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Nh-(Carhamoylmethyl)-2’-dcoxy;ldenosiiic ( I ) ,  a iiiodilied nuclcoside occurring in bacteriophage Mu, was 
synthesiLed by two diflercnt routes. Glycinaniide was introduced by nucleophilic displacement ol~(2,4,6-triisopro- 
pyli’henyl)aulroiiyloxy or ethylsulfinyl gi-oups at C(6) of the purine moiety. Compound 1 was converted into the 
protected phocphoramiditc 6b and employed in solid-phase synthesis of tiic self-complemeiitary oligonucleotides 
7 14. Replacement oI‘2’-dcoxyadenosinc by 1 led to a strong decrease of thc T, values ofthe oligoiners d(A-T), (7) 
and d(A-T-G-A-A-G-C-T-’I-C-A-T) (lo), rcspcctively. As the oligomcr 10 contains the recognition site d(A-A-G- 
C-I-T) or the endodeoxyribonucleasc I ~ i n d l l l ,  it was subjected to sequence-specific hydrolysis e?cpcrnnents. 
Keplacement ofthe first or second A,, by 1 prevented enzymatic phosphodiester hydi-olysis (results with 11 and 12). 
In contrast, slow hydrolysis was observed if the less bulky Nh-methyl-2‘-deoxyadeiiosine replaced the second A ,  
I-esiduc (rcsults with 14). 

Introduction. - DNA of Escherichiu cnli bacteriophage Mu is stable to several endo- 
deoxyribonucleases [ I ]  [2].  This phenomenon requires at least two genes, namely the 
mom+ gene of the phage Mu and the host E. coli dam+ gene. From the mom+ gene a 
protein is encoded which modifies up to 15% of phage DNA adenine residues [ 3 ] .  This 
modification occurs exclusively within the sequence d(C/G-A-G/C-N-Y) and is positively 
controlled by the dam+ methyltransferase [4]. The modified adenosine base (designated as 
xA) observed during mild acid hydrolysis was believed to contain a free carboxyl group. 
Later mass spectrometric analysis identified the structure as N6-(carbamoylmethy1)-2’- 
deoxyadenosine (1; xhAJ [3]. 

In earlier experiments, we have employed short synthetic DNA fragments of 8 to 12 
base pairs length to study the influence of rare or modified nucleosides on duplex stability 
and recognition by endodeoxyribonucleases, in particular that of EcoRI [5] [6]. Now, we 
rocused our interest on the rare 2’-deoxyribonucleoside 1 ,  its incorporation into oligonu- 
cleotides, and the restriction of phosphodiester hydrolysis by the endodeoxyribonuclease 
HindIII. For this purpose, two new routes for the synthesis of 1 are described. One of 
these routes allowed large-scale preparation which was necessary to obtain the appro- 
priately protected phosphoramidite 6b. This compound was used in oligonucleotide 
synthesis to yield self-complementary dodecanucleotides. They were subject to physical 
studies with respect to duplex stability and to hydrolysis by the endodeoxyribonuclease 
HindIII. 
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Ib = Isobutyryl, Tps = (2.4.6-triisopropylphenyl)sulfonyl. (MeO),Tr = dirnethoxytrityl 

Synthesis of N6-(Carbamoylmethyl)-2’-deoxyadenosine (1). - A known route of syn- 
thesis for the modified nucleoside 1 uses 6-chloro-9-(P-~-2’-deoxyribofuranosyl)-9H-p~- 
rine [3] as reactive intermediate, which can be obtained from 2’-deoxyinosine (2a) by the 
action of thionyl chloride in DMF [7] or by the action of trrt-butyl nitrite in CCl, [ti]. As 
the synthesis of the 6-chloro compound did not lead to reproducible yields, we looked for 
a different procedure using other reactive substituents at C(6) of purine, which should 
allow to introduce glycinamide by a nucleophilic displacement reaction. 

Starting material for the synthesis of 1 was 2’-deoxyinosine (2a) which was obtained 
from 2’-deoxyadenosine in 87 YO yield by deamination with adenosine deaminase. After 
protection of the 3’- and SOH groups with isobutyryl or acetyl residues, compounds 2b 
and 2c were obtained in yields of 92 and 85 %, respectively. The glycinamide residue was 
now introduced on two different routes. 

At first, 3‘,5‘-isobutyrylated 2’-deoxyinosine 2b was treated with 2,4,6-triisopropyl- 
phenylsulfonyl chloride (TpsC1) in the presence of base. The reaction was followed by 
TLC and was complete within 5 min. The products were separated by flash chromatog- 
raphy to give 3a and 4 in a ratio of nearly 1 : l .  This was in contrast to the reaction with 
2‘-deoxyguanosine where only one reaction product was formed [9]. 

‘H- and 13C-NMR spectra of the products obtained from the slow and the fast migrating zone showed the 
typical signals of the 2’-deoxyribofuranosyl and the adcnine moieties as well as those of the (2,4.6-triisopropyl- 
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Table 1. "C-NMR Chemical Shirts of Precursor Molecules of N6-(Carbamoylmethyl)-d'-deoxyadenosine (1) and 
Precursor Derivatives 

2a") 
2bb) 
2c") 
3ab) 
4b) 
5ac) 
5bb) 
5Cb) 

145.8 
145.4 
145.9 
151.5 
142.9 
155.2 
147.9 
151.23 

C(4) 
147.8 
148.6 
148.0 
153.7 
146.4 
146.7 
152.0 
152.56 
152.56 

C(5) 

124.4 
125.3 
124.6 
123.7 
125.2 
125.7 
131.9 
131.26 
131.36 

C(6) 

156.6 
158.9 
156.5 
154.3 
155.3 
150.5 
161.9 
162.07 
162.11 

C(8) C(1') C(2') C(3') C(4') C(5') CH(ary1) CH3(aryl) 

