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Synopsis 

DNA biolabels are chemical probe compounds used detect and visualise DNA synthesis 

in replicating cells. These compounds are tools that enable biologists to answer 

fundamental questions regarding the proliferation of cells in diverse fields ranging from 

developmental biology, infectious disease, and cancer biology.  

This thesis describes the design and synthesis of new and synthetically challenging 

compounds as prospective DNA biolabels. These compounds were then evaluated for 

DNA biolabelling capacity and cytotoxicity against T. cruzi parasites, the causative 

agent of Chagas disease.  

Chapter One serves as a general introduction and literature review of the history and 

current state of the art of DNA biolabels, in particular, DNA metabolism of nucleoside 

analogues and development of new strategies for detection of biolabels incorporated 

into DNA. This area of research had culminated in the discovery of 5-Ethynyl-2ʹ-

deoxyuridine-uridine derivatives for detection and visualisation of DNA synthesis 

employing click chemistry and fluorescent azides. 

Chapter Two describes the design and synthesis of 2ʹ-halo-arabinosyl EdU derivatives 

as prospective DNA biolabels. This chapter also reviews the state of the art of synthesis 

of 2ʹ-halo-arabinosyl pyrimidine nucleosides. The synthesis of these new 2ʹ-halo-

arabinosyl EdU analogues required a challenging late-stage halogenation strategy. In the 

development of this strategy, new synthetic methodology evolved employing the 

unusual N-nitro protecting group. Optimised conditions were developed for quick and 

gentle installation and removal of the N-nitro protecting group in the presence of 

sensitive functional groups. Furthermore, the techniques developed for the removal this 

protecting group allowed for its removal in the presence of functional groups sensitive 

to reducing conditions. 

Chapter Three describes synthesis of cycloSaligenyl 5ʹ-phosphotriester of EdU 

analogues and a literature review of the synthesis and synthetic strategies used to 

synthesise cycloSaligenyl phosphotriester of nucleoside analogues. New conditions 

were explored and developed for the synthesis of the cycloSal phosphotriesters from 

unprotected nucleoside analogues. These methodologies were successfully applied to 

multiple nucleoside substrates. A new synthesis and purification of cyclosaligenyl 

phosphoramidites was developed and successfully applied to four different saligenyl 
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alcohols. This methodology allows for simple and straight forward synthesis of both the 

cycloSal phosphotriesters and their phosphoramidite precursors. 

Chapter Four describes the attempted synthesis of 2ʹ-fluoro-arabinosyl EdU by direct 

fluorination of the 2ʹ-triflyl precursor and serves to review the particularly difficult 

synthetic transformation of 2ʹ-fluorination of preformed pyrimidine nucleosides. 

Towards this end we successfully achieved 2ʹ nucleophilic fluorination of uridine by 

employing 3-N-nitro stabilised 2ʹ-triflates. This required extensive exploration of 

conditions and fluoride sources to find appropriate conditions for successful reactions. It 

was found that basicity of the amine base of the HF-amine complexes was integral to 

the success of fluorination reactions. Attempts to increase the yields of the fluorination 

reaction through alternative hydroxyl protecting groups of the uridine-N-nitro-triflate 

failed. An alternative non-reducing deprotection strategy of the the N-nitro group of the 

2ʹ-fluro-3-N-nitro-uridine was developed employing a two-step process. This relied on 

first forming an N-amino intermediate which was then deaminated to give the free 2ʹ-

fluoro-arabinosyl uridine nucleoside. This synthesis afforded 2ʹ-fluoro-arabinosyl 

uridine in yields 17 times greater than previous reports by direct fluorination of 

preformed uridine nucleosides. 

Chapter Five briefly describes the differences of nucleoside and DNA metabolism of T. 

cruzi parasite to that of mammalian cells. This chapter also describes the biological 

evaluation of the EdU and its 2ʹ-halo analogues, and the cycloSal phosphotriester 

derivatives. The findings revealed that the T. cruzi parasite is extremely sensitive both 

labelling with EdU and its associated cytotoxicity. Labelling of the parasite with any of 

the EdU analogues was associated with corresponding cytotoxicity. Improvement of 

labelling efficiency of some the EdU analogues by functionalisation with cycloSal 

phosphotriesters demonstrates that thymidine kinase blockade occurs for some 

nucleoside analogues. Thus the parasite expresses a putative thymidine kinase with 

restricted substrate specificity comparable to that of higher eukaryotes. The high 

cytotoxicity of EdU and its analogues may indicate the presence of an alternative 

cytotoxic pathway not present in mammalian systems, possibly resulting from 

interference with the base J metabolism.  

 



Table of Contents 

iv 

 

Table of Contents 

Statement of Originality .................................................................................................... i 

Synopsis ............................................................................................................................ ii 

Table of Contents ............................................................................................................ iv 

List of Figures .................................................................................................................. ix 

List of Schemes ............................................................................................................... xi 

List of Tables ................................................................................................................ xvii 

List of Abbreviations ................................................................................................... xviii 

Acknowledgements ..................................................................................................... xxiii 

Dedication ..................................................................................................................... xxv 

Chapter One: General Introduction ............................................................................. 1 

1.0 DNA Biolabelling and Cellular Proliferation .................................................... 2 

1.1 Cell Cycle – Eukaryotic Cells ............................................................................ 2 

1.2 DNA Metabolism of Nucleoside Analogues ..................................................... 3 

1.2.0  Biochemical Synthesis of Nucleosides ....................................................... 3 

1.2.1 Incorporation of Nucleoside Analogues into Cellular DNA ...................... 5 

1.2.2 Nucleoside Transporters ............................................................................. 6 

1.2.3 Nucleoside Kinases .................................................................................... 6 

1.2.4 DNA Polymerases ...................................................................................... 7 

1.3 Biolabels for DNA – Prior Art ........................................................................... 8 

1.3.0 Autoradiography ......................................................................................... 9 

1.3.1 Immunofluorescence ................................................................................ 10 

1.3.2 Small Molecule Fluorescence ................................................................... 10 

1.4 Click Chemistry ............................................................................................... 13 

1.4.0 Definition .................................................................................................. 13 



Table of Contents 

v 

 

1.4.1 CuAAC Reaction ...................................................................................... 14 

1.4.2 Strain Promoted Azide Alkyne Cycloaddition (SPAAC) Reaction ......... 15 

1.4.3 Inverse Electron Demand Diels-Alder (invDA) Reaction ........................ 15 

1.5 Conventions in Nucleoside Nomenclature ...................................................... 16 

Chapter Two: Synthesis of 2ʹ-Deoxy-5-ethynyl-2ʹ-halo-arabinosyl Uridines ......... 25 

2.0 Introduction ...................................................................................................... 26 

2.1 Design Rationale of 2ʹ-Halo-arabinosyl EdU Analogues for Applications in 

DNA Biolabelling ....................................................................................................... 27 

2.2 Approach to Synthesise 2ʹ-Halo-arabinosyl EdU Analogues .......................... 28 

2.2.0 Synthesis of 2ʹ-Halo-arabinosyl Uridines – State of the Art .................... 28 

2.3  Considerations for Design of Synthetic Routes to 2ʹ-Halo-arabinosyl EdU 

Analogues ................................................................................................................... 33 

2.4 Synthesis of 2ʹ-Halo-arabinosyl EdU Derivatives ........................................... 37 

2.4.0 Synthesis of 3ʹ,5ʹ-Tetraisopropyldisiloxane-1,3-diyl-N-nitro-uridine (28) 

via Trapping of Triflate in situ. .............................................................................. 37 

2.4.1 Development of Mild Nitration Conditions for N-Nitration of 2ʹ,3ʹ,5ʹ-Tri-

O-acetyl-5-iodo-uridine (47) and 2ʹ,3ʹ,5ʹ-Tri-O-acetyl-5-(ethynyl(2-

trimethylsilyl))-uridine (48) .................................................................................... 38 

2.4.2 Assessment of N-nitro Group Tolerability to Sonogashira Coupling 

Conditions ............................................................................................................... 42 

2.4.3 Ribose Protecting Group Strategies .......................................................... 44 

2.4.4 Nucleophilic Displacement of the 2ʹ-Triflate Group of 38 with Halides . 49 

2.4.5 Development of Synthetic Methodology for Reductive Denitration........ 51 

2.4.6 Deprotection Strategies of the 2ʹ-Halo-ara-EdU Intermediates ................ 53 

2.5 Conclusion and Discussion .............................................................................. 56 

Chapter Three: Synthesis of 5ʹ-CycloSal-2ʹ-halo-EdU Phosphotriester Derivatives

 ........................................................................................................................................ 63 

3.0 Introduction ...................................................................................................... 64 

3.1 CycloSal Nucleoside Phosphotriesters - Background ...................................... 65 



Table of Contents 

vi 

 

3.2 CycloSal Nucleoside Phosphotriesters – Synthetic strategies ......................... 66 

3.2.0 Synthesis of CycloSal Nucleoside Phosphotriesters by P(III) Chemistry 67 

3.2.1 Synthesis of CycloSal Nucleoside Phosphotriesters by P(V) Chemistry . 69 

3.3 Considerations for Design of the Synthetic Routes to CycloSal EdU 

Phosphotriester Derivatives. ....................................................................................... 71 

3.3.0 CycloSaligenyl Reagent Reactivity and Stability ..................................... 71 

3.3.1 Regioselectivity of Cyclosaligenyl Phosphorus Chemistry ...................... 72 

3.3.2 Functional Group Compatibility of Cyclosaligenyl Phosphorous 

Chemistry ............................................................................................................... 73 

3.3.3 Application of Cyclosaligenyl Phosphorus Chemistry to 2ʹ-Halo-EdU 

Analogues ............................................................................................................... 74 

3.4  Attempted Synthesis of CycloSal EdU Phosphotriester Analogues Employing 

P(V) Chemistry ........................................................................................................... 77 

3.4.0 Phosphorylation of 5-Iodo-2ʹ-deoxyuridine (89) Employing 

Phosphorochloridate Methodology as a Model System ......................................... 77 

3.4.1 Phosphorylation of 5-Iodo-2ʹ-deoxyuridine (89) Employing 

Phosphorodichloridate Methodology as a Model System ...................................... 79 

3.5 Synthesis of CycloSal EdU Phosphotriester Analogues Employing P(III) 

Chemistry ................................................................................................................... 82 

3.5.0 Synthesis of CycloSal Phosphoramidites ................................................. 82 

3.5.1 Phosphorylation of 5-Iodo-2ʹ-deoxyuridine (89) Employing 

Phosphoramidite Methodology as a Model System ............................................... 85 

3.5.2 Synthesis of CycloSal EdU Phosphotriesters and CycloSal 2ʹ-Halo-EdU 

Phosphotriesters Analogues Employing Phosphoramidite Methodology .............. 87 

3.6 Conclusion and Discussion .............................................................................. 91 

Chapter Four: Synthesis of 2ʹ-Fluoro-EdU Analogues ............................................. 96 

4.0 Introduction ...................................................................................................... 97 

4.1 2ʹ-Fluoro Pyrimidine Nucleosides – Synthetic strategies ................................ 98 

4.2 New synthetic Approach to F-ara-EdU............................................................ 98 



Table of Contents 

vii 

 

4.2.0 Considerations for Nucleophilic Fluorination at 2ʹ .................................. 98 

4.2.1 O-2 Derivatisation Approach ................................................................. 100 

4.2.2 Electron Withdrawing Approach ............................................................ 104 

4.2.3 Exploration of Alternative 3ʹ,5ʹ-Protecting Groups for Fluorination of N-

Nitro Uridine 2ʹ-Triflates ...................................................................................... 108 

4.2.4 Denitration of N-Nitro-F-ara-Urd ........................................................... 111 

4.2.5 Attempted Synthesis of F-ara-EdU Through Late-stage Fluorination ... 113 

4.3 New synthetic approach to dF-EdU (155) ..................................................... 115 

4.3.0 dF-EdU Background and Use a Nucleoside Prodrug Probe Compound 115 

4.3.1 Synthesis of dF-EdU ............................................................................... 116 

4.4 Synthesis of 2ʹ-F-ribo-EdU ............................................................................ 118 

4.4.1 Synthesis of 2ʹ-F-ribo-EdU .................................................................... 119 

4.5 Conclusion and Discussion ............................................................................ 120 

Chapter Five: Biological Evaluation of 2ʹ-Halo-EdU Analogues and 5ʹ-CycloSal 

Phosphotriester Derivatives Against T. cruzi Parasites .......................................... 127 

5.0 Introduction .................................................................................................... 128 

5.1 T. cruzi DNA Metabolism ............................................................................. 128 

5.2 Evaluation of 2ʹ-Halo-EdU Anagloues DNA Biolabels in T. cruzi Amastigotes 

Cell Culture Assay .................................................................................................... 129 

5.2.0 Evaluation of Compound DNA Biolabelling in T. cruzi Cells ............... 131 

5.2.1 Evaluation of Compound Cytotoxicity in T. cruzi and 3T3 Cells .......... 135 

5.2.2 Conclusion and Discussion ..................................................................... 137 

5.2.3 Methods .................................................................................................. 138 

Chapter Six: Conclusions and Future Work ........................................................... 143 

6.0 General Conclusions ...................................................................................... 144 

6.1 Future Directions ........................................................................................... 145 

Chapter Seven: Experimental ................................................................................... 147 

7.0 General Chemistry ......................................................................................... 148 



Table of Contents 

viii 

 

7.1 General Experimental Procedures.................................................................. 149 

7.2 Preparation of Compounds for Chapter Two ................................................. 156 

7.3 Preparation of Compounds for Chapter Three ............................................... 171 

7.4 Preparation of Compounds for Chapter Four ................................................ 182 

Appendices .................................................................................................................. 200 

Appendix A – Spectra of Compounds from Chapter 2 ................................................ 1 

Appendix B – Spectra of Compounds from Chapter 3 ................................................. 1 

Appendix C – Spectra of Compounds from Chapter 4 ................................................. 1 

Appendix D - Biological Assay Data from Chapter 5 .................................................. 1 

 

 

 

 

 

 

 

 



List of Figures 

ix 

 

List of Figures 

Figure 1.1. Phases of the cell cycle illustrating that nucleoside analogues (NA) are 

incorporated in the Synthesis phase (S-Phase) denoted by ‘S’. ....................................... 3 

Figure 1.2. Structures of ribonucleosides (rN) and deoxyribonucleosides (dN). 

Ribonucleosides: uridine (Urd), cytidine (Cyd), adenosine (Ado), guanosine (Guo). 

Deoxyribonucleosides: thymidine (dThd), deoxycytidine (dCyd), deoxyadenosine 

(dAdo) and deoxyguanosine (dGuo). ............................................................................... 3 

Figure 1.3. DNA synthesis pathways. Salvage pathway is surrounded by a blue dotted 

line. The de novo synthesis pathway is surrounded by a red dotted line. The process 

common to both contained within the overlapping region of the red and blue dotted 

lines. .................................................................................................................................. 4 

Figure 1.4. Incorporation pathway of nucleoside analogues into cellular DNA through 

action of the nucleoside salvage pathway. NA: nucleoside analogue, NA-P: nucleoside 

analogue monophosphate. NA-P2: nucleoside analogue diphosphate. NA-P3: nucleoside 

analogue triphosphate. PPi: pyrophosphate. ..................................................................... 5 

Figure 1.5. Structures of biolabels for DNA synthesis that mimic endogenous 

Thymidine (dT): tritiated thymidine ([methyl-3H]dThd) and, 5-bromo-2ʹ-deoxyuridine 

(BrdU), 5-ethynyl-2ʹ-deoxyuridine (EdU). ....................................................................... 9 

Figure 1.6. Structures of alternative click chemistry biolabels related to EdU. ............ 13 

Figure 1.7. Numbering scheme for pyrimidine nucleosides using uridine as an example.

 ........................................................................................................................................ 18 

Figure 1.8. Examples of explicit and implicit naming schemes with corresponding 

structures. ........................................................................................................................ 18 

Figure 2.0. Structure of 2ʹ-halo-arabinosyl EdU compounds, where X = Cl, Br, or I. .. 26 

Figure 2.1. Structures of F-ara-EdU, ara-EdU, and Me-ara-EdU, explored as 

alternatives to EdU as DNA biolabels.1 ......................................................................... 27 

Figure 2.2. Simplified transition state of 38 and mesylate analogue during nucleophilic 

substitution at the 2ʹ position (Nu = nucleophile). ......................................................... 49 



List of Figures 

x 

 

Figure 2.3. 1H NMR NOESY correlations found for compound 11. ............................ 55 

Figure 3.0. Example structures of cyclosaligenyl reagent classes indicating reactivity 

and stability trends. ......................................................................................................... 71 

Figure 4.0. Ribosyl conformational effect on the outcome of nucleophilic substitution 

reactions with 2ʹ-triflates substrates. C-2ʹ endo conformation favours SN2 reactions and 

C-3ʹ endo conformation favours the E2 elimination reaction.17,24,25 ............................ 100 

Figure 4.1. HOESY correlations and and JH-F coupling constants found in F-ara-Urd 

(149). ............................................................................................................................ 113 

Figure 4.2. HOESY spectrum of F-ara-Urd (149). ...................................................... 113 

Figure 4.3. Proposed incorporation pathway of dF-EdU cycloSal prodrugs into cellular 

DNA. ............................................................................................................................ 116 

Figure 5.1. Biosynthesis of base J in trypanosome parasites.8,9 .................................. 129 

Figure 5.2. Structures of EdU analogues evaluated against T. cruzi parasites. ........... 130 

 ...................................................................................................................................... 131 

Figure 5.3. Structures of prospective cycloSal phosphotriester DNA pro-labels 

evaluated against T. cruzi parasites. ............................................................................. 131 

Figure 5.4. Compound incorporation in T. cruzi parasites following 48 hours compound 

exposure of 2ʹ-chloro (112), 2ʹ-bromo (113), and 2ʹ-iodo (114) EdU analogue cycloSal 

phosphotriesters. ........................................................................................................... 134 

Figure 5.5. Comparison of compound incorporation (left) and cytotoxicity (right) after 

48 hours compound exposure ....................................................................................... 137 



List of Schemes 

xi 

 

List of Schemes 

Scheme 1.1. Proposed mechanism of the copper(I) catalysed azide-alkyne 1,3-dipolar 

cycloaddition (CuAAC) of an fluorescent azide to a terminal alkyne to regioselectively 

yield a 1,4-disubstituted 1,2,3-triazole ........................................................................... 14 

Scheme 1.2. Proposed mechanism of the strain promoted azide alkyne cycloaddition 

(SPAAC) 1,3-dipolar cycloaddition of an fluorescent azide to an strained alkyne to yield 

a 1,2,3-triazole ................................................................................................................ 15 

Scheme 1.3. Proposed mechanism of the inverse electron demand Diels-Alder (invDA) 

reaction of an alkene and fluorescent tetrazine (diene) to yield a pyridazine ................ 16 

Literature synthesis of 3ʹ,5ʹ-bis-acylated-2ʹ-substituted-α,β-D-arabinosyl pyrimidine 

nucleosides ..................................................................................................................... 29 

Scheme 2.1. Attempted nucleophilic displacement of a 2ʹ-leaving group of uridine leads 

to formation of 2,2ʹ-anydrouridine (24) in the attempted synthesis of 2ʹ-substituted-

arabinosyl uridine (25) with charged nucleophiles ........................................................ 31 

Scheme 2.2. Nucleophilic displacement of the 2ʹ hydroxyl of N-benzyol-3ʹ,5ʹ-O-

tetraisopropyldisiloxane-1,3-diyl)-uridine (26) with the azide ion under Mitsunobu 

conditions. ...................................................................................................................... 32 

Scheme 2.3. Synthesis of N-nitro-3ʹ,5ʹ-O-(tetraisopropyldisiloxane-1,3-diyl)-2ʹ-O-

triflyl-uridine 28 from 3ʹ,5ʹ-O-tetraisopropyldisiloxane-1,3-diyl)-uridine 33 and 

subsequent nucleophilic displacement of the triflate to yield N-nitro-3ʹ,5ʹ-O-

tetraisopropyldisiloxane-1,3-diyl)-2ʹ-halo-arabinosyl-uridine 29 .................................. 33 

Scheme 2.4. Proposed synthesis of 2ʹ-halo-ara-EdU 11 from novel common precursor 

38 via 3-N-nitro intermediate 35 .................................................................................... 34 

Scheme 2.5. Synthetic routes to triflate intermediate 38 via one-pot trapping of the 

triflate precursor 40 via 3-N-nitration ............................................................................. 35 

Scheme 2.6. Literature methods reported for reductive denitration of 3-N-nitro-uridines

 ........................................................................................................................................ 36 



List of Schemes 

xii 

 

Scheme 2.7. Potential synthetic routes to the triflate intermediate 38 using protecting 

group strategies ............................................................................................................... 37 

Scheme 2.8. Nitration of 2ʹ,3ʹ,5ʹ-tri-O-acetyl-uridine 45 using TFAN (F3CCO2NO2) 

generated from potassium nitrate and TFAA ................................................................. 38 

Scheme 2.9. N-Nitration of 5-substituted uridines 47 (a) and 48 (b) employing TFAN 

prepared from KNO3 and TFAA .................................................................................... 39 

Scheme 2.10. Nitration of 5-subsituted-2ʹ,3ʹ,5ʹ-tri-O-acetyl-uridines 47 and 48 

employing our optimised conditions .............................................................................. 41 

Scheme 2.11. Attempted one-pot 2ʹ-O-triflation and N-nitration of 33 using optimised 

nitration conditions ......................................................................................................... 42 

Scheme 2.12. Sonogashira coupling of 2-amino-4-chloro-5-nitro-3-iodo-pyridine ...... 42 

Scheme 2.13. (a) Optimised Sonogashira coupling of 47 to yield 48. (b) Attempted 

synthesis of the corresponding 3-N-nitro derivative 50 from 49 using the same 

Sonogashira reactions conditions ................................................................................... 43 

Scheme 2.14. Revised alternative routes to triflate precursor 38 using protecting group 

strategies ......................................................................................................................... 44 

Scheme 2.15. Synthesis of N-nitro-uridine (52) using literature methods employing a 

per-O-acetylated uridine substrate .................................................................................. 45 

Scheme 2.16. HCl methanolysis of 50 gave rise to trace amount of desired product (53).

 ........................................................................................................................................ 45 

Scheme 2.17. Synthesis of 58 employing a TBDMS protecting group strategy............ 46 

Scheme 2.18. Attempted desilylation of 58 with Et3N·(HF)3 ........................................ 46 

Scheme 2.19. Desilylation of the ribose protecting groups of 58 with Olah’s reagent.. 47 

Scheme 2.20. One-pot conversion of 53 to 2ʹ-triflate precursor 38. .............................. 47 

Scheme 2.21. TsOH catalysed methanolysis of 50 selectively forms the deprotected 

uridine derivative 53. ...................................................................................................... 48 

Scheme 2.22. Nucleophilic substitution of 38 with tetrabutylammonium halide salts .. 50 



List of Schemes 

xiii 

 

Scheme 2.23. Nucleophilic substitution of 38 with iodide salts .................................... 51 

Scheme 2.24. Generalised reductive denitration of 46 employing metal in acid ........... 52 

Scheme 2.25. Possible reaction pathways of 35 - 37 with Zn in acetic acid. ................ 52 

Scheme 2.26. Reductive denitration of 35, 36, and 37. ................................................. 53 

Scheme 2.27. Desilylation of 35, 36, and 37 to give target 2ʹ-halo-ara-EdU analogues 

11, 12, and 13 ................................................................................................................. 54 

Scheme 2.28. One-pot desilylation and reductive denitration of 35, 36, and 37. .......... 54 

Scheme 2.29. Synthesis of 2ʹ-halo-ara-EdU 11, 12, 13 compounds from uridine and the 

commercially available 41 .............................................................................................. 57 

Scheme 3.1. Basic hydrolysis mechanism of cycloSal nucleoside phosphotriesters 68 to 

yield a nucleoside monophosphate 70. ........................................................................... 65 

Scheme 3.2. General synthesis of cycloSal nucleoside phosphotriesters 74 via P(III) 

chemistry employing phosphoramidites 75 or chlorophosphites 76. ............................. 66 

Scheme 3.3. General synthesis of cycloSal nucleoside phosphotriesters 74 via P(V) 

chemistry employing phosphorochloridates 77, phophoramidates 78 or 

phosphorodichloridates 79. ............................................................................................. 67 

Scheme 3.4. Synthesis of cycloSal nucleoside phosphotriesters 74 by P(III) chemistry 

employing chlorophosphites 76 or phosphoramidites 75 synthesised from saligenyl 

alcohol 73 ....................................................................................................................... 68 

Scheme 3.5. Synthesis of cycloSal nucleoside phosphotriesters 74 and 80 from 67 and 

80, respectively, by P(V) chemistry employing (a) phosphorodichloridates 79 or (b) 

phosphorochloridates 77. ................................................................................................ 69 

Scheme 3.6. Stereoselective synthesis of cycloSal nucleoside phosphotriesters 74 via 

P(V) chemistry employing phosphoramidates 78 and 82 ............................................... 70 

Scheme 3.7. Spontaneous intramolecular Michaelis-Arbuzov rearrangement of 5-

substituted cyclosaligenyl phosphoramidites 75 to the thermodynamically more stable 

phosphonate 83. .............................................................................................................. 72 



List of Schemes 

xiv 

 

Scheme 3.8. Regioselectivity of literature phosphitylations employing cyclosaligenyl 

chlorophosphite 76 with unprotected nucleosides analogues as substrates .................... 73 

Scheme 3.9. Literature synthesis of cycloSal EdU monophosphate 90 employing 

cyclosaligenyl chlorophosphite 76 and EdU (4) as substrate ......................................... 74 

Scheme 3.10. Synthesis of cyclosaligenyl phosphorochloridate 92 from saligenyl 

alcohol (93) employing phosphorus oxychloride (POCl3), triethylamine (Et3N) in 

diethyl ether (Et2O) as solvent. ....................................................................................... 77 

Scheme 3.11. Attempted synthesis of cycloSal 5-iodo-2ʹ-deoxyuridine monophosphate 

employing cyclosaligenyl phosphorochloridate 92 in pyridine as solvent under literature 

conditions. ...................................................................................................................... 78 

Scheme 3.12. Attempted synthesis of cycloSal 5-iodo-2ʹ-deoxyuridine monophosphate 

employing cyclosaligenyl phosphorochloridate 92 and N-methyl-imidazole or imidazole 

as a nucleophilic catalyst. ............................................................................................... 79 

Scheme 3.13. (a) Literature synthesis of EdU triphosphate (94) from EdU (4) 

employing phosphorus oxychloride (POCl3) and bis(1,8-dimethylamino)naphthalene 

(Proton-sponge™), pyrophosphate (PPi) in triethyl phosphate ((EtO)3PO) as sovlent.36 

(b) Literature synthesis of 5-fluoro2ʹ-deoxy-uridine cycloSal monophosphate (84) from 

5-fluoro-2ʹ-deoxyuridine (FUrd) employing phosphorus oxychloride (POCl3), N,N-

diisopropyl-N-ethyl-amine (DIPEA), and saligenyl alcohols (73) in THF as solvent. .. 80 

Scheme 3.14. Attempted synthesis of IdU cycloSal monophosphate employing 

phosphorus oxychloride (POCl3) and bis(1,8-dimethylamino)naphthalene (Proton-

sponge™) and saligenyl alcohol 93 in triethyl phosphate ((EtO)3PO) or THF as solvent

 ........................................................................................................................................ 81 

Scheme 3.15. Literature synthesis of cyclosaligenyl phosphoramidites 75 from saligenyl 

alcohol 73, PCl3 and N,N-diisopropylamine (DIPA). ..................................................... 83 

Scheme 3.16. One-pot synthesis of cyclosaligenyl phosphoramidite 99 employing 

saligenyl alcohol 73, PCl3 and DIPA (98) through in situ formation of cyclosaligenyl 

chlorophosphites 100 or dichlorophosphoramidite 101. ................................................ 83 



List of Schemes 

xv 

 

Scheme 3.17. One-pot synthesis of cyclosaligenyl phosphoramidites 103, 104, and, 102 

employing saligenyl alcohols 105, 106, and 107, PCl3 and DIPA (98) through in situ 

formation of cyclosaligenyl chlorophosphites. ............................................................... 84 

Scheme 3.18. Synthesis of cycloSal IdU phosphotriester 87 employing IdU (89) as 

substrate in reaction with cyclosaligenyl phosphoramidite 99, pyridinium chloride 

(PyH+Cl-) as activator, and CH3CN/pyridine as solvent. ............................................... 86 

Scheme 3.19. Synthesis of cycloSal EdU phosphotriester 90 employing EdU (4) as 

substrate in reaction with cyclosaligenyl phosphoramidite 99 (1.5 equiv), employing 

either pyridinium chloride (PyH+Cl-), tetrazole; 4,5-dicyanoimidazole (DCI); or 

imidazolium trifluoromethanesulfonate (ImH+TfO-) as activator and CH3CN/pyridine as 

solvent. ............................................................................................................................ 88 

Scheme 3.20. Synthesis of cycloSal EdU phosphotriester 90, 109, 110, and 111 

employing EdU (4) as substrate in reaction with cyclosaligenyl phosphoramidites 99, 

103, 104, and 102 (1.5 equiv) employing pyridinium chloride (PyH+Cl-) (4 equiv) as 

activator and CH3CN/pyridine as solvent. ...................................................................... 89 

Scheme 3.21. Synthesis of cycloSal 2ʹ-halo-EdU phosphotriester analogues (112 - 119) 

employing 2ʹ-halo-EdU analogues as substrate in reaction with cyclosaligenyl 

phosphoramidites 99, 103, 104, or 102 (1.5 equiv) employing pyridinium 

trifluoroacetate (PyH+TFA-)(4 equiv) as activator and pyridine as solvent. .................. 90 

Scheme 4.1. Literature methods employing O-2 protecting group strategies attempting 

SN2 displacements of 2ʹ-triflate groups with halide nucleophiles ................................ 101 

Scheme 4.2. Synthesis of 2-O-ethyluridine-2ʹ,3ʹ-O-triphenylphosphoranediyl-2,5ʹ-

anhydrouridine under Mitsunobu conditions ................................................................ 102 

Scheme 4.3. Unsuccessful fluorination of 2-ethoxy-3ʹ,5ʹ-O-TIPDS-uridine 129 

employing DAST as fluorinating reagent with pyridine and CH2Cl2 as solvent.......... 103 

Scheme 4.4. Reaction of 2-ethoxy-3ʹ,5ʹ-O-TIPDS-uridine 129 with tosyl chloride in 

pyridine ......................................................................................................................... 103 

Scheme 4.5. Fluorination of 2ʹ-trifyl-5ʹ,3ʹ-TIPDS-3-N-nitrouridine 28 with fluoride salts 

leads to degradation products instead of the expected 2ʹ-fluoro derivative ................. 105 



List of Schemes 

xvi 

 

Scheme 4.6. Fluorination of 2ʹ-trifyl-5ʹ,3ʹ-TIPDS-3-N-nitrouridine 28 with hydrogen 

fluoride and organic bases gives, depending on the ratio HF:base, either the desired 2ʹ-

fluoro compound 133 and/or by-products 24 or 135. ................................................... 106 

Scheme 4.7. Synthesis of 3ʹ-O-benzoyl-5ʹ-O-trityl protected N-nitro-uridine derivatives 

via adapted literature protecting group strategies and methods developed in chapter two

 ...................................................................................................................................... 110 

Scheme 4.8. Attempted fluorination of 3ʹ-O-benzoyl-3-N-nitro-2ʹ-O-trifyl-5ʹ-O-trityl-

uridine (143) employing Et3N·(HF)3 in CH2Cl2 , and 3ʹ-O-benzoyl-3-N-nitro-5ʹ-O-trityl-

uridine (141) employing DAST in CH2Cl2 and pyridine derivatives utilising adapted 

literature protecting group strategies. ........................................................................... 111 

Scheme 4.9. Reported mechanism of amination of N-nitro-uridine with hydrazine ... 112 

Scheme 4.10. Denitration of 133 via first amination with hydrazine in methanol to form 

intermediate 148 followed by deamination under diazotisation conditions to yield F-ara-

Urd 149. ........................................................................................................................ 112 

Scheme 4.11. Attempted fluorination of triflates 5-methyl-3ʹ,5ʹ-O-(tetraisopropyl .... 114 

Scheme 4.12. Literature synthesis of dF-EdU (155) from gemcitabine (156). ............ 117 

Scheme 4.13. Synthesis of dF-EdU (155) from gemcitabine (156) employing an 

alternative deamination procedure and acetyl protecting groups ................................. 117 

Scheme 4.14. Synthesis of 2ʹ-F-ribo-EdU (164) from commercially available 2ʹ-deoxy-

2ʹ-fluoro-deoxyuridine (163) employing an adapted procedure for the synthesis of EdU

 ...................................................................................................................................... 120 



List of Tables 

xvii 

 

List of Tables 

Table 2.1. Conditions evaluated for nitration of 2ʹ,3ʹ,5ʹ-tri-O-acetyl-5-iodo-uridine (47) 

in CH2Cl2. ....................................................................................................................... 40 

Table 5.1.  Incorporation of EdU and EdU cycloSal phosphoester derivatives into 

parasite DNA following 2 h exposure. (Concentrations where incorporation exceeds 

50%, compounds with less than 50% incorporation are not shown) ............................ 132 

Table 5.2. Incorporation of EdU and EdU cycloSal phosphoester derivatives into 

parasite DNA following 48 h exposure. ....................................................................... 133 

Table 5.3.  Cytotoxicity of EdU analogues against T. cruzi following 48 h exposure. 

 ...................................................................................................................................... 135 



List of Abbreviations 

xviii 

 

List of Abbreviations 

˚C degrees Celsius 

2ʹ-F-ribo-EdU 2ʹ-fluoro-ribosyl EdU 

Ac acetyl 

ACN acetonitrile 

Ado adenosine 

approx. approximate(ly) 

aq. aqueous 

atm atmosphere 

BHT 2,6-di-tert-butyl-4-methylphenol 

br s broad singlet 

BrdU 5-bromo-2′- deoxyuridine 

Bu butyl 

Bz benzoyl 

calcd. calculated 

COSY  correlated spectroscopy 

CuAAC copper(I) catalysed azide-alkyne cycloaddition 

cycloSal cyclosaligenyl 

Cyd cytidine 

d doublet 

d4T 2ʹ,3ʹ-dideoxy-2ʹ,3ʹ-didehydrothymidine 

dAdo 2ʹ-deoxyadenosine 

dAdo deoxyadenosine, 2ʹ-deoxyadenosine 

DAST diethylaminosufur trifluoride 

DCI 4,5-dicyanoimidazole 

dCyd 2ʹ-deoxycytidine 

dCyd deoxycytidine, 2ʹ-deoxycytidine 

dd doublet of doublet 

ddd doublet of doublets of doublets 

dddd doublet of doublets of doublets of doublets 

decomp. decompose 

deriv. derivative 

dF-EdU 5-ethynyl-2ʹ-difluoro-2ʹ-dideoxy-uridine 



List of Abbreviations 

xix 

 

dGuo deoxyguanosine, 2ʹ-deoxyguanosine 

DIAD diisopropylazidodicarboxylate 

dil. dilute 

DIPA N,N-diisopropylamine 

DIPEA N,N-diisopropyl-N-ethyl-amine 

DMF dimethylformamide 

DMSO dimethylsulfoxide 

dN deoxyribonucleoside 

DNA deoxyribonucleic acid 

dNK deoxyribonucleoside kinase 

dt doublet of triplets 

dT thymidine  

dThd thymidine 

dUrd 2ʹ-deoxyuridine 

EdA 7-deaza-7-ethynyl-2ʹ-deoxyadenosine 

EdC 5-ethynyl-2′-deoxycytidine 

EdG 7-deaza-7-ethynyl-2ʹ-deoxyguanosine 

EDTA ethylenediaminetetraacetic acid, ethylenediaminetetraacetate 

EdU 5-ethynyl-2ʹ-deoxyuridine 

EdUDP 5-ethynyl-2′-deoxyuridine diphosphate 

EdUMP 5-ethynyl-2′-deoxyuridine monophosphate 

EdUTP 5-ethynyl-2′-deoxyuridine triphosphate 

equiv equivalent 

Et ethyl 

Et3N triethylamine 

EtOH ethanol 

EUra 5-ethynyl-uracil 

EWG electron-withdrawing group 

F-ara-EdU (2Sʹ)-2ʹ-deoxy-2ʹ-fluoro-5-ethynyluridine 

FLT 3ʹ-fluoro-3ʹ-deoxy-thymidine 

FMAU 5-methyl-2′-fluoro-2′-deoxyuridine 

g gram 

Guo guanosine 

h hour 



List of Abbreviations 

xx 

 

hCNT human concentrative nucleoside transporter 

hENT human equilibrative nucleoside transporter 

HMBC Heteronuclear Multiple Bond Correlation 

HOESY heteronuclear nuclear Overhauser effect spectroscopy 

1H NMR proton nuclear magnetic resonance 

HRMS high-resolution mass spectrometry 

HSV-1 herpes simplex virus-1 

HSV1-TK herpes simplex virus-1 thymidine kinase 

hTK human thymidine kinase 

Hz hertz 

i.e. that is 

ImH+TfO- imidazolium trifluoromethanesulfonate 

invDA inverse electron demand Diels-Alder reaction 

L liter  

LC-MS liquid chromatography coupled mass spectrometry 

M molar (unit) 

m/z mass to charge 

Me methyl 

MeOH methanol 

MeONa sodium methoxide 

[methyl-3H]dThd tritiated thymidine 

min minute 

mL millilitre 

mmol millimole 

mol mole (unit) 

mp melting point 

Ms methane sulfonyl 

MsOH methanesulfonic acid 

N nucleoside 

NA nucleoside analogue 

NA-P nucleoside analogue monophosphate or nucleotide analogue 

NA-P2 nucleoside analogue diphosphate 

NA-P3 nucleoside analogue triphosphate 

NK nucleoside kinases 



List of Abbreviations 

xxi 

 

NMI N-methylimidazole 

NMP nucleoside monophosphate  

NMR nuclear magnetic resonance 

NTR nucleoside transporter 

NT nucleotides 

Nu nucleophile 

Ph phenyl 

31P NMR phosphorus-31 nuclear magnetic resonance 

PPHF pyridine poly hydrogen fluoride 

PPi pyrophosphate 

ppt. precipitate 

Proton-sponge™ bis(1,8-dimethylamino)naphthalene 

PyH+BF4
- pyridinium boron tetrafluoride 

PyH+Cl- pyridinium chloride 

q quartet 

quant quantitative(ly) 

redox reduction–oxidation 

ref. reference 

Rf retention factor 

rN ribonucleosides 

rNK ribonucleoside kinase 

rNT ribonucleotides 

s singlet 

SAR structure activity relationship 

satd. saturated 

SN1 first-order nucleophilic substitution 

SN2 second-order nucleophilic substitution 

SNi internal nucleophilic substitution 

SPAAC strain promoted azide alkyne cycloaddition 

std. standard 

t triplet 

TBAF tetrabutylammonium fluoride 

TBAN tetrabutylammonium nitrate 

TBDMS tert-butyl-dimethylsilyl 



List of Abbreviations 

xxii 

 

TBDPS tert-butyl-diphenylsilyl 

t-BuOH tert-butyl alcohol 

t-BuOK potassium tert-butoxide 

t-BuOOH tert-butyl hydroperoxide 

TDPK thymidine diphosphate kinase 

temp. temperature 

Tf Trifluoromethane sulfonyl 

TFA trifluoroacetic acid 

TFAA trifluoroacetic acid anhydride 

TFAN nitronium trifluoroacetate 

TfOH trifluoromethanesulfonic acid 

THF tetrahydrofuran 

TIPDS tetraisopropyldisilyloxane 

TK thymidine Kinase 

TK1 thymidine kinase 1 

TK2 thymidine kinase 2 

TLC thin layer chromatography 

TMPK thymidine monophosphate kinase 

TMS trimethylsilyl 

TP thymidine phosphorylase 

TPP triphenylphosphine 

TREAT-HF Et3N·(HF)3 

Trt trityl 

Ts para-toluene sulfonyl 

TsCl para-toluenesulfonyl chloride 

TsOH para-toluenesulfonic acid 

Urd uridine 

VdU 5-vinyl-deoxyrudine 

 

 

 



Acknowledgments 

xxiii 

 

Acknowledgements 

I would like thank all the wonderful people who have guided me through this journey of 

scientific, professional, and personal development.  

Firstly, I would like to thank my supervisors Prof. Sally-Ann Poulsen and Prof. Vicky 

Avery. Both Prof. Poulsen and Prof. Avery have been inspirational minds, always 

setting high standards yet have always been compassionate and patient mentors. Both 

have given me invaluable advice and encouragement, and have pushed me to achieve 

things I never thought I could.  

I am especially grateful to Prof. Poulsen for allowing me the opportunity to develop into 

a chemist in her laboratory. This process was greatly facilitated by Dr. Laurent 

Bornaghi who has been an incredible mentor. If it were not for the advice and expertise 

of Dr. Bornaghi and Prof. Poulsen I probably would have fled far a field of 

carbohydrate/nucleoside chemistry never to return. 

I would also like to thank all members of the GRIDD family past and present, 

particularly Poulsen group lab members: Janina, Raj, Greg, Deb, Kanae, Prashant, 

Jeremy and Lucy for great conversations, guidance, and for making me a better chemist. 

I would also like to thank the other chemistry lab members: Brett, Fanny, Romain, Pak, 

Melissa, Rebecca, and Mauro for being delightful lab mates and always having an 

interesting perspective and helpful tips. I would like to thank the GRIDD student club 

committee: Megan, Chris, Matt, and Eva for giving me good excuses to leave the lab to 

get some much needed sunlight. A special thanks to Dr. Melissa Sykes for being such a 

thoroughly great collaborator and providing thoughtful insights into cell culture and 

microbiology. 

I would like to thank my partner on this journey, Sally Owen, who has been there 

through the ups and downs, planned amazing holidays and made me go on them. Most 

of all, thanks for always being a good friend, providing encouragement and keeping 

things in perspective. 

I would like to thank my family for moulding me into the person I am. In particular, my 

father for fostering a sense of curiosity and a love of chemistry in me from a young age, 

albeit with poorly risk-assessed “experiments”. Thanks to my mother for making sure I 



Acknowledgments 

xxiv 

 

survived these activities. Also, a special thanks to my late Aunty Rhonda for being a 

second mother after the passing my Mum. 

I would to thank the funding bodies for their finical support, namely: Cancer 

Therapeutics (CTx) CRC for a PhD top-up scholarship and the Australian government 

for the Australian postgraduate award scholarship. 

Lastly, I would like to thank Griffith University for being a nurturing environment and 

giving me the opportunity learn and do this research. 

 



Dedication 

xxv 

 

Dedication 

 

 

 

 

 

 

 

In loving memory of my Mum, 

 

 

 



 

1 

 

Chapter One: 

General Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter features a general overview of nucleoside analogues as DNA biolabels, 

metabolic incorporation of nucleoside analogues into DNA, and synthesis of 2ʹ-halo-

arabinoysl pyrimidine nucleosides and nucleoside phosphotriesters. 
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1.0 DNA Biolabelling and Cellular Proliferation  

 

The fundamental aspect of the continuation of life is the ability of cells to replicate and 

proliferate, and to do this cells must synthesise new DNA. Reliable tools for observation 

and measurement of DNA synthesis in cells is crucial to studying cell proliferation, 

migration, replication, DNA exchange and repair. One method to observe and measure 

DNA synthesis is by the application of chemical probes, called biolabels, that 

incorporate into replicating DNA of target cells during the synthesis phase of the cell 

cycle (S-phase) when DNA synthesis takes place (see section 1.1). Biolabels for 

biomolecules such as proteins, carbohydrates, fatty acids or DNA are designed as a 

substitute for the endogenous metabolites. These are biosynthetically incorporated into 

the larger bio-macromolecules and may be detected at a later time. Biolabels for DNA 

typically consist of nucleosides with a subtle chemical modification to remain 

compatible with biosynthetic machinery that incorporate into DNA alongside the 

endogenous nucleosides, yet provide a means for detection. The method of detection 

ranges from autoradiography to immunofluorescence to small molecule fluorescence 

depending on the chemical modification of the biolabel (see section 1.3). When using 

non-radiographic detection techniques it is ideal to have a functional group incorporated 

into the biolabel structure that allows bioorthogonal chemistry for detection. 

Bioorthogonal chemistry does not cross react with native biomolecules and is inert to 

biological/physiological conditions.  

 

1.1 Cell Cycle – Eukaryotic Cells  

 

Understanding of the cell cycle is important to understanding how and when nucleoside 

analogues, including biolabels for DNA, are incorporated into DNA. The cell cycle 

consists of four distinct phases, the M, G1, S and G2 phases (Figure 1.1). The M phase 

is the mitotic phase in which the cell divides. The G1 phase is a growth phase between 

the M and S phases. The S phase, the synthesis phase, is when DNA metabolites are 

synthesised. S phase is also when DNA biolabels are metabolically incorporated into 

newly synthesised DNA. The G2 phase is the growth phase in preparation for mitosis 

during which RNA and protein synthesis takes place.  
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Figure 1.1. Phases of the cell cycle illustrating that nucleoside analogues (NA) are 

incorporated in the Synthesis phase (S-Phase) denoted by ‘S’.  

 

1.2 DNA Metabolism of Nucleoside Analogues 

 

1.2.0  Biochemical Synthesis of Nucleosides 

 

Figure 1.2. Structures of ribonucleosides (rN) and deoxyribonucleosides (dN). 

Ribonucleosides: uridine (Urd), cytidine (Cyd), adenosine (Ado), guanosine (Guo). 

Deoxyribonucleosides: thymidine (dThd), deoxycytidine (dCyd), deoxyadenosine 

(dAdo) and deoxyguanosine (dGuo). 

2ʹ-Deoxyribonucleosides (dN) thymidine (dThd) (1), deoxycytidine (dCyd), 

deoxyadenosine (dAdo) and deoxyguanosine (dGuo) are the four predominant 

nucleoside components of DNA (Figure 1.2). There exist two pathways for cells to 

acquire nucleotides, the de novo pathway and the salvage pathway (Figure 1.3).1,2 

These two pathways are interconnected sharing both enzymes and substrates. 
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Figure 1.3. DNA synthesis pathways. Salvage pathway is surrounded by a blue dotted 

line. The de novo synthesis pathway is surrounded by a red dotted line. The process 

common to both contained within the overlapping region of the red and blue dotted 

lines. 

The de novo pathway is the primary supply pathway of nucleotides for DNA synthesis 

in proliferating cells. This is because the residual cellular pool of nucleotides is thought 

to be quite small, approximately 1% of what is required for total DNA synthesis.1 Very 

few mammalian cells are devoid of de novo pathways with only a handful of known 

exceptions.3,4 Consequently, the de novo pathway is frequently targeted to inhibit DNA 

synthesis in hyper-proliferative diseases.5,6,7,8 In particular, dThd biosynthesis is 

commonly targeted employing dThd analogues and 2ʹ-deoxy-uridine (dUrd) analogues 

as DNA antimetabolites. Disruption of dThd synthesis induces what is known as 

thymine-less death.8,9 This is thought to be a result of misincorporation of uridine (Urd) 

inducing DNA damage that leads to apoptosis or necrosis.10 This DNA damage is 

thought to be caused by the stalled excision of the misincorporated Urd during the 

thymidineless state.10 

The salvage pathway is used by cells to recycle nucleosides and nucleobases. This 

pathway is commonly exploited to activate nucleoside analogues such as DNA 

antimetabolite prodrugs.7,8,9,11 Salvage of nucleosides (N) to give 2ʹ-

deoxyribonucleosides (dN) is achieved through either a ribonucleoside pathway or 

deoxyribonucleoside a pathway depending on the functionalisation of the components 

available (Figure 1.3). These may be free nucleobases (base), ribonucleosides (rN), or 

deoxyribonucleosides (dN) (Figure 1.3). dNs may be salvaged by nucleoside kinases to 
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yield nucleotides (NT). Similarly rNs may be phosphorylated to ribonucleotides (rNT), 

which may then be deoxygenated at the 2ʹ position by ribosyl reductase to give 

deoxyribonucleosides. While salvage of free nucleobases involves condensing ribose-5ʹ-

phosphate with nucleobases to give the corresponding ribonucleotide. These are then 2ʹ-

deoxygenated to yield 2ʹ-deoxyribonucleosides. All free ribonucleosides must first be 

phosphorylated in the 5ʹ position by nucleoside kinases before 2ʹ deoxygenation can 

occur to yield 2ʹ-deoxyribonucleosides. 

1.2.1 Incorporation of Nucleoside Analogues into Cellular DNA 

Incorporation of nucleoside analogues (NAs) and chemical probes into cellular DNA 

requires first transport into the cytosol followed by successive phosphorylation steps to 

the 5ʹ-triphosphate at which point it is a substrate for DNA polymerases. The efficiency 

of each step is substrate dependent and expression of these enzymes are, in many cases, 

highly regulated. 

 

Figure 1.4. Incorporation pathway of nucleoside analogues into cellular DNA through 

action of the nucleoside salvage pathway. NA: nucleoside analogue, NA-P: nucleoside 
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analogue monophosphate. NA-P2: nucleoside analogue diphosphate. NA-P3: nucleoside 

analogue triphosphate. PPi: pyrophosphate. 

1.2.2 Nucleoside Transporters 

Nucleosides are highly polar compounds with very low cell membrane permeability. 

Consequently, nucleosides and nucleoside analogues rely on nucleoside transporters 

(NTR) proteins for extracellular transport into the cytosol.12,13 There exists two major 

families of nucleoside transporters proteins in humans, the equilibrative and 

concentrative nucleoside transporters, hENT and hCNT respectively.13,14 hENTs 

passively transport nucleosides bi-directionally according to concentration gradients.13 

While in contrast, hCNTs can pump nucleosides across the cytosolic membrane against 

the concentration gradient.13 

Within these families hENTs have two identified members4 and hCNTs three identified 

members15 each with different substrate specificity and kinetic profiles.14 As with other 

proteins, the expression of the nucleoside transporters varies between cell type, location, 

and disease states.14,16 Thus, uniform uptake of nucleoside analogues by cells under 

these different conditions and identities is unlikely. Significantly, clinical outcomes for 

some cancers have been correlated to the differing expression of certain nucleoside 

transporters.17 Therefore the ability to observe proliferation in cells that under-express 

NTR is important because these cells are resistant to nucleoside antimetabolites, which 

are often used as chemotherapeutics. Furthermore, there is conundrum present when 

DNA biolabels, in the form of nucleoside analogues, are used to measure proliferation 

of cells in in vitro culture assays against cells that are resistant to nucleoside 

antimetabolite drugs as a result of down regulation of NTR. 

