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The self-complementary UA and AU dinucleotide analogues 41–45, 47, 48, and 51–60 were pre-
pared by Sonogashira coupling of 6-iodouridines with C(5’)-ethynylated adenosines and of 8-iodoadeno-
sines with C(5’)-ethynylated uridines. The dinucleotide analogues associate in CDCl3 solution. The C(6/I)-
unsubstituted AU dimers 51 and 54 prefer an anti-oriented uracilyl group and form stretched linear
duplexes. The UA propargyl alcohols 41 and 43–45 possess a persistent intramolecular O(5’/I)�
H···N(3/I) H-bond and, thus, a syn-oriented adeninyl and a gt- or tg-oriented ethynyl moiety; they
form corrugated linear duplexes. All other dimers form cyclic duplexes characterized by syn-oriented
nucleobases. The preferred orientation of the ethynyl moiety (the C(4’),C(5’) torsion angle) defines a
conformation between gg and one where the ethynyl group eclipses O(4’/I). The UA dimers 42, 47,
and 48 form Watson–Crick H-bonds, the AU dimers 56 and 58–60 H-bonds of the Watson–Crick-type,
the AU dimers 53 and 55 reverse-Hoogsteen, and 57 Hoogsteen H-bonds. The pairing mode depends
on the substituent of C(5’/I) (H, OSiiPr3; OH) and on the H-bonds of HO�C(5’/I) in the AU dimers.
Association constants were derived from the concentration-dependent chemical shift for HN(3) of the
uracilyl moiety; they vary from 45–104 M�1 for linear duplexes to 197–2307 M�1 for cyclic duplexes.
The thermodynamic parameters were determined by van?t Hoff analysis of the temperature-dependence
of the (concentration-dependent) chemical shift for HN(3) of the uracilyl moiety. Neglecting stacking
energies, one finds an average energy of 3.5–4.0 kcal/mol per intermolecular H-bond. Base stacking is
evidenced by the temperature-dependent CD spectra. The crystal structure of 54 shows two antiparallel
chains of dimers connected by Watson-Crick H-bonds. The chains are bridged by a strong H-bond
between the propargylic OH and O=C(4) and by weak reverse A·A Hoogsteen H-bonds.

1. Introduction. – Oligoribonucleoside analogues that integrate nucleobases and
backbone2) differ from all known oligonucleotide analogues by their architecture,
and were designed to explore the extent to which such a fundamental structural change
is compatible with sequence-selective pairing, base stacking, and the formation of sec-
ondary structural elements. Among the first analogues to be synthesised are the ethy-
nylene-linked dimers and oligomers of type I [1–5] (Fig. 1). Ethynylene-linked adeno-
sine dimers AA of type I (X=OH) adopt almost exclusively the syn-conformation of
the nucleobases, as favoured by the substituent at C(8) and a persistent intramolecular

1) Part 12: [1].
2) We suggest the shorthand designation FONIB? for FOligoNucleosides with Integrated Bases and
backbone?.
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H-bond from the propargylic HO�C(5’) to N(3) of the same nucleoside unit [6] (see
also [7]). The design of these analogues, however, implied that the anti conformers
pair. This suggested, on the one hand, to design oligonucleotide analogues that pair
with their bases in a syn conformation, and, on the other hand, to remove the propar-
gylic OH group. Ether-linked, 2’,3’-O-isopropylidene-protected dimers of type II [8]
(X=O), designed to pair with the bases in a syn-conformation, indeed associate in
CHCl3 solution [9]. The synthesis of partially protected, self-complementary, ethyn-
ylene-linked dinucleotide analogues of type I, their triisopropylsilyl ethers, C(5’)-epi-
mers, and C(5’)-deoxy analogues, and the extent and nature of their association should
allow us to evaluate the role of the intramolecular C(5’)�OH···N(3) H-bond in control-
ling the syn conformation, the dependence of the H-bond on the configuration of the
propargylic centre, and the requirement of an anti conformation for the pairing of
such dimers.

We thus aimed at the synthesis of the (2’,3’-O-isopropylidenated) dinucleotide ana-
logues U*[cy]A

(*) and A*[cy]U
(*)3) shown in Schemes 3 and 4 to study the sequence

selectivity of pairing, and the effect of the configuration of C(5’/I)OR and of its deoxy-
ACHTUNGTRENNUNGgenation.

2. Results and Discussion. – 2.1. Synthesis of the U(*) and A(*) Monomeric Building
Blocks. The synthesis of the desired dinucleotide analogues requires the 6-iodouridine
38, the 8-iodoadenosines 24–26, the adenosine derived alkynes 28, 34, 35, 37, 39, 40,
and 46, and the uridine derived alkynes 2, 6, 8, 10, 18, 49, and 50 (cf. Schemes 3 and 4).

C-Desilylation of the propargyl alcohol 1 [2] gave 2 that was transformed to the tri-
ACHTUNGTRENNUNGisopropylsilyl ether 3 (88% from 1; Scheme 1). Barton–McCombie deoxygenation [10]
of the D-allo-configured propargylic alcohol 4 [2] led in 81% to the 5’-deoxy derivative
5. It was desilylated by treatment with Bu4NF·3 H2O in THF to yield 96% of the alkyne
6. The alcohol 4 was hydroxymethylated at C(6) by formylation followed by reduction

Fig. 1. Types I and II for the connection between the nucleobase and C(5’) of the adjacent unit (illus-
trated for UA dimers)

3) Conventions for abbreviated notation: The substitution at C(6) of pyrimidines and C(8) of purines is
denoted by an asterisk (*); for example U* and A* for hydroxymethylated uridine and adenosine
derivatives, respectively. The moiety linking C(6)CH2 or C(8)CH2 and C(5’) of the previous unit is
indicated in square brackets, such as [c] for a carbon atom. The indices y, e, and a indicate a triple,
double, or single bond, respectively.
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[9] to provide the diol 7 (60%). Similarly, 1 was transformed in a yield of 54% into the
epimeric diol 9, and both 7 and 9wereC-desilylated with Bu4NF·3 H2O, and then selec-
tively O-silylated with tBuPh2SiCl to afford the propargyl alcohols 8 (81%) and 10
(85%), respectively.
To obtain the C(5’)-deoxygenated and C(6)-silyloxymethylated uridine derivative

18, we explored the inverse sequence of transformations that were used to prepare
7–9, i.e., hydroxymethylation followed by oxidation and ethynylation, starting with
2’,3’-O-isopropylideneuridine (11 [11]; Scheme 1)4). Silylation of 11 to 12, followed
by formylation and reduction, gave 13 (76% from 11). Silylation with tBuPh2SiCl (!
14), followed by selective removal of the tBuMe2Si group with H2SiF6 in MeCN/
tBuOH/H2O at 08 [12] yielded 99% of the alcohol 15. It was oxidized according to Pfitz-
ner–Moffatt [13], and the resulting aldehyde was directly treated with (triethylsilyl)-
ethynylmagnesium bromide in THF at �158 to yield 51% of a 1 :1 mixture of the epi-
meric propargylic alcohols 16. The isomers proved difficult to separate5). An attempted
diastereoselective alkynylation with (trimethylsilyl)acetylene in the presence of
Zn(OTf)2, (+)-N-methylephedrine, and Et3N in toluene [14] for 3 h at 808 led only
to recovered starting material, while heating to 908 for 12 h resulted in a complex mix-
ture. The deoxygenated monomer 17 was thus prepared from the epimeric mixture 16,
similarly as described for the synthesis of 5. The selective C-desilylation of the mono-
mer 17 failed. It proved resistant to H2SiF6 in MeCN/

tBuOH/H2O, while desilylation
with Bu4NF·3 H2O in THF at �188 removed only the O-SitBuPh2 group. The desired
terminal alkyne 18 was thus prepared by complete desilylation of 17 with Bu4NF·
3 H2O at 258 followed by O-silylation to yield 88% of 18.
The A(*) monomeric building blocks were obtained from N6-benzoyl-2’,3’-O-iso-

propylideneadenosine (19 [15]; Scheme 2). The (tert-butyl)diphenylsilyl ether 20
(87%) and the (tert-butyl)dimethylsilyl ether 22 (88%) were prepared similarly to
the known triisopropylsilyl ether 21 [9]. Iodination [7] of 20 followed by debenzoyla-
tion provided the 8-iodoadenosine 25 (77%), and iodination of 21 gave 26 (76%),
while debenzoylation of the 8-iodoadenosine 23 [7] gave the iodo alcohol 24. Deben-
zoylation and desilylation of the alkyne 27 [7] provided the propargyl alcohol 28
(72%). Hydroxymethylation of the silyl ether 22 yielded 83% of 29 that was protected
as the (tert-butyl)diphenylsilyl ether 30. Selective removal of the C(5’)-OSitBuMe2
group with H2SiF6 in MeCN/

tBuOH/H2O led to 31 (79% besides 16% of starting mate-
rial), and Pfitzner–Moffatt oxidation of 31 gave the corresponding aldehyde. The crude
aldehyde reacted with (trimethylsilyl)ethynylmagnesium bromide to provide the epi-
meric propargylic alcohols 32 (42%) and 33 (21%). C-Desilylation of 32 (K2CO3 in
MeOH at 08) and N-debenzoylation (MeNH2 in THF/EtOH) yielded 72% of the mono-
silylated propargylic alcohol 34, while the same conditions led to complete desilylation
of the epimeric alcohol 33. The desired product 35 was obtained in 80% by desilylating
33 at �208, followed by debenzoylation. Barton–McCombie deoxygenation of a 2 :1

4) The inverse sequence has the advantage that the mixture of diasteroisomers is obtained in a later
step, without necessarily facilitating their separation.

5) A combination of different protecting groups, including the C-SiMe3 and C-SiEt3 groups, and a com-
bination of them with several O-silyl groups did not facilitate separation.
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Scheme 1

a) Bu4NF·3 H2O, THF; 96% of 2 ; 96% of 6. b)
iPr3SiCl (TIPSCl), 1H-imidazole, DMF; 92%. c) 1.

(Thiocarbonyl)diimidazole, CH2Cl2. 2. Bu3SnH, Fa,a-azoisobutyronitrile? (AIBN), toluene; 81% of 5 ;
59% of 17. d) 1. Lithium diisopropylamide (LDA), THF, �768, then DMF, then AcOH. 2. NaBH4,
EtOH; 60% of 7; 54% of 9 ; 85% of 13. e) tBuPh2SiCl, 1H-imidazole, DMF; 81% of 8 ; 85% of 10. f)
tBuMe2SiCl, 4-(dimethylamino)pyridine (DMAP), 1H-imidazole, CH2Cl2; 90%. g) tBuPh2SiCl,
DMAP, 1H-imidazole, CH2Cl2; 59% of 14 ; 88% of 18. h) H2SiF6, MeCN/

tBuOH/H2O; 99%. i) 1.
N,N’-Dicyclohexylcarbodiimide (DCC), CHCl2CO2H, DMSO. 2. (Triethylsilyl)acetylene, EtMgBr,

THF; 51% of 16 (D-allo/L-talo 1 :1).
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mixture of 32 and 33 provided the 5’-deoxy derivative 36 (65%) that was C-desilylated
and N-debenzoylated to yield 77% of the D-ribo-configured monomer 37.
2.2. Conformation of the A(*) and U(*) Monomers. Investigation of the duplex for-

mation of A*[cy]U
(*) and U*[cy]A

(*) dimers requires a detailed conformational analysis
of the A(*) and U(*) building blocks, and particularly of the syn/anti equilibrium, the
C(4’),C(5’) torsion angle, the conformation of the ribofuranose ring, and the depen-
dence of the conformation on the intramolecular H-bond to N(3) and on the substitu-
ent at C(6) or C(8). This information is derived from 1H-NMR parameters, such as
d(H�C(2’)) (syn/anti equilibrium), J(4’,5’) (C(4’),C(5’) torsion angle), J(1’,2’)/J(3’,4’)

Scheme 2

a) tBuPh2SiCl, 1H-imidazole, DMF; 87%. b)
tBuMe2SiCl, DMAP, 1H-imidazole, CH2Cl2; 88%. c)

LDA, THF, �768, then N-iodosuccinimide (NIS). d) MeNH2, THF/EtOH; 84% of 24 from 23 ; 77%
of 25 from 20 ; 76% of 26 from 21; 72% of 34 ; 80% of 35 ; 77% of 37. e) Bu4NF·3 H2O, THF; 72%
of 28. f) 1. LDA, THF, �768, then DMF, then AcOH. 2. NaBH4, EtOH; 83%. g) tBuPh2SiCl, DMAP,
1H-imidazole, CH2Cl2; 89%. h) H2SiF6, MeCN/

tBuOH/H2O; 79%. i) 1. DCC, CHCl2CO2H, DMSO.
2. (Trimethylsilyl)acetylene, EtMgBr, THF; 42% of 32 and 21% of 33. j) K2CO3, MeOH, 08 (32) or

�208 (33). k) 1. (Thiocarbonyl)diimidazole, CH2Cl2. 2. Bu3SnH, AIBN, toluene; 65%.
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(conformation of the ribofuranose ring), and d(HO�C(5’)) and J(5’,OH) (H-bonding
of the propargylic OH group).
2.2.1. Conformation of the A(*) Monomers. In CDCl3, 8-unsubstituted and O(5’)-

protected adenosine-derived propargyl alcohols and the corresponding 5’-deoxy ana-
logues adopt an anti orientation of the adeninyl moiety, and show a ca. 1 : 1 northern/
southern (N/S) equilibrium of the furanose ring. The A(*) propargyl alcohols possess
an intramolecular O(5’)�H···N(3) H-bond, establishing the syn orientation of the ade-
ninyl moiety and an (S) conformation of the furanose ring. Due to steric interactions
between the nucleobase and the substituent at C(4), 8-substituted A* derivatives
adopt a syn-orientation of the adeninyl moiety and prefer a (N) conformation of the
furanose ring.
The 8-unsubstituted, O(5’)-protected adenosines adopt an anti conformation and

the 8-substituted O(5’)-protected adenosines a syn conformation. This is revealed by
the chemical shift of H�C(2’), the syn conformers being characterized by a downfield
shift of 0.4–0.7 ppm (see [7] and refs. cited there). H�C(2’) of the anti conformers of
2’,3’-O-isopropylidenated, O(5’)-protected adenosines in CDCl3 resonates typically at
5.20–5.25 ppm [7]. A small downfield shift for H�C(2’) of the 8-unsubstituted and
O(5’)-silylated adenosines 20 and 22 resonating at 5.29–5.36 ppm (Table 12 in the
Exper. Part) reveals a strong preference for an anti-conformation. The 8-substituted
and O(5’)-silylated adenosines 25, 26, and 30, and the C(5’)-deoxy analogues 36 and
37 (d(H�C(2’))=5.76, 5.85, 5.80, 5.78, and 5.70 ppm, resp.) adopt (almost) completely
a syn conformation. The upfield shift for H�C(2’) of the alcohol 29 (d 5.60 ppm) is
probably due to an intramolecular H-bond of the OH group to N(9), as suggested by
the downfield shift of the OH signal (d 4.59 ppm).
The adenosine-derived propargyl alcohols 31–35 possess a completely persistent

intramolecular H-bond of HO�C(5’) to N(3). It is evidenced by the downfield shift
of the HO�C(5’) signal (31: d 5.81 ppm; 32–35 : 6.35–7.77 ppm) and by characteristic
large and small J(5’,OH) values (�10.5 and �1.5 Hz for the D-ribo-configured 31,
�10.5 Hz for the L-talo-configured 33 and 35 ; and �1.5 Hz for the D-allo-configured
32 and 34) [7]. The d(HO�C(5’)) values show that the propargylic OH group of
32–35 is more highly acidic than HO�C(5’) of 31 and thus a better H-bond donor
[16]. The gg orientation of HO�C(5’) of these alcohols is revealed by small J(4’,5’) cou-
plings (�2.1 Hz). Despite the syn conformation, H�C(2’) of these intramolecularly H-
bonded alcohols resonate upfield at 5.18–5.26 ppm, in agreement with earlier observa-
tions [7] [9]. The O(5’)�H···N(3) H-bond of 24 and 28 is completely persistent even in
CDCl3/CD3OD, as evidenced by the upfield shift of the H�C(2’) signal (5.13–5.23
ppm) and by small J(4’,5’) values (�1.8 Hz). The gg conformation of the syn-oriented
adenosines 25, 26, 29, 30, 36, and 37 is destabilized by a steric interaction between the
adenosyl moiety and either R3SiO�C(5’) or RC�C�C(5’). This is reflected by J(4’,5’)
values of 6.0–6.9 Hz for the silyl ethers and of 6.3–8.1 Hz for the alkynes, evidencing a
ca. 1 : 1 mixture of gt and tg conformers. The destabilizing steric interaction between an
anti-oriented adenosyl moiety and the substituent at C(5’) should be distinctly weaker.
Indeed, J(4’,5’a) and J(4’,5’b) values of 4.5–5.1 and 3.6–3.9 Hz of the (tert-butyl)diphe-
nylsilyl ether 20 and the (tert-butyl)dimethylsilyl ether 21 evidence gg/gt/tg equilibria of
ca. 1 : 1 : 1 and 2 :1 :1, respectively, also in keeping with the relative steric demand of the
two silyl substituents.
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According to the J(1’,2’) and J(3’,4’) values (Table 12 in the Exper. Part), the anti-
oriented 20 and 22 are ca. 1 : 1 mixtures of (N) and (S) conformers, whereas the syn-ori-
ented O(5’)-silyl ethers 25, 26, 29, and 30, and the syn-oriented O(5’)-deoxy acetylenes
36 and 37 prefer the (N) conformation. The (S) conformation is strongly preferred by
the intramolecularly H-bonded alcohols 24, 28, and 31–35, corroborating earlier obser-
vations about the change of ring conformation upon deprotection of HO�C(5’) [7].
Interestingly, the desilylated and debenzoylated amino diol derived from 31 [9] also
adopts an (S) conformation in CDCl3 solution, but a northern (E4)-conformation in
the crystalline state.
The 13C-NMR spectra of the adenosine monomers show the expected chemical

shifts (Table 13 in the Exper. Part). Iodination induces a strong upfield shift of C(8)
(Dd�40 ppm), and hydroxymethylation a downfield shift (Dd�11 ppm). The CH2�
C(8) t of 29–37 resonates at 58.1–60.1 ppm, and the C(6) s of the amines appears ca.
4 ppm downfield to that of the corresponding benzamides.
2.2.2. Conformation of the U(*) Monomers. In CDCl3, 6-unsubstituted and O(5’)-

protected uridine-derived propargyl alcohols and their C(5’)-deoxy analogues adopt
completely an anti orientation of the uracilyl moiety. The intramolecular O(5’)�
H···O=C(2) H-bond of the 6-unsubstituted U propargyl alcohols is weak, and leads
to a minor population only of a syn conformation, whereas the corresponding 6-substi-
tuted U* analogues adopt completely a syn-conformation. The anti conformers form a
ca. 1 : 1 equilibrium of the (N/S)-conformers, whereas the (N/S) equilibrium of the syn
conformers depends upon the configuration and substitution of C(5’) (ca. 1 : 1 for D-allo
and ca. 2 : 1 for L-talo and D-ribo derivatives).
That 6-unsubstituted andO(5’)-protected, 2’,3’-O-isopropylidenated uridines prefer

an anti, and the corresponding 6-substituted analogues a syn conformation is revealed
by typical chemical shifts of H�C(2’), viz. ca. 4.70 ppm for the former and 5.20–5.30
for the latter in CDCl3 [2]. Thus, the 6-unsubstituted, O(5’)-silylated uridines 3 and 5
(d(H�C(2’))=4.76–4.79 ppm; Table 10 in theExper. Part) adopt an anti-conformation,
while the 6-substituted O(5’)-silyl ethers 13 and 14, and the 6-substituted, O(5’)-deoxy-
genated acetylenes 17 and 18 (d(H�C(2’))=5.18–5.25 ppm) prefer a syn conforma-
tion. Since the 6-hydroxymethyl group of 13 does not form a persistent intramolecular
H-bond, in contradistinction to the corresponding 8-hydroxymethyl adenosine, its pro-
tection, as in 14, leads only to a small shift (Dd=0.03 ppm) of the H�C(2’) signal. Sub-
tle factors influence the syn/anti equilibrium. Thus, C-desilylation of 5 leads to substan-
tial amounts of a syn-conformer of 6, as evidenced by the downfield shift of the H�
C(2’) signal (Dd=0.14 ppm) and a decreased population of the gg conformer (gg/gt/
tg 1 :2 : 2 for 6 and ca. 1 : 1 :1 for 5, as deduced from J(4’,5’) values of 5.7/5.7 and 5.4/
4.5 Hz, resp.). The gg/gt/tg 1 :2 :2 ratio of the (t-butyl)dimethylsilyl ether 12
(J(4’,5’)=5.7 and 5.7 Hz) reflects the steric repulsion between the bulky silyl group
and even an anti-oriented uracilyl unit.
Although the intramolecular O(5’)�H···O=C(2) H-bond of uridines is much less

persistent than the O(5’)�H···N(3) H-bond of adenosines (see [2] and refs. cit.
there), the C-desilylated propargyl alcohol derived from the uridine 4 [2] and the
diol derived from 13 by desilylation [9] possess an intramolecular O(5’)�H···O=C(2)
H-bond in the solid state. The orientation of the hydroxymethyl group of these two
crystalline uridines is very similar to that of the desilylated and debenzoylated diol
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derived from the adenosine 31 [9] (gg orientation; torsion angles H�O�C(5’)�Ha of
�67 to �868 and H�O�C(5’)�R (R=Hb or C�CH) of 155–1738). Therefore,
O(5’)�H···O=C(2) H-bonded uridines should be easily identified by large and/or
small J(5’,OH) couplings depending upon the configuration at C(5’). HO�C(5’) of
the 6-substituted uridine 15 resonates at 3.11 ppm as a sharp dd with J(5’a,OH)=3.9
and J(5’b,OH)=8.1 Hz. Calculations6) suggest a ca. 40% persistence of the O(5’)�
H···O=C(2) H-bond. This agrees well with the ca. 1 : 1 ratio of the gg, and the sum of
gt and tg conformers that is deduced from J(4’,5’a)=3.3 and J(4’,5’b)=4.2 Hz. HO�
C(5’) of the 6-substituted propargyl alcohols 7–9 resonates as broad ss at 3.71–4.11
ppm, evidencing a fast OH exchange (Table 10 in the Exper. Part). Only the H�C(5’)
signal of 8 shows a J(5’,OH) coupling. In the D-allo and L-talo pairs 7/8 and 9/10, respec-
tively, the rotamer distribution should correlate with differences between the H-bond-
ing. Of the staggered conformers depicted in Fig. 2, only the rotamers A can form an
intramolecular H-bond. As the rotamers C are disfavoured by the steric interaction
between the ethynyl and the syn-oriented uracilyl group, one expects mainly an equi-
librium between rotamers A and B. In the L-talo series, rotamer B is disfavoured by
the gauche orientation of the C-substituents; hence, the L-talo conformerA should pre-
dominate. In the D-allo series, rotamerA is disfavoured by the gauche orientation of the
C-substituents, and rotamer B lacks the gauche orientation of the O-substituents; an
equilibrium D-allo-A/D-allo-B ca. 1 : 1 is expected. This means that the L-talo uridines
9/10 are expected to possess a more strongly persistent H-bond than the D-allo ana-
logues 7/8. Calculations suggest a L-talo-A/L-talo-B equilibrium of 8 :2 for 7
(J(4’,5’)=3.3 Hz) and 7 :3 for 8 (J(4’,5’)=4.2 Hz), and a D-allo-A/D-allo-B equilibrium
of ca. 1 : 1 for 9 and 10 (J(4’,5’)=6.0–6.3 Hz), assuming typical coupling constants of 1.5
Hz for gauche-oriented H-atoms and of 10.5 Hz for antiperiplanar H-atoms. Thus, at
best 50% of the D-allo alcohols and 70–80% of the L-talo epimers possess an intramo-
lecular H-bond. J(5’,OH) of 8 (2.7 Hz) indicates that only half of the L-talo-A conform-
ers are engaged in intramolecular H-bonding. H�C(2’) of 7–9 and 15 resonates at a
similar position (5.14–5.26 ppm) as H�C(2’) of the O(5’)-silyl ethers 13 and 14, evi-
dencing a negligible influence of the intramolecular H-bond on d(H�C(2’)). Also
the 8-unsubstituted propargyl alcohol 2 in CD3OD shows a ca. 1 : 1 equilibrium of
the L-talo-A and L-talo-B conformers, evidencing that the L-talo-C conformer is also dis-
favoured in such anti-oriented uridines.
The 6-unsubstituted uridines exist as ca. 1 : 1 mixtures of the (S) and (N) conform-

ers; only 6 (J(1’,2’)/J(3’/4’)=0.6) shows a preference for the (N) conformation, in agree-
ment with the higher proportion of a syn conformer. There is a strong correlation
between the syn orientation of 6-substituted uridines and the (N) conformation
(J(1’,2’)/J(3’/4’)�0.45), with the exception of the D-allo-propargyl alcohols 7 and 8
which exist each as a ca. 1 : 1 (S/N) equilibrium.
The 13C-NMR spectra of the U and U* momomers show the expected chemical

shifts (Table 11 in the Exper. Part). Thus, C(4’) resonates between 90.8 and 84.4 ppm;
both 5-deoxygenation, and the change of the syn to anti orientation lead to an upfield
shift of 2–3 ppm. Characteristic chemical shifts are also observed for the silylated and

6) Using 0.5 and 11.5 Hz [7] as limiting J(5’,OH) values, and J(H,OH)=5.8 and 4.5 Hz [17] for com-
pletely solvated primary and secondary OH groups.
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desilylated C�Cmoiety (102.5–103.8 and 83.6–88.7 vs. 82.7–79.7 and 75.8–69.9 ppm);
deoxygenation at C(5’) leads to an upfield shift of C(7’) by ca. 5 ppm. Hydroxymethy-
lation induces a downfield shift of the C(6) signal by 15 ppm and the subsequentO-sily-
lation an upfield shift of 1–2 ppm for C(6) and a downfield shift of 2 ppm for CH2�
C(6).
2.3. Synthesis of the Dinucleoside Analogues. The nucleoside dimers were prepared

by Sonogashira cross-coupling under previously optimized conditions [3]. The U*[cy]A
dimers 41, 42, 44, and 47 were prepared by coupling the 6-iodouridine 38 [2] with the
alkynes 39 [6], 40 [5], 28, and 46 [3], and the U*[cy]A* analogues 43, 45, and 48 by cou-
pling 38 with 34, 35, and 37 (Scheme 3). The dimer 44 derived from the L-talo-config-
ured propargyl alcohol 28 was obtained in higher yields (84%) than the dimer 41
(70%) derived from the D-allo isomer 39. Lower yields resulted also from coupling
38 with the propargyl silyl ethers 40 to 42 (70%). The same dependence of the yield
upon the presence or absence of the propargylic OH group and its configuration was
observed in the synthesis of the U*[cy]A* dimers 43 (68%), 45 (90%), and 48 (73%),
and, similarly, in the synthesis of the A*[cy]U

