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An efficient method for the synthesis of 4′R-branched 2′-deoxyadenosines starting from 2′-
deoxyadenosine has been developed utilizing a novel radical cyclization reaction with a silicon tether.
The radical reaction of 4′â-(phenylseleno)-3′-O-diphenylvinylsilyl adeninenucleoside derivative 17
with Bu3SnH and AIBN, followed by Tamao oxidation, gave selectively either the 4′R-(2-
hydroxyethyl) derivative 21 or 4′R-(1-hydroxyethyl) derivative 19, depending on the reaction
conditions. With a lower Bu3SnH concentration, the reaction gave the 4′R-(2-hydroxyethyl)
derivative 21, via a 6-endo-radical cyclized product 20, as the sole product in 72% yield. The reaction
of 17 in the presence of excess Bu3SnH gave 19 quantitatively, via a 5-exo-cyclized product 18, as
a diastereomeric mixture. The reaction mechanism was examined using Bu3SnD. The results
demonstrated that the 5-exo cyclized (3-oxa-2-silacyclopentyl)methyl radical (C) was formed initially
which was trapped when the concentration of Bu3SnH(D) was high enough. With lower
concentrations of Bu3SnH(D), radical C rearranged into the ring-enlarged 4-oxa-3-silacyclohexyl
radical (D) which was then trapped with Bu3SnH(D) to give endo-cyclized product F.

Introduction

Considerable attention has been focused on branched-
chain sugar nucleosides because of their biological
importance.2-10 We have developed stereoselective syn-
thetic methods for 2′- and 3′-branched-chain sugar nu-
cleosides and have prepared a variety of 2′- and 3′-

modified nucleoside analogues.5,6 We found that 1-(2-
deoxy-2-methylene-â-D-erythro-pentofuranosyl)cytosine
(DMDC, 1),5s-v 1-(2-C-cyano-2-deoxy-â-D-arabino-pento-
furanosyl)cytosine (CNDAC, 2),5w-z and 1-(3-C-ethynyl-
â-D-ribo-pentofuranosyl)cytosine (ECyd, 3)6b-d were po-
tent antitumor nucleosides which significantly inhibited
the growth of various human solid tumor cells both in
vitro and in vivo.
However, only a few examples of 4′-branched nucleo-

sides have been reported,7-10 and their biological activi-
ties have not yet been investigated in a systematic
manner. This may be because efficient synthetic meth-
ods for 4′-branched nucleosides had not been developed.7
Recently, Ohrui and co-workers synthesized several 4′R-

(1) This paper constitutes Part 172 of Nucleosides and Nucleotides.
Part 171: Ueno, Y.; Mikawa, M.; Matsuda, A. Bioorg. Med. Chem. Lett.
1997. 17, 2863-2866.

(2) Studies on 1′-branched nucleosides, for examples: (a) McCarthy,
J. R., Jr.; Robins, R. K.; Robins, M. J. J. Am. Chem. Soc. 1968, 90,
4993-4999. (b) Prisbe, E. J.; Smejkal, J.; Verheyden, J. P. H.; Moffatt,
J. G. J. Org. Chem. 1976, 41, 1836-1846. (c) Yoshimura, Y.; Otter, B.
A.; Ueda, T.; Matsuda, A. Chem. Pharm. Bull. 1992, 40, 1761-1769.
(d) Ono, A.; Dan, A.; Matsuda, A. Bioconjugate Chem. 1993, 4, 499-
508. (e) Bodenteich, M.; Marquez, V. E.; Barchi, J. J., Jr.; Hallows, W.
H.; Goldstein, B. M.; Driscoll, J. S. J. Org. Chem. 1993, 58, 6009-
6015. (f) Uteza, V.; Chen, G.-R.; Le Quan Tuoi, J.; Descotes, G.; Fenet,
B.; Grouiller, A. Tetrahedron 1993, 49, 8579-8588. (g) Kittaka, A.;
Tanaka, H.; Odanaka, Y.; Ohnuki, K.; Yamaguchi, K.; Miyasaka, T.
J. Org. Chem. 1994, 59, 3636-3641. (h) Itoh, Y.; Haraguchi, K.;
Tanaka, H.; Gen, E.; Miyasaka, T. J. Org. Chem. 1995, 60, 656-662.
(i) Goodman, B. K.; Greenberg, M. M. J. Org. Chem. 1996, 61, 2-3.

(3) Studies on 2′-branched nucleosides, for examples: (a) Jenkins,
S. R.; Arison, B.; Walton, E. J. Org. Chem. 1968, 33, 2490-2494. (b)
Beigelman, L. N.; Ermolinsky, B. S.; Gurskaya, G. V.; Tsapkina, E.
N.; Karpeisky, M. Y.; Mikhailov, S. N. Carbohydr. Res. 1987, 166, 219-
232. (c) MaCarthy, J. R.; Matthews, D. P.; Stemerick, D. M.; Huber,
E. W.; Bey, P.; Lippert, B. J.; Snyder, R. D.; Sunkara, P. S. J. Am.
Chem. Soc. 1991, 113, 7439-7400. (d) Lin, T. S.; Luo, M.-Z.; Liu, M.-
C.; Clarke-Katzenberg, R. H.; Cheng, Y.-C.; Prusoff, W. H.; Mancini,
W. R.; Birnbaum, G. I.; Gabe, E. J.; Giziewicz, J. J. Med. Chem. 1991,
34, 2607-2615. (e) Samano, V.; Robins, M. J. J. Am. Chem. Soc. 1992,
114, 4007-4008. (f) De Mesmaeker, A.; Lebreton, J.; Hoffmann, P.;
Freier, S. M. Synlett 1993, 677-679. (g) Cicero, D. O.; Neuner, P. J.
S.; Franzese, O.; D′Onofrio, C.; Iribarren, A. M. Bioorg. Med. Chem.
Lett. 1994, 4, 861-866. (h) Yoshimura, Y.; Saitoh, K.; Ashida, N.;
Sakata, S. Bioorg. Med. Chem. Lett. 1994, 4, 721-724. (i) Wimalasena,
K.; Mahindaratne, M. P. D. J. Org. Chem. 1994, 59, 3427-3432. (j)
Lawrence, A. J.; Pavey, J. B. J.; O’Neil, I. A.; Cosstick, R. Tetrahedron
Lett. 1995, 36, 6341-6344. (k) Beigelman, L.; Karpeisky, A.; Matulic-
Adamic, J.; Haeberli, P.; Sweedler, D.; Usman, N. Nucleic Acids Res.
1995, 23, 4434-4442.
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branched nucleoside derivatives and found that 4′R-C-
methyl-2′-deoxycytidine (4) has very strong growth in-
hibitory activity against leukemic cells.8 They synthesized
4 by deoxygenating the 2′-position of the corresponding
4′-branched ribonucleoside analogue, which was prepared
via a glycosylation reaction of the corresponding 4R-C-
methyl sugar synthesized from D-glucose.8 As a result
of the very long reaction steps, the overall yield was low.
Consequently, the antileukemic activity of 4 was inves-
tigated in vitro only. To examine the biological effects
of various 4′-branched nucleosides, the development of
more straightforward synthetic methods is needed. In
this paper, we describe an efficient synthetic method for
4′R-branched-2′-deoxyadenosines, using an intramolecu-

lar radical cyclization reaction with a novel silicon-
containing tether11 as a key step.
Radical cyclization is a highly versatile method for

forming C-C bonds.12 There has been growing interest
in the use of silicon-containing tethers for intramolecular
radical cyclization reactions.13 These are very useful for
regio- and stereoselective introduction of a carbon sub-
stituent based on a temporary silicon connection. Re-
cently, we developed a regio- and stereoselective method
for introducing 1-hydroxyethyl or 2-hydroxyethyl groups
at the â-position of a hydroxyl group in halohydrins or
R-(phenylseleno)alkanols using an intramolecular radical
cyclization reaction with dimethyl- or diphenylvinylsilyl
group as a radical acceptor tether (Scheme 1).11 The
selective introduction of both a 1-hydroxyethyl and a
2-hydroxyethyl groups can be achieved via a 5-exo-
cyclization intermediate (E) or a 6-endo-cyclization in-
termediate (F), respectively, after oxidative ring-cleavage
by treating the cyclization products under Tamao oxida-
tion conditions,14 as shown in Scheme 1. With a 2-bro-
moindanol derivative as a substrate, we also demon-

