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Abstract-Phosphorylatlon of the 5’-0-monomethoxytntyl-2’-deoxynbonucleosldes by means of aryl 
phosphoramhdochlondates gves the dlasteremsomers of S-0-monomethoxytntyl-2’-deoxynbonucleoslde 
3’-aryl phosphoramhdates Their separation can be performed by means of chromatographlc techniques 
They can be further converted to the 2’-deoxynbonucleoside cycbc 3’-5’ phosphoramhdates, which are 
mtermedlates m the stereospeclfic synthesis of 2’:deoxynbonucIeoside cychc (J’Y)phosphorotfuoates of 
known absolute configuration at phosphorus 

The stereospecific synthesis of nucleoslde P-choral 
phosphorothioates and [“O]-phosphates is the con- 
tmumg goal m our research program. The avallabllity 
of such compounds of known absolute configuratlon 
at P facilitates investigations of the stereochemlcaI 
course of enzymatic reactions involving cleavage of 
P-O bond m nucleotldes’ as well as the studies on the 
“mapping” of active sites of enzymes responsible for 
phosphoryl and nucleotldyl transfer.* In this paper 
we wish to describe the synthesis of deoxy- 
nbonucleoslde 3’-aryl phosphoramhdates (l), their 
transformations leading mto P-achiral deoxy- 
rlbonucleoslde phosphoramhdates (2) and aryl phos- 
phates (3), or separation of 1 mto dlastereolsomers 
and further stereospecific synthesis of deoxy- 
rlbonucleoside 3’-aryl phosphorothioates (4). The 
synthetic potential of the phosphoranihdate mter- 
mediates (1) IS further emphasized m their simple 
transformation mto deoxyrlbonucleoslde cychc 
3’,5’-phosphoranilidates (5) which can be easily con- 
verted to dlastereoisomerlc nucleoslde cyclic 
3’,5’-phosphorothloates (6) and [‘80]-phosphates (7). 
Independently, the compounds (2) can be used m the 
synthesis of dldeoxyrlbonucleoslde (3’+5’)- 
phosphoramhdates (15) which after separation mto 
pure dlastereolsomers may be stereospeclfically con- 
verted mto dldeoxyrlbonucleoslde(3’+5’)-phosphor- 
othioates (9). These results were reported briefly in 
several preliminary communications 3-9 

RESULTS’ 

The synthesis of key-mtermedrates 
2’-deoxyrzbonucfeosrde 3’-aryl phosphoramlldates. 

With few exceptlons,‘s’4 the syntheses of dl- 
astereoisomerically pure nucleoslde phos- 
phorothioates’>‘* have been based on the stereo- 
selective enzymatic degradation of mixtures of dl- 

*Author to whom correspondence should be addressed 
TDedlcated to Prof F Cramer on the occasion of his 60th 

blrthday 

astereoisomers Our original strategy for the 
stereospeclfic chemical synthesis of nucleoslde phos- 
phorothioates relies upon the use of choral (but 
racemzc) phosphorylating agents, aryl phos- 
phoramhdochlondates (10)“” m the synthesis of- 
2’-deoxyrlbonucleoslde 3’-aryl phosphoramhdates (1) 
which, by virtue of chlrality of 2’-deoxyribose moiety 
and dissymmetry at P consist of dlastereolsomerlc 
mixtures, which are easdy separable by chro- 
matography. From several aryl phosphoramhdo- 
chlorldates (lo), we have found the 2-chlorophenyl 
derivative (107) to be the most convenient phos- 
phorylating agent 

Besides its good phosphorylating properties to- 
wards S-protected 2’-deoxynbonucleoslde denva- 
tlves (12), 1Oy 1s an easily avallable and stable 
compound, and the correspondmg s-o- 
monomethoxytntyl-2-‘-deoxyrlbonucleoslde 3’-(2- 
chlorophenyl) phosphoramlidates (11) may readily be 
separated mto their constituent diastereolsomers. It 
has to be emphasized that the dlastereolsomerlc 
homogeneity of 2-chlorophenyl esters (11) can be 
easily monitored by means of “P-NMR spectroscopy 
as the phosphorus resonance signals of pairs of dl-- 
astereolsomers differ. Phosphorylatlon of S-O-mono- 
methoxytntyl-2’-deoxyrlbonucleosldes (12) may be 
performed m pyrldine solution using a 50% molar 
excess of 1Oy In the case of 12 (B=Thy), and 12 
(B=Ade) the yields of 11 were satisfactory (Table 2, 
method A). However, when the same condltlons were 
used for 12 (B=Gua) and 12 (B=Cyt) the yields of 
compounds 11 (B=Gua) and 11 (B=Cyt) were very 
low (6 and 16x, respectively) 

Such poor results were avoided when correspond- 
mg 5’-0-monomethoxytrltyl-2’-deoxyrlbonucleosides 
were treated with 50% molar excess of l&y m ace- 
tomtrlle solution m the presence of 6-fold molar 
excesses of 1,2,4-tnazole and trlethylamme (Table 2, 
method B). The progress of the reaction was mon- 
itored by “P-NMR spectroscopy. The optimal reac- 
tion time was estimated to 20 hr. The nearly eqm- 
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Tdble 1 The yields. “P-NMR and chromatographlc characterlstlcs of 5’.O-monomethoxytntylthy- 
mldme 3’-arpl phosphoramhdates (11, B=Thy) 

_‘_‘~_____T___________,~~~~-_~--~--~----- 

c/ ; is : Rf , ARf 

iwml I 

_-_---__“_-_T_____________ 
a/ : 

Yield , 3'P-NMR Compounds / Ar 
II 
- I 1x1 

________ 

80 

87 

87 

90 

1 61wmlb’ 
__+_____________ ___-__-__-__’ :._______________. i. 

I -2 55 
: -2 43 

III I - , 'gH5- 

IlS - j 4-ClC6H4- : -2.83 
: -2.72 

I -3.03 
: -2.75 

f -2a1 

: -2.53 

11, I 2-CiC6H4- - I 

0.22 I 024 ' 0 14 
: 038 j 

116 - ! 2,4-C12-C6H3- 

II20 : 324 j 0 09 
/ 0.33 : 

II i 4-N02-C6H4- 
-4 

; -3.17 j 
: -337 

._I_-__-__-__-__ 

a/ 
Y,eld was assayed by ,wans of 31 

P-NMR 
b/ 

Paraneters taken fron record,ng the spectra of react,"" muxt"re 

c/ S1I1ca gel, developjng system chloroform-acetone (10 3j 

T‘tble 

-__________________ 

Compounds ; 
11 - 

_______________+ 

Sp-ll-, jB=Thy) ; 

Rp-lly (B=Thy) j - 

Sp-k (B=Adej ; 

Rp-lly (B=Ade/ ; - 

, 

sp-iiy (B=Gw! j - 

Rp-c (B=Guaj : 

sp-3 (a=cytj j 

RP-3 ;s=cytj I 

_-----_-__--_-_____ 

2 The yields and physlco-chemical characterlstlcs of 5’-O-monomethoxytntyl- 
2’-deoxynbonucleoslde 3’-(2-chlorophenyl) phosphordmhdates (11) 

‘---------i- 

TLC j 
I- 

Rf : 
._________L. 

0 74(S,I i 
0 34iS5) I 

O.fJO(S,) ; 
0 26(S51 / 

0.39(S,l I 
o.46js4j ; 

0 33(S,, / 
0.41(S4) : 

0.34(8,1 j 
o.al(S2) ; 

0.69(5,! j 
0 47iS4J I 

0.62(5,) / 
0 38(S4) I 
.__-______ 1. 

- _ - _ _ - _ . 
Y,eld a' 

//I 
.________ 

78b/ 

6Jb' 

51=' 

5?/ 

.-_ 

.I_ 

.j- 

.?_ 

_--_-__-______. 
MS 

1 m/L 1 
____-__-__-___. 

780 lH+i(+ 

780 /M+ll+ 

786 Mi+' 

788 /Ml+' 

804t2 d' 

804+2 d' 

763 (M-l:+ 

763 'M-II+ 

-_--_--_______ 

UV (96/ c 
---_____-_ 

max 
.__-_______ 

268.7 

OH) ;nml 
__________. 

ml" 
---_-__-__. 

251.1 

270 5 251.0 

263.5 247 0 

261 5 247 0 

3’P-NMR(CsH5N) 

6 lwm/ 
- _ _ _ _ _ _ _ 

‘589 
_ _ _ _ _ _ _ _ 

+12 1 

+21.7 

+33.8 

+38 9 

________ 

+24 1 
cc 2 11 

+32 i 
cc 0.7) 

-23.2 
(c 3 1) 

.+_ 

-2.25 
(c 2 II 

-2.75 
ic I 91 

-2.76 
(c 0 7) 

shoulders 267.5, 250 0, 
227.5 

shoulders 267.5, 250.0, 
227 5 

275 5 : 258.3 

-2 73 
ic 1 0: 

-3 18 
(c 3.11 

-2.60 
(c 1 :j 

2755 j 258.3 -2.82 

ir I.31 

J_. 

a/ 
b, Yield of dtastereoIsonvzric mixture after lsolatlon from reactfon mixture by means 01 short column chromatography 

c/ 
Phosphorylatlon according to method A 

d/ 
Phosphoryldtlon according to rethod B 
ll< (B=Gua), - m31 WeIghi 805 28 

molar ratio of dlastereolsomers was observed m dlastereolsomerlc species was ascertained by means 
crude mixtures with only one exceptlon, m the case of FD-MS techmque (Table 2) It should be noticed 
of thymldme the ratio of the less polar to the more that during the preparation of II, a side-product 19a 
polar (as indicated by TLC) dlastereolsomers (117) 
was 1 6. “P-NMR spectroscopy indicated that the 

and, m the case of 12 (B=Ade) and 12 (B=Gua), 

phosphorus the 
corresponding dlphosphorylated speaes. lly (B=[N6- 

atom in predominant dl- (2-chlorophenyl)phosphoranllido-]2’-deoxyadenIn-9- 
astereolsomer resonated at lower field The sepa- 
ration of mdlvldual dlastereolsomers (11) was 

yl, m;‘; 1053}, and 117 (B-m[O”-(2-chlorophenyl)- 

achieved by means of short-column slhca gel chro- 
phosphoramhdo-]2’-deoxyguanm-9-yl. nl/r 1069;. 
were isolated and ldentlfied by means of FD-MS 
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+ /p\ 
CcHtjNH Cl 

OH 

12 10 - - 

0 
MMTrO 0 

u 
0 

\ //o 
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0 
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P 
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Scheme 1. 