(*) dimers 51 (92%), 54 (90%), 52
(86%), 56 (99%), 58 (91%), 53 (89%), 55 (83%), 57 (98%), 59 (80%), and 60 (80%)
that were obtained by cross-coupling the 8-iodoadenosines 24–26 with the alkynes 2,
6, 8, 10, 18, 49 [2], and 50 [2], respectively (Scheme 4).
2.4. Association of the U*[cy]A

(*) and A*[cy]U
(*) Dinucleosides. A priori, the

U*[cy]A
(*) and A*[cy]U

(*) dinucleosides may form linear duplexes and higher associ-
ates and/or cyclic duplexes. The formation of cyclic duplexes is mainly influenced by
structural parameters of unit I. These are 1) the orientation of the nucleobase, as speci-
fied by the c angle and strongly influenced by R2, 2) the furanose ring conformation, 3)
the orientation of the ethynyl moiety, as described by the torsional angle fCO (C(6’/I)�
C(5’/I)�C(4’/I)�O(4’/I)), and 4) the nature of the propargylic substituent X and the
configuration at C(5’/I) (X¼6 H; Fig. 3,a). Possible steric interactions between the ribo-
syl units in all dinucleosides and a co-operativity between the intramolecular O(5’/II)�
H···N(3/II) H-bond and intermolecular H-bonds of the adeninyl unit of A*[cy]U

(*)

Fig. 2. Newman projections of the staggered rotamers around the C(5’)�C(4’) bond of the L-talo- and
D-allo-configured propargyl alcohols
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dinucleosides (R1=H) must be also taken into consideration.Maruzenmodels indicate
that cyclic duplexes of both U*[cy]A

(*) and A*[cy]U
(*) dinucleosides can accommodate

Watson–Crick, reverse-Watson–Crick, Hoogsteen, or reverse-Hoogsteen H-bonds, but
only in a restricted range of the c and fCO angles, viz. �80 to +1258 for the c angle,
specifying a syn-type orientation of the nucleobase, and +30 to �1258 for the fCO
angle, corresponding to a gg-type orientation of the ethynyl group (Fig. 3,b). Hence,
U*[cy]A

(*) and A*[cy]U
(*) dinucleosides with an anti-oriented nucleobase, or a gg- or

tg-oriented ethynyl moiety can only form linear duplexes and higher (linear or cyclic)
associates, but not cyclic duplexes.
The association of the U*[cy]A

(*) and A*[cy]U
(*) dinucleosides in CHCl3 solution

was investigated by vapour-pressure osmometry (VPO) [18], and by NMR and CD
spectroscopy. A doubling of the molecular mass at higher concentration, as shown by
VPO measurements, evidences cyclic duplexes, whereas other values for the apparent

Scheme 3

a) [Pd2(dba)3], CuI, P(fur)3, toluene/Et3N 1 :1; 70% of 41; 70% of 42 ; 68% of 43 ; 84% of 44 ; 90% of
45 ; 76% of 47; 73% of 48.
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molecular mass and its concentration dependence even at higher concentration evi-
dence linear duplexes and higher associates. The association is also revealed by the con-
centration dependence of 1H-NMR signals, and best quantified by analysing the con-
centration dependence of d(HN(3)) of the uracilyl moiety (easily assigned, large d

Scheme 4

a) [Pd2(dba)3], CuI, P(fur)3, toluene/Et3N 1 :1; 92% of 51; 86% of 52 ; 89% of 53 ; 90% of 54 ; 83% of
55 ; 99% of 56 ; 98% of 57; 91% of 58 ; 80% of 59 ; 80% of 60.
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range, no overlapping with other signals). A large Dd value between simplex (extrap-
olation to c=0 mM) and duplex(es) (c>20 mM), a strong bending of the curve at low
concentration, and the reaching of a plateau a high concentration evidences the forma-
tion of cyclic duplexes, whereas a distinctly smaller Dd value between simplex and
duplex, a moderate bending of the curve at low concentration, and an increasing down-
field shift with increasing higher concentration evidences linear duplexes and higher
associates. The temperature dependence of d(HN(3)) (van<t Hoff plot) allows to calcu-
late the thermodynamic parameters. A thorough analysis of the 1H- and 13C-NMR spec-
tra (recorded at a concentration where ca. 80% of the dinucleosides are in the form of
duplexes), a comparison of these data with those of the monomeric precursors, and the
concentration dependence of additional 1H-NMR parameters (such as d(H�C(2’/I))
and J(4’,5’/I)) should allow to determine the conformation of duplexes. ROESY and
CD spectroscopy will give information about the type of the base pairing and p-stack-
ing. Cross-peaks between the signals of HN(3) of the uracilyl moiety andH�C(2) of the
adeninyl moiety evidenceWatson–Crick-type base pairing. The absence of these cross-
peaks, and cross-peaks between the signals of HN(3) of the uracilyl moiety and H�C(8)
of the adeninyl moiety (only possible in U*[cy]A dimers) evidenceHoogsteen-type base
pairing. The ROESY spectra do not allow to discriminate between Watson–Crick and
reverse-Watson–Crick, nor between Hoogsteen and reverse-Hoogsteen H-bonds7). The
stabilisation of nucleoside base pairs by p-stacking in aqueous solutions is estimated to

Fig. 3. a) Factors of unit I influencing the formation of cyclic duplexes and b) ranges of the fCO and c

angles of unit I

7) A priori, HMBC cross-peaks between H2N�C(6) of adenosines and either O=C(2) or O=C(4) of
uridines would provide this information, as would 15N-labelled isotopomers (intermolecular
2J(N,N) or 3J(N,C) couplings [19][20]). However, such HMBC cross-peaks are only visible when
H2N�C(6) resonates as a sharp signal which is usually not the case.
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be 0.5–1.8 kcal/mol (see [21] and refs. cit. there); it is expected to be significantly
weaker in CHCl3. As a rule, base stacking is evidenced by positive and negative
bands in CD spectra that decrease in intensity with increasing temperature [22–24].
Finally, the restrictions resulting from these analyses should allow to generate appropri-
ate Maruzen and AMBER* models of the cyclic duplexes.
In the following, observations valid for all A*[cy]U

(*) and U*[cy]A
(*) dimers will be

discussed first. Subsets of U*[cy]A
(*) and A*[cy]U

(*) dinucleosides will then be analysed
according to the procedure described in the previous paragraph. In the U*[cy]A

(*) ser-
ies, there are two subsets (one with and one without intramolecular H-bond), and in the
A*[cy]U

(*) series there are four subsets, according to the strong influence both of the
substituents at C(8/I) and C(5’/I), and of the configuration at C(5’/I).
2.4.1. Discussion of NMR Parameters Relevant to Both the U*[cy]A

(*) and the
A*[cy]U

(*) Dimers. The concentration dependence of the 1H-NMR signals of the
U*[cy]A

(*) and A*[cy]U
(*) dimers was determined at two or three different concentra-

tion ranges (30–60, ca. 10, and 1.2 mM); the chemical shifts of the most sensitive H-
atoms at the highest concentration and the relative shifts at the lower concentrations
are listed in Tables 1 and 2. As expected, the strongest shift dependence is observed
for the H-atoms directly involved in base pairing. HN(3) of U*[cy]A

(*) dimers (ca. 10
and 1–2 mM solutions) displays Dd values of 1.3–2.5 ppm, and HN(3) of A*[cy]U

(*)

dimers displays Dd values of 1.0–1.8 ppm, with the exception of 55 (Dd of only 0.28
ppm). The H2N�C(6) signals show a similar concentration dependence, with Dd values
of 0.3–0.6 ppm for ca. 10 and 1–2 mM solutions. The chemical shift of the HN(3) and
H2N�C(6) signals depends not only on the type and persistence of the base pairing, but
also on intramolecular H-bonds, the substituents at C(6) and C(8), and the orientation
of the nucleobases (see Sect. 2.4.8). Still, the downfield shift of the HN(3) and H2N�
C(6) signals in the duplexes should qualitatively correlate with the strength of the
base pairing. Since A·U heteropairing is much stronger than U·U and A·A homopair-
ing, a stronger downfield shift is expected for HN(3) and H2N�C(6) of the self-comple-
mentary UA and AU dimers than for HN(3) and H2N�C(6) of the corresponding mono-
mers and of UU and AA homodimers. Indeed, HN(3/II) of 41–45, 47, and 48, and
HN(3/I) of 52, 53, and 55–60 (�10 mM solutions; Tables 1 and 2) resonate at
10.3–13.8 ppm, clearly downfield to HN(3) of the U(*) monomers 5–10, 12–15, 17,
and 18 (8.95–10.35 ppm), and of the corresponding U*[cy]U

(*) homodimers
(8.90–10.40 ppm [2] [5]). Similarly, H2N�C(6/I) of 41–45, 47, and 48, and H2N�C(6/
II) of 52, 53, and 55–60 resonate at 6.15–7.9 ppm, downfield to the H2N�C(6) signal
of the A(*) monomers 25, 26, 34, 35, and 37 (5.7–6.25 ppm), and of the corresponding
A*[cy]A

(*) homodimers (5.95–6.8 ppm [1] [3] [4]). Usually, the NH2 signal appears as a
single broad s, with the exception of 48 and 60 that show two signals at a concentration
of 1 mM.
Smaller shifts (up to 0.18 ppm) are observed for H�C(5) and CH2�C(6) of the ura-

cilyl group, H�C(2) and CH2�C(8) of the adeninyl group, and H�C(1’–3’) of both
ribosyl units (Tables 1 and 2). The H�C(2’/II) signal is shifted upfield upon dilution
of the dimers where it resonates at rather low field at high concentration. This is the
case for the U*[cy]A

(*) dimers 42, 47, and 48 (d=5.15–5.38 ppm) and theO(5’/II)-pro-
tected A*[cy]U* dimer 59 (d=5.79 ppm at c=83.5 mM). In contradistinction, the H�
C(2’/II) signal is shifted downfield upon dilution of those dimers where it resonates
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at rather high field at high concentration, viz. the U*[cy]A* dimer 45 (d=5.05 ppm at
c=92.5 mM) and the O(5’/II)-protected A*[cy]U dimer 52 (d=5.63 ppm at c=85 mM).
This suggests differently syn-oriented nucleobases of unit II in the cyclic duplexes of 42/
47/48/59 (c=90–1208 ; high-syn) and 45/52 (c=0–308 ; low-syn). The H�C(2’/I) signal
is always shifted upfield upon dilution. The highest upfield shifts of H�C(2’/I) are
observed for the U*[cy]A dimers 42 (0.23 ppm) and 47 (0.18 ppm), and for the
U*[cy]A dimer 48 (0.14 ppm), evidencing a similar orientation of the adeninyl moiety
in the duplex 48 ·48 and in the duplex 59 ·59. H�C(2’/I) of the A*[cy]U dimers 52
and 58 shows a stronger upfield shift (Dd=0.08–0.09 ppm) than H�C(2’/I) of the
A*[cy]U

(*) dimers 53, 55, 56, and 60 (Dd�0.04 ppm). This evidences a subtle influence
of the substituents at C(6/I) and C(5’/I).
The concentration dependence of the chemical shift for HN(3) of the U*[cy]A

(*)

and A*[cy]U
(*) dimers was determined for 1 to 50 mM solutions in CDCl3. It is

expressed by the dilution curves in Fig. 4 that are qualitatively discussed in the sections
dealing with the subsets of the dimers. The curves were analysed graphically [25] and by
linear least-squares fitting [26] to derive the equilibrium constant K, and to calculate
d(HN(3)) of the simplex and duplex (or an averaged d(HN(3)) of several duplexes;
Table 3). The chemical shift for HN(3) of the simplex may be slightly influenced by
the substituents at C(6) and C(5’) of the uridinyl moiety. The calculated d(HN(3)) val-
ues of the U*[cy]A

(*) 41–43 and 45 (7.58–7.97 ppm) are indeed similar to each other,
whereas the calculated d(HN(3)) values of the A*[cy]U

(*) simplexes differ more
strongly (7.98–8.71 ppm). A fast H/H exchange between NH and H2O at low concen-
trations (ratio dimer/H2O�1) may result in too small d(NHsimplex), as it is probably the
case for 44 and 48 (7.13 and 7.26 ppm, resp.). The d(NHsimplex) value of 47 (8.68 ppm) is
surprisingly high, for unknown reasons.
Thermodynamic parameters were determined by van?t Hoff analysis of 1H-NMR

spectra recorded of 3–5 mM solutions in CDCl3 in 108 intervals and in the temperature
range of 0 to 508 (Table 3). The results are discussed in the following sections. They evi-
dence an enthalpy/entropy compensation [27] [28], as expressed by a good linear corre-
lation coefficient of DH and TDS [29] with a slope of 0.79 and an intercept of 0.77,
resulting in similar DG values of �2.0 to �4.6 kcal/mol. Enthalpy/entropy compensa-
tion is very common in host–guest complexes [30] [31] and nucleic acid duplexes
[29] [32] [33] with the entropy increase resulting from the loss of translational (position)
and rotational (orientation) freedom upon duplex formation [34]; the correlation may
also be the result of a so-called extra-thermodynamic relation [35].
The formation of cyclic duplexes may require an orientation of the ethynyl moiety

that differs from the one of the simplex. Such a conformational change is best followed
by analysing the J(4’,5’/I) couplings. Since also non-staggered conformers have to be
considered for cyclic duplexes, the energy and the J(4’,5’) values for the conformers
resulting from rotation about the C(4)�C(5) bond were calculated by force-field mod-
elling of the monomeric uridine derivative 61 (MM3* implemented inMacromodel V. 6
[36]), varying fCO (torsion angle C(6’)�C(5’)�C(4’)�O(4’)) in steps of 108 (Fig. 5). The
yellow bar between the diagrams in Fig. 5 indicates the range of fCO compatible with
the formation of a cyclic duplex (see Fig. 3). The fCO torsion angles of the C(5’/I)-
deoxy compounds are deduced from two J(4’,5’/I) values, and the rotameric equilibrium
is thus more easily deduced. The experimental J(4’,5’/I) values were determined at
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Fig. 4. Concentration dependence of a) d(HN(3/II)) of the U*[cy]A
(*) dimers 41–45, 47, and 48, b)

d(HN(3/I)) of the A*[cy]U
(*) dimers 52, 53, and 55–60, and c) expanded d(HN(3/I)) of the A*[cy]U*
dimer 55 in CDCl3 solution (two measurements)
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three different concentrations (1–2, 5–10, and 50–114 mM), listed in Table 4, and dis-
cussed in the following sections.
As mentioned above, the 1H- and 13C-NMR spectra in CDCl3 of the U*[cy]A

(*) and
A*[cy]U

(*) dinucleosides were recorded at a sufficiently high concentration to guaran-
tee a high proportion of the duplex; i.e., of 60 mM solutions of 42–45, 47, 48, 52, 53, and
57–59, of 50 mM solutions of 55 and 60, of a 30 mM solution of 56, and of a 10 mM sol-

Table 3. Association Constant K and d(NH) of the Simplex and the Duplex as Calculated from the
Concentration Dependence of d(HN(3)) in CDCl3 at 295 K for the Dimers 41–45, 47, 48, 52, 53, and 56–
60, and Determination of the Thermodynamic Parameters by van?t Hoff Analysis of the Temperature

Dependence of d(HN(3)) for 3–5 mM Solutions in CDCl3 at 0–508 (in 108 steps)

Dimer K [M�1] d(NHsimplex) [ppm] d(NHduplex) [ppm] DG298 [kcal/mol] DH [kcal/mol] DS [e.u.]

U*[cy]A
(*) series

41 45 7.82 14.71 �2.2 �6.2 �13.4
43 39 7.87 13.22 �2.0 �6.7 �16.1
44 104 7.13 13.54 �2.7 �8.4 �19.4
45 46 7.58 13.07 �1.8 �6.8 �16.8
42 702 7.97 14.23 �3.9 �14.0 �34.3
47 1159 8.68 13.96 �4.0 �15.0 �37.3
48 973 7.26 13.51 �4.1 �15.7 �39.2
A*[cy]U

(*) series
52 197 7.98 12.09 �3.3 �15.9 �42.9
53 364 8.71 12.16 �3.2 �11.4 �27.8
56 930 8.34 12.10 �4.0 �14.0 �33.9
57 995 8.39 12.38 �4.0 �13.8 �33.2
58 277 8.02 12.32 �3.6 �14.2 �36.0
59 1793 8.42 12.74 �3.8 �13.4 �32.5
60 2307 8.56 13.10 �4.6 �18.4 �46.9

Table 4. Concentration Dependence of J(4’,5’/I) of the U*[cy]A
(*) Dimers 42, 47, and 48, and of the

A*[cy]U
(*) Dimers 52 and 57–60 in CDCl3

Compound Conc.
[mM]

J(4’,5’a/I)
[Hz]

J(4’,5’b/I)
[Hz]

Compound Conc.
[mM]

J(4’,5’a/I)
[Hz]

J(4’,5’b/I)
[Hz]

42 0.5 5.7 – 56 1.0 3.0 –
9 4.5 – 30 3.3 –
95 4.2 – 57 1.7 5.4 –

47 0.5 5.7 5.1 11 5.4 –
5 4.8 4.5 80 5.4 –
60 4.5 4.2 58 1.3 6.0 6.0

48 1.0 6.6 4.8 114 6.0 6.0
11 5.4 4.2 59 1.5 a) a)
50 5.1 4.2 10 5.7 5.4

52 1.3 4.5 – 83.5 5.4 5.4
8.5 4.8 – 60 1.0 6.3 6.3
85 5.1 – 50 6.9 6.3

a) Not determined (too strong noise).
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ution of 41. The 1H- and 13C-NMR assignments are based on selective homodecoupling
experiments, on DQF-COSY and HSQC spectra of 43, 45, 47, 53, 58, and on HMBC
spectra of 48, 55, and 60 (Tables 14–18 in the Exper. Part). The relevant parameters
of unit I are strongly influenced by the duplex formation and discussed in the following
sections, while the NMR parameters of unit II and the 13C-NMR data are usually
weakly influenced by the duplex formation and discussed here below. The surprisingly
strong downfield shift of H�C(2’/II) or 55 is discussed in Sect. 2.4.6.

Fig. 5. MM3*-Calculated energy and J(4’,5’) couplings for the rotamers of 61 obtained by rotation in
108 steps around the C(4’)�C(5’) bond. The yellow bar indicates the range of fCO compatible with

the formation of a cyclic duplex.
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The syn conformation of the uridinyl unit (unit II) of the U*[cy]A
(*) dimers 41–45,

47, and 48 is evidenced by the downfield shift of H�C(2’/II) (41–44 : 5.14–5.27, 45 :
5.07, 47: 5.33, 48 : 5.42 ppm; Table 14 in the Exper. Part). The stronger downfield shift
for 47 and 48 suggests that the cyclic duplex of 47 and 48 is characterized by a different
syn orientation of the uridinyl unit than the linear duplex of 41–45. The twoH�C(5’/II)
of 41–45, 47, and 48 resonate as a s at 3.81–3.88 ppm. J(4’,5’/II) of 6.2–6.9 Hz, and the
J(1’,2’/II)/J(3’,4’/II) ratio �0.42 evidences a gt/tg 1 :1 equilibrium for the silyloxymethyl
group and a strong preference for the (N) conformation, as it was observed for the
O(5’)-silylated U* monomers 13 and 14. The 13C-NMR spectra of 41–48 show the
expected chemical shifts (Table 15 in the Exper. Part). C(6’/I), C(7’/I), and C(6/II) res-
onate at 98.5–100.6, 73.3–76.6, and 136.6–137.7 ppm, respectively.
The syn conformation of the adenosyl unit of the A*[cy]U

(*) dimers 52, 53 and
56–59 is evidenced by the downfield shift of H�C(2’/II) (5.62–5.79 ppm; Table 18 in
the Exper. Part). Ha�C(5’/II) and Hb�C(5’/II) of these dimers resonate as two dds at
3.61–3.82 ppm. J(4’,5’a/II) and J(4’,5’b/II) of 6.5–7.8 Hz and J(1’,2’/II)/J(3’,4’/
II)=0.4–0.6 evidence a gt/tg ratio of ca. 1 : 1 for the silyloxymethyl group and a prefer-
ence of the (N) conformation, as it was observed for the O(5)-silylated A* monomers
25, 26, 29, and 30. HO�C(5’/II) of the alcohols 55 and 60 forms a H-bond to N(3/II), as
revealed by the downfield shift of the OH signal (6.77 and 6.51 ppm, resp.), the small
J(4’,5’a/II), J(4’,5’b/II), and J(5’a,OH/II) values (all <1.5 Hz), the large J(5’b,OH/II)
value (�9.9 Hz), and the (S) conformation (J(1’,2’/II)/J(3’,4’/II)�6). The 13C-NMR
spectra of 51–60 show the expected chemical shifts (Table 17 in the Exper. Part).
C(6’/I), C(7’/I), and C(8/II) resonate at 93.4–95.6, 71.5–75.4, and 133.2–134.9 ppm,
respectively.
2.4.2. Association of the U*[cy]A

(*) Propargyl Alcohols 41 and 43–45 : Formation of
Linear Duplexes. These propargyl alcohols form a persistent intramolecular H-bond to
N(3/I) (see below) leading to a gt-oriented ethynyl moiety. This conformation prevents
the formation of cyclic duplexes. Vapour pressure osmometry (VPO) determinations of
the apparent molecular mass for CHCl3 solutions of 43 show a concentration-depend-
ent low degree of association, as expressed by the ratio of the apparent and the simplex-
related molecular mass (1.13, 1.28, and 1.46 at concentrations of 7, 14, and 28 mM, resp.;
Table 5). This agrees well with an equilibrium between simplex, linear duplexes, and
perhaps small amounts of higher associates.
The concentration dependence of d(HN(3)) was determined for 1 to 50 mM solu-

tions in CDCl3 of 43–45, and for 1 to 10 mM solutions of the much less soluble 41
(Fig. 4,a). The curves show a progression typical of linear duplexes and higher associ-

Table 5. Determination of the Association of the U*[cy]A Dimers 42, 43, and 47, and of the U*[cy]A
(*)

Dimers 52, 56, and 58 in CHCl3 by Vapour Pressure Osmometry

43 52 42 47 56 58

Molecular mass 1038.3 926.3 926.3 753.9 769.9 753.9

Concentration [mM] 7 14 28 30 30 30 20 30
Experimental mass 1179.1 1329.5 1515.8 1499.6 1736.5 1545.2 1489.5 1480.5
Degree of association 1.13 1.28 1.46 1.62 1.87 2.05 1.93 1.96
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ates; i.e., a moderate chemical-shift difference between simplex and duplex (Dd(HN(3/
II))=2.5–4.0 ppm), a weak bending of the curve at concentrations of 1 to 10 mM, and a
continued increase of the downfield shift with increasing concentration. Due to the for-
mation of higher associates, calculations result in too large values for d(HN(3)duplex)
and, hence, in too small K values. Weak associations (K=39–104 M�1; Table 3) were
calculated for 41 and 43–45. The DH values of�6.2 to�8.4 kcal/mol evidence the for-
mation of linear duplexes, with an average energy of 3–4 kcal/mol per intermolecular
H-bond; as discussed below there is only negligible stacking of the nucleobases.
The intramolecular H-bond to N(3/I) of the propargyl alcohols 41 and 43–45 is evi-

denced by the downfield shift of HO�C(5’/I) (7.88–8.28 ppm; Table 14 in the Exper.
Part), the small J(5’,OH/I) value (<1.0 Hz) of the D-allo-configured alcohols 41 and
43, the large J(5’,OH/I) (�10.4 Hz) value of the L-talo-configured epimers 44 and 45,
the small J(4’,5’/I) values (�1.5 Hz), and the (S) conformation. The stronger downfield
shift of HO�C(5’/I) of all these dimers, as compared to the correspondingC-silylated or
C-unsubstituted monomers 32–34 (6.35–7.77 ppm), is rationalized by the increased
acidity of the C-uridinylated propargyl alcohols. This intramolecular H-bond restricts
the rotation about the C(4’/I)�C(5’/I) bond, and results in a gg conformation (relative
to HO�C(5’)). The orientation of the ethynyl group depends on the configuration at
C(5’/I), and is best described by the C(4’/I),C(5’/I) torsion angle (relative to this
group) as specified by a tg conformation of 41 and 43, and a gt conformation of 44
and 45. H�C(2’/I) of 41, 43, 44, and 45 resonates at the field strength that is character-
istic of such intramolecularly H-bonded adenosines (5.14–5.25 ppm).
ROESY Cross-peaks of similar intensity between the signals of HN(3/II) of the uri-

dinyl moiety, and both the H�C(2/I) and H�C(8/I) signals of the adeninyl moiety of a
18.5 mM solution of 44 in CDCl3 evidence an equal proportion of Watson–Crick- and
Hoogsteen-type base-paired duplexes. The syn orientation of the adeninyl group of
44 is corroborated by a strong cross-peak between the signals of H�C(1’/I) and H�
C(8/I) and a weak cross-peak between the signals of H�C(2’/I) and H�C(8/I). The for-
mer cross-peak allows to unambiguously assign the H�C(2/I) signal, resonating down-
field to that of H�C(8/I). The ROESY spectrum of 44 suggests that 41–45 form ca. 1 :1
mixtures of the corrugated Watson–Crick-type base-paired and the stretched Hoog-
steen-type base-paired linear duplexes.
The CD spectrum of a 2 mM solution of 41 in CHCl3, recorded in the interval of�10

to 508 in 108 steps, shows a very weak molar ellipticity and a weak dependence on the
temperature (Fig. 6), evidencing the absence of p-stacking. This agrees well with the
expectation that the linear duplexes of 41–45 are not p-stacked.
2.4.3.Association of the U*[cy]A

(*) Dimers 42, 47, and 48 : Formation of Cyclic,Wat-
son–CrickH-BondedDuplexes. VPOMeasurements for 30 mM solutions of 42 and 47 in
CHCl3 show a degree of association of 1.87 and 2.05, respectively (Table 5) evidencing
the formation of cyclic duplexes.
The concentration dependence of d(HN(3)) for 1 to 50 mM solutions of 42, 47, and

