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The synthesis of a diastereopure 1,3,2-dioxaphosphorinane linkage in which two, o and 8, out of six torsion angles of the natural phosphodiester
backbone are constrained with predefined values of ca. +60° (g*) and 180° (t), respectively, is described. The stable and unstrained six-
membered cyclic phosphotriester structure represents the smallest possible ring allowing the conformational locking of the o torsion angle

at a significant positive value that is typical of many bulged regions of nucleic acids.

While the backbone organization of double-stranded DNA
and RNA is normally quite regular, there are many other
secondary and tertiary structures that DNA and RNA
molecules can adapt in vivdt is now well established that
the diverse biological functions of DNA and RNA are linked
to their capacity to support a significant local conformational
heterogeneity in the sugaphosphate backbone. This con-
formational property allows RNA to adopt biologically

important disparate structures such as bulges, hairpin loops;
U-turns, adenosine platforms or branched junctions. An .

motifs are indeed characterized by a variety of backbone
conformations that markedly differ from the regular confor-
mational states of double-stranded DNA and RNA mol-
ecules? The actual role played by the phosphate diester
backbone in defining these structures is still not well
understood. The flexibility of the phosphodiester linkage is
expected to be an important component of this “second
genetic code”.
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Considering the importance of the relationship between  Our general strategy for the conformational locking of the
the local conformational and functional properties of nucleic phosphate backbone torsional angles is based on the intro-
acids, conformationally restricted oligonucleotides with duction of the 1,3,2-dioxaphosphorinane ring structure at key
modifications in the phosphodiester backbone unit, in the positions along the phosphate backbone. To lock torsional
sugar unit and, to a limited extent, in the base units have anglesa and § simultaneously, we selected the cyclic
been designed to efficiently sequester specific mMRNA structure in which the PO5 and O5—C5 bonds are part
sequences with the background of antisense applications. of the dioxaphosphorinane system (Figure 1). In such a
Since these modifications are introduced for the purpose of structure, both the phosphorus atom and theslibon atom
forming the strongest duplexes with the target complementaryare asymmetric centers. Thus, in the absence of a diastereo-
RNA, they do not lead to dramatic changes of the backbone selective synthetic method, thgs-constrained dinucleotide
torsion anglesa—¢ (Figure 1) compared to the values product ¢,5-CNA) should consist of a mixture of four
diastereoisomers.

It is well documented that six-membered phosphorus
compounds containing endocyclic oxygen atoms adjacent to

4 phosphorus have chair conformations that are strongly
"\ Ba N ~ Bn influenced by the ground-state anomeric (stereoelectronic)
effect: exocyclic electronegative phosphorus substituents
prefer an axial position (equatoria+f®), whereas electro-
D4 DL positive and carbon substituents prefer an equatorial position
orNe Bt QT 7L\ Bt (axial P=0)28 Accordingly, it is expected that among the
! s? \-);v)l/ four possible diastereoisomers @f3-CNA, those with the
o ) alkoxy group ON axial (equatorial P-O) and the carbon
DNA e o,B-CNA \ . R
group N equatorial should have an energetically more
Figure 1. Six torsion anglesi—¢ describing the sugar-backbone ~favorable chair conformation due mththe stericallyand

geometry of DNA.a,3-CNA (see ref 6) are nucleic acids in which ~ anomerically favorable trans relationship between @hd
the o and 8 torsion angles are conformationally constrained at N, (Figure 2)?
predefined values.
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observed in a natural nucleotide unit in an A-form duplex.
To our knowledge, much less attention has been paid to

the design of conformationally restricted nucleosides with AN N

the aim of mimicking nucleic acid secondary structures ” ER § S,
containing non-WatsenCrick pairs or unpaired nucleotides. WAL i 0% \ O_R
We are interested in the development of conformationally ¢ ;" 0 N4t | g'/ o | E
constrained dinucleotide building units in which the backbone N2 t i t N
torsional anglesx—¢ can have predefined values that are 5o Ry) a,B-CNA (Rer Sp)

significantly different from the typical values observed in
DNA and RNA duplexes. Herein, we report the diastereo-
selective synthesis of a conformationally fixed dinucleotide
building unit{(S,Re)-a,5-CNA,® Scheme 2 in which the TsO—~T . _p. Ts HO
o andg torsion angles are locked in a*(gt) conformation @S\O - :
5
N2

that frequently occurs in bulged regions of nucleic aéids. 6 N,

L 0(2)4';0' arecent review, see: Leumann, CBidorg. Med. Chem2002 Figure 2. Retrosynthetic pathway for the diastereoselective
,(4) (é) Wengel, J. AAcc. Chem. Re999 32, 301. (b) Petersen, M. synthess of thg?{;,Rp)-steremsomer of tha,ﬁ-CNA dinucleotide

