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Abstract: Nucleoside 3’-N,N-diisopropylphosphonamidate building blocks for oligonucleotide 
synthesis were prepared in high yields from appropriately protected nucleosides by use of 
chlorobis(N,N-diisopropylamino)phosphine as a phosphi@ating reagent. The S’-dimethoxytri~l 
group of the nucleoside 3’-N,N-diisopropyy$hosphonamidates was removed selective& without 
cleavage of the P-N bond umier mild acidic conditions. It was found that the nucleoside 3’-N,N- 
diisopropylphosphonamidates were resistant to oxiaation with tert-bury1 hydroperoxide. Chain 
elongation using the phosphonamidate building block was attempted both toward S- and 3’- 
directions and m’thymidylate was synthesized. Nucleoside 3’-N,N-diisopropylphosphonamuiates 
were found to be potentially useful as 3’-terminal nucleotide units for the solution-phase 
oligonucleotia2 synthesis. 

Introduction 

Current techniques of the solid-phase DNA synthesis’ have provided great contributions to the study on 

molecular biology, especially, in the field of genetic engineering. However, the routine synthesis of DNA 

fragments by use of the phosphoramidite methodu on a solid support yields only few ~01 of the products, and 

consumes a large excess of the expensive nucleoside 3’-phosphoramidites and lti-tetrazole. Compared with the 

automated solid-phase phosphoramidite method, the solution-phase phosphotriester method has remarkable 

advantageous points. For example, the reaction protzds almost stoichiometrically and is suitable for relatively 

large scale synthesis of short oligonucleotides. An additional attractive feature of the phosphotriester method 

makes the chain elongation possible both toward S- and 3’-directions? The nucleotide unit in the standard 

phosphotriester method4J has a trityl-type protective group for the S-hydroxyl and a properly protected 

phosphotriester at the 3’-position. The 3’-phosphotxiester is stable under mild acidic cmdititms for &protection 

of the 5’-nityl group and also stable during the condensation reaction for chain elongation toward the S-direction. 

On the contrary, curmntry used nucleoside 3’-phosphonic acid derivatives such as nucleoside 3’-phosphoramidites 

or nucleoside 3’-H-phosphonatesh7 cannot be applied to the 3’-terminal nucleotide units in the solution-phase 

synthesis because the nucleoside 3’-phosphoramidites are unstable dming chain elongation process toward S- 

direction; acidic conditions for detritylation, lff-tetrazole ptomoted condensation, and oxidation. The nucleoside 

3-Wphosphonates am relatively inert to a&V and oxidant,9 but react with condensing reagents. 
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Recently, we have reported a novel method for internucleotidic bond formation using nucleoside 3’-N,N- 

dialkylphosphonamidatemidates (9) as starting nucleotide units .I0 Compound 9 can be converted to the conesponding 

phosphorochloridite quantitatively by using tris(2,4,at~~ho~h~ (BDCP).llJr The 

3’-N,Ndialkylphosphonamidate is stable under mild acidic conditions and much more resistant to oxidation 

compated with the other phosphonic acid derivatives such as uialkyl phosphites ar dialkyl phosphonates.‘” 

In this paper, we wish to describe a novel strategy for the solution-phase synthesis of oligodeoxyribo- 

nucleotides by use of the nucleosidc T-N,NdGopropylphosphonamidates (9) as building blocks. 

Results and Diion 

Synthesis of Nudeoside 3’-~~-Diisopropylphosphonamidates (9). Several phosphitylating reagents were 

tested for the synthesis of nucleoside 3’-N,Ndiisopropylphosphonamidates (9). For example, dichloro-N,N- 

diisopropylaminophosphine~~~ (2), N,Ndiisopropylaminobis(iidaxolyl)phosphine (3). and N,N-diisopropyl- 

aminobis(triazolyl)phosphine (4) did not nact with S-0-dimethoxytrityl-N3benxoylthymidine (la) in the 
presence of pyridine in THF at -78’C for 2 h. N,N-Diisopropylaminobis(tetraxolyl)phosphine (5) was allowed to 

react with la in dichlommethane at -8% in the presence of diisopropylethylamine and the reaction was complete 

within 1 h. In this case, bis(3’-0-nucleoside) N,N-diisopropylphosphoramidite (ca. 2096) was formed as a side 

product. After usual work up and silica gel column chromatography, 51-O-dimethoxyaityl-N~-btnzoylthymidin- 

