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Recent discovery of RNA interference has reinvigorated the interest in chemically modified RNA. Chemical
approaches may be used to optimize properties of small interfering RNAs, such as thermal stability,
cellular delivery, in vivo half-life, and pharmacokinetics. From this perspective, amides as neutral and
hydrophobic internucleoside linkages in RNA are highly interesting modifications that so far have not
been tested in RNA interference. Amides are remarkably good mimics of the phosphodiester backbone
of RNA and can be prepared using a relatively straightforward peptide coupling chemistry. The synthetic
challenge that has hampered the progress in this field has been preparation of monomeric building blocks
for such couplings, the nucleoside amino acid equivalents. Herein, we report two synthetic routes to
enantiomerically pure'a&aminomethyl-5carboxy-3,5-dideoxy nucleosides, monomers for preparation

of amide-modified RNA. Modification of uridine, a representative of natural nucleosides, using nitroaldol
chemistry gives the target amino acid in 16 steps and 9% overall yield. The alternative synthesis starting
from glucose is somewhat less efficient (17 steps and 6% yieltafidomethyl-5carboxy-3,5'-dideoxy

uridine), but provides easier access to modified nucleosides having other heterocyclic bases. The syntheses
developed herein will allow preparation of amide-modified RNA analogues and exploration of their
potential as tools and probes for RNA interference, fundamental biochemistry, and bio- and nanotech-
nology.

Introduction for siRNAs to be useful in vivo they need to be chemically

) . _ _ modified to optimize their enzymatic stability, cellular uptake,

RNA interference (RNAI) is an evolutionarily conserved gene pjodistribution, and pharmacokinetics while minimizing toxicity
regulation mechanism in response to double-stranded RNA anq undesired off-target effects of SiRNAs.

(dsRNA)*? RNAI has already become a major tool in bioin-  geyeral RNA analogues initially designed to increase the
formatics and biochemistry for studying biological mechanisms clease resistance of antisense oligonucleotides have already

and protein function through the loss-of-function analysis. shown promising results in RNAi® In general, modifications
Moreover, the discovery that the dsRNA step of RNAi may be hat maintain and reinforce the A-type geometry of RNA are

bypassed by directly introducing synthetic short interfering re|atively well tolerated in RNAI, the most prominent examples
RNAs (siRNAs) into human cefishas revitalized the idea of being 2-O-Me %14 2'-F 11-16 |ocked nucleic acids (LNAJ*17

gene therapy using short synthetic oligonucleotit@siowever,

(6) Ryther, R. C. C.; Flynt, A. S.; Phillips, J. A.; Patton, J. Gene

T Northeastern University. Ther.2005 12, 5-11.
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and 4-thio RNA8 However, extensive modification that
changes the overall shape of RNA results in a sharp decrease
in RNAI activity.1114 For example, increasing the size of the
alkyl groups at the "2position to allyl or methoxyethyl strongly
inhibits RNAi 1913 Most remarkably, modifications of the phos-
phate backbone are also well tolerated. Phosphorothioates, the

e ; . U
most popular modifications in antisense research, have shown @
promising resultd?11.16.19and even a fully modified siRNA 0% 8 oH 0% .3 o
duplex retains some RNAI activifif. SiIRNAs with borano- o-P~ oflr/

phosphate modifications have demonstrated similar potential in

50 : S ) ;
RNA.. Sev_eral studies have demo_nstra_ted in vivo S|_Ien_C|ng FIGURE 1. Amides as internucleoside linkages.
of therapeutically relevant genes using different combinations

of carbohydrate and backbone modificatidhs! CONH-5 and 3-CH,NHCO-5),24-26 methylene(methylimino)
However, none of the currently used modifications offers ideal (3-CH,N(CH;)0-5),27:28 formacetal (30CH,0-5),2%-32 and
properties for in vivo RNAI applications. Thé-thodifications thioformacetal (3SCH0-5)3132 backbones. Recently, we
give only limited improvements in enzymatic stability and may showed that the two isomeric amide linkages (Figuré and
inhibit RNAI activity if used extensively. Phosphorothioates and 2) were excellent mimics of the phosphodiester backbone in
boranophosphates are typically heterogeneous mixtures ofRNA duplexes® Whereas the duplexes having amide
diastereomers with lower thermal stability than the native RNA. modification have thermal stability similar to the nonmodified
Phosphorothioates also exhibit nonspecific binding to proteins controls, the amid® remarkably stabilizes the RNA duplexes
and inhibit a variety of enzymes, which is a likely cause of (At,, up to over 2°C per modification}® This is in contrast to
cytotoxicity and side effects in clinical trial8:!°On the other  the results by De Mesmaeker and co-workers in the DNA series
hand, it is conceivable that RNAi may tolerate even more radical where both amide% and2 have thermal stability similar to the
backbone modifications, provided that the modified linkages nonmodified DNA24 A practical advantage of amides is that
closely mimic the A-type geometry of the RNA duplex. In  they can be prepared using a relatively straightforward peptide
particular, hydrophobic non-phosphorus backbones will ensure coupling chemistry. The synthetic challenge that so far has
high (if not complete) enzymatic resistance and may offer other hindered the progress in this field has been the synthesis of the
important advantages for in vivo applications, such as favorable highly modified C-branched nucleoside amino acids (such as

cellular uptake, biodistribution, and pharmacokinetics.

However, most of the non-phosphorus backbones are poor

3, Scheme 1), monomers for the peptide type couplings.
Whereas several research groups have developed synthetic

mimics of nucleic acid structure as can be judged from the routes for introduction of amidekin RNA,26:33-35 preparation

dramatically reduced thermal stability of the modified double
helices??23 Among the few exceptions are amides-CH,-

(11) Chiu, Y. L.; Rana, T. MRNA2003 9, 1034-1048.

(12) Allerson, C. R.; Sioufi, N.; Jarres, R.; Prakash, T. P.; Naik, N.;
Berdeja, A.; Wanders, L.; Griffey, R. H.; Swayze, E. E.; BhatJBMed.
Chem.2005 48, 901-904.
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N.; Jarres, R.; Baker, B. F.; Swayze, E. E.; Griffey, R. H.; Bhat].Bved.
Chem.2005 48, 4247-4253.
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A.; Corey, D. R.Biochemistry2003 42, 7967-7975.
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M. A.; Sullenger, B. ARNA2004 10, 766-771.

(16) Harborth, J.; Elbashir, S. M.; Vandenburgh, K.; Manninga, H.;
Scaringe, S. A.; Weber, K.; Tuschl, RAntisense Nucl. Acid Drug De
2003 13, 83—105.

(17) Elmen, J.; Thonberg, H.; Ljungberg, K.; Frieden, M.; Westergaard,
M.; Xu, Y.; Wahren, B.; Liang, Z.; Urum, H.; Koch, T.; Wahlestedt, C.
Nucleic Acids Re2005 33, 439-447.

(18) Hoshika, S.; Minakawa, N.; Kamiya, H.; Harashima, H.; Matsuda,
A. FEBS Lett.2005 579 3115-3118.

(19) Soutschek, J.; Akinc, A.; Bramlage, B.; Charisse, K.; Constien, R.;
Donoghue, M.; Elbashir, S.; Geick, A.; Hadwiger, P.; Harborth, J.; John,
M.; Kesavan, V.; Lavine, G.; Pandey, R. K.; Racie, T.; Rajeev, K. G.; Rohl,
I.; Toudjarska, |.; Wang, G.; Wuschko, S.; Bumcrot, D.; Koteliansky, V.;
Limmer, S.; Manoharan, M.; Vornlocher, Mature2004 432 173-178.

