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NUCLEOSIDES & NUCLEOTIDES, 6(1&2), 11-23 (1987) 

SYNTHESIS AND APPLICATION OF ISOSTERIC 
PURINE 2'-DEOXYRIBOFURANOSIDES 

Frank Seela * ,  Uwe Bindig, Hansjurgen Driller, Wilhelm 
Herdering, Klaus Kaiser, Andreas Kehne, Helmut Rosemeyer, and 
Herbert Steker. 

Laboratorium fur Organische und Bioorganische Chemie, 
Fachbereich BinlogielChemie, Universitat Osnabruck, 
D-4500 Osnabruck, West Germany 

ABSTRACT. - The diastereoselective synthesis of several 
pyrrolo [ 2 , 3-d] - and pyrazolo [ 3 , 4-dl pyrimidine 2 -deoxy- 
ribofuranosides employing l-chloro-2-deoxy-3,5-di-O-(p-tolu- 
oy1)-a-D-erythropentofuranose and the nucleobase anion, gene- 
rated by liquid-liquid or solid-liquid phase-transfer cata- 
lysis, is described. Appropriately protected phosphoramidites 
of 8-aza-7-deaza-2'-deoxyadenosine and 2'-deoxytubercidin 
were prepared and employed in solid-phase synthesis of palin- 
dromic DNA-fragments. The replacement of dA residues by deoxy- 
tubercidin within the Eco RI recognition site d(GAATTC) of the 
dodecamer d(GTAGAATTCTAC1 gave evidence for purine N-7 binding 
to the endodeoxyribonuclease. The interpretation of similar 
experiments carried out on d(CGCGAATTCGCG) was obscured be- 
cause of hairpin formation. 

Most of the naturally occurring DNA contains the 4 

nucleobases adenine, guanine, cytosine, and thymine which are 
attached to the sugar-phosphate backbone. However, in DNA of 
bacteriophages rare nucleobases have been found 111. 
Apart from these naturally occurring modified 2'-deoxyribo- 
nucleosides we became interested in synthetic DNA constituents 
which occupy similar space as the natural ones but have an 
altered pattern of nitrogens within the heterocyclic system. 
Our efforts were directed towards the synthesis of isosteric 
purine 2'-deoxyribofuranosides [21, their incorporation into 
short stretches of DNA, and the interaction of these oligomers 
with enzymes [ 3 ] .  

11 

Copyright 0 1987 by Marcel Dekker. Inc. 
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12 SEELA ET AL. 

Among the isosteric purine 2'-deoxyribofuranosides with 
the same N-l/N-3 pattern as regular purine nucleosides - a 
prerequisite for specific Watson-Crick base pairing in DNA- 
duplexes - our interest was focussed towards pyrrolo[2,3-d] 
pyrimidine-, pyrazolo [3,4-dIpyrimidine-, and imidazo [ 1 , 2-a] - 
s-triazine 2'-deoxyribofuranosides (Fig. 1). 

There are several problems which came across during the 
synthesis of isosteric purine 2f-deoxyribofuranosides. They 
arise from the glycosylation reaction which is neither regio- 
nor diastereospecific under conditions formerly employed. 
Similar to the formation of N-7 and N-9 purine nucleosides 
glycosylation of pyrazolo[3,4-d]pyrimidines give rise to a 

non-regioisomeric reaction [4]. From the structure of 
pyrrolo[2,3-d]pyrimidines one can expect a regiospecific 
glycosylation in the five-membered ring. However, the low 
nucleophilicity of the pyrrolo nitrogen directs glycosylation 
towards the pyrimidine moiety if the neutral nucleobase is 
employed. 

2'-DEOXYRIBOFURANOSIDES WITH ISOMERIC FIVE-MEMBERED RING SYSTEMS 

Purine 

OH OH 

Pyrazolol3.4-dl  pyrimidine Imidazoll , 2 -a l  -s- l r iazine 

2'-DEOXYRIBOFURANOSIDES LACKING ONE IMIDAZOLE NITROGEN 

OH 

Pyrrolo[2,3-dl  pyrimidine 

HO 3 
OH 

PyrroloC 3.2-dlpyrimidine 

Fiqure 1. 
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ISOSTERIC PURINE 2'-DEOXYRIBOFURANOSIDES 13 

N% H2N Hf+JJ 'N H N h  AN 
H:* Hoe Hoe OH OH 

4 
OH OH 

In the proceed of the synthesis of isosteric pyrrolo- 

H O G  

1 2 3 

[2,3-d]pyrimidine 2'-deoxyribofuranosides[5-8], of which 
examples are depicted in the formulas 1-4, it became apparent 
that the glycosylation reaction was regioselective if the 
nucleobase anion 5 was formed as an intermediate. This is a 
strong nucleophile which is formed from 2 by the action of 
strong bases either under liquid-liquid (i) or solid-liquid 
(ii) phase-transfer conditions (PTC) or in aprotic solvents 
(iii). The use of nucleobase anions or nucleobase ion pairs in 
nucleoside synthesis goes back to earlier observations of A. 
Holy [9] and T. Goto [la] who employed nucleobase sodium salts 
in ribonucleoside synthesis. Phase-transfer glycosylation of 
nucleobase anions has been developed in our laboratory [ll]. 

