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Abstract: Oxidation of H-phosphonate, H-phosphonothioate, or H-phosphonodithioate
monoesters with iodine in pyridine in the presence of trimethylsilyl chloride, followed by
addition of triethylamine trishydrofluoride (TAF) furnished rapid and quantitative
formation of the corresponding phosphorofluoridate, phosphorofluoridothioate, or
phosphorofluoridodithioate monoesters. Copyright © 1996 Elsevier Science Ltd

The extreme toxicity of some simple organic phosphorofluoridates! on the one hand, and particular
chemical properties of the P-F bond?-3 on the other, have stimulated extensive biological and chemical studies on
fluorophosphate derivatives. However, natural product analogues carrying =P(O)-F or =P(S)-F functionality
have received relatively little attention. Nucleoside phosphorofluoridates were prepared for the first time in the
early sixties by Wittmann4 and were used in several mechanistic studies of enzymatic reactions>-7 as convenient
surrogates for a phosphate monoester moiety. In recent years, with the advent of the antisense methodology for
modulation of gene expression and intensive search for anti-HIV agents, the interest in nucleotide analogues
containing fluorine bound phosphorus8-13 is gaining a new momentum.

In contradistinction to phosphorofluoridate diesters!1-15, there are only a few synthetic methods available
for the preparation of monoesters of fluorophosphoric acid. Some older procedures!6, which involve fission of
polyphosphoric acid esters with liquid hydrogen fluoride, are not applicable for the preparation of
phosphorofluoridate monoesters derived from natural products. Such compounds are usually accessible in the
reaction of phosphate monoesters with 24-dinitrofluorobenzene? or via activation of the corresponding
monoesters with trichloroacetonitrile in the presence of HF!7. Lately, more efficient methods have been
proposed for this purpose. They rely either on the condensation of fluorophosphoric acid with a hydroxylic
component in the presence of a coupling agent8? or on the selective removal of a t-butyl or 2-cyanoethyl group

from the corresponding mixed phosphorofluoridate or phosphorofluoridothioate diesters!2,
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Recently, we have reported!8 that iodine promoted oxidation of dinucleoside H-phosphonates or
dinucleoside H-phosphonothioates in the presence of triethylamine trishydrofiuoride (TAF) provides a new
convenient entry to the corresponding phosphorofluoridate and phosphorofluoridothioate diesters. These studies
encouraged us to investigate also the possibility of transforming nucleoside H-phosphonate or nucleoside H-
phosphonothioate monoesters to the corresponding fluorophosphate or fluorothiophosphate monoesters by
oxidation in the presence of fluoride anions. Since anionic H-phosphonate monoesters are known to be
significantly more resistant to oxidation with jodine!® than electrically neutral H-phosphonate diesters, we

devised the synthetic protocol (see Scheme 1) that included a presilylation!920 of the starting material 1.
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To check the efficacy of such an approach, the nucleoside H-phosphonate 1a was treated in pyridine with
TMS (3 equiv., 15 min) followed by the addition of iodine (1.5 equiv.) and triethylamine trishydrofluoride
(TAF, 2 mole equiv). 3IP NMR spectroscopy revealed that in neat pyridine the monosilylated species 2a (8p = -
2.92 and -3.08 ppm, IJHP = 703 and 702 Hz) was formed exclusively upon silylation of 1la with TMS (see
Scheme 1) but the subsequent addition of iodine and TAF resulted in complete regeneration of the starting H-
phosphonate monoester 1a (8p = 2.99 ppm, !Jyp = 613 Hz). This indicated that apparently the desilylation of
2a (by fluoride) was faster than its oxidation with iodine. In the other reaction, when TEA was used during the
presilylation step, the 31P NMR spectrum showed the formation of the bis-silyl phosphite 3al% (§p = 117.96
ppm, 3Jyp = 8.6 Hz). This, upon addition of iodine and TAF within ca 5 min afforded exclusively the
phosphorofluoridate 5a (8p = -6.28 ppm, LJgp = 930 Hz and 3Jyp = 7.3 Hz).

