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A conformational analysis of the (3‘S,5’R)-2’-deoxy-3‘,5’-ethano-a-~-ribonucleosides (a-D-bicyclodeoxy- 
nucleosides) based on the X-ray analysis of N4-benzoyl-a-~-(bicyclodeoxycytidine) 6 and on ’H-NMR analysis of 
the a-D-bicyclodeoxynucleoside derivatives 1-7 reveals a rigid sugar structure with the furanose units in the 
l’-exo/T-endo conformation and the secondary OH groups on the carbocyclic ring in the pseudoequatorial 
orientation. Oligonucleotides consisting of a -D-bicyclothymidine and a-o-bicyclodeoxyadenosine were success- 
fully synthesized from the corresponding nucleosides by phosphoramidite methodology on a DNA synthesizer. An 
evaluation of their pairing properties with complementary natural RNA and DNA by means of UV/melting curves 
and CD spectroscopy show the following characteristics: i) a-bcd(A,,) and a-bcd(T,,) ( a  = short form of a-D) 
efficiently form complexes with complementary natural DNA and RNA. The stability of these hybrids is compara- 
ble or slightly lower as those with natural B-d(AIo) orD-d(T,,) @ = short form ofp-o). i i )  The strand orientation in 
a-bicycIo-DNA/,fl-DNA duplexes is parallel as was deduced from UV/melting curves of decamers with nonsym- 
metric base sequences. iii) CD Spectroscopy shows significant structural differences between a-bicyclo-DNA/fl- 
DNA duplexes compared to a-DNA/B-DNA duplexes. Furthermore, a-bicyclo-DNA is ca. 100-fold more resis- 
tant to the enzyme snake-venom phosphodiesterase with respect toB-DNA and about equally resistant as &-DNA. 

1. Introduction. - One of the first DNA analogs to be synthesized and its pairing 
properties with the natural nucleic acids being characterized was a-DNA’), composed of 
2’-deoxy-a -D-ribonucleosides. Based on model building, Skquin reported more than 20 
years ago on the possibility of right-handed Watson-Crick duplex formation between an 
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a-D-oligonucleotide and either a parallel oriented p-D-complement or an antiparallel 
oriented a -D-complement [4], this well before efficient methods for oligonucleotide syn- 
thesis came to age. Meanwhile, both structural predictions were verified by 2D-NMR 
techniques on mixed a-D-, P-D-oligomer duplexes [5] [6], and on a purely a-D-anomeric 
hexamer duplex [7]. Furthermore, it was shown that the base-pairing efficiency of a -  
DNA to complementary a- or P-DNA is comparable to that of natural duplexes exhibit- 
ing similar values for duplex-formation enthalpy ( A H )  and entropy ( A S )  [8]. a-DNA also 
pairs to complementary RNA 191, is generally more stable towards enzymatic degrada- 
tion by nucleases [lo], but does not induce RNase H activity [9] [l 11. Homopyrimidine 
a-DNA strands also bind to P-DNA duplexes forming triple helices. a-~-Oligothymidine 
sequences thereby prefer parallel strand alignment with reversed Hoogsfeen base-pair 
formation, whereas mixed (cytosine- and thymine-containing) oligomers bind in the 
antiparallel orientation forming Hoogsteen base pairs [ 121. 

In our laboratory, we recently designed and synthesized bicyclo-DNA, an oligonu- 
cleotide analog with a rigid sugar substitute, in an effort to explore the effect of conforma- 
tional restriction (and thus preorganization) of oligonucleotide single strands onto com- 
plex formation with natural DNA and RNA. While our previous focus was on the 
synthesis and characterization of bicyclo-DNA of the natural P-D-configuration [I] [3] 
[13-171 ( i e .  P-bicyclo-DNA')), it was now clearly of interest to explore the properties of 
a-bicyclo-DNA') (Fig. I ) .  Here, we wish to report on the conformational properties of 
a-D-bicyclodeoxynucleosides as well as on the pairing properties and the nuclease resis- 
tance of oligomers thereof containing the bases adenine and thymine. The synthesis of the 
corresponding a -D-bicyclodeoxynucleosides has been already described [ 131. 

2. Conformation of a-D-Bicyclodeoxynucleosides. - 2.1. X-Ray Structure of N4-Ben- 
zoyl-a-D-(bicyclodeoxycytidine) 69. To obtain insight into the conformational character- 

cx -r)-Bicyclodeosy- 6' "'" Base z-Bicyclo-DNA') 
nucleosides 

2' 
X 01-1 

.,, // Base 
I -  

Fig. 1. Structure o f a  -D- and~-o-bicyclodeox}~nucleosidrs and r-hicvclo-DNA ivirh backbone torsion tingles 

h, Crystal data and coordinates were deposited with the Cumbridge Crystallographic Dutu Centre 
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istics of the a-D-bicyclodeoxynucleosides, we chose 6 as a candidate for X-ray structure 
determination (Fig.2, selected torsion angles are given in Table 1). Crystals of this 
CI -D-cytidine analog contain two independent molecules A and B in their asymmetric unit. 
Essentially, A and B differ from each other in the ring pucker of the furanose unit. In 
molecule A (Fig. 2a),  the furanose part occurs in the 1’-exo conformation (pseudorota- 
tion phase angle P = 129.7”), while in B (Fig. 26) an almost perfect 2‘-end0 conformation 
(P  = 159.1.) is observed. In both molecules A and B, the secondary OH group on the 
carbocyclic ring occupies the pseudoequatorial position, giving rise to torsion angle y of 
146.7” and 133.9”, respectively. Torsion angle x, defining the conformation around the 
nucleosidic bond, adopts values around 170” in both forms. Thus, the base substituent is 
oriented in the ‘anti’ range with its base-pairing side pointing away from the sugar unit. 
As a consequence of the 1‘-exo and 2’-endo conformation in A and B, O(3‘) of the sugar 
and N(l) of the base are brought into close van der Wads distance (d(O(3’)-N(l)) = 3.24 

in A and 3.27 8, in B)7). Within the unit cell, the two molecules A and B are connected 
by one intermolecular H-bond between O(3’) of conformer A and H-O(5’) of molecule B 
(Fig.2~).  H-Bonds between sugar and base residues exist between molecules A and B 
(0(3’)-H. . .0(2)) as well as within molecules A and B (N(4)-H.. ‘O(5‘)). No H-bonds 
between the nucleobases were detected. 

2.2. Solution Structure of a-D-Bicyclodeoxynucleosides. Additional information on 
the preferred conformation of the a -D-bicyclodeoxynucleoside derivatives 1-7 was ob- 
tained by H,H coupling-constant analysis in the corresponding ’H-NMR spectra. The 
relevant data are summarized in Table 2. It becomes clear that the vicinal coupling 
constants between the protons at C(1’) and C(2’) as well as C(4) and C(5’) in 1-7 are 
almost invariant, indicating that the bicyclic core conformation is insensitive towards the 
nature of the bases attached to it. Because of the absence of a proton at C(3’), we cannot 
assign the complete sugar pucker of the furanose unit. However, using the modified 
Karplus relation of Davies [18], values for the dihedral angles vl (24-32”) and y (133-135O) 
could be obtained. These values are in excellent agreement with those obtained from the 
X-ray analysis of 6 and further underline the conformational rigidity of the bicyclonu- 
cleosides. 

