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Abbreviation 

TBA   : Tetrabutylammonium 

ETT   : 5-(Ethylthio)-1H-tetrazole 

DCI   : Dicyanoimidazole 

mCPBA  : meta-Chloroperbenzoic acid 

EtOAc   : Ethyl acetate 

Et2O   : Diethyl ether 

Et3N   : Triethylamine 

DIPEA   : Diisopropylethylamine 

MeCN   : Acetonitrile 

DMF   : Dimethylformamide 

PPi    : Pyrophosphate 

PCP   : Methylene diphosphate 

d4T   : Stavudine 

AZT   : Azidothymidine 

NH4HCO3  : Ammonium bicarbonate 

NaClO4  : Sodium perchlorate 

TEAA   : Triethylammonium Acetate 

 

General remarks 

Reagents were purchased from commercial suppliers (Acros, Sigma Aldrich, Fluka, TCI, Chem Genes 

Corp.) and used without further purification, unless noted otherwise. 

Starting precursors were obtained from Sigma Aldrich, Fluka, or TCI as sodium salts and converted 

into their tetrabutylammonium (TBA) salts by ion exchange on Dowex 50WX8 (H+) followed by 

neutralization with TBA hydroxide and subsequent lyophilization. The accurate amounts of TBA 

counterions in the obtained salts were determined by 1H-NMR and 31P-NMR by the use of 

tetramethylphosphonium bromide as internal standard. Furthermore, all the polyPs for e.g. 

pyrophosphate, methylenediphosphate, difluoromethylenediphosphate, dichloromethylenediphosphate 

and imidodiphosphate were stored over molecular sieves (3Å) in anhydrous DMF or MeCN.  

Adenosine triphosphate and fluoromonophosphate was obtained from Sigma Aldrich stored over 

molecular sieves (4Å) in DMF.  

Solvents were obtained in analytical grade and used as received. 

Dry solvents were purchased in analytical grade and used without further purification.  

Oxidation and hydrolysis sensitive reactions were performed with dry solvents which were stored under 

an argon (Ar) atmosphere. Diethyl ether (Et2O), dichloromethane (DCM) and tetrahydrofuran (THF) were 

purified using Braun Solvent Purification System 800 and stored under Ar atmosphere. 

Acetonitrile (MeCN) was purchased from Acros (Acetonitril, 99.9%, Extra dry over Molecular Sieve, 

AcroSealTM) and stored over molecular sieves (3 Å) under Ar atmosphere.  
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N,N-Dimethylformamide (DMF) was purchased from Sigma-Aldrich (N,N-Dimethylformamide, 

anhydrous, 99.8%) and it was further dried by storing over activated molecular sieve (3Å) under  

Ar atmosphere. 

N,N-Diisopropylethylamine (DIPEA) and triethylamine (Et3N) was distilled under Ar atmosphere and 

was stored over activated molecular sieve (3Å) and Ar atmosphere.  

Deuterated solvents for NMR and reactions were obtained from Aldrich and deutero Germany, in the 

indicated purity grade and used as received for NMR spectroscopy. 

Reactions were carried out under Ar or N2 atmosphere, the gasses were pass through drying 

column (P2O5) and NMR tubes were preheated prior to use and samples were prepared under inert 

atmosphere. 

Anion exchange chromatography was performed using Q Sepharose® Fast Flow or DEAE Sepharose® 

Fast Flow (GE Healthcare). Crude products were loaded with water and were eluted using ammonium 

bicarbonate buffer by stepwise increase of the buffer concentration. Fractions were lyophilised and 

analyzed by 31P NMR. 

Medium pressure liquid chromatography (MPLC) was performed using PuriFlash® from interchim®. 

Lyophilizations were done with Alpha 1-4 LD plus Freeze Dryer from Christ. 

1H-NMR spectra were recorded on Bruker 300 MHz, Bruker 400 MHz and Bruker 500 MHz 

spectrometers in the indicated deuterated solvent. Data are reported as follows: chemical shift (δ, ppm), 

multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; mc, centered multiplet; br, broad 

signal), coupling constant(s) (J, Hz), integration. All signals were referenced to the internal solvent signal 

as standard (CDCl3, δ 7.26; D2O, δ 4.79; CD3OD, δ 3.31; DMSO-d6, δ 2.50). 

13C{1H}-NMR spectra were recorded on Bruker 101 MHz (with cryoprobe) and Bruker 126 MHz 

(without cryoprobe) spectrometers at 298 K in the indicated deuterated solvent.  

31P{1H}-NMR spectra and 31P-NMR spectra were recorded on Bruker 162 MHz (equipped with a cryo 

platform) or 202 MHz spectrometers at 298 K in the indicated deuterated solvent. All signals were 

referenced to an internal standard phosphate (PPP). 

19F-NMR spectra were recorded on Bruker 377 MHz (equipped with a cryo platform) at 298K in the 

indicated deuterated solvent.  

Mass Spectrometer were recorded by Analytical department of the institute of Organic Chemistry at 

ALU-Freiburg using a Thermo LCQ Advantage [spray voltage: 2.5–4.0 kV, spray current: 5 μA; ion 

transfer tube: 250 (150) °C, Vapourizer temperature: 50–400 °C] and Exactive with Orbitrap-Analysator, 

Thermo Scientific used for HRMS. 
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1 Synthesis of P-amidite derivative (c-PyPA) 

1.1 General procedure for preparation of c-PyPA  

 

PxPi × 1.6 - 2.2 TBA (1.0 eq.) was coevaporated with dry MeCN (3 × 4 ml), then dissolved in appropriate 

amount of dry MeCN or in dry DMF under an Ar atmosphere. Distilled Et3N or DIPEA (2.0 - 3.0 eq.) 

stored over molecular sieves (3Å) was added and the mixture was cooled to -4ºC. Afterwards, distilled 

(iPr)2N-PCl2 (1.0 eq.) was added dropwise into the reaction mixture, which was then stirred at -4ºC to  

-10ºC for 5 - 10 mins and the reaction was followed by 31P-NMR. The reaction mixture was stored at  

-20ºC under Ar atmosphere for up to four weeks and added directly for coupling reactions without further 

manipulations. 

Note-: Additionally, activated molecular sieves (3Å) could be added after the coevaporation step in order 

to further prevent hydrolysis within the formation of c-PyPA. 

 

1.1.1 Cyclic pyrophosphoryl-P-amidite (c-PyPA, -O-, A1) 

 

PPi × 2.0 TBA (2.09 g, 3.02 mmol, 1.0 eq.) was coevaporated with dry MeCN (2 × 20 ml) and then 

dissolved in dry MeCN (40 ml) under an Ar atmosphere. Additionally, activated molecular sieves (3Å) 

was added in the above flask. Et3N (1.50 ml, 10.5 mmol, 3.5 eq.) was added and the mixture was cooled 

to -10ºC. Previously distilled (iPr)2N-PCl2 (520 μl, 3.02 mmol, 1.0 eq.) was then slowly added into the 

mixture and it was stirred at -10ºC. After 5 mins of stirring, 31P-NMR of an aliquot of the reaction mixture 

in dry CDCl3 confirmed full conversion. The reaction mixture was stored at -20ºC under Ar atmosphere 

for up to four weeks and added directly without further manipulations for coupling reactions. The 

analytical data is consistent with the literature.1 

31P{1H} NMR (162 MHz, aliquot of the reaction mixture in dry CDCl3, δ/ppm): 130.9 (t, J = 22.8 Hz, 

1P), -17.4 (d, J = 22.8 Hz, 2P). 31P NMR (162 MHz, aliquot of the reaction mixture in dry CDCl3, δ/ppm): 

130.9 (tt, J = 21.9, 11.6 Hz, 1P), -17.4 (d, J = 22.7 Hz, 2P). 
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1.1.2 Cyclic methylenediphosphoryl-P-amidite (c-PyCH2PA, A2) 

 

Methylenediphosphonic acid × 1.9 TBA (1.00 g, 1.57 mmol, 1.0 eq.) was coevaporated with dry MeCN 

(4 × 2 ml), then dissolved in dry MeCN (20 ml) under an Ar atmosphere. Additionally, activated 

molecular sieves (3Å) was added in the above flask. Et3N (670 µl, 4.71 mmol, 3.0 eq.) was added and the 

mixture was cooled to -4°C. Previously distilled (iPr)2N-PCl2 (250 µl, 1.57 mmol, 1.0 eq.) was then slowly 

added into the mixture and it was stirred at -4°C. After 5 mins of stirring, 31P-NMR of an aliquot of the 

reaction mixture in dry CDCl3 confirmed full conversion. The reaction mixture was stored at -20ºC under 

an Ar atmosphere for up to two weeks and added directly without further manipulations for coupling 

reactions. 

31P{1H} NMR (122 MHz, aliquot of the reaction mixture in dry CDCl3, δ/ppm):  125.7 (t, J = 9.0 Hz, 1P), 

6.25 (d, J = 9.0 Hz, 2P).31P NMR (162 MHz, aliquot of the reaction mixture in dry CDCl3, δ/ppm): 125.7 

(p, J = 10.1 Hz, 1P), 6.25 (td, J = 18.6, 8.7 Hz, 2P). 1H NMR (400 MHz, aliquot of the reaction mixture 

in dry CDCl3, δ/ppm contains1.9 TBA salt):  3.25 – 3.18 (m, 2H), 2.92 – 2.40 (m, 16H), 1.16 (tt, J = 8.3, 

5.9 Hz, 16H), 0.93 (h, J = 7.3 Hz, 16H), 0.79 – 0.65 (m, 14H), 0.56 (t, J = 7.3 Hz, 24H).  

HRMS (ESI) m/z for [C7H17NO6P3]
-: calcd 304.0274, found 304.0273. 

 

1.1.3 Cyclic difluoromethylenediphosphoryl-P-amidite (c-PyCF2PA, A3) 

 

Difluoromethylenediphosphonic acid × 1.95 TBA (500 mg, 0.73 mmol, 1.0 eq.) was coevaporated with 

dry MeCN (2 × 2 mL), then dissolved in dry MeCN (10 ml) under an Ar atmosphere. Additionally, 

activated molecular sieves (3Å) was added in the flask. Et3N (310 µl, 2.20 mmol, 3.0 eq.) was added and 

the mixture was cooled to -4°C. Previously, distilled (iPr)2N-PCl2 (135 μl, 0.730 mmol, 1.0 eq.) was then 

slowly added into the mixture and it was stirred at -4°C. After 5 mins of stirring, 31P-NMR of an aliquot 

of the reaction mixture in dry CD3CN confirmed the reaction was completed by total consumption of 

starting material, but due to the instability of reagent, NMR was variable. The reaction mixture was stored 
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at -20ºC under Ar atmosphere for up to three weeks and added directly without further manipulations for 

coupling reactions. 

31P{1H} NMR (162 MHz, aliquot of the reaction mixture in dry CD3CN, δ/ppm): 128.8 – 126.8 (m, 1P), 

-5.48 (ddd, J = 82.3, 77.6, 13.0 Hz, 2P). 31P NMR (162 MHz, aliquot of the reaction mixture in dry 

CD3CN, δ/ppm): 130.1 – 125.7 (m, 1P), -5.49 (ddd, J = 82.2, 77.4, 13.0 Hz, 2P).31P{19F} NMR (162 

MHz, aliquot of the reaction mixture in dry CD3CN, δ/ppm): 127.7 (m, 1P), -5.50 (d, J = 13.0 Hz, 2P). 

HRMS (ESI) m/z for [C7H15F2NO6P3]
- : calcd 340.0086, found 340.0082.  

 

1.1.4 Cyclic dichloromethylenediphosphoryl-P-amidite (c-PyCCl2PA, A4) 

 

Dichloromethylenediphosphonic acid × 2.0 TBA (1.00 g, 1.38 mmol, 1.0 eq.) was coevaporated with dry 

MeCN (5 × 2 ml), then dissolved in dry MeCN (20 ml) under Ar atmosphere. Additionally, activated 

molecular sieves (3Å) was added in the flask. Et3N (580 µl, 4.13 mmol, 3.0 eq.) was added and the mixture 

was cooled to -4°C. Previously distilled (iPr)2N-PCl2 (250 μl, 1.38 mmol, 1.0 eq.) was then slowly added 

into the mixture and it was stirred at -4°C. After 5 mins of stirring, 31P-NMR of an aliquot of the reaction 

mixture in dry CDCl3 confirmed full conversion. The reaction mixture was stored at -20ºC under Ar 

atmosphere for up to three weeks and added directly without further manipulations for coupling reactions. 

31P{1H} NMR (122 MHz, aliquot of the reaction mixture in dry CD3CN, δ/ppm): 129.0 (t, J = 9.0 Hz, 

1P), -1.33 (d, J = 9.5 Hz, 2P).31P NMR (162 MHz, aliquot of the reaction mixture in dry CD3CN, δ/ppm): 

131.2 – 126.6 (m, 1P), -1.33 (d, J = 9.2 Hz, 2P).  

HRMS (ESI) m/z for [C7H15Cl2NO6P3]
- : calcd 371.9495, found 371.9491. 

 

1.1.5 Imidodiphosphoryl-P-amidite (c-PyNHPA, A5) 

 

Imidodiphosphonic acid × 2.0 TBA (1.00 g, 1.52 mmol, 1.0 eq.) was coevaporated with dry MeCN 

(5 × 2 mL), then dissolved in dry MeCN (20 ml) under an Ar atmosphere. Additionally, activated 

molecular sieves (3Å) was added in the flask. Et3N (650 µl, 1.52 mmol, 3.0 eq.) was added and the mixture 
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was cooled to -4°C. Previously distilled (iPr)2N-PCl2 (270 μl, 1.52 mmol, 1.0 eq.) was then slowly added 

into the mixture and it was stirred at -4°C. After 5 mins of stirring, 31P-NMR of an aliquot of the reaction 

mixture in dry CDCl3 confirmed total consumption of the starting material, but due to the instability of 

the product, 31P-NMR was variable. Nevertheless, a triplet at +128 ppm confirmed the formation of P-

amidite (A5). The reaction mixture was stored at -20ºC under Ar atmosphere and added directly without 

further manipulations for coupling reactions.  

31P{1H} NMR (122 MHz, aliquot of the reaction mixture in dry CD3CN, δ/ppm): 128.7 (t, J = 9.0 Hz, 

1P). 

HRMS (ESI) m/z for [C6H16N2O6P3]
- : calcd 305.0227, found 305.0224.  

Note -: The preparation method of the imidodiphosphonic acid was another reason for the lower purity 

of this P-amidite (A5) since the imidodiphosphosphate is acid labile. It was partially decomposed while 

passing through Dowex 50WX8 (H+). The column was performed according to the reported literature.2 

However, it was employed without any further manipulation proceeded for coupling reaction. 
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2 Synthesis of triphosphates 

2.1 General procedure 

Procedure 1 

Note -: The coevaporation worked better in Oven-dried pear shaped flask.  

Alcohol (1.2 - 1.5 eq.) and ETT (3.0 - 5.0 eq.) were coevaporated together in an oven-dried pear shaped 

flask with dry MeCN (2 × 2 ml). Under an Ar atmosphere, a reaction mixture containing c-PyPA (A) 

(0.075M, 1.0 eq. in MeCN) was added to the dried solids. The mixture was stirred at r.t. for 5-10 mins and 

the reaction was followed by 31P NMR (complete conversion of the reaction was monitored by 31P NMR, 

shifting a triplet from +130 ppm to +100 ppm). Afterwards; the reaction mixture was cooled to 0°C or 

- 4°C, mCPBA (1.5 - 2.0 eq.) was added and the mixture was stirred for 5 mins until 31P NMR confirmed 

complete oxidation (a formation of triplet at -22 ppm which is diagnostic signal for the cyclotriphosphate 

B). The cyclic-intermediates were ring-opened by adding the reaction mixture to nucleophiles stirred well 

for 5 mins at r.t. (in solution) and then linearized products were isolated and purified by methods as given 

in purification section respectively.  

 

Procedure 2 

Nucleoside (1.2 - 1.5 eq.) and DCI (3.0 - 5.0 eq.) were coevaporated together in an oven-dried pear shaped 

flask with dry MeCN (2 × 2 ml). Under an Ar atmosphere, both solids were dissolved in dry DMF (1 mL) 

and a reaction mixture containing c-PyPA (A) (0.075M or 0.5M, 1.0 eq. in MeCN or DMF) was added. 

The mixture was stirred at r.t. for 5-10 mins and the reaction was followed by 31P NMR (complete 

conversion of the reaction was monitored by 31P-NMR, shifting a triplet from +130 ppm to +100 ppm). 

Upon cooling to 0°C or -4°C, mCPBA (1.5 - 2.0 eq.) was added and the mixture was stirred for 5 mins 

until 31P NMR confirmed complete oxidation (a formation of triplet at -22 ppm which is diagnostic signal 

for the cyclotriphosphate B). The cyclic-intermediates were ring-opened by adding the reaction mixture 

to nucleophiles stirred well for 5 mins at r.t. (in solution) and the linearized products were isolated and 

purified. 

 

2.2 Purification 

Method A -: The product was precipitated from the reaction mixture by NaClO4 sol. (-20°C, 0.5M in 

acetone), it was stand at -4°C for 10 - 20 mins and the resulting precipitate was collected via 

centrifugation. The organic layer was discarded, the precipitate was thoroughly washed twice with 

acetone and dried under vacuum. The organic layer was stored at r.t. and the residue was again 

precipitated by the addition of cold NaClO4 sol. (-20°C, 0.5M in acetone) at the next day. 
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Note -: In some cases crude sample could be contaminated by remaining benzoic acid, which would be 

completely removed by washing the precipitate with the minimal amount of MeOH and acetone mixture 

(1:5, v/v). 

 

Method B -: Reaction mixture was precipitated by Method A and the crude product was further purified 

by Strong anion-exchange chromatography (SAX) (Q Sepharose® Fast Flow, increasing concentrations 

of aqueous NH4HCO3) and freeze drying of the fractions eluted with specific concentrations of buffer. 

 

Method C -: Reaction mixture was precipitated by Method A and the crude product was analyzed by 

analytical HPLC:  

Column: Hypersil GOLDTM aq.,  

Dimension: 150 x 3 mm,  

Particle size: 3 µm,  

Flow rate: 1 ml/min,  

Mobile phase: Phase A: Water, Phase B: 100 mM of TEAA (pH adjusted at 8.5), Phase C: Acetonitrile.  

Gradient: 

1. 0 min  : 60% mobile phase A 

                40% mobile phase B 

2. 5 min  : 60% mobile phase A 

               40% mobile phase B 

3. 16 min  : 60% mobile phase B 

                40% mobile phase C 

4. 21 min  : 60% mobile phase A 

                40% mobile phase B 

The crude product was purified on a preparative scale with the above mentioned method by MPLC. 

Therefore, the precipitate was dissolved in deionized water and loaded on puriFlash C18 aqueous column: 

Column size: F0012 (20 g), Particle size: 30 µm, Flow rate: 10ml/min,  

Mobile Phase: Phase A: Water, Phase B: 100 mM of TEAA (pH adjusted at 8.5), Phase C: Acetonitrile. 

Gradient:  

1. 0 min  : 60% mobile phase A 

                40% mobile phase B 

2. 15 min  : 60% mobile phase A 

               40% mobile phase B 

3. 45 min  : 60% mobile phase B 
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                40% mobile phase C 

The fractions containing product were concentrated under reduced pressure to the minimal amount of the 

solvent and then product was precipitated by NaClO4 sol. (0.5M in acetone).The precipitate was washed 

twice with acetone.  

 

Note-: It was found that purification of adenosine triphosphates by Strong anion-exchange 

chromatography (Method B) is straightforward as they give 2´-3´cyclophosphates as byproducts, which 

can be easily removed from the product. 

In the case of (deoxy)nucleoside such as thymidine, cPyPA is also phosphitylating the 3´OH. The 

resulting 3´-triphosphate can be removed by RP-LC. 

 

2.2.1 Synthesis of triphosphates based on c-PyPA (A1) 

3'-Azido-3'-deoxythymidine 5′-cyclotriphosphate (AZT cyclotriphosphate B1) 

 

AZT (50 mg, 0.18 mmol, 1.2 eq.) and ETT (78 mg, 0.60 mmol, 4.0 eq.) were coevaporated with dry 

MeCN (2 × 1 ml). Under an Ar atmosphere, a reaction mixture containing the c-PyPA A1 (0.075M in 

MeCN, 2 ml, 0.15 mmol, 1.0 eq.) was added to the dried solids and it was stirred at r.t. for 10 mins. Upon 

cooling to 0°C, mCPBA (≤77%, 39 mg, 0.22 mmol, 1.5 eq.) was added and the mixture was stirred for 

5 mins until 31P-NMR confirmed complete oxidation (formation of triplet at -23 ppm which is diagnostic 

signal for the cyclotriphosphate B1).3 

Aliquots of this reaction mixture were used for the ring opening with various nucleophiles. The AZT 

cyclotriphosphate (B1) is stable in reaction mixture at -20°C up to 2 weeks. 

31P{1H} NMR (122 MHz, CDCl3, δ/ppm):  -23.2 – -25.2 (m, 1P), -25.8 (d, J = 21.1 Hz, 2P). 
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Ring opening by using propargylamine: 3’-Azido-3’-deoxythymidine 5’--P-propargylamino 

triphosphate (1) 

 

The reaction mixture of B1 (250 μL, 18.7 μmol, 1.0 eq.) was added to propargylamine (250 μL) and then 

D2O (100 µl) was added (stirred it well for 5 mins). The product 1 was isolated by Method A, affording 

a colourless solid (8.20 mg, 13.0 μmol, 72%). 

 

Reaction on large scale (1) 

AZT (344 mg, 1.28 mmol, 1.0 eq.) and ETT (540 mg, 4.15 mmol, 3.2 eq.) were coevaporated with dry 

MeCN (2 × 4 ml) in oven dried pear shape 25 ml flask. Under an atmosphere of dry Ar, a mixture of 

c-PyPA (A1) (0.075M, 17.0 ml, 1.27 mmol, 1.0 eq.) in MeCN was added to the dried solids. The mixture 

was stirred at r.t. for 10 mins. Upon cooling to -4 °C, mCPBA (≤77%, 439 mg, 2.55 mmol, 2.0 eq.) was 

added and the mixture was stirred for 10 mins until 31P-NMR confirmed complete oxidation (formation 

of triplet at -23 ppm which is diagnostic signal for the cyclotriphosphate B1). Then propargylamine 

(520 µl, 8.28 mmol, 6.5 eq.) was added to the reaction mixture at -4°C and the mixture was stirred at r.t. 

for 15 mins. 

The product 1 was isolated by Method A, affording a colourless solid (712 mg, 1.16 mmol, 91%). 

1H NMR (300 MHz, D2O, δ/ppm): 7.70 (s, 1H), 6.24 (t, J = 6.9 Hz, 1H), 4.53 (s, 1H), 4.17 (m, 3H), 3.64 

(dd, J = 9.8, 2.2 Hz, 2H), 2.51 (t, J = 2.5 Hz, 1H), 2.48 – 2.36 (m, 2H), 1.88 (s, 3H). 31P{1H} NMR 

(122 MHz, D2O, δ/ppm): -1.99 (d, J = 20.7 Hz, 1P), -10.5 (d, J = 19.0 Hz, 1P), -20.7 (t, J = 19.9 Hz, 1P). 

31P NMR (162 MHz, D2O, δ/ppm): -1.99 (dt, J = 19.4, 9.2 Hz, 1P), -10.5 (dt, J = 19.1, 5.6 Hz, 1P), -20.7 

(t, J = 19.8 Hz, 1P).13C NMR (101 MHz, D2O, δ/ppm): 166.8, 151.8, 137.2, 111.8, 84.8, 82.9 (d, J = 9.3 

Hz), 71.3, 65.6 (d, J = 5.6 Hz), 60.8, 36.3, 30.9 (d, J = 3.7 Hz), 11.7.  

HRMS (ESI) m/z for [C13H18N6NaO12P3]
- : calcd. 566.0099, found 566.0088. 

AZT triphosphate 2 can also be obtained from 1 by dissolving in water and adjusting the pH with HCl at 

2.5 resulted in completed hydrolysis of amidate (P-N) bond. Afterwards, the product was isolated by 

Method A.  
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Ring opening by using aq. sodium hydroxide: 3’-Azido-3’-deoxythymidine 5’-triphosphate (2) 

 

The reaction mixture of B1 (250 μL, 18.7 μmol, 1.0 eq.) was added to aq. NaOH (1M, 250 μL) and then 

D2O (100 µl) was added (stirred it well for 5 mins). The product 2 was isolated by Method A, affording 

a colourless solid (7.60 mg, 13.3 μmol, 71%). 

The analytical data are consistent with literature.3 

Note -: It was found that use of aq. NaOH as a nucleophile, was a superior way to open the 

cyclotriphosphate as compared to H2O. 

1H NMR (300 MHz, D2O, δ/ppm): 7.63 (s, 1H), 6.36 (t, J = 7.0 Hz, 1H), 4.69 – 4.52 (m, 1H), 4.29 – 4.11 

(m, 3H), 2.46 (dd, J = 7.0, 5.1 Hz, 2H), 1.91 (s, 3H). 31P{1H} NMR (122 MHz, D2O, δ/ppm): - 7.02 (d, J 

= 20.3 Hz, 1P), -11.5 (d, J = 19.8 Hz, 1P), -22.4 (t, J = 20.1 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm):  

-7.01 (d, J = 20.8 Hz, 1P), -11.5 (dt, J = 21.7, 4.7 Hz, 1P), -22.4 (t, J = 20.1 Hz, 1P). 13C NMR (101 MHz, 

D2O, δ/ppm): 166.6, 151.7, 137.2, 111.8, 84.8, 83.0 (d, J = 9.3 Hz), 65.7 (d, J = 5.6 Hz), 60.9, 36.3, 11.6. 

HRMS (ESI): calculated for [C10H14N5NaO13P3]
- : calcd. 527.9704 found: 527.9706. 

 

Ring opening by using water: 3’-Azido-3’-deoxythymidine 5’-triphosphate (2) 

 

The reaction mixture of B1 (250 μL, 18.7 μmol, 1.0 eq.) was added to D2O (250 µl) and it was stirred at 

r.t. for 2.5 hr. The product 2 was isolated by Method A, affording a colourless solid (6.4 mg, 10.7 μmol, 

57%). 

1H NMR (300 MHz, D2O, δ/ppm): 7.63 (s, 1H), 6.36 (t, J = 7.0 Hz, 1H), 4.69 – 4.52 (m, 1H), 4.29 – 4.11 

(m, 3H), 2.46 (dd, J = 7.0, 5.1 Hz, 2H), 1.91 (s, 3H). 31P{1H} NMR (162 MHz, D2O, δ/ppm): -7.02 (d, J 

= 20.3 Hz, 1P), -11.5 (d, J = 19.8 Hz, 1P), -22.4 (t, J = 20.1 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm):  

-7.01 (d, J = 20.8 Hz, 1P), -11.5 (dt, J = 21.7, 4.7 Hz, 1P), -22.4 (t, J = 20.1 Hz, 1P). 13C NMR (101 MHz, 

D2O, δ/ppm): 166.6, 151.7, 137.2, 111.8, 84.8, 83.0 (d, J = 9.3 Hz), 65.7 (d, J = 5.6 Hz), 60.9, 36.3, 11.6. 

HRMS (ESI): calculated for [C10H14N5NaO13P3]
- : calcd. 527.9704 found: 527.9706. 
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Ring opening by using aq. ammonia: 3’-Azido-3’-deoxythymidine 5’--P-amino triphosphate (3) 

 

The reaction mixture of B1 (250 μL, 18.7 μmol, 1.0 eq.) was added to 25% aq. NH4OH (250 μL) and then 

D2O (100 µl) was added afterwards it was stirred for 5 mins. The product 3 was isolated by Method A, 

affording a colourless solid (7.90 mg, 13.8 μmol, 73%). 

