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(46.8), 213 (100). Anal. (exact mass, HR-EIMS) Calcd for 
C20H23F02 314.1682, found 314.1677. 

17~-Ethynyl-lGcu-fluoroestra-l,3,5( lO)-triene3,17a-diol(20) 
and l7a-Ethynyl-l6cr-fluoroestra-1,3,5,(10)-triene-3,17~-diol 
(21). Butyllithium (1.9 M in hexane, 180 pmol) was added to a 
solution of (trimethylsily1)acetylene (25 pL, 180 pmol) in pentane 
at 0 "C. Tetrahydrofuran (100 pL) was added to bring the ace- 
tylide into solution. Fluoro ketone 16 (26 mg, 62 pmol) dissolved 
in THF (0.5 mL) was added, and after 5 min TLC analysis in- 
dicated consumption of starting material was complete. The 
reaction was quenched with dilute aqueous NH4C1 and extracted 
once with pentane and once with EtOAc. The organic phase was 
dried over Na2S04, the solvent removed in vacuo, and the residue 
dissolved in MeOH (0.5 mL). Three drops of 5 N KOH were 
added. The solution was heated at 60 "C for 30 min, quenched 
with aqueous NH4C1, and extracted with EtOAc. The organic 
phase was dried over Na2S04 and concentrated under reduced 
pressure, and the residue was subjected to flash chromatography 
(15 mm X 6 in. SiOz, 30% EtOAc in hexane). Two products were 
formed (Rf 0.34 and 0.17). Each fraction was further purified by 
preparative HPLC (Whatman M9,5 mL/min, 90% hexane, 8.7% 
CH2C12, 1.3% i-PrOH) to yield 20 ( 5  mg, 26%, t R  = 16 min) and 
21 ( 5  mg, 26%, tR = 28 min). 

20  mp (powder) 183-185 "C; NMR (220 MHz, CD2C12) 6 0.91 
(s, 3 H, l&CH,), 1.26-2.37 (m, 11 H), 2.56 (8, 1 H,=CH), 2.77-2.80 
(m, 3 H), 4.89-4.90 (br s, 1 H, OH), 5.26 (ddd, 1 H, J = 51.5, 8.4, 
3.1 Hz, 16P-H), 6.53 (d, 1 H, J = 2.1 Hz, 4-H), 6.60 (dd, 1 H, J 
= 8.5,2.6 Hz, 2-H), 7.13 (d, 1 H, J = 8.3 Hz, 1-H); "F NMR (338 
MHz, CD2C12) 4 -194.2 (dddd, J = 58.64, 29.08,21.16,7.53 Hz); 
mass spectrum (70 eV), m/z (relative intensity) 314 M+ (54.6), 
288 (38.5), 213 (100). Anal. (exact mass, HR-EIMS) Calcd for 
C20H23F02 314.1682, found 314.1679. 

21: mp (powder) 186-192 "C; NMR (220 MHz, CD2C12) 6 0.89 
(s,3 H, 18-CH3), 1.35-2.13 (m, 12 H), 2.77 (s, 1 H,=CH), 2.78-2.81 

(m, 2 H), 4.83 (br s, 1 H, OH), 5.10 (ddd, 1 H, J = 58.9, 32.3, 20.3 
Hz, 16P-H), 6.54 (br s, 1 H, 4-H), 6.59 (dd, 1 H, J = 8.3, 2.8 Hz, 

4 -185.8 (ddd, J = 53.6, 29.0, 18.1 Hz); mass spectrum (70 eV), 
m/z (relative intensity) 314 M+ (46.7), 288 (22.5), 213 (100). Anal. 
(exact mass, HR-EIMS) Calcd for C2,,HZ3FO2 314.1682, found 
314.1679. 

Acknowledgment. This work was supported by grants 
from the National Institutes of Health (PHS 5R01 CA 
25836 and PHS 3P01 HL 13851) and the U.S. Department 
of Energy (DE-FG02-84ER60218 A000). Nuclear magnetic 
resonance spectra were obtained at the University of 11- 
linois NSF Regional Instrumentation Facility (NSF CHE 
79-16100). High resolution mass spectra were obtained in 
the Mass Spectrometry Laboratory, School of Chemical 
Sciences, University of Illinois, supported in part by a grant 
from the National Institutes of General Medical Sciences 
(GM 27029). We are thankful to Dr. J. S. Baran of G. D. 
Searle for a generous gift of estrone. 

5,92844-09-2; 6,92817-03-3; 6 (silylacetylene deriv), 92817-13-5; 

2-H), 7.13 (d, 1 H, J = 8.4 Hz, 1-H); '9F NMR (338 MHz, CD2C12) 

Registry NO. 1,53-16-7; 2,20592-42-1; 3,1239-35-6; 4,566-76-7; 

7,84693-92-5; 11,92817-04-4; 12,92817-05-5; 13,92817-06-6; 14, 
92817-07-7; 15, 92817-08-8; 16, 92817-09-9; 17, 92817-10-2; 18, 
92817-11-3; 19, 92817-12-4; 20, 92935-39-2; 21, 92817-14-6; (C- 
H,),SiC=CH, 1066-54-2; 16~-chloroestrone triflate, 92817-15-7; 
l6P-bromoestrone acetate, 65912-80-3; 16a-chloroestrone triflate, 
92817-16-8; 16a-bromoestrone acetate, 1239-35-6; 16a-iodoestrone 
triflate, 92817-17-9. 

Supplementary Material Available: NMR studies of 16- 
fluoroestrogen stereochemistry (10 pages). Ordering information 
is given on any current masthead page. 

Improvements in Oligodeoxyribonucleotide Synthesis: Methyl 
N,N-Dialkylphosphoramidite Dimer Units for Solid Support Phosphite 

Methodology 

G. Kumar and  M. S. Poonian* 
Department  of Molecular Genetics, Roche Research Center, Hoffmann-La Roche Znc., 

Nutley, New Jersey 07110 

Received April 23, 1984 

Two procedures for the synthesis of methyl NJV-dialkylphosphoramidite dinucleotides (dimer units) compatible 
with the current solid support phosphite methodology of oligodeoxynucleotide synthesis are described for the 
first time. In the first procedure a condensation is performed between the 3'-methyl NJV-dialkylphosphoramidite 
moiety of a fully protected nucleotide and the 5'-hydroxyl of a 3'-O-levulinyl base protected nucleoside. The 
phosphite triester internucleotide bond of the resulting dimer is oxidized to the phosphotriester, 3'-O-levulinyl 
is selectively cleaved, and the 3'-hydroxyl of the product is derivatized to methyl N,N-dialkylphosphoramidite 
to give a dimer unit usable in the conventional phosphite methodology of oligonucleotide synthesis. For synthesis 
of some of the dimer units, especially those containing a 3'-cytidine residue, 3'-O-tert-butyldimethylsilyl protection 
in place of the 3'-O-lednyl group was found to be advantageous. Using these dimer phosphite units, the synthesis 
of several oligonucleotides ranging in size from 16 to 19 units is described. The efficiencies of condensation of 
the dinucleotide units (98-100%) are quite comparable to the monomer condensations. 

Introduction 
Chemical synthesis of oligonucleotides has undergone 

revolutionary developments during the last decade. Al- 
though fundamental studies in t h e  synthesis of oligo- 
nucleotides were carried out by the classical diester 
methodology,' the development of the triester technique2s3 

in conjunction with the  highly efficient and  rapid high- 
performance liquid chromatographic (HPLC) techniques 
for the purification of oligomeric products added a n  ele- 
ment  of speed t o  the  method. Finally, t he  use of solid 
support  in t he  triester method of synthesis3 accelerated 
the speed of synthesis dramatically and it  became practical 

(1) For a comprehensive discussion of the diester method and its 
applications, see: Khorana H. G. Bioorg. Chem. 1978, 7, 351-393. 

(2) Several laboratories contributed to the development of the triester 
method. Letsinger, R. L.; Ogilvie, K. K. J. Am. Chem. SOC. 1969, 91, 
3350-3355. Cusack, N. J.; Reese, C. B.; van Boom, J. H. Tetrahedron 
Lett 1973,2209-2212. Itakura, K.; Bahl, C. P.; Katagiri, N.; Michinewicz, 
J.; Wightman, R. H.; Narang, S. A. Can. J. Chem. 1973,51, 3649-3651. 