3’-yl N,Ndiisopropylphosphonamidate (9a) was obtained in 48% yield Chlorobii(N,N-diisopropylamino)- 

phosphine (6)*617 was also applied to the synthesis of 9. van Boom reported that nucleoside 3’-bis(N,N-diiso- 

propyl)phosphorodiamidites 7 were synthesized using 6 as a phosphitylating reagent in the presence of 

triethylamine in dioxane. When the reaction was carried out by using N,N-dimethylaniline in place of 

triethylamine in dichloromethane, the maction was complete within 15 min and one of the amino group of 7 was 

automatically activated by NWdimethylanilinium chloride, formed in the reaction of la with 6, to give the 

corresponding phosphorotAoridite (8a).lO 
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In this reaction, bis(f’-Gnucleoside) phosphonate was sligbtly formed Crude lla was hydrolyzed to 9s and 

purified by silica gel cohmm clmxnatography. However, bis~,Miisopropylamino)plmsphoncxliam&te formed 

by hydrolysis of excess 6 could not be removed from 9a by silica gel column chromatography, but it could be 

completely removed by precipitation of the crude 9a from n-bexane. After fIbration, pure 9a was obtained in 67% 

yield. When pyridine was employed instead of Nfl-dimethylaniline in dichloromethane, the reaction was 

complete in 10 mitt and the formation of bis(3’-O-nucleoside) phosphonate was negligible. Since 9a was found 

to be slightly soluble in n-hexane at room temperature, precipitation was performed under cooling at -3O“C to give 

pure 9a in M?h yield. In a similar manner, the other phosphonamidate units (9b-d) weie obtained in 8488% 

yields. The phosphonamidates are stable in chloroform at room temperature for several weeks and at -2O‘T for 

several years as solid 

Stability of Nucleoside 3’-NJV-Diisupropylphosphonamidates (9) To Acid and Oxidizing Reagent. 

Compared with tervalent alkyl nucleoside 3’-N,N-dialkylphosphoramidites, nucleoside 3’-NJ-dialkylphos- 

phonamidates 9 were much more stable for acid hydrolysis. ‘Ibe P-N bond of 9 was completely hydrolyzed with 

80% acetic acid at 2fPC for 8 h.13 The stability of 9 to acid enable us to deprotect the Sdimethoxytrityl group of 

9 without cleavage of the P-N bond. It was found that the S-dimetboxytrityl group of 9 was removed selectively 

with 0.5% trifluoioacetic acid in chloroform at OT. For instance, 9s was treated with 0.5% trifIuoroacetic acid in 

chloroform at OT for 45 min and a&r usual work up, N3-benzoylthymidin-3’-yl NJGliisopropylphosphon- 

amidate (12) was obtained in 89% yield. 12 was further treated with 0.5% trifluoroacetic acid in chloroform at 

OT for 24 h, ca. 20% of NJ-benxoylthymidin-din-T-y1 phosphonate was detected by TLC. 
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Next the stability of 9 to oxidizing reagents was tested 9 was allowed to react with 3 equiv of iodine in 

pyridine-water (98:2, v/v)9 to afford the cormsponding phosphorsmidate. TLC monitoring indicated that a half 

life time of 9 was 2.5 h and the reaction was complete in 12 h. In contrast, 9 was hardly oxidixed with rerf-butyl 

hydroperoxide (3 equiv) in dry pyridine for 12 h. 

Synthesis of Trithymidylate (TpTpT). The unique characters of the NJMiisopropylphosphonamidates, 

stability against acid and oxidizing reagents, enable us to examine the elongation of oligonucleotide chain both 

toward 5’- and 3’-dimctions. For example, methyl S-O-dimethoxytrityl-N3-benzoylthymidin- phosphonate 

(10) was treated with 1.2 equiv of BDCP in pyrldine for 5 min to give the corresponding phosphorochloridite 

(11).**19 It was allowed to mact with N3-benzoylthymidin-3’-yl NJMiisopropylphosphonamidate (12) and the 

reaction was monitored by 3tP NMR. After 5 min, formation of the dimer (13) having an intcmucleotidic 

phosphite triester (139.98,140.57,140.86 ppm) and a N~&Wlnrrpylpbosphonamidate (13.56.14.24 ppm) at 

the 3’-terminus was observed (Figure IA). In tbis reaction, BDCP (-64.62 ppm) was completely consumed and 
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the 3’-phosphonamidate group was not activated at all. To the reaction mixnut was added 6 equiv of rerr-butyl 

hydroperoxide and 31P NMR was further reconled for 10 min. It was observed that the intemucleotidic 

phosphite was selectively oxidized to the phosphotriester (-0.19. -0.39 ppm) and the T-phosphonamidate (14.05, 

14.92 ppm, JPH = 638.7 Hz. pyridine-ds) was not oxidizeA (Figure 1B). The nsulthtg dimer 14 was isolated in 
90% yield (based on 12) by silica gel column chmmatogmphy. ‘Ihe 3tP NMR spectra of pmified 14 wee shown 
in Figure 2. 
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Figure 1. 3tP NMR spectra: A, reaction mixtun obtained by the reaction of 12 with 11 in pyridine 
for 5 min; B, reaction mixture after oxidation with t-butyl hydropetoxide in pyridine for 10 min and 
aqueous work up. 
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B 

F%w 2. 31P NMR spectra of 14 in C’DCl3: A, 1Hdecoupled qectrum; B, lH-coupled spectnun. 

