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Abstract 

The fluorescent nucleoside (fluoroside) Çf is a cytosine-analogue that forms a stable base pair 

with deoxyguanosine in duplex DNA. Upon incorporation of the fluoroside into double 

stranded DNA, it retains most of its fluorescence. Furthermore, the fluorescent signal is 

different depending on the nucleotide that Çf is base-paired to, making it able to identify its 

base-pairing partner. These abilities make it a promising candidate for single nucleotide 

polymorphism (SNP) genotyping. A preliminary study showed that the flanking sequence, i.e. 

the nucleotides immediately flanking the 3´ and 5´ side of the fluoroside, affected the 

emission of Çf (Cekan P and Sigurdsson ST (2008), Chem. Comm., 29, 3393-3395). We were 

therefore interested in examining the effects of all possible flanking sequences on the 

fluorescence intensity of Çf. We found that the flanking sequence does induce changes in the 

emission, but to a different degree depending on the flanking sequence in question. In fact, 

there were three distinct levels of mismatch detection. First, in the majority of flanking 

sequences (10 of 16), Çf was capable of identifying its base-pairing partner. In the second 

category (3 of 16), Çf was able to discriminate the fully base paired duplex from the 

mismatches. In the last category (3 of 16), the fluoroside was not able to distinguish the fully 

base paired duplex from a mismatch. However in the sequences where distinction between all 

base-pairing partners was not possible, we were able to alter conditions, such as temperature, 

solvent polarity and ionic conditions, so that full discrimination was facilitated. In particular, 

addition of Hg2+ proved useful as it resulted in the selective quenching of the T-mismatched 

duplexes. The ability to use Çf in any flanking sequence makes it one of the most versatile 

SNP genotyping probes available today. 
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Ágrip 

Flúrljómandi kirnisleifin (flúorósíðið) Çf er afleiða deoxýsýtidíns og myndar stöðugt basa par 

við gúanósín. Við innlimun flúorósíðsins í tvíþátta kjarnsýru (DNA), verða litlar breytingar í 

styrk flúrljómunarinnar. Að auki er hið flúrljómandi merki ólíkt eftir því við hvaða kirnisleif 

Çf er parað. Þannig getur Çf greint hvaða basi er á mótstæða þættinum. Þessir eiginleikar gera 

flúorósíðið að mjög ákjósanlegum flúrljómandi hópi til að greina SNP (e. Single Nucleotide 

Polymorphism), sem eru einkirnis-stökkbreytingar sem geta valdið hinum ýmsu sjúkdómum. 

Fyrri rannsóknir á áhrifum hliðstæðra basa, þ.e. basa sitt hvorum megin við Çf, bentu til þess 

að þeir hafa áhrif á flúrljómun (Cekan P and Sigurdsson ST (2008), Chem. Comm., 29, 3393 – 

3395). Því var ákveðið að skoða áhrif allra mögulegra hliðstæðra basa á flúrljómun 

flúorósíðsins og 16 flúrljómandi fákirni smíðuð. Niðurstöðurnar sýndu að hliðstæðu basarnir 

hafa töluverð áhrif, en að mismiklu leyti. Unnt var að greina áhrif hliðstæðra basa í þrjá 

flokka. Í fyrsta flokknum, og reyndar þeim stærsta (10 af 16), var hægt að greina nákvæmlega 

hvaða basi væri á mótstæða þættinum. Í næsta (3 af 16), var unnt að greina rétta basa-pörun 

við G frá mispörun. Í þriðja flokknum (3 af 16) gat Çf ekki greint réttu basa-pörunina frá mis-

pöruðu DNA. Aftur á móti var unnt, með því að breyta aðstæðum svo sem hitastigi, skautun 

leysa og jónastyrk, greina á milli allra basa sem basa-paraðir voru við Çf, óháð hliðstæðum 

bösum. Kvikasilfursjónir (Hg2+) voru sérstaklega nytsamlegar, þar sem þær lækkuðu 

flúrljómun Çf sérhæft þegar um T-mispörun var að ræða. Því er unnt að nota Çf til þess að 

greina SNP, óháð hliðstæðum bösum. 

  



vii 
 

Acknowledgements 

First and foremost I would like to thank Prof. Snorri Þór Sigurðsson for the opportunity to 

learn from him and grow as a scientific researcher. The years spent working for him have 

proved arduous, but at the same time highly rewarding. 

The current and past members of the Sigurdsson group receive my thanks for valuable 

discussions and for have been there in general. Special thanks go to Dr. Pavol Cekan and 

Kristmann Gíslason for their friendship and invaluable advice at times of indecision. 

Last but not least, I would like to thank the people who have had to endure me during 

times of frustration and misfortune, which are of course my friends and family. My girlfriend 

Ásta Rós, deserves my special appreciation due to her ability to diffuse even the most dicey 

situation and to bring calm to a masters student at turmoil. 

 

  



viii 
 

  



ix 
 

Table of contents 

Abstract v 

Ágrip vi 

Acknowledgements vii 

Table of contents ix 

List of figures xi 

List of schemes xii 

List of tables xiii 

List of abbreviations xiv 

1. Introduction 1 

1.1. SNPs and their importance in DNA 1 

1.2. Hybridization methods for SNP detection 1 

1.2.1. Allele-specific hybridization 1 
1.2.2. Enzymatic methods 3 
1.2.3. Other hybridization-based methods 4 
1.2.4. TaqMan: The most widely used SNP assay 5 

1.3. Direct fluorescence identification 5 

1.3.1. Base discriminating fluorescent nucleotides 5 
1.3.2. Origin of Çfand the reason for a detailed flanking sequence study 7 

1.4. Specific aims of the project 7 

1.5. Overview of thesis 8 

2. Syntheses of Çf, tCO and tC and their incorporation into DNA 9 

2.1. Synthesis of Çf and tCO and the respective phosphoramidites 9 

2.2. Preparation of tC and its phosphoramidite 11 

2.3. Incorporation of fluorosides into DNA 13 

3. Photophysical properties of the fluorescent nucleosides 14 

3.1. Quantification of fluorescence 14 

3.2. Effects of solvents on the emission properties of fluorosides 15 

3.2.1. Fluoroside Çf 15 
3.2.2. Fluoroside tCO 17 



x 
 

3.2.3. Fluoroside tC 18 

3.3. Effects of pH on fluorescence of Çf 19 

3.4. Effects of temperature on emission properties of Çf 22 

3.5. Effects of ion concentration on the fluorescence of Çf 23 

4. Fluorescently labelled DNA 25 

4.1. Single-stranded Çf-modified oligonucleotides 25 

4.2. Single-stranded tCO-modified oligonucleotides 27 

4.3. Mismatch detection using Çf and tCO 29 

4.3.1. Effects of flanking sequence on mismatch detection using Çf 29 
4.3.2. Varying the experimental conditions to enhance discrimination 34 

4.3.2.1. Organic co-solvents 34 
4.3.2.2. Temperature 35 
4.3.2.3. Mercuric ions to increase discrimination between bases paired to Çf 36 
4.3.2.4. Iodide ions to probe solvent accessibility of Çf 37 

4.3.3. Effects of flanking sequence on mismatch detection using tCO 38 

5. Conclusions 41 

Experimental 42 

General 42 

Steady-state fluorescence and absorbance 42 

DNA syntheses and purification 43 

Hybridization of oligonucleotides. 43 

Protocols 44 

NMR spectra 63 

References 84 

  



xi 
 

List of figures 

Number Page 

1. Schematic representation of the basic principles of hybridization based 
methods for SNP genotyping. 2 

2. Enzymatic methods utilized in SNP genotyping. 3 

3. Schematic representation and working principle of molecular beacons. 4 

4. The fluorescent nucleotides PypC, 4´pyT & tC. 6 

5. The fluorescent nucleoside phenoxazine (tCO) and Çf base paired with G. 
Mismatch detection using a Çf-modified 11-mer previously published. 7 

6. The UV/Vis spectra of compounds 22 and 23 (tC base). 13 

7. The absorption and emission profiles of Çf in various solvents. 16 

8. The absorption and emission profiles of tCO in various solvents. 17 

9. The absorption and emission profiles of tC in various solvents. 18 

10. Quantum yield of Çf as a function of pH. 20 

11. The four proposed protonation steps of Çf. 20 

12. Absorption and emission profiles of Çf at pH 0.5, 5.5, 10.0 and 12.0. 21 

13. The tautomerization of Çf and possible base-pairing with A. 22 

14. Emission intensity of Çf as a function of temperature. 23 

15. Quantum yield, extinction coefficient and brightness as a function of 
ion concentration. 24 

16. Emission profiles of single stranded Çf-modified DNA. 27 

17. Emission profiles of single stranded tCO-modified DNA. 29 

18. Schematic representation of the duplexes used for the flanking study and 
the emission profiles of the 64 Çf-modified duplexes. 30 

19. Molecular models of Çf base-paired with G, illustrating the 3´ and 5´- 
neighbouring bases. 33 

20. Effects of organic co-solvents on mismatch detection using Çf. 34 

21. Effects of temperature on mismatch detection using Çf. 36 

22. Effects of mercuric ions on mismatch detection using Çf. 37 

23. Effects of potassium iodide on mismatch detection using Çf. 38 

24. Schematic representation of the duplexes used for the flanking study and 
the emission profiles of the 64 tCO-modified duplexes. 39 

  



xii 
 

List of schemes 

Number Page 

1. Preparation of acetylated bromo-dU (3) for coupling with 5 and 10. 9 

2. The convergent coupling reaction pathway used to afford the  
pro-fluorescent nucleoside 6. 9 

3. Ring-closure of the pro-fluorescent coupling product 6 yielding the  
fluorescent nucleoside Çf (7). 10 

4. The tritylation and phosphitylation reactions on Çf, yielding phosphoramidite  
ready for incorporation into DNA. 10 

5. Synthesis of the fluorescent nucleoside phenoxazine (12). 11 

6. Preparation of the tCO-phosphoramidite. 11 

7. Proposed synthetic route to phenothiazine (17). 12 

8. Preparation of intermediate 19 for phenothiazine synthesis. 12 

9. Synthesis of the tC base (23) for the coupling reaction with intermediate 19. 12 

10. Synthesis of phenothiazine (17) and its corresponding phosphoramidite (28). 13 

  



xiii 
 

List of tables 

Number Page 

1. Effects of solvent polarity on the photophysical properties of Çf. 15 

2. Effects of solvent polarity on the photophysical properties of tCO. 17 

3. Effects of solvent polarity on the photophysical properties of tC. 19 

4. Sequences of Çf-modified oligonucleotides and their absorption 
and emission maxima. 25 

5. Quantum yield, extinction coefficient and fluorescence brightness of  
Çf-modified oligonucleotides. 26 

6. Sequences of tCO-modified oligonucleotides and their absorption 
and emission maxima. 27 

7. Quantum yield, extinction coefficient and fluorescence brightness of  
tCO-modified oligonucleotides. 28 

  



xiv 
 

List of abbreviations 

A Adenine 

C Cytosine 

G Guanine 

T Thymine 

U Uracil 

AcOH Acetic acid 

DBU 1,8-Diaza-bicyclo[5.4.0]undec-7-ene 

DMAP 4-Dimethylaminopyridine 

DME 1,2-dimethoxy ethane 

DMF N,N-dimethylformamide 

DMSO Dimethylsulfoxide 

DMTCl Dimethoxytrityl chloride 

DNA Deoxyribonucleic acid 

EDTA Ethylenediaminetetraacetic acid 

EPR Electron paramagnetic resonance 

EtOH Ethanol 

FRET Fluorescence resonance energy transfer 

MeOH Methanol 

MS Mass spectrometry 

NMR Nuclear magnetic resonance 

RNA Ribonucleic acid 

SNP Single nucleotide polymorphism 

TEA Triethylamine 

TLC Thin layer chromatography 

δ Chemical shift 

s Singlet 

d Doublet 

t Triplet 

q Quartet 

m Multiplet 



1 
 

1. Introduction 

1.1. SNPs and their importance in DNA 

Single nucleotide polymorphisms (SNPs) are single base pair mutations that represent one 

of the major sources of genetic heterogeneity.1,2 The standard definition of a SNP is a position 

at which two alternative bases occur at appreciable frequency (>1%) in the human 

population.3 After completion of the Human Genome Project (HGP)4 and the HapMap 

project5, the importance and relevance of SNPs is becoming increasingly clearer. The DNA 

sequences of humans have a correspondence of 99.9%, which means that only 1 in every 1250 

base pairs differs when comparing two individuals. The vast majority of these nucleotide 

variation is due to SNPs.6 Most of these alterations are believed to produce no difference in 

gene function, as these mutations are either in a region that does not interfere with gene 

function or a synonymous mutation is formed. A synonymous mutation is when there is a 

single nucleotide mutation which does not affect the amino acid sequence. This is due to the 

degeneracy of the genetic code. However, examples have been found where SNPs cause an 

allele-specific effect on the level of gene expression.7,8 Furthermore, SNPs can be utilized for 

identification of disease genes by linkage studies in families, linkage disequilibrium in 

isolated populations, association analysis of patients and controls, and loss-of-heterozygosity 

studies in tumors.9,10 Because of the association of SNPs to human diseases and disorders, the 

research interest in these mutations has increased dramatically in recent years. 

1.2. Hybridization methods for SNP detection 

Since the discovery of Watson-Crick base-pairing, techniques based on the complementary 

hybridization have been utilized in various scientific fields, such as molecular and 

mechanistic biological studies, molecular diagnostics, therapeutic development, 

biotechnology and nanotechnology.11 More importantly, the specific hybridization properties 

of DNA have been used in various methods detecting SNPs. 

1.2.1. Allele-specific hybridization 

By simply exploiting the specificity of the complementary base pairing, allele-specific 

hybridization is the most conventional and easy to interpret method for SNP genotyping. Four 

different probes are required for each allele of a SNP site and very stringent conditions must 

ensue to ensure that a single base mismatch is enough to prevent hybridization of a non-

matching probe. The general procedure on a solid support (DNA-microarray) is depicted in 
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Figure 1. The signal afforded is usually due to a fluorescent probe, or an immunological 

probe. Fluorescence is particularly convenient for genotyping on solid phase assays, due to 

ease of detection.12  

 
Figure 1. Relative hybridization to allele-specific probes complementary to each of the four possible nucleotides at the 
interrogated nucleotide position is used for genotype analyses. Each position investigated will give a signal for the 
corresponding nucleotide (white boxes on right), which is used for sequencing of the oligonucleotide. In this case the 
sequence would be 5´-d(CGGGATTGCAGC). 

By placing the SNP site at all possible positions within the probe, positive discrimination 

between the alleles is insured, despite the strict hybridization conditions needed. This, 

however, means that if a 20-mer oligonucleotide is to be used to detect the SNP, 20 different 

oligonucleotides must be used.2 In addition, if the allele is to be identified, an oligonucleotide 

probe must be used for each of the four nucleotides, in effect increasing the number of 

oligonucleotide probes to 80 for a single SNP site.12 

There have been reports where mass spectrometry (MS) can be used to detect the specific 

allele-hybridized product, which reduces the number of oligonucleotides needed. The smallest 

difference in mass is between A and T, which is about 9 Da, which is easily detected using 

MALDI-TOF.13 The MS genotyping technology can be expanded by the use of cleavable 

mass tags as labels to replace the fluorophores used above. This enables an ultra-high 

throughput genotyping assay, as each assay only takes a fraction of a second. Another positive 

attribute of using MS genotyping, is that DNA micro-arrays can be used directly as a MALDI 

plate. The weakness of this approach is that the sample must be ultra pure and each assay 

must be done individually in series.14 
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1.2.2. Enzymatic methods 

Various types of SNP genotyping methods incorporating enzymes are available. All of 

which are extension of the allele-specific hybridization. Many of these methods are superior 

to the allele-specific hybridization, as the detection signal is amplified by the enzymatic step.  