1H NMR (300 MHz, D2O, δ/ppm): 7.67 (d, J = 1.4 Hz, 1H), 6.21 (t, J = 6.9 Hz, 1H), 4.52 (dt, J = 6.3, 3.8 

Hz, 1H), 4.22 – 4.01 (m, 3H), 2.84 – 2.25 (m, 2H), 1.85 (s, 3H). 31P{1H} NMR (122 MHz, D2O, δ/ppm): 

-2.71 (d, J = 20.4 Hz, 1P), -11.6 (d, J = 19.2 Hz, 1P), -22.6 (t, J = 19.9 Hz, 1P). 31P NMR (162 MHz, D2O, 

δ/ppm): -1.04 (d, J = 19.1 Hz, 1P), -11.6 (dt, J = 19.6 Hz, 4.7 Hz, 1P), -22.6 (t, J = 19.5 Hz, 1P). 13C NMR 

(101 MHz, D2O, δ/ppm): 166.6, 151.7, 137.2, 111.8, 84.8, 83.02 (d, J = 9.3 Hz), 65.7 (d, J = 5.6 Hz), 

60.9, 36.3, 11.6. 

HRMS (ESI): for [C10H15N6O12P3]
2- : calcd. 251.9986, found: 251.9986. 

 

Ring opening by using diethylamine: 3’-Azido-3’-deoxythymidine 5’--P-diethylamino 

triphosphate (4) 

 

The reaction mixture of B1 (250 μL, 18.7 μmol, 1.0 eq.) was added to diethylamine (250 μL) and then 

D2O (100 µl) was added afterwards it was stirred for 5 mins. The product 4 was isolated by Method A, 

affording a colourless solid (8.80 mg, 14.0 μmol, 76%). 

1H NMR (300 MHz, D2O, δ/ppm): 7.68 (s, 1H), 6.22 (t, J = 6.9 Hz, 1H), 4.51 (dt, J = 6.4, 3.6 Hz, 1H), 

4.25 – 3.94 (m, 3H), 2.96 (dq, J = 11.3, 7.2 Hz, 4H), 2.52 – 2.36 (m, 2H), 1.85 (d, J = 1.1 Hz, 3H), 0.99 

(t, J = 7.1 Hz, 6H). 31P {1H} NMR (122 MHz, D2O, δ/ppm): -0.55 (d, J = 24.2 Hz, 1P), -11.8 (d, J = 

19.1 Hz, 1P), -23.0 (dd, J = 24.2, 19.0 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): -0.55 (dp, J = 23.9, 

11.5 Hz, 1P), -11.8 (dt, J = 18.6, 4.5 Hz, 1P), -23.0 (dd, J = 24.4, 18.8 Hz, 1P). 13C NMR (101 MHz, D2O, 

δ/ppm): 166.9, 152.0, 137.3, 111.8, 84.8, 83.0 (d, J = 9.5 Hz), 65.6 (d, J = 5.8 Hz), 61.0, 40.5 (d, J = 3.7 

Hz), 36.2, 13.8 (d, J = 3.7 Hz), 11.7. 

HRMS (ESI) m/z for [C14H23N6O12P3]
2- : calcd. 280.0299, found 280.0298. 
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Ring opening by using morpholine: 3’-Azido-3’-deoxythymidine 5’-γ-P-morpholino triphosphate 

(5) 

 

The reaction mixture of B1 (250 μL, 18.7 μmol, 1.0 eq.) was added to morpholine (250 μL) and then D2O 

(100 µl) was added afterwards it was stirred for 5 mins. The product 5 was isolated by Method A, 

affording a colourless solid (9.60 mg, 14.9 μmol, 80%). 

1H NMR (300 MHz, D2O, δ/ppm): 7.71 (s, 1H), 6.23 (t, J = 6.9 Hz, 1H), 4.61 – 4.52 (m, 1H), 4.17 (d, J = 

4.5 Hz, 3H), 3.91 – 3.75 (m, 2H), 3.66 – 3.56 (m, 2H), 3.09 – 2.91 (m, 4H), 2.70 – 2.37 (m, 2H), 1.88  (s, 

3H).31P {1H} NMR (122 MHz, D2O, δ/ppm):  -3.36 (d, J = 23.9 Hz, 1P), -11.7 (d, J = 19.3 Hz, 1P), -22.7 

(dd, J = 23.8, 18.9 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): -2.98 – -3.77 (m, 1P), -11.7 (dt, J = 18.6, 

4.5 Hz, 1P), -22.7 (dd, J = 23.9, 19.3 Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 166.8, 151.9, 137.3, 

111.8, 84.9, 83.0 (d, J = 9.1 Hz), 66.9 (d, J = 8.2 Hz), 65.6 (d, J = 5.6 Hz), 64.9, 44.9, 36.9, 11.7. 

HRMS (ESI) m/z for [C14H21N6NaO13P3]
- : calcd.: 597.0283, found 597.0291. 

 

Ring opening by using aniline: 3’-Azido-3’-deoxythymidine 5’-γ-P-anilino triphosphate (6) 

 

The reaction mixture of B1 (250 μL, 18.7 μmol, 1.0 eq.) was added to aniline (250 μL) and then D2O 

(100 µl) was added afterwards it was stirred for 5 mins. The product 6 was isolated by Method A, 

affording a colourless solid (9.45 mg, 14.5 μmol, 77%). 

1H NMR (300 MHz, D2O, δ/ppm): 7.57 (s, 1H), 7.16 (mc, 2H), 6.98 (mc, 2H), 6.80 (mc, 1H), 6.12 (t, J = 

6.9 Hz, 1H), 4.51 – 4.31 (m, 1H), 4.02 – 3.94 (m, 2H), 3.94 – 3.81 (m, 1H), 2.42 (t, J = 6.5 Hz, 1H), 2.37 

– 2.25 (m, 1H), 1.81 (s, 3H). 31P {1H} NMR (122 MHz, D2O, δ/ppm):  -10.1 (d, J = 19.1 Hz, 1P), -11.6 

(d, J = 18.5, 1P), -21.4 – -24.0 (m, 1P). 31P NMR (162 MHz, D2O, δ/ppm): -10.1 (d, J = 19.1 Hz, 1P), -

11.9 (dt, J = 18.5, 4.5 Hz, 1P), -21.4 – -24.0 (m, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 166.5, 151.6, 

141.9, 137.1, 129.1, 120.1, 117.3 (d, J = 7.3 Hz), 111.8, 84.7, 82.9 (d, J = 9.5 Hz), 65.5 (d, J = 5.4 Hz), 

60.9, 36.4, 11.7.  

HRMS (ESI) m/z for [C16H18N6Na2O12P3]
- : calcd. 624.9996, found 624.9999. 
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Ring opening by using NaOMe solution: 3’-Azido-3’-deoxythymidine 5’--P-methoxy triphosphate 

(7) 

 

The reaction mixture of B1 (250 μL, 18.7 μmol, 1.0 eq.) was added to NaOMe Solution (0.5M in methanol, 

300 µl) and then D2O (100 µl) was added afterwards it was stirred for 5 mins. The product 7 was isolated 

by Method A, affording a colourless solid (9.00 mg, 15.3 μmol, 81%). 

1H NMR (300 MHz, D2O, δ/ppm): 7.63 (s, 1H), 6.36 (t, J = 7.0 Hz, 1H), 4.69 – 4.52 (m, 1H), 4.29 – 

4.11  (m, 3H), 3.48 – 3.45 (m, 3H) 2.46 (dd, J = 7.0, 5.1 Hz, 2H), 1.91 (s, 3H).31P{1H} NMR (162 MHz, 

D2O, δ/ppm):-9.63 (d, J = 19.1 Hz, 1P), -11.6 (d, J = 19.4 Hz, 1P), -22.9 (t, J = 19.1 Hz, 1P). 31P NMR 

(162  MHz, D2O, δ/ppm): -9.64 (dq, J = 19.3, 11.8 Hz, 1P), -11.6 (dt, J = 19.1, 5.2 Hz, 1P), -22.9 (t, J = 

19.1 Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 166.6, 151.7, 137.2, 111.8, 95.7, 84.8, 83.0 (d, J = 

9.3 Hz), 65.7 (d, J = 5.6 Hz), 60.9, 36.3, 11.6. 

HRMS (ESI): calculated for [C11H17N5O13P3]
- : calcd. 520.0041 found: 520.0045.  

 

Ring opening by using monofluorophosphate: 3’-Azido-3’-deoxythymidine 5’-δ-P-fluoro 

tetraphosphate (8) 

 

The reaction mixture of B1 (2.00 ml, 0.15 mmol, 1.0 eq.) was added to monofluorophosphate × 1.2 TBA 

(0.12 g, 0.30 mmol, 2.0 eq.) and subsequently addition of anhydrous MgCl2 (0.08 g, 0.84 mmol, 5.6 eq.) 

and further addition of dry DMF (1 mL). The reaction mixture was stirred for 1 hr and the crude product 

was then purified by Method B (the product was eluted at 300-500 mM NH4HCO3 buffer). The title 

compound 8 (51.9 mg, 0.07 mmol, 52%) was obtained as a colourless solid. 

1H NMR (400 MHz, D2O, δ/ppm): 7.53 (s, 1H), 6.08 (t, J = 6.9 Hz, 1H), 4.37 (m, 1H), 4.06 – 3.98 (m, 

3H), 2.39 – 2.13 (m, 2H), 1.73 (s, 3H). 31P{1H} NMR (162 MHz, D2O, δ/ppm): -11.1 – -12.1 (m, 1P), -

18.2 (dd, J = 934.0, 16.2 Hz, 1P), -22.9 – -23.9 (m, 2P). 31P NMR (162 MHz, D2O, δ/ppm): -11.7 (m, 

1P), -17.7 – -18.4 (m, 1P), -23.0 – -23.9 (m, 2P). 13C NMR (126 MHz, D2O, δ/ppm): 166.7, 165.6, 151.8, 
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137.1, 111.7, 82.8 (d, J = 9.1 Hz), 65.7 (d, J = 5.5 Hz), 60.8, 36.1, 11.6. 19F NMR (377 MHz, D2O, δ/ppm): 

-73.1 (d, J = 935.1 Hz, 1P). 

HRMS (ESI) m/z for [C10H16FN5O15P4]
- : calcd. 588.9577, found 588.9583.  

 

Ring opening by using imidazole: 3’-Azido-3’-deoxythymidine 5’--P-imidazole triphosphate (9) 

 

AZT (50 mg, 0.18 mmol, 1.2 eq.) and ETT (78 mg, 0.60 mmol, 4.0 eq.) were coevaporated together with 

dry MeCN (2 × 1 mL). Under an Ar atmosphere, a freshly prepared reaction mixture containing the 

c- PyPA A1 (0.075M in MeCN, 2 mL, 0.15 mmol, 1.0 eq.) was added to the dried solids. The mixture was 

stirred at r.t. for 10 mins. Upon cooling to 0 °C, mCPBA (≤77%, 39 mg, 0.22 mmol, 1.5 eq.) was added 

and the mixture was stirred for 5 mins. 

A solution of imidazole in dry DMF (1.47M, 4.00 ml, 5.88 mmol, 39.2 eq.) was added to the 

cyclotriphosphate (B1) and reaction was stirred for 15 mins (the reaction progress was followed by 31P 

NMR) which results in quantitative conversion to 9. 

Note -: Imidazole was dried before using by coevaporation with MeCN and it was further stored of 

molecular sieve (3Å). 

31P NMR (162 MHz, D2O, δ/ppm): -11.0 (d, J = 19.5 Hz, 1P), -20.5 (d, J =19.1 Hz, 1P), -23.4 (t, J = 

19.3 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): -11.0 (dt, J = 20.4, 10.1 Hz, 1P), -20.5 (d, J = 19.0 Hz, 

1P), -23.4 (t, J = 19.4 Hz, 1P).  

HRMS (ESI) m/z for [C13H17N7O12P3]
-: calcd. 556.0154, found 556.0156. 

 

5′-Adenosyl 3'-azido-3'-deoxy-5'-thymidinyl hexaphosphate (Ap6AZT, P1) 

 

Anhydr. ZnCl2 (0.25 g, 1.8 mmol, 20 eq.) and ATP x 2.1 TBA (0.25 g, 0.24 mmol, 2.7 eq.) were added 

to a freshly prepared solution of 9 (0.09 mmol). The reaction mixture was then diluted with dry DMF: 

DMSO (v:v, 1:1, 8 ml) in order to increase the solubility and it was stirred at r.t. for 6 hrs. The crude 
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product was purified by Method B and target product was eluted with 400-600 mM conc. of NH4HCO3 

buffer. Purification gave P1 as a colorless solid (0.03 g, 0.03 mmol, 35%). 

Note -: The reactions for capped hexapolyPs were not optimized and therefore the yield could still be 

improved. 

1H NMR (300 MHz, D2O, δ/ppm): 8.45 (s, 1H), 8.16 (s, 1H), 7.61 (s, 1H), 6.13 (t, J = 6.9 Hz, 1H), 

6.04  (d, J = 6.2 Hz, 1H),4.66 – 4.44 (m, 2H), 4.44 – 4.32 (m, 1H), 4.26 – 4.08 (m, 5H), 2.37 (dd, J = 6.9, 

5.2  Hz, 2H), 1.81 (s, 3H).The DHO peak overlaps with the signal 4.66 (1H).31P{1H} NMR (122 MHz, 

D2O, δ/ppm): -11.3 (d, J = 19.8 Hz, 1P), -11.6 (d, J = 19.8 Hz, 1P), -21.4 – -23.4 (m, 4P).31P NMR 

(162  MHz, D2O, δ/ppm): -11.2 – -11.5 (br, 1P), -11.5 – -11.7 (br, 1P), -22.1 – -23.6 (m, 4P). 13C NMR 

(101 MHz, D2O, δ/ppm): 166.4, 155.6, 152.8, 151.5, 149.1, 139.8, 137.1, 118.5, 111.6, 86.5, 84.8, 84.1 

(d, J = 9.3 Hz), 82.9 (d, J = 9.3 Hz), 74.2, 70.4, 65.7 (d, J = 5.7 Hz), 65.4 (d, J = 5.7 Hz), 60.9, 36.3, 11.6. 

HRMS (ESI) m/z for [C20H28N10O25P6]
2- : calcd. 496.9832, found 496.9831. 

 

3’-Azido-3’-deoxythymidine 5’-α-thiocyclotriphosphate (AZT -(S)-cyclotriphosphate: B2) 

 

AZT (45 mg, 0.17 mmol, 1.5 eq.) and ETT (44 mg, 0.34 mmol, 3.0 eq.) were coevaporated with dry 

MeCN (2 × 2 mL). Under an Ar atmosphere, a freshly prepared reaction mixture containing the c-PyPA A1 

(0.075M in MeCN, 1.5 ml, 0.11 mmol, 1.0 eq.) was added to the dried solids and it was stirred at r.t. for 

10 mins. Upon cooling to 0°C, Becauge’s reagent (45 mg, 0.22 mmol, 2.0 eq.) was added and the mixture 

was stirred for 5 mins until 31P-NMR confirmed complete oxidation (the oxidation product shows a triplet 

at +43 ppm which is diagnostic signal for the -(S)-cyclotriphosphate B2).4,5 

31P{1H} NMR (122 MHz, CDCl3, δ/ppm): 42.6 (t, J = 35.0 Hz, 1P), -24.7 (d, J = 35.3 Hz, 2P). 

 

Ring opening by using propargylamine: 3’-Azido-3’-deoxythymidine 5’-γ-P-propargylamino -

thiotriphosphate (10) 
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The reaction mixture of B2 (250 μL, 18.0 μmol, 1.0 eq.) was added to propargylamine (250 µl) and then 

D2O (100 µl) was added afterwards it was stirred for 5 mins. The product 10 was isolated by Method A, 

affording a colourless solid, whereas products were obtained as mixtures of diastereoisomers (10, 

7.01 mg, 11.2 μmol, 59%). 

1H NMR (300 MHz, D2O, δ/ppm): 7.70 (s, 1H), 6.20 (t, J = 6.8 Hz, 1H), 4.50 (dt, J = 6.6, 4.0 Hz, 1H), 

4.23 – 4.09 (m, 3H), 3.67 – 3.51 (m, 2H), 2.56 (m, 1H), 2.52 – 2.43 (m, 2H), 1.87 (s, 3H). 31P{1H} NMR 

(122 MHz, D2O, δ/ppm): 42.7 (m,1P), -2.93 (dd, J = 21.2, 4.1 Hz, 1P), -23.0 – -24.8 (m,1P).31P NMR 

(162 MHz, D2O, δ/ppm): 42.8 (m, 1P), -1.73 – -6.95 (m,1P), -24.0 (t, J = 25.3 Hz, 1P).13C NMR (101 

MHz, D2O, δ/ppm): 166.8, 151.9, 137.3, 111.9, 84.8, 83.0 (d, J = 9.0 Hz), 71.3, 65.6 (d, J = 5.5 Hz), 60.9, 

36.3, 31.0, 11.7. 

HRMS (ESI): calculated for [C13H18N6O11P3S]- : calcd. 558.9973 found: 558.9978. 

 

AZT -(Se)-cyclotriphosphate: 3’-Azido-3’-deoxythymidine 5’-α-selenocyclotriphosphate (B3) 

 

AZT (115 mg, 0.43 mmol, 1.2 eq.) and ETT (150 mg, 1.15 mmol, 3.2 eq.) were coevaporated with dry 

MeCN (2 × 4 mL). Under an Ar atmosphere, a freshly prepared reaction mixture containing the c-PyPA A1 

(0.075M in MeCN, 5.00 mL, 0.36 mmol, 1.0 eq.) was added to the dried solids and it was stirred at r.t. for 

10 mins. Upon cooling to 0 °C, potassium selenocyanate (650 mg, 4.51 mmol, 12.5 eq.) was added and 

the mixture was stirred for 15 mins. A colourless precipitate was observed, which was further enhanced 

by addition of acetone and it was collected via centrifugation. The colourless residue was further checked 

by 31P-NMR confirmed complete oxidation (the oxidation product shows triplet at +33 ppm for the 

- (Se)-cyclotriphosphate B3). 

31P{1H} NMR (122 MHz, D2O, δ/ppm): 35.8 – 30.6 (m, 1P), -20.8 – -23.5 (m, 1P), -23.7 – -26.1 (m, 1P). 

31P NMR (162 MHz, D2O, δ/ppm): 34.6 – 32.5 (m, 1P), -20.2 – -23.2 (m, 1P), -23.8 – -25.1 (m, 1P). 

HRMS (ESI) m/z for [C10H15N5O12P3Se]- : calcd.: 569.9101, found 569.9103. 
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Ring opening by using propargylamine: 3’-Azido-3’-deoxythymidine 5’-γ-P-propargylamino -

selenotriphosphate (11) 

 

The precipitated product B3 was further dissolved in D2O (1 ml) and treated with propargylamine (1 ml) 

for 15 mins at r.t. The product 11 was obtained by Method B as a colourless solid (the product was eluted 

at 300-500 mM NH4HCO3 buffer) (98 mg, 0.14 mmol, 40%). 

1H NMR (300 MHz, D2O, δ/ppm):7.73 (s, 1H), 6.23 (t, J = 6.9 Hz, 1H), 4.61 – 4.49 (m, 1H), 4.28 – 

4.09  (m, 3H), 3.65 (dt, J = 9.8, 2.9 Hz, 2H), 2.50 (t, J = 2.7 Hz, 1H), 2.48 – 2.34 (m, 2H), 1.91 (s, 3H). 

31P{1H} NMR (122 MHz, D2O, δ/ppm):  33.2 (dd, J =32.4, 19.9 Hz), -2.89 (dd, J = 21.5, 3.0 Hz), -24.5 

(ddd, J = 33.1, 21.4, 3.0 Hz). 31P NMR (122 MHz, D2O, δ/ppm):  33.2 – 32.2 (m, 1P), -2.89 – -3.40 (m, 

1P), -24.5 – -25.6 (m, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 166.8, 151.8, 137.2, 111.8, 84.8, 82.9 (d,  

J = 9.3 Hz), 82.4, 71.3, 65.6 (d, J = 5.6 Hz), 60.8, 30.9, 11.7. 

HRMS (ESI) m/z for [C13H18N6O11P3Se]- : calcd. 606.9417, found 606.9415. 

 

2’,3’-didehydro-2’,3’-dideoxythymidine 5’-cyclotriphosphate (d4T cyclotriphosphate B4) 

 

d4T (70 mg, 0.31 mmol, 1.4 eq.) and ETT (113 mg, 0.87 mmol, 4.0 eq.) were coevaporated with dry 

MeCN (2 × 1 mL). Under an Ar atmosphere, a reaction mixture containing the c-PyPA A1 (0.075M in 

MeCN, 2.9 ml, 0.22 mmol, 1.0 eq.) was added to the dried solids and it was stirred at r.t. for 10 mins. 

Upon cooling to 0°C, mCPBA (≤77%, 56 mg, 0.32 mmol, 1.5 eq.) was added and the mixture was stirred 

for 5 mins until 31P-NMR confirmed complete oxidation (the oxidation product shows triplet at -23 ppm 

which is diagnostic signal for the cyclotriphosphate B4). Aliquot of this reaction mixture were used for 

the ring opening with various nucleophiles. The d4T cyclotriphosphate B4 is stable in reaction mixture at 

-20°C upto 2 weeks. 

Ring opening was monitored by 31P-NMR of the resulting reaction mixtures. 

31P{1H} NMR (122 MHz, CDCl3, δ/ppm):  -22.1 – -23.9 (t, 1P), -26.5 (d, J = 21.1 Hz, 2P). 
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Ring opening by using propargylamine: 2’,3’-didehydro-2’,3’-dideoxythymidine 5’-γ-P-

propargylamino triphosphate (12) 

 

The reaction mixture of B4 (250 μL, 18.7 μmol, 1.0 eq) was added to propargylamine (250 μL) and then 

(100 µl) was added afterwards it was stirred for 5 mins. The product 12 was obtained by Method A as a 

colourless solid (7.70 mg, 13.8 μmol, 74%). 

1H NMR (300 MHz, D2O, δ/ppm): 7.58 (s, 1H), 6.91 (dt, J = 3.3, 1.7 Hz, 1H), 6.48 (dt, J = 6.2, 1.8 Hz, 

1H), 5.92 – 5.86 (m, 1H), 5.06 (s, 1H), 4.13 (dt, J = 6.1, 3.1 Hz, 2H), 3.61 (dd, J = 9.9, 2.4 Hz, 2H), 2.49 

(t, J = 2.5 Hz, 1H), 1.85 (s, 3H). 31P{1H} NMR (122 MHz, D2O, δ/ppm):  -2.81 (d, J = 20.9 Hz, 1P), -11.5 

(d, J = 19.4 Hz, 1P), -22.5 – -23.4 (m, 1P). 31P NMR (162 MHz, D2O, δ/ppm):  -1.97 (dt, J = 19.1, 9.4 Hz, 

1P), -10.3 (dt, J = 19.4, 6.0 Hz, 1P), -20.6 (t, J = 19.9). 13C NMR (101 MHz, D2O, δ/ppm): 167.0, 152.5, 

138.2, 134.3, 125.3, 111.6, 89.9, 85.9 (d, J = 8.8 Hz), 83.1, 66.5 (d, J = 6.0 Hz), 30.9, 11.5.  

HRMS (ESI) m/z for [C13H17N3NaO12P3]
-: calcd. 522.9928, found 522.9927. 

 

Ring opening by using diethylamine: 2’,3’-didehydro-2’,3’-dideoxythymidine 5’-γ-P-diethylamino 

triphosphate (13) 

 

The reaction mixture of B4 (250 μL, 18.7 μmol, 1.0 eq.) was added to diethylamine (250 μL) and then 

D2O (100 µl) was added afterwards it was stirred for 5 mins. The Product 13 was obtained by Method A 

as a colourless solid (8.80 mg, 15.0 μmol, 80%). 

1H NMR (300 MHz, D2O, δ/ppm): 7.50 (s, 1H), 6.90 (dt, J = 3.4, 1.7 Hz, 1H), 6.44 (dt, J = 6.2, 1.8 Hz, 

1H), 5.86 (dt, J = 5.9, 1.9 Hz, 1H), 5.20 – 4.94 (m, 1H), 4.20 – 3.98 (m, 2H), 2.93 (dq, J =11.3, 7.2 Hz, 

4H), 1.81 (s, 3H), 0.97 (t, J = 7.1 Hz, 6H).31P{1H} NMR (122 MHz, D2O, δ/ppm): -0.51 (d, J = 24.7 Hz, 

1P), -11.5 (d, J = 19.0 Hz, 1P), -22.9 (dd, J = 24.6, 18.6 Hz, 1P).31P NMR (162 MHz, D2O, δ/ppm):  

- 0.51 (dp, J = 22.9, 11.4 Hz), -11.5 (dt, J = 19.1, 6.5 Hz), -22.9 (dd, J = 24.3, 18.9 Hz). 13C NMR (101 

MHz, D2O, δ/ppm): 166.0, 152.5, 137.8, 133.9, 125.5, 111.6, 90.0, 85.8 (d, J = 8.5 Hz), 66.6 (d, J = 

5.7 Hz), 40.5 (d, J = 3.7 Hz), 13.8 (d, J = 3.7 Hz), 11.9.  

HRMS (ESI) m/z for [C14H23N3O12P3]
-: calcd. 518.0500, found 518.0501. 
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Ring opening by using aq. ammonia: 2’,3’-didehydro-2’,3'-dideoxythymidine 5’--P-amino 

triphosphate (14) 

 

The reaction mixture of B4 (250 μL, 18.7 μmol, 1.0 eq.) was added to 25% aq. NH4OH (250 μL) and then 

D2O (100 µl) was added afterwards it was stirred for 5 mins. The product 14 was obtained by Method A 

as a colourless solid (7.73 mg, 14.6 μmol, 79%). 

1H NMR (300 MHz, D2O, δ/ppm): 7.55 (s, 1H), 6.91 (dt, J = 3.3, 1.7 Hz, 1H), 6.48 (dt, J = 6.2, 1.8 Hz, 

1H), 5.89 (d, J = 6.3 Hz, 1H), 5.06 (s, 1H), 4.11 (dt, J = 6.3, 3.3 Hz, 2H), 1.84 (s, 3H).31P{1H} NMR (122 

MHz, D2O, δ/ppm): -1.08 (d, J = 19.3 Hz, 1P), -11.5 (d, J = 20.1 Hz,1P), -22.7 (t, J = 19.4 Hz,1P).  

31P NMR (162 MHz, D2O, δ/ppm):  -0.33 (d, J = 19.1 Hz, 1P), -10.9 (dt, J = 19.4, 6.5 Hz, 1P), -21.6 (t, J 

= 19.3 Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 166.8, 152.3, 138.2, 134.4, 125.0, 111.5, 89.9, 86.0 

(d, J = 8.5 Hz), 66.4 (d, J = 5.8 Hz), 11.4.  

HRMS (ESI) m/z for [C10H15N3Na2O12P3]
+: calcd. 507.9658, found 507.9660. 