(20) Hall, A. H. S.; Wan, J.; Shaughnessy, E. E.; Ramsay Shaw, B.;
Alexander, K. A.Nucleic Acids Re2004 32, 5991-6000.

(21) Morrissey, D. V.; Lockridge, J. A.; Shaw, L.; Blanchard, K.; Jensen,
K.; Breen, W.; Hartsough, K.; Machemer, L.; Radka, S.; Jadhav, V.; Vaish,
N.; Zinnen, S.; Vargeese, C.; Bowman, K.; Shaffer, C. S.; Jeffs, L. B.;
Judge, A.; MacLachlan, |.; Polisky, Blat. Biotechnol2005 23, 1002~
1007.

(22) Freier, S. M.; Altmann, K. HNucleic Acids Resl997, 25, 4429~
4443,

(23) Sanghvi, Y. S. InComprehensie Natural Products Chemistry
Barton, D. H. R., Nakanishi, K., Meth-Cohn, O., Eds.; Elsevier: Amsterdam,
1999; pp 285-311.

of amide2 modified nucleic acid has been a challenging and
little attempted goal. Before our first rep&ion synthesis of
3'-azidomethyl-3-deoxyuridine and 'scarboxy-5-deoxyuridine
using the nitroaldetreduction sequences, there had been only
one precedent of similar separate one carbon homologation in
the DNA series using a variant of radical alkylation at theé C3
and Wittig reaction at the C3* In a series of two preliminary
papers’®37 we recently reported asymmetric synthesis 6f 3
azidomethyl-5carboxy-3,5'-dideoxy uridined4a (Scheme 1,

(24) Lebreton, J.; Waldner, A.; Fritsch, V.; Wolf, R. M.; De Mesmaeker,
A. Tetrahedron Lett1994 35, 5225-5228.

(25) De Mesmaeker, A.; Lesueur, C.; Bevierre, M. O.; Waldner, A,;
Fritsch, V.; Wolf, R. M.Angew. Chem., Int. Ed. Engl996 35, 2790~
2794.

(26) Rozners, E.; Katkevica, D.; Bizdena, E.; &tizerg, RJ. Am. Chem.
Soc.2003 125 12125-12136.

(27) Morvan, F.; Sanghvi, Y. S.; Perbost, M.; Vasseur, J. J.; Bellon, L.
J. Am. Chem. S0d.996 118 255-256.

(28) Vasseur, J. J.; Debart, F.; Sanghvi, Y. S.; Cook, Rl.Bm. Chem.
Soc.1992 114, 4006-4007.

(29) Quaedflieg, P. J. L. M.; Pikkemaat, J. A.; Van der Marel, G. A;;
Kuyl-Yeheskiely, E.; Altona, C.; Van Boom, J. Recl. Tra. Chim. Pays-
Bas1993 112 15-21.
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(31) Jones, R. J.; Lin, K. Y.; Milligan, J. F.; Wadwani, S.; Matteucci,
M. D. J. Org. Chem1993 58, 2983-2991.

(32) Lin, K. Y.; Pudlo, J. S.; Jones, R. J.; Bischofberger, N.; Matteucci,
M. D.; Froehler, B. CBioorg. Med. Chem. Letfl994 4, 1061-1064.

(33) Robins, M. J.; Doboszewski, B.; Nilsson, B. L.; Peterson, M. A.
Nucleosides, Nucleotides Nucleic AcRZ0Q 19, 69—86.

(34) Robins, M. J.; Doboszewski, B.; Timoshchuk, V. A.; Peterson, M.
A. J. Org. Chem200Q 65, 2939-2945.

(35) Rozners, E.; Straberg, RNucleosides Nucleotidd997, 16, 967—
970.
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SCHEME 1. Retrosynthetic Analysis of Amide-Linked RNA
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Another popular approach to synthesis of modified nucleo-
sides is to use a common carbohydrate as a glycosyl donor (such

present paper we report extension of these preliminary studiesas2, Scheme 1), which is coupled with the desired heterocycle

to preparation of all four protected nucleoside azido adaitsd
(Scheme 1, Base Ura, Cyt, Ade, Gua). We have also devel-
oped synthesis of Fmoc protected uridine amino 8eidtarting
from protected uridine and using a modification of our nitro-
aldol-reduction chemistry® Each of the two routes, starting
either from carbohydrates or from nucleosides, has unique
advantages and shortcomings.

Results and Discussion

1. Retrosynthetic Analysis.There are three general strategies

to give the modified nucleoside. The advantages are that a
variety of heterocyclic bases can be installed late in the synthesis
and that the carbohydrate intermediates are generally less
sensitive than nucleosides. However, such routes are frequently
lengthy and laborious because the multifunctional carbohydrates
require extensive protecting group manipulations. We recognized
that a common glycosyl don@ can be derived from the 3,5-
C-homologated ribosg, an advanced intermediate in Benner's
synthesis of sulfone-modified RNA (Scheme 1, Routé®h
Benner’s synthesi¥2an elimination-hydroboration sequence

on glucose-derived established the C5 homologation8nand

to synthesize nucleosides that have modifications in their sugara Wittig reaction to givelO followed by stereoselective

moiety. The traditional routes take the advantage of chiral pool

hydroboration established the C3 homologation.

starting materials, nucleosides and carbohydrates, which have The third approach is de novo asymmetric construction of
most of the carbon skeleton and stereochemical relationshipsthe modified nucleosides using the principles of total synthesis.
already set or easily adjustable. The most straightforward route Although such an approach traditionally has been more popular
starts with the corresponding natural nucleoside. Such anin preparation of carbocyclic nucleosidesiew examples of

approach works best if the modification is a relatively minor de novo synthesis of natural and carbohydrate-modified nucleo-

one and can be installed using mild chemistry tolerated by the sides have been reporté-42 We recently developed a very
multifunctional nucleosides. The main drawback is that four
separate syntheses have to be done if the modification of all
four natural nucleosides is required. Moreover, due to distinct
chemical properties of the heterocycles, reaction conditions

(38) (a) Huang, Z.; Schneider, K. C.; Benner, SJAOrg.Chem1991
56, 3869-3882. (b) Richert, C.; Roughton, A. L.; Benner, S. A.Am.
Chem. Soc1996 118 4518-4531.

(39) For selected examples, see: (a) Shin, K. J.; Moon, H. R.; George,

developed for a specific nucleoside may not be transferable toC.; Marquez, V. EJ. Org. Chem200Q 65, 2172-2178. (b) Trost, B. M.;

other nucleosides. Our retrosynthetic analysis Barino-
methyl-3-carboxy-3,5-dideoxy uridine3a following the nucleo-
side route (Scheme 1, Route A) involves sequential use of
nitroaldol reaction for one carbon homologation at (8 and

C5 (5) followed by conversion of the nitroalkyl groups into
amine and carboxylic acid, respectivéyThe starting material

for this sequence is the selectively protected uridine

5908 J. Org. Chem.Vol. 71, No. 16, 2006

Madsen, R.; Guile, S. D.; Brown, B. Am. Chem. So200Q 122 5947
5956. (c) Crimmins, M. T.; King, B. W.; Zuercher, W. J.; Choy, A.L.
Org. Chem.200Q 65, 8499-8509.

