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A facile chemoselective 0-phosphorylation of N-unprotected nucleosides has been achieved via metal 
alkoxide formation. Sequential treatment of N-unprotected nucleosides with an equimolar amount 
of a metallo-organic base such as an alkyllithium, potassium tert-butoxide, tert-butylmagnesium 
chloride, LiAl[N(CH3)214, Al[N(CH3)213, (i-C4Hg)2AlH9 etc., and a phosphorochloridate or p-nitro- 
phenyl phosphate results in rapid 0-phosphorylation to give the corresponding nucleotides in high 
yield. The method using magnesium alkoxides is among the best, considering its chemoselectivity, 
generality, and operational simplicity. The origin of the observed chemoselectivity is discussed. 

Introduction 
Solution-phase chemical synthesis of nucleic acids2 has 

significant potential in drug synthesis and is particularly 
appropriate for large-scale preparation of short-sequence 
oligonucleotides.3-7 Low-cost reagents and operational 
simplicity allowing large-scale, reproducible syntheses are 
important practical considerations. Most existing pro- 
cedures, however, do not generally satisfy these conditions. 
An essential process in nucleotide synthesis is phospho- 
rylation of a hydroxyl function of a nucleoside. Since the 
hydroxyl groups, particularly the 2/- and 3f-hydroxyls in 
nucleosides do not react easily with ordinary phosphoryl 
chlorides: the condensation is conventionally achieved 
by using strongly electrophilic phosphorylating agents 
formed from a phosphoric acid derivative and a sterically 
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congested arenesulfonyl chloride such as 2,4,6-triiso- 
propylbenzenesulfonyl chloride or the corresponding 
azolides.2tg The activating agents are expensive, and the 
procedures are not operationally simpl. Furthermore, 
under ordinary conditions, the phosphorylation of nu- 
cleosides, such as adenosine or cytidine, which have 
hydroxyl and amino groups in the same molecule, takes 
place competitively at both the amino and hydroxyl 
functions,"Jand hence the amino groups must be protected 
in order to achieve the selective 0-phosphorylation.8 The 
deprotection very often brings about undesired side 
reactions, particularly cleavage of the phosphate linkage, 
resulting in serious loss of the product. 

Direct 0-phosphorylation of nucleosides without N- 
protection is obviously ideal. Our approach is based on 
a different, very simple concept, namely functional group 
activation rather than protection. When a nucleoside is 
treated with 1 equiv of a strong metallo-organic base, an 
equilibrium mixture of the metal alkoxide 1 and amide 3 
is formed, as illustrated in Scheme I. In principle, 
predominance of 0- or N-phosphorylation depends on the 
equilibrium concentration of 1 and 3 and their relative 
reactivities. Therefore, in going from the reaction of the 
neutral alcohols or amines to the strong base-promoted 
reaction, a change in the chemoselectivity profile can be 
expected, hopefully in such a way as to selectively afford 
the phosphate 2." In addition, the enhanced nucleophi- 
licity of the oxygen function may allow the use of readily 
available phosphorylating agents. We here describe a facile 
0-selective phosphorylation of N-unblocked nucleosides 
via hydroxyl activation. 
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a small amount of water givw selectively, aftar hydrolysis, the nuclmide 
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(B) (a) Zarytova, V. F.; Knorre, D. G.NucloicAcidsRes.1984,12,2091. 
(b) Chandraeegaran, 5.; Murakami, A,; Kan, L. J.  Org. Chem. 1984,49, 
4961. 

(10) Tener, G. M. J. Am. Chem. Soc. 1961,83, 159. 
(11) Existing methodefor phosphorylation of nucleoeidesvia hydroxyl 

activation. With sodium metal ae an activator: Skarie, V.; Hohnjec, M.; 
Skaric, D. Croat. Chem. Acta 1977, 49, 851. With potmnium tart- 
butoxide: Borden, R. K.; Smith, M. J .  Org. Chem. 1966,31,3247. With 
dibutylstanoxane: Wagner, D.; Verheyden, J. P. H.; Moffatt, G. Ibid. 
1974, 39, 24. Application of our method uring tert-butylmagnwium 
chloride: Jaworaka, M.; Leenikomki, 2. J.; Stac, W. J. Nucleic Aci& 
Res., Symp. Ser. 1989,21, 99 and referencw cited therein. 

(B 1993 American Chemical Society 



374 J.  Org. Chem., Vol. 58, No. 2, 1993 

Scheme I 
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PX I phosphorylating agent 
M = metallic species 

Results and Discussion 
Phosphorylation of Nucleosides. First, we screened 

organometallic reagents which act as strong bases to effect 
phosphorylation of N-unprotected nucleosides 6,8, and 
10 using phosphorochloridates or p-nitrophenyl phos- 
phates. The results are listed in Table I. When the 
adenosine nucleoside 6a was treated with (C2H&)2POCl 
in pyridine, a mixture of the "3-phosphorylated product 
(26%) and the 3'-phosphate 7a (14%) was obtained. In 
contrast, in the presence of tert-butylmagnesium chloride 
the reaction of Sa and phosphorochloridate or p-nitro- 
phenyl phosphate in THF gave the phosphate 7a as a sole 
product (entries 10 and 11). Thus, addition of the Grignard 
reagent strongly effects the product distribution and 
results in exclusive O-phosphorylation of the N-unpro- 
tected nucleoside. tert-Butylmagnesium chloride was 
found to be one of the best, general reagents for the 
O-selective phosphorylation. The reaction can be per- 
formed with a variety of N-unblocked nucleosides on any 
large scale and with high selectivity. The nucleoside/ 
Grignard reagent stoichiometry is also important to obtain 
both a fast reaction rate and a high yield of the desired 
product. With adenosines and cytidines, the O-selective 
condensation was simply accomplished at ambient tem- 
perature by using 1 equiv of the Grignard reagent and 
1.2-1.4 equiv of the phosphorylating agent. When an 
excesa of the activator was used in these cases, the N,O- 
diphosphorylated compound was produced in a consid- 
erable amount. The reaction of guanosine, thymidine, 
and uridine derivatives proceeds rather slowly with 1 equiv 
of the Grignard reagent, although the product yields are 
acceptable (>88%). Two equivalents of the Grignard 
reagent completes the reaction in a short period. High- 
quality Grignard reagent is also crucial for obtaining high 
product yield. The purity of tert-butylmagnesium chloride 
employed here was higher than 90% (organomagnesium/ 
total base). 

Activation of a nucleoside, NuOH, as the tetravalent 
lithium aluminate, Li[Al(OAr)3ONul (empirical formula), 
is also applicable for O-selective phosphorylation, although 
the reactivity is rather 10w.l~ The trivalent aluminum 
alkoxides, Al(0Ar)zONu and (i-C4H&Al(ONu), showed 
similar reactivity. In the aluminum alkoxides containing 
ArO moieties, the structure of Ar strongly affected 
efficiency of the phosphorylation. Use of p-NO&HrOH 
or o-ClC&OH as ArOH generally gave satisfactory results. 