In o&x to elongate the chain toward 3’-terminus. the dimer 14 was furrh mated with 1.5 equiv of BDCP 

in the presence of dikopqylethyhunine in pyriae. After 5 min, 31P NMR spcctrm (Figtut 3) showed that the 

3’-N,Ndiisopropylphosphonamidate was completely converted into the corresponding phosphorochloridite 15 

(179.51 ppm). To tbe reaction mixture was added r-o-benzoyl-N3_benzoylthymidine 16. The bimer 17 having 

the phosphoramidite (149.19.149.18 ppm) and the phosphotriester (-0.10 ppm) was observed after 5 min by 31P 

NMR. ItwastreatedwithaqucousWridineinthepnsenceofpyridiniumchlorldeforSmin~ovethetrimer18 

having the phosphonate diester (8.61.9.98 ppm) and the phosphotriester (-0.10 ppm) bonds. To the mixture 

iodine was added and the mixtme was stirred for 10 min to give the trimer 19 having the phosphodiester (-1.07 

ppm) and the phosphotriester (-0.10 ppm) bonds. 19 was isolated by silica gel column chlomatography in 79% 

yield on the basis of 16. 

Figure 3. 31P NMR spectnn of the reaction mixture obtained by the reaction of 14 with BDCP in 
pyridine in the presence of diisopqyletbylamine for 5 min. 
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Deprotecton of the trima was attempted as follows: 19 was tatted with benzenethiol-triethylaminedioxane 

(1:1:2,v/v/v)loatroomEemperaancfor1’handwithcancentraibdammoniaatroom~~~far12h. Finally, 

dimethpxytrityl group waa.removed by treatment of 80% acetic acid far 30 min. After washing with ether, pure 

trithymidylate (20) was obtained in 91% with&t further purification (Figure 4 aud Figure 5A). The resulting 

trithymidylate was completely digested with snake venom phosphodiesterase to give thymidine and thymidine S- 

phosphate in the rational ratio (Figure 5B). 

In conclusion, nucleoside T-NJV-diisopropylphosphonamidates are the first example of the nucleoside 3’- 

phosphonic acid derivatives as 3’-terminal nucle&ie units which can perform the chain elongation of oligo- 

nucleotides both toward S- and 3’dbtions. 
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Figure 4. 31P NMR spectrum of crude tithymidylate in w. 
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Figure 5. Reversed phase HPLC profiles: A, crude aithymidylate; B, after digestion with snake 
venom phosphodiesterase. 
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Experimental 

General Remarks. CH$l2 wss distilled from CsH2 afkr being refluxed for several hours, and stored over 

molecular sieves 4A. pyridine wss distilled after being n2fluxed overptoluenesulfonyl chloride for several hours, 

redistilled from CaH2 and stored over molecular sieves 4A. Tris(2,4,6_tribromophenoxy)dichlolophosp~~~~xy~c~~~h~e 

(BDCP) was prepared by the procedure as reported previously. *z Chlaobis(~~~sapropylamino)phosphine 

(6) was prepared by literature procedure. I6 tert-Butyl hydroperoxide (3.0 M solution in 2.2,~trimethylpentane) 

was purchased from Aldrich Chemical Co., Inc. 1H NMR spectra wem obtained at 270 MHz on a IEOL-EX-270 

spectrometer with telramethylsilane as an internal standard in CDC13 and with sodium 3-@imethylsllyl)propane 

sulfonate as an external standard in D20. 13C NMR spectra were obtained at 67.8 MHz on a JEOL-EX-270 

spectrometer with tetramethylsilane as an internal standard. The signals of the 1H and 13C NMR spectra were 

assigned by analysis of the tH-1H COSY and 1H-13C COSY spectra obtained on a IEOL-EX-270 spectrometer. 

31P NMR spectra were obtained at 40.5 MHz on a JEOLFX-100 spectrometer using 85% H3PO4 as sn external 

standard. FAB mass spectra were obtained on a JEOL-JMS-DX-303 mass spectrometer. W spectra were 

recorded on a Hitachi 22OA spectrophotometer. Thin layer chromatography were performed on precoated glass 

plates of Kieselgel60 Fm (Merck, No. 5715) and developed by C!H$Zl2MeOH (2&l, v/v). Silica gel column 

chromatography was carried out using Wakogel C-200. Reversed phase HPLC was performed on a column of 

@ondasPhere 5~ Cl8 100 A, 3.9 mm x 15 cm (Nihon Waters Ltd., No. 10066) with a linear gradient of O-6096 

MeCN in 0.1 M ammonium acetate buffer (PH 7.0) at 50°C for 40 min at a rate of 1.0 mUmin. 

