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Bis(2,2,2-trichloroethyl) phosphorochloridite was found to be a useful reagent for the phosphorylation of protected 
nucleosides and oligonucleotides especially when the phosphate blocking group was 2,2,2-trichloroethyl and the 
hydroxyl protecting group was tert-butyldimethylsilyl. Thus compounds %a-c,f,g could be phosphorylated to 
the corresponding 5’-phosphotriesters la-c,f,g in yields of 75-99%. Removal of the protecting groups (to give 
the 5’-monophosphates 6a-c,f,g) was achieved by zinc-copper couple/ 2,4-pentanedione/DMF treatment to remove 
the 2,2,2-trichloroethyl group and tetrabutylammonium fluoride/THF treatment to remove the tert-butyldi- 
methylsilyl groups. A method was found that permits preparation of reproducibly active zinc-copper couple. 
As a hydroxyl protecting group, the isopropylidene moiety was somewhat less useful in conjunction with the 
use of bis(2,2,2-trichloroethylethyl) phosphorochloridite. Thus, upon phosphorylation of 2d and 2e, the phosphohiesters 
4d and 48 were obtained in yields of 83% and 61%, respectively. Deblocking of the isopropylidene groups was 
accomplished with formic acid at room temperature to give 6a and 6b in yields of 74% and 70%, respectively. 
The 5’-phosphorylated 2’-5’-linked oligonucleotides 6f and 6g were converted to the corresponding 5’-triphosphates 
to give compounds la  and lb which are found in extracts of interferon-treated cells upon incubation with 
double-stranded RNA. 

In the past several years, the popularity of the phos- 
~hotriesterl-~ method of oligonucleotide synthesis has in- 
creased dramati~ally.~ One approach to this phospho- 
triester method has been introduced and developed by 
Letsinger and Lunsford5 and Ogilvie and associates! This 
method relies upon the tert-butyldimethylsilyl moiety as 
a hydroxyl protecting group,’ 2,2,2-trichloroethyl phos- 
phorodichloridites>8 to effect internucleotide bond forma- 
tion, and, as a consequence, the 2,2,2-trichloroethyl group 
for protection of the internucleotidic phosphite (or phos- 
phate) m o i e t i e ~ . ~ ~ ~ ~ ~  A significant advantage of this pro- 
cedure is that no base amino protecting group is required. 

Coincident with increased use of the phosphotriester 
methodology has been th  development of a large number 
of phosphorylating reagents with a variety of phosphate 
protecting g r o ~ p s . ~ J ~  Many of these reagents were spe- 
cifically designed for the introduction of an internucleotide 
linkage, whereas relatively few methods have been reported 
as suitable for the direct introduction of a phosphate 
moiety a t  the 5’4erminus of an oligoribonucleotide. Such 
5’-phosphorylated oligonucleotides are of considerable 
interest for a t  least the following reasons: 5’- 
phosphorylated oligonucleotides may be required for ligase 
reactions or physicochemical studies; native tRNA is a 
5’-phosphorylated molecule; the unique 2’,5‘-oligo- 
adenylates associated with the interferon-induced antiviral 

(1) Michelson, A. M.; Todd, A. R. J.  Chem. SOC. 1955, 2632. 
( 2 )  Letsinger, R. L; Mahadevan, V. J.  Am. Chem. SOC. 1965,87,3526. 
(3) Letsinger, R. L.; Ogilvie, K. K. J.  Am. Chem. SOC. 1967,89,4801. 
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(5) Letsinger, R. L; Lunsford, W. B. J.  Am. Chem. SOC. 1976,98,3655. 
(6) (a) Ogilvie, K. K.; Theriault, N.; Sadana, K. L. J. Am. Chem. SOC. 

1977,99,7741. (b) Ogilvie, K. K.; Nemer, M. J. Can. J .  Chem. 1980,58, 
1389 and references cited therein. 

(7) (a) Corey, E. J.; Venkataswarlu, A. J .  Am. Chem. SOC. 1972, 94, 
6190. (b) Ogilvie, K. K.; Iwacha, D. J. Tetrahedon Lett. 1973,317. ( c )  
Ogilvie, K. K.; Sadana, K. L; Thompson, E. A.; Quilliam, M. A.; West- 
more, J. B. Ibid. 1974, 2861. 
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(9) Ekkstain, F.; Rizk, I. Angew. Chem., Znt. Ed. Engl. 1967, 79,695. 
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Markham, A. F. Adu. Carbohydr. Chem. Biochem. 1979,36, 135. 
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state are also 5’-phosphorylated.” A number of proce- 
dures have been described12 as suitable for 5’- 
phosphorylation; however, many of them require protec- 
tion of the base amino group (of cytidine, adenosine, or 
guanosine) to avoid phosphoramide formation. 