 

1.2.3 Nucleoside Kinases 

For incorporation into DNA, nucleoside analogues are firstly phosphorylated by cellular 

kinases. These proceed sequentially to form the 5ʹ-monophosphate, the 5ʹ-diphosphate, 

and finally the 5ʹ-triphosphate. In humans, the first phosphorylation step of 2ʹ-

deoxyribonucleosides (dN) and ribonucleosides (rN) are mediated by nucleoside kinases 

(NK) deoxyribonucleoside kinases (dNK) and ribonucleoside kinases (rNK), 

respectively.18 For most NAs phosphorylation by NK is often regarded as the rate-

limiting step in the phosphorylation pathway.18,19 Furthermore, the NKs are considered 
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the most substrate specific of the kinases involved in the DNA incorporation pathway. 

These enzymes, like many proteins, have specific subcellular localisation. There are 

four known dNKs in humans, Thymidine kinase 1 (TK1), Thymidine kinase 2 (TK2), 

deoxycytidine kinase (dCK), and guanosine kinase (dGK). TK1 is found exclusively in 

the cytosol while dCK is found in both the cytosol and nucleus, and dGK and TK2 are 

both found in the mitochondria.18,20 NAs that are preferential substrates or inhibitors of 

NKs located within the mitochondria are considered potentially problematic, from a 

medicinal chemistry stand point, due to associated mitochondrial toxicity. The dNKs 

each have multiple natural substrates with some overlapping substrate specificity.18,20 

Of the human nucleoside kinases, TK1 has been identified as the most substrate 

specific.21 TK1 accepts Thd and dUrd as natural substrate but not dCyd nor any of the 

the purines.21 TK2 has somewhat relaxed substrate specificity, yet has similar natural 

substrate specificity to TK1 with the exception that it also phosphorylates dCyd.21 dCK 

is an interesting case in that its natural substrate is a pyrimidine nucleoside (dCyd) yet it 

will also accept purines dAdo and dGuo but not other pyrimidine nucleosides.21 dGK 

has exclusive substrate specificity for the purine nucleosides and accepts only dGuo, 

dAdo, dIno (2ʹ-deoxyinosine) as natural substrate.21 

Little is known about structure-activity-relationships (SAR) of NAs as substrates for the 

Nucleoside monophosphate kinases (NMPK) and nucleoside diphosphate kinases 

(NDPK). There are however known cases where the second phosphorylation of NAs is 

rate-limiting.18 This has been implicated in the toxicity of several NAs.18 While a 

greater number NMPKs have been identified compared to NKs, this is largely due to 

redundancy for phosphorylation of purines adenosine monophosphate (AMP) and 

Guanosine monophosphate (GMP).18 Despite more known members of NMPKs, less in 

known about subcellular localisation and regulation of these enzymes than NKs.22 

Similarly to NMPKs the nucleoside diphosphate kinase (NDPK) has a family comprised 

of more members yet this too is overrepresented by purine phosphorylating kinases.  

 

1.2.4 DNA Polymerases 

DNA polymerases synthesise DNA from monomeric nucleoside triphosphates. In 

mammalian cells five classical DNA polymerase have been identified and 

characterised.23 Each with different functional roles in either replicative DNA synthesis 

or DNA repair. A further nine DNA polymerases have been identified displaying lower 



Chapter One 

8 

 

fidelity.23 Most of these nine have been proposed to undertake repair mechanisms with 

remainder having unknown function.23 The five classical DNA polymerases denoted pol 

α, pol β, pol γ, pol δ, pol ε also have a range of fidelity. Fidelity of these enzymes is a 

function of the polymerase proofreading, mismatch correction, base pairing, substrate 

selectivity.23 

DNA polymerases are classical drug targets for antiviral therapies and hyper-

proliferative disorders.18,24,25 These have mostly relied on a DNA chain termination 

mode of action resulting from deletion of the 3ʹ hydroxyl of NAs or by interference of 

the NA with the secondary structure of the DNA. While there is often rationalisation of 

NA substrate binding to DNA polymerases, these tend to indicate a complex 

relationship between sterics and conformation of NAs.25,26,27 Consequently, it is difficult 

to predict substrate binding or inhibition of these enzymes by NAs, especially those 

with close structural similarity to natural substrates. From a medicinal chemistry point 

of view, inhibitors of the mitochondrial polymerase pol γ are considered problematic 

due to unwanted toxicity.27 From DNA biolabelling point of view, there are cases for 

and against selectivity of the non-mitochondrial polymerases. For instance, certain 

polymerases are overexpressed in disease states23,24,28 and selective biolabels for these 

would aid identification of these cells or facilitate choice of therapies. Alternatively, to 

determine all DNA synthesis within mixed cell population non-selectivity of 

polymerase would be preferable.  

 

1.3 Biolabels for DNA – Prior Art 

 

 

1 2 3 4 
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Figure 1.5. Structures of biolabels for DNA synthesis that mimic endogenous 

Thymidine (dT): tritiated thymidine ([methyl-3H]dThd) and, 5-bromo-2ʹ-deoxyuridine 

(BrdU), 5-ethynyl-2ʹ-deoxyuridine (EdU). 

 

 

 

1.3.0 Autoradiography 

Labelling of DNA with modified metabolic intermediates was first achieved in the 

1950’s with autoradiography experiments using 32P, 14C, and 3H labelled phosphate, 

thymidine, and adenine followed by detection with radiation sensitive photographic 

plates.29,30,31,32,33 Tritiated thymidine ([methyl-3H]dThd) (2) (Figure 1.5) radiolabelling 

became the gold standard, especially in cell proliferation studies. Radiographic 

experiments revealed cell cycle times, sites of proliferation, physiological cell 

distribution, and neurogenesis, while also supporting evidence for Watson’s and Crick’s 

model of DNA replication.30,31,32,34  

Autoradiography is one of the least biologically disruptive techniques for observation of 

metabolic function. This is because isotope substitution causes much smaller changes to 

the physicochemical properties of the parent nucleotide scaffold than modifications that 

involve the addition of new functional groups.35,36 Consequently, radiolabelled 

thymidine has a lower acute cytotoxicity compared to other DNA biolabels that rely on 

non-autoradiographic detection, this low toxicity allows for study of smaller cell 

populations. However, autoradiographic detection poses a risk to the integrity of the cell 

line because of its mutagenic propensity.37,38 Furthermore, because detection of 

radiolabelled nucleosides is via a nonspecific readout of the radionuclides presence, 

there is potential for ambiguity as signals associated with nucleoside incorporation are 

indistinguishable from catabolites; especially if the radioactive catabolites reach 

equimolar concentrations to the incorporated nucleoside biolabels. Lastly, the inevitable 

decay of radionuclides prevents long term storage of radiolabelled biolabels adding to 

the already high cost of substrates, equipment, and licences required for use of 

radiolabels. 

 



Chapter One 

10 

 

1.3.1 Immunofluorescence 

5-Bromo-2ʹ-deoxyuridine (BrdU) (3), developed in the mid-1970s, was the first biolabel 

of DNA to replace tritiated thymidine for use in cell proliferation studies, largely owing 

to low cost, ease of handling, and relatively fast detection.39,40 Consequently, BrdU has 

been widely used for cellular DNA biolabelling over the last 20 years39,40 BrdU is a 5-

substituted thymidine analogue that is incorporated into DNA (Figure 1.5)40,41,42 and 

detected using a fluorescently tagged BrdU specific antibody which binds to BrdU.41 

BrdU was initially investigated as an antiviral compound and is still used for this 

purpose along with its sister drugs/biolabels 5-iodo-deoxyuridine and 5-chloro-2ʹ-

deoxyuridine, which also have fluorescent antibodies developed for detection.6,40,43 

BrdU cell proliferation studies have provided evidence for many discoveries and insight 

into phenomena such as neurodegeneration in primates and adult neurogenesis of 

humans.39,40,44 Nonetheless, BrdU has drawbacks that stem from its chemical properties 

and method of detection. These include; genotoxicity, antimetabolite activity, and 

incompatibility with other labelling experiments owing to the harsh denaturation 

conditions needed to prepare BrdU labelled DNA for imaging.40 For example, toxic 

doses of BrdU are required to achieve complete labelling of all the cells in S-phase 

within organism.40 To achieve binding of the BrdU detection antibody to DNA that has 

incorporated BrdU the DNA must first be denatured to give single strand DNA, the 

harsh processing denaturation conditions interferes with other commonly used DNA 

stains that intercalate DNA (e.g. Hoechst) and can also denature cellular proteins 

epitopes required for antibody detection of proteins of interest. Lastly, the degree of 

intensity observed in BrdU labelling is dependent on the method of detection40 and not 

necessarily the amount of DNA incorporated BrdU, this limits comparison of 

quantitative experiments and machine automated analysis. 

 

1.3.2 Small Molecule Fluorescence 

5-Ethynyl-2′-deoxyuridine, EdU (4), (Figure 1.5) is a thymidine derivative that was 

investigated in the 1970s as an antiviral compound, however was considered too toxic 

to be viable as a therapeutic agent and was not further developed.45 It was later found 

that EdU is an inhibitor of thymidylate synthase and in recent years it has been 

reinvestigated as an antineoplastic.5,46,47,48,49 In 2007, Salic and Mitchinson recognised 

that EdU has potential as a biolabel for DNA as it meets the key criteria of a minor 
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modification of the native nucleotide chemical structure (such that EdU would be 

accepted for biosynthesis of DNA) and has a biorthogonal chemical handle, with the 5-

ethynyl group of EdU readily conjugated to a fluorescent azide in situ using ‘click 

chemistry’ (section 1.4) to allow detection.50 Furthermore, EdU use is compatible with 

sequential immunofluorescent experiments, which is largely due to the gentle and 

selective reaction conditions associated with click chemistry.39,51 The technical 

advantages of EdU compared to BrdU and tritiated thymidine are multiple and include 

the high yield and fast kinetics of the ‘click’ reaction of EdU with fluorescent azides 

(see section 1.4).50,52 The azide fluorophore is a small molecule approximately 1/500th 

the size of the fluorescent antibody used for BrdU detection. This small size allows for 

greater ease of diffusion through the cell membrane (provided lipophilicity is) and 

access to DNA without a need for DNA denaturation.50 Furthermore, gentle ‘click’ 

reaction conditions preserve fragile cell architecture such that multiplex assays are 

possible. However, similarly to BrdU, EdU suffers from problems associated with 

cytotoxicity45,46,53 which restricts the application of EdU. For example, EdU is ill-suited 

to experiments that require long exposure times and/or high concentrations of the 

biolabel. EdU toxicity is associated with induction of γH2AX protein expression that 

indicates the occurrence of double stranded breaks (DSBs) of DNA.54 Incorporation of 

EdU into cellular DNA has also been associated with the expression of other proteins 

associated with DNA damage signalling pathways.55 

Because of concerns over the cytotoxic effects of EdU there has been continued 

investigation into development of alternative nucleotide analogues for DNA labelling 

that capitalise on the many advantages of this probe design. The resulting post-EdU 

additions to the small molecule family of DNA probes for DNA biolabelling are wide 

ranging (Figure 1.6). Starting in 2011 Neef and Luedtke found that the 2ʹ-fluoro 

substituted EdU derivative, (2Sʹ)-2ʹ-deoxy-2ʹ-fluoro-5-ethynyluridine (F-ara-EdU) (5), 

was non-toxic at the doses required for efficient DNA biolabelling, in contrast to many 

other 2ʹ-arabinosyl nucleosides which are toxic.56 The incorporation of F-ara-EdU into 

DNA proceeded with little or no cell cycle arrest and did not inhibit DNA synthesis. 

Additionally, the replication competence of F-ara-EdU incorporated cells was 

unaffected long term (>60 days).56 However, induction of γH2AX expression as a result 

of F-ara-EdU incorporation into DNA has not been reported. Also in 2011, 5-ethynyl-2ʹ-

deoxy-cytidine (EdC) (6) (Figure 1.6) emerged as an alternative to EdU for DNA 

biolabelling.57 It has since been found that some EdC was metabolically converted to 
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EdU in situ and that the cytotoxicity associated with this pathway could be reduced by 

supplementing the test system with thymidine (dThd). The capacity of EdC to act as an 

epigenetic modulator by mimicking 5-methylcytidine has not been investigated. In 

2012, a follow up study of Neef et al. evaluated the purine analogues 7-deaza-7-ethynyl-

2ʹ-deoxyguanosine (EdG) (7) and 7-deaza-7-ethynyl-2ʹ-deoxyadenosine (EdA) (8) 

(Figure 1.6) for their DNA labelling capability.58 They found that only EdA labelled 

DNA efficiently, and was cytotoxic in a dose-time-dependent manner.58 The capacity of 

EdA (once phosphorylated) to interfere with biochemically important adenylyl cyclase 

and cAMP associated signalling pathways has yet not been investigated. Adenylyl 

cyclase and cAMP activity of EdA however is plausible as related 2ʹ-deoxy analogues 

such as 2ʹ-deoxycyclicadenosine monophosphate (dcAMP) have known activity with 

this signalling pathway.59,60 In 2014 Neef and Luedtke reported that 5-azidomethyl-2ʹ-

deoxyuridine (AmdU) (9) (Figure 1.6) could incorporate into cellular DNA, albeit at a 

lower rate than EdU.61 Furthermore, AmdU was reported to be less cytotoxic than 

EdU,61 however this claim was not quantified comparatively to EdU in terms of the 

level of incorporation into DNA or induction of γH2AX. Lastly, in 2014 Reider and 

Luedtke discovered that 5-vinyl-deoxyrudine (VdU) (10) could undergo ligation with 

tetrazines via an inverse electron demand Diels-Alder reaction (invDA) (section 

1.4.3).62 Unlike the studies on F-ara-EdU, VdU was assessed for its induction of 

γH2AX and was found to be less genotoxic than EdU.62 
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Figure 1.6. Structures of alternative click chemistry biolabels related to EdU. 

 

1.4 Click Chemistry 

1.4.0 Definition 

The term ‘click chemistry’ was first described by Sharpless et al in 2001 and refers to 

an idealised class of chemical reactions for organic synthesis.63 The criteria for click 

chemistry reactions are reactions that can assemble compounds in a modular process in 

high yields from an array of simple or widely available starting materials. The reaction 

should operate under solvent-free or innocuous solvents and be insensitive to oxygen 

and water. The reaction should produce a single product, with any by-products easily 

removed and the desired product purified by straight forward non-chromatographic 

methods.63 
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1.4.1 CuAAC Reaction 

Sharpless and co-workers assembled a list of reactions that had potential to meet the 

stringent click chemistry criteria.63 From this list came a long overlooked reaction, the 

Huisgen 1,3-dipolar cycloaddition named after Rolf Huisgen who had studied it 

extensively.64 This reaction between a terminal alkyne and an azide generates a 1,4-

disubstituted 1,2,3-triazole cycloaddition product and its 1,5-disubstituted regioisomer. 

While known for many years and having some click chemistry attributes, the Huisgen 

1,3-dipolar cycloaddition lacked regioselectivity, furthermore reaction conditions were 

harsh. In 2002 Meldal and co-workers reported that a copper(I) species catalysed the 

reaction to selectively form the 1,4-disubstituted regioisomer over the 1,5-disubstitued 

1,2,3-triazole cycloaddition product (Scheme 1.1).65 Meldal’s discovery was further 

extended by Sharpless whose insight was to use ascorbate to reduce copper(II) salts to 

copper(I) in situ. These two discoveries created what is now known as the copper(I) 

catalysed azide-alkyne cycloaddition, or CuAAC.66 CuAAC meant that the Huisgen 1,3-

dipolar cycloaddition of alkynes to azides could now be performed at room temperature, 

over a wide pH range, in high yields, and in very short reaction times with biologically 

stable reagents under physiological conditions; thus meeting the attributes of a ‘click’ 

reaction.66 The fact that the reagents, in addition to the products, are stable in biological 

systems meant that in addition to being a ‘click’ reaction CuAAC is also bioorthogonal. 

The CuAAC reaction has since facilitated quick construction of highly functionalised 

molecules with a wide range of new properties.67 

 

Scheme 1.1. Proposed mechanism of the copper(I) catalysed azide-alkyne 1,3-dipolar 

cycloaddition (CuAAC) of an fluorescent azide to a terminal alkyne to regioselectively 

yield a 1,4-disubstituted 1,2,3-triazole.68 (Green star = fluorophore) 
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A limitation of the CuAAC reaction when applied to living biological systems is 

cytotoxicity associated with the copper catalyst.69 Copper is toxic to both mammalian 

and bacterial cells and this limits the CuAAC reaction to use in cells where future cell 

viability is not a concern.69 Consequently, this has precluded the use of the CuAAC 

reaction in in vivo applications. Attempts have been made to reduce the cytotoxicity 

associated with copper by complexation of the copper(I) species.70,71 While this has 

been demonstrated to reduce the cytotoxicity associated with copper it has not 

completely mitigated these effects. 

1.4.2 Strain Promoted Azide Alkyne Cycloaddition (SPAAC) Reaction 

The strain promoted azide alkyne cycloaddition (SPAAC) reaction to yield a 1,2,3-

triazole was first described by Wittig and Krebs in 1961.72 SPAAC requires a strained 

and/or electron deficient alkyne that spontaneously undergoes a non-regioselective 

[3+2] cycloaddition reaction with an organic azide to form triazole product(s) (Scheme 

1.2). This reaction, which requires no catalyst, was employed by Agard and colleagues 

in 2004 to enable detection of azide modified biomolecules in living systems.69 SPAAC 

has since been used to detect numerous azide functionalised biomolecules in biological 

systems including nucleotides, glycans, fatty acids, and proteins.73,74,75,76 Despite the 

success of the SPAAC reaction the reaction rates are much lower than the CuAAC (k2 

~1 × 10-3 - 1 M-1s-1 ca. k2 ~10 – 100 M-1s-1) restricting biolabelling applications.77 

 

Scheme 1.2. Proposed mechanism of the strain promoted azide alkyne cycloaddition 

(SPAAC) 1,3-dipolar cycloaddition of an fluorescent azide to an strained alkyne to yield 

a 1,2,3-triazole. (Green star = fluorophore) 

1.4.3 Inverse Electron Demand Diels-Alder (invDA) Reaction 

The inverse electron demand Diels-Alder (invDA) reaction, when applied as a click 

chemistry reaction, generally relies on an electron deficient tetrazine as the diene and a 

strained or electron rich alkene as the dienophile. It was not until 2008 that Fox and 

colleagues first demonstrated a bioorthogonal application of invDA to biolabelling 

proteins.78 Shortly after Hinderbrand and colleagues utilised the invDa reaction for live 
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cell imaging using norbornene (alkene) functionalised antibodies and a fluorescent 

tetrazine.79 While the reaction rates are very high for the strain promoted systems (k2 ~2 

× 103 - 2 × 101 M-1s-1) the reaction rates for the non-strained electron rich systems are 

order an magnitude lower (k2 ~2 × 10-2 M-1s-1) and comparable reaction to SPAAC 

reaction rates.  

 

Scheme 1.3. Proposed mechanism of the inverse electron demand Diels-Alder (invDA) 

reaction of an alkene and fluorescent tetrazine (diene) to yield a pyridazine. (Green star 

= fluorophore) 

 

 

 

 

 

 

 

 

1.5 Conventions in Nucleoside Nomenclature 

 

Nucleoside chemistry, as with other chemistry of biochemical origins, has developed 

conventions of simplified nomenclature. To the nucleoside chemist many of the 

simplified nomenclature rules become idiomatic however to those unfamiliar with these 

compounds the trivial or implicit names can be confusing; especially when reading 
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historical documents. For clarity and simplicity the nomenclature used in this thesis will 

predominately adopt an implicit naming scheme (vide infra). When further clarity is 

required explicit naming conventions from IUPAC80 and ACS81 will be used. 

This thesis is only concerned with derivatives of nucleosides that can encode genetic 

information. These nucleosides are formally glycosylamines which are comprised of a 

base (amine) component and sugar (glycosyl) component. The base component is 

classified according to conformity to structures derived from either purine or pyrimidine 

heterocyclic structures. The sugar component is most frequently comprised of D-

ribofuranose or 2-deoxy-D-ribofuranose. In all natural nucleosides the base is attached 

to the β-face at the anomeric position of sugar to give β-D-ribonucleosides or 2ʹ-deoxy-

β-D-ribonucleosides. Modifications at particular locants on the sugar component are 

denoted by prime (ʹ) notation as in 2ʹ-deoxy-β-D-ribonucelosides; this is divergent from 

IUPAC naming of sugars and can lead to redundant names if incorrectly applied 

(Figure 1.8). The ‘deoxy-’ notation is used where there is an absence of a hydroxyl 

group. If this deoxygenation leads to a loss of a chiral centre there is a risk of ambiguity 

or redundancy in naming. Employing IUPAC conventions to avoid this ambiguity or 

redundancy is not required in this thesis and its use would lead to unnecessary 

complexity as only 2ʹ-deoxy-ribose sugars are encountered when a chiral centre is lost. 

In accordance with IUPAC convention if a modification changes the stereochemistry at 

a particular locant other than the anomeric position then the sugar is assigned the trivial 

name of a sugar with the corresponding stereochemistry; for instance inversion of the 

stereochemistry at the 2ʹ position of ribofuranoside yields arabinofuranoside (Figure 

1.8). However this naming strategy does diverge from the IUPAC convention if the 

inversion of stereochemistry is accompanied by deoxygenation at the same position. 

The numbering scheme of the sugar and the pyrimidine ring both precess in a clockwise 

direction from the N-glycosidic bond (aglycone linkage) (Figure 1.7). Lastly, for 

nucleosides there exist implied structural features in the absence of comprehensive 

naming schema. When not explicitly stated the following is assumed: the anomeric 

configuration is in the β position; the sugar is D-ribose; enantiomeric configuration of 

other sugars is in the D form; deoxynucleosides refer to deoxygenation of the 2ʹ position 

(except for thymidine which is a deoxynucleoside by definition). 
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Figure 1.7. Numbering scheme for pyrimidine nucleosides using uridine as an example.  

 

 

Figure 1.8. Examples of explicit and implicit naming schemes with corresponding 

structures. 
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Chapter Two: 

Synthesis of 2ʹ-Deoxy-5-ethynyl-2ʹ-halo-arabinosyl Uridines  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter describes the stereospecific synthesis of 2ʹ-halo-arabinosyl EdU analogues. 

The work described herein is an expanded description of the information presented in 

the journal article: Hilko, David; Bornaghi, Laurent; Poulsen, Sally-Ann. 

Stereoselective synthesis of highly functionalised arabinosyl nucleosides through 

application of a N-nitro protecting group. J. Org. Chem 2018, 83 (19), 11944-11955. 

Reprinted (adapted) with permission from (Hilko, David; Bornaghi, Laurent; Poulsen, 

Sally-Ann. Stereoselective synthesis of highly functionalised arabinosyl nucleosides 

through application of a N-nitro protecting group. J. Org. Chem 2018, 83 (19), 11944-

11955). Copyright (2018) American Chemical Society 
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2.0 Introduction 

 

Nucleosides are a class of biological compounds that have an extremely conserved 

structure across all known life. Complementary to this, the enzymatic processes 

associated with these compounds are also highly conserved evolutionarily and between 

organisms. This results in these enzymatic processes having a high degree substrate 

specificity and similarity between species. These attributes greatly reduce the chemical 

space of which nucleosides can be modified while retaining biological processivity for 

use as DNA building blocks. Consequently, any modification to nucleosides must have 

minimal steric impact and also be precise in terms of regiospecificity and 

stereospecificity. These design constraints are further complicated by the composite 

nature of the nucleosides as they comprise of both carbohydrate and heteroaromatic 

moieties that can cross react or competitively react during synthetic manipulations. In 

response, extensive efforts have been spent developing selective protecting group 

strategies. Unfortunately, there remain limitations of the protecting group strategies 

available to afford functionalisation in particular nucleoside systems. The combination 

of structural constraints and synthetic methodology limitations make the exploration of 

structure activity relationships (SARs) of DNA biolabels very difficult. An aim of this 

project was to address these challenges and to develop a panel EdU of compounds with 

halogens in the 2ʹS-position or 2ʹ-arabinosyl position. The stepwise increase in steric 

bulk in the 2ʹ position would facilitate exploration of the SAR within native enzymatic 

systems. This chapter describes the design rationale of 2ʹ-halo-arabinosyl EdU 

analogues and reviews previous synthetic strategies employed in the synthesis of similar 

compounds. This chapter also describes the synthetic approaches utilised to afford the 

desired 2ʹ-halo-arabinosyl EdU analogues 11 - 13 from commercially available starting 

materials by employing novel synthetic methodology and protecting group strategies. 

 

Figure 2.0. Structure of 2ʹ-halo-arabinosyl EdU compounds, where X = Cl, Br, or I. 

 

X = Cl  = 11 
 Br = 12 
 I = 13 
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2.1 Design Rationale of 2ʹ-Halo-arabinosyl EdU Analogues for 

Applications in DNA Biolabelling  

 

Neef and Luedtke developed F-ara-EdU (5) as a less toxic alternative to EdU for 

labelling DNA during biosynthesis.1 In addition to F-ara-EdU, the team also evaluated 

cytotoxicity and DNA incorporation of two alternative arabinosyl EdU derivatives, ara-

EdU (14) and Me-ara-EdU (15), that incorporate hydroxyl and methyl functionality at 

the 2ʹ position, respectively (Figure 2.1). The three arabinosyl compounds 

demonstrated negligible cytotoxicity in cell culture over the course of 72 hours (with 24 

hours compound exposure), however only F-ara-EdU (5) incorporated into cellular 

DNA as evident by subsequent labelling with a fluorescent azide. The authors speculate 

that the arabinosyl configuration of the nucleoside sugar would allow the nucleoside to 

‘by-pass’ the enzymes and pathways that lead to the cytotoxic effects of EdU. The low 

toxicity of F-ara-EdU (5) was largely attributed to its resistance to DNA repair 

pathways as a function of increased N-glycosidic bond strength.1 However, it was 

unclear why the ara-EdU (14) and Me-ara-EdU (15) failed to incorporate into DNA; 

without further biological data we can only speculate that the compounds were either 

catabolised or differentiated by enzymes in the DNA incorporation pathway (Section 

1.2). 

 

 

Figure 2.1. Structures of F-ara-EdU, ara-EdU, and Me-ara-EdU, explored as 

alternatives to EdU as DNA biolabels.1  

Due to the differences of the substituents in the 2ʹ position between F-ara-EdU (5), ara-

EdU (14), and Me-ara-EdU (15) it is difficult to separate features of metabolic stability 

and enzymatic differentiation in the DNA incorporation pathway. For instance, 

conformational differences of the sugar pucker would arise between F-ara-EdU (5) and 

ara-EdU (14) due to intramolecular hydrogen bonding between the 2ʹ and 5ʹ hydroxyl 

5 14 15 
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groups2 and this would be expected to influence both the metabolic stability and 

recognition by enzymes in the incorporation pathway. Additionally, the large inductive 

electronic differences of the fluorine and methyl groups of F-ara-EdU (5) and Me-ara-

EdU (15) would be expected to alter the metabolic stability of each as a function of N-

glycosidic bond strength. The changes in N-glycosidic bond strength towards enzymes3 

and acids4 as a function of 2ʹ substitution arises from the ability of the substituent to 

either stabilise or destabilise the oxacarbenium-like transition state. Inductive electron 

withdrawing substituents destabilise the transition state with which fluorine5,6,7,8 has 

most commonly been utilised; however other electron withdrawing groups (EWG) are 

also effective.9,10 Interestingly, the configuration of the 2ʹ position has been reported to 

affect the rate of chemical hydrolysis; the arabinosyl configuration increases N-

glycosidic bond stability relative to the ribosyl configuration.11 

Although Neef and Luedtke did not explore other halides in the 2ʹ position of EdU we 

suggest such compounds would, like other pyrimidine nucleosides with this 

functionalisation,4 have increased stability toward acid hydrolysis and would likely 

display increased enzymatic stability. In a biological context, halogenation in the 2ʹ 

position would allow a stepwise exploration of steric effects on metabolic handling that 

is decoupled from the hydrolytic liability posed by the 2ʹ methyl group or 

intramolecular hydrogen bonding of 2ʹ hydroxyl group in this position. Importantly, 

steric effects in the 2ʹ-position have been demonstrated to modulate recognition by 

kinases and polymerases.12,13 This property has most commonly been exploited in 

development of antiviral nucleosides12,14,15 and may offer selectivity between organisms 

as found with purine derivatives.16 

 

2.2 Approach to Synthesise 2ʹ-Halo-arabinosyl EdU Analogues 

2.2.0 Synthesis of 2ʹ-Halo-arabinosyl Uridines – State of the Art 

β-D-Arabinosyl nucleosides, commonly referred to arabinosyl nucleosides, have a D-

arabinosyl (2ʹS) sugar configuration instead of the common D-ribosyl (2ʹR) 

configuration. A small number of arabinosyl nucleosides are known to occur in 

nature17,18,19,20 including some derivatives with reported anticancer21 and antiviral 

properties.22 However, these naturally occurring arabinosyl nucleosides incorporate only 

a hydroxyl group in the 2ʹ position and 2ʹ-deoxy-2-substituted arabinosyl compounds 
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are not found in nature. Exploration of chemical space surrounding the 2ʹ position of 

arabinosyl pyrimidine nucleosides has largely been limited to synthesis of derivatives 

with low steric bulk and low nucleofugality substituents. Consequently, there are few 

reported syntheses of 2ʹ-deoxy-2ʹ-halo-arabinosyl uridines incorporating the higher 

halides, chlorine, bromine, and iodine. The first reported synthesis of a 2ʹ-halo-

arabinosyl pyrimidine incorporates a fluorine in the 2ʹ position, this compound, denoted 

as 2ʹ-F-ara-Cyd, was reported in 1969.23 Then in 1975 synthesis of the chloro analogue, 

2ʹ-Cl-ara-Cyd, was reported.24 It was not until 1979 that the synthesis of the first 2ʹ-

halo-arabinosyl uridine was reported, 2ʹ-F-ara-Urd.25 This was followed by arabinosyl 

uridine compounds incorporating chlorine (2ʹ-Cl-ara-Urd) and bromine (2ʹ-Br-ara-Urd) 

in the 2ʹ position reported in 1983.26 The difficulty in synthesis of the 2ʹ-iodo-arabinsoyl 

pyrimidine nucleosides27 was exemplified by a 15 year delay between first attempted 

and first reported synthesis. Also reported 15 years prior to the first successful synthesis 

of 2ʹ-iodo-arabinsoyl pyrimidine was the reported synthesis the 2ʹ-arabinosyl chloro, 

bromo pyrimidine derivatives and the 2ʹ-iodo-arabinosyl purine counterpart.28  

 

Scheme 2.0. Literature synthesis of 3ʹ,5ʹ-bis-acylated-2ʹ-substituted-α,β-D-arabinosyl 

pyrimidine nucleosides (16, 17, 18, and 19) by condensation of the corresponding 

TMS-persilylated base (20 or 21) with 3ʹ,5ʹ-bis-acylated-α-D-arabinofuranosyl bromide 

(22) . X – F, Cl, Br. (a) synthesis of the uridine derivatives, (b) synthesis of cytidine 

derivatives.23,24,26 

(b) 

(a) 

22 20 16 17 

22 21 18 19 
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The paucity of reported syntheses of 2ʹ-halo-ara-pyrimidine nucleosides is likely a 

reflection of the difficulty of synthesis of these compounds. Historically, synthesis 

relied upon condensation of the 2ʹ-halo-arabinosyl sugar with the corresponding 

trimethylsilyl-persilylated pyrimidine base to give a mixture of α and β anomers, 

irrespective of the anomeric configuration of the sugar (Scheme 2.0).26 While this 

strategy is successful with 2ʹ-fluoro-arabinosyl sugar, yields drop considerably when 

fluorine is replaced by chlorine and bromine, while there are no reports of success with 

iodine in the 2ʹ position. 

In principle an alternative synthesis of 2ʹ-deoxy-2ʹ-halo-arabinosyl pyrimidines is direct 

SN2 displacement of an activated 2ʹ-hydroxyl group of the native pyrimidine scaffold 

with halide nucleophiles. Here the N-glyosidic bond configuration is both predefined 

and maintained, while an inversion of configuration at 2ʹ is expected. In practice 

however this does not yield the desired 2ʹ-halo-arabinosyl-sugar. Instead of the expected 

inversion of configuration at the 2ʹ position the reaction proceeds by an intramolecular 

cyclisation to form a 2,2ʹ-anhydro nucleoside facilitated by participation of the O-2 

oxygen of the pyrimidine base (Scheme 2.1).28 The preference for the formation of the 

2,2ʹ-anhydro nucleoside over SN2 displacement with charged nucleophiles is a 

consequence of dipole and steric interactions surrounding the 2ʹ-position29 that render 

the intramolecular cyclisation kinetically more favourable over the intermolecular 

nucleophilic displacement. 
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Scheme 2.1. Attempted nucleophilic displacement of a 2ʹ-leaving group of uridine (23) 

leads to formation of 2,2ʹ-anydrouridine (24) in the attempted synthesis of 2ʹ-

substituted-arabinosyl uridine (25) with charged nucleophiles. LG – leaving group, X- - 

negatively charged nucleophile. 

 

An approach to favour SN2 over the unwanted formation of 2,2ʹ-anhydro-nucleoside is 

to decrease the nucleophilicity of the O-2 oxygen by incorporating an adjacent electron 

withdrawing substituent on N-3. The first successful application of this approach was 

reported by Matsuda and co-workers in 1989 wherein the direct substitution of the 2ʹ-

hydroxyl by the azide ion into the 2ʹS position of N-benzyol-3ʹ,5ʹ-O-

(tetraisopropyldisiloxane-1,3-diyl)-uridine (26) was effected under Mitsunobu 

conditions (Scheme 2.2).30 In this example the electron density is withdrawn from O-2 

by a benzoyl protecting group at N-3 (27). To the best of our knowledge there are no 

reports of success with this reaction using nucleophiles other than the azide ion, this in 

part may be attributed to the strong nucleophilicity of the azide ion. 

 

 

25 

24 

23 
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Scheme 2.2. Nucleophilic displacement of the 2ʹ hydroxyl of N-benzyol-3ʹ,5ʹ-O-

tetraisopropyldisiloxane-1,3-diyl)-uridine (26) with the azide ion under Mitsunobu 

conditions. TPP – triphenylphosphine, DEAD – diethylazidodicarboxylate, N3
- - azide 

ion, Bz- benzoyl, TIPDS – tetraisopropyldisilyloxane.30 

A more detailed exploration of this concept was reported by Vilarrasa and co-workers in 

1998. They found that a nitro group at the N-3 position in combination with a 2ʹ-

trifluoromethanesulfonate (triflate) leaving group overcame competing intramolecular 

cyclisation during SN2 displacement of the 2ʹ-O-triflyl of uridine derivative (28) 

(Scheme 2.3).27 Unlike the 3-N-unprotected-3ʹ,5ʹ-O-tetraisopropyldisiloxane-1,3-diyl)-

2ʹ-O-triflyl-uridine or 3-N-benzoyl-3ʹ,5ʹ-O-tetraisopropyldisiloxane-1,3-diyl)-2ʹ-O-

triflyl-uridine derivatives the nitro triflate 28 could be isolated and readily underwent 

nucleophilic displacement in high yields with chloride, bromide, and iodide ions to 

generate 3-N-nitro-2ʹ-halo-arabinosyl uridines (30 - 32) in high yields (Scheme 2.3).27 

Furthermore, N-nitro-triflate 28 was synthesised in a two-step one-pot reaction from 33 

and was stable to silica gel column chromatography. The procedure required in situ N-

nitration to successfully trap the unprotected triflate 34. This was accomplished by 

addition of the triflating reaction (Tf2O/py) mixture containing 34 to a preformed 

nitrating mixture (TFAN/CH2Cl2) to form 29. Subsequent denitration of the 2ʹ-halo-

arabinosyl uridine derivatives (29) or reaction of the N-nitro-triflate (28) with fluoride 

anions is not reported. In 2014 Meyer et al. reported the incompatibility the nitro-triflate 

(28) to fluorination conditions used for radiofluorinations however no experimental 

details were described.31,32 

 

 

27 26 
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Scheme 2.3. Synthesis of N-nitro-3ʹ,5ʹ-O-(tetraisopropyldisiloxane-1,3-diyl)-2ʹ-O-

triflyl-uridine 28 from 3ʹ,5ʹ-O-tetraisopropyldisiloxane-1,3-diyl)-uridine 33 and 

subsequent nucleophilic displacement of the triflate to yield N-nitro-3ʹ,5ʹ-O-

tetraisopropyldisiloxane-1,3-diyl)-2ʹ-halo-arabinosyl-uridines 29. Bu4N
+X- - 

tetrabutylammonium halide salt; Tf2O – trifluoromethanesulfonic anhydride; TFAN – 

nitronium trifluoroacetate (F3CCO2NO2); TIPDS – tetraisopropyldisilyloxane; X = Cl, 

Br, I. 

 

2.3  Considerations for Design of Synthetic Routes to 2ʹ-Halo-

arabinosyl EdU Analogues 

 

Published syntheses of 5-substituted-2ʹ-halo-arabinosyl pyrimidine nucleosides are less 

common than that of 2ʹ-halo-arabinosyl pyrimidine nucleosides. Synthesis is typically 

carried out by condensing a 5-substituted pyrimidine base with the corresponding 

peracylated-2ʹ-halo-arabinose derivative. The coupling rates and yields for these 

reactions vary considerably, sometimes requiring days or weeks for completion1,26,33 

An aim of this project is the development of an efficient synthesis of 2ʹ-halo-arabinosyl 

analogues of EdU to evaluate for use as chemical probes to study DNA synthesis. In 

planning of the synthetic route we wanted to develop an approach which improved the 

rate and yield compared to condensation of a 2ʹ-halo-sugar with the 5-substituted 

pyrimidine base. Additionally, we sought to implement late stage halogenation at 2ʹ as 

this would minimise the number of precursor/intermediate compounds required to reach 

the final target EdU analogues 11 - 13. To achieve this we conceived a divergent 

synthetic scheme employing the common intermediate 5-ethynyl(2-trimethylsilyl)-3ʹ,5ʹ-

O-(tetraisopropyldisiloxane-1,3-diyl)-2ʹ-O-triflyl-3-N-nitro-uridine (38) (Scheme 2.). A 

potential challenge of this divergent scheme is however compatibility of the 5-ethynyl 

34 28 33 

30 = X = Cl, :99% 
31 = R = Br, :99% 
32 = R = I,  :70% 
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group with the reaction conditions employed to synthesise 38 and to subsequently 

deprotect the common 5-ethynyl-nitro-uridine intermediates 35-37 as compounds 38 

→35 are not previously reported. 

 

 

Scheme 2.4. Proposed synthesis of 2ʹ-halo-ara-EdU compounds 11 - 13 from novel 

common precursor 38 via 3-N-nitro intermediates 35 - 37. 

A key feature of Vilarrasa’s methodology in the synthesis of the 3-N-nitro-2ʹ-triflate 

uridine 28 is the formation of a highly reactive unprotected 2ʹ-triflate uridine 34 in situ 

which is then nitrated immediately in a subsequent step (Scheme 2.3). In transferring 

the methodology to the synthesis of 38 (Scheme 2.5) it was unknown what effect the 5-

ethynyl-group of 39 would have on the stability and subsequent nitration of the 

unprotected 2ʹ-triflate intermediate 40. This was considered a potential problem. 

 

 

38 
X = Cl  = 11 
 Br = 12 
 I = 13 

X = Cl  = 35 
 Br = 36 
 I = 37 
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Scheme 2.5. Plausible synthetic routes to triflate intermediate 38 from commercially 

available 41 and 42 employing a one-pot triflation and nitration by trapping of the 

triflate intermediate 40 via 3-N-nitration.  

Alternatively, to reach 38 it is conceivable to install the 3-N-nitro group before the 2ʹ-

triflate group; this would however require additional protecting group manipulations to 

achieve. With this approach, the high reactivity of the alkyne under acidic conditions34, 

along with the high sensitivity of the 3-N-nitro group to bases and nucleophiles35 needed 

to be considered. This approach also presented an additional challenge of reductive 

denitration of the N-3 position in the presence of the easily reduced alkyne. To date only 

three methods for direct denitration of 3-N-nitro-uridines have been published (Scheme 

2.6). All three methods have limitations when considering application to intermediates 

35-37. Direct denitration of 3-N-nitro-uridines was first published by Vilarrasa27 and 

utilised catalytic hydrogenation over palladium, these conditions may however reduce 

the alkyne and potentially the halides of intermediates 35-37. Interestingly, Vilarrasa 

subsequently published a second method in which NaI in acetone was employed to 

reductively cleave the N-nitro group.36 This reaction was appealing for its simplicity of 

reaction conditions and workup with no obvious functional group incompatibility yet 

the reaction was quite slow (c.a. 24 hours). Khalil later reported difficulty reproducing 

38 39 

44 

43 

42 

41 

40 
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this NaI/acetone method and presented an alternative method involving radical 

denitration using tributyl tin hydride (Bu3SnH) and AIBN.37 Our concern with applying 

Khalil’s radical denitration to our system was the possible concomitant radical 

dehalogenation of the 2ʹ-halo sugar; the conditions described are exactly those reported 

for radical reduction of 2ʹ-halo-uridines.38 It was clear that application of any of the 

three published denitration methods was likely to be unreliable or incompatible with our 

target intermediates 35-37. We thus sought to discover and develop a new denitration 

method compatible with 5-ethynyl and 2ʹ-halo functionalities.  

 

Scheme 2.6. Literature methods reported for reductive denitration of 3-N-nitro-

uridines.27,36,37 R = sugar derivative. 

For reduction of the N-nitro functionality on substrates other than pyrimidines there 

have been only a few reports, these involved reduction of N-nitro functional group using 

zinc/acid with N-nitrourethane39,40 and N-nitroguanodine substrates41 via unstable N-

nitrosoamides.40 Therefore, methods utilising Zn and other metals in acid were 

considered the best candidates for reductive denitration. Other methods, including 

common nitro reducing conditions, were considered but many were rejected on the basis 

of being either highly nucleophilic (as with hydrazine mediated reductions), or basic (as 

with sulfide reductions). 

When considering the options for developing synthetic routes to triflate intermediate 

38, whether through trapping of the unprotected triflate 40 precursor (Scheme 2.5) or 

by protecting group strategies (Scheme 2.7), the functional group compatibility and 

synthetic efficiency of the different routes was unknown. We therefore designed two 

synthesis trees: one involving direct pathways using one-pot nitration and triflation 

(Scheme 2.5); and another involving protecting group strategies (Scheme 2.7) with 

either the 5-iodo derivatives (path A, Scheme 2.7) or TMS protected 5-alkyne 

derivatives (path B, Scheme 2.7) employed as key intermediates. Path A can be 

redirected to path B at four different points via a Sonogashira cross coupling of the 

relevant 5-iodo derivative reaction with TMS-CCH. 
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Scheme 2.7. Potential synthetic routes to the triflate intermediate 38 using protecting 

group strategies. 

 

2.4 Synthesis of 2ʹ-Halo-arabinosyl EdU Derivatives 

2.4.0 Synthesis of 3ʹ,5ʹ-Tetraisopropyldisiloxane-1,3-diyl-N-nitro-uridine (28) via 

Trapping of Triflate in situ. 

Given that the successful synthesis of 28 is dependent on precise timing of nitration to 

trap the 2ʹ-triflate in situ (Scheme 2.3) it was deemed prudent to familiarise ourselves 

with this procedure before applying to our substrates.27 The literature reaction procedure 

calls for preformation of the key reagent, nitronium trifluoroacetate or TFAN 

(F3CCO2NO2),
27,35 from trifluoroacetic anhydride (TFAA) and ammonium nitrate. 

Given the known explosion risk of TFAA in the presence strong oxidants,42 together 

with the fact that ammonium nitrate is a relatively strong oxidant, and explosive, we 

sought to reduce the risk of preparing TFAN by replacing ammonium nitrate with the 

less explosive potassium nitrate. This replacement appeared feasible as it has been 

demonstrated that inorganic nitrate salts and TFAA can indeed produce the active 

38 
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species TFAN.43 We found our potassium nitrate derived TFAN reagent gave 

quantitative N-nitration of 2ʹ,3ʹ,5ʹ-tri-O-acetyl-uridine 45 (cf. 96% yield lit.35) (Scheme 

2.8). The NMR spectra of the product 2ʹ,3ʹ,5ʹ-tri-O-acetyl-N-nitro-uridine 46 was also 

consistent with the reported material.35 Despite this initial success, transferring the 

methodology to the synthesis of uridine derivative 28 by trapping the intermediate 34 

triflate with TFAN, was unsuccessful. We note that the literature method specified 

significant care with the addition of TFAN (time, rate of addition, and temperature) to 

successfully trap the intermediate 34 without degradation first occurring.27 

 

 

Scheme 2.8. Nitration of 2ʹ,3ʹ,5ʹ-tri-O-acetyl-uridine 45 using TFAN (F3CCO2NO2) 

generated from potassium nitrate and TFAA.  

 

2.4.1 Development of Mild Nitration Conditions for N-Nitration of 2ʹ,3ʹ,5ʹ-Tri-O-

acetyl-5-iodo-uridine (47) and 2ʹ,3ʹ,5ʹ-Tri-O-acetyl-5-(ethynyl(2-

trimethylsilyl))-uridine (48) 

 

To date the N-nitro protecting group in pyrimidines has been applied only to the native 

pyrimidine bases, uracil and thymine. It was therefore unknown if the N-nitro group 

chemistry would be compatible with either 5-alkynyl or 5-iodo pyrimidines. To 

investigate this 2ʹ,3ʹ,5ʹ-tri-O-acetyl-5-iodo-uridine (47) and 2ʹ,3ʹ,5ʹ-tri-O-acetyl-5-

(ethynyl(2-trimethylsilyl))-uridine (48) were subjected to the same nitration conditions 

(KNO3 and TFAA) as described for 2ʹ,3ʹ,5ʹ-tri-O-acetyl-uridine 45 (Scheme 2.9). 

Interestingly, during nitration of 47 significant deiodination was observed (approx. 

50%, 46) in addition to formation of the expected 3-N-nitro product 49 (Scheme 2.9, 

(a)). Fortunately, the two products were separable by silica gel flash chromatography. 

Attempted N-nitration of the 5-ethynyl derivative 48 under the same conditions as used 

for 47 resulted in a complex mixture of products that was inseparable by silica gel flash 

45 46 
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chromatography. The resulting crude product mixture was analysed by LC-MS and no 

desired product 50 was detected. 

 

Scheme 2.9. N-Nitration of 5-substituted uridines 47 (a) and 48 (b) employing TFAN 

prepared from KNO3 and TFAA. 

We hypothesised that the strong oxidising conditions of the nitrating mixture and/or 

presence of a radical species attributed to deiodination of 47, while the strongly acidic 

conditions were responsible for side reactions with alkyne 48. The latter is supported by 

reports that the concentration of free acid, produced from TFAN, in the nitrating 

mixture increases with time as a result of loss of N2O.44 This is shown to effect 

deprotection of tert-butyl-dimethylsilyl (TBDMS) ethers during the nitration of 

TBDMS protected uridines.45 The increasing acid concentration would also increase the 

oxidising strength of the mixture by increasing the nitric acid concentration due to the 

presence of the nitrate ion. With this in mind, we proposed that a rate enhancement in 

the formation of the mixed anhydride TFAN may be achieved by preparation from a 

more organic soluble nitrate salt. This increased rate of production of TFAN would in 

turn increase the rate of nitration of the substrate and lessen its exposure to free acid. 

While alternative nitrating conditions have been explored for pyrimidine nucleosides,46 

the use of low polarity counter ions for nitrate salts such tetrabutylammonium and 

morpholinium counter ions, has to the best of our knowledge not been reported for 

nitration of pyrimidine nucleosides. Interestingly, tetrabutylammonium nitrate (TBAN) 

in conjunction with TFAA has previously been validated as an efficient nitrating system 

in purine nucleosides.47,48 Furthermore, the nitration of these substrates required only a 

low to moderate excess of nitrating reagent to substrate (1.2-1.7 fold excess).48 This is 

47 49 

48 

46 

50 

(a) 

(b) 
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in contrast to the inorganic nitrate salt systems applied to pyrimidine substrates, where a 

minimum of a four molar excess of reagent is required for complete nitration.45 It is 

noteworthy that the mechanism of nitration of purines using TFAA and nitrate salts is 

disputed; and both ionic44 and radical47,48 processes have been proposed. In any case, 

there is little known about the mechanism of nitration in pyrimidine systems. This aside, 

we conducted several qualitative small scale nitration experiments on 2ʹ,3ʹ,5ʹ-tri-O-

acetyl-5-iodo-uridine (47) as substrate using the TBAN/TFAA system to ascertain 

optimal reaction conditions (Table 2.1). With 47 as a substrate any free iodine formed 

as a result of deiodination provided a useful visible indicator of the compatibility of 

reaction conditions to this substrate. We found that a minimum of two molar 

equivalents of TBAN/TFAA were required to push the reaction to completion; trace 

deiodination was observed under all evaluated reactions conditions. 

 

Table 2.1. Conditions evaluated for nitration of 2ʹ,3ʹ,5ʹ-tri-O-acetyl-5-iodo-uridine (47) 

in CH2Cl2. 

Entrya Molar Equiv. Observation 

 TFAA TBAN  

1 1.2 1.2 incomplete 

2 1.2 2 incomplete 

3 2 1.2 incomplete 

4b 2 2 complete  

aall reactions were conducted at 0 ˚C for 10 min and monitored by TLC. A trace amount 

of free iodine was observed in all reactions. bComplete consumption of 47, single major 

product.  
 

 

Next we assessed reaction kinetics using TLC to monitor reaction progress for nitration 

of substrate 47 (20 mg scale) in CH2Cl2 at 30 s, 1 min, 5 min and 10 min. Interestingly, 

the reaction was complete at the earliest time point; (30 s) and no deiodination was 

detected at 1 min. To account for the possibility of variable rates of nitration between 

different substrates a 1 min reaction time was used for all subsequent reactions. The 

optimised nitration conditions (2 equiv. TBAN and TFAA, 1 min, 0 ˚C, CH2Cl2) were 
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next applied on a 100 mg scale to both 2ʹ,3ʹ,5ʹ-tri-O-acetyl-5-iodo-uridine (47) and 

2ʹ,3ʹ,5ʹ-tri-O-acetyl-5-(ethynyl(2-trimethylsilyl))-uridine (48) as substrate (Scheme 

2.10). The reactions were quenched with a few drops of MeOH and purified directly by 

silica gel flash chromatography without further workup. Yields of 49 and 50 were 

quantitative, respectively. Analysis by mass spectrometry and NMR was consistent with 

the expected nitrated products; notably a characteristic addition of 45 Da (addition of 

NO2 and of loss H) was observed in the negative ion mode electrospray ionisation mass 

spectrum, and loss of the N-3 amide proton in the 1H NMR spectrum, respectively. 