Bondensgaard, K.; Wengel, J.; Jacobsen, . Am. Chem. So®002 building unit with the (d, t) backbone conformation.

124, 5974. (c) Sgrensen, A. M.; Nielsen, ®rg. Lett 2000 2, 4217. (d)
Tarkdy, M.; Leumann, CAngew. Chem., Int. Ed. Engl993 32, 1432.
(e) Marquez, V. E.; Sidd_iqui, M. A.; Ezzitouni, A.; Russ, P.; W_ang, J.; ) ) )
Wagner, R. W.; Matteucci, M. DI. Med. Chem1996 39, 3739. (f) Singh, As shown in Figure 2, the tran&{,Rp)-stereoisomer has
S. K.; Nielsen, P.; Koshkin, A. A.; Wengel, Chem. Commuri998 455. ; ; +

(g) Steffens, R.; Leumann, C. 3. Am. Chem. S0d999 121, 3249. () torsional angles. andf (_:onstramed to values cat ¢+60°)
Rajwanshi, V. K.; Hakansson, A. E.; Sgrensen, M. D.; Pitsch, S.; Singh, S. and t (180), whereas in theRc¢,S)-componento and B

Tg;éumar, R.; Nielsen, P.; Wengel, Angew. Chem., Int. E®00Q 39, are constrained to the {gt) conformation, which is typical
(5)- (a) Seio, K.; Wada, T.; Sakamoto, K.; Yokoyama, S.; SekineJ M.
Org. Chem 1998 63, 1429. (b) Seio, K.; Wada, T.; S.; Sekine, Melv. (6) We first wished to use the termS-LNA (a,S-locked nucleic acids)

Chim. Acta200Q 83, 162. (c) Sekine, M.; Kurasawa, O.; Shohda, K.; Seio, in the interest of semantic economy. The general term LNA (locked nucleic
K.; Wada, T.J. Org. Chem200Q 65, 3572. (d) Sekine, M.; Kurasawa, O.; acid) was first introduced in reference to modifications in which the

Shohda, K.; Seio, K.; Wada, T. Org. Chem200Q 65, 6515. An alternative ribofuranose subunit of nucleic acids is locked (via covalent bridges between
synthetic method for a structure very similar to that previously described the 2-oxygen and the'4carbon atoms) into the'-&ndo conformation with

in ref 5d has been recently proposed. See: Bgrsting, P.; Niels&hdm. the aim of increasing the thermal stabilities of the corresponding duplexes
Commun, 2002 2140. formed with DNA and RNA. Therefore, the so-called LNA family is
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of DNA and RNA duplexes. Therefore, the(Rp)- (5'9-C-Tosyloxyethylthymidine4 was coupled with the

compound appears as the most interesting stereoisomer focommercially available thymidine phosphoramidite (Scheme

the purpose of mimicking nucleic acid bulged structures. 2) using standard phosphoramidite technolégy give two
We anticipated that the ground-state anomeric effect of

the 1,3,2-dioxaphosphorinane system could be used as a | | | D NG

starting material that results from the retrosynthetic pathway
shown in Figure 2 is a diastereopuréSjsC-tosyloxyethyl-

substituted nucleoside. 1: : ; :
The corresponding (5)-C-tosyloxyethylthymidinel was

prepared from diastereopure d®Wwith tosyl chloride in the
presence of pyridine (Scheme 1). Diastereomerically pure T . T
P! P!

