleic acids is another important reaction catalyzed by ribozymes 

and DNAzymes. A well-known DNAzyme for RNA ligation is 9DB141. Labeling of RNA by ligation is 

another goal which can be achieved, by attaching a 5'-triphosphate to a 2'-OH group. The 

deoxyribozyme 10DM24 was used for this purpose42.  

 

Fig. 4: Labeling of RNA by ribozyme-catalyzed nucleophilic attack of a 2'-OH group on a biotin-labeled Tenofovir 
derivative forming a phosphonate ester linkage. The figure was reproduced based on [43]. 
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Recently, ribozymes for RNA labeling were generated from in vitro selection which are capable of 

attaching small molecules derived from the antiviral drug Tenofovir at specific positions of an RNA 

strand43 (Fig. 4), as well as others which attach N6-modified ATP derivatives44. 

1.2.4 Structure determination 

All classes of functional nucleic acids presented above depend on their ability to fold into specific 

three-dimensional structures to carry out their functions. In order to understand the mechanisms by 

which they work or to make improvements to them by engineering it is helpful to determine the 

structures they adopt. One method for this is x-ray crystallography. Obtaining a crystal structure is 

often a highly desired goal, as it allows for fairly precise determination of each atom’s position. 

Another advantage of x-ray crystallography is that modifications of the nucleic acid to be investigated 

are not necessary. Crystallization of nucleic acids can be challenging and time-consuming, so in some 

cases no crystal structure could be obtained so far. Also, for ribozymes, often only crystals of the 

post-catalytic state can be obtained. For fluorogenic aptamers, as mentioned above, the crystal 

structure of the malachite green aptamer19 was the first to be solved. More followed later, like the 

different versions of Mango45, 46, Spinach47 and Corn (Fig. 5)48.  

  

Fig. 5: Crystal structures of the binding pockets of (A) Mango-II with TO1-biotin (orange) and (B) Spinach with DFHBI 
(green). T1-3 are different tiers of the Mango-II G-quadruplex, the Spinach G-quadruplex is marked in red. Purple spheres 
represent potassium ions in both structures. The figures were taken from [45] and [47]. 

These structures reveal the presence of a guanine quadruplex which plays a significant role in binding 

and fluorescence activation. Thus, the G-quadruplex seems to be a structure which is advantageous 

for this purpose, possibly because their stable planar structure is well suited for restricting the 

conformation of the chromophores23.  

Many crystal structures of ribozymes and DNAzymes could also be obtained. One recent example is 

the structure of the RNA-ligating deoxyribozyme 9DBI, published in 201649. It was crystallized in the 

post-catalytic state with the product RNA still in complex with the catalyst (Fig. 6). 
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Fig. 6: Visual representation of the deoxyribozyme 9DB1 (blue) in complex with a ligated RNA product (orange) in the 
post-catalytic state. The brown sphere on the RNA marks the ligation site. The figure was taken from [50]. 

Fluorescence spectroscopy can also reveal information about nucleic acid structures. If two different 

fluorescent labels are close together, between 15-90 Å, and the emission spectrum of the first dye 

overlaps with the excitation spectrum of the other, fluorescence of the second dye can be detected 

even though the first one was excited. This is called fluorescence resonance energy transfer (FRET), 

also called Förster resonance energy transfer. The extent of the FRET effect is dependent on the 

distance between the fluorophores, allowing for determination of this distance51, 52. The advantage of 

this technique is that it can be measured in solution and requires only a relatively small amount of 

sample. FRET experiments can be done with external dyes that are connected to the oligonucleotides 

in question by alkyl linkers. However, those linkers provide a certain degree of flexibility which 

reduces accuracy of the distance measurements and causes information about the relative 

orientation of the dyes to be lost. To overcome this problem, fluorescent nucleobase analogs can be 

used53-56. A number of fluorescent nucleobase analogs are presented below (Fig. 7). FRET is also well 

suited for use in fluorogenic aptamers, because the bound dye can act as fluorescence donor or 

acceptor. This was done with different versions of the Chili aptamer which were modified with the 

fluorescent nucleobase 4-cyanoindole (4CI) in different positions57.  
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Fig. 7: Various fluorescent nucleobase analogs: quadracyclic adenine qAN1, tricyclic cytosine tC, 8-(2-pyridyl)-guanine 
(2PyG), thienouracil (thU), 2-aminopurine (2-AP) and 4-cyanoindole (4CI). 

Another important method for nucleic acid structure determination is nuclear magnetic resonance 

(NMR) spectroscopy. NMR provides signals for individual atoms while not requiring crystals, which is 

a significant advantage over x-ray crystallography. However, nucleic acid NMR spectroscopy is not 

without challenges either, the amount of sample required is fairly large compared to other methods. 

Also, the proton density is fairly low and there is only a small number of different monomers, thus 

causing signal overlap, especially in longer sequences, where the slow tumbling also causes signal 

broadening58. To overcome these problems, isotopic labeling is commonly used59-62. Using 13C- or 15N-

labeled nucleotides gives stronger signals because of the low natural abundance of these isotopes. 

Partial deuteration can also be helpful to make proton spectra, including nuclear Overhauser 

enhancement and exchange spectroscopy (NOESY), easier to interpret because undesired signals and 

correlations that would crowd the spectra can be eliminated in this way. A different approach for 

isotopic labeling is the introduction of fluorine. 19F-NMR is very sensitive and fluorine is rarely 

present in biomolecules, making it a very attractive label63. A promising fluorine label, 2'-OCF3 has 

been tested recently64.  

NMR spectroscopy on nucleic acids is usually done with the sample dissolved in different buffers, but 

this is not a good representation of the conditions present inside living cells, where nucleic acid 

structure and dynamics can be different. It is thus desirable to measure nucleic acid NMR in cells65. 

This has been done for some time, but was limited to Xenopus laevis oocytes66, due to problems with 

introducing suitable amounts of nucleic acids into other cells. Recently, the first NMR measurements 

of nucleic acids in living human cells were reported, after using the bacterial toxin streptolysin O to 

form pores in the cell membranes (Fig. 8)67. Several other reports followed, such as studies on human 

telomeric DNA G-quadruplex structures by 19F-NMR68, DNA-ligand interactions in cells69 and DNA 

i-motifs, where it was shown that i-motifs are more stable in vivo than in vitro70. 
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Fig. 8: Parts of in-cell 1H-NMR spectra of (A) DNA and (B) RNA. (a) spectra of HeLa cells into which the nucleic acids were 
introduced, (b) spectra of the outer solution of the cell suspension, (c) difference spectra between (a-b), and (d) in vitro 
spectra. The figure was taken from [67]. 

A different NMR technique which is being used to study nucleic acids is solid-state NMR (ssNMR)71, 72. 

While also working with solid samples, the advantage of ssNMR over x-ray crystallography is that 

crystals are not required. Other solid samples, like powders or frozen solutions, can be measured as 

well. Recently, frozen human cells have been used to study an antisense oligonucleotide (ASO) drug 

in cells73. In-cell solution-state 31P-NMR did not result in any detectable signal for the ASO, likely 

because it formed complexes with its target mRNA and certain proteins, leading to signal broadening, 

so the cells had to be lysed and the proteins digested for the signal to become visible. But when the 

cells were frozen, the ASO could be detected by ssNMR in intact cells. Another approach used RNA 

microcrystals to measure ssNMR spectra which revealed information about hydrogen bonds from 

Watson-Crick base pairs74. This allowed distinguishing between kissing loop and extended duplex 

structures of RNA dimers. A recent ssNMR study on nucleotide-protein interactions demonstrated 

the ability of solid state NMR experiments to provide information about nucleotide binding modes75. 

Another method for structure determination is electron paramagnetic resonance (EPR) spectroscopy, 

which is the focus of this thesis. 

 

1.3 Spin labels for nucleic acids 

1.3.1 Paramagnetic compounds 

EPR spectroscopy works in a similar way to NMR76. The sample is put into a magnetic field, causing a 

split in energy between parallel and antiparallel spin orientations of magnetic dipoles with respect to 

the magnetic field, which allows for spins to be excited by radiation. Unlike NMR, which works with 

nuclear spins, in EPR spectroscopy, unpaired electrons are excited. The energy difference between 

electron spin states is significantly larger than between nuclear spin states, so microwave irradiation 

is required. Contrary to NMR, the irradiation frequency is usually kept constant in EPR while the 

magnetic field strength is varied. In the EPR spectrum, the field strength at which the signal is 
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observed depends on the g-factor. For a free electron this is approximately 2.0023, but like the 

chemical shift of nuclear spins, the g-factor of a compound depends on the environment of the 

electron. The g-factor is also orientation dependent, with three different factors gx, gy and gz being 

observable, but when small molecules are measured in solution, fast tumbling averages the g-factors 

to the isotropic g-factor giso, which leads to a single signal (Fig. 9). 

 

Fig. 9: Energy level diagram (A) and simulated field-swept EPR spectra (B) of an unpaired electron without hyperfine 
interactions. The isotropic energy transition between antiparallel (β) and parallel (α) spin states shown in A leads to the 
blue isotropic spectrum in B. The dotted line in B shows the g-factor of a free electron (2.0023). The red spectrum shows 
an anisotropic spectrum for a compound with axial symmetry, where two signals are observed for gz = g║ and 
gx = gy = g┴, where (2g┴ + g║)/3 = giso. The inset in B illustrates the magnetic interaction between electron spin and 
magnetic field. ΔE is the energy difference between α and β, h is the Planck constant, νmw is the microwave frequency, βe 
is the Bohr magneton and B0 the external magnetic field. The figure was adapted from [76]. 

 

Fig. 10: Energy level diagram (A) and simulated field-swept EPR spectra (B) of an unpaired electron with hyperfine 
interaction with a nucleus with nuclear spin I = 1/2. The NMR transitions are marked by green arrows in A. The isotropic 
energy transitions between antiparallel (β) and parallel (α) spin states shown in A lead to the blue isotropic spectrum in 
B, where two lines separated by the isotropic hyperfine interaction aiso are visible. The red spectrum shows an 
anisotropic spectrum for a compound with axial symmetry, where two signals are observed for gz = g║ and gx = gy = g┴, 
where anisotropic hyperfine splitting A║ and A┴ is observed. The inset in B illustrates the magnetic interaction between 
electron spin, nuclear spin and magnetic field. ΔE is the energy difference between α and β, h is the Planck constant, νmw 
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is the microwave frequency, βe is the Bohr magneton and B0 the external magnetic field. The figure was adapted from 
[76]. 

Electron spins can also interact with nuclear spins, which leads to hyperfine splitting of the EPR 

signals analogous to the coupling between nuclei in NMR spectroscopy. The hyperfine interactions 

are also anisotropic, but with fast tumbling in solution only the isotropic part aiso is observed (Fig. 10). 

Since nucleic acids are not paramagnetic by nature, a paramagnetic spin label needs to be introduced 

for EPR measurements. There are three kinds of compounds that are used for EPR on nucleic acids on 

a regular basis. One category are gadolinium labels. Gd(III) has an electron spin of S = 7/2, and offers 

high sensitivity for EPR measurements77.  

 

Fig. 11: Gadolinium spin labels Gd538 and Gd595, which were used on nucleic acids. 

One of the reasons for the development of gadolinium labels were in-cell measurements. Organic 

radicals are often reduced in cells fairly quickly, which limits their usefulness for EPR measurements 

under biologically relevant conditions78. Gadolinium offers a better chemical stability by comparison, 

and is more sensitive, which reduces the amount of sample required, another advantage for in-cell 

measurements where the concentration of specific biomolecules is low79. Gadolinium spin labels 

consist of a complex, where the ligand is attached to the biomolecule in question, in the case of 

nucleic acids often by copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC). Gadolinium labels 

have been used for distance determination in cells by pulsed EPR techniques. Most Gd(III) labels are 

designed for proteins80-82, but a few examples for nucleic acids also exist, like Gd538 and Gd595 

(Fig. 11)83.  

Another class of spin labels are the tetrathiatriarylmethyl (TAM) radicals. They are characterized both 

by a lack of hyperfine coupling, resulting in simple spectra, as well as a slow relaxation with a 

relatively long phase memory time Tm
84-86. This can be helpful for pulsed EPR measurements, where a 

sufficiently long Tm is required (see chapter 1.3.2)87.  
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Fig. 12: Postsynthetic labeling of DNA with TAM (top) and trityl labels with orthogonal functional groups (bottom). 
B = nucleobase. R = oligonucleotide. R' = H/oligonucleotide. 

As a result, TAMs were used in the first distance measurement by EPR on nucleic acids at 

physiological temperature, while previously only frozen samples could be measured88. Trityl labels 

are generally introduced to nucleic acids after solid phase synthesis, by reaction between a 

nucleophile on a modified building block in the oligonucleotide with an activated carboxyl group on 

the label, like an acyl chloride88, 89 (Fig. 12 top). However, because TAM contains three carboxyl 

groups, reaction with more than one nucleophile is possible, resulting in a mixture containing 

undesired side-products. Recently, the synthesis of new trityl labels with ethyne as well as carboxyl 

was published90. When labeling by nucleophilic attack is desired, a label with only one carboxyl and 

two ethyne groups can be used, while a label with two carboxyl groups and one ethyne group can be 

used for labeling by cycloaddition (Fig. 12 bottom). 

Nitroxides, like 2,2,6,6-tetramethylpiperidin-1-yloxyl (TEMPO), are probably the most well known 

example of stable organic radicals. Even though gadolinium and trityl labels have been shown to 
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possess certain advantages which can be desirable, nitroxides are still the most commonly used type 

of spin label for nucleic acids. This is because nitroxides also offer some advantages. Simple nitroxide 

labels, or the building blocks for their attachment to oligonucleotides, are easy to synthesize, 

although this is not true for more advanced rigid labels. Also, compared to the bulky gadolinium 

complexes or trityl compounds, nitroxide labels are comparatively small and it is possible to design 

them in such a way that they are analogs of canonical nucleosides, allowing rigid spin labels to be 

incorporated into oligonucleotides with only minimal detrimental effects on duplex stability. The 

following chapters will focus on design, incorporation and applications of nitroxide spin labels. 

1.3.2 Nitroxide spin label design 

One important concern when it comes to spin label design is stability of the radical. The 

decomposition of nitroxides has been studied extensively91, 92. Nitroxides will decompose by 

disproportionation, particularly in the presence of strong acids. Reducing agents are also detrimental 

to nitroxides, as they can reduce the nitroxide to the corresponding hydroxylamine or amine. The 

degradation by disproportionation can be suppressed by introducing four substituents next to the 

nitroxide so there is no hydrogen in the α-positions, as in the case of TEMPO. Another study 

determined the effect of different α-substituents on nitroxide reduction93.  

                

Fig. 13: Reduction of nitroxide radicals A and B by ascorbate measured by EPR. Initial nitroxide concentration is 1 mM, 
ascorbate concentration is 2 mM (dotted lines), 20 mM (dashed lines) and 100 mM (solid lines). The initial time for 20 mM 

ascorbate is shown enlarged to the right. The figure was taken from [93]. 

It showed that ethyl groups are significantly more beneficial for nitroxide stability (Fig. 13). This is 

most likely due to the increased steric bulk of the ethyl groups, as a later study showed that 

spirocyclohexyl groups, which are between methyl and ethyl groups in their steric demand, have an 

intermediate effect94. It has also been shown that the size of the ring, which the nitroxide is part of, 

has an influence on stability, with five-membered rings being more stable than six-membered rings 

against reduction by ascorbate93. 
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The substituents can also have a direct effect on the EPR measurements by influencing relaxation95. 

In case of methyl groups, which are most commonly used, the rotation of the methyl groups reduces 

the phase memory time Tm, which limits pulsed EPR techniques to low temperatures (see chapter 

1.3.2)96. Using substituents which do not rotate or which have no hydrogen next to the radical 

significantly increases Tm, which allows for pulsed EPR measurements at higher temperatures97, 98.  

The second important part about spin label design next to the nitroxide itself is the way in which it is 

attached to the nucleic acid in question. When a modified nucleoside is incorporated into an 

oligonucleotide, a spin label can be attached to it later by a number of different reactions. 

Nucleophilic substitutions were often used, and they can be performed in two ways. The nucleophile 

can be a modified nucleoside attacking the spin label, or if a suitable leaving group is introduced, the 

spin label can be the nucleophile. In the first case, sulfur has been used quite often, as it can be easily 

introduced into the phosphate backbone during solid-phase synthesis, which allows for labeling of 

the backbone by attaching the spin label to either one99 or two100 thiophosphates (Fig. 14 A,B). The 

latter option prevents rotation of the label, thus reducing movement of the label with respect to the 

entire molecule, which can be helpful for EPR measurements, at the cost of distorting the local 

structure. Another modification which carries sulfur is 4-thiouridine, which also appears naturally in 

tRNA, allowing for labeling without the need for artificially introduced modifications (Fig. 14 C)101. 

Instead of sulfur, amino groups have also been used as nucleophiles, for example on the 2'-position 

of the ribose, to allow for sugar labeling for example (Fig. 14 D)102-104. 

 

Fig. 14: Various spin labels introduced by nucleophilic attack of the oligonucleotide on the spin label, by a 
phosphothioate (A and B), 4-thiouridine (C) or a 2'-amino group. 

If the spin label is supposed to work as the nucleophile, like 4-amino-TEMPO, one possibility is to 

activate the terminal phosphate of a nucleic acid, which does not require the prior incorporation of a 

modification (Fig. 15 A,B)105. However, this approach is limited to terminal phosphates. Internal 
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labeling with 4-amino-TEMPO is possible by using convertible nucleosides which are modified with a 

leaving group like 4-chlorophenyl or fluorine (Fig. 15 C-E)106. 

 

Fig. 15: Various spin labels introduced by nucleophilic attack of the spin label on the oligonucleotide on an activated 
terminal phosphate (A and B) or a convertible nucleoside (C-D). 

Another reaction which has been used for spin labeling is the copper(I)-catalyzed azide-alkyne 

cycloaddition (CuAAC), which is widely used as a bioorthogonal labeling method. It allows for labeling 

of an alkyne-modified oligonucleotide with an azide-containing spin label. This has been used for 

sugar (Fig. 16 A)107 as well as base labeling (Fig. 16 B,C)108, 109. Sonogashira coupling with an 

iodo-modified nucleoside and a spin label carrying an alkyne has also been done (Fig. 16 D)110. 

 

Fig. 16: Various spin labels introduced by copper-catalyzed azide-alkyne-cycloaddition (CuAAC) and Sonogashira coupling. 

The advantage of the spin labels presented so far is that they are introduced postsynthetically, so the 

nitroxide does not need to be subjected to the conditions of solid-phase synthesis. Their 

disadvantage is that they are connected to the oligonucleotide by more or less flexible linkers. This 

allows for independent movement of the label, which is detrimental for measurements, especially 

when trying to determine distances between labels. Developing spin labels where such movement is 

prevented is therefore a desirable goal. One class of such labels are the conformationally 
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unambiguous labels (Fig 17)111-113. They do not prevent rotation of the nitroxide, but having the 

nitroxide N-O-bond aligned with the linker means that rotation does not change the position of the 

nitroxide relative to the oligonucleotide. Furthermore, in the labels ImU and ImUm, a hydrogen bond 

between the amino group of the imidazole ring and the O4 of the uridine can restrict the rotation. 

This is not the case in ExImU, the first conformationally unambiguous label used for distance 

measurements in nucleic acids. Its free rotation means there is no fixed orientation of the labels 

relative to each other, but it makes distance determination easier. 

 

Fig. 17: Conformationally unambiguous spin labels ImU, ImUm and ExImU. 

One additional step in the direction of restricted mobility leads to rigid spin labels, where the 

nitroxide is an extension of the ring system of the nucleobase. Thus, the rotation of the nitroxide is 

prevented completely, which can allow for the determination of relative orientation of two spin 

labels by pulsed EPR spectroscopy. This was first achieved in a spin label called Q (Fig. 18), although it 

came with the drawback of requiring the artificial 2-aminopurine as its partner for proper base 

pairing114. Later, the development of Ç (C-spin) represented the next big step forward in spin label 

development115, 116. It is rigid, retains all functional groups of cytidine required to form base pairs 

with guanosine, while minimizing perturbation of the nucleic acid secondary structure by having the 

extension point towards the major groove, a quality it shares with the conformationally 

unambiguous labels and Q. A version of Ç for labeling of RNA, called Çm, was also developed, which 

carries a 2'-OMe group117. Recently, further improvements have been made by using ethyl groups to 

flank the nitroxide, which increases stability of the radical as discussed above (Fig. 18)118.  
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Fig. 18: Rigid spin labels Q and different versions of Ç. 

The concept of rigid spin labels has also been expanded to purine nucleosides119. Isoxyl-A is a spin 

label based on adenosine, which is able to form base-pairs with uridine (Fig. 19). It was also designed 

with the nitroxide pointing into the major groove to keep structure perturbation to a minimum. 

 

Fig. 19: Rigid spin label isoxyl-A. 

The effect of spin label rigidity is illustrated in Fig. 20, where the CW EPR spectra of the rigid spin 

labels isoxyl-A and Çm compared to 4-TEMPO-cytidine (CTEMPO), when the labels where incorporated 

into an RNA duplex or a hairpin motif. For the rigid labels, the peaks are broader, and sometimes 

even split, which is the result of a larger rotational correlation time as a result of the label not moving 

independently from the RNA, while the TEMPO of CTEMPO can still rotate. This makes rigid labels more 

sensitive to the structural context in which they are placed, as can be seen in Fig. 20 when comparing 

the spectra of the hairpin and duplex. 
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Fig. 20: Comparison of the CW EPR spectra of isoxyl-A, TEMPO-modified cytidine, and Çm, when incorporated into RNA 
hairpin (top) or duplex (bottom) structures. Blue dots in the schemes represent the location of the spin label. The figure 
was adapted from [119]. Spectra of CTEMPO and Çm modified oligonucleotides are originally from [117]. 

 

1.3.3 Incorporation of spin labels 

If a spin label is supposed to be introduced into an oligonucleotide, some kind of modified nucleoside 

has to be introduced during oligonucleotide synthesis, regardless of whether the nitroxide is already 

present on the nucleoside or to be introduced postsynthetically on a nucleotide carrying some 

functional group. The standard method for synthesizing modified nucleic acids is solid-phase 

synthesis (SPS)120. An overview of this process is given in Fig. 21. SPS starts with the first nucleoside, 

which will be the 3'-end of the desired oligonucleotide, on a solid support, usually controlled pore 

glass (CPG) or polystyrene. To this first nucleoside, the following ones are sequentially attached one 

after the other. This requires those nucleosides to be used as 3'-phosphoramidites modified with 

certain protecting groups121. The phosphorus usually carries a β-cyanoethyl group for protection and 

a diisopropylamino group as a leaving group.  
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Fig. 21: Solid-phase synthesis of RNA with the phosphoramidite method. B = nucleobase, R = 2'-silyl protecting group, 
CPG = controlled pore glass solid support. 

The 5'-OH is protected with a 4,4'-dimethoxytrityl (DMT) group and amino groups on the nucleobases 

are protected with different groups, usually acetyl or benzoyl for adenosine, acetyl or 

dimethylformamidine for guanosine122 and either acetyl or benzoyl for cytidine. In case of RNA 

synthesis, the 2'-OH also needs to be protected, usually with a silyl group like tert-butyldimethylsilyl 
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(TBDMS)123 or tri-isopropylsilyl-oxymethyl (TOM)124. Each step of solid-phase synthesis starts with the 

deprotection of the 5'-OH. The acid-labile DMT can be removed with acid, often trichloroacetic acid 

(TCA). The absorption of the cleaved DMT+ cation can be used to monitor the synthesis efficiency at 

each step. Then, the next phosphoramidite is activated by some tetrazole compound, like 

5-ethylthio-(1H)-tetrazole (ETT) or 5-benzylthio-(1H)-tetrazole (BTT), which replaces the 

diisopropylamino group on the phosphorus as a leaving group. The phosphoramidite is then attacked 

by the 5'-hydroxy group of the oligonucleotide chain to form the new 3'-5'-linkage. After a capping 

step where unreacted 5'-OH groups are acetylated with acetic anhydride to prevent them from 

reacting further, the phosphorus is oxidized to obtain a phosphotriester. Iodine is usually used as an 

oxidant. This cycle continues until the desired oligonucleotide has been finished125. After removal of 

the terminal DMT group, the oligonucleotide is cleaved from the solid support, usually with ammonia 

or methylamine. This also removes the β-cyanoethyl groups, resulting in the natural phosphodiester 

bond, and the protecting groups on the amines. If RNA was synthesized, the 2'-silyl group then has to 

be removed separately, usually with tetrabutylammonium fluoride (TBAF).  

Solid-phase synthesis is a powerful tool for the synthesis of nucleic acids because it allows for the site 

specific incorporation of a vast number of different modifications. However, incorporation of spin 

labels by SPS comes with an additional challenge, namely nitroxide stability. The iodine used for 

oxidation of the phosphorus under standard SPS conditions as well as the TCA used for DMT cleavage 

can cause degradation of the nitroxide to the corresponding amine, which reduces the yield of the 

spin labeled oligonucleotide116. One way to prevent this is to change the conditions. Using tert-butyl 

hydroperoxide as the oxidant and dichloroacetic acid (DCA) for 5'-deprotection can reduce the extent 

of degradation. Another way of reducing the extent of nitroxide degradation during SPS without 

using a protecting group is to use ethyl groups instead of the commonly used methyl groups next to 

the nitroxide (see chapter 1.2.1). It was shown that the ethyl group carrying analogs of Ç and Çm, 

called EÇ and EÇm, are reasonably stable during SPS as long as tert-butyl hydroperoxide is used as the 

oxidant118. Another way to prevent degradation is to not have the nitroxide present during SPS by 

protecting it. This has the additional advantage during synthesis of the phosphoramidite of resulting 

in a diamagnetic compound, which can be characterized more easily by NMR, which is challenging for 

paramagnetic compounds. Several protecting groups have been tried, one of the most promising 

classes being photolabile groups, like a coumarin-based protecting group (Fig. 22 A) or a 

nitrobenzyloxymethyl group (Fig. 22 B and C)126-128.   
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Fig. 22: Spin labeled nucleosides protected with photolabile protecting groups. R = H or OTOM. 

These groups can be removed by irradiation with light at relatively long wavelengths which does not 

harm the oligonucleotide, and the hydroxylamine generated by this is then oxidized to the nitroxide 

under air without extra effort. However, preparation of the protecting group requires additional 

synthetic steps. Recently, a procedure was published, by which a nitroxide can be protected with a 

simple benzoyl group, which is cleaved during the regular oligonucleotide deprotection procedure 

after solid-phase synthesis with ammonia or methylamine (Fig. 23)118, 129.  

 

Fig. 23: Rigid spin labels from the Ç family with a benzoyl-protected nitroxide. 

Another limit of solid-phase synthesis is the length of the oligonucleotides that can be synthesized. 

Most functional nucleic acids are too long to be synthesized in one piece. One solution to this 

problem has been to synthesize smaller pieces and ligate them to obtain the full-length product.  This 

has been done to obtain spin labeled versions of the 53-nucleotide (nt) SAM-III and the 118-nt SAM-I 

riboswitches by ligation with 9DBI*, a shortened version of the 9DBI deoxyribozyme130. Recently, a 

double-labeled version of the 81 nt TPP (thiamine pyrophosphate) riboswitch aptamer was 

synthesized by enzymatic ligation of two smaller spin-labeled pieces131.  
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An alternative to SPS which can be used to obtain nucleic acids is enzymatic synthesis, where the 

desired oligonucleotide is built up from nucleoside triphosphates by a polymerase enzyme according 

to a template strand. Some attempts to use this method for the synthesis of spin-labeled 

oligonucleotides have been made. It has been shown for example, that Therminator DNA polymerase 

is able to incorporate spin labels like the 5'-triphosphate of the deoxyuridine spin label shown in 

Fig. 16 D132, 133.  

  

 

Fig. 24: Synthesis of spin-labeled RNA by in vitro transcription with an expanded genetic alphabet. (A) Incorporation of 
TPT3CP for postsynthetic labeling with TETNO. (B) Direct incorporation of spin labeled nucleoside TPT3NO. The figures were 
reproduced based on [134] and [135]. 
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The drawback of using a modified version of a canonical nucleoside is that it will be incorporated 

opposite all occurrences of its canonical base-pairing partner in the template, so site-specific labeling 

is challenging.  

One way to address this problem is in vitro transcription with an expanded genetic alphabet. When a 

DNA template containing the artificial nucleotide dNAM (naphthalene methoxide) is used for in vitro 

transcription, the 5'-triphosphate of the nucleoside TPT3 (thienopyridinethione) can be incorporated 

into the resulting RNA opposite of dNAM. This has been used to generate an RNA duplex containing 

the TPT3CP modification which could be labeled post-synthetically by inverse electron demand Diels-

Alder (iEDDA) reaction using the modified nitroxide compound TetNO (Fig. 24 A)134. This process was 

later improved by using the spin-labeled triphosphate TPT3NO TP to obtain site-specifcally spin 

labeled version of different RNAs with a length of up to 377 nt, allowing them to be studied by EPR 

without any additional reaction to introduce the spin labels (Fig. 24 B)135. 

An entirely different approach to spin labeling is non-covalent labeling. Early approaches used 

nitroxides attached to an intercalator, which was connected to an adenine by a long linker. Binding of 

the adenine at an abasic site would ensure site specificity of the labeling, as the intercalator would 

otherwise bind to the DNA nonspecifically136, 137. Recently, different purine nucleobases with an 

isoindoline nitroxide moiety attached to one of their amino groups have been tested for their ability 

to bind site-specifically at an abasic site by pairing to the opposing base in double stranded DNA, RNA 

and DNA/RNA hybrids138, 139.  

                      

Fig. 25: Spin label Ǵ and its hydrogen bonds when incorporated into a DNA duplex opposite to cytidine (left) and rigd spin 
labels ç and phenazine label A (right). Hydrogen bonds are marked as dashed lines. The figure in the center was taken 
from [140]. 
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This resulted in several promising candidates, the best of which is Ǵ (G-spin). While other labels only 

showed significant binding at temperatures below 0 °C, Ǵ is able to bind to abasic sites in double 

stranded RNA opposite cytidine even at 20 °C. It has recently been studied in greater detail, including 

molecular dynamics simulations140. The study concluded that Ǵ forms hydrogen bonds to the 

opposing cytidine, as well as to the 4'-oxygen of the abasic site sugar and causes only minor 

perturbations of the duplex structure, with the isoindoline pointing into the minor groove (Fig. 25). 

Non-covalent labeling was also done with rigid labels. The nucleobase of Ç, called ç (Fig. 25), was 

used for labeling of abasic sites opposite to guanosine141-143, while a recent study introduced a 

number of phenazine based spin labels144. Among them, one in particular showed good affinity for 

abasic sites opposite cytidine or adenosine (Fig. 25 A). 

A different approach to non-covalent spin labeling has been developed recently145. It makes use of 

the malachite green aptamer to bind different derivatives of tetramethylrosamine (TMR), which are 

modified with different nitroxide moieties (Fig. 26).  

 

Fig. 26: Spin-labeled derivatives of tetramethylrosamine (TMR) for noncovalent spin labeling with the malachite green 
aptamer. 

This is the first example of spin labeling of a completely unmodified RNA. The authors conclude that 

some helices or stem-loops of long RNAs could be replaced with the malachite green aptamer, as it is 

similar to a helix, to allow for the labeling of such RNAs without the need for incorporation of 

modifications, which would be beneficial for their synthesis.  

 

1.4 EPR spectroscopy on nucleic acids 

1.4.1 CW EPR spectroscopy 

CW EPR spectroscopy on nucleic acids usually relies on the effect of spin label mobility on the EPR 

spectra. Hybridization of oligonucleotides leads to a significant reduction in the speed of molecular 

tumbling, which results in spectral broadening. This was used to investigate DNA triplex formation146. 
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The EPR spectra of spin-labeled 15 nt DNAs (spT15) as single strands and double strands with a 

complementary strand (spT15:A15) were measured. Then, the spin labeled single strand was added to a 

duplex made up of its non-labeled equivalent and the complementary strand to form triplexes (spT15-

A15:T15). Simulations based on the EPR spectra after annealing revealed a larger rotational correlation 

time compared to duplexes, which was expected. It should be noted however, that the EPR spectra 

at 0 °C for duplex and triplex look very similar (Fig. 27 C and E) and the difference in correlation times 

is the result of using a two-species fit for the triplexes, while a one-species fit resulted in a similar 

correlation time as for the duplexes. Afterwards, the samples were warmed to room temperature, 

where the triplexes are not stable, shown by melting curve measurements. The EPR spectra that 

were measured at 25 °C then corresponded to the spectra of the single stranded DNA (Fig. 27 B and 

F), showing that the spin labeled strand was the Hoogsteen base-paired strand and no strand 

exchange had occurred during annealing.  

 

Fig. 27: CW EPR spectra of the single strand 5spT15 at 0 °C (A) and 25 °C (B), the duplex 5spT15:A15 at 0 °C (C) and 25 °C (D) 
and the triplex 5spT15-A15:T15 at 0 °C (E) and 25 °C (F). The spectrum F closely resembles the spectrum B, which shows that 
5spT15 has dissociated from the triplex. The solid lines are experimental spectra, the dashed lines are simulations. The 
figure was taken from [146]. 

In a different study, an RNA sequence called TL1, which contains a GAAA tetraloop was spin-labeled 

and mixed with various concentrations of an RNA called TLR, which contains a GAAA tetraloop 

receptor, and the binding confirmed by an increase in the correlation times determined from EPR 

spectra simulations99. Much smaller changes were observed when a mutated version of TL1 with a 

UUCG tetraloop was used, which confirms that the spectral changes were due to specific binding of 

TL1 to TLR (Fig. 28). Subtraction of the EPR spectra of free TL1 from the spectra of the TL1/TLR 

complex allowed for determination of the fraction of free TL1 at various concentrations of TLR, which 

was used to calculate the dissociation constant Kd of the complex. It was found to be significantly 
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smaller compared to the UUCG mutant, which further confirmed the specific binding of TL1 to TLR. 

Further measurements at different concentrations of MgCl2 revealed a strong dependence of the 

binding on the magnesium concentration, where the fraction of unbound TL1 in the absence of 

magnesium was similar to that of the UUCG mutant. This study thus demonstrated the suitability of 

EPR for investigations of complex formation. 

 

Fig. 28: (A) Structures of TL1 and TLR. The tetraloop and receptor are marked with dashed boxes. R is the spin label 
attached to the backbone of TL1 (B) CW EPR spectra of TL1 in the absence (dotted line) and presence (solid line) of 1.75 
mM TLR and the difference spectrum obtained from subtracting them (dashed line). The inset shows the high-field 
section of the spectrum enlarged. (C) CW EPR spectra of a TL1 mutant with a UUGC tetraloop in the absence (dotted line) 
and presence (solid line) of 1.75 mM TLR. The figure was taken from [99]. 

Not only the motions of the molecule as a whole have an effect on the EPR spectra. It was also shown 

that the mobility of the nucleosides where the spin label is attached can be determined from EPR103. 

The well-characterized trans-activation responsive (TAR) region from HIV RNA, which plays an 

important role for the replication of the virus, was chosen as a test system. It was spin-labeled in four 

different positions. The EPR spectra of compounds where a base-paired nucleotide (U38 and U40) 

was labeled were significantly broader than those of compounds where an unpaired nucleotide in a 

loop (U23 and U25) was labeled, which show mobility similar to a single strand (Fig. 29). It was thus 

shown that CW EPR spectroscopy can report on local structure and dynamics.  

 

Fig. 29: (A) Structure of the TAR RNA highlighting the four uridines which were spin-labeled. (B) CW EPR spectra of TAR 
RNA spin-labeled in different positions. The arrows mark the high and low field extrema of the spectra. The figure was 
taken from [103]. 
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1.4.2 PELDOR spectroscopy 

While CW EPR spectroscopy can provide some insight into the structure and dynamics of nucleic 

acids, pulsed EPR techniques have become more important. The best example for these is pulsed 

electron-electron double resonance (PELDOR) spectroscopy, also known as double electron-electron 

resonance (DEER)147, 148. It enables distance measurements between two spin labels which are 

sufficiently close together, about 1 - 10 nm149 compared to about 2 nm which can be measured by 

CW EPR. If the labels are rigid enough, information about their relative orientation can also be 

obtained150. PELDOR was first performed as a three-pulse experiment but towards the end of the last 

century an improved four-pulse PELDOR was developed (Fig. 30)151, 152.  

 

Fig. 30: Pulse sequence of a four-pulse PELDOR experiment. 

This starts with a Hahn-echo sequence at frequency ν1, called observe frequency. A π/2 pulse causes 

the spins to flip by 90°, causing them to rotate around the z-axis. They do this at a different speed, 

causing them to dephase. This is followed by a π pulse after an evolution time τ, which flips them by 

180°, causing them to refocus after another time τ, resulting in an echo signal (Fig. 31), after which 

the spins start dephasing again. The echo is then refocused by another π pulse after the time 2τ after 

the first one, which leads to the PELDOR signal with amplitude V after another evolution time τ. 

