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Abstract: A new convenient route to phosphate monoesters from alcohols has been developed. H-Phosphonate
monoesters, which are readily accessible by phosphonylation of the parent alcohols, were oxidized with #-
BuOOH or N-sulfonyloxaziridines under anhydrous conditions via the corresponding bis(trimethylsilyl)

phosphites. N,O-Bis(trimethylsilyl)benzamide (BSB) and (camphorsulfonyljoxaziridine (CSO) were found to be

highly effective for silylation of H-phosphonates and oxidation of silyl phosphites, respectively. © 1998 Elsevier
Science Ltd. All rights reserved.
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In the chemical synthesis of natural products bearing phosphate groups, a number of
methods for phosphorylation of the hydroxyl group have been explored [1]. In recent years,
phosphate monoesters have frequently been synthesized via H-phosphonate diester {1,2] and
phosphite triester intermediates [1,3] by use of highly reactive phosphonylating and

phosphitylating reagents. After successive oxidation of these intermediates and removal of
their phosphate protecting groups, the phosphorylated products can generally be obtained in
good yields. On the other hand, although H-phosphonate monoesters 2 are readily accessible
by the simple phosphonylation of the parent alcohols 1 with a wide variety of
phosphonylating reagents (Scheme 1) [4], the direct oxidation of these compounds to the
corresponding phosphates 3 has rarely been reported. One reason is the difficulty in the
oxidation of H-phosphonate monoesters 2 compared with that of H-phosphonate diesters and
phosphite triesters [5]. It is well known that the H-phosphonate monoesters 2 can be
converted into trivalent silyl phosphites § [6] which are highly reactive to oxidizing
reagents. Two practical methods have been reported to date for the oxidation of silyl
phosphites 5, which can be prepared from the corresponding H-phosphonates 2 with
chlorotrimethylsilane in pyridine. Hata and Sekine have described the oxidation of
thymidine 5'-bis(trimethylsilyl) phosphite with dipyridyl disulfide [7]. In this method, an
additional hydrolytic step of the S-pyridyl phosphorothioate intermediate is required.
Garegg et al. have described the use of aqueous iodine for the oxidation of silyl phosphite
derivatives in the presence of chlorotrimethylsilane [8]. In this case, stringent reaction
conditions are required. For instance, an excess amount of water results in the hydrolysis of
he silyl gr with incomplete reaction while excess silylating reagent results in the
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formation of pyrophosphate derivatives [9]. Both methods produce the water-soluble by-
products from the silylating and oxidizing reagents. Unfortunately, most of the phosphate
monoester derivatives 3 which can be obtained by the above methods are polar and water-
soluble. Therefore, time-consuming purification of these products is generally required [7].
In this paper, we report an efficient method for the oxidation of H-phosphonate monoesters
2 via silyl phosphite § under mild anhydrous conditions, which can provide a new
convenient route to phosphate monoesters from alcohols. (Scheme 1).
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First, triethylammonium ethyl phosphonate (2e) was treated with 5 equiv of N, O-
bis(trimethylsilyl)acetamide (BSA) in CD3CN and the reaction was monitored by 31P NMR.
After 2 min, the resonance signal of 2e (3.28 ppm, IJpy = 618.9 Hz, 3Jpy = 8.3 Hz)
completely disappeared and the signal of ethyl trimethylsilyl phosphonate 4e (-1.92 ppm,
1Jpy = 689.7 Hz, 3JpH = 8.5 Hz) was observed as a major product. The complete
conversion of 4e to ethyl bis(trimethylsilyl) phosphite 5e (119.45 ppm, 3Jpyg = 7.3 Hz)
required 70 min. Interestingly, use of a stronger silylating reagent N, O-bis(trimethyl-
silyDtrifluoroacetamide (BSTFA) required similar reaction time for the synthesis of Se.
When 2e was treated with N, O-bis(trimethylsilyl)benzamide (BSB) [10] which has not been
used as a silylating reagent to date, quantitative formation of Se was observed after 5 min.
On the other hand, when the DBU salt of 2e was used as the starting material, the formation
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about 1 day. In contrast to this fact, addition of 50 equiv of anhydrous ~-BuOOH to the
reaction mixture resulted in the quantitative formation of trimethylsilyl ethyl phosphate 7e
(-6.32 ppm, 3Jpy = 7.3 Hz) after 5 min. However, use of a small excess amount (2 equiv) of
t-BuOOH with Se resulted in incomplete reaction after several hours with formation of 4e.
These results indicated that --BuOOH was quickly silylated to give the less reactive ¢-
BuOOTMS and the silyl phosphite 5e was partially converted to 4e which can not be
oxidized with ~-BuOOH or -BuOOTMS. In the case of the reaction of Se with a large
excess mount of --BuOOH, the oxidation proceedrd faster than the desilylation of Se and the
silylation of ~BuOOH.
In consideration of the above facts, an oxidizing reagent having no acidic h drogen