In allele-specific PCR, discrimination is achieved by the hybridization of a primer to the 

target strand (Figure 2A). PCR amplification is only possible where the primers are 

hybridized, and the mismatch is therefore detected. In order to identify the allele in question, 

four different primers are needed.15 

Allele-specific primer extension differ from the PCR detection pathway in that, they detect 

an incorporation of a nucleotide rather than primer extension (Figure 2B). Only in the case of 

perfect hybridization, can the nucleotide be incorporated. The nucleotides incorporated can be 

detected in a various ways, such as fluorescence or mass tags. A more exhausting description 

can be found in Syvanen´s review.16 

Approaches that utilize ligation or cleavage are also available. In the case of allele-specific 

ligation, the ligation reaction is only associated with the completely hybridized target (Figure 

2C). The same effect is utilized with enzymatic cleavage.17 Only when the fully 

complementary target is available does cleavage occur; this is used in the high-throughput 

Invader assay (Figure 2D).18,19 In addition to a oligonucleotide probe, the Invader assay 

requires a second “invader” probe, which produces the flap which the endonuclease used 

recognizes.20 

 
Figure 2. A. Allele-specific PCR amplification of signal. In the case of correct hybridization, the primer is extended, but not 
if in the case of a mismatch. B. Incorporation of a labelled nucleotide in order to detect mismatches. C. Ligation based 
approach for mismatch detection (complementary strand is identified by CS). D. Basic principle of the Invader assay, which 
is a method based on enzymatic cleavage. In the case of a successful hybridization, an enzyme recognizes the flap caused by 
the two overlapping strands and cleaves as the picture shows. IP is the invader probe needed to generate the flap. 
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1.2.3. Other hybridization-based methods 

A range of other hybridization-based methods are available, such as fluorescence 

polarization measurements21, electrochemical detection22, pyrosequencing23, dual-probe 

excimer formation24-26 and fluorescence resonance energy transfer (FRET). The TaqMan 

assay and molecular beacons are examples where FRET can be utilized to detect 

mismatches.27 The methodology of using fluorescence quenching via energy transfer, here 

using molecular beacons, for mismatch detection is described. The working principle is the 

same when using FRET. 

Molecular beacons (MBs) are a type of fluorescent probes that rely on interactions of 

donor and acceptor (for example FRET). MBs are capable of producing highly sensitive and 

accurate detection of mismatches.28 Conventional molecular beacons are doubly labelled 

probes (Figure 3). On one end of an oligonucleotide probe, a fluorophore has been attached 

and at the other end a quencher or a secondary fluorophore. Before hybridization with a target 

or in case of a mismatch, the molecular beacon forms a hairpin structure, which places the 

fluorophore and quencher in close proximity, thereby quenching the fluorescence of the 

probe. When it is hybridized to a fully complementary target, the hairpin structure is 

energetically less favourable than the DNA duplex formed. The duplex formation 

subsequently leads to a greater distance between the fluorophore and quencher, effectively 

“turning on” the fluorescence.29 

 

Figure 3. The classic structure of a dually labelled molecular beacon and the basic working principles. Before hybridization 
the MB adopts a hairpin structure, which causes the fluorophore (F) and the quencher (Q) to be in close proximity to one 
another. Upon hybridization, with a fully complementary strand, the stem-region is forced open, effectively restoring the 
fluorescence due to the increased distance between F and Q. In the case of a mismatched target, the hairpin structure is 
energetically more favourable. The sequence of the molecular beacon depicted was randomly selected. 
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Since this method is based on the hybridization energy between the fully base-paired versus 

the mismatched target sequence, the hybridization conditions must be managed carefully. In 

particular, the sequence of the probe is crucial for effective mismatch detection. Furthermore, 

molecular beacons are only able to determine whether a mismatch has occurred, but incapable 

of identifying the mismatch in question. 

1.2.4. TaqMan: The most widely used SNP assay 

The TaqMan assay is currently the most widely used SNP assay and is based on similar 

properties as the aforementioned molecular beacons.27,30 A probe, which is fully 

complementary to the target strand, is doubly labelled. However in this instance the probe 

does not form a secondary structure, but is short enough to put the fluorophore and quencher 

(or secondary fluorophore) into close proximity. Upon hybridization to the target, the intrinsic 

5´ nuclease activity of Taq DNA polymerase is utilized to digest the probe, thereby increasing 

the spatial distance between the fluorophore and quencher (secondary fluorophore), 

effectively turning on the fluorescence. In the case of a mismatched target, the duplex is not 

formed, so no cleavage takes place.31,32 

1.3. Direct fluorescence identification 

There is constantly a demand for faster and more accurate methods to detect and quantify 

nucleic acid targets. One of the more promising methods for such use is fluorescence, since it 

affords rapid, sensitive and accurate measurements. Since the intrinsic fluorescence emission 

of the natural nucleosides A, G, C and T is too weak to be used for measurements, fluorescent 

probes must be attached to the DNA in some manner.  A fluorescent probe that could directly 

identify its base-pairing partner without the cumbersome hybridization protocols would be 

highly advantageous. The stringent conditions needed for hybridization could be discarded 

and the number of redundant probes needed to investigate each SNP site could be 

dramatically lowered. 

1.3.1. Base discriminating fluorescent nucleotides 

It would be advantageous that fluorescent probes could directly identify the allele at a SNP 

site, without the troublesome hybridization steps. In addition to this fundamental requirement, 

it is also preferable that the probe has a high brightness, i.e. high quantum yield (ΦF), which is 

the proportion of photons emitted versus the photons absorbed, and a high molar extinction 

coefficient (ε). Another prerequisite is that the absorption of the fluorescent probe should be 

separated from the nucleobase absorption, which has an absorption maxima around 260 nm. 
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This is in order to facilitate ease of detection. Most fluorescent probes that are available today 

fulfil some, but not all, of these conditions. Among the fluorescent probes that are most 

interesting are “base discriminating fluorescent nucleotides” or BDFs as named by Saito and 

coworkers.33,34 Even though the definition was originally only meant for a few nucleotides 

synthesized by Saito and colleagues, this characterization can be expanded to encompass all 

fluorescent nucleotides that show selective fluorescence when base paired to a specific 

nucleotide. 

The first major problem for BDFs was that incorporation of fluorescent nucleotides into 

DNA usually had detrimental effects on the fluorescence intensity. A high degree of 

quenching usually ensues the incorporation of fluorescent probes into DNA35-37 such as when 

examining PhpC, a BDF described by Hudson and coworkers (Figure 4A). Upon 

incorporation into an oligonucleotide, the fluorescence intensity was decreased (quenched) 

roughly 65%.38 This problem is epitomized when the fluorescent nucleoside is flanked by a 

G/C pair, as in the case of Saito´s BDF, 4´pyT (Figure 4B).39 A 15-fold decrease in 

fluorescence intensity was observed, when 4´pyT was flanked by two G/C pairs, as opposed 

to two A/T pairs. Other BDFs described by Saito and coworkers, can usually only detect a 

single allele and most are reported to be quenched severely by flanking G/C pairs.33,34,40-42 

 

Figure 4. A. The C-derivative PhpC which is quenched upon incorporation into oligonucleotides. B. Pyrene-modified 
thymidine described by Saito and coworkers, which is significatntly quenched by flanking G/C pairs. C. Phenothiazine (tC) 
which fluorescence is reduced upon incorporation into DNA, but a flanking G/C pair has no greater quenching effects than an 
A/T pair. 

There have been reports of fluorescent nucleotides in which fluorescence intensity is not 

quenched even in the presence of flanking G/C pairs.43 However, the discrimination power is 

discernibly lowered, i.e. the fluorescence intensity of the probe is similar for all base-pairing 

partners. One fluorescent nucleoside, that has been reported to be insensitive to flanking 

sequence, is Matteucci´s phenothiazine (tC) (Figure 4C).44 The oxo-derivative of tC, which 

is appropriately named phenoxazine (tCO) (Figure 5A), was the subject of the first complete 
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flanking sequence study, where the emission intensity of the fully base paired duplexes were 

compared.45 The quantum yield of tCO varied from 0.14 – 0.41 in different flanking 

sequences and was not quenched significantly more by a flanking G/C pair than an A/T pair. 

However, phenoxazine has only been used to detect mismatches in a single sequence, and it 

was not capable of identifying all base-pairing partners.46 

1.3.2. Origin of Çfand the reason for a detailed flanking sequence study 

Our group has recently described the photophysical properties of fluorescent nucleoside Çf 

when incorporated into DNA.47 The fluoroside is a C-derivative which was based on the 

aforementioned phenoxazine, and as such forms a stable base pair with G (Figure 5B).48 

Upon incorporation into DNA, the fluorescence intensity was only marginally reduced. About 

a 5% reduction in quantum yield was observed.47 Moreover Çf showed remarkable and in fact 

unprecedented properties as it was able to identify each of its base-pairing partner (Figure 

5C). 

 

Figure 5. A. The structurally related fluorescent nucleoside phenoxazine (tCO) B. Çf base-paired with G (dR = 2´-
deoxyribose). C. Mismatch detection using the fluorescent 11-mer oligonucleotide 5´-d(CCCTÇfCTGTCC). Duplexes 
formed are shown in inset, X is any natural nucleotide, G (black), C (red), A (blue) and T (green).47 

Upon a preliminary investigation of the effects of flanking sequence, it became clear that 

the flanking sequence did have an effect, but the identification of the base-pairing partner was 

still possible.47 This prompted us to perform a systematic study of the effects of flanking 

study on mismatch detection. Furthermore, we decided to do the same study using 

phenoxazine, to determine what effect the isoindoline ring had on mismatch discrimination. 

1.4. Specific aims of the project 

The main purpose of this project, the assessment of Çf as a SNP genotyping probe, can be 

subdivided into three specific aims. First, the examination of the photophysical properties of 



8 
 

the newly described fluorescent nucleotide Çf. This would entail a pH study, polarity 

sensitivity study, the study of the effects of ion concentration on fluorescence intensity and 

finally an investigation into the effects of temperature on the emission of the fluoroside. We 

hope that this section of the project might shed some light on the origin of the mismatch 

detection. 

The second and the central goal of the project was the assessment of the effects of the 16 

flanking sequence on fluorescence in general. More importantly, the effects of the flanking 

sequence on the discrimination of mismatches, were examined by forming the 64 possible 

duplexes. Due to the properties of Çf, it is a highly promising candidate for SNP genotyping 

so therefore this study was carried out to elucidate the generality of the mismatch detection. 

The third and final specific aim was the examination of the structurally related 

phenoxazine (tCO) and phenothiazine (tC). We hoped that this section would clarify the 

effects of the isoindoline ring of Çf, and its effects on fluorescence and possible contribution 

to the mismatch detection. 

1.5. Overview of thesis 

In the first chapter we have reviewed standard methods for detecting SNPs and the 

shortcoming of those methods. Furthermore we have described the incentive for the flanking 

study of the fluorescent nucleoside Çf 

In chapter two we cover the synthesis of the Çf and the structurally related fluorosides 

phenoxazine (tCO) and phenothiazine (tC) and their incorporation into DNA 

oligonucleotides. 

Chapter three summarizes the photophysical properties of the fluorescent nucleotides. The 

fluorescent nucleosides were subjected to diverse conditions, such as different polarity and 

temperature and the effects on emission determined. 

Chapter four describes the photophysical properties of the Çf- and tCO-modified 

oligonucleotides which were examined. The emissive properties was extracted for the single 

stranded oligonucleotides as well as for the 64 duplexes (of each fluoroside) made. 

Furthermore, the experimental conditions were changed in order to enhance mismatch 

detection using Çf-modified duplexes. 

The fifth and final chapter then summarizes the results and puts forth conclusions about the 

applicability of Çf as a general SNP probe. 
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2. Syntheses of Çf, tCO and tC and their incorporation into DNA 

In this chapter we will briefly review the three convergent synthetic schemes which were 

used to afford the fluorescent nucleosides Çf, tCO and tC. The synthetic schemes for the 

former two are nearly identical, while that of phenothiazine is based on a different strategy. 

2.1. Synthesis of Çf and tCO and the respective phosphoramidites 

The fluoroside Çf was, as previously stated, based on the known structure of the 

phenoxazine nucleoside. Phenoxazine is a deoxycytidine analogue and forms a stable base 

pair with G, and the same has been reported for Çf 47, and the spin-label Ç.49 The same 

reaction pathway was used to afford the fluorescent nucleoside Çf, as previously described for 

the spin label Ç.48 The necessary starting material 3´,5´-diacetyl-5-bromo-2´-deoxyuridine (3) 

was afforded by bromination and acetylation of deoxyuridine (1) (Scheme 1).  
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Scheme 1. Preparation of acetylated bromo-dU (3) for coupling with 5 and 10. 

Compound 3 was subsequently activated by PPh3 and CCl4 and coupled to the freshly 

hydrogenated isoindoline moiety (5) in the presence of DBU (Scheme 2). The necessary 

intermediate 4 was available from Dr. Nivrutti Barhate, a former group member. It is essential 

to use the newly hydrogenated product 5 as this compound is not very stable. 
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Scheme 2. The convergent coupling reaction pathway used to afford the pro-fluorescent nucleoside 6. 
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Scheme 3. Ring-closure of the pro-fluorescent coupling product 6 yielding the fluorescent nucleoside Çf (7). 

Refluxing the coupling product 6 in absolute ethanol in the presence of potassium fluoride 

afforded the ring-closed nucleoside Çf, which is highly fluorescent (Scheme 3). Before 

incorporation of the fluoroside into DNA, it was converted into the corresponding 

phosphoramidite by tritylation and phosphitylation, using similar condition as have been 

reported for Ç (Scheme 4). However, the ether/hexane precipitation used for purification of 

Ç-phosphoramidite, proved unsuccessful due to limited solubility of Çf-phosphoramidite in 

ether. The precipitation purification was performed using dry dichloromethane and n-hexane, 

a procedure which has been reported to work for phenoxazine.50 
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Scheme 4. The tritylation and phosphitylation reactions on Çf, yielding phosphoramidite 9 ready for incorporation into DNA. 

Since the synthesis of Çf was based on a previous method described for tCO, the 

preparation of phenoxazine is nearly identical to that of Çf. The same starting material (3) was 

coupled to commercially available 2-aminophenol (10) instead of the isoindoline moiety (5) 

as in the case of Çf. Also, due to dimerization as a side reaction 51, 2-aminophenol (10) was 

used in at least 4-fold excess (Scheme 5). 
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Scheme 5. Synthesis of the fluorescent nucleoside phenoxazine (tCO)(12). 

The same reaction conditions were used for tCO phosphoramidite synthesis as for the 

synthesis of Çf phosphoramidite synthesis (Scheme 6). 
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Scheme 6.  Preparation of the tCO-phosphoramidite. 

2.2. Preparation of tC and its phosphoramidite 

Due to the structural similarity between tC and tCO, it was proposed that a similar 

approach for synthesis of phenothiazine could be utilized. Matteucci and coworkers had 

reported the successful activation/coupling reaction of 3´,5´-diacetyl-5-iodo-2´-deoxyuridine 

to 2-aminothiophenol (15).44 However this reaction proceeded in relatively low yields. We 

decided to attempt the coupling reaction using the readily available brominated deoxyuridine 

(Scheme 7). The coupling reaction of 2-aminophenol (10) (Scheme 5) was completed in 4 h 

while the attempted coupling reaction using 2-aminothiophenol (15) (Scheme 7) had not 

produced any coupling product after 48 h. Fortunately, during the experiment, using the same 

pathway for phenothiazine as for phenoxazine, an article was published by Wilhelmsson and 

coworkers describing an alternate route to the fluorescent nucleoside tC, which we used 

succesfully.50 
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Scheme 7. Proposed synthetic route to phenothiazine (tC) (17). 

