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234. Simplified Liquid-Phase Preparation of Four Decadeoxyribonucleotides 
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Summary 

Four self-complementary decadeoxyribonucleotides, dApTpApTpApTpApTp- 
APT, dApTpApTpCpGpApTpApT, dApTpApTpGpCpApTpApT and dApApAp- 
ApApTpTpTpTpT, were chemically synthesized by the phosphotriester procedure. 
Efforts were concentrated on keeping the procedure as simple as possible, con- 
comitant with obtaining high-purity products at each step of the process. The 
decamers were elaborated from the 3'-end, starting with a 3'-O-benzoylated mono- 
mer according to the scheme: monomer + monomer + dimer + dimer 4 tetramer 
+ dimer --f hexamer + tetramer 4 decamer. Purity of intermediates and of the fully 
blocked decamers were monitored by chromatography and by 300-MHz 'H-NMR. 
spectroscopy. The deblocked decadeoxyribonucleotides were characterized by their 
UV., CD., and 'H-NMR. spectra. 

Introduction. - The modified phosphotriester method is now well-established 
as the most efficient one for the synthesis of oligodeoxyribonucleotides [ 1-51. 
Variants of the method have been used by different research groups to prepare 
synthetic genes [6] [7] and other long oligodeoxyribonucleotides for biological 
studies [8]. There is much current interest in the development of solid-phase syn- 
thesis to facilitate the preparation of sub-milligram quantities of long sequences for 
studies in these areas [9- 1 11. Defined-sequence oligodeoxyribonucleotides are also 
of considerable interest in 'H-NMR. studies of nucleic acid structure [12-141, and 
the binding of both drugs [13] [I41 and mutagens [15] to nucleic acids. For such 
studies fairly short oligonucleotides are needed because of the problems of resolu- 
tion associated with large molecules. The relative insensitivity of the magnetic 
resonance technique in addition requires large (milligram) amounts of high-purity 
material. With the continual introduction of new coupling reagents [2] [4] [16] and 
more efficient procedures for deblocking the protected oligonucleotides [ 171, the 
liquid-phase synthesis of short oligonucleotides, up to 10 base pairs - one helical 
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Scheme 1. Synthesis offul ly  protected dinucfeotides (B=  base (A, T, G or C); BPr=protected base; 
i) benzoyl chloride/pyridine (isobutyryl chloride/pyridme for B = G), followed by selective hydrolysis 
with NaOH; ii) 4,4'-dimethoxytrityl chloride/pyridine/lOo/1O h; iii) 1,2,4-triazole-(o-chlorophenyl)- 
phosphodichloridate/dioxane/20°/2 h ;  iv) 3-hydroxypropionitrile, I-methylimidazole/dioxane/20°/3 h;  
v) triethylamine/pyridine/20°/3 h; vi) benzenesulfonic acid/CHC13/CH30H/O0/ 15 min; vii) TPS-NT/ 

pyridine/20"/3 h) 
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turn - from the fully protected mononucleotides has been simplified to the point 
where such molecules are accessible in suitable amounts and state of purity. 

In this paper we present simplified procedures for the preparation of the fully 
protected starting mononucleotides together with a comparison of the efficiency 
of a variety of coupling reagents and strategies for oligodeoxynucleotide construc- 
tion, determined during the synthesis of four decadeoxyribonucleotides. Preparation 
of approximately 0.1 millimol of each of these molecules from purchased 2‘-deoxy- 
ribonucleosides required about two man-months. and was carried out using simple 
equipment. 

Results and discussion. - Fully protected rnonodeoxyribonucleotides (3) .  These 
are the key starting materials for oligomer synthesis (see Scheme I ) .  We used 
N-benzoyl groups to protect base residues in dA and dC and N-isobutyryl groups 
for dG as introduced earlier [18] [19]. The protection was carried out according to 
published procedures by introducing simplifying modifications, which resulted in 
yields of at least 80% for all base-protected nucleosides. For selective protection 
of the 5‘-hydroxy group, 4,4’-dimethoxytrityl (DMT) chloride [ 181 was the reagent. 
This reagent is very selective for the 5’-hydroxy groups. and is a suitable blocking 
group in itself (e.g. in contrast to p-chlorophenoxyacetyl chloride, which has to be 
replaced after phosphorylation of the 3‘-position by the hydrazine-labile levulinyl 
moiety [4]). being quantitatively removed at 0”  with benzenesulfonic acid [2]. 
Protection is typically carried out for 2-4 h at 20”, using a 1.2-1.4 mol excess of 
the trityl chloride [ 181 [20]. The non-crystalline (except for d-DMT-T) products are 
then separated from impurities, which include some 3’, 5‘-ditritylated material [181. 
by column chromatography. We have found that performance of this reaction at 0” 
for 16 h further improves the selectivity, ensuring virtually complete tritylation 
of the 5‘-hydroxy group using a smaller excess of the trityl chloride (1.03- 1.05 mol). 
The resulting crude products (in the case of d-DMT-bzA3), d-DMT-bzC4) and 
d-DMT-ibuG5)) can then be used without further purification in the phosphoryla- 
tion step. 

The phosphorylation was carried out employing a recently described [22] two- 
step, one-pot reaction using a difunctional phosphorylating reagent, bis (triazoly1)- 
o-chlorophenylphosphate. Thus reaction of a C (5’)-protected nucleoside 1 with 
the reagent affords the monotriazolide 2. This intermediate can then be reacted with 
a second hydroxyl moiety, 3-hydroxyproplionitrile in our case, in the presence of a 
catalyst such as I-methylimidazole to force replacement of the second triazole group 
(which is a far worse leaving group than the first triazole moiety), allowing an effi- 
cient synthesis of the fully protected mononucleotide 3 [22]. Use of this method to 
prepare fully protected mononucleotides by the addition of 3-hydroxypropionitrile 
does not demand very stringent exclusion of moisture, since excess reagent can be 
used to prepare the triester 3 and destroy the excess of phosphorylating agent 
without complication of the chromatography by the consequent by-product 4. 

3) d-BzA= N-6-Benzoyl-2’-deoxyadenosine. 
4, d-BzC = N-4-Benzoyl-2’-deoxycytidine. 
’) d-ibuG = N-2-Isobutyryl-2’-deoxyguanasine 
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The reactions could be carried out in the open laboratory without the need for 
elaborate moisture-excluding equipment and the crude DMT-protected nucleosides 
could be used as starting materials without further purification. Details of the 
procedure are given in the Experimental Part. The reaction, including in situ forma- 
tion of the phosphorylating agent and workup of the final crude product, occupied 
8-10 h and was conveniently carried out in one day. The final reaction mixture was 
diluted with CHC13 and washed extensively with 0 . 1 ~  NaH2P04 to remove all of 
the 1-methylimidazole, which is capable of slowly removing the 8-cyanoethyl (CE) 
group from the triester [22]. After final workup, the products were co-evaporated 
with toluene to remove as much of the residual pyridine as possible. This minimized 
the quantities of silica gel needed for the chromatography, which was carried out 
with increasing percentages of CH30H in CHC13 until the product eluted. Overall 
yields of pure fully protected mononucleotides from the 2'-deoxynucleosides were 
about 55% (for five steps) in the case of A, C, and G, and about 85% (for three 
steps) for T with only one chromatographic purification. 

An alternative approach to the preparation of protected mononucleotides has 
been described by Gough et al. [3] [S]. They obtained high yields of products by 
hydrolyzing the intermediate monotriazolide 2 and freeing this product from other 
by-products of the phosphorylation reaction by precipitation as the Ba-salts, which 
could be used directly as the phosphate components in coupling reactions. However, 
these compounds must be coupled with 3-hydroxypropionitrile to give the triesters 
if they are to be used as the 5'-hydroxy component in oligonucleotide synthesis [S]. 
We have found that it is also necessary to employ dimethoxytritylated nucleosides 
that have been purified by column chromatography, to ensure clear solutions on 
hydrolysis of the monotriazolide. For these reasons, this approach seems to offer no 
particular advantage over the one we have employed. 

Formation of internucleotide bonds. Starting with the fully protected mono- 
nucleotides, the basic strategy for oligonucleotide synthesis is to selectively deprotect 
the 5'- and 3'-ends of the appropriate mononucleotides, and join the units together 
by the use of a coupling reagent. Repetition of this process affords products of 
longer chain length. 