(4) Studies on 3′-branched nucleosides, for examples: (a) Nutt, R.
F.; Dickinson, M. J.; Holly, F. W.; Walton, E. J. Org. Chem. 1968, 33,
1789-1795. (b) Hayakawa, H.; Tanaka, H.; Itoh, N.; Nakajima, M.;
Miyasaka, T.; Yamaguchi, K.; Iitaka, Y. Chem. Pharm. Bull. 1987, 35,
2605-2608. (c) Huss, S.; De las Heras, F. G.; Camarasa, M. J.
Tetrahedron 1991, 47, 1727-1736. (d) Bender, S. L.; Moffett, K. K. J.
Org. Chem. 1992, 57, 1646-1647. (e) Lee, K.; Wiemer, D. F. J. Org.
Chem. 1993, 58, 7808-7812. (f) Jorgensen, P. N.; Stein, P. C.; Wengel,
J. J. Am. Chem. Soc. 1994, 116, 2231-2232. (g) Schmit, C.; Bevierre,
M.-O.; De Mesmaeker, A.; Altamann, K.-H. Bioorg. Med. Chem. Lett.
1994, 4, 1969-1974. (h) Hossain, N.; Plavec, J.; Chattopadhyaya, J.
Tetrahedron 1994, 50, 4167-4178. (i) Johnson, C. R.; Rhumralkar, D.
R.; De Clercq, E. Nucleosides Nucleotides 1995, 14, 185-194. (j)
Becouarn, S.; Szernecki, S.; Valery, J.-M. Tetrahedron Lett. 1995, 36,
873-876. (k) Jung, P. M. J.; Burger, A.; Biellmann, J.-F. Tetrahedron
Lett. 1995, 36, 1031-1034. (l) Auguste, S. P.; Young, D. W. J. Chem.
Soc., Perkin Trans. 1 1995, 395-404.

(5) (a) Ueda, T.; Shuto, S.; Inoue, H. Nucleosides Nucleotides 1984,
3, 173-182. (b) Ueda, T.; Shuto, S.; Satoh, M.; Inoue, H. Nucleosides
Nucleotides 1985, 4, 401-409. (c) Matsuda, A.; Itoh, H.; Takenuki, K.;
Sasaki, T.; Ueda, T. Chem. Pharm. Bull. 1988, 36, 945-953. (d)
Matsuda, A.; Satoh, M.; Nakashima, H.; Yamamoto, N.; Ueda. T.
Heterocycles 1988, 27, 2545-2548. (e) Ueda, T.; Matsuda, A.; Yoshimu-
ra, Y.; Takenuki, K. Nucleosides Nucleotides 1989, 8, 743-752. (f)
Takenuki, K.; Itoh, H.; Matsuda, A.; Ueda. T. Chem. Pharm. Bull. 1990,
38, 2947-2952. (g) Matsuda, A.; Takenuki, K.; Sasaki, T.; Ueda. T. J.
Med. Chem. 1991, 34, 234-239. (h) Yoshimura, Y.; Iino, T.; Matsuda.
A. Tetrahedron Lett. 1991, 32, 6003-6006. (i) Matsuda, A.; Azuma,
A.; Nakajima, Y.; Takenuki, K.; Dan, A.; Iino, T.; Yoshimura, Y.;
Minakawa, N.; Tanaka, M.; Sasaki. T. In Nucleosides and Nucleotides
as Antitumor and Antiviral Agents; Chu, C. K., Baker, D. C., Eds.;
Plenum Press: New York, 1993; pp 1-22. (i) Kakefuda, A.; Yoshimura,
Y.; Sasaki, T.; Matsuda. A. Tetrahedron 1993, 49, 8513-8528. (j)
Awano, H.; Shuto, S.; Baba, M.; Kira, T.; Shigeta, S.; Matsuda, A.
Bioorg. Med. Chem. Lett. 1994, 4, 367-370. (k) Hassan A. E. A.; Shuto,
S.; Matsuda. A. Tetrahedron 1994, 50, 689-700. (l) Hassan, A. E. A.;
Shuto, S.; Matsuda, A. Nucleosides Nucleotides 1994, 13, 197-211.
(m) Iino, T.; Yoshimura, Y.; Matsuda. A. Tetrahedron 1994, 50, 10397-
10406. (n) Kakefuda, A.; Shuto, S.; Nagahata, T.; Seki, J.; Sasaki, T.;
Matsuda. A. Tetrahedron 1994, 50, 10167-10182. (o) Iino, T.; Shuto,
S.; Matsuda, A.Nucleosides Nucleotides 1996, 15, 169-181. (p) Awano,
H.; Shuto, S.; Miyashita, T.; Ashida, M.; Machida, M.; Kira, T.; Shigeta,
S.; Matsuda, A. Arch. Pharm. Pharm. Med. Chem. 1996, 329, 66-72.
(q) Hassan, A. E. A.; Nishizono, N.; Minakawa, N.; Shuto, S.; Matsuda,
A. J. Org. Chem. 1996, 61, 6261-6267. (r) Hassan, A. E. A.; Shuto, S.;
Matsuda, A. J. Org. Chem. 1997, 62, 11-17. (s) Takenuki, K.; Matsuda,
A.; Ueda, T.; Sasaki, T.; Fujii, A.; Yamagami, K. J. Med. Chem. 1988,
31, 1063-1064. (t) Matsuda, A.; Takenuki, K.; Tanaka, M.; Sasaki,
T.; Ueda, T. J. Med. Chem. 1991, 34, 812-819. (u) Yamagami, K.; Fujii,
A.; Arita, M.; Okumoto, T.; Sakata, S.; Matsuda, A.; Ueda, T. Cancer
Res. 1991, 51, 2319-2323. (v) Ono, T.; Fujii, A.; Yamagami, K.; Hosoya,
M.; Okumoto, T.; Sakata, S.; Matsuda, A.; Sasaki, T. Biochem.
Pharmacol. 1996, 52, 1279-1285. (w) Matsuda, A.; Nakajima, Y.;
Azuma, A.; Tanaka, M.; Sasaki, T. J. Med. Chem. 1991, 34, 2917-
2919. (x) Azuma, A.; Nakajima, Y.; Nishizono, N.; Minakawa, N.;
Suzuki, M.; Hanaoka, K.; Kobayashi, T.; Tanaka, M.; Sasaki, T.;
Matsuda, A. J. Med. Chem. 1993, 36, 4183-4189. (y) Tanaka, M.;
Matsuda, A.; Terao, T.; Sasaki., T. Cancer Lett. 1992, 64, 67-74. (z)
Azuma, A.; Hanaoka, K.; Kurihara, A.; Kobayashi, T.; Miyauchi, S.;
Kamo, N.; Tanaka, M.; Sasaki, T.; Matsuda, A. J. Med. Chem. 1995,
38, 3391-3397.

(6) (a) Shuto, S.; Iwano, Y.; Inoue, H.; Ueda, T. Nucleosides Nucle-
otides 1982, 1, 263-270. (b) Matsuda, A.; Hattori, H.; Tanaka, M.;
Sasaki, T. Bioorg. Med. Chem. Lett. 1996, 6, 1887-1892. (c) Tabata,
S.; Tanaka, M.; Matsuda, A.; Fukushima, M.; Sasaki, T. Oncol. Rep.
1996, 3, 1029-1034. (d) Hattori, H.; Tanaka, M.; Fukushima, M.;
Sasaki, T.; Matsuda, A. J. Med. Chem. 1996, 39, 5005-5011. (e)
Ichikawa, S.; Shuto, S.; Minakawa, N.; Matsuda, A. J. Org. Chem.
1996, 61, 1368-1375.

(7) Although several approaches to the introduction of carbon
substituents at the 4′-position of nucleosides have been reported, these
methods were not stereoselective and the type of carbon substituents
introduced was limited: (a) Secrist, J. A., III; Winter, W. J. A., Jr. J.
Am. Chem. Soc. 1978, 100, 2554-2556. (b) Youssefyeh, R. D.; Verhey-
den, P. H.; Moffat, J. G. J. Org. Chem. 1979, 44, 1301-1309. (c)
Haraguch, K.; Tanaka, H.; Miyasaka, T. Tetrahedron Lett. 1990, 31,
227-230. (d) Haraguchi, K.; Tanaka, H.; Itoh, Y.; Saito, S.; Miyasaka,
T. Tetrahedron Lett. 1992, 33, 2841-2844. (e) Johnson, C. R.; Esker,
J. L.; Van Zandt, M. C. J. Org. Chem. 1994, 59, 5854-5855. (f)
Haraguchi, K.; Tanaka, H.; Itoh, Y.; Yamaguchi, K.; Miyasaka, T. J.
Org. Chem. 1996, 61, 851-858. (g) Marx, A.; Erdmann, P.; Senn, M.;
Korner, S.; Jungo, T.; Petretta, M.; Imwinkelried, P.; Dussy, A.;
Kulicke, K. J.; Macko, L.; Zehnder, M.; Giese, B.Helv. Chim. Acta 1996,
79, 1980-1994.