(i) 
(ii) 

(iii) 

H 0 
5 6 

PTC(liquid-liquid),CH2C12/50 % aq. NaOH/Bu4NHS04 
PTC (solid-liquid) , 
CH,CN/KOH/(CH~OCH~CH~OCH~CH~)~N 
CH3CN/NaH 

The generation of a nucleobase anion was also advan- 
tageous with respect to the stereochemical course of the 
glycosylation reaction. In contrast to 2-benzoylated or 
2-acylated D-ribofuranosyl chlorides of which the 2-substi- 
tuent can assist the glycosylation reaction by neighbouring 
group participation [121, 2-deoxyribofuranosyl halides cannot 
form such acyloxonium ions which direct the nucleobase in 
trans-configuration. On the other hand it is established that 
the crystalline halogenose 2 which is the source of the sugar 
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14 SEELA ET A L .  

moiety in these 2'-deoxyribonucleosides syntheses has 
a-D-configuration [13,14]. 

It has been reported earlier that the a-halogenose 1 
equilibrates in solution to the 8-anomer 2 [14,15,2]. This 
equilibration is catalysed by many reagents which have been 
formerly used during 2'-deoxyribonucleoside synthesis. More- 
over, in solvents of high polarity the halogenose equilibra- 
tion may occur via the ion-pair 2 already in the absence of 
catalysts. 

WC' 

, 
OTol 

9 

To10 1 
To10 JQ 

11 

dTol 

12 

ISE: in situ equilibration 

Due to the equilibration process mixtures of the anomers 
11,12 are formed if reaction conditions are chosen which give 
the sugar moiety time to equilibrate. This process can be 
avoided, if the nucleobase anion 10 is employed, which is a 
highly reactive species ensuring a rapid glycosylation before 
equilibration. The exclusive formation of a 8-D-deoxyribofu- 
ranoside is then the result of a S 2 displacement reaction N 
[ 6 , 1 4 1 -  
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ISOSTERIC PURINE 2'-DEOXYRIBOFURANOSIDES 15 

The glycosylation of 4-chloropyrrolo[2,3-d]pyrimidine 
(m) or 2-amino-4-chloropyrrolo [ 2,3-d] pyrimidine (G) - 
key-intermediates of the nucleosides 1 and 2 - with the halo- 
genose 2, which was carried out under different conditions, 
may demonstrate the utility of glycosylation condition 
employing the nucleobase anion. 

CI 

k 
H 

R N  

13a,b 

+ 
Tolowcl OTol 

7 TolowJ 
OTol 

14a,b 

a : R = H, b : R = NH2 

Reaction Conditions Yield ( % )  of Crystalline 
14b - - 14a 

(i) PTC: liq.-liq.l vibromixing, r.t. 63 
(CH C1 / 5 0 %  aq.NaOH,= or G 
/ B ~ ~ N H ~ o ~ ,  10: 1). 

(11) PTC: sol.-liq.,stirring, r.t. 81 
(CH CN/sol.KOH,E or =/ 
C H ~ ~ C H ~ C H ~ O C H ~ C H ~  1 3~ [ 16 I , 10 : 1) 
(iii) CH CN-NaH (stirring, heat). 66, 7 1  [ 1 7 ]  

3 

4 5  

65 

Employing liquid-liquid phase-transfer techniques the 
isosteric 2'-deoxyribofuranosides 15-18 have been prepared 
which contain either a pyrazolo[3,4-d]pyrimidine [18-201 or an 
imidazo[l,2-a]-s-triazine system. 