(40) (a) Lavallee, J. F.; Just, Getrahedron Lett1991, 32, 3469-3472.
(b) Trost, B. M.; Shi, Z.J. Am. Chem. Sod996 118 3037-3038. (c)
Hager, M. W.; Liotta, D. CJ. Am. Chem. S0d991, 113 5117-5119. (d)
Svansson, L.; Kvarnstroem, |.; Classon, B.; Samuelssod, 8rg. Chem.
1991 56, 2993-2997. (e) Guppi, S. R.; Zhou, M.;'Doherty, G. A.Org.
Lett. 2006 8, 293-296.
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SCHEME 22
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aConditions: (a) CbzCI2 N NaOH, dioxane/kD (4:1), pH 9, rt, 20
min, 93%; (b) 10% CHGICOOH in CHCl,, Et;SiH, rt, 15 min, 77%,; (c)
DMSO, EDC, pyridine, TFA, toluene, rt, 1 h; (d) GNO,, NaOCH,
MeOH, rt, 1.5 h; (e) AgO, cat. p-TsOH, rt, 1.5 h; (f) NaBH abs. EtOH,
rt, 40 min, 65% (4 steps); (g) NaNOAcOH, DMSO, 40°C, 28 h, 67%;
(h) Hp, Pd/C, MeOH, rt, 3 h; (i) Fmoc-succinimide, NaHgQlioxane/
acetone/HO (6:1:1), rt, 3 h, 90% (2 steps).

efficient asymmetric synthesis of all fout-&zido-3-carboxy-
methyl-3,5-dideoxy nucleosidé$4?(constitutional isomers of
4a—d) and reported preliminary results toward the more chal-
lenging 3-azidomethyl-5carboxy-3,5-dideoxy nucleosides
4a—d (Scheme 15537 In our retrosynthetic analysis (Scheme
1, Route C) the common glycosyl dondis derived from lac-
tone11. In our first desigr® lactonell was obtained by iodo-
lactonization of unsaturated carboxylic adig, which in turn

was made in several steps from the small organic compounds

14, 15, and 16a Recently, we reported preliminary results
toward an improved de novo route, which proceeds through
unsaturated amid&3, available from14, 15, 16b, and chiral

aminel7.3” The main advantage of de novo synthesis is greater

flexibility in choosing chemical reactions and starting materials,
which should allow easier optimization and future development
of more efficient synthesis ofa—d.

2. Modification of Natural Nucleosides (Route A): The
Nitroaldol Approach. The synthesis of 'saminomethyl-5
carboxy-3,5-dideoxy uridine derivative3a (Scheme 2) starts
with the protected '3aminomethyl-3-deoxy uridinel8, which
was prepared following our previously developed nitroatdol
reduction sequenc®.Protection of the amino group as benzyl-
oxycarbamate (Cbz) was followed by cleavage of th€45
methoxytrityl) group (MMT) using dichloroacetic acid in the
presence of triethylsilane to giv&0, the key starting material
for the following B8-homologation steps. Oxidation of the
primary alcohol and addition of the nitromethane was done in
a one-pot mode without isolation of the intermediate aldehyde
21. Oxidation conditions were optimized to simplify work up
and isolation of the products. In particular, the use of 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC) allowed for
removal of the urea byproducts via simple aqueous extrattion.

(41) Rozners, E.; Liu, YOrg. Lett.2003 5, 181-184.

(42) Rozners, E.; Liu, YJ. Org. Chem2005 70, 9841-9848.

(43) Chen, X.; Wiemer, A. J.; Hohl, R. J.; Wiemer, D.F.Org. Chem.
2002 67, 9331-9339.
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The resulting mixture of diastereomeric aldol adu2® (vas
used directly (without characterization) in the next acetylation
and reductive elimination steps to give nitroalk&#ein good
yield. For acetylation, the use pfra-toluenesulfonic acid (p-
TsOH) as the catalyst (previously we used HgI®a similar
proceduré®) was important to retain the-®©-TBS protection.
Nitroalkane24 was converted into carboxylic acib using the
procedure developed by Mioskowski and co-workéasid also
used in our earlier studies to prepare the&rboxy-5-deoxy
uridine derivative?® Finally, the temporary Chz protection,
which served very well during the'homologation, was
replaced with the Fmoc protection, which we expected to be
better suited for the solid phase oligoamide synthesis. The
protecting group replacement maneuver was done in a one-pot
two-step sequence of hydrogenation and carbamate formation
under standard conditions, thus completing the synthesis of the
protected 3aminomethyl-5carboxy-3,5-dideoxy nucleoside
3ain 16 steps and 9% overall yield starting from uridine.

3. Synthesis fromp-Glucose (Route B)In our preliminary
paper3® we reported the synthesis of glycosyl dor@ostarting
from the known C-homologated carbohydrate derivat8e
(Scheme 3%8 In summary, protection of the primary alcohol,
installation of the azido group, and replacement of the 1,2-
isopropylidene group with acetates gave the glycosyl d@nor
in six steps and 36% yield starting fra8r(overall 14 steps and
~9% vyield from the commercially available 1,2:5,6@4-
isopropylidenes-glucose). Intermediai@features the complete
carbon skeleton and correct stereochemical relationships required
for the sugar moiety of our target-a8zidomethyl-5-carboxy-
3,5-dideoxy nucleosideda—d. Herein we report extension of
these preliminary studies to prepateazidomethyl-5carboxy-
3,5'-dideoxy nucleosideda—d bearing all four natural hetero-
cyclic bases.

Synthesis of the modified pyrimidine nucleosides was done
following the standard Vorbiggen methodolog§® Thus,
coupling of bis(trimethylsilyl) heterocycles witl2 in the
presence of trimethylsilyl trifluoromethanesulfonate (TMSOTT)
gavez26aand26bin good yields. The adenosine derivatec
was made using the tin tetrachloride mediated reacti@wath
unprotected adenine as described by Saneyoshi and Satoé.
guanosine derivativ6d was prepared as single N9-isomer
using the TMSOTf mediated coupling @f with persilylated
2-N-acetyl-6O-diphenylcarbamoylguanine as described by Zou
and Robins!

Our initial design of the final steps was to selectively cleave
the 8-O-TBDPS group, oxidize the primary alcohol, and, finally,
replace the 20-Ac with the 2-O-TBS group. In contrast to
our previous synthesis of the isomeri¢-azido-3-carboxy-
methyl-3,5-dideoxy nucleoside¥,the 2-O-Ac cannot be used
as a protecting group in the final azido acids because reduction
of the adjacent azide to amine would trigger 1,5-migration of
the acetyl to form acetamide. We decided to use tH®-ZBS
protection because thé-@-triethylsilyl (TES) group used in
our preliminary stud$f was found to be too labile. Whereas
the first two steps (selective desilylation and oxidation of the
6'-OH) on the uridine derivative6adid not cause any problems,

(44) Matt, C.; Wagner, A.; Mioskowski, CJ. Org. Chem.1997, 62,
234-235.

(45) (a) Vorbriggen, H. Acc. Chem. Resl995 28, 509-520. (b)
Vorbriggen, H.; Ruh-Pohlenz, Glandbook of Nucleoside Synthesigley-
Interscience: New York, 2001; p 631.

(46) Saneyoshi, M.; Satoh, Ehem. Pharm. Bulll979 27, 2518-2521.