RO,. .,OR 
P-O-P, 

CgHg HN’ II II NHCGH~ 

0 0 

19a, R = 2-chlorophenyl, 6,,, = - 14 1 ppm and - 14 3 ppm 

19b, R = 5’-monomethoxytritylthymidyl-I-yl, 

a,,, = - 8 80 ppm, -9 04 ppm and -9 22 ppm 

The syntheses of S-0-monomethoxytrityl-2’-deoxy- 
ribonucleoslde 3’-(2-chlorophenyl) phosphorothioates 
(13) and thecr 5’-unprotected derivatwes (4) 

In our earher work, we have described the simple 
conversion of dialkyl phosphoranihdates mto dialkyl 
phosphates, dialkyl phosphorothioates and dialkyl 
phosphoroselenoates. We have also proved the full 
stereospecificity of this conversion and its stereo- 
retentive nature.‘9~20 This reaction is crucial for our 
amidodiester approach to the synthesis of nucleostde 
P-choral phosphorothioates As m our model studies, 
we have found that treatment of each of diastereomer 
of 11, m pyridine or dtoxan solution, with sodium 
hydride followed by carbon disulphtde gives di- 
astereoisomers (13) in good yields. In the cases, lly 
(B=Gua) and lly (B=Cyt) dimethylformamide 
(DMF) was found to be better reaction medmm due 
to the poor solubility of these substrates m pyndine 
or dioxan. Unfortunately, although the rate of con- 
version of lly (B=Gua, Cyt) to 13 (B=Gua, Cyt) in 
DMF was markedly enhanced, as compared with 
that observed in pyridme or dioxan, the desired 
products were accompanied by larger amounts of 
unidentified side-products 

Compounds 13, in the form of pyridinium salts, 
were isolated from reaction mixtures and purified by 
means of preparative TLC on silica gel using 

I.NaH 
A X 

\ /- 

A # B, X #Y X = 0, S, Se Y = 160, I80 S Se 1 1 

acetomtnle-water (9:l) as the elutmg solvent. Table 
3 contains the physicochemical charactenzation of 
mdividual phosphorothioates 13. 

For removal of 5’-0-monomethoxytntyl protective 
group compounds 13 were treated with 80% acetic 
acid and products 4 were purified by chromatography 
on DEAE-cellulose (tnethylammonmm bicarbonate 
as elutmg buffer) and lyophilized Their yields and 
physical characteristics are collected in Table 4 The 
reaction sequence leading to 4 is shown in Scheme 2. 

It has to be emphasized that treatment of lly 
(B=Thy) with NaH/C02 gave sodmm S-O-mono- 
methoxytritylthymrdme 3’-0-aryl phosphate (3) m 
95% yteld. 

The syntheses of 2’-deoxyrlbonucleoside cychc 
3’,5’-phosphoranihdates (5) and -phosphorothioates (6) 

As indicated m the Scheme 3, the conversion of the 
key mtermediates (compounds 11) mto 2’-deoxy- 
nbonucleoside cychc 3’,5’-phosphorothroates (6) had 
required the deprotection of the 5’-OH functions The 
latter were further mvolved m the process of mter- 
molecular nucleophihc attack on the P atoms leading 
to 2’-deoxynbonucleoside cychc 3’,5’-phosphoranih- 
dates (5). 

For this reason diastereoisomers of 11 were mdi- 
vtdually exposed to the action of 2% solution of 
toluene-p-sulphomc acid in chloroform-methanol 
(7.3 v/v) for 10 mm *’ The desired 2’-deoxy- 
nbonucleoside 3’-(2-chlorophenyl phosphoramh- 
dates (1) were obtained m good to excellent yields. 
Their characteristics are given m Table 5. 

Treatment of 1 with lo-molar excess of t-BuOK m 
dimethylacetamide (DMAc) solution at room tem- 
perature led to the correspondmg cychc phos- 
phoramhdates S If an unseparated mixture of di- 
astereoisomers of 1 was used, the diastereoisomeric 
mixture of cyclic phosphoramhdates 5 was obtained 
However, short-column chromatagraphy gave a 
satisfactory separation of the diastereoisomers 5 ob- 
tamed m gram-scale experiments. The reaction of a 
pure drastereoisomer of 1 with t-BuOK m DMAc 
solution showed that mtramolecular substitution at P 
is stereospecific and gives a pure diastereoisomenc 
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W-%~H 7 
HO 0 

0 

H* 
Rp-lJ - y‘1 

tBuOK 

DMAc 

0, ,SO 

d ’ ‘,, 

A r0 tiN C ~li5 

RP-l RP-5 SP-6 

0 0 
B 

HO 0 

H* tBuOK 
Sp-IJ - rj 

0 

;tiH5N+------ NaH,CS7 ‘j)J&$ 

OMAc 
\ /,o 

/p*.J 
CgH5NH ‘OAr 

SP-l 5P -5 

Scheme 3 

RP-4 

Table 5 Dlastereolsomerlc 2’-deoxynbonucleoslde 3’-(2-chlorophenyl) phosphoramhdates (1) 

Compounds 
1 

Sp-& [B=Thy) 

Rp-2 (B=Thy) 

Sp-& (B=Ade) 

Rp-'d (B=Ade) 

sp-& (B=Gu~) 

Rp-x (B=Gua) 

sp-iq (B=Cyt) 

up-3 (a=cyt) 

_--______________ 

,eld 
a/; 

lbi / 
__-_____+_ 

I 

85 ; 

a0 

96 i 

98 i 
I 

70 

60 

_______A_ 

TLC 

Rf --_________ 

0.20 (5,) 

0.22 (S,) 

0.22 

0.17 
(S,) 

(54) 

0.22 
0.17 

(S,) 
(S4) 

0 08 
0.43 

IIs,1 
u2; 

0.08 0 43 (S*j (S,) 

0.06 
0.38 

(s,) 
(S2) 

0.06 
0.38 

(S,J 
iS,J 

----_-_____ 

uv (962 C, 
_________! 

4 max 

268.7 

268.7 

262 3 

262.3 

255.4 

256.5 

274.3 

274.3 

__ 

%I) inrnl 
________ ___ 

1 :- 
“1, n ___________ :_ 

244 0 

244 0 

242.0 

242.0 

242 5 

242 5 

252.7 

252 7 

_ - - - - _ _ . _ _ 1 _ 

a/ 
Yield of precipitated product, b/ 

I" DMF, 

wrth retention of configuratron’920 we were able to 
assign absolute configurattons to all the cychc phos- 
phorothtoates (6) obtamed 

The synthesis of dzastereouomers of thymtdme-3’ 
thymldme-5’ phosphorothloate (9) 

Treatment of 11 wrth 0 125 N NaOH-dtoxan (3 I) 
solutton causes the cleavage of P-OAr bond and 
5’-O-monomethoxytrrtyl-2’-deoxynucleosrde phos- 
phoramhdates (14) are prepared m quantrtatrve 
yield ’ Condensatton of 14 (B=Thy) with 
*, I, 1.1 3 7 -, _ 

,c 2 OS 

+7 4 
ic 0 51 

-18 3 
(C 1 1' 

-6 3 
[i I 1) 

-13 Oh' 
(c 2.1) 

+8 751 
(c 1.7) 

+17.9 
c/ 

(c I 21 

+2a 1‘; 
(c 0.51 

_ _ _ _ _ _ _ _ _ _ _a_ 

- - - - . . _ _ _ _ _ _ _ 

3’ 
F-NMRIC~~,N: 7 

PP1 

-2 60 

-2 46 

-2 56 

-2 78 

-2 a4 

-2.60 

-2 75 

_.____________ 

___ 

_I_ 

_‘_- 

237 

516 

516 

746 jM+jTMS + 

743 'M+jTMS +' 

-_-.__________ 

2,4,6-trusopropylbenzenesulphonyl chlortde (TPS- 
C1)27 gave 15 or 15’ m the yield 5 and 6%). respectrvely 

Interestmgly. attempts of condensatton of 14 
(B-Thy) with 3’-0-acetylthymrdme carrred out m the 
presence of TPS- tetrazole:‘trtethylammeZ4 were even 
less successful and, contrary to our expectatrons, the 
yield of 15 was less than 5’,, The predommant 
product of both reactions (yreld 75.-go”,,) was 
rdenttfied, by means of “P-NMR and hydrolytrc 
degradatron, as P’,P’-di-(phenylammo)-P’,P’-dr-[3’- 
(5’-monornethoxytr~tylthymldyl-l-yl)]-pyrophosphor- 
. . __.j 

mx- 
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ture 15 can be prepared according to the method TLC on silica gel plates F,,,(Merck) m solvent system 
described by Myshemna et al.25 S-O-Monomethoxy- CHCl,-96%C,H,OH (10:0.6). Compounds 15 
tr~tylthym~dylyl(3’-5’)-3’-O-monomethoxytr~tylthy- (15a, b and 15a’, b’) were Identified by then con- 
mldine readily reacts with amhne m the presence of versron by means of NaH/CO, to 3’,5’-dlprotected 
triphenylphosphme and carbon tetrachlorlde m pyri- thymldylyl-(3’-+5’)-thymtdme, which was further hy- 
dme to give 15 m 42% yield (not optimized) Isolatton drolysed [after removal of S-monomethoxytrrtyl 
of 15 has been performed by means of preparative group(80% AcOH) and 3’-acetyl group (NH,OH), or 

________________ 
Compounds 

s 
_______-----___. 