 

Ring opening by using aq. sodium hydroxide: 2’,3’-didehydro-2’,3’-dideoxythymidine 5’-

triphosphate (15) 

 

The reaction mixture of B4 (250 μL, 18.7 μmol, 1.0 eq.) was added to 1M aq. NaOH (250 μL) and then 

D2O (100 µl) was added afterwards it was stirred for 5 mins. The product 15 was obtained by Method A 

as a colourless solid (7.95 mg, 14.9 μmol, 80%).The analytical data are consistent with literature.6 

1H NMR (300 MHz, D2O, δ/ppm): 7.55 (s, 1H), 6.90 (dt, J = 3.4, 1.7 Hz, 1H), 6.49 (dt, J = 6.2, 1.8 Hz, 

1H), 5.87 (dt, J =6.2, 1.9 Hz, 1H), 5.05 (td, J = 3.6, 1.9 Hz, 1H), 4.32 – 3.98 (m, 2H), 1.83 (s, 3H).31P{1H} 

NMR (122 MHz, D2O, δ/ppm): -10.9 (d, J = 19.6 Hz, 1P), -11.6 (d, J = 20.1 Hz, 1P), -23.4 (t, J = 19.8Hz, 

1P).31P NMR (162 MHz, D2O, δ/ppm):  -9.68 (d, J = 18.3 Hz, 1P), -10.7 (dt, J = 19.4, 6.5 Hz, 1P ),  

-21.6 (m,1P). 13C NMR (101 MHz, D2O, δ/ppm): 166.8, 152.3, 138.2, 134.4, 125.0, 111.5, 89.9, 86.0 (d, 

J = 8.5 Hz), 66.4 (d, J = 5.8 Hz), 11.5. 

HRMS (ESI) m/z for [C10H14N2O13P3]
-: calcd. 462.9714, found 462.9712.  
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Ring opening by caesium fluoride: 2’,3’-didehydro-2’,3'-dideoxythymidine 5’-γ-P-

fluorotriphosphate (16) 

 

The reaction mixture of B4 (300 μL, 13.5 μmol, 1.0 eq.) was added to caesium fluoride (100 mg, 661 μmol, 

50 eq) and then immediately D2O (200 µl) was added afterwards it was stirred for 5 mins. The crude 

product was isolated by Method A and the impurity CsClO4 was co-precipitated which was further 

removed by dissolving the crude product in water (2 mL). The insoluble residue was removed by filtration 

(syringe filter, pore size 0.45 µm). Afterwards, the product 16 was isolated from the aq. solution again by 

Method A and a colourless solid was obtained (5.9 mg, 11.0 μmol, 82%).  

1H NMR (300 MHz, D2O, δ/ppm): 7.53 (s, 1H), 6.97 – 6.81 (m, 1H), 6.57 – 6.40 (m, 1H), 5.95 – 5.81 

(m, 1H), 5.04 (s, 1H), 4.08 (dd, J = 6.4, 3.4 Hz, 2H), 1.82 (s, 3H).31P{1H} NMR (122 MHz, D2O, δ/ppm): 

-11.5 (d, J = 19.2 Hz, 1P), -17.9 (dd, J = 932.9, 17.3 Hz, 1P), -22.3 – -23.5 (m,1P). 31P NMR (162 MHz, 

D2O, δ/ppm): -11.5 (dt, J = 19.3, 6.4 Hz, 1P), -17.9 (dd, J = 932.9, 17.3 Hz, 1P), -22.4 – -24.2 (m, 1P). 

31P{19F} NMR (162 MHz, D2O, δ/ppm): -11.5 (dt, J = 19.5, 6.4 Hz,1P), -17.9 (d, J = 17.2 Hz,1P), -21.6 

– -23.5 (m,1P). 13C NMR (101 MHz, D2O, δ/ppm): 166.8, 152.3, 138.2, 134.4, 125.0, 111.5, 89.9, 86.0 

(d, J = 8.5 Hz), 66.4 (d, J = 5.8 Hz), 11.5. 19F NMR (377 MHz, D2O, δ/ppm): -73.1 (d, J = 933.5 Hz, 1F). 

HRMS (ESI) m/z for [C10H13FN2O12P3]
-: calcd. 464.9671, found 464.9678.  

 

Ring opening by using lithium azide: 2’,3’-didehydro-2’,3’-dideoxythymidine 5’--P-

azidotriphosphate (17) 

 

The reaction mixture of B4 (250 μL, 18.7 μmol, 1.0 eq.) was added to the lithium azide (500 µL) and D2O 

100 µl was added afterwards it was stirred for 5 mins. The product was purified by Method A, affording 

a colourless solid 17 (9.89 mg, 17.8 μmol, 95%). 

Note -: As the commercial availability of LiN3  solution is 20% wt. in water which results in H2O is also 

acting as a nucleophile, so the product contains 30% of hydrolysed d4T triphosphate 15, indicated yield 

does not refer to the pure product.  
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31P{1H} NMR (122 MHz, D2O, δ/ppm): -10.8 (d, J = 17.2 Hz, 1P), -12.9 (d, J = 19.5 Hz, 1P), -21.5 –  

-22.2 (m, 1P). 31P NMR (162 MHz, D2O, δ/ppm): -10.9 (dt, J = 17.5 Hz, 1P), -12.9 (d, J = 19.4 Hz, 1P), 

-21.8 (t, J = 18.4 Hz, 1P).  

HRMS (ESI) m/z for [C10H13N5O12P3]
-: calcd. 487.9779, found 487.9785.  

 

2’,3’-O-Isopropylideneadenosine 5’-cyclotriphosphate (B5) 

 

2',3'-O-Isopropylideneadenosine (70 mg, 0.22 mmol, 1.5 eq.) and ETT (80 mg, 0.61 mmol, 4.0 eq.) were 

coevaporated with dry MeCN (2 × 1 mL). Under an Ar atmosphere, both solids were dissolved in dry 

DMF (2 mL), a reaction mixture containing the c-PyPA A1 (0.075M in MeCN, 2.0 mL, 0.15 mmol, 1.0 eq.) 

was added and it was stirred at r.t. for 10 mins. Upon cooling to 0°C, mCPBA (≤77%, 40 mg, 0.23 mmol, 

1.5 eq.) was added and the mixture was stirred for 5 mins until 31P-NMR confirmed complete oxidation 

(formation of triplet at -22 ppm which is diagnostic signal for the cyclotriphosphate B5). The final 

concentration of cyclotriphosphate B5 is 0.037M.  

31P{1H} NMR (122 MHz, CDCl3, δ/ppm):  -23.2 – -25.2 (m, 1P), -25.8 (d, J = 21.1 Hz, 2P). 

 

Ring opening by using aq. ammonia: 2’,3’-O-Isopropylideneadenosine 5’--P-amino triphosphate 

(S-1) 

 

The reaction mixture of B5 (500 μL, 18.7 μmol, 1.0 eq.) was added to 25% aq. NH4OH (500 μL) and then 

D2O (200 µl) was added afterwards it was stirred for 5 mins. The product S-1 was isolated by Method A, 

affording a colourless solid (7.50 mg, 12.5 μmol, 66%). 

1H NMR (400 MHz, D2O, δ/ppm): 8.40 (s, 1H), 8.20 (s, 1H), 6.24 (d, J = 3.5 Hz, 1H), 5.36 (dd, J = 6.2, 

3.5 Hz, 1H), 5.20 (dd, J = 6.2, 2.2 Hz, 1H), 4.33 – 4.04 (m, 2H), 1.64 (s, 3H), 1.41 (s, 3H). The DHO 

peak overlaps with the signal 4.50 (1H).  31P{1H} NMR (122 MHz, D2O, δ/ppm):  -1.04 (d, J = 19.4 Hz, 

1P), -11.6 (d, J = 19.7 Hz, 1P), -22.6 (t, J = 19.4 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): -0.98 (d, J 

= 19.1 Hz, 1P), -11.6 (dt,  J = 19.7, 5.7 Hz, 1P), -22.5 (t, J = 19.2 Hz, 1P).13C NMR (101 MHz, D2O, 
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δ/ppm): 155.6, 152.9, 148.8, 140.0, 118.7, 114.9, 90.0, 84.5 (d, J = 9.4 Hz), 83.8, 81.3, 65.8 (d, J = 5.6 

Hz), 26.1, 24.4.  

HRMS (ESI) m/z for [C13H20N6O12P3]
-: calcd. 545.0358, found 545.0359. 

 

Ring opening by using propargylamine: 2’,3’-O-Isopropylideneadenosine 5’--P-propargylamino 

triphosphate (S-2) 

 

The reaction mixture of B5 (500 μL, 18.7 μmol, 1.0 eq.) was added to propargylamine (500 μL) and then 

D2O (200 µl) was added afterwards it was stirred for 5 mins. The product S-2 was isolated by Method A, 

affording a colourless solid (9.56 mg, 14.6 μmol, 79%). 

1H NMR (400 MHz, D2O, δ/ppm): 8.41 (s, 1H), 8.20 (s, 1H), 6.23 (d, J = 3.6 Hz, 1H), 5.36 (dd, J = 6.2, 

3.5 Hz, 1H), 5.20 (dd, J =6.2, 2.2 Hz, 1H), 4.27 – 4.03 (m, 2H), 3.56 (d, J = 9.9 Hz, 2H), 2.51(t, J = 2.5 

Hz, 1H) 1.64 (s, 3H), 1.41 (s, 3H). The DHO peak overlaps with the signal 4.55 (1H). 31P{1H} NMR (122 

MHz, D2O, δ/ppm):  -2.76 (d, J = 20.9 Hz, 1P), -11.6 (d, J = 19.2 Hz, 1P), -21.2 – -23.5 (m, 1P). 31P NMR 

(162 MHz, D2O, δ/ppm): -2.76 (dt, J = 20.4, 10.1 Hz, 1P), -11.6 (d, J = 18.3 Hz, 1P), -22.0 – -23.1 (m, 

1P). 13C NMR (101 MHz, D2O, δ/ppm): 155.7, 152.9, 148.9, 140.0, 118.7, 114.9, 89.9, 84.5 (d, J = 9.7 

Hz), 83.8, 81.3, 65.8 (d, J = 5.5 Hz), 42.4, 30.9, 26.2, 24.4. 

HRMS (ESI) m/z for [C16H21N6O12P3]
2-: calcd. 291.5260, found 291.5251. 

 

Ring opening by using aq. sodium hydroxide: 2’,3’-O-Isopropylideneadenosine 5’-triphosphate 

(S- 3) 

 

The reaction mixture of B5 (500 μL, 18.7 μmol, 1.0 eq.) was added to 1M aq. NaOH (500 μL) and then 

D2O (200 µl) was added. The product S-3 was isolated by Method A, affording a colourless solid 

(9.10 mg, 14.7 μmol, 78%). 

The analytical data is consistent with literature.7 

1H NMR (400 MHz, D2O, δ/ppm): 8.41 (s, 1H), 8.20 (s, 1H), 6.23 (d, J = 3.5 Hz, 1H), 5.35 (dd, J = 6.1, 

3.6 Hz, 1H), 5.21 (dd, J = 6.1, 2.2, 1H), 4.43 – 4.05 (m, 2H), 1.63 (s, 3H), 1.41 (s, 3H). The DHO peak 
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overlaps with the signal 4.55 (1H). 31P{1H} NMR (122 MHz, D2O, δ/ppm):   -5.55 (d, J = 20.1 Hz, 1P), -

11.2 (d, J = 18.6 Hz, 1P), -21.5 (t, J = 19.2 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm):  -5.56 (d, J = 20.0 

Hz, 1P), -11.2 (d, J = 18.7 Hz, 1P), -21.1 – -21.8 (m, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 155.6, 

152.9, 148.9, 140.0, 118.7, 114.9, 90.0, 84.5 (d, J = 9.4 Hz), 83.8, 81.3, 65.8 (d, J = 5.6 Hz), 26.1, 24.4. 

HRMS (ESI) m/z for [C13H17N5Na4O13P3]
+: calcd. 635.9621, found 635.9623. 

 

4-Pentyne-1-cyclotriphosphate (B6) 

 

4-Pentyn-1-ol (50 mg, 0.59 mmol, 1.5 eq.) and ETT (118 mg, 0.90 mmol, 2.3 eq.) were coevaporated 

with dry MeCN (2 × 1 mL). Under an atmosphere of dry Ar, a reaction mixture containing the c-PyPA 

A1 (0.079M in MeCN, 5.0 mL, 0.39 mmol, 1.0 eq.) was added and it was stirred at r.t. for 10 mins. Upon 

cooling to 0°C, mCPBA (≤77%, 75 mg, 0.43 mmol, 1.1 eq.) was added and the mixture was stirred for 5 

mins until 31P-NMR confirmed complete oxidation (formation of triplet at -21 ppm which is diagnostic 

signal for the cyclotriphosphate B6). 

31P{1H} NMR (122 MHz, CDCl3, δ/ppm):  -21.2 – -23.1 (m, 1P), -24.3 (d, J = 20.7 Hz, 2P). 

 

Ring opening by using aq. ammonia: 4-Pentyne γ-P -amino triphosphate (S-4) 

 

The reaction mixture of B6 (250 μL, 19.7 μmol, 1.0 eq.) was added to 25% aq. NH4OH (250 μL) and then 

D2O (100 µl) was added. The product S-4 was isolated by Method A, affording a colourless solid 

(7.55 mg, 17.9 μmol, 91%). 

1H NMR (400 MHz, D2O, δ/ppm): 3.98 (q, J = 6.5 Hz, 2H), 2.26 (t, J = 7.2 Hz, 1H), 2.15 (m, 2H), 1.79 

(pent, J = 7.1, 6.7 Hz, 2H). 31P{1H} NMR (122 MHz, D2O, δ/ppm): -1.04 (d, J = 19.2 Hz, 1P), -10.8 (d, 

J = 20.1 Hz, 1P), -22.6 (t, J = 19.4 Hz, 1P).  31P NMR (162 MHz, D2O, δ/ppm): -0.70 (d, J = 23.5 Hz, 1P), 

-10.3 (dt, J = 9.2 Hz, 1P), -18.9 – -22.1 (m, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 85.2, 69.4, 65.3 (d, 

J = 5.9 Hz), 28.8 (d, J = 7.2 Hz), 14.2.  

HRMS (ESI) m/z for [C5H11NO9P3]
-: calcd. 321.9652, found 321.9652. 

  



 

S26 

 

 

Ring opening by using aq. sodium hydroxide: 4-Pentyne-1-triphosphate (S-5) 

 

The reaction mixture of B6 (250 μL, 19.7 μmol, 1.0 eq.) was added to aq. NaOH (1M, 250 μL) and then 

D2O (100 µl) was added. The crude product was purified by Method A, affording a colourless solid S-5 

(7.80 mg, 18.9 μmol, 95%).  

1H NMR (400 MHz, D2O, δ/ppm): 3.99 (dd, J = 7.2, 6.3 Hz, 2H), 2.29 (t, J = 7.2, 1H), 2.19 (m, 2H), 1.82 

(p, J = 6.7 Hz, 2H). 31P{1H} NMR (122 MHz, D2O, δ/ppm): -4.33 (d, J = 18.0 Hz, 1P), -9.74 (d, J = 17.8 

Hz, 1P), -19.7 (t, J = 18.0 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): -4.35 (d, J = 18.0 Hz, 1P), -9.75 

(dt, J = 17.6, 6.9 Hz, 1P), -19.7 (t, J = 17.9 Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 85.1, 69.3, 65.3 

(d, J = 5.9 Hz), 28.8 (d, J = 7.1 Hz), 14.2.  

HRMS (ESI) m/z for [C5H10O10P3]
-: calcd. 322.9492, found 322.9468. 

 

Ring opening by using propargylamine: 2’-deoxythymidine 5’-γ-P-triphosphate (18) 

 

Thymidine (470 mg, 1.95 mmol, 1.3 eq.) and DCI (700 mg, 6.00 mmol, 4.0 eq.) were coevaporated 

together with dry MeCN (2 × 5 mL). Under an Ar atmosphere, both solids were dissolved in dry DMF 

(5 mL) and a reaction mixture containing the c-PyPA A1 (0.075M in MeCN, 20.0 ml, 1.50 mmol, 1.0 eq.) 

was added. The mixture was stirred for 10 mins at r.t. and the reaction was followed by 31P-NMR (of an 

aliquot of the reaction mixture in dry CDCl3) which shows characteristic peak triplet at -100 ppm confirms 

complete coupling. Upon cooling to -4°C, mCPBA (460 mg, 2.70 mmol, 1.8 eq.) was added in portions. 

The mixture was stirred mixture was stirred for 5 mins until 31P-NMR confirmed complete oxidation (a 

triplet at - 22 ppm revealed formation of cyclotriphosphate). Then propargylamine (1.52 ml, 24.0 mmol, 

16.0 eq.) was added to the reaction mixture at -4°C and the mixture was stirred another for 15 mins at r.t.  

The product was further purified by Method C and obtained as a colourless solid, details of the MPLC 

purification can be found in Supporting figure S3. (18, 520 mg, 0.89 mmol, 64%).  

Fraction 1: 2’-deoxythymidine 5’--P-propargylamino triphosphate 

1H NMR (400 MHz, D2O, δ/ppm): 7.69 (s, 1H), 6.28 (t, J = 6.9 Hz, 1H), 4.58 (dt, J = 6.3, 3.4 Hz, 1H), 

4.13 (q, J = 4.8, 4.4 Hz, 3H), 3.62 (dd, J = 9.9, 2.5 Hz, 2H), 2.49 (dt, J = 3.5, 1.8 Hz, 1H), 2.37 – 2.23 (m, 

2H), 1.86 (s, 3H). 31P{1H} NMR (162 MHz, D2O, δ/ppm): -2.75 (d, J = 20.7 Hz, 1P), -11.5 (d, J = 19.4 
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Hz, 1P), -22.8 (t, J = 20.1 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): -2.75 (dt, J = 20.2, 9.8 Hz, 1P), 

- 11.5 (dt, J = 19.4, 5.2 Hz, 1P), -22.8 (t, J = 19.9 Hz, 1P). 13C NMR (126 MHz, D2O, δ/ppm): 166.6, 

151.7, 137.9, 111.8, 85.4 (d, J = 9.2 Hz), 84.9, 82.8 (d, J = 11.5 Hz), 71.3, 70.8, 65.3 (d, J = 5.7 Hz), 46.6, 

23.0 (d, J = 1.3 Hz), 11.6. 

HRMS (ESI) m/z for [C13H19N3O13P3]
 - : calcd. 518.0136, found 518.0139. 

Fraction 2: 2’-deoxythymidine 3’--P-propargylamino triphosphate 

 

1H NMR (400 MHz, D2O, δ/ppm): 7.61 (s, 1H), 6.27 (t, J = 7.0, 1H), 4.85 (m, 1H), 4.26 – 4.08 (m, 1H), 

3.78 (m, 2H), 3.62 (d, J = 7.2 Hz, 2H),  2.74 – 2.47 (m, 1H), 2.45 – 2.36 (m, 2H), 1.67 (s, 3H). 31P{1H} 

NMR (162 MHz, D2O, δ/ppm): -2.61 (d, J = 20.3 Hz, 1P), -12.1 (d, J = 19.0 Hz, 1P), -22.7 (t, J = 19.9 

Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): -2.61 (dt, J = 20.4, 9.9 Hz, 1P), -12.1 (dd, J = 19.0, 7.9 Hz, 

1P), -22.7 (t, J = 20.0 Hz, 1P). 

 

Ring opening by using aq. ammonia: 2’-deoxythymidine 5’--P-amino triphosphate (19) 

 

Thymidine (110 mg, 0.46 mmol, 1.5 eq.) and DCI (120 mg, 1.05 mmol, 3.5 eq) were coevaporated 

together with dry MeCN (2 × 5 mL). Under an Ar atmosphere, both solids were dissolved in dry DMF 

(2 mL) and a reaction mixture containing the c-PyPA A1 (0.075M in MeCN, 4.0 ml, 0.30 mmol, 1.0 eq.) 

was added. The mixture was stirred for 5 mins at r.t. and the reaction was followed by 31P-NMR (of an 

aliquot of the reaction mixture in dry CDCl3) which shows characteristic peak triplet at -100 ppm confirms 

complete coupling. Upon cooling to -4°C to 0°C, mCPBA (80 mg, 0.45 mmol, 1.5 eq) was added in 

portion wise and the mixture was stirred for 5 mins until 31P-NMR confirmed complete oxidation (reaction 

progress was followed by 31P NMR, and formation of triplet at -22 ppm which is diagnostic signal for the 

cyclotriphosphate). Then 25% aq. NH4OH (0.5 ml) was added to the reaction mixture at -4°C and the 

mixture was stirred another for 15 mins at r.t. 
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The product was further purified by Method C and obtained as a colourless solid. (19, 98 mg, 0.18 mmol, 

59%). 

Fraction 1: 2’-deoxythymidine 5’--P-amino triphosphate 

1H NMR (400 MHz, D2O, δ/ppm): 7.67 (s, 1H), 6.28 (t, J = 7.0 Hz, 1H), 4.62 – 4.51 (m, 1H), 4.27 – 3.94 

(m, 3H), 2.62 – 2.19 (m, 2H), 1.86 (s, 3H).31P{1H} NMR (162 MHz, D2O, δ/ppm):  -0.97 (d, J = 19.0 Hz, 

1P), -11.5 (d, J = 20.0 Hz, 1P), -22.5 (t, J = 19.5 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): -0.97 (d, J 

= 19.0 Hz, 1P), -11.5 (dt, J = 19.4, 5.2 Hz, 1P), -22.5 (t, J = 19.5 Hz, 1P). 13C NMR (101 MHz, D2O, 

δ/ppm): 166.6, 151.8, 137.7, 111.8, 85.3 (d, J = 9.1 Hz), 84.9, 70.8, 65.4 (d, J = 5.9 Hz), 46.7, 11.3. 

HRMS (ESI) m/z for [C10H17N3Na2O13P3]
+: calcd. 525.9764, found 525.9765. 

Fraction 2: 2’-deoxythymidine 3’--P-amino triphosphate 

31P{1H} NMR (162 MHz, D2O, δ/ppm): -0.87 (d, J = 19.1 Hz, 1P), -12.0 (d, J = 19.3 Hz, 1P), -22.4 (t, J 

= 19.3 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): -0.88 (d, J = 19.0 Hz, 1P), -12.0 (dd, J = 19.5, 8.0 Hz, 

1P), -22.4 (t, J = 19.2 Hz, 1P). 

 

Adenosine-5’-cyclotriphosphate (B7) 

 

Adenosine (120 mg, 0.45 mmol, 1.5 eq.) and DCI (94 mg, 0.80 mmol, 2.7 eq.) were coevaporated together 

with dry MeCN (2 × 5 mL). Under an atmosphere of dry Ar, both solids were dissolved in dry DMF 

(5.5 ml). A reaction mixture containing the c-PyPA A1 (0.5M in DMF, 0.60 ml, 0.30 mmol, 1.0 eq.) was 

added to the above flask. The mixture was stirred for 5 mins at r.t. and the reaction was followed by 31P-

NMR (of an aliquot of the reaction mixture in dry CDCl3) which shows characteristic peak triplet at -

100 ppm confirms complete coupling. Upon cooling to -4°C, mCPBA (100 mg, 0.60 mmol, 2.0 eq.) was 

added in the mixture and stirred for 5 mins until 31P-NMR confirmed complete oxidation (reaction 

progress was followed by 31P NMR, and formation of triplet at -22 ppm which is diagnostic signal for the 

cyclotriphosphate B7). 

31P{1H} NMR (122 MHz, CDCl3, δ/ppm):  -23.0 (t, J = 24.5 Hz, 1P), -24.0 – -25.9 (m, 2P). 
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Ring opening by using aq. ammonia: Adenosine 5’--P-amino triphosphate (20) 

 

The reaction mixture of B7 (500 µl, 25.0 µmol, 1.0 eq.) was added to 25% aq. NH4OH (100 µl) and D2O 

(100 µl) was added. The crude product was purified by Method B and freeze drying of the fractions (2×) 

eluted at 6.4-9.2% of aq. 1 M NH4HCO3 buffer afforded the title compound (20, 6.50 mg, 12.0 µmol, 

47%) as colourless solid. 

Analytical data are consistent with those reported in the literature (reported in DMSO-d6).
8 

1H-NMR: (300 MHz, D2O, δ/ppm): 8.54 (s, 1H), 8.29 (s, 1H), 6.17 (d, J = 6.0 Hz, 1H), 4.60 (dd, J = 5.2, 

3.6 Hz, 1H), 4.48-4.40 (m, 1H), 4.35-4.22 (m, 2H). The DHO peak overlaps with the signal 4.88 (1H) 

31P{1H}-NMR: (122 MHz, D2O, δ/ppm): –0.99 (d, J = 19.2 Hz, 1P), –11.4 (d, J = 20.3 Hz, 1P), – 

22.6 (t, J = 19.5 Hz, 1P). 

HRMS (ESI) m/z for [C10H16N6O12P3]
 - : calcd. 505.0045, found 505.0046. 

 

Ring opening by using propargylamine: Adenosine 5’-γ-P-propargylamino triphosphate (21) 

 

The reaction mixture of B7 (400 µl, 20.0 µmol, 1.0 eq.) was added to propargylamine (100 µl) and D2O 

(100 µl) was added. The crude product was purified by Method B and freeze drying of the fractions (2×) 

eluted at 8.7-13% of aq. 1 M NH4HCO3 buffer afforded the title compound (21, 4.30 mg, 7.20 µmol, 37%) 

as colourless solid. 

Analytical data are consistent with those reported in the literature.9 

1H-NMR: (300 MHz, D2O, δ/ppm): 8.56 (s, 1H), 8.29 (s, 1H), 6.17 (d, J = 5.8 Hz, 1H), 4.63 – 4.56 (m, 

1H), 4.46-4.40 (m, 1H), 4.35-4.23 (m, 2H), 3.67 (d, J = 9.9 Hz, 2H), 2.50 (mc, 1H). The DHO peak 

overlaps with the signal 4.88 (1H). 31P{1H}-NMR: (122 MHz, D2O, δ/ppm): –2.72 (d, J = 20.7 Hz, 1P), 

–11.4 (d, J = 19.5 Hz, 1P), –22.8 (t, J = 19.5 Hz, 1P). 

HRMS (ESI) m/z for [C13H18N6O12P3]
 - : calcd. 543.0201, found 543.0202. 
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Ring opening by using imidazole: 4-Pentyne γ-P –imidazole triphosphate (S-6) 

 

4-Pentyn-1-ol (51 mg, 0.60 mmol, 2.0 eq.) and ETT (156 mg, 1.20 mmol, 4.0 eq.) were coevaporated 

with dry MeCN (2 × 1 mL). Under an atmosphere of dry Ar, a freshly prepared reaction mixture 

containing the c-PyPA A1 (0.075M, 4.0 mL, 0.30 mmol, 1.0 eq.) in MeCN was added in the above reaction 

mixture. The mixture was stirred at r.t. for 10 mins. Upon cooling to 0 °C, mCPBA (≤77%, 80 mg, 

0.47 mmol, 1.5 eq.) was added and the mixture was stirred for 5 mins until 31P-NMR confirmed complete 

oxidation (reaction progress was followed by 31P NMR, and formation of triplet at -23 ppm which is 

diagnostic signal for the cyclotriphosphate B6). 

A solution of imidazole in dry DMF (1.47M, 9.00 ml, 13.2 mmol, 45 eq.) was added to the 

cyclotriphosphate (B6) and reaction was stirred for another 20 mins (the reaction progress was followed 

by 31P NMR) which results in the quantative conversion to S-6. 

Note -: Imidazole was dried before using by coevaporation with MeCN and it was further stored of 

molecular sieve (3Å). 

31P{1H} NMR (122 MHz, D2O, δ/ppm): -11.1 (d, J = 19.9 Hz, 1P), -20.2 (d, J = 19.3 Hz, 1P), -23.8 (t, J 

= 19.6 Hz, 1P). 31P NMR (122 MHz, D2O, δ/ppm): -11.1 (dt, J = 19.9, 5.5 Hz, 1P), -20.2 (d, J = 19.3 Hz, 

1P), -23.9 (t, J = 19.6 Hz, 1P).  