We have sought a reagent that may be suitable for the 
5’-phosphorylation of protected oligonucleotides which 
have been prepared via the phosphite method and which 
bear the 2,2,2-trichloroethyl protecting group but possess 
no heterocyclic base protecting groups. Such a reagent is 
bis(2,2,2-trichloroethyl) phosphorochloridite [bie(2,2,2- 
trichloroethyl) chlorophosphite, BTEP, (C13CCH20)2PC1]. 
We describe here its application to the phosphorylation 

(11) Kerr, I. M.; Brown, R. E. R o c .  Natl. Acad. Sci. U.S.A. 1978, 75, 
256. 
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Yamaguchi, R. J.  Org. Chem. 1980,45,3347. (d) Reese, C. B.; Yau, L. 
J .  Chem. Soc., Chem. Commun. 1978,1050. (e) Nielson, T.; Deugau, K. 
V.; England, T. E.; Werstiuk, E. S. Can. J.  Chem. 1975, 53, 1093. (0 
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of various nucleosides as well as 2’,5’-linked oligoribo- 
nucleotides which serve as precursors to the unusual 5’- 
O-triphosphoadenylyl-(2’-+5’)-adenylyl-( 2’-+5’)-adenosine 
(2-5A, lb).” 

1.0 bH 
l a .  n = 1 
l b  n r 2  

Results and Discussion 
Phosphorylation of Protected Nucleosides and 

Oligoribonucleotides with Bis(2,2,2-trichloroethyl) 
Phosphorochloridite (BTEP; Scheme I, Table I). 
BTEP was examined as a reagent for the phosphorylation 
of seven different protected nucleosides and oligoribo- 
nucleotides in dry THF with pulverized molecular sieves 
as an acid scavenger at a temperature of -78 “C. When 
the tert-butyldimethylsilyl group was used to protect the 
2’- and 3’-hydroxyl functions of either adenosine (2a), 
cytidine (2b), or guanosine (2c), excellent yields of the 
corresponding 5’-phosphorylated products (4a-c) were 
obtained after iodine oxidation of the intermediate 
phosphite triesters (3a-c). The quantitative yield obtained 
for the case of the guanosine derivative (2c - 4c) is es- 
pecially noteworthy since of all the common nucleosides, 
guanosine often gives rise to the greatest diffi~u1ties.l~ 
When the 2‘,3’-isopropylidene derivatives of adenosine (2d) 
or guanosine (2e) were phosphorylated with BTEP and 
then oxidized to the phosphotriesters with iodine, the yield 

(13) Guschlbauer, W. In “Jerusalem Symposium on Quantum Chem- 
istry and Biochemistry, IV. The purines, Theory and Experiment”; 
Bergman, E. D., Pullman, B., Eds.; Academic Press: New York, 1972; pp 
297-309. 
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of products (4d,e) was only moderate to good (Table I). 
The relative lack of success of the isopropylidene pro- 
tecting group in this context may be related to its insta- 
bility to the potential acidity that may be generated during 
the phosphorylation reaction, even though this acidity is 
presumably minimized by the added pulverized molecular 
sieves. Phosphorylation of the appropriately protected 
oligoribonucleotides, 2f or 2g, also led to high yields of 
5’-phosphotriesters (4f,g). 

One advantage of the use of BTEP is that no protecting 
group need be used for the amino group of the heterocyclic 
base (adenine, cytosine, or guanine). It is, however, critical 
that the phosphorylation reaction should be performed at 
-78 “C since when the reaction is carried out a t  ambient 
temperature, considerable N-phosphorylation can occur. 
For example, the reaction of 2’,3’-0-bis( tert-butyldi- 
methylsily1)adenosine (2a) with BTEP at  room tempera- 
ture gave a 1:l mixture of two products as determined by 
TLC. The product with the higher Rf value (0.9, system 
B) was quite labile to mild (0.01 N HC1) acid treatment. 
Its proton NMR spectrum showed two doublets (each four 
protons) at approximately 4.5 pprn which could be assigned 
as the methylene protons of the 2,2,2-trichloroethyl groups; 
in addition, this compound gave a broad singlet (-7.1 
ppm) which integrated to one proton and corresponded 
to the adenine 6-amino proton. The product with the 
lower Rf  value (0.4, system B) was stable to mild acid 
treatment, and its NMR showed methylene signals a t  
about 4.5 ppm with half the intensity (Rf  - 0.9) of the 
former compound. Both of these products gave the same 
product (4a) upon iodine oxidation; however, the N- 
phosphorylated material also gave rise to  an additional 
unidentified product, When the same phosphorylation 
reaction with BTEP was carried out with 2a at -78 “C, the 
product of higher Rf was no longer generated, and the 
product of low Rf (3a) was isolated in 98% yield. Thus, 
the use of low temperature for the phosphorylation reac- 
tion leads to higher reaction yields and also simplifies 
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Table 11. Deblocking of Protected Nucleotides and Oligonucleotides 
protected step 2, removal 