Table 1. Torsion Angles Relevant in DNA Buckbone Conformation for  N4-Benzoyl-a- v-bicyclodeoxycytidine 6 
(two independent moiecules A and 3) 

Torsion angles A B 

y (0(5’)-C(5’)-C(4)-C(3‘)) 
6 (C(5’)-C(4)-C(3’)-0(3’)) 
x (0(4)-C(1’)-N(lI-C(2)) 
vo (C(4)-0(4)-C( I‘)-C(2’)) 
v ,  (O(4)-C( l‘)-C(2’)-c(3’)) 
vz (C( l’)-C(2‘)-C(3’)-C(4)) 
v3 (C(2’)-C(3’)-C(4)-0(4)) 
vq (C(3’)-C(4)-0(4’)-C(l’)) 

146.7 
124.5 
172.5 
-32.0 

32.7 
-21.4 

3.3 
18.0 

133.9 
136.2 
169.1 
-18.7 
28.8 

-26.9 
16.9 

1 .o 

’) Interestingly, the benzamide unit in both molecules A and B is not coplanar with the cytosine ring. Maximum 
deviation occurs in A with a torsion of 18” around the C(4)-N(4) bond. 
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Fig. 2 .  X R u y  .siructure 46: a) b) OR7%Ppiois (stereoscopic views) of’lhe two independent rwolecuies A and B in the 
asymmetric unit nnci c) crvstul pucking 

The 2’-deoxy-~-~-ribonucleosides in c( -D-ohgonucleotide duplexes [6] as well as in 
their inononucleoside form preferably occur in the 3’-exo sugar pucker and thus are 
conformationally related to their P-D-epimers (Fig. 3). In the case of the bicyclodeoxynu- 
cleosides, both the CI-D- and p-D-series [ 131 prefer the same type of furanose conformation 
(I’-exo,2’-endo) irrespective of the configuration at the anomeric center (Fig. 3). As a 
consequence, M -D- and a-D-bicyclonucleosides mimick the backbone torsion angle 6 of 
the natural M-D- and P-D-deoxyribonucleosides very well. However, it should be noted 
that there are considerable differences within the backbone angle y .  In duplexes of a-  and 
p-DNA, y always adopts the gauche conformation. In contrast to this, CI-D- and P-D-bi- 
cyclodeoxynucleosides strongly prefer the antiparallel arrangement (Fig. 3). 
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Table 2. Selected S and J Volues from 'H-NMR Spectra of Compounds 1-7 

1 Base = T h y  

2 Base = Ade 
5 Base = BZ'AAde 

6 Base = B i C y l  
"" Base 3 Base = Cyt 7 Rase = Ib'Gua (x, OH 

4 Base = Gua 

208 1 

6 bpml J [Hzl 

H-C(1') H,-C(Y) Hfl-(C2') H-C(4)  3J(l',2'a) 'J(l',2P) 'J(4,5') 

1 (D@) 6.15 2.38 2.58 4.37 7.0 4.3 5.3 
2 (D@) 6.32 2.71-2.80 4.32 6.1 3.9 5.2 
3 (CD30D) 6.20 2.29 2.57 4.36 7.1 3.6 5.2 

5 (CD30D) 6.63 2.84 2.75 4.35 7.4 2.5 5.0 
6 (CD3OD) 6.23 2.40 2.65 4.51 7.0 2.6 5.2 
7 (CD3OD) 6.42 2.74 2.65 4.34 7. I 2.8 5.2 

4 ((D6)DMSO) 6.17 2.48 2.52 4.09 6.4 4.3 4.9 

P" 

OH 

HO 

2'-endo/ 1'-exo 

2'-endoll '-ex0 
5'-OH equatorial 

H d  

Fig. 3. Preferred conformations of a- D- ondb- D-deoxyribonucleosides, and of c(- D- andp- o-bicyclodeoxynucleosides 

3. Synthesis of a-D-Oligo(bicyclodeoxynuc1eotides). - 3.1. Synthesis of Building 
Blocks. The automated synthesis of a-bicyclo-DNA oligomers was planned in analogy to 
that in the p-D-series [15] on the basis of phosphoramidite methodology. For phospho- 
ester protection, the ally1 group, introduced into oligonucleotide synthesis by Hayakawa 
et al. [ 191, was chosen. The synthesis of the corresponding phosphoramidite building 
blocks 10 and 11 via the tritylated intermediates 8 and 9, respectively, as well as of the 
nucleoside-substituted solid supports via the activated esters 12 and 13 (Scheme I ) ,  
respectively, proceeded with similar ease and efficiency as in the p-D-bicyclo series, 
rewarding us with sufficient material to tackle the problem of oligomer synthesis. 
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Scheme I 

(MeO),TrO 

'I,,. Base 'I... Base *.'. Base 
79-81% 79-91% 

OH OH (i-Pr),N,",O 

1 Base=Thy c )  d )  8 Base=Thy 
5 Base=Bz6Ade 9 Base=Bz6Ade 

r 
I 

OC%CH=CH, 

10 BaseZThy 
1 1  Base=Bz6Ade 

(MeO),TrO 

Bas; 

I 
(MeO)*TrO 

Base 

12 Base=Thy 
13 BaseZBz'Ade 

Loading capacity ca. 32 prnol/g 

a )  [(MeO),Tr]CF,SO,, py. b )  (CH2=CHCH2O)[(i-Pr),NIPC1, (i-Pr),NEt, THF. c )  Succinic anhydride, py, 
4-(Me2N)C5H,N. d )  4-Nitrophenol, dioxane, DCC. e )  LCAA-CPG, dioxane, Et3N. 

3.2. Oligomer Synthesis. a -D-Oligo(bicyc1odeoxynucleotides) were synthesized on a 
Pharmacia-Gene-Assembler-Special DNA synthesizer on the 1.3-pmol scale. Solvents, 
reagents, and phosphoramidite concentrations were identical to those used for natural 
DNA synthesis. The standard automatic cycle was changed as to perinit a slightly 
extended detritylation time and a coupling time of six min (Scheme 2). Coupling yields, 
determined by trityl assay were generally > 95 %. Every chain assembly was terminated 
with the removal of the last trityl group (trityl-off mode). Palladium(0)-catalyzed ally1 
deprotection [19] followed by detachment from the solid support (and removal of base 
protecting groups where necessary) with conc. NH, afforded the crude oligomers that 
were further purified by HPLC and analyzed by gel-capillary electrophoresis (GCE) as 
well as by MALDI-TOF mass spectrometry. 

With this protocol, the four a-D-bicyclodeoxynucleotide sequences, a-bcd(A,,), a- 
bcd(T,,), a -bcd(T,,), and a -bcd(T-T-A-A-A-T-T-A-T-A) (Scheme 2) ,  used in the follow- 
ing biophysical experiments were obtained in overall yields of 18-28 YO (bcd denotes 
b ic yclodeoxynucleoside residue). The HPLC trace of the crude synthesis product a- 
bcd(A,,) (Fig. 4, a),  as a representative example, underlines the efficiency of the synthesis. 
Fig. 5 shows electropherograms of purified 10- and 20-mers (top) and the corresponding 
MALDI-TOF mass spectra (bottom) impressively demonstrating the high quality and 
the consistency of the isolated material. Although having phosphodiester linkages to 
tertiary alkoxy groups, the a-D-oligo(bicyclodeoxynucleotides), as their P-D-analogs, are 
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Scheme 2 

a -hCd(A n 

OH 

2083 

Synthesis cycle (1.3 pmol) 

Chain assembly 
1 )  detritylation 
2 )  coupling 
3 )  capping 

4 )  oxidation 

Deprotectionldetachment 
5 )  detritylation as 1 )  
6) phosphate deprotection 2.5 equiv. of tris(dibenzylideneacetone)dipalladium(O), PPh, (25 equiv.) per ally1 

group, in THF (2  ml), BuNH, (240 pl), HCOOH (90 pl), 55", 90 min 
7) base deprotection conc. NH, (3 ml), 55", 16 h 

3 % CHC1,COOH in CH,CICH,Cl, 60 s 
0 . 1 ~  phosphoramidite (11 equiv.), 0 . 5 ~  1H-tetrazole (139 equiv.) in MeCN (6 min) 
3 YO 4-(dimethylamino)pyridine, 10 YO Ac,O, 15 % 2,4,6-trimethylpyridine in MeCN 
(0.8 min) 
0 . 0 1 ~  I, in 2,4,6-trimethylpyridine/H20/MeCN 1:6:11 (18 s) 

detachment 

(260 nm) 
G( -bcd(A,,) 

0 5 10 15 20 25 30 35min 

Fig. 4. HPLC Truces of a-bcd(Alo): 
a) crude synthesis product (DEAE) and 
b) control injection after puriJicution 
(reversed-phase). For details, see Exper. 
Part. 

91 
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L -bcd(A,,) 

36.5 

- 
30 40,in 50 

3200 m,z 3400 

40.9 

- 
30 40 mj,, 50 

r-bcd(T,,) 

3240.9 

I I 
3200 nl!_ 3400 

Fig. 5. Electropherograms (top) and M A  LDI-TOFmass spectra (bottom) of’the a- ~-oligo(hir~clodeoxynucleotides) 
cc-bcdjA,,,, r-bcd( T,,) ,  and a-bed( T21i) 

chemically stable and show no signs of degradation (HPLC: control) under the conditions 
used for the investigation of their pairing properties (e .g .  melting curves). 