 

5'-Adenosyl 4-Pentyne hexaphosphate (P2) 

 

Anhydr. ZnCl2 (389 mg, 2.84 mmol, 9.5 eq.) and ATP x 2.1 TBA (390 mg, 0.28 mmol, 1.3 eq.) were 

added to a freshly prepared solution of S-6 (0.30 mmol). The reaction mixture was then diluted with dry 

DMF: DMSO (v:v, 1:1, 16 ml) in order to increase the solubility and it was stirred at r.t. for 48 hrs. The 

crude product was purified by Method B and target product was eluted with 400-600 mM conc. of 

NH4HCO3 buffer. Purification gave P2 as a colorless solid (0.03 g, 0.03 mmol, 13%). 

Note-: The reactions for capped hexapolyPs were not optimized and therefore the yield could still be 

improved. 

1H NMR (300 MHz, D2O, δ/ppm): 8.29 (s, 1H), 8.05 (s, 1H), 5.93 (d, J = 5.8 Hz, 1H), 4.56 (s, 2H), 4.43 

– 4.28 (m, 1H), 4.19 (s, 1H), 4.04 (s, 1H), 3.84 (q, J = 6.4 Hz, 2H), 2.25 – 2.08 (m, 3H), 1.64 (p, J = 6.7, 
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2H). 31P{1H} NMR (122 MHz, D2O, δ/ppm):  -10.6 – -11.2 (m, 1P), -11.2 – -11.6 (m, 1P), -21.7 – -23.4 

(m, 4P). 31P NMR (162 MHz, D2O, δ/ppm): -10.2 – -11.1 (m, 1P), -11.1 – -11.7 (m, 1P), -20.8 – -23.9 

(m, 4P). 13C NMR (101 MHz, D2O, δ/ppm): 155.7, 152.9, 149.2, 139.9, 118.6, 86.6, 85.2, 84.2 (d, J = 

9.2 Hz), 74.2, 70.4, 69.5, 65.4 (d, J = 5.6 Hz), 65.04 (d, J = 5.9 Hz), 28.8 (d, J = 7.6 Hz), 14.2 (d, J = 3.9 

Hz). 

HRMS (ESI) m/z for [C15H25
2HN5O22P6]

+: calcd. 814.9552, found 814.9548.  

 

2.2.2 Synthesis of triphosphates based on c-PyCH2PA (A2) 

3’-Azido-3’-deoxythymidine 5’-β,γ-methylene cyclotriphosphate (B8) 

 

AZT (50 mg, 0.18 mmol, 1.2 eq.) and ETT (81 mg, 0.62 mmol, 4.0 eq.) were coevaporated with dry 

MeCN (2 × 1 mL). Under an Ar atmosphere, a reaction mixture containing the c-PyCH2PA A2 (0.078M in 

MeCN, 2.0 mL, 0.15 mmol, 1.0 eq.) was added to the dried solids and it was stirred at r.t. for 10 mins. 

Upon cooling to 0°C, mCPBA (≤77%, 40 mg, 0.23 mmol, 1.5 eq.) was added and the mixture was stirred 

for 5 mins until 31P-NMR confirmed complete oxidation (a formation of triplet at - 24 ppm which is 

diagnostic signal for B8). 

31P{1H} NMR (122 MHz, CDCl3, δ/ppm): 5.06 (d, J = 18.5 Hz, 2P), -24.1 (t, J = 18.6 Hz, 1P). 31P 

NMR (162 MHz, CDCl3, δ/ppm): 5.06 (q, J = 19.4 Hz, 2P), -23.2 – -24.6 (m, 1P). 

 

Ring opening by using propargylamine: 3’-Azido-3’-deoxythymidine 5’--P-propargylamino β,-

methylenetriphosphate (22) 

 

The reaction mixture of B8 (250 μL, 19.5 μmol, 1.0 eq) was added to propargylamine (250 μL) and D2O 

(100 µl) was added. The crude product was purified by Method A, affording a pale yellow solid 22 

(9.10 mg, 15.0 μmol, 79%). 
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Reaction on large scale (22) 

AZT (220 mg, 0.820 mmol, 1.0 eq.) and ETT (325 mg, 2.49 mmol, 3.2 eq.) were coevaporated with dry 

MeCN (2 × 4 mL). Under Ar atmosphere, a reaction mixture containing the c-PyCH2PA A2 (0.078M in 

MeCN, 10 ml, 0.78 mmol, 1.0 eq.) was added to the dried solids and it was stirred at r.t. for 10 mins. 

Upon cooling to -4 C, mCPBA (≤77%, 300 mg, 1.74 mmol, 2.2 eq.) was added and the mixture was stirred 

for 5 mins until 31P-NMR confirmed complete oxidation (formation of triplet at -24 ppm which is 

diagnostic signal for the cyclotriphosphate B8). Then propargylamine (1.00 ml, 15.6 mmol, 20 eq) was 

added to the reaction mixture at -4°C and it was stirred at r.t. for 15 mins.  

The product 22 was isolated by Method A, affording a colourless solid (411 mg, 0.67 mmol, 85%).  

1H NMR (400 MHz, D2O, δ/ppm): 7.70 (s, 1H), 6.23 (t, J = 6.9 Hz, 1H), 4.52 (q, J = 4.8, 1H), 

4.25  –  4.11  (m, 3H), 3.61 (dd, J = 10.1, 2.4 Hz, 2H), 2.54 (t, J = 2.5 Hz, 1H), 2.44 (dd, J = 6.6, 4.6 Hz, 

2H), 2.30 (dd, J = 20.6, 18.8 Hz, 2H), 1.89 (d, J = 1.1 Hz, 3H). 31P{1H} NMR (122 MHz, D2O, δ/ppm):  

17.3 (d, J = 8.6  Hz, 1P), 10.2 (dd, J = 25.0, 8.6 Hz, 1P), -9.95 (d, J = 25.0 Hz, 1P). 31P NMR (162 MHz, 

D2O, δ/ppm):17.3 (dq, J = 18.2, 9.0 Hz, 1P), 10.2 (dtd, J = 26.9, 18.2, 6.68 Hz, 1P), -9.96 (dt, 

J = 26.2, 5.2 Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 166.8, 151.9, 137.3, 111.8, 84.9, 82.9 (d, J = 

9.2 Hz), 76.1, 69.9, 65.4 (d, J = 5.5 Hz), 60.9, 36.2, 31.7 – 27.6 (dd, J = 129.2, 107.1 Hz), 11.7. 

HRMS (ESI) m/z for [C14H20N6O11P3]
-: calcd. 541.0408, found 541.0409. 

 

Ring opening by using aq. ammonia: 3’-Azido-3’-deoxythymidine 5’-γ-P-amino β,γ-methylene 

triphosphate (23) 

 

The reaction mixture of B8 (250 μL, 19.5 μmol, 1.0 eq.) was added to 25% aq. NH4OH (250 μL) and then 

addition of D2O (100 µl). The product 23 was isolated by Method A, affording a colourless solid (9.54 mg, 

16.7 μmol, 86%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.55 (s, 1H), 6.14 (t, J = 6.9 Hz, 1H), 4.41 (td, J =5.7, 5.2, 3.6 Hz, 

1H), 4.10 – 3.85 (m, 3H), 2.38 – 2.30 (m, 2H), 2.19 (dd, J =20.6, 19.1 Hz, 2H), 1.77 (s, 3H). 31P{1H} 

NMR (122 MHz, D2O, δ/ppm):  18.2 (d, J = 6.7 Hz, 1P), 9.70 (dd, J = 25.5, 6.7 Hz, 1P), -10.6 (d, J = 25.5 

Hz,1P). 31P NMR (162 MHz, D2O, δ/ppm): 18.2 (td, J = 18.9, 6.7 Hz, 1P), 9.70 (dtd, J = 26.9, 20.4, 6.7 

Hz, 1P), -9.52 – -11.4 (m, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 169.3, 153.8, 136.9, 111.9, 84.9, 82.8 

(d, J = 9.3 Hz), 65.4 (d, J = 5.5 Hz), 60.9, 36.2, 31.9 (dd, J = 129.2, 107.1 Hz), 11.9. 

HRMS (ESI) m/z for [C11H18N6O11P3]
-: calcd. 503.0252, found 503.0253. 
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Ring opening by using diethylamine: 3'-Azido-3'-deoxythymidine 5′-γ-P-diethylamino β,γ-

methylene triphosphate (24) 

 

The reaction mixture of B8 (250 μL, 19.5 μmol, 1.0 eq.) was added to diethylamine (250 μL) and then 

(100 µl) was added. The product 24 was isolated by Method A, affording a colourless solid (7.10 mg, 

11.0 μmol, 59%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.63 (s, 1H), 6.24 (t, J = 6.9 Hz, 1H), 4.66 – 4.40 (m, 1H), 4.24 – 4.03 

(m, 3H), 2.90 (dq, J = 9.9, 7.1 Hz, 4H), 2.52 – 2.32 (m, 2H), 2.16 (dd, J =20.6, 19.1 Hz, 2H), 1.85 (d, J = 

1.2 Hz, 3H), 0.98 (t, J = 7.1 Hz, 6H). 31P{1H} NMR (122 MHz, D2O, δ/ppm): 16.7 (d, J = 9.9 Hz, 1P), 

10.2 (dd, J = 26.1, 10.0 Hz, 1P), -10.6 (d, J = 26.2 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm):  17.3 – 

16.3 (m, 1P), 10.1 (dtd, J = 36.0, 20.9, 10.4 Hz, 1P), -10.6 (dt, J = 26.2, 5.2 Hz, 1P). 13C NMR (101 MHz, 

D2O, δ/ppm): 166.5, 152.9, 137.8, 111.9, 84.7, 83.0 (d, J = 9.5 Hz), 65.6 (d, J = 5.8 Hz), 61.0, 40.5 (d, J 

= 3.7 Hz), 36.2, 30.9 (dd = 129.4, 107.1 Hz), 13.8 (d, J = 3.7 Hz), 11.7. 

 HRMS (ESI) m/z for [C15H25N6O11P3]
2-: calcd. 279.0403, found 279.0400.  

 

Ring opening by using aq. sodium hydroxide: 3’-Azido-3’-deoxythymidine 5’-β,γ-

methylenetriphosphate (25) 

 

The reaction mixture of B8 (250 μL, 19.7 μmol, 1.0 eq.) was added to 1M aq. NaOH (250 μL) and then 

D2O (100 µl) was added. The crude product was purified by Method A, affording a colourless solid 25 

(7.25 mg, 12.0 μmol, 66%). The analytical data are consistent with literature.10 

1H NMR (400 MHz, D2O, δ/ppm): 7.58 (s, 1H), 6.24 (t, J = 7.0 Hz, 1H), 4.48 (td, J = 5.2, 3.5 Hz, 1H), 

4.26 – 4.01 (m, 3H), 2.48 – 2.28 (m, 2H), 2.12 – 1.99 (m, 2H), 1.83 (s, 3H). 31P{1H} NMR (122 MHz, 

D2O, δ/ppm): 13.5 (dd, J = 27.0, 7.0 Hz, 1P), 11.6 (d, J = 6.9 Hz, 1P), -11.1 (d, J = 26.4 Hz). 31P NMR 

(162 MHz, D2O, δ/ppm):13.5 (dtd, J = 27.9, 21.1, 7.0 Hz, 1P), 11.6 (td, J = 18.7, 7.0 Hz, 1P), -11.2 (dt, J 

= 27.0, 5.7 Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 164.6, 156.5, 136.5, 111.9, 84.8, 82.7 (d, J = 8.9 

Hz), 65.4 (d, J = 5.6 Hz), 61.06, 48.8, 30.7 (dd, J = 129.9, 117.4 Hz), 12.4. 

HRMS (ESI) m/z for [C11H17N5O12P3]
-: calcd. 504.0092, found 504.0098. 
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Ring opening by using morpholine: 3’-Azido-3’-deoxythymidine 5’-γ-P-morpholino β,γ-methylene- 

triphosphate (26) 

 

The reaction mixture of B8 (500 μL, 37.5 μmol, 1.0 eq.) was added to morpholine (500 μL) and then D2O 

(200 µl) was added. The product 26 was isolated by Method A, affording a colourless solid (18.2 mg, 

28.5 μmol, 76%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.69 (s, 1H), 6.21 (t, J = 6.9 Hz, 1H), 4.56 – 4.42 (m, 1H), 4.23 – 4.03 

(m, 3H), 3.60 (m, 4H), 2.98 (m, 4H), 2.50 – 2.34 (m, 2H), 2.24 – 2.00 (m, 2H), 1.86 (s, 3H). 31P{1H} 

NMR (122 MHz, D2O, δ/ppm): 16.4 (d, J = 9.0 Hz, 1P), 9.08 (dd, J = 26.2, 9.1 Hz, 1P), -11.4 (d, J = 26.4 

Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): 16.4 (tdt, J = 17.8, 8.7, 4.4 Hz, 1P), 9.07 (dtd, J = 26.5, 21.2, 

9.0 Hz, 1P), -11.4 (dt, J = 27.0, 5.7 Hz, 1P).13C NMR (101 MHz, D2O, δ/ppm): 166.8, 151.9, 137.9, 

111.8, 84.8, 82.9 (d, J = 9.2 Hz), 67.3 (d, J = 6.7 Hz), 65.4 (d, J = 5.6 Hz), 64.6, 44.4 (d, J = 1.2 Hz), 36.3, 

27.9 (dd, J = 130.9, 110.1 Hz), 11.7.  

HRMS (ESI) m/z for [C15H24N6O12P3]
-: calcd. 573.0671, found 573.0670. 

 

Ring opening by using aniline: 3’-Azido-3’-deoxythymidine 5’-γ-P-anilino β,γ-methylene 

triphosphate (27) 

 
The reaction mixture of B8 (250 μL, 18.7 μmol, 1.0 eq.) was added to aniline (300 μL) and D2O (100 µl) 

was added. The product 27 was isolated by Method A, affording a colourless solid (8.50 mg, 13.1 μmol, 

70%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.68 (s, 1H), 7.21 (mc, 2H), 6.92 – 6.76 (mc, 3H), 6.22 (t, J = 6.9  Hz, 

1H), 4.57 – 4.45 (m, 1H), 4.24 – 4.06 (m, 3H), 2.48 – 2.39 (m, 2H), 2.27 (t, J = 20.4 Hz, 2H), 1.87 (s, 

3H). 31P{1H} NMR (122 MHz, D2O, δ/ppm): 14.6 (d, J = 8.4 Hz, 1P), 8.72 (dd, J = 25.6, 8.3 Hz, 1P), -

11.3 (d, J = 25.4 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): 14.6 (td, J = 19.9, 8.4 Hz, 1P), 8.72 (dtd, J 

= 29.2, 21.0, 8.5 Hz, 1P), -11.3 (dt, J = 24.8, 5.5 Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 166.5, 

151.7, 145.1, 137.3, 129.5, 120.1, 116.8, 111.8, 84.9, 83.0 (d, J = 9.2 Hz), 65.5 (d, J = 5.7 Hz), 60.9, 36.3, 

29.6 (dd, J = 130.9, 110.1 Hz), 11.7. 
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HRMS (ESI) m/z for [C17H22N6O11P3]
-: calcd. 579.0565, found 579.0569. 

 

Ring opening by using imidazole: 3’-Azido-3’-deoxythymidine 5’--P-imidazole β,γ-methylene 

triphosphate (28) 

 

AZT (0.12 g, 0.46 mmol, 1.2 eq.) and ETT (0.15 g, 1.2 mmol, 3.0 eq.) were coevaporated with dry MeCN 

(2 × 1 mL). Under an Ar atmosphere, a reaction mixture containing the PyCH2PA A2 (0.078M in MeCN, 

5.0 mL, 0.39 mmol, 1.0 eq.) was added to the dried solids and the mixture was stirred at r.t. for 10 mins. 

Upon cooling to -10°C, mCPBA (≤77%, 0.13 g, 0.78 mmol, 2.0 eq.) was added and the mixture was 

stirred for 5 mins until 31P-NMR confirmed complete oxidation (reaction progress was followed by 31P 

NMR, and formation of triplet at -24 ppm which is diagnostic signal for the B8). 

A solution of imidazole in dry DMF (1.5M, 10 ml, 15 mmol, 37.0 eq.) was added to the cyclotriphosphate 

B8 and reaction was stirred for another 20 mins (the reaction progress was followed by 31P NMR) which 

results in quantative conversion to 28. 

Note -: Imidazole was dried before using by coevaporation with MeCN and it was further stored of 

molecular sieve (3Å). 

31P{1H} NMR (122 MHz, D2O, δ/ppm): 8.33 (d, J = 8.1 Hz, 1P), 4.65 (dd, J = 25.7, 8.0 Hz, 1P), -11.6 

(d, J = 25.7 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): 8.76 – 7.98 (m, 1P), 4.58 (dtd, J = 26.5, 21.2, 9.0 

Hz, 1P), -11.6 (d, J = 26.3, 1P). 
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5’-Adenosyl 3’-azido-3’-deoxythymidinyl δ,ε-methylene hexaphosphate (P3) 

 

Anhydr. ZnCl2 (0.25 g, 1.81 mmol, 9.3 eq.) and ATP x 2.1 TBA (0.48 g, 0.39 mmol, 2.0 eq.) were added 

to a freshly prepared solution of 28 (0.19 mmol). The reaction mixture was then diluted with dry DMF: 

DMSO (v:v, 1:1, 16 ml) in order to increase the solubility and it was stirred at r.t. for 48 hrs. The crude 

product was purified by Method B and the target product was eluted with 500-600 mM conc. of NH4HCO3 

buffer. Purification gave P3 as a colorless solid (0.027 g, 0.02 mmol, 13%). 

Note -: The reactions for capped hexapolyPs were not optimized and therefore the yield could still be 

improved. 

1H NMR (400 MHz, D2O, δ/ppm): 8.47 (s, 1H), 8.16 (s, 1H), 7.61 (s, 1H), 6.14 (t, J = 6.9 Hz, 1H), 

6.04 (d, J = 6.2 Hz, 1H), 4.57 – 4.41 (m, 2H), 4.33 (t, J = 2.9 Hz, 1H), 4.25 – 4.04 (m, 5H), 2.66 – 2.26 

(m, 5H), 1.80 (s, 3H). The DHO peak overlaps with the signal 4.88 (1H).. 31P{1H} NMR (122 MHz, D2O, 

δ/ppm): 7.46 (dd, J = 21.3, 12.8 Hz, 2P), -8.27 – -13.6 (m, 2P), -23.02- – -22.4 (m, 2P). 31P NMR (162 

MHz, D2O, δ/ppm): 8.78 – 6.84 (m, 2P), -9.62 – -12.9 (m, 2P), -19.5 – -24.9 (m, 2P). 13C NMR (101 MHz, 

D2O, δ/ppm): 166.4, 155.6, 152.8, 151.6, 149.1, 139.9, 137.1, 118.5, 111.7, 86.6, 84.8, 84.2 (d, J = 9.3 

Hz), 82.9 (d, J = 9.3 Hz), 74.3, 70.4, 65.4 (d, J = 5.6 Hz), 65.4 (d, J = 5.6 Hz), 60.9, 36.2, 27.9 (dd, J = 

130.9, 110.1 Hz), 11.6.  

HRMS (ESI) m/z for [C21H31N10O24P6]
-: calcd. 992.9944, found 992.9942. 

 

AZT 5′--P-Seleno-β,γ-methylenecyclotriphosphate: 3’-Azido-3’-deoxythymidine 5’--P-seleno-

β,γ-methylene 5′-cyclotriphosphate (B9) 

 

AZT (120 mg, 0.45 mmol, 1.2 eq.) and ETT (147 mg, 1.12 mmol, 3.0 eq.) were coevaporated with dry 

MeCN (2 × 4 mL). Under an Ar atmosphere, a reaction mixture containing the c-PyCH2PA A2 (0.075M in 

MeCN, 5.00 mL, 0.37 mmol, 1.0 eq.) was added and the mixture was stirred at r.t. for 10 mins. Upon 

cooling to 0°C, potassium selenocyanate (550 mg, 3.82 mmol, 10.5 eq.) was added and the mixture was 

stirred for 10 mins. A colourless precipitate was observed and acetone was added to complete the 
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precipitation. The precipitate was then collected via centrifugation and a 31P-NMR confirmed the 

formation of B9. Afterwards, the crude product was purified by Method B, affording the pure product 

eluted at 150 mM – 250 mM conc. of NH4HCO3 buffer as a colourless solid B9 (0.09 g, 0.16 mmol, 42%). 

Note -: The isolated product B9 was very unstable. 

1H NMR (400 MHz, D2O, δ/ppm): 7.73 (s, 1H), 6.22 (t, J = 6.8, 1H), 4.57 – 4.50 (m, 1H), 4.32 – 4.14 

(m, 3H), 2.68 – 2.50 (m, 2H), 2.43 (m, 2H), 1.91 (s, 3H). 31P {1H} NMR (122 MHz, D2O, δ/ppm): 32.2 

(dd, J = 35.7, 27.0 Hz, 1P), 7.91 – 7.24 (m, 2P). 31P NMR (162 MHz, D2O, δ/ppm): 32.2 (dd, J = 35.2, 

27.7 Hz, 1P), 9.42 – 5.79 (m, 2P). 13C NMR (126 MHz, D2O, δ/ppm): 166.6, 151.7, 137.3, 111.9 (d, J = 

2.6 Hz), 84.9 (d, J = 4.4 Hz), 82.8 (t, J = 9.3 Hz), 65.8 (dd, J = 61.3, 6.2), 61.0 (d, J = 44.6 Hz), 36.3 (d, J 

= 12.4 Hz), 32.4, 11.9. 

 

Ring opening by using propargylamine: 3’-Azido-3’-deoxythymidine 5’-γ-P-propargylamino -P-

seleno-β,γ-methylene-triphosphate (29) 

 

Freshly prepared B9 was dissolved, after precipitation but without any purification, in D2O (1 mL). 

propargylamine (1 mL) was added and the mixture was stirred at r.t. for 15 mins. The product 29 was 

obtained after purification with Method B, eluted with 300-450 mM conc. of NH4HCO3 buffer, as 

colourless solid (111 mg, 0.16 mmol, 45%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.72 (s, 1H), 6.22 (t, J = 6.8, 1H), 4.58 – 4.49 (m, 1H), 4.34 – 4.11 

(m, 3H), 3.61 (dd, J = 10.1, 2.5 Hz, 2H), 2.56 – 2.51 (m, 1H), 2.48 – 2.39 (m, 2H), 2.34 – 2.23 (m, 2H), 

1.90 (s, 3H). 31P {1H} NMR (122 MHz, D2O, δ/ppm): 32.0 (dd, J = 37.1, 13.7 Hz, 1P), 17.6 (d, J = 7.4 

Hz, 1P), 8.4 (ddd, J = 36.7, 7.3, 4.9 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): 33.1 – 31.5 (m, 1P), 18.8 

– 16.9 (m, 1P), 9.54 – 7.90 (m, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 166.6, 151.7, 137.3 (d, J = 2.6 

Hz), 111.8, 84.8 (d, J = 15.8 Hz), 82.7, 71.5, 65.7 (dd, J = 47.6, 6.0 Hz), 60.9 (d, J = 45.2 Hz), 36.2 (d, J 

= 8.4 Hz), 30.9, 31.0 – 27.6 (dd, J = 129.9, 117.4), 11.8.  

HRMS (ESI) m/z for [C14H22N6O10P3Se]+: calcd. 606.9770, found 606.9769. 
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3'-Azido-3'-deoxythymidine 5’--P-thio β,γ-methylene cyclotriphosphate (B10) 

 

AZT (50 mg, 0.18 mmol, 1.2 eq.) and ETT (78 mg, 0.60 mmol, 4.0 eq.) were coevaporated with dry 

MeCN (2 × 1 mL). Under an Ar atmosphere, a reaction mixture containing the PyCH2PA A2 (0.075M in 

MeCN, 2 mL, 0.15 mmol, 1.0 eq.) was added to the dried solids and it was stirred at r.t. for 10 mins. Upon 

cooling to 0°C, Becauge’s reagent (50 mg, 0.25 mmol, 1.7 eq.) was added and the mixture was stirred for 

10 mins until 31P-NMR confirmed complete oxidation (formation of triplet at +40 ppm which is diagnostic 

signal for the -(S)-cyclotriphosphate B10).  

31P {1H} NMR (122 MHz, CDCl3, δ/ppm): 39.3 (t, J = 30.6 Hz, 1P), 2.38 (d, J = 30.5 Hz, 2P). 31P NMR 

(122 MHz, CDCl3, δ/ppm): 40.3 (m, 1P), 2.38 (dt, J = 30.6, 19.5 Hz, 2P). 

 

Ring opening by using propargylamine: 3’-Azido-3’-deoxythymidine 5’-γ-P-propargylamino -P-

thio β,γ-methylene triphosphate (30) 

 

The reaction mixture of B10 (250 μL, 18.7 μmol, 1.0 eq.) was added to propargylamine (250 μL) and D2O 

(100 µl) was added. The product 30 was isolated by Method A, affording a colourless solid whereas 

products were obtained as mixtures of diastereoisomers (8.70 mg, 14.0 μmol, 75%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.74 (s, 1H), 6.23 (t, J = 6.9 Hz, 1H), 4.57 – 4.46 (m, 1H), 4.27 – 4.12 

(m, 3H), 3.62 (dd, J = 9.9, 2.3 Hz, 2H), 2.60 – 2.38 (m, 5H), 1.91 (s, 3H). 31P{1H} NMR (122 MHz, D2O, 

δ/ppm): 42.1 (dd, J = 33.3, 23., 1P), 19.0 – 16.6 (m, 1P), 9.28 – 8.47 (m, 1P). 31P NMR (162 MHz, D2O, 

δ/ppm): 42.7 – 41.5 (m, 1P), 17.9 (td, J = 18.6, 6.1 Hz, 1P), 9.57 – 8.23 (m, 1P). 13C NMR (101 MHz, 

D2O, δ/ppm): 166.8, 151.9, 137.3, 111.8, 84.9, 82.9 (d, J = 9.2 Hz), 76.1, 69.9, 65.4 (d, J = 5.5 Hz), 60.9, 

36.2, 31.7 – 27.6 (dd, J = 129.2, 107.1 Hz), 11.7. 
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Ring opening by using aq. ammonia: 3’-Azido-3’-deoxythymidine 5’-γ-P-amino -P-thio β,γ-

methylene triphosphate (31) 

 

The reaction mixture of B10 (250 μL, 18.7 μmol, 1.0 eq.) was added to 25% aq. NH4OH (250 μL) and of 

D2O (100 µl) was added. The product 31 was isolated by Method A, affording a colourless solid whereas 

products were obtained as mixtures of diastereoisomers (8.50 mg, 14.5 μmol, 80%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.73 (s, 1H), 6.23 (t, J = 6.9 Hz, 1H), 4.65 – 4.47 (m, 1H), 4.46 – 4.20 

(m, 3H), 2.57 – 2.41 (m, 2H), 2.33 (m, 2H), 1.90 (s, 3H). 31P{1H} NMR (122 MHz, D2O, δ/ppm): 45.8 – 

43.2 (m, 1P), 17.2 (d, J = 8.1, 1P), 9.80 (d, J = 31.4, 1P). 31P NMR (162 MHz, D2O, δ/ppm): 45.3 – 43.6 

(m, 1P), 18.1 – 16.4 (m, 1P), 10.7 – 9.10 (m, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 169.3, 153.8, 136.9, 

111.9, 84.9, 82.8 (d, J = 9.3 Hz), 65.4 (d, J = 5.5 Hz), 60.9, 36.2, 31.9 (dd, J = 129.2, 107.1 Hz), 11.9. 