5’-O-Dimethoxytrityl-N3-benzoylthymidin-3’-yl iV,N-diisopropylphosphonamidate (9a). Typical 

procedure : 6 (0.320 g, 1.2 mmol) was added to a mixture of la*’ (0.648 g, 1.0 mmol, dried by repeated 

coevaporation with dry pyridine) and pyridine (0.12 mL, 1.5 mmol) in dry CIi$Zlz (10 mL) at mom temperanne. 

After being stirred for 10 min, 0.5 M pyridinium chloride in pyridine-Hz0 (98:2, v/v, 0.1 ml) was added. The 

mixture was concentrated and the resulting gum was dissolved in ether-pyridine (4: 1, v/v, 50 mL) and washed 

three times with 5% NaHC@ (50 mL). The aqueous layer was back extracted thtee times with ether. The 

organic layer and washings were combined and dried over Na2SO4, filtered, and concentrated under reduced 

pressure to give a colorless foam. It was dissolved in CH&!l~ (2 mL) and precipitated with n-hexane (100 mL) at 

-30“C. The precipitate was filtered and washed with cold n-hexane. The filtrate was concentmted and dissolved in 

CH2Cl2 (1 mL) and precipitated with n-hexane (25 mL) at -30“C. The second crop was filth and washed with 

cold n-hexane. The precipitates were combined and dried in vacua to give 9a (0.634 g, 80%) as a white solid: 

3tP NMR (CDCl3) 6 13.18, 13.47 (Jp~ = 631.2 Hz); 1H NMR (CDC13) 6 1.20, 1.21 (lW, 26, J = 7.3 Hz and 

6.9 Hz, CH3 of isopropyl), 1.37, 1.41 (3H. 2d, Js_~&H = 1.0 Hz and 0.7 Hz, 5-CH3). 2.49 (lH, m, 2’-H), 2.63 

(19 m. 2”-H), 3.35-3.49 (4H, m, 5’,5”-H and CH of isopropyl), 3.80 @I, s, 0CH3 of DMTr), 4.28.4.32 (lH, 

2m. 4’-I-I). 5.14 (1H. m, 3’-H), 6.45,6.48 (1H. 2&l, J~~/Jl*~ = 5.8 Hz and 8.1H2, Jl*z/Jl*r = 5.6 Hz and 7.1 

Hz, l’-H), 6.85 (4H, 2d, J = 8.6 Hz and 7.7 Hz, 3,3’,5,5’-H of DMTr), 6.85,6.92 (lH, 2d, JPH = 636.5 Hz and 

635.4Hz, PH),7.16-7.41(9H,m, ArfIofD~rexceptfor3,3’~$-~,7.50 @I-I, m, 3,5-Hofbenzql),7.65 (lH, 

tt, J = 7.5 Hz and 1.3 Hz, 4-H of benzoyl), 7.74 (Hi, bs, 6-H), 7.94 (ZH, m, 2,6-H of benzoyl); l3C NMR 

(CDCl3) 8 11.63, 11.72 (5-CH3). 22.68,22.92 (JPN~ = 8.6 Hz and 6.1 Hz, CH3 of isopropyl), 39.73 (2-C). 

45.22.45.26, (Jp~c = 7.0 Hz and 6.1 Hz, CH of isopropyl), 55.29 (OCH3 of DMTr), 62.96,63.36 (5’-C), 74.37, 

75.03 (Jm = 6.1 Hz and 6.1 Hz, 3’-C), 84.69 (II-C), 8$.14,85.43 (Jmc = 4.8 Hz and 4.9 Hz, 4’-C), 87.26, 
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87.33 (rerr-C of DMTr), 111.53. 111.66 (5-C). 113.37 (3.3’,5,5’-C of DMTr), 128.08. 128.19. 130.13, 130.51, 

131.52 (Arc of DMTr except for 3,3’,5,5’-C), 129.04, 129.13 (3.5-C of benzoyl), 130.51 (2.6-C of benzoyl), 

131.62 (1-C of benzoyl), 135.00, 135.09 (4-C of hcnaoyl and 1.1’~C of DMlk). 135.25 (6-C), 144.02 (1”-C of 

DMTr), 149.36.149.43 (2-C), 158.83 (4&C of DMT?), 162.78 (4-Q 169.00 (C=O of benzoyl); FAB MS m/z 

794 @+I+); AnaL Calcd for C44H3oN3O9Pz C!, 66.40, H, 6.33; N, 5.28. Found: C, 66.70, H, 6.46, N, 4.94. 