For deprotection of the 5'-hydroxy group, benzenesulfonic acid is the reagent of 
choice [2], effecting complete unmasking at 0" in 10 min or less, independent of the 
length of the oligonucleotide. The 5'-hydroxy compound can be freed from 4,4'-di- 
methoxytritanol by chromatography on silica gel [12], or more simply by precipitation 
of the product from ethedhexane 1: l .  The latter method retains traces of 4,4'-di- 
methoxytritanol, but this does not interfere with the subsequent coupling [S], and 
was the method we employed. Yields in the reaction varied from 85-95%, but in 
the preparation of 5'-hydroxy-TpTpTpT-OBz and all higher oligomers, dioxanel 
chloroform 1 : 2 needed to be employed in the workup, due to insolubility of the 
products in pure CHC1,. 

Both aqueous [ 121 and anhydrous [20] triethylamine have been used for removal 
of the P-cyanoethyl group from the 3'-triester. The reaction with aqueous triethyl- 
amine is about six times as fast (30 min compared with 3 h under anhydrous 
conditions), but the extra time needed under anhydrous conditions is more than 

I 
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- 

Starting 
materiaP) 

Dimers 
DMT-Ap 

DMT-Ap 
+ 5’-OH-T-OBz 
DMT-Ap 

+ 5’-OH-TP-CE 

+ 5’-OH-AP-CE 
DMT-TP 
+ S’-OH-Tp-CE 
DMT-Tp 
+ 5’-OH-Tp-OBz 
DMT-CP 
+ S’-OH-Gp-CE 
DMT-Gp 
+ 5’-OH-Cp-CE 
Tetramers 
DMT- ApTp 
+ 5‘-OH-APT-OBz 
DMT-ApTp 

DMT-TpTp 

DMT-Ap Ap 
+ 5’-OH-ApAp-CE 
Hexamers 
DMT- ApTp 
+ 5’-OH-ApTpApT-OBz 

+ 5’-OH-APTP-CE 

+ S’-OH-TpT-OBz 

DMT-CpGp 
+ S’-OH-APTpAPT-OBz 
DMT-GpCp 

DMT- ApTp 
+ 5‘-OH-ApTpTpT-OBz 
Decamers 

+ YOH-ApTpApTp APT- 

+ S‘-OH-ApTpApT-OBz 

DMT- ApTpApTp 

OBz 

Table 1. Synthesis of protected oligodeoxyribonucleotides 

(mmol) Condensing Producta) Silica gel 
agent chromatography) 
(mol-equiv.), Ad- Elut- Yieldr) 
reaction timeb) sor- ing 

bent sol- 
(ml)d) vent 

(5.07) 
(3.90) 
(4.50) 
(3.46) 
(4.11) 
(3.16) 
(3.75) 
(2.88) 
(3.76) 
(2.89) 
(2.24) 
(1.72) 
(2.74) 
(2.28) 

(2.16) 
(1.80) 
( 1.60) 
(1.23) 
(1.70) 
(1.31) 
(0.95) 
(0.73) 

TPS-NT (1. 15), DMT-APTP-CE 
3.5 h 

3 h  

3.5 h 

2.5 h 

3 h  

3 h  

3.5 h 

TPS-NT(l.l5), DMT-APT-OBZ 

TPS-NT( 1.15), DMT-ApAp-CE 

TPS-NT(I.l5), DMT-TPTP-CE 

TPS-NT( 1.15), DMT-TPT-OBZ 

TPS-NT(l.l5), DMT-CpGp-CE 

TPS-NT(1.15), DMT-GPCP-CE 

150 97:3 62 

150 97:3 77 

140 97:3 64 

150 97:3 62 

100 98:2 88 

100 9 5 : 5  71 

100 95:s 71 

TPS-NI (3), DMT-APTPApT-OBZ 120 97:3 70 
1 8 h  
TPS-NI (3), DMT-ApTpApTp-CE 100 97:3 71 
18 h 

2.5 h 
TPS-NT(l.lS), DMT-APAPAPAP-CE 80 96:4, 66 
3 h  95: 5 

TPS-NT(1. IS), DMT-TpTpTpT-OBz 100 97:3 74 

(0.60) TPS-NT(l.15), DMT-ApTpApTpApT-OBz 80 96:4 61 
(0.46) 3.5 h 
(1.17) TPS-NT( l,15), DMT-CpGpApTpApT-OBz 140 96:4 73 
(0.88) 2 h 
(1.3 1) TPS-NT( l.lS), DMT-GPCPAPTPAPT-OBZ 140 9614 73 
(0.98) 2.5 h 
(0.61) TPS-NT( I .  IS), DMT-APTpTpTpT-OBz 60 96:4, I 5  
(0.47) 2.5 h 95:5 

(0.29) TPS-NT(I .3), DMT-ApTpApTpApTpApTpApT- 70 95: 5 65 
(0.21) 2.5 h OBz 

(0.59) TPS-NT( 1.3), DMT-APTpAPTPCPGPApTPApT- 150 96: 4 82 DMT-ApTpApTp 
+ S’-OH-CPGPApTjTPAPT- (0.42) 3 h OBz 
OBz 

+ S’-OH-GpCpApTpApT- (0.15) 3 h OBz 
OBz 

+ S’-OH-ApTpTpTpTPT- (0.18) 3 h OBz 
OBz 

DMT- ApTpApTp (0.2 I )  TPS-NT (1.3), DMT-ApTpApTpGpCpApTpApT- 60 95: 5 82 

DMT-ApApApAp (0.25) TPS-NT (1.3), DMT-ApApApApApTpTpTpTpT- 80 95: 5 58 

“) For the sake of clarity, the base-protecting groups have been omitted; A= d-BzA, C =  d-BzC, G =  d-ibuG, 
T=  T. The symbol p denotes an (o-chloropheny1)phosphotriester linkage, after Miller et al. [12] DMT denotes 
the 5’-0-(4,4’-dimethoxytrityl) group, -0Bz the 3’-O-benzoyl group. h, See detailed procedures in Experimental 
Part. “) Elution beginning with pure CHCI3 and stepping up with I% increments of CH30H. d, Approximate 
dry volume of adsorbent. e ,  Yield of TLC.-Dure material, based on the 5’-hvdroxv comuonent of the reaction. 
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offset by the fact that rigorous redrying of the sample for the coupling reaction is 
then not necessary, and these conditions were employed in the present work. 

Conditions for the deblocking of the CE-group vary with chain length, with 
increasingly basic conditions being needed for complete deblocking as the chain 
grows [ 2 ] .  Since most strategies for oligonucleotide synthesis grow the chain from 
the 3’-end, this does not usually become a problem. 

Table 2. Rf-values ofprotected deoxynucleotide intermediates on silica gel TLC. 

Compo unda ) Rf (CHCl3/CH30H 9: 1) 
Observed Literature 

DMT-Ap-CE 
DMT-Cp-CE 
DMT-GP-CE 
DMT-TP-CE 
5‘-OH-AP-CE 
5’-OH-Cp-CE 
5’-OH-GP-CE 
5’-OH-TP-CE 
DMT- APTP-CE 
DMT- APT-OBz 
DMT- ApAp-CE 
DMT-TpTp-CE 
DMT-TpT-OBz 
DMT-CpGp-CE 
DMT-GpCp-CE 
5’-OH-ApTp-CE 
5’-OH-APT-OBZ 
5’-OH-ApAp-CE 
S’-OH-TpT-OBz 
DMT-ApTpApTp-CE 
DMT- ApTpApT-OBz 
DMT-TpTpTpT-OBz 
DMT- ApAp Ap Ap-CE 
5’-OH-APTpAPT-OBz 
5’-OH-TPTpTPT-OBz 
DMT- APTPAPTpAPT-OBz 
DMT-CPGpApTpAPT-OBz 
DMT-GPCPAPTpAPT-OBz 
DMT- ApTpTpTpTpT-OBz 
Y - O H - A ~ T ~ A P T ~ A ~ T - O B Z  
~ ‘ - O H - C ~ G P A ~ T ~ A ~ T - O B Z  
5’-0H-GpCpApTpApT-OBz 
5’-OH- APTpTpTpTPT-OBz 
DMT- ApTp ApTpApTpApTp APT-OBz 
DMT- ApTpApTpCpGp ApTpAPT-OBz 
DMT- ApTp ApTpGpCPApTp APT-OBZ 
DMT- Ap Ap Ap Ap ApTpTpTpTpT-OBz 

”) See footnote a in Table I .  