In this reaction pathway, the tC base was synthesized separately and later coupled to 3´,5´-

ditoluoyl protected chloro-deoxyribose (19), effectively creating a N-glycosidic bond. The 

intermediate 19 was readily synthesized in a one-pot reaction (Scheme 8).52 
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Scheme 8. Preparation of intermediate 19 for phenothiazine synthesis. 

By heating 2-aminothiophenol (15) and 5-bromouracil (20) in ethylene glycol in the presence 

of Na2CO3 for 1 h, coupling was achieved, yielding product 21 (Scheme 9). The temperature 

and reaction time is crucial, as increasing the temperature or the reaction time decreases the 

yield of the reaction. Subsequent ring-closure in a HCl/EtOH solution afforded the tC base 

(22). 
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Scheme 9. Synthesis of the tC base (22) for the coupling reaction with intermediate 19. 

Products 21 and 22 were qualitatively identified using UV/Vis spectroscopy (Figure 6). The 

absorption spectra of these compounds fit nicely to previously reported values.50 
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Figure 6. A. UV/Vis spectra of compound 21 in 0.1 M NaOH, showing the expected λmin at 265 nm and λmax at 294 nm. B. 
The absorption spectra of tC base (22) in 0.1 M NaOH, showing λmin at 282 nm, λmax at 235 and 309 nm and λshoulder at 253 
and 355 nm. 

The tC base was treated with a suspension of NaH in DMF before addition of the 

deoxyribose-intermediate 19. This yielded the α (23) and β (24) anomers of the toluoylated 

phenothiazine, which was then deprotected using sodium methoxide. The separation of the 

anomers could be performed at either the coupling stage or the deprotection stage (Scheme 

10). The β-anomer of phenothiazine (17) was tritylated and phosphitylated using the same 

conditions as for the other fluorescent nucleosides. 
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Scheme 10. Synthesis of phenothiazine (17) and its corresponding phosphoramidite (27). 

2.3. Incorporation of fluorosides into DNA 

The phosphoramidites of the fluorosides were subsequently used for automated chemical 

synthesis of DNA. The fluorescent oligonucleotides were purified by 20 – 23% denaturing 

polyacrylamide gel electrophoresis (DPAGE).47,49 
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3. Photophysical properties of the fluorescent nucleosides 

In this chapter the absorption and emission properties of the three fluorescent nucleosides 

(Çf, tCO and tC) are examined in the pursuit of better understanding the origins of mismatch 

detection. 

Various external effectors can have a profound effect on fluorescence, such as polarity, pH, 

temperature and ion concentration. To assess the effects these things would have on the 

fluorescence intensity of the fluorescent nucleosides, they were subjected to diverse set of 

conditions and the effects monitored. Furthermore, these experiments were expected to shed 

light on the origin of the unique spectral profile of an Çf•A mismatch. The A-mismatch 

exhibits three emission maxima, whereas the other three base pairs Çf forms only exhibit one 

maxima (Figure 5C).47 

3.1. Quantification of fluorescence 

In order to accurately describe the fluorescent probes we use two parameters. First, the 

quantum yield of the fluorophores, which corresponds to the total number of photons emitted 

relative to the number of photons absorbed. The relaxation pathway of fluorescent molecules 

is comprised of two major pathways, fluorescence and radiationless relaxation. The quantum 

yield therefore tells us the distribution between the two. For convenience, quantum yield is 

usually determined relative to a known standard. For this purpose we use equation 1.53 

  Equation 1 

The quantum yield (ΦF) of an unknown sample (x) is calculated from the known quantum 

yield of a standard (s). This is done using the area under the corrected emission curves (F), 

which is expressed in number of photons, the absorbance (A) at the excitation wavelength and 

the refractive indices (η) of the solvents used. In our case we used anthracene in EtOH, which 

has the quantum yield of 0.27, when excited at 365.5 nm. 

The second quantification of fluorescence is brightness. The brightness tells us, based on 

concentration, how good a fluorescent probe is. 

  Equation 2 

The brightness is the multiplication product of the quantum yield and the molar extinction 

coefficient (ε). The quantum yield affords the ratio of photons emitted versus photons 
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absorbed and the molar extinction coefficient provides the total number of photons absorbed. 

Thus the brightness is the best quantitative yard stick to compare fluorescent molecules. 

One more variable which, even though it is not a quantification of fluorescence, can tell us 

much about fluorescence is the Stokes shift. The Stokes shift is the difference in emission 

versus excitation maxima. A high Stokes shift is favourable as this minimizes the overlap of 

the absorbance and emission of the molecule. This in turn makes detection of the fluorescent 

signal easier, as the bleed-through of the excitation light is well separated from the emission 

wavelength, which is detected. 

3.2. Effects of solvents on the emission properties of fluorosides 

Among the first things that must be considered, when examining fluorosides, is the polarity 

of their microenvironment. The effects of polarity changes were crucial to examine in order to 

interpret the forthcoming DNA data. To simulate the differing polarity of a DNA strand, the 

fluorosides were dissolved in various organic solvents, with different polarity. 

3.2.1. Fluoroside Çf 

The emission of Çf was examined in various solvents, which ranged from highly polar 

(H2O), to very unpolar (cyclohexane) and the photophysical properties of the fluoroside 

extracted (Table 1). 

Table 1. Shows the photophysical data for Çf in various solvents 

Solvent Dielectric 
constant 54 

Dipole 
moment (D) ΦF

[A] ε365.5 nm
[A] 

(M-1cm-1) 

Brightness 

(M-1cm-1) 

H2O 80.4 1.85 0.308 ± 0.024 10,962 ± 377 3,385 ± 379 
DMF 38.3 3.82 0.400 ± 0.074 11,075 ± 646 4,480 ± 1,083 

CH3CN 36.6 3.92 0.368 ± 0.039 10,524 ± 911 3,908 ± 746 
EtOH 24.3 1.69 0.355 ± 0.029 11,581 ± 218 4,118 ± 413 

CH2Cl2 9.1 1.60 0.358 ± 0.028 > 6,337 ± 954[B] > 2,295 ± 519[B] 
1,4-dioxane 2.2 0.45 0.398 ± 0.020 11,916 ± 165 4,746 ± 304 

Benzene 2.3 0 0,129 ± 0,021[C] ~ [D] ~ [D] 
Cyclohexane 2.0 0 0,050 ± 0,014 ~ [D] ~ [D] 

[A] Measured at 20 °C [B] Due to low solubility, only minimum values can be established. [C] The quantum yield determined 
for 365.5 nm excitation. Absorbance maxima had shifted to 412 nm. [D] No data available 

By looking at Table 1 it is clear that medium or high polarity results in a similar 

fluorescence intensity of Çf. The quantum yield does not vary much, until the polarity of the 

solvent is reduced greatly, like in the case of cyclohexane. The fluoroside could not be 

completely dissolved in CH2Cl2, so only a maximum concentration of the Çf solution could be 
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estimated. Due to the inverse proportion of concentration and extinction coefficient, only a 

minimum value could therefore be evaluated for the latter. When determining the quantum 

yield of Çf in benzene and cyclohexane, the concentration were unknown, so neither ε nor the 

brightness could be determined. When benzene and cyclohexane were used as solvent, the 

absorption was set 0.03 – 0.08 as this is the optimum value for quantum yield determination. 

However, this means that no estimation of ε or brightness can be made. These measurements 

were carried out before the realization that brightness is better suited than quantum yield to 

compare fluorescence. Figure 7 shows the absorption and emission spectra of Çf in the 

solvents tested. 

 
Figure 7. Absorption (black) and emission (red) spectra of the fluorescent nucleoside Çf in H2O, EtOH, CH3CN, 1,4-
dioxane, DMF, CH2Cl2, benzene and cyclohexane, A-H, respectively. 

The absorption profile is relatively unchanged in the majority of solvents tested, with the 

absorption maxima positioned around 360 nm. The same applies for the emission profiles, 

where there is generally one broad peak with the λME  centred around 450 nm. However, in 

benzene (Figure 7G), there are multiple maxima both in the absorption and the emission 

spectra. There are three predominant absorption peaks at 389, 401 and 412 nm, with the latest 

being the highest. There are also three emission peaks positioned at 415, 426 and 440 nm, 

with the first being the largest. This results in only a 3 nm Stokes´ shift, which is unusually 

low. The reasons for the abnormal vibronic structure of Çf in benzene is unclear, but could be 

due to some electronic interaction of the fluorescent nucleoside with the solvent molecules. 

The emission profile of Çf in DMF is very interesting, as it displays a similar trend to that of 

A-mismatch in DNA (Figure 5C). The characteristic emission profile of an A-mismatch 

could therefore be a consequence of a slightly less polar environment of Çf when base-paired 

with A. The λMA  cannot be accurately determined for cyclohexane, due to extremely low 

solubility, but the fluorescence maximum is again around 450 nm. 
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3.2.2. Fluoroside tCO 

The quantum yields of phenoxazine in various solvents (Table 2) was established using 

solutions of unknown concentration, due to the same reasons as when the quantum yield was 

determined for Çf in benzene and cyclohexane. 

Table 2. Shows the quantum yield for tCO in various solvents 

Solvent Dielectric 
constant 54 

Dipole 
moment (D) ΦF

[A] ε365.5 nm
[A] 

(M-1cm-1) 

Brightness 

(M-1cm-1) 

H2O 80.4 1.85 0.232 ± 0.010 ~ ~ 
DMF 38.3 3.82 0.536 ± 0.022 ~ ~ 

CH3CN 36.6 3.92 0.421 ± 0.013 ~ ~ 
EtOH 24.3 1.69 0.355 ± 0.017 ~ ~ 

CH2Cl2 9.1 1.60 0.416 ± 0.038 ~ ~ 
Benzene 2.3 0 0.063 ± 0.006 ~ ~ 

Cyclohexane 2.0 0 0.044 ± 0.001 ~ ~ 
[A] Measured at 20 °C  [B] No data available 

Similar quantum yields were observed for tCO as for Çf, except in the case of DMF. 

Excluding DMF, this would indicate that the introduction of the isoindoline ring into Çf has a 

negligible effect on fluorescence. But when comparing the emission profiles of the two 

fluorosides, variations appear (Figure 8).  

 
Figure 8. Absorption (black) and emission (red) spectra of the fluorescent nucleoside tCO in H2O, EtOH, CH3CN, DMF, 
CH2Cl2, benzene and cyclohexane, A-G, respectively. Due to solubility problems, accurate UV spectra were not obtained for 
benzene and cyclohexane. 

For instance, the emission profile of tCO in DMF shows one broad peak centred around 

450 nm rather than the three maxima observed in the case of Çf. Instead, the three-peak 

pattern can be seen in benzene (Figure 8F). This suggests that the probes react differently to 

polarity, but both show the three-peak pattern when base paired to A.46,47 We can thus deduce 

that the unique peak-pattern of A-mismatch is not solely due to the polarity difference of A-
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mismatch versus the other base-pairing options. We can, however, not rule out the possibility 

of a combination effect, where the polarity might be an issue. 

3.2.3. Fluoroside tC 

Finally, the fluorescence of tC was tested in the same solvents as before. Again only the 

quantum yield was determined, for the same reasons as previously described for phenoxazine.  

 

Figure 9. Absorption (black) and emission (red) spectra of the fluorescent nucleoside tC in H2O, EtOH, CH3CN, DMF, 
CH2Cl2, benzene and cyclohexane, A-G, respectively. Due to solubility problems, accurate UV spectra were not obtained for 
benzene and cyclohexane. 

The absorption spectra were slightly red-shifted. The absorbance maximum is generally 

around 365, which means that it is red-shifted approximately 5 nm compared to Çf. The 

emission spectra is also red-shifted, but to a much larger degree, compared to phenoxazine 

and Çf (Figure 9). The emission maxima was red-shifted by approximately 30 nm, yielding 

an emission maxima around 480 nm. The red-shift is especially noticeable in water, where the 

fluorescence maxima is centred around 500 nm. The red-shift is even detectable by the naked 

eye, since Çf and tCO  both emit blue light, while green light is emitted from tC. A three-peak 

pattern emerges from tC as it did for the other fluorosides, but in this case it is when 

cyclohexane is used as solvent, which is the most unpolar solvent used. The quantum yields 

are generally lower for phenothiazine compared to the other fluorosides, especially when 

water is used as a solvent (Table 3). The quantum yield of tC in cyclohexane on the other 

hand is considerably higher than for either Çf and tCO which, in context with the quantum 

yield in water and the spectral profile of tC in cyclohexane, could suggest that this probe is 

better suited for hydrophobic environments. 
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Table 3. Shows the quantum yield for tC in various solvents 

Solvent Dielectric 
constant 54 

Dipole 
moment (D) ΦF

[A] ε365.5 nm
[A] 

(M-1cm-1) 

Brightness 

(M-1cm-1) 

H2O 80.4 1.85 0.064 ± 0.002 ~ ~ 
DMF 38.3 3.82 0.289 ± 0.015 ~ ~ 

CH3CN 36.6 3.92 0.211 ± 0.006 ~ ~ 
EtOH 24.3 1.69 0.215 ± 0.010 ~ ~ 

CH2Cl2 9.1 1.60 0.251 ± 0.012 ~ ~ 
Benzene 2.3 0 0.085 ± 0.006 ~ ~ 

Cyclohexane 2.0 0 0.213 ± 0.017 ~ ~ 
 [A] No data available 

3.3. Effects of pH on fluorescence of Çf 

As the hydrogen bonding properties of nucleotides variy with the pH level of solution, we 

decided to examine the effects of pH on the emission intensity of Çf. The pH titration has 

already been reported for tCO and tC and was not repeated.46,55 When plotting the quantum 

yield of Çf as a function of pH, four sections become apparent (Figure 10). Each one of these 

sections represents a certain protonation form of the fluoroside (Figure 11). In section A 

(Figure 10), the predominant form is the di-protonated one (Figure 11A). This form exhibits 

relatively little fluorescence as opposed to the mono-protonated form which is prevalent in 

section B. The deprotonation of N3 can be rationalized by the pKa values of the nucleoside. 

The N3 atom of cytosine has a pKa of around 3, whereas a secondary amine (the isoindoline 

moiety) has a pKa value of approximately 10. The neutral form of Çf exhibits slightly lowered 

quantum yield compared to the protonated form (Section C). Surprisingly, an increase in 

quantum yield is observed when the fluoroside is subjected to highly basic conditions (pH > 

11.0). The deprotonation of Çf occurs at N7 (Figure 11C), which is the remnants of the amine 

group of cytosine on which the fluoroside is based. The pKa of the primary amine group of 

cytosine is roughly 12, and according to the pH titration (Figure 10), the pKa has been 

lowered slightly but only to approximately 11. The isoindoline moiety is not deprotonated as 

its pKa is close to 30. 
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Figure 10. The quantum yield of Çf as a function of pH value. The buffers used were oxalate buffer (pH 0.5 – 2.7), citrate 
buffer (pH 3.3 – 6.0), phosphate buffer (pH 6.5 – 8.0), Tris buffer (pH 8.5 – 9.0), glycine/NaOH buffer (pH 9.5 – 10.5) and 
dilute NaOH (pH 10.8 – 13.5). Sections A-D represent the 4 different protonation states of Çf. 