Furthermore, a confirmatory reaction was carried out with 2ʹ,3ʹ,5ʹ-tri-O-acetyl-uridine 

45 as substrate (Scheme 2.10), the product 2ʹ,3ʹ,5ʹ-tri-O-acetyl-N-nitro-uridine 46 was 

spectroscopically identical to a sample previously synthesised by the KNO3/TFAA 

method (Section 2.4.0) and with values reported in the literature.35  

 

 

Scheme 2.10. N-Nitration of 5-subsituted-2ʹ,3ʹ,5ʹ-tri-O-acetyl-uridines 47 and 48 

employing our optimised conditions. 

Given the rapid reaction kinetics, which reduce the reaction time by a factor of ten over 

the KNO3/TFAA method (Section 2.4.0, Scheme 2.8) and mild conditions for the 

optimised new nitration procedure, it was considered prudent to revisit our earlier 

unsuccessful attempt to trap the 3-N-unprotected triflate 34 in the reaction of 33 as 

substrate to form 28. Interestingly, even under the optimised nitration conditions, this 

reaction still did not yield the desired triflate 28 and only the 2ʹ,2-anhydro product 51 

was detected in the reaction mixture by LC-MS (Scheme 2.11). We reasoned that this 

failure to trap the triflate 34 in situ is likely a result of interference by the triflating 

mixture (pyridine, Tf2O and/or TfOH) with the nitrating mixture (TBAN/TFAA). 

Interference by pyridine would be unsurprising as Koomen reported that pyridine 

undergoes N-nitration under these conditions.47 Interference by pyridine was further 

supported by observation of a persistent bright yellow colouration of the mixture which 

is absent from the reaction when 33 was subjected to the same conditions in the absence 

46 = R = H 
49 = R = I 

50 = R =  

 

45 = R = H 
47 = R = I 

48 = R =   
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of Tf2O and pyridine. From these results it was apparent that a more robust synthetic 

strategy than that shown in Scheme 2.5 would be required to obtain the desired triflate 

intermediate 38. If installation of the 2ʹ-triflate group could be performed after N-

nitration it would likely avoid the risk of intramolecular self-cyclisation.  

 

 

Scheme 2.11. Attempted one-pot 2ʹ-O-triflation and N-nitration of 33 using optimised 

nitration conditions. 

 

2.4.2 Assessment of N-nitro Group Tolerability to Sonogashira Coupling 

Conditions 

To establish the optimal redirection of the synthesis from path A (5-iodo-derivatives) to 

path B (5-ethynyl derivatives) of Scheme 2.7 we needed to assess the tolerance of the 

N-nitro protecting group to Sonogashira coupling conditions. There is no literature 

precedent of conducting a Sonogashira coupling in the presence of the N-nitro group, 

with the closest example of successful cross couplings with pyridines bearing nitro and 

iodo groups in the 3,5 configuration (Scheme 2.12).49 

 

Scheme 2.12. Sonogashira coupling of 2-amino-4-chloro-5-nitro-3-iodo-pyridine.49 

51 

33 

Not formed  

34 

28 
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We next performed the Sonogashira reaction of TMS-CCH with 49 employing (TMS-

CCH (5 equiv), Et3N (2 equiv), CuI (10% mol equiv), Pd(Ph3)4 (5% mol equiv), 

CH2Cl2) conditions previously optimised for the synthesis of alkyne 48 (Scheme 2.13). 

These optimised conditions employed modified literature conditions50,51,52 for synthesis 

of 48 wherein CH2Cl2 is substituted for DMF as the reaction solvent. This modification 

provided an improved yield and simpler reaction monitoring and workup. 

Unfortunately, when the N-nitrated substrate 49 was subjected to these conditions 

(Scheme 2.13) the reaction did not yield the desired product 50 and instead an 

inseparable complex mixture of products was formed. Interestingly, the mixture became 

green upon addition of TMS-CCH and Et3N, and the formation of multiple products 

was apparent by TLC after only a few minutes. The reaction was repeated using DMF 

as a solvent to more closely replicate literature methods; however it resulted with the 

same unusual colouration and formation of a complex mixture of products. These 

results led us to abandon the redirection from Path A to Bath B (Scheme 2.7) as 

utilising a Sonogashira coupling reaction in the presence of the N-nitro group appeared 

to be not feasible. Specifically, the findings ruled out Path A as the 5-ethynyl group 

must be installed under Sonogashira conditions prior to N-nitration Scheme 2.7 

(Scheme 2.14). 

 

Scheme 2.13. (a) Optimised Sonogashira coupling of 47 to yield 48. (b) Attempted 

synthesis of the corresponding 3-N-nitro derivative 50 from 49 using the same 

Sonogashira reactions conditions. 

47 48 

49 50 

(a) 

(b) 



Chapter Two 

44 

 

 

Scheme 2.14. Revised alternative routes to triflate precursor 38 using protecting group 

strategies. 

 

2.4.3 Ribose Protecting Group Strategies 

All published syntheses of N-nitro-uridine 52 utilise a per-O-acetylated uridine 

substrate to block unwanted nitration of the ribose hydroxyl groups. The acetate 

protecting groups are subsequently removed using HCl catalysed methanolysis (Scheme 

2.15)45,53 as the N-nitro group is unstable to basic hydrolysis of standard Zemplén 

conditions or ammonolysis.35,36 Per-O-acetylation initially appeared an attractive 

protecting group strategy for nitration compatibility as acetyl group protection is often 

utilised for the synthesis 2ʹ,3ʹ,5ʹ-tri-O-acetyl-5-iodo-uridine (47)54,55,56 and efficient 

Sonogashira and nitration conditions had previously been developed utilising acetate 

protection to give 50 (Scheme 2.10). 

38 
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Scheme 2.15. Synthesis of N-nitro-uridine (52) using literature methods employing a 

per-O-acetylated uridine substrate.53  

In light of the facile electrophilic addition of HCl to the 5-ethynyl group of 5-ethynyl-

uridine derivatives34,57,58 the use of the HCl methanolysis acetate deprotection strategy 

appeared incompatible with 50. It was unclear however if the TMS group would 

increase the stability of 50 towards acid and prevent hydration59 or electrophilic 

addition to the alkyne. To answer this question 50 was subjected to HCl methanolysis. 

This resulted in a complex mixture, the components of which had similar 

chromatographic properties. LC-MS analysis detected a signal with a m/z consistent 

with the desired product 53, but also a range of minor products, including the 

electrophilic addition product 54. The major product detected had a m/z 376 (FA 

adduct) consistent with 55, resulting from hydration of the alkyne after concomitant 

loss of the TMS group (Scheme 2.16). 

 

   

Scheme 2.16. HCl methanolysis of 50 gave rise to trace amount of desired product 

(53). 

It was apparent that an orthogonal acid/base protecting group strategy would be required 

to provide the target 5-ethynyl-3-N-nitro uridine compound 53. Silyl protecting groups 

were considered as an alternative to acetyl group protection of the ribose moiety. In 

particular, the TBDMS group was favoured as it had been successfully utilised as a 

hydroxyl protecting group during N-nitration of uridines.27,45 Protection of 5-iodo-

uridine 42 with TBDMS groups was achieved using a modified literature procedure to 

give the persilylated derivative 56 in quantitative yield (Scheme 2.17). The subsequent 

45 46 52 

53 54 55 50 

minor minor major 
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Sonogashira coupling, to afford 57, and followed by N-nitration were both conducted 

under conditions previously developed for 50. This provided 58 in excellent yield 

(Scheme 2.17). 

 

Scheme 2.17. Synthesis of 58 employing a TBDMS protecting group strategy. 

With 58 in hand we proceeded to desilylate the TBDMS protected hydroxyl groups. 

Triethylamine trihydrofluoride (Et3N·(HF)3) was initially chosen for this transformation 

as it is regarded as a gentle yet mildly acidic fluoride source.60,61 It was expected that 

any fluoride mediated desilylation method would lead to concomitant loss of the 

ethynyl TMS group. Indeed, reaction of 58 with Et3N·(HF)3 yielded 59 as the major 

product as detected in the reaction mixture by LC-MS (Scheme 2.18). However, upon 

purification of the crude 59 by solid addition silica gel chromatography, compound 59 

degraded and no desired product was isolated. This instability of 59 towards dry 

adsorption on silica may be due to inherent instability towards silica or reactions 

associated with concentrated Et3N·(HF)3. 

 

Scheme 2.18. Attempted desilylation of 58 with Et3N·(HF)3.  

In any case, to circumvent the possibility of producing free Et3N and the need for dry 

loading on silica we sought an alternative fluoride source. Olah’s reagent (~70% HF, 

~30% pyridine, w/w or py·(HF)5) was selected, as quenching of Olah’s reagent with 

silica gel leads to the formation of immobile fluorosilicates and pyridine, while N-nitro-

uridine compounds have known compatibility with pyridine.53 This increased reactivity 

of HF of Olah’s reagent with silica would allow removal of the HF component by 

42 56 57 58 

58 59 
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filtration through a silica column thereby obviating the need to dry load the compound 

on silica. When 58 was treated with Olah’s reagent the fully desilylated product 59 was 

not obtained however, unexpectedly the 5-ethynyl TMS group proved stable towards 

these conditions; and instead 53 formed in high yield, evident by 1H NMR and LC-MS. 

Furthermore, upon direct purification of the reaction mixture by silica gel 

chromatography 53 was obtained without fluoride contamination, as determined by 19F 

NMR.  

 

Scheme 2.19. Desilylation of the ribose protecting groups of 58 with Olah’s reagent. 

 

 

Scheme 2.20. One-pot conversion of 53 to 2ʹ-triflate precursor 38. 

Next, in a one-pot reaction the 3ʹ and 5ʹ hydroxyl groups of 53 were protected with the 

tetraisopropyldisiloxane (TIPDS) protecting group then the 2ʹ hydroxyl converted to the 

triflate with trifluoromethanesulfonic anhydride (triflic anhydride, Tf2O) to give 38 in 

85% yield. Similar to triflate 28,27 purified 38 was stable at room temperature in 

solution for >12 h and stable as a solid at 4 ˚C for several weeks. 

Despite the efficiency of Olah’s reagent in providing 53 by deprotection of the TBDMS 

groups of 58, we sought to reinvestigate the possibility of deprotecting the acetyl 

groups of 50 as Olah’s reagent is hazardous and we hoped to avoid its use. We 

hypothesised that using a weaker acid (TFA) or a less nucleophilic base (t-BuOK) 

would avoid side reactions of the ethynyl group and pyrimidine ring opening, 

53 59 58 

38 53 
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respectively. Both approaches were however unsuccessful; TFA was too weak an acid 

to effect deacetylation and t-BuOK caused decomposition of the starting material. In an 

alternative approach, we hypothesised that a less nucleophilic acid than HCl may avoid 

the problematic electrophilic addition that was found with HCl acid catalysed 

methanolysis (54, Scheme 2.16). Toward this, five common sulfonic acids were 

assessed: trifluoromethanesulfonic acid (TfOH); sulfuric acid (H2SO4); methanesulfonic 

acid (MsOH); para-toluenesulfonic acid (TsOH); and polymeric vinylbenzenesulfonic 

acid (Amberlite IRA-120 H+). Interestingly, the reaction of 50 with all of the 

homogeneous acids produced the desired product 53 as the major product, as 

determined by LC-MS and TLC. The relative order of reaction rate was estimated by 

TLC and was H2SO4>TfOH> MsOH> TsOH>>IRA-120 H+. Unwanted deprotection of 

the 5-ethynyl TMS group and subsequent side reactions was comparatively slower than 

deprotection of the acetates with all of sulfonic acids except IRA-120 H+ providing a 

degree of kinetic control. Workup of the reaction mixture however proved problematic 

as neutralisation of the acids with calcium carbonate or weakly basic resins caused 

substantial decomposition of 53. Direct adsorption onto silica gel also caused 

substantial product decomposition (<20% recovered yield) with the exception of the 

TsOH reaction, which provided 53 in 65 – 80% yield after purification. We speculate 

that removal of the solvent under reduced pressure at room temperature during 

adsorption onto silica concentrated the sulfonic acids and initiated decomposition of 53, 

including loss of the ethynyl TMS group. This effect may have been less pronounced 

with TsOH, which in combination with being the weakest of the acids, gave a solid 

when concentrated (mp ~105.3 ˚C). The latter heterogeneous solution may have 

contributed to less degradation of 53 during adsorption onto silica in the presence of 

TsOH. 

 

Scheme 2.21. TsOH catalysed methanolysis of 50 selectively forms the deprotected 

uridine derivative 53. 

53 50 59 
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2.4.4 Nucleophilic Displacement of the 2ʹ-Triflate Group of 38 with Halides  

Nucleophilic displacements of sulfonate leaving groups in the 2ʹ position of 

ribofuranose derivatives are known to be difficult and are often accompanied by side 

reactions. This is due to unfavourable steric and dipole interactions in the transition 

state of the nucleophile and sugar complex.29 Reactions of 2ʹ mesylates and tosylates 

with nucleophiles rarely give the desired transformation and often lead to substrate 

decomposition, elimination, or no reaction at all. The problem of unfavourable dipolar 

interactions can to some extent be mitigated by the use of exceptionally strong electron 

withdrawing sulfonate leaving groups that lower the repulsion of adjacent dipoles 

towards the nucleophile (Figure 2.2). Triflates, in particular, are often utilised for this 

purpose inducing what is known as the Vicinal Triflate Effect.29,62 This Vicinal Triflate 

Effect also increases the acidity of the vicinal 1ʹ and 3ʹ protons, often undesirably 

increasing the likelihood of β-elimination reactions. Steric interactions surrounding the 

2ʹ position such as the pyrimidine base may also play a role in the success or failure of 

these reactions. 

 

Figure 2.2. Simplified transition state of 38 and mesylate analogue during nucleophilic 

substitution at the 2ʹ position (Nu = nucleophile). 

Given the 3-N-nitro-2ʹ-triflate 28 has been reported to undergo efficient nucleophilic 

substitution with Cl-, Br-, and I-, it was expected that 38 would behave similarly as 28 

and 38 differ only by a TMS protected ethynyl group in the 5- position of the 

pyrimidine ring. Nucleophilic displacement of the 2ʹ-triflate of 38 with 

tetrabutylammonium chloride (TBAC) and bromide (TBAB) proceeded readily at room 

temperature in quantitative yield in both toluene and CH2Cl2 separately as solvent 

(Scheme 2.22). Interestingly, displacement of the 2ʹ-triflate of 38 with 

tetrabutylammonium iodide (TBAI) to form 37 gave highly variable outcomes. The 

maximum yield of 37 was 60%, with yields as low as 16% obtained. Decomposition to 

multiple products (including the denitrated compound 60) occurred with longer reaction 

times, higher temperatures or increased equivalents of TBAI, (Scheme 2.23). 
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Scheme 2.22. Nucleophilic substitution of 38 with tetrabutylammonium halide salts.  

In an attempt to eliminate the variability in iodination of 38 we assessed alternative 

iodide sources (Bu4NI, LiI, NaI, and KI) and solvents (toluene, CH3CN, acetone, 

CH2Cl2, EtOAc, and THF). Only one combination, TBAI with acetone, provided any 

rate enhancement. No combinations prevented formation of I2 and denitration to give 37 

as evident by TLC. Consequently, we continued with TBAI in toluene and kept reaction 

times to a minimum to favour the production of 37 over 60. In acetone the reaction rate 

and by-product production were found to differ significantly with the different iodide 

counter ions; NaI and TBAI gave the best conversion to 37, LiI gave mainly 

decomposition products and reaction with KI was very slow. While the highest reaction 

rate occurred in acetone the highest yields were obtained in toluene using TBAI. The 

reaction rate enhancement with TBAI in acetone compared to other solvents was 

attributed to solvent stabilisation of the transition state. While the differences found 

with variation of the iodide counter ion were attributed to differences in selective 

solvation of the cation by acetone via ion-dipole interactions. Both the effects of 

stabilisation of transition state and selective solvation of counter ions are well known to 

influence SN2 displacements.63,64 However, none of the systems assessed prevented the 

formation I2, as evident by TLC. This was problematic as we hypothesised that I2 was 

produced as a by-product of reductive denitration of 37 and possibly of the triflate 38. 

While Vilarrasa had reported that the long exposure of N-nitro uridines to iodide ions 

leads to reductive denitration36 there was no report of this occurring during the 

nucleophilic substitution with iodide of the analogous triflate 28.27 However, it was 

plausible that the HI, a known nitro group reductant,65 would be produced in situ as a 

product of TfOH generated by the β-elimination side reaction of 38. Alternatively, a 

radical mechanism may be responsible for iodide mediated denitration. This was 

plausible as demonstrated by tin hydride reduction of a N-nitro uridine derivative which 

proceeds by a radical mechanism.37 In an attempt to address both these possibilities, 

tertiary amine functionalised resin (Amberlite IRA-67 free base resin) was added to 

38 Cl = 35  : quantitative  
Br = 36 : quantitative  
 I = 37 : 16 – 60% 
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quench any acid produced and in a separate experiment radical scavenger 2,6-di-tert-

butyl-4-methylphenol (BHT) was added to prevent radical denitration. Interestingly, the 

basic resin decreased the formation of visible I2 in the reaction mixture and to some 

extent it also decreased the amount of denitrated product detected; however, it also 

slowed the reaction rate and did not improve yield. Likewise, addition of BHT 

decreased the rate of denitration yet did not increase the yield of the reaction. Given the 

yields did not increase as a result of either intervention it is possible that the product 37 

was inherently unstable in the reaction mixture. Consequently, we continued with TBAI 

in toluene and kept reaction times to a minimum to favour the production of 37 over 

60. 

 

 

Scheme 2.23. Nucleophilic substitution of 38 with iodide salts. X = Bu4N
+, K+, Na+ or 

Li+
. 

 

2.4.5 Development of Synthetic Methodology for Reductive Denitration 

The limited application of the N-nitro protecting group strategy has resulted in ad hoc 

development of N-nitro deprotection strategies. There are no literature methods for 

general deprotection of the N-nitro group in the presence of sensitive functional groups 

and the methods that have been reported are incompatible with our system for reasons 

outlined in section 2.3. Furthermore, reported denitration methods can be unreliable as 

found with and catalytic hydrogenation36 or iodine mediated denitration37 as outlined in 

the previous section. The literature nitro reduction methods considered most feasible 

were metal/acid mediated reductions.39,40,41 These reduction methods were chosen 

because they operate under acidic conditions, as the N-nitro-uridines are particularly 

sensitive to basic conditions, and it is reported that the zinc/acid reductions are 

compatible with alkyne functionality.66 However, it was important to ensure that the 

strength of the acid used was appropriate as alkyne 50 was sensitive to HCl (section 

2.4.3) and may be sensitive to other mineral acids.  

38 37 60 
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Scheme 2.24. Generalised reductive denitration of 46 employing metal in acid. 

After considering the eligible reducing agents and other constraints, a model system 

decoupled from the alkyne functionality was next assayed to find optimal reducing 

conditions (Scheme 2.24). The reducing agents and conditions comprised combinations 

of metals (zinc or iron) with acids (acetic acid or formic acid) in CH3CN. Interestingly, 

Both Zn and Fe reduced 46 to 45 in the presence of either acetic acid and formic acid. 

The reaction rates between Zn and Fe varied considerably, the reactions with Zn 

typically went to completion within 5 min at 0 ˚C while the reaction with Fe was 

incomplete after more than 2 hours at rt. Next, the tolerance of the alkyne functionality 

towards the optimised Zn mediated reductive denitration was evaluated. The TMS-

protected alkyne derivative 50 was converted cleanly to 48 in quantitative yield. We 

sought to extend this methodology to the halogenated derivatives 35, 36, and 37. 

Although we proceeded cautiously as reductive elimination at higher temperatures is 

known to occur with these reagents, posing a potential competing reaction to nitro 

group reduction (Scheme 2.25).67,68  

 

 Scheme 2.25. Possible reaction pathways of 35 - 37 with Zn in acetic acid. 

46 45 

X = Cl  = 35 
 Br = 36 
 I = 37 
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We hypothesised that this risk could be mitigated by careful kinetic control of the 

reaction. This hypothesis was supported by comparison of the published literature on 

reductive elimination reaction conditions of 2ʹ-halo-nucleosides67 with that of the 

optimised reductive denitration conditions; reductive elimination operates at a higher 

temperature and is comparatively slower to reductive denitration. Fortunately, reductive 

denitration was found to be sufficiently competitive against side reactions with all three 

compounds affording the denitrated products in good to excellent yield (Scheme 2.26). 

The discrepancy between the yield of 61 and 62 was attributed to product loss during 

the physical manipulation of 61 on workup as both reactions were complete and clean 

as evidenced by TLC, continued reaction may have been possible during workup and 

loss due to this process could be expected. Some degradation occurred with the iodo 

compound 37, which worsened if reaction times were extended or the reaction 

temperature raised to room temperature. 

 

 

 

Scheme 2.26. Reductive denitration of 35, 36, and 37. 

2.4.6 Deprotection Strategies of the 2ʹ-Halo-ara-EdU Intermediates  

The final step in the synthesis of the target 2ʹ-halo-ara-EdU compounds was removal of 

the silyl protecting groups of 61, 62, and 60. To accomplish this, compounds of 61, 62, 

and 60 were treated with Et3N·(HF)3 in CH3CN to give the corresponding target fully 

deprotected 2ʹ-halo-ara-EdU derivatives 11, 12, and 13 in 92%, 46%, and 82% yields 

respectively (Scheme 2.27). Et3N·(HF)3 is a more basic fluoride source than Olah’s 

reagent and is able to remove the TMS group. 

 

Cl = 35 
Br = 36 
 I  = 37 

 

Cl = 61 : 62%  
Br = 62 : quant 
 I  = 60 : 50% 
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Scheme 2.27. Desilylation of 35, 36, and 37 to give target 2ʹ-halo-ara-EdU analogues 

11, 12, and 13. 

To further improve the overall synthetic methodology we investigated combining the 

two proceeding deprotection steps of desilylation and denitration, in a one-pot reaction 

(Scheme 2.28). The reagents for both deprotection steps are effective under acidic 

conditions, supporting the feasibility of a one-pot approach. Furthermore, the 

desilylated N-nitro intermediates 63, 64, and 65 were expected to be stable in solution 

similarly to the fully desilylated derivative, 3-N-nitro-5-ethynyl-uridine 59 (Section 

2.4.3, Scheme 2.18). Desilylation was carried out first using Et3N·(HF)3 in CH3CN to 

give the desilylated N-nitro intermediates 63, 64, and 65. The subsequent addition of 

excess Zn reduced the nitro group and quenched any remaining fluoride by formation of 

insoluble ZnF2. The final products 11, 12, and 13 were purified by solid addition silica 

gel flash chromatography without further workup and obtained in 50-95% yield in one-

pot reaction (Scheme 2.28). 

 

 

Scheme 2.28. One-pot desilylation and reductive denitration of 35, 36, and 37. 

 

To confirm the correct stereochemistry at the the 2ʹ position NOESY spectra were 

acquired for compounds 11, 12, and 13. The NOESY spectra of compound 11 is shown 

Cl  = 35  
Br  = 36  
 I  = 37  
 

Cl = 11  : 95% 
Br = 12  : 73% 
 I  = 13  : 50% 
 

Cl  = 63  
Br  = 64  
 I  = 65  
 

Cl = 11  : 92% 
Br = 12 : 46% 
 I  = 13  : 82% 

 

Cl = 61  
Br = 62  
 I  = 60  

 
Target compounds  
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in Figure 2.3 as a representative example. The correlations between H-2ʹ/H-4ʹ and 

between H-3ʹ/H-6 are consistent with the 2ʹS configuration. Furthermore, absence of a 

correlation between H-2ʹ/H-6 confirms the arabinosyl configuration (Figure 2.3). The 

presence of the terminal alkyne moiety was established by observation of characteristic 

large 1JCH coupling constant (ca. 255 Hz) in 13C NMR spectra. 

 

 

Figure 2.3. 1H NMR NOESY correlations found for compound 11.  
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2.5 Conclusion and Discussion 

 

The development of a robust synthetic route to the highly functionalised nucleoside 

target compounds (11, 12, and 13) required a multi-facetted and unconventional 

protecting group strategy together with numerous concessions to overcome synthetic 

hurdles. This synthesis required the development of a 3-N-nitro protecting group 

strategy to overcome 2,2ʹ-anhydro nucleoside formation and that was compatible with a 

C5-alkyne and late-stage 2ʹ nucleophilic displacement. The 3-N-nitro protecting group 

in combination with the 2ʹ-triflate leaving group are required to install a halogen at 2ʹ 

with inversion of configuration. This has not been established previously with a 

substituent at the 5-position of uridine or with a 2ʹ iodo group. To successfully utilise 

the 3-N-nitro protecting group strategy we developed new synthetic methodology for its 

installation and removal that was both rapid (minutes), Section 2.4.1 and Section 2.4.5, 

respectively and compatible with the multi-functionalised uridine scaffold. The final 

synthesis proceeds in 6 steps from the commercially available 41 to give arabinosyl 

EdU analogues in overall yields of 61%, 47%, 19% for 11, 12, and 13, respectively 

(Scheme 2.29). Yields are similar when employing the eight step synthesis from the 

natural product uridine (66,) as peracetylation and 5-iodination proceed with high 

efficiency to give 45 and 41, respectively. In synthesising 2ʹ-iodo-ara-EdU (13) we 

have established the first reported synthesis of previously inaccessible 5-substituted-2ʹ-

iodo-arabinosyl uridine derivatives. Furthermore, the synthesis of this compound 

highlights the utility of this synthetic strategy in the presence of sensitive functional 

groups. In summary, in the course of this synthesis we have developed several synthetic 

methodologies and protecting group strategies that we anticipate will be a welcome 

addition to a synthetic chemist’s repertoire when tackling functionalised nucleosides or 

other important nitrogen containing compounds 
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Scheme 2.29. Synthesis of 2ʹ-halo-ara-EdU 11, 12, 13 compounds from uridine and the 

commercially available 41. 
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Chapter Three: 

Synthesis of 5ʹ-CycloSal-2ʹ-halo-EdU Phosphotriester Derivatives  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter reviews the current methodology for the synthesis of cyclosaligenyl 

phosphotriesters of nucleosides and describes the development of new methodology for 

the synthesis of cyclosaligenyl phosphotriesters of 2ʹ-halo-EdU analogues from the 

unprotected nucleoside analogue precursors. 
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3.0 Introduction 

Incorporation of nucleoside based drugs and chemical probes into cellular DNA by 

DNA polymerases requires prior metabolic conversion to the corresponding nucleoside 

5ʹ-triphosphate. Phosphorylation by cellular kinases proceeds sequentially to form the 

5ʹ-monophosphate, the 5ʹ-diphosphate, and finally the 5ʹ-triphosphate. For drugs or 

chemical probes that are analogues of thymidine the first phosphorylation step involving 

thymidine kinase 1 (TK1) and thymidine kinase 2 (TK2) is often rate-limiting in the 

incorporation pathway,1,2 with rare exceptions.3 Furthermore, high substrate specificity 

of thymidine kinase can lead to unwanted metabolic blockade of thymidine analogues in 

the incorporation pathway.4 Simple by-bass of thymidine kinase by introducing 

nucleoside monophosphates (nucleotides) to cells is not possible as the negatively 

charged phosphate group renders nucleotides impermeable to the cell membrane. In 

response, a number prodrug of strategies have been developed to facilitate by-pass of 

thymidine kinases and permeate cell membranes.5 Thymidine kinase by-pass strategies 

often rely on phosphate protecting groups to mask the negative charge of the phosphate 

group thereby increasing cell membrane permeability.5 These prodrug strategies can be 

broadly classified into two categories: chemically mediated demasking and enzyme 

mediated demasking. The protecting groups that undergo enzyme mediated deprotection 

can be categorised according to the enzyme responsible for deprotection that ultimately 

releases the free monophosphate. These include: esterase mediated;6 esterase/amidase 

mediated;7 cytochrome P450 mediated;8,9 and reductase mediated.5,10,11 The chemically 

mediated demasking mechanism has the most desirable characteristics when 

considering an in vitro cell culture system. As a purely spontaneous chemical process it 

provides consistent delivery of the nucleoside monophosphate independent of in vivo 

expression of enzymes, which may vary between cell types or culture conditions. 

Despite these useful attributes, only one pure chemically mediated phosphoester 

prodrug strategy has been established in nucleosides, the cycloSal phosphotriester. An 

alternative phosphoester prodrug strategy that utilises chemically mediated process in 

the initial deprotection step is the cyclic-disulfide prodrug strategy. This system has 

only been incorporated into 3ʹ,5ʹ-cyclic nucleotides which require additional 

intervention by cellular phosphodiesterase enzymes.12 
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3.1 CycloSal Nucleoside Phosphotriesters - Background 

The cycloSal phosphotriester prodrug strategy was first reported by Chris Meier in 

199613 and is one of the most extensively studied monophosphate prodrug systems.5,14,15 

CycloSal nucleoside phosphotriesters comprise of a central phosphorous atom bound to 

diols of ortho-hydroxy-benzyl alcohols (saligenyl alcohols or saligenols) and the 

hydroxyl of the nucleoside (67) forming the desired masked monophosphate 68 

(Scheme 3.1). Isotopic labelling experiments have been used to study the mechanism of 

cycloSal hydrolysis. Under basic conditions (i.e. the cytosol, pH  7.2) a spontaneous 

hydrolysis mechanism proceeds to release the free nucleoside monophosphate 

(nucleotide). The first step is hydrolysis of the phenoxy-phosphorus bond through 

nucleophilic attack of hydroxide at phosphorus to give 69 (step A, Scheme 3.1). Next, 

spontaneous cleavage of the benzyl carbon-oxygen bond occurs to yield the free 

nucleoside monophosphate 70. Also released is the 2-quinone methide 71 or benzyl 

carbocation 72 (step B). This benzyl carbocation is immediately quenched by hydroxide 

or water to give the saligenyl alcohol 73 (step C, Scheme 3.1).16 The hydrolytic 

stability of the cycloSal masking group at physiological pH can be modulated by 

varying either the electron withdrawing or donating substituents in the 3 or 5 position of 

the saligenyl alcohol, or by steric hindrance at the 3 position on the saligenyl alcohol.13 

Subsequent choice allows for variation of an order of magnitude in half-live. For 

example, hydrolysis half-lives of cycloSal derivatives of the antiviral nucleoside 2ʹ,3ʹ-

dideoxy-2ʹ,3ʹ-didehydrothymidine (d4T) to corresponding the monophosphate (d4TMP) 

spans from 0.15 h to 16.1 h at physiological pH (7.3).16 

 

Scheme 3.1. Basic hydrolysis mechanism of cycloSal nucleoside phosphotriesters 68 to 

yield a nucleoside monophosphate 70. Nu = nucleoside. X = electron withdrawing or 

donating substituent. 

68 69 

70 71 72 73 
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3.2 CycloSal Nucleoside Phosphotriesters – Synthetic strategies 

 

The synthesis of cycloSal nucleoside phosphotriesters, as with most other nucleoside 

phosphoesters,5 may be categorised according the oxidation state of the phosphorus 

reagents used to assemble the phosphoesters, namely P(III) (Scheme 3.2) or P(V) 

chemistry (Scheme 3.3).14,15 

 

Scheme 3.2. General synthesis of cycloSal nucleoside phosphotriesters 74 via P(III) 

chemistry employing phosphoramidites 75 or chlorophosphites 76.  

 

67 

74 

75 76 

R =   
= 3ʹ-N3 
= 3ʹ-OLev 

 = 3ʹ-F 
 = 2ʹ-F 
 = 3ʹ-OH 
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Scheme 3.3. General synthesis of cycloSal nucleoside phosphotriesters 74 via P(V) 

chemistry employing phosphorochloridates 77, phophoramidates 78 or 

phosphorodichloridates 79. 

 

3.2.0 Synthesis of CycloSal Nucleoside Phosphotriesters by P(III) Chemistry 

The P(III) chemistry has featured most prevalently in publications by Meier and co-

workers in the synthesis of cycloSal nucleoside phosphotriesters.14 The vast majority of 

this has been accomplished with cyclosaligenyl chlorophosphites 76 as phosphitylating 

reagent. These reagents are coupled to the nucleoside analogues in the presence of the 

sterically hindered base N,N-diisopropyl-N-ethyl-amine (DIPEA)(Scheme 

3.4).13,14,16,17,18,19,20 The alternative methodology employing P(III) chemistry proceeds 

through the use of cyclosaligenyl phosphoramidites 75 as phosphitylating reagent. 

These are coupled with nucleoside substrates in the presence of a weak acid activator 

(Scheme 3.4).14,15,21,22 The phosphoramidites methodology was developed for 

nucleosides featuring exocyclic amine groups, such as cytidine and adenosine 

derivatives. As reactions of these with the cyclosaligenyl chlorophosphites 76 suffer 

from undesired competing N,O cycloSal phosphitylation.21 As a drawback the synthesis 

77 78 79 
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of cyclosaligenyl phosphoramidites 75 requires additional steps, proceeding by reaction 

of cyclosaligenyl chlorophosphites 76 with N,N-diisopropylamine (Scheme 3.4).21,22,23 

 

 

Scheme 3.4. Synthesis of cycloSal nucleoside phosphotriesters 74 by P(III) chemistry 

employing chlorophosphites 76 (Path A)13,14,16,17,18,19,20 or phosphoramidites21,22,23 75 

(Path B) synthesised from saligenyl alcohol 73. 
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3.2.1 Synthesis of CycloSal Nucleoside Phosphotriesters by P(V) Chemistry 

 

 

Scheme 3.5. Synthesis of cycloSal nucleoside phosphotriesters 74 and 80 from 67 and 

80, respectively, by P(V) chemistry employing (a) phosphorodichloridates 79 or (b) 

phosphorochloridates 77.16,24,25 X = H, 3-methyl. 

The P(V) chemistry is considered to be much less reactive than P(III) chemistry.5,26 

Synthesis of cycloSal nucleoside phosphotriesters using four different P(V) chemistry 

methods has been reported, two using phosphorochloridates (77 and 79) (Scheme 3.5) 

and two using phosphoramidates (78 and 82) (Scheme 3.6). Synthesis of cycloSal 

nucleoside phosphotriesters employing phosphorochloridates is possible by two 

methods. They may be formed by firstly synthesising a nucleoside 

phosphorodichloridate 79 followed by condensation with saligenyl alcohol 73 in the 

presence of an organic base (Scheme 3.5, a).16 Alternatively, they may be synthesised 

by condensing a cyclosaligenyl phosphorochloridate 77 with the nucleoside substrate in 

the presence of an organic base (Scheme 3.5, b).5,24 Stereoselective syntheses of 

cycloSal nucleoside phosphotriesters have been reported employing P(V) chemistry. 

These syntheses employ enantiopure cyclosaligenyl phosphoramidate derivatives 82 or 

78 as reagent which are reacted with the nucleoside substrate 67 under either basic 

activation of the nucleoside hydroxyl or Lewis acid activation of the phosphoramidate, 

respectively (Scheme 3.6).27,28,29 The phosphoramidates 78 were developed in response 

to phosphoramidates 82 failing to give stereospecific reactions with the 3-substituted 

cycloSal derivatives.27  
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Scheme 3.6. Stereoselective synthesis of cycloSal nucleoside phosphotriesters 74 via 

P(V) chemistry employing phosphoramidates 78 and 82 synthesised from saligenyl 

alcohol 73 or cyclosaligenyl phosphorochloridate 77.27,28,29 
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3.3 Considerations for Design of the Synthetic Routes to CycloSal 

EdU Phosphotriester Derivatives. 

 

An aim of this project was to develop a synthesis to produce a panel of cycloSal 

nucleoside phosphotriesters from unprotected 2ʹ-halo-EdU derivatives (Chapter two). 

Furthermore, we wanted a synthetic methodology that was both modular and step 

efficient, requiring no deprotection steps. The chemistry needed to be both robust and 

mild as we wanted to apply it combinatorially to a panel of bespoke nucleoside 

analogues and saligenyl alcohols. In pursuit of these aims we considered a number of 

attributes of the published syntheses, namely: stability of reagents, regioselectively, and 

compatibility with alkyne and halogen functional groups. 

 

3.3.0 CycloSaligenyl Reagent Reactivity and Stability 

 

 

Figure 3.0. Example structures of cyclosaligenyl reagent classes indicating reactivity 

and stability trends. 

Comparing published syntheses of cycloSal nucleoside phosphotriesters it was apparent 

that the P(V) cycloSal reagents are more stable and simpler to prepare than the 

corresponding P(III) reagents.5,13,14,16,17,18,19,20,24 This was expected as the P(V) reagents 

are broadly known to have lower reactivity.5 The increased stability of P(V) reagents is 

evidenced by the P(V) cyclosaligenyl phosphorochloridates 77 being sufficiently stable 

to be purified by silica gel flash chromatography.27 In comparison, the corresponding 

P(III) cyclosaligenyl chlorophosphites 76 spontaneously decompose even after 

purification by high vacuum Kugelrohr distillation.22 Consequently, P(III) 

78 76 75 77 
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cyclosaligenyl chlorophosphites are often prepared immediately before use without 

purification. The replacement of chloro leaving group with amine leaving groups at the 

phosphorus centre in both the cyclosaligenyl chlorophosphites and cyclosaligenyl 

phosphorochloridates imparts greater stability on the resultant cyclosaligenyl 

phosphoramidites and cyclosaligenyl phosphoramidates, respectively (Figure 3.0). This 

increased stability of the cyclosaligenyl phosphoramidates greatly reduces the reactivity 

compared to parent cyclosaligenyl phosphorochloridates. As a result, longer reaction 

times (4-7 days) or the use of strong bases (e.g. t-BuMgCl) are required during the 

coupling reactions with nucleosides (Scheme 3.6).27,28,29 The stability of the cycloSal 

phosphoramidites is not without complication too. Due the amphiphilic nature of P(III) 

the stability of cycloSal phosphoramidites have a dependency on the aromatic ring 

substituents. Strong electron-withdrawing group (EWGs) substituents such as the nitro 

or acetoxy groups in the 5-position (75) greatly increase the rate of the spontaneous 

intramolecular Michaelis-Arbuzov rearrangement to yield the thermodynamically more 

stable phosphonate 83 (Scheme 3.7).23 The 5-chloro group is the most electron-

withdrawing substituent found in isolable cycloSal phosphoramidites.23 This 5-chloro-

cyclosaligenyl phosphoramidite is reported to be stable for several months at -20 ˚C.23 

 

Scheme 3.7. Spontaneous intramolecular Michaelis-Arbuzov rearrangement of 5-

substituted cyclosaligenyl phosphoramidites 75 to the thermodynamically more stable 

phosphonate 83.23 X = 5-NO2, 5-AcO2-. 

 

3.3.1 Regioselectivity of Cyclosaligenyl Phosphorus Chemistry 

Correlating with the decrease of reactivity of cyclosaligenyl P(V) chemistry is an 

improvement regioselectivity over the P(III) chemistry. For example, syntheses 

employing phosphorochloridates and phosphorodichloridates have reported high levels 

of regioselectivity for phosphorylation of the 5ʹ hydroxyl in the presence of an 

unprotected 3ʹ hydroxyl group (Scheme 3.5).16,24,25 Nonetheless, regioselectivity for the 

5ʹ-mono substituted cycloSal phosphotriester 84 over the 3ʹ,5ʹ-disubstituted product 85 

(3:1) has been demonstrated with P(III) chemistry employing cyclosaligenyl 
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chlorophosphites as reagent with 5-fluro-2ʹ-deoxy-uridine (86) as substrate (Scheme 

3.8).30 In contrast to this reported selectivity, Baranowska-Kortylewicz and colleagues 

reported low regioselectivity for the 5ʹ-mono substituted cycloSal phosphotriester 87 

over the 3ʹ-regioisomer 88 under similar conditions employing 5-iodo-2ʹ-deoxy-uridine 

(IdU) (89) as substrate (Scheme 3.8).22 No exploration of regioselectivity has been 

published employing the cyclosaligenyl phosphoramidate or cyclosaligenyl 

phosphoramidite reagents. 

 

Scheme 3.8. Regioselectivity of literature phosphitylations employing cyclosaligenyl 

chlorophosphite 76 with unprotected nucleosides analogues as substrates (a) Literature 

phosphitylation employing IdU (89) as substrate and DMF as solvent.22 (b) Literature 

phosphitylation employing 5-fluoro-2ʹ-deoxyuridine (FUrd) as substrate and CH3CN as 

solvent.30 X = H 

 

3.3.2 Functional Group Compatibility of Cyclosaligenyl Phosphorous Chemistry 

Functional group compatibility of cyclosaligenyl phosphorus chemistry is not well 

explored. A large portion of this chemistry is applied to 2ʹ,3ʹ-dideoxy-nucleoside 

analogues.16,17,19,29,31,32 Where this chemistry has been applied to nucleosides with 

sensitive functional groups such as 5-iodo-2ʹ-deoxy-uridine,33 3ʹ-azido-3ʹ-deoxy-
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thymidine,27,34 or 5-bromovinyl-2ʹ-deoxy-uridine,18 there have been no reports of side 

reactions. Common to these three examples was the application of P(III) chemistry 

employing the chlorophosphite method. In addition to this methodology, the 

phosphoramidite method was applied to 5-iodo-2ʹ-deoxy-uridine33 and the 

phosphoramidate method (employing Lewis acid activation) method was applied to 3ʹ-

azido-3ʹ-deoxy-thymidine.27,34 

 

3.3.3 Application of Cyclosaligenyl Phosphorus Chemistry to 2ʹ-Halo-EdU 

Analogues 

Our group has published the only reported synthesis of cycloSal EdU phosphotriester 

90. This was accomplished through P(III) chemistry employing EdU (4) as substrate in 

reaction with cyclosaligenyl chlorophosphite 76 (Scheme 3.9).35 This procedure was 

however cumbersome due to the short shelf life of the unstable cyclosaligenyl 

chlorophosphite 76 (X = H). The instability of cyclosaligenyl chlorophosphite 76 (X = 

H) and its analogues creates significant time constraints, difficulty in reagent quality 

control, and poses significant risks of substrate loss during both preparation of 

chlorophosphite and also the reaction with the nucleoside analogue substrate. 

 

 

Scheme 3.9. Literature synthesis of cycloSal EdU monophosphate 90 employing 

cyclosaligenyl chlorophosphite 76 and EdU (4) as substrate in the presence N,N-

diisopropyl-N-ethyl-amine (DIPEA) with DMF/CH3CN as solvent.35 X = H 

To design a new synthesis for cycloSal 2ʹ-halo-EdU analogues we needed to consider 

functional group compatibility of the 2ʹ-halo-EdU substrates with the known 

regioselective cyclosaligenyl phosphorus chemistry. Methods employing P(V) 

chemistry were most attractive due to the high regioselectivities of the reactions and 

stability of reagents (Scheme 3.5). A potential concern employing phosphorochloridate 

76 
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and phosphorodichloridate reagents and intermediates was the possibility of 

electrophilic addition of HCl to the alkyne moiety of EdU (4).36 This side reaction had 

been identified during the phosphorylation of EdU (4) with phosphorus oxychloride 

(POCl3).
36 It was suggested by Kovac and Otvos that this electrophilic addition was a 

result of the HCl generated in situ not being completely neutralised by the weak organic 

bases used in these procedures.36 They subsequently reported substitution of the weaker 

amine bases with highly basic bis(1,8-dimethylamino)naphthalene (Proton-sponge™) 

prevented electrophilic addition of HCl to EdU (4) permitting the in situ generation of 

EdU-phosphorodichloridate (91) (Scheme 3.13 A).36 This reaction employing Proton-

sponge™ had a greatly increased reaction rate (2 h cf. >12 h) reducing the exposure of 

EdU (4) to HCl amine salts. Thus the factor responsible for HCl addition to the alkyne 

of EdU (4) is inconclusive as the pKa of the base used to neutralise the HCl, or POCl3, 

or the long exposure (>12 h) of EdU (4) to HCl amine salts may all contribute. We 

propose this side reaction is likely a result of the extended exposure to HCl amine salts 

as we had shown previously that EdU (4) is compatible with N,N,-diisopropyl-N-ethyl-

amine hydrochloride (DIPEA·HCl).35 Considering this, it is then likely that the cycloSal 

phosphotriester synthesis employing phosphorochloridate 77 in pyridine, which 

produces HCl amine salts, would be compatible with the alkyne of EdU analogues. 

Particularly as this procedure operates at a low temperature (-40 ˚C) and short duration 

(2.5 h) (Scheme 3.5). Additional complications that needed consideration in adapting 

the Proton-sponge™ methodology to the synthesis of cyclosaligenyl phosphoesters was 

potential degradation of the base labile cyclosaligenyl phosphoesters moiety resulting 

from the high basicity of Proton-sponge™. Furthermore, the poor solubility of EdU (4) 

in the reported solvent (THF) used in the phosphorylating procedure employing 

phosphorodichloridate 79 intermediates was also a potential issue (Scheme 3.5).  

In principle the synthesis of cycloSal 2ʹ-halo-EdU phosphotriester analogues could be 

approached through either phosphoramidite or phosphoramidate methods. Before 

attempting this several potential problems needed to be considered. There were 

concerns regarding the solubility of EdU (4) in the solvents of the reported procedures, 

a lack of demonstrated regioselectivity, and potential functional group incompatibilities. 

From a solubility standpoint the chemistry employing cyclosaligenyl phosphoramidates 

utilises solvents, CH3CN or THF, which we have found the 2ʹ-halo-EdU analogues have 

low solubility. When considering chemistry employing cyclosaligenyl 

phosphoramidites, CH3CN was most often used as solvent and attempts with a more 
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polar solvent system (DMF/THF) resulted in lower yield (cf. 11%).21 From a functional 

group compatibility standpoint, reagents utilised in cyclosaligenyl phosphoramidate 

chemistry were potentially incompatible with the 2ʹ-halo-EdU analogues. For example, 

t-BuMgCl used to activate nucleosides by deprotonation of the 5ʹ-hydroxyl in coupling 

with phosphoramidate 82 would undergo undesirable side reactions with both the 

alkyne37,38 and halogen39 functional groups. Alternatively, use of Cu(OTf)2/Et3N to 

activate phosphoramidate 78 in coupling with nucleosides would induce the alkyne to 

undergo a intramolecular cyclisation reaction.40,41 The phosphoramidite methodology 

presented a potential functional group incompatibility for the same reasons outlined for 

phosphorochloridate and phosphorodichloridate methods. This is as a consequence of 

pyridinium hydrochloride used to activate the phosphoramidite 75 (Scheme 3.4). The 

pyridinium hydrochloride could potentially be substituted with other acid activators 

such as imidazolium triflate.21 

In consideration of regioselectivity, possible side reactions, and functional group 

compatibility we qualitatively ranked the likelihood success of the CycloSal phosphorus 

chemistry methodologies with our substrates. We hypothesised that cycloSal 

phosphorochloridates 77 in pyridine would give the highest likelihood success. While, 

the phosphorodichloridate and phosphoramidite methodologies were ranked equally 

likely for success. The phosphoramidate methodologies were considered to have a 

lowest chance of success. 
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3.4  Attempted Synthesis of CycloSal EdU Phosphotriester Analogues 

Employing P(V) Chemistry 

 

3.4.0 Phosphorylation of 5-Iodo-2ʹ-deoxyuridine (89) Employing 

Phosphorochloridate Methodology as a Model System 

Before attempting a synthesis of the CycloSal EdU phosphotriester analogues 

employing precious 2ʹ-halo-EdU analogues as substrate, it was deemed prudent to use a 

model system that contained similar structural features. IdU (89) having both 3ʹ and 5ʹ 

hydroxyl functionality would likely display similar reactivity to EdU analogues in terms 

of regioselectivity. Additionally, IdU (89) and its derivatives are easily detectable by 

TLC giving a characteristic blue colouration upon reaction with vanillin stain thus 

facilitating detection of starting material, desired products, and side products. 

 

Scheme 3.10. Synthesis of cyclosaligenyl phosphorochloridate 92 from saligenyl 

alcohol (93) employing phosphorus oxychloride (POCl3), triethylamine (Et3N) in 

diethyl ether (Et2O) as solvent. 

Cyclosaligenyl phosphorochloridate 92 was synthesised according to modified literature 

procedures employing saligenyl alcohol 93, POCl3, Et3N in diethyl ether (Et2O) as 

solvent (Scheme 3.10). The crude product was purified by silica gel flash 

chromatography to afford pure 92 as determined by 31P NMR and 1H NMR. The 

literature phosphorylation method employing cyclosaligenyl phosphorochloridates was 

then applied using IdU (89) and Cyclosaligenyl phosphorochloridate 92 as substrates. 

In contrast to the findings of Meier employing carbocyclic nucleoside substrates, we did 

not observe any phosphorylation of IdU (89) under these conditions even with extended 

reaction duration and increased temperatures (rt, 24 h, Scheme 3.11). 

92 93 
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Scheme 3.11. Attempted synthesis of cycloSal 5-iodo-2ʹ-deoxyuridine monophosphate 

employing cyclosaligenyl phosphorochloridate 92 in pyridine as solvent under literature 

conditions. 

This lack of reactivity of IdU (89) with phosphorochloridate 92 is not completely 

unexpected as it is well known that the successful outcome of phosphorylations with 

phosphorochloridates are often substrate dependent.5 In particular, Meier reported 

substrate dependent outcomes of phosphorylations when employing 

phosphorochloridate 92 in pyridine with variable substrates.24 We hypothesised that the 

nucleophilicity of the 5ʹ-hydroxyl group of IdU (89) differed from the literature 

substrate. This was attributed to electronic and conformational differences resulting 

from substitution of the carbocyclic ring for a furanosyl ring. We proposed that 

increasing the electrophilicity of phosphorochloridate 92 may improve the likelihood of 

successful phosphorylation of IdU (89). To increase the electrophilicity of 

phosphorochloridate 92 we proposed employing a N-methyl-imidazole (NMI) as a 

nucleophilic catalyst in place of pyridine as these have been shown, by Vink and 

colleagues42 and demonstrated in multiple examples,5,43,44,45 to confer increased 

reactivity to other phosphorochloridates. We found that when NMI was employed as a 

nucleophilic catalyst in the reaction of phosphorochloridate 92 with IdU (89) and 

pyridine as solvent, several less polar products were detected by TLC (Scheme 3.12). 

LC-MS analysis of the reaction mixture indicated that the major product had a m/z 

consistent with the desired product 87. Despite this, incomplete phosphorylation was 

observed with large quantities of IdU (89) detected in the reaction mixture by TLC. 

Upon reaction for a further duration (c.a. 2 h) all the products had degraded, with only 

IdU (89) detected by TLC. Upon repeating the reaction of IdU (89) and 

phosphorochloridate 92 in the presence of NMI and expediting purification, no product 

was recovered. Two purification methods were attempted in separate experiments, 

employing either direct purification by silica gel flash chromatography or aqueous 

workup, without success. 