(8) Waga, T.; Ohrui, H.; Meguro, H. Nucleosides Nucleotides 1996,
15, 287-304.

(9) Anti-HIV activity of 4′-branched nucleosides has also been
recognized: (a) O.-Yang, C.; Wu, H. Y.; Frase-Smith, W. B.; Walder,
K. A. M. Tetrahedron Lett. 1992, 33, 37-40. (b) Bousquie, I.; Madiot,
M.; Florent, J.-C.; Monneret, C. Bioorg. Med. Chem. Lett. 1996, 6,
1815-1818.

(10) 2′-Deoxy-4′R-branched nucleosides can also be used effectively
as modified nucleosides unite for antisense oligonucleotides: Thrane,
H.; Fensholdt, J.; Regner, M.; Wengel, J. Tetrahedron 1995, 37, 10389-
10402. We also plan to use the synthesized 2′-deoxy-4′R-branched
nucleosides in antisense oligonucleotide studies.

(11) Shuto, S.; Kanazaki, M.; Ichikawa, S.; Matsuda, A. J. Org.
Chem. 1997, 62, 5676-5677.

(12) (a) Giese, B.; Kopping, B.; Gobel, T.; Dickhaut, J.; Thoma, G.;
Kulicke, K. J.; Trach, F. Org. React. 1996, 48, 301-856. (b) Curran,
D. P.; Porter, N. A.; Giese, B. Stereochemistry of radical reactions;
VCH: Weinheim, 1996. (c) Motherwell, W. B.; Crich, D. Free-Radical
Chain Reactions in Organic Synthesis; Academic Press: London, 1992.
(d) Curran, D. P. In Comprehensive Organic Synthesis; Trost, B. M.,
Fleming, I., Eds.; Pergamon Press: Oxford, 1991; Vol. 4, pp 715-831.
(e) Jasperse, C. P.; Curran, D. P.; Fevig, T. L. Chem. Rev. 1991, 91,
1237. (f) Thebtaranonth, C.; Thebtaranonth, Y. Tetrahedron 1990, 46,
1385-1489. (f) Laird, E. E.; Jorgensen, W. L. J. Org. Chem. 1990, 55,
9-27.

(13) (a) Nishiyama, H.; Kitajima, T.; Matsumoto, M.; Itoh, K. J. Org.
Chem. 1984, 49, 2298-2300. (b) Stork, G.; Kahn, M. J. Am. Chem.
Soc. 1985, 107, 500-501. (c) Magnol, E.; Malacria, M. Tetrahedron
Lett. 1986, 27, 2255-2256. (d) Koreeda, M.; George, I. A. J. Am. Chem.
Soc. 1986, 108, 8098-8100. (e) Tamao, K.; Maeda, K.; Yamaguchi, T.;
Ito, Y. J. Am. Chem. Soc. 1989, 111, 4984-4985. (f) Walkup, R. D.;
Kane, R. R.; Obeyesekere, N. U. Tetrahedron Lett. 1990, 31, 1531-
1534. (g) Koreeda, M.; Hamann, L. G. J. Am. Chem. Soc. 1990, 112,
8175-8177. (h) Myers, A. G.; Gin, D. Y.; Widdowson, K. L. J. Am.
Chem. Soc. 1991, 113, 9661-9663. (i) Hutchinson, J. H.; Daynard, T.
S.; Gillard, J. W. Tetrahedron Lett. 1991, 32, 573-576. (j) Koot, W.-J.;
van Ginkel, R.; Kranenburg, M.; Hiemstra, H.; Louwrier, S.; Moolena-
ar, M. J.; Speckamp, W. N. Tetrahedron Lett. 1991, 32, 401-404. (k)
Stork, G.; Suh, H. S. Kim. G. J. Am. Chem. Soc. 1991, 113, 7054-
7056. (l) Xi, A.; Agback, P.; Plavec, J.; Sandstrom, A.; Chattopadhyaya,
J. B. Tetrahedron 1992, 58 349-370. (m) Martinez-Grau, A.; Curran,
D. P. J. Org. Chem. 1995, 60, 8332-8333.

(14) Tamao, K.; Ishida, N.; Kumada, M. J. Org. Chem. 1983, 48,
2122-2124.
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strated that the radical cyclization was irreversible, and
that kinetically favored 5-exo-cyclized radical C, formed
from radical B, was trapped when the concentration of
Bu3SnH was high enough to give E. At lower concentra-
tions of Bu3SnH and higher reaction temperatures,
radical C rearranged into the more stable ring-enlarged
4-oxa-3-silacyclohexyl radical D which was then trapped
with Bu3SnH to give F.11
Tanaka and co-workers reported that intermolecular

carbon radical addition reactions on 4′,5′-dehydro nucleo-
side derivatives did not give 4′-addition products but gave
5′-addition products exclusively as a diastereomeric
mixture at the 4′-position (Scheme 2a).7c This result
suggested generation of a radical at the 4′-position of
nucleosides which subsequently added to an olefinic bond
thereby introducing carbon substituents at the 4′-position
(Scheme 2b). Therefore, we planned to explore a new
method for producing 4′R-branched nucleosides via in-
tramolecular radical cyclization reactions of the diphen-
ylvinylsilyl group as a radical acceptor tether. Our
synthetic strategy is outlined in Scheme 3.15 If the
radical cyclization reaction with 4′-(phenylseleno)-2′-
deoxynucleoside derivatives II or III proceeds as we
expect, these would give the corresponding ring-closure
products, IV and/or V, or VI and/or VII, respectively.
Subsequent oxidative ring-cleavage reactions of the
products would give the desired 4′R-branched nucleoside
analogues VIII and/or IX.

Results and Discussion

We used 2′-deoxyadenosine as a starting material,
since a method for introducing a phenylseleno group at
the 4′-position of 3′-O-acetyl-N6,N6-dibenzoyl-2′-deoxy-
adenosine has been developed by Giese and co-workers.16

We used N6,N6,3′-O-tribenzoyl-2′-deoxyadenosine (5) as
a protected nucleoside for further derivatization because
of its easy preparation from 2′-deoxyadenosine. Thus, 5
was treated under Swern oxidation conditions followed
by treatment with PhSeCl and Et3N in CH2Cl2,16 which
afforded the 4′-(phenylseleno) derivative 6 in 72% yield
as a diastereomeric mixture at the 4′-position. When the
formyl group was reduced with Bu4NBH3CN in THF,16
the resulting diastereomeric mixture was successfully
separated by silica gel column chromatography to give
the 4′â-(phenylseleno) derivative 7 and 4′R-(phenylseleno)
derivative 8 in yields of 72% and 21%, respectively
(Scheme 4). The 4′â-(phenylseleno) derivative 7 was
treated with diphenylvinylchlorosilane and Et3N in the
presence of DMAP in toluene17 to give vinylsilyl deriva-
tive 9, a substrate for the radical reaction, in 84% yield.
A solution of 1.5 equiv of Bu3SnH and AIBN in benzene

was added slowly over 8 h, using a syringe-pump, to a
solution of 9 in benzene at 80 °C. The resulting crude
product was subsequently treated under Tamao oxidation
conditions, to give cyclonucleoside 11 in 35% yield as the
major product. The structure of 11, including stereo-
chemistry, was confirmed by HMBC and NOESY spectra
after converting it into the corresponding triacetate 12.
Although the radical reaction of 9was investigated under
various conditions, the desired 4′-branched nucleosides
were not obtained. This result suggests a tandem radical
cyclization mechanism, shown in Scheme 5: a 5-exo-
cyclized radical intermediate was first produced from the
4′-radical which did not react with Bu3SnH to give the
desired 13 or 14 but rapidly added to the 8-position of
the adenine moiety. The 8-hydrogen was subsequently
abstracted by a phenylseleno radical to afford 10. Similar
formations of cyclo-adenine nucleosides via intramolecu-
lar radical additions at the adenine 8-position have been
previously reported by our laboratory (Scheme 6).18
We subsequently introduced the silicon tether at the

3′-hydroxyl group of the 4′-(phenylseleno) adeninenucleo-
side derivative and investigated its radical reactions
(Scheme 7). The primary hydroxyl group of 4′â-(phen-
ylseleno) nucleoside 15, prepared from 7, was selectively
protected by a dimethoxytrityl (DMTr) group to give 16
quantitatively. Treatment of 16 with diphenylvinylchlo-
rosilane under similar conditions to those described above
gave 17, a substrate for the radical reaction, in 93% yield.