The effects of pH on the fluorescence properties of Çf seem to be quite similar to those 

reported for tCO. The emission intensity of tCO is reported stable in the pH interval of 5.0 – 

9.0 45, while  the fluorescent properties of nucleoside Çf is relatively unchanged from pH 3.0 – 

9.0. The slight discrepancy is most likely due to the isoindoline ring, as the incorporation of a 

second positive charge is highly unfavourable for the molecule, effectively expanding the pH 

range in which Çf is usable.  

 

Figure 11. The four protonation states of Çf. The numbering of a standard cytosine is depicted along with the N7 
designation. D. At high pH, the de-protonated form of Çf is predominant. A. In acidic medium, Çf is di-protonated at the 
isoindoline ring and the N3 atom. B. In the pH range of 2 – 9, Çfs isoindoline ring system is protonated. C. The neutral Çf is 
the major form at slightly alkaline solutions. The N7 atom of the fluorescent nucleoside is deprotonated.  

The reason for the decreased fluorescence of the neutral form (Figure 11C) of Çf, is 

uncertain, but could be explained by push-pull reasoning of fluorescence.56,57 By adding 

electron withdrawing or donating groups, the fluorescence properties of a compound change, 

due to changes in the molecules dipole. In this case, the “addition” of charges to the 

compound result in a different dipole moment and consequently, higher quantum yield than in 

the case of neutral Çf. Other aspects of the emission properties are also amenable to changes 
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in the dipole, such as the emission maxima and emission profile. By comparing the emission 

profile of Çf from each of the sections described in Figure 10, we are able to see such an 

effect (Figure 12). 

 
Figure 12. Absorption (black) and emission profile (red) of Çf at pH 0.5 (A), 5.5 (B), 10.0 (C) and 12.0 (D). Absorption and 
emission spectra have been normalized to same scale, respectively. 

At pH 0.5 (Figure 12A), the fluorescence intensity has virtually disappeared, but the little 

that remains indicates that the emission maximum has shifted to roughly 500 nm, which is a 

red-shift of about 50 nm from the neutral form. The absorption maxima has shifted also, but 

to a lesser degree. The highest quantum yield measured for Çf was determined at slightly 

acidic conditions (Figure 12B). The emission spectra at this pH (pH 5.50 ~ section B) shows 

a similar spectra as for most of the organic solvents tested. The absorption maxima is 

approximately 360 nm and the emission maxima centred around 450 nm, resulting in a 

Stokes´ shift of ~ 90 nm. At slightly alkaline pH levels (Figure 12C), the fluorescence 

decreases as previously discussed, but the emission profile also begins to exhibit slight 

vibrational peak pattern. At pH 12.0 (Figure 12D), this peak pattern has fully emerged and is 

quite similar to that of Çf in DMF and the emission profile of an A-mismatch. Under these 

conditions, i.e. highly alkaline solution, the absorption spectra also reveals the vibronic 

structure, albeit to a lesser degree than the emission spectra. 

The finding that the distinctive three-peak pattern of A-mismatch emerges when the 

fluorescent nucleoside is exposed to highly basic conditions offers a new explanation to the 

peak-pattern of an A-mismatch. Since the three-peak pattern emerges in section D, we can 

deduce that it is coupled to the deprotonated form of Çf, and something similar must be 

happening in an A-mismatch. However since the pKa of the N7 atom of Çf is approximately 

11.0 and DNA would not tolerate such conditions, the A-mismatch cannot be deprotonating 

the fluoroside. However since Çf is a C-analogue, it can tautomerize. One of its tautomers 

enables better hydrogen bonding options for A, and effectively removes the proton of N7 

(Figure 13). The hypothesis is further supported by the fact that the A-mismatch is the most 

thermodynamically stable of the mismatched duplexes.47 This is therefore a much more 

satisfactory explanation of the distinctive peak-pattern of the A-mismatch, though we are not 
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able to eliminate to possibility that a conjecture of tautomerization and a less polar 

environment of the A-mismatch are collectively responsible. 

 
Figure 13. Tautomerization of Çf. A. The natural form of Çf does not allow hydrogen bonding to A, without some structural 
deformations. B. Upon tautomerization of the fluorescent nucleoside, two hydrogen bonds can be formed with A, without 
structural deformations of the duplex DNA. 

The tautomer illustrated in Figure 13B can also form hydrogen bonds to the C-mismatch. 

However, since the base-pairing of two pyrimidines (C•Çf) is not possible without some 

structural perturbations of the DNA backbone, the tautomerization has less impact on the 

stability of C-mismatch compared with the A-mismatch. 

3.4. Effects of temperature on emission properties of Çf 

During annealing of the fluorescent oligonucleotide and counterstrand, the temperature is 

raised to 90 °C, therefore the effects of temperature needed to be evaluated. Two types of 

experiments were performed. In the former, a sample of Çf diluted in sterile, degassed water 

was measured repeatedly at increasing temperature (Figure 14A). The fluorescence of the 

fluoroside decreases linearly to approximately 60 °C, but decreases rapidly when surpassing 

that temperature. Upon cooling, some fluorescence is recovered, and the decrease in 

fluorescence intensity up to 60 °C can therefore be regarded as reversible. Irreversible loss of 

fluorescence commences at temperatures exceeding 60 °C. We also measured the 

fluorescence intensity at a constant temperature (20 °C) for 6 h, to assure that the decrease in 

fluorescence was due to the temperature and not photobleaching. In the constant temperature 

experiment, no significant difference in emission intensity was observed after 6 h. 
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Figure 14. A.  The effects of heating monitored using a simple sample measured repeatedly at different temperatures. Red 
line represents the heating process from 6 – 84 °C, the blue line represents the cooling process of the same sample from 84 – 
30 °C and the black dotted lines are fitted with the linear portions of the heating and cooling lines. B. Çf-samples dissolved in 
H2O and PNE buffer and their quantum yields determined before and after annealing, blue and red columns respectively. The 
quantum yields of the samples are given above each respective column. The asterisk indicates a significant difference in the 
quantum yield measurement. 

The finding that the fluorescence of Çf is irreversibly lost upon heating above 60 °C was 

not encouraging as the annealing conditions require the samples to be heated to 90 °C. 

However, the experiment in Figure 14A took about four hours, whereas the 90 °C step in the 

annealing process takes 2 min. A more accurate determination of heating effects would 

therefore be to subject the fluorescent nucleoside to the aforementioned annealing process. 

This was done both in sterile water as well as the buffer solution used for DNA (PNE buffer) 

and the results can be seen in Figure 14B. A decrease in quantum yield was discovered when 

the fluoroside was dissolved in water, but only to an extent of 15%. The results from the 

former experiment had indicated at least a 60% decrease of fluorescence intensity, so 15% is 

quite agreeable. Surprisingly, no fluorescence decrease was observed when the fluorescence 

of Çf was dissolved in PNE. It is possible that the ions in the buffer are able to adequately 

shield the fluoroside from the irreversible fluorescence quenching upon heating. As all 

fluorescently labelled DNA was annealed in PNE buffer, the quenching effects of temperature 

need not be considered. Furthermore, since all fluorescent duplexes undergo the same 

annealing conditions, comparison of emission intensity should be valid, even if there is some 

quenching of fluorescence. 

3.5. Effects of ion concentration on the fluorescence of Çf 

For use an effective SNP probe, Çf will have to endure the high ion concentration of 

physiological solutions. We therefore subjected the fluorescent nucleoside to NaCl 

concentration varying from 0 to 1000 mM. Figure 15A shows that there are some variations 

in both the quantum yield as well as the extinction coefficient. The difference between the 
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absolute maximum and minimum value is around 10% for both properties. However, since 

these effects are opposite, i.e. the quantum yield increases while the extinction coefficient 

decreases, the total fluorescence intensity remains relatively unchanged (Figure 15B). 

 
Figure 15. A.  The change in quantum yield (black) and molar extinction coefficient (red) as a function of NaCl 
concentration. B. Relative fluorescence intensity (i.e. brightness) of Çf as a function of ion concentration. 
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4. Fluorescently labelled DNA 

In this chapter we review the effects of flanking sequence on the emission properties of 

single-stranded oligonucleotides as well as on duplex DNA. We examine the effects of 

flanking sequence in order to elucidate the generality of Çf as a SNP probe. To determine the 

effects of the isoindoline ring, we repeated the measurements using phenoxazine-modified 

DNA. Finally we alter the emission acquisition conditions, with various external effectors to 

enhance mismatch discrimination, with the ultimate goal being to use the Çf to correctly 

identify any base-pairing partner in any flanking sequence.  

4.1. Single-stranded Çf-modified oligonucleotides 

Upon incorporation into single-stranded DNA, the fluorescence intensity of many probes 

has been significantly quenched as described earlier (section 1.3.1.). The fluorescent 

nucleoside Çf had shown remarkable fluorescent properties in the sequences tested, but to 

elucidate the full effect of the flanking sequence on fluorescence intensity all flanking 

sequences had to be evaluated. The fluorescent nucleoside Çf was incorporated into 16 

different oligonucleotides that comprise all possible variation of flanking sequence around Çf 

(Table 4). 

Table 4. The sequences of the Çf-modified oligonucleotides and their absorption and emission maxima 

Designation Sequence [A,B] [A,C] 

GÇfG 5´-d(GAC CTC GÇfG TCG TG) 360 445 
GÇfC 5´-d(GAC CTC GÇfC TCG TG) 361 442 
GÇfA 5´-d(GAC CTC GÇfA TCG TG) 364 443 
GÇfT 5´-d(GAC CTC GÇfT TCG TG) 361 443 
CÇfG 5´-d(GAC CTC CÇfG TCG TG) 364 448 
CÇfC 5´-d(GAC CTC CÇfC TCG TG) 365 443 
CÇfA 5´-d(GAC CTC CÇfA TCG TG) 365 447 
CÇfT 5´-d(GAC CTC CÇfT TCG TG) 365 447 
AÇfG 5´-d(GAC CTC AÇfG TCG TG) 361 449 
AÇfC 5´-d(GAC CTC AÇfC TCG TG) 362 449 
AÇfA 5´-d(GAC CTC AÇfA TCG TG) 359 450 
AÇfT 5´-d(GAC CTC AÇfT TCG TG) 362 449 
TÇfG 5´-d(GAC CTC TÇfG TCG TG) 362 448 
TÇfC 5´-d(GAC CTC TÇfC TCG TG) 364 449 
TÇfA 5´-d(GAC CTC TÇfA TCG TG) 364 451 
TÇfT 5´-d(GAC CTC TÇfT TCG TG) 364 450 

[A] Measurements were performed in H2O at 20 °C. [B] Absorption maxima [C] Emission maxima 
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The stacking interaction of the fluorescent nucleoside and the neighbouring bases, causes 

the radiative rate constant to lower.58 This in turn leads to a lower extinction coefficient and 

lower overall brightness of the fluorescent probe. When comparing the extinction coefficient 

of the free Çf fluoroside in water (~ 11,000 M-1cm-1) with the extinction coefficients of Çf 

incorporated into DNA, it became clear that the extinction coefficients were decreased (Table 

5). One exception is the oligonucleotide GÇfA, in which Çf seems relatively unaffected by the 

stacking interactions of the neighbouring bases. In addition to the highest extinction 

coefficient, this modified oligonucleotide also has the highest quantum yield, making it the 

brightest oligonucleotide synthesized, by far (Table 5 and Figure 16). 

Table 5. The photphysical properties of the Çf-modified oligonucleotides 

Designation Quantum Yield[A] Extinction coefficient [A] 

(M-1cm-1) 

 Brightness[B,C] 

(M-1cm-1) 

GÇfG 0.201 ± 0.007 6,713 ± 219 1,351 ± 91 
GÇfC 0.212 ± 0.005 6,220 ± 97 1,319 ± 52 
GÇfA 0.252 ± 0.005 10,310 ± 117 2,599 ± 81 
GÇfT 0.215 ± 0.006 6,174 ± 180 1,328 ± 76 
CÇfG 0.127 ± 0.003 7,253 ± 61 921 ± 30 
CÇfC 0.132 ± 0.004 7,271 ± 95 960 ± 42 
CÇfA 0.137 ± 0.003 7,289 ± 57   999 ± 30 
CÇfT 0.102 ± 0.002 7,457 ± 65 761 ± 22 
AÇfG 0.207 ± 0.004 6,507 ± 120 1,347 ± 51 
AÇfC 0.119 ± 0.003 6,094 ± 235 726 ± 46 
AÇfA 0.176 ± 0.006 5,378 ± 181 948 ± 64 
AÇfT 0.156 ± 0.004 5,547 ± 185 866 ± 51 
TÇfG 0.179 ± 0.003 6,811 ± 43 1,219 ± 28 
TÇfC 0.133 ± 0.009 6,673 ± 97 888 ± 73 
TÇfA 0.190 ± 0.004 6,048 ± 150 1,150 ± 53 
TÇfT 0.140 ± 0.004 5,672 ± 154 795 ± 44 

[A] Measurements were performed in H2O at 20 °C. [B] Multiplication product of the quantum yield and extinction 

coefficient [C] Error is designated as the greatest deviation from the mean of the multiplication product. 

In Figure 16 the relative fluorescence intensities of all sequences synthesized are 

portrayed. Again it is obvious, that oligo GÇfA, has the highest fluorescence intensity. One 

possible explanation for the much higher emission intensity of GÇfA, is that it does not form 

any secondary structure, while the other oligonucleotides could do so. The single stranded 

oligonucleotides could for instance form a hairpin much like that of molecular beacons. The 

formation of a secondary structure in which Çf is placed in a duplex region, might explain the 

lowered emission. However, thermodynamic simulations show that no such structures are 
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formed, for any sequence. If we disregard oligo GÇfA, the remainder of the oligos have very 

similar emission intensities. A slightly higher emission however seems to be linked with a 3´-

flanking purine (A or G). No adverse effects of a flanking G or C can be seen when reviewing 

the fluorescence intensity of all oligos. In fact, oligos CÇfC and GÇfG, both of which place 

the fluoroside between two known quenchers, have a higher than average emission intensity. 

This is remarkable as flanking G/C pairs have been known to severely quench fluorescence 

intensity.41,42,59 

 
Figure 16. The fluorescence profiles of single stranded oligos where the 5´-flanking base of Çf is G (A), C (B), A (C) and T 
(D). Insets show the sequence of each respective oligonucleotide, along with the colour code, 3´-G (black), 3´-C (red), 3´-A 
(blue) and 3´-T (green). 

4.2. Single-stranded tCO-modified oligonucleotides 

All 16 oligonucleotides were synthesized using the tCO-phosphoramidite. The sequences 

and designations can be seen in Table 6.  

Table 6. The sequences of the tCO-modified oligonucleotides and their absorption and emission maxima 

Designation Sequence [A,B] [A,C] 

GtCOG 5´-d(GAC CTC GtCOG TCG TG) ~ ~ 
GtCOC 5´-d(GAC CTC GtCOC TCG TG) 366 450 
GtCOA 5´-d(GAC CTC GtCOA TCG TG) 366 449 
GtCOT 5´-d(GAC CTC GtCOT TCG TG) ~ ~ 
CtCOG 5´-d(GAC CTC CtCOG TCG TG) ~ ~ 
CtCOC 5´-d(GAC CTC CtCOC TCG TG) ~ ~ 
CtCOA 5´-d(GAC CTC CtCOA TCG TG) ~ ~ 
CtCOT 5´-d(GAC CTC CtCOT TCG TG) 365 450 
AtCOG 5´-d(GAC CTC AtCOG TCG TG) 365 451 
AtCOC 5´-d(GAC CTC AtCOC TCG TG) ~ ~ 
AtCOA 5´-d(GAC CTC AtCOA TCG TG) ~ ~ 
AtCOT 5´-d(GAC CTC AtCOT TCG TG) 365 452 
TtCOG 5´-d(GAC CTC TtCOG TCG TG) ~ ~ 
TtCOC 5´-d(GAC CTC TtCOC TCG TG) ~ ~ 
TtCOA 5´-d(GAC CTC TtCOA TCG TG) ~ ~ 
TtCOT 5´-d(GAC CTC TtCOT TCG TG) ~ ~ 

[A] Measurements were performed in H2O at 20 °C. [B] Absorption maxima [C] Emission maxima 
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As the emission properties of single stranded oligonucleotides were not the main purpose 

of the research only a subset of phenoxazine-modified single-stranded oligonucleotides were 

selected and their photophysical properties examined (Table 6 and Table 7).  