4. Pairing Properties of a-Bicyclo-DNA. - 4.1. With Itself. There exist considerable 
differences in the modes of association between homothymidine sequences of ct - and 
jl-DNA. We found earlier that an oligomer of a-D-thymidine, 20 nucleotides in length, in 
contrast to its natural p-D-iSOmer, forms an antiparallel oriented monomolecular hairpin 
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60 
a )  = a-bcd(A,,),poly(U) T, = 56.5" 

0 1 

0.65 

0.60 

0.55 

0.50 

0.45 

0 20 40 60 80 100 
Temp. ["C] mol- % poly(U) or a -bcd(T,,) 

60 , , , , , . , . , , 

40t  I \  

Fig. 6 .  a) UVIMelting curves, b) UVlmixing 
curves, undc) CDspectru ofa-bcd(AIo) ,poly(U) 
andpoly(A).a-bcd(T,,/ in 10 mM NuH,PO,, -40L -60 220 240 260 280 300 320 I M NuCI. pH 7.0 (chase pa,r = 56 p ~ )  

Wavelength [nm] 

duplex with T.T base pairs in the stem [20]. We, therefore, investigated whether duplex 
formation does also occur in the case of its bicyclic analogue a-bcd(T,,). UV/Melting 
curves of a-bcd(T,,) at different wavelengths, however, did not show any signs of a 
cooperative structural transition (data not shown). As expected, also oligo-a-bcd(A) 
sequences did not show any structural transitions related to duplex melting at neutral pH 
(UV/melting curves not shown). 

4.2. With Complementary RNA. a-bcd(T) and cc-bcd(A) sequences readily form 
complexes with poly(U) and poly(A) as determined by UV/melting curves ( IM NaCI) of 
1 : I  mixtures poly(A)/a-bcd(T,,) and a-bcd(A,,)/poly(U) (Fig. 6,  a )  with corresponding 
T,,, values of 36" in the former and 56.5" in the latter case. Under these conditions, the 
thermal stability of the complex a-bcd(A,,), poly(U) is equal to that ofp-d(A,,), poly(U) 
but by ca. 14" less stable than that of P-bcd(A,,), poly(U) ( T ,  = 70"). Interestingly, the 
duplexes between poly(A) and p-d(T,,), a-bcd(T,,), and p- bcd(T,,) are very similar in 
thermodynamic stability (AT, = 2°C). 

The stoichiometry of complex formation in the a-bicyclo-DNA/RNA hybrids was 
investigated by the method of continuous concentration variation [21]. The UV/mixing 



2086 HELVETICA CHIMICA ACTA - Vol. 78 (1995) 

curve of poly(A)/a-bcd(T,,) shows two straight lines with an intersection point near 50 
mol- % a -bcd(T,,) (base ratio) indicating only duplex formation (Fig. 6 ,  b )  taking place. 
The mixing curve of the alternative hybrid a -bcd(A,,)/poly(U) also shows two straight 
lines, the intersection point of them, however, being at 67 mol-% poly(U) (base ratio), 
indicating triplex formation of the U .  A .  U type. Higher-order complex formation in the 
latter case vs. duplex formation in the former case can be explained in terms of an entropic 
advantage of the poly(U)/oligo(A) systems (bimolecular triplexes). However, we note 
that with a-bcd(A,,) as well as withP-d(A,,), triplex formation with poly(U) at IM NaCl is 
independent of the stoichiometric base ratio (a-bcdA/U or P-dAIU), whereas with 
P-bcd(A,,) a base ratio 1 :2 @-bcd/A/U) is required [15]. 

CD Spectra of both bicyclo-DNA/RNA complexes (Fig. 6, c)  are seemingly different 
from each other, the triplex a-bcd(A,,). 2poly(U) showing the most intense ellipticity. 
The spectrum of the duplex poly(A). a-bcdT,, exhibits appreciable similarities to the 
spectra of poly(A), P-d(T,,) but is quite different from that of poly(A), a-d(T,) [22]. The 
differences are mainly located at wavelengths near 280 nm where the latter system shows 
negative and the former positive ellipticities. So far, it is not clear what the related 
structural differences of the complexes are. 

4.3. With Complementary DNA.  The a-D-bicyclooligonucleotides a -bcd(A,,) and 
a-bcd(T,,) also form stable duplexes with their natural P-D-complement as can be seen 
from the corresponding melting curves (Fig. 7 , a ;  T,,, values in Table 3 ) .  To check the 
possibility of triplex formation, we recorded UV/mixing curves in the two pairing systems 
under discussion (Fig. 7, b).  Under high salt concentration conditions ( I M  NaCl), in 
neither of the two systems triplex formation can be observed. The intersection points of 
both curves are in the range of 50 mol-% P-d(T,,) or a-bcd(T,,), respectively, indicating 
only duplex formation. CD Spectra of the two duplexes (Fig. 7 , c  and d )  at various 
temperatures reflect the structural transitions related to duplex melting and furthermore 
indicate a substantial degree of structural similarity of the two duplexes. In the non- 
denatured state, characteristic strong negative Cotton effects between 240 and 250 nm 
and two positive maxima at 263 and 282 nm, respectively, are observed. The two duplexes 
mainly differ in the relative amplitude of the signal between 255 and 270 nm. In gene- 
ral, the spectra of both duplexes are surprisingly similar to that of the purely natural 
duplex P-d(A,,) .P-d(T,,) but quite different from that of /l-d(A,). a-d(T,) [22]. Espe- 
cially in the range above 260 nm, the CD signals of the duplex P-d(A,).a-d(T,) show 
opposite sign compared to those of P-d(A,,). a-bcd(T,,). Whether the structural differ- 

Table 3 .  T, Values, Thermodynamic Data, and Salt Sensitivity of Duplex Formation. 
Conditions as indicated in Figs. 6-10, 

Duplex A H  A S  AG(25OC) T, 6Tm/61n [NaCl] An 
[kcal/mol] [cal/mol K] [kcal/molJ YC] 

a -bcd(Alo) ' CI -bcd(T,o) 4 1 . 4  -1 14.7 -7.2 22.0 9.6 4.9 
C( -bcd(A 10) ./l -bcd(T 10) -60.5 -177.0 -7.7 25.2 6.8 4.7 
/l-bcd(A,o) ~(-bcd(T,o) 4 8 . 8  -121 5 -12.6 58.5 11.0 4.9 
P-d(Aio)'~-bcd(Tio) 4 5 . 0  -124.1 -8.0 26.7 7.8 3.9 
a-hcd(A,o).lf - W i n )  -64 6 -185.2 -9.4 32.9 5.4 3.7 
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0.70 6) r-bcd(A,,).fi-d(T,,) T = 4" 

0 fi-d(A,,).~-bcd(T,,) 

0.65 I - 5 0.60 

C5 0.55 

' 0.50 

0.45 

0 W 

YI 
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0.40 
0 20 40 60 80 0 20 40 60 80 100 
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10 

- 
3 0  
E 
I 

-10 

-20 
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Flg 7 a) U V / M e l t i g  curves, b) UV/mixmg curves, andc)d) C D  spectru of cc-bcd(A,o) fi-d(Tlo) 
und,8-d(Alo) cc-bcd(Tloj in 10 mM NaH,PO,. 1 M NaCI, pH 7 0 ( c  = 5 7 p ~ )  

ences arise from different polarity of the strand alignment, from non- Watson-Crick base 
pairing, or simply from differences in the helical parameters within the two duplexes, 
however, remains subject of speculation. 

We calculated thermodynamic data for duplex formation (Table 3 )  from l/Tm vs. In c 
plots [23] (c = [NaCl]) and found remarkable differences in AH and A S  values. Exchang- 
ing the purine strand by a-bcd(A,,) in the natural duplexp-d(A,,) .P-d(T,,) has almost no 
effect on the thermodynamic data A H ,  AS,  and AC, whereas exchanging the pyrimidine 
strand by a-bcd(T,,) is accompanied by a compensating change in pairing enthalpy and 
entropy, leading to a duplex with slightly reduced thermodynamic stability (AC)  with 
respect to the parent natural system. 