138.5 83.5 39.5 70.6 87.9 61.6 
138.0 82.9 38.1 74.1 84.8 63.5 
138.6 81.7 35.7 74.2 83.6 63.5 
142.6 83.1 37.8 74.0 85.1 63.4 34.2 23.2-24.5 
138.4 83.1 38.0 74.0 84.9 63.4 29.4 23.3-24.3 
155.2 82.8 36.3 74.6 85.6 64.1 
140.6 82.7 37.5 74.5 84.7 63.7 
144.26 82.85 37.37 74.13 85.00 63.54 
144.46 82.89 37.60 74.21 85.15 63.59 

c=o CH3CO CH,S CH (aliph.) CH3 (aliph.) CH (pyridinio) 

2bb) 176.2, 176.4 33.8, 33.9 18.7-18.9 
2ca) 170.0, 170.1 20.5,20.8 
3ab) 176.1, 176.3 33.8,33.8 18.7-18.8 
4b) 176.1, 176.3 33.8, 33.8 18.7-18.8 
5ac) 173.7, 173.8 20.5,20.7 
5bb) 170.3, 170.4 20.8, 20.9 23.3 14.8 
5Cb) 170.28d) 20.78 47.11 6.30 

1 70.32d) 20.92 47.13 6.33 

") In (D,)DMSO. b, In CDC13. ") In D,O. d, Assignment to diastereoisomers tentatively. 

128.6, 143.5, 148.1 

phenyl) group [Table I ) .  It has been reported that in heterocycles [lo], I3C-NMR signals of C-atoms located in 
a-position to a NH function are shifted downfield ifthe NH proton tautomerizes to other positions except to C(a). 
Whereas the slowly migrating compound, as compared to the starting material 2b, exhibited only minor shifts of 
the %NMR signals of the base moiety, the faster migrating compound showed a strong downfield shift of the 
C(2) signal ( + 5.9 ppm, Table I). According to this, the faster migrating material was assigned structure 3a and the 
slower one structure 4. 

Treatment of 3a with a 10-fold excess of glycinamide yielded 3b exclusively. The 
regioisomer 4 did not react with the amino-acid amide. 'H- and I3C-NMR spectra (Table 
2), and elemental analysis identified the reaction product as compound 3b having a 
glycinamide group at C(6). After removal of the isobutyryl residues with conc. NH,, 
compound 1 was obtained as colorless crystals exhibiting identical 'H-NMR data as 
reported earlier [3]. Due to the nonregioselective sulfonylation, the total yield of this 
route based on 2a as starting material was only 28%. As a result,we looked for a more 
efficient synthesis. 

The 2-chlorophenyl phosphodichloridate has been widely employed as coupling re- 
agent in the phosphotriester synthesis of oligonucleotides [ 1 11. However, several side 
products have been observed in the case of nucleosides with lactam moieties [ 121. Adu- 
miak e t  ul. have isolated pyridinium derivatives as intermediates [ 131. These pyridinium 
salts were stable in the case of the pyrimidine and purine ribofuranosides as well as of the 
pyrimidine 2'-deoxyribofuranosides [ 131. 

We now have shown that also a purine 2'-deoxyribofuranoside such as compound 
2c can be isolated as its pyridinium derivative 5a according to the procedure of Adamiuk 
et al. [ 131. The product was purified by flash chromatography and its structure confirmed 
by 'H- and I3C-NMR spectroscopy (Table 1). As reported for the pyridinium salt 
resulting from inosine, the deoxynucleoside 5a also showed strong fluorescence. 

72 
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Compound 5a was stable for several days at 4". Attempts to exchange the pyridinium 
residue against glycinamide failed; due to the Zincke reaction [14] which was initiated by 
glycinamide 2'-deoxyadenosine was formed. To overcome this difficulty, a 6-ethylthio 
group was introduced as a temporary substituent yielding compound 5b after a nucleo- 
philic displacement reaction. Unfortunately, the two-step procedure 2c-t5a-t5b with the 
isolation of 5a resulted in a moderate overall yield. Therefore, 2c was converted into 5b 
without isolation of 5a; this increased the total yield of 5b to 83 YO. 

Oxidation of 5b with m-chloroperbenzoic acid in EtOH led to a uniform product 
which was purified by flash chromatography to give 5c in 78 % yield. Elemental analysis 
proved the conversion of 5b into a sulfoxide, further oxidation to the sulfone as reported 
for methylthio derivatives [ 151 was not observed. In keeping with the monooxidation of 
5b, the sulfoxide 5c was a diastereoisomeric mixture. As deduced from the 'H- and 
I3C-NMR spectra (Table 1) which exhibited 2 signals for nearly each C- or H-atom in a 
1 :1 ratio, the oxidation was not stereoselective under these conditions. 

The exchange of the ethylsulfinyl group of 5c against glycinamide occurred in dry 
DMF at 80" within 1 h. Flash chromatography gave 5d which crystallized from EtOH/ 
Et,O. 'H- and 13C-NMR spectroscopy confirmed its structure. The OH-protecting groups 

Table 2. "C-NMR Chemical Shrfts of N6-(Curhamoylmethyl)-2'-deox~adenosine (1) 
and 2'-Deoxyadenosine Derivatives in CDU3 

C(2) C(4) C(5) C(6) C(8) C(1') C(2') C(3') C(4') C(5') CH2N CONH, 

la) 152.0 148.6 119.7 154.5 139.4 83.9 39.6 70.8 87.9 61.8 43.2 171.0 
dAa) 152.2 149.3 119.6 156.3 140.2 85.8 40.2 70.8 87.8 61.7 
3b 153.0 149.3 120.5 154.5 138.5 82.8 37.6 74.2 84.6 63.6 44.5 172.1 
5d 153.1 149.2 120.5 154.4 138.7 82.5 37.4 74.6 84.6 63.8 44.5 172.2 
6a 152.9 149.3 120.4 154.4 139.0 84.4 40.3 72.4 86.2 63.9 44.5 172.3 

6b 152.9 149.4 120.5 154.5 139.0 84.7 85.9 44.6 172.3 
39.7 73.9 86.1 63.7 

39.7 73.4 84.8 63.5 

5d 170.4, 170.6 20.8, 21.0 
6a 55.2 126.9-1 30.1 
6b 55.2 126.8-135.0 50.3. 50.6 

~ 

") In (D,)DMSO. 

