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Abstract: The synthesis of a novel spiro-nucleotide, in which the
C(4) and the C(5") of a nucleotide are connected by an additional
ethylene bridge, is reported. The y-torsional angle of the resulting
novel nucleotides is in the region of the one observed in natural
double stranded DNA.
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Recently, a number of nucleotide modifications were re-
ported in the literature, in which the sugar pucker is
locked in a certain conformation, preferentialy the C3'-
endo conformation.! Some of those modifications result,
when incorporated in oligonucleotides, in a dramatic sta-
bilization of duplexes formed with complementary oligo-
ribonucleotides or oligodeoxyribonucleotides. The most
prominent modification of thistype isthe ‘locked nucleic
acid’ I, shown in Figurel, in which the C(4") and the
C(2)OH arelinked by amethylene group, thereby locking
the sugar pucker in the C3’-endo conformation.'>2
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Figurel Conformations of spironucleosides|la and|Ip.
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Molecular model analysis of a double stranded DNA re-
veals that replacement of the C(4)H and either of the
C(5)H’ swith a ethylene bridge results in a highly rigidi-
fied spiro nucleotide compatible with the overall geome-
try of DNA (Figurel). Introduction of the spiro
functionality reduces rotational freedom around the
C(4)—-C(5") bond, resulting in a y-torsional angle of 66°
for Ila and 44° for |1 as observed in the corresponding
gas phase DFT/BP DN** optimized geometries (vide in-
fra). Those values may be compared to the average y-tor-
sional angles in natural A-form and B-form DNA crystal
structures of 57° and 51° respectively.>* Nucleotides,
such aslle or | Ip may therefore be very interesting can-
didatesfor preorganising DNA or RNA strandsintowhich
they may be incorporated in search for better antisense
and antigene oligonucleotides. High fidelity DNA binding
oligonucleotides are currently a prime target of research
for potential applications in antisense and antigene
therapies® and site directed mutagenesis experiments.®
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Scheme 2 &) 1.3 equiv Ph;P=CCOOEt, CH,Cl,, 0 °C, 72 h; b) 1.5 equiv a-AD-miX, 1 equiv MeSO,NH,, t-BuOH-H,0 (1:1), 4 °C, 18 h;
¢) 1.1 equiv PhSH, 1.1 equiv Et;N, 70 °C, 1.5 h; d) 1.1 equiv Et;SiCl, 3 equiv imidazole, CH,Cl,, r.t., 0.15 h; €) 2 equiv DBU, CH.Cl,, r.t., 18 h.

During the preparation of this manuscript the synthesis of
arelated spirocyclic nucleoside was reported by Paquette
et al.” The approach that we have chosen is fundamentally
different from Paquette’s, even though it leads to the same
common intermediate 3. Complementary to Paquette's
work, which leads to spiro ribonucleosides, our work fo-
cused on the synthesis of the corresponding 2’-deoxyribo-
nucleosides. Here we report our studies towards the
synthesis of enantiomericaly purella. The retrosynthetic
analysisisoutlined in Scheme 1.

We envisioned introduction of the thyminethrough aVor-
briiggen type nucleosidation of alactol derivative corres-
ponding to lactone 28 The C(3') acohol would be
available through functionalization of «,B-unsaturated
lactone 3, and we anticipated oxygenation of C(3") from

the less hindered a-face. Compound 3 would be obtained
from 4 through isomerization of the trans double bond
and deprotection of the diol, which itself would be intro-
duced through chemoselective and asymmetric bishy-
droxylation of diene 5.

Scheme 2 summarizes the efficient and enantioselective
construction of spiro lactone 3. Wittig—-Horner—Emmons
reaction of known cyclopenten-1-al gave a,B-unsaturated
ester 5 in excellent yield. Sharpless asymmetric bishy-
droxylation resulted in clean formation of diol 4 in 88%
yield and 86% ee.® The absol ute stereochemistry of 4 was
assigned according to literature precedent of related com-
pounds.1®! 1,4-Addition of thiophenol in the presence of
triethylamine to 4 resulted in quantitative formation of
spiro lactone 6 as a 1:2 mixture of diasteromers at C(3").
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Reinstallation of the double bond through DBU-induced
elimination of thiophenol could be accomplished but re-
sulted in scrambling of relative and presumably absolute
stereochemistry at C(4”) and C(%"), probably through a
retro-aldol/aldol isomerisation reaction resulting in dia-
stereomeric mixture of 9.12 |somerisation could be avoid-
ed, when alcohol 6 was silyl protected prior to thiophenol
elimination, yielding 3 in excellent yield.

Oxygenation of C(3") proved to be difficult. Epoxidation
proceeded in low yieldsto give 10, which gave upon treat-
ment with NaBH, the undesired diol 11 (Scheme 3).:
Upon some experimentation we were able to add
Flemings silyl cuprate to the unsaturated lactone resulting
in clean 1,4-addition with complete a-selectivity.'* The
resulting Si—C bond of 12 was oxidized according to
literature procedures to give 13, which was silylated to
key intermediate 2.1
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Scheme3 a) 2.9 equiv NaOCl, pyridine, 0 °C — r.t., 3h; b) NaBH,,
EtOH; ¢) 2 equiv PhMe,SiLi, 1.05 equiv Cul, THF, =23 °C, 4 h, then
—78°C, 3in THF, 0.5 h; d) 1.8 equiv KBr, 12 equiv NaOAc, 12 equiv
HOOAc, HOAC, r.t., 4 h; e) 1.1 equiv Et;SICl, 3 equiv imidazole,
CH,Cl,, r.t., 0.15 h.