Oligonucleotide duplex stability is strongly dependent on the amount of salt present 
in the medium. Increasing salt concentration stabilizes duplex formation because of 
the following two reasons: i )  shielding of the negative charges by counter ions and 
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ii) differential counter-ion uptake upon duplexation. The latter effect, mainly entropic in 
nature, is dominant at monovalent salt concentrations below IM.  From plots of T, vs. 
ln[NaCl] (Fig. S), the sensitivity of duplex formation to the concentration of NaCl(l0 mM 
- 0 . 6 ~ )  in the systems mentioned can be evaluated. 

60 - 
a-bcd(A,,)'a-bcd(T,,J 

50 t G( -bcd(A,,).P -bcd(T,,) 

-40 v /I-bcd(A,,)~a-bcd(T,,) 

2 3 0  - 

x ~-bcd(A,,).P-d(T,,) 

10 

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 
In maCI] 

Fig. 8. Dependence of T,, from [NuCI] for the duplexes indicated (10 inM NaH,PO,, pH 7.0, c = 4.3-5.6 p ~ )  

In all cases, as expected, a linear relationship between T, and ln[NaCl] is observed. 
From the data for duplex-formation enthalpy ( A H )  and the values GT,/Gln[NaCl] 
(Table 3) ,  the number of cations that are taken up from the medium upon duplex 
formation (An)  according to the polyelectrolyte theory (Eqn. I )  [24] [25] are calculated 
(Table 3) .  

6T, 2AH 
6ln[NaC1] RT; 

.__ An = - 

The GT,/Sln[NaCl] values for the two duplexes are slightly different being larger in 
B-d(A,,). a-bcd(T,,) than in a-bcd(A,,).p-d(T,,). This relative difference only reflects the 
discrepancy between the pairing enthalpies in the two systems, since the extent of counter- 
ion uptake for both systems is almost the same and in the range of the corresponding 
purely natural duplex P-d(A,,) .p-d(T,,) [15]. 

We identified the preferred orientation of the nucleotide chains in c[ -bicycle-DNA/p- 
DNA duplexes by recording melting curves of mixtures between the unsymmetrical 
decamer sequence a -bcd(T-T-A-A-A-T-T-A-T-A) and its parallel (d-(A-A-T-T-T-A-A- 
T-A-T)) as well as its antiparallel (d-(T-A-T-A-A-T-T-T-A-A)) oriented natural p-D- 
complement (Fig. 9a) .  Only in the case of parallel strand alignment, cooperative melting 
is observed. As in the case of a-DNA, a-bicyclo-DNA prefers parallel chain orientation, 
with Wutson-Crick base pairing in its duplexes with natural P-DNA. 

4.4. With Complementary a- and /I- Bicyclo-DNA. UV/Melting curves of the three 
duplexes a-bcd(A,,). a-bcd(T,,), a-bcd(A,,)~~-bcd(T,,), and P-bcd(A,,). a-bcd(T,,) 
(Fig. 10, a )  provide a quite heterogeneous picture of duplex stability in each system, 
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Fig. 9. a) UVIMeIting curves of mixtures of the sequence a-hcd(T-T-A-A-A-T-T-A-T-A) with parallel und antiparal- 
lel natural-DNA complement; b) CD spectra of the parallel oriented duplex (10 mM NaH,PO,, I M  NaC1, pH 7.0, 

c = 5.2-5.7 pM) 

characterizing the last duplex as exceptionally stable compared to the others. From 
inspection of the thermodynamic data in Table 3, it becomes evident that the counter-ion 
uptake upon duplexation is similar within the purely bicyclic duplexes (An  = 4.74.9) but 
is distinctly larger than in the mixed natural/bicyclic duplexes (An  = 3.7-3.9). This results 
in a higher sensitivity of the T, from the salt concentration and can be responsible for a 
considerable loss of binding energy at low salt concentration in the medium. The duplex 
P-bcd(A,,). a-bcd(T,,) is comparable in stability to that of P-bcd(A,,) .P-bcd(T,,), which 
under the same conditions shows a T, value of 55" [15]. While the CD spectra of the two 
duplexes containing a-bcd(A,,) (Fig. 10,b and c)  are similar and essentially reflect again 
the characteristics of that of natural P-d(A,,).P-d(T,,), that of the duplex P-bcd(A,,). a- 
bcd(T,,) differs significantly, showing negative ellipticities below 2 15 nm and around 
280 nm (Fig. 10, d). Most interestingly, this CD spectrum almost matches that of p- 
bcd(A,,) .P-bcd(T,,) [ 151 and resembles that of poly(A). a -d(T,) [22]. 

5. Nuclease Stability. ~ We showed previously that p-D-oligo(bicyclonucleotides) are 
considerably more stable against nuclease S 1 (Sl) and calf-spleen phosphodiesterase 
(CSP; by factors of 10' and lo3, resp.) and modestly more stable (by a factor of 3-6) 
against snake-venom phosphodiesterase (SVP) than natural P-D-oligonucleotides [3 ] .  In 
contrast, a change of configuration at the anomeric center alone, as in the case of 
a-DNA, dramatically increases the stability against SVP [lo]. We tested the sequences 
a-bcd(A,,), a-bcd(T,,), and a-bcd(T,,) for resistance against phosphodiester hydrolysis 
catalyzed by SVP. Half-lifes (t l i2) are summarized in Table 4 .  a-Bicyclo-DNA displays 
more than 100-fold higher stability (with respect to natural P-DNA) against this very 
potent enzyme. To compare the enzymatic resistance of a-bicyclo-DNA with that of 
a-DNA, we synthesized the sequence a-d(T,,) and compared its enzymatic stability with 
that of a-bcd(T,,). We were surprised to find that the enzyme SVP hydrolyzes both 
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Fig. 10. a) UVIMelring curves and b)c)d) CD speclru oj the bicyclo-DNA duplexes indicated (10 mM NaH2P0,, 
l~ NaCI, pH 7.0, c = 5.2-6.7 IM) 

sequences with almost identical rate. Essentially, only the change of configuration at the 
anomeric center and not the structural differences within the carbohydrate residue is 
responsible for the higher enzymatic stability. 

6. Conclusions. - The experiments presented here document the ability of a-bicyclo- 
DNA containing the bases adenine and thymine to form complexes with complementary 
natural RNA and DNA. These hybrid duplexes (or triplexes) are generally of equal 
or slightly diminished thermodynamic stability compared to the corresponding p- 

Table 4. Hulf-lifes of x-  D-Oligonuck?olides against Snake- Venom Phosphodiesterase 

Sequence ~~-bcd(Aln) CI -bcd(Tlo) CI -bcd(T,,) -d(T,n) 

tI/, [min] (conc. [VM])”) 156(16.1) 510 (16.7) 782 (8.6) 806 (8.7) 

“) Conditions, see E-xper. Part. 
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DNA, RNA or /3-DNA, P-DNA complexes. In general, the biophysical and biochemical 
data available on a-bicyclo-DNA in complexes with natural complementary DNA and 
RNA compare well with those of a-DNA. In evaluating a-bicyclo-DNA as a suitable 
candidate for antisense or antigene applications, clearly more data, as e.g. the potential to 
induce RNase H activity and bioavailability, would be necessary. 

An interesting difference in structure and stability arises in purely bicyclic 
bcd(A,,). bcd(T,,) duplexes depending on the anomeric configuration of the nucleosides 
in the purine strand. This becomes evident when one compares UV/melting curves and 
CD spectra of duplexes containing a-bcd(A,,) with those containing P-bcd(A,,). The 
elucidation of the base-pairing modes in these duplexes is subject of further investiga- 
tions. 

As a structural consequence of the oxabicyclo[3.3.0]octane system, the torsion angle y 
(ca. 150') in the bicyclonucleosides is preorganized in a geometry that differs by ca. 
90-100" from that generally observed in duplexes of a- and P-DNA (ca. 50-60°). It is 
important to realize that despite of this change, complementary duplex formation with 
natural DNA and RNA is still possible in both the a- and b-bicyclo-DNA series. A 
detailed structural analysis of the backbone torsion angles on the oligomeric level by 
2D-NMR methods is under waj in the P-bicyclo series and will shed light on the 
compensating structural changes of internucleoside (phosphoester bond) torsion angles 
accompanying the shift of y .  

This work was supported in part by the Swiss National Science Foundation, by Ciba-Geigy AG, Basel, and by 
the Stiftung zur Forderung der wissenschaftlichen Forschung an der Universitat Bern. 