Sp-2 (B=Thy) 

Rp-E (B=Thy) 

Sp-2 (B=Ade) 

Rp-5d (B=Ade) 

Sp-& (B=Gua) 

Rp-lf (B=Gua) 

sp-a (B=Cyt) 

Rp-2 (B=Cyt) 

________----__-. 

Table 6 Dlastereoisomeric 2’-deoxyribonucleoside cyclic 3’-S-phosphoranihdates (5) 
_ _ _ - _ _ _ _ 

________ 

a4 

PO 

53 

55 

35 

47 

40 

45 

_--___-- 

_ _ _ _ _ _ _ - _ _ _ 
i-’ 

TLC 

0.45b/ 

O.l5(S,) 
0.69(S6) 

O.lZ(S,) 

o.69(S6) 

0.36(S,) 
o.67(S6) 

0.23(52) 
0.67(S6) 

0.31(5*) 
0.49(S7) 

0.27(5*) 
0.49(S7) 

_-_________ 

uv (96% c2t1 

'--r-------- 
max 

____________ 

268.2 

268.7 

258.8 

260.6 

256.5 

256.5 

272.4 

271.1 

I) /nm/ I 

--i-----+ 
min i 

._ _ __ ___ _+ 
244.0 : 9 

244.0 : 
I 

240.5 j 
I 8 I 

242.5 : 
8 I 

240.0 ; 
I 

242.5 j 
I 

254.4 ; 
I I 6 

252.2 ; 

l4CC ---___-___-_ 
A5a9 

---___-____- 

+3.0 
(c 0.6) 

-79.4 
(c 0.3) 

-105.0 
(c 2.2) 

-129.2 

(c 2.7) 

-71.4“ 
(c 0.a) 

-91 .PC’ 
(c 0.4) 

-31.4 
(c 1.0) 

-17.4 
cc 0.7) 

I 

)H) 
_ - _ _ _ _ _ _ 

x435 
_ - _ _ _ _ _ _ 

+11.5 
(c 0.6) 

-167.7 
cc 0.31 

-219.8 
(c 2.2) 

-282.0 
(c 2.7) 

-196.0' 
(c 0.4) 

-I-- ____-__---__--- 
3’~-~~~ (C5~5t4j 

6lwml 
_ _ _ _ _ _ _ _ - _ _ _ _ _ . 

o .64 

-3.56 

0.72 

-3.83 

0.89C’ 

-4.43 

0.52 

-3.91 

____________ 

mlrjYs,N,+~ .______ -__--- 
379 

379 

388 

388 

404 

404 

364 

364 

a/ Yield od cyclisatlon of individual dlastereomric spt?c~es, Sp- and Rp-5 

b/ oeveloplng system chloroform-methanol (85:15) 
c/ 

kasurement I" dlmethylformamfid 

T 

(Rp,Sp)-x - 

Sp-15 
m R=-COCH3 

1511’ R= MMTr - 

1. NaH/CS2 

2 H* 

OH 
Rp -!j @) 

OR 
Rp-9 
15l.3 R.-COCH3 

1%’ R= MMTr - 

OH 
sp-cJ (9Jb) 

Scheme 4. 
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both MMTr groups with 80% AcOH (15a’, b’)] by 
means of spleen phosphodiesterase (E C. 3.1 .4.1Qz6 
to thymidme and thymidme 3’-monophosphate. 

However, it was of interest to separate 15 mto 
diastereoisomerlc species and this has been achieved 
m both cases 15a, b and 15a’, b’ by means of prepara- 
tive TLC [CHCl,-96% C,H,OH (100: 611. It is worth- 
while to mention that m the case when both S- and 
3’-OH functions of thymidine-3’ thymidine-5’ phos- 
phoramhdate are protected with monomethoxytrityl 
groups (15a’, b’), its resolution into dlastereoisomers, 
15a’ (high RF), 891p = 2.3 ppm (CHCI,), 15’ (low R,), 
6 31p = 1.8 ppm (CHCI,), is much more efficient due to 
the greater difference m the chromatographic mobi- 
htles [developmg system CHCl,-96% EtOH (100: 6)12’ 
of the latter. Individual diastereoisomers of 15 un- 
dergo facile stereospecific conversion, on treatment 
with NaH/CS, m DMF solution, followed by depre- 
tection of OH groups, to thymidine-3’ thymidine-5’ 
phosphorothioate (9); thus, from 15a’ (high R,) com- 
pound 9a, 83,p = 55.6 ppm (H,O), and from 15b’ (low 
R,) compound 9b, a,,,= 55.1 ppm (H,O), were ob- 
tamed. The absolute configuration at P m both 
diastereoisomers of 9 was assigned enzymatically and 
has been described m detail only recently?*28 The 
resistance of 9b (prepared from 15b’) towards hydro- 
lysis m the presence of snake venom phos- 
phodiesterase (E.C 3.1 4. l.)29,30 is mdicative of the Sp 
configuration of this dithymidme phosphorothioate, 
while facile hydrolysis of 9a (obtamed from higher RJ 
15a’) under identical conditions indicates the R, 
configuration of diastereoisomer 9 absorbing m 
“P-NMR spectrum at 55.6 ppm.31 

Substttutlon of oxygen-18 for sulphur m dmucleosrde 
phosphorothroates 

In the light of growing interest in bio-phosphates 
chnal at P by virtue of the presence of different stable 
isotopes of 0’,32m36 we have used diastereoisomers of 
16 as substrates for the synthesis of thymidine-3’ 
thymidme-5’[‘80, ‘60]-phosphates. The method of 
stereomversion recently reported by Frey et al 37 has 
been applied. Thus, 15a’ (the high R,diastereoisomer 
of 15) was converted by the NaH/CS, procedure mto 
5’-0-monomethoxytritylthymidme-3’ 3’-O-monome- 
thoxytritylthymidme-5’ phosphorothloate(l6a’), 
8,,,, = 52 3 ppm (CHCI,), in 85% yield. This com- 
pound was treated with lutidme, [‘*O]-Hz0 and cy- 
anogen bromide in pyridine solution. After 30mm 
the reaction was quenched by addition of cysteine. 
The monomethoxytrityl groups were removed by 
means of a solution of 2% toluene-p-sulphonic acid 
m CHCl,-MeOH (7.3) 17a, purified by chro- 
matography on DEAE-Sephadex A-25, was obtained 
after lyophihsation in 42% yield, similarly 16b’, 
6,,, = 54.3 ppm (CHCI,), prepared from 15b’, was 
converted to 17b m 32% yield. Although Frey’s 
procedure IS claimed to be highly stereospecific and 
gives the product with inverted configuration, the 
confirmation of the stereochemistry of conversion 
16+17 is now m progress and will be pubhshed 
elsewhere.38 

Cyclisation of thymidzne 3’-(4-mtrophenyl) phos- 
phorothloate (4, B=Thy) 

Access to the diastereolsomers of 4 prompted us to 
attempt to elucidate the stereochemistry of the 

Borden-Smith cyclisation which IS a general method 
for the preparation of nucleoside cyclic 
3’-5’-phosphates4’ Phosphorylation of 12 (B=Thy) 
with 4-mtrophenyl phosphoranihdochlondate’ gave 
llc (B=Thy, Ar=4-NO,-C,H4-) as a mixture of two 
diastereoisomers absorbing [3’P-NMR] at - 3.37 and 
- 3 17 ppm (CDCI,). Their separation was per- 
formed on silica gel using CHCl,-acetone (10: 3) as 
the developing system. llc (B=Thy, 
Ar=4-NO&H,) of higher mobility (a,,, = 
- 3 37 ppm) after de’protection of 5’-OH function 
and treatment with t-BuOK m DMF solution gave 5a 
(B=Thy), 6,1, = + 0.64 ppm Similarly llc (B=Thy, 
Ar=4-NO&H-), of lower mobility 
6,,, = - 3.17 ppm, was converted mto 5b (B=Thy), 
?j,,r = - 3.56 ppm. Since the cyclisation 11-5 pro- 
ceeds with mversion of configuration,14 a stereo- 
chemical correlation between diastereoisomers 11 
and 5 was achieved. With that m mind, we have 
converted each diastereoisomer 116 (B=Thy, 
Ar=4N0,C,H4-) by means of NaH/CS, mto 5’- 
0-monomethoxytritylthymldlne 3’-(4-mtrophenyl)- 
phosphorothroates thus, from 116 of higher mobility 
(B=Thy, Ar=4-NO,C,H,-) compound 13k (B=Thy, 
Ar=4-NO,C,H,-), 6 ,,r = 53.2ppm, and from llc of 
lower mobility (B=Thy, Ar=4-NO,C,H,-) di- 
astereoisomer 131 (B=Thy, Ar=&NO,C,H,-), 
S Ilp = 5 1 .O ppm, were obtained. Compound 13k, after 
removal of the monomethoxytrityl group gave 4k 
(B=Thy, Ar=4N02C6H4-), S3,r = 50.68 ppm, which 
was converted upon treatment with t-BuOK into 6a 
(B=Thy), S,,, = 54 7 ppm Similarly, 13 1 was con- 
verted mto 41 (B=Thy, Ar=4N0,C6H4-), a,,, = 
50.76 ppm and transformed further mto 6b (B=Thy), 
?i3,r = 52.1 ppm. The complete stereospecificity of 
conversion 446 was established by means of 
“P-NMR. These experiments constitute of the first 
demonstration of the total stereospecificity of the 
Borden-Smith cychsation. Its stereochemical mode is 
described m the Discussion 

DISCUSSION 

Since the pioneering work of Usher and Eckstem 
in the early 1970s demonstratmg the application of 
diastereoisomers of uridme cychc 2’,3’-phosphoro- 
thioate for elucidation of the mode of action of 
nbonuclease,4’ several new examples employmg the 
potential of stereochemical methods m studies on 
enzyme-substrate mteractions were demonstrated.’ 
The second milestone marking the progress in under- 
standing the molecular basis of the mechanisms of 
phosphoryl and nucleotidyl transfer enzymes has 
been laid by Knowles and independently by Lowe, 
who first employed the choral [160,170,‘rO]- 
phosphoryl group and created the basis for deter- 
mination of stereochemistry of isotopically labelled 
phosphates.42,43 