48 in CDCl3 shows the typical curve progression of cyclic duplexes; i.e., a large chemical
shift difference between simplex and duplex (Dd(HN(3/II))=5–6 ppm), a strong bend-
ing of the curve at concentrations of 1 to 10 mM, and a curve linearity (plateau) at
higher concentrations (Fig. 4,a). Thus, the disilyl ether 42 and the C(5’/I)-deoxy com-
pounds 47 and 48 show a dilution curve that evidences a simplex/duplex equilibrium
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Fig. 6. CD Spectra recorded in 108 steps from �10 to 508 for 2mM solutions of 41, 42, 51, 52, and 58,
and for 1mM solutions of 55 and 60 (42 and 59 : with two additional curves recorded for 0.4 and 0.04

mM solutions at 508)
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at concentrations up to 10 mM, and the essentially complete formation of one or several
cyclic duplexes at higher concentrations. The cyclic duplexes of 42, 47, and 48 show a
10–30-times stronger association (K=702–1159 M�1; Table 3) than the linear duplexes
of 41 and 43–45, evidencing the co-operative formation of the two base pairs. The DH
values of �14.0 to �15.7 kcal/mol suggest an energy gain of 3.5–4 kcal/mol per inter-
molecular H-bond, assuming a small contribution only of stacking in the non-polar sol-
vent, as discussed below.
Upon increasing the concentration, the C(5’/I)-deoxygenated dimers 47 and 48

show a parallel decrease of J(4’,5’a/I) and J(4’,5’b/I) values, evidencing an increasing
relative population of the gg conformation (Table 4). This observation agrees well
with the progressive shift of the equilibrium towards a duplex possessing the gg confor-
mation. Similarly, the J(4’,5’/I) value of the D-allo-configured A*[cy]U disilyl ether 42
decreases from 5.7 to 4.2 Hz with increasing concentration. Considering only staggered
conformations, these values reflect the gtC : (ggC+ tgC) ratio (see Fig. 2). The decreasing
population of the gtC conformation of 42 agrees with an increasing proportion of a
duplex possessing the ggC conformation.
The downfield shift of H�C(2’/I) of 42, 47, and 48 (5.92–5.97 ppm for 60 mM solu-

tions in CDCl3; Table 14 in the Exper. Part) evidences a syn orientation of the adeninyl
moiety. The syn conformation of the U*[cy]A dimers 42 and 47, and a stronger down-
field shift for H�C(2’/I) of 42, 47, and 48 than for H�C(2’) of the O(5’)-silylated A*
monomers 25, 26, and 30 (Dd�0.1 ppm) is due to the formation of cyclic duplexes.
ROESY Spectra were recorded for 30, 22, and 15 mM solutions of 42, 47, and 48 in

CDCl3. H�C(2/I) and H�C(8/I) of the U*[cy]A dimers are identified on the basis of
strong ROESY cross-peaks between the signals of H�C(1’/I) and H�C(8/I) of 42
and 47; the assignment is corroborated by the HSQC spectrum of 47 (C(8) is typically
found at ca. 140 and C(2) at 152–153 ppm). This shows that H�C(2/I) resonates at
lower field than H�C(8/I). ROESY Cross-peaks between the signals of HN(3/II)
and H�C(2/I) of 42, 47, and 48 evidenceWatson–Crick-type base pairing that appears
to be characteristic of the cyclic duplexes of 42, 47, and 48. The Hoogsteen-type H-
bonds that are evidenced by a weak ROESY cross-peak between the signals of
HN(3/II) and H�C(8/I) of 47 belong presumably to minor amounts of a linear duplex.
The CD spectrum of a 2 mM solution of 42 in CHCl3, recorded at �10 to 508 in 108

steps, shows a medium molar ellipticity. This observation and the temperature depen-
dence (Fig. 6) evidence a moderate degree of p-stacking, presumably due to partial p-
stacking of the base pairs of the cyclic duplexes of 42, 47, and 48. No p-stacking is
observed for the simplex of 42 that is exclusively present in 0.4 and 0.04 mM solutions
at 508.
Modelling of the structure of the cyclic duplexes is complicated by the fact that

three different structures have to be considered for each pairing system, i.e., two C2-
and one C1-symmetric duplex. Since the NMR data were obtained of rapidly equilibrat-
ing mixtures, C1-symmetric duplexes cannot be excluded a priori. As shown by the
ROESY spectra of 42 and 47, modelling of the U*[cy]A

(*) duplexes 42 ·42, 47 ·47,
and 48 ·48 can be restricted to duplexes possessing Watson–Crick-type base pairing.
The six possible U*[cy]A

(*) duplexes UA1–UA6 possessing Watson–Crick and
reverse-Watson–Crick base pairing were constructed with Maruzen models. The sche-
matic representation of these duplexes (Fig. 7) indicates the orientation of the adeninyl
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and ethynyl moieties, and the destabilizing intramolecular nonbonding interactions
between the two ribosyl moieties (marked with *). These nonbonding interactions
may be alleviated if the duplex adopts a larger roll angle. In the c+120 (high syn
[37–40])8) and in the c�60 (high anti) conformers, the adeninyl moiety is orthogonal
to the C(1’/I)�O(4’/I) bond, and the resulting p ! s*C�O interaction stabilizes both con-
formers. The c+120 conformer is probably also stabilized by a C(2’/I)�H···N(3/I) H-bond
[37], while the c�60 conformer is destabilized by the steric interaction of H�C(2’/I) with
the substituent at C(8) (42 and 47: H, 48 : CH2OSi

tBuPh2; the interactions are marked
with N in Fig. 7). Only the C2-symmetric duplexes UA1 and UA5 possess the
required gg orientation of both ethynyl moieties, and are compatible with the bulky
silyl substituents of 42 and 48. The Watson–Crick base-paired duplex UA1 (c�1208)

8) The c angles for unit I of the cyclic duplexes deviate strongly from those typical of syn- and anti-con-
figured nucleosides (c=+45	30 and �135	308, resp.). To unambiguously characterise the corre-
sponding conformations, we use indexed c values with the index corresponding to a range of 	158.
c+150 and c�30 are two additional minima usually not observed in solution. For nucleosides possessing
a c+150 orientation of the nucleobase in the solid state, see [41].

Fig. 7. Maruzen-modelled cyclic duplexes of U*[cy]A
(*) dimers connected by Watson–Crick (WC) and

reverse-Watson–Crick (rWC) base pairing: schematic representations showing the orientation of the
adeninyl and ethynyl moieties, the symmetry, and destabilizing steric interactions (marked with * or N)
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is favoured over the reverse-Watson–Crick base-paired duplex UA5, since the latter is
severely destabilized by steric interactions between the two ribosyl moieties.
TheWatson–CrickH-bondedUA1 duplex of 48 ·48was modelled with Macromodel

v. 6.0 (AMBER* force field, gas phase; cf. Fig. 10). The gg orientation of the ethynyl
moiety is favoured throughout (fCO=�528, Table 7), whereas an eclipsing orientation
of the adeninyl unit with the C(1’/I)�C(2’/I) bond is disfavoured by the AMBER* cal-
culations; the c angle is increased to 1428. The representation of 48 ·48 in Fig. 10
involves partially p-stacked base pairs, in agreement with the CD spectra.
Characteristic inter-unit ROESY cross-peaks are expected for the differently H-

bonded duplexes.Watson–Crick base pairing of 48 is ascertained by the intramolecular
inter-unit cross-peaks H�C(1’/II)/H�C(3’/I), H�C(1’/II)/H2C(5’/I), H�C(2’/II)/H�
C(2/I), and H�C(3’/II)/H�C(2/I) (indicated in Fig. 10 by double-headed arrows); the
additional inter-unit cross-peak H�C(1’/II)/H�C(4’/I) is not a true ROE cross-peak.
The ROESY spectra of 42 and 47 show too many cross-peak artefacts (e.g., 8–9
cross peaks with both H�C(2/I) and H�C(8/I) for a confirmation of the Watson–
Crick H-bonding.
2.4.4. Association of the D-allo-Configured A*[cy]U Propargyl Alcohols 51 and 54 :

Formation of Linear Duplexes. The 6-unsubstituted propargyl alcohol 51 forms an
organogel in CDCl3 at concentrations above 12 mM. The analogue 54 possessing a
more lipophilic silyl protecting group (SitBuPh2 vs. Si

iPr3) is slightly more soluble.
The 1H-NMR spectra of 1–2 mM solutions of 51 and 54 in CDCl3 show broadened sig-
nals for the uridinyl unit hinting at slowly (NMR time scale) equilibrating mixtures. The
upfield shift of H�C(2’/I) at ca. 5.00 ppm evidences a predominantly anti orientation of
the uracilyl moiety that prevents the formation of cyclic duplexes. Hence, an equilibrat-
ing mixture of simplex and linear duplexes appears highly probable. Severe line broad-
ening prevents the determination of the concentration dependence of d(HN(3/I)) and
of the thermodynamic parameters by van<t Hoff analysis.
Due to the poor solubility of 51 and 54 in CDCl3, NMR spectra of 51 and 54 were

recorded in (D6)DMSO and CDCl3/CD3OD 9 :1, respectively (Tables 16–18 in the
Exper. Part). d(HN(3/I))=11.5 and d(H2N�C(6/II))=7.6 ppm indicate that 51 is
only present as solvated simplex. The downfield shift of H�C(2’/II) (5.62–5.64 ppm)
evidences a syn orientation of the adeninyl moiety, and the upfield shift of H�C(2’/I)
a predominant anti orientation of the uridinyl moiety9).
A similar conformation, including the anti orientation of the uracilyl moiety, is

adopted by 54 in solution and in the solid state. Crystallization of 54 from MeOH
gave crystals suitable for X-ray analysis10)11). The crystals are orthorhombic (P212121
space group). The unit cell contains two molecules of 54, two ordered molecules of

9) d(H�C(2’/I)) of 51=5.06 ppm. This has to be compared to 5.26 ppm of theA*[cy]U* dimer 60, where
the substituted U* moiety is syn-oriented and to 4.9–5.02 ppm of monomeric uridines in (D6)DMSO
[42] [43].

10) The crystallographic data have been deposited with the Cambridge Crystallographic Data Centre as
deposition No. CCDC-603314. These data can be obtained free of charge via http://www.ccdc.cam.
ac.uk/cgi-bin/catreq.cgi (or from theCambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ (fax: +441223336033; e-mail: deposit@ccdc.cam.ac.uk)).

11) All attempts failed to obtain crystals suitable for X-ray analysis of theU*[cy]A* andA*[cy]U* dimers
possessing exclusively syn-oriented nucleobases.
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MeOH, and highly disordered molecules of MeOH (indicated by holes in the struc-
ture). The adenosyl unit possesses a syn-oriented adeninyl and a gg-oriented silyloxy-
methyl group, and adopts a flattened 1E conformation (see Fig. 8,a, and Table 6).
The uridinyl unit adopts a 2E conformation and is further characterized by an anti-ori-
ented uracilyl, a gg-oriented OH, and a tg-oriented ethynyl group. In the crystal, 54
forms two antiparallel strands (Fig. 8,b) that are connected by Watson–Crick H-
bonds (N···H distances: 2.04–2.05 Q). In addition, O=C(4) of the uridine unit accepts
a H-bond from the propargylic HO�C(5’) of the other strand (O···H distance: 1.91 Q).
Reverse-Hoogsteen base pairing connects the adeninyl units of the two strands. The
weakness of these reverse A·A Hoogsteen H-bonds12) is evidenced by the rather
large N···H distances of 2.35 and 2.41 Q, and by a buckle twist of 34.58. To the best
of our knowledge, this is the first crystal structure of a dinucleoside analogue possessing
bothWatson–Crick and reverse A·AHoogsteenH-bonds [46]. Intramolecular p-stack-
ing is observed between the adeninyl and one Ph group.

The CD spectrum of a 2 mM solution of 51 in CHCl3, recorded at �10 to 508 in 108
steps, shows a very small molar ellipticity and a weak temperature dependence (Fig. 6),
evidencing at best a very weak p-stacking, in agreement with the expectation that the
stretched linear duplexes of 51 and 54 are hardly p-stacked. In the solid state structure
of 54 ·MeOH, there is indeed only intramolecular p-stacking between the adeninyl
moiety and a Ph group of the silyl protecting group (see above and Fig. 8).
2.4.5. Association of the A*[cy]U

(*) Dimers 52 and 58–60 : Formation of CyclicWat-
son–Crick H-Bonded Duplexes. VPO Measurements for a 30 mM solution of 58 in
CHCl3 show a degree of association of 1.96 (Table 5), evidencing the formation of cyclic
duplexes. VPO for the A*[cy]U dimer 52 indicates a lower degree of association of 1.62,
suggesting an equilibrium of the simplex with linear and cyclic duplexes. The striking
difference between 52 and 58 is rationalized by the destabilisation of the syn conformer

12) For reverse-HoogsteenA·A base pairing of homo-DNA oligoadenylates, see [44], and for the homo-
pairing of adenine, see [45] and refs. cit. there.

Table 6. Selected Torsion Angles [8] of 54 ·MeOH in the Crystalline State

Torsion angle Mol. A Mol. B Torsion angle Mol. A Mol. B

Adenosyl unit Uridinyl unit
O(4’)�C(1’)�N(7)�C(4) (c) 76.5 74.7 O(4’)�C(1’)�N(1)�C(2) (c) �123.1 �117.4
C(3’)�C(2’)�C(1’)�N(7) 107.7 115.4 C(3’)�C(2’)�C(1’)�N(1) 134.9 142.1
O(2’)�C(2’)�C(1’)�N(7) �141.2 �130.7 O(2’)�C(2’)�C(1’)�N(1) �112.6 �105.2
C(1’)�C(2’)�C(3’)�C(4’) 11.0 1.6 C(1’)�C(2’)�C(3’)�C(4’) �16.0 �24.2
C(2’)�C(3’)�C(4’)�O(4’) �3.9 4.2 C(2’)�C(3’)�C(4’)�O(4’) 10.1 16.9
C(2’)�C(3’)�C(4’)�C(5’) �125.0 �118.7 C(2’)�C(3’)�C(4’)�C(5’) �109.9 �102.4
O(3’)�C(3’)�C(4’)�C(5’) 120.6 126.7 O(3’)�C(3’)�C(4’)�C(5’) 139.4 147.3
C(3’)�C(4’)�C(5’)�O(5’) (fOC) �177.9 �169.4 C(3’)�C(4’)�C(5’)�O(5’) (fOC) 43.9 46.5
O(4’)�C(4’)�C(5’)�O(5’) (fOO) 62.9 69.9 O(4’)�C(4’)�C(5’)�O(5’) (fOO) �75.4 �71.5

C(3’)�C(4’)�C(5’)�C(6’) (fCC) �76.0 �74.5
O(4’)�C(4’)�C(5’)�C(6’) (fCO) 164.7 167.5
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of 52 by the sterically demanding propargylic iPr3SiO group. The anti conformers can
only form linear duplexes and higher associates.
The concentration dependence of d(HN(3)) for 1 to 50 mM solutions of 52 and

58–60 in CDCl3 shows the typical curve progression of cyclic duplexes (Fig. 4,b). A
slight continued concentration dependence, expressed by the curves of the A*[cy]U
dimers 52 and 58 at higher concentrations, suggests the formation of minor amounts
of linear duplexes and higher associates, probably derived from the disfavoured con-
former of the simplex possessing an anti-oriented uracilyl moiety. The weak association
of the A*[cy]U dimers 52 and 58 (K=197–277 M�1; Table 3) and the 6.5 times stronger
association of the A*[cy]U* dimer 59 (K=1793 M�1) agree well with this conclusion.
The DH values of 52, 58, and 59 (�13.4 to�15.5 kcal/mol) evidence an average energy

Fig. 8. Crystal structure of (54 ·MeOH)2: a) ORTEP representation (heavy atoms only) of one mole-
cule of 54 and b) intermolecular H-bonding of 54 (MeOH and substituents at the Si-atoms omitted to

enhance clarity)
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of 3.5–4 kcal/mol per intermolecular H-bond. The strong association of the alcohol 60
(K=2307 M�1) suggests that co-operativity between the intra- and the intermolecular
H-bonds results in a stronger base pairing, as expressed by a DH value of �18.4
kcal/mol.
The J(4’,5’a/I) and J(4’,5’b/I) values of the C(5’/I)-deoxygenated dimers 58–60

remain constant over the whole concentration range (1 up to 114 mM for 58 ; Table
4). The value of these coupling constants suggests a gg/gt/tg equilibrium of ca. 1 : 1 :1
for the simplex of 59, and a gg/gt/tg equilibrium of ca. 0.6 : 1.2 :1.2 for the simplex of
58 and 60. These rotameric equilibria are clearly different from those of duplexes
that possess a (staggered) gg-oriented ethynyl group. Hence, duplexes possessing
non-staggered ethynyl groups that are more or less eclipsed with either O(4’/I) or
C(3’/I) must also be taken into account. There are two regions of fCO (ca. 20 and
2108 ; Fig. 5) correlating with J(4’,5’a) and J(4’,5’b) values that agree well with the
(large) experimental values for 58–60. These two conformers are within the range of
rotamers capable of forming cyclic duplexes, as indicated by the yellow bar below
the energy diagram. The destabilisation of the corresponding rotamers (208 rotamer:
3.6 kcal/mol, 2108 rotamer: 1 kcal/mol) should be easily compensated by the energy
gained upon formation of the second base pair.
In contradistinction to the above discussed concentration-indifferent J(4’,5’/I) val-

ues of 58–60, those of the D-allo-configured U*[cy]A disilyl ether 52 increase from
4.5 to 5.1 Hz with increasing concentration. This reveals the formation of a duplex pos-
sessing an ethynyl group that is more or less eclipsed with either O(4’/I) or C(3’/I); the
relative energy of the rotamers expressed by the red curve in Fig. 5,b is again in favour
of the rotamers with a fCO torsion angle of ca. 20 and 2108.
The chemical shift for H�C(2’/I) of the C(5’/I)-deoxygenated dimers 58–60

(5.17–5.35 ppm; Table 18 in the Exper. Part) evidences that the syn conformers domi-
nate almost completely. The upfield shift for H�C(2’/I) of the disilyl ether 52 (5.00
ppm) reveals a ca. 1 : 1 syn/anti equilibrium, in keeping with the VPO measurement
which evidences a mixture of linear and cyclic duplexes. Steric interactions between
the C(5’/I)-silyloxy and the uracilyl group are responsible for the stronger preference
for the anti conformer of 52 than of 58.
ROESY Spectra were recorded of 13, 44, and 15 mM solutions of 52, 58, and 60 in

CDCl3. Strong ROESY cross-peaks between the signals of HN(3/I) and H�C(2/II) evi-
dence Watson–Crick-type base-paired duplexes. Hence, exclusive Watson–Crick-type
base pairing is assumed for 52 and 58–60, although Hoogsteen-type base pairing
could not be observed directly, as these dimers lack H�C(8/II). A syn/anti equilibrium
of the uridinyl unit of 52 and 58 is suggested by cross-peaks between the signal of H�
C(6/I) and the signals of H�C(1’/I), H�C(2’/I), and H�C(3’/I).
The CD spectra of 2 mM solutions of 52 and 58, and of a 1 mM solution of 60 in

CHCl3, recorded at �10 to 508 in 108 steps, show a similar medium molar ellipticity
as for 42. This observation, and the temperature dependence (Fig. 6) evidence a mod-
erate degree of p-stacking that is reduced for 0.4 and 0.04 mM solutions of 52 at 508. The
CD spectra thus suggest a partial p-stacking of the base pairs of the cyclic duplexes of
52 and 58–60.
The C1-symmetric duplex structuresUA3 andUA6 in Fig. 7 show both orientations

of the ethynyl moiety, as observed for the corresponding C2-symmetric duplexes UA1,
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UA2, UA4, and UA5, respectively. Hence, the unfavourable steric interactions in a C2-
symmetric duplex will also be present in the corresponding C1-symmetric duplex, so
that modelling of the A*[cy]U

(*) dimers can be restricted to the C2-symmetric duplexes.
The A*[cy]U

(*) dimers 52 and 58–60 showWatson–Crick-type base pairing and an ori-
entation of the ethynyl moiety that deviates from an optimal gg conformation.Maruzen
modelling suggests that the Watson–Crick base-paired duplex AU1 and the reverse-
Watson–Crick base-paired duplex AU4 are equally favoured over AU2 and AU3
(Fig. 9). The preferred duplexes show the expected distorted gg conformation of the

Fig. 9. Maruzen-modelled C2-symmetric cyclic duplexes of A*[cy]U
(*) dimers connected by Watson–

Crick (WC), reverse-Watson–Crick (rWC), Hoogsteen (H), and reverse-Hoogsteen (rH) base pairing:
schematic representations showing the orientation of the uracilyl and ethynyl moieties, the symmetry,

and destabilizing steric interactions (marked with * or N)
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ethynyl moiety, and are compatible with the sterically demanding substituent at C(6/I)
of 59 and 60.
TheWatson–CrickH-bonded duplexAU1 and the reverse-Watson–CrickH-bonded

duplexAU4 of 60 ·60were modelled withMacromodel (Fig. 10). The eclipsing arrange-
ment of the uridinyl moiety with the C(1’/I)�C(2’/I) bond (c�1208 by Maruzen mod-
elling) is changed to a syn orientation (c=58–848, Table 7). The torsional strain asso-
ciated with the distorted gg orientation of the ethynyl moiety (fCO of ca.�308 byMaru-
zen modelling) is alleviated by Amber* modelling (fCO=�47 to �528). Both struc-
tures of 60 ·60 (Fig. 10) show p-stacking of the purine bases only, in agreement with
the CD spectra. TheWatson–CrickH-bonded duplex of 60 ·60may be slightly favoured
over the reverse-Watson–Crick H-bonded duplex, as suggested by smaller propeller
twist angles (3 and 12 vs. 23–258).

The ROESY spectrum of the A*[cy]U* dimer 60 shows intramolecular inter-unit
ROESY cross-peaks H�C(1’/II)/H�C(3’/I), H�C(1’/II)/H�C(5’/I), Meendo/II/H�
C(3’/I), and Meendo/II/H�C(5’/I), as indicated in Fig. 10 by double-headed arrows.
The cross-peaks confirm the Watson–Crick base pairing; there are no cross-peaks to
suggest reverse-Watson–Crick base pairing. The ROESY spectra of 52 and 58 also
show the expected H�C(1’/II)/H�C(3’/I) and H�C(1’/II)/H�C(5’/I) cross-peaks, cor-
roborating the Watson–Crick H-bonding. They also show several other inter-unit
cross-peaks presumably originating from minor amounts of linear duplexes.
2.4.6. Association of the D-allo-Configured A*[cy]U* Propargyl Alcohols 53 and 55 :

Formation of Cyclic Reverse-Hoogsteen H-Bonded Duplexes. The concentration
dependence of d(HN(3)) for 1 to 50 mM solutions of 53 in CDCl3 shows the typical
curve progression of cyclic duplexes, whereas the curve of 55 lacks the characteristic
bending at low concentrations (Fig. 4,b). Extrapolation of the curve for 55 leads to a
d(HN(3/I)) at 0 mM of ca. 11.5 ppm (Fig. 4,c ; compare with ca. 8.0 of 53). Repetition
of the measurement showed that the sigmoidal progression at low concentrations is a
consequence of the small shift differences. The different curve progression for 53 and
55 evidences a simplex/duplex equilibrium of 53 and a linear duplex/cyclic duplex equi-
librium of 55. A comparison of 55 with the 5’-deoxy analogue 60 evidences that the
propargylic OH group of 55 is responsible for the enhanced stability of the duplexes.

Table 7. Selected Distances [Q] and Torsion Angles [8] for Unit I of the Duplexes Connected byWatson–
Crick (48 ·48, 56 ·56, 60 ·60), reverse-Watson–Crick (60 ·60), Hoogsteen (57 ·57), and reverse-Hoogsteen
(55 ·55) H-Bonds

48 ·48
(WC)

56 ·56
(WC)

60 ·60
(WC)

60 ·60
(rWC)

57 ·57
(H)

55 ·55
(rH)

Distance N(3)H···N(1 or 7) 1.75 1.79 1.80 1.79 1.81 1.80
Distance NH···O=C(4 or 2) 1.75 1.73 1.72 1.70 1.74 1.73
Distance O(5’)H···O=C(2 or 4) – – – – 1.80 1.77
Distance O(5’)H···O(4’) – 2.31 – – – –
Distance between base pairs 3.41 3.2 3.45 3.35 3.4 3.4–3.6
c of unit I 142 80, 87 70, 84 58, 73 65, 75 60, 79
fCO of unit I �52 �55 �48, �52 �47 �23, �28 �58
Propeller twist �17 2, 5 3, 12 23, 25 20, 22 22, 27
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Fig. 10. AMBER*-Modelled cyclic duplexes connected by Watson–Crick (48 ·48, 56 ·56, and 60 ·60),
Hoogsteen (57 ·57), and reverse-Hoogsteen (55 ·55) base pairing: H-bonds marked with hashed (base
pair in the foreground) and dashed (base pair in the background) bonds (for enhanced visibility, the
substituents at Si- and the isopropylidene H-atoms are omitted). Inter-unit interactions (ROEs) are

indicated by double-headed arrows.
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The monoalcohol 53 associates rather weakly (K=364 M�1; Table 3), and the energy of
the association, �11.4 kcal/mol, is rather small. The different DH values of 53 and 52/
58–60may be due to the different types of base pairing. Since the d(HN(3/I))/Dc curve
of 55 reflects the equilibrium between linear and cyclic duplexes, the equilibrium
between simplex and duplexes, and the corresponding thermodynamic parameters can-
not be determined. The high stability of the duplexes of 55, however, evidences that the
association is even stronger than the one of the deoxy analogue 60 (K=2307 M�1).
Line broadening of the H�C(4’/I) and H�C(5’/I) signals precludes a determination

of the concentration dependence of J(4’,5’/I) values of 53 and 55.
The downfield shift of H�C(2’/I) (5.28–5.31 ppm; Table 18 in the Exper. Part) and

J(1’,2’/I)/J(3’,4’/I)�0.2 of 53 and 55 evidences a syn orientation of the uridinyl moiety
and an (N) conformation of the furanose ring. HO�C(5’/I) of 53 and 55 resonates as
broad s at 5.11 to 5.34 ppm; the absence of J(5’,OH/I) couplings does not allow to deter-
mine the persistence of the intramolecular O(5’/I)�H···O=C(2/I) H-bond.
Surprisingly, H�C(2’/II) of the diol 55 is strongly shifted downfield to 5.84 ppm,

whereas H�C(2’/II) of the corresponding mono-alcohol 60 resonates at the expected
position (5.27 ppm). This chemical shift and the strong upfield shift of H�C(5/I) of
55 (5.19 vs. 5.98 ppm for 60) evidence that 55 and 60 form a differently base-paired
cyclic duplex; anisotropy effects must be responsible for the surprising shifts of H�
C(2’/II) and H�C(5/I) of 55. Since weak duplexes dissociate to a large extent in
DMSO solution, the striking differences between the 1H-NMR spectra of the diol 55
and the monoalcohol 60 in CDCl3 should disappear for solutions in (D6)DMSO. The
spectra of 55 and 60 in (D6)DMSO are indeed very similar (Dd(H�C(2’/II))=0.02
and Dd(H(5/I)=0.03 ppm; Table 16 in the Exper. Part). The OH groups of 55 and 60
are completely solvated (d(HO�C(5’/II)=5.26–5.27 ppm, J(5’,OH/II)=5.4–6.3 Hz;
d(HO�C(5’/I)=6.38–6.59 ppm; J(5’,OH/I)=6.2–6.9 Hz). H�C(2’/II) of 55 and 60 is
shifted upfield to 5.46–5.48 ppm, evidencing that also the intermolecularly H-bonded
HO�C(5’/II) induces an upfield shift. H�C(2’/I) of the 6-substituted dimer 55 and 60
resonates at the expected position for a syn-oriented uridinyl unit (5.25–5.26 ppm).

