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Abstract 

Work described in this thesis explored the synthesis of 5-fluoro-2’-deoxycytidine and 8-fluoro-2’-

deoxyguanosine, and subsequent incorporation of these modified nucleosides into d(CG) repeat 

oligonucleotides through the phosphoramidite chemistry-based solid phase synthesis, in order 

to investigate the B-Z junction through 19F NMR spectroscopy. Toward this goal, 5-fluoro-2’-

deoxycytidine was successfully synthesized from 5-fluoro-2’-deoxyuridine. Choices of protecting 

groups for the exocyclic amine of 5-fluoro-2’-deoxycytidine were examined, and N-acetyl was 

found to be most suitable in terms of the stability of the protected nucleoside and the readiness 

of its removal. 8-Fluoro-2’-deoxyguanosine was prepared by fluorination of suitably protected 2’-

deoxyguanosine using N-fluorobenzenesulfonimide as the fluorinating agent. Circular dichroism 

and UV/vis spectroscopic studies showed that the fluoro-modification does not affect the overall 

conformation of the oligonucleotides, both in the B- and Z-form. 

19F NMR spectra of single fluoro-modified d(CG)6 sequence at 3’-end (11-FdC) were recorded in 

solution containing 0.1 – 4 M NaCl. The results supported a theoretical model for B-/Z-DNA 

transition, where initiation starts from the ends, progressing to eventual transition. 
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CHAPTER 1 – Z-DNA 

1.1 Introduction to nucleic acids 

Nucleic acids are polymeric macromolecules essential for the life of all living organisms, first 

discovered by Friedrich and Miescher in 1869.1,2 There are three main components in nucleic 

acids: a sugar moiety (pentose), a nucleobase (purine or pyrimidine) and a phosphate group 

(Figure 1.1). 

 

Figure 1.1 Main components of nucleic acids. 

When a phosphate group is attached to the sugar, a nucleotide is formed. The structure of a 

nucleic acid comprises a sequence of nucleosides, connected through phosphodiester linkages 

between 5’-OH and 3’-OH on two adjacent nucleosides (Figure 1.2).  
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Figure 1.2. Structure of a) RNA and b) DNA. 

Two kinds of nucleic acids are known, RNA, which is made up of ribose sugar, and DNA, which is 

made up of deoxyribose sugar (Figure 1.2). In addition, RNA is usually single stranded, while DNA 

is double stranded and thymine in DNA is replaced with uracil in RNA. 

DNA duplexes consist of two anti-parallel strands, i.e., one strand runs in 5’→3’ direction, while 

the other strand runs in 3’→5’ direction. Two strands are hold together by base pairing as a result 

of hydrogen bonding (Figure 3). In classical Watson-Crick base pairing, adenine forms two sets of 

hydrogen bonds with thymine, whereas guanine forms three sets of hydrogen bonding with 

cytosine. 
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Figure 1.3. Base pairing in DNA 

DNA duplexes can exist in several conformations with B-form being the most common. In this 

form, the phosphodiester backbone of DNA is twisted around its horizontal axis to form a right-

handed double helix. Two grooves are formed and run along the side of the helix. The minor 

groove is narrow and deep, while the major groove is wide and deep (Figure 1.3). 

The main function of nucleic acids is to store and transfer genetic information. The process in 

which a cell makes an exact copy of its own DNA is called replication. Replication begins from 

separation of double stranded DNA, so that it becomes available for enzymes capable of making 

complementary copy of each strand. 

Nucleic acids are also responsible for the synthesis of proteins. DNA is transcribed into RNA to 

produce messenger RNA (mRNA), ribosomal RNA (rRNA) or transfer RNA (tRNA).3 Then the RNA 

is transported out of nucleus to cytoplasm, where the encoded genetic information from RNA is 

used to guide protein synthesis through a process called translation.4 Together with proteins, 
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rRNA form the scaffold of ribosome where protein biosynthesis takes place. tRNAs, which are 

recognized by mRNA through Watson–Crick and Wobble base pairing, carry amino acids to the 

ribosomes, where they can be assembled into peptides. The type, number and order of amino 

acids to be incorporated into peptides are determined by trinucleotide codons in mRNA, 

complemented by the trinucleotide anti-codons in tRNA.  

DNA stores genetic information required for the life of all living organisms, in some viruses, 

however, genetic information is encoded in RNA. Therefore, expending our knowledge about 

biological processes, such as replication, transcription, and translation will provide us more 

information about properties and biological functions of nucleic acids. 

1.2 Characterization of Z-DNA 

DNA duplexes exist in 3 different conformations A-, B-, and Z-forms, from which B-DNA is the 

most common in biological systems. Z-form is of interest, since its biological roles remain unclear. 

Fritz Pohl and Thomas Jovin observed in 1972 that poly[d(GC)] undergoes reversible 

intramolecular isomerisation upon increasing the salt concentration.5 This isomerisation is 

accompanied by changes in circular dichroism, UV absorption and optical rotary dispersion. They 

also discovered the midpoints for that transition, which are 0.66 M for MgCl2, 1.67 M for NaClO4 

and 2.56 M for NaCl (Figure 1.4), and this transition is chain length dependent, i.e., the longer the 

chain, the lower salt concentration is needed for isomerisation.  
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Figure 1.4. Degree of transition θ of poly[d(CG)] as a function of the salt concentration at 25oC. 

: MgCl2; O: NaClO4; ∆: NaCl. Image reproduced from Pohl et al., 19725 with permission. 

The structure of Z-DNA was first resolved in 1979.6 Rich and coworkers reported a crystal 

structure of left handed double-helical molecule with significant difference from the 

predominant B-DNA, which was later called Z-DNA. In this structure 2’-deoxycitidine residues are 

in anti-conformation with C2’-endo sugar pucker like they are in B-DNA, however, 2’-

deoxyguanosine residues possess syn-conformation and C3’-endo sugar pucker (Figure 1.5), 

resulting in antiparallel left-handed zigzag duplexes. 
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Figure 1.5. Sugar puckers and conformation around the glycosidic linkage. 

Key structural features of A-, B- and Z-DNA are represented in Table 1.1.7,8 Compared to B-DNA, 

interchain phosphate groups are much closer to each other in Z-DNA helix (7.7 Å), resulting in 

strong electrostatic repulsion. Z-DNA duplexes are therefore only stable under certain conditions, 

such as in the presence of salts of high concentrations. 
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Table 1.1. Key structural features of A-, B- and Z-DNA. 

Characterisation 
 

Conformation 

A- B- Z- 

Sugar pucker C3’-endo C2’-endo C2’-endo for dC 

C3’-endo for dG 

Glycosidic bond 
Dihedral angle 

anti anti syn 

Handedness Right-handed Right-handed Left-handed 

Major groove width (Å) 2.7 11.7 8.8 

Minor groove width (Å) 11.0 5.7 2.0 

Major groove depth (Å) 13.5 8.8 3.7 

Minor groove depth (Å) 2.8 7.5 13.8 

Diameter of helix (Å) 24 20 18 

Base tilting (o) 20 -6 -7 

Average number of 
residues per helical 

turn 

 
11 

 
10 

 
12 

Rise per base pair (Å) 2.56 3.3-3.4 3.7 

Mean helical pitch (Å) 28 34 45 

Distance between 
adjacent intrachain 

phosphates (Å) 

 
5.4 

 
6.7 

dC: 7.0 

dG: 5.9 

Distance between 
adjacent interchain 

phosphates (Å) 

 
11.5-11.9 

 
8.8-14 

dC: 13.7 

dG: 7.7 

 

The shapes of both minor and major grooves in three forms of DNA are quite different (Figure 

1.6).9 As for Z-DNA, its major groove is relatively flat, whereas minor groove is very deep. 

A sequence-dependent tendency in Z-DNA formation has been shown. Thus, pyrimidine/purine 

repeats form Z-DNA more easily, in a preference illustrated as follows: m5CG > CG > TG = CA > 

TA, where m5C is 5-methyl-2’-deoxycytidine. Although CG duplexes form Z-DNA more easily, 

transition of AT duplexes to Z-form has also been reported.10 
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                  (pdb: 440D)                                            (pdb: 1BNA)                                 (pdb: 4OCB)                                                         

Figure 1.6. 3D side-view of A-, B- and Z-DNA. 

One of the most commonly used techniques to study Z-DNA is circular dichroism (CD) 

spectroscopy.11 CD is a phenomenon originating from interactions of chiral molecules with 

circularly polarized light.12 In other words, it is the difference between absorption of right- and 

left-handed circularly polarized light by chiral molecules. Due to the significant structural 

differences, the right- and left-handed polarized light is absorbed differently by various forms of 

DNA. Figure 1.7 illustrates the differences in circular dichroism of A-, B- and Z-DNA.11 
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Figure 1.7. CD spectra of A-, B- and Z-DNA. 

As can be seen from Figure 1.7, Z-DNA has a strong negative band at 290 nm, contrary to the 

positive bands at 260 nm for A- and 280 nm for B-DNA. 

However, interpretation of CD spectra can be significantly complicated when other biomolecules, 

such as proteins, are present, or DNA molecule has more than one form of duplex. For example, 

Tomasz and coworkers in 1983 synthesized poly[d(CG)] sequences modified by exposure to 

reductively activated mitomycin C. The resulting covalent mitomycin–oligonucleotide conjugate 

showed CD spectra resembling those of Z-DNA, however, subsequent analysis showed no 

presence of Z-DNA.13  
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1.3 B-Z DNA transitions 

Formation of Z- from B-form of DNA can be triggered by increasing concentration of salts, 

polyamines, negative supercoiling, binding to proteins and some biological processes. In 1981 

Klysic and coworkers successfully inserted d(GC) oligomers within native DNA, after that, CD and 

31P NMR showed that not only do high salt concentration induce B-Z DNA transition within (dG-

dC) regions, but also that the B-DNA form can exist in close proximity to the Z-form in the same 

duplex.14 This observation led to the proposal of “Chain Sense Paradox”,15 where the handedness 

is forced to switch from right- to left-transition.  To date, several theoretical models have been 

suggested (Figure 1.8),16 however, concrete experimental evidence is needed to validate these 

hypotheses.   
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Figure 1.8. Theoretical models proposed for the B-/Z-DNA transition. (A) Theoretical perfect 

model of a double helix in B- and Z-forms. (B) Models where base pairs of junction are open. (C) 

Models in which hydrogen bonds are not disrupted. Image reproduced from Miguel et al., 200616 

with permission. 



12 
 

The main question in these models is whether this transition proceeds with disruption of base 

pairs. The question whether intermediates are formed during this transition is also of interest. B-

/Z-DNA transition is assumed to happen through B-Z junctions.  It has been shown that the 

lengths of the B-Z junctions ranged from 10-12 base pairs long to 3 base pairs long.17 

The structure of a DNA duplex containing both B- and Z-structures connected by a junction 

resolved by X-ray crystallography, where Z-DNA formation was induced by the binding of a 

domain (Zα) of a double-stranded RNA adenosine deaminase (ADAR1), provided concrete 

evidence of unpaired nucleosides in the junction.18 In this study, a 15-mer DNA duplex with two-

nucleotide overhangs at 5’-positions of both strands was shown to undergo partial B-Z DNA 

transition, when Zα domain binds to Z-DNA portion of the duplex from C1 to C8 and G1’ to G8’, 

while the other part of DNA remains in a B-form. The B- and Z-portions of the duplex are 

connected by a junction containing two unpaired nucleotides extruding from the duplex (Figure 

1.9). 



13 
 

 

Figure 1.9. DNA in complex with Zα domain of ADAR1. (A) DNA duplex with two-nucleotide 

overhangs at 5’-position. (B) Crystal structure of the duplex with B-DNA (top) and Z-DNA 

(bottom), separated by a one-nucleotide extrusion. Figure reproduced from Rich et al., 200518 

with permission. 
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B-Z DNA transition is believed to be temperature dependent. It was shown that under low salt 

concentration, such as 20 mM MgCl2, the duplex stays in B-form at first, however, when the 

temperature threshold is reached (~70oC), the percentage of Z-form increases sharply.19 On the 

contrary, at high salt concentrations, such as 2.5 M NaCl, the percentage of Z-DNA remain 

constant with increase in temperature, but then quickly decrease passing the threshold (~40oC).19   

1.4 Biological roles of Z-DNA 

In the past few decades, experimental evidences clearly support the notion that Z-DNA and B-Z 

DNA transitions are involved in a range of biological processes and are likely implicated in some 

human diseases. 

