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2'-Amino-o-L-LNA Tetracyclic "Locked LNA"

A convergent route to a new class of locked nucleic acids, i-@mnoo-L-LNA, has been developed.

The optimized synthetic route to the corresponding phosphoramidite building block of thymine proceeds
in 4% overall yield over 15 steps from the starting diol. Crucial synthetic steps include (a) introduction
of a C2-azido group prior to nucleobase coupling, (b) Vodgen glycosylation primarily affording the
desireda-anomer, (c) separation af-L-ribo- and S-L-ribo-configured bicyclic nucleosides, and (d)
selection of a suitable protecting group to avoid intramolecular Michael addition of ther@ifo group

onto the C6-position. Incorporation of a-@minoa-L-LNA monomer into oligodeoxyribonucleotides
results in modest changes in thermal stability with complementary DNA, whereas significant increases
in thermal stability are observed with RNA complements along with excellent WatSook
discrimination. These results, along with the flexibility of the synthetic strategy allowing chemoselective
N2'-functionalization at a late stage, rendésaninoo-L-LNA a promising building block for nucleic

acid based nanobiotechnology and therapeutics. A slight modification in strategy facilitated the synthesis
of the corresponding phosphoramidite building blocks of Michael adducts, which due to their tetracyclic
skeletons exhibit a conformationally restricted furanose ring and glycosidic torsion amgieahge).
Incorporation of such a “locked LNA” monomer into oligodeoxyribonucleotides results in large decreases
in thermal affinity toward DNA/RNA complements.

Introduction interfering RNA (siRNA) or ribozymes/DNAzymes has emerged
as promising alternatives for gene regulattédnCommon to
these therapeutic strategies is the necessity of using chemically
modified oligonucleotides to improve the target affinity and to
confer protection from enzymatic degradatféit.incorporation

of nucleosides with conformationally restricted carbohydrate

In the past 16-15 years significant efforts have been directed
toward the use of oligonucleotides as potential antisense or
antigene therapeutids? More recently, the use of small
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FIGURE 1. Structures of LNA, 2amino-LNA, anda-L-LNA, along
with structures of the novel derivatives described herein, i.@gno-
o-L-LNA and tetracyclic “locked LNAs”. T= thymin-1-yl.

rings has been an especially popular approach to realizé&his.
LNA (locked nucleic acidp-b-ribo configurationy~1* anda-L-
LNA (a-L-ribo configuration, a diastereomer of LNA}? are
two prominent examples hereof (Figure 1). The dioxabicyclo-
[2.2.1]heptane skeleton efficiently locks the furanose ring of
both nucleosides in a North-type conformati@mncorporation

of LNA or a-L-LNA building blocks in oligodeoxyribonucle-
otides (ONs) results in significant increases in thermal affinity
against DNA/RNA complements of up te-10.0 °C per
modification relative to that of unmodified ONs and confers

(5) Braasch, D. A.; Corey, D. RBiochemistry2002 41, 4503-4510.

(6) Manoharan, MCurr. Opin. Chem Biol. 2004 8, 570-579.

(7) For reviews see: (a) Meldgaard, M.; Wengell. Lhem Soc, Perkin
Trans 1 200Q 3539-3554. (b) Kveerng, L.; Wengel, &hem Commun
2001, 1419-1424. (c) Leumann, C. Bioorg. Med Chem 2002 10, 841—
854. (d) Imanishi, T.; Obika, Schem Commun 2002 1653-1659.

(8) For recent examples see, e.g.: (a) Obika, S.; Andoh, J.; Onoda, M.;
Nakagawa, O.; Hiroto, A.; Sugimooto, T.; Imanishi, Tetrahedron Lett
2003 44, 5267-5270. (b) Pradeepkumar, P. I.; Cheruku, P.; Plashkevych,
O.; Acharya, P.; Gohil, S.; ChattopadhyayaJJAm Chem Soc 2004
126, 11484-11499. (c) Raunkjeer, M.; Haselmann, K. F.; WengelJ.J.
Carbohydr Chem 2005 24, 475-502. (d) Sharma, P. K.; Petersen, M.;
Nielsen, P.J. Org. Chem 2005 70, 4918-4928. (e) Honcharenko, D.;
Varghese, O. P.; Plashkevych, O.; Barman, J.; ChattopadhyayaDdg.
Chem 2006 71, 299-314.

(9) We define LNA,a-L-LNA, 2'-amino-LNA, and 2amino-a-L-LNA
as an oligonucleotide containing one or moreC4'-C-methylenes-p-
ribofuranosyl monomer(s), 0,4’ -C-methylenea.-L-ribofuranosyl monomer-
(s), 2-amino-2-deoxy-2-N,4'-C-methylenes-p-ribofuranosyl monomer(s),
or 2-amino-2-deoxy-2-N,4'-C-methylenea-L-ribofuranosyl monomer(s),
respectively.

(10) (a) Singh, S. K.; Nielsen, P.; Koshkin, A. A.; Wengel,Chem
Commun 1998 455-456. (b) Koshkin, A. A.; Singh, S. K.; Nielsen, P.;
Rajwanshi, V. K.; Kumar, R.; Meldgaard, M.; Olsen, C. E.; Wengel, J.
Tetrahedron1998 54, 3607-3630. (c) Wengel, JAcc Chem Res 1999
32, 301-310.

(11) Obika, S.; Nanbu, D.; Hari, Y.; Andoh, J.; Morio, K.; Doi, T.;
Imanishi, T.Tetrahedron Lett1998 39, 5401-5404.

(12) (a) Rajwanshi, V. K.; Hakansson, A. E.; Dahl, B. M.; Wengel, J.
Chem Commun 1999 1395-1396. (b) Rajwanshi, V. K.; Hakansson, A.
E.; Kumar, R.; Wengel, JChem Commun 1999 2073-2074. (c)
Rajwanshi, V. K.; Hakansson, A. E.; Sgrensen, M. D.; Pitsch, S.; Singh, S.
K.; Kumar, R.; Nielsen, P.; Wengel, Angew Chem, Int. Ed. 200Q 39,
1656-1659. (d) Hakansson, A. E.; Wengel,Bioorg. Med Chem Lett
2001, 11, 935-938. (e) Serensen, M. D.; Kveerng, L.; Bryld, T.; Hakansson,
A. E.; Verbeure, B.; Gaubert, G.; Herdewijn, P.; Wengel].JAm. Chem.
S0c.2002 124, 2164-2176.
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improved stability against exo- and endonucleases, which has
rendered LNA* and a-L-LNA 1® with significant therapeutic
and diagnostic potential.

Itis widely accepted that the ability of ONs to modulate gene
expression in vivo is rather variable due to inadequate target
accessibility and poor cellular uptake and incorrect intramo-
lecular localization of the prob&l® Consequently, it would be
highly desirable to develop a next generation of modified
nucleotides that addresses these issues in addition to having
excellent target affinity and enzymatic stability. This, along with
the potential of functional nucleic acid architectdress tools
in nucleic acid based nanobiotechnold§yhas spawned our
interest in amino-modified nucleotides, in which an amino group
serves as a conjugation site for attachment of hydrophilic,
hydrophobic, basic, or fluorescent gros$? Special attention
has been devoted to derivatives of the amino analog of LNA,
i.e., 2-amino-LNA®2° (Figure 1). N2-Functionalization of 2
amino-LNAs allows precise positioning of chemical function-
alities in the minor groove of nucleic acid duplexes without
compromising their thermal stabili. This has facilitated the
development of (a) nucleic acid architectures that autosignal
their self-assembly by fluorescen®e3(b) probes that generate
brightly fluorescent duplexes upon hybridization to comple-
mentary DNA/RNA24 and (c) probes that allow optimized
targeting of single-stranded DN&.In contrast, the secondary
amino group of a 2aminoa-L-LNA?® (Figure 1) would be

(13) The furanose rings @f-L-LNA and 2-aminoe.-L-LNA monomers
are, according to definitions, conformationally restricted in Mtype
conformation as a result of theirconfiguration. However, they do not
mold onto a typicaN-type framework. For further information about the
conformation of nucleotides, see: Saenger,Riinciples of Nucleic Acid
Structure Springer-Verlag: Berlin, 1984ur. J. Biochem1983 131, 9—15
(Abbreviations and Symbols for the Description of Conformations of
Polynucleotide Chains, IUPAEIUB Joint Commission on Biochemical
Nomenclature).

(14) (a) Petersen, M.; Wengel, Trends Biotechnol2003 21, 74—81.

(b) Jepsen, J. S.; Wengel, Qurr. Opin. Drug Discaery Dev. 2004 7,
188-194. (c) Vester, B.; Wengel, Biochemistry2004 43, 13233-13241.

(15) (a) Frieden, M.; Christensen, S. M.; Mikkelsen, N. D.; Rosenbohm,
C.; Thrue, C. A.; Westergaard, M.; Hansen, H. F.; @rum, H.; Koch, T.
Nucleic Acids Re2003 31, 6365-6372. (b) Arzumanov, A.; Stetsenko,
D. A.; Malakhov, A. D.; Techelt, S.; Sgrensen, M. D.; Babu, B. R.; Wengel,
J.; Gait, M. JOligonucleotide003 13, 435-453. (c) Crinelli, R.; Bianchi,
M.; Gentilini, L.; Palma, L.; Sgrensen, M. D.; Bryld, T.; Babu, B. R.; Arar,
K.; Wengel, J.; Magnani, MNucleic Acids Re2004 32, 1874-1885. (d)
Fluiter, K.; Frieden, M.; Vreijling, J.; Rosenbohm, C.; De Wissel, M. B.;
Christensen, S. M.; Koch, T.; @rum, H.; Baas,GhemBioChen2005 6,
1104-1109. (e) Kumar, N.; Nielsen, K. E.; Maiti, S.; Petersen, MAm
Chem Soc 2006 128, 14-15.

(16) Zatsepin, T. S.; Turner, J. J.; Oretskaya, T. S.; Gait, MCulr.
Pharm Des.2005 11, 3639-3654.

(17) Wengel, JOrg. Biomol Chem 2004 2, 277-280.

(18) Seeman, N. C.; Lukeman, P.Bep Prog. Phys 2005 68, 237—
270.

(19) (a) Raunkjeer, M.; Bryld, T.; Wengel, &hem Commun 2003
1604-1605. (b) Bryld, T.; Hgjland, T.; Wengel, £hem Comm 2004
1064-1065. (c) Kalra, N.; Babu, B. R.; Parmar, V. S.; WengelQdg.
Biomol Chem 2004 2, 2885-2887. (d) Meldgaard, M.; Hansen, F. G.;
Wengel, JJ. Org. Chem 2004 69, 6310-6322.

(20) Singh, S. K.; Kumar, R.; Wengel,d.0rg. Chem1998 63, 10035~
10039.

(21) Sgrensen, M. D.; Petersen, M.; WengelCiem Commun 2003
2130-2131.

(22) Hrdlicka, P. J.; Babu, B. R.; Sgrensen, M. D.; WengelClem
Commun 2004 1478-1479.

(23) Lindegaard, D.; Babu, B. R.; Wengel,Nucleosides, Nucleotides
Nucleic Acids2005 24, 679-681.

(24) Hrdlicka, P. J.; Babu, B. R.; Sgrensen, M. D.; Harrit, N.; Wengel,
J.J. Am Chem Soc 2005 127, 13293-13299.

(25) Babu, B. R.; Hrdlicka, P. J.; McKenzie, C. J.; WengelChem
Commun 2005 1705-1707.
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anticipated to position functional groups in the major groove
or the core of nucleic acid duplexes.

Herein are presented full experimental defdilef the
synthesis of the'’Zaminoa-L-LNA phosphoramidite21 (Scheme
5), its incorporation into ONs, and initial thermal denaturation
studies.