NH2 0 0 0 
NAN 

$QY T$QY "&Y JiNQ Hi:d H o d  ':".d 
OH OH OH OH 
15 16 17 10 
Reaction of the pyrazolo[3,4-dlpyrimidines or 

with the halogenose 1 yielded 20a or 20b in a diastereo- 
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16 SEELA ET AL. 

selective reaction. However, N-1/N-2 charge delocalization of 
the nucleobase anion gave the N-2 glycosylation products 21a 
and 21b additionally to the N-1 compounds. The ratio of the 
N - 1  vs. N-2 glycosylation products, based on the isolated 
materials, was 2:l. Sugar deprotection of 20a,b and 21a,b with 
NaOCH3/MeOH yielded the nucleosides 22a,b as well as the 
regioisomers 23a,b. Nucleophilic displacement of the methoxy 
group of 22a with KOH gave the deoxynucleoside 17, whereas 15 
was formed, when the reaction was carried out in conc. 
ammonia. The deoxyguanosine isostere 16 was obtained from 22b 
on a similar route described for 17. 

OCH3 

$Q 
H 

R 

19a, b 

+ 

Tolo+Cl OTol 

7 

R 
I 

NaOCH3 

OTol OH 

20a,b 22a,b 

TJ OTol 

No OCH3 

Pla,b 23a,b 

a : R = H , b : R = N H 2  

The synthesis of the isosteric imidazo[l,2-al-s-triazine 
2’-deoxynucleoside 18 (5-aza-7-deaza-2’-deoxyguanosine) 
was encountered with difficulties due to the low solubility of 
the nucleobase 24 [21] in organic media. As a consequence, 
solid-liquid phase-transfer glycosylation as well as 
glycosylation in the presence of sodium hydride failed. 
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ISOSTERIC PURINE 2'-DEOXYRIBOFURANOSIDES 17 

7 24 

0 

To10 JQ 
25 

42 O/O 

OTol 

26 

Employing CH2C12/10 % aq. K2C03 in the presence of 
Bu4NHS04 as catalyst gave the protected nucleoside 26 and 
its a-anomer - 25 in a 2:l-ratio (63% total yield). The fo r -  
mation of the a-anomer could not be circumvented due to the 
unfavourable partition of 24 between the organic and the 
aqueous phase. This resulted in a prolongated reaction time 
which gave the halogenose 2 time to equilibrate. Deprotection 
of 26 with MeOH/NH3 yielded 18 which was isolated crystal- 
line. Its structure was confirmed by homo- and heteronuclear 
J-coupled 'H- and I3C-NMR spectra. 

Isosteric pyrrolo[2,3-dlpyrimidine or pyrazolo[3,4-d] 
pyrimidine 2'-deoxyribofuranosides are ideal probes to study 
protein/DNA recognition [3, 221. This is due to their altered 
nitrogen pattern, in particular to the lack of N-7 which is a 
potential hydrogen bond acceptor within the major groove of 
DNA. Since modern strategies of oligonucleotide synthesis, in 
particular the use of polymeric matrices and the application 
of  phosphittriester methodology [23], the rapid prepa- 
ration of isosterically modified DNA-fragmentscould be 
tackled. We have prepared the phosphoramidites 28 and 2, 
which are isosteric to the parent purine compound 27. 
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SEELA ET A L .  18 

NHBz YHBZ 

DMTowJ 
? A  

Y H3CO- P- N ? A  
Y H3CO-P-N 

27 28 29 

The phosphoramidite 28, derived from 8-aza-7-deaza-2'- 
deoxyadenosine, (15) as well as 2 [24] being a derivative of 
2'-deoxytubercidin ( 1 1 ,  were then employed in oligonucleo- 
tide synthesis of palindromic DNA fragments, which are recog- 
nized by endodeoxyribonucleases. The following oligomers have 
been prepared [25]: 

33 
34 
35 
36 

- 30 d ( GGAATTCC) d (CTGGATCCAC - 

d ( CTGGc z 'ATCCAC - 31 d ( GGc7AATTCC 1 - 
d (CTGGATCCC7Z8AC) - 32 d ( GGAc 7ATTCC 1 - 

d (GGc7Ac7ATTCC) - 

41 
42 
43 
44 
45 
46 

d (CGCGAATTCGCG) - 37 d (GTAGAATTCTAC) - 
d (CGCGc7AATTCGCG) - 38 d ( GTAGc 7AATTCTAC) - 
d (CGCGAc7ATTCGCG) - 39 d ( GTAGAc7ATTCTAC) - 

d ( GTc 7AGAATTCTAC - 

7 7  
- 7 7  40 d(GTAGc Ac ATTCTAC) d (CGCGc Ac ATTCGCG) - 

- d ( GTAGAATTCTc 7AC) 

Whereas the compounds 31 and 32 represent oligomers with an 
isosterically altered recognition sequence of the endodeoxy- 
ribonuclease Bam H1, the octamers 34-36, and the dodecamers 
-- 38-40, as well as 42-46 contain the altered recognition site 
of the endodeoxyribonuclease Eco RI. 