nucleotide or 
oligonucleotide 

a t ,  
compd bmol 

4a 50.0 
4b 25.0 
4c 3.3 
4f 5.2 
4g 5.0 
4d 28.0 
4e 28.0 

step 1, removal of C1,Et group 
Zn-Cu, acac, DMF, time, teomp, 
mmol mmol mL h C 
1.0 0.5 1.0 1 55 
0.5 0.25 0.5 2 55 
0.66 0.33 0.66 1 55 
1.56 0.78 0.10 1.5 60 
2.0 1.0 0.15 4.5 60 
0.56 0.28 0.56 4 60 
0.56 0.28 0.56 4 60 

product of silyl groups 
0.7 M 

TEAF, 
mL 

3.75 
1.9 
2.5 
1.0 
1.2 
0 . 2 b c  
0.2 b,c 

time, 
h 
2 
2 
2 

16 
16 
18b 
18b 

R f a  amt, % 
compd pmol yield B C 

6a 46.3 93 0.47 0.62 
6b 23.5 94 0.31 0.58 
6c 29.0 88 0.59 0.81 
6f 4.3 83 0.32 0.65 
6g 3.75 75 0.17 0.65 
6a 20.6 74 
6b 19.5 70 

(I As determined on PEI plates at 20 “C. 4a-g all had Rf‘s identical with those of authentic samples. Temperature of 25 
“C. Values for the removal of the isopropylidene group at 25 “C. For 88% HCOOH. 

purification of intermediates by preventing phosphor- 
amidate formation. 

Removal of the  %,2,%-Trichloroethyl Group (Table 
11, Scheme 11). Since its introduction by E~kstein,’~ the 
2,2,2-trichloroethyl group has been widely employed as a 
phosphate protecting group; however, one occasional 
problem associated with its use is difficulty in its quan- 
titative removal. In addition to the orthodox methods to 
remove this group by reductive elimination with zinc or 
zinc-copper couples,15 some interesting attempts a t  its 
removal have been reported with reagents such as radical 
anions, fluoride anion, cobalt/phthalocyanine, zinc/ 
methanol/NH4C1, or catalytic hydrogenation over palla- 
dium catalyst.16 We were reluctant to use catalytic hy- 
drogenation methods because such deblocking conditions 
would not be applicable to reduction-sensitive nucleotides 
derived from uracil or cytosine. While nucleophilic agents 
such as fluoride anion seemed to be ideal for removal of 
the trichloroethyl group since this reagent also deblocks 
the tert-butyldimethylsilyl protecting group, serious 
cleavage or isomerization of the internucleotidic linkage 
can occur when fluoride anion is used to deblock a pro- 
tected nucleoside such as 4g.l’ 

When the more classical method of reductive elimination 
with zinc or zinc-copper couple was applied to the tri- 
chloroethyl blocked intermediates, we observed only var- 
iable and partial deblocking. The reaction could not be 
forced to completion no matter how much excess zinc or 
zinc-copper couple was added to the reaction mixture. 
Typically, the reaction would stop just after a white pre- 
cipitate was deposited from the solution. This precipitate 
was presumed to be the zinc salt of partially deblocked 
nucleotide phosphodi- or -monoesters. This precipitate 
may effectively cover the surface of the metal, thus poi- 
soning it for further reaction. In order to overcome this 
problem, we added a~etylacetonel~~ (2,4-pentanedione) to 
the reaction to chelate the zinc cation and maintain the 
surface of the metal in a cleaner state. Under such con- 
ditions, the reaction proceeded faster, and no precipitate 

(14) Eckstein, F. Chem. Ber. 1967,100, 2228. 
(15! (a) Catlin, J. C.; Cramer, F. J. Og.  Chem. 1973, 38, 245. (b) 

Adamiak, R. W.; Biata, E.; Gneskowiak, K.; Kierzek, R.; Kraazewski, A,; 
Markiewcz, W. T.; Stawinski, J.; Wiewiorowski, M. Nucleic Acids Res. 
1977,4,2321. (c) van Boom, J. H.; Burgess, P. M. J.; Van der Marel, G.; 
Verdigaal, C. H. M.; Willie, G. Ibid. 1977, 4, 1047. 

(16) (a) Grzeskowiak, K.; Adamiak, R. W.; Wiewiorowski, M. Nucleic 
Acids Res. 1980,8,1097. (b) Letsinger, R. L.; Finnan, J. L. J. Am. Chem. 
SOC. 1975,97,7197. (c) Eckert, H.; Ugi, I. Angew. Chem. 1976,15,681. 
(d) Olieman, C.; Maat, L.; Beyerman, H. C. Recl. Trau. Chim. Pays-Bas 
1976,95,189. (e) Rozwadowska, M. D.; Hsu, F. L.; Jacobson, A. E.; Rice, 
K. C.; Broasi, A. Can. J. Chem. 1980,58, 1855. 