Hoogsteen-type base-paired duplexes of 55 are evidenced by the absence of a cross-
peak between the signals of HN(3/I) and H�C(2/II) in the ROESY spectrum (15 mM in
CDCl3); the same type of base pairing is also assumed for 53.
The CD spectrum of a 1 mM solution of 55 in CHCl3, recorded at �10 to 508 in 108

steps, shows a large, temperature-dependent molar ellipticity (Fig. 6) and evidences
extensive p-stacking, presumably involving the purine and pyrimidine bases of 53
and 55.
The propargylic HO�C(5’/I) of 53 and 55 may have a significant effect upon the

type of duplex that is formed, and the H-bonding of this OH group in the duplexes
must be analysed. The ROESY spectrum of 55 evidences Hoogsteen-type base pairing.
The Hoogsteen H-bonded duplex AU5 and the reverse-Hoogsteen H-bonded duplex
AU8 are clearly favoured over AU6 and AU7 (Fig. 9). In AU8, HO�C(5’/I) of the
D-allo-configured 53 and 55 can form an intermolecular H-bond to O=C(4/I), whereas
neither an intra- nor an intermolecular H-bond can be formed in the Hoogsteen H-
bonded duplexAU5. Hence, one expects reverse-Hoogsteen base pairing for 53 and 55.
AMBER* Modelling of the reverse-Hoogsteen H-bonded duplex AU8 of 55 shows

that the intermolecular H-bond of HO�C(5’/I) is maintained. The eclipsing orientation
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of the uracilyl and the ethynyl moieties is converted to a syn and a gg conformation
(c=60–798, fCO=�588 ; Table 7) at the expense of pronounced propeller twisting
(22–278). The representation in Fig. 10 evidences that there is favourable p-stacking
of the purine and pyrimidine bases, in agreement with the large molar ellipticity in
the CD spectrum.
The reverse-Hoogsteen base pairing of the duplex 55 ·55 is confirmed by the intra-

molecular inter-unit ROESY cross-peaks H�C(1’/II)/H�C(3’/I), H�C(1’/II)/H�C(5’/
I), Meendo/II/H�C(3’/I), and Meendo/II/H�C(5’/I) indicated in Fig. 10 by double-headed
arrows. The additional inter-unit cross-peaks H�C(1’/II)/H�C(4’/I) and Meendo/II/H�
C(4’/I) cannot be true ROE cross-peaks.
The surprising downfield shift of H�C(2’/II) of 55 in CDCl3 (5.84 ppm; 60 : 5.27

ppm) is rationalised in the following way. In both the reverse-Hoogsteen H-bonded
duplex 55 ·55 and the Watson–Crick H-bonded duplex 60 ·60, H�C(2’/II) of 55 ·55 is
located in the plane midway between the planes of the base pairs at the intersection
with a second, orthogonal plane going through the s-lone pairs of N(3/IIintra) and
N(1/IIinter) but moved slightly away from the p-stacked adeninyl moieties, whereas
H�C(2’/II) of 60 ·60 is shifted laterally away from the orthogonal plane going through
the s-lone pairs of N(3/IIintra) and N(1/IIinter). The proximity of H�C(2’/II) and these
two s-lone pairs of 55 ·55 (bifurcated H-bond?) is responsible for the downfield
shift. The upfield shift of H�C(5/I) of 55 (5.19 ppm; 60 : 5.62 ppm) is rationalised by
the p-stacking of the uridinyl groups in 55 ·55, but not in 60 ·60 (see Fig. 10).
2.4.7.Association of the L-talo-Configured A*[cy]U

(*) Propargyl Alcohols 56 and 57:
Formation of Cyclic Watson–Crick and Hoogsteen H-Bonded Duplexes. VPO Meas-
urements for a 20 mM solution of 56 in CHCl3 show a degree of association of 1.93
(Table 5), evidencing the formation of a cyclic duplex.
The concentration dependence of d(HN(3)) for 1 to 30 mM solutions of 56 and 57 in

CDCl3 shows the typical curve progression of cyclic duplexes. Although 56 and 57 asso-
ciate by a different type of H-bonding, their association constants K (930 vs. 995 M�1;
Table 3) and DH values (�14.0 vs. �13.8 kcal/mol) are nearly identical.
The J(4’,5’/I) value of the L-talo dimers 56 (3.0–3.3 Hz) and 57 (5.4 Hz) does not

depend on the concentration (1–30 mM for 56 and 1–80 mM for 57; Table 4). The differ-
ent J(4’,5’/I) values evidence a different duplex type of 56 and 57. The small J(4’,5’/I)
value of the duplex of 56 agrees with a conformation close to a staggered ggC (Fig.
2), whereas the larger J(4’,5’/I) coupling of the duplex of 57 suggests a conformation
deviating more strongly from the staggered ggC; the blue curve in Fig. 5,b, suggests a
fCO torsion angle of ca. 3208.
The downfield shift for H�C(2’/I) of 57 (5.25–5.31 ppm; Table 18 in the Exper.

Part) evidences a syn orientation of the uridinyl moiety, whereas the upfield shift of
H�C(2’/I) of 56 (5.13 ppm) suggests a syn/anti equilibrium. Alternatively, however,
the shift difference may be due to a different type of base pairing. J(1’,2’/I)/J(3’,4’/
I)�0.7 evidences an (N) conformation for 56 and 57. HO�C(5’/I) resonates as a
broad signal at 5.05 (56) and at 4.41–4.46 ppm (57); the absence of J(5’,OH/I) couplings
does not allow to determine the persistence of the intramolecular O(5’/I)�H···O=C(2/
I) H-bond.
ROESY Spectra were recorded of a 30 mM solution of 56 and an 11 mM solution of

57 in CDCl3. A ROESY cross-peak between the signals of HN(3/I) and H�C(2/II) in
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the spectrum of 56 and its absence in the spectrum of 57 evidence Watson–Crick- and
Hoogsteen-type base pairing for the cyclic duplexes of 56 and 57, respectively.
Duplex structures AU1 to AU8 are depicted schematically in Fig. 9. In AU1 and

AU4, HO�C(5’/I) of the L-talo-configured 56 and 57 can form an intramolecular H-
bond to O(4’/I); in AU5, it can form an intermolecular H-bond to O=C(2/I), whereas
neither an intra- nor an intermolecular H-bond can be formed inAU8. Hence,Watson–
Crick base pairing is expected for 56, andHoogsteen base pairing for 57. This surprising
difference in H-bonding evidences that the intramolecular H-bonding of HO�C(5’/I)
in AU1 may counterbalance the intermolecular H-bond in AU5. An additional factor,
possibly intramolecular p-stacking between the adeninyl moiety and a Ph group of the
silyl protecting group (similarly as in solid state structure of 54 ·MeOH), must be
responsible for the preference of 57 ·57 for Hoogsteen base pairing.
The intra- and the intermolecular H-bonds of HO�C(5’/I) are maintained during

AMBER* modelling of theWatson–Crick H-bonded duplex AU1 of 56 and the Hoog-
steenH-bonded duplexAU5 of 57. The eclipsing orientation of the uracilyl moiety of 56
is converted to a syn conformation (c=80–878 ; Table 7), whereas the syn conformation
of 57 was already present in theMaruzen-modelled duplex. The non-staggered confor-
mation of the duplex of 56 was converted to a gg conformation (fCO=�558), but main-
tained for the duplex of 57 (fCO=�23 to �288) that also shows a propeller twisting of
20–228. These two factors destabilize the Hoogsteen H-bonded duplex and may be
responsible for the preference for Watson–Crick base pairing of 56.
The ROESY spectrum of 56 shows the H�C(1’/II)/H�C(3’/I) and H�C(1’/II)/H�

C(5’/I) cross-peaks expected for aWatson–CrickH-bonded duplex. The cross-peaks are
indicated in Fig. 10 by double-headed arrows. The spectrum shows also several other
inter-unit cross-peaks, presumably stemming from minor amounts of linear duplexes.
The shortest contacts between H-atoms of the A and U units of the Hoogsteen base-
paired AU5 duplex 57 ·57 are observed between H�C(3’/II) and CH2�C(6/I)
(3.6–3.8 Q), but the expected cross-peaks H�C(3’/II)/CH2�C(6/I) are missing. The
observed cross peaks H�C(1’/II)/(H�C(2’/I)+H�C(3’/I)), H�C(1’/II)/(H�C(4’/I),
and H�C(1’/II)/(H�C(5’/I) suggest a Watson–Crick base-paired duplex, but the char-
acteristic HN(3/I)/H�C(2/II) cross-peak is missing. Presumably, 57 prefers Hoogsteen
base pairing, while also forming small amounts of aWatson–Crick base-paired duplex.
2.4.8. Influence of the Substitution at C(6/I) and C(8/I), and the H-Bonding Type on

the Chemical Shift of HN(3). The chemical shift for HN(3) of the U*[cy]A
(*) and

A*[cy]U
(*) cyclic duplexes was measured for 30 mM solutions in CDCl3 containing a

high proportion of duplexes (Table 8). The U*[cy]A
(*) cyclic duplexes 42 ·42, 47 ·47,

and 48 ·48 display Watson–Crick-type base pairing. HN(3) of the U*[cy]A cyclic
duplexes 42 ·42 and 47 ·47 resonates at 13.30–13.37 ppm, whereas HN(3) of the
U*[cy]A* cyclic duplex 48 ·48 appears upfield at 12.75 ppm; hence, substitution at
C(8/I) induces an upfield shift of ca. 0.6 ppm. HN(3) of the A*[cy]U* cyclic duplex
60 ·60 and the A*[cy]U cyclic duplexes 56 ·56, 58 ·58, and 52 ·52 resonates at 12.72,
11.71, 11.40, and 11.03 ppm, respectively. A lower downfield shift for HN(3) of the
A*[cy]U cyclic duplexes is expected considering the formation of small amounts of lin-
ear duplexes. As these duplexes are also pairing in aWatson–Crick mode, the d values
suggest that substitution at C(6/I) induces a downfield shift of ca. 1 ppm. HN(3) of the
Hoogsteen-type pairing A*[cy]U* duplexes 53 ·53, 55 ·55, and 57 ·57 resonates at
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11.50–11.89 ppm. As compared with d(HN(3)) of 60 ·60, these values suggest an
upfield shift of ca. 1 ppm upon changing the H-bonding from a Watson–Crick to a
Hoogsteen type, corroborating a similar upfield shift (Dd=0.8 ppm) observed by
Weisz and co-workers [20].

2.4.9. Investigation of the Cyclic Duplexes 55 ·55 and 60 ·60 at Low Temperature. To
answer the question if the most stable duplexes 55 ·55 and 60 ·60 prefer a single H-
bonding type, we measured low-temperature 1H-NMR spectra for 4 mM solutions in
CH2Cl2 at 20 to �608 (Table 9). At room temperature, HN(3/I) of 55 and 60 resonates
as a broad s at 11.76 and 11.84 ppm, and H2N�C(6/II) as a very broad s at 7.5–7.9 and
7.2–7.6 ppm, respectively. At �108, H2N�C(6/II) appear as two signals (55 : 7.88/7.6,
60 : 8.32/7.77 ppm). Whereas the NH signals of 55 become sharp at �408 (similar to
CH signals), those of 60 become broader with decreasing temperature. Broadening
was also observed for the CH signals of unit I and for H�C(2’/II) of 60 ; at �608, the
CH signals of the ribosyl unit I are broad and those of the ribosyl unit II (except H�
C(2’/II)) sharp. These observations evidence a simplex/duplex equilibrium at room
temperature for both 55 and 60 (unsplit NH2 signal), and the presence of a single
rigid cyclic duplex 55 ·55 and a single flexible cyclic duplex 60 ·60 at temperatures
below �108. The presence of several cyclic duplexes of 60 at low temperature cannot
be excluded, although the low coalescence temperature (estimated ca. �808) speaks
in favour of a single flexible duplex.

3. Conclusions. – The self-complementary ethynylene-linked dinucleotide ana-
logues associate in a sequence-dependent fashion. Their mode of association depends
upon several structural parameters, the most important one being the propargylic OH
group of the U*[cy]A

(*) dimers that prevents formation of a cyclic duplex. Cyclic
duplexes form Watson–Crick- or Hoogsteen-type H-bonds and show various degrees

Table 8.H-Bonding Type and d(HN(3)) of the Cyclic Duplexes Derived from the Dimers 42, 47, 48, 52, 53,
and 55–60 (30 mM in CHCl3)

Duplex 6/I- or 8/I-substitution H-bonding type d(HN(3)) [ppm]

U*[cy]A
(*) series

47 ·47 no Watson–Crick 13.37
42 ·42 no Watson–Crick 13.30
48 ·48 yes Watson–Crick 12.75
A*[cy]U

(*) series
60 ·60 yes Watson–Crick 12.72
59 ·59 yes Watson–Crick 12.34
57 ·57 yes Hoogsteen 11.89
55 ·55 yes reverse-Hoogsteen 11.86
53 ·53 yes reverse-Hoogsteen 11.50
56 ·56 no Watson–Crick 11.71a)
58 ·58 no Watson–Crick 11.40a)
52 ·52 no Watson–Crick 11.03a)

a) Minor amounts of linear duplexes are partially responsible for the upfield shift.
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of p-stacking. The formation of cyclic duplexes requires a syn orientation of the nucleo-
base of unit I, and a gg conformation or one between gg and eclipsing of O(4’) by the
ethynyl moiety. The originally assumed requirement of an anti conformation is – not

Table 9. Temperature-Dependent 1H-NMR Chemical Shifts [ppm] and Coupling Constants [Hz] for 4 mM
Solutions of the A*[cy]U* Dimers 55 and 60 in CD2Cl2 (*: broadened signal, **: broad signal).

55 60

208 �108 �408 208 �108 �408 �608

Adenosine unit (II)
H2N�C(6) 7.7** 7.88* 7.92 7.4** 8.32** 8.71** 8.95**

7.6** 5.99 7.77* 8.05** 8.29**
H�C(2) 7.95 7.93 7.92 8.22 8.22 8.23* 8.29**
H�C(1’) 6.30 6.27 6.26 6.24 6.22 6.20 6.19
H�C(2’) 5.85* 5.88* 5.89 5.24 5.22 5.20 5.18*
H�C(3’) 5.08 5.06 5.04 5.04 5.01 4.99 4.98
H�C(4’) 4.55 4.55 4.55 4.48 4.49 4.50 4.51
Ha�C(5’) 3.88 3.86 3.84 3.90 3.89 3.87 3.87
Hb�C(5’) 3.74 3.72 3.72 3.72 3.71 3.71 3.71
HO�C(5’) 6.49 6.62 6.72 6.24 6.48 6.69 6.82
J(1’,2’) 6.0 6.0 6.3 5.1 5.5 6.0 5.7
J(2’,3’) 5.4 5.1 5.1 5.7 5.4 5.4 6.0
J(3’,4’) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
J(4’,5’a) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
J(4’,5’b) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
J(5’a,5’b) 12.6 12.6 12.6 12.6 12.6 12.6 12.6
J(5’a,OH) 1.5 1.5 <1.5 <1.5 <1.5 <1.5 <1.5
J(5’b,OH) 11.4 11.4 11.4 11.5 12.3 10.8 10.8
Uridine unit (I)
HN(3) 11.76* 12.02* 12.12 11.84* 12.88* 13.48** 13.87**
H�C(5) 5.20* 5.16* 5.13 5.97 5.91 5.81 5.70*
CHa�C(6) 4.49 4.45 4.42 4.64 4.62 4.59 4.58*
CHb�C(6) 4.13 4.05 3.98 4.43 4.42 4.42 4.42*
H�C(1’) 6.00 5.98 5.97 5.59 5.64 5.72** 5.88**
H�C(2’) 5.30 5.25 5.23 5.33 a) b) c)
H�C(3’) 4.91 4.85 4.80 5.27 a) b) c)
H�C(4’) 4.12 4.09 4.08 4.34 4.35 4.35** 4.39**
Ha�C(5’) 4.72 4.69 4.67 3.06 3.07 3.07* 3.06**
Hb�C(5’) – – – 2.99 2.98 2.95* 2.94**
HO�C(5’) 5.20* 5.37* 5.43 – – – –
J(Ha,Hb) 12.9 12.6 12.6 13.8 13.8 14.4 12.3
J(1’,2’) 0.6 0.6 <1.0 1.8 1.8 d) d)
J(2’,3’) 6.3 6.3 6.3 6.9 d) d) d)
J(3’,4’) 6.9 6.9 6.9 3.9 3.9 d) d)
J(4’,5’a) 3.0 3.0 2.7 6.3 6.6 5.4 d)
J(4’,5’b) – – – 6.6 6.6 5.7 d)
J(5’a,5’b) 10.2e) 10.8e) 10.8e) 17.4 17.4 17.4 d)

a)AB System at 5.34–5.30. b) 5.52** (0.25 H) and 5.4–5.2 (1.75 H). c) 5.57* (0.25 H), 5.38** (0.75 H), and
5.35–5.2 (1 H). d) Not determined. e) J(5’a,OH).
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surprisingly – the result of the (over)simplified original model-building, and can be
abandoned. The results of this work allow to predict the relative propensity for the for-
mation of cyclic duplexes of analogous, self-complementary ethynylene-linked tetra-
mers and will be used for the analysis of their association.

We thank the ETH Z�rich and F. Hoffmann-La Roche AG, Basel, for generous support, Mrs. B.
Brandenberg for recording the 2D-NMR spectra, Mr. M. Schneider for the VPO measurements, and
Prof. B. Jaun for helpful discussions.

Experimental Part

General. See [5]. THFand toluene were distilled from Na/benzophenone, and CH2Cl2, pyridine, and
diisopropylamine (iPr2NH) from CaH2. For NMR titrations, NMR spectra were recorded at 295 K on a
Varian Gemini 300 spectrometer (300 MHz) in CDCl3 passed through basic aluminum oxide immediately
prior to use. Experiments started at the highest indicated concentration with stepwise replacement of 0.1,
0.2, 0.3 ml of the 0.8-ml soln. with same amount of pure CDCl3. The data were analyzed graphically [25]
and by linear least-squares fitting [26]. Thermodynamic parameters were determined by van?t Hoff anal-
ysis. The uracilyl d(HN(3)) was monitored between 0 and 508 at a fixed concentration (between 20–80%
of saturation). MS: Matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF) with 0.05M indole-3-acrylic acid (IAA) in THF or 0.05M a-cyano-4-hydroxycinnamic
acid (CCA) in MeCN/EtOH/H2O, and high-resolution (HR) MALDI-MS with 0.05M 2,5-dihydroxyben-
zoic acid (DHB) in THF.

1-(6,7-Dideoxy-2,3-O-isopropylidene-a-L-talo-hept-6-ynofuranosyl)uracil (2). A soln. of 1 [2] (1 g,
2.37 mmol) in THF (10 ml) was treated with Bu4NF·3 H2O (1.2 g, 3.56 mmol), stirred for 3 h at 258,
and evaporated. FC (AcOEt/cyclohexane 2 :1) gave 2 (700 mg, 96%). White solid. Rf (AcOEt/cyclohex-
ane 2 :1) 0.14. M.p. 182–1848. [a]25D =+1.9 (c=0.2, CHCl3). UV (CHCl3): 258 (10800). IR (CHCl3):
3387w, 3304w, 3014w, 2180w, 1696s, 1455w, 1384w, 1260w, 1156w, 1114w, 1083w, 808w. 1H-NMR (300
MHz, CD3OD): see Table 10 ; additionally, 1.54, 1.34 (2s, Me2C).

13C-NMR (75 MHz, CD3OD): see
Table 11; additionally, 114.90 (s, Me2C); 27.47, 25.48 (2q, Me2C). HR-MALDI-MS: 331.0904
([M+Na]+, C14H16N2NaO

þ
6 ; calc. 331.0906). Anal. calc. for C14H16N2O6 (308.29): C 54.54, H 5.23, N

9.09; found: C 54.36, H 5.30, N 9.06.
1-[6,7-Dideoxy-2,3-O-isopropylidene-5’-O-(triisopropylsilyl)-a-L-talo-hept-6-ynofuranosyl]uracil

(3). A soln. of 2 (85 mg, 0.28 mmol) and 1H-imidazole (56 mg, 0.82 mmol) in DMF (3 ml) was treated
dropwise with iPr3SiCl (TIPSCl; 75 ml, 0.35 mmol), stirred at 268 for 16 h, diluted with AcOEt (50 ml),
washed with H2O (30 ml) and brine (30 ml), dried (Na2SO4), filtered, and evaporated. FC (cyclohex-
ane/AcOEt 2 :1) gave 3 (120 mg, 92%). White solid. Rf (cyclohexane/AcOEt 2 :1) 0.12. M.p.
117–1198. [a]25D =+4.4 (c=1.0, CHCl3). UV (CHCl3): 260 (8400). IR (CHCl3): 3389w, 3303w, 2946m,
2869m, 2190w, 1695s, 1458m, 1385m, 1269m, 1089m, 882w, 809w. 1H-NMR (300 MHz, CDCl3): see
Table 10 ; additionally, 8.96 (br. s, NH); 1.59, 1.36 (2s, Me2C); 1.10–1.06 (m, (Me2CH)3Si).

13C-NMR
(75 MHz, CDCl3): see Table 11; additionally, 114.33 (s, Me2C); 27.24, 25.40 (2q, Me2C); 17.95 (q, (Me2-
CH)3Si): 12.21 (d, (Me2CH)3Si). HR-MALDI-MS: 487.2229 ([M+Na]+, C23H36N2NaO6Si

+; calc.
487.2343).

1-[5,6,7-Trideoxy-2,3-O-isopropylidene-7-C-(triethylsilyl)-b-D-ribo-hept-6-ynofuranosyl]uracil (5). A
soln. of 4 [2] (811 mg, 1.92 mmol) in dry CH2Cl2 (30 ml) was treated with (thiocarbonyl)diimidazole (685
mg, 3.84 mmol), stirred for 17 h at 248, and evaporated. FC (CHCl3/AcOEt 2 :1) gave 876 mg of the imi-
dazolyl thiocarbamate. It was dissolved in dry toluene (28 ml), treated with a,a-diazoisobutyronitrile
(AIBN; 36 mg, 0.22 mmol) and Bu3SnH (0.89 ml, 3.37 mmol), stirred for 1.5 h at 808, and evaporated.
FC (CHCl3/AcOEt 2 :1) gave 5 (630 mg, 81%). White foam. Rf (CHCl3/AcOEt 1 :1) 0.36.
[a]25D =�56.2 (c=0.5, CHCl3). UV (CHCl3): 260.0 (10100). IR (CHCl3): 3390w, 3016w, 2174w, 1695s,
1456m, 1385m, 1257w, 1086m, 1046w. 1H-NMR (300 MHz, CDCl3): see Table 10 ; additionally, 9.37 (br.
s, NH); 1.58, 1.34 (2s, Me2C); 0.98 (t, J=8.1, (MeCH2)3Si); 0.58 (q, (MeCH2)3Si).

13C-NMR (75 MHz,
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CDCl3): see Table 11; additionally, 114.65 (s, Me2C); 27.15, 25.28 (2q,Me2C); 7.49 (q, (MeCH2)3Si); 4.41
(t, (MeCH2)3Si). HR-MALDI-MS: 429.1822 ([M+Na]+, C20H30N2NaO5Si

+; calc. 429.1822). Anal. calc.
for C20H30N2O5Si (406.55): C 59.09, H 7.44, N 6.89; found: C 58.97, H 7.52, N 6.81.

1-(5,6,7-Trideoxy-2,3-O-isopropylidene-b-D-ribo-hept-6-ynofuranosyl)uracil (6). A soln. of 5 (564
mg, 1.39 mmol) in THF (30 ml) was treated with Bu4NF·3 H2O (541 mg, 1.66 mmol), stirred at 248 for
2 h, and evaporated. FC (cyclohexane/AcOEt 1 :1) gave 6 (391 mg, 96%). White solid. Rf (cyclohex-
ane/AcOEt 1 :1) 0.17. M.p. 173–1748. [a]25D =�22.4 (c=0.25, CHCl3). UV (CHCl3): 259.0 (9400). IR
(CHCl3): 3388w, 3307w, 3017s, 1696s, 1454m, 1384m, 1257m, 1091m, 1046w.

1H-NMR (300 MHz,
CDCl3): see Table 10 ; additionally, 8.97 (br. s, NH); 1.58, 1.36 (2s, Me2C).

13C-NMR (75 MHz, CDCl3):
see Table 11; additionally, 114.70 (s, Me2C); 27.22, 25.41 (2q,Me2C). MALDI-MS: 315.0 ([M+Na]+, C14-
H16N2NaO

þ
5 ; calc. 315.1). Anal. calc. for C14H16N2O5 (292.29): C 57.53, H 5.52, N 9.58; found: C 57.46, H

5.68, N 9.36.
1-[6,7-Dideoxy-2,3-O-isopropylidene-7-C-(triethylsilyl)-b-D-allo-hept-6-ynofuranosyl]-6-(hydroxy-

methyl)uracil (7). A soln. of iPr2NH (2.7 ml, 18.96 mmol) in THF (11 ml) was cooled to �768, treated
dropwise with 1.6M BuLi in hexane (11.9 ml, 18.96 mmol), stirred for 20 min, warmed to 08, stirred for
15 min, cooled to �768, treated dropwise with a soln. of 4 (1.0 g, 2.37 mmol) in THF (12 ml), stirred
for 3.0 h, treated dropwise with DMF (5.5 ml), stirred for 2.5 h, treated with AcOH (2.6 ml), and allowed
to warm to 278. The mixture was diluted with EtOH (24 ml), treated portionwise with NaBH4 (360 mg,
9.5 mmol), stirred for 2 h, cooled to 08, and treated with sat. aq. NH4Cl soln. (7.6 ml). After evaporation, a
soln. of the residue in AcOEt (450 ml) was washed with H2O and brine, dried (Na2SO4), and evaporated.
FC (cyclohexane/AcOEt 1 :2) gave 7 (644 mg, 60%).White solid.Rf (cyclohexane/AcOEt 1 :2) 0.18. M.p.