 

2’,3’-didehydro-2’,3’-dideoxythymidine 5’-β,γ-methylene cyclotriphosphate (B11) 

 

d4T (50 mg, 0.22 mmol, 1.5 eq.) and ETT (69 mg, 0.52 mmol, 3.5 eq.) were coevaporated with dry MeCN 

(2 × 1 mL) and the dried solids were dissolved in dry DMF (1 mL). Under an Ar atmosphere, a reaction 

mixture containing the PyCH2PA A2 (0.075M in MeCN, 2.0 mL, 0.15 mmol, 1.0 eq.) was added and it was 

stirred at r.t. for 10 mins. Upon cooling to 0°C, mCPBA (≤77%, 39 mg, 0.22 mmol, 1.5 eq.) was added 

and the mixture was stirred for 5 mins until 31P-NMR confirmed complete oxidation (formation of triplet 

at -25 ppm which is diagnostic signal for the d4T cyclotriphosphate B11). 

31P{1H} NMR (122 MHz, CDCl3, δ/ppm): 5.16 (d, J = 18.5 Hz, 2P), -24.9 (t, J = 18.6 Hz, 1P).  

 

 

 

 

 

 



 

S40 

 

 

Ring opening by using aq. ammonia: 2’,3’-didehydro-2’,3’-dideoxythymidine 5’-γ-P-amino β,γ-

methylene triphosphate (32) 

 

The reaction mixture of B11 (250 μL, 12.5 μmol, 1.0 eq.) was added to 25% aq. NH4OH (250 μL) and 

then D2O (100 µl) was added. The product 32 was isolated by Method A, affording a colourless solid 

(5.31 mg, 10.7 μmol, 80%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.53 (s, 1H), 6.89 (m, 1H), 6.45 (m, 1H), 5.87 (m, 1H), 5.03 (d, J 

= 4.2 Hz, 1H), 4.07 (dt, J = 6.1, 3.1 Hz, 2H), 2.25 (dd, J = 20.6, 19.1 Hz, 2H), 1.82 (s, 3H). 31P{1H} NMR 

(122 MHz, D2O, δ/ppm): 17.9 (d, J = 6.1  Hz, 1P), 9.14 (dd, J = 26.1, 6.1 Hz, 1P), -11.5 (d, J = 26.1 Hz, 

1P). 31P NMR (162 MHz, D2O, δ/ppm): 17.9 (td, J = 19.1, 6.1 Hz, 1P), 8.91 (dtd, J = 26.4, 20.3, 6.1 Hz, 

1P), -11.4 (dt, J = 26.1, 6.6 Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 167.3, 152.6, 138.1, 134.2, 125.2, 

111.5, 89.9, 85.9 (d, J = 8.7 Hz), 66.3 (d, J = 5.7 Hz), 31.9 (dd, J =129.8, 106.3 Hz), 11.5. 

HRMS (ESI) m/z for [C11H16N3NaO11P3]
-: calcd. 481.9901, found 481.9901. 

 

Ring opening by using propargylamine: 2’,3’-didehydro-2’,3’-dideoxythymidine 5’-γ-P-

propargylamino β,γ-methylene triphosphate (33) 

 

The reaction mixture of B11 (250 μL, 12.5 μmol, 1.0 eq.) was added to propargylamine (250 μL) and then 

D2O (100 µl) was added. The product 33 was isolated by Method A, affording a colourless solid (5.45 mg, 

9.64 μmol, 75%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.54 (dd, J = 5.3, 1.4 Hz, 1H), 6.89 (m, 1H), 6.45 (m, 1H), 5.87 (m, 

1H), 5.03 (dq, J = 3.7, 1.9 Hz, 1H), 4.07 (dt, J = 5.7, 2.7  Hz, 2H), 3.56 (d, J = 10.1 Hz, 1H), 2.34 – 2.17 

(m, 2H), 1.83 (s, 3H). 31P{1H} NMR (122 MHz, D2O, δ/ppm): 17.8 (d, J = 7.8 Hz, 1P), 8.53 (dd, J = 26.2, 

7.1 Hz, 1P), -11.4 (d, J = 27.1, 1P). 31P NMR (162 MHz, D2O, δ/ppm): 18.6 – 17.4 (m, 1P), 8.5 (dtd, J = 

27.5, 20.9, 7.3 Hz, 1P), -11.4 (dt, J = 26.3, 6.3 Hz, 1P).13C NMR (101 MHz, D2O, δ/ppm): 166.8, 152.3, 

138.1 (d, J = 4.4 Hz), 134.3, 125.2, 111.5, 89.9, 85.9 (dd, J = 8.7, 3.0 Hz),74.7, 66.3 (d, J = 5.6 Hz), 30.4 

(d, J = 37.9 Hz), 29.0 (dd, J =129.8, 106.3 Hz), 11.5. 

HRMS (ESI) m/z for [C14H19N3O11P3]
- :calcd. 498.0238, found 498.0238.  
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Ring opening by using aq. sodium hydroxide: 2’,3’-didehydro-2’,3’-dideoxythymidine 5’-β,γ-

methylene triphosphate (34) 

 

The reaction mixture of B11 (250 μL, 12.5 μmol, 1.0 eq.) was added to aq. NaOH (1M, 250 μL) and then 

D2O (100 µl) was added. The product 34 was isolated by Method A, affording a colourless solid (4.92 mg, 

8.94 μmol, 71%). The analytical data are consistent with literature. 11 

1H NMR (400 MHz, D2O, δ/ppm): 7.51 (s, 1H), 6.89 (dt, J = 3.4, 1.7 Hz, 1H), 6.44 (dt, J = 6.1, 1.8 Hz, 

1H), 5.86 (dt, J = 6.2, 1.9 Hz, 1H), 5.19 – 4.95 (m, 1H), 4.06 (dd, J = 6.6, 3.7 Hz, 1H), 2.09 (dd, J = 21.3, 

18.9 Hz, 1H), 1.81 (s, 2H). 31P{1H} NMR (122 MHz, D2O, δ/ppm): 13.07 (dd, J = 25.4, 6.6 Hz, 1P), 11.7 

(d, J = 6.8 Hz, 1P), -11.1 (d, J = 26.5 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): 14.1 – 12.4 (m, 1P), 

12.3 – 11.4 (m, 1P), -11.1 (dt, J = 26.7, 6.7 Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 168.7, 153.7, 

137.9, 134.1, 125.3, 111.6, 90.0, 85.9 (d, J = 8.5 Hz), 66.3 (d, J = 5.5 Hz), 30.6 (dd, J = 129.5, 117.8 Hz), 

11.7. 

HRMS (ESI) m/z for [C11H16N2O12P3]
 - : calcd. 460.9922, found, 460.9928.  

 

Ring opening by tetramethyl guanidinium azide: 2’,3’-didehydro-2’,3’-dideoxythymidine 5’-γ-P-

azido β,γ-methylene triphosphate (35) 

 

The reaction mixture of B11 (250 μL, 12.5 μmol, 1.0 eq.) was added to tetramethyl guanidinium azide 

(400 mg, 2.52 mmol, 200 eq.) and then D2O (200 µl) were added. The crude product was isolated by 

Method A and the product was precipitated as guanidinium salt which was again by dissolved in water (2 

mL).Afterwards, the product 35 was isolated from the aq. solution again by Method A and a colourless 

solid was obtained (6.40 mg, 11.2 μmol, 92%). 

Note -: Alternative, lithium azide can also be used as a nucleophile for ring-opening. But, commercially 

available LiN3  solution is 20% wt. in water which results in H2O acts as a competitive nucleophile giving 

rise to lower yield. In this case, simultaneously, H2O is also acting as a nucleophile the product was 

obtained as a mixture of 34:35 in 20:80 ratio. 
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Additionally, it was found that triphosphoazidate 35 is decomposed into the 34 in two weeks which, was 

further confirmed by spiking experiments (see the NMR supporting). 

1H NMR (400 MHz, D2O, δ/ppm): 7.45 (s, 1H), 6.90 (m, 1H), 6.44 (m, 1H), 5.86 (m, 1H), 5.19 – 4.95 

(m, 1H), 4.06 (dd, J = 6.6, 3.7 Hz, 2H), 2.09 (dd, J = 21.3, 18.9 Hz, 2H), 1.81 (s, 3H).31P{1H} NMR (162 

MHz, D2O, δ/ppm) 16.4 (d, J = 7.8 Hz, 1P), 6.94 (dd, J = 24.1, 8.0 Hz, 1P), -10.5 (d, J = 23.9 Hz, 1P). 31P 

NMR (162 MHz, D2O, δ/ppm): 16.4 (td, J = 19.7, 7.8 Hz, 1P), 8.07 – 5.95 (m, 1P), -10.5 (td, J = 24.4, 

6.2 Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 167.3, 152.6, 138.1, 134.2, 125.2, 111.5, 89.9, 85.9 (d, J 

= 8.7 Hz), 66.3 (d, J = 5.7 Hz), 31.9 (dd, J =129.8, 106.3 Hz), 11.5. 

HRMS (ESI) m/z for [C11H15N5O11P3]
- : calcd. 485.9986, found, 485.9987. 

 

Ring opening by caesium fluoride: 2’,3’-didehydro-2’,3’-dideoxythymidine 5’-γ-P-fluoro β,γ-

methylene triphosphate (36) 

 

The reaction mixture of B11 (250 μL, 11.2 μmol, 1.0 eq.) was added to caesium fluoride (105 mg, 

691 μmol, 58 eq.) and then immediately D2O (250 µl) was added. The crude product was isolated by 

Method A and the impurity CsClO4 was co-precipitated which was further removed by dissolving the 

crude product in water (2 mL). The insoluble residue was removed by filtration (syringe filter, pore size 

0.45 µm). Afterwards, the product 36 was isolated from the aq. solution again by Method A and a 

colourless solid was obtained (5.8 mg, 10.9 μmol, 97%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.51 (s, 1H), 6.89 (dt, J = 3.4, 1.7 Hz, 1H), 6.44 (dt, J = 6.1, 1.8 Hz, 

1H), 5.86 (dt, J = 6.2, 1.9 Hz, 1H), 5.19 – 4.95 (m, 1H), 4.06 (dd, J = 6.6, 3.7 Hz, 2H), 2.09 (dd, J = 21.3, 

18.9 Hz, 2H), 1.81 (s, 3H).31P{1H} NMR (122 MHz, D2O, δ/ppm): 17.3 (dd, J = 962.3, 7.9 Hz; 1P), 6.06 

(m, 1P), -11.1 (d, J = 24.3 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): 17.8 (dtd, J = 971.1, 21.2, 9.4 Hz, 

1P), 5.98 (qd, J = 21.9, 21.3, 9.2 Hz, 1P), -11.3 (dt, J = 24.9, 6.2 Hz, 1P). 31P{19F} NMR (162 MHz, D2O, 

δ/ppm): 17.8 (td, J = 21.2, 9.3, 1P), 5.98 (dtd, J = 24.9, 20.9, 9.5 Hz, 1P), -11.3 (dt, J = 24.6, 6.0 Hz,1P). 

13C NMR (101 MHz, D2O, δ/ppm): 168.7, 153.7, 137.9, 134.1, 125.3, 111.6, 90.0, 85.9 (d, J = 8.5 Hz), 

66.3 (d, J = 5.5 Hz), 30.6 (dd, J = 129.5, 117.8 Hz), 11.7. 19F NMR (377 MHz, D2O, δ/ppm): -54.5 (d, 

J = 971.5 Hz, 1F). 

HRMS (ESI) m/z for [C11H14FN2NaO11P3]
- : calcd. 484.9490, found, 484.9479. 
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Ring opening by using methanolic sodium methoxide: 2’,3’-didehydro-2’,3’-dideoxythymidine 5′-

γ-P-methoxy β,γ-methylene triphosphate (37) 

 

The reaction mixture of B11 (250 μL, 11.2 μmol, 1.0 eq.) was added to NaOMe (0.5M in methanol, 

1.00 mL, 50.0 μmol, 4.5 eq.) and then D2O (200 µl) was added. The product 37 was isolated by Method 

A, affording a colourless solid (4.90 mg, 9.03 μmol, 81%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.52 (s, 1H), 6.88 (s, 1H), 6.44 (d, J = 6.0 Hz, 1H), 5.88 (d, J = 6.2 

Hz, 1H), 5.04 (s, 1H), 4.05 (dd, J = 6.4, 3.6 Hz, 2H), 3.50 (d, J = 10.8 Hz, 2H), 3.12 (d, J = 7.6 Hz, 1H), 

2.15 (s, 5H). 31P{1H} NMR (122 MHz, D2O, δ/ppm): 18.7 (d, J = 8.0 Hz, 1P), 7.97 (dd, J = 25.4, 7.8 Hz, 

1P), -11.0 (m, 1P). 31P NMR (162 MHz, D2O, δ/ppm): 19.4 – 18.2 (m, 1P), 7.96 (dtd, J = 25.0, 20.4, 7.7 

Hz, 1P), -11.2 (dt, J = 25.3, 6.5 Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 168.7, 153.7, 137.9, 134.1, 

125.3, 111.6, 90.0, 85.9 (d, J = 8.5 Hz), 66.3 (d, J = 5.5 Hz), 51.7 (d, J = 5.6 Hz), 30.6 (dd, J = 129.5, 

117.8 Hz), 11.5. 

HRMS (ESI) m/z for [C12H18N2O12P3]
- : calcd. 475.0078, found, 475.0075. 

2’,3’-O-Isopropylideneadenosine β,γ-methylene cyclotriphosphate (B12) 

 

2', 3’-O-Isopropylideneadenosine (59 mg, 0.19 mmol, 1.2 eq.) and ETT (60 mg, 0.49 mmol, 3.0 eq.) were 

coevaporated with dry MeCN (2 × 1 mL). Under an Ar atmosphere, both solids were dissolved in dry 

DMF (1 mL), a reaction mixture containing the PyCH2PA A2 (0.078M, 2.0 mL, 0.15 mmol, 1.0 eq.) in 

MeCN was added and it was stirred at r.t. for 10 mins. Upon cooling to 0°C, mCPBA (≤77%, 47 mg, 

0.27 mmol, 1.8 eq.) was added and the mixture was stirred for 5 mins until 31P-NMR confirmed complete 

oxidation (formation of triplet at -23 ppm which is diagnostic signal for the cyclotriphosphate B12). 

31P{1H} NMR (122 MHz, CDCl3, δ/ppm): 5.79 (d, J = 18.5 Hz, 2P), -25.0 (t, J = 18.6 Hz, 1P).  
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Ring opening by using aq. ammonia: 2’,3’-O-Isopropylideneadenosine 5’-γ-P-amino β,γ-

methylenetriphosphate (38) 

 

The reaction mixture of B12 (250 μL, 13.0 μmol, 1.0 eq.) was added to 25% aq. NH4OH (250 μL) and 

then D2O (100 µl) was added. The product 38 was isolated by Method A, affording a colourless solid 

(6.80 mg, 11.1 μmol, 85%). 

1H NMR (400 MHz, D2O, δ/ppm): 8.37 (s, 1H), 8.18 (s, 1H), 6.21 (d, J = 3.5 Hz, 1H), 5.34 (dd, J = 6.2, 

3.5 Hz, 1H), 5.17 (dd, J = 6.2, 2.2 Hz, 1H),4.61 (The DHO peak overlaps with the signal (1H)), 4.09 (m, 

2H), 2.25 (dd, J = 20.7, 19.1 Hz, 2H), 1.61 (s, 3H), 1.38 (s, 3H). 31P{1H} NMR (122 MHz, D2O, δ/ppm): 

18.1 (d, J = 7.1 Hz, 1P), 9.88 (dd, J = 25.0, 7.0 Hz, 1P), -10.5 (d, J = 24.9 Hz, 1P).31P NMR (162 MHz, 

D2O, δ/ppm): 18.1 (td, J = 18.8, 6.8 Hz, 1P), 10.4 – 9.39 (m, 1P), -10.5 (dt, J = 24.9, 6.5 Hz, 1P). 13C 

NMR (101 MHz, D2O, δ/ppm): 155.6, 152.9, 148.8, 140.0, 118.7, 114.9, 90.0, 84.5 (d, J = 9.4 Hz), 83.1, 

81.3, 65.5 (d, J = 5.4 Hz), 31.9 (dd, J = 129.4, 106.3 Hz), 26.1, 24.3.  

HRMS (ESI) m/z for [C14H22N6O11P3]
-: calcd. 543.0565, found, 543.0566. 

 

Ring opening by using aq. sodium hydroxide: 2’,3’-O-Isopropylideneadenosine 5’-β,γ-methylene 

triphosphate (39) 

 

The reaction mixture of B12 (250 μL, 13.0 μmol, 1.0 eq.) was added to 1M aq. NaOH (250 μL) and then 

D2O (100 µl) was added. The product 39 was isolated by Method A, affording a colourless solid (5.98 mg, 

9.44 μmol, 72%). 

1H NMR (400 MHz, D2O, δ/ppm): 8.39 (s, 1H), 8.18 (s, 1H), 6.21 (d, J = 3.5 Hz, 1H), 5.33 (dd, J = 6.1, 

3.6 Hz, 1H), 5.17 (dd, J = 6.2, 2.2 Hz, 1H), 4.61 (The DHO peak overlaps with the signal (1H)), 4.28 – 

4.02 (m, 2H), 2.20 – 1.99 (m, 2H), 1.61 (s, 3H), 1.38 (s, 3H).31P{1H} NMR (122 MHz, D2O, δ/ppm): 

15.1 (dd, J = 23.9, 6.2 Hz, 1P), 12.9 (d, J = 6.6 Hz, 1P), -10.0 (d, J = 23.9 Hz, 1P). 31P NMR (162 MHz, 

D2O, δ/ppm): 15.5 – 14.7 (m, 1P), 12.9 (td, J = 18.4, 6.6 Hz, 1P), -10.0 (dt, J = 24.2, 6.5 Hz, 1P). 13C 

NMR (101 MHz, D2O, δ/ppm): 155.6, 152.9, 148.8, 140.0, 118.7, 114.9, 90.0, 84.5 (d, J = 9.4 Hz), 83.1, 

81.3, 65.5 (d, J = 5.3 Hz), 32.0 (dd, J = 128.9, 106.5 Hz), 26.1, 24.3. 
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HRMS (ESI) m/z for [C14H20N5NaO12P3]
-: calcd. 566.0224, found, 566.022 

 

Ring opening by propargylamine: 2’,3’-O-Isopropylideneadenosine 5’-γ-P-propargylamino β,γ-

methylenetriphosphate (40) 

 

The reaction mixture of B12 (250 μL, 13.0 μmol, 1.0 eq.) was added to propargylamine (250 μL) and then 

D2O (100 µl) was added. The product 40 was isolated by Method A, affording a colourless solid (5.54 mg, 

8.54 μmol, 65%).  

1H NMR (400 MHz, D2O, δ/ppm): 8.39 (s, 1H), 8.18 (s, 1H), 6.21 (d, J = 3.5, 1H), 5.34 (dd, J=6.1, 3.5, 

1H), 5.17 (dd, J = 6.1, 2.2 Hz, 1H), 4.61 (The DHO peak overlaps with the signal (1H)), 4.17 – 4.03 (m, 

2H), 3.53 (dd, J = 10.1, 2.4 Hz, 2H), 2.42 (t, J = 2.5 Hz, 1H), 2.24 (dd, J = 20.6, 18.9 Hz, 2H), 1.61 (s, 

3H), 1.38 (s, 3H). 31P{1H} NMR (122 MHz, D2O, δ/ppm): 17.7 (d, J = 7.1 Hz, 1P), 8.70 (dd, J = 26.3, 7.1 

Hz, 1P), -11.5 (d, J = 26.2 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): 18.9 – 16.9 (m, 1P), 8.70 (dtd, J 

= 27.5, 20.8, 7.2, 1P), -11.5 (dt, J = 27.5, 5.2 Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 166.6, 155.6, 

152.9, 148.8, 140.0, 118.7, 114.9, 90.0, 84.6 (d, J = 9.4 Hz), 83.9, 81.3, 65.6 (d, J = 4.9Hz), 30.6 (dd, J = 

128.9, 106.5 Hz), 29.3, 26.1, 24.3. 

HRMS (ESI) m/z for [C17H22N6Na3O11P3]
-: calcd: 648.0252, found, 648.0259. 

 

Ring opening by using imidazole: 4’-Pentyne -imidazole β,γ-methylene triphosphate (S-7) 

 

4-Pentyn-1-ol (40 mg, 0.45 mmol, 1.5 eq.) and ETT (98 mg, 0.75 mmol, 2.5 eq.) were coevaporated with 

dry MeCN (2 × 1 mL). Under an atmosphere of dry Ar, a PyCH2PA A2 (0.075M in MeCN, 4.0 mL, 

0.30 mmol, 1.0 eq.) was added in the above reaction mixture. The mixture was stirred at r.t. for 5 mins. 

Upon cooling to 0°C, mCPBA (≤77%, 79 mg, 0.45 mmol, 1.5 eq.) was added and the mixture was stirred 

for 5 mins until 31P-NMR confirmed complete oxidation. 

A solution of imidazole in dry DMF (1.47M, 10.0 ml, 14.7 mmol, 49.0 eq.) was added to the 

cyclotriphosphate and the reaction was stirred for another 15 mins (the reaction progress was followed by 

31P NMR) which results in quantative conversion to S-7. 
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Note -: Imidazole was dried before using by coevaporation with MeCN and it was further stored of 

molecular sieve (3Å). 

31P{1H} NMR (122 MHz, D2O, δ/ppm): 8.80 (d, J = 7.8 Hz, 1P), 4.30 (dd, J = 25.8, 8.1 Hz, 1P), -10.9 

(d, J = 25.5 Hz, 1P). 

 

5’-Adenosyl 4-Pentyne δ,ε-methylene hexaphosphate (P4) 

 

Anhydr. ZnCl2 (0.33 g, 2.4 mmol, 11 eq.) and ATP x 2.1 TBA (0.40 g, 0.39 mmol, 1.7 eq.) were added 

to a freshly prepared solution of S-7 (0.22 mmol). The reaction mixture was then diluted with dry DMF: 

DMSO (v:v, 1:1, 16 ml) in order to increase the solubility and it was stirred at r.t. for 20 hrs. The crude 

product was purified by Method B and the target product was eluted with 550-700 mM conc. of NH4HCO3 

buffer. Purification gave P4 as a colorless solid (0.03 g, 0.04 mmol, 22%). 

Note -: The reaction for capped hexapolyPs were not optimized. 

1H NMR (500 MHz, D2O, δ/ppm): 8.47 (s, 1H), 8.19 (s, 1H), 6.07 (d, J = 6.2 Hz, 1H), 4.74 (t, J = 5.7 Hz, 

1H), 4.53 (dd, J = 5.2, 3.3 Hz, 1H), 4.35 (m, J = 2.9 Hz, 1H), 4.22 (dt, J = 6.1, 2.9 Hz, 1H), 4.15 (ddd, 

J = 11.7, 4.6, 3.0 Hz, 1H), 3.96 (q, J = 6.5 Hz, 2H), 2.44 (t, J = 21.1 Hz, 2H), 2.36 – 2.24 (m, 3H), 1.79 

(m, 2H).31P{1H} NMR (202 MHz, D2O, δ/ppm): 8.61 – 7.57 (m, 1P), 7.31 – 6.77 (m, 1P), -10.6 (d, J = 

26.1 Hz, 1P), -11.3 (d, J = 22.1 Hz, 1P), -22.5 – -23.8 (m, 2P). 31P NMR (162 MHz, D2O, δ/ppm): 8.37 – 

7.59 (m, 1P), 7.59 – 6.29 (m, 1P), -10.6 (dt, J = 26.0, 7.1, 1P), -11.4 (d, J = 16.6, 5.1 Hz, 1P), -21.6 –  

-23.2 (m, 2P). 13C NMR (126 MHz, D2O, δ/ppm): 155.7, 152.9, 149.2, 139.9, 118.6, 86.6, 85.2, 84.2 (d, 

J = 9.2 Hz), 74.2, 70.4, 69.5, 65.4 (d, J = 5.6 Hz), 65.0 (d, J = 5.9 Hz), 29.9 (t, J = 131.5 Hz), 28.8 (d, J = 

7.6 Hz), 14.2 (d, J = 3.9 Hz).  

HRMS (ESI) m/z for [C16H27DN5O21P6]
+calcd 812.9760, found 812.9750. 

  



 

S47 

 

 

2.2.3 Synthesis of triphosphates based on c-PyCF2PA (A3) 

3’-Azido-3’-deoxythymidine β,γ-difluoromethylene cyclotriphosphate (B13) 

 

AZT (44 mg, 0.16 mmol, 1.5 eq.) and ETT (50 mg, 0.38 mmol, 3.5 eq.) were coevaporated with dry 

MeCN (2 × 1 mL). Under an Ar atmosphere, a reaction mixture containing the c-PyCF2PA A3 (0.073M in 

MeCN, 1.5 mL, 0.11 mmol, 1.0 eq.) was added to the dried solids and it was stirred at r.t. for 10 mins. 

Upon cooling to 0°C, mCPBA (≤77%, 24 mg, 0.16 mmol, 1.5 eq.) was added and the mixture was stirred 

for 5 mins until 31P-NMR confirmed complete oxidation (a formation of triplet at - 25 ppm which is 

diagnostic signal for B13). 

31P{1H} NMR (122 MHz, CD3CN, δ/ppm): -9.21 (dt, J = 87.1, 23.8 Hz, 2P), -25.4 (t, J = 23.6 Hz, 1P). 

31P NMR (162 MHz, CD3CN, δ/ppm):-9.22 (dt, J = 86.8, 23.6 Hz, 2P), -24.5 – -25.9 (m, 1P). 

 

Ring opening by using propargylamine: 3’-Azido-3’-deoxythymidine 5’-γ-P-propargylamine β,γ-

difluoromethylene triphosphate (41) 

 

The reaction mixture of B13 (500 μL, 36.5 μmol, 1.0 eq.) was added to propargylamine (500 μL) and then 

D2O (100 µl) was added. The product 41 was isolated by Method A, affording a colourless solid (18.4 mg, 

30.8 μmol, 85%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.69 (s, 1H), 6.21 (t, J = 6.9 Hz, 1H), 4.55 – 4.46 (m, 1H), 4.33 – 4.03 

(m, 3H), 3.66 (dd, J = 8.7, 2.2 Hz, 2H), 2.47 (t, J = 2.5 Hz, 1H), 2.46 – 2.33 (m, 2H), 1.86 (s, 3H). 31P{1H} 

NMR (122 MHz, D2O, δ/ppm): 7.56 – 5.23 (m, 1P), -5.38 (tdd, J = 87.9, 59.4, 31.4 Hz, 1P), -11.6 (d, J = 

31.8 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): 7.44 – 5.29 (m, 1P), -5.41 (tdd, J = 87.6, 59.3, 31.3 Hz, 

1P), -11.6 (dt, J = 27.5, 5.2 Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 166.7, 151.8, 137.2, 111.9, 84.8, 

83.0 (d, J = 9.4 Hz), 70.5, 65.6 (d, J = 5.8 Hz), 60.9, 36.3, 30.9, 11.7. 19F NMR (377 MHz, D2O, δ/ppm): 

-119.2 (dd, J = 87.8, 78.0 Hz, 2F).  

HRMS (ESI) m/z for [C14H18F2N6NaO11P3]: calcd. 600.0112 found 600.0108. 
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Ring opening by using aq. ammonia: 3’-Azido-3’-deoxythymidine 5’-γ-P-amino β,γ-

difluoromethylene triphosphate (42) 

 

The reaction mixture of B13 (500 μL, 36.5 μmol, 1.0 eq.) was added to 25% aq. NH4OH (500 μL) and 

D2O (100 µl) was added. The product 42 was isolated by Method A, affording a colourless solid (14.1 mg, 

26.7 μmol, 73%).  