8 0  7 0  6 0  p m  

Fig. 1 .  T~,~i/Jerurrtrr-d~,~i~en/ ' H - N M R  spectra of1 in (D, )DMSO.  The downfield part of the spectrum is shown, 
with the signals of H-C(8), H-C(2), H-C(l'), and the amide protons. 



HELVETICA CHIMICA ACTA - Vol. 70 (1987) 1653 

were split off by the action of conc. aq. ammonia yielding nucleoside 1 as colorless 
crystals in 82 YO. The overall yield of the conversion of 2c into 1 was 40 %. 

The I3C-NMR spectrum of 1 showed no significant shifts for the heterocyclic moiety in relation to 2'-deoxy- 
adenosine and its N'-methyl derivative, but two additional signals for the CH2N group (43.2 ppm) and the 
carboxamide function (171.0 ppm) (Table 2). In the 'H-NMR spectrum, however, the amide protons showed 2 
well separated signals at 25'. These signals were broadened at higher temperature and showed complete coalescense 
at65" (Fig .1) .  

Synthesis of the Self-Complementary Oligonucleotides 7-14 Employing the Phos- 
phoramidite 6b. - To study the influence of compound 1 on duplex structure and 
recognition of the endodeoxyribonuclease Hind111 [ 161, the self-complementary oli- 
gomers 7-12 were synthesized. For this purpose, the 5'-OH group of 1 was protected with 
4,4'-dimethoxytrityl chloride to give 6a in 83% yield. As shown by Ikehara and co- 
workers [ 171 for 2'-deoxy-N6-methyladenosine, the protection of the secondary 6-amino 
function was not necessary for oligonucleotide synthesis by the phosphotriester approach 
on solid support [15]. We also omitted the protection of the secondary methylamino 
group of 6a. However, treatment of 6a with chloro(diisopropy1amino)methoxyphosphine 
[ 181 yielded several side products. As a consequence, phosphinylation of 6a was carried 
out with the less reactive bis(diisopropy1amino)methoxyphosphine and an equimolar 
amount of triethylammonium tetrazolide [ 191; thus, the phosphoramidite 6b was isolated 
in 71 % after purification. 
I d(A-T), 
8 d(A-T-A-T-A-T-x6A-T-A-T-A-T) 
9 d(x6A-T), 
10 d(A-T-G-A-A-G-C-T-T-C-A-T) 

11 d(A-T-G-x6A-A-G-C-T-T-C-A-T) 
12 d(A-T-G-A-x6A-G-C-T-T-C-A-T) 
13 d(A-T-G-m6A-A-G-C-T-T-C-A-T) 
14 d(A-T-G-A-m6A-G-C-T-T-C-A-T) 

x6Ad = N6-(Carbamoylmethyl)-2'-deoxyadenosine (1) 
m6Ad = 2'-Deoxy-N6-methyladenosine 

The synthesis of the oligonucleotides 7-14 was carried out on an automated DNA 
synthesizer using the regular methyl phosphoramidites [ 181, the modified phosphor- 
amidite 6b, or the methylphosphoramidite of 2'-deoxy-N6-methyladenosine [ 171. The 
fully protected oligomers were detritylated on solid support, treated with thiophenol, and 
split off from CPG by the action of conc. NH,. After hydrolysis of the base-protecting 
groups in the same medium at 60" for 16 h, the product was purified on reverse-phase 
HPLC and desalted yielding single-peak products. Analysis of the oligonucleotides was 
accomplished on the nucleoside composition after hydrolysis with snake-venom phos- 
phodiesterase and alkaline phosphatase. The separation of the cleavage products was 
performed on reverse-phase HPLC and compared with the authentic 2'-deoxy- 
ribofuranosides. 

The separation of 2'-deoxyadenosine and its N6-derivative 1 was difficult, since this 
modification resulted in nearly identical HPLC retention times on reverse-phase silica. 
This problem was solved by using the solvent system I1 which contained Iess MeCN 
(Fig. 2) . 

The analysis of the unmodified oligomers 7 and 10 and of the N6-methyladenine-mod- 
ified compounds 13 and 14 agreed well with the calculated contents of nucleosides. 
However, the analysis of oligomers 8, 9, 11, and 12 showed a reduced content of 1 in 
relation to the calculated values. A significant amount of a side product with a lowered 
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Fig. 2. HPLC profile of phosphodiester-hydrolysis products o j   he oligomer 8 after treatment with snake-venom 
phosphodiesterase and alkaline phosphatase. Conditions, see Exper. Part; x6Ad = N6-(carbamoylmethyl)-2'-deoxy- 

adenosine (1). 

Retention time [rnin] 

retention time (43 min) was formed. The side reaction might be due to the formation of an 
imidazolidone ring system, generated by ring closure between the amide group and a 
carbonyl function of an N6-acylated compound, the latter being formed by the reaction 
with Ac,O during the capping procedure. To overcome this side reaction, we omitted the 
capping procedure during synthesis of the oligonucleotides containing compound 1 and 
increased the coupling time for the phoshoramidites. As a result, no side reaction took 
place and HPLC analysis of the hydrolysed oligonucleotides gave the calculated nucleo- 
side content. 

Physical Properties of the Oligonucleotides 7-14 and Influence of 1 on Endodeoxy- 
ribonuclease Hind111 Cleavage. - Studies of Huttman et ul. [4] showed that high 
molecular weight DNA with a 15 YO modification of 2'-deoxyadenosine by compound 1 
exhibited a decrease in the melting temperature T,,, of cu. 5" compared to unmodified 
DNA. In order to study this phenomenon on short oligonucleotides, we compared the 
melting profiles of d(A-T), (7) with that of 8 containing one modified nucleoside 1 instead 
of 2'-deoxyadenosine (1 7 % A, modification). Under the conditions described in Table 3, 
a T,,, value below 15" was observed for 8 compared to 26" for d(A-T), (7) [20]. Replace- 
ment of all adenine bases ( 4 9 )  resulted in single-stranded oligomers which did not form 
duplexes at all under those experimental conditions. 