0.55 
0.54 
0.45/0.47 
0.52 
0.38 
0.39 
0.30 
0.34 
0.45 
0.55 
0.49 
0.39 
0.50 
0.37/0.39 
0.44/0.47 
0.44 
0.3 I 
0.37 
0.34 
0.34 
0.42 
0.33 
0.30 
0.31 
0.28 
0.36 
0.32 
0.34 
0.32 
0.21 
0.25 
0.28 
0.26 
0.40 
0.3 1 
0.31 
0.38 

0.57 [12] 
0.55 [12] 
0.47/0.53 [ 121 
0.52 [I21 

0.35 
0.32 
0.39 
0.58 [22] 

0.60 [12], 0.58 [22] 
0.34/0.37 [ 121, 0.58 1221 

0.45 [22] 
0.42/0.49 [12], 0.57 [22] 

0.37 [I21 
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After the original introduction of arenesulfonyl chlorides as coupling reagents 
[23], a number of studies have suggested 2,4,6-triisopropylbenzenesulfonyl chloride 
(TPS) as the most suitable one. Side reactions include competing sulfonylation of 
the 5'-hydroxy group and degradation of guanine bases [4]. To overcome these 
problems, a number of derivatives have been tried, and three have received wide 
use: 1-(2,4,6-triisopropylbenzenesulfonyl)tetrazole (TPST) [2], 1 -(2,4,6-triisopropyl- 
benzenesulfonyl)-4-nitroimidazole (TPS-NI) [ 161, and 1 -(2,4,6-triisopropylbenzene- 
sulfonyl)-3-nitro-l, 2,4-triazole (TPS-NT) [4]. New coupling reagents continue to 
be reported, an example is p-nitrobenzenesulfonyl nitroimidazole @-NBSNI) (391, 
which was reported after completion of our work. TPST and TPS-NT are much 
faster acting than TPS-NI, but TPST suffers the drawback of being somewhat 
unstable. In our hands, it also provided lower yields in coupling reactions than 
TPS-NT. Thus the present work was carried out using TPS-NI or TPS-NT as 
reagents for internucleotide bond formation. In synthesis up to the hexamer stage, 
no difference in yields could be detected using these two reagents under the appro- 
priate conditions (a 3-fold mol excess of TPS-NI for 16 h, or a 1.15-fold mol excess 
of TPS-NT for 3 h). Thus the choice of the reagent is largely one of convenience; 
the use of TPS-NT permits the reaction (demasking of the phosphate followed by 
coupling) to be carried out in one day, whereas use of TPS-NI allows the reaction 
to be continued overnight. For preparation of the decamers, only the more efficient 
reagent TPS-NT was used. 

General procedures for the coupling reaction are given in the Experimental Part, 
and the results obtained are listed in Table 1. The yields quoted are for TLC.- 
homogeneous material recovered from the silica gel column. It can be seen that 
yields in the coupling reaction are essentially independent of chain length up to 
the decamer stage, as previously reported [24]. Purity of the products was judged 
by TLC. on silica gel and by 'H-NMR. spectroscopy. The excess of the phosphate 
component employed in the reactions was always retained on the column. Although 
it was difficult to judge the purity of crude products before chromatography (due 
to traces of pyridine that degraded the resolving power of the plate), it proved 
quite possible by monitoring of the fractions off the column to resolve the product 
from any unreacted 5'-hydroxy starting material contaminant. These materials 
always ran slightly slower than the corresponding coupled product (see Table 2), 
and of course did not give a positive trityl-group test. Most of the coupling reactions 
appeared to go to completion, and little or no 5'-hydroxy component was detected 
in any of the column fractions. In all four reactions to form the decamers, the later 
column fractions did contain decamer contaminated with the 5'-hydroxy hexamer 
starting material. but these fractions were generally less than 10% of the material 
recovered from the column. In all cases the yields quoted in Table 1 are based on 
the 5'-hydroxy component, and the decamers are the combined fractions in which 
no 5'-hydroxy hexamer containinant was detected by TLC. It should be noted 
that careful ion-exchange Chromatography after deblocking enabled even the 
hexamer-contaminated fractions to be utilized for the preparation of pure deca- 
deoxyribonucleotides. TLC. of the fully protected intermediates proved adequate 
to monitor the purity of products and the extent of completion of reactions. In spite 
of the formation of diastereoisomers with each phosphotriester coupling, TLC. on 
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silica gel in CHC13/CH30H 9:  1 provided tight spots at low loadings; only for the 
GC. dimers was there evidence of resolution of the diastereoisomers. The Rf-values 
obtained are better used in a comparative sense rather than as absolute values, 
although they are in good agreement with those given in [l]. It proved possible to 
distinguish between the different classes of fully protected monomers, dimers, 
tetramers and hexamers, and between each class and its 5'-deblocked analogs 
(Table 2). Even the fully protected decamers were sufficiently well-resolved from 
the 5'-hydroxy hexamer components used in their synthesis to allow rapid moni- 
toring of column fractions by TLC. Those fractions apparently free of hexamer 
contamination were pooled for deblocking (later ion-exchange chromatography of 
deblocked material using more sensitive detection methods showed that the com- 
pounds contained less than 5% of this impurity). 

Strategy of oligonucleotide synthesis. The syntheses described here were under- 
taken to explore the phosphotriester approach to synthesize large quantities of 
oligonucleotides, and to provide model compounds for studies of nucleic-acid 
dynamics and structure, and studies of ligand binding to small defined-sequence 
nucleic acids. General requirements were thus that the sequences chosen be self- 
complementary, to avoid the synthesis of both strands separately, and that the 
chain length be sufficiently long to enable duplex formation readily at ambient 
temperatures and at concentrations suitable for UV. measurements. A length of 
10 base-pairs was judged appropriate, as this represents one turn of the DNA- 
helix, and it has been reported [12] that the self-complementary duplex formed by 
d(CCAAGGTTGG) has, at a strand concentration of 1 . 3 ~ 1 0 - ~ ~ ,  a melting tem- 
perature TM of 47" in 0 . 1 1 ~  salt, and the duplex formed by d(AATTGCAATT) 
at the same strand and salt concentration, has a melting temperature T M  of 33" [3 I]. 
To improve the stability of the short DNA-duplexes, it was decided to prepare the 
oligonucleotides without terminal phosphate groups. Although it is possible to 
selectively remove such groups by the use of alkalinephosphatase [S], we considered 
it advantageous to utilize the flexibility of the synthetic approach and use an 
appropriately protected nucleotide to form the 3'-end of the oligonucleotides. While 
both acetyl and benzoyl groups have been used to mask the 3'-hydroxy function, 
the benzoyl group is preferred because it provides intermediates of greater solubility 
in organic solvents. and with a greater tendency to solidify [2]. 

The general strategy of the syntheses was: dimer + dimer+ tetramer + dimer 
+ hexamer+ tetramer+ decamer, and is outlined in detail for the four different 
decamers in Schemes 2 and 3. The chains were extended from the 3'-end, and the 
size of the phosphate-bearing component was kept as small as possible to facilitate 
complete coupling. This reaction appears to be dependent on the size of the 
phosphate-bearing component, and it is sluggish with the larger molecules. Thus 
in the present work, no 5'-hydroxy component was detected at the end of coupling 
reactions where the phosphate component was a monomer or dimer. When this 
component was a tetramer, as in the final coupling reactions, small amounts of 
5'-hydroxy component were detected in the products, even though the mole ratio 
of phosphate to 5'-hydroxy component was increased to 1.4 : 1. In a similar reaction 
involving the use of a hexameric phosphate component [12], the yield in the 
coupling reaction was only 65%. In the latter case, the hexameric phosphate was 



2380 HELVETICA CHIM~CA ACTA - Vol. 65, Fasc. 8 (1982) - Nr. 234 

Scheme 2. Synthesis of three fully protected decadeoxyribonucleotides (For the sake of clarity the base- 
protecting groups have been omitted; A =  d-BzA, C = d-BzC, G = d-ibuG, T =  T. The symbol p denotes 
an (o-chloropheny1)phosphotriester linkage, after Miller el al. [ 121 DMT denotes the 5'-0-(4,4'-dimethoxy- 
trityl) group, -0Bz the 3'-O-benzoyl group. i) Triethylamine; ii) 1-(2,4,6-triisopropylbenzenesulfonyl)- 

3-nitro- 1,2,4-triazoIe; iii) benzenesulfonic acid) 

OMT-AF, t ~ ' - o H - T ~ - c E  DMT-~i, + ~'-OH-T-OBZ 

O M T - A ~ T ~ - C E  DMT-A~T-DBZ 

5 '-OH-A;T~-CE DMT-A~TF,  5 - O H - A ~ T - O B Z  

1 .. .  j i i i i  ii 1 1 1  

- J  '7"- li 
O M T - A ~ T ~ A ~ T & C E  D M T - A ~ T ~ A ~ T - O B Z  

D M T - A ~ T ~ A ~ T ~  ( I  ) 5 - O H - A ~ T ~ A ~ T - O B Z  

4 ii liii 
I 

J 7 - 
j. 