0022-326318411949-4905$01.50/0 

(3) Miyoshi, K.; Itakura, K. Tetrahedron Lett. 1979,3635-3638. Gait, 
M. J.; Singh, M.; Sheppard, R. C.; Edge, M. D.; Greene, A. R.; Heathcliffe, 
G. R.; Atkinson, T. C.; Newton, C. R.; Markham, A. F. Nucleic Acids Res. 
1980,8, 1081-1096. Miyoshi, K.; Arentzen, R.; Huang, T.; Itakura, K. 
Nucleic Acids Res. 1980,8, 5507-5516. Dembek, P.; Miyoshi, K.; Itakura, 
K. J. Am. Chem. SOC. 1981, 103, 706-708. 
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Scheme I 
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support the desirability of having access to efficient syn- 
thesis of dimer phosphite units. Considering the advan- 
tages of dimer blocks, a project to construct dimer units 
for the solid support phosphite method of oligodeoxy- 
nucleotide synthesis was initiated. 

In this report we describe two methods for the synthesis 
of appropriately protected phosphoramidite dimer units 
which are compatible with the current solid support 
phosphite methodology for the synthesis of oligodeoxy- 
ribonucleotides. The utility of these dimer units is illus- 
trated by the synthesis of several oligodeoxynucleotide 
fragments ranging in size from 16 to 29 units. 

Results and Discussion 
The aim of this work was to develop a practical synthesis 

of dimer units of the general structure 7 (Scheme 11) so 
that the overall strategy of deoxynucleotide synthesis using 
these units can be patterned after the scheme currently 
used in solid support phosphite methodology with stepwise 
monomer condensations.“ Thus the protections chosen for 
various functions of the dimer unit were as follows: di- 
methoxytrityl for 5’-hydroxyl, methyl for internucleotide 
phosphate and traditional protections of benzoyl, anisoyl 
and isobutyryl for the exocyclic amine functions of adenine, 
cytidine, and guanine, respectively. The 3’-hydroxyl end 
of the dimers was designed to have a methyl N,N-di- 
alkylphosphoramidite linkage. As outlined in Scheme 11, 
the first key step for the synthesis of dimers 7 was the 
preparation of the corresponding 3’-hydroxyl compounds 
6 which in principle can be obtained from suitable 3’-0- 
protected precursors. The choice of 3’-hydroxyl protection 
of the precursor was, however, critical. The protecting 
group for 3’-OH should have the following characteristics: 
(1) The protection reaction should be a high yield step. (2) 
It should be cleaved selectively without any detrimental 
effect on the other protecting groups in the molecule such 
as methyl on internucleotide phosphate, dimethoxytrityl 
a t  5’-hydroxyl, and acyl protections on exocyclic amine. 
(3) The 3’-OH protecting group should be stable toward 
various detritylation reactions reported in the literature 
and the phosphite condensation conditions. 

Out of several hydroxyl protecting groups described in 
the literature, the levulinyl (-COCH2CH2COCH3) group 
was considered appropriate for the 3’-OH protection. It 
was reported to be selectively cleaved in the presence of 
other protecting groups by a brief treatment with an ice 
cold 0.5 M solution of hydrazine monohydrate in pyri- 
dine-acetic acid buffer (pH 5.1).14 However, stability of 
the methyl protection on internucleotide phosphate during 
the removal of the levulinyl group needed to be evaluated. 

As shown in Scheme 11, the two key precursors for the 
synthesis of a phosphite dimer are a 5’-terminal unit (4) 
and a 3’-terminal unit (3). For the synthesis of dimer units 
(5) having a levulinyl as a 3’-hydroxyl protecting group, 
the 3’-O-levulinyl nucleosides (3) were used as the 3’-ter- 
minal units. These protected nucleosides (3a-d) were 
synthesized (Scheme I) in good yields by the levulinization 
of 5’-O-dimethoxytrityl nucleosides (la-d) with levulinic 
acid and DCC (dicyclohexylcarbodiimide) to yield com- 
pletely protected nucleosides (2a-d) followed by the re- 
moval of the 5‘-O-dimethoxytrityl group on treatment with 
80% aqueous acetic acid. The condensation of 3‘-0- 
levulinyl protected nucleosides (3a-d) and 5’-0-dimeth- 
oxytrityl monomer phosphite intermediates 4a-d in the 
presence of tetrazole followed by the oxidation of the in- 

D M T r O p B  DMTrO-yj 
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OH OR OR 

1 2 3 

a B = A ~ ‘  a B = pb2 , R = Lev P B = A b 2 , R = L e v  

b B = G ”  b B : G b  , R = L e v  b B = G l b , R = L e v  

c B = T  c B = T ,  R = L e v  c B = T ,  R:Lev 
d B = C b ‘  d B = C b ‘ , R = L e v  d B = C b z , R = L e v  

e B = C a n  e B - C ‘ ’ , R = l B D M S  e B = C a n , R : l B D M S  
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to use synthetic oligonucleotides for the solution of nu- 
merous research problems in molecular biology. 

The alternate phosphite methodology of oligonucleotide 
synthesis was introduced by Letsinger and co-workers4 and 
subsequently explored in several other lab~rator ies .~ 
However, due to the highly reactive nature of nucleoside 
phosphite intermediates used at that time, the method did 
not become practical until 1981 when Carutherse discov- 
ered new and relatively more stable mononucleoside 
phosphoramidite condensing units. When these units were 
used, synthesis of defined oligodeoxynucleotides was 
achieved on a solid support of silicaF7 thus heralding a new 
and powerful methodology. The inherent high reactivity 
of the trivalent phosphorus intermediates used in the 
phosphite approach makes this method exceedingly at- 
tractive. For instance, the condensation for the inter- 
nucleotide bond takes less than 5 mina in phosphite 
methodology compared to about 1 h in the triester method 
when reactions are performed at  room temperature. 
However, until now, the triester methodology had a dis- 
tinct advantage over the phosphite technique for the 
synthesis of longer DNA molecules (-30-40 units)g be- 
cause of the availability of appropriate triester dimer and 
trimer units.’O The use of dimer and trimer condensing 
blocks not only enhances the speed of synthesis but makes 
the purification of the final product easier as well. Re- 
cently, Adams and co-workers1’ have reported the syn- 
thesis of a long DNA molecule (51 mer) using the monomer 
phosphoramidite procedure. The yield of the final product 
was, however, poor due to many condensation and detri- 
tylation steps. Part of the loss in the final yield may have 
resulted from cumulative effects of small amounts of de- 
purination occurring at each detritylation step. The yield 
losses of this type would be reduced to about half by using 
appropriate dimer units compatible with the current solid 
support phosphite method of DNA synthesis. Two recent 
publications documentating the feasibility of condensing 
dimers via phosphite methodology to achieve synthesis of 
natural oligonucleotides12 or their analogues13 further 

(4) Letsinger, R. L.; Finnan, J. L.; Heavner, G .  A.; Lunsford, W. B. J. 
Am. Chem. SOC. 1976, 98, 3655-3661. 

(5) Matteuchi, M. D.; Caruthers, M. H. Tetrahedron Lett. 1980,21, 
719-722. Ogilvie, K. K.; Nemer, M. J. Can. J.  Chem. 1980,58,1389-1397. 

(6) Beaueage, S. L.; Caruthers, M. H. Tetrahedron Lett. 1981, 22, 
1859-1862. 

(7) Chow, F.; Kempe, T.; Palm, G. Nucleic Acids Res. 1981, 9, 
2807-2817. 

(8) Nowoswiat, E.; Poonian, M., unpublished results. 
(9) Ito, H.; Ike, Y.; Ikuta, S.; Itakura, K. Nucleic Acids Res. 1982,10, 

1755-1768. 
(10) Hirose, T.; Crea, R.; Itakura, K. Tetrahedron Lett. 1978, 

2449-2452. Wallace, R. B.; Johnson, M. J.; Suggs, S. V.; Miyoshi, K.; 
Bhatt, R.; Itakura, K. Gene 1981, 16, 21-26. 

(11) Adams, S. P.; Kavka, K. S.; Wykes, E. J.; Holder, S. B.; Gallupi, 
G. R. J.  Am. Chem. SOC. 1983,105,661-663. McBride, L. J.; Caruthers, 
M .  H. Tetrahedron Lett. 1983, 24, 245-248. 

(12) Letsinger, R. L.; Groody, E. P.; Lander, N.; Tanaka, T. Tetra- 
hedron 1984, 40, 137-143. 