Similar experiments by Ono and Uedu [21] showed that replacement of one adenine 
base by a N6-methyladenine residue within a decamer also affected the T, value very 
strongly, even on modification of only one of the strands (d(C-C-A-G-A-T-C-T-C- 



HELVETICA CHIMICA ACTA - Vol. 70 (1987) 

Table 3. T, Values of the Oligonucleotides 7-14 

1655 

Compd. Oligomera) TI ["I 
7b) d(A-T)6 26 
Sb) d(A-T-A-T-A-T-A-x6A-T-A-T-A-T) < 15 
sb) d(x6A-T), - 

11C) d(A-T-G-x6A-A-G-C-T-T-C-A-T) 32 
127 d(A-T-G-A-x6A-G-C-T-T-C-A-T) 32 
13') d(A-T-G-m6A-A-G-C-T-T-C-A-T) 41 
14') d(A-T-G-A-m6A-G-C-T-T-C-A-T) 41 

l 0 C )  d(A-T-G-A-A-G-C-T-T-C-A-T) 47 

") 
b, 
') 

x6Ad = N6-(Carbamoylmethyl)-2'-deoxyadenosine (1); m6Ad = 2'-deoxy-N6-methyladenosine. 
In 10 mM Tris-HCI, pH 7.5,20 mM MgCI,, 80 mM NaCI. 
In 50 mM Tris-HCI, pH 8.0, containing 10 mM MgCI, and 50 mM NaCI. The oligomer concentration was cu. 3 
UM on single strands. 

C) . d(G-G-A-G-A-T-C-T-G-G), T, 40"; d(C-C-A-G-m6-T-C-T-C-C). d(G-G-A-G-A-T- 
C-T-G-G), T, 27"). This strong decrease of the T, value may be explained by ( i )  an 
altered helix structure induced by the methylated adenine moiety [22]; ( i i )  a shift of the 
single-strand-duplex equilibrium towards the single-stranded form, but without sig- 
nificant change of the duplex structure [23]. 

Melting experiments with the oligonucleotides 10, 13, and 14 under cleavage condi- 
tions showed that the incorporation of 2'-deoxy-N6-methyladenosine decreased the T, 
from 41" for 10 to 41" for 13 and 14 (Table 3). The T, values for the corresponding 
oligomers 11 and 12 (containing 1) were found to be 32". The larger decrease of the T, 
values of 11 and 12 (15")compared with that of 13 and 14 (6") may be due to the bulkiness 
of the amino-acid substituent. This can affect both the association kinetics of the single 
strands as well as the helix structure. 

As the Me group of N'-methyladenine is located in the major groove of double- 
stranded DNA, potential binding sites for endonucleases are blocked f24]. The same was 
expected for DNA fragments containing compound 1. Former studies of our laboratory 
on oligomers containing 8 to 12 nucleoside residues, which represented recognition 
sequences of endodeoxyribonucleases, showed that these oligomers were useful probes to 
study the interaction of an endodeoxyribonuclease with its cognate DNA fragment [5] [6]. 

We focused our interest on the oligomers 10-14 containing the HindIII recognition 
site d(A-A-G-C-T-T) [20]. For comparative cleavage experiments, the following dodeca- 
mers were studied: (i) the oligomer 10 containing the non-modified recognition site of 
HindIII, (i i)  the oligomers 11 and 12 with x6Ad (1) instead of the first or second A, residue 
within the recognition site, and (iii) the oligomers 13 and 14 having either the first or 
second Ad residue replaced by 2'-deoxy-N6-methyladenosine (m6A,) within d(A-A-G-C- 
T-T). As the cleavage of oligonucleotides by restriction endonucleases like HindIII 
requires duplex structures, the cleavage experiments were carried out at 25" in order to 
ensure duplex formation under cleavage conditions. At 25", the unmodified oligonucleo- 
tide 10 was cleaved within 16 h into fragments d(A-T-G-A) and d(pA-G-C-T-T-C-A-T) 
(Fig. 3). They were identified after hydrolysis with snake-venom phosphodiesterase and 
subsequently with alkaline phosphatase. Under the same conditions, both modified 
oligonucleotides 11 and 12 (containing 1) were not cleaved by HindIII within 72 h. Under 
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d(A-T-G-A A G C-T-T-C-A- 

0 5 10 15 
Retention time [min] 

big. 3. HI'LC'profik of pho~ylrodii,.srr,.-/~? i h I j ~ . > r . \  

products of the oligomer 10 after treatment with the 
endodeoxyribonuclease HindIII. For conditions, see 
Exper. Part. 

Time [ h l  
Fig. 4. Time course ofphosphodiester hydrolysis oJ the 
oligomers d (A-  T-G- A-  A-G-C- T-T-C-A- T )  (10); 
0 and d( A- T-G-A-m6A-G-C- T-T-C-A-T) (14) ; 
0 on treatment with the endodeoxyribonuclease 
HindIII. For conditions. see Exper. Purt. 

the same conditions, 13 was not hydrolyzed by HindIII, whereas 14 was cleaved slowly by 
the enzyme (Fig. 4). 

The fact that d(A-T-G-x6A-A-G-C-T-T-C-A-T) (1 1) was stable against HindIII cleav- 
age was not surprising, as methylation at the amino group of the first adenine base (-13) 
prevents cleavage by the endonuclease HindIII [16]. The resistance of 12 with the modi- 
fied nucleoside 1 replacing the second 2'-deoxyadenosine of the recognition site was 
rather unexpected, since methylation at this position (+14) only increased cleavage time. 
One explanation for this finding might be the bulkiness of the glycinamide moiety 
compared to that of the Me group. Due to this, the interaction of the endonuclease with 
12 is more hindered than with 14. Future studies have to explore the biosynthetic 
mechanism of the formation of compound I and other properties of this residue with 
respect to DNA structure and function. 