I 
DMT-ACT; t DMT-;~G~ Ji+ , D M T - ~ i ~ p  t 

!T 
D M T - C ~ G ~ A ~ T ~ A ~ T - O B Z  D M T - G ~ C ~ A ~ T ~ A F , T - O B Z  

-+ 
DMT- A ~ T ~ A ~ T ~ A ~ T - O B Z  

Jiii 1 iii liii 
( I )  t 5 ' - O H - A p T p A p T i A i T - O B z  (I) t 5 ' - O H - C i G i A i T i A i T - O B z  ( I )  : 5'-OH-GiCpAiTiAiT-OBz 

J i  L - * l  i l i  
O M T - A ~ T ~ A ~ T ~ A ~ T ~ A ~ T ~ A ~ T - D B Z  D M T - A ~ T ~ A ~ T ~ C ~ G ~ A ~ T ~ A ~ T - O B Z  D M T - A ~ T ~ A ~ T ~ G ~ C ~ A ~ T ~ A ~ F O B Z  

also lipophilic enough for some of it to be eluted off the silica gel column, further 
contaminating the product decamer; no similar contamination of products by the 
tetrameric phosphate components was detected in the current work. 

Because of similarities in the sequences of three of the decamers, only seven 
dimers were needed. Two of these contained a 3'-O-benzoyl group; DMT-APT-OBz 
for the 3'-end of the alternating A-T oligonucleotides, and DMT-TpT-OBz for 
the end of the block co-polymer. These two dimers were elaborated successively 
to tetramers and hexamers by addition of dinucleotide blocks; conditions and yields 
for these reactions are given in Table 1. The two phosphate-bearing tetranucleotides 
DMT-ApApApAp and DMT-ApTpApTp were similarly prepared by dimer cou- 
pling, and in the last step these tetramers and the appropriate 5'-hydroxy hexamers 
were coupled together to provide the desired fully protected decadeoxyribo- 
nucleotides. The purity of the products was checked by TLC. and 'H-NMR. spec- 
troscopy. All DMT-containing compounds showed a characteristic resonance at 
(5 = 3.8 ppm from the CH3-protons of the methoxy groups. Furthermore, the fully 
blocked nucleotides exhibit two multiplets at 6=2.75 and 4.4 ppm which we 
attribute to the CH2-protons of the cyanoethyl substituent. In the case of the mono- 
nucleotides, these spectra can be assigned by comparison with deblocked mono- 
nucleotides in the region between 6.5 and 1 ppm. For the blocked dinucleotides, 
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Scheme 3 .  Synthesis of the fully protected decamer d (AAAAA TTTTT) (For the sake of clarity the base- 
protecting groups have been omitted; A=  d-BzA, C =  d-BzC, G =  d-ibuG, T =  T. The symbol p denotes an 
(o-chloropheny1)phosphotriester linkage, after Miller et al. [ 121 DMT denotes the 5’-0-(4,4‘-dimethoxy- 
trityl) group, -0Bz the 3’-O-benzoyl group. i) Triethylamine; ii) 1-(2,4,6-triisopropylbenzenesulfonyl)- 

3-nitro- 1,2,4-triazole; iii) benzenesulfonic acid) 

DMT-TF; 5 I-OH-Ti-CE OMT-Ti t 5 ’  -OH-T-OBz 

L-- lT--- 
DMT-T;T~-CE DMT-T~T-OBZ 

1 iii / iii 

D M T - ~ i ,  t 5O-OH-Ab-CE , 
D M T - A ~ A ~ - C E  

ii J 1 iii 
D M T - A ~ A ~  t 5 i - ~ ~ - ~ p ~ p - ~ ~  

D M T - T F ~ T ~  5 -OH-T~,T-OBZ 

.li 
D M T - T ~ T ~ T ~ T - O B Z  

iii 
OMT-A iT i  t 5’-OH-TiTbTpT-OBz 

-1i 
D M T - A ~ A ~ A ~ A ~ - C E  

1 ii 
J . i  

I iii 
OMT-AF;TF;TF;TF;TF;T-OBZ 

5 - O H - A ~ T F ; T ~ T ~ T ~ T - O B Z  

the spectra are too complicated to allow a straightforward assignment. In those 
cases, the purity was checked by comparing the integrated intensities of the reso- 
nance at 3.8 ppm with all aromatic proton resonances. 

Deblocking of fully protected deoxyribonucleotides. There are three distinct types 
of blocking groups to be considered in deblocking of the fully protected oligo- 
nucleotides; the alkali-labile base-protecting N-acyl and 3’W-acyl groups, the acid- 
labile 5’-O-DMT group, and the aryl groups protecting the internucleotide phos- 
phates. The characteristics of these three classes of blocking groups determine the 
nature and sequence of the deblocking steps, and the sensitivity of the final products 
towards the deblocking reagents make it advisable to remove these immediately 
after each step. The most difficult problem has been the avoidance of internucleotide 
cleavage during deblocking of the phosphodiester linkage [ 11. Employment of 
relatively acidic phenols assists by increasing the alkali lability of the blocking 
group, but if the phenol is too acidic then the group becomes too labile to act as an 
adequate blocking group during the synthesis [17]. The use of 0- and p-chloro- 
phenols seems to be an adequate compromise in this regard. Ammonia, hydroxide, 
and fluoride have all been employed as nucleophiles, but all result in small but 
detectable and (for the deblocking of long sequences) unacceptable amounts of 
internucleotide cleavage (1-2% per phosphotriester). Recently the use of the con- 
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jugaie bases of 4-nitrobenzaldehyde oxime and pyridine-2-carbaldehyde oxime 
has been reported [I21 [17]. Slow nucleophilic attack by the conjugate base on 
phosphorus is followed by fast, base-promoted cleavage of the (0, N)-bond to give 
the aryl cyanide and the phosphodiester, with less than 0.5% of concomitant inter- 
nucleotide cleavage [25]. In the present case, a 50- to 80-fold excess of tetramethyl- 
guanidinium pyridine-2-aldoximate in dry dioxane at 20" for 20 h efficiently 
removed the internucleotide protecting groups. The DNA was recovered from the 
excess reagent by diluting the reaction mixture with 60% ethanol and passing it 
through a short DEAE-Sephacel column. After washing out the reagents, the DNA 
was eluted with a solution of 2h.1 triethylammonium bicarbonate (TEB) in 60% 
ethanol. This buffer can be removed under vacuum at 30" to give the crude DNA. 
The base-protecting N-acyl groups were then easily removed with further alkali 
treatment, using pyridine/aqueous ammonia 1 : 2 for 100 h at 20". This treatment 
also efficiently removes the 3'-O-benzoyl group from the 3'-terminal nucleotide. 
After removal of all traces of base under high vacuum, treatment for 30 min with 
acetic acid (to deblock the 5'-O-(dimethoxytrityl) group of the 5'-terminal nucleotide) 
completes the process. The acid hydrolysis is carried out last because the N-acylated 
purines, especially adenosine, have a much greater tendency to undergo acid- 
catalysed hydrolysis of the (N, C (1'))-glycosidic bond than do the unacylated 
derivatives [I]. 