Table 10. Selected 1H-NMRChemical Shifts [ppm] and Coupling Constants [Hz] of the UridineMonomers
3, 5–10, and 12–15, 17, and 18 in CDCl3, and 2 in CD3OD

2 3 9 10 7 8 5 6 17 18 12 13 14 15

H�C(5) 5.67 5.71 5.70 5.60 5.90 5.74 5.73 5.74 5.73 5.83 5.68 5.79 5.68 5.57
H�C(6) 7.83 7.63 – – – – 7.55 7.41 – – 7.68 – – –
CHa�C(6) – – 4.38 4.55 4.48 4.49 – – 4.57 4.57 – 4.54 4.58 4.44
CHb�C(6) – – 4.38 3.36 4.48 4.43 – – 4.41 4.39 – 4.54 4.39 4.33
H�C(1’) 5.83 5.93 5.88 5.85 5.68 5.72 5.87 5.72 5.78 5.73 5.98 5.82 5.80 5.68
H�C(2’) 4.95 4.76 5.21 5.21 5.26 5.24 4.79 4.93 5.25 5.22 4.76 5.18 5.20 5.14
H�C(3’) 4.88 4.92 5.05 5.03 5.13 5.16 4.80 4.82 4.91 4.91 4.68 4.80 4.80 4.88
H�C(4’) 4.18 4.29 4.16 4.22 4.24 4.22 4.26 4.27 4.20 4.21 4.30 4.15 4.13 4.07
Ha�C(5’) 4.54 4.72 4.65 4.66 4.62 4.61 2.77 2.72 2.75 2.70 3.91 3.88 3.81 3.74
Hb�C(5’) – – – – – – 2.67 2.63 2.60 2.59 3.79 3.84 3.81 3.65
HO�C(5’) – – 4.07a) 3.71a) b) 4.11a) – – – – – – – 3.11
H�C(7’) 2.95 2.55 – 2.52 – 2.52 – 2.09 – 2.04 – – – –
J(5,6) 8.1 8.4 – – – – 8.1 8.1 – – 8.1 – – –
4J(5,NH) – 0 0 0 0 1.8 0 0 1.8 0 1.8 0 2.1 1.8
J(Ha,Hb) – – 14.7 14.1 b) 14.4 – – 14.1 14.1 – 13.3 13.8 14.1
J(1’,2’) 2.4 3.3 1.8 1.8 3.6 2.7 2.7 2.4 0.9 0.9 2.4 1.4 0.9 2.1
J(2’,3’) 6.3 6.3 6.6 6.6 6.6 6.6 6.9 6.6 6.3 6.6 6.0 6.6 6.3 6.6
J(3’,4’) 2.7 2.7 4.5 4.2 3.0 3.0 3.0 3.9 3.6 3.9 3.0 4.8 4.8 4.5
J(4’,5’a) 6.0 4.8 6.3 6.0 3.3 4.2 5.4 5.7 7.5 7.2 5.7 6.6 6.9 3.3
J(4’,5’b) – – – – – – 4.8 5.7 6.9 7.2 5.7 5.4 6.9 4.2
J(5’,OH) – – c) c) c) 2.7 – – – – – – – 3.9,

8.1
J(5’a,5’b) – – – – – 17.4 16.8 16.8 16.5 11.7 11.1 b) 15.0
4J(5’,7’) 2.1 2.1 – 2.4 – 2.1 – 2.7 – 3.0 – – – –

a) Broad OH signal. b) Not determined. c) No splitting of the H�C(5’) signal by a J(5’,OH) coupling.

Helvetica Chimica Acta – Vol. 89 (2006)2898



100–1028. [a]25D =�57.9 (c=1.0, CHCl3). UV (CHCl3): 258 (7700). IR (CHCl3): 3607w, 3387w, 3018m,
2958w, 2876w, 2180w, 1699s, 1628w, 1457w, 1384m, 1157w, 1093w, 988w, 875w, 836w. 1H-NMR (300
MHz, CDCl3): see Table 10 ; additionally, 9.80 (br. s, NH); 4.48 (br. s, HOCH2�C(6)); 1.56, 1.34 (2s,
Me2C); 0.98 (t, J=7.5, (MeCH2)3Si); 0.60 (q, J=7.5, (MeCH2)3Si).

13C-NMR (75 MHz, CDCl3): see
Table 11; additionally, 113.93 (s, Me2C); 27.01, 24.93 (2q,Me2C); 7.19 (q, (MeCH2)3Si); 4.20 (t, (MeCH2)3-
Si). HR-MALDI-MS: 475.1864 ([M+Na]+, C21H32N2NaO7Si

+; calc. 475.1876). Anal. calc. for
C21H32N2O7Si (452.58): C 55.73, H 7.13, N 6.19; found: C 55.57, H 7.12, N 6.08.

6-{[(tert-Butyl)diphenylsilyloxy]methyl}-1-(6,7-dideoxy-2,3-O-isopropylidene-b-D-allo-hept-6-yno-
furanosyl)uracil (8). A soln. of 7 (644 mg, 1.42 mmol) in THF (12 ml) was treated with Bu4NF·3 H2O
(541 mg, 1.71 mmol), stirred for 1 h, and evaporated. FC (cyclohexane/AcOEt 1 :4) gave the desilylated
product (432 mg). A soln. of 324 mg of this crude in DMF (6 ml) was treated with 1H-imidazole (136 mg,
2.0 mmol) and tBuPh2SiCl (TBDPSCl; 0.3 ml, 1.15 mmol), stirred for 3.5 h at 08, treated with H2O (50
ml), and extracted with AcOEt (3S50 ml). The combined AcOEt extracts were washed with H2O and
brine, dried (Na2SO4), and evaporated. FC (cyclohexane/AcOEt 1 :1) gave 8 (498 mg, 81%). White
solid. Rf (cyclohexane/AcOEt 1 :1) 0.22. M.p. 153–1548. [a]

25
D =�36.8 (c=0.25, CHCl3). UV (CHCl3):

258 (18500). IR (CHCl3): 3386w, 3307w, 3020s, 2861w, 2140w, 1698m, 1385w, 1213s, 1207s, 1113w, 841w.
1H-NMR (300 MHz, CDCl3): see Table 10 ; additionally, 9.45 (br. s, NH); 7.69–7.64 (m, 4 arom. H);
7.51–7.34 (m, 6 arom. H); 1.45, 1.35 (2s, Me2C); 1.09 (s,

tBu). 13C-NMR (75 MHz, CDCl3): see Table
11; additionally, 135.38 (2d); 135.34 (2d); 131.60, 131.56 (2s); 130.27 (2d); 127.97 (4d); 114.20 (s,
Me2C); 27.28, 25.27 (2q, Me2C); 26.65 (q, Me3C); 19.29 (s, Me3C). HR-MALDI-MS: 599.2175
([M+Na]+, C31H36N2NaO7Si

+; calc. 599.2189). Anal. calc. for C31H36N2O7Si (576.72): C 64.56, H 6.29,
N 4.86; found: C 64.41, H 6.34, N 4.77.

1-[6,7-Dideoxy-2,3-O-isopropylidene-7-C-(triethylsilyl)-a-L-talo-hept-6-ynofuranosyl]-6-(hydroxy-
methyl)uracil (9).A soln. of iPr2NH (2.7 ml, 19 mmol) in THF (11 ml) was cooled to �768, treated drop-
wise with 1.6M BuLi in hexane (11.9 ml, 19 mmol), and stirred for 20 min. The mixture was warmed to 08,
stirred for 15 min, cooled to �768, treated dropwise with a soln. of 1 (1.0 g, 2.37 mmol) in THF (12 ml),
stirred for 3 h, treated dropwise with DMF (5.5 ml), stirred for 2.5 h, treated with AcOH (2.6 ml), and
allowed to warm to 278. The mixture was diluted with EtOH (24 ml), treated portionwise with NaBH4
(360 mg, 9.5 mmol) for 2 h, cooled to 08, and treated with sat. aq. NH4Cl soln. (7.6 ml). After evaporation,
a soln. of the residue in AcOEt (450 ml) was washed with H2O and brine, dried (Na2SO4), and evapo-
rated. FC (cyclohexane/AcOEt 1 :2) gave 9 (582 mg, 54%). White solid. Rf (cyclohexane/AcOEt 1 :1)
0.16. M.p. 195–1978. [a]25D =�20.3 (c=0.5, CHCl3). UV (CHCl3): 258 (8300). IR (CHCl3): 3396w,
3018s, 2958w, 2876w, 2190w, 1697s, 1457w, 1384m, 1157w, 1059w, 930w, 875w, 833w. 1H-NMR (300
MHz, CDCl3): see Table 10 ; additionally, 9.18 (br. s, NH); 4.45–4.10 (br. s, HOCH2�C(6)); 1.55, 1.32
(2s, Me2C); 0.97 (t, J=7.8, (MeCH2)3Si); 0.59 (q, J=7.8, (MeCH2)3Si).

13C-NMR (75 MHz, CDCl3):
see Table 11; additionally, 113.82 (s, Me2C); 26.78, 24.75 (2q, Me2C); 7.09 (q, (MeCH2)3Si); 3.80 (t,
(MeCH2)3Si). HR-MALDI-MS: 475.1864 ([M+Na]+, C21H32N2NaO7Si

+; calc. 475.1876). Anal. calc. for
C21H32N2O7Si (452.58): C 55.73, H 7.13, N 6.19; found: C 55.66, H 7.13, N 6.14.

6-{[(tert-Butyl)diphenylsilyloxy]methyl}-1-(6,7-dideoxy-2,3-O-isopropylidene-a-L-talo-hept-6-yno-
furanosyl)uracil (10). A soln. of 9 (439 mg, 0.97 mmol) in THF (8 ml) was treated with Bu4NF·3 H2O
(370 mg, 1.17 mmol), stirred for 1 h, and evaporated. FC (cyclohexane/AcOEt 1 :6) gave the desilylated
product (311 mg). Its soln. in DMF (6 ml) was treated with 1H-imidazole (136 mg, 2.0 mmol) and tBuPh2-
SiCl (0.255 ml, 0.98 mmol), stirred for 12 h at 258, treated with H2O (50 ml), and extracted with AcOEt
(3S50 ml). The combined AcOEt extracts were washed with H2O and brine, dried (Na2SO4), and evapo-
rated. FC (cyclohexane/AcOEt 1 :1) gave 10 (476 mg, 85%). White solid. Rf (cyclohexane/AcOEt 1 :2)
0.42. M.p. 170–1728. [a]25D =�8.9 (c=0.2, CHCl3). UV (CHCl3): 258 (16000). IR (CHCl3): 3387w,
3307w, 3020w, 2933w, 2860w, 2100w, 1698s, 1456w, 1428w, 1384w, 1223s, 1215s, 1209s, 1114m, 839w. 1H-
NMR (300 MHz, CDCl3): see Table 10 ; additionally, 9.80 (br. s, NH); 7.69–7.63 (m, 4 arom. H);
7.50–7.37 (m, 6 arom. H); 1.47, 1.33 (2s, Me2C); 1.08 (s,

tBu). 13C-NMR (75 MHz, CDCl3): see Table
11; additionally, 135.36 (4d); 131.64, 131.59 (2s); 130.19, 130.18 (2d); 127.91 (2d); 127.86 (2d); 114.03
(s, Me2C); 27.20, 25.28 (2q, Me2C); 26.64 (q, Me3C); 19.25 (s, Me3C). HR-MALDI-MS: 599.2185
([M+Na]+, C31H36N2NaO7Si

+; calc. 599.2189). Anal. calc. for C31H36N2O7Si (576.72): C 64.56, H 6.29,
N 4.86; found: C 64.60, H 6.25, N 4.79.
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5’-O-[(tert-Butyl)dimethylsilyl]-2’,3’-O-isopropylideneuridine (12). A soln. of 11 [11] (18 g, 63.3
mmol), 1H-imidazole (5.18 g, 76 mmol), and DMAP (0.78 g, 6.2 mmol) in CH2Cl2 (240 ml) was treated
with a soln. of tBuMe2SiCl (TBDMSCl; 18 g, 140 mmol) in CH2Cl2 (40 ml), stirred for 12 h at 248, washed
with H2O (50 ml) and brine (40 ml), dried (Na2SO4), and evaporated. FC (cyclohexane/AcOEt 2 :1) gave
12 (22.7 g, 90%). White solid. Rf (cyclohexane/AcOEt 1 :1) 0.28. M.p. 134–1358. [a]

25
D =�24.7 (c=0.5,

CHCl3). UV (CHCl3): 262 (11300). IR (CHCl3): 3389w, 3013w, 2954w, 2931w, 2858w, 1692s, 1458w,
1385w, 1258m, 1214m, 1129w, 1085m, 969w, 837m. 1H-NMR (300 MHz, CDCl3): see Table 10 ; addition-
ally, 9.35 (br. s, NH); 1.58, 1.35 (2s, Me2C); 0.89 (s,

tBu); 0.083, 0.077 (2s, Me2Si).
13C-NMR (75 MHz,

CDCl3): see Table 11; additionally, 114.00 (s, Me2C); 27.33, 25.42 (2q, Me2C); 25.90 (q, Me3C); 18.41 (s,
Me3C); �5.32, �5.43 (2q, Me2Si). HR-MALDI-MS: 421.1765 ([M+Na]+, C18H30N2NaO6Si

+; calc.
421.1873).

5’-O-[(tert-Butyl)dimethylsilyl]-6-(hydroxymethyl)-2’,3’-O-isopropylideneuridine (13). A soln. of
iPr2NH (20.35 ml, 144.1 mmol) in THF (80 ml) was cooled to �768, treated dropwise with 1.6M BuLi
in hexane (90.2 ml, 144 mmol), stirred for 20 min, warmed to 08, stirred for 15 min, cooled to �768,
treated dropwise with a soln. of 12 (9.28 g, 23.28 mmol) in THF (116 ml), stirred for 2.5 h, treated drop-
wise with DMF (55.7 ml), stirred for 2.5 h, treated with AcOH (20.5 ml), and allowed to warm to 268. The
mixture was diluted with EtOH (220 ml), treated portionwise with NaBH4 (367 mg, 9.7 mmol), stirred for
5.5 h, cooled to 08, treated with sat. aq. NH4Cl soln. (80 ml), and evaporated. A soln. of the residue in
AcOEt (750 ml) was washed with H2O and brine, dried (Na2SO4), and evaporated. FC (cyclohexane/
AcOEt 1 :1) gave 13 (8.48 g, 85%). White solid. Rf (cyclohexane/AcOEt 1 :2) 0.22. M.p. 89–918.
[a]25D =+12.7 (c=0.5, CHCl3). UV (CHCl3): 260 (9600). IR (CHCl3): 3600w, 3387w, 3013w, 2930w,
2857w, 1697s, 1462w, 1383m, 1256w, 1157w, 1081m, 973w, 877w, 837m. 1H-NMR (300 MHz, CDCl3):
see Table 10 ; additionally, 8.95 (br. s, NH); 1.55, 1.34 (2s, Me2C); 0.89 (s,

tBu); 0.08, 0.07 (2s, Me2Si).
13C-NMR (75 MHz, CDCl3): see Table 11; additionally, 113.88 (s, Me2C); 27.29, 25.38 (2q, Me2C);
26.00 (q, Me3C); 18.56 (s, Me3C); �5.10 (q, Me2Si). HR-MALDI-MS: 451.1880 ([M+Na]+, C19H32N2-
NaO7Si

+; calc. 451.1979).
5’-O-[(tert-Butyl)dimethylsilyl]-6-{[(tert-butyl)diphenylsilyloxy]methyl}-2’,3’-O-isopropylideneuri-

dine (14). A soln. of 13 (4.5 g, 10.5 mmol), 1H-imidazole (0.86 g, 12.6 mmol), and DMAP (129 mg, 1.06
mmol) in CH2Cl2 (100 ml) was treated dropwise with

tBuPh2SiCl (5.44 ml, 21.1 mmol), stirred at 268 for 6
h, washed with H2O (2S30 ml) and brine (30 ml), dried (Na2SO4), filtered, and evaporated. FC (cyclo-
hexane/AcOEt 4 :1) gave 14 (4.01 g, 59%). White foam. Rf (cyclohexane/AcOEt 2 :1) 0.45.
[a]25D =+6.5 (c=2.0, CHCl3). UV (CHCl3): 260 (13600). IR (CHCl3): 3600w, 3389w, 3018m, 2932m,
2859m, 1697s, 1627w, 1471m, 1463w, 1428w, 1383m, 1256w, 1113m, 1074m, 879w, 838s. 1H-NMR (300
MHz, CDCl3): see Table 10 ; additionally, 9.77 (br. s, NH); 7.65–7.71 (m, 4 arom. H); 7.39–7.49 (m, 6
arom. H); 1.50, 1.32 (2s, Me2C); 1.08, 0.88 (2s, 2

tBu); 0.045, 0.041 (2s, Me2Si).
13C-NMR (75 MHz,

CDCl3): see Table 11; additionally, 135.39 (4d); 131.75, 131.72 (2s); 130.20 (2d); 127.95 (2d); 127.91
(2d); 113.52 (s, Me2C); 27.32, 25.47 (2q, Me2C); 26.67, 26.04 (2q, 2Me3C); 19.30, 18.59 (2s, 2 Me3C);
�5.07 (q, Me2Si). MALDI-MS: 689.3 ([M+Na]+, C35H50N2NaO7Si

þ
2 ).

6-{[(tert-Butyl)diphenylsilyloxy]methyl}-2’,3’-O-isopropylideneuridine (15). A soln. of 14 (1.55 g,
2.37 mmol) in MeCN/tBuOH 11 :1 (24 ml) was cooled to 08, treated with 20–25% soln. of H2SiF6 in
H2O (0.71 ml), stirred for 3 h, diluted with aq. Na2CO3 soln. (20 ml), and extracted with AcOEt (3S40
ml). The combined org. layers were washed with H2O (2S30 ml) and brine (30 ml), dried (Na2SO4), fil-
tered, and evaporated. FC (cyclohexane/AcOEt 1 :1) gave 15 (1.29 g, 99%).White solid.Rf (cyclohexane/
AcOEt 1 :1) 0.14. M.p. 92–948. [a]25D =�19.7 (c=1.0, CHCl3). UV (CHCl3): 261 (14400). IR (CHCl3):
3389w, 3017m, 2934m, 2861w, 1698s, 1629w, 1455w, 1428w, 1384m, 1343w, 1221s, 1113m, 1072m. 1H-
NMR (300 MHz, CDCl3): see Table 10 ; additionally, 9.49 (br. s, NH); 7.61–7.56 (m, 4 arom. H);
7.42–7.30 (m, 6 arom. H); 1.38, 1.24 (2s, Me2C); 0.99 (s,

tBu). 13C-NMR (75 MHz, CDCl3): see Table
11; additionally, 135.38 (4d); 131.67, 131.63 (2s); 130.25 (2d); 127.95 (4d); 113.99 (s, Me2C); 27.34,
25.34 (2q, Me2C); 26.66 (q, Me3C); 19.30 (s, Me3C). MALDI-MS: 575.2 ([M+Na]+, C29H36N2NaO7Si

+).
Anal. calc. for C29H36N2O7Si (552.70): C 63.02, H 6.56, N 5.07; found: C 62.75, H 6.61, N 4.95.

6-{[(tert-Butyl)diphenylsilyloxy]methyl}-1-[5,6,7-trideoxy-2,3-O-isopropylidene-7-C-(triethylsilyl)-b-
D-allo/a-L-talo-hept-6-ynofuranosyl]uracil (16).A soln. of 15 (1.22 g, 2.26 mmol) and dicyclohexyl carbo-
diimide (DCC; 1.41 g, 6.8 mmol) in dry DMSO (9 ml) was cooled to 158, treated dropwise with
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CHCl2CO2H (93 ml, 1.12 mmol), stirred for 15 min, warmed to 258, stirred for 3 h, and filtered (washing of
the residue with 6 ml of DMSO). The combined filtrate and washing were extracted with hexane (4S120
ml). The DMSO layer was diluted with CHCl3 (300 ml), washed with H2O (3S150 ml), dried (Na2SO4),
and evaporated to afford the crude aldehyde (0.97 g).
A soln. of EtMgBr (5.42 mmol) in THF (9 ml) was cooled to 08, treated dropwise with (triethylsilyl)-

acetylene (0.97 ml, 5.42 mmol), stirred for 15 min, warmed to 268, stirred for 40 min, cooled to�158, and
treated with a soln. of the above crude aldehyde in dry THF (30 ml). The mixture was stirred for 2 h,
treated with sat. aq. NH4Cl soln. (50 ml), and allowed to reach 258. After separation of the layers, the
aq. layer was extracted with AcOEt (2S60 ml). The combined org. layers were washed with H2O and
brine, dried (Na2SO4), and evaporated. FC (cyclohexane/AcOEt 5 :1) gave 16 (D-allo/L-talo 1 :1; 793
mg, 51%).

6-{[(tert-Butyl)diphenylsilyloxy]methyl}-1-[5,6,7-trideoxy-2,3-O-isopropylidene-7-C-(triethylsilyl)-b-
D-ribo-hept-6-ynofuranosyl]uracil (17). A soln. of 16 (D-allo/L-talo 1 :1; 400 mg, 0.5 mmol) in dry CH2Cl2
(15 ml) was treated with (thiocarbonyl)diimidazole (180 mg, 1.0 mmol), stirred for 30 h, and evaporated.
FC (cyclohexane/AcOEt 2 :1) gave a mixture of epimeric imidazoyl thiocarbamates (296 mg). Their soln.
in dry toluene (6.5 ml) was treated with a,a-azoisobutyronitrile (AIBN; 9 mg, 0.056 mmol) and Bu3SnH
(0.2 ml, 0.76 mmol), stirred for 1.5 h at 808, and evaporated. FC (cyclohexane/AcOEt 3 :1) gave 17 (200
mg, 59%). White foam. Rf (cyclohexane/AcOEt 8 :1) 0.16. [a]

25
D =�4.4 (c=1.0, CHCl3). IR (CHCl3):

3389w, 3018s, 2957w, 2875w, 2175w, 1697s, 1456w, 1428w, 1383m, 1158w, 1113m, 1005w, 877w, 839w. 1H-
NMR (300 MHz, CDCl3): see Table 10 ; additionally, 10.35 (d, J=1.8, NH); 7.71–7.66 (m, 4 arom. H);
7.49–7.40 (m, 6 arom. H); 1.50, 1.32 (2s, Me2C); 1.09 (s,

tBu); 0.98 (t, J=7.8, (MeCH2)3Si); 0.058 (q,
J=7.8, (MeCH2)3Si).

13C-NMR (75 MHz, CDCl3): see Table 11; additionally, 135.38 (4d); 131.75,
131.71 (2s); 130.19 (2d); 127.95 (2d); 127.90 (2d); 113.33 (s, Me2C); 27.11, 25.13 (2q, Me2C); 26.63 (q,
Me3C); 19.26 (s, Me3C); 7.50 (q, (MeCH2)3Si); 4.53 (t, (MeCH2)3Si). HR-MALDI-MS: 697.3090
([M+Na]+, C37H50N2NaO6Si

þ
2 ; calc. 697.3105).

6-{[(tert-Butyl)diphenylsilyloxy]methyl}-1-(5,6,7-trideoxy-2,3-O-isopropylidene-b-D-ribo-hept-6-yno-
furanosyl)uracil (18). A soln. of 17 (94 mg, 0.21 mmol) in THF (3 ml) was treated with Bu4NF·3 H2O
(100 mg, 0.31 mmol), stirred for 2 h at 258, and evaporated. FC (cyclohexane/AcOEt 1 :1) gave 67 mg
of the didesilylated product. Its soln. in CH2Cl2 (6 ml) was treated with 1H-imidazole (27 mg, 0.4
mmol), DMAP (9 mg), and tBuPh2SiCl (0.1 ml, 0.4 mmol), stirred for 12 h at 258, and evaporated. FC (cy-
clohexane/AcOEt 3 :1) gave 18 (106 mg, 88%). White solid. Rf (cyclohexane/AcOEt 1 :2) 0.54. M.p.
139–1418. [a]25D =�3.3 (c=1.0, CHCl3). UV (CHCl3): 260 (14700). IR (CHCl3): 3389w, 3309w, 3018s,
2933w, 2860w, 2100w, 1697s, 1455w, 1428w, 1384m, 1158w, 1113m, 1072w, 877w, 839w. 1H-NMR (300
MHz, CDCl3): see Table 10 ; additionally, 9.83 (br. s, NH); 7.70–7.65 (m, 4 arom. H); 7.49–7.26 (m, 6
arom. H); 1.52, 1.34 (2s, Me2C); 1.08 (s,

tBu). 13C-NMR (75 MHz, CDCl3): see Table 11; additionally,
135.41 (4d); 131.72 (2s); 130.22 (2d); 127.96 (2d); 127.91 (2d); 113.70 (s, Me2C); 27.21, 25.32 (2q,
Me2C); 26.66 (q, Me3C); 19.29 (s, Me3C). HR-MALDI-MS: 583.2226 ([M+Na]+, C31H36N2NaO6Si

+;
calc. 583.2240). Anal. calc. for C31H36N2O6Si (560.72): C 66.40, H 6.47, N 5.00; found: C 66.47, H 6.57,
N 4.90.
N6-Benzoyl-5’-O-[(tert-butyl)diphenylsilyl]-2’,3’-O-isopropylideneadenosine (20). A soln. of 19 [15]

(3.63 g, 8.82 mmol), 1H-imidazole (0.66 g, 9.7 mmol) in DMF (15 ml) was treated with tBuPh2SiCl (3.5
ml, 13.2 mmol), stirred for 6 h at 258, diluted with CHCl3 (150 ml), washed with H2O (2S50 ml) and
brine (30 ml), dried (Na2SO4), and evaporated. FC (cyclohexane/AcOEt 1 :1) gave 20 (5.0 g, 87%).
White foam. Rf (cyclohexane/AcOEt 1 :1) 0.28. [a]

25
D =�19.4 (c=0.5, CHCl3). IR (CHCl3): 3408w,

3009m, 2933w, 2860w, 1708m, 1612s, 1585m, 1454s, 1385w, 1252m, 1156w, 1088s, 861w, 823w. 1H-NMR
(300 MHz, CDCl3): see Table 12 ; additionally, 9.00 (br. s, NH); 8.03–8.00 (m, 2 arom. H); 7.64–7.50
(m, 8 arom. H); 7.44–7.27 (m, 5 arom. H); 1.64, 1.40 (2s, Me2C); 1.01 (s,

tBu). 13C-NMR (75 MHz,
CDCl3): see Table 13 ; additionally, 164.25 (s, C=O); 135.42 (2d); 135.37 (2d); 133.60 (s); 132.71 (d);
132.55 (2s); 129.85 (2d); 128.83 (2d); 127.73 (2d); 127.69 (4d); 114.31 (s, Me2C); 27.28, 25.43 (2q,
Me2C); 26.92 (q, Me3C); 19.28 (s, Me3C). HR-MALDI-MS: 672.2602 ([M+Na]+, C36H39N5NaO5Si

+;
calc. 672.2720).
N6-Benzoyl-5’-O-[(tert-butyl)dimethylsilyl]-2’,3’-O-isopropylideneadenosine (22). A soln. of 19 (5 g,

12.2 mmol), 1H-imidazole (1 g, 14.7 mmol), andDMAP (0.15 g, 1.2 mmol), in CH2Cl2 (60 ml) was treated
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with a soln. of tBuMe2SiCl (3.68 g, 24.4 mmol) in CH2Cl2 (10 ml), stirred for 5 h at 258, washed with H2O
(40 ml) and brine (30 ml), dried (Na2SO4), and evaporated. FC (cyclohexane/AcOEt 1 :1) gave 22 (5.64 g,
88%). White foam. Rf (cyclohexane/AcOEt 1 :2) 0.40. [a]

25
D =�58.8 (c=0.5, CHCl3). UV (CHCl3): 281

(22900). IR (CHCl3): 3406w, 2998m, 2954m, 2931m, 2858w, 1707m, 1611s, 1584m, 1455s, 1385w, 1292w,
1220s, 1130w, 1090s, 968w, 838m. 1H-NMR (300 MHz, CDCl3): see Table 12 ; additionally, 9.11 (br. s,
NH); 8.02–8.00 (m, 2 arom. H); 7.62–7.48 (m, 3 arom. H); 1.64, 1.41 (2s, Me2C); 0.82 (s,

tBu); 0.01,
0.00 (2s, Me2Si).