5’-U-Dimethoxytrityl-N6-benzoyldeoxyadenosin-3’-yl NjV-diisopropylphosphonamidate (9b). The 

above procedure with lbp (0.460 g, 0.70 mmol) gave 9b (0.479 g, 85%) as a white solid: 3tP NMR (CD@) 6 

12.88, 13.76 (JPH= 634.8 Hz); lH NMR (CDC13) 6 1.25, 1.26 (12H, 2d, J = 6.9 Hz and 6.3 Hz, cH3 of 

isopropyl), 2.85 (lH, m, 2’-H), 3.07 (lH, m, 2”-H), 3.37-3.57 (4H, 5’,5”-H and CH of isopropyl), 3.77 (6H, s, 

ocH3 of DMTr), 4.39.4.44 (lH, 2m, 4’-H), 5.22 (lH, m, 3’-H). 6.53, 6.55 (H-I, 2dd, Jl*~‘lJl*~ = 5.9 Hz and 

6.4H~ Jl*,z/Jl*gn = 5.9 Hz and 7.1 Hz, 1’J-I). 6.78,6.79 (4H, 26, J = 8.6 Hz and 8.3 Hz, 3,3’,5,5’-H of DMTr), 

6.93.6.97 (lH, 26, J~H = 632.1 Hz and 639.7 Hz, PH), 7.16-7.32 (5H, m, 2”,3”,4”,5”,611-H of DMTr), 7.35,7.37 

(4~26,J=8.6Hzand8.3Hz,2,2’,6,~-HofDMTr),7.51(2H,m,35-Hofbenzoyl),7.60(19tt,J=7.3Hzand 

1.3 Hz, 4-H ofbenzoyl), 8.03 (2H, m, 2.6-H of benzoyl), 8.16,8.18 (lH, 2s. 2-H), 8.73,8.74 (lH, 2s. 8-H). 9.13 

(lH, bs, 6-NH); l3C NMR (CDC13) 6 22.95.22.96 (J PNCC = 7.3 Hz and 4.9 Hz, CH3 of isopropyl), 39.19.39.41 

(JPOCC = 2.4 Hz, T-C), 45.27, 45.35 (.Jptqc = 6.1 Hz and 4.9 Hz, CH of isopropyl), 55.22 (OCH3 of DMTr), 

63.00,63.36 (S-C), 74.63.74.88 (Jwc = 4.9 Hz, 3’-C), 84.58,84.65 (1’~C), 85.47.85.67 (Jwcc = 6.8 Hz, 4’-C), 

86.72,86.77 (fert-C of DMTr), 113.21 (3,3’,5,5’-C of DMTr), 123.38 (5-C). 127.01, 130.03 (2”,3”,4”,5”,611-C of 

DMTr), 127.87 (2,6-C of benzoyl), 128.10 (2,2:6&‘-C of DMTr), 128.86 (3,5-C of benzoyl), 132.76 (4-C of 

benzoyl). 133.69 (1-C of benzoyl), 135.40, 135.45 (1.1’~C of DMTr), 141.33, 141.42 (2-C). 144.27 (I”-C of 

DMTr), 149.56 (4-C), 151.50 (6-C), 152.68 (8-C), 158.58 (4$-C of DMTr), 164.58 (GO of benzoyl); FAB 

MS m/z 805 (M+). 

S-O-Dimethoxytrityl-N4-anisoyldeoxycyti NJV-diisopropylphosphonamidate (SC). The same 

procedure with lczz (0.664 g, 1.0 mmol) gave 9c (0.711 g, 88%) as a white solid: 31P NMR (CDCl3) 6 13.37 

VPIF 632.8 Hz); lH NMR (CDC13) 6 1.23,1.24 (12H. 26, J = 6.6 Hz and 6.6 Hz, CH3 of iso@opyl), 2.39 (lH, 

m, 2’-H), 2.89 (lH, m, 2”-H), 3.38-3.52 (4H, 5’,5”-H and CH of isopropyl), 3.79,3.80 (6H. 2s, 0CH3 of DMTr), 

3.88 (3H, s, 0CH3 of anisoyl), 4.37,4.42 (1H. 2m, 4’-H), 5.09 (1H. m, 3’-H), 6.34.6.36 (lH, 2t, Jl~~=J1*,2~ = 

5.9 Hz and JI*,T = J1~,2” = 5.3 Hz, II-H), 6.85,6.87 (4H. 2d, J = 8.6 Hz and 8.6 Hz. 3.3’,5,5’-H of DMTr). 6.84, 

6.95 (lH, 26, JPH = 637.4 Hz and 633.5 Hz, PH), 6.98 (W. d, J = 8.8 Hz, 3,3’,5,5’-H of anisoyl), 7.21-7.40 (12H, 

m, 5-HandArH),7.86 (2H,d, 8.8 Hz,2,6-Hof anisoyl), 8.14,8.19 (lH,2d,J=7.3 and7.6Hz. 6-H). 8.65 (1H 

bs, 4-NH); 13C NMR (CDC13) 6 22.96,22.98 (&JCC = 9.7 Hz and 7.3 Hz, CH3 of isopropyl), 40.86 (2’-C), 