(13) Noble, S. A.; Fisher, E. F.; Caruthers, M. H. Nucleic Acids Res. 
1984, 12, 3387-3403. 

(14) van Boom, J. H.; Burgess, P .  M. J.; Verdegaal, C. H. M.; Wille, 
G. Tetrahedron 1978,34,1999-2007. Kumar, G.; Celewicz, L.; Chladek, 
S. J.  Org. Chem. 1982,47, 634-644. 
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ternucleotide trivalent phosphorous to triester phosphate 
resulted in the formation of corresponding dimers 5. The 
characterization of 5a-f was based on their proton NMR 
spectra which show the presence of characteristic signals 
for the COCH3(3 H) of the levulinyl group at 2.2 ppm, 
POCH3(3 H) at  3.64-3.8 ppm, and OCH3(6 H) of the 
DMTr group at  3.8 ppm. Furthermore, these intermedi- 
ates on complete deprotection gave the corresponding 
dinucleoside phosphates (NpN). To obtain the 3’-hyroxyl 
dimer 6, the levulinyl protection of 5 was removed by 
treating it with buffered hydrazine hydrate in pyridine- 
acetic acid at  pH 5.1. The NMR spectra of these 3’- 
hydroxyl dimers showed the presence of POCH3(3 H) at  
3.6-3.8 ppm, OCH3(6 H) of DMTr at  3.7-3.8 ppm, and 
appropriate signals for benzoyl, anisoyl, or isobutyryl 
protecting groups. The presence of these signals and the 
absence of characteristic COCH3 signals for the levulinic 
group at 2.2 ppm, clearly indicated the selective removal 
of levulinic group under these conditions. 

Although these reaction sequences provided a conven- 
ient route for the synthesis of most of the dimer units (6), 
it was not possible to synthesize the dimer units having 
cytidine as the 3’-terminal unit due to the poor solubility 
of the 3’-O-levulinyl derivative of cytidine (3d) in aceto- 
nitrile and THF, the two preferred solvents for conden- 
sation. I t  was, therefore, essential to investigate an al- 
ternate 3’-OH protecting group for the synthesis of the 
NpC type dimer units. tert-Butyldimethylsilyl (t-BDMSi) 
group has been widely used in the oligonucleotide synthesis 
as a protecting group for the hydroxyl function of the 
ribose moiety.I5 The main advantage of this protecting 
group is that it can be cleaved by fluoride ions under 
neutral conditions. The cleavage reaction under these 
conditions, however, is not selective since it also results 
in the cleavage of various phosphate protecting groups such 

(15) Ogilvie, K. K.; Theriault, N. Y. Can. J. Chem. 1980, 57, 
3140-3144. 

I on 
6 

0: B , = C ~ ” ~  B,.A~’ 
b:  B, *Cb’, &.Ab’ 

5 :  BI*Gib.  B p A *  Bl .B2 = any of the four 
d: Bl * T .  B1=Abr protacted barel 

as phenyl, chloroethyl, and cyanoethyl. By modifying the 
above reaction conditions with the addition of acetic acid 
considerable selectivity was observed in the cleavage of the 
t-BDMSi group in the presence of these phosphate pro- 
tections and the 5’-O-monomethoxytrityl group of a di- 
nucleotide unit.16 These observations seemed to suggest 
that development of the appropriate reaction conditions 
for the selective deprotection of the t-BDMSi group in the 
presence of methyl phosphate protection and the 5’-0-  
dimethoxytrityl substituent is a worthwhile goal. 

The 3’-terminal unit with the tert-butyldimethylsilyl 
(t-BDMSi) group at the 3’-hydroxyl(3e,f) was conveniently 
synthesized from 5’-0-(dimethoxytrityl)-N-protected cy- 
tidine (ld,e) by its reaction with tert-butyldimethylsilyl 
chloride in the presence of imidazole followed by detrity- 
lation of the product with 1 M ZnBr2 in dichloromethane 
containing 15 % 2-propanol.” The ZNBr2 treatment of 
2 led to a selective detritylation reaction without any 
significant cleavage of the tert-butyldimethylsilyl group. 
The intermediate 2 and the final products 3e,f were 
characterized by their proton NMR spectra. Condensation 
of 3e with 5’-O-dimethoxytrityl monomer phosphoramidite 
unit (4a) in the presence of tetrazole resulted in the for- 
mation of the completely protected phosphite dimer unit 
(8) in 74% yield (Scheme 11). The presence of the phos- 
phite linkage in 8 was confirmed by its 31P NMR spectrum 
showing resonance at  -140.97 ppm, whereas its proton 
NMR spectrum (Experimental Section) showed signals at 
0.07,0.89,3.53, and 3.78 ppm, indicating the presence of 
t-BDMSi, P-OCH,, and DMTr groups, respectively. To 
obtain the 3’-hydroxyl derivative of these dimer units, the 
removal of the t-BDMSi group was first attempted with 
a 1 M solution of tetrabutylammonium fluoride. Analysis 
(TLC) of the reaction product after aqueous iodine oxi- 

(16) Ogilvie, K. K.; Beaucage, S. L. Tetrahedron Let t .  1976, 

(17) Matteucci, M. D.; Caruthers, M. H. J. Am. Chem. Soe. 1981,103, 
1255-1256. 
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Table I. Protocol for Synthesis on Solid Support (One Cycle) 
frequency/volume/ 

2 X 1 mL, 1 min each 
opera tion reagent time 

detritylation 
wash 0.1 % (C2H,),N in CH2C12 l X 2 m L  
wash CH3CN (anhydrous) 5 X 5 m L  
condensation tetrazole (25 equiv, 70 mg/mL in CH,CN) and monomer or dimer (10 equiv, 50 mg/mL in CH,CN) 5 min 
wash CH,CN 2 X 5 m L  
capping 2 min 
wash CHXN 

0.2 M C12CHCOOH in CH2C12 

0.15 mL of Ac20 and 1 mL of pyridine containing 10 mg of (dimethy1amino)pyridine 

oxidation 
wash CH,CN 
wash CH2C12 

0.2 M I2 in THFlutidine:H20 (2:I:l) 
2 X 5 m L  
2 mL, 1 min 
5 X 5 m L  
2 X 5 m L  

dation indicated the presence of a significant amount of 
a side product, 5’-0-(dimethoxytrityl)-N6-bemyladenosine 
(la) in addition to the desired 3’-hydroxyl dinucleotide 6r. 
Apparently some rupture of the internucleotide phosphite 
bond had taken place during reaction with fluoride ion. 
Further study of this reaction showed that this inter- 
nucleotide cleavage becomes observable (TLC) in about 
10 min and progresses to completion in an overnight re- 
action. However, if the dimer phosphite intermediate 8 
is oxidized with aqeuous iodine to a phosphotriester dimer 
first and then treated with tetrabutylammonium floride, 
the cleavage of the tert-butyldimethylsilyl group is 
achieved selectively to yield 6r without any side product. 
The characterization of 6r was based upon its proton NMR 
spectrum which indicated the presence of P-OCH3, DMTr, 
and other protecting groups and its further deprotection 
to the corresponding dinucleotide phosphate (ApC). 

The procedures described above were used for the syn- 
thesis of several dimer phosphite units. However, to build 
a bank of good amounts of all sixteen dimer phosphite 
units a simpler synthetic procedure patterned after a lit- 
erature referencela was developed. In this one-flask pro- 
cedure the 5’-O-(dimethoxytrityl)-N-protected nucleoside 
was treated with a triazole derivative of methyl dichloro- 
phosphite. Without any purification the reaction mixture 
was reacted with 3’-terminal nucleosides (3) to afford the 
phosphite dimer units. I t  was then oxidized with aqueous 
iodine to produce the corresponding triester dimer units 
(5). The crude reaction product thus obtained was then 
treated with either hydrazine buffer (3’-0-levulinic group 
cleavage) or with fluoride ion (3’-O-t-BDMSi cleavage). A 
single silica gel purification a t  this stage gave the desired 
3’-hydroxyl dimer units (6) in about 6045% overall yields. 
In the case of dimer units with 3’-O-(t-BDMSi)cytidine at 
the 3‘-end, it was found advantageous to isolate the in- 
termediate 5’-0- (dimethoxytrityl) -3’- 0- (tert-butyldi- 
methylsilyl) dimer (5) before treatment with fluoride ions 
for the removal of the t-BDMSi group. 