(47) Zou, R.; Robins, M. JCan. J. Chem1987, 65, 1436-1437.
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SCHEME 3# phenoxyacetyl amides, respectively, using the temporary TMS

OH OTBDPS

\—%\ ref. 36 \WOAC (a)
— —
O

(0] OAc

protection method?

Selective oxidation of the primary'-®ydroxyl group was
achieved using the 2,2,6,6-tetramethylpiperidilyloxy radical
(TEMPO), which is a versatile reagent often used for selective

BzO \/1» Nj
8 ) oxidation of carbohydrate®.Widlanski et ak! have reported
oxidation of nucleoside'shydroxyl groups using TEMPO and
OTBDPS OH [bis(acetoxy)iodo]benzene (BAIB) as a stoichiometric oxidant.

\—WBESG (b) 6' \—WBase (d)
Ny OAc OH

N3
26a-d 27a-d
28a-d

© ’: 27 Base = (b) Cyt, (c) Ade, (d) Gua

28 Base = (b) 4-N-BzCwt, (c) 6-N-BzAde,

(d) 2-N-(phenoxyacetyl)Gua

Application of the TEMPO/BAIB system t@8a gave the
expected carboxylic aci@9a in 80% yield3® After careful
optimization of reaction conditions, we found that the system
consisting of TEMPO, NaCl@and bleac?? gave cleaner and
higher yielding oxidation of28a—d to the corresponding
carboxylic acids29a—d. Protection of the remaining'-©OH
group as TBS ether completed the syntheses of all four
3'-azidomethyl-5carboxy-3,5-dideoxy nucleosidegda—d in
17—-18 steps and 26% overall yields starting from 1,2:5,6-

QH Base QH Ura di-O-isopropylidenes-glucose.
o] 0 UL 0 We envisioned that the azide a—d might serve as a
SR Y1es masked_ amin(_) func_ti(_)n in our planned solid phase oligo_amide
N3 FmocHN synthesis. Using uridinda as a model compound we briefly
(e)l:Z:':d E:!I-"BS 3a surveyed different methods for azide reduction. Two reagent
30a R=Ac systems that have been previously used to reduce azides on solid

support=SnCh, PhSH, triethylamin&->*and P(Me), toluene,
wateP5—gave low yields of the target amine accompanied by a
significant amount of byproducts. Catalytic hydrogenation over
aConditions: (a) fo6a 2,4-0,0'-bis(trimethylsilyl)uracil, TMSOTT, 10% Pd on carbon was relatively fast and good yielding
CHCIp, 1t, 1.5 h, 86%; for26b: 2,4-O,N-bis(trimethylsilyl)cytosine, (~80%). The best result was achieved withsBaoH and AIBN
TMSOTf, CICH,CH,CI, reflux, 1 h, 85%; fo26c adenine, SnG] CHCN, in toluene at 90°C (conditions previously used by dsfor

rt, 3 min, 79%; for26d: bis(trimethylsilyl)acetamide, R-acetyl-60- . . L .
diphenylcarbamoylguanine, CIGEH,CI, reflux, 10 min, add to2 in reduction of 5-azido-3-deoxyuridine) which gave clean and

CICH,CH,CI, add TMSOTH, reflux 1 h, 83%; (b) fo27aand27b: HCI, high yielding (~90%) reduction of4a to the corresponding
methanol, rt, 5 days, 91 and 97%; @fcand27d: NaOH, HO/methanol, amine (Scheme 3). Protection of the newly formed amine as
rt, 3-5 days, 91%; (c) fo28b:_benzoic anhydride, DMF, 1t, 24 h, 94%;  Fmoc carbamate gaw&s, which was identical to the material

for 28c. TMSCI, pyridine/CHCIy, rt, 1 h, add benzoyl chloride, @, 4 h, - -1 :
add methanol, rt, overnight, 89%; f@8d: (i) TMSCI, pyridine/CHCl,, previously prepared form uridine using Route A (Scheme 2).

Base = (a) Ura, (b) 4-N-BzCyt, (c) 6-N-BzAde,
(d) 2-N-(phenoxyacetyl)Gua

it, 1 h, add phenoxyacetyl chloride,°@, overnight, (i) BO, 0°C, 1 h, The use of Fmoc protected amines is an alternative strategy for
93%; (d) TEMPO, NaCl@ NaClO, BuNHCI, MeCN, rt, 5 h; (e) forda: synthesis of amide-modified RNAs, especially useful if the solid
TBSCI, DMF/pyridine (1:2), rt, 5 days, 85% (2 steps); #is—d: TBSOTT, phase reduction of azide encounters problems. Synthesis starting

2,6-lutidine, CHCIy, rt, 2—3 days4b 85%,4c 67%,4d 47% (2 steps); (f)
BuzSnH, AIBN, toluene, 90C, 25 min; (g) Fmoc-succinimide, NaHGO
acetone/HO (1:1), 0°C, 2 h, rt, overnight, 83% (two steps).

from 1,2:5,6-diO-isopropylidenes-glucose (Scheme 1, Route
B) required 19 steps and gave the Fmoc protected amino acid
3ain 5% overall yield. Although currently inferior to Route A
that starts from uridine, the synthetic strategy that uses the

cleavage of the '20-Ac group (in resulting30a) with NaOH modified furanoside as an intermediate may be more practical
was surprisingly slow and gave byproducts after prolonged if synthesis of all four modified natural nucleosides is required.
reaction times. We speculate that the increased steric hindrance 4- Future Outlook: Toward de Novo Asymmetric Synthe-
around the C2(especially the branching at the ¢&nd the  Sis of 3,5-C-Branched Furanoside 2 (Route CApplying the
deprotonation of the'Ecarboxylate, which make0anegatively prlnmples of total syn'ghe5|s to qlevelop shorter and higher yield-
charged, had a mutually negative effect on the rate of the INg routes to the key intermedia2s(see Route C) may further
hydrolysis. Therefore, we chose an alternative design based orfnhance the synthetic efficiency of Route B. To this end, we
selective oxidation to distinguish the primary and secondary have reported de novo synthesisising addition of alkynyl-

alcohols after complete deprotection28a—d (Scheme 3). zinc derivative of 16a to aldehydel5, Lindlar reduction,
. ) esterification withl4 followed by an Irelane-Claisen rearrange-
After some experimentation, we found that treatment of the

S . - ) ment (to givel2), and iodolactonization as the key steps
2y(;|$gI?eesSﬁg:je?:lgegszr?cgnzqgsglg} Ef:;é?ogggsc Iafr?cg (Scheme 4§¢ Although the synthesis could be rendered asym-

2 _.O_.AC groups. At t.hls point, the hete.rocydlc am'”o group OT (49) Ti, G. S.; Gaffney, B. L.; Jones, R. A. Am. Chem. Sod 982
cytidine was selectively protected using benzoic anhydride in 104 1316-1319.
DMF.*8 For purine nucleoside&6cand26d, NaOH in aqueous (50) De Nooy, A. E. J.; Besemer, A. C.; Van Bekkum,3ynthesid 996

Vi itinnd153-1174.

methanol was the preferred reagent becausg the E.lCIdIC condition (51) Epp. J. B.: Widlanski, T. SI. Org. Chem1999 64, 293-295,
led to some depurination. The heterocyclic amino groups of (52) Zhao, M.; Li, J.; Mano, E.; Song, Z.; Tschaen, D. M.; Grabowski,
adenosine and guanosine were protected as benzoyl and. J. J.; Reider, P. J. Org. Chem1999 64, 2564-2566.
(53) Kick, E. K.; Ellman, J. AJ. Med. Chem1995 38, 1427-1430.
(54) Kim, J. M.; Bi, Y.; Paikoff, S. J.; Schultz, P. Getrahedron Lett.

