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Abstract: An efficient method for the preparation of nucleoside P3'--->N5' and N3'--->P5' 
phosphoramidates and their thio analogues results from generation of a pyridine adduct of 
a nucleoside metaphosphate or its analogue from a nucleoside H-phosphonate, nucleoside 
H-phosphonothioate or nucleoside H-phosphonodithioate monoester followed by its 
reaction with 5'- or 3'-aminonucleoside. © 1998 Elsevier Science Ltd. All rights reserved. 

In the last decade a vast array of oligonucleotide analogues with modified intemucleotidic linkages, 

modified sugar residues or with modifications in the heterocycle base moieties, have been designed for the use 

as artificial modulators of gene expression via antisense or antigene approach. 1 

Among these, oligonucleoside N3'--)P5' phosphoramidates bearing the nitrogen atom in a bridging 

position of a phosphoramidate linkage, have recently attracted a considerable attention as a class of compounds 

of potential therapeutic value. 2-7 Oligonucleotide analogues uniformly modified with N3'---~ P5' functionality are 

resistant towards various nucleases 2 and hybridise to complementary DNA or RNA targets with much higher 

affinity than do their natural congeners. 3 This is in contrast to many other oligonucleotide analogues, where the 

increase in hydrolytic stability towards nucleases is often accompanied by the decrease in their binding ability to 

RNA or DNA. 8 These oligonucleotide analogues in solution adopt A-type helical structures, 3 in contradistinction 

to natural DNA fragments which prefer to reside in the B form. This can be related to a higher preference of the 

deoxyribose ring of 3'-amino-3'-deoxynucleosides to exist in the N-conformation) In this respect, 

oligonucleoside N3'---)P5' phosphoramidates possess more structural resemblance to RNA than to DNA. 3 

The first synthesis of nucleoside phosphoramidates with the P-N bond in a bridging position of the 

phosphate group was published by Jastroff and Hettler 9 in 1969. They prepared mono- and dinucleoside 5'- 

phosphoramidates via a stepwise phosphorylation of 5'-aminonucleosides with phenyl phosphorodichloride, 

followed by hydrolysis or the addition of a second nucleosidic component, respectively. Since then, such 

phosphoramidates have been synthesised using phosphotriester chemistry, 1° via the Staudinger type of 

reaction, 11-14 or by the phosphoramidite method.15 More recently, oligonucleoside N3'---)P5' phosphoramidates 
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have been prepared via oxidative coupling of aminonucleosides with H-phosphonate diestersS, 16 under the 

Atherton-Todd oxidation conditions.17 

As part of our research directed towards the development of synthetic methods for the introduction of 

heteroatoms at bridging positions of a phosphodiester function 18 using H-phosphonate methodology, we have 

investigated the possibility of preparing nucleoside phosphoramidates of types 6 and 7 (Scheme 2) v/a 

generation of the putative pyridine adduct of metaphosphates 1, followed by their reactions with appropriate 5'- 

or 3'-aminonucleosides (Scheme 1). 

Scheme 1 

1. TMS 
2.12 

R 1 0 - -  I~--- Y - 
H pyridine 

X X 
II R2.-NH 2 II 

R 1 0 - - I ~ Y  . R, O- - I~ - -NHR 2 
N + pyridine y .  

O R2 = 5'-O-t-BDMS-thymin-3'-yl 
or 3'-O- t-BDMS-thymidino5'-yl 

la ,  X = Y = O, R 1 = 5'-O-DMT-thymidin-3'-yl 
l b ,  X = Y = O, R 1 = 3'-O-DMT-thymidin-5'-yl 

For abbreviations, see Scheme 2 

le ,  X = O, Y = S, R1 = 5'-O-DMT-thymidin-3'-yl 
l d ,  X = S, Y = S, R 1 = 5'-O-DMT-thymidin-3'-yl 

Due to high nucleophilicity of amines towards the phosphorus centre, species l a - d  should easily react 

with aminonucleoside 4 or 5 providing a new, general entry to nucleoside N3'----rP5' and P3'---~N5' 

phosphoramidates, as well as to the hitherto unknown mono- and dithio analogues ( rb  and 6e). Since 

monoesters of phosphonic acid derivatives are used as substrates, the problem of removing phosphate protecting 

groups is alleviated in this approach. 