92 
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Scheme 3.12. Attempted synthesis of cycloSal 5-iodo-2ʹ-deoxyuridine monophosphate 

employing cyclosaligenyl phosphorochloridate 92 and N-methyl-imidazole or imidazole 

as a nucleophilic catalyst. 

We hypothesised the slightly basic nature of NMI led to the decomposition of the 

cycloSal phosphoesters. In an attempt to remedy this problem we proposed substituting 

NMI with less basic imidazole (Scheme 3.12). This too produced some product with 

short reaction times (c.a. 10 min), as determined by TLC. However, as with NMI 

catalysed phosphorylations with phosphorochloridate 92, spontaneous decomposition of 

the product was observed and no product was isolated. 

Further development of cyclosaligenyl phosphorochloridate method was discontinued 

on the basis of unreliability. This was concluded on the basis of incomplete conversion 

of starting material, the spontaneous decomposition of the product in the presence of the 

nucleophilic catalysts, and the high degree of substrate dependence for successful 

coupling with phosphorochloridate 92. 

 

3.4.1 Phosphorylation of 5-Iodo-2ʹ-deoxyuridine (89) Employing 

Phosphorodichloridate Methodology as a Model System 

We next focused on cycloSal phosphotriester synthesis through P(V) 

phosphorodichloridate methodology as it is reported to have high regioselectivity for the 

5ʹ position in the synthesis of 5-fluoro-2ʹ-deoxyuridine cyclosaligenyl monophosphate 

84 (Scheme 3.13 B)25. This decision was further justified on the basis of an established 

literature procedure of the synthesise of EdU phosphorodichloridate 91, wherein it is 

used as an intermediate during the synthesis of EdU triphosphate (94) (Scheme 3.13 

A).36 It seemed logical to combine the synthesis of EdU triphosphate 94 and the 

92 
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synthesis of cycloSal phosphotriester 84 in which each proceed by 

phosphorodichloridate precursors 91 and 95, respectively. As in the previous section 

we decided to establish this first with a model system employing IdU (89) as substrate 

(Scheme 3.14). 

 

Scheme 3.13. (a) Literature synthesis of EdU triphosphate (94) from EdU (4) 

employing phosphorus oxychloride (POCl3) and bis(1,8-dimethylamino)naphthalene 

(Proton-sponge™), pyrophosphate (PPi) in triethyl phosphate ((EtO)3PO) as sovlent.36 

(b) Literature synthesis of 5-fluoro2ʹ-deoxy-uridine cycloSal monophosphate (84) from 

5-fluoro-2ʹ-deoxyuridine (FUrd) employing phosphorus oxychloride (POCl3), N,N-

diisopropyl-N-ethyl-amine (DIPEA), and saligenyl alcohols (73) in THF as solvent. X = 

5-Cl, H, 5-OMe, 3-OMe, 5-Me, 3-Me, or 3,5-Me. 25 

 

In combining these two literature methodologies of Scheme 3.13 (a and b) it was 

unclear if the Proton-sponge™, used to prevent electrophilic addition of HCl to the 

alkyne of EdU analogues during the formation EdU-5ʹ-phosphorodichloridate analogues 

(Scheme 3.13, A),36 was compatible with the synthesis of cycloSal phosphotriesters 

(Scheme 3.13, B). Additionally, it was unclear if the Proton-sponge™ as base was 

capable of catalysing the nucleophilic addition of saligenyl alcohol 93 to the 

phosphorodichloridate intermediate 96 (Scheme 3.14). 

94 91 

95 84 
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Scheme 3.14. Attempted synthesis of IdU cycloSal monophosphate employing 

phosphorus oxychloride (POCl3) and bis(1,8-dimethylamino)naphthalene (Proton-

sponge™) and saligenyl alcohol 93 in triethyl phosphate ((EtO)3PO) or THF as solvent 

to yield the free phosphate 97 not the desired cycloSal phosphotriester 87 product as 

determined by LC-MS. 

In an attempt to elucidate the compatibility of combining both syntheses we carried out 

experiments combining different aspects of each procedure employing IdU (89) as 

substrate (Scheme 3.14). We performed the synthesis using either (EtO)3PO or THF as 

solvent as with Scheme 3.13 (a and b), respectively. Additionally, we performed the 

reaction either with only Proton-sponge™ as the base (Scheme 3.13, a) or with DIPEA 

in the second step (Scheme 3.13, a). In all cases we did not detect the formation 

cycloSal IdU phosphotriester 87, with only starting material IdU (89), and IdU 

monophosphate (97) were detected by LC-MS. The formation of IdU monophosphate 

(97) was likely due to hydrolysis of the phosphorodichloridate 96 either in situ or in the 

LC-MS mobile phase (MeOH/H2O) during analysis, or due to hydrolysis of the cycloSal 

phosphotriester 87 by the excess saligenyl alcohol 93 in the presence of the strong base 

Proton-sponge™. 

Since we were unable to find viable conditions for the synthesis of cycloSal IdU 

phosphotriester 87 employing P(V) chemistry we considered it to be unlikely that we 

would encounter improved outcomes when employing EdU analogues as substrate. This 

led us to discontinue exploration of cyclosaligenyl P(V) chemistry for the synthesis of 

the cyclosaligenyl EdU . 
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3.5 Synthesis of CycloSal EdU Phosphotriester Analogues Employing 

P(III) Chemistry 

In search of phosphorus chemistry that would provide reliable reactivity independent of 

substrate, like that is found with cyclosaligenyl chlorophosphites, yet was stable enough 

for purification and long term storage, we considered employing cyclosaligenyl 

phosphoramidite reagents. However, poor solubility of EdU substrates in the reported 

reaction solvent, a lack of regioselectivity, and cross reactivity of the alkyne group with 

the acid activators were considered potential problems when applying this methodology 

(Section 3.3.3). Cyclosaligenyl phosphoramidate chemistry has only been applied to 

monohydroxylated substrates and most commonly with CH3CN as solvent. When the 

alternative solvent system THF/DMF was employed the reported yield of the nucleoside 

cycloSal phosphotriester was very low (cf. 11%).21 Consequently, we needed to 

establish whether these reagents can be successfully employed in solvents other than 

CH3CN and THF/DMF, and whether this chemistry could be controlled to provide 

regioselective 5ʹ-phosphorylation over the 3ʹ regioisomer. 

 

3.5.0 Synthesis of CycloSal Phosphoramidites 

The reported synthesis of cyclosaligenyl phosphoramidites 75 by Meier proceeds by 

reaction of cyclosaligenyl chlorophosphites 76 with N,N-diisopropylamine (DIPA) (98) 

(Scheme 3.15).20,21,23 It was not stated by Meier whether crude or purified 

cyclosaligenyl chlorophosphites 76 were employed in the synthesis of cyclosaligenyl 

phosphoramidites (75, X = 3-Me or 5-Cl).21,23 Regardless, other literature syntheses of 

cyclosaligenyl phosphoramidites (75, X = H, 6-F, 3,5-t-Bu) have been performed using 

crude cyclosaligenyl chlorophosphites 76, but these were used immediately without 

purification.20,22 In all reported syntheses the cyclosaligenyl chlorophosphites 76 

intermediate is isolated from the triethylamine hydrochloride salt by-product. After 

which, it is then reacted with DIPA (98) in a separate vessel. Moreover, only 

cyclosaligenyl phosphoramidite (75, X = 5-Cl) has reportedly been purified. 
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Scheme 3.15. Literature synthesis of cyclosaligenyl phosphoramidites 75 from 

saligenyl alcohol 73, PCl3 and N,N-diisopropylamine (DIPA). X = 6-F, 3,5-t-Bu, 3-Me 

or 5-Cl.21,22,23 

We hypothesised that this procedure may be unnecessarily complicated by physical 

manipulations required to conduct two transformations in separate vessels. With no 

obvious reagent compatibility issues we proposed performing the two step reaction 

sequence in a single vessel in a one-pot procedure (Scheme 3.15). Thus we would form 

the cyclosaligenyl chlorophosphites 76 intermediate then subsequently quench it with 

DIPA (98) without intervening isolation steps (Scheme 3.15). To test this hypothesis 

we first investigated the simplest system employing unsubstituted saligenyl alcohol 93 

as substrate (Scheme 3.16). Upon filtration of the triethylamine and the DIPA 

hydrochloride salts, then concentration of the filtrate, the crude product 99 was afforded 

in 81% yield with a purity of approximately 80% as determined by 1H NMR and 31P 

NMR.  

 

Scheme 3.16. One-pot synthesis of cyclosaligenyl phosphoramidite 99 employing 

saligenyl alcohol 73, PCl3 and DIPA (98) through in situ formation of cyclosaligenyl 

chlorophosphites 100 or dichlorophosphoramidite 101. 

Next we investigated as to whether cyclosaligenyl phosphoramidite 99 could be 

synthesised without forming the cyclosaligenyl chlorophosphite 100 but rather by first 

forming dichlorophosphoramidite 101 in situ. The yields of cyclosaligenyl 

phosphoramidite 99 were slightly lower (62%) through the methodology employing the 
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dichlorophosphoramidite 101. Nonetheless, it was apparent that the one-pot procedure 

was robust and physically less complicated than the reported synthesis of cyclosaligenyl 

phosphoramidite 99.20  

Purification of the cyclosaligenyl phosphoramidite 99 was necessary to ensure reagent 

quality and reactivity. The long term stability of cycloSal phosphoramidites is 

dependent on purity, since residual amine salts catalyse the Michaelis-Arbuzov 

rearrangement rearrangement.23 We unsuccessfully attempted to purify cyclosaligenyl 

phosphoramidite 99 employing the literature methodology developed by Meier for the 

purification 5-chloro-cyclosaligenyl phosphoramidite 102 (X = 5-Cl). In this method 

the phosphoramidite substrate is eluted through silica gel plug using hexane and DIPA 

(98) (9:1 v/v) as solvent.23 Unfortunately, we did not recover any product using Meier’s 

purification methodology. Meier’s purification methodology operates under basic 

conditions, employing DIPA (98) as elution co-solvent, to accommodate the acid 

sensitivity of cyclosaligenyl phosphoramidites. We proposed substituting basic alumina 

for both silica gel and DIPA (98) during chromatography of cyclosaligenyl 

phosphoramidite 99. We found that cyclosaligenyl phosphoramidite 99 was moderately 

stable to basic alumina chromatography and using this procedure we isolated 

analytically pure (> 98%) material in 65% yield. Employing this methodology we 

further synthesised three additional cyclosaligenyl phosphoramidites 103, 104, and, 

102 from saligenyl alcohols 105, 106, and 107 (Scheme 3.17). In accordance with 

findings by Meier we were unable to synthesise the 5-nitro-cyclosaligenyl 

phosphoramidite 75 (X = 5-NO2) employing the 5-nitro-saligenyl alcohol under the 

conditions described in Scheme 3.16.  

 

 

Scheme 3.17. One-pot synthesis of cyclosaligenyl phosphoramidites 103, 104, and, 

102 employing saligenyl alcohols 105, 106, and 107, PCl3 and DIPA (98) through in 

situ formation of cyclosaligenyl chlorophosphites. 

 

105  =X = 3-Me 
106 =X = 3-OMe 
107 =X = 5-Cl 
 

103 =X = 3-Me : 31% 
104 =X = 3-OMe : 54% 
102 =X = 5-Cl : 65% 
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3.5.1 Phosphorylation of 5-Iodo-2ʹ-deoxyuridine (89) Employing 

Phosphoramidite Methodology as a Model System 

As with the P (V) chemistry (Section 3.4) we decided to prove this first on a model 

system employing IdU (89) as substrate. As a disadvantage, this system would not 

account for the alkyne group sensitivity to acids. This was considered to be an 

acceptable risk since alternative phosphoramidite activators with a range of acidities 

were available.  

Solvent selection was considered to be a critical parameter not only for successful 

coupling of the phosphoramidite to the nucleoside but also for the regioselectivity of the 

reaction. This is because the expected high reactivity of the P(III) chemistry would 

kinetically out compete the rate of dissolution of substrate. As a result, any kinetic of 

discrimination of the 3ʹ and 5ʹ hydroxyls imparted by the steric hindrance would be lost 

and bisphosphitylation of the 5ʹ and 3ʹ hydroxyl groups would occur. The two most 

effective common solvents for unprotected pyrimidine nucleosides are DMF and 

pyridine. Pyridine has a number of advantages over DMF for use as solvent for the 

reaction unprotected nucleoside analogues with cyclosaligenyl phosphoramidites: 

Pyridine can be effectively be dried over molecular sieves and for long periods of time 

without decomposition; it can be readily removed by aqueous acid workup (after 

oxidation of the phosphite intermediate); and pyridinium salts (pyridinium chloride 

(PyH+Cl-) and pyridinium boron tetrafluoride (PyH+BF4
-) were previously employed as 

activators for cyclosaligenyl phosphoramidites by Meier;20,21 and pyridine has 

previously been employed as solvent in regioselective phosphitylations reactions with 

unprotected nucleosides as substrates.46,47 

In developing a procedure for the phosphitylation reaction of IdU (89) with 

cyclosaligenyl phosphoramidite 99, employing pyridine as solvent and PyH+Cl- as 

activator, the issue of the low solubility of PyH+Cl- in pyridine was apparent. This was 

largely problematic due to the extremely hygroscopic nature of PyH+Cl- precluded 

manipulating small quantities of solid PyH+Cl-. Thus to ensure reagent integrity, it was 

necessary to maintain a solution of PyH+Cl- over molecular sieves. To accommodate 

this, we investigated the use of an CH3CN/pyridine co-solvent system to facilitate 

solubility of both the substrate and activator. We found precipitation of PyH+Cl- occurs 

in CH3CN solutions that exceed 1M concentrations. Comparatively, tetrazole, the most 

commonly used activator for phosphoramidite activation, is limited to a concentration 
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of 0.45M in CH3CN. This acceptable level of solubility of PyH+Cl- in CH3CN allowed 

for a co-solvent system employing CH3CN/pyridine that was compatible with substrate 

IdU (89) and reactant cyclosaligenyl phosphoramidite 99 and activator PyH+Cl-. This 

provided a starting point to investigate the regioselectivity of the phosphitylation 

reaction of IdU (89) with cyclosaligenyl phosphoramidite 99 employing PyH+Cl- as 

activator (Scheme 3.18). 

 

Scheme 3.18. Synthesis of cycloSal IdU phosphotriester 87 employing IdU (89) as 

substrate in reaction with cyclosaligenyl phosphoramidite 99, pyridinium chloride 

(PyH+Cl-) as activator, and CH3CN/pyridine as solvent. 

We found that the phosphitylation of IdU (89) with cyclosaligenyl phosphoramidite 99 

employing PyH+Cl- as activator in the CH3CN/pyridine system gave an acceptable level 

of regioselectivity. This provided the desired 5ʹ-cycloSal-IdU phosphotriester product 

87 in 35% yield after oxidation with t-BuOOH. A by-product of higher Rf present in 

small amounts was observed as evidenced by TLC. This compound was likely the 3ʹ,5ʹ-

bisphosphitylated product 108. As a drawback, we found this reaction to be 

exceptionally sensitive to water with only trace amounts of water leading to catalytic 

disruption of the phosphitylation reaction. Consequently, the substrate IdU (89) needed 

to be dried over 4Å-MS as a pyridine solution prior to conducting the reaction. Lastly, 

we observed the 5ʹ-cycloSal-IdU phosphotriester 87 product to be unstable to silica gel 

flash chromatography with subsequent purifications by this method leading 20-50% loss 

of material each time. 

 

 

  87 
35% 

89 

99 

108 
not isolated 
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3.5.2 Synthesis of CycloSal EdU Phosphotriesters and CycloSal 2ʹ-Halo-EdU 

Phosphotriesters Analogues Employing Phosphoramidite Methodology 

Now with a newly established regioselective phosphitylation reaction of IdU (89) with 

cyclosaligenyl phosphoramidite 99 we sought to apply this system to EdU (4). 

However, EdU (4) having the alkyne functional group we anticipated a potential 

functional group incompatibility with the PyH+Cl- activator. As previously mentioned, it 

was suggested by Kovac and Otvos that electrophilic addition of HCl to the alkyne of 

EdU (4) was as a result of the HCl not being completely neutralised by the weak 

organic bases.36 Indeed PyH+Cl- is acidic with the pKa of PyH+Cl- reported to be 5.23.48 

As a matter of completeness we explored the compatibility of the EdU (4) under 

phosphitylation reaction conditions employing cyclosaligenyl phosphoramidite 99 as 

reactant, PyH+Cl- as activator, and CH3CN/pyridine as solvent. Additionally we 

explored the same reaction conditions replacing PyH+Cl- with three other common 

phosphitylation activators: tetrazole; 4,5-dicyanoimidazole (DCI); and imidazolium 

trifluoromethanesulfonate (ImH+TfO-).  

In contrast to assertions by Kovac and Otvos, we found that the EdU (4) was in fact 

stable to PyH+Cl-. The reaction of EdU (4) with cyclosaligenyl phosphoramidite 99 and 

PyH+Cl- as activator, afforded the desired cycloSal EdU phosphotriester product 99 in 

25-40% yield (Scheme 3.19). Moreover, we found that the more commonly used 

phosphitylation activators (tetrazole; 4,5-dicyanoimidazole (DCI); and imidazolium 

trifluoromethane sulfonate (ImH+TfO-) failed to catalyse the reaction. These results 

suggest that electrophilic addition of HCl to the alkyne of EdU (4) during 

phosphorylation reactions employing POCl3 may not be a function of the pKa of the 

organic base used to neutralise the HCl produced in situ as suggested by Kovac and 

Otvos36 but rather may be a product of prolonged contact with the HCl amine salt or 

indeed POCl3 itself. 
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Scheme 3.19. Synthesis of cycloSal EdU phosphotriester 90 employing EdU (4) as 

substrate in reaction with cyclosaligenyl phosphoramidite 99 (1.5 equiv), employing 

either pyridinium chloride (PyH+Cl-), tetrazole; 4,5-dicyanoimidazole (DCI); or 

imidazolium trifluoromethanesulfonate (ImH+TfO-) as activator and CH3CN/pyridine as 

solvent. No product was formed using tetrazole; 4,5-dicyanoimidazole (DCI); or 

imidazolium trifluoromethanesulfonate (ImH+TfO-) as activator (4 equiv). 

 

To demonstrate the modular nature and reliability of this method we employed EdU (4) 

as substrate in reaction with cyclosaligenyl phosphoramidites 103, 104, and 102, with 

PyH+Cl- as activator and CH3CN/pyridine as solvent, to afford the corresponding 

cycloSal EdU phosphotriesters 109, 110, and, 111 in 31%, 33%, and 22% yields after 

purification, respectively (Scheme 3.20). Unfortunately, we found pyridine 

contaminated the cycloSal EdU phosphotriester products after initial purification by 

silica gel flash chromatography. This necessitated a second silica gel flash 

chromatography purification step to afford pure pyridine-free products. 

 

 

 

 

 

 

EdU (4) 90 
 

Activator : yield 

PyH+Cl- : 40% 
Tetrazole : Nil 
DCI : Nil 
ImH+TfO- : Nil 

 

99 
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Scheme 3.20. Synthesis of cycloSal EdU phosphotriester 90, 109, 110, and 111 

employing EdU (4) as substrate in reaction with cyclosaligenyl phosphoramidites 99, 

103, 104, and 102 (1.5 equiv) employing pyridinium chloride (PyH+Cl-) (4 equiv) as 

activator and CH3CN/pyridine as solvent. 

The use of PyH+Cl- as activator, while effective, is less than ideal due to its extreme 

hygroscopicity resulting in the use of a cumbersome CH3CN/pyridine co-solvent 

system. This complication could in principle be avoided by using pyridinium salts that 

are more soluble in pyridine, since some of these are known to catalyse phosphitylation 

reactions employing phosphoramidites.48,49 A literature search revealed that pyridinium 

trifluoroacetate (PyH+TFA-) in particular possessed many favourable characteristics for 

our purposes, namely: it is pyridine soluble, it has low hygroscopicity, and can be 

generated in situ by addition of anhydrous trifluoroacetic acid (TFA) to pyridine. We 

found that EdU (4) and PyH+TFA- can be co-dried together in pyridine over 4Å-MS for 

prolonged periods of time (>24 h) without decomposition or side reactions of EdU (4). 

This allowed simultaneous drying of EdU substrate and the PyH+TFA- activator over 

4Å-MS in a single vessel. This reduced reagent handling operations thus lowering the 

risk of water contamination. Furthermore, TFA a liquid at room temperature facilitates 

accurate measurement and dispensing of the activator for small scale work (50 mg). We 

found the PyH+TFA- performed equally as well PyH+Cl- in the reaction of EdU with 

cyclosaligenyl phosphoramidite 99. Unfortunately, this did not improve the yields and 

difficulty in purification of the cycloSal EdU phosphotriester from the pyridine salts. 

 

90  =X = H : 40% 
109  =X = 3-Me : 31% 
110  =X = 3-OMe : 33% 
111 =X = 5-Cl : 22% 
 

EdU (4) 

99  =X = H 
103 =X = 3-Me 
104 =X = 3-OMe  
102 =X = 5-Cl 



Chapter Three 

90 

 

 

 

 

 

 

Scheme 3.21. Synthesis of cycloSal 2ʹ-halo-EdU phosphotriester analogues (112 - 119) 

employing 2ʹ-halo-EdU analogues as substrate in reaction with cyclosaligenyl 

phosphoramidites 99, 103, 104, or 102 (1.5 equiv) employing pyridinium 

trifluoroacetate (PyH+TFA-)(4 equiv) as activator and pyridine as solvent. 

In an attempt to improve yields we proposed reducing the number of chromatography 

steps through alternative workup procedures. This could in principle be achieved 

through ion-exchange resins to bind the PyH+TFA- salts. The pyridine could be 

removed by acidic resin and the TFA removed by basic resin. Careful handling and 

choice of resins would be needed as the compounds comprised of both basic and acid 

sensitive moieties. We found that after removal of the pyridine bulk in vacuo, the 

residual pyridine could be removed quickly (1 min) by treating a methanolic solution 

of the crude products with an excess of the sulfonic acid functionalised resin (Amberlite 

IRA-120H) then filtering. Then the TFA, liberated in situ from the acidification of the 

PyH+TFA- salts, was subsequently removed by treating the filtrate of the crude products 

with tertiary amine functionalised resin (Amberlite IRA-67). The ion-exchange resin 

treated crude product mixture was then purified by silica gel chromatography as done 

previously to afford pure cycloSal phosphotriester products free of pyridine and TFA. 

During treatment with both resins no by-products as a result of hydrolysis of the 

cycloSal phosphotriester or hydration of the alkyne were detected. Using this 

methodology we successfully synthesised a panel of target cycloSal 2ʹ-halo-EdU 

phosphotriester analogues (112 - 119) (Scheme 3.21).  

112  = R1= Cl, R2 = X = H : 32% 
113  = R1= Br, R2 = X = H : 22 % 
114 = R1= I,  R2 = X = H : 25% 
115 = R1= H, R2 = F, X = H : 35% 
116  = R1= F, R2 = F, X = H : 20% 
117  = R1 = F, R2 = F, X = 3-Me : 26% 
118 = R1 = F, R2 = F, X = 3-OMe : 26 % 
119  = R1 = F, R2 = F, X = 5-Cl : 24% 
 

11 = R1 = Cl, R2 = H 
12 = R1 = Br, R2 = H 
13  = R1 = I,  R2 = H 
164 = R1 = H, R2 = F 
155 = R1 = F,  R2 = F 

99  =X = H      
103 =X = 3-Me   
104 =X = 3-OMe  
102 =X = 5-Cl    
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3.6 Conclusion and Discussion 

In completion of this synthesis we have demonstrated the synthetic utility of 

cyclosaligenyl phosphoramidite chemistry in the regioselective and modular synthesis 

of the cycloSal nucleoside phosphotriesters from easily produced and handled 

phosphoramidite precursors. This methodology affords several major advantages over 

the most commonly used method to synthesise cycloSal nucleoside phosphotriesters 

employing cyclosaligenyl chlorophosphites. Specifically, our reaction operates in 

pyridine as solvent and employs pyridine salts as activator. This is useful for broader 

applicability, as pyridine is well known for its capacity to solvate unprotected 

nucleosides. Moreover, the activator employed, PyH+TFA-, is innocuous, simple to 

handle and can be generated in situ from TFA. The purified cyclosaligenyl 

phosphoramidites can be stored for long periods of time (months) and made in bulk 

thereby reducing the time cost. Aiding this we have increased accessibility to these 

reagents by simplifying the synthesis through a one-pot method and improved 

purification methodology. Lastly, the reaction of cyclosaligenyl phosphoramidites with 

nucleoside analogues is so far not completely optimised and we anticipate that further 

gains in yields may be made through exploring other pyridinium salt activators and 

closer examination of the reaction conditions. 
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Chapter Four: 

Synthesis of 2ʹ-Fluoro-EdU Analogues  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter describes approaches taken towards the synthesis 2ʹ-fluorinated analogues 

of EdU. Herein is described new methodology for the synthesis of 2ʹ-fluoro-2ʹ-deoxy-

arabinosyl-uridine and synthesis of 5-ethynyl-2ʹ-difluoro-2ʹ-dideoxy-uridine. Also the 

novel compound 5-ethynyl-2ʹ-fluoro-2ʹ-deoxyuridine is described employing adapted 

literature synthetic procedures. 
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4.0 Introduction 

Fluorination is a strategy frequently employed to improve biochemical properties of 

compounds. Incorporation of fluorine into a drug is typically aimed at improving 

metabolic stability, potency or selectivity of the parent compound.1,2 Fluorine can also 

be used to study metabolic distribution. This is accomplished through incorporation of 

the radioactive fluorine isotope 18F into a drug thus permitting observation by positron 

emission topography (PET) imaging.1 

Fluorination of nucleoside analogues has been an area of intense research ever since the 

establishment of the 5-fluorouracil an effective chemotherapeutic.3,4 Many of these 

compounds incorporate fluorine on the basis of isosteric replacement of hydrogen and 

hydroxyl substituents on the premise of similar Van Der Walls radii or 

electronegativity, respectively.2 This substitution in nucleosides has frequently been 

targeted at the 2ʹ position as a means of increasing metabolic stability by strengthening 

the aglycone linkage.5,6 Unfortunately, this simplistic isosteric substitution does not 

account for more complex and subtle interactions that fluorine imparts on nucleosides 

with respect to conformation,7,8,9 polarity, binding affinity and selectivity to 

enzymes.10,11,12 Additionally, fluorine effects can have unpredictable outcomes on 

protein interaction10,11 and cytotoxicity.13,14 This unpredictability has led to serious 

complications in clinical trials14 and made the rational design of nucleosides 

incorporating fluorine difficult. Nonetheless, fluorinated nucleoside analogues have 

made it into clinical trials and some have been approved by the US FDA.15 
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4.1 2ʹ-Fluoro Pyrimidine Nucleosides – Synthetic strategies 

The broad biological activity of the 2ʹ-fluorinated nucleosides triggered great interest 

into the synthesis of these compounds.4 The challenges in synthesis of these compounds 

typically reflects the combination of stereochemistry at the centre of the desired fluorine 

substitution and the nucleobase present in the nucleoside. In purine derivatives both the 

ribosyl and arabinosyl 2ʹ-fluorinated epimers can be directly accessed from the 

preformed nucleosides via 2ʹ-hydroxyl displacement with fluoride after activation with a 

leaving group.16 In contrast, only the 2ʹ-fluorinated ribosyl epimer of pyrimidines can be 

directly accessed from preformed nucleosides.4 These can be synthesised by two 

methodologies, either nucleophilic displacement of the 2ʹ-hydroxy of arabinosyl 

pyrimidines or by nucleophilic opening of the 2,2ʹ-anhydro nucleoside. Access to 2ʹ-

fluorinated arabinosyl pyrimidines requires the base-sugar condensation approach as 

discussed in chapter two.17 The 2ʹ-difluoro-2ʹ-dideoxy compounds cannot be 

synthesised directly from preformed nucleosides in any nucleobase systems and must be 

synthesised using a base-sugar condensation approach.  

 

4.2 New synthetic Approach to F-ara-EdU 

4.2.0 Considerations for Nucleophilic Fluorination at 2ʹ 

The synthesis of the 2ʹ-fluorinated arabinosyl derivative of EdU has previously been 

reported.18 As a pyrimidine nucleoside analogue, it is thus far only accessible through 

the base-sugar condensation methodology as discussed in chapter two. The reported 

synthesis comprises of condensation of persilylated 5-iodo-uracil with the 2ʹ-fluoro-

arabinosyl bromide sugar followed by derivatisation with the alkyne moiety. A 

significant drawbacks of this approach is the long duration of the sugar-base 

condensation reaction (10 days) and the formation of mixture of anomers.13 This could 

in principle be improved upon by either further optimisation of the condensation 

reaction or by development of new synthetic strategies. We proposed that development 

of new synthetic strategies to synthesise F-ara-EdU from preformed nucleosides may be 

possible in the light of the recent advancements of fluorinations of carbohydrates and 

nucleosides.4,19,20 For this approach to be successful two known difficulties in the 

synthetic methodologies would need to be overcome. These known complications are 

2,2ʹ-anhydro nucleoside formation of pyrimidine nucleosides when the 2ʹ-hydroxyl is 
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activated (Section 2.2) and the high probability of the E2 elimination reaction out 

competing the SN2 reaction.21 Suppressing formation of the 2,2ʹ-anhydro nucleoside was 

predicted to be the most challenging of these two problems. Strategies in the literature 

reported to suppress 2,2ʹ-anhydro nucleoside during nucleophilic displacement of 2ʹ-

leaving groups are centred around reducing the reactivity of O-2.17 These strategies may 

be broadly classed into two groups, electron density withdrawal of O-2 and functional 

derivatisation of O-2, respectively. The electron withdrawing approach is described in 

chapter two (Section 2.2) and relies on withdrawing electron density from the O-2 

carbonyl to reduce its nucleophilicity by functionalisation of the adjacent N-3 

substituent with electron withdrawing groups (EWGs). This approach was successfully 

applied by us in the synthesis of the 2ʹ-Cl, Br, and I arabinosyl derivatives of EdU 

employing the N-nitro group as the N-3 EWG. Unfortunately, the N-nitro group is not 

stable to nucleophiles of even intermediate basicity such the azide ion.22 Therefore this 

EWG was considered too unstable towards a hard basic nucleophile such as fluoride. 

The derivatisation approach involves converting the O-2 carbonyl into the less 

nucleophilic enol ether. This approach has been successfully demonstrated in a -

uridine substrate and fluoride as a nucleophile.23 

The other difficulty in nucleophilic fluorination of preformed pyrimidine nucleosides is 

the E2 elimination reaction of the 2ʹ leaving group. This is a well-known side reaction 

during nucleophilic displacement of 2ʹ hydroxyl groups in ribofuranose systems and 

strategies have been developed to limit its occurrence. These strategies typically use 

three different approaches, either employing protecting groups to impose steric 

constraints to favour optimal dihedral angles that suppress the 1,2-trans elimination 

reaction,17,24,25 using alternative leaving groups, or modifying the reactivity of the 

fluoride ion through external factors.26 Increasing steric bulk on the adjacent 3ʹ and 5ʹ 

hydroxyl groups has been reported to improve yields of fluorination by shifting 

nucleotide sugar conformation away from the C-3ʹ endo configuration, in which the 2ʹ-

triflate and the 3ʹ-hydrogen are in a trans di-axial configuration, towards C-2ʹ endo 

configuration (Figure 4.0).17,24,25 Employment of alternative leaving groups that 

activate alcohols towards nucleophilic fluorinating is an attractive method to improve 

yields as it imposes minimal changes to most syntheses. Dialkylaminosulfur fluorides 

have become a popular choice for deoxygenative fluorination as they are one-pot 

alcohol activator and fluoride source.20,27 Several generations of these reagents have 

been developed following their inception.27,28,29 
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Figure 4.0. Ribosyl conformational effect on the outcome of nucleophilic substitution 

reactions with 2ʹ-triflates substrates. C-2ʹ endo conformation favours SN2 reactions and 

C-3ʹ endo conformation favours the E2 elimination reaction.17,24,25 

 

4.2.1 O-2 Derivatisation Approach 

There are two examples in the literature where protection of the pyrimidine carbonyl 

adjacent to the glycosidic linkage successfully facilitates SN2 displacement of a 2ʹ-

triflate by halogen nucleophiles (Scheme 4.1).17,23,30 The first such example was 

reported by Watanabe and co-workers wherein the 2ʹ-triflate of a 3ʹ-O-acetyl-4,5ʹ-

anhydro-2ʹ-O-triflyl--uridine (120) underwent SN2 displacements with variety of 

nucleophiles, including fluoride, to yield arabinosyl compounds (121) (Scheme 4.1, 

a).23 Encouraged by this result they attempted a similar displacement with a 2ʹ-triflate of 

a 2ʹ-triflate of 5ʹ-O-acetyl-2,3ʹ-anhydro-2ʹ-O-triflyl-uridine (122) employing chloride as 

nucleophile (Scheme 4.1, b).30 While they reported the successful substitution reaction 

they were unable to deprotect the 3ʹ-hydroxyl of the anhydro linkage of the chloro 

intermediate 123 instead encountering an E2 elimination reaction to yield the furan 

124. A further attempt with a 3ʹ-O-acetyl-2,5ʹ-anhydro-2ʹ-O-triflyl-uridine (125) under 

similar conditions lead to substitution at the 5ʹ position and anhydro bond migration 

instead of the desired 2ʹ position yielding the unwanted 2,2ʹ-anhydro product 126 

(Scheme 4.1, c).31 We hypothesised that the steric hindrance imposed by the 2,5ʹ-

anhydro linkage of triflate 125 may have rendered the nucleophilic substitution at the 

2ʹ-position unfavourable leading to substitution at the 5ʹ position. We proposed that if 

the glycosidic linkage was freely rotatable and the O-2 position was etherified then the 

nucleophilic substitution could proceed without obstruction.  
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Scheme 4.1. Literature methods employing O-2 protecting group strategies attempting 

SN2 displacements of 2ʹ-triflate groups with halide nucleophiles.23,30,31 (a) Successful 

displacement of the 2ʹ-triflate of 3ʹ-O-acetyl-4,5ʹ-anhydro-2ʹ-O-triflyl--uridine with 

halides.23 (b) Successful displacement of the 2ʹ-triflate of 5ʹ-O-acetyl-2,3ʹ-anhydro-2ʹ-

O-triflyl-uridine with chloride followed by unsuccessful deprotection leading to 

elimination.30 (c) Unsuccessful 2ʹ-triflate of 3ʹ-O-acetyl-2,5ʹ-anhydro-2ʹ-O-triflyl-

uridine with halide nucleophiles instead leading to substitution at the 5ʹ position and 

anhydro bond migration the the 2,2ʹ-position.31 

The ethoxy ether was chosen as the O-2 protecting group for its accessibility via a 

literature synthesis via the Mitsunobu reaction32 (Scheme 4.2). This procedure is 

particularly elegant as the triphenylphosphine employed for activation of the 5ʹ-

hydroxyl group also protects 2ʹ and 3ʹ-hydroxyl groups through in situ derivatisation of 

the diol to a triphenylphosphoranediylene group thereby facilitating isolation and 

regioselectivity of the reaction. The reported procedure was modernised by replacement 

of diethylazodicarboxylate (DEAD) with diisopropylazodicarboxylate (DIAD) and 

modification of purification steps. By employing an alternative azodicarboxylate 

reagent and purification procedure, in addition to using very dry ethanol we were able to 

increase the yields of 2-O-ethyluridine (127) from the reported 41% to 59%. During the 

(a) 

(b) 

(c) 

120 121 

122 123 124 

125 126 

X- = AcO- 
= N3

- 

 = Cl- 

 = Br- 
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reaction with ethanol the 2ʹ,3ʹ-triphenylphosphoranediylene group of intermediate 128 

was removed by solvolysis to give the free 2ʹ,3ʹ-diol. The triphenylphosphine oxide 

produced as a side product was removed by a selective solvation procedure where the 

crude product is washed with CH2Cl2 then dissolving in methanol and filtered. 

 

 

Scheme 4.2. Synthesis of 2-O-ethyluridine-2ʹ,3ʹ-O-triphenylphosphoranediyl-2,5ʹ-

anhydrouridine under Mitsunobu conditions. 

With 2-O-ethyluridine in hand, the next step in the synthetic pathway was protection of 

the 3ʹ and 5ʹ hydroxyls to allow selective fluorination at the 2ʹ position. Remarkably, 

there are few reagents available for selective protection at the 5ʹ and 3ʹ hydroxyls. With 

the only reagents available to achieve this in a single step were silyl protecting groups, 

dichloro-tetraisopropyl-disiloxane (TIPDSCl2) and dichloro-di-tert-butyl-silane. This 

further complicated the synthesis as the fluoride ion is used to cleave these silyl 

protecting groups. This created an obvious incompatibility issue between fluorination 

conditions and silyl protecting groups. In principle this problem could be overcome in 

two ways; (i) if the introduction of the leaving group and its displacement at the 2ʹ 

position during fluorination was kinetically favourable (ii) if the leaving group was 

installed in the 2ʹ position prior to treatment with fluoride. We then decided to use the 

TIPDS protecting group because due to its widespread reported use. This group was 

installed employing TIPSCl2 with pyridine as a solvent and the product purified by 

silica gel flash column chromatography (Scheme 4.3.). With reports of fast kinetics of 

the diethylaminosufur trifluoride (DAST) fluorination,20,27 we attempted to kinetically 

discriminate the fluorination step over desilylation. Unfortunately the reaction of 3ʹ,5ʹ-

TIPDS protected 2-O-ethoxy-uridine derivative 129 with DAST, employing pyridine as 

a base and CH2Cl2 as a solvent, yielded a complex mixture and no fluorinated product 

130 was detected by LC-MS (Scheme 4.3.). 

128 

127 66 
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Scheme 4.3. Unsuccessful fluorination of 2-ethoxy-3ʹ,5ʹ-O-TIPDS-uridine 129 

employing DAST as fluorinating reagent with pyridine and CH2Cl2 as solvent. 

We then explored installation of the leaving group in the 2ʹ position as a separate step 

before the fluorination. We chose to assess the stability of leaving groups in the 2ʹ 

position of 2-O-ethyluridine derivative (129) as we suspected that this may lead to 

instability. We initially chose to investigate the tosyl leaving group as it is stable in 2ʹ 

position of 3ʹ,5ʹ-TIPDS-uridine (Scheme 4.4). Surprisingly, we found that multiple 

products formed immediately upon addition of p-toluenesulfonyl chloride (TsCl) to 129 

in pyridine and 2ʹ-O-tosyl-3ʹ,5ʹ-TIPDS-2-O-ethyluridine 131 was not isolated instead 

the major product isolated was 2-ethoxy-uracil 132 (Scheme 4.4). The incompatibility 

of 2-O-ethyluridine with leaving groups that are otherwise stable in the 2ʹ-position of 

3ʹ,5ʹ-TIPDS-uridine clearly indicate that etherification of O-2 does not provide 

compound stability required for SN2 displacements with fluorine. Given the instability 

of the 2-ethoxyuridine compounds it was considered unlikely that other alkyl groups in 

the same position would improve the compound stability sufficiently. Consequently, 

further investigation into this strategy was discontinued. 

 

Scheme 4.4. Reaction of 2-ethoxy-3ʹ,5ʹ-O-TIPDS-uridine 129 with tosyl chloride in 

pyridine leads to degradation products yielding 2-ethoxy-uracil 132 rather than the 

expected 2ʹ-tosylate 131. 

127 129 130 

129 

132 

131 
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4.2.2 Electron Withdrawing Approach 

We hypothesised that SN2 displacement of the 2ʹ-triflate of the N-nitro protected 

precursor 28 with fluorine may be possible provided the basicity and nucleophilicity of 

the fluoride ion was carefully moderated. In support of this hypothesis we noted that the 

N-nitro group is not intrinsically unstable towards bases but rather it is sensitive to basic 

nucleophiles. This is evidenced by reports of Vilarrasa and co-workers that described 

the C-4 carbonyl of N-nitro pyrimidine being susceptible to attack by the azide ion33 

(pKa ~ 4.6),22 a strong nucleophile with intermediate basicity, yet the N-nitro group was 

reported to be stable to potassium tert-butoxide34 (pKa ~ 17.1),35 a less nucleophilic 

strong base. 

In regards to its nucleophilicity and basicity the fluoride ion is rather variable. These 

two properties vary greatly depending on counter ion, hydration, solvation, and 

protonation.36 For example, the nucleophilicity of the fluoride ion has been 

demonstrated to exceed that of other halogens when solvation and hydration is 

decreased,36 yet is often considered the least nucleophilic halide. More importantly, the 

nucleophilicity and basicity of the fluoride ion can, to some degree, be isolated with 

respect to one another. For instance basicity is decreased in greater proportion to 

nucleophilicity as function of hydration.36 Similarly, protonation is an effective means 

disproportionally moderate both nucleophilicity and basicity of the fluoride ion.37,38 In 

terms of magnitude of effect on both nucleophilicity and basicity of the fluoride ion, 

protonation offers greater control than hydration as the hydrogen bonds in the 

protonated F--HF complex are approximately 65 kJ mol-1 stronger than that of the F--

H2O complex.36 Moreover, solvation can have synergistic effect in fluoride 

displacements of sulfonates.26 Nonpolar protic solvents are reported to decrease the 

basicity fluoride ion by complexation39 and increase the nucleofugality of the sulfonate 

group.40,41,42 Significantly, these fluorinations in nonpolar protic solvents also decrease 

the E2 elimination side reaction during SN2 displacements.39,40,41,42  

The basicity of the fluoride ion was not the only foreseeable problem associated with 

fluorination of N-nitro 2ʹ-triflates precursors. Sufficient nucleophilicity is required to 

overcome the dipolar and steric repulsions encountered during the displacement the 2ʹ-

triflate.21 While some separation of basicity and nucleophilicity is possible, it was 

unknown if these two features could be balanced in such a way to favour SN2 

displacement. This was further complicated by other possible side reactions or 
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compound stability issues resulting from in situ cleavage of the 3ʹ,5ʹ-TIPDS protecting 

group by the fluoride ion. To investigate role of nucleophilicity and basicity as a 

function of solvents and counter-ions, we subjected the N-nitro-uridine triflate 

derivative 28 to a panel of fluorination conditions which have been reported to 

fluorinate ribofuranose systems or secondary sulfonates. The panel of known 

nucleophilic fluorination reagents consisted of tetrabutylammonium fluoride trihydrate 

(TBAF·(H2O)3), TBAF·(t-BuOH)4, CsF, KF, KHF2, Et3N·(HF)3, and Olah’s reagent 

(py·(HF)5).
25,37,40,41,42,43,44,45,46 The reactions were also conducted in either t-BuOH or 

CH3CN to account for solvent effects. The acidity of reagents KHF, Et3N·(HF)3, and 

py·(HF)5 were moderated with organic bases (Et3N·(HF)3, DIPEA, or pyridine) in an 

attempt to modulate the nucleophilicity of the fluoride ion.  

 

Scheme 4.5. Reaction of 2ʹ-O-trifyl-5ʹ,3ʹ-TIPDS-3-N-nitrouridine 28 with fluoride salts 

leads to degradation products instead of the expected 2ʹ-fluoro derivative. (LA – Lewis 

acid) 

The initial panel of reagents were assessed in small scale (20 mg) reactions by 

monitoring by TLC. If products were detectable by TLC the reactions mixtures were 

then further analysed by LC-MS. To prevent damage to the LC-MS column and 

detector all reactions were filtered through a plug of silica in a pasture pipette, to absorb 

the excess fluoride reagent, and the products eluted with 1.5 mL methanol. In all 

reactions the fluorinating reagent and 2ʹ-triflyl nitro-uridine substrate (28) were 

combined at -78 ˚C then warmed to room temperature and heated to higher temperatures 

if no reaction was observed. When reactions of 2ʹ-triflyl nitro-uridine substrate 28 with 

TBAF, CsF, and KF were carried out in CH3CN only compound decomposition was 

observed (Scheme 4.5). The products of these reactions could not be eluted off the 

baseline of TLC using methanol in CH2Cl2 (1:9) as mobile phase. Next the fluorination 

reactions employing t-BuOH as solvent, similar to that reported by Kim and co-workers 

to fluorinate various sulfonates, were assessed with CsF, TBAF·(H2O)3, or TBAF·(t-

BuOH)4 as reagent. No desired product (133) was observed when employing TBAF·(t-

BuOH)4 as reagent at rt and decomposition to the 2,2ʹ-anhydro product 24 occurred with 

28 133 
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heating. The reactions employing CsF and TBAF·(H2O)3 as reagent, similar to the 

reactions in CH3CN, formed a highly polar decomposition products (Scheme 4.5). LC-

MS analysis of these mixture did not detect any 2,2ʹ-anhydro nucleosides. This led us 

hypothesise that the either a polymerisation was occurring or a highly polar carboxylate 

salt was being formed through ring opening of the pyrimidine moiety. 

 

Scheme 4.6. Fluorination of 2ʹ-trifyl-5ʹ,3ʹ-TIPDS-3-N-nitrouridine 28 with hydrogen 

fluoride and organic bases gives, depending on the ratio HF:base, either the desired 2ʹ-

fluoro compound 133 and/or by-products 24 or 135. 

Next we investigated the reaction of 28 with polyhydrogen fluorides (Scheme 4.6). The 

two most common polyhydrogen fluoride complexes were assessed, py·(HF)5 and 

Et3N·(HF)3. Both of these complexes are acidic yet have different HF to base ratios. 

Interestingly, we found, the major product of the reaction of triflate 28 with 

polyhydrogen fluorides was initially the desilylated triflate 134 with traces of the 

desired fluorinated product 133 (Scheme 4.6). Then with prolonged reaction time (18 

h) the major product identified was the desilylated denitrated 2,2ʹ-anhydro derivative 

135 (Scheme 4.6). This loss of the N-nitro group was unexpected as the N-nitro group 

of N-nitro-uridine 52 is stable to very acidic conditions and the triflate 28 is stable for 

days in solution. It was possible that the increased degrees of freedom of the 

unprotected ribose lead to decreased triflate stability and the N-nitro loss was as a result 

of intramolecular cyclisation. Given some fluorination was observed, we were 

encouraged to further explore the influence of protonation of HF on the stability and 

fluorination of 28. We found that addition of an excess of pyridine to py·(HF)5 in 

reaction with 28 led initially (30 min) to the desilylated product 134 then with 

prolonged reaction times (18 h) the major products detected by LC-MS had a m/z 

consistent with either the 2,2ʹ-anhydro product 24 and the elimination product 135 

28 134 

133 

24 135 
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(Scheme 4.6). Similarly to the reaction with py·(HF)5, we conducted reactions 

employing Et3N·(HF)3 with added organic base (Et3N) in a slight excess of HF. Initially 

(30 min) this led only to the desilylated derivative 134 (Scheme 4.6). However, with 

prolonged reaction times (18 h) three major products were detected by LC-MS. The m/z 

of these products were consistent with the desired fluorinated derivative 133 as the 

major product and anhydro derivative 24 and the elimination derivative 135 as the 

minor products (Scheme 4.6). The yield of the fluorinated product was estimated to be 

in the range of 40% by integration of the HPLC trace peaks. The reaction was then 

performed 100 mg scale and after column chromatography 2ʹ-fluoro-N-nitro-2ʹ-deoxy-

arabinosyl uridine derivative 133 was isolated in 35% yield. The regiochemistry and 

stereochemistry of the fluorine in the 2ʹ position was established based on coupling 

constants of fluorine to neighbouring protons and carbons and characteristic splitting of 

the 6 proton due to through space coupling to H-2ʹ.47 

With the aim of optimising the fluorination reaction we next investigated the influence 

of solvent on product distribution. The solvents were chosen on the basis of polarity and 

hydrogen bonding capability, as this is known to affect fluoride nucleophilicity and 

basicity as well as furanose conformation of uridines.48 Using HPLC analysis we 

assessed the reaction in four solvents in addition to t-BuOH; dioxane, THF, CH3CN, 

and CH2Cl2, on 20 mg scale under uniform conditions. The reaction performed almost 

equally well in all four solvents indicating the Et3N·(HF) was the overriding factor for 

fluorination. We then investigated the effect of HF to base ratio on fluorination yields 

and by-product formation. We determined that a minimum of 1:1 ratio of Et3N:HF was 

necessary to prevent denitration and significant by product formation. Increasing the 

ratio of Et3N to HF above 1:1 had small negative effect on fluorination. Next, we 

decided to investigate whether another base of similar pKa yet with greater steric 

hindrance could be used in place of Et3N. We found that N,N-diisopropyl ethylamine 

(DIPEA) performed equally well when used at a 1:1 ratio of HF:base in conjunction 

with either Et3N·(HF)3 or py·(HF)5. The achieved 35% yield is 17.5 times higher than 

the highest reported yield to date of direct fluorination of any uridine derivative. While 

these conditions were successful for the uracil base, it was unknown how this reaction 

would perform with the more complex 5-substituted derivatives. Reaction of the 5-

substituted analogues under these conditions are evaluated in Section 4.2.5. 
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4.2.3 Exploration of Alternative 3ʹ,5ʹ-Protecting Groups for Fluorination of N-

Nitro Uridine 2ʹ-Triflates 

The successful displacements of the triflates in the 2ʹ position of nucleosides is known 

to be influenced by sugar conformation, as described in section 4.2.0.17,24,25 The C-3ʹ 

exo C-2ʹ- endo conformation helps to favour the SN2 reaction and suppress the E2 

reaction. Installing bulky substituents in the 5ʹ and 3ʹ position, such as the trityl 

protecting group in the 5ʹ position and benzoyl group in the 3ʹ position in particular, has 

been reported to induce the C-3ʹ exo C-2ʹ- endo conformation.17,24,25 We hypothesised 

that employing this approach would further increase the yields of the fluorinated 

derivative 133 with the previously described fluorination reaction. However, access to 

these 3ʹ,5ʹ derivatives in other nucleosides systems is not trivial and often requires the 

use of either regioselective recrystallisation techniques or tin mediated regioselective 

acylation reactions. In the case of nucleosides bearing 5ʹ-O-trityl and 2-O-trifyl groups, 

the synthesis is further complicated by the acid sensitivity of the trityl group and 

requisite instalment of the trityl group prior to the triflate group. This is because 

reaction with trityl chloride during tritylation liberates chloride ions, these would 

displace the triflate if present. In designing a synthesis of these 3ʹ,5ʹ-protected N-nitro 

uridine compounds it was unclear whether the N-nitro group would be stable towards 

either the recrystallisation conditions or the tin reagents often employed to gain access 

to the 3ʹ-benzoyl group. 