(48) Bhat, V.; Ugarkar, B. G.; Sayeed, V. A.; Grimm, K.; Kosora, N.; 1996 37, 5305-5308.
Domenico, P. A.; Stocker, ENucleosides Nucleotide989 8, 179-183. (55) Lundquist, J. T., IV.; Pelletier, J. Qrg. Lett.2001 3, 781-783.
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metric by employing a chiral ligand in the alkynylzinc addition,

enantiomersl1-ent), which can be advanced to furanoside

the ee achieved (92%) was modest for the planned multiple (or 2-ent) in five steps and 49% yield as previously described

couplings of theta—d to form amide-linked RNA. Furthermore,
the iodolactonization of the carboxylic aciti2 was not

by us3¢ Applying the acyl-Claisen rearrangement route and
starting with the correct enantiomers of chiral amine auxiliary

stereoselective and required laborious recycling of the undesiredshould give the common intermedidtén overall 11 steps and

stereoisomer. Overall, the glycosyl dorowas prepared in 12
steps and 11.5% yield starting frobd and16a Thus, our first

13% yield. The work is in progress in our lab to further improve
and optimize the de novo synthesisofvhich, combined with

generation de novo synthesis was already slightly more efficient the final nucleoside synthesis steps (as described in Route B),

than Route B, which producesin 14 steps and 9% overall
yield.

Literature precederts and recent studies in our labora-
tory374142suggested that iodolactonization of amides provided
a more stereoselective route to the requitteahs-3,4-dialkyl-
y-butyrolactones (e.gLl) and, eventually, to the desired furano-
side 2. After some experimentation, we were able to improve
our first generation de novo synthesis by using ataisen
rearrangemepit>°to access the required unsaturated anigle
ent (Scheme 4§7 The allylic amine required for the acyl

may provide a truly superior route to the highly modified 3
aminomethyl-5-carboxy-3,5-dideoxy nucleosideda—d.

Conclusions

Two synthetic routes for preparation of protectéeafino-
methyl-8-carboxy-3,5'-dideoxy nucleosides have been devel-
oped (Scheme 1, Routes A and B). Each route has its unique
advantages and shortcomings. Synthesis starting from nucleo-
sides (Route A) is the most direct and currently the most efficient

Claisen rearrangement was prepared in an enantiomerically purén terms of synthetic steps and overall yielii6 steps, 9% of

form using a three-component coupling 18, 16b, and17.57
Because of the initially arbitrary choice of the chiral aming
we actually obtained amidd3-ent that had the absolute

Fmoc protected'3aminomethyluridine derivativ@a. However,
four parallel syntheses would be required for preparation of
3a—d with all four natural heterocyclic bases. Moreover,

stereochemistry opposite to the one required for synthesis ofreaction conditions developed for uridine may need extensive

modified RNA with the natural chirality. This is not a problem

optimization to be applicable for other nucleosides. The advan-

as both enantiomers of proline are commercially available and tage of the synthesis starting from glucose (Route B) is that a

can be used to synthesiz& and its enantiomet7-ent5° The

common glycosyl donor, furanosi@ allows introduction of a

ability to produce both enantiomers of amide-linked RNA is & variety of natural and synthetic nucleobases. However, carbo-
unique advantage of the de novo synthesis (Route C) that ishydrates are highly functionalized and sensitive intermediates
not available if starting either from nucleoside (Route A) or that require extensive protecting group manipulation. As a result,

carbohydrate (Route B) precursors.

lodolactonization of 13-ent proceeded with good trans
stereoselectivity (3.5:1) and after reductive removal of iodine
and cleavage of the MOM protection gave lactdrieent At
this stage, the acylClaiserd” and the previously designed
Ireland—Claise® routes converge upon lactorfel (or its

(56) (a) Masaki, Y.; Arasaki, H.; Itoh, ATetrahedron Lett1999 40,
4829-4832. (b) Ha, H. J.; Lee, S. Y.; Park, Y. Synth. Commur200Q
30, 3645-3650. (c) For a review, see: Robin, S.; Roussea,é&ahedron
1998 54, 13681-13736.

(57) (@) Gommermann, N.; Koradin, C.; Polborn, K.; KnochelARgew.
Chem., Int. Ed2003 42, 5763-5766. (b) Koradin, C.; Polborn, K.; Knochel,
P. Angew. Chem., Int. EQ002 41, 2535-2538.

(58) Gonda, JAngew. Chem., Int. EQR004 43, 3516-3524.

(59) (a) Yoon, T. P.; Dong, V. M.; MacMillan, D. W. C. Am. Chem.
So0c.1999 121, 9726-9727. (b) Yoon, T. P.; MacMillan, D. W. Cl. Am.
Chem. Soc2001, 123 2911-2912.

(60) (a) Marik, J.; Bennettova, B.; Tykva, R.; Budesinsky, M.; Hlavacek,
J.J. Pept. Res2001, 57, 401-408. (b) Vedejs, E.; Lee, Nl. Am. Chem.
Soc.1995 117, 891—-900.

Route B requires 1718 steps for preparation of-azidomethyl-
5'-carboxy-3,5'-dideoxy nucleosidega—d in 2—6% overall
yields (19 steps, 5% to makis).

It is conceivable that the shortcomings of Route B can be
alleviated by future development of de novo synthesis of the
key common intermediat2 (Route C). In its current status, de
novo synthesis has the potential to increase the efficiency of
4a—d preparation to 1516 steps and-59% overall yields. An
important advantage of de novo synthesis is that it may be
further improved by optimization of the key reactions, e.g.,
Claisen rearrangement and iodolactonization, or by introduction
of entirely new syntheses of any of the intermediates. Finally,
the access to both enantiomers4z—d, and ultimately the
stereoisomers of amide-linked RNA, may be highly useful for
potential applications in biotechnology, biomedicine, and nano-
technology. Current work in our laboratory is focused on
optimization of de novo synthesis @ and on application of
protected 3aminomethyl-5carboxy-3,5'-dideoxy nucleosides
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3a—d and 3-azidomethyl-5carboxy-3,5-dideoxy nucleosides  (d,J= 8.1 Hz, 1H), 7.3%7.28 (m, 5H), 5.78 (dJ = 8.1 Hz, 1H),
4a—d in the solid phase synthesis of amide-linked RNA. 5.59 (s, 1H), 5.165.21 (m, 1H), 5.155.08 (m, 2H), 4.49-4.38
(m, 2H), 3.56-3.38 (m, 1H), 3.373.29 (m, 1H), 2.93-2.84 (m,
1H), 2.67 (ddJ = 16.0 Hz,J = 7.1 Hz, 1H), 2.46-2.31 (m, 1H),

Experimental Section 0.90 (s, 9H), 0.16. 0.10 (25, 6HFC NMR (CDCh, 150 MHZ):