(12) The reaction of the aluminate is slow and requires more forcing 
conditions than that of the lithium alkoxide. 

TBDMS 

5 

T B W  RY 
10, R = H 
11, R = (O-CIC,H4O),PO 

12, R (C2HSO)ZPO 

' IB=  AN 5 I 

TBDMS = t-C4H,(CH,)2SI 

A drastic decrease in product yield and reactivity was 
observed in the reaction using C&&H, o - C H ~ C ~ O H ,  

(NO2)2CsH30H, p-ClC&OH, or 2-naphthol. Aa a base 
promoter, various alkyllithium reagents can also be 
employed for the phosphorylation of adenosines at -78 
OC, giving the desired N-free phosphates in excellent yields. 
Unfortunately, however, this method is not general. For 
instance, reaction of N-unprotected cytosinyl nucleoside 
and phosphorochloridate or p-nitrophenyl phosphate in 
the presence of tert-butyllithium led to a mixture of the 
desired O-phosphorylated product, N4-phosphorylated 
compound, and N4, O-diphosphorylated derivative (entries 
15 and 161.l The guaninyl nucleoside gave no O-phos- 
phorylated product mainly due to the insolubility of the 
lithiated nucleosides. Potassium tert-butoxide showed 
similar reactivity and was usable only for the phospho- 
rylation of an adeninyl nucleoside (entry 9). 

Mechanism of the Chemoselective Phosphoryla- 
tion. The observed selectivity is illustrated by the pathway 
outlined in Scheme 11. In order to elucidate the origin of 
the chemoselectivity and preferential pathway observed 
in the phosphorylation of nucleosides via hydroxyl acti- 
vation, we examined the relative stabilities of magnesium 
alkoxides and amides as well as their reactivities. Reaction 
of equimolar amounts of a nucleoside and tert-butylmag- 
nesium chloride eliminates isobutane to generate the 

p-CH,C&OH, 2,6-(t-C&)2C&OH, o-NO&&OH, 2,4- 
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Table I. Phosphorylation of N-Unprotected Nucleosides via Hydroxyl Activationa 
~~ 

(R0)zPOX conditions 
entry nucleoside metalating agent (equiv) R X temp, OC time, h nucleotide % yieldb 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

Sa 
Sa 
sa 
Sa 
Sa 
Sa 
Sa 
Sa 
Sa 
Sa 
Sa 
Sa 
Sa 
Sa 
Sb 
lib 
Sb 
Sb 
Sb 
Sb 
5b 
sc 
k 
5c 
Id 
5d 
Bd 
Sd 
Bd 
8a 
8a 
8a 
8d 
loa 
10a 
1 Oa 
10b.HCl 
10bqHC1 
1Oe 
1Oe 

c1 
c1 
c1 
c1 
CFaCOz 
P-NO~CBHIO 
c1 
c1 
c1 
c1 
p-NO2CsH40 
c1 
c1 
c1 
c1 
p-NO2CsH40 
c1 
c1 
c1 
p-NO2CsH40 
c1 
C1' 
C1' 
c1 
c1 
C1' 
C1' 
c1 
c1 
c1 
c1 
p-NOnCsH40 
c1 
c1 
c1 
c1 
c1 
c1 
C1' 
c1 

-78 1 
-78 1 
-78 1.25 
-78 0.25 
-78 3 
-78 3 
-78 2 
-78 1 
-78 1 
24 1 
24 1 
0 6 

20 4 
25 2 

-50 4 
-50 4 
25 0.5 
0 6 

20 6 
20 3 
27 14 
15 6 
25 0.5 
20 11 

-50 1.5 
15 6 
25 0.5 
0 10 

25 3 
-78 3 
-18 0.5 
-78 1.5 
-50 1 
-78 0.5 
26 1 

-20 to 0 3 
26 2 

-4OtoO 20 
26 1 

-20 6 

6a 
6a 
6a 
6a 
6a 
7a 
6a 
6a 
7a 
l a  
7a 
6a 
6a 
7a 
6b 
6b 
7b 
7b 
6b 
6b 
6b 
7c 
7c 
6c 
6d 
7d 
7d 
6d 
7d 
9a 
9a 
9a 
9d 
1 la 
12a 
12a 
12b 
12b 
120 
120 

90 
93 
95,9l' 
97,92c 
65 
84 
88 
72 
90 
94,91' 
93' 
82 
67 
88 
27' 
9 
95,94k 
95,86c 
73 
83' 
62 
88 
94,89 
69 
81' 
92 
98,91' 
88 
70 
85 
92 
94 
85' 
94, 88' 
91 
97' 
76' 
74' 
91' 
87' 

a Unleee otherwise noted, the reaction was carried out in THF by using 1 equiv of the metalating agent and 1.1-1.2 equivof the phosphorylating 
agent. b Determined by 1H NMR analysis, unless otherwise stated. Isolated yield. Mesityllithium. e (2,6-Dimethoxyphenyl)lithium. f Three 
equivalents ofp-nitrophenol wae added. 8 Two equivalents of o-chlorophenol wae added. h Diisobutylaluminum hydride. i N4,O-Diphoephorylatd 
nucleoside (17 %) wasobtainedae byproduct. j The major products were N4-phoephorylatedcytidine (30% )and N4,0-diphosphorylatdderivative 
(19% ). k The reaction was achieved in DMF. The reaction was performed by we of 1.4 equiv of the phosphorylating agent. Three equivalents 
of o-chlorophenol wae added. 

Scheme I1 

(C,H60),POCI 

k 

(C,H60),POCI 

k 

1 3  
path I 

1 5  

I 

(C,H,O),POCI 

km 
t 

path b 
1 4  1 6  

nucleoside anions as magnesium salts. The ratio of the 
magnesium amide (or iminoxide) 14 to the magnesium 
alkoxide 13 in the equilibrium mixture was determined 
by colorimetric analysis and can be calculated by the 
equation of (CHB - e,t,&/(e,b - CB-1, where CHB, CB-, and fobs 
are molar extinction coefficient of the nucleoside-base 
chromophore of the original nucleoside, the derivative with 
the completely deprotonated base moiety, and the equi- 

librium mixture, respectively. The 3'-free nucleosides Sad 
were employed for the determination of the CHB. The QB- 
value was obtained by the W spectrum of a mixture of 
1 equiv of tert-butylmagnesium chloride and 17,23,3',5'- 
bis-O-(tert-butyldimethylsilyl)-2'-deoxycytidine, or -2'- 
deoxyguanosine, whereas q,~m was measured wing a mixture 
of equimolar amounts of Sa4 and the Grignard reagent. 
The equilibrium ratios of the magnesium amide (or 
iminoxide)/the magnesium alkoxide are 2.0/98.0 in aden- 
osine Sa and 6.3/93.7 in cytidine Sb, indicating the 
predominant alkoxide formation in adenosine and cytidine. 
On the other hand, preferential formation of the magne- 
sium iminoxide was observed with guanosine (98.7/1.3 in 
Sc) and thymidine (98.0/2.0 in Sd). The selectivity in the 
formation of oxy or nitrogen anions is controlled by the 
acidity of the functional groups, Le., guaninyl l-H and 
thyminyl or uracil 3-H (pK, ca. 9) > OH of sugar (17-18) 
> adeninyl6-NHz and cytoeinyl4-NHz (ca. 209. Thus 
the nucleosides are divided into two groups: group I 
includes adeninyl and cytosinyl nucleosides having no 
protons more acidic than hydroxyl protons and group I1 

(13) Dolman, D.; Stewart, R. Can. J. Chem. 1967,46,911. 
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consists of guaninyl, thyminyl, and uracil nucleosides 
having highly acidic protons in the nucleobase moieties. 