Phosphitylation of the 3’-hydroxyl dimer units (6) to 
yield the desired 3’-O-methyl NJV-dialkylphosphoramidite 
dimers was achieved by the reaction of 6 with methoxy- 
(N,N-dialky1amino)chlorophosphine. The dimer phos- 
phoramidites were characterized by the presence of key 
proton NMR resonances and 31P NMR signals for the 
trivalent and pentavalent phosphorous at  -147 to 148 and 
-0.8 ppm, respectively. For structure 7 the integeration 
of the trivalent 31P signal should be equal to that of the 
pentavalent 31P signal. Variation from this ratio was used 
to estimate the percentage of undesired components in the 
samples. It is pertinent to point out that the workup of 
a methyl N,N-dimethylphosphoramidite reaction mixture 
with brine6 invariably resulted in poor yields of the dimer 
units (-50%, estimated by 31P NMR) whereas high yields 

(18) Fourrey, J. L.; Shire, D. J. Tetrahedron Lett. 1981,22, 729-732. 

Scheme 111. Synthesis of 29-mer Using Dimer Units 
5-3 0 0 
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of methyl N,N-diisopropylphosphoramidite dimer units 
(1.90%) were obtained under similar workup conditions, 
which supports the previous conclusion regarding lower 
stability of dimethylphosphoramidite derivatives.’l How- 
ever, workup of the phosphitylation reaction mixture with 
aqueous sodium bicarbonate solution’l invariably gave 
higher purity of both dimethyl- and diisopropyl- 
phosphoramidite dimers, which were used in the synthesis 
of oligodeoxyribonucleotides without any further purifi- 
cation. Moreover, both dimethyl and diisopropyl phos- 
phoramidite dimers were stable for months as solids under 
argon. 

Prior to undertaking the synthesis of oligodeoxyribo- 
nucleotides with the new dimer phosphite units several 
model synthetic experiments were carried out. In these 
studies, the efficiency of the condensation of dimer 
phosphoramidite units with the nucleoside attached to the 
solid support was investigated. The conclusion from these 
experiments was that like monomer condensation, a 10-fold 
excess of dimer phosphoramidites in acetonitrile was ad- 
equate to give quantitative yield of the product. These 
products, after complete deprotection, were digested with 
snake venom phosphodiesterase to establish a 3’-5’ in- 
ternucleotide linkage in the total product. The conditions 
developed during the synthesis of the model oligomers 
(Table I, protocol for synthesis) were then used for the 
synthesis of several oligodeoxyribonucleotides ranging in 
size 16-29. As shown for the synthesis of a 29-mer (5’- 
AATTCACATACCTCTTTCCCCTCTCTGCT-3’) in 
Scheme 111, dimers gave consistently high (98.9-100%) 
condensation yields similar to the monomer condensations. 
[The yields are based on measurement of the trityl cation 
released on detritylation.] The overall yield of the 29-mer 
was 93.4%. The high overall yield of the 29-mer is also 
evident from the gel electrophoresis pattern of the crude 
sample (Figure 2). After partial deprotection and cleavage 
from the resin the desired oligonucleotide was first purified 
as a trityl component on a (2-18 reverse-phase HPLC 
column. The HPLC profile for the purification of the 
29-mer is shown in Figure 1. It should be noted that the 
tritylated product represents 87-90% of the nucleotide 
absorbance (260 nm) as measured by peak areas (peak I 
truncated sequences, peak I11 the tritylated product). This 
percentage is in close agreement with the overall yield 
obtained from trityl cation measurement (93%). The trityl 
fraction was collected and treated with 80% aqueous acetic 
acid to cleave the trityl moiety. The detritylated oligomer 
was purified the second time on a C-18 RP HPLC column. 
For further analysis, each oligomer was labeled with 32P 
phosphate a t  its 5’-terminus using T [ ~ ~ P ]  ATP and poly- 
nucleotide kinase. The labeled product was analyzed for 
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Figure 1. HPLC profile of crude 5‘-DMTr-AA’TTCACA- 
TACCTCTTTCCCCTCTCTCCT with reverse-phase C-18 col- 
umn and a linear gradient of 1530% of CH,CN in 0.05 M tri- 
ethylammonium acetate buffer, pH 7.0. Peak I represents the 
truncated oligonucleotide sequences, paek I1 is produets resulting 
from the removal of protecting groups, and peak I11 represents 
the 5’-DMTr oligomer(s). 
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Figure 2. Analysis of S”P-labeled oligonucleotides by poly- 
acrylamide (20%) gel electrophoresis in 7 M urea. Lane 1 rep- 
resents the crude oligonucleotide mixture containing the 29-mer 
( 5 ’ A A T l C A C A T A C C C C C m G C l ’ ) .  Lane 2 shows 
the same 29-mer after HPLC purification. 

a purity check by  electrophoresis on sequencing poly- 
acrylamide gel (Figure 2). The labeled prcduct was also 
used to confirm the nucleotide sequence by  the chemical 
sequencing method of Maxam and Gilbert1g and by  partial 
phosphodiesterase digestion (wandering spot)2o methods. 
The sequence of oligomer was consistent with the expeckd 
structure. The other oligomers synthesized and sequenced 
bv similar Drocedures are (5C.3’): GCAATITAACTGT- 
GAT (&mer), CTTACCGTAAGGTCCTCG (18-mer), 
CTAACGTTCAGAGGCATC, 118-merb. C C T C T C -  

AGCAAGT (20-mer). AATTCCTCTGTCCTGCTTGCT 
(21-mer). AATTCATGCCTCTGAACGTTAG 122-mer). ~ ~ ~ ~ ~ ~ ~~~~ ~ ~ ~~~~ ~~~~~ 

CATC~~AGGACCTTGCGATATGA  mer), ACGA: 
ATTCATATCGCAAGGTCCTCG (25-mer). AATTCAT- 
GTATGCCGATGCCATTTTT (26-mer) .  AATT- 
CATGCCTCTGAACGTTAGCTTCA ‘ ( 2 7 - m e r ) .  
ATTCGTAAAAATGGCATCGGCATACATG (28mer). 
TGTTGGTGAAGCTAACGTTCAGAr~CATG (29-mer). 

Experimental Section 
General Methods. The proton and ”P NMR were recorded 

on V& XL200 instrument with tetramethylsilane and H,P04 

(19) Maram, k U; Gilbert, W. Roc. Notl. Acd. Sei. USA. I9W, 74, 

(20) Tu, C. D.; Jay, E.; Bahz C. P.; Wu, R A d .  Biochem. 1976, 74, 
”. 
13-93. 
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internal standards, respectively. UV spectra were obtained on 
a Beclrman spectrophotometer. Nucleosides were purchased from 
Vega. The controlled pore glass long chain alkylamine solid 
support for the synthesis of DNA fragments was purchased from 
Pierce Chemical Company, Rockford, IL. Acetonitrile (Burdick 
and Jackson Laboratories, Inc., Muskegon) and tetrahydrofuran 
(Fisher Scientific Co.) were dried over CaH,. Pyridine (Burdick 
Jackson) was dried over 4A molecular sieves. Z,B-Lutidine, N,- 
N-diisopropylethylamiue, and triethylamine were distilled and 
kept over molecular sieves. Reactions and products were mou- 
itored hy TLC with 0.25 mm silica gel plates (WF-254) purchased 
from E.M. Laboratories, Inc. Preparative TLC was performed 
on silica gel GF zo00, pmxated thin-layer chromatography plates. 
Column chromatography was performed on silica gel prepacked 
LOBAR columns (E. Merck) by using a linear gradient of 
methanol in methylene chloride. A pumping pressure of ap- 
proximately 20 psi was applied to give a flow rate of 2 mL/min, 
and 10” fractions were collected. High-performance liquid 
chromatography for the purification of DNA fragments was 
performed on the LDC equipment at 50 OC with a Waters Bon- 
dapack (2-18 column. A 10-min linear gradient of 15-30% ace- 
tonitrile in 0.05 M triethylammonium acetate (TEAA) buffer at 
pH 7.0 was used for the purification of DMTr-oligomer. The 
completely deprotected DNA fragments were purified hy using 
the same set up except that a gradient of 5 1 5 %  acetonitrile was 
used. 