Having m mmd that the early work employmg the 
concept of phosphorothioate chnahty was based on 
the phenomenon of chiral recognition of the sub- 
strate(s) by the active centre(s) of enzyme,M which by 
nature of enzymatic reactions, limited the scale of 
experiments, we decided to design a chemical method 
which would enable mvestigators to synthesize the 
quantities of nucleoside P-choral phosphorothioates 
without the necessity of employing of enzymes, and 
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to determme then absolute configuratrons by 
phystco-chemrcal methods The simplest way leading 
to nucleostde P-choral phosphorothtoates consisted of 
phosphorylatron of nucleosrdes by means of choral, 
but racemtc, btfuncttonal phosphorylatmg agents, 
separation of the nucleotrdes mto dtastereorsomertc 
components and stereospecrfrc, selective replacement 
of one of the substttuents at P by S 

In the course of independent studtes on the specrfic 
transformattons of phosphoramrdates we have rem- 
vestrgated the StaudmgerHornerWrttrg reaction.‘” 
whtch m the early 1960s has been demonstrated by 
Wadsworth and Emmons as the simple way to the 
synthesis oforgamc molecules bearing a C=N bond.45 
To our knowledge neither Wadsworth and Emmons 
nor then followers, were interested m the fate of the 
phosphate morety We have demonstrated that choral 
dtalkyl phosphoramtdates, derrvattves of primary 
ammes, can be successfully used for the syntheses of 
chnal dlalkyl phosphorothroates ” Of essential tm- 
portance IS the nearly complete stereospectfictty and 
stereoretentrve nature of thus transformatron. These 
tindmgs prompted us to synthesize and use aryl 
phosphoranrhdochlortdates (10) as convement 
phosphorylatmg agents for use m nucleottde chem- 
istry ” 6x ” These compounds can be easrly prepared 
ii-om aryi phosphorodtchiortdates and anihne They 
are relatrvely stable, crystalline compounds which are 
very reactive phosphorylatmg agents with respect to 
primary and secondary alcohols They react with 
choral molecules to give, due to the chnahty (at P) of 
the phosphoramtdate morety, drastereotsomertc mrx- 
tures which can be separated mto mdrvidual dr- 
astereotsomers We have found that 5’-protected 
nucleostde 3’-aryl phosphoramhdates (11) can be 
easily separated on sthca gel. In addttron to the TLC 
assay, the dtastereotsomertc purity can be determined 
by “P-NM R spectroscopy As the model compound 
for phosphorylatron studies we chose S-O-mono- 
methoxytrttylthymtdme (12, B=Thy) Amongst a 
number of phosphorylatmg agents we have found 
2-chlorophenyl phosphorarnhdochlortdate (1Oy) to 
be the most convenient. 

The overall combmatton of protectrve groups 
should be constdered Dtalkyl-(2-chlorophenyl) 
phosphoramtdates are refattveiy stable under acidic 
condtttons which do not affect the P-N bond or, as 
m the case of 11, the monomethoxytrrtyl group 
protectmg S-OH function of thymrdme The mono- 
methoxytrrtyl group can be removed under mild 
actdrc condtttons, which do not affect the P-N bond 
of phosphoramhdates The chemoselectrve and 
stereospectfic transformations of the amhno function 
attached to the phosphate moiety are discussed be- 
low 

5’-0-Monomethoxytrttylthymldlne 3’-(2-chloro- 
phenyl) phosphoramhdate (117) was prepared m high 
yield, Its separatton mto dtastereorsomers was easy 
due to the difference m chromatographrc mobthttes of 
dtastereolsomers (AR,) The NMR assay of dr- 
astereotsomertc purity was also sample and reliable 
due to the large difference m chemtcal shifts between 
dtastereomerrc species (Table 1) Addtttonally, the 
chemtcal reactrvtty of the 2-chlorophenyl protectmg 
group was appropriate to the further transformatton 

r 1 I. -7 ‘.. . r 

the assessment of the acttvtty of several enzymes, we 
recommend and have used, 4-mtrophenyl phos- 
phoramhdochlorrdate (lO(, Ar=4-NOJ,H,- )’ as an 
alternative phosphorylatmg agent Although success- 
ful phosphorylatton of S’-O-monomethoxytrrtylthy- 
mtdine (12, B--Thy)’ and 5’-0-monomethoxytrttyl-2’- 
deoxyadenosme (12, B-=Ade)h was performed In pyrt- 
dme solutron medtum using a 50”,, molar excess of 
phosphorylatmg agent over a pertod of 18 hr. a 
fourfold excess of phosphorylatmg agent and the 
presence oftetrazole &d trtethytamme m acetonrtrrle 
solutton were necessary for the efficient phos- 
phorylatton of 2’-deoxycyttdme and Y-deoxyguan- 
osme dertvatrves (12, B=Cyt, B-Gus), rcspecttvely 
(Table 2, method B) Nucleosrdes unprotected on 
their exe-ammo functions were used m these cases. 
The compounds (11) whrch were Isolated followmg 
short column chromatography. can be further sepa- 
rated mto mdtvrduai dtastereotsomers using a higher 
proportton of sthca gel The need to separate the 
dtastereotsomertc species results from the purposes 
for which they are required If P-dchtrat 5’-O-mono- 
methoxytrttyl-2’-deoxyrtbonucleostde 3’-dryI phos- 
phates (3) are reqmred for the further syntheses of 
ohgonucleotrdes, the separatton of 11 mto dt- 
astereorsomers rs not necessary Treaiment of $1 Wtih 
tsoamyl mtrtte m acetic anhydride! pyrtdme buffer 
brings about the cleavage of Pm N bond very 
effecttvely ‘* Alternatrvely, this transformation cdn be 
achieved by means of NaH,CO?. under condttrons 
elaborated m this laboratory (Scheme 5) ’ “I 

Compounds 3 are valuable intermediates for actr- 
vation wnh 2.4.6trnsopropylbenzenesulphonyi 
chlortde’? (tetrazohde)‘” ‘md condensatron with e g 
thymrdme 3’-(2-chlorophenyl) phosphoramhdate 
(whrch may also be obtained from 11 followmg 
removal of monomethoxytrttyl group by means of 
80% AcOH) gives compound 18 (Scheme 5) This 
phosphoramtdate approach to the ohgonucleottde 
synthesis which has been demonstrated m the prepa- 
ratton of tetrathymtdyhc acrd. 1s beyond the scope of 
this pubhcatton 4y 

Another possrbrhty offered by 11 IS the removal, by 
treatment with 0 125N NaOH, of Its aryl protective 
group Another P-prochrral compound, e g 5’-O- 
monomethoxytrttylthymrdme 3’-phosphoranthdate 
(14) 1s obtamed. Its condensatton with 3’-O-acetyl- 
thymtdme or3’-0-monomethoxytrrtylthymldlnegtves 
5’-0-monomethoxytrltylthymldlne-3’ 3’-O-acetyhhy- 
mrdme-5’ phosphoramhdate (15a, b)’ or Its 3’-0- 
monomethoxytntyl analog 15a’, b’ (Scheme 4) Com- 
pounds 15, hke II, can be separated into dr- 
astereorsomerrc species 15a and 15b and 15a’ and 
15b’, respectrvely The synthettc value of 15 hes m the 
presence of amhno functtonahty. whtch allows Its 
stereospectfic conversron to a dmucleostde phos- 
phorothroate (16) This converston emphasizes the 
potentrat of nucleostde phosphor,nnhdates and wtll 
be dtscussed below m detail 

In addttton to the use of compounds 11 m oh- 
gonucleottde synthesis, we have considered then ap- 
phcation In the stereospeatic preparatton of nucleo- 
side cychc 3’,5’-phosphates and -phosphorothtoates 
Although the role of cvchc 2’-deoxyrtbonucleottdes IS 
not so well recogmzed as that of then rtbonucleotlde . . ;_^. . 
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no. 7 has been reported% m the literature. This means 
that enzymes responstble for the conversion of dATP 
to cdAMP and for the hydrolysis of the latter com- 
pound to S-dAMP, must exist m nature. Apparently, 
the synthesis of 2’-deoxyribonucleoside cyclic 3’,5‘- 
phosphorothioates opens the possibility of stereo- 
chemical studies on the mode of action of this class 
of enzymes. Additionally, the lack of a convenient 
method for stereospecific synthesis of di- 
astereoisomers of adenosme cychc 3’,5’-phosphoro- 
thioate has given further impetus to studies relating 
to the use of 11 for preparation of diastereoisomers 
of 6. The selective removal of the monomethoxytrityl 
group from 11 gives a 2’-deoxyribonucleoside 
3’-(2-chlorophenyl) phosphoramhdate (1). Intra- 
molecular cyclization was possible by the presence of 
a good leaving group attached to P. Indeed, we have 
demonstrated that a lo-fold molar excess of t-BuOK 
TET Vol 40, No I-C 

in anhydrous dimethylacetamide converted 1 to a 
dtastereoisomeric mixture of the two 2’-deoxy- 
nbonucleoside cychc 3’,5’-phosphoramhdates (5) 
The latter can be separated mto the mdividual di- 
astereoisomers.s~6 As in the case of 15, the presence of 
the amlino function attached to P created the attrac- 
tive possibility for the conversion of 5 to 6. Mpre- 
over, the experience gamed from our studies on the 
model 2-oxo-(thioxo-, selenoxo-)-(2-N-phenylammo- 
4-methyl-l,3,2-dioxaphosphormanes22 enabled us to 
asign the spatial orientatton of the amlmo group with 
respect to the rest of the molecule of 5; we established 
earlier the empirical rule that an isomer with an 
equatorial disposition of the amlmo group with re- 
spect to 1,3,2-dioxaphosphorinanyl rmg system ab- 
sorbs (31P-NMR spectrum) at lower field than one 
with an axial disposition of the amlino group ‘* 

Assuming that P-contammg 6-membered rmg 
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NHc6tis 