The analytical data are consistent with literature.12 

1H NMR (400 MHz, D2O, δ/ppm): 7.66 (s, 1H), 6.21 (t, J = 6.9 Hz, 1H), 4.65 – 4.46 (m, 1H), 4.23 – 3.97 

(m, 3H), 2.59 – 2.33 (m, 2H), 1.85 (s, 3H). 31P{1H} NMR (122 MHz, D2O, δ/ppm): 8.36 (td, J = 78.7, 

59.5 Hz, 1P), -5.18 (tdd, J = 87.9, 59.4, 31.4 Hz, 1P), -11.56 (d, J = 31.2, 1P). 31P NMR (162 MHz, D2O, 

δ/ppm): 8.36 (td, J = 78.8, 59.3, 1P), -5.19 (tdd, J = 87.6, 59.3, 31.3, 1P), -11.1 – -12.0 (dt, J = 31.6, 5.3, 

1P). 13C NMR (101 MHz, D2O, δ/ppm): 168.7, 153.3, 137.0, 111.9, 84.9, 82.9 (d, J = 9.4 Hz), 65.7 (d, J 

= 5.8 Hz), 61.0, 36.2, 11.9. 19F NMR (377 MHz, D2O, δ/ppm):  -121.1 (dd, J = 87.9, 78.1 Hz, 2F).  

HRMS (ESI) m/z for [C11H15F2N6NaO11P3]
- : calcd 560.9883 found 560.9886. 

 

Ring opening by using aq. sodium hydroxide: 3’-Azido-3’-deoxythymidine 5’-β,γ-

difluoromethylene triphosphate (43) 

 

The reaction mixture of B13 (500 μL, 36.5 μmol, 1.0 eq.) was added to aq. NaOH (1M, 500 μL) and then 

D2O (100 µl) was added. The product 43 was isolated by Method A, affording a colourless solid (15.1 mg, 

23.8 μmol, 65%). 

The analytical data are consistent with literature.12 

1H NMR (400 MHz, D2O, δ/ppm): 7.65 (s, 1H), 6.22 (t, J = 7.0 Hz, 1H), 4.58 – 4.44 (m, 1H), 4.28 – 4.05 

(m, 3H), 2.46 – 2.27 (m, 2H), 1.85 (s, 3H). 31P{1H} NMR (122 MHz, D2O, δ/ppm): 3.94 (td, J = 72.3, 

56.6 Hz, 1P), -2.70 (tdd, J = 89.5, 56.7, 32.2 Hz, 1P), -11.2 (d, J = 32.2, 1P). 31P NMR (162 MHz, D2O, 

δ/ppm): 3.94 (td, J = 72.2, 56.9 Hz, 1P), -2.70 (tdd, J = 89.9, 56.9, 32.6 Hz, 1P), -11.2 (dt, J = 31.6, 5.3 

Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 168.7, 153.3, 137.0, 111.9, 84.8, 82.9 (d, J = 9.4 Hz), 65.6 

(d, J = 5.8 Hz), 61.0, 36.2, 11.9. 19F NMR (377 MHz, D2O, δ/ppm):  -118.1 (dd, J = 89.9, 72.8 Hz, 2F).  



 

S49 

 

 

HRMS (ESI) m/z for [C11H14F2N5O12P3]
2-: calcd 269.4915, found 269.4916. 

 

Ring opening by using morpholine: 3’-Azido-3’-deoxythymidine 5’-γ-P-morpholino β,γ-

difluoromethylene triphosphate (44) 

 

The reaction mixture of B13 (250 μL, 20.2 μmol, 1.0 eq.) was added to morpholine (250 μL) and then D2O 

(100 µl) was added. The product 44 was isolated by Method A, affording a colourless solid (10.2 mg, 

15.1 μmol, 74%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.70 (s, 1H), 6.23 (t, J = 6.9 Hz, 1H), 4.55 – 4.49 (m, 1H), 4.16 (d, J 

= 4.6 Hz, 3H), 3.61 (m, 4H), 3.07 (s, 4H), 2.75 – 2.25 (m, 2H), 1.87 (s, 3H). 31P{1H} NMR (122 MHz, 

D2O, δ/ppm): 5.08 (td, J = 77.4, 58.0 Hz, 1P), -5.51 (tdd, J = 86.9, 58.1, 31.7 Hz, 1P), -11.5 (d, J = 31.6 

Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): 7.96 – 3.69 (m, 1P), -3.35 – -7.45 (m, 1P), -11.5 (dt, J = 32.3, 

5.3  Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 166.8, 151.9, 137.3, 111.9, 84.9, 83.0 (d, J = 9.5 Hz), 

67.7 (d, J = 3.9 Hz), 65.6 (d, J = 5.5 Hz), 64.9, 44.8 (d, J =2.2 Hz), 36.3, 11.7. 19F NMR (471 MHz, D2O, 

δ/ppm): -118.1 (ddd, J = 87.6, 77.3, 3.5 Hz, 2F). 

HRMS (ESI) m/z for [C15H22F2N6NaO12P3]
-: calcd 632.0374, found 632.0371. 

Ring opening by using aniline: 3’-Azido-3’-deoxythymidine 5’-γ-P-anilino β,γ-difluoromethylene 

triphosphate (45) 

 

The reaction mixture of B13 (250 μL, 20.2 μmol, 1.0 eq.) was added to aniline (250 μL) and then D2O 

(100 µl) was added. The product 45 was isolated by Method A, affording a colourless solid (11.0 mg, 

16.1 μmol, 79%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.55 (s, 1H), 7.30 – 7.00 (m, 4H), 6.83 (tt, J = 7.0, 1.4 Hz, 1H), 6.13 

(t, J = 6.9 Hz, 1H), 4.34 (dt, J = 6.9, 3.6 Hz, 1H), 4.11 – 3.97 (m, 3H), 2.36 – 2.18 (m, 2H), 1.80 (s, 

3H).31P{1H} NMR (122 MHz, D2O, δ/ppm): 1.44 (td, J = 80.8, 59.1 Hz, 1P), -5.44 (tdd, J = 87.0, 59.2, 

30.8 Hz, 1P), -11.4 (d, J = 30.8 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): 1.44 (td, J = 80.8, 59.4 Hz, 

1P), -3.62 – -6.92 (m, 1P), -11.4 (dt, J = 30.6, 5.3 Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 166.5, 
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151.6, 141.8, 137.1, 128.8, 120.9, 118.4 (d, J = 5.4 Hz), 111.8, 84.7, 82.9 (d, J = 9.7 Hz), 65.5 (d, J = 5.5 

Hz), 60.8, 36.2, 11.6. 19F NMR (471 MHz, D2O, δ/ppm): -119.3 (ddd, J = 88.5, 77.7, 11.2 Hz, 2F). 

HRMS (ESI) m/z for [C17H21F2N6NaO11P3]
+: calcd 639.0341, found 639.0337.  

 

Ring opening by using diethylamine: 3’-Azido-3’-deoxythymidine 5’-γ-P-diethylamino β,γ-

difluoromethylene triphosphate (46) 

 

The reaction mixture of B13 (250 μL, 20.2 μmol, 1.0 eq.) was added to diethylamine (250 μL) and then 

(100 µl) was added. The product 46 was isolated by Method A, affording a colourless solid (7.40 mg, 

11.2 μmol, 55%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.68 (s, 1H), 6.24 (t, J = 6.9 Hz 1H), 4.63 – 4.46 (m, 1H), 4.36 – 4.27 

(m, 1H), 4.32 – 4.04 (m, 2H), 3.09 – 2.95 (m, 4H), 2.70 – 2.33 (m, 2H), 1.87 (s, 3H), 1.21 (t, J = 7.3 Hz, 

3H), 1.01 (t, J = 7.0 Hz, 3H). 31P{1H} NMR (122 MHz, D2O, δ/ppm): 8.32 (td, J = 75.4, 57.6 Hz, 1P), -

4.77 (tdd, J = 88.8, 57.6, 32.1 Hz, 1P), -11.4 (d, J = 32.2 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): 

8.31 (tdt, J = 76.1, 57.4, 9.9 Hz, 1P), -4.78 (tdd, J = 88.8, 57.5, 31.9 Hz, 1P), -11.4 (dd, J = 31.5, 5.7 Hz, 

1P). 13C NMR (101 MHz, D2O, δ/ppm): 166.7, 152.0, 137.3, 111.8, 84.8, 83.0 (d, J = 9.5 Hz), 65.6 (d, J 

= 5.8 Hz), 61.0, 40.5 (d, J = 3.7 Hz), 36.2, 13.8 (d, J = 3.7 Hz), 11.7. 19F NMR (471 MHz, D2O, δ/ppm): 

-117.7 (dd, J = 88.5, 74.7 Hz, 2F). 

HRMS (ESI) m/z for [C15H24F2N6O11P3]
-: calcd 595.0689, found 595.0683.  

 

3’-Azido-3’-deoxythymidine 5’-β,γ-difluoromethylene -P-thiocyclotriphosphate (B14) 

 

AZT (52 mg, 0.19 mmol, 1.2 eq.) and ETT (84 mg, 0.65 mmol, 4.0 eq.) were coevaporated with dry 

MeCN (2 × 2 mL). Under an Ar atmosphere, a reaction mixture containing the c-PyCF2PA A3 (0.081M in 

MeCN, 2.0 mL, 0.16 mmol, 1.0 eq.) was added to the dried solids and it was stirred at r.t. for 10 mins. 

Upon cooling to 0°C, Becauge’s reagent (55 mg, 0.27 mmol, 1.7 eq.) was added and the mixture was 

stirred for 5 mins until 31P-NMR confirmed complete oxidation (formation of triplet at +40.0 ppm which 

is diagnostic signal for the -(S)-cyclotriphosphate B14). 
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31P{1H} NMR (122 MHz, CDCl3, δ/ppm): 39.4 (t, J = 35.8 Hz, 1P), -8.72 (td, J = 88.0, 35.9 Hz, 2P). 

 

Ring opening by using aq. ammonia: 3'-Azido-3'-deoxythymidine 5′-γ-P-amino β,γ-

difluoromethylene--P-thiotriphosphate (47) 

 

The reaction mixture of B14 (250 μL, 20.2 μmol, 1.0 eq.) was added to 25% aq. NH4OH (250 μL) and 

then D2O (100 µl) was added. The product 47 was isolated by Method A, affording a colourless solid, 

whereas products were obtained as mixtures of diastereoisomers (8.70 mg, 13.9 μmol, 69%). 

 1H NMR (300 MHz, D2O, δ/ppm): 7.78 (s, 1H), 6.24 (t, J = 6.9, 1H), 4.54 (m, 1H), 4.22 (m, 3H), 2.64 – 

2.31 (m, 2H), 1.90 (s, 3H).31P{1H} NMR (122 MHz, D2O, δ/ppm): 42.9 (dd, J = 38.2, 29.2, 1P), 12.0 – 

5.88 (m, 1P), -5.60 (tdd, J = 87.7, 58.9, 38.0 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): 44.2 – 41.7 (m, 

1P), 12.5 – 6.70 (m, 1P), -3.77 – -7.02 (m, 1P).13C NMR (101 MHz, D2O, δ/ppm): 168.7, 153.3, 137.0, 

111.9, 84.9, 82.9 (d, J = 9.4 Hz), 65.7 (d, J = 5.8 Hz), 61.0, 36.2, 11.9. 19F NMR (377 MHz, D2O, 

δ/ppm):- 121.0 (ddd, J = 87.7, 78.7, 6.2 Hz, 2F).  

HRMS (ESI) m/z for [C11H16F2N6O10P3S]-: calcd 554.9835, found 554.9839.  

 

2',3'-didehydro-2',3'-dideoxythymidine 5′-β,γ-difluoromethylene cyclotriphosphate (B15) 

 

d4T (40 mg, 0.17 mmol, 1.2 eq.) and ETT (67 mg, 0.5 mmol, 3.5 eq.) were coevaporated with dry MeCN 

(2 × 1 mL) and the dried solids were dissolved in dry DMF (1 mL). Under an Ar atmosphere, a reaction 

mixture containing the c-PyCF2PA A3 (0.073M in MeCN, 2.0 mL, 0.15 mmol, 1.0 eq.) was added and it 

was stirred at r.t. for 10 mins. Upon cooling to 0°C, mCPBA (≤77%, 45 mg, 0.26 mmol, 1.7 eq.) was 

added and the mixture was stirred for 5 mins until 31P-NMR confirmed complete oxidation (reaction 

progress was followed by 31P NMR, and formation of triplet at -23 ppm which is diagnostic signal for the 

d4T cyclotriphosphate B15). 

31P{1H} NMR (162 MHz, CD3CN, δ/ppm): -9.21 (dt, J = 87.1, 23.8 Hz, 2P), -25.4 (t, J = 23.6 Hz, 1P). 
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Ring opening by using propargylamine: 2’,3’-didehydro-2’,3’-dideoxythymidine 5’-γ-

propargylamine β,γ-(difluoromethylene)triphosphate (48) 

 

The reaction mixture of B15 (250 μL, 12.2 μmol, 1.0 eq.) was added to propargylamine (250 μL) and then 

D2O (100 µl) was added afterwards it was stirred for 5 mins. The product 48 was isolated by Method A, 

affording a colourless solid. The obtained colourless precipitate was washed with methanol twice and 

isolated by centrifugation and dried under reduced pressure (6.60 mg, 10.8 μmol, 89%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.55 (s, 1H), 6.90 (dt, J = 3.4, 1.7 Hz, 1H), 6.46 (dt, J = 6.2, 1.8 Hz, 

1H), 5.96 – 5.75 (m, 1H), 5.14 – 4.97 (m, 1H), 4.23 – 3.83 (m, 2H), 3.65 (dd, J = 8.8, 2.5 Hz, 2H), 2.48 

(t, J = 2.5 Hz, 1H), 1.83 (s, 3H). 31P{1H} NMR (122 MHz, D2O, δ/ppm): 6.36 (td, J = 78.1, 58.1 Hz, 1P), 

-5.24 (tdd, J = 87.6, 58.2, 30.7 Hz, 1P), -11.3 (d, J = 31.0, 1P). 31P NMR (162 MHz, D2O, δ/ppm): 

8.26 – 5.58 (m, 1P), -5.25 (tdd, J = 88.1, 58.3, 30.7, 1P), -11.3 (dt, J = 30.8, 6.1 Hz, 1P). 13C NMR (101 

MHz, D2O, δ/ppm): 166.9, 152.3, 138.2, 134.3, 125.2, 111.6, 89.9, 87.5, 85.9 (d, J = 9.1 Hz), 66.5 (d, J 

= 5.9 Hz), 27.0 (d, J = 18.6 Hz), 11.5. 19F NMR (377 MHz, D2O, δ/ppm): -119.7 (dd, J = 87.7, 78.0 Hz, 

2F).  

HRMS (ESI) m/z for [C14H17F2N3Na2O11P3]
+: calcd 579.9834, found 579.9833. 

 

Ring opening by using aq. sodium hydroxide: 2’,3’-didehydro-2’,3’-dideoxythymidine 5’-β,γ-

difluoromethylene triphosphate (49) 

 

The reaction mixture of B15 (250 μL, 12.2 μmol, 1.0 eq.) was added to aq. NaOH (1M, 250 μL) and then 

D2O (100 µl) was added afterwards it was stirred for 5 mins. The product 49 was isolated by Method A, 

affording a colourless solid (5.30 mg, 9.04 μmol, 74%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.54 (s, 1H), 6.89 (d, J = 3.4 Hz, 1H), 6.47 (d, J = 6.2 Hz, 1H), 5.86 

(dt, J = 6.2 Hz, 1H), 5.11 – 4.90 (m, 1H), 4.23 – 4.04 (m, 2H), 1.82 (s, 3H). 31P{1H} NMR (122 MHz, 

D2O, δ/ppm): 3.93 (td, J = 72.5, 56.9 Hz, 1P), -2.87 (tdd, J = 89.5, 57.0, 32.2 Hz, 1P), -11.0 (d, J = 32.2 

Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm): 3.93 (td, J = 72.8, 57.0 Hz, 1P), -2.87 (tdd, J = 89.3, 57.0, 

32.3 Hz, 1P), -11.0 (dt, J = 32.1, 6.6 Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 166.8, 152.3, 138.2, 
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134.4, 125.4, 111.5, 89.9, 85.9 (d, J = 8.7 Hz), 66.4 (d, J = 5.9 Hz), 11.5. 19F NMR (377 MHz, D2O, 

δ/ppm):  -118.0 (dd, J = 89.9, 72.8 Hz, 2F).  

HRMS (ESI) m/z for [C11H14F2N2O12P3]
-: calcd 496.9733, found 496.9733.  

 

Ring opening by using aq. ammonia: 2’,3’-didehydro-2’,3’-dideoxythymidine 5’-γ-P-amino β,γ-

difluoromethylene triphosphate (50) 

 

The reaction mixture of B15 (250 μL, 12.2 μmol, 1.0 eq.) was added to 25% aq. NH4OH (250 μL) and 

then D2O (100 µl) was added afterwards it was stirred for 5 mins. The product 50 was isolated by Method 

A, affording a colourless solid (5.60 mg, 10.1 μmol, 87%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.53 (s, 1H), 6.89 (dt, J = 3.4 Hz, 1H), 6.45 (dt, J = 6.1 Hz, 1H), 

5.86 (d, J = 6.2 Hz, 1H), 5.18 – 4.97 (m, 1H), 4.09 (m, 2H), 1.82 (s, 3H). 31P{1H} NMR (122 MHz, D2O, 

δ/ppm): 8.39 (td, J = 78.7, 59.3 Hz, 1P), -5.29 (tdd, J = 87.6, 59.4, 31.2 Hz, 1P), -11.4 (d, J = 31.1 Hz, 

1P). 31P NMR (162 MHz, D2O, δ/ppm): 8.38 (td, J = 78.7, 59.3 Hz, 1P), -5.29 (tdd, J = 87.5, 59.3, 31.1 Hz, 

1P), -11.4 (dt, J = 31.4, 6.4 Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 167.2, 152.6, 138.1, 134.3, 125.1, 

 111.5, 89.9, 85.9 (d, J = 8.6 Hz), 66.5 (d, J = 6.0 Hz), 11.5. 19F NMR (377 MHz, D2O, δ/ppm): 

- 121.10 (dd, J = 87.4, 78.7 Hz, 2F). 

 HRMS (ESI) m/z for [C11H17N3O11P3]
-: calcd 460.0081, found 460.0095.  

 

Ring opening by using caesium fluoride: 2’,3’-didehydro-2’,3’-dideoxythymidine 5’-γ-P-fluoro β,γ-

difluoromethylene triphosphate (51) 

 

The reaction mixture of B15 (250 μL, 12.2 μmol, 1.0 eq.) was added to caesium fluoride (105 mg, 

691 μmol, 58 eq.) and then immediately addition of D2O (250 µl) afterwards it was stirred for 5 mins. 

The crude product was isolated by Method A and the impurity CsClO4 was co-precipitated which was 

further removed by dissolving the crude product in water (2 mL). The insoluble residue was removed by 

filtration (syringe filter, pore size 0.45 µm). Afterwards, the product 51 was isolated from the aq. solution 

again by Method A and a colourless solid was obtained (6.0 mg, 11.3 μmol, 93%).  
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1H NMR (400 MHz, D2O, δ/ppm): 7.52 (s, 1H), 6.89 (dt, J = 3.3, 1.7 Hz, 1H), 6.45 (dt, J = 6.2, 1.8 Hz, 

1H), 5.88 (dt, J = 6.1, 2.0 Hz, 1H), 5.04 (d, J = 4.1 Hz, 1H), 4.28 – 4.03 (m, 2H), 1.82 (s, 3H). 31P{1H} 

NMR (122 MHz, D2O, δ/ppm): 5.82 – -2.25 (m, 1P), -7.52 (tdd, J = 82.2, 64.2, 29.3 Hz, 1P), -11.4 (d, 

J = 29.1 Hz, 1P). 31P NMR (162 MHz, D2O, δ/ppm):1.76 (dtd, J = 1027.9, 90.9, 64.2 Hz, 1P), -7.53 (tdd, 

J = 82.3, 64.2, 29.3 Hz, 1P), -11.4 (dt, J = 29.3, 6.2 Hz, 1P). 31P{19F} NMR (162 MHz, D2O, δ/ppm):1.77 

(d, J = 64.1 Hz, 1P), -7.52 (dd, J = 64.2, 29.1 Hz, 1P), -11.4 (dt, J = 29.3, 6.2 Hz, 1P). 13C NMR (101 

MHz, D2O, δ/ppm): 166.8, 152.3, 138.1, 134.3, 125.1, 111.5, 89.9, 85.9 (d, J = 8.6 Hz), 66.5 (d, J = 

6.0 Hz), 11.5. 19F NMR (377 MHz, D2O, δ/ppm): -68.7 (d, J = 1027.9 Hz, 1F), -121.4 (ddd, J = 90.9, 

82.3, 3.3 Hz, 2F). 

HRMS (ESI) m/z for [C11H13F3N2O11P3]
-: calcd 498.9690, found 498.9689.  

 

Ring opening by using tetra methylgaunidinium azide: 2’,3’-didehydro-2’,3’-dideoxythymidine 5’-

γ-P-azido β,γ-difluoromethylene triphosphate (52) 

 

The reaction mixture of B15 (250 μL, 12.2 μmol, 1.0 eq.) was added to a solution of tetramethyl 

guanidinium azide (420 mg 2.62 mmol, 220 eq.) in MeCN (1 mL) and D2O (100 µl) was added 

subsequently. The crude product was isolated by Method A and the product was precipitated as 

gaunidinium salt which was again by dissolved in water (2 mL).Afterwards, the product 52 was isolated 

from the aq. solution again by Method A and a colourless solid was obtained (6.20 mg, 11.2 μmol, 94%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.53 (s, 1H), 7.03 – 6.76 (m, 1H), 6.45 (d, J=6.1, 1.8, 1H), 5.86 (d, 

J=6.2, 1.9, 1H), 5.03 (s, 1H), 4.37 – 3.98 (m, 2H), 1.82 (s, 3H). 31P{1H} NMR (162 MHz, D2O, δ/ppm): 

3.11 (td, J = 85.4, 63.9 Hz, 1P), -6.35 – -8.09 (m, 1P), -11.2 (d, J = 29.7 Hz, 1P). 31P NMR (162 MHz, 

D2O, δ/ppm): 3.11 (td, J = 85.8, 64.1 Hz, 1P), -7.18 (tdd, J = 82.5, 63.9, 29.5 Hz, 1P), -11.2 (dt, J = 29.5, 

6.1 Hz, 1P). ). 13C NMR (101 MHz, D2O, δ/ppm): 167.2, 152.6, 138.1, 134.3, 125.1, 111.5, 89.9, 85.9 (d, 

J = 8.6 Hz), 66.5 (d, J = 6.0 Hz), 11.5. 19F NMR (377 MHz, D2O, δ/ppm): -119.2 (dd, J = 87.8, 78.0 Hz, 

2F). 

HRMS (ESI) m/z for [C11H13F2N5O11P3]
-: calcd 521.9798, found 521.9801.  
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Ring opening by using Imidazole: 4’-Pentyne -P-imidazole β,γ-difluoromethylene triphosphate 

(S- 8) 

 

4-Pentyn-1-ol (24 mg, 0.27 mmol, 1.2 eq.) and ETT (102 mg, 0.78 mmol, 3.5 eq.) were coevaporated 

with dry MeCN (2 × 1 mL). Under an Ar atmosphere, a reaction mixture containing the c-PyCF2PA A3 

(0.075M in MeCN, 3.0 ml, 0.22 mmol, 1.0 eq.) was added to the dried solids and it was stirred at r.t. for 

10 mins. Upon cooling to 0°C, mCPBA (≤77%, 24 mg, 0.16 mmol, 1.5 eq.) was added and the mixture 

was stirred for 5 mins until 31P-NMR confirmed complete oxidation (reaction progress was followed by 

31P NMR, and formation of triplet at -25 ppm which is diagnostic signal for the cyclotriphosphate). 

A solution of imidazole in dry DMF (1.47M, 4.00 ml, 5.88 mmol, 26.0 eq.) was added to the above 

cyclotriphosphate and reaction was stirred for another 30 mins (the reaction progress was followed by 31P 

NMR) which results in quantative conversion to S-8. 

Note -: Imidazole was dried before using by coevaporation with MeCN and it was further stored of 

molecular sieve (3Å). 

31P{1H} NMR (122 MHz, D2O, δ/ppm): -4.94 (td, J = 80.5, 61.7 Hz, 1P), -6.64 – -8.64 (m, 1P), -12.3 (d, 

J = 27 Hz, 1P). 

 

5’-Adenosine 4’-Pentyne β,γ-difluoromethylene hexaphosphate (P5) 

 

Anhydr. ZnCl2 (0.26 g, 1.9 mmol, 8.4 eq.) and ATP x 2.1 TBA (0.36 g, 0.35 mmol, 1.6 eq.) were added 

to a freshly prepared solution of S-8 (0.22 mmol).The reaction mixture was then diluted with dry DMF: 

DMSO (v:v, 1:1, 16 ml) in order to increase the solubility and it was stirred at r.t. for 24 hrs. The crude 

product was purified by Method B and the target product was eluted with 500-600 mM conc. of NH4HCO3 

buffer. Compound P5 was obtained as a colorless solid. (0.02 g, 0.03 mmol, 12%). 

Note -: The reaction for capped hexapolyPs were not optimized. 

1H NMR (400 MHz, D2O, δ/ppm): 8.42 (s, 1H), 8.16 (s, 1H), 6.05 (d, J = 6.0 Hz, 1H), 4.65 (s, 1H), 

4.57  – 4.45 (m, 1H), 4.43 – 4.22 (m, 1H), 4.25 – 4.09 (m, 2H), 4.04 – 3.88 (m, 2H), 2.55 – 2.00 (m, 3H), 

1.91 – 1.65 (m, 2H).31P{1H} NMR (122 MHz, D2O, δ/ppm): -5.63 – -7.57 (m, 2P), -10.6 (d, J = 26.4 Hz, 

1P), -11.4 (d, J = 15.8 Hz, 1P), -22.0 – -23.9 (m, 2P). 31P NMR (202 MHz, D2O, δ/ppm): -5.69 – -7.97 

(m, 2P), - 10.3 – -10.9 (m, 1P), -11.1 – -11.8 (m, 1P), -22.1 – -23.8 (m, 2P). 13C NMR (126 MHz, D2O, 
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δ/ppm): 165.7, 155.7, 152.9, 149.2, 139.8, 118.6, 86.6, 84.1 (d = 8.4 Hz), 74.2, 70.1, 65.3 (d = 6.6 Hz), 

65.4, 28.7 (d, J = 7.3 Hz), 14.1. 19F NMR (471 MHz, D2O, δ/ppm): -120.5 (t, J = 83.7, 2F). 

HRMS (ESI) m/z for [C16H25DF2N5O21P6]
+: calcd 848.9571, found 848.9587.  

 

2.2.4 Synthesis of triphosphates based on c-PyCCl2PA (A4) 

3’-Azido-3’-deoxythymidine β,γ-dichloromethylene cyclotriphosphate (B16) 

 

AZT (68 mg, 0.25 mmol, 1.2 eq.) and ETT (0.13 g, 0.99 mmol, 4.8 eq.) were coevaporated with dry 

MeCN (2 × 1 mL). Under an Ar atmosphere, a reaction mixture containing the c-PyCCl2PA A4 (0.069M in 

MeCN, 3.0 mL, 0.20 mmol, 1.0 eq.) was added to the dried solids and it was stirred at r.t. for 45 mins. 

Upon cooling to 0°C, mCPBA (≤77%, 54 mg, 0.31 mmol, 1.5 eq.) was added and the mixture was stirred 

for 10 mins until 31P-NMR confirmed complete oxidation (reaction progress was followed by 31P NMR, 

and formation of triplet at -26 ppm which is diagnostic signal for B16). 

31P{1H} NMR (122 MHz, CDCl3, δ/ppm): -4.54 (d, J = 21.8 Hz, 2P), -26.3 (t, J = 21.7 Hz, 1P). 