NB-Benzoyl-5’-0 -(dimethoxytrityl)-3’- 0 -1evulinyl-t’- 
deoxyadenosine (2a). A sample of NB-benzoyl-5’-O-(dimeth- 
oxytrityl)adenosine (13.14 g, 20 mmol) waa stirred with anhydmw 
dioxane (200 mL), levulinic acid (4.4 g, 40 mmol), (Nfl-di- 
methylamin0)pyridine (0.2 9). and dicyclohexylcarhodiimide (10 
g, 50 mmol) for 1 h. The reaction mixture was then quenched 
with ice and filtered. The filtrate was partitioned between di- 
chloromethane and water. The organic layer was dried over 
sodium sulfate and evaporated to dryness under reduced pressure. 
The residue so obtained was applied to a silica gel column (4 X 
40 em), and the chromatography was performed hy elution with 
a linear gradient of CHZCIz and CHzCIz-5% CH,OH (2 L each). 
The major fraction was collected and the solvent evaporated in 
vacuo to yield the desired product (13 g, 17.32 mmol, 86.6%). 
Anal. Calcd for CcsH,,N508: C, 68.34; H, 5.43; N, 9.27. Found 
C, 67.99: H, 5.58; N, 9.17. The following products were also 
synthesized by a similar procedure: 

2b. Anal. Calcd for C.JLN.0.: C. 65.10 H. 5.87 N. 9.49. I - -_  . , ,  . .  
F O W ~  c ,  64.62; n, 5.92; N, 9.42. 

20. Anal. Calcd for Cs$IJ$Jz08: C, 67.29: H, 5.92; N, 4.36. 
Found: C, 67.20; H, 5.82; N, 4.38. 

2d. Anal. Calcd for C4,H,,N30n~‘/,H,0 C, 68.10; H, 5.67; N, 
5.67. Found C, 68.36; H, 5.61; N, 5.70. 
N6-Benzoyl-3’-O-levulinyl-2‘-deoryadenosine (h). The 

5’-O-dimethoxvtritvl derivative of NB-benzovl-3’-O-levulinvl-2’- 

I - -_  . , ,  . .  
F O W ~  c ,  64.62; n, 5.92; N, 9.42. 

20. Anal. Calcd for C d d i N , O , :  C, 67.29: H, 5.92; N, 4.36. 
Found: C. 67.20 H. 5.82iN;4.38. 

2d. An&. Calcd for C4;H,;N30n~’/,H,0 C, 68.10; H, 5.67; N, 

N6-Benzo~l-3’-O-levulin~l~2‘-deo~~adenosine (h). The 
5.67. Found C, 68.36; H, 5.61; N, 5.70. 

5f-O-dimethoxvtritvl derivative of NB-benzovl-3’-O-le~nvl-2’- 
deoxyadenosiie (7.>5 g, 10 mmol) was reacGd with 80% acetic 
acid (150 mL) for ‘ I z  h The reaction mixture WBS then evaporated 
in vacuo and partitioned between water and methylene chloride. 
T h e  organic layer was washed with 270 NaHCO,, dried over 
sodium sulfate, and evaporatad IO dryness under reduced pressure. 
The crude prcduct was chromatographed on a silica gel column 
(4 X 40 cm) bv a linear madient of C H J X  and CH,CI,-7% 
CH,OH (2 i eich) to affopd 3a (4.2s g, 9.3”kolJ in 9<90 Feld. 
Anal. Calcd for CnHmN50.: C .  58.28; H, 5.08; N, 15.45. Found 
C, 58.44; H, 5.13;N,-15.44. 

Compounds 3b-d were also prepared by a similar procedure.’ 
3b. Anal. Calcd. for C,8H,N50,: C, 52.41; H, 5.79: N, 16.09. 
Found: C, 52.32; H, 5.75; N, 15.82. 

30. A different orwedure for its svnthesis haa also been re. 
p0rted.2~ Anal. C&d for CI&NzO,: C, 52.94; H, 5.88; N, 8.23. 
Found: C, 52.60; H, 5.90; N, 8.64. 

3d. Anal. Calcd for C,.H,,N,O,: C. 58.74: H. 5.36 N. 9.79. _ . I ” .  . . .  . .  
Found C, 58.77: H, 5.40; N, 9.76. 

N4-Anisoyl-5’-0 -(dimetboxytrityl)-3’-0 -(tert  -bntyldi- 
methylsily1)-2’-deoxycytidine (Ze). To a stirred solution of 
N4-anisoyl-5’-O-dimethoxytrityl-2’-deoxycytidine (2 mmol, 1.32 
g) and imidazole (7 mmol, 0.5 g) in dry DMF (20 mL) was added 

(21) Haasner, A,; Strand, G.; Rubinatein, M.; Patchernik, A. J.  Am. 
Chem. SOC. 1975,97,1614-1615. 
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dropwise a solution of tert-butyldimethylsilyl chloride (3 mmol, 
0.045 g) in dry DMF (10 mL). The reaction was stirred for 1 h, 
quenched with ice, extracted with dichloromethane, washed with 
water, and dried over anhydrous sodium sulfate. The organic layer 
was concentrated to dryness and purified over silica gel column 
with dichloromethane as an eluent to yield the desired product 
(1.33 g, 1.7 mmol) in 85% yield. Anal. Calcd for 
C44H51N308Si.H20: C, 66.33; H, 6.65; N, 5.27. Found: C, 66.26; 
H, 6.84; N, 5.17. 
N4-Benzoyl-5’-O-(dimethoxytrityl)-3’-0-(tert-butyldimethyl- 

silyl)-2’-deoxycytidine (20 was also synthesized by an analogous 
procedure. Anal. Calcd for C4H4fi3O7Si.H20: C, 67.36; H, 6.66; 
N, 5.48. Found: C, 67.06; H, 6.98; N, 5.08. 

N4-Anisoyl-3’-0 -( tert -butyldimethylsilyl)-2’-deoxy- 
cytidine (3e). To a solution of 5’-0-dimethoxytrityl derivative 
of 3’-0-( tert-butyldimethylsilyl)-2’-deoxycytidine (1 mmol, 0.77 
g) in dichloromethane (5 mL) was added a solution of 1 M ZnBr, 
(10 mL) in dichloromethane containing 15% methanol. The 
reaction mixture was stirred for 30 min, quenched with ice, and 
extracted with dichloromethane. The organic layer was washed 
with water, dried over anhydrous sodium sulfate, and concentrated 
to dryness in vacuo. The product 3e (0.35 g, 0.74 mmol) was 
isolated by column chromatography over silica gel (2 x 20 cm) 
by successive elution with CHzClz and CHZCl2-3% MeOH in 74% 
yield. Anal. Calcd for C23H33N306Si: C, 58.08; H, 6.99; N, 8.84. 
Found: C, 57.85; H, 7.17; N, 8.73. 
N4-Benzoyl-3’-O-(tert-butyldimethylsilyl)-2’-deoxycytidine (30 

was also synthesized by a similar procedure. Anal. Calcd for 
CZ2H3,N3O5Si: C, 59.50; H, 7.01; N, 9.43. Found: C, 59.15; H, 
6.72; N, 9.44. 

N4-Anisoyl-P-methyl-5’-0 -dimethoxytrityl-2’-deoxy- 
cytidylyl-(3’+5’)-N6-benzoyl-3’-0 -levulinyl-2’-deoxy- 
adenosine (5a). A mixture of 3’-0-[ (N,N-dimethylamino)- 
methoxyphosphino]-N4-anisoyl-5’-O-(dimethoxytrityl)-2’-deoxy- 
cytidine (4b, 1.7 g, 2.2 “01) and 3a (0.9 g, 2 mmol) was dissolved 
in anhydrous acetonitrile (25 mL). The reaction mixture was 
cooled in ice and to it was added dropwise while stirring a solution 
of tetrazole (4 mmol) in acetonitrile (10 mL). The reaction was 
allowed to warm up to room temperature which took about 15 
min. Iodine (4 mmol) in 20 mL of THF1utidine:water (2:l:l) was 
then added and the reaction was further stirred for 15 min. The 
solvents were removed at  reduced pressure and the residue was 
dissolved in dichloromethane which was extracted with water, 
5% sodium bisulfite, 5% sodium bicarbonate, and finally with 
water. The organic layer was dried over sodium sulfate and 
reduced to dryness in vacuo. The product 5a (1.72 g, 1.54 mmol) 
was isolated by column chromatography on silica gel (4 X 40 cm) 
with a linear gradient of CHzClz and CHzC1,-5% CH30H (2 L 
each) in 77% yield. Anal. Calcd for C6,H6,N8016: c, 61.41; H, 
5.12; N, 9.39; P, 2.60. Found: C, 61.28; H, 5.08; N, 9.07; P, 2.36. 