X=0 6,,,==092ppm 
x-s 6 ,+ = 63 89 ppm 
X x- Se d ,,,, = 63 43 ppm 

ii,,,= -395ppm 
6 ,/,, = 59 5 ppm 
6 xl,. = 60 3 I ppm 

rrans-fused wtth the 2’-deoxyrtbose moiety exists m a 
chau-like contbrmation, we predrctecl for &a- 
stereolsomers 5 absorbing (3’P-NMR spectrum) at 
htgher field, the R,-configuratron and for those ab- 
sorbing at lower field, the &-configuration This 
assignment, crucral to our further configuratton as- 
signments, was proved independently 2’-Deoxy- 
adenosme cychc 3’,5’-phosphate was converted under 
conditrons developed. in this laboratory”” to the di- 
astereolsomertc mixture of 2’-deoxyadenosme cychc 
(3’-+5’)[“N]-phosphoramhdates (5) by means of 
Ph,P/CCl,/[“N]C,HqNH2 This mtxture was sepa- 
rated- mto its two constttuent dtastereolsomers, and- 
“P-NMR spectra were recorded. It appeared that an 
Isomer absorbmg at lower field (high RI) possesses an 
absolute value of spin-spm couphng constant be- 
tween “;N and “P nuclei larger than that absorbmg 
at. bJ&X field -bJS El&2.SltlJY~~t Z&EUJl CO.ti& 

accordmg to our emptncal rule”” for coupling be- 
tween P and several I = l/2 nucler m the 1,3,2- 
dtoxaphosphormane nng system ‘tfor ‘H, “C, “N, 
“F und “Se the couphng to the auully posmoned 
tmgwtmdly actme nucleus 1~ wdler thm that to the 
eyumtorruli~~ poutmned nucie~“, 

X=‘H. “C, “N, “Se (I = l/2) 

the correctness of our configurattonal assrgnments In 
the meantime an X-ray structure analysis of the low 
R, dtastereotsomer 5d (B-Ade, 6>,,, - 3 38 ppm) was 
carried out The results obtamed have fully confirmed 
both the assignment of absolute configuration and 
the former assumptron that the dloxaphosphormanyl 
rmg constrtuting a part of the molecule (5) exists in 
chair conformatron, as correct ” Having this case 
fully solved we have separated other deoxy- 
nbonucfeoside 3’(z-chiorophenyf) phosphoramh- 
dates (11) into dlastereorsomerlc species and, after 
removal of 5-0-monomethoxytntyl group, mdrvtdual 
dtastereotsomers (1, Table 5) were cychzed by means 
of t-BuOK/DMAc First, what has to be emphasized, 
1s the complete stereospectficlty of the cychsatron 
process The products of transformatron l-5 were 
not contaminated by then dlastereotsomers, whrch 
could be easily detected by TLC and “P-NMR 
spectroscopy Thts fact seems to be of spectal rm- 
portance regarding the mechatnsm of mtramolecular 
cyciisation Since the process was tuhy stereospectfic, 
the conclusion about an S-2-type mechamsm of 
cychsatton process was reasonable We concluded 
that cychsatlon proceeds with mverslon of 
configuration at phosphorus atom of 1 This allowed 
us to asstgn the absolute configuratron at P m all the 
compounds (1 and 11) which were converted to 5 

(Scheme 3) The absolute configuratrons of these last 
compounds were asstgned by means of our criteria 
Thus, tt has been established that each dt- 
astereotsomer of 11, which, after deprotectron of its 
5’-OH function IS converted to an R,-cychc amhdate 
5, has R,-absolute conliguratton. and IYLY’ IYY\U. each 
S,,-cychc amhdate results from an $11 substrate 
(Table 6) This regressive type of stereochemtcal 
analysts let us, on the basts of the formerly estab- 
lished stereoretenttve nature of the Ph ---t PX con- 
version (Fig. I), to as’slgn the absolute contigurntmn 
to the 2’-deoxyrlbonucleoslde 3’-(2-chlorophenyl) 
phosphorothtoates (13) resulting tiom rnd-tvtduai 
compounds of structure 11 (Table 3) as well as of 4 
(Table 4) It should be nottced that our assrgnments 
are consistent with these described by Gerlt rt (I/, 
who applied our procedure to the synthesis of thy- 
mtdme 3’- and 5’-(4-mtrophenyl) phosphoranmdates 
and by means of an entymattc assay,‘” “’ had asstgned 
the absolute conngurattonS of lhynndine 
5’-(4-mtrophenyl) phosphorothloates ” 

Smce the procedure known ds the BordenSnnth 
reaction leading to nucleoslde cychc 3’.5’-phosphates, 
mvoives the mtramoiecular cychsatmn of-nucieostd-e 
5’-dtaryl phosphates,“” tt was of interest to eluctdate 
the stereochemtstry of conversion of 4 to 6 Indlvld- 
ual dlastereolsomers of 4 (B-Thy, Ar- 4NO:--C,H, ~) 
were cychsed under condltrons orlgmally proposed by 
Borden_ and Smrth It. appears that. the Rot-den-Smrth 
procedure IS also fully stereospectfic thus 4 (By Thy. 
Ar-4-NO,C,H,-), ii,,, -= SO 68 ppm (H,O) grves 6. 
0 - 54 7 ppm (C,H,N), and 4, 6 1,,, = 50.76 ppm, “P - 
gives 6, a,,, = 52 I ppm 

The stereochemtcal mode of thts reactton has been 
further established due to the stereoretentrve con- 
version of each drastereorsomer of 5 Into the corre- 
sponding dlastereotsomer of 6 (Scheme 3) We have 
proved that the low R, R,,-5 dtastereotsomet 1s con- 
verted to the low R, S,-6 one (B-:Thy) and the high 
R, $5 dlastereolsomer mto the high R, R,-6 pho+ 
phorothtoate. The chemical shift order of these two 
compounds 1s also mdlcatlve of the correctness of 
asstgnment of the absolute contiguratlon at P m both 
dlastereotsomers of 6. The correlatton of the absolute 
configuration or 4. whrch gives 6 after cychsatton, IS 
mdicattve [‘or the mverslon of contiguratlon under 
condrtlons of- BordenSmith cychsatton rn dddttton 
to the elucldatron of the stereochemtcal course of the 
BordenSmIth reaction. this 1s an example of one of 
only a few known nucieophihc substitution reactions 
at phosphorus m dlalkyl phosphorothroate chem- 
tslry. 

Smce the stereochemical correlation between the 
products 11(l), 5, 6 and 13(4) has been established 
and the phystco-chemrcal parameters of all dt- 
astereorsomerlc pans of compounds have been mea- 
sured. the question artses as to what extent parameters 
like chromatographlc moblhttes and chemtcal ahrfts 
m “P-NMR spectra can be dpphed for asstgnment of 
the absolute conhguratton utthm a given pair of 
diaStereOlSOlmxlC species. AtI 1tISpeCtion of-dhtd In- 
cluded m Table 2 clearly demonstrates that 5’. 
0-monomethoxytrttyl-2’-deoxyrtbonucleostde-3 -(2- 
chlorophenyl) phosphoramhdates can be recognized 
by means of the chromatograplirc mobthttes and then 
chemtcal shifts (“P-NMR spectroscopy) For the four 
paus of compound. R,-I 17 15 always less mobtle on 
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silica gel than its &-counterpart and R,-lly absorbs 
(3’P-NMR) at higher field than S,-lly. Unfortunately 
the chemical shift criterion does not hold within the 
whole range of aryl derrvatrves. For example, in the 
case of 11~ (Ar=4-NO*C,H,-) R,-11~ is less mobile, 
but it absorbs (3’P-NMR) at lower field than its SP-11 
isomer. This simple comparrson shows the danger of 
using the “P-NMR chemical shift as an exclusrve 
crrterron, and chromatographrc mobrhty is recom- 
mended as being indicative of absolute configuratron 
m the family of 2’-deoxynbonucleoside aryl phosphor- 
amhdates. However, it is Interesting to analyse the 
data m Table 5 In the case where the 5-OH function 
1s unprotected, the differences between the mobthttes 
of drastereorsomers are negligrble, and the only crrte- 
non which allows one to drstmguish between dr- 
astereoisomers appears to be the 3’P-NMR chemical 
shaft parameter Compounds 1 of S, absolute 
configuratton absorb at lower field than their dt- 
astereotsomers, R,-1. This correlatton is also true for 
the 5’-OH protected derivatives of 1, the compounds 
11 (Table 2). Srmrlar mspectron of Tables 3 and 4, 
shows that drastereorsomerrc 5’-O-monomethoxy- 
trrtyldeoxyribonucleosrde 3’-(2-chlorophenyl) phos- 
phorothroates (13), as well as detrttylated 4, show 
only a slight tendency for the R,-isomers to absorb 
at a higher field than the S,-drastereotsomers. This 
difference 1s of the order of 0.2-0.5 ppm. However, if 
both drastereorsomers are available, this crrtenon can 
be sufficient for the assignment of absolute 
configuration. Again this crttenon does not hold for 
other aryl esters, for example the two dt- 
astereotsomers of thymtdme 3’-(4-mtrophenyl) phos- 
phorothroate (4k,l) have very similar “P-NMR 
chemical shifts. 

The above consideration was of interest with re- 
spect to the necessity of assignment of the absolute 
configuratron at P wrthm the pairs of 15, 16 and 17. 
The separated dtastereorsomers of 15 have the follow- 

ing charactenstics: 15a, R=acetyl-, high R,, 
631p = 2 69 ppm (C,H,N); 15a’, R=MMTr-, high R,, 
631p = 2.3 ppm (CHCI,); 15b, R=acetyl-, low R,, 
6,,, = 2.32 ppm (C5HSN), 15b’, R=MMTr-, low R,, 
6,,, = 1.8 ppm (CHCl,). 

If the relatronshrp characteristic for 11 
(Ar=2-ClC,H,-) were obeyed by dmucleosrde phos- 
phoranihdate (15), compound 15a, high R,, should 

TPS-Cl 

3py 0 
\ 40 

P 
0 

2 ‘?. 
0-SOZ-Ar 

have an &-configuration and the resulting di- 
protected dithymtdyl(3’-5’)phosphorothroate (16a) 
should have an R, configuratron. 