Ring opening by using propargylamine: 3’-Azido-3’-deoxythymidine 5’-γ-P-propargylamino β,γ-

dichloromethylene triphosphate (53) 

 

The reaction mixture of B16 (250 μL, 17.2 μmol, 1.0 eq.) was added to propargylamine (250 μL) and then 

D2O (100 µl) was added afterwards it was stirred for 5 mins. The product 53 was isolated by Method A, 

affording a colourless solid (5.8 mg, 8.58 μmol, 50%). 

1H NMR (400 MHz, D2O, δ/ppm): 7.68 (s, 1H), 6.22 (t, J = 6.9 Hz, 1H), 4.53 (dt, J = 6.5, 3.7 Hz, 1H), 

4.18 (m, 3H), 3.76 – 3.51 (m, 2H), 2.53 – 2.36 (m, 3H), 1.86 (s, 3H).31P{1H} NMR (122 MHz, D2O, 

δ/ppm): 9.94 (d, J = 18.9 Hz, 1P), -0.72 (dd, J = 30.6, 19.0 Hz, 1P), -11.5 (d, J = 30.7 Hz, 1P). 31P NMR 

(162 MHz, D2O, δ/ppm): 9.92 (dt, J = 19.4, 8.1 Hz, 1P), -0.73 (dd, J = 30.5, 19.3 Hz, 1P), -11.6 (dt, J = 

31.4, 6.4 Hz, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 166.8, 151.8, 137.2, 111.8, 84.8, 82.9 (d, J = 9.3 

Hz), 71.3, 65.6 (d, J = 5.6 Hz), 60.8, 36.3, 30.9 (d, J = 3.7 Hz), 11.7.  
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HRMS (ESI) m/z for [C14H19Cl2N6O11P3]
-: calcd 609.9707, found 609.9695.  

2.2.5 Synthesis of triphosphates based on c-PyNHPA (A5) 

3’-Azido-3’-deoxythymidine β,γ-imido cyclotriphosphate (B17) 

 

AZT (52 mg, 0.19 mmol, 1.3 eq.) and ETT (69 mg, 0.52 mmol, 3.5 eq.) were coevaporated with dry 

MeCN (2 × 1 mL). Under an Ar atmosphere, a reaction mixture containing the c-PyNHPA A5 (0.075M in 

MeCN, 2.0 mL, 0.15 mmol, 1.0 eq.) was added to the dried solids and it was stirred at r.t. for 5 mins. 

Upon cooling to -4°C, mCPBA (≤77%, 39 mg, 0.22 mmol, 1.5 eq.) was added and the mixture was stirred 

for 5 mins until 31P-NMR confirmed complete oxidation (a formation of triplet at -23 ppm which is 

diagnostic signal for B17). 

31P{1H} NMR (122 MHz, CDCl3, δ/ppm): -13.7 (d, J = 17.9 Hz, 2P), -22.5 (t, J = 19.2 Hz, 1P). 

 

Ring opening by using aq. ammonia: 3’-Azido-3’-deoxythymidine 5’-γ-P-amino β,γ-

imidotriphosphate (54) 

 

The reaction mixture of B17 (500 μL, 37.5 μmol, 1.0 eq.) was added to 25% aq. NH4OH (500 μL) and 

then D2O (200 µl) afterwards it was stirred for 5 mins. The product 54 was isolated by Method C, 

affording a colourless solid (11.9 mg, 20.8 μmol, 55%). 

1H NMR (300 MHz, D2O, δ/ppm): 7.67 (s, 1H), 6.21 (t, J = 6.9 Hz, 1H), 4.50 (dt, J = 6.1, 4.1 Hz, 1H), 

4.30 – 3.89 (m, 3H), 2.54 – 2.31 (m, 2H), 1.85 (s, 3H). 31P{1H} NMR (122 MHz, D2O, δ/ppm): 4.05 (d, 

J = 5.3 Hz, 1P), -10.5 (dd, J = 20.2, 5.4 Hz, 1P), -11.1 (d, J = 20.2 Hz, 1P). 31P NMR (122 MHz, D2O, 

δ/ppm): 4.67 (d, J = 6.8 Hz, 1P), -10.6 (dd, J = 21.2, 6.2 Hz, 1P), -11.4 (dt, J = 21.8, 5.8 Hz, 1P). 13C 

NMR (101 MHz, D2O, δ/ppm): 167.1, 152.1, 137.2, 111.8, 84.8, 82.9 (d, J = 9.0 Hz), 65.4 (d, J =5.5 Hz), 

60.8, 36.2, 11.7. 

HRMS (ESI) m/z for [C10H17N7O11P3]
-: calcd 504.0204, found 504.0204. 
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Ring opening by using propargylamine: 3’-Azido-3’-deoxythymidineb 5’-γ-P-propargylamino β,γ-

imidotriphosphate (55) 

 

The reaction mixture of B17 (2.0 mL, 0.15 mmol, 1.0 eq.) was added to propargylamine (3.0 ml, 4.7 mmol, 

31 eq) and stirred at r.t. for 15 mins. The product 55 was isolated by Method C (details of the MPLC 

purification can be found in Supporting figure S1), affording a colourless solid (59.8 mg, 0.09 mmol, 

65%). 

1H NMR (300 MHz, D2O, δ/ppm): 7.68 (s, 1H), 6.21 (t, J = 6.8 Hz, 1H), 4.63 – 4.42 (m, 1H), 4.32 – 4.03 

(m, 3H), 3.56 (dd, J = 9.7, 2.5, 2H), 2.49 (t, J = 2.5, 1H), 2.42 (td, J = 6.2, 4.8, 2.7, 2H), 1.86 (s, 3H). 

31P{1H} NMR (122 MHz, D2O, δ/ppm): 4.05 (d, J = 5.3 Hz, 1P), -10.5 (dd, J = 20.2, 5.4 Hz, 1P), -11.1 

(d, J = 20.2, 1P). 31P NMR (122 MHz, D2O, δ/ppm): 4.00 (td, J = 9.7, 5.5 Hz, 1P), -10.7 (dd, J = 20.6, 

5.6 Hz, 1P), -11.03 – -11.5 (m, 1P). 13C NMR (101 MHz, D2O, δ/ppm): 166.8, 160.2, 151.7, 137.2, 111.8, 

84.8, 83.02 (d, J = 9.3 Hz), 71.3, 65.7 (d, J = 5.6 Hz), 60.9, 36.3, 11.6.  

HRMS (ESI) m/z for [C13H18N7NaO11P3]
-: calcd 564.0180, found 564.0182.  
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Analytical Data (Chromatogram and IR) 

 

 Supporting Figure S1: MPLC Chromatogram of crude 55.100 mM of TEAA buffer was adjusted at pH 

= 8.55. The crude product was dissolved in deionized water and loaded on puriFlash C18 aqueous column, 

Column size: F0012 (20 g), Particle size: 30 µm, Flow rate: 10 ml/mins, Mobile Phase: 100 mM of TEAA 

(pH adjusted at 8.5) and MeCN, Gradient: 40 mM of TEAA for 15 mins then 60 mM of TEAA: 40 mM 

of MeCN for 45 mins. The target fractions were pooled and concentrated to the minimal amount of the 

solvent and then product was precipitated by NaClO4 (0.5 m in acetone).The precipitate was washed two 

times with acetone (10 - 20 ml). 
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Supporting Figure S2: Analytical RP-HPLC Profile of crude product 18.  

 

 

Supporting Figure S3: MPLC Chromatogram of crude 18. 100 mM of TEAA buffer was adjusted at pH 

= 8.5. The crude product was dissolved in deionized water and loaded on puriFlash C18 aqueous column, 

Column size: F0012 (20 g), Particle size: 30 µm, Flow rate: 10 ml/mins, Mobile Phase: 100 mM of TEAA 

(pH adjusted at 8.5) and MeCN, Gradient: 40 mM of TEAA for 15 mins then 60 mM of TEAA: 40 mM 

of MeCN for 45 mins. The target fractions were pooled and concentrated reduced pressure to the minimal 

Crude 18 

Crude 18 

purified 18  
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amount of the solvent and then product was precipitated by NaClO4 (0.5 m in acetone).The precipitate 

was washed two times with acetone (10 - 20 ml). 

 

Supporting Figure S4: IR Spectrum of crude 35 indicating presence of an azide group.  

 

3 Computational Details 

Computed structure and property results were carried out using the GAMESS13 and Gaussian0921 

software packages. The B97-D14 density functional was used in combination with the Def2-TZVPPD 

basis set15 for geometry optimizations, Hessian evaluations, and property calculations. Full geometry 

optimizations were performed and uniquely characterized via second derivatives (Hessian) analysis to 

determine the number of imaginary frequencies (0=minima; 1=transition state), and effects of zero point 

energy. Effects of solvation were taken into account using the COSab method,16,17 using a dielectric in 

accord with experiment and solvent radii from Klamt.18 Visualization and analysis of structural and 

property results were obtained using Avogadro19 and WEBMO.20 
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f1 (ppm)

1
.9

9

1
.0

0

A (tt)
130.90

J(21.89, 11.56)

B (d)
-17.37

J(22.71)

(in dry acetonitrile)

P(III)

P(V)
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-25-20-15-10-5051095100105110115120125130135
f1 (ppm)

P

P

P

P

P

P

31P{1H} NMR

1) Coupling  

2) Oxidation  

P-Amidite  
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-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-101
f1 (ppm)

P

P

P

P

P
P

P
P

P

P

P
P

31P{1H} NMR

Ring opening with Ammonium hydroxide

Ring opening with diethylamine

Ring opening with Sodium hydroxide

Ring opening with Sodium hydroxide
31P NMR

31P NMR

31P{1H} NMR

31P{1H} NMR

S68



-27-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-10123456
f1 (ppm)

P

P

P

P

P

P

P

P

P

P

P
P

31P{1H} NMR

Ring opening with Sodium hydroxide

Ring opening with diethylamine

Ring opening with Propargylamine

Ring opening with Ammonium hydroxide

S69



-25-23-21-19-17-15-13-11-9-7-5-3-11357
f1 (ppm)

P

P P

P

P

P

P

P

P

P

P

P

31P{1H} NMR

Ring opening with Sodium hydroxide

Ring opening with diethylamine

Ring opening with Propargylamine

Ring opening with Ammonium hydroxide
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-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-101234
f1 (ppm)

P

P

P

P

P

P

P

P

P

P

P

P

31P{1H} NMR

Ring opening with Sodium hydroxide

Ring opening with diethylamine

Ring opening with Propargylamine

Ring opening with Ammonium hydroxide
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-25-15-55152535455565758595
f1 (ppm)

P

P

P

5'-P

31P{1H} NMR

1) Coupling  

2) Oxidation  

3'-P
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-24-22-20-18-16-14-12-10-8-6-4-2024
f1 (ppm)

5'-P

3'-P

P

P

P

P

31P{1H} NMR

Ring opening with Propargylamine

Ring opening with Ammonium hydroxide

5'-P

3'-P

S73



-31-30-29-28-27-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6
f1 (ppm)

2
.0

0

1
.0

1

A (d)
-25.81

B (m)
-24.77

31P{1H} NMR
 Oxidation

P

P
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1.82.22.63.03.43.84.24.65.05.45.86.26.67.07.47.8
f1 (ppm)

2
.7

6

1
.8

8
0
.5

3

2
.1

2

2
.7

4

0
.9

2

1
.0

0

1
.0

0

A (s)
7.70

B (t)
6.24

J(6.91)

C (m)
4.53

D (m)
4.17

E (dd)
3.64

J(9.85, 2.18)

F (t)
2.51

J(2.50)

G (m)
2.44

H (d)
1.88

J(1.13)

1H NMR

 crude product after precipitation
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-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-1
f1 (ppm)

0
.9

8

0
.9

2

1
.0

0

A (d)
-1.99

B (d)
-10.50

C (t)
-20.71

-2
0
.8

3
-2

0
.7

1
-2

0
.5

8

-1
0
.5

6
-1

0
.4

4

-2
.0

6
-1

.9
3

31P{1H} NMR

P

P

P

 crude product after precipitation
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-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-1
f1 (ppm)

0
.9

6

0
.9

0

1
.0

0

A (dt)
-1.99

B (dt)
-10.52

C (t)
-20.71

-2
0
.8

3
-2

0
.7

1
-2

0
.5

9

-1
0
.5

9
-1

0
.5

6
-1

0
.5

2
-1

0
.4

8
-1

0
.4

4
-1

0
.4

1

-2
.1

1
-2

.0
6

-1
.9

9
-1

.9
3

-1
.8

7

31P NMR

P

P
P

 crude product after precipitation
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-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-1
f1 (ppm)

31P{1H} NMR

31P NMR

Reaction on 1.27 mmol scale  
crude product after precipitation

P

P

P

P

P
P
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0102030405060708090100110120130140150160170180
f1 (ppm)

A (s)
166.81

B (s)
151.88

C (s)
137.25

D (s)
111.88

E (s)
84.81

F (d)
82.96

G (d)
65.62

H (s)
60.89

I (s)
36.27

K (s)
11.68

J (d)
30.98

1
1
.6

8

3
0
.9

8

3
6
.2

7

6
0
.8

9
6
5
.6

0
6
5
.6

5

8
2
.9

1
8
3
.0

1
8
4
.8

1

1
1
1
.8

8

1
3
7
.2

5

1
5
1
.8

8

1
6
6
.8

1

13C NMR

 crude product after precipitation
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-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-101
f1 (ppm)

31P{1H} NMR

Acidic cleavage of propargyl amine at pH = 4.5 

P

P P

P

P

P
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-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-1012345
f1 (ppm)

31P{1H} NMR

Acidic cleavage of propargylamidate triphosphate 2
 (400 mg of 2 reacted with HCl resulted in 3 at pH = 2.5)
crude product after precipitation

P

P

P

P

P

P

P

P

P

31P NMR

S81



1.82.22.63.03.43.84.24.65.05.45.86.26.67.07.47.88.2
f1 (ppm)

3
.1

7

2
.1

5

3
.0

4

0
.9

9

1
.0

7

1
.0

0

A (t)
6.36

J(7.03)

B (s)
7.63

C (m)
4.59

D (m)
4.24

E (m)
2.46

G (s)
1.91

1H NMR

 crude product after precipitation
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-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-10
f1 (ppm)

1
.1

1

1
.1

2

1
.0

0

A (d)
-7.02

B (d)
-11.53

C (t)
-22.41

31P{1H} NMR

P

P

P

 crude product after precipitation
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-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5
f1 (ppm)

1
.0

0

1
.0

0

0
.9

3

A (dt)
-11.54

B (d)
-7.01

C (t)
-22.41

31P NMR

P P

P

 crude product after precipitation
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102030405060708090100110120130140150160170
f1 (ppm)

A (s)
166.58

C (s)
151.71

D (s)
137.25

E (s)
111.81

F (s)
84.83

G (d)
83.02

H (d)
65.67

I (s)
60.99

J (s)
36.27

K (s)
11.61

1
1
.6

1

3
6
.2

7

6
0
.9

9
6
5
.6

5
6
5
.7

0

8
2
.9

7
8
3
.0

6
8
4
.8

3

1
1
1
.8

1

1
3
7
.2

5

1
5
1
.7

1

1
6
0
.2

0

1
6
6
.5

8

13C NMR

 crude product after precipitation
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1.41.82.22.63.03.43.84.24.65.05.45.86.26.67.07.47.88.2
f1 (ppm)

3
.0

9

2
.1

9

2
.7

8

0
.4

9

1
.0

0

1
.0

8

A (d)
7.67

B (t)
6.21

C (dt)
4.52

D (m)
4.15

E (m)
2.41

F (s)
1.85

1H NMR

 crude product after precipitation
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-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-10
f1 (ppm)

1
.0

1

1
.1

2

1
.0

0

A (d)
-2.71

B (d)
-11.59

C (t)
-22.59

-2
2
.7

5
-2

2
.5

9
-2

2
.4

3

-1
1
.6

7
-1

1
.5

1

-2
.8

0
-2

.7
4

-2
.6

3

31P{1H} NMR

P

P
P

 crude product after precipitation

S87



-30-25-20-15-10-50
f1 (ppm)

1
.2

0

1
.1

3

1
.0

0

A (dt)
-11.65

B (t)
-22.59

C (d)
-1.04

-2
2
.7

5
-2

2
.5

9
-2

2
.4

3

-1
1
.7

3
-1

1
.5

7

-1
.1

2
-0

.9
6

31P NMR

P

P

P

 crude product after precipitation
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102030405060708090100110120130140150160170
f1 (ppm)

A (s)
166.58

C (s)
151.71

D (s)
137.25

E (s)
111.81

F (s)
84.83

G (d)
83.02

H (d)
65.67

I (s)
60.99

J (s)
36.27

K (s)
11.61

1
1
.6

1

3
6
.2

7

6
0
.9

9
6
5
.6

5
6
5
.7

0

8
2
.9

7
8
3
.0

6
8
4
.8

3

1
1
1
.8

1

1
3
7
.2

5

1
5
1
.7

1

1
6
0
.2

0

1
6
6
.5

8

13C NMR

 crude product after precipitation
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1.01.52.02.53.03.54.04.55.05.56.06.57.07.5
f1 (ppm)

6
.0

2

2
.9

5

2
.0

1

4
.4

2

2
.7

0

0
.5

6

0
.9

5

1
.0

0

A (s)
7.68

B (t)
6.22

C (dt)
4.51

D (m)
4.14

E (m)
2.96

F (m)
2.41

G (d)
1.85

H (t)
0.99

1H NMR

 crude product after precipitation

S90



-26-24-22-20-18-16-14-12-10-8-6-4-20
f1 (ppm)

0
.9

4

0
.9

9

1
.0

0

A (dd)
-23.05

B (d)
-11.78

C (d)
-0.55

31P{1H} NMR

P P

P

 crude product after precipitation
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-26-24-22-20-18-16-14-12-10-8-6-4-202
f1 (ppm)

0
.9

9

1
.0

4

1
.0

0

A (dp)
-0.55

B (dt)
-11.78

C (dd)
-23.05

31P NMR

P

PP

 crude product after precipitation
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0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
f2 (ppm)
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130

140
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f1
 (

p
p
m

)

1H-13C HSQC NMR
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1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f2 (ppm)
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)

1H-13C HMBC NMR
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0102030405060708090100110120130140150160170
f1 (ppm)

A (s)
152.00

B (s)
137.29

C (s)
111.85

D (s)
84.81

E (d)
83.02

F (d)
65.63

G (s)
61.04

H (s)
42.20

I (d)
40.47

J (s)
36.23

K (d)
13.83

L (s)
11.68

N (s)
166.96

1
0
.5

0
1
1
.6

8
1
3
.8

1
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3
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5
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6
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0
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6

13C NMR

 crude product after precipitation
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2.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)

2
.8

8

2
.0

6

4
.5

9

2
.8

1

2
.5

3

2
.7

5

0
.8

8

0
.9

0

1
.0

0

A (s)
7.71

B (t)
6.23

C (m)
4.55

D (d)
4.17

F (m)
3.63

G (m)
3.06

H (m)
2.44

I (s)
1.88

E (m)
3.81

1H NMR

 crude product after precipitation
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-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2
f1 (ppm)

A (d)
-3.36

B (d)
-11.71

C (dd)
-22.73
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6

31P{1H} NMR

PP

P

 crude product after precipitation
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-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-1
f1 (ppm)
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31P NMR

P
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P

 crude product after precipitation
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1.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f2 (ppm)
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1H-1H COSY NMR
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0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f2 (ppm)
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1H-13C HSQC NMR
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102030405060708090100110120130140150160170
f1 (ppm)

A (s)
137.28

B (s)
111.85

C (s)
151.94

E (s)
166.88

F (s)
84.87

G (d)
83.01

H (d)
66.86

I (d)
65.66

J (s)
64.90

N (s)
36.29

O (s)
11.71

13C NMR

 crude product after precipitation

S101



1.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
f1 (ppm)

3
.1

8

1
.7

9
0
.6

6

0
.8

7
1
.9

8

1
.0

0

1
.0

3

1
.0

3
1
.7

4
1
.7

9

1
.0

0

A (t)
6.12

B (m)
6.80

C (m)
6.98

D (m)
7.16

E (s)
7.57

F (m)
4.33

G (m)
3.99

H (m)
3.90

I (t)
2.42

J (m)
2.28

K (s)
1.81

1H NMR

 crude product after precipitation
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-29-28-27-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-1
f1 (ppm)

0
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7

1
.0

3

1
.0

0
A (d)
-10.11

B (d)
-11.58

C (m)
-22.87

P
P

P

31P{1H} NMR

 crude product after precipitation
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-29-28-27-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-1
f1 (ppm)

1
.0

0

0
.9

9

1
.0

0
A (d)
-10.11

B (dt)
-11.58

C (m)
-22.88

31P NMR

P

P

P

 crude product after precipitation
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3.84.04.24.44.64.85.05.25.45.65.86.06.26.46.66.87.07.2
f2 (ppm)

-14.5

-14.0
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-13.0

-12.5
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-11.5

-11.0

-10.5

-10.0

f1
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)

31P-1H HMBC NMR

P
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0102030405060708090100110120130140150160170
f1 (ppm)

A (s)
166.47

B (s)
151.56

C (s)
141.94

D (s)
137.08

E (s)
129.08

F (s)
120.13

G (d)
117.27

H (s)
111.76

I (s)
84.76

J (d)
82.98

K (d)
65.50

L (s)
60.92

M (s)
36.41

O (s)
11.69

13C NMR

 crude product after precipitation
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-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3
f1 (ppm)
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4

1
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8

1
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0

31P{1H}-NMR

PP
P

 crude product after precipitation
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-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3
f1 (ppm)
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3
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9
A (dq)
-7.87

B (dt)
-9.49

C (t)
-18.96

31P{1H}-NMR

PP

P

 crude product after precipitation
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-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-101234
f1 (ppm)

1
.6

5

1
.1

6

0
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7

1
.0

0
0
.4

8

1
.3

5

1
.6

0

31P{1H}-NMR

P

P P
P

P

 crude product after precipitation

fluoromonophosphate as a
impurity
(used in excess for ring
opening)
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1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)

2
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7

1
.9

2

2
.7

1

0
.6

6

0
.9

6

1
.0

0

A (s)
7.66

B (t)
6.19

C (m)
4.50

D (m)
4.14

E (m)
2.40

F (s)
1.84

1H NMR

Product after purification by SAX

S110



-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10
f1 (ppm)

2
.0

0

0
.4

7

0
.4

7

1
.0

7

B (dd)
-18.13

A (d)
-11.81

C (d)
-23.43

31P{1H}-NMR

P

P

P P

P

Product after purification by SAX
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-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8
f1 (ppm)

2
.0

0

0
.4

7

0
.4

7

1
.0

7

A (m)
-11.79

B (m)
-15.24

C (m)
-21.01

D (m)
-23.43

31P-1H NMR

P

P
P P

P

Product after purification by SAX

S112



-31-30-29-28-27-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5
f1 (ppm)

2
.0

0

0
.6

6

1
.0

9

A (m)
-11.81

B (m)
-18.13

C (m)
-23.43

31P{19F} NMR

P
P

P

P

Product after purification by SAX

S113



-81-80-79-78-77-76-75-74-73-72-71-70-69-68-67-66-65
f1 (ppm)

1
.0

0

A (d)
-73.10

19F-NMR

Product after purification by SAX

S114



-27-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10
f2 (ppm)
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-23

-22

-21

-20
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-10
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-8
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 (

p
p
m

)

31P-31P Cosy NMR

P

P

PP

P

S115



-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
f2 (ppm)
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130

140

150

f1
 (

p
p
m

)

1H-13C HSQC NMR

S116



-78.5-77.5-76.5-75.5-74.5-73.5-72.5-71.5-70.5-69.5-68.5
f2 (ppm)

-23

-22

-21

-20

-19

-18

-17

-16

-15

-14

f1
 (

p
p
m

)

31P-19F Cosy NMR

S117



102030405060708090100110120130140150160170
f1 (ppm)

A (s)
166.61

B (s)
160.23

C (s)
151.74

D (s)
137.21

E (s)
111.79

F (s)
84.85

G (d)
82.96

H (d)
65.78

I (s)
61.02

J (s)
36.27

K (s)
11.62

13C  NMR

Product after purification by SAX

S118



-20020406080100120
f1 (ppm)

P

P

P

P

2) Oxidation  

1) Coupling

31P{1H} NMR

S119



2.02.53.03.54.04.55.05.56.06.57.07.5
f1 (ppm)

2
.7

3

1
.9

3
1
.0

8

2
.2

9

3
.1

6

0
.6

1

0
.8

9

1
.0

0

A (s)
7.70

B (t)
6.20

C (dt)
4.50

D (m)
4.18

F (m)
3.61

G (t)
2.56

H (m)
2.47

I (s)
1.87

1H NMR

 crude product after precipitation

S120



-25-20-15-10-5051015202530354045
f1 (ppm)

1
.1

6

1
.0

9

1
.0

0

A (dd)
-2.85

B (dd)
42.89

C (ddd)
-23.90

31P{1H} NMR

PP
P

 crude product after precipitation

S121



-25-20-15-10-5051015202530354045
f1 (ppm)

1
.1

7

0
.9

4

1
.0

0

A (m)
-2.84

B (ddt)
42.89

C (m)
-23.90

31P NMR

P P

P

 crude product after precipitation

S122



-25-20-15-10-50510152025303540
f2 (ppm)
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31P-31P COSY NMR
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S123



1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
f2 (ppm)
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1H-13C COSY NMR

S124



102030405060708090100110120130140150160170
f1 (ppm)

A (s)
166.85

B (s)
151.92

C (s)
137.27

D (s)
111.91

E (s)
84.83

F (d)
83.00

J(9.01)

H (s)
60.93

I (s)
36.29

J (s)
31.01

K (s)
11.70

G (d)
65.65

J(5.53)

13C NMR

 crude product after precipitation

S125



1.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)

3
.0

4

2
.5

7

3
.3

5

1
.3

9

1
.0

7

1
.0

0

A (s)
7.71

B (m)
6.20

C (s)
4.54

D (m)
4.21

E (m)
2.41

F (s)
1.89

1H NMR

Product after purification by SAX

S126



-35-30-25-20-15-10-50510152025303540
f1 (ppm)

1
.1

4
1
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A (m)
33.78

B (m)
-23.13

C (m)
-24.63

31P{1H} NMR

P
P

P

Product after purification by SAX

S127



-45-40-35-30-25-20-15-10-50510152025303540
f1 (ppm)

1
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6
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0
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9

A (m)
33.78

B (m)
-23.14

C (m)
-24.59

31P NMR

P

P
P

Product after purification by SAX

S128



2.02.53.03.54.04.55.05.56.06.57.07.5
f1 (ppm)
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1
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7.73

C (m)
4.57

D (m)
4.23

E (dt)
3.65

F (t)
2.50

G (s)
1.91

H (m)
2.45

1H NMR

Product after purification by SAX

S129



-25-20-15-10-505101520253035
f1 (ppm)
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P

31P{1H} NMR

Product after purification by SAX

S130



-25-20-15-10-505101520253035
ppm
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31P NMR

Product after purification by SAX

S131



102030405060708090100110120130140150160170
f1 (ppm)

A (s)
166.81

B (s)
151.88

C (s)
137.25

D (s)
111.88

E (s)
84.81

F (d)
82.96

G (d)
65.62

H (s)
60.89

K (s)
11.68

J (d)
30.98

L (s)
71.35

1
1
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3
0
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6
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13C NMR

Product after purification by SAX

S132



1.52.02.53.03.54.04.55.05.56.06.57.07.5
f1 (ppm)

3
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1

0
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8

2
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1

2
.0

0

1
.1

1

1
.0

1

1
.0

5

0
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1
.0

0

A (t)
2.49

J(2.54)

B (s)
1.85

C (dd)
3.61

J(9.87, 2.41)

D (m)
4.13

E (s)
5.06

G (dt)
6.48

J(6.19, 1.81)