 

Fig. 31: Spin vector diagrams during a Hahn-echo sequence. (A) Initially the spins are aligned to the z-axis. (B) The π/2 
pulse flips the spins by 90° onto the y-axis. (C) The spins start rotating in the x-y-plane (blue arrows) with different speed, 
causing them to dephase. (D) The π pulse flips the spins by 180° in the x-y-plane. The spins continue to rotate. (E) 
Because the slower spins are now ahead of the faster ones, the spins will refocus along the y-axis after the time τ, 
causing a detectable echo signal. 

This signal is modulated by a π pulse of a second frequency ν2, called pump frequency. If the two 

labels are close enough to have significant dipolar interactions, the inversion of the spins of one label 

will affect the spins of the other, which reduces the amplitude V of the PELDOR signal. The time t at 

which this pulse is applied is varied, which leads to different amplitudes of the PELDOR signal as a 
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function V(t) of the pulse time, which oscillates with the dipolar coupling frequency νdd. The distance 

that can be measured with PELDOR depends on the maximum value of t87. Since t in a four pulse 

PELDOR experiment ranges from the first π pulse to the second, a longer time 2τ between the pulses 

allows for a larger t, so τ should be as large as possible. However, the length of τ is limited by 

relaxation of the spins. How fast relaxation occurs depends on the phase memory time Tm, so a 

longer Tm enables determination of longer distances. This is the reason why PELDOR with nitroxides 

is mostly done with frozen samples, where Tm is longer than at room temperature. The main 

advantage of the four-pulse PELDOR experiment over the older three-pulse version is that the range 

of t starts at τ rather than 0, allowing the initial data points to be obtained, which would be lost in 

the three-pulse experiment due to the length of the pump π pulse. V(t) contains both an 

intermolecular Vinter(t) and an intramolecular part Vintra(t). Vinter(t) can be represented by a 

monoexponential decay function and subtracted from V(t) to obtain Vintra(t) (Fig. 32 A and B). 

 

Fig. 32: (A) PELDOR signal V as a function of time t (green) and intermolecular part Vinter(t) as a monoexponential decay 
(red). (B) Intramolecular PELDOR signal Vintra(t) obtained by subtracting Vinter(t) from V(t). (C) Pake pattern obtained from 
Fourier transformation of Vintra(t). Peaks represent perpendicular alignment of the interspin vector rAB and the external 
magnetic field B0, edges represent parallel alignment. The figure was adapted from [147]. 
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This function is then Fourier-transformed to obtain the so-called Pake pattern, from which the 

dipolar frequency at perpendicular aligment of the interspin vector rAB and the external magnetic 

field B0 can be determined (Fig. 32 C). The relationship between νdd and rAB is given by the following 

equation 

 νdd =
µ0ħγ𝐴γ𝐵

4𝜋𝑟𝐴𝐵
3

(1 − 3 cos2 𝜃) 

where µ0 is the vacuum permeability, ħ is the reduced Planck constant, γA and γB are the 

gyromagnetic ratios of the two spins and θ is the angle between rAB and B0. For perpendicular 

alignment of rAB and B0, the equation can be written as 

𝑟𝐴𝐵(nm) = √
52.16

νdd┴(MHz)

3

 

allowing for the calculation of rAB. The process of PELDOR data is usually done by software lke 

DeerAnalysis2006, based on Tikhonov regularization153. Recently, an even newer version of PELDOR 

with a Carr-Purcell sequence, called seven-pulse-CP-PELDOR was developed, mainly for membrane 

proteins with a short relaxation time154.  

 

Fig. 33: Background-corrected PELDOR time traces of eight different samples with the spin labels 10 to 28 bp apart 
(bottom left) the distances derived from these time traces (bottom right) and visual representations of duplex 8, from 
side and front, with 28 bp distance between the labels (top). The figure was taken from [149]. 
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This technique makes use of even more pulses to refocus the echo multiple times, thereby allowing 

for a longer detection time. 

PELDOR has found many applications on nucleic acids in recent years. It was shown that PELDOR 

distances between two CTEMPO labels in an RNA duplex or hairpin allow for easy determination of the 

number of base pairs (bp) between the spin labels in an A-form duplex149. Spin label distances in 

seven different duplexes und one hairpin were measured, in which the spin labels were 10 to 28 bp 

apart (Fig. 33). CTEMPO, despite not being itself very rigid, allowed for accurate distance measurements 

due to nitroxide motion being restricted inside the duplex. In contrast to other flexible labels, which 

result in broader distance distributions that are harder to interpret, for CTEMPO, a linear correlation 

between the distance and the number of base pairs between the labels was observed. The rigidity of 

CTEMPO was confirmed by MD simulations, which showed only two spin label conformations in the 

RNA which resulted in similar distances between the nitroxides. Thus, CTEMPO was shown to be well 

suited for PELDOR measurements in duplex RNA with high accuracy. A similar study, using the rigid 

spin label Ç, was also done on DNA duplexes155. 

PELDOR measurements, especially with nitroxides, have usually been done with frozen samples, as 

relaxation is too fast at room temperature and the dipolar interactions are averaged by molecular 

motions. A recent publication showed that Ç is rigid enough to enable PELDOR measurements at 

room temperature156. A 20 bp DNA duplex with two Ç labels was immobilized on Nucleosil silica 

beads. This immobilization enabled PELDOR measurements at room temperature. When measuring 

frozen samples, the authors found that the Nucleosil beads dampened the time traces compared to a 

non-immobilized sample. However, at room temperature this dampening was lessened (Fig. 34).  

 

Fig. 34: (A) Sequence and structure of the DNA duplex immobilized on Nucleosil beads and (B) PELDOR time traces at 
different frequency offsets at 50 K (red) and 295 K (green). The figure was adapted from [156]. 
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This suggests that the dampening was due to interactions between the DNA and the Nucleosil, which 

caused the DNA to adopt more conformations than it normally would. At room temperature, these 

conformations would be averaged due to fast motions of the DNA. The ability to perform PELDOR 

experiments at room temperature is a significant advantage of rigid spin labels over more flexible 

ones and shows that rigid spin labels are a research topic that should be pursued further. 

Most PELDOR experiments are done on samples in buffered solutions. While these experiments can 

provide valuable results, studying biomolecules under biological conditions is a desirable goal. A 

recent PELDOR study investigated the structure of RNA in cells157. The conformationally unambiguous 

label EImUm was used in a 20 bp RNA duplex for PELDOR measurements in a buffered solution and in 

xenopus laevis oocytes. The result was a reduction of spin label distance by about 3 Å in the cells 

compared to the solution. To determine the reason for this change, further PELDOR measurements 

were made in cytoplasmic extract and a concentrated solution of the protein lyzozyme (Fig. 35). The 

distance in the cell extract was the same as in the buffered solution, probably due to dilution 

reducing the interactions of different cell components. The distance measured in the lyzozyme 

solution showed a reduced distance like the in-cell measurement. When bovine serum albumin was 

used instead of lyzozyme, no distance reduction was observed which suggests that unspecific binding 

of the positively charged lyzozyme to the RNA was the reason. The implication is that such 

interactions are also the reason for compaction of the RNA in the cells. The results agree with MD 

simulations, which also predicted a small compaction in lyzozyme solution. This study could 

represent a major step towards establishing EPR spectroscopy as a tool for investigation of nucleic 

acids under in vivo conditions. 

  

Fig. 35: (A) Spin label EImUm and the sequence of the RNA in which it was incorporated. Red nucleotides mark the 
positions of the spin labels. (B) PELDOR distance distributions from the RNA in phosphate buffer solution (black), 
xenopus laevis oocytes (red), cytoplasmic extract (blue) and 200 mg/ml lyzozyme solution (green). Multiple lines 
represent multiple measurements. Figure B was taken from [157]. 

Another field where PELDOR spectroscopy has been applied was the study of interactions between 

nucleic acids and proteins. An extensive study on PELDOR experiments with RNA-binding domains 
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(RBDs) of a protein and short RNA fragments was done in 2017158. The authors tested different spin 

labels, both nitroxides and Gd(III)-labels in terms of their labeling efficiency and the agreement of 

PELDOR data obtained with them with predicted distances. For this, they analyzed nitroxide-

nitroxide, Gd-Gd and nitroxide-Gd spin label pairs (Fig. 36). They conclude that nitroxides are 

generally preferable to Gd labels, because the experimentally obtained distances are more similar to 

the predictions when nitroxides are used. Another argument for this is that the larger Gd-complexes 

can have a larger influence on the structure than the smaller nitroxides. However, they also mention 

that Gd labels can be preferable to nitroxides if NMR data can be used in combination with the 

PELDOR experiments, or if orthogonal labeling is required, where both nitroxides and Gd labels are 

used together. 

 

Fig. 36: (A and D) Structures of the RBD1/SL-E complexes with the protein labeled with a Gd(III) label (blue dot) and the 
RNA labeled with a nitroxide label (red dots) in two different positions. (B and E) PELDOR time traces of the complexes. 
(C and F) Distance distributions obtained from PELDOR spectroscopy of the two complexes (black) and simulations (red). 
The figure was taken from [158]. 

The approach of using orthogonal spin labels was taken further in another publication159. Here, the 

antennapedia homeodomain, labeled at different positions with a Gd and a Mn label, in complex 

with its cognate DNA binding site labeled with a nitroxide was used to show the possibility of 

selectively measuring one of three different distances by PELDOR spectroscopy. By selecting the 

PELDOR pulse frequencies depending on which labels they want to excite, the authors claim they 

were able to selectively obtain three distinct distances (Fig. 37). However, there is a problem with 

this claim. There is a minor peak which appears in the measurement of the Mn-Gd distance without 

the DNA in the distance distribution slightly above 4 nm (Fig. 37 B black). In the measurement where 
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the DNA is present, this peak is shifted to 4.5 nm (Fig. 37 B red), which is the same as the 

nitroxide-Mn distance (Fig. 37 B magenta). It is therefore not possible to say whether this peak is just 

the minor peak of the Mn-Gd distance or if the nitroxide-Mn distance is visible in this spectrum. The 

same peak also appears in the measurement of the nitroxide-Gd distance (Fig. 37 B blue), which 

further speaks for the nitroxide-Mn distance to be visible in experiments where it should not be. The 

spin labels thus appear as if they might not be completely orthogonal. Further experiments would be 

required to prove the orthogonality. This might become a useful method if it can be fully developed. 

 

Fig. 37: (A) Structure of the antennapedia homeodomain, labeled at different positions with a Gd and a Mn label, in 
complex with its cognate DNA binding site labeled with a nitroxide and (B) distance dirstributions obtained by PELDOR 
spectroscopy. Only the homeodomain (black), full complex with the protein only labeld with the Mn label (magenta) and 
the complex with three labels present (green,blue,red). Dashed lines indicate calculated distances. The figure was taken 
from [159]. 

Recently, PELDOR was used to study human apurinic/apyrimidinic endonuclease 1 (APE1), an enzyme 

involved in base-excision repair, which cleaves DNA at apurinic/apyrimidinic (AP) sites160. A 12 bp 

DNA duplex was labeled with TAM spin labels at one or both ends, while a mutant of APE1, 

APE1N212A, which can bind DNA with the same efficiency as the wild type but has significantly lower 

cleavage activity, was labeled with three nitroxides. This gave the authors seven different systems to 

study (Fig. 38). They first determined the distance between the trityl labels at the ends of the 

duplexes in systems I-III. They found that an AP site causes the distance to become smaller, which 

may be the result of bending of the DNA, but previous studies suggest that it results from a part of 

the duplex around the AP site collapsing, because the AP site and the opposite nucleotide flipping 

outside the helix. They also studied the DNA cleavage by APE1 with PELDOR. Since cleavage of the 

DNA results causes the trityl labels to end up in different fragments, they can no longer interact 

which leads to the reduction of the modulation depth of the PELDOR signal. Measurements at 

different time points allowed the generation a kinetic curve. The authors then investigated the 

structures of the APE1N212A/DNA complex with undamaged and damaged DNA, by measuring the 

distances of the trityl labels on the DNA and the nitroxides on the enzyme by PELDOR spectroscopy. 
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The presence of the AP site did not result in any significant change to the distance when the trityl 

label was on the 5'-end of the damaged strand, but when it was on the 5'-end of the complementary 

strand, a significant change in the distance from damaged to undamaged DNA was observed. These 

results were shown to be in good agreement with MD simulations and the x-ray crystal structure, 

which show bending of damaged DNA in complex with the enzyme and flipping of the AP site outside 

the helix into a binding pocket of the enzyme. Therefore this study is another example for the 

applicability of EPR for investigations into structure and dynamics of nucleic acids.  

 

Fig. 38: (A) Structures of spin labels TAM (yellow dot) and NR (green dot), as well as 3-hydroxy-2-hydroxymethyl 
tetrahydrofuran (F) used as an AP site (top). Sequences of DNA duplexes IV-VII and schematic representations of their 
complexes with the mutant enzyme APE1N212A (blue dot) (bottom). (B) PELDOR time traces and distance distributions 
for TAM-nitroxide distances (IV-VII) (right). Dashed lines indicate distances determined from MD simulations. N1-N3 are 
the three different nitroxides in the enzyme. The figure was adapted from and reproduced based on [160]. 

Another recent study investigated the interaction of short RNAs with the 40S subunit of the human 

ribosome161. A short 11 nt RNA (MR11) was labeled with nitroxide labels at both ends (Fig. 39 A). 

PELDOR measurements of the free RNA resulted in a short distance, which fits structure predictions. 

When the 40S ribosomal subunit was present, a longer distance was obtained, which fits with an 



35 
 

extended structure of the RNA, as a result of binding to the ribosome. This result did not change 

when the mRNA binding channel was occupied by a 19 nt mRNA, held in place by interaction with a 

tRNA, showing that MR11 does not bind there (Fig. 39 B). PELDOR measurements with the analogous 

DNA sequence (MD11) did not result in any differences between the presence and absence of the 

40S subunit, which the authors attribute to the B-type helix adopted by DNA, which might fit worse 

to the amino acids in the binding region compared to the A-type helix of RNA (Fig. 39 C). In order to 

gain information about the binding site for small RNAs, the authors fixed the 19 nt mRNA, now 

modified with a spin label at the 3'-end,  in the mRNA binding channel and investigated the binding 

of a 9 nt RNA, also modified with a single spin label at the 3'-end. This did result in a distance of 

about 3.6 nm, but the distribution was fairly broad. Therefore, the binding of the small RNA does 

take place close to the mRNA channel in a variety of different positions. The importance of the 

peptide 55-64 of the ribosomal protein uS3 for RNA binding was investigated as well. This peptide 

can be cross-linked with RNA, so its involvement in RNA binding was assumed.  

   

                

Fig. 39: (A) Structure of spin labels US and AS and sequence of MR11. (B-D) PELDOR distance distributions. (B) MR11 
(black), MR11 and the 40S subunit (red), MR11 and the 40S subunit containing an mRNA strand in the mRNA channel 
fixed by a tRNA strand (blue). (C) MD11 (black), MD11 and the 40S subunit (red). (D) MR11 and the 40S subunit (black), 
with the uS3 protein locked by cross-linking with a 9 nt RNA (red), with a non-crosslinked control RNA (blue) and with the 
unmodified MR11 in 20-fold excess (green). The figure was adapted from [161]. 
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However, PELDOR measurements of MR11 in the presence of the 40S subunit with a 9 nt RNA cross-

linked to the 55-64 peptide revealed that binding did still take place unhindered, so the peptide 55-

64 does not seem to be important for RNA binding (Fig. 39 D). It was also shown that no reduction in 

binding efficiency is visible when the unmodified version of MR11 was added, even in 20-fold excess 

over MR11. The authors attribute this to hydrophobic interactions between the spin labels and the 

40S subunit which increase the binding affinity (Fig. 39 D). In conclusion, the authors speculate that 

the binding site might be used to queue up mRNA which is to be translated in front of the ribosome’s 

mRNA entry site. 

A few months ago, PELDOR spectroscopy was used to provide support for the proposed mechanism 

of the guanidine-II riboswitch162. This riboswitch is part of the family of riboswitches that control the 

expression of genes depending on the guanidine concentration in a bacterial cell. The guanidine-II 

riboswitch is fairly small, consisting of two stem loops (P1 and P2), which are connected by 7-40 

nucleotides. A mechanism for translation initiation was proposed, by which the Shine-Dalgarno 

sequence, which is normally base-paired and thus inaccessible for the ribosome, becomes accessible 

due to a change in structure of the riboswitch where the stem loops adopt a kissing loop motif upon 

binding of two guanidinium cations (Fig. 40 A).  This mechanism is based on in-line probing and 

fluorescence measurements. Also, several crystal structures of kissing loop dimers exist (e.g. Fig. 40 

B), but so far, only homodimers of either the P1 or the P2 stem loop are known, the formation of the 

heterodimer has not been validated yet. In order to change this, the separate P1 and P2 strands were 

spin-labeled at one position each by attaching an azido-modified isoindoline nitroxide to 5-ethynyl-

2'-deoxyuridine residues by copper-catalyzed click reaction (Fig. 40 C). Two oligonucleotides, P1
U18 

and P2
U14 , were initially used for PELDOR experiments. When the strands where measured 

separately, formation of the respective homodimers in presence of guanidine could be confirmed by 

comparing the obtained distances with predictions based on the known crystal structures. However, 

when a mixture of P1
U18  and P2

U14  was measured, presence of the heterodimer could not be 

confirmed, because the predicted distances are so close together that the experimentally obtained 

distance could be a mixture of hetero- and homodimers. To solve this problem, the authors used a 

different oligonucleotide, P1
U20, with the spin label in a different position further away from the loop. 

With a mixture of P1
U20 and P2

U14, three distances, corresponding to both homodimers and the 

heterodimer, could be measured, thereby proving the formation of the heterodimer (Fig. 40 F). 

However, all dimers were present only in a statistical mixture, without any preference for the 

heterodimer. Further experiments should be done on a complete riboswitch to investigate whether 

intramolecular formation of the kissing loop structure can be confirmed and if there is a bias towards 

forming it compared to intermolecular dimers. 



37 
 

 

Fig. 40: (A) Proposed switching mechanism of the guanidine-II riboswitch with the base-paired Shine-Dalgarno-sequence 
(SDS) (left) and in the kissing loop structure with two guanidinium ions bound in the loops where the SDS is accessible by 
the ribosome (right). The spin-labeled positions are marked as X. (B) Crystal structure of the P1 homodimer and structure 
of the guanidinium cation. (C) Reaction scheme for the labeling of 5-ethynyl-2'-deoxyuridine by CuAAC. (D) Background 

corrected PELDOR time traces for a 1:1 mixture of 𝐏𝟏
𝐔𝟐𝟎 and 𝐏𝟐

𝐔𝟏𝟒 in the absence (olive) and presence (green) of 40 mM 
guanidinium and their fits (black dots). (E and F) Distance distributions derived from the time traces in D. Colored areas 

below the peaks represent predicted distance distributions (blue: 𝐏𝟏
𝐔𝟐𝟎 duplex, cyan: 𝐏𝟏

𝐔𝟐𝟎 homodimer, orange: 𝐏𝟐
𝐔𝟏𝟒  

homodimer, cyan with orange stripes: 𝐏𝟏
𝐔𝟐𝟎 𝐏𝟐

𝐔𝟏𝟒  heterodimer). The structures assigned to the peaks are shown 
schematically. The figure was taken from [162]. 

The examples presented here demonstrate the wide range of applications for which EPR 

spectroscopy can be used. Its importance for investigations into nucleic acids has increased over the 

last decades and will certainly increase even more in the future, especially due to the ongoing 

development of rigid spin labels for precise determination of distances. The development of more 

rigid spin labels to add to their still fairly small number is therefore a desirable goal. This thesis will 
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contribute to this by presenting three new rigid spin labels for use in EPR spectroscopy on nucleic 

acids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



39 
 

2 Aim of this work 

Rigid spin labels still hold a lot of potential for future research. One of the factors limiting the 

applicability of the PELDOR technique on nucleic acids is the limited number of rigid spin labels 

available. While Ç115 is already well established and isoxyl-A119 also holds great promise, analogs for 

guanosine and thymidine/uridine have not been produced yet. Additionally, while Çm117 exists as a 

version of Ç for RNA, unmodified ribose as a natural analog would be preferred over the artificial 

2'-O-methylribose. 

Therefore, this work aims to add several new compounds to the family of rigid spin-labeled 

nucleoside analogues (Fig. 40). 

Benzi-spin (1) is based on the benzi-nucleoside (Fig. 41 left), which has been shown to form a base 

pair with O-6-methylguanosine (m6G)163. The difference between benzi-spin and other rigid spin 

labels, like the Ç family, is that benzi-spin is not designed to mimic the base pairing of a canonical 

nucleoside. Instead, it is supposed to interact with a variety of different nucleosides in a way that 

results in enough rigidity for PELDOR experiments. Such a universal164 spin label should prove useful 

for nucleic acid structure determination. 

The idea for lumi-spin (2), named after lumichrome, was a result of trying to find a more efficient 

synthetic route for a Ç-like spin label. The synthetic route of Ç contains certain steps which are 

problematic, like a nitration which results in a significant amount of an unwanted isomer or a ring 

closing step which takes multiple days to complete115. It was thus considered worthwhile to pursue 

the synthesis of a similar compound, resulting in lumi-spin. It features a similar structure to EÇ118 

which should result in similar rigidity. The main difference is the position at which the ribose is 

attached, which results in a different hydrogen bonding pattern due to the different orientation of 

the nucleobase in a duplex. Lumi-spin has the same Watson-Crick site as uridine, but it needs to be 

determined whether it might be usable as a uridine analogue, because steric clash between the 

expanded ring system and the phosphate backbone might cause the duplex to be perturbed to an 

extent where base pairing is no longer possible. In addition to its use as a uridine analog, there are 

other possible applications for it as well. G-quadruplexes for example, are a structural motif which 

has been studied by a fluorescent pteridine probe165. Since the lumi-spin nucleobase is essentially an 

expanded pteridine-2,4-dione, it should be possible to incorporate it into G-quadruplexes, thus 

enabling the possibility to gain information about them by EPR spectroscopy. 

Finally, EÇr (3) was prepared as a new version of EÇ for RNA, which has a free 2'-OH group. EÇ was 

chosen rather than Ç because of the increased stability of the nitroxide radical resulting from ethyl 

groups adjacent compared to methyl groups. So far, rigid spin labels have mostly been incorporated 
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by solid phase synthesis, which comes with several limitations. Enzymatic incorporation could offer 

an interesting alternative, which has been used only rarely so far132, 135. Thus, the EÇr triphosphate 

was prepared and used in primer extension experiments to probe the feasibility of this approach. 

 

Fig. 41: Spin labels benzi-spin, lumi-spin and EÇr 
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3 Results and discussion 

3.1 Universal rigid spin label benzi-spin 

3.1.1 Initial design 

Benzi-spin is based on the benzi nucleoside (Fig. 42 left), which was used to detect O-6-methyl-2'-

deoxyguanosine (m6G) in the K-Ras gene163. This was done by extension of a benzi-modified primer 

with KlenTaq polymerase, where benzi was placed opposite to either unmodified guanosine (G) or 

m6G in the template. The authors found that extension only happens when benzi is opposite to m6G, 

which they consider to be the result of different base pairing behavior. In m6G, unlike G, the N1 is a 

hydrogen bond acceptor rather than a donor and can thus form a hydrogen bond with the N3 of 

benzi, which is not possible in case of G. In an earlier study, the authors had investigated the melting 

temperatures of several 15-mer DNA duplexes containing the benzi nucleoside166. The melting 

temperatures of duplexes containing a C:G, benzi:G or benzi:m6G base pair were determined as 

64.3 °C, 54.0 °C and 58.6 °C respectively. The benzi:m6G base pair being more stable than benzi:G, 

but less stable than the canonical pair, would be consistent with benzi’s suggested base pairing 

behavior. Benzi-spin is a nitroxide-modified version of the benzi nucleoside, to be used as a rigid spin 

label. Spin labels of different rigidity show differences in their EPR spectra when incorporated at the 

same position, because more rigid labels show increased sensitivity to their environment117, 119. 

Benzi-spin might be expected to behave similarly to the benzi nucleoside with respect to base 

pairing, where it should be more stable when paired with m6G compared to G (Fig. 42). However, the 

additional destabilizing effect of the sterically demanding ethyl groups might lead to reduced 

discrimination between different partners, as local perturbation of the duplex structure, which 

disrupts base pairs, should have a larger effect on stable base pairs compared to those that are 

already weak. Benzi-spin might therefore be usable as a universal spin label, which does not depend 

on the identity of the opposing nucleoside for its rigidity, and could be used in different sequences 

without the need for a specific base pairing partner. 

 

Fig. 42: Benzi nucleoside (left) and base pairing between benzi-spin and guanosine (center) or m6G (right). 
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The benzi-spin nucleobase should be accessible by reacting diaminoisoindoline compound 8 with 

1,1'-carbonyldiimidazole (CDI), followed by attachment of the sugar. At this point, the nitroxide could 

be introduced by oxidation, prior to sugar deprotection and subsequently turned into 

phosphoramidite 4 for solid phase synthesis (Fig. 43). Initially, benzi-spin was designed with methyl 

groups instead of the ethyl groups, because methyl groups had been used for most rigid spin labels 

up to that point, but this was changed because ethyl groups provide more stability to nitroxides as 

well as providing advantages during synthesis, which will be explained later. 

 

Fig. 43: Initial retrosynthetic pathway for the synthesis of the benzi-spin phosphoramidite with methyl groups. 

3.1.2 Preparation of imidazoisoindolone nucleobase 7 

The starting material for the synthesis was phthalic anhydride (10), which was converted to 

N-benzylphthalimide (12) by reaction with benzylamine (11) (Fig. 44)167. This reaction was usually 

done in a scale of around 270 mmol, because the yield of the next step was relatively low, thus 

necessitating a large scale.  
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Fig. 44: Synthesis of N-benzylphthalimide (12). 

The next step was a Grignard reaction with methyl iodide to introduce the methyl groups, which are 

required for stabilizing the radical once it has been introduced (Fig. 45). The conditions for this 

reaction have been optimized in earlier works119, for example it has been shown that removal of the 

diethyl ether after addition of N-benzylphthalimide (12) by a special distillation apparatus can lead to 

an increased yield from around 20 % to slightly over 30 %. This is still fairly low, but since it happens 

at an early stage in the synthesis and the starting material can easily be produced in large scale, it is 

acceptable. Afterwards, the benzyl protecting group on the nitrogen was removed by palladium 

catalyzed hydrogenation, which resulted in quantitative deprotection (Fig. 45)119.  

 

Fig. 45: Synthesis of compounds 9 and 13. 

Next, the aromatic ring needed to be functionalized, starting with nitration using sulfuric acid and 

nitric acid, which was possible with high yield (Fig. 46)168. The next step was the introduction of the 

amino group in position 6 by vicarious nucleophilic substitution using 1,1,1-trimethylhydrazinium 

iodide (TMHI, 17)169 as the nucleophile (Fig. 46) with KOtBu as a base. TMHI can easily be prepared 

from 1,1-dimethylhydrazine (16) by reaction with methyl iodide (Fig. 46).  

 

Fig. 46: Synthesis of compounds 14 and 15 as well as TMHI (17). 
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After the introduction of the amino group, the nitro group had to be reduced to an amino group as 

well, to result in diaminoisoindoline 8. This was once again done with palladium under hydrogen 

atmosphere and resulted in excellent yield (Fig. 47)168. 

 

Fig. 47: Synthesis of compound 8. 

At this point, the only step left to complete the synthesis of compound 7 was the cyclization, by 

having both amino groups react with one of a number of carbonyl compounds with various leaving 

groups (Fig. 48). 

 

Fig. 48: Synthesis of compound 7. 

The initial idea was to use CDI as the electrophile for the substitution. However, while the desired 

product could be isolated, the yield was only 13 %. One reason for this might be the purification by 

column chromatography, which was necessary to remove imidazole. Otherwise the imidazole might 

interfere in the next step due to its nucleophilicity, by reacting with the sugar. Therefore, two other 

compounds, urea and diethyl carbonate (DEC), were tested instead of CDI, under different conditions 

(Table 1). 

Table 1: Reagents and conditions for the cyclization. 

No. reagents solvent conditions result 

1 2 eq. CDI MeCN 20 h, r.t. compound 7 (13 %) 

2 4.4 eq. urea nBuOH 20 h, 120 °C compound 18 

3 1.0 eq. urea EtOH 60 h, 80 °C compound 18 

4 1.2 eq. DEC MeCN 22 h, r.t. no reaction 

5 1.2 eq. DEC MeCN 16 h, 80 °C no reaction 

6 3.0 eq. DEC, cat. HCl MeCN 24 h, 80 °C no reaction 

 

None of these reactions resulted in the formation of the desired product. When DEC was used, there 

was no reaction even at high temperature, while the reactions with urea resulted in a compound 
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which was heavier than compound 7 by an m/z of 26, which would fit compound 18, resulting from 

reaction with two molecules of urea (Fig. 49). Even when one equivalent of urea was used, a 

significant amount of this compound was still formed. 

 

Fig. 49: Possible structure of the compound formed by reaction of compound 8 with urea. 

Because alternative reagents did not result in the desired compound, it was decided to use CDI 

despite the low yield and continue the synthesis.  

3.1.3 Synthesis of the nucleoside 

The next step was the reaction of compound 7 with protected chlorodeoxyribose 19 to yield 

nucleoside 6 (Fig. 50)119. Sodium hydride was used as a base for deprotonation of 7. 

 

Fig. 50: Synthesis of compound 6, obtained as a mixture of isomers. 

As the NMR spectra showed, a mixture of two compounds was obtained. The 1H-NMR spectrum is 

shown in Fig. 51. Since the mass spectrum showed no other compound, it was concluded that two 

isomers had to have formed. The reaction was supposed to be an SN2-type nucleophilic substitution, 

so with nitrogen atoms N1 and N3 being equivalent due to the symmetry of compound 7, the most 

obvious possible isomer would be compound 20, resulting from an attack by N6 after deprotonation 

(Fig. 52). This hypothesis would fit well with the observed ratio of the isomers, which seems to be 

close to 2:1. This would of course assume equal reactivity of all nitrogen atoms, which might be 

unlikely because the methyl groups flanking N6 should reduce its reactivity, but judging from the low 

overall yield, N1 and N3 seem to not be very nucleophilic either, which makes some sense 

considering that they are essentially amides.  
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Fig. 51: Part of the 1H-NMR spectrum of compound 6 in CDCl3 showing the signals of the ribose protons. Two compounds 
with a ratio of about 2:1 can be identified. Signals of compound 6 are assigned. 

 

Fig. 52: Nucleosidation of deprotonated compound 7 by SN2 reaction with sugar 19. Attack from N1 leads to compound 6, 
attack from N6 would lead to compound 20. 

To prevent the formation of compound 20, a protecting group was to be introduced at N6. Here, 

tert-butyloxycarbonyl (Boc) was chosen, because it should be stable under the conditions of all 



47 
 

reactions after the nitration, so the best point in the synthesis to introduce it was at compound 14 

(Fig. 53). Reaction of compound 14 with di-tert-butyl dicarbonate afforded the protected compound 

21 in good yield170. Because there are known issues with removing protecting groups from this 

position119, deprotection with HCl was also tested to see if Boc can be removed efficiently (Fig. 53). 

After it was confirmed that Boc could be easily removed when necessary, the synthesis was 

continued with the introduction of the amino group (Fig. 53). Unfortunately, Boc is cleaved under the 

conditions of this reaction, most likely due to nucleophilic attack by TMHI, which would be consistent 

with the major product being deprotected 14 with a small amount of compound 15 as side product. 

 

Fig. 53: Boc protection and deprotection of compound 14. 

As an alternative point of introduction for the Boc group, compound 15 was tested next. This was not 

the first choice because the 6-amino group would also be protected, which was considered to likely 

be detrimental to its reactivity with CDI later. This reaction was not very efficient, with an isolated 

yield of only 32 % (Fig. 54). Nonetheless, compound 22 was then reduced to compound 23 in 

quantitative yield (Fig. 54). 

 

Fig. 54: Synthesis of compounds 22 and 23. 

This alternative strategy did not work, because as it turned out, having a protected amino group did 

not just reduce its reactivity, it completely prevented the reaction from taking place (Fig. 55). This is 

somewhat surprising considering that these amino groups can apparently react twice with urea. 

Nonetheless, this strategy was discontinued. 
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Fig. 55: Boc protection of the 5-amino group prevents reaction with CDI. 

 

3.1.4 Synthesis of nucleoside 31 from tetraethylisoindoline 

While the Boc protection was attempted, another strategy was begun in parallel. The idea was to 

start from the beginning of the synthesis and introduce ethyl groups rather than methyl groups next 

to the nitroxide. The primary motivation for this approach was the possibility of the ethyl groups 

preventing the formation of an unwanted isomer like 20 during nucleosidation due to their increased 

steric hindrance. Using ethyl groups would also have the additional effect of causing greater stability 

of the radical, which was another desirable result. As it turned out, using ethyl groups is also 

beneficial to some of the steps in the synthesis, with the first example being the Grignard reaction, 

now done with ethyl iodide rather than methyl iodide, which now results in higher yield (Fig. 56), 

increasing from barely 30 % to almost 40 %. The following steps were carried out in a similar way as 

before, starting with hydrogenolytic cleavage of the benzyl group (Fig. 56). 

 

Fig. 56: Synthesis of compounds 25 and 26. 

Next, nitration was performed and then the amino group introduced by vicarious nucleophilic 

substitution (Fig. 57). 

 

Fig. 57: Synthesis of compounds 27 and 28. 

After this, compound 29 was prepared by reduction of the nitro group once again using hydrogen 

with palladium as catalyst (Fig. 58). 
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Fig. 58: Synthesis of compound 29. 

The next step showed a clear advantage of using ethyl groups, a significantly improved yield of the 

cyclization with CDI. Before, the yield had been below 20 %, one reason for this probably being the 

purification by column chromatography, as the compounds is fairly polar. As it turned out, when the 

same reaction was done with compound 29, the product precipitated from the reaction mixture, 

allowing it to be collected by filtration, after which it was pure enough to be used without further 

purification, resulting in a higher yield (Fig. 59). The 1H-NMR spectrum is shown in Fig. 61. 

 

Fig. 59: Synthesis of compound 30. 

After compound 30 was obtained, nucleosidation was performed. The conditions were similar to 

those used in the earlier attempt (Fig. 60). The result was similar as well, with the reaction once again 

resulting in an isomeric mixture.  

 

Fig. 60: Attempted synthesis of compound 31 resulting in an isomeric mixture. 
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Fig. 61: 1H-NMR spectrum of compound 30 in CD3OD. 

It was not expected that N1 would react with the sugar, considering the steric demand of the 

neighboring ethyl groups. It was thus tested if N1 would react with Boc2O (Fig. 62). 

 

Fig. 62: Protection of compound 30 with Boc. 

The reaction resulted in a compound which according to ESI-MS and 1H-NMR contained two Boc 

groups. Because the NMR spectrum shows only one singlet for the aromatic protons and one for the 

Boc protons, it was concluded that compound 32 was formed, due to its symmetry (Fig. 62). This 

would mean that N1 did not react with Boc2O. Because of this, it was considered unlikely that N1 

would attack the sugar during nucleosidation. Thus, the identity of the product isomers was 

reconsidered, with the conclusion being that the unwanted isomer could be the α-isomer 33 (Fig. 63). 
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Fig. 63: Proposed nucleosidation of deprotonated compound 7 by SN1 reaction with sugar 19. Because the nucleophilic 
attack can happen from both sides, anomers 31 and 33 could both be formed. 

The nucleosidation is supposed to be an SN2 reaction, so the α-isomer should not be formed. The 

formation of compound 33 might be the result of low nucleophilicity of compound 30, which causes 

the reaction to take place according to an SN1 mechanism (Fig. 63). Because of this, the conditions for 

the reaction were changed in the next attempt (Fig. 64)166. The reaction was done at 0 °C instead of 

room temperature to prevent the chloride from leaving prematurely. Also, the solvent was changed 

to THF. 

 

Fig. 64: Synthesis of compound 31 showing the final reaction conditions. 

Under these new conditions, only one isomer was formed as can be seen from the 1H-NMR spectrum 

(Fig. 65). 
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Fig. 65: 1H-NMR spectrum of compound 31 in CDCl3. 

 The yield of the reaction was low, which is due to low conversion, probably resulting from low 

nucleophilicity, as well as formation of 39 % of double-nucleosidated product 34 (Fig. 66). While 39 % 

is more than the 26 % of the desired product, it should be noted that these yields were calculated 

based on the ribose, of which two equivalents are needed to form compound 34. When compound 

30 is used as the reference instead, 19 % of desired product 31 and 14 % of 34 are obtained. 

 

Fig. 66: Side product 34. 
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Fig. 67: Part of the NOESY spectrum of compound 31 in CDCl3. Circles mark crosspeaks between 2'-Hb and 3'-H (green) 
and 2'-Ha and 1'-H (orange). 

The product formed in the reaction was identified as β-isomer 31 from the NOESY spectrum (Fig. 67). 

One of the 2'-protons shows a correlation with the 1'-proton, while the other 2'-proton shows a 

correlation to the 3'-proton. In an α-isomer one of the 2'-protons would show correlations to both 

the 1'- and 3'-protons, while the other would show none. 

The connection of the sugar to N1 rather than N6 was verified by using an HMBC spectrum (Fig. 68). 