Compounds 5b-d were also synthesized by a similar procedure. 
5b. Anal. Calcd for C47H53N4016P: C, 58.75; H, 5.52; N, 5.83; 
P, 3.23. Found: C, 58.70; H, 5.75; N, 5.75; P, 3.00. 

5c. Anal. Calcd for C61H59N10014P: C, 61.72; H, 4.97; N, 11.80; 
P, 2.61. Found: C, 61.40; H, 5.23; N, 11.70; P, 2.35. 

5d. Anal. Calcd for C51H58N7016P: c, 58.00; H, 5.49; N, 9.29; 
P, 2.93. Found: C, 57.85; H, 5.80; N, 9.25; P, 2.70. 

N4-Anisoyl-P -methyl-5’-0 -dimethoxytrityl-2’-deoxy- 
cytidylyl-(3’--+5’)-N6-benzoyl-2’-deoxyadenosine (6a). Com- 
pound 5a (0.69 g, 0.62 mmol) was treated with ice cold hydrazine 
buffer (9.3 mL, 0.5 M NpH,.H20 in pyridine/acetic acid, 3:2 v/v, 
pH 5.1) for 5 min, quenched with ice, and extracted with meth- 
ylene ~hloride/water.’~ The organic layer was dried over sodium 
sulfate, evaporated, and coevaporated with toluene to dryness 
in vacuo. (This procedure of eliminating excess hydrazine was 
preferred over its quenching with acetyl acetone because the latter 
gives an adduct with hydrazine which interferes with the final 
purification on silica gel). The solid product thus obtained was 
chromatographed on silica gel column (3 X 30 cm) by using a h e a r  
gradient of CH2C12 and CH2C12-7% CH30H (2 L each) to afford 
pure 6a (0.5 g, 0.49 mmol) in 79% yield. 

Anal. Calcd for C56H55N8014P: C, 61.42; H, 5.06; N, 10.23; P,  
2.83. Found: C, 61.38; H, 5.08; N, 9.49; P, 2.49. 

Compounds 5b-d were also similarly treated with hydrazine 
to afford compounds 6c, 6d, and 6e, respectively. 6c. Anal. Calcd 
for C53H55N10013P: C, 59.44; H, 5.14; N, 13.08; P, 2.90. Found: 
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C, 59.64; H, 5.79; N, 13.53; P, 2.90. 
6d. Anal. Calcd for C4,H,N7Ol3P.H20: C, 59.21; H, 5.24; N, 

9.87; P, 3.12. Found: C, 59.22; H, 5.32; N, 9.82; P, 2.77. 
6e. Anal. Calcd for C56H,NloOlzP: C, 61.76; H, 4.87; N, 12.87; 

P,  2.85. Found: C, 61.36; H, 5.08; N, 12.18; P, 2.85. 
One-Flask Synthesis of N6-Benzoyl-P-methyl-5’-O-di- 

methoxytrityl-2’-deoxyadenosyl-( 3’+5’)-2’-deoxythymidine 
(6f) (via Levulinic Route). Methyl dichlorophosphite (0.3 mL, 
3 mmol) was added to a cooled solution of triazole (0.84 g, 1 2  
mmol) in 25 mL of THFepyridine 4:l at  -20 “C and stirred for 
20 min. The reaction mixture was then cooled to -70 “C and a 
solution of N6-benzoyl-5‘-O-(dimethoxytrityl)-2‘-deoxyadenosine 
(1.97 g, 3 mmol) in THF (20 mL) was added dropwise and stirred 
for 10 min. A solution of 3’-O-levulinyl-2’-deoxythymidine (1.02 
g, 3 mmol) in 20 mL of THF was added, the reaction was allowed 
to warm to -20 “C, stirred further for 10 min, then treated with 
iodine (6 mmol) in 30 mL of THF:lutidine:water (2:l:l) for 15 
min, reduced to dryness in vacuo, dissolved in dichloromethane 
(100 mL), and extracted with 5% sodium bisulfite, 5% sodium 
bicarbonate, and finally with water. The organic layer was dried 
over anhydrous sodium sulfate, concentrated in vacuo, then 
treated with ice cold hydrazine buffer (60 mL, 0.5 M N,H4.Hz0 
in pyridine/acetic acid 3:2 v/v, pH 5.1) for 5 min, concentrated 
again to dryness in vacuo, and extracted with CH2Cl,, 5% sodium 
bicarbonate, and finally with water. The organic layer was dried 
over sodium sulfate, concentrated, and coevaporated with toluene 
under reduced pressure several times. The crude reaction product 
was then purified over silica gel column (4 X 40 cm) by using a 
linear gradient of CH2ClZ-1% MeOH and CH,C12-10% MeOH 
(2 L each) to afford the product 6f (1.8 g, 1.89 mmol) in 63% yield. 
Anal. Calcd for C49H50N7013P.H20: C, 59.21; H, 5.23; N, 9.87; 
P, 3.12. Found: C, 59.50; H, 5.09; N, 9.82; P, 3:OO. 

The following compounds were also synthesized by an analogous 
precedure. 

6b. Anal. Calcd for C55H53N8013P.H20: C, 60.99; H, 5.08; N, 
10.35; P, 2.86. Found: C, 60.07; H, 5.20; N, 10.08; P, 2.81. 

613. Anal. Calcd for C48H50N5014PJ/2 H20: C, 60.00; H, 5.31; 
N, 7.29; P, 3.23. Found: C, 59.91; H, 5.57; N, 6.85; P, 3:07. 

6h. Anal. Calcd for C46H52N7014P~H20: C, 56.61; H, 5.54; N, 
10.05; P, 3.18. Found: C, 56.41; H, 5.66; N, 9.90; P, 2.91. 

6i. Anal. Calcd for C42H47N4014P.H20: C, 57.27; H, 5.57; N, 
6.36; P,  3.52. Found: C, 57.30; H, 5.51; N, 6.43; P, 3.40. 

6j. Anal. Calcd for C53H55N10013P: C, 59.44; H, 5.14; N, 13.08; 
P, 2.90. Found: C, 59.04; H, 5.50; N, 13.00; P, 2.85. 

6k. Anal. Calcd for C52H55NB014P~H20: C, 58.64; H, 5.35; N, 
10.52; P,  2.91. Found: C, 58.64; H, 5.66; N, 10.64; P, 3.08. 

61. Anal. Calcd for C&57N10014P: C, 57.03; H, 5.42; N, 13.31; 
P, 2.94. Found: C, 56.97; H, 5.48; N, 13.28; P, 2.92. 

6m. Anal. Calcd for C46H52N7014P-H20: C, 56.61; H, 5.54; N, 
10.05; P, 3.18. Found: C, 56.41; H, 5.38; N, 9.92; P,  3.24. 

N6-Benzoyl-P-methyl-5’-0 -dimet hoxytrityl-2’-deoxy- 
adenosyl-(3’-+5’)-N4-benzoyl-3’-0 -( tert -butyldimethyl- 
silyl)-2’-deoxycytidine (5e). Procedure A. 3’-0-[ (N,N-Di- 
methylamino)methoxyphosphino]-N6-benzoyl-5’-O-(dimeth- 
oxytrityl)-2’-deoxyadenosine (4a, 0.42 g, 0.55 mmol) and N4- 
benzoyl-3’-0-(tert-butyldimethylsilyl)-2’-deoxycytidine (3f, 0.22 
g, 0.5 “01) were dissolved in anhydrous tetrahydrofuran (10 mL) 
and cooled in ice and a solution of tetrazole (0.09 g, 1.1 mmol) 
in 5 mL of tetrahydrofuran was added dropwise. The reaction 
mixture was stirred at room temperature for 15 min, treated with 
5 mL of I2 reagent (0.2 M I2 in THF:lutidine:water 2:l:l) for 15 
min, and then evaporated to dryness under reduced pressure. The 
crude reaction product was dissolved in dichloromethane (50 mL), 
washed successively with 5% sodium bisulfite, 5% sodium bi- 
carbonate, and water, and then dried over anhydrous sodium 
sulfate. The desired product 5e (0.39 g, 0.33 mmol) was purified 
(66.6% yield) over preparative TLC plates (silica gel) using 
CH,Cl,:MeOH 9:l as chromatographic solvent. 