To compare their chemical behavior we chose protected 
adenosine derivatives, 17 and 20, and protected thy- 
midines, 23 and 24, as monofunctional group I and group 
I1 nucleosides, respectively. The relative reactivities of 
the magnesium alkoxide (k,) to the amide or iminoxide 
(k,) were determined by the product distribution in 
competitive phosphorylation of the 0-Mg species, 21 and 
25, vs N-Mg species, 18 and 27, toward (C2Hn0)2POCl. 
Phosphorylation of a mixture of equimolar amounts of 
the Mg amide and alkoxide, 18 and 21, with 0.1,0.2, and 
0.4 equiv of (C2Hs0)2POC1 gave a 1:24-1:29 mixture of 
the phosphoramidate 19 and the phosphate 22, indicating 
that the magnesium alkoxides are more reactive than the 
magnesium amides. Therefore phosphorylation of group 
I nucleosides (deoxyadenosine and deoxycytidine), acti- 
vated mainly as magnesium alkoxides, selectively gives 
the corresponding phosphate. The minor and less reactive 
Mg amides are equilibrated to form the more reactive 
alkoxides during the reaction. Overall, as illustrated in 
Scheme 11, exclusive 0-phosphorylation is achieved via 
path a. This is consistent with the calculated 0-selectivity, 
K(kdkn) = (98/2)(27/1) = 1200. 

Uchiyama et al. 

17, R H 

18, R s MgCl 

19, R = (CJ4,O)sPO 

20 ,R .H  

21, R MgCl 

22. R x (C&O)'PO 

Rd 

23, R' m H; R' = TBDMS 

24, R' = CH,; R'= H 

25, R' = CH,; R' = MgCl 

28, R' 3 CHI; R' x (C,H,O)'PO 

27, R' s MgCl; R' m TBDMS 

26, R' a (C,H,O),PO; R' x H 

29, R' x (C2HSO)*PO; R' TBDMS 

Chemoselectivity in phosphorylation of group I1 nu- 
cleosides is not straightforward. Competitive reaction of 
a 150 mixture of the Mg salts 25 and 27 with 0.1 equiv of 
(C2HbO)ZPOCl led to formation of the phosphate 26 in 
175% yield within 0.5 min. As is observed with group I 
nucleoside, the magnesium alkoxide reacts much faster 
than the magnesium iminoxide (k,,/k, 2 150). However, 
the Mg iminoxide is thermodynamically more stable than 
the alkoxide. The calculated 0-selectivity is estimated to 
be K(ko/kn) =: (2/98)(2150/1) 2 3.1. In addition, the 
phosphoryl iminoxide (or phosphorimidate) is not ther- 
modynamically stable, undergoing isomerization to the 
phosphate. When 1 equiv of the Grignard base was 
employed as the activator of nucleoside 5d, the reactions 
via path a and path b occurred competitively; the major, 
less reactive magnesium amide and the minor, more 
reactive magnesium alkoxide were simultaneously phos- 

100 - 

z 80- 

0 (EIO1,POCI 

74 

.1 1 10 100 

Reaction time. h 

Figure 1. Profile of the Grignard reagent (1 equiv)-assisted 
phosphorylation of Sd (1 equiv) using diethyl phosphorochloridate 
(1 equiv) monitored by 3lP NMR at 25 O C  in THF (concentration 
= 0.06 M). 

phorylated under the reaction conditions to give a mixture 
of 7d (3IP NMR, 6 -5.9 ppm) and 28 (a regioisomeric 
mixture, 6 -8.3 and -9.3 ppm) as the initial product (see 
Figure 1). Conversion of 28 to 7d via path c then took 
place slowly by some intermolecular process giving 7d as 
a single phosphorylated product after 96 h. Thus, the 
desired 0-phosphorylation was eventually accomplished 
even with 1 equiv of tert-butylmagnesium chloride. In 
the reaction of 5d, the phosphate 6d or 7d was obtained 
rapidly with 2 equiv of the Grignard reagent. Activation 
of both hydroxyl and imide as the Mg salts, coupled with 
the higher reactivity of the magnesium alkoxide, provides 
a simple solution to the selectivity problem. 

Conclusions 

A facile 0-selective phosphorylation of nucleosides 
without any N-protection has been achieved on the basis 
of hydroxyl activation. Use of an organomagnesium 
reagent as the activator is most effective. This reaction 
is highly appropriate for large-scale synthesis of nucleoside 
phosphates because of its high chemoselectivity, opera- 
tional simplicity, and the low price of the reagents. The 
mechanism leading to the 0-phosphorylation depends on 
the nucleoside structure and the amount of the activator 
employed. Utility of this method has been demonstrated 
by the synthesis of 2'-5'4inked oligoadenylates (2-5As) 
and their anal0g~es.l~ 

Experimental Section 

General. Spectra measurement was taken with instruments 
described in the 1iterat~re.l~ Fast atom bombardment ma88 
spectra (FABMS) were measured at the Faculty of Agriculture, 
Nagoya University. Solvents employed for reactions and chro- 
matography were purified by the standard meth0ds.l' Reactions 
requiring anhydrous conditions were conducted in a well-baked 
vessel under an argon atmosphere. The 1H NMR analyeis of 
yields of products was performed by comparing the relative 
intensity of the signal of 1,1,2,2-tetrachloroethane as an internal 
standard with that of the signal due to the phosphorylated 
product: H-2 for adenine nucleotides and H-3' for other 
3'-nucleotides, respectively. For column chromatography, E. 