Experimental Part 

General. For reagents, solvents, and anal. instrumentation used in the synthesis and characterization of 
monomer building blocks, see [13]. Phosphodiesterasefrom Crotalusdurissus (EC 3.1.15. I ) :  Bohringer, Mannheim. 
HPLC: Pharmaciu-LKB-224Y gradient pump attached to an ABI-Kratos-Specfroflow-757 UVjVIS detector and a 
Tarkan W +  W recorder 600 or HP-3396A-integrator. Capillary gcl electrophoresis (CE): Waters Quanta 4000 
connected to a Waters 746 data module; capillary,p Page (5 %T, 5 XC) fused silica capillary (75 cm x 75 Fm, J& W 
Scientific); buffer, 100 mM Tris. borate, 7~ urea, pH 8.3; voltage, 12.5 kV. Extinction coefficients of oligonucleo- 
tides were experimentally determined by relating the UV absorption of an aliquot of the oligonucleotide soh.  
(180 mM NaCI, 12 mM Trzs 'HCI, pH 7.0, 25") at 260 nm with that of the free monomeric units after complete 
digestion of the aliquot with snake-venom phosphodiesterase/alkaline phosphatase (HPLC control) according to 

the formula E(o1igo) = (D,,,,,/D,,,)~ Z &,(mono) where the &(mono)'s refer to the extinction coefficients of the 

monomers at 260 nm (25" in H,O). Matrix-assisted laser-desorption-ionization time-of-flight mass spectrometry 
(MALDI-TOF-MS) of oligonucleotides was performed as described [26]. UV/Melting curves: Varian-Cary-3E 
UVjVIS spectrometer equipped with a temperature-controller unit and connected to a Coinpaq-ProLinea-3/25-zs 
personal computer. Temperature gradients of O.S"/min were applied, and data points were collected in intervals of 
CQ. 0.3". At temps. below 20", the cell compartment was flushed with N2 to avoid condensation of H,O on the U V  
cells. %Hyperchrom. (wavelength) = lOO.[(D(T) - DO)/DO],  with D ( T )  = absorption at temp. Tand Do = lowest 
absorption in the temp. interval. The transition temperature T,,, was determined as described [23]. CD Spectra: 
Jasco-J-SOOA spectropolarimeter with IF-500-II interface connected to a PCIATpersonal computer. The cell was 
thermostated by a Julabo-F20 circulating bath. Temp. were determined directly in the sample soln. 

(3'S,S R)-1- {2'-Deoxy-S- 0-1 (4.4-dimethoxyrriphenyl)niethyl]-3',S-eihano-a -D-ribofuranosyl} thymine (8). 
To a stirred soin. of dry a-o-bicyclothymidine 1 [I31 (239 mg, 0.894 mmol) in pyridine (2  mi) was added 
[(MeO)ZTr]CF,SO, (404 mg, 0.894 mmol, 1.0 equiv.) [13] under Ar at r.t. In intervals of 30 min, three further 
portions of [(MeO),Tr]CF,SO, (1.0,0.5, 0.5 equiv.) were added. After a total of 2 h, the mixture was diluted with 
CH,CI, (30 ml) and sat. NaHCO, soln. (30 ml), the aq. layer extracted with CH2CI2 (2  x 30 ml), and the combined 

i =  I 
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org. phase dried (MgSO,) and evaporated. The resulting yellow oil was purified by CC (silica gel, CH,Cl,/MeOH 
50 : 1) and dried (h.v., 3 h, r 532 mg (corr. 94%) of8 containing 10% ofpyridine (‘H-NMR). White foam. TLC 
(CH,CI,/MeOH): R,0.60. IR (CHCI,): 3395m,3006m, 2959m, 2838w, 1687.7, 1608m, 1582wx, 1509s, 1464m, 1361m, 
1301~1, 1251s, 1154m, 1117m, 1074m, 1036m, 1002m, YIOw, 836m. ‘H-NMR (400 MHz, CDCI,): 1.35-1.47, 
1.75-1.84 (2m, 2 H-C(6’), 2 H-C(7’)); 1.92 (d, J = 1.1, Me-C(5)); 2.49 (dd, J = 3.9, 14.8, H-C(2’)); 2.53 (dd, 
J = 7.0, 14.8, H-C(2’)); 3.45 (s, OH-C(3’)); 3.69 (d, J = 5.5, H-C(4)); 3.78 (s, MeO); 3.88-3.96 (m, H-C(5’)): 
5.95(dd,J=3.8,6.9, H-C(1’));6.80-6.84(m,4arom.H);7,12(d,J= 1.2, H-C(6));7.19-7.23(m, 1 ar0m.H); 
7.26-7.30 (VJ,  2 arom. H); 7.39-7.43 (m: 4 arom. H); 7.50-7.53 (m, 2 arom. H); 9.02 (br. s, NH). ‘;C-NMR (100 
MHz, CDC1,): 12.4 (q, MeeC(5)); 29.9, 35.4 (21, C(6’), C(7’)); 47.8 (f, C(2’)); 55.2 (q, MeO); 74.2 (d, C(5’)); 85.9, 
87.0(2s,C(3’),Ar2CPh);90.8,91.3(2d,C(1’),C(4‘));110.4(s,C(5));113.1, 126.8,127.9, 128.3, 130.2(5d,arorn.C); 
136.8, 136.9, 145.6, 158.6 (4s, arom. C); 138.3 (d, C(6));  150.5 (s, C(2)); 164.0 (s, C(4)). FAB-MS (pos.): 571 (2.2, 
[M + l]+), 570 (1.9, M’), 304 (28), 303 (100). 

(3’ S.5‘ R) - N6-Benzoyl-9- {T-deoxy-5’- 0-/ (4,4‘-dirnethoxytriphenyl)methyl]-3’,S-ethuno-sr -o-rihofurunosyl)- 
udenine (9). To a soln. of dry No-benzoyl-a -o-bicyclodeoxyadenosine 5 [I31 (700 mg, 1.824 mmol) in pyridine (5 ml) 
were added [(MeO),Tr]CF,SO, (1.185 g, 2.62 mmol, 1.4 equiv.) [I51 under 4r. After 40 and 80 min stirring at r.t., 
additional 593 mg (1.31 mmol, 0.7 equiv.) of [(MeO),Tr]CF,SO, were added. After a total of 2 h, the mixture was 
worked up as described for 8. The yellow-brown foam was purified by CC (silica gel, CH,Cl,/MeOH 50:l) to give 
1000 mg (79%) of 9, after precipitation from 600 ml of Et,O/pentane 2:l. Beige powder. TLC (CH,Cl,/MeOH 
1O: l ) :  R, 0.66. IR (CHCI,): 3286m (br.), 3005m, 2838w, 171 lm, 1613s, 1585.~, 1509s, 14583, 1418w, 1332m, 1300m, 
1248s, 1190m, 1069s, 1035m, 1004w, 900w, 830m, 647w, 625w. ‘H-NMR (400 MHz, CDC1,): 1.56-1.75, 1.82-1.93 

H-C(4’)): 3.90-3.95 (m, H-C(5‘)); 6.25 (d, J = 7.3, H-C(1’)); 6.63-6.68 (m, 2 arom. H); 7.07 ( I , J  = 7.3, 1 arom. 
H); 7.16-7.20 (m. 2 arom. H); 7.35 (d, J = 8.9,4 arom. H); 7.45-7.47 (m, 2 arom. H); 7.64 (I, J = 7.3, 1 arom. H); 
8.05, 8.73 (23, H-C(2), H-C(8)); 7.06 (d, J = 8.7, 2 arom. H); 9.22 (s, NH). ‘,C-NMR (100 MHz, CDC1,); 29.2, 
36.1 (2t, C(6‘), C(7’)); 47.9 (I, C(2’)); 55.2 (q, MeO); 74.7 (d, C(5’)); 85.2, 87.2 (2s, C(3’), Ar,CPh); 87.0, 89.5 (2d, 
C(l’), C ( 4 ) ) ;  112.91, 112.93, 126.6, 127.8, 127.9, 128.0, 129.0, 129.2, 130.06, 130.13, 133.0(11d,arom.C); 123.8(s, 
C(5)); 133.6, 136.4, 136.8, 145.5, 158.47, 158.51 (6s,arom.C); 144.3 (d,C(8)); 150.0, 150.2(2s,C(4),C(6)); 151.6(d, 
C(2)); 164.4 (.F, CO). FAB-MS (pos.): 685 (2.3, [A4 + I]’), 684 (5.1, M’), 304 (28), 303 (100). 