In separate experiments we found that both silyl derivatives, 2a and 3a, when treated in pyridine with
iodine (1,5 equiv.), produced rapidly (< 5 min) as the sole nucleotidic product the putative pyridine adduct of
metaphosphate 4a!® (§p = -5.07 ppm, 3Jgp = 7.3 Hz), which upon addition of TAF afforded quantitatively the
phosphorofluoridate Sa. These two reaction steps, oxidation and treatment with TAF, have to be carried out

separately when the monosilylated species 2 is involved as an intermediate, or may be executed simultaneously,



5741

if the transformation proceeds via the bis-silyl phosphite 3. Using one of these procedures even the nucleoside
5’-phosphorofluoridate 5b (8p = -5.40 ppm, pp = 929 Hz) was produced quantitatively from the
corresponding 5°-H-phosphonate 1b (8p = 4.01 ppm, lJgp = 609 Hz).

Analogous studies were also carried out on nucleoside H-phosphonothioates?! 6. From the 3!P NMR
spectra it became apparent that these compounds, in contradistinction to H-phosphonates 1, underwent in

pyridine only transformation to the monosilylated species of type 7, even in the presence of triethylamine and a

large excess of TMS.
Scheme 2
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To check a feasibility of the oxidative transformation of 6 to the phosphorofluoridothioate monoesters 9,
the nucleoside H-phosphonothioate 6a (8p = 55.07 and 54.48 ppm, 1Jgp = 570 and 572 Hz) was silylated with
TMS (3 equiv.) in pyridine to produce the silyl derivative 7a (8p = 57.03 and 56.42 ppm, lJyp = 658 and 660
Hz), and this was treated with jodine (1.5 equiv) under anhydrous conditions (Scheme 2). The 3P NMR
spectra showed a clean conversion of 7b to the putative pyridine adduct of metathiophosphate 8a (6p = 54.88
ppm, 3Jyp = 9.7 Hz), which upon addition of TAF (1.5 mole equiv.) produced the phosphorofluoridothioate 9a
(8p = 55.12 ppm, 1Jgp = 1049. Hz, 3Jyp = 9.7 Hz)22 as the sole nucleotidic product. Similarly, the 5’-
phosphorofluoridothioate 9b (3p = 55.82. ppm, !Jgp = 1049 Hz)?2 was formed quantitatively from the
corresponding nucleoside 5’-H-phosphonothioate 6b (8p = 55.92 ppm, !Jyp = 571 Hz) using the same
reactions sequence23.

We assessed the method also in the synthesis of a new nucleotide analogue, the nucleoside
phosphorofluoridedithioate 9¢. To this end, the H-phosphonodithioate?* 6¢ (8p = 85.38 ppm, Jgp = 532 Hz)
was treated in pyridine with iodine (1.5 equiv.) in the presence of TAF (1 mole equiv.). The reaction was fast
and afforded the desired phosphorofluoridodithioate 9¢ (8p = 119.97 ppm, !Jgp = 1101 Hz and 3/yp = 12.2
Hz) as a major product (ca 85%). The stepwise addition of iodine and TAF to 6a produced the putative
dithiometaphosphate derivative 8¢ (8p = 117.87 ppm, 3Jyp = 12.2 Hz) as an intermediate (3P NMR) and this
reacted further with the added fluoride to form the product 9c.

In conclusion, the iodine promoted oxidation of H-phosphonate, H-phosphonothioate, and H-
phosphonodithioate monoesters in the presence of TMS and triethylamine trishydrofluoride (TAF) provide a

new entry to the corresponding phosphorofluoridate, phosphorofluoridothioate, and phosphorofluoridodithioate
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monoesters, respectively. The transformations seem to be rather general ones and thus applicable to the

preparation of other phosphorofluoridate and their analogues of natural products.

Acknowledgements
We are indebted to Prof. Per J. Garegg for his interest in this work and to the Swedish Research Council for
Engineering Sciences and the Swedish Natural Science Research Council for financial support.

K~ N AW N

10.

11.
12.
13.
14.

15.
16.
17.
18.
19.

20.
21.
22.
23.

24.