Correlations between the 1'-proton and C2 and C8a are visible. 
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Fig. 68: Part of the HMBC spectrum of compound 31 in CDCl3. Circles mark crosspeaks between 1'-H and C8a (blue) and 
C2 (black). 

3.1.5 Preparation of the benzi-spin phosphoramidite 

After the synthesis of nucleoside 31 was successful, the final steps towards preparation of the 

phosphoramidite 37 were taken. First, the nitroxide was introduced by oxidation with 

meta-chloroperoxybenzoic acid (mCPBA) (Fig. 69)119. After this had been achieved, the free 

nucleoside benzi-spin (1) was obtained by cleaving the toluoyl protecting groups with NaOMe 

(Fig. 69)166. 

 

Fig. 69: Oxidation of compound 31 to compound 35 and deprotection of the sugar leading to free nucleoside benzi-spin 
(1). 

At this point, benzi-spin was essentially complete, it just had to be converted to phosphoramidite 37 

in order to be used in solid phase synthesis. The first step towards this was to introduce a 
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4,4'-dimethoxytrityl (DMT) group at the 5'-hydroxy group (Fig. 70)166. This was possible in acceptable 

yield. 

 

Fig. 70: DMT protection of benzi-spin (1). 

Finally, compound 36 was converted to phosphoramidite 37 using O-β-cyanoethyl-N,N-

diisopropylchlorophosphoramidite (CEP-Cl)166.  

 

Fig. 71: Synthesis of phosphoramidite 37. 

The first attempt was done at room temperature, with 1.6 eq of CEP-Cl, but it resulted in the 

formation of a compound which, according to ESI-MS, carried two CEP groups, with the second one 

probably attached to N3 or O2. To prevent this, only 1.2 eq of CEP-Cl were used in subsequent 

attempts and the temperature lowered to 0 °C. With these changes, phosphoramidite 37 could be 

synthesized successfully (Fig. 71). The product contained an impurity, the amount of which could not 

be determined because of the paramagnetic nature of compound 37, which makes integrals 

unreliable. It could not be removed by column chromatography, but the impure phosphoramidite 

was used for solid phase synthesis regardless. The ESI mass spectrum is shown in Fig. 72. 
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Fig. 72: ESI mass spectrum of benzi-spin phosphoramidite 37. [M+Na]+ and [2M+Na]+ peaks are marked. 

3.1.6 Synthesis of oligonucleotides 

Phosphoramidite 37 was then incorporated into an oligonucleotide by solid phase synthesis. Further 

experiments also required several other oligonucleotides (Table 2), which were synthesized or 

provided by co-workers. 

Table 2: Oligonucleotides used for melting curve measurements and EPR experiments. CT is CTEMPO, BS is benzi-spin, m6G is 
O-6-methyl-2'-deoxyguanosine and m6DAP is N-6-methyldiaminopurine deoxyribonucleotide. 

No. Sequence 

I 5'-GACGTCGGAAGACGTCAGTA-3' 

II 5'-GACGTCTGGAAGACGTCAGTA-3' 

III 5'-GACGTBSGGAAGACGTCAGTA-3' 

IV 5'-TACTGACGTCTTCCGACGTC-3' 

V 5'-TACTGACGTCTTCCm6GACGTC-3' 

VI 5'-TACTGACGTCTTCCm6DAPACGTC-3' 

VII 5'-TACTGACGTCTTCCAACGTC-3' 

VIII 5'-TACTGACGTCTTCCTACGTC-3' 

IX 5'-TACTGACGTCTTCCIACGTC-3' 

X 5'-TACTGACGTCTTCCCACGTC-3' 

 

These sequences were chosen because they had already been used to study CT and Çm106, 117, albeit 

as RNA rather than DNA, thus allowing for direct comparisons between the labels. The sequences are 

partially self-complementary and can form a hairpin structure when no complementary strand is 

present (Fig. 73). 
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Fig. 73: Top: Structures formed by the oligonucleotides as single strands (left) and double strand (right). Bottom: 
Structures of modified nucleobases present in the mentioned sequences. 

Oligonucleotides IV and II were provided by Jan Seikowski, I, III, V, VI and VII were synthesized, VIII, 

IX and X were purchased. For the synthesis of III, phosphoramidite 37 was used. For the synthesis of 

V and VI, phosphoramidite 38 (Fig. 74), provided by Dr. Surjendu Dey, was used.  

 

Fig. 74: Phosphoramidite 38, which was used for the synthesis of D2681 and D2681NHMe. 

To obtain VI, the oligonucleotide was deprotected with methylamine for 10 h at 37 °C after synthesis, 

which caused substitution of the 6-methoxy group with a methylamino group. V was deprotected 

with aqueous ammonia to prevent the substitution from taking place. This was also done at 37 °C but 

required 48 h for complete deprotection. Shorter deprotection times caused incomplete removal of 

acetyl protecting groups.  
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Fig. 75: HPLC chromatogram of oligonucleotide III on a Dionex DNAPac PA200 2 x 250 mm column (Buffer A: 25 mM Tris 
HCl, 6 M urea, pH 8.0; Buffer B: 25 mM Tris HCl, 6 M urea, 0.5 M NaClO4, pH 8.0; 60 °C), 0 % to 48 % B in A in 12 CV. 

 

Fig. 76: Deconvoluted ESI mass spectrum of III (top) and calculated peak pattern (bottom). The peaks to the left result 
from reduction of benzi-spin to the amine. 

Benzi-spin was successfully incorporated into oligonucleotide III, as evidenced by the HPLC 

chromatogram (Fig. 75) and ESI-MS spectrum (Fig. 76), but the coupling efficiency was low. This could 

be due to lower reactivity compared to canonical phosphoramidites, or more likely because of the 

impurity which phosphoramidite 37 still contained. Standard conditions, including iodine as oxidant 

were used, but the nitroxide remained mostly intact during the synthesis. The radical content was 

99 % as determined by spin-counting using a TEMPOL calibration curve (see chapter 3.1.9).  



59 
 

3.1.7 Melting curve analysis of oligonucleotide duplexes 

The effect of benzi-spin (1) on the stability of DNA duplexes was then studied by UV thermal 

denaturation experiments. Heating of a DNA duplex causes an increase in absorbance, known as 

hyperchromicity, because absorbance of the nucleobases is partially quenched in a duplex, and will 

thus increase when the duplex is denatured. The melting temperature of the duplex, derived from 

the hyperchromicity, can provide information about the stability of a given duplex, because less 

stable duplexes will denature at lower temperatures compared to more stable ones. Modified 

nucleotides which cannot form stable base pairs should destabilize the duplex, leading to 

denaturation at lower temperatures. The UV absorbance of single strand III and seventeen different 

combinations of oligonucleotides was measured while repeatedly heating and cooling the samples 

(Fig. 77). 

 

  

   



60 
 

  

  

Fig. 77: Melting curves of single strand III and the seventeen different combinations of oligonucleotides made up of I, II, 
III and the complementary strands IV, V, VI, VII, VIII, IX and X. 

Some of the curves, especially those for the unmodified strand I, show an unusual shape with a 

second melting temperature, which could be due to the hairpin structure, which can be formed by 

the single strands, having a different melting temperature. Nonetheless, fitting of the data to a ninth 

order polynomial was possible, and the melting temperatures of the nine duplexes were determined 

as the maximum of the first derivative (Table 3). In cases with two maxima, the lower temperature, 

attributed to melting of the duplex, was used. 

Table 3: Melting temperatures of the duplexes made up of I, II and III and the complementary strands IV-X. 

Tm [°C] G m6G m6DAP A T I C 

C 69.9 54.3 59.6 53.4 50.1 59.5 47.3 

CT 58.4 55.0 54.7 
    BS 55.4 57.3 56.9 55.5 55.3 55.6 55.2 

 

As expected, the completely unmodified I:IV duplex with the G:C base-pair is by far the most stable. 

Melting temperatures of the other duplexes are mostly between 50 °C and 60 °C. However, there is a 
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noticeable difference between II and III. While both CTEMPO and benzi-spin (1) cause a significant drop 

in melting temperature compared to cytidine, CTEMPO seems to be slightly more stable when paired to 

guanosine compared to m6G and m6DAP, while the opposite seems true for benzi-spin. These results 

agree with the expected base pairing behavior of the two nucleotides. In both cases, there is little 

difference, less than 0.5 °C, between V and VI as the complementary strand, thus indicating that the 

methoxy or methylamino group in position 6 is not involved in base pairing. While benzi-spin causes 

a significant decrease in melting temperature compared to the unmodified duplex, all melting 

temperatures with BS are within a range of about 2 °C. The melting temperatures for most base-pairs 

even fall within 0.5 °C, only the methylated nucleotides are slightly more stable. By comparison, the 

melting temperatures for the duplexes involving strand I are further apart, from almost 70 °C for the 

canonical G:C pair to less than 50 °C for the C:C pair. This speaks for the universal applicability of 

benzi-spin, as it shows little discrimination between all opposing nucleotides tested in this study. 

3.1.8 EPR spectroscopic investigation of benzi-spin 

To check if the different base pairs have an effect on the EPR spectra, CW EPR spectra of 

benzi spin (1) as well as oligonucleotide III containing benzi-spin as a single strand and double strand 

paired with oligonucleotides IV-X were recorded in cooperation with Dr. Ivo Krummenacher (Fig. 78).  
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Fig. 78: CW EPR spectra of benzi-spin (1) and benzi-spin containing oligonucleotide III as a single strand and as double 
strands paired with IV-XI.  

From the EPR spectra, the central line width ΔH0 and the spectral width 2Azz were determined. The 

spectra were simulated to obtain information about the rotational correlation time τr (Table 4). 

Table 4: Central line widths (ΔH0), spectral widths (2Azz) and rotational correlation times (τr) for benzi-spin labeled 
oligonucleotide III as a single strand and double strands paired with oligonucleotides IV-X.  

Name base pair ΔH0 [mT] 2Azz [mT] τr [ns] 

III BS:G 0.43 7.49 3.1 

III:IV BS:G 0.50 6.97 11.8 

III:V BS:m6G 0.49 7.13 10.0 

III:VI BS:m6DAP 0.49 7.14 9.3 

III:VII BS:A 0.50 7.02 9.7 

III:VIII BS:T 0.50 7.09 8.5 

III:IX BS:I 0.49 7.04 10.7 

III:X BS:C 0.53 6.94 8.5 

 

The spectrum of benzi-spin (1) features three narrow lines, as expected from a nitroxide, because of 

hyperfine coupling of the unpaired electron to the nitrogen, which has a nuclear spin I(14N) = 1. The 

intensity of the third line is smaller compared to the other two, which could be indicative of slower 

tumbling of the nucleoside compared to a smaller molecule like TEMPOL, which usually shows three 

lines of equal intensity. When incorporated into oligonucleotide III, all lines show significant 

broadening, as the rotational correlation time is now in the order of nanoseconds (Table 4), 

compared to the nucleoside, where it is in the order of picoseconds. Compared to Çm in the same 

sequence context117, the spectra look very similar (Fig. 78). One notable difference is in the splitting 

of the third line, which is less pronounced for benzi-spin as it is for Çm. This seems to suggest that Çm 

is more rigid in this case. The reason for this could be that in the hairpin, there is a guanosine 

opposite to the spin label, with which Çm should be able to form a stable base pair, while the benzi-

spin:G pair should be less stable. When it comes to the double strands, the first line is also split in 

two, for a total of five lines. All of the duplex spectra look fairly similar and the simulations show 
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significantly higher rotational correlation times than the single strand. This suggests that benzi-spin 

does not discriminate much between different base pairing partners, which is the desired property 

for a universal nucleoside. In order to answer the question of whether benzi-spin is rigid enough for 

applications like PELDOR, the spectra were compared to those of Çm in the same duplex context117 

(Fig. 79). This comparison shows little difference between the two spin labels, which means that 

benzi-spin should be similarly rigid, which means it should show similar performance as the 

successful Ç family of spin labels. 

 

Fig. 79: Structure of rigid spin label Çm and its CW EPR spectra in different secondary structures. The figure was taken 
from [117]. 

3.1.9 Characterization and photoreactivity of nucleoside 1a  

Nucleoside 31 was deprotected with NaOMe to obtain free nucleoside 1a, the non-oxidized 

derivative of benzi-spin (1), for characterization (Fig. 80).  

 

Fig. 80: Deprotection of compound 31 to obtain free nucleoside 1a. 

Even though rigid spin labels are generally not fluorescent, as the radical quenches the fluorescence, 

their non-oxidized precursors often are, as is the case with Ç115 and lumi-spin (see chapter 3.2.4). This 

makes them potentially applicable as fluorescence labels. To investigate the possibility of nucleoside 

1a being usable as a fluorescence label as well, UV/VIS and fluorescence spectra were recorded 



64 
 

(Fig. 81). The UV absorption maximum is at 290 nm; therefore, the first fluorescence emission 

spectrum was recorded with an excitation wavelength of 290 nm. It contained two peaks, at 319 nm 

and 420 nm respectively. While the excitation spectrum at 319 nm did show a maximum at 290 nm 

as expected, the spectrum at 420 nm showed three different signals instead, at 250 nm, 305 nm and 

316 nm. Emission spectra recorded with excitation at those wavelengths did result in the emission 

maximum at 420 nm.  

            

Fig. 81: Left: UV/VIS absorption spectra of nucleoside 1a at 20 µM in water with 2 % DMSO before (black) and after (red) 
irradiation for 16 h at 290 nm. Right: Fluorescence emission (exc. at 233 nm (black), exc. at 250 nm (red), exc. at 290 nm 
(blue), exc. at 305 nm (green), exc. at 336 nm (purple)) and excitation (em. at 319 nm (yellow), em. at 420 nm (cyan)) 
spectra of nucleoside 1a at 20 µM in water with 2 % DMSO. 

The existence of the additional excitation maxima was surprising, considering that only one 

absorption peak was visible in the UV/VIS spectrum. Upon further investigation, it was found that 

each emission spectrum recorded with an excitation wavelength of 290 nm did result in an increase 

in the intensity of the fluorescence emission at 420 nm. A series of 240 spectra was recorded in a 

30 s interval, the results of which are shown in Fig. 82 (top left). Both emission peaks show significant 

changes with the number of spectra recorded (Fig. 82 top right). The initially larger maximum at 

319 nm decreases in intensity with subsequent measurements, while the maximum at 420 nm, which 

is barely visible in the beginning, shows an increase in intensity. The difference between beginning 

and end of this experiment are shown in more detail in Fig. 82 (bottom), where 3D fluorescence 

emission graphs for a fresh, not previously irradiated sample of nucleoside 1a (left), and the sample 

subjected to the previously mentioned measurement of the series of 240 spectra (right) are shown. 

The results further visualize the results obtained with the normal spectra in Fig. 81. Without prior 

irradiation, the excitation maximum is at 290 nm with emission mostly at 319 nm, after irradiation 

the behavior of the compound changes significantly, with three different excitation maxima, 250 nm, 

305 nm and 336 nm, causing emission at 420 nm. A sample of 1a was irradiated for 16 h at 290 nm 

and another UV/VIS spectrum was recorded, showing absorption maxima at 250 nm, 305 nm and 

336 nm instead of the original maximum at 290 nm (Fig. 81 left, red graph). 
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Fig. 82: Top left: Fluorescence emission spectra of nucleoside 1a (20 µM in water with 2 % DMSO) recorded at an 
excitation wavelength of 290 nm. 240 spectra were recorded in total, with a 30 s interval between measurements. Top 
right: Fluorescence emission curves at 319 nm and 420 nm extracted from the spectra in top left. Bottom: 3D 
fluorescence spectra with excitation wavelengths from 210 nm to 360 nm and emission wavelengths from 250 nm to 
560 nm, of a fresh sample of nucleoside 1a (bottom left) and a sample of 1a previously subjected to the interval 
measurements shown in the top graph (bottom right). 

The spectroscopic data suggest that irradiation of 1a triggers a photochemical reaction, which forms 

a fluorescent product. For confirmation, an irradiated (290 nm, 16 h) sample of 1a was analyzed by 

HPLC-MS, to check for the formation of a new compound (Fig. 83). As the chromatograms show, 1a 

(C22H33N3O4, upper EIC) is not present in the sample anymore. Instead, there are two peaks with the 

sum formula C20H27N3O4 (lower EIC), which are also visible in the UV chromatograms for both 290 nm 

and 340 nm. A number of compounds which would fit the new sum formula are shown in Fig. 84. It 

should be noted that for compounds 1d and 1e only the Z-isomers of the new double bond are 

shown, though formation of the corresponding E-isomers would also be possible, resulting in six 

possible compounds. 
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Fig. 83: HPLC-MS chromatograms of an irradiated sample (16 h, 290 nm) of nucleoside 1a. UV chromatograms with 
absorption at 290 nm and 340 nm and extracted ion chromatograms for the sum formulas of 1a and 1b-e are shown. 

 

Fig. 84: Possible products resulting from the photochemical reaction of nucleoside 1a. 

A common feature of all these compounds is that they have lost one of the four ethyl groups, and in 

its place, contain a new double bond, which is conjugated to the aromatic ring. The expansion of the 

aromatic system could explain the different spectroscopic behavior of the product compared to 1a. 

An attack of the nitrogen to form a double bond to the neighboring carbon atom, like in compounds 

1b and 1c, is part of the accepted mechanism of the tetraalkylation by Grignard reaction, while it has 

also been shown that elimination to an ethylidene group, as in structures 1d and 1e, is also possible 

under certain conditions, but with the nitrogen being protected171. However, the dealkylation of 1a is 

a photochemical reaction, which likely proceeds by an entirely different mechanism, so a decision 

about the product cannot be made based on this information. A more thorough investigation would 

be required to determine which products are formed exactly. If they could be isolated and turned 

into a phosphoramidite, they might be incorporated into oligonucleotides as fluorescent probes. 
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3.2 Synthesis of rigid spin label lumi-spin 

3.2.1 Original plan 

The usefulness of a spin label for distance measurements depends on its rigidity. It has been shown 

that Ç is well suited for this, due to its rigid scaffold where the isoindoline and pyrimidine parts are 

linked by an oxazine ring116-118. Therefore, using Ç as a starting point for the development of further 

spin labels was considered a logical choice. The idea was to replace the oxazine ring with a diazine 

ring, which can be formed in one step from diaminoisoindoline compound 8 and alloxane 

monohydrate (43). This would have the advantage of being a shorter and thus more efficient 

synthesis. Also, by attaching the sugar after preparation of the nucleobase rather than coupling the 

isoindoline part to a nucleoside it should be possible to achieve a different orientation of the spin 

label compared to Ç, because the sugar would be attached at another position on the nucleobase, 

resulting in lumi spin (2) (Fig. 86). The lumi-spin nucleobase could be considered an expanded 

pteridine. It is related to alloxazine (Fig. 85 A). The name lumi-spin was derived from lumichrome, a 

derivative of alloxazine (Fig. 85 B). Substitution in position 10 causes the compounds to exist as 

isoalloxazine (Fig. 85 C), a tautomer of alloxazine. Isoalloxazines are especially biologically relevant, 

because flavins, like riboflavin (Fig. 85 D), are part of this class of molecules. 

 

Fig. 85: Structures of alloxazine (A), lumichrome (B), isoalloxazine (C) and riboflavin (D). 

Nucleosidation of the lumi-spin nucleobase could result in a number of different structures, 

depending on which nitrogen is the most reactive (Fig. 86). Nucleosidation in position 1 leads to lumi-

spin (2), position 11 of would result in flavi-spin, which resembles riboflavin. Those isomers are 

similar in their structure, as the orientation of the nucleobase with respect to the ribose is similar 

and their Watson-Crick face resembles uridine in both cases, although in case of flavi-spin, it 

protrudes further into the duplex, which would probably destabilize a base-pair with adenosine. 

Substitution in position 3 can also be considered, which would result in a Ç-like structure. In this 

compound, the nucleobase could exist as both the alloxazine (allo) and isoalloxazine (iso) tautomers. 
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Which tautomer is preferably adopted should determine the base-pairing capabilities of the 

nucleoside. While the iso form should behave like cytidine, the allo form might be expected to 

behave more like uridine. It could also be possible that tautomerization would allow the spin label to 

pair with both adenosine and guanosine by adopting the required form depending on the opposing 

nucleotide, if the less favored tautomer is sufficiently stabilized by the hydrogen bonds. 

 

Fig. 86: Comparison of lumi-spin (2) and its hypothetical isomers. 

Like benzi-spin, lumi-spin was initially designed with methyl groups for radical stabilization, but at a 

later point this choice was reevaluated and ethyl groups were introduced instead due to their larger 

stabilizing effect. The synthesis would begin from phthalic anhydride (10), like all syntheses for 

isoindoline labels. In fact, the first part of this synthesis is exactly the same as for benzi-spin (1), 

because diaminoisoindoline compound 8 is required here as well. But instead of reacting with CDI, it 

would need to react with alloxane monohydrate (43) to form compound 42. The most critical step of 

the synthesis would be the nucleosidation by Vorbrüggen reaction, which could result in several 

possible products. After determining which compound was obtained, oxidation to nitroxide 40 and 

further steps to obtain phosphoramidite 39 could follow (Fig. 87). 
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Fig. 87: Retrosynthetic overview of the synthesis of lumi-spin phosphoramidite 39. 

3.2.2 Initial synthesis of the tetramethyl analog of lumi-spin 

Diaminoisoindoline 8 was prepared as described in detail in chapter 3.1.2. Once it was finished, a 

condensation with alloxane monohydrate (43) under acidic condition was performed to get lumi-spin 

nucleobase 42 (Fig. 88)172. 

 

Fig. 88: Synthesis of compound 42. 

Removal of acetic acid from compound 42 was challenging, and therefore the crude product was 

used for the next step without purification. This was the nucleosidation by Vorbrüggen reaction, also 

known as silyl-Hilbert-Johnson reaction173. In this reaction, trimethylsilyl (TMS) groups are first 

attached to the carbonyl groups of the nucleobase. Then, a Lewis acid and the protected ribose, 

where position 1 is protected with an acetyl group and positions 2, 3 and 5 with benzoyl groups, are 

added. In the presence of the Lewis acid, a cyclic cation will be formed by the ribose, where one 

benzoyl group is attached to positions 1 and 2. This cation will be attacked by the silylated 

nucleobase in position 1 to form the nucleoside. This reaction results in stereoselective formation of 

the β-anomer, because the nucleophilic attack can only happen from one side (Fig. 89). 
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N,O-bis(trimethylsilyl)acetamide (BSA) was used to transfer TMS groups to compound 42, 

trimethylsilyl trifluoromethanesulfonate (TMSOTf) was used as the Lewis acid119. 

 

Fig. 89: Synthesis of protected nucleoside 41 by Vorbrüggen reaction. Top: Reaction scheme. Bottom: Illustration of the 
reaction mechanism including the cyclic cation formed as an intermediate, which causes stereoselectivity. 

This reaction could potentially result in a number of different products, as there are multiple 

non-equivalent nitrogen atoms in compound 42. Nitrogen 1 is the one which reacts when 

pteridine-2,4-dione is subjected to Vorbrüggen conditions174, but of course confirmation from 

2D-NMR spectra would be required. In order to obtain NMR spectra with fewer signals in the 

aromatic region, allowing for easier identification of the aromatic isoindoline protons, the benzoyl 

groups were cleaved off with sodium methoxide (Fig. 90)166. 

 

Fig. 90: Deprotection of compound 41 to obtain free nucleoside 45. 

While NMR spectra of compound 45 could be obtained, the identification was hampered by some of 

the proton signals from the sugar being too broad to show correlation signals in the HMBC spectrum. 
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Among them was the 1'-proton, which would have been the most important for determination of the 

structure. It was tried to record a 15N-HMBC spectrum, but no correlation between nucleobase and 

sugar was observed. 

It was then decided to continue the synthesis regardless. A more detailed structural analysis was 

necessary at a later point anyway, for identification of 2'-and 3'-protected isomers. The next step was 

the introduction of a DMT group at the 5'-hydroxy function (Fig. 91)166. 

 

Fig. 91: Synthesis of DMT-protected nucleoside 46. 

Next, the 2'-hydroxy group was protected with a tert-butyldimethylsilyl (TBDMS) group (Fig. 92). 

Silver nitrate was added because it has been reported to improve the selectivity towards the desired 

2'-TBDMS isomer in some cases175. 

 

Fig. 92: Synthesis of compound 47, obtained in a mixture with the 3'-TBDMS isomer 48. 

This reaction is not selective for the 2'-position and thus results in a mixture of 2'- and 3'-TBDMS 

isomers. Separation of those isomers can be challenging for some compounds and it was in this case 

as well. It was found that DCM/acetone (2:3 + 1 % NEt3) at least caused partial separation. Still, only 

small amounts of pure isomers could be obtained after each column. Sets of spectra for both isomers 

were recorded, but identification proved to be impossible. Many peaks are broad, so in an attempt 



72 
 

to decrease their line width a set of NMR spectra of a sample containing both isomers in DMSO was 

measured at 80 °C, including a COSY spectrum (Fig. 93).  

   

 

Fig. 93: Top: Part of the COSY spectrum of the mixture of compounds 47 and 48 in DMSO at 80 °C. Signals marked in 
green belong to the 2'-isomer 47, signals marked in blue belong to the 3'-isomer 48. Bottom: TBDMS regioisomers 47 and 
48. 

With this spectrum it was possible to assign all peaks, including the hydroxy groups, which then 

allowed identification of the isomers. Comparison to spectra of the pure compounds showed that 

2'-TBDMS isomer 47 is the one which is eluting faster in column chromatography. Unfortunately, it 

could still not be determined at which position the sugar is attached to the nucleobase. It was clear 

at this point that the strategy had to be reworked, and because the benzi-spin project had by this 
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point shown the advantage of ethyl groups over methyl groups for nitroxide stability in solid phase 

synthesis, the methyl groups were changed to ethyl groups. 

3.2.3 Synthesis of lumi-spin from a tetraethylisoindoline precursor 

The synthesis branched off the synthesis of benzi-spin after diaminoisoindoline 29. The synthesis of 

compound 29 is described in chapter 3.1.5. With it, the double condensation with alloxane 

monohydrate (43) was done to get compound 49, which was again used for the next reaction 

without further purification (Fig. 94)172. The 1H-NMR spectrum is shown in Fig. 95. 

 

Fig. 94: Synthesis of compound 49. 

 

Fig. 95: 1H-NMR spectrum of compound 49 in CD3OD. 

Compound 49 was then used for nucleosidation, again using the Vorbrüggen method (Fig. 96)119.  
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Fig. 96: Synthesis of protected nucleoside 50. 

Next, the benzoyl groups were removed from a portion of compound 50 to obtain free nucleoside 51 

for structure determination (Fig. 97)166.  

 

Fig. 97: Synthesis of nucleoside 51 by deprotection of compound 50. 

Nucleoside 51 was then used to identify which of the possible regioisomers had been formed during 

nucleosidation. A set of NMR spectra was recorded, like the 1H-NMR spectrum (Fig. 98). The spectra 

looked similar to those of compound 45, with the 1'-proton signal not showing any HMBC 

correlations, even on a 600 MHz spectrometer with the pulse sequence being optimized for small 

coupling constants. However, the 2'-proton shows HMBC correlations and while no correlations to 

carbon atoms on the nucleobase can be seen, there is a visible correlation between the 2'-proton 

and a nitrogen atom in the 15N-HMBC spectrum (Fig. 99). 
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Fig. 98: 1H-NMR spectrum of nucleoside 51 in CD3OD. 
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Fig. 99: Top: Part of the 15N-HMBC spectrum of compound 51 in CD3OD with relevant signals marked with proton 
assignments. Bottom: Possible structures 51 and 52 as well as reference compound 53. 

The ethyl groups in positions 7 and 9 as well as the aromatic protons 6 and 10 show correlations to 

different nitrogen atoms than the 2'-proton. Therefore, nitrogen atoms 5, 8 and 11 cannot be the 

positions where the sugar is attached, so flavi-spin (Fig. 86) is out of consideration. This leaves two 

possible structures, 51 and the more Ç-like structure 52 (Fig. 99).  

 

Fig. 100: Part of the NOESY spectrum of compound 51 in CD3OD. Relevant signals are marked with green circles and 
annotations showing which protons are responsible for the signals. 

Reaction of pteridine-2,4-dione under Vorbrüggen conditions leads to a product analogous to 

compound 51174, so it was considered to be the more likely product. To confirm this, the NOESY 
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spectrum of compound 51 was compared to the NOESY spectrum of EÇr precursor 53. While the 

spectrum of compound 51 shows correlations between proton 10 and multiple sugar protons 

(Fig. 100), no such correlations are visible for compound 53. Based on these results it was concluded 

that structure 51 is correct. This means that lumi-spin should behave differently compared to Ç when 

it comes to base pairing and therefore applications. Structure 52 by contrast would have had similar 

characteristics as Ç. Once the structure was determined, the synthesis was continued. Protected 

nucleoside 50 needed to be oxidized to compound 54 with mCPBA. This was possible in good yield 

(Fig. 101)119.  

 

Fig. 101: Synthesis of protected spin label 54. 

Compound 54 was then deprotected to yield the new spin label lumi-spin (2) in quantitative yield 

(Fig. 102)166. The ESI mass spectrum is shown in Fig. 103. 

 

Fig. 102: Deprotection of compound 54 resulting in lumi-spin (2). 
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Fig. 103: ESI mass spectrum of lumi-spin (2). The [M+Na]+ and [2M+Na]+ peaks are marked. 

With this, synthesis of lumi-spin (2) was complete. From here, the next steps which would need to be 

taken are to prepare a phosphoramidite for solid phase synthesis, and incorporating it into 

oligonucleotides. 

3.2.4 Characterization by UV/VIS and fluorescence spectroscopy 

Both alloxazines and isoalloxazines are fluorescent. The two classes show different spectroscopic 

characteristics, where in isoalloxazines, the absorption and emission maxima are shifted to higher 

wavelengths compared to alloxazines, while the fluorescence lifetime and quantum yield is 

increased176. An example of the differences in fluorescence characteristics between alloxazines and 

isoalloxazines is shown in Fig. 104. The UV absorption spectra of both compounds show two large 

maxima at short wavelengths and two smaller ones at higher wavelengths. The distance between the 

smaller maxima is larger for 3-methyllumiflavin (left), with the peaks at 342 nm and 444 nm, while 

they are at 335 nm and 375 nm for 1,3-dimethyllumichrome (right). The fluorescence spectrum of 3-

methyllumiflavin shows the emission maximum at 531 nm, emission of 1,3-dimethyllumichrome 

appears at  437 nm, a significantly lower wavelength. 

        

Fig. 104: Absorption and fluorescence spectra of 3-methyllumiflavin (left) and 1,3-dimethyllumichrome (right). The figure 
was adapted from [176]. 
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While lumi-spin (2) is not expected to be fluorescent because the nitroxide should quench the 

fluorescence115, nucleoside 51 before oxidation should be. Therefore, UV/VIS absorption as well as 

fluorescence emission and excitation spectra were recorded (Fig. 105).  

               

Fig. 105: Left: UV/VIS absorption spectrum of nucleoside 51 at 50 µM in water. Right: Fluorescence emission (exc. at 
222 nm (black), exc. at 261 nm (red), exc. at 332 nm (blue), exc. at 373 nm (green)) and excitation (em. at 439 nm 
(purple)) spectra of nucleoside 51 at 50 µM in water. 

Compound 51 exhibits a typical fluorescence behavior for alloxazine compounds, as can be seen from 

a comparison of the spectra with those shown in Fig. 104. The UV absorption maxima are at 219 nm, 

248 nm, 330 nm and 377 nm. Most of them are close to those of 1,3-dimethyllumichrome (Fig. 104, 

right), especially the two low energy maxima. The signal at the longest wavelength at 377 nm is the 

best indicator of similarity to the lumichrome (375 nm) rather than the flavin (444 nm). The same 

trend is also observed for the fluorescence emission, where the maximum is at 439 nm, which is 

significantly closer to the maximum of 1,3-dimethyllumichrome compared to 3-methyllumiflavin. This 

can be seen as more evidence that the ribose is not attached in position 11, because in that case the 

compound should show fluorescence similar to other isoalloxazines (compare Fig. 104, left), which it 

clearly does not.  
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3.2.5 CW EPR spectrum of lumi-spin 

A CW EPR spectrum of lumi-spin (2) was recorded for comparison to other isoindoline-based 

nitroxide spin labels for nucleic acids (Fig. 106). 

                         

Fig. 106: Left: CW EPR spectrum of lumi-spin (2). Right: Structure of lumi-spin (2). 

The spectrum shows three narrow lines, as expected from coupling to the nitrogen, where the third 

one is smaller than the other two. This weakening is the result of tumbling of the nucleoside in 

solution being slower compared to a small molecule119, and is also observed for other nucleoside 

labels like Ç115 or isoxyl-A119. The isotropic g-factor is the same as for benzi-spin (1) and EÇr (3), the 

hyperfine coupling constants are similar, which is not surprising as all compounds are nitroxides on 

nucleosides of similar size.  

 

3.3 EÇr, a new rigid spin label in the Ç family 

3.3.1 Objectives 

Ç and Çm have been prime examples of rigid spin labels for nucleic acids in recent years115-117, but 

there is still room for improvement. For example, the new versions EÇ and EÇm have been published 

recently, which use ethyl instead of methyl groups, resulting in improved stability of the nitroxide118. 

One point which was addressed in this work is the ribose. EÇ contains deoxyribose, making it suitable 

for use in DNA, but EÇm, which is supposed to be used in RNA, contains 2'-O-methylribose. This is 

useful for making the synthesis easier, because a 2'-silylation step, which would result in isomers that 

may be hard to separate, is not necessary. However, it does have the drawback that the methyl 

group is never removed, so there is no free 2'-hydroxy group, which can affect the structure of the 

final RNA, as the ability to function as a hydrogen donor has been lost. It was therefore considered 

desirable to create EÇr (3), a version of EÇ with an unmodified ribose (Fig. 107).  
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Additionally, a different method of incorporation into nucleic acids was to be tested. Until now, most 

rigid spin labels were incorporated by solid phase synthesis, which has some drawbacks. The problem 

of nitroxide stability during the synthesis can at least to some extent be overcome by using ethyl 

groups to stabilize the radical118. A problem which remains is the limited length of oligonucleotides 

that can be achieved in solid phase synthesis. Longer sequences have to be synthesized in pieces 

which are then ligated. Thus, EÇr (3) was converted to triphosphate EÇrTP (55) for enzymatic 

incorporation by primer extension (Fig. 107). 

 

Fig. 107: Rigid spin label EÇr (3) and the corresponding triphosphate EÇrTP (55). 

The synthesis was mostly based on the reported procedures for the synthesis of Ç and Çm115, 117, with 

some changes, like using uridine (59) as the starting nucleoside, or using ethyl iodide instead of 

methyl iodide for the Grignard reaction. Two parts, modified isoindoline 58 and modified nucleoside 

57 were prepared separately and then combined to form nucleoside 56, which is then oxidized and 

converted to triphosphate 55 (Fig. 108).  
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Fig. 108: Retrosynthetic scheme for the synthesis of EÇr (3) and EÇrTP (55). 

3.3.2 Preparation of isoindoline 57 and modified nucleoside 58. 

The initial steps of the synthesis are identical to those of benzi-spin and lumi-spin. The synthesis of 

compound 27 is described in chapters 3.1.2 and 3.1.5. The nitro group was then reduced to an amino 

group with hydrogen and palladium (Fig. 109)168. This amino group was then substituted by a hydroxy 

group, after being converted to a diazonium species with NaNO2 (Fig. 109)115. Both compounds were 

obtained in good yield. 
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Fig. 109: Synthesis of compounds 60 and 61. 

Next, a nitro group had to be introduced by use of nitric acid. The yield of this reaction was fairly low, 

due to the 4-nitro isomer being formed in addition to the desired 6-nitro isomer (Fig. 110)115. This 

step is thus an important factor in limiting the overall yield of the synthesis of Ç analogues. 

Afterwards, the newly introduced nitro group also had to be reduced to an amino group, with 

hydrogen catalyzed by palladium (Fig. 110)115. 

 

Fig. 110: Synthesis of compounds 62 and 58. 

In addition to isoindoline 58, nucleoside 57 had to be prepared by protection and halogenation of 

uridine (59). To achieve this, all hydroxyl groups of uridine were first protected with acetyl groups by 

using Ac2O (Fig. 111)117. Then, 1,3-dibromo-5,5-dimethylhydantoin (DBH) was used to introduce 

bromine at position 5 (Fig. 111)177.  

 

Fig. 111: Synthesis of compounds 63 and 64. 

The next step was chlorination by Appel reaction (Fig. 112)117. The purpose of this reaction is to 

introduce chlorine as a leaving group for the next step. Because of the sensitivity of compound 57 to 

nucleophilic attack, it is advised to set up the next reaction shortly after purification. 
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Fig. 112: Synthesis of halogenated nucleoside 57. 

3.3.2 Synthesis of EÇr and its triphosphate 

With the synthesis of isoindoline 58 and nucleoside 57 complete, the two building blocks had to be 

combined to build up the core of the later spin label. This was done in two steps. The first was a 

nucleophilic substitution, where the 6-amino group of compound 58 performed an attack on position 

4 of the nucleoside (Fig. 113)117.  

 

Fig. 113: Synthesis of compound 56. 