Next, the oligomers containing 2'-deoxytubercidin 
7 (dc A) were characterized by their Tm-values measured 

UV-spectrophotometrically. At low salt and low oligomer 
concentration different melting profiles at 260nm and 280nm 
were observed for the "Dickerson" oligomer 37 as well as for 
compounds 38-40. Moreover, anomalous chromatographic proper- 
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ISOSTERIC PURINE 2'-DEOXYRIBOFURANOSIDES 19 

ties, giving rise to 2 peaks of identical nucleoside content 
in the HPLC profiles were detected. The intensity of these 
peaks was strongly dependent on the concentration of the oli- 
gomer 37 employed in HPLC chromatography. Finally, the Tm- 
values measured at 260nm were strongly dependent on the oli- 
gomer concentration whereas those measured at 280nm were al- 
most independent. From that it can be concluded that the 
dodecamers form hairpins (48) beside duplexes (47) in 
particular at low salt and low oligomer concentration [26]. 
These results were in agreement with the extraordinary slow 
cleavage rate of the oligomers 3 7 - 4 0  by the endodeoxyribo- 
nuclease Eco RI. 

In contrast to the sequences with d(GC)-alternating 
flanking regions 3 7 - 4 0  the dodecamers with "random" sites 
flanking the Eco RI recognition site showed a regular 
behaviour in their physicochemical properties indicating that 
only duplexes are formed under that conditions. 

A -T, 

3' d ( G - C - G - C - T - T - A - A - G - C - G - C )  5' G 0.0 C 
I I  

d (C 0.0 GI 
5' 3' 

The aim of the enzymatic studies was the detection of N-7 
as binding sites of the two dA residues within the recognition 
sequence d(GAATTC) towards the endodeoxyribonuclease Eco RI. 
For this purpose the dodecamers 4 1 - 4 6  were investigated with 
respect to enzymatic cleavage. A t  a temperature of 3OoC the 
cleavage of the parent oligomer d(GTAGAATTCTAC1 was complete 
within 55 min (Fig. 2 ) .  
As one can see from figure 2 the incorporation of dc A with- 
in the recognition site reduces the cleavage rate strongly, 
whereas the replacement of dA by dc A in the flanking region 

7 

7 
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20 SEELA ET AL. 

100 1- 

A? . /- w 

44 

. .- ss 
1 1 1 1 1 1 1 1 1 I I  

0 50 100 t [minl 

Figure 2. Cleavage of the oligomers 41-46 with the endodeoxy- 
ribonuclease Eco RI in 10 mM TRIS-HC1 buffer, pH 7.5, con- 
taining 80 mM NaC1, 20 mM MgCl , 10 UM dimeric oligomer, and 
0.7 UM dimeric enzyme. Incubatzon temperature was 3 O o C .  The 
reaction was monitored by RP-18 HPLC. The percentage of 
cleavage was calculated on the basis of the uncleaved 
oligomer. 

even enhances the cleavage velocity. From these experiments it 
was concluded that both purine-7 nitrogens of the d A  residues 
within the recognition site are important proton acceptors for 
the endodeoxyribonuclease ECO RI. These data support recent 
findings of Rosenberg et al. [27] derived from the solid 
state. However, a structural alteration of the duplex by 
dc A cannot be completely ruled out. 7 

Recently we have extended our work from the incorporation 
of isosteric purine 2'-deoxyribofuranosides into oligonu- 
cleotides to naturally occurring rare DNA constituents or 
2'-deoxynucleosides which are incorporated in vitro into 
high-molecular-weight DNA. 

From the rare DNA constituent of the phage Mu [28] as well a5 
from the antivirally active nucleoside (E)-5-(2-bromovinyl)- 
2'-deoxyuridine (BVDU) [29] the appropriately protected 
phosphoramidites 49 and 50 have been prepared. 
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ISOSTERIC PURINE 2'-DEOXYRIBOFURANOSIDES 21 

DMToe ? x  
'c 

CH30-P-N 

49 

OMTOW ? A  
CHJO-P-N 

'c 

50 

* * * * * *  
d (A-T-A-T-A-T-A-T-A-T-A-T) d (6-A-fi-A-6-A-b-A-6-A-b-A) 

52 - 5 1  - 

Employing common phosphite methodology compounds 9 and 50 
were used during solid-phase synthesis of the oligonucleotides 
- 51 and 52, in which dA residues are replaced by (N6-carboxy- 
aminomethyl) -2 -deoxyadenosine (di) or dT residues by BVDU 
(d6). The effect of these 2'-deoxynucleoside analogues on 
secondary and tertiary structure of short DNA fragments is 
under investigation. 
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