(15) A part of this study has been described in a communication
(ref 11).

(16) Giese, B.; Erdmann, P.; Schafer, T.; Schwitter, U. Synthesis
1994, 1310-3112.

(17) Sieburth, S. M.; Fensterbank, L. J. Org. Chem. 1992, 57, 5279-
5281.

(18) (a) Matsuda, A.; Muneyama, T.; Nishida, T.; Sato, T.; Ueda, T.
Nucleic Acids Res. 1976, 3, 3349-3357. (b) Matsuda, A.; Tezuka, M.;
Niizuma, K.; Sugiyama, E.; Ueda, T. Tetrahedron 1978, 34, 2633-
2637. (c) Usui, H.; Ueda, T. Chem. Pharm. Bull. 1986, 34, 15-23. (d)
Usui, H.; Ueda, T. Chem. Pharm. Bull. 1986, 34, 1518-1523. (e) Usui,
H.; Matsuda, A.; Ueda, T. Chem. Pharm. Bull. 1986, 34, 1961-1967.

Scheme 1

Scheme 2
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Treatment of 17 with 3.0 equiv of Bu3SnH at 80 °C in
benzene in the presence of AIBN, followed by Tamao
oxidation gave a diastereomeric mixture of 4′R-(1-hy-
droxyethyl) derivatives 19 (the ratio of major and minor
diastereomers was 2:1 from the 1H NMR spectrum) which
were derived from a 5-exo-cyclized product 18, in almost
quantitative yield. When a solution of 1.1 equiv of
Bu3SnH and AIBN (0.17 equiv) in toluene was added
slowly over 4 h to a solution of 17 in toluene at 110 °C,
the regioselectivity was completely reversed. The reac-
tion did not give 18 at all, but rather 6-endo-cyclized 20

in 91% yield. Tamao oxidation of 20 gave 4′R-(2-hy-
droxyethyl) derivative 21 in 79% yield (Scheme 7).

Scheme 3

Scheme 4

Scheme 5

Scheme 6
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The diastereomeric mixture 19 was converted to the
corresponding isopropylidene derivatives which were
successfully separated into the major diastereomer 23a
and the minor 23b by silica gel column chromatography
(Scheme 8). From the NOESY spectra, the stereochem-
istries at the 4′-branched moiety of 23a and 23a were
determined as S and R, respectively.19
From the results of the radical reaction, it appeared

that formation of the 6-endo product 20 was not kinetic
but possibly thermodynamic, since the ratio of the endo-
and exo-products should be independent of the concentra-
tion of Bu3SnH, if the reaction is kinetically controlled.
To clarify the reaction mechanism, we performed the

reaction with Bu3SnD. The reaction of 17 in the presence
of excess of Bu3SnD gave 5-exo cyclized 2420,21 (Figure 2)
with high selectivity which was deuterated exclusively
at the methyl position. With a much lower Bu3SnD
concentration, the reaction gave 2521 (Figure 2) as the
sole product, in which one methylene proton at the
â-position of the silicon was exclusively replaced by
deuterium based on its 1H NMR spectrum. It is interest-
ing that the proton which has a trans-configuration to

the 5′-methylene group, of the methylene protons â to
the silicon was exclusively replaced by a deuterium in
25 (Figure 2). This may be explained by substrate
control.12b With regard to the radical intermediate,
conformer J would be favored over I, due to steric
repulsion between the axial phenyl group and tetahy-
drofuran ring in I. The bulky axial phenyl group of J
may lead to equatorial attack of Bu3SnD(H) (Scheme 9).
From these results, a radical reaction mechanism with

an adenine nucleoside as a substrate, as shown in
Scheme 10, was suggested, and the mechanism is con-
sistent with that with 2-bromoindanol derivatives.11
Therefore, it was suggested that this rearrangement
reaction may be general in (3-oxa-2-silacyclopentyl)methy
radicals. To the best of our knowledge, such a ring-
enlarging 1,2-radical rearrangement reaction of â-silyl
radicals has not been previously reported.22-25 Thereac-
tion mechanism of this rearrangement is not fully
understood. However, it is known that â-silyl carbon-

(19) An evident cross peak between the H-1′ and the methine proton
of the 4′R-branched chain siganals was observed in the NOESY
spectrum of 23a.

(20) Isolation of the radical reaction products was attempted, but
was difficult due to contamination with compounds derived from
Bu3SnH.

(21) The structures of 24 and 25 were further confirmed from the
instrumental analyses of their Tamao oxidation products 26 and 27.

Scheme 7

Scheme 8

Figure 2.

750 J. Org. Chem., Vol. 63, No. 3, 1998 Shuto et al.



centered radicals are easily generated and are stable
compared with their all-carbon analogues.26 Also, the
Si-C bond (69-76 kcal mol-1) is weaker than the C-C
bond (83 kcal mol-1),27 and these effects may affect this
rearrangement. Two intermediates, a fragmentation
intermediate K and a silicon-bridging one L, may be
postulated (Scheme 11). Recently, Giese and co-workers
described a novel radical substitution reaction and
proposed a silicon-bridging intermediate M (Scheme
12a)28 that is analogous to the intermediate L. Pentava-
lent-like silicon radicals have also been suggested as
intermediates of free radical 1,2-silicon shifts from carbon
to nitrogen or oxygen by Harris and co-workers (Scheme
12b).25a On the other hand, Tsai and Cherng reported a
radical Brook rearrangement as shown in Scheme 12c.25b
Although, Tsai and Cherng did not discuss the mecha-
nism in their paper, the rearrangement may also proceed
via pentavalent-like silicon radical intermediates, since

the rearrangement cannot proceed via a fragmentation
mechanism. This kind of interaction between silicon and
the unpaired electron in a â-silyl radical has been
suggested29 through kinetic study,26a,29a MO calculation,29b
and ESR study.29c,d Accordingly, the rearrangement of
â-silyl radicals found in this study, as well as the previous
results of Giese et al., Harris et al., and Tsai et al., may
suggest the participation of pentavalent-like silicon
intermediates in radical reactions of some organosilicon
compounds.
Derivatization of 19 and 21 into various 4′R-branched-

chain sugar nucleosides and their biological evaluations
are under investigation.

Experimental Section

Melting points are uncorrected. NMR spectra were recorded
at 270 or 500 MHz (1H) and at 125 MHz (13C) and are reported
in ppm downfield from TMS. J values are given in hertz. Mass
spectra were obtained by electron ionization (EI) or fast atom
bombardment (FAB) method. Thin-layer chromatography was
done on Merck coated plate 60F254. Silica gel chromatography
was done with Merck silica gel 5715. Reactions were carried
our under an argon atmosphere.
N6,N6,O-Tribenzoyladenosine (5). A mixture of 2′-deoxy-

adenosine (5.0 g, 20 mmol) and DMTrCl (15.7 g, 46 mmol) in
pyridine (50 mL) was stirred at room temperature for 5 h. To
the solution was added BzCl (11.6 mL, 100 mmol), and the
resulting mixture was stirred at room-temperature overnight.
The resulting solution was evaporated under reduced pressure,
and the residue was partitioned between EtOAc and H2O. The
organic layer was washed with brine, dried (Na2SO4), and
evaporated under reduced pressure. After the residue was

(22) There is no precedent for the ring-enlarging 1,2-rearrangement
of a carbon-centered â-silyl radical analogous to this reaction, except
for our recent communication (ref 11).

(23) Known 1,2-rearrangement of carbon-centered radicals: (a) Wilt,
J. W.; Pawlikowski, W. W., Jr. J. Org. Chem. 1975, 40, 3641-3644.
(b) Goermer, R. N.; Cote P. N., Jr.; Bittimberga, B. M. J. Org. Chem.
1977, 42, 19-28. (c) Stork, G.; Mook, R., Jr. J. Am. Chem. Soc. 1987,
109, 2829-2881. (d) Beckwith, A. L. J.; O’Shea, D. M.; Westwood, S.
W. J. Am. Chem. Soc. 1988, 110, 2565-2575. (e) Dowd, P.; Ahang, W.
Chem. Rev. 1993, 93, 2091-2115.