We thank H .  Driller for providing us with the methyl phosphoramidite of N6-methyl-2'-deoxyadenosine and 
Dr. H .  Rosemeyer for the measurement of the NMR spectra. Financial support from the Deutsche Forschungsge- 
meinschaft and the Stiftung Voikswagenwark is gratefully acknowledged. 
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Experimental Part 
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General. CH2C12 and MeCN were destilled from CaH, and stored over 3-A molecular sieves. Tetrazole and 
4-(dimethy1amino)pyridine were sublimated under reduced pressure. The phosphoramidites were prepared from 
the 5’-tritylated and appropriately base-protected nucleosides [(MeO)2Tr]bzAd, [(MeO,Tr]ibG,, [(MeO),Tr]bzC,, 
and [(MeO),Tr]Td (Biosynfech, Hamburg, FRG) according to the procedure of McBride and Caruthers [18]. The 
2’-deoxyinosine (Za) was prepared enzymatically by the action of adenosine deaminase (EC 3.5.4.4, Boehringer, 
Mannheim, FRG) from 2’-deoxyadenosine (Biomol, Ilvesheim, FRG). Endodeoxyribonuclease Hind111 (EC 
3.1.23.20) was purchased from Boehringer (Mannheim, FRG). Glycinamide was prepared from glycinamide 
hydrochloride by ion-exchange chromatography on Dowex ion-exchange resin (OH- form). Fractosil500 polyme- 
ric support was purchased from Biosyntech (Hamburg, FRG). Bis(diisopropylamino)methoxyphosphine and 
triethylammonium tetrazolide were prepared as described [I91 and stored at - 18“. Oligonucleotide synthesis was 
carried out on a automated DNA synthesizer, model 380B. of Applied Biosystems (Weitersstadt, FRG). Column 
flash chromatography: 0.5 bar, silica gel 60-H (Merck, FRG); solvent proportions in u / u ;  UV detector (254 nm). 
Reverse-phase HPLC: prepacked columns (Merck, FRG; LiChrosorb RP-18, 4 x 250, 7 pm), connected with a 
RP-I8 4 x 25 precolumn, Hitachi-Merck HPLC with one pump (model 655-12) connected with a proportioning 
waive, a variable wavelength monitor (model 65541, a controller (model L-SQQO), and an integrator (model 
0-2000); solvent systems consisting Of 0 . l M  Et,NHOAc of pH 7.0 (A), 0 . 1 ~  Et,NHOAc of pH 7.0 containing 5% 
MeCN (B), and MeCN (C) were used in the following order: system I: 1&25 % C in B for 10 min; system 11: 40% 
B in A for 20 min, 60% B in A for 10 min, 100% B for 15 min; flow rates for I and I1 1 ml/min. M.p.: Linstriim 
apparatus (Wagner & Mum,  Miinchen, FRG). Melting curves: Teflon-stoppered cuvettes with 10 mm light path 
length in a thermostatically controlled cell holder; Shimadzu-210-A recording spectrophotometer connected with 
an IBM-XT computer; the increase of absorbance at 260 nm was recorded while the temp. of the soln. was 
increased linearly with time at a rate of 20”/h using a Lauda-PM-351 programmer and a Lauda RCS-6 bath 
equipped with a R-22 unit (MWG Lauda, Lauda-Konigshofen, FRG); the actual temp. was measured in the probe 
cell with a Pt-100 resistor. UV: Uuicon-180 spectrophotometer (Kontron; Switzerland) and Hitachi-150-20 spectro- 
photometer (Hifachi, Japan). NMR: Bruker-AC-250 and Bruker- WM-250 spectrometers; 6 in ppm rel. to 85 % 
H3PO4 for ,’P and to Me4Si for ‘Hand I3C, positive 6 if downfield with respect to the standard. Elemental analyses: 
Mikroanalytisches Labor B e t h  (Gottingen, FRG). 

9-(2’-Deoxy-3’,S-di-O-isobutyryl-~-~-erythro-pentofuranosyl) -1H-purin-6(9H)-one (Zb). To a soln. of 2’-de- 
oxyinosine (Za; 2.0 g, 7.9 mmol) in anh. pyridine (50 ml), isobutyric anhydride (2.5 g, 25.5 mmol) was added. After 
stirring for 1 h at r.t., the soln. was poured into 10% aq. NaHCO, soln. (100 ml). The aq. layer was saturated with 
NaCl and extracted with CH2CI2 (5 x 100 ml). The org. layers were dried (Na2S04), evaporated, and coevaporated 
with toluene (2 x 20 ml). The residue was crystallized from EtOH/Et,O: Zb (2.85 g, 92%), colorless needles. M.p. 
175”.TLC (silica gel, CH2C12/MeOH 9:l): Rf0.6. UV (MeOH): 244 (12300), 249 (12200). ‘H-NMR (CDCl,): 1.17 
(m. 4 CH,); 2.33 (m, Hb-C(2’), 2 CH); 2.84 (m, Ha-C(2’)); 4.33 (m. H-C(4‘), 2 H-C(5‘)); 5,38 (m, H-C(3’)); 6.37 
(dd, J = 6.0, 7.9, H-C(1’)); 8.01 (s, H-C(8)); 8.18 (s, H-C(2)); 11.3 (s, NH). Anal. calc. for C,,H,,N,O,: C 55.10, 
H 6.16, N 14.28; found: C 55.14, H 6.25, N 14.40. 