The final steps of the synthesis are reported in Scheme 4.
Reduction of lactone 2 resulted in formation of the corre-
sponding unstablelactol, which wasimmediately acylated
to give 14 as amixture of anomers. I nspection of molecu-
lar models of 14 indicates that introduction of a thymine
into the anomeric position may be in conflict with severe
steric hindrance caused by the two triethylsilyl groups be-
low and above the anomeric center. Nevertheless, to our
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Scheme 4 &) 1.35 equiv DIBAL, PhMe, —78 °C, 1 h; b) 5 equiv

Ac,0, 0.1 equiv DMAP, pyridine, 0 °C — r.t.,, 1 h; ¢) 2 equiv 15, 1
equiv SnCl,, CH,Cl,, =78 °C — r.t., 1 h.

satisfaction, introduction of thymine could be accom-
plished under Vorbriiggen's conditions, even though in
low yield and without stereosel ectivity (la:1p = 2:1).16

Theoretical calculations. Two model compounds were
used in the present work to evaluate the gas phase opti-
mized geometries of Il1a and I1p which better mimic the
the y-torsiona angles in natural double strand DNA.
Quantum mechanical calculations were carried out with
the Spartan program (release 5.1.2) using the density
functional theory (DFT), BP exchange correlations func-
tionals and DN** basis set.!” Energy minimizations were
performed with the default tolerances in the Spartan pro-
gram. The orientation of the thymine relative to the fura-
nose i.e. y-dihedral angle was fixed to reproduce the anti
orientation found in the natural DNA. The adiabatic po-
tential energies surfaces asafunction of the y-dihedral an-
gle in model compounds Ile and 11§ were calculated
using the DFT/BP DN** level (Figure 2). Results show
that the y-dihedral angles corresponding to the global
minimum energy geometriesfor I l1a and |1 § are 120° and
310° respectively.

The intramolecular hydrogen bond between the C(5") al-
cohol group and the O(4") oxygen from the ribose ac-
counts for the global minimum energy (y = 120°) found
for the model compound I1a. Inthe context of aDNA sin-
gle strand the linkage prevents this intramolecular hydro-
gen bond to occur. Thusthelocal minimum wherey is66°
and the corresponding sugar pucker is C2’-endo is likely
to bethe more stable conformation of compound | 1 e when
the alcohol group is involved in the DNA linkage
(Figure 3, A). The two minimadiffer by 3.2 kcal/mol and
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Figure2 Potential energy surfaces as a function of y-dihedral angle for compounds I 1a and I 1.

Figure3 Thecrystal structure of the B-DNA CGATCGATCG at 1.5 A resolution isshownin grey.’® A. | la model compound gas phase geo-
metry optimized with DFT/BP DN** basis set. The y-dihedral angleis66° and the sugar pucker is C2’-endo. B. | | model compound gas phase
geometry optimized with DFT/BP DN** basis set. The y-dihedral angle is 44° and the sugar pucker is C3"-endo (local minimum).

the energy barrier between them is of 3.6 kcal/mol. The
g surface indicates three energy minima that occur
around 12°, 44°, and 310° (globa minimum). Thellp lo-
cal minimum, where v is 44°, has a sugar pucker in C3'-
endo conformation (Figure 3, B). No intramolecular hy-
drogen bond was observed. The two local minima differ
by 0.7 kcal/moal in energy and the energy barrier between
both is 2.3 kcal/moal. The energy barrier between the glo-
bal minimum and two minimais 9.5 kcal/mol.

In summary, we have succeeded in the synthesis of ahigh-
ly preorganized spiro-nuclectide. Further studies are re-
quired to optimize the final steps of the sequence to allow
for amore efficient and selectiveintroduction of thymine.
Molecular modelling studies and DFT theoretical calcula-
tions predict, that a successful incorporation of such spiro-
nucleotides into a DNA or RNA backbones may have a
highly preorganizing effect on the overall structure of the
oligomer, potentialy resulting in increased binding affin-

itiesto DNA or RNA targets. The reported spiro nucleo-
tide and analogs thereof may therefore find application
in RNA- or DNA- targeting with implications for anti-
sense-, antigene- and site directed mutagenesis strategies
but could also have applications as anti-viral agents.
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14.4and 1.8 Hz, 1 H, H-2'¢), 1.5-2.1 (m, 6 H, H-6', H-7",
H-8), 0.97 (m, 18 H, CH,CH,Si), 0.62 (m, 12 H,
CH4CH,SI). The configuration of C-1" was established by
NOE: Both H-1" and H-3" show a strong NOE with H-2'p.
No NOE was observed between H-3’ and H-6. Furthermore,
astrong NOE was observed between H-3" and H-5’ proving
the configuration of C-3’ and C-5’ given in Scheme 4. 1°C
NMR (125 MHz, CDCl,, as obtained from the HSQC and
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CH4CH,SI). The configuration of C-1" was established by
NOE: H-1" shows astrong NOE with H-2'0, and H-3" a
strong NOE with H-2'B. A weak NOE was observed
between H-3" and H-6. Furthermore, a strong NOE was
observed between H-3" and H-5" proving the configuration
of C-3 and C-5’ given in Scheme 4. *C NMR (125 MHz,
CDCl,, as obtained from the HSQC and HMBC spectra):
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(M —H").
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