(17) (a) de Rooij, J. F. M.; Hazeleger, G. W.; Burgers, P. M. J.; van 
Boom, J. H. Nucleic Actds Res. 1979, 6, 2237. (b) Ogilvie, K. K.; Beau- 
cage, S. L. Ibid. 1979, 7, 805. 

formed, but the overall yield of the reaction was still rather 
low (5a, -45%, 5b, -34%). The combination of zinc and 
triisopropylbenzenesulfonic acid in pyridinelk also gave 
rise to a rather low yield of deblocked product (5a, 42%; 
5b, 30%). 

Conventional zinc-copper couple, prepared by the me- 
thod of LeGoff,ls contains approximately 2% copper. We 
considered the possibility that a new highly active couple 
might be obtained by increasing the ratio of copper in the 
couple. Therefore, a series of zinc-copper couples with 
different nominal copper contents of 3.2%, 6.4%, 9.6%, 
16%, and 32% were prepared by treating zinc dust with 
cupric acetate in hot acetic acid. These were then exam- 
ined for their ability to remove the trichloroethyl group 
from the protected nucleotide 4a. Quantitative deblocking 
was obtained, with the couples containing either nominally 
16% or 32% copper. These couples were gradually dis- 
solved during the reaction with protected nucleotide in a 
solvent of DMF and acetylacetone to give a blue-green 
solution. The nearly homogeneous solution then was di- 
luted with water-methanol and freed of divalent copper 
and zinc cations with Chelex resin. By this method, nearly 
quantitative yields of deblocked products could be ob- 
tained. 

Removal of the tert-Butyldimethylsilyl Protecting 
Group (Scheme 11, Table 11). Facile removal of the 
tert-butyldimethylsilyl protecting group from the ribose 
hydroxyls could be achieved by the same method used by 
Ogilvie and co-workers,6 that is, tetrabutylammonium 
fluoride in THF. As alluded to above, however, it  was 
critical that the fluoride treatment be subsequent to re- 
moval of the trichloroethyl protecting group for the case 
of the oligonucleotides. Otherwise, considerable phos- 
phodiester bond isomerization took place. 

Synthesis of 5’- 0 -Triphosphoadenylyl- (2’45’)- 
adenylyl-(2’-.5’)-adenosine (2-5A, lb)  and 5’- O-Tri- 
phosphoadenylyl-( 2’+5’)-adenosine (la). The unusual 
oligoribonucleotides 5-O-triphosphoadenylyl-(2‘-+5‘)- 
adenosine (la) and 5-O-triphosphoadenylyl-(2’-+5’)- 
adenylyl-(2’+5’)-adenosine (2-5A, lb)  are among a series 
of 2‘,5’-linked oligonucleotides that are synthesized by the 
enzyme 2’,5’-oligoadenylate synthetase which is induced 
in several cell lines upon interferon treatment.” The 
trinucleotide triphosphate lb  is a potent inhibitor of 
protein synthesis, whereas the dimer triphosphate la, as 
isolated from biosynthetic sources, has been reported to 
be devoid of inhibitory activity. 

Quite a few of synthetic studies on these 2’,5’-linked 
oligoribonucleotides have been published re~ent1y.l~ A 

(18) LeGoff, E. J. Org. Chem., 1964, 29, 2048. 
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number1%-’ of these have dealt with only the so-called 
“core” trinucleotide which bears no 5’-terminal phosphate 
function and which is relatively inactive as an inhibitor 
of protein synthesis in cell-free systems. We chose la and 
lb as synthetic targets to test the utility of the BTEP 
approach to introduction of a terminal phosphate group. 

The starting materials for the synthesis of la and lb 
were the previously preparedlghJ blocked oligonucleotides 
2f and 2g, respectively. As delineated in Table I, 2f and 
2g could be converted to the 5’-phosphotriesters 4f and 
4g in yields of 91 % and 75%, respectively. These inter- 
mediates, 4f and 4g, were deblocked (Table 11) to the 
monophosphates 6f and 6g. The 5’-monophosphates were 
converted, via reaction of the corresponding imidazolidatea 
with pyrophosphate anion, to the 5’-triphosphates la and 
lb. This represents a yield of 34% of la based on pro- 
tected dimer 2f and a yield of 20.2% of lb based on pro- 
tected trimer 2g. When calculated on the basis of the 
starting blocked monomers used to prepare the appro- 
priately blocker dimer and trimer, this represents an 
overall yield of 31% for the dimer triphosphate la and an 
overall yield of 14.2% for the trimer triphosphate lb. 
Clearly, the major limitation of this sequence is the con- 
version of the monophosphate to the triphosphate, a re- 
action which proceeds in poor to moderate yield. 