En route toward the desired-2mino-eo-L-LNA phosphora-
midite 21, formation of two tetracyclic nucleosides containing

as it was expected that azide reductionl8f would result in

a subsequent intramolecular ring-closing nucleophilic substitu-
tion. At least two synthetic pathways leading to key intermediate
130 can be envisioned. The (&)-azido group can be
introduced on the nucleoside level, which identifies known
thymidine derivative3?® as a suitable precursor (route A). It is
important to notice that anchimeric assistance of the O2-acetyl
group during glycosylation of the corresponding coupling sugar

seven chiral centers was observed. The tetracyclic skeletons ofs known to exclusively afford’2-trans nucleoside3 in high

these nucleosides render them with (1) a conformationally
locked furanose ring, (2) a conformationally restricted glycosidic
torsion angle gnti-range), and (3) a nonaromatic nucleobase
moiety (ide infra). Oligonucleotides with incorporations of

nucleotides possessiad) these features have, to our knowledge,

yield 28 Introduction of substituents such as azido groups in the
C2-“up” position of pyrimidine nucleosides by intermolecular

nucleophilic substitution is, however, recognized to be prob-
lematic due to the ease of intramolecular attack by the
C2-carbonyl group of the nucleobase moiety on the activated

never been reported, which stimulated us to synthesize theC2-position?® Nonetheless, it has been demonstrated that

corresponding tetracyclic “locked LNA” phosphoramidis
and31(Schemes 7 and 8), to study their incorporation into ONs
and to evaluate their thermal affinity toward DNA/RNA
complements (Figure 1).

Results and Discussion

Retrosynthetic Analysis. We set out to synthesize the-2
aminoo-L-LNA thymine phosphoramidite building blocR1l
since thymine derivatives typically alleviate synthesis by not
needing nucleobase protection groups. Hence:t@$lated
amino alcohol 18 was identified as an intermediate and,
moreover, as a suitable divergence point for future’-N2
functionalizations (Scheme 1). Amino alcold could conceiv-
ably be derived from bicycliet-L-ribo-configured nucleoside
140 after protecting group manipulations. Retrosynthetic scis-
sion of the azamethylene bridge of nucleoslde, as inspired
by the recently improved synthesis of@mino$-D-LNA,?’
identified C2(a)-azido-nucleosidé@3a as a potential precursor,

(26) A conference proceeding outlining the synthesis of phosphoramidite
21 has appeared: Hrdlicka, P. J.; Kumar, T. S.; WengeNukleosides
Nucleotides Nucleic Acid2005 24, 1101-1104.

deactivation of thymine moieties with protecting groups that
reduce the nucleophilicity of the C2-carbonyl group may
facilitate intermolecular & reactions to occur at the G2
position30

As an alternative, installation of the @&)-azido group may
be carried out prior to glycosylation, whereby glycosyl donor
12aJf is identified as a precursor to key intermediaBe. (route
B). The major concern associated with this strategy is that the
lack of a group at the C2-position to provide anchimeric
assistance during glycosylation could lead to unfavorable
anomeric mixtures of azido-nucleositido. and the correspond-
ing g-anomer.

Inspired by the recently improved synthetic route to LRIA,
we decided to install methanesulfonate groups at the C5/C5
positions prior to glycosylation. Thus, it was realized that both
potential substrate8 @nd12) for generation of key intermediate
130 could be derived from known pentofuranoe?

(28) Babu, B. R.; Raunak; Poopeiko, N. E.; Juhl, M.; Bond, A. D.;
Parmar, V. S.; Wengel, Eur. J. Org. Chem 2005 2297-2321.

(29) Pathak, TChem Rev. 2002 102 1623-1667.

(30) (a) Matsuda, A.; Yasuoka, J.; Sasaki, T.; UedaJ.TMed. Chem.
1991 34, 999-1002. (b) Costa, A. M.; Faja, M.; Farras, J.; Villarrasa, J.
Tetrahedron Lett1998 39, 1835-1838. (c) Serra, C.; Aragones, C.; Bessa,

(27) Rosenbohm, C.; Christensen, S. M.; Sgrensen, M. D.; Pedersen, D.J.; Farras, J.; Vilarrasa, Jetrahedron Lett1998 39, 7575-7578.

S.; Larsen, L.-E.; Wengel, J.; Koch, Org. Biomol. Chem2003 1, 655—
663.
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(31) Koshkin, A. A.; Fensholdt, J.; Pfundheller, H. M.; Lomholt, .
Org. Chem.2001, 66, 8504-8512.
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aReagents and conditions: (a) BzCl, DMAP, pyridine;4D °C, 70%; (b) guanidinium nitrate, NaOMe, MeOH, &E,, room temperature, 96%; (c)
2,4,6-triisopropylbenzenesulfonyl chloride, DMAP sBf CH;CN, room temperature; (d) 2,4-dimethylphenol, DABCO;NEtroom temperature, 74% over
two steps; (e) NefMeOH, CHCl,, 0 °C to room temperature, 71%. P& protecting group.

Attempted Synthesis of Key Intermediate 1& via Route
A. N3-Benzoylated nucleosid2 was identified as a possible
substrate for introduction of a G&)-azido group via route A
(Scheme 2). Chemoselective N3-benzoylation of knowrr O2
unprotected nucleosidd,?® using benzoyl chloride and
triethylamine3®@ phase transfer conditioffor transient protec-
tion protocol$* either furnished substantial amounts of the
undesired O2benzoylated or ON3-dibenzoylated products
whereby nucleosid@ only was obtained in unsatisfying and
inconsistent yields (850%, data not shown). On the contrary,
N3-benzoylation of known nucleosidd,?® affording fully
protected nucleosidéin 70% yield, followed by chemoselective
0O2-deacylation using a mixture of guanidine and guanidinium

nitrate in methanol and dichloromethattefurnished N3-
benzoylated nucleosid2in excellent and reproducible yields
(96%). It is noteworthy that ring-closed Q24 -linked products
were not observed. Other synthetic protocols that are ordinarily
used to realize selective deacylations in nucleoside chemistry,
e.g., cold dilute methanolic ammonia or aqueous sodium
hydroxide in pyridine®® were unsuccessful. These observations
suggest that the guanidine/guanidinium nitrate reagent mixture
may be very useful to accomplish challenging chemoselective
deacylations in nucleoside chemistfy.

Next, numerous attempts to convert N3-benzoylated nucleo-
side 2 into key intermediatel3a. were made (Scheme 2).
Conversion oR into a reactive O2sulfonyl ester unit (C§50;-,

(32) Tam, T. F.; Fraser-Reid, Ean J. Chem 1979 57, 2818-2822.

(33) Sekine, M.J. Org. Chem1989 54, 2321-2326.

(34)Ti, G. S.; Gaffney, B. L.; Jones, R. A. Am. Chem. Sod. 982
104, 1316-13109.

(35) Ellervik, U.; Magnusson, GTetrahedron Lett1997 38, 1627
1628.

(36) Maguire, A. R.; Hladezuk, |.; Ford, ACarbohydr. Res2002 337,
369-372.
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a2 Reagents and conditions: (a) MsCl, pyridin€®to room temperature; (b) GBOCI, MeOH, 0°C to room temperature, quantitative yield, two steps;
(c) Tf,0, pyridine, CHCI,, —15°C to room temperature; (d) NaNL5-crown-5, DMF, 50C; (e) concentrated 4$0s, Ac,O, AcOH, 0°C to room temperature,
80%, three steps; (f) thymine, BSA, TMSOTf, CIGEH,CI, reflux, 81%,a.3 ~ 55:45; (g) PMe, aqueous NaOH, THF, room temperature, 58% combined.

CRCH,S0O,-, or CICH,SO,-) followed by treatment with key intermediate 3o. prompted us to investigate the alternative
sodium azide and 15-crown-5 in DMF or dichloromethane either route B in greater detail. Dimesylation of known digi247
resulted in no reaction or in predominant formation of known followed by treatment with 2.5% hydrogen chloride in methanol,
02,02-anhydro nucleosidé.?8 Neither subjection of2 to generatedh situ by the addition of acetyl chloride to methanol,
modified Mitsunobu conditior’§ using PMe/DIAD/diphen- afforded an anomeric mixture of methyl furanosid® in
ylphosphoryl azide (DPPA) nor treatment of the bis(2,4- quantitative yield over two steps (Scheme 3). Methyl furanoside
dichlorophenyl) phosphate activated species with sodium azide 10, reacted as an anomeric mixture, was O2-triflated, and the
and DMAP* succeeded in installing the azido group. The ob- product was subsequently treated with sodium azide and 15-
served lack of reactivity most likely reflects the steric hindrance crown-5 in DMF at 50°C. Gratifyingly, both thg3-anomer of
at the C2(a)-position as imposed by the 1¢3s arrangement  the crude O2-triflated pentofuranose as well as the sterically
of the thymine moiety and the GBenzyloxy group. more encumbered-anomer (i.e., C1-methoxy group pointing
Similar observatiorfd42 were made with the known N3-  up) smoothly underwent selective nucleophilic displacement to
benzyloxymethyl-protected nucleosié® or O4-phenyl ethéf afford 2-azido-2-deoxy-erythro-pentofuranosell IR spec-
protected nucleosid& which was obtained fror@in three steps.  troscopy verified the presence of the azido group (sharp band
First the O4-position of nucleosidkwas activated with 2,4,6-  at 2114 cm?) and provided, along with NMR, MALDI-HRMS,
triisopropylbenzenesulfonyl chloridé which was followed by and elemental analysis data, evidence for the proposed structure
treatment with 2,4-dimethyl phenol in the presence of base to of pentofuranosé 1.4 The capability of both anomers of methyl

afford nucleosider (74% yield). Finally O2-deacylation of7 furanosidelO to efficiently undergo nucleophilic displacement
furnished nucleosid8 in 71% vyield. is in noticeable contrast to attempted nucleophilic displacements
Successful Synthesis of Key Intermediate IB3via Route of O2-triflates inB-configured methyl ribofuranosid&sor O2-

B. The difficulties encountered while pursuing route A toward tosylates ina-configured methyl arabinofuranosid®swhere
elimination reactions are observed as a consequence of the steric
(37) These conditions have also been successfully applied for selective hindrance at the C2-position. Acetolysis of the anomeric mixture

((‘)_g-deaclewlgtlohn of the ColrreSpfondIr}gl\ﬁkggéoyladeglng 020595”- of pentofuranosé 1 concluded the three-step sequence to give
Ibenzoylated thymine analog of nucleos umar, |. S.; Andersen, H ; 0, :
N. K.; Madsen, A. S.; Wengel, J.; Hrdlicka, P. J., 2004, Unpublished results). gly(.:(.)syl. dono.rlz n eX.Ce"ent yield (804) fromL0) without
(38) Mitsunobu, OSynthesi€981, 1—-28. purification of intermediates. Notably, this three-step sequence

(39) Lal, B.; Pramanik, B. N.; Manhas, M. S.; Bose, A. Fetrahedron has been performed routinely on a 50 g scale without observable
Lett. 1977, 18, 1977-1980.
(40) Yu, C.; Liu, B.; Hu, L.Org. Lett.200Q 2, 1959-1961.

(41) For nucleosidé®: Juhl, M.; Wengel, J. Results not shown. (47) Known diol9 can conveniently be obtained in 64% yield over four
(42) In addition, subjection of nucleosidg to modified Mitsunobu steps 50 g scale) from inexpensive diacetomes-glucose without
conditions using P#P/DIAD/zinc azide-bis-pyridine complex (ref 43), purification of intermediates: Hrdlicka, P. J.; Andersen, N. K.; Jepsen, J.