3'-[N-(Benzyloxycarbonyl)aminomethyl]-2-O-tert-butyldi- 174.2,164.1, 156.6, 150.1, 140.6, 136.3, 128.5, 128.2, 128.1, 102.1,
methylsilyl-5',3-dideoxy-5-nitromethyluridine (24). 3-[N-(Ben- 93.0, 78.7, 77.3, 67.0, 45.6, 37.9, 37.6, 25.8, 18:0,4, —5.4.
zyloxycarbonyl)aminomethyl]‘20-tert-butyldimethylsilyl-3- 2'-O-tert-Butyldimethylsilyl-5'-carboxy-5,3 -dideoxy-3-[N-

deoxy uridine20 (1.03 g, 2.04 mmol) was dried by evaporation of  (fluorenylmethoxycarbonyl)aminomethyljuridine (3a). 3'-[N-
added dry toluene (% 50 mL) and then dissolved in dry toluene  (Benzyloxycarbonyl)aminomethyl]-O-tert-butyldimethylsilyl-8-

(10 mL). DMSO (5 mL), 1-ethyl-3-(3dimethylaminopropyl)- carboxy-5,3-dideoxyuridine25 (440 mg, 0.82 mmol) was dissolved
carbodiimide (EDC) (1.19 g, 6.2 mmol), pyridine (3.06 mmol, 247 in methanol (30 mL), and 10% Pd/C (140 mg) was added. The
uL), and trifluoroacetic acid (2.6 mmol, 194.) were added, and mixture was stirred at room temperature 3ch under an atmosphere
the mixture was stirred at room temperature for 1 h. Sodium (328 of H,. Dioxane (20 mL) was added, and the catalyst was filtered
mg, 14.3 mmol) was dissolved in methanol (6 mL), mixed with off and washed with dioxane (10 mL) and acetonitrile (10 mL).
nitromethane (10 mL), and added to the reaction mixture. After The filtrate was concentrated under reduced pressure, and the
being stirred at room temperature for 1.5 h the mixture was diluted residue was dissolved in acetongfH(1:1, 15 mL). Dioxane (10
with ethyl acetate (100 mL) and extracted with aqueous 10% citric mL) and NaHCQ (172 mg, 2.05 mmol) were added. A solution of

acid solution (50 mL), saturated aqueous NaHG&D mL), and N-(9-fluorenylmethoxycarbonyloxy)succinimide (329 mg, 1.02
brine (50 mL). The organic layer was dried ($£,) and mmol) in dioxane (30 mL) was added dropwise over 30 min. The

evaporated, and the residue was purified by silica gel column mixture was stirred at room temperature &h and concentrated
chromatography using a stepwise gradient of ethyl acetate in hexando almost dry. The residue was dissolved in ethyl acetate (75 mL)
(50 to 70%, 5% steps). The resultant diastereomeric mixtug2of  and extracted with 10% citric acid solution (30 mL) and brine (30
(0.97 g, 1.72 mmol) was dissolved in acetic anhydride (5 mL), mL). The organic layer was dried (b80Qy), evaporated, and puri-
p-toluenesulfonic acid monohydrate (82 mg, 0.43 mmol) was added, fied by silica gel column chromatography using stepwise gradient
and the mixture was stirred at room temperature for 1.5 h. The of ethanol in CHCI, (0—5.5%, 0.5% steps containing 1% of acetic
mixture was diluted with ethyl acetate (75 mL) and extracted with acid) to afford3a as a white foam. Yield 460 mg, 90%. TLG R
saturated aqueous NaHG@ x 50 mL) and brine (50 mL). The  0.39 (CHCl,/ethanol, 9:1). Elemental analysis calculated for
organic layer was dried (N8Qy), evaporated, and coevaporated Cs2HsoN3OgSi: C, 61.82; H, 6.32; N, 6.76. Found: C, 61.44; H,
with dry toluene (2< 30 mL). The residue (crud28) was dissolved 6.30; N, 6.54.*H NMR (CDClz, 600 MHz): 6 (major rotamer)

in absolute ethanol (5 mL). NaBH260 mg, 6.9 mmol) was added,  9.84-9.75 (broad, 1H), 7.73 (dl = 7.7 Hz, 2H), 7.59-7.52 (m,

and the mixture was stirred at room temperature for 40 min, diluted 2H), 7.50 (dJ = 8.1 Hz, 1H), 7.457.33 (m, 2H), 7.327.22 (m,
with ethyl acetate (75 mL), and extracted with aqueous 10% citric 2H), 5.79 (d,J = 8.1 Hz, 1H), 5.58 (s, 1H), 5.245.15 (m, 1H),
acid solution (30 mL), saturated aqueous NaHG8&D mL), and 4.49-4.33 (m, 4H), 4.224.15 (m, 1H), 3.4#3.39 (m, 1H), 3.36
brine (30 mL). The organic layer was dried ($&£;) and 3.24 (m, 1H), 2.86 (ddJ = 16.1 Hz,J = 3.3 Hz, 1H), 2.76-2.52
evaporated, and the residue was purified by silica gel column (m, 1H), 2.43-2.27 (m, 1H), 0.90 (s, 9H), 0.14, 0.09 (2s, 6FfC
chromatography using a stepwise gradient of ethyl acetate in hexandNMR (CDCl;, 150 MHz): 6 174.3, 164.3, 156.6, 150.1, 143.8,
(40 to 75%, 5% steps) to affo2#t as a white foam. Yield 725 mg, 143.7, 141.3, 140.75, 127.7, 127.0, 125.0, 120.0, 102.1, 93.0, 78.6,
65%. TLC R = 0.57 (CHCl,/ethanol, 19:1). Elemental analysis 77.4, 66.8, 47.1, 45.5, 37.9, 37.6, 31.6, 25.7, 18.0,5, —5.4.
calculated for GsH3gN4OgSi: C, 54.73; H, 6.61; N, 10.21. Found:  MS (ESI) calculated for €H39N30sSi 621.3, found [M+ 1] 621.8.

C, 54.54; H, 6.63; N, 10.05H NMR (DMSO-ds, 600 MHz): ¢ 2'-O-Acetyl-3'-azidomethyl-5-[(tert-butyldiphenylsilyloxy)-
(major rotamer) 11.39 (s, 1H), 7.54 (@,= 8.1 Hz, 1H), 7.39 methyl]-3',5-dideoxyuridine (26a) was prepared as previously
7.28 (m, 5H), 7.23 (t) = 4.9 Hz, 1H), 5.63 (ddJ = 8.1 Hz,J = reportedt®

1.9 Hz, 1H), 5.53 (s, 1H), 5.064.98 (m, 2H), 4.72-4.63 (m, 2H), 2'-O-Acetyl-3'-azidomethyl-5-[(tert-butyldiphenylsilyloxy)-

4.46 (d,J = 4.8 Hz, 1H), 3.99 (tdJ = 9.8 Hz,J = 2.2 Hz, 1H), methyl]-3',5-dideoxycytidine (26b).Trimethylsilyl trifluoromethane-
3.28-3.21 (m, 1H), 3.083.01 (m, 1H), 2.46-2.32 (m, 1H), 2.3+ sulfonate (1.08 g, 0.88 mL, 4.86 mmol) was added to a solution of
2.23 (m, 1H), 2.09-2.01 (m, 1H), 0.85 (s, 9H), 0.09, 0.04 (2s, 2(1.27 g, 2.42 mmol) and 2,@;N-bis(trimethylsilyl)cytosine (1.24
6H). 33C NMR (DMSO-ds, 150 MHz): ¢ 163.9, 156.6, 151.0, 140.8, g, 4.86 mmol) in 1,2-dichloroethane (35 mL) at@. The solution
137.8,129.0, 128.5, 128.4,102.1, 91.9, 80.4, 76.7, 73.5, 66.0, 46.2,was refluxed at 80C for 1 h, cooled to room temperature, and