. . . . Sc, Rp) @,B-CNA
Scheme 1. Diastereoselective Synthesis of the Key Starting (Se: Re) B
Material 8-C-Tosyloxyethylthymidine &

essential driving force for the stereocontrolled chemical Scheme 2. Diastereoselective Synthesis of the
synthesis of this compound. According to our analysis, the (Sc,Rp)-a,3-CNA Dinucleotidé
pro-(R)-phosphate oxyanion of the'@-isomer of the acyclic MO DMTo T
phosphate precursor shown in Figure 2 should attack much ; : ;o:
more readily the electrophilic’«€arbon atom than the pro- )
(9-oxyanion. If we are correct, then the cyclization reaction 4 _a, NC_~q_ PR’g b ~0-7:0

from the (89)-acyclic stereoisomer (referred to as compound ohoymidine e o) T
6 in Scheme 2) should occur stereospecifically to give the /\AQ TsO/\/S\@
(S,Re)-0.,3-CNA as the dominant product. Finally, the key R = tBUPhsSi 6 OR

aReaction conditions: (a)H-tetrazole, CHCN, 20 min, then

o OH T collidine, L/H,O—THF, 89%; (b) EfN, DMF, 95%; (c)"BusNF,
l% \/1 Meo)‘\/w THF, 90%: (d) 2% TFA in CHCl, 95%. T= thymin-1-yl.
a
R=tBuPh,Si o OR 2
‘b/ diastereoisomeric dinucleotidés in an equimolar ratio

(characterized by tw&P NMR signals adp —2.6 and—2.5).

OH
HO : o—J ¢ 140 : ] The expected ring closure reaction occurred by treatment of
/\/\Q /\/w 5 with triethylamine in dry dimethylformamide at SC for
OR 3 OR 4 2 h. Cyclic phosphotriestef was obtained in 95% yield as
_ - _ a single diastereoisomer as observed1 (0p —9.0), H,
@ Reaction conditions: (a) Methyl acetate silylketene, Bitil,

13 i
cat, CHCly, 90%: (b) NaBH, EtOH. 85%: (c) TsCl, pyridine, 90%. 214 C NMR. The subsequent removal of the protective
= thymin-1-yl. groups (using fluoride ion and trifluoroacetic acid) provided

the final compound%,Rr)-a,3-CNA. Finally, it should be
noted that the cyclic structure described here is perfectly
diol 3 has been obtained starting fromi-G-aldehyde compatible with the chemistry of nucleotide structutes.
thymidine 1, which, via a Muk&yama’s reaction with the The (Sc,Re)-a.-CNA dinucleotide product was fully
silylketene of methyl acetate catalyzed by BiZhl, characterized by elemental analysis andy*3C, and®*P
provided compoun@ with a (§-configuration at the newly ~ NMR spectroscopy: The chair conformation cs)f this com-
created asymmetric center6 in 90% yield (Scheme E}. pound is evident from théH NMR spectra® with no
Reduction of the ester function by NaBkroduceds3 in detectable coupling constant between théiSnvolved in
85% yield.

(11) (a) Banuls, V.; Escudier, J.-M.etrahedron1999 55, 5831. (b)
Escudier, J.-M.; Tworkowski, |.; Bouziani, I.; Gorrichon, Tetrahedron
characterized by thextra conformational locking of only one out of six Lett 1996 50, 4689.

torsion angles of the sugaphosphate backbone, tidetorsion angle, and (12) Caruthers, M. HAcc. Chem. Red991 24, 278.
could thus have been referred tocakNA according to this nomenclature. (13) The uncharged &,Rp)-a.,5-CNA dimer has been successfully
However, to avoid any confusion with-L-ribo-configured locked nucleic incorporated at preselected positions in otherwise unmodified oligonucleo-
acids (termedx-L-LNA7) and the naturgB-p-ribo configuration of LNA, tides using the conventional automatic solid-phase technology based on
we used the term “constrained” instead of “locked” to assign the meaning phosphoramidite chemistif.Unpublished results.
of torsional angle toa. and 5 when they precede the acronym CNA (14) Selected data forS¢,Rp)-o,5-CNA. Elemental analysis: found
(constrained nucleic acids). (calcd) C, 46.35 (46.26); H, 5.08 (5.11); N, 9.65 (9.7 NMR dp (81

(7) See: Sarensen, M. D.; Kveerng, L.; Bryld, T.; Hakansson, A. E.; MHz, CD;OD): —6.50.1H NMR 6y (400 MHz, CQ3OD): Hsp, 4.85;Jsb/6bax
Verbeure, B.; Gaubert, G.; Herdewijn, P.; WengelJJAm. Chem. Soc = 11.9 Hz, Jsbiebeq = 1.9 Hz, Jspiap = 2.0 Hz, Jspp &~ 0 Hz. For full
2002 124, 2164 and references therein. characterization, see Supporting Information.