DDQ/NaNy/15-crown-5 (ref 44), or P#®P/2,4,4,6-tetrabromo-2,5-cyclohexa-  S.; Hansen, F. G.; Haselmann, K. F.; Nielsen, C.; Weng#&jabrg. Med.
dienone/zinc azide-bis-pyridine complex (ref 45) all failed to yield the Chem 2005 77, 2597-2621.

desired product. (48) Although the configuration at C2 of pentofurano%ér 11 could
(43) Viaud, M. C.; Rollin, P.Synthesisl99Q 130-132. not be established at this stage, it was indirectly proven upon elucidating
(44) Iranpoor, N.; Firouzabadi, H.; Akhlaghinia, B.; Nowrouzi, N. the structures of nucleosiddda and15 (vide infra).
Tetrahedron Lett2004 45, 3291-3294. (49) Su, T.-L.; Klein, R. S.; Fox, J. J. Org. Chem1981, 46, 1790~
(45) Saito, A.; Saito, K.; Tanaka, A.; Oritani, Tetrahedron Lett1997, 1792.
38, 3955-3958. (50) Mikhailopulo, I. A.; Poopeiko, N. E.; Pricota, T. |.; Sivets, G. G;
(46) Reese, C. B.; Skone, P. A.Chem Soc, Perkin Trans. 11984 Kvasyuk, E. |.; Balzarini, J.; De Clercq, B. Med. Chem1991, 34, 2195—
1263-1271. 2202.
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decreases in yield. Optimization of the subsequent glycosylation
step revealed that the most favorable conditions for generation
of the desiredx-anomer of C2azido-nucleosidéd 3 (130/138,
55:45, 81% combined yield, inseparable mixture) involves
treatment of the anomeric mixture of glycosyl doridt with
persilylated thymine and trimethylsilyl triflate as Lewis aid

in refluxing 1,2-dichloroethane for 26 %.Interestingly, pro-
longed heating leads to decreased yields of nucledsSdedue

to decomposition, while heating the reaction mixture at lower
temperature (50C), only affords nucleosidé38 suggesting
this to be the kinetic product.

The anomeric mixture of azido nucleosid8 was subse-
quently reacted in a one-pot tandem Staudinger/intramolecular
nucleophilic substitution reactiéhto afford an easily separable
mixture of bicyclic nucleoside$4o and14f in moderate yield
(58% combined yield). Efforts to improve the yield by changing
the stoichiometry of reagents, the nature of the hydrolytic
environment (HO, aqueous NaOH, or aqueous NHby
performing this conversion as a classical two-step Staudinger
reactiont® (PMey/THF followed by separate hydrolysis), or by
using other reducing conditions (ammonium formate and Pd/C
or H,S/pyridine/E$N) were unsuccessful. Regrettably, anomer-
ization of bicyclic nucleosidé4g using catalytic trifluroacetic
anhydride and concentrated sulfuric &idfforded the desired
NZ2'-trifluoroacetamido analog df4a. in only 17% yield (results
not shown).

Structural Verification of Bicyclic Nucleosides 14 and
14f. Conclusive evidence for the proposed 2-oxa-5-azabicyclo-
[2.2.1]heptane skeletons of nucleosidé4o. and 14 was
obtained by NMR experiments. THel NMR signals of H1,

H2', and H3 of 14a. and14f appear either as singlets or narrow
doublets § < 2 Hz), which is in agreement withtH NMR
signals ofa-L-LNA nucleosidesi?e This is a consequence of
the torsion angleg (H1'—C1'—C2—H2') andy' (H2—C2—
C3—H3') which are fixed inrt+-gaucheand —gaucheconforma-
tions, respectively, by the locked furanose moiety. Furthermore,
a characteristic upfield shift of th#H NMR signals from the
H5'" protons ofldo and 148 is observed in comparison with
nucleosidel3a/f.

The configuration at the anomeric center of nucleosites
and14p was ascertained by NOE difference spectroscopy. Key
NOE contacts between HH2' (7%), H1/H3' (4%), and HZ
H3' (2%) were observed for bicyclic nucleositiéa indicating
acisrelationship between these protons (Figuré®Bince the
stereochemistry of C3is defined by the choice of starting
material and remains unchanged throughout synthesisnddt
be “down”, confirming the nucleobase as “up” and hence
establishing thet-L-ribo configuration ofl4a. This conclusion
is further substantiated by the strong signal enhancement

(51) Vorbriggen, H.; Krolikiewicz, K.; Bennua, BChem. Ber.1981
114, 1234-1255.

(52) 13C NMR data of one of the anomers in the obtained mixture of
2'-azido nucleosidd 3 was identical with previously reported data for the
corresponding3-p-ribo-configured analog ofL3 (ref 27), showing this
anomer to bel3f [p-L-ribo configuration]. The identity of the-L-ribo-
enantiomerl3a could not be established at this stage but was indirectly
proven upon elucidating the structures of nucleositi4s and 15 (vide
infra).

(53) (a) Gololobov, Y. G.; Zhmurova, I. N.; Kasukhin, L. Fetrahedron
1981, 37, 437-472. (b) Gololobov, Y. G.; Kasukhin, L. Fletrahedron
1992 48, 1353-1406.

(54) Ward, D. |.; Jeffs, S. M.; Coe, P. L.; Walker, R. Tetrahedron
Lett 1993 34, 6779-6782.
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148

FIGURE 2. Key NOE contacts in bicyclic nucleosidédo. and143.

between HB,/H6 (8%) and HBg/H6 (2%) (HS'a is tentatively
assigned as the HM5proton closest to H6), indicating ais
relationship between the nucleobase and the aza-methylene ring.
Single-crystal X-ray diffraction studies of nucleositle(Scheme
4, Figure S1 in the Supporting Informati§h)unequivocally
established the proposed structure 6Bgino-a-L-LNA nu-
cleosidel4a. Thep-L-ribo configuration of bicyclic nucleoside
14p was indicated by a weaker signal enhancement between
H1'/H3' (1%) than forlda, which suggests ttansrelationship
between these protons and therefore “down” positioning of the
nucleobase (Figure 2. Also, a very strong enhancement
between H6/H3(11%), absent in nucleosidda, was observed
for nucleosidel48. Enhancement of H/H1' (2%) and H5g/
H1' (5%) indicates ecis relationship between the anomeric
proton and the aza-methylene ring and thereby “up” configu-
ration of the ring. Moreover, thtH NMR and'3C NMR data
are identical to those reported data for the corresponding
enantiomer §-b-ribo configuration)?” thereby unequivocally
establishing the structure of@mino#-L-LNA nucleosidel4s.
Synthesis of 2Amino-oa-L-LNA Phosphoramidite Build-
ing Block 21. Protection of the secondary amino group of
bicyclic nucleosidel4a as its trifluoroacetamide was necessary
to avoid an intramolecular aza-Michael-type conjugate addition
(vide infra). Subsequent nucleophilic substitution of the'-C5
mesylate group and O%leacylation with saturated methanolic
ammonia afforded amid&5 as a mixture of rotamers in 64%
yield over three steps (Scheme 4). The trifluoroacetamido group
of 15 was remarkably stable to nucleophilic and/or alkaline
conditions (saturated methanolic ammonia, concentrated agueous
ammonia 8C°C, concentrated aqueous methylamine®65 or
0.4 M NaOH in MeOH/HO) but was readily cleaved by
treatment with sodium borohydride to afford amino alcobh@l
in 83% yield. Attempts to directly obtain amino alcoli@ from
nucleoside 14a. via demesylation using methylmagnesium
bromidé” were not satisfactory as the desired product was only
obtained in low yields €20%, results not shown).
Protection of the O5hydroxyl group of amino alcohal6
as the 4,4dimethoxytrityl (DMTr) ether furnished protected
nucleosidel?7 in 73% yield. Debenzylation 0f7 via transfer
hydrogenolysis using ammonium formate and Pd($EPf
afforded amino alcohol8 in yields up to 86% when carried

(56) See the Supporting Information.
(57) Cossy, J.; Ranaivosata, J.-L.; Bellosta, V.; Wietzke,Snth.

(55) The reported NOE enhancements are an average of the two valuesCommun.1995 25, 3109-3112.

observed upon individual irridation of the protons in question.

(58) Bieg, T.; Szeja, WSynthesi«985 1, 76-77.
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SCHEME 42

o T o_ T p o T
_ ac _ _
OBnN\ _— OBn N CF, _— OBnN\
MsO H HO Y HO H
o}

1400 15 16

o | ‘ o_ |
e - -
e SN 525
DMTrO H DMTrO H
17 18

aReagents and conditions: (a) ((FO)0, pyridine, CHCI,, 0 °C to room temperature; (b) KOAc, 18-crown-6, 1,4-dioxane;@89(c) saturated Nk
MeOH, room temperature, 64%, three steps; (d) NaB#isolute EtOH, room temperature, 83%; (e) DMTrCl, DMAP, pyridineSG@073%,; (f) HCQNHa,
Pd(OH)Y/C, EtOAc, reflux, 46-86%. DMTr = 4,4 -dimethoxytrityl.

SCHEME 52
T T T
0 o o
B a B b c -
OBHN CFs I OH N CFs —— OH N\
HO A HO A DMTrO H
o} o}
15 19 18
T T T
o 0 o
d < e < f <
— OH N\ — 0 N\ — ; KQ N\
DMTrO Fmoc DMTrO \_I/ Fmoc ) \_I/ H
O/P\ . “O-P=0
NC_J N(i-Pr), H
20 21 Monomer X

aReagents and conditions: (a) B@h hexanes, CkCl,, —70 °C to room temperature, 77%; (b) DMTrCl, DMAP, pyridine, room temperature; (c) 2 M
aqueous NaOH, absolute EtOH, pyridine;® to room temperature, 81%, two steps; (d) FmocCl, saturated aqueous NaH@@ioxane, ®C to room
temperature, 81%; (€) NC(GHOP(CI)N(-Pr), EtN(-Pr), CH.Cl,, room temperature, 56%; (f) DNA synthesizer. Fnve@'-fluorenylmethoxycarbonyl.

out on a small scale~0.15 mmol). However, when the reaction  afford alcohol20 in 81% vyield. The disappearance of the
was performed on a larger scate3 mmol), significant amounts ~ NMR signals of the exchangeable-GH protons upon BO

of the corresponding product with a reduced thymine moiety addition ascertained the Nfunctionalized constitution of
were formed (results not shown), whereby the yield of key nucleoside20, which subsequently was converted to the
intermediatel 8 dropped to~40%. This most likely reflects the  corresponding phosphoramidigd using standard procedures

tendency of free amin@s and/or nucleobas&s to inhibit in 56% yield.

hydrogenolysis of benzyl ethers. Synthesis of Tetracyclic Phosphoramidite Building Blocks
To circumvent this predicament, nucleositie was instead 27 and 31.To our surprise, exposure of-amino-a-L-LNA

debenzylated using boron trichloride to afford did® in 77% nucleosidel 4o to conditions that typically facilitate nucleophilic

yield (Scheme 5), which was followed by selective "O5 displacement of a O8nesylate group (potassium acetate/18-
tritylation and removal of the trifluoroacetamido group under crown-6/1,4-dioxané} resulted in the formation of an easily
basic conditions furnishing amino alcoht® in a reliable and separable mixture of nonaromatic and non-UV active tetracyclic
high yield (81%, two steps). Thus, the optimized synthetic route dihydro-thymine derivative22 (18%) and23 (32%) along with

(9 —— 12— — 140 — — 19— 18) to key intermediatel8 the expected bicyclic nucleosi@d in 26% yield (Scheme 67

proceeds in 8.3% overall yield over 13 steps from diol Tetracyclic nucleoside®2 and 23 are formed as a result of a
requires only 7 chromatographic purification steps, and is diastereoselective conjugate 1,4-addition of the seconddry C2
reliable also on a large scale-%0 g of diol 9). (a)-amino group to the C6-position of the thymine moiety of
Amino alcohol18, which recently has been shown to serve nucleosidelda, i.e., an intramolecular aza-Michael reacfion
as a suitable intermediate for chemoselective-Nactional- where the chiral sugar moiety is the main stereochemical
ization®! was carbamoylated with’Sluorenylmethyl chloro-  controller. Validation of the proposed structures2@fand23,

formate (FmocC]) under Schotte®aumann conditions to which have a conformationally locked furanose ring, a confor-
mationally restricted glycosidic torsion angle, and a nonaromatic

(59) Sajiki, H. Tetrahedron Lett1995 36, 3465-3468.

(60) Johnson, D. C.; Widlanski, T. ®rg. Lett 2004 6, 4643-4646. (62) Similar results were obtained upon subjecting nucleosibe to
(61) (a) Hrdlicka, P. J.; Kumar, T. S.; Wengel Chem Commun2005 sodium benzoate and 15-crown-5.
4279-4281. (b) Kumar, T. S.; Madsen, A. S.; Wengel, J.; Hrdlicka, P. J. (63) For a recent review on aza-Michael reactions see: Xu, L.-W.; Xia,
Manuscript in preparation. C.-G.Eur. J. Org. Chem 2005 633-639.
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SCHEME 62
e 0
o g N H:ELNH

o T NS0 by ?N/&O o T
< N a <9~ O~ ~ N
OBAoNY — OBn™N + OBn™~N + OBn~NY
MsO H AcO AcO AcO H

140, 22 23 24

aReagents and conditions: (a) KOAc, 18-crown-6, 1,4-dioxane, reflux, 18%, 32%, and 2&% &8, and24, respectively.