1.4.1 Anti Z-DNA antibodies and autoimmune diseases 

While anti-DNA antibodies were found in the sera of patients with the autoimmune syndrome 

systemic lupus erythematosus (SLE), the role and origin of these antibodies remain 

controversial.20 Usually only Z-DNA has a potential to trigger anti-DNA antibody production, 

depending on the way these DNAs are presented to the immune system. In 1993 Thomas and 

coworkers studied the effect of hydralazine, an antihypertensive drug with lupus-inducing side 

effects, on the conformation of poly(dG-m5dC) and found that hydralazine stabilizes Z-DNA 

conformation.21 Moreover, in 65 sera from 25 hypertensive patients taking hydralazine, anti-Z 

DNA antibodies were found in 82% of sera, suggesting that Z-DNA could act as an stimulating 

agent in anti-DNA antibody production. 
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1.4.2 Binding to proteins 

In 1995 a protein isolated from chicken showed affinity towards Z-DNA.22 Two years later the 

same group of researchers reported that the RNA editing enzyme, human double stranded RNA 

adenosine deaminase (ADAR1) contains a Zα domain, which binds specifically to Z-DNA. This 

domain also binds to Z-RNA duplexes and can provoke transition of RNA from A- to Z-form.23  

In addition to ADAR1, other proteins, such as ZBP-1,24 virulence factor of vaccinia poxvirus E3L25 

and fish PKZ protein kinase26 have been found to bind to Z-DNA as well. Literature also suggest 

that binding of these proteins to a potential Z-DNA-forming sequences can trigger B-Z 

transition.27 It has been an intriguing question in literature, whether the proteins actively induce 

Z-DNA formation, or passively trap transiently formed Z-DNA. The results from Oh, Kim and Rich 

revealed that intrinsic Z-DNAs are dynamically formed and stabilized by Z-DNA-binding proteins, 

rather than being induced by them.28 

1.4.3 Z-DNA and neurodegenerative diseases 

Limited experimental evidence also suggests possible involvement of Z-DNA formation in 

neurodegenerative diseases. While involvement of Z-DNA in Alzheimer’s disease has been 

suggested, experimental evidence remain elusive.29 The study by Suram and coworkers in 2002 

revealed for the first time the presence of altered DNA conformations in brains affected by 

Alzheimer’s disease.30 In this study CD spectra of severely affected brain of hippocampus showed 

a negative peak at 290 nm and a positive peak at 260 nm, which are characteristic for Z-DNA, 

while normal young and aged brains showed usual B-conformation (Figure 1.10). 
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Figure 1.10. CD spectra of genomic DNA from various brain tissues. a) Normal young brain, b) 

normal aged brain, c) brain moderately, and d) severely affected by Alzheimer’s disease. Image 

reproduced from Suram et al., 200230 with permission. 

The presence of Z-DNA in brain tissues from patients with Alzheimer’s disease was later 

corroborated by measuring the melting temperature. Interestingly, CD spectra for moderately 

affected brain shows neither B- nor Z-conformation, suggested probable B-Z intermediate form. 
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1.4.4 Existence of Z-DNA in halobacterium 

As mentioned before, Z-DNA formation can be induced by high salt concentration, therefore, Z-

DNA could naturally exist in organisms living in high salt concentration environment, such as Dead 

Sea, where salt concentration is as high as 34%. One of these organisms is Halobacterium 

halobium, an archaea species where CG content of the genome can reach 67%. In this respect, 

large number of potential Z-DNA-forming sequences have been identified in H. halobium 

genome.31 

1.5 Stabilization of Z-DNA 

Compared with B-DNA, Z-DNA is thermodynamically unstable, mostly because of the proximity 

of phosphate groups on the opposite strands. In such proximity, negative charges are too close 

to each other, which causes destabilization, thus, Z-DNA needs to be stabilized by noncovalent 

inducers or chemical modifications. 

1.5.1 Modification by noncovalent inducers 

Naturally, Z-form DNA is stabilized by increasing ionic strengths, which can be achieved by 

increasing salt concentration. Apart from common sodium ion, ions of other metals have been 

shown to stabilize Z-DNA at varying salt concentrations. 

Z-DNA can be stabilized by polyamines, such as spermine or spermidine, which not only play 

important roles in gene regulation, cell signalling and cell proliferation,32 but also bind to DNA 

favourably, leading to effective stabilization. These polyamines were shown to trigger Z-DNA 

formation of poly(dG-m5dC) with low midpoint concentrations (0.002 M for spermine and 0.05 
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M for spermidine).33 It was also revealed that spermine-bisaryl conjugate can effectively induce 

B-Z DNA transition,34 while (P)- and (M)-helicene isomers of spermine-bisaryl system were found 

to selectively bind to B- and Z-DNA, respectively (Figure 1.11).35  

 

Figure 1.11. Selective binding of P3 to B-DNA and M3 to Z-DNA. 
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Some peptides have been shown to efficiently induce B-Z DNA transitions. For example, Lys-Ala-

Lys oligopeptide converts B-form polynucleotide to a Z-form effectively in the presence of 10 mM 

NaCl.36 Porphyrin analogues were also found to promote Z-DNA formation.37 

While most research focus on the induction of B-Z transition, some concentrate on inhibiting it, 

or promoting Z-B transition. Thus, netropsin can convert Z-form DNA to a B-form in the presence 

of NaCl.38 Similarly, adriamycin inhibits B-Z DNA transition in a high salt environment, with every 

adriamycin molecule effective in the inhibition of Z-DNA formation in 11 base pairs.39 

1.5.2 Promotion of Z-DNA formation through chemical modifications 

Chemical modifications have been explored quite extensively towards stabilizing Z-DNA, some 

allow for Z-DNA to form at biologically relevant salt concentrations.   

1.5.2.1 Modification of cytosine 

It is known that duplexes containing 5-methyldeoxycytidine undergo B-Z transition more readily 

then unmethylated ones.33 It was suggested that methylation of C-5 of cytosine lowers free 

energy difference between B- and Z-forms.40 Other theory suggests that methylation of 

deoxycytidine leads to destabilization of B-DNA and stabilization of Z-DNA through hydrophobic 

interactions.41 

It was reported that 5-hydroxymethyl-2’-deoxycytosine (1.1), 5-formyl-2’-deoxycytosine (1.2) 

and 5-carboxyl-2’-deoxycytosine (1.3) (Figure 1.12) could be generated through the oxidation of 

5-methyl-2’-deoxycytosine by ten-eleven translocation family of enzymes in mammals.42 
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Figure 1.12. Structure of 5-hydroxymethyl-2’-deoxycytosine (1.1), 5-formyl-2’-deoxycytosine 

(1.2) and 5-carboxyl-2’-deoxycytosine (1.3) 

Wang and co-workers demonstrated distinctive effects of C-5 modified deoxycytidine on B-Z 

transition.43 Interestingly, 1.1 did not favour formation of Z-DNA even at 4 M NaCl concentration, 

whereas 1.2 and 1.3 demonstrated CD profile typical for Z-DNA at very low salt conditions. 

Interestingly, upon introduction of 1.2 into oligonucleotide, the formation of right-handed F-DNA 

was observed.44 Compared with B-DNA, F-DNA is underwound, and was assumed to participate 

in transcriptional regulation. 

1.5.2.2 Modification of guanine 

To compensate for the unfavoured electrostatic repulsion in Z-DNA, positive charges can be 

introduced into base residues. These modifications efficiently provide positive screening, 

mitigating negative phosphate group repulsions. In this respect, alkylation N-7 of guanine seems 

to be very promising. In fact, the study carried out by Rich and co-workers showed that increasing 

the number of N-7 methylated guanine in poly(CG)•poly(GC) sequences decreases the 

concentration of NaCl or MgCl2 required to convert the DNA from B- to Z-form. At 100% 
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methylation of the guanine residues, the modified duplex is fully converted to Z-DNA in a 

physiological salt solution.45 

Another strategy to stabilize Z-DNA formation is through C-8 modification of guanine. This is 

perhaps the most commonly used approach, since introduction of sterically bulky substituents 

forces the glycosydic linkage to rotate from anti- to syn-conformation, facilitating Z-DNA 

formation. For instance, introduction of one C-8 methylated deoxyguanosine (1.4) (Figure 1.13) 

in oligonucleotide stabilizes Z-DNA conformation at 50 mM.46 

 

Figure 1.13. Structure of 8-methyl-2’-deoxyguanosine (1.4), 8-methylguanosine (1.5) and 8-

phenyl-2’-deoxyguanosine (1.6) 

An astonishing result was observed when incorporation of single 8-methylguanosine (1.5) instead 

of 8-methyl-2’-deoxyguanosine (1.4) led to the formation of exclusively Z-DNA without assistance 

of NaCl at 10oC,47 while duplex with unmodified guanosine showed no presence of Z-DNA even 

at 5 M NaCl. Phenyl modifications, such as 1.6, is also able to stabilize Z-DNA, however, to a lesser 

extend than the corresponding methyl modification.48 
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1.5.2.3 Bromination of nucleobases 

When poly(dG-dC) polymers were treated with bromine, they showed propensity towards Z-DNA 

formation.49 It was demonstrated that bromination happens at C-8 of guanine (1.7) and C-5 of 

cytidine (1.8) (Figure 1.14), moreover, guanine residues were found to be twice as reactive as 

cytosine residues. 

 

Figure 1.14. 8-Bromo-2’-deoxyguanosine (1.7) and 5-bromo-2’-deoxycytidine (1.8). 

With a modification of 38% 8-Br-G and 18% 5-Br-C, the polymers formed a stable Z-DNA helix 

under physiological conditions. 

1.5.2.4 Influence of phosphate group 

Simulation of B-Z DNA transition models reveals a possible interaction between the exocyclic 

amino group of guanine and one of the oxygen of phosphate backbone. To probe the importance 

of these interactions, analogues of d(CG)3 containing methylphosphonate linkage of distinct 

stereochemistry were synthesized. CD spectra showed that the hexamer containing 

methylphosphonate linkage with Rp configuration (1.9) (Figure 1.15) formed Z-DNA at the same 

extend as unmodified d(CG)3, while the hexamer containing methylphosphonate linkage with Sp 
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configuration resulted in no Z-DNA formation.50 Investigation was also extended to probe 

possible water bridges between N-2 of deoxyguanosine in the syn conformation and an oxygen 

of the methylphosphonate group. Interestingly, the Rp modified hexamer (1.10) formed Z-DNA 

at the same extend as unmodified d(CG)3, while the Sp modified hexamer underwent transition 

to Z-DNA at a 35% lesser extend. These studies, therefore, suggest that the B-Z-DNA transition is 

regulated both thermodynamically and kinetically through hydrogen-bond interactions involving 

phosphate oxygens and the N-2 amino group of guanine.  

 

Figure 1.15. Interaction of amino group of syn-guanosine (1.9) with 5’-phosphate group oxygen 

and water bridge between anti-guanosine (1.10) and 3’-phosphate group. 

The information about Z-DNA studies is of importance, as the work described in this thesis mostly 

explores this type of DNA. The next chapter will provide insights into fluorine-modified nucleic 

acids and 19F NMR, as this technique will be used in current study to locate B-/Z-DNA transition. 
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CHAPTER 2 – Fluorine-modified nucleic acids 

2.1 General information about fluorinated compounds 

Despite the fact that fluorine is one of the most common elements and the most abundant 

halogen, only five organofluoro compounds have been identified in nature so far (Figure 2-1).51  

 

Figure 2-1. Natural organofluoro compounds. 