This position is more reactive than position 5, so the reaction is selective for substitution of the 

chloride. If compound 57 was purified, purification at this step could be skipped and the crude 

product used for the next step, as no major impurities are formed during the reaction. If compound 

57 was used directly without purification, purification needs to be done at this point115. In the second 

step, an oxazine ring was closed by an attack of the hydroxyl group of the isoindoline on the 

pyrimidine in the presence of potassium fluoride. The acetyl groups on the sugar were also cleaved 

under these conditions (Fig. 114)115. One problem of this reaction is the long reaction time. A more 

serious problem was the formation of a side product, which could not be separated from compound 

53 by column chromatography. This side product was not identified conclusively. 
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Fig. 114: Synthesis of compound 53, resulting in a mixture with an unidentified side product. 

Because separation of compound 53 and the side product could not be achieved, the decision was 

made to acetylate the sugar again to make the compounds less polar, with the intention of achieving 

separation then (Fig. 115).  By this strategy, compound 65 could be obtained in pure form as can be 

seen from the 1H-NMR spectrum in Fig. 116. 

 

Fig. 115: Acetylation of compound 65 and the side product. 
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Fig. 116: 1H-NMR spectrum of compound 65 in CDCl3. 

After successful purification of compound 65 it was oxidized with mCPBA (Fig. 117)119. It would also 

have been possible to use hydrogen peroxide and sodium tungstate after deprotection of the sugar, 

as was the case with Ç and Çm115, 117. After the oxidation, the acetyl groups were removed from 

compound 65 again, to yield spin label EÇr (3) as a free nucleoside (Fig. 117)166. 

 

Fig. 117: Synthesis of compound 66 and EÇr (3). 

At this point, it would have been possible to carry the synthesis forward towards the 

phosphoramidite. But it was decided to convert EÇr (3) to triphosphate EÇrTP (55)178 for enzymatic 

incorporation. In preparation for this, tetrasodium pyrophosphate was converted to 
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bis(tetrabutylammonium) pyrophosphate by protonation with Dowex-H+ ion exchange resin followed 

by titration with tetrabutylammonium hydroxide solution. This reagent could then be used in the 

synthesis of the triphosphate (Fig. 118). In this procedure, the 5'-hydroxy group of the nucleoside 

reacts with phosphoryl chloride. The phosphorus is then attacked twice by the pyrophosphate to 

form a cyclic triphosphate which is opened during workup. 

 

Fig. 118: Synthesis of EÇrTP (55). 

                

 

Fig. 119: Characterization of EÇrTP (55). Top: HPLC chromatogram (Dionex DNAPac PA200 4 x 250 mm column (Buffer A: 
25 mM Tris HCl, 6 M urea, pH 8.0; Buffer B: 25 mM Tris HCl, 6 M urea, 0.5 M NaClO4, pH 8.0; 60 °C), 0 % to 20 % B in A in 
8 CV). Bottom: ESI-MS spectrum (bottom).  

The triphosphate could be separated from monophosphate which was formed as a side product by 

ion exchange HPLC, as can be seen in the HPLC chromatogram and ESI-MS spectrum (Fig. 119).  
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3.3.3 CW EPR spectrum of EÇr 

To see if EÇr (3) shows similar behavior to other spin labels of the Ç family, a CW EPR spectrum was 

recorded (Fig. 120). 

                              

Fig. 120: Left: CW EPR spectrum of EÇr (3). Right: Structure of EÇr (3). 

As expected, the spectrum shows great similarity to the spectrum of Ç115. Furthermore, it is also very 

similar to the other spin labels presented in this work, benzi-spin (1) and lumi-spin (2), with the same 

g-factor and almost the same isotropic coupling constant. 

3.3.4 Synthesis and labeling of oligonucleotides 

For the primer extension experiments several oligonucleotides were needed as primers and 

templates (Table 5). 

Table 5: Oligonucleotides used for primer extension experiments. FAM-Alk is 6-carboxyfluorescein linked to the 
oligonucleotide by an alkyl linker. Incorporation sites of EÇR are marked in red in the templates.  

Name Sequence 

XI 5'-FAM-Alk-CTGTAATACGACTCACTATA-3' 

XII 5'-CTCACTGCTTCCTATAGTGAGTCGTATTACAG-3' 

XIII 5'-CACGACCTCCGTATAGTGAGTCGTATTACAG-3' 

XIV 5'-FAM-Alk-UAAUACGACUCACUAUA-3' 

 

Templates XII and XIII were purchased and subsequently purified by gel electrophoresis. Primer XI 

was synthesized by solid phase synthesis. To enable the later labeling with 6-carboxyfluorescein 

(FAM), a hexynyl linker had to be introduced at the 5'-end. This was done by using phosphoramidite 

68, which had previously been prepared from 5-hexyn-1-ol (67) by use of CEP-Cl (Fig. 121)179. 
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Fig. 121: Synthesis of phosphoramidite 68. 

After synthesis and purification by gel electrophoresis, XI was labeled with 6-carboxyfluorescein 

polyethylene glycol azide (6-FAM-PEG3-azide) by copper(I)-catalyzed azide-alkyne cycloaddition 

(CuAAC) and purified again by gel electrophoresis.  

XIV was provided as a crude product by Sebastian Mayer and was purified by gel electrophoresis, 

labeled with 6-FAM-PEG3-azide by CuAAC and purified again, but a major impurity remained. 

3.3.5 Primer extension experiments 

With all necessary oligonucleotides prepared, the first tests for incorporation of EÇrTP (55) into DNA 

could be conducted. It was decided to use DNA instead of RNA, despite EÇr (3) being intended as a 

version of EÇ for RNA, because a DNA polymerase was used. EÇr is heavily modified compared to 

cytidine, so it was unclear if polymerases would accept it. The choice fell on Therminator III DNA 

polymerase, which is known for being capable of incorporating modified nucleotides, including spin 

labels132, 178. All experiments were performed at 72 °C. As the initial tests, single-nucleotide primer 

extensions were done to check if EÇrTP can be incorporated at all and under which conditions. For 

these tests, XIII was used as the template, because the first nucleotide not paired to the primer is a 

guanosine, which should lead to a cytidine being incorporated. Reactions with dCTP and CTP were 

also done. These would act as a positive control showing if the enzyme is active under the reaction 

conditions and provide references to which the incorporation of EÇrTP can be compared. For each of 

the NTPs, concentrations of 1 µM, 10 µM and 100 µM were used and the experiment run for 5 min 

(Fig. 122 left). For dCTP and CTP, there was virtually complete incorporation even at 10 µM. 

Incorporation was significantly less efficient for EÇrTP, as there was unextended primer left in all 

reactions. But still, there was visible elongation, so EÇrTP is accepted as a substrate by the 

Therminator polymerase. There was also a difference in gel shift compared to the canonical 

nucleotides, which could be the result of EÇr being significantly larger, the same was also reported 

for a different spin label132. What could also be seen is that apparently the incorporation was more 

efficient with 10 µM EÇrTP than with 100 µM. To rule out an experimental error, another single-

nucleotide extension was performed with six different concentrations of EÇrTP, this time for 15 min 

(Fig. 122 right). The incorporation of EÇrTP seemed to be less efficient at 100 µM than at lower 
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concentrations. This might point towards substrate inhibition, although the reason why EÇrTP would 

inhibit the polymerase is unknown. This result was kept in mind for later experiments. Another 

unexpected result was the appearance of an additional band between unextended and extended 

primer. This band can also be seen in the previous experiment with 10 µM EÇrTP. There are also faint 

bands above the primer band, so it might be an artifact, but it seems too intense for that. 

 

Fig. 122: PAGE analysis of single-nucleotide primer extension experiments with XIII as template. Left: dCTP, CTP and 
EÇrTP at three different concentrations. Right: EÇrTP at six different concentrations. Lanes marked with 0 correspond to 
reference reactions without any NTPs. Product bands are labeled. 

After the initial tests had shown that incorporation of EÇrTP (55) is possible, full-length primer 

extensions were performed. Here, XII was used as the template, so EÇr (3) should be the sixth 

nucleotide to be incorporated. In addition to the negative control without dNTPs there were three 

reactions. One with dATP, dGTP, dTTP and dCTP which should result in full-length extension, one 

without CTP which should cause extension by only five nucleotides as there is no CTP analogue to be 

incorporated in that case, and one with EÇrTP instead of CTP to see if there is full-length extension 

with EÇr. The first test was done with 10 µM concentration for all dNTPs and EÇrTP for 15 min 

(Fig. 123 left). The result showed an oddity that kept appearing in later experiments as well. In the 

reaction with all four canonical dNTPs, there is a band above the band for the full-length product, 

which would belong to an oligonucleotide which is significantly longer than the expected full-length 

product. Considering there is only one such band, random addition of more nucleotides seems 

unlikely. Another explanation might be that the extended primer can bind to the template again and 

be extended further. Hybridisation of two extended primers might also be possible, which would also 

result in further extension. When it comes to the incorporation of EÇrTP, there is a band on the same 

height as the one from the negative control without CTP analogue, so the incorporation was not 

complete. However, there are also additional bands for longer products, including a faint one which 

corresponds to the full-length product from the positive control, again slightly shifted because of EÇr. 

This means that EÇr does not prevent the further extension of the primer after its incorporation, but 

it does seem to hinder it, as there are additional bands below the full-length product. There is also a 

faint band corresponding to the overextended product. It looks as if that band might be shifted 

further compared to the reference than the one from the full-length product, which might indicate 

the presence of two EÇr nucleotides in the overextended product. This would support the theory of 
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wrong binding of the primer, but the bands are too faint to make conclusive statements. The same 

experiment was then repeated with different concentrations of NTPs. First, all dNTPs were used in a 

concentration of 200 µM (Fig. 123 center). This was well above the concentration where EÇrTP 

showed inhibition in earlier tests, but nonetheless in this case there are bands including one 

corresponding to the full-length product, again slightly shifted because of EÇr. However, 200 µM does 

not seem to be a good concentration to use for the canonical NTPs, as there is full-length extension 

and overextension in the negative control without any CTP analogue. At high concentrations, 

Therminator polymerase seems to incorporate random dNTPs when the correct one is unavailable. 

The experiment was then repeated with a concentration of 10 µM for canonical dNTPs and 200 µM 

for EÇr (Fig. 123 right). In this case no incorporation of EÇr was observed, the extension stopped at 

the same length as the negative control. This seems consistent with the earlier tests showing 

inhibition at high concentrations. These results suggest that high concentrations of dNTPs can 

overcome the inhibition. 

 

Fig. 123: PAGE analysis of primer extension experiments with XII as template at different concentrations. Left: all 
triphosphates at 10 µM. Center: all triphosphates at 200 µM. Right. EÇrTP at 200 µM, dNTPs at 10 µM. 

For the next set of experiments, XIII was used as the template again. This time, full extension was the 

goal, which means incorporation of two EÇr (3) labels. Because EÇr would be the first nucleotide to 

be incorporated, a two-step procedure was tested in addition to the one-step procedure. The control 

sample was incubated with dCTP as the only triphosphate and the first proper sample with only 

EÇrTP (55), each for 15 min. Afterwards they were cooled down to 0 °C to stop the reaction, dATP, 

dGTP and dTTP were added and another incubation performed for 15 min. In the second sample, all 

triphosphates were added together and the mixture incubated once for 15 min. Concentration of 
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dNTPs and EÇrTP was 10 µM in all cases (Fig. 124 left). There does not seem to be any difference 

between the one-step and two-step procedures, full extension was observed in both cases. The 

control reaction also showed overextension in this case as well. For some reason, the top bands in 

each lane are seen as double bands in this experiment. It is unclear what caused this, as this effect is 

not observed in the next experiment under similar conditions. In this experiment, the one-step 

procedure was used as there was no difference as compared to the procedures in the previous 

experiment. This time, incubation time was 3 h, to see if a longer time has any effect on product 

formation (Fig. 124 right).  

 

Fig. 124: PAGE analysis of primer extension experiments with XIII as template. Left: Two step procedure (ts) or one step 
procedure (os), 15 min incubation. See text for details. Right: One step procedure, 3 h incubation. 

The longer reaction time caused more overextension than shorter experiments. The full-length 

product is almost unobservable in the positive control, but additional overextension products, even 

longer than previously, were formed. Interestingly, even the negative control without any CTP 

analogue resulted in full-length product, so it seems like Therminator polymerase is able to 

incorporate random dNTPs even at low concentrations, when given enough time. There is also some 

overextension in the real sample with EÇrTP, but to a much lesser extent than in the positive control. 

The shift compared to the control bands proves the incorporation of EÇr, so there seems to be no 

reaction with random dNTPs when EÇrTP is available, despite the low efficiency of incorporation.  
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Because EÇr (3) is a spin label intended for use in RNA, it was tested whether Therminator 

polymerase can also use an RNA primer. Single-nucleotide extensions of XIV with XIII as the template 

were tried. First, the incorporation of CTP and EÇrTP (55) was tested in concentrations of 1 µM, 

10 µM and 100 µM. The reaction was run for 5 min (Fig. 125 left). This resulted in no incorporation of 

EÇrTP, only partial incorporation of CTP at 100 µM and no reaction at lower concentrations. The 

experiment was repeated with dCTP and CTP (Fig. 125 right). For dCTP, there was no incorporation at 

1 µM, partial incorporation at 10 µM and still incomplete reaction at 100 µM. It was therefore 

concluded that Therminator polymerase is not well suited for RNA primers.  

 

Fig. 125: PAGE analysis of single-nucleotide RNA primer extension experiments with XIII as template. Left: CTP and EÇrTP 
at three different concentrations. Right: dCTP and CTP at three different concentrations.  Lanes marked with 0 
correspond to reference reactions without any NTPs. 

3.3.6 Towards the synthesis of EÇTP 

After the attempts at primer extension with EÇr (3) had shown that Therminator III polymerase can 

incorporate EÇr into DNA, but not RNA, it was decided that using a DNA spin label In DNA 

oligonucleotides would be more desirable, as the 2'-hydroxy group of a ribonucleotide might 

unnecessarily disrupt the structure. The next plan was therefore to synthesize the recently published 

EÇ118 and convert it into the triphosphate EÇTP (69) (Fig. 126). 

 

Fig. 126: Rigid spin label EÇ and its triphosphate EÇTP (69). 

The synthesis of EÇTP follows the same general strategy as EÇrTP, as the compounds only differ in 

terms of the 2'-OH group. The synthesis was begun with deoxyuridine (70), which was first acetylated 

at the 3'- and 5'-hydroxy groups by using Ac2O117 and then brominated, again using 1,3-dibromo-5,5-

dimethylhydantoin as the bromination reagent (Fig. 127)177. 
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Fig. 127: Synthesis of compounds 71 and 72. 

The brominated nucleoside 72 was then chlorinated in position 4 and reacted with isoindoline 

compound 58 to obtain compound 73. Here, a different approach was used compared to the 

synthesis of EÇrTP, based on the original procedures for the synthesis of Ç115. Rather than isolating 

the chlorinated intermediate, compound 58 was added to the reaction mixture after chlorination was 

complete (Fig 128). The advantage of this one pot strategy is that the risk of degradation of the highly 

reactive chlorinated nucleoside by unwanted substitution is reduced. However, it also comes with a 

disadvantage, namely the purification of compound 73. Even after several attempts at purification by 

column chromatography the product could not be completely separated from the 

triphenylphosphine oxide generated by the Appel reaction.  

 

Fig. 128: Synthesis of compound 73. 

After multiple purification attempts did not result in complete purification of compound 73, it was 

decided to use the impure compound for the next reaction, expecting purification to be easier due to 

the different polarity of the deprotected nucleoside 74.  The procedure for the cyclization was the 

same as had been used previously for the synthesis of EÇrTP, heating for multiple days in presence of 

potassium fluoride (Fig. 129)115. 
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Fig. 129: Synthesis of compound 74. 

While the EÇ precursor 74 could be obtained, purification proved just as difficult as it had been with 

compound 73. Multiple attempts by column chromatography could not separate the product from 

the triphenylphosphine oxide. It is therefore highly recommended to isolate the chlorinated 

nucleoside after the Appel reaction and use it for the reaction with compound 58 only after it has 

been thoroughly purified. Some degradation might occur, for example due to water in the solvents 

used for column chromatography which are usually not completely dry. But the loss of material at 

later stages on several purification attempts, which may then not even yield the pure product is likely 

more detrimental. 

 

3.4 Future directions of spin-labeled nucleosides 

This thesis presents the synthesis of three new spin-labeled nucleosides. This chapter will provide an 

outline of further steps which can be taken in the projects, as well as possible fields of application for 

the new spin labels. 

Rigid spin labels have already been proven to be useful for the study of nucleic acids by EPR 

spectroscopy, first among them being distance determination by PELDOR measurements. With benzi-

spin (1) showing similar characteristics to established labels like Çm, it is to be expected that it has 

the potential to become equally successful. What sets benzi-spin apart from these other labels is its 

universal base-pairing character, which allows it to be used as a replacement for any other 

nucleoside rather than just a specific one. This means that the scope of applications in which benzi-

spin can be used is larger, as any desired position can be labeled without the need for different spin 

labels. In order to fully evaluate its usefulness, benzi-spin needs to be tested in different sequence 

contexts, different positions inside a duplex or in other secondary structure motifs. These tests could 

reveal limitations for the applicability of benzi-spin. Another point which can be addressed in the 

future is the application of benzi-spin in RNA. While incorporation of deoxynucleotides into RNA is 
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possible in principle, the lack of a 2'-hydroxy group can disturb the structure, which may lead to a 

reduction of the rigidity of the spin label. Preparation of a dedicated RNA version of benzi-spin would 

therefore be useful, if benzi-spin is to be used in RNA.  

As far as lumi-spin (2) is concerned, the synthesis is not quite at its end. The next steps in the project 

seem obvious. For incorporation by solid-phase synthesis, lumi-spin needs to be protected with DMT 

in 5'-position, a silyl group in 2'-position and then turned into a phosphoramidite with CEP-Cl. 

However, this might not be as straightforward as it seems. Silylation will lead to a mixture of 2'-and 

3'-silyl isomers, which then need to be separated. Attempts with the earlier design using methyl 

groups, showed that separation of compound 47 and its isomer required multiple columns with a 

specific solvent mixture, DCM/acetone (2:3 + 1 % NEt3), to achieve separation of a significant extent.  

Separation of paramagnetic compounds is made even more complicated by the broadening of the 

NMR signals, which makes determination of the ratio of isomers in a sample nearly impossible. Thus, 

other methods for purity control, like HPLC, might be preferable. For small amounts of product 

mixture, the separation itself could also be done with HPLC. Alternatively, the nitroxide could be 

protected which would enable determination of purity from the NMR spectra. A suitable candidate 

that was used for Ç was published recently118, 129. This would have the positive side-effect of 

preventing degradation of the nitroxide during solid-phase synthesis, although with ethyl groups next 

to the nitroxide this is not as necessary as it would be with ethyl groups. Another possible approach 

would be to prevent formation of the 3'-silyl isomer altogether180. It would need to be tested, if the 

nitroxide remains intact when treated with hydrogen fluoride. A catalyst which causes high 

selectivity for the 2'-isomer could also be used181. If lumi-spin could be successfully incorporated into 

oligonucleotides, a new rigid spin label would be ready for use. It has the same Watson-Crick side as 

uridine, which means it might be able to form base-pairs with adenosine and be used in a similar way 

as Ç or isoxyl-A.  However, those labels are designed in such a way that the nitroxide points into the 

major groove, resulting in only small perturbation of the duplex structure. Lumi-spin on the other 

hand is oriented in a different direction, where more steric clash with the backbone is to be 

expected, thus causing more significant structural changes which might limit its usefulness. An 

alternative use might be in G quadruplexes. As G quadruplexes are a topic of interest for many 

research groups, a spin label which might be able to provide further structural insight could be 

useful. It is questionable if a single G quartet would be formed with lumi-spin as one of its 

constituents, as compared to guanosine it has a hydrogen acceptor in position 2 rather than a donor. 

But if lumi-spin is employed in one of the inner layers of a G quadruplex it might be able to form. An 

alternative approach would be introduce a second modification, 8-oxoguanine, to form the 

equivalent of a G-G-X-O tetrad182, where lumi-spin would replace xanthine (Fig. 130 left). This should 

allow for the formation of a stable quartet. 
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Fig. 130: Structure of lumi-spin incorporated in a tetrad with two guanines and an 8-oxoguanine (left) and non-covalent 
spin label 75 (right). 

Lumi-spin is still a few steps away from completion, so it is hard to judge its usefulness at this point, 

but if it can be incorporated into oligonucleotides, it could become a useful tool for PELDOR 

spectroscopy, similar to Ç. A different application, which would not require as much synthetic effort, 

is non-covalent labeling. While it would not be advisable to use lumi-spin itself for this, as the ribose 

is not required in this case, if nucleobase 49 would be oxidized to acquire compound 75 (Fig. 130 

right), it could be used for non-covalent labeling of duplex structures like similar labels which have 

been tested previously143, 144. This might even come with the advantage of different ways of base-

pairing being available. In chapter 3.2.1, different possible spin labels resulting from nucleosidation 

at different nitrogen atoms were discussed. With compound 75 not being covalently attached to an 

oligonuclotide, its base-pairing behavior is not predetermined. It may bind in the same way lumi-spin 

is expected to bind, or it might bind in a more Ç-like way, which might be more likely due to reduced 

steric clash with the backbone, in which case the question regarding the preferred tautomer would 

come up again. In order to make the lumi-spin like binding mode more favorable, replacing the 

ribose at the abasic site where 75 is supposed to bind with a flexible and less sterically demanding C3 

or C4 linker may help to reduce steric clash. This was reported to not result in a significant difference 

in case of ç141, where the label points into the major groove, but might have a positive effect on the 

lumi-spin like orientation, as the steric clash there is more severe.  

Enzymatic incorporation is a spin-labeling approach which has not been extensively investigated so 

far, especially when it comes to direct introduction of the spin label132, 135. Conversion of EÇr (3) to 

EÇrTP (55) and the primer extension experiments done with it represent another successful step 

towards establishing it as a viable alternative to solid-phase synthesis. Some work however, remains 

to be done. The extension products were not characterized beyond their gel shift, because of the 

small scale of the experiments. The experiments should be repeated in larger scale to enable ESI-MS 

characterization, which could also help to identify all the side-products which were produced. The 

possible degradation of the nitroxide during should also be investigated, but since there are no 
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strong reducing agents in the reaction mixture, it is not expected to be a problem. The conditions 

might also be further improved for greater efficiency of incorporation. Also, after the synthesis of EÇr 

was complete, new procedures for the synthesis of Ç and its derivatives were published118. Future 

attempts at the synthesis of EÇr should follow the revised procedures for a better overall yield. 

Another change which can lead to better results is to use EÇTP (69) instead of EÇrTP, as Therminator 

polymerase should work more efficiently with a deoxynucleotide. Also, having a ribonucleotide in 

DNA might lead to structural perturbations. Alternatively, RNA polymerases could be tested 

regarding their ability to incorporate EÇrTP into RNA. EÇr could also be turned into a 

phosphoramidite rather than a triphosphate to use it in solid-phase synthesis. To circumvent the 

problem of having to separate 2'- and 3'-silyl isomers, using a protecting group on the nitroxide to 

turn the compound diamagnetic is recommended, as has been done for EÇ previously118. So far, 

Çm and EÇm have been used in RNA, but EÇr with its free 2'-hydroxy group should be more useful for 

this, as the 2'-hydroxy group is important for RNA structure, so EÇr should not perturb the structure 

as much.  

Another method of spin labeling which might be worth investigating is labeling by ribozyme. 

Recently, ribozymes that can transfer a functional group from an O-6-modified guanine to a specific 

adenine in a target RNA strand were developed by in vitro selection183. Among them are the CA13 

and CA21 ribozymes, which can transfer benzyl and 4-(aminomethyl)benzyl groups. While TEMPO is 

bulkier than these aromatic groups, some (re)selection might produce a ribozyme which can 

successfully transfer it (Fig. 131).  

 

Fig. 131: Spin labeling of RNA by ribozyme. 

The advantage of this approach would be that site-specificity can be achieved purely by the 

ribozyme, which can be designed with binding arms that selectively bind at the desired position. 

Unlike in other methods, the target RNA does not need to be modified in any way prior to the 

TEMPO labeling, which would make site-specific labeling, especially of long RNA, easier.  
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3.5 Other modified nucleosides 

3.5.1 Synthesis and incorporation of a benzimidazole phosphoramidite 

The results of this chapter were published in: T. P. Hoernes, K. Faserl, M. A. Juen, J. Kremser, C. 

Gasser, E. Fuchs, X. Shi, A. Siewert, H. Lindner, C. Kreutz, R. Micura, S. Joseph, C. Höbartner, E. 

Westhof, A. Hüttenhofer, M. D. Erlacher, Nat. Commun. 2018, 9, 4865-4877. 

Watson-Crick base-pairing between nucleobases plays an important role for interactions between 

nucleic acids. One process which depends on base-pairing is the translation of mRNA at the 

ribosome. The interaction between the codon on the mRNA and a fitting anticodon on the tRNA 

determines which amino acid will be incorporated into the peptide that is being synthesized. To gain 

further insight into the effect of Watson-Crick interactions on mRNA translation, nine modified 

nucleotides, with different patterns of hydrogen donors and acceptors compared to canonical 

nucleotides, were incorporated into mRNA sequences.  

 

Fig. 132: Synthesis of benzimidazole nucleoside phosphoramidite 74. 
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Multiple RNAs were synthesized per modification, to have the modifications in each of the three 

positions of a codon. It was then tested if the modified RNAs could be translated and which amino 

acids the modified codons would code for. One of the modifications that were tested was 

benzimidazole nucleoside 78184. It was synthesized by Vorbrüggen nucleosidation of benzimidazole 

(69), followed by deprotection of the sugar. To enable its incorporation by solid-phase synthesis, it 

was converted to phosphoramidite 81 in three steps, starting with 5'-DMT protection, followed by 

2'-TBDMS protection and phosphitylation with CEP-Cl (Fig. 132). Because the complete mRNA would 

be too long to be efficiently synthesized by SPS, shorter pieces were synthesized, which could be 

attached to another piece by ligation. 

 

Fig. 133: Synthesis of phosphoramidite X for introduction of a 5'-phosphate group. 

For this ligation, it was necessary to have a 5'-phosphate in the modified RNA strands. For 

incorporation of a 5'-phosphate in SPS, phosphoramidite 84 was synthesized. 2,2'-Sulfonyldiethanol 

(82)185 was protected with one DMT group and then the other OH-group phosphitylated with CEP-Cl 

(Fig. 133). Compounds 81 and 84 were then used to synthesize oligonucleotides XV-XVII by solid-

phase synthesis. 

Table 6: RNA sequences synthesized with benzimidazole phosphoramidite 81. X = benzimidazole nucleoside, 
P = 5'-phosphate 

Name Sequence 

XV 5'-P-AUUAUXGGCCAAACAAAAAUAA-3' 

XVI 5'-P-AUUAUGXGCCAAACAAAAAUAA-3' 

XVII 5'-P-AUUAUGGXCCAAACAAAAAUAA-3' 

 



101 
 

These were then used to obtain full-length mRNAs by ligation, which were then used in translation 

experiments in bacterial and human cells. Since benzimidazole does not have any hydrogen donors 

or acceptors on its Watson-Crick edge, it is unable to form hydrogen bonds. Translation was not 

possible when benzimidazole was in the first or second codon position, but when it was placed in the 

third position, a full-length protein could be obtained. This is in contrast to an abasic site, which did 

not allow for translation in any position. The results were similar for the other modifications that 

were tested. Those that can form a base-pair to one of the canonical nucleosides allowed for 

translation at any codon position, while those that are unable to form base-pairs prevented 

translation except, in most cases, when placed in the third position. Overall, it was concluded that, 

for the first and second codon position, at least a hydrogen bond between pyrimidine-N3 and purine-

N1 is necessary for efficient translation, while the third position is less restrictive. For those 

nucleosides which did allow for translation, the resulting peptides were analyzed by mass 

spectrometry to determine which nucleoside they are identified as by the ribosome. The result was 

that especially in the first two positions, the major product always resulted from the nucleoside 

being identified based on its pyrimidine-N3 and purine-N1. The results were similar in the third 

position, except that 2-aminopurine was read as G rather than A in the bacterial cells. One of the 

modifications, inosine, was studied in greater detail. It was demonstrated that the presence of 

inosine in place of guanosine in a codon significantly weakens the codon-anticodon interactions. 

Despite this, mRNA containing a single inosine was efficiently translated. The presence of multiple 

inosines had a noticeable effect on translation, as two inosines in the same codon completely 

prevented translation, while two inosines in different codons reduced the translation rate. 

3.5.2 Synthesis of remdesivir triphosphate 

The results of this chapter were published in: G. Kokic, H. S. Hillen, D. Tegunov, C. Dienemann, F. 

Seitz, J. Schmitzova, L. Farnung, A. Siewert, C. Höbartner, P. Cramer, Nat. Commun. 2021, 12, 279-

286. 

Remdesivir is a drug used against COVID-19. When it is introduced into cells, it is metabolized to 

remdesivir triphosphate (87), which can stall replication of viral RNA by the RdRp enzyme. In order to 

investigate the mechanism by which the stalling occurs, 87 was prepared by a two step procedure 

starting from nucleoside 85, which was first converted to remdesivir monophosphate (RMP, 86) with 

POCl3 and then after isolation converted to triphosphate 87 by activating the monophosphate with 

CDI, followed by reaction with bis(tributylammonium) pyrophosphate43. The original intention was to 

obtain 87 by the first reaction178, but only 86 was obtained, likely because the pyrophosphate was 

not dry enough, so the second reaction had to be done (Fig. 134).  
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Fig. 134: Synthesis of remdesivir triphosphate 80. 

Triphosphate 87 was then used in elongation experiments. In coronaviruses, the polymerase will stop 

after incorporating three additional nucleotides, which was confirmed by the experiments. It was 

also observed that higher concentrations of NTPs caused the full-length product to be formed, 

showing that remdesivir only stalls the elongation, but does not terminate it. In a parallel 

experiment, three complexes of RdRp and different RNA sequences, two of which contained RMP, 

were studied by cryogenic electron microscopy. In the first complex, RMP was located three 

nucleotides away from the triphosphate binding site, with two additional nucleotides after it. The 

binding site was free for the next triphosphate. In the second complex, three nucleotides were 

placed after RMP, yet RMP was again located at the same position, with the triphosphate binding site 

now being occupied by the nucleotide at the 3'-end. Therefore, binding of the next triphosphate was 

prevented. In a control complex, where adenosine was present in place of RMP, the adenosine was 

located four nucleotides away from the binding site, as expected, and the binding site free. It was 

concluded that the stalling of RdRp by remdesivir is caused by steric clash between the 1'-cyano 

group of remdesivir and a serine residue of the polymerase, which hinders passage of the RNA past 

the serine.  
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4 Summary 

EPR spectroscopy has become a useful method for detailed analyses of nucleic acid structures and 

dynamics. In order to measure EPR spectra, paramagnetic spin labels need to be incorporated into 

these nucleic acids. There is a particular need for rigid spin labels, because rigid labels enable more 

accurate distance determination by PELDOR spectroscopy. This thesis adds three new examples to 

the small number of rigid spin labels available thus far. 

Benzi-spin phosphoramidite 4 was successfully incorporated into oligonucleotide III by solid-phase 

synthesis. The ethyl groups proved useful here, as the synthesis could be done under standard 

conditions while leaving the nitroxide mostly intact. The same conditions are known to lead to 

reduction of nitroxides flanked by methyl groups146. The melting temperatures of duplexes 

containing benzi-spin are very similar when benzi-spin is paired with G, A, T, I or C. They are slightly 

higher when benzi-spin is opposite m6G or m6DAP compared to guanosine. The opposite effect was 

observed when CTEMPO was used instead of benzi-spin. This suggests that benzi-spin forms slightly 

more stable base-pairs with the methylated nucleosides, which was expected based on the behavior 

of the benzi nucleoside in primer extension163. Nevertheless, the differences are fairly small which 

speaks for benzi-spin being usable as a universal spin label. The EPR spectra support further this 

conclusion, as there is no significant difference in appearance depending on the opposing nucleoside 

for seven different nucleosides which were tested. The spectra resembled those recorded with 

Çm117, thus demonstrating benzi-spin’s rigidity and versatility. Therefore, benzi-spin is a promising 

tool for EPR spectroscopy on nucleic acids. Furthermore, upon irradiation of benzi-spin precursor 1a 

at a wavelength of 290 nm, photochemical dealkylation was observed.  

A synthetic route for the alloxazine-based spin label lumi-spin (2) was developed and the new 

paramagnetic nucleoside analog was fully characterized. Lumi-spin holds great promise to become a 

useful spin label especially for distance measurements due to its rigid scaffold, which is similar to the 

spin labels of the Ç family, which have been shown to be well suited for accurate distance and 

orientation determination by PELDOR spectroscopy. 

The ribonucleoside EÇr (3), a new spin label in the Ç family, was synthesized and confirmed by CW 

EPR spectroscopy. It was converted to triphosphate EÇrTP (55), which was then used for primer 

extension experiments with Therminator III DNA polymerase. First, the concentration dependence of 

the incorporation efficiency was determined by single-nucleotide primer extensions. These tests 

showed that a concentration of 1 µM is too low for efficient incorporation, while a high concentration 

like 100 µM leads to inhibition. At intermediate concentrations, incorporation was still less efficient 

compared to cytidine, but that was to be expected as EÇr is highly modified compared to C, so the 
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fact that it can be incorporated at all is a good result. After it had been shown that EÇrTP is accepted 

by Therminator polymerase, various primer extensions were performed with different templates and 

concentrations to achieve enzymatic incorporation of EÇrTP into short oligonucleotides. These 

results showed that in spite of the low efficiency of incorporation, full-length products can be 

obtained. EÇr can become an important member of the Ç family, which has already been successfully 

used in different experiments. The synthesis of EÇ118 was also begun, with the intention of generating 

its triphosphate EÇTP (69), to test its suitability for enzymatic incorporation.  

All of these three spin labels have the potential to become useful additions to the pool of rigid spin 

labels currently available and might contribute to making EPR spectroscopy a more widely used 

technique in the study of nucleic acids. 

In addition to the new spin labels, bezimidazole nucleoside 78 was prepared and converted into 

phosphoramidite 81, which was then incorporated into oligonucleotides. These oligonucleotides 

were modified with a 5'-phosphate to allow for ligation to a larger piece of RNA, to generate 

modified mRNA sequences with the benzimidazole nucleotide in different positions of a codon. 

These could then be used in translation experiments to investigate the effect of hydrogen bonding on 

the codon-anticodon interactions, where benzimidazole, with its inability to form hydrogen bonds to 

an opposing nucleobase, represented a valuable addition to the other modifications that were 

tested. 

Remdesivir triphosphate (RTP, 87) was prepared from nucleoside 85 with isolation of the 

intermediate, remdesivir monophosphate (86). RTP was then used to study the mechanism by which 

the antiviral drug remdesivir inhibits the RNA polymerase. Experiments with RTP were able to show 

that remdesivir likely only causes stalling of the RNA elongation, but not termination, because high 

concentrations of NTPs enabled the synthesis of full-length RNA product even in presence of RTP. 
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5 Experimental section 

5.1 Reagents and solvents 

Reagents were bought from various suppliers and used without further purification. 

Dry solvents were taken from a solvent purification system PS-MD-5/7-EN from Inert or bought in 

pure quality and stored over molecular sieves. 

Solvents for chromatography were bought in technical quality and distilled before use. 

Reactions were done under nitrogen atmosphere when necessary. 

5.2 Chromatography and analytics 

Thin layer chromatography was done on plates from Macherey-Nagel with silica gel 60 F254. 

Substances were detected under UV light (λ = 254 nm). 

Column chromatography was done using silica gel 60 (40-63 µm) from Macherey-Nagel. For samples 

containing a DMT group, NEt3 was added to the solvent mixture for packing the column and then 

washed out before loading the crude product mixture on the column. 

Benzi-spin triphosphate (55) was purified by ion exchange HPLC (0.1 M to 1 M TEAB buffer pH 7.5) on 

an ÄKTAprime plus HPLC system using a Sephadex column. 

NMR spectra were recorded on one of the following spectrometers: 

Bruker Avance 300, Bruker Avance III 300, Varian Mercury 300, Varian Mercury VX 300, Varian 

VNMRS 300, Bruker Avance III 400, Bruker Avance III HD 400, Bruker Avance III HD 500, Varian Inova 

500, Bruker Avance III HD 600 or Varian Inova 600.  

Samples for high temperature NMR measurements were measured in a high pressure NMR tube 

from Wilmad. 

As NMR solvents, deuterated chloroform, methanol, dimethyl sulfoxide or deuterium oxide were 

used. The solvent signals were used as references (CDCl3: 7.260/77.160 ppm, 

CD3OD: 3.310/49.000 ppm, DMSO-d6: 2.500/39.520 ppm, D2O: 4.790 ppm). For samples containing a 

DMT group, CDCl3 was filtered over aluminium oxide 90 basic before dissolving the sample. In case of 

a solvent mixture, the underlined solvent is used as the reference. Chemical shifts (δ) are given in 

ppm, coupling constants (J) are given in hertz (Hz). For easier assignment, COSY, HSQC, HMBC and, 

when necessary, NOESY spectra were recorded. 
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Mass spectra were recorded on a Bruker Daltonics micrOTOF spectrometer, using electrospray 

ionization (ESI) and a time of flight detector. Signals are given in m/z. For HPLC-MS measurements, it 

was used together with an Agilent 1100 HPLC equipped with a Phenomenex Synergi 4 µm Fusion-RP 

80 Å 2 x 25 mm column (Buffer A: 10 mM NH4OAc pH 5.4; Buffer B: MeCN, 25 °C), 0 % to 70 % B in A 

in 35 min. 