SCHEME 72
H hQ u
" NH i NH " NH
Hok A Hol A ook, A
o [’N"So o [’N"o o [TN"o
s ab Y e <V
OBn™N e OR™N — SJQ\N
AcO DMTrO o} \ I;
0-p=0
22 25 R=B
c |: n
26 R=H
Monomer Y

d |: 27 R = P(O(CH,),CN)N(/-Pr),

aReagents and conditions: (a) SaturatedsNt&OH, room temperature; (b) DMTrCl, DMAP, pyridine, room temperature, 83%, two steps; (¢) HCQONH
20% Pd(OH)/C, EtOAc, 50°C, 72%,; (d) NC(CH).OP(CI)N(-Pr),, N,N-diisopropylethylamine, CkCl,, room temperature, 55%; (e) DNA synthesizer.

nucleobase moiety, is presented in a subsequent sectiontransfer hydrogenation using ammonium formate and Pd{fCH)
Intramolecular Michael additions of oxyg®nor nitrogen afforded alcohol26 in 72% yield, which upon standard
nucleophile® on the C6-position of pyrimidines have been phosphitylation provided phosphoramidR& in 55% yield as
previously reported. In comparison to the extensive work on a suitable building block for oligonucleotide synthesis.
nucleosides with conformationally restricted furanose rings, (SR 69-Configured tetracyclic nucleoside phosphoramidite
remarkably few nucleosides with conformationally restricted 31 was obtained using a similar synthetic route as for phos-
glycosidic torsion angles have been incorporated into oligo- Phoramidite27 (Scheme 8). However, it is noteworthy that
nucleotides$® even though such modifications could provide deacylaltlon of nucleosid23 afforded the expected tetracyclic
insight on the influence of the glycosidic torsion angle on nucleic Nucleoside28 (60%) along with small amounts of the retro-
acid duplex stability. Similarly, very few reports have emerged Z&-Michael product6 (19%). Alcohol28 was OS-tritylated

on oligonucleotides containing modified nucleotides that have to afford ful!y protected derlvatlveg in 82% yleld, which upon
nonaromatic nucleobase moieties with hydrogen-bonding ac_debenzylatlon gave .alCOhdm in 66% yield. .S.ubseqléem
ceptors or donor&ab67whereas much more focus has been sf[alr:jdard phosphitylation afforded phosphorami@iten 73%
devoted on the synthesis and_ evaluation of nucleotides haVingerStr.ucturaI Verification of Tetracyclic Nucleosides 22 and
nonpolar, non-hydrogen-bonding aromatic nucleob&s€kese

wdies h q trated that neither hvd bondi 23.As mentioned above, tetracyclic nucleosi@@sand23 are
studies have demonstrated that heither hydrogen bonding NOt, e a5 a result of an intramolecular aza-Michael reaction of
large hydrophobic surfacede factoare needed for duplex

" bicyclic nucleosidel4o.. Molecular models indeed suggest that
stability. the secondary amino group tfla is conformationally preor-

(5S6R)-Configured tetracyclic nucleosid®? was deacylated  ganized for intramolecular attack onto the C6-position as a
using saturated methanolic ammonia, and the liberated C5 consequence of theis relationship between the aza-methylene
hydroxyl group was protected as a '4gdmethoxytrityl ether bridge and the nucleobase. To further validate this hypothesis,
using standard conditions to furnish fully protected nucleoside bicyclic nucleosidel4g, i.e., the Clanomer of 140, was
25in 83% yield over two steps (Scheme 7). Subsequent catalytic subjected to identical conditions as used for conversiat¥of

to 22 and23. Thetransrelationship between the aza-methylene

(64) (a) Boesen, T.; Madsen, C.; Pedersen, D. S.. Nielsen, B. M.: bridge and thymine .moiety 014,6 is anticipated to prevent

Petersen, A. B.: Petersen, M. A.: Munck, M.: Henriksen, U.: Nielsen, C.: intramolecular aza-Michael reaction to occur. As expected, only

Dahl, O.0Org. Biomol Chem 2004 2, 1245-1254. (b) Dahl, O.; Jensen,  formation of the Ctanomer o224 [-L-ribo configuration] was
i.é;;’)etersen, M. A.; Henriksen, @rg. Biomol Chem 2005 3, 1964 observed (results not shown).

(65) (a) Minamoto, K.; Azuma, K.; Hoshino, Y.; Eguchi, Shem Lett
1989 825-828. (b) Tronchet, J. M. J.; Benhamza, R.; Bernardinelli, G. (68) (a) Kool, E. T.; Morales, J. C.; Guckian, K. Mngew Chem, Int.
Nucleosides Nucleotidel993 12, 55-71. (c) Chatgilialoglu, C.; Ferreri, Ed. 200Q 39, 990-1009. (b) Babu, B. R.; Prasad, A. K.; Trikha, S.; Thorup,
C.; Gimisis, T.; Roberti, M.; Balzarini, J.; De Clerq, Bucleosides, N.; Parmar, V. S.; Wengel, J. Chem Soc, Perkin Trans1 2002 2509-
Nucleotides Nucleic Acid2004 23, 1565-1581. 2519. (c) Raunak; Babu, B. R.; Sgrensen, M. D.; Parmar, V. S.; Harrit, N.

(66) (a) Muller, E.; Gasparutto, D.; Jaquinod, M.; Romieu, A.; Cadet, J. H.; Wengel, JOrg. Biomol Chem 2004 2, 80—89. (d) Lai, J. S.; Kool, E.
Tetrahedron200Q 56, 8689-8701. (b) Muller, E.; Gasparutto, D.; Cadet,  T.J. Am Chem Soc 2004 126, 3040-3041. (e) Henry, A. A,; Olsen, A.

J. ChemBioChem2002 3, 534-542. (c) Urata, H.; Miyagoshi, H.; G.; Matsuda, S.; Yu, C.; Geierstanger, B. H.; Romesberg, &.An Chem
Kumashiro, T.; Yumoto, T.; Mori, K.; Shoji, K.; Gohda, K.; Akagi, M. Soc 2004 126 6923-6931. (f) Matsuda, S.; Romesberg, FJEAM Chem
Org. Biomol Chem 2004 2, 183-189. Soc 2004 126, 14419-14427. (g) Kim, T. W.; Kool, E. TJ. Org. Chem

(67) Gao, J.; Liu, H.; Kool, E. TJ. Am Chem Soc 2004 126, 11826~ 2005 70, 2048-2053. (h) Brotschi, C.; Mathis, G.; Leumann, CChem
11831. Eur. J. 2005 11, 1911-1923.
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SCHEME 82
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d E31 R = P(O(CH2)2CN)N(i-Pr),

aReagents and conditions: (a) SaturatedsMt&OH, room temperature, 19% fdl, 60% for 28; (b) DMTrCl, DMAP, pyridine, room temperature,
82%; (c) HCOONH, 20% Pd(OHY/C, EtOAc, 50°C, 66%; (d) NC(CH)-OP(CI)N-Pr), N,N-diisopropylethylamine, CkCl,, room temperature, 73%,; (e)
DNA synthesizer.

The proposed constitution of tetracyclic nucleosid@sand Diez—Altona—Donders equation as implemented within the
23 was confirmed by MALDI-HRMS, 1D-NMR, and 2D-NMR.  MestRe J program. The H5 and H6 protons are orientated
The characteristics of the NMR signals of tetracyclic nucleosides —gaucheand +gauche(—46° and +51°, respectively) with
22and23, compared to those of the expected bicyclic nucleoside respect to each other in two of the four diastereome86&

24 (Scheme 6), are (a)1.0 ppm upfield shift of théH NMR 5R,6R), which corresponds to a predicted coupling constant
signal of the exchangeable NH proton in the nucleobase, (b) Jus-ns Of ~5 Hz. The H5/H6 protons in the two other
~3.0 ppm upfield shift of thé¢H NMR signal of H6, which diastereomers, i.e., §BR) or (5R,69), are orientatednti (176
appears as a doublel ¢ 12 Hz), (c)*H NMR signal of H5 and 183, respectively) with respect to each other, which
appearing between 2:8.0 ppm as a double doublet or corresponds to a predicted coupling constigtye of ~11 Hz.
multiplet, which is coupled to H6 and GHC5 according to ~ The experimentally observed coupling constals.ne for 22
IH—1H COSY NMR, (d)~0.7 ppm upfield shift of théH NMR and 23 are 11.7 and 12.8 Hz, respectively, which strongly
signal of CH—C5 and its appearance as a doublet with a suggests aanti orientation of H5 and H6.

relatively large coupling constant ¢ 7 Hz), and (e}*C NMR NOE difference experiments of the diastereomer with higher
signals of C5 and C6 shifted upfield to-389 ppm and 7783 mobility (nucleoside22, vide infra) displayed significant NOE
ppm, respectively. These observations are in agreement withcontacts between HH2' (6%) and HYH3' (3%)>® indicating

previous reports on C6,N2yclopyrimidinest®@bFurthermore, acis relationship between these protons, and since the stereo-
the appearance of the Hdignals tH NMR) as narrow doublets ~ chemistry of C3is known, this corresponds to a “down”

(J ~ 2 Hz) and the observation that the AB systems of &t positioning of these protons (Figure 3). More importantly, an
H5" appear at significantly different chemical shift values NOE enhancement between H6 and £#€5 (4%) was
strongly suggestethat the integrity of the '2amino-a-L-LNA observed, indicating ais relationship between these groups,
subskeleton of nucleosid®®? and 23 is preserved. which along with the strong NOE contacts betweeri'kE6

(10%) and H5/H2 (6%) strongly supports the assignment of
tetracyclic nucleoside22 as the (5,6R)-diastereomer. The
diastereomer with lower mobility (nucleosi@S3, vide infra)
also exhibited NOE enhancements betweetlHX (5%), H1/

H3' (2%), and H6/CH—C5 (4%) indicating acis relationship
between these protons (Figure®3Jurthermore, a strong NOE
enhancement between H6/H8%) was observed, which, along
with the absence of an NOE enhancement betweeiH&
strongly suggests é8&onfiguration and supports the assignment
of tetracyclic nucleosid23 as the (R,69)-diastereomer. It was

Inspection of molecular models of bicyclic nucleositién
indicates that intramolecular aza-Michael-type conjugate addi-
tions only can occur when the chiral nitrogen of the'-G®-
amino group is in anR-configuration implying that only
tetracyclic nucleosides in which the chiral nitrogen atom adopts
an S-configuration can be formed. The assignment of stereo-
chemistry at the C5- and C6-positionsa¥and23was achieved
by combining force-field calculations, coupling constant analy-
sis, and NOE difference spectroscopy. In principle, four
diastereomers may be formed during the aza-Michael reaction
(556S, 5S6R; 5R,6S 5R,6R). All of these were built and . - A

i i i 69) (a) Weiner, S. J.; Kollman, P. A.; Case, D. A.; Singh, U. C.; Ghio,
frlljbjected to Monte .Carglao based conformational searches usmgc_;(AI;g(o)n& oot A, e oo i Sgd_984 166

e AMBER force-field® and generalized Born/surface area 765 7g4. (b) Weiner, S. J.; Koliman, P. A.: Nguyen, D. T.. Case, DIA.
solvation model as implemented in the MacroModel V7.2 Comput Chem 1986 7, 230-252. _ _
suite!® The torsion angles (H5—C5-CoHE) in the lowest  160) UTETTIG < Cang, ., Hendrickson. T S, W.EComput.
energy structure of each diastereomer was measured, and thepem'199q 11, 440-467.
theoretical coupling constadts—ns Was assessed by using the (71) Program available from http://www.mestrec.com.
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TABLE 1. Thermal Denaturation Studies®