An alternative synthesis was in principle possible using established protecting group 

strategies. This would also allow for installation of the N-nitro group after the 3ʹ-

hydroxyl group was selectively benzoylated. This strategy relied on first selective 3ʹ-O-

benzoylation of uridine (66) with triethylorthobenzoate via orthoester exchange 

employing a modified literature procedure.49 The 3ʹ-O-benzoyl ester 136 being 

thermodynamically more stable than the 2ʹ regioisomer allowed for its selective 

crystallisation even with the occurrence of acyl migration.49 The purified 3ʹ-benzoyl 

ester 136 was then locked into the 3ʹ position by 2ʹ,5ʹ-tert-butyl-dimethyl-silylation. 

This was achieved in quantitative yield employing the reaction conditions developed in 

Section 2.4.3 to give 3ʹ-O-benzoyl-2ʹ,5ʹ-O-bis-(tert-butyl-dimethyl-silyl)-uridine (137). 

The 2ʹ,5ʹ-tert-butyl-dimethyl-silylation serves two functions in this strategy, it prevents 

2ʹ-3ʹ-acyl migration of the benzoyl group and protects the hydroxyl groups during N-

nitration. This strategy was successful in providing access to the 3ʹ-O-benzoyl-2ʹ,5ʹ-O-
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bis-(tert-butyl-dimethyl-silyl)-3-N-nitro-uridine intermediate 138 through the N-

nitration methodology developed in chapter two (section 2.4.1). This compound was 

then selectively desilylated at the 5ʹ position with TFA/H2O employing adapted 

literature procedures50 to afford intermediate 3ʹ-O-benzoyl-2ʹ-O-tert-butyl-dimethyl-

silyl-3-N-nitro-uridine (139) in 90% yield. The 5ʹ-deprotected compound 139 was 5ʹ-

O-tritylated in pyridine with trityl chloride (TrtCl) to give the 3ʹ-O-benzoyl-2ʹ-O-tert-

butyl-dimethyl-silyl-3-N-nitro-5ʹ-O-trityl-uridine (140) in quantitative yield. This 

compound was desilylated with Et3N·(HF)3 to give the 3ʹ-O-benzoyl-3-N-nitro-5ʹ-O-

trityl-uridine 141 with only a small amount of 2ʹ,3ʹ-acyl migration to the 2ʹ-benzoyl 

regioisomer (142) (<10%). The 3ʹ-O-benzoyl-3-N-nitro-5ʹ-O-trityl-uridine derivative 

143 was converted to the 2ʹ triflate with Tf2O in CH2Cl2 and pyridine as base. This 3ʹ-

O-benzoyl-3-N-nitro-5ʹ-O-trityl-uridine triflate 143 was unstable and after immediate 

and expedited purification by silica gel flash chromatography the compound started to 

degrade. Loss of the trityl group to give by-product 144 upon standing was evident by 

the strong yellow colouration of the solution and was confirmed by LC-MS analysis. It 

was considered likely that residual TfOH, possibly resulting from intramolecular 

cyclisation of 143 or displacement of the triflate group as a result of moisture 

contamination led to the loss of the trityl group.  
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Scheme 4.7. Synthesis of 3ʹ-O-benzoyl-5ʹ-O-trityl protected N-nitro-uridine derivatives 

via adapted literature protecting group strategies and methods developed in chapter two. 

The triflate 143 was subject to fluorination employing Et3N·(HF)3 with and without 

added Et3N. LC-MS analysis of the crude reaction mixture did not detect the desired 

fluorinated product 145 and instead indicated a complex mixture of products. The 

major components of this mixture had m/z consistent the anhydro product 146 and the 

detritylated anhydro product 147. To address the possibility that the instability of the 

143 is exclusive to the triflate leaving group, the 2ʹ unprotected derivative 141 was 

subject to fluorination conditions employing DAST as reagent, CH2Cl2 as solvent and 

pyridine as base. Unfortunately, no fluorination product was detected by LC-MS 

analysis, a m/z consistent with the 2,2ʹ-anhydro derivative 146 was the only product 

identified. This result demonstrates that N-nitro group has limitations in regards to its 

ability to reduce the nucleophilicity the O-2 carbonyl. The failure of the fluoride ion to 

displace the 2ʹ-triflate or DAST leaving groups over the intramolecular cyclisation may 

be as a result of the steric hindrance imposed by the bulky 5ʹ-O-trityl and 3ʹ-O-benzoyl 

groups. We suspected the instability of the 5ʹ-O-trityl group may be negatively 

136 137 

138 139 140 

142 141 143 144 
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influencing fluorination reactions of triflate 143 with Et3N·(HF)3. To address this we 

explored 5ʹ analogues of 143 comprising of 5ʹ-acyl groups (acetyl, pivaloyl, 

diphenylacetyl, napthoyl, and benzoyl) in place of the 5ʹ-trityl group. These 5ʹ-acyl 

analogues also did not undergo 2ʹ-triflate displacement with Et3N·(HF)3 as determined 

by LC-MS. 

 

 

Scheme 4.8. Attempted fluorination of 3ʹ-O-benzoyl-3-N-nitro-2ʹ-O-trifyl-5ʹ-O-trityl-

uridine (143) employing Et3N·(HF)3 in CH2Cl2 , and 3ʹ-O-benzoyl-3-N-nitro-5ʹ-O-

trityl-uridine (141) employing DAST in CH2Cl2 and pyridine derivatives utilising 

adapted literature protecting group strategies. 

 

4.2.4 Denitration of N-Nitro-F-ara-Urd 

The work in this section was conducted prior to the development of zinc denitration 

method described in chapter two (section 2.4.5). 

The final step of the synthesis of the F-ara-Urd was to remove the N-nitro moiety of 

133. The iodide mediated denitration reaction as described by Vilarrasa and co-

workers33 was attempted and no reaction was observed by TLC and LC-MS analysis. 

We proposed that an indirect denitration strategy was possible by a two-step process 

whereby the 3-N-nitro group is converted to a 3-N-amino group followed by N-

deamination under diazo conditions. The methods employed in these two steps were 

established by two groups 20 years apart. Vilarrasa and co-workers reported that N-nitro 

uridines and inosines could be quickly and quantitatively converted to N-amino 

143 

141 

145 146 147 
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nucleosides by hydrazine hydrate via a sequential ring opening and closing mechanism 

(Scheme 4.9).51 

 

Scheme 4.9. Reported mechanism of amination of N-nitro-uridine with hydrazine.51 

 

 

Scheme 4.10. Denitration of 133 via first amination with hydrazine in methanol to form 

intermediate 148 followed by deamination under diazotisation conditions to yield F-

ara-Urd 149. 

In work 20 years prior, Maeda and Kawazoe reported N-amino pyrimidine nucleosides 

could be deaminated by nitrous acid; produced in situ by sodium nitrite and acetic 

acid.52 An added benefit of combining these methods was that nitrous acid is a 

scavenger for hydrazine53 (or vice versa) and would eliminate any excess hydrazine 

used in the previous step to form N-amino intermediate 148 allowing for a sequential 

one-pot method. The reaction with hydrazine and sodium nitrite was carried out in 

molar excess and the reaction mixture directly loaded onto silica for chromatography to 

yield essentially pure F-ara-Urd (149) in high yield that was consistent with 1H NMR 

spectrum of a literature reference.47 To determine the stereochemistry at the 2ʹ position 

we conducted a heteronuclear two-dimensional nuclear Overhauser effect spectroscopy 

(HOESY) experiment. This experiment correlates fluorine to proton couplings through 

space, aiding the assignment of the relative configuration. In support of the 2ʹS 

133 148 149 
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configuration we found strong correlations between H-6 and F-2ʹ and H-3ʹ and F-2ʹ 

(Figure 4.1 and Figure 4.2). 

 

Figure 4.1. HOESY correlations and and JH-F coupling constants found in F-ara-Urd 

(149). 

 

Figure 4.2. HOESY spectrum of F-ara-Urd (149). 

 

4.2.5 Attempted Synthesis of F-ara-EdU Through Late-stage Fluorination 

 

With an established method of fluorinating uridine triflate 28 we next focused on the 

synthesis of F-ara-EdU by nucleophilic displacement of the triflate of the 5-ethynyl(2-

trimethylsilyl)-3ʹ,5ʹ-O-(tetraisopropyldisiloxane-1,3-diyl)-2ʹ-O-triflyl-3-N-nitro-uridine 

(38) with fluoride. Unfortunately, we found the triflate 38 completely decomposed on 

when subject to the conditions developed for fluorination of triflate 28 described in 

section 4.2.2 and no desired product (150) was detected by LC-MS analysis (Scheme 

4.11). Other solvent systems, HF reagents (Et3N·(HF)3 or py·(HF)5), concentrations of 

HF reagent, ratios of base to hydrogen fluoride were also investigated without success, 

these too yielded only composition products. To assess whether this increased 

H6 

H3ʹ H2ʹ 
H1ʹ 



Chapter Four 

114 

 

instability was exclusive to the triflate bearing the alkyne group we attempted the 

fluorination on triflate substrates incorporating either iodo group (151) or methyl group 

(152) in the 5 position (Scheme 4.11). We found that the 5-methyl substituted triflate 

(152) underwent fluorination similar to uridine triflate 28 (Scheme 4.11). Conversely, 

the 5-iodo substituted triflate 151 underwent decomposition similar to the alkyne 

derivative 38 and no trace of the desired product 154 could be detected by LC-MS 

analysis (Scheme 4.11). This indicated electronic factors are likely responsible for the 

increased instability of triflate 38 during fluorination. Given late stage fluorination with 

the methodology developed so far was not viable for compound 38 or 151 further 

investigation into this strategy was discontinued. 

 

 

Scheme 4.11. Attempted fluorination of triflates 5-methyl-3ʹ,5ʹ-O-(tetraisopropyl 

disiloxane-1,3-diyl)-2ʹ-O-triflyl-3-N-nitro-uridine (152), 5-iodo-3ʹ,5ʹ-O-(tetraiso 

propyldisiloxane-1,3-diyl)-2ʹ-O-triflyl-3-N-nitro-uridine (151) 5-ethynyl(2-trimethyl 

silyl)-3ʹ,5ʹ-O-(tetraisopropyldisiloxane-1,3-diyl)-2ʹ-O-triflyl-3-N-nitro-uridine (38) 

employing Et3N·(HF)3/Et3N as fluorinating reagent and CH3CN as solvent. Yields 

determined by LC-MS analysis.  

 

152 153 

151 154 
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4.3 New synthetic approach to dF-EdU (155) 

4.3.0 dF-EdU Background and Use a Nucleoside Prodrug Probe Compound 

Synthesis and biological evaluation of 2ʹ-difluoro-2ʹ-dideoxy analogue of EdU (dF-

EdU, 155) was first reported by Luedtke and co-workers.11 They found this compound 

was not a substrate for human thymidine kinase (hTK) and consequently not 

incorporated into cellular DNA.11 This compound was however a substrate for a low-

fidelity herpes simplex virus-1 (HSV-1) thymidine kinase (HSV1-TK) and it was 

subsequently up taken and incorporated into the replicating viral genomes of HSV-1 

infected cells.11 The group also reported that mammalian cells expressing this viral 

kinase (HSV1-TK) would also incorporate the dF-EdU into the cellular DNA.11 The 

finding that this compound was not substrate of hTK was difficult for the group to 

rationalise as co-crystal structures of dF-EdU with hTK, and the previous findings that 

F-ara-EdU is a substrate of this enzyme, gave no indication of discrimination against 

dF-EdU (155) as substrate.11 dF-EdU (155) was also reported to be non-cytotoxic after 

72 h once incorporated into cellular DNA of HeLa cells.11 

Given the low cytotoxicity dF-EdU and its non-substrate activity with hTK we proposed 

that dF-EdU may function as probe compound to assess the efficiency systems such as 

cycloSal phosphotriester prodrug strategy (Figure 4.3). Background kinase activity 

commonly interferes with the quantitation of the efficiency of pronucleotide strategies. 

This problem could in principle be avoided with dF-EdU as it could not be recycled by 

thymidine kinase if dephosphorylated. Hence any measurement of dF-EdU in cellular 

DNA would be as a result of successful monophosphate delivery. 
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Figure 4.3. Proposed incorporation pathway of dF-EdU cycloSal prodrugs into cellular 

DNA. 

 

 

4.3.1 Synthesis of dF-EdU 

 

 

 

156 157 
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Scheme 4.12. Literature synthesis of dF-EdU (155) from gemcitabine (156).11 

The literature synthesis of dF-EdU employs cancer therapeutic drug gemcitabine (156) 

as starting material (Scheme 4.12). This is firstly deaminated with isopentyl nitrite to 

give 2ʹ-difluoro-2ʹ-dideoxy-uridine (157). This intermediate is then iodinated at the 5 

position to give 158 followed by Sonogashira coupling with ethynyltrimethylsilane to 

give 159, and finally deprotected (Scheme 4.12). We noted some inefficiencies in this 

synthetic pathway. Of most concern was the reported carry through of organic salts after 

the Sonogashira coupling reaction.11 This was particularly troubling given pervasive 

nature of copper and palladium metals to carry through purification steps. To aid 

purification we considered decreasing compound polarity of the synthetic intermediates 

by employing an additional protection step to acylate the 3ʹ and 5ʹ hydroxyl groups. We 

also noted modest yields in the first deamination step.11 Given our previous experience 

deaminating nucleosides under diazotisation conditions we considered this loss of the 

expensive starting material unnecessary. This also supported other reports that 

deamination of cytidine analogues proceed in high yields under diazotisation 

conditions.54,55 Additionally, this transformation on gemcitabine had been previously 

described in a patent.56 

 

 

Scheme 4.13. Synthesis of dF-EdU (155) from gemcitabine (156) employing an 

alternative deamination procedure and acetyl protecting groups. 
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We found that deamination of gemcitabine (156) employing diazotisation conditions 

proceeded efficiently at 0 ˚C to afford 2ʹ-dideoxy-2ʹ-difluoro-uridine (157) in 98% yield 

(Scheme 4.13). 157 was subsequently acetylated with Ac2O, employing pyridine as 

base and solvent, to the give the 3ʹ,5ʹ-protected intermediate 160 in quantitative yield. 

The synthesis then follows the synthetic strategies previously developed for the 

synthesis of EdU. This involved iodination of the 5 position to give 161, followed by 

Sonogashira coupling to give 162, and lastly deprotection reaction steps to afford dF-

EdU (155) in 67% yield. Interestingly, considerable variance was found in the 

Sonogashira reaction yields as function of Pd catalyst age/condition. Most peculiarly we 

found older/degraded catalyst performed significantly better than the newer catalyst in 

terms of yield and rate. The newly prepared/purchased catalyst would lose activity 

during the reaction resulting in incomplete conversion of starting material and increased 

quantities of deiodinated product. Additionally, variability in yield of dF-EdU (155) 

was observed in the final deprotection step of the synthesis. This variability was 

attributed to losses during the workup procedure and purification as TLC analysis 

indicated quantitative conversion of the intermediate 162 to dF-EdU (155). In 

summary, we have developed an alternative synthesis of dF-EdU (155) employing 

simpler synthetic manipulations and purification steps with increased yield.  

 

 

4.4 Synthesis of 2ʹ-F-ribo-EdU 

 

4.4.0 2ʹ-F-ribo-EdU Potential Use as DNA Biolabel 

The synthesis and biological evaluation of 2ʹ-fluoro-ribosyl EdU (2ʹ-F-ribo-EdU) has 

not been reported to date. The lack of interest in this compound, particularly as a DNA 

biolabel, may stem from its expected sugar conformation. This based on similar 

compounds, would resemble a ribonucleoside rather than a deoxyribonucleoside 

analogue.57 Given the reported difficulty in prediction of the biological interactions of 

2ʹ-fluorinated nucleoside analogues, we considered this investigating this compound 

warranted. In support of this, a close analogue of 2ʹ-F-ribo-EdU, 2ʹ-fluoro-2ʹ-

deoxythymidine (FT), has been investigated in cell culture and mouse models.10 It was 

found that FT had low cytotoxicity in the five cell lines tested. Moreover, FT was 
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preferentially phosphorylated by mitochondrial thymidine kinase (TK2) compared to 

cytosolic thymidine kinase (TK1). As expected FT was incorporated into RNA, 

however incorporation into cellular DNA was also observed.10 These results, while 

indicative are not predictive of the metabolic handling of 2ʹ-F-ribo-EdU, when 

considering that small substitutions such as fluorine for a hydroxyl group or an alkyne 

for a methyl group has led to such varied biological interactions in other analogues. 

 

4.4.1 Synthesis of 2ʹ-F-ribo-EdU 

The synthesis of 2ʹ-deoxy-2ʹ-ribosyl pyrimidine nucleosides typically proceeds by 

nucleophilic opening of the 2,2ʹ-anhydro nucleosides. This synthetically robust 

methodology was first developed for the synthesis of 2ʹ-fluoro-2ʹ-deoxyuridine (163) in 

1961 by Fox and co-workers.58 2ʹ-Fluoro-2ʹ-deoxyuridine is now commercially 

available and subsequently we used this compound as a starting point in the synthesis of 

2ʹ-F-ribo-EdU (164) (Scheme 4.14). Similar to the synthesis of EdU (4) and dF-EdU 

(155) we acetylated the 3ʹ and 5ʹ hydroxyl groups of 2ʹ-fluoro-2ʹ-deoxyuridine (163) to 

decrease the polarity of the intermediates to facilitate purification. The 3ʹ,5ʹ-bisacetyled 

intermediate 165 was iodinated with ceric(IV) ammonium nitrate and I2 to give the 5-

iodo intermediate 166 (Scheme 4.14). This compound was then subjected to 

Sonogashira coupling conditions with ethynyltrimethylsilane to give the protected 

alkyne intermediate 167 (Scheme 4.14). 2ʹ-F-ribo-EdU (164) was obtained following 

deprotection of the alkyne intermediate 167 with MeONa in MeOH (Scheme 4.14). As 

with the synthesis of the dF-EdU (155) we encountered lower than expected yields 

during the Sonogashira coupling reaction when using fresh Pd catalyst. In the interest of 

time we did not explore artificially aging the catalyst or employing other catalysts to 

improve yields. We also encountered losses during the deprotection step with MeONa 

in MeOH. This was attributed to losses during workup and adsorption of the product 

onto silica gel during purification.  
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Scheme 4.14. Synthesis of 2ʹ-F-ribo-EdU (164) from commercially available 2ʹ-deoxy-

2ʹ-fluoro-deoxyuridine (163) employing an adapted procedure for the synthesis of EdU. 

 

 

 

 

 

 

 

 

 

4.5 Conclusion and Discussion 

 

The difficulty of synthesis 2ʹ-fluoro-uridine analogues ranges from trivial to highly 

challenging depending on the stereo chemistry at the 2ʹ position. We have demonstrated 

that using the 3-N-nitro protecting group strategy it is possible to fluorinate preformed 

uridine derivatives to give 2ʹ-fluoro-arabinosyl uridines. We found that the outcome of 

these fluorinations is highly dependent on the functionalisation of the pyrimidine ring at 

163 165 166 

167 164 



Chapter Four 

121 

 

the 5 position and the 3ʹ and 5ʹ hydroxyls, and the basicity of the fluoride reagent. With 

further exploration of reaction conditions and reactants this strategy has potential to be 

more broadly applied. We have reported an alternative synthesis of the dF-EdU using an 

alternative deamination and protecting group strategy. This both improved yields and 

made purification of intermediates simpler compared to the reported procedure. 

Additionally, we have reported the first synthesis of the 2ʹ-fluoro-ribo-EdU employing 

adapted literature procedures developed for the synthesis of EdU. This compound 

completes the 2ʹ-fluoro-EdU analogue series and it remains to be determined how this 

compound will interact with the DNA and RNA synthesis pathways. Lastly, we noted 

that the efficiency of the Sonogashira reaction 5-iodo-uridine analogues is highly 

dependent on the condition Pd catalyst. This finding that the degraded Pd catalyst 

outperformed the fresh catalyst was completely unexpected and we suspect that 

investigation of phenomenon will reveal useful insights to the optimisation of this 

coupling reaction. 
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Chapter Five: 

Biological Evaluation of 2ʹ-Halo-EdU Analogues and 5ʹ-CycloSal 

Phosphotriester Derivatives Against T. cruzi Parasites 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The entirety of the lab work and analysis in this chapter was performed by Dr. Melissa 

L. Sykes of the Avery group in the Discovery Biology department at the Griffith 

Institute for Drug Discovery. 

This Chapter describes the assessment of the 2ʹ-halo-EdU analogues and their cycloSal 

phosphotriester derivatives against T. cruzi parasites grown in 3T3 cells in a cell culture 

assay. 
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5.0 Introduction 

Trypanosoma cruzi, a protozoan parasite, is the causative agent of Chagas disease in 

humans. Current treatments for Chagas disease rely on nitro-imidazole and nitro-furan 

drugs benznidazole and nifurtimox, respectively. These compounds are poorly tolerated 

to due to excessive toxicity and are less effective in chronic stages of the disease.1 

Consequently, new drug candidates with greater selectivity and alternative modes of 

action are needed. To facilitate this process, Avery group has developed a high-

throughput high-content assay to assess compound activity against the intracellular form 

of T. cruzi parasites.2 It is highly effective at detecting clearance of parasites and is able 

to detect very low populations of T. cruzi (amastigote form) residing within host cells. 

This assay relies on computer automated detection of parasite DNA by fluorescence 

microscopy after staining with fluorescent DNA minor-groove binder Hoechst and 

cytoplasm stain CellMask Green™.2 While highly effective, this assay does not 

determine the proliferative potential of the parasites as would be determined by DNA 

biolabel such as EdU. Assessment of the proliferative potential of parasites would 

facilitate differentiation of compound action into cidal or static effect on parasite 

growth. 

 

5.1 T. cruzi DNA Metabolism 

T. cruzi, like its higher eukaryote hosts, is capable of acquiring pyrimidine nucleotides 

via both the de novo synthesis and salvage pathways (Chapter One).3,4 However, T. 

cruzi, similar to other protozoan parasites, is devoid of a complete purine nucleotide de 

novo synthesis pathway.3,5 To accommodate this deficiency the parasite has an efficient 

purine salvage pathway and is capable of complete interconversion of salvaged purine 

nucleosides.5 Correspondingly, T. cruzi is capable of uptaking free extracellular 

nucleosides6 thus indicating the presence of nucleoside transporters. It has been shown 

that in the parasite uptake of purines and pyrimidines nucleosides operate by two 

distinct transport systems.6 However, little is known as to whether this by equilibrative 

and concentrative nucleoside transporters. Additionally, nucleobase specific transports 

have yet to be identified, although there is often overlapping substrate specificity of 

nucleoside transporters for nucleobases.7 The close evolutionary relationship of T. cruzi 

to other parasites, in which nucleobase transporters have been identified, supports 
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supposition that T. cruzi would encode and express nucleoside and nucleobase 

transporters.3  

An important structural distinction between DNA of the trypanosome parasites and 

higher eukaryotes is the evolution of a unique hypermodification to selected thymidine 

residues in the parasite DNA known as base J, or J.8 This modification consists of a 

two-step process (Figure 5.). Firstly, by oxidative hydroxylation of thymidine to 5-

hydroxymethyl-thymidine (5-hmU) mediated by a thymidine hydroxylase, an α-

ketoglutarate-dependent dioxygenase enzyme.9 This intermediate is then O-glycosylated 

at the 5-hydroxylmethyl position with glucose by a glucosyl transferase.8 In T. cruzi 

base J is largely found in the telomeric region of the genome with approximately 25% 

of the remainder of J found outside the telomeric regions.8,10 The overall abundance of J 

in the parasite DNA is quite low and has been estimated to replace approximately 1% of 

total thymidine content.8 While the exact functions of nucleobase J is not completely 

understood in the T. cruzi, this base has been reported to influence parasite virulence 

through epigenetic regulation of gene transcription.11 

 

Figure 5.1. Biosynthesis of base J in trypanosome parasites.8,9 

 

5.2 Evaluation of 2ʹ-Halo-EdU DNA Biolabels in T. cruzi 

Amastigotes Cell Culture Assay 

Commercially available DNA biolabels EdU (4) and F-ara-EdU (5) and the prospective 

DNA biolabels consisting of 2ʹ-halo-EdU analogues (11-13, 164, and 155) were 

assayed against T. cruzi parasites replicating within 3T3 host cells (Figure 5.2). In 

addition to these compounds, the cycloSal phosphotriester derivatives (90, 109-119) 

were also evaluated under the same assay format (Figure 5.3). All the compounds were 

evaluated in a 384-well format for DNA biolabelling over a 2 hour and 48 hour 

compound exposure time course, and for cytotoxicity over a 48 hour time course. The 

EdU analogues were assessed for cytotoxicity and incorporation into T. cruzi amastigote 
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DNA. Briefly, 3T3 cells were infected with T. cruzi parasites and incubated in the 

presence of compounds for either 2 or 48 hours under conditions previously reported by 

Avery and Sykes.2 Whole DNA of parasites and host cells was assessed with the 

addition of Hoechst. EdU analogue incorporation into DNA was visualised by reaction 

of the biolabel with Alexa 488 azide a under click chemistry conditions. The host cell 

cytoplasm was fluorescently labelled with HCS Deep Red plasma membrane stain. 

Images were taken on a Phenix confocal imaging system (PerkinElmer). Both 

cytotoxicity toward the parasite and incorporation into DNA were identified using a 

novel script developed on the imagine software Columbus (PerkinElmer). The 

compounds were applied to the cells in an 18 point serial dilution format ranging from 

0.18 nM to 73.26 μM concentration. A final concentration of DMSO was kept constant 

at 0.4% as a negative control, whilst 12 μM of nifurtimox (NFX) and 30 μM of 

puromycin were used as positive controls for the parasite and host cells, respectively. 

All assays were performed in two separate biological replicates. 

 

 

Figure 5.2. Structures of EdU analogues evaluated against T. cruzi parasites. 
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Figure 5.3. Structures of prospective cycloSal phosphotriester DNA pro-labels 

evaluated against T. cruzi parasites. 

 

5.2.0 Evaluation of Compound DNA Biolabelling in T. cruzi Cells  

None of the compounds assayed labelled T. cruzi DNA more efficiently than EdU 

following 2 h compound exposure. The compounds with highest labelling efficiency, 

other than EdU, were the cycloSal phosphotriester derivatives of EdU (90, 109, 110, 

and 111) (Table 5.1). Of these compounds the 3-methyl-cycloSal derivative 109 

displayed the highest activity (>50% at 7.3 μM) (Table 5.1, Entry 2) and the most 

reproducible dose dependent DNA biolabelling. Compound 109 was expected to have 

the longest hydrolysis half-life of the four cycloSal derivatives of EdU and may indicate 

that the other cycloSal derivatives are being trapped in cytosol as free monophosphates. 

Apart from this, there appeared to be no other clear relationship between 

electronegativity of the cycloSal substituent and labelling efficiency of the EdU 

cycloSal derivatives. These results indicate that the compounds with shorter expected 

half-lives may be undergoing another rate-limiting pathway such as dephosphorylation 

in the cytosol followed by uptake into the parasite then enzymatic phosphorylation. 

Alternatively, compound 109 may be subject to unexpected hydrolytic enzymatic 

deprotection in the parasite or subject to facilitated transport thereby increasing the 

concentration in the parasite. All the other analogues assayed had very low to negligible 

incorporation (<50% at any dose tested) into the parasite DNA following 2 hour 

compound exposure (data not shown). 

 

 90  = R1= H, R2 = H, X = H  
109  = R1= H, R2 = H, X = 3-Me  
110 = R1= H, R2 = H, X = 3-OMe  
111  = R1= H, R2 = H, X = 5-Cl 
112  = R1= Cl, R2 = H, X = H  
113  = R1= Br, R2 = H, X = H  
114 = R1= I,  R2 = H, X = H  
115 = R1 = H, R2 = F, X = H  
116  = R1= F, R2 = F, X = H  
117  = R1 = F, R2 = F, X = 3-Me  
118 = R1 = F, R2 = F, X = 3-OMe  
119  = R1 = F, R2 = F, X = 5-Cl 
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Table 5.1.  Incorporation of EdU and EdU cycloSal phosphoester derivatives into 

parasite DNA following 2 h exposure. (Concentrations where incorporation exceeds 

50%, compounds with less than 50% incorporation are not shown) 

Entry Compound conc. (% incorporation)a 

1 4 3.7 µM (68%) 

2 90 36.6 µM (59%) 

3 109 7.3 µM (62%) 

4 110 18.3 µM (55%) 

5 111 18.3 µM (59%) 

a(Concentrations where incorporation exceeds 50%, compounds with less than 50% 

incorporation are not shown) 

Following 48 hours compound exposure very low to negligible labelling (<50% at any 

dose tested) was observed with the 2ʹ-halo-arabinosyl compounds 11, 12, and 13 or the 

2ʹ-fluoro-ribosyl EdU derivative 164 (data not shown). Interestingly, at concentrations 

>18.6 μM F-ara-EdU (5) and dF-EdU (13) displayed >60% labelling of the parasites 

(data not shown). This is in contrast to reports of dF-EdU not labelling DNA of 

mammalian cell lines (HeLa and Vero cells) as a result of poor phosphorylation by 

thymidine kinase.12 Moreover, F-ara-EdU (5) displayed alternative labelling behaviour 

to that reported in mammalian cell lines (HeLa and Vero cells).13 In the parasite, 

significantly lower labelling efficiency was observed with F-ara-EdU (5) (<20% at 3.6 

μM) compared to the mammalian cell lines wherein efficient labelling is reported to be 

observed at concentrations as low as 0.1 μM.13 
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Table 5.2. Incorporation of EdU and EdU cycloSal phosphoester derivatives into 

parasite DNA following 48 h exposure.  

Entry Compound conc. (% incorporation)a 

1 4 0.0183 µM (67%) 

2 155 36.6 µM (75%) 

3 90 0.073 µM (76%) 

4 109 0.0183 µM (76%) 

5 110 0.183 µM (72%) 

6 111 0.37 µM (70%) 

7 113 73.3 µM (75%) 

8 115 36.6 µM (75%) 

9 117 73.3 µM (70%) 

10 118 73.3 µM (71%) 

12 119 73.3 µM (74%) 

a(Concentrations where incorporation exceeds 50%, compounds with less than 50% 

incorporation are not shown) 

Functionalisation of the EdU analogues with the cycloSal phosphotriester moiety 

improved the labelling efficiency of all the biolabels except EdU (4), in which the 

labelling efficiency was already very high (67% at 18.3 nM) (Table 5.2, Entry 1). This 

improvement was most pronounced for the cycloSal derivatives of the 2ʹ-bromo-

arabinosyl (12) and 2ʹ-fluoro-ribosyl (164) compounds, 113 (Table 5.2, Entry 7) and 

115, (Table 5.2, Entry 8) respectively. The unpredictability of biological interactions 

arising from arabinosyl functionalisation of nucleosides is clearly apparent when 

comparing incorporation of the cycloSal phosphotriester derivatives of the 2ʹ-chloro, 2ʹ-

bromo, and 2ʹ-iodo EdU analogues (112, 113, and 114) into the parasite (Figure 5.4). 

Remarkably, the cycloSal-2ʹ-bromo arabinosyl compound 113 displayed the highest 

degree of improvement in labelling of the parasite compared to parent compound 

(Figure 5.4). Whilst the 2ʹ-chloro and 2ʹ-iodo compounds (112 and 114) have a 

similarly low incorporation profiles. This result is difficult to rationalise as the bromo 

compound breaks the halogen series in terms of electronegativity and sterics. 
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Further anomalous behaviour was present when comparing dF-EdU compound bearing 

different cycloSal substituents (compounds 116-119) (Table 5.2). At the highest 

concentrations (73.3 μM) >70% labelling of the parasites was observed in the all the 

cycloSal dF-EdU derivatives except for compound 116 which displayed approximately 

30% labelling efficiency at this concentration. Compound 116 has an unsubstituted 

cycloSal aromatic ring and was expected to have intermediate activity in the dF-EdU 

series. It is difficult to rationalise this result with the increased labelling efficiency 

demonstrated by the 2ʹ-fluoro-ribosyl (115) and 2ʹ-bromo-arabinosyl (113) compounds 

featuring the same cycloSal phosphotriester group. This variability in the improvement 

of labelling efficiency may be dependent on multiple features such as enzymatic 

hydrolysis or transporter effects. Elucidation of this relationship would require further 

investigation through derivatisation of the 2ʹ-fluoro-ribosyl and 2ʹ-halo-arabinosyl 

compounds employing other cycloSal phosphotriester groups or other prodrug delivery 

group. 

 

 

 

Figure 5.4. Compound incorporation in T. cruzi parasites following 48 hours compound 

exposure of 2ʹ-chloro (112), 2ʹ-bromo (113), and 2ʹ-iodo (114) EdU analogue cycloSal 

phosphotriesters. 
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5.2.1 Evaluation of Compound Cytotoxicity in T. cruzi and 3T3 Cells 

Cytotoxicity of the above mentioned compounds was evaluated against the parasite 

following 48 hours of compounds exposure, as described above. For all the compounds 

tested the cytotoxicity dose response curve in the parasite approximately reflected the 

level of incorporation of the compounds (Figure 5.5). In accordance with this, 

compounds that did not label the parasite were found to be non-cytotoxic to these cells. 

Additionally, the results indicate that the compounds that were cytotoxic displayed 

comparatively greater cytotoxicity in the parasite than in host cells. This was expected 

as the host cells are contact inhibited and proliferate very slowly under the assay 

conditions.  

Table 5.3.  Cytotoxicity of EdU analogues against T. cruzi following 48 h exposure. 

Entry Compound IC50 1 (µM) IC50 2 (µM) 

1 4 NDa NDa 

2 155 41% at 73.3 µM 54% at 73.3 µM 

3 164 NA at 73.3 µM NA at 73.3 µM 

4 90 NDa NDa 

5 109 NDa NDa 

6 110 0.17 0.177 

7 111 0.13 0.1657 

8 112 NA at 73.3 µM NA at 73.3 µM 

9 113 36% at 36.6 µM 39% at 36.6 µM 

10 114 NA at 73.3 µM NA at 73.3 µM 

12 115 60% at 73.3 µM 70% at 73.3 µM 

13 116 NA at 73.3 µM NA at 73.3 µM 

14 117 39% at 36.6 µM 44% at 36.6 µM 

15 118 NA at 73.3 µM NA at 73.3 µM 

16 119 25% at 36.6 µM 42% at 73.3 µM 

NDa  (not determined) unable to estimate IC50, compound highly active.  
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Of all the EdU analogues tested, EdU (4) and the cycloSal phosphotriester derivatives 

of EdU (90, 109, 110, and 111) exhibited the highest cytotoxicity in the parasite, with 

inhibition of parasite growth observed at the low doses (>10% at 18 nM) reflecting 

labelling efficiency (Table 5.3). Similar to the findings in the incorporation assays, the 

level of cytotoxicity of the cycloSal EdU derivatives (90, 109, 110, and 111) only 

varied slightly with the aromatic ring substituents. Of all the cycloSal derivatives tested 

the 3-methyl-cycloSal EdU derivative 109 exhibited the greatest cytotoxic effects at the 

lowest concentrations. The influence of cycloSal substituents on cytotoxicity in the dF-

EdU (155) cycloSal derivatives (116-119) was less pronounced compared to the EdU 

counterparts. This may be a reflection of the already low level of incorporation and 

cytotoxicity of these compounds. The saligenyl alcohols (93, 105, 106, and 107) were 

also assayed for cytotoxicity as these compounds are expected to be regenerated upon 

hydrolysis of the cycloSal prodrug protecting group (Scheme 3.1). All of the saligenyl 

alcohols compounds exhibited negligible cytotoxicity to the parasite and host cells 

(<30% activity for all doses tested). 

 

 

 

 

155 155 
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Incorporation 
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115 115 
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Figure 5.5. Comparison of compound incorporation (left) and cytotoxicity (right) after 

48 hours compound exposure.  

 

5.2.2 Conclusion and Discussion 

These results indicate the T. cruzi parasite relies on a thymidine kinase with relatively 

high substrate specificity for activation of thymidine nucleoside analogues. However, 

this putative thymidine kinase appears to have differing specificity to the human 

thymidine kinases. This is demonstrated by activation and incorporation of dF-EdU 

(155) into the parasite DNA, since this compound is reported to be a poor substrate for 

human thymidine kinase.12 Our results demonstrate that the cycloSal phosphotriester 

prodrug strategy can successfully deliver nucleotide analogues into the parasite, by-

passing the parasite thymidine kinases. This was particularly evident for the cycloSal 

derivatives the 2ʹ-bromo-arabinosyl and the 2ʹ-fluoro-ribosyl EdU analogues (113 and 

115) in which labelling efficiency, while still low, was dramatically improved over the 

free nucleoside analogues (12 and 164). While the cycloSal derivatives of EdU (90, 

109, 110, and 111) did not exceed biolabelling efficiency of EdU, these results 

establish the viability of the prodrug approach in biolabelling parasite systems. 

This work has also revealed a higher sensitivity of the parasite to the cytotoxic effects of 

EdU compared to mammalian cell lines. While some increased sensitivity was expected 

on the basis that these cells proliferate at a higher rate than the host cells, in which 

proliferation suppressed by contact inhibition. It was still unclear why EdU exhibited a 

greater cytotoxic potency in the parasite compared to reports with HeLa cells,13 which 

have similarly high rates of proliferation. The reason why the cytotoxicity in the 

parasite appears to approximately proportional to the level incorporation of the 

compound may be explained by the common presence of the terminal alkyne moiety. 

Consequently, the high cytotoxic effect of these compounds may be as a result of the 

164 164 
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alkyne functional group interfering with the base J metabolism. This may result from 

the terminal alkyne of the EdU derivatives undergoing alkylation reactions via a ketene 

species following oxidation by the thymidine hydroxylase, as this is known for other 

thymidine hydroxylases.14 This may in effect give rise to a trypanosome specific DNA 

alkylator prodrug. Furthermore, if increases in selectivity of uptake and incorporation 

into the parasite of this class of compounds can be realised then these could potentially 

be exploited as a selective anti-trypanosomal agent. 

 

5.2.3 Methods 

Image-based assay to assess compound T. cruzi survival following compound 

exposure 

The activity of EdU and five pyrimidine nucleoside analogues against T. cruzi was 

determined as previously described.15 Briefly, 50 µL of 3T3 host cells in RPMI medium 

supplemented with 10% FBS and 1% penicillin/streptomycin were added at 1x103 

cells/well to 384-well CollagenI coated plates (CellCarrier, PerkinElmer, USA) using a 

MultidropTM 384 reagent dispenser (Thermo Fisher Scientific, USA). After 24 hours 

incubation at 37˚C and 5% CO2, 10 µL of T. cruzi trypomastigotes were added at a MOI 

of 5:1 parasite: host cells and plates were incubated for 24 hours. Non-infected parasites 

were washed from monolayers of host cells with PBS on a Bravo liquid handling 

platform (Agilent, USA) before compound addition.  

EdU analogues in DMSO were diluted in 384- well plates in 18 point serial dilutions 

and pre-diluted in sterile water 1:21 before addition to the assay using a MinitrakTM 

compound handling device (Perkin Elmer, USA). Five microliters of dilutions were 

added to wells of infected host cells, with final concentrations of compounds in the 

assay ranging from 73.26 µM to 0.00018 µM.  

Forty eight hours after compound addition, cells were stained with Hoechst and HCS 

CellMask GreenTM for 30 minutes each using a Bravo liquid handler. Seven fields per 

well were imaged on an Phenix™ confocal imaging system (PerkinElmer) using a 20x 

water objective, with 405 nm and 488 nm lasers and 450/50nm and 540/75nm filter sets, 

respectively. Results were exported as the number of infected cells and the whole 

number of host cells, so that the effect of compounds on host cells could be determined 

in the same well. DMSO at a final concentration of 0.4% was used as a negative 
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control; whilst 12 µM of nifurtimox (NFX) and 30 µM of puromycin were used as 

positive controls for the parasite and the host cells, respectively. The reproducibility of 

the assay was assessed by determining the Z’-factor with a value greater than 0.5 

describing a reproducible assay, with greater reproducibility as the Z’-factor approaches 

1. All experiments were performed with two separate biological replicates 

 

Thymidine analogue to detect T. cruzi replication following compound exposure 

The effect of a collection of compounds with known activity against T. cruzi on parasite 

replication was undertaken by determining the level of integration of compound 1 

(EdU) into parasite DNA following 48 hours exposure to compounds. The collection 

consisted of series of CPT, CPX, CF, POSA, NFX, and BZ compound 1 (EdU).  

The addition of host cells, parasites and compounds were as described for the T. cruzi 

image based assay herein, and in Sykes and Avery,2 using 0.4% DMSO as a negative 

control and 12 µM of NFX as a negative control, over 3 wells each, in two replicate 

plates. NFX was a positive control as we have shown this compound to remove 100% 

of parasites in vitro16.2 Compounds were added to one well each per concentration, over 

two replicate plates, in dose response concentrations. For CPT concentrations ranged 

from 18.3 µM to 9.1x10-4, for CPX concentrations ranged from 16.8 µM to 4.2x10-4, for 

CF 25.6 to 6.4x10-4, NFX and BZ from 127 to 3.2x10-4 µM. 

Compounds were added for 48 hours and were washed from infected host cells using a 

Bravo liquid handling device. Fifty microliters of RPMI supplemented with 10% FBS 

and 1% penicillin streptomycin were added to each well and using a Minitrak 

compound handling system, 5 µL of EdU diluted 1:21 in sterile H2O, at a final 

concentration of 0.366 µM, were added to wells. Plates were incubated for 4 hours at 

37˚C in 5% CO2 before determining EdU incorporation with a fluorescent azide using 

click chemistry, as described herein. In addition to the fluorescent marker Hoechst for 

detection of DNA; and detection of replicating parasites with with Alexa Fluor 488, 

HCS Cell Mask Deep Red (Thermo Fisher Scientific, USA) was added to determine the 

cytoplasmic border of host cells. Following Hoeschst staining and click chemistry 

detection of EdU incorporation, plates were washed twice with PBS before the addition 

of 20 µL of 0.0005% Cell Mask Deep Red (Thermo Fisher Scientific, DE, USA) in PBS 

for 30 minutes. Plates were washed twice with 50 µL PBS and 50 µL of PBS was added 
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to wells prior to imaging. Images were taken on an Phenix imaging system at 20 times 

magnification, using a water objective, with 405 nm, 488 nm and 640 nm lasers (450/50 

nm, 540/75 nm and 690/50 nm filter sets, respectively). Image analysis was performed 

with a script developed in Columbus software.  

Eight background control wells consisted of infected host cells, fixed and exposed to 

Hoechst and Alexa Flour 488 each, without the addition of compound to the wells. The 

controls were taken as a mean from these wells. IC50 values of compounds were 

calculated by exporting the percentage of spots that showed co-localisation of Hoechst 

and Alexa Fluor 488. The % activity of compounds was calculated against a positive 

control of 12 µM of NFX for the parasite and 30 µM of puromycin the host cells; and a 

negative control of 0.47% DMSO. 

IC50 analysis 

Compound IC50 values against T. cruzi, and 3T3 cells were determined in 

GraphPadPrism5, using sigmoidal dose response with variable slope. Results are given 

±standard deviation and mean values were taken from two experimental replicates. 
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Chapter Six: 

Conclusions and Future Work 
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6.0 General Conclusions 

This thesis comprises of a linear project which transverses pure synthetic chemistry to 

chemical biology in the aim of developing improved DNA biolabels to probe biological 

systems. During the course of this project the synthesis of three novel 2ʹ-halo-arabinosyl 

EdU analogues, a 2ʹ-fluoro-ribosyl EdU analogue, and eleven cycloSal phosphotriester 

derivatives of EdU and its analogues was realised. The nucleophilic fluorination at the 

2ʹ position of uridine was explored resulting in the development of a new synthesis of 

2ʹ-fluoro-arabinosyl uridine. The 2ʹ-halo-EdU analogues and cycloSal phosphotriester 

derivatives were evaluated against the T. cruzi parasite for cytotoxicity and 

incorporation into DNA. 

The synthesis of 2ʹ-halo-arabinosyl EdU analogues required a challenging late-stage 

halogenation strategy. In the development of this strategy new synthetic methodology 

evolved employing the unusual N-nitro protecting group. Optimised conditions were 

developed for quick and gentle installation and removal of this group in the presence of 

other sensitive functional groups. Furthermore, the techniques developed for the 

removal the N-nitro protecting group allowed for its removal in the presence of 

functional groups sensitive to reducing conditions. 

New conditions were explored and developed for the synthesis of the cycloSal 

phosphotriesters from unprotected nucleoside analogues. These unoptimised conditions 

were successfully applied to multiple nucleoside substrates and cycloSal 

phosphoramidites without limitation. A new synthesis and purification of cyclosaligenyl 

phosphoramidites was developed and successfully applied to four different saligenyl 

alcohols but failed in synthesis of the 5-nitro-cyclosaligenyl-phosphoramidite from 5-

nitro-saligenyl alcohol. 

The 2ʹ nucleophilic fluorination of uridine employing 3-N-nitro stabilised 2ʹ-triflates 

required extensive exploration of conditions and fluoride sources to find appropriate 

conditions for successful reactions. It was found that basicity of the amine base of the 

HF-amine complexes was integral to the success of fluorination reactions. Attempts to 

increase the yields of the fluorination reaction through alternative hydroxyl protecting 

groups of the uridine-N-nitro-triflate failed. A new deprotection strategy of the the N-

nitro group of the 2ʹ-fluro-3-N-nitro-uridine was developed employing a two-step 
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process. This relied on first forming an N-amino intermediate which was then 

deaminated to give the free 2ʹ-fluoro-arabinosyl uridine nucleoside. This synthesis 

afforded 2ʹ-fluoro-arabinosyl uridine in yields 17 times greater than previous reports by 

direct fluorination of preformed uridine nucleosides. 

The biological evaluation of the EdU and its 2ʹ-halo analogues, and the cycloSal 

phosphotriester derivatives revealed that the T. cruzi parasite is extremely sensitive both 

labelling with EdU and its associated cytotoxicity. This study also revealed that 

labelling of the parasite with any of the EdU analogues was associated with 

corresponding cytotoxicity. Improvement of labelling efficiency of some the EdU 

analogues by functionalisation with cycloSal phosphotriesters reveal that thymidine 

kinase blockade occurs for some nucleoside analogues. Thus the parasite expresses a 

putative thymidine kinase with restricted substrate specificity which is comparable to 

that of higher eukaryotes. The high cytotoxicity of EdU and its analogues may indicate 

the presence of an alternative cytotoxic pathway not present in mammalian systems, 

possibly resulting from interference with the base J metabolism. 

 

6.1 Future Directions 

The development of improved DNA biolabels for T. cruzi will require exploration into 

mode of cytotoxicity of the 5-ethynyl-uridine scaffold in the parasite. This may result in 

future prospective DNA biolabels employing other scaffolds, either derived from other 

nucleobases or having functionalisation for detection placed on the sugar moiety. Due to 

the unexpectedly high substrate specificity during metabolism of nucleoside analogues 

by the parasite, development parasite selective biolabels may be better achieved through 

selective prodrug delivery strategies. 

The synthetic strategies developed in this project may be extended beyond the 

prospective DNA biolabels for which these were developed. The synthesis of arabinosyl 

nucleosides is a challenging area of chemistry and similar compounds are still pursued 

and developed as the basis of antiviral therapies. Furthermore, the synthesis of cycloSal 

phosphotriesters, despite the long standing success and extensive investigation of this 

class of compounds, still represents as a challenging synthetic manipulation. Thus 

having a methodology for late-stage synthesis of these phosphoesters from unprotected 
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nucleosides that employs gentle reaction conditions and reagents represents a further 

development in this chemistry that may lower the barrier to further biochemical 

investigations. Additionally, simplification of the synthesis and purification of the 

cycloSal phosphoramidites also enables access to cycloSal phosphotriesters by 

providing increased reaction reliability and reducing time cost. 

The development methodology for late-stage 2ʹ-fluorination of uridine in combination 

with the facile methodology for reductive N-denitration creates an opportunity to 

investigate 2ʹ-fluoro-arabinosyl uridines as radioactive 18F positron imaging tracers. 

These compounds have been used to study and detect proliferative disorders such as 

cancer. However, these 2ʹ-fluorinated uridine compounds are difficult to prepare and 

currently rely on multistep synthesis and purification procedures. A late-stage one pot 

fluorination and deprotection procedure would represent a major advancement in the 

synthesis of these compounds. We would look to further optimise the fluorination 

methodology and adapt it to suit radiofluorination conditions. 
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Chapter Seven: 

Experimental 
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7.0 General Chemistry 

All reactions were carried out in dry solvents under anhydrous conditions unless 

otherwise stated. All chemicals were purchased from commercial suppliers and used 

without further purification. All reactions were monitored by TLC using silica plates 

with visualisation of eluted bands by UC fluorescence ( = 254 nm) and charring with 

vanillin stain (6 g vanillin in 100 mL of EtOH containing 1% v/v 98% Sulfuric acid. 

Silica gel flash chromatography was performed using silica gel 60 Å (230-400 mesh). 

NMR (1H, 13C, 19F, COSY, NOESY, HSQC and HMBC) spectra were recorded on a 

Bruker AVANCE III HD 500 MHz NMR spectrometer equipped with a BBO probe at 

25 ˚C. Chemical Shifts for 1H and 13C NMR obtained in DMSO-d6 are reported in ppm 

relative to residual solvent proton ( = 2.50 ppm) and carbon ( = 39.5 ppm) signals, 

respectively. Chemical Shifts for 1H and 13C NMR obtained in CDCl3 are reported in 

ppm relative to residual solvent proton ( = 7.26 ppm) and carbon ( = 77.16 ppm) 

signals, respectively. The 31P NMR and 19F NMR chemical shifts are reported in ppm 

using neat (EtO)3P (-1 ppm) and F3CCO2H (-78.5 ppm) as the external references, 

respectively, employing coaxial insert tubes. Signal splitting multiplicity is indicated as 

follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of 

doublets), br (broad signal). Assignments of 1H and 13C chemical shifts were established 

by COSY, HSQC, HMBC, and NOESY experiments. In the case of cyclosaligenyl 

phosphoester derivatives assignment of 13C chemical shifts could not be determined 

with absolute precision due to a combination of a mixture of diastereomers and signal 

splitting observed due to hetero atom coupling (31P and/or 19F). Two-dimensional 

experiments did however display the expected correlations between signals in 1H and 

13C spectra. Coupling constants are reported in hertz (Hz). LRMS (ESI) data were 

acquired on a waters ZQ or Thermo Fisher MSQ Plus single quadruple ESI mass 

spectrometers using electrospray as the ionisation technique in positive and/or negative 

mode as stated. HRMS (ESI) data were acquired on a 12 T SolariX XR FT-ICR-MS 

using electrospray as the ionisation technique in positive-ion and/or negative mode as 

stated. All MS analysis samples were prepared as solutions in either methanol or 

acetonitrile. Purity of the compounds were >95% as determined by Thermo Fisher 

Dionex Ulitmate 3000 series HPLC via UV detection at 254 nm. The melting points are 
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uncorrected. Proton and carbon atom numbering for NMR chemical shifts are 

designated as shown below.  