UV/VIS absorption spectra were recorded on a Cary 100 Bio UV-visible spectrophotometer from 

Varian at 25 °C in quartz cuvettes with a path length of 10 mm. Blank solvent spectra were recorded 

separately and manually subtracted from the sample spectra. 

Fluorescence spectra, including interval and 3D measurements, were recorded on an FP-8300 

Spectrofluorometer from Jasco at 25 °C. Photomultiplier tube voltage, response time as well as 

excitation and emission bandwidths were varied depending on the sample, to obtain acceptable peak 

intensities. Measurements with lumi-spin were done in quartz cuvettes with a light path of 

10 x 2 mm, measurements with benzi-spin precursor 1a were done in a 5 x 5 mm cuvette containing 

a stirring bar to ensure even distribution of the photoreaction product in the solution. Blank solvent 

spectra were recorded separately and manually subtracted from the sample spectra. 

5.3 Oligonucleotide synthesis and purification 

Phosphoramidites of canonical nucleosides (DMT-dA(bz) phosphoramidite, DMT-dC(bz) 

phosphoramidite, DMT-dC(ac) phosphoramidite, DMT-dG(dmf) phosphoramidite, DMT-dT 

phosphoramidite) were purchased from Sigma-Aldrich or SAFC. Controlled pore glass (CPG) beads 

(pore size 1000 Å, 25-35 µmol/g) were purchased from Sigma-Aldrich. MeCN was purchased in DNA 

synthesis quality (≥99.9 %) from Roth, DCE was purchased in synthesis quality (≥99 %) from Roth, 

DCM was purchased in gas chromatography quality from Merck. Freshly activated molecular sieves 

were added to all solutions of phosphoramidites and 5-ethylthio-(1H)-tetrazole (ETT) and the 

solutions stored at 4 °C. 

Unmodified oligonucleotides or oligonucleotides with a 5'-hexynyl modification were synthesized 

with an Applied Biosystems 392 DNA/RNA Synthesizer on a CPG support (20-30 mg). 70 mM solutions 

of phosphoramidites (100 mM for 2-Cyanoethyl-hex-5-yn-1-yl-N,N-diisopropylphosphoramidite (68)) 

in MeCN were used. Activation was done with 0.25 M ETT in MeCN. For detritylation, oxidation and 

capping, commercially available solutions for ABI synthesizers from J.T. Baker were used. Coupling 

time was 4 min. 

Modified oligonucleotides were synthesized with a Pharmacia LKB Gene Assembler Plus on a CPG 

support (20-30 mg). Phosphoramidites were used as 100 mM solutions in MeCN (for 
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m6G-phosphoramidite 38 DCE was used instead). Activation was done with 0.25 M ETT in MeCN, 

detritylation was done with 3 % dichloroacetic acid (DCA) in DCE. For oxidation 10 mM iodine in 

MeCN/2,4,6-trimethylpyridine/water (10/1/5) was used, for capping 0.5 M DMAP in MeCN and 

Ac2O/2,4,6-trimethylpyridine/MeCN (20/30/50) were used. Coupling time was 4 min for canonical 

phosphoramidites, 12 min for modified phosphoramidites. 

After completion of the synthesis the solid support was dried under reduced pressure. Then, the 

oligonucleotides were cleaved from the solid support and deprotected under different conditions. 

For most oligonucleotides, 1 ml 25 % aq. ammonia for 10-18 h at 55 °C or 1 ml of a mixture of 25 % 

aq. ammonia and EtOH (3:1) for 18 h at 55 °C was used. For D2681NHMe, 1 ml of a solution of 

MeNH2 in H2O/EtOH (1:1) for 10 h at 37 °C was used to achieve substitution of the methoxy group. 

For D2681, 1 ml 25 % aq. ammonia for 48 h at 37 °C was used to prevent substitution. 

After deprotection the solvent was removed under reduced pressure, the residue taken up in H2O 

(500 µl), the concentration determined with an IMPLEN Nanophotometer and the synthesis quality 

checked by ion-exchange HPLC on an ÄKTA Purifier equipped with a Dionex DNAPac PA200 

2 x 250 mm or 4 x 250 mm column (Buffer A: 25 mM Tris HCl, 6 M urea, pH 8.0; Buffer B: 25 mM Tris 

HCl, 6 M urea, 0.5 M NaClO4, pH 8.0; 60 °C), 0 % to 48 % B in A in 12 CV. 

20 % polyacrylamide gels for electrophoresis were prepared from a stock solution containing TBE 

buffer (89 mM Tris, 89 mM boric acid, 2 mM ethylenediaminetetraacetic acid (EDTA), pH 8.0), urea 

(7 M) and acrylamide/bisacrylamide 19:1 (20 %). 45 ml of the stock solution were mixed with a 

solution of ammonium peroxodisulfate (APS, 25 %, 125 µl) and N,N,N',N'-tetramethylene diamine 

(TEMED, 30 µl) and poured between two glass plates of a length of 30 cm separated by spacers to 

achieve a gel thickness of 0.7 mm. After 45 min, the gel was prerun for 30 min with constant power 

of 35 W (60 W for two gels) with TBE buffer. Samples were prepared by mixing solutions of crude 

oligonucleotides with an equal volume of loading buffer (TBE buffer with 50 mM EDTA, 80 % 

formamide, 0.025 % bromophenol blue, 0.025 % xylene cyanol). 

Portions of crude oligonucleotides mixed with loading buffer were loaded on a 20 % polyacrylamide 

gel. It was run with constant power of 35 W (60 W for two gels) with TBE buffer for 2.5 h. Bands were 

visualized by UV light on TLC plates with fluorescence indicator, cut, crushed by centrifugation 

(16400 rpm) and extracted twice with 300 µl TEN buffer (10 mM Tris HCl, 1 mM EDTA, 300 mM NaCl, 

pH 8.0), first for 1.5 h at 37 °C, then for 12 h at room temperature. 900 µl EtOH were added and the 

oligonucleotides precipitated by addition of 900 µl EtOH, freezing in liquid nitrogen and 

centrifugation (25 min, 4 °C, 16400 rpm). After removal of the supernatant, 75 µl 75 % EtOH were 

added to the precipitates and the samples subjected to centrifugation (10 min, 4 °C, 16400 rpm) 
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again. The supernatant was removed, the dry residue dissolved in 30 µl H2O, samples of the same 

oligonucleotide pooled, the concentration determined with an IMPLEN Nanophotometer and the 

purity checked by ion-exchange HPLC on an ÄKTA Purifier equipped with a Dionex DNAPac PA200 

2 x 250 mm or 4 x 250 mm column (Buffer A: 25 mM Tris HCl, 6 M urea, pH 8.0; Buffer B: 25 mM Tris 

HCl, 6 M urea, 0.5 M NaClO4, pH 8.0; 60 °C), 0 % to 48 % B in A in 12 CV. The identity of the 

oligonucleotides was confirmed by ESI-MS. 

5.4 Melting curves 

Melting curves were measured on a Cary 100 Bio UV-visible spectrophotometer from Varian 

equipped with a temperature controller. Samples were prepared in 500 µl phosphate buffer (10 mM 

phosphate, 150 mM NaCl, pH 7.4) to obtain a 1 µM oligonucleotide solution, filled in a quartz cuvette 

with a path length of 10 mm, and a layer of silicone oil placed on top to prevent evaporation. 

Samples were heated to 95 °C, then cooled to 10 °C and heated to 95 °C twice at a rate of 0.7 °C/min. 

Every 0.5 °C, the absorbance at 250 nm, 260 nm and 280 nm was measured. The measured data 

were analyzed with the software OriginPro. For each sample, the absorbance at 260 nm of four 

ramps was converted to the hyperchromicity (Hyp) according to the formula 

𝐻𝑦𝑝 = 100 ∙  
(𝐴 − 𝐴min)

𝐴min
 

where A is the absorbance and Amin is the lowest absorbance value. A ninth order polynomial was 

fitted to the data and the melting point determined as the maximum of the first derivative. The 

overall melting point for each sample was determined as the mean value of the melting 

temperatures of the four ramps. 

5.5 EPR spectroscopy 

EPR measurements at X-band (9.87 GHz) were carried out using a Bruker ELEXSYS E580 CW EPR 

spectrometer. CW EPR spectra were measured using 10 mW microwave power and 1 G field 

modulation at 100 kHz, with a conversion time of 20 ms at a temperature of 295 K. The spectral 

simulations were performed using MATLAB 8.6.0 and the EasySpin 5.2.25 toolbox186. Samples were 

dissolved in EPR buffer (10 mM Na2HPO4, 100 mM NaCl, 0.1 mM Na2EDTA, pH 7.0) and samples 

containing oligonucleotides heated to 95 °C for 2 min followed by cooling to 4 °C for annealing. 10 µl 

sample solution were taken up in a 10 µl glass capillary and the ends sealed with silicone grease. For 

the calibration curve different concentrations of TEMPOL (0.1 mM, 0.2 mM, 0.3 mM, 0.4 mM, 0.5 mM) 

were used. Samples were measured at a concentration of 0.2 mM. 
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5.6 Primer extension experiments 

A solution containing ThermoPol buffer, Therminator III polymerase and the template and primer 

strands was prepared and distributed into PCR tubes. Solutions of appropriate NTPs were added to 

give final concentrations of 1x ThermoPol buffer, 1 U/µl polymerase, 1.0 µM template strand and 

0.5 µM primer strand. The samples were placed in a T100 Thermal Cycler from Bio-Rad, annealed by 

heating to 90 °C for 3.5 min followed by 1 min at 45 °C. Then they were heated to 72 °C for different 

durations. Afterwards, the samples were put on ice and mixed with 10 µl loading buffer (TBE buffer 

with 50 mM EDTA and 80 % formamide).  

For analysis, a polyacrylamide gel was prepared from a stock solution containing TBE buffer (89 mM 

Tris, 89 mM boric acid, 2 mM ethylenediaminetetraacetic acid (EDTA), pH 8.0), urea (7 M) and 15 % 

acrylamide (20 % for single nucleotide extensions). 18 ml of the stock solution were mixed with a 

solution of APS (25 %, 40 µl) and TEMED (10 µl) and poured between two glass plates of a length of 

20 cm separated by spacers to achieve a gel thickness of 0.4 mm. After 45 min, the gel was prerun for 

30 min with constant power of 35 W with TBE buffer. 4 µl of the samples were then loaded on the gel 

and run for 45 min (1 h for 20 % gels) with constant power of 35 W with TBE buffer. 

Bands were visualized by fluorescence of the attached FAM label in a ChemiDoc MP Imager from Bio-

Rad. 

5.7 Synthesis procedures 

5.4.1 Synthesis of benzi-spin 

N-Benzylisoindoline (12) 

 

Phthalic anhydride (40.3 g, 272 mmol, 1.0 eq) was suspended in acetic acid (140 ml). Benzylamine 

(32 ml, 272 mmol, 1.0 eq) was added dropwise and the reaction mixture stirred for 3.5 h at 120 °C. 

The reaction mixture was then poured on ice, filtered and the residue washed with cold water. The 

crude product was recristallized from ethanol. The product was obtained as colorless crystals 

(49.47 g, 210 mmol, 77 %). The NMR data agree with literature data167. 

TLC (n-hexane/EtOAc 4:1): Rf = 0.45 
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1H-NMR (300 MHz, CDCl3): δ (ppm) = 4.85 (s, 2 H, 1'-H), 7.24-7.35 (m, 3 H, 4'-H, 5'-H, 6'-H), 7.42-7.45 
(m, 2 H, 3'-H, 7'-H), 7.69-7.72 (m, 2 H, 5-H, 6-H), 7.83-7.86 (m, 2 H, 4-H, 7-H). 
13C-NMR (75 MHz, CDCl3): δ (ppm) = 41.75 (C-1'), 123.48 (C-4, C-7), 127.95 (C-5’), 128.75, 128.81 
(C-3', C-4', C-6', C-7'), 132.26 (C-3a, C-7a), 134.11 (C-5, C-6), 136.49 (C-2'), 168.17 (C-1, C-3). 
 
HR-MS (ESI): calc. C15H11NNaO2 ([M+Na]+): 260.0682, found: 260.0678. 
 

N-Benzyl-1,1,3,3-tetraethylisoindoline (25) 

 

To a suspension of magnesium turnings (18.5 g, 760 mmol, 9.0 eq) in dry diethyl ether (80 ml) under 

inert atmosphere ethyl iodide (52 ml, 647 mmol, 7.7 eq ) was added slowly and the mixture stirred 

for 1 h at room temperature and 1.5 h at 40 °C. After cooling to room temperature, it was diluted 

with dry toluene (100 ml) and N-benzylphthalimide (20.0 g, 84.3 mmol, 1.0 eq) was added 

portionwise, part of the solvent distilled off, and the mixture stirred for 15 h at 130 °C. After cooling 

to room temperature, n-hexane was added and the resulting mixture stirred for 2 h under air. The 

mixture was filtered over aluminium oxide 90 basic and the solvent removed under reduced 

pressure. The crude product was purified by column chromatography (n-hexane to n-hexane/EtOAc 

3:1). The product was obtained as a colorless solid (10.2 g, 31.9 mmol, 38 %). The NMR data agree 

with literature data168. 

TLC (n-hexane): Rf = 0.64. 
 
1H-NMR (600 MHz, CDCl3): δ (ppm) = 0.76 (t, J = 8 Hz, 12 H, CH2-CH3), 1.53 (dq, J = 8.0 Hz, J = 8.0 Hz, 
4 H, CH2-CH3), 1.92 (dq, J = 8.0 Hz, J = 8.0 Hz, 4 H, CH2-CH3), 4.00 (s, 2 H, 1'-H), 7.03-7.06 (m, 2 H, 4-H, 
7-H), 7.18-7.21 (m, 2 H, 5-H, 6-H), 7.23-7.25 (m, 1 H, 5'-H), 7.27-7.31 (m, 2 H, 3'-H, 7'-H), 7.44-7.46 (m, 
2 H, 4'-H, 6'-H). 
13C-NMR (125 MHz, CDCl3): δ (ppm) = 9.74 (CH2-CH3), 30.48 (CH2-CH3), 46.87 (C-1'), 71.42 (C-1, C-3), 
123.56 (C-4, C-7), 125.72 (C-5, C-6), 126.66 (C-5'), 127.90 (C-3', C-7'), 129.40 (C-4', C-6'),  142.54 
(C-2'), 144.70 (C-3a, C-7a). 
 
HR-MS (ESI): calc. C23H32N ([M+H]+): 322.2457, found: 322.2518. 
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1,1,3,3-Tetraethylisoindoline (26) 

 

To a solution of N-benzyl-1,1,3,3-tetraethylisoindoline (4.33 g, 13.4 mmol, 1.0 eq) in acetic acid 

(25 ml) was added palladium (10 % on charcoal, 0.69 g, 0.67 mmol, 5 mol-%) and the mixture was 

stirred for 17 h at room temperature under hydrogen atmosphere. Afterwards, the mixture was 

filtered over Celite, the solvent was removed under reduced pressure, the residue neutralized with 

aq. NaOH and the aqueous phase extracted with EtOAc. The combined organic phases were dried 

over Na2SO4, filtered, and the solvent removed under reduced pressure. The product was obtained as 

a colorless solid (2.87 g, 12.4 mmol, 92 %) and used in the next step without further purification. The 

NMR data agree with literature data168. 

TLC (DCM/MeOH 98:2): Rf = 0.18. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 0.87 (t, J = 8.0 Hz, 12 H, CH2-CH3), 1.68 (dq, J = 8.0 Hz, J = 8.0 Hz,  
4 H, CH2-CH3), 1.72 (dq, J = 8.0 Hz, J = 8.0 Hz, 4 H, CH2-CH3), 7.06 (dd, J = 5.6 Hz, J = 3.1 Hz, 2 H, 4-H, 
7-H), 7.21 (dd, J = 5.6 Hz, J = 3.1 Hz, 2 H, 5-H, 6-H). 
13C-NMR (100 MHz, CDCl3): δ (ppm) = 9.06 (CH2-CH3), 33.91 (CH2-CH3), 68.41 (C-1, C-3), 122.59 (C-4, 
C-7), 126.64 (C-5, C-6), 147.61 (C-3a, C-7a). 
 
HR-MS (ESI): calc. C16H26N ([M+H]+): 232.2060, found: 232.2076. 
 

1,1,3,3-Tetraethyl-5-nitroisoindoline (27) 

 

1,1,3,3-Tetraethylisoidoline (2.87 g, 12.4 mmol, 1.0 eq) was dissolved in conc. H2SO4 (22 ml). Conc. 

HNO3 (6 ml) was added dropwise at 0 °C and the resulting mixture stirred for 1 h at 0 °C and 5 h at 

room temperature. It was then neutralized with aq. NaOH and extracted with EtOAc. The combined 

organic phases were dried over Na2SO4, filtered and the solvent removed under reduced pressure. 
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The crude product was purified by column chromatography (2 % MeOH in DCM). The product was 

obtained as a yellow oil (3.33 g, 12.1 mmol, 97 %). The NMR data agree with literature data168. 

TLC (DCM/MeOH 98:2): Rf = 0.66. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 0.87 (t, J = 7.6 Hz, 6 H, CH2-CH3), 0.89 (t, J = 7.6 Hz, 6 H, CH2-
CH3), 1.62-1.82 (m, 8 H, CH2-CH3), 7.18 (dd, J = 8.4 Hz, J = 0.4 Hz, 1 H, 7-H), 7.90 (dd, J = 2.1 Hz, 
J = 0.4 Hz, 1 H, 4-H) 8.11 (dd, J = 8.4 Hz, J = 2.1 Hz, 1 H, 6-H). 
13C-NMR (100 MHz, CDCl3): δ (ppm) = 8.91, 8.92 (CH2-CH3), 33.76, 33.79 (CH2-CH3), 68.44 (C-3), 68.76 
(C-1), 117.99 (C-4), 122.81 (C-6), 123.12 (C-7), 147.77 (C-5), 149.65 (C-7a), 155.37 (C-3a). 
 
HR-MS (ESI): calc. C16H25N2O2 ([M+H]+): 277.1911, found: 277.1922. 
 

1,1,1-Trimethylhydrazinium iodide (TMHI, 17) 

 

To a solution of 1,1-dimethylhydrazine (8.0 ml, 104 mmol, 1.0 Äq.) in THF (170 ml) methyl iodide 

(6.5 ml, 102 mmol, 1.0 Äq.) was added dropwise and the mixture stirred for 2 h at room 

temperature, filtered and the crude product recristallized from ethanol. The product was obtained as 

a colorless solid (18.4 g, 91.07 mmol, 88 %). 

TLC (DCM/MeOH 9:1): Rf = 0.34. 
 
1H-NMR (300 MHz, CD3OD): δ (ppm) = 3.39 (s, 9 H, Me). 
13C-NMR (125 MHz, CD3OD): δ (ppm) = 58.83 (Me). 
 

6-Amino-1,1,3,3-tetraethyl-5-nitroisoindoline (28) 

 

To a solution of 1,1,3,3-tetraeethyl-5-nitroisoindoline (2.01 g, 7.26 mmol, 1.0 eq) in dry DMF (32 ml) 

under inert atmosphere was added 1,1,1-trimethylhydrazinium iodide (1.79 g, 7.99 mmol, 1.1 eq). 

After a clear solution was obtained, KOtBu (2.04 g, 17.4 mmol, 2.4 eq) was added and the mixture 

stirred for 5 h at room temperature. It was then poured on ice, neutralized with conc. HCl, and 

extracted with EtOAc. The combined organic phases were dried over Na2SO4, filtered and the solvent 
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removed under reduced pressure. The crude product was purified by column chromatography (2 % 

MeOH in DCM). The product was obtained as an orange oil (1.04 g, 3.57 mmol, 49 %). 

TLC (DCM/MeOH 98:2): Rf = 0.11. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 0.87 (t, J = 7.4 Hz, 12 H, CH2-CH3), 1.58-1.75 (m, 8 H, CH2-CH3), 
6.04 (sbr, 2 H, NH2), 6.45 (s, 1 H, 7-H), 7.79 (s, 1 H, 4-H). 
13C-NMR (100 MHz, CDCl3): δ (ppm) = 8.92, 8.97 (CH2-CH3), 33.69, 33.84 (CH2-CH3), 67.64, (C-3), 68.42 
(C-1), 111.61 (C-7), 119.73 (C-4), 132.15 (C-6), 138.25 (C-7a), 144.63 (C-5), 157.72 (C-3a). 
 
HR-MS (ESI): calc. C16H26N3O2 ([M+H]+): 292.2020, found: 292.2012. 
 

5,6-Diamino-1,1,3,3-tetraethylisoindoline (29) 

 

To a solution of 6-amino-1,1,3,3-tetraethyl-5-nitroisoindoline (1.03 g, 3.53 mmol, 1.0 eq) in MeOH 

(50 ml) palladium (10 % on charcoal, 0.38 g, 0.36 mmol, 10 mol-%) was added and the mixture stirred 

for 15 h under hydrogen atmosphere. Then the mixture was filtered over Celite and the solvent 

removed under reduced pressure. The product was obtained as an light brown solid (0.86 g, 

3.27 mmol, 93 %) and used in the next step without further purification. 

TLC (DCM/MeOH 95:5): Rf = 0.31. 

1H-NMR (400 MHz, CDCl3): δ (ppm) = 0.86 (t, J = 7.6 Hz, 12 H, CH2-CH3), 1.57-1.75 (m, 8 H, CH2-CH3), 
6.40 (s, 2 H, 4-H, 7-H).  
13C-NMR (100 MHz, CDCl3): δ (ppm) = 9.12 (CH2-CH3), 33.87 (CH2-CH3), 68.04 (C-1, C-3), 110.84 (C-4, 
C-7), 133.87 (C-5, C-6), 139.33 (C-3a, C-7a). 
 
HR-MS (ESI): calc. C16H28N3 ([M+H]+): 262.2278, found: 262.2287. 
 

5,5,7,7-tetraethyl-3,5,6,7-tetrahydroimidazo[4,5-f]isoindol-2-one (30) 
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5,6-Diamino-1,1,3,3-tetraeethylisoindoline (501 mg, 1.92 mmol, 1.0 eq) and 1,1’-carbonyldiimidazole 

(582 mg, 3.44 mmol, 1.8 eq) were dissolved in dry MeCN (20 ml) under inert atmosphere and stirred 

for 17 h at room temperature. The precipitated product was collected by filtration and obtained as a 

light brown solid (352 mg, 1.35 mmol, 70 %). 

TLC (DCM/MeOH 9:1): Rf = 0.35. 
 
1H-NMR (400 MHz, CD3OD): δ (ppm) = 0.88 (t, J = 7.4 Hz, 12 H, CH2-CH3), 1.66-1.81 (m, 8 H, CH2-CH3), 
6.75 (s, 2 H, 4-H, 8-H).  
13C-NMR (100 MHz, CD3OD): δ (ppm) = 9.25 (CH2-CH3), 34.83 (CH2-CH3), 69.68 (C-5, C-7), 104.52 (C-4, 
C-8), 130.23 (C-3a, C-8a), 141.74 (C-4a, C-7a), 158.33 (C-2). 
 
HR-MS (ESI): calc. C17H26N3O ([M+H]+): 288.2070, found: 288.2065. 
 

1-N-(3',5'-Di-O-toluoyl-2'-deoxy-β-D-ribofuranosyl)-5,5,7,7-tetraethyl-3,5,6,7-tetrahydro-

imidazo[4,5-f]isoindol-2-one (31) 

 

5,5,7,7-tetraethyl-3,5,6,7-tetrahydroimidazo[4,5-f]isoindol-2-one (636 mg, 2.21 mmol, 1.1 eq.) was 

dissolved in dry THF (30 ml) under inert atmosphere. NaH (119 mg, 4.97 mmol, 2.5 eq.) was added at 

0 °C and the mixture stirred for 15 min. Afterwards, 1-chloro-3,5-di-O-toluoyl-2-deoxy-α-D-

ribofuranose (765 mg, 1.97 mmol, 1.0 eq.) was added and the mixture stirred for 3.5 h at 0 °C. Water 

was added, the mixture was extracted with EtOAc and the combined organic phases washed with 

brine, dried over Na2SO4, filtered and the solvent removed under reduced pressure. The crude 

product was purified by column chromatography (2 % to 5 % MeOH in DCM). The product was 

obtained as an off-white foam (333 mg, 0.52 mmol, 26 %). 

TLC (DCM/MeOH 95:5): Rf = 0.19. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 0.73-0.79 (m, 6 H, CH2-CH3), 0.81-0.87 (m, 6 H, CH2-CH3), 1.40-
1.54 (m, 6 H, CH2-CH3), 1.55-1.75 (m, 2 H, CH2-CH3), 2.38, 2.44 (2 x s, 6 H, Tol-Me), 2.52 (ddd, 
J = 14.2 Hz, J = 6.0 Hz, J = 2.0 Hz, 1 H, 2'-Ha), 3.28 (ddd, J = 14.1 Hz, J = 9.0 Hz, J = 7.0 Hz, 1 H, 2'-Hb), 
4.54-4.57 (m, 1 H, 4'-H), 4.63 (dd, J = 11.8 Hz, J = 5.6 Hz, 1 H, 5'-Ha), 4.74 (dd, J = 12.0 Hz, J = 4.4 Hz, 
1 H, 5'-Hb), 5.77 (ddd, J = 6.7 Hz, J = 2.2 Hz, J = 2.2 Hz, 1 H, 3'-H), 6.42 (dd, J = 9.0 Hz, J = 5.8 Hz, 1 H, 
1'-H), 6.79 (s, 1 H, 4-H), 6.87 (s, 1 H, 8-H), 7.20 (d, J = 8.0 Hz, 2 H, Tol-CH), 7.28 (d, J = 7.9 Hz, 2 H, 
Tol-CH), 7.94 (d, J = 8.2 Hz, 2 H, Tol-CH), 7.99 (d, J = 8.2 Hz, 2 H, Tol-CH). 
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13C-NMR (100 MHz, CDCl3): δ (ppm) = 9.06 (CH2-CH3), 21.82 (Tol-Me), 33.89 (CH2-CH3), 34.47 (C-2'), 
64.79 (C-5'), 68.35 (C-5, C-7), 75.00 (C-3'), 81.51 (C-4'), 83.25 (C-1'), 103.97 (C-8), 104.16 (C-4), 
126.74, 127.07 (i-Tol), 127.32 (C-8a), 127.65 (C-3a), 129.35, 129.38, 129.90, 129.98 (Tol-CH), 141.39 
(C-4a), 141.87 (C-7a), 144.08, 144.49 (p-Tol), 154.98 (C-2), 166.23, 166.44 (Tol-CO). 
 
HR-MS (ESI): calc. C38H46N3O6 ([M+H]+): 640.3381, found: 640.3329. 
 

1-N-(2'-Deoxy-β-D-ribofuranosyl)-5,5,7,7-tetraethyl-3,5,6,7-tetrahydroimidazo[4,5-f] 

isoindol-2-one (1a)  

 

1-N-(3',5'-Di-O-toluoyl-2'-deoxy-β-D-ribofuranosyl)-5,5,7,7-tetraethyl-3,5,6,7-tetrahydroimidazo 

[4,5-f]isoindol-2-one (50 mg, 0.08 mmol, 1.0 eq.) was dissolved in dry MeOH (2 ml). NaOMe (28 mg, 

0.52 mmol, 6.7 eq.) was added and the mixture stirred for 15 h at room temperature. Dowex-H+ 

(142 mg) was washed with MeOH and MeOH/H2O (1:1) and added to the reaction mixture. After 1 h 

the mixture was filtered, the Dowex washed with MeOH and MeOH/H2O (1:1) and the solvent 

removed under reduced pressure. The product was obtained as an off-white foam (40 mg, quant.). 

1H-NMR (400 MHz, CD3OD): δ (ppm) = 0.99-1.06 (m, 12 H, CH2-CH3), 2.01-2.18 (m, 9 H, CH2-CH3, 
2'-Ha), 2.73 (dq, J = 8.9 Hz, J = 6.6 Hz, 1 H, 2'-Hb), 3.81 (d, J = 3.0 Hz, 2 H, 5'-H), 3.96 (q, J = 3.2 Hz, 1 H, 
4'-H), 4.55-4.95 (m, 1 H, 3'-H), 6.33 (dd, J = 8.8 Hz, J = 6.0 Hz, 1 H, 1'-H), 6.95 (s, 1 H, 4-H), 7.65 (s, 1 H, 
8-H). 
13C-NMR (100 MHz, CD3OD): δ (ppm) = 8.67 (CH2-CH3), 31.55, 31.66, 31.87, 31.99 (CH2-CH3), 38.37, 
(C-2'), 62.94 (C-5'), 72.45 (C-3'), 76.18 (C-5), 76.29 (C-7), 84.27 (C-1'), 88.47 (C-4'), 105.19 (C-4), 
107.38 (C-8), 130.31 (C-3a), 130.50 (C-8a), 135.08 (C-4a), 135.41 (C-7a), 155.99 (C-2). 
  
HR-MS (ESI): calc. C22H34N3O4 ([M+H]+): 404.2544, found: 404.2533. 
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1-N-(3',5'-Di-O-toluoyl-2'-deoxy-β-D-ribofuranosyl)-5,5,7,7-tetraethyl-6-oxyl-3,5,6,7-tetra-

hydroimidazo[4,5-f]isoindol-2-one (35) 

 

1-N-(3',5'-Di-O-toluoyl-2'-deoxy-β-D-ribofuranosyl)-5,5,7,7-tetraethyl-3,5,6,7-tetrahydroimidazo[4,5-

f]isoindol-2-one (100 mg, 0.16 mmol, 1.0 eq.) was dissolved in dry DCM (8 ml) under inert 

atmosphere. mCPBA (53 mg, 0.23 mmol, 1.4 eq.) was added at 0 °C and the mixture stirred for 0.5 h 

at 0 °C and 5 h at room temperature. The mixture was then washed with sat. aq. NaHCO3 and brine, 

the combined aqueous phases extracted with DCM and the combined organic phases dried over 

Na2SO4, filtered and the solvent removed under reduced pressure. The crude product was purified by 

column chromatography (2 % MeOH in DCM). The product was obtained as a yellow foam (91 mg, 

0.14 mmol, 89 %). 

TLC (DCM/MeOH 98:2): Rf = 0.21. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 0.88 (sbr), 1.27 (sbr), 2.43 (s), 2.47 (s), 2.59 (sbr), 3.33 (sbr), 4.61 
(sbr), 4.59-4.81 (m), 5.83 (sbr), 6.46 (sbr), 7.32 (sbr), 8.02 (sbr). 
13C-NMR (100 MHz, CDCl3): δ (ppm) = 21.85, 34.61, 64.63, 74.90, 81.66, 83.35, 126.58, 129.37, 
129.66, 129.94, 130.22, 144.52, 166.15. 
  
HR-MS (ESI): calc. C38H44N3NaO7 ([M+Na]+): 677.3071, found: 677.3065. 
 

1-N-(2'-Deoxy-β-D-ribofuranosyl)-5,5,7,7-tetraethyl-6-oxyl-3,5,6,7-tetrahydroimidazo 

[4,5-f]isoindol-2-one (1) 
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1-N-(3',5'-Di-O-toluoyl-2'-deoxy-β-D-ribofuranosyl)-5,5,7,7-tetraethyl-6-oxyl-3,5,6,7-tetrahydro-

imidazo[4,5-f]isoindol-2-one (91 mg, 0.14 mmol, 1.0 eq.) was dissolved in dry MeOH (3 ml). NaOMe 

(39 mg, 0.72 mmol, 5.2 eq.) was added and the mixture stirred for 5 h at room temperature. 

Additional NaOMe (7.6 mg, 0.14 mmol, 1.0 eq.) was added and the mixture stirred for 0.5 h. Dowex-

H+ (255 mg) was washed with MeOH and MeOH/H2O (1:1) and added to the reaction mixture. After 1 

h the mixture was filtered, the Dowex washed with MeOH and MeOH/H2O (1:1) and the solvent 

removed under reduced pressure. The product was obtained as a yellow foam (55 mg, 0.13 mmol, 

94 %). 

1H-NMR (400 MHz, CD3OD): δ (ppm) = 0.89 (sbr), 1.28 (sbr), 2.40 (sbr), 2.81 (sbr), 3.81 (sbr), 3.95 (sbr), 
4.22 (sbr), 4.57 (sbr), 6.33 (sbr), 7.55 (sbr), 7.88 (sbr). 
13C-NMR (100 MHz, CD3OD): δ (ppm) = 38.22, 63.19, 72.48, 84.18, 88.34, 130.55, 130.93, 153.21, 
155.92. 
  
HR-MS (ESI): calc. C22H32N3NaO5 ([M+Na]+): 441.2234, found: 441.2222. 
 

1-N-(5'-O-(4,4'-Dimethoxytrityl)-2'-deoxy-β-D-ribofuranosyl)-5,5,7,7-tetraethyl-6-oxyl-

3,5,6,7-tetrahydroimidazo[4,5-f]isoindol-2-one (36) 

 

 

1-N-(2'-Deoxy-β-D-ribofuranosyl)-5,5,7,7-tetraethyl-6-oxyl-3,5,6,7-tetrahydroimidazo[4,5-f]isoindol-2-

one (145 mg, 0.35 mmol, 1.0 eq.) was dissolved in dry pyridine (6.5 ml) under inert atmosphere. 

DMT-Cl (166 mg, 0.50 mmol, 1.4 eq.) was added portionwise over 1 h and the mixture stirred for 5 h 

at room temperature, after which the solvent was removed under reduced pressure. The crude 

product was purified by column chromatography (2 % to 5% to 10% MeOH in DCM).  The product 

was obtained as a yellow foam (145 mg, 0.20 mmol, 58 %). 

TLC (DCM/MeOH 95:5): Rf = 0.26. 
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1H-NMR (400 MHz, CDCl3): δ (ppm) = 1.28 (sbr), 2.41 (sbr), 2.98 (sbr), 3.33 (sbr), 3.56 (sbr), 3.79 (sbr), 4.06 
(sbr), 4.70 (sbr), 6.36 (sbr), 6.82 (sbr), 7.33 (sbr), 7.45 (sbr), 7.97 (sbr). 
13C-NMR (100 MHz, CDCl3): δ (ppm) = 36.30, 55.03, 64.05, 72.48, 81.77, 84.00, 86.12, 113.03, 126.74, 
127.74, 127.88, 129.80, 135.35, 144.10, 158.24. 
  
HR-MS (ESI): calc. C43H50N3NaO7 ([M+Na]+): 743.3541, found: 743.3529. 
 

1-N-(5'-O-(4,4'-Dimethoxytrityl)-3'-O-(O-β-cyanoethyl-N,N-diisopropylphosphoramidite)-2'-

deoxy-β-D-ribofuranosyl)-5,5,7,7-tetraethyl-6-oxyl-3,5,6,7-tetrahydroimidazo[4,5-f] 

isoindol-2-one (37) 

 

1-N-(5'-O-(4,4'-Dimethoxytrityl)-2'-deoxy-β-D-ribofuranosyl)-5,5,7,7-tetraethyl-6-oxyl-3,5,6,7-tetra-

hydroimidazo[4,5-f]isoindol-2-one (179 mg, 0.25 mmol, 1.0 eq.) was dissolved in dry DCM (8 ml) 

under inert atmosphere and cooled to 0 °C. DIPEA (141 mg, 1.11 mmol, 4.5 eq.) and CEP-Cl (70 mg, 

0.30 mmol, 1.2 eq.) were added and the mixture stirred for 2 h at 0 °C, after which the solvent was 

removed under reduced pressure. The crude product was purified by column chromatography (0 %  

to 10 % EtOAc in DCM + 1 % NEt3).  The product was obtained as a yellow oil (73 mg, 0.08 mmol, 

32 %). 

TLC (DCM/EtOAc 9:1 + 1 % NEt3): Rf = 0.22. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 0.88 (sbr), 1.12 (sbr), 1.20 (sbr), 1.46 (sbr), 1.87 (sbr), 2.45 (sbr), 2.62 
(sbr), 3.09 (sbr), 3.37 (sbr), 3.66 (sbr), 3.95 (sbr), 4.77 (sbr), 5.61 (sbr), 6.33 (sbr), 6.80 (sbr), 7.21 (sbr), 7.34 
(sbr), 7.44 (sbr). 
31P-NMR (162 MHz, CDCl3): δ (ppm) = 148.73, 149.01. 
  
HR-MS (ESI): calc. C52H67N5NaO8P ([M+Na]+): 943.4619, found: 943.4610. 
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5.4.2 Synthesis of lumi-spin 

 (Initial steps see 5.4.1) 

7,7,9,9-Tetraethyl-7,8,9,11-tetrahydroisoindolo[5,6-g]pteridin-2,4-dione (49) 

 

5,6-Diamino-1,1,3,3-tetraethylisoindoline (501 mg, 1.92 mmol, 1.0 eq) was dissolved in HOAc (26 ml) 

under inert atmosphere and boric acid (187 mg, 3.07 mmol, 1.6 eq) and alloxane hydrate (307 mg, 

1.92 mmol, 1.0 eq) were added. After the mixture had been stirred for 2.5 h at room temperature 

the solvent was removed under reduced pressure. The crude product was purified by column 

chromatography (2% to 10% MeOH in DCM). The product still contained a significant amount of 

acetic acid but was used in the next step without further purification. 