(24) A gas phase 1,2-migration of trimethylsilyl group in an aromatic
â-silyl biradical has been reported: Johnson, G. C.; Stofko, J. J., Jr.;
Lockhart, T. P.; Brown, D. W.; Bergman, R. G. J. Org. Chem. 1979,
44, 4215-4218.

(25) Carbon to oxygen or carbon to nitrogen 1,2-silicon migrations
in oxygen- or nitrogen-centered â-silyl radicals have been known: (a)
Harris, J. M.; Macinnes, I.; Walton, J. C.; Maillard, B. J. Organomet.
Chem. 1991, 403, C25-C28. (b) Tsai, Y.-M.; Cherng, C.-D. Tetrahedron
Lett. 1991, 32, 3515-3518.

(26) (a) Auner, N.; Walsh, R.; Westrup, J. J. Chem. Soc., Chem.
Commun. 1986, 207-208. (b) Davidson, I. M. T.; Barton, T. J.; Hughes,
S.; Ijadi-Maghsoodi, S.; Revis, J.; Paul, G. C. Organometallics 1987,
6, 644-647.

(27) Hess, G. G.; Lampe, F. W.; Sommer, L. H. J. Am. Chem. Soc.
1965, 87, 5327-2533.

(28) Kulicle, K. J.; Chatgiliatoglu, C.; Kopping, B.; Giese, B. Helv.
Chim. Acta 1992, 75, 935-939.

(29) {a) Jackson, R. A.; Ingold, K. U.; Griller, D.; Nazran, A. S. J.
Am. Chem. Soc. 1985, 107, 208-211. (c) Pitt, C. G. J. Organomet.
Chem. 1973, 61, 49-70. (c) Shen, K. S.; Kochi, J. K. J. Am. Chem.
Soc. 1974, 96, 1383-1391. (d) Griller, D.; Ingold, K. U. J. Am. Chem.
Soc. 1974, 96, 6715-6720.

Scheme 9

Scheme 10

Scheme 11

Scheme 12
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dissolved in CH2Cl2 (300 mL), TFA (7.6 mL, 100 mmol) was
added, and the mixture was stirred at room temperature for
1 h. The mixture was cooled in an ice-bath, aqueous NaHCO3

(saturated, 100 mL) was added, and then the mixture was
partitioned. The organic layer was washed with aqueous
NaHCO3 (saturated), H2O, and brine, dried (Na2SO4), and
evaporated under reduced pressure. The residue was purified
by column chromatography (SiO2, 50% EtOAc in hexane) to
give 5 (7.4 g, 66%) as a foam: 1H NMR (270 MHz, CDCl3) δ
8.66 (s, 1 H), 8.20 (s, 1 H), 8.10-7.35 (m, 15 H), 6.46 (dd, 1 H,
J ) 9.8, 5.4), 5.81 (m, 1 H, J ) 5.6), 4.46 (m, 1 H), 4.01 (s, 2
H), 3.28 (ddd, 1H, J ) 9.8, 14.3, 5.6), 2.64 (dd, 1 H, J ) 5.4,
14.3); 13C NMR (100 MHz, CDCl3) δ 172.02, 165.73, 151.76,
151.51, 144.21, 133.75, 133.46, 133.05, 129.84, 129.57, 129.36,
129.27, 128.70, 128.63, 128.46, 87.49, 87.30, 77.21, 63.14,
38.08, 36.50; EI-MS m/z 563 (M+). Anal. Calcd for C31H25N5-
O6‚3/2H2O: C, 63.05; H, 4.78; N, 11.86. Found: C, 63.20; H,
4.49; N, 11.67.
A Diastereomeric Mixture of 9-(3-O-Benzoyl-2-deoxy-

4-(phenylseleno)-r-L-threo-pento-5-aldo-1,4-furanosyl)-
N6,N6-dibenzoyladenine and 9-(3-O-Benzoyl-2-deoxy-4-
(phenylseleno)-â-D-erythro-pento-5-aldo-1,4-furanosyl)-
N6,N6-dibenzoyladenine (6). A mixture of oxalyl chloride
(0.86 mL, 8.8 mmol) and DMSO (1.54 mL, 22 mmol) in CH2Cl2
(8 mL) was stirred at -78 °C for 10 min, and a solution of 5
(2.5 g, 4.4 mmol) in CH2Cl2 (15 mL) was added, and the
resulting mixture was further stirred at the same temperature
for 30 min. Et3N (2.42 mL, 17.6 mmol) was added, and the
resulting mixture was stirred at the same temperature for 1.5
h. The resulting solution was used directly for the next
selenation reaction.
After a solution of PhSeCl (2.53 g, 13.2 mmol) in CH2Cl2

(40 mL) was cooled to -78 °C, Et3N (3.63 mL, 26.4 mmol) was
added, and the resulting solution was added slowly to the
above prepared solution. The resulting mixture was stirred
at -78 °C for 30 min and then at 0 °C for 1.5 h. The solvent
was evaporated under reduced pressure, and the residue was
purified by column chromatography (SiO2, 50% EtOAc in
hexane) to give 6 (2.25 g, 72%) as a foam: 1H NMR (270 MHz,
CDCl3) δ 9.37 (s, 1 H), 8.70 (s, 1 H), 8.60 (s, 1 H), 7.98-7.22
(m, 20 H), 6.95 (dd, 1 H, J ) 8.4, 6.4), 6.17 (dd, 1 H, J ) 5.1,
1.4), 3.59 (ddd, 1 H, J ) 8.4, 14.0, 5.1), 3.03 (ddd, 1 H, J ) 6.4,
14.0, 1.4); FAB-MS m/z 718 (MH+). Anal. Calcd for C37H27-
N5O6Se‚H2O: C, 60.49; H, 3.98; N, 9.53. Found: C, 60.35; H,
3.61; N, 9.41.
9-(3-O-Benzoyl-2-deoxy-4-(phenylseleno)-r-L-threo-pen-

to-1,4-furanosyl)-N6,N6-dibenzoyladenine (7) and 9-(3-O-
Benzoyl-2-deoxy-4-(phenylseleno)-â-D-erythro-pento-1,4-
furanosyl)-N6,N6-dibenzoyladenine (8). To a solution of
6 (2.25 g, 3.1 mmol) in THF (30 mL) was added a solution of
Bu4NBH3CN (1.58 g, 5.6 mmol) in THF (30 mL) at -78 °C,
and the mixture was stirred at the same temperature for 15
min and then at 0 °C for 1.5 h. After aqueous tartaric acid
(5%) was added, the solvent was evaporated under reduced
pressure, and the residue was purified by column chromatog-
raphy (SiO2, 50% EtOAc in hexane) to give 7 (1.58 g, 72%)
and 8 (0.46 g, 21%) as forms. 7: 1H NMR (270 MHz, CDCl3)
δ 8.61 (s, 2 H), 8.06-7.29 (m, 20 H), 6.89 (dd, 1 H, J ) 7.9,
6.7), 6.01 (dd, 1 H, J ) 5.4, 2.1), 3.82 (m, 2 H), 3.45 (ddd, 1 H,
J ) 14.0, 7.9, 5.4), 2.96 (ddd, 1 H, J ) 14.0, 6.7, 2.1), 2.30 (t,
1 H, J ) 6.9); 13C NMR (100 MHz, CDCl3) δ 172.04, 165.16,
152.82, 152.31, 151.88, 143.20, 136.67, 133.89, 133.67, 132.88,
129.68, 129.40, 129.31, 128.71, 128.59, 128.51, 127.35, 125.33,
97.37, 84.52, 77.82, 77.19, 63.06, 38.18; FAB-MS m/z 720
(MH+). Anal. Calcd for C37H29N5O6Se‚H2O: C, 60.33; H, 4.24;
N, 9.51. Found: C, 60.04; H, 3.87; N, 9.31. 8: 1H NMR (270
MHz, CDCl3) δ 8.64 (s, 1 H), 8.25 (s, 1 H), 8.19-7.30 (m, 20
H), 6.60 (dd, 1 H,J ) 6.7, 6.7), 6.24 (dd, 1 H, J ) 7.2, 4.1),
4.02 (d, 1 H, J ) 12.4), 4.79 (d, 1 H, J ) 12.4), 3.33 (ddd, 1 H,
J ) 7.2, 6.7, 10.8), 2.83 (ddd, 1 H, J ) 6.7, 4.1, 10.8); FAB-MS
m/z 720 (MH+). Anal. Calcd for C37H29N5O6Se‚H2O: C, 60.33;
H, 4.24; N, 9.51. Found C, 60.21; H, 4.00; N, 9.34.
9-(3-O-Benzoyl-2-deoxy-5-O-diphenylvinysilyl-4-(phe-