 

 

7.1 General Experimental Procedures  

 

General procedure 1: N-Nitration of uridine nucleosides with TBAN/TFAA  

 

Uridine analogue and TBAN (2 equiv) were combined dry and placed under an atm of 

Ar. The mixture was then dissolved in anhydrous CH2Cl2 (approx. 3.4 mL/mmol) with 

stirring. The resulting mixture then was cooled in an ice bath to 0 ˚C then TFAA (2 

equiv) added. After approximately 1 min a few drops of MeOH was added to quench 

the fuming yellow colouration. The resulting pale yellow mixture was allowed to warm 

to rt then applied directly to a preconditioned silica gel flash column chromatography 

column for purification as described for each compound.  

 

General procedure 2: N-Nitration of uridine nucleosides with KNO3/TFAA 

 

To prepare the nitration mixture TFAA (8 equiv) was added to powdered KNO3 (8 

equiv) previously cooled to 0 ˚C under an atm of argon and the mixture stirred until a 
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white paste formed (approx. 10 mins). Next, the uridine derivative, dissolved in a 

minimum amount of CH2Cl2, was added to the nitrating mixture. The reaction was 

stirred for 20 min at 0 ˚C or until completion by as evidenced TLC. The reaction 

mixture was then poured into 1 M phosphate buffer solution (20 mL, pH 7) then 

CH2Cl2 (20 mL) added. The organic and aqueous phases were separated and the 

aqueous phase then extracted with CH2Cl2 (3  20 mL). Then the organic extractions 

were combined, dried over MgSO4, and concentrated in vacuo. The crude product was 

purified by silica gel flash column chromatography as described for each compound. 

 

General procedure 3. Sonogashira coupling of 5-iodo-uridine derivatives with 

ethynyl-2-trimethysilane 

 

5-Iodo-uridine derivative, CuI (0.1 equiv), Pd(PPh3)4 (0.05 equiv) were combined and 

placed under an atm of argon. Then the mixture was dissolved/suspended in anhydrous 

CH2Cl2 followed by immediate addition of ethynyl-2-trimethysilane followed by Et3N. 

Upon addition of Et3N the reaction mixture clarifies and develops a yellow-orange in 

colour. The mixture is then stirred at rt until complete consumption of the 5-iodo-

uridine derivative as evident by TLC (2 – 3 h). Then the solvent is removed in vacuo 

and the residue dissolved in EtOAc. The organic phase is then washed with 5% HCl(aq) 

(20 mL), NaHCO3(satd. aq) (20 mL), 1M EDTA-Na (3  20 mL) and brine then dried over 

MgSO4 and concentrated in vacuo. The crude product was purified as described for each 

compound. 
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General procedure 4. N-denitration 

 

The N-nitro uridine analogue was dissolved in CH3CN and cooled to 0 ˚C then 

sequentially acetic acid (10 equiv), silica gel ( 0.8 g/mol) and Zn (5 equiv) was added. 

The mixture was stirred vigorously at 0 ˚C until complete conversion of the starting 

material as evident by TLC. Then mixture was filtered through cotton wool and silica 

plug, dissolved in EtOAc (20 mL). The EtOAc phase was washed with NaHCO3(satd. 

aq.)(20 mL), brine (20 mL) and dried over MgSO4. The crude product was purified by 

silica gel flash chromatography as described for each compound. 

 

General procedure 5. Desilylation with Et3N·(HF)3 

 

The silylated substrate was dissolved in CH3CN then Et3N·(HF)3 (10 equiv) was added. 

After complete desilylation as evident by TLC the crude product was purified by silica 

gel flash chromatography as described for each compound. 

 

General procedure 6. One pot N-denitration and desilylation 

 

The silyl protected N-nitro-uridine analogue was dissolved in CH3CN then Et3N·(HF)3 

(10 equiv) was added and the mixture stirred at rt. After complete desilylation, as 

evident by TLC, the mixture is cooled to 0 ˚C then sequentially acetic acid (20 equiv), 

silica gel ( 0.8 g/mol), and Zn (5 equiv) was added. After approximately 5 min the 
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mixture was filtered through a plug of cotton wool and silica gel. The crude product was 

purified by solikd addition silica gel flash chromatography as described for each 

compound. 

 

General procedure 7. TIPDS protection of 3ʹ,5ʹ-hydroxyls. 

 

3ʹ,5ʹ-Unprotected ribosyl derivative was dissolved in pyridine and cooled to 0 ˚C. Next 

1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane (TIPDSCl2) (1.1 equiv) was added and the 

mixture allowed to warm room temperature over several hours. After complete 

silylation with TIPDSCl2 as evidenced by TLC (ca. 4 – 16 h), the mixture was then 

dissolved in EtOAc (20 mL) and washed with 5% HCl(aq) solution (20 mL), 

NaHCO3(satd. aq) (20 mL) with aqueous layers back extracted with EtOAc (2  20 mL) 

then dried with MgSO4 and concentrated in vacuo. The product was purified by silica 

gel flash chromatography by addition of the crude dissolved in CH2Cl2 and elution with 

0 – 5% MeOH in CH2Cl2. 

 

General procedure 8. One-pot protection of 3ʹ,5ʹ-hydroxyls and 2ʹ-triflation 

 

N-Nitro-uridine derivative was dissolved in pyridine and cooled to 0 ˚C in an ice bath. 

Next 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane (TIPDSCl2) (1.1 equiv) was added 

and the mixture allowed to spontaneously warm room temperature. After complete 

silylation with TIPDSCl2 as evidenced by TLC (ca. 4 – 16 h) the mixture was then 

dissolved in EtOAc (20 mL) and washed with 5% HCl(aq) solution (20 mL), 

NaHCO3(satd. aq) (20 mL) with aqueous layers back extracted with EtOAc (2  20 mL) 

with then dried with MgSO4 and concentrated in vacuo. Next the residue was dissolved 
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in anhydrous CH2Cl2 (amylene stabilised) then pyridine (4 equiv) added and cooled to -

5 ˚C. 1M triflylic anhydride CH2Cl2 solution (1.5 equiv) was added dropwise with 

vigorous stirring. The mixture was allowed to warm to room temperature. The product 

was purified by silica gel flash chromatography by direct addition of the crude reaction 

mixture to the column and elution with 100% CH2Cl2. 

 

General procedure 9. Iodination of the 5 position of uridine analogues. 

 

The uridine analogue, ceric ammonium nitrate (CAN) (1 equiv) and I2 (1.2 equiv) were 

combined then dissolved in CH3CN (40 equiv) and heated to 50 ˚C for 16 h. The solvent 

was then removed in vacuo and the residue dissolved in EtOAc (20 mL) and washed 

with NaHCO3(satd. aq.) (20 mL) and brine (20 mL) then dried over MgSO4. The crude 

product was then purified by silica gel flash chromatography as described for each 

compound.  

 

General procedure 10. Synthesis of cyclosaligenyl phosphoramidites. 

 

Saligenyl alcohol was dissolved in Et2O then cooled to -78 ˚C. PCl3 (1 equiv) and Et3N 

(2 equiv) were dissolved in Et2O separately then added to the reaction mixture slowly. 

After stirring for 2 hours and warming to 0 ˚C the reaction mixture was again cooled to 

-78 ˚C and diisopropylamine (2 equiv) added. The reaction mixture was allowed to 

warm to 0 ˚C in a dry-ice/acetone bath. The precipitated amine salts then filtered under 

a N2 atm. The receiver flask was also cooled to 0 0C. The hazy white solution was then 

concentrated in vacuo (not heated). A short Alumina chromatography column (plug) 

was prepared from basic alumina which had been stored in a 150 ˚C oven overnight and 

conditioned with CH2Cl2 (stabilised with 0.1 % EtOH). The crude compound was 
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dissolved in CH2Cl2 (from the column effluent to avoid acid impurities) eluted through 

the alumina. The purified compound is concentrated in vacuo without heating then 

placed stored at – 20 ˚C. 

 

General procedure 11. Phosphitylation of free nucleosides analogues employing 

cyclosaligenyl phosphoramidites. 

 

Nucleoside analogue was kept on 3Å-MS in pyridine for 16 h. Then TFA (4 equiv) was 

added mixture left to stand for one hour. The mixture was then removed from the 3Å-

MS by syringe and cooled to -5 ˚C. Next the cyclosaligenyl phosphoramidite (1.2 equiv) 

dissolved in a minimum amount CH2Cl2 was added to the reaction mixture slowly with 

vigorous stirring. The mixture was allowed to warm rt over 30 min at which point the 

mixture was again cooled to -5 ˚C and t-BuOOH (5-6 M in decane, 2.4 equiv) was 

added and mixture allowed to again warm to rt spontaneously over 30 min. Next the 

reaction mixture was concentrated in vacuo and the residue dissolved in MeOH (10 

mL). Amberlite IR-120 H+ resin (prewashed and dried) was added to the MeOH 

solution and the mixture was stirred until no pyridine was detectible by TLC (UV) and 

pH paper indicated the pH < 5. The resin was then filtered off and washed with MeOH 

(10 mL). Amberlite IRA-67 resin (prewashed and dried) was added to the filtrate and 

the mixture was stirred until pH was neutral to pH indicator paper. The resin was 

filtered off and the filtrate concentrated in vacuo. The crude product was purified by 

silica gel flash chromatography as described for each compound. 
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7.2 Preparation of Compounds for Chapter Two 

 

3ʹ,5ʹ-O-(tetraisopropyldisiloxane-1,3-diyl)-uridine (33) 

Compound 33 was synthesised from uridine (0.500 g, 1.982 mmol) 

and 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane (TIPDSCl2) (0.7 mL, 

2.18 mmol, 1.1 equiv) according to literature procedures.1 The 

reaction mixture was dissolved in EtOAc (50 mL) and washed with 

5% HCl(aq) (20 mL), NaHCO3(satd. aq) (20 mL), brine (20 mL), dried 

over MgSO4 and concentrated in vacuo. Rf = 0.42 (5% MeOH in CH2Cl2). The crude 

product was purified by silica gel flash chromatography (5% MeOH in CH2Cl2) to 

afford a colourless foam (868 mg, 90%). 1H NMR (500 MHz, CDCl3)  H = δ 9.41 (s, 

1H, NH), 7.74 (d, J = 8.1 Hz, 1H, H-6), 5.73 (s, 1H, H-1ʹ), 5.70 (dd, J = 8.2, 1.5 Hz, 1H, 

H-5), 4.33 (dd, J = 8.9, 4.8 Hz, 1H, H-3ʹ), 4.23 – 4.16 (m, 2H, H-2ʹ and H-5ʹ(α or β)), 4.13 

(dt, J = 8.9, 2.4 Hz, 1H, H-4ʹ), 4.00 (dd, J = 13.2, 2.8 Hz, 1H, H-5ʹ(α or β)), 3.44 (br s, 1H, 

OH-2ʹ) 1.12 – 0.94 (m, 28H, (Si(i-Pr)2)2). 
13C NMR (125 MHz, CDCl3)  C = 163.5 (C-

4), 150.3 (C-2), 140.1 (C-6), 102.1 (C-5), 91.0 (C-1ʹ), 82.0 (C-4ʹ), 75.3 (C-2ʹ), 69.0 (C-

3)ʹ, 60.3 (C-5ʹ), 17.6, 17.5, 17.42, 17.37, 17.2, 17.09, 17.05, 16.9, 13.5, 13.51, 13.08, 

12.6.  

 

2ʹ,3ʹ,5ʹ-Tri-O-acetyl-uridine (45) 

Compound 45 was synthesised from uridine (66) (5.000 g, 20.475 

mmol) according to literature procedures.2 The crude product was 

dissolved in EtOAc (50 mL) and washed with 5% HCl(aq) (20 mL), 

NaHCO3(satd. aq) (20 mL), brine (20 mL) and dried over MgSO4 to give 

the title compound as a white solid (quantitative). Rf = 0.46 (10% 

MeOH in CH2Cl2). The NMR spectra were consistent with literature 

values. 1H NMR (500 MHz, CDCl3)  H = 9.31 (br s, 1H, NH), 7.39 (d, J = 8.2 Hz, 1H, 

H-6), 6.03 (d, J = 4.8 Hz, 1H, H-1ʹ), 5.79 (d, J = 8.1 Hz, 1H, H-5), 5.37 – 5.29 (m, 2H), 

4.39 – 4.28 (m, 3H), 2.13 (s, 3H, AcO), 2.12 (s, 3H, AcO), 2.09 (s, 3H, AcO). 13C NMR 
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(125 MHz, CDCl3)  C = 170.3, 169.78, 169.77, 162.9, 150.4, 139.4, 103.6, 87.6, 80.1, 

72.8, 70.3, 63.3, 20.9, 20.6, 20.5. 

 

2ʹ,3ʹ,5ʹ-Tri-O-acetyl-3-N-nitro-uridine (46) 

Compound 46 was synthesised from compound 45 employing both 

general procedure 1 and general procedure 2 to give 

spectroscopically identical compounds as foams (quantitative yields 

from both methods). The NMR spectra for compounds obtained by 

both methods were consistent with literature values.31 H NMR (500 

MHz, CDCl3)  H = 7.44 (d, J = 8.4 Hz, 1H), 5.97 (d, J = 5.0 Hz, 1H), 

5.92 (d, J = 8.4 Hz, 1H), 5.39 – 5.28 (m, 2H), 4.42 – 4.30 (m, 3H), 2.14 (s, 4H), 2.14 (s, 

3H), 2.12 (s, 3H). LRMS (ESI): m/z = 460 [M + HCOO]-. 

 

2ʹ,3ʹ,5ʹ-Tri-O-acetyl-5-iodo-uridine (47) 

Compound 47 was synthesised from 45 (1.50 g, 4.05 mmol) 

according to published literature procedures4 (general procedure 9). 

The crude product was purified by silica gel flash chromatography 

(20-40% EtOAc in CH2Cl2) to afford the title compound as a pale 

yellow solid (1.88 g, 94%). The NMR spectroscopic data was 

consistent with literature values.5 Rf = 0.35 (5% MeOH in CH2Cl2). 

1H NMR (500 MHz, CDCl3)  H = 9.37 (br s, 1H, NH), 7.88 (s, 1H, H-6), 6.10 – 6.03 

(m, 1H, H-1ʹ), 5.39 – 5.27 (m, 2H, H-2 and H-3ʹ), 4.44 – 4.28 (m, 3H, H-4ʹ and H-5ʹ(α and 

β)), 2.23 (s, 3H, AcO), 2.12 (s, 3H, AcO), 2.10 (s, 3H, AcO). 13C NMR (125 MHz, 

CDCl3)  C = 170.2 (H3CCOO), 169.8 (H3CCOO), 169.8 (H3CCOO), 159.7 (C-4), 150.1 

(C-2), 143.9 (C-6), 87.3 (C-1ʹ), 80.4 (C-4ʹ), 73.2 (C-2ʹ), 70.3 (C-3ʹ), 69.8 (C-5), 63.1 (C-

5ʹ), 21.2 (H3CCOO), 20.6 (H3CCOO), 20.5 (H3CCOO). LRMS (ESI): m/z = 496 [M + 

H]+. 
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2ʹ,3ʹ,5ʹ-Tri-O-acetyl-5-iodo-3-N-nitrouridine (49) 

Compound 49 was synthesised from compound 47 (0.200 g, 0.4031 

mmol) by two methods: Method A: according to general procedure 

1. Method B: according general procedure 2. The crude product 

was purified by silica gel flash chromatography (Method A: 20% - 

60 EtOAc in n-hexane, Method B: 0-20% EtOAc in CH2Cl2) to 

afford the title compound as a colourless solid (general procedure 

1: quantitative, general procedure 2: 50 %). mp = 145-150 ˚C. Rf = 0.64 (5% MeOH in 

CH2Cl2). 
1H NMR (500 MHz, CDCl3)  H = 7.92 (s, 1H, H-6), 6.05 – 6.01 (m, 1H, H-

1ʹ), 5.36 – 5.28 (m, 2H, H-2ʹ and H-3ʹ), 4.45 – 4.39 (m, 2H, H-4ʹ and H-5ʹ(α or β)), 4.35 

(dd, J = 13.4, 3.3 Hz, 1H, H-5ʹ(α or β)), 2.24 (s, 3H, AcO), 2.14 (s, 3H, AcO), 2.12 (s, 3H, 

AcO). 13C NMR (125 MHz, CDCl3)  C = 170.1 (H3CCOO), 169.8 (H3CCOO), 169.7 

(H3CCOO), 152.5 (C-4), 145.3 (C-2), 143.2 (C-6), 88.4 (C-1ʹ), 81.1 (C-4ʹ), 73.3 (C-2), 

70.2 (C-3ʹ), 66.8 (C-5), 62.9 (C-5ʹ), 21.2 (H3CCOO), 20.6 (H3CCOO), 20.5 (H3CCOO). 

LRMS (ESI): m/z = 586 [M + HCOO]-. HRMS (ESI+) m/z calcd for C15H16IN3O11Na 

[(M+ Na)+] 563.9721, found 563.9719. 

 

2ʹ,3ʹ,5ʹ-Tri-O-acetyl-5-(ethynyl(2-trimethylsilyl))-uridine (48)  

Compound 48 was synthesised from compound 47 (1.700 g, 

3.426 mmol) according to general procedure 3. The crude 

product was purified by silica gel flash chromatography to 

give the title compound as an off-white foam (1.520 g, 95%). 

Rf = 0.37 (20% EtOAc in CH2Cl2). The NMR spectroscopic 

data was consistent with literature values.6,7 1H NMR (500 

MHz, CDCl3)  H = 8.93 (br s, 1H, NH), 7.76 (s, 1H, H-6), 6.10 (d, J = 4.9 Hz, 1H, H-

1ʹ), 5.36 – 5.28 (m, 2H, H-2ʹ and H-3ʹ ), 4.42 – 4.32 (m, 3H, H-4ʹ and H-5ʹ(α and β)), 2.21 

(s, 3H, AcO), 2.12 (s, 3H, AcO), 2.10 (s, 3H, AcO), 0.21 (s, 9H, (Si(CH3)3). 
13C NMR 

(125 MHz, CDCl3)  C = 170.2 (H3CCOO), 169.9 (H3CCOO), 169.7 (H3CCOO), 160.8 

(C-4), 149.3 (C-2), 142.2 (C-6), 101.6 (C-5), 100.5 (CC−Si), 95.0 (CC−Si), 87.3 (C-

1ʹ), 80.4 (C-4ʹ), 73.4 (C-2ʹ), 70.3 (C-3ʹ), 63.2 (C-5ʹ), 21.2 (H3CCOO), 20.7 (H3CCOO), 
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20.6 (H3CCOO), -0.0 (Si(CH3)3). LRMS (ESI): m/z = 465 [M - H]-, 467 [M + H]+, 489 

[M + Na]+. 

 

2ʹ,3ʹ,5ʹ-Tri-O-acetyl-5-(ethynyl(2-trimethylsilyl))-3-N-nitro-uridine (50) 

Compound 50 was synthesised from compound 48 (1.5200 g, 

3.2582 mmol) according to general procedure 1. The crude 

product was purified by silica gel flash chromatography (5% 

EtOAc in CH2Cl2) to afford title compound as a white solid 

(quantitative) mp = 135–137 ˚C. Rf = 0.36 (100% CH2Cl2). 
1H 

NMR (500 MHz, CDCl3)  H = 7.78 (s, 1H, H-6), 6.08 – 6.05 

(m, 1H, H-1ʹ), 5.36 – 5.32 (m, 2H, H-2ʹ and H-3ʹ), 4.42 (ddd, J = 2.6, 0.8 Hz, 1H, H-4ʹ), 

4.38 (d, J = 2.6 Hz, 2H, H-5ʹ(α and β)), 2.21 (s, 3H, AcO), 2.13 (s, 3H, AcO), 2.12 (s, 3H, 

AcO), 0.22 (s, 9H, Si(CH3)3). 
13C NMR (125 MHz, CDCl3)  C = 169.9 (H3CCOO), 

169.7 (H3CCOO), 169.7 (H3CCOO), 153.8 (C-4), 144.7 (C-2), 140.9 (C-6), 102.4 

(CC−Si), 101.3 (C-5), 93.2 (CC−Si), 88.3 (C-1ʹ), 80.9 (C-4ʹ), 73.4 (C-2ʹ), 70.1 (C-3ʹ), 

62.9 (C-5ʹ), 21.0 (H3CCOO), 20.6 (H3CCOO), 20.5 (H3CCOO), -0.2(Si(CH3)3). LRMS 

(ESI): m/z = 556 [M + HCOO]-, 534 [M + Na]+. HRMS (ESI+) m/z calcd for 

C20H25N3O11SiNa [(M + Na)+] 534.1150, found 534.1133. 

 

5-(Ethynyl(2-trimethylsilyl))-3-N-nitro-uridine (53) 

Compound 53 was synthesised by two methods. Method A: 

desilylation of 58. Method B: deacetylation of 50. Method 

A: Within a polypropylene tube 58 (0.3000 g, 0.412 mmol) 

was dissolved CH3CN (1.5 mL) and cooled to -40 ˚C in a dry 

ice/CH3CN bath. Then HF-pyridine (0.1606 mL, 6.179 mmol, 

15 equiv) previously cooled to -20 ˚C was added to the 

mixture and allowed to warm to rt. After 18 h at rt the mixture was cooled to -40 ˚C 

then added directly to a silica gel flash chromatography column conditioned with 5% 

MeOH in CH2Cl2 then eluted using a gradient of 5-10% MeOH in CH2Cl2 to afford the 

title compound as an orange/yellow foam (0.1420 g, 90%). Method B: 50 (0.6000 g, 
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1.173 mmol) and p-toluenesulfonic acid (0.127 g, 1.1730 mmol, 1 equiv) were placed 

under an atm of argon and dissolved in MeOH (3 mL) and a minimum amount of 

CH2Cl2. The mixture was stirred at rt for 48 hours then purified by solid addition silica 

gel flash chromatography (Gradient: 5-8% MeOH in CH2Cl2) to give the title compound 

as a colourless foam/gum (80 %, 0.3602 mg). Rf = 0.59 (10% MeOH in CH2Cl2). 
1H 

NMR (500 MHz, CDCl3)  H = 8.66 (s, 1H, H-6), 5.66 (d, J = 2.9 Hz, 1H, H-1ʹ), 5.60 

(d, J = 5.0 Hz, 1H, OH-2ʹ), 5.37 (t, J = 4.4 Hz, 1H, OH-5ʹ), 5.11 (d, J = 6.3 Hz, 1H, OH-

3ʹ), 4.14 (td, J = 4.8, 2.7 Hz, 1H, H-2ʹ), 4.01 (q, J = 6.2 Hz, 1H, H-3ʹ), 3.92 (dt, J = 6.6, 

2.4 Hz, 1H, H-4ʹ), 3.78 (ddd, J = 12.1, 4.5, 2.6 Hz, 1H, H-5ʹ(α or β)), 3.61 (ddd, J = 12.2, 

2.2 Hz, 1H, H-5ʹ(α or β)), 0.20 (s, 9H, Si(CH3)3).
 13C NMR (125 MHz, CDCl3)  C = 154.8 

(C-4), 145.0 (C-6), 144.5 (C-2), 98.9 (CC−Si), 97.3 (C-5), 95.5 (CC−Si), 90.9 (C-1ʹ), 

84.6 (C-4ʹ), 74.0 (C-2ʹ), 68.1 (C-3ʹ), 59.1 (C-5ʹ), -0.2 (Si(CH3)3). LRMS (ESI): m/z = 

384 [M - H]-, 430 [M + HCOO-]-. HRMS (ESI+) m/z calcd for C14H19N3O8SiNa [(M + 

Na)+] 408.08336, found 408.08178. 

 

2ʹ,3ʹ,5ʹ-Tri-O-(tert-butyldimethylsilyl)-5-iodo-uridine (56) 

5-iodo-uridine (42) (1.1 g, 2.97 mmol), tert-butyl-dimethylsilyl 

chloride (TBDMSCl) (1.79 g, 11.88 mmol, 4 equiv), and 

imidazole were combined and placed under an atm of argon. 

Next the mixture was wet with minimum amount of pyridine 

(approx. 1 mL) to solubilise the starting material. The resulting 

mixture was heated to 50 ˚C with stirring for 2 h at which point a 

single product was evident by TLC. To quench the excess TBDMSCl the mixture was 

allowed to cool to rt then MeOH (0.5 mL) added with stirring. After 5 min the mixture 

was dissolved in CH2Cl2 and poured into 5% HCl(aq) (20 mL) then extracted with 

CH2Cl2 (3  20 mL). The CH2Cl2 extracts were then combined and washed with 5% 

HCl(aq) (20 mL). The 5% HCl(aq) (20 mL) phase was extracted with CH2Cl2 (20 mL). 

The combined CH2Cl2 extracts were washed with NaHCO3(satd. aq) and brine then dried 

over MgSO4 and concentrated in vacuo. The crude product was purified by silica gel 

flash chromatography (1-5 % MeOH in CH2Cl2) to give the title compound as a 

colourless foam (quantitative). Rf = 0.17 (100% CH2Cl2), 0.42 (5% EtOAc in CH2Cl2), 

0.81 (40% EtOAc in n-hexane). 1H NMR (500 MHz, CDCl3)  H = 8.17 (s, 1H, NH), 



Appendix A 

 

161 

 

8.05 (s, 1H, H-6), 6.03 (d, J = 6.7 Hz, 1H, H-1ʹ), 4.11 (dd, J = 6.7, 4.4 Hz, 1H, H-2ʹ), 

4.07 – 4.03 (m, 2H, H-3ʹ and H-4ʹ), 3.90 (dd, J = 11.6, 2.0 Hz, 1H, H-5ʹ(α or β)), 3.74 (dd, 

J = 11.7, 1.9 Hz, 1H, H-5ʹ(α or β)), 0.99 (s, 9H, (CH3)2SiC(CH3)3), 0.91 (S, 9H, 

(CH3)2SiC(CH3)3), 0.86 (s, 9H, (CH3)2SiC(CH3)3), 0.20 (s, 6H, (CH3)2SiC(CH3)3), 0.10 

(s, 3H, (CH3)2SiC(CH3)3), 0.07 (s, 3H, (CH3)2SiC(CH3)3), 0.03 (s, 3H, 

(CH3)2SiC(CH3)3), -0.05 (s, 3H, (CH3)2SiC(CH3)3). 
13C NMR (125 MHz, CDCl3)  C = 

159.7 (C-4), 150.0 (C-2), 144.7 (C-6), 87.6 (C-1ʹ), 86.7 (C-4ʹ), 76.0 (C-2ʹ), 72.8 (C-3ʹ), 

68.7 (C-5), 63.3 (C-5ʹ), 26.5 ((CH3)2SiC(CH3)3), 25.9 ((CH3)2SiC(CH3)3), 25.8 

((CH3)2SiC(CH3)3), 18.8 ((CH3)2SiC(CH3)3), 18.2 ((CH3)2SiC(CH3)3), 18.0 

((CH3)2SiC(CH3)3), -4.31 ((CH3)2SiC(CH3)3)), -4.33 ((CH3)2SiC(CH3)3)), -4.5 

((CH3)2SiC(CH3)3), -4.7 ((CH3)2SiC(CH3)3), -4.8 ((CH3)2SiC(CH3)3), -4.9 

((CH3)2SiC(CH3)3). LRMS (ESI): m/z = 712 [M + H]+
, 710 [M - H]-. HRMS (ESI+) m/z 

calcd for C27H53IN2O6Si3Na [(M + Na)+] 735.2148, found 735.2178. 

 

2ʹ,3ʹ,5ʹ-Tri-O-(tert-butyldimethylsilyl)-5-(ethynyl(2-trimethylsilyl))-uridine (57) 

Compound 57 was synthesised from compound 56 (1.9 g, 

2.66 mmol) according to general procedure 3. The crude 

product was purified by silica gel flash chromatography 

(Gradient: 10-30% EtOAc in n-hexane to afford the title 

compound as faint yellow foam (1.6750 g, 92 %). Rf = 0.09 

(100% CH2Cl2), 0.42 (5% EtOAc in CH2Cl2), 0.82 (40% 

EtOAc in n-hexane). 1H NMR (500 MHz, CDCl3)  H = 8.06 (s, 1H, NH), 7.95 (s, 1H, 

H-6), 6.02 (d, J = 6.3 Hz, 1H, H-1ʹ), 4.13 (dd, J = 6.3, 4.4 Hz, 1H, H-2ʹ), 4.06 (dt, J = 

7.1, 2.2 Hz, 2H, H-3ʹ and H-4ʹ), 3.91 (dd, J = 11.6, 2.0 Hz, 1H, H-5ʹ(α or β)), 3.74 (dd, J = 

11.6, 1.8 Hz, 1H, H-5ʹ(α or β)), 0.98 (s, 9H, (CH3)2SiC(CH3)3), 0.91 (s, 9H, 

(CH3)2SiC(CH3)3), 0.86 (s, 9H, (CH3)2SiC(CH3)3), 0.22 (s, 9H, Si(CH3)3), 0.19 (s, 3H, 

(CH3)2SiC(CH3)3), 0.18 (s, 3H, (CH3)2SiC(CH3)3), 0.09 (s, 3H, (CH3)2SiC(CH3)3), 0.07 

(s, 3H, (CH3)2SiC(CH3)3), 0.03 (s, 3H, (CH3)2SiC(CH3)3), -0.04 (s, 3H, 

(CH3)2SiC(CH3)3). 
13C NMR (125 MHz, CDCl3)  C = 161.0 (C-4), 149.3 (C-2), 142.8 

(C-6), 100.7 (C-5), 100.0 (CC−Si), 95.3 (CC−Si), 88.0 (C-1ʹ), 86.4 (C-4ʹ), 76.2 (C-

2ʹ), 72.6 (C-3ʹ), 63.1 (C-5ʹ), 26.4 ((CH3)2SiC(CH3)3), 25.9 ((CH3)2SiC(CH3)3), 25.8 

((CH3)2SiC(CH3)3), 18.7 ((CH3)2SiC(CH3)3), 18.2 ((CH3)2SiC(CH3)3), 18.0 
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((CH3)2SiC(CH3)3), 0.0 (Si(CH3)3), -4.3 ((CH3)2SiC(CH3)3), -4.4 ((CH3)2SiC(CH3)3), -

4.6 ((CH3)2SiC(CH3)3), -4.6 ((CH3)2SiC(CH3)3), -4.9 ((CH3)2SiC(CH3)3), -5.2 

((CH3)2SiC(CH3)3). LRMS (ESI): m/z = 682 [M - H]-, 684 [M + H]+. HRMS (ESI+) m/z 

calcd for C32H62N2O6Si4Na [(M + Na)+] 705.3577, found 705.3553. 

 

2ʹ,3ʹ,5ʹ-Tri-O-(tert-butyldimethylsilyl)-5-(ethynyl(2-trimethylsilyl)-3-N-nitro-uridine 

(58) 

The compound 58 was synthesised from compound 57 

(0.3200 g, 0.4684 mmol) according to general procedure 1. 

The crude product was purified by silica gel flash 

chromatography (100% CH2Cl2) to afford the title compound 

as a colourless foam (quantitative). Rf = 0.91 (40% EtOAc in 

n-hexane), 0.88 (100% CH2Cl2). 
1H NMR (500 MHz, 

CDCl3)  H = 7.99 (s, 1H, H-6), 6.02 (d, J = 6.3 Hz, 1H, H-1ʹ), 4.14 (dd, J = 6.4, 4.4 Hz, 

1H, H-1ʹ), 4.09 (q, J = 1.9 Hz, 1H, H-4ʹ), 4.06 (dd, J = 4.5, 2.0 Hz, 1H, H-3ʹ), 3.93 (dd, 

J = 11.6, 2.1 Hz, 1H, H-5ʹ(α or β)), 3.75 (dd, J = 11.7, 1.8 Hz, 1H, H-5ʹ(α or β)), 0.98 (s, 9H, 

(CH3)2SiC(CH3)3), 0.91 (s, 9H, (CH3)2SiC(CH3)3), 0.87 (s, 9H, (CH3)2SiC(CH3)3), 0.23 

(s, 9H, Si(CH3)3), 0.19 (d, 6H, (CH3)2SiC(CH3)3), 0.10 (s, 3H, (CH3)2SiC(CH3)3), 0.08 

(s, 3H, (CH3)2SiC(CH3)3), 0.03 (s, 3H, (CH3)2SiC(CH3)3), -0.05 (s, 3H, 

(CH3)2SiC(CH3)3)). 
13C NMR (125 MHz, CDCl3)  C = 154.4 (C-4), 144.8 (C-2), 141.5 

(C-6), 102.1 (CC−Si), 100.5 (C-5) , 93.6 (CC−Si), 89.1 (C-1ʹ), 87.2 (C-4ʹ), 76.5 (C-

2ʹ), 72.7 (C-3ʹ), 63.1 (C-5ʹ), 26.4 ((CH3)2SiC(CH3)3), 25.9 ((CH3)2SiC(CH3)3), 25.8 

((CH3)2SiC(CH3)3), 18.7 ((CH3)2SiC(CH3)3), 18.2 ((CH3)2SiC(CH3)3), 18.0 

((CH3)2SiC(CH3)3), -0.2 (Si(CH3)3), -4.3 ((CH3)2SiC(CH3)3), -4.4 ((CH3)2SiC(CH3)3), -

4.6 ((CH3)2SiC(CH3)3), -4.7 ((CH3)2SiC(CH3)3), -5.0, -5.2 ((CH3)2SiC(CH3)3). LRMS 

(ESI): m/z = 746 [M + H3O]+, HRMS (ESI+) m/z calcd for C32H61N3O8Si4Na [(M + 

Na)+] 750.3427, found 750.3433. 
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5-(Ethynyl(2-trimethylsilyl))-3-N-nitro-3ʹ,5ʹ-O-(tetraisopropyldisiloxane-1,3-diyl)-2ʹ-O-

triflyl-uridine (38) 

Compound 53 (0.300 g, 0.778 mmol) was dissolved in pyridine 

(2 mL) and cooled to 0 ˚C then 1,3-dichloro-1,1,3,3-

tetraisopropyldisiloxane (TIPDSiCl2) (0.28 mL, 1.1 equiv) was 

added slowly. The mixture was allowed to warm to rt 

spontaneously overnight. The mixture was again cooled to 0 ˚C 

then Tf2O (1M CH2Cl2 solution) (1.2 mL, 1.5 equiv) was added dropwise and the 

mixture stirred for 5 min at 0 ˚C. The mixture was then dissolved in EtOAc (20 mL) and 

washed with 5% HCl(aq) solution (20 mL), and phosphate buffer (20 mL, pH  7, 1M), 

with the aqueous phases back extracted with EtOAc (2  20 mL), then organic extracts 

were combined and dried over MgSO4 and concentrated in vacuo. The crude product 

was purified by silica gel flash chromatography (100% CH2Cl2) to afford the title 

compound as a waxy solid (0.4726 g, 80%). Darkens at 70 ˚C, mp = 98 – 100 ˚C 

(decomp). Rf = 0.88 (20% EtOAc in n-hexane). 1H NMR (500 MHz, CDCl3)  H = 7.92 

(s, 1H, H-6), 5.89 (s, 1H, H-1ʹ), 5.23 (d, J = 4.2 Hz, 1H, H-2ʹ), 4.45 (dd, J = 9.5, 4.3 Hz, 

1H, H-3ʹ), 4.33 (d, J = 13.9 Hz, 1H, H-5ʹ(α or β)), 4.17 (dd, J = 9.5, 2.5 Hz, 1H, H-4ʹ), 

4.03 (dd, J = 14.0, 2.7 Hz, 1H, H-5ʹ(α or β)), 1.18 – 0.97 (m, 28H, (Si(i-Pr)2)2), 0.22 (s, 

9H, Si(CH3)3). 
13C NMR (125 MHz, CDCl3)  C = 153.9 (C-4), 144.2 (C-2), 140.1 (C-

6), 102.8 (CC−Si), 100.9 (C-5), 92.9 (CC−Si), 88.8 (C-1ʹ), 87.3 (C-2ʹ), 82.7 (C-4ʹ), 

66.9 (C-3ʹ), 58.6 (C-5ʹ), 17.6 (SiCH(CH3)2), 17.6 (SiCH(CH3)2), 17.4 (SiCH(CH3)2), 

17.3 (SiCH(CH3)2), 17.0 (SiCH(CH3)2), 16.9 (SiCH(CH3)2), 16.9 (SiCH(CH3)2), 16.8 

(SiCH(CH3)2), 13.7 (SiCH(CH3)2), 13.0 (SiCH(CH3)2), 12.9 (SiCH(CH3)2), 12.7 

(SiCH(CH3)2), -0.2 (Si(CH3)3). LRMS (ESI): m/z = 688 [M-TMS+H]+, 564 [M –TfO + 

H]+. HRMS (ESI+) m/z calcd for C27H44F3N3O11SSi3Na [(M + Na)+] 782.1848, found 

782.1829. 
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(2ʹS)-2ʹ-chloro-2ʹ-deoxy-5-(ethynyl(2-trimethylsilyl))-3-N-nitro-3ʹ,5ʹ-O-

(tetraisopropyldisiloxane-1,3-diyl)-uridine (35) 

Compound 38 (0.3000 mg, 0.3950 mmol) and 

tetrabutylammonium chloride (0.1317 g, 0.474 mmol, 1.2 

equiv) were combined and placed under an atm of argon. The 

mixture was dissolved in CH2Cl2 (2 mL) and stirred at rt for 30 

min. The crude product was purified by silica gel flash 

chromatography (100% CH2Cl2) to afford the title compound as a white solid 

(quantitative). mp = 145 – 150 ˚C. Rf = 0.68 (20% EtOAc in n-hexane). 1H NMR (500 

MHz, CDCl3)  H = 7.77 (s, 1H, H-6), 6.27 (d, J = 6.4 Hz, 1H, H-1ʹ), 4.57 (dd, J = 8.1, 

6.4 Hz, 1H, H-2ʹ), 4.39 (t, J = 8.2 Hz, 1H, H-3ʹ), 4.15 (dd, J = 13.2, 2.5 Hz, 1H, H-5ʹ(α or 

β)), 4.06 (dd, J = 13.3, 3.1 Hz, 1H, H-5ʹ(α or β)), 3.84 (dt, J = 8.2, 2.7 Hz, 1H, H-4ʹ), 1.17 – 

0.95 (m, 28H, (Si(i-Pr)2)2), 0.23 (s, 9H, Si(CH3)3). 
13C NMR (125 MHz, CDCl3)  C = 

154.3 (C-4), 144.8 (C-2), 141.3 (C-6), 102.4 (CC−Si), 100.5 (C-5), 93.5 (CC−Si), 

84.6 (C-1ʹ), 83.0 (C-4ʹ), 75.4 (C-3ʹ), 62.7 (C-2ʹ), 60.2 (C-5ʹ), 17.84 (SiCH(CH3)2), 17.75 

(SiCH(CH3)2), 17.6 (SiCH(CH3)2), 17.5 (SiCH(CH3)2), 17.3 (SiCH(CH3)2), 17.24 

(SiCH(CH3)2), 17.22 (SiCH(CH3)2), 14.1(SiCH(CH3)2), 13.3 (SiCH(CH3)2), 12.75 

(SiCH(CH3)2), 12.67 (SiCH(CH3)2), 0.0 (Si(CH3)3). LRMS (ESI): m/z = 690, 692 [M + 

HCOO, 35Cl, 37Cl]-, 468 [M + H]+, 668, 670 [M + Na, 35Cl, 37Cl]. HRMS (ESI+) m/z 

calcd for C26H44ClN3O8Si3Na [(M + Na)+, 35Cl] 668.2016, found 668.2009. 

 

(2ʹS)-2ʹ-bromo-2ʹ-deoxy-5-(ethynyl(2-trimethylsilyl))-3-N-nitro-3ʹ,5ʹ-O-

(tetraisopropyldisiloxane-1,3-diyl)-uridine (36) 

Compound 38 (0.3340g, 0.439 mmol) and 

tetrabutylammonium bromide (0.2126 g, 0.6596 mmol, 1.5 

equiv) were combined and placed under an atm of argon. Next 

the mixture was dissolved in toluene (2.5 mL) and stirred at rt 

for 40 min. The solvent was removed in vacuo and the residue 

dissolved in CH2Cl2. The crude product was purified by silica 

gel flash chromatography (100 % CH2Cl2) to afford the title compound as a white solid 

(0.296 mg, 98%). mp = 142 – 145 ˚C. Rf = 0.35 (10% EtOAc in n-hexane), 0.67 (20% 
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EtOAc in n-hexane) . 1H NMR (500 MHz, CDCl3)  H = 7.77 (s, 1H, H-6), 6.24 (d, J = 

6.4 Hz, 1H, H-1ʹ), 4.58 (dd, J = 8.4, 6.5 Hz, 1H, H-2ʹ), 4.50 (t, J = 8.3 Hz, 1H, H-3ʹ), 

4.16 (dd, J = 13.3, 2.4 Hz, 1H, H-5ʹ(α or β)), 4.06 (dd, J = 13.3, 3.0 Hz, 1H, H-5ʹ(α or β)), 

3.82 (dt, J = 8.1, 2.7 Hz, 1H, H-4ʹ), 1.17 – 0.99 (m, 28H, (Si(i-Pr)2)2), 0.23 (s, 9H, 

Si(CH3)3).
 13C NMR (125 MHz, CDCl3)  C = 154.3 (C-4), 144.8 (C-2), 141.2 (C-6), 

102.4 (CC−Si), 100.5 (C-5), 93.5 (CC−Si), 84.5 (C-1ʹ), 83.7(C-4ʹ), 75.5(C-3ʹ), 60.2 

(C-5ʹ), 53.1 (C-2ʹ), 17.9 (SiCH(CH3)2), 17.7 (SiCH(CH3)2), 17.6 (SiCH(CH3)2), 17.5 

(SiCH(CH3)2), 17.4 (SiCH(CH3)2), 17.32 (SiCH(CH3)2), 17.30 (SiCH(CH3)2), 17.28 

(SiCH(CH3)2), 14.3 (SiCH(CH3)2), 13.3 (SiCH(CH3)2), 12.70 (SiCH(CH3)2), 12.67 

(SiCH(CH3)2), 0.0 (Si(CH3)3). LRMS (ESI): m/z = 688, 690 [M - H, 79Br, 81Br]-, 712, 

714 [M + Na, 79Br, 81Br]+. HRMS (ESI+) m/z calcd for C26H44BrN3O8Si3Na [(M + Na)+, 

79Br] 712.1511, found 712.1514. 

 

(2ʹS)-2ʹ-deoxy-5-(ethynyl(2-trimethylsilyl))-2ʹ-iodo-3-N-nitro-3ʹ,5ʹ-O-

tetraisopropyldisiloxane-1,3-diyl)-uridine (37) 

Compound 38 (0.1500 g, 0.1975 mmol) and 

tetrabutylammonium iodide (0.0875 g, 0.237 mmol, 1.2 equiv) 

were combined and placed under an atm of argon. Next the 

mixture was dissolved in toluene (1 mL) and heated to 50 ˚C 

for 20 min. The mixture was rapidly cooled in a water bath to 

rt. The solvent was removed in vacuo without heating and the residue dissolved CH2Cl2 

and the crude product purified by silica gel flash chromatography (100% CH2Cl2) to 

afford the title compound as a colourless solid (0.0871 g, 60%). Darkens at 70 ˚C, mp = 

149 – 152 ˚C. Rf = 0.71 (20% EtOAc in n-hexane). 1H NMR (500 MHz, CDCl3)  H = 

7.75 (s, 1H, H-6), 6.11 (d, J = 6.6 Hz, 1H, H-1ʹ), 4.63 – 4.52 (m, 2H, H-2ʹ and H-3ʹ), 

4.17 (dd, J = 13.4, 2.0 Hz, 1H, H-5ʹ(α or β)), 4.06 (dd, J = 13.4, 3.0 Hz, 1H, H-5ʹ(α or β)), 

3.77 (ddd, J = 8.0, 2.9, 1.9 Hz, 1H, H-4ʹ), 1.18 – 0.99 (m, 28H, (Si(i-Pr)2)2), 0.24 (s, 9H, 

Si(CH3)3). 
13C NMR (125 MHz, CDCl3)  C = 154.2 (C-4), 144.6 (C-2), 140.6 (C-6), 

102.3 (CC−Si), 100.6 (C-5), 93.4 (CC−Si), 85.1 (C-1ʹ), 84.6 (C-4ʹ), 76.2 (C-3ʹ), 59.8 

(C-5ʹ), 29.4 (C-2ʹ), 17.7 (SiCH(CH3)2), 17.5 (SiCH(CH3)2), 17.4 (SiCH(CH3)2), 17.4 

(SiCH(CH3)2), 17.3 (SiCH(CH3)2), 17.3 (SiCH(CH3)2), 17.2 (SiCH(CH3)2), 17.2 

(SiCH(CH3)2), 14.4 (SiCH(CH3)2), 13.1(SiCH(CH3)2), 12.5 (SiCH(CH3)2), 12.4 
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(SiCH(CH3)2), -0.2 (Si(CH3)3). LRMS (ESI): m/z = 735 [M - H]-, 781 [M + HCOO]-, 

759 [M + Na]+
. HRMS (ESI+) m/z calcd for C26H44IN3O8Si3Na [(M + Na)+], 760.1373, 

found 760.1351  

 

(2ʹS)-2ʹ-deoxy-5-(ethynyl(2-trimethylsilyl))-2ʹ-iodo-3ʹ,5ʹ-O-(tetraisopropyldisiloxane-

1,3-diyl)-uridine (60) 

Compound 60 was synthesised by two methods. Method A: 

reductive denitration of 37 (0.0820 mg, 0.1084 mmol) 

according to general procedure 4. Method B: as a by-

product of iodination of 38. Method A: (0.0385 g, 50%). 

Method B: Compound 38 (0.7350 g, 0.967 mmol) and 

tetrabutylammonium iodide (1.786 g, 4.835 mmol, 5 equiv) were combined and placed 

under an atm of argon. Next the mixture was dissolved in acetone (5.5 mL) and heated 

to 50 ˚C for 5 min. The solvent was removed in vacuo and crude product was purified 

by silica gel flash chromatography (20% EtOAc in n-hexane) to give the title compound 

as a yellow oil (0.125 g, 17 %). Rf = 0.26 (20% EtOAc in n-hexane). 1H NMR (500 

MHz, CDCl3)  H = 8.18 (s, 1H, NH), 7.73 (s, 1H, H-6), 6.05 (dd, J = 4.5, 1.7 Hz, 1H, 

H-1ʹ), 4.62 – 4.56 (m, 2H, H-2ʹ and H-3ʹ), 4.15 (dd, J = 13.2, 2.5 Hz, 1H, H-5ʹ(α or β)), 

4.07 (dd, J = 13.1, 3.0 Hz, 1H, H-5ʹ(α or β)), 3.74 (dq, J = 5.4, 2.7 Hz, 1H, H-4ʹ), 1.17 – 

0.96 (m, 28H, Si(i-Pr)2)2), 0.23 (s, 9H, Si(CH3)3). 
13C NMR (125 MHz, CDCl3)  C = 

160.7 (C-4), 149.0 (C-2), 142.0 (C-6), 100.8 (C-5), 100.2 (CC−Si), 95.1 (CC−Si), 

84.3 (C-4ʹ), 84.0 (C-1ʹ), 76.9 (C-3ʹ coincident with solvent residual) 60.2 (C-5ʹ), 30.5 

(C-2ʹ), 17.7 (SiCH(CH3)2), 17.6 (SiCH(CH3)2), 17.4 (SiCH(CH3)2), 17.4 (SiCH(CH3)2), 

17.3 (SiCH(CH3)2), 17.3 (SiCH(CH3)2), 17.2 (SiCH(CH3)2), 14.3 (SiCH(CH3)2), 13.2 

(SiCH(CH3)2), 12.5 (SiCH(CH3)2), 12.5 (SiCH(CH3)2), 0.0 (Si(CH3)3). (ESI): m/z = 693 

[M + H]+. HRMS (ESI+) m/z calcd for C26H45IN2O6Si3Na [(M + Na)+] 715.1522, found 

715.1506. 
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(2ʹS)-2ʹ-chloro-2ʹ-deoxy-5-(ethynyl(2-trimethylsilyl))-3ʹ,5ʹ-O-(tetraisopropyldisiloxane-

1,3-diyl)-uridine (61) 

Compound 61 was synthesised from compound 35 (0.2000 g, 

0.263 mmol) according to general procedure 4. The crude 

product was purified by silica gel flash chromatography (1 % 

MeOH in CH2Cl2) to afford the title compound as a white 

foam (0.098 g, 62%). Rf = 0.23 (20% EtOAc in n-hexane). 1H 

NMR (500 MHz, CDCl3)  H = 8.57 (s, 1H, NH), 7.75 (s, 1H, H-6), 6.27 (d, J = 6.4 Hz, 

1H, H-1ʹ), 4.54 (dd, J = 7.5, 6.4 Hz, 1H, H-2ʹ), 4.41 (t, J = 7.7 Hz, 1H, H-3ʹ), 4.13 (dd, J 

= 13.1, 3.0 Hz, 1H, H-5ʹ(α or β)), 4.06 (dd, J = 13.1, 3.1 Hz, 1H, H-5ʹ(α or β)), 3.80 (dt, J = 

7.9, 3.0 Hz, 1H, H-4ʹ), 1.21 – 0.94 (m, 28H, (Si(i-Pr)2)2, 0.23 (s, 9H, Si(CH3)3). 
13C 

NMR (125 MHz, CDCl3)  C = 160.9 (C-4), 149.0 (C-2), 142.6 (C-6), 100.5 (C-5), 

100.1 (CC−Si), 95.1 (CC−Si), 83.5 (C-1ʹ), 82.5 (C-4ʹ), 76.0 (C-3ʹ), 62.9 (C-2ʹ), 60.4 

(C-5ʹ), 17.64 (SiCH(CH3)2), 17.57 (SiCH(CH3)2), 17.5 (SiCH(CH3)2), 17.4 

(SiCH(CH3)2), 17.2 (SiCH(CH3)2), 17.1(SiCH(CH3)2), 13.9 (SiCH(CH3)2), 13.2 

(SiCH(CH3)2), 12.6 (SiCH(CH3)2), 12.5 (SiCH(CH3)2), -0.0 (Si(CH3)3). LRMS (ESI): 

m/z = 599, 601 [M - H, 35Cl, 37Cl]-, 601, 603 [M + H, 35Cl, 37Cl]+. HRMS (ESI+) m/z 

calcd for C26H45ClN2O6Si3Na [(M + Na)+, 35Cl,] 623.2166, found 623.2149. 