TLC (DCM/MeOH 9:1): Rf = 0.12. 
 
1H-NMR (400 MHz, CD3OD): δ (ppm) = 0.94-0.99 (m, 12 H, CH2-CH3), 1.81-1.95 (m, 8 H, CH2-CH3), 
7.70, 7.92 (2 x s, 2 H, 6-H, 10-H). 
13C-NMR (100 MHz, CD3OD): δ (ppm) = 9.09 (CH2-CH3), 34.42 (CH2-CH3), 69.97, 70.34 (C-7, C-9), 
121.65, 124.20 (C-6, C-10), 141.03, 144.94 (C-5a, C-10a), 151.52, 156.81 (C-6a, C-9a), 130.88, 147.64, 
151.92, 162.91 (C-2, C-4, C-4a, C-11a). 
 
HR-MS (ESI): calc. C20H26N5O2 ([M+H]+): 368.2081, found: 368.2071. 
 

1-N-(2',3',5'-Tri-O-benzoyl-β-D-ribofuranosyl)-7,7,9,9-tetraethyl-7,8,9,11-

tetrahydroisoindolo[5,6-g]pteridin-2,4-dione (50) 
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Under inert atmosphere 7,7,9,9-tetraethyl-7,8,9,11-tetrahydroisoindolo[5,6-g]pteridin-2,4-dione 

(506 mg, 1.62 mmol, 1.0 eq) was dissolved in dry MeCN (64 ml). N,O-Bis(trimethylsilyl)acetamide 

(1.7 ml, 6.9 mmol, 4.3 eq) was added and the mixture stirred for 1 h at 50 °C. After cooling to room 

temperature, 1-O-acetyl-2,3,5-tri-O-benzoyl-β-D-ribofuranose (973 mg, 1.93 mmol, 1.2 eq) and 

trimethylsilyl trifluoromethanesulfonate (0.6 ml, 3.7 mmol, 2.3 eq) were added and the mixture 

stirred for 5 h at 80 °C. After cooling to room temperature, the mixture was poured into sat. aq. 

NaHCO3, the organic phase washed with brine and the aqueous phases extracted with EtOAc. The 

combined organic phases were dried over Na2SO4, filtered and the solvent removed under reduced 

pressure. The crude product was purified by column chromatography (2% to 5% MeOH in DCM). 

Mixed fractions were purified again (DCM/MeOH 98:2) to obtain the product as a yellow foam 

(599 mg, 0.74 mmol, 39 % over 2 steps). 

TLC (DCM/MeOH 95:5): Rf = 0.36. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 0.87-0.99 (m, 12 H, CH2-CH3), 1.72-1.93 (m, 8 H, CH2-CH3), 4.58-
4.68 (m, 1 H, 5'-Ha), 4.79-4.86 (m, 2 H, 4'-H, 5'-Hb), 7.84, 8.09 (2 x s, 2 H, 6-H, 10-H). 
13C-NMR (100 MHz, CDCl3): δ (ppm) = 9.88 (CH2-CH3), 33.77, 34.16 (CH2-CH3), 63.70 (C-5'), 128.29, 
128.55, 128.61, 129.74, 129.94 (Bz-CH), 133.19, 133.61, 133.74 (i-Bz), 140.24, 142.38 (C-6a, C-9a), 
158.94 (C-5a, C-10a), 165.43, 165.73, 166.37 (Bz-CO). 
 
HR-MS (ESI): calc. C46H45N5NaO9 ([M+Na]+): 834.3115, found: 834.3099. 
 

1-N-β-D-Ribofuranosyl-7,7,9,9-tetraethyl-7,8,9,11-tetrahydroisoindolo[5,6-g]pteridin-2,4-

dione (51) 

 

1-N-(2',3',5'-Tri-O-benzoyl-β-D-ribofuranosyl)-7,7,9,9-tetraethyl-7,8,9,11-tetrahydroisoindolo[5,6-

g]pteridin-2,4-dione (200 mg, 0.25 mmol, 1.0 eq) and NaOMe (83 mg, 1.53 mmol, 6.2 eq) were 

dissolved in MeOH (20 ml) and stirred for 16 h at room temperature. Dowex-H+ (508 mg) was washed 

with MeOH and MeOH/water (1:1) and added to the reaction mixture. After 1 h the Dowex was 

filtered off, washed with MeOH and MeOH/water (1:1) and the solvent removed under reduced 
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pressure. The product was obtained as a yellow solid (153 mg, quant.) and used for the next step 

without further purification. 

TLC (DCM/MeOH 9:1): Rf = 0.21. 
 
1H-NMR (400 MHz, CD3OD): δ (ppm) = 1.01 (t, J = 7.4 Hz, 12 H, CH2-CH3), 1.91-2.04 (m, 8 H, CH2-CH3), 
3.75 (dd, J = 12.0 Hz, J = 5.5 Hz, 1 H, 5'-Ha), 3.89 (dd, J = 12 Hz, J = 2.9 Hz, 1 H, 5'-Hb), 3.98 (ddd, 
J = 6.8 Hz, J = 5.5 Hz, J = 2.9 Hz, 1 H, 4'-H), 4.69 (sbr, 1 H, 3'-H), 4.91-4.93 (m, 1 H, 2'-H), 6.96 (sbr, 1 H, 
1'-H), 7.84 (s, 1 H, 10-H), 8.01 (s, 1 H, 6-H). 
13C-NMR (100 MHz, CD3OD): δ (ppm) = 8.99 (CH2-CH3), 33.88 (CH2-CH3), 63.51 (C-5'), 71.13 (C-7), 
71.48 (C-9), 71.23 (C-3'), 73.22 (C-2'), 85.60 (C-4'), 90.86 (C-1'), 122.14 (C-10), 124.40 (C-6), 140.15 
(C-10a), 143.64 (C-5a), 150.84 (C-9a), 155.60 (C-6a), 131.59, 147.16, 151.15, 161.79 (C-2, C-4, C-4a, 
C-11a). 
 
HR-MS (ESI): calc. C25H34N5O6 ([M+H]+): 500.2504, found: 500.2495. 
 

1-N-(2',3',5'-Tri-O-benzoyl-β-D-ribofuranosyl)-7,7,9,9-tetraethyl-8-oxyl-7,8,9,11-

tetrahydroisoindolo[5,6-g]pteridin-2,4-dione (54) 

 

1-N-(2',3',5'-Tri-O-benzoyl-β-D-ribofuranosyl)-7,7,9,9-tetraethyl-7,8,9,11-tetrahydroisoindolo[5,6-

g]pteridin-2,4-dione (399 mg, 0.49 mmol, 1.0 eq) was dissolved in dry DCM (26 ml) under inert 

atmosphere. mCPBA (169 mg, 0.74 mmol, 1.5 eq.) was added at 0 °C and the mixture stirred for 0.5 h 

at 0 °C and 5 h at room temperature. The mixture was then washed with sat. aq. NaHCO3 and brine, 

the combined aqueous phases extracted with DCM and the combined organic phases dried over 

Na2SO4, filtered and the solvent removed under reduced pressure. The crude product was purified by 

column chromatography (DCM/MeOH 98:2). The product was obtained as an orange solid (313 mg, 

0.38 mmol, 77 %). 

TLC (DCM/MeOH 98:2): Rf = 0.18. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 0.84 (sbr), 4.56-4.75 (m), 6.52 (sbr), 7.19 (sbr), 7.39 (sbr), 7.58 (sbr), 
7.96 (sbr), 8.01 (sbr). 
13C-NMR (100 MHz, CDCl3): δ (ppm) = 63.34, 121.38, 127.98, 128.25, 128.35, 128.44, 128.60, 128.68, 
129.50, 129.60, 129.63, 132.91, 33.37, 133.521 165.16, 165.45, 166.02.  
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HR-MS (ESI): calc. C46H44N5NaO10 ([M+Na]+): 849.2980, found: 849.2978. 
 

1-N-β-D-Ribofuranosyl-7,7,9,9-tetraethyl-8-oxyl-7,8,9,11-tetrahydroisoindolo[5,6-

g]pteridin-2,4-dione (2) 

 

1-N-(2',3',5'-Tri-O-benzoyl-β-D-ribofuranosyl)-7,7,9,9-tetraethyl-8-oxyl-7,8,9,11-tetrahydro-

isoindolo[5,6-g]pteridin-2,4-dione (293 mg, 0.36 mmol, 1.0 eq) and NaOMe (200 mg, 3.69 mmol, 

10 eq) were dissolved in MeOH (50 ml) and stirred for 6 h at room temperature. Dowex-H+ (761 mg) 

was washed with MeOH and MeOH/water (1:1) and added to the reaction mixture. After 1 h the 

Dowex was filtered off, washed with MeOH and MeOH/water (1:1) and the solvent removed under 

reduced pressure. The product was obtained as an orange-brown solid (277 mg, quant.). 

TLC (DCM/MeOH 9:1): Rf = 0.11. 
 
1H-NMR (400 MHz, CD3OD): δ (ppm) = 0.88 (sbr), 3.76 (sbr), 3.90 (sbr), 3.98 (sbr), 4.72 (sbr), 6.97 (sbr). 
13C-NMR (100 MHz, CD3OD): δ (ppm) = 63.42, 71.13, 73.24, 85.55.  
 
HR-MS (ESI): calc. C25H32N5NaO7 ([M+Na]+): 537.2194, found: 537.2181. 
 

5.4.3 Synthesis of EÇr 

 (Initial steps see 5.4.1) 

5-Amino-1,1,3,3-tetraethylisoindoline (60) 
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To a solution of 1,1,3,3-tetraethyl-5-nitroisoindoline (3.33 g, 12.0 mmol, 1.0 eq) in MeOH (150 ml) 

palladium (10 % on charcoal, 1.27 g, 1.20 mmol, 10 mol-%) was added and the mixture stirred for 

16 h under hydrogen atmosphere. Then the mixture was filtered over Celite and the solvent removed 

under reduced pressure. The product was used in the next step without further purification. The 

product was obtained as a yellow oil (2.43 g, 9.87 mmol, 82 %). The NMR data agree with literature 

data168. 

TLC (DCM/MeOH 95:5 + 1% NEt3): Rf = 0.42. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 0.85, 0.86 (2 x t, J = 7.4 Hz, 12 H, CH2-CH3), 1.57-1.75 (m, 8 H, 
CH2-CH3), 6.39 (dd, J = 2.2 Hz, J = 0.4 Hz, 1 H, 4-H), 6.56 (dd, J = 8.0 Hz, J = 2.3 Hz, 1 H, 6-H), 6.84 (dd, 
J = 8.0 Hz, J = 0.4 Hz,  1 H, 7-H).  
13C-NMR (100 MHz, CDCl3): δ (ppm) = 9.06, 9.09 (CH2-CH3), 33.79, 33.92 (CH2-CH3), 68.02 (C-1), 68.08 
(C-3), 109.33 (C-4), 114.28 (C-6), 123.18 (C-7), 138.11 (C-3a), 145.27 (C-5), 148.92 (C-7a). 
 
HR-MS (ESI): calc. C16H27N2 ([M+H]+): 247.2196, found: 247.2193. 
 

1,1,3,3-Tetraethyl-5-hydroxyisoindoline (61) 

 

5-Amino-1,1,3,3-tetraethyl-isoindoline (312 mg, 1.27 mmol, 1.0 eq) was dissolved in H2SO4 (35 %, 

10 ml) and cooled to -10 °C. A solution of NaNO2 (134 mg, 1.95 mmol, 1.5 eq.) in H2O (10 ml) was 

added slowly and the mixture stirred for 2 h at -10 °C. Urea (21.3 mg, 0.35 mmol, 0.3 eq) was added 

and the mixture stirred for 10 min at -10 °C and 4 h at 120 °C. Then the mixture was cooled to 0 °C 

and neutralized with aq. NaOH. The mixture was filtered and the filtrate extracted with DCM/MeOH 

(3:2 and 4:1). The combined organic phases were dried over Na2SO4, filtered and the solvent 

removed under reduced pressure. The crude product was purified by column chromatography 

(DCM/MeOH 95:5 + 1% NEt3). The product was obtained as a red solid (317 mg, 1.22 mmol, 96 %). 

TLC (DCM/MeOH 95:5 + 1% NEt3): Rf = 0.43. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 0.86, 0.86 (2 x t, J = 7.4 Hz, 12 H, CH2-CH3), 1.60-1.77 (m, 8 H, 
CH2-CH3), 6.53 (d, J = 2.3 Hz, 1 H, 4-H), 6.69 (dd, J = 8.2 Hz, J = 2.4 Hz, 1 H, 6-H), 6.90 (dd, J = 8.1 Hz,  
1 H, 7-H).  
13C-NMR (100 MHz, CDCl3): δ (ppm) = 9.02, 9.06 (CH2-CH3), 33.73, 33.84 (CH2-CH3), 68.19 (C-1), 68.49 
(C-3), 109.53 (C-4), 114.13 (C-6), 123.37 (C-7), 139.60 (C-3a), 149.29 (C-7a), 155.00 (C-5). 
 
HR-MS (ESI): calc. C16H26NO ([M+H]+): 248.2009, found: 248.2041. 
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1,1,3,3-Tetraethyl-5-hydroxy-6-nitroisoindoline (62) 

 

1,1,3,3-Tetraeethyl-5-hydroxyisoindoline (2.33 g, 9.43 mmol, 1.0 eq) was cooled to 0 °C when cold 

aq. HNO3 (54 ml) was added and the mixture stirred for 8 h at 0 °C. It was neutralized with aq. NaOH 

and filtered. The filtrate was concentrated under reduced pressure, while the precipitate was filtered 

multiple times and washed with MeOH. The crude product was purified by column chromatography 

(DCM). The mixture of isomers was purified again by column chromatography (n-hexane/EtOAc 10:1 

to 2:1). The product was obtained as a yellow solid (805 mg, 2.75 mmol, 29 %). The NMR data agree 

with literature data118. 

TLC (DCM): Rf = 0.52. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 0.89 (t, J = 7.4 Hz, 12 H, CH2-CH3), 1.60-1.79 (m, 8 H, CH2-CH3), 
6.82 (s, 1 H, 7-H) 7.77 (s, 1 H, 4-H). 
13C-NMR (100 MHz, CDCl3): δ (ppm) = 8.88, 8.93 (CH2-CH3), 33.64, 33.82 (CH2-CH3), 67.84 (C-3), 68.86 
(C-1), 113.15 (C-7), 118.62 (C-4), 133.05 (C-6), 140.82 (C-7a), 155.19 (C-5), 159.78 (C-3a). 
 
HR-MS (ESI): calc. C16H25N2O3 ([M+H]+): 293.1860, found: 293.1853. 
 

6-Amino-1,1,3,3-tetraethyl-5-hydroxyisoindoline (58) 

 

To a solution of 1,1,3,3-tetraethyl-5-hydroxy-6-nitroisoindoline (2.90 g, 9.92 mmol, 1.0 eq) in MeOH 

(60 ml) palladium (10 % on charcoal, 527 mg, 0.50 mmol, 5 mol-%) was added and the mixture stirred 

for 19 h under hydrogen atmosphere. Then the mixture was filtered over Celite and the solvent 

removed under reduced pressure. The product was obtained as a greenish gray solid (2.54 g, 

9.68 mmol, 98 %) and used in the next step without further purification. 

TLC (EtOAc): Rf = 0.20. 
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1H-NMR (400 MHz, CD3OD + CDCl3): δ (ppm) = 0.99 (t, J = 7.3 Hz, 12 H, CH2-CH3), 1.93-2.13 (m, 8 H, 
CH2-CH3), 6.76 (s, 1 H, 7-H) 7.14 (s, 1 H, 4-H). 
13C-NMR (125 MHz, CD3OD + CDCl3): δ (ppm) = 8.20 (CH2-CH3), 30.47, 30.59 (CH2-CH3), 75.51 (C-3), 
75.69 (C-1), 110.68 (C-7), 117.86 (C-4), 122.16 (C-6), 131.53 (C-7a), 140.44 (C-3a), 151.14 (C-5). 
 
HR-MS (ESI): calc. C16H27N2O ([M+H]+): 263.2118, found: 263.2123. 
 

2',3',5'-Tri-O-acetyluridine (63) 

 

Uridine (1.02 g, 4.18 mmol, 1.0 eq) was dissolved in pyridine (16 ml). DMAP (128 mg, 1.07 mmol, 

0.25 eq) and Ac2O (3.4 ml, 37 mmol, 9.0 eq) were added and the mixture stirred for 20 h at room 

temperature. Sat. aq. NaHCO3 was added and the solvent removed under reduced pressure, the 

residue taken up in DCM and washed with sat. aq. NaHCO3. The aqueous phase was extracted with 

DCM and the combined organic phases dried over Na2SO4, filtered and the solvent removed under 

reduced pressure. The crude product was purified by column chromatography (n-hexane/EtOAc 8:2) 

to yield the product (1.20 g, 3.25 mmol, 78 %) as a slightly orange foam. The NMR data agree with 

literature data187. 

TLC (DCM/MeOH 98:2): Rf = 0.21. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 2.10, 2.13, 2.14 (3 x s, 9 H, Ac), 4.31-4.38 (m, 3 H, 4'-H, 5'-H), 
5.32-5.34 (m, 2 H, 2'-H, 3'-H), 5.79 (dd, J = 8.2 Hz, J = 2.2 Hz, 1 H, 5-H), 6.04 (d, J = 5.0 Hz, 1 H, 1'-H), 
7.39 (d, J = 8.2 Hz, 1 H, 6-H), 9.05 (s, 1 H, NH). 
13C-NMR (100 MHz, CDCl3): δ (ppm) = 20.57, 20.66, 20.94 (Ac-CH3), 63.28 (C-5'), 70.31 (C-3'), 72.84 
(C-2'), 80.07 (C-4'), 87.56 (C-1'), 103.57 (C-5), 139.40 (C-6), 150.27 (C-2), 162.76 (C-4), 169.78, 169.80, 
170.27 (Ac-CO). 
 
HR-MS (ESI): calc. C15H18N2NaO9 ([M+Na]+): 393.0905, found: 393.0903. 
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2',3',5'-Tri-O-acetyl-5-bromouridine (64) 

 

2',3',5'-Tri-O-acetyluridine (10.0 g, 27.0 mmol, 1.0 eq) was dissolved in DCM (100 ml) under inert 

atmosphere. TMSOTf (2.7 ml, 14.9 mmol, 0.55 eq) was added dropwise and 1,3-dibromo-5,5-

dimethylhydantoin (4.25 g, 14.9 mmol, 0.55 eq) was added in small portions over 5 min and the 

mixture stirred for 7 h at 40 °C. After cooling to room temperature, sat. aq. NaHCO3 was added and 

the mixture stirred overnight. The phases were separated and the organic phase washed with sat. aq. 

NaHCO3 and H2O. The combined aqueous phases were extracted with EtOAc and CHCl3. The organic 

phases were combined and the solvent removed under reduced pressure. The residue was taken up 

in CHCl3 and washed with H2O. The combined aqueous phases were extracted with EtOAc, the 

organic phases combined and the solvent removed under reduced pressure. The product was 

obtained as an off-white foam (9.93 g, 22.1 mmol, 82 %). The NMR data agree with literature data188. 

TLC (DCM/MeOH 98:2): Rf = 0.49. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 2.11, 2.13, 2.22 (3 x s, 9 H, Ac), 4.32-4.42 (m, 3 H, 4'-H, 5'-H), 
5.31-5.34 (m, 2 H, 2'-H, 3'-H), 6.09 (dd, J = 3.4 Hz, J = 1.5 Hz, 1 H, 1'-H), 7.84 (s, 1 H, 6-H), 9.00 (s, 1 H, 
NH). 
13C-NMR (100 MHz, CDCl3): δ (ppm) = 20.55, 20.66, 21.08 (Ac-CH3), 63.08 (C-5'), 70.21 (C-3'), 73.24 
(C-2'), 80.41 (C-4'), 87.37 (C-1'), 98.07 (C-5), 138.65 (C-6), 149.56 (C-2), 158.53 (C-4), 169.74, 169.80, 
170.21 (Ac-CO). 
 
HR-MS (ESI): calc. C15H17BrN2NaO9 ([M+Na]+): 471.0010, found: 471.0009. 
 

1-N-(2',3',5'-Tri-O-acetyl-β-D-ribofuranosyl)-5-bromo-4-chloropyrimidin-2-one (57) 
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Under inert atmosphere 2',3',5'-tri-O-acetyl-5-bromouridine (2.28 g, 5.07 mmol, 1.0 eq) and 

triphenylphosphine (3.06 g, 11.7 mmol, 2.3 eq) were dissolved in DCM (30 ml) and CCl4 (26 ml) and 

the mixture stirred for 3 h at 45 °C. After cooling to room temperature, the solvent was removed 

under reduced pressure. The crude product was purified by column chromatography (5 % to 15 % 

EtOAc in DCM). The product was obtained as a white foam (1.58 g, 3.39 mmol, 67 %). 

TLC (DCM/EtOAc 9:1): Rf = 0.14. 
 
1H-NMR (400 MHz, CD3OD): δ (ppm) = 2.08, 2.10, 2.15 (3 x s, 9 H, Ac), 4.34-4.40 (m, 3 H, 4'-H, 5'-H), 
5.38-5.43 (m, 1 H, 3'-H), 5.49 (dd, J = 5.9 Hz, J = 4.8 Hz, 1 H, 2'-H),  5.94 (d, J = 4.8 Hz, 1 H, 1'-H), 8.05 
(s, 1 H, 6-H). 
13C-NMR (100 MHz, CD3OD): δ (ppm) = 20.34, 20.43, 20.90 (Ac-CH3), 64.01 (C-5'), 71.37 (C-3'), 74.43 
(C-2'), 81.43 (C-4'), 90.13 (C-1'), 97.92 (C-5), 141.62 (C-6), 151.32 (C-2), 161.19 (C-4), 171.28, 171.29, 
171.97 (Ac-CO). 
 
HR-MS (ESI): calc. C15H16BrClN2NaO8 ([M+Na]+): 488.9671, found: 488.6940. 
 

1-N-(2',3',5'-Tri-O-acetyl-β-D-ribofuranosyl)-5-bromo-4-((1,1,3,3-tetraethyl-6-

hydroxyisoindolin-5-yl)amino)pyrimidin-2-one (56) 

 

A solution of  6-amino-1,1,3,3-tetraethyl-5-hydroxyisoindoline (862 mg, 3.28 mmol, 1.0 eq), 2',3',5'-

tri-O-acetyl-5-bromo-4-chloropyrimidin-2-one (1.92 g, 4.10 mmol, 1.3 eq) and triethylamine (432 mg, 

4.26 mmol, 1.3 eq) in DCM (40 ml) under inert atmosphere was stirred for 16 h at room temperature. 

After cooling to room temperature, the solvent was removed under reduced pressure. The crude 

product was purified by column chromatography (0 % to 5 % MeOH in DCM). The product was 

obtained as a yellow foam (1.11 g, 1.60 mmol, 49 %). 

TLC (DCM/MeOH 10:1): Rf = 0.45. 
 
1H-NMR (400 MHz, CD3OD): δ (ppm) = 0.87-0.94 (m, 12 H, CH2-CH3), 1.71-1.89 (m, 8 H, CH2-CH3), 
2.08, 2.10, 2.15 (3 x s, 9 H, Ac), 4.37-4.42 (m, 3 H, 4'-H, 5'-H), 5.38-5.43 (m, 1 H, 3'-H), 5.52 (dd, J = 5.8 
Hz, J = 4.0 Hz, 1 H, 2'-H),  5.97 (d, J = 4.0 Hz, 1 H, 1'-H), 6.62 (s, 1 H, 7''-H), 8.11 (s, 1 H, 4''-H), 8.27 (s, 
1 H, 6-H). 
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13C-NMR (100 MHz, CD3OD): δ (ppm) = 8.64, 8.76, 9.22 (CH2-CH3), 21.11 (Ac-CH3), 31.55, 31.73 
(CH2-CH3), 63.83 (C-5'), 70.26 (C-3'), 76.02 (C-2'), 76.41, 77.01 (C-1'', C-3''), 82.63 (C-4'), 90.49 (C-1'), 
93.39 (C-5), 109.79 (C-7''), 117.00 (C-4''), 128.61 (C-6''), 137.08 (C-7a''), 137.11, 142.66 (C-6, C-3a''), 
149.79 (C-5''), 156.84, 159.01 (C-2, C-4), 172.21 (Ac-CO). 
 
HR-MS (ESI): calc. C31H42BrN4O9 ([M+H]+): 693.2130, found: 693.2108. 
 

3-N-(β-D-Ribofuranosyl)-7,7,9,9-tetraethyl-7,8,9,11-

tetrahydropyrimido[4',5':5,6][1,4]oxazino[2,3-f]isoindol-2-one (53) 

 

To a solution of  1-N-(2',3',5'-tri-O-acetyl-β-D-ribofuranosyl)-5-bromo-4-((1,1,3,3-tetraethyl-6-

hydroxyisoindolin-5-yl)amino)pyrimidin-2-one (2.07 g, 2.99 mmol, 1.0 eq) in EtOH (200 ml), KF 

(1.74 g, 29.4 mmol, 9.8 eq) was added and the mixture stirred for 9 d at 80 °C. After cooling to room 

temperature, the mixture was filtered and the solvent removed under reduced pressure. The crude 

product was purified by column chromatography (0 % to 100 % MeOH in DCM). A mixture of the 

product and an unidentified side-product was obtained (941 mg). 

TLC (DCM/MeOH 9:1): Rf = 0.06. 
 
1H-NMR (500 MHz, CD3OD): δ (ppm) = 0.85-0.91 (m, 12 H, CH2-CH3), 1.60-1.79 (m, 8 H, CH2-CH3), 3.76 
(dd, J = 9.9 Hz, J = 2.4 Hz, 1 H, 5'-Ha), 3.89 (dd, J = 9.8 Hz, J = 2.0 Hz, 1 H, 5'-Hb), 4.00-4.03 (m, 1 H, 
4'-H), 4.12-4.19 (m, 2 H, 2'-H, 3'-H), 5.86 (d, J = 3.0 Hz, 1 H, 1'-H), 6.52, 6.54 (2 x s, 2 H, 6-H, 10-H), 
7.77 (s, 1 H, 4-H). 
13C-NMR (125 MHz, CD3OD): δ (ppm) = 9.16, 9.18, 9.25 (CH2-CH3), 34.40, 34.41, 34.43, 34.46 
(CH2-CH3), 61.84 (C-5'), 70.81 (C-3'), 76.22 (C-2'), 69.59, 69.66 (C-7, C-9), 85.96 (C-4'), 91.69 (C-1'), 
110.74, 111.46 (C-6, C-10), 123.46 (C-4), 126.83 (C-5a, C-10a), 129.91 (C-4a), 143.66, 144.70 (C-6a, 
C-9a), 155.77, 156.85 (C-2, C-11a). 
 
HR-MS (ESI): calc. C25H35N4O6 ([M+H]+): 487.2551, found: 487.2553. 
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3-N-(2',3',5'-Tri-O-acetyl-β-D-ribofuranosyl)-7,7,9,9-tetraethyl-7,8,9,11-

tetrahydropyrimido[4',5':5,6][1,4]oxazino[2,3-f]isoindol-2-one (65) 

 

A solution of Ac2O (34.3 mg, 0.34 mmol, 3.4 eq), DMAP (1.4 mg, 0.01 mmol, 0.1 eq), NEt3 (38.4 mg, 

0.38 mmol, 3.8 eq) and the product mixture from the previous step containing 3-N-(β-D-

Ribofuranosyl)-7,7,9,9-tetraethyl-7,8,9,11-tetrahydropyrimido[4',5':5,6][1,4]oxazino[2,3-f]isoindol-

2(3H)-one (50 mg) in MeCN (10 ml) under inert atmosphere was stirred for 3 h at room temperature. 

The solvent was removed under reduced pressure and the crude product purified by column 

chromatography (DCM/MeOH 92.5:7.5). The product was obtained as a brown solid (23.3 mg, 0.04 

mmol). 

TLC (DCM/MeOH 92.5:7.5): Rf = 0.33. 
 
1H-NMR (600 MHz, CDCl3): δ (ppm) = 0.89-0.94 (m, 12 H, CH2-CH3), 1.75-1.86 (m, 8 H, CH2-CH3), 2.09, 
2.09, 2.21 (3 x s, 9 H, Ac),  4.33-4.49 (m, 3 H, 4'-H, 5'-H), 5.29 (dd, J = 3.6 Hz, J = 3.6 Hz, 1 H, 3'-H), 5.36 
(dd, J = 3.5 Hz, J = 3.1 Hz, 1 H, 2'-H), 6.01 (d, J = 3.0 Hz, 1 H, 1Z-H), 6.41, 7.14 (2 x s, 2 H, 6-H, 10-H), 
7.08 (s, 1 H, 4-H). 
13C-NMR (125 MHz, CDCl3): δ (ppm) = 8.91, 8.94, 8.95 (CH2-CH3), 20.64, 20.69, 21.06 (Ac-CH3), 32.79 
(CH2-CH3), 63.08 (C-5'), 69.97 (C-3'), 73.27 (C-2'), 70.63 (C-7, C-9), 79.51 (C-4'), 88.22 (C-1'), 109.48, 
112.93 (C-6, C-10), 119.63 (C-4), 125.95 (C-5a, C-10a), 128.55 (C-4a), 141.17, 142.22 (C-6a, C-9a), 
152.80, 154.10 (C-2, C-11a), 169.39, 169.57, 170.18 (Ac-CO). 
 
HR-MS (ESI): calc. C31H41N4O9 ([M+H]+): 613.2868, found: 613.2870. 
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3-N-(2',3',5'-Tri-O-acetyl-β-D-ribofuranosyl)-7,7,9,9-tetraethyl-8-oxyl-7,8,9,11-

tetrahydropyrimido[4',5':5,6][1,4]oxazino[2,3-f]isoindol-2-one (66) 

 

3-N-(2',3',5'-Tri-O-acetyl-β-D-ribofuranosyl)-7,7,9,9-tetraethyl-7,8,9,11-

tetrahydropyrimido[4',5':5,6][1,4]oxazino[2,3-f]isoindol-2(3H)-one (186 mg, 0.30 mmol, 1.0 eq) was 

dissolved in dry DCM (16 ml) under inert atmosphere. mCPBA (104 mg, 0.46 mmol, 1.5 eq.) was 

added at 0 °C and the mixture stirred for 0.5 h at 0 °C and 5 h at room temperature. The mixture was 

then washed with sat. aq. NaHCO3 and brine, the combined aqueous phases extracted with DCM and 

the combined organic phases dried over Na2SO4, filtered and the solvent removed under reduced 

pressure. The crude product was purified by column chromatography (DCM/MeOH 92.5:7.5). The 

product was obtained as a yellow solid (141 mg, 0.22 mmol, 74 %). 

TLC (DCM/MeOH 92.5:7.5): Rf = 0.46. 
 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 0.85-0.95 (m), 1.92 (sbr), 2.15, (sbr), 2.27 (sbr), 4.40 (sbr), 5.35 
(sbr), 6.10 (sbr), 7.02 (sbr), 7.38 (sbr), 7.57 (sbr), 7.91 (sbr). 
13C-NMR (125 MHz, CDCl3): δ (ppm) = 20.12, 20.39, 20.69, 29.13, 62.42, 63.10, 69.11, 69.88, 72.87, 
78.61, 87.80, 119.57, 126.93, 127.58, 129.06, 129.31, 129.56, 133.34, 134.01, 151.92, 152.79, 168.61, 
168.80, 168.95, 169.43. 
 
MS (ESI): calc. C31H40N4O10 ([M+H]+): 628.2744, found: 628.3. 
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3-N-(β-D-ribofuranosyl)-7,7,9,9-tetraethyl-8-oxyl-7,8,9,11-tetrahydropyrimido 

[4',5':5,6][1,4]oxazino[2,3-f]isoindol-2-one (3) 

 

3-N-(2',3',5'-Tri-O-acetyl-β-D-ribofuranosyl)-7,7,9,9-8-oxyl-tetraethyl-7,8,9,11-tetrahydropyrimido 

[4',5':5,6][1,4]oxazino[2,3-f]isoindol-2(3H)-one (76 mg, 0.12 mmol, 1.0 eq) and NaOMe (33 mg, 

0.62 mmol, 5.1 eq) were dissolved in MeOH (7 ml) and stirred for 4 h at room temperature. 

Dowex-H+ (215 mg) was washed with MeOH and MeOH/water (1:1) and added to the reaction 

mixture. After 1 h the Dowex was filtered off, washed with MeOH and MeOH/water (1:1) and the 

solvent removed under reduced pressure. The product was obtained as a yellow solid (56 mg, 0.11 

mmol, 94 %). 

TLC (DCM/MeOH 9:1): Rf = 0.23. 
 
1H-NMR (300 MHz, CD3OD): δ (ppm) = 0.90 (sbr), 3.79 (sbr), 3.89 (sbr), 4.02 (sbr), 4.15 (sbr), 5.91 (sbr), 
7.69 (sbr). 
 
HR-MS (ESI): calc. C25H33N4NaO7 ([M+Na]+): 524.2241, found: 524.2247. 
 

Bis(tetrabutylammonium) pyrophosphate 

 

Dowex-H+ (15 g) was filled into a column and washed with MeOH, until the eluate was colorless, then 

with water. Tetrasodium pyrophosphate decahydrate (1.02 g, 2.28 mmol, 1.0 eq) was dissolved in 

water, added to the column and eluted with water until the eluate was neutral. The resulting 
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solution was titrated with 40 % aq. NBu4OH until a pH of 3.5 was reached. The solvent was removed 

under reduced pressure, the crude product (2.36 g) dried under high vacuum and used for the next 

step. 

3-N-(5'-O-triphosphate-β-D-ribofuranosyl)-7,7,9,9-tetraethyl-8-oxyl-7,8,9,11-tetra-

hydropyrimido[4',5':5,6][1,4]oxazino[2,3-f]isoindol-2-one (55) 

 

3-N-(β-D-Ribofuranosyl)-7,7,9,9-tetraethyl-8-oxyl-7,8,9,11-tetrahydropyrimido[4',5':5,6][1,4]oxazino 

[2,3-f]isoindol-2(3H)-one (25 mg, 0.05 mmol, 1.0 eq) and proton-sponge (15 mg, 0.07 mmol, 1.5 eq) 

were dried together under high vacuum, dissolved in PO4Me3 (0.9 ml) under inert atmosphere and 

cooled to -20 °C. POCl3 (8 µl, 0.09 mmol, 1.8 eq) was added and the mixture stirred for 3 h at -20 °C. 

NBu3 (83 µl, 0.35 mmol, 7.0 eq) and a solution of (NBu4)2PPi (223 mg, 0.34 mmol, 6.8 eq) in DMF 

(0.33 ml) were added and the mixture stirred for 1.5 h at 0 °C. TEAB buffer (1 M, pH 7.5, 6.6 ml) was 

added, the mixture allowed to warm to room temperature, washed with EtOAc and the aqueous 

phase concentrated under reduced pressure. The crude product was purified by ion exchange HPLC 

(0.1 M to 1 M TEAB buffer pH 7.5) to yield the product (5.6 µmol, 11 %) as a solution in TEAB buffer. 

1H-NMR (400 MHz, D2O): δ (ppm) = 4.25 (sbr), 4.32 (sbr), 4.39 (sbr), 5.98 (sbr). 
 
HR-MS (ESI): calc. C25H35N4O16P3 ([M-H]-): 740.1266, found: 740.1271. 
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5.4.4 Synthesis of benzimidazole nucleoside phosphoramidite 81 

1-N-(2',3',5'-tri-O-benzoyl-β-D-ribofuranosyl)benzimidazole (77) 

 

To a solution of benzimidazole (236 mg, 2.00 mmol, 2.0 eq.) in dry acetonitrile (7 ml) under inert 

atmosphere was added N,O-bis(trimethylsilyl)acetamide (0.5 ml, 1.98 mmol, 2.0 eq.) and the mixture 

stirred at 85 °C for 0.5 h.  After cooling to room temperature, 1-O-acetyl-2,3,5-tri-O-benzoyl-β-D-

ribofuranose (507 mg, 1.00 mmol, 1,0 eq.) and  trimethylsilyl trifluoromethanesulfonate (0.22 ml, 

1.24 mmol, 1.2 eq.) were added and the reaction mixture stirred at 85 °C for 4 h. After cooling to 

room temperature, sat. NaHCO3 solution was added, extracted with DCM, the combined organic 

phases dried over Na2SO4, filtered and the solvent removed under reduced pressure. The residue was 

dissolved in DMF (25 ml) and stirred at 100 °C for 4 h to convert a side product and the solvent 

removed under reduced pressure. The crude product was purified by column chromatography 

(n-hexane/EtOAc 3:2). The product was obtained as a white solid (354 mg, 0.63 mmol, 63 %). 

TLC (n-hexane/EtOAc 2:3): Rf = 0.45. 
 