37.7, 31.6, 26.3, 18.4-4.1, —4.9. diluted with cold CHCI, (150 mL). Saturated aqueous NaH£O
3'-[N-(Benzyloxycarbonyl)aminomethyl]-2-O-tert-butyldi- (100 mL) was added. The aqueous layer was extracted with CH

methylsilyl-5'-carboxy-5,3'-dideoxyuridine (25). 3'-[N-(Benzy- Cl; (3 x 100 mL). The combined organic layers were dried fNa

loxycarbonyl)aminomethyl]-20-tert-butyldimethylsilyl-5,3'- SQOy), concentrated, and purified by silica gel chromatography

dide oxy-3-nitromethyluridine24 (725 mg, 1.32 mmol) was dried  (CH,Cl./MeOH, 10:1) to afford26b. Yield 1.18 g, 85%. TLC R

by evaporation with added dry toluene (30 mL) and acetonitrile = 0.30 (CHCI,/MeOH, 10:1). IR: 2102, 1731 cm. H NMR
(30 mL) and then dissolved in dry DMSO (4 mL). NabQ75 (CDCl;, 300 MHz): 6 7.68-7.65 (4H, m), 7.43-7.36 (6H, m),
mg, 6.88 mmol) and acetic acid (1.25 mL, 21.65 mmol) were added, 7.23 (1H, s), 5.82 (1H, d), 5.65 (1H, d), 5.49 (1H, dd), 4.14 (1H,
and the mixture was stirred at 4Q for 28 h. The pH was adjusted  m), 3.87 (2H, m), 3.46 (1H, dd), 3.28 (1H, dd), 2.32 (1H, m),
to ca. 4.5 with 0.1 M HCI, and water (50 mL) was added. The 2.11 (3H, s), 2.03 (1H, m), 1.83 (1H, m), 1.07 (9H, SC NMR
precipitate was filtered off, washed with water (100 mL), dissolved (CDCls, 75 MHz): 6 169.9, 166.4, 155.8, 150.7, 140.8, 135.8,
in ethyl acetate (100 mL), and extracted with aqueous 10% citric 133.9, 133.9, 130.0, 127.9, 95.6, 92.0, 79.4, 77.8, 60.8, 48.0, 45.5,
acid solution (50 mL) and brine (50 mL). The organic layer was 37.2, 27.1, 21.1, 19.4. HRMS (ESI) calculated foitfzeNeOsSi
dried (NaSQy), evaporated, and purified by silica gel column 576.2516, found 577.2594 [M- 1].

chromatography using a stepwise gradient of ethanol inGTH 2'-O-Acetyl-3'-azidomethyl-5-[(tert-butyldiphenylsilyloxy)-
(0—7%, 1% steps containing 1% of acetic acid) to aff@flas a methyl]-3',5'-dideoxyadenosine (26¢)SnCl, (0.24 g, 0.11 mL,
white foam. Yield 470 mg, 67%. TLCR= 0.33 (CHCl,/ethanal, 0.91 mmol) was added to a mixture {0.24 g, 0.46 mmol) and
4:1). Elemental analysis calculated fops83sN30gSi: C, 56.27; adenine (0.068 g, 0.50 mmol) in GEIN (5 mL). After being stirred
H, 6.61; N, 7.87. Found: C, 55.97; H, 6.60; N, 7.7A NMR for 3 min, the cloudy solution turned clear. @&, (20 mL) and
(CDCls, 600 MHz): 6 (major rotamer) 9.679.59 (broad, 1H), 7.51 saturated aqueous NaHgQ0 mL) were added. The aqueous layer
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was extracted with CKCl, (3 x 20 mL). The combined organic  sodium chlorite (162 mg, 1.8 mmol), and tetrabutylammonium
layers were dried (N®Oy), concentrated, and purified by silica  chloride (5 mg, 0.018 mmol) in C4N (0.1 mL). The mixture

gel chromatography (Cil,/MeOH, 25:1) to afford26¢ Yield was stirred at 40C for 2 min. One drop of sodium hypochlorite
0.22 g, 79%. TLC R= 0.33 (CHCI,/MeOH, 25:1). IR: 2104, solution (0.05 mL, available chlorine ¥13%) was added. The
1743 cntl. 'H NMR (CDCls, 300 MHz): 6 8.21 (1H, s), 7.79 solution turned deep brown immediately. After being stirred for
(1H, s), 7.66-7.62 (4H, m), 7.4%7.33 (6H, m), 5.85 (1H, d), 5.89 5 h, the reaction solution turned light yellow. The solvent was
(3H, m), 4.25 (1H, m), 3.81 (2H, m), 3.58 (1H, dd), 3.43 (1H, dd), evaporated, and the residue was loaded onto a C-18 reverse phase
3.15 (1H, m), 2.17 (3H, s), 2.641.90 (3H, m), 1.06 (9H, s)C column and eluted with water (50 mL) to remove inorganic salts
NMR (CDCl;, 75 MHz): 6 170.2, 155.8, 153.4, 149.6, 139.8, 135.8, and then with methanol to recover the produ2®l). Methanol
133.9, 129.9, 129.9, 127.9, 120.6, 89.6, 79.9, 78.1, 60.6, 55.9, 48.0,was evaporated, and the residue was dissolved isOGH5 mL).

45.4,37.2,27.1, 21.0, 19.4. HRMS (ESI) calculated fgiHgsNgO4- Dry 2,6-lutidine (270 mg, 2.52 mmol) antért-butyldimethylsilyl
Si 600.2629, found 601.2707 [M 1]. trifluoromethanesulfonate (475 mg, 1.8 mmol) were added. After
2-N,2'-O-Diacetyl-3-azidomethyl-5-[(tert-butyldiphenylsilyl- the mixture was stirred for 2 days, the reaction was quenched by

oxy)methyl]-3,5-dideoxy-6N-diphenylcarbamoylguanosine (26d). adding phosphate buffer (pH 6.7, 2 mL) and extracted with-CH
Bis(trimethylsilyl)acetamide (BSA) (1.46 g, 1.77 mL, 7.19 mmol) Cl, (5 x 10 mL). The combined organic layers were dried {Na
was added to a solution of R-acetyl-6O-diphenylcarbamoyl- SQy), concentrated, and purified by silica gel chromatography
guanine (1.40 g, 3.61 mmol) in 1,2-dichloroethane (20 mL). The (CH,Cl,/MeOH, 12:1) to afforddb. Yield 162 mg, 85% for two
mixture was refluxed for 10 min, cooled to room temperature, and steps. TLC R= 0.46 (CHCI,/MeOH, 12:1). IR: 2101, 1757 cm.
added to a solution d (0.95 g, 1.81 mmol) in 1,2-dichloroethane  Elemental analysis calculated fop£3/NsOsSi: C, 54.32; H, 6.46;

(6 mL). Trimethylsilyl trifluoromethanesulfonate (0.80 g, 0.72 mL, N, 15.84. Found: C, 54.32; H, 6.01; N, 15.761 NMR (CDCl;,
3.60 mmol) was added dropwise. The brown solution was refluxed 300 MHz): ¢ 8.01 (2H, m), 7.647.51 (3H, m), 5.68 (1H, m),
for 1 h, cooled to room temperature, and diluted with,CH (100 3.64 (1H, dd), 3.43 (1H, dd), 2.91 (1H, dd), 2.71 (1H, dd), 1.99
mL). Saturated aqueous NaHgQ@00 mL) was added. The aqueous  (1H, m), 0.95 (9H, s), 0.32 (3H, s), 0.20 (3H, ¥C NMR (CDCl,
layer was extracted with Ci€l, (3 x 100 mL). The combined 75 MHz): ¢ 172.8, 167.6, 163.5, 156.0, 144.0, 133.3, 133.2, 129.0,
organic layers were dried (Ma0y), concentrated, and purified by  128.2, 97.2, 94.1, 80.0, 47.5, 46.2, 38.8, 26.1, 18.3,1, —5.6.
silica gel chromatography (hexane/ethyl acetate, 1:1) to affédd HRMS (ESI) calculated for £H34NsO6Si 528.2153, found [Mt 1]
Yield 1.28 g, 83%. TLC R= 0.62 (hexane/ethyl acetate, 1:2). IR: 529.2231.