Indeed, the results of experiments of enzymatic 
digestion of 9a, indicate that this compound has an 
R, configuratron. As 9a was obtained from 15a’ (via 
16a’) and this reaction 1s known to proceed with 
retention of configuratron, compounds 15a, 15a’, 16a 
and 16a’ all have an S, configuratron. Similarly, the 
resistance of 9b towards hydrolysis m the presence of 
snake venom phosphddiesterase is evidence for its S, 
configuration, and on the basis of arguments 
presented above, compounds 15b, Fib’, 16b and Mb 
possess an R, configuratron. Compartson of the 
chromatographrc mobihties of the pairs of com- 
pounds (15 and 11) clearly shows, that both SF-lly 
high R, (B=Thy) and S,-15a’ possess faster migrating 
ability and absorb (“P-NMR) at lower field than 
their diastereotsomertc counterparts (Rp-lly and low 
R, Rr-15b’), respectively We realize, however, that m 
the case of 116 (B=Thy) this correlation does not hold 
and we cannot propose or recommend the use of the 
criterion of chemical shift in “P-NMR spectra for the 
assignments of absolute configuratron at P within 
pairs of dmucleosrde phosphorothroates or then pre- 
cursors, dmucleosrde phosphoramhdates. Concern- 
mg the charactenstrcs of products described m the 
paper, the wide use of FD-MS should be emphasized. 
Apphcatron of this technique was crucial for the 
unambiguous demonstrabon of the drastereorsomenc 
character of pairs of compounds (11, 1, 5 and 6). 

The compounds described m this paper were usu- 
ally obtained m satisfactory yields. Exceptionally, the 
conversron of 14 to 15, by means of TIPSchlortde 
proceeded m low yield. However, an even poorer 
yield was obtained when condensation was per- 
formed by means of TIPS-Cl m the presence of 
tetrazole. The pyrophosphate (19b) was obtained as 
the mam product. It seems to us that this case calls 
for special comment. According to the data reported 
by Knorre et al 54 the reaction of a nucleosrde aryl 
phosphate with TIPS-Cl in pyrrdme solution m the 
presence of a nucleosrde derrvate mvolves the for- 
mation of an intermediate mixed anhydrrde (20), 
which then undergoes a fast reaction with unreacted 
nucleostde aryl phosphate to give a P’,P”-dmucleostde 
P’,P”-diaryl-pyrophosphate (21). This intermediate 
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NucO 
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0,: p 
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22 - 

has been detected by the Russran workers by means 
of “P-NMR spectroscopy It IS supposed that pyro- 
phosphate (21) undergoes reactron wtth pyrrdme or 
another heterocychc base present III the reactron 
mixture to give an Ion-pair 22, whrch reacts further 
wrth the nucleosrde derivatrve present m the reaction 
mrxture, leading to desned dmucleosrde aryl phos- 
phate In the hght of data pubhshed by other 
authors’ the role of pyrophosphate (21) as the crucial 
intermediate may be questioned. However, our data 
support the reactton scheme proposed by Knorre and 
Zarytova ” Our finding that the reactron of 5’- 
0-monomethoxytrrtylthymtdme phosphoramhdate 
(14) with 3’-0-monomethoxytrrtylthymldlne m the 
presence of TIPS-Cl m pyrtdme gives pyrophosphate 
(19b) as a main product supports the conclusron that 

0 
AMTrO 

pyrophosphate IS really the main mtermedrate m the 
reactron under dtscusston The presence of an amhno 
group at each phosphorus atom of pyrophosphate 
(19) increases the electron denstty at phosphorus and 
thereby makes rt more resrstant to nucleophrhc at- 
tack. However. the mode of formatton of 19 remams 
obscure and studies on the behavrour of mixed 
phosphorrc-sulphomc anhydrrdes dre destrable se 

The apphcatron of chnal phosphorylatmg re- 
agents. phosphoramhdochlorrdates had opened up a 
new way to the synthesis of S- and rsotoptcally 
[‘XO]labelled. dtastereorsomerrc nucleorrdes Easy sep- 
aratton of drastereorsomerrc dtalkyl phos- 
phoramhdates mto mdtvrdual Isomers grves the key 
mtermedrates reqmred m the preparatton of dralkyl 
phosphorothtoates” ” and dralkyl[“O]phosph- 
ates “” In the meantrme, Gerlt has used our meth- 
odology m the syntheses of a number of 
[“O. ‘XO]deoxyrrbonucleosrde phosphates and has 
used the latter successfully In the elucrdatron of the 
mode of actton of such enzymes hke, e g adenylate 
cyclase”) and spleen phosphodtesterase ” Ikehara h‘ts 
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used 4-chlorophenyl phosphoranrlidochloridate m 
the synthesis of olrgonucleotrdes62 but has not taken 
advantage of the chtrahty of this reagent. Our results, 
concernmg the synthesis of nbonucleoside phos- 
phorothioates, and described so far m commu- 
nications, are not discussed tn this paper. However, 
rt should be mentioned that our phosphoranilidate 
approach when applied to nbonucleosldes allowed us 
to solve the problem of stereospecrfic synthesis of 
CAMPS’ and [“0]cAMPS9 dtastereorsomers. This 
has opened the way to studies on the mechanism of 
action of such enzymes as a cyclic 
phosphodiesterase36x63 and adenylate cyclase.“@ A 
recently developed aspect of phosphorothioate chem- 
istry lies m the posstbthty of stereospecific conversron 
of mono and dralkyl phosphorothroates mto [“O]- 
and [‘*O]-labelled phosphates 

\P BrcN t 

/P\ z Ix 
OH OH 

. = 170, 18, 

Our method employmg [‘80]DMS065 is not as 
efficient as these described recently by Frey,37 
Eckstein3’ and Lowe,66 who have used cyanogen 
bromide, NBS and Br,, respectively, for activation of 
phosphorothioate S atoms. All of them have observed 
the mverston of configuratton at P In the light of these 
findings our stereospecific synthesis of dtalkyl phos- 
phorothtoates, together with all assignments of abso- 
lute configuratron, have gamed a new drmensron 

EXPERIMENTAL 

“P-NMR spectra were recorded with a Jeol FX60 spec- 
trometer operatmg at 24.3 MHz using solns as mdtcated, 
with 85% H,PO, as external standard Positive chemtcal 
shift values are assigned for compounds absorbmg at lower 
field than H,PO, UV spectra were recorded with Specord 
UV-VIS Spectrometer (Carl-Zeiss-Jena) Mass Spectra 
were obtained by means of LKB-2091 (EI) and Vanan-Mat 
7 (FD-MS) spectrometers Electrophoretic mobthties were 
assigned with Camag HVE instrument using Whatman no 
I paper at pH 7 5 (0 05 M phosphate buffer) TLC and 
PTLC was performed on Silica gel plates (E. Merck) and 
Cellulose F 254 plates (Serva) Column chromatography was 
performed on Sthca gel 200-300 mesh (Serva) The follow- 
ing 

S, 
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S4 
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S6 

S, 

57 

S9 

S 10 
% 

S LZ 
S 13 
Si4 

developing solvent systems were applied 

CHCl,-MeOH (9 1) 
CHCI,-MeOH (8 2) 
CHCl,-MeOH (3 1) 
CHCl,-rPrOH (8 2) 
CHC&(Me,)Ci) (lb 3) 
tPrOH-NH,-H,O (7.1:2) 
MeCN-H,O (9 1) 
nBuOH-AcOH-H,O (5.2 3) 
CHCl,-96%EtOH (100.6) 
CHCl,-MeOH (5 5) 
CHCl,-Me&O (10 1) 
CHCl,-Me,CO (10 4) 
CHCl,-Me&O (10 5) 
CHCl,-MeOH (7 3) 

Products were eluted from sthca gel wtth CHCl,-MeOH 
(1 l), tf not stated otherwise 

Method A. Phosphorylation of 12 (B=Thy) and 12 
(B=Ade) by means of 1Oy was performed according to 
procedure described above Diastereotsomenc mixtures of 
lly (B=Thy) and lly (B=Ade) were isolated by means of 
short column chromatography on sthca gel using the ratto 
of crude products to silica gel 1 30 (ca 300 g of StO, washed 
with cvclohexane followed by CHCI,). Products were eluted 
with fbllowmg solvent systems lly-(B-Thy)-S,, or S,, lly 
(B=Ade)-S,, followed bv S, or CHCl,-t-PrOH (10 1) Sepa- 
ratton of d&tereoisom&s was performed by means of short 
column chromatography using the ratio product-SiO, (I 100 
w/w) and the same elutmg solvent systems The efficiency of 
separation was monitored on TLC plates and by 3’P-NMR 
spectroscopy Fractions contammg the desired homoge- 
neous products were pooled together, solvents were evapo- 
rated and residues were dissolved m benzene, and these solns 
were dropped mto n-hexane. The ppts were filtered off, 
washed wtth n-pentane and dned under reduced pressure. 
The data are collected in Table 2 

Solvents were of commercial grade and were dned and Method B Into the soln of 1Oy (4.5 g, 15mmol) and 
dtstilled before use Pyndme dned over KOH was refluxed 1,2,4-tnazole (4 1 g, 60 mmol) m MeCN (100 ml) Et,N 
with KMnO,, disttlled, dned over CaH,, and redistilled (6 1 g, 60 mmol) was added, followed by the correspondmg 
Fraction collected at 114-l 16’ was stored over granulated 12 (B=Cyt, Gua. 10mmol) and mixture was gently heated 
CaH, NaH was used as 50% dispersion m mmeral oil. All until it became homogenous Then it was left at room temp 

evaporations under reduced pressure were performed at 
bath temp not exceeding 40”. Crystalhne and ppts were 
dned m desstcator over P,O, at room temp under 
10e2 mm Hg Snake venom phosphodiesterase from Cro- 
talus terr (1 mg/ml suspenston m glycerine) and phos- 
phodtesterase from calf spleen (2 mg/ml suspension in glyc- 
enne) were obtained from Boehnnger Mannhelm GmbH 
(W. Germany) Aryl phosphoramhdochlondates (10) were 
prepared according to the method described by Ziehnskt 
and LeSmkowski 3 The followmg compounds were obtained 

lOa Ar=C,H,-, yteld 73x, 
m p. 136137”, 6,,, (acetone) = 1.53 ppm; 

10/I, Ar=4-ClC,H,, yield 81x, 
m p 152-153”, 6,,, = 1 61 ppm, 

1Oy Ar=2-C&H,-, yield 752, 
m p 94-96, 6,,, = 1 77 ppm; 