1H-NMR (600 MHz, CDCl3): δ (ppm) = 4.77 (dd, J = 12.3 Hz, J = 3.41 Hz, 1 H, 5'-Ha), 4.83 (dt, J = 4.4 Hz, 
J = 3.1 Hz, 1 H, 4'-H), 4.91 (dd, J = 12.3 Hz, J = 2.7 Hz, 1 H, 5'-Hb), 5.99 (dd, J = 5.8 Hz, J = 4.3 Hz, 1 H, 
3'-H), 6.06 (t, J = 5.9 Hz, 1 H, 2'-H), 6.39 (d, J = 6.0 Hz, 1 H, 1'-H), 7.10-7.14 (m, 1 H, 6-H), 7.25-7.29 (m, 
1 H, 5-H), 7.37-7.42 (m, 4 H, Bz-CH), 7.50 (t, J = 7.8 Hz, 2 H, Bz-CH), 7.55-7.59 (m, 2 H, Bz-CH), 7.60-
7.65 (m, 2 H, Bz-CH, 4-H), 7.79-7.81 (m, 1 H, 7-H), 7.93-7.99 (m, 4 H, Bz-CH), 8.12-8.15 (m, 2 H, Bz-
CH), 8.16 (s, 1 H, 2-H). 
13C-NMR (125 MHz, CDCl3): δ (ppm) = 63.78 (C-5'), 71.23 (C-3'), 73.72 (C-2'), 80.73 (C-4'), 87.67 (C-1'), 
110.85 (C-4), 120.89 (C-7), 123.14 (C-5), 123.74 (C-6), 128.43 (i-Bz), 128.63 (Bz-CH), 128.64 (Bz-CH), 
128.73 (i-Bz), 128.83 (Bz-CH), 129.32 (i-Bz), 129.81 (Bz-CH), 129.85 (Bz-CH), 129.87 (Bz-CH), 132.53 
(C-7a), 133.65 (Bz-CH), 133.91 (Bz-CH), 140.84 (C-2), 144.47 (C-3a), 164.98 (Bz-CO), 165.30 (Bz-CO), 
166.18 (Bz-CO). 
 
HR-MS (ESI): calc. C33H27N2O7 ([M+H]+): 563.1813, found: 563.1813. 
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1-N-β-D-ribofuranosylbenzimidazole (78) 

 

To a solution of 1-N-(2',3',5'-Tri-O-benzoyl-β-D-ribofuranosyl)benzimidazole (791 mg, 1.41 mmol, 

1.0 eq.) in methanol (75 ml) was added sodium methanolate (381 mg, 7.05 mmol, 5.0 eq.) and the 

mixture stirred at room temperature for 4 h.  Dowex-H+ (2.386 g) was washed with methanol and 

Methanol/water (1:1) and added to the reaction mixture. After stirring for 1 h, the Dowex was 

filtered off and the solvent removed under reduced pressure. The product was obtained as a white 

solid (333 mg, 1.33 mmol, 95 %) and used in the next step without further purification. 

TLC (EtOAc/MeOH 2:3 + 1 % NEt3): Rf = 0.44. 
 
1H-NMR (300 MHz, CD3OD): δ (ppm) = 3.74-3.92 (m, 2 H, 5'-H), 4.13 (t, J = 3.4 Hz, 1 H, 4'-H), 4.28 (dd, 
J = 5.3 Hz, J = 3.5 Hz, 1 H, 3'-H), 4.44-4.49 (m, 1 H, 2'-H), 5.99 (dd, J = 5.8 Hz, J = 2.9 Hz, 1 H, 1'-H), 
7.26-7.41 (m, 2 H, 5-H, 6-H), 7.66-7.70 (m, 1 H, 4-H), 7.72-7.77 (m, 1 H, 7-H), 8.50 (s, 1 H, 2-H). 
13C-NMR (125 MHz, CD3OD): δ (ppm) = 62.66 (C-5'), 71.68 (C-3'), 75.84 (C-2'), 86.84 (C-4'), 90.82 
(C-1'), 112.35 (C-4), 120.06 (C-7), 123.89 (C-6), 124.44 (C-5), 134.10 (C-7a), 142.67 (C-2), 144.15 
(C-3a). 
 
HR-MS (ESI): calc. C12H15N2O4 ([M+H]+): 251.1026, found: 251.1027. 
 

1-N-(5’-O-(4,4'-dimethoxytrityl)-β-D-ribofuranosyl)benzimidazole (79) 

 

1-N-β-D-ribofuranosylbenzimidazole (103 mg, 0.41 mmol, 1.0 eq.) was coevaporated multiple times 

with dry pyridine and dissolved in dry pyridine (5.6 ml) under inert atmosphere. 4,4'-dimethoxytrityl 

chloride (177 mg, 0.52 mmol, 1.3 eq.) was added portionwise over 30 min and the mixture stirred at 

room temperature for 3 h. MeOH was added and the mixture stirred for 5 min, after which it was 

diluted with DCM and washed with cold water and sat. NaHCO3 solution. The organic phase was 
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dried over Na2SO4, filtered and the solvent removed under reduced pressure. The crude product was 

purified by column chromatography (DCM/MeOH 95:5 + 1 % NEt3). The product was obtained as a 

white solid (146 mg, 0.26 mmol, 64 %). 

TLC (DCM/MeOH 95:5 + 1 % NEt3): Rf = 0.39. 
 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 3.45 (qd, J = 10.5 Hz, J = 3.4 Hz, 2 H, 5'-H), 3.74, 3.75 (2 x s, 6 H, 
DMT-OMe), 4.26 (q, J = 3.4 Hz, 1 H, 4'-H), 4.43 (dd, J = 5.9 Hz, J = 3.5 Hz, 1 H, 3'-H), 4.63 (t, J = 6.0 Hz, 
1 H, 2'-H), 5.84 (d, J = 6.1 Hz, 1 H, 1'-H), 6.74-6.79 (m, 4 H, DMT), 6.98 (ddd, J = 8.3 Hz, J = 7.2 Hz, 
J = 1.1 Hz, 1 H, 5-H), 7.14 (ddd, J = 8.2 Hz, J = 7.2 Hz, J = 1.1 Hz, 1 H, 6-H), 7.18-7.25 (m, 3 H, DMT), 
7.29-7.33 (m, 4 H, DMT), 7.41-7.44 (m, 2 H, DMT), 7.59 (dd, J = 8.1 Hz, J = 0.9 Hz, 1 H, 7-H), 7.66 (dd, 
J = 8.2 Hz, J = 0.9 Hz,  1 H, 4-H), 7.87 (s, 1 H, 2-H). 
13C-NMR (75 MHz, CDCl3): δ (ppm) = 55.33 (DMT-OMe), 63.64 (C-5'), 70.86 (C-3'), 73.42 (C-2'), 84.34 
(C-4'), 86.75 (DMTquart), 90.43 (C-1'), 112.07 (C-7), 113.28 (DMT), 119.80 (C-4), 122.92 (C-6), 123.40 
(C-5), 127.02, 128.00, 128.32, 130.26, 130.28 (DMT), 132.54 (C-7a), 135.60, 135.72 (DMT), 141.63 
(C-2), 143.64 (C-3a), 144.62, 158.63 (DMT). 
 
HR-MS (ESI): calc. für C33H33N2O6 ([M+H]+): 553.2333, found: 553.2329. 
 

1-N-(2'-O-(tert-butyldimethylsilyl)-5'-O-(4,4'-dimethoxytrityl)-β-D-ribofuranosyl)benz-

imidazole (80) 

 

1-N-(5'-O-(4,4'-dimethoxytrityl)-β-D-ribofuranosyl)benzimidazole (115 mg, 0.21 mmol, 1.0 eq.) was 

dissolved in dry THF (2 ml) under inert atmosphere. Dry pyridine (37 mg, 0.47 mmol, 2.2 eq.), AgNO3 

(55 mg, 0.32 mmol, 1.5 eq.) and tert-butyldimethylsilyl chloride (58 mg, 0.38 mmol, 1.8 eq.) were 

added and the mixture stirred at room temperature for 7.5 h. The mixture was diluted with DCM, 

filtered over celite and the filtrate washed with sat. NaHCO3 solution and sat. NaCl solution. The 

organic phase was dried over Na2SO4, filtered and the solvent removed under reduced pressure. The 

crude product was purified by column chromatography (toluene/acetone 4:1 + 1 % NEt3 for packing 

the column). The product was obtained as a white solid (36 mg, 0.05 mmol, 26 %). 

TLC (toluene/acetone 4:1 + 1 % NEt3): Rf = 0.34. 
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1H-NMR (300 MHz, CDCl3): δ (ppm) = -0,39, -0.16 (2 x s, 6 H, TBDMS-Me), 0.81 (s, 9 H, TBDMS-tBu), 
3.45 (dd, J = 3.6 Hz, J = 10.8 Hz, 1 H, 5'-Ha), 3.55 (dd, J = 2.3 Hz, J = 10.7 Hz, 1 H, 5'-Hb), 3.78, 3.78 (2 x 
s, 6 H, DMT-OMe), 4.28-4.36 (m, 2 H, 3-'H, 4'-H), 4.77 (dd, J = 5.4 Hz, J = 7.0 Hz, 1 H, 2'-H), 5.85 (d, 
J = 7.2 Hz, 1 H, 1'-H), 6.82 (ddd, J = 1.0 Hz, J = 2.2 Hz, J = 8.9 Hz, 4 H, DMT), 7.00 (ddd, J = 1.1, 
J = 7.2 Hz, J = 8.3 Hz, 1 H, 5-H),  7.21-7.37 (m, 8 H, 6-H, DMT), 7.43-7.48 (m, 2 H, DMT), 7.64 (dd, 
J = 1.0 Hz, J = 8.2 Hz, 1 H, 7-H), 7.79 (dd, J = 0.9 Hz, J = 8.1 Hz, 1 H, 4-H), 8.08 (s, 1 H, 2-H). 
13C-NMR (125 MHz, CDCl3): δ (ppm) = -5.42, 18.48, 26.05, 55.29, 63.52, 64.02, 70.82, 85.36, 87.32, 
88.02, 111.37, 113.45, 120.43, 122.74, 123.45, 127.35, 127.57, 128.15, 129.59, 129.83, 133.46, 
134.69, 135.27, 142.00, 144.10, 158.83, 159.00. 
 
HR-MS (ESI): calc. C39H47N2O6Si ([M+H]+): 667.3198, found: 667.3191. 
 

1-N-(2'-O-(tert-butyldimethylsilyl)-3'-O-(2-cyanoethyl-N,N-diisopropylphosphoramidite)-5'-

O-(4,4'-dimethoxytrityl)-β-D-ribofuranosyl)benzimidazole (81) 

 

1-N-(2'-O-(tert-butyldimethylsilyl)-5'-O-(4,4'-dimethoxytrityl)-β-D-ribofuranosyl)benzimidazole 

(77 mg, 0.12 mmol, 1.0 eq.) was dissolved in dry DCE (2.5 ml) under inert atmosphere. 

Ethyldimethylamine (86 mg, 1.18 mmol, 10 eq.) and 2-cyanoethyl-N,N-diisopropylchloro-

phosphoramidite (108 mg, 0.46 mmol, 3.9 eq.) were added and the mixture stirred for 3 h at room 

temperature. MeOH was added and the mixture stirred at room temperature for 5 min. The mixture 

was diluted with DCM and washed with sat. NaHCO3 solution and water. The organic phase was dried 

over Na2SO4, filtered and the solvent removed under reduced pressure. The crude product was 

purified by column chromatography (n-hexane/EtOAc 7:3 + 1 % NEt3 to 6:4 + 1 % NEt3). The product 

was obtained as a white solid (67 mg, 0.08 mmol, 66 %) as a mixture of diastereomers. 

TLC (n-hexane/EtOAc 1:1 + 1 % NEt3): Rf = 0.34/0.45. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = -0.42, -0.41 (2 x s, 3 H, TBDMS-Me), -0.16, -0.15 (2 x s, 3 H, 
TBDMS-Me), 0.71,0.73 (2x s, 9 H, TBDMS-tBu), 1.19, 1.25 (2 x m, 12 H, iPr-CH3), 2.27,2.68 (2 x q, 
J = 6.8 Hz, J = 6.6 Hz, 2 H, iPr-CH), 3.46-3.55 (m, 2 H, 5'-H), 3.57-3.63 (m, 2 H, CE), 3.78 (2 x s, 6 H, 
DMT-OMe), 3.79 (2 x s, 6 H, DMT-OMe), 3.88-4.02 (m, 2 H, CE), 4.31-4.44 (m, 2 H, 3'-H, 4'-H), 4.72, 
4.78 (2 x m, 1 H, 2'-H), 5.84, 5.93 (2 x d, J = 7.7 Hz, J = 7.6 Hz, 1 H, 1'-H), 6.79-6.85 (m, 4 H, DMT), 7.01 
(t, J = 7.5 Hz, 1 H, 5-H), 7.21-7.25 (m, 2 H, 6-H, DMT), 7.27-7.32 (m, 2 H, DMT), 7.33-7.39 (m, 4 H, 
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DMT), 7.44-7.49 (m, 2 H, DMT), 7.62-7.69 (m, 1 H, 4-H), 7.76-7.78 (m, 1 H, 7-H), 8.12, 8.13 (2 x s, 1 H, 
2-H). 
31P-NMR (300 MHz, CDCl3): δ (ppm) = 148.75, 151.79. 
 
HR-MS (ESI): ber. für C48H64N4O7PSi ([M+H]+): 867.4276, gef.: 867.4276. 
 

5.4.5 Various syntheses 

2-Cyanoethyl-hex-5-yn-1-yl-N,N-diisopropylphosphoramidite (68) 

 

5-Hexyn-1-ol (0.5 ml, 4.6 mmol, 1.0 eq.) and Me2NEt (5.0 ml, 46 mmol, 10 eq.) were dissolved in dry 

DCM (6 ml) under inert atmosphere. CEP-Cl (1.22 g, 5.16 mmol, 1.1 eq.) was added and the mixture 

stirred for 2 h at room temperature, after which the solvent was removed under reduced pressure. 

The crude product was purified by column chromatography (n-hexane/EtOAc 9:1 + 1% NEt3). The 

product was obtained as a colorless oil (1.19 g, 3.99 mmol, 87 %). The NMR data agree with literature 

data179. 

TLC (n-hexane/EtOAc 9:1 + 1% NEt3): Rf = 0.30. 
 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 1.16, 1.18 (2 x d, J = 2.6 Hz, 12 H, iPr-CH3), 1.55-1.67 (m, 2 H, 
3-H), 1.67-1.78 (m, 2 H, 2-H), 1.94 (t, J = 2.6 Hz, 1 H, 6-H), 2.22 (dt, J = 6.9 Hz, J = 2.6 Hz, 2 H, 4-H), 
2.63 (t, J = 6.3 Hz, 2 H, 2'-H), 3.50-3.73 (m, 4 H, iPr-CH, 1-H), 3.73-3.91 (m, 2 H, 1'-H).  
13C-NMR (125 MHz, CDCl3): δ (ppm) = 18.30 (C-4), 20.55, 20.61 (C-2'), 24.73, 24.79, 24.81, 24.87 
(iPr-CH3), 25.19 (C-3), 30.34, 30.39 (C-2), 43.15, 43.25 (iPr-CH), 58.38, 58.53 (C-1'), 63.14, 63.27 (C-1), 
68.58 (C-6), 84.33 (C-5), 117.66 (CN). 
31P-NMR (162 MHz, CDCl3): δ (ppm) = 147.48. 
  
HR-MS (ESI): calc. C15H27N2NaO2P ([M+Na]+): 321.1702, found: 321.1702. 
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1-O-(4,4'-dimethoxytrityl)-2,2'-sulfonyldiethanol (83) 

 

2,2'-sulfonyldiethanol (60-65 % in H2O) (1.70 g, 6.5 mmol, 1.4 eq.) was coevaporated multiple times 

with dry pyridine and dissolved in dry pyridine (15 ml) under inert atmosphere. 4,4'-dimethoxytrityl 

chloride (1.54 g, 4.54 mmol, 1.0 eq.) was added portionwise over 60 min and the mixture stirred at 

room temperature for 14 h. The solvent was removed under reduced pressure, the residue dissolved 

in EtOAc and washed sat. NaHCO3 solution and sat. NaCl solution. The organic phase was dried over 

Na2SO4, filtered, the solvent removed under reduced pressure and the product dried in high vacuum. 

The product was obtained as a colorless oil (1.10 g, 2.40 mmol, 52 %). 

TLC (DCM/MeOH 99:1 + 1 % NEt3): Rf = 0.24. 
 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 2.63 (sbr, 1 H, 1'-OH), 3.17 (t, J = 5.5 Hz, 2 H, 2-H), 3.34-3.38 (m, 
2 H, 2'-H), 3.65 (dd, J = 6.0 Hz, J = 5.1, 2 H, 1-H), 3.77 (s, 6 H, DMT-OMe), 4.08 (dbr, J = 5.29 Hz, 2 H, 
1'-H), 6.79-6.85 (m, 4 H, DMT), 7.17-7.31 (m, 7 H, DMT), 7.34-7.39 (m, 2 H, DMT). 
13C-NMR (125 MHz, CDCl3): δ (ppm) = 55.31, 55.42, 56.62, 55.82, 57.79, 87.80, 113.47, 127.21, 
128.03, 128.12, 130.00, 135.25, 144.16, 158.75. 
 
HR-MS (ESI): ber. für C25H28O6SNa ([M+Na]+): 479.1499, gef.: 479.1490. 
 
. 

1-O-(2-cyanoethyl-N,N-diisopropylphosphoramidite)-1'-O-(4,4'-dimethoxytrityl)-2,2'-

sulfonyldiethanol (84) 
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1-O-(4,4'-dimethoxytrityl)-2,2'-sulfonyldiethanol (1.10 g, 2.40 mmol, 1.0 eq.) was dissolved in dry 

DCM (6 ml) under inert atmosphere. Diisopropylethylamine (339 mg, 2.62 mmol, 1.1 eq.) and 

2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (584 mg, 2.47 mmol, 1.0 eq.) were added and 

the mixture stirred for 1 h at room temperature. The mixture was diluted with EtOAc and washed 

with sat. NaCl solution. The organic phase was dried over Na2SO4, filtered and the solvent removed 

under reduced pressure. The crude product was purified by column chromatography 

(n-hexane/EtOAc 2:1 + 1 % NEt3). The product was obtained as a colorless oil (1.08 g, 1.65 mmol, 

69 %). 

TLC (n-hexane/EtOAc 2:1 + 1 % NEt3): Rf = 0.27. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 1.18 (d, J = 6.82 Hz, 6 H, iPr-CH3), 1.20 (d, J = 6.83 Hz, 6 H, 
iPr-CH3), 2.54-2.58 (m, 2 H, iPr-CH), 3.23-3.34 (m, 2 H, 2'-H), 3.36-3.51 (m, 2 H, 2-H), 3.58-3.66 (m, 
3 H, 1'-H, CE), 3.75-3.88 (m, 2 H, CE), 3.78 (s, 6 H, DMT-OMe), 4.01-4.09 (m, 1 H, CE), 4.09-4.15 (m, 2 
H, 1-H), 6.82-6.86 (m, 4 H, DMT), 7.27-7.33 (m, 6 H, DMT), 7.40-7.43 (m, 2 H, DMT). 
31P-NMR (300 MHz, CDCl3): δ (ppm) = 148.92. 
 
HR-MS (ESI): ber. für C34H46N2O7PS ([M+H]+): 657.2758, gef.: 657.2748. 
 

3',5'-Di-O-acetyldeoxyuridine (71) 

 

To a solution of deoxyuridine (6.85 g, 30.0 mmol, 1.0 eq.) in pyridine (20 ml) at 0 °C DMAP (644 mg, 

5.44 mmol, 0.18 eq.) and Ac2O (6.8 ml, 72.0 mmol, 2.4 eq.) were added. The mixture was stirred for 

19 h at room temperature, after which the solvent was removed under reduced pressure, the residue 

dissolved in DCM, and washed with brine and water. The organic phase was dried over Na2SO4 and 

the solvent removed under reduced pressure. The crude product was purified by column 

chromatography (0 % to 10 % MeOH in DCM) and the product obtained as a colorless foam (7.97 g, 

25.5 mmol, 85 %). The NMR data agree with literature data189. 

TLC (DCM/MeOH 98:2): Rf = 0.26. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 2.11, 2.12 (2 x s, 6 H, Ac), 2.13-2.19 (m, 1 H, 2'-Ha), 2.53 (ddd, 
J = 14.2 Hz, J = 5.6 Hz, J = 2.0 Hz, 1 H, 2'-Hb), 4.27 (dt, J = 4.2 Hz, J = 3.1 Hz, 1 H, 5'-Ha), 4.29-4.40 (m, 
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2 H, 4'-H, 5'-Hb), 5.21 (dt, J = 6.3, J = 2.1 Hz, 1 H, 3'-H), 5.78 (ddd, J = 8.2 Hz, J = 2.4 Hz J = 0.8 Hz, 1 H, 
5-H), 6.27 (dd, J = 8.4 Hz, J = 5.6 Hz, 1 H, 1'-H), 7.49 (d, J = 8.2 Hz, 1 H, 6-H). 
13C-NMR (100 MHz, CDCl3): δ (ppm) = 20.97, 21.05 (Ac-CH3), 38.01 (C-2'), 63.95 (C-5'), 74.20 (C-3'), 
82.51 (C-4'), 85.44 (C-1'), 103.10 (C-5), 138.90 (C-6), 150.19 (C-2), 162.85 (C-4), 170.34, 170.53 (Ac-
CO). 
 
HR-MS (ESI): calc. C13H16N2NaO7 ([M+Na]+): 335.0850, found: 335.0843. 
 

3',5'-Di-O-acetyl-5-bromodeoxyuridine (72) 

 
 
3',5'-Diacetyldeoxyuridine (7.97 g, 25.5 mmol, 1.0 eq.) was dissolved in dry DCM (100 ml) under inert 

atmosphere and TMSOTf (2.5 ml, 14 mmol, 0.6 eq.) was added. DBH (4.01 g, 14 mmol, 0.6 eq.) was 

added in portionwise over 5 min and the mixture stirred for 1 h at 40°C. After cooling to room 

temperature, sat. aq. Na2HCO3 was added and the mixture stirred overnight. The phases were 

separated and the organic phase washed with sat. aq. Na2HCO3 and H2O. The combined aqueous 

phases were extracted with EtOAc and DCM, the combined organic phases dried over Na2SO4 and the 

solvent removed under reduced pressure. The residue was diluted with DCM and washed with H2O. 

The combined aqueous phases were extracted with chloroform and the solvent removed under 

reduced pressure. The product was obtained as a colorless solid (7.89 g, 20.4 mmol, 80 %). The NMR 

data agree with literature data190. 

 

TLC (DCM/MeOH 10:1): Rf = 0.68. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 2.11, 2.20 (2 x s, 6 H, Ac), 2.15-2.23 (m, 1 H, 2'-Ha), 2.55 (ddd, 
J = 14.3 Hz, J = 5.8 Hz, J = 2.3 Hz, 1 H, 2'-Hb), 4.30 4.28-4.44 (m, 3 H, 4'-H, 5'-H), 5.23 (dt, J = 6.3, 
J = 2.3 Hz, 1 H, 3'-H), 6.30 (dd, J = 8.1 Hz, J = 5.7 Hz, 1 H, 1'-H), 7.90 (s, 1 H, 6-H). 
13C-NMR (100 MHz, CDCl3): δ (ppm) = 21.03, 21.08 (Ac-CH3), 38.42 (C-2'), 63.95 (C-5'), 74.11 (C-3'), 
82.83 (C-4'), 85.68 (C-1'), 97.52 (C-5), 138.71 (C-6), 149.39 (C-2), 158.60 (C-4), 170.24, 170.55 (Ac-CO). 
 
HR-MS (ESI): calc. C13H15BrN2NaO7 ([M+Na]+): 412.9955, found: 412.9949. 
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1-N-(2',3'-Di-O-acetyl-β-D-ribofuranosyl)-5-bromo-4-((1,1,3,3-tetraethyl-6-

hydroxyisoindolin-5-yl)amino)pyrimidin-2-one (73) 

 

Triphenylphosphine (1.13, 4.31 mmol, 2.3 eq.) was dissolved in dry DCM (7.5 ml) and CCl4 (7.5 ml) 

under inert atmosphere and the mixture stirred for 20 min at room temperature. 2',3'-Di-O-acetyl-5-

bromodeoxyuridine (870 mg, 2.22 mmol, 1.2 eq) was added and the mixture stirred for 5 h at 45 °C. 

After cooling to room temperature, a solution of 6-amino-1,1,3,3-tetraethyl-5-hydroxyisoindoline 

(500 mg, 1.91 mmol, 1.0 eq) and DBU (350 µl, 2.0 mmol, 1.0 eq) in dry DCM (5 ml) and CCl4 (5 ml) 

was added and the mixture was stirred for 64 h at 40 °C. The solvent was removed under reduced 

pressure and the residue purified by column chromatography (0 % to 35 % MeOH in DCM). After 

multiple attempts the product could not be fully purified (182 mg).  

TLC (DCM/MeOH 10:1): Rf = 0.68.  
 
1H-NMR (400 MHz, CD3OD): δ (ppm) = 1.03 (t, J = 7.4 Hz, 12 H, CH2-CH3), 1.96-2.05 (m, 8 H, CH2-CH3), 
2.11, 2.14 (2 x s, 9 H, Ac), 2.31-2.39 (m, 1 H, 2'-Ha), 2.64 (dd, J = 5.9 Hz, J = 2.3 Hz, 1 H, 2'-Hb), 4.34-
4.44 (m, 3 H, 4'-H, 5'-H), 5.25-5.31 (m, 1 H, 3'-H), 6.22 (dd, J = 7.6 Hz, J = 5.9 Hz, 1 H, 1'-H), 6.75 (s, 
1 H, 7''-H), 8.17 (s, 1 H, 4''-H), 8.45 (s, 1 H, 6-H). 
 

3-N-(2'-deoxy-β-D-Ribofuranosyl)-7,7,9,9-tetraethyl-7,8,9,11-

tetrahydropyrimido[4',5':5,6][1,4]oxazino[2,3-f]isoindol-2-one (74) 
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To a solution of  1-N-(2',3'-Di-O-acetyl-2'-deoxy-β-D-ribofuranosyl)-5-bromo-4-((1,1,3,3-tetraethyl-6-

hydroxyisoindolin-5-yl)amino)pyrimidin-2-one (182 mg) in EtOH (15 ml), KF (167 mg, 2.87 mmol) was 

added and the mixture stirred for 5 d at 80 °C. After cooling to room temperature, the mixture was 

filtered and the solvent removed under reduced pressure. The crude product was purified by column 

chromatography (0 % to 35 % MeOH in DCM). After multiple attempts the product could not be fully 

purified (92 mg).  

TLC (DCM/MeOH 5:1): Rf = 0.26. 
 
1H-NMR (400 MHz, CD3OD): δ (ppm) = 0.85-0.95 (m, 12 H, CH2-CH3), 1.71-1.83 (m, 8 H, CH2-CH3), 2.15 
(dt, J = 13.3 Hz, J = 6.5 Hz, 1 H, 2'-Ha), 2.33 (ddd, J = 13.5 Hz, J = 6.1 Hz, J = 3.8 Hz, 1 H, 2'-Hb), 3.72-
3.84 (m, 2 H, 5'-H), 3.93 (q, J = 3.4 Hz, 1 H, 4’-H), 4.38 (dt, J = 6.6 Hz, J = 3.6 Hz, 1 H, 3'-H), 6.23 (t, 
J = 6.5 Hz, 1 H, 1'-H), 6.57, 6.59 (2 x s, 2 H, 6-H, 10-H), 7.71 (s, 1 H, 4-H). 
 

N-Benzyl-1,1,3,3-tetramethylisoindoline (9) 

 

To a suspension of magnesium turnings (16.49 g, 678.5 mmol, 8.0 eq) in dry diethyl ether (60 ml) 

under inert atmosphere a solution of methyl iodide (38 ml, 602.8 mmol, 7.1 eq) in dry diethyl ether 

(80 ml) was added slowly and the mixture stirred for 1 h at room temperature and 1.5 h at 40 °C. 

After cooling to room temperature, a solution of N-benzylphthalimide (20.01 g, 84.34 mmol, 1.0 eq) 

in dry toluene (150 ml) was added dropwise, part of the solvent distilled off, and the mixture stirred 

for 16 h at 120 °C. After cooling to room temperature, n-hexane was added and the resulting mixture 

stirred for 7 h under air. The mixture was filtered over aluminium oxide 90 basic and the solvent 

removed under reduced pressure. The crude product was purified by column chromatography 

(n-hexane to n-hexane/EtOAc 3:1). The product was obtained as a colorless solid (6.21 g, 23.4 mmol, 

31 %). The NMR data agree with literature data119. 

TLC (n-hexane): Rf = 0.19. 
 
1H-NMR (600 MHz, CDCl3): δ (ppm) = 1.33 (s, 12 H, Me), 4.02 (s, 2 H, 1’-H), 7.15-7.18 (m, 2 H, 4-H, 
7-H), 7.24 (dd, J = 6.7 Hz, J = 6.7 Hz, 1 H, 5‘-H), 7.26-7.28 (m, 2 H, 5-H, 6-H), 7.32 (dd, J = 6.6 Hz, 
J = 6.6 Hz, 2 H, 3‘-H, 7‘-H), 7.50 (d, J = 7.5 Hz, 2 H, 4‘-H, 6‘-H). 
13C-NMR (125 MHz, CDCl3): δ (ppm) = 28.63 (Me), 46.45 (C-1’), 65.37 (C-1, C-3), 121.39 (C-5, C-6), 
126.48 (C-5'), 126.83 (C-4, C-7), 127.98 (C-4', C-6'), 128.40 (C-3' C-7'), 143.50 (C-2'), 147.91 (C-3a, 
C-7a). 
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HR-MS (ESI): calc. C19H24N ([M+H]+): 266.1903, found: 266.1905. 
 

1,1,3,3-Tetramethylisoindoline (13) 

 

To a solution of N-benzyl-1,1,3,3-tetramethylisoindoline (10.3 g, 38.6 mmol, 1.0 eq) in acetic acid 

(50 ml) was added palladium (10 % on charcoal, 1.98 g, 1.93 mmol, 5 mol-%) and the mixture was 

stirred for 15 h at room temperature under hydrogen atmosphere. Afterwards, the mixture was 

filtered over Celite, the solvent removed under reduced pressure, the residue neutralized with aq. 

NaOH and the aqueous phase extracted with EtOAc. The combined organic phases were dried over 

Na2SO4, filtered, and the solvent removed under reduced pressure. The product was obtained as a 

colorless solid (8.33 g, quant.) and used in the next step without further purification. The NMR data 

agree with literature data119. 

TLC (DCM/MeOH 98:2): Rf = 0.13. 
 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 1.63 (s, 12 H, Me), 7.13 (dd, J = 5.7 Hz, J = 3.0 Hz, 2 H, 4-H, 7-H), 
7.29 (dd, J = 5.7 Hz, J = 3.0 Hz, 2 H, 5-H, 6-H). 
13C-NMR (75 MHz, CDCl3): δ (ppm) = 30.37 (Me), 65.32 (C-1, C-3), 121.54 (C-4, C-7), 128.30 (C-5, C-6), 
145.73 (C-3a, C-7a). 
 
HR-MS (ESI): calc. C12H18N ([M+H]+): 176.1434, found: 176.1434. 
 

1,1,3,3-Tetramethyl-5-nitroisoindoline (14) 

 

1,1,3,3-Tetramethylisoindoline (2.12 g, 9.78 mmol, 1.0 eq) was dissolved in conc. H2SO4 (20 ml). 

Conc. HNO3 (5 ml) was added dropwise at 0 °C and the resulting mixture stirred for 1 h at 0 °C and 4 h 

at room temperature. It was then neutralized with aq. NaOH and extracted with EtOAc. The 

combined organic phases were dried over Na2SO4, filtered and the solvent removed under reduced 

pressure. The crude product was purified by column chromatography (2 % to 5 % MeOH in DCM). 
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The product was obtained as a yellow powder (2.11 g, 9.57 mmol, 98 %). The NMR data agree with 

literature data168. 

TLC (DCM/MeOH 98:2): Rf = 0.13. 
 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 1.49 (s, 6 H, Me), 1.51 (s, 6 H, Me), 7.24 (dd, J = 11.1 Hz, 
J = 0.6 Hz, 1 H, 7-H), 7.97 (dd, J = 2.8 Hz, J = 0.6 Hz, 1 H, 4-H), 8.14 (dd, J = 11.1 Hz, J = 2.8 Hz, 1 H, 
6-H).  
13C-NMR (75 MHz, CDCl3): δ (ppm) = 31.79, 31.93 (Me), 62.86 (C-3), 63.10 (C-1), 117.34 (C-4), 122.37 
(C-7), 123.35 (C-6), 148.13 (C-5), 150.80 (C-7a), 156.18 (C-3a). 
 
HR-MS (ESI): calc. C12H17N2O2 ([M+H]+): 221.1286, found: 221.1295. 
 

6-Amino-1,1,3,3-tetramethyl-5-nitroisoindoline (15) 

 

To a solution of 1,1,3,3-tetramethyl-5-nitroisoindoline (1.84 g, 8.36 mmol, 1.0 eq) in dry DMF (30 ml) 

under inert atmosphere was added 1,1,1-trimethylhydrazinium iodide (2.07 g, 9.25 mmol, 1.1 eq). 

After a clear solution was obtained, KOtBu (2.36 g, 20.2 mmol, 2.4 eq) was added and the mixture 

stirred for 5 h at room temperature. It was then poured on ice, neutralized with conc. HCl, and 

extracted with EtOAc and DCM. The combined organic phases were dried over Na2SO4, filtered and 

the solvent removed under reduced pressure. The crude product was purified by column 

chromatography (DCM/MeOH 97.5:2.5 + 1 % NEt3). The product was obtained as a yellow powder 

(1.93 g, 8.20 mmol, 98 %). The NMR data agree with literature data150. 

TLC (DCM/MeOH 95:5 + 1 % NEt3): Rf = 0.41. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 1.43 (2 x s, 12 H, Me), 6.09 (sbr, 2 H, NH2), 6.51 (s, 1 H, 7-H), 7.85 
(s, 1 H, 4-H). 
13C-NMR (125 MHz, CDCl3): δ (ppm) = 31.68, 32.18 (Me), 62.16 (C-3), 62.70 (C-1), 110.77 (C-7), 119.05 
(C-4), 132.24 (C-6), 139.50 (C-7a), 144.94 (C-5), 158.45 (C-3a). 
 
HR-MS (ESI): calc. C12H18N3O2 ([M+H]+): 236.1394, found: 236.1396. 
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5,6-Diamino-1,1,3,3-tetramethylisoindoline (8) 

 

To a solution of 6-amino-1,1,3,3-tetramethyl-5-nitroisindoline (1.93 g, 8.12 mmol, 1.0 eq) in MeOH 

(50 ml) palladium (10 % on charcoal, 1.12 g, 1.07 mmol, 13 mol-%) was added and the mixture stirred 

for 15 h under hydrogen atmosphere. Then the mixture was filtered over Celite and the solvent 

removed under reduced pressure. The product was obtained as a colorless solid (1.61 g, 7.84 mmol, 

96 %) and used in the next step without further purification. The NMR data agree with literature 

data150. 

TLC (DCM/MeOH 95:5 + 1 % NEt3): Rf = 0.37. 
 
1H-NMR (600 MHz, CDCl3): δ (ppm) = 1.40 (s, 12 H, Me), 6.45 (s, 2 H, 4-H, 7-H). 
13C-NMR (125 MHz, CDCl3): δ (ppm) = 32.26 (Me), 62.67 (C-1, C-3), 109.59 (C-4, C-7), 134.29 (C-5, 
C-6), 140.82 (C-3a, C-7a). 
 
HR-MS (ESI): calc. C12H20N3 ([M+H]+): 206.1352, found: 206.1672. 
 

5,5,7,7-tetramethyl-3,5,6,7-tetrahydroimidazo[4,5-f]isoindol-2-one (7) 

 

5,6-Diamino-1,1,3,3-tetramethylisoindoline (506 mg, 2.47 mmol, 1.0 eq) and 1,1’-carbonydiimidazole 

(810 mg, 4.91 mmol, 2.0 eq) were dissolved in dry MeCN (150 ml) under inert atmosphere and 

stirred for 20 h at room temperature. The solvent was removed under reduced pressure. The crude 

product was purified by column chromatography (2 % to 10 % MeOH in DCM + 1 % NEt3). The 

product was obtained as a colorless solid (76 mg, 0.33 mmol, 13 %). 

TLC (DCM/MeOH 9:1 + 1 % NEt3): Rf = 0.33. 
 
1H-NMR (400 MHz, CD3OD): δ (ppm) = 1.66 (s, 12 H, Me), 6.91 (s, 2 H, 4-H, 8-H). 
13C-NMR (125 MHz, CD3OD): δ (ppm) = 30.31 (Me), 67.43 (C-5, C-7), 103.36 (C-4, C-8), 131.73 (C-3a, 
C-8a), 138.67 (C-4a, C-7a), 158.23 (C-2). 
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HR-MS (ESI): calc. C13H18N3O ([M+H]+): 232.1444, found: 232.1448. 
 