nylseleno)-r-L-threo-pento-1,4-furanosyl)-N6,N6-diben-
zoyladenine (9). A mixture of 7 (1.0 g, 1.4 mmol), diphe-

nylvinylchlorosilane (500 µL, 2.1 mmol), DMAP (30 mg, 0.28
mmol), and Et3N (300 µL, 2.1 mmol) in toluene (25 mL) was
stirred at room temperature for 30 min. After insoluble
materials were filtered off, the filtrate was evaporated under
reduced pressure, and the residue was partitioned between
EtOAc and H2O. The organic layer was washed with brine,
dried (Na2SO4), and evaporated under reduced pressure. The
residue was purified by column chromatography (SiO2, 50%
EtOAc in hexane) to give 9 (1.1 g, 84%) as a form: 1H NMR
(270 MHz, CDCl3) δ 8.63 (s, 1 H, H-8), 8.48 (s, 1 H), 7.99-
7.07 (m, 30 H), 6.63 (dd, 1 H, J ) 6.9, 6.9), 6.32 (dd, 1 H, J )
15.0, 19.9), 6.17 (dd, 1 H, J ) 15.0, 4.2), 6.08 (dd, 1 H, J ) 6.2,
3.9), 5.80 (dd, 1 H, J ) 19.9, 4.2), 4.21 (d, 2 H, J ) 11.5), 3.24
(ddd, 1 H, J ) 13.7, 6.9, 6.2), 2.89 (ddd, 1 H, J ) 13.7, 6.9,
3.9); FAB-MS m/z 928 (MH+). Anal. Calcd for C51H41-
N5O6SeSi‚H2O: C, 64.82; H, 4.59; N, 7.41. Found: C, 64.54;
H, 4.26; N, 7.54.
(5′S)-4′-C-(Hydroxymethyl)-2′-deoxy-8,5′-methanoade-

nosine (11). To a solution of 9 (185 mg, 0.20 mmol) in benzene
(20 mL) at 80 °C was added a solution of Bu3SnH (160 µL, 3.0
mmol) and AIBN (50 mg, 0.30 mmol) in benzene (20 mL) slowly
over 8 h. The solvent was evaporated under reduced pressure,
and the residue was partitioned between MeCN and hexane.
The MeCN layer was evaporated under reduced pressure, the
residue was dissolved in MeOH/THF (1:1, 6 mL), aqueous H2O2

(30%, 112 µL, 1.0 mmol), KF (60 mg, 1.0 mmol), and KHCO3

(32 mg, 0.32 mmol) were added, and the resulting mixture was
stirred at room temperature for 15 h. Aqueous Na2S2O3 (1
M, 20 mL) was added, and the resulting insoluble materials
were filtered off. The filtrate was evaporated under reduced
pressure, and the residue was purified by column chromatog-
raphy (SiO2, 20% MeOH in CHCl3) to give 11 (20 mg, 35%) as
a syrup: HRMS (EI) calcd for C12H15N5O4 293.1124, found
293.1116. This compound was acetylated as follows without
further purification.
(5′S)-3′5′-Di-O-acetyl-4′-C-(acetoxymethyl)-2′-deoxy-

8,5′-methanoadenosine (12). A solution of 11 (23 mg, 0.08
mmol), acetic anhydride (44 µL, 0.47 mmol), Et3N (µL, 0.47
mmol), and DMAP (10 mg, 0.08 mmol) in MeCN (2 mL) was
stirred at room temperature for 5 min. After EtOH was added,
the solvent was evaporated under reduced pressure. The
residue was purified by column chromatography (SiO2, 50%
EtOAc in hexane) to give 12 (19 mg, 58%) as a solid: 1H NMR
(270 MHz, CDCl3) δ 8.27 (s, 1 H, H-2), 6.78 (dd, 1 H, H-1′, J )
2.9, 7.6), 6.32 (s, 2 H, NH2), 5.82 (dd, 1 H, H-3′, J ) 6.7, 3.0),
5.36 (dd, 1 H, H-5′, J ) 4.2, 11.6), 4.59 (d, 1 H, 4′R-CH2OAc,
J ) 12.3), 4.20 (d, 1 H, 4′R-CH2OAc, J ) 12.3), 3.61 (dd, 1 H,
5′-CH2-, J ) 4.2, 15.6), 3.07 (dd, 1 H, 5′-CH2-, J ) 11.6, 15.6),
2.81 (m, 2 H, H-2′), 2.18, 2.12, 2.03 (each s, each 3 H), the
assignments were in agreement with COSY spectrum; 13C
NMR (125 MHz, CDCl3) δ 170.64, 170.03, 169.09, 154.94,
152.44, 145.71, 89.47, 81.84, 74.43, 67.21, 63.38, 42.60, 31.08,
21.29, 21.05, 20.82; HRMS (EI) calcd for C18H21N5O7 419.1439,
found 419.1430.
9-(2-Deoxy-4-(phenylseleno)-r-L-threo-pento-1,4-fura-

nosyl)-N6-benzoyladenine (15). A mixture of 7 (2.6 g, 3.6
mmol) and K2CO3 (500 mg, 3.6 mmol) in MeOH (40 mL) was
stirred at room temperature for 10 min, to which was added a
solution of saturated NH3 in MeOH (40 mL), and the resulting
mixture was stirred for 10 min. The solvent was evaporated
under reduced pressure, and the residue was purified by
column chromatography (SiO2, 16% MeOH in CHCl3) to give
15 (1.3 g, 69%) as a white powder: 1H NMR (500 MHz, CDCl3)
δ 9.03 (s, 1 H), 8.84 (s, 1 H), 8.59 (s, 1 H), 8.06-7.19 (m, 10
H), 6.94 (dd, 1 H, J ) 8.2, 6.7), 4.87 (m, 1 H), 3.93 (m, 2 H),
3.74 (d, 1 H, J ) 3.7), 3.20 (ddd, 1 H, J ) 13.7, 8.2, 5.1), 2.83
(ddd, 1 H, J ) 13.7, 6.7, 1.5), 2.69 (m, 1 H); 13C NMR (100
MHz, DMSO-d6) δ 165.40, 152.11, 151.54, 150.08, 142.70,
136.38, 133.18, 132.24, 128.56, 128.30, 126.75, 126.68, 125.45,
99.07, 83.75, 75.41, 62.56, 60.28. Anal. Calcd for C23H21N5-
O4Se: C, 54.12; H, 4.15; N, 13.72. Found: C, 53.99; H, 4.10;
N, 13.57.
9-(2-Deoxy-5-O-(dimethoxytrityl)-4-(phenylseleno)-r-