When selecting the oligonucleotides for examination, a few key points were considered. 

First, we needed an oligo which had two flanking G/C pairs (GtCOC), second an oligo 

flanked by two pyrimidines (CtCOT) and also one flanked by two purines (AtCOG). AtCOT 

was chosen as it had no G/C flanking pairs and finally GtCOA was chosen because of its 

distinctive emission properties in the case of the Çf-modification.  

Since the fluorosides Çf and tCO are structurally related, their fluorescent properties were 

expected to be similar, as is indeed the case. Although the absorption and emission of all 

phenoxazine-modified oligonucleotides measured is slightly red-shifted, the quantum yield 

and extinction coefficient show similar trends. 

Table 7. The photphysical properties of the tCO-modified oligonucleotides 

Designation Quantum Yield[A] Extinction coefficient [A] 

(M-1cm-1) 

 Brightness[B,C] 

(M-1cm-1) 

GtCOC 0.104 ± 0.004 7,276 ± 173 757 ± 47 
GtCOA 0.134 ± 0.008 6,745 ± 138 905 ± 72 
CtCOT 0.073 ± 0.002 7,033 ± 95 514 ± 21 
AtCOG 0.195 ± 0.003 7,994 ± 152 1,559 ± 54 
AtCOT 0.136 ± 0.003 6,748 ± 92 918 ± 33 

[A] Measurements were performed in H2O at 20 °C. [B] Multiplication product of the quantum yield and extinction 
coefficient [C] Error is designated as the greatest deviation from the mean of the multiplication product. 

For instance, the lowest quantum yield measured in both cases was when the fluoroside 

was flanked by C and T, in 5´ and 3´ respectively (CtCOT and CÇfT). The brightness of 

AtCOG is considerably higher than that of AtCOT, as a result of both higher quantum yield 

and extincton coefficient. The phenoxazine labelled GtCOA shows a higher quantum yield 

than GtCOC as was the case in the Çf-modified analogues. The GtCOA oligonucleotide 

however, does not show an unusually high extinction coefficient, which could indicate a 

higher degree of stacking of the phenoxazine moiety than the Çf nucleoside. One possible 

explanation is that the incorporation of the methyl groups into Çf can hinder base-stacking. 

The fact that Çf is positively charged at pH 7.0 can also be the reason for the difference in 

emission properties, as DNA is negatively charged and ionic interactions are possible. The 

emission profiles of the single stranded phenoxazine-modified oligos measured can be seen in 

Figure 17. The emission profiles show that not only does the fluorescence intensity change, 
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but also the structure of the spectra. The phenoxazine modified oligonucleotides all exhibit 

much more distinct peak pattern, similar to that of the A-mismatch. The appearance of the 

peak-pattern in all oligonucleotides emphasizes the difference between the two fluorescent 

nucleotides, but the reasons why the single-stranded oligonucleotides exhibit these traits are 

unknown. The polarity of the fluorosides micro-environment could be the explanation as 

described earlier, but is more probably only a part of the solution. 

 
Figure 17. The fluorescence profiles of single stranded oligos where the 5´-flanking base of tCO is G (A), C (B) or A (C). 
Insets show the sequence of each respective oligonucleotide, along with the colour code, 3´-G (black), 3´-C (red), 3´-A (blue) 
and 3´-T (green). 

4.3. Mismatch detection using Çf and tCO 

The main purpose of all previously described experiments was to gain insight into the basic 

properties of fluorescence of Çf and as a result, the mismatch detection power of the 

fluoroside. One of the more obvious, but tedious experiments remained, the systematic study 

of the effects of flanking sequence on mismatch detection. 

4.3.1. Effects of flanking sequence on mismatch detection using Çf 

The fluorescent nucleoside Çf has been reported to be able to distinguish a mismatch, and 

more impressively, identify its base-paring partner in three separate flanking sequences.47 

However, even though the identification of Çf base-pairing partner remained possible, some 

changes were observed when the neighbouring bases of Çf were altered. For instance, the 

emission intensity of the A-mismatch was highly diverse while the intensity of T-mismatch 

increased dramatically when flanked by two pyrimidines.47 In order to evaluate the full effect 

of flanking sequences, 64 duplexes had to be made, since each of the 16 fluorescently labelled 

oligonucleotide can have one of the four natural nucleotides base-paired with Çf. The results 

of the flanking study can be seen in Figure 18. 
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Figure 18. A. The DNA sequences used for the flanking sequence study. N is G, C, A or T. X is Çfs base-pairing partner. B. 
The colour codes of the emission curves for the different Çf base pairs. C. The relative fluorescence intensity of all 64 
duplexes. The nucleotides flanking the 5´ and 3´-side of Çf are red and blue, respectively and change from G, C, A and T 
horizontally (5´-flanking) and vertically in the same order (3´-flanking). The sequences that can readily distinguish between 
all base-pairing partners have a green background, while those that are only able to identify a mismatch from the fully base-
paired duplex have a yellow background. The sequences in which Çf is unable to distinguish between the fully base-paired G 
and a mismatch have a red background. Each panel has been normalized separately by defining the emission intensity of the 
most fluorescent duplex as 1.00. Panels are highlighted green if the difference in area under the corrected emission curves 
exceeds 5% for all duplexes. Yellow if two or three emission curves (not G) overlap within 5% difference. The panels are 
highlighted red, if any mismatched curve does not exceed 5% deviation from that of the fully base-paired duplex (black 
curve). 

It is immediately clear that there is a high degree of variance in the order of fluorescence 

intensity for the individual base-pairings between the different flanking sequences. Some 
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modified sequences are clearly superior to others when it comes to discrimination between 

mismatches, or simply to distinguish a mismatch all together. For example the highly 

fluorescent 5´-d(GÇfA) is able to distinguish and discriminate clearly between all 

mismatches. This seems to be the case in most flanking sequences (10 out of 16), i.e. that Çf 

can discriminate between base-pairing partners. There is, however, as previously stated, a 

high degree of variance in the emission intensity of Çf in context with its base-pairing partner 

and flanking sequence. For example, both 5´-d(CÇfG) and 5´-d(GÇfA) are able to identify its 

base-pairing partner, but the relative emission intensity of the four duplexes of each sequence 

is quite different.  

The sequences were grouped into three distinct categories. The first contains the sequences 

in which Çf is able to distinguish a mismatch and identify the mismatch in question (10 out of 

16). In these sequences, the difference in the area under the corrected emission curves exceeds 

5% for all sequences. These sequences have been highlighted with a green background in 

Figure 18C. 

The second group is comprised of sequences in which Çf is capable of distinguishing the 

fully base-paired duplex from a mismatch, but is unable to identify the mismatch in question 

(3 out of 16). These sequences have emission curves which do not deviate 5% from each other 

(excluding G). This group is identified with a yellow background in Figure 18C. In this 

group, the fully base-paired duplex has comparatively lower fluorescence intensity than the 

mismatches.  A good example of this is the sequence is 5´-d(GÇfC) where the fully base-

paired duplex shows the lowest fluorescence intensity of all duplexes, but the emission 

intensity of the mismatches are similar to one another. In this case, it would be easy to 

recognize the G-match, but hard to assess unambiguously which mismatch has occurred.  

A third and final class of modified sequences are indicated by red panels in Figure 18C. 

The sequences in question are incapable of distinguishing a mismatch from the fully base-

paired duplex (3 out of 16). These are the sequences in which the difference in the area under 

the corrected emission curve of a mismatch and the fully base-paired duplex does not exceed 

5%. In all cases where Çf is not able to distinguish the mismatches from the fully base-paired 

duplex, it is the T-mismatch emission that overlaps with that of the fully base-paired. 

It should be noted that the A-mismatched duplex exhibits the unique spectral profile 

described earlier, in all flanking sequences. The appearance of the vibrational peaks in the 

spectra of A-mismatch, whether they are the product of tautomerization or polarity of flanking 

sequence, enables the detection of the A-mismatch in any sequence. Furthermore, the 

emission intensity of the A-mismatch is sensitive to its neighbouring bases, especially the 5´-
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flanking nucleotide. When the 5´-flanking base is a purine the fluorescence intensity of Çf is 

much higher than when Çf has a 5´-flanking pyrimdine. The effects of stacking could be a 

possible explanation for this, as molecular modelling shows that the 5´-pyrimidine bases stack 

directly on top of the fluoroside, while 5´-purines do not (Figure 19). While the stacking of 

the bases seems nearly identical, it must be kept in mind that structural perturbations as small 

as 0.8 Å have been reported to change stacking effects, and as a result the emission properties, 

of fluorophores.60 

The fluorescence intensity of the C-mismatch is consistently higher than that of the fully 

base-paired duplex. This could also be explained by the diminished stacking interactions of 

the flanking base pairs with Çf. As previously mentioned the Çf•C base pair is comprised of 

two pyrimidines, which results in structural perturbations if it is formed. This causes the 

diminished effect of stacking. The same holds true for the T-mismatch, as the emission 

intensity is generally quite high for Çf when base-paired with T.  The fact that fluorescence 

intensity of Çf always retains the unique peak pattern in the case of an A-mismatch and the 

fluorescence intensity of Çf•C is always higher than the fully base-paired duplex, ensures that 

Çf can be used to detect a C- or an A-mismatch in any sequence without further modification 

of the probe or detection conditions.  
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Figure 19. Molecular models illustrating the stacking interactions of Çf and the 3´- and 5´-flanking nucleotides. Only the 
immediate neighbouring bases were modelled to simplify visual detection of stacking interactions. The models are viewed 
from the 5´-flanking sequence. The fluoroside Çf is base-paired with G, to form the fully base-paired duplex, in all cases. The 
5´-flanking base is highlighted red, the 3´-flanking base cyan and Çf green. 

The fluorescence intensity of Çf when base-paired with a T, is as described earlier, 

generally quite high. The reasons for this is most likely due to the diminished stacking 

interactions as in the case of a C-mismatch. However, there are two distinct trends observable 

for the T-mismatch. First, when Çf is flanked by a 5´-C, the fluorescence intensity increases, 

except in the case of a 3´-A. Second, when Çf has a 3´-A, the fluorescence intensity of the T-

mismatch is significantly lower, than in any other sequence. The stacking interactions alone, 

cannot explain this, as the same trend would then apply for the C-mismatch, which it does not. 

An important observation for the emission of Çf in a T-mismatch is that in some sequences 

the emission completely overlaps that of the fully base-paired duplex. Thus, we cannot use Çf 

as a G/T SNP genotyping probe, independent of sequence. In order to have a truly universal 

SNP probe, Çf should also be able to identify the T-mismatch in any sequence. Therefore, we 

sought to create such a probe, by altering the emission acquisition conditions to induce 

discrimination between the fully base-paired duplex and the T-mismatch. 
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sought to create such a probe, by altering the emission acquisition conditions to induce 

discrimination between the fully base-paired duplex and the T-mismatch. 

4.3.2. Varying the experimental conditions to enhance discrimination 

In the pursuit of a universal SNP probe, we decided to try to enhance the discrimination 

power of Çf by simply changing the surroundings of the probe slightly. Among the external 

effecters used were organic co-solvents and the introduction of quenching ions into the DNA 

solution. We also utilized temperature changes. 

4.3.2.1. Organic co-solvents 

By titrating organic solvents into the DNA solutions, we had hoped that the polarity of the 

solution would change enough to induce some effect on the emission properties, like 

previously shown for the free fluorosides. In order to see if the mismatch detection was 

enhanced, we decided to use the sequences which had shown little discrimination power 

(yellow and red panels in Figure 18C).  

 
Figure 20. A. The effects of absolute EtOH (A), 1,4-dioxane (B), THF (C) and DMF (D) on mismatch detection. The left 
panel in each case shows the emission profiles before addition of organic solvent, while the right one shows the emission 
profile at 25% organic solvent concentration. The sequences used in each case is shown with the corresponding spectra. The 
colour code is the same as before, G (black), C (red), A (blue) and T (green). 

The solvents used were EtOH, 1,4-dioxane, THF and DMF. The maximum amount that we 

were able to use was 25% of organic solvent in buffer solution, as the DNA samples began to 

precipitate at higher concentration of organic solvent. In Figure 20 the emission profiles of 

four sequences are shown in the absence and presence of 25% of organic solvent. 

As can be seen in Figure 20 the addition of organic co-solvents does not affect the 

fluorescence intensity of the mismatches appreciably. The addition of EtOH (Figure 20A) 

and 1,4-dioxane (Figure 20B) does not have any discernable influence. THF (Figure 20C) 

quenches the fluorescence intensity of the fully base-paired duplex more effectively than the 
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other duplexes. In addition the C-mismatch is quenched to a lesser extent than the other 

mismatches in the presence of THF. These effects cause a slightly better discrimination 

between the base-pairing partner of Çf. DMF (Figure 20D) also causes the fluorescence 

intensity of the G-match duplex to be quenched more effectively, but only to a minor degree. 

Due to the fact that only minor changes were observed, and the complications that arose due 

to DNA precipitation, we turned to other external factors to enhance mismatch detection.  

4.3.2.2. Temperature 

Another aspect we could utilize to enhance discrimination is temperature. By altering the 

temperature when measuring the emission of the mismatches, we hypothesized that we could 

increase the exposure of Çf to the surrounding solvent, thereby increasing the polarity of Çfs 

micro-environment. The enhancement of mismatch discrimination would therefore be a result 

of differing melting temperatures (TM) of the fully base-paired duplex and mismatches, in 

addition to the difference in stacking affinity of Çf to the neighbouring bases. Therefore we 

expected that the Çf•C mismatched duplex would show the largest increase in fluorescence 

intensity when increasing the temperature, since it has the lowest TM (has been reported for 

5´-d(GÇfA) 47 and thermodynamically simulated for other sequences using mFold). 

Accordingly, we expected the fully base-paired duplex to show the smallest increase.  

In fact, the C-mismatch did show the largest increase in emission intensity, followed by the 

T-mismatch (Figure 21). The emission intensity of the T-mismatch was unchanged in 5´-

d(TÇfT), but was increased roughly 10% in 5´-d(TÇfA) upon heating to 40° C. The 

fluorescence intensities of both A-mismatch and the fully base-paired G-match, decreased 

approximately 20%.  

As is evident by Figure 21A utilizing temperature can be beneficial to the enhancement of 

mismatch detection. However, when using a sequence in which Çf shows appreciable 

discrimination, the temperature can also have an adverse effect on the identification of 

mismatches (Figure 21C). This method is especially convenient for extraction of the C-

mismatch, as the emission intensity is increased significantly when using temperature 

exceeding 30 °C. But as previously stated, the C-mismatch can be readily identified from the 

fully base-paired duplex in any sequence using Çf. Therefore, this is a good proof-of-principle 

for other fluorescent nucleosides, but not viable when using Çf. However, it must be kept in 

mind that if the length of the probe is altered (here it is a 14-mer), the temperature-changes 

will also be altered. 
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Figure 21. A. The effects of heating on mismatch detection using 5´-d(TÇfT). Left panel shows mismatch discrimination at 
10° C, while the right shows mismatch discrimination at 40° C. B. The relative emission intensity change as a function of 
temperature for 5´-d(TÇfT). C. The effects of temperature on mismatch detection using 5´-d(TÇfA). Left panel shows the 
spectra at 10° C, while the right represents the spectra at 40° C. D. The relative emission intensity change as a function of 
temperature for 5´-d(TÇfA). 