1-N-(3',5'-Di-O-toluoyl-2'-deoxy-β-D-ribofuranosyl)-5,5,7,7-tetramethyl-3,5,6,7-tetrahydro-

imidazo[4,5-f]isoindol-2-one (6) 

 

5,5,7,7-tetramethyl-3,5,6,7-tetrahydroimidazo[4,5-f]isoindol-2-one (214 mg, 0.93 mmol, 1.4 eq.) was 

dissolved in dry MeCN (60 ml) under inert atmosphere. NaH (48 mg, 1.20 mmol, 1.6 eq.) was added 

and the mixture stirred for 1 h at room temperature. Afterwards, 1-chloro-3,5-di-O-toluoyl-2-deoxy-

α-D-ribofuranose (259 mg, 0.67 mmol, 1.0 eq.) was added and the mixture stirred for 5 h at room 

temperature. Sat. aq. NaHCO3 and EtOAc were added and the organic phase washed with brine. The 

combined organic phases were dried over Na2SO4, filtered and the solvent removed under reduced 

pressure. The crude product was purified by column chromatography (5 % to 10 % MeOH in DCM). A 

mixture of α- and β-isomers was obtained (83 mg, 0.14 mmol, 21 %). 

TLC (DCM/MeOH 9:1): Rf = 0.37. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 1.41 (s, 3 H, Me), 1.46 (s, 3 H, Me), 1.58 (s, 6 H, Me), 2.36, 2.43 
(2 x s, 6 H, Tol-Me), 2.52 (ddd, J = 14.0 Hz, J = 5.9 Hz, J = 2.0 Hz, 1 H, 2'-Ha), 3.26-3.35 (m, J = 14.1 Hz, 
1 H, 2'-Hb), 4.53-4.56 (m, 1 H, 4'-H), 4.62 (dd, J = 11.9 Hz, J = 5.3 Hz, 1 H, 5'-Ha), 4.73 (dd, J = 11.8 Hz, 
J = 4.4 Hz, 1 H, 5'-Hb), 5.77 (ddd, J = 6.4 Hz, J = 2.4 Hz, J = 2.4 Hz, 1 H, 3'-H), 6.34 (dd, J = 8.4 Hz, 
J = 5.9 Hz, 1 H, 1'-H), 6.91 (s, 1 H, 4-H), 6.93 (s, 1 H, 8-H), 7.19 (d, J = 8.6 Hz, 1 H, Tol-CH), 7.27 (d, 
J = 8.6 Hz, 1 H, Tol-CH), 7.91 (d, J = 8.3 Hz, 1 H, Tol-CH), 7.97 (d, J = 8.2 Hz, 1 H, Tol-CH). (β-isomer) 
13C-NMR (100 MHz, CDCl3): δ (ppm) = 21.80, 21.88 (Tol-Me), 31.10 (Me), 34.47 (C-2'), 64.52 (C-5'), 
64.64 (C-5, C-7), 74.96 (C-3'), 81.69 (C-4'), 83.37 (C-1'), 102.76, 103.46 (C-4, C-8), 126.68, 126.96 
(i-Tol), 128.36, 128.76 (C-3a, C-8a), 129.40, 129.43, 129.85, 129.94 (Tol-CH), 140.29 (C-4a, C-7a), 
144.28, 144.57 (p-Tol), 154.98 (C-2), 166.21, 166.40 (Tol-CO). (β-isomer) 
 
HR-MS (ESI): calc. C34H37N3NaO6 ([M+Na]+): 606.2575, found: 606.2582. 
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2-Boc-1,1,3,3-tetramethyl-5-nitroisoindolin (21) 

 

4-(Dimethylamino)pyridin (55 mg, 0.45 mmol, 1.0 eq) and di-tert-butyl dicarbonate (0.15 ml, 

0.68 mmol, 1.4 eq) were dissolved in dry MeCN (100 ml) under inert atmosphere. 1,1,3,3-

Tetramethyl-5-nitroisoindoline (105 mg, 0.47 mmol, 1.0 eq) was added and the mixture stirred for 

4 h at room temperature. Water was added, the mixture extracted with EtOAc and the combined 

organic phases washed with 1 M HCl and brine, dried over Na2SO4 and the solvent removed under 

reduced pressure. The product was used in the next step without further purification (144 mg, 

0.45 mmol, 96 %). 

TLC (n-hexane/EtOAc 3:1): Rf = 0.46. 
 
1H-NMR (300 MHz, CDCl3): δ (ppm) = 1.56, 1.57 (2 x s, 9 H, Boc), 1.73 (d, J = 7.2 Hz, 6 H, Me), 1.78 (d, 
J = 6.4 Hz, 6 H, Me), 7.31 (dd, J = 8.8 Hz, J = 8.8 Hz, 1 H, 7-H), 8.02 (dd, J = 6.0 Hz, J = 2.0 Hz, 1 H, 4-H), 
8.21 (dd, J = 8.4 Hz, J = 2.4 Hz, 1 H, 6-H).  
13C-NMR (75 MHz, CDCl3): δ (ppm) = 27.68 (Boc-CH3) 29.72, 29.93 (Me), 67.17, 67.30, 67.77, 67.92 
(C-1, C-3), 85.06 (Boc-quart), 117.42, 117.58 (C-4), 122.66, 122.81 (C-7), 123.92, 124.02 (C-6), 146.01, 
146.12 (C-7a), 147.66 (Boc-CO), 148.54, 148.56 (C-5), 151.07, 151.21 (C-3a). 
 

1,1,3,3-Tetramethyl-5-nitroisoindoline (14) 

 

2-Boc-1,1,3,3-tetramethyl-5-nitroisoindoline (25 mg, 0.08 mmol, 1.0 eq) was dissolved in EtOH 

(7.5 ml) and conc. HCl (7.5 ml) with some drops of EtOAc and n-hexane for improved solubility. The 

mixture was stirred for another 3 h. It was neutralized with aq. NaOH and extracted with EtOAc. The 

combined organic phases were dried over Na2SO4, filtered and the solvent removed under reduced 

pressure. The product was obtained as a yellow solid (15 mg, 0.07 mmol, 88 %). The NMR data agree 

with literature data168. 

TLC (DCM/MeOH 95:5): Rf = 0.24. 
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1H-NMR (300 MHz, CDCl3): δ (ppm) = 1.49 (s, 6 H, Me), 1.51 (s, 6 H, Me), 7.24 (dd, J = 11.1 Hz, 
J = 0.6 Hz, 1 H, 7-H), 7.97 (dd, J = 2.8 Hz, J = 0.6 Hz, 1 H, 4-H), 8.14 (dd, J = 11.1 Hz, J = 2.8 Hz, 1 H, 
6-H).  
13C-NMR (75 MHz, CDCl3): δ (ppm) = 31.79, 31.93 (Me), 62.86 (C-3), 63.10 (C-1), 117.34 (C-4), 122.37 
(C-7), 123.35 (C-6), 148.13 (C-5), 150.80 (C-7a), 156.18 (C-3a). 
 
HR-MS (ESI): calc. C12H17N2O2 ([M+H]+): 221.1286, found: 221.1295. 
 

2,6-N,N-Di-Boc-6-amino-1,1,3,3-tetramethyl-5-nitroisoindoline (22) 

 

4-(Dimethylamino)pyridin (0.25 g, 2.00 mmol, 1.7 eq) and di-tert-butyl dicarbonate (0.76 ml, 

3.45 mmol, 3.7 eq) were dissolved in dry MeCN (100 ml) under inert atmosphere. 6-Amino-1,1,3,3-

tetramethyl-5-nitroisoindoline (0.27 g, 1.15 mmol, 1.0 eq) was added and the mixture stirred for 20 h 

at room temperature. Water was added, the mixture extracted with EtOAc and the combined organic 

phases washed with 1 M HCl and brine, dried over Na2SO4 and the solvent removed under reduced 

pressure. The product was used in the next step without further purification (0.162 g, 0.37 mmol, 

32 %). 

 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 1.43 (s, 18 H, Boc-CH3), 1.99, 2.01 (2 x s, 12 H, Me), 7.14 (s, 1 H, 
7-H), 7.86 (s, 1 H, 4-H). 
13C-NMR (100 MHz, CDCl3): δ (ppm) = 27.97 (Boc-CH3), 29.16, 29.31 (Me), 68.13 (C-1, C-3), 84.30 
(Boc-quart), 118.82 (C-4), 125.06 (C-7), 134.82 (C-5), 143.58 (C-7a), 146.84 (C-6), 148.17 (C-3a) 150.36 
(Boc-CO). 
 
HR-MS (ESI): calc. C22H33N3NaO6 ([M+Na]+): 458.2262, found: 458.2253. 
 

2,5-N,N-Di-Boc-5,6-diamino-1,1,3,3-tetramethyl-5-nitroisoindoline (23) 

 

To a solution of 2,6-N,N-di-Boc-6-amino-1,1,3,3-tetramethyl-5-nitroisoindoline (0.16 g, 0.37 mmol, 

1.0 eq) in MeOH (12 ml) palladium (10 % on charcoal, 40 mg, 0.04 mmol, 10 mol-%) was added and 
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the mixture stirred for 15 h under hydrogen atmosphere. Then the mixture was filtered over Celite 

and the solvent removed under reduced pressure. The product was obtained as a colorless solid 

(0.16 g, quant.) and used in the next step without further purification. 

TLC (DCM/MeOH 95:5): Rf = 0.19. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 1.43 (s, 18 H, Boc-CH3), 1.99, 2.01 (2 x s, 12 H, Me), 7.14 (s, 1 H, 
7-H), 7.86 (s, 1 H, 4-H). 
13C-NMR (100 MHz, CDCl3): δ (ppm) = 27.97 (Boc-CH3), 29.16, 29.31 (Me), 68.13 (C-1, C-3), 84.30 
(Boc-quart), 118.82 (C-4), 125.06 (C-7), 134.82 (C-5), 143.58 (C-7a), 146.84 (C-6), 148.17 (C-3a) 150.36 
(Boc-CO). 
 
HR-MS (ESI): calc. C22H36N3NaO4 ([M+H]+): 406.2700, found: 406.2686. 
 

1,3-N,N-Di-Boc-5,5,7,7-tetraethyl-3,5,6,7-tetrahydroimidazo[4,5-f]isoindol-2-one (32) 

 

Di-tert-butyl dicarbonate (0.36 ml, 1.57 mmol, 4.5 eq) and DMAP (126 mg, 1.02 mmol, 2.9 eq) were 

dissolved in dry MeCN (30 ml) under inert atmosphere. 5,5,7,7-Tetraethyl-3,5,6,7-

tetrahydroimidazo[4,5-f]isoindolo-2-one (101 mg, 0.35 mmol, 1.0 eq) was added and the mixture 

stirred for 19 h at room temperature. Water was added, the mixture extracted with EtOAc, the 

combined organic phases washed with 1 M HCl and brine, dried over Na2SO4, filtered and the solvent 

removed under reduced pressure. The crude product was purified by column chromatography (5 % 

to 10 % MeOH in DCM) and the product obtained as a light brown solid (121 mg, 0.25 mmol, 71 %). 

1H-NMR (400 MHz, CDCl3): δ (ppm) = 0.88 (t, J = 7.4 Hz, 12 H, CH2-CH3), 1.65 (s, 18 H, Boc), 1.67-1.81 
(m, 8 H, CH2-CH3), 7.56 (s, 2 H, 4-H, 8-H).  
 
HR-MS (ESI): calc. C27H41N3NaO5 ([M+Na]+): 510.2944, found: 510.2934. 
 

7,7,9,9-Tetramethyl-7,8,9,11-tetrahydroisoindolo[5,6-g]pteridin-2,4-dione (42) 
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5,6-Diamino-1,1,3,3-tertramethylisoindoline (300 mg, 1.46 mmol, 1.0 eq) was dissolved in HOAc 

(20 ml) under inert atmosphere and boric acid (139 mg, 2.28 mmol, 1.6 eq) and alloxane hydrate 

(236 mg, 1.48 mmol, 1.0 eq) were added. After the mixture was stirred for 2 h at room temperature 

the solvent was removed under reduced pressure. The crude product was used in the next step 

without further purification. 

TLC (DCM/MeOH 9:1 + 1 % NEt3): Rf = 0.37. 
 
1H-NMR (400 MHz, CDCl3 + CD3OD): δ (ppm) = 1.86, 1.87 (2 x s, 12 H, Me), 7.84, 8.09 (2 x s, 2 H, 6-H, 
10-H). 
13C-NMR (100 MHz, CDCl3 + CD3OD): δ (ppm) = 29.37, 29.49 (Me), 67.34, 67.55 (C-7, C-9), 121.12, 
124.00 (C-6, C-10), 140.71, 144.66 (C-5a, C-10a), 145.50, 150.41 (C-6a, C-9a), 130.83, 147.03, 150.60, 
161.22 (C-2, C-4, C-4a, C-11a). 
 
HR-MS (ESI): calc. C16H18N5O2 ([M+H]+): 312.1461, found: 312.1447. 
 

1-N-(2',3',5'-Tri-O-benzoyl-β-D-ribofuranosyl)-7,7,9,9-tetramethyl-7,8,9,11-

tetrahydroisoindolo[5,6-g]pteridin-2,4-dione (41) 

 

Under inert atmosphere 7,7,9,9-tetramethyl-7,8,9,11-tetrahydroisoindolo[5,6-g]pteridin-2,4-dione 

(767 mg, 2.46 mmol, 1.0 eq) was dissolved in dry MeCN (120 ml). N,O-Bis(trimethylsilyl)acetamide 

(4.9 ml, 8.9 mmol, 8.0 eq) was added and the mixture stirred for 1 h at 50 °C. After cooling to room 

temperature, 1-O-acetyl-2,3,5-tri-O-benzoyl-β-D-ribofuranose (1.74 g, 3.45 mmol, 1.4 eq) and 

trimethylsilyl trifluoromethanesulfonate (1.1 ml, 6.6 mmol, 2.7 eq) were added and the mixture 

stirred for 5 h at 80 °C. After cooling to room temperature, the mixture was poured into sat. aq. 

NaHCO3, the organic phase washed with brine and the aqueous phases extracted with EtOAc. The 

combined organic phases were dried over Na2SO4, filtered and the solvent removed under reduced 

pressure. The crude product was purified by column chromatography (DCM/MeOH 95:5). The 

product was obtained as a yellow solid (1.02 g, 1.35 mmol, 51 % over 2 steps). 

TLC (DCM/MeOH 95:5): Rf = 0.18. 
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1H-NMR (400 MHz, CDCl3): δ (ppm) = 1.86, 1.87 (2 x s, 12 H, Me), 4.60-4.69 (m, 1 H, 5'-Ha), 4.77-4.83 
(m, 1 H, 4'-H, 5'-Hb), 7.84, 8.09 (2 x s, 2 H, 6-H, 10-H). 
13C-NMR (100 MHz, CDCl3): δ (ppm) = 29.63, 29.73, 29.82, 29.94 (Me), 119.92, 124.70 (C-6, C-10), 
128.53, 128.59, 129.90 (Bz-CH), 133.18, 133.62, 133.73 (i-Bz), 165.47, 165.66, 166.40 (Bz-CO). 
 
 
HR-MS (ESI): calc. C42H38N5O9 ([M+H]+): 756.2664, found: 756.2675. 
 

1-N-β-D-Ribofuranosyl-7,7,9,9-tetramethyl-7,8,9,11-tetrahydroisoindolo[5,6-g]pteridin-2,4-

dione (45) 

 

1-N-(2',3',5'-Tri-O-benzoyl-β-D-ribofuranosyl)-7,7,9,9-tetramethyl-7,8,9,11-tetrahydroisoindolo[5,6-

g]pteridin-2,4-dione (276 mg, 0.35 mmol, 1.0 eq) and NaOMe (101 mg, 1.86 mmol, 5.4 eq) were 

dissolved in MeOH (30 ml) and stirred for 5 h at room temperature. Dowex-H+ (632 mg) was washed 

with MeOH and MeOH/water (1:1) and added to the reaction mixture. After 1 h the Dowex was 

filtered off, washed with MeOH and MeOH/water (1:1) and the solvent removed under reduced 

pressure. The product was obtained as a yellow solid (166 mg, quant.) and used for the next step 

without further purification. 

TLC (EtOAc/MeOH 4:1): Rf = 0.19. 
 
1H-NMR (400 MHz, CD3OD): δ (ppm) = 1.76 (s, 12 H, Me), 3.75 (dd, J = 12.0 Hz, J = 5.5 Hz, 1 H, 5’-Ha), 
3.90 (dd, J = 12 Hz, J = 2.6 Hz, 1 H, 5'-Hb), 3.94-3.99 (m, 1 H, 4'-H), 4.70 (sbr, 1 H, 3'-H), 6.94 (sbr, 1 H, 1'-
H), 7.96, 8.11 (2 x s, 2 H, 6-H, 10-H). 
13C-NMR (100 MHz, CD3OD): δ (ppm) = 30.69 (Me), 63.48 (C-5'), 66.04, 66.28 (C-7, C-9), 71.18 (C-3'), 
73.23 (C-2'), 85.54 (C-4'), 90.94 (C-1'), 121.38, 123.68 (C-6, C-10), 140.81, 144.05 (C-5a, C-10a), 
150.51, 155.06 (C-6a, C-9a), 129.52, 147.32, 151.11, 161.65 (C-2, C-4, C-4a, C-11a). 
 
HR-MS (ESI): calc. C21H26N5O6 ([M+H]+): 444.18776, found: 444.18845. 
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1-N-(5'-O-4,4'-Dimethoxytrityl-β-D-ribofuranosyl)-7,7,9,9-tetramethyl-7,8,9,11-

tetrahydroisoindolo[5,6-g]pteridin-2,4-dione (46) 

 

1-N-β-D-Ribofuranosyl-7,7,9,9-tetramethyl-7,8,9,11-tetrahydroisoindolo[5,6-g]pteridin-2,4-dione 

(338 mg, 0.76 mmol, 1.0 eq) was dissolved in dry pyridine (30 ml) under inert atmosphere. 

4,4'-Dimethoxytrityl chloride (314 mg, 0.92 mmol, 1.2 eq) was added portionwise over 1.5 h and the 

mixture was stirred for 17 h at room temperature. MeOH was added, the mixture diluted with DCM 

and washed with cold water and sat. aq. NaHCO3. The organic phase was dried over Na2SO4, filtered 

and the solvent removed under reduced pressure. The crude product was purified by column 

chromatography (DCM/MeOH 95:5 + 1 % NEt3). The product was obtained as a yellow solid (386 mg, 

0.52 mmol, 68 %). 

TLC (DCM/MeOH 95:5 + 1 % NEt3): Rf = 0.41. 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 1.40, 1.52, 1.52, 1.55 (4 x s, 12 H, Me), 3.42 (dd, J = 9.8 Hz, 
J = 4.0 Hz, 1 H, 5'-Ha), 3.50 (dd, J = 10.0 Hz, J = 6.8 Hz, 1 H, 5'-Hb), 3.69-3.70 (2 x s, 6 H, DMT-OMe), 
4.08-4.14 (m, 1 H, 4'-H), 4.84 (dd, J = 7.2 Hz, J = 7.2 Hz, 1 H, 3'-H), 4.96 (dd, J = 6.8 Hz, J = 2.4 Hz, 1 H, 
2'-H), 6.64 (dd, J = 8.8 Hz, J = 8.8 Hz, 4 H, DMT), 6.95 (sbr, 1 H, 1'-H), 7.03-7.09 (m, 3 H, DMT), 7.25 (dd, 
J = 9.0 Hz, J = 3.3 Hz, 3 H, DMT), 7.36 (dd, J = 8.0 Hz, J = 1.5 Hz, 2 H, DMT), 7.53, 7.96, (s, 2 H, 6-H, 
10-H). 
13C-NMR (100 MHz, CDCl3): δ (ppm) = 31.78, 32.06, 32.09, 32.15 (Me), 45.90 (DMT-OMe), 62.45, 
62.75 (C-7, C-9), 65.08 (C-5'), 71.28 (C-3'), 72.57 (C-2'), 82.79 (C-4'), 86.25 (DMTquart), 90.30 (C-1'), 
112.98 (DMT), 119.40, 122.42 (C-6, C-10), 126.71, 127.66, 128.33, 130.14, 130.23, 136.01, 136.21 
(DMT), 139.88, 142.60 (C-5a, C-10a), 144.86 (DMT), 153.03, 157.76 (C-6a, C-9a), 158.41 (DMT), 
129.72, 145.47, 151.47, 162.33 (C-2, C-4, C-4a, C-11a). 
 
HR-MS (ESI): calc. C42H44N5O8 ([M+H]+): 746.3184, found: 746.3127. 
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1-N-(5'-O-4,4'-Dimethoxytrityl-2'-O-tert-butyldimethylsilyl-β-D-ribofuranosyl)-7,7,9,9-

tetramethyl-7,8,9,11-tetrahydroisoindolo[5,6-g]pteridin-2,4-dione (47) 

 

1-N-(5'-O-4,4'-Dimethoxytrityl-β-D-ribofuranosyl)-7,7,9,9-tetramethyl-7,8,9,11-tetrahydroisoindolo[5,

6-g]pteridin-2,4-dione (151 mg, 0.20 mmol, 1.0 eq) was dissolved in dry THF (3 ml) under inert 

atmosphere. Pyridine (36 mg, 0.46 mmol, 2.3 eq), AgNO3 (52 mg, 0.31 mmol, 1.5 eq) and TBDMSCl  

(59 mg, 0.40 mmol, 1.9 eq) were added and the mixture was stirred for 7.5 h at room temperature. 

The mixture was diluted with DCM, filtered over Celite and the filtrate washed with sat. aq. NaHCO3 

and brine. The organic phase was dried over Na2SO4, filtered and the solvent removed under reduced 

pressure. The crude product was purified by column chromatography (DCM/MeOH 98:2 + 1 % NEt3). 

A mixture of 2’- and 3’-TBDMS isomers was obtained as a yellow solid (113 mg, 0.13 mmol, 65 %). 

TLC (DCM/acetone 2:3 + 1 % NEt3): Rf = 0.64 (2’-TBDMS isomer), 0.54 (3’-TBDMS isomer). 
 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 0.03, 0.07 (2 x s, 6 H, TBDMS-Me), 0.86 (s, 9 H, TBDMS-tBu), 
1.49, 1.57, 1.59, 1.60 (4 x s, 12 H, Me), 3.33 (dd, J = 10.2 Hz, J = 6.6 Hz, 1 H, 5'-Ha), 3.40 (dd, 
J = 10.4 Hz, J = 2.5 Hz, 1 H, 5'-Hb), 3.70 (s, 6 H, DMT-OMe), 4.10-4.14 (m, 1 H, 4'-H), 4.75 (sbr, 1 H, 2'-
H), 4.88 (sbr, 1 H, 3'-H), 6.66 (sbr, 3 H, DMT), 7.08 (sbr, 3 H, DMT), 7.27-7.31 (m, 4 H, DMT), 7.37-7.41 
(m, 2 H, DMT), 8.05, (s, 1 H, 6-H,). 
13C-NMR (100 MHz, CDCl3): δ (ppm) = -4.73, -4.66 (TBDMS-Me), 18.11 (TBDMSquart), 25.82 (TBDMS-
tBu), 31.86, 32.04, 32.08, 32.15 (Me), 55.26 (DMT-OMe), 62.63, 62.86 (C-7, C-9), 64.12 (C-5'), 71.67 
(C-3'), 72.90 (C-2'), 82.88 (C-4'), 86.27 (DMTquart), 113.00 (DMT), 122.62 (C-6), 126.70 (DMT), 127.69, 
128.33, 130.14, 130.21 (DMT), 136.03, 136.13 (DMT), 142.75 (C-5a), 144.77 (DMT), 153.84 (C-6a), 
158.41 (DMT), 158.70 (C-10a), 145.12, 159.30 (C-2, C-4, C-4a, C-11a). 
 
HR-MS (ESI): calc. C96H114N10NaO16Si2 ([2M+Na]+): 1741.7845, found: 1741.7995. 
 
 



154 
 

5.5 Characterization of oligonucleotides  

5.5.1 ESI-MS 

Table 7: Mass of oligonucleotides I, III, V, VI, VII, XI and XIV calculated and measured by ESI-MS. 

Name 5'-sequence-3' calc. Mass [Da] meas. mass [Da] 

I GACGTCGGAAGACGTCAGTA 6188.08110 6188.10978 

III GACGTBSGGAAGACGTCAGTA 6379.22469 6379.25611 

V TACTGACGTCTTCCm6GACGTCX 6055.04361 6055.07142 

VI TACTGACGTCTTCCm6DAPACGTC 6054.05959 6054.07929 

VII TACTGACGTCTTCCAACGTC 6025.03304 6025.06129 

XI FAM-Alk-CTGTAATACGACTCACTATA 6675.33015 6672.30726 

XIV FAM-Alk-UAAUACGACUCACUAUA 5955.00015 5954.97581 

 

5.5.2 HPLC and HPLC-MS chromatograms 
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Fig. 135: HPLC chromatograms of oligonucleotides I, III, V, VI, VII, (2 x 250 mm column) and XI, XIV (4 x 250 mm column) 
(Buffer A: 25 mM Tris HCl, 6 M urea, pH 8.0; Buffer B: 25 mM Tris HCl, 6 M urea, 0.5 M NaClO4, pH 8.0; 60 °C), 0 % to 48 % B 
in A in 12 CV. 
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5.6 EPR spectra with simulations 

 

Fig. 136: Measured (black) and simulated (red) CW EPR spectra of benzi-spin (1) (giso = 2.0056, aiso(14N) = 1.57 mT, 
τr  ≈ 100 ps), benzi-spin containing oligonucleotide III as a single strand and as double strands paired with IV-XI, lumi-spin 
(2) (giso = 2.0056, aiso(14N) = 1.53 mT, τr  ≈ 100 ps) and EÇr (3) (giso = 2.0056, aiso(14N) = 1.56 mT, τr  ≈ 100 ps). 
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5.7 EPR simulation parameters 

Table 8: EPR simulation parameters (g values, hyperfine coupling constants, central line widths, spectral widths and 
rotational correlation times) for the spin labels and spin labeled oligonucleotides in phosphate buffer solution at 293 K. 

Sample g values A [MHz] 2Azz [mT] ΔH0 [mT] τr 

Benzi-spin 

gx = 2.0076 Axx = 12 

7.7 0.17 93 ps gy = 2.0063 Ayy = 11 

gz = 2.0029 Azz = 108 

Flavi-spin 

gx = 2.0090 Axx = 10 

7.6 0.17 117 ps gy = 2.0056 Ayy = 12 

gz = 2.0023 Azz = 106 

EÇr 

gx = 2.0083 Axx = 11 

7.7 0.17 117 ps gy = 2.0061 Ayy = 13 

gz = 2.0024 Azz = 107 

 
gx = 2.0082 Axx = 12 

7.5 0.43 3.1 ns III gy = 2.0061 Ayy = 16 

  gz = 2.0024 Azz = 105 

 
gx = 2.0075 Axx = 20 

7.0  0.49 12 ns III:IV gy = 2.0069 Ayy = 13 

  gz = 2.0024 Azz = 98 

 
gx = 2.0078 Axx = 20 

7.1 0.49 10 ns III:V gy = 2.0068 Ayy = 10 

  gz = 2.0023 Azz = 100 

 
gx = 2.0076 Axx = 21 

7.1 0.49 9.3 ns III:VI gy = 2.0068 Ayy = 9 

  gz = 2.0023 Azz = 100 

 
gx = 2.0075 Axx = 21 

7.0  0.50 9.7 ns III:VII gy = 2.0069 Ayy = 11 

  gz = 2.0023 Azz = 98 

 
gx = 2.0075 Axx = 21 

7.1 0.51 8.5 ns III:VIII gy = 2.0069 Ayy = 10 

  gz = 2.0022 Azz = 99 

 
gx = 2.0075 Axx = 20 

7.0  0.50 11 ns III:IX gy = 2.0069 Ayy = 11 

  gz = 2.0022 Azz = 99 

 
gx = 2.0074 Axx = 22 

6.9 0.52 8.5 ns III:X gy = 2.0070 Ayy = 10 

  gz = 2.0023 Azz = 97 
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5.8 HPLC-MS chromatograms of compound 1a 

 

Fig. 137: HPLC-MS chromatograms of nucleoside 1a. Phenomenex Synergi 4 µm Fusion-RP 80 Å 2 x 25 mm column (Buffer 
A: 10 mM NH4OAc pH 5.4; Buffer B: MeCN, 25 °C), 0 % to 70 % B in A in 35 min. 

 

Fig. 138: HPLC-MS chromatograms of an irradiated sample (16 h, 290 nm) of nucleoside 1a. Phenomenex Synergi 4 µm 
Fusion-RP 80 Å 2 x 25 mm column (Buffer A: 10 mM NH4OAc pH 5.4; Buffer B: MeCN, 25 °C), 0 % to 70 % B in A in 35 min. 
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6 Abbreviations 

 

A   adenosine 
A   hyperfine coupling constant 
A   absorbance 
Å   Ångström 
Amin   minimal absorbance 
Ac   acetyl 
ac   acetyl 
Ac2O   acetic anhydride 
aiso   isotropic hyperfine coupling constant 
Alk   alkyl linker 
AP   apurinic/apyrimidinic 
APE1   human apurinic/apyrimidinic endonuclease 1 
aq.   aqueous 
ASO   antisense oligonucleotide 
ATP   adenosine triphosphate 
AU   absorbance units 
a.u.   arbitrary units 

B   magnetic field 
βe   Bohr magneton 
Boc   tert-butyloxycarbonyl 
Boc2O   di-tert-butyl dicarbonate 
bp   base pairs 
BS   benzi-spin 
BSA   N,O-bis(trimethylsilyl)acetamide 
BTT   5-benzylthio-(1H)-tetrazole 
Bu   butyl 
Bz   benzoyl 
bz   benzoyl 

C   cytidine 
°C   degrees Celsius 
calc.   calculated 
CEP   O-β-cyanoethyl-N,N-diisopropylphosphoramidite 
CDI   1,1’-carbonyldiimidazole 
cm   centimeters 
conc.   concentrated 
COSY   correlation spectroscopy 
CPG   controlled pore glass 
CT   CTEMPO 
CTP   cytidine triphosphate 
CuAAC   copper(I)-catalyzed azide-alkyne cycloaddition 
CV   column volumes 
CW   continuous wave 

d   doublet 
d   deoxy 
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δ   chemical shift 
DAP   diaminopurine ribonucleotide 
dATP   deoxyadenosine triphosphate 
DBH   1,3-dibromo-5,5-dimethylhydantoin 
DCA   dichloroacetic acid 
dCTP   deoxycytidine triphosphate 
DCE   1,2-dichloroethane 
dχ’’/dB derivative of the imaginary part of the molecular magnetic susceptibility with 

respect to the external static magnetic field 
DCM   dichloromethane 
dd   doublet of doublets 
DDQ   2,3-dichloro-5,6-dicano-1,4-benzoquinone 
ΔE   energy difference 
DEC   diethyl carbonate 
DEER   double electron-electron resonance 
dGTP   deoxyguanosine triphosphate 
ΔH0   peak-to-peak line width of the central line 
DIPEA   diisopropylethylamine 
dm   decimeters 
DMAP   4-(dimetylamino)pyridine 
DMF   dimethyl formamide 
dmf   N,N-dimethylformamidine 
DMHBI   dimethoxyhydroxybenzylidene imidazolone 
DMSO   dimethyl sulfoxide 
DMT   1,1’-dimethoxytrityl 
DNA   deoxyribonucleic acid 
DNAzyme  deoxyribozyme 
dNTP   deoxynucleotide triphosphate 
dq   doublet of quartets 
dTTP   deoxythymidine triphosphate 

ε   extinction coefficient 
EDTA   ethylenediamine tetraacetic acid 
EIC   extracted ion chromatogram 
EPR   electron paramagnetic spectroscopy 
eq   equivalents 
em.   emission 
ESI   electrospray ionization 
Et   ethyl 
EtOH   ethanol 
Et2O   diethyl ether 
EtOAc   ethyl acetate 
ETT   5-ethylthio-(1H)-tetrazole 
exc.   excitation 

FAM   6-carboxyfluorescein 
FRET   fluorescence resonance energy transfer/Förster resonance energy transfer 

G   guanosine 
G   Gauss 
g   grams 
g   g-factor 
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γ   gyromagnetic ratio 
GFP   green fluorescent protein 
GHz   gigahertz 
giso   isotropic g-factor 
GTP   guanosine triphosphate 

h   hours 
h   Planck constant 
ħ   reduced Planck constant 
HBI   hydroxybenzylidene imidazolone 
HIV   human immunodeficiency virus 
HMBC   heteronuclear multiple bond correlation 
HMDS   1,1,1,3,3,3-hexamethyldisilazane 
HOAc   acetic acid 
HPLC   high performance liquid chromatography 
HPLC-MS  high performance liquid chromatography coupled with mass spectrometry 
HR-MS   high resolution mass spectrometry 
HSQC   heteronuclear single quantum correlation 
Hyp   hyperchromicity 
Hz   hertz 

I   nuclear spin 
I   intensity 
i   ipso 
i6A   N6-isopentenyladenosine 
iEDDA   inverse electron demand Diels-Alder 

J   coupling constant 

K   Kelvin 
kHz   kilohertz 
KOtBu   potassium tert-butoxide 

λ   wavelength 

M   molecular ion peak 
M   moles per liter 
m   multiplet 
m   meta 
µ0   vacuum permeability 
mCPBA   metachloroperbenzoic acid 
m6DAP   N-6-methyldiaminopurine deoxyribonucleoside 
Me   methyl 
MeCN   acetonitrile 
Me2NEt   dimethylethylamine 
MeOH   methanol 
mg   milligrams 
m6A   N6-methyladenosine 
m6G   O6-methylguanosine 
MHz   megahertz 
min   minutes 
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ml   milliliters 
µl   microliters 
µm   micrometers 
mM   millimoles per liter 
mmol   millimoles 
mRNA   messenger RNA 
MS   mass spectrometry 
ms   milliseconds 
mT   millitesla 
mW   milliwatt 
m/z   mass/charge 

ν   frequency 
νdd   dipolar coupling frequency 
NAM   naphthalene methoxide 
NaOMe   sodium methoxide 
NBu3   tributylamine 
nBuOH   n-butanol 
NBu4OH  tetrabutylammonium hydroxide 
(NBu4)2PPi  bis(tetrabutylammonium) pyrophosphate 
NEt3   triethylamine 
nm   nanometers 
NMI   1-methylimidazole 
NMR   nuclear magnetic resonance 
No.   number 
NOESY   nuclear Overhauser enhancement and exchange spectroscopy 
ns   nanoseconds 
nt   nucleotides 
NTP   nucleotide triphosphate 

o   ortho 

OTf   trifluoromethanesulfonate 

p   para 
PCR   polymerase chain reaction 
PEG   polyethylene glykol 
PELDOR  pulsed electron-electron double resonance 
Ph   phenyl 
pH   power of hydrogen 
PPi   pyrophosphate 
ppm   parts per million 
ps   picoseconds 

quant.   quantitative 
quart   quarternary 

rAB   interspin distance 
Rf   retention factor 
RBD   RNA-binding domain 
RNA   ribonucleic acid 
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rRNA   ribosomal RNA 
r.t.   room temperature 

S   electron spin angular momentum 
s   singlet 
SAM   S-adenosyl methionine 
sat.   saturated 
sbr   broad singlet 
SD   Shine-Dalgarno 
SELEX   systematic evolution of ligands by exponential enrichment 
SN1   nucleophilic substitution of first order 
SN2   nucleophilic substitution of second order 
SPS   solid-phase synthesis 
ssNMR   solid-state NMR 

T   thymidine 
t   triplet 
t   pump pulse time 
ϑ   temperature 
θ   angle between rAB and B0 
τ   evolution time 
TAM   tetrathiatriarylmethyl 
TAR   trans-activation responsive 
TBAF   tetrabutylammonium fluoride 
TBDMS   tert-butyldimethylsilyl 
TBE   Tris borate EDTA 
tBu   tert-butyl 
TCA   trichloroacetic acid 
TEAB   triethylammonium bicarbonate 
TEMPO   2,2,6,6-tetramethylpiperidin-1-yloxyl 
TEMPOL  4-hydroxy-2,2,6,6-tetramethylpiperidin-1-yloxyl 
TEN   Tris EDTA sodium chloride 
THF   tetrahydrofurane 
TLC   thin layer chromatography 
Tm   melting temperature 
Tm   phase memory time 
TMHI   trimethylhydrazinium iodide 
TMR   tetramethylrosamine 
TMS   trimethylsilyl 
TMSOTf  trimethylsilyl trifluoromethanesulfonate 
TO   thiazole orange 
Tol   toluoyl 
TOM   tri-isoproplysilyl-oxymethyl 
TPP   thiamine pyrophosphate 
TPT   thienopyridinethione 
τr   rotational correlation time 
Tris   tris(hydroxymethyl)aminomethane 
tRNA   transfer RNA 
TTP   thymidine triphosphate 

U   uridine 
U   units 
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UV   ultraviolet 

V   PELDOR signal amplitude 

W   Watt 

2Azz   spectral width 

4CI   4-cyanoindole 

%   percent 
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