9- (2’-Deoxy-3’,5’-di-O-isobutyryl-~-~-erythro-penfofuranosyl)-6- 0-[ (2,4,6-triisopropylphenyl)sulfonyloxy]- 
9 H-purine (3a) and 9-(z’-Deoxy-3’ ,S-di-O-isobutyryl-B-D-eryt hro-pentofuranosylj- I - f (2.4,6-triisopropylphe- 
nyl)sulfonyl]-l H-purine-6(9H)-one (4). Compound Zb (2.00 g, 5.10 mmol) in anh. CH,CI, (20 ml) was treated with 
2,4,6-triisopropylphenylsulfonyl chloride (3.10 g, 10.2 mmol) for 5 min in the presence of Et,N (3 ml) and 
4-(dimethy1amino)pyridine (62 mg, 0.51 mmol). The mixture was diluted with toluene (10 ml) and evaporated. The 
oily residue was dissolved in CH2C12 and separated by flash Chromatography (column 25 x 4 cm, CH,Cl,/acetone 
975:25). From the faster migrating zone, 3a was obtained as a colorless foam (1.55 g, 46%). TLC (silica gel, 
CH,Cl,/acetone 95:5): Rr0.6. UV (CH,Cl,): 240 (17000), 255 (sh, 12300), 285 (sh, 2100). ‘H-NMR (CDCl,): 1.18 
(m, 10 CH,); 2.58 (m, Hb-C(2’), 2 CH); 2.90 (m, Ha-C(2‘), (CH,), CH-C(arom.)); 4.32 (m. 2 (CH3)2 
CH-C(arom.), H-C(4‘), 2 H-C(5’)); 5.41 (m. J = 6.0, 7.9, H-C(1’)); 7.20 (s, 2 arom. H); 8.22 (s, H-C(8)); 8.56 
(s, H-C(2)). Anal. calc. for C3,H4,N40xS: C 60.17, H 7.04, N 8.50; found: C 60.54, H 7.20, N 8.47. 

After evaporation of the second zone, 4 was obtained as a colorless foam (1.45 g, 43%). TLC (silica gel, 
CH2C12/acetone 95:5): R, 0.4. UV (CH,CI,): 243 (22000), 285 (6700). ‘H-NMR (CDCI,): 1.19 (m, 10 CH,); 
2.51-2.90 (m, 2 H-C(2’), 2 CH, (CH,),CH-C(arom.) 4.08 (srpt., 2 (CH,),CH-C(arom.)); 4.33 (m, H-C(4‘). 2 
H-C(5’)); 5.10 (m, H-C(3’)); 6.34 (dd, J = 6.0, 7.9 H-C(1’)); 7.16 (s, 2 arom. H); 7.91 (s, H-C(8)); 8.84 (s, 
H-C(2)). Anal. calc. for C,,H4,N4OxS: C 60.17, H 7.04, N 8.50; found: C 60.10, H 7.07, N 8.50. 

N6-(Carbamoylmethyl)-2’-deoxy-3’,S-di-O-isobutyryladenosine (3b). Compound 3a (2.95 g, 4.48 mmol) and 
glycinamide (3.00 g, 41 mmol) in dry DMF were stirred at 80” for 2 h. The solvent was removed, and after 
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co-evaporation with toluene (2 X 20 ml), the residue was purified by flash chromatography (column 25 x 3 an, 
CH2CI2/MeOH 96:4). The main zone was collected and evaporated. Compound 3b crystallized from Et20 in 
colorlessneedles (1.69 g, 84%). M.p. 115".TLC (silica gel, CH2C12/MeOH 9:l): Rf0.4. UV (MeOH): 265 (16800). 
'H-NMR (CDCI,): 1.14 (dd, 2 CH,); 1.19 (d, 2 CH,); 2.57 (m, Hb-C(2'), 2 CH); 2.90 (m. Ha-C(2')); 4.35 (m, 
H-C(4'), 2 H-C(5'), CH,N); 5.39 (m, H-C(3')); 5.63 (br. s, NH); 6.31 (br. s, NH); 6.40 (dd, J = 5.9, 8.1, 
H-C(1')); 6.63 (t, J = 5.8, NHCH,); 7.99 (s, H-C(8)); 8.39 (s, H-C(2)). Anal. calc. for C20H2,N606: C 53.56, H 
6.29, N 18.74; found: C 53.42, H 6.32, N 18.75. 

9-(3',S-Di-O-ucetyl-2'-deoxy-~-~-erythro-pentofurano.~yl)-l H-purine-6- (9H j-one (2c). A soh.  of 2a (3.00 g, 
11.9 mmol) in anh. pyridine (200 ml) was treated with Ac20 (8 ml, 83 mmol) at r.t. After 2 h, the solvent was 
evaporated and the residue crystallized from H20:  2c as colorless needles (3.4 g, 85 %). M.p. 191". TLC (silica gel, 
CH2C12/MeOH 9:l): Rf0.50. UV (MeOH): 244 (1 1800), 249 (11900). 'H-NMR (CDCI,): 2.06, 2.13 (2s, 2 CH,); 
2.59 (m. Hb-C(2')); 2.89 (m. H,-C(2')); 4.36 (m. H-C(4'), 2 H-C(5')); 5.39 (vz, H-C(3')); 6.38 (dd, J = 6.0, 7.7, 
H-C(1')); 8.02 (s, H-C(8)); 8.32 (s, H-C(2)); 13.12 (br., NH). Anal. calc. for CI4Hl6N,O,: C 49.99, H 4.80, N 
16.66;found: C 49.83,H4.71,N 16.77. 

9- (3',S-Di-O-acetyl-2'-deoxy-~-D-erythro-pentofuranosyl)-6-(efhylthio)-9 H-purine (5b). A s o h  of 2c (2.00 
g, 6.0 mmol) in anh. pyridine (20 mi) was treated with 4-chlorophenyl phosphodichloridate (2 ml, 12.2 mmol) for 15 
min at 5" and stirred for 24 h at r.t. Pyridine was evaporated and the oily residue (5a) treated with 30 ml of ice-cold 
H20 for 10 min and shaken with charcoal (200 mg). After filtration, the solvent was removed and the residue') 
dissolved in 1,Cdioxane (20 ml). Ethanthiol(3 ml, 70 mmol) was added and the mixture stirred for 24 h a t  r.t. and 
extracted with CH2CI, (3 x 20 ml). The org. layer was washed with H,O, dried (Na2S04), and purified by flash 
chromatography (500 ml of CH2C12, then 500 ml of CH2C12/MeOH 95:5). The main zone was evaporated, heated 
in the presence of charcoal (100 mg), and filtered. Compound 5b crystallized upon evaporation in colorless needles 
(1.87 g, 82%). M.p. 68". TLC (silica gel, CH2C12/MeOH 9:l): R,  0.9. UV (MeOH): 284 (19500), 290 (19300). 
'H-NMR (CDCI,): 1.43 (t, J = 7.3, CH,); 2.06, 2.12 (23, 2 CH,); 2.61 (m, Hb-C(2')); 2.97 (m, Ha-C(2')); 3.37 (4, 

H-C(8)); 8.68 (s, H-C(2)). Anal. calc. for C1&&@$: C 50.51, H 5.31, N 14.73, S 8.43; found: C 50.45, H 5.17, 
N 14.81, S 8.42. 