4.3.2.3. Mercuric ions to increase discrimination between bases paired to Çf 

When seeking a method to change the emission properties of the T-mismatch, our focus 

turned to mercury. Mercuric ions are known to associate with nucleotides, in particular T, and 

to a lesser degree C.61,62 This property has been widely utilized in the application of molecular 

beacons, where the mercuric ions are used to produce a stable T-Hg-T base pair.63-66 Mercuric 

ions are also known to quench the fluorescence of aromatic hydrocarbons by forming a non-

fluorescent complex with the fluorophore.67 Since this is based on the spatial distance 

between the fluorophore and mercury, we proposed that we could utilize the selectivity of the 

T-Hg+ complex formation, to bring the mercuric ions in close proximity to Çf and thereby 

quench the fluorescence of a T-mismatch specifically. As it is the T-mismatch which is the 

root of the identification problem in the yellow and red panels in Figure 18C, this could solve 

any overlapping issues caused by the emission curve of the T-mismatch. 

We titrated aliquots of a 1 mM HgCl2 into four different sequences, in which T-mismatch 

was hard to distinguish. In Figure 22 the emission profile of the sequences used can be seen 

before and after addition of mercuric ions. We were able to selectively quench the emission of 

the T-mismatch, without disturbing the fluorescence intensity of the other duplexes to a 

discernable degree (C-mismatch quenched slightly). This is the first time that the specificity 

of the mercuric-T bond has been utilized in this context, i.e. the specific quenching of a 

fluorescent probe on the opposite strand. And as Figure 22 shows, this can solve any case 

where the emission of the T-mismatch overlaps that of another sequence. Furthermore, this 

finding is not specific for Çf as mercuric ions can quench the fluorescence of any aromatic 
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hydrocarbon, this is therefore an interesting methodology to implement in conjecture with any 

SNP probe which has problems with T-mismatch identification. 

 
Figure 22. The relative emission spectra of the four sequences titrated with a 1 mM HgCl2 solution. A. The sequence 5´-
d(CÇfA) in the absence (left) and presence of 40 nmoles of HgCl2 (final concentration of HgCl2 is 91 µM). B. The sequence 
5´-d(AÇfC) in the absence (left) and presence of 20 nmoles of HgCl2 (final concentration of HgCl2 is 48 µM). C. The 
sequence 5´-d(GÇfC) in the absence (left) and presence of  40 nmoles of HgCl2 (final concentration of HgCl2 is 91 µM). D. 
The sequence 5´-d(GÇfG) in the absence (left) and presence of 30 nmoles of HgCl2 (final concentration of HgCl2 is 70 µM). 
The colour code is the same for all spectra, G (black), C (red), A (blue) and T (green). 

The buffer used for the DNA samples contained EDTA, so no effect on emission intensity 

was observed during the addition of the first few aliquots of HgCl2. This was expected as 

EDTA is a metal chelator. But once saturation of EDTA was obtained (required 

approximately 30 nmoles of metal ions), rapid quenching was observed for the T-mismatch. 

Upon further addition of mercuric ions, the C-mismatch was quenched as well. Finally upon 

addition of copious amounts of mercuric ions (final concentration of HgCl2 200 µM) all 

duplexes experienced severe quenching. This is due to the quenching effects of mercury 

described earlier. 

4.3.2.4. Iodide ions to probe solvent accessibility of Çf 

Iodide ions are another well known quencher of fluorescence which has been widely used 

to examine the solvent accessibility to the fluorescent probe in question.68,69 As one possible 

explanation for the mismatch detection power is that the fluoroside might be flipped out of the 

duplex in the case of a mismatched base pair, we sought to investigate this. We titrated 

potassium iodide into DNA solutions containing the fully base-paired duplex and mismatches, 

respectively. By doing so we could evaluate the difference in solvent exposure of Çf in 

context with the base-pairing partner. In addition to the fully base-paired duplex and the three 

available mismatches, we also exposed a duplex where Çf was opposite an abasic site, to the 

quenching study. An abasic nucleotide is a nucleotide comprised of only the sugar-phosphate 

backbone, i.e. without a nucleobase. 
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Figure 23. A.  The emission profile of G•Çf (black), C•Çf (red), A•Çf (blue), T•Çf (green) and Abasic•Çf (orange) duplexes 
of the sequence 5´-d(GÇfA) in the absence (left) and presence of 200 mM KI. B. The normalized emission spectra as a 
function of the molar concentration of potassium iodide. 

It was expected that when Çf is opposite an abasic site, it would experience the highest 

degree of quenching, as a result of much greater solvent accessibility. However, in Figure 23 

it is apparent that the only duplex that sticks out is the T-mismatch. In this duplex, Çf 

experiences slightly higher quenching than in the others, which indicates better solvent 

accessibility. The reason for no quenching of Çf when it is opposite an abasic site, is probably 

due to enhanced stacking, as the fluorescent probe now has much more space in which to 

manoeuvre. The difference in emission intensity is minor and indicates that the environment 

of the fluoroside in all duplexes is similar, at least when considering solvent accessibility. 

4.3.3. Effects of flanking sequence on mismatch detection using tCO 

Since Çf is capable of identifying its base-paring partner in the sequence 5´-d(AÇfG), 

where tCO cannot 46, we were interested in examining the effects of flanking sequence on 

mismatch detection using tCO. The incorporation of isoindoline seems to have an effect on 

the mismatch detection (like in the case of 5´-d(AÇfG)), but whether it is due to the increased 

size of Çf, the presence of a charge on Çf or different stacking interactions is not clear. 

Therefore the systematic study of flanking sequences using tCO might elucidate the effects of 

the extra five-membered ring on mismatch detection. 

The emission profiles of all 64 tCO-modified duplexes are illustrated in Figure 24. It is 

clear that there is considerable variation in the emission intensity for the individual base-

pairings between the different flanking sequence, as was the case for Çf. Furthermore, it 

seems that the emission spectra of the duplexes of one flanking sequence are more lumped 

together, than in Çfs case, making mismatch detection harder. Due to this effect, phenoxazine 

is able to identify its base-pairing partner in half of the sequences tested, which makes Çf a 

superior SNP probe. 
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Figure 24. A.  The DNA sequences used for the flanking sequence study. N is G, C, A or T. X is tCO base-pairing partner. B. 
The colour codes of the emission curves for the different tCO base pairs. C. The relative fluorescence intensity of all 64 
duplexes. The nucleotides flanking the 5´ and 3´-side of tCO are red and blue, respectively and change from G, C, A and T 
horizontally (5´-flanking) and vertically in the same order (3´-flanking) The sequences that can readily distinguish between 
all base-pairing partners have a a green background, while those that are only able to identify a mismatch from the fully base-
paired duplex have a yellow background. The sequences in which tCO is unable to distinguish between the fully base-paired 
G and a mismatch have a red background. Each panel has been normalized separately by defining the emission intensity of 
the most fluorescent duplex as 1.00. Panels are highlighted green if the difference in area under the corrected emission curves 
exceeds 5% for all duplexes. Yellow if two or three emission curves (not G) overlap within 5% difference. The panels are 
highlighted red, if any mismatched curve does not exceed 5% deviation from that of the fully base-paired duplex (black 
curve). 

When reviewing the emission spectra of tCO-labelled duplexes, the appearance of 

vibrational peaks, or shoulders, in all duplexes can be seen (Figure 24C). The vibrational 
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peak pattern is still most pronounced in the A-mismatch, but is also strongly expressed when 

tCO is base paired with the G. Due to the enhancement of this peak pattern in all duplexes, 

some of the uniqueness of the A-mismatch is lost. For example in sequence 5´-d(TtCOA), the 

emission profile of the fully base-paired duplex and A-mismatch nearly overlap each other. In 

Çfs case this would not be a problem as the A-mismatch is the only one with the vibrational 

structured emission profile, but here it causes some problems in discerning the fluorosides 

base-pairing partner. The isoindoline ring thus contributes to mismatch detection, but how it 

does so is still unclear, but many possible explanations have arisen. The most probable 

explanation is that due to the charge on the isoindole ring, the fluorescent probe is much more 

susceptible to changes in its micro-environment.  

As in the case of Çf, the C-mismatch consistently has higher emission intensity than the 

fully base-paired duplex, so phenoxazine can also be used for G/C – SNP genotyping. The T-

mismatch also behaves similarly in the case of phenoxazine as in Çfs case. It is not unlikely 

that mercury will aid in the mismatch detection in most flanking sequences showing 

diminished discrimination. The sequences 5´-d(CtCOT) and 5´-d(TtCOA) are the only 

sequences in which the selective quenching of the T-mismatch, will not aid in the 

identification of mismatches. In these sequences it is the C- and A-mismatches, respectively, 

that tCO is not able to discriminate from the fully base-paired duplex. 

The fully base-paired duplexes of tCO seem to have generally higher emission intensity 

than Çf. This can be reasonably explained by the decreased polarity of phenoxazine, as 

opposed to Çf. 

The emission of tCO when base-paired with an A-mismatch seems to follow the same 

trend as Çf. That is, that the fluorescence is generally higher when the fluoroside has a 5´-

flanking purine, the effect however, is much more pronounced for Çf. The overall emission of 

tCO in the case of A-mismatch is furthermore lower than that of Çf, where it is among the 

highest in all duplexes. 
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5. Conclusions 

The fluorescent probes Çf, tCO and tC have been prepared using two separate convergent 

synthetic strategies. All fluorosides are base-analogues of C and therefore base pair with G. 

The photophysical properties of the three fluorescent nucleosides have been determined with 

respect to polarity. Furthermore, the emission properties of Çf have been obtained in respect 

to pH, ion concentration and temperature. The appearance of the specific three peak emission 

pattern for Çf in solvents with reduced polarity and in highly alkaline solutions, suggest that 

the peak pattern in an A-mismatch is due to a combination of effects. 

Upon incorporation of Çf and tCO into single-stranded DNA, the fluorescence emission is 

decreased due to lowering of the extinction coefficient. The quantum yield also shows some 

variability, similar to what has previously been published for phenoxazine. However this is 

the first time a systematic study has been performed on Çf. 

The effects of flanking sequence on mismatch detection have been categorized into three 

major groups. In the first, and largest category (10 out of 16 sequences), Çf is able to 

distinguish a mismatch and correctly identify its base-pairing partner. In the second group (3 

out of 16), the fluoroside is able to distinguish a mismatch, but not able to unambiguously 

identify the mismatch in question. In the third and final group (3 out of 16), Çf is unable to 

discriminate between the fully base-paired duplex and a mismatch because the emission 

profile of T-mismatch and the fully base-paired duplex overlap one another. 

By changing the experimental conditions, the identification of Çfs base-pairing partner was 

facilitated in all flanking sequences. Mercuric ions were especially useful as they selectively 

quenched the fluorescence intensity of the T-mismatch. This is the first time that the 

selectivity of mercuric ions to associate with T has been used to selectively quench the 

emission of a fluorophore when base-paired with T. 

We furthermore examined the flanking sequence effects on mismatch detection using tCO 

instead of Çf. Results indicate that the isoindoline ring of Çf has substantial effect on 

mismatch discrimination, as phenoxazine was only able to identify its base-pairing partner in 

8 out of 16 sequences. Furthermore, the emission intensity of the duplexes using tCO are more 

closely grouped together, further complicating mismatch detection. 
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Experimental 

General 

Chemicals were purchased primarily from Sigma-Aldrich Chemical Company and Acros 

(Belgium) and were used without further purification. Unmodified DNA oligos were 

purchased from TAG-Copenhagen and their concentration determined using UV 

measurements at 260 nm.  Acetonitrile, dichloromethane and pyridine were distilled from 

calcium hydride before use, triethylamine was purchased anhydrous. All distilled solvents 

were stored under nitrogen. Other solvents, which needed to be dry, were exposed to 3 Å 

molecular sieves 2 d before use. All moisture and oxygen sensitive reactions were carried out 

in oven- or flame-dried glassware under an inert argon atmosphere from standard BOC 

industrial cylinders. TLC was carried out using glass backed TLC Extra Hard Layer plates 

(Kieselgel 60 F254, 0.25 mm, Silicycle).  Visualisation was by UV light and p-Anisaldehyde. 

Flash column chromatography was performed using ultra pure flash silica gel from Silicycle 

(40-63 µm, 60 Å). 1H- and 13C-NMR spectra were recorded at the frequencies stated, using 

deuterated solvents as internal standards. 400 MHz spectra were recorded on a Bruker 

Advance 400 spectrometer.  Residual proton signals from the deuterated solvents were used 

as references [D2O (4.81 ppm), d6-DMSO (2.50 ppm), chloroform (7.26 ppm), d4-MeOH 

(4.84 and 3.31 ppm)] for 1H spectra.  All coupling constants were measured in Hertz.  

Steady-state fluorescence and absorbance 

Steady-state fluorescence and absorbance experiments were carried out at 10 – 40 °C in a 

fluorescence cell with a path length of 5 mm and spectral range 170-2200 nm (Spectrocell 

Corporation, Oreland, PA, USA) on a SPEX FluoroMax Spectrometer and Perkin Elmer 

Lambda 25 UV/VIS Spectrometer, respectively. Nucleosides were dissolved in various pure 

solvents. The concentration of nucleoside samples were adjusted so absorbance ranged 

between 0.03 and 0.07. Excitation wavelength was 365.5 nm. ssDNA samples were diluted in 

sterile H2O and dsDNA in PNE buffer (10 mM Na2HPO4, 100 mM NaCl, 0.1 mM Na2EDTA; 

pH 7.00) to a concentration range between 1.00 × 10-5 to 1.60 × 10-5 M. Absorbance was 

scanned from 500 to 300 nm, were the absorbance of 500 nm was used as a baseline-

reference. Fluorescence was measured from 375 nm to 700 nm, and an integration of the area 

underneath the curve used as a quantitative measurement of the fluorescence. Slits width for 

excitation and emission were set to be 1.000 nm for all measurements, which were used for 
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quantum yield calculation, but to 3.000 nm for visualization of the spectra. Quantum yields 

were calculated by using the equation 1. Anthracene in EtOH was used as a known standard, 

quantum yield of anthracene excited at 365.5 nm in EtOH is 0.27. 

DNA syntheses and purification 

Modified and unmodified oligonuclotides were synthesized on 1.0 µmol scale (1000 Å CPG 

columns) with ASM 800 DNA/RNA synthesizer and trityl-off syntheses using 

phosphoramidites with standard base protection. All phosphoramidites, columns and solutions 

were purchased from ChemGenes. For fluorophore-labeled DNA, the fluorophore-labeled 

phosphoramidites 9 and 14 were site-specifically incorporated into the oligonucleotides by 

manual coupling. Manual coupling was performed by dissolving the phosphoramidite in dry 

CH3CN or 1,2-DCE and applying it to the column directly after an activation solution (0.25 M 

ethyl thio tetrazolid in CH3CN) had been applied. The activation/phosphoramidite solution 

was circulated manually through the column for 5-10 min. The DNA was deprotected in 33% 

ammonia for 1 h at 22 °C, followed by 8 h at 55 °C, and subsequently purified by 20-23% 

DPAGE using vertical gel electrophoresis system. The oligonucleotides were visualized by 

UV, the desired bands were cut from the gel, crushed and extracted with TEN buffer (250 

mM NaCl, 10 mM Tris, 1 mM Na2EDTA; pH 7.5). The resulting solution was filtered (0.45 

µm polethersulfone membrane, disposable filter device from Whatman) and desalted using 

Sep-Pak cartridge (Waters Corporation, USA, MA). The resulting solutions were dried in 

Speed-Vac and re-dissolved in 200 µL of sterile H2O. Concentrations of oligonucleotides 

were calculated from Beer´s law based on measurements of absorbance at 260 nm. The molar 

exctinction coefficient were determined by using the UV Winlab oligonucleotide calculator 

(V2.85.04, PerkinElmer). 