On the contrary a large number of chemically synthesized fluorinated compounds have been 

extensively used in the past 50 years, especially in medicinal chemistry. Nowadays approximately 

25% of drugs on the market contain fluorine.52 Such an extreme popularity is owing to the unique 

biochemical and biophysical properties of fluorine, especially the gauche effect.53 Fluorine is the 

second smallest and the most electronegative element. Replacement of hydrogen by fluorine can 

cause changes in conformation, steric, hydrogen bonding and others. In addition, fluorinated 

compounds possess increased thermal stability.  
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In 1950s fluorinated nucleosides were found to possess anticancer and antibiotic activity. Since 

then, they have been attracting particular interests. Nowadays the synthesis and biological 

activity of fluorinated nucleosides are well documented.54, 55  

In early 1990s fluorinated nucleosides were first incorporated into oligonucleotides.56 Inspired 

by this success, antisense oligonucleotides, aptamers, small interfering RNAs with modification 

on both sugar moiety and nucleobases have been synthesized and explored. Using fluoro-labeling 

has become an important tool to probe nucleic acids structure and properties in the past two 

decades. 

2.2 Synthesis of fluorine-modified nucleic acids 

Fluorinated nucleic acids can be generated through either enzymatic approach or chemical 

synthesis. In chemical synthesis, fluorinated nucleosides are transformed to the corresponding 

phosphoramidites and then introduced into oligonucleotides, usually through solid-phase 

synthesis. Nearly all nucleosides, independent of position of fluorination, can be incorporated 

into nucleic acids through chemical approach, whereas enzymatic approaches are likely to be 

substrate-dependent, requiring specific positions of fluorine substitution for successful synthesis. 

Alternatively, fluoronucleosides can be introduced into DNA/RNA through post-synthetic 

conjugation. 

2.2.1 Modification on nucleobase 

Nucleic acids with fluorine-modified nucleobases make up an important subtype of fluorinated 

oligonucleotides (Figure 2.2). 5-Fluoro pyrimidine nucleosides are of interest, since 5-
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modifications are usually located in the major groove, causing the least effect on overall 

structures and functions of nucleic acids.  

 

Figure 2.2. Fluoro-modifications on nucleobases. 

Incorporation of 5-fluoro-2’-deoxycytidine (FdC) into oligonucleotides was reported in early 

1990s (Scheme 2-1).57 Due to the difficulties of synthesizing FdC, 5-fluoro-2’-deoxyuradine (FdU) 

with 2,4,6-trimethylphenol leaving group was first incorporated into DNA, followed by 

amminolysis, to obtain DNA with deoxycytosine being replaced with FdC. 
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Scheme 2-1. Synthesis of FdU-TMP and incorporation of FdC into DNA. DMAP: 4-

dimethylaminopyridine, DMTCl: 4,4-dimethoxytrityl chloride 

1H-tetrazole, which can be used as a leaving group for the conversion of FdU to FdC58 has a 

number of limitations, such as shipping restrictions and thermal sensitivity. While Fritz and co-
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workers used benzoyl chloride to protect amino group of cytidine, it was found in our work that 

N-benzoyl protected FdC was unstable under acidic and neutral conditions. As a result, 

alternative protecting groups were used.  

In 2008 Barhate and coworkers reported the synthesis of 5-(trifluoropropyn)-2’-deoxyuridine,59 

which was readily prepared in one step by palladium (0)-catalyzed Sonogashira coupling of 4,4,4-

trifluoro-3,3-bis(trifluoromethyl)-butyne with 5-iodo-2’-deoxyuridine (Scheme 2-2). 

 

Scheme 2-2. Synthesis of 5-(trifluoropropyn)-2’-deoxyuridine. 

In 2007 Arun et al. reported the synthesis of 8-fluoro-2’-deoxyadenosine (Scheme 2-3)60 using N-

fluorobenzenesulfonimide (NFSi) as fluorinating agent. The final product was obtained in 

relatively low (27%) yield, while almost 50% of unreacted starting material was recovered. 
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Scheme 2-3. Synthesis of 8-fluoro-2’-deoxyadenosine. LDA: lithium diisopropylamide. 

2.2.2 Modification of sugar moiety 

Fluorinated nucleic acids with modifications on the sugar is the biggest subtype, usually 

synthesized chemically (Figure 2.3). Of these, 2’-F-modified nucleic acids are the most popular 

for several reasons. First of all, substitution of 2’-OH with fluorine simplifies DNA/RNA synthesis 

by eliminating the necessity for the protection of 2’-OH. Second, this modification improves 

nuclease resistance. Furthermore, 2’-fluoro modification allows for the control of sugar 

conformations, thus resulting in the adoption of desired DNA conformations. In addition, 

replacement of 2’-OH by fluorine increases stability of glycosidic bonds. Efforts in this area 

resulted in the discovery and approval of Pegaptanib,61 the first fluoro-modified nucleic acid drug, 

an aptamer drug for the treatment of neovascular wet age-related macular degeneration. 
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Figure 2.3. Fluoro-modifications on sugar moieties. 

2’-Deoxy-2’-fluoro-ribose (FNA) was one of the first synthesized fluorinated nucleosides and still 

remains one of the most useful in various applications.56, 62 2’-Fluorination increases stability of 

glycosilic bond and the position of fluorine atom forces sugar to be constrained in C3’-endo 

conformation. Due to its unique structural and biophysical properties, 2'-deoxy-2'-fluoro-ß-D-

arabinonucleic acid (FANA) is widely used in biomedical research.63, 64 The sugar adopts C2’-endo 

conformation and leads to increased binding affinity to RNA. Additionally, FANA showed better 

nuclease resistance.65 While FANA can be readily synthesized from 2’-sulphonate ester through 

addition of KHF2,66 synthesis of FNA is usually carried out through an anhydro compound 2.11 

(Scheme 2-4) to ensure selective fluorination.67 
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Scheme 2-4. Synthesis of FNA. DAST: diethylaminosulfur trifluoride. 

In 2014 Delavey et al. synthesized difluorinated uridine 2’,4’-diF-rU 2.22 (Scheme 2.5).68 The 

synthetic route involved elimination of iodine from 2.17 to generate nucleoside olefin 2.18, 

followed by effective iodofluorination. Protection of 3’-OH in 2.19 with benzoyl was followed by 

displacement of the 5′-iodine was achieved with mCPBA in water-saturated dichloromethane 

with concomitant migration of the benzoyl group to the 5′ position to afford protected nucleoside 

2.21. A simple deprotection of benzoyl group in methanolic ammonia was then carried out to 

afford the final product. 
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Scheme 2-5. Synthesis of 2’,4’-diF-rU. 

2.2.3 Post-synthetic conjugation 

Post-synthetic conjugation, where oligonucleosides bearing a reactive functional group are first 

synthesized through solid phase synthesis, followed by addition of fluorine-containing fragment 

under mild conditions, has also been used to generate fluorinated nucleic acids. Post-synthetic 

conjugation is almost the only way to obtain 18F labeled nucleic acids for PET imaging, as the half 
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life of 18F is quite short (109 min), as such traditional prolonged DNA/RNA synthesis cannot be 

performed to directly introduce 18F. Main techniques of post-synthetic conjugation are 

summarized in Scheme 2-6 and include the ‘Click’ chemistry (A), sulfur conjugation (B) and amino 

conjugation (C).  

 

Scheme 2-6. Main types of post-synthetic conjugation chemistry. (A) The ‘Click’ method, (B) 

sulfur conjugation, and (C) amino conjugation. 
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2.2.4 Enzymatic approach 

The enzymatic approach is not as popular as chemical methods for the synthesis of fluorinated 

nucleic acids, mostly because of strict specificity of enzymes. However, it is challenging to 

introduce fluorine into large nucleic acids through chemical synthesis. In these cases, enzymatic 

synthesis becomes the preferred option. The first fluorinated nucleoside introduced into nucleic 

acids by a native polymerase was 5-fluoro-2’-deoxyuridine through the corresponding 

triphosphate.69 In general, fluorinated nucleoside triphosphates with modifications at C-5 of 

pyrimidines are well tolerated by different polymerases. In this manner, 5-perfluorinated 

analogues were successfully incorporated into oligonucleotides by polymerases.70 In addition, 2’-

fluoro-modified nucleosides were also successfully introduced into DNA through enzymatic 

approach.71     

2.3 Investigation of structures of biomolecules by 19F NMR 

As described above, the absence of fluorine in natural biomolecules significantly simplifies 

interpretation of NMR spectra. 19F is the only stable isotope of fluorine. It has a nuclear spin of 

½, and a large gyromagnetic ratio. As a result of these features, 19F NMR is very sensitive to 

measurement. In addition, the chemical shift dispersion of 19F is 50-fold wider compared to 1H 

NMR, and fluorine is extremely sensitive to conformational changes, as a result, slight alteration 

of molecular structures will likely be detected by changes in 19F chemical shifts. These features 

make fluorine an ideal tool for tracking nucleic acids structures and properties. 
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Among choices of sites for fluorination in nucleosides, fluorination at C-5 of pyrimidines is 

suitable in conserving nucleic acid structures, as this modification is unlikely to perturb the global 

nucleic acid structure, due to the small size of fluorine atoms. 

2.3.1 Duplex and triplex formation 

Fluorinated nucleic acids are a good tool to monitor duplex and triplex formation. Using 19F NMR 

Tanabe et al. studied the duplex/triplex formation of three oligodeoxynucleotides, as shown in 

Figure 2.4. Non-complimentary oligonucleotide with deoxyuridine in the middle, replaced with 

5-fluoro-2’-deoxyuridine (FU as in ODN3, Figure 2.4) was synthesized.72 19F NMR spectra of this 

DNA strand showed a single peak at -165.7 ppm at pH 7.0 (Figure 2.4a), however, decreasing pH 

to 5.5 resulted in the appearance of several new peaks, suggesting that DNA forms duplexes 

under acidic conditions (Figure 2.4b). Triplex was formed upon addition of ODN4/5 duplex to 

ODN3 at pH 5.5, which was confirmed by the appearance of a new peak at lower field (Figure 

2.4c). 

 

Figure 2.4. Duplex and triplex formation by 19F NMR. a) 19F NMR spectra of ODN 3 at pH 7. b) 19F 

NMR spectra of ODN 3 at pH 5.5. c) 19F NMR spectra of the mixture of three ODN: 3+4+5. Image 

reproduced from Guo et al., 201765 with permission. 
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2.3.2 RNA folding 

In 1997 Marshal and co-workers investigated RNA folding via 19F NMR.73 In this study, roughly 

80% of uridine in E. coli’s RNA was replaced with 5-fluoro-uridine during early exponential 

growth. The 19F NMR spectrum of FU-5S-RNA at 35oC (Figure 2.5A) represents folded RNA, since 

at least four distinctive groups of peaks can be observed. Increasing temperature to 72oC resulted 

in a simplified 19F NMR spectrum (Figure 2.5B) with signal b as the predominant peak, which 

corresponds to the FU residues. This spectral change upon heating suggested exposure of 5-

fluoro-uridine, thus, proving that RNA unfolds at elevated temperatures.  

 

Figure 2.5. 19F NMR spectra of folded RNA (A) and unfolded RNA (B). Image reproduced from 

Marshall et al., 197773 with permission. 

2.3.3 G-quadruplex and i-motif 

Non-canonically folded structures are quite usual for nucleic acids. One of these forms is 

quadruplex, which mostly occur in G-rich regions. In some sequences quadruplex exists in 
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equilibrium with hairpin. Granqvist and Virta synthesized 2'‐O‐[(4‐trifluoromethyl‐triazol‐1‐

yl)methyl]‐guanosine to investigate quadruplex-hairpin transition (Figure 2.6).74 Presence of 

MgCl2 was shown to facilitate quadruplex-hairpin transition, which was confirmed by the 

increase of intensity of the 19F signal at -62.5 ppm that corresponds to the hairpin structure. 

 

 

Figure 2.6. Study of quadruplex-hairpin transition by 19F NMR. Hairpin formation is promoted by 

the presence of Mg2+, as evidenced by the shift of 19F signals. Image reproduced from Guo et al., 

201765 with permission. 
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I-Motifs are four stranded DNA structures consisting of two parallel duplexes held together by 

protonated cytosine base pairs (C:CH+) (Figure 2.7).  