The 5’-triphosphate lb obtained in this manner was 
equipotent with an authentic sample of lb as an inhibitor 
of protein synthesis in a system derived from mouse L cells. 
The 5’-triphosphate of this dimer, la, was without sig- 
nificant biological activity, in accord with findings based 
on material isolated and fractionated from biosynthetic 
sources. 
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the 2,2,24richloroethyl group of greatest advantage in 
regard to chemical stability. It was noted, however, that 
efficient removal of the trichloroethyl group was sometimes 
difficult, depending on the quality of the zinc-copper 
couple. The observations reported herein may obviate that 
difficulty. The utility and efficiency of this reagent for 
5’-phosphorylation of oligonucleotides has been demon- 
strated by its application to the synthesis of 6f and 6g 
which were converted to la  and lb, unusual oligo- 
nucleotides formed in extracts of interferon-treated cells. 

Conclusions 
As a phosphorylating agent for properly protected oli- 

goribonucleotides, bis(2,2,2-trichloroethyl) phosphoro- 
chloridite (BTEP) has the following specific merits: (a) 
it is readily accessible from trichloroethanol and PC13 in 
the same reaction that gives 2,2,2-trichloroethyl phos- 
phorodichloridite, a reagent used for introduction of in- 
ternucleotide bonds by the phosphite triester method; (b) 
no protection of base (cytosine, guanine, or adenine) amino 
group is required; (c) the resultant triester products are 
relatively nonpolar and may be easily purified on silica gel; 
(d) it is perfectly compatible with the other protecting 
groups, condensation conditions, and deblocking proce- 
dures employed in the phosphite triester method of syn- 
thesis developed by Letsinger5 and Ogilvie6; (e) the 2,2,2- 
trichloroethyl protecting group may be readily removed 
by zinc-copper couple/acetylacetone treatment in DMF 
solution. Ogilvie et  a1.,21 in a comparison of various pro- 
tecting groups used in the dichloridite procedure, found 

(19) (a) Ogilvie, K. K.; Theriault, N. Y. Tetrahedron Lett. 1979,2111. 
(b) Engels, J.; Krahmer, U. Angew. Chem., Int. Ed. Engl. 1979,18,942. 
(c) Markam, A. F.; Porter, R. A.; Gait, M. J.; Sheppard, R. C.; Kerr, I. 
M. Nucleic Acids Res. 1979,6,2569. (d) Ikehara, M.; Oshie, K.; Ohtsuka, 
E. Tetrahedron Lett. 1979, 3677. (e) Martin, E. M.; Birdsall, N. J. M.; 
Brown, R. E.; Kerr, I. M. Eur. J.  Biochem. 1979,95,245. (0 Sawai, H.; 
Shibata, T.; Ohno, M. Tetrahedron Lett. 1979,4573. (g) den Hartog, J. 
A. J.; h m b o s ,  J.; Crea, R.; van Boom, J. H. Red. Trau. Chim. Pays-Bas 
1979,98,469. (h) Jones, S. S.; W e ,  C. B. J. Am. Chem. SOC. 1979,101, 
7399. (i) Sleeper, H. L.; Orgel, L. J. Mol. Euol. 1979, 12, 357. 6) Cha- 
rubala, R.; Pfleiderer, w. Tetrahedron Lett. 1980,1933. (k) Chattopa- 
dhyaya, J. B. Zbid. 1980,4113. (1) Imai, J.; Torrence, P. F. In “Methods 
in Enzymology”; Pestka, S., Ed.; Academic Press: New York, in press. 

(20) (a) Cramer, F.; Schaller, H.; Staab, H. A. Chem. Ber. 1961, 94, 
1612. (b) Schaller, H.; Staab, H. A.; Cramer, F. Ibid. 1961,94,1621. (c) 
Cramer, F.; Neunohoeffer, H. Ibid. 1962,95,1664. (d) Hoard, D. E.; Ott, 
D. G. J .  Am. Chem. SOC. 1966,87, 1785. 

(21) Ogilvie, K. K.; Theriault, N. Y., Siefert, T.-M.; Pon, R. T.; Nemer, 
M. J. Can. J. Chem. 1980,58, 2686. 

Experimental Section 
Materials and Methods. Except where otherwise indicated, 

chemicals were obtained from standard sources and used without 
further purification. Analytical TLC was done on Analtech silica 
gel GF, Merck PEI-cellulose-F, or Merck cellulose-F plates by 
using the following solvent systems: A, CHC13-MeOH, 201; B, 
0.1 M NH4HC03; C, 1 M LiC1; D, n-BuOH-EtOH-H,O-con- 
centrated NH,OH, 60:20201; E, isobutyric acid-1 M NH40H-O).2 
M EDTA, 100:600.8; F, 2-propanol-NH40H-Hz0, 55:1035. 
Melting points (uncorrected) were determined on a Thomas- 
Hoover apparatus, W spectra on a Cary 15, and ‘H and 31P NMR 
spectra on a Varian instrument at 220 and 109 MHz, respectively. 
31P chemical shifts (parta per million) are reported relative to 
external 0.85% H3P04, and proton chemical shifts are with 
reference to MelSi (internal). Reactions with BTEP were done 
in small vials or flasks sealed with a rubber septum to exclude 
moisture. Reagents were introduced via the septum with a hy- 
podermic syringe. 