Tm (ATm)/°C
DNA RNA

ON1 5-GTG ATATGC 28.%9¢ 26.5

ON2 5-GCA TAT CAC 28.% 245

ON3 5-GTG AXATGC 29.0 (+0.5p¢ 28.5 (4-2.0f
ON4 5'-GCA XAT CAC 31.0 ¢+-2.5) 29.0 (-4.5)
ON5 5-GCA TAX CAC 28.0 (0.5) 27.5 ¢+3.0)
ONG6 5-GTG AYATGC <10 <10

ON7 5-GCA TAY CAC <10 <10

a8 Thermal denaturation temperature€di1—ON7 toward DNA or RNA
3% 2% complementsT, valuesfC (ATy, = change inly, value calculated relative

to that of the DNA/DNA or DNA/RNA reference duplex)] measured as
the maximum of the first derivative of the melting curvéudp vs
temperature) recorded in medium salt buffer ({[Na& 110 mM, [CI] =
FIGURE 3. NOE contacts in tetracyclic “locked LNA” nucleosides 100 mM, pH 7.0 (NabkPQy/NaHPQy)), using 1.0uM concentrations of
22 and23. the two complementary strand$s, values are averages of at least two
measurements; A= adenin-9-yl DNA monomer, G= cytosin-1-yl DNA

i onomer, G= guanin-9-yl DNA monomer, T= thymin-1-yl DNA
not possible to observe the expected NOE contacts between HSgonomer; see Sehemes & and 7 for the Structures of mon v

H5" due to spectral overlap of these signals. b ON1 andON2 are complementary. Tr, values {C) toward DNA strands

The glycosidic torsion anglg (04 —C1—N1—-C2) of the containing a single mismatch in the central position C/G/T: 12.0/19.0/11.5.
tetracyclic nucleoside®2 and23is conformationally constrained ¢ Tm values {C) toward RNA strands containing a single mismatch in the
as a consequence of the tetracyclic skeleton, and the Ioweslgfrgtr:g'sfzgsn'ggir(]:g/Ga/;’i;;}gﬁiigfcﬁhot-;ggg’ﬂ;‘fz g(s:izi(t)%wégn?o’\‘(;
energy structures ,eXh'b't values pfz —116 and —87° for 17.5/<10.0.f Ty, values ¢C) toward RNA strands containing a single
22 and 23, respectively. Nucleoside22 and 23 would after mismatch in the central position C/G/Us10.0/22.5£10.0.
incorporation into ONs yield monomehé andZ (Schemes 7
and 8), respectively, which due to their high degree of rigidity
would be expected to exhibit similar glycosidic torsion angles
to those observed at the nucleoside level.

It is noteworthy that only formation afyrraddition products
22 and23 was observed during the aza-Michael reaction, i.e.,
the nitrogen nucleophile and H5 are both added from either
above R2) or below @3) the plane of the aromatic ring.
Interestingly, the lowest energy structures reveal that the-CH
C5 group occupies a pseudoequatorial position in both tetra-
cyclic nucleoside®2 and23, whereby it is projected away from
the bulky furanose rinf In contrast, the Ck-C5 group in
the (R,6R)- and (55,69)-diastereomers occupies a pseudoaxial
position, whereby it may interfere with the H2and H%'-
protons, respectively, which may account for the stereoselec-
tivity of the aza-Michael reactio?f.

Synthesis of ONs. Incorporation of 2aminoo-L-LNA

22 23

during deprotection of ONs containing monomeéfsand Z
would be necessary. Thus, TAC chemistry was applied as
described above resulting 94% stepwise coupling yield of
phosphoramidite27 and 31. The ONs were subsequently
cleaved from solid support and deprotected using 32% aqueous
NHs at room temperature for 2 h.

After purification6 the composition and purities-(75%) of
ON3—ON10were investigated by MALDI-MS (Table S1) and
ion-exchange HPLC, respectively. Despite the very mild condi-
tions used for deprotection of ONs with expected incorporations
of (5R,69-configured “locked LNA” monomerZ (ON8—
ON10),56 a series of observations (including thermal denatur-
ation temperatures, ion-exchange HPLC profiles #hdNMR
studies) demonstrated that monomér was unstable and
converted into 2amino-a-L-LNA monomer X (Scheme 8).

phosphoramidit@1 or “locked LNA” phosphoramidite7 and However, we cannot exclude the possibility of an equilibrium

31 (see Schemes 5, 7, and 8 for structures) was performed ongga\’;.et%r;];noggmgf Eggnz glégg? g:je %‘;pt?ﬁefxggrgnzn;ai 8
a 0.2 umol scale using an automated DNA synthesizer. ttions, v ~oXa-,4,6-

Preliminary attempts to incorporate monorxeinto ONs using triazatetr_acyclo[8.2.1.@708'1ﬂtridecan§§.5a The expgrimental :
phosphoramidit®1 failed due to partial decomposition of the ppservaﬂons suggest, however, that if such an equilibrium exists
ONs during deprotection conditions used for DNA synthesis It is strongly S'.h'ﬁed toward Qammoa-L-LNA monomer_x.
(32% aqueous ammonia, for either 12 h aPB5or 4 h atroom The reader is invited to consult the Supporting Information for
temperature). The use ' aert-butylphenoxyacetyl-protected a more elaborate discussion. Intriguingly, thé,(ﬂ)-.configured
(TAC-protected) dA, dC, and dG phosphoramiditesong with “locked LNA” monomerY was stable to the applied deprotec-
phosphoramidite21 ’(12,min coupling time, B-tetrazole as tion conditions. Examination of lowest energy structures of the

catalyst,~99% stepwise coupling yield), however, allowed precursc_)r$22and2_3 does_ not suggest an adequate explanation
removal of the protecting groups and cleavage from solid for the difference in alkaline stability between monomeérand

! ; ! . Z.

support using ultramild deprotection conditions (0.05 MK . . .

in pMpeOH rogm temperatupre 2 Ryand successgully afforded Preliminary Thermal Denaturation Studies. The effect on

the desiréd sequencéﬂ\lS—dN5 ('i'able 1) duplex stability upon incorporation of'-2minoa-L-LNA
The observed base-induced retro-aza-Michael reaction Ofmonolmer Xt or éOCkedOINNA rgggc;\ln;erY Into ?or}[-sdeh;;

tetracyclic nucleosid@3 leading to the formation of Zamino- compiementary 5-mer SON ) was evaluated by

o . - . UV —thermal denaturation experiments using medium salt buffer
o-L-LNA nucleosidel6 (Scheme 8) indicated that precautions (INa*] = 110 mM) (Table 1). The UV-thermal denaturation

curves of the duplexes betweefrainoe-L-LNAs ON3—

(72) Sinha, N. D.; Davis, P.; Usman, N.; Perez, J.; Hodge, R.; Kremsky,
J.; Casale, RBiochimie1993 75, 13—23.

(73) Zhu, Q.; Delaney, M. O.; Greenberg, M. Bioorg. Med. Chem. (74) Intriguingly, a retro aza-Michael reaction of nucleosiieunder
Lett. 2001, 11, 1105-1107. identical conditions was not observed.
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ON5 and DNA/RNA complements displayed smooth sigmoidal which enables the introduction of functional groups in the major
monophasic transitions, which were similar to those recorded groove or core of nucleic acid duplex@&sThe potential of N2

for the unmodified reference duplexes (Figure S2 in the functionalized 2aminoe-L-LNA monomers within nucleic
Supporting Informationy® Incorporation of a single monomer  acid based nanobiotechnology and therapeutics has very recently
X in ONs results in slightly decreased to moderately increased been emphasized by the ability of double-stranded pyrene-
thermal affinities toward complementary DNA compared to the functionalized 2aminoo-L-LNA to target short double-
unmodified reference ONs (see data @X3—ON5, Table 1). stranded DNAS'a Extensions of this work will be reported in

In contrast, prominent stabilization is observed with RNA due course.

complements AT, = +2.0 to +4.5 °C). Comparison with

previously published thermal denaturation dataocfelr-L NA 12¢ Experimental Section
suggests that'2zamino-o-L-LNA exhibit slightly less favorable
thermal affinities than their '2oxy counterparts. It may be Methyl-3-O-benzyl-5-0-methanesulfonyl-4C-methanesulfo-

speculated, that this is a consequence of small amounts ofny|0Xymthy|-%;O-methyHlﬁ-L-thfe(}pentOfUFaNOSide (1@p).
potentially destabilizing monomeZ present at equilibrium ~ Known diol 9%2 (100.0 g, 0.32 mol) was coevaporated with
(Scheme 8). Thermal denaturation studies @finoa-L-LNA anhydrous pyridine (300 mL) and redlssolveq in anhydrous pyridine
ON3 and DNA/RNA strands containing a centrally placed single (500 mL), whereupon methanesulfonyl chloride (62.3 mL, 0.81 mol)

. tch d trate that the i d th | affinit fWas added over 10 min at°C. After warming the reaction mixture
mismatc emonstrate that the increase ermal afiinity ot 4, ygom temperature, it was stirred for 17 h. Then, crushed ice (400

monomerX is accompanied by a WatsetCrick selectivity, mL) was added, and the mixture was extracted with EtOA (2
which is superior to that of the corresponding unmodified ON 400 mL). The combined organic phase was washed with saturated
(Table 1, footnotes-€f). These are highly desirable character- aqueous NaHC§(2 x 200 mL) and evaporated to dryness to afford
istics for nucleic acid probes intended for medicinal and the known crude bis-sulfonic esté&t (~152 g) R = 0.7 (70%
biotechnological application8. EtOAc in petroleum ether), MALDI-HRMS$z 489.0841 ([IM+
Incorporation of a single &6R)-configured “locked LNA” Na]", C1gH260105*Na", Calcd 489.0860)] as a colorless oil, which
monomerY resulted in dramatic decreases in thermal affinity Was used in the next step without purification. To an ice-cold
toward both complementary DNA and RNA (see datadt6— solution of the bis-sulfonic ester in MeOH (1.6 L) was added acetyl

ON7, Table 1). A similar trend has been observed for ONs chloride (85 mL, 1.20 mol). The green-colored reaction mixture

S ) ; o . was warmed to room temperature and stirred for 39 h, whereupon
modified with 5,6-dihydropyrimidine&2Pblt is noteworthy, that it was poured into crushed ice (500 mL). The solution was

incorporation of monomeY into an ON is more destabilizing  neutralized by addition of NaHC() until evolution of CQ ceased.
than a mismatched DNA/DNA or DNA/RNA base pair (com- The mixture was concentrated, and solids were filtered off. The

pare data forON6 with mismatch data folON1). In fact, resulting aqueous solution was extracted with EtOA& (400 mL)
monomerY destabilizes duplexes as much as incorporation of and the combined organic phase evaporated to dryness. The
an abasic site (a THF analog) at this positiéh.Hence, resulting residue was purified by silica gel column chromatography

monomerY not only does not contribute to stabilization of (EtOAc) to afford an anomeric mixture~@:3 by *H NMR) of

duplexes but actively destabilizes neighboring base pairs. We Methylfuranosidé.0c/f (142 g, quantitative yield over two steps)

speculate that this may be a consequence of the loss ofeS colorless oil. A couple of fractions of pure anomers were obtained
ticit d the thereby i d steric bulk of th facilitating their individual characterization. Physical data for

aromaticity, and the thereby increased steric bulk of M€ anomer A: R = 0.4 (1% MeOH in CHCl,, v/v); MALDI-HRMS

nucleobase moiety (from planar to tetrahedral geometry at the ny; 463.0697 ((M+ Na]*, CieH240105»Na*, Caled 463.07038H
C5/C6-positions). This may lead to energetically unfavorable NMR (DMSO-dg) 6 7.27-7.39 (m, 5H, Ph), 5.44 (d, 1H, ed,=
intrastrand interactions with the neighboring nucleobases. 7.3 Hz, 2-OH), 4.76 (d, 1H) = 4.4 Hz, H1), 4.69-4.74 (d, 1H,
Alternatively, nucleobase atoms normally participating in J= 11.7 Hz, CHPh)/¢ 4.63-4.68 (d, 1H,J = 11.7 Hz, CHPh),
hydrogen bonding may be positioned suboptimally as a conse-4.22-4.31 (m, 3H, 2x H5, H5), 4.15-4.21 (m, 1H, H2), 4.08
quence of the constrained glycosidic torsion angle; however, 4.13 (d, 1H,J = 10.3 Hz, H¥), 4.03-4.07 (d, 1H,J = 8.1 Hz,
structural studies would be required to determine this. H3), 31-33 (s, 3H, CHD), 3.24 (s, 3H, CH50Q,), 3.14 (s, 3H, CH-
To conclude, a viable synthetic route toward'aafhino-a- SOy); *C NMR (DMSO4y) 4 137.9, 128.1 (Ph), 127.5 (Ph), 101.5