 

Figure 2.7. I-motif structure. Blue lines indicate canonical hydrogen bonding between different 

nucleosides. Green lines indicate base pairs involving protonated cytosine. Image reproduced 

from Zeraati et al., 201875 with permission. 

As protonation of cytosine is only possible under acidic conditions, i-motifs can exist only under 

acidic conditions. Replacement of ribose sugar moiety with FANA resulted in the stabilization of 

i-motif even at pH 7, since the FANA sugar adopts C2’-endo conformation and fluorine atom 

causes changes in charge distribution.76 This leads to favorable electrostatic interactions between 

2’-F and NH2-group of cytosine, which contributes to the stacking of cytidines.  

 

 



39 
 

2.3.4 Interaction of nucleic acids with other molecules 

Site-specific incorporation of fluorine is a powerful technique to explore the interactions 

between nucleic acids and other molecules. Binding of ligands, metals and biomolecules is usually 

accompanied by local conformational changes, which can be readily detected by 19F NMR, if 

fluorine is introduced to expected binding site. 

2.3.4.1 RNA – metal ion interaction 

Binding of divalent metal ions is usually required to facilitate folding of RNA into their active 

conformations. In 2001 Hammann and co-workers studied Mg2+-induced RNA folding of 

hammerhead ribozyme.77 Two 5FU residues were incorporated at the 4th and 7th positions of the 

ribozyme. 19F resonances of 5FU in different positions change differently as a function of Mg2+ 

concentration, suggesting that these nucleosides participate in different stages of folding process 

and indicating a 2-step transition. 

Following the same approach, binding of metal ions to the bulge region of HIV-1 TAR RNA was 

investigated.78 

2.3.4.2 Nucleic acid – protein interaction 

Fluorinated nucleic acids have also been deployed to reveal DNA-protein interactions. To study 

base-flipping motions of HhaI methyltransferase, DNA duplex containing two 5FC was 

synthesized,79 where deoxycytidine residues at 1st (5FC1) and 4th (5FC4) positions were replaced 

with 5FC. 5FC4 introduced as deoxycytidine at this position is a target for M HhaI 

methyltransferase, and 5FC1 was introduced as a control (Figure 2.8).  
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Figure 2.8. A) Schematic illustration of base flipping motion of M HhaI in 5FC- containing DNA 

duplex. B) 19F NMR of different complexes upon binding of M HhaI and AdoHcy (S-adenosyl-L-

homocysteine). Image reproduced from Guo et al., 201765 with permission. 

Upon binding of HhaI methyltransferase, the chemical shift of 5FC1 remained unchanged, while 

the 19F signal of 5FC4 was only slightly shifted toward downfield. Upon addition of cofactor 

analogue S-adenosyl-L-homocysteine, 5FC4 experienced a dramatic change in chemical shift, 
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suggesting that base flipping occurred. Thus, these results indicated that flipping of deoxycytidine 

out of the DNA double helix does not depend on its binding to the catalytic pocket of M.HhaI, 

suggesting an active role of the enzyme in the opening of the DNA duplex. 

Micura et al. reported another example, demonstrating the utility of 19F NMR to study nucleic 

acid – protein interactions. Thus, 2’-SCF3-uridine was synthesized (Scheme 2-7) and incorporated 

into two stem-loop RNAs (one within and another outside the sequence for protein binding).80 

 

Scheme 2-7. Synthesis of 2’-SF3-uridine building block for RNA solid-phase synthesis. Reagents 

and conditions: a) 3,3-dimethyl-1-(trifluoromethyl)-1,2-benziodoxole, CH3OH, 78oC; b) DMT-Cl, 

DMAP, pyridine, r.t.; c) (2-cyanoethyl)-N,N-diisopropyl chlorophosphoramidite, N-

ethyldiisopropylamine, DCM, r.t. 

Binding of the modified RNAs with U1 A protein gave rise to new 19F signals at higher field, 

confirming the formation of binary complexes (Figure 2.9). 
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Figure 2.9. Characterisation of RNA-protein interaction at different ratio. A) left: RNA stem–loop 

with 2’-SCF3 label (red) and the recognition sequence (blue) for the U1 A protein (cyan); right: 19F 

NMR spectra of RNA and U1 A mixed at different ratios as indicated. B) Same as (A), but with 2’-

SCF3 label (red) at different position. Image reproduced from Micura et al., 201280 with 

permission.  

The 19F NMR data suggested that no significant difference was seen between 19F NMR spectra 

with different position of fluorinated nucleoside, proving that the responsiveness of the label is 

not restricted to a single site and can be placed quite distant from the active site. 
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2.3.4.3 RNA – ligand interaction 

Although several means have been recognised as a powerful and reliable tool for identifying 

ligands for RNA targeting, efficient methods for recognising site-specific RNA binders are still 

quite rare. Quite recently 19F NMR has become another approach for the identification of RNA 

binders. In a proof of concept experiment, Micura and co-workers synthesized hairpin RNA, 

where C2’F was introduced as a reference to a double helical region, where binding is not expected 

and A2’F was located in the loop region, acting as a reporter (Figure 2.10).81  

 

Figure 2.10. 19F NMR spectroscopy to monitor RNA binding to ligand tobramycin (tm). Upon 

binding of RNA with tm, a downfield shift of 19F signal was seen for A2’F. Image reproduced from 

Guo et al., 201765 with permission. 

Addition of tobramycin resulted in a change in the chemical shift for A2’F, but not for C2’F. 

Appearance of a new downfield signal indicated that binding occurred in a slow-exchange mode. 
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CHAPTER 3 – Results and Discussion 

3.1 5-Fluoro-2’-deoxycytidine 

3.1.1 Synthesis 

Although a number of approaches to convert 2’-deoxyuridine to 2’-deoxycyditine have been 

reported, presence of fluorine at C-5 position of deoxyuridine significantly complicates this task. 

Traditional methods, using 1,2,4-triazole and 1,2,3-triazole as leaving groups failed to yield the 

desired 5-fluoro-2’-deoxycytidine, presumably due to the strong electron-withdrawing 

properties of fluorine (Scheme 3-1). 
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Scheme 3-1. Reagents and conditions: a) Ac2O, pyridine, r.t., 12 h. b) POCl3, 1,2,4-triazole, NEt3, 

ACN, r.t., 5 h. c) POCl3, 1,2,3-triazole, ACN, 2 h. d) NH4OH, Dioxane, 50oC, 24 h. 

An alternative approach, where p-nitrophenol was used as a leaving group also did not give the 

desired product, possibly, because of the instability of the intermediate 3.6. In both cases, only 

the starting material was recovered. When 2,4,6-trimethylphenol was used as alternative leaving 

group (Scheme 3-2), the intermediate 3.7 is presumably stabilized by the electron donating 
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properties of methyl groups, allowing ammonia to displace the trimethylphenoxy to give desired 

5-fluoro-2’-deoxycytidine 3.5 in 50% yield.  

 

Scheme 3-2: Reagents and conditions: a) TMSCl, Me-pyrrolidine, p-nitrophenol, TFAA, ACN, 0oC, 

4 h. b) TMSCl, Me-pyrrolidine, 2,4,6-trimethylphenol, TFAA, ACN, 0oC, 4 h. c) NH4OH, Dioxane, 

50oC, 24 h. 
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The subsequent protection of exocyclic amine turned out to be challenging as well. The standard 

benzoyl protection for deoxycytidine was found to be unsuitable for 5FdC, as the resulting N-

benzoyl FdC was unstable under acidic and neutral conditions, presumably due to the strong 

electron withdrawing properties of fluorine that leads to cleavage of the glycosylic bond.  

N-Acetyl-FdC 3.8 was transformed into the corresponding phosphoramidite 3.10 (Scheme 3-3). 

Thus, protection of the 5’-OH with dimethoxytrityl (DMTr) group, followed by the treatment of 

3.9 with phosphytilating agent gave the corresponding phosphoramidite 3.10 as a mixture of two 

diastereomers, as indicated by 31P NMR spectroscopy. It was also found during the purification 

of 5’-DMTr-protected compound 3.9 by column chromatography that the N-acetyl group in 3.8 

and 3.9 is labile in the presence of triethylamine, thus, Hünig’s base, instead of triethylamine, 

was used during column chromatography to ensure the stability of 3.9 and 3.10. (Scheme 3-3).   

 

Scheme 3-3. Reagents and conditions: a) DMTCl, pyridine, r.t., 30 min; b) 2-cyanoethyl 

diisopropylaminophosphorochloridite, NEt(i-Pr)2, DCM, r.t., 30 min. 
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3.1.2 Choice of protecting group for the exocyclic amine of FdC 

As N-benzoyl-5-fluoro-2’-deoxycytidine 3.12 is unstable under acidic conditions, therefore not 

suitable for oligonucleotide solid phase synthesis, N-acetyl- 3.8 and N-pivaloyl-5-fluoro-2’-

deoxycytidine 3.11 were synthesized by the treatment of transiently protected 5-fluoro-2’-

deoxycytidine with the corresponding acyl chloride (Scheme 3-4).  

 

Scheme 3-4. Reagents and conditions: a) TMSCl, pyridine, AcCl for 3.8, PivCl for 3.11, BzCl for 

3.12, r.t., 1h. b) NEt3, 0oC, 30 min. 

In order to determine the most suitable protecting group for exocyclic amine of FdC for solid 

phase synthesis, the stability of the N-acyl FdC under both acidic and basic conditions was 

evaluated. The stability under acidic conditions is of importance as detritylation reactions in solid 

phase synthesis are typically carried out by treatment with di- or trichloroacetic acid. The suitable 

N-acyl group should also ensure the stability of the modified oligonucleotide during the cleavage 

and deprotection steps of solid phase synthesis. Furthermore, the acyl protecting group should 
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be readily removable under the condition for deprotection without leading to structural 

modification. 

The stability of the N-acyl-FdC was determined by HPLC experiments (Figure 3.1).  

 

Figure 3.1. Determination of stability of N-Ac-FdC by HPLC. A) HPLC profile of N-Ac-FdC at the 

beginning of experiment. B) HPLC profile of N-Ac-FdC at the end of experiment. C) Determination 

of the half life of N-Ac-FdC at pH 11 under first order kinetics. 

In this respect, N-acyl-FdC was dissolved in appropriate acid solutions containing a suitable 

internal standard, and aliquots were taken at appropriate intervals and analysed by HPLC. The 

natural logarithms of absorbance ratio of rC, which was used as a standard and N-Ac-FdC were 

plotted against time and, assuming that reaction is first order kinetics, half life can be established 

as ln2/slope.  
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Table 3.1. Kinetic experiments results 

Substance pH Temperature, oC Half life, h 

N-Bz-FdC 11 55 deglycosilation 

N-Bz-FdC NH4OH 55 15.3 

N-Piv-FdC 9 55        > 60 

N-Piv-FdC 11 55 39.2 

N-Piv-FdC NH4OH 22 < 5 min 

N-Ac-FdC 9 55 51.3 

N-Ac-FdC 11 55 21.8 

N-Ac-FdC NH4OH 22 < 5 min 

N-Ac-FdC MeOH 22 26.7 

  

The kinetic results for the stability of N-acyl-FdC are summarized in Table 3.1. N-Bz-FdC 

undergoes deglycosylation at pH 11 at 55C. N-Piv-FdC is quite stable at pH 9 and 11, however, 

almost instant deacylation happens in NH4OH. N-Ac-FdC was less stable than N-Piv-FdC as 

expected with half life at pH 9 and 11 of 51.3 and 21.8 h, respectively. Surprisingly, methanol was 

found to deprotect N-Ac-FdC quite effectively with half life of 26.7 h. Other alcohols such as 

ethanol, propanol and butanol do not react with N-Ac-FdC due to steric hindrance. As a result of 

the instability of N-Ac-FdC in methanol, ethanol was used instead of methanol in subsequent 

column chromatography for the purification of protected N-Ac-FdC. 
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As DCA and TCA are the most commonly used acid in the detritylation reaction of solid phase 

synthesis of oligonucleotides, the stability of N-4-acyl-5-fluoro-2’-deoxycytidines 3.8, 3.11, and 

3.12 was determined in 3% (v/v in dichloromethane) of each acid. The experiments were carried 

out with 19F NMR spectroscopy, with a solution of KF sealed in an insert as an internal standard. 