13C-NMR (75 MHz, CDCl3): see Table 13 ; additionally, 164.37 (s, C=O); 133.60 (s);
132.60 (d); 128.72 (2d); 127.71 (2d); 114.11 (s, Me2C); 27.29, 25.43 (2q, Me2C); 25.90 (q, Me3C); 18.39
(s, Me3C); �5.31, �5.41 (2q, Me2Si). HR-MALDI-MS: 548.2238 ([M+Na]+, C26H35N5NaO5Si

+; calc.
548.2407).

8-Iodo-2’,3’-O-isopropylideneadenosine (24). A soln of 23 [7] (384 mg, 0.71 mmol) in THF (16 ml)
was treated with 8M MeNH2 in EtOH (1.0 ml, 8.0 mmol), stirred for 2 h, and evaporated. FC (AcOEt/cy-
clohexane 1 :1) gave 24 (261 mg, 84%). White solid. Rf (AcOEt/cyclohexane 1 :1) 0.10. M.p. 2058 (dec.).
[a]25D =�87.8 (c=0.5, CHCl3). UV (CHCl3): 267 (38300). IR (CHCl3): 3524w, 3411w, 3211w, 1634s,
1580m, 1444w, 1385w, 1288m, 1112m, 1084m, 997w, 851w. 1H-NMR (300 MHz, CDCl3/CD3OD): see
Table 12 ; additionally, 1.67, 1.35 (2s, Me2C).

13C-NMR (75 MHz, CDCl3/CD3OD): see Table 13 ; addition-
ally, 113.97 (s, Me2C); 27.70, 25.44 (2q,Me2C). HR-MALDI-MS: 456.0130 ([M+Na]+, C13H16IN5NaO

þ
4 ,

calc. 456.0145).
5’-O-[(tert-Butyl)diphenylsilyl]-8-iodo-2’,3’-O-isopropylideneadenosine (25). A soln. of iPr2NH (2.6

ml, 18.9 mmol) in THF (80 ml) was cooled to �788, treated dropwise with 1.6M BuLi in hexane (12.5
ml, 19.8 mmol), stirred for 15 min, warmed to 08 for 15 min, cooled to �788, treated dropwise with a
soln. of 20 (4 g, 6.2 mmol) in THF (75 ml), stirred for 2.5 h, treated dropwise with a soln. of N-iodosuc-
cinimide (NIS; 4.1 g, 18.5 mmol) in THF (75 ml), stirred for 1.5 h, treated with AcOH (2 ml), and allowed
to warm to 258. After evaporation, a soln. of the residue in AcOEt (240 ml) was washed with cold sat. aq.
NaHCO3 soln. and brine, dried (Na2SO4), and evaporated. After filtration through a short pad of silica gel
(AcOEt/cyclohexane 1 :2) and evaporation, a soln. of the residue in THF (60 ml) was treated with 8M
MeNH2 in EtOH (4.9 ml, 39 mmol), stirred for 6 h, and evaporated. FC (AcOEt/cyclohexane 1 :1)
gave 25 (3.17 g, 77%). White foam. Rf (AcOEt/cyclohexane 2 :1) 0.26. [a]

25
D =+7.7 (c=1.0, CHCl3).

IR (CHCl3): 3412w, 3013m, 2933w, 2860w, 1632s, 1584w, 1442w, 1375w, 1288w, 1218s, 1157w, 1087m,
909w, 873w, 823w. 1H-NMR (300 MHz, CDCl3): see Table 12 ; additionally, 7.61–7.51 (m, 4 arom. H);
7.42–7.22 (m, 6 arom. H); 6.24 (br. s, NH2); 1.64, 1.41 (2s, Me2C); 1.01 (s,

tBu). 13C-NMR (75 MHz,
CDCl3): see Table 13 ; additionally, 135.33 (2d); 135.29 (2d); 133.21, 132.90 (2s); 129.50, 129.45 (2d);
127.44 (2d); 127.36 (2d); 113.81 (s, Me2C); 27.28, 25.54 (2q, Me2C); 26.81 (q, Me3C); 19.27 (s, Me3C).
HR-MALDI-MS: 694.1305 ([M+Na]+, C29H34IN5NaO4Si

+; calc. 694.1425).
8-Iodo-2’,3’-O-isopropylidene-5’-O-(triisopropylsilyl)adenosine (26). Similarly to the preparation of

25, 21 [9] (4.0 g, 7.0 mmol) was treated with LDA (50 mmol) and then with NIS (8.8 g, 39.6 mmol).
After treating the mixture with AcOH and evaporating the solvent, a soln. of the residue in AcOEt
was filtered through a short pad of silica gel (AcOEt/cyclohexane 1 :2) and evaporated. A soln. of the
residue in THF (55 ml) was treated with 8M MeNH2 in EtOH (5.1 ml, 40.5 mmol), stirred for 4 h, and
evaporated. FC (AcOEt/CHCl3 1 :3) gave 26 (3.1 g, 76%). Light yellow foam. Rf (AcOEt/CHCl3 1 :2)
0.20. [a]25D =�11.8 (c=1.0, CHCl3). UV (CHCl3): 267 (16300). IR (CHCl3): 3412m, 2945m, 2867m,
1720w, 1632s, 1583m, 1442m, 1384w, 1287m, 1218s, 1157m, 1093m, 997w, 882m. 1H-NMR (300 MHz,
CDCl3): see Table 12 ; additionally, 5.72 (br. s, NH2); 1.63, 1.41 (2s, Me2C); 0.97–0.95 (m, (Me2CH)3Si).
13C-NMR (75 MHz, CDCl3): see Table 13 ; additionally, 113.73 (s, Me2C); 27.26, 25.53 (2q, Me2C);
17.94 (q, (Me2CH)3Si); 11.96 (d, (Me2CH)3Si). HR-MALDI-MS: 612.1466 ([M+Na]+, C22H36IN5NaO4-
Si+; calc. 612.1576).

9-(6,7-Dideoxy-2,3-O-isopropylidene-a-L-talo-hept-6-ynofuranosyl)adenine (28). A soln. of 27 [7]
(1.15 g, 2.26 mmol) in THF (16 ml) was cooled to 08, treated with 8M MeNH2 in EtOH (2 ml), stirred
for 5 h at 258, and evaporated. A soln. of the residue in THF (18 ml) was treated with Bu4NF·3 H2O
(800 mg, 2.47 mmol), stirred for 2 h, and evaporated. FC (CHCl3/MeOH 20 :1) gave 28 (540 mg,
72%). White solid. Rf (CHCl3/MeOH 30 :1) 0.15. M.p. 229–2318. [a]

25
D =�41.9 (c=0.25, CHCl3). UV

(CHCl3): 259 (10900). IR (CHCl3): 3413w, 3306w, 3015s, 2260w, 1633s, 1591w, 1475w, 1427w, 1376w,
1335w, 1271w, 1121m, 1083m, 1046w, 930w, 846w. 1H-NMR (300 MHz, CDCl3/CD3OD): see Table 12 ;
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additionally, 1.62, 1.35 (2s, Me2C).
13C-NMR (75 MHz, CDCl3/CD3OD): seeTable 13 ; additionally, 114.33

(s, Me2C); 27.55, 25.23 (2q, Me2C). HR-MALDI-MS: 354.1178 ([M+Na]+, C15H17N5NaO
þ
4 ; calc.

354.1178). Anal. calc. for C15H17N5O4 (331.33): C 54.38, H 5.17, N 21.14; found: C 54.40, H 5.27, N 21.23.
N6-Benzoyl-5’-O-[(tert-butyl)dimethylsilyl]-8-(hydroxymethyl)-2’,3’-O-isopropylideneadenosine (29).

A soln. of iPr2NH (6.65 ml, 47.1 mmol) in THF (26 ml) was cooled to �768, treated dropwise with
1.6M BuLi in hexane (29.5 ml, 47 mmol), stirred for 20 min, warmed to 08, stirred for 15 min, cooled to
�768, treated dropwise with a soln. of 22 (4 g, 7.61 mmol) in THF (36 ml), stirred for 3 h, treated drop-
wise with DMF (18.2 ml) and stirred for 3 h. The soln. was treated with AcOH (6.7 ml), allowed to reach
278, diluted with EtOH (72 ml), treated portionwise with NaBH4 (1.2 g, 31.7 mmol), stirred for 3 h,
cooled to 08, treated with sat. aq. NH4Cl soln. (40 ml), and evaporated. A soln. of the residue in
CH2Cl2 (250 ml) was washed with H2O (2S50 ml) and brine (40 ml), dried (Na2SO4), and evaporated.
FC (cyclohexane/AcOEt 1 :1) gave 29 (3.54 g, 83%). White solid. Rf (cyclohexane/AcOEt 1 :1) 0.14.
M.p. 147–1488. [a]25D =�20.4 (c=0.5, CHCl3). UV (CHCl3): 282 (29800). IR (CHCl3): 3406w, 2998w,
2956w, 2932w, 2859w, 1707m, 1614s, 1590m, 1473m, 1428m, 1356w, 1257s, 1221m, 1209s, 1157w, 1087s,
972w, 897w, 838m. 1H-NMR (300 MHz, CDCl3): see Table 12 ; additionally, 9.16 (br. s, NH); 8.04–8.01
(m, 2 arom. H); 7.63–7.48 (m, 3 arom. H); 4.59 (br. s, HOCH2�C(8)); 1.63, 1.41 (2s, Me2C); 0.86 (s,
tBu); 0.013, 0.006 (2s, Me2Si).

13C-NMR (75 MHz, CDCl3): see Table 13 ; additionally, 164.51 (s, C=O);
133.53 (s); 132.65 (d); 128.74 (2d); 127.76 (2d); 114.75 (s, Me2C); 27.29, 25.49 (2q, Me2C); 25.97 (q,
Me3C); 18.56 (s, Me3C); �5.31 (2q, Me2Si). HR-MALDI-MS: 578.2398 ([M+Na]+, C27H37N5NaO6Si

+;
calc. 578.2411). Anal. calc. for C27H37N5O6Si (555.70): C 58.36, H 6.71, N 12.60; found: C 58.22, H
6.85, N 12.52.
N6-Benzoyl-5’-O-[(tert-butyl)dimethylsilyl]-8-{[(tert-butyl)diphenylsilyloxy]methyl}-2’,3’-O-isopro-

pylideneadenosine (30). A soln. of 29 (2.98 g, 5.36 mmol), 1H-imidazole (0.44 g, 6.43 mmol), and DMAP
(66 mg, 0.54 mmol) in CH2Cl2 (76 ml) was treated dropwise with

tBuPh2SiCl (2.78 ml, 10.76 mmol), stir-
red at 278 for 9 h, washed with H2O (2S30 ml) and brine (30 ml), dried (Na2SO4), filtered, and evapo-
rated. FC (cyclohexane/AcOEt 2 :1) gave 30 (3.78 g, 89%). White foam. Rf (cyclohexane/AcOEt 1 :1)
0.59. [a]25D =�10.8 (c=1.0, CHCl3). UV (CHCl3): 283 (24000). IR (CHCl3): 3408w, 3017s, 2933w,
2859w, 1708m, 1615s, 1588m, 1472m, 1462m, 1428m, 1360w, 1258m, 1087s. 1H-NMR (300 MHz,
CDCl3): see Table 12 ; additionally, 8.91 (br. s, NH); 8.00–7.97 (m, 2 arom. H); 7.72–7.32 (m, 13 arom.
H); 1.62, 1.42 (2s, Me2C); 1.09, 0.84 (2s, 2

tBu); �0.046, �0.051 (2s, Me2Si). 13C-NMR (75 MHz,
CDCl3): see Table 13 ; additionally, 164.14 (s, C=O); 135.58 (2d); 135.53 (2d); 133.73 (s); 132.58 (d);
132.09, 132.04 (2s); 129.90, 129.84 (2d); 128.75 (2d); 127.71 (2d); 127.63 (2d); 127.61 (2d); 113.97 (s,
Me2C); 27.32, 25.60 (2q, Me2C); 26.79, 25.93 (2q, 2Me3C); 19.32, 18.45 (2s, 2 Me3C); �5.22 (s, Me2Si).
MALDI-MS: 816.0 ([M+Na]+, C43H55N5NaO6Si

þ
2 ). Anal. calc. for C43H55N5O6Si2 (794.11): C 65.04, H

6.98, N 8.82; found: C 64.76, H 6.81, N 8.88.
N6-Benzoyl-8-{[(tert-butyl)diphenylsilyloxy]methyl}-2’,3’-O-isopropylideneadenosine (31). A soln. of

30 (80.5 mg, 0.1 mmol) in MeCN/tBuOH 9 :1 (1.0 ml) was treated with 20–25%H2SiF6 soln. in H2O (15.4
ml), stirred for 12 h at 278, treated with aq. Na2CO3 soln. (2 ml), and extracted with AcOEt (3S4 ml). The
combined org. layers were washed with H2O (2S3 ml) and brine (3 ml), dried (Na2SO4), filtered, and
evaporated. FC (cyclohexane/AcOEt 1 :1) gave 30 (13 mg, 16%) and 31 (54 mg, 79%). White solid. Rf
(cyclohexane/AcOEt 1 :1) 0.13. M.p. 179–1808. [a]25D =�47.2 (c=1.0, CHCl3). UV (CHCl3): 284
(24600). IR (CHCl3): 3407w, 3015m, 2975w, 1710m, 1614s, 1591m, 1428s, 1360m, 1255s, 1172w, 1114m,
1083m, 1047m, 877w, 854w, 824w. 1H-NMR (300 MHz, CDCl3): see Table 12 ; additionally, 8.95 (br. s,
NH); 7.99–7.96 (m, 2 arom. H); 7.72–7.57 (m, 5 arom. H); 7.45–7.28 (m, 8 arom. H); 1.58, 1.37 (2s,
Me2C); 1.09 (s,

tBu). 13C-NMR (75 MHz, CDCl3): see Table 13 ; additionally, 135.51 (2d); 135.44 (2d);
133.48 (s); 132.68 (d); 132.05, 131.86 (2s); 129.94, 129.85 (2d); 128.75 (2d); 127.74 (2d); 127.63 (2d);
127.59 (2d); 114.06 (s, Me2C); 27.62, 25.39 (2q, Me2C); 26.73 (q, Me3C); 19.29 (s, Me3C). HR-MALDI-
MS: 702.2726 ([M+Na]+, C37H41N5NaO6Si

+; calc. 702.2724). Anal. calc. for C37H41N5O6Si (679.85): C
65.37, H 6.08, N 10.30; found: C 65.47, H 6.17, N 10.19.

Transformation of 31 to 32 and 33. A soln. of 31 (1.62 g, 2.38 mmol) and DCC (1.48 g, 7.14 mmol) in
dry DMSO (9.5 ml) was cooled to 158, treated dropwise with CHCl2CO2H (97.6 ml, 1.18 mmol), stirred
for 15 min, warmed to 268, stirred for 3 h, and filtered (washing of the residue with 6 ml of DMSO).
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The combined filtrates and washings were extracted with hexane (4S100 ml). The DMSO layer was
diluted with CHCl3 (300 ml), washed with H2O (2S150 ml), dried (Na2SO4), and evaporated affording
the crude aldehyde (1.45 g).
A soln. of EtMgBr (7.26 mmol) in THF (12 ml) was cooled to 08, treated dropwise with (trimethyl-

silyl)acetylene (1.01 ml, 7.21 mmol), stirred for 20 min, warmed to 268, stirred for 40 min, cooled to 08,
treated with a soln. of the crude aldehyde in dry THF (30 ml), and stirred for 3 h. The mixture was treated
with sat. aq. NH4Cl soln. (36 ml) and allowed to warm to 268. The layers were separated, and the aq. layer
was extracted with AcOEt (2S60 ml). The combined org. layers were washed with H2O and brine, dried
(Na2SO4), and evaporated. FC (cyclohexane/AcOEt 1 :2) gave 32 (772 mg, 42%) and 33 (386 mg, 21%).

Data of N6-Benzoyl-8-{[(tert-butyl)diphenylsilyloxy]methyl}-9-[6,7-dideoxy-2,3-O-isopropylidene-7-
C-(trimethylsilyl)-b-D-allo-hept-6-ynofuranosyl]adenine (32). White solid. Rf (cyclohexane/AcOEt 1 :2)
0.36. M.p. 129–1318. [a]25D =�65.0 (c=0.25, CHCl3). UV (CHCl3): 284 (24600). IR (CHCl3): 3480w,
3017s, 2200w, 1710w, 1615w, 1428w, 1252w, 1209s, 1088w, 1046w, 931w, 845w. 1H-NMR (300 MHz,
CDCl3): see Table 12 ; additionally, 8.91 (br. s, NH); 7.99–7.96 (m, 2 arom. H); 7.72–7.29 (m, 13 arom.
H); 1.59, 1.40 (2s, Me2C); 1.08 (s,

tBu); 0.22 (s, Me3Si).
13C-NMR (75 MHz, CDCl3): see Table 13 ; addi-

tionally, 135.51 (2d); 135.44 (2d); 133.46 (s); 132.77 (d); 132.02, 131.80 (2s); 130.01, 129.87 (2d); 128.81
(2d); 127.81 (2d); 127.66 (2d); 127.60 (2d); 114.04 (s, Me2C); 27.69, 25.43 (2q, Me2C); 26.70 (q, Me3C);
19.30 (s, Me3C); �0.07 (q, Me3Si). HR-MALDI-MS: 798.3123 ([M+Na]+, C42H49N5NaO6Si

þ
2 ; calc.

798.3119). Anal. calc. for C42H49N5O6Si2 (776.05): C 65.00, H 6.36, N 9.02; found: C 64.94, H 6.41, N 8.83.
Data of N6-Benzoyl-8-{[(tert-butyl)diphenylsilyloxy]methyl}-9-[6,7-dideoxy-2,3-O-isopropylidene-7-

C-(trimethylsilyl)-a-L-talo-hept-6-ynofuranosyl]adenine (33). White solid. Rf (cyclohexane/AcOEt 1 :2)
0.23. M.p. 99–1018. [a]25D =+28.3 (c=1.0, CHCl3). UV (CHCl3): 285 (15600). IR (CHCl3): 3450w,
3018m, 2860w, 2180w, 1710w, 1615w, 1592w, 1428w, 1359w, 1252w, 1221s, 1217w, 1213s, 1209s, 1089w,
1047w, 930w, 846w. 1H-NMR (300 MHz, CDCl3): see Table 12 ; additionally, 8.92 (br. s, NH); 7.99–7.96
(m, 2 arom. H); 7.72–7.37 (m, 12 arom. H); 7.24–7.19 (m, 1 arom. H); 1.61, 1.36 (2s, Me2C); 1.08 (s,
tBu); 0.10 (s, Me3Si).

13C-NMR (75 MHz, CDCl3): see Table 13 ; additionally, 164.01 (s, C=O); 135.64
(2d); 135.48 (2d); 133.50 (s); 132.72 (d); 131.93, 131.88 (2s); 129.89, 129.68 (2d); 128.79 (2d); 127.78
(2d); 127.69 (2d); 127.42 (2d); 114.39 (s, Me2C); 27.69, 25.43 (2q, Me2C); 26.70 (q, Me3C); 19.30 (s,
Me3C); �0.07 (q, Me3Si). HR-MALDI-MS: 798.3103 ([M+Na]+, C42H49N5NaO6Si

þ
2 ; calc. 798.3119).

Anal. calc. for C42H49N5O6Si2 (776.05): C 65.00, H 6.36, N 9.02; found: C 64.88, H 6.62, N 8.78.
8-{[(tert-Butyl)diphenylsilyloxy]methyl}-9-[6,7-dideoxy-2,3-O-isopropylidene-b-D-allo-hept-6-yno-

furanosyl]adenine (34). A soln. of 32 (887 mg, 1.14 mmol) in MeOH (17.5 ml) was cooled to 08, treated
with sat. K2CO3 soln. in MeOH (12 ml), stirred for 6 h, diluted with aq. NH4Cl soln. and H2O, and
extracted with CHCl3 (3S25 ml). The combined org. layers were washed with H2O (30 ml) and brine
(30 ml), dried (Na2SO4), and evaporated. A soln. of the residue in THF (24 ml) was treated with 8M
MeNH2 in EtOH (1.1 ml), stirred for 6 h, and evaporated. FC (cyclohexane/AcOEt 1 :2) gave 34 (491
mg, 72%). White solid. Rf (cyclohexane/AcOEt 1 :2) 0.13. M.p. 199–2018. [a]

25
D =�1.0 (c=0.25,

CHCl3). UV (CHCl3): 240.0 (16400). IR (CHCl3): 3468w, 3270w, 3017s, 2270w, 1660m, 1579w, 1528w,
1486w, 1415w, 1282w, 1221s, 1213s, 1209s, 1046w, 930w, 876w. 1H-NMR (300 MHz, CDCl3): see Table
12 ; additionally, 7.72–7.69 (m, 2 arom. H); 7.64–7.61 (m, 2 arom. H); 7.45–7.29 (m, 6 arom. H); 5.98
(br. s, NH2); 1.58, 1.39 (2s, Me2C); 1.07 (s,

tBu). 13C-NMR (75 MHz, CDCl3): see Table 13 ; additionally,
135.40 (2d); 135.35 (2d); 132.13, 131.84 (2s); 129.91, 129.85 (2d); 127.73 (2d); 127.61 (2d); 114.02 (s,
Me2C); 27.62, 25.43 (2q, Me2C); 26.67 (q, Me3C); 19.30 (s, Me3C). HR-MALDI-MS: 622.2460
([M+Na]+, C32H37N5NaO5Si

+; calc. 622.2462).
8-{[(tert-Butyl)diphenylsilyloxy]methyl}-9-(6,7-dideoxy-2,3-O-isopropylidene-a-L-talo-hept-6-yno-

furanosyl)adenine (35). A soln. of 33 (183 mg, 0.236 mmol) was cooled to �208, treated with sat. K2CO3
soln. in MeOH (3 ml), stirred for 5 h, diluted with aq. NH4Cl soln. and H2O, and extracted with CHCl3
(3S20 ml). The combined org. layers were washed with H2O (20 ml) and brine (20 ml), dried (Na2SO4),
and evaporated. A soln. of the residue in THF (6 ml) was treated with 8M MeNH2 in EtOH (0.2 ml), stir-
red for 18 h, and evaporated. FC (cyclohexane/AcOEt 1 :2) gave 35 (113 mg, 80%). White solid. Rf (cy-
clohexane/AcOEt 1 :2) 0.11. M.p. 208–2108. [a]25D =�5.2 (c=1.0, CHCl3). UV (CHCl3): 265 (15600). IR
(CHCl3): 3412w, 3307w, 3018m, 2860w, 2250w, 1638m, 1590w, 1455w, 1428w, 1376w, 1333w, 1221s, 1217s,
1213s, 1209s, 1114w, 1085w, 1047w, 856w, 824w. 1H-NMR (300 MHz, CDCl3): see Table 12 ; additionally,
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7.71–7.66 (m, 4 arom. H); 7.46–7.31 (m, 6 arom. H, HO�C(5’)); 5.87 (br. s, NH2); 1.57, 1.36 (2s, Me2C);
1.08 (s, tBu). 13C-NMR (75 MHz, CDCl3): see Table 13 ; additionally, 135.52 (2d); 135.49 (2d); 132.13,
132.02 (2s); 129.88, 129.82 (2d); 127.72 (2d); 127.65 (2d); 114.17 (s, Me2C); 27.54, 25.41 (2q, Me2C);
26.81 (q, Me3C); 19.32 (s, Me3C). HR-MALDI-MS: 622.2463 ([M+Na]+, C32H37N5NaO5Si

+; calc.
622.2462).
N6-Benzoyl-8-{[(tert-butyl)diphenylsilyloxy]methyl}-9-[5,6,7-trideoxy-2,3-O-isopropylidene-7-C-(tri-

methylsilyl)-b-D-ribo-hept-6-ynofuranosyl]adenine (36). A soln. of 32/33 ca. 2 :1 (1.253 g, 1.615 mmol) in
dry CH2Cl2 (30 ml) was treated with (thiocarbonyl)diimidazole (576 mg, 3.23 mmol), stirred for 20 h at
268, and evaporated. FC (cyclohexane/AcOEt 1 :1) gave the imidazolyl thiocarbamate (1.2 g). Its soln.
in dry toluene (22 ml) was treated with AIBN (32 mg, 0.2 mmol) and Bu3SnH (0.69 ml, 2.61 mmol),
and stirred for 1.5 h at 808. Evaporation and FC (cyclohexane/AcOEt 2 :1) gave 36 (795 mg, 65%).
White foam. Rf (cyclohexane/AcOEt 1 :1) 0.56. M.p. 107–1098. [a]

25
D =�17.7 (c=1.0, CHCl3). UV

(CHCl3): 284 (30000). IR (CHCl3): 3408w, 2998w, 2960w, 2860w, 2176w, 1708s, 1615s, 1589s, 1461m,
1428s, 1356m, 1253s, 1168w, 1094s. 1H-NMR (300 MHz, CDCl3): see Table 12 ; additionally, 8.96 (br. s,
NH); 8.00–7.97 (m, 2 arom. H); 7.72–7.32 (m, 13 arom. H); 1.62, 1.42 (2s, Me2C); 1.09 (s,

tBu); 0.14
(s, Me3Si).