Final purification of the DNA was effected by chromatography on DEAE- 
Sephacel, using a linear gradient of aqueous TEAB from 0.02 to 0 . 5 0 ~ .  Elution 

Relative 
optical 
density 
(260 nm) 

/ 
d ATATCG ATAT 

0.4 

Approximate 
ionic 
strength (M) 

0 .3  

0.2 

SO 100 120 

Fraction numbers  (9 ml fractions) 

Fig. 1. Elution prof& of u decudeoxyribonucleoiide on DEAE-Sephacel ion-exchange column (Elution 
was achieved with a gradient of aqueous triethylammonium bicarbonate from 0.02 to 0 . 5 ~ ,  collecting 
fractions of 9 ml and following the absorbance at 260 nm. The sloping line gives the approximate ionic 
strength of the eluant. The highest peak is the decadeoxyribonucleotide; the preceeding peak is due t o  

unreacted hexamer component from the final coupling reaction) 
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of the decamers occurred at an ionic strength of about 0 .35-0.40~,  with shorter 
fragments beginning to be eluted from about 0 . 2 5 ~ .  A typical elution profile is 
given in Figure I .  This profile is from approximately 1800 OD. units (optical den- 
sity at 260 nm) of crude DNA, which in turn resulted from deblocking of 175 mg 
(0.035 mmol) of fully protected decamer. Although the profile is different for each 
of the four decamers, deblocking of different samples of the same decamer under 
slightly different conditions gave essentially identical profiles. This suggests that 
most of the short material in the samples, eluting between 0.25-0.35 M TEAB and 
containing between 10-15% of the total OD., results from impurities in the fully 
protected decamers, rather than from those introduced during the deblocking 
procedure. Further evidence for this is shown by the profiles obtained by deblocking 
the less pure samples of fully protected decamers. These were obtained as the later 
fractions off the silica gel columns during purification of the fully protected 
decamers, and could be shown by TLC. to contain some 5'-hydroxy hexamer com- 
ponent (see above). When these less pure samples were deblocked, the gradient 
elution profile showed an increased amount of OD. associated in particular with 
the shorter fragments, allowing identification of these as the corresponding 
5'-hydroxy hexamer. Thus, even the samples of fully protected decamer, considered 
to be pure by TLC., probably contained up to 5% of the hexamer component. 

Conversion of the decanucleotides from the triethylammonium form to the 
Na-form (more suitable for NMR. studies) was effected either by filtration of a 
water solution through a Na-form ion-exchange column, or by ethanol or acetone 
precipitation from 0.3 M NaC1-solution (see Experimental Part). The precipitation 
method is very efficient for DNA-fragments as small as 20-30 base pairs, but with 
the decanucleotides the efficiency was only 60-70%, even using three volumes of 
acetone. Thus the ion-exchange method is to be prefered for DNA of this length; 
recovery in this case was quantitative. 

Recently it was reported [37] that TPS-NT reacts slowly with the 6-carbonyl 
group of guanosine to yield a nitrotriazole derivative; it is thus preferable to also 
protect the 6-carbonyl group of guanosine. We did not do so, but after deblocking 
we were not able to detect the characteristic resonance of the nitrotriazole proton 
at 6 ~ 9 . 5  ppm [38] in the 'H-NMR. spectra of the guanosine-containing deca- 
nucleotides. We, therefore, conclude that the modification of guanosine by TPS-NT 
does not occur to a large extent under our experimental conditions (small excess of 
TPS-NT relative to the 5'-hydroxy component in the coupling reaction; short cou- 
pling time). Very recently it was demonstrated [38] that the oximate treatment in 
the deblocking process reverses the modification of guanosine by TPS-NT, thus 
giving a further explanation for our non-detection of the modified guanosine. 

'H-NMR.  Results. All four decanucleotides formed duplexes readily on dissolu- 
tion in buffer ( 0 . 1 ~  NaC1, 0 . 0 1 ~  Na-cacodylate or Na-phosphate at pH 7.0), as 
evidenced by the low-field (10-14 ppm) 'H-NMR. spectrum at 300 MHz (Fig. 2a-d) 
in H20. In aqueous solution, the only signals appearing in this region are those 
from the exchangeable guanine-N (1)- and thymidine-N (3)-protons, which form 
N-H . . . N-imino H-bonds to the N(3) of cytosine and N (1) of adenine in the 
Watson-Crick base pairs [26]. These protons are then protected from rapid exchange 
with the solvent, and their observation is a sensitive monitor of duplex formation. 
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Fig. 2. Low-field 300-MHz ' H - N M R .  spectrum of decadeoxyribonucleotirles at 5" in aq. solution ( 0 . 1 ~  
NaCI; 0.01 M Na-cacodylate; pH 7). 

The imino protons from AT base pairs resonate at about 13.0-14.0 ppm, while 
those from GC. base pairs appear upfield at 12.1-13.2 pprn.These resonances are 
shifted upfield from the position expected from an isolated N-H . . N-imino 
proton, due to shielding by the ring currents of the nearest-neighbor and next- 
nearest-neighbor base pairs in the duplex [27]. Thus, the exact position of a par- 
ticular resonance line is dependent on the environment of the base pairs, and some 
resolution of the low-field resonances can be expected, even for molecules of 
repeating sequence such as d(ATATATATAT)2 (Fig. 2a). The decamers are all 
self-complementary, palindromic, thus possessing only five non-identical base-pair 
imino protons. Although the protons of the terminal AT base pair experience the 
least ring-current shielding, being adjacent to only one other base pair, the reso- 
nance assigned to the terminal AT in each molecule is the low-intensity line slightly 
upfield of the main AT peak. Both the low-intensity and the upfield shift of this 
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resonance from the expected position are due to a substantial degree of transient 
fraying of the ends of the short duplex, even at 6". The spectrum of the block 
co-polymer d(AAAAATTTTT)2 (Fig. 2b) is broadly similar to that one of 
d (ATATATATAT)2 except that the individual resonances are better resolved in 
the former molecule. The two guanine-cytosine containing molecules show the 
expected additional resonance from the GC. base pairs with that for 
d(ATATGCATAT)2 at 12.52 ppm (Fig. 2c) and for d(ATATCGATAT)z at 
12.62 ppm (Fig. 2d). For the latter two molecules, the intensity ratio of the GC- 
and AT-resonances is about 1 : 3.6 which, after allowing for some degree of exchange 
for the terminal AT-protons indicates that the molecules have the expected number 
and type of base pairs and this provides additional support that the molecules have 
the correct sequence. By comparison, the imino protons of d (AATTGCAATT)2 
resonate at 12.50 ppm (two GC-imino protons) and 14 ppm (eight AT-imino 
protons) [31], thus showing a similar shift for the GC-imino protons as in 
d (ATATGCATAT)2 and similar shifts for the AT-imino protons as in 
d (AAAAATTTTT)2. Thus, high-resolution NMR. in this region is a powerful 
analytical technique for monitoring sequence, structure and duplex forma tion in 
small oligodeoxyribonucleotides. 

The 'H-NMR. spectra of the non-exchangeable protons of oligonucleotides is 
much more complicated than the low-field spectrum of the exchangeable protons, 
and an assignment of the resonances to specific protons in the oligonucleotide is 
much more difficult. As an example, Figure 3 shows the non-exchangeable 
'H-NMR. spectrum of d(AAAAATTTTT)2 in D20 at 20" and 80". The spectrum 
at 20" is representative of the duplex form, while the one at 80" is for the random 
coil. The changes in the spectrum upon going from 20" to 80" demonstrate again 
the ability of the decamer to form a duplex, as seen in many other oligonucleotides 
[36]. The base protons can be easily assigned by comparison with NMR. spectra 
of similar oligonucleotides: H-C(8) and H-C(2) of A and H-C(6) of T be- 
tween 7.0 and 8.2 ppm, H3C-C(5) of T between 1.3 and 2 ppm. The assignment 
of the resonances to the individual base protons in the sequence is only straight- 
forward for the CH3-resonances, based on their chemical shift: the thymines at the 
center of the block polymer are the only ones which have adenine as a nearest 
neighbor, which induces a much larger ring-current shift than a neighboring 
thymine. Thus, in the spectrum at 20" we assign the resonance at 1.28 ppm to the 
CH3-protons of the thymines in the center of the duplex and the resonance at 
1.58 ppm to the CH3-protons of the adjacent thymines. As seen in the spectra 
(shown in Fig. 3) the two CH3-resonances at high-field shift down-field upon 
melting of the duplex due to loss of the induced ring-current shifts. The spectrum at 
higher temperatures demonstrates also that even at 80" there occurs some residual 
base-pair stacking in the single coil state, because the CH3-resonances should be 
chemically identical in an unstacked oligomer. 