The progress of decomposition, if any, is determined by taking the ratio of integrals of the two 

fluorine signals in 19F NMR at appropriate intervals (Figure 3.2).  

 

Figure 3.2. 19F NMR spectra of KF (left peak) and N-Ac-FdC (right peak) in a 3% TCA solution. 
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Table 3.2. Kinetic experiments under acidic conditions 

Substance Acid Half life (h) 

N-Bz-FdC TCA Instant decomposition 

N-Bz-FdC DCA Instant decomposition 

N-Piv-FdC TCA Instant decomposition 

N-Piv-FdC DCA Instant decomposition 

N-Ac-FdC TCA 4.13 

N-Ac-FdC DCA Stable 

 

As can be seen from Table 3.2, N-Bz-FdC 3.12 and N-Piv-FdC 3.11 decompose instantaneously in 

both DCA and TCA, making these protecting group unsuitable for solid phase synthesis. N-Ac-FdC 

3.8, however, was found to decompose in 3% TCA with a half-life of 4.13 h, while stable in DCA 

for 24 h. As such, N-Ac-FdC is suitable for solid phase synthesis, as detritylation with TCA requires 

exposure to the acid for as little as 20 s per cycle on a 1 mol scale. 

With the consideration of the stability of N-acetyl-FdC in acidic conditions and its ease of 

deprotection, N-acetyl- was chosen to protect FdC in subsequent transformations. 

3.1.3 DNA synthesis 

Synthesized 5-fluoro-2’-deoxycytosine monomer 3.10 was incorporated into DNA molecule 

through solid phase oligonucleotide synthesis (Scheme 3.5). 
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Scheme 3-5. Synthetic cycles in the phosphoramidite chemistry-based solid phase 

oligonucleotide synthesis. 
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Phosphoramidite oligonucleotide synthesis includes 4 steps. First detritylated nucleoside couples 

with another nucleoside phosphoramidite. The products are then subjected to capping, using 

acetic anhydride, to acetylate unreacted 5’-OH in order to avoid undesired coupling reactions in 

the subsequent cycles. Step 3 is oxidation, using iodine in water, where phosphite triesters are 

converted to the corresponding phosphate triesters to enhance stability of phosphodiester bond. 

Last, detritylation with trichloroacetic acid frees 5’-OH for the next coupling reaction. The cycle 

is repeated until the desired oligonucleotide sequence is assembled. The products are 

deprotected and cleaved from solid support, typically by incubation with aqueous ammonia at 

elevated temperatures. 

Six d(CG)6 sequences containing single FdC modification at different positions were subsequently 

synthesized through solid phase synthesis on an ABI 3400 DNA synthesizer using the standard 1 

mol cycle conditions. The products were characterized by anion exchange HPLC and mass 

spectroscopy (Table 3.3). 
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Table 3.3. Mass spectroscopic (ESI, detected for anions) characterization of modified d(CG)6 DNA 

sequences, and midpoint concentrations of NaCl for the B-/Z-DNA transition. 

Sequence name Sequence (5’ - 3’) Mass (Da) Midpoint 

[NaCl] (M) Expected  Found 

d(CG)6 d(CGCGCGCGCGCG) Purchased Purchased 2.6 

d(CG)6-1F d(FCGCGCGCGCGCG) 3665.37 3665.5 2.5 

d(CG)6-3F d(CGFCGCGCGCGCG) 3665.37 3665.6 2.6 

d(CG)6-5F d(CGCGFCGCGCGCG) 3665.37 3665.6 2.6 

d(CG)6-7F d(CGCGCGFCGCGCG) 3665.37 3665.5 2.4 

d(CG)6-9F d(CGCGCGCGFCGCG) 3665.37 3665.5 2.6 

d(CG)6-11F d(CGCGCGCGCGFCG) 3665.37 3665.0 2.4 

 

3.1.4 Characterization of FdC-modified d(CG)6 by circular dichroism (CD) 

Obtained sequences were annealed by heating and slowly cooling down at nine different NaCl 

concentrations (0.02 to 4 M with 0.5 M increment) to study Z-DNA formation. 

To establish that presence of fluorine at 5th position of cytidine causes only negligible effect on 

overall DNA conformation, circular dichroism experiments were carried out. Figure 3.3 

represents CD spectra of unmodified d(CG)6. 
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Figure 3.3. CD spectra of unmodified d(CG)6 recorded at NaCl concentrations ranging from 0.02 

to 4 M. 

As expected, at low salt concentrations between 0.02 – 1.5 M, d(CG)6 was found in the B-form, 

as indicated by the characteristic positive band at 280 nm and negative band at 250 nm. With the 

increase of salt concentration, Z-DNA is formed, which can be seen with a negative band at 290 

nm. The midpoint concentration of NaCl for the B-Z transition was found to be 2.5 M, which is 

consistent with the literature observations. 
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Figure 3.4. CD spectra of FdC modified d(CG)6 recorded at NaCl concentrations ranging from 0.02 

to 4 M. a) d(CG)6-1F; b) d(CG)6-3F; c) d(CG)6-5F; d) d(CG)6-7F; e) d(CG)6-9F; f) d(CG)6-11F. 

As can be seen from the CD profiles of the FdC-modified d(CG)6 (Figure 3.4), very little difference 

was observed as compared with the unmodified d(CG)6, suggesting that 5-FdC does not 

significantly change the overall conformation of the duplex. 
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Figure 3.5. UV absorbance of modified DNAs at different concentrations. 

By plotting the ratio of absorbance of the d(CG)6 sequences at 260 and 290 nm at different NaCl 

concentrations (Figure 3.5), midpoint concentrations of NaCl required for B-Z transition can be 

established. As can be seen in Table 3.3, d(CG)6 sequences containing a single FdC modification 

have midpoint concentrations of sodium chloride very close to that of the unmodified d(CG)6 (2.6 

M), which is close to literature values (2.5 M). This observation is in agreement with the above 

CD results, confirming that FdC modification introduces minimal distortion to DNA duplex 

structures. 
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3.1.5 Utility of FdC in probing B-/Z-DNA transition 

19F NMR spectra of obtained d(CG)6-11F were recorded at different sodium chloride 

concentrations in order to establish theoretical model for B-/Z-DNA transition (Figure 3.6 a-f). In 

the presence of 20 mM sodium chloride, where this duplex is presumed to adopt B-form DNA as 

indicated by the CD spectrum, two close signals were observed at -164.1 ppm. As the 

concentration of sodium chloride reaches 4 M, under which condition this duplex was confirmed 

by CD spectroscopy to exist in the left-handed Z-DNA, the 19F NMR signals shifted toward up-

field. A gradual shift of the resonance from -164 to -166 pm corroborates the B- to Z-transition 

as sodium chloride concentration increased from 20 mM to 4 M.  

 

Figure 3.6. 19F NMR spectra of FdC modified d(CG)6 (a-f: d(CG)6-11F; a’-f’: d(CG)6-7F;) in the 

presence of varying concentrations of NaCl. (a). 4 M; (a’). 4.5 M; (b and b’). 3.0 M; (c and c’). 2.5 

M; (d and d’). 2.0 M; (e and e’). 1 M; (f and f’). 20 mM. The color coded models correspond to 

DNA duplexes. 

Taken together, the changes in 19F NMR chemical shifts shown in Figure 3.6 a-f support a model 

for the B→Z DNA transition, where B-DNA duplex unwinds from termini with the increase of salt 
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concentration, leading to eventual switching of handedness when salt concentration reaches a 

threshold. This model is also in agreement with the 19F NMR spectra recorded for the d(CG)6-7F: 

d(CG)6 duplex (Figure 3.6 a’-f’) which was annealed by mixing d(CG)6-7F and d(CG)6 in a 1:5 ratio. 

In this case, changes in 19F shifts only became significant when sodium chloride concentration 

reaches 3 M (Figure 3c’), further supporting the scenario where unwinding of interior occurs after 

the duplex unwinds at the two ends. 

3.1.6 Conclusion 

The synthesis of 5-fluoro-2’-deoxycytidine from 5’-fluoro-2’-deoxyuridine was demonstrated. It 

was found that N-acetyl is the suitable protecting group for the exocyclic amine for the 

incorporation of this modified nucleoside into oligonucleotides through the phosphoramidite 

chemistry based solid phase synthesis. Compared with unmodified d(CG)6, oligonucleotides 

containing a single FdC modification showed very little difference in circular dichroism profiles, 

indicating minimal distortion of DNA duplex structures by this fluorinated nucleoside. 19F NMR 

spectroscopy of d(CG)6-11F and d(CG)6-7F where the 11th and 7th nucleoside from the 3’-terminus 

is replaced with FdC respectively, at varying sodium chloride concentrations revealed that B→Z-

DNA transition likely occurs by initiating unwinding of duplex at termini, leading to switches of 

handedness with the increase of sodium chloride concentration. 

Due to the features of fluorine described in this work, FdC has the potential to be used as a 

versatile probe for DNA structures and interaction with other molecules. 
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3.2 8-Fluoro-2’-deoxyguanosine 

3.2.1 Synthesis  

Early attempts in this work to synthesize 8-F-2’-dG were based on nucleophilic fluorination 

(Scheme 3-6). First, the exocyclic amino of 2’-deoxyguanosine (3.13) was protected with 

isobutyryl, then bromine was introduced into 8-position, using N-bromosuccinimide (NBS) to 

afford 8-bromo-N-isobutyryl-2’-deoxyguanosine (3.15) in a good yield. Attempts to obtain 8-F-2’-

dG using silver fluoride as a nucleophile were unsuccessful, presumably due to pour solubility of 

fluoride salts. In order to increase the solubility of potassium fluoride in organic solvent, and the 

nucleophilicity of fluoride, 18-crown-6 was used in a subsequent attempt for the conversion of 

di-O-acetyl-protected bromodeoxyguanosine to fluoro derivative, however, no reaction occurred 

(Scheme 3-6e). Using CsF in DMF also did not give the desirable product (Scheme 3-6f) and 

attempts to achieve synthesis through nucleophilic fluorination were abandoned. 
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Scheme 3-6. Reagents and conditions: a) TMSCl, iBu anhydride, NH4OH, RT, 5 h. b) NBS, H2O, ACN, 

RT, 45 min. c) AgF, KF, Pd(OAc)2, toluene, MW 100oC, 15 min. d) Ac2O, Pyridine, RT, 12 h. e) KF, 

18-Cr-6, ACN, 100oC, 2 h. f) CsF, DMF, 100oC, 12 h. 
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Scheme 3-7. Reagents and conditions: a) TBDMSCl, DMF, r.t., 24 h. b) i: LDA, toluene, -78oC, 2 h. 

ii: NFSI, -40oC, 2 h. c) TBAF, THF, r.t., 1 h. d) DMTCl, Pyridine, r.t., 30 min. e) 2-Cyanoethyl 

diisopropylaminophosphorochloridite, NEt(iPr)2, DCM, r.t., 30 min. 
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Subsequent attempts were made under electrophilic fluorination conditions. Thus, when N-iBu-

2’-deoxyguanosine (3.14) was treated with tert-butyl dimethylsilyl (TBDMS) chloride in 

dimethylformamide, di-TBDMS derivative (3.18) was formed in good yield. Treatment of 3.18 

with lithium diisopropylamide and N-fluorobenzenesulphonimide at -78oC gave 8-fluorinated 

product 3.19 in 30% yield, which was subsequently deprotected with tetrabutylammonium 

fluoride to give desirable 8-fluoro-2’-deoxyguanosine 3.17. Careful treatment with 1.5 molar 

equivalents of 4,4’-dimethoxytrityl chloride afforded only 5’-protection. The DMT-derivative 3.20 

was subsequently transformed into the corresponding phosphoramidite. 