(14) Noyori, R.; Uchiyama, M.; Nobori, T.; Hirose, M.; Hayakawa, Y. 
Aust. J.  Chem. 1992,46, 206. 
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Merck Kieselgel-60 (70-230 mesh), deactivated by adding 6 % of 
water, was uaed. 
5’-O-(tert-Butyldimethylsilyl)-2’-deoxyadenosine (Sa), 5’-0- 

(tert-butyldimethyleilyl)-2’-deoxycytidine (Sb), 5’-O-(tert-bu- 
tyldimethyleilyl)-2’-deoxyguanoeine (Sc), 5’-O-(tert-butyldime- 
thylsily1)thymidine (Sd), 3’-O-(tert-butyldimethyleilyl)-2’-deo.y- 
adenoeine (8a), 3‘-O-(tert-butyldimethylsilyl)thymidhe (8d), 
3’,5’-bie-O-(tert-butyldimethylsilyl)-2’-deo~aden~~e ( 17),3’,5’- 
bis-0-(tert-butyldimethylsily1)thymidine (23), and 5’-O-(tert- 
butyldimethylsilyl)-N(3)-methylthymidine (24) were prepared 
by known procedures.15 N(3)-Methylthymidine was prepared 
by the reported method.lB Commercially available 2’,3‘-0- 
isopropylideneadenosine (loa), 2’,3’-0-isopropylidenecytidine 
(lob) hydrochloride, and 2’,3’-O-ieopropylideneuridine (IOe) were 
used after drying at 50-60 ‘C over PZOs under reduced pressure 
or by azeotropic removal of water with pyridine. An ether solution 
of methyllithium,17 a solution of mesityllithium in aTHF-ether- 
pentane mixture,lS a THF solution of (2,6-dimethoxyphenyl)- 
lithium,19 and a solution of tert-butylmagnesium chloride in 
THFm were prepared according to the literature methods. A 
THF solution of LiAl[N(CH3)2]4 and Al[N(CHs)& were prepared 
by the reported procedure.2l A commercially supplied hexane 
solution of n-butyllithium, a pentane solution of tert-butyllithium, 
and a hexane solution of diisobutylaluminum hydride were used 
after dilution with dry hexane. The active organolithiums in the 
stock solutions were titrated by known methods.22 Total baees 
of the solutions were determined by acid-base titration after 
hydrolysis. Concentration of the Grignard reagent was deter- 
mined by the Gilman method.23 Concentrations of these alu- 
minum compounds were determined by a combination of titration 
of total base after hydrolysis and titration of dimethylamine after 
methanolyeis. Diethyl p-nitrophenyl phosphate and bis(o- 
chlorophenyl) p-nitrophenyl phosphate were obtained by the 
known procedure.24 The pK, values of 17 (adeninyl6-NHz) and 
3’,5’-bis-O-(tert-butyldimethylsilyl)cytidine (cytminyl 4-NH2) 
were determined by the method of Dolman and Stewart.la 

Reaction of Bis(echloropheny1) Phosphorochloridate 
with Nucleoside Sa in  Pyridine. Bis(o-chlorophenyl) phos- 
phorochloridate (74.3 mg, 0.22 ”01) was added to a solution of 
Sa (73.0 mg, 0.20 mmol) in pyridine (2 mL) at 0 “C. The mixture 
was stirred at 0 OC for 11 h and quenched by addition of water 
(0.2 mL). The mixture was evaporated to give a liquid, which 
was then coevaporated with benzene (1 mL x 3). The oily material 
was dissolved in a mixture of dichloromethane (20 mL) and 
saturatedNaHC03solution (20mL). The mixture wasextraded 
with dichloromethane (20mL, 5 mL X 2), dried, and concentrated 
to give a gum (0.14 g). The crude product was subjected to silica 
gel column chromatography. Elution with a 1:1:50 to 1:1:30 
mixture of methanol, ethyl acetate, and chloroform afforded bis- 
(0-chlorophenyl) 5’-O-(tert-butyldimethylsilyl)-2’-deoxyadeno- 
sine 3’-phosphate (6a) (18.2 mg, 14%), mp 114-115 OC, and 5’- 
0- (tert-butyldimethylsilyl)-2’-deoxyadenosine bis(o-chlorophe- 
nyl) W-phosphoramidate (34.7 mg, 26%). 6a: IR 3490,3400, 
1640,1630,1590,1290 cm-’; UV A,, 260 nm (c 16 700); ’H NMR 
0.08 (e, 6 H, (CH3)2Si), 0.89 (8,  9 H, t-C4HeSi), 2.87 (m, 2 H, 2 
H-2’),3.90 (d, 2 H, J = 3.1 Hz, 2 H-5’),4.43 (m, 1 H, H-4’),5.55 
(m,lH,H-3’),5.87(brs,2H,NH2),6.52(t,lH,J=7.0Hz,H-l’), 
7.0-7.6 (m, 8 H, 2 ClCsHd), 8.11 (8,  1 H, H-2), 8.34 (8, 1 H, H-8); 

J = 4 Hz), 83.8, 85.5 (d, J = 7 Hz), 119.4, 121.9 (d, J = 2 Hz), 
125.0(d,J=7Hz),126.2,127.6,130.3,138.0,145.8(d,J=7Hz), 
149.1,152.6,155.6. Anal. Calcd for CaHuC12NsOaPSi: C, 50.45; 
H, 5.14; N, 10.51. Found C, 50.22; H, 5.15; N, 10.54. The 
deoxyadenosine W-phosphoramidate: IR 3380,1650,1640; 1280 

l3C NMR -6.0, -5.9, 17.8, 25.4, 39.2 (d, J 4 Hz), 62.7,80.6 (d, 
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cm-1; UV A,, 263 nm; lH NMR 0.05 (s,6 H, (CH3)2Si), 0.83 (e, 
9 H, t-CdH&i), 2.6-2.7 (m, 2 H, 2 H-2’1, 3.83 (m, 2 H, 2 H-59, 
4.0-4.2 (m, 1 H, H-4’),4.5-4.7 (m, 1 H, H-39, 6.46 (t, 1 H, J = 
7.0 Hz, H-1’), 7.0-7.6 (m, 9 H, 2 ClC& NHPO), 8.30 (8, 1 H, 
H-2), 8.43 (8, 1 H, H-8). 

Phosphorylation Promoted by tart-Butylmagnesium Chlo- 
ride. Diethyl a’-@( tert-Butyldimethylsilyl)-2’-deoxyade1n- 
osine 3’-Phosphate (7a). To a solution of the nucleoside k 
(1.46 g, 4.00 “01) in THF (40 mL) was added dropwise at 25 
“C a 0.29 M solution of tert-butylmagnesium chloride (13.9 mL, 
4.10 mmol) in THF. After stirring for 5 min, diethyl phospho- 
rochloridats (8.28 mg, 4.80 mmol) waa added, and stirring was 
continued for 1 h. The mixture was dilutedwith dichloromethane 
(200 mL), quenched with saturated NH4Cl solution (250 mL), 
and then extracted with dichloromethane (50 mL X 2). The 
combined organic layers were washed with brine (50 mL), dried, 
and evaporated to give a gum. The ‘H NMR spectrum of the 
crude product showed that 7a was produced in 94% yield. 
Column chromatography on silica gel eluted with a 1:40 to 1:30 
mixture of methanol and chloroform gave 7a (1.81 g, 91 % 1: IR 
3540,3405,1640,1625,1580,1290cm-1; UV A, 260 nm (e 14 500); 
1H NMR 0.04 (s,6 H, (CH3)2Si), 0.85 (s,9 H, t-C,H&i), 1.31 (dt, 
6 H, J = 0.9, 7.2 Hz, (CH3CH20)2PO), 2.6-2.8 (m, 2 H, 2 H-2’), 
3.90 (d, 2 H, J = 9 Hz, 2 H-5’),3.9-4.3 (m, 5 H, H-4’, (CH~CHZO)Z- 
PO), 5.0-5.2 (m, 1 H, H-3’1, 6.21 (br 8, 2 H, NHd, 6.45 (t, 1 H, 

63.6 (d, J = 7 Hz), 77.6 (d, J = 6 Hz), 83.8, 85.6 (d, J = 6 Hz), 
119.3,138.0,149.1,152.5,155.5;FABMSm/z502 [(MH)+l. Anal. 
Calcd for CmHMNsOsPSi: C, 47.89; H, 7.23; N, 13.96. Found: 
C, 47.86; H, 7.25; N, 13.63. 