I (s)
7.58

F (m)
5.89

H (dt)
6.91

J(3.32, 1.70)

1H NMR

 Crude product after precipitation

S133



-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-1012
f1 (ppm)

A (d)
-2.81

J(20.88)

B (d)
-11.54

J(19.42)

C (m)
-22.86
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P
P

31P{1H} NMR

 Crude product after precipitation

S134



-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-1
f1 (ppm)

1
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1
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0

A (dt)
-1.97

B (dt)
-10.35

C (t)
-20.62
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1

31P NMR

P

P

P

 Crude product after precipitation

S135



0102030405060708090100110120130140150160170
f1 (ppm)

A (s)
167.08

B (s)
152.49

C (s)
138.19

D (s)
134.30

E (s)
125.28

F (s)
111.62

G (s)
89.94

H (d)
85.97

J(8.79)

I (d)
66.50

J(5.98)

J (s)
30.97

K (s)
11.53

L (s)
83.13

1
1
.5

3
1
.0

6
6
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6
6
.5

8
3
.1

8
5
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8
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1
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1
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1
5
2
.5

1
6
7
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13C NMR

 Crude product after precipitation

S136



1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)

6
.1

4

3
.1

4

4
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1

2
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3

0
.7

8

1
.0

2

0
.9

7

0
.9
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1
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0

A (s)
7.50

B (dt)
6.90

J(3.44, 1.71)

C (dt)
6.44

J(6.16, 1.81)

D (dt)
5.86

J(5.94, 1.93)

E (m)
5.02

F (m)
4.08

G (dq)
2.93

J(11.32, 7.19)

H (s)
1.81

I (t)
0.97

J(7.14)

1H NMR

 Crude product after precipitation

S137



-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-101
f1 (ppm)

0
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9

0
.9

9

1
.0

0

A (d)
-0.51

J(24.73)

B (d)
-11.50

J(18.99)

C (dd)
-22.92

J(24.59, 18.60)

31P{1H} NMR

P P

P

 Crude product after precipitation

S138



-26-24-22-20-18-16-14-12-10-8-6-4-202
f1 (ppm)

1
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.0

1

1
.0

0

A (dd)
-22.92

J(24.31, 18.87)

B (dt)
-11.50

J(19.13, 6.49)

C (dp)
-0.51

J(22.87, 11.39)

31P NMR

P
P

P

 Crude product after precipitation

S139



0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f2 (ppm)
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13C-1H HSQC NMR

S140



1.01.52.02.53.03.54.04.55.05.56.06.57.07.5
f2 (ppm)
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13C-1H HMBC NMR

S141



5152535455565758595105115125135145
f1 (ppm)

A (s)
137.88

B (s)
133.94

C (s)
125.48

D (s)
111.61

E (s)
90.09

F (d)
85.80

J(8.54)

G (d)
66.58

J(5.74)

H (d)
40.50

J(3.71)

J (d)
13.84

J(3.73)

K (s)
11.90

13C NMR

 Crude product after precipitation

S142



1.62.02.42.83.23.64.04.44.85.25.66.06.46.87.27.6
f1 (ppm)
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6.48
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E (dt)
6.91

J(3.34, 1.69)

F (s)
7.55

G (s)
1.84

C (d)
5.89

J(6.27)

1H NMR

 Crude product after precipitation

S143



-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-10
f1 (ppm)
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31P{1H} NMR
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 Crude product after precipitation

S144



-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-10123
f1 (ppm)
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31P NMR
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 Crude product after precipitation

S145



102030405060708090100110120130140150160170
f1 (ppm)

A (s)
166.80

B (s)
152.30

C (s)
138.20

D (s)
134.43

E (s)
125.06

F (s)
111.54

G (s)
89.96

H (d)
86.00

I (d)
66.46

J (s)
11.45

13C NMR

 Crude product after precipitation

S146



2.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)
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1H NMR

 Crude product after precipitation

S147



-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9
f1 (ppm)
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31P{1H} NMR
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 Crude product after precipitation

S148
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f1 (ppm)
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31P NMR
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 Crude product after precipitation

S149
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13C NMR

 Crude product after precipitation

S150



2.02.53.03.54.04.55.05.56.06.57.07.5
f1 (ppm)
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1H NMR

 Crude product after precipitation

S151
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31P{1H}-NMR
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 Crude product after precipitation

S152
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f1 (ppm)
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31P-1H NMR
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 Crude product after precipitation

S153



-29-28-27-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7
f1 (ppm)

1
.0

0

0
.8

9

1
.0

0

A (d)
-17.98

B (dt)
-11.53

C (m)
-23.05

-2
3
.1

6
-2

3
.0

5
-2

2
.9

4

-1
8
.0

3
-1

7
.9

3

-1
1
.6

3
-1

1
.5

9
-1

1
.5

5
-1

1
.5

1
-1

1
.4

7
-1

1
.4

3

31P{19F}NMR 

P

P

P

 Crude product after precipitation
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 Crude product after precipitation
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f1 (ppm)

-1
.0

0

A (d)
-73.12

J(933.28)

-7
4
.4

-7
1
.9

19F NMR

S157



-78.5-77.5-76.5-75.5-74.5-73.5-72.5-71.5-70.5-69.5-68.5-67.5-66.5
f2 (ppm)

-22

-21

-20

-19

-18

-17

-16

-15

-14

-13

-12

-11

-10

f1
 (

p
p
m

)

31P-19F HMBC NMR

P

S158



-22.5-21.5-20.5-19.5-18.5-17.5-16.5-15.5-14.5-13.5-12.5-11.5-10.5-9.5
f1 (ppm)

0
.9

5

0
.8

2

1
.0

0

0
.2

5

A (d)
-10.85

B (d)
-12.88

C (m)
-21.82

31P{1H}-NMR

P
P

P

 Crude product after precipitation
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 Crude product after precipitation
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1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
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1H NMR

 Crude product after precipitation
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 Crude product after precipitation
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1
.2

5

1
.1

9

1
.0

0

A (d)
-0.98

J(19.12)

B (dt)
-11.58

J(19.71, 5.70)

C (t)
-22.51

J(19.20)

-2
2
.7

-2
2
.6

-2
2
.5

-2
2
.4

-1
1
.7

-1
1
.6

-1
1
.6

-1
1
.6

-1
1
.5

-1
1
.5

-1
.1

-1
.0

-1
.0

-0
.9
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 Crude product after precipitation
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A (s)
155.66

B (s)
148.86

C (s)
140.04

D (s)
118.72

E (s)
114.97

F (s)
90.05

G (d)
84.54

H (s)
83.85

I (s)
81.30

J (d)
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13C NMR

 Crude product after precipitation
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1.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
f1 (ppm)
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 Crude product after precipitation
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 Crude product after precipitation
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 Crude product after precipitation
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13C NMR

 Crude product after precipitation
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1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
f1 (ppm)
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 Crude product after precipitation
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 Crude product after precipitation
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 Crude product after precipitation
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13C NMR

 Crude product after precipitation
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1H- NMR

 Crude product after precipitation
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31P{1H} NMR
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 Crude product after precipitation
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 Crude product after precipitation
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 Crude product after precipitation
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 Crude product after precipitation
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31P{1H} NMR
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 Crude product after precipitation
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 Crude product after precipitation
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5'-P

3'-P

 Crude product after precipitation
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 Crude product after precipitation
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 Crude product after precipitation
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1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)
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Product after purifucation by MPLC
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Product after purifucation by MPLC
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3.253.353.453.553.653.753.853.954.054.154.254.35
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13C NMR

Product after purifucation by MPLC
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Product after purifucation by MPLC
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Product after purifucation by MPLC
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1.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)
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1H NMR

Product after purifucation by MPLC

S191



3.33.43.53.63.73.83.94.04.14.24.34.44.54.64.74.84.95.05.15.25.35.4
f2 (ppm)

-17

-16

-15

-14

-13

-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

f1
 (

p
p
m

)

31P-1H HMBC NMR
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1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)
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Product after purifucation by MPLC

S193



-29-27-25-23-21-19-17-15-13-11-9-7-5-3-1135
f1 (ppm)
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31P{1H}-NMR
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P P

Product after purifucation by MPLC

S194



-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-1012
f1 (ppm)
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Product after purifucation by MPLC

S195



3.63.84.04.24.44.64.85.05.25.45.65.86.06.26.4
f2 (ppm)
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31P-1H HMBC NMR
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-32-30-28-26-24-22-20-18-16-14-12-10-8-6-4-20246
f1 (ppm)
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Product after purifucation by MPLC

S197



-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-10
f1 (ppm)
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31P NMR
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Product after purifucation by MPLC

S198



2.02.53.03.54.04.55.05.56.06.57.07.58.08.5
f1 (ppm)
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Product after purifucation by MPLC

S199



-30-28-26-24-22-20-18-16-14-12-10-8-6-4-2024698100102104106
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31P{1H}-NMR
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S200
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31P{1H}-NMR
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-24-22-20-18-16-14-12-10-8-6-4-202468101214161820
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0
.8

3

1
.0

0

1
.7

7
0
.2

4

1
.1

6

0
.2

4

0
.1

8

2',3'-cAMP

PPi

31P{1H}-NMR
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 Crude product after precipitation

S202



4.04.55.05.56.06.57.07.58.08.5
ppm
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1H-NMR

Product after purifucation by SAX

S203



-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-101
ppm
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31P{1H}-NMR
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Product after purifucation by SAX

S204



2.53.03.54.04.55.05.56.06.57.07.58.08.5
ppm
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1H-NMR

Product after purifucation by SAX

S205



-34-32-30-28-26-24-22-20-18-16-14-12-10-8-6-4-202
ppm
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31P{1H}-NMR
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P

Product after purifucation by SAX

S206



-27-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9
f1 (ppm)

31P{1H}-NMR

31P-NMR

P

P

P

P

P

P

quant. in reaction mixture

S207



-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2
f1 (ppm)
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31P{1H}-NMR

quant. in reaction mixture

S208



-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10
f1 (ppm)
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31P  NMR

quant. in reaction mixture

S209



1.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
f1 (ppm)
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1H-NMR

Product after purifucation by SAX

S210



-23-22-21-20-19-18-17-16-15-14-13-12-11-10
f1 (ppm)
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31P{1H}-NMR
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4 P

Product after purifucation by SAX

S211



-23-22-21-20-19-18-17-16-15-14-13-12-11
f1 (ppm)
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31P-NMR

4 P

 P P

Product after purifucation by SAX

S212



3.83.94.04.14.24.34.44.54.6
f2 (ppm)
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31P-1H HMBC NMR

S213



1.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
f2 (ppm)
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13C-1H HSQC NMR

S214



1.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
f2 (ppm)
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13C-1H HMBC NMR

S215



-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10
f2 (ppm)
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31P-31P COSY NMR

S216
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13C NMR

Product after purifucation by SAX

S217



-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9
f1 (ppm)
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31P{1H}-NMR

quant. in reaction mixture

S218



-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9
f1 (ppm)
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31P-1H NMR

quant. in reaction mixture

S219



1.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
f1 (ppm)
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1H-NMR

Product after purifucation by SAX

S220



-29-28-27-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8
f1 (ppm)
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31P{1H}-NMR

4P

PP

Product after purifucation by SAX

S221



-28-27-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6
f1 (ppm)
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31P-NMR

P P

4PProduct after purifucation by SAX

S222



3.13.23.33.43.53.63.73.83.94.04.14.24.34.44.54.64.74.84.95.05.1
f2 (ppm)
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31P-1H HMBCNMR
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0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f2 (ppm)
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1H-1H COSY NMR

S224



102030405060708090100110120130140150160
f1 (ppm)
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13C NMR 

Product after purifucation by SAX

S225



    Synthesis of triphosphates based
on c-PyCH2PA (A2) 

  

S226



-505101520253035404550556065707580859095100105110115120125130
f1 (ppm)
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31P{1H} NMR
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31P NMR
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S228



0.60.81.01.21.41.61.82.02.22.42.62.83.03.23.4
f2 (ppm)
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31P-1H HMBC NMR
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-15-10-505101520105110115120125130
f1 (ppm)

Stability of P-amidite

Stability of P-amidite after 2 weeks

H-phosphonate
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P

31P{1H} NMR
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05101520253035404550556065707580859095100105110
f1 (ppm)

31P{1H} NMR

P

P P

P

1) Coupling

31PNMR

S231



-26-24-22-20-18-16-14-12-10-8-6-4-20246
f1 (ppm)

P

P

P

P

31P{1H} NMR

31P NMR

2) Oxidation

S232



-11-9-7-5-3-1135791113151719
f1 (ppm)

Ring opening with Ammonium hydroxide

Ring opening with diethylamine

Ring opening with Sodium hydroxide

Ring opening with propargyl amine
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31P{1H} NMR

S233



-14-12-10-8-6-4-202468101214161820
f1 (ppm)
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31P NMR
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-25-15-55152535455565758595105
f1 (ppm)

1) Coupling

2) Oxidation

31P{1H} NMR
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S235



-14-12-10-8-6-4-2024681012141618
f1 (ppm)

Ring opening with Ammonium hydroxide

Ring opening with diethylamine

Ring opening with Sodium hydroxide

Ring opening with propargyl amine

31P{1H} NMR
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S236



-12-10-8-6-4-2024681012141618
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Ring opening with diethylamine

Ring opening with Sodium hydroxide
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Ring opening with propargyl amine
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010203040100
f1 (ppm)

1) Coupling

2) Oxidation
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 reaction on 0.78 mmol scale
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crude product after precipitation
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crude product after precipitation
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13C NMR 

crude product after precipitation
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f1 (ppm)

3
.0

4

1
.5

7

2
.1

5

3
.1

3

0
.6

8

0
.9

7

1
.0

0

A (s)
7.58

B (t)
6.24

C (td)
4.48

D (m)
4.11

E (m)
2.38

F (m)
2.08

G (s)
1.83

1H NMR 

crude product after precipitation

S256



-13-12-11-10-9-8-7-6-5-4-3-2-10123456789101112131415
f1 (ppm)

1
.0

3

0
.9

2

1
.0

0

A (dd)
13.48

B (d)
11.62

C (d)
-11.15

-1
1
.2

4
-1

1
.0

7

1
1
.6

0
1
1
.6

4

1
3
.3

7
1
3
.4

2
1
3
.5

4
1
3
.5

8

31P{1H} NMR 

P

P

P

crude product after precipitation

S257
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13C NMR 

crude product after precipitation
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2.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)
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31P{1H} NMR 
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crude product after precipitation
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f1 (ppm)

0
.9

4

0
.9

3

1
.0

0

A (dtd)
9.07

B (tdt)
16.43

C (dt)
-11.43

31P NMR 

P
P

P

crude product after precipitation

S262
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0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f2 (ppm)

0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

160

170

180

190

f1
 (

p
p
m

)

13C-1H HMBC NMR 

S265



102030405060708090100110120130140150160170
f1 (ppm)

A (s)
166.80

C (s)
151.87

D (s)
137.28

E (s)
111.79

F (s)
84.85

G (d)
82.99

H (d)
67.31

I (d)
65.35

J (s)
64.61

L (d)
44.39

N (s)
36.28

P (dd)
27.95

Q (s)
11.71

1
1
.7

1

2
6
.7

6
2
7
.8

5
2
8
.0

6
2
9
.1

5
3
0
.2

2
3
6
.2

8
4
3
.5

3
4
4
.3

8
4
4
.3

9

6
0
.8

4
6
4
.6

1
6
5
.3

2
6
5
.3

8
6
7
.2

8
6
7
.3

5

8
2
.9

4
8
3
.0

3
8
4
.8

5

1
1
1
.7

9

1
3
7
.2

8

1
5
1
.8

7

1
6
0
.3

4

1
6
6
.8

0

13C NMR 

crude product after precipitation
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f1 (ppm)
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 Crude after precipitation
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crude product after precipitation
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product after SAX Chromatography
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13C  NMR 

product after SAX Chromatography
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crude product after precipitation
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crude product after precipitation
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Synthesis of triphosphates based
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31P{1H} NMR
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31P NMR
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31P{1H} NMR
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S367



-20-15-10-505101520253035404550556065707580859095100105110115
f1 (ppm)

2
.0

0

0
.9

1

A (m)
108.15

B (dt)
-6.94

-7
.5

8
-7

.3
4

-7
.0

7
-7

.0
5

-6
.8

2
-6

.8
1

-6
.5

4
-6

.3
0

1
0
7
.8

5
1
0
7
.8

9
1
0
7
.9

3
1
0
7
.9

7
1
0
8
.0

9
1
0
8
.1

3
1
0
8
.1

7
1
0
8
.2

1
1
0
8
.3

4
1
0
8
.3

7
1
0
8
.4

1
1
0
8
.4

5
31P NMR
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31P{19F} NMR
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31P{1H} NMR
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P
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31P NMR
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31P{19F} NMR
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1H NMR

crude product after precipitation
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0
.9

2

1
.0

0

1
.3

2

A (m)
6.24

B (tdd)
-5.38

C (d)
-11.61

31P{1H} NMR
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crude product after precipitation
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31P NMR

P
P

P

crude product after precipitation
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2.02.53.03.54.04.55.05.56.06.57.07.5
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1H-1H COSY NMR
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0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
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1H-13C HSQC NMR
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2.02.53.03.54.04.55.05.56.06.57.07.58.0
f2 (ppm)
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1H-1H HMBC NMR
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13C  NMR

crude product after precipitation
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19F NMR

crude product after precipitation
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1H NMR

crude product after precipitation
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31P{1H} NMR

P
P

P

crude product after precipitation
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31P NMR

P

P

P

crude product after precipitation
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13C NMR

crude product after precipitation
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19F NMR

crude product after precipitation

S385
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1H- NMR

crude product after precipitation
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31P{1H} NMR

crude product after precipitation
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PP
P

31P NMR

crude product after precipitation
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31P{19F} NMR

crude product after precipitation
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1.61.82.02.22.42.62.83.03.23.43.63.84.04.24.44.64.85.05.25.45.65.86.06.26.46.66.87.07.27.47.67.8
f1 (ppm)
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1H NMR

crude product after precipitation
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31P{1H} NMR

crude product after precipitation
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31P NMR

crude product after precipitation
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f2 (ppm)
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31P-1H HMBC NMR
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19F NMR

crude product after precipitation
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13C NMR

crude product after precipitation
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1.61.82.02.22.42.62.83.03.23.43.63.84.04.24.44.64.85.05.25.45.65.86.06.26.46.66.87.07.27.47.67.8
f1 (ppm)
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1H NMR

crude product after precipitation
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crude product after precipitation

P

P

P

S397



-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-1012
f1 (ppm)

1
.0

6

1
.0

5

1
.0

0

A (td)
1.42

B (tdd)
-5.44

C (d)
-11.42

31P NMR
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13C NMR

crude product after precipitation
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31P-1H HMBC NMR
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19F NMR

crude product after precipitation
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31P{1H} NMR
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crude product after precipitation

S407



-10-8-6-4-202468101214161820222426283032343638404244
f1 (ppm)

0
.9

8

1
.1

5

0
.8

8

A (m)
8.65

B (m)
42.93

C (m)
-5.73

-6
.7

2
-6

.4
1

-6
.2

3
-6

.0
0

-5
.6

9
-5

.5
1

-5
.2

0
-4

.9
7

-4
.7

9
-4

.4
8

7
.5

1
8
.0

0
8
.1

6
8
.6

4
8
.8

1
9
.0

6
9
.2

9
9
.7

3
1
0
.4

0

4
2
.6

6
4
2
.9

3
4
3
.2

1

31P NMR
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crude product after precipitation
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19F NMR

crude product after precipitation
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1H NMR

crude product after precipitation
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1.61.82.02.22.42.62.83.03.23.43.63.84.04.24.44.64.85.05.25.45.65.86.06.26.46.66.87.07.27.47.6
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13C NMR

crude product after precipitation
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3.23.43.63.84.04.24.44.64.85.05.25.45.65.86.06.26.46.66.87.07.27.4
f2 (ppm)
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13C NMR

crude product after precipitation
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19F NMR

crude product after precipitation
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1.61.82.02.22.42.62.83.03.23.43.63.84.04.24.44.64.85.05.25.45.65.86.06.26.46.66.87.07.27.47.6
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31P{1H} NMR
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crude product after precipitation

S425



-13-12-11-10-9-8-7-6-5-4-3-2-101234567891011
f1 (ppm)

0
.9

3

1
.0

0

0
.8

1

A (td)
8.38

B (tdd)
-5.29

C (dt)
-11.44

-1
1
.5

7
-1

1
.5

3
-1

1
.4

9
-1

1
.3

8
-1

1
.3

4
-1

1
.3

0

-6
.1

1
-5

.9
2

-5
.7

4
-5

.5
7

-5
.5

5
-5

.3
8

-5
.2

0
-5

.0
3

-5
.0

1
-4

.8
4

-4
.6

6
-4

.4
7

5
.7

2
6
.2

0
6
.6

8

7
.7

2
8
.0

8
8
.2

0
8
.5

7
8
.6

9
9
.0

5

31P NMR
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PP

crude product after precipitation
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13C NMR

crude product after precipitation
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19F NMR

crude product after precipitation
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2.02.53.03.54.04.55.05.56.06.57.07.5
f1 (ppm)
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f2 (ppm)

-18

-16

-14

-12

-10

-8

-6

-4

-2

0

2

4

6

8

10

f1
 (

p
p
m

)

31P-31P Cosy NMR P

PPP

P

P

P

P

S434



-120-115-110-105-100-95-90-85-80-75-70
f2 (ppm)

-10

-5

0

5

10

15

20

25

f1
 (

p
p
m

)

31P-19F HMBC NMR
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13C NMR

crude product after precipitation
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1.61.82.02.22.42.62.83.03.23.43.63.84.04.24.44.64.85.05.25.45.65.86.06.26.46.66.87.07.27.47.67.8
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1H NMR

crude product after precipitation
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A (m)
1.76

B (m)
2.23

C (m)
3.95

D (m)
4.17

E (m)
4.31

F (m)
4.48

G (d)
6.05

H (s)
8.16

I (s)
8.42

J (s)
4.65

1H NMR

product purified by SAX
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-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5
f1 (ppm)

2
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1
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7

0
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4

2
.3

0

A (d)
-10.65

B (d)
-11.36

C (m)
-23.17

D (m)
-6.67

31P{1H} NMR

P
P

-P-CF2-P

2 P

product purified by SAX
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-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4
f1 (ppm)
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1
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1
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2
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2

A (m)
-10.66

B (m)
-11.36

C (m)
-6.66

D (m)
-23.19

31P NMR

2 P

P
P

- P-CF2-P-

product purified by SAX

S444



1.01.21.41.61.82.02.22.42.62.83.03.23.43.63.84.04.24.44.64.85.05.25.45.65.8
f2 (ppm)
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31P-1H HMBC NMR

P

P

S445



-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6
f2 (ppm)
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31P-31P COSY NMR

PP

P
P

P P
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-124.5-124.0-123.5-123.0-122.5-122.0-121.5-121.0-120.5-120.0-119.5-119.0-118.5
f1 (ppm)

2
.0

0

A (t)
-120.48

19F NMR

product purified by SAX

S447



1.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
f2 (ppm)
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1H- 1H HSQC NMR

S448



1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f2 (ppm)
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1H- 13C HSQC NMR
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102030405060708090100110120130140150160170
f1 (ppm)

A (s)
165.68

C (s)
152.90

D (s)
155.68

E (s)
149.20

F (s)
139.85

G (s)
118.65

H (s)
86.65

J (s)
74.24

I (d)
84.09

K (s)
70.38

L (d)
65.35

M (d)
28.74

N (s)
14.15
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2
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2
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13C  NMR

product purified by SAX

S450



Synthesis of triphosphates based
on c-PyCCl2PA (A4)

S451



-100102030405060708090100110120130
f1 (ppm)

2
.0

0

1
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9

B (d)
-1.33

A (t)
129.00

31P{1H} NMR

P

P

c-PyCCl2PA(A4)

S452



05101520253035404550556065707580859095100105110115120125130
f1 (ppm)

2
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1
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0

A (m)
129.00

B (d)
-1.33

31P NMR

P

P

c-PyCCl2PA(A4)

S453



-25-20-15-10-505707580859095100105110115
f1 (ppm)

1) Coupling  

2) Oxidation  

31P{1H} NMR 

P

P

2 P

2 P

S454



1.52.02.53.03.54.04.55.05.56.06.57.07.5
f1 (ppm)
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A (s)
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B (t)
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C (dt)
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D (m)
4.18

E (d)
3.76

F (m)
2.42

G (s)
1.86

1H NMR

crude product after precipitation

S455



-17-15-13-11-9-7-5-3-11357911131517
f1 (ppm)

1
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4

1
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0

A (d)
-11.55

B (dd)
-0.73

C (d)
9.92

P

P
P

31P{1H} NMR

crude product after precipitation

S456



-12-11-10-9-8-7-6-5-4-3-2-1012345678910111213
f1 (ppm)
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A (dt)
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B (dd)
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C (dt)
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P
P

P

31P NMR

crude product after precipitation

S457



102030405060708090100110120130140150160170
f1 (ppm)

A (s)
166.81

B (s)
151.88

C (s)
137.25

D (s)
111.88

E (s)
84.81

F (d)
82.96

G (d)
65.62

H (s)
60.89

I (s)
36.27

K (s)
11.68

J (d)
30.98

L (s)
71.35
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13C NMR

crude product after precipitation

S458



Synthesis of triphosphates based
on c-PyNHPA (A5)

S459



-30-20-100102030405060708090100110120130
f1 (ppm)

A (t)
128.66

B (d)
-9.97

31P{1H} NMR

The cPyNHPA was not stable inside the nmr tube

S460



-25-20-15-10-50510152095100105110
f1 (ppm)

P

P

P

P

31P{1H} NMR

1) Coupling  

2) Oxidation  

S461



2.02.53.03.54.04.55.05.56.06.57.07.5
f1 (ppm)
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1.85

1H NMR

product after MPLC
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-12-10-8-6-4-20246
f1 (ppm)
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A (d)
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B (dd)
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C (d)
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31P{1H} NMR

product after MPLC
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-14-12-10-8-6-4-2024
f1 (ppm)
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31P-1H NMR

product after MPLC

S464



-12-11-10-9-8-7-6-5-4-3-2-10123456
f2 (ppm)
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31P-31P NMR Cosy
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102030405060708090100110120130140150160170
f1 (ppm)

B (s)
167.13

C (s)
152.11

D (s)
137.21

E (s)
111.81

F (s)
84.87

G (d)
82.95

H (d)
65.41

I (s)
60.84

J (s)
36.23

M (s)
11.70

13C NMR

product after MPLC

S466



-13-12-11-10-9-8-7-6-5-4-3-2-10123456789
f1 (ppm)
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1
.0

2

1
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0

A (d)
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B (m)
-9.88

C (d)
-10.58

After precipitation crude

31P{1H} NMR

S467



1.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)
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F (t)
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G (td)
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H (d)
1.86

1H NMR

product after MPLC

S468



-13-12-11-10-9-8-7-6-5-4-3-2-1012345
f1 (ppm)
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31P{1H} NMR

product after MPLC
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-13-12-11-10-9-8-7-6-5-4-3-2-101234567
f1 (ppm)

1
.6

5
1
.2

0

1
.0

0

A (td)
4.00

B (dd)
-10.73

C (m)
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31P-1H NMR

product after MPLC
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-14-13-12-11-10-9-8-7-6-5-4-3-2-10123456789
f2 (ppm)
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31P-31P COSY NMR
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1.82.02.22.42.62.83.03.23.43.63.84.04.24.44.64.85.05.25.4
f2 (ppm)
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31P-1H HMBC NMR

S472



102030405060708090100110120130140150160170
f1 (ppm)

A (s)
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151.88

C (s)
137.25
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111.88
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84.81
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82.96
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65.62
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60.89
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13C NMR

product after MPLC

S473