apparently suitable for the oxidation of the silyl phosphites in the presence of sil
we have reported a new oxidation method
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using 2-(phenylsulfonyl)-3-phenyloxaziridine (PPO) [13] as an oxidizing reagent, a similar
reaction was observed. In contrast to these facts, no side reactions were observed when
(15)-(+)-(10-camphorsuifonyl)oxaziridine (CSO) [14] and (15)-(+)-(8,8-dichiorocamphor-
sulfonyl)oxaziridine (DCSQO) [15] were used as the oxidizing reagents. Treatment of the
silyl phosphite Se with 2 equiv of CSO or DCSO resulted in the quantitative formation of 6e
after 2 min. Alternatively, treatment of the DBU salt of 2e with CSO or DCSO in the
presence of BSB in CD3CN resulted in the direct formation of 6e after 5 min. The product
6e was treated with excess amounts of MeOH-Et3N (9:1, v/v). After 5 min, almost
quantitative formation of ethyl trimethylsilyl phosphate 7e was observed. The complete
removal of the TMS group from 7e required several hours. When 6e was treated with
MeOH-DBU (97:3, v/v), the two TMS groups were quickly removed to give ethyl phosphate
3e (5.37 ppm, 3JpH = 5.5 Hz) within 10 min.

In a similar manner, the DBU salts of nucleoside 3'-H-phosphonates (2a, 2¢, 2g, and 2t)
bearing unmodified bases, which were synthesized in good yields by the phosphonylation of
nucleosides (1a, 1c, 1g, and 1t) with diphenyl phosphonate followed by the successive

hydrolysis of the phenyl group [11], were converted to the corresponding 3'-phosphates (3a,
3¢, 3g, and 3t) by use of the optimized conditions with BSB and CSO as the silylating and
oxidizing reagents, respectively [16]. All the reactions were monitored by 31p NMR, which
did not show any side reactions. The reaction mixtures containing 3 were diluted with H2O-
pyridine (1:1, v/v) and washed with CHCl3. It is noteworthy that CSO,
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difficult to remove by extraction or silica gel column chromatography. The aqueous layers
were concentrated to dryness to give 3a, 3c, 3g, and 3t in 91, 92, 95, and 92% yields,
respectively. These products were essentially pure (1H and 31P NMR) without further
purification.

In conclusion, the present method is highly effective for the oxidation of H-phosphonate
monoesters under mild conditions. A new silylating reagent BSB was found to be superior
to the conventional BSA or BSTFA for the rapid silylation of H-phosphonate monoesters. It
was found that commercially available CSO and less expensive DCSO were suitable for the
present approach [17]. Moreover, these reagents do not react with purine, pyrimidine, and
other modified bases of nucleic acids [11,18]. Therefore, the present method would be
useful for the synthesis of various nucleotides and 5'-phosphorylated oligonucleotides as well
as a wide variety of natural products bearing phosphate monoester functions via H-
phosphonate intermediates.
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