45.24 (JPNC = 6.1 Hz, CH of isopropyl), 55.24 (CK!H3 of DMTr), 55.56 (OCH3 of anisoyl), 62.30.62.84 (S-C), 

73.12,74.25 (JPCIC = 4.9 Hz and 4.9 Hz. 3’-C), 85.50,85.91 (Jpocc = 4.8 Hz and 4.9 Hz, 4’-C), 86.97 (fur-C of 

DMTr), 87.10,87.13 (l’-C), 96.46 (5-C). 113.33 (3,3’.5,5’-C of DMTr), 114.27 (3.5-C of anisoyl), 125.28 (1-C of 

anisoyl), 127.17, 128.05, 128.12, 130.03, 130.10 (ArC of DMTr), 129.63 (2.6-C of anisoyl), 135.04, 135.07, 

135.22, 135.25 (l,l’-C of DMTr), 143.95, 143.99 (Ill-C of DMTr), 144.26 (6-C), 158.70 (4-C of anisoyl and 

4P-C of DMTr). 162.17 (2-C), 163.54 (4-C and C=O of anisoyl); FAB MS m/z 811 (M+). 
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S’~~Dimct~~l-~-plgpioayl-O(-diph~~~a~yl~y~~~-3’-yl NJV-diisopropylphos- 

phonamid8te CM). ‘Ihe same p&c&me with I@ (0.821 g. 1.0 mmol) gave W (0.816 g, 84%) as a white solid: 
slP NMB (CDd3) 8 12.98, 14.05 (Jp 635.9 Hz); 1H NMB (CDCl3) 8 1.19.1.23 (3H. 2t, J = 7.3 Hx and 6.9 

Hz, C!Hj of propionyl). 1.24 (12H, 2d. J = 6.9 Hx, CH3 of isopropyl). 2.70 (2H, q, J = 7.3 Hz, CT-I2 of ptopionyl), 

2.75(g m, 2-H), 2.96 (-HI, m. 2”~H), 3.36-3.56 (4H. m, 5’,5”-H and CH of iscptopyI), 3.74 (6H, s,OCH3 of 

DMTr), 4.32,4.39 (H-l, 2m. 4-H), 5.22 (1H. m, 3-H). 6.39.6.43 (HI, 2dd, J1*,2iJrr = 5.6 Hz and 8.3Hz. 
Jy,x/Jly = 5.9 Hz and 6.6 Hz, F-H), 6.76,6.17 (4H. 2d, J = 9.2 Hz and 8.9 Hz, 3,3’,5$1-H of DM’D), 6.91,6% 

(lH, 26, JPIT_ 631.8 Hz and 639.1 Hx, PH). 7.14-7.45 (19H. m, ArH), 7.95,8.00 (B-I, 2bs, 2-NH), 8.08 (H-L, s. 8- 

H); 1* NMR (CDCl3) 8 8.91 (CH3 of propionyl). 22.92.22.94 (Jp~tx = 8.6 Hz and 6.1 Hz, CH3 of isopropyl), 

39.21,39:50 g-C), 45.26,45.31 (Jppqc = 6.1 Hz and 6.1 Hx, CH of isopropyl), 55.28 (OCH3 of DMTr), 63.18, 

63.47 (5-Q 74.37,74.64 (Jpoc = 4.9 Hz and 7.4 Hz, 3-C). 84.46 (I’-C), 85.29,85.62 (Jpocc = 6.1 Hz and 4.9 

Hz, 4’-C), 86.63,86.72 (relx-C of DMT?), 113.21 (3,3,5$-C of DMTr), 121.20, 121.26 (5-C). 126.99, 127.22, 

128.07, 129.18, 129.97, 130.01 (Arc), 135.34, 135.42 (1.1’~C, DMTr), 141.78 (1-C of diphenylcarbamoyl), 

142.17, 142.28 (8-C), 144.29 (1°C of DMTr), 150.37 (4-C), 152.07 (2-C), 154.45, 154.59 (6-C). 156.19 (C=O 

of diphenylcarbamoyl), 158.60 (GO of propionyl and 4,4-C of DMTr); FAB MS m/z 968 (M+). 

NJ-Benzoylthymidin-3’-yl NJkMsopropylpbosphonamidate (12). To a solution of 9a (0.159 g, 0.20 

mmol)incHU~(2omL)atoOCwasadded1%triflwrroace ticacidinCHCl3(2OmL). Themactionmixtumwas 

sthred at O°C for 45 min. To the above mixture was added pyridine (1 mL) and washed three times with 5% 

NaHCQ, and the aqueous layer was back extracted thme tunes with CHC13. The organic layer and washings 

were combined and dried over NazSO4, tiltemd, and concentrated to dryness. The residue was applied to a silica 

gel column. Chtomatography was performed first with CH$!l~-ether (1: 1, v/v) containing 1% of Et@ followed 

with CH2C12 containing 1% of EtsN, applying a gradient of MeOH (O-296). The fractions containing I2 were 

combined and concentrated to give 12 (0.088 g, 89%) as a colorless foam: 3tP NMB (CDC13) 8 13.47, 14.14 