Preparation of Bis(2,2,2-trichloroethyl) Phosphoro- 
chloridite (BTEP) and 2,2,2-Trichloroethyl Phosphorodi- 
chloridite. The literatures preparation of these trichloroethanol 
derivatives was modified to provide maximum yield of the di- 
substituted phosphorochloridite. In a well-ventilated fume hood, 
trichloroethanol (44.8 g, 29 mL, 0.30 mol) was added dropwise 
to phosphorus trichloride (41.2 g, 26.2 mL, 0.30 mol) over a period 
of 15 min while the reaction mixture was maintained at -50 “C 
under a dry argon atmosphere. The mixture was then warmed 
to 0 “C and stirred under a dry atmosphere for 2 h. The reaction 
mixture was heated to 55 O C  in vacuo ( N 15 mmHg) for 1 h and 
subsequently distilled to yield 2,2,2-trichloroethyl phosphoro- 
dichloridite [18.7 g, 0.074 mol, 24.7%; bp 52 O C  (0.65 mm Hg)] 
and bis(2,2,2-trichloroethyl) phosphorochloridite (BTEP): 16.7 
g (0.046 mol, 15.3%); bp 98 “C (0.15 “ H g ) ;  PS, 1.75 g/mL. Anal. 
Calcd for C4H4OZCl7P: C1, 68.32; P, 8.52. Found C1, 68.81, P, 
8.15. These reagents have been kept under argon in glass vials 
fitted with rubber septums, and these in turn have been kept in 
a desiccator at room temperature. Reagent was removed as needed 
with the aid of a hypodermic syringe. Under these conditions, 
the reagents have remained stable and satisfactory for phos- 
phorylations for at least 6 months. 

Preparation of Active Zinc-Copper Couple. Zinc dust (2.1 
g, 32 mmol) was added with vigorous stirring to a hot (100 O C )  

solution of cupric acetate monohydrate (1.2 g, 6 mmol) in glacial 
acetic acid (30 mL). The reaction proceeded with violent evolution 
of hydrogen gas, and the blue color of the cupric cation disap- 
peared in 3 min. The resulting chocolate brown couple was 
allowed to settle for 1 min, and then the acetic acid was decanted. 
The metallic couple was washed with acetic acid (30 mL) and ether 
(2 X 30 mL) and stored under ether. 

Preparation of Tetrabutylammonium Fluoride (TBAF) 
Solution (0.7 M) in THF. Commercial (Eastman) 10% tetra- 
butylammonium hydroxide (25.7 mL) was neutralized with 52% 
aqueous hydrogen fluoride solution (7.7 mL). Colorless crystals 
separated when the solution was cooled to 5 “C. The supernate 
was decanted, and the remaining crystals were washed with cold 
HzO (20 mL) and drained free of HzO. The crystals were then 
dissolved in ethanol (30 mL), and the ethanolic solution was 
evaporated. The resulting residue was coevaporated with benz- 
ene-acetonitrile several times. After being dried over PzOs at 35 
“C (0.5 torr) for 10 h, the residue was transferred to a 10-mL 
volumetric flask, and THF (dry) was added to the mark. This 
solution (0.7 M in TBAF) was stored over molecular sieves (5 A) 
in a sealed bottle kept at -20 OC. 
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Phosphorylation of Nucleosides or Oligonucleotides with 
BTEP.  5’-0-[Bis(2,2,2-trichloroethyloxy)phosphoryl]- 
2’,3’-di-0-silyladenosine (4a). 2’,3’-O-Bis(tert-butyldi- 
methylsilyl)adenosine22 (2a; 49.5 mg, 0.1 mmol) dried in vacuo 
a t  60 “C for 4 h was dissolved in dry23 THF (2 mL). Finely 
pulverized molecular sievesU (4 A, 750 mg) were added, and then 
BTEP (43 pL, 0.21 mmol) was added while the reaction mixture 
was maintained a t  a temperature of -78 “C. After the reaction 
mixture was stirred for 30 min at -78 “C, it was warmed to room 
temperature, the pulverized molecular sieves were removed by 
filtration, and the filtrate was diluted with ether (10 mL). To 
this solution was added a solution of NaHC03 ( 5  mL of 0.5 M 
solution) followed by an ether solution of iodine (38.0 mg, 0.30 
mmol in 5 mL of ether) which was added dropwise to the vig- 
orously stirred biphase mixture. When the oxidation was judged 
complete25 (- 15 min), the organic layer was separated, shaken 
with aqueous Na2S03 to destroy excess iodine, washed with 
saturated NaCl solution, dried over anhydrous Na2S04, and then 
evaporated in vacuo. Chromatography on a short column of silica 
gel (3 g) with chloroform-methanol (50:l) afforded the phosphate 
triester 4a: 77.1 mg (0.092 mmol, 92%); mp 174-176 “C. Com- 
pound 4a had an R,of 0.56 in CHC13/MeOH (201). The 31P NMR 
showed a singlet with 6 -4.234. 