3.2.2 Stability in acids 

It is known that in some purine nucleosides presence of substituent at C-8 position of nucleobase 

significantly decreases stability of glycosylic bond, leading to decomposition under acidic 

conditions. 8-Fluoro-N-isobutyryl-2’-deoxyguanosine 3.17 is not an exception. Kinetic 

experiments, using acids with different pKa were performed via 19F NMR to determine the 

stability of 8-fluoro-N-isobutyryl-2’-deoxyguanosine under these conditions, which is 

summarized in Table 3.4. 
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Table 3.4. Half-lives of FdG under acidic conditions. 

Substance Acid in MeOH Half life (min) 

FdG TCA 3% 10.5 

FdG DCA 3% 57.7 

FdG MCA 3% 145.8 

FdG Benzoic 3% Stable 

FdG Acetic 80% Stable 

 

As can be seen from Table 3.4 standard TCA (trichloroacetic acid, pKa 0.66) cannot be used for 

the detritylation of 8-fluoro-N-isobutyryl-2’-deoxyguanosine in solid phase synthesis, as this 

modified nucleoside is too unstable, with a half life of 10 min. 8-Fluoro-N-isobutyryl-2’-

deoxyguanosine was found to be stable in acetic acid and benzoic acid, and is quite stable in MCA 

(methoxyacetic acid, pKa 2.86), however, these acids were unable to remove DMT group as their 

acidity is not strong enough. While this nucleoside is not indefinitely stable in 3% DCA 

(dichloroacetic acid, pKa 1.48), a half life of 57.7 min will lead to minimal amount of 

deglycosylation during the detritylation step of solid phase synthesis of oligonucleotides, as such, 

3% DCA will be used as the acid in future solid phase synthesis of oligonucleotides containing this 

modified nucleoside. 

3.2.3 Future work 

Future work will explore the incorporation of 8-fluoro-2’-deoxyguanosine into oligonucleotides 

via the phosphoramidite chemistry-based solid phase synthesis. Oligonucleotides containing this 
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modified nucleoside will be used to study DNA conformations using 19F NMR spectroscopy, as 

has been demonstrated in this thesis for FdC. In this manner, strategic substitution of dC and dG 

in oligonucleotides by a combination of FdC and 8-FdG will provide a flexible tool in studying 

nucleic aspects properties and conformations. 
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CHAPTER 4 – Experimental 

4.1 Instrumentation 

1H NMR spectra were measured at 400 or 600 MHz with Bruker Avance 400 and 600 Digital NMR 

spectrometers with a 14.1 and 7.05 Tesla Ultrashield magnet, respectively. Tetramethylsilane 

was used as an internal standard; 13C NMR spectra were measured at 150.9 MHz, 31P NMR at 121 

MHz and 19F at 376 MHz with the same spectrometer. J values and chemical shifts are given in 

ppm and Hz, respectively. The following deuterated solvents from C/D/N Inc. were used for the 

preparation of NMR samples. Dimethyl-d6 sulfoxide with 0.05% tetramethylsilane (99.0 atom % 

D), deuterated chloroform (99.0 atom % D), and deuterated oxide (99.0 atom % D). EI (electron 

impact) and FAB (fast atom bombardment) mass spectra were obtained with a Thermo Scientific 

DFS (Double Focusing Sector) mass spectrometer; ESI (electrospray) spectra were measured with 

a Bruker HCT Plus ion-trap mass spectrometer. UV spectra were recorded with a Cary 3000 UV 

spectrophotometer. Circular Dichroism (CD) spectra were recorded using Jasco J-600 Circular 

Dichroism Spectrometer.  

4.2 Chromatography 

Desican 230-400 mesh silica gel was used for flash chromatography. Thin layer chromatography 

was performed on Silicycle Silica plate F-254 TLC plates using the following solvent mixtures: 

Solvent A: methanol-dichloromethane (5:95, v/v) 

Solvent B: methanol-dichloromethane (10:90, v/v) 

Solvent C: methanol-dichloromethane (20:80, v/v) 
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High-performance liquid chromatography (HPLC) was conducted with a Dionex 3000 Ionic 

Chromatography system. Reverse phase Acclaim PA columns (4.6 x 150 mm, C18 3 µ) were eluted 

with water-acetonitrile mixtures at a flow rate of 0.7 ml/min. Anion-exchange high-performance 

liquid chromatography was carried out on a DNAPac 200 column (4x250 mm). 

4.3 DNA synthesis  

Oligonucleotides were synthesized using an ABI 3400 DNA synthesizer. After solid phase 

synthesis was complete, the products were cleaved from solid support and deprotected by 

incubation with ammonium hydroxide at 55°C for 24 hours. After lyophilization, the products 

were purified by fast protein liquid chromatography where necessary. 

4.4 Solvents and Chemicals 

Benzene, diethyl ether and toluene were dried by heating under reflux over sodium in the 

presence of benzophenone for 4 h and then distilled. N,N-Diisopropylamine, N,N-diisopropyl 

ethylamine, dimethylformamide, pyridine and acetonitrile were dried by heating under reflux 

over calcium hydride for 4 hours and then distilled. Dichloromethane was dried by heating under 

reflux over phosphorus pentoxide for 4 hours and then distilled. All the distilled solvents were 

stored over activated 4 Å molecular sieves. All other reagents were purchased from Sigma-Aldrich 

or TCI America without further purification prior to use unless stated otherwise. 

4.5 Circular dichroism measurement 

CD experiments were carried out on a Jasco J-600 Spectropolarimeter. Samples were prepared 

by dissolving oligonucleotides (10 µM) in Tris-HCl buffer (10 mM, pH 7.5) and NaCl (0.02 – 4 M 
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with 0.5 M increment) in autoclaved milliQ water. Samples were annealed on a Mastercycler 

Nexus gradient thermalcycle. First the samples were heated to 95oC during 10 min and then 

slowly cooled down to 25oC over a period of 50 min. 

4.6 Measurement of A260 and A290 

The absorbance of annealed oligonucleotides was measured at two different wave lengths: 260 

and 290 nm on a Genesys 10S UV-Vis Spectrophotometer. Samples were prepared in the same 

manner as those used for CD measurement. 

4.7 19F NMR spectroscopy 

The cation of oligonucleotides was exchanged to sodium ions by passing the solution through a 

column containing sodium form of Amberlite IR120 resin. After lyophilization, appropriate 

amount of oligonucleotide was reconstituted in a Tris-HCl buffer (10 mM, pH 7.5, 0.5 mL in 

deuterium oxide) containing appropriate concentration of NaCl (0.02 – 4 M with 0.5 M 

increment) and 0.01 µM of sodium trifluoroacetate (used as an internal standard for 19F NMR). A 

50 mM solution of potassium fluoride in deuterium oxide was used as an insert for 19F NMR 

kinetic experiments. 
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4.8 Preparation of compounds 

5-Fluoro-2’-deoxycitidine (3.5) 

 

Floxyuridine (5.00 g, 20.3 mmol) was dried under vacuum at 70oC for 3 h and suspended in dry 

acetonitrile (150 ml). Trimethylsilyl chloride (7.76 ml, 60.9 mmol), followed by N-

methylpyrrolidine (16.86 ml, 162.5 mmol), were added and the mixture was stirred for 1 h at 

room temperature and then cooled to 0oC. Trifluoroacetic anhydride (8.47 ml, 60.9 mmol) was 

added dropwise over 5 min. After 30 min, 2,4,6-trimethylphenol (8.30 g, 60.9 mmol) was added 

and reaction mixture was stirred for 3 h at 0oC. Aqueous ammonium hydroxide (25 ml, 28%) was 

added and flask was sealed and heated at 65oC for 24 h. Upon cooling, the products were 

concentrated to dryness under reduced pressure, and the residue was purified by column 

chromatography on silica gel. The appropriate fractions, which were eluted with 

dichloromethane-methanol (93:7 v/v), were pooled and concentrated under reduced pressure 

to give the title compound as an off-white solid (2.98 g, 60%). Starting material (1.80 g, 36%) was 

also recovered. 

Rf (system C): 0.28 

HR-MS (EI) found 245.0806, C9H12FN3O4 required 245.0812. 
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δH (DMSO-d6): 1.98 (1 H, H-2’, ddd, J = 6.0, 7.0, 13.3), 2.12 (1 H, H-2’’, ddd, J = 3.5, 6.0 and 13.3), 

3.58 (2 H, H-5’ and H-5’’, m), 3.77 (1 H, H-4’, ddd, J = 3.4, 3.4 and 3.4), 4.21 (1 H, H-3’, m), 5.09 (1 

H, 5’-OH, dd, J = 4.9 and 4.9, ex), 5.20 (1 H, 3’-OH, d, J = 4.2, ex), 6.11 (1 H, H-1’, ddd, J = 2.0 (5JF,H), 

6.0 and 7.4), 7.49 (1 H, NH2, s, ex), 7.73 (1 H, NH2, s, ex), 8.08 (1 H, H-6, d, 3JF,H = 7.3).  

δC (DMSO-d6): 40.9, 61.5, 70.6, 85.6, 87.7, 125.6, 126.0, 135.3, 135.7, 153.8, 157.7, 157.9. 

δF (DMSO-d6): -167.3 

N-Acetyl-5-fluoro-2’-deoxycitidine (3.8) 

 

To a solution of 5-fluoro-2’-deoxycytidine (1.00 g, 4.10 mmol) in dry pyridine (20 ml), 

trimethylsilyl chloride (2.0 ml, 16.3 mmol) was added. After 30 min, acetyl chloride (0.44 ml, 6.12 

mmol) was added and the reaction mixture was stirred at room temperature for 4 h. The mixture 

was chilled (ice–water bath) and water was added until all salts dissolved, followed by addition 

of Hünig’s base (2.85 ml, 20.4 mmol). The products were stirred at room temperature for 30 min 

and then concentrated to dryness under reduced pressure at 30oC. The residue was purified by 

column chromatography on silica gel. The appropriate fractions, which were eluted with 
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dichloromethane-ethanol (97:3 v/v), were pooled and concentrated under reduced pressure to 

give the title compound as a yellow solid (0.85 g, 73%). 

Rf (system B): 0.12 

HR-MS (EI) found 287.0909, C11H14FN3O5 required 287.0917. 

δH (DMSO-d6): 2.08 (1 H, H-2’, ddd, J =  6.2, 6.2 and 13.3), 2.22 (3 H, N-Ac, s) 2.28 (1 H, H-2’’, ddd, 

J = 4.4, 6.3 and 13.3), 3.59 (1 H, H-5’, ddd, J = 3.4, 3.8 and 12.0), 3.67 (1 H, H-5’’, ddd, J = 3.4, 3.8 

and 12.0), 3.85 (1 H, H-4’, ddd, J = 3.4, 3.4 and 3.4), 4.24 (1 H, H-3’, m), 5.20 (1 H, 5’-OH, t, J = 4.4, 

ex), 5.27 (1 H, 3’-OH, d, J = 3.8, ex), 6.05 (1 H, H-1’, ddd, J = 1.2, 6.2 and 6.2), 8.51 (1 H, H-6, d, J = 

6.6), 10.59 (1 H, NH, s, br, ex). 

δC (DMSO-d6): 25.1, 41.2, 61.0, 69.9, 86.7, 88.3, 130.2 (d, C-6, 2JF,C = 34.5), 137.5 (d, C-5, 1JF,C = 

240.7), 152.7, 153.7, 170.3. 

δF (DMSO-d6): -158.3 

N-Pivaloyl-5-fluoro-2’-deoxycitidine (3.11) 
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To a solution of 5-fluoro-2’-deoxycytidine (0.200 g, 0.82 mmol) in dry pyridine (4 ml), 

trimethylsilyl chloride (0.42 ml, 3.28 mmol) was added. After 30 min pivaloyl chloride (0.15 ml, 

1.23 mmol) was added and the reaction mixture was stirred at room temperature for 4 h. The 

mixture was chilled (ice–water bath) and water was added until all salts dissolved, followed by 

addition of Hünig’s base (0.57 ml, 4.92 mmol). After stirring at room temperature for 30 min, the 

products were concentrated to dryness under reduced pressure at 30oC. The residue was purified 

by column chromatography on silica gel. The appropriate fractions, which were eluted with 

dichloromethane-ethanol (98:2 v/v), were pooled and concentrated under reduced pressure to 

give the title compound as a pale green solid (190 mg, 71%). 