106 Ar=2,4Cl,C,H,-, yield 68x, 
m p 121-123”. 6,,, = 2 01 ppm, 

lot Ar-II-NO&&-, yield 83x, 
m.p. 126128”, a,,, = 1.61 ppm 

Compound 12 (B=Thy) was obtained accordmg to Schaller 
et aI” yteld 85%, &,, 269.3 nm (96% EtOH), &,,, 250 nm 
R,@,)O 45, R&)0 76 Other 5’-MMTrdN (N=Ade, Cyt, 
Gua) were obtained by modified procedure described by 
Zemhcka ef aL6’ 12 (B=Ade), yield 77x, A,_, 263 5 nm, I,, 
247 nm, R,(S,)O 21, R,(S,)O 77; 12 (B=Cyt), yield SO%, i,,, 
276 1 nm, A,., 260 6 nm, R&S,)0 26, R&)0 61, 12 (B=Gua), 
yield 74x, I,,, 237 6 & i,, 225.5 nm, R,(S,)O 15, 
R&)0.45, 3’-0-acetvlthvmidme and 3’-O-monomethoxv- ,~ _I 

tntylthymtdme were- obtamed according to Verheyden “er 
rrl 69 and Davies et al ‘O respectively 

Phosphorylatron of 5’-0-monomethoxytrlty[thymldme (12, 
B=Thy) by means of 10 

The soln of 12 (B=Thy, 10 mmol) m pyndme (10 ml) was 
evaporated to dryness. This operation was repeated twice 
and the restdue was dissolved m pyndme (100 ml) Into this 
soln correspondmg 10 (15 mmol) was added and the mixture 
was left at room temp for 18 hr without access of moisture 
Then water (150 ml) was added and product was extracted 
with CHCl, (4 x 50 ml) The organic layer was washed with 
phosphate buffer @H 7 5,3 x 50 ml) and dned over MgSO, 
Solvents were evaporated and correspondmg lla, /I, y, 6, L 
were punfied by chromatography The yields and spectral 
characteristics are presented m Table 1 

5’-0-Monomethoxytrltyl-2’-deoxyrrbonucleoslde 
chlorophenyl) phosphoranrhdates (11) 

3’-0-(2- 
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for 20 hr Further work-up was Identical to that described 
for method A 11~ fB=Gua)-S,, followed bv CHCL-MeOH 
(97 3). lly (B=dy;) CHdl,-I-PrOH (95.5) followed by 
CHCI,+-PrOH (9 1) Separation of dIastereoIsomers was 
performed, as described under method A Compounds lly 
(high R,) and Ily (low R,) after separation and evaporation 
of solvents, were dissolved m CHCI, and these solns were 
dropped Into n-hexane for precIpItatIon of sohd products 
11 The data are presented In Table 2 

5’.O-Monotnetho~~ytrrtyl-2’-deoxyrlhonucleoslde 
c hlorophen_til) phosphorothroaies (13) 

3’-(2- 

Each of dIastereoIsomers of lly (1 mmol) was dissolved 
m DMF (10 ml) and NaH (2 mmol. 0 I g) was added This 
mIxture was stirred for 15 mIn at room temp and then was 
treated with CS, (4ml) The reactIon was controlled by 
means of TLC (S) Usually after 30 mIn a substrate dIsap- 
peared The mixture was cooled on CO?-EtOH bath ( - 79”) 
and an excess of pyrldlnlum form Of~DOWeX 5@W’ X 8 was 
added (pH 7-6 5) The Ion exchange resin was filtered off 
and ,washed wcth pyndme Combined solns were evapo- 
rated 01ly residues were evaporated wtth pyndme 
(3 x 5 ml). dissolved In pyrIdIne (5 ml) and dropped mto 
n-hexane The ppt was dned under reduced pressure and 
punfied on PTLC (S,) For the elutIon of products the 
solvent system CHCI,-MeOH (1 1) contamIng 0 27; NEt, 
was used After solvent evaporation. the residue was dIs- 
solved In pyrIdme and dropped Into n-hexane The ppt wds 
wdshed with n-pentane and dned In desiccator Data for 
pyrIdnnum salts of 13 are collected m Table 3 

phor- 

The correspondmg dIastereoIsomer of 13 (0 2 mmol) was 
dissolved In 809, AcOH (5 ml) at a temp not exceeding 40” 
and the reaction progress was momtored by means of TLC 
(S,) After CCI 40mIn n-BuOH was added (5 ml) and the 
solvents were evapordted to dryness The residue was dIs- 
solved In pyrIdIne (ca 5 ml) and this soln was dropped mto 
dnsopropyl ether The ppt was dissolved m H,O and 
product was Isolated on DEAE-Sephadex A-25 (HCO,- 
form. LKB 25 x 600 column) using linear gradient ofTEAB 
(0 05-O 08 M), 60 ml/hr Fractions contamIng the desired 
product were pooled together. concentrated under reduced 
pressure dnd lyophlhzed The yields, and results of chro- 
mdtographlc and spectral control, are collected m Table 4 

2’.lkoxyrrhonuc Ieoslde 3’-(2-clll~)rophenl,I) phosphor- 

anrluiu[e~ (1, B=-Thy. Ade. Gua. Cyt) 
Into the soln of 2?, of toluene-p-sulphonIc acid mono- 

hydrate In solvent S,, (20 ml) the correspondmg dI- 
astereoisomer of lly (I g) was added and the mixture was 
stirred at room temp for IOmIn The removal of the 
5’-0-monomethoxytntyl group was followed by means of 
TLC (S,) The mixtures were washed with 54;; NaHCO, 
(3 x 15 ml) The combmed aqueous layers were extracted 
with CHCI, (4 x 15 ml) and combined organic fractions 
were dried over MgSO, Solvents were evaporated and the 
residues were dissolved In pyndlne (5 ml) PyndIne was 
evaporated and the residues were coevaporated with toluene 
(3 x 5 ml). Products 1 were dissolved In acetone (B-Ade, 
Cyt). acetone-benzene (B-Thy) ?r CHCl, (B=Gua), and 
these solns were dropped mto n-hexdne The ppt was 
washed with n-pentane and dned under reduced pressure 
Further punficatIon WS achieved by means of column 
chromatography usmg solvent system as mdlcated In Table 
5 

5’-0-Monomelhos~,trlt~lthvmzdrne 3’-phosphorr~nllrdate (14) 

Compound 1 ly (B=Thy, 4 3 g, 5.5 mmol) was dissolved m 
the mixture of dioxdn (55 ml) and 0 125 N NaOH (165 ml) 
The reactIon progress was followed by means of TLC (S,) 
After tm 20 hr Into the mrxture Dowex 50W A 8 (pyndmlum 
form) was added The resin was filtered off and washed with 

pyrIdIne (50ml) The filtrates were combined and evapo- 
rated to (a one-half of their ongIna volume The residue 
was extracted with dtethyl ether (3 x 30ml) and water 
fraction was concentrated The oily residue wds co- 
exaporated with pyndlne (3 x 5 ml) and toluene (3 x 5 ml), 
and dissolved In CHCI, and dropped Into n-hexane The ppt 
was centrifuged and purified by means of short column 
chromatography (SIhca gel 7%?30 mesh. 300g) using 
CHCl,--MeOH contaInmg 0 2”,, NEt, as eluting systems 
IO 2, IO 3 and 10 4. respectively The yield of pyndmmm 
salt of 14 was 850,” TLC R, (M&N-H,0 9 I) 0 28, R, (S,) 
0 58. UV nmri 270 5 nm, +,,ii, 253 8 nm (96”,, C,H,OH). 
h s,p - 2 34 ppm (CFICI,) 

5’-0-Monometho.~~trrtvlti~~~~ldm~ 3’-(2-chlorophen_vl) phoc- 

phare (3) 
Compound lly (B=Thy. 0 78 g. I mmol) was dtssolved In 

pyrIdIne (I 0 ml) and evdporated to dryness The residue was 
again dissolved In pyndine (10 ml) and Into this so111 NaH 
(0 24 g) was added The mixture wds stIrred foI 15 mIn at 
room temp and treated with the stream of CO, dned over 
P?O< The progress of the redctlon was followed by TLC 
(S,) The Isolation of the product was analogous to that 
described for 14 PrecIpItated 3. centnfuged from n-hexana 
can be used for ohgonucleotlde synthesis without further 
punficatlon For analytIca purpose it was chro- 
matographed on preparative TLC (ST) Yield of pyrIdmIum 
salt of 3 was 955; TLC R, (S,) 0 7X. UV E,,, 269 3 nm. &,,” 
250 0 nm (96”, EtOH). 8 ,I, .- 5 96 ppm (C,H,N) 

In;o the soln of correspondmg 1 (I 5 Inmol) In 
N.N-dImethvlacetamIde t 15 ml) freshlv meuared t-BuOK 
(I 5 mmol. obtained from.the reactIon beiween I5 mmol of 
K metal with IO ml of t-BuOH. followed by removal of the 
excess of t-BuOH under reduced pressure, bath temp 60 ) 
wds added, and the mixture was left for 20 hr at room temp 
with the exclusion of moIstme After coohng to - 70’ dn 
excess of Dowex 50W X8 (pyndmIum form) was added until 
pH 7 0 The re$In wds filtered off and washed with pyrIdIne 
(3 x 10ml) In the case of le and If, the resin was washed 
addItIonally with DMF (2 x IO ml) Combined filtrates were 
evaporated and coevaporated with pyndme (3 x 5 ml) 
After evaporatmn of most of the pyndme Its traces were 
removed by coevaporatmn with toluene (3 x 5 ml) Products 
5 were Isolated by mean\ of preparative TLC 
5a. 3.5~. M-develomnr svstcm S. 5e. Sf-CHCI, MeOtI 
(8 ‘2) containing I” “‘of NE;,, 5g, 5b-S, Products were eluted 
from SIhca gel by means of CHCI,-MeOH-DMF (1 I 1) 
Removal of solvents left residues which after dIssolutIon In 
pyrIdIne were dropped mto dIIsopropy1 ether The ppt was 
centnfuged. washed with n-pentane dnd dried under re- 
duced pressure If, as a starting mate&. the mixture of 
dIastereoIsomers (1) were used. the products contammg 
both dIastereoIsomers of correspondmg 5 were separated by 
means of short-column chromdtography (250 g of sIhca gel 
200-300 mesh for I g of 5) Elutmg systems 
Sa, b-CHCI,-MeOH (95 5). 5c, d-S, followed by 
CHCl,--96?,, EtOH (85 15). Se, f-CHCI,- MeOH (95 5) and 
(S,,), 5g, b-CHCI,+-PrOH (70 30) and (60 40) Yields and 
physmo-chemIca1 ddta relatmg to 5 are presented m Table 
6 