13C-NMR (75 MHz, CDCl3): see Table 13 ; additionally, 164.22 (s, C=O); 135.59 (2d);
135.54 (2d); 133.70 (s); 132.57 (d); 132.09, 132.02 (2s); 129.90, 129.85 (2d); 128.73 (2d); 127.71 (2d);
127.67 (4d); 114.10 (s, Me2C); 27.04, 25.52 (2q, Me2C); 26.81 (q, Me3C); 19.32 (s, Me3C); 0.16 (q,
Me3Si). MALDI-MS: 782.0 ([M+Na]+, C42H49N5NaO5Si

þ
2 ). Anal. calc. for C42H49N5O5Si2 (760.05): C

66.37, H 6.50, N 9.21; found: C 66.43, H 6.35, N 9.04.
8-{[(tert-Butyl)diphenylsilyloxy]methyl}-9-(5,6,7-trideoxy-2,3-O-isopropylidene-b-D-ribo-hept-6-yno-

furanosyl)adenine (37). A soln. of 36 (231 mg, 0.3 mmol) in THF (30 ml) was cooled to 08, treated with
Bu4NF·3 H2O (107 mg, 0.33 mmol), stirred for 3 h, and evaporated. FC (cyclohexane/AcOEt 2 :1) gave
the terminal acetylene (163 mg). Its soln. in THF (6 ml) was treated with 8MMeNH2 in EtOH (0.3 ml, 2.4
mmol), stirred for 9 h at 258, and evaporated. FC (cyclohexane/AcOEt 1 :1) gave 37 (134 mg, 77%).
White solid. Rf (cyclohexane/AcOEt 1 :1) 0.31. M.p. 160–1618. [a]

25
D =�28.0 (c=1.0, CHCl3). UV

(CHCl3): 264.0 (11400). IR (CHCl3): 3412w, 3309w, 3018s, 2860w, 2100w, 1635s, 1591w, 1428w, 1374m,
1329w, 1157w, 1082s, 1007w. 1H-NMR (300 MHz, CDCl3): see Table 12 ; additionally, 7.70–7.60 (m, 4
arom. H); 7.50–7.30 (m, 6 arom. H); 5.90 (br. s, NH2); 1.62, 1.41 (2s, Me2C); 1.08 (s,

tBu). 13C-NMR
(75 MHz, CDCl3): see Table 13 ; additionally, 135.56 (2d); 135.51 (2d); 132.15 (2s); 129.89, 129.82 (2d);
127.73 (2d); 127.65 (2d); 114.00 (s, Me2C); 27.02, 25.54 (2q, Me2C); 26.80 (q, Me3C); 19.30 (s, Me3C).
HR-MALDI-MS: 606.2513 ([M+Na]+, C32H37N5NaO4Si

+; calc. 606.2512). Anal. calc. for C32H37N5O4Si
(583.75): C 65.84, H 6.39, N 12.00; found: C 66.10, H 6.44, N 11.74.

2,3-O-Isopropylidene-5’-O-(triisopropylsilyl)uridin-6-yl-(6 ! 7’-C)-9-(6,7-dideoxy-2,3-O-isopropyl-
idene-b-D-allo-hept-6-ynofuranosyl)adenine (41). A soln. of 38 [2] (363 mg, 0.64 mmol), 39 [6] (183 mg,
0.55 mmol), [Pd2(dba)3] (25 mg, 0.028 mmol), CuI (12 mg, 0.056 mmol), and P(fur)3 (12 mg, 0.045
mmol) in degassed Et3N/toluene 1 :1 (11 ml) was stirred for 16 h at 258. Evaporation and FC (CHCl3/
MeOH 20 :1) gave 41 (300 mg, 70%). Pale yellow solid. Rf (CHCl3/MeOH 20 :1) 0.14. M.p. 171–1738.
[a]25D =�88.0 (c=1.0, CHCl3). UV (CHCl3): 265 (15500). IR (CHCl3): 3411w, 3017s, 2944m, 2867m,
2250w, 1697s, 1634m, 1595m, 1432w, 1376m, 1338w, 1303w, 1271w, 1253w, 1209s, 1155w, 1091s, 997w,
930w, 882w. 1H-NMR (300 MHz, CDCl3): see Table 14 ; additionally, 10.13 (br. s, NH); 6.14 (br. s,
NH2); 1.66, 1.57, 1.42, 1.37 (4s, 2 Me2C); 1.08–1.03 (m, (Me2CH)3Si).

13C-NMR (75 MHz, CDCl3): see
Table 15 ; additionally, 114.46, 113.64 (2s, 2 Me2C); 27.72, 27.33, 25.53, 25.41 (4q, 2Me2C); 18.03 (q, (Me2-
CH)3Si); 12.05 (d, (Me2CH)3Si). MALDI-MS: 792.3 ([M+Na]+, C36H51N7NaO10Si

+). Anal. calc. for
C36H51N7O10Si (769.93): C 56.16, H 6.68, N 12.73; found: C 55.92, H 6.77, N 12.64.

2’,3’-O-Isopropylidene-5’-O-(triisopropylsilyl)uridin-6-yl-(6 ! 7’-C)-9-[6,7-dideoxy-2,3-O-isopropyl-
idene-5-O-(triisopropylsilyl)-b-D-allo-hept-6-ynofuranosyl]adenine (42). A soln. of 38 (183 mg, 0.32
mmol), 40 [1] (131 mg, 0.27 mmol), [Pd2(dba)3] (12.8 mg, 0.014 mmol), CuI (5.3 mg, 0.028 mmol), and
P(fur)3 (5.2 mg, 0.022 mmol) in degassed Et3N/toluene 1 :1 (8 ml) was stirred for 16 h at 258. Evaporation
and FC (CHCl3/MeOH 80 :1) gave 42 (175 mg, 70%). Pale yellow solid. Rf (CHCl3/MeOH 50 :1) 0.08.
M.p. 142–1448. [a]25D =+62.1 (c=1.0, CHCl3). UV (CHCl3): 264 (16400). IR (CHCl3): 3485w, 3412w,
3330w, 2945s, 2868s, 2233w, 1697s, 1636s, 1596m, 1465m, 1434w, 1384s, 1330m, 1296w, 1252m, 1157m,
1088s, 997m, 882m. 1H-NMR (300 MHz, CDCl3): see Table 14 ; additionally, 13.39 (br. s, NH); 6.85 (br.
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s, NH2); 1.63, 1.54, 1.44, 1.42 (4s, 2 Me2C); 1.15–0.97 (m, 2 (Me2CH)3Si).
13C-NMR (75 MHz, CDCl3): see

Table 15 ; additionally, 114.30, 113.30 (2s, 2 Me2C); 27.53, 27.22, 25.72, 25.58 (4q, 2Me2C); 17.98 (q, 2
(Me2CH)3Si); 12.25, 12.05 (2d, 2 (Me2CH)3Si). HR-MALDI-MS: 948.4651 ([M+Na]+, C45H71N7NaO10-
Siþ2 ; calc. 948.4699). Anal. calc. for C45H71N7O10Si2 (926.27): C 58.35, H 7.73, N 10.59; found: C 58.20,
H 7.93, N 10.38.

2’,3’-O-Isopropylidene-5’-O-(triisopropylsilyl)uridin-6-yl-(6 ! 7’-C)-8-{[(tert-butyl)diphenylsilyloxy]-
methyl}-9-(6,7-dideoxy-2,3-O-isopropylidene-b-D-allo-hept-6-ynofuranosyl)adenine (43). Similarly to the
preparation of 41, treatment of 38 (404 mg, 0.712 mmol) with 34 (360 mg, 0.584 mmol) gave 43 (412 mg,
68%). Light yellow solid. Rf (AcOEt/cyclohexane 2 :1) 0.20. M.p. 153–1558. [a]

25
D =�49.1 (c=2.0,

CHCl3). UV (CHCl3): 268 (16100). IR (CHCl3): 3410w, 3017m, 2943m, 2866w, 2240w, 1697m, 1638m,
1596w, 1454w, 1428w, 1376m, 1335w, 1302w, 1269w, 1218s, 1215s, 1210s, 1156w, 1088m, 908w, 882w. 1H-

Table 14. Selected 1H-NMRChemical Shifts [ppm] and Coupling Constants [Hz] of the U*[cy]A
(*) Dimers

41–45, 47, and 48 in CDCl3a)

41 42 43b) 44 45b) 47b) 48c)

Uridine unit (II)
H�C(5) 6.02 5.53 6.01 5.79 5.78 5.54 5.22
H�C(1’) 6.24 5.96 6.25 6.16 6.20 6.16 6.23
H�C(2’) 5.24 5.27 5.25–5.18 5.18–5.14 5.07 5.33 5.42
H�C(3’) 4.88 4.81 4.85 4.87–4.81 4.80 4.85 4.89
H�C(4’) 4.22 4.14 4.21 4.06 4.14 4.20 4.20
2 H�C(5’) 3.88 3.83 3.87 3.80 3.81 3.85 3.84
4J(5,NH) 0 1.5 2.1 1.5 1.8 0 0.9
J(1’,2’) 1.5 <1.0 1.2 0.9 1.9 <1.0 0
J(2’,3’) 6.6 6.3 6.6 c) 6.2 6.2 6.3
J(3’,4’) 4.5 4.5 4.5 4.5 4.2 4.2 3.9
J(4’,5’) 6.9 6.3 6.3 6.6 6.2 6.3 6.3
Adenosine unit (I)
H�C(2) 8.33 8.29 8.32 8.33 8.31 8.35 8.29
H�C(8) 7.91 8.08 – 7.92 – 8.06 –
CHa�C(8) – – 5.06 – 5.02 – 5.04
CHb�C(8) – – 4.89 – 4.93 – 4.96
H�C(1’) 5.89 6.16 6.52 5.89 6.50 6.15 6.57
H�C(2’) 5.16 5.97 5.25–5.18 5.18–5.14 5.21 5.92 5.97
H�C(3’) 5.21 5.09 5.25–5.18 5.06 5.14 5.17 5.33
H�C(4’) 4.63 4.45 4.60 4.65 4.58 4.46 4.26
Ha�C(5’) 5.01 4.96 5.06 4.87–4.81 4.94 3.03 2.95
Hb�C(5’) – – – – – 2.93 2.87
HO�C(5’) 8.15 – 8.07 8.28 7.88 – –
J(Ha,Hb) – – 12.9 – 13.3 – 13.2
J(1’,2’) 3.9 1.2 4.8 4.8 4.4 1.5 <1.5
J(2’,3’) 6.0 6.3 d) 6.0 6.0 6.2 6.0
J(3’,4’) 0 3.9 0 0 2.0 4.0 5.1
J(4’,5’a) 1.2 4.5 <1.0 <1.0 1.5 4.5 5.1
J(4’,5’b) – – – – – 4.2 4.2
J(5’a,5’b) – – – – – 17.4 17.4
J(5’a,OH) <1.0 – <1.0 11.4 10.4 – –

a) Assignments based on selective homodecoupling experiments. Concentration: 60 mM (41: 10 mM). b)
Assignments based on a DQF-COSY and a HSQC spectrum. c) Assignments based on a HMBC spec-
trum. d) Not determined.
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NMR (500 MHz, CDCl3): see Table 14 ; additionally, 10.89 (br. s, NH); 7.71–7.62 (m, 4 arom. H);
7.47–7.31 (m, 6 arom. H); 6.31 (br. s, NH2); 1.59, 1.58, 1.41, 1.36 (4s, 2 Me2C); 1.08 (s,

tBu); 1.08–1.02
(m, (Me2CH)3Si).

13C-NMR (125 MHz, CDCl3): see Table 15 ; additionally, 135.48 (2d); 135.46 (2d);
132.22, 131.98 (2s); 129.94, 129.87 (2d); 127.76 (2d); 127.66 (2d); 114.36, 113.62 (2s, 2 Me2C); 27.67,
27.35, 25.55 (3q, 2Me2C); 26.76 (q,Me3C); 19.31 (s, Me3C); 18.03 (q, (Me2CH)3Si); 12.06 (d, (Me2CH)3-
Si). HR-MALDI-MS: 1060.465 ([M+Na]+, C53H71N7NaO11Si

þ
2 ; calc. 1060.465). Anal. calc. for

C53H71N7O11Si2 (1038.36): C 61.38, H 6.89, N 9.44; found: C 61.10, H 6.72, N 9.50.
2’,3’-O-Isopropylidene-5’-O-(triisopropylsilyl)uridin-6-yl-(6 ! 7’-C)-9-(6,7-dideoxy-2,3-O-isopropyl-

idene-a-L-talo-hept-6-ynofuranosyl)adenine (44). Similarly to the preparation of 41, treatment of 38 (170
mg, 0.32 mmol) with 28 (85 mg, 0.26 mmol) gave 44 (168 mg, 84%). White solid. Rf (CHCl3/MeOH 20 :1)
0.11. M.p. 168–1708. [a]25D =+52.3 (c=2.0, CHCl3). UV (CHCl3): 265 (23500). IR (CHCl3): 3412w,
3014m, 2944m, 2867m, 2219w, 1696s, 1634s, 1595m, 1431m, 1376m, 1337w, 1270w, 1241w, 1156m,
1123m, 1083s, 997w, 881m. 1H-NMR (300 MHz, CDCl3): see Table 14 ; additionally, 12.14 (br. s, NH);
6.75 (br. s, NH2); 1.64, 1.54, 1.37, 1.31 (4s, 2 Me2C); 1.03–0.98 (m, (Me2CH)3Si).

13C-NMR (75 MHz,
CDCl3): see Table 15 ; additionally, 114.40, 113.43 (2s, 2 Me2C); 27.68, 27.26, 25.45, 25.32 (4q, 2Me2C);
18.00 (q, (Me2CH)3Si); 12.02 (d, (Me2CH)3Si). MALDI-MS: 792.3 ([M+Na]+, C36H51N7NaO10Si

+).
Anal. calc. for C36H51N7O10Si (769.93): C 56.16, H 6.68, N 12.73; found: C 56.06, H 6.67, N 12.60.

2’,3’-O-Isopropylidene-5’-O-(triisopropylsilyl)uridin-6-yl-(6 ! 7’-C)-8-{[(tert-butyl)diphenylsilyloxy]-
methyl}-9-(6,7-dideoxy-2,3-O-isopropylidene-a-L-talo-hept-6-ynofuranosyl)adenine (45). Similarly to the
preparation of 41, treatment of 38 (107 mg, 0.19 mmol) with 35 (95 mg, 0.158 mmol) gave 45 (147 mg,
90%). Light yellow solid. Rf (AcOEt/cyclohexane 3 :1) 0.25. M.p. 154–1568. [a]

25
D =+27.6 (c=2.0,

Table 15. Selected 13C-NMR Chemical Shifts [ppm] of the U*[cy]A
(*) Dimers 41–45, 47, and 48 in CDCl3

41 42 43a) 44 45a) 47a) 48b)

Uridine unit (II)
C(2) 149.57 150.13 149.59b) 150.10 149.91b) 150.55 149.96
C(4) 161.95 163.70 162.30 162.95 162.78 164.04 163.86
C(5) 108.78 108.57 108.74 108.32 108.19 108.43 107.86
C(6) 137.22 136.61 137.28 137.41 137.66 137.36 137.45
C(1’) 94.76 93.87 94.08 94.67 94.11 93.96 94.34
C(2’) 83.95 84.25 83.95 83.98 84.00 84.29 83.99
C(3’) 82.19 82.25 82.19 82.12 82.28 82.41 82.54
C(4’) 89.32 89.83 89.32 89.14 89.36 89.75 89.38
C(5’) 64.19 64.46c) 64.24 64.04 64.19 64.37 64.18
Adenosine unit (I)
C(2) 152.36 152.40 152.07 152.41 152.31 152.83 152.87
C(4) 147.75 148.82 149.19c) 147.69 149.44c) 149.13 150.20
C(5) 120.76 119.87 118.90 120.28 118.80 119.68 118.28
C(6) 155.97 155.75 155.74 156.16 155.97 155.96 155.54
C(8) 140.18 140.41 149.53c) 140.01 149.52c) 139.89 150.01
CH2�C(8) – – 59.66 – 59.48 – 59.96
C(1’) 94.12 91.25 92.67 93.88 92.40 90.59 88.53
C(2’) 82.72 83.18 82.72 82.71 83.16 83.69 83.55
C(3’) 80.60 81.37 80.39 81.64 81.33 82.71 82.54
C(4’) 87.26 89.69 86.87 86.53 86.73 84.05 83.99
C(5’) 63.80 64.56c) 63.75 63.83 63.77 24.19 23.88
C(6’) 98.98 99.23 99.19 100.63 101.35 98.55 99.09
C(7’) 76.58 76.58 76.39 75.34 75.03 73.69 73.33

a) Assignments based on a HSQC spectrum. b) Assignments based on a HMBC spectrum. c) Assignments
may be interchanged.
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CHCl3). UV (CHCl3): 267 (31400). IR (CHCl3): 3411w, 3017s, 2943m, 2866m, 2210w, 1694s, 1638m,
1595w, 1454m, 1428m, 1334w, 1156w, 1122s, 1084s, 882m, 824w. 1H-NMR (500 MHz, CDCl3): see Table
14 ; additionally, 11.11 (br. s, NH); 7.67–7.64 (m, 4 arom. H); 7.40–7.29 (m, 6 arom. H); 6.39 (br. s,
NH2); 1.59, 1.54, 1.37, 1.32 (4s, 2 Me2C); 1.06 (s,

tBu); 1.02–0.96 (m, (Me2CH)3Si).
13C-NMR (125

MHz, CDCl3): see Table 15 ; additionally, 135.63 (2d); 135.61 (2d); 132.40, 132.22 (2s); 129.96, 129.94
(2d); 127.77 (4d); 114.53, 113.53 (2s, 2 Me2C); 27.52, 27.23, 25.47, 25.36 (4q, 2Me2C); 26.71 (q, Me3C);
19.23 (s, Me3C); 17.93, 17.91 (q, (Me2CH)3Si); 11.96 (d, (Me2CH)3Si). HR-MALDI-MS: 1060.465
([M+Na]+, C53H71N7NaO11Si

þ
2 ; calc. 1060.465). Anal. calc. for C53H71N7O11Si2 (1038.36): C 61.38, H

6.89, N 9.44; found: C 61.35, H 6.95, N 9.32.
2’,3’-O-Isopropylidene-5’-O-(triisopropylsilyl)uridin-6-yl-(6 ! 7’-C)-9-(5,6,7-trideoxy-2,3-O-isopro-

pylidene-b-D-ribo-hept-6-ynofuranosyl)adenine (47). Similarly to the preparation of 41, treatment of 38
(209 mg, 0.37 mmol) with 46 [3] (100 mg, 0.32 mmol) gave 47 (184 mg, 76%). Light yellow solid. Rf
(CHCl3/MeOH 40 :1) 0.13. M.p. 148–1508. [a]

25
D =+51.8 (c=1.0, CHCl3). UV (CHCl3): 265 (18400).

IR (CHCl3): 3411w, 3018w, 2943m, 2867w, 2230w, 1698m, 1653w, 1597m, 1433w, 1384w, 1330w, 1219s,
1217s, 1213s, 1157w, 1089w, 909m, 882w. 1H-NMR (500 MHz, CDCl3): see Table 14 ; additionally, 13.40
(br. s, NH); 6.93 (br. s, NH2); 1.63, 1.54, 1.44, 1.40 (4s, 2 Me2C); 1.02–0.97 (m, (Me2CH)3Si).

13C-NMR
(125 MHz, CDCl3): see Table 15 ; additionally, 114.58, 113.43 (2s, 2 Me2C); 27.40, 27.24, 25.64, 25.52
(4q, 2Me2C); 17.89 (q, (Me2CH)3Si); 11.92 (d, (Me2CH)3Si). MALDI-MS: 776.0 ([M+Na]+, C36H51N7-
NaO9Si

+). Anal. calc. for C36H51N7O9Si (753.93): C 57.35, H 6.82, N 13.00; found: C 57.34, H 6.85, N 13.00.
2’,3’-O-Isopropylidene-5’-O-(triisopropylsilyl)uridin-6-yl-(6 ! 7’-C)-8-{[(tert-butyl)diphenylsilyloxy]-

methyl}-9-(5,6,7-trideoxy-2,3-O-isopropylidene-b-D-ribo-hept-6-ynofuranosyl)adenine (48). Similarly to
the preparation of 41, treatment of 38 (107 mg, 0.19 mmol) with 37 (92 mg, 0.16 mmol) gave 48 (120
mg, 73%). White solid. Rf (CHCl3/MeOH 20 :1) 0.30. M.p. 181–1838. [a]

25
D =+21.9 (c=1.0, CHCl3).

UV (CHCl3): 267 (7680). IR (CHCl3): 3388w, 3010w, 2942m, 2866m, 2230w, 1696s, 1611m, 1499m,
1462m, 1427s, 1384m, 1157w, 1087s, 999w, 882w. 1H-NMR (300 MHz, CDCl3; assignments based on a
HMBC spectrum): see Table 14 ; additionally, 12.93 (br. s, NH); 7.74–7.64 (m, 4 arom. H); 7.48–7.31
(m, 6 arom. H); 6.58 (br. s, NH2); 1.63, 1.45 (2s, Me2C/I); 1.59, 1.45 (2s, Me2C/II); 1.09 (s,

tBu);
1.04–1.01 (m, (Me2CH)3Si).

13C-NMR (75 MHz, CDCl3; assignments based on a HMBC spectrum):
see Table 15 ; additionally, 135.59 (2d); 135.52 (2d); 132.25 (2s); 129.89, 129.78 (2d); 127.73 (2d);
127.60 (2d); 114.09 (s, Me2C/I); 113.28 (s, Me2C/II); 27.64, 27.51, 25.99, 25.73 (4q, 2Me2C); 26.83 (q,
Me3C); 19.33 (s, Me3C); 18.00 (q, (Me2CH)3Si); 12.02 (d, (Me2CH)3Si). MALDI-MS: 1060.5
([M+Na]+, C53H71N7NaO10Si

þ
2 ). Anal. calc. for C53H71N7O10Si2 (1022.36): C 62.27, H 7.00, N 9.59;

found: C 62.39, H 7.00, N 9.43.
2’,3’-O-Isopropylidene-5’-O-(triisopropylsilyl)adenosin-8-yl-(8 ! 7’-C)-1-(6,7-dideoxy-2,3-O-isopro-

pylidene-b-D-allo-hept-6-ynofuranosyl)uracil (51). A soln. of 26 (200 mg, 0.35 mmol), 49 [2] (90 mg, 0.3
mmol), [Pd2(dba)3] (13 mg, 0.016 mmol), CuI (6.6 mg, 0.031 mmol), and P(fur)3 (6 mg, 0.023 mmol) in
degassed Et3N/toluene 1 :1 (6 ml) was stirred for 16 h at 268. Evaporation and FC (CHCl3/MeOH
20 :1) gave 51 (215 mg, 92%). Light-yellow solid. Rf (CHCl3/MeOH 20 :1) 0.09. M.p. 209–2118.
[a]25D =+8.5 (c=1.0, CHCl3). UV (CHCl3): 268 (18600), 296 (20400). IR (CHCl3): 3326w, 3199w,
3016m, 2944m, 2867m, 2210w, 1696s, 1602w, 1456m, 1384m, 1328m, 1271m, 1157m, 1092s, 880m, 808w.
1H-NMR (300 MHz, (D6)DMSO): see Table 16 ; additionally, 11.49 (br. s, NH); 7.62 (br. s, NH2); 1.56,
1.54, 1.35 (3s, 2 Me2C); 0.94 (br. s, (Me2CH)3Si).

13C-NMR (75 MHz, CDCl3/CD3OD): see Table 17; addi-
tionally, 114.07, 113.50 (2s, 2 Me2C); 26.88, 26.76, 25.02, 24.94 (4q, 2Me2C); 17.54, 17.52 (2q, (Me2CH)3-
Si); 11.65 (d, (Me2CH)3Si). MALDI-MS: 792.3 ([M+Na]+, C36H51N7NaO10Si

+). Anal. calc. for
C36H51N7O10Si (769.93): C 56.16, H 6.68, N 12.73; found: C 56.23, H 6.70, N 12.66.