L-threo-pento-1,4-furanosyl)-N6-benzoyladenine (16). A
mixture of 15 (1.5 g, 3.0 mmol) and DMTrCl (1.2 g, 3.7 mmol)
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in pyridine (30 mL) was stirred at room temperature for 48 h.
After EtOH (1 mL) was added, and the solution was stirred
for 10 min. The resulting solution was evaporated under
reduced pressure, and the residue was partitioned between
EtOAc and H2O. The organic layer was washed with brine,
dried (Na2SO4), and evaporated under reduced pressure. The
residue was purified by column chromatography (SiO2, 2%
MeOH-CHCl3) to give 16 (2.5 g, quant): 1H NMR (500 MHz,
CDCl3+D2O) δ 8.81(s, 1 H), 8.48 (s, 1 H), 8.04-6.79 (m, 23
H), 6.87 (dd, 1 H, J ) 7.4, 5.9), 4.82 (m, 1 H), 3.80 (s, 6 H),
3.66 (d, 1 H, J ) 10.3), 3.55 (d, 1 H, J ) 10.3), 3.04 (ddd, 1 H,
J ) 13.3, 7.4, 5.9), 2.75 (dd, 1 H, J ) 13.3, 6.4); 13C NMR (67.8
MHz, CDCl3) δ 164.65, 158.67, 152.85, 151.93, 149.49, 143.90,
141.73, 135.56, 134.91, 134.81, 133.59, 132.72, 129.81, 129.06,
128.79, 128.52, 128.27, 128.05, 127.82, 127.06, 122.91, 113.38,
96.43, 87.22, 84.96, 77.95, 77.22, 64.96, 55.17, 40.22; FAB-MS
m/z 814 (MH+). Anal. Calcd for C44H39N5O6Se‚1/2H2O: C,
64.31; H, 4.91; N, 8.52. Found: C, 64.30; H, 4.93; N, 8.35.
9-(2-Deoxy-5-O-(dimethoxytrityl)-3-O-(diphenylvinyl-

silyl)-4-(phenylseleno)-r-L-threo-pento-1,4-furanosyl)-N6-
benzoyladenine (17). A mixture of 16 (1.8 g, 2.2 mmol),
DMAP (54 mg, 0.44 mmol), Et3N (590 µL, 4.4 mmol), and
diphenylvinylchlorosilane (980 µL, 4.4 mmol) in toluene (30
mL) was stirred at room temperature for 15 h. Insoluble
materials were filtered off, and the filtrate was evaporated
under reduced pressure. The residue was partitioned between
EtOAc and H2O. The organic layer was washed with brine,
dried (Na2SO4), and evaporated under reduced pressure. The
residue was purified by column chromatography (SiO2, 60%
EtOAc in hexane) to give 17 (1.7 g, 93%) as a foam: 1H NMR
(500 MHz, CDCl3) δ 8.98 (s, 1 H), 8.72 (s, 1 H), 8.19 (s, 1 H),
8.05-6.75 (m, 33 H), 6.65 (dd, 1 H, J ) 6.5, 5.9), 6.23 (dd, 1
H, J ) 20.0, 14.9), 6.13 (dd, 1 H, J ) 14.9, 4.0), 5.71 (dd, 1 H,
J ) 20.0, 4.0), 4.88 (dd, 1 H, J ) 5.9, 5.6), 3.87 (d, 1 H, J )
10.0), 3.77 (s, 6 H), 3.27 (d, 1 H, J ) 10.0), 2.89 (ddd, 1 H, J )
13.0, 5.9, 5.9), 2.77 (ddd, 1 H, J ) 13.0, 6.5, 5.6); 13C NMR
(100 MHz, CDCl3) δ 164.44, 158.22, 152.48, 151.39, 149.25,
141.63, 138.11, 136.82, 135.79, 135.64, 135.01, 134.89, 133.57,
133.05, 132.38, 130.24, 130.18, 128.76, 128.58, 128.54, 128.26,
127.89, 127.86, 127.75, 127.67, 126.79, 126.59, 123.03, 112.97,
112.94, 96.28, 86.84, 84.36, 77.21, 65.81, 55.16, 39.37; FAB-
MS m/z 1022 (MH+). Anal. Calcd for C58H51N5O6SeSi‚H2O:
C, 67.04; H, 5.14; N, 6.74. Found: C, 66.83; H, 4.95; N, 6.64.
2′-Deoxy-5′-O-(dimethoxytrityl)-4′-C-(1-hydroxyethyl)-

adenosine (19). A mixture of 17 (204 mg, 0.20 mmol),
Bu3SnH (160 µL, 0.60 mmol), and AIBN (10 mg, 0.06 mmol)
in benzene (2 mL) was stirred at 80 °C for 30 min. The solvent
was evaporated under reduced pressure, and the residue was
partitioned between MeCN and hexane. The MeCN layer was
evaporated under reduced pressure. A mixture of the residue,
aqueous H2O2 (30%, 112 µL, 1.0 mmol), KF (60 mg, 1.0 mmol),
and KHCO3 (32 mg, 0.32 mmol) in MeOH/THF (1:1, 6 mL)
was stirred at room temperature for 15 h. Aqueous Na2S2O3

(1 M, 20 mL) was added, and the resulting insoluble materials
were filtered off. The filtrate was evaporated under reduced
pressure, and the residue was purified by column chromatog-
raphy (SiO2, 8% MeOH in CHCl3) to give 19 (118 mg, 98%) as
a syrup: 1H NMR (500 MHz, CDCl3), δ 8.21 (s, minor H-8),
8.13 (s, major H-8), 7.77 (s, minor H-2), 7.76 (s, major H-2),
7.39-6.82 (m, major and minor Ph), 6.43 (m, major and minor
H-1′), 5.69 (br s, major and minor NH2), 4.97 (m, minor H-3′),
4.81 (d, major H-3′, J ) 4.8), 4.42 (q, minor H-6′, J ) 6.6),
4.21 (q, major H-6′, J ) 6.6), 3.78 (s, major and minor OMe),
3.63 (d, major H-5′a, J ) 10.0), 3.42 (d, major H-5′b, J ) 10.0),
3.31 (d, minor H-5′, J ) 9.6), 3.18 (d, minor H-5′b, J ) 9.6),
3.03 (m, major H-2′a), 2.94 (m, minor H-2′a), 2.59 (m, minor
H-2′b), 2.48 (m, major H-2′b), 1.15 (d, major and minor H-7′ J
) 6.6), the assignments were in agreement with COSY
spectrum, and the ratio of major and minor diastereomers was
2:1; HRMS (FAB) calcd for C33H36N5O6 598.2664, found
598.2696. Similar reaction of 17 (102 mg, 0.10 mmol) with
Bu3SnD, instead of Bu3SnH, gave deuterium-labeled 26 (55
mg, 50%): HRMS (FAB) calcd for C33H35DN5O6 599.2727,
found 599.2733.

6-Endo-Cyclization Product 20. To a solution of 17 (2.2
g, 2.2 mmol) in toluene (180 mL) at 110 °C, was added a
solution of Bu3SnH (820 µL, 3.00 mmol) and AIBN (50 mg,
0.30 mmol) in toluene (25 mL) slowly over 4 h. The solvent
was evaporated under reduced pressure, and the residue was
partitioned between MeCN and hexane. The MeCN layer was
evaporated under reduced pressure, and the residue was
purified by column chromatography (SiO2, 50% EtOAc in
hexane) to give 20 (1.7 g, 91%) as a white foam; 1H NMR (500
MHz, CDCl3) δ 8.97 (s, 1 H, NH), 8.68 (s, 1 H, H-8), 8.00 (s, 1
H, H-2), 8.03-6.74 (m, 28 H, Ph), 6.52 (dd, 1 H, H-1′, J ) 6.0,
8.4), 4.96 (m, 1 H, H-3′), 3.77 (s, 6 H, MeO x 2), 3.36 (d, 1 H,
H-5′a, J ) 9.7), 3.21 (d, 1 H, H-5′b, J ) 9.7), 2.95 (ddd, 1 H,
H-2′a, J ) 13.7, 8.4), 2.68 (dd, 1 H, H-2′b, J ) 13.7, 6.0), 2.44
(ddd, 1 H, H-6′a, J ) 14.0, 10.4, 3.6), 2.16 (ddd, 1 H, H-6′b, J
) 14.0, 8.7, 4.1), 1.41 (ddd, 1 H, H-7′a, J ) 15.0, 10.4, 4.1),
1.12 (ddd, 1 H, H-7′b, J ) 15.0, 8.7, 3.6), the carbons introduced
at the 4′R-position were numbered C-6′ and C-7′, and the
assignments were in agreement with COSY spectrum; NOE,
irradiated H-3′, observed H-1′ (1.0%), H-5′a (1.6%), H-5′b
(1.2%), H-2′a (3.5%), and H-2′b (1.2%); irradiated H-6′a,
observed H-3′ (1.6%), H-5′a (0.4%), H-5′b (0.3%), H-6′b (16%),
H-7′a (0.3%), and H-7′b (0.08%); irradiated H-6′b, observed
H-1′ (1.7%), H-5′b (1.5%), H-6′a (16%), H-7′a (0.9%), and H-7′b
(1.6%); 13C NMR (100 MHz, CDCl3) δ 164.41, 158.36, 158.34,
152.34, 151.32, 149.27, 144.22, 141.46, 135.37, 134.47, 134.31,
134.23, 134.15, 133.61, 132.61, 130.36, 130.18, 129.89, 129.83,
128.74, 128.10, 128.00, 127.97, 127.77, 127.71, 126.80, 123.39,
113.07, 87.94, 86.42, 84.99, 76.47, 67.40, 55.20, 40.91, 27.32,
4.84; HRMS (FAB) calcd C52H48O6N5Si 866.3374, found
866.3394. Similar reaction of 17 (102 mg, 0.10 mmol) with
Bu3SnD, instead of Bu3SnH, gave deuterium-labeled 25 (63
mg, 73%): HRMS (FAB) calcd C52H47DO6N5Si 867.3433, found
867.3467.
2′-Deoxy-5′-O-(dimethoxytrityl)-4-C-(2-hydroxyethy-

l)adenosine (21). A mixture of 20 (430 mg, 0.50 mmol),
aqueous H2O2 (30%, 280 µL, 2.5 mmol), KF (150 mg, 2.5 mmol),
and KHCO3 (80 mg, 0.80 mmol) in MeOH/THF (1:1, 10 mL)
was stirred at room temperature for 15 h. Aqueous Na2S2O3