Rf (system B): 0.30 

HR-MS (EI) found 329.1381, C14H20FN3O5 required 329.1387. 

δH (DMSO-d6): 1.19 (9 H, -(CH3)3, s), 2.11 (1 H, H-2’, ddd, J = 6.2, 6.2 and 12.2), 2.27 (1 H, H-2’’, m), 

3.59 (1 H, H-5’, ddd, J = 3.7, 4.7 and 12.0), 3.67 (1 H, H-5’’, ddd, J = 3.6, 5.1 and 12.0), 3.85 (1 H, 

H-4’, ddd, J = 3.5, 3.5 and 3.5), 4.25 (1 H, H-3’, m), 5.21 (1 H, 5’-OH, t, J = 4.9, ex), 5.29 (1 H, 3’-

OH, d, J = 4.4, ex), 6.05 (1 H, H-1’, ddd, J = 1.3, 6.2 and 6.2), 8.48 (1 H, H-6, s, br), 10.5 (1 H, -NH, 

s, br, ex). 

δC (DMSO-d6): include the following signals: 27.2, 41.1, 61.1, 70.0, 86.6, 88.3, 138.0, 140.4. 

δF (DMSO-d6): -153.3 
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N-Benzoyl-5-fluoro-2’-deoxycitidine (3.12) 

 

To a solution of 5-fluoro-2’-deoxycytidine (0.200 g, 0.82 mmol) in dry pyridine (4 ml) trimethylsilyl 

chloride (0.42 ml, 3.28 mmol) was added. After 30 min benzoyl chloride (0.17 ml, 1.23 mmol) was 

added and the reaction mixture was stirred at room temperature for 4 h. The mixture was chilled 

(ice–water bath) and water was added until all salts dissolved, followed by addition of Hünig’s 

base (0.57 ml, 4.92 mmol). Reactants were stirred at room temperature for 30 min and then 

concentrated at 30oC. The residue was purified by column chromatography on silica gel. The 

appropriate fractions, which were eluted with dichloromethane-ethanol (97:3 v/v), were pooled 

and concentrated under reduced pressure to give the title compound as a white solid (194 mg, 

68%). 

Rf (system B): 0.24 

HR-MS (EI) found 349.1066, C16H16FN3O5 required 349.1074. 

δH (D2O): 2.28 (1 H, H-2’, ddd, J = 6.1, 6.2 and 14.1), 2.46 (1 H, H-2’’, ddd, J = 4.7, 6.2 and 14.1), 

3.71 (1 H, H-5’, dd, J = 4.8 and 12.5), 3.80 (1 H, H-5’’, dd, J = 3.4 and 12.5), 4.03 (1 H, H-4’, ddd, J 
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= 4.3, 4.4 and 4.7), 4.37 (1 H, H-3’, ddd, J = 4.4, 4.4 and 6.2), 6.17 (1 H, H-1’, dd, J = 6.2 and 6.2), 

7.46 (2 H, t, J = 7.3), 7.56 (1 H, t, J = 7.3), 7.85 (2 H, d, J = 7.3), 8.14 (1 H, H-6, br). 

δF (D2O): -156.7 (br). 

N-Acetyl-5-fluoro-5’-(4,4’-dimethoxytrityl)-2’-deoxycitidine (3.9) 

 

N-Acetyl-5-fluoro-2’-deoxycutidine (1.70 g, 5.92 mmol) was co-evaporated with distilled pyridine 

(3 x 10 ml) and dissolved in dry pyridine (15 ml), followed by addition of 4,4’-dimethoxytrityl 

chloride (3.00 g, 8.88 mmol). After 30 min, the reaction was quenched with a Hünig’s 

base/ethanol (1:1 v/v) mixture (3.5 ml). The products were diluted with dichloromethane (100 

ml) and extracted with saturated aqueous sodium hydrogen carbonate (35 ml). The water layer 

was back-extracted with dichloromethane (30 ml) and combined organic layers were dried with 

magnesium sulfate and evaporated to obtain an oily product. The oily residue was purified by 

column chromatography on silica gel. The appropriate fractions, which were eluted with 

dichloromethane-ethanol-triethylamine (98.2:1.5:0.3 v/v/v), were pooled and concentrated 

under reduced pressure to give the title compound as a pink solid (2.96 g, 85%). 
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Rf (system A): 0.28 

HR-MS (EI) found 589.2217, C32H32FN3O7 required 589.2224. 

δH (DMSO-d6): 2.16–2.23 (4 H, H-2’ and -CH3, m), 2.34 (1 H, H-2’’, ddd, J = 4.8, 6.5 and 11.5), 3.20 

(1 H, H-5’, dd, J = 2.7 and 10.2), 3.27 (1 H, H-5’’, dd, J = 5.4 and 10.6), 3.74 (6 H, -(OCH3)2, s), 3.98 

(1 H, H-4’q, J = 4.5), 4.27 (1 H, H-3’, m), 5.37 (1 H, 3’-OH, d, J = 4.6, ex), 6.06 (1 H, H-1’, t, J = 5.8), 

6.90 (4 H, d, J = 8.8), 7.23–7.40 (9 H, m), 8.15 (1 H, H-6, d, J = 6.3), 10.5 (1 H, -NH, s, br, ex). 

δF (DMSO-d6): -158.6 

2-Cyanoethyl-phosphodichloridite 

 

3-Hydroxypropionitrile (54 ml, 0.79 mol) and 1,1,1,3,3,3-hexamethyldisilazane (84 ml, 0.40 mol) 

were mixed and heated under reflux. After 2 h, the products were cooled to room temperature. 

Dry acetonitrile (500 ml) was added, and this solution was added dropwise to a solution of 

phosphorus trichloride (75 ml, 0.86 mol) in acetonitrile (800 ml) at -40oC over a period of 2 h. 

After the addition was complete, the reaction mixture was allowed to warm up to room 

temperature over a period of 2 h. The products were then concentrated under reduced pressure. 

The viscous liquid was distilled under vacuum (90oC/1 mm Hg) to give the title compound as a 

colorless liquid (67.1 g, 98%). 

δP [D2O insert]: 178.3. 
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2-Cyanoethyl-N,N-diisopropyl phosphochloridite 

 

Dry diisopropylamine (40.75 ml, 0.29 mol) in dry diethyl ether (80 ml) was added dropwise to a 

solution of 2-cyanoethyl phosphodichloridite (25.0 g, 0.145 mol) in dry diethyl ether (350 ml) at 

-20oC over a period of 2 h. After the addition was complete, the reaction mixture was allowed to 

warm up to room temperature and stirring was continued for another 20 h. The products were 

filtered by cannula filtration and the filtrate was concentrated under reduced pressure. The 

viscous liquid was then distilled under vacuum (140oC/1 mm Hg) to give the title compound as a 

colorless liquid (31.4 g, 91%). 

δP [D2O insert]: 177.7. 
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N-Acetyl-5-fluoro-5’-(4,4’-dimethoxytrityl)-2’-deoxycitidine-3’-(2-cyanoethyl)-N,N-

diisopropylphosphoramidite (3.10) 

 

N-Acetyl-5-fluoro-5’-(4,4’-dimethoxytrityl)-2’-deoxycitidine (1.00 g, 1.70 mmol) was azeotroped 

with dry toluene (3 x 10 ml) and dissolved in dry dichloromethane (20 ml). Dry Hünig’s base (1.5 

ml, 8.5 mmol), followed by (2-cyanoethyl)-N,N-diisopropyl phosphochloridite (0.66 g, 2.8 mmol) 

were added and the reaction mixture was stirred for 30 min. Hünig’s base (1 ml) was added and 

products were concentrated under reduced pressure. The residue was purified by column 

chromatography on silica gel. The appropriate fractions, which were eluted with hexane-

acetone-N,N-diisopropyl ethylamine (70:28:2 v/v), were pooled and concentrated under reduced 

pressure. The oily residue was dissolved in dichloromethane (2 ml) and added dropwise to 

pentane (20 ml) at -40oC under stirring. Cloudy suspension was centrifuged for 20 min and the 

supernatant was decanted. White solid was collected and dried to give the titled 

phosphoramidite as a colorless solid (0.86 g, 63%). 
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Rf (system A): 0.41 

HR-MS (ESI) found 790.3381 (M-H+), C41H49FN5O8P required 789.3303. 

δH (CDCl3): 1.12 (3 H, N(CH(CH3)2)2, d, J = 6.8), 1.21 (9 H, N(CH(CH3)2)2, m), 2.19 (3 H, Ac, s), 2.38 

(1 H, 2’-CH2, m), 2.66 (4 H, P(CH2)2CN, m), 2.8 (1 H, 2’-CH2, m), 3.44 (2 H, 5’-CH2, m), 3.61 (2 H, 

N(CH(CH3)2)2, m), 3.81 (6 H, (OCH3)2, m), 4.24 (1 H, 4’-CH2, dd, J = 3.2 and 13.3), 4.70 (1 H, 3’-CH, 

m), 6.20 (1 H, 1’-CH, q, J = 6.2), 6.85 (4 H, C6H5 (DMT), m), 7.30 (7 H, C6H5 (DMT), m), 7.41 (2 H, 

C6H5 (DMT), m), 8.20 (1 H, 6-CH, dd, J = 5.4 and 14.2). 

δC (CDCl3): 17.1, 20.38, 20.4, 20.5, 20.6, 20.7, 24.66, 24.69, 24.74, 24.8, 24.83, 26.7, 40.9, 41.0, 

41.3, 43.35, 43.4, 43.47, 43.52, 55.37, 55.40, 62.4, 62.6, 72.3, 72.5, 72.9, 73.0, 86.26, 86.31, 86.27, 

86.31, 87.2, 87.3, 87.4, 113.4, 127.22, 127.25, 128.1, 130.1, 130.19, 130.24, 135.2, 135.4, 144.31, 

144.34, 152.4, 152.5, 158.83, 158.85 

δF (CDCl3): -166.4 

δP (CDCl3): 148.8 and 149.2 

N-Isobutyryl-2’-deoxyguanosine (3.14) 
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2’-Deoxyguanosine (6.00 g, 22.5 mmol) was dried in vacuua at 60oC and then suspended in dry 

pyridine (100 ml), followed by slow addition of trimethylsilyl chloride (14.3 ml, 112 mmol). After 

30 min isobutyric anhydride (18.6 ml, 112 mmol) was added and reactants were stirred for 2.5 h 

at room temperature. The mixture was chilled (ice–water bath) and cold water (48 ml) was 

added. After 15 min aqueous ammonium hydroxide (28%, 25 ml) was added, and the reaction 

mixture was stirred for 30 min at 0oC and then evaporated at 30oC. Water was added until all 

salts dissolved and washed once with equal volume of diethyl ether. The product crystallized 

from water to give title compound as a white crystal (5.37 g, 71%). 

M.p. > 260oC (water) 

Rf (system C): 0.52 

HR-MS (EI) found 337.1379, C14H19N5O5 required 337.1386. 

δH (DMSO-d6): 1.12 (6 H, CH(CH3)2, d, J = 6.7), 2.27 (1 H, 2’-CH2, m), 2.56 (1 H, CH(CH3)2, m), 2.76 

(1 H, 2’-CH2, septet, J = 6.7), 3.54 (2 H, 5’-CH2, m), 3.84 (1 H, 4’-CH, tt, J = 4.8 and 2.9), 4.37 (1 H, 

3’-CH, m), 4.97 (1 H, 5’-OH, t, J = 5.5, ex), 5.33 (1 H, 3’-OH, d, J = 3.8, ex), 6.21 (1 H, 1’-CH, t, J = 

6.8), 8.23 (1 H, 8-CH, s), 11.67 (1 H, 2-NH, s, ex), 12.08 (1 H, 3-NH, s, ex). 