The ratio of the integral over the base protons at lower field to the CH3-protons, 
experimentally observed to be 1 .O, provides additional proof for the decanucleotide 
structure. The assignment of the remaining resonances in the spectrum to the 
individual base and sugar protons in the sequence is still under investigation for 
all four synthesized decanucleotides. 
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l d(AAAAATTTTT) 

6 2 0 I3 8 PPm 

b) d(AAAAATTTTT)2 

0 5 0.0 7 . 5  

1 r w -  
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Fig. 3. 360-MHz ' H - N M R .  spectrum of d(AAAAATTTTT)2 at 20" (a) and 80" (b) in D20 ( 0 . 1 ~  NaCl, 
0 . 0 1 ~  NaHZP04; pH=7) 
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Table 3. Spectroscopic properties of the fully deblocked decanucleotides 

d(ATATATATATh 

UV.") = 263 nm 
I: (263 nm) 
= 1 3 2 0 0 ~ ~ ~  cm-' 

CD.b) i,,, (nm) 227,270 
2mLn (mi) 251 

'H-NMR.C) 13.09 (2H) 
6 (PPm) 13.29 (4 H) 

13.39 (2 H) 
13.48 (2 H) 

d (AAAAATTTTT)l d (ATATGCATATh d (ATATCGATAT)2 

261 nm 263 nm 263 nm 
e(261 nm) E (263 nm) E (263 nm) 
= 12000~- '  cm-1 = 13000~- '  cm-l = 13000~- '  cm-' 
219.262,283 215,270.291 ( S )  224.270.290 (S) 
249,266 249 248 

13.54 (2 H) 12.52 (2 H) 12.62 (2 H) 
13.93 (2 H) 13.09 (2 H) 13.21 (2 H) 
14.15 (4 h) 13.41 (2 H) 13.42 (2 H) 
14.27 (2 H) 13.51 (4 H) 13.55 (2 H) 

13.66 (2 H) 

") Aqueous solutions in I-mm cell ( 7 . 9 ~  1 0 - 4 ~  in base pair, I M  NaCI, 0 . 0 1 ~  Na-cacodylate, pH 7, 
T =  19q. Values of i: are 15%. b, Same as in (a) except T =  8". ") At 300 MHz; in aqueous solution 
( 2 . 3 ~  1 O P 2 ~  in base pairs, 0 . l ~  NaC1, 0 . 0 1 ~  Na-cacodylate; pH 7; T =  So), G(ppm) relative to 
G(DSS)=O). 

CD. and UV. Spectra. All four decanucleotides exhibit a structureless UV. 
spectrum with a maxima near 260 nm (see Table 3) characteristic for DNA. These 
spectra demonstrate that the UV. spectroscopy is not a useful analytical tool for 
the characterization of oligonucleotides. By contrast, the CD. spectra of the four 
decanucleotides exhibit distinctive characteristic features for each decamer (see 
Fig. 4 and Table 3). The spectrum of d (ATATATATAT), shows maxima at 270 and 
227 nm and a minimum at 251 nm and resembles very much the spectrum of 
poly (dAdT) [33]. The CD. spectra of d (ATATGCATAT), and d (ATATCGATAT), 
are very similar to each other, exhibiting slightly different wavelengths for the 
maxima and minima and a more pronounced shoulder at large wavelength for 
the former duplex. This shoulder at long wavelength for the GC-containing 
decamers occurs in the spectral region where poly (dGdC) shows a maximum 
in its CD. spectrum [40], thus proving the GC-content in these decamers. Whereas 
the overall shape of the spectra of d (ATATATATAT),, d (ATATGCATAT),, and 
d (ATATCGATAT), are similar, the CD. spectrum of d (AAAAATTTTT), is 
quite different, and it is interesting to note that it closely resembles that of 
polydA. polydT [34] in every aspect. This indicates that the geometry of this 
block co-polymer contains the same features as already found in solution 
studies for poly dA . poly dT [33] but different ones than the other decanucle- 
otides (these findings are consistent with the results of a X-ray study of crys- 
talline d (CGCGAATTCGCG), [35],  which also showed that the fragment -AATT- 
possesses different stacking geometry than the fragment -CGCG-). These four 
spectra demonstrate that the CD. spectrum is much more sensitive to the nature 
and sequence of the oligonucleotides than is the UV. spectrum. 

A note of caution should be added: many authors state extinction coefficients 
at the wavelength of the maximum of the UV. spectrum for short oligonucleotides. 
To be meaningful, these values must be measured under conditions where the 
oligonucleotides exist either completely in the duplex or completely in the random 
coil state. 
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Conclusions. - In the work described here we show that it is possible to syn- 
thesize short oligonucleotides in large amounts, high purity and short time using 
the phosphotriester approach in liquid phase. Since this work was completed, we 
have succeeded in synthesizing four more decadeoxynucleotides in even shorter time 
[30], thus demonstrating that the proposed procedures do provide a real simplifica- 
tion for the synthesis of synthetic DNA-fragments. In addition we have also shown 
that 'H-NMR. spectroscopy of the exchangeable proton is a powerful analytical 
tool for the characterization of short oligonucleotides in duplex form. 
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Experimental Part 

General remarks. Deoxynucleosides (Sigma) were used as received after checking their purity by TLC. 
2'-Deoxycytidine was used as the hydrochloride without liberation of the free base. 1,2,4-Triazole (Sigma), 
3-amino- 1,2,4-triazole (Aldrich), 2,4,6-triisopropylbenzenesulfonyl chloride (Aldrich) and 4,4'-dimeth- 
oxytrityl chloride (AlJa) were used as received. 3-Hydroxypropionitrile (A Idrich), 1-methylimidazole 
(Aldrich) and pyridine (Aldrich Gold Label) were dried over 4-A molecular sieve. Reagent-grade dioxane 
and triethylamine were refluxed for 7 h over calcium hydride and distilled onto 4-A molecular sieve. 
CHC13 and CH3OH (Mallinkrodt Analytical Reagenfs) for column chromatography were used as 
received. (0-Chloropheny1)phosphodichloridate was prepared by the method of Owen & Reese [28]. 
1 -(2,4,6-Triisopropylbenzenesulfonyl)-4-nitroimidazole (TPS-NI) and 1 -(2,4,6-triisopropylbenzene- 
sulfonyl)-3-nitro-l,2,4-triazole (TPS-NT) were prepared by the methods of van Boom et al. [16], 
Kroger & Mietcher [29] and de Rooij et al. [4], respectively, except for anh. dioxane was used as solvent. 
Triethylammonium bicarbonate (TEAB) solutions were freshly prepared by passing C02 through a 
cooled solution or emulsion of triethylamine in the appropriate solvent until the pH was 7.4-7.6. 
Silica gel chromatography was carried out at ambient temperature and pressure using Merck silica gel 60 
(70-230 mesh). Thin layer chromatography (TLC.) was performed on Merck silica gel F254 plastic- 
backed TLC. sheets; chromatograms were checked under UV. and developed with HCI gas to visualize 
4,4-dimethoxytrityl-containing products. DEAE-Sephacel (Swollen Bead Size 40-150 p )  was purchased 
from Sigma. UV. spectra were recorded on a Beckman Acta CZIZ UV./VIS. spectrophotometer. 
The CD. spectra were recorded on a Joubin-Yvon Dichrograph ZII, using 1-mm cells. 'H-NMR. spectra 
were recorded on a Varian Associates HR 300 NMR. spectrometer operated in the FT- or CW-mode, 
or on a 360-MHz spectrometer constructed in these laboratories around an Oxford Instrument 
narrow-bore 8.45 T magnet and a modified Varian HR-220 electronics console [32]. 

Synthesis of base-protected 2'-deoxyribonucleosides. - N-6-benzoyl-2'-deoxyadenosine (d-bzA). 
2'-Deoxyadenosine monohydrate (I0 g, 37.1 mmol) was dissolved in dry pyridine (50 ml) and evaporated 
to dryness. The gummy residue was stirred rapidly with dry pyridine (120 ml) to give a crystalline 
suspension. Benzoyl chloride (20 ml, 220 mmol, 2 mol excess) was added dropwise to this stirred 
suspension below 10". The mixture was allowed to warm to 20", kept at 20" for 1 h, and poured into 
ice-water (1 I). Extraction with CHC13 (3 x 400 ml) gave the crude tribenzoyl compound. This was 
dissolved in pyridine (100 ml) and prechilled C~HSOH (120 ml) was added, followed as quickly as 
possible by a prechilled solution of NaOH (12.8 g, 320 mmol) in water (80 ml) and CzH5OH (160 ml), 
keeping the reaction temperature below 20". The mixture was stirred until it became homogeneous 
(10-15 min), neutralized to pH 7 with acetic acid, and diluted to 1 1 with water. The solution was 
filtered, if necessary, from traces of starting material, and the filtrate evaporated to 500 ml and 
clarified with charcoal. On standing, d-bzA separated, m.p. 112-114" ([18]: m.p. 113-1 15"). Yield from 
two crops was 10.3 g (78%). 