(Jpn= 642.4 Hz); lH NMB (CDQ3) 6 1.24, 1.25 (LX-I, 2d, J = 6.9 Hx and 6.9 Hz, CH3 of isopropyl), 1.96 (3H, 

s, 5-CH3), 2.38 (HI, m, 2-H), 2.49 (lH, m, 2”~H), 3.45,3.51 (2H, m, J= 6.9 Hz, CH of isopropyl), 3.90 (W, m, 

5’5”~H), 4.62 (lH, m, 4-H). 5.17 (lH, m, T-H), 6.31 (H-l, t, JrpJl*2 = 6.3 Hz, l’-H), 6.94,6.% (HI, 2d, J~H= 

644.3Hxand633.8Hx,PH),7.49(2H,t, J=7.6Hx,3,5-Hof benxoyl),7.65 (lH,tt, J=7.6Hzand 1.3Hr.4H 

of benzoyl), 7.80,7.82 (lH, 2d, J,.j_B,s_~a - - 1.3 Hz and 1.0 Hz, 6-H), 7.93 (2H, d, J = 7.6 Hz, 26-H of benxoyl); 

W NMB (CDC13) 8 12.67 (5-(X3), 22.87 (JPNCC = 8.5 Hz. CH3 of isopropyl), 39.35 (2-Q 45.41.45.44 

(J~Nc = 7.4 Hz and 6.1 Hz, CH of isopropyl), 61.65,61.74 (SC), 73.45.74.30 (Jm = 6.1 Hz and 4.8 Hz, 3-C). 

85.28,85.35 (1’~C), 86.17.86.39 (Jmc = 3.6 Hz and 3.7 Hz, 4-C), 111.21 (5-C). 129.16 (3.5-C of benxoyl), 

130.46 (2,6-C of benxoyl), 131.55 (1-C of benzoyl), 135.07 (4-C of benxoyl), 135.92 (6-C), 149.40, 149.43 (2- 

C). 162.84 (4-C). 168.98 (GO of benxoyl). 

Synthesis of the Dimer 14. A solution of BDCP (0.246 g, 0.225 mmol) in dry pyridine (1.5 mL) was added to 

1021 (0.137 g, 0.188 mmol, dried by repeated coevaporation with dry pyridine) and the mixture was allowed to 

stand at room temperatum for 5 min. The mixture was added to 12 (0.062 g, 0.125 mmol, dried by repeated 

coevaporation with dry pyridine). The mixture was stirred at room tempemtme for 5 min and a 3.0 M solution of 

teti-butyl hydroperoxide in 2.2~4uimethylpentane (0.25 mL, 0.75 mmol) was added. After being stirred for 20 



Nucleoside 3’-NJUialkylphosphonamidates 2053 

mm, the mixture was diluted with CHCl3 and washed thme times with 5% NaHCQ, and the aqueous layer was 

back extracted three times with CHC13. The organic layer and washings were combined and dried over Na2SO4, 

Ntered, and concentrated to dryness. The residue was applied to a silica gel column and chromatography was 

performed with CH2Clg containing 1% of EtsN, applying a gradient of MeOH (O-1.5%). The fractions 

containing 14 were combined and concentrated to give 14 (0.137 g, 90%) as a colorless foam: stP NMB 

(CDC13) 6 13.56, 14.73 (Jpu= 642.9 Hz, phosphonamidate), -0.58, -0.87, -1.16 (phosphotriester); IH NMB 

(CD@) 6 1.21, 1.22 (12H. 245 = 6.9 I-Ix and 6.6 Hz, CH3 of isopropyl), 1.43 (3H, s, 5-CH3 of pTp), 1.93 (3H, 

m, 5-CH3 of Tp), 2.22 (lH, m, 2-H of Tp), 2.42-2.58 (2H, m, 2”-H of Tp and 2-H of pTp), 2.69 (lH, m, 2”-H of 

pTp), 3.36-3.60 (4H, m, 5’,5”-H of Tp and CH of isopropyl), 3.72.3.73.3.78 (3H. 3d. Jpoc~ = 11.5 Hz, 11.2 I-Ix, 

and 11.2 I-I& PCCI-I3). 3.80 (6H, s, 0CH3 of DMTr), 4204.34 (4H, m. 5’,5”-H of pT, 4-H of Tp and pTp), 4.98 

WI, m, 3-H of Tp). 5.21 (lH, m, 3-H of pTp). 6.31 (U-I, m, I’-H of Tp), 6.44 (lH, dd, 51*,2VJI*,2n = 5.6 Hz and 

7.8 Hz, l’-H ofpTp), 6.87 (4H, d, J = 8.9 Hz, 3,3’.5,5’-H of DMTr), 6.89,6.89,6.91,6.91 (lH, 4d, &u= 636.1 

Hz, 637.7 Hz, 639.9 I-Ix, and 640.1 Hz, PI-I), 7.24-7.95 (21H m, 6-H and ArH). 