 

(2ʹS)-2ʹ-bromo-2ʹ-deoxy-5-(ethynyl(2-trimethylsilyl))-3ʹ,5ʹ-O-(tetraisopropyldisiloxane-

1,3-diyl)-uridine (62) 

Compound 62 was prepared from compound 36 (0.300 g, 0.905 

mmol) according general procedure 4. The crude product was 

purified by silica gel flash chromatography (10 % EtOAc in 

CH2Cl2) to afford the title compound as a colourless foam (260 

mg, quantitative). Rf = 0.16 (20% EtOAc in n-hexane) 1H NMR 

(500 MHz, CDCl3)  H = δ 8.54 (s, 1H, NH), 7.75 (s, 1H, H-6), 

6.22 (d, J = 6.0 Hz, 1H, H-1ʹ), 4.61 – 4.48 (m, 2H, H-2ʹ and H-3ʹ), 4.14 (dd, J = 13.1, 

3.0 Hz, 1H, H-5ʹ(α or β)), 4.07 (dd, J = 13.1, 3.1 Hz, 1H, H-5ʹ(α or β)), 3.78 (dt, J = 7.5, 3.0 

Hz, 1H, H-4ʹ), 1.18 – 0.99 (m, 28H, (Si(i-Pr)2)2), 0.23 (s, 9H, Si(CH3)3). 
13C NMR (125 

MHz, CDCl3)  C = 160.9 (C-4), 149.0 (C-2), 142.4 (C-6), 100.5 (C-5), 100.1 (CC−Si), 
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95.1 (CC−Si), 83.3 (C-4ʹ), 83.2 (C-1ʹ), 76.1 (C-3ʹ), 60.4 (C-5ʹ), 53.7 (C-2ʹ), 17.7 

(SiCH(CH3)2), 17.6 (SiCH(CH3)2), 17.5 (SiCH(CH3)2), 17.4 (SiCH(CH3)2), 17.19 

(SiCH(CH3)2), 17.17 (SiCH(CH3)2), 17.15 (SiCH(CH3)2), 17.11 (SiCH(CH3)2), 14.0, 

(SiCH(CH3)2) 13.2, (SiCH(CH3)2) 12.6 (SiCH(CH3)2), 12.5 (SiCH(CH3)2), 0.0 

((Si(CH3)3)). LRMS (ESI): m/z = 643, 645 [M - H, 79Br, 81Br]-, 667, 669 [M + Na, 79Br, 

81Br]+. HRMS (ESI+) m/z calcd for C26H45BrN2O6Si3Na [(M + Na)+, 79Br] 667.1661, 

found 667.1643. 

 

 (2ʹS)-chloro-2ʹ-deoxy-5-ethynyl-uridine (Cl-ara-EdU) (11) 

Compound 11 was synthesised by two methods. Method A: By a 

one-pot desilylation and N-denitration of compound 35 (0.080 g, 

0.124 mmol) according to general procedure 6. Method B: by 

desilylation of compound 61 (0.3720 mg, 0.6186 mmol) according to 

general procedure 5. The crude product produced by both methods 

was purified by solid addition silica gel flash chromatography (10% MeOH in CH2Cl2) 

to afford the title compound as a white solid (method A: 0.0345 g, 95 %, Method B : 

0.163 g, 92%). Darkens at 210 ˚C, mp = 227-232 ˚C (decomp). Rf = 0.32 (10% in 

CH2Cl2). NMR (500 MHz, DMSO-d6)  H = 11.80 (s, 1H, NH), 8.31 (s, 1H, H-6), 6.19 

(d, J = 5.9 Hz, 1H, H-1ʹ), 6.11 (br s, 1H, OH-3ʹ), 5.37 (br t, J = 5.1 Hz, 1H, OH-5ʹ), 4.62 

(t, J = 6.1 Hz, 1H, H-2ʹ), 4.19 (t, J = 6.5 Hz, H-3ʹ), 4.13 (s, 1H, CH), 3.82 – 3.70 (m, 

2H, H-4ʹ and H-5ʹ(α or β)), 3.63 (dt, J = 12.3, 4.1 Hz, 1H, H-5ʹ(α or β)). 
13C NMR (125 

MHz, DMSO-d6)  C = 161.5 (C-4), 149.2 (C-2), 144.3 (C-6), 97.3 (C-5), 83.8 (CCH), 

83.7 (C-4ʹ), 83.4 (C-1ʹ), 76.1 (CCH), 74.3 (C-3ʹ), 64.0 (C-2ʹ), 59.0 (C-5ʹ). LRMS 

(ESI): m/z = 285, 287 [M - H, 35Cl, 37Cl]-, 287, 289 [M + H, 35Cl, 37Cl]+. HRMS (ESI+) 

m/z calcd for C11H11ClN2O5Na [(M + Na)+, 35Cl] 309.0248 found 309.0236. 
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 (2ʹS)-2ʹ-bromo-2ʹ-deoxy-5-ethynyl-uridine (Br-ara-EdU) (12) 

Compound 12 was synthesised by two methods. Method A: By a 

one-pot desilylation and N-denitration of compound 36 (0.100 g, 

0.145 mmol) according to general procedure 6. Method B: by 

desilylation of compound 62 (0.259 g, 0.375 mmol) according to 

general procedure 5. The crude product produced by both methods 

was purified by solid addition silica gel flash chromatography (10% 

MeOH in CH2Cl2) to afford the title compound as an off-white solid (method A: 0.0350 

g, 73 %, Method B : 0.065 g, 46%). Darkens at 185 ˚C, mp = 225-235 ˚C (decomp). Rf 

= 0.33 (10% in CH2Cl2). 
1H NMR (500 MHz, CDCl3)  H = 11.80 (s, 1H NH), 8.30 (s, 

1H, H-6), 6.13 (d, J = 6.0 Hz, 1H, H-1ʹ), 6.11 – 6.08 (br S, 1H, OH-3ʹ), 5.39 – 5.35 (br 

m, 1H, OH-5ʹ), 4.65 (dd, J = 6.8, 6.0 Hz, 1H, H-2ʹ), 4.30 (t, J = 6.7 Hz, 1H, H-3ʹ), 4.13 

(s, 1H, CH), 3.79 – 3.71 (m, 2H, H-4ʹ and H-5ʹ(α or β)), 3.64 (dt, J = 13.3, 4.2 Hz, 1H, 

H-5ʹ(α or β)). 
13C NMR (125 MHz, DMSO-d6)  C = 161.4 (C-4), 149.2 (C-2), 144.2 (C-

6), 97.4 (C-5), 84.1 (C-4ʹ), 83.8 (CCH), 83.2 (C-1ʹ), 76.1 (CCH), 74.4 (C-3ʹ), 59.1 

(C-5ʹ), 55.8 (C-2ʹ). LRMS (ESI): m/z = 328, 330 [M - H, 79Br, 81Br]-, 330, 332 [M + H] 

79Br, 81Br]+. HRMS (ESI+) m/z calcd for C11H11BrN2O5Na [(M + Na)+, 79Br] 352.9743 

found 352.9726. 

 

(2ʹS)-2ʹ-deoxy-5-ethynyl-2ʹ-iodo-uridine (l-ara-EdU) (13) 

Compound 13 was synthesised by two methods. Method A: By a 

one-pot desilylation and N-denitration of compound 37 (0.0870 g, 

0.118 mmol) according to general procedure 6. Method B: by 

desilylation of compound 60 (0.259 mg, 0.375) according to general 

procedure 5. The crude product produced by both methods was 

purified by solid addition silica gel flash chromatography (10% MeOH in CH2Cl2) to 

afford the title compound as a tan solid (method A: 0.0221 g, 50 %, method B: 0.0352 

g, 82%). Darkens at 195 ˚C, mp = 205-210 ˚C (decomp). Rf = 0.37 (10% in CH2Cl2). 
1H 

NMR (500 MHz, CDCl3)  H = 11.80 (br s, 1H, NH), 8.29 (s, 1H, H-6), 6.02 (br s, 1H, 

OH-3ʹ), 5.96 (d, J = 6.5 Hz, 1H, H-1ʹ), 5.38 (br s, 1H,OH-5ʹ), 4.58 (dd, J = 8.0, 6.5 Hz, 

1H, H-2ʹ), 4.35 (t, J = 7.6 Hz, 1H, H-3ʹ), 4.14 (s, 1H, CH) 3.78 – 3.72 (m, 1H, H-5ʹ(α or 
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β)), 3.70 – 3.62 (m, 2H, H-4ʹ and H-5ʹ(α or β)). 
13C NMR (125 MHz, CDCl3)  C = 161.4 

(C-4), 149.2 (C-2), 144.0 (C-6), 97.6 (C-5), 84.8 (C-4ʹ), 83.8 (C-1ʹ and CCH), 76.2 

(CCH), 75.3 (C-3ʹ), 58.9 (C-5ʹ), 33.0 (C-2ʹ). LRMS (ESI): m/z = 376 [M - H]-, 422 [M 

+ HCOO]-, 378 [M + H]+
. HRMS (ESI+) m/z calcd for C11H11IN2O5Na [(M + Na)+] 

400.9604, found 400.9591 
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7.3 Preparation of Compounds for Chapter Three 

 

Cyclosaligenyl-phosphorochloridate (92) 

Saligenyl alcohol (0.100 g, 0.8055 mmol) was dissolved in Et2O (1.5 mL) 

then POCl3 (0.075 mL, 0.80 mmol, 1 equiv) was added slowly with 

stirring. The mixture was cooled to -78 ˚C then Et3N (0.224 mL, 1.61 

mmol, 2 equiv) was slowly added with stirring. The mixture was allowed to warm 

spontaneously to rt and was left at rt for 1 h. TLC indicated the formation of a single 

product and incomplete conversion of starting material. The reaction mixture was 

filtered through a sintered glass Schlenk funnel under an atm of Ar. The filtrate was 

concentrated in vacuo to give give a yellow oil. The crude product was purified by silica 

gel flash chromatography (40 – 60% EtOAc in hexane) to afford the title compound as a 

colourless oil (111 mg, 68%). The NMR spectroscopic data was consistent with 

literature values.8 1H NMR (500 MHz, CDCl3) δH = 7.38 (ttd, J = 7.5, 1.7, 0.9 Hz, 1H), 

7.23 (td, J = 7.5, 1.1 Hz, 1H), 7.12 (ddd, J = 8.0, 6.2, 1.3 Hz, 2H), 5.57 – 5.45 (m, 2H). 

31P NMR (202 MHz, CDCl3) δP = -6.01 (dd, J = 22.5, 9.1 Hz). 

 

Cyclosaligenyl-N,N-diisopropylaminophosphoramidite (99) 

Compound (99) was prepared from saligenyl alcohol (0.500 g, 4.027 

mmol) according to general procedure 10. The title compound was 

afforded as white solid (0.663 g, 65%). The NMR spectroscopic data 

was consistent with literature values.9 1H NMR (500 MHz, CDCl3) δH 

= 7.21 – 7.15 (m, 1H), 7.01 – 6.86 (m, 3H), 5.14 (ddd, J = 14.2, 5.0, 0.8 Hz, 1H), 4.87 

(dd, J = 19.6, 14.2 Hz, 1H), 3.63 (dp, J = 10.6, 6.8 Hz, 2H), 1.24 (dd, J = 10.6, 6.8 Hz, 

12H). 31P NMR (202 MHz, CDCl3) δP = 135.3.  
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3-Methyl-cyclosaligenyl-N,N-diisopropylaminophosphoramidite (103) 

Compound (103) was prepared from 3-methyl-saligenyl alcohol 

(1.000 g, 7.237 mmol) according to general procedure 10. The title 

compound was afforded as white solid (0.600 g, 31%). 1H NMR (500 

MHz, CDCl3) δH = 7.08 – 7.04 (m, 1H, Ar), 6.85 – 6.79 (m, 2H, Ar), 

5.12 (dd, J = 14.0, 5.0 Hz, 1H, H-7), 4.84 (dd, J = 19.9, 14.0 Hz, 1H, H-7), 3.63 (dp, J = 

10.5, 6.8 Hz, 2H, 2((H3C)2CHN)), 2.22 (d, J = 0.7 Hz, 3H, Me), 1.24 (dd, J = 12.4, 6.8 

Hz, 12H, 2((H3C)2CHN)). 13C NMR (126 MHz, CDCl3) δC = 151.6 (d, J = 4.7 Hz, C-

2), 129.9, 128.0, 124.0 (d, J = 13.0 Hz, C-1), 122.9, 120.6, 64.4 (d, J = 4.4 Hz, C-7), 

44.4 ((H3C)2C), 44.3 ((H3C)2C), 24.83 ((H3C)2C), 24.81 ((H3C)2C), 24.8 ((H3C)2C), 

24.7 ((H3C)2C), 15.8 (Me). 31P NMR (202 MHz, CDCl3) δP = 135.2. 

 

3-Methoxy-cyclosaligenyl-N,N-diisopropylaminophosphoramidite (104) 

Compound (104) was prepared from 3-methoxy-saligenyl alcohol 

(0.500 g, 3.2432 mmol) according to general procedure 10. The 

title compound was afforded as white solid (0.496 g, 54%). 1H NMR 

(500 MHz, CDCl3) δH = 6.89 – 6.79 (m, 2H, Ar), 6.63 – 6.58 (m, 

1H, Ar), 5.09 (dd, J = 14.0, 5.0 Hz, 1H, H-7), 4.82 (dd, J = 19.2, 14.0 Hz, 1H, H-7), 

3.85 (s, 3H, MeO), 3.61 (dhept, J = 10.4, 6.7 Hz, 2H, 2((H3C)2CHN)), 1.24 (dd, J = 

20.7, 6.8 Hz, 12H, 2((H3C)2CHN)). 13C NMR (126 MHz, CDCl3) δC =149.9 (d, J = 0.9 

Hz, C-3), 142.75 (d, J = 5.0 Hz, C-2), 125.88 (d, J = 12.6 Hz, C-1), 120.9 (Ar), 117.6 

(Ar), 111.9 (Ar), 64.0 (d, J = 3.7 Hz, C-7), 56.4 (MeO), 44.6 ((H3C)2C), 44.5 ((H3C)2C), 

24.9 ((H3C)2C), 24.8 ((H3C)2C), 24.7 ((H3C)2C), 24.6 ((H3C)2C). 31P NMR (202 MHz, 

Chloroform-d) δP = 135.5.  

  

5-chloro-cyclosaligenyl-N,N-diisopropylaminophosphoramidite (102) 

Compound (102) was prepared from 5-chloro-saligenyl alcohol 

(0.500 g, 3.153 mmol) according to general procedure 10. The 

title compound was afforded as white solid (0.590 g, 65%). The 

NMR spectroscopic data was consistent with literature values.10 1H NMR (500 MHz, 
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CDCl3) δH = 7.13 (dd, J = 8.6, 2.6 Hz, 1H, Ar), 6.99 – 6.92 (m, 1H, Ar), 6.83 (d, J = 8.6 

Hz, 1H, Ar), 5.09 (ddt, J = 14.4, 4.8, 0.9 Hz, 1H, H-7), 4.81 (dd, J = 20.1, 14.5 Hz, 1H, 

H-7), 3.61 (dp, J = 10.7, 6.8 Hz, 2H, 2((H3C)2CHN)), 1.24 (dd, J = 9.7, 6.8 Hz, 12H, 

2((H3C)2CHN)). 13C NMR (126 MHz, CDCl3) δC = 152.1 (d, J = 4.2 Hz, C-2), 128.6 

(Ar), 126.0 (C-5), 125.7 (d, J = 13.6 Hz, C-1), 125.3 (Ar), 120.5 (Ar), 64.0 (d, J = 4.8 

Hz, C-7), 44.5 ((H3C)2C), 44.4 ((H3C)2C), 24.8 ((H3C)2C), 24.8 ((H3C)2C), 24.7 

((H3C)2C), 24.6 ((H3C)2C). 31P NMR (202 MHz, CDCl3) δP = 136.5.  

 

5ʹ-O-Cyclosaligenyl-5-ethynyl-2ʹ-deoxy-uridine monophosphate (90) 

Compound 90 was synthesised from EdU (0.0500 g, 0.1982 

mmol) according general general procedure 11. The crude 

product was purified by silica gel flash chromatography 

(5% MeOH in CH2Cl2) to afford the title compound as 

colourless glass (0.0355 g, 40%). NMR and LC-MS 

analysis indicates a mixture of diastereomers around the phosphorous stereocentre. The 

spectroscopic data was consistent with literature values. Rf = 0.43 (10% MeOH in 

CH2Cl2). 
1H NMR (500 MHz, DMSO-d6) δH = 11.66 (br s, 2H, 2 NH), 7.94 (s, 1H, H-

6), 7.92 (s, 1H, H-6), 7.41 – 7.33 (m, 2H, Ar), 7.30 – 7.24 (m, 2H, Ar), 7.23 – 7.17 (m, 

2H, Ar), 7.17 – 7.09 (m, 2H, Ar), 6.09 (dd, J = 6.4 Hz, 2H, 2 H-1ʹ), 5.58 – 5.40 (m, 

6H, 2 ArCH2- and 2 OH-3ʹ), 4.42 – 4.25 (m, 4H, 2 H-5ʹ(α and β)), 4.22 – 4.15 (m, 2H, 

2 H-3ʹ), 4.12 (s, 1H, CH), 4.10 (s, 1H, CH), 3.96 – 3.89 (m, 2H, 2 H-4ʹ), 2.18 (tt, J 

= 13.4, 6.9 Hz, 2H, 2 H-2ʹ(α or β)), 2.10 (ddd, J = 13.5, 6.4, 3.6 Hz, 2H, 2 H-2ʹ(α or β)). 

13C NMR (126 MHz, DMSO-d6) δC = 161.5, 161.5, 149.4, 149.4, 149.3, 149.3, 144.3, 

144.3, 129.8, 129.8, 129.8, 129.7, 126.1, 124.4, 121.0, 121.0, 120.9, 118.2, 118.2, 

118.2, 118.2, 98.1, 98.0, 85.0, 84.9, 84.6, 84.5, 84.4, 83.9, 83.9, 76.1, 76.1, 69.8, 69.7, 

68.6, 68.5, 68.5, 68.4, 67.6, 67.6, 67.4, 67.4, 48.6, 38.8, 38.7. 31P{H} NMR (202 MHz, 

DMSO-d6) δP = -9.5, -9.6. LRMS (ESI): m/z = 443 [M + Na]+, 419 [M - H]-. 
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5ʹ-O-[3-Methyl-cyclosaligenyl]-5-ethynyl-2ʹ-deoxy-uridine monophosphate (109) 

Compound 109 was synthesised from EdU (0.100 g, 

0.3965 mmol) according general general procedure 11. 

The crude product was purified by silica gel flash 

chromatography (5% MeOH in CH2Cl2) to afford the title 

compound as colourless glass (0.0530 g, 31%). NMR and 

LC-MS analysis indicates a mixture of diastereomers around the phosphorous 

stereocentre. Rf = 0.53 (10% MeOH in CH2Cl2). 
1H NMR (500 MHz, DMSO-d6) δH = 

11.67 (br s, 2H, 2 NH), 7.93 (s, 1H, H-6), 7.92 (s, 1H, H-6), 7.29 – 7.21 (m, 2H, Ar), 

7.13 – 7.02 (m, 4H, Ar), 6.10 (td, J = 6.8, 3.6 Hz, 2H, 2 H-1ʹ), 5.53 – 5.36 (m, 6H, 

2 ArCH2- and 2 OH-3ʹ), 4.45 – 4.24 (m, 4H, 2 H-5ʹ(α and β)), 4.24 – 4.15 (m, 2H, 2 

H-3ʹ), 4.11 (s, 1H, CH), 4.09 (s, 1H, CH), 3.97 – 3.88 (m, 2H, 2 H-4ʹ), 2.27 – 2.06 

(m, 10H, 2 H-2ʹ(α and β) and 2 CH3). 
13C NMR (126 MHz, DMSO-d6) δC = 161.5, 

149.3, 147.9, 147.9, 144.3, 144.3, 130.9, 126.9, 126.8, 123.9, 123.6, 121.0, 120.9, 

120.8, 98.1, 98.0, 85.0, 84.9, 84.6, 84.5, 84.5, 83.9, 83.8, 76.1, 76.1, 69.8, 69.7, 68.5, 

68.5, 68.4, 67.7, 67.7, 67.5, 67.4, 56.0, 48.6, 38.8, 38.7, 18.6, 14.9, 14.9. 31P{H} NMR 

(202 MHz, DMSO-d6) δP = -8.9, -9.0. LRMS (ESI): m/z = 457 [M + Na]+, 435 [M + 

H]+, 433 [M - H]-. 

 

5ʹ-O-[3-Methoxy-cyclosaligenyl]-5-ethynyl-2ʹ-deoxy-uridine monophosphate (110) 

Compound 110 was synthesised from EdU (0.0500 g, 

0.1982 mmol) according general general procedure 11. 

The crude product was purified by silica gel flash 

chromatography (5-10% MeOH in CH2Cl2) to afford the 

title compound as colourless glass (0.0300 g, 33%). NMR 

and LC-MS analysis indicates a mixture of diastereomers 

around the phosphorous stereocentre. Rf = 0.46 (10% MeOH in CH2Cl2). 
1H NMR (500 

MHz, DMSO-d6) δH = 11.67 (br s, 2H, 2 NH), 7.97 (s, 1H, H-6), 7.91 (s, 1H, H-6), 

7.19 – 7.06 (m, 4H, Ar), 6.81 (ddd, J = 7.5, 2.9, 1.6 Hz, 2H, Ar), 6.13 – 6.06 (m, 2H, 

Ar), 5.54 – 5.38 (m, 6H, 2 ArCH2- and 2 OH-3ʹ), 4.43 – 4.24 (m, 4H, 2 H-5ʹ(α and β)), 

4.24 – 4.16 (m, 2H, 2 H-3ʹ), 4.10 (s, 1H, CH), 4.09 (s, 1H, CH), 3.97 – 3.89 (m, 2H, 
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2 H-4ʹ), 3.83 (d, J = 1.0 Hz, 6H, 2 MeO), 2.27 – 2.02 (m, 4H, 2 H-2ʹ(α and β)). 13C 

NMR (126 MHz, DMSO-d6) δC = 162.0, 149.8, 148.8, 148.7, 144.9, 144.7, 139.0, 

139.0, 139.0, 138.9, 125.0, 125.0, 122.5, 122.4, 122.4, 122.3, 117.4, 117.4, 113.1, 

113.0, 98.5, 98.5, 85.5, 85.4, 85.0, 85.0, 85.0, 84.9, 84.3, 84.3, 76.5, 76.5, 70.3, 70.2, 

69.0, 68.9, 68.9, 68.2, 68.1, 68.0, 68.0, 56.4, 56.4, 49.1, 39.3, 39.1, 19.0. 31P{H} NMR 

(202 MHz, DMSO-d6) δP = -9.0, -9.1. LRMS (ESI): m/z = 473 [M + Na]+, 451 [M + 

H]+, 449 [M - H]-. 

 

5ʹ-O-[5-chloro-Cyclosaligenyl]-5-ethynyl-2ʹ-deoxy-uridine monophosphate (111) 

Compound 111 was synthesised from EdU (0.100 g, 

0.3965 mmol) according general general procedure 11. 

The crude product was purified by silica gel flash 

chromatography (5% MeOH in CH2Cl2) to afford the 

title compound as colourless glass (0.0380 g, 22%). 

NMR and LC-MS analysis indicates a mixture of 

diastereomers around the phosphorous stereocentre. Rf = 0.44 (10% MeOH in CH2Cl2). 

1H NMR (500 MHz, DMSO-d6) δH = 11.66 (s, 2H, 2 NH), 7.94 (s, 1H, H-6), 7.92 (s, 

1H, H-6), 7.48 – 7.38 (m, 4H, Ar), 7.22 – 7.15 (m, 2H, Ar), 6.10 (q, J = 6.9 Hz, 2H, 2 

H-1ʹ), 5.55 – 5.37 (m, 6H, 2 ArCH2- and 2 OH-3ʹ), 4.41 – 4.26 (m, 4H, 2 H-5ʹ(α and 

β)), 4.24 – 4.15 (m, 2H, 2 H-3ʹ), 4.13 (s, 1H, CH), 4.11 (s, 1H, CH), 3.97 – 3.89 (m, 

2H, 2 H-4ʹ), 2.26 – 2.16 (m, 2H, 2 H-2ʹ(α or β)), 2.16 – 2.06 (m, 2H, 2 H-2ʹ(α or β)). 
13C 

NMR (126 MHz, DMSO-d6) δC = 161.5, 153.6, 149.32, 149.31, 148.26, 148.24, 148.20, 

148.19, 144.3, 129.6, 129.5, 128.24, 128.22, 127.74, 127.71, 126.02, 126.00, 123.0, 

122.93, 122.89, 122.85, 122.3, 120.17, 120.14, 120.10, 120.07, 98.1, 98.0, 85.00, 84.97, 

84.5, 84.42, 84.37, 83.91, 83.86, 76.12, 76.07, 69.7, 68.1, 68.04, 67.98, 67.93, 67.87, 

67.80, 67.76, 67.65, 67.61, 38.8, 38.7. 31P{H} NMR (202 MHz, DMSO-d6) δP = -10.0. 

LRMS (ESI): m/z = 477, 789 [M + Na, 35Cl, 37Cl]+, 453, 455 [M - H, 35Cl, 37Cl]-. 

 

 

 



Appendix A 

 

176 

 

(2ʹS)-5ʹ-O-Cyclosaligenyl-5-ethynyl-2ʹ-deoxy-2ʹ-chloro-uridine monophosphate (112) 

Compound 112 was synthesised from compound 11 

(0.0716 g, 0.250 mmol) according general general 

procedure 11. The crude product was purified by silica gel 

flash chromatography (5% MeOH in CH2Cl2) to afford the 

title compound as colourless glass (0.0362 g, 32%). NMR 

and LC-MS analysis indicates a mixture of diastereomers around the phosphorous 

stereocentre. Rf = 0.38 (5% MeOH in CH2Cl2). 
1H NMR (500 MHz, DMSO-d6) δH = 

11.86 (br s, 2H, 2 NH), 7.91 (s, 1H, H-6), 7.91 (s, 1H, H-6), 7.42 – 7.33 (m, 2H, Ar), 

7.32 – 7.27 (m, 2H, Ar), 7.25 – 7.18 (m, 2H, Ar), 7.18 – 7.13 (m, 2H, Ar), 6.29 (br s, 

2H, 2 OH-3ʹ), 6.20 (s, 1H, H-1ʹ), 6.19 (s, 1H, H-1ʹ), 5.57 – 5.41 (m, 4H, 2 ArCH2-), 

4.61 – 4.55 (m, 2H, 2 H-2ʹ), 4.53 – 4.39 (m, 4H, 2 H-5ʹ(α and β)), 4.21 (q, J = 4.9 Hz, 

2H, 2 H-3ʹ), 4.14 (s, 1H, CH), 4.13 (s, 1H, CH), 4.05 – 3.98 (m, 2H, 2 H-4ʹ). 13C 

NMR (126 MHz, DMSO-d6) δC = 161.36, 149.60, 149.47, 149.41, 148.96, 144.23, 

144.18, 129.80, 129.80, 126.12, 124.48, 123.90, 121.09, 121.01, 120.97, 120.90, 

118.26, 118.25, 118.18, 97.49, 84.33, 84.24, 84.12, 84.08, 81.68, 81.63, 81.53, 81.48, 

75.85, 75.83, 68.62, 68.56, 68.52, 68.46, 66.95, 66.90, 63.48, 63.44. 31P{H} NMR (202 

MHz, DMSO-d6) δP = -9.3, -9.4. LRMS (ESI): m/z = 455, 457 [M + H, 35Cl, 37Cl]+, 453, 

455 [M - H, 35Cl, 37Cl]-. 

 

(2ʹS)-5ʹ-O-Cyclosaligenyl-5-ethynyl-2ʹ-deoxy-2ʹ-bromo-uridine monophosphate (113) 

Compound 113 was synthesised from compound 12 

(0.0600 g, 0.1812 mmol) according general general 

procedure 11. The crude product was purified by silica gel 

flash chromatography (5% MeOH in CH2Cl2) to afford the 

title compound as colourless glass (0.0362 g, 32%). NMR 

and LC-MS analysis indicates a mixture of diastereomers around the phosphorous 

stereocentre. Rf = 0.59 (10% MeOH in CH2Cl2). 
1H NMR (500 MHz, DMSO-d6) δH = 

11.86 (br s, 2H, 2 ), 7.88 (s, 1H, H-6), 7.88 (s, 1H, H-6), 7.44 – 7.33 (m, 2H, Ar), 

7.33 – 7.26 (m, 2H, Ar), 7.24 – 7.18 (m, 2H, Ar), 7.18 – 7.12 (m, 2H, Ar), 6.30 (br s, 

2H, 2 OH-3ʹ), 6.11 (s, 1H, H-1ʹ), 6.09 (s, 1H, H-1ʹ), 5.60 – 5.39 (m, 4H, 2 ArCH2-), 



Appendix A 

 

177 

 

4.65 – 4.58 (m, 2H, 2 H-2ʹ), 4.55 – 4.39 (m, 4H, 2 H-5ʹ(α and β)), 4.31 (q, J = 5.4 Hz, 

2H, 2 H-2ʹ), 4.14 (s, 1H, CH), 4.13 (s, 1H, CH), 4.02 – 3.93 (m, 2H, 2 H-4ʹ). 13C 

NMR (126 MHz, DMSO-d6) δC = 161.3, 149.47, 149.41, 148.91, 129.8, 126.1, 124.5, 

121.10, 121.02, 120.99, 120.91, 118.29, 118.25, 118.22, 118.18, 97.5, 84.2, 81.98, 

81.93, 81.86, 81.81, 75.90, 75.85, 68.64, 68.58, 68.53, 68.48, 67.03, 66.99, 55.07. 

31P{H} NMR (202 MHz, DMSO-d6) δP = -9.4, -9.5. LRMS (ESI): m/z =499, 501 [M + 

H] 79Br, 81Br]+, 497, 499 [M - H, 79Br, 81Br]-. 

 

(2ʹS)-5ʹ-O-Cyclosaligenyl-5-ethynyl-2ʹ-deoxy-2ʹ-iodo-uridine monophosphate (114) 

Compound 114 was synthesised from compound 13 

(0.0350 g, 0.0926 mmol) according general general 

procedure 11. The crude product was purified by silica gel 

flash chromatography (5% MeOH in CH2Cl2) to afford the 

title compound as colourless glass (0.0125 g, 25%). NMR 

and LC-MS analysis indicates a mixture of diastereomers around the phosphorous 

stereocentre. Rf = 0.28 (5% MeOH in CH2Cl2). 
1H NMR (500 MHz, DMSO-d6) δH = 

11.84 (s, 2H, 2 NH), 7.85 – 7.81 (m, 2H, 2 H-6), 7.40 – 7.34 (m, 2H, Ar), 7.31 – 7.26 

(m, 2H, Ar), 7.24 – 7.18 (m, 2H, Ar), 7.18 – 7.12 (m, 2H, Ar), 6.24 – 6.14 (m, 2H, 2 

OH-3ʹ), 5.88 – 5.85 (m, 2H, 2 H-1ʹ), 5.59 – 5.40 (m, 4H, 2 ArCH2-), 4.55 (td, J = 6.7, 

3.2 Hz, 2H, 2 H-1ʹ), 4.52 – 4.38 (m, 4H, 2 H-5ʹ(α and β)), 4.37 – 4.29 (m, 2H, H-3ʹ), 

4.15 (s, 1H, CH), 4.13 (s, 1H, CH), 3.90 (td, J = 6.7, 2.5 Hz, 2H, 2 H-4ʹ). 13C NMR 

(126 MHz, DMSO-d6) δC = 161.3, 149.47, 149.41, 148.94, 129.81, 126.14, 124.48, 

121.11, 121.03, 121.01, 120.93, 118.32, 118.26, 118.25, 118.19, 97.80, 84.22, 84.17, 

82.50, 82.45, 82.43, 82.39, 82.38, 76.76, 76.74, 75.89, 68.65, 68.59, 68.54, 68.48, 

67.03, 67.00, 48.60. 31P{H} NMR (202 MHz, DMSO-d6) δP = -9.46, -9.48. LRMS 

(ESI): m/z = 547 [M + H]+, 545 [M - H]-. 
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(2ʹR)-5ʹ-O-Cyclosaligenyl-5-ethynyl-2ʹ-deoxy-2ʹ-fluoro-uridine monophosphate (115) 

Compound 115 was synthesised from compound 164 

(0.100 g, 0.370 mmol) according general general 

procedure 11. The crude product was purified by silica gel 

flash chromatography (5% MeOH in CH2Cl2) to afford the 

title compound as colourless glass (0.040 g, 25%). NMR 

and LC-MS analysis indicates a mixture of diastereomers around the phosphorous 

stereocentre. Rf = 0.28 (5% MeOH in CH2Cl2). 
1H NMR (500 MHz, DMSO-d6) δH = 

11.74 (br s, 2H, 2 NH), 7.93 (s, 1H, H-6), 7.92 (s, 1H, H-6), 7.40 – 7.33 (m, 2H, Ar), 

7.31 – 7.23 (m, 2H, Ar), 7.23 – 7.11 (m, 4H, Ar), 5.88 – 5.73 (m, 4H, 2 H-1ʹ, 2 OH-

3ʹ), 5.56 – 5.41 (m, 4H, 2 ArCH2-), 5.24 – 5.04 (m, 2H, 2 H-2ʹ), 4.53 – 4.39 (m, 2H, 

2 H-5ʹ(α or β)), 4.38 – 4.28 (m, 2H, 2 H-5ʹ(α or β)), 4.26 – 4.13 (m, 1H, 2 H-3ʹ), 4.11 (s, 

1H, CH), 4.09 (s, 1H, CH), 4.01 (dd, J = 6.1, 2.9 Hz, 2H, 2 H-4ʹ). 13C NMR (126 

MHz, DMSO-d6) δC = 161.7, 149.5, 149.41, 149.39, 149.36, 149.17, 149.15, 145.03, 

144.99, 129.75, 129.74, 129.71, 129.71, 126.10, 126.09, 124.42, 124.36, 121.1, 121.02, 

120.9, 120.8, 118.27, 118.21, 118.14, 97.98, 93.38, 93.35, 91.91, 91.88, 89.7, 89.6, 

89.5, 89.4, 84.0, 83.9, 80.34, 80.28, 80.24, 80.18, 75.9, 68.6, 68.5, 67.7, 67.5, 67.4, 

66.72, 66.68, 66.33, 66.29. 31P{H} NMR (202 MHz, DMSO-d6) δP = -9.5, -9.6. 19F{H} 

NMR (202 MHz, DMSO-d6) δF = -199.7, -199.8. LRMS (ESI): m/z = 439 [M + H]+, 437 

[M - H]-. 

 

5ʹ-O-Cyclosaligenyl-5-ethynyl-2ʹ-dideoxy-2ʹ-difluoro-uridine monophosphate (116) 

Compound 116 was synthesised from compound 164 

(0.050 g, 0.1735 mmol) according general general 

procedure 11. The crude product was purified by silica gel 

flash chromatography (5% MeOH in CH2Cl2) to afford the 

title compound as colourless glass (0.0160 g, 20%). NMR 

and LC-MS analysis indicates a mixture of diastereomers 

around the phosphorous stereocentre. Rf = 0.30 (5% MeOH in CH2Cl2). 
1H NMR (500 

MHz, DMSO-d6) δH = 11.95 (br s, 2H, 2 NH), 7.95 (s, 1H, H-6), 7.93 (s, 1H, H-6), 

7.43 – 7.33 (m, 2H, Ar), 7.33 – 7.25 (m, 2H, Ar), 7.24 – 7.18 (m, 2H, Ar), 2H), 7.18 – 
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7.09 (m, 2H, Ar), 6.50 (t, J = 6.2 Hz, 2H, 2 OH-3ʹ), 6.09 (td, J = 8.6, 3.9 Hz, 2H, H-

1ʹ), 5.61 – 5.39 (m, 4H, 2 ArCH2-), 4.60 – 4.35 (m, 4H, 2 H-5ʹ(α and β)), 4.34 – 4.21 (m, 

2H, 2 H-3ʹ), 4.20 (s, 1H, CH), 4.19 (s, 1H, CH), 4.14 – 4.03 (m, 2H, 2 H-4ʹ). 13C 

NMR (126 MHz, DMSO-d6) δC = 161.1, 149.42, 149.37, 149.0, 129.81, 129.80, 129.76, 

129.76, 126.13, 124.5, 121.1, 120.98, 120.96, 120.88, 118.24, 118.21, 118.17, 118.14, 

98.76, 98.74, 84.52, 84.46, 78.3, 75.52, 75.51, 69.66, 69.64, 69.5, 69.29, 69.26, 68.7, 

68.64, 68.59, 68.54, 66.51, 66.46, 66.43, 66.39. 31P{H} NMR (202 MHz, DMSO-d6) δP 

= -9.5, -9.6. 19F{H} NMR (202 MHz, DMSO-d6) δF = -114.94, -115.07, -115.43, -

115.57, -116.22. LRMS (ESI): m/z = 479 [M + Na]+, 457 [M + H]+, 455 [M - H]-. 

 

5ʹ-O-[3-Methyl-cyclosaligenyl]-5-ethynyl-2ʹ-dideoxy-2ʹ-difluoro-uridine 

monophosphate (117) 

Compound 117 was synthesised from compound 164 

(0.1000 g, 0.3474 mmol) according general general 

procedure 11. The crude product was purified by silica 

gel flash chromatography (5% MeOH in CH2Cl2) to afford 

the title compound as colourless glass (0.0450 g, 26%). 

NMR and LC-MS analysis indicates a mixture of diastereomers around the phosphorous 

stereocentre. Rf = 0.31 (5% MeOH in CH2Cl2). 1H NMR (500 MHz, DMSO-d6) δH = 

11.95 (br s, 2H, 2 NH), 7.92 (s, 1H, H-6), 7.91 (s, 1H, H-6), 7.29 – 7.20 (m, 2H, Ar), 

7.13 – 7.07 (m, 4H, Ar), 6.50 (s, 2H, OH-3ʹ), 6.08 (t, J = 8.0 Hz, 2H, 2 H-1ʹ), 5.55 – 

5.34 (m, 4H, 2 ArCH2-), 4.55 – 4.35 (m, 4H, 2 H-5ʹ(α and β)), 4.26 (q, J = 10.9 Hz, 2H, 

2 H-3ʹ), 4.17 (s, 1H, CH), 4.16 (s, 1H, CH), 4.09 – 4.02 (m, 2H, H-4ʹ), 2.23 (s, 3H, 

Me), 2.21 (s, 3H, Me).13C NMR (126 MHz, DMSO-d6) δC = 161.13, 149.08, 147.90, 

147.85, 144.07, 130.90, 130.87, 126.92, 126.91, 126.86, 126.85, 123.98, 123.97, 

123.61, 123.56, 121.00, 120.93, 120.91, 120.83, 98.76, 84.45, 84.43, 79.23, 78.97, 

78.70, 78.40, 78.36, 78.34, 78.33, 78.29, 75.52, 75.50, 69.69, 69.66, 69.51, 69.49, 

69.32, 69.30, 68.64, 68.58, 68.56, 68.50, 66.57, 66.53, 66.50, 66.46, 14.92, 14.89. 

31P{H} NMR (202 MHz, DMSO-d6) δP = -8.9, -9.1. 19F{H} NMR (202 MHz, DMSO-

d6) δF = -114.56, -114.84, -115.06, -115.28, -115.75. LRMS (ESI): m/z = 493 [M + 

Na]+, 471 [M + H]+, 469 [M - H]-. 
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5ʹ-O-[3-Methoxy-cyclosaligenyl]-5-ethynyl-2ʹ-dideoxy-2ʹ-difluoro-uridine 

monophosphate (118) 

Compound 118 was synthesised from compound 164 

(0.1000 g, 0.3474 mmol) according general general 

procedure 11. The crude product was purified by silica gel 

flash chromatography (5% MeOH in CH2Cl2) to afford the 

title compound as colourless glass (0.0430 g, 26%). NMR 

and LC-MS analysis indicates a mixture of diastereomers 

around the phosphorous stereocentre. Rf = 0.30 (5% MeOH in CH2Cl2). 
1H NMR (500 

MHz, DMSO-d6) δ 11.95 (br s, 2H, 2 NH), 7.97 (s, 1H, H-6), 7.94 (s, 1H, H-6), 7.18 – 

7.02 (m, 4H, Ar), 6.85 – 6.78 (m, 2H, Ar), 6.51 (s, 2H, 2 OH-3ʹ), 6.09 (q, J = 8.7 Hz, 

2H, 2 H-1ʹ), 5.56 – 5.39 (m, 4H, 2 ArCH2-), 4.57 – 4.34 (m, 4H, 2 H-5ʹ(α and β)), 4.34 

– 4.22 (m, 2H, 2 H-3ʹ), 4.17 (s, 1H, CH), 4.16 (s, 1H, CH), 4.10 – 4.02 (m, 2H, 2 

H-4ʹ), 3.82 (s, 3H, MeO), 3.82 (s, 3H, MeO). 13C NMR (126 MHz, DMSO-d6) δC = 

161.6, 149.6, 148.77, 148.74, 148.71, 148.68, 144.71, 144.67, 144.62, 144.5, 138.99, 

138.95, 138.89, 125.06, 125.04, 122.7, 122.51, 122.49, 122.43, 122.41, 117.5, 117.4, 

113.1, 113.0, 99.2, 84.9, 78.75, 78.71, 76.0, 70.2, 70.11, 69.99, 69.93, 69.80, 69.75, 

69.1, 69.0, 67.1, 67.0, 56.39, 56.37. 31P{H} NMR (202 MHz, DMSO-d6) δP = -9.2, -9.3. 

19F{H} NMR (202 MHz, DMSO-d6) δF = -114.70, -115.19, -115.80, -116.27. LRMS 

(ESI): m/z = 487 [M + H]+, 485 [M - H]-. 

 

5ʹ-O-[5-chloro-cyclosaligenyl]-5-ethynyl-2ʹ-dideoxy-2ʹ-difluoro-uridine monophosphate 

(119) 

Compound 119 was synthesised from compound 164 

(0.1000 g, 0.3474 mmol) according general general 

procedure 11. The crude product was purified by silica 

gel flash chromatography (5% MeOH in CH2Cl2) to 

afford the title compound as colourless glass (0.0410 g, 

24%). NMR and LC-MS analysis indicates a mixture of 

diastereomers around the phosphorous stereocentre. Rf = 0.31 (5% MeOH in CH2Cl2). 

500 MHz, DMSO-d6) δH = 11.96 (br s, 2H, 2 NH), 7.95 (s, 1H, H-6), 7.93 (s, 1H, H-
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6), 7.47 – 7.39 (m, 4H, Ar), 7.21 – 7.16 (m, 2H, Ar), 6.50 (t, J = 5.8 Hz, 2H, 2 OH-3ʹ), 

6.13 – 6.05 (m, 2H, 2 H-1ʹ), 5.56 – 5.42 (m, 4H, 2 ArCH2-), 4.61 – 4.37 (m, 4H, 2 

H-5ʹ(α and β)), 4.33 – 4.22 (m, 2H, 2 H-3ʹ), 4.20 (s, 1H, CH), 4.20 (s, 1H, CH), 4.13 – 

4.03 (m, 2H, H-4ʹ). 13C NMR (126 MHz, DMSO-d6) δC = 161.1, 149.0, 148.24, 148.22, 

148.18, 148.17, 144.16, 144.13, 144.09, 144.08, 129.6, 129.52, 129.51, 128.28, 128.27, 

127.8, 127.7, 126.0, 123.0, 122.93, 122.85, 120.17, 120.14, 120.10, 120.07, 98.76, 

98.75, 84.52, 84.47, 78.3, 78.23, 78.19, 75.54, 75.51, 69.65, 69.62, 69.46, 69.44, 69.28, 

69.25, 68.18, 68.13, 68.10, 68.05, 67.99, 66.69, 66.64, 66.61, 66.57. 31P{H} NMR (202 

MHz, DMSO-d6) δP = -10.16, -10.17. 19F{H} NMR (202 MHz, DMSO-d6) δF = -

114.59, -114.74, -115.11, -115.28, -115.82, -117.33. LRMS (ESI): m/z = 491, 493 [M + 

H, 35Cl, 37Cl]+, 489, 491 [M - H, 35Cl, 37Cl]-. 
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7.4 Preparation of Compounds for Chapter Four 

 

2ʹ,3ʹ-O-Triphenylphosphoranediyl-2,5ʹ-anhydro-uridine (128) 

Compound 128 was synthesised according to modified 

literature methods.11 Uridine (66) (0.1 g, 0.410 mmol) and 

triphenylphosphine (0.322 g, 1.223 mmol, 3 equiv) were 

added to a round bottom flask and placed under an atm of 

argon. Next THF (1 mL) was added and the reaction mixture 

cooled to 0 ˚C. Then DIAD (0.23 mL, 1.2 mmol, 3 equiv) 

was added dropwise with vigorous stirring. The reaction 

mixture was allowed to warm to rt spontaneously and then stirred for 18 h, after which a 

precipitate formed. Et2O was then added to precipitate any solubilised product and the 

mixture was filtered through a sintered glass filter funnel. The filter cake was washed 

with cold ether to yield the title compound as white solid (quant). Traces of 

triphenylphosphine and triphenylphosphine oxide were apparent by 1H NMR. These 

impurities did not impact negatively on subsequent reactions. The spectroscopic data 

was consistent with literature values.11 1H NMR (500 MHz, DMSO-d6) δH = 8.04 (d, J = 

7.5 Hz, 1H, H6), 7.44 – 7.37 (m, 6H, Ar), 7.34 – 7.26 (m, 9H, Ar), 5.92 (d, J = 7.4 Hz, 

1H, H5), 5.88 (s, 1H, H-1ʹ ʹ), 4.83 (dd, J = 13.2, 6.3 Hz, 1H, H-2ʹ), 4.73 (d, J = 1.5 Hz, 

1H, H-3ʹ), 4.55 (dd, J = 12.9, 1.8 Hz, 1H, H-5ʹ(α or β)), 4.51 (t, J = 6.2 Hz, 1H, H-4ʹ), 4.15 

(dt, J = 12.8, 1.1 Hz, 1H, H-5ʹ(α or β)). 
13C NMR (126 MHz, DMSO-d6) δC = 170.6 (C-4), 

157.0 (C-2), 144.1 (d, 1JPC = 117.6 Hz, Arq), 143.3 (H-6), 130.7 (d, 2JPC = 9.5 Hz, Ar), 

128.4 (d, 4JPC = 2.3 Hz, ), 127.6 (d, 3JPC = 12.4 Hz), 108.9 (C-5), 97.7 (d, 3JPC = 2.9 Hz, 

C-1ʹ), 85.3 (d, 2JPC = 4.3 Hz, C-2ʹ), 76.8 (d, 3JPC = 2.6 Hz, C-4ʹ), 74.3 (C-5ʹ), 72.7 (d, 

2JPC = 3.1 Hz, C-3ʹ). 31P NMR (202 MHz, DMSO) δP = -22.74. 
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2-O-Ethyl-uridine (127) 

Compound 127 was synthesised according to modified 

literature methods.11 128 (0.200 g, 0.410 mmol) was placed 

under an atm of argon then ethanol (anhydrous, 5 mL) was 

added and the reaction stirred at 70 ˚C for 30 h. The ethanol 

was removed in vacuo then the mixture was 

suspended/dissolved in CH2Cl2 and filtered through a sintered 

glass filter funnel. The filter cake was washed with ether then dissolved in MeOH and 

dried in vacuo to give the title compound (66 mg) as a crystalline solid in a 59 % yield. 

Rf = 0.35 (10% MeOH in CH2Cl2). 
1H NMR (500 MHz, DMSO-d6)  H = δ 7.99 (d, J = 

7.7 Hz, 1H, H-6), 5.85 (d, J = 7.6 Hz, 1H, H-5), 5.72 (d, J = 5.0 Hz, 1H, H-1ʹ), 5.49 (d, 

J = 5.5 Hz, 1H, OH-2ʹ), 5.15 (dd, J = 5.2, 4.1 Hz, 2H, OH-3ʹ, OH-5ʹ), 4.35 (qd, J = 7.1, 

1.2 Hz, 2H, CH2CH3), 4.06 (t, J = 5.2 Hz, 1H, H-2ʹ), 3.97 (q, J = 4.7 Hz, 1H, H-3ʹ), 3.91 

– 3.85 (m, 1H, H-4ʹ), 3.65 (ddd, J = 12.2, 5.2, 3.1 Hz, 1H, H-5ʹ(α or β)), 3.57 (ddd, J = 

12.1, 4.9, 3.2 Hz, 1H, H-5ʹ(α or β)), 1.31 (t, J = 7.1 Hz, 3H, CH2CH3). 
13C NMR (125 

MHz, DMSO-d6) δc = 170.5 (C-4), 155.6 (C-2), 138.8 (C-6), 108.0 (C-5), 89.8 (C-1ʹ), 

85.4 (C-4ʹ), 74.5 (C-2ʹ), 69.8 (C-3ʹ), 64.7 (CH2CH3), 60.8 (C-5ʹ), 14.2 (CH2CH3). 

LRMS (ESI+): m/z = 273 [M + H]+. 

 

2-O-Ethyl-3ʹ,5ʹ-O-(tetraisopropyldisiloxane-1,3-diyl)-uridine (130 ) 

127 (0.100 g, 0.367 mmol) was placed under an atm of 

argon and dissolved in pyridine (1 mL). The mixture was 

then cooled to 0 ˚C in an ice bath and the TIPDSCl2 (1.3 mL, 

0.40 mmol) was added slowly with stirring. The reaction 

was complete after 4 hours as indicated by TLC analysis 

(10% MeOH in CH2Cl2). The reaction mixture was concentrated in vacuo and residual 

pyridine was removed by co-evaporation with toluene (3×). The product was purified by 

silica gel chromatography (2.5% MeOH/ 0.5% Et3N / CH2Cl2 → 5% MeOH/ 0.5% Et3N 

/ CH2Cl2) to yield the title compound as a white foam (0.175g, 93%). 1H NMR (500 

MHz, DMSO-d6) δH = 7.77 (d, J = 7.7 Hz, 1H, H-6), 5.76 – 5.71 (m, 2H, H-5, H-1ʹ), 

5.57 (s, 1H, OH-2ʹ), 4.36 (q, J = 7.0 Hz, 2H, CH2CH3), 4.24 – 4.15 (m, 2H, H-5ʹ(α or β), 
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H-2ʹ), 4.13 – 4.01 (m, 2H, H-3ʹ, H-4ʹ), 3.93 (dd, J = 13.5, 2.4 Hz, 1H, H-5ʹ(α or β)), 1.32 

(t, J = 7.1 Hz, 3H, CH2CH3), 1.12 – 0.90 (m, 28H, TIPDS). 13C NMR (126 MHz, 

DMSO-d6) δC = 169.8, 154.6, 136.7, 107.1, 91.1, 81.0, 74.0, 68.1, 64.2, 59.8, 17.4, 17.2, 

17.2, 17.1, 16.9, 16.9, 16.8, 16.8, 13.9, 12.7, 12.3, 12.3, 11.9. LRMS (ESI+): m/z = 515 

[M + H]+. 