(3‘ S,5’ R) - I - {3’- 0 - [ (Al/yloxy) (diisopropylamino)phosphino] - 2’ - deoxy -5'- 0 - [ (4,4‘-dimethoxytriphenyl) - 
mrthyI/-3’,5‘-ethuno-~ -o-ribofilrunosyl)thymine (10). To a stirred soh.  of 8 (384 mg, 0.673 mmol) in THF (2 ml) 
were added (i-Pr),EtN (460 pl, 2.69 mmol, 4.0 equiv.) and (allyloxy)chloro(diisopropylamino)phosphine (300 pl, 
1.35 mmol, 2.0 equiv.) under Ar at r.t. After 2 h, the resulting mixture was diluted with AcOEt (30 ml) and sat. 
NaHC0, soh.  (30 ml), the aq. phase extracted with AcOEt (2 x 30 ml), and the combined org. phase dried 
(MgS04) and evaporated. Purification of the crude product by CC (silica gel, hexane/AcOEt 1 : I )  provided 10 (405 
mg, 79%; CIZ.  1:l mixture of diastereoisomers by ‘H-NMR). White foam. TLC (hexane/AcOEt 1:2): Rf 0.73. IR 
(CHCI,): 3398m,3006m, 2968m, 2873w, 2838w, 1683s, 1608m, 1509s, 1464m, 1397m, 1364~1, 1251s,1156m, 1120m, 
108Om, 1034s, 976m, 932~1, 877w, 838m,817m, 641w. ‘H-NMR (400 MHz, CDCI,): 1.02, 1.06, 1.10 ( 3 4  J = 6.8, 
2 Me2CH); 1.37-1.64, 1.68- 1.88, 1.94-2.10 ( 3 4  2 H-C(6‘), 2 H-C(7’)); 1.94 (s, Me-C(5)); 2.41 (dd, J = 7.0, 

J = 3.0, 14.6, 0.5 H, H-C(2’)); 3.45, 3.47 (2 sepr., J = 6.8, 2 Me,CH); 3.62 (d. J = 5.7, 0.5 H, H-C(4‘)); 3.794, 
3.798 (2s, MeO); 3.84-3.97,3.984.08 (2m, 3.5 H, H-C(4), H-C(S), CH,=-CHCH,O); 5.07-5.1 1, 5.14-5.24 (2m, 
CH,=CHCH,O); 5.82, 5.85 (2m, J = 5.4, CH,=CHCH20); 6.26-6.30 (m, H-C(1’)); 6.83-6.86 (m, 4 arom. H); 
7.15(d,J= 1.2,0.5H, H-C(6));7.21-7.25(m, 1.5H, H-C(6),arom.H);7.28-7.32(m,2arom. H);7.42-7.46(m, 
4 arom. H); 7.53-7.55 (m, 2 arom. H); 8.39 (br. s, NH). ‘,C-NMR (100 MHz, CDCI,): 12.3, 12.4 (2q, Me-C(5)); 
24.1, 24.16, 24.19, 24.27,24.32 (5y, Me,CH); 30.4, 30.6 ( 2 t ,  C(6‘)); 33.45, 33.75 (2td, J(C,P) = 11.6, C(7‘)); 42.95, 
43.075 ( 2 4  Me,CH); 46.02 (td, J(C,P) = 5.9, C ( 2 ) ) ;  47.64 (id, J(C,P) = 6.6, C(2’)); 55.2 (4. MeO); 63.65 (td, 
J(C,P) = 7.3, CH,=CHCH,O); 63.85 (rd, J(C,P) = 8.2, CH,=CHCH,O); 73.2, 73.3 (24 C(5’)); 86.9 (s, Ar,CPh); 
88.3, 88.5 (2d, C(1’)); 89.34 (sd, J(C,P) = 10.0, C(3’)); 89.52 (sd, J(C,P) =: 5.7, C(4’)); 89.56 (sd, J(C,P) = 9.1, 
C(3’)); 90.21 (sd, J(C,P) = 5.3, C ( 4 ) ) ;  109.4, 109.7 (2s, C(5)); 113.0, 126.8, 127.8, 127.9, 128.1, 128.4, 130.20, 
130.22, 130.24 (Yd, arom. C ) ;  115.9, 116.0 (2t, CH2=CHCH,0); 135.23, 135.34 (2dd, J(C,P) = 7.7, 
CH,=CHCH,O); 136.4, 136.6 (2d, C(6));  136.80, 136.84, 136.9, 145.49, 145.50, 158.50, 158.53 (7.7, arom. C); 
150.09, 150.12 (as, C(2)); 163.9 (s, C(4)). ”P-NMR (162 MHz, CDCI,): 142.1, 142.6. FAB-MS (pos.): 758 (2.4, 
[ M  + I]’), 304 (38), 303 (100). 

(3’S,5’ R i  -9- ( T O -  [(ANyloxy) (diisopropylumino)phosphinoj -2’-de0~y-5‘-0-(14,4‘ -dimethoxytriphenyl)- 
methyl]-3’.5’-ethano-a -o-rihoficrunosyl}-N6-benzoyludenine (1 1). To a stirred soh. of 9 (685 mg, 1 .OO mmol) in 
THF (10 ml) were added (i-Pr),EtN (820 PI, 4.8 mrnol, 4.8 equiv.) and (allyloxy)chtoro(diisopropyl- 

(2m, 2 H-C(6’), 2 H-C(7’)); 2.74 (dd, J = 8.6, 15.4, 1 H-C(2’)); 2.95 (d, J = 15.5, 1 H-C(2’)); 3.09 (d, J = 4.7, 

14.7,0.5 H, HpC(2’)); 2.52 (dd, J = 6.8, 14.7,0.5 H, H-C(2’)); 2.59 (dd, J := 2.0, 14.8, 0.5 H, H-C(2)); 2.70 (dd, 
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amino)phosphine (540 pl, 2.4 mmol, 2.4 equiv.) under Ar at r.t. Additional two portions of (i-Pr),EtN (820 pl, 4.8 
mmol, 4.8 equiv.) and (allyloxy)chloro(diisopropylamino)phosphine (540 ml, 2.4 mmol, 2.4 equiv.) were added in 
intervals of 90 min. After a total reaction time of 4.5 h, the resulting mixture was worked up as described for 10 
(AcOEt (50 ml), sat. NaHCO, soln. (50 ml), AcOEt (2 x 50 ml)). CC (silica gel, hexane/AcOEt 1 :2), followed by 
repetitive precipitation (4x) from hexane (200 ml, -60') provided 11 (703 mg, 81 %; ca. 1 :I mixture ofdiastereoiso- 
mers ('H-NMR)). White powder. TLC (hexane/AcOEt 1:2): R, 0.60. IR (CHCI,): 3410w, 3003~1, 2969m, 2839w, 
1707m, 1611s-m, 1584m, 1509s, 1455s, 1396m,1364m, 1298m, 1252s, 1157m,1123m, 1087m,1068m, 1034m,977m, 
934m, 830m, 6 4 1 ~ .  'H-NMR (400 MHz, CDCI,): 0.85, 0.96, 1.04 ( 3 4  J = 6.8, 2 Me2CH); 1.56-1.63, 1.67-1.71, 
1.74-2.03 (3m, 2 H-C(6), 2 H-C(7')); 2.52, 2.62 (2dd, J = 6.9, J = 14.6, 1 H-C(2')); 3.1 1-3.27 (m, 1 H-C(2')); 
3.30-3.42 (m, 2 Me2CH); 3.50 (d, J = 4.8,0.5 H, H-C(4')); 3.778, 3.781, 3.790, 3.792 (4s, 2 MeO); 3.804.00 (m, 