- . (C1), 84.3 (C3), 79.4, 75.7 (C2), 72.4 (@h), 70.2 (CH, 68.7
L-LNA phosphoramidite has been developed. Introduction of (C5). 54.7 (CHO), 36.62 (CHSOy), 36.57 (CHSO,). Physical data

a CZ-az'ido group prior to Vorbirggen glycosylation proved to' for anomer B: R, = 0.2 (1% MeOH in CHCl,, V/v); MALDI-

be crucial for the success of the route. The secondary aminoyrMS miz 463.0695 ([M + NaJ*, CiHz4010S+Na*, Calcd
group of the aza-methylene bridge of-a@minoo-L-LNA 463.0703)H NMR (DMSO-dg) 7.29-7.38 (m, 5H, Ph), 5.80 (d,
nucleosides is conformationally preorganized for intramolecular 1H, ex,J = 4.4 Hz, 2-OH); 4.81 (d, 1HJ = 1.5 Hz, H1), 4.65
Michael addition to the C6-position. Under certain conditions 4.71 (d, 1H,J = 11.7 Hz, CHPh)/¢ 4.53-4.59 (d, 1H,J = 11.7
formation of tetracyclic “locked LNAs”, in which the furanose Hz, CHPh), 4.27-4.32 (m, 3H, 2x H5, H5), 4.15-4.22 (m, 2H,
ring and the glycosidic torsion angle are conformationally H2, HS5), 3.94 (d, 1H,J = 2.9 Hz, H3), 3.30 (s, 3H, C¥D), 3.21
restricted, is observed. Incorporation of one such “locked LNA” (S, 3H, CHSO,), 3.19 (s, 3H, CHSQ); *C NMR (DMSO-d)
monomer into ONs has a detrimental effect on thermal affinity 137.6, 128.2 (Ph), 127.5 (Ph), 127.4 (Ph), 109.4 (C1), 85.5 (C3),

toward DNA/RNA complements. In contrast, incorporation of 83.2,78.4 (C2), 71.8 (Chfeh), 68.7 (C9, 68.6 (C5), 54.9 (CKD),

) . . 36.64 (CHSQ,), 36.55 (CHSO,). A trace impurity of anomer A
2-aminoa-L-LNA monomers into ONs leads to modest s jgentified. Physical data for anomeric mixture: Anal. Calcd
changes in thermal affinity toward DNA complements relative for ¢, H,,0,,S,: C, 43.63: H, 5.49. Found: C, 43.61: H, 5.55.

to unmodified reference ONs but to prominent increases toward  pethyl-2-azido-3-0-benzyl-2-deoxy-50-methanesulfonyl-4-

RNA complements. The flexible synthetic strategy allows C-methanesulfonyloxymethyl-10-methyl-a.-L-erythro-pento-
chemoselective NZunctionalization of amino alcoholl8,

(76) Assignments ofH NMR signals of CHPh, H5, and H5(H5'/H5”
(75) Demidov, V. V.; Frank-Kamenetskii, M. Dirends BiochemSci for nucleosides), and of the corresponditi¢ NMR signals, may in
2004 29, 62—71. principle be interchanged.
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furanoside (11a/f). An anomeric mixture of methyl furanoside  reaction mixture was refluxed for 26 h whereupon it was cooled to
100/f (49.22 g, 0.11 mol) was coevaporated with anhydrous room temperature and poured into saturated aqueous Naf200
pyridine (2 x 125 mL) and dissolved in a mixture of anhydrous mL) and diluted with brine (200 mL). The phases were separated,
pyridine (110 mL) and anhydrous GEll, (440 mL). The solution and the aqueous phase was extracted with@H4 x 200 mL).

was cooled to-15 °C, and triflic anhydride (THO, 24.3 mL, 0.14 The combined organic phase was evaporated to dryness, and the
mol) was added over a period of 10 min. The reaction mixture resulting residue was purified by silica gel column chromatography
was warmed to room temperature and stirred for 90 min. The (0—70% EtOAc in petroleum ether, v/v) to afford an anomeric
slightly orange reaction mixture was then cooled-tb5 °C, and mixture (@ ~ 55:45 by'H NMR) of the azido nucleosid&3o/f3
saturated agueous NaHE@00 mL) was added. The phases were (33.60 g, 81%) as a white solid material. A few fractions of the
separated, and the organic phase was washed with additionalpuref-L-ribo-configured anomer were obtained. Physical data for

saturated aqueous NaH@Q@L00 mL). The organic phase was
evaporated to dryness, coevaporated with toluene @0 mL),
and the resulting anomeric mixture of crude triflate was used
immediately in the next step without further purification. To a
solution of the crude triflate in anhydrous DMF (250 mL) was added
NaN; (10.89 g, 0.17 mol) and 15-crown-5 (22.2 mL, 0.11 mol).
After stirring for 21 h at 50C, the reaction mixture was cooled to
room temperature and diluted with EtOAc (600 mL). The organic

anomeric mixtureR: = 0.6 (80% acetone in petroleum ether, v/v),
selected IR signakmax 2118 cnt? (azido group); MALDI-HRMS
m/z582.0942 ([M+ NaJ", CyoH25Ns010S,*Nat, Calcd 582.0935);

13C NMR (DMSO-dg) 6 163.5, 163.4, 150.3, 150.0, 137.0, 136.9,
135.9, 135.7, 128.3, 127.9, 127.8, 110.3, 108.5, 86.4, 83.1, 83.0,
81.0,79.4,78.7,73.9, 73.0, 68.2, 68.0, 67.5, 62.4, 61.3, 37.0, 36.8,
36.7, 36.6, 12.0, 11.9. Physical data fer-ribo-configured anomer
134: 13C NMR (CDCk) 6 163.6, 150.2, 137.0, 136.0, 128.7, 128.5,

phase was washed sequentially with saturated aqueous NaHC0112.0, 90.7, 83.8, 78.9, 75.0, 68.2, 67.6, 63.5, 37.5, 1X2NMR

(200 mL) and brine (2< 200 mL) and evaporated to dryness to
afford a slightly yellow oil (65 g), which was used in the next
step without purification. An aliquot was purified by silica gel
column chromatography {61.75% MeOH in CHCI,, v/v) to afford
an anomeric mixture~1:2 by'H NMR) of azido methylfuranoside
11a/f. Physical data for the anomeric mixtur& = 0.5 (70%
EtOAc in petroleum ether, v/v); selected IR signglax 2114 cnrt
(azido group); MALDI-HRMS m/z 488.0749 ([M + Na],
CieH23N30sS*Na*, Calcd 488.0768)C NMR (DMSO-ds) 137.03,

(CDCl3) data are identical with previously reported data for the
correspondings-p-ribo-enantiome?’

(1S,3R,4S, 7R)-7-Benzyloxy-1-methanesulfonoxymethyl-3-(thy-
min-1-yl)-2-oxa-5-azabicyclo[2.2.1Jheptane (b) and (1S,3S,4S,7R)-
7-Benzyloxy-1-methanesulfonoxymethyl-3-(thymin-1-yl)-2-oxa-
5-azabicyclo[2.2.1]heptane (14). To a solution of an anomeric
mixture of nucleosidd.3 (17.66 g, 31.6 mmol) in THF (215 mL)
and aqueous NaOH (2.0 M, 24 mL, 48.0 mmol) was added®Me
(1.0 M in THF, 47.4 mL, 47.4 mmol). After stirring at room

137.01, 128.32, 128.26, 128.2, 127.92, 127.90, 127.7, 104.9, 104.3temperature for 20 h the phases were separated, and the aqueous
83.4,81.1, 80.6,79.6,74.4,72.9,69.4, 68.9, 68.8, 68.7, 64.1, 59.7,phase was extracted with 8% MeOH in CH(3 x 100 mL, v/v).

55.3, 54.7, 36.68, 36.64. Anal. Calcd forgH,3N300S,: C, 41.28;
H, 4.98; N, 9.03; S, 13.78. Found: C, 41.58; H, 4.89; N, 8.69; S,
13.66.
1-O-Acetyl-2-azido-3O-benzyl-2-deoxy-50-methanesulfonyl-
4-C-methanesulfonoxymethyle. f-L-erythro-pentofuranose (12/
). To an ice-cold solution of the anomeric mixture of crude azido
methylfuranosidd 1o/ (~65 g) in acetic acid (170 mL) was added
acetic anhydride (42.3 mL, 0.45 mol) and concentratg®i®y (21.5
mL). After stirring at room temperature for 41 h, the reaction
mixture was cooled to OC and neutralized with aqueous NaOH
(4.0 M, ~130 mL). The resulting solution was further diluted with

The combined organic phase was evaporated to dryness, and the
resulting residue was purified by silica gel column chromatography
(0—85% acetone in petroleum ether, v/v) to affoedL-ribo-
configured nucleosid&4o. (4.11 g) and3-L-ribo-configured nucleo-
side 144 (3.92 g, 58% combined), both as white solid materials.
Physical data fol4o:: Rr= 0.5 (80% acetone in petroleum ether,
viv), MALDI-HRMS n/z 460.1128 ([M+ Na], C;gH23N30;S:
Na', Calcd 460.1149)'H NMR (DMSO-dg) 6 11.31 (s, 1H, ex,
NH), 7.58 (s, 1H, H6), 7.287.43 (m, 5H, Ph), 5.87 (d, 1H, =

1.8 Hz, H1), 4.66-4.70 (d, 1H,J = 11.7 Hz, CHPh)/8 4.58-
4.61 (d, 1H,J = 11.7 Hz, CHPh), 4.53 (s, 2H, HY, 4.26 (br s,

H,0 (50 mL), and the aqueous phase was extracted with EtOAc (4 1H, H3), 3.71 (br s, 1H, H3, 3.22 (s, 3H, CHS(,), 3.13-3.19
x 500 mL). The combined organic phase was evaporated to dryness(d, 1H,J = 10.4 Hz, H%'), 2.93-2.99 (d, 1H,J = 10.4 Hz, HY),

and the resulting residue was purified by silica gel column
chromatography (1:660% EtOAc in petroleum ether, v/v) affording
an anomeric mixture~1:6 by '"H NMR) of the glycosyl donor

1.82 (s, 3H, CH): 23C NMR (DMSOds) 6 163.8, 150.2, 137.8,
136.6 (C6), 128.2 (Ph), 127.53 (Ph), 127.47 (Ph), 107.1, 87.3, 86.1
(C1), 79.8 (C3), 70.8 (CHPh), 66.6 (C5, 58.9 (C2), 50.6 (C5),

120/f (44.10 g, 80%, over three steps) as a colorless oil. Physical 36.8 (CHSO,), 12.2 (CH). Anal. Calcd for GgH.3N30;S: C,

data for anomeric mixtureR; = 0.5 (70% EtOAc in petroleum
ether, v/v); selected IR signaljmax 2117 cmt (azido group);
MALDI-HRMS m/z 516.0724 ([NH‘ Na]*, Cl7H23N3oloSQ'Na+,

Calcd 516.0712)3C NMR (DMSO-ds) 6 169.1, 168.7, 137.1,

52.16; H, 5.30; N, 9.61; S, 7.33. Found: C, 52.25; H, 5.36; N,
9.18; S, 7.01. Calcd with/g EtOAc: C, 52.46; H, 5.42; N, 9.41;
S, 7.18. Physical data fd4g: R = 0.2 (80% acetone in petroleum
ether, viv), MALDI-HRMSmz 460.1126 ([M+ Na]", CiH2N407S