2’,3’-O-Isopropylidene-5’-O-(triisopropylsilyl)adenosin-8-yl-(8 ! 7’-C)-1-[6,7-dideoxy-2,3-O-isopro-
pylidene-5-(triisopropylsilyl)-b-D-allo-hept-6-ynofuranosyl]uracil (52). A soln. of 26 (58 mg, 0.1 mmol),
50 [2] (42 mg, 0.09 mmol), [Pd2(dba)3] (4.1 mg, 0.0045 mmol), CuI (2 mg, 0.009 mmol), and P(fur)3 (2
mg, 0.004 mmol) in degassed Et3N/toluene 1 :1 (3 ml) was stirred for 16 h at 268. Evaporation and FC
(CHCl3/MeOH 80 :1) gave 52 (72 mg, 86%). Light-yellow solid. Rf (CHCl3/MeOH 50 :1) 0.11. M.p.
145–1478. [a]25D =�70.5 (c=1.0, CHCl3). UV (CHCl3): 269 (15300), 297 (16000). IR (CHCl3): 3409w,
3198w, 2946s, 2868m, 2250w, 1696s, 1633s, 1600w, 1461m, 1384m, 1327m, 1271m, 1157m, 1095s, 1014w,
997w, 882m, 809w. 1H-NMR (300 MHz, CDCl3): see Table 18 ; additionally, 11.25 (br. s, NH); 6.98 (br.
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s, NH2); 1.60, 1.57, 1.39, 1.37 (4s, 2 Me2C); 1.12–1.15 (m, (Me2CH)3Si); 0.94–0.96 (m, (Me2CH)3Si).
13C-

NMR (75 MHz, CDCl3): see Table 17; additionally, 114.10, 113.55 (2s, 2 Me2C); 27.22, 27.12, 25.34, 25.27
(4q, 2Me2C); 18.07, 18.03, 17.93, 17.90 (4q, 2 (Me2CH)3Si); 12.41, 11.96 (2d, 2 (Me2CH)3Si). HR-
MALDI-MS: 948.4636 ([M+Na]+, C45H71N7NaO10Si

þ
2 ; calc. 948.4699). Anal. calc. for C45H71N7O10Si2

(926.27): C 58.35, H 7.73, N 10.59; found: C 58.18, H 7.59, N 10.44.
2’,3’-O-Isopropylidene-5’-O-(triisopropylsilyl)adenosin-8-yl-(8 ! 7’-C)-6-{[(tert-butyl)diphenylsilyl-

oxy]methyl}-1-(6,7-dideoxy-2,3-O-isopropylidene-b-D-allo-hept-6-ynofuranosyl)uracil (53). Similarly to
the preparation of 51, treatment of 26 (133 mg, 0.23 mmol) with 8 (115 mg, 0.20 mmol) gave 53 (184
mg, 89%). Light yellow solid. Rf (CHCl3/MeOH 20 :1) 0.26. M.p. 157–1598. [a]

25
D =�4.2 (c=0.5,

CHCl3). UV (CHCl3): 295 (15300). IR (CHCl3): 3410w, 3019s, 2944m, 2866w, 2220w, 1698m, 1633m,
1463w, 1384m, 1220s, 1215s, 1210s, 1105m, 878w. 1H-NMR (500 MHz, CDCl3): see Table 18 ; additionally,
11.60 (br. s, NH); 7.68–7.63 (m, 4 arom. H); 7.48–7.37 (m, 6 arom. H); 6.93 (br. s, NH2); 1.62, 1.53, 1.44,
1.36 (4s, 2 Me2C); 1.07 (s,

tBu); 0.96 (br. s, (Me2CH)3Si).
13C-NMR (125 MHz, CDCl3): see Table 17; addi-

tionally, 135.54 (2d); 135.53 (2d); 131.87, 131.83 (2s); 130.37, 130.33 (2d); 128.07 (2d); 128.01 (2d); 113.63
(s, 2 Me2C); 27.44, 27.24, 25.56, 25.49 (4q, 2Me2C); 26.60 (q,Me3C); 19.20 (s, Me3C); 17.85 (q, (Me2CH)3-
Si); 11.85 (d, (Me2CH)3Si). HR-MALDI-MS: 1060.465 ([M+Na]+, C53H71N7NaO11Si

þ
2 ; calc. 1060.465).

Anal. calc. for C53H71N7O11Si2 (1038.36): C 61.38, H 6.89, N 9.44; found: C 61.20, H 7.11, N 9.22.
2’,3’-O-Isopropylidene-5’-O-[(tert-butyl)diphenylsilyl]adenosin-8-yl-(8 ! 7’-C)-1-(6,7-dideoxy-2,3-

O-isopropylidene-b-D-allo-hept-6-ynofuranosyl)uracil (54). Similarly to the preparation of 51, treatment
of 25 (156 mg, 0.232 mmol) with 49 (61 mg, 0.2 mmol) gave 24 (153 mg, 90%). White solid. Rf (CHCl3/
MeOH 30 :1) 0.13. M.p. 163–1658. [a]25D =+30.6 (c=0.5, CHCl3). UV (CHCl3): 267 (15200). IR
(CHCl3): 3396w, 3014m, 2260w, 1696s, 1634m, 1602w, 1455w, 1384m, 1328m, 1270m, 1157w, 1085s,
875w, 808w. 1H-NMR (300 MHz, CDCl3/CD3OD): see Table 18 ; additionally, 7.55–7.45 (m, 4 arom.
H); 7.35–7.17 (m, 6 arom. H); 1.585 (br., 6 H), 1.39, 1.35 (3s, 2 Me2C); 0.96 (s,

tBu). 13C-NMR (125
MHz, CDCl3/CD3OD): see Table 17; additionally, 135.25 (2d); 135.21 (2d); 129.48 (2s); 129.41 (2d);
127.41 (2d); 127.29 (2d); 114.25, 113.71 (s, 2 Me2C); 27.20, 25.38 (2q, Me2C); 26.73 (q, Me3C); 19.18 (s,
Me3C). HR-MALDI-MS: 874.3187 ([M+Na]+, C43H49N7NaO10Si

+; calc. 874.3310). Anal. calc. for
C43H49N7O10Si (851.99): C 60.62, H 5.80, N 11.51; found: C 60.83, H 5.94, N 11.34.

Table 16. Selected 1H-NMRChemical Shifts [ppm] and Coupling Constants [Hz] of the A*[cy]U
(*) Dimers

51, 55, and 60 in (D6)DMSO

51 55a) 60a) 51 55a) 60a)

Adenosine unit (II) Uridine unit (I)
H�C(2) 8.19 8.16 8.16 H�C(5) 5.67b) 5.51 5.54
H�C(1’) 6.22 6.09 6.12 CHa�C(6) – 4.70 4.69
H�C(2’) 5.67 5.46 5.48 CHb�C(6) – 4.47 4.47
H�C(3’) 5.13 4.972 4.99 H�C(1’) 5.92 5.90 5.93
H�C(4’) 4.18 4.11 4.145 H�C(2’) 5.06 5.25 5.26
Ha�C(5’) 3.82 3.56 3.56 H�C(3’) 4.99 4.975 4.84
Hb�C(5’) 3.72 3.48 3.47 H�C(4’) 4.18 4.01 4.21
HO�C(5’) – 5.26 5.27 H�C(5’) 4.85 4.67 3.02, 2.93
J(1’,2’) 1.8 3.6 3.3 HO�C(5’) 6.59 6.38 –
J(2’,3’) 6.5 6.0 6.3 J(Ha,Hb) – 13.8 13.8
J(3’,4’) 3.1 2.7 2.7 J(1’,2’) 2.4 <1.5 <1.5
J(4’,5’a) 6.3 5.1 5.4 J(2’,3’) 6.2 6.3 6.6
J(4’,5’b) 7.2 5.7 5.7 J(3’,4’) 3.3 3.3 3.6
J(5’a,5’b) 10.6 11.1 11.7 J(4’,5’) 6.6 9.3 6.9, 7.2
J(5’a,OH) – 6.0 5.4 J(5’,OH) 6.2 6.9 –
J(5’b,OH) – 6.3 6.3

a) Assignments based on selective homodecoupling experiments. b) d(H�C(6))=7.82 ppm, J(5,6)=8.1
Hz.
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X-Ray Analysis of 54 ·MeOH10). Crystallisation of 54 fromMeOH gave crystals of (54 ·MeOH)2 suit-
able for X-ray analysis: C88H106N14O22Si2 (1768.05); orthorhombic P212121; a=17.2059(2), b=17.4366(2),
c=32.1057(7) Q. V=9632.1(2) Q3; Z=4; Dcalc.=1.219 Mg/m

3. Intensities were measured on an KCCD
diffractometer with MoKa radiation (graphite monochromator, l=0.7107 Q) at 233 K, V range
1.33–21.968. Of the 11512 total collected reflections, 11512 independent reflections were observed.
The crystals contain highly disordered molecules of MeOH. R=0.0624, Rw=0.1611. The structure was
solved by direct methods and refined by full-matrix least-squares analysis (SHELXL-97 program) includ-
ing an isotropic extinction correction. All heavy atoms were refined anisotropically, except C(4) of a Ph
group. The position of the H-atoms is based on stereochemical considerations and refined isotropically.

2’,3’-O-Isopropylideneadenosin-8-yl-(8 ! 7’-C)-6-{[(tert-butyl)diphenylsilyloxy]methyl}-1-(6,7-dide-
oxy-2,3-O-isopropylidene-b-D-allo-hept-6-ynofuranosyl)uracil (55). Similarly to the preparation of 51,
treatment of 24 (53 mg, 0.12 mmol) with 8 (58 mg, 0.1 mmol) gave 55 (73 mg, 83%). Light yellow
solid. Rf (CHCl3/MeOH 20 :1) 0.29. M.p. 158–1608. [a]

25
D =+161.5 (c=1.0, CHCl3). UV (CHCl3): 270

(19300), 294 (19700), 306 (17200). IR (CHCl3): 3417w, 3326w, 3215w, 2934w, 2861w, 2260w, 1712s,
1649m, 1455w, 1384m, 1332m, 1299w, 1155w, 1112s, 1082s, 998w, 878w. 1H-NMR (300 MHz, CDCl3;
assignments based on a HMBC spectrum): see Table 18 ; additionally, 11.90 (br. s, NH); 7.62–7.56 (m,
4 arom. H); 7.46–7.31 (m, 6 arom. H); 1.72, 1.51 (2s, Me2C/II); 1.53, 1.33 (2s, Me2C/I); 1.02 (s,

tBu).
1H-NMR (300 MHz, (D6)DMSO): see Table 16 ; additionally, 11.57 (br. s, NH); 7.68–7.55 (m, 4 arom.
H, NH2); 7.52–7.46 (m, 6 arom. H); 1.51, 1.44, 1.29, 1.275 (4s, 2 Me2C); 0.98 (s,

tBu). 13C-NMR (75
MHz, CDCl3; assignments based on a HMBC spectrum): see Table 17; additionally, 135.39 (2d);

Table 17. Selected 13C-NMR Chemical Shifts [ppm] of the A*[cy]U
(*) Dimers 52, 53, and 55–60 in CDCl3,

and of 51 and 54 in CDCl3/CD3OD 10 :1

51 52 53a) 54 55b) 56 57 58a) 59 60b)

Adenosine unit (II)
C(2) 153.23 153.60 153.18 153.24 153.27 150.89 153.32 153.34 153.21 152.65
C(4) 148.16 148.44 148.44 148.22 147.03 148.87 148.57 148.46 148.20 147.66
C(5) 118.74 119.63 119.06 118.90 118.61 119.19 119.26 119.22 118.89 119.46
C(6) 155.05 155.67 155.31 155.18 154.77 155.53 155.70 155.66 155.53 155.79
C(8) 133.68 133.23 134.37 133.60 133.89 133.92 134.13 134.68 134.90 134.18
C(1’) 90.31 90.58 90.72 90.24 92.78 90.64 91.50 90.62 90.62 92.90
C(2’) 82.87 83.37 83.13 83.30 81.67 83.22 83.15 83.24 83.22 82.69
C(3’) 82.14 82.54 82.65 82.20 82.25 82.54 82.59 82.66 82.90 81.85
C(4’) 87.70 88.71 88.23 88.27 85.00 88.60 88.37 85.14 85.21 85.02
C(5’) 63.25 63.67 63.46 63.97 63.42 63.48 64.72 63.48 63.46 63.38
Uridine unit (I)
C(2) 150.32 150.37 151.41 150.15 151.31 153.63 153.20c) 150.80 151.62 152.36
C(4) 164.30 164.88 163.67 164.82 162.16 163.96 163.21 164.16 163.78 163.04
C(5) 102.03 102.30 102.61 101.65 102.82 102.69 102.54 102.75 101.97 102.89
C(6) 141.60 141.76 153.48 142.27 152.13 142.81 153.58c) 142.97 153.21 152.74
CH2�C(6) – – 62.41 – 62.54 – 62.10 – 63.46 62.32
C(1’) 93.15 95.24 91.34 93.95 89.96 94.40 92.32 95.44 91.04 91.65
C(2’) 84.19 85.13 83.74 84.46 83.97 83.99 84.31 84.63 84.88 85.56
C(3’) 80.25 82.54 80.79 80.37 80.13 80.78 82.17 82.14 82.73 83.46
C(4’) 88.39 89.98 88.80 88.47 87.34 88.90 90.57 88.64 88.70 85.76
C(5’) 62.02 64.12 63.05 62.50 63.19 63.20 63.41 24.58 24.16 24.66
C(6’) 94.25 93.60 94.46 94.10 93.94 95.54 94.56 93.48 93.55 94.30
C(7’) 74.10 75.37 74.65 74.73 74.44 74.43 74.53 71.62 71.84 71.57

a) Assignments based on a HSQC spectrum. b) Assignments based on a HMBC spectrum. c) Assignments
may be interchanged.
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135.30 (2d); 131.62, 131.50 (2s); 130.32, 130.21 (2d); 127.94 (2d); 127.88 (2d); 114.61 (s, Me2C/I); 113.64 (s,
Me2C/II); 28.09, 27.64, 26.10, 25.63 (4q, 2Me2C); 26.61 (q, Me3C); 19.24 (s, Me3C). HR-MALDI-MS:
904.3352 ([M+Na]+, C44H51N7NaO11Si

+; calc. 904.3314).
2’,3’-O-Isopropylidene-5’-O-(triisopropylsilyl)adenosin-8-yl-(8 ! 7’-C)-1-(6,7-dideoxy-2,3-O-isopro-

pylidene-a-L-talo-hept-6-ynofuranosyl)uracil (56). A soln. of 26 (200 mg, 0.35 mmol), 2 (90 mg, 0.3
mmol), [Pd2(dba)3] (13 mg, 0.016 mmol), CuI (6.6 mg, 0.031 mmol), and P(fur)3 (6 mg, 0.023 mmol) in
degassed Et3N/toluene 1 :1 (6 ml) was stirred for 18 h at 268. Evaporation and FC (CHCl3/MeOH
25 :1) gave 56 (226 mg, 99%). Light-yellow solid. Rf (CHCl3/MeOH 16 :1) 0.23. M.p. 168–1708.

Table 18. Selected 1H-NMRChemical Shifts [ppm] and Coupling Constants [Hz] of the A*[cy]U
(*) Dimers

52, 53, 55–60 in CDCl3, and 54 in CDCl3/CD3OD 10 :1a)

52 53b) 54 55c)d) 56 57 58b) 59 60c)e)

Adenosine unit (II)
H�C(2) 8.29 8.13 8.04 7.99 8.31 8.20 8.30 8.21 8.30
H�C(1’) 6.16 6.32 6.24 6.29 6.29 6.32 6.30 6.32 6.24
H�C(2’) 5.62 5.76 5.62 5.84 5.71 5.73 5.74 5.79 5.27
H�C(3’) 5.14 5.19 5.15 5.09 5.19 5.20 5.21 5.22 5.05
H�C(4’) 4.26 4.30 4.36 4.57 4.31 4.31 4.33 4.37–4.29 4.50
Ha�C(5’) 3.80 3.82 3.76 3.95 3.78 3.78 3.81 3.74 3.96
Hb�C(5’) 3.69 3.67 3.64 3.77 3.68 3.66 3.68 3.61 3.76
J(1’,2’) 1.5 1.6 1.5 5.7 1.5 1.8 1.1 1.2 5.4
J(2’,3’) 6.3 6.2 6.0 5.4 6.3 6.3 6.1 6.0 5.7
J(3’,4’) 3.3 2.8 3.3 <1.0 3.0 3.0 2.9 3.0 <1.0
J(4’,5’a) 6.6 7.7 6.6 <1.0 7.2 7.8 7.4 7.8 <1.0
J(4’,5’b) 6.6 6.5 6.6 <1.0 6.6 6.6 6.6 6.6 <1.0
J(5’a,5’b) 10.5 10.1 10.5 12.6 10.2 10.5 10.2 10.2 12.6
Uridine unit (I)
H�C(5)f) 5.73 5.46 5.67 5.19 5.68 5.60 5.69 5.41 5.62
H�C(6) 7.79 – 7.68 – 7.54 – 7.46 – –
CHa�C(6) – 4.58 – 4.46 – 4.63 – 4.68 4.60
CHb�C(6) – 4.34 – 4.11 – 4.44 – 4.42 4.40
H�C(1’) 5.87 5.97 5.87 5.97 5.85 6.04 5.67 6.01 5.98
H�C(2’) 5.00 5.31 4.95 5.28 5.07 5.31–5.25 5.17 5.35–5.29 5.33
H�C(3’) 4.94 5.22 5.08 4.94 5.12 5.31–5.25 5.05 5.35–5.29 5.33
H�C(4’) 4.56 4.30 4.47 4.15 4.47 4.46–4.41 4.43 4.37–4.29 4.35
Ha�C(5’) 5.02 4.94 4.92 4.77 4.95 5.03 3.10 3.14 3.06
Hb�C(5’) – – – – – – 3.06 3.06 2.99
HO�C(5’) – 5.11g) – 5.34g) 5.05g) 4.46–4.41 – – –
J(5, 6) 8.1 – 8.1 – 8.1 – 8.1 – –
J(Ha,Hb) – 13.7 – 13.2 – 14.1 – 13.8 13.5
J(1’,2’) 1.8 1.0 2.1 <1.0 2.4 <1.0 <1.0 <1.0 1.5
J(2’,3’) 6.3 6.3 6.3 6.6 6.3 h) 6.1 h) h)
J(3’,4’) 2.4 4.8 3.0 6.0 3.3 h) 4.2 h) <2.0
J(4’,5’a) 5.1 5.7 3.6 6.6 3.3 5.4 5.6 4.8 6.9
J(4’,5’b) – – – – – – 6.3 5.4 6.3

a) Assignments based on selective homodecoupling experiments. Concentration: 60 mM for 52, 53, and
57–59, 50 mM for 55 and 60, 30 mM for 56, and 4 mM for 54. b) Assignments based on a DQF-COSYand
aHSQC spectrum. c) Assignments based on aHMBC spectrum. d) d(HO�C(5/II))=6.77 ppm; J(5’a,OH)
< 1.5, J(5’b,OH)=11.4 Hz. e) d(HO�C(5/II))=6.51 ppm; J(5’a,OH) < 1.5, J(5’b,OH)=9.9 Hz. f)
4J(5,NH) � 1.5 Hz. g) br. s ; J(5’,OH) not determined. h) Not determined.
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[a]25D =�27.6 (c=1.0, CHCl3). UV (CHCl3): 295 (13800). IR (CHCl3): 3407w, 3017s, 2944w, 2867w, 2220w,
1697s, 1635m, 1600w, 1456w, 1384m, 1328w, 1270w, 1221s, 1209s, 1157w, 1087m, 930w, 881w, 809w. 1H-
NMR (300 MHz, CDCl3): see Table 18 ; additionally, 11.71 (br. s, NH); 7.6–6.8 (br. s, NH2); 1.60, 1.59,
1.40, 1.37 (4s, 2 Me2C); 0.97–0.95 (m, (Me2CH)3Si).

13C-NMR (75 MHz, CDCl3): see Table 17; addition-
ally, 114.58, 113.63 (2s, 2 Me2C); 27.23, 25.44 (2q, 2Me2C); 17.93 (q, (Me2CH)3Si); 11.94 (d, (Me2CH)3Si).
MALDI-MS: 792.3 ([M+Na]+, C36H51N7NaO10Si

+). Anal. calc. for C36H51N7O10Si (769.93): C 56.16, H
6.68, N 12.73; found: C 56.23, H 6.73, N 12.62.

2’,3’-O-Isopropylidene-5’-O-(triisopropylsilyl)adenosin-8-yl-(8 ! 7’-C)-6-{[(tert-butyl)diphenylsilyl-
oxy]methyl}-1-(6,7-dideoxy-2,3-O-isopropylidene-a-L-talo-hept-6-ynofuranosyl)uracil (57). Similarly to
the preparation of 51, treatment of 26 (231 mg, 0.4 mmol) with 10 (200 mg, 0.346 mmol) gave 57 (348
mg, 98%). Light yellow solid. Rf (CHCl3/MeOH 50 :1) 0.30. M.p. 169–1718. [a]

25
D =�119.0 (c=1.0,

CHCl3). UV (CHCl3): 295 (15200). IR (CHCl3): 3381w, 3199w, 3018m, 2944w, 2866w, 2220w, 1699s,
1654w, 1463w, 1384m, 1328w, 1299w, 1222s, 1216s, 1212s, 1158w, 1113m, 877w. 1H-NMR (300 MHz,
CDCl3): see Table 18 ; additionally, 12.03 (br. s, NH); 7.70–7.60 (m, 4 arom. H); 7.50–7.33 (m, 6 arom.
H); 1.62, 1.50, 1.41, 1.35 (4s, 2 Me2C); 1.07 (s,

tBu); 0.96 (br. s, (Me2CH)3Si).
13C-NMR (75 MHz,

CDCl3): see Table 17; additionally, 135.50 (2d); 135.39 (2d); 131.76 (2s); 130.30, 130.23 (2d); 128.03
(2d); 127.93 (2d); 114.00, 113.61 (2s, 2 Me2C); 27.15, 25.40 (2q, 2Me2C); 26.55 (q, Me3C); 19.16 (s,
Me3C); 17.82 (q, (Me2CH)3Si); 11.81 (d, (Me2CH)3Si). HR-MALDI-MS: 1060.460 ([M+Na]+, C53H71N7-
NaO11Si

þ
2 ; calc. 1060.465). Anal. calc. for C53H71N7O11Si2 (1038.36): C 61.38, H 6.89, N 9.44; found: C

61.31, H 6.94, N 9.47.
2’,3’-O-Isopropylidene-5’-O-(triisopropylsilyl)adenosin-8-yl-(8 ! 7’-C)-1-(5,6,7-trideoxy-2,3-O-iso-

propylidene-b-D-ribo-hept-6-ynofuranosyl)uracil (58). Similarly to the preparation of 51, treatment of 26
(200 mg, 0.348 mmol) with 6 (87 mg, 0.3 mmol) gave 58 (209 mg, 91%). Light-yellow solid. Rf (CHCl3/
MeOH 20 :1) 0.30. M.p. 152–1548. [a]25D =�62.2 (c=2.0, CHCl3). UV (CHCl3): 293 (16000). IR
(CHCl3): 3409w, 3199w, 3017m, 2974m, 2944m, 2867w, 2245w, 1697s, 1633m, 1602w, 1455w, 1384m,
1328w, 1221s, 1217s, 1213s, 1209s, 1157w, 1090m, 880w, 808w. 1H-NMR (500 MHz, CDCl3): see Table
18 ; additionally, 11.86 (br. s, NH); 7.34 (br. s, NH2); 1.62, 1.58, 1.42, 1.38 (4s, 2 Me2C); 0.96 (br. s, (Me2-
CH)3Si).

13C-NMR (125 MHz, CDCl3): see Table 17; additionally, 114.47, 113.55 (2s, 2 Me2C); 27.40,
27.10, 25.50, 25.33 (4q, 2Me2C); 17.78, 17.76 (2q, (Me2CH)3Si); 11.80 (d, (Me2CH)3Si). HR-MALDI-
MS: 776.3421 ([M+Na]+, C36H51N7NaO9Si

+; calc. 776.3415). Anal. calc. for C36H51N7O9Si (753.93): C
57.35, H 6.82, N 13.00; found: C 57.27, H 6.80, N 12.96.

2’,3’-O-Isopropylidene-5’-O-(triisopropylsilyl)adenosin-8-yl-(8 ! 7’-C)-6-{[(tert-butyl)diphenylsilyl-
oxy]methyl}-1-(5,6,7-trideoxy-2,3-O-isopropylidene-b-D-ribo-hept-6-ynofuranosyl)uracil (59). Similarly
to the preparation of 51, treatment of 26 (136 mg, 0.23 mmol) with 18 (106 mg, 0.184 mmol) gave 59
(150 mg, 80%). Light yellow solid. Rf (CHCl3/MeOH 30 :1) 0.26. M.p. 136–1388. [a]

25
D =�81.9 (c=2.0,

CHCl3). UV (CHCl3): 292 (9980). IR (CHCl3): 3410w, 3196w, 3017m, 2943m, 2866w, 2244w, 1700m,
1651m, 1602w, 1463w, 1428w, 1384m, 1329w, 1298w, 1261w, 1217s, 1211s, 1157w, 1093m, 879w. 1H-NMR
(300 MHz, CDCl3): see Table 18 ; additionally, 12.50 (br. s, NH); 7.71–7.66 (m, 4 arom. H); 7.49–7.37
(m, 6 arom. H); 1.64, 1.54, 1.44, 1.36 (4s, 2 Me2C); 1.09 (s,

tBu); 0.94 (br. s, (Me2CH)3Si).
13C-NMR (75

MHz, CDCl3): see Table 17; additionally, 135.37 (4d); 131.84, 131.76 (2s); 130.17 (2d); 127.94 (2d);
127.86 (2d); 113.66, 113.32 (2s, 2 Me2C); 27.40, 27.27, 25.54 (2 C) (3q, 2Me2C); 26.64 (q, Me3C); 19.29
(s, Me3C); 17.90 (q, (Me2CH)3Si); 11.91 (d, (Me2CH)3Si). HR-MALDI-MS: 1044.471 ([M+Na]+, C53H71-
N7NaO10Si

þ
2 ; calc. 1044.470). Anal. calc. for C53H71N7O10Si2 (1022.36): C 62.27, H 7.00, N 9.59; found: C

62.24, H 6.88, N 9.70.
2’,3’-O-Isopropylideneadenosin-8-yl-(8 ! 7’-C)-6-{[(tert-butyl)diphenylsilyloxy]methyl}-1-(5,6,7-tri-

deoxy-2,3-O-isopropylidene-b-D-ribo-hept-6-ynofuranosyl)uracil (60). Similarly to the preparation of 51,
treatment of 24 (25 mg, 0.055 mmol) with 18 (26 mg, 0.046 mmol) gave 60 (32 mg, 80%). Light yellow
solid. Rf (CHCl3/MeOH 20 :1) 0.36. M.p. 184–1868. [a]

25
D =�154.7 (c=1.0, CHCl3). UV (CHCl3): 270

(15100), 293 (16400), 304 (11600). IR (CHCl3): 3325w, 3193w, 3013m, 2934m, 2861w, 2245w, 1702s,
1658m, 1633m, 1454w, 1384m, 1331m, 1231w, 1156w, 1112s, 1084s, 998w, 880w. 1H-NMR (300 MHz,
CDCl3; assignments based on a HMBC spectrum): see Table 18 ; additionally, 12.80 (br. s, NH); 7.87
(br. s, NH2); 7.71–7.64 (m, 4 arom. H); 7.52–7.37 (m, 6 arom. H); 1.66, 1.39 (2s, Me2C/II); 1.51, 1.36
(2s, Me2C/I); 1.08 (s,

tBu). 1H-NMR (300 MHz, (D6)DMSO): see Table 16 ; additionally, 11.56 (br. s,
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NH); 7.70–7.60 (m, 4 arom. H); 7.58 (br. s, NH2); 7.50–7.39 (m, 6 arom. H); 1.52, 1.445, 1.29 (6 H) (3s, 2
Me2C); 1.01 (s,

tBu). 13C-NMR (75 MHz, CDCl3; assignments based on a HMBC spectrum): see Table 17;
additionally, 135.39 (4d); 131.75 (2s); 130.19 (2d); 127.95 (2d); 127.87 (2d); 113.64 (s, Me2C/II); 113.38 (s,
Me2C/I); 27.91, 27.32, 25.73, 25.60 (4q, 2Me2C); 26.66 (q, Me3C); 19.30 (s, Me3C). HR-MALDI-MS:
888.3334 ([M+Na]+, C44H51N7NaO10Si

+; calc. 888.3364).
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