δC (DMSO-d6): 19.3, 35.2, 55.4, 61.9, 70.9, 83.4, 88.2, 120.6, 137.9, 148.6, 148.9, 155.3, 180.6. 
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N-Isobutyryl-3’,5’-di-(tert-butyldimethylsilyl)-2’-deoxyguanosine (3.18) 

 

N-Isobtyryl-2’-deoxyguanosine (3.50 g, 10.4 mmol), imidazole (4.66 mg, 68.55 mmol) and tert-

butyldimethylsilyl chloride (6.90 g, 45.7 mmol) were stirred in dry dimethylformamide (30 ml) for 

5 h. The resulting slurry was diluted with 25 ml of ethanol and stored at -20oC for 24 h. White 

crystals were collected by vacuum filtration to give 4.93 g (84%) of the title compound. 

M.p. 102-104oC (ethanol)  

Rf (system A): 0.38 

HR-MS (EI) found 565.3099, C26H47N5O5Si2 required 565.3116. 

δH (CDCl3): 0.09 (6 H, Si(CH3)2, d, J = 2.0), 0.12 (6 H, Si(CH3)2, d, J = 1.0), 0.92 (18 H, Si(C(CH3)3)2, d, 

J = 0.8), 1.28 (6 H, CH(CH3)2, dd, J = 5.3 and 1.5), 2.37 (1 H, 2’-CH2, m), 2.47 (1 H, 2’-CH2, m), 2.71 

(1 H, CH(CH3)2, septet, J = 6.9), 3.79 (2 H, 5’-CH2, t, J = 3.4), 3.99 (1 H, 4’-CH, q, J = 3.4), 4.58 (1 H, 

3’-CH, m), 6.24 (1 H, 1’-CH, t, J = 6.5), 8.01 (1 H, 8-CH, s), 8.55 (1 H, 2-NH, s, ex). 

δC (CDCl3): -5.5, -5.37, -4.78, -4.67, 18.0, 18.4, 18.97, 19.03, 25.7, 26.0, 36.5, 41.5, 62.8, 71.8, 83.6, 

88.0, 121.3, 136.9, 147.5, 148.0, 155.8, 178.4. 
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8-Fluoro-N-isobutyryl-3’,5’-di-(tert-butyldimethylsilyl)-2’-deoxyguanosine (3.19) 

 

N-Isobutyryl-3’,5’-di-(tert-butyldimethylsilyl)-2’-deoxyguanosine (4.00 g, 7.08 mmol) was 

azeotroped with dry toluene (3 x 15 ml) and dissolved in dry toluene (80 ml). After the mixture 

was cooled to -78oC (acetone–dry ice bath), 2.0 M lithium diisopropylamide solution in 

THF/heptane/ethylbenzene (17.7 ml, 35.4 mmol) was added slowly. After 2 h, N-

fluorobenzenesulphonamide (6.68 g, 21.2 mmol) was added and the mixture was stirred for 1.5 

h at -78oC and then allowed to warm up to room temperature over 30 min. Saturated aqueous 

ammonium chloride solution (80 ml) was added and the layers were separated. The aqueous 

layer was extracted with dichloromethane (2 x 40 ml), and the combined organic layers were 

washed with saturated sodium bicarbonate solution (100 ml), dried over magnesium sulfate and 

concentrated under reduced pressure. The residue was purified by column chromatography on 

silica gel. The appropriate fractions, which were eluted with dichloromethane-methanol (99.3:0.7 

v/v), were pooled and concentrated under reduced pressure to give the title compound as a pale 

yellow solid (825 mg, 20%). 

Rf (system A): 0.41 
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HR-MS (EI) found 583.3015, C26H46N5O5Si2F required 583.3022. 

δH (CDCl3): 0.05 (6 H, Si(CH3)2, d, J = 8.1), 0.13 (6 H, Si(CH3)2, s), 0.91 (18 H, Si(C(CH3)3)2, d, J = 13.3), 

1.26 (6 H, CH(CH3)2, dd, J = 6.8 and 5.2), 2.26 (1 H, 2’-CH2, m), 2.66 (1 H, CH(CH3)2, septet, J = 6.9),  

2.78 (1 H, 2’-CH2, m), 3.71 (2 H, 5’-CH2, m), 3.89 (1 H, 4’-CH, m), 4.59 (1 H, 3’-CH, m), 6.16 (1 H, 

1’-CH, t, J = 6.9), 8.69 (1 H, 2-NH, s, ex), 12.12 (1 H, 3-NH, s, ex). 

δC (CDCl3): -5.5, -5.4, -4.8, -4.7, 18.0, 18.4, 18.8, 19.1, 25.8, 25.9, 36.5, 37.9, 62.7, 71.7, 82.3, 87.7, 

114.8, 146.7, 147.7, 148.3, 154.8, 178.5. 

δF (CDCl3): -101.26 

8-Fluoro-N-isobutyryl-2’-deoxyguanosine (3.17) 

 

8-Fluoro-N-isobutyryl-3’,5’-di-(tert-butyldimethylsilyl)-2’-deoxyguanosine (350 mg, 0.60 mmol) 

and tert-butylammonium fluoride (391 mg, 1.5 mmol) were stirred in tetrahydrofuran (12 ml) for 

1 h at room temperature, followed by addition of warm water (50oC) until all salts dissolved and 

the product crystalized from water to give 127 mg (60%) of title compound as white crystals. 

M.p.: decomposed at 183-185oC (water)   

Rf (system C): 0.72 
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HR-MS (EI) found 335.1220, C14H18N5O5F 355. 1292. 

δH (DMSO-d6): 1.13 (6 H, CH(CH3)2, d, J = 6.7), 2.24 (1 H, 2’-CH2, m),  2.76 (2 H, 2’-CH2, and 

CH(CH3)2, m), 3.46 (2 H, 5’-CH2, m), 3.8 (1 H, 4’-CH, tt, J = 5.4 and 3.3), 4.37 (1 H, 3’-CH, m), 4.84 

(1 H, 5’-OH, t, J = 5.6, ex), 5.35 (1 H, 3’-OH, d, J = 3.9, ex), 6.17 (1 H, 1’-CH, t, J = 6.9), 11.68 (1 H, 

2-NH, s, ex), 12.17 (1 H, 3-NH, s, ex). 

δC (DMSO-d6): 14.0, 19.3, 35.3, 37.5, 62.0, 70.7, 82.8, 89.2, 147.5, 148.3, 148.9, 154.4, 180.6 

δF (DMSO-d6): -102.9 

N-Isobutyryl-8-fluoro-5’-(4,4’-dimethoxytrityl)-2’-deoxyguanosine (3.20) 

 

N-Isobutyryl-8-fluoro-2’-deoxyguanosine (0.50 g, 1.41 mmol) was co-evaporated with distilled 

pyridine (3 x 10 ml) and dissolved in dry pyridine (5 ml), followed by addition of 4,4’-

dimethoxytrityl chloride (0.72 g, 2.12 mmol). After 30 min, the reaction was quenched with a 

triethylamine/ethanol (1:1 v/v) mixture (1 ml). The products were diluted with dichloromethane 

(50 ml) and extracted with saturated aqueous sodium hydrogen carbonate (50 ml). The aqueous 

layer was back-extracted with dichloromethane (30 ml) and the combined organic layers were 
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dried with magnesium sulfate and evaporated under reduced pressure. The oily residue was 

purified by column chromatography on silica gel. The appropriate fractions, which were eluted 

with dichloromethane-ethanol-triethylamine (98.2:1.5:0.3 v/v/v), were pooled and concentrated 

under reduced pressure to give the title compound as a pink solid (850 mg, 92%). 

Rf (system A): 0.27 

LR-MS (ESI) found 658.2 (M-H+), C35H36FN5O7 required 657.2599 

δH (CDCl3): 2.27 (1 H, CH(CH3)2, septet, J = 5.6), 2.34 (1 H, 2’-CH2, m), 2.64 (6 H, CH(CH3)2, q, J = 

7.2),   3.0 (2 H, 2’-CH2, quintet, J = 6.7), 3.25 (1 H, 5’-CH2, m), 3.37 (1 H, 5’-CH2, m), 3.75 (6 H, 

(OCH3)2, s), 4.1 (1 H, 4’-CH, m), 4.82 (1 H, 3’-CH, m), 6.14 (1 H, 1’-CH, t, J = 6.7), 6.76 (4 H, C6H5 

(DMT), dd, J = 3.1 and 8.9), 7.19 (3 H, C6H5 (DMT), m), 7.3 (4 H, C6H5 (DMT), m), 7.43 (2 H, C6H5 

(DMT), m). 

δC (CDCl3): 11.1, 18.75, 18.77, 36.0, 36.2, 46.2, 55.2, 63.9, 71.4, 82.8, 86.1, 86.3, 113.1, 126.9, 

127.8, 128.1, 129.96, 130.0, 135.9, 136.1, 144.9, 147.9, 158.5, 179.37. 

δF (CDCl3): -103.65 
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N-Isobutyryl-8-fluoro-5’-(4,4’-dimethoxytrityl)-2’-deoxyguanosine-3’-(2-cyanoethyl)-N,N-

diisopropylphosphoramidite (3.21) 

 

N-Isobutyryl-8-fluoro-5’-(4,4’-dimethoxytrityl)-2’-deoxyguanosine (1.00 g, 1.52 mmol) was 

azeotroped with dry toluene (3 x 10 ml) and then dissolved in dry dichloromethane (20 ml). Dry 

N,N-diisopropylethylamine (1.0 ml, 6.1 mmol), followed by (2-cyanoethyl)-N,N-diisopropyl 

phosphochloridite (0.72 mg, 3.0 mmol) were added and the reaction mixture was stirred for 30 

min. Triethylamine (1 ml) was added and products were concentrated under reduced pressure. 

The residue was purified by column chromatography on silica gel. The appropriate fractions, 

which were eluted with hexane-acetone-triethylamine (70:28:2 v/v), were pooled and 

concentrated under reduced pressure. The resulting oil was dissolved in dichloromethane (2 ml) 

and added dropwise to pentane (20 ml) at -40oC under stirring. The cloudy suspension was 

centrifuged for 20 min and the supernatant was decanted. The white solid was collected and 

dried to give the titled phosphoramidite (0.57 g, 44%). 
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Rf (system A): 0.38 

HR-MS (FAB) found 858.3787 ([M+H]+), C44H53FN7O8P required 857.3677. 

δH (CDCl3): 1.06 (3 H, (CH(CH)3)3, d, J = 7.1), 1.15 (15 H, (CH(CH)3)3, m), 2.02 (1 H, COCH(CH3)2, m), 

2.52 (1 H, 2’-CH2, m), 2.7 (4 H, P(CH2)2CN, m), 3.2 (3 H, 2’-CH2 and 5’-CH2, m), 3.35 (1 H, 5’-CH2, 

m), 3.59 (2 H, N(CH(CH)3)2, m), 3.78 (6 H, (OCH3)2, m), 4.25 (1 H, 4’-CH, m), 4.83 (1 H, 3’-CH, m), 

6.19 (1 H, 1’-CH, t, J = 6.8), 6.77 (4 H, C6H5 (DMT), m), 7.22 (4 H, C6H5 (DMT), m), 7.35 (4 H, C6H5 

(DMT), m), 7.48 (2 H, C6H5 (DMT), m), 8.31 (1 H, 2-NH, s), 12.02 (1 H, 3-NH, s). 

δC (CDCl3): 20.5, 24.4. 24.5, 24.7, 35.9, 36.7, 43.1, 43.25, 43.33, 46.1, 55.3, 63.6, 64.2, 82.9, 83.2, 

85.9, 86.0, 86.1, 113.0, 113.1, 117.7, 126.9, 126.9, 127.7, 127.8, 128.1, 128.3, 129.9, 130.0, 130.1, 

130.1, 135.8, 135.99, 136.03, 144.8, 158.5, 158.6, 178.7, 178.9.  

δF (CDCl3): -106.27 and -104.28 

δP (CDCl3): 147.78 and 147.96 
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