To investigate the efficacy of the formation of phosphoramidates 6 or 7 via this metaphosphate approach 

(Scheme 1), a 31p NMR study was undertaken. The putative pyridine adduct of metaphosphate l a  or l e  was 

generated analogously to a procedure described earlier, 19 and involved treatment of nucleoside 3'-H- 

phosphonate 2a 2° [Sp = 2.1 ppm, 1JpH = 599 Hz (d)] or nucleoside 3'-H-phosphonothioate 2b 21 [Sv = 53.2 & 

53.8 ppm, 1JpH = 570 Hz (d)] in pyridine with trimethylsilyl chloride (TMS-C1, 3 equiv), followed by the 

addition of iodine (1.5 equiv). The intermediates l a  (Sp = -5.1 ppm) and 1¢ (Sp = 54.6 ppm), respectively, 

were produced (5 min) as sole nucleotidic species (31p NMR). The subsequent addition of 5'-aminonucleoside 

422'23 (1 equiv) together with triethylamine 24 (5 equiv) furnished a fast and quantitative formation of the 

corresponding silylated 25 dinucleoside phosphoramidate 6a (Sp = 2.0 ppm) or dinucleoside 

phosphoramidothioate 6b (Sp = 62.4 - 62.7 ppm). Analogously, the silylated nucleoside phosphoramidate 7 (6p 

= 0.8 & 0.9 ppm), with the nitrogen atom in the 3'-position of the intemucleotide linkage (N3'---rP5' analogue), 

was produced from nucleoside 5'-H-phosphonate 320 [8p = 3.2 ppm, 1JpH = 599 Hz (d)] and aminonucleoside 

5, 26,27 via the pyridine adduct of metaphosphate l b  (~p = -4.3 ppm) as an intermediate. 
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Scheme 2 ? 
DMT-O ~ , ~ T h y  H- -~  o . O ~ ~ , T h y  

(~ H DMT-O H 
H-I~X 

y. 2 3 

H2 Thy ,-BOMS- Thy 
t-BDMS-O H H2N H 

4 5 

D M T - O ~ ~ / T h y  t-BDMS-O ~ , ~ T h y  

Abbreviations: Thy - thymine; 
H DMT- 4,4'-dimethoxytrityl; HN H 

Y-- I~X t-BDMS - tert-butyldimethylsilyl "O-I~=O 

H N ~ T h y  2a, 6a, X = O, Y = O O - - ~ . o ~ T h y  

5 - ¢  2b, 6b, X=O,Y=S 
t-BDMS-O H DMT-O H 6 2¢, 6¢, X=S,Y=S 7 

In principle, less than the stoichiometric amount of TMS-C1 is needed for the formation of metaphosphates 

1, but to avoid a partial hydrolysis of this reactive intermediate by spurious water, it is recommended to use 

excess of a silylating agent for the reaction. Thus, TMS-C1 plays a dual role: (i) it facilities oxidation of H- 

phosphonate or H-phosphonothioate monoesters by iodine via converting them into the more susceptible silyl H- 

phosphonates (or bis-silyl phosphites) and (ii) it secures anhydrous reaction conditions. 

The importance of TMS-C1 in keeping the reaction mixture anhydrous was particularly apparent in the 

synthesis of nucleoside phosphoramidodithioate 6c from nucleoside H-phosphonodithioate 2c 28 [Sp = 85.0 

ppm, lJpH = 532 Hz (d)] and aminonucleoside 4. Because of the ease of oxidation of 2c with iodine in 

pyridine, the generation of metadithiophosphate l d  (Sp = 117.8 ppm) can be carried out either with or without 

the presence of TMS-C1.19 However, in the absence of TMS-C1, besides the desired phosphoramidodithioate 

6c, considerable amounts of side products were formed (~30%), while in the presence of the silylating agent (3 

equiv), 6c (Sp = 86.6 ppm) was produced exclusively. 

Guided by the results obtained from 31p NMR experiments, all the reactions described above were carried 

out on a preparative scale (0.5 grammes) and the products 6 and 7 were isolated and characterised. 29 

In conclusion, we have developed a new synthetic method that provides a facile access to nucleoside 

N3'-->P5', nucleoside N5'--~P3' phosphoramidates, and their new monothio and dithio analogues (6b and 6c). 

The method is simple and efficient, and makes use of readily available nucleoside H-phosphonate, nucleoside H- 

phosphonothioate and nucleoside H-phosphonodithioate monoesters as starting materials. The lack of protection 

at the phosphorus centre simplifies further the synthetic protocols for the preparation of these compounds. 
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