N-4-Benzoyl-2'-deoxycytidine (d-bzC). Crude tribenzoyl-2'-deoxycytidine was prepared as described 
above for adenosine. The crude product (from 10 g, 37,9 mmol) of 2'-deoxycytidine hydrochloride was dis- 
solved in a mixture of THF (500 ml), CH30H (400 ml) and water (100 ml), and cooled to below 3". 
A prechilled solution of NaOH (8 g) in water (100 ml) was added as fast as possible while keeping the 
reaction temperature below 5". The mixture was stirred an additional 10 min at 0-3", and brought to 
pH 7 with acetic acid. Water was added to a volume of 2 1, the mixture was evaporated to half volume, 
clarified with charcoal while warm and filtered. On cooling, d-bzC crystallized, m.p. 175-177" ([18]: 
m.p. 174-175"). Yield from two crops was 10.03 g (8G%). 

N-2-Zsobutyryl-2-deoxyguanosine (d-ibuG). 2'-Deoxyguanosine (Grade 11, 95% assay) (10 g, 37.4 
mmol) was suspended in dry pyridine (50 ml) and evaporated to dryness. The residue was stirred with 
dry pyridine (100 ml) for 15 min to give a fine suspension. This was cooled to below 10" and kept at 

83 
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this temperature while isobutyryl chloride (20 ml, 191 mmol; 1.7 mol excess) was added dropwise. 
After stirring 3 h at 20", the mixture was cooled to 10" and dry CH30H (2 ml) was added. After a 
further 2 h at 20", the mixture was diluted with CHC13 (1 1) and washed with ice-cold 1% aq. NaHC03 
and water. Evaporation of the solvent gave the crude triisobutyrylated compound as a gum. This was 
dissolved in ClH50H (100 ml), cooled to 3", and kept at this temperature while a prechilled solution 
of NaOH (6.4 g) in water (80 ml) was added. The mixture was kept at 0-3" until hydrolysis was 
complete (30-40 min), as monitored by the TLC. The solution was adjusted to pH 7 with ice-cold 
3~ H2S04 and the resulting suspension evaporated to dryness at low temperature and azeotroped once 
with C~HSOH. The residue was extracted with warm C2H50H (2x 150 ml) and filtered from Na2SO4. 
The filtrate was evaporated, dissolved in water at 50" (200 ml), and clarified with charcoal. On standing, 
d-ibuG separated. Yield from two crops was 9.35 g (78% based on starting material of 95% purity). 

Synthesis of fully protected 2'-deoxyribonucleotides. - 5'-O-(DimethoxytrityI)thymidine Y-(o-ehloro- 
phenyl 8-cyanoethyl phosphate) (DMT-Tp-CE). Thymidine (10 g, 41.3 mmol) was suspended in dry 
pyridine (50 ml) and evaporated to dryness. Solid 4,4'-dimethoxytrityl chloride (14.4 g, 42.5 mmol) 
was added to the residue, followed by dry pyridine (40 ml). The mixture was held in an ice bath for 
5 min, then gently swirled until all solids were dissolved. The solution was kept for 16 h at On, dry 
CH30H (2 ml) was added and the solution kept a further 1 h at 20". Solvent was evaporated at low 
temperature, and the residue was dissolved in CHCI3 (200 ml) and washed with water (2x 100 ml). 
The solvent was evaporated and the residue dissolved in warm benzene (200 ml) and clarified with 
charcoal. Hexane was added to the boiling solution until turbidity (about 100 ml needed). On cooling 
5'-0-(dimethoxytrity1)thymidine separated, m.p. 115-118" ([6]: m.p. 116-118"), 21.2 g, 94%. 

A solution of (o-chloropheny1)phosphoroditriazolide was prepared using the method of Broka et al. 
[22] 1,2,4-Triazole (3.17 g, 46 mmol) was dissolved in dry pyridine (20 ml) and evaporated to dryness. 
The residue was suspended in dry dioxane (70 ml) and (0-chloropheny1)phosphodichloridate (3.43 g, 
14 mmol) was added. The mixture was stirred vigorously at 0-3" during the dropwise addition of dry 
triethylamine (4.18 ml, 30 mmol). The mixture was stirred for 1 h at 20", rapidly filtered and the 
collected triethylamine hydrochloride washed with 20 ml of dry dioxane. The combined filtrates were 
cooled to 0-3" with rigorous exclusion of moisture. 

5'-O-(Dimethoxytrityl)thymidine (5.44 g, 10 mmol) was co-evaporated twice with dry pyridine 
(20 ml) and dissolved in dry dioxane (70 ml). This solution was concentrated to half volume and 
added dropwise with rigorous exclusion of moisture to the above ice-cold well-stirred solution of 
(o-ch1orophenyl)phosphoroditriazolide. After stirring for 2 h at 20", 3-hydroxypropionitrile (1.73 ml, 
25 mmol) was added, followed by I-methylimidazole (2.33 ml, 30 mmol). After stirring for 3 h at 20", 
solvent was removed at low temperature and the residue was dissolved in CHCI3 (200 ml) and 
washed with 0 . 1 ~  NaH2P04 (3x75 ml) and water. Removal of solvent gave a gum which was 
chromatographed on silica gel (200 ml). CHCI3 and CHC13/CH30H 99: 1 eluted impurities, whereas 
CHC13/CH30H 97: 3 eluted the protected nucleotide together with some 3-hydroxypropionitrile. 
The appropriate combined fractions were dissolved in toluene (200 ml) and washed with water 
(3x 100 ml). Evaporation of the solvent (finally using the oil pump) gave the pure DMT-Tp-CE as a 
brittle foam (12.9 g, 89%). - 'H-NMR. (CDCI?): 1.35 (s ,  3 H, CH3); 3.8 (s ,  6 H, 2 OCH3); 5.35 (m, 1 H, 
H-C(1')); 6.5 (m, 1 H, H-C(1')). 

N-6-Ben~oyl-5'-O-(dimethoxytrityl)-2'-deoxyadenosine 3'-(0-chlorophenyl $-cyanoethyl phosphate) 
(d-DMT-bzAp-CE). N-6-Benzoyl-2'-deoxyadenosine ( 5  g, 14.08 mmol) was treated with4,4'-dimethoxytrityl 
chloride (5.18 g, 15.3 mmol) as described above. The crude non-crystalline product was phosphorylated 
as described above without further purification. The product from the reaction was azeotroped with 
toluene to remove traces of pyridine and chromatographed on silica gel (300 ml). CHC13 and CHC13/ 
CH30H 99: 1 eluted impurities. CHC13/CH30H 98: 2 eluted the protected nucleotide, which was 
dissolved in toluene (200 ml) and washed with water (3x 75 ml) to remove traces of 3-hydroxy- 
propionitrile. Removal of solvent (finally at oil pump pressure) gave the d-DMT-62.4~-CE as a pale 
yellow foam (9.3 g, 73% overall). - IH-NMR. (CDCI3): 3.8 (s, 6 H, 2 OCH3); 5.5 (m, I H, H-C(3')); 
6.55 (m, 1 H, H-C( 1')). 

N-4-Benzoyl-S-0-(dimethoxytrityl)-2'-deoxyeytidine 3'-(o-ehlorophenyl 8-eyanoethyl phosphate) (d- 
DMT-hzCp-CE). N-4-Benzoyl-2'-deoxycytidine (5 g, 15. I mmol) was treated as above for the adenosine 
derivative. Chromatography of the final product on silica gel gave the protected nucleotide in the 
CHCl3/CH,OH 98: 2 fraction. Removal of traces of 3-hydroxypropionitrile by toluene water 
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partitioning gave pure d-DMT-Cp-CE as a brittle foam (9.3 g, 70% overall). - 'H-NMR. (CDC13): 
3.8 (s, 6 H, 2 OCH3); 5.35 (m. 1 H, H-C(3')); 6.35 (m. 1 H, H-C(1')). 