CH2=CH2CHzO); 6.55-6.58 (m, H-C(1')); 6.77-6.85 (m, 4 arom. H); 7.19-7.29 (m,  3 arom. H); 7.41-7.45 (m, 
4 arom. H); 7.52, 7.56 (m, 4 arom. H); 7.60-7.64 (m. 1 arom. H); 8.03 (d, J = 7.3, 2 arom. H); 8.18, 8.20, 8.816, 
8.825 (4s, H-C(2), H-C(8)); 9.05 (br. s, NH). ',C-NMR (100 MHz, CDCI,); 24.0,24.1,24.2,24.27,24.29,24.31, 
24.37 (79, Me2CH); 30.1, 30.2 (2t, C(6)); 34.1 (td, J(C,P) = 11.5, C(7')); 34.5 (td, J(C,P) = 13.8, C(7')); 42.9,43.1 
(2dd, J(C,P) = 12.6, Me2CH); 43.0,43.1 (24 J(C,P) = 12.6, Me2CH); 47.0,47.1,48.0 (3t, C(2')); 55.22, 55.24 (29, 
MeO); 63.5, 63.6 (2t, J(C,P) = 17.1, CH2=CHCH20); 63.7, 63.9 (2t, J(C,P) = 17.7, CH2=CHCH20); 73.6, 73.7 
(2d, (35')); 86.5 (d, C(1')); 87.0 (s, Ar2CPh); 89.09 (dd, J(C,P) = 5.5, C(4')); 89.24 (dd, J(C,P) = 6.0, C(4)); 89.45 

arom. C); 115.7, 115.8 (2t, CH,=CHCH20); 123.1 (s, C(5)); 134.0, 136.78, 136.81, 136.9, 135.4, 145.5, 158.6 (7s, 
arom. C); 135.15 (dd, J(C,P) = 7.7, CH2=CHCHzO); 135.35 (dd, J(C,P) = 7.5, CH2=CHCH20); 141.8, 141.9 (24 
C(8)); 149.16, 149.21 (23, C(4)); 151.3, 151.5 (2s, C(6)); 152.5 (d, C(2)); 164.5 (s, CO). "P-NMR (162 MHz, 

(3'S,SRj -1-{T-Deoxy-5'-0-[ (4,4'-dimethoxytriphenyl)methyl]-jl',5'-ethano-~-O-[4- (4-nitrophenyloxyj- 
succinyll-a -D-ribofuranosyl}thymine (12). A mixture of 8 (150 mg, 0.263 mmol), succinic anhydride (263 mg, 
2.63 mmol, 10 equiv.), and 4-(dimethylamino)pyridine (160 mg, 1.32 mmol, 5 equiv.) in pyridine (1 ml) was stirred 
at  r.t. After 67 h, the resulting dark soh.  was diluted with sat. NdHCO, soln. (20 ml) and extracted with CH2C12 
(3 x 20 ml). The combined org. phases were washed with 10 % citric acid (20 ml), dried (Na2S0,), and evaporated. 
To the residual brownish foam (200 mg) in dioxane ( I  ml) were added 4-nitrophenol (51 mg, 0.364 mmol, 1.4 
equiv.) and dicyclohexylcarbodiimide (DCC; 163 mg, 0.781 mmol, 3 equiv.). The resulting soln. was stirred for 120 
min at r.t., diluted with H 2 0  (200 pl), and filtered, the solid washed with AcOEt (10 ml), and the filtrate evaporated. 
CC of the crude residue (silica gel, hexane/AcOEt 1 :3) gave 12 (176 mg, 85%). White foam. TLC (hexane/AcOEt 

1500m, 1460m,1295s, 1125s, 1080m, 1030m, 905m,860m. 'H-NMR (300 MHz, CDCI,): 1.25-1.68,2.05-2.12 (2m, 
H-C(6), H-C(7')); 1.86 (s, Me-C(5)); 2.42-2.49,2.67-2.78 (2m, H-C(2'), OCCH2CH2CO); 3.71 (s, MeO); 3.79 
(d,.l=5.5, H-C(4'));3.93-3.99(~, H-C(5'));6.19(dd,J=4.2,6.5, H-C(1'));6,77(d,J= 8.9,4arom.H);6.93 
(d, .I = 1.2, H-C(6)); 7.12-7.30 (m, 5 arom. H); 7.36 (dd, J = 3.0, 9.0,4 arom. H); 7.44-7.46 (m. 2 arom. H); 8.18 
(d, J = 9.1, 2 arom. H); 9.15 (br. s, NH). '?C-NMR (75 MHz, CDCI,): 12.7 (9, Me-C(S)); 29.1, 29.2 (2r, 
OCCH2CH2CO); 29.8, 32.7 (2t, C(6'), C(7')); 45.6 (t. C(2')); 55.4 (9, MeO); 73.4 (d, C(5')); 87.2, 92.5 (2s, C(3'), 
ArzCPh);88.03, 88.04(2d, C(l'),C(4')); 110.3 (s, C(5)); 113.3,  122.5, 125.4, 127.1, 128.0, 128.5, 130.3 (7d, arom. 
C);135.4(d,C(6));136.76,136.83,145.5,155.3,158.7(5s,arom.C);150.3(s,C(2));164.0(s,C(4));170.1,171.1(2s, 

(3'S,5' R) -N"-Benzoyl-Y- {~-deoxy-S-O-((4,4-dimrthoxytriphenyl)methyl/-3',5'-ethano-3'-0-[4-(4-nitro- 
phenyloxy)succinyl]-c( -o-ribofuranosyl}adenine (13). As described for 12, with 9 (180 mg, 0.263 mmol), succinic 
anhydride (266 mg, 2.64 mmol, 10 equiv.), 4-(dimethy1amino)pyridine (161 mg, 1.32 mmol, 5 equiv.), and pyridine 
(2 ml, 70 h). After workup with NaHCO, soln. (30 ml), CH2CIz (3 x 30 nil), and 2M citric acid (30 ml) and treatment 
of the brownish foam (204 mg) in dioxane (2 ml) with 4-nitrophenol (51 mg, 0.364 mmol, 1.4 equiv.) and DCC 
(165 mg, 0.781 mmol, 3 equiv.) for 80 min, the soln. was diluted with H 2 0  (250 pl), filtered, and washed with 
dioxane (10 ml) and AcOEt (10 ml) and the filtrate evaporated. CC of the crude residue (silica gel, AcOEt) gave 13 
(197mg,84%). Whitefoam. TLC(Ac0Et): Rf0.55. UV(CHC1,): 278(26600). IR(CHC1,): 3410w,2930m, 2915iv, 
2905w, 2840w, 1770m, 1740m, 1710nz, 1610s, 1585m, 1510s, 1455s, 1425m, 1350s, 1300m, 1130s, 1090m, 1065m. 
1060m, 10453, 1030s, 925 ,  910m, 625m. 'H-NMR (300 MHz, CDC1,): 1.50-1.70, 1.82-1.95, 2.11-2.19 (3m, 

1 H-C(2')); 3.67 (d, J = 5.42, H-C(4)); 3.70 (s, MeO); 3.944.04 (m, H-C(5')); 6.41 (dd, J = 2.1,6.4, H-C(1')); 
6.704.75 (m, 4 arom. H); 7.09-7.24 (m, 5 arom. H); 7.34 (dd, J = 2.3, 8.9, 4 arom. H); 7.42-7.50 (m,  4 arom. H); 
7.52-7.55(m, 1 aroni.H);7.87,8.66(23, H-C(8), H-C(2));7.93(d.f=7.2,2arom.H);8.12(d,J=9.1,2arom. 

3.5 H, H-C(4), H-C(5'), CH,=CHCH,O); 4.99-5.19 (m, CH2=CHCH,O); 5.71, 5.80 (2ddd, J = 5.3, 10.5, 17.1, 

(sd,J(C,P)=9.1,C(3'));89.60(sd,J(C,P)=9.2,C(3')); 113.09, 113.13, 126.9, 127.8, 128.4, 128.9, 130.2, 132.7(8d, 

CDCI,): 142.2, 142.4. FAB-MS ( ~ o s . ) :  871 (1.8, M+) ,  304 (32), 303 (100). 

1 :2): Rf0.46. UV (CHCl,): 269 (17600). IR (CHCI,): 3 3 8 0 ~ ,  2 9 4 0 ~ ,  2 9 2 0 ~ ,  1760~1, 1735m, 1680~, 1605~1, 1590~1, 

CO). FAB-MS ( ~ o s . ) :  830 (2, [M + 39]+), 814 (1, [M + 23]'), 792 (0.5, [ M  + I]'), 303 (100). 