Diethyl 5‘- 0-( tert-butyldimethylsilyl)-2’-deoxycytidine 
3‘-phosphate (7b): 95% (‘H NMR assay); IR 3540,3400,1660, 
1640,1600,1260 cm-’; W A,, 272 nm (c 9900); lH NMR 0.10 
(s,6 H, (CH&Si), 0.90 (s,9 H, t-C,HsSi), 1.34 (dt, 6 H, J = 1.1, 
7.1Hz,(CH3CH20)2PO),1.9-2.3,2.6-2.8(2m’s,2H,2H-2’),3.89 
(m, 2 H, 2 H-5’),4.11 (dq, 4 H, J=  7.3,7.1 Hz, (CH&H20)2PO), 
4.27 (m, 1 H, H-4’),4.92 (m, 1 H, H-3‘),5.67 (d, 1 H, J = 7.4 Hz, 
H-5), 6.00 (br s,2 H, NHd, 6.38 (dd, 1 H, J = 1.8,11.7 Hz, H-1’1, 

7Hz),17.6,25.5,39.4 ( d , J =  4Hz),62.5,63.4 ( d , J =  8Hzh77.3 
(d, J = 6 Hz), 85.0 (d, J = 8 Hz), 85.2, 94.7, 139.4,155.3,165.5; 
FABMS m/z 478 [(MH)+l. Anal. Calcd for Cl~HssN307PSi: C, 
47.79; H, 7.60; N, 8.80. Found C, 47.66; H, 7.63; N, 8.76. 

Diethyl 5’- 0 ( ter tbut  y ldimet hylsilyl)-2’-deoyguanolline 
3’-phosphate (7c): 89%; IR 3500,3400,1690,1630,1610,1255 
cm-l; UV A,, 255 nm (e 13 400); lH NMR 0.06 (s,6 H, (CH3)Si), 
0.90 (s,9 H, t-C4HgSi), 1.37 (t, 6 H, J = 7.0 Hz, (CH&H20)2PO), 
2.5-2.8 (m, 2 H, 2 H-29, 3.7-3.9 (m, 2 H, 2 H-59, 4.0-4.4 (m, 5 
H, (CH~CH~O)ZPO, H-49, 5.10 (m, 1 H, H-3’),6.25 (t, 1 H, J = 
7.0 Hz, H-1’1, 6.47 (br s, 2 H, NHz), 7.88 (8, 1 H, H-8), 11.9 (br 

37.7 (d, J = 5 Hz), 62.2, 63.7 (d, J = 6 Hz), 77.4 (d, J = 6 Hz), 
83.0 (d, J = 6 Hz), 85.1 (d, J = 6 Hz), 115.9, 135.2,150.5, 153.2, 
157.4; FABMS m/z 518 [(MH)+l. Anal. Calcd for CzoH33N507- 
Psi: C, 46.41; H, 7.01; N, 13.53. Found: C, 45.49; H, 6.79; N, 
13.27. 

Diethyl E’-@( tert-butyldimethylsily1)thymidine 3’-phos- 
phate (7d): 91%; mp 70-74 OC; IR 3380,1710,1695,1260 cm-l; 
UV A, 266 nm (e 11 200); lH NMR 0.03 (s,6 H, (CH3)2Si), 0.77 
(s,9 H, t-C4H&i), 1.20 (t, 6 H, J = 7.0 Hz, (CH&H20)2PO), 1.76 
(8, 3 H, C(5)CHs), 2.1-2.7 (m, 2 H, 2 H-2’),3.47 (br s,2 H, 2 H-5’), 
3.8-4.2 (m, 5 H, H-4‘, (CH&H20)2PO), 4.84 (m, 1 H, H-3’),6.25 
(dd, 1 H, J = 6.0, 9.0 Hz, H-l’), 7.34 (a, 1 H, H-6), 10.15 (br 8, 
1 H, NH); 13C NMR -6.0, -5.9, 12.0, 15.7, 17.9, 25.5, 38.9 (d, J 
= 6 Hz), 62.8, 63.7 (d, J = 7 Hz), 77.7 (d, J = 6 Hz), 84.1, 85.3 
(d, J = 4 Hz), 110.6,134.4,150.2,163.7;FABMS m/z 493 [(MH)+l. 
Anal. Calcd for CmH37N208Si: C, 48.76; H, 7.59; N, 5.69. 
Found: C, 48.78; H, 7.45; N, 5.64. 

Diethyl 2’,3’-0-isopropylideneadenosine 5’-phosphate 
(12a): 91%; mp 139-141 “C; IR 3490, 3400, 1640, 1630, 1590, 
1290 cm-1; UV A,, 259 nm (e 17 300); 1H NMR 1.28 (m, 6 H, 
(CH3CH20)2PO), 1.40,1.63 (2 s’a,6 H, C(CH3)2), 3.7-4.6 (m, 7 H, 

H-5’), 5.40 (dd, 1 H, J = 3.0,7.5 Hz, H-5’),5.68 (br s,2 H, NHd, 

J = 6.8 Hz, H-l’), 8.07 (8 , l  H, H-2), 8.29 (8, l  H, H-8); 13C NMR 
-6.0, -5.9,15.7 (d, J 7 Hz), 17.8,25.4,39.0 (d, J=  4 Hz), 62.8, 

7.90 (d, 1 H, J = 7.4 He, H-6); ‘9c NMR -6.2, -6.1, 15.4 (d, J 

8, 1 H, NH); 13C NMR -7.2, -7.1, 14.6 (d, J = 7 Hz), 17.2, 24.5, 

(CH3CH20)2PO, H-2’, H-3’, H-4’), 5.10 (dd, 1 H, J = 3.6,7.5 Hz, 

6.14 (d, 1 H, J = 2.5 Hz, H-l’), 7.94 (8 ,  1 H, H-2), 8.34 (8, 1 H, 

(15) Ogilvie, K. K. Can. J .  Chem. 1973,51,3799. 
(16) Zemlicka, J. Collect. Czech. Chem. Commun. 1970, 35, 3572. 
(17) Wittig, G.; Hesee, A. Org. Synth. 1970, 50, 67. 
(18) Neumann, H.; Seebach, D. Tetrahedron Lett. 1976,4839. 
(19)Lambert,G.J.;Duffley,R.P.;Dalzell,H.C.;Razdan,R.K.J.Org. 

Chem. 1982.47.3350. ----. - . - - - -  _ .  