Conoervlon o/ 2’-dt~o.~~rrhor~ucl~~or~de c~ L,IW 3’,5’-pho( - 
phoranrlrdure~ (5) mfo I?‘-deox vrrhonucleotrdc (y<Irc 3’,5’- 
phosphorothroatra (6) 

The soln of corresponding 5 (0 25 mmol) In DMF (3 ml) 
was treated with NaH (0 025 g of SO”, NaH In mineral 011) 
and after stIrrmg at room temp for 15 mm CS, (I ml) was 
added mto the mIxtIne Reaction progress was controlled by 
means of TLC (S,) After ta 30 mm mixture was cooled to 
~- 70 .md pyrIdImum form of Dowcx 5OW X8 was added 
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(PH 7-6 5) Further work-up was analogous to that de- 
scribed for 5 Precipitates 6 were punfied on DEAE- 
Sephadex A-25 (HCG,-), LKB 25 x 600 column, usmg 
linear gradient of TEAB (DH 76.8). 60-lOOml/hr 
6a, 6b, &, 6&0.05-O 8 M, 6e, 6f-0 05-t 5’M, fig, 6h-0 b5- 
1 0 M Fractions contammg the desired products were 
pooled together and concentrated Syrupy oils were co- 
evaporated three times with EtOH and concentrated under 
reduced pressure Yields and physico-chemical data relating 
to the pyndmmm salts of6 are presented m Table 7 

Cyclrsatum of thymrdme 3’-(4mtrophenyl) phosphorothloates 
(4k, 41) 

Diastereoisomeric mtxture of llc (Table 1) was separated 
mto S,-116 and R,-116 on Sthca gel (S,, and S,) S,-116, R, 
0 33 (S,), 6,,,- 3 37 ppm (CDCI,), m/z 789 (M+ - I), 
R,-116, R, 0 24 (S,), 6,,, - 3 17 ppm (CDCl,), m/z 789 
(M+ - 1) Each diastereotsomer was transformed to 13k 
and 131 m a manner analogous to converston 11-13 (vgde 
supra) Thus, from Sr-lls-(high R,) compound 13k, .a,,, 
53.2 oum. and from R,-11~ (low R,) comoound 131. ?I,,, 
51 0 ppm, were obtamed, respecttve& Removal of mono- 
methoxytntyl group (procedure as described above for 1) 
from each dtastereoisomer left 4 (B=Thy, Ar=4- 
N02&,H,-) Thus, from S,-llc diastereotsomer R,-4k was 
obtamed, R, 0 69 (cellulose F, S,), 6,,r 50 68 ppm (C,H,N). 
R,-116 gave $41, R, 0 71, 6,,, 50 76 Fmal punficatton of 
each diastereotsomer 4k and 41 was performed on Whatman 
3MM paper (S,) S,-41 (0 5mmol) under treatment wtth 
t-BuOK, under condttions described for preparation of 5, 
gave S,-6b, 6 ,,p 52 I ppm (H,O), m 70% yield _ Analogously, 
from R,-4k compound R,-6a, a,,, 54 7 ppm (H,O), was 
obtained m 76% yield 

Condensation of 5’-0-monomethoxytrltylthymlmne 3’- 
phosphoranrltdate (14) with 3’-0-acetylthymldme 

Into the soln of 14 (B=Thy, pyndmmm salt, 2 5 mmol) 
and 3’-0-acetylthymtdme (3 8 mmol) m pyridme (10 ml) 
2,4.6-trnsopropylbenzenesulphomc chloride (7 5 mmol) was 
added and solvent was evaporated under reduced pressure. 
Syrupy residue was left at room temp for 40 hr $ After 
cooling to - 70” the mixture of pyridme and water (I 1, 
50 ml) was added This solution was extracted with CHCI, 
(3 x 30 ml) and the orgamc phase was washed wtth phos- 
phate butter (4 x 50ml) and then dned over MgSO, The 
soln was evaporated, the residue dtssolved m pyndme and 
dropped m a mtxture of n-hexane and dtethyl ether (I .l) 
The ppt was filtered off, washed with n-pentane and dned 
under reduced pressure Isolation of the dtastereoisomeric 
mixture (15a, b) was achieved by means of preparattve TLC 
(S,,) The product was eluted from silica gel with 
CHCl,-MeOH (1 1) and. after evaporatton of the solvent, 
the product 15a; b was &solved in pyndme and this soln 
was dropped mto diethyl ether-n-pentane (1.1) The yield 
was 0 12 g (5%) Separation of diastereotsomers was per- 
formed on TLC plates (S,) gtvmg 15a (htgh R,), B3,* 
2.69 ppm (C,H,N) and 15b (low RJ, 6,,, 2 32 ppm Con- 
densatton of 14 with 3’-0-monomethoxytrttylthymidme was 
performed as described above The yield of 15a’, b’ was 6%. 

t”P-NMR spectrum of this mixture (m C,H,N) contained 
the stgnals at 2 3 and 2 7 ppm (ca 10%) and unsymmetrical 
tnplet of stgnals at - 8 80, - 9 04 and - 9 22 ppm (ca 
80%) Hugh-field signals are due to the presence of 19 
(2-choral P-centres) Its structure was proved m the follow- 
mg way a sample of reaction mtxture characterized by 
means of “P-NMR spectrum contammg high-field triplet of 
stgnals (ca SO’%), dtssolved m H,O, was heated at 40” for 
5 hr The “P-NMR spectrum has shown the disappearance 
of htgh-field triplet of stgnals due to hydrolyses of 19 and, 
besides the unchanged signals of 15 at 2 3 and 2 7 ppm, the 
new mtenstve signal at - 1 40 ppm, correspondmg to 14, 
have appeared 

15a’ R,(S,) 0 32, 6,,, 2.3 ppm (CHCI,), 15b’ R,(S,) 0 28,6,,, 
1 8 ppm (CHCI,). 

Dtastereoisomenc mixture 15a, b was treated with 
C,H,N/AcOH/-t-C,H,,0N0,62 then wtth 9 M NH,OH, fol- 
lowed by SO”/, AcOH The product was tdenttcal wtth 
genuine sample of TrT. Its hydrolyses m the presence of 
spleen phosphodtesterase (EC 3 1 4 18) m 0 05 M NaOAc 
buffer gave thymtdme and thymidme 3’-phosphate 

Thymldine-S’ thymtdine-T- phospiiorothloates (9) 
The soln of each diastereoisomer of 15a’ and 15b’ (30 mg) 

m DMF (10 ml) was treated with NaH/CS, analogously as 
for transformation 11-13. Thus, from 15a’ (high R,) 16a’ 
was obtained m 85% yield, a,,, 52 3 ppm (CHCI,) Its 
treatment wtth 80% AcOH gave 9a, yield, 70% Stmilarly, 
from 15b’ (low R,) compound 16b’ was obtained m 76% 
yield, fi ,,r 54 3 ppm (CHCl,), which was further transformed 
into 9b in 72% yield Both 9a and 9b were punfied on DEAE 
Sephadex A-25 column using a hnear gradient of TEAB 
buffer (0 05-l 0 M), then wtth Dowex (H’ ) and neutral- 
isatton with 0 I N NaOH solution Chemical shifts are as 
follows. 9a--6 ?,s 55.6 ppm (H,O), 9b6,,r 55 1 ppm (H,O) 
HPLC of 9 on Sphensorb S5 ODS column [eluent 
CH,OH-H,O (15 SS)] has shown the homogeneity of each 
dtastereotsom,i and shorter retention time for 9a 

Thymrdme-3’ thymzdme-5’ [“Olphosphates (17) 
The separated diastereotsomers of 1616a’ and 16b’ (each 

of 41 Ltmol) were dissolved m the mixture of pyndme (2 ml), 
luttdme (45 pmol) and H2’*0 (100 pl), and a soln of cy- 
anogen bromide (120 p mol) m THF (0 5 ml) was added The 
reaction was terminated after 30 mm by addition of cysteme 

(120 pmol) 37 The mixtures were evaporated to dryness and 
the crude products were dissolved m a soln of 2% toluene- 
p-sulphomc acid m solvent system S,, (20ml) The de- 
protectton of 5’- and 3’-OH groups was completed after 
40mm (TLC assay-S,) Then the mixtures were extracted 
with H,O (3 x lOml), water fractions were collected and 
crude 17 were separated on DEAE-Sephadex A-25 column 
eluted with hnear gradtent of TEAB buffer (0 05-l 0 M), 
and lyophthsed Compounds 17a and 17b, prepared from 
16a’ and 16b’, respectively, were obtamed m 42% (17a) and 
32% (17b) yields Their chromatographic mobthttes were the 
same as T,T-standard [cellulose plates (S, and S,)] 

Assrgnment of the absolute con$guration of 9 
The solns of 9a or 9b (65 pmol of Na salts) m 100 mmol 

Tns-AcOH, 20 mmol MgCI, buffer pH 8 0 (500 ~1) were 
treated with phosphodiesterase from snake venom (EC 
3 1 4 1, 0 2 mg) for 15 hr at 37” The products of the 
dtgestion were analysed by TLC (Silica gel plates, solvent 
system MeCN- 100 ml To-AcOH, pH 8 0, 10 l), HPLC 
and j’P-NMR spectroscopy by comparison with standards 
of S-TMPS and thymidme Under these condttions, com- 
pound 9a was digested to the extent of 50%. “P-NMR 
exammatton showed the decreasmg of the mtenstty of the 
sianal at 55 56pom (correspondmg to substrate 9a) and 
appearance of- -signals at 43 07 ppm (thymtdme 5’- 
phosphorothtoate) and others at 4 32, 3 72 and 2 62 ppm 
(umdentified products) Under these condttions, 9b was not 
digested and Its “P-NMR spectrum did not show of appear- 
ance of any new signals Accordmg to reports of Ecksteir? 
and Benkovic? compound 9a has the R, absolute 
configuration 
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