Quite similar procedures were used for the phosphorylation 
of protected adenosine, guanosine, and cytidene nucleosides as 
well as protected oligonucleotides. Relevant conditions, yields, 
and product characterization are presented in Table Lz6 

Deblocking Procedure: Removal of Trichloroethyl, Iso- 
propylidene, and tert-Butyldimethylsilyl Protecting Groups. 
Adenosine 5’-Monophosphate (6a). Compound 4a (41.9 mg, 
795 ODzeo units, 0.05 mmol) was dissolved in dryn DMF (1 mL), 
and activated zinc-copper couple (65 mg, 1.0 mmol) and ace- 
tylacetone (50 pL, 0.5 “01) were added. The mixture was placed 
in an oil bath at 55 “C and stirred for 1 h. At the end of this period 
no metal remained, and the solution had become green. This 
solution was diluted with methanol (30 mL) and water (15 mL), 
and Chelex resin2* (15-mL settled volume) was added. The 
mixture was stirred until the solution became colorless (- 1 h). 
The Chelex was removed by filtration, and the filtrate was 
evaporated to dryness in vacuo (<40 “C). The residue (5a) was 
treated for 2 h with 0.7 M TBAF in THF. After evaporation of 
the solvent, the residue was washed with ether to remove nonpolar 
substances and then dissolved in triethylammonium bicarbonate 
buffer (TEAB, 0.05 M, pH 7.2). This solution was applied to a 
DEAE Sephadex (HCO;) A-25 column (0.9 X 12 cm), and the 
column was eluted with a linear gradient (200 mL/200 mL) of 
0.05 M TEAB-0.20 M TEAB (pH 7.2). Pure 5‘-AMP (6a) was 
obtained as the triethylammonium salt (41.3 mg, 735 ODzeo units, 
0.0463 mmol, 92.5%) after removal of the solvent and repeated 
evaporation with water to remove the volatile TEAB. 

Deblocking of 4d to 5’-AMP (sa). Activated zinc-copper 
couple (54.fi mg, 840 pmol) was added to a mixture of 4d (27.3 

Imai and Torrence 

mg, 42.0 pmol, 648 Aza units), acetylacetone (430 pL, 420 pmol), 
and DMF (840 pL). The reaction mixture was heated a t  60 “C 
for 4 h with stirring. During this time, the progress of the reaction 
was monitored by TLC (silica gel, solvent system D). After the 
reaction was judged complete, the mixture was cooled to room 
temperature and diluted with CH30H (10 mL) and H20  (5  mL). 
This mixture was stirred with Chelex resin (4.8mL settled volume) 
for 1 h a t  room temperature. During this time the blue-green color 
of the original solution disappeared. The Chelex was removed 
by fdtration, and the filrate was slowly evaporated in vacuo, taking 
care to ensure that the temperature did not exceed 20 “C. The 
resultant residue was then treated with formic acid (88%, 300 
pL). The formic acid solution was maintained a t  room temper- 
ature for 24 h and then evaporated to dryness in vacuo. The 
residue was dissolved in HzO and the water removed in vacuo. 
This process was repeated several times, and then the residue was 
taken up in triethylammonium bicarbonate (0.05 M, 500 pL). The 
pH of this solution was adjusted to 7.5 with 0.1 M NH40H, and 
it was applied to a DEAE Sephadex (HC03) A-25) column (0.9 
X 12 cm) which was eluted with a linear gradient of 0.05 M 
TEAB-0.15 M TEAB (200 mL/200 mL) buffer (pH 7.5). Ap- 
propriate fractions were pooled and evaporated. Residual tri- 
ethylammonium bicarbonate was removed by repeated addition 
and evaporation of H20. 5’-AMP (6a) was obtained in 74% yield 
(480 Azsa units). 

Nearly identical procedures were employed to prepare 5’-CIvlP 
and 5’-GMP as well as 5-phosphorylated oligonucleotides. Spe- 
cifics are outlined in Table 11. 