N-2-Isobuiyryl-5'-O-(dimethoxyirityl)-2'-deoxyguanosine 3'-(o-chlorophenyl b-cyanoethyl phosphate) 
fd-DMT-ibuGp-CE). N-2-IsobutyryI-2'-deoxyguanosine (5  g,  14.84 mmol) was tritylated as above, and 
the crude product chromatographed on silica gel (300 ml). CHC13 and CHCL,/CH30H 98:2 eluted 
impurities. CHCI3/CH30H 95: 5 eluted the 5'-O-(dimethoxytrityl)-2'-deoxyguanosine (8.0 g, 84%). 
This pure material was then phosphorylated as described above, and the crude product chromatographed 
on silica gel (300 ml). CHCl3 and CHC13/CH30H 98:2 eluted impurities. CHC13/CH30H 95:s eluted 
d-DMT-ibuGp-CE (7.4 g, 69%) which was isolated as a brittle white foam (58% overall yield from the 
base-protected nucleoside). - 'H-NMR. (CDC13): 1.0 (m, 3 H, CH3); 1.1 (m, 3 H, CH3); 3.8 (3, 6 H, 
2 OCH3); 6.25 (m, 1 H, H-C(1')). 

3'-0-3enzoylthymidine. 5'-0-(Dimethoxytrity1)thymidine (15 g, 27.6 mmol) was dissolved in dry 
pyridine (60 ml) and benzoyl chloride (4.05 ml, 44 mmol) was added dropwise to the stirred solution 
at below 10". After 1 h at 20", the mixture was poured into ice-water (600 ml) and extracted with 
CHC13. The solvent was removed and the residue azeotroped with toluene to remove all traces of 
pyridine and dissolved in a ice-cold 2% solution of benzenesulfonic acid in CHC13/CH30H 7: 3 V / V  (1 1). 
After 10 min at OD, the solution was washed with 5% NaHC03-solution (2x 300 ml) and with water. 
Removal of the solvent and crystallization of the residue from C2H5OH gave pure product, m.p. 
215-217" ([4]: m.p. 215"). The yield was 8.5 g (89%) in three crops. 

Preparation of fully protected oligodeoxyribonucleotides. - The fully protected mono- or oligo- 
deoxyribonucleotide component destined to form the 3'-end of a longer molecule was detritylated as 
described above using approximately 100 ml of benzenesulfonic acid solution per mmol of oligo- 
nucleotide. In the case of d-DMT-TpTpTpT-OBz and all other molecules longer than a tetramer, 
the 5% NaHC03-solution and water-washed solutions were backwashed with half their volume of 
CHC13/dioxane 2:1, and the combined organic layers were dried using the smallest possible amount 
of drying agent. After evaporation of the solvent, the residue was dissolved in CHCl3 or CHC13/ 
dioxan 3.1 (approximately 2 ml per mmol) and precipitated by dropwise addition to a well-stirred 
mixture of etherlhexane 1:l (200 ml per mmol). The product was checked for purity by TLC. Yields 
in all cases were 85-95%; chromatographic characteristics are given in Table 2. 

The fully protected mono- or oligodeoxyribonucleotide component destined to provide the 
phosphate group was azeotroped twice with dry pyridine and treated with a 25-fold excess of dry 
triethylamine for 3 h at 20". The solvents were evaporated and the residue azeotroped with dry 
pyridine (finally at the oil pump). The solid 5'-hydroxy component was then added, permitting a 
1.3 rnol excess of the phosphate component (in the case of the final coupling reactions to form the 
decamer, a 1.4 mol excess of the phosphate component was used). The mixture was co-evaporated 
twice with dry pyridine (finally at the oil pump) and dissolved in dry pyridine (10 ml per mmol of 
phosphate component). Solid TPS-NT (usually 1.15 mol excess over the phosphate component; 
1.33 rnol excess for preparation of decamers) or TSP-NI (3 rnol excess over the phosphate component) 
was added, and the mixture kept at 20" for 3 h (TPS-NT) or 18 h (TPS-NI). For reactions on less 
than 1 mmol of material, an additional 10% of coupling reagent was added after 1 h. Prior to workup, 
reactions involving a phosphorylated G-residue in the coupling were treated with water ( 5  ml per 
mmol) to avoid the formation of branched trinucleotide by-products [ 3 ] .  The mixture was diluted 
with CHC13 (100 ml per mmol). In the case of the decamers, the same amount of a 2:l mixture of 
CHC13/dioxane was used. The organic layer was washed once with half its own volume of 5% 
NaHC03-solution and once with water, dried over the smallest amount of Na2S04 and the solvents 
evaporated at low temperature (finally at the oil pump). The residue was dissolved in CHC13 (2 ml 
per mmol) and added dropwise to well-stirred hexane (200 ml per mmol). The crude precipitated 
product was collected and purified by chromatography on silica gel; details and yields are given in 
Table 1. 

Deblocking of fully protected decadeoxyribonucleotides. - A sample of a fully protected deca- 
deoxyribonucleotide (175 mg, 0.035 mmol) was dissolved in dry dioxane (2 ml) and treated with a 
I M  solution of tetramethylguanidinium pyridine-2-aldoximate (25 ml). The clear solution which 
resulted turned cloudy within 1 min, and was kept at 20" for 4 h. Additional tetramethylguanidine 
(3 ml) was added, and the mixture kept for 16 h at 20". Dilution with 60% aq. C2H50H (500 ml) gave 
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a clear solution which was passed through a column of DEAE-Sephacel ( 2 . 7 ~  12 cm; bed volume 
70 ml). The column was washed with 60% aq. C ~ H S O H  (150 ml) and then eluted with 0 . 0 5 ~  TEAB 
in ~ W U  aq. C2H50H until fractions possessed no OD. at 240 nm (maximum for pyridine-2-aldoxime). 
Elution with 2~ TEAB in 60% aq. C2H50H (100 ml) recovered the DNA. After removal of the buffer 
under vacuum at 30", the crude sample was treated with a 1:2 mixture of pyridine conc. aq. NH40H- 
solution (50 ml) for 100 h at 20". Evaporation and co-evaporation with water to remove all of the base 
was followed by treatment with 80% acetic acid (10 ml) for 30 min at 20". Evaporation and co- 
evaporation with water gave a semicrystalline residue which was suspended in water (25 ml) and 
extracted three times with 10 ml of EtOAc to remove the benzoic acid and tritanol. The aqueous phase 
was evaporated to dryness, and the total optical density at 260 nm checked (usually this was between 
1600-1800 OD. units). 

The total crude sample was applied to a column of DEAE-Sephacel (2.7 x 28 cm, bed volume 
160 ml) packed in 0 . 0 2 ~  aq. TEAB, and eluted with a linear gradient of aq. TEAB from 0.02M to 
0 . 5 0 ~  (total eluate 1.5 liters). Fractions of 7-8 ml were collected, and the DNA was usually eluted 
between fractions 80- 160, at a buffer concentration of 0.25-0.40~. The decamer comprised the main 
bulk of the samples and was eluted in a narrow band at a buffer concentration of 0.35-0.38~. 
Appropriate fractions were pooled and evaporated and co-evaporated with C2H50H to remove the 
buffer. A representative elution profile for one of the four decamers is given in Fzgure 1. 

Samples of the decanucleotides in the triethylamine form (500-800 OD. units) were dissolved in 
water ( 1  ml) and passed through a cation exchange column (2.5 x 15 cm; Dowex 50W-X8, 25-50 mesh, 
Na-form). Elution with water (20-40 ml) gave the decanucleotide in Na-form (virtually complete 
recovery of the OD.). Alternatively, the decanucleotide in triethylammonium form (500-800 OD. units) 
was dissolved in 0 . 3 ~  NaCl (1 ml), diluted with 3 ml of cold C ~ H S O H  or acetone and kept at - 10" 
for 12 h. The resulting suspension was centrifuged and the pellet redissolved in 1 rnl 0.30.1 NaCl and 
reprecipitated. The resulting pellet was dried under high vacuum to give the pure Na-form (60-70% 
recovery of OD.). Both techniques removed all of the triethylammonium cations, as evidenced by loss 
of the associated C2H.j-proton resonances in the 'H-NMR. spectrum. 
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