 

2-Ethoxy-uracil (132) 

130 (2-O-ethyl-3ʹ,5ʹ-O-(tetraisopropyldisiloxane-1,3-diyl)-

uridine, 0.150 g, 0.291 mmol) was dissolved in CH2Cl2 and 

pyridine and cooled to -40 ˚C. Then DAST 1M solution in 

CH2Cl2 (0.388 mL, 0.388 mmol) was added with stirring. The 

mixture was allowed to warm to rt and after 4 h silica gel was 

added to the mixture and the solvent removed in vacuo. The mixture adsorbed onto 

silica gel was purified by silica gel chromatography (10% MeOH/ 1% Et3N/ CH2Cl2). 

The compound eluted over a large range to give the title compound as a tacky colourless 

liquid (13.8 mg, 34 %). The spectroscopic data was consistent with literature values.12 

1H NMR (500 MHz, DMSO-d6)  H = 12.25 (s, 1H), 7.69 (d, J = 6.6 Hz, 1H), 5.92 (d, J 

= 6.6 Hz, 1H), 4.33 (q, J = 7.1 Hz, 2H), 1.28 (t, J = 7.1 Hz, 3H). 

 

3-N-Nitro-uridine (52)  

 (2ʹ,3ʹ,5ʹ-O-triacetyl-3-N-nitro-uridine, 0.200 g, 0.481 mmol) was 

charged into a round bottom flask and dissolved in a mixture of DCM 

(1.8 mL) and MeOH (0.3 mL). Then AcCl (0.35 mL, 0.48 mmol) was 

added dropwise with stirring. The reaction mixture stirred overnight (16 

h) after which a precipitate had formed. The precipitate was filtered from 

the reaction mixture through a sintered glass filter funnel then silica gel was added to 

the filtrate. The mixture was concentrated in vacuo and purified by a silica gel flash 

chromatography (10% MeOH/ DCM). The purified product and the precipitate were 

both >98% pure by 1H NMR. The spectroscopic data was consistent with literature 

values.13 The precipitate and chromatography purified compound were combined to 
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give the title compound (0.136 g, 98 % yield). Rf = 0.28 (10% MeOH in CH2Cl2). 
1H 

NMR (500 MHz, DMSO-d6) δH = δ 8.18 (d, J = 8.4 Hz, 1H, H-6), 6.08 (d, J = 8.3 Hz, 

1H, H-5), 5.73 (d, J = 4.4 Hz, 1H, H-1ʹ), 5.56 (d, J = 5.3 Hz, 1H, OH-2ʹ), 5.22 (t, J = 5.0 

Hz, 1H, OH-5ʹ), 5.15 (d, J = 5.6 Hz, 1H, OH-3ʹ), 4.12 (dd, J = 4.9 Hz, 1H, H-2ʹ), 3.99 

(dd, J = 5.1 Hz, 1H, H-3ʹ), 3.91 (dt, J = 5.1, 2.9 Hz, 1H, H-4ʹ), 3.68 (ddd, J = 12.2, 5.1, 

3.0 Hz, 1H, H-5ʹ(α or β)), 3.59 (ddd, J = 12.2, 5.0, 2.9 Hz, 1H, H-5ʹ(α or β)). 
13C NMR (125 

MHz, DMSO-d6) δc = 155.5 (C-4), 145.6 (C-2), 141.5 (C-6), 100.3 (C-5), 89.9 (C-1ʹ), 

85.3 (C-4ʹ), 74.0 (C-2ʹ), 69.3 (C-3ʹ), 60.2 (C-5ʹ). LRMS (ESI-): m/z = 288 [M - H]-, 334 

[M + HCO2]
-. 

 

3-N-Nitro-3ʹ-5ʹ-O-(tetraisopropyldisiloxane-1,3-diyl)-2ʹ-O-triflyl-uridine (28) 

52 (0.346 g, 1.19 mmol) was subject to general 

procedure 8. The product was purified by silica gel 

chromatography (1% MeOH → 3% MeOH in CH2Cl2) 

to give the title compound as a slightly yellow waxy 

solid (0.710 g, 90%). The compound was >95% pure as 

determined by NMR. The 1H NMR spectra was consistent with literature values.14 mp 

115-120 ˚C (decom). Rf = 0.66 (30% EtOAc in n-hexane). 1H NMR (500 MHz, CDCl3) 

δH 7.81 (d, J = 8.4 Hz, 1H), 5.91 (s, 1H), 5.85 (d, J = 8.4 Hz, 1H), 5.23 (d, J = 4.1 Hz, 

1H), 4.44 (dd, J = 9.5, 4.1 Hz, 1H), 4.29 (d, J = 13.7 Hz, 1H), 4.16 (dd, J = 9.5, 2.4 Hz, 

1H), 4.03 (dd, J = 13.9, 2.6 Hz, 1H), 1.16 – 0.92 (m, 28H). LRMS (ESI+): m/z = 708 

[M + HCO2]
-. 

 

(2ʹS)-2ʹ-Deoxy-2ʹ-fluoro-3-N-nitro-uridine (133) 

Et3N·(HF)3 (0.5 mL, 3 mmol, 20 equiv) was added to Et3N (1 mL, 48 

equiv) in t-BuOH (0.5 mL) cooled to -78 ˚C. This Et3N-HF mixture was 

added to 28 (0.100 g, 0.151 mmol) dissolved in t-BuOH (0.5 mL). The 

reaction mixture was then stirred overnight (16 h) at rt. TLC indicated 

two products of similar Rf were present. Silica gel was then added to the 

mixture and the volatiles removed in vacuo. The compound adsorbed onto silica was 

purified by silica gel flash chromatography (10 % MeOH in CH2Cl2) to give the title 
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compound as clear glass (15 mg, 35%). Rf = 0.39 (10% MeOH in CH2Cl2). 
1H NMR 

(500 MHz, DMSO-d6/D2O) δH = 7.97 (dd, J = 8.4, 1.3 Hz, 1H, H-6), 6.11 (dd, J = 14.0, 

4.3 Hz, 1H, H-1ʹ), 6.07 (d, J = 8.4 Hz, 1H, H-5), 5.14 (ddd, J = 52.4, 4.4, 3.5 Hz, 1H, H-

2ʹ), 4.22 (ddd, J = 19.3, 5.3, 3.5 Hz, 1H, H-3ʹ), 3.86 (dd, J = 4.5 Hz, 1H, H-4ʹ), 3.57 (dd, 

J = 12.3, 4.9 Hz, 1H, H-5ʹ(α or β)), other H-5ʹ(α or β) is coincident with HDO peak. 1H NMR 

(500 MHz, DMSO-d6) δH = 8.01 (dd, J = 8.4, 1.3 Hz, 1H, H-6), 6.15 – 6.08 (m, 2H, H-

1ʹ, H-5), 5.97 (d, J = 5.0 Hz, 1H, OH-3ʹ), 5.27 – 5.07 (m, 2H, H-2ʹ, OH-5ʹ), 4.24 (dddd, 

J = 19.6, 5.2, 3.6 Hz, 1H, H-3ʹ), 3.91 – 3.79 (m, 1H, H-4ʹ), 3.67 (dddd, J = 12.3, 5.5, 

4.0, 1.7 Hz, 1H, H-5ʹ(α or β)), 3.59 (dddd, J = 12.3, 5.9, 4.8, 1.0 Hz, 1H, H-5ʹ(α or β)). 
13C 

NMR (125 MHz, DMSO-d6) δc = 155.7 (C-4), 145.4 (C-2), 142.3 (d, 4JCF = 2.4 Hz, C-6-

), 100.3 (C-5), 95.5 (d, 1JCF = 192.3 Hz, C-2ʹ), 84.48 – 84.24 (m, C-1ʹ, C-4ʹ), 72.5 (d, 

2JCF = 23.4 Hz, C-3ʹ), 59.9 (C-5ʹ). 19F NMR (470 MHz, DMSO-d6) δF -198.42 (ddd, J = 

52.7, 19.8, 15.4 Hz). 19F NMR (470 MHz, DMSO-d6 / D2O) δF -198.61 (ddd, J = 52.3, 

19.4, 13.9 Hz). LRMS (ESI): m/z = 292 [M + H]+, 314 [M+ Na]+, 336 [M + HCO2]
-. 

 

(2ʹS)-2ʹ-Deoxy-2ʹ-fluoro-uridine (149) 

133 (27 mg, 0.092mmol) was dissolved in MeOH (0.1 mL) then 

hydrazine hydrate (9 µL, 0.18 mmol, 2 equiv) was added and the mixture 

heated to 60 ˚C for 30 min at which point full conversion to the N-amino 

intermediate was evident by LC-MS analysis. The mixture was then 

cooled to 0 ˚C and a concentrated solution of NaNO2 (10 mg, 0.27 mmol, 

3 equiv) was added followed by glacial acetic acid (0.18 mL, 2.78 mmol, 30 equiv). The 

mixture was stirred at 0 ˚C for 5 min then at room temp for 20 min then silica gel was 

added and volatiles removed in vacuo. The crude compound on silica was then purified 

by silica gel chromatography (10 % MeOH in CH2Cl2) to give the title compound as a 

clear glass (20 mg, 90 %). The compound was >98% pure by as determined by 1H 

NMR. The 1H NMR spectrum was consistent with literature values.15 The above 

procedure was also performed on reaction mixture of 133 after evaporating the Et3N in 

vacuo to give the title compound as a colourless glass in quantitative yield. Rf = 0.15 

(10% MeOH in CH2Cl2). 
1H NMR (500 MHz, D2O) δH = 7.79 (dd, J = 8.1, 1.7 Hz, 1H, 

H-6), 6.25 (dd, J = 17.3, 3.9 Hz, 1H, H-1ʹ), 5.85 (d, J = 8.2 Hz, 1H, H-5), 5.16 (ddd, J = 

51.4, 3.9, 2.6 Hz, 1H, H-2ʹ), 4.38 (ddd, J = 19.1, 4.8, 2.6 Hz, 1H, H-3’), 4.03 (dt, J = 
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5.6, 4.3 Hz, 1H, H-4ʹ), 3.88 (ddd, J = 12.5, 3.7, 0.9 Hz, 1H, H-5ʹ(α or β)), 3.78 (dd, J = 

12.5, 6.2 Hz, 1H, H-5ʹ(α or β)). 
19F NMR (470 MHz, D2O) δF = -199.48 (dt, J = 51.6, 18.3 

Hz). LRMS (ESI+): m/z = 247 [M + H]+, 269 [M + Na]+. 

 

3ʹ-O-Benzoyl-uridine (136) 

 Uridine (66) (1 g, 4.095 mmol) was suspended in THF and 

triethylorthobenzoate (2.78 mL, 0.9910 mmol, 1.5 equiv) added. Then 

H2SO4 (43 μL, 0.819 mmol, 0.2 equiv) was added and the reaction 

mixture stirred until it became neutral to universal pH indicator paper (2 

h). A further 1.5 equiv of triethylorthobenzoate and 0.2 equiv of H2SO4 

and was added and the reaction mixture stirred for a further 1 h after which the reaction 

mixture clarified and TLC indicated the formation of two products and no starting 

material remaining. 1 ml of water was then added and the reaction stirred for 5 min after 

which TLC indicated the formation of a single product. The reaction mixture was then 

dissolved in EtOAc (50 ml) and washed with NaHCO3(satd. aq) (20 mL) then Brine (20 

mL) then dried over MgSO4 and filtered. The filter cake was washed with EtOAc (50 

mL). The filtrate was allowed to stand at rt overnight to allow precipitate to form. The 

precipitate was filtered and collected (0.510 g) and filtrate evaporated to a yield 

colourless gum. The gum was dissolved in a minimal amount of boiling MeOH and 

allowed to cool to room temp to form a precipitate (0.520 g). The two fractions were 

combined to give the title compound as a white solid (1.03 g, 73% yield). 1H NMR 

spectra indicated a >95% purity of the desired 3ʹ-regioisomer. The spectroscopic data 

was consistent with literature values.16 Rf = 0.41 (10% MeOH in CH2Cl2). 
1H NMR 

(500 MHz, DMSO-d6) δH = 11.40 (s, 1H, NH), 8.08 – 8.01 (m, 2H, Ar), 7.93 (d, J = 8.1 

Hz, 1H, H-6), 7.72 – 7.66 (m, 1H), 7.61 – 7.51 (m, 2H, Ar), 5.94 (d, J = 6.8 Hz, 1H, H-

1ʹ), 5.85 (d, J = 6.1 Hz, 1H, OH-2ʹ), 5.74 (d, J = 8.1 Hz, 1H, H-5), 5.38 (dd, J = 5.5, 2.6 

Hz, 1H, H-3ʹ), 5.34 (t, J = 5.2 Hz, 1H, OH-5ʹ), 4.40 (dd, J = 6.2 Hz, 1H, H-2ʹ), 4.22 (q, 

J = 3.0 Hz, 1H, H-4ʹ), 3.68 (dd, J = 5.3, 3.1 Hz, 2H, H-5ʹ(α and β)). 
13C NMR (126 MHz, 

DMSO-d6) δC = 165.1 (PhC=O), 163.0 (C-4), 150.9 (C-2), 140.5 (C-6), 133.5 (Ar), 

129.5 (Ar), 129.4 (Ar), 128.7 (Ar), 102.4 (C-5), 87.3 (C-1ʹ), 82.7 (C-4ʹ), 73.6 (C-3ʹ), 

71.9 (C-2ʹ), 61.1 (C-5ʹ). LRMS (ESI): m/z = 349 [M + H]+, 347 [M - H]-. 
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3ʹ-O-Benzoyl-2ʹ,5ʹ-bis-O-(tert-butyldimethylsilyl)-uridine (137) 

3ʹ-O-Benzoyl-uridine (136) (0.200 g, 0.5742 mmol), tert-

butyldimethylsilyl chloride (TBDMSCl) (0.259 g, 1.722 mmol, 3 

equiv), and imidazole (0.234 g, 3.445 mmol, 6 equiv) were 

combined and wet with minimum amount of pyridine (approx. 

0.5 mL) to solubilise the starting material. The mixture was 

stirred at rt for 16 h after which a single product was evident by TLC. MeOH (0.25 mL) 

was added to quench the excess TBDMSCl. After 5 min the mixture was dissolved in 

EtOAc then washed with 5% HCl(aq) (20 mL), NaHCO3(satd. aq), and brine then dried over 

MgSO4 and concentrated in vacuo. The crude product was purified by silica gel flash 

chromatography (0.5-5% MeOH in CH2Cl2) to give the title compound as a colourless 

foam (quantitative). Rf = 0.35 (30% EtOAc in n-hexane). 1H NMR (500 MHz, CDCl3) 

δH = 8.21 – 8.16 (m, 1H, NH), 8.11 – 8.05 (m, 2H, Ar), 7.96 (d, J = 8.2 Hz, 1H, H-6), 

7.62 – 7.57 (m, 1H, Ar), 7.52 – 7.44 (m, 2H, Ar), 6.13 (d, J = 5.6 Hz, 1H, H-1ʹ), 5.73 

(dd, J = 8.2, 2.1 Hz, 1H, H-5), 5.35 (dd, J = 5.1, 3.3 Hz, 1H, H-3ʹ), 4.43 (t, J = 5.3 Hz, 

1H, H-2ʹ), 4.37 (dt, J = 3.4, 1.8 Hz, 1H, H-4ʹ), 4.01 (dd, J = 11.7, 1.9 Hz, 1H, H-5ʹ(α or 

β)), 3.89 (dd, J = 11.6, 1.7 Hz, 1H, H-5ʹ(α or β)), 0.95 (s, 9H, (CH3)2SiC(CH3)3), 0.75 (s, 

9H, (CH3)2SiC(CH3)3), 0.14 (2s, 6H, (CH3)2SiC(CH3)3), 0.01 (s, 3H, 

(CH3)2SiC(CH3)3)), -0.06 (s, 3H, (CH3)2SiC(CH3)3)). 
13C NMR (126 MHz, CDCl3) δC = 

165.9 (PhC=O), 162.7 (C-4), 150.2 (C-2), 140.0 (C-6), 133.6 (Ar), 130.0 (Ar), 129.5 

(Ar), 128.7 (Arq), 102.7 (C-5), 88.5 (C-1ʹ), 83.2 (C-4ʹ), 75.0 (C-2ʹ), 73.0 (C-3ʹ), 63.1 (C-

5ʹ), 60.6, 26.1 ((CH3)2SiC(CH3)3), 25.5 ((CH3)2SiC(CH3)3), 18.5 ((CH3)2SiC(CH3)3), 

17.9 ((CH3)2SiC(CH3)3), -5.0 ((CH3)2SiC(CH3)3), -5.1 ((CH3)2SiC(CH3)3), -5.39 

((CH3)2SiC(CH3)3), -5.41 ((CH3)2SiC(CH3)3). LRMS (ESI+): m/z = 577 [M + H]+, 575 

[M - H]-. 
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3ʹ-O-Benzoyl-2ʹ,5ʹ-bis-O-(tert-butyldimethylsilyl)-3-N-nitro-uridine (138) 

Compound 138 was synthesised from compound 137 (0.330 g, 

0.572 mmol) according to general procedure 1. The crude 

product was purified by silica gel flash chromatography (100% 

CH2Cl2) to afford title compound as a colourless foam 

(quantitative). Rf = 0.69 (30% EtOAc in n-hexane). 1H NMR 

(500 MHz, CDCl3) δH = 8.10 – 8.03 (m, 3H), 7.64 – 7.56 (m, 1H), 7.52 – 7.42 (m, 2H), 

6.09 (d, J = 5.3 Hz, 1H, H-1ʹ), 5.84 (d, J = 8.3 Hz, 1H, H-5), 5.34 (dd, J = 5.0, 3.6 Hz, 

1H, H-3ʹ), 4.45 (t, J = 5.1 Hz, 1H, H-2ʹ), 4.43 (dt, J = 3.5, 1.7 Hz, 1H, H-4ʹ), 4.04 (dd, J 

= 11.8, 1.9 Hz, 1H, H-5ʹ(α or β)), 3.90 (dd, J = 11.8, 1.6 Hz, 1H, H-5ʹ(α or β)), 0.95 (s, 9H, 

(CH3)2SiC(CH3)3), 0.75 (s, 9H, (CH3)2SiC(CH3)3), 0.15 (s, 3H, (CH3)2SiC(CH3)3)), 0.14 

(s, 3H, (CH3)2SiC(CH3)3)), 0.02 (s, 3H, (CH3)2SiC(CH3)3)), -0.05 (s, 3H, 

(CH3)2SiC(CH3)3)). 13C NMR (126 MHz, CDCl3) δC = 165.9 (PhC=O), 155.3 (C-4), 

145.7 (C-2), 139.5 (C-6), 133.8 (Ar), 130.0 (Ar), 129.3 (Ar), 128.7 (Ar), 101.6 (C-5), 

89.7 (C-1ʹ), 83.7 (C-3ʹ), 75.4 (C-2ʹ), 72.7 (C-4ʹ), 62.9 (C-5ʹ), 26.1 ((CH3)2SiC(CH3)3), 

25.5 ((CH3)2SiC(CH3)3), 18.5 ((CH3)2SiC(CH3)3), 17.9 ((CH3)2SiC(CH3)3), -5.1 

((CH3)2SiC(CH3)3), -5.1 ((CH3)2SiC(CH3)3), -5.4 ((CH3)2SiC(CH3)3), -5.4 

((CH3)2SiC(CH3)3). LRMS (ESI): m/z = 622 [M + H]+, 666 [M + HCO2]
-. 

 

3ʹ-O-Benzoyl-2ʹ-O-(tert-butyldimethylsilyl)-3-N-nitro-uridine (139) 

compound 139 was synthesised from compound 138 according to 

adapted literature procedures.17 Briefly, compound 138 (0.334 g, 

1.230 mmol) was dissolved in a mixture of THF (6 mL) and H2O (1.5 

mL) then TFA (1.5 mL) added at rt. The mixture was stirred at rt for 3 

h after which a single product was evident by TLC analysis. The 

reaction mixture was extracted with EtOAc (2 20 mL) and washed with NaHCO3(satd. 

aq.) (2 20 mL) and brine (20 mL) then dried over MgSO4. The crude product was 

obtained as a colourless foam (0.245 g, 90%). 1H NMR analysis indicated the crude 

product was highly pure with the only major contaminate a silyl impurity. This impurity 

did not impact on subsequent reactions. Rf = 0.15 (30% EtOAc in n-hexane). 1H NMR 

(500 MHz, CDCl3) δH = 8.10 – 8.02 (m, 3H, Ar and H-6), 7.64 – 7.59 (m, 1H, Ar), 7.54 
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– 7.43 (m, 2H, Ar), 5.93 – 5.85 (m, 2H, H-5 and H-1ʹ), 5.40 (t, J = 4.8 Hz, 1H, H-3ʹ), 

4.62 (t, J = 4.7 Hz, 1H, H-2ʹ), 4.43 (dt, J = 4.8, 1.9 Hz, 1H, H-4ʹ), 4.08 (ddd, J = 12.3, 

4.4, 2.0 Hz, 1H, H-5ʹ(α or β)), 3.92 (ddd, J = 12.4, 5.0, 1.9 Hz, 1H, H-5ʹ(α or β)), 2.46 (t, J = 

4.9 Hz, 1H, OH-5ʹ), 0.81 (s, 9H, (CH3)2SiC(CH3)3), 0.09 (s, 3H, (CH3)2SiC(CH3)3)), 

0.03 (s, 3H, (CH3)2SiC(CH3)3)). 
13C NMR (126 MHz, CDCl3) δC = 166.2 (PhC=O), 

155.3 (C-4), 145.7 (C-2), 140.3 (C-6), 133.9 (Ar), 130.0 (Ar), 129.1 (Ar), 128.7 (Ar), 

101.6 (C-5), 91.6 (C-1ʹ), 83.1 (C-4ʹ), 74.6 (C-2ʹ), 72.0 (C-3ʹ), 61.5 (C-5ʹ), 25.6 

((CH3)2SiC(CH3)3), 17.9 ((CH3)2SiC(CH3)3), -5.0 ((CH3)2SiC(CH3)3), -5.0 

((CH3)2SiC(CH3)3). LRMS (ESI): m/z =525 [M+NH4]
+

, 552 [M + HCO2]
-. 

 

3ʹ-O-Benzoyl-2ʹ-O-(tert-butyldimethylsilyl)-5ʹ-O-trityl-3-N-nitro-uridine (140) 

Compound 140 was synthesised from compound 139 according to 

adapted literature procedures.18 Briefly, compound 139 (0.093 g, 

0.183 mmol) and Trityl chloride (0.076 g, 0.274 mmol, 1.5 equiv) 

were combined and dissolved CH2Cl2 (0.5 mL) and pyridine (0.06 

mL, 0.732 mmol, 4 equiv). The mixture was stirred for 16 h after 

which TLC analysis indicated the formation of a single product. The 

solvent was removed in vacuo and the residue dissolved in EtOAc (20 mL) then washed 

quickly with 5% HCl(aq) (20 mL), NaHCO3(satd. aq) (20 mL) and brine (20 mL) and dried 

over MgSO4. The crude product was purified by silica gel flash chromatography (100% 

CH2Cl2) to give a colourless foam (0.140 g, quantitative). Rf = 0.63 (30% EtOAc in n-

hexane). 1H NMR (500 MHz, CDCl3) δH = 8.09 (d, J = 8.4 Hz, 1H, H-6ʹ), 8.06 – 8.02 

(m, 2H, Ar), 7.65 – 7.59 (m, 1H, Ar), 7.52 – 7.43 (m, 2H, Ar), 7.38 – 7.33 (m, 6H, Ar), 

7.32 – 7.23 (m, 8H, Ar), 5.98 (d, J = 3.8 Hz, 1H, H-1ʹ), 5.54 (dd, J = 5.6, 4.7 Hz, 1H, H-

3ʹ), 5.34 (d, J = 8.4 Hz, 1H, H-5), 4.69 (dd, J = 4.7, 3.8 Hz, 1H, H-2ʹ), 4.47 (dt, J = 5.6, 

2.1 Hz, 1H, H-4ʹ), 3.61 (d, J = 2.1 Hz, 2H, H-5ʹ(α and β)), 10.77 (s, 9H, (CH3)2SiC(CH3)3), 

0.11 (s, 3H, (CH3)2SiC(CH3)3)), -0.01 (s, 3H, (CH3)2SiC(CH3)3)). 
13C NMR (126 MHz, 

CDCl3) δC = 165.8 (PhC=O), 155.3 (C-4), 145.6 (C-2), 142.9 (Arq), 139.7 (C-6), 133.8 

(Ar), 130.0 (Ar), 129.2 (Ar), 128.7 (Ar), 128.4 (Ar), 127.8 (Ar), 101.4 (C-5), 90.4 (C-

1ʹ), 88.3 (C(Ph)3), 81.7 (C-4ʹ), 75.0 (C-2ʹ), 72.0 (C-3ʹ), 62.1 (C-5ʹ), 25.5 

((CH3)2SiC(CH3)3), 17.9 ((CH3)2SiC(CH3)3), -4.9 ((CH3)2SiC(CH3)3), -5.1 

((CH3)2SiC(CH3)3). LRMS (ESI): m/z = 767 [M+NH4]
+

, 794 [M+ HCO2]
-. 
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3ʹ-O-Benzoyl-5ʹ-O-trityl-3-N-nitro-uridine (141) 

Compound 140 (0.060 g, 0.080 mmol) was dissolved in CH2Cl2 (0.5 mL) 

then Et3N·(HF)3 (52 μL, 0.032 mmol, 4 equiv) was added and the mixture 

stirred at rt for 4 h. After which a single product was evident by TLC. The 

mixture was dissolved in EtOAc (20 mL) then washed quickly with 

quickly with 5% HCl(aq) (20 mL), NaHCO3(satd. aq) (20 mL) and brine (20 

mL) and dried over MgSO4. The crude product was >90% pure as 

determined by 1H NMR analysis. The crude product was afforded as light yellow foam 

(0.039 g, quantitative). This was used for subsequent reactions without further 

purification. Rf = 0.27 (30% EtOAc in n-hexane). 1H NMR (500 MHz, CDCl3) δH = 

8.10 – 8.01 (m, 2H, Ar), 7.92 (d, J = 8.4 Hz, 1H, H-6), 7.70 – 7.60 (m, 1H, Ar), 7.53 – 

7.46 (m, 2H, Ar), 7.39 – 7.24 (m, 15H, Ar), 6.05 (d, J = 4.8 Hz, 1H, H-1ʹ), 5.59 – 5.51 

(m, 1H, H-3ʹ), 5.41 (d, J = 8.4 Hz, 1H), 4.75 (q, J = 5.3 Hz, 1H, H-2ʹ), 4.47 (dt, J = 4.7, 

2.4 Hz, 1H, H-4ʹ), 3.66 – 3.56 (m, 2H, H-5ʹ(α and β)), 2.76 (d, J = 5.9 Hz, 1H, OH-2ʹ). 

LRMS (ESI-): m/z = 680 [M+ HCO2]
-
. Complete NMR characterisation was not possible 

due to the instability of the compound. 

 

3ʹ-O-Benzoyl-2ʹ-O-trifyl-5ʹ-O-trityl-3-N-nitro-uridine (143) 

Compound 141 (0.066 g, 0.103 mmol) was dissolved in CH2Cl2 (0.3 

mL) and pyridine (33 μL, 0.415 mmol, 4 equiv) at 0 ˚C. Then Tf2O 

(1M in CH2Cl2) (0.155 mL, 0.155 mmol, 1.5 equiv) was added and the 

mixture was stirred at 0 ˚C for 5 min. After which a single major 

product was evident by TLC analysis. The crude product was purified 

by direct addition of the reaction mixture to a silica gel flash chromatography column 

(preconditioned with 100% CH2Cl2) and eluted with 100% CH2Cl2. The product was 

very unstable is a solid state or concentrated form. After >30 minutes at rt in solution 

the significant yellowing product was observed. Yield not calculated due to compound 

instability. Rf = 0.64 (30% EtOAc in n-hexane). 1H NMR (500 MHz, CDCl3) δH = 8.09 

– 8.06 (m, 2H), 7.93 (d, J = 8.4 Hz, 1H, H-6), 7.70 – 7.64 (m, 1H), 7.55 – 7.49 (m, 2H), 

7.37 – 7.27 (m, 15H), 6.30 (d, J = 3.9 Hz, 1H, H-1ʹ), 5.98 – 5.94 (m, 1H, H-3ʹ), 5.64 (t, 

J = 4.4 Hz, 1H, H-2ʹ), 5.34 (d, J = 8.4 Hz, 1H, H-5), 4.50 (dt, J = 5.6, 2.0 Hz, 1H, H-4ʹ), 
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3.68 – 3.61 (m, 2H, H-5ʹ(α and β)). LRMS (ESI): m/z = 812 [M+ HCO2]
-
. Complete NMR 

characterisation was not possible due to the instability of the compound. 

 

2ʹ-Dideoxy-2ʹ-difluoro-uridine (157) 

Gemcitabine (156) (1.00 g, 3.093 mmol) was dissolved in H2O (1.8 mL) 

and AcOH (3.5 mL) and cooled to 0 ˚C. Next NaNO2 dissolved in a 

minimum amount of H2O was then slowly added to the reaction mixture 

with stirring. The mixture was stirred for 3 h at 0 ˚C at which point TLC 

analysis indicated complete conversion of starting material to a single 

product. The mixture was allowed to warm to rt and was then poured into acetone (100 

mL). The precipitated salts were then filtered off and the solvent removed in vacuo. The 

residue was co-evaporated with EtOH (2) then the residue dissolved in MeOH and 

adsorbed onto silica gel. The crude product was then purified by silica gel flash 

chromatography to afford the title compound as a clear oil (quantitative). The 

spectroscopic data was consistent with literature values.19 Rf = 0.23 (10% MeOH in 

CH2Cl2). 
1H NMR (500 MHz, MeOD-d4) δH = 7.87 (d, J = 8.2 Hz, 1H), 6.17 – 6.12 (m, 

1H), 5.73 (d, J = 8.2 Hz, 1H), 4.28 (td, J = 12.1, 8.1 Hz, 1H), 3.96 – 3.87 (m, 2H), 3.78 

(dd, J = 12.5, 3.1 Hz, 1H). 1H NMR (500 MHz, DMSO-d6) δH = 11.57 (br s, 1H, NH), 

7.79 (d, J = 8.2 Hz, 1H, H-6ʹ), 6.06 (t, J = 7.9 Hz, 1H, H-1ʹ), 5.72 (d, J = 8.1 Hz, 1H, H-

5), 4.18 (td, J = 12.8, 8.4 Hz, 1H, H-3ʹ), 3.83 (ddd, J = 8.4, 3.6, 2.5 Hz, 1H, H-4ʹ), 3.76 

(dd, J = 12.7, 2.4 Hz, 1H, H-5ʹ(α or β)), 3.62 (dd, J = 12.7, 3.6 Hz, 1H, H-5ʹ(α or β)). 
19F 

NMR (470 MHz, MeOD-d4) δ -118.64 (dd, J = 13.2, 4.8 Hz), -119.15 (dd, J = 13.3, 5.0 

Hz), -119.97, -120.48. LRMS (ESI): m/z = 265 [M + H]+, 263 [M - H]-, 309 [M + 

HCO2]
-. 
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3ʹ,5ʹ-O-Bis-acetyl-2ʹ-dideoxy-2ʹ-difluoro-uridine (160) 

Compound 160 was synthesised from compound 157 (0.817 g, 3.094 

mmol) according to adapted literature procedures.2 Briefly, compound 

157 was dissolved in pyridine (3.3 mL, 30.93 mmol, 10 equiv) then 

Ac2O (0.73 mL, 7.73 mmol, 2.5 mmol) was added and mixture stirred 

for at rt 8 h. The reaction mixture was dissolved in EtOAc (50 mL) and 

washed with 5% HCl(aq) (20 mL), NaHCO3(satd. aq) (20 mL), brine (20 mL) and dried 

over MgSO4 to give the title compound as a yellow gum (quantitative). Rf = 0.16 (30% 

EtOAc in CH2Cl2). 
1H NMR (500 MHz, CDCl3) δH = 9.40 (br s, 1H, NH), 7.36 (dd, J = 

8.2, 2.4 Hz, 1H, H-6), 6.26 (dd, J = 11.9, 6.3 Hz, 1H, H-1ʹ), 5.81 (d, J = 8.2 Hz, 1H, H-

5), 5.25 (ddd, J = 13.8, 5.5, 3.0 Hz, 1H, H-3ʹ), 4.39 (d, J = 4.2 Hz, 2H, H-5ʹ(α and β)), 4.29 

(q, J = 4.4 Hz, 1H, H-4ʹ), 2.20 (s, 3H, Ac), 2.12 (s, 3H, Ac). 13C NMR (126 MHz, 

CDCl3) δC = 170.4 (H3CCO2), 169.1 (H3CCO2), 162.6 (C-4), 150.2 (C-2, 139.8 (d, J = 

3.7 Hz, C-6), 120.5 (dd, J = 266.4, 259.1 Hz, C-2ʹ), 103.4 (C-5), 83.1 (dd, J = 38.0, 20.8 

Hz, C-1ʹ), 78.0 (dd, J = 4.6, 2.5 Hz, C-4ʹ), 70.7 (dd, J = 34.2, 17.0 Hz, C-3ʹ), 62.1 (C-

5ʹ), 20.8 (H3CCO2), 20.5 (H3CCO2). 
9F NMR (470 MHz, CDCl3) δF = -116.82 (dt, J = 

247.4, 12.3 Hz), -121.43 (d, J = 250.4 Hz). LRMS (ESI): m/z = 349 [M + H]+, 347 [M - 

H]-. 

 

3ʹ,5ʹ-O-Bis-acetyl-2ʹ-dideoxy-2ʹ-difluoro-5-iodo-uridine (161) 

Compound 161 was synthesised from compound 160 (0.980 g, 2.815 

mmol) according to general procedure 9. The crude product was 

purified by silica gel flash chromatography (5 – 20% EtOAc in 

CH2Cl2) to afford the title compound as a pale yellow foam/gum (1.20 

g, 90%). Rf = 0.52 (30% EtOAc in CH2Cl2). 
1H NMR (500 MHz, 

CDCl3) δH = 8.90 (br s, 1H, NH), 7.80 (d, J = 2.2 Hz, 1H, H-6), 6.24 (dd, J = 10.5, 6.9 

Hz, 1H, H-1ʹ), 5.29 (ddd, J = 13.3, 5.7, 3.9 Hz, 1H, H-3ʹ), 4.42 (d, J = 3.5 Hz, 2H, H-5ʹ(α 

and β)), 4.35 – 4.29 (m, 1H, H-4ʹ), 2.21 (2 s, 6H, Ac). 13C NMR (126 MHz, CDCl3) δC = 

170.4 (H3CCO2), 169.1 (H3CCO2), 159.3 (C-4), 149.5 (C-2), 144.1 (H-6), 120.6 (dd, J = 

265.7, 260.0 Hz, C-2ʹ), 83.4 (dd, J = 38.2, 20.7 Hz, C-1ʹ), 78.3 (d, J = 2.1 Hz, H-4ʹ), 

70.5 (dd, J = 33.8, 17.0 Hz, H-3ʹ), 69.4 (C-5), 61.9 (C-5ʹ), 21.0 (H3CCO2), 20.5 
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(H3CCO2). 
19F NMR (470 MHz, CDCl3) δF = -116.25 (dt, J = 247.9, 11.8 Hz), -120.58 

(d, J = 247.7 Hz). LRMS (ESI): m/z = 475 [M + H]+, 473 [M - H]-. 

 

3ʹ,5ʹ-O-Bis-acetyl-2ʹ-dideoxy-2ʹ-difluoro-5-(ethynyl(2-trimethylsilyl))-uridine (162) 

Compound 162 was synthesised from compound 161 (1.400 g, 

2.953 mmol) according to general procedure 3. The crude 

product was purified by silica gel flash chromatography (10 – 

20% EtOAc in CH2Cl2) to afford the title compound as a 

colourless foam (1.246 g, 95 %). Rf = 0.66 (30% EtOAc in 

CH2Cl2). 
1H NMR (500 MHz, CDCl3) δH = 8.98 (br s, 1H, NH), 

7.66 (d, J = 2.0 Hz, 1H, H-6), 6.26 (t, J = 8.4 Hz, 1H, H-1ʹ), 5.31 (dt, J = 12.9, 5.8 Hz, 

1H, H-3ʹ), 4.44 (dd, J = 12.7, 3.1 Hz, 1H, H-5ʹ(α or β)), 4.38 (dd, J = 12.7, 3.5 Hz, 1H, H-

5ʹ(α or β)), 4.31 (dt, J = 6.4, 3.3 Hz, 1H, H-4ʹ), 2.20 (s, 3H, Ac), 2.18 (s, 3H, Ac), 0.22 (s, 

9H, Si(CH3)3). 
13C NMR (126 MHz, CDCl3) δC = 170.2 (H3CCO2), 169.1 (H3CCO2), 

160.3, 148.9 (C-2), 142.4 (d, J = 2.7 Hz, C-6), 120.6 (dd, J = 264.4, 261.3 Hz, C-2ʹ), 

101.5 (C-5), 100.6 (CC), 94.6 (CC), 83.7 (dd, J = 39.5, 21.6 Hz, C-1ʹ), 78.0 (d, J = 

5.6 Hz, C-4ʹ), 70.3 (dd, J = 32.9, 17.0 Hz, C-3ʹ) 61.8 (C-5ʹ), 20.9 (H3CCO2), 20.5 

(H3CCO2), -0.1 (Si(CH3)3). 
19F NMR (470 MHz, CDCl3) δF = -115.90 (dt, J = 247.6, 

10.8 Hz), -119.62 (d, J = 249.6 Hz). LRMS (ESI): m/z = 445 [M + H]+, 443 [M - H]-. 

 

2ʹ-dideoxy-2ʹ-difluoro-5-ethynyl-uridine (155) 

Compound 162 (0.466 g, 1.049 mmol) was dissolved in MeOH (15 

mL) then sodium methoxide (4.6 M) (0.187 mL, 0.0404 mmol) was 

added. The mixture was stirred at rt for 3 hours after which TLC 

analysis indicated complete consumption of the starting material and 

formation of a single product. The mixture was neutralised with 

Amberlite IRA-120 H+ resin then filtered. Silica gel was added to the filtrate and the 

solvent removed in vacuo. The compound adsorbed onto silica was purified by solid 

addition silica gel flash chromatography (10 % MeOH in CH2Cl2) to afford the title 

compound as a pale yellow solid (0.257 g, 85%). The spectroscopic data was consistent 
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with literature values.19 Rf = 0.11 (5% MeOH in CH2Cl2). Darkens at 190-205 ˚C, mp = 

210-215 ˚C. 1H NMR (500 MHz, DMSO) δH = 11.91 (br s, 1H, NH), 8.26 (s, 1H, H-6), 

6.32 (d, J = 6.6 Hz, 1H, OH-3ʹ), 6.04 (t, J = 7.3 Hz, 1H, H-1ʹ), 5.42 (t, J = 5.2 Hz, 1H, 

OH-5ʹ), 4.22 (tdd, J = 12.4, 10.6, 8.3, 5.6 Hz, 1H, H-3ʹ), 4.17 (s, 1H), 3.86 (dt, J = 8.6, 

2.7 Hz, 1H, H-4ʹ), 3.79 (dt, J = 12.8, 3.0 Hz, 1H, H-5ʹ(α or β)), 3.64 (ddd, J = 12.7, 5.4, 

3.1 Hz, 1H, H-5ʹ(α or β)). 
19F NMR (470 MHz, DMSO) δF = -116.32, -116.50 (d, J = 12.3 

Hz), -116.83 (d, J = 13.5 Hz), -117.00 (d, J = 13.1 Hz), -117.18, -117.70. LRMS (ESI): 

m/z = 289 [M + H]+, 287 [M - H]-. 

 

 (2ʹR)-3ʹ,5ʹ-O-Bis-acetyl-2ʹ-deoxy-2ʹ-fluoro-uridine (165) 

Compound 160 was synthesised from (2ʹR)-2ʹ-deoxy-2ʹ-fluoro-uridine 

(163) (2.000 g, 8.127 mmol) according to adapted literature 

procedures.2 Briefly, compound 163 was dissolved in pyridine (8.8 mL, 

81.0 mmol, 10 equiv) then Ac2O (1.92 mL, 20.3 mmol, 2.5 mmol) was 

added and mixture stirred for at rt 16 h. The reaction mixture was 

dissolved in EtOAc (50 mL) and washed with 5% HCl(aq) (20 mL), NaHCO3(satd. aq) (20 

mL), brine (20 mL) and dried over MgSO4 to give the title compound as a yellow gum 

(2.623 g , 98%). The spectroscopic data was consistent with literature values.20,21 Rf = 

0.21 (30% EtOAc in CH2Cl2). 
1H NMR (500 MHz, DMSO-d6) δH = 11.47 (s, 1H, NH), 

7.72 (d, J = 8.1 Hz, 1H, H-6), 5.87 (dd, J = 22.4, 2.1 Hz, 1H, H-1ʹ), 5.68 (d, J = 8.0 Hz, 

1H, H-5), 5.53 (ddd, J = 52.6, 5.3, 2.1 Hz, 1H, H-2ʹ), 5.26 (ddd, J = 17.2, 7.9, 5.3 Hz, 

1H, H-3ʹ), 4.34 (dd, J = 12.1, 2.9 Hz, 1H, H-5ʹ(α or β)), 4.27 (ddd, J = 8.2, 5.7, 2.9 Hz, 1H, 

H-4ʹ), 4.16 (dd, J = 12.1, 5.7 Hz, 1H, H-5ʹ(α or β)), 2.11 (s, 3H, Ac), 2.04 (s, 3H, Ac). 1H 

NMR (500 MHz, CDCl3) δH = 9.30 (br s, 1H), 7.39 (d, J = 8.1 Hz, 1H), 5.83 – 5.74 (m, 

2H), 5.37 (ddd, J = 52.2, 4.9, 1.7 Hz, 1H), 5.15 (ddd, J = 17.8, 8.3, 5.0 Hz, 1H), 4.44 

(dd, J = 12.3, 2.6 Hz, 1H), 4.40 (ddd, J = 7.6, 4.5, 2.6 Hz, 1H), 4.30 (dd, J = 12.3, 4.6 

Hz, 1H), 2.15 (s, 3H), 2.11 (s, 3H). 13C NMR (126 MHz, DMSO) δ 170.1, 169.5, 150.6, 

142.5, 102.1, 90.8 (d, J = 187.0 Hz), 90.5 (d, J = 36.4 Hz), 77.9, 69.8 (d, J = 14.8 Hz), 

62.67, 20.5, 20.3. 19F NMR (470 MHz, CDCl3) δ -198.76 – -199.06 (m). LRMS (ESI): 

m/z = 353 [M + Na]+, 331 [M + H]+, 329 [M - H]-. 
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(2ʹR)-3ʹ,5ʹ-O-Bis-acetyl-2ʹ-deoxy-2ʹ-fluoro-5-iodo-uridine (166) 

Compound 166 was synthesised from compound 165 (2.68 g, 8.11 

mmol) according to general procedure 9. The crude product was 

purified by silica gel flash chromatography (10 – 30% EtOAc in 

CH2Cl2) to afford the title compound as a pale red solid (3.330 g, 

90%). Rf = 0.52 (30% EtOAc in CH2Cl2). mp 135-140 ˚C. The 

spectroscopic data was consistent with literature values.21 1H NMR (500 MHz, CDCl3) 

δ 8.97 (s, 1H, NH), 7.89 (s, 1H, H-6), 5.89 (dd, J = 18.2, 1.7 Hz, 1H, H-1ʹ), 5.30 (ddd, J 

= 51.7, 4.7, 1.7 Hz, 1H, H-2ʹ), 5.10 (ddd, J = 18.1, 8.0, 4.8 Hz, 1H, H-3ʹ), 4.49 – 4.41 

(m, 2H, H-5ʹ(α or β) and H-4ʹ), 4.36 (dd, J = 13.2, 4.0 Hz, 1H, H-5ʹ(α or β)), 2.22 (s, 3H, 

Ac), 2.16 (s, 3H, Ac). 13C NMR (126 MHz, CDCl3) δC = 170.5 (H3CCO2), 170.0 

(H3CCO2), 160.0 (C-4), 149.6 (C-2), 144.5 (C-6), 91.1 (d, J = 193.0 Hz, C-2ʹ), 90.3 (d, 

J = 35.6 Hz, C-1ʹ), 78.9 (C-4ʹ, 69.3 (d, J = 15.6 Hz, C-3ʹ), 61.9 (C-5ʹ), 21.3 (H3CCO2), 

20.5 (H3CCO2). 
19F NMR (470 MHz, CDCl3) δ -200.21 (dt, J = 51.9, 18.2 Hz). LRMS 

(ESI): m/z = 457 [M + H]+, 455 [M - H]-. 

 

(2ʹR)-3ʹ,5ʹ-O-Bis-acetyl-2ʹ-deoxy-5-(ethynyl(2-trimethylsilyl))-2ʹ-fluoro-uridine (167) 

Compound 167 was synthesised from compound 166 (1.700 g, 

3.728 mmol) according to general procedure 3. The crude 

product was purified by silica gel flash chromatography (10 – 

20% EtOAc in CH2Cl2) to afford the title compound as an off-

white solid (0.921 g, 58%). mp 195-198 ˚C. Rf = 0.69 (30% 

EtOAc in CH2Cl2). 
1H NMR (500 MHz, CDCl3) δH = 8.74 (s, 1H, 

NH), 7.79 (s, 1H, H-6), 5.95 (dd, J = 17.6, 1.5 Hz, 1H, H-1ʹ), 5.26 (ddd, J = 51.6, 4.7, 

1.5 Hz, 1H, H-2ʹ), 5.07 (ddd, J = 18.9, 8.4, 4.7 Hz, 1H, H-3ʹ), 4.49 – 4.43 (m, 2H, H-5ʹ(α 

or β) and H-4ʹ), 4.38 – 4.31 (m, 1H, H-5ʹ(α or β)), 2.19 (s, 3H, Ac), 2.16 (s, 3H, Ac), 0.21 (s, 

9H, Si(CH3)3).
 13C NMR (126 MHz, CDCl3) δC = 170.2 (H3CCO2), 170.0 (H3CCO2), 

160.6 (C-4), 148.7 (C-2), 142.5 (C-6), 101.1 (CC-Si), 100.6 (C-5), 94.8 (CC-Si), 91.2 

(d, J = 193.4 Hz, C-2ʹ), 89.9 (d, J = 35.3 Hz, C-1ʹ), 78.8, 69.1 (d, J = 15.7 Hz, C-3ʹ), 

61.6 (C-5ʹ), 21.1 (H3CCO2), 20.5 (H3CCO2), -0.1 (Si(CH3)3. 
19F NMR (470 MHz, 
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CDCl3) δF = -201.40 (dt, J = 51.8, 18.2 Hz). LRMS (ESI): m/z = 427 [M + H]+, 425 [M 

- H]-. 

 

(2ʹR)-2ʹ-deoxy-5-ethynyl-2ʹ-fluoro-uridine (164) 

Compound 166 (0.880 g, 1.049 mmol) was dissolved in MeOH (30 

mL) then sodium methoxide (4.6 M) (0.368 mL, 1.70 mmol) was 

added. The mixture was stirred at rt for 2 hours after which TLC 

analysis indicated complete consumption of the starting material and 

formation of a single product. The mixture was neutralised with 

Amberlite IRA-120 H+ resin then filtered. Silica gel was added to the 

filtrate and the solvent removed in vacuo. The compound adsorbed onto silica was 

purified by solid addition silica gel flash chromatography (10% MeOH in CH2Cl2) to 

afford the title compound as an off-white foam (0.280 g, 50%). Rf = 0.27 (10% MeOH 

in CH2Cl2). 
1H NMR (500 MHz, DMSO-d6) δH = 11.69 (br s, 1H, NH), 8.41 (s, 1H, H-

6), 5.86 (dd, J = 16.9, 1.3 Hz, 1H, H-1ʹ), 5.60 (d, J = 6.6 Hz, 1H, OH-3ʹ), 5.36 (t, J = 4.7 

Hz, 1H, OH-5ʹ), 5.03 (ddd, J = 53.1, 4.3, 1.4 Hz, 1H, H-1ʹ), 4.24 – 4.11 (m, 1H, H-3ʹ), 

4.08 (s, 1H, C-H), 3.89 (dt, J = 8.3, 2.5 Hz, 1H, H-4ʹ), 3.81 (ddd, J = 12.4, 4.4, 2.3 Hz, 

1H, H-5ʹ(α or β)), 3.60 (ddd, J = 12.3, 4.4, 2.5 Hz, 1H, H-5ʹ(α or β)). 
13C NMR (126 MHz, 

DMSO-d6) δC = 162.0 (C-4), 149.5 (C-2), 144.5 (C-6), 97.6 (C-5), 93.9 (d, J = 185.3 

Hz, C-2ʹ), 87.7 (d, J = 34.2 Hz, C-1ʹ), 83.7 (CC-H), 83.2 (C-4ʹ), 76.5 (CC-H), 66.9 

(d, J = 16.3 Hz, C-3ʹ), 58.7 (C-5ʹ). 19F NMR (470 MHz, DMSO-d6) δ δ -202.5 (ddd, J = 

53.0, 23.5, 16.8 Hz). LRMS (ESI): m/z = 293 [M + Na]+, 270 [M + H]+, 269 [M - H]-. 
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Compound 104 1H and 13C NMR (CDCl3) 
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Compound 102 1H and 13C NMR (CDCl3) 
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Compound 90 1H and 13C NMR (DMSO-d6) 
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Compound 90 31P{H} NMR (DMSO-d6) 
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Compound 109 1H and 13C NMR (DMSO-d6) 
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Compound 109 31P{H} NMR (DMSO-d6) 
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Compound 110 1H and 13C NMR (DMSO-d6) 
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Compound 110 31P{H} NMR (DMSO-d6) 
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Compound 111 1H and 13C NMR (DMSO-d6) 
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Compound 111 31P{H} NMR (DMSO-d6) 
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Compound 112 1H and 13C NMR (DMSO-d6) 
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Compound 112 31P{H} NMR (DMSO-d6) 
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Compound 113 1H and 13C NMR (DMSO-d6) 
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Compound 113 31P{H} NMR (DMSO-d6) 
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Compound 114 1H and 13C NMR (DMSO-d6) 
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Compound 114 31P{H} NMR (DMSO-d6) 
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Compound 115 1H and 13C NMR (DMSO-d6) 
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T. cruzi and 3T3 cell compound cytotoxicity (48 h exposure). continued. 
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T. cruzi and 3T3 cell compound cytotoxicity (48 h exposure). continued. 
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