9- (3'.5'-Di- O-acetyl-2'-deoxy-~-D-erythro-pentofuranosyl)-6-[ ( RS j -ethylsulfinulJ-9 H-purine (5c). To a soh. 
of 5b (1.2 g, 3.2 mmol) in EtOH (30 ml), m-chloroperbenzoic acid (2.16 g, 12.5 mmol) was given in portions within 
2 h. The solvent was evaporated and the residue purified by flash chromatography (500 ml of CH2C12/MeOH 98:2, 
then 500 ml of CH2C12/MeOH 95:5). The main zone was evaporated and the residue crystallized from EtOH/Et20: 
5c as colorless crystals (1.02 g, 81%). M.p. 139'. TLC (silica gel, CH2C12/MeOH 9:l). R, 0.7. UV (MeOH): 278 
(9500). 'H-NMR (CDCI,): 1.32, 1.33 (2t, J = 7.4, 3H); 2.08, 2.14 (2s, 2 CH,); 2.69 (m, Hb-C(2')); 3.00 (m, 
H,-C(2')); 3.37, 3.38 (2q, J = 7.4, CH2SO); 4.39 (m, H-C(4'), 2 H-C(5')); 5.46 (m, H-C(3')); 6.53 (dd, J = 6.0, 
7.8, H-C(l')); 8.36, 8.37 (23, H-C(8)); 9.09 (s, H-C(2)). Anal. calc. for CI6H2,N4O,S: C 48.47, H 5.10, N 14.14, 
S8.09;found:C48.70,H5.32,N 14.04,S7.92. 

7.5'-Di-0-acetyl- N6-(carbamoylmethylj-2'-deoxyadenosine (5d). Compound 5c (750 mg, 1.89 mmol) in anh. 
DMF was stirred with glycinamide (1.6 g, 21.6 mmol) for 1 h a t  80". The mixture was concentrated, coevaporated 
with toluene (2 x 10 ml), and purified by flash chromatography (column 10 x 2.5 cm; CH2CI2/MeOH 95:5). The 
main zone was evaporated and crystallized from EtOH/Et20: 5d as colorless crystals (607 mg, 82%). M.p. 105'. 
TLC (silica gel, CH2CI2/MeOH 9:l): R, 0.42. UV (MeOH): 265 (16300). 'H-NMR (CDCI,): 2.07,2.12 (23, CH,); 
2.59(m, H-C(2')); 2.96(m, Ha-C(2'));4.37(m, H-C(4'),2 H-C(5'), CH2N); 5.42(m,H-C(3')); 5.95 (br.s,NH); 
6.41 (dd, J = 6.0, 7.9, H-C(1')); 6.49 (br. s, NH); 7.00 ( t .  J = 5.8, NHCH2); 8.01 (s, €I-C(8)); 8.38 (s, H-C(2)). 
AnaLcalc. forC,,Hl,N606:C48.97,H5.15,N21.42; found: C49.13,H5.10,N21.31. 

N6-(Carbamoylmethyl)-2'-deoxyudenosine (1). Compounds 3b (500 mg, 1.12 mmol) or 5d (450 mg, 1.14 
mmol) were stirred in a mixture of I,4-dioxdne/conc. aq. NH, 1:l (20 ml) at r.t. for 36 h. The solvent was 
evaporated and the residue crystallized from MeOH: 1 as colorless needles (30 mg, 87% from 3b; 290 mg, 83% 
from 5d). M.p. 215-216" ([3]: 211'). TLC (silica gel, CH2CI,/MeOH 4:l): Rr 0.3. IJV (MeOH): 265 (17600). 
'H-NMR ((D,)DMSO): 2.26 (m,  Hb-C(2')); 2.72 (m, Ha-C(2')); 3.59 (m, 2 H-C(5')); 3.89 (m, H-C(4')); 4.02 (br. 

J = 7.3, CHzS); 4.36 (m, H-C(4'), 2 H-C(S)); 5.42 (m, H-C(3')); 6.42 (dd, J = 6.0, 7.9, H-C(I')); 8.12 (s, 

') Anal. Data of 4-[9- (3'.S'-Di-O-acetyl-Z'-deoxy-~-~-erythro-pentofuranosylj-9H-purin-6-yl]pyridinium Chlo- 
ride (5a): TLC (silica gel, CH2C12/MeOH 9:l): R, 0.1. UV (H20): 295 (sh), 272. 'H-NMR (D20): 2.07, 2.27 
(2s, 2 CH,); 2.90 (m, Hb-C(2')); 3.24 (m, H,-C(2')); 4.42 (m. 2 H-C(S)); 4.58 (m, H-C(4')); 5.61 (m, 
H-C(3')); 6.77 (t. J = 6.1, H-C(1')); 8.47 ( l ,  2H, 2 H-C(B) of pyridinium); 9.20 (s, H-C(8)); 10.08 (d,  2 
H-C(a) of pyridinium); 10.10 (s, H-C(2)). 
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CH2N); 4.42 (m, H-C(3')); 5.20 ( t ,  J = 5.1, OH-C(5')); 5.31 (d, J = 4.0, OH-C(3')); 6.37 (t', J = 6.3, 7.4, 
H-C(l')); 7.01, 7.36 (s, NH,); 7.73 (br., NH); 8.21 (s, H-C(8)); 8.37 (s, H-C(2)). Anal. calc. for CI2Hl6N6O4: C 
46.75, H 5.23, N 27.26; found: C 46.91, N 5.38, N 27.41. 