137.0, 128.33, 128.29, 127.92, 127.85, 127.81, 127.7, 97.1, 95.5,Na", Calcd 460.1149)'H NMR (DMSO-dg) 6 11.38 (s, 1H, ex,
85.2,82.2,79.4,79.0,74.1, 73.0, 68.9, 68.7, 68.6, 68.4, 63.8, 59.6,NH), 7.46 (d, 1H,J = 0.9 Hz, H6), 7.26-7.34 (m, 5H, Ph), 5.44

36.9, 36.69, 36.67, 20.9, 20.7. Anal. Calcd fapisN3010S,: C,
41.37; H, 4.70; N, 8.51. Found: C, 41.80; H, 4.55; N, 7.99. Calcd
with 3/, EtOAc: C, 42.05; H, 4.87; N, 8.29.
1-[2-Azido-3-O-benzyl-2-deoxy-50-methanesulfonyl-4C-meth-
anesulfonoxymethyle,f-L -erythro-pentofuranosyl]thymine (130/

(s, 1H, HI), 4.49-4.70 (m, 4H, CHPh, HB), 3.84 (s, 1H, H3,
3.65 (s, 1H, H2, 3.26 (s, 3H, CHSO,), 3.04-3.09 (d, 1H,J =
9.9 Hz, HB'), 2.76-2.81 (d, 1H,J = 9.9 Hz, H5"), 1.77 (d, 1HJ
= 0.9 Hz, CH); 13C NMR (DMSO-ds) 6 163.8, 149.9, 137.7, 134.5
(C6), 128.1 (Ph), 127.7 (Ph), 127.5 (Ph), 108.1, 88.2 5.5,

B). Thymine (18.80 g, 0.15 mol) was coevaporated with anhydrous 76.2 (C3), 70.7 (CHPh)266.4 (C5), 59.2 (C2), 49.9 (C5), 36.7
1,2-dichloroethane (60 mL) and resuspended in anhydrous 1,2-(CHsSO,), 12.2 (CH). Anal. Calcd for GgH23N3O;S: C, 52.16;

dichloroethane (190 mL). To this was addi@-bis-(trimethyl-
silyl)acetamidé’ (BSA) 56.0 mL, 0.23 mol), and the solution was
refluxed until becoming homogeneous (40 min). After cooling to
room temperature, glycosyl donb2o/f (36.67 g, 74.3 mmol) was

dissolved in anhydrous 1,2-dichloroethane (190 mL), and trimeth-

ylsilyl triflate (TMSOTf, 34.0 mL, 0.18 mol) was added. The

H, 5.30; N, 9.61; S, 7.33. Found: C, 52.12; H, 5.27; N, 9.08; S,
7.11. Calcd with'/g EtOAc: C, 52.46; H, 5.42; N, 9.41; S, 7.18.
13C NMR (DMSO-g) data are identical with previously reported
data for the correspondingrp-ribo-enantiome?’
(1S,3R,4S,7R)-7-Benzyloxy-1-hydroxymethyl-3-(thymin-1-yl)-
5-trifluroacetyl-2-oxa-5-azabicyclo[2.2.1]heptane (15)Nucleo-

(77) EI-Khawaga, A. M.; Hoffmann, H. M. RJ. Prakt Chem 1995
337, 332-334.

(78) Assignments ofH NMR signals of CHPh and H5 and of the
correspondingC signals, may in principle be interchanged.
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side14a (10.61 g, 24.3 mmol) was coevaporated with anhydrous ex,J = 5.9 Hz, 3-OHa4g), 4.67 (br s, 1.7H, H2), 4.53 (m, 1H,

pyridine (2 x 75 mL) and dissolved in a mixture of anhydrous
CH,Cl, (240 mL) and anhydrous pyridine (8 mL, 98.9 mmol).

H3'g), 4.45-4.48 (m, 2.7H, HZ, H34), 4.04-4.10 (d, 1.7HJ =
11.0 Hz, H%»), 3.66-3.83 (m, 8.1H, 2x H5' a1, H5"a, H5"g),

Trifluoroacetic anhydride (6.8 mL, 48.9 mmol) was added dropwise 3.57 (d, 1HJ = 12.4 Hz, H5'g), 1.78 (d, 3HJ = 0.9 Hz, CH.g),
over 5 min at 0°C. The reaction mixture was warmed to room 1.76 (d, 5.1HJ = 0.9 Hz, CH.»); 13C NMR (DMSO+g) ¢ 163.7,
temperature and stirred for 100 min, whereupon crushed ice (50 163.6, 154.4155.8 (m, 2x COCF), 150.1, 149.9, 134.05, 133.98,

mL) was added. The reaction mixture was diluted with,CHl (150
mL) and washed with saturated aqueous NalCDx 70 mL).

115.7 (q,J = 289 Hz, CF), 115.6 (q,J = 289 Hz, CF), 108.6,
108.3, 90.6, 89.2, 85.1, 84.4, 72.0, 70.0, 64.6, 62.3, 57.4, 57.3, 52.7,

The organic phase was evaporated to dryness and coevaporate82.6, 12.0, 11.7.

with toluene to give the crude trifluoroacetamide-protected nucleo-

side R = 0.5 (10%i-PrOH in CHC}, v/v), MALDI-HRMS m/z
556.0960 ([NH‘ Na]*, C21H22F3N3035'Na+, Calcd 5560972)] as

(1S,3R,4S,7R)-1-(4,4-Dimethoxytrityloxymethyl)-7-hydroxy-
3-(thymin-1-yl)-2-oxa-5-azabicyclo[2.2.1]heptane (18Method
A from 17: see the Supporting Information. Method B frdi®:

a white powder, which was used in the next step without further diol 19 (5.14 g, 14.1 mmol) was coevaporated with anhydrous
purification. To a solution of the crude trifluoroacetamide-protected pyridine (2x 50 mL) and redissolved in anhydrous pyridine (200
nucleoside in 1,4-dioxane (240 mL) were added potassium acetatemL). To this was added 44limethoxytrityl chloride (DMTrCI,

(7.13 g, 72.7 mmol) and 18-crown-6 (6.40 g, 24.2 mmol), and the 7.15 g, 21.10 mmol) and DMAP (0.87 g, 7.12 mmol), and the

reaction mixture was stirred at 8@ for 13 h. The reaction mixture

reaction mixture was stirred at room temperature for 20 h,

was cooled to room temperature, concentrated to 1/5 volume, andwhereupon it was evaporated to dryness. The resulting residue was

diluted with HO (50 mL) and EtOAc (350 mL). The phases were

separated, and the organic phase was washed with brirel(@

taken up in EtOAc (200 mL), and the organic phase was washed
sequentially with saturated aqueous NaHQ®b6 mL) and brine

mL) and evaporated to dryness to afford the crude acylated product(2 x 75 mL). The organic phase was evaporated to dryness and

[R = 0.6 (10%i-PrOH in CHC}, v/v), MALDI-HRMS mz
520.1293 ([M+ NaJ*, CpH22FsNsO~Na*, Calcd 520.1302)] as a

coevaporated with toluene ( 50 mL) to give the crude O5
tritylated alcohol €12 g) [Rr = 0.5 (10% MeOH in CHCI,, viv),

white solid material, which was used in the next step without further MALDI-HRMS nvz 690.2034 ([M+ NaJ", CssHaFsN3OsSNat,
purification. The crude acylated nucleoside was dissolved in Calcd 690.2008)] as a white powder, which was used in the next
saturated NfMeOH (250 mL) and stirred at room temperature  step without further purification. Aqueous NaOH (2.0 M, 22 mL,
for 15 h, whereupon the reaction mixture was evaporated to dryness.44.0 mmol) was added to an ice-cold solution of the crudé O5
The resulting residue was purified by silica gel column chroma- tritylated alcohol €12 g) in a mixture of absolute EtOH and

tography (6-5%i-PrOH in CHCl,, v/v) to give a rotameric mixture
(~1:1.3 byH NMR) of nucleosidel5 (7.12 g, 64% over three

pyridine (240 mL, 3:1, v/v). The reaction mixture was warmed to
room temperature and stirred for 4 h, whereupon it was evaporated

steps) as a white solid material. Physical data for the mixture of tg dryness and coevaporated with toluene 275 mL). The

rotamers: R = 0.3 (10%i-PrOH in CHC}, v/v); MALDI-HRMS
m/z 478.1174 ([NH‘ Na]*, C20H20F3N306-Na+, Calcd 4781196),
IH NMR (DMSO-dg)™ ¢ 11.40 (s, 2.3H, ex, NKl.g), 7.60 (d, 1.3H,
J = 0.8 Hz, HG), 7.47 (d, 1H,J = 0.8 Hz, H&), 7.25-7.40 (m,
11.5H, Ph4g), 6.08 (d, 1HJ = 1.8 Hz, H1g), 6.04 (d, 1.3H,) =
1.5 Hz, H1,), 5.21 (ap t, 2.3H, ex) = 5.9 Hz, 83-OHa4s), 4.92
(br's, 1.3H, H2,), 4.84 (br s, 1H, H2), 3.61-4.74 (m, 16.1H,
H3'a+8, H5 A+, H5 a+8, CHPha4g), 1.78 (d, 3H,J = 0.8 Hz,
CHsp), 1.76 (d, 3.9H, = 0.8 Hz, CH.»); 13C NMR (DMSO-ds)
0 163.6, 163.5, 155.2 (¢,= 36.6 Hz, COCE), 155.0 (qJ = 36.6

Hz, COCF), 150.1, 149.9, 137.5 (C6), 137.3 (C6), 134.0, 133.9,

128.2,127.6, 127.2, 115.6 (§= 289 Hz, CE), 115.5 (q,J = 288
Hz, CF;), 108.7, 108.4, 89.7, 88.3, 85.1 (), 84.5 (Clg), 78.8,
76.9, 71.3, 62.1 (CB), 60.6 (C2,), 57.1, 56.9, 53.1, 52.9, 11.9,
11.7. Anal. Calcd for gH,0F3N3zOs: C, 52.75; H, 4.43; N, 9.23.
Found: C, 53.17; H, 4.19; N, 9.07. Calcd withg i-PrOH: C,
52.81; H, 4.50; N, 9.15.
(1S,3R,4S,7R)-7-Hydroxy-1-hydroxymethyl-3-(thymin-1-yl)-
5-trifluroacetyl-2-oxa-5-azabicyclo[2.2.1]heptane (19)Nucleo-

resulting residue was purified by silica gel column chromatogréhy
(0—5% MeOH in CHCl,, v/v) to afford amino alcohal8 (6.50 g,
81% over two steps) as a white solid materi= 0.3 (10% MeOH
in CHClp, v/v), MALDI-HRMS m/z 594.2211 (M + NaJ*,
Cs2H33N307-Nat, Caled 594.2192)*H NMR (DMSO-dg) 6 11.28
(s, 1H, ex, NH), 7.57 (s, 1H, H6), 7.277.46 (m, 9H, Ar), 6.88
6.93 (d, 4H,J = 9.2 Hz, Ar), 5.90 (d, 1HJ) = 1.5 Hz, H1), 5.58
(d, 1H, ex,J = 4.6 Hz, 3-OH), 4.26 (d, 1H,J = 4.6 Hz, H3),
3.74 (s, 6H, 2x CH30), 3.34 (d, 1H, H2overlapping with HO),
3.25-3.29 (d, 1H,J = 10.8 Hz, H%)8! 3.19-3.24 (d, 1H,J =
10.8 Hz, H5), 3.03-3.08 (d, 1H,J = 10.3 Hz, HY), 2.94-2.99
(d, 1H,J = 10.3 Hz, H5), 1.84 (s, 3H, CH); 13C NMR (DMSO-
ds) 0 163.8, 158.0, 150.3, 144.8, 136.5 (C6), 135.4 (Ar), 135.3
(Ar), 129.7 (Ar), 127.7 (Ar), 127.6 (Ar), 126.6 (Ar), 113.1 (Ar),
106.9, 89.5, 85.8 (C}, 85.1, 73.4 (C3, 61.5 (C2), 60.7 (C5),
54.9 (C"bO), 50.6 (CB), 12.4 (CH';) Anal. Calcd for G,H3aN3O7+
10/,¢H,0: C, 65.94; H, 5.92; N, 7.21. Found: C, 66.33; H, 5.66;
N, 6.81.
(1S,3R,4S,7R)-1-(4,4-Dimethoxytrityloxymethyl)-5-(9'-fluoren-