1 H-C(2'), 2 H-C(6), 2 H-C(7')); 2.25-2.32, 2.57-2.69 (2m, OCCH2CH2CO); 3.35 (dd, J =  1.9, 15.3, 
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H); 9.00 (br. s ,  NH). ‘,C-NMR (75 MHz, CDCI,): 28.88, 28.93 (2t, OCCH,CH,CO); 30.1, 33.0 (21, C(6’), C(7’)); 
45.0 (t, C(2’)): 55.2 (q, MeO); 73.0 (d, C(5’)); 86.9, 87.4 (2d, C(l’), C ( 4 ) ) ;  87.1, 92.3 (2s, C(3’), Ar,CPh); 113.1, 
122.3, 125.2,127.0, 127.8, 127.9,128.3, 128.8, 130.1, 132.8, 141.3(11d,arom.C); 123,4(s,C(5)); 133.5, 136.5, 136.6, 
136.7, 145.2.145.3, 155.1, 158.6(8s,arom.C); 141.S(d.C(8)); 149.3(s,C(4)); 151.4(s,C(6)); 152.4(d,C(2)); 164.5, 

Nucleoside-Modified Solid Support. Nucleoside-modified solid support was prepared from 12 and 13 and 
long-chain-alkylamine controlled-pore glass (LCAA-CPG) as described in [15]. In this way, 690 mg of a-bcdA- 
and 210 mg of a -bcdT-modified support (both with a loading capacity of 33 pmol/g) were obtained. 

a -v-Oligo(bicyclorleo.~y~ibonucleotides~. Synthesis: Oligoiiucleotide synthesis was performed on a Pharma- 
ciu-Gene-Assembler-Special synthesizer connected to a Compaq- Pro-Lineu-3125-zs personal computer. All synthe- 
ses were performed using a modified 1.3-pmol cycle that met the reaction conditions given in Scheme 2. Solvents 
and sohis. were made up according to the manufacturers protocol. The phosphoramidite ( 0 . 1 ~  in MeCN) and 
IH-tetrarole ( 0 . 5 ~  in MeCN) s o h .  were equal in conc. to those used for the synthesis of natural oligodeoxy- 
nucleotides. Average coupling yields monitored by on-line trityl assay were generally in the range of 95-98%. All 
synthescs were run in the trityl-off mode. 

Deprotection and Purification: Removal of the allyl protecting groups was performed in adapting the method 
of Hayakawa et  01. [19]: The support was suspended in THF ( 2  ml) containing HCOOIl (90 pl, and BuNH, 
(240 pl). Per allyl group, 1.5 equiv. of tris(dibenzylidenacetone)dipalladium(O) and 25 equiv. of PPh, were added, 
and the biphasic mixture was kept for 60-100 min at 55O by occasional shaking. The solid support was then filtered 
off, washed with THF (5 ml) and Me,CO (5 ml), subsequently suspended in 0 . 1 ~  aq. sodium diethyldithiocarba- 
mate (4 ml, 15 rnin), and washed with H,O ( 5  ml), Me2C0 (5 ml), and H 2 0  ( 5  ml). The diethyldithiocarbamate 
treatment was repeated once. Removal of the base-protecting groups (where present) and detachment from the 
solid support was then effected in conc. NH, soln. (3 ml) at 55O for 5-7 h. The crude oligomers where purified by 
HPLC to homogeneity using DEAE and reversed-phase chromatography systems, desalted over Sep-Pak ( Wa- 
ters), and stored as stock solns. in H 2 0  at -20”. Table 5 contains synthetic and anal. data of the a-o-oligo(bi- 
cyclonucleotides) described here. All natural DNA sequences used in this study were prepared according to 
standard CED- or PAC-phosphoramidite chemistry and purified by HPLC. 

169.8, 170.9 (33, CO). FAR-MS (pas.): 943 (4, [M + 39]+), 927 (2, [M + 23]+), 905 (5.0, [ M  + I]+), 303 (100). 

Table 5. Synthesis and Analyticul Data ofa -v-Olino(bicvclodeoxynucleotitles) 

Sequence (1.3 wmol) HPLC Isolated yield 
OD (260 nm) 

MALDI-TOF-MS [ M  - HI- 

m / z  (calc.) m/z (found) [%I 

a-bcd(T,,) DEAEa): 2542% Bin 35 min; 30.3 (26) 3240.4 3240.9 
f R  19.5 rnin; reversed-phased): 
5-35% Bin 30min; tR 16.5 min 

tR 26 min; reversed-phasec): 
10-25%Bin30min;tR 16.5min 

t R  24 min; reversed-phased): 
9-19% Bin 30 min: tR 21 min 

tR 21 min; reversed-phasec): 
5-30% Bin 30 min; t R  20 min 

a -bcd(A,,) DEAEa): 25-50% Bin 35 min: 39.1 (28) 3330.5 3331.9 

a -bcd(T,,) DEAEb): 50-80% Bin 30 min; 55.0 (24) 6542.7 6545.0 

1 -bcd(T-T-A-A-A-T-T-A-T-A) DEAEh): 25-50% Bin 30 min; 18.4 (18) 3284.4 3282.4 

”) 

h, 

‘) 

d, 

Nucleogen DEAE 60-7, 125 x 4.0 mm (Mucherey&Nagel); A = 20 mM KH,PO, in H20/MeCN 4:1, pH 6.0; 
B = A + I M  KCI: flow 1 ml/min; detection 260 nm. 
Nucleogen DEAE 60-7, 125 x 10.0 mm (Mucherey&Nugel);  A :  20 mM KH2P0, in H20/MeCN 4:1, pH 6.0; 
B: A + l u  KCl; flow 3 ml/min: detection 260 nm. 
Aquapore Rp-300, 220 x 4.6 mm, 7 pm (Brownlee Labs); A :  0 . 1 ~  (Et,NH)OAc, in H,O, pH 7.0; B :  0 . 1 ~  
(Et,NH)OAc, in H,O/MeCN 1:4, pH 7.0; flow 1 ml/min: detection 260 nm. 
Spherisorh-S10X RP-CIB, 10 pm, 300 A, 220 x 12 mm; A: 0 . 1 ~  (Et,NH)OAc, in HzO, pH 7.0; B:  0 . 1 ~  
(Et,NH)OAc, in H,O/MeCN 1 :4, pH 7.0; flow 4 ml/min; detection 260 nm. 
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Reactions with Snake- Venom Phosphodiesterase. To 8-25 PM oligonucleotide in 1.25 mI of reaction buffer 
(180 mM NaCI, 12 mM Tris .HCI, pH 7.0) in a UV cell were added 5 ml(125 U) of alkaline phosphatase and 2 ml 
(6 m u )  of snake-venom phosphodiesterase at 37”. The time courses of the reactions were followed by UV (260 nm) 
until constant UV absorption was reached. 

X-Ray Structure of (3’S,S‘ R)-N4-Benzoyl-l-(2’-deoxy-3’.5’-ethano-c- D-ribofuranosy1)cytosine (6). Crystals 
were obtained as described in [13]: Cell parameters and space group were determined from precession photographs 
and from diffractometer measurements (least-squares fit of 14 reflections in the range 11 < 0 < 14O). The intensi- 
ties of the reflections were measured at r.t. on a four-circle EnrafNonius-CAD4 diffractometer with a graphite 
monochromator: I,(MoK,) = 0.71069 A. During the measurement, two reflections were taken for intensity control 
every 10000 s; these showed no significant variation of the intensities. Two reflections were used for orientation 
control every 200 reflections. The intensities were corrected for Lorentz and polarization effects, but not for 
absorption. The structure was solved by direct methods with SHELXS-86 [27], and refined with SHELXS-76 [28] 
using o(F)-’ weights. Heavy atoms (C, 0, N) were refined anisotropically. The positions of the H-atoms attached 
to the C-atoms were calculated and refined using constraints: H-atoms fixed at a distance of 1.08 A, displacements 
parameters restricted to 120% of (Ul l  + Uzz + U3,)/3 of the corresponding C-atom. The position of the OH and 
NH H-atoms were determined from difference Fourier maps. They were refined with isotropic temperature factors; 
the OH H-atoms were fixed at a distance of 0.96 A and the NH H-atoms at 1.02 A. Crystal data ( w  = weighted 
refinement (1/u2)), see Tuble 6. 

Table 6. X-Ray Structure of 6 

Formula C18H19N305 Z 8 

Crystal system orthorhombic @ m d X  [“I 25 
a [A1 7.300(3) Reflections unique 3339 

Space group p 2 12 12 I d, [g ~ m - ~ l  1.33 

b [A1 18.88(1) used ( I  > 3o( I ) )  283 1 
c “41 25.85(2) R Factor 0.053 
v ~ 4 ~ 1  3562.5 R,  0.052 
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