(8) Gorenstein, D. GChem. Re. 1987, 87, 1047 and references therein. (15) Independent preparation of the(Sp)-stereoisomer oét,3-CNA

(9) The two remaining stereoisomerfc(Rp) and &,Sp), with a cis (de 70%) was carried out directly from the cyclization reaction of thig)(5
relationship between ONand N> haveeither a stericallyor anomerically isomer of the acyclic phosphate precursor shown in Figure 2. The structure
favorable chair conformation. and geometry ofRc,Sp)-a,3-CNA was confirmed byH, 13C, and®’P NMR

(10) Le Roux, C.; Gaspard lloughmane, H.; Dubac, J.; Jaud, J.; Vignaux, spectroscopy and ultimately by X-ray crystallography, establishing the chair
P.J. Org. Chem1993 58, 1835. conformation and the trans relationship between the @GiXial) and N
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the dioxaphosphorinane system and phosphorus, which issystem are expected to play an important role for the artificial
characteristic of an axial position of th&-8 proton2® stabilization of biologically important nucleic acid secondary
The present results clearly demonstrate that it is possiblestructures® In this respect, the dioxaphosphorinane-CNA
to introduce the specififo(gt), A(t)} conformation intothe  family might provide new and promising tools for the
phosphodiester linkage by simultaneously constraining tor- structural analysis of complex RNA edifices and might
sional anglesx andf into a dioxaphosphorinane structure. ultimately contribute to the design of specific ligands to target
To our knowledge, we have reported the first example of a particular RNA structures in the hope of treating a variety
(100%) diastereoselective synthesis of a cyclic phosphotri- of chronic and degenerative diseases.
ester linkage. This very simple strategy that consists of using Further efforts in synthetic chemistry and detailed struc-
both steric and anomeric effects to stereocontrol the ring- tural studies of potentially interesting dioxaphosphorinane-
closing reaction allowed us to independently prepare cyclic CNA dinucleotides are in progress in our laboratory.
phosphotriester linkages with either &a(g-), f(t)} con-
formations which is typical of RNA and DNA duplexes, Acknowledgment. We thank Dr. Stphane Massou for
or an{a(g"), A(t)} conformation, which frequently occurs his assistance in NMR spectroscopy.
in many bulged regions of nucleic acids (Figure 2).
Six-membered cyclic phosphotriesters are resistant com-
pounds relative to both hydrolysis and phosphohydrolase
enzymes. Thus, synthetically accessible dinucleotides that
are conformationally restricted by a dioxaphosphorinane 0L027222H

Supporting Information Available: Experimental pro-
cedures and characterization data. This material is available
free of charge via the Internet at http://pubs.acs.org.

(equatorial) groups. From tHéP NMR spectra, the axial position of-Bi (17) (a) Westheimer, F. HAcc. Chem. Red968 1, 70. (b) Thatcher,

is revealed by the absence of a P-couple@H signal. Chemical shifts of G. R. J.; Kluger, RAdv. Phys. Org. Cheml989 25, 99. (c) Farquhar, D.;

op —6.5 and—5.1 were conclusively assigned to tt&,Rp)- and Re,S)- Chen, R.; Khan, SJ. Med. Chem1995 38, 488.

diastereoisomers af,3-CNA, respectively. Unpublished results. (18) The simple fact that the,3-CNA dinucleotide unit has no charge
(16) Typical upper and lower limits observed for tR&yp coupling could in itself bring about a significant change in the conformation of the

constants for dioxaphosphorinane structures in chair conformatica.axe nucleic acid. The resulting positive or negative effect of that aspect in the

< ca. 3 Hz andJneqp > ca. 20 Hz, respectively. See: Gorenstein, D. G.; possible induction of bulged regions will be discussed elsewhere (full paper

Rowell, R.; Findlay, JJ. Am. Chem. Sod98Q 102 5077. in preparation).
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