Procedure B. Methyl dichlorophosphite 1 mmol, 0.1 mL) was 
added to a stirred solution of triazole (4 mmol, 0.28 g) and collidine 
(2 mmol, 0.25 mL) in dry pyridine (2 mL) and dry THF (8 mL) 
at -20 “C. The reaction was stirred for 20 min and cooled further 
to -70 “C. A solution of IP-benzoyl-5’-O-(dimethoxytrityl)-2’- 
deoxyadenosine (1 mmol, 0.54 g) in 5 mL of anhydrous THF was 
added dropwise. After stirring the reaction for 10 min, a solution 
of N4-benzoyl-3’-O-( tert-butyldimethylsilyl)-2’-deoxycytidine (3f, 
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1 mmol, 0.44 g) in 5 mL of dry THF was added. The reaction 
mixture was allowed to warm to -20 “C, stirred further for 10 min, 
and then treated with 10 mL, of iodine reagent (0.2 M 1, in 
THFlutidine:H20 2:l:l) for 15 min. The crude reaction mixture 
was concentrated to dryness under reduced pressure, dissolved 
in dichloromethane (50 mL), and extracted with 5% sodium 
bisulfite, 5% sodium bicarbonate, and finally with water. The 
organic layer was dried over anhydrous sodium sulfate and reduced 
to dryness in vacuo. The product 5e (0.75 g, 0.64 mmol) was 
isolated by column chromatography over silica gel (4 X 40 cm) 
by using a linear gradient of CHZClz and CHzClz-5%CH30H (2 
L each) in 64.4% yield. Anal. Calcd for CBlH6,NsO13PSi.H20: 
C, 61.20; H, 5.77; N, 9:37. Found: C, 61.38; H, 6.19; N, 9.14. 

5f was also synthesized by a similar procedure. Anal. Calcd 
for CM&N5Ol4PSi-H20 C, 58.99; H, 6.29; N, 6.88; P, 3.04. Found 
C, 59.02; H, 6.05; N, 6.62; P,  2.84. 

N6-Benzoyl-P -methyl-5’- 0 -dimethoxytrityL2’-deoxy- 
adenosyl-(3’+5’)-N4-benzoyl-2’-deoxycytidine (6n). A 1 M 
solution of tetrabutylammonium fluoride (2 mL, THF) was added 
to a stirred solution of 5e (1 g, 0.85 mmol) in tetrahydrofuran (8 
mL). The mixture was stirred for 15 min, evaporated to dryness 
in vacuo, and partitioned between dichloromethane and water. 
The organic layer was dried over anhydrous magnesium sulfate 
and then evaporated to dryness. The product 6n (0.61 g, 0.57 
mmol) was purified in 67.7% yield by preparative TLC (silica gel) 
with CHZCl2:MeOH 9:l as chromatographic solvents. Anal. Calcd 
for C&53Ns013P~Hz0: C, 60.99; H, 5.08; N, 10.35; P, 2.86. Found 
C, 60.43; H, 5.00; N, 10.19; P,  2.76. 

Compound 6q was also synthesized by similar procedure. 6q. 
Anal. Calcd for C4sH5,N,014P~Hz0: C, 59.44; H, 5.26; N, 7.22; 
P,  3.20. Found: C, 59.77; H, 5.39; N, 7.32; P, 3.21. 

The corresponding dinucleotides with a TBDMSi group at the 
3‘-end (procedure B) were treated, without purification, with 
fluoride ions as described above to yield 60 and 6p. 60. Anal. 
Calcd for CMHMN6Ol4P: C, 62.30; H, 5.10; N, 8.08; P, 2.98. Found 
C, 62.09; H, 5.24; N, 8.05; P,  3.14. 

6p. Anal. Calcd for C52H55N8014P: C, 59.65; H, 5.26; N, 10.71; 
P,  2.96. Found: C, 59.35; H, 5.62; N, 10.27; P, 2.72. 

W-Benzoyl-5’-0 -dimethoxytrityl-2’-deoxyadenosyl)-( 3’- 
5’)-P -methoxyphosphino-N4-anisoyl-3’- 0 -( tert -butyldi- 
methylsilyl)-2’-deoxycytidine (8). 3’-O-[(N,N-Dimethyl- 
amino)methoxyphosphino]-~-benzoyl-5’-O-(dimethoxytrityl)- 
2’-deoxyadenosine (4a, 0.34 g, 0.45 mmol) and N4-anisoyl-3’-0- 
(tert-butyldimethylsilyl)-2’-deoxycytidine (3e, 0.14 g, 0.3 mmol) 
were dissolved in anhydrous acetonitrile (10 mL) and cooled in 
an ice bath, and a solution of tetrazole (0.063 g, 0.9 mmol) in 
acetonitrile (5 mL) was added dropwise. After stirring the reaction 
mixture for 15 min, it was allowed to warm to room temperature. 
The acetonitrile was removed under reduced pressure and the 
solid so obtained was partitioned between dichloromethane and 
water. The organic layer was dried over anhydrous sodium sulfate 
and evaporated to dryness. The purification of crude reaction 
product over preparative TLC plates (silica gel) with CHZCl2:C- 
H30H 91 as the chromatographic solvents afforded pure 8 (0.22 
“010.26 gm) in 74% yield NMR (ppm) 0.07 (s,6,2 X SiCH,), 
0.89 (s, 9, tert-butyl Si), 2.2-3.0 (m, 4, 2 X CH2), 3.53 (m, 3, 
POCH,), 3.78 (9, 6, OCH, of DMTr), 3.87 (s, 3, OCH, of anisoyl), 
3.44 (m,2, 5’-CHz),4.4 (m,4,POCHz,2 X 4’-CH), 4.7 and 5.1(2 
m, 2, 2 X 3’-CH), 6.25 and 6.54 (2 m, 2, 2 X 1’-CH), 8.28 (m, 2, 
NCH=N), 6.7-8.1 (m, 24, aromatics). Anal. Calcd for 
C60H69Ns013PSi: C, 61.59; H, 5.96; N, 9.58; P,  2.65. Found: C, 
61.05; H, 5.85; N, 9.04; P,  2.54. 

N4-Anisoyl-P -methyl-5’-0 -dimethoxytrityl-2’-deoxy- 
c y t i d y l y l - 3 ’ - 0  -[ ( N  , N  -dimethylamino)methoxy-  
phosphinol-(3’+5’)-N6-benzoyl-2’-deoxyadenosine (7, Bl = 
Can; Bz = Abz; R1 = CH,). The dinucleotide 6a (0.4 g, 0.4 “01) 
and Nfl-diisopropylethylamine (0.2 g, 1.6 mmol) were dissolved 
in dry acid-free chloroform (5 mL) and to it was added chloro- 
(NJ-dimethy1amino)methoxyphosphine (0.112 g, 0.8 mmol) 
dropwise under an atmosphere of dry nitrogen. The reaction was 
stirred for 15 min, diluted with ethyl acetate, and extracted with 
an aqueous 2% solution of sodium bicarbonate. The organic phase 
was dried over magnesium sulfate, concentrated to a small volume, 
and added dropwise to 20 mL of cold hexane (-78 “C) with 
vigorous stirring. The precipitated solid was filtered and washed 
with cold hexane to afford 7 (0.3 g, 0.27 ”01) in 68% yield NMFt 
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2.6-3.0 (m, 10, N(CH3)z and 2 X 2’-CHz), 3.44 (m, 2, 5’-CH&, 
3.6-3.74 (m,6, 2 X POCH,), 3.8 (s,6, 2 X OCH,), 3.9 (s, 3, OCH,), 
4.32 (m, 4, POCH2 and 2 X 4’-CH), 5.14 and 5.44 (2 m, 2, 2 X 
3’-CH), 6.30 and 6.54 (2 m, 2, 2 X 1’-CH), 6.7-8.4 (m, 26, aro- 
matics). 

Other dinucleotide phosphoramidites were also prepared by 
a similar procedure and characterized by proton and 31P NMR. 
Chloro-(N,N-diisopropy1amino)methoxyphosphine (instead of 
chloro-(NJGdimethy1amino)methoxyphosphine) was used for the 
synthesis of methyl N,N-diisopropylphosphoramidite dimer units. 