(20) Fild, M.; Stelzer, 0.; Schmutzler, R. Znorg. Synth. 1973, 14, 5. 
(21) Ruff, J. K. J. Am. Chem. Soc. 1961,83,2835. 
(22)  Korfron, W. G.; Baclawski, L. M. J. Org. Chem. 1976,41, 1879. 
(23) Crompton, T. R. Chemical Analysis of Organometallic Com- 

(24) Cherbuliez, E. In Organic Phosphorus Compounde, Koedapoff, 
pounde; Academic: New York, 1973; Vol. 1, pp 67-88. 
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H-8); 13C NMR 15.6 (d, J = 7 Hz), 25.0,26.7,63.7 (d, J = 6 Hz), 
66.4(d, J =  5Hz),81.1,83.8,85.0(d, J=8Hz),90.5,114.1,119.6, 
139.1,148.8,152.8,155.7. Anal. Calcdfor Cl,Hd%O,P: C,46.05; 
H, 5.91; N, 15.80. Found C, 45.90; H, 5.82; N, 15.76. 

Diethyl 2’,3‘-O-isopropylidenecytidine 5’-phosphate 
(12b): 76% ; IR 3500,3400,1670,1650,1600,1260 cm-’; UV A, 
269 (e 7200), 240 nm (c 7700); lH NMR 1.12 (m, 9 H, CH&, 
(CH3CH20)zPO), 1.52 (8, 3 H, CHsC), 3.9-4.4 (m, 7 H, 

2 H-5’),5.46 (br s, 1 H, H-1’),6.00 (d, 1 H, J = 7.2 Hz, H-5), 7.29 
(d, 1 H, J = 7.2 Hz, H-6), 8.30 (br s,2 H, NH3; ‘Bc NMR 16.1 
(d, J = 7 Hz), 25.3, 27.1,64.1 (d, J = 7 Hz), 67.3 (d, J = 6 Hz), 
82.2,84.9,86.7 (d, J =  8Hz),95.7,97.6,113.7,143.9,155.6,166.7. 
Anal. Calcd for CleHBNsOsP: C, 45.82; H, 6.25; N, 10.02. 
Found C, 45.88; H, 6.17; N, 9.87. Anal. Calcd for C16Hd308: 
C, 45.82; H, 6.25; N, 10.02. Found C, 45.88; H, 6.17; N, 9.87. 

Diethyl 2’,3’-O-isopropylideneuridine 5’-phosphate 
(12e): 91 % ; IR 3390,1730,1695,1270 cm-’; UV A, 259 nm (e 
9200); 1H NMR 1.35 (m, 9 H, CHC, (CH&H20)2PO), 1.58 (8, 3 
H, CH3C), 4.0-4.2 (m, 7 H, (CHCHzOhPO, H-2’, H-3’, H-4% 
4.88 (m, 2 H, 2 H-59, 5.70 (d, 1 H, J = 7.5 Hz, H-5), 5.78 (d, 1 
H, J = 1.2 Hz, H-l’), 7.38 (d, 1 H, J = 7.5 Hz, H-6), 9.52 (br s, 
1 H, NH); 13C NMR 15.8 (d, J = 7 Hz), 25.0, 26.8, 63.8 (d, J = 
6Hz),66.5 (d, J =  ~ H z ) ,  80.4,84.1,84.6 (d, J =  8Hz), 93.4,102.3, 
114.3,141.5,149.9,163.3. Anal. CalcdforCl&&ZO& C,45.72; 
H, 5.99; N, 6.66. Found C, 45.81; H, 6.20; N, 6.28. 

Diethyl 5’- 0-( tert-butyldimethylailyl)-i’V,lV-diethyl-2’- 
deoxyadenosine 3’-phosphate (22): 91%; HPLC (A = 260 nm, 
40 “C, a 1 : lO  mixture of water and methanol) t R  = 7.9 min; IR 
3650,3414,1592,1563,1261 cm-l; UV A, 277 nm (e 18 900); lH 
NMR 0.09 (8,  6 H, (CH3)2Si), 0.90 (8, 9 H, t-C4H&i), 1.28 (t, 6 

CH20)zPO), 2.74 (m, 2 H, 2 H-2’1, 3.87 (m, 6 H, (CHsCHdzN, 2 
H-57, 3.9-4.2 (quintet, 4 H, J = 7.2 Hz, (CH~CHZO)ZPO), 4.32 
(m, 1 H, H-4’),5.13 (m, 1 H, H-3’),6.49 (t, 1 H, J = 6.2 Hz, H-1’1, 
7.97 (8,  1 H, H-2),8.31 (8,  1 H, H-8). Anal. Calcd for CuH44NaOs- 
PSI: C, 51.69; H, 7.95; N, 12.56. Found: C, 51.75; H, 8.13; N, 
12.48. 

Diethyl 5 ’ - 0 (  tert-butyldimethylsilyl)-N(3)-methylthy- 
midine 3‘-phosphate (26): 92%; HPLC (A = 260 nm, 40 OC, a 
1:5 mixture of water and methanol) t R  = 8.7 min; IR 3672,3444, 
1701,1670, 1641,1473,1285 cm-’. UV A, 266 nm (c 10 500). 
IH NMR 0,11,0.12 (2 sk,6 H, (CH3)2Si), 0.91 (a, 9 H, t-C,H&i), 

= 1.2 Hz, C(5)CH3), 2.1-2.3, 2.5-2.6 (m, 2 H, 2 H-2’1, 3.34 (8, 3 

PO), 4.27 (m, 1 H, H-4’),4.96 (m, 1 H, H-3’),6.39 (dd, 1 H, J = 

THF, 1:3) -1.7, (C&-THF, 1:3, with 1 equiv of MgC4) -5.4. 
Anal. Calcd for Cz&~N20&3I: C, 48.57; H, 7.95; N, 5.66. 
Found: C, 48.77; H, 7.68; N, 5.66. 

3’,5’-Bis- Q( te~-butyldimethylsilyl)-2’-deoxyadeno~ine di- 
ethyl i’V-Phosphoramidate (19): 93%; HPLC (A = 260 nm, 40 
“C, a 1:10 mixture of water and methanol) t~ = 14.1 min; IR 3686, 
3384,1609,1257 cm-1; UV A,, 260 nm (e 16 OOO); lH NMR 0.08, 
0.09 (2 s’s,12 H, 2 (CH3)2Si), 0.91,0.92 (2 8’8, 18 H, 2 t-C,HQSi), 
1.36 (t, 6 H, J = 7.0 Hz, (CH3CHz0)2PO), 2.45.2.70 (2 m’s, 2 H, 

= 4.4, 11.3 Hz, H-59, 4.03 (m, 1 H, H-49, 4.2-4.4 (m, 4 H, 
(CH3CH&PO), 4.63 (m, 1 H, H-3’),6.46 (t, 1 H, J =  6.4 Hz, H-l’), 
7.49 (bra, 1 H, NHPO), 8.31 (8, 1 H, H-2),8.60 (s, 1 H, H-8). Anal. 
Calcd for CamNsO&‘Si2: C, 50.71; H, 8.34; N, 11.33. Found: 
C, 50.59; H, 8.34; N, 11.33. 