side15(8.28 g, 18.2 mmol) was coevaporated with anhydrous 1,2- yimethoxycarbonyl)-7-hydroxy-3-(thymin-1-yl)-2-oxa-5-azabicyclo[2.2.1}-

dichloroethane (2 50 mL), suspended in anhydrous @3, (230
mL), and cooled to—70 °C. To this was added B&(1.0 M in

heptane (20).To an ice-cold suspension of amino alcol8l(0.25
g, 0.44 mmol) in saturated aqueous NaHC@ mL) and 1,4-

hexanes, 91 mL, 91.0 mmol) over 20 m?n. The reaction mixture gioxane (2 mL) was added'-guorenylmethyl chloroformate
was warmed to room temperature and stirred for 20 h, Whereupon(Fmoch 125 mg, 0.48 mmol). After stirring fc8 h at room

it was evaporated to dryness and coevaporated with toluene (3
100 mL). The resulting residue was purified by silica gel column

chromatography (08% MeOH in CHCI,, v/v) to give a rotameric
mixture (~1:1.7 by!H NMR) of diol 19 (5.14 g, 77%) as a white
solid material. Physical data for the mixture of rotameRs= 0.4
(20% MeOH in CHCY, viv); MALDI-HRMS mvz 388.0727 ([M
+ NaJ*, Ci3H14F3N306°Nat, Caled 388.0711)*H NMR (DMSO-
de)® 0 11.34 (br s, 2.7H, ex, Nkkg), 7.56 (d, 1.7HJ = 0.9 Hz,
H6,), 7.44 (d, 1HJ = 0.9 Hz, H&), 6.28 (d, 1H, ex,) = 4.0 Hz,
3'-OHg), 6.25 (d, 1.7H, exJ = 4.0 Hz, 3-OH,), 6.06 (d, 1HJ =
1.5 Hz, H1g), 6.04 (d, 1.7H,J = 1.5 Hz, H1,), 5.08 (ap t, 2.7H,

(79) The integral of the Hisignal of the least predominant rotamer

(termed B) is set to 1.0.
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temperature, the reaction mixture was diluted witfOH10 mL)

and EtOAc (35 mL). The phases were separated, and the aqueous
phase was extracted with EtOAc (8 35 mL). The combined
organic phase was evaporated to dryness, and the resulting residue
was purified by silica gel column chromatography{8D% EtOAc

in petroleum ether, v/¥9 to afford a rotameric mixture~1:1.2 by

IH NMR) of nucleoside20 (0.28 g, 81%) as a white solid material.
Physical data of rotamers = 0.6 (5% MeOH in CHCI,, v/v),

(80) During purification of this compound the silica gel chromatography
column was initially packed using an eluent containing eithefNEr
pyridine (1%, v/v).

(81) Assignments ofH NMR signals of H5 and H%', and of the
correspondingC signals, may in principle be interchanged.



2'-Aminoe-L-LNA and Tetracyclic Locked LNA

MALDI-HRMS nm/z816.2903 ([M+ NaJ*, C47H43N30sNa*, Calcd
816.2892); selected signaid NMR (DMSO-dg)? 0 11.54 (s, 1H,
ex, NHg), 11.31 (s, 1.2H, ex, NK), 6.21 (d, 1H, exJ = 4.2 Hz,
3'-OHg), 6.14-6.17 (m, 2.2H, 1.2ex,'30Ha, H1'g), 6.08 (s, 1.2H,
H1'), 4.59 (d, 1H,J = 4.2 Hz, H3g), 4.53 (d, 1.2H,J = 3.7 Hz,
H3'4); 13C NMR (DMSOdg) 6 163.8, 163.7, 158.0, 154.8, 154.5,

JOC Article

137.7, 128.2 (Ph), 127.6 (Ph), 127.4 (Ph), 86.4'JC43.0 (C6),
81.3, 80.1 (C3, 71.2 (CHPh), 64.6 (C2, 62.8 (C5), 60.1 (C5),
39.0 (C5), 20.4 (CHCO), 10.8 (CH). Physical data of compound
23 R = 0.3 (EtOAc); MALDI-HRMS m/z 424.1460 ([M+ Na]",
Con23N306'Na+, Calcd 4241479)%H NMR (DMSO-dG) 0 10.32
(s, 1H, ex, NH), 7.26:7.41 (m, 5H, Ph), 5.56 (d, 1H,= 1.8 Hz,

150.2, 150.0, 144.7, 144.6, 143.7, 143.53, 143.46, 143.0, 140.6,H1), 4.66-4.71 (d, 1H,J = 12.1 Hz, CHPh)7® 4.56-4.61 (d,
140.5, 140.4, 135.2, 135.1, 134.6, 134.1, 129.7, 127.8, 127.74,1H, J = 12.1 Hz, CHPh), 4.37 (d, 1H,J = 12.5 Hz, H6), 4.27
127.65, 127.56, 127.2, 126.7, 125.2, 125.0, 124.9, 120.1, 113.2,4.33 (d, 1H,J = 12.6 Hz, H5), 4.11-4.17 (d, 1H,J = 12.6 Hz,
108.2, 107.8, 89.1, 88.6, 86.0, 85.7, 85.3, 72.2, 71.4, 67.3, 66.9,H5), 3.97 (s, 1H, HY, 3.85 (br s, 1H, H2, 2.94-3.12 (m, 3H,
63.0, 62.2, 60.5, 60.3, 60.0, 54.9, 52.4, 52.1, 46.3, 46.2, 12.3, 12.0.H5", H5), 2.01 (s, 3H, CHCO), 1.11 (d, 3H, = 6.6 Hz, CH);

Anal. Calcd for Q7H43N309'3/8H201 C, 70.51; H, 5.51; N, 5.25.
Found: C, 70.13; H, 5.40; N, 5.07.
(1S,3R,4S,7R)-7-[2-Cyanoethoxy(diisopropylamino)phosphin-
oxy]-1-(4,4-dimethoxytrityloxymethyl)-5-(9'-fluorenylmethoxy-
carbonyl)-3-(thymin-1-yl)-2-oxa-5-azabicyclo[2.2.1]heptane (21).
Nucleoside20 (140 mg, 0.176 mmol) was coevaporated with
anhydrous 1,2-dichloroethane 28 mL) and dissolved in a mixture
of anhydrous EtN¢Pr), in CH,CI, (2 mL, 20%, v/v). To this was
added 2-cyanoethy,N'-(diisopropyl)-phosphoramidochloridite (47
uL, 0.21 mmol), and the reaction mixture was stirred at room

13C NMR (DMSO-dg) 6 172.1, 169.9, 149.3, 137.7, 128.2 (Ph),
127.6 (Ph), 127.4 (Ph), 83.8 (§181.5, 79.7 (C3, 77.3 (C6), 71.1
(CHyPh), 67.7 (C2, 59.9 (C5), 50.5 (C%), 37.9 (C5), 20.4 (Cht
CO), 10.3 (CH). Physical data of compour#t: R = 0.2 (EtOAc);
MALDI-HRMS mVz424.1470 ([M+ NaJ", CyoH23N30s-Na', Calcd
424.1479)H NMR (DMSO-dg) 6 11.29 (s, 1H, ex, NH), 7.54 (br
s, 1H, H6), 7.26-7.41 (m, 5H, Ph), 5.84 (d, 1H,= 1.5 Hz, H1),
4.64-4.70 (d, 1HJ = 12.1 Hz, CHPh)/84.53-4.59 (d, 1HJ =
12.1 Hz, CHPh), 4.39-4.45 (d, 1H,J = 12.6 Hz, H5), 4.21—
4.27 (d, 1H,J = 12.6 Hz, H5), 4.18 (s, 1H, H3, 3.68 (br s, 1H,

temperature for 1 h, whereupon the reaction mixture was diluted H2'), 3.10-3.16 (d, 1H,J = 10.4 Hz, H%), 2.89-2.94 (d, 1H,J

with CH,CI, (20 mL), washed with saturated aqueous NaHCO
(10 mL), and the aqueous phase was back-extracted witlCigH

= 10.4 Hz, H5), 2.03 (s, 3H, CHCO), 1.82 (s, 3H, Ch); 13C
NMR (DMSO-de) 6 169.9, 163.7, 150.2, 137.9, 136.6 (C6), 128.1

(20 mL). The combined organic phase was evaporated to dryness,(Ph), 127.5 (Ph), 127.4 (Ph), 106.9, 87.5, 86.0'JC79.9 (C3),
and the resulting crude residue was purified by silica gel column 70.8 (CHPh), 60.1 (C5, 58.9 (C2), 50.8 (C5), 20.5 (CHCO),

chromatography (850% EtOAc in petroleum ether, vA?)to afford
amidite21 (98 mg, 56%) as a white solid materi&. = 0.6 (90%
EtOAc in petroleum ether, v/v); MALDI HRMSwz 1016.3944
(M + NaJ*, CsgHeoNsO1oP-Na’, Calcd 1016.3970)3P NMR
(CHsCN + DMSO-dg) 6 150.4, 150.3, 149.8, 149.5.
(1R,6S,7R,8S,10S,11R,12S)-10-Acetoxymethyl-11-benzyl-
oxy-6-methyl-13-oxa-2,4,8-triazatetracyclo[8.2.123.053tridecan-
3,5-dione (22), (R,6R,7S,8S5,10S,11R,125)-10-Acetoxymethyl-11-
benzyloxy-6-methyl-13-oxa-2,4,8-triazatetracyclo[8.2.120.013-
tridecan-3,5-dione (23), and ($,3R,4S,7R)-1-Acetyloxymethyl-
7-benzyloxy-3-(thymin-1-yl)-2-oxa-5-aza-bicyclo[2.2.1]heptane
(24). Nucleosidelda (2.20 g, 5.03 mmol) was dried by coevapo-
ration with anhydrous toluene (2 25 mL) and dissolved in
anhydrous 1,4-dioxane (160 mL). To this were added KOAc (1.98

g, 20.1 mmol) and 18-crown-6 (2.63 g, 10.1 mmol), and the reaction
mixture was refluxed for 52 h, whereupon it was concentrated to

1/3 volume and diluted with O (25 mL) and EtOAc (75 mL).

The phases were separated, and the agueous phase was extracted

with EtOAc (3 x 75 mL). The combined organic phase was

evaporated to dryness, and the resulting crude residue purified by4

silica gel column chromatography{@00% EtOAc in petroleum
ether, v/v) to afford tetracyclic nucleosid2g (365 mg, 18%)23
(650 mg, 32%), and bicyclic’aminoe.-L-LNA nucleoside24 (520
mg, 26%) as white solid materials. Physical data of nucleddile
R = 0.4 (EtOAc); MALDI-HRMS vz 424.1471 ([M+ Na]*,
C20H23N306-Na+, Calcd 4241479)%H NMR (DMSO-de) 0 10.28
(s, 1H, ex, NH), 7.287.41 (m, 5H, Ph), 5.55 (d, 1H,= 1.8 Hz,
H1'), 4.61-4.66 (d, 1H,J = 12.1 Hz, CHPh)/® 4.56-4.60 (d,
1H,J = 12.1 Hz, CHPh), 4.49 (d, 1HJ = 11.7 Hz, H6), 4.25
4.31 (d, 1H,J = 12.5 Hz, H5), 4.15-4.20 (d, 1H,J = 12.5 Hz,
H5'), 4.06 (s, 1H, H3, 3.83 (br s, 1H, H2, 3.57 (d, 1HJ = 11.4
Hz, H5'), 2.79 (d, 1HJ = 11.4 Hz, HY), 2.49-2.58 (m, 1H, H5
partial overlap with solvent signal), 2.01 (s, 3H, §€30D), 1.11 (d,
3H,J= 6.5 Hz, CH); 13C NMR (DMSO-dg) 6 172.4, 169.9, 150.8,

12.3 (CH).
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