Hybridization of oligonucleotides.  

Non-fluorescent complementary strands were used in 12.5 – 20% excess. The DNA strands 

were hybridized using a fast cooling process on a MJ Research Peltier Thermal Cycler (PTC)-

200 DNA Engine: 90 °C for 2 min, 60 °C for 5 min, 50 °C for 5 min, 40 °C for 5 min, 22 °C  

for 15 min, and 4 °C until stopped. 
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5-Bromo-2'-deoxyuridine (2). In a round-bottom flask equipped with a stirring bar, 2´-

deoxyuridine 1 (1.00 g, 4.40 mmol) and 1,2-dimethoxy ethane (22 mL) was added. After the 

solid was partially dissolved, NaN3 (7.15 g, 110 mmol), which had previously been dissolved 

in water (5 mL) was added. After 15 minutes of stirring, NBS (1.03 g, 5.80 mmol) was added 

to the solution and the reaction mixture was stirred for 4 d at 22 °C. The progress of the 

reaction was monitored by TLC. After completion of reaction, the solvent was removed in 

vacuo and the residue passed through a short filtration silica gel column to give product 2 

(1.35 g, 4.40 mmol) in 100% yield. 

Rf (CH2Cl2:MeOH, 85:15): 0.76 
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5-Bromo-3´.5´-diacetyl-2'-deoxyuridine (3). Acetic anhydride (10 mL, 106 mmol) was 

added to a solution of 5-bromo-2´-deoxyuridine 2 (3.63 g, 11.8 mmol) in dry pyridine (5 mL). 

The reaction mixture was stirred at room temperature for 3 h. After completion of reaction 

(monitored by TLC), the solvent was removed in vacuo. The crude product was dissolved in 

CH2Cl2 (70 ml) and washed with water (5 x 70 ml). The organic layer was dried with Na2SO4, 

filtered and concentrated to give crude product which was purified by column 

chromatography (0% MeOH/CH2Cl2 → 10% MeOH/CH2Cl2) to yield 3 (3.61 g, 9.24 mmol) 

in 78% yield. 

Rf (CH2Cl2:MeOH, 94:06): 0.51 

1H-NMR (CDCl3) δ 2.12 (s, 3H, Ac), 2.18 (s, 3H, Ac), 2.17-2.22 (m, 1H, H2´), 2.52-2.58 

(ddd, J1
 = 2.2 Hz, J2 = 5.7 Hz, J3 = 14.3 Hz, 1H, H2´), 4.29-4.43 (m, 3H, H5´/H3´), 5.22-5.25 

(dt, Jd = 6.5 Hz, Hz, Jt = 2.4 Hz, 1H, H4´), 6.28-6.32 (dd, J1 = 5.7 Hz, J2 = 8.0 Hz, 1H, H1´), 

7.90 (s, 1H, H6), 8.82 (s, 1H, NH) 
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6-amino-1,1,3,3-tetramethylisoindolin-5-ol (5). A solution of compound 4 (601 mg, 2.54 

mmol) in MeOH (40 mL) containing 10% Pd/C (70 mg) was hydrogenated at 55 psi for 5 h. 

The reaction mixture was filtered through a pad of celite and the filtrate was concentrated in 

vacuo to yield product 5 (513.5 mg, 2.49 mmol) in 98% yield. 

Rf (CH2Cl2:MeOH, 80:20): 0.70 
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5-Bromo-3',5'-diacetyl-N4-(2-hydroxytetramethylisoindolinyl)-2'-deoxycytidine (6). A 50 

mL 3-necked flask was connected with condenser and flame-dried. A CCl4-CH2Cl2 (15 mL : 

15 mL) solution of 5-bromo-3',5'-diacetyl-2'-deoxyuridine 3 (1.14 g, 2.92 mmol) and PPh3 

(1.62 g, 6.18 mmol) was refluxed under argon for 2 h. The reaction mixture was cooled to 

room temperature, followed by addition of freshly prepared isoindole moiety (2) (514 mg, 

2.49 mmol) and DBU (0.46 mL, 3.03 mmol). The resulting mixture was stirred at room 

temperature overnight. The reaction mixture was concentrated in vacuo and the product was 

purified by column chromatography using neutral silica gel (gradient 0% ethyl 

acetate/petroleum ether → 100% ethyl acetate/petroleum ether, and then 0% MeOH/CH2Cl2 

→ 10% MeOH/CH2Cl2). The solid was associated with some DBU. The product was 

triturated with acetonitrile. The pure product was precipitated leaving DBU in solution. The 

solution was cooled to -20 °C and filtered. The solid was washed with cold acetonitrile to 

yield pure product 6 (0.37 g, 0.645 mmol) in 26% yield. 

Rf (CH2Cl2:MeOH, 85:15): 0.30 

1H-NMR (CDCl3) δ 1.61 (s, 6H, 2xCH3), 1.69 (s, 6H, 2xCH3), 2.02 (s, 3H, Ac), 2.05 (s, 3H, 

Ac), 2.04-2.12 (m, 1H, H2´), 2.58-2.63 (ddd, J1 = 2.7 Hz, J2 = 5.8 Hz, J3 = 14.4 Hz, 1H, H2´), 

4.23-4.29 (m, 3H, H5´/H3´), 5.10-5.13 (dt, Jd = 6.6 Hz, Jt = 2.7 Hz, 1H, H4´), 6.14-6.17 (dd, 

J1 = 5.8 Hz, J2 = 7.4 Hz, 1H, H1´), 6.60 (s, 1H, Ar-H), 7.88 (s, 1H, Ar-H), 8.46 (s, 1H, H6) 
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Fluorescent nucleoside Çf (7). Compound 6 (374 mg, 0.643 mmol) was dissolved in absolute 

ethanol (15 mL) and KF (380 mg, 6.500 mmol) was added to the reaction mixture. The 

reaction was refluxed for 7 d under argon. After reaction was complete, the salts were filtered 

from the solution and the solvent was removed in vacuo. The product was then purified by 

column chromatography using neutral silica gel (0% MeOH/CH2Cl2 → 35% MeOH/CH2Cl2) 

to yield 7 (155 mg, 0.373 mmol) in 58% yield. 

Rf (CH2Cl2:MeOH, 65:35): 0.10 

1H-NMR (CDCl3:d4-MeOD, 80:20) δ 1.27 (s, 6H, 2xCH3), 1.28 (s, 6H, 2xCH3), 1.98-2.05 (m, 

1H, H2´), 2.19-2.25 (m, 1H, H2´), 3.58-3.81 (m, 3H, H5´/H3´), 4.21-4.25 (dt, Jd = 6.3 Hz, Jt = 

3.9 Hz, 1H, H4´), 6.02-6.05 (t, J = 6.4 Hz, 1H, H1´), 6.32 (s, 1H, Ar-H), 6.42 (s, 1H, Ar-H), 

7.40 (s, 1H, H6). 

13C-NMR (CDCl3:d4-MeOD, 80:20) δ 30.47 (2x), 30.55 (2x), 40.37, 61.27, 62.83, 62.87, 

70.23, 86.14, 87.00, 108.22, 109.17, 121.74, 125.87, 128.23, 142.28, 142.69, 143.63, 153.90, 

154.48,  
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DMT-Çf (8). Starting material 7 (76 mg, 0.184 mmol) was weighed in a previously flame 

dried round-bottom flask and DMTCl (123 mg, 0.363 mmol), DMAP (4 mg, 0.034 mmol) 

was added and the flask kept under vacuum overnight. Dry pyridine (5 mL) was added and 

the reaction mixture was stirred for 70 min. After completion of reaction a small amount of 

methanol (400 µL) was added to quench the reaction. The solvent was subsequently removed 

in vacuo. The product (110 mg, 0.153 mmol) was obtained by column chromatography using 

neutral silica gel using TEA to assure no acidity was present in the silica (99.9:0:0.1 → 

83.9:16:0.1 CH2Cl2:MeOH:TEA).  The product contained TEA, which was not removed in 

order to stabilize the trityl group. 

Rf (CH2Cl2:MeOH, 70:30): 0.50 

1H-NMR (CDCl3:d4-MeOD, 80:20) δ 2.19-2.29 (m, 2H, H2´), 3.36-4.43 (m, 2H, H5´), 3.74 

(s, 3H, -OCH3), 3.76 (s, 3H, -OCH3), 4.02-4.04 (m, 1H, H3´), 4.53-4.56 (m, 1H, H4´), 6.23-

6.26 (t, J = 6.0 Hz, 1H, H1´), 6.56-6.58 (d, J = 6.7 Hz, 2H, Ar-H), 6.76-6.86 (m, 3H, Ar-H), 

6.98 (s, 1H, Ar-H), 7.19-7.46 (m, 8H, Ar-H), 8.20-8.21 (m, 2H, Ar-H). 

13C-NMR (CDCl3:d4-MeOD, 80:20) δ 8.37, 10.86, 29.22, 30.56, 41.95, 45.62, 54.86, 62.97, 

77.22, 112.73, 123.49, 127.39, 127.71, 129.58, 129.71, 135.94, 149.07, 158.11 

HR-ESI-MS (M+H+): calcd. for C42H44N4O7 717.3288, found 717.3390 
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Çf-phosphoramidite (9). Diisopropyl amine tetrazolide (DIPAT) (32 mg, 0.186 mmol) and 

starting compound 8 (110 mg, 0.153 mmol) were dissolved in pyridine (5 mL) and co-

evaporated under vacuum. The reaction mixture was dissolved in dry CH2Cl2 (6 mL) and 2-

cyanoethyl-N,N,N´,N´-tetraisopropyl phosphoramidite (70 µL, 0.220 mmol) was added. The 

reaction mixture was stirred for 48 h at 22 °C. After completion of reaction, the reaction 

mixture was diluted with CH2Cl2 (25 mL) and washed with saturated aq. NaHCO3 (25 mL, 6 

times). The organic extract was then washed with saturated NaCl (25 mL), dried over Na2SO4 

and concentrated in vacuo. Further purification by precipitation was achieved by the 

following method. Under argon the product was dissolved in dry CH2Cl2 (1 mL) and cold 

hexane (80 mL) added. Some sticky solid was formed. The liquid was decanted and the 

operation repeated twice to furnish product 9 (111 mg, 0.121 mmol) as an off-white solid in 

66% yield over two steps. 

Rf (CH2Cl2:TEA, 90:10): 0.50 

Rf (CH2Cl2:MeOH, 85:15): 0.32 & 0,54 

1H-NMR: (CDCl3): δ 0.82-0.90 (m, 4H, ), 1.07-1.50 (m, 24H), 2.27-2.29 (m, 1H), 2.45 (t, J = 

6.41 Hz, 1H, NCCH2-), 2.60 (t, J = 6.29 Hz, 1H, NCCH2-), 3.37-3.87 (m, 12H), 4.07-4.15 (m, 

1H), 4.59-4.69 (m, 1H), 6.17-6.20 (m, 1H), 6.24-6.31 (dt, Jt = 6.28 Hz, Jd = 15.44 Hz, 1H, 

H4´), 6.83-6.87 (m, 4H, Ar-H), 7.21-7.49 (m, 12H, Ar-H) 

31P-NMR: 148.56, 149.19 
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5-Bromo-3',5'-diacetyl-N4-(aminophenol)-2'-deoxycytidine (11). A 100 mL round bottom 

flask was flame-dried. 5-bromo-3´,5´-diacetyl-2´-deoxyuridine (3) (601 mg, 1.540 mmol) and 

PPh3 (785 mg, 2.993 mmol) was weighed into the flask and stirred under vacuum overnight. 

A 1:1 solution of CCl4 and CH2Cl2 (8 mL : 8 mL) was added and the solution refluxed under 

argon for 4 h. The reaction mixture was allowed to cool to 22 °C, followed by addition of 2-

aminophenol (10) (170 mg, 1.56 mmol) and DBU (230 µl, 1.530 mmol). The resulting 

solution was stirred at 22 °C overnight. The reaction mixture was concentrated in vacuo and 

the product was purified by column chromatography using neutral silica gel (0% ethyl 

acetate/petroleum ether → 100% ethyl acetate/petroleum ether). The solid was associated 

with large amounts of DBU. The product was triturated with CH3CN. The pure product was 

precipitated leaving DBU in solution. The solution was cooled to -20 °C and filtered. The 

solid was washed with cold CH3CN to furnish pure product 11 (254 mg, 0.528 mmol) as a 

white solid in 34% yield. 

Rf (CH2Cl2:MeOH, 85:15): 0.30 

1H-NMR: (CDCl3): δ 1.97 (s, 3H, Ac), 2.02 (s, 3H, Ac), 2.00-2.07 (m, 1H, H2´), 2.51-2.57 

(ddd, J1 = 2.6 Hz, J2 = 5.8 Hz, J3 = 14.4 Hz, 1H, H2´), 4.17-4.24 (m, 3H, H5´/H3´), 5.06-5.09 

(dt, Jd = 6.6 Hz, Jt = 2.6 Hz, 1H, H4´), 6.11-6.14 (dd, J1 = 5.9 Hz, J2 = 7.5 Hz, 1H, H1´), 6.69-

6.85 (m, 3H, Ar-H), 7.81 (s, 1H, H6), 8.29-8.31 (dd, J1 = 1.1 Hz, J2 = 8.1 Hz, 1H, Ar-H) 
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Phenoxazine (12). 5-Bromo-3',5'-diacetyl-N4-(aminophenol)-2'-deoxycytidine (11) (170 mg, 

0.352 mmol) was dissolved in absolute ethanol (10 mL) and KF (200 mg, 3.440 mmol) was 

added to the reaction mixture. The reaction was refluxed for 3 d under argon. After reaction 

was completed, the salts were filtered from the solution and the solvent was removed in 

vacuo. The product was then purified by column chromatography using neutral silica gel (0% 

MeOH/CH2Cl2 → 15% MeOH/CH2Cl2 ) to yield 12 (103 mg, 0.323 mmol) in 91% yield. 

Rf (CH2Cl2:MeOH, 90:10): 0.18 

1H-NMR: (d6-DMSO): δ 1.97-2.11 (m, 2H, H2´), 3.53-3.63 (m, 2H, H5´), 3.76-3.78 (dd, J1 = 

3.3 Hz, J2 = 6.3 Hz, 1H, H3´), 4.20-4.24 (m, 1H, H4´), 5.06-5.09 (t, J = 5.0 Hz, 1H, 5´-OH), 

5.19-5.20 (d, J = 4.2 Hz, 1H, 3´-OH), 6.11-6.14 (m, 1H, H1´), 6.78-6.90 (m, 4H, Ar-H), 7.57 

(s, 1H, H6), 10.57 (bs, 1H, NH) 
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DMT-tCO (13). Phenoxazin (12) (191 mg, 0.604 mmol) was weighed in a previously flame 

dried round-bottom flask and DMTCl (413 mg, 1.22 mmol), DMAP (15.6 mg, 0.128 mmol) 

added and the flask kept under vacuum overnight. Pyridine (20 mL) was added and the 

reaction mixture was stirred for 75 min. After completion of reaction some methanol (1 mL) 

was added to quench the reaction. The solvent was subsequently removed in vacuo. The 

product (238 mg, 0.384 mmol) was obtained by column chromatography using neutral silica 

gel using TEA to assure no acidity was present in the silica (99:0:1 → 89:10:1 

CH2Cl2:MeOH:TEA). The product contained TEA, which was not removed to stabilize the 

DMT group. 