Lithium Alkoxide-Mediated Phosphorylation. Bis(e  
chlorophenyl) W-O( terb-Butyldimethylsilyl)-2’-deoxyaden- 
osine 1‘-Phosphate (6a). The phosphorylation using tert- 
butyllithium as a strong base is representatively described. To 
a THF (30 mL) solution of the nucleoside 5a (1.07 g, 2.94 mmol) 
was added at -78 “C a 0.588 M solution of tert-butyllithium in 
a 1:l mixture of pentane and hexane (5.0 mL, 2.94 mmol) over 
30 min. After being stirred for 1.5 h, to the resulting suspension 
was added bis(o-chlorophenyl) phosphorochloridate (1.03 g, 3.06 
mmol) in THF (8.7 mL) over 15 min, and the mixture was stirred 
at the same temperature for additional 1.25 h. The reaction 
mixture was quenched with brine (20 mL) and extracted with 

(CH3CHzO)zPO, H-2’, H-3’, H-4’),5.02 (dd, 2 H, J = 7.2,19.2 Hz, 

H, J = 7.0 Hz, (CH3CHz)zN), 1.36 (dt, 6 H, J = 0.9,7.2 Hz, (CH3- 

1.35 (dt, 6 H, J = 1.2, 7.2 Hz, (CH3CH20)2PO), 1.93 (d, 3 H, J 

H, CHaN), 3.85 (dd, 1 H, J = 2.1, 11.7 Hz, H-5’1, 3.91 (dd, 1 H, 
J 3 2.4,11.7 Hz, H-5’),4.13 (dq, 4 H, J =  7.4,7.2 Hz, (CHsCH20)z- 

5.3,8.7 Hz, H-l’), 7.46 (d, 1 H, J =  1.2 Hz, 6-H); 31P NMR (C&- 

2 H-Z’), 3.77 (dd, 1 H, J 3.1, 10.9 Hz, H-59, 3.87 (dd, 1 H, J 

dichloromethane (100 mL, 50 mL, 30 mL X 2). The combined 
organic extracts were washed with brine (10 mL) and dried. 
Evaporation gave a colorleas gum (2.1 1 g), w h m  IH NMR analysis 
indicated that 6a was formed in 95% yield. The crude material 
was subjected to silica gel column chromatdgraphy and eluted 
with a 1:1040mixture of methanol, acetone, anddichloromethane. 
Concentration of the eluent gave 6% (1.79 g, 91%) as crystals. 
Organoaluminum-Assistted Phosphorylation. Phospho- 

rylation of Lithium Aluminatel’ype Alkodde of Nucleoside 
[LiAl(OAr),(ONu)]. The procedure for the reaction of 5’-0- 
(tert-butyldimethyleilyl)-2’-deoxycytidine (5b) using p-nitro- 
phenol as ArOH is representative. To a 0.28 M THF solution 
of lithium tetrakis(dimethylamino)alum~atez’ (12.5 mL, 3.47 
mmol) in an argon-filled vessel was added at 0 OC dropwise 
through a stainless cannula a THF (18 mL) solution of the 
nucleoside 5b (1.18 g, 3.47 m o l )  in a separated, argon-fiied 
flask. After the mixture was stirred at the same temperature for 
10 min, to the mixture was added p-nitrophenol (1.45 g, 10.4 
mmol) in THF (10 mL) at 0 “C. The resulting solution was stirred 
at 20 “C for 1 h and evaporated with a vacuum pump to give a 
foam, which was dissolved in THF (16 mL). To the resulting 
mixture was added diethyl phosphorochloridate (670 mg, 3.88 
mmol) in THF (4 mL) at 0 OC. The mixture was stirred at the 
same temperature for 6 h and poured into a 0.5 M NaOH solution 
(80 mL) and extracted with dichloromethane (80 mL X 2,40 mL 
X 2). The combined organic layers were washed with brine (30 
mL), dried, and concentrated to give a gum. The lH NMR 
spectrum of the crude product showed that diethyl 5’-O-(tert- 
butyldimethylsilyl)-2deoxycytidine 3’-phoephate (7b) was formed 
in 95% yield. Silica gel (50 g) column chromatography (a 1:30 
to 1:20 mixture of methanol and chloroform) afforded the 
analytical sample (1.42 g, 86%). 
UV Spectra Measurement for Determination of the 

Ratios of Magnesium Alkodde and Amide. The nucleoside 
Sa-d, 17, 23, 3’,5’-bis-0-(tert-butyldimethylsiiyl)-2’-deoxycyti- 
dine, or the corresponding 2’-deoxyguanosine analogue (0.100 
mmol) and THF (35 mL) were charged in a 50-mL measuring 
flask, which was well dried and filled with argon. To this solution 
was added a 0.190 M solution of tert-butylmagnesium chloride 
in THF (0.530 mL, 0.100 mmol) at 25 OC. After shaking, THF 
was added to bring it up to 50 mL, and the mixture was sonicated 
until determined to be homogeneous. A 0.50-mL portion of this 
solution was transferred into a IO-mL measuring flask to adjust 
the volume to 10 mL by addition of dioxane. This mixed solvent 
was necessary to obtain the spectra; THF alone as the solvent 
interfered by ita end absorption. These sample were transferred 
by a stainless tube and measured in a quartz cell which was well 
dried, filled with argon, and equipped with a rubber septum. The 
spectra of original nucleosides 5a-d was measured in the same 
mixed solvent, omitting addition of the Grignard reagent. 

3‘-O-Benzoyl-5‘- 0-( tert-butyldimethylsily1)-2’-deoxy- 
adenosine. To a THF (50 mL) solution of benzoyl chloride (7.33 
g, 52.1 mmol) was added a mixture of lH-tetrazole (4.02 g, 57.4 
mmol) and triethylamine (7.92 g, 78.3 mmol) in THF (100 mL) 
at 0 “C. After 2 h of stirring, the resulting precipitates were 
removed through a short column packed with Celite 545. 
Evaporation excluding moisture afforded an oil, to which was 
added a mixture of the nucleoside Sa (9.53 g, 26.1 mmol) and 
triethylamine (5.27 g, 52.1 mmol) in THF (100 mL) at 26 “C. The 
mixture was stirred for 1 h and poured into a 1:l mixture of ethyl 
acetate and brine (500 mL). The aqueous layer was extracted 
with ethyl acetate (LOO mL X 3). The combined organic layers 
were washed with brine and dried. Concentration gave a foam, 
which was recrystallized from a mixture of ethyl acetate and 
hexane to produced the title compound (9.56 g, 78% 1: IR (KBr) 
3590,3320,3164,1718,1676,1603 cm-l; UV A, 260 (e 14 500), 
232 nm (e 14 500); lH NMR 0.15 (8, 6 H, (CH3)2Si), 0.94 (s,9 H, 
t-CdHQSi), 2.79 (dd, 2 H, J = 3.9, 7.2 Hz, 2 H-29, 3.90 (dd, 2 H, 
J = 3.0,10.2 Hz, 2 H-5’),4.38 (m, 1 H, H-4’),5.67 (m, 1 H, H-39, 
5.77 (br 8, 2 H, NHz), 6.45 (t, 1 H, J = 7.2 Hz, H-l’),7.48 (m, 2 
H, benzoyl), 7.60 (m, 1 H, benzoyl), 8.08 (m, 2 H, benzoyl), 8.24 
(a, 1 H, H-2), 8.36 (8,  1 H, H-8). Anal. Calcd for C~H~lNsO~Si :  
C, 58.83; H, 6.65; N, 14.91. Found C, 58.61; H, 6.78; N, 14.86. 