Synthesis of a 29-mer 5‘-AATTCACATACC- 
TCTTTCCCCTCTCTGCT-3’ on Solid Support. The nucleo- 
side (5’- 0- (dimethoxytrit yl) - 2’-deoxythymidine) was attached via 
an alkali labile 3’-0-succinyl linkage to CPG/long chain alkyl- 
amine, controlled pore glass support (pore diameter, 500 A, particle 
size 125-177 pm) by using the procedure previously reported for 
condensing the nucleosides to the silica gel.” The loading of 
nucleoside to the resin was calculated to be approximately 22 pmol 
of T/g  of resin by measuring the acid-released trityl color a t  498 
nm. 

The synthesis of oligonucleotide was carried out in a reaction 
vessel (5 mL) fitted with a septum on one side and a fritted disk 
on the other end. A sample of resin-bound 5’-O-(dimeth- 
oxytrity1)thymidine (0.045 g, 22 pmol of thymidine/g of resin) 
was taken up in the vessel and successively reacted with the 
reagents under argon (for protocol, see Table I). The solution 
was filtered after each operation through the fritted disc. The 
5’-O-dmethoxytritylated dimer phosphoramidites of the structures 
7 (Scheme 11), were condensed to the resin in the following se- 
quence: GC, CT, CT, CT, CC, TC, TT, TC, CC, TA,  CA, CA, 
TT, and AA. The yields for respective condensations calculated 
by measuring (at 498 nm) the amount of trityl group released on 
acidic cleavage were found to be 99%, 99.5%, 99.8%, loo%, 
99.3%, 99%, 99.1%, 99.5%, 99.8%, 99.6%, 99.7%, 98.9%, and 
99.7%. The trityl group was not cleaved after the addition of 
the last dimer as this would be useful in separating the desired 
29-mer from the truncated sequences. The sequences of other 
oligonuleotide synthesized by similar procedure are given under 
the Results and Discussion Section. 

Release from the Resin and Purification of the 29-mer. 
A sample of oligomer-bound resin (15 mg) was treated with a 
solution of thiophenol (0.125 mL) and triethylamine (0.125 mL) 
in dioxane (0.25 mL) for 30 min at room temperature to deblock 
methyl protection from the phosphates. The resin was centrifuged 
and thoroughly washed with methanol. To remove the base 
protections and to release the nucleotidic material from the resin, 
it was then incubated with concentrated ammonia solution (2 mL) 
for 15 h at  55 “C. The resin was filtered and the filtrate was 
evaporated to dryness in vacuo. An aliquot of this crude sample 
was detritylated with 80% aqueous acetic acid, labeled with 3zP 
phosphate by standard kination procedure, and analyzed by 
electrophoresis on 20% acrylamide/7 M urea gel (Figure 2). The 
balance of the material was dissolved in water and then purified 
over HPLC (RP-18 column) with a linear gradient of CH3CN (15% 
to 30%) in 0.05 M triethylammonium acetate buffer, pH 7.0. The 
peak containing trityl oligomer (111, Figure l ) ,  eluting with 28% 
CH3CN, was collected. I t  was concentrated to dryness, reacted 
with 80% acetic acid (1 mL) for half an hour at room temperature 
and reevaporated to dryness. The sample thus obtained was 
dissolved in 0.5 mL of water and extracted with ether (saturated 
with water). The aqueous layer was then purified over HPLC 
(reverse phase C-18 column) with a gradient of 5 1 5 %  CH,CN 
in 0.05 M triethylammonium acetate buffer, pH 7.0. The fraction 
eluted at 15% CH3CN in a single peak was collected and coe- 
vaporated with water several times to yield 18.6 0.D.A- of pure 
29-mer. [The yield of the 29-mer is not absolute since to obtain 
highly pure material sharp cuts at the middle of the HPLC peaks 
were pooled.] To finally establish its homogeneity the oligomer 
was labeled with 32P phosphate using T [ ~ ~ P ]  ATP and poly- 
nucleotide kinase and analyzed by electrophoresis on 20% PO- 
lyacrylamide/7 M urea gel (Figure 2). 

Characterization of the Oligodeoxynucleotides. Each 
purified ologonucleotide was labeled with 3zP at  its 5’-end with 
T4 polynucleotide kinase and y3’P-ATP. The labeled product 
was sequenced both by partial phosphodiesterase digestion fol- 
lowed by two-dimensional homochromatographic analysisz0 and 
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by base-specific chemical cleavage method of Maxam and Gil- 
bert.lg The nucleotide sequence of each oligomer was found to 
be as expected. 
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The reaction of 2-phenyl-l,3-dithianyllithium (1-Li) with 4-tert-butylcyclohexanone in cyclohexane and 
tetrahydrofuran may proceed either with kinetic or thermodynamic control. In the latter case carbinol formation 
involves exclusively equatorial attack. In contrast, only kinetic control is seen in the reaction of the same ketone 
with 1,3-dithianyllithium (2-Li) or its mono-S-oxide (3-Li). No addition but only enolate formation occurs in 
solvent hexamethylphosphoric triamide; with 1- [ 2-phenyl-2-( 1,3-dithianyl)]-4-tert-butylcyclohexanol reversal 
of the addition reaction is seen in this solvent. 

Introduction 
In contrast to the significant effort dedicated to the 

study of the reduction of cyclohexanones by metal hy- 
d r i d e ~ , ~ , ~  reports concerning the course of addition of or- 
ganometallic compounds to give isomeric alcohols are 
limitede5 This in spite of the fact that the addition of 
carbanions to ketones has important stereochemical as- 
pects. 

axial alcohol equatorial alcohol 
equatorial attack axial attack 

I t  is now well-established that the steric hindrance in- 
troduced by the axial hydrogens (or substituents) at C(3,5) 
tends to direct the nucleophile to approach the carbonyl 
from the equatorial side? It is also clear that an opposing 
nonsteric factor may lead to a preference for axial a t t a ~ k . ~ , ~  

The nature of the second factor is not well understood. 
I t  has been suggested that the thermodynamic stability 
of the products,' the torsional strain engendered during 
equatorial approach,s the configuration of the frontier 
 orbital^,^,'^ the hardness vs. softness of the nucleophile,'l 

(1) A preliminary report on this work has appeared Juaristi, E.; Eliel, 
E. L. Tetrahedron Lett. 1977, 543-546. 
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(5) Ashby, E. C.; Laemmle, J. T. Chem. Rev. 1975,75,521-546. There 

has, of course, recently been much work on the stereoselective addition 
of organometallic compounds to acyclic aldehydes. See, for example: 
Heathcock, C. H. Science 1981,214, 395-400. 
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Tetrahedron Lett. 1974, 3129-3132. 

Table I. Products of the Reaction of 1-Li with 4 as a 
Function of Reaction Time 

entrv solvent time, h 5:6 
THF "zero"" 79:21 
THF 1.5" 86:14 
THF 4 b  1000 
C6H12 "zero"' 76:24 
C6H12 2 c  82:18 
C6H12 20c 95:5 
CsH12 48C 98.2:1.8 
HMPTA 16.5d 

"At -20 "C. b1.5 h at -20 "C plus 2.5 h at 25 "C. CAt 25 "C. 
15 h at 0 "C plus 15 h at 25 "C. 

and the importance of two-electron stabilizing interac- 
tions12J3 are responsible for the unexpected ratio of axial 
addition. 

1,3-Dithianyllithium and its 2-substituted derivatives 
are widely used organometallics in organic synthesis,14 and 
their addition to ketones affords the corresponding car- 
binols in high yields.15 This paper reports the results of 
a stereochemical study of the addition of the lithium salt 
of the parent l,&dithiane, as well as its 2-phenyl derivative 
to the anancomeric16 4-tert-butylcyclohexanone. Since 
spectral evidence suggests17 that 2-phenyl-2-lithio-l,3- 
dithiane (1-Li) exists as a tight ion pair in tetrahydrofuran 
(THF) or cyclohexane (C6H12) but as a solvent-separated, 
delocalized ion pair in hexamethylphosphoric triamide 
(HMPTA), it can be argued that the species present in 
HMPTA should be the softer base. Analysis of the solvent 
effect (THF or C6H12 vs. HMPTA) thus appeared of in- 
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Lett. 1976,159-162. See also: Anh, N. T.; Eisenstein, 0. Nouv. J .  Chim. 
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(14) GrBbel, B.-T.; Seebach, D. Synthesis 1977, 357-402. 
(15) Corev. E. J.: Seebach. D. Anpew. Chem., Int. Ed. Engl. 1965, 4, 
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1075-io77. 
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