Synthesis of the Trlmer 19. To a solution of 14 (0.100 g, 0.082 mmol, dried by repeated coevaporation with 

dry pyridine) in dry pyridine (1 mL) was added a mixture of BDCP (0.134 g, 0.123 mmol) and diisopropylethyl- 

amine (0.044 mL, 0.25 mmol) in dry pyridine (1 mL). The mixture was allowed to stand at room temperature for 

5 mm and added to a solution of 16 (0.025 g. 0.055 mmol, dried by repeated coevaporation with dry pyridine) in 

dry pyridine (0.5 mL). After being stirred for 10 min. 0.5 M solution of pyridinium chloride in pyridine-Hz0 

(98:2, v/v. 2 mL) was added to the mixture. After being stir& for 10 min. 12 (0.104 g, 0.41 mmol) was added and 

the mixture was stirred for 10 min. Then saturated Na&04 aq was added to the mixture and diluted with 

CHC13. The organic layer was washed three times with 0.5 M triethylammonium hydrogen carbonate and the 

aqueous layer was back extracted three times with CHC13. The organic layer and washings were combined and 

dried over Na2S04, fdtered, and concentrated to dryness. The residue was applied to a pteparative TLC developed 

with C!I+Cl2-MeOH (2O:l. v/v) containing 1% of Et3N to give 19 (triethylammonium salt; 0.070 g, 79%) as a 

foam: 31P NMB (CDC13) 6 -0.68, -0.97 (phosphotriester), -1.74 @hosphodiester); IH NMB (CDC13) 6 1.23 

(9H, t, J = 7.3 Hz, CH3 of Et$W+). 1.41 (3H. s, 5-CH3), 1.93 (3H, m, 5-(X3), 2.01 (3H, s, 5-CH3). 2.43-2.76 

@I-I, m, 2’,2”-H), 2.97 (6H. q, J = 7.3 I-Ix, CH2 of Et$VI-I+), 3.42, 3.55 (2H. 2m. 5’.5”-H), 3.69, 3.73 (3H, 2d, 

Jpoc~ = 11.2 I-Ix and 15.5 Hz, POCH3), 3.79 (6I-I. s, 0CH3 of DMTr), 4.08-4.41 (7I-L 5’,5”-H and 4-H), 4.90. 

5.20.5.63 (3H, 3m, 3-H). 6.33,6.42,6.48 (3H, 3m, l’-H), 6.86 (4H, d, J = 8.9 Hz, 3,3,5$-H of DMTr). 7.18- 

7.99 (29H m, 6-H and ArH). 

Synthesis of Trithymidylate. Compound 19 (0.042 g. 25.8 mmol) was treated with PhSH-EtjN-dioxane 

(1:1:2. v/v/v, 1 mL) at room temperature for 1 h. The mixture was diluted with pyrldine-Hfl (1: 1, v/v) and 

washed five times with ether. The aqueous layer was concentrated to dryness and the residue was treated with 

coned NH3-pyridine (9: 1, v/v, 20 mL) for 12 h at room temperature. The mixture was concentrated to dryness 

and the residue was treated with 80% AcOH (20 mL) at room temperature for 30 min. AcOH was removed by 

repeated coevapomtion with water and the aqueous solution was washed five times with ether. The aqueous layer 

was concentrated and coevaporated with EtOH for several times. The resulting solid was dried over P4OIo under 

reduced pressure at 4O“C for two days to give aithymidylate (ammonium salt; 0.021 g, 91%) as an amorphous 
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solid. Resulting trithymidylate was comple&ly digested with snake venom phosphodiesterase in O.lM Tris-HCI 

buffer @H 8.0) at 37’C for 3 h to give thymidine and thymidine 5’-phosphate in 1.O:l.g ratio (analyzed by 

reversed phase HPLC). 31P NMR @20) 6 -0.87; ‘H NMR @20) 6 1.84, 1.86, 1.87 (9H, 39, X!H3), 2.33-2.51 

(6H, m, 2’.2”-H), 3.78 (2&I, m. 5’,5”-I-I), 4.08-4.10 (4H, m, 5’,5”-H), 4.15-4.16 (2H, m, 4’-H), 4.55,4.76,4.86 (3H, 

3m. 3’-H). 6.17 (lH, t, J = 7.0 Hz, l’-H), 6.20 (2H, t, J= 7.0 Hz, I’-H), 7.60 (lH, s, 6-H), 7.65 (2H. s, 6-H); UV 

(H20, pH 7.0) & = 266 nm, &in = 236 nm. 

This paper is dedicated to Professor Fritz Eckstein on the occasion of his 60th birth&y. 
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