Prepa ra t ion  of 5‘- 0 -Triphosphoadenylyl-(2‘+5’)- 
adenylyl-(2’+5’)-adenosine (2-5A, l b )  a n d  5’- 0-Tri- 
phosphoadenylyl-(2’+5’)-adenosine (la). Trimer mono- 
phosphate 6g (200 A2% units, 5.41 pmol) was dissolved in dry 
pyridine (1 mL), and the pyridine was evaporated in vacuo to 
remove traces of moisture. This procedure was repeated once 
with dry pyridine and then twice with dry benzene. The resulting 
residue was dissolved in dry DMF (135 pL), and triethylamine 
(5.4 pL), tri-n-octylamine (2.7 pL), and N,”-carbonyldiimidazole 
(4.4 mg, 27 pmol) were added to the DMF solution. The reaction 
mixture was stirred at room temperature for 1 h and then treated 
with CH30H (2 pL) to destroy excess carbonyldiimidazole. To 
this mixture was added a solution (108 pL, 5.4 pmol) of tri-n- 
butylammonium pyrophosphate in DMF (0.5 M), and the reaction 
was kept under a dry argon atmosphere a t  room temperature for 
24 h. DMF (800 pL) was added to the reaction mixture, and the 
white precipitate which formed was removed by centrifugation. 
The supernatant was evaporated in vacuo, and the residue was 
diluted with triethylammonium bicarbonate solution (0.225 M, 
500 pL), The pH of this solution was adjusted to 7.5,  and it was 
applied to a column of DEAE-Sephadex (HCO;) A-25 (0.9 X 18 
cm). The column was eluted with a linear gradient (250 mL/250 
mL) of 0.225 M TEAB-0.60 M TEAB buffer (pH 7.5). Fractions 
43-55 contained the triphosphate l b  and were pooled and 
evaporated repeatedly with water to remove the volatile tri- 
ethylammonium bicarbonate. The triphosphate of trimer l b  was 
obtained in 36% yield (72 A,% units, 1.95 pmol) as the tri- 
ethylammonium salt. On cellulose F TLC, l b  had an R of 0.30 
in solvent system E and an Rf of 0.24 in solvent system k. This 
product had identical chromatographic properties with those of 
authentic 2-5A. 31P NMR (DzO) 6 -22.5 (t, J = 19 Hz), -11.3 (d, 

Compound la, the 5’-triphosphate of adenylyl-(2’-.5’)- 
adenosine, was prepared from dimer monophosphate 6f in a 
similar manner. Thus, 6f (159 Am units, 6.07 pmol) was reacted 
with carbonyldiimidazole (4.9 mg, 30.3 pmol) in DMF (135 pL) 
in the presence of triethylamine (6 pL) and tri-n-octylamine (13 
pL). Excess carbonyldiimidazole was destroyed with CH30H (2 
pL), and pyrophosphate solution (134 pL of 0.5 M tri-n-butyl- 
ammonium pyrophosphate in DMF) was added. After 24 h, the 
reaction mixture was worked up as above, and the products were 
separated on a DEAE Sephadex (HCOY) A-25 (0.9 X 12 cm) 
column eluted with a linear gradient (200 mL/200 mL) of 0.20 
M TEAB-0.5 M TEAB buffer (pH 7.5). The yield of la was 45% 
(71.3 Am units) based on monophosphate: 31P NMR (D2O) 6 -22.1 

J 19 Hz), -9.9 (d, J 19 Hz), -1.3 (s), -0.9 (s). 

(5 ,  J =  19 Hz), -11.1 (d, J =  19 Hz), -9.6 (d, J;. 19 Hz), -1.1 (9). 
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The chiral unsaturated propellanes 6a, 6b, and 19 have been prepared by sequences which hinge upon 
Ramberg-Biicklund rearrangement as a pivotal step. These hydrocarbons have been obtained in enantiomerically 
pure form and with established absolute configuration. The procedure involves Diels-Alder addition of (-)- 
endo-bornyltriazolinedione, followed by efficient separation of the two diastereomeric urazoles involving crys- 
tallization or high-pressure liquid chromatography techniques. Diastereomeric purity could be ascertained by 
‘H NMR spectroscopy at 300 MHz, and absolute configuration was determined by X-ray crptal  structure analysis. 
Subsequent hydrolysis or hydride reduction and oxidation of the diastereomerically pure urazoles efficiently 
delivered the optically pure propellanes. The relationship of the various substitution patterns to the magnitude 
of the observed specific rotations is briefly discussed. 

Interest in propellane compounds has become rather 
widespread in recent years for several Small-ring 
propellanes, for example, have tested various extreme 
limits of carbon hybridization and provided additional 
insight into the stability of highly strained systemsq4 
Unsaturated propellanes have proven to be a rich source 
of fascination because of their often observed involvement 
in multifarious electrocyclic reactions, including fluxional 
isomerism, which stem in large part from the structurally 
enforced proximity of the reacting centem5 The existence 
of many naturally occurring propellanes3 has likewise en- 
gendered interest in the control of stereochemistry within 
such carbocyclic frameworks.6 While literally hundreds 
of propellane derivatives are now known, very few have 
been prepared by design in optically active form,’ and no 
attention has, to our knowledge, been paid to the estab- 
lishment of absolute configuration. 

Our past interest in the chemistry of unsaturated 
[4.4.2]propellanes8 and in the utilization of optically active 
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triazolinediones for asymmetric transfer“’l has led pres- 
ently to the preparation of several enantiomerically pure 
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