REFERENCES AND NOTES

McCombie, H.; Saunders, B. C. Nature 1946, 157, 776-7717.

Hudson, R. F.; Greenhalgh, R. J. Chem. Soc. (B) 1969, 326-328.

Corriu, R. J. P.; Dutheil, J.-P.; Lanneau, G. F.; Ould-Kada, S. Tetrahedron 1979, 35, 2889-2894.
Wittmann, R. Chem. Ber. 1963, 96, 771-779.

Withers, S. G.; Madsen, N. B. Biochem. Biophys. Res. Commun. 1980, 97, 513-519,

Eckstein, F.; Bruns, W.; Parmeggiani, A. Biochemistry 1975, 14, 5225-5232.

Vogel, H. J.; Bridger, W. A. Biochemistry 1982, 21, 394-401.

Matulic-Adamic, J.; Rosenberg, I.; Arzumanov, A. A.; Dyatkina, N. B.; Shirokova, E. A.; Krayevsky, A.
A.; Watanabe, K. A. Nucleosides & Nucleotides 1993, 12, 1085-1092.

Dyatkina, N.; Arzumanov, A.; Krayevsky, A.; O'Hara, B.; Gluzman, Y.; Baron, P.; MacLow, C.; Polsky,
B. Nucleosides & Nucleotides 1994, 13, 325-337.

Dabkowski, W.; Tworowska, 1.; Michalski, J.; Cramer, F. J. Chem. Soc. Chem. Commun. 1995, 1435-
1436.

Dabkowski, W.; Cramer, F.; Michalski, J. Phosphor. Sulfur Silicon 1993, 75, 91-94.
Dabkowski, W.; Tworowska, 1. Chem. Lett. 1995, 727-728.
Dabkowski, W.; Cramer, F.; Michalski, J. J. Chem. Soc. Perkin Trans. I 1992, 1447-1452.

Michalski, J.; Dabkowski, W.; Lopusinski, A.; Cramer, F. Nucleosides & Nucleotides 1991, 10, 283-
286.

Misiura, K.; Pietrasiak, D.; Stec, W. J. J. Chem. Soc. Chem. Commun. 1995, 613-614.
Hood, A.; Lange, W. J. Am. Chem. Soc. 1950, 72, 4956-4950.

Netherlands Patent 6,516,242 (July 28, 1966); CA, 66, 11162j (1967).

Bollmark, M.; Zain, R.; Stawinski, J. Tetrahedron Lett. 1996, 37, 0000.

Garegg, P. J.; Regberg, T.; Stawinski, J.; Stromberg, R. J. Chem. Soc. Perkin Trans. I 1987, 1269-
1273,

Hata, T.; Sekine, M. J. Am. Chem. Soc. 1974, 96, 7363-7364.
Stawinski, J.; Thelin, M.; Westman, E.; Zain, R. J. Org. Chem. 1990, 55, 3503-3506.
After purification the diastereomers visible in the 3!P NMR spectrum in chloroform.

Typical procedure: The nucleoside H-phosphonothioate 6a (triethylammonium salt, 0.1 mM) was treated in
pyridine (4 mL) with trimethylsilyl chloride (0.3 mM) and iodine (0.15 mM) for 10 min, and to this,
triethylamine trishydrofluoride (TAF) was added (0.3 mM). After 15 min the reaction mixture was diluted
with chloroform (15 mL) and extracted with ag. 10% NayS,05 (1 x 15 mL) and then with brine (2 x 15
mL). The organic phase was dried (Na,SO,4) and concentrated in vacuo. The resulting oily residue was
chromatographed on a silica gel column using a stepwise gradient of methanol in chloroform (0-10%)
containing 0.5% of triethylamine. Fractions containing the desired product were concentrated and dried
overnight under vacuum line to afford triethylammonium salt of 9a as a white foam. Yield, 67 mg (90%).
Analogously, the phosphorofluoridates Sa, Sb, the phosphorofluoridothioate 9b (yields > 90%) and the
g)hosphoroﬂuoridodithioate 9¢ (yield (88%), were prepared. They were characterized by TLC, 'H NMR,
1P NMR, and FAB MS.
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