N6- (Carbumoylmethyl)-2'-deoxy-S- 0- (4,4'-dimethoxytriphenylmethyl)adenosine (6a). Compound 1 (600 mg, 
1.95 mmol), coevaporated with dry pyridine (10 ml), was dissolved in pyridine (10 ml) and treated with 4,4'-dime- 
thoxytriphenylmethyl chloride (680 mg, 1.00 mmol). After stirring for 2 h, the mixture was diluted with 5% aq. 
NaHCO, soh.  (50 ml) and extracted with CH,CI, (3 x 60 ml). The org. layer was dried (Na,SO,), filtered, 
concentrated, and purified by flash chromatography (column 25 x 3 cm; 300 ml of CH,Cl,/acetone 1 : 1 then 300 ml 
of CH2C12/MeOH 9: 1). Evaporation of the main zone and co-evaporation with acetone yielded 6a as a colorless 
foam (990 mg, 83%). TLC (silica gel, CH2CI2/MeOH 9:l): Rf  0.7. UV (CH,CI2): 236 (19500), 266 (16100). 
'H-NMR (CDCI,): 2.52 (m, Hb-C(2'), OH); 2.82 (m. Ha-C(2')); 3.39 (m,  2 H-C(5')); 3.75 (s, 2 CH,O); 4.1 1 (m, 
H-C(3')); 4.65 (m. H-C(4')) 5.64 (br., NH); 6.41 (m,  H-C(l'), NH); 6.63 ( t .  J = 2.5, NHCH,); 6.747.38 (m, 
arom. H); 7.93 (s, (H-C(8)); 8.30 (s, H-C(2)). Anal. calc. for C,,H3,N606: C 64.91, H 5.61, N 13.76; found: 
C 64.80, H 5.72 N 13.67. 

N6- (Carbamoylmethyl) -2'-deoxy-3'- 0-[ (diisopropylamino)methoxyphosphino]-5'- 0- (4.4'-dimethoxytriphe- 
nylmethylladenosine (6b). Compound 6a (618 mg, 1.01 mmol) in dry CH2Cl2 was stirred with bis(diisopropy1a- 
mino)methoxyphosphine (194 mg, 1.10 mmol) and diisopropylammonium tetrazolide (188 mg, 1.10 mmol) for 1 h 
under Ar. The mixture was diluted with CH2CI2 (15 ml) and washed with H,O. The org. layer was dried (Na2S04), 
filtered, and purified by flash chromatography (silica gel, column 10 x 3 cm, CH,CI,/ACOE~/(E~)~N 45:45:10): 6b 
as colorless foam after evaporation and co-evaporation with acetone (550 mg, 70%). TLC (silica gel, CH2C12/ 
AcOEt/(Et),N 45:45:10): Rf 0.8. UV (MeOH): 238 (20800), 266 (17600). "P-NMR (CDCl,): 150.2. Anal. calc. for 
C,H,3N707P: C 61.99, H 6.91, N 12.65; found: C 62.40, H 6.53, N 12.66. 

Solid-Phase Synthesis of the Oligomers 7-14. The synthesis of the oligonucleotides was accomplished in a 1- 
pmol scale using the methyl phosphoramidites of [(Me0)2Tr]bzAd, [(MeO)2Tr]ibCd, [(MeO),Tr]bzC,, 
[(MeO)2Tr]Td [IS], [(MeO)2Tr]mAd [I71 as well as 6b. When 6b was used during the synthesis, oligomerization was 
carried out without capping, but with an increased coupling time (2 min) for the phosphoramidites. The synthesis 
of7,10,13, and 14 followed the regular protocol2) of the DNA synthesizer for methyl phosphoramidites [21]. The 
5'-dimethoxytrityl group was split off on solid support, the oligomers were treated with thiophenol and deprotected 
by the action of conc. NH3 (24 h, 60"). Purification was accomplished by HPLC on RP-18 columns using solvent 
system I. The oligomers were desalted on a 25 x 4 HPLC cartridge (RP-I8 silica gel). Inorg. material was deluted 
with H20 (10 ml), while the oligomer was eluted with MeOH/H20 3 :2 (5 ml). The oligomers were lyophilized on a 
Speed- Vac evaporator to yield a colorless foam which was dissolved in H,O ( I  ml) and stored frozen at -20". Yields 
were between 0.27-0.36 pmol (27-36%) of isolated material. 

Enzymatic Hydrolysis of the Oligomers 7-14. The Oligomer (0.3 A260 units) was dissolved in 0 . 1 ~  Tris-HCl 
buffer (pH 8.5; 100 pl) and treated with snake-venom phosphodiesterase (3 pg) at 25" for 45 min and alkaline 
phosphatase (2 pg) for 10 min at the same temp. The mixture was analyzed on reverse-phase HPLC (RP-18, solvent 
system 11). Quantification of the material was made at 260 nm on the basis of the peak areas which were divided by 
the extinction coefficients of the nucleoside constituents ( E ~ ~ , , :  Ad. 15400; mhAd, 11600; 1, 15800; C,, 7300; G,, 

Phosphodiester Hydrolysis of the Oligomers 10-14 with the Endodeoxyribonuclease HindIII. The oligomers 
10-14 (0.3 A,, units, each) were dissolved in 50 mM Tris-HC1 buffer (pH 8.0) containing 10 mM MgC1, and 50 mM 
NaCl(100 pl) and treated with the endodeoxyribonuclease Hind111 (5 pl of enzyme suspension containing 12 units 
of enzyme per pl of buffer, 10 mM Tris-HCl, pH 7.4,250 mM NaC1,O. 1 mM EDTA, 1 mM dithioerythrol, 50% ( u / u )  
glycerol) at 25". Samples of 10 p1 were taken at different intervals of time and analyzed on reverse-phase HPLC 
(RP-18, solvent system I). The cleavage product were collected, lyophilized, and analyzed on their nucleoside 
content after cleavage with snake-venom phosphodiesterase and alkaline phosphatase, as described in the previous 
section. 

11300; Td, 8800). 

2, Users manual of the DNA synthesizer 380B, edition 1986, synthesis cycle abi002 and depr003 
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