0-Selective Phosphorylation of Nucleosides 

5'- 0-( tert-Butyldimethylsilyl)-M~-diethyl-2~-deo.y- 
adenosine (20). According to the reported procedure,% chlo- 
rination at the &position of adenine was performed wing the 
above obtained nucleoside (7.55 g, 16.1 mmol) to give the desired 
intermediate (3.91 g, 50%) as a gum: IR 1719,1591,1562 cm-'; 
UV A, 265 (e 10 500), 231 nm (e 16 500); 'H NMR 0.13 (e, 6 H, 
(CH&Si), 0.91 (e, 9 H, t-C,H&i), 2.7-2.9 (m, 2 H, 2 H-29, 3.90 
(m, 2 H, 2 H-5'),4.42 (m, 1 H, H-4'),5.67 (m, 1 H, H-3'), 6.45 (dd, 
1 H, J - 6.0,6.4 Hz, H-l'),7.45 (m, 2 H, benzoyl), 7.60 (m, 1 H, 
benzoyl), 8.07 (m, 2 H, benzoyl), 8.59 (e, 1 H, H-21, 8.74 (8, 1 H, 
H-8). Diethylamine (20 mL) was added to the aforementioned 
product and stirred at 25 "C for 3 h and evaporated to dryness. 
The gummy residue (4.85 g) was dissolved in methanol (80 mL). 
To this solution was added a 0.5 M solution of sodium hydroxide 
(40 mL) at 0 OC. The mixture was stirred at the same temperature 
for 1.5 h and poured into a 1:l mixture of dichloromethane and 
saturated ammonium chloride solution (400 mL), The aqueous 
layer was extracted with dichloromethane (100 mL X 3). The 
combined organic layers were washed with brine (50 mL) and 
dried. The residue (4.50 g) after evaporation was subjected to 
silica gel (160 g) column chromatography. Elution with a 1:30 
to 1:20 mixture of methanol and chloroform afforded 20 (35 % , 
2.36 g) as a gum: IR 3684,3600, 1590, 1564 cm-l; UV A, 277 
nm (e 18 300); 1H NMR 0.08,0.09 (2 sk,6 H, (CH3)&), 0.90 (8, 
9 H, t-C,H&i), 1.28 (t, 6 H, J = 7.2 Hz, (CH&Hz)*N), 2.53,2.65 
(2m's, 2 H, 2 H-Y), 3.20 (br 8, 1 H, OH), 3.85 (m,6 H, (CH&Hz)zN, 
2 H-59, 4.11 (m, 1 H, H-49, 4.65 (m, 1 H, H-39, 6.41 (t, 1 H, J 

for CmH~N~O~Si :  C, 56.98; H, 8.37; N, 16.61. Found C, 56.65; 
H, 8.63; N, 16.00. 

Competitive Reaction of the Magnesium Amide 18 and 
the Magnesium Alkoxide 21 toward Diethyl Phosphoro- 
chloridate. To a mixture of the nucleoside 17 (71.2 mg, 0.148 
mmol) and 20 (62.6 mg, 0.148 mmol) in THF (2.0 mL) was added 
a 0.21 M solution of tert-butylmagnesium chloride in THF (1.41 
mL, 0.296 mmol) at 25 "C. After 5 min of stirring, to this mixture 
was added a 0.148 M solution of diethyl phosphorochloridate 
(100 pL, 0.0148 mmol) at the same temperature. The reaction 
mixture was stirred for 5 min, quenched with saturated ammo- 
nium chloridesolution (50 mL), extracted with dichloromethane 
(50 mL X 3), and dried. The residue of concentrated extracta 
was subjected to HPLC assay under aforementioned analytical 

6.4 Hz, H-l'), 7.98 (s,l H, H-2), 8.30 (8,l H, H-8). Anal. Calcd 
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conditions, which showed the product ratio of the phosphate 22 
to the phosphoramidate 19 was 28.9. Use of 0.2 and 0.4 equiv 
of diethyl phosphorochloridate gave the 22/19 ratio of 26.0 and 
24.0, respectively. 

Competitive Reaction of the Magnesium Amide 27 and 
the Magnesium Alkoxide 26 toward Diethyl Phosphoro- 
chloridate. To a mixture of 23 (454.8 mg, 1.00 mmol) and 24 
(7.4mg,0e02mmol) inTHF (5.0mL) wasaddeda0.870Msolution 
of tert-butylmagnesium chloride in THF (1.17 mL, 1.02 mmol) 
at 20 "C. After 5 min, to this mixture was added a 0.0545 M 
solution of diethyl phosphorochloridate (36.5 pL, 0.0020 "01) 
at the same temperature, and the mixture was stirred for 0.5 
min. The reactionmixture wasquenched by addition of saturated 
sodium bicarbonate solution (1 mL) and poured into saturated 
ammonium chloride solution (50mL). The mixture was extracted 
with dichloromethane (50 mL X 3), dried, and concentrated to 
leave the residue, which was subjected to HPLC assay under the 
analytical conditions mentioned above. The HPLC analysis wing 
5'-0-(tert-butyldimethyleilyl)adenosine ( t ~  = 4.3 min) as an 
internal standard indicated that the 3'-phosphate 26 was produced 
in 75% yield based on the phosphorochloridate, while the 
probably formed phosphoroimidate 29 (<25 % ) was hydrolyzed 
to 23 during the workup. 

NMR Monitoring of Phosphorylation of Sd with 
Diethyl Phosphorochloridate. To a solution of Sd (71.3 mg, 
0.20 mmol) in THF (2.5 mL) were added a 0.455 M solution of 
tert-butylmagneeium chloride (0.44 mL, 0.20 "01) in THF at 
20 "C and, after 5 min of stirring, diethyl phosphorochloridate 
(34.0 mg, 0.20 "01). The reaction come  was monitored by 
examining the 31P NMR spectrum at 25 OC (concentration: 0.06 
M) using DzO as an external locking solvent in a sealed capillary. 
The time course of product ratio of the 3'-phosphate 7d (6 -5.9 
ppm) to 28 (a regioisomeric mixture, 6 -8.3, -9.3 ppm) is shown 
in Figure 1. After 96 h, the signals due to 28 completely 
disappeared, and only the signal arising from 7d was observed. 

~ 

(25) Nair, V.; Richardson, S. G. J. Org. Chem. 1980,45,3969. 
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