Rf (CH2Cl2:MeOH, 85:15): 0.67 

1H-NMR: (CDCl3): δ 2.52-2.32 (m, 1H, H2´), 2.76-2.29 (m, 1H, H2´), 3.34-3.44 (m, 2H, 

H5´), 3.73 (s, 3H, -OCH3), 3.74 (s, 3H, -OCH3), 4.16 (bd, 1H, H3´), 4.60 (bs, 1H, H4´), 6.42-

6.45 (t, J = 6.3 Hz, 1H, H1´), 6.47-6.49 (dd, J1 = 1.6 Hz, J2 = 7.5 Hz, 1H, Ar-H), 6.71-6.79 (m, 

2H, Ar-H), 6.84-6.87 (dd, J1 = 3.7 Hz, J2 = 9.0 Hz, 4H, Ar-H), 7.16-7.53 (m, 11H, Ar-H), 

10.68 (bs, 1H, -NH) 
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tCO-phosphoramidite (14). Diisopropyl amine tetrazolide (DIPAT) (60 mg, 0.351 mmol) 

and starting compound 13 were dissolved in pyridine (5 mL) and co-evaporated under 

vacuum. The reaction mixture was dissolved in dry CH2Cl2 (10 mL) and 2-cyanoethyl-

N,N,N´,N´-tetraisopropyl phosphoramidite (121 µl, 0.380 mmol) was added. The reaction 

mixture was stirred for 15 h at 22 °C. After completion of reaction, the reaction mixture was 

diluted with CH2Cl2 (25 mL) and washed with saturated aq. NaHCO3 (25 mL, 3 times). The 

organic extract was then washed with saturated NaCl (50 mL), dried over Na2SO4 and 

concentrated in vacuo. Further purification by precipitation was achieved by the following 

method. Under argon the product was dissolved in dry CH2Cl2 (1 mL) and cold hexan (80 

mL) added. Some sticky solid was formed. The liquid was decanted and the operation 

repeated twice to furnish product 14 (106 mg, 0.142 mmol) as a white solid in 53% yield over 

two steps. 

Rf (CH2Cl2:TEA, 90:10): 0.45 

Rf (CH2Cl2:MeOH, 90:10): 0.60 & 0.70 

31P-NMR: 148.57, 148.95 
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2-deoxy-3,5-di-O-p-toluoyl-α-erythro-pentafuranosyl chloride (19). To a solution of 2-

deoxyribose (18) (2.00 g, 14.95 mmol) in MeOH (24 mL) 1% methanolic HCl was added (4.5 

ml). The reaction mixture was stirred at 22 °C for 90 min and neutralized by adding NaHCO3 

(0.80 g). After filtration, the methanol was removed by repeated co-evaporation with pyridine 

(1x10 mL and 2x5 mL). The residual syrup was dissolved in pyridine (12 mL), cooled to 0 °C 

and p-toluoyl chloride added dropwise (4.4 ml, 33.27 mmol). The solution was stirred at 22 

°C overnight. The reaction mixture was diluted with cold water (30 mL) and extracted with 

CH2Cl2 (3x30 mL). The combined organic layers were washed twice with NaHCO3 saturated 

aqueous solution, once with 2N HCl solution and once with water, dried over anhydrous 

NaHCO3 and evaporated. To the resulting colored syrup dissolved in acetic acid (8 mL) a 

saturated solution of HCl in acetic acid (12.6 ml) was added slowly. An additional amount (1 

mL) of acetyl chloride was added, whereupon the chloride precipitated forming a thick 

crystalline mass. The crystals were rapidly filtered off by suction, thoroughly washed with 

cold dry diethylether and dried in a vacuum dessicator affording the product (3.58 g, 9.21 

mmol) in 62% yield. 

Rf (CH2Cl2:MeOH, 90:10): 0.80 

1H-NMR: (CDCl3): δ 2.41 (s, 3H, CH3), 2.43 (s, 3H, CH3), 2.73-2.91 (m, 2H, H2´), 4.57-4.70 

(m, 2H, H5´), 4.85-4.87 (m, 1H, H3´), 5.55-5.57 (m, 1H, H4´), 6.47-6.48 (d, J = 5.1 Hz, 1H, 

H1´), 7.23-7.28 (m, 4H, Ar-H), 7.89-7.91 (d, J = 8.2 Hz, 2H, Ar-H), 7.98-8.00 (d, J = 8.2 Hz, 

2H, Ar-H) 
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tC base intermediate (21). Aminothiophenol (15) (3.8 mL, 35.5 mmol) and 5-bromouracil 

(20) (4.45 g, 26.1 mmol) were weighed into a 100 mL round-bottom flask. Ethylene glycol 

(16 mL) and a stirring bar were added. Argon gas was bubbled through the solution for 30 s. 

The mixture was refluxed under argon for 1 h. The mixture was allowed to cool to 22 °C 

before adding 45 mL of water. The mixture was neutralized with ~1.5 mL of acetic acid. The 

mixture was filtered and the precipitate washed first with water and then ethanol. The 

precipitate was dissolved in 0.5 M NaOH (60 mL) which had previously been heated to ~50 

°C. When everything had dissolved, the mixture was neutralized dropwise with acetic acid. A 

white precipitate formed. The mixture was filtered and the white precipitate washed first with 

water, then with EtOH and finally with diethyl ether to furnish the product 21 (2.08 g, 8.84 

mmol) in 34% yield. 

1H-NMR: (d6-DMSO): δ 5.52 (bs, 2H, -NH2), 6.48-6.52 (dt, Jd = 1.1 Hz, Jt = 7.6 Hz, 1H, Ar-

H), 6.68-6.70 (dd, J1 = 1.2 Hz, J2 = 8.1 Hz, 1H, Ar-H), 7.02-7.07 (dt, Jd = 1.5 Hz, Jt = 7.2 Hz, 

1H, Ar-H), 7.29-7.31 (dd, J1 = 1.5 Hz, J2 = 7.7 Hz, 1H, Ar-H), 7.51-7.52 (d, J = 6.0 Hz, 1H, 

H6), 11.12-11.13 (bd, J = 4.8 Hz, 1H, -NH), 11.34 (bs, 1H, -NH) 

UV (0.1 M NaOH): λmax 295 nm and λmin 266 nm 

HR-ESI-MS (M+H+): calcd. for C10H9N3O2S 236.0494, found 236.0455 
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1,3-diaza-2-oxophenothiazine (tC base) (22). HCl (4.2 ml, 37%) was added to a 100 mL 

round bottom flask containing EtOH (42 mL, 96%) and a stirring bar. Compound 21 (2.08 g, 

8.84 mmol) was added in portions while stirring. The reaction mixture was stirred at 80 °C for 

22 h. The reaction mixture was cooled to 22 °C and filtered. The precipitate (22·HCl) was 

added to a stirred, warm (50 °C) aqueous 5% ammonia solution. After 5 min the solution was 

filtered. This procedure was repeated twice. The yellow product was finally washed with large 

amounts of water and dried in an oven at 80 °C for 10 h, to furnish the yellow product 22 

(0.74 g, 3.41 mmol) in 48% yield. 

1H-NMR: (d6-DMSO): δ 6.87-6.92 (m, 2H, Ar-H), 7.02-7.07 (m, 2H, Ar-H), 7.40 (bs, 1H, 

H6), 10.21 (bs, 1H, -NH), 10.96 (bs, 1H, -NH) 

UV (0.1 M NaOH): λmax 236 nm, 309 nm, λmin 283 and λshoulder 252 nm, 360 nm. 

HR-ESI-MS (M+H+): calcd. for C10H7N3OS 218.0388, found 218.0373 
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2´-deoxy-3´,5´-di-O-p-toluoyl-phenothiazine (23 & 24). Starting material (22) was added 

(228 mg, 1.003 mmol) into a previously flame-dried 25 mL two-necked, round-bottom flask 

containing a magnetic stir bar. The flask was kept under vacuum overnight. Dry DMF (12 

mL) was added to the flask along with NaH (60% in mineral oil, 55 mg, 1.380 mmol) and the 

solution was stirred at 22 °C until it became clear. Intermediate 19 was added (468 mg, 1.204 

mmol) in 4 portions over 30 min and the reaction was stirred for 2 h. The solution was then 

filtered, the precipitate discarded and the filtrate concentrated in vacuo. Ethyl acetate (30 mL) 

was added and the suspension heated and sonicated for ~15 min, any un-dissolved material 

was filtered off. The solution was washed with saturated NaHCO3 (5x30 mL) and saturated 

NaCl (2x30 mL), dried over anhydrous Na2SO4 and concentrated in vacuo. The product was 

purified by column chromatography (100:0 → 97.5:2.5, CH2Cl2:MeOH), affording the α (136 

mg, 0.238 mmol) and β (113 mg, 0.199 mmol) anomers in a combined 60% yield. 

α-anomer 

Rf (CH2Cl2:MeOH, 95:05): 0.40 

1H-NMR: (CDCl3:d4-MeOD, 80:20): δ 2.23 (s, 3H, CH3), 2.42 (s, 3H, CH3), 2.59-2.60 (d, J = 

15.4 Hz, 1H, H2´), 2.88-2.95 (dt, Jd = 15.4 Hz, Jt = 6.3 Hz, 1H, H2´), 4.48-4.57 (m, 2H, 

H5´/H3´), 4.87-4.90 (m, 1H, H5´/H3´), 5.62-5.64 (d, J = 5.8 Hz, 1H, H4´), 6.32-6.33 (d, J = 

6.0 Hz, 1H, H1´), 6.92-6.98 (m, 4H, Ar-H), 7.10-7.14, 1H, Ar-H), 7.25-7.27 (m, 2H, Ar-H), 

7.35-7.40 (m, 1H, Ar-H), 7.42 (s, 1H, H6), 7.72-7.74 (d, J = 8.2 Hz, 2H, Ar-H), 7.93-7.95 (d, 

J = 8.2 Hz, 2H, Ar-H), 9.89 (bs, 1H, NH)   
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β-anomer 

Rf (CH2Cl2:MeOH, 95:05): 0.50 

1H-NMR: (CDCl3:d4-MeOD, 80:20): δ 2.19-2.27 (m, 1H, H2´), 2.36 (s, 3H, CH3), 2.42 (s, 3H, 

CH3), 2.90-2.95 (ddd, J1 = 1.2 Hz, J2 = 5.5 Hz, J3 = 15.4 Hz, 1H, H2´), 4.57-5.59 (dd, J1 = 2.9 

Hz, J2 = 5.0 Hz, 1H, H5´/H3´), 4.66-4.79 (m, 2H, H5´/H3´), 5.59-5.60 (d, J = 6.5 Hz, H4´), 

6.37-6.6.40 (dd, J1 = 5.6 Hz, J2 = 8.1 Hz, 1H, H1´), 6.85-6.92 (m, 2H, Ar-H), 7.04-7.08 (m, 

1H, Ar-H), 7.16-7.27 (m, 5H, Ar-H), 7.40 (s, 1H, H6), 7.89-7.95 (dd, J1 = 8.2 Hz, J2 = 16.3 

Hz, 4H, Ar-H), 9.58 (bs, 1H, NH)  
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Phenothiazine (β-anomer) (17). Na (50 mg) was reacted with MeOH (50 mL) in a 

previously flame-dried 100 mL flask. By using a plastic syringe the NaOMe/MeOH solution 

(12 mL) was added to the protected phenothiazine (24) (70 mg, 0.122 mmol). The mixture 

was stirred overnight at 22 °C. Acetic acid (100 µL) was added to quench the reaction and 

mixture was dried in vacuo. The product was purified using column chromatography 

(CHCl3:EtOH, 95:5 → 91:9) affording the product in 28% yield. 

Rf (CHCl3:EtOH, 85:15): 0.32 

1H-NMR: (CDCl3:d4-MeOD, 80:20): δ 2.08-2.15 (m, 1H, H2´), 2.31-2.39 (m, 1H, H2´), 3.68-

3.81 (m, 2H, H5´/H3´), 3.89-3.91 (dd, J1 = 3.3 Hz, J2 = 7.2 Hz, 1H, H5´), 4.30-4.33 (dt, Jd = 

6.3 Hz, Jt = 4.3 Hz, 1H, H4´), 6.06-6.09 (t, J = 6.3 Hz, 1H, H1´), 6.74-6.76 (d, J = 7.7 Hz, 1H, 

Ar-H), 6.84-6.89 (m, 2H, Ar-H), 6.97-7.01 (m, 1H, Ar-H), 7.69 (s, 1H, H6) 
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DMT-tC (26). Phenothiazine (17) was weighed (24 mg, 0.101 mmol) in a previously flame 

dried round-bottom flask along with DMTCl (70.0 mg, 0.207 mmol), DMAP (3.8 mg, 0.031 

mmol) and the flask kept under vacuum overnight. Pyridine (3 mL) was added and the 

reaction was stirred at 22 °C for 90 min. After completion of reaction the reaction was 

quenched by the addition of 300 µL of methanol. The solvents were removed in vacuo and the 

product purified by column chromatography (99.9:0:0.1 → 83.9:16:0.1, 

CH2Cl2:MeOH:TEA), affording the product. The product was associated with TEA, which 

was not removed to stabilize the trityl group. 

Rf (CH2Cl2:MeOH, 90:10): 0.72 

1H-NMR: (CDCl3:d4-MeOD, 80:20): δ 2.10-2.16 (m, 1H, H2´), 2.45-2.51 (ddd, J1 = 3.4 Hz, J2 

= 5.9 Hz, J3 = 13.7 Hz, 1H, H2´), 3.26-3.27 (d, J = 3.1 Hz, 2H, H5´/H3´), 3.67 (s, 3H, CH3), 

3.69 (s, 3H, CH3), 4.01-4.04 (q, J = 3.1 Hz, 1H, H5´), 4.38-4.41 (dt, Jd = 5.8 Hz, Jt = 3.1 Hz, 

1H, H4´), 6.09-6.12 (t, J = 6.4 Hz, 1H, H1´), 6.67-6.82 (m, 7H, Ar-H), 6.92-6.96 (m, 1H, Ar-

H), 7.10-7.14 (m, 1H, Ar-H), 7.19-7.27 (m, 6H, Ar-H), 7.32-7.34 (m, 2H, Ar-H), 7.59 (s, 1H, 

H6) 
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tC-phosphoramidite (27). Diisopropyl amine tetrazolide (DIPAT) (15 mg, 0.089 mmol) and 

starting compound 26 (47 mg, 0.075 mg) were dissolved in pyridine and co-evaporated, and 

left under vacuum overnight. Dry CH2Cl2 (2 mL) was added along with 2-cyanoethyl-

N,N,N´,N´-tetraisopropyl phosphoramidite (P-reagent) (32 µL, 0.101 mmol) and the reaction 

mixture stirred at 22 °C for 23 h. After completion of reaction, the reaction mixture was 

diluted with dry CH2Cl2 (15 mL) and washed with saturated aq. NaHCO3 (6x25 mL) and 

saturated aq. NaCl (1x30 mL). The organic layer was then dried over anhydrous Na2SO4 and 

concentrated in vacuo. Further purification was achieved by precipitation using the following 

conditions. Under Ar, product was dissolved in dry CH2Cl2 (1 mL) and precipitated by adding 

cold hexane (75 mL). The liquid was decanted and the operation repeated three times, 

affording the product (23 mg, 0.028 mmol) in 16% yield over two steps. 

Rf (CH2Cl2:MeOH, 90:10): 0.40 & 0.50 

Rf (CH2Cl2:TEA, 90:10): 0.45 

31P-NMR: (CDCl3): δ 148.47, 148.09 
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