(1 M, 20 mL) was added, and the resulting insoluble materials
were filtered off. The filtrate was evaporated under reduced
pressure, and the residue was purified by column chromatog-
raphy (SiO2, 8% MeOH in CHCl3) to give 21 (240 mg, 79%) as
a syrup: 1H NMR (500 MHz, CDCl3) δ 8.23 (s, 1 H), 7.87 (s, 1
H), 7.36-6.48 (m, 13 H), 6.48 (dd, 1 H, J ) 6.6, 6.1), 5.61 (s,
2 H), 4.51 (dd, 1 H, J ) 6.0, 3.0), 3.87 (m, 1 H), 3.78 (s, 6 H),
3.71 (m, 1 H), 3.39 (d, 1 H, J ) 9.9), 3.24 (d, 1 H, J ) 9.9),
2.93 (ddd, 1 H, J ) 13.6, 6.6, 6.0), 2.55 (ddd, 1 H, J ) 13.6,
6.1, 3.0), 2.18 (m, 2 H); FAB-MSm/z 596 (MH+). Anal. Calcd
for C33H35N5O6‚MeOH: C, 65.04; H, 5.94; N, 11.16. Found:
C, 64.98; H, 6.07; 11.05. Similar reaction of 25 (44 mg, 0.050
mmol) gave 27 (28 mg, 94%): HRMS (FAB) calcd for
C33H35DO6N5Si 599.2727, found 599.2717.
5′-O-(tert-Butyldimethylsilyl)-2′-deoxy-4-C-(1-hydroxy-

ethyl)adenosine (22). A mixture of 19 (260 mg, 0.44 mmol)
and BzCl (400 µL, 4.4 mmol) in pyridine (5 mL) was stirred at
room temperature for 15 h. After MeOH was added, the
resulting mixture was evaporated under reduced pressure, and
the residue was partitioned between EtOAc and H2O. The
organic layer was washed with brine, dried (Na2SO4), and
evaporated under reduced pressure. A solution of the residue
and TFA (170 µL, 2.2 mmol) in CH2Cl2 (10 mL) was stirred at
room temperature for 2 h, aqueous NaHCO3 (saturated, 10
mL) was added, and the resulting mixture was partitioned.
The organic layer was washed with brine, dried (Na2SO4), and
evaporated under reduced pressure. The resulting residue,
imidazole (177 mg, 2.6 mmol), and TBSCl (200 mg, 1.3 mmol)
were dissolved in DMF (5 mL), and the resulting mixture was
stirred at room temperature for 15 h. After MeOH was added,
the resulting mixture was evaporated under reduced pressure,
and the residue was partitioned between EtOAc and H2O. The
organic layer was washed with brine (10 mL), dried (Na2SO4),
and evaporated under reduced pressure. To the solution of
the residue in MeOH (10 mL) was added NaOMe (5.2 M in
MeOH, 85 µL, 0.44 mmol), and the resulting mixture was
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stirred at room temperature for 15 h. The mixture was
neutralized with AcOH and then evaporated. The residue was
purified by column chromatography (SiO2, 8% MeOH in
CHCl3) to give 22 (98 mg, 54%) as a foam: 1H NMR (500 MHz,
CDCl3) δ 8.33 (s, minor), 8.31 (s, major), 8.00 (s, minor), 7.91
(s, major), 6.50 (dd, minor, J ) 7.0, 6.6), 6.43 (dd, major, J )
9.4, 5.5), 5.61 (br s, major and minor), 4.89 (d, minor, J ) 3.4),
4.76 (d, major, J ) 5.1), 4.28 (q, minor, J ) 6.6), 4.15 (q, major,
J ) 6.6), 4.03 (d, minor, J ) 10.5), 3.88 (d, major, J ) 10.0),
3.74 (d, minor, J ) 10.5 Hz), 3.62 (d, major, J ) 10.0), 3.31
(m, major), 3.00 (m, minor), 2.60 (ddd, minor, J ) 13.6, 6.6,
3.4), 2.51 (ddd, major, J ) 13.7, 5.5, 5.1), 1.36 (d, major, J )
6.6), 1.33 (d, minor, J ) 6.6), 0.92 (s, minor), 0.94 (s, major),
0.16, 0.15 (each s, major), 0.11, 0.09 (each s, minor), the ratio
of major and minor diastereomers were about 2:1; HRMS (EI)
calcd for C18H31N5O4Si 409.2143, found 409.2136.
Acetonides 23a and 23b. A mixture of 22 (79 mg, 0.20

mmol), dimethoxypropane (74 µL, 0.57 mmol), and PPTS (33
mg, 0.13 mmol) in acetone (3 mL) was stirred at room
temperature for 3 days. The resulting solution was evaporated
under reduced pressure, and the residue was partitioned
between EtOAc and H2O. The organic layer was washed with
brine, dried (Na2SO4), and evaporated under reduced pressure.
The residue was purified by column chromatography (SiO2,
4% MeOH in CHCl3) to give 23a (18 mg, 21%) and 23b (6 mg,
7%) in pure forms, respectively. 23a: 1H NMR (500 MHz,
CDCl3) δ 8.36 (s, 1 H, H-8), 8.22 (s, 1 H, H-2), 6.66 (dd, 1 H,

H-1′, J ) 7.4, 7.4), 5.68 (br s, 2 H, NH2), 4.44 (dd, 1 H, H-3′, J
) 3.0, 3.0), 3.93 (m, 2 H, H-5′a and 4′-CH(OH)CH3), 3.78 (d, 1
H, H-5′b, J ) 10.7), 2.54 (m, 2 H, H-2′ab), 1.39, 1.37 (each s,
each 3 H, Me), 1.13 (d, 3 H, 4′-CHCH3, J ) 6.8), 0.96 (s, 9 H,
t-Bu), 0.16, 0.15 (each s, each 3 H, Me), the assignments were
in agreement with COSY spectrum; HRMS (EI) calcd for
C21H35O4N5Si 449.2459, found 449.2472. 23b: 1H NMR (500
MHz, CDCl3) δ 8.32 (s, 1 H, H-8), 7.92 (s, 1 H, H-2), 6.43 (dd,
1 H, H-1′, J ) 9.5, 5.6), 5.58 (br s, 2 H, NH2), 4.76 (d, 1 H,
H-3′, J ) 3.8), 4.41 (q, 1 H, 4′-CHCH3, J ) 6.4), 4.19 (d, 1H,
H-5′a, J ) 10.8), 3.57 (ddd, 1 H, H-2′a, J ) 13.6, 9.5, 3.8), 3.48
(d, 1 H, H-5′b, J ) 10.8), 2.37 (dd, 1 H, H-2′b, J ) 13.6, 5.6),
1.53, 1.45 (each s, each 3 H, Me), 1.24 (d, 3 H, 4′-CHCH3, J )
6.4), 0.94 (s, 9 H, t-Bu), 0.14, 0.11 (each s, each 3 H, Me), the
assignments were in agreement with COSY spectrum; HRMS
(EI) calcd for C21H35O4N5Si (M+ - t-Bu) 392.1754, found
392.1777.

Supporting Information Available: 1H NMR, HMBC,
and NOESY spectral charts of 12, 1H NMR and NOESY
spectral charts of 23a, and 1H NMR spectral charts of 19, 21,
26, and 27 (9 pages). This material is contained in libraries
on microfiche, immediately follows this article in the microfilm
version of the journal, and can be ordered from the ACS; see
any current masthead page for ordering information.
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