2101, 1710 cm™. *H NMR (CDCl;, 300 MHz): ¢ 8.04 (1H, s, 3-Azidomethyl-4-N-benzoyl-2-O-tert-butyldimethylsilyl-5 '-

br), 7.91 (1H, s, br), 7.64 (4H, m), 7.44.33 (14H, m), 7.26 (2H,  carhoxy-3,5-dideoxyadenosine (4c)Compound28c(22 mg, 0.07
m), 5.74 (2H, m), 4.25 (1H, m), 3.80 (2H, m), 3:59.43 (2H, m),  mmol) was converted intéc using the same procedure as described
3.35 (1H, s, br), 2.39 (3H, 5), 2.17 (3H, 5), 2.02 (1H, ), 187 (IH, above for4b. Yield 21 mg, 67% for two steps. TLCR= 0.41

m), 1.05 (9H, 5).C NMR (CDCk, 75 MHz): 6 170.4, 156.5,  (CH,Cl,/MeOH, 12:1). IR; 2102, 1731 crd. Elemental analysis
154.3,152.2,150.6, 143.5, 142.0, 135.8, 133.9, 133.9, 130.0, 129.9cajculated for GHuNOSI + 0.5 HO: C. 53.46: H, 5.93: N,

129.5,127.9,127.9. 127.3,121.8, 90.1, 80.1, 78.4, 60.7,47.9, 45.1,19 95 Found: G, 53.24: H, 5.67: N, 19.0H NMR (CDCly, 300

3_7.1, 27.2,25.2,21.0, 19.5. HRMS (ESI) calculated fgHzNoO7- MHz): & 8.68 (1H, s), 8.36 (1H, s), 8.00 (1H, m), 7-60.45 (3H,
S1853.3368, found 854.3446 [Mr 7). , m), 5.95 (1H, s), 4.78 (1H, s), 4.50 (1H, s), 3.59 (1H, m), 3.45
3'-Azidomethyl-2'-O-tert-butyldimethylsilyl-5'-carboxy-3,5'- (1H, m), 2.83-2.47 (3H,m), 0.91 (9H,s), 0.17 (3H, s), 0.13 (3H,

dideoxyuridine (4a). A phosphate buffer (pH 7, 0.2 mL) was added ) 13c NMR (CDCE, 75 MHz): ¢ 165.9, 152.4, 151.5, 149.4, 142.1,
to a mixture of28a (300 mg, 1.01 mmol), 2,2,6,6-tetramethyl- 1335 133.0, 132.9, 128.9, 128.3, 123.3, 91.9, 47.7, 45.9, 25.9,
piperidilyloxy radical (TEMPO, 79 mg, 0.51 mmol), sodium chlorite 18 2 —4.26, —5.24.

(454 mg, 5.04 mmol), and tetrabutylammonium chloride (10 mg, 3-Azidomethyl-2'-O-tert-butyldimethylsilyl-5'-carboxy-3,5 -

0.034 mmol) in CHCN (0.2 mL). The mixture was stirred at 4C dideoxy-2N-phenoxyacetylguanosine (4d)Compound28d (150

for 2 min. One drop of sodium hypochlorite solution (0.05 mL, : :
: . ; mg, 0.32 mmol) was converted intl using the same procedure
available chlorine 1613%) was added. The solution turned deep as described above faib. Yield 90 mg, 47% for two steps. TLC

brown immediately. After being stirred for 5 h, the reaction solution R = 0.43 (CHCl,/MeOH, 12:1). IR: 2102, 1731 cr. Elemental

turned light yellow. The solvent was evaporated, and the residue ! . . . .
was loaded onto a C-18 reverse phase column and eluted with watefnalysis calculated forgHsN:O,Si + 0.5 HO: C,51.39; H, 5.81;

. : . . N, 18.44. Found: C, 51.20; H, 5.60; N, 17.981 NMR (CDCls,

(50 mL) to remove inorganic residue and then with methanol to 300 MH2): 6 9.11, (1H, s), 8.47 (1H. s). 7.37 (2H, m), 7.10 (1H
recover the produc?@a). Methanol was evaporated, and the residue m), 6.98 (éH r'n) '5 84' (“’_' .s) 4 72’ (2’H .s) 4 Gé (1|’_| .m) 1 4‘0
was dissolved in DMF (2 mL) and pyridine (4 mUert-Butyl- (1|_'| h) 3 6é—3 4‘17 .(2H m)’ 3’05'2 79 (éH ,m). 0.91 ('9H ’s)-
dimethylsilyl chloride (831 mg, 5.50 mmol) was added. After the 0 Oé (6|—’| S‘) 130 NMR (CEDCI; 7'5 MHz)' P) 1’73 6’ 1'70 0 15’6 7'
mixture was stirred for 5 days, the reaction was quenched by addingl'55 2 15;0 7 1472 1465 1’38 9 130 2 123 1 ’121 1 ’114 9 él 4
saturated NaHCg&»solution (2 mL). The organic layer was extracted 793' ,67 0 '4’7 9 447 375 25'9' 18—.%74 _50 HR.M‘S (E.SI‘) o
with CH,CI, (5 x 10 mL). The combined organic layers were dried caI.CL,JIateld’for '@;H N O S.i 5,98 éézo .foimld [M_I_' 1] 599.2398
(Na,SQy), concentrated, and purified by silica gel chromatography saveT : : : :
(CH.CI,/MeOH, 12:1) to affordda. Yield 365 mg, 85% for two
steps. TLC R= 0.45 (CHCIl,/MeOH, 12:1). IR: 2101, 1725 cm. Acknowledgment. We thank the donors of the Petroleum
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(CDCl;, 75 MHz): 6 174.7, 164.7, 150.4, 140.8, 102.2, 93.6, 79.3, experiments.
48.0, 45.9, 38.2, 26.0, 18.34.21,—5.25. HRMS (ESI) calculated
for C17H27Ns06Si 425.1731, found [M+ 1] 426.1809.

3'-Azidomethyl-4-N-benzoyl-2-O-tert-butyldimethylsilyl-5 '-
carboxy-3,5'-dideoxycytidine (4b).A phosphate buffer (pH 7, 0.1
mL) was added to a mixture @8b (145 mg, 0.36 mmol), 2,2,6,6-
tetramethylpiperidilyloxy radical (TEMPO, 